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"Imagination is more important than knowledge. 

Knowledge is limited, whereas imagination 

embraces the entire world, stimulating progress, 

giving birth to evolution" 
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ABSTRACT 

The oxyfunctionalization of substrates (such as steroids and drugs) in a stereo- and regioselective 

manner is of great interest for the biotechnological and pharmaceutical industry. This study presents 

the identification and characterization of three enzymes from the genome of the Gram-positive 

bacterium Bacillus megaterium. The first enzyme is a novel NADPH-dependent diflavin reductase 

(BmCPR for Bacillus megaterium cytochrome P450 reductase), which was found to be able to 

transfer electrons efficiently to the microsomal P450s as well as to different ferredoxins. The second 

enzyme is a cytochrome P450 (CYP107DY1), which is the first plasmid-encoded cytochrome P450 

identified so far in the Bacillus species. The recombinant CYP107DY1 exhibiting a characteristic 

P450 absolute and reduced CO-bound difference spectrum was found to possess activity towards 

mevastatin to produce pravastatin. In addition, this work presents also the identification of a novel 

short-chain dehydrogenase/reductase (SDR) with 17β-hydroxy steroid dehydrogenase (17β-HSD) 

activity. The new dehydrogenase was found to possess activity towards the sesquiterpene (trans)-

nootkatol converting it to the industrial valuable (+)-nootkatone. Moreover and in view of the 

biotechnological applications, the new enzymes could be utilized in the establishment of whole-cell 

based biocatalyst systems for the biotransformation of biotechnological relevant substances. 

 

 

 

 

 

 

 



ABSTRACT / ZUSAMMENFASSUNG 

 

2 

 

ZUSAMMENFASSUNG 

Die stereo- und regioselektive Oxyfunktionalisierung von  Substraten, wie etwa Steroiden und 

Medikamenten, ist von großem Interesse für die biotechnologische und pharmazeutische Industrie. In 

der vorliegenden Arbeit wurden drei verschiedene Enzyme des Gram-positiven Bakteriums Bacillus 

megaterium identifiziert und charakterisiert. Bei dem ersten Enzym handelt es sich um eine neuartige 

NADPH abhängige Diflavin Reduktase (BmCPR für Bacillus megaterium Cytochrom P450 

Reduktase), die in der Lage ist, Elektronen effektiv auf mikrosomale Cytochrome P450, ebenso wie 

auf verschiedene Ferredoxine zu übertragen. Bei dem zweiten Enzym handelt es sich um ein 

Cytochrom P450 (CYP107DY1), welches zur Biotransformation von Mevastatin zu Pravastatin 

verwendet werden kann. Das rekombinant exprimierte CYP107DY1 zeigt das für Cytochrome P450 

charakteristische Absorptionsspektrum im reduzierten und CO gebundenen Zustand. Soweit bekannt, 

ist dieses Enzym das erste Plasmid kodierte Cytochrom P450 der Gattung Bacillus. Weiterhin umfasst 

die vorliegende Arbeit die Identifizierung eines neuen Vertreters aus der Superfamilie der Short-chain 

Dehydrogenasen/Reduktasen (SDR) mit Aktivität von 17ß-Hydroxysteroid Dehydrogenasen (17ß-

HSD). Die Aktivität dieser Dehydrogenase erlaubt zudem die Produktion des industriell bedeutenden 

Sesquiterpens (+)-Nootkaton aus (trans)-Nootkatol. Hinsichtlich einer biotechnologischen Anwendung 

besitzen alle in dieser Arbeit charakterisierten Enzyme das Potenzial für die Etablierung von Ganzzell 

basierten Biokatalysatoren für die Biotransformation biotechnologisch relevanter Substanzen. 
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1 INTRODUCTION 

1.1 BIOTECHNOLOGICAL BIOTRANSFORMATION 

Biotransformations (bio-conversions or microbial transformations) broadly refer to the processes, in 

which microorganisms or enzymes convert organic compounds into structurally related products. The 

amazing world of biotechnology was started by humans more than thousands of years ago by 

producing alcohol and vinegar by fermentation without even knowing about the presence of 

microorganisms (Solieri and Giudici, 2009). Later, living cells, such as yeast, bacteria, filamentous 

fungi and plants were deliberately used to improve the stability and taste of food (Frazzetto, 2003). A 

wide variety of biological catalysts can be used for biotransformation reactions. These include 

growing cells, resting cells, killed cells, immobilized cells, cell-free extracts, enzymes and 

immobilized enzymes (Zhang et al., 2016). The significance of bioconversion reactions becomes 

obvious when the production of a particular compound is either difficult or costly by chemical 

methods. Further, biotransformation have the advantage of converting substrates under relatively mild 

reaction conditions (neutral pH, room temperature, less activation energy) in comparison to 

conventional harsh chemical reactions (Frazzetto, 2003). Enzymes are stereo- and regionselective, and 

the recreation of this selectivity is often a major challenge for synthetic and pharmaceutical chemistry 

using chemocatalysis (Luo et al., 2015). Therefore, enzymes are commercially important and often 

provide a more environmental friendly way for the synthesis of chemical compounds. Many types of 

chemical reactions occur in biotransformation. These include oxidation, reduction, hydrolysis, 

condensation, isomerization, formation of new C—C bonds, synthesis of chiral compounds and 

reversal of hydrolytic reactions (Pervaiz et al., 2013).  

One particularly valuable class of enzymes are the oxygenase, which catalyze the introduction of 

oxygen into non-functionalized carbon skeletons (Danielson, 2003). Oxygenations using conventional 

abiotic chemistry are energy consuming, often require either expensive catalysts and/or toxic reagents 

and are often neither regio- nor stereoselective. Hence there are substantial research efforts into the 

discovery and application of enzymes that catalyze oxygenation reactions, which have included 
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peroxidases, flavin dependent monooxygenases, and heme containing enzymes known as cytochromes 

P450 (Leak et al., 2009).  

1.2 CYTOCHROMES P450  

1.2.1 HISTORY AND NOMENCLATURE 

Cytochromes P450 (P450, also referred as CYP) play a very central role in the drug metabolism, 

steroidogenesis and the metabolism of fatty acids (Danielson, 2003). Although the ability of the 

mammalian tissue to oxidize xenobiotics was wildly recognized as early as in the 1950s (Axelrod, 

1955; Brodie et al., 1955), the specific enzymes responsible for this catalysis were unknown. The first 

indication came in the year 1958 from the spectroscopic studies of the microsomal heme proteins from 

rat and pig livers (Garfinkel, 1958; Klingenberg, 1958), which showed the existence of a membrane-

bound reduced red pigment exhibiting a Soret peak at 450 nm for the carbon monoxide-complexed 

form (Figure 1.1).  

 

Figure 1.1. Original figure of the carbon monoxide difference 

spectra present in rat liver microsomes (Klingenberg, 1958). 

 

These pigments were then identified as P450 hemoprotein (Omura and Sato, 1962). In 1963, 

Estabrook, Cooper and Rosenthal discovered their enzymatic activity in the metabolism of steroids 

(Estabrook et al., 1963). Further studies by Omura in 1964 and 1966 showed the localization of the 

P450s in the mitochondria of the adrenal cortex in addition to the discovery of the electron transfer 
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proteins adrenodoxin reductase and adrenodoxin (Omura et al., 1966; Omura and Sato, 1964). The 

first bacterial P450 was found in Rhizobium bacteroids, which was in contrast to its mammalian 

counterpart, a soluble P450 (Appleby, 1967). The cytochrome P450 reductase (CPR or POR) was first 

described in 1950 as cytochrome c reductase (Horecker, 1950). About 20 years later, Lu and Coon 

provided the evidence for the requirement of the POR in the microsomal P450s reactions (Lu et al., 

1969). Table 1 briefly lists some important milestones in the history of P450s discovery.  

Table 1. Some selected milestones of cytochrome P450. 

Year description Reference 

1950 POR was described as cytochrome c reductase  (Horecker, 1950) 

 

1958 Discovery of red pigments out of rat and pig livers (Garfinkel, 1958; 

Klingenberg, 1958) 

 

1962 The name cytochrome P450 was introduced by Omura and Sato (Omura and Sato, 1962) 

 

1963 The discovery of the involvement of cytochrome P450s in steroids metabolism  (Estabrook et al., 1963) 

 

1964 Publication of the detailed spectroscopic characteristics as well as the location of the cytochrome P450s 

in mitochondria of adrenal cortex 

(Omura and Sato, 1964) 

 

 

1966 The discovery of the electron transfer proteins adrenodoxin reductase (AdR) and adrenodoxin (Adx) as 

well as the reconstitution of a NADPH-dependent steroid 11β-hydroxylase activity of a cytochrome 

P450 

(Omura et al., 1966) 

 

 

 

 

1967 The discovery of the first bacterial soluble cytochrome P450 from Rhizobium  (Appleby, 1967) 

 

1969 The requirement of POR in the cytochrome P450 reactions (Lu et al., 1969) 

 

1974 Identification of the fusion cytochrome P450 BM3 from Bacillus megaterium (Miura and Fulco, 1974) 

 

1987 The introduction of a systematic nomenclature for cytochrome P450s classification (Nebert et al., 1987) 

 

1987 The first high-resolution crystal structure of cytochrome P450cam (Poulos et al., 1987) 

 

1996 Description of more than 20 different reactions of the cytochrome P450s (Sono et al., 1996) 

 

Since that time, P450s have been discovered in all domains of life and over 35,000 different P450s 

(http://drnelson.uthsc.edu/CytochromeP450.html) were already identified (Nelson, 2009). They were 

found in mammalians, bacteria (except Escherichia coli), archaea, fungi, plants and viruses (Figure 

1.2) (Lamb and Waterman, 2013). 

 

Figure 1.2. Schematic distribution of cytochromes P450 among the different 

kingdoms [Stand: April, 2016]. 
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For the classification of P450s, a systematic nomenclature was suggested in 1987 (Nebert et al., 1987). 

As depicted in Figure 1.3 the abbreviation CYP stands for cytochrome P450 while the first number 

gives the membership of the family (over 40% identity of the amino acid sequence). The first letter 

indicates the subfamily (over 55% identity of the amino acid sequence) and the last number represents 

the specific isoenzyme. The following figure shows CYP106A1 from Bacillus megaterium DSM319 

as an example of P450s nomenclature. 

 

Figure 1.3. Nomenclature of cytochromes P450 as proposed by 

Nebert et al.(1987), exemplified by CYP106A1 from B. megaterium 

DSM319. 

 

1.2.2 STRUCTURE 

The sequence identity among P450 enzyme families is considered extremely low and it might not 

exceed 20%. However, the three dimensional organization of the resolved P450 crystal structures 

shows a remarkable conservation in the secondary structural folding and topology, consisting of two 

defined regions (Figure 1.4), the α-helices-rich region (or α-domain) comprising 12 main α-helices 

designated A-L and the β-sheets-rich region (or β-domain) (Werck-Reichhart and Feyereisen, 2000).  
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Figure 1.4. Topographic map showing the secondary structural elements arrangement of the P450s. 

The α-helices are represented in blue boxes while β-strands are in cream arrows. [Figure was adapted 

from Werck-Reichhart and Feyereisen, 2000] 

 

The highest structural conservation is found in the core of the protein around the heme center and 

reflects a common mechanism of electron and proton transfer and oxygen activation (Sirim et al., 

2010). These regions comprise: first, the heme-binding motif (F-x-x-G-x-x-x-C-x-G, x=any amino 

acid). The prosthetic heme group is embedded in the active site and surrounded by the I-helix from the 

proximal side and the L-helix from the distal side. The conserved cysteine residue is located in the 

loop region preceding the L-helix. The absolutely conserved cysteine coordinates as fifth ligand with 

the heme iron. The second highly conserved motif is (A/G-G-x-E/D-T-T/S), which is found in the I-

helix and regarded as an oxygen-binding motif with the conserved glycine pointing at the center of the 

heme and the conserved threonine pointing to the oxygen-binding site. In addition, the presence of the 

(E-x-x-R) motif in the K-helix is responsible for the formation of a salt bridge, which is crucial for the 

heme center stabilization (Danielson, 2003; Lamb and Waterman, 2013). 

The most variable regions are associated with the N-terminal and the substrate recognition sites; the 

later regions are located near the substrate access channel and catalytic site and are designated as 

substrate recognition sites (SRSs) (Gotoh, 1992). Six SRSs have been identified (Figure 1.5): SRS1 

lies between helices B and C, SRS2 and SRS3 lie between the F and G helices, which form the upper 
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side of the active site, SRS4 includes the central part of the I-helix, while SRS5 and SRS6 are located 

at the N-terminus of β-sheet 1-4 and the turn at the end of β-sheet 4-1, respectively (Nair et al., 2016). 

 

Figure 1.5. Substrate recognition sites (SRSs) in P450s exemplified with CYP2C9. 

[Figure was adapted from Nair et al., 2016] 

 

1.2.3 CLASSIFICATION, REACTIONS AND CATALYTIC CYCLE 

P450s are heme-thiolate monooxygenases, which catalyze diverse reactions in a regio- and 

stereoselective manner and are involved in - for example but not limited to - the biosynthesis of 

hormones, signal molecules, defense-related chemicals and secondary metabolites, in addition to their 

central role in the metabolism of endogenous (steroids and fatty acids) and exogenous (drugs and 

toxins) substances (Bernhardt, 2006).  

P450s require auxiliary redox partners for the activation of the molecular oxygen. These redox 

partners transfer two electrons in two single steps from the cofactor NAD(P)H to the heme of the 

P450. Depending on the components of the electron transfer chains, P450s are classified into different 

classes, of which the most researched ones are: class I, which comprises bacterial and mitochondrial 

P450s, and class II, which contains the microsomal P450s. Mitochondrial P450s are associated with 

the inner mitochondrial membrane and rely on a likewise membrane associated NADPH-oxidizing 

ferredoxin reductase for electron supply. The electrons are shuttled to the P450 via a soluble 
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ferredoxin. In bacterial class I systems, all three components are soluble. Microsomal P450s are 

embedded into the membrane of the endoplasmic reticulum and receive electrons through a 

cytochrome P450 reductase (CPR). This diflavin reductase from the FNR-like superfamily contains a 

flavin adenine dinucleotide (FAD) and a flavin mononucleotide (FMN) as prosthetic groups, allowing 

both the oxidation of NADPH and the shuttling of electrons to the P450 (Hannemann et al., 2007). 

The function of P450s is to activate molecular oxygen to yield a reactive species that can attack 

relatively inert chemical sites in order to introduce hydroxyl group (Figure 1.6) into unreactive 

structures such as hydrocarbon chains and aromatic rings (Makris et al., 2002). P450s catalyze a very 

wide range of reactions including, epoxidations, deaminations, desulfurations, dehalogenations, N-, S-, 

and O-dealkylations, N-oxidations, peroxidations and sulfoxidations with the hydroxylations 

considered as the most important reactions (Bernhardt and Urlacher, 2014).  

 

Figure 1.6. General reaction catalyzed by P450s. 

 

During the catalytic cycle (Figure 1.7) the P450 enzyme binds the substrate and oxygen molecules, 

accepts two electrons and two protons, splits the molecular oxygen, inserts a single atom of oxygen 

into the cognate substrate, and finally releases a molecule of water and the oxygenated substrate as 

reaction products. In more detail, the binding of a substrate to a P450 causes the displacement of the 

water molecule from the active center and lowers the redox potential by approximately 100 mV, which 

makes the transfer of an electron favorable from its redox partner (Denisov et al., 2005). This is 

accompanied by a change in the spin state of the heme iron at the active site form low to high spin. 

The next step in the cycle is the reduction of the Fe
+3

 ion by an electron transferred from NAD(P)H via 

an electron transfer chain. An O2 molecule binds rapidly to the Fe
+2

 ion forming the hexacoordinate 

low spin ferrous-O2 adduct (Fe
+2

-O2). There is evidence suggesting that this complex then undergoes a 

slow conversion to a more stable complex (Fe
+3

-O2
-1

). Reduction by a second electron is thought to 

produce a low spin ferric peroxyanion (Fe
+3

-O2
-2

), followed by uptake of a proton leading to the 

formation of the ferric hydroperoxo compound (compound 0, Fe
+3

-OH2
-1

). This intermediate can 
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release a water molecule after the acceptance of a further proton forming an iron-oxo state (compound 

I, Fe
4+

-O). Compound I is highly reactive and can, therefore, interact with the substrate to form the 

oxygenated product. The newly formed product is then released and the cycle can restart (Denisov et 

al., 2005). Besides the “typical” cycle, there are some uncoupling pathways like the autooxidation 

shunt, peroxide shunt or oxidase shunt (Figure 1.7 dashed arrows). These shunts decrease the catalytic 

efficiency by the unproductive consumption of NAD(P)H (Meunier et al., 2004). 

 

Figure 1.7. Catalytic cycle of cytochromes P450. Schematic representation of 

events leading to substrate hydroxylation at the heme iron. Dashed arrows indicate 

the autoxidation shunt (I), peroxide shunt (II) and oxidase shunt (III). [The cycle was 

adapted from Denisov et al., 2005] 

 

1.2.4 FUNCTIONS AND EXAMPLES 

From bacteria to human the broad spectrum of functions of P450s is very impressive. Bacterial P450s 

participate in the biosynthesis of secondary metabolites (e.g. antibiotics, antifungal, antitumor) and 

catalyze key reactions required for environmental bioremediation through the degradation of a variety 

of hydrocarbons (Lewis and Wiseman, 2005). The camphor-hydroxylating enzyme cytochrome 

P450cam (CYP101A1) from the soil bacterium Pseudomonas putida (Gunsalus and Wagner, 1978) has 
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been studied in great detail. P450cam was the first P450 enzyme to be structurally characterized (Poulos 

et al., 1987), and the role of the active site residues in substrate recognition has been examined by 

mutagenesis studies (Harford-Cross et al., 2000). This enzyme catalyzes the regio- and stereospecific 

hydroxylation of camphor to 5-exo-hydroxycamphor. The two large CYP105 and CYP107 families 

were found to participate in the degradation and biotransformation of a broad spectrum of xenobiotics 

as well as in secondary metabolites biosynthesis, and, therefore, are supposed to be of special interest 

for various biotechnological applications; for example CYP105P1 and CYP105H1 from Streptomyces 

sp. participate in the biosynthesis of the antifungals filipin and nystatin (Kelly et al., 2003; Xu et al., 

2010), respectively, CYP107BR1 from Pseudomonas autotrophica participates in the activation of 

vitamin D3 (Sakaki et al., 2011), CYP107E from Micromonospora griseorubida in the mycinamicin 

biosynthesis (Inouye et al., 1994), P450terf (CYP107L) from Streptomyces platensis in the 

hydroxylation of terfenadine (Lombard et al., 2011) and CYP107A1 from Saccharopolyspora erythrea 

in the synthesis of erythromycin. 

Fungal P450s are required for the biosynthesis of various primary and secondary metabolites. Notable 

examples of the fungal primary metabolism are the synthesis of ergosterol, meiotic spore-wall 

biogenesis, and n-alkane hydroxylation, whereas fungal secondary metabolism deals with the 

biosynthesis of hormones and mycotoxins (gibberellin, aflatoxin and sterigmatocytein) (Crešnar and 

Petrič, 2011). Fungal P450s are also capable of detoxifying and degrading various xenobiotic 

compounds encountered in their environments, such as polycyclic aromatic hydrocarbons (PAHs), 

phenolic compounds, and other toxic environmental pollutants (Chen et al., 2014). A well-known and 

studied example is CYP51 (also called lanosterol 14 α-demethylase), which is involved in the 

conversion of lanosterol to 4,4-dimethylcholesta-8(9),14,24-trien-3β-ol, a vital intermediate in the 

pathway leading to ergosterol production in fungi. Another very important role of fungal P450s in the 

cycling of nutrients includes CYP55, a fungal denitrification enzyme contributing to the nitrogen cycle 

(Durairaj et al., 2016). 

In plants, P450s are involved in a wide range of biochemical pathways leading to the production of 

primary and secondary metabolites such as phenylpropanoids, alkaloids, terpenoids, lipids, cyanogenic 



INTRODUCTION 

 

12 

 

glycosides, and glucosinolates, as well as plant hormones (Mizutani, 2012). CYP51, CYP710, and 

CYP97 families catalyze different essential metabolic reactions, which are conserved in all plants 

(Mizutani and Ohta, 2010). CYP51G and CYP710A encode obtusifoliol 14α-demethylase and sterol 

22-desaturase, respectively, and are involved in sterol biosynthesis (Bak et al., 1997; Morikawa et al., 

2006). CYP97A3 and CYP97C1 catalyze hydroxylation of the β- and ε-rings of carotenoids, 

respectively, in the biosynthetic pathway of xanthophylls, which play key roles in light harvesting and 

photoprotection (Kim and DellaPenna, 2006; Tian et al., 2004). CYP73A, CYP98A and CYP84A are 

involved in the hydroxylation of the aromatic ring of cinnamates, a core reactions conserved in all land 

plants, which provides vast arrays of phenolic compounds that function as structural components (e.g., 

lignin and suberin), UV protectants (flavonoids), antioxidants (polyphenols), antimicrobials 

(coumarins, lignans, isoflavonoids), and flavors (benzenoids, phenylpropenes) (Humphreys et al., 

1999; Mizutani et al., 1993; Schoch et al., 2001). These chemical defenses are key strategies required 

for land plants to survive and expand their habitats. The key enzymes in the production of many plant 

hormones are also P450s. The biosynthesis of gibberellins (GAs), the diterpenoid plant hormones that 

regulate growth and influence various developmental processes (including stem elongation, 

germination, dormancy, flowering, sex expression, enzyme induction, and leaf and fruit senescence), 

require the activity of different P450s like CYP701A, CYP88A and CYP714D1 (Helliwell et al., 2001, 

1998; Zhu et al., 2006).  

P450s in arthropods are key players in metabolic resistance to natural plant chemicals and synthetic 

pesticides and are an integral component of growth, development and reproduction through their 

involvement in the processing of such endogenous substrates as pheromones and ecdysteroids 

(Feyereisen, 2011).  

Humans have 57 sequenced P450 genes, which are essential contributors in the maintenance of 

general human health, particularly as they are related to the metabolism of pharmaceuticals, 

steroidogenesis, the metabolism of fatty acids and the conversion of procarcinogens and promutagens 

to deleterious genotoxic compounds. These genes are organized into 18 families and 43 subfamilies 

(Danielson, 2003). The largest number of human P450s, and most significant in terms of drug 
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metabolism, are those that are members of the CYP1, CYP2 and CYP3 families. CYP2 is the largest 

family of P450s in humans comprising approximately one third of human P450s sequences. This 

family of microsomal P450s is classified into 13 subfamilies that consist of 16 functional genes 

(CYP2A6, CYP2A7, CYP2A13, CYP2B6, CYP2C8, CYP2C9, CYP2C18, CYP2C19, CYP2D6, 

CYP2E1, CYP2F1, CYP2J2, CYP2R1, CYP2S1, CYP2U1, and CYP2W1) and 13 confirmed 

pseudogenes. The number of drugs metabolized primarily by CYP2D6 is very large including ~15–

25% of all clinically used drugs from virtually all therapeutic classes, like antiarrhythmics (e.g. 

propafenone, mexiletine, flecainide), tricyclic and second generation antidepressants (e.g. 

amitriptyline, paroxetine, venlafaxin), antipsychotics (aripiprazole, risperidone), β-blockers (bufuralol, 

metroprolol), as well as anti-cancer drugs, in particular the selective estrogen receptor modifier 

(SERM) tamoxifen, several opioid analgesics including codeine and tramadol, and many others. The 

CYP3 family in humans consists of a single subfamily (CYP3A), within which there are four 

functional genes (CYP3A4, CYP3A5, CYP3A7, CYP3A43) and two pseudogenes. The CYP3A 

members overlap in their substrate specificities but show distinct patterns of tissue expression. The 

CYP3A subfamily enzymes play a major role in the metabolism of ~30% of clinically used drugs from 

almost all therapeutic categories. The active site of CYP3A4 is large and flexible and can 

accommodate and metabolize many preferentially lipophilic compounds with comparatively large 

structures (Zanger and Schwab, 2013). Typical large substrates are immunosuppressants like 

cyclosporin A and tacrolimus, macrolide antibiotics like erythromycin, and anticancer drugs including 

taxol, but smaller molecules are also accepted including ifosfamide, tamoxifen, benzodiazepines, 

several statins, antidepressants, opioids and many more (Nebert et al., 2013; Zhou et al., 2009). 

The biosynthesis of steroid hormones (mineralocorticoids, glucocorticoids and sex hormones) starting 

from cholesterol requires the coordinated action of CYP11A1, CYP11B1/2, CYP17A1, CYP21A2 and 

the aromatase CYP19A1 in the adrenal cortex and gonads. CYP11A1 (cholesterol side-chain cleavage 

enzyme) catalyzes the initial and enzymatically rate-limiting step of steroid hormone biosynthesis in 

all steroidogenic tissues, which is the side-chain cleavage of cholesterol yielding pregnenolone, the 

common precursor of all steroid hormones. CYP17A1 (steroid 17α-hydroxylase/17,20-lyase) 

possesses a steroid 17α-hydroxylase and 17,20 carbon-carbon lyase activity and, thus, an important 
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branch point for the biosynthesis of glucocorticoids and sex hormones. It synthesizes the 

glucocorticoid precursor 17α-hydroxyprogesterone in the adrenal zona fasciculate and testosterone, 

estrogen precursors DHEA and androstenedione from progesterone and pregnenolone in the adrenal 

zona reticularis and other steroidogenic tissues. CYP17A1 carbon-carbon lyase activity thereby 

depends on the presence of the allosteric effector cytochrome b5, which is absent in the adrenal zona 

fasciculata. Following androgen biosynthesis by CYP17A1, CYP19A1 (aromatase) synthesizes 

estrogens from the androgen precursors in both, men and women. CYP21A2 (steroid 21-hydroxylase) 

produces the precursors for mineralo- and glucocorticoid biosynthesis in the adrenal by catalyzing the 

21-hydroxylation of progesterone and 17-OH-progesterone yielding DOC and 11-deoxycortisol, 

respectively. The final steps of gluco- and mineralocorticoid biosynthesis are subsequently catalyzed 

by the 2 CYP11B subfamily members, CYP11B1 (steroid 11β-hydroxylase) and CYP11B2 

(aldosterone synthase) (Bernhardt and Waterman, 2007).  

1.2.5 APPLICATION OF P450 SYSTEMS IN BIOCATALYSIS 

In the past decades where ´´synthetic biology´´ is striving to replace or complement ´´synthetic 

chemistry´´ for production of high-value chemicals, the promiscuity and the versatility of P450s 

played a crucial role. According to the European Federation of Biotechnology, ´´Biotechnology´´ deals 

with the integrated use of biochemistry, microbiology, and engineering sciences in order to achieve 

technological (industrial) application of the capabilities of micro-organisms, cultured tissue cells, and 

parts thereof. Based on this, there is very promising progress for the commercial application of P450s 

enzymes. 

Several P450s and engineered variants have been utilized in synthetic biology for valuable chemicals 

production by fermentation in microbial cells. For example CYP107BR1 (Vdh) from Pseudonocardia 

autotrophica, CYP105A1 from Streptomyces griseolus and CYP109E1 from Bacillus megaterium 

have been cloned and expressed for the production of 25-dihydroxyvitamin D3 and 1α,25-

dihydroxyvitamin D3, the biologically active forms of vitamin D3 (Abdulmughni et al., 2016; Sakaki 

et al., 2011). The production of cortisol from 11-deoxycortisol was achieved by using recombinant 

Schizosaccharomyces pombe and Escherichia coli strains expressing human CYP11B1 (Hakki et al., 
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2008; Schiffer et al., 2015). Nootkatol and (+)-nootkatone were produced from valencene in 

Saccharomyces ceriviciae expressing the plant CYP71D51v2 (Gavira et al., 2013) and in E. coli 

expressing CYP109B1 (Girhard et al., 2010). 

In most cases the implementation of the P450s in the industrial biotransformation processes requires 

further optimization steps including strain engineering, enzyme evolution and development of high 

cell density fermentation protocols as well as an effective downstream processing, which lead mostly 

to a very significant improvement of the biocatalytic system productivity. CYP105AS1 from 

Amycolatopsis orientalis was used for the production of the cholesterol lowering drug pravastatin in 

Penicillium chrysogenum. First, the integration of the complete compactin (ML-236B) gene cluster 

into the genome of the P. chrysogenum and the deletion of the esterase activity improved the 

compactin yield. For a stereoselctive hydroxylation of compactin, CYP105AS1 was subjected to error-

prone PCR and screening in order to achieve the desired pravastatin hydroxylase activity. Finally, to 

assess industrial performance of the P. chrysogenum strain, 10-L fed-batch fermentation was carried 

out leading to the production of more than 6 g/L pravastatin (McLean et al., 2015). 

Another ambitious example is the production of the anti-malarial drug precursor artemisinic acid using 

the yeast S. cerevisiae, where the production could be improved drastically from few mg/L to about 25 

g/L. The development of the process included the engineering of S. cerevisiae to increase the 

production of farnesyl pyrophosphate (FPP), which was subsequently converted to the amorpha-4,11-

diene by cloning of the plant amorphadiene synthase from Artemisia annua. By introducing 

CYP71AV1 from A. annua, amorpha-4,11-diene was oxyfunctionalized via three intermediates 

yielding about 100 mg/L artemisinic acid (Ro et al., 2006). Further improvement of the system was 

achieved by overexpressing every enzyme of the mevalonate pathway (Westfall et al., 2012), co-

expression of the cytochrome b5 gene and increasing the coupling efficiency between the CYP71AV1 

and the CPR (Paddon et al., 2013). All these efforts and developments finally led to artemisinic acid 

yield of about 25 g/L in fermentation experiments.  
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1.3 BACILLUS MEGATERIUM  

1.3.1 GENERAL 

Bacillus megaterium is a nonpathogenic Gram-positive rod-shaped bacterium, which was described 

first in 1884 (De Bary, 1884). The complete genome sequence was published in 2011 (Eppinger et al., 

2011). It is found in diverse ecological habitats and is able to grow on a wide variety of carbon 

sources, which allows for its cultivation on low-cost simple media. B. megaterium has gained a 

growing interest for the economic production of many enzymes and substances. It is one of the biggest 

known bacteria with a vegetative cell size of 4 µm in length and 1.5 µm in diameter, which is about 

100 times larger than E. coli (Bunk et al., 2010). B. megaterium does not produce endotoxins 

associated with the outer membrane, nor does it have alkaline proteases, which improves the recovery 

of recombinant proteins (Vary, 1994). In the last decades enzymes from B. megaterium have been 

used industrially for the production of several substances and enzymes such as vitamin B12 (Raux et 

al., 1998), oxetanocin, a viral inhibitor of HIV, hepatitis B virus and herpes virus (Morita et al., 1999; 

Shiota et al., 1996; Tseng et al., 1991), α- and β-amylase (Hebeda et al., 1988; Takasaki, 1989; 

Vihinen and Mantsiila, 1989), pencillin amidase (Martín et al., 1995; Suga et al., 1990), glucose 

dehydrogenase (Nagao et al., 1992) and HIV antigen (Shivakumar et al., 1998).  

1.3.2 BACILLUS MEGATERIUM P450 SYSTEMS 

Some of the most interesting proteins expressed naturally by B. megaterium are the P450s and related 

proteins (reductases and ferredoxins), which have been shown to be very important in many 

biotechnological and pharmaceutical applications (Abdulmughni et al., 2016; Brill et al., 2013; Kiss et 

al., 2015). 

In general, B. megaterium encodes for several P450s. Among them, the self-sufficient CYP102A1 

(also known as BM3), which is the most investigated bacterial P450 so far. BM3 is naturally a fatty 

acid hydroxylase (Miura and Fulco, 1974). It has been extensively studied over a period of almost 

forty years. The enzyme has been redesigned to catalyze the oxidation of non-natural substrates such 

as diverse as pharmaceuticals, terpenes and gaseous alkanes using a variety of engineering strategies 
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(Whitehouse et al., 2012). In addition, the biotechnologically valuable CYP106 family, CYP106A1 

from B. megaterium strain DSM319 (Brill et al., 2013) and CYP106A2 from B. megaterium strain 

ATCC 13368 (Berg et al., 1979, 1976), was characterized to be associated with the biotransformation 

of a diverse array of substrates such as steroids and terpenoic substances (Brill et al., 2013; Schmitz et 

al., 2012). Furthermore, CYP109E1 was recently identified as vitamin D3 hydroxylase from B. 

megaterium strain DSM319 (Abdulmughni et al., 2016; Brill et al., 2013; Jóźwik et al., 2016). 
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1.4 AIM OF THE PROJECT 

The publication of the complete genome sequence of the B. megaterium strains DSM319 and QM 

B1551 in 2011 (Eppinger et al., 2011) enabled the characterization and identification of new enzymes. 

In addition, preliminary studies by our group showed the ability of B. megaterium to convert steroidal 

and non-steroidal substrates (Bleif et al., 2012; Brill et al., 2013; Gerber et al., 2015). Therefore, the 

scope of this work was the identification and characterization of new oxidoreductases (P450s, P450 

reductases and dehydrogenases) from B. megaterium, in addition to the elucidation of their potential 

for biotechnological as well as pharmaceutical applications.  

The first part of this thesis describes a di-flavin electron transfer system: a natural, soluble flavoprotein 

reductase from B. megaterium DSM319. The properties of the characterized reductase are analyzed at 

bioinformatic and biochemical levels. Its ability to support the electron transfer from NADPH either 

directly or indirectly using different ferredoxins to different classes of P450s should be studied. For 

this purpose the class I bacterial P450 (CYP106A1) and the eukaryotic, microsomal class II P450 

(CYP21A2) will be used. In addition, the characterized reductase should be used in an E. coli whole-

cell based biocatalyst system with both P450s classes. 

The numbers of the newly identified P450s increased drastically over the past few years (Nelson, 

2009), but there is nevertheless a still growing demand to exploit novel P450s as valuable biocatalysts 

in the industrial field. In the second part, this work reports the identification and characterization of a 

new plasmid-encoded P450 from the B. megaterium QM B1551. The new P450 will be first analyzed 

at the bioinformatic level, which is important for its classification. For biochemical investigations it 

has to be cloned and heterologously expressed in E. coli. Moreover, in view of the biotechnological 

application and since an effective electron transfer is essential in terms of cytochrome P450 activity, 

the search for a suitable redox partner/s will be crucial for the construction of in vitro as well as in vivo 

systems based on the new P450. This will then offer the possibility for the screening of new substrates, 

which could open up further biotechnological application of this enzyme. 
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The third part deals with the characterization of a short-chain dehydrogenase/reductase (SDR) with a 

17β-hydroxysteroid dehydrogenase activity. Moreover, the activity of the new dehydrogenase should 

also be investigated in vivo with biotechnologically valuable sesquiterpenes such as nootkatol for the 

production (+)-nootkatone. 

 

 

 



PUBLICATIONS 

 

20 

 

2 PUBLICATION OF THE RESULTS  

The results produced during the present work are published in the articles listed below: 

2.1: Milhim, M., Gerber, A., Neunzig, J., Hannemann, F., Bernhardt, R., 2016a. A Novel NADPH-

dependent flavoprotein reductase from Bacillus megaterium acts as an efficient cytochrome P450 

reductase. J. Biotechnol. 231, 83–94. 

2.2: Milhim, M., Putkaradze, N., Abdulmughni, A., Kern, F., Hartz, P., Bernhardt, R., 2016b. 

Identification of a new plasmid-encoded cytochrome P450 CYP107DY1 from Bacillus megaterium 

with a catalytic activity towards mevastatin. J. Biotechnol. 240, 68–75. 

2.3: Gerber, A., Milhim, M., Hartz, P., Zapp, J., Bernhardt, R., 2016. Genetic engineering of Bacillus 

megaterium for high-yield production of the major teleost progestogens 17α,20β-di- and 17α,20β,21α-

trihydroxy-4-pregnen-3-one. Metab. Eng. 36, 19–27. 

2.4: Neunzig, J., Milhim, M., Schiffer, L., Khatri, Y., Zapp, J., Sánchez-Guijo, A., Hartmann, M.F., 

Wudy, S.A., Bernhardt, R., 2017. The steroid metabolite 16(β)-OH-androstenedione generated by 

CYP21A2 serves as a substrate for CYP19A1. J. Steroid Biochem. Mol. Biol. 167, 182–191. 
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2.1 Milhim et al., 2016a 

A Novel NADPH-dependent flavoprotein reductase from Bacillus megaterium acts as an efficient 

cytochrome P450 reductase 

 

Mohammed Milhim, Adrian Gerber, Jens Neunzig, Frank Hannemann and Rita Bernhardt 

 

Journal of Biotechnology, 2016 Aug. 231: 83–94. 

DOI: 10.1016/j.jbiotec.2016.05.035 

 

Reprinted with permission of the Journal of Biotechnology. All rights reserved. 
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Supplementary Fig. S1. The open reading frame sequence of the BmCPR. The upper and the lower lines represent the 

deduced amino acid and nucleotide sequences, respectively. The one-letter code for each amino acid is aligned with the 

second nucleotide of each codon. The start codon TTG is underlined. 
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Supplementary Fig. S2. In vitro activity of the BmCPR. (A) In vitro conversion of 100 µM progesterone to 

deoxycorticosterone (DOC) using bovine CYP21A2 and BmCPR at 37 °C for 1 h with NADPH (continuous chromatogram) 

or NADH (dashed chromatogram) as electron donor. (B) and (C) kinetic parameters for the conversion of progesterone 

catalyzed by CYP21A2 using BmCPR or bovine CPR as redox partner, respectively. The product formation was determined 

by HPLC and each value is represented as mean ± SD of three separate measurements. Data was fitted using originPro 9.0G 

software. 
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2.2 Milhim et al., 2016b 

Identification of a new plasmid-encoded cytochrome P450 CYP107DY1 from Bacillus 

megaterium with a catalytic activity towards mevastatin 

 

Mohammed Milhim, Natalia Putkaradze, Ammar Abdulmughni, Fredy Kern, Philip Hartz and Rita 

Bernhardt  

 

Journal of Biotechnology, 2016 Dec. 240: 68–75. 

DOI: 10.1016/j.jbiotec.2016.11.002 

 

Reprinted with permission of the Journal of Biotechnology. All rights reserved. 
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Supplementary Table 1. Protein sequence identity values of CYP107DY1 with different cytochrome P450s. 
Closest match with different CYP107 

Protein Abb. Natural function or substrate/s No. of aa Species  Identity%(a) UniProtKB accession 

numbers.(b) 

CYP107DY1 ---. 410 B. megaterium QM B1551 100 D5E3H2 

CYP267B1 Drug metabolism 405 Sorangium cellulosumSo ce5 43.5 A9ERX9 

CYP107B1 7-ethoxycoumarin 405 Saccharopoly sporaerythraea 41.9 P33271 

CYP107K1 (PksS) Polyketide biosynthesis (bacillaene biosynthesis) 405 Bacillus subtilis(Strain 168) 41.8 O31785 

CYP107H1 (bioI) Biotin biosynthesis 395 Bacillus subtilis(Strain 168) 40.8 P53554 

CYP107J1 Testosterone enanthate 410 Bacillus subtilis(Strain 168) 40.7 O08469 

CYP107BR1 (Vdh) Vitamin D3 403 Pseudonocardia autotrophica 40 C4B644 

CYP107L1 (PiKC) Pikromycin biosynthesis 416 Streptomyces venezuelae 39.2 O87605 

CYP107A1 (eryF) Erythromycin biosynthesis 404 Saccharopolyspora erythraea 36.2 Q00441 

CYP107E4 Diclofenac 396 Actinoplanes sp.ATCC 53771 36 C0LR90 

CYP109B1 Various substrtae (e.g. (+)-valencene) 396 Bacillus subtilis 35.4 U5U1Z3 

CYP267A1 Drugs metabolism 429 Sorangium cellulosumSo ce5 35.3 A9EN90 

CYP109A2 Steroids 403 B. megaterium DSM319 34.6 D5DF88 

CYP109E1 Steroids 404 B. megaterium DSM319 32.7 D5DKI8 

CYP106A1 Steroids and terpenoids  410 B. megaterium DSM319 29.1 D5DF35 

CYP108 α-terpinol 428 Pseudomonas sp. 28 P33006 

CYP102A1 Fatty acids  1,049 B. megaterium DSM319 18.4 P14779 

      
(a) Based on Clustal Omega Multiple Sequence Alignment (MSA) (http://www.ebi.ac.uk/Tools/msa/) 

(b) http://www.uniprot.org/ 
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Supplementary Table 2. List of tested substrates with CYP107DY1  

Name Structure Name Structure 

Amitriptyline  

 

Olanzapine 

 

Diclofenac 

 

Omeprazole 

 

Erythromycin 

 

Oxymetazoline 

 

Haloperidol 

 

Papaverine 

 

Ibuprofen 

 

Promethazine 

 

Losartan 

 

Repaglinide 

 

Mevastatin 

 

Ritonavir 

 

Nifedipine 

 

Thioridazine 

 

Noscapine 

 

Verapamil 
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Supplementary Fig. S1. The open reading frame sequence of the CYP107DY1. The upper and the lower lines 

represent the nucleotide and deduced amino acid sequences, respectively. The one-letter code for each amino 

acid is aligned with the first nucleotide of each codon. Several conserved motifs used for the identification of 

cytochrome P450s are underlined. I- helix (A/G-G-x-E/D-T-T/S), K-helix (E-x-x-R), and the heme pocket (F-x-

x-G-x-x-x-C-x-G). 

 

 

 

 

 

 

 

 

 



PUBLICATIONS 

 

50 

 

 

Supplementary Fig. S2. Homology model of CYP107DY1. A model of CYP107DY1 was calculated using 

CYP107RB1 (Vdh) (PDB accession code: 3A4G) as template. The coordinates of the heme-porphyrin atoms 

from the template structure were added subsequently to the obtained homology model. Program Modeller 9.14 

(University of California San Francisco, USA) was used. 
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Adrian Gerber, Mohammed Milhim, Philip Hartz, Josef Zapp and Rita Bernhardt 

 

Metabolic Engineering, 2016 Jul. 36: 19–27. 

DOI: 10.1016/j.ymben.2016.02.010 

 

Reprinted with permission of Metabolic Engineering. All rights reserved. 
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Supplemental Fig. 1. Map of backbone vectors. Plasmid pSMF2.1 was applied for 

overexpression experiments. SpeI and MluI restriction sites were used for cloning of 

BMD_0912, BMD_1595, BMD_1068, BMD_3715 and FabG resulting in plasmids 

pSMF2.1_0912, pSMF2.1_1595, pSMF2.1_1068, pSMF2.1_3715 and 

pSMF2.1_FabG, respectively (XylR: xylose repressor, PXyla: xylose isomerase 

promoter, Ori: origin of replication, ampR: ampicillin resistance gene, tetR: 

tetracycline resistance gene). Plasmid pUCTV2_Upp was applied for gene deletions. 

Fused flanking regions of cyp106A1 and BMD_3715 were cloned using the EcoRI 

restriction site, SacI site was used for flanking regions of BMD_0912 and KpnI was 

used for the flanking regions of BMD_1595 and BMD_1068 resulting in plasmids 

pUCTV2_Upp_Δ106A1, pUCTV2_Upp_ Δ3715, pUCTV2_Upp_ Δ0912, 

pUCTV2_Upp_ Δ1595 and pUCTV2_Upp_ Δ1068, respectively (Upp: uracil 

phosphoribosyltransferase ). 
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Supplemental Fig. 2. Absence of steroid degradation activity with B. megaterium 

strain GHH8. Main cultures were grown for 20 h, then substrates were added to a 

final concentration of 200 µM. A and B: Addition of 17OH-P (S2). C and D: Addition 

of RSS (S3). No difference in the sum of substrate and product peak areas between 

0 and 8 h could be observed for both substrates. 17α,20αDiOH-P (P4) and 20βOH-

RSS (P5) are formed through the action of the chromosomally encoded FabG. 
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Supplemental Figure 3. Determination of the sum of product and substrate peak 

areas during 20βHSD catalysis. A and B: Conversion of 200 µM 17OH-P (S2) to 

17α,20βDiOH-P (P4). C and D: Conversion of 200 µM RSS (S3) to 20βOH-RSS (P5). 

During both reactions, the overall product and substrate peak areas remain constant, 

indicating that the substrates and their products exhibit similar molar extinction 

coefficients. 
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Supplemental Fig. 4. Cultivation of strain GHH8 medium with TB-medium in 

absence of a substrate after 24 hours. Peaks detected during the first 10 minutes are 

not related to conversions of the steroidal substrates. 

 

 

Supplemental Fig. 5. In-vivo conversion of cortisol and cortisone by FabG. A: 

Conversion of cortisol (S, final concentration 300 µM) to 20βOH-cortisol (P) after 24 

hours. The substrate was added simultaneously to protein induction. B: Conversion 

of cortisone (S, final concentration 300 µM) to 20βOH-cortisone (P) after 24 hours. 

The substrate was added simultaneously to protein induction. 
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Supplemental Table 1: List of primers used in this study. 

Primer name Sequence (5‘ -> 3‘) Description 

0912for TATCAACTAGTAAATCAAGGAGG
TGAATGTACAATGGAAAACTTAC
AGTCAACTAC 

Forward primer for 
BMD_0912 amplification 
(SpeI site (italic), followed 
by ribosomal binding site 
(RBS, bold) and start 
codon of ORF 
(underlined)) 

0912rev TATCAACGCGTTTAAAAATCAAAG
TTATCTGGATC 

Reverse primer for 
BMD_0912 amplification 
(MluI site, stop codon of 
ORF (underlined)) 

1595for TATCAACTAGTAAATCAAGGAGG
TGAATGTACAATGAATATTGTTAC
ATTAAACAA 

Forward primer for 
BMD_1595 amplification 
(SpeI site, RBS, start 
codon) 

1595rev TATCAACGCGTTTATCGGACGTTC
ATGTCACTTGGG 

Reverse primer for 
BMD_1595 amplification 
(MluI site, stop codon) 

1068for TATCAACTAGTAAATCAAGGAGG
TGAATGTACAATGAGTAATCATTT
GCAAGATACAGT 

Forward primer for 
BMD_1068 amplification 
(SpeI site, RBS, start 
codon) 

1068rev TATCAACGCGTTTAAAAATCAAAA
TTGTCCGGATC 

Reverse primer for 
BMD_1068 amplification 
(MluI site, stop codon) 

3715for TATCAACGCGTTTAAAAATCAAAG
TTGTCAGGATCT 

Forward primer for 
BMD_3715 (MluI site, stop 
codon) 

3715rev TATCAACTAGTAAATCAAGGAGG
TGAATGTACAATGATGAAAAATTT
ACAGGATACAG 

Reverse primer for 
BMD_3715 (SpeI site, 
RBS, start codon) 

Fabgfor TATCAACGCGTTTACATCACCATT
CCGCCGTCAACG 

Forward primer for FabG 
amplification (MluI, stop 
codon) 

Fabgrev TATCAACTAGTAAATCAAGGAGG
TGAATGTACAATGTTACAAGGGA
AAGTTGCGGTTG 

Reverse primer for FabG 
amplification (SpeI site, 
RBS, start codon) 

106Afor TATCAGAATTCTCTGTGATCATTC
CCATTACTCGATTTTCT 

Forward primer for 
amplification of flanking 
region downstream of 
CYP106A1 (EcoRI site) 

106Arev CATGTTAAACAAGTCTTGAGCGA
CTACGAAGGCCTTTTCTCATATCG
AACCATTTGAAG 

Reverse primer for 
amplification of flanking 
region downstream of 
CYP106A1 

106Bfor CTTCAAATGGTTCGATATGAGAAA
AGGCCTTCGTAGTCGCTCAAGAC
TTGTTTAACATG 

Forward primer for 
amplification of flanking 
region upstream of 
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CYP106A1 
106Brev TATCAGAATTCGGTTAGCAAACTA

TATCACGTTTGATCTTAAGAATGA 
Reverse primer for 
amplification of flanking 
region upstream of 
CYP106A1 (EcoRI site) 

0912Afor TATCAGAGCTCTACGTCATATATT
CTCTCTTACAGG 

Forward primer for 
amplification of flanking 
region downstream of 
BMD_0912 (SacI site) 

0912Arev CAAATACGTCTGCATTTTGGATAA
TATAAACACCTAAACCTAACCAAG
GC 

Reverse primer for 
amplification of flanking 
region downstream of 
BMD_0912 

0912Bfor GCCTTGGTTAGGTTTAGGTGTTTA
TATTATCCAAAATGCAGACGTATT
TG 

Forward primer for 
amplification of flanking 
region upstream of 
BMD_0912 

0912Brev TATCAGAGCTCGCTGTAGCTTTCT
CAATTTCTTCTT 

Reverse primer for 
amplification of flanking 
region upstream of 
BMD_0912 (SacI site) 

1595Afor TATCAGGTACCGTTCGGGTATTG
TTAATTCGATTGCAC 

Forward primer for 
amplification of flanking 
region downstream of 
BMD_1595 (KpnI site) 

1595Arev CGTTCATGTCACTTGGGTGCGGA
TTTTTGACACCAGACCAACTGGTA
A 

Reverse primer for 
amplification of flanking 
region downstream of 
BMD_1595 

1595Bfor TTACCAGTTGGTCTGGTGTCAAAA
ATCCGCACCCAAGTGACATGAAC
G 

Forward primer for 
amplification of flanking 
region upstream of 
BMD_1595 

1595Brev TATCAGGTACCCTACTCCTACAG
CTGTCATTGCCTG 

Reverse primer for 
amplification of flanking 
region upstream of 
BMD_1595 (KpnI site) 

1068Afor TATCAGGTACC CTGTCTGTAACG 
GCTGGAAACACA GC 

Forward primer for 
amplification of flanking 
region downstream of 
BMD_1068 (KpnI site) 

1068Arev ATTTAATCCATCAATTTTGCTTACA
TCTGATTACTCATTATAAAAAACC
TCCTGCT 

Reverse primer for 
amplification of flanking 
region downstream of 
BMD_1068 

1068Bfor AGCAGGAGGTTTTTTATAATGAGT
AATCAGATGTAAGCAAAATTGATG
GATTAAAT 

Forward primer for 
amplification of flanking 
region upstream of 
BMD_1068 

1068Brev TATCAGGTACCAGAGTGAGTACA
TTAGACTTGCTCTTT 

Reverse primer for 
amplification of flanking 
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region upstream of 
BMD_1068 (KpnI site) 

3715Afor TATCAGAATTCTGTTGAGGCAAAC
ATCTAATGA 

Forward primer for 
amplification of flanking 
region downstream of 
BMD_3715 (EcoRI site) 

3715Arev GAGTAAAGATGCCTGGCTTTGGC
CGTGTAGGTCCAGATCCTGACAA
CTT 

Reverse primer for 
amplification of flanking 
region downstream of 
BMD_3715 

3715Bfor AAGTTGTCAGGATCTGGACCTAC
ACGGCCAAAGCCAGGCATCTTTA 
CTC 

Forward primer for 
amplification of flanking 
region upstream of 
BMD_3715 

3715Brev TATCAGAATTCATTTGAGAGGGTT
GATTATTTATTTTCTTA 

Reverse primer for 
amplification of flanking 
region upstream of 
BMD_3715 (EcoRI site) 
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Supplemental Table 2: NMR data for 20βOH-cortisol (P6) and 20βOH-cortisone 

(P7) 

Product P6: 11, 17, 20, 21-Tetrahydroxy-4-pregnen-3-one (20OH-Cortisol) 

1H NMR 
(CDCl3, 

500 
MHz) 

1H NMR (CDCl3, 500 MHz): δ 1.08 (s, 3xH-18), 1.02 (dd, J=11.1 and 3.4 

Hz, H-9), 1.12 (m, H-7a), 1.44 (s, 3xH-19), 1.30 (m, H-15a), 1.55 (m, H-

16a), 4.41 (q, 3.3 Hz, H-11), 1.65 (m, H-14), 1.87 (m, H-1a), 1.81 (m, 2H, 

H-15b and H-16b), 1.86 (m, H-12a), 1.98 (m, H-7b), 1.92 (m, H-1b), 2.00 

(m, H-8), 2.18 (dt, J= 13.4 and 4.7, H-12a), 2.24 (ddd, 14.5, 4.5 and 2.0 

Hz, H-6a), 2.35 (dt, J=16.8 and 4.3 Hz, H-2a), 2.46 (m, H-6b), 2.48 (ddd, 

J=16.8, 13.9 and 5.0 Hz,  H-2b), 3.76 (dd, J=11.0 and 3.4 Hz, H-21a), 

3.80 (dd, J=11.0 and 5.2 Hz, H-21b), 3.83 (dd, J=5.2 and 3.4 Hz, H-20), 

5.67 (br s, H-4). 13C NMR (CDCl3, 125 MHz): δ 17.83 (CH3, C-18), 20.92 

(CH3, C-19), 23.82 (CH2, C-15), 31.12 (CH2, C-6), 31.55 (CH, C-8), 32.71 

(CH2, C-7), 33.07 (CH2, C-16), 33.81 (CH2, C-2), 34.94 (CH2, C-12), 

39.21 (C, C-10), 41.53 (CH2, C-1), 46.64 (C, C-13), 50.53 (CH, C-14), 

56.00 (CH, C-9), 64.68 (CH2, C-21), 68.54 (CH, C-11), 72.88 (CH, C-20), 

85.15 (C, C-17), 122.26 (CH, C-4), 172.55 (C, C-5), 199.78 (C, C-3). 

 

Product P7: 17, 20, 21-Trihydroxy-4-pregnen-3,11-dione (20OH-Cortisone) 

1H NMR 
(CDCl3, 

500 
MHz) 

δ 0.77 (s, 3xH-18), 1.30 (m, H-7a), 1.32 (m, H-15a), 1.39 (s, 3xH-19), 

1.63 (td, J=14.0 and 4.4 Hz, H-1a), 1.73 (m, H-16a), 1.84 (m, H-16b), 

1.90 (m, H-8), 1.92 (m, H-15b), 1.93 (m, H-9), 1.96 (m, H-7b), 2.28 (m, H-

6a), 2.29 (m, H-2a), 2.33 (m, H-14), 2.40 (tdd, J= 14.5, 5.2 and 1.8 Hz, H-

6b), 2.47 (ddd, J=17.0, 14.0 and 5.0 Hz,  H-2b), 2.49 (d, J=12.5 Hz, H-

12a), 2.66 (d, J=12.5 Hz, H-12b), 2.75 (ddd, J= 14.0 5.0 and 3.2 Hz, H-

1b), 3.77 (m, 3H, H-20, H-21a and H-21b), 5.72 (br s, H-4). 13C NMR 
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(CDCl3, 125 MHz): δ 15.71 (CH3, C-18), 17.19 (CH3, C-19), 23.45 (CH2, 

C-15), 32.31 (2xCH2, C-6 and C-7), 33.33 (CH2, C-16), 33.71 (CH2, C-2), 

34.68 (CH2, C-1), 36.96 (CH, C-8), 38.15 (C, C-10), 48.35 (CH, C-14), 

51.26 (CH2, C-12), 51.58 (C, C-13), 62.43 (CH, C-9), 64.41 (CH2, C-21), 

72.57 (CH, C-20), 84.11 (C, C-17), 124.45 (CH, C-4), 169.13 (C, C-5), 

200.02 (C, C-3), 210.92 (C, C-11). 
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2.4 Neunzig et al., 2017 

The steroid metabolite 16(β)-OH-androstenedione generated by CYP21A2 serves as a substrate 

for CYP19A1 

 

Neunzig, J., Milhim, M., Schiffer, L., Khatri, Y., Zapp, J., Sánchez-Guijo, A., Hartmann, M.F., 

Wudy, S.A., Bernhardt, R. 

 

Journal of Steroid Biochemistry and Molecular Biology, 2017 Mar. 167: 182–191. 

DOI: 10.1016/j.jsbmb.2017.01.002 

 

Reprinted with permission of Journal of Steroid Biochemistry and Molecular Biology. All rights 

reserved. 
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Figure S1: LC-MS/MS data- detection of 16OHA4 in human samples 

12.5 µg/ml standard 
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Urine from a male patient with 11-hydroxylase deficiency (2.4 years old, A4 concentration in plasma 

12.5 ng/ml) 
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Urine from a male patient with 11-hydroxylase deficiency (3.4 years old, A4 concentration in plasma 

not measured) 

 

Control urine from a male healthy child 3.3 years old 
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Urine from a female patient with an endocrine tumor (15.4 years old, A4 concentration not measured) 

Urine from an untreated male patient with 21-hydroxylase deficiency (12.1 years old, A4 

concentration not measured)
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Control urine from a male healthy child 12.5 years old 

 

 

S1: All urines after sulfatase treatment. Black chromatograms on the left panel show the product ion 

scan mode for m/z 303 at 40 eV collision energy for every sample. Red chromatograms are obtained 

as extracted chromatograms for the transition 303→79, 97, 109. On the right panel, the spectrum with 

the fragments obtained at a retention time of 1.49 min are depicted.  

 

S2: NMR data of 16bOHA4 

1
H NMR (CDCl3, 500 MHz): δ 0.98 (s, 3xH-18), 1.01 (ddd, J=12.5, 10.5 and 4.0 Hz, H-9), 1.11 (m, 

H-7a), 1.20 (s, 3xH-19), 1.24 (m, H-14), 1.33 (td, J=13.0 and 4.5 Hz, H-12a), 1.51 (tdd, J= 13.5 12.5 

and 4.2 Hz, H-11a), 1.54 (ddd, J=3.5, 12.0 and 9.5 Hz, H-15a), 1.68 (m, H-11b), 1.70 (m, H-1a), 1.78 

(dddd, J= 3x 11.0 and 3.5 Hz, H-8), 1.91 (ddd, J=13.0, 4.2 and 2.8 Hz, H-12b), 1.96 (m, H-7b), 2.02 

(ddd, J=13.5, 5.0 and 3.5 Hz, H-1b), 2.32 (m, H-6a), 2.34 (m, H-2a), 2.39 (m, 2H,  H-2b and H-15b), 

2.41 (m, H-6b), 3.95 (dd, J=9.5 and 8.2 Hz, H-16), 5.74 br s (H-4). 
13

C NMR (CDCl3, 125 MHz): δ 
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14.84 (CH3, C-18), 17.35 (CH3, C-19), 20.11 (CH2, C-11), 30.44 (CH2, C-15), 30.99 (CH2, C-7), 31.52 

(CH2, C-12), 32.46 (CH2, C-6), 33.88 (CH2, C-2), 34.24 (CH, C-8), 35.67 (CH2, C-1), 38.69 (C, C-10), 

45.24 (CH, C-14), 46.68 (C, C-13), 54.06 (CH, C-9), 75.21 (CH, C-16), 124.25 (CH, C-4), 169.88 (C, 

C-5), 199.17 (C, C-3), 219.52 (C, C-17). 

 

 

  

 

 

 



DISCUSSION 

 

89 

 

3 DISCUSSION 

The large-scale sequencing and the rapid completion of genomic sequences of many organisms led to 

far more gene products (Open Reading Frames) than functions, which can be referred to. Moreover, 

many of the ‘known’ functions may be uncertain as they are unsupported by experimental evidences, 

even in an organism as well studied as E. coli, in which there is experimental information for only 

54% of the gene products (Guengerich et al., 2010).  

Two approaches can be applied for the elucidation of the gene function. The classical biochemistry 

paradigm (or called forward strategy), which goes from an observation of a particular phenomenon or 

phenotype to the identification of the corresponding gene. While, the reverse genetic (or called 

backward strategy) goes from the gene sequence to the protein characterization and subsequently 

identification of the function. 

The publication of the complete genome sequence of the B. megaterium strains QM B1551 and 

DSM319 in 2011 (Eppinger et al., 2011) and the immense development of bioinformatic and 

biochemical methods enabled the characterization of new proteins in this work for which the backward 

strategy (genome mining) has been applied. 

3.1 CHARACTERIZATION OF A NOVEL NADPH-DEPENDENT 

DIFLAVIN REDUCTASE 

As pointed out earlier, P450s rely for their activities on redox partners. The ability of the B. 

megaterium based whole cell system/s, expressing microsomal or bacterial P450s without co-

expression of redox partners, to show activity towards the corresponding substrate/s suggested the 

presence of still unidentified redox partner/s (Bleif et al., 2012; Brill et al., 2013; Gerber et al., 2015). 

Searching the B. megaterium genome for a homolog to the mammalian diflavin P450 reductase (CPR) 

revealed an open reading frame (BMD_3122) encoding an NADPH diflavin reductase, which was 

characterized and investigated at the bioinformatic and biochemical level in publication 2.1. The new 
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reductase was designated as B. megaterium cytochrome P450 reductase (BmCPR). The BmCPR gene 

encoding a protein of 602 amino acids was successfully cloned and expressed in E. coli. The purified 

soluble enzyme exhibited a characteristic diflavin reductase spectrum with a maximum peak at 380 

nm, 456 nm and a broad peak at 585 nm. Sequence analysis showed that the (FMN-, FAD- and 

NADPH-) binding motifs are conserved, in addition to the presence of a cluster of negatively charged 

residues, which are thought to be responsible for the interaction with the cytochrome P450 as well as 

cytochrome c. BmCPR showed a cytochrome c reducing activity with a KM of 16.7 µM and kcat of 

2,582 min
-1

. Furthermore, in an in vitro reconstituted system, BmCPR was found to support the 21α- 

and 17α-hydroxylation of progesterone with the class II microsomal bovine CYP21A2 and CYP17A1, 

respectively, with a higher activity than that of the bovine NADPH-dependent cytochrome P450 

reductase (CPR). In class I bacterial P450 systems, FAD of the ferredoxin-reductase serves as an 

electron acceptor from NAD(P)H, which transfers the reducing equivalents to the iron-sulfur center of 

ferredoxin, which in turn reduces the P450s (Hannemann et al., 2007). Our results showed that the 

BmCPR, in combination with different ferredoxins, was also able to support the activity of CYP106A1 

in vitro, with the best results using the BmCPR-Fdx2 combination. 

A phylogenetic analysis of the deduced BmCPR protein and comparison with other related diflavin 

reductases by the neighbor joining method showed that it belongs to the cytochrome P450_like 

reductase (CYPOR_like) sub-family having FAD and FMN as prosthetic groups and utilizing NADPH 

as electron donor. This sub-family comprises different members. Cytochrome P450 reductase (CPR) 

was the first enzyme of this family to be isolated (Horecker, 1950), followed by several other dual 

flavin enzymes, sulfite reductase in bacteria (Christner et al., 1981; Ostrowski et al., 1989) as well as 

three proteins identified in human: nitric oxide synthase NOS (Stuehr, 1997), methionine synthase 

reductase (Olteanu and Banerjee, 2001) and a cytoplasmic protein NR1 with yet unknown function 

that is expressed in cancer cells (Paine et al., 2000). This family includes also the diflavin domain of 

self-sufficient cytochromes P450 such as CYP102A1 (BM3) from B. megaterium. BmCPR is most 

related to the flavoprotein alpha-component of sulfite reductase (SiR) (44 % - 63%), an indication of 

the cross-functionality of the sub-family members. It is proposed that these family member enzymes 
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evolved from a common ancestor as a result of a fusion of two proteins, the bacterial flavodoxin 

(FMN-domain) and the ferredoxin-NADP
+
 reductase FNR (FAD-domain).  

P450s are potential enzymes for biotechnological applications; nevertheless, the multi-component 

nature of P450s, in other words the absolute requirement of electron transfer partner/s for the P450 

reaction is one of the most important factors, which hampered their powerful commercial utilization. 

Therefore, the co-expression of genes encoding the redox partners of the P450 is necessary when the 

host cell lacks such electron transfer proteins (E. coli) or the efficiency using an endogenous system is 

low. 

BmCPR was employed in the establishment of whole cell biocatalyst systems with class I and II P450s 

as shown in publication 2.1 and 2.2 (Milhim et al., 2016a, 2016b). Therefore, the identification of this 

reductase provides a versatile redox partner for P450s with appealing biotechnological potential 

(Figure 4.1). 

 

Figure 4.1. Schematic representation of the ability of BmCPR to support electrons transfer to class I 

(represented by CYP106A1 and CYP107DY1) and class II (represented by CYP21A2 and CYP17A1) 

P450s.  
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Some of the most potent anti-inflammatory and immunosuppressive agents are the synthetic 

glucocorticoids which are, therefore, considered to be very crucial in the pharmaceutical industry. 

Among them is medrol (methylprednisolone), which is widely used for the treatment of inflammatory 

and autoimmune diseases, such as: asthma (Fiel and Vincken, 2006); uveitis, rheumatoid arthritis 

(Saag, 2002); ulcerative colitis (Rosenberg et al., 1990); Crohn's disease (inflammatory bowel 

disease); Bell's palsy; multiple sclerosis (Thrower, 2009); cluster headaches; vasculitis; acute 

lymphoblastic leukemia (Lambrou et al., 2009); systemic lupus erythematosus, dermatomyositis and 

autoimmune hepatitis (Davis et al., 1978).  

Medrol can be synthesized from the intermediate premedrol. In our laboratories we successfully 

developed a CYP21A2‑based whole‑cell system in E. coli for the biotechnological 21-hydroxylation 

of the precursor medrane to produce premedrol. It was demonstrated that the reaction efficiency is 

strongly dependent on the co-expressed redox partner with the best yield when the S. pombe redox 

system (Arh1/etp1
fd

) was used (Brixius-Anderko et al., 2015). 

The efficiency of the BmCPR to support CYP21A2 for the conversion of medrane to premedrol was 

compared in vivo with Arh1/etp1
fd

. The expression and conversion were carried out as described 

previously (Brixius-Anderko et al., 2015). Figure 4.2 shows that the BmCPR was able to support the 

activity of CYP21A2 in vivo, with about 1.14 fold higher efficiency than the previously used 

Arh1/etp1
fd

 system. 
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Figure 4.2. CYP21A2-dependent whole-cell conversion of medrane to 

premedrol using Arh1/etp1fd or BmCPR as redox partner. Whole-cell 

biotransformation was performed using C43 (DE3) cells carrying pET17b vector 

expressing CYP21A2 and the redox partner (Arh1/etp1fd or BmCPR). 

Conversion was carried out by using resting cells in potassium phosphate buffer 

(50 mM KPi pH 7.4 + 2% glycerol) and samples were taken after 24 hr 

conversion(*). The data were normalized by setting Arh1/etp1fd to 1. 

(*)This experiment was kindly carried out by Dr. Brixius-Anderko S. 

 

The results pointed out the potential of the newly identified BmCPR in future biotechnological 

applications. In general, the use of BmCPR is advantageous since the expression of a soluble bacterial 

reductase is much easier than that of mammalian membrane anchored CPRs. Moreover, the thermal 

stability of the BmCPR is higher than that of its mammalian counterparts (publication 2.1).  

Therefore, the characterization and deeper understanding of such a reductase is of great importance for 

the re-evaluation and exploration of the phylogenetic relationships of NADPH cytochrome P450 

reductases between different taxa, which enables us to characterize non-conventional alternative redox 

partners. 
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3.2 CYP107DY1 A NEW PLASMID-ENCODED CYTOCHROME P450 

FROM BACILLUS MEGATERIUM 

B. megaterium strains QM B1551 harbors seven indigenous plasmids (Eppinger et al., 2011). About 

11% of its cellular DNA was found to be carried on these plasmids, which emphasizes the importance 

and potential of the genes encoded by them. Sequence analysis of the indigenous plasmids showed that 

plasmid number 5 (pBM500) has an open reading frame (BMQ_pBM50008) containing 1,233 base 

pairs, which encodes for a protein comprising 410 amino acids. The amino acid sequence has a 

predicted isoelectric point pI of 5.81 and a molecular weight of about 46.742 kDa. Analysis of the 

protein domains using the Pfam Database (Finn et al., 2016) proved that BMQ_pBM50008 bears all 

highly conserved motifs of the P450 family. The new P450 was investigated in details in publication 

2.2 (Milhim et al., 2016b). Considering the BMQ_pBM50008 amino acids sequence, three highly 

conserved regions for P450 characteristics were found. First, the heme-binding motif (F-x-x-G-x-x-x-

C-x-G) was found at position 353 – 362 in the deduced amino acid sequence. This motif forms the 

heme binding loop, where the absolutely conserved cysteine coordinates as fifth ligand with the heme 

iron. The second highly conserved motif is (A/G-G-x-E/D-T-T/S), which is found in the I-helix and 

regarded as an oxygen-binding motif with the conserved glycine pointing at the center of the heme and 

the conserved threonine pointing to the oxygen-binding site. In addition, the presence of the (E-x-x-R) 

motif in the K-helix is responsible for the formation of a salt bridge, which is crucial for the heme 

center stabilization (Danielson, 2003). 

Multiple sequence alignment and submission of the protein sequence of BMQ_pBM50008 to P450 

nomenclature committee (Prof. Dr. David Nelson), turned out that it matches best to CYP107DA1 

with 49% sequence identity and, therefore, was assigned as a new subfamily with the name 

CYP107DY1. 

CYP107DY1 was successfully expressed in E. coli and purified. The recombinant CYP107DY1 

exhibits a characteristic P450 absolute and reduced CO-bound difference spectrum. In addition, the 

CD spectra in the Far-UV and near UV-visible region were in correspondence with the characteristic 
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peaks for other bacterial P450s (Lepesheva et al., 2001; Munro et al., 1994), an indication that the 

purified enzyme is produced in the active form with proper heme incorporation. 

Efforts were undertaken to search for suitable redox partner/s of CYP107DY1 since an effective 

electron transfer is essential in terms of cytochrome P450 activity. Based on the measurement of the 

reduced CO-bound spectrum of the CYP107DY1, the Bacillus redox system BmCPR-Fdx2 

(publication 2.1) was found to be able to support the electron transfer from NADPH to CYP107DY1 

and, therefore, it was used for substrates screening for CYP107DY1. Phylogenetically CYP107DY1 

was found to be related to the CYP267B1 from Sorrangium cellulosum So ce56, which was previously 

characterized as versatile drug metabolizer (Kern et al., 2016). Therefore, substrate screening using a 

drug library consisting of 18 drugs pointed out the ability of CYP107DY1 to convert mevastatin 

(compactin) to pravastatin as shown in publication 2.2.  

Statin drugs inhibit the 3β-hydroxy-3methylgluteryl CoA (HMG-CoA) reductase, the key enzyme 

involved in the rate limiting step of cholesterol biosynthesis. Statins reduce the low density lipoprotein 

(LDL) cholesterol level and thus are very effective in the treatment of hypercholesterolemia (Lamon-

Fava, 2013). Among the most widely used statins is pravastatin, which is currently obtained by the 

regioselective hydroxylation of the natural product mevastatin (compactin). Mevastatin was first 

isolated from Penicillium citrinum (Endo et al., 1976) and Penicillium brevicompactum (Brown et al., 

1976). An oxyfuctionalization of mevastatin to pravastatin was described using CYP105A3 

(P450sca2) from Streptomyces carbophilus (Matsuoka et al., 1989) and CYP105AS1 from 

Amycolatopsis orientalis (McLean et al., 2015). 

3.3 IN VIVO WHOLE CELL PRAVASTATIN PRODUCTION 

After the successful in vitro conversion of mevastatin by CYP107DY1 into one main product 

pravastatin and due to the high pharmaceutical interest in the oxyfunctionalization of mevastatin, the 

biotechnological relevance of the newly identified P450 and reductase (publication 2.1 and 2.2) was 

assessed by construction of recombinant E. coli-based whole-cell system overexpressing CYP107DY1 

together with the redox partners BmCPR-Fdx2.  
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The whole-cell biocatalyst system was successfully used for in vivo production of about 28.5 mg/L 

pravastatin (publication 2.2). This is still far away from the implementation of this system in an 

industrial biocatalyst process. However, the economic feasibility of the known examples of the 

industrially used P450s needed developmental research of more than 10 years (Bernhardt, 2006; 

Bernhardt and Urlacher, 2014; Girvan and Munro, 2016; Julsing et al., 2008). This started from gene 

characterization and functional identification, successful construction of an in vivo system, 

optimization of the system at the molecular (enzyme activity) and cellular level (use of industrially 

optimized and engineered host) before it was implemented in an industrial process. Therefore, the 

identification of CYP107DY1 as a highly regioselective mevastatin hydroxylase and the successful in 

vivo application is the first step for its future industrial use. 

3.4 A NEW SHORT-CHAIN DEHYDROGENASE/REDUCTASE FROM 

BACILLUS MEGATERIUM WITH 17β-HSD ACTIVITY 

Biotransformation of testosterone with B. megaterium based whole cells harboring the pSMF2.1 

empty vector resulted in the formation of the 17-oxo steroid form androst‐4‐ene‐3,17‐dione, an 

indication of the ability of B. megaterium to oxidize the 17β-hydroxy- to 17-keto steroid. This is 

common in microorganisms and was firstly reported in 1937 by Mamoli and Vercelloni who described 

the transformation of androst‐4‐ene‐3,17‐dione to testosterone by S. cerevisiae (Liu et al., 2017). 

Later, this activity was also demonstrated in other microorganisms of different taxonomy such as 

bacteria (Pseudomonas, Comamonas, Bacillus, Brevibacterium, Mycobacterium, Streptomyces), fungi 

(Aspergillus, Mucor, Penicillum), yeasts (Hansenula, Pichia, Saccharomyces), algae (Chlorella, 

Chlorococcum) and protozoa (Pentatrichomonas, Trichomonas) (Donova et al., 2005). 

To identify the enzyme, which possesses 17β-hydroxysteroid dehydrogenase activity, the human 

testosterone 17-beta-dehydrogenase (17β-HSD) (UniProt acc. Number: P37058) was blasted against 

the B. megaterium genome using MegaBac v9 (http://megabac.tu-bs.de). The best bit score was 

achieved with the open reading frame BMD_2094 with a sequence similarity of 39.4% with the human 

17β-HSD (ClustalW pairwise sequence alignment). BMD_2094 [Uniprot acc. No. D5DFE7] encodes a 
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259 amino acids polypeptide with a calculated molecular mass of the deduced amino acid sequence of 

28.85 kDa and a pI of 9.40. The BMD_2094 protein belongs to the short-chain 

dehydrogenase/reductase (SDR) superfamily, which is found in all domains of life (Kallberg et al., 

2010). SDRs are a functionally diverse family of NAD(P)(H)-dependent oxidoreductases and are 

known for a broad substrate spectrum ranging from alcohols, sugars, steroids and aromatic compounds 

to xenobiotics. The N-terminal region binds the coenzymes NAD(H) or NADP(H), while the C-

terminal region constitutes the substrate binding part (Kallberg et al., 2002). 

The activity of the candidate enzyme was verified by an overexpression approach. The 17β-HSD 

activity of the BMD_2094 towards testosterone substrate was assessed by HPLC after carrying out in 

vivo whole-cell conversions. As shown in Figure 4.3A, compared to the control strain (B. megaterium 

carrying the empty vector pSMF2.1), formation of androst‐4‐ene‐3,17‐dione is drastically increased in 

B. megaterium overexpressing the BMD_2094 with a conversion ratio of more than 88 %, yielding 0.6 

g/L/day. This demonstrates the 17β-hydroxysteroids oxidation activity of BMD_2094. The ability of 

BMD_2094 to catalyze the reverse reaction (reduction of the oxygen at position 17) was assessed by 

using androst‐4‐ene‐3,17‐dione as a substrate. The reverse reaction is clearly weaker than the forward 

reaction with a conversion ratio of about 22 %, yielding 0.15 g/L/day (Figure 4.3B).  

 

Figure 4.3. HPLC chromatograms of the in vivo conversion of (A) Testosterone [T] and (B) androst‐4‐ene‐3,17‐dione 

[AD]. B. megaterium GHH8 cells carrying empty vector (pSMF2.1) or overexpressing BMD_2094 (pSMF.2094) were 

induced with 5 mg/ml xylose at 30°C for 24 hours. The conversion was carried out using 0.5 mM substrate concentration for 

5 h using resting cells (resuspended in 50 mM KPP buffer pH 7.4 + 2% glycerol) at 30°C. [GHH8: B. megaterium MS941 

ΔUPP ΔCYP106A1 Δ20αHSD (Gerber et al., 2016)]. 
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Testosterone is included in the World Health Organization's list of essential medicines, which 

comprises the most important medications needed in a basic health system (World Health 

Organization, 2015). Testosterone is used as a medication for the treatment of males with androgen 

deficiency. This is known as hormone replacement therapy (HRT), which maintains serum 

testosterone levels in the normal range.  

Currently, testosterone is chemically produced from androst‐4‐ene‐3,17‐dione (Ercoli and Ruggieri, 

1953). Several attempts have been reported for the microbial biotransformation of sterol (such as 

cholesterol and β-sitosterol) to produce testosterone. Nevertheless, the presence of a final reduction 

step of the C17 was the main obstacle in a high testosterone yield. Although several microbial 17β‐

HSD enzymes have been cloned and characterized (Donova et al., 2005), just few of them were used 

to develop genetically engineered bacteria to improve the biotechnological production of testosterone 

(Fernández-Cabezón et al., 2016). 

The 17β‐HSD activity of BMD_2094 and its successful in vivo use offer new possibility for the 

development of biotechnological processes for the production of sex hormones. However, additional 

efforts are needed to examine the enzyme activity in more detail, which will enable the optimization of 

the production of testosterone from androst‐4‐ene‐3,17‐dione. 

3.5 BMD_2094 CAN CONVERT THE SESQUITERPENE NOOTKATOL TO 

(+)-NOOTKATONE 

Terpenes are a large group of naturally occurring hydrocarbons, which have valuable applications in 

the flavor and fragrance industry. The sesquiterpene (+)-nootkatone (C15H22O) has a characteristic 

grapefruit flavor and was first isolated from the cedar wood Chamaecyparis nootkatensis, but is also 

found in trace amounts in some citrus fruits such as grapefruit, mandarin and pummelo (Leonhardt and 

Berger, 2014). Therefore, for commercial applications (+)-nootkatone is synthesized from (+)-

valencene, an abundant constituent of various citrus species (eg. Valencia orange) and thus, is a 

convenient and favorable bioresource. The conversion of (+)-valencene to (+)-nootkatone comprises 

two steps (Figure 4.4) proceeding via a regioselective hydroxylation of (+)-valencene at C-2 



DISCUSSION 

 

99 

 

producing the (trans)-nootkatol, which is oxidized to (+)-nootkatone (Fraatz et al., 2009). Little is 

known about the enzymatic step/s involved in this biosynthesis. Therefore, many methods haven been 

developed trying to synthesize (+)-nootkatone. A chemosynthesis method, which is based on the 

allylic oxidation of the precursor (+)-valencene using toxic hazardous oxidants such as chromate, 

manganite and tert-butyl hydroperoxide has been reported (Fraatz et al., 2009). More recently, whole-

cell biotransformation methods (in bacteria, fungi or cell culture) employing different enzymes such as 

lipoxygenase, laccase or P450s enzymes have been also described (Leonhardt and Berger, 2014). 

While the first step can be catalyzed by P450s (Gavira et al., 2013; Girhard et al., 2009), an enzyme 

which catalyzes the second step is still required.  

 

Figure 4.4. Oxidation of (+)-valencene via (trans)-nootkatol to (+)-nootkatone. 

 

The investigation of various new potential substrates for the constructed B. megaterium based whole-

cell systems by our group turned out the ability of B. megaterium cells to convert the sesquiterpene 

(trans)-nootkatol into the valuable ketone form (+)-nootkatone, although with low efficiency (Figure 

4.5A). Information about the enzymatic step/s involved in the formation of (+)-nootkatone from 

(trans)-nootkatol is very scarce. In this study we aimed to identify an enzyme to enhance the final step 

in the formation of (+)-nootkatone, which is thought to be a dehydrogenation reaction. Therefore, we 

searched the B. megaterium strain DSM319 for a potential enzyme candidate/s of our cloned 

dehydrogenases collection shown in publication 2.3 (Gerber et al., 2016). 
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Figure 4.5. Product analysis and identification of the in vivo conversion of (trans)-nootkatol. 

Whole-cell biotransformation was performed using B. megaterium MS941 cells carrying the 

pSMF2.1 empty vector (A) or pSMF.2094 vector expressing BMD_2094 (C). (B) and (D) 

represent the product identification by mass spectrometry of (trans)-nootkatol and (+)-

nootkatone, respectively. Conversion was carried out by using resting cells in potassium 

phosphate buffer (50 mM KPi pH 7.4 + 2% glycerol) and substrate concentration of 200 µM. 

Samples were taken after 5 h conversion and analyzed via GC-MS.  

 

The activity of the candidates enzymes towards (trans)-nootkatol was verified by an overexpression 

approach. To achieve this, we used the xylose inducible vector pSMF2.1 as a backbone for the 

overexpression of the genes (Gerber et al., 2016). Remarkably, none of the screened strains showed 

detectable activity except for the one transformed with the pSMF.2094 (expressing BMD_2094). 

Previously, many publications highlighted the participation of the dehydrogenases in the metabolic 

pathway of different terpenes namely the synthesis of zerumbone from 8-hydroxy-α-humulene from 

the ginger plant Zingiber zerumbet (Okamoto et al., 2011) and the germacrene-derived sesquiterpene 

lactones from the vegetable Cichorium intybus (de Kraker et al., 2001). As shown in Figure 4.5B, the 

B. megaterium strain expressing the BMD_2094 was able to convert (trans)-nootkatol (RT= 14.14 

min) completely to (+)-nootkatone (RT= 15.16 min) compared to the control strain Figure 4.5A, 

where just minimal conversion was detected (~6%).  
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Figure 4.6. Time dependent in vivo conversion of 200 µM (trans)-nootkatol by a 

BMD_2094 based whole-cell system. Whole-cell biotransformation was performed using B. 

megaterium MS941 cells transformed with pSMF.2094 vector (expressing BMD_2094). 

Conversion was carried out by using resting cells in potassium phosphate buffer (50 mM KPi 

pH 7.4 + 2% glycerol) and samples were taken at the indicated times and analyzed via GC-

MS. The data is represented as mean ± SD of three separate measurements. 

 

Time dependent conversion demonstrates the efficiency of the BMD_2094 (Figure 4.6). A conversion 

ratio of about 100 % was achieved within 40 min yielding about 44 mg/L (+)-nootkatone. Most of the 

enzymatic based-methods for (+)-nootkatone production still have some limitations restricting their 

use in the industrial processes, including the substrate specificity, the need of auxiliary redox partners, 

the difficulties of expression of membrane enzymes in prokaryotic microorganism and the 

accumulation of the intermediate nootkatol as a result of unidentified enzyme, which can catalyze the 

second step efficiently (Fraatz et al., 2009). Most of these limitations have been overcome in many 

publications by expressing highly selective plant P450s in different yeast species or by the engineering 

of bacterial P450s to improve the formation of (trans)-nootkatol. Information about the enzymatic step 

leading from (trans)-nootkatol to (+)-nootkatone is very scarce. The first attempt for the use of 

cytochrome P450 in the production of (+)-nootkatone was described by Sowden et al (Sowden et al., 

2005). P450cam from Psuedomonas putida and P450 BM3 from B. megaterium have been engineered 

for the oxidation of (+)-valencene. P450cam WT was not able to oxidize the (+)-valencene, therefore, 

a number of mutations were introduced. The P450cam mutants oxidize (+)-valencene with high 
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regioselectivity for C2 oxidation. The relative proportions of nootkatol and nootkatone vary from 86% 

(trans)-nootkatol and 4% nootkatone for the F87A/Y96F/L244A/V247L mutant, to 38% nootkatol and 

47% nootkatone for F87V/Y96F/L244A. On the other hand the P450 BM3 WT showed activity 

towards (+)-valencene but with much lower regioselectivity (Sowden et al., 2005). CYP109B1 from 

Bacillus subtilis (Girhard et al., 2009), the CYP71AV8 from chicory (Cichorium intybus) (Cankar et 

al., 2011), and the tobacco CYP71D51v2 (Gavira et al., 2013) were also applied for the oxidation of 

(+)-valencene. Nevertheless, all these attempts resulted in multiple products, whereas (trans)-nootkatol 

was the main one. To overcome this problem, Wriessnegger et al (2014) identified and overexpressed 

an endogenous alcohol dehydrogenase (ADH) to enhance the final step of (+)-nootkatone formation in 

Pichia pastoris, which lead to >20- fold increase yielding 7 mg/L of the desired product. This amount 

was improved to 17 mg /L within 48 h by coexpressing truncated hydroxy-methylglutaryl-CoA 

reductase (tHmg1p) of Saccharomyces cerevisiae (Wriessnegger et al., 2014). 

To the best of our knowledge, the BMD_2094 is the first identified dehydrogenase of bacterial origin, 

which can efficiently oxidize (trans)-nootkatol to (+)-nootkatone. Moreover, in view of the 

biotechnological application, the activity of BMD_2094 demonstrates its value in boosting the 

formation of (+)-nootkatone for the development of efficient whole-cell systems for the production of 

(+)-nootkatone. Nevertheless, further improvements are required, either at the cellular level by 

expressing BMD_2094 in other microorganisms, or at the methodological level by using bioreactor 

cultivation. 
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4 OUTLOOK  

In conclusion, biocatalytic reactions involving incorporation of oxygen are potentially very useful in 

synthetic biology. Generally, reactions with molecular oxygen always involve some disadvantages 

associated with the formation of reactive oxygen species, which can cause damage of the reaction. 

Living cells have several ways to cope with ROS and thus the use of whole cell biocatalyst is very 

beneficial. In addition, whole cells contain enzymes that can be used for coenzyme regeneration, 

which is another critical issue in all biocatalytic redox reactions. Therefore, the biotransformation 

toolbox must be continuously expanded with new strains and novel enzymes and enzyme activities. 

This work demonstrates the importance of three newly characterized enzymes and their impact in 

future biotechnological applications. The diflavin BmCPR enzyme was found to support the electron 

transfer in vitro and in vivo to class I and class II P450s (Figure 4.1), which make this reductase a very 

promising and advantageous candidate to provide a versatile redox partner for broad range of P450s 

and of substrate classes. This will facilitate the establishment of the whole cell systems, which utilize 

different classes of P450s. Significant progress has been achieved over the past decade in engineering 

of P450s and related proteins, and the technologies for this are quite well established nowadays. The 

tyrosine residue in the FMN binding motif (T-Y-G-E-G-D/E-P) of the P450 reductases had been 

shown previously to play an important role in the interaction with the isoalloxazine ring of the FMN 

(Wang et al., 1997). On the other hand, it is known that electrostatic interactions are responsible for 

the stabilization of the P450-reductase complex during the electron transfer from the FMN to the heme 

center (Bernhardt et al., 1988), where the acidic residues on the surface of the reductase interact with 

the basic residues on the surface of the P450. Sequence analysis of the BmCPR showed that the FMN 

as well as the P450 interaction motifs (Figure 4.7) can be further optimized in order to increase the 

overall activity of this reductase. Therefore, site directed mutagenesis in the FMN motif (H122Y) and 

in the P450 interaction motif (C189D / P196D) might be of great importance in improving the binding 

of the FMN co-factor and increasing the interaction with the class II P450s, respectively.  
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Figure 4.7. Part of the multiple sequence amino acids alignment of BmCPR and other cytochrome P450 reductases 

from bovine (bCPR), Arabidopsis thaliana (ATR1), and S. cerevisiae (yCPR). The residue H122 in the FMN binding 

motif is shown in green and the C189/C196 in the P450 interaction domain are shown in yellow. 

 

CYP107DY1 was identified as a mevastatin hydroxylase. Its activity could be reconstituted in vitro 

and in vivo. The in vivo activity of CYP107DY1 demonstrates its value for the development of 

efficient whole-cell systems for the production of pravastatin. Nevertheless, further improvements are 

required, either at the cellular level by expressing CYP107DY1 in other microorganisms, or at the 

molecular level by improving the activity of this P450. The great potential offered by new protein 

engineering methods able to alter the properties of the enzyme, in addition to the availability of 

established high-throughput methods for substrate screening, opens a wide range of opportunities for 

biotechnological exploitation. Rational design of mutants by site-directed mutagenesis has been 

widely applied to different P450s such as P450cam (Harford-Cross et al., 2000; Loida and Sligar, 

1993; Wong et al., 1997), P450 BM3 (Graham-Lorence et al., 1997; Oliver et al., 1997; Whitehouse et 

al., 2012; Yeom et al., 1995), CYP109E1 (Jóźwik et al., 2016) and others (Bernhardt and Urlacher, 

2014; Janocha et al., 2015). An additional potential is offered by the application of random 

mutagenesis methods. These have already resulted in a range of successful examples of enzyme 

optimization (improvement in enzymatic activity, substrate specificity, protein folding and expression 

levels) with emerging applications to pharmaceuticals and vaccines (Arnold, 2009; Tsotsou et al., 

2002). Therefore, the availability of in vitro reconstituted as well as functional in vivo systems 

motivates the identification of new compounds that are potential substrates of CYP107DY1. The 

screening can be carried out on substrates, which are analogue to mevastatin such as lovastatin and 

simvastatin or by systematic high throughput substrates screening.  

This work presents also a proof of concept of the possibility of employing the 17β‐HSD activity of 

BMD_2094 for the production of pharmaceutical steroids. The reaction equilibrium of the BMD_2094 

                   Phosphate Moiety                                             FMN Ring  
BmCPR      TVSKDVTILYGSQTGNAQGLAENTGKTLEAKGFNVT--VSSMNDFKPN------NLKKLENLLIVVSTHGEGEPPDNALS  133 

bCPR       TGRN-IIVFYGSQTGTAEEFANRLSKDAHRYGMRG--MAADPEEYDLADLSSLPEIEKA-LAIFCMATYGEGDPTDNAQD  151 

ATR1       SGKTRVSIFFGTQTGTAEGFAKALSEEIKARYEKAAVKVIDLDDYAADDDQYEEKLKKETLAFFCVATYGDGEPTDNAAR  159 

yCPR       ENNKNYLVLYASQTGTAEDYAKKFSKELVAKFNLN-VMCADVENYDFESLN-----DVPVIVSIFISTYGEGDFPDGAVN  129 

 

                                   FMN Ring                              P450 
BmCPR      FHEFLHGRR--APKLENFRFSVLSLGDSSYEF-FCQTGKEFDVRLAELGGERLYPR--VDCDLD-FEEPANKWLKGVIDG  207 

bCPR       FYDWLQET---DVDLSGVKYAVFALGNKTYEH-FNAMGKYVDKRLEQLGAQRIFDLGLGDDDGN-LEEDFITWREQFWPA  226 

ATR1       FYKWFTEENERDIKLQQLAYGVFALGNRQYEH-FNKIGIVLDEELCKKGAKRLIEVGLGDDDQS-IEDDFNAWKESLWSE  237 

yCPR       FEDFICNAE--AGALSNLRYNMFGLGNSTYEF-FNGAAKKAEKHLSAAGAIRLGKLGEADDGAGTTDEDYMAWKDSILEV  206 
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was found to be shifted towards oxidation (Figure 4.8), accordingly; the reaction and the system 

should be further optimized to shift it towards reduction in order to increase testosterone production 

efficiency. This could be achieved by changing the culture and conversion conditions. It was 

previously demonstrated that glucose utilization can promote a 17β-reduction and inhibit the reverse 

oxidation of the product, therefore, the control of the bacterial metabolic state will be very useful. 

Factors such as different carbon sources, pH and mode of substrate addition will be beneficial in 

increasing the NAD(P)H/NAD(P) ratio in the cell, and thus, will help shifting the reaction towards 

reduction. In addition, characterization of the BMD_2094 enzyme in more detail will be of great 

importance for future rational design of mutant with alterations in substrate specificity and coenzyme 

requirements.  

 

Figure 4.8. Oxidation of testosterone (forward reaction) and reduction of androst‐4‐ene‐

3,17‐dione (reverse reaction) by BMD_2094. 

 

Moreover, BMD_2094 was found to be very efficient in the conversion of the sesquiterpene (trans)-

nootkatol to (+)-nootkatone. However, it will be worthful to coexpress a P450, which can catalyze the 

first step by converting valencene to (trans)-nootkatol (Figure 4.4). A suitable P450s are available 

such as the CYP71D51v2 from Nicotiana tabacum (Gavira et al., 2013) and the BM3 variant (BM3-

AI) (Schulz et al., 2015). 

The combination of different hosts (bacteria, yeast, and filamentous fungi), expression systems and 

plasmids theoretically allows many different possibilities to express and produce an enzyme. This 

variety of possibilities in gene cloning and enzyme production, potentially allows solutions to be 

developed, for example, for productivity increase and relief of inhibition phenomenon of substrates or 

products. 
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The future of genome mining for novel enzymes discovery seems bright and it is likely that the future 

will see an expansion of interest in this exciting field. Genome mining combined with biochemical and 

microbiological approaches can provide the stimuli needed for the construction of novel biocatalyst 

systems, which will drive the field of synthetic biology forward. 
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5 APPENDIX  

5.1 SUPPLEMENTAL METHODS 

5.1.1 CLONING OF THE GENE ENCODING BMD_2094 

Genomic DNA was prepared using a genomic DNA isolation kit (nexttec). The DNA fragment 

encoding the full length BMD_2094 was PCR amplified from the genomic DNA of B. megaterium 

strain DSM319 using the forward primer (CGCttaattaa 

AAATCAAGGAGGTGAATGTACAATGTCACAGCATTATGCGC) and reverse primer 

(TTATCAactagtTTATTTAATTTCTTGTGTTCTGCGGACAACGG) [restriction sites are in small 

letters and the ribosomal binding site is underlined]. The resulting fragment was cloned in the xylose-

inducible shuttle vector pSMF2.1 (Bleif et al., 2012) with the PacI/SpeI restriction sites, resulting in 

plasmid pSMF-2094. The plasmid was verified by sequencing.  

5.1.2 CULTIVATION CONDITIONS OF THE B. MEGATERIUM AND IN VIVO 

SUBSTRATE CONVERSION 

B. megaterium protoplasts preparation as well as the PEG-mediated transformation was carried out as 

described elsewhere (Biedendieck et al., 2011). 

Transformed B. megaterium cells were grown overnight in 50 ml Luria-Bertani (LB) broth medium 

supplemented with 10 μg/ml tetracycline at 37 °C and shaking at 140 rpm. For the expression of 

proteins, 50 ml Terrific broth (TB) medium containing 10 μg/ml tetracycline were inoculated (1:100) 

with the transformed cells and cultivated in baffled erlenmeyer flask at 37 °C with rotary shaking at 

140 rpm. Protein expression was induced at OD600 of 0.4 – 0.6 with 5 mg/ml xylose. The temperature 

was then reduced to 30 °C. After incubation for 24 h, cells were harvested by centrifugation (4000 g) 

for 10 min at 4 °C and washed once with 1 volume with conversion buffer (50 mM potassium 

phosphate buffer (pH 7.4) supplemented with 2% glycerol). After a second centrifugation, the cell 

pellets were resuspended in conversion buffer to an end cell suspension concentration of 40 g wet cell 
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weight (wcw) / L buffer. The substrate was added and the culture was incubated for the indicated time 

at 30 °C and 140 rpm. 

5.1.3 METABOLITES EXTRACTION AND GC-MS ANALYSIS  

Culture sample/s (1 ml) were taken at different time points and extracted twice with equal volumes of 

ethylacetate followed by evaporating of the organic phase using a rotary evaporator. After that, the 

residues were dissolved in ethylacetate and analyzed with Gas chromatography mass spectrometry 

(GC-MS) system consisting of a DSQII quadrupole, a Focus GC column oven (Thermo scientific, 

Waltham, USA), and a DB-5 column (Agilent) with a length of 25 m, 0.32 mm ID, and 0.52 μm film 

thickness. The metabolites were analyzed in a m/z range of 20–350. The starting oven temperature 

was 50 °C for 1 min and then the temperature was ramped to 310 °C by 10 °C/min and held for 3 min 

with a flow rate of 1 ml/min. The EI-mass spectra were compared with the NIST mass spectral library 

(version 2.0). 

5.2 SEQUENCES 

5.2.1 BmCPR (BMD_3122) 

    1   TTGCAACTTA AGGTAGTAAA CAGCCCTTTT AATCAAGAAC AAGCAGATTT     50 

   51   GCTTAATCGC CTTCTGCCGA CATTAACAGA AGCACAAAAA ATGTGGTTGA    100 

  101   GCGGTTATTT AACAGCAGCT CAATCTACGT CTGCCGAAGG AACGCCAGAC    150 

  151   GTTTCTACAG CAGCGCCTGC TCAAACGAAA CAGACAGTTT CAAAAGACGT    200 

  201   AACAATTCTT TATGGATCAC AAACAGGAAA TGCTCAAGGA CTTGCTGAAA    250 

  251   ATACAGGCAA AACGCTTGAA GCAAAAGGCT TTAATGTAAC TGTATCTTCT    300 

  301   ATGAATGATT TCAAACCAAA TAATTTAAAG AAACTTGAAA ATTTATTAAT    350 

  351   TGTCGTAAGT ACACATGGAG AAGGAGAGCC GCCTGATAAT GCGCTATCTT    400 

  401   TCCATGAATT TCTTCACGGC CGTCGAGCGC CAAAACTTGA GAACTTCCGT    450 

  451   TTCTCTGTTT TATCGCTTGG AGACAGCTCA TACGAATTTT TCTGTCAAAC    500 

  501   AGGAAAAGAA TTTGATGTGC GCTTAGCAGA ACTTGGCGGT GAAAGACTGT    550 

  551   ATCCGCGCGT TGACTGTGAT TTAGATTTTG AAGAGCCCGC AAATAAATGG    600 

  601   CTTAAAGGTG TTATTGACGG ATTAAGCGAA GCGAAAGGAC ACAGCGCTTC    650 

  651   GGCAGCTGTT CCAGCGGAAG CTCCTGCAGG AACTTCACCA TATTCAAGAA    700 

  701   CAAACCCTTT TAAAGCAGAA GTGCTTGAGA ACTTAAACTT AAACGGCCGC    750 

  751   GGATCAAATA AAGAAACGCG ACACTTAGAA CTATCTCTAG AAGGTTCAGG    800 

  801   TTTGACGTAT GAACCAGGAG ACAGTTTAGG TATTTATCCT GAAAATGACC    850 

  851   CGGAGCTTGT TGATCTTCTT CTTAACGAAT TCAAGTGGGA TGCAAGTGAA    900 

  901   AGTGTAACGG TTAATAAAGA AGGAGAAACG CGTCCTCTTA GAGAAGCGCT    950 

  951   AATCTCTAAT TTTGAAATTA CCGTTTTAAC AAAGCCGCTT TTAAAGCAAG   1000 

 1001   CAGCTGAGCT TACTGGAAAC GATAAGTTAA AAGCGCTTGT AGAAAATCGC   1050 

 1051   GAGGAATTAA AAGCATATAC ACAAGGCCGT GATGTAATTG ACTTAGTTCG   1100 

 1101   TGACTTCGGT CCATGGAACG TATCGGCACA AGAGTTTGTA GCCATTTTAC   1150 

 1151   GCAAAATGCC AGCGCGCCTT TACTCGATTG CAAGCAGCTT ATCAGCAAAC   1200 

 1201   CCTGATGAAG TTCATCTAAC AATCGGAGCG GTACGCTACG AAGCGCATGG   1250 

 1251   ACGCGAGCGT AAGGGTGTTT GTTCAGTCCT TTGTTCAGAA CGTTTGCAGC   1300 

 1301   CAGGCGATAC GATTCCTGTA TACCTTCAAA GCAATAAAAA CTTTAAGCTT   1350 

 1351   CCTCAAGATC AGGAAACGCC AATTATTATG GTAGGACCTG GTACAGGTGT   1400 

 1401   GGCTCCGTTC CGCTCATTTA TGCAAGAGCG TGAAGAAACA GGGGCAAAAG   1450 

 1451   GAAAGTCATG GATGTTCTTT GGAGATCAGC ACTTCGTAAC AGACTTCCTT   1500 

 1501   TACCAAACAG AATGGCAAAA GTGGTTAAAA GATGGCGTAC TGACAAAAAT   1550 

 1551   GGACGTGGCG TTTTCACGCG ATACAGAAGA AAAAGTATAC GTACAAAACC   1600 

 1601   GTATGCTCGA ACATAGTAAA GAATTATTCC AATGGTTAGA AGAAGGCGCA   1650 
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 1651   TCTTTTTATG TGTGCGGAGA TAAAACAAAT ATGGCACGCG ACGTGCACAA   1700 

 1701   CACGCTAGTT GAAATTATCG AAACAGAAGG CAAGATGAGC CGTGAACAGG   1750 

 1751   CGGAAGGTTA CCTTGCTGAA ATGAAGAAAC AAAAACGTTA TCAGCGTGAT   1800 

 1801   GTATACTGA                                                1809 

 

 

5.2.2 CYP107DY1 (BMQ_pBM50008) 

    1   ATGAAAAAGG TTACAGTTGA TGATTTTAGC TCTCCAGAAA ATATGCACGA     50 

   51   TGTCATCGGA TTTTATAAAA AACTCACTGA ACATCAAGAA CCTCTTATTC    100 

  101   GTTTGGATGA TTATTACGGG TTGGGACCGG CATGGGTCGC ATTACGTCAT    150 

  151   GACGATGTTG TTACGATACT AAAGAACCCC CGTTTTCTCA AAGATGTACG    200 

  201   GAAGTTCACA CCATTGCAAG ATAAAAAGGA TTCTATAGAT GATAGCACAT    250 

  251   CTGCGAGCAA ACTGTTTGAA TGGATGATGA ATATGCCGAA TATGCTTACG    300 

  301   GTCGATCCAC CCGATCACAC TCGTTTGCGC AGGTTGGCCT CTAAAGCCTT    350 

  351   TACGCCACGT ATGATCGAGA ATCTTCGACC TCGTATACAG CAGATTACCA    400 

  401   ATGAGCTATT GGATTCAGTA GAAGGAAAAA GGAATATGGA TCTTGTTGCG    450 

  451   GATTTTTCTT TTCCTCTGCC CATTATTGTC ATTTCAGAGA TGCTAGGGAT    500 

  501   TCCACCTTTA GATCAGAAAC GATTTCGCGA CTGGACAGAT AAACTCATCA    550 

  551   AAGCAGCTAT GGATCCTAGC CAAGGGGCTG TAGTTATGGA AACACTCAAG    600 

  601   GAGTTTATTG ATTACATCAA AAAAATGCTG GTCGAAAAGC GCAACCATCC    650 

  651   AGACGATGAT GTGATGAGTG CTTTGTTGCA AGCACATGAG CAAGAAGATA    700 

  701   AGTTGAGCGA GAACGAGCTT CTTTCCACGA TTTGGCTACT CATTACAGCC    750 

  751   GGACATGAGA CGACGGCCCA TCTAATCAGC AACGGCGTAC TGGCGCTATT    800 

  801   GAAGCATCCC GAACAAATGC GCCTGCTTCG GGATAATCCT TCTTTACTCC    850 

  851   CCTCTGCCGT TGAAGAGCTG CTACGCTATG CCGGACCGGT CATGATTGGT    900 

  901   GGGCGTTTTG CGGGTGAAGA TATCATCATG CATGGAAAAA TGATTCCCAA    950 

  951   AGGTGAAATG GTGCTGTTCT CGCTGGTTGC CGCCAATATT GATTCACAGA   1000 

 1001   AATTCTCTTA TCCTGAGGGA TTGGATATTA CACGCGAGGA GAATGAGCAT   1050 

 1051   CTCACTTTCG GAAAAGGTAT CCATCATTGT TTGGGAGCGC CTTTGGCGCG   1100 

 1101   CATGGAAGCA CATATCGCTT TCGGCACATT GCTTCAACGG TTTCCTGATT   1150 

 1151   TACGATTGGC AATCGAATCG GAGCAACTGG TTTATAACAA CAGCACATTG   1200 

 1201   CGTTCTCTTA AAAGCTTGCC AGTTATTTTC TAA                     1233 

 

5.2.3 BMD_2094 

   1   ATGTCACAGC ATTATGCGCT CATCACCGGT GCGTCGGGAG GAATAGGTAA    50 

  51   AGAGTTAGCT TATCAATTCG CAAAGGATGG GCATCCTGTA ATTTTAGTTG   100 

 101   CCAGAAGCGC TGATAAACTA GCGGCTATTG GAGAGAATTT AAAATCTACT   150 

 151   TATAATATTG AAGTCATAAC GGTTGTTAAG GATTTATCAA GAGAAGAAGA   200 

 201   GATACAGTCA TTATATGAAG AACTTAAAAA TAAAAAAATG CACGTTGATT   250 

 251   ATTTAGTGAA CAATGCTGGT TTTGGACTAT ACGGCAAATT TATTGAAACA   300 

 301   GCTTTAGATG AAGAGTTAAA CATGATTGAT TTAAATATTC GAGCATTAAC   350 

 351   TCATTTAACA AAATTATTTT TACCGGATAT GCTCAAAAGA AATCGTGGGA   400 

 401   AAATTTTAAA CATTGCATCT GTTGCTGCAT TTATGCCAGG TCCACTTATG   450 

 451   ACGGTATATT ACGCAACGAA AGCGTACGTA TTATCTTTCA CAGAGGCCCT   500 

 501   TGAAAATGAA TTAAGAGGTA CCAATGTAAC GGTAAGTGCT CTATGCCCGG   550 

 551   GTCCAACTAA AACGGGTTTT AGCGACCGAG CCCAGCTAAG CAACTCCAAG   600 

 601   CTTTTTCAAA GCGGTGCAAT GGATGTAGAA ACAGTAACGA AAGTTGGCTA   650 

 651   TAAAAAATTT ATGAAAGGGC AGACGGTTAT CGTACCAGGA GTACAGTTTC   700 

 701   GTCTTGCTAC GTTCATCCCG CGCTTCGTGC CAAGAAAGTG GCTTACATCC   750 

 751   GTTGTCCGCA GAACACAAGA AATTAAATAA                         780 
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5.3 ABBREVIATIONS 

AdR    Adrenodoxin reductase 

Adx    Adrenodoxin 

Arh1    Adrenodoxin reductase homologue 1 

B. megaterium   Bacillus megaterium 

BmCPR   Bacillus megaterium cytochrome P450 reductase 

CD    Circular dichroism 

CO    Carbon monoxide 

CPR/POR   Cytochrome P450 reductase / Cytochrome P450 oxidoreductase 

CYP/P450   Cytochrome P450 

CYP17A1   Cytochrome P450 17-hydroxylase/17,20 lyase 

CYP21A2   Cytochrome P450 21-hydroxylase 

DMSO    dimethyl sulfoxide 

DOC    11-deoxycorticosterone 

E. coli    Escherichia coli 

EDTA    Ethylenediaminetetraacetate 

etp1
fd

    Electron transfer protein 1 

FAD    Flavine adenine dinucleotide 

Fdx2    Ferredoxin 2 from B. megaterium DSM319 

FMN    Flavine mononucleotide 

GC    Gas chromatography 

h    Hour 

HPLC    High performance liquid chromatography 

HSD    Hydroxy steroid dehydrogenase 

KPP    Potassium phosphate buffer 

L    Liter 

M    Molar 

mg    Milligram 

μm    Micrometer 

min    Minute 

MS    Mass spectrometry 

NAD(P)H   Nicotinamide adenine dinucleotide (phosphate) 

ORF    Open reading frame 

SDR    Short-chain dehydrogenase/reductase 

S. cerevisiae   Saccharomyces cerevisiae 

S. pombe   Schizosaccharomyces pombe 

UV/Vis    Ultraviolet–visible spectroscope 

wcw    wet cell weight 
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