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Abstract 

Cytochromes P450 are ubiquitous enzymes that are able to convert a diverse range of substrates. 

The role of redox proteins providing the electrons in the P450 system must be carefully sorted 

out to enable the specific conversion one aims for. 

The work overall reports on the different redox systems used specifically with the bacterial 

CYP106A2 for electron transfer. CYP106A2 is a well-characterized P450 from Bacillus 

megaterium  and is usually paired with the bovine redox system of AdR and Adx(4-108). In a 

first approach, it was shown that the use of other redox systems alters the product pattern in the 

conversion of progesterone. These results were bioinformatically elucidated and backed up by  

further experiments. A second approach dealed with the possibilities to mutate Adx(4-108) so 

that high yields of the main product of the progesterone model conversion could be realized. 

The topic of the third approach was the fusion of the redox partners YkuN and Fpr. Long, rigid 

proline linkers outperformed the shorter proline ones and in general the flexible glycine ones 

and supported the conversion of model substrates.  

Finally, initial results on a fused NADPH-regeneration system as well as the promising results 

of co-immobilizations via Strep- und His-tag were added to demonstrate further possibilities of 

P450s and their redox partners. 

 

 

 



  

IV 

 

Zusammenfassung  

Cytochrome P450 sind allgegenwärtige Enzyme, die eine Vielzahl von Substraten umwandeln 

können. Die Rolle der Elektronen-bereitstellenden Redoxproteine im P450-System muss 

sorgfältig recherchiert sein, um die angestrebte Umwandlung zu ermöglichen. 

Die Arbeit berichtet über unterschiedliche Redoxsysteme, die insbesondere beim bakteriellen 

CYP106A2 zur Elektronenübertragung zum Einsatz kommen. CYP106A2 ist ein gut 

charakterisiertes P450 aus Bacillus megaterium und wird üblicherweise mit dem bovinen 

Redoxsystem von AdR und Adx(4-108) verwendet. Im ersten Ansatz konnte gezeigt werden, 

dass die Verwendung anderer Redoxsysteme das Produktmuster bei der Umsetzung von 

Progesteron verändert. Diese Ergebnisse wurden bioinformatisch erklärt und durch weitere 

Experimente untermauert. Der zweite Ansatz befasste sich mit den Möglichkeiten, Adx(4-108) 

so zu mutieren, dass hohe Ausbeuten des Hauptprodukts der Progesteron-Modellumwandlung 

realisiert werden können. Thema des dritten Ansatzes war die Fusion der Redoxpartner YkuN 

und Fpr. Lange, starre Prolin-Linker übertrafen die kürzeren Prolin-Linker und generell die 

flexiblen Glycin-Linker und unterstützten die Umwandlung der Modellsubstrate. 

Erste Experimente bezüglich der Erzeugung eines fusionierten NADPH-Regenerationssystems 

sowie vielversprechende Ergebnisse von Co-Immobilisierungen über Strep- und His-Tag  

wurden hinzugefügt, um weitere Möglichkeiten von P450s und ihren Redoxpartnern 

aufzuzeigen. 
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1 Introduction 

1.1 Biotechnology in general 

The term biotechnology has gained a lot of fame in its more than 100-year history. Although 

the use of biotechnology, e.g. in bread baking, beer brewing or fermentation, began much 

earlier, it was not described with a special term. The expression was introduced by Károly 

Ereky, a Hungarian scientist, in a publication in 1919 according to which animal organisms 

produce food as a biotechnological machine (Fári & Kralovánszky, 2006). Starting with this 

restriction to animals, the concept of biotechnology was further used for broader areas including 

microorganisms and plants, and is nowadays in use for a large research and economic field that 

has opened up. Subdivisions developed and colors were added to specify the branches of 

biotechnology: e.g. white, red, blue, and green biotechnology defined as work in the fields of 

industry, medicine/pharma, marine/sea, and agriculture. Applying biotechnology, high product 

quality can be achieved while reducing the waste volume and the use of resources. Furthermore, 

biotechnological processes are performed in environmentally friendly settings and are more 

energy efficient than the use of classical chemistry, where environmentally toxic substances are 

involved, e.g. halogenated compounds and solvents, as well as use of high temperatures and 

pressures requiring vast amounts of energy (Lin et al., 2017). 

The processes used in biotechnology can be adapted and modified by different measures. One 

of them, protein engineering, is an approach to optimize given enzymes or even whole 

organisms in order to increase their output for their (industrial) use. Depending on the state of 

knowledge (e.g. structure availability), protein engineering can be achieved by directed 

evolution (Cherry & Fidantsef, 2003; A. Kumar & Singh, 2013) or rational design (Prather & 

Martin, 2008; Sadeghi et al., 2001). Protein crystallography and computational methods 

enabled dramatic progress so that protein engineering has been greatly facilitated over the years 

(McRee & David, 1999; Schwede & Peitsch, 2008).  

Regarding the research topic of this Thesis, i.e. research and engineering of enzyme systems 

like Cytochromes P450 (P450s, CYPs) as well as the progress in application of P450s that has 

already been established, would also have been unthinkable without biotechnology (C. S. Miles 

et al., 2000).  
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1.2 Cytochromes P450 in general  

Cytochrome P450s (P450s) are heme proteins and function as external mono-oxygenases. They 

are present in every area of life, in procaryotes as well as eucaryotes and even in viruses (Lamb 

et al., 2019) – but not every organism possesses P450s, with the model organism E. coli as a 

well known exeption (Kelly & Kelly, 2013). Their first discovery was published in 1958 by 

Garfinkel as well as by Klingenberg in 1958, both independently describing the properties of 

carbon monoxide (CO)-binding pigment isolated from pig or rat liver microsomes, respectively 

(Garfinkel, 1958; Klingenberg, 1958). It was followed by the work of Omura and Sato proving 

that the causing pigment was actually a protoheme containing protein. They named it „P-450“, 

because of the unusual CO difference spectrum of the reduced protein exhibiting a peak at 

450 nm (Omura & Sato, 1964). As of 2018, the P450 database lists more than 41,000 P450 

sequences with assigned names of overall more than 300,000 P450 sequences already mined 

and collected in preparation for naming (Nelson, 2009, 2018). The nomenclature of cytochrome 

P450 is quite uncommon for proteins as it does not describe its function but the characteristics 

of P450s: cytochrome describes the hemoprotein, P the ”Pigment“, and the number 450 the 

characteristic peak at 450 nm in case the protein is bound to CO.  

P450s perform various reactions that are part of the organism’s endogenous metabolism, like 

steroidogenesis in mammals (Hanukoglu, 1992), or the secondary metabolism in bacteria 

(Greule et al., 2018). Additionally, they are part of the metabolism of exogenous materials, such 

as the conversion of drugs in human metabolism (Anzenbacher & Anzenbacherová, 2001), or 

the conversion of xenobiotics like RDX (Rylott et al., 2006).  

Because of the vast number of P450s (Nelson, 2018) found in diverse forms of life, the 

nomenclature has been standardized regarding their sequence identity (Nebert et al., 1989). 

P450s with an amino acid sequence identity of more than 40 % belong to one family, whereas 

an identity of more than 55 % assigns the member to a subfamily. The designation of 

cytochromes P450 always starts with the abbreviation P450, showing its membership to the 

cytochrome P450 superfamily, which is followed by an Arabic number depending on the 

assigned family, a letter depending on the assigned subfamily and another Arabic number for 

the individual gene. This naming convention results for instance in CYP106A2, identifying one 

member of the family 106 and the subfamily A.  

The function of P450s is the activation of molecular oxygen to introduce one atom of oxygen 

into e.g. a non-activated C-H bond and reduce the second oxygen atom to water (Figure 1). 
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The most common reaction catalyzed is the hydroxylation, but the reaction spectrum which can 

be accomplished by P450s also covers alcohol oxidation, aldehyde oxidation, sulfoxidation, N-, 

O-, S-dealkylation, and C-C-bond cleavage (Bernhardt & Urlacher, 2014; Guengerich, 2018; 

Meunier et al., 2004; Sono et al., 1996). This potential for diverse reactions also influences the 

fact that P450s can use a broad range of endogenous substrates, such as fatty acids (Hammerer 

et al., 2018), and steroids, as well as xenobiotics like pharmaceuticals, pesticides, or 

carcinogens (Bernhardt, 2006). 

 

1.3  P450 structure and catalytic cycle 

Despite their diversity in function, substrates, origin species, and their amino acid sequences 

often being less than 20 % identical, the overall folding structure of P450s is highly conserved. 

This was further elucidated by the unravelling of more and more crystal structures (Hasemann 

et al., 1995; Poulos, 1995; Spradlin et al., 2016; Sugimoto et al., 2008; Yano et al., 2000). As 

increasing structural data became available, the flexibility for substrate entry and subsequent 

closing of the active site became clear by comparing the substrate-free and substrate-bound 

forms (Cojocaru et al., 2007; Li & Poulos, 1997). The so-called ”induced fit“ was observed by 

Yano (Yano et al., 2000), where it was shown that differently shaped substrates lead to a 

differently shaped active site. These two facts, the open/closed form as well as the induced fit, 

are the basis for the range of different accepted substrates for P450s. 

The core structure of all P450s consists of a four-helix bundle, which coordinates the prosthetic 

heme group (Pochapsky et al., 2010; Poulos, 2003, 2005). The heme group is further bound to 

an absolutely conserved cysteine, which represents the fifth, proximal ligand and is the reason 

for the formation of the Soret band at 450 nm. The structural diversity of P450s allows them to 

overall accept many substrates of different sizes via binding at the six flexible ”substrate 

recognition sites“ (SRS) (Gotoh, 1992; Peterson & Graham, 1998). The basic catalytic reaction 

of all P450s follows the same principle of changes of the heme-iron between the two oxidation 

states (Fe III (ferric) and Fe II (ferrous)) (Denisov et al., 2005). 

 

CYP 
R-H + O

2
 + NADPH+H

+                                 
R-OH + H

2
O + NADP

+
 

Figure 1: General reaction of cytochrome P450 systems 
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Figure 2: Multi-step catalytic cycle of P450s and shunt pathway (Denisov et al., 2005) 

The catalytic cycle of the monooxygenase reaction of a P450 proceeds through eight 

intermediate steps (see Figure 2). The cycle starts with the heme iron in an inactive state (low 

spin Fe III), six-coordinated by the four N-atoms of the heme ring (equatorial), the S-atom from 

cysteine and an axial water molecule (1). Binding of the substrate (RH) displaces the water 

molecule and forms a five-coordinated high-spin Fe III (2). As one electron is delivered by the 

redox partner, the Fe III is reduced to Fe II (3). The following binding of molecular oxygen 

leads to the Fe II-dioxy species (4). The second electron reduces the oxygen and forms the 

peroxo-Fe III intermediate (5a), which is then protonated to a hydroperoxy-Fe III intermediate 

(5b). The second protonation leads to the heterolytic cleavage, yielding one water atom and the 

so-called ”Compound I“, an iron-oxo ferryl species (6). “Compound 1“ oxygenates the substrate 

to form a product complex (”Compound II“) and a substrate radical (7). In the last step, the 

substrate (R-OH) dissociates and the enzyme reverts back to its initial water-bound state in the 

low-spin Fe III form (1). 

During this cycle, reactive oxygen species (ROS) can be produced, and may lead to an 

inactivation of the enzyme. Furthermore, there are three shunt pathways able to cut short the 

mechanism before a product is formed, to convert the enzyme back to its resting state (2). These 
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pathways are called the autooxidation shunt, peroxide shunt, and oxidase shunt and are often 

referred to as uncoupling (Denisov et al., 2005). 

 

1.4 Biotechnological potential of Cytochromes P450 

With the present setup, the product output of most P450 reactions does not yet meet the needed 

level to match most industrial processes yet (e.g. certain minimal fermenter sizes, or weighable 

product output). For this reason, the optimization of P450 reactions is well-needed and in the 

focus of interest to many research groups.  

As P450s are complex proteins associated with additional redox partners, their use in industrial 

processes requires several steps of adaptation beforehand. Until now, the industrial use of P450s 

is still limited as they exhibit low activity, lack of stability, dependence on cofactors, oxygen, 

and redox partners, as well as the solubility of substrates (Li et al., 2020; O’Reilly et al., 2011). 

Regardless of these obstacles, P450s represent excellent potential candidates for the use in 

industrial approaches (Bernhardt, 2006; Bernhardt & Urlacher, 2014; Grogan, 2011). They have 

the ability to stereo-selectively introduce oxygen into an inactivated hydrocarbon-bond and are 

thus able to late-stage functionalize the bioactive substrate for new drug candidates (Di Nardo 

& Gilardi, 2020). The hydroxylation position is a point of action for further modifications of 

the origin skeletal structure of complicated molecules, as it facilitates the bioavailability, 

bioactivity, or solubility (Schmitz et al., 2018). Using classical chemistry, these reactions are 

hardly realizable. The exorbitant regio- and stereoselectivity of P450s continues to thrive 

research in this field, leading to highly efficient reactions without the need of expensive product 

purification processes. A first approach to the engineering of P450 systems represents protein 

engineering of P450s (Kille et al., 2011), either based on P450’s crystal structure or, if this is 

not elucidated yet, on common P450-structure knowledge via homology models. Possible 

points of mutations are e.g. substrate binding sites, substrate entry channels, heme coordination 

residues, or redox partner binding sites (i.e. surface residues). The last point could also be 

tackled by engineering the involved redox partners (Chun et al., 2007; Ruijssenaars et al., 2007), 

where the mutation sites might hit at the P450-binding site, but could also influence the redox 

potential, and therefore the overall conversion. A second approach might be engineering the 

electron source (Wichmann & Vasic-Racki, 2005): For example by using heterologous 

enzymes for a coupled cofactor regeneration, e.g. alcohol dehydrogenase (Janocha & 

Bernhardt, 2013) or a-hydroxyacid oxidase (Gandomkar et al., 2018), or use of light-activated 
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systems (Gnanasekaran et al., 2016; Nielsen et al., 2013). Furthermore, substrate engineering, 

such as linking an anchor to the substrate to induce binding of the engineered substrate, can 

enable or even increase conversions with P450s (Lewis et al., 2009; Sherman et al., 2006). Even 

the use of decoys (dummy molecules) has been described to modify the active site of the P450, 

resulting in an altered substrate specificity and regioselectivity of the enzyme (Polic & Auclair, 

2014). A fourth approach is metabolic engineering of whole-cell catalysis (Karasawa et al., 

2018), by introducing metabolic pathways including P450s in recombinant Saccharomyces 

cerevisiae (S. cerevisiae) strains (Szczebara et al., 2003), or by P450-based systematic 

optimization (Zhao et al., 2016; Zilly et al., 2011).  

To date, several P450s have already been further developed to achieve industrial production. 

The best example was developed by Ro et al.: They described that S. cerevisiae is able to 

produce artemisinic acid, a precursor of the anti-malaria drug artemisinin, using the CYP71AV1 

from Artemisia annua in high amounts up to 100 mg/L (Ro et al., 2006). Additionally, there 

have been contributions of P450 research to the field of bioremediation, as one important task 

of P450s is drug metabolism in mammalia as well as the degradation of xenobiotics in bacteria 

(Kumar, 2010; Kumar et al., 2012). Sakaki exemplarily describes the lab-scale metabolization 

of dioxine by rat CYP1A1 along with the possibility to use this pathway in microbiological 

approaches for the bioremediation of contaminated soil (Sakaki et al., 2013). Generally, the 

self-sufficient CYP102A1 (also known as P450BM3) is the most investigated P450, exhibiting 

the highest turnover numbers of all P450s and therefore serving as a model for optimization 

studies (Gillam, 2008; McIntosh et al., 2014). Other self-sufficient P450s are present in 

extremophiles in polluted sites, as they show extraordinary stability in harsh conditions 

(Correddu et al., 2021) and are furthermore described in biotechnological approaches for the 

chemical and pharmaceutical industry (Ciaramella et al., 2017). 

Addressing whole-cell conversions, an alternative to the E. coli whole-cell production system 

was established in recent years in B. megaterium. It had already been used in the production of 

e.g. alpha- and beta-amylase (Hebeda et al., 1988; Vihinen & Mantsiila, 1989). Besides the 

advantages of a high protein production capacity and its cell size (Vary, 1994), B. megaterium 

contains particular P450s that show catalytic activity towards terpenes, fatty acids, and 

additional hydrophobic substances. For example, cytochromes of the CYP106-family present 

in B. megaterium show selective hydroxylation activity using steroid hormones (Kiss et al., 

2015; Putkaradze et al., 2017; Schmitz et al., 2014) and terpenes like abietic acid and 11-keto-

boswellic acid (Bleif et al., 2011, 2012; Janocha et al., 2015). The whole-cell catalysts may take 
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over a significant role in the industrial production process for steroidal compounds as they offer 

highly selective modifications, low waste conversions, and environmentally friendly 

conditions. 

1.5 P450 redox partners in general 

P450s usually need other proteins as redox partners, which take over the electrons from the 

NADPH and transfer them to the P450 (Ortiz de Montellano, 2005), as seen in the catalytic 

cycle in Figure 1: General reaction of cytochrome P450 systems 

. These redox partners are diverse and have been classified into ten classes of electron transfer 

chains (Hannemann et al., 2007), which can occur as individual proteins or various versions of 

fusion proteins. Out of these ten classes, the classes I and II are the most common ones (see 

Figure 3). Class I consists of three single proteins: a FAD-containing reductase which is soluble 

in bacterial systems or associated with the inner mitochondrial membrane in eukaryotes, a 

soluble ferredoxin of the type [2Fe-2S] as electron shuttle, and a P450, which is soluble for 

bacterial systems and bound to the inner mitochondrial membrane in eukaryotes. Most bacterial 

and mitochondrial P450s together with their redox partners belong to the class I. In a first step, 

the electrons from the redox cofactor are transferred onto the ferredoxin reductase, while 

NAD(P)+H+ is oxidized to NAD(P)+. The reductase enables the sequential transfer of the 

electrons using the ferredoxin to transport the electrons to the P450. Redox systems of class II 

have two single proteins (see Figure 3C): a P450 and a NADPH-cytochrome-P450 reductase 

(CPR) containing the prosthetic groups FAD and FMN, where the additional FMN takes over 

the task to transfer the electron to the P450 instead of the ferredoxin. In case of class II, both 

proteins are bound to the membrane of the endoplasmatic reticulum (ER).  
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Figure 3: Overview of the two most common classes of redox systems in P450s (modified from (Hannemann et al., 2007)), 

A: class I containing three proteins being FAD-containing reductase, ferredoxin as electron shuttle, 

and the P450 (all soluble in bacterial systems); B class I containing three proteins being FAD-

containing reductase and the P450 (both bound to mitochondrial membrane in eucaryotes) as well as 

the soluble ferredoxin as electron shuttle; C: class II containing two proteins being the P450 and the 

CPR (both bound to the ER membrane) 

Since the homologous redox partners of bacterial P450s are rarely known or are difficult to 

express, heterologous redox partners are frequently used. Especially in in vitro experiments, the 

expressibility and, accordingly, the availability are important aspects. Redox proteins with a 

wide variety of properties, such as different redox potentials, have been discovered and 

modified over the years. Therefore, excellently matching partners can be found for numerous 

known bacterial P450s, which enable high electron transfer. Yet moreover, the dependence on 

redox partners is an important limiting factor for the biocatalytic utilization of cytochrome 

P450s. Nevertheless, as soon as new P450s are discovered, a basic task is the search for their 

corresponding redox partners, preferably the natural ones, which can be hard, because the 

corresponding genes might not be closely localized (Parajuli et al., 2004). With the elucidation 
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of the crystal structure of redox proteins around the 2000s (Müller et al., 1998; Müller et al., 

1999, 2001, 2011; Pikuleva et al., 2000; Ziegler et al., 1999; Ziegler & Schulz, 2000), the 

binding of the P450 and redox partners was also closely examined to analyze their influence on 

the electron transfer. Redox processes can be divided into different steps, such as the binding 

of the proteins, the protein rearrangements, and the transfer of the electrons. The protein 

surfaces are a critical point for the binding of the proteins. The modification of areas in the 

redox system, which hinder the complex binding to the P450, could lead to easier modifications 

of the product pattern than the modification of the P450 itself, as this influences binding and, 

therefore, the electron transfer velocity, too. 

 

1.6 CYP106A2 from Bacillus megaterium (B. megaterium) 

CYP106A2 is a cytochrome P450 monooxygenase from B. megaterium ATCC 13368. It is 

soluble, 47 kD in size, and consists of 410 amino acids. The native substrate of CYP106A2 is 

still unknown as is its biological function. As CYP106A2 selectively hydroxylates 

3-oxo-Δ4 steroids in the 15β position, it is also named 15β-hydroxylase (Schmitz et al., 2018). 

McAleer discovered this activity in a strain of B. megaterium (McAleer et al., 1958), but only 

in 1975 Berg was able to prove that the reaction is cytochrome P450-dependent (Berg et al., 

1975). Subsequently, Berg resolved the hydroxylase system into the three proteins, 

megaredoxin reductase, megaredoxin and P-450meg (Figure 4), the latter one being his 

description of the P450 now known as CYP106A2. Berg also showed the conversion of 

substrates like 4-androstene-3,17-dione, testosterone, progesterone, and several additional ones 

(Berg et al., 1976). 

 

Figure 4: Electron transport in the steroid hydroxylase system of B. megaterium (Berg et al., 1976)) 

After the purification of P-450meg, it was proven that the megaredoxin and megaredoxin 

reductase can be replaced by adrenodoxin (Adx) and adrenodoxin reductase (AdR) without 

significant impairment of the steroid hydroxylation (Berg & Ingelman-Sundberg, 1979). These 

two original redox partners of P-450meg have been characterized (Berg, 1982), but have not 
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been cloned yet. As the mammalian Adx and AdR are able to provide the necessary electrons 

to CYP106A2, it was well studied afterwards by Rauschenbach, who cloned and expressed the 

P450 (Rauschenbach et al., 1993). They presented as well the fact that redox systems of Bacillus 

subtilis (B. subtilis) can transfer electrons towards CYP106A2, too. Generally, it was observed 

that CYP106A2 can utilize several redox partners to reconstitute the redox systems: Besides 

the already mentioned Adx and AdR, putidaredoxin and putidaredoxin-reductase work as well 

(Berg et al., 1976; Rauschenbach et al., 1993; Simgen et al., 2000). The bovine systems of 

Adx4-108 and AdR are best characterized, with Adx4-108 having a lower redox potential than 

wild-type Adx (Uhlmann et al., 1997) and therefore resulting in better reduction of CPY106A2 

(Hannemann et al., 2006). 

The substrates CYP106A2 is able to metabolize are numerous and include di- and triterpenes 

like abietic acid (Janocha et al., 2016), and 11-keto-β-boswellic acid (Bleif et al., 2012), as well 

as steroids, like deoxycorticosterone and progesterone (Schmitz et al., 2018), which have been 

extensively investigated in our laboratory. Especially the conversion of the model substrate 

progesterone was studied in more detail. Various mutations to CYP106A2 have been 

constructed via saturation mutagenesis and rational site-directed mutagenesis of active site 

residues to tune the product pattern of the hydroxylation of progesterone towards higher yields 

of the side products 6β-, 9α-, and 11α-hydroxyprogesterone (Nguyen et al., 2012; Nikolaus et 

al., 2017). These side products of the progesterone conversion from the wild-type can be 

employed as pharmaceuticals, especially in anti-androgenic and blood-pressure regulation 

drugs, or as useful intermediates to produce active drug compounds (Kang et al., 2004; Nguyen 

et al., 2012). In addition, di- and polyhydroxylated products of progesterone were also described 

and they lower the overall yield of the conversion (Lisurek et al., 2004; Virus et al., 2006). The 

rational design of the mutants of CYP106A2 was based first on the homology model developed 

by Lisurek (Lisurek et al., 2008; Virus et al., 2006) as no crystal structure was available. In 

2016, Janocha was ultimately able to solve the crystal structure of CYP106A2 with a resolution 

of 1.8 and 2.4 Å in the substrate-free and abietic acid bound enzyme, respectively (Janocha et 

al., 2016). These structural data were used as additional basis for subsequent investigations in 

our lab (Nikolaus et al., 2017; Putkaradze et al., 2017; Putkaradze et al., 2017; Sagadin et al., 

2018). 

In-depth research was conducted to address the output of CYP106A2 in whole-cell systems: 

expression on the outer membrane of E. coli cells by Autodisplay (Schumacher et al., 2012), 

screening of a natural product library of 502 compounds (Schmitz et al., 2012), use of different 
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bacterial expression strains (Bleif et al., 2011; Schmitz et al., 2014), or upscaling of conversion 

volume via the use of a bioreactor (Kiss et al., 2015). Moreover, the use of different redox 

partner systems in vitro has been investigated (Goñi et al., 2009; Sagadin et al., 2018). 

 

1.7 Ferredoxins, especially adrenodoxin 

Ferredoxins are small electron carrier proteins with at least one iron-sulfur cluster. The number 

and type of the iron-sulfur clusters leads to different classes, wherein e.g. the [2Fe-2S] class is 

divided into three subfamilies: plant-type, thioredoxin-like, and vertebrate-type. The latter one 

includes Adx and Pdx (bacterial putidaredoxin from Pseudomonas putida (P. putida)), the best 

studied so far, both being involved in the electron transfer chain of P450s (Ewen et al., 2011), 

as well as the Etp1fd (electron transfer protein 1 ferredoxin domain) from Schizosaccharomyces 

pombe (S. pombe), which has been discovered in our lab as well (Bureik et al., 2002; Schiffler 

et al., 2004). Ferredoxins of the [2Fe-2S]-type display a conserved hydrophobic core domain 

with an iron-sulfur cluster and a highly flexible interaction domain for proper specific binding 

to the partners (reductase and P450) (Holden et al., 1994). They can accept and donate electrons 

because of their low redox potential which underlines their electron transfer function in all trees 

of life at very different reactions (Meyer, 2000, 2008). Truncation of ferredoxins are a 

possibility to adapt a heterologous electron transfer protein to their new ”host“ as some 

truncations allow a closer ”hugging“ of two involved proteins and, therefore, a better swap of 

electrons (Müller et al., 1998), as well as induce a stronger binding of the cofactor than wild-

type. 

Adx is localized in the mitochondria of adrenal glands to transfer electrons to the mitochondrial 

P450s of the steroid metabolism (Bernhardt, 2006; Ewen et al., 2011). It contains 128 amino 

acids and is of low molecular weight (14.4 kDa). The truncated form Adx4-108 was the first 

one to be crystallized (A. Müller et al., 1998), showing a (α+β) protein of five β strands and 

five helices, forming a core domain (aa 5-55 + aa 91-108) and a large hairpin (aa 56-90), the 

latter serving as interaction domain towards AdR and P450. The crystallization of the full-

length (wild-type) Adx was accomplished in 2000 (Pikuleva et al., 2000). Especially the highly 

conserved proline at position 108 is essential for the correct protein folding and incorporation 

of the iron-sulfur cluster, with a deletion resulting in a non-active enzyme in vivo (Grinberg et 

al., 2000; Grinberg & Bernhardt, 1998; Uhlmann et al., 1994). Also, further amino acid 

mutations (e.g. on positions Arg14, Ile58, His56, Tyr82, Thr54, Thr49) show the importance of 
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hydrogen bonds and salt bridges for the stability of the protein (Burova et al., 1996; Grinberg 

et al., 2000; Hannemann et al., 2001; Pikuleva et al., 2000; Uhlmann & Bernhardt, 1995). The 

contact sites to the AdR and P450 are residues exposed on the flexible interaction domain 

surface, namely Asp76 and Asp79 as well as Asp72 and Glu73, respectively (Coghlan & 

Vickery, 1992; Vickery, 1997). This kind of clustered occurrence of contact amino acids 

supports the electron shuttle function of Adx, as it would not be possible for both, AdR and 

P450, to bind to the same small surface at the same time. 

As human P450s displayed activity in S. pombe without Adx being co-expressed, the existence 

of an electron transfer protein from S. pombe was discovered (Bureik et al., 2002). The N-

terminus showed a high homology to Adx (Bureik et al., 2002), whereas the C-terminus 

resembled the COX15 protein from S. cerevisiae (Glerum et al., 1997). If overexpressed in S. 

pombe, a higher conversion of DOC and RSS was observed than without the overexpression, a 

fact that was supported by the heterologous expression of the N-terminal protein part in E. coli 

and subsequent use in vitro in a conversion assay with AdR and bovine CYP11B1 as well as 

bacterial CYP106A2 (Bureik et al., 2002). The N-terminal protein part was named electron 

transfer protein 1 ferredoxin domain (Etp1fd) and was further characterized by Schiffler 

(Schiffler et al., 2004). Etp1fd exhibits a UV/Vis spectrum similar to that of Adx, whereas the 

redox potential was determined to be -353 mV instead of -273 mV for Adx. Nevertheless, 

Etp1fd can replace Adx as electron carrier towards several CYPs (CYP11B1, CYP11A1, 

CYP106A2, CYP105A1) as well as cytochrome c (Kleser et al., 2012; Schiffler et al., 2004). 

The three-dimensional crystal structure of Etp1fd has been determined, showing a sequence 

similarity of 39 % towards Adx, but also revealing a melting temperature more than 20 °C 

higher than Adx (Müller et al., 2011).  

To complete this section about electron transfer proteins, one has to mention flavodoxins as 

well. They can also take over the function of ferredoxins and contain the non-covalently bound 

FMN. Flavodoxins transfer the electrons to the corresponding P450 in the organism itself as 

well as in in vivo and in vitro conversion (Jenkins & Waterman, 1994; Kimmich et al., 2007). 

 

1.8 Reductases, especially adrenodoxin reductase 

AdR is a NADPH-dependent enzyme with the prosthetic group FAD, discovered in 1966 

(Nakamura et al., 1966; Omura et al., 1966). The crystal structure was solved in 1999 (Ziegler 

et al., 1999). Associated at the inner mitochondrial membrane (Hanukoglu et al., 1990; Ishimura 
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& Fujita, 1997), AdR serves as electron donor to Adx and completes the electron transfer chain 

between NADPH-AdR-Adx-P450 (Grinberg et al., 2000). AdR converts the two-electron-

package from NADPH to two single electrons, which are sequentially transferred via Adx to 

the P450. 

Bovine AdR comprises 460 aa and has a molecular weight of 50.3 kDa, divided into the FAD-

containing domain and the NADPH-binding domain, mediating between NADPH and the Adx. 

The remarkable asymmetric charge distribution on the surface of the interaction area of AdR 

most likely controls the approach and binding of Adx and, therefore, also the electron transfer 

(Ziegler et al., 1999).  

The putative analoguous ferredoxin reductase Arh1 of S. pombe is able to replace the AdR used 

in former conversion assays with Etp1fd and can act as an autologous electron donor to Etp1fd 

(Bureik et al., 2002; Ewen et al., 2008). Its existence was postulated by Bureik  based on an 

open reading frame in the S. pombe genome with high homology to the AdR (Bureik et al., 

2002). Subsequently, the gene was  cloned, expressed, and purified by Ewen (Ewen et al., 

2008). The weak FAD-binding of the wild-type Arh1 was modified by site-directed 

mutagenesis (arh1_A18G) resulting in a more stable protein which shows similar spectroscopic 

features to AdR and a molecular weight of 51.4 kDa (Ewen et al., 2008).  

 

1.9 Aim of the Work 

The aim of the work was to develop strategies for a “universal” electron transfer module to 

support P450s, which could facilitate their industrial and biotechnological use.  

This Thesis focused on optimizing the redox partners of CYP106A2 to enhance product 

formation. Several combinations of redox partners were evaluated to identify and optimize the 

best fit for maximizing main product yields. Bioinformatical approaches, such as molecular 

protein-protein docking, were employed to explain the underlying causes for these small but 

distinctive structural changes. Furthermore, these methods guided the modification of the 

involved ferredoxin to make it an even better fit regarding the conversion of progesterone. 

Another goal was to design functional fusion proteins using different types of linkers. These 

constructs aimed to stabilize the system, facilitate purification processes, and the establish of a 

“cage” concept. The latter was carried out by integrating the NADPH-regenerating enzyme 

alcohol dehydrogenase (LB-ADH) from Lactobacillus brevis directly into the redox modules, 
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so that cofactors are continuously regenerated in close proximity to the enzyme, thereby 

reducing the need for expensive external additions. 

The final goal was to co-immobilize the different redox partners, and if possible, also the fusion 

proteins on modified mesoporous silica (MCF) to enable efficient, regio- and stereoselective 

hydroxylation.  
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2 Scientific articles 

The obtained results presented here are published in the articles listed below: 

2.1 Sagadin et al. (2018) 

Binding modes of CYP106A2 redox partners determine differences in progesterone 

hydroxylation product pattern 

Tanja Sagadin, Jan L. Riehm, Mohammed Milhim, Michael C. Hutter, Rita Bernhardt  

Communications Biology, (2018) 1:99, DOI: 10.1038/s42003-018-0104-9 
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2.2 Sagadin et al. (2019) 

Novel approach to improve progesterone hydroxylation selectivity by CYP106A2 via 

rational design of adrenodoxin binding 

Tanja Sagadin, Jan Riehm, Natalia Putkaradze, Michael C. Hutter, Rita Bernhardt  

The FEBS Journal 286 (2019) 1240-1249, doi: 10.1111/febs.14722 
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2.3 Bakkes et al. (2017) 

Engineering of versatile redox partner fusions that support monooxygenase activity of 

functionally diverse cytochrom P450s 

Patrick J. Bakkes, Jan L. Riehm, Tanja Sagadin, Ansgar Rühlmann, Peter Schubert, Stefan 

Biemann, Marco Girhard, Michael C. Hutter, Rita Bernhardt, Vlada B. Urlacher  

Scientific Reports, 7:9570, DOI:10.1038/s41598-017-10075-w (2017) 

The author contributed to conversion experiments with different P450s.  
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3 Discussion and conclusion 

The aim of this Thesis was to optimize the electron transfer systems of P450s and it was part of 

the BMBF-project “SupraRedoxModule”. The project was focussed towards a universal redox 

module for P450s, as every P450 needs electrons to convert the given substrates. However, 

because the group of P450s as well as their corresponding redox partners are vast and diverse, 

an interim goal would be improvements in understanding the redox partner interaction with the 

P450, as well as facilitating the purification of the redox system and the possibilities for reusing 

the purified enzymes.  

This Thesis contributes to the SupraRedoxModule-project via different subprojects: First, it 

reports on the redox partner exchanges and redox partner mutations to improve the yield of 

main product formation in by changing the binding possibilities of the ferredoxin to the 

reductase and the P450. Second, it shows possibilities of reducing the complexity of the redox 

chain via different fusion proteins like the DuaLinX-subproject and the reductase-regenerating 

fusions via two different linker possibilities. Third, the immobilization of the redox enzymes as 

well as the P450 provides experimental results for recycling involved enzyme components. 

Taken these results all together, they show ways for a better understanding of P450 systems 

and, therefore, also improve the possibilities for future biotechnological utilization. 

The above mentioned subprojects are partly published (see section 2), partly unpublished. All 

of them will be discussed in the following discussion. 

 

3.1 Redox partner choices 

3.1.1 Modulation of product pattern by the use of different redox partners  

The redox systems of different organisms that were already identified as being able to transport 

electrons to particular P450s were used to identify the best working redox partners for the well-

studied CYP106A2. These systems are namely the ferredoxins Adx and Adx(4–108) (both Bos 

taurus), electron transfer protein 1 (Etp1(516–618)) (S. pombe), Fdx2 (B. megaterium), the 

flavodoxins FldA (E. coli), and YkuN (B. subtilis) as well as the reductases AdR (Bos taurus), 

AdR homolog 1 (Arh1) (S. pombe), BmCPR (B. megaterium), and Fpr (E. coli). As postulated, 

all redox partners could generally support the electron transfer onto the CYP106A2 and the in 

vitro conversion of progesterone, with the truncated ferredoxins supporting almost complete 

conversion of the substrate (see Figure 5). Additionally, and even more interestingly, the 
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experiments showed a significant difference in product pattern, in particular a shift from a high 

amount of undesired polyhydroxylated progesterone products when using Adx(4-108) towards 

high amounts of the main 15β-hydroxyprogesterone when using Etp(516-618). This 

(unexpected) result was further investigated by evaluation of time-dependent in vitro substrate 

conversions, which exhibited a rise of polyhydroxylations after an initial moderate to high 

amount of main product when applying Adx(4-108). In contrast, Etp(516-618) does not lead to 

further changes in the hydroxylation pattern of the product as times progresses.  

Computational protein-protein docking studies were then employed to elucidate the differences 

observed by the use of different redox partners in the conversion of progesterone by 

CYP106A2. Despite their amino acid identity of 46 % and highly conserved regions between 

Adx(4-108) and Etp(516-618), it was proven that Etp(516-618) binds closer to the CYP106A2. 

This is caused by the presence of F82 in Etp(516-618), resulting in a shorter distance between 

the FeS cluster of Etp(516-618) and the heme-iron atom of the cytochrome compared with the 

interaction between Adx and the P450. Both, the closer bond as well as the shorter distance, 

should lead to a faster electron transfer. This hypothesis was experimentally investigated via 

the stopped-flow technique, showing that the combination of Etp(516-618)/arh1/CYP106A2 

leads to a higher apparent rate constant (kapp) than the redox system Adx/AdR/CYP106A2. 

Another explanation for the changed product pattern could be linked to the fact that the binding 

of Adx compared to Etp(516-618) seems to be stronger due to larger electrostatic contributions 

which leads to a slower release of Adx. This last point would let the product remain within the 

active site of the CYP106A2 longer and, therefore, because of the fast reorientation of the 

product, produce more hydroxylations. 

An overall practical consequence from the above mentioned approach to universal redox 

systems for P450s is that the choice of redox partners should be thoroughly investigated, both 

experimentally and by computer modeling, especially regarding time-dependencies, binding 

behavior, and product patterns of multi-product conversions. To fine-tune the production of 

pharmaceutically interesting precursors, the redox partner combinations should be chosen to 

produce high yields of the main product to facilitate further purification and modification steps. 
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Figure 5: Comparison of overall product yield (blue bars) and main product (15β-OH-prog, orange bars) respective to 

the used ferredoxin/flavodoxin.The labels of the colums on the x-axis indicate the used ferredoxin (or 

flavodoxin FldA) in the in-vitro conversion with CYP106A2 and the reductase AdR (or in case of 

flavodoxin Fpr instead of AdR) 
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3.1.2 Modulation of product pattern by site-directed mutagenesis of redox partners 

It was experimentally demonstrated and further explained by computational methods described 

in the first publication that the binding modes of the redox partners affect the selectivity of the 

progesterone hydroxylation by CYP106A2, with Etp1(516-618) leading to higher yields of the 

main monohydroxylated progesterone product than the usually utilised Adx(4-108) (Sagadin et 

al., 2018). Based on these findings, the second publication is devoted to the molecular dockings 

as well as the experiments to optimize the binding of Adx(4-108) by introduction of mutations 

which successfully lead to a decrease in FeS cluster/heme distance and subsequently also to an 

increase in the main product yield.  

Several ferredoxins share three highly conserved regions that center around the FeS-clusters of 

the respective proteins, but other regions of the ferredoxins may vary. Comparing the structures 

and differences of the two concerned ferredoxins, (Etp1(516-618) and Adx(4-108)), their 

binding towards CYP106A2 is influenced by certain amino acids, which allow or hinder, 

respectively, the close approach of the FeS-cluster towards the heme. Smaller residues even 

seem to lower the redox potential. Paying attention to previous results from our lab regarding 

the amino acid residues Tyr82 of Adx(4-108) (Beckert & Bernhardt, 1997), mutants at this 

position might induce small conformational changes leading to a different binding of Adx(4-

108) to the P450. Moreover, results of the first publication showed that forming hydrophobic 

contacts of the corresponding residue of Etp1(516-618) enables close contact between the 

ferredoxin and the CYP106A. The additional mutations of P108 of Adx(4-108) together with 

the alterations at position 82 should lead to the formation of intermolecular hydrogen bonds or 

salt bridges. These structures result in a calculated decreased distance of the two cofactors (FeS 

and heme iron) and are expected to change the selectivity of the progesterone hydroxylation as 

it is observed using Etp1(516-618).  

The five Adx(4108) mutants constructed in the framework of this publication were less stable, 

which was addressed by a lower expression temperature. Nevertheless, the expected change in 

selectivity could be proven in in vitro assays and showed only a slightly lower main product 

yield compared to using Etp1(516-618), even exhibiting a similar time dependency as the yeast 

ferredoxin. The different redox potential between Adx(4-108) and Etp(516-618) was also 

investigated as a possible reason for the different product patterns, but showed only small or no 

changes regarding the mutants and the parent Adx(4-108), therefore not serving as a further 

explanation for these changes (in product pattern). Prediction of the redox potentials of Adx 

mutants by electrostatic calculations, which was intended to optimize the redox partners, was, 
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however, not achieved with the required accuracy. It is difficult to assess whether the available 

molecular structures generated by molecular dynamics simulations are inadequate for this 

purpose, or whether the problems arise from the methodology, since no publication where this 

has been successfully achieved for the adrenodoxin system has been found in the literature. 

Furthermore, the protein-protein-dockings confirmed the new formation of intermolecular 

contacts regarding the altered amino acids at positions 82 and 108, resulting in less steric 

hindrance when binding between Adx mutants and the P450 occurs. Even the distance of the 

involved cofactors decreases as predicted. A spacial score obtained from protein-protein-

docking of the ferredoxins to the cytochrome also showed a relation with the amount of main 

product being formed, a fact which emphasizes the correctness of the results. 

More mutants of Adx4-108 concerning core amino acid F43 (F43N and F43Q) were proposed, 

as they were expected to display distinctive opposed effects on redox potentials. It was possible 

to clone these mutants, but stable expression (and purification) could not be achieved. 

Therefore, our working hypothesis regarding the change in the local dipole moment in the 

immediate vicinity of the iron-sulfur cluster and its impact on the redox potential in general and 

product yield in in vitro conversions could not be tested to give more insight into this topic. 

The results of these experiments lead to the following conclusions: It is possible to influcence 

the conversion of the substrate by insertion of mutations into the P450-binding area of the 

ferredoxin part of the redox chain. In this particular case, the mutations for the parent Adx(4-

108) were adapted to be similar to the residues of Etp1(516-618), according to computational 

methods. These newly inserted mutations led to changes in the binding surface, which allowed 

a closer approach of the cofactor centers, and eventually resulted in the expected change in 

hydroxylation pattern. This new possibility of designing mutants proves that not only the 

rational design of P450s is able to alter the product pattern, but that rational design of the 

involved redox partners’ binding area can be equally important. The experiments and their 

theoretical background shed further light onto the basic understanding of electron transport 

within this multi-enzyme electron transfer chain of P450s. Overall, the topic can be used to 

increase the yield and tune the product pattern of biotechnologically interesting products and, 

therefore, influence the economics of this biotechnological application. 
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3.1.3 Consequences for the choice of redox partners 

In cases where no ferredoxin is involved (class II P450s), it has already been demonstrated by 

Gricman that potential reductase-interacting residues of the proximal P450-surface can be 

identified. The structure of these residues results in universal redox partner interaction sites 

(RPISs) to all P450s (Gricman et al., 2016), which can be used especially to identify non-native 

redox partners. If ferredoxins are involved (class I P450s), all six RPISs are also present with 

some minor changes in RPIS4.  

The field of redox partner binding has come into focus as it can influence a number of 

parameters. To transfer electrons to the P450, the redox partners, in many cases the ferredoxin 

part, have to bind to the P450. For example, it was shown by computational and experimental 

isothermal titration calorimetry studies that the binding of putidaredoxin (Pdx) takes place on 

the open P450cam (CYP101) (Hollingsworth et al., 2016; Tripathi et al., 2013). It was even 

demonstrated that binding of the ferredoxin influences closing and opening of the P450, 

therefore, playing an essential role and explaining the preference of some P450s to “their” 

favorable ferredoxins (Myers et al., 2013). Binding at the redox partner’s site leads to 

conformational changes on the distal site of the P450, resulting in opening of a substrate-entry 

channel (Pochapsky et al., 2003). 

Electrostatic interaction of the redox partners, namely ferredoxin and P450, heavily influences 

their recognition, where the positive charges on the proximal P450 surface steer the negatively 

charged FeS-cluster of the ferredoxin into a docking position (Chiliza 2020). The influence of 

these electrostatic interactions has also been discussed in the first and second paper (see section 

2.1 and 2.1). Changes in redox potentials of ferredoxins and P450s can be observed in some 

instances and might influence the P450 activity: Other examples show that the redox potential 

is not the key determinant for the P450 activity (Zhang et al., 2018), a fact that we were able to 

observe as well (second paper, section 2.2). Furthermore, the distance between the iron-sulfur 

cluster of the ferredoxin as well as the heme-iron of the P450 proved to be very important, as 

published in this thesis as well as in other publications (Chiliza et al., 2020; Sevrioukova & 

Poulos, 2011; Zhang et al., 2018). Despite of all these results, the complexity of the ferredoxin-

P450 interactions challenges some of the progress already made and necessitates more work to 

design universal electron transfer partners (Chiliza et al., 2020). 

It was recently described that the amount and choice of redox partners, especially for bacterial 

P450s, may affect catalytic rates, product distribution as well as type and selectivity of P450 

reactions. Meaning that the redox partners not only provide electrons but are able to modulate 
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the P450 function (Khatri et al., 2017; Li et al., 2020). The variety of redox partners that can be 

present in a bacterial cell might be a reason for the adaptability of the bacteria to difficult or 

changing environments by enabling detoxification of more diverse xenobiotics or synthesis of 

more diverse metabolites (Li et al., 2020).  

Furthermore, the homologous redox partners are not necessarily the optimal ones for the 

respective P450, as shown by Zhang et al., revealing that hybrid electron transfer systems are 

able to outperform the “parent one” (Zhang et al., 2018). They also stated that from a 

biotechnological point of view the most efficient redox partner might increase overoxidation, 

which is why choosing a less efficient redox partner can be more preferable (Zhang et al., 2018). 

In our studies, we were also able to find hints for this theory, as CYP106A2 in combination 

with Adx(4-108) was more efficient in converting the progesterone compared with Adx 

(wildtype). In contrast, there was a lot of product with several unselective oxidations (i.e. 

“overoxidation”) when using the “fast” Adx(4-108), in comparison to wildtype Adx, the less 

efficient ferredoxin in this case (see Section 2.1).  

Overall, redox partner choices can be very critical for the outcome of P450 conversion. Both 

homologous redox partners and heterologous choices should be examined thoroughly as well 

as aspects like RPISs to select  those most suitable for the desired experiment or 

biotechnological approach. 

 

3.2 Fusion of redox partners 

3.2.1 Fusion of redox partners using DuaLinX  

Fusion or any kind of assembly of the electron transfer chain of P450s can be performed in 

different settings, meaning that for the three components of the class I system, multiple 

combinations can be fused or assembled artificially to enhance the activity of the system and 

reduce the complexity of multi-component structure. P450 BM3 serves as good model for 

fusions as is a fusion protein (of a P450 and a reductase domain) itself, has a high catalytic 

efficiency and is very good characterized structurally (J. S. Miles et al., 1992), therefore serving 

as a blueprint> to fuse other P450s with respective redox partners. Several approaches have 

already been developed to facilitate artificial fusions of P450 electron transfer chains, out of 

which popular models are Molecular Lego, PUPPET, and LICRED. Molecular Lego is a system 

which generates redox transfer systems by shuffling well-characterized building blocks of 

redox partners for applications in bioelectrochemistry (Gilardi et al., 2002; Sadeghi et al., 2000). 
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PUPPET, on the other hand, uses three distinct proliferating cell nuclear antigens from 

Sulfolobus solfataricus that can form a heterotrimer while each unit is fused to one protein (the 

P450 or one of two redox proteins), resulting in a better electron transfer via the complex itself 

(Hirakawa et al., 2013; Hirakawa & Nagamune, 2013). LICRED describes a system, where a 

ligation-independent cloning vector is used to develop self-sufficient P450-reductase libraries 

for the high-throughput screening of uncharacterized P450-domains (Sabbadin et al., 2010). 

Another approach is the introduction of various sets of linkers. Linker peptides are normally 

introduced into fusion proteins to avoid steric hindrance between the domains and then may use 

the natural multi-domain proteins as a guide, but can also use artificial flexible or rigid 

sequences (Chen et al., 2013). Before the YkuN-Fpr fusion proteins were constructed as 

described in Section 2.3, the “DuaLinX” tool was developed by the Urlacher group to study the 

effect of linker length, type, as well as order of the E. coli redox partners Fpr and FldA (Bakkes 

et al., 2015). By virtue of this tool, the sets of fusion proteins were constructed either having 

glycine or proline rich linkers of different lengths (5, 10, 15, 20, 25 amino acids). Results 

showed that a specific order (FldA:Fpr) performed better than vice versa (reasons might be the 

C-terminal cofactor-binding residues being affected by the linker) and that longer linkers 

outperformed shorter ones. The electron transfer seems to rely on a certain distance between 

the redox centers (Moser et al., 1992), and the linkers of longer length seem to provide this 

spatial arrangement better. Furthermore, the proline-rich linkers might more effectively isolate 

the involved protein domains (Tanaka et al., 2006), and, therefore, interfering less with protein 

function than flexible glycine-rich linkers. 

Published and described in Section 2.3 (Bakkes et al. 2017), the formerly described DuaLinX 

tool was used to modify the first attempt of a non-physiological electron transfer system. FldA 

was changed to FldA to the YkuN, a flavodoxin from B. subtilis, as it often outperforms 

FldA/Fpr (von Bühler et al., 2013). One reason for the preference of YkuN over FldA in 

conversion with CYP109B1 could be that both originate from B. subtilis. Similar to the first 

approach with FldA and Fpr, the fusion protein of YkuN and Fpr was constructed in a way that 

the flavodoxin was fused to the N-terminus of Fpr, hereafter abbreviated further as YR 

(YkuN:Fpr). To elucidate which kind of linker type and length exhibits the best catalytic 

performance, several P450s were chosen to convert substrates using the fusion protein. 

Computational methods were applied as well. As an excess of ferredoxin is usually required to 

sufficiently drive the conversion of the substrate by the P450s and the stoichiometry of the fused 

redox partners is fixed at 1:1, the required amount of unfused redox partner was first examined 
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in in vitro conversions and found to be almost equal, using 4:4:1 (Fpr/YkuN/P450) compared 

to the usual ratio of 1:10:1. Therefore, the fusion constructs with linker length and type variety 

were tested with the ratio of 4:1 (YR/P450). The first P450 to be tested was the CYP109B1 

with myristic acid as substrate, where it was shown that all fusion constructs could support the 

electron transfer towards the P450. Similar to the fusion with FldA, the linker-less fusion with 

YkuN did not reach the same conversion rate as the non-fused partners, but all linker-fused 

proteins could perform better than the linker-less one. Especially the long and rigid fusions YR-

P4 and YR-P5 supported the conversion of the model substrate similarly to the non-fused 

Fpr/YkuN, a fact which was analogously observed with the fusion FldA:Fpr (Bakkes et al., 

2015). The superiority of the proline-rich linkers over the glycine-rich linkers was verified by 

molecular dynamics simulations. Glycine-rich linkers suffered a collapse of the linker structure 

paired with decreasing radii of gyration and oscillations over time. These structural parameters 

exhibit high structural rearrangements and flexibility, which potentially lead the fused domains 

to sterically crash more easily into each other and, therefore, impair the electron transfer and by 

extension the conversion of the substrate. Proline-rich linkers, on the other side, proved to 

remain extended with only minor oscillations, thus attributing to the better performance of 

them.  

In most reconstituted P450-systems, the availability of the electron shuttle protein (ferredoxin 

or flavodoxin) limits the conversion, a fact that could be alleviated by an excess of this protein 

(Jenkins & Waterman, 1994). By either applying extra YkuN or increasing the concentration 

of the fusion protein, the limitation was able to be overcome. This also adds proof that Fpr in 

the fusion protein is not only able to donate electrons to the fused YkuN, but also to additional 

free YkuN, if this is present in the mix. The coupling efficiency and NADPH oxidation rate 

was determined, showing that the P450 with the unfused redox partners exhibits the highest 

NADPH oxidation rate and a coupling efficiency of approximately 28 %. Fusion constructs 

lowered the NADPH oxidation rate while improving the coupling efficiency. To pursue the goal 

of a universal redox system for P450s, additional P450s were tested as terminal electron 

acceptors, such as CYP154E1 from Thermobifida fusca YX, CYP106A2 from B. megaterium, 

and bovine CYP21A2. Fpr and YkuN as free enzymes are already known to work with 

CYP154E1, and moreover that their fused domains proved to support the conversion of the 

model substrate β-ionone with similar parameters as the non-fused redox partners. This 

approach confirmed the results that the YR-P5 construct outperformed the conversion of the 

other tested fusion constructs, similarly to the initial conversion of myristic acid with 

CYP109B1.  
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The YR-P5 fusion protein with the highest apparent conversion rates was further shown to 

support the conversion of progesterone by CYP106A2, substituting the regularly used 

AdR/Adx redox partners (parent system). It is worth noting that non-fused YkuN/Fpr supports 

an almost identical conversion of progesterone by CYP106A2 (compared to the parent system) 

regarding both overall conversion rate as well as product distribution. The fusion protein YR-

P5 cuts the conversion rate in half using a ratio of 4:1 YR-P5:CYP106A2, in contrast to using 

the AdR/Adx system, producing almost exclusively main product. Increasing the ratio to 10:1, 

the conversion rate was similar to the parent one with small amounts of polyhydroxylated 

product. The membrane-bound CYP21A2, where the parent redox system is the microsomal 

CPR, but which can also use AdR/Adx, was also able to be supported by the YR-P5 fusion, 

achieving about 40 % conversion of the substrate progesterone.  

Therefore, it is appropriate to state that the YR-P5 fusion supports the catalytic activity of 

CYP154E1, CYP106A2, and CYP21A2, in the latter two cases substituting the mammalian 

electron transfer systems of AdR/Adx and CPR. Nevertheless, the non-fused proteins were 

more effective in contributing to the conversions than the fused ones, presumably because of 

their faster electron transfer, a fact which also supports the formation of polyhydroxylated 

progesterone products formed by CYP106A2 with non-fused YkuN/Fpr compared to the fusion 

protein. 
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3.2.2 Artificial and natural fusions of P450s with their redox partners  

As the native redox partners of P450s are rarely obtained, surrogate redox partners are widely 

used for P450s, always assuming that their choice does not inflict the type and selectivity of the 

P450’s reactions. On the other hand, it was proven that fusions of redox partners to P450s lead 

to a limitation of the mediated catalyzations. The protein-protein interaction could, therefore, 

serve as a modulator of the catalytic function of P450s by indirectly modifying the active site 

(Zhang et al., 2014). A probable explanation would be that several redox partners are available 

in an given organism. This point give the chance to alter the electron transfer as well as the 

binding of redox partners and P450 in different ways, thereby serving as a possibility to accept 

diverse substrates to adapt to a changing environment. In contract, fused redox partners only 

lead to conversion of a limited variety of substrates (S. Li et al., 2020; Zhang et al., 2014).  

Nevertheless, P450-redox partner fusion enzymes also occur naturally (Jackson et al., 2002; 

Rylott et al., 2006) with the flavocytochrome P450 BM3 (CYP102A1) as the first to be 

discovered (J. S. Miles et al., 1992; Ruettinger & Fulco, 1981). Since the ferredoxin is 

postulated to generally shuttle electrons from the reductase to the P450, the discovery of a 

fusion protein of a P450 domain to a ferredoxin was quite surprising, describing a completely 

new class of P450s (Jackson et al., 2002). 

The biotechnological advantages of artificial fusion enzymes lie in simplifying the overall 

enzyme system and the expression. However, they are not yet used extensively (Munro et al., 

2007), as they do not yet reliably achieve the catalytic activity of the free enzymes in most cases 

(McLean et al., 2007). In fusion enzymes, activity is also shown to be dependent on the used 

linkers, i.e. their rigidity, composition, or length (McLean et al., 2007). Early attempts were 

already made to fuse the eukaryotic CYP11B1, Adx, and AdR, using various linkers and orders 

(Cao et al., 2000), resulting in active proteins with lower conversion rates compared with the 

free enzymes. In further research works, bacterial P450s were fused with their surrogate redox 

partners in order to facilitate their use in biotechnological approaches, e.g. CYP101 with Pdx 

and PdR. The latter one resulted in active proteins that were even more efficient in some 

concentrations than the reconstituted system (Sibbesen et al., 1996). 

The approach described of using glycine-rich flexible or proline-rich rigid linkers (see section 

2.3) was successfully used in further experiments by Kokorin to fuse BM3 to the formate 

dehydrogenase, resulting in a self-sufficient biocatalyst displaying an overall higher activity 

than the separate enzymes (Kokorin et al., 2021).  
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In summary, the natural as well as the artificial fusion enzymes are very complex, but efficient 

redox partner chains are possible by the modulation of the involved enzyme components. 

Therefore, aiming for the final goal of biotechnological use of P450 systems is reasonable. 

 

3.2.3 Creation of a chimera between AdR and alcohol dehydrogenase of Lactobacillus 

brevis  

Another challenging difficulty with P450s is the availability of of the cofactor NADPH  (in vivo 

as well as in vitro) that can be a limiting factor in their biotechnological application. Both the 

cost and the availability of the NADPH in the cell play a major role. As previously proven in 

our lab, co-expression of CYP105A1 not only with its redox partners Adx and AdR, but also 

with alcohol dehydrogenase from Lactobacillus brevis (LbADH), in order to gain NADPH 

recycling possibilities for the expensive redox equivalent, resulted in substrate conversions with 

high product yields (Janocha & Bernhardt, 2013). LbADH is particularly characterized by its 

stability under a wide variety of conditions, e.g., even in unconventional media and organic 

solvents (Leuchs & Greiner, 2011). This facilitates a NADPH regenerating system that can be 

used for the maintenance of the electron transport chain through NADPH regeneration in 

biotechnologically used cytochrome P450 systems. Therefore, a further approach was 

endeavoured during this thesis for an improved and simplified redox chain regarding the 

SupraRedoxModul(e) to test whether a fusion protein from AdR and LbADH could further 

increase these yields. In addition to the fusion protein would be of particular interest for 

immobilization, since it can be used to fix a regeneration system directly with the reductase 

component. 

This regeneration system keeps the cofactor NADPH in a so-called "cage" and could be used 

in in vitro conversions with P450 enzymes to minimize the need for the expensive cofactor. It 

could also secure the NADPH supply in vivo, uncoupling it from other metabolic pathways and 

leading to more efficient substrate conversion due to the shorter paths of NADPH between the 

AdR and the LbADH H. It has to be taken into account that an experimental approach should 

address different complications: mobility of the involved enzyme to ensure their own catalytic 

properties, flexibility for the shuttle of NADPH between AdR and LbADH, and avoidance of 

steric hindrance from different protein regions of the other protein. To link the two distinctive 

domains, rational design of rigid and flexible linkers was performed. Flexible linkers would 

allow interaction between domains or offer spatial separation of domains. In contrast, rigid 

linkers would maintain the distance between the involved domains and prevent inefficient 
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separation (Chen et al., 2013). Both properties can be favorable and have to be considered when 

choosing the linker for distinct domains. In the end, the linker (GGG(PPPPS)3GGG) used for 

this project was designed to allow interaction between the reductase and the alcohol 

dehydrogenase via flexible glycine "joints" (made of 3 glycine residues), which facilitate the 

transition between the proteins and the linker, and the rigid inner part of the linker (Pn) that 

maintains the distance so that the two domains would not clash or interfere too severely (see 

Figure 6). The so-called proline linker was cloned between the C-terminus of the AdR and the 

N-terminus of the LbADH.  

  

Figure 6: AdR-proline linker-LbADH fusion protein model (screenshot). On the left is AdR (461 amino acids), in the 

middle is the proline linker (23 amino acids), and on the right is LbADH (252 amino acids). 

As initial expression attempts showed additional bands in the Western blot with an AdR 

antibody, incomplete fusion protein variants were assumed, particularly containing AdR 

fragments. One of the reasons for the merely partial formation of the fusion protein could be 

the use of a single codon for proline in the linker region. It is possible that there is not enough 

tRNA to link proline to proline in the growing amino acid chain in rapid succession. This 

problem was overcome by employing three codons instead of one codon for proline. In addition, 

a 6xHis tag N- or C-terminal using PCR was added to facilitate purification. The best 

expression, independent of the N- or C-terminal 6xHis tag, was achieved after 48 hours at 26 

°C. The coexpression of the chaperone system GroEL/ES showed only minor changes in the 

expression level. In a spectrometric comparison with pure AdR, partially matching maxima 

could be confirmed. However, examination by SDS-PAGE exhibited many additional bands, 

some probably being the result of incompletely formed fusion proteins. Because of these many 

impurities and only unsuccessful attempts for optimizations, in vitro conversions were not 

conducted as they were not considered to yield promising results. 



 

84 

 

In the end, this project of a fusion protein produced from AdR and LbADH to regenerate the 

NADPH cofactor proved to be not successful despite numerous linker optimizations and, 

therefore, was discontinued. 

3.2.4 Creation of a chimera between Arh1 and alcohol dehydrogenase of Lactobacillus 

brevis (Bachelor’s thesis) 

Since the expression of the fusion gene of bovine AdR and alcohol dehydrogenase from 

Lactobacillus brevis was not stable, another approach to a fusion protein for the regeneration 

of NADPH was created. Using the DuaLinX system, fusion genes of the NADPH-consuming 

AdR-homologue Arh1 from S. pombe and ADH from Lactobacillus brevis were produced with 

both glycine- and proline-rich linkers of different lengths. Arh1 was chosen due to the fact that 

expression and purification is simpler compared with AdR and, therefore, more promising than 

in the other approach. The DuaLinX system already proved to provide a good approach to fuse 

proteins and was already applied to two sets of redox partners. Generally, similar to the former 

approach with AdR and LbADH, a spatial proximity between these two proteins was to be 

established and a so-called "caging" of the NADPH be facilitated. In order to investigate the 

influence of the reductase and the dehydrogenase’s position, the C- and N-terminal positions 

were swapped (Arh1-Linker-LbADH (RD) and LbADH-Linker-Arh1 (DR)). A total of 14 

fusion constructs out of 20 possible ones were obtained during a bachelor thesis.  

The fusion proteins were expressed to validate the functionality, and an expression control was 

carried out using SDS-PAGE gel electrophoresis. In order to test the functionality of the 

constructs, they were integrated into a functional system consisting of the construct, the electron 

transfer protein Etp1, and CYP106A2. To check the functionality of the Arh1/ LbADH fusions, 

samples of defined cell numbers were lysed and the lysate obtained was used in an in vitro assay 

with CYP106A2. The in vitro assays were designed to test two functions. First, the function of 

the reductase domain was investigated in one series of conversions in the presence of G6PDH 

and G6P, able to regenerate NADPH. Second, the desired function of NADPH regeneration 

between the reductase and dehydrogenase domains was evaluated in another series (without the 

NADPH regeneration system). Unfortunately, the expression control by SDS-PAGE gel 

electrophoresis could not prove any clear expression of the fusion constructs, and the in vitro 

function control assays also showed no activity of the potential fusion proteins.  

There are several possible reasons for these results: First, the proteins Arh1 and LbADH could 

hinder each other sterically due to the spatial proximity that results from the fusion, thereby 

rendering NADP+ binding to LbADH impossible. The switch of both enzyme domains (Arh1-
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Linker-LbADH (RD) and LbADH-Linker-Arh1 (DR)) did not show preferences for one order, 

leading to the assumption that the fusion of LbADH in both orders hinders the NADP+-binding. 

Second, even the samples with G6PDH (which should demonstrate the functionality of Arh1) 

did not exhibit any conversion, leading to the conclusion that Arh1 is unable to function 

properly. A third reason for this negative outcome might be the close combination of two 

proteins that are no natural interaction partners. Even in non-fused in vivo approaches using the 

LbADH as NADPH-regenerating system, the two proteins are expressed within one cell, but 

probably are not directly in contact with each other compared to both of these fusion 

approaches. 

Nevertheless, a change in the expression conditions of the potential fusion proteins could lead 

to better outcomes. As the SDS-PAGE only showed an extremely weak band of the fusion 

proteins, suggesting that the proteins are only expressed at very low levels, a stronger 

expression promoter might achieve an expression-enhancing effect. Also, the use of another 

expression cell line in order to increase the yield of fusion protein could attribute for this effect.  

Additional starting points for pursuing this approach could be based on a characterisation of the 

fusion protein after its purification using a histidine tag. This histidine tag facilitates the 

purification of the potential fusion proteins, enables the following characterizations and in vitro 

conversion studies, and eliminates the possible disturbances that might occur in the lysate 

assays. A further bioinformatic approach about the spatial configuration of the fusion proteins 

has the potential to optimize their interaction. 

 

3.3 Use of immobilization as reusable enzyme source in general 

In an additional unpublished project in the SupraRedoxModul, we determined the possibilities 

to immobilize P450 (and its redox partners) in order to stabilize the enzyme and make it 

available for several conversions, in other words, fit for a reusable approach.  

One challenge of the immobilization of enzymes is the coordination of the binding, which 

should be quite strong to prevent leaching of the enzyme, but also weak enough to allow the 

required flexibility of the enzyme for its catalytic activity. The activity of immobilized enzymes 

depends on different factors: the protein to be immobilized, the immobilization material, the 

substrate used for the conversion, and the procedure of the immobilization. The size, shape, and 

structure of the chosen enzyme for immobilization will influence the selection of the support 

material, especially the pore size and the functional groups (Ispas et al., 2009). Using an 
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optimized immobilization protocol, the operational and storage lifetime as well as the heat 

stability of the immobilized enzymes can be highly improved (Ispas et al., 2009). This fact 

presents a big advantage of immobilized enzymes compared to free enzymes, along with the 

easy separation possibility from the reaction mixture, which is basically impossible for free 

enzymes (Bornscheuer, 2003). Furthermore, a one-step extraction and immobilization 

procedure was described using His-tagged enzymes, facilitating the process towards the fast 

creation of reusable enzyme complexes even more (Cassimjee et al., 2011). Co-immobilizations 

of two or more enzymes may enhance the overall performance of enzyme cascades and can be 

performed simultaneously, in separate immobilizations (for subsequent mixing), and as well as 

in sequential immobilizations. Each procedure has to be adapted to the enzyme combination 

used, as the type of immobilization, the ratio of the two enzymes to be immobilized, and the 

degree of loading of the carrier are decisive for the activity of the enzyme conjugates (Betancor 

& Luckarift, 2010; Kazenwadel et al., 2015).  

Potential disadvantages of enzyme immobilizations are: The loss of enzyme, because the 

immobilized protein might leach from the support, the conceivable occurrence of diffusion 

barriers for substrate or product distribution, as well as potentially arising restrictions because 

of pore dimensions might appear (Ispas et al., 2009). An additional point to consider is that the 

substrate or product of the conversion must not be absorbed by the immobilization material 

(Maurer et al., 2003). 

Several challenges have been met and adapted to: There has to be enough room for substrate 

access as low substrate diffusion will reduce activity of immobilized enzyme (Hudson et al., 

2008). The leaching might be addressed by the use of mesostructured cellular foam (MCF) 

material which has smaller pore entrances and, therefore, shows improved overall catalytic 

activity by reducing leaching. Tunable pore sizes have been developed with 3D interconnected 

pore structure and cage-like connecting windows, which enabled pressure-driven methods for 

immobilization (Y. Han et al., 2006), gaining the advantage of increased enzyme loading and 

reduced leaching in contrast to the conventional stirring method. Flux imbalances should be 

considered, as they inflict heterologous metabolic pathways, which are partly no subject to the 

natural regulatory mechanisms (Dueber et al., 2009). A possibility to regulate the metabolism 

of such a pathway could be the spatial subdivision of the involved enzymes by the use of a 

protein-scaffold, so that the proteins are colocalized, increasing the electron fluxes (Dueber et 

al., 2009). Potential applications for any kind of immobilized enzymes are e.g., analytics like 
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biosensors, bioassays, or bioreactors. As the process is adaptable and mostly scalable, microtiter 

plates can also be used (Brandt et al., 2006). 

Immobilization of P450s has already been proven in various settings. E.g., CYP2C9 and 

CPY2B4 have been immobilized on a mesoporous material (MCM-41) via the Lewis acids on 

the material. The catalytic activity was restored without addition of a CPR showing that the 

material itself probably served as electron transfer partner between NADPH and the enzyme 

(Rosales Hernández et al., 2005). More recently, P450 BM3 along with glucose dehydrogenase 

(GDH) from Thermoplasma acidophilum has been co-immobilized on various functionalized 

agaroses to serve as a self-sufficient biocatalyst, showing retained activities up to 100 % and 

reusability for at least four additional conversions, proving the operational stability of the 

immobilized enzymes (Solé et al., 2019). Microgels have also been used to immobilize the P450 

BM3, resulting in full activity after immobilization and reusability at least seven times, with 

the 7th reuse cycle still exhibiting about 50 % conversion of the initial activity (Nöth et al., 

2020). Different set-ups and application possibilities of P450 immobilization strategies come 

with challenges, but also with benefits (Valikhani et al., 2021). Two distinct fields are 

determined for application of immobilized P450s: First, P450-based biosensors which employ 

human or mammalian P450s to be used in clinical studies to analyse drug metabolism, also 

including the organ-on-a-chip technology. The second area is the P450-based catalysts which 

use the attractive bacterial P450s, known for their solubility, high turnover, and good expression 

in E. coli (Valikhani et al., 2021). 

As P450s and their electron transfer proteins as well as possible NADPH-recycling enzymes 

are numerous, there is no universal immobilization strategy that fits all. The immobilization 

and following activity of any enzyme, in particular of P450s, is influenced by several factors, 

such as the initial enzyme concentration, immobilization process (pressure-driven, stirring), and 

the pH value of the used enzyme solution. In collaboration with bioinformatics, the material 

and the enzyme can be modelled in silico to predict the needed pore diameters, accessibilities 

for enzymes and substrates, and orientation of the enzyme on the support (Weber et al., 2010). 

3.3.1 Immobilization of CYP106A2 via Strep-Tag to MCF-material 

In the “SupraRedoxModul” BMBF-project, which this thesis was part of, immobilizations of 

P450s were performed. In a second step, the immobilization of the respective redox partners or 

their fusions were planned. The MCF-material was modified with cobalt(II)ions to enable 

immobilization of His-tagged proteins and with streptavidin (STA) for Strep-tagged proteins. 
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These modifications of the material should allow the chemisorption of the enzymes and prevent 

the immobilized enzymes to leach from the material. The MCF material has large pore volumes, 

large surface areas, and large pore sizes, and therefore, is particularly well-suited for the 

immobilization of enzymes (Y.-J. Han et al., 2002). Successful immobilization of various 

enzymes like lysozyme (Kim et al., 2011), lipase (Kannan et al., 2014), glucose oxidase (Jung 

et al., 2009), and α-amylase (Pandya et al., 2005) were described in the literature. Additionally, 

cooperative tandem catalysis with a co-immobilized enzyme and a metal where the latter one 

mimics a metalloenzyme (Engström et al., 2013) was described.  

 

Figure 7: TEM images of MCF 13 with 20 nm cells (left) and MCF 16 with 30 nm cells (right). The scale bars are 50 

nm. The measured cell sizes are in line with the ones calculated in preparation. MCF materials are 

used during the experiments for the surface modification with streptavidin and cobalt(II)ions in order 

to immobilize the CYP106A2 and Arh1, respectively. The TEM images were prepared by 

SupraRedoxModul-project partner Kerstin Thiele in Leipzig. 

In our immobilization approach and in order to show the suitability of large pore spherical MCF 

materials (see Figure 7) for enzyme immobilization, the surface was modified, on the one hand, 

with streptavidin (STA), and on the other hand with cobalt(II)ions. The STA-modified support 

is able to create a binding towards a Strep-tagged enzyme and the grafted cobalt(II)ions can 

immobilize enzymes with a His-tag by coordinative bonding. The well-characterized P450 

CYP106A2 carrying a N-terminal Strep-tag was used in concentrations of 20 µM, which is 

within the range of usual in vitro conversion assays. The best immobilization procedure was 

the incubation at 10 °C for 20 hours, whilst rotating at 4 rpm in an overhead shaker. After the 

centrifugation, the supernatant was carefully removed and the obtained MCF-materials with 

immobilized enzyme were washed with a buffer solution. The supernatant and the washing 

solution were combined and used to determine the concentration of non-immobilized enzyme. 

The amounts of immobilized enzyme were obtained by subtracting the amount of non-

immobilized enzymes from the total amount of enzyme added during immobilization. 
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The ability of MCF-25STA to bind Strep-tagged proteins was demonstrated by the 

immobilization of strep-tagged CYP106A2. In addition, this enzyme was immobilized on silica 

gel 62 serving as a reference silica material. Under the tested conditions the MCF-25STA bound 

all of the applied cytochrome P450, whereas binding to silica gel was less efficient. After 

immobilization, the supports were assayed for CYP106A2 activity using progesterone as a 

substrate as well as the required redox partners Adx4-108 and AdR. For this purpose, a fixed 

amount of immobilized CYP106A2 was applied for each reaction and the activity was 

determined after 10 min (Figure 8). The comparison of the activity of the free and the 

immobilized enzyme exhibited a decrease of the conversion of progesterone, but also a change 

in the selectivity. Thus, the free enzyme predominantly catalyzes the formation of the unwanted 

polyhydroxylated progesterone (65 %) and only 28 % of the desired 15β-hydroxyprogesterone. 

However, after immobilization of CYP106A2, no polyhydroxylated progesterone was formed 

and 15β-hydroxyprogesterone was obtained with 68 % selectivity (Figure 8). 

 

Figure 8: Progesterone conversion (%) by free CYP106A2 in solution or immobilized on MCF-25COO-Co after 10 

minutes of reaction time. Black columns represent 15β-hydroxyprogesterone, diagonally striped 

columns polyhydroxylated progesterone, and the horizontally striped columns the combined 6β-, 9α, 

and 11α-hydroxyprogesterone. Adx4-108 and AdR, both in solution, were added to complete the 

electron transfer chain. For the sufficient supply of electrons, a glucose-6-phosphate dehydrogenase-

based NADPH-regenerating system was used. 

The immobilized Strep-tagged enzyme CYP106A2 exhibited less activity than the free enzyme 

but led to a change of the selectivity in favor of the desired product. This study demonstrated 

that adjusted modification of spherical MCF particles was suitable for site-specific enzyme 

immobilization.  
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Combining the two approaches of His- and Strep-tagged enzymes, one could think of a co-

immobilization of a His-tagged CPR-like reductase/ferredoxin part and a Strep-tagged P450, 

which would create a complete redox transfer chain to convert substrates in vitro. The support 

material MCF would also qualify to be used in a column, so that the ultimate goal would be a 

flow-through-conversion: immobilizing the P450 with the redox partners (e.g., fusion of 

ferredoxin and reductase) to a support, filling this support with the immobilized enzymes into 

a column (like the HPLC-columns or the enzyme purification columns), passing a substrate 

solution through the column, and “harvesting” the product out of the column’s flow-through. 

Because the P450 and its redox partners are reusable, a certain amount of purified enzyme 

should convert much more substrate than the usual in vitro conversions. Approaches like this 

could lead to a more sustainable production of fine chemicals or pharmaceutical precursors. 

First attempts for the dual use of Strep- and His-tags were performed by the co-immobilization 

of the reductase Arh1 on a modified carrier via His-tag in addition to the enzyme Strep-tagged 

CYP106A2. Here, an activity (although lower than that of the free enzyme) and a further 

increase in selectivity could also be detected. Various concentration ratios between 10/20 and 

20/10 were chosen for the co-immobilization in order to investigate the dependence of the 

catalytic activity on this ratio. As an activity test, the conversion of the steroid progesterone 

was investigated. Activity and selectivity can be increased by adjusting the concentration ratio 

between CYP106A2 and Arh1 during immobilization. Investigations into the reusability of the 

immobilized enzymes produced only a slight drop in activity of 5.4% after the second use and 

a further 12.5% after the third use, while maintaining the selectivity. 

This work regarding the immobilization via Strep-tag as well as His-tags is not yet published 

despite its potential to facilitate the in vitro conversion possibilities regarding the P450s and its 

redox partners.  

 



 

91 

 

3.4 Conclusion 

In summary, the work of this thesis provides insights into the usability and binding specificities 

of the electron transfer chain involved in conversions with P450s, the possibilities of fusion 

enzymes regarding the electron transfer chain of P450s as well as the potential of immobilized 

enzymes in the P450 system. 

It was demonstrated with abundant clarity that the often-assumed interchangeability of redox 

partners providing the required electrons to P450s should not be taken for granted and that this 

might be the fulcrum of unsuccessful or insufficient substrate conversion. To forego the time-

consuming trial-and-error in vitro conversion, bioinformatic approaches can be employed to 

predict the most suitable redox partner for a specific P450. Furthermore, the redox partners, 

especially the ferredoxin, proved adaptable via site-directed mutagenesis to fit to the precise 

need of the P450 and the intended conversion. We were also successful in proving that this site-

directed, bioinformatics-enabled mutagenesis of Adx(4-108), led to the selective conversion of 

progesterone by CYP106A2 towards a high yield of the main product 15β-

hydroxyprogesterone. This approach can be utilised to fine-tune further multi-product P450-

conversions. 

The second major topic of this thesis was the partially successful attempt to fuse parts of the 

electron transfer system of P450 in order to facilitate the purification. The fusion of YkuN to 

Fpr with the DuaLinX systems was an improvement over the formerly fused Fdx/Fpr system 

and proved to be a successful electron transfer partner to several P450s of different origins. 

Additional fusion projects involved the combination of an alcohol dehydrogenase with the 

reductase to overcome the need to regenerate the expensive NADPH. Attempts were made 

using AdR and LbADH with a proline-glycine linker as well as Arh1 and LbADH with the 

DuaLinX system. Both fusion projects did not succeed for of various reasons, illustrating and 

emphasizing the complexity of the overall project of NADPH-regeneration. Generally, fusions 

of electron transfer partners definitely should be considered, but bioinformatic tools should be 

used even more to remove obstacles and increase the success rate of the project. 

The last major topic addressed the immobilization of enzymes, particularly of the P450, with 

this thesis focussing on the CYP106A2. After some adjustments to the immobilization 

procedure, the CYP106A2 was immobilized successfully via the Strep-tag and capable of 

converting the model substrate progesterone. The immobilization material MCF was 

subsequently modified for use in a co-immobilization approach, where CYP106A2 via Strep-
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tag as well as the reductase Arh1 via His-tag was utilized successfully. Immobilizations of P450 

enzymes and their redox partners on MCF materials show great potential for applications in 

biotechnological approaches as they exhibit good reusability along with further possibilities to 

be used in columns. Therefore, they represent a sustainable way to tackle the difficulties of in 

vitro conversion of P450s. 

In conclusion, several key points have been addressed in this thesis to support the overall goal 

of using P450s in biotechnology: Focussing primarily on the involved redox partners, providing 

particular insights into fusions of them, and shedding light on their immobilizations. 
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Nöth, M., Hussmann, L., Belthle, T., El-Awaad, I., Davari, M. D., Jakob, F., Pich, A., & 

Schwaneberg, U. (2020). MicroGelzymes: pH-Independent Immobilization of 

Cytochrome P450 BM3 in Microgels. Biomarcomolecules, 21(12), 5128–5138. 

Omura, T., Sanders, E., Estabrook, R. W., Cooper, D. Y., & Rosenthal, O. (1966). Isolation 

from adrenal cortex of a nonheme iron protein and a flavoprotein functional as a reduced 

triphosphopyridine nucleotide-cytochrome P-450 reductase. Archives of Biochemistry and 

Biophysics, 117(3), 660–673. 

Omura, T., & Sato, R. (1964). The Carbon Monoxide-binding Pigment of Liver Microsomes. 

I. Evidence for its Hemoprotein Nature. The Journal of Biological Chemistry, 239(7), 

2370–2378. 
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5 Abbreviations 

15β-OH-prog 15-beta-hydroxyprogesterone 

Å  Ångström 

aa   Amino acid 

AdR  Adrenodoxin reductase 

Adx  Adrenodoxin reductase 

Arh1  Adrenodoxin reductase homologue 1 

ATCC  American Type Culture Collection 

BM3  CYP102A1 

BMBF Bundesministerium für Bildung und Forschung (Federal Ministry of Education 

and Research) 

BmCPR Bacillus megaterium cytochrome P450 reductase 

CO  Carbon monoxide 

CPR  Cytochrome P450 reductase 

CYP  Cytochrome P450 (or P450) 

DOC  11-deoxycorticosterone 

Etp1  Electron transfer protein 1 

Etp1fd  Electron transfer protein 1, ferredoxin domain 

FAD  Flavine adenine dinucleotide 

FeS cluster Iron–sulfur cluster 

FMN  Flavine mononucleotide 

Fpr  Ferredoxin-/Flavodoxin reductase from Escherichia coli 

G6PDH Glucose-6-phosphate-dehydrogenase 

His-tag  Polyhistidine-tag 

HPLC  High performance liquid chromatography 

kapp   Apparent rate constant 
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kDa (or kD) kilo Dalton 

LbADH Alcohol-dehydrogenase from Lactobacillus brevis 

MCF  Mesostructured cellular foam 

NADPH Nicotinamide adenine dinucleotide (phosphate), reduced form 

P450  Cytochrome P450 (or CYP)  

Pdx  Putidaredoxin 

PdR  Putidaredoxin reductase 

Rpm  Rotations per minute 

RSS  Reichstein's Substance S 

SDS-PAGE Sodium dodecylsulfate polyacrylamide gel electrophoresis 
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