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Abstract 
	

Cytochrome P450 monooxygenases (CYPs) constitute a large and diverse protein family. 

Because of their ability to introduce molecular oxygen into non-activated C-H bonds, CYPs 

are interesting enzymes for synthetic applications. However, stability, selectivity and activity 

are often obstacles prohibiting those enzymes from being used in industrial processes. Thus, 

novel protein engineering strategies for overcoming all those bottlenecks are required. In this 

work, a comprehensive guide to protein engineering of CYPs covering those three aspects 

was established to aid rational protein engineering of enzymes with and without known 

structure. The described protein engineering strategies are based on new insights into CYPs, 

which were gathered from incorporation of new functionalities into and analyses of the 

Cytochrome P450 Engineering Database (www.CYPED.BioCatNet.de), as well as molecular 

modeling of stereoselectivity in CYP101A1 from Pseudomonas putida. The described 

strategy for improving protein stability is based on the insights gathered from a systematic 

sequence-based protein stabilization of bovine adrenodoxin reductase. The presented 

strategies for protein engineering of selectivity are based on the identification of universal 

selectivity determining positions by systematic literature mining and on new insights from 

molecular modeling of stereoselectivity. The strategies for protein engineering of activity are 

based on the amino acid conservation analysis of CYPs, identification of the redox partner 

interaction sites, and a strategy for re-designing linker regions in artificial CYP fusion 

systems.  

 

 

 

 

 



 

	 	
	

Zusammenfassung 

 

Die Cytochrom P450-Monooxygenasen formen eine große und diverse Proteinfamilie. 

Aufgrund ihrer Fähigkeit molekularen Sauerstoff in nicht-aktivierte C-H-Bindungen 

einzufügen, sind Vertreter dieser Familie von zunehmendem industriellem Interesse. Ihre 

Anwendbarkeit in nicht-physiologischem Umfeld wird jedoch häufig durch mangelnde 

Stabilität und ungeeignete Selektivitäten und Aktivitäten eingeschränkt. Zur Überwindung 

dieser Einschränkungen besteht daher Bedarf an neuartigen Strategien des Protein-

Engineerings. Im Rahmen dieser Arbeit wurde ein umfangreicher Leitfaden zur Anpassung 

von Stabilität, Selektivität und Aktivität von Cytochrom P450-Monooxygenasen an die 

Anforderungen synthetischer Anwendungsfelder entworfen. Dieser Leitfaden enthält 

Strategien zur Optimierung von Enzymen mit bekannter wie auch mit unbekannter Struktur. 

Die vorgestellten Strategien beruhen auf neuen Erkenntnissen über Cytochrom P450-

Monooxygenasen, die in dieser Arbeit durch Einsatz verschiedener Methoden gewonnen 

werden konnten: durch Einbindung neuer Funktionen in die Cytochrome P450 Engineering 

Database (www.CYPED.BioCatNet.de), deren Aktualisierung und Analyse, sowie durch 

molekulare Modellierung der Stereoselektivität in der CYP101A1 aus Pseudomonas putida. 

Ausgehend von einer  systematischen, sequenz-basierten Stabilisierung der Rinder-

Adrenodoxin Reduktase beschreibt diese Arbeit eine Strategie zur Verbesserung der 

Proteinstabilität in  Cytochrom P450-Monooxygenase-Komplexen. Die hier beschriebene 

Strategie zur Modifikation der Proteinselektivitäten beruht auf der Identifikation von 

universellen selektivitätsbestimmenden Positionen durch systematische Auswertung 

wissenschaftlicher Literatur und neuen Erkenntnissen durch molekulare Modellierung der 

Stereoselektivität in P450-Monooxygenasen.  Zur Verbesserung der Enzymaktivität 

beschreibt der Leitfaden eine kombinierte Strategie unter Verwendung einer Analyse der 

Aminosäure-Konservierung in Cytochrom P450-Monooxygenasen, der Identifikation von 

Redoxpartner-Interaktionsstellen und der Umgestaltung von Linker-Regionen in artifiziellen 

CYP-Fusionssystemen. 
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1. Introduction 

	

This chapter consists of information about the mechanism, function and classification of 

cytochrome P450 monooxygenases. Furthermore, major protein engineering methods are 

introduced in light of the results presented in this dissertation. 

 

1.1 Cytochrome P450 monooxygenases 

Cytochrome P450 monooxygenases (CYPs) are a diverse protein family that can be found in 

all domains of life. The name of CYPs is tightly bound to the way those enzymes were 

discovered. In the late 1950s’, Axelrod and Brodie identified a red (pigment), liver 

endoplasmic reticulum enzyme capable of performing oxidation of xenobiotic compounds, 

therefore the enzyme was classified as a monooxygenase.1,2 Subsequently, it was discovered 

that the enzyme binds CO and has an absorption maximum at 450 nm, afterwards it was 

characterized as a hemoprotein (cytochrome). Hence, it was named cytochrome P450 – the 

‘P’ stands for pigment.3–6 

All CYPs contain a catalytically active heme cofactor covalently bound to a conserved 

cysteine by a Fe-S bond, which is responsible for its spectroscopic properties and the Soret 

peaka at 450 nm.7 CYPs play diverse roles in living organisms, from biotransformation of 

xenobiotic compounds to being part of biosynthetic pathways in metabolite synthesis.8,9 

Because of their importance in human health and interesting catalytic reactions CYPs are of 

industrial interest.10,11 

 

1.1.1 Nomenclature of CYPs 

Nomenclature of CYPs was established to simplify communication about members of the 

protein family. Since, it is based on a combination of the taxonomy of source organism and 

the sequence identity between family members it also provides an idea about the enzymes’ 
																																																													
a Soret peak – in spectroscopy refers to a wavelength of maximum adsorption in the blue region of visible 
spectrum at around 400 nm. CYPs in their reduced form when saturated with CO exhibit a Soret peak 
at 450 nm, in denatured CYPs the peak shifts to 420 nm.  
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origin and similarity to other CYPs. The naming scheme was first introduced in late 1980s’, 

and since then was updated to facilitate increasing number of identified CYPs.12–16 The 

sequence identity criterion divides the family into gene families (in this dissertation called 

superfamilies) and subfamilies (in this dissertation called homologous families). Proteins with 

more than 55% sequence identity are grouped into homologous families, which are organized 

into superfamilies based on 40% identity cut-off. An example of a CYP name is CYP1A1, 

where the first ‘1’ stands for the superfamily 1, ‘A’ stands for homologous family A, and ‘1’ 

means that it is the first protein identified in this homologous family. To include taxonomic 

classification of CYP variants into the nomenclature a set of superfamily number intervals 

was introduced into the naming scheme. Thus, enzymes of animal origin are assigned to 

superfamilies CYP1-50, CYP301-499 and CYP3001-4999, lower eukaryotes to CYP51-70, 

CYP501-699 and CYP5001-6999, plants to CYP71-100, CYP701-999 and CYP7001-9999, 

and prokaryotes to CYP101-299 and CYP1001-2999. Naming of the new CYPs is done by 

David R. Nelson. As of the last update in August 2013 there were 21039 CYPs named on the 

Cytochrome P450 Homepage (www.drnelson.uthsc.edu/CytochromeP450.html). The current 

version of Cytochrome P450 Engineering Database established in November 2015 

(ww.CYPED.BioCatNet.de) contains sequences of 42000 CYPs. With the exponentially 

growing number of sequences it might be necessary to design a centralized and automated 

way of assigning CYP names. An example of such a tool would be a webserver accepting 

sequences uploaded by researchers, which would then be checked against a database of 

already identified CYPs and subsequently named accordingly to taxonomy of the source 

organism and location in the sequence space. 

 

1.1.2 Catalytic mechanism and reactions 

The catalytic mechanism of cytochrome P450 monooxygenases was initially introduced in 

1968.17 This first description is a foundation of our current understanding of the CYPs 

catalytic cycle. Over the last half a century the mechanism was extended to accommodate 

newly discovered reaction pathways and intermediates.18–20 
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Figure 1: Catalytic cycle of CYPs. The reaction pathway is shown by arrows between the schematic 
representations of heme intermediates. Side reactions are shown as the broken lines. (Adapted from 
Denisov et al. 2005).20 
 

The catalytic cycle of CYPs can be described in seven consecutive steps (Figure 1). At the 

beginning of the cycle, upon entrance of the substrate into the active site, the resting state 

heme iron bound water is displaced (1, 2).  The loss of water coordination of the heme causes 

a spin shift of the heme iron from a low-spin to a high-spin state, which in turn allows for 

reduction of the iron by the first electron delivered from the redox partner (3). Subsequently 

the iron binds oxygen and forms an oxy-ferrous complex (4). The second electron transfer 

reduces the oxy-ferrous complex and produces a negatively charged iron-peroxo complex, 

which is then protonated and forms an iron-hydroxyperoxo complex (5a and 5b). Subsequent 

protonation event allows for formation of the reactive iron-oxo complex also referred to as 

compound I, and release of water (6). The final step of the reaction is oxidation of the 

substrate by the reactive compound I and release of the product (7). The cycle can be 

interrupted, which in turn may result in so called “electron uncoupling”, meaning that not all 
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electrons delivered to the heme iron are contributing to product formation. There are three 

uncoupling pathways: autoxidation shunt, peroxide shunt and oxidase shunt. The autoxidation 

shunt takes place when transfer of the second electron is disturbed. The peroxide shunt is 

caused by the disintegration of the iron-hydroxyperoxo complex and release of hydrogen 

peroxide. The oxidase shunt appears when the iron-oxo complex does not oxidate the 

substrate but water instead. The uncoupling reactions do not only decrease the turnover 

number but can also damage the enzyme and its host cell by production of hydrogen 

peroxide.21–23 

Cytochrome P450 monooxygenase catalyze a slew of different reactions by insertion of single 

oxygen atom into the substrate. CYP catalyzed reactions include aliphatic hydroxylation, 

aromatic hydroxylation, N- and O-dealkylation, deamination, desulfurization, etc..24,25 CYPs 

have been successfully applied in industrial processes, and have high potential for synthetic 

applications.10 

 

1.1.3 Classification of CYPs by redox partner type 

Cytochrome P450 monooxygenases require two electrons for their catalytic activity, in most 

of the CYPs the electrons are delivered to the heme by an external redox partner. Based on the 

natively associated redox partners the family can be divided into at least ten classes  

(Figure 2 on the following page).26 

Class I CYPs (Figure 2A) are mostly of prokaryotic origin, and constitute the biggest group 

amongst known prokaryotic CYPs. Exception in this class are mitochondrial CYPs (Figure 

2B), which differ from the bacterial class I enzymes by the fact that the CYP and ferredoxin 

reductase are respectively membrane bound and membrane associated. Class I CYPs natively 

accept electrons from a ferredoxin (iron-sulfur cluster protein), which is shuttling them from 

NAD(P)H dependent ferredoxin reductase. The most prominent member of this class is 

CYP101A1 from Pseudomonas putida (P450cam), which is one of the most studied CYPs 

and model system for studying the reaction mechanism. Class II CYPs (Figure 2C) constitute 

the biggest group amongst eukaryotic CYPs. In this class electrons are delivered to the heme 

by the two domain diflavin cytochrome P450 reductase (CPR). The reductase contains FAD 

and FMN cofactors and transfers the electrons from NADPH. In this class both CYP and CPR 

are membrane bound. 
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Figure 2: Schematic representation of different electron transfer chains in CYPs. (A) Class I, prokaryotic 
system; (B) class I, mitochondrial system; (C) class II microsomal system; (D) class III, prokaryotic 
system; example P450cin; (E) class IV, prokaryotic thermophilic system; (F) class V, prokaryotic [Fdx]–
[P450] fusion system; (G) class VI, prokaryotic [Fldx]–[P450] fusion system; (H) class VII, prokaryotic 
[PFOR]–[P450] fusion system; (I) class VIII, prokaryotic [CPR]–[P450] fusion system; (J) class IX, 
soluble eukaryotic P450nor; (K) independent eukaryotic system, example P450TxA. (Adapted from 
Hannemann et al. 2007)26 

 
 
 
 

Class III CYPs (Figure 2D) similarly to class I, are natively part of a three component 

electron transfer chain, but here the electrons are transferred from the NAD(P)H via the FAD 

containing flavodoxin reductase and the FMN containing flavodoxin (as compared to class I 

iron-sulfur cluster ferredoxin) to the CYP. Up to now only prokaryotic CYPs were described 

to belong to class III. Class IV (Figure 2E) was introduced after identification of the 

thermophilic CYP119 from Sulfolobus solfataricus,27 it was the first characterized CYP which 

did not require a NADP(H)-dependent flavoprotein. In class IV the electrons are shuttled from 

a 2-oxoacid:ferredoxin oxidoreductase to the ferredoxin and then to the CYP. Class V 

systems (Figure 2F) similarly to class I consist of three domains: ferredoxin reductase, 

ferredoxin and CYP, but in this class the CYP and ferredoxin are one fusion protein. Class VI 
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systems (Figure 2G) contain a flavoprotein reductase and a fusion protein of a flavodoxin and 

a CYP. Class VII (Figure 2H) CYPs are fusion systems analogous to class I, combining CYP, 

ferredoxin and ferredoxin reductase into one protein. In this class electrons are transferred 

from NADH to a FMN cofactor and reach the heme via an iron-sulfur cluster domain. Class 

VIII (Figure 2I) contains other fusion protein systems. Those enzymes are fusion equivalents 

of class II where the CYP domain is fused with diflavin reductase component. The most 

prominent member of this class is the widely studied CYP102A1 from Bacillus megaterium 

(P450BM-3). Class IX (Figure 2J) up to now only contains CYP55 superfamily, and it is the 

only group of soluble eukaryotic CYPs. Enzymes from this class are independent from 

electron transfer proteins and use NADH directly as an electron donor. Class X (Figure 2K) is 

also a class of redox partner-independent CYPs. In this class, the reaction is catalyzed using 

intramolecular electron transfer systems.  

For many newly identified CYPs the natural redox partners are not known, therefore artificial 

electron transfer chains are established.28 Those electron transfer chains are often combined 

into artificial fusion proteins containing the redox partner domains of classes VII or 

VIII.29,30 In the CYP systems combining non-natural redox partners, the electron transfer can 

be rate limiting factor, which is often caused by the non-optimal CYP-redox partner 

interactions. In chapters 3.3, 3.4 and 5.3, strategies aiming at improving those interactions by 

rational CYP-redox partner interface and linker re-design are described. 

In this dissertation a simplified classification of CYPs will be used. The simplified 

classification is restricted to two classes. It is based on similarity of the smaller classes to 

class I and class II CYPs, which account for over 90% of all known family members.31 The 

simplified class I contains members of the previously described classes I, III, IV, V, VI, and 

VII. All those CYPs require iron-sulfur cluster proteins or flavodoxins as electron donor 

partners and are in majority of prokaryotic origin.  The simplified class II contains eukaryotic 

CYPs either self-sufficient or accepting electrons from CPR-type reductases and prokaryotic 

fusion systems containing the diflavin reductase. Self-sufficient CYPs were included in class 

II because of their mostly eukaryotic origin and structural similarity to other class II CYPs. 
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1.1.4 Sequence and structure diversity of CYPs 

Cytochrome P450 monooxygenases share a common fold but as in many other protein 

families the sequence identity between the family members can be lower than 15%.32,33 Even 

though the global sequence identity between CYPs is often low, there are certain positions 

which are conserved in the majority of those enzymes. The heme binding cysteine is the only 

fully conserved position in all CYPs. Another position important to the catalytic mechanism is 

a highly conserved threonine located on the α-helix I (Fig. 3).34–36 There are few other 

positions and motifs described as conserved (e.g. the EXXR-motif37), but all of those 

positions were identified in studies covering only a limited section of the CYPs’ sequence 

space. In the chapters 3.1 and 5.1 the first conservation analysis of all CYPs collected in the 

CYtochrome P450 Engineering Database (www.CYPED.BioCatNet.de) is described.31 The 

analysis revealed highly conserved positions which were up to then not described to be 

conserved, and showed interesting differences in conservation of functionally relevant 

positions in class I and class II CYPs. The analysis was enabled by establishing two class-

specific standard numbering schemes for CYPs, which allow for easy communication and 

comparison of structurally corresponding amino acid positions between different CYPs. 

The first structure of a cytochrome P450 monooxygenase was the CYP101A1 from 

Pseudomonas putida (P450cam) with its natural substrate camphor in the binding pocket.38 

The structural elements constituting CYP-fold were named and numbered accordingly to this 

structure (Figure 3 on the following page).38  
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Figure 3: Schematic representation of the CYP-fold. α- and β-domains are separated by black 
outlines. α-helixes are shown as blue rectangles. β-strands are shown as pale yellow arrows, 
which are grouped into β-sheets by dotted outlines. (Adapted from Werck-Reinhart and 
Feyereisen 2000).8 

 
 

The CYP-fold consists of thirteen conserved α–helices and five β–sheets, 38,39 the α–helices 

are alphabetically named A-L and the β–sheets are numbered 1-5. In this conserved fold six 

substrate recognition sites (SRSs) covering most of the substrate binding pocket and substrate 

entrance were identified (Figure 4 on the following page).40 SRS1 is located on the β-strand 1-

5-loop-α-helix B’, SRS2 is located on α-helix F, SRS3 on α-helix G, SRS4 on α-helix I, 

SRS5 covers β-strand 1-4 and the neighboring loops, and SRS6 spans over β-strands 4-1 and 

4-2. SRS2 and 3 constitute most of the substrate access channel, whereas SRS1, 4, 5, and 6 

form the walls of the binding pocket. Because the SRS positions not only directly interact 

with the substrate but also contribute to the general architecture and flexibility of the binding 

pocket, it is clear that some SRS positions will be more significant for the determination of 

selectivity and specificity than other. Thus, with the sequence-based literature mining 

algorithm (SBLMA) described in the chapters 3.2 and 5.2, a new method developed and 

implemented into the CYPED to allow for identification of positions influencing selectivity 

among wide range of CYPs. 
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Figure 4: Substrate recognition sites on the structure of CYP102A1 (PDB: 1BVY). Heme is shown as red 
sticks, SRSs are highlighted in color, SRS1 green, SRS2 blue, SRS3 yellow, SRS4 orange, SRS5 cyan, 
SRS6 magenta.  

  

In the current version of the CYPED (est. late 2014) 595 structures of 119 CYPs are stored. 

Majority of the structures come from prokaryotic organisms, this might be due to synthetic 

potential of those enzymes, but also more feasible crystallization process in comparison to 

membrane bound CYPs like the plant enzymes. There are crystal structures of plant CYPs 

only from the homologous family CYP74A which contains self-sufficient enzymes.41,42 The 

difficulty with crystallization of plant CYPs might come from their membrane bound 

character and low solubility.8 One of the other big challenges in CYP crystallography is 

obtaining structures of CYP-redox partner complexes. Up to now there are structures of three 

CYPs published with full or incomplete redox partners bound to a similar region of their 

proximal surfaces (Figure 5 on the following page). The first one was a structure of the 
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CYP102A1 heme domain with its reductase FMN domain (Figure 5A),43 the only animal 

CYP with a partial redox partner is class I CYP11A1 with partial adrenodoxin bound to its 

proximal surface (Figure 5C).44 The most recent crystal structure of CYP-redox partner 

complex was CYP101A1 with putidaredoxin, which was published in mid-2013 (Figure 

5B).45,46 The latter is probably the most reliable, because it contains complete structure of the 

redox partner and was reproduced by two independent groups using different methods. The 

structure of CYP101A1 with putidaredoxin confirms the proximal surface binding, which was 

already observed in the two previous crystals.  

In the chapters 3.3 and 5.3 the current knowledge on the CYP-redox partner interactions is 

extended by identification of the redox partner interaction sites (RPIS), and is used in 

engineering of the CYP-redox partner interactions. 

 

Figure 5: CYP-redox partner crystal complexes, the redox partners interact with a similar part of CYPs 
proximal surface. CYP102A1 heme and FMN domains (A, PDB: 1BVY), CYP101A1 with full length 
putidaredoxin (B, PDB: 3W9C) and CYP11A1 with partial adrenodoxin (C, PDB: 3N9Y). 
 
 
 

1.2 Protein engineering 

Protein engineering is a process aiming at improving selected properties of a protein by 

altering its sequence and structure.47 Protein engineering can be divided into 3 steps: selection 

of the protein sites to change, introduction of the changes and screening of variants.48 Here 

the first step – selection of the best sites for changes will be introduced. This part of the 

protein engineering process can benefit from computational analyses, like the ones presented 

in this dissertation. One can organize protein engineering strategies into two major groups: 

random mutagenesis and rational design. As the names suggest, random mutagenesis is 

based on introduction of amino acid mutations at arbitrary sites of the protein, whereas 
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rational design points to specific regions or positions of the protein with a hypothesis 

proposing their significance for improvement of a specific property. 

The most prominent protein engineering strategy using random mutagenesis is directed 

evolution. The method consists of two iteratively repeated steps, random mutagenesis and 

screening for promising variants.49,50 Since the total library size is directly related to the 

success of the method, it requires efficient high-throughput screening assays. Nevertheless 

with limited number of directed evolution cycles the number of variants necessary for 

screening is not prohibitive and the method proved to be successful on many occasions.51  

Insights gathered from directed evolution studies, functional studies of enzymes, crystal 

structures and systematic analyses of protein families, provide constant expansion of 

knowledge about the biocatalysts and carry a promise of highly effective rational methods 

requiring much less screening effort.48,52,53 Rational protein design can be divided into 

structure and sequence-based. In general rational design is supported by computational 

analyses of the of interest protein and its homologues, and aims at understanding and 

improving its properties.54 Structure-based rational design efforts are built on the studies of 

protein crystal structures or homology models and their interactions with ligands or other 

proteins.55 Based on this strategy it is possible to identify specific regions and positions of the 

protein that are interacting with the substrate and therefore influence the enzymes selectivity, 

specificity or activity.56 Structure based approaches can be also used for protein stabilization. 

Molecular dynamics simulations can aid protein stabilization efforts by allowing for 

identification of flexible regions in the proteins or virtual screening of protein variants to find 

end eliminate destabilizing mutations.57 The methods behind the structure-based protein 

design, like molecular dynamics simulations and molecular docking are also often used to 

understand molecular basis of selectivity and specificity of enzymes. In the chapter 3.6 a 

method that can be used to estimate selectivity of CYPs is applied. The method can be used to 

elucidate the molecular basis of selectivity, and for virtual screening of CYP libraries. 

Sequence-based rational design methods are based on comparison of amino acid sequences 

between homologous proteins and identification of functionally relevant positions.53,58,59 

Sequence-based methods have relatively low computational requirements and are often used 

to provide additional data to other design methods. Sequence-based methods were used in this 

dissertation to improve the CYP-redox partner interactions (chapters 3.3 and 5.3), re-design 
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linkers for fusion protein (chapter 3.4), and design thermostable variants of adrenodoxin 

reductaseb (chapter 3.5).  

The rational protein design methods are often combined with site-saturation mutagenesisc in 

so called “semi-rational protein design” efforts.60,61 Presented in chapter 3.6 library of 

CYP101A1 variantsd was generated under the premises of semi-rational design. Based on 

structure of the enzyme and known from the literature selectivity determining positions, set of 

residues was selected and subjected to the site-saturation mutagenesis. The semi-rational 

protein design combines benefits of both rational design and random mutagenesis: it requires 

limited screening efforts in comparison to directed evolution, but does not require hardcore 

computational analyses to pin-point specific interaction determining properties of interest. 

Since semi-rational design generates protein libraries, it is especially suitable to projects 

where panels of substrates are of interest.  

Activity, selectivity and stability are major areas of interest in protein engineering of CYPs. 

Limitations in those fields have been described as crucial to overcome for CYPs to be 

successfully applied in industrial processes.11,62,63 All of the protein engineering technics 

described in this chapter have been successfully applied to improve activity,60,64 

selectivity,30,65 specificity58,66 and stability67,68 of CYPs. Nevertheless, these efforts are 

dispersed in the abundance of studies on CYPs, and while numerous reviews on those topics 

allow to keep track of the advancements in the field,10,11,28,62,69,70 it is often difficult to transfer 

this knowledge to the enzyme of interest. Therefore, by systematically analyzing sequence, 

structure and literature information about CYPs, this dissertation aims at providing tools and 

guidelines to aid rational protein engineering of CYPs. 

 

 

																																																													
b Adrenodoxin reductase (AdR) together with adrenodoxin are redox partner of class I mitochondrial CYPs 
c Site-saturation mutagenesis is a method allowing for substitution of a specific protein site with all 20 amino 
acids at once.262 
d Generated by Dr. Paul Kelly at the University of Manchester	
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2. The aim of this work 

 

The aim of this work was to establish strategies for protein engineering of CYPs. The 

strategies comprising this dissertation aim at overcoming shortcomings in stability, selectivity 

and activity of the cytochrome P450 monooxygenase systems. This aim was achieved thanks 

to conclusions drawn from the systematic sequence, structure and literature analyses, as well 

as molecular modeling. The work was done in the framework of following projects: 

- establishing of class-specific standard numbering schemes for cytochrome P450  

monooxygenases, and amino acid conservation analysis (chapters 3.1 and 5.1), 

- identification of universal selectivity determining positions by systematic literature 

mining (chapters 3.2 and 5.2), 

- identification of redox partner interaction sites in cytochrome P450 monooxygenases 

(chapters 3.3 and 5.3), 

- establishing of a strategy for re-designing of the linker region in cytochrome P450 

fusion systems (chapter 3.4), 

- systematic approach to sequence-based thermostabilization of bovine adrenodoxin 

reductase (chapter 3.5), 

- molecular modeling of CYP101A1 stereoselectivity towards methylated ethylbenzene-

derivatives (chapter 3.6). 
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3. Results  

	

The results presented here focus on the new insights into the cytochrome P450 

monooxygenase (CYP) systems, which allowed establishing strategies for protein engineering 

of CYPs. Those strategies are based on the research enabled by application of already existing 

and new methods to analyze sequence, structure and function of this enzyme family. Parts of 

this thesis were already published or submitted for publication, and can be found in the 

chapter 5. 

 

3.1 Class-specific numbering schemes for cytochrome P450 

monooxygenases  

In the study “Conservation analysis of class-specific positions in cytochrome P450 

monooxygenases: functional and structural relevance”31 (complete results and discussion on 

this subject are included in the chapter 5.1), two class-specific numbering schemes for CYPs 

were established and used to perform the first conservation analysis of a large set of CYP 

sequences. This work was done under supervision of Prof. Dr. Jürgen Pleiss and in 

collaboration with Dr. Constantin Vogele, who is the co-author of the standard numbering 

scheme generation methodology.71 Dr. Vogel significantly contributed to the generation of the 

numbering schemes for CYPs by providing technical expertise in the database handing and 

especially the numbering scheme methodology. The standard numbering schemes for protein 

families allow for unambiguous assignment of the standard positions to a group of proteins 

(Figure 6 on the following page). This in turn allows for sequence-based identification of 

structurally corresponding positions even in protein with low sequence identities, and enables 

communication about protein residues with use of family-wide standard position numbers. 

The numbering schemes implemented into the Cytochrome P450 Engineering Database 

(www.CYPED.BioCatNet.de) not only allowed for identification of the conserved positions, 

but also constitute pillars for the analyses presented in the subsequent chapters. 

																																																													
e University of Stuttgart 



Results 
 

24	
	

 

Figure 6: Functioning of a standard numbering scheme. A structure-guided reference 
alignment is the basis for a standard numbering scheme. The reference alignment 
contains a reference sequence which is the donor of standard position numbers – all 
positions in the protein family are numbered after this protein. To number any protein in 
the family, its sequence (query sequence) is aligned to the reference sequence using a 
hidden markov model generated from the reference alignment. The standard positions 
are subsequently transferred from the reference sequence to the query sequence. 

 

Because of different structural features of class I and class II CYPs, two standard numbering 

schemes for CYPs were generated.72 Differences in the length of loops and presence or 

absence of α-helix J’ in different groups of CYPs prohibited generation of a sequence profile 

robust enough to cover diversity of the whole family. The most studied representatives of 

CYPs were selected as the reference sequences: CYP101A1 from Pseudomonas putida 

(P450cam) and the heme domain of CYP102A1 from Bacillus megaterium (P450BM-3), for 

class I and class II, respectively. To allow for conversion between class I and class II 

numbering schemes, a conversion table based on a structure-guided sequence alignment of the 

reference proteins was established (Table S1 on pages 143-145).  

To present utility of the standard numbering schemes, amino acid conservation analysis of 

CYPs was performed. The analysis covered a set of sequences collected in the updated 

version of the CYPED. The database included 16732 sequences representing 13478 proteins 

and 408 PDB structures representing 72 proteins. All sequences were assigned into classes 

according to the simplified version of family classification by Hannemann et al. (full 

description in chapter 1.1.3, page 13),26 which resulted in 3776 class I and 12113 class II 

sequences. The amino acids in all sequences were numbered accordingly to the class-specific 

standard numbering schemes, and amino acid frequency was calculated for each standard 

position. A position was considered conserved if a single amino acid or amino acids with 
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certain properties (aromatic, hydrogen-binding, charged, hydrophobic) were present in more 

than 80% of all sequences in the respective class. The conservation analysis revealed 16 and 

17 positions with single amino acid conserved in class I and class II, respectively, 2 and 8 

positions with aromatic amino acids, 3 positions with hydrogen-binding amino acids, 12 and 9 

positions with charged amino acids, 30 and 20 positions with hydrophobic amino acids. The 

analysis of identified conserved positions showed that 15 were not described in the literature 

for CYP101A1 or CYP102A1. The identified conserved positions comprise a set of 

functionally or structurally relevant residues, which should not be mutated in the protein 

engineering efforts. This is due to the high risk of disturbing the proteins function and 

structure.  However, mutations at those positions might be positive in outlier sequences where 

the conserved amino acid is not present. The set of conserved positions in CYPs is basis for 

one of the guidelines to protein engineering of this enzyme family. 

Comparison of the conservation analysis results between the two classes revealed interesting 

class-specific differences in the heme interacting: charged residues at standard positions 83, 

112, 299, 355 and 69, 100, 333, 398 in class I and class II, respectively (Figure 7 on the 

following page), and histidine/tryptophan at positions 110 and 96 in class I and class II, 

respectively (Figure 8 on the following page). Class-specific conserved charged amino acids 

were described to stabilize the heme, influence its redox potential or to be part of the electron 

transfer route.18,38,73–75 The differently conserved histidine/tryptophan residue was described 

in CYP102A1 to stabilize the heme and be involved in its incorporation.76 Differences in 

amino acid conservation at those standard positions suggest functional differences in those 

areas in the two classes. Those differences may be important for mediating the heme redox 

potential and electron transfer, to be compatible with different redox partners. The 

conservation analysis also revealed few conserved positions on the CYP proximal surface, but 

with the knowledge from the further analyses (chapter 5.3) these residues are not regarded to 

be relevant for the CYP-redox partner interactions. 
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Figure 7: Schematic representation of conserved arginine residues in the heme environment in A) class I 
and B) class II CYPs. Heme interacting residues corresponding between the classes are in the same rows 
of the tables. In class II CYPs, heme propionate A can be involved in interaction with lysine at position 69 
or with arginine at position 70. The amino acid distribution at position 70 in class II and the 
corresponding position 84 in class I is shown in parenthesis. 
 

 

 

 

Standard	position	 Amino	acid	
Class	I	108	 H(84%);	W(13%)	
Class	II	96	 H(8%);W(84%)	

 
Figure 8: Heme interacting class specific histidine or tryptophan in class I (A) and class II (B) respectively.  
Class I is represented by the structure of CYP108A (P450terp, PDB: 1CPT – position 110 is 
corresponding to standard position 108) and class II by the structure of CYP102A1 (P450BM-3, PDB: 
1BVY). 
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3.2 Universal selectivity-determining positions in cytochrome 

P450 monooxygenases  

In the study “Identification of universal selectivity-determining positions in cytochrome P450 

monooxygenases by systematic sequence-based literature mining”77 (complete results and 

discussion on this subject are included in the chapter 5.2), a sequence-based literature mining 

algorithm (SBLMA) was developed and used to find the most frequently mentioned in the 

literature structurally corresponding positions of CYPs. The identified positions are located on 

substrate recognition sites and influence selectivity among a diverse set of CYPs. This work 

was done under supervision of Prof. Dr. Jürgen Pleiss, and in collaboration with Dr. 

Constantin Vogelf, who implemented storing of literature mining results into the CYPED data 

model78 and displaying them on the web interface. The sequence-based literature mining 

algorithm is tightly implemented into the CYPED and uses its sequence data as a basis for the 

literature mining. The algorithm can be divided into four steps (Fig 20 on page 100). In 

the first step, the algorithm uses the descriptions of sequences from the CYPED to extract the 

CYP namesg. In the second step, the PubMed database79 is searched to find abstracts 

mentioning the CYP names from the CYPED. Subsequently, the abstracts mentioning the 

CYP names and if possible corresponding supplementary materials and full text articles are 

acquired. In the third step of the algorithm, all acquired literature files pass through custom 

filters identifying mentions of amino acid positions and mutations (e.g. F87A, F87, 

phenylalanine 87, Phe87, Phe at position 87). In the fourth step, the identified positions are 

matched to the sequence corresponding to the CYP name used to acquire the article from 

which they originated. The positions are rejected if the amino acid mentioned in the literature 

at a certain position is not matching to the one on the respective sequence. Afterwards the list 

of positions found in the literature is manually verified, to check if the publication is in fact 

mentioning the respective CYP. The complete list of sequences, CYP names, positions found 

in the literature, and PubMed identifiers is parsed to the CYPED. Standard numbering 

schemes implemented into CYPED were used for analysis of the positions mentioned in the 

literature. This allowed for reliable comparison of all sequences to find the structurally 

corresponding positions, and facilitated communication about the most frequently mentioned 

positions. Class I standard potions were converted to class II standard positions using the 

previously described conversion table (Table S1 on pages 143-145).31 
																																																													
f University of Stuttgart 
g According to the Nelsons’ nomenclature (i.e. CYP101A1) and based on the P450 prefix (i.e. P450cam) 
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Before the literature mining was performed, the cytochrome P450 engineering database was 

updated to contain currently available sequences and structures of CYPs. The updated 

resulted in 52674 sequences corresponding to 41513 sequences and 595 PDB structures 

corresponding to 119 proteins. This was more than three-fold increase in the number of 

sequences and over 60% increase in the number of proteins with known structure, since the 

last update (two years before). The SBLMA allowed to find over 53000 scientific articles 

mentioning CYPs collected in the CYPED, among which 2400 articles contained mentions of 

4000 residues of 168 CYPs. The found residues could be assigned to 440 structurally 

corresponding standard positions of the CYP fold, which covers 96% of all standard 

positions.  

To test completeness of the gathered data, the results of SBLMA for CYP102A1 (P450BM-3) 

were compared to an extensive list of CYP102A1 mutations published in a review from mid 

of 2011.80 The SBLMA found 198 CYP102A1 positions to be mentioned in the literature, 

whereas the review cited 179 mutations. The algorithm identified 82 positions, which were 

not found in the review, whereas the review cites 63 positions not found with the SBLMA. 

Those results suggest that there are at least 261 CYP102A1 positions mentioned in the 

literature. The SBLMA failed to find 24% of positions mentioned for the benchmark CYP, 

which is an estimate for the general completeness of the gathered data. The false negatives 

were result of the restricted access to full text articles. It was possible to download full text 

articles only 22% of all identified articles. 

Almost 4000 residues from 168 CYPs mentioned in the literature are represented by 440 

structurally corresponding standard positions of the CYP-fold. Less than 10% of those 

positions were located on loops which could not be assigned to the standard positions based 

on the CYP102A1 numbering. The most frequently mentioned positions were found to be part 

of the substrate recognition sites (SRSs) and the cysteine pocket (Figure 9 on page 30). The 

average number of CYPs mentioned per standard position for the 98 SRS positions was 18, 

for the 14 cysteine pocket positions it was 14.5 whereas for the 407 remaining positions it was 

only 5. In the substrate recognition sites there were 38 positions mentioned for more than 18 

CYPs: thirteen positions from the SRS1, five SRS2 positions, one SRS3 position, nine SRS4 

positions including four conserved position, seven SRS5 positions including one conserved 

position and three SRS6 positions. Two conserved cysteine pocket positions (out of 14) and 

only four positions (out of 328) outside SRSs and the cysteine pocket were mentioned in the 

literature for more than 18 CYPs. This ranking shows high significance of SRS1, 4 and 5 
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which encircle access to the heme. I have proposed that the SRS positions, which were 

mentioned in context of the highest number of CYPs, most probably, also influence 

selectivity of a wide range of CYPs and can be announced “universal selectivity-determining 

positions”. The influence of those positions on selectivity of CYPs with low sequence identity 

was confirmed by manual validation of the found articles (chapter 5.2). The universal 

selectivity determining positions constitute one of the guidelines for protein engineering of 

CYPs. Utilization of those positions can be especially helpful in protein engineering efforts of 

CYPs without known structure, for which it is not possible to study interactions between the 

enzyme and substrate of interest. The set the universal selectivity determining positions can 

be identified in any CYP with use of the standard numbering scheme tool available via the 

CYPED web interface (www.CYPED.BioCatNet.de). 
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Figure 9: Plot show
ing the num

ber of C
Y

Ps w
ith described standard positions in articles about polym
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here certain 
properties (arom
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3.3 Redox partner interaction sites in cytochrome P450 

monooxygenases 

In the study “Redox partner interaction sites in cytochrome P450 monooxygenases: in silico 

analysis and experimental validation”81 (complete results and discussion on this subject are 

included in the chapter 5.3), redox partner interaction sites in CYPs were identified and a 

generic strategy for improvement of the electron coupling efficiency and catalytic activity 

based on modifications of the CYP-redox partner interactions was introduced. This work was 

done under supervision of Prof. Dr. Jürgen Pleiss, and in collaboration with Dr. Martin J. 

Weissenbornh, Sara M. Hoffmannh, Niels Borlinghaush and Prof. Dr. Bernhard Hauerh who 

performed the experimental characterization of the designed variants. This project was built 

on the fundaments set by the work presented in the two previous chapters. The standard 

numbering schemes allowed for identification of structurally corresponding positions between 

diverse CYPs, and the literature mining provided a list of proximal surface positions 

mentioned in the literature. Regions involved in the CYP-redox partner interactions were 

identified based on the analysis of the literature information and called redox partner 

interaction sites (RPISs). The strategy for improvement of the CYP-redox partner interactions 

takes advantage of the identified RPISs and numbering schemes, which allow for transferring 

of the structurally corresponding hot spot positions between all CYPs. 

Described in the literature interfaces between mammalian class II CYPs and the cytochrome 

P450 reductases (CPR) were analyzed to identify the RPISs. Mammalian class II CYPs were 

selected as a basis for the analysis because of their high sequence diversity and the fact that 

multiple class II CYPs from one organism accept electrons from a single reductase. Because 

of their high similarity to human CYPs there is a large amount of published information about 

those enzymes. The SBLMA results were analyzed to find positions of the CYPs proximal 

surface, which were described in the literature to influence the mammalian CYP-CPR 

interactions (Table 1 on page 33). The literature mining revealed 25 class II standard positions 

corresponding to 45 residues described to influence the CYP-CPR interactions in 10 

mammalian CYPs.  

To check if the described positions are conserved in the set of 47 human class II CYPs 

accepting electrons from a single human CPR, the amino acid conservation analysis of those 

positions was performed. The analysis showed no significant conservation besides the known 
																																																													
h University of Stuttgart 
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partially surface accessible, heme interacting residues at standard position 100 identified in 

the conservation analysis of all CYPs,31 and the hydrophobic residue at standard position 112. 

Similarly, the analysis of the whole proximal surface did not reveal more conserved positions 

specific to this group of CYPs. This surprisingly shows that the CYP-CPR interactions are not 

conserved in the set of human CYPs accepting electrons from a single reductase. The 

conservation of the human RPIS positions was compared to the conservation of all class I and 

class II CYPs (Table 1 on the following page). The results revealed that the average 

difference in amino acid frequency at those positions between 47 human class II CYPs and 

11000 class II CYPs was 10% (excluding the outlier positions 386 and 386.1). The RPIS 

residues are similarly conserved in all class II CYPs suggesting similar significance as in 

human class II CYPs. The amino acid frequencies at those positions in class I differed on 

average 21% from human class II CYPs. Those results were expected because of differences 

in fold and size of class I (ferredoxins) and class II (diflavin reductases) redox partners 

interacting with CYPs. This difference in amino acid composition suggests some divergence 

in the CYP-redox partner interaction sites.  
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Table 1: The set of mammalian class II positions described to be involved in the CYP-CPR interactions. 
The table consists of class II standard numbering positions, corresponding CYP names and amino acid 
positions, amino acid property at the standard position, conservation of the property among human class 
II, class II and class I CYPs and redox partner interaction site number.  Amino acid properties were 
assigned as follows, positive charge: H, K, R, negative charge: D, E, polar: C, N, Q, S, T, hydrophobic A, 
G, I, M, L, P, V. 
 

Class II 
std. pos. 
number 

CYP name and amino acid 
position 

Amino acid 
property 

Conservation 
of the property 
in human 
CYPs 

Conservation 
of the property 
in class II 
CYPs 

Conservation 
of the property 
in class I CYPs 

Redox 
partner 
interaction 
site 

59 CYP1A1(K94)82, CYP3A4(K91)83 positive charge 82% 60% 43% 1 

63 CYP1A1(K99)82,CYP17A1(K89)84, 
CYP19A1(K108)85 positive charge 24% 32% 10% 1 

65/65.1 CYP2D6(E96)86,CYP3A4(Y99)83, 
CYP3A4(C98)87 

negative 
charge 
/aromatic/polar 
 

43%/6%/28% 30%/6%/32% 20%/1%/13% 1 

68 CYP1A1(K105)82 positive charge 16% 9% 7% 1 

97 CYP2B4(R122)88, CYP3A4(K127)83 positive charge 59% 67% 33% 2 

99 CYP1A1(R135)82 positive charge 35% 22% 21% 2 

100 CYP1A1(R136)82, CYP3A4(R130)83, 
CYP2B1(R125)89, CYP1A2(R137)90 positive charge 92% 94% 98% 2 

101 CYP1A1(R137)82, CYP2B4(R126)88, 
CYP2C9(R125)91 positive charge 69% 67% 54% 2 

104 CYP3A4(S134)83 polar 37% 45% 57% 2 

108 CYP2B4(R133)88, CYP2D6(R140)86 positive charge 59% 29% 17% 2 

110 CYP2B4(F135)88, CYP21A1(R132)92 aromatic/ 
positive charge 14%/10% 13%/16% 1%/61% 2 

112 CYP2B4(M137)88 hydrophobic 90% 74% 91% 2 

113 CYP2B4(K139)88, CYP3A4(K143)83 positive charge 57% 50% 30% 2 

236 CYP2B4(V267)93 hydrophobic 55% 53% 50% 3 

239 CYP2B4(V270)93 hydrophobic 51% 23% 27% 3 

305 CYP3A4(Y347)83 aromatic 47% 38% GAP 4 

310 CYP17A1(R347)84 positive charge 43% 26% GAP 4 

319 CYP17A1(R358)84 positive charge 73% 54% 17% 4 

383 CYP2B4(L420)93, CYP19A1(K420)85 hydrophobic/ 
positive charge 8%/16% 30%/13% GAP 5 

386/386.1 CYP1A1(K440)82, CYP2B4(R422)88, positive charge 55%/63% 17%/5% GAP 5 

388 CYP3A4(Y430)83 aromatic 24% 40% GAP 5 

397 CYP1A1(K453)82, CYP2B4(K433)88, 
CYP2D6(R440)86 positive charge 51% 45% 7% 6 

399 CYP1A1(R455)82 positive charge 12% 10% 29% 6 

404 CYP3A4(R446)83 positive charge 31% 26% 27% 6 

407 CYP1A1(K463)82, CYP2B4(R443)88, 
CYP19A1(R449) positive charge 41% 24% 62% 6 
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Figure 10: Reductase interaction sites on the proximal surfaces and sequences of CYP101A1 (PDB code: 
3W9C45) and CYP102A1 (PDB code:1BVY43). The RPISs are highlighted in different colors: RPIS1 red, 
RPIS2 blue, RPIS3 yellow, RPIS4 green, RPIS5 purple, and RPIS6 orange. A: CYP101A1 structure with 
co-crystalized putidaredoxin (showed as grey cartoon), which rests over most of the RPISs. B: 
CYP102A1 structure with co-crystalized FMN domain of the reductase (showed as grey cartoon), which 
rests right over the RPISs. C: structure-guided sequence alignment by STAMP94 between CYP102A1 
(PDB code: 1ZOA)95 and CYP101A1 (PDB code: 1PHG)96 with marked RPISs. 
 

The positions identified to influence CYP-redox partner interactions in mammalian class II 

CYPs are located on six RPIS occupying most of the CYPs proximal surface, where 

putidaredoxin binds to the CYP101A1 and where the FMN domain of the CYP102A1 

reductase binds to the heme domain (Figure 10). The structures confirm that regions identified 

for human class II CYPs are also relevant for the CYP-redox partner interactions in other 

enzymes. Additional evidence based on literature data confirming the relevance of RPISs for 

diverse CYPs and redox partners are presented in the chapter 5.3.5 (discussion section of the 

“Redox partner interaction sites in cytochrome P450 monooxygenases: in silico analysis and 

experimental validation” manuscript). The literature data available about modifications of 

CYP-redox partner interactions in class I and class II enzymes, suggests that four RPISs are 

involved in the CYP-redox partner interactions in prokaryotic class I CYPs, five RPISs in the 

mitochondrial class I CYPs and all six RPISs in class II CYPs. A previously published review 
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from 2003 by Hlavica et al. provided an initial generalized view on the CYP-redox partner 

interaction, presented here analyses extend these information by providing details about class-

specific differences and identification of regions involved in the CYP-redox partner 

interactions.69 

 

To check if the identified positions also influence the catalytic activity and electron coupling 

of an interclass fusion system of CYP153A6 from Marinobacter aquaeolei (natively class I) 

and reductase domain of CYP102A1 from Bacillus megaterium (class II),30 I have designed a 

generic strategy aiming at mimicking the charges of RPIS residues on the reductases natural 

redox partner. Charge was chosen as a property to mimic, because of its reported high 

significance in the CYP-redox partner interactions.82,97,98 This strategy was designed to 

improve the CYP-redox partner interactions with a small number of variants. The positions 

for mutagenesis were selected from a set of the RPIS positions described for mammalian 

CYPs (Table 1 on page 33). Structurally corresponding amino acids at the RPIS positions 

were compared between CYP153A6 and CYP102A1 (Table 2 on the following page). The 

comparison was enabled by the standard numbering schemes. CYP102A1 positions (which 

are the class II standard positions) were compared to the CYP153A6 positions numbered 

using class I numbering scheme and converted to class II standard positions. Six structurally 

corresponding positions with different charge in the two proteins were selected for 

mutagenesis (Table 2 on the following page). In RPIS1, two variants were designed (L115K 

and S120D). Variants S122D and D125S were omitted because of similar change to the 

S120D and the greater distance to the center of the proximal surface (position of the proximal 

cysteine). In RPIS2, D153K and Q166K were designed. RPIS3 was described to be important 

for hydrophobic interactions and the proposed variants did not introduce hydrophobic 

residues. In RPIS4 and RPIS5, no positions were selected for mutagenesis because those 

regions are shorter in class I than class II CYPs (Figure 10 on the previous page) and reliable 

comparison of those regions between CYP153A6 and CYP102A1 was not possible. In RPIS6, 

variants R422Q and E425L were designed. Variant R399R was omitted because it is an 

immediate neighbor of the proximal cysteine and might disturb the enzymes’ activity.  
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Table 2: Comparison of amino acid residues at the CYP-CPR interaction interface between 
CYP102A1 and CYP153A6. Table consists of class II standard position numbers, amino 
acids at the corresponding positions in CYP102A1 and CYP153A6, position numbers in 
CYP153A6 and redox partner interaction site number. Positions selected for mutagenesis 
are in bold and highlighted grey, CYP153A6 amino acids were replaced by CYP102A1 
amino acids. 
 

 
Class II std. pos. 

number 
 

 
CYP102A1 

 

 
CYP153A6 

 

 
CYP153A6 pos. number 

 

 
Redox partner interaction 

site 
 

59 K L 115 1 

63 D S 120 1 

65 S D 122 1 

68 D S 125 1 

97 K D 153 2 

99 A Q 155 2 

100 H R 156 2 

101 N S 157 2 

104 L Q 160 2 

108 S A 164 2 

110 Q K 166 2 

112 M L 168 2 

113 K K 169 2 

236 H L 280 3 

239 N S 283 3 

305 Y - GAP 4 

310 Q - GAP 4 

319 L S 345 4 

383 S - GAP 5 

386 P - GAP 5 

388 H - GAP 5 

397 Q V 415 6 

399 A R 417 6 

404 Q R 422 6 

407 L E 425 6 

 
The designed variants were subsequently generated and characterized in the lab by the 

experimental collaborators in this project. It was possible to express all variants except the 

R422Q. The experimental validation of the designed variants revealed that in all cases the 

activity and electron coupling efficiency were changed in comparison to the wild type (WT). 

The electron coupling efficiency (Table 3 on the following page) revealed that WT with 68% 

was not the best and that variants K166Q and D153K had improved coupling efficiency: 76% 

and 89%, respectively. The variants S120D and E425L did not influence coupling efficiency 

in a noticeable way, whereas variant L155K showed decrease in coupling. The analysis of 
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initial reaction rates and conversion after 1h showed that WT was more active than all RPIS 

variants, with the best variant K166Q having 28% lower conversion after 1h and S120D 36% 

lower conversion, whereas the other three variants showed less than 50% conversion as 

compared to the WT (Table 3). The experimental characterization of designed variants 

confirms influence of the identified RPIS position on activity and electron coupling in an 

interclass CYP chimera. 

Table 3: Initial reaction rates, conversion after 1h and coupling efficiency of wild type CYP153A6-CPR 
and RPIS variants. The best values for each property are in bold. The measurements were performed in 
triplets and averaged, and standard deviations were calculated. 

	
 

WT 
 

L115K S120D D153K K166Q E425L 

Initial rate [µmol/min*µmol]	 23.2±0.7	 1.9±0.1	 5.3±0.7	 2.2±0.2	 10.6±0.6	 2.2±0.6	

Conversion after 1 h [%]	 80.1* 27.4±1.7	 44.4±6.0	 27.2±0.4	 52.8±3.7	 29.8±6.1	

Coupling efficiency [%] 
67.8±11.5 

 

56±1.4 

 

72.6±4.5 

 

76.2±5.4 

 

89.3±6.9 
 

63.1±2.8 

 

*one sample analyzed 
 
 
 

Identification of the redox partner interaction sites in CYPs, and establishment of a generic 

strategy for improvement of the CYP-redox partner interactions constitute one of the 

strategies for the protein engineering of CYPs. Engineering of this interaction is increasingly 

important because redox partners of many novel CYPs are not known, and those enzymes 

often are being combined with non-native redox partners to obtain catalytically active 

systems. Therefore, understanding of the CYP-redox partner interactions is the basis of a 

successful protein engineering strategy. 

 

3.4 The impact of linker length on cytochrome P450 

monooxygenase fusion constructs 

In this chapter results of cytochrome P450 monooxygenase fusion protein linker re-design are 

presented. This work was done under supervision of Prof. Dr. Jürgen Pleiss, and in 

collaboration with Sara M. Hoffmanni, Dr. Martin J. Weissenborni, Sandra Notonieri, Dr. 

Bettina M. Nestli and Prof. Dr. Bernhard Haueri, who initiated the project, contributed to 

design of the linkers and performed experimental characterization of the designed variants. 

CYP153A6 from Marinobacter aquaeolei used in this study was previously fused to redox 
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partner domains of different natural fusion proteins.99 Here, one of the fusion constructs was 

optimized by varying the linker region. 

CYP153A6 is natively a class I enzyme accepting electrons from ferredoxin and ferredoxin 

reductase.100 The artificial fusion constructs of this enzyme were created with redox partners 

containing ferredoxin and ferredoxin reductase (class I PFOR and RhF) as well as diflavin 

cytochrome P450 reductase (class II CPR).99 A CYP153A6-CPR fusion was generated by 

combining CYP153A6 with redox domains of CYP102A1 from Bacillus megaterium, 

coupled by a natural linker region that was extended by a 3xGGS peptide. CYP153A6-PFOR 

fusion was generated by combining CYP153A6 with redox domains of CYP116B3 from 

Rhodococcus ruber, natural linker was initially used in this system. CYP153A6-RhF fusion 

was generated by combining CYP153A6 with redox domains of CYP116B2 from 

Rhodococcus sp. and a natural linker. Initial reaction rates of crude lysates with dodecanoic 

acid as a substrate were compared between the three constructs. Results showed comparable 

activity of CYP153A6-CPR and CYP153A6-PFOR, whereas CYP153A6-RhF exhibited 

noticeably lower initial reaction rate (Table 4). The CYP153A6-PFOR construct was selected 

for optimizations by varying the linker length because like the natural CYP153A6 redox 

partner it also contains a ferredoxin domain delivering, which is delivering electrons to the 

CYP. 

Table 4: Initial reaction rates of crude extracts of CYP153A6 fusion constructs with dodecanoic acid as a 
substrate. The measurements were performed in triplets and averaged, and standard deviations were 
calculated, as described in chapter 5.3. 
  

CYP153A6-CPR 
 

CYP153A6-PFOR 
 

CYP153A6-Rhf 

Initial reaction rate [% s-1] 2.3  ± 0.4 2.1  ± 0.08 0.7  ± 0.03 

 

To learn more about the linker regions and establish basis for the rational design, previously 

established version of the Cytochrome P450 Engineering Database was analyzed.31 Fusion 

proteins homologous to the CYP116B3 (NCBI gi: 62869557) from the homologous family 

CYP116B were aligned using the Clustal omega alignment program.101 The numbering 

scheme-based alignment was not used in this case because the class-specific numbering 

schemes are limited only to the CYP-domains, and do not cover linker regions. The linker 

region was identified in 52 sequences of the CYP116B homologous family by annotating 

alignment columns corresponding to the CYP116B3 linker sequence (Figure 11A on the 

following page).102  
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Figure 11: Sequence analyses of the CYP116B homologous family linker regions. A: Sequence alignment 
of CYP116B homologous family members from CYPED. Only columns corresponding to the linker 
regions are presented. B: Conservation of amino acid properties in the liker region of CYP116B 
homologous family. Amino acids were assigned to seven groups based on the physiochemical properties: 
hydrophobic (AILMVC), positively charged (HKR), negatively charged (DE), aromatic (FWY), 
hydrophilic (NQST), proline and glycine. C: Prediction of the protein disorder of CYP153A6-PFOR with 
natural linker performed with the GeneSilico metaserver. Consensus of the different servers is presented 
in the last row. The Linker region is in the blue box 
 

Amino acid conservation analysis was performed for the linker region and conservation of 

amino acid properties for each linker position was also measured (Figure 11B). The results 

revealed that positions 1-2 and 8-16 of the linker had conserved amino acid properties (>70%) 

whereas region 3-7 was more variable (<50%). Protein disorder analysis performed using 

GeneSilico metaserver103 showed high probability of disordered structure in the linker region, 

which suggests that no secondary structure elements should be disturbed by modifications of 
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this region (Figure 11C).103 The sequence of CYP153A6-PFOR with its natural linker was 

used for the protein disorder analysis. 

Based on the knowledge gained by the sequence analyses a generic strategy for linker design 

with redox partners from CYP116B homologous family was proposed. Since the C-terminal 

part of the linker region (positions 8-16) contains conserved residues and is connected to the 

unmodified redox partner, it was decided to leave this region unchanged. Thus, allowing to 

preserve possible interactions between the linker and redox partner. This part of the linker 

region also contains highly conserved glycine and proline residues. Those residues play an 

important role in the flexibility of the linker, and might be responsible for facilitating 

conformational changes necessary for the proper contact between the CYP and ferredoxin to 

occur. Additionally conserved amino acids at the linker N-termini (positions 1 and 2) were 

also kept unchanged.	Modifications of the linker length were conducted by variation of the 

less conserved region. Seven linkers (L1-L7) with different length were designed, two shorter 

and five longer than the natural (WT) linker (Table 5). 

Table 5: Different linker regions designed for the CYP153A6-PFOR 
fusion constructs. 
 
Linker 
 

 
Length 
 

 
Sequence 
 

L1 11 VL-----VTIGEPSTR 

L2 14 VLQRQ--VTIGEPSTR 

WT 16 VLQRQHPVTIGEPSTR 

L3 18 VLVLQRQHPVTIGEPSTR 

L4 21 VLQRQVLQRQHPVTIGEPSTR 

L5 24 VLQRQHPVVLQRQHPVTIGEPSTR 

L6 29 VLQRQVLQRQHPVVLQRQHPVTIGEPSTR 

L7 32 VLQRQHPVVLQRQHPVVLQRQHPVTIGEPSTR 

 

The designed variants were subsequently generated and characterized in the lab by the 

experimental collaborators in this project. The CYP153A6-PFOR fusion constructs with 

seven designed linkers (L1-L7) were genetically engineered by QuikChange© and via an 

oligo annealing method and expressed in BL21(DE3) E. coli cells. All variants were 

experimentally characterized and compared to the construct with a natural linker (WT) and 

the CYP153A6-CPR fusion protein. Initial reaction rates with dodecanoic acid as a substrate 

and conversion after 1h were measured in vitro (Table 6 on the following page). The lysates 

containing 0.625 µM of the CYP variants were assayed at different time points at 30°C. The 
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reaction was quenched with HCl and the probes were extracted and derivatized followed by 

GC-FID analysis. 

Table 6: Initial reaction rates and conversion of dodecanoic acid after 
1h measured for different CYP153A6-PFOR constructs and 
CYP153A6-CPR. The measurements were performed in triplets and 
averaged, and standard deviations were calculated, as described in 
chapter 5.3. 

Linker construct 
Initial reaction rate 

(nmolSubstrate/ 
[nmolP450 min]) 

Conversion 
1 h [%] 

CYP153A6-PFOR L1 9.6 57.0 ± 3.6 

CYP153A6-PFOR L2 8.64 92.5 ±1.9 

CYP153A6-PFOR WT 6.72 88.2 ± 2.0 

CYP153A6-PFOR L3 11.2 77.0 ± 1.2 

CYP153A6-PFOR L4 6.08 72.9 ± 6.0 

CYP153A6-PFOR L5 4.48 73.8 ± 7.2 

CYP153A6-PFOR L6 5.12 79.0 ± 1.2 

CYP153A6-PFOR L7 5.76 71.7 ± 1.6 

CYP153A6-CPR 7.36 91.6 ± 3.7 

Empty pET28 Vector - - 

 

Three CYP153A6-PFOR variants (L1, L2 and L3) exhibited increased initial reaction rate in 

comparison to the construct with WT linker region and CYP153A6-CPR construct. 

Conversion after 1h was the highest and similar between CYP153A6-PFOR WT, L2 and 

CYP153A6-CPR. Conversion after 8h, expression, and conversion after 8h relative to the 

concentration of the CYP were measured in vivo (Table 7).  

Table 7: Conversion after 8h, CYP concentrations and conversion relative to the CYP concentration of 
different CYP153A6-PFOR constructs and CYP153A6-CPR. The measurements were performed in 
triplets and averaged, and standard deviations were calculated. 

Linker Construct 
Conversion  

8 h/ gcww [%]  
Concentration of CYP 

[mg CYP/gcww] 
Conversion 8h /P450 

[%/mg CYP] 

Reaction rate after 2h 
[nmolSubstrate/ 
(nmolP450 min)] 

CYP153A6-PFOR L1 15.13 ± 4.69 0.08 229.40 ± 71.11 22.1 
CYP153A6-PFOR L2 61.24  ± 12.01 1.                                     67.96 ± 13.33 24.98 
CYP153A6-PFOR WT 42.54 ± 6.60 0.76 66.74 ± 10.36 14.76 
CYP153A6-PFOR L3 9.64 ± 2.59 0.1 109.62 ± 29.44 31.73 
CYP153A6-PFOR L4 33.97 ± 11.24 0.68 59.44 ± 19.66 21.08 
CYP153A6-PFOR L5 33.37 ± 18.58 0.79 50.60 ± 28.18 20.67 
CYP153A6-PFOR L6 62.06 ± 12.45 1.47 50.42 ± 10.12 21.73 
CYP153A6-PFOR L7 53.44 ± 17.35 1.1 57.90 ± 18.79 23.88 

CYP153A6-CPR 50.54 ± 17.55 3.41 17.69 ± 6.14 9.38 
Empty pET28 Vector 0 0 0 0 

 

The expression yields varied substantially between the constructs. Variants L1 and L2 showed 

substantially decreased expression yield, 10 and 7-fold lower than the construct with WT 
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linker region, respectively. Whereas the other variants showed improvement in expression 

yield, CYP153A6-CPR showed the highest expression yield 3-fold higher than the 

CYP153A6-PFOR WT. Activity of the constructs relative to the expression yield was 

compared between the variants. The highest conversion per nmol CYP during the first two 

hours was obtained with variants L2 and L3, 1.7 and 2-fold increase in comparison to the 

variant with WT linker region. Even though the variant L3 showed the highest conversion per 

nmol CYP, its conversion after 8h was only 10% because of low expression.  

The variant with linker L2 had the highest initial reaction rate, expressed with high yield, 

exhibited one of the highest conversions, and showed high activity in vitro. This variant also 

showed higher conversion per nmol CYP in comparison to CYP153A6-CPR and CYP153A6-

PFOR WT. Variant CYP153A6-PFOR L2 has only two amino acids shorter linker than the 

CYP153A6-PFOR WT, which shows that in this case no dramatic changes in the linker length 

were necessary. The strategy for re-designing the linker region based on the natural amino 

acid sequence of the natural linker region and systematic sequence analysis of homologous 

CYPs proved successful.  

The strategy presented here is part of the guidelines to protein engineering of CYPs. As 

mentioned in the previous chapter, redox partners of many novel CYPs are not known, and 

those enzymes are coupled with non-native redox partners and often combined into fusion 

proteins. In such fusion proteins not only the CYP-redox partner interface, but also the linker 

between CYP and redox partner, significantly influences CYPs activity. Therefore, the 

generic strategy described in this chapter is important in comprehensive protein engineering 

of CYPs. The method can be applied exactly as described here to fine-tune any other fusion 

construct with PFOR redox partner, or be easily adapted for engineering of other CYP fusion 

enzymes. 

 

3.5 Thermostabilization of bovine adrenodoxin reductase by 

sequence consensus approach 

In this chapter preliminary results of the adrenodoxin reductase thermostabilization are 

presented. This work was done under supervision of Prof. Dr. Jürgen Pleiss, and in 
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collaboration with Nina Beyerj, Marijke Jansmaj, Dr. Hein Wijmaj and Prof. Dr. Dick 

Janssenj, who initiated the project, performed the molecular dynamics simulations and 

experimental characterization of the designed variants. Adrenodoxin reductase (AdR) is part 

of the mitochondrial class I electron transfer systems. AdR transfers two electrons from 

NADPH through FAD cofactor to the adrenodoxin, which one at a time shuttles them to the 

CYP.26 AdR consists of FAD and NADPH binding domains, binds adrenodoxin, and requires 

conformational changes for its activity.104,105 Therefore it is a challenging protein for 

thermostabilization, because the introduced mutations must not negatively influence any of 

those functions. The thermostabilization strategy used in this study was based on the sequence 

consensus approach.106 The sequence consensus approach is formed on the premise that the 

most frequently occurring amino acid at a particular column of a multiple sequence alignment 

is contributing to the stability of a protein present in this alignment in a more significant way 

than the other amino acids.107 The mutations proposed based on the consensus approach were 

also tested by short molecular dynamics simulations to check their influence on the AdR 

flexibility. This step was implemented as in the FRESCO approach for protein 

thermostabilization.57  

The adrenodoxin reductase database was established to collect sequences homologous to the 

bovine AdR. Ten sequences of AdRs from different organisms (Phytophthora infestans	

gi:301115622, Ricinus communis	 gi:255573812, Dicentrarchus labrax	 gi:317419131, 

Trichophyton tonsurans	 gi:326469630, Pediculus humanus corporis	 gi:242018843, 

Mycobacterium smegmatis	 gi:399986456, Aedes aegypti	 gi:62529864, Anopheles gambiae	

gi:63148520, Frankia sp.	gi:15667237, Bos Taurus	gi:217434) were used as seed sequences. 

The database creation was performed as described before with e-value of 1e-50.32,77 Resulting 

database contained 1575 sequences and 9 crystal structures grouped into 24 homologous 

families with sequence identity of 55%.  

High quality sequence alignments are the basis for the successful application of sequence 

consensus approach. Therefore, four sets of sequences were used as a basis for the method, 

three sets with different sequence identities as compared to the bovine AdR, and one with 

thermostable AdR homologues. Such approach was aimed at providing insight into the 

relationship between the sequence identities of proteins in the alignment and effectiveness of 

the proposed mutations. Sequence identities between all sequences in the AdR database were 
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calculated using the Needleman-Wunsch alignment method.108 Three sets of sequences with 

different global sequence identities as compared to the bovine AdR were generated: 30-60% 

(1137 sequences), 30%-100% (1336 sequences) and 60%-100% (199 sequences). 

Additionally nine sequences from organisms containing the word “thermo” in their name 

were also aligned to the sequence of the bovine AdR. This was aimed at checking if mutations 

back to thermophile consensus are on average more stabilizing than mutations proposed from 

the other sequence sets. Sequences from each set were aligned using the Clustal Omega 

alignment software.101 Amino acid frequencies of the alignment columns corresponding to the 

bovine AdR sequence were calculated and amino acids found in more than 50% of the 

sequences were identified as the consensus. If the consensus amino acid was not identical to 

the bovine AdR amino acid at the corresponding position, it was proposed for the back to 

consensus mutation. The consensus approach for thermostabilization of bovine AdR based on 

the four sequence sets resulted in 98 proposed mutations (Table 8 on the following page). 

Two mutations (Q89P and A426G) were excluded from the further analyses, because of 

introduction of unfavorable amino acids into α-helices. An additional step consisting of 

testing by short (five repetitions of 100 ps) molecular dynamics simulations was applied to 

check influence of the proposed mutations on the AdR flexibility (PDB code: 1CJC104), 12 

mutations showed significant increase in flexibility and were excluded from the experimental 

validation (Table 8). Additionally four variants with double mutations combining changes at 

neighboring positions were proposed (T6P+P7L, Q40L+L41P, Q92R+D93E, 

H107D+Q108R). Thus, 88 variants were designed. 

Multiple proposed mutations were overlapping the four sequence sets, 57 out of 84 proposed 

single mutations were found in the set of sequences 30-60% identical to bovine AdR, 34 were 

found in the 30-100% set of sequences, 19 were found in the 60-100% set of sequences, and 

25 of the proposed single mutations were found in the set of AdR homologs from 

thermostable organisms. 

The designed variants were subsequently generated and experimentally characterized by the 

experimental collaborators in this project. The mutations were introduced using 

QuikChange© PCR, and confirmed by sequencing. Up to now, 48 variants were 

characterized. In this set, due to experimental errors nine variants had multiple back to 

consensus mutations. Thermostability of those variants and wild type AdR were tested using 

the ThremoFAD approach.109   
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Table 8: Mutations proposed by the sequence consensus approach for thermostabilization of bovine AdR 
based on four sequence sets (‘1’: 30-60% sequence identity with the bovine AdR, ‘2’: 30-100%, ‘3’: 60-
100%, ‘4’: homologs from thermostable organisms), and confirmation of no negative effects on protein 
flexibility by molecular dynamics (‘+’: no increase in flexibility, ‘-‘: increased flexibility ). 
 

 
AdR 

amino acid 
 

AdR 
position 

 

Consensus 
amino acid 

 

Sequence 
sets 

 

 
Molecular dynamics 

test 
 

T 6 P 1 + 
P 7 L 1 + 
Q 8 R 1 + 
I 9 V 1,2 + 
C 10 A 1,2,4 + 
V 11 I 1 + 
T 21 A 1,2 + 
S 30 P 3 + 
A 32 V 1,2 + 
Y 37 F 1 + 
K 39 R 1,2 + 
Q 40 L 1,2,4 + 
L 41 P 1,2,4 + 
F 49 Y 1 + 
V 58 I 1 + 
T 66 E 4 + 
T 68 V 1 + 
D 72 P 1,4 + 
C 74 F 4 + 
A 75 R 1,2 + 
Q 89 P 3 - 
Q 92 R 3 + 
Q 92 L 4 - 
D 93 E 3 + 
H 96 D 1,2 - 
V 99 I 1 + 
S 101 A 1,2 + 
H 107 D 1,2,4 + 
Q 108 R 1,2,3,4 + 
E 116 D 1,4 + 
V 120 S 1,2 + 
A 125 E 4 + 
L 133 H 1,2 + 
E 135 D 1,2 + 
R 137 Q 3 + 
R 137 A 4 - 
I 150 V 1,2 + 
L 151 I 1,4 + 
P 

 

 

167 

 

 

D 

 

 

4 

 

 

+ 
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AdR  

amino acid 
 

AdR  
position 

 

Consensus  
amino acid 

 

Sequence 
 sets 

 

 
Molecular dynamics  

test 
 

D 169 E 3 + 
E 172 A 4 - 
T 177 A 4 - 
A 179 H 4 + 
G 182 E 4 + 
A 183 V 3 + 
T 191 E 4 + 
I 194 V 1 + 
L 201 A 1 + 
V 203 A 1,2,4 + 
M 213 L 1,2,4 + 
T 219 V 1 - 
P 221 V 1,2 + 
M 222 I 3 + 
L 223 V 1 + 
G 230 D 1 + 
A 238 V 3 + 
A 239 P 3 + 
M 246 T 3 + 
R 265 Q 3 + 
A 271 R 1 + 
Q 282 E 1,2 + 
P 285 G 1,2 + 
A 292 V 1,2 + 
A 298 E 1 + 
V 299 R 1,2,4 + 
I 305 V 3 + 
P 313 G 1 + 
D 316 E 1 + 
S 327 R 1,2 + 
I 329 V 1,2,3 + 
S 333 G 1,2,4 + 
V 340 L 1 + 
V 349 I 2,3 + 
E 353 G 4 - 
C 364 V 1 + 
V 368 I 1,2 + 
T 377 G 1,2 + 
T 377 A 3 + 
T 378 S 4 + 
M 380 K 1,2 + 
S 383 A 1,2,4 + 
L 

 

385 

 

E 

 

1,2 

 
+ 
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AdR  

amino acid 
 

AdR  
position 

 

Consensus  
amino acid 

 

Sequence 
 sets 

 

 
Molecular dynamics  

test 
 

G 387 V 1 + 
H 398 L 3 - 
S 401 D 4 + 
S 407 Y 3 - 
F 409 A 3 + 
K 411 Q 3 - 
D 415 L 1 - 
D 415 S 3 - 
W 420 R 3 + 
F 424 W 1 + 
D 426 G 1,2,4 + 
L 430 I 1,4 + 
V 435 R 4 + 
A 440 G 3 - 
K 443 R 1,2 + 
L 449 V 2,3 + 

 
 

 
Figure 12: Melting temperatures of consensus bovine AdR variants relative to the wild type AdR 
(Tm=48°C). Variants market with ’*’ are not among the 88 proposed variants, and contain more than one 
back to consensus mutation. 
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Melting temperature (Tm)k of the wild type bovine AdR was 48°C, 21 tested variants showed 

0.5°C or higher increase in Tm, 16 showed 0.5°C or higher decrease in Tm, and 11 variants 

showed no noticable difference in comparison to the WT (Figure 12 on the previous page). 

Out of the nine variants with more than one back to consensus mutation, five showed 

increased, two decreased and two unchanged Tm in comparison to the WT. In the initial results 

44% of the back to consensus variants showed improved thermostability of AdR. The best 

single variant (S30P) improved thermostability 2°C and the best triple variant 

(Q40L+L41P+W420R) 3.5°C. The remaining variants and combinations of successful 

variants still need to be characterized to show the full potential of the described here 

approach. 

To elucidate relationship between the sequence identities or origin of the sequences used for 

generation of consensus mutations and their effect on thermostability, the validated variants 

were grouped by sequence set and effect on stability (Table 9). Mutations originating from 

alignments with sequences 60-100% identical to the bovine AdR and from thermostable 

homologs in majority had positive effect on stability, whereas the mutations coming from 

sequence sets 30-60% and 30-100% identical to the bovine AdR showed mostly negative or 

no effect on the proteins thermostability. Thus, suggesting that thermophile and highly similar 

sequences are particularly suited for application in the sequence consensus apporach. Those 

results provide first insights into the unexplored relationship between the origin of the 

sequences used for consensus approach, and its effectiveness. 

Table 9: Summary of tested variants effects on stability depending on the sequence set (‘1’: 30-60% 
sequence identity with the bovine AdR, ‘2’: 30-100%, ‘3’: 60-100%, ‘4’: homologs from thermostable 
organisms). 
 

 
Sequence set 

 

 
Nr. of tested variants with mutation from 

the set 
 

 
Positive effect on 

stability 
 

 
No effect on 

thermostability 
 

 
Negative effect on 

thermostability 
 

1 32 28.1% 28.1% 43.8% 

2 20 35.0% 20.0% 45.0% 

3 13 69.2% 23.1% 7.7% 

4 15 53.3% 33.3% 13.3% 

 

Even though the thermostabilization efforts presented in this chapter were not performed on a 

CYP, the systematic consensus approach strategy presented here can be transferred to the 

																																																													
k Melting temperature (Tm) refers to a temperature at which free energy of proteins folded and unfolded states is 
equal, at such state half of the proteins are in folded and the other half are folded. 
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cytochrome P450 monooxygenases, or any other proteins for that matter. Therefore, the 

results presented here constitute one of the strategies for protein engineering of CYPs.  

 

3.6 Modeling of CYP101A1 variants stereoselectivity towards 

methylated ethylbenzene derivatives 

In this chapter, results of modeling of CYP101A1 variants stereoselectivity towards 

methylated ethylbenzene derivatives are presented. This work was done under supervision of 

Prof. Dr. Jürgen Pleiss, and in collaboration with Anja Eichlerl, Dr. Susanne Herterl, Dr. Paul 

Kellyl, Prof. Dr. Nicholas Turnerl and Prof. Dr. Sabine Flitschl, who initiated the project, 

generated the CYP101A1 mutant library and performed screening against the substrate panel. 

The goal of this work was to elucidate molecular basis of stereoselectivity of the CYP101A1 

library variants towards the methylated ethylbenzene derivatives. CYP101A1 from 

Pseudomonas putida is one of the most studied CYPs, and prototypic bacterial class I 

enzyme. Natively it accepts electrons from putidaredoxin and putidaredoxin reductase, but the 

variant used in this study was an artificial CYP101A1 fusion with CYP116B3 RhF reductase 

domain from Rhodococcus sp. strain NCIMB 9784.110 The redox partner used in this artificial 

fusion system comes from a natural fusion system (class VII). Similarly to class I this system 

also contains a ferredoxin as a part of the electron transfer chain.  

The library of CYP101A1 was semi-rationally designed, it combined described in the 

literature selectivity determining positions of this enzyme (Figure 13	 on the following 

page).111,112 The starting point for all variants in the library was variant Y96F of the 

CYP101A1-RhF fusion. The selectivity determining residues were divided into 7 sub-libraries 

(Figure 13), and subjected to site directed saturation mutagenesis. The sub-libraries targeted 

following sites: I:F87/F96, II:F98/T101, III:M184/T185, IV:L244/V247, V:G248/T252, 

VI:V295/D297, VII:I395/V396. All generated variants were screened using a colorimetric 

assay, in which indole was converted into blue indigo during 24h incubation. The screening 

identified 93 active variants.  
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Figure 13.  Selectivity determining positions of the CYP101A1 (PDB code: 1PHG).38 The residues selected 
for generation of the highly enriched variant library are shown. The residues with the same color were 
subjected to saturation mutagenesis together, resulting in 7 sub-libraries targeting following residues: I: 
F87/F96, II: F98/T101, III: M184/T185, IV: L244/V247, V: G248/T252, VI: V295/D297, VII: I395/V396. 
 

All identified active variants were subsequently subjected to screening by library pooling.113 

Each sub-library was divided into groups of 5-8 variant, and the groups were screened for 

conversion of 1-ethyl-4-methylbenzene. The results of pooling experiments as well as the 

literature112 suggested the sub-libraries III and IV (targeting residues M184/T185 and 

L244/V247, respectively),  as the most promising to obtain diverse selectivity. Variants from 

the two sub-libraries were screened against a panel of methylated ethylbenzene derivatives 

(Figure 14 on the following page): 1-ethyl-2-methylbenzene, 1-ethyl-3-methylbenzene and 1-

ethyl-4-methylbenzene. The CYP101A1 variants performed oxidation of the substrates 

stereocenter hydrogens with the biggest product being alcohol, and traces of ketone. 

Enantiomeric excess values were calculated for all tested enzyme-substrate pairs (Table 10). 
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Figure 14. Studied substrate panel: 1: 1-ethyl-2-methylbenzene, 2: 1-ethyl-3-methylbenzene, 3: 1-ethyl-4-
methylbenzene. 
 
 
Table 10. Enantiomeric excess values of CYP101A1 variants in the conversion of methylated ethylbenzene 
derivatives. Variants selected for molecular dynamics simulations are in bold. 

Variant 
Enantiomeric excess [%] 

1-ethyl-2-methylbenzene 1-ethyl-3-methylbenzene 1-ethyl-4-methylbenzene 

 

Y96F 

 

60 (S) 

 

7 (S) 

 

35 (S) 

CV (Y96F/M184C/T185V) 51 (S) 12 (S) 7 (S) 

VF (Y96F/M184V/T185F) 64 (S) 74 (S) 28 (S) 

HI (Y96F /M184H/T185I) 53 (S) 14 (S) 29 (S) 

FL_1 (Y96F/M184F/T185L) 58 (S) 30 (S) 27 (S) 

LI (Y96F/M184L/T185I) 62 (S) 18 (S) 18 (S) 

FV (Y96F/M184F/T185V) 62 (S) 15 (S) 26 (S) 

CF (Y96F/M184C/T185F) 70 (S) 49 (S) 9 (S) 

HF (Y96F/M184H/T185F) 62 (S) 54 (S) 15 (S) 

FL (Y96F/L244F/V247L) >99 (R) >99 (R) 43 (R) 

NL (Y96F/L244N/V247L) 96 (S) 16 (R) >99 (S) 

GL (Y96F/L244G/V247L) 77 (S) 60 (R) 71 (S) 

CL (Y96F/L244C/V247L) 81 (S) 6 (S) 94 (S) 

IL (Y96F/L244I/V247L) n.d. n.d. 35 (S) 

SL (Y96F/L244S/V247L) n.d. n.d. 2 (S) 

 

To elucidate molecular basis of stereoselectivity of selected CYP101A1 variants towards 

methylated ethylbenzene substrates ten 30 ns molecular dynamics (MD) simulations for each 

enzyme-substrate complex were performed (computational methods are described in chapter 

6.1.1). Four variants with diverse selectivity were selected (Y96F, VF (Y96F/M184V/T185F), 

NL (Y96F/L244N/V247L) and FL (Y96F/L244F/V247L)) and simulated with the methylated 

ethylbenzene derivatives. Variant Y96F was selected because it was used as a template for all 

other variants.  Variant VF was selected because it was the variant with the highest 
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stereoselectivity in library III. Variants NL and FL were selected because of the highest and 

complementary stereoselectivity amongst all tested variants.  

Previously described method for estimation of CYP selectivity using molecular dynamics 

simulations was applied.114–116 During the simulations, distances dH-O and angles αC-H-O for the 

pro-R and pro-S hydrogens of the substrate were monitored to find near attack conformations 

(Figure 15).  All frames of the simulation were assigned to pro-R, pro-S or non-active 

conformation based on distance and angle cut-offs. A conformation was considered to be near 

attack if for at least one of the stereocenter hydrogens, the distance dH-O was less than 0.35 nm 

and the angle αC-H-O was 180±45°. The selectivity was calculated by summing up numbers of 

pro-R and pro-S near attack conformations from all simulations per enzyme-substrate 

complex and using them as equivalents of product formation. 

 

 
 
Figure 15: Schematic representation of basis for the prediction of selectivity: dH-O is the distance between 
the ferryl oxygen and hydrogen of the substrate, and αC-H-O is the angle between ferryl oxygen, hydrogen 
and carbon of the substrate. A conformation was considered to be near-attack if dH-O was under 0.35 nm 
and αC-H-O was 180±45°. 
 
Comparison of the experimental enantiomeric excess values and values derived from the 

simulations (Table 11 on the following page), shows that the method allows for qualitative 

estimation of stereoselectivity. It is possible to distinguish between variants showing high R- 

and S-stereoselectivity, but precise prediction of stereoselectivity for all variant-substrate 

complexes was not possible. The estimated enantiomeric excess values deviated from the 

experimental results by 2% in the best case and 48% in the worst case, which is 

corresponding with 1-24% difference in product formation. In molecular dynamics 

simulations of CYP101A1 variants with ethylbenzene, the computationally estimated 
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enantiomeric excess values were opposite to the experimentally derived results. It was 

possible to identify the most selective variants but correct identification of R- and S-

selectivity towards ethylbenzene was not possible. 

Table 11: Comparison of enantiomeric excess values from experiments and values estimated based on 
the molecular dynamics simulations of selected CYP101A1 variants in conversion of methylated 
ethylbenzene derivatives. 
 

Variant 

Enantiomeic excess [%] 

1-ethyl-2-methylbenzene 1-ethyl-3-methylbenzene 1-ethyl-4-methylbenzene 

Experimental Computational Experimental Computational Experimental Computational 

Y96F 60(S) 35(S) 60(S) 15(S) 35(S) 60(S) 

VF 64(S) 28(S) 16(S) 76(S) 28(S) 16(S) 

FL >99(R) 43(R) 38(R) 75(R) 43(R) 38(R) 

NL 96(S) >99(S) 75(S) 32(S) >99(S) 75(S) 

 

To evaluate if the simulations of the CYP101A1 variant-substrate complexes allow for 

extensive conformational sampling, heat maps showing the frequency with which the distinct 

distance and angle values are represented in the simulations were generated (Figure 16 on the 

following page and Figures S1-S23 on the pages 131-142). The heat maps showed that 

extensive sampling of the substrate conformations in the CYP101A1 binding pocket was 

achieved. This allowed identifying multiple binding modes of the substrates in the active site, 

and to explain the molecular basis of selectivity in the selected variants. Interestingly, the heat 

maps revealed that often many frequent conformations of the substrate were outside the near 

attack complex cut-offs, which suggests non-active binding modes. The frequent non-active 

binding modes might be the reason for low conversion of the studied substrates by the 

CYP101A1 variants.  

To gain insight into the molecular basis of stereoselectivity of the studied CYP101A1 variants 

towards methylated ethylbenzene derivatives, all near attack conformations of the substrates 

from the molecular dynamics simulations were investigated.  

The majority of experimentally tested variants showed highest stereoselectivity in the 

conversion of 1-ethyl-2-methylbenzene (Table 10 on page 51). Movement of this substrate in 

the active site of the variants, as well as conformational changes of the substrate itself, 

suggest that this overall high stereoselectivity is a result of the methyl group at the ortho-

position limiting rotational movement of the ethyl group. Moreover, because of the compact 

size of the CYP101A1 binding pocket, the presence of methyl group at the ortho-position 
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makes the substrate wider, additionally restricts space for rotation of the ethyl group.  

Therefore, the methyl group at the ortho-position in 1-ethyl-2-methylbenzene provides steric 

restrictions resulting in an increased stereoselectivity in comparison to other substrates.  

 
Figure 16. Heat map representing distance dH-O and angle αC-H-O values pro-R (A) and pro-S (B) 
orientations of the substrate in 10 molecular dynamics simulations of CYP101A1 variant NL and 1-ethyl-
2-methylbenzene (heat maps for all other variant-substrate pairs are available in the supplementary 
materials – chapter 6.1). The heat map was plotted on a grid consisting of 5° × 0.01nm cells. Colors from 
white through red to black on the heat map represent low (0) to high (1) number of simulation frames. 
The near attack conformations are inside the black frame (135-180° and 0-3,5 nm). 

A 

B 
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Variant Y96F is a parent variant for the whole library. The mutation in this variant increased 

size of the binding pocket and allowed for high mobility of the substrates, which resulted in 

multiple possible near attack conformations of the substrates. This can explain the relatively 

low stereoselectivity of the parent variant in comparison to the rest of the library. The near 

attack conformations of the substrates in the binding pocket were both with the benzene ring 

in a parallel and in a perpendicular orientation to the heme plane (Figure 17A on page 57). 

Nevertheless, the variant converted the substrates mostly to S-products, which was a result of 

a preferable stabilization of pro-S conformations resulting from a native shape of the 

CYP101A1 binding pocket.  

Variant VF (Y96F/M184V/T185F) introduced an increased size of the residue at position 185 

which is located over the heme and pushed the substrate closer to it. This change resulted in a 

more limited number of conformations in comparison to the variant Y96F. In majority of the 

near attack conformations the substrates were located in a way that the benzene ring was in a 

parallel orientation to the heme plane. Nevertheless, stereoselectivity towards 1-ethyl-2-

methylbenzene and 1-ethy-4-methylbenzene did not change significantly, which is due to the 

fact that the pushing effect of the T185F mutation stabilized orientation of the benzene ring 

but did not influence in a significant way mobility of the ethyl group. An exception for this 

variant was 1-ethyl-3-methylbenzene which was converted in a significantly higher 

stereoselectivity in comparison to the Y96F variant: enantiomeric excess of 74% and 7%, 

respectively. The pro-S conformations of 1-ethyl-3-methylbenzene in the binding pocket of 

the VF variant were orientated exclusively in a way that the benzene ring was in a 

perpendicular orientation to the heme plane (Figure 17B on page 57) with the ethyl group 

stabilized in a small cavity close to the T252.  Whereas, the pro-R orientations of the substrate 

were located with the benzene ring in a more parallel orientation to the heme plane (Figure 

17B) and the ethyl group located in the same pocket. The higher frequency of pro-S 

conformations suggests that this is the preferred orientation of the substrate in the binding 

pocket. 

While the library III variants introduced changes over the heme plane, the library IV variants 

introduced changes to the residues of the α-helix I resulting in a changed width of the binding 

pocket (Figure 17 on page 57). The FL variant showed the highest R-selectivity towards the 

methylated ethylbenzene derivatives. The mutations in this variant L244F/V247L 

significantly decreased the width of the binding pocket resulting in high stereoselectivity 
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towards 1-ethyl-2-methylbenzene and 1-ethyl-3-methylbenzene, and moderate 

stereoselectivity towards 1-ethyl-4-methylbenzene. In majority of the near attack 

conformations the benzene ring is in an almost perpendicular orientation to the heme plane. 

The high stereoselectivity is a result of the narrow binding pocket, which does not allow for 

high mobility of the substrate molecule and the orientation of the ethyl group which is close to 

the heme but pointing with its terminal carbon to the entrance of substrate access channel 

(residues F87 and F96).  Such orientation of the substrates in the binding pocket is 

preferential for the formation of R-alcohols (Figure 17C on the following page). The moderate 

stereoselectivity towards 1-ethyl-4-methylbenzene can be explained by the fact that in the 

molecule with methyl-group at the para-position, conformations similar as with the other 

substrates are not possible. This is due to limited height of the binding pocket resulting from 

the V247L substitution (Fig 17C and D on the following page). The substrate appeared to be 

in a more parallel orientation to the heme plain, which increased space for rotational 

movement of the ethyl group, and therefore decreased stereoselectivity (Figure 17D). 

Variant NL also decreases the size of the binding pocket. The variant NL showed the highest 

S-selectivity towards 1-ethyl-2-methylbenzene and 1-ethyl-4-methylbenzene, and low S-

selectivity towards 1-ethyl-3-methylbenzene. This is a reverse in selectivity in comparison to 

the FL variant with only one amino acid substitution. In majority of the near attack 

conformations the benzene ring and ethyl group of the substrate are in a parallel orientation to 

the heme plane (Figure 17E on the following page). Those conformations of the substrate 

molecules are stabilized by L247 which is enforcing the pro-S orientation. The lower 

stereoselectivity towards 1-ethyl-3-methylbenzene is a result of lower stability of this 

molecule in the parallel orientation to the heme plane. The higher mobility of the substrate 

causes often perpendicular near attack conformations, which can result in both pro-R and pro-

S products (Figure 17F on the following page). 

The modeling of stereoselectivity in CYP101A1 towards methylated ethylbenzene 

derivatives, contributes a structural perspective to the strategies for protein engineering of 

CYPs. The method presented here could be used for qualitative in silico screening of CYP 

substrate libraries. Furthermore, the results highlight the fact that the CYP binding pockets are 

flexible and allow for multiple near attack conformations of substrates, but to achieve high 

selectivity it is necessary to as much as possible stabilize single conformation of the substrate 

in the binding pocket. 
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Figure 17: Examples of substrate orientations in the binding pocket of CYP101A1 variants, explaining 
trends in stereoselectivity towards methylated ethylbenzene derivatives. Heme compound I is colored red, 
substrates in the pro-R orientations are colored blue, whereas the pro-S orientations are colored green. A: 
Variant Y96F with 1-ethyl-3methylbenzene in pro-R and pro-S orientations. B: Variant VF with 1-ethyl-
2-methylbenzene in pro-R and pro-S orientations. C: Variant FL with 1-ethyl-2-methyl in pro-R 
orientation. D: Variant FL with 1-ethyl-2-methylbenzene in pro-R and pro-S orientations. E: Variant NL 
with 1-ethyl-2-methylbenzene in pro-S orientation. F: Variant NL with 1-ethyl-2-methyl in pro-R and pro-
S orientations. 
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4. Discussion 

 

This chapter contains the discussion on the strategies for rational protein engineering of 

cytochrome P450 monooxygenase systems. The discussion covers following manuscripts: 

“Conservation analysis of class-specific positions in cytochrome P450 monooxygenases: 

functional and structural relevance” (chapters 5.1),31 “Identification of universal selectivity-

determining positions in cytochrome P450 monooxygenases by systematic sequence-based 

literature mining” (chapters 5.2),77 and “Redox partner interaction sites in cytochrome P450 

monooxygenases: in silico analysis and experimental validation” (chapters 5.3),81 specific 

discussion on those subjects can be found in the corresponding chapters. Additionally, it is 

complemented by discussion on three yet unpublished collaborative projects: the impact of 

linker length on cytochrome P450 monooxygenase fusion constructs (chapter 3.4), 

thermostabilization of bovine adrenodoxin reductase by sequence consensus approach 

(chapter 3.5) and modeling of stereoselectivity of CYP101A1 variants towards methylated 

ethylbenzene derivatives (chapter 3.6). 

 

4.1 Strategies for rational protein engineering of cytochrome 

P450 monooxygenase systems 

Protein engineering efforts concentrate around four major areas:  

- stability,   

- selectivity,  

- specificity, 

- activity.  

Here rational approaches to protein engineering of CYPs targeting all those areas will be 

discussed. Engineering of proteins’ stability is most often addressed by sequence consensus 

approach106,117 and structure-based approaches.57,118 Engineering of enzymes’ activity can be 

an effect of changes in protein-ligand interactions and optimization of features associated with 

catalytic mechanisms. In case of CYPs this can mean improvement of electron transfer by 
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changes in CYP-redox partner interactions. Improvement of enzymes’ selectivity and changes 

in its specificity are arguably the most common motivations behind protein engineering of 

CYPs. Those efforts can be targeted with sequence and structure-based approaches, both 

focusing on finding residues involved in interactions with or recognition of the substrate, and 

modifying them to residues improving those features.  

Rational protein engineering methods can be divided into sequence and structure based. The 

sequence based approaches aim at finding functionally relevant positions by analyzing the 

amino acid sequence and comparing it to sets of homologous sequences. Whereas, the 

structure based approaches require proteins’ crystal structure or a homology model, and are 

based on investigating the dynamics of a protein itself or its interactions with other proteins or 

ligands.  

In this dissertation a set of technics and identified functionally relevant positions that can aid 

all of the above mentioned protein engineering areas are described. Data mining lies at the 

basis of this work and it allowed for distilling current knowledge from diverse research areas 

to provide strong pillars that can support protein engineering efforts. 

 

4.1.1 Engineering of CYPs stability 
Engineering of proteins’ stability in high temperature or other non-natural conditions is an 

active area of research. This is due to the differences in conditions that enzymes are adapted 

to in living cells and extreme conditions of industrial processes. Furthermore, improved 

thermostability often results in longer life-time, shelf-life and higher temperature optimum.119 

Generation of thermostable variants is often addressed using the sequence consensus 

approach.106 A key to successfully applying this method is the generation of a high quality 

sequence alignment. The class-specific standard numbering schemes for CYPs are based on 

the structure-guided sequence profiles, therefore are a perfect tool for generating high quality 

sequence alignments. Additionally, the Cytochrome P450 Engineering Database 

(www.CYPED.BioCatNet.de) is a comprehensive source of sequences, since it collects 

virtually all known CYPs. Hence, the numbering scheme-based alignment of sequences 

collected in the CYPED can provide a solid starting point for the consensus approach 

stabilization of CYPs.  
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Unfortunately, there are only handful published examples of natural or engineered 

thermostable CYPs. The major reasons for that might be: necessity for a thermostable redox 

partner and complex dynamics necessary for opening and closing of the F-G loop to allow 

substrate to enter and product to exit the binding pocket. The first discovered thermostable 

CYP119 from Sulfolobus solfataricus gave multiple insights into thermostabilization of 

CYPs, which can be used in design of stabilized variants.120 There are also few described in 

the literature efforts aimed at increasing thermostability of CYPs, which all were based on 

directed evolution approaches rather than the rational methods.121,122 Those examples of 

successful thermostabilization of CYPs, and the natural thermostable enzymes show that 

protein dynamics should not be prohibitive in the thermostabilization of CYPs. With the 

discovery of further natural thermostable CYPs also redox partners of those enzymes were 

found.123,124 Even though, those proteins are not standard prokaryotic class I redox partners 

they share ferredoxin component which in principle could deliver electrons to other CYPs. 

Furthermore, there are efforts directed at generating thermostable redox partners. One 

example is described in this dissertation project, aiming at rational thermostabilization of the 

bovine adrenodoxin reductase (chapter 3.4) and adrenodoxin. Those redox partners could be 

used with thermostabilized mammalian class I or other compatible CYPs. Thermostabilization 

of adrenodoxin reductase shows utility of family specific databases in the design of 

thermostable enzymes, and paves the way for rational thermostabilization of CYPs. Hence, 

with a systematic approach to protein stabilization (as described in the chapters 3.5 and 4.2) it 

should be possible to improve stability of any CYP using rational protein engineering 

methods. 

 

4.1.2 Engineering of CYPs selectivity and specificity 
Selectivity and specificity are probably the most frequently targeted by protein engineering 

properties of CYPs. Continuous efforts in this area resulted in a wealth of variants with 

diverse substrate and product spectra. The rational strategies for protein engineering can be 

based on sequence and structure analyses. Based on the results presented in this dissertation 

two complementary approaches aiming at improving selectivity and specificity can be 

devised. The first one is based on incorporation of the universal selectivity determining 

positions into the CYP protein libraries, and the second one is based on insights from 

molecular dynamics simulations. 
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The substrate interacting regions of CYPs were identified and named substrate recognition 

sites (SRSs).40 The SRSs cover the substrate access channels and binding pocket, therefore 

house the majority of positions influencing selectivity and specificity in all CYPs.77 Since not 

all substrate recognition site positions directly interact with substrates, it was of interest to 

identify positions which are influencing selectivity in a wide range of CYPs, and can be used 

in combinatorial enzyme libraries of diverse CYPs. Previous sequence and structure analyses 

allowed identifying universal selectivity determining position in SRS5, which is 

corresponding to residue A328 in CYP102A1.59 Subsequently this position along with another 

selectivity determining residue (F87) was selected as a basis for a minimal and highly 

enriched mutant library.58,125 The variants exhibited highly diverse selectivity, specificity and 

improved activity. Such library combining only two selectivity determining positions of 

CYP102A1 showcased that it is possible to generate a highly diverse set of CYP variants with 

small number of rationally selected positions. This study shows potential benefit from 

identification of universal selectivity determining positions in CYPs.  

A set of structurally corresponding positions influencing selectivity among a wide range of 

CYPs was identifies in the study presented in chapter 5.2. The sequence-based literature 

mining allowed for identifying the most frequently mentioned in the literature positions, 

which turned out to lie almost exclusively on the substrate recognition sites. Among 98 SRS, 

positions 14 were mentioned in the publications about more than 32 CYPs. Based on the 

literature information about those positions, it was proposed that they are most probably 

universal selectivity determining positions influencing selectivity of a wide range of CYPs 

towards diverse substrates. Since selectivity is mainly determined by the interactions between 

substrate and the enzyme, which in turn also influences specificity and activity, these 

positions will most probably also influence those properties. Both F87 and A328 of 

CYP102A1 are corresponding to the most and third most frequently described positions in all 

CYPs (Figure 9 on page 30), respectively. Remarkably, the universal selectivity determining 

positions are frequently appearing in protein libraries generated through both rational and 

directed evolution approaches. The best fatty acid ω-hydroxylating variants of CYP153A6 

from Marinobacter aquaeolei are based on mutations of a pair of third most frequently 

mentioned positions: A307 (corresponding to class II standard position 264) and L357 

(corresponding to class II standard position 328). Libraries resulted from directed evolution of 

CYP102A1 also often contain multiple universal selectivity determining positions.126–128 The 

CYP101A1 library presented in the chapter 3.6 even though designed independently from the 
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study on identification of the universal selectivity determining positions contains almost 

exclusively those positions.  

Incorporation of the structurally corresponding universal selectivity determining positions in 

any library of CYP variants should be beneficial, especially for proteins without known 

structure where it is not possible to pinpoint specific interactions between the enzyme and 

substrate. Transfer of the universal selectivity determining positions to any CYP sequence is 

possible thanks to the online numbering scheme tool available via 

www.CYPED.BioCatNet.de. 

The studies of protein-substrate interactions using docking and molecular dynamics (MD) 

simulations provide many insights for engineering of proteins with known crystal structure or 

for which it is possible to generate a high quality homology model. In this dissertation the 

structure based approach utilizing MD simulations was used to estimate and understand the 

stereoselectivity of CYP101A1 variants towards methylated ethylbenzene derivatives (chapter 

3.6).  This study gave interesting insights into how the substrates behave in the CYP binding 

pocket. Generation of heat maps allowing for visualization of the mobility of the substrate 

during the MD simulation showed that even in the variants with high selectivity the substrates 

sample diverse conformations in the binding pocket. Only small fraction of those 

conformations (<15%), are near attack and could represent the reaction intermediate complex. 

Investigation of the near attack complexes revealed that for the enzymes exhibiting high 

selectivity, the number of possible conformations is significantly lower than for the enzymes 

with low selectivity, but still not limited to only one. The situation might be different in the 

natural substrate-enzyme complexes (e.g. CYP101A1 and camphor),114 for which substrate 

fits the binding pocket in a single orientation as in the key and lock or hand and glove 

analogies.129 The complementarity of substrate and enzyme binding pocket as in the natural 

complexes, should be the goal of protein engineering efforts aiming at generating highly 

specific enzymes. 

 

4.1.3 Engineering of CYPs activity 
Activity of an enzyme can be influenced by multiple factors, therefore different protein 

engineering approaches can result in improvement of CYPs activity. Optimization of the 

enzyme-substrate interaction besides influencing specificity and selectivity often also affects 

its activity. But in contrast to mutations influencing selectivity, which are mostly located in 
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the substrate access channels and the binding pocket, mutations influencing activity can be 

located in various parts of the protein.130 Based on the results of this dissertation three 

approaches aimed at optimizing enzymes’ activity can be devised. The first strategy involves 

maintaining conserved residues unaffected by mutations or bringing them back to the family 

consensus, the second is aimed at optimizing the linker region between CYP and redox 

partner in artificial fusion proteins and the third is aimed at improving the CYP-redox partner 

interactions.  

The first approach is based on the assumption that the conserved residues are more crucial for 

maintaining proteins’ activity and stability than the rest of its sequence. The conservation 

analysis results (Chapter 5.1), provide a list of conserved positions in class I and class II 

CYPs. This list can be used as a ‘black list’ of positions which should not be mutated, because 

their change will most probably negatively influence conserved functional or structural 

features of the enzyme.36,76 Another use case of the list could be bringing the outlier proteins 

back to the family or class consensus. Such back to consensus mutation (G307A) increased 

activity of CYP153A6 from M. aquerioli towards different fatty acids 2- to 20-fold.30 

The second approach is based on re-designing linker regions for fusion proteins of CYP and 

non-natural redox partners. This approach is important in case of CYPs for which the natural 

redox partners are not known, but also CYPs with known redox partners that are engineered 

to be fusion proteins. Generation of fusion proteins was shown to positively influence the 

CYPs activity and simplify the experimental setup and screening.28,70 Therefore, in the study 

presented in chapter 3.4, a generic strategy for re-designing the linker region in artificial 

CYP-redox partner fusion systems was established. The strategy uses the natural linker of the 

redox partner as a template. By sequence analysis of the homologous proteins the amino acid 

conservation in the linker region is analyzed. In this approach the conserved positions should 

be kept unchanged whereas the rest of the linker is varied. The advantage of this approach is 

keeping the possible conserved interactions between the linker region and the redox partner 

unchanged, and maintaining the natural flexibility of the linker region. The flexibility of 

linker regions was often disturbed by inclusion of GGS peptide sequences into the artificial 

fusion constructs, whereas the natural linker sequences usually do not contain many glycine 

residues.28 The approach presented in this dissertation was developed and tested on a fusion 

of CYP153A6 from Marinobacter aquaeolei and the redox partner of natural fusion protein 

CYP116B3 from Rhodococcus ruber. The best variant had a linker region only two amino 

acids shorter than the natural linker and showed 50% improved expression and 1.7 fold 
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improved conversion of dodecanoic acid relative to the CYP concentration. This approach can 

be used with any CYP116B family redox partners, exactly as described in chapter 3.4, or 

additional sequence conservation analysis should be performed for fusion proteins with redox 

partners from other CYP homologous families.  

The third approach is based on improvement of CYP-redox partner interactions. This strategy 

is also beneficial for non-native CYP-redox partner systems. This approach utilizes the 

identified here CYP redox partner interaction sites (RPISs) (chapters 5.3). Crystal structures 

of CYP-redox partner complexes suggest that the interaction sites among different CYPs and 

redox partners are most probably overlapping.43,45,46,74 Through sequence, structure and 

literature analyses it was possible to identify six RPIS. Positions described in the literature to 

influence the CYP-redox partner interactions are often structurally corresponding between 

diverse CYPs suggesting interaction hot spots on the proximal surface, which probably 

influence the interaction in most of the CYPs. To test this assumption a generic strategy 

requiring minimal screening efforts was designed to improve the CYP-redox partner 

interaction based on the RPIS mutations. The strategy in the presented implementation was 

targeting a fusion protein of CYP153A6 with redox partner domains of CYP102A1.30 

Residues at the RPIS positions influencing the CYP-redox partner interactions in mammalian 

CYPs were compared between CYP153A6 and natural heme domain of CYP102A1. Most of 

the positions differing in charge between the two proteins were selected for mutagenesis, 

which resulted in six variants. Five variants were successfully expressed and screened for 

activity and electron coupling. The best designed variant showed increase of electron 

coupling from 68% to 89%, but decrease in catalytic activity. The approach can be extended 

in several ways to increase probability of finding variants with more dramatically improved 

electron coupling and catalytic activity. One way of extending the strategy could be to create 

RPISs variants mimicking all residues described to influence the interaction, not only the 

charged ones. Some of the described in the literature variants with improved activity based on 

CYP-redox partner interactions did not influence surface charge.131,132 Another way of 

modifying the approach would be to mutate positions influencing the interaction to the most 

frequently found residues in the whole protein family. Finally a semi-rational approach, 

involving site-saturation mutagenesis of the RPIS positions, which would require the biggest 

screening efforts but could have the highest chances for finding the most active variant. 

Additionally, use of semi-rational approaches would significantly expand current knowledge 

of the CYP-redox partner interactions by increasing number of tested RPIS positions.  
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4.2 Insights into the sequence consensus approach for protein 

thermostabilization 

Adrenodoxin reductase (AdR) is part of the mitochondrial class I redox systems in 

mitochondrial cytochrome P450 monooxygenases, where the electrons are transferred from 

NADPH through AdR and adrenodoxin (adx) to the CYP.26 The thermostability of bovine adx 

was recently increased by 15	 °C (Kembaren, R. F., Wijma, H. J. & Janssen, D. B. 

Unpublished data), here the initial results of thermostabilization of bovine AdR are discussed. 

Thermostabilization of adrenodoxin reductase is challenging because of its cofactors 

(NADPH and FAD), interactions with adrenodoxin, and conformational changes necessary 

for the electron transfer.104,105 To keep activity the variants must not disturb any of those 

features. Since sequence consensus approach for protein stabilization is based on comparison 

of the protein to its homologs it is not expected to introduce changes inactivating the protein. 

Additional advantage of this approach in comparison to other computational or directed 

evolution based approaches is a limited number of variants necessary for screening.57 This is 

especially important in large proteins like the 461 amino acid long AdR.  

Consensus approach strategy used in this study was extended to define relationship between 

the origin of sequences used for generation of sequence alignments and effectiveness of the 

predicted mutations. Hence, four groups of AdR homologs were generated: proteins 30-60%, 

60-100% and 30-100% identical to the bovine AdR and thermostable homologs. There were 

97 back to consensus mutations suggested. To minimize the screening efforts, the structures 

of all mutants were subjected to molecular dynamics simulations. 84 out of the 97 point 

mutations suggested by the sequence consensus, did not increase protein flexibility in 

molecular dynamics simulations57 and therefore were selected for experimental 

characterization.  

To rationalize the effects of mutations on the AdR stability, the specific residues were 

localized on the AdR crystal structure (PDB code: 1E1M105). Three of the 84 positions 

selected for mutagenesis interact with the cofactors. Residue K39 is located close to adenine 

rings of the FAD whereas L151 and I329 are close to the adenine rings of NADPH. Variant 

K39R and L223V/I329V (variant L223V alone did not influence melting temperature (Tm)) 

decreased proteins Tm by 1.5°C and 2°C, respectively. Whereas, variant L151I did not show 

any influence on the Tm. This shows that binding of the cofactors is very sensitive and even 
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seemingly small changes of it can have negative effects on the proteins stability and possibly 

activity. Variant Q40L/L41P/W420R showed the highest improvement of Tm (3.5°C). 

Mutations Q40L and L41P located on a loop were selected to be combined because of their 

proximity on the sequence and structure. However, W420R is possibly responsible for the 

high improvement of Tm in this variant, because of introduction of surface accessible charge 

instead of tryptophan. R420 could also establish a salt bridge with D415. Salt bridges are 

described to significantly improve protein stability.133,134 Variant T21A showed the highest 

decrease of Tm (3.5°C). This substitution removed a hydrogen bond between T21 and S365. 

Hydrogen bonds are also known to have a significant impact on the protein stability.135 With 

screening of the remaining variants and combination of stabilizing mutations, it is expected to 

find a variant with even more significantly improved Tm. Additionally activity measurements 

of the best variants have to be performed to test their influence on the proteins functioning. 

Besides finding the most stable variant of the bovine AdR this study was aimed at exploring 

the relationship between effectiveness of alignment in the sequence consensus approach and 

sequence identity and origin of the proteins used for its generation. Even though the 

consensus approach has been extensively used for protein stabilization,106 there are no studies 

systematically analyzing this relationship, and providing rules for generation of the most 

effective alignments for application in protein stabilization. Therefore sequence alignments 

based on four sequence sets were used to find consensus variants: sequences 30-60%, 30-

100% and 60-100% identical to the bovine adrenodoxin reductase and sequences of its 

thermostable homologs. Based on the current results (Table 9 on page 48) the alignments of 

sequences the most similar to the bovine adrenodoxin (60-100%) and the thermostable 

homologues were the most effective (highest percentage of variants improving the Tm). But 

interestingly, the best variant Q40L/L41P/W420R includes consensus mutations originating in 

all four sequence sets (Q40L/L41P from 30-60%, 30-100% and thermostable and W420R 

from 60-100%),  and the second best variant A32V/T68V originated from the sequence sets 

with the lowest percentage of variants improving the Tm (A32V from 30-60% and 30-100%, 

and T68V from 30-60%). Those results show that even though mutations from certain 

sequence sets are more probable to have positive effect, variants originating from all sequence 

sets can significantly improve stability of a protein.  

The experimental characterization of the designed variants is not complete and the final 

conclusions will be formulated after all variants have been tested. Nevertheless, the initial 

results already show interesting trends suggesting that the use of multiple alignments for the 
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consensus approach can be beneficial, while still allows for keeping the number of variants 

necessary for testing relatively low.  

 

4.3 Molecular basis of CYP101A1 stereoselectivity towards 

methylated ethylbenzene derivatives 

Combinatorial protein libraries generated using both rational design54,58,136 and directed 

evolution approaches51,137,138 allow to unlock new substrate and product spectra of the natural 

enzymes. Protein library presented in the chapter 3.6 shows a great potential of combining 

rationally selected positions with site-saturation mutagenesis. Such approach allowed for 

identifying a diverse set of CYP101A1 variants with improved stereoselectivity towards 

methylated ethylbenzene derivatives. 12 out of 14 positions selected for generation of the 

library are also included in the list of the universal selectivity determining positions, residues: 

F87, T101, M184, T185, L244, V247, G248, T252, V295, N297, I396, V396 are structurally 

corresponding to class II standard positions: 73, 87, 180, 181, 260, 263, 264, 268, 328, 331, 

437, 438. Those residues were chosen for mutagenesis because of the described high 

importance in influencing selectivity of CYP101A1.111,112 The identification of universal 

selectivity determining positions by systematic literature mining and generation of 

CYP101A1 library were independent projects, which shows great potential of including those 

positions in combinatorial protein libraries of other CYPs. The library allowed identifying 

variants with high R- and S-stereoselectivity for almost all screened substrates: 1-ethyl-2-

methylbenzene >99% R and 96% S with variants FL and NL, 1-ethyl-2-methylbenzene >99% 

R and 76% S with variants FL and VF and 1-ethyl-4-methylbenzene >99% S with variant FL. 

To understand the molecular basis of stereoselectivity of the selected library variants 

molecular dynamics simulations of variant-substrate complexes were performed. Previously 

described method for estimation of CYP selectivity was used to analyze the MD 

simulations.114–116 The method is based on monitoring the distance between the heme 

compound I ferryl oxygen and substrate hydrogen atom and the ferryl oxygen-substrate 

hydrogen-substrate carbon angle in all simulation frames (Figure 15 on page 52). The near 

attack conformations are identified in the MD simulation if for at least one of the stereocenter 

hydrogen atoms the distance is <3.5 nm and angle 180±45°. Those criteria applied for studied 

here set of variants and substrates allowed for qualitative estimation of stereoselectivity 
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without introducing bias to the simulations. Additionally the near attack conformations of the 

substrates were used to elucidate molecular basis of stereoselectivity in the selected variants. 

The differences between estimated and experimental enantiomeric excess values are expected 

to be a results of an inversion of the configuration.139 This phenomenon can be described as a 

change in substrate orientation between the hydrogen abstraction and product formation, 

which may result in abstraction of pro-R hydrogen and formation of S-product. Since, the 

approach is based on the identification of near attack conformations and allows for modeling 

of hydrogen abstraction, it does not allow taking inversion of configuration into account.  

The method used in this study as well as its variations taking into account only distance 

criterion was successfully applied to model selectivity of multiple CYPs towards diverse 

substrates. The initial studies by Paulsen et al.114,116 on modelling of selectivity were based on 

sub-nanosecond simulations of wild type CYP101A1 with camphor and camphor derivatives, 

starting from an X-ray structure of a CYP101A1-camphor complex.114,116 Here, length and 

number of the simulations were extended in comparison to the previous studies, to allow for 

conformational changes induced by the amino acid substitutions or presence of the substrate, 

and extensive sampling of the conformations of the substrate as well as the protein. Sufficient 

sampling of the conformational space of the CYP-substrate complex is a crucial point in 

application of the MD methods for modeling of selectivity. This issue becomes more 

significant when there is no crystal structure of the analyzed enzyme-substrate complex, and 

the substrate has to be artificially placed in the binding pocket or substitutions of amino acids 

have to be introduced.140,141 In such situation, conformations of both substrate and protein 

need to adjust, and sub-nanosecond simulations might not be sufficient. 

Besides using this method for explanation of selectivity it could be also used for virtual 

screening of protein libraries. Application of virtual screening strategies based on molecular 

docking142 and molecular dynamics simulation114,143–146 show high potential in decreasing the 

amount of high-throughput screening necessary to identify variants with improved selectivity. 

Additionally virtual screening methods could be applied to validate quality of homology 

models. Current state of the art tools like QMEAN147 or ANOLEA148 allow to assess 

geometrical correctness of a model, but do not allow to successfully distinguish between two 

structures with perfect geometry but in non-productive and productive conformations. 

Molecular dynamics simulation-based structure assessment however, could allow identifying 

proteins in productive and non-productive conformations, and provide a better starting point 

for structure-based protein engineering. 
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4.4 Conclusions 

Cytochrome P450 monooxygenases have widely recognized high potential for commercial 

applications, but due to limitations caused by low stability, not always optimal specificity, 

selectivity and activity, the industrial use of those enzymes remains challenging. Numerous 

successful attempts at improving the properties of CYPs show high potential of protein 

engineering in overcoming those shortcomings to allow for economically valid processes. In 

this dissertation novel tools and systematic sequence, structure and literature analyses, 

supporting rational protein engineering are presented. Thanks to the standard numbering 

schemes it is now possible to communicate about mutations and amino acid positions with use 

of unified standard position numbers, and to reliably transfer functional information between 

different members of the family. The identified here universal selectivity determining 

positions in combination with the standard numbering schemes, can help in limiting the 

number of potential mutagenesis targets, and therefore accelerate identification of variants 

with promising substrate and product spectra. Since, majority of CYPs require external redox 

partners and are often engineered to be artificial fusion proteins, the identification of redox 

partner interactions sites and the strategy to optimize linker regions in such fusion constructs, 

can help in overcoming the issues with CYP activity and electron uncoupling. Finally, a 

systematic approach to thermostabilization of CYPs and their redox partners based on the 

family specific protein databases should allow for overcoming the stability issues of CYPs. 

All of the herein mentioned novel approaches and insights into CYP protein engineering were 

possible to attain thanks to looking at a big picture of the protein family. Data mining 

approaches and generalized view on the protein family and its properties, might not yet give a 

single amino acid substitution answer to an issue, but can provide useful strategies to be 

applied in solving issues in enormous numbers of homologous proteins.  
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5. Publications 

 

5.1 Conservation analysis of class-specific positions in cytochrome 

P450 monooxygenases: functional and structural relevance 
	

5.1.1  Abstract  
Cytochrome P450 monooxygenases (CYPs) constitute an ubiquitous, highly divergent protein 

family. Nevertheless, all CYPs share a common fold and conserved catalytic machinery. 

Based on the redox partner type, 10 classes of CYPs have been described, but most CYPs are 

members of class I accepting electrons from ferredoxin which is being reduced by FAD-

containing reductase, or class II accepting electrons from FAD- and FMN-containing CPR-

type reductase. Because of the low sequence conservation inside the two classes, the 

conserved class-specific positions are expected to be involved in  aspects of electron transfer 

that are specific to the two types of redox partners. In this work we present results from a 

conservation analysis of 16732 CYP sequences derived from an updated version of the 

Cytochrome P450 Engineering Database (CYPED), using two class-specific numbering 

schemes. While no position was conserved on the distal, substrate-binding surface of the 

CYPs, several class-specific residues were found on the proximal, redox partner-interacting 

surface; two class I-specific residues that were negatively charged, and three class II-specific 

residues that were aromatic or charged. The class-specific conservation of glycine and proline 

residues in the cysteine pocket indicates that there are class-specific differences in the 

flexibility of this element. Four heme-interacting arginines were conserved differently in each 

class, and a class-specific substitution of a heme-interacting tyrosine by histidine was found, 

pointing to a link between heme stabilization and the redox partner type. 
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5.1.2  Introduction 
Cytochrome P450 monooxygenases (CYPs) constitute a large, diverse, and ubiquitous family 

of heme-containing enzymes. The number of known CYP genes is approaching 20000.149 

Sequences that share more than 40 % of identity are clustered into families, sequences with 

more than 55 % of identity into subfamilies according to the standard CYP nomenclature.150 

In the Cytochrome P450 Engineering Database151 (CYPED), those families and subfamilies 

are referred to as superfamilies and homologous families, respectively. CYPs catalyze the 

oxidation of a broad spectrum of substrates.152 Because of their crucial role in drug 

metabolism and their possible synthetic applications,10,153,154 there is a growing interest in 

understanding the relationship between sequence, structure, and function of CYPs. Most of 

the CYPs require electrons from an external redox partner for their catalytic activity. Based 

on the redox partner type, CYPs were classified into 10 different classes,26 where class I and 

class II enzymes account for more than 90 % of all CYPs. Class I consists of CYPs that 

accept electrons from ferredoxin-type proteins (with an iron-sulfur cluster as cofactor) which 

shuttle electrons from NAD(P)H-dependent ferredoxin reductase to the heme domain. Class II 

is the most common and divergent group of CYPs. All members of this class accept electrons 

from FAD- and FMN-containing CPR-type reductases. One of the bottlenecks which hinder 

CYPs from being widely used in synthesis is their redox partner-dependence,10 because 

suboptimal CYP-redox partner interactions results in low electron transfer rates and therefore 

low catalytic activity. It has been suggested that electrostatic interactions are the basis of the 

redox partner recognition, with positively charged residues on the proximal surface of the 

heme domain interacting with negatively charged residues on the surface of the electron 

donor.155–157 However, it is not known whether there are significant differences between the 

two classes on the sequence level that could explain the redox partner preferences. 

Since CYPs are a highly diverse family, the sequence identities between distant enzymes 

might drop below 15 %. However, all CYPs have a highly similar structure. A general naming 

system for structural elements was proposed based on the first crystal structure of the CYP 

from Pseudomonas putida: α-helices A-L, β-strands 1-5, the meander loop, and the cysteine 

pocket.38 In addition, six substrate recognition sites were identified.38 The proximal side of the 

heme domain, where the heme is close to the protein surface, is more conserved in structure, 

whereas the distal part of the heme domain, which is involved in substrate recognition, is 

more variable.158 Due to low sequence identity within the CYP family, a systematic sequence 

comparison is not straightforward, because it depends on a reliable multisequence alignment. 
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Recently, a generic strategy of establishing a standard numbering scheme for large families of 

proteins was proposed.71 A standard numbering scheme of a large protein family consists of a 

family-specific sequence profile generated from a set of representative protein family 

members. A numbering scheme for all members of a protein family is derived by profile-

guided alignments of all protein sequences against the family-specific sequence profile and by 

transferring the internal residue numbers of a dedicated reference sequence to the respective 

positions in all sequences. As a result, each position of each sequence of a protein family is 

unambiguously numbered according to the reference sequence. As shown for metallo-β-

lactamases,159,160 antibodies,161,162 and the ThDP-dependent decarboxylases,71 unambiguous 

sequence numbering helps to analyze conserved, functionally or structurally relevant 

positions and to communicate about interesting protein variants.  

The goal of this work was to establish a standard numbering scheme for CYP sequences 

contained in the CYPED,151 and to perform a systematic analysis of sequence, structure, and 

function. Because there are significant structural and functional differences between the two 

classes of CYPs,72,163 two separate numbering schemes were established. The numbering 

schemes help to compare the results from mutation studies of different proteins, but also 

provide a reliable tool for sequence alignments of proteins with low sequence similarity. Such 

sequence alignments were used to analyze class I and class II CYPs and to find the class-

specific residues as well as residues conserved in all CYPs.  

 

5.1.3 Methods 
Cytochrome P450 Engineering Database 

The Cytochrome P450 Engineering Database (CYPED)151 was updated using one seed 

sequence of each homologous family. The seed sequences were derived from the last online 

version of the database. For each of the seed sequences, a BLAST164 search was performed 

against the non-redundant protein database of the NCBI GenBank165 using an E-value of 10-

100 as cut-off criterion. Each hit was compared against all so far collected sequences in the 

database in order to classify the proteins according to their sequence similarity. Sequences 

with a global sequence similarity above 98 % were assigned to one protein entry, sequences 

with a sequence similarity above 55 % were grouped into homologous families and with 

above 40 % similarity into superfamilies. All newly found sequences were allocated to the 

predefined homologous families represented by the 626 seed sequences. From this dataset, 
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family-specific multisequence alignments and HMM profiles were generated using 

CLUSTALW166 and the HMMER 3.0167 toolbox, respectively. Partial sequences (shorter than 

300 amino acids or annotated as fragment or partial sequence in the GenBank165) and 

sequences longer than 1500 amino acids were excluded from the database update. Sequences 

and structures for implementation and the application of the standard numbering scheme were 

derived from the updated version of the CYPED.  

Class assignment 

CYP sequences collected in the database were assigned to classes based on the literature data 

about the electron donor type.26 Sequences with missing information about the electron donor 

type were assigned to classes based on their source organisms and their sequence similarity to 

characterized CYPs. CYPs from class III, IV, V, VI, IX and X were manually assigned based 

on the literature data.26 Fusion proteins were assigned to classes VII (also known as IV) and 

VIII (also known as III) based on the fused redox partner type. The remaining CYPs were 

assigned to class I or class II based on the CYP nomenclature. Class I are in general bacterial 

CYPs which were assigned to superfamilies 51-70 and 101-299, and class II eukaryotic CYPs 

which were assigned to superfamilies 1-49, 71-99 and 301-750. As an exception, 

superfamilies containing mitochondrial CYPs were classified as class I based on their electron 

donor type. Although this class assignment strategy allowed for a minimization of wrong 

assignments, most of the sequences were not experimentally validated. Therefore, we expect 

that some non-typical CYPs might need reassignment in the future. 

Reference alignments and position number assignment 

The higher structural and functional similarity inside class I and class II was previously 

reported to considerably influence the quality of structural and functional modeling of 

CYPs.163 Therefore, two separate numbering schemes were developed for class I and class II 

CYPs to allow for an accurate standard numbering. In order to provide a reliable and 

consistent method for the assignment of standard numbers to each CYP sequence, a method 

using family-specific reference sequences was applied.71 For each of the classes I and II, a set 

of representative CYPs with available crystal structure (Table 12 on the following page) was 

chosen.  
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Table 12: Set of representative CYPs (24 class I, 14 class II) used for generating the class-specific 
sequence profiles based on structure alignments. The reference sequences (CYP101A1 for class I 
and 102A1 for class II) are in bold. 
 

 
Class I 

 
Class II 

PDB code 
 

Organism 
 

CYP 
 

PDB code 
 

Organism 
 

CYP 
 

3N9Y H. sapiens 11A1 2HI4 H. sapiens 1A2 

3K9V R. norvegicus 24A1 3PM0 H. sapiens 1B1 

1PHG P. putida 101A1 1Z10 H. sapiens 2A6 

3OFT N. aromaticivorans 101C1 3KW4 H. sapiens 2B4 

3LXI N. aromaticivorans 101D1 1NR6 O. cuniculus 2C5 

2Z36 N. recticatena 105 3TBG H. sapiens 2D6 

3ABA S. avermitilis 105P1 3E6I H. sapiens 2E1 

1JIO S. erythraea 107A 3CZH H. sapiens 2R1 

2Y46 M. griseorubida 107E 3NXU H. sapiens 3A4 

2WI9 S. venezuelae 107L 3SN5 H. sapiens 7A1 

2JJO S. erythraea 113A 3RUK H. sapiens 17A1 

2VE3 Synechocystis sp. 120A1 3EQM H. sapiens 19A1 

2IJ7 M. tuberculosis 121 3MDM H. sapiens 46A1 

2WM4 M. tuberculosis 124 1ZOA B. megaterium 102A1 
2XKR M. tuberculosis 142    

1ODO S. coelicolor 154A1    

1S1F S. coelicolor 158A2    

2XBK S. natalensis 161A    

3R9C M. smegmatis 164A2    

1LFK A. orientalis 165B3    

1UED A. orientalis 165C    

1Q5D S. cellulosum 167A1    

1N97 R. thermophillus 175A1    

4DNJ R. palustris 199A2    

 

The representative CYPs were structurally aligned using the structural alignment tool 

STAMP.94 These class-specific reference alignments were manually optimized to decrease the 

number of gaps. The curated alignments were subsequently used to generate the reference 

profiles using the hmmbuild program from the HMMER 3.0 software package.167 From each 

class, the sequence of a well-investigated CYP was chosen as reference sequence for the 

numbering: CYP101A1 (P450cam) from Pseudomonas putida for the class I numbering 

scheme, CYP102A1 (P450BM3) from Bacillus megaterium for class II. CYP102A1 is not a 

class II CYP in a strict sense due to the bacterial origin, but the enzyme accepts electrons 

from a diflavin reductase and is structurally more similar to human than to bacterial CYPs, 

including the length of the meander loop and αJ/J’.19 The two reference proteins are among 

the most studied CYPs. The standard numbering of each CYP was calculated by aligning its 

sequence to the respective reference profile. From each of the resulting alignments, a pairwise 

alignment of the respective query sequence and the reference sequence was extracted. 

Subsequently, the residue numbers of the reference sequence were transferred to the 
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respective positions of the query sequence (Figure S24 on page 146). Since the alignment of 

the query sequence to the specific reference sequence is guided by a structure-based profile, 

the assigned standard numbers indicate equivalent backbone positions in their structures 

(Figure S25 on page 147). This allows for the annotation of functionally relevant positions 

and regions as well as secondary structure elements (such as the α-helices A-L, the β-strands 

1-4, the meander loop, and the cysteine pocket), based on knowledge of the respective 

positions in the two reference sequences. CYPs from classes I, III, IV, V, VI, and VII (class 

VII is also known as class IV) were annotated using the class I numbering scheme, because 

they accept iron-sulfur cluster proteins as an electron transfer protein. The class VIII CYPs 

(also known as class III) are chimeric proteins consisting of the heme and the CPR domain 

and class II CYPs were annotated using the class II numbering scheme. NADH-dependent 

CYPs (class IX) and independent CYPs which do not need a redox partner and use an 

intramolecular electron transfer system (class X) were annotated using the class II numbering 

scheme, based on their higher structural similarity in loop regions to class II CYPs. The 

standard numbers for all positions were included into the sequence view of the database web 

interface.  

Web interface 

A web application was integrated into the CYPED to allow users to apply the standard 

numbering scheme to their query sequence. Upon submission of a query sequence (Figure 

S26A on page 148), a search using the UBLAST method of USEARCH164 against all 

sequences in the database is performed. Sequences without matches in the database (E-value 

above 10-10) are rejected from the number assignment process, since they are too different 

from currently known CYPs. The query sequence is assigned to class I or II depending on the 

class assignment of the best matching sequence. The query sequence is then aligned against 

the class profile which is specific for the best matching sequence, and the standard numbers 

are assigned based on the alignment to the respective reference sequence (Figure S26B on 

page 148).  

Selection of representative proteins 

In order to cover the whole sequence space of the CYPs in the reference alignments of class I 

and class II, representative enzymes from different homologous families were chosen. 

Therefore, the sequences derived from the representative CYP structures of the two classes 

were separately clustered using USEARCH164 into subfamilies by the criterion of intra-family 
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sequence identity above 50 %. The structures of class I and class II CYPs were sorted into 31 

and 14 clusters, respectively. In order to ensure that all representative proteins were 

crystalized in their active conformation, only structures with substrate bound in the active site 

were considered. From each cluster containing at least one structure with bound substrate, the 

structure with the highest resolution was chosen as a representative protein for the 

development of the numbering scheme. This resulted in 26 structures representing class I and 

14 structures representing class II (Table 12 on page 74). 

Multisequence alignments using the numbering scheme 

By aligning each sequence of the class I and the class II CYPs to the respective class-specific 

reference profile, multisequence alignments of class I and class II CYPs were implicitly 

generated.71 The two multisequence alignments consisted of 3776 and 12113 sequences for 

class I and class II, respectively, including 236 and 217 fusion proteins from class VII (also 

known as class IV) and VIII (also known as class III), respectively. As a validation of the 

accuracy of the standard numbering scheme, the assignment of standard numbers to positions 

of proteins with known crystal structure which were not part of the reference alignment was 

compared to the results from a structure alignment created by STAMP.94 Thus, pairwise 

alignments of 26 class I and 14 class II CYPs to their respective reference sequence were 

performed using the numbering scheme and STAMP. Subsequently, the results from both 

methods were compared by checking the sequence identity for each column of the resulting 

alignments. The average difference of the alignment columns between the two alignment 

methods was used as a validation criterion allowing for a position specific evaluation of the 

alignment quality. The validation for class I CYPs was performed starting from position 10, 

because structure information on the N-terminal residues was lacking in the PDB entry 1PHG 

of CYP101A1. For class II CYPs, the validation was performed starting from position 2 

(Figure S27 on pages 149 and 150).  

Comparison between the class I and the class II numbering scheme 

Separate standard numbering schemes for the two classes were developed for a better 

accuracy in variable regions and a more reliable annotation of structural elements. To relate 

the two numbering schemes, the structures of CYP101A1 and CYP102A1 (reference 

sequences for the two numbering schemes) were aligned by STAMP,94 and all structurally 

equivalent positions were identified (Table S1 on pages 143-145). The equivalence table 
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shows structurally corresponding positions of the reference sequences and allows for 

comparison of sequences numbered using the two numbering schemes. 

Conservation analysis 

The CYPED was systematically analyzed for conserved positions based on multisequence 

alignments derived from the standard numbering scheme. The multisequence alignments of 

CYPs from class I (including fusion constructs from class VII) and class II (including fusion 

constructs from class VIII) were screened for columns where a single amino acid was highly 

conserved (> 80 %), or where amino acids with similar physicochemical properties were 

found in more than 80 % of all sequences. Four groups of different physicochemical 

properties were distinguished: hydrogen bonding residues (cysteine, asparagine, glutamine, 

serine, threonine, tyrosine), charged residues (aspartic acid, glutamic acid, histidine, lysine, 

arginine), aromatic residues (phenylalanine, tryptophan, tyrosine), and hydrophobic residues 

(alanine, glycine, leucine, isoleucine, methionine, valine). 

 

5.1.4 Results 
Update of the CYPED and family classification of cytochrome P450 monooxygenases 

The Cytochrome P450 Engineering Database (CYPED) was updated using one seed sequence 

for each homologous family from version 2.03 of the CYPED.72 The update resulted in 19198 

sequences, which is an increase of 41 % as compared to the previous version. After removal 

of partial sequences, the updated CYPED consists of 16732 sequences, as compared to 11195 

sequences in the previous version. The number of superfamilies and homologous families 

increased from 249 to 258 and from 620 to 626, respectively. The number of proteins with 

structure information increased from 50 (corresponding to 125 PDB entries) to 72 

(corresponding to 408 PDB entries). From this dataset, family-specific multisequence 

alignments and HMM profiles were generated. 

The numbering schemes for class I and class II of cytochrome P450 monooxygenases 

All sequences in the CYPED were assigned to a class, based on a previously proposed 

classification scheme.26 For the two largest classes, numbering schemes were developed: a 

class I-specific numbering scheme for class I and the fusion proteins in class VII (23% of all 

sequences), due to their high structural and functional similarity, and a class II-specific 

numbering scheme for class II and the fusion proteins in class VIII (72% of all sequences).163 
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The two numbering schemes were validated by comparison of the numbering scheme-based 

alignment to a structural alignment for a selected set of proteins with known structure (Figure 

S27 on pages 149 and 150). Despite the high sequence diversity, the validation revealed high 

similarity between the two alignment methods: in class I and class II, 86% and 81%, 

respectively, of the columns were identically aligned. The reliability of the alignments was 

lower near the N-terminus of the CYPs because of higher sequence diversity in this region 

and residues that are lacking in the respective PDB entry. In addition, there were several short 

regions where the alignments deviated, mostly loops that differ in length, sequence, and 

structure, and thus cannot always be superimposed adequately: positions 86-98 (αB’ between 

the β1_5 and αC) and 187-191 (loop between αF and αG) in class I CYPs, and positions 70-

84 (αB’ between the β1_5 and αC), 165-171 (loop between αE and αF), 187-201 (loop 

between αF and αG), 226-231 (loop between αG and αH), and 382-389 (loop between 

meander loop and cysteine pocket) in class II.  

Analysis of conserved positions in class I and class II CYPs 

A conservation analysis was performed for the two classes of CYPs. The results were grouped 

into five types of positions (Table 13, 14, 15, 16, 17 on pages 81, 83, 84, 85 positions where 

one single amino acid was highly conserved in more than 80 % of all sequences, and four 

types of positions where amino acids with the same physicochemical property (aromatic, 

hydrogen-bonding, charged, hydrophobic) were conserved in more than 80 % of all 

sequences. Conserved positions were found only on the proximal surface and in the core of 

the CYPs, but not on the distal surface of class I and class II CYPs (Figure 18 on the 

following page). 
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Highly conserved positions 

In class I and II, respectively 16 and 17 positions were found with a single amino acid 

conserved in more than 80 % of all sequences. Among these positions, 12 were equivalent in 

class I and class II, 4 were class I-specific, and 5 were class II-specific (Table 13 on page 81). 

Standard position H108 was conserved in 84 % of class I CYPs and was described to interact 

with heme.38 This position corresponds to class II position W96 (conserved in 80 % of all 

class II CYPs) which was described to have a role in the incorporation of heme.76 Position 

R112 in class I CYPs (94 % conserved) corresponding to R100 in class II CYPs (84 %) was 

described to interact with heme (Figure 14) and to be essential for high electron transfer rates 

in CYP101A1.38,168 E287 (98 %) in class I and the corresponding E320 (99 %) in class II, as 

well as R290 (97 %) in class I and R323 (99 %) in class II form the ExxR motif.158  

Standard position R342 (96 %) in class I CYPs was described to stabilize the protein 

structure38 and corresponds to R378 (86 %) in class II CYPs. In both classes, the heme ligand 

	
 
Figure 18: Conservation on proximal and distal surface of class I and class II CYPs. Amino 
acids conserved in class I were highlighted on the structure of CYP101A1 (PDB code 1PHG) 
and in class II on the structure of CYP102A1 (PDB code 1ZOA). Amino acids are colored by 
properties magenta: negative charge, blue: positive charge, orange: aromatic, pale blue: 
hydrophobic. 
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cysteine169 is conserved: C357 (98 %) and C400 (99 %) in class I and class II CYPs, 

respectively. The results show that the ExxR motif and the heme ligand cysteine are not 

conserved in 100 % of the studied sequences due to misalignment, or because these highly 

conserved residues are missing in some members of the CYP family.170–172 Furthermore, a 

threonine residue was highly conserved in class I (T252 in 85 % of all class I sequences) and 

in class II CYPs (T268 in 87 % of all class II sequences), as well as a phenylalanine residue in 

class I (F350 in 93 %) and in class II CYPs (F393 in 98 %), which were described as 

important for the catalytic machinery.35,36 The conserved threonine was described to have 

multiple roles including substrate recognition,34,173 proton donation,174 and oxygen 

activation.175 The conserved phenylalanine was described to interact with the heme-ligand 

cysteine and to modulate the reduction potential of heme.176,177 In addition, there were three 

highly conserved glycines and a highly conserved proline at equivalent positions in class I and 

class II CYPs: G249 (82 %), P268 (85 %), G353 (98%), and G359 (96 %) in class I CYPs, 

corresponding to G265 (86 %), P284 (84 %), G396 (99 %), and G402 (94 %) in class II 

CYPs. Proline residues are known to disrupt α-helices and  β-strands and mediate 

folding,178,179 while glycine residues disrupt helices and contribute to sharp loops.180 The first 

conserved glycine is located in the center of αI and can disturb the helix. The conserved 

proline is located at the N-cap of αJ. The second and third glycine residues are located in the 

cysteine pocket (Table 18 on page 88) and contribute to the characteristic conformation of this 

loop. 

Position R299 was highly conserved in class I CYPs (96 %) and was described to stabilize 

heme (Figure 19 on page 82).38 In class II CYPs, the corresponding position 333 was less 

conserved (R 65 %, H 26 %, K 3 %), which indicates that arginine is essential for class I 

CYPs but can be replaced by histidine and lysine in class II CYPs.	 A363 was highly 

conserved in class I CYPs (85 %) and was shown to have an important role in function and 

stability of CYP101A1.65 It corresponds to the less conserved position A406 in class II CYPs 

(74 %). There are also two conserved glycine residues that are present in class I CYPs, G315 

(86 %) and G351 (92 %). Those positions correspond to moderately conserved glycines in 

class II CYPs, G350 (76 %) and G394 (64 %). The first conserved glycine residue is located 

at the N-cap of β1_3. The second conserved glycine is located in the cysteine pocket (Table 

13 on the following page). 
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Table 13: Positions with single amino acids conserved in over 80% of sequences. 
Standard positions structurally corresponding between the classes are in the same 
rows. Positions with single amino acids conserved in over 80% of sequences are in 
bold, the corresponding less conserved positions are in italic.	

 
Class I 

 

 
Class II 

 Function 
 Standard 

position 
Amino acid Standard 

position Amino Acid 

108 H 84% 96 F 80% Heme interaction/incorporation 76,181 

112 R 94% 100 R 84% Heme propionate interaction, electron transfer 168,181 

249 G 81% 265 G 85% Structurally significant residue 

252 T 85% 268 T 87% Active site threonine 34,35,174,182 

268 P 85% 284 P 84% Structurally significant residue 

277 D 36% E 33% 293 E 95% Function not described in literature 

287 E 98% 320 E 99% ExxR motif 39 

290 R 97% 323 R 99% ExxR motif 39 

299 R 96% 333 R 65% Heme propionate interaction 38 

315 G 86% 350 G 74% Structurally significant residue 

338 F 67% 374 F 94% Function not described in literature 

340 P 37% 376 P 95% Structurally significant residue 

342 R 96% 378 R 86% Structure stabilization 38 

349 P 25% 392 P 82% Structurally significant residue 

350 F 93% 393 F 98% Heme-ligand cysteine interaction 177,183 

351 G 92% 394 G 61% Structurally significant residue 

353 G 98% 396 G 99% Structurally significant residue 

355 H 75% R 22% 398 R 92% Heme propionate interaction 18,73 

357 C 98% 400 C 99% Heme ligand 169 

359 G 96% 402 G 94% Structurally significant residue 

363 A 85% 406 A 72% Stability of CYP101 65 

 

R398 was highly conserved in class II CYPs (92 %). It is close to the heme and was described 

to stabilize the heme in substrate-free CYP102A1 (Figure 19 on the following page),18,73 

whereas at the corresponding position 355 in class I CYPs histidine and arginine were found 

in 77 % and 20 % of the sequences, respectively, suggesting that arginine is crucial for class 

II CYPs but not for class I CYPs. Furthermore there are two class II-specific prolines in 

positions P376 (96 %) and P392 (82 %), which correspond to the less conserved positions 340 

(36 %) and 349 (28 %) in class I CYPs. The first proline is located in the meander loop, the 

second in the cysteine pocket (Table 16 on page 84). Additionally, two conserved positions 

that have not yet been described in the literature were found to be conserved in class II CYPs, 

E293 (95 %) and F374 (94	%). These residues are located on αJ and in the meander loop. In 

class I CYPs, the corresponding positions are less conserved (Table 13) suggesting that these 

residues are essential for class II CYPs, but not for class I CYPs. 
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Aromatic residues 

There was only one position with an aromatic residue conserved in class I and in class II 

CYPs (Table 14 on the following): position 332 in class I CYPs (F 60 %, W 12 %, Y 13 %) 

corresponding to position 367 in class II CYPs (W 56 %, F 27 %, Y 15 %). This position is 

localized on the meander loop, but its function has not yet been described in literature. In 

addition, there were four positions in class II CYPs with conserved aromatic amino acids: 

position 275 (W 51 %, F 22 %, Y 8 %), 313 (Y 77 %, F 9 %), 379 (F 78 %, W 17 %, Y 2 %), 

and 421 (F 73 %, Y 16 %). These positions correspond to variable positions in class I CYPs, 

and their functions has not yet been described in literature. Thus, aromatic residues are 

considerably more conserved in class II CYPs than in class I CYPs. 

 

 

 

 

 

Figure 19: Schematic representation of conserved arginine residues in the heme 
environment in A) class I and B) class II CYPs. Heme interacting residues 
corresponding between the classes are in the same rows of the tables. In class II 
CYPs, heme propionate A can be involved in interaction with lysine at position 69 or 
with arginine at position 70. The amino acid distributions at position 70 in class II 
and the corresponding position 84 in class I are shown in parenthesis. 
 
 



Publications 
 

83	
	

Table 14: Conservation of aromatic amino acids. Corresponding positions are in 
the same rows, conserved positions are in bold. Empty fields indicate amino acid 
frequencies between 0 and 1 %. 
	

 
Class I 

 
Class II 

Function 
Standard 
position F W Y Standard 

position F W Y 

108 
 

13% 
 

96 2% 80% 1% Heme interaction/incorporation38,76 

259 6% 19% 1% 275 22% 51% 8% Function not described in literature 

280 3% 
 

11% 313 9% 
 

77% Function not described in literature 

332 60% 12% 13% 367 27% 55% 15% Function not described in literature 

338 67% 
 

6% 374 94% 
 

5% Function not described in literature 

--- --- --- --- 379 78% 17% 2% Function not described in literature 

350 93% 
 

2% 393 98% 1% 1% Heme-ligand cysteine interaction177,183 

378 32% 1% 10% 421 72% 
 

16% Function not described in literature 

 

Hydrogen-bonding amino acids 

Only one position with a conserved hydrogen-bonding residue was found in class I and class 

II CYPs (Table 15). Position 253 in class I CYPs (T 78 %, S 5 %) corresponding to position 

269 in class II CYPs (T 57 %, S 23	%) is located close to other catalytically significant 

positions and has not yet been described in literature.  

Table 15: Conservation of hydrogen bonding amino acids. Corresponding positions are in the 
same rows, highly conserved positions are in bold. Empty fields indicate amino acid 
frequencies of less than 1 %.	

Class I 
 

Class II 
 Function 

Standard 
position C N Q S T Standard 

position C N Q S T 

252 --- 1% 1% 3% 85% 268 --- 3% --- 5% 88% Active site threonine 35,174,182 

253 --- --- --- 5% 78% 269 --- 1% --- 23% 57% Function not described in the literature 

357 98% --- --- --- --- 400 99% --- --- --- --- Heme ligand 169 

 
 
Charged amino acids 

In addition to the highly conserved charged positions, there were also positions where 

multiple charged amino acids are conserved in over 80% of all sequences (Table 16 on the 

following page). Only one position with a charged residues was conserved in class I and class 

II CYPs. Position 251 in class I CYPs (E 56,7 %, D 33,0 %) corresponding to position 267 in 

class II CYPs (D 46 %, E 43 %, H 5 %), which plays a role in the stabilization of water and is 

part of the proton delivery system.18 Four positions with negatively charged amino acids were 
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conserved in class I CYPs: 104 (D 68 %, E 15 %), 227 (E 37 % D 27 %, R 8 %, K 4 %, H 

5 %), 304 (D 73 %, E 10 %), and 328 (D 79 %, R 4 %, H 3 %, E 2 %).  

Table 16: Conservation of charged amino acids. Corresponding positions are in the same row, highly 
conserved positions are in bold. Empty fields indicate amino acid frequencies of less than 1 %. 

 
Class I 

 
Class II 

Function 
Standard 
position D E H K R Standard 

position D E H K R 

104 68% 16% --- 1% --- 90 15% 6% 4% 3% 6% Function not described in the literature 

108 --- --- 85% --- --- 96 --- --- 8% --- --- Heme interaction/incorporation 38,76 

112 --- --- --- 4% 94% 100 --- --- 6% 5% 84% 
Heme propionate interaction, electron 

transfer 38,168 

227 27% 37% 5% 4% 8% 241 2% 7% 1% 15% 10% Function not described in the literature 

251 33% 57% 1% --- --- 267 46% 43% 2% --- --- Stabilization of water in proton delivery 18 

273 1% 8% 1% 13% 24% 289 --- 3% --- 57% 24% Function not described in the literature 

277 36% 33% 2% 2% 5% 293 1% 95% --- --- --- Function not described in the literature 

287 --- 98% --- --- --- 320 --- 99% --- --- --- ExxR motif 39 

290 --- --- --- --- 97% 323 --- --- --- --- 99% ExxR motif 39 

299 --- --- --- --- 96% 333 --- --- 26% 3% 65% Heme interaction 38 

304 73% 10% --- --- 1% 338 63% 6% 1% 1% 1% Function not described in the literature 

328 79% 1% 3% --- 4% 363 64% 1% --- --- 2% Function not described in the literature 

342 --- --- --- --- 96% 378 --- --- 10% --- 86% Structure stabilization 181 

355 --- --- 77% --- 21% 398 --- --- 4% --- 92% Heme propionate interaction 18,73 

 

In class II CYPs, the positions corresponding to 304 and 328 were negatively charged 

(position 338: 69 %, position 363: 65 %), while the positions corresponding to 104 and 227 

were negatively charged in less than 20 % of class II CYPs. Position 289 (K57 %, R 24 %, E 

3 %) was the only class II-specific position with a charged amino acid. The corresponding 

position in class I was variable and the function of these positions has not yet been described 

in literature. All charged positions are located on the protein surface.  

Hydrophobic amino acids 

The conserved hydrophobic residues mostly play a role in structure stabilization, since most 

of them were located in the protein core. Conserved hydrophobic amino acids were also found 

in the cysteine pocket and possibly contribute to heme stabilization. The surface-exposed 

hydrophobic residues might also play a role in the CYP-redox partner interactions. In class I 

CYPs, 53 conserved positions with hydrophobic amino acids were found, in class II only 33 

(Table 17 on the following page). 25 of these positions were corresponding between class I 

and class II. 
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Table 17: Conservation of hydrophobic amino acids. Corresponding positions 
are in the same rows, highly conserved positions are in bold. Empty fields 
indicate amino acid frequencies of less than 1 %. 
	

Class I Class II 
Standard 
position A G I L M V Standard 

position A G I L M V 

52 4% --- 18% 18% 2% 46% 38 2% 3% --- --- --- --- 

63 2% --- 4% 3% --- 2% 50 3% --- 16% 20% 1% 44% 

65 9% --- 14% 20% 2% 45% 52 6% 1% 22% 22% 1% 29% 

71 18% 1% 22% 8% 1% 37% 58 28% --- 24% 4% 3% 24% 

74 13% 2% 13% 25% 2% 42% 61 15% --- 26% 7% 3% 33% 

100 --- --- 14% 37% 15% 14% 86 --- --- 27% 39% 7% 14% 

114 13% --- 13% 44% 8% 7% 102 5% --- 17% 24% 8% 8% 

115 4% 2% 8% 33% 8% 37% 103 14% --- 8% 29% 4% 9% 

124 4% --- 20% 24% 12% 31% 112 1% 1% 10% 43% 16% 16% 

131 3% --- 44% 9% 7% 27% 119 1% --- 25% 5% 12% 15% 

139 3% --- 23% 37% 3% 26% 127 3% --- 16% 23% 6% 28% 

162 9% 2% 13% 4% 6% 56% 152 4% --- 25% 6% 4% 33% 

163 10% --- 59% 13% 2% 7% 153 6% 2% 58% 10% 5% 9% 

166 8% --- 8% 45% 15% 12% 157 29% 3% 10% 13% 5% 15% 

167 5% --- 6% 57% 11% 5% 158 3% 
 

2% 14% 8% 3% 

169 4% 12% 13% 13% 3% 41% 159 1% 73% --- --- --- --- 

208 7% --- 40% 12% 2% 27% 220 2% --- 47% 11% 4% 26% 

219 6% --- 14% 52% 6% 12% 233 3% --- 6% 27% 10% 3% 

220 6% 2% 19% 41% 7% 8% 234 2% --- 23% 42% 7% 14% 

223 1% 2% 10% 70% 10% 2% 237 --- --- 6% 50% 11% 3% 

224 14% 1% 26% 20% 3% 19% 238 1% --- 18% 62% 10% 3% 

233 1% --- 9% 61% 15% 5% 249 1% --- 9% 40% 6% 3% 

238 12% --- 29% 36% 2% 13% 254 2% --- 43% 32% 6% 13% 

245 2% 2% 9% 64% 9% 9% 261 --- --- 13% 31% 13% 5% 

246 4% 2% 15% 53% 7% 8% 262 --- --- 13% 23% 12% 5% 

248 75% 18% --- --- --- --- 264 74% 14% --- --- --- 1% 

249 12% 82% 1% --- --- --- 265 9% 86% --- --- --- --- 

257 2% --- 39% 39% 8% 3% 273 3% --- 15% 52% 11% 8% 

261 9% 1% 7% 31% 8% 22% 277 2% --- 11% 43% 18% 7% 

264 1% 2% 5% 78% 7% 2% 280 --- --- 5% 76% 14% 3% 

265 23% 2% 3% 36% 1% 3% 281 30% 5% 9% 21% 8% 9% 

274 4% --- 5% 69% 1% 15% 290 24% --- 10% 33% 1% 25% 

278 7% 9% --- --- --- --- 294 2% --- 41% 22% 3% 25% 

--- --- --- --- --- --- --- 311 1% --- 1% 56% 37% 1% 

281 9% --- 25% 28% 5% 14% 314 --- --- 4% 58% 7% 6% 

359 2% 96% --- --- --- --- 403 4% --- 6% 5% 12% 3% 

362 --- --- 9% 69% 1% 5% 406 74% 19% --- --- --- 2% 

363 85% 6% --- --- --- 1% 407 1% --- 7% 23% 14% 4% 

365 8% --- 4% 39% 20% 9% 408 12% --- 4% 8% 21% 7% 

367 20% 7% 10% 27% 21% 6% 410 12% --- 11% 28% 19% 17% 

369 7% --- 31% 15% 2% 24% 412 5% --- 12% 37% 4% 17% 
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Class I Class II 

Standard 

position 
A G I L M V 

Standard 

position 
A G I L M V 

370 38% 7% 6% 13% 4% 16% 413 12% 7% 11% 10% 6% 14% 

371 2% --- 7% 57% 2% 6% 414 4% --- 11% 53% 5% 11% 

374 --- --- 13% 60% 5% 9% 417 --- --- 21% 51% 6% 9% 

375 6% --- 6% 49% 1% 7% 418 3% --- 10% 61% 3% 18% 

 
 

5.1.5 Discussion 
Class assignment 

There are ten classes of CYPs described in the literature8 and this classification was used as 

the base for the class assignment in this study. Since not all CYPs have been characterized 

experimentally and the respective redox partners are not known for all the sequences in the 

CYPED a coherent class assignment strategy combining available literature data, the 

information about the source organism and the sequence similarity to characterized CYPs was 

applied. It was previously reported that the length of the αJ’ and the meander loop could be 

the base for the class assignment19, but some CYPs (i.e. class I eukaryotic mitochondrial 

CYPs) exhibit lengths of those elements which do not correlate with the redox partner type. 

Due to this observation, the approach using the sequence length of defined regions for class 

assignment was not implemented. It is possible that our comprehensive approach does not 

include all non-typical CYPs but up to now only 753 out of 16732 (<5%) of the sequences in 

CYPED were assigned to non-typical classes (not class I, II or fusion). 

Conservation analysis  

The conservation analysis confirmed well-documented functionally relevant positions such as 

the heme ligand cysteine169 or the ExxR motif,158 but also revealed positions which are not yet 

known as conserved nor have been investigated by mutational studies. All conserved 

positions are localized on the proximal surface and in the core of class I and class II CYPs 

(Figure 18 on page 79), while the distal surface involved in substrate recognition is variable. 

This is in accordance with the fact that all functions that are common to all CYPs are located 

in the core and at the proximal side (heme binding, catalytic machinery, redox partner 

interactions), while CYPs differ widely in their substrate spectrum. Despite the high sequence 

diversity inside the CYP classes, there were several class-specific positions that were 
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conserved in more than 80% of the sequences of one class, but more variable in the other 

class.  

Conserved residues on the proximal surface of CYPs  

The heme domain of all class I CYPs accepts two electrons from an iron-sulfur-cluster 

protein, class II CYPs from a CPR-type reductase. There has been much interest in identifying 

proximal surface residues that influence the activity and electron transfer rates of CYPs, and it 

has been pointed out that in both classes mostly positively charged residues on the proximal 

CYPs surface are involved in the interaction with the electron donor.93,98,184,185,69 We expected 

to find conserved class-specific positively charged residues on the proximal surface of CYPs 

because the iron-sulfur cluster redox partner differs considerably from the CPR-type 

reductase, and because in most organisms multiple CYPs of the same class interact with a 

single reductase.186,187 Although we found two class I-specific (positions 227 and 304) and 

three class II-specific (positions 289, 293, 313) conserved residues on the proximal surface of 

the heme domain, none of them has yet been described in literature to be involved in the 

interaction between heme domain and redox partner, and only one class II-specific residue is 

positively charged.  

The two class I-specific conserved residues on the proximal surface are not near to each other 

nor in the vicinity of the site where heme is close to the protein surface (C357 in class I 

CYP101A1) and where a close contact to the redox partner is expected to occur for proper 

electron transfer38 (20,6A for position 227 and 28,5A for position 304). Since the iron-sulfur 

cluster protein is a small (P. putida ferredoxin is 107 amino acids), it would not be possible 

for the protein to be properly arranged relatively to position 357 and interact with positions 

227 and 304.188 

The class II-specific proximal surface residues are in close proximity to each other and form a 

patch of three amino acids that has not yet been described in literature. The patch consists of: 

a positively charged lysine or arginine in position 289, a negatively charged glutamic acid in 

position 293, and an aromatic residue in position 313. The conserved residues in the patch do 

not interact with each other but could be involved in the interaction with the redox partner. 

Additionally, these three residues are accompanied by three class-specific hydrophobic non-

surface residues in positions 290, 294 and 311. Since CPR is a large, two-domain protein, it is 

possible that this patch, which is not in direct proximity to the heme, might be involved in the 

interaction with CPR. The function of those residues has not yet been studied, so it would be 
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extremely interesting to study the effect of mutations in those positions on the interaction with 

redox partner. 

The small number of class-specific conserved positions on the proximal surface indicates that 

redox partner recognition is not highly conserved inside class I or class II CYPs, but there are 

CYP-specific features such as redox potential74 or loop lengths72 that can mediate or prevent 

productive interactions between heme domain and redox partner.  

Cysteine pocket 

The cysteine pocket is characteristic structural element of all CYPs, it is a pocket shaped 

structural element with heme binding cysteine. Proline and glycine residues are often found in 

short loops and in the cap regions of α−helices and β−strands.178–180 The cysteine pocket is 

rich in glycine and proline residues, and the conservation patterns of those residues in the 

cysteine pocket differ between class I and class II CYPs (Table 18). Since proline residues 

significantly influence the shape of the protein backbone and glycine residues influence its 

flexibility, we propose that the observed differences might influence flexibility and shape of 

the cysteine pocket. It would be interesting whether there are optimal proline-glycine motifs 

for class I or class II CYPs.  

Table 18: Class specific conservation of glycine and proline residues in the cysteine pocket of CYPs. 
Structurally corresponding residues are in the same columns, differences between classes are highlighted 
grey. 
	
 
Class I 

 
349 P25% 

 
350 F93% 

 
351 G92% 

 
… 

 
353 G98% 

 
… 

 
357 C98% 

 
… 

 
359 G96% 

 
Class II 

 
392 P82% 

 
393 F98% 

 
394 G61% 

 
… 

 
396 G99% 

 
… 

 
400 C99% 

 
… 

 
402 G94% 

 

Structurally relevant residues 

The conserved hydrophobic residues contribute to the hydrophobic core of the protein, thus 

stabilizing the structural elements, α-helices and β-strands. Besides the hydrophobic amino 

acids there are only two structurally relevant positions that are conserved in both classes. The 

first position is occupied by a conserved aromatic residue (class I: position 332, class II: 

position 367), the second position by a conserved arginine residue (class I: standard position 

342, class II: standard position: 378). The arginine residue was reported to stabilize the CYP 

structure by interaction with the conserved glutamic acid of the ExxR motif.158 These two 

residues are involved in a complex cluster of conserved amino acids in class II proteins, 
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where besides the aromatic residue conserved in both classes two additional conserved 

positions with aromatic amino acids were found (in positions 374 and 379). These aromatic 

residues have not yet been described in literature. Their role might be the stabilization of the 

structure between the conserved arginine and the glutamic acid. The difference to class I 

CYPs where the additional aromatic residues are less conserved might be associated with a 

different reductase interaction because class II CYPs interact with the much bigger CPR 

reductase as compared to the small iron-sulfur-cluster protein and better structure stabilization 

might be needed in order to facilitate the interaction. 

There were also structurally relevant class I-specific residues: a conserved glycine at the N-

cap of β1_3 (position 315) and two negatively charged residues (position 104 and 328) in 

loops close to the proximal surface. The conserved glycine residue at position 315 allows for 

a sharp turn near to β1_3. Interestingly, the corresponding position in class II is less 

conserved. The function of two negatively charged residues has not yet been described in 

literature. From structure of CYP101A138 we predict that these residues might be involved in 

salt bridges: position 328 interacts with arginine at position 67 (positively charged residues in 

more than 45% of sequences), position 104 might interact with serine at position 82 or 83 (49 

and 33%, respectively). To our knowledge, those residues have not yet been studied in 

CYP101A1, so it would be interesting to probe their role in structure stabilization. Two 

additional class II-specific conserved aromatic residues in the protein core (position 275 and 

421) could also be involved in structure stabilization, as described for many proteins.75,189 

Heme-interacting residues  

Most of the residues that interact with the catalytically active heme or are part of the catalytic 

machinery of CYPs were highly conserved in all CYPs. Four highly conserved residues were 

described in literature that are located close to the heme and are part of the catalytic 

machinery: the negatively charged amino acid involved in the proton delivery (class I position 

251, class II position 267),18 the conserved threonine involved in substrate recognition, proton 

donation, and oxygen activation (class I position 252, class II position 268),34,35,173–175 the 

conserved phenylalanine interacting with the heme ligand cysteine (class I position 350, class 

II position 393),35,176,177 and the heme ligand cysteine (class I position 357, class II position 

400).169 In addition, there is one highly conserved residue that has not been described yet, a 

hydrogen bonding residue (class I position 253, class II position 269) which is located in close 

proximity to the well-described conserved hydrogen bonding residue (class I position 252, 
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class II position 268) and the conserved negatively charged residue (class I position 251, class 

II position 267), which both are involved in proton delivery.18,34–36,173–175 Since the side chain 

of this residue is pointing towards the heme, we propose that it also might be part of the 

catalytic machinery. 

Despite the high conservation of the catalytic machinery in all CYPs, there were significant 

class-specific differences. Most remarkably, the heme-interacting histidine at position 10838 is 

conserved in class I CYPs and corresponds to a conserved tryptophan at position 96 in class II 

CYPs which was suggested to interact with heme and to be involved in heme incorporation.76 

Therefore, it would be interesting to assess the effect of mutations at these positions in class I 

or class II CYPs.  

In addition, there were systematic differences in the four positively charged amino acids that 

interact with the two heme propionates (Figure 19 on page 82). The highly conserved arginine 

at position 112 in class I CYPs was described to interact with the propionate D moiety of 

heme and to have a significant influence on electron transfer rates54. The corresponding 

position 100 in class II CYPs, however, is less conserved. The functional relevance of a 

positive charge at this position was demonstrated for the class I CYP101A1, where a 

substitution of arginine to lysine resulted in an active CYP mutant, although with increased 

redox potential, while all other mutants were substantially less active54. In most of class II 

proteins there is additional residue interacting with the heme propionate D. This residue is a 

highly conserved arginine at class II position 398,18,73 in class I this position is mostly 

occupied by histidine and in significantly lower degree arginine. CYPs from class I and class 

II also differ in the residues interacting with the heme propionate A. While in class I CYPs 

heme interacting arginine at position 29938 is conserved in 96%, arginine or histidine occur in 

the corresponding position 333 in class II CYPs. In class II CYP102A1, a second residue 

(lysine in position 69) interacts with propionate A. However, this lysine was only found in 

13% of class II CYPs. In most other class II CYPs such as CYP 2A655 the second propionate 

A – interacting residue is arginine or lysine at position 70. While positions 69 and 70 are 

conserved in class II CYPs, the corresponding positions 83 and 84 in class I CYPs are 

significantly less conserved. Because the heme-interacting residues influence the electron 

transfer rates54, their class-specific conservation might be a direct consequence of the different 

electron donor proteins.   
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5.2 Identification of universal selectivity-determining positions in 

cytochrome P450 monooxygenases by systematic sequence-

based literature mining 

 

5.2.1 Abstract  
Cytochrome P450 monooxygenases (CYPs) are a large, highly diverse protein family with a 

common fold. The sequences, structures, and functions of CYPs have been extensively 

studied resulting in more than 53000 scientific articles. A sequence-based literature mining 

algorithm was designed to systematically analyze this wealth of information on SNPs, 

designed mutations, structural interactions, or functional roles of individual residues. 

Structurally corresponding positions in different CYPs were compared and universal 

selectivity-determining positions were identified. Based on the Cytochrome P450 Engineering 

Database (www.CYPED.BioCatNet.de) and a standard numbering scheme for all CYPs, 4000 

residues in 168 CYPs mentioned in 2400 articles could be assigned to 440 structurally 

corresponding standard positions of the CYP fold, covering 96% of all standard positions. 17 

individual standard positions were mentioned in the context of more than 32 different CYPs. 

The majority of these most frequently mentioned positions are located on the six substrate 

recognition sites and are involved in control of selectivity, such as the well-studied position 

87 in CYP102A1 (P450BM-3) which was mentioned in the articles on 63 different CYPs. The 

recurrent citation of the 17 frequently mentioned positions for different CYPs suggests their 

universal functional relevance.  

 

5.2.2 Introduction 
Cytochrome P450 monooxygenases (CYPs) constitute a large enzyme family with high 

sequence diversity and high structural similarity. CYPs are found in all kingdoms of life and 

catalyze the oxidation of a broad spectrum of substrates.192 The reactions catalyzed by CYPs 

are often highly regio- and stereoselective, therefore CYPs are of high interest for synthetic 

applications.10 Their crucial role in xenobiotic metabolism makes them prominent enzymes in 

drug development.153,154 Due to the synthetic potential of CYP-catalyzed reactions, 
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understanding the molecular basis of catalytic activity, substrate specificity, and regio- and 

stereoselectivity is of high interest.193 

All CYPs share a common structural fold, which houses the catalytically active heme and a 

buried substrate binding pocket. The highly conserved CYP fold consists of thirteen α–helices 

and five β–sheets.38,39 It allows for a sequence comparison of different family members 

despite their low sequence identity	 and for the unambiguous identification of six substrate 

recognition sites (SRSs) and cysteine pocket in all CYPs.40,59 The SRSs were first introduced 

based on the experimental characterization of the superfamily CYP2 and the first crystal 

structure of CYP101A1.38,40 SRS1 is located on the β-loop-α element formed by β-strand 

B1_5 and α-helix B’ (naming of the secondary structure elements according to Poulos et 

al.38), SRS2 is located on α-helix F, SRS3 on α-helix G, SRS4 on α-helix I, SRS5 covers β-

strand 1_4 and the neighboring loops, and SRS6 spans over β-strands 4_1 and 4_2. SRS2 and 

3 are part of the entrance channel leading from the bulk to the binding pocket, whereas SRS1, 

4, 5, and 6 form the access to the heme. The residues located in the SRSs interact directly 

with a ligand molecule, or determine the structure or flexibility of the binding site. The 

cysteine pocket is a structural element of the CYP fold. It consists of a loop around the heme 

ligand cysteine, which is located before the α-helix-L. This region contains numerous 

conserved residues, mostly involved in interactions with heme.31  

Due to the high structural and functional similarity of CYPs, it can be expected that the 

structurally corresponding residues have a similar molecular role. This refers to conserved 

residues involved in the catalytic mechanism like the heme ligand cysteine, but it also applies 

to the residues of the substrate recognition sites SRS 1-6. Specific SRS positions that are 

mentioned to mediate selectivity in a wide range of different CYPs will be referred to as 

‘universal selectivity-determining positions’. The identification of universal selectivity-

determining positions would accelerate the design of promising variants or variant libraries 

with diverse properties especially for proteins without known structure, where it is not 

possible to study the protein-ligand interactions. Previously, a residue in SRS5 (position five 

after the conserved EXXR motif) was predicted by systematic sequence analyses to mediate 

selectivity in different CYP superfamilies.59 This prediction was validated by designing a 

CYP102A1 minimal mutant library with a broad diversity in selectivity.58 In order to enable 

comparative analyses of different CYP sequences and to facilitate transfer of knowledge 

about the functional role of individual residues, two class specific standard numbering 

schemes for CYPs were introduced.31 The numbering schemes were developed for class I and 
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class II CYPs, which differ in the redox partner type, but also show class-specific structural 

features like the length of the α−helix J/J’ and the meander insertion.26,31,194 Class I CYPs are 

mainly prokaryotic and accept electrons from ferredoxin and ferredoxin reductase. Class II 

CYPs are mostly eukaryotic and accept electrons from diflavin cytochrome P450 reductases 

(CPR). CYPs from other classes were numbered using the class I or class II numbering 

schemes based on similarities in the electron transfer chain composition.26,31 Based on the 

structure information and guided by family-specific profiles, a standard numbering scheme 

allow for the identification of structurally corresponding positions with similar functional 

roles based only on the protein sequence.71 As opposed to standard sequence alignments, the 

numbering schemes allow for high quality alignments and position numbering within 

structurally conserved protein families even for representatives with low sequence 

identity,31,71 thus allowing for identification of structurally corresponding positions. 

The scientific literature was systematically analyzed to identify the most significant 

selectivity-determining positions in CYPs. This was based on the assumption that residues 

frequently mentioned in the literature for many different CYPs have a high probability of 

being functionally relevant. Thus, a sequence-based literature mining algorithm (SBLMA) 

was designed to extract literature information about residues and mutations mentioned for a 

wide range of CYPs. Similar literature mining approaches were previously implemented to 

extract disease-related mutations.195–197 The extracted data were put into perspective of the 

whole family by analyzing the residues mentioned in the literature using the standard 

numbering schemes for CYPs,31 thus identifying the most frequently mentioned and 

structurally corresponding positions in CYPs. 

 

5.2.3 Methods 
Update of the Cytochrome P450 Engineering Database 

The Cytochrome P450 Engineering database (CYPED) was updated to provide resources for 

further analyses of the rapidly growing sequence space. Seed sequences representing different 

homologous families of CYPs were selected and subsequently used to acquire information on 

the entire sequence space of this vast enzyme family. Seed sequences were selected from 

searches in the NCBI GenBank79 protein database using automatically generated queries for 

CYP names based on the Nelson nomenclature,13 ranging from ‘CYP1A1’ through ‘CYP1A5’ 
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to ‘CYP5999Z5’. The resulting set of sequences was filtered based on sequence completeness 

criteria. Entries including the word ‘partial’ in their sequence description or with a sequence 

length of less than 300 residues were discarded. For each CYP name, a sequence compliant 

with these criteria was used as a seed sequence, resulting in 973 seed sequences. The database 

update was performed as described previously.32 BLAST198 searches for each of the seed 

sequences were performed against the non-redundant protein database of the NCBI 

GenBank79 using an E-value cut-off of 10-5. Entries with identical sequences were assigned to 

a single sequence entry. Sequence entries that were at least 98% identical were assigned to a 

single protein entry. Protein entries were named according to the name derived from the 

respective NCBI GenBank entries (e.g. "CYP1A1"). Short and long sequences (shorter than 

300 amino acids and longer than 1300 amino acids) were deleted from the database. Protein 

structures from the Protein Data Bank (PDB)199 were included into the database if the 

sequences were longer than 150 amino acids and shared at least 80% global sequence identity 

with any existing sequence in the database. 

The data model of the CYPED consists of 4 hierarchical levels (sequences, proteins, 

homologous families, and superfamilies). The sequence identity cut-offs used for the family 

classification were based on the Nelson nomenclature.13 The initial family classification was 

based on a clustering using usearch.200 Homologous families were created by sequence 

clusters with at least 55% identity. Naming of the homologous families was mainly 

automated. In the first step, homologous families were named based on the respective protein 

entries (e.g. the homologous family "CYP1A" includes the proteins "CYP1A1" and 

"CYP1A2"; protein names such as "CYP1A1-like" were ignored). If a homologous family 

included proteins with conflicting names (such as "CYP1A1 and "CYP1B1") they were 

named in the subsequent steps. In the second step, yet unnamed homologous families were 

named based on proteins with crystal structure information. In the third step, the family 

classification was verified using the Needleman-Wunsch alignment method.108 Calculation of 

the global identities of all sequence pairs in the database provided a comprehensive view of 

the family structure and allowed the merging of nearby homologous families. Homologous 

families were merged if their sequence identity was higher than 55% and grouped into the 

same superfamily if their sequence identity was higher than 40%. The superfamilies were 

named based on the respective homologous families (e.g. superfamily "CYP1" includes the 

homologous families "CYP1A" and "CYP1B"). Yet unnamed homologous families were 

named based on the most similar homologous family that was already named, unless sequence 
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identity was lower than 40%. In this case, it was labeled by adding the suffix ‘-like’ (e.g. 

"CYP1A-like"). If a homologous family was higher than 40% identical to homologous 

families with the ‘-like’ suffix, it was named by adding the ‘-like’ suffix to the respective 

superfamily (e.g. "CYP1-like").  

The two class-specific standard numbering schemes were applied to all sequences in the 

database as described previously.31 Accordingly, amino acid positions from different 

sequences (even from different classes of CYPs) could easily be compared according to their 

structural equivalence. The standard numbering schemes are based on the structure-guided 

sequence alignments and allow for identification of the structurally corresponding positions. 

Such positions are henceforth called ‘corresponding positions’. Moreover, the CYPED was 

implemented into the BioCatNet system, which allows for housing and analysis of family-

specific protein databases.78 The updated version is available online under the URL: 

www.CYPED.BioCatNet.de. 

Sequence-based literature mining algorithm 

To provide a link between the sequence data gathered in the CYPED and the abundance of 

literature about this protein family, a sequence-based literature mining algorithm (SBLMA) 

was designed (Figure 20 on page 100). The algorithm scans the available literature based on 

CYP names found in the CYPED, finds mentions of residues and mutations in the scientific 

literature, and matches the residues and articles with sequences in the database. The SBLMA 

can be divided into four main steps: (1) article search query generation, (2) acquisition of 

articles, (3) extraction of residues and mutations from articles, and (4) matching of the 

residues and articles to appropriate sequences. 

In the first step of the algorithm, the descriptions of all CYP sequences found in the CYPED, 

as derived from the NCBI GenBank protein repository, are scanned to find possible CYP 

names. This scan is based on filters designed to find names according to the Nelson naming 

scheme13 (e.g. "CYP101A1", "CYP6DJ1") or starting with a ‘P450’ prefix (e.g. "P450cam", 

"P450BM-3"). To minimize the number of false positive hits, preferentially full names based 

on the Nelson nomenclature were used (e.g. excluding "CYP101" or "CYP101A"). Additional 

names known from crystal structures were added to the list (e.g. "CYP119", "CYP125"). To 

further maximize search coverage, all entries in the query list were duplicated by replacing the 

respective ‘CYP’ or ‘P450’ prefix by its counterpart (e.g. "P450 102A1", "CYP BM-3"). This 
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part of the algorithm resulted in a list of CYPED-specific sequence identifiers and 

corresponding search queries. 

The second step of the algorithm uses the list of search queries to acquire article abstracts and, 

if possible, full text and supplementary information. A list of PubMed identifiers (PMIDs) 

corresponding to the queries is acquired using the NCBI PubMed E-utilities application 

programing interface (API).201 The result is a list of CYPED-specific sequence identifiers, 

search queries, and PMIDs. The PMIDs are used to acquire abstracts of the respective articles 

from PubMed. The abstracts are scanned for the presence of PubMed Central identifiers 

(PMCIDs) and digital object identifiers (DOIs). If a PMCID is found, the program tries to 

acquire the full text article from PubMed Central using the NCBI E-utilities API and 

supplementary materials using the Europe PubMed Central API. If it is not possible to acquire 

full text articles or no PMCID is available, the program tries to acquire the article using 

publisher-specific APIs. If such an API is available from the respective publisher, access to 

the full texts is attained either by use of PMID or DOI. In case where it is not possible to 

acquire a full article, only the abstract is used for the analysis. 

The third step of the algorithm is designed to scan all available texts to find mentions of 

residues and mutations, and produce a list of positions mentioned in each article. During the 

scan, program sorts out strings that could be interpreted as amino acid positions but are false 

positives. This is based on a custom-designed dictionary containing vector names and cell line 

names. The main function of this step is based on a set of filters, which find mentions of 

amino acid positions and mutations in different formats (e.g. "F87A", "F87", "phenylalanine 

87", "Phe87", "Phe at position 87"). To minimize the number of false positives, the search 

starts from position 20. In many CYPs N-termini contain transmembrane domains or long 

extended loops. Transmembrane domains might be functionally relevant,202 but are not part of 

the CYP-fold and standard numbering schemes, and therefore do not allow for a 

straightforward identification of correspondence between positions from different sequences.  

At this stage the algorithm produced two lists, one containing the CYPED-specific sequence 

identifiers, search queries and PMIDs, and a second list containing PMIDs and putative 

mutations. 

The fourth step of the algorithm matches found positions with sequence entries in the CYPED 

by checking if all amino acids mentioned at certain positions match the amino acids found in 

the respective sequence entry. After sorting out false positives based on the sequence 
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compatibility criterion, it is still necessary to manually check for false positives. The resulting 

manually curated list contains positions with corresponding sequence identifiers, CYP names, 

and PMIDs pointing to the articles. For analyses, the class-specific numbering schemes31 were 

applied to all sequences with annotated positions. 

5.2.2 Results 
Identification of frequently mentioned positions by the sequence-based literature mining 
algorithm 

The Cytochrome P450 Engineering Database was updated, resulting in 52674 sequences of 

41513 proteins and 595 crystal structures. The sequence-based literature mining algorithm 

(SBLMA) (Figure 20 on page 100) was applied to integrate information about residues 

mentioned in the literature into the CYPED. In the first step of the SBLMA, more than 2000 

unique CYP names corresponding to more than 7000 sequences were extracted from the 

CYPED. In the second step, more than 53000 PubMed articles corresponding to 66000 text 

files (abstracts, full text articles, and supplementary materials) were found to mention these 

CYP names in the title or abstract. In the third and fourth steps, mentioned residues and 

mutations were extracted from the respective text files and subsequently checked for 

compatibility with the sequences corresponding to the respective CYP names, resulting in 

6000 residues mentioned in 4000 articles. Manual inspection further eliminated 30% of 

residues, which were false positives. The major source of false positives was due to the fact 

that the names of two CYPs with high sequence identity (such as "CYP11B1" and 

"CYP11B2") were referred to in the abstracts. Therefore, the residue mentioned in the article 

was compatible with both CYPs, but described for only one of them. Thus, the second CYP 

was identified as a false positive hit. The manual elimination of false positives finally resulted 

in 4000 residues from 168 CYPs, which were mentioned in 2400 articles (comprehensive list 

of all residues and the corresponding references is given in supplementary material Table 

S2m). In addition to the update, the CYPED was incorporated into the BioCatNet system.78 To 

enable access to the results derived from the analyses done in this work, the web-accessible 

graphical user interface (www.CYPED.BioCatNet.de) was extended. For each sequence with 

residues identified in literature, a list of the respective positions and links to the publications 

are provided. Moreover, by making use of the standard numbering schemes, the web-interface 

allows for the transfer of available literature information from all sequences to the 

corresponding positions on the sequence of interest. 
																																																													
m Because of the length (over 150 pages) table and references are only available through the publishers’ website. 
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SBLMA benchmark based on CYP102A1 

To estimate the probability of false negatives, the SBLMA result for CYP102A1 (P450BM3) 

was compared to a literature review. The review provides a comprehensive list of mutations 

of 179 residues in CYP102A1 publications until mid of 2011.80 116 of these residues were 

also identified by the SBLMA (performed in November 2014), as well as an additional 

number of 82 residues which were not cited in the review. Combining both lists, we estimate 

that at least 261 residues have been mentioned in the literature up to now. 63 residues were 

not found by SBLMA, corresponding to at least 24% false negatives. This was caused by 

missing APIs to access full text articles and supplementary materials from some publishers. 

CYP-fold coverage of the mentioned residues  

The use of the automated SBLMA allowed us to assemble a comprehensive list of 4000 CYP 

residues mentioned in the literature (supplementary material Table S2). To put this 

information into perspective of the whole protein family, previously described class–specific 

standard numbering schemes for class I and class II CYPs were used.31 This allowed 

identifying structurally corresponding positions among the residues mentioned in the articles 

about different CYPs. To allow for a comparison between class I and class II CYPs, a 

conversion table was established (Supplementary material Table S1 on pages 143-145). Based 

on a structural alignment between the two reference structures of the class I and class II 

numbering scheme, CYP101A1 and the heme domain of the CYP102A1 natural fusion 

protein, structurally corresponding positions were identified.31 Since the class II numbering 

scheme includes longer loops than the class I scheme (458 versus 414 positions respectively), 

all class I standard positions were converted to class II standard positions which is equivalent 

to the CYP102A1 position numbering.  

3638 residues mentioned in class I or class II CYPs were assigned to 440 standard positions 

that cover 96% of the CYP fold. Additional 326 residues mentioned in literature were not 

covered by the standard numbering schemes. 157 of those residues were located in loop 

regions, 90 residues in the N-terminal domain of CYPs, and 79 residues in the reductase 

domain of CYP102A1. Thus, more than 90% of all residues mentioned in the literature were 

successfully assigned to standard positions corresponding to positions in CYP102A1. 
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Figure 20: Flow
chart of the sequence-based literature m

ining algorithm
. T

he algorithm
 is divided into four m

ain parts: (1) article search query generation, (2) 
acquisition of articles, (3) extraction of am

ino acid positions from
 articles and (4) m

atching of the positions and articles to appropriate sequences. 
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Most frequently mentioned positions in CYPs 

The average number of different CYPs mentioned per position in the literature was the 

highest for the 98 positions in the substrate recognition sites and the 14 positions of the 

cysteine pocket (average of 18 and 14.5 different CYPs, respectively). In contrast, for 

positions outside these regions the average number of different CYPs mentioned per position 

was 5 (Figure 21 on the following page and supplementary material Table S3 on pages 151-

156). 37 (out of 98) positions in the SRSs, 2 (out of 14) positions in the cysteine pocket, but 

only 4 (out of 407) positions elsewhere were mentioned for more than 18 different CYPs. 

These 4 positions are functionally relevant, the highly conserved heme interacting residues 

(standard positions 96 and 100) and two positions at the entrance to the binding pocket (47 

and 177).  
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Figure 21: Plot show
ing the num

ber of C
Y

Ps w
ith m

entioned standard positions. T
he substrate recognition sites and the cysteine pocket are m

arked by boxes. 
C

onserved positions are colored (single conserved am
ino acids: red, positions w

here properties such as arom
atic, charged, or hydrogen binding are conserved: 

yellow
). M

ost frequently described positions in each SR
S and positions m

entioned in the text are labeled by the standard position num
ber. 
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 Positions involved in single nucleotide polymorphisms 

Many single nucleotide polymorphisms (SNPs) of CYPs have been associated with diseases, 

and the rapidly increasing amount of sequencing data reveal new SNPs present in the human 

population. Therefore, it was of interest to analyze if there are any trends in positions that 

were mentioned to be related to SNPs. 730 articles mentioned ‘polymorphism’ or ‘SNP’ in 

titles or abstracts together with 611 residues from 47 CYPs (Figure 22 on page 105), 

corresponding to 301 out of 458 standard positions. In addition, 22 positions in the 

transmembrane region, which is not covered by the standard numbering schemes, were also 

described as SNPs. Out of the 18 previously identified conserved residues,31 7 were not 

described to be involved in polymorphisms. 

The average number of CYP mentions per standard position was 1.2, within the cysteine 

pocket it was 1.5, whereas for the SRSs it was 1.4. Thus, from the polymorphism related 

distribution of the mentioned positions it is not possible to distinguish SRSs, and there are no 

significant trends suggesting that functionally important regions are more frequently involved 

in CYP polymorphisms. This might be due to the fact that some of the described 

polymorphisms do not cause negative effects on CYP function, but are phenotypically neutral. 

However, by comparing SNP positions and already described functionally relevant positions 

(like the conserved positions important for CYP function or frequently mentioned SRS 

positions) using the standard numbering schemes, it should be possible to indicate what 

biochemical properties of the enzyme will be most probably influenced.  

E216 and D301 were described as key determinants of substrate specificity in human 

CYP2D6, which is involved in metabolism of more than 20% of prescribed drugs.203 Those 

residues correspond to the frequently mentioned SRS2 and SRS3 standard positions 184 and 

260. Mutations at those positions influence regioselectivity of CYP2D6 toward nitrogen-

containing substrates bufuralol and dextromethorphan.204	R356W and H365Y polymorphisms 

of CYP21A1 are associated with congenital adrenal hyperplasia and were described to 

influence CYP activity and stability, but not selectivity.205 However, the mechanism of the 

observed functional changes was not discussed. Using the numbering scheme, standard 

position numbers 325 and 333 were identified for R356 and H365, respectively. Both 

positions are located on the SRS5. Position 325 is not frequently mentioned and is located at 

N-terminal region of SRS5, and was described for CYP2B1 to be too far from the binding 

pocket to influence selectivity.206 Position 333 is frequently mentioned and is a conserved 
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propionate-interacting residue.31 Therefore it can be expected that any change at this position 

will influence catalytic activity and stability by disturbing heme binding. Though combining 

literature mining and numbering scheme predicts whether a SNP might have an effect on a 

biochemical property such as activity or selectivity, the effect of the substitution such as 

increase or decrease of activity or selectivity cannot be predicted.  
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Figure 22: Plot show
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5.2.3 Discussion 
Universal selectivity-determining positions in CYPs  

The literature search algorithm allowed for identification of the most frequently mentioned 

positions in all CYPs (Figure 21 on page 102). Structural correspondence between those 

positions was possible to identify thanks to application of the standard numbering schemes, 

which are part of sequence based literature mining algorithm (SBLMA) (Figure 20 on page 

100). The majority of these positions were located on the substrate recognition sites (SRSs) 

and was described to interact with the CYP ligands and therefore to influence selectivity, 

activity, specificity, or inhibitor binding in a diverse set of CYPs with low global sequence 

identity. In each SRS we can point to a set of structurally corresponding positions, which 

were, most frequently mentioned and therefore are good candidates to be described as 

universal selectivity-determining positions. A prime example is standard position 87 from 

SRS1, which was mentioned in articles about 63 CYPs. Standard position 87 is the most 

frequently mentioned position in all CYPs. This position is especially known from 

CYP102A1 where substitutions of F87 caused significant changes in selectivity towards 

propylbenzene and terpene substrates, among others.58,207 Replacement of S122 in CYP1A1 

(also standard position 87) by threonine was described to improve 7-methoxy- and 7-

ethoxyresorufin O-dealkylase activity.208 CYP102A1 and CYP1A1 share only 20% sequence 

identity, which highlights the fact that this position is important in diverse CYPs (Figure 23A 

on the following page).  

The SRS2 is located on the F-G loop and is part of the entrance to the substrate binding 

pocket. The most frequently mentioned position in this region is standard position 181, which 

was mentioned in articles about 47 different CYPs. In CYP101A1 (P450cam), mutation 

T185F at standard position 181 was described to influence its selectivity and to increase the 

catalytic activity towards norcamphor.209 Mutation at the corresponding position F206L in 

CYP2B1 was a major mutation involved in conversion of CYP2B1 from testosterone 16β-

hydroxylase to a 15α-hydroxylase.210 The global sequence identity between CYP101A1 and 

CYP2B1 is only 17%. 
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Figure 23: Examples of the structurally corresponding positions universally influencing selectivity among 
wide range of CYPs. The structures were aligned using PyMOL.211 A: standard position 87 in gray 
CYP102A1 residue F87 (PDB code: 1BVY)43 and in blue CYP1A1 residue S122 (PDB code 4I8V).212 B: 
standard position 209 in yellow CYP105A1 residue R199 (PDB code: 2ZBY)213 and in pale blue CYP21A1 
residue I230 (PDB code: 3QZ1).214 C: standard position 264 in orange CYP177A1 residue V391 (PDB 
code: 2WIV)215 and in violet CYP3A4 residue A305 (PDB code: 1W0G).216 
 

The SRS3 is an exception among SRSs because there are no frequently mentioned positions 

in this region. Standard positions 205 and 206 were described in 16 different CYPs (Figure 21 

on the page 102) which is significantly less than for most frequently mentioned positions in 

other SRSs. Position 209 lies on the SRS3 borders described for CYP102A180 and was 

mentioned in articles about 24 different CYPs. In CYP105A1, position R193 (standard 

position 209) was described to have an important role in vitamin D3 hydroxylation.213 A 

mutation at the corresponding position I230 in CYP21A2 was associated with steroid 21-

hydroxylase deficiency.217 CYP105A1 and CYP21A2 only share 22% sequence identity 

(Figure 23B). A probable explanation to why SRS3 was underrepresented in the frequently 

mentioned positions is that it lies on the α-helix G, which is not contributing to the binding 

pocket architecture in the closed form of many CYPs, but it is part of the substrate entrance in 

the more open CYP structures. Variants at standard position 209 in CYP105A1 and 

CYP21A1 were described to change activity towards steroids which due to their size occupy 

not only the binding pocket but also may interact with the α-helix G at the entrance to the 

binding pocket access channel. Thus, position 209 could be involved in their stabilization and 

should be included in the SRS3. We speculate that SRS3 might influence the entrance of the 

substrate to the binding pocket or be relevant only for larger substrates. 

SRS4 has the highest number of conserved positions; 4 out of 18 SRS4 positions are 

conserved (Supplementary materials Table S3 on pages 151-156).31 SRS4 is located on α-

helix I which is the longest α-helix in the CYP-fold and accommodates catalytically relevant 

residues. The conserved glycine residue at standard position 265 was proposed to be a 
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structurally important residue and was mentioned in articles about 22 CYPs.31 Negatively 

charged residues at standard position 267, threonine at standard position 268 and serine or 

threonine at the standard position 269, are involved in proton delivery, and were mentioned in 

articles about 46, 60 and 16 CYPs, respectively.34,174,175,181 The most frequently mentioned 

non-conserved position in this region is standard position 264 which was mentioned in 

articles about 57 different CYPs. V391 (standard position 264) of CYP177A1 (P450 XplA) 

was described to interact with its inhibitor imidazole.218 For the mutation A305V at the 

corresponding position in CYP3A4 a dramatic change in the product profile in progesterone 

hydroxylation was reported,219 albeit CYP177A1 and CYP3A4 only share 17% global 

sequence identity (Figure 23C).  

The most frequently mentioned position in SRS5 is standard position 328 which was 

mentioned in articles about 57 CYPs. This position is located five positions after the EXXR 

motif and was previously identified by systematic sequence analyses as a selectivity-

determining position in most of the CYPs.59 The corresponding residue L371 in CYP93C2 

was described to control accommodation of flavanone in the binding pocket.220 The 

corresponding residue L357 in CYP153A6 was described to be determinant of enzymes ω-

regioselectivity towards fatty acids.30 CYP93C2 and CYP153A6 share 18% sequence identity. 

The most frequently mentioned position in SRS6 is standard position 437, which was 

mentioned in articles about 51 CYPs. In CYP158A1, the corresponding residue M396 was 

proposed to serve as a gating residue to the binding pocket.221 Mutation F494V at the 

corresponding position in CYP94A2 resulted in a shift of selectivity from ω toward ω-1 

hydroxylation of lauric acid.222 CYP 158A1 and CYP94A2 share 12% sequence identity. 

Besides the SRSs, the other most frequently mentioned non-conserved positions are standard 

positions 177 and 47. Standard position 177, mentioned in articles about 26 CYPs, is located 

on the α-helix F, 3 positions before the SRS2. However, it is considered to be part of the 

SRS2 in some human CYPs.223 Mutation V207T at the corresponding position in CYP3A9 

resulted in an improvement of the 6β-testosterone hydroxylase activity.223 Mutations of the 

corresponding residue F201 in CYP2C8 resulted in substrate dependent changes in selectivity 

and activity.224 Both sequences share only 25% sequence identity. Standard position 47 is 

located on β-strand B1_2, which is part of a substrate access channel in many CYPs and was 

described in articles about 19 CYPs. In CYP2C9 and CYP2C19, mutations at the 

corresponding positions (K72 and R72 respectively) were described to have a significant 

effect on the enzymatic activity and binding affinity towards tricyclic antidepressant drugs.225 
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In CYP46A1, which shares 22% sequence identity with CYP2C9, substitutions of the 

corresponding residue L82 were described to influence binding affinity of the cyano- and 

fluoro-containing drug bicalutamide.226 Even though standard position 47 is not part of SRSs 

it seems to have an important role in substrate binding and recognition. Similarly, its close 

neighbor standard position 51 was described for 11 CYPs and is well known as access 

channel residue influencing substrate binding in CYP102A1.80 Another example of non-SRS 

position influencing selectivity and activity of CYPs is standard position 354. Also located in 

the access channel, it was described in articles about 16 CYPs. The corresponding residue 

E433 in CYP5A1 (thromboxane-A synthase) was also described to influence the enzyme’s 

activity.227 In CYP74D3, the corresponding residue is V379, which was described to change 

activity from divinyl ether synthases into allene oxide synthases.228 CYP5A1 and CYP74D3 

share 16% sequence identity. This demonstrates that even though SRSs constitute most parts 

of the binding pocket, they are not exclusively involved in substrate recognition, but there are 

at least a few other positions that contribute to selectivity in most CYPs.  

By systematically analyzing literature and comparing the mentioned positions in the whole 

CYP family, we found that 14 structurally corresponding positions mentioned in articles 

about more than 32 CYPs were described to influence selectivity and activity. The most 

frequently mentioned positions in the SRSs have common effects on substrate binding and 

activity among a wide spectrum of diverse CYPs, as it was already shown in available 

literature. Other positions like 209 can play a role in catalysis of a specific class of substrates. 

Those positions are certainly not the only positions influencing selectivity in CYPs. There 

might be more positions, which universally influence selectivity of CYPs, but the limited list 

of the most frequently mentioned positions seems to be a good starting point. Addition of the 

most frequently mentioned selectivity determining positions to combinatorial libraries of 

CYPs should be beneficial to find the most diverse set of variants. This could be especially 

beneficial for CYPs without known structure where the sequence analyses are one of the 

major rational design methods. 

Other universal functionally relevant positions in CYPs 

The two most frequently mentioned positions in CYPs outside the SRSs are the heme ligand 

cysteine at standard position 400 and the heme interacting arginine at standard position 398 in 

the cysteine pocket.73,181 In addition, histidine or tryptophan at standard position 96 (in class I 

and class II, respectively) 31, arginine at standard position 100, and arginine or histidine at 



Publications 
 

110	
	

standard position 333 were also frequently mentioned in literature and interact with the heme 

cofactor in all CYPs.38,76,229 

Previously, we identified 18 positions with conserved amino acids or amino acid properties 

(aromatic, charged or hydrogen binding) without described function either in CYP101A1 or 

CYP102A1.31 The SBLMA demonstrated that 15 of these positions were also mentioned for 

other CYPs, except for 3 conserved residues (standard positions 284, 350, and 420) that have 

not yet been mentioned in the literature (Figure 21 on page 102).  

Positions that are involved in CYP-redox partner interactions are of high interest in protein 

engineering, especially for systems where a CYP domain is coupled with a redox partner from 

a different organism or even of a different class. In those systems, tuning of the interaction 

can dramatically improve the catalytic activity.60 The most frequently mentioned position in 

class I and class II CYPs redox partner interacting proximal site is standard position 97, 

mentioned in articles about 16 CYPs. R122 in CYP2B4 (class II) was described as an 

important residues for the CYP-reductase interaction by which it can influence the electron 

transfer from human P450 reductase.88 In CYP3A4 (class II), corresponding residue K127 

was described to be involved in the interaction with both cytochrome b5 and the cytochrome 

P450 reductase.83,230 In CYP119 (class I), a mutation at corresponding position D77R was 

described to improve binding and electron transfer between the CYP and putidaredoxin.231 

The two human CYPs, CYP2B4 and CYP3A4, accept electrons from the same cytochrome 

P450 reductase, hence it is not surprising that standard position 97 influences electron transfer 

in both of them. However, CYP119 is a prokaryotic class I CYP accepting electrons from a 

ferredoxin, and a mutation at the same standard position 97 improved the electron transfer 

from a non-native class I putidaredoxin. Thus, the CYP-reductase and CYP-redoxin interfaces 

are overlapping, and some of the residues involved in the interaction might be common for 

both classes. 

Accessibility of literature for automated literature mining 

With the rapidly growing number of scientific articles it becomes increasingly important to 

allow for an automated extraction of information.232 During the period of 1997-2006, the 

number of publications in PubMed was growing by 5.5% per year.233 It was estimated that 

20% of published work is freely available as open-access articles.234 Open-access initiatives 

such as BioMedCentral and the Public Library of Science (PLoS) encourage open-access 

publication and invite access via an Application Programming Interface (API) to all of their 
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articles. While also other journals provide the possibility of open-access publication, not all 

articles are accessible via APIs which is key for literature mining.234 API access is rarely 

provided for articles that are available under an institutional site license agreement only.  

In our study, access to the full text articles via APIs was possible for only 22% of all full text 

articles that have been identified by analyzing the PubMed abstracts. Access via an API 

provides complete and structured information that can be parsed into a database for further 

analysis. However, for the majority of all articles, access was only possible via a web 

interface which is not adequate for systematic data mining. Because of the lack of APIs, 

literature mining projects such as mining of mutations in protein families195–197 or of protein-

protein interactions235 have been mainly restricted to analyzing abstracts rather than full text 

articles. The promise of integrating the loosely connected results of decades of research is 

finding new insights into sequence-function relationships. But this will only be possible by 

big data strategies. 
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5.3 Redox partner interaction sites in cytochrome P450 

monooxygenases: in silico analysis and experimental 

validation 

 

5.3.1 Abstract 
The native redox partners of many novel cytochrome P450 monooxygenases (CYPs) are 

unknown. Therefore, they are combined with non-native redox partners to obtain catalytically 

active systems. Understanding the CYP-redox partner interactions is the basis of a successful 

protein engineering strategy. CYPs are divided into two major classes based on the redox 

partner type. Class I CYPs accept electrons from iron-sulfur ferredoxin and ferredoxin 

reductase, class II CYPs from diflavin cytochrome P450 reductase. Here, six redox partner 

interaction sites (RPISs) were identified by systematic literature, sequence and structure 

analyses. All six RPISs are proposed to contribute to class II CYP-redox partner interaction 

interface, whereas four and five contribute to the interaction interface in class I prokaryotic 

and mitochondrial CYPs, respectively. The significance of identified RPISs was tested by 

designing mutants. A generic strategy was applied to improve the interactions between CYPs 

and non-native redox partners. The strategy requires minimal screening efforts. In the fusion 

system of CYP153A6 (class I) with CYP102A1 reductase (class II), six variants were tested, 

with mutation K166Q improving electron coupling efficiency from 68% to 89%.  

 

5.3.2 Introduction 
Cytochrome P450 monooxygenases (CYPs) are one of the largest protein superfamilies. 

Despite high sequence diversity, the family exhibits high structural similarity. CYPs usually 

act as C-H bond oxygenases. Reactions performed by those enzymes are important in many 

aspects of metabolism across all domains of life.8 Because of their role in xenobiotic 

metabolism and carcinogenesis CYPs are of great interest in pharmaceutical industry.153 

Additionally, bacterial, fungi and plant CYPs catalyze many synthetically interesting 

reactions.10 Therefore, a generic strategy for the improvement of CYPs catalytic activity is of 

high interest.  
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The conserved CYP fold consists of thirteen α–helices and five β–sheets (named A-L and 1-5, 

respectively)39 and houses the catalytic heme in a buried substrate binding pocket. The 

binding pocket is formed by six substrate recognition sites (SRSs), which can be identified in 

all CYPs by sequence or structure comparison.40,80 The conserved structural fold allowed to 

establish two class-specific numbering schemes for CYPs.31 The numbering schemes allow 

for identification of structurally corresponding positions in CYPs. This can be  done by 

aligning any given CYP sequence to a structure-guided sequence profiles.31,71  

To perform oxidation, most of the CYPs require redox partner proteins delivering electrons to 

the heme.26 Based on the redox partner type, CYPs were classified into ten different classes.26 

For further simplification, a classification that groups most of the CYPs into two general 

classes was introduced.31 Class I CYPs accept electrons from ferredoxins including most of 

prokaryotic CYPs, mitochondrial CYPs and fusion proteins with ferredoxin as one of the 

components, while class II CYPs accept electrons from diflavin cytochrome P450 reductases 

(CPRs) including most of eukaryotic CYPs and fusion proteins with diflavin redox partners. 

Crystal structures of three CYP-redox partner complexes are known, CYP102A1 with FMN 

domain of its fusion reductase43, CYP101A1 with putidaredoxin,45,46 and CYP11A1 with 

incomplete adrenodoxin.188 In all published crystal structures of the CYP-redox partner 

complexes, the interaction interface is located in a similar region on the CYPs proximal 

surface.45,46,188,236 Hence, it is expected that redox partner interaction sites (RPISs) are 

universal to all CYPs. The identification of the RPISs and residues involved in the redox 

partner interactions constitutes the basis of a generic strategy for improving catalytic activity 

and electron coupling efficiency of CYPs. Engineering of the interaction is especially 

important in CYPs that interact with non-native redox partners. The potential of engineering 

the redox partner interactions for biotransformation has been demonstrated experimentally, 

and catalytic activity could be increase up to 5 fold.60,131  

A previously published review from 2003 by Hlavica et al. provided an initial view on the 

CYP-redox partner interaction, presented here analyses extend these information by providing 

details about class-specific differences and identification of regions involved in the CYP-

redox partner interactions.69 Previously, a conservation analysis of all CYPs showed class-

specific conservation of heme-interacting residues, but no significant conservation of the 

CYP-redox partner interaction interface was observed.31 In this study, we analyzed results 

from a previous literature mining study77 to find variants that influence the CYP-redox partner 

interactions. Amino acid frequency of the described interface positions suggests similar 
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functional relevance of those positions in all class II CYPs, but different in class I. The 

mutations described in literature to influence the CYP-redox partner interactions were 

compared between the proteins and six RPISs were identified. The RPISs cover most of the 

CYPs proximal surface which is consistent with the interfaces from the crystal structures of 

CYP-redox partner complexes. Based on those results a generic strategy for improving CYP-

redox partner interactions between non-native redox partners was proposed. The strategy was 

validated by testing variants of an artificial interclass fusion of CYP153A6 from 

Marinobacter aquaeolei (class I) with reductase domain of CYP102A1 from Bacillus 

megaterium (class II).99  

 

5.3.3 Materials 
Computational methods 

The previously published version of the Cytochrome P450 Engineering Database (CYPED)31 

was used as a basis for the conservation analyses. Class-specific standard numbering scheme 

positions were extracted from the CYPED and used for comparisons of the residues between 

the sequences. Comparisons between the sequences of class I and class II CYPs were 

conducted based on a conversion table established by a STAMP94 structural alignment 

between CYP101A1 and CYP102A1, the reference structures of the standard numbering 

schemes. Conservation analyses of described in the literature residues influencing CYP-redox 

partner interaction were performed for sets of class I, class II and human class II CYPs. Class 

I and class II CYPs were annotated in the database as described previously.31 47 human class 

II CYPs were extracted from the CYPED. Positions described to be important for the CYP-

redox partner interactions were found in the results from the previously introduces sequence-

based literature mining algorithm.77 All publications mentioning proximal surface positions 

were checked to verify whether the position was described to influence the CYP-redox 

partner interactions. The homology model of CYP153A6 was generated (NCBI 

gi:120553537), using alignment mode of SWISS-MODEL,237 the alignment with CYP153A 

from Sphingopyxis macrogoltabida  sequence (PDB code: 3RWL) was based on the 

numbering scheme. PyMOL was used for visualization of protein structures.238  
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Chemicals, enzymes, vectors and strains 

Solvents and buffer components were obtained from Alfa-Aesar (Ward Hill, US), Carl-Roth 

(Karlsruhe, DE), Fluka (Buchs, CH), Macherey-Nagel (Düren, DE) and Sigma-Aldrich (St. 

Louis, US). 12-hydroxydodecanoic acid was purchased from Sigma-Aldrich. PfuUltraDNA 

polymerase, endonucleases, T4 DNA ligase and isopropyl β-D-thiogalactopyranoside (IPTG) 

were obtained from Fermentas (St. Leon-Rot, Germany). NADPH disodium salt was 

purchased from Codexis (Jülich, Germany). Glucose-6-phosphate dehydrogenase (1000 U) 

from Leuconostoc mesenteroides was obtained from Roche Diagnostics (Mannheim, 

Germany). Plasmid pET-28a(+) and E. coli strain BL21(DE3) originated from Novagen 

(Madison, Wisconsin, USA). E. coli strain DH5α was purchased from Invitrogen (Darmstadt, 

Germany). Primers were purchased from Metabion International AG (Martinsried, DE).  

Engineering of RPIS variants 

The construct CYP153A6-CPR containing a 3x(GGS) linker has been described previously.99 

Plasmid pET28a(+) harbouring CYP153A6-CPR was mutated using the QuikChange standard 

protocol with the primers from Table S4 (on page 157): The resulting PCR products were 

transformed into competent E. coli DH5α cells after DpnI-treatment. Isolated plasmids with 

the desired mutations (sequencing by GATC-Biotech, Konstanz, Germany) were used to 

transform competent E. coli BL21(DE3) cells. Protein expression, purification and 

determination of CYP concentration were carried out as described in the previous section.  

Protein expression and purification  

Cells were grown in shake flasks using TB-medium until an OD600 of 0.5-0.7 was reached for 

induction of protein expression (30°C, 180 rpm). After 16–20 h, cells were collected by 

centrifugation (7000 rpm, 30 min, 4°C) and resuspended in 50 mM Tris-HCl (pH 7.4). For the 

determination of CYP concentration and electron coupling efficiency, the RPIS variants were 

extracted and purified. Resuspended cell pellets were disrupted with the sonifier (Branson 

Sonifier W250) by using 80 Watt three times for one minute (20 % working interval) at 4°C. 

The resulting crude extracts were centrifuged (19 000 rpm, 45 min, 4°C), and the supernatants 

with the soluble proteins were recovered. Protein purification was carried out by anion 

exchange chromatography with the ÄKTAexplorer (His GraviTrap TALON, GE Healthcare, 

Freiburg, DE) using a Toyopearl DEAE-650M column (Tosoh, Minato, JP), packed to a 

volume of 30.4 ml. The column was washed (5 ml min-1 working flow) using a linear gradient 
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protocol with 50 mM of Tris-HCl buffer (pH 7.4) containing 0-1 M of NaCl solution. The 

elution of the CYP153A fusion proteins occurred at 200-250 mM of NaCl. In addition to the 

characteristic total protein detection at 280 nm, CYPs were identified by their absorbance at 

418 nm (Sligar et al., 1979). This procedure was followed by ultrafiltration using Vivaspin 

filters with the cut off size of 100 kDa (Vivaspin 100 kDa;Sartorius, Göttingen, Germany). 

Purified protein solutions were stored in aliquots at -20°C. 

Determination of P450 content 

Concentrations of the P450 enzymes were determined by the CO differential spectral assay 

based on the formation of the characteristic Fe(II)-CO complex at 448 nm. Enzymes in cell-

free extracts were reduced by the addition of a spatula tip of sodium dithionite, and the CO 

complex was formed by slow bubbling with CO gas for approximately 30 s. After these steps 

the sample was incubated for 15 minutes to generate an optimal concentration of the Fe(II)-

CO, which has an optimum in absorption by a wavelength of 450 nm. The concentrations 

were calculated using the absorbance difference at 450 nm and 490 nm (Ultrospec 3100pro 

spectrophotometer; GE Healthcare), and an extinction coefficient of 91 M-1cm-1.5 

Reaction setup in vitro 

The activities and electron coupling efficiency of each CYP153A6-CPR enzyme variant were 

assayed in vitro using dodecanoic acid. Biotransformations were performed using a final 

volume of 200 µl in 50 mM potassium phosphate buffer (pH 7.5) containing 0.35 µM 

CYP153A fusion construct, 200 µM NADPH and 200 µM dodecanoic acid (from a 10 mM 

stock solution in DMSO). The activity analysis was performed by using glucose-6-

phosphate/glucose-6-phosphate dehydrogenase (G6P/G6PDH) as cofactor regeneration 

system. The reaction was started by the addition of enzyme solution. To determine the initial 

activity, samples were incubated at 30°C and 500 rpm for 5, 10, 15, 30 and 60 min. For the 

coupling efficiency determination NADPH-consumption of in vitro reactions without cofactor 

regeneration system was detected until no changes in signal were observed. 

Calculation of NADPH-consumption by P450 

The slope of the NADPH depletion of the variants was measured in presence and absence of 

the substrate dodecanoic acid. The difference between the NADPH concentration without 

substrate and with substrate corresponds to the NADPH consumption of the CYP. Reactions 

were stopped after no changes in signal were detected and extracted for the analysis of 
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product formation via GC-FID. The electron coupling efficiencies were determined via the 

comparison of the NADPH depletion in presence and absence of the substrate.  

Sample treatment 

Conversion was stopped by adding 30 µl 37% HCl, followed by the addition of internal 

standard in a final concentration of 0.1 mM decanoic acid. The reaction mixtures were 

extracted with 0.5 ml methyl tert-butyl ether. The organic phase was collected and 

evaporated. Samples were resuspended in 45 µl of 1% trimethylchlorosilane in N,O-

bis(trimethylsilyl) trifluoroacetamide and incubated at 70 °C for 30 min for derivatisation. 

Analysis of substrates and formed products 

Samples were analysed on a GC/MS/FID 7890A instrument (Agilent Technologies, United 

Kingdom) equipped with a ZB-5 column (30 m×0.25 mm×0.25 µm, Aglient) and with helium 

as carrier gas (flow rate, 0.69 ml/min; linear velocity 30 cm/s). Mass spectra were collected 

using electron impact. The injector and detector temperatures were set at 250°C and 330°C, 

respectively.  

For analysis of the substrate and the products, the column oven was set at 140°C for 2 min, 

raised to 250°C at a rate of 10°C/min, held isotherm for 1 min, and then raised to 320°C at 

65°C/min. Reaction products were identified by their characteristic mass fragmentation 

patterns.239 Substrate conversions were quantified using calibration curves estimated from a 

series of standard solutions (0.01 – 1.0 mM fatty acids) treated in the same manner as the 

samples. Product distributions were calculated from the relative peak areas. 

 

5.3.4 Results 

Positions involved in the CYP-redox partner interactions  

In each mammalian organism, multiple class II CYPs with high sequence diversity accept 

electrons from a single, highly homologous cytochrome P450 reductase. This group of CYPs 

was extensively studied due to their similarity to human CYPs and their importance in drug 

metabolism. Therefore, previously published literature mining results on CYPs77 were 

analyzed to identify proximal surface positions which were described to influence the CYP-

redox partner interactions in mammalian CYPs (Table 19 on page 119). Structurally 
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corresponding positions in the different CYPs were identified using the class II-specific 

standard numbering scheme,31 resulting in 27 class II standard positions corresponding to 45 

residues found in 10 mammalian CYPs described to influence the CYP-CPR interactions.  

To find out if those positions are conserved in a set of proteins accepting electrons from a 

single redox partner, the sequences of 47 human class II CYPs were analyzed (Table 19 on 

the following page). Except for the heme-interacting arginine/histidine at standard position 

100 and a hydrophobic residue at standard position 112 which were respectively conserved in 

92% and 90%, of all class II human CYPs, the frequency of amino acids with specific 

biochemical properties at these structurally corresponding positions was lower than 50%. This 

low level of conservation of the interaction site with a single redox partner was unexpected.  

The conservation of the 27 redox partner interacting residues was also analyzed in all 3000 

class I and 11000 class II CYPs of the CYPED31 and compared to the conservation inside the 

subset of 47 human class II CYPs. Except for two outliers (positions 386 and 386.1), the 

frequency of amino acids with specific biochemical properties at those structurally 

corresponding positions was very similar in human class II CYPs and differed by only 10% 

on average. This is despite the fact that class II CYPs interact with diverse reductases, which 

suggests similar functional significance of the described positions in all class II CYPs. In 

contrast, conservation of the biochemical properties at the 27 redox partner interacting 

residues in class I CYPs differed by 21% from human CYPs. This result was expected 

because class I and II CYPs accept electrons from redox partners with different folds and 

cofactors, small iron-sulfur cluster ferredoxins and large two domain CPR proteins, 

respectively.  

Redox partner interaction sites in CYPs 

The residues described in the literature to be involved in the mammalian CYP-redox partner 

interaction are localized on six sites of the CYPs proximal surface (Table 19 on the following 

page and Figure 24 on page 120). Here, we call those sites “redox partner interaction sites” 

(RPISs). To allow for identification of structurally corresponding positions based on the CYP 

sequences, the class II standard numbering scheme was used31 with position numbering 

derived from CYP102A1 (Table 19). The class-specific standard numbering schemes can be 

applied to any CYP, and standard positions can be converted between class I and class II 

using the CYPED web interface (www.CYPED.BioCatNet.de). 
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Table 19:  Mammalian CYP class II positions described to be involved in the CYP-CPR interactions. 
Table consists of class II standard numbering positions (representing structurally corresponding 
residues), corresponding CYP names and amino acid positions, amino acid property at the standard 
position, frequency of the amino acid property among human class II, class II and class I CYPs and redox 
partner interaction site number. Amino acid properties were assigned as follows, positive charge: H, K, R, 
negative charge: D, E, polar: C, N, Q, S, T, hydrophobic: A, G, I, M, L, P, V, aromatic: F, W, Y, and gaps 
are indicated by "-". 

Class II 
standard 
position 
number 

CYP name and amino acid 
position 

Amino acid 
property 

Frequency of 
the amino acid 

property in 
human CYPs 

Frequency  of 
the amino acid 
property in all 
class II CYPs 

Frequency of 
the amino acid 

property in 
class I CYPs 

Redox 
partner 

interaction 
site 

59 CYP1A1(K94)82, CYP3A4(K91)83 positive charge 82% 60% 43% 1 

63 CYP1A1(K99)82,CYP17A1(K89)84, 
CYP19A1(K108)85 

positive charge 24% 32% 10% 1 

65/65.1 CYP2D6(E96)86,CYP3A4(Y99)83, 
CYP3A4(C98)87 

negative 
charge 

/aromatic/polar 
43%/6%/28% 30%/6%/32% 20%/1%/13% 1 

68 CYP1A1(K105)82 positive charge 16% 9% 7% 1 

97 CYP2B4(R122)88, CYP3A4(K127)83 positive charge 59% 67% 33% 2 

99 CYP1A1(R135)82 positive charge 35% 22% 21% 2 

100 CYP1A1(R136)82, CYP3A4(R130)83, 
CYP2B1(R125)89, CYP1A2(R137)90 positive charge 92% 94% 98% 2 

101 CYP1A1(R137)82, CYP2B4(R126)88, 
CYP2C9(R125)91 positive charge 69% 67% 54% 2 

104 CYP3A4(S134)83 polar 37% 45% 57% 2 

108 CYP2B4(R133)88, CYP2D6(R140)86 positive charge 59% 29% 17% 2 

110 CYP2B4(F135)88, CYP21A1(R132)92 aromatic/ 
positive charge 

14%/10% 13%/16% 1%/61% 2 

112 CYP2B4(M137)88 hydrophobic 90% 74% 91% 2 

113 CYP2B4(K139)88, CYP3A4(K143)83 positive charge 57% 50% 30% 2 

236 CYP2B4(V267)93 hydrophobic 55% 53% 50% 3 

239 CYP2B4(V270)93 hydrophobic 51% 23% 27% 3 

305 CYP3A4(Y347)83 aromatic 47% 38% - 4 

310 CYP17A1(R347)84 positive charge 43% 26% - 4 

319 CYP17A1(R358)84 positive charge 73% 54% 17% 4 

383 CYP2B4(L420)93, CYP19A1(K420)85 
hydrophobic/ 

positive charge 8%/16% 30%/13% - 5 

386/386.1 CYP1A1(K440)82, CYP2B4(R422)88, positive charge 55%/63% 17%/5% - 5 

388 CYP3A4(Y430)83 aromatic 24% 40% - 5 

397 CYP1A1(K453)82, CYP2B4(K433)88, 
CYP2D6(R440)86 positive charge 51% 45% 7% 6 

399 CYP1A1(R455)82 positive charge 12% 10% 29% 6 

404 CYP3A4(R446)83 positive charge 31% 26% 27% 6 

407 CYP1A1(K463)82, CYP2B4(R443)88, 
CYP19A1(R449) positive charge 41% 24% 62% 6 
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Figure 24: Reductase interaction sites on the proximal surfaces and sequences of CYP101A1 (PDB 
code: 3W9C45) and CYP102A1 (PDB code:1BVY43). The RPISs are highlighted in different colors: 
RPIS1 red, RPIS2 blue, RPIS3 yellow, RPIS4 green, RPIS5 purple, and RPIS6 orange. A: CYP101A1 
structure with co-crystalized putidaredoxin (showed as grey cartoon), which rests over most of the 
RPISs. B: CYP102A1 structure with co-crystalized FMN domain of the reductase (showed as grey 
cartoon), which rests right over the RPISs. C: sequence alignment of a STAMP94 structure alignment 
between CYP102A1 (PDB code: 1ZOA)95 and CYP101A1 (PDB code: 1PHG)96 with marked RPISs. 

 

RPIS1 (class II standard positions 59 – 67) is located on the α-loop-β element formed by α-

helix B and β-strand 1_5. Positively charged, negatively charged, polar and aromatic residues 

from this region were described to be involved in the interaction. 

RPIS2 (class II standard positions 97 – 113) is located on the α-loop-α element formed by α-

helix C and the N-cap of α-helix C’. Positively charged, hydrophobic, polar and aromatic 

residues from this region were described to be involved in the interaction. RPIS2 contains a 

conserved arginine/histidine at position 100, which was described to be involved in electron 

transfer and heme stabilization.229    
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RPIS3 (class II standard positions 236-239) is located at the C-cap of α-helix H. This is the 

shortest RPIS and only hydrophobic residues from this site were described to contribute to the 

CYP-CPR interactions. 

RPIS4 (class II standard positions 305-319) is located on the α-loop-α element formed by the 

N-cap of α-helix H and α-helix J’. Positively charged and aromatic residues from this region 

were described to be involved in the interaction.  

RPIS5 (class II standard positions 383-388) is located on the cysteine pocket and part of the 

preceding loop. Positively charged, hydrophobic and aromatic residues from this region were 

described to be involved in the CYP-CPR interaction. 

RPIS6 (class II standard positions 397-407) is located on the cysteine pocket and the N-cap of 

α-helix L. Positively charged residues were described to be involved in the CYP-CPR 

interaction in this region. RPIS6 contains multiple conserved residues, a heme propionate 

interacting arginine at position 398, the heme ligand cysteine at position 400, a conserved 

glycine at position 402 and a conserved alanine at position 406.31  

The RPISs cover most of the proximal surface of CYPs which is the interaction site for class I 

and class II redox partners. Thus, positions in these regions are expected to influence the 

CYP-redox partner interactions in most CYPs (Figure 24). However, the difference in size 

between class I ferredoxins (~105 amino acids) and class II FMN-domains (~150 amino 

acids) suggests that not all RPISs might be involved in class I CYP-redox partner interactions 

as compared to class II CYPs. An additional region between RPIS5 and RPIS6, near to the 

cysteine pocket (positions 389-396) has not been described yet to include important residues 

for CYP-CPR interaction. This region is also functionally and structurally significant, because 

four out of seven its positions are conserved.31 P392, G394 and G396 are structurally relevant 

positions to maintain the shape of the  cysteine pocket, and F393 was described to interact 

with the heme.183 None of the remaining three positions of this region were described to 

influence the CYP-redox partner interactions in mammalian class II CYPs. 

Re-designing RPISs of CYP153A6  

The identified RPIS positions are expected to influence CYP-redox partner interactions and 

thus electron coupling efficiency and catalytic activity in most of the CYPs. To test this 

assumption, we designed single mutants of a previously described interclass fusion construct 

containing class I CYP153A6 from Marinobacter aquaeolei and the reductase domains of 
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class II CYP102A1 from Bacillus megaterium.99 While most of the previous studies on CYP-

redox partner interaction sites have been performed by extensive alanine scanning or site-

saturation mutagenesis, our design strategy had two goals: to demonstrate that RPISs are 

hotspots of CYP-redox partner interactions, and to design a minimal library of mutants with 

improved electron coupling efficiency. Our strategy is generic and can be applied to any non-

native CYP-redox partner pair. This approach is directed at making the proximal surface of 

any selected CYP more similar to the one of the reductases' natural recipient of electrons, and 

is done by mimicking charge composition of the RPISs.  In total, six positions were selected 

where the amino acid charge differed in CYP153A and CYP102A1. Charged residues were 

selected because of the reported high significance in the CYP-redox partner interactions.82,97,98 

The selected CYP153A6 residues are structurally corresponding to the RPIS positions 

described in the literature for mammalian CYPs (Table 19 on page 119).  

Residues at the RPIS positions were compared between CYP153A6 and CYP102A1 (Table 

20 on the following page), based on the standard numbering scheme. CYP102A1 is the 

reference for class II numbering, and its amino acid positions were compared to structurally 

corresponding CYP153A6 positions based on class I numbering scheme position assignment. 

Class I positions were converted to class II using previously published numbering scheme 

conversion table.31 Six positions introducing a change in charge were selected for 

mutagenesis: L115K and S120D in RPIS1, D153K and K166Q in RPIS2, R422Q and E425L 

in RPIS6. Variants S122D and D125S were omitted because they are located further away 

from the center of the proximal surface than S120. Variant R399R was omitted because it is a 

neighbor of the proximal cysteine and might disturb CYPs catalytic activity. No mutations 

were introduced in RPIS3 because it has been described to be important for hydrophobic 

interactions and the proposed variants in this region did not introduce such residues. RPIS4 

and RPIS5 lie on regions which are shorter in class I than in class II CYPs and a reliable 

comparison between CYP153A6 and CYP102A1 in those regions was not possible. 
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Table 20: Comparison of amino acid residues at the CYP-CPR interaction interface between CYP102A1 
and CYP153A6. Table consists of class II standard position numbers, amino acids at the corresponding 
positions in CYP102A1 and CYP153A6, position numbers in CYP153A6 and redox partner interaction 
site number. Positions selected for mutagenesis are in bold and highlighted grey, CYP153A6 amino acids 
were replaced by CYP102A1 amino acids. 

Class II standard position 
number CYP102A1 CYP153A6 CYP153A6 position number Redox partner interaction 

site 

59 K L 115 1 

63 D S 120 1 

65 S D 122 1 

68 D S 125 1 

97 K D 153 2 

99 A Q 155 2 

100 H R 156 2 

101 N S 157 2 

104 L Q 160 2 

108 S A 164 2 

110 Q K 166 2 

112 M L 168 2 

113 K K 169 2 

236 H L 280 3 

239 N S 283 3 

305 Y - GAP 4 

310 Q - GAP 4 

319 L S 345 4 

383 S - GAP 5 

386 P - GAP 5 

388 H - GAP 5 

397 Q V 415 6 

399 A R 417 6 

404 Q R 422 6 

407 L E 425 6 

	

Experimental characterization of CYP153A6 variants with changed RPISs 

Catalytic activity and electron coupling efficiency of the designed variants and wild type 

(WT) CYP153A6 chimera were measured to quantify the influence of the RPIS mutations on 

the conversion of dodecanoic acid. It was not possible to express variant R422Q. Therefore, 

the five expressed variants and the wild type were subjected to a FPLC purification system 



Publications 
 

124	
 

with anion exchange column (AEC), and tested in vitro for electron coupling efficiency and 

catalytic activity (see supporting information).   

The determined electron coupling efficiency of the WT (67.8%) was in good agreement with 

the literature.99 Three RPIS variants showed an increase in electron coupling efficiency: 

S120D (72.6%), D153K (76.2%) and K166Q (89.3%)  (Table 21). The analysis of initial 

reaction rates and conversion after 1h showed that the WT was more active than the RPIS 

variants. The best variants K166Q and S120D showed 27% and 37% lower conversion then 

the WT after one hour, respectively. The other three variants showed more than 50% lower 

than the WT conversion after one hour.  

Table 21: Initial reaction rates, conversion after 1h and coupling efficiency of wild type CYP153A6-CPR 
and RPIS variants. The highest values for each property are in bold. 

	 WT L115K S120D D153K K166Q E425L 

Initial rate [µmol/min*µmol]	 23.2±0.7	 1.9±0.1	 5.3±0.7	 2.2±0.2	 10.6±0.6	 2.2±0.6	

Conversion after 1 h [%]	 80.1* 27.4±1.7	 44.4±6.0	 27.2±0.4	 52.8±3.7	 29.8±6.1	

Coupling efficiency [%] 
67.8±11.5 

 

56±1.4 

 

72.6±4.5 

 

76.2±5.4 

 

89.3±6.9 
 

63.1±2.8 

 

*one sample analyzed 

 

 

5.3.5 Discussion 

Redox partner interaction sites in class II CYP systems 

Improving the interactions between cytochrome P450 monooxygenases and their redox 

partners is a major challenge in CYP engineering. Modifications of the CYP-redox partner 

interaction interface were demonstrated to improve electron coupling efficiency and catalytic 

activity.60,131,132,240 Thus, the relevance of redox partner interaction sites (RPISs) for CYP 

activity and electron coupling efficiency is comparable to the relevance of the substrate 

recognition sites (SRSs) for CYPs selectivity and specificity.40 A comprehensive analysis of 

published data on the mammalian CYP-CPR interaction, allowed for identifying six major 

RPISs on the proximal surface of the CYPs. Positions at those sites have been shown to 

influence CYP-redox partner interactions in different CYPs. Interestingly, those positions are 

not conserved in class I and class II CYPs31  and not even in human class II CYPs which 

accept electron from a single reductase.  

Interactions of class II CYPs with their native redox partner were mainly studied in 

mammalian CYPs (Table 19 on page 119), but the RPISs identified in mammalian CYPs are 
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also part of the interaction interface in other class II CYPs and fusion proteins including the 

class II redox partner homologues. The first crystal structure of a CYP-CPR complex, 

CYP102A1 in contact with its FMN domain, provided many insights into the CYP-redox 

partner interface.43 CYP102A1 is a natural fusion protein containing a heme domain and a 

cytochrome P450 reductase domain (CPR). CYP102A1 is also the reference protein for the 

class II numbering scheme, therefore class II standard numbering positions are corresponding 

to this CYPs position numbering. Another class II system for which the CYP-redox partner 

interactions were studied in detail is CYP6AB3 from parsnip moth and its non-native redox 

partner, a CPR from house fly. Positions that were described to influence the interaction or 

change the catalytic activity of those enzymes have been described for all RPISs. For 

CYP6AB3 and CYP102A1, RPIS1 standard positions 62 and 64, respectively, were mutated 

in variants with improved catalytic activity (V92A131 and E64G241, respectively). For 

CYP102A1, RPIS2 standard positions H100, N101 and L104 were described as crucial for 

CYP-CPR interaction242 and these positions are structurally corresponding to positions 

described for mammalian class II CYPs (Table 19). RPIS3 standard position H236Q was 

included in variants resulting from directed evolution of CYP102A1 used for conversion of 

ethane to ethanol (mutation H236Q),128 this position also influenced CYP-redox partner 

interaction in CYP2B4.93 Several RPIS4 positions were part of combinatorial libraries of 

CYP102A180, and mutation at standard position Q307H improved its catalytic activity 

towards diclofenac, ibuprofen, and tolbutamide.243 The complete RPIS5 of CYP102A1 was 

described to interact with the FMN domain 242, and variants including mutation at standard 

position P386S significantly increased the catalytic activity of CYP102A1 towards β-

ionone.244 The structurally corresponding residue also influenced CYP-redox partner 

interactions in mammalian CYPs (Table 19). In RPIS6 of CYP102A1, mutation at standard 

position I401P was described to change the redox potential of heme and resulted in an 

increase of the first electron transfer rate by 10%,245  demonstrating that engineering the CYP-

redox partner interface can improve the electron transfer and thus the physicochemical 

properties of the enzyme. Changes of the redox potential are frequently observed when 

targeting RPIS5, RPIS6, or the heme-interacting cysteine pocket which is positioned between 

RPIS5 and RPIS6.245,246   

The literature data for class II CYPs showed that mutations in the six RPISs can improve 

catalytic activity and electron coupling efficiency. Most interestingly, many of the positions 

are also involved in interactions between class I CYPs and their redox partners, and as shown 
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here also in the interclass systems. Positions of the RPIS1, RPIS2, RPIS5, and RPIS6 were 

most frequently described to influence the interaction. This underlies their importance in 

CYP-redox partner interaction, and might be connected to their position in the center of the 

proximal surface and in proximity to the heme. This is similar to the substrate recognition 

sites, where SRS1 and SRS5 have a major role in determining selectivity due to their position 

close to the heme.58 And similar to R47 or Y51 in CYP102A1, which influence selectivity 

despite not being part of a SRS, there are positions outside of the RPISs that influence the 

CYP-redox partner interactions, such as two residues located between RPIS5 and RPIS6 in 

CYP101A1 (H352 and G353).80 It is interesting to note that many mutations in the RPISs 

resulting in improved catalytic activity involve uncharged residues, which demonstrates that 

CYP-redox partner interactions is more than pure electrostatic interactions.  

Redox partner interaction sites in class I CYP systems 

Class I CYPs accept electrons from ferredoxins, which are considerably smaller than CPRs, 

the redox partners of class II CYPs. Therefore, systematic differences between the CYP-

ferredoxin and the CYP-CPR interfaces, which also reflected structural differences between 

prokaryotic class I and class II CYPs are expected.72 Part of the RPIS4, α-helix J’ is not 

present in most of prokaryotic class I CYPs, similarly length of the RPIS5 is also reduced in 

those enzymes (Figure 24 on page 120). Apart from these differences, all six RPISs are 

present in class I and class II CYPs  in a similar extent and can be directly compared: RPIS1 

(positions 72-82 or 59-67 in the class I or class II numbering scheme, respectively), RPIS2 

(positions 109-125 or 97-113), RPIS3 (positions 222-225 or 236-239), RPIS4 (positions 279-

286 or 305-319), RPIS5 (positions 344-345 or 383-388), and RPIS6 (354-364 or 397-407) 

(Figure 24C). CYP101A1 is the most extensively studied class I CYP, and a model enzyme 

for understanding CYP catalytic mechanism.181 CYP101A1 is also the reference protein for 

class I numbering scheme, therefore class I standard numbering positions are corresponding to 

this CYPs position numbering. Recently, the structural basis of the interactions between 

CYP101A1 and its redox partner putidaredoxin was revealed.45,46 Before the X-ray structure 

of the complex became available, a set of charged residues was predicted to mediate CYP-

redox partner interactions and electron transfer:  R72 (RPIS1), R112 (RPIS2), K344 (RPIS5), 

and R364 (RPIS6). These positions correspond to class II standard positions 59, 100, 384, and 

407, respectively, which were described to influence CYP-redox partner interactions in class 

II CYPs (Table 19 on page 119).98,247 The crystal structures of the CYP101A1-putidaredoxin 

complex extended the number of residues that are involved in the interaction: E76 (RPIS1), 
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R109, A113, N116, M121, P122, and R125 (RPIS2), H352 and G353 (between RPIS5 and 

RPIS6), and L356 L358, Q360, and H361 (RPIS6), corresponding to class II standard 

positions 62.1, 97, 101, 104, 109, 110, 113, 395, 396, 399, 401, 403, 404, respectively. 50% 

of these positions were already described to influence class II CYP-redox partner (Table 19 

on page 119).45,46  RPIS3 and 4 were not described to be involved in the interaction between 

CYP101A1 and putidaredoxin, which is probably caused by the lack of α-helix J’ and the 

smaller size of the putidaredoxin in comparison to the class II redox partner FMN domain 

(Figure 24 on page 120). Interestingly, residues between RPIS5 and RPIS6 were described to 

be interacting with the putidaredoxin, which is a consequence of the different architecture of 

the cysteine pocket in class I and class II CYPs,31,72 suggesting that RPIS5 and RPIS6 might 

be merged in class I CYPs.  

CYP-ferredoxin interactions were successfully improved in different prokaryotic CYP 

systems pointing to common interaction hotspots on the RPIS2. For many CYPs, interactions 

with non-native redox partners were improved by mutating structurally corresponding 

residues in RPIS2 (standard positions 120 and 108 in class I and class II CYPs, respectively). 

Mutations of CYP105 (P450moxA) from Nonomuraea recticatena (T115A),132, CYP105A3 

from Streptomyces carbophilus (T119S),60 and CYP197A from Pseudonocardia autotrophica 

(T107A)240  improved the electron transfer in class I CYPs, and corresponding positions were 

also described to influence CYP-CPR interactions in class II CYPs (Table 19). Another 

RPIS2 mutation, D77R (class I standard position 109, class II standard position 97) improved 

binding between CYP119 from Sulfolobus solfataricus and its non-native redox partner 

putidaredoxin.231 This position also influenced CYP-redox partner interactions in class II 

CYPs, and is structurally corresponding to the K166Q which was experimentally investigated 

variant with the highest electron coupling efficiency in this paper for the CYP153A6 fusion 

protein. Mutation N363Y in RPIS6 (class I standard position 361, class II standard position 

404) was part of a variant with improved electron transfer efficiency between putidaredoxin 

and CYP105A3.60 

Studies on the interaction between human mitochondrial class I CYPs and their redox partner 

adrenodoxin point to RPIS1, RPIS2, RPIS4, and RPIS5 as the most significant sites of the 

interaction. In CYP27B1 mutation G102E in RPIS1 (class I standard position 78, class II 

standard position 64) resulted in 80% decrease in catalytic activity.248 In CYP11A1, mutations  

K148A and K149A in RPIS2 (class I standard positions 109 and 110, class II standard 

positions 97, 98) resulted in 1.5-fold improved activity in pregnenolone biosynthesis.249 In 
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CYP27A1, Mutations of K354A, K358A, and R418S in RPIS4 and RPIS5 (class I standard 

positions 282, 286 and 344, class II standard positions 315, 319, and 384) decreased 

adrenodoxin binding.97 Because human mitochondrial class I CYPs have α-helix J’, in 

contrast to prokaryotic class I CYPs, RPIS4 plays more significant role in those enzymes.   

Even though class I and class II CYPs accept electrons from redox partners of a different fold 

and show some structural differences, most of the RPISs identified for class II CYPs are also 

found in class I CYPs. In addition, some positions were described to be involved in the CYP-

redox partner interactions in both classes of CYPs (class II standard positions 59, 64, 97, 100, 

101, 104, 108, 110, 113, 319, 399, 401, 404, 407). Based on the literature data about 

engineering of CYP-ferredoxin interactions in prokaryotic CYPs, RPIS3 and RPIS4 do not 

seem to play significant role. Class I RPIS2 standard position 120 is especially significant in 

the interaction between class I prokaryotic CYPs and ferredoxins. In human class I CYPs, the 

significance of RPISs is similar, additionally because of presence of α-helix J’, RPIS4 is also 

involved in adrenodoxin binding. 

Protein engineering strategies for improvement of CYP-redox partner interactions 

To test the relevance of the RPIS we analyzed the literature information to design RPIS 

variants of the CYP153A6 chimera.99 CYP153A6 from Marinobacter aquaeolei is a class I 

CYP accepting electrons from a ferredoxin. However, in the chimera it is accepting electrons 

from the reductase domain of CYP102A1 from Bacillus megaterium, a class II CYP. The 

designed mutations were located on RPIS1, RPIS2, and RPIS6. All five tested variants 

exhibited changed catalytic activity, and most of them had changed electron coupling 

efficiency in the oxidation of dodecanoic acid (Table 21 on page 124). The best variant 

K166Q (class II standard position 110) had an electron coupling efficiency which was 22% 

higher than the wild type chimera, while its catalytic activity was decreased by 35%. In the 

variant, a positively charged surface residue was exchanged for a neutral residue which 

probably improved charge pairing between the CYP and its redox partner. Our results 

demonstrate that positions frequently mentioned in literature to influence catalytic activity and 

electron coupling efficiency in different CYPs (Table 19) are promising candidates for the 

design of highly enriched mutant libraries. Moreover those positions can be transferred also to 

class I CYPs to engineer fusion proteins with CPR-like reductases, underlining their universal 

importance. The design and characterization of a small number of CYP153A6 variant was 
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intended as a feasibility study. We expect that screening of a larger RPIS library will result in 

further enzyme variants with improved properties.  

The proposed protein engineering strategy can be transferred to other class I or class II CYPs 

by applying the standard numbering scheme for class I and class II CYPs.31 The strategy can 

be extended in several ways. We have shown that mimicking the surface charge of the natural 

CYP partner is promising, but in many examples in literature the electron transfer was 

improved by mutations not involving charged residues. Therefore, the design of mimicking 

mutations of neutral residues might be more advantageous. A similar strategy targeting the 

electron transfer route was previously used to improve catalytic activity of a fusion protein, 60 

and the putative residues of the electron transfer path were exchanged to the corresponding 

residues of the natural electron acceptor. A more extensive strategy would be to exchange all 

frequently described RPIS positions to the most frequently occurring residues. This approach 

would benefit from the existence of universal hotspots such as standard position 120 in class I 

CYPs (corresponding to standard position 108 in class II).  

Because electron uncoupling causes the production of hydrogen peroxide and other reactive 

oxygen species which will lead to irreversible inactivation of the enzyme,22 improving the 

coupling efficiency increases stability of the CYP system and has a considerable benefit in 

whole cell biotransformations.23 Therefore, the CYP153A6 mutant K166Q designed in this 

study will be especially useful for whole cell biotransformations.  
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6. Supporting Information 
	

6.1  Modeling of CYP101A1 variants stereoselectivity towards 
methylated ethylbenzene derivatives 

 
	

 

Figure S1: Heat map representing distance dH-O and angle αC-H-O values for pro-R near attack 
conformations of the substrate in 10 molecular dynamics simulations of CYP101A1 variant Y96F and 1-
ethyl-2-methylbenzene. Heat map was plotted on a grid consisting of 5° × 0.01nm cells. Colors from white 
through red to black on the heat map represent low to high number of simulation frames representing 
substrate orientation in the cell of the grid, the plot was normalized. 
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Figure S2: Heat map representing distance dH-O and angle αC-H-O values for pro-S near attack 
conformations of the substrate in 10 molecular dynamics simulations of CYP101A1 variant Y96F and 1-
ethyl-2-methylbenzene. Heat map was plotted on a grid consisting of 5° × 0.01nm cells. Colors from white 
through red to black on the heat map represent low to high number of simulation frames representing 
substrate orientation in the cell of the grid, the plot was normalized. 

 

 

Figure S3: Heat map representing distance dH-O and angle αC-H-O values for pro-R near attack 
conformations of the substrate in 10 molecular dynamics simulations of CYP101A1 variant Y96F and 1-
ethyl-3-methylbenzene. Heat map was plotted on a grid consisting of 5° × 0.01nm cells. Colors from white 
through red to black on the heat map represent low to high number of simulation frames representing 
substrate orientation in the cell of the grid, the plot was normalized. 

 

Figure S4: Heat map representing distance dH-O and angle αC-H-O values for pro-S near attack 
conformations of the substrate in 10 molecular dynamics simulations of CYP101A1 variant Y96F and 1-
ethyl-3-methylbenzene. Heat map was plotted on a grid consisting of 5° × 0.01nm cells. Colors from white 
through red to black on the heat map represent low to high number of simulation frames representing 
substrate orientation in the cell of the grid, the plot was normalized. 
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Figure S5: Heat map representing distance dH-O and angle αC-H-O values for pro-R near attack 
conformations of the substrate in 10 molecular dynamics simulations of CYP101A1 variant Y96F and 1-
ethyl-4-methylbenzene. Heat map was plotted on a grid consisting of 5° × 0.01nm cells. Colors from white 
through red to black on the heat map represent low to high number of simulation frames representing 
substrate orientation in the cell of the grid, the plot was normalized. 

 

Figure S6: Heat map representing distance dH-O and angle αC-H-O values for pro-S near attack 
conformations of the substrate in 10 molecular dynamics simulations of CYP101A1 variant Y96F and 1-
ethyl-4-methylbenzene. Heat map was plotted on a grid consisting of 5° × 0.01nm cells. Colors from white 
through red to black on the heat map represent low to high number of simulation frames representing 
substrate orientation in the cell of the grid, the plot was normalized. 
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Figure S7: Heat map representing distance dH-O and angle αC-H-O values for pro-R near attack 
conformations of the substrate in 10 molecular dynamics simulations of CYP101A1 variant VF and 1-
ethyl-2-methylbenzene. Heat map was plotted on a grid consisting of 5° × 0.01nm cells. Colors from white 
through red to black on the heat map represent low to high number of simulation frames representing 
substrate orientation in the cell of the grid, the plot was normalized. 

 

 

 

Figure S8: Heat map representing distance dH-O and angle αC-H-O values for pro-s near attack 
conformations of the substrate in 10 molecular dynamics simulations of CYP101A1 variant VF and 1-
ethyl-2-methylbenzene. Heat map was plotted on a grid consisting of 5° × 0.01nm cells. Colors from white 
through red to black on the heat map represent low to high number of simulation frames representing 
substrate orientation in the cell of the grid, the plot was normalized. 
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Figure S9: Heat map representing distance dH-O and angle αC-H-O values for pro-R near attack 
conformations of the substrate in 10 molecular dynamics simulations of CYP101A1 variant VF and 1-
ethyl-3-methylbenzene. Heat map was plotted on a grid consisting of 5° × 0.01nm cells. Colors from white 
through red to black on the heat map represent low to high number of simulation frames representing 
substrate orientation in the cell of the grid, the plot was normalized. 

 

 

 

Figure S10: Heat map representing distance dH-O and angle αC-H-O values for pro-S near attack 
conformations of the substrate in 10 molecular dynamics simulations of CYP101A1 variant VF and 1-
ethyl-3-methylbenzene. Heat map was plotted on a grid consisting of 5° × 0.01nm cells. Colors from white 
through red to black on the heat map represent low to high number of simulation frames representing 
substrate orientation in the cell of the grid, the plot was normalized. 
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Figure S11: Heat map representing distance dH-O and angle αC-H-O values for pro-R near attack 
conformations of the substrate in 10 molecular dynamics simulations of CYP101A1 variant VF and 1-
ethyl-4-methylbenzene. Heat map was plotted on a grid consisting of 5° × 0.01nm cells. Colors from white 
through red to black on the heat map represent low to high number of simulation frames representing 
substrate orientation in the cell of the grid, the plot was normalized. 

 

 

 

Figure S12: Heat map representing distance dH-O and angle αC-H-O values for pro-R near attack 
conformations of the substrate in 10 molecular dynamics simulations of CYP101A1 variant FL and 1-
ethyl-2-methylbenzene. Heat map was plotted on a grid consisting of 5° × 0.01nm cells. Colors from white 
through red to black on the heat map represent low to high number of simulation frames representing 
substrate orientation in the cell of the grid, the plot was normalized. 



Supporting Information 
 

136	
 

 

Figure S13: Heat map representing distance dH-O and angle αC-H-O values for pro-S near attack 
conformations of the substrate in 10 molecular dynamics simulations of CYP101A1 variant FL and 1-
ethyl-2-methylbenzene. Heat map was plotted on a grid consisting of 5° × 0.01nm cells. Colors from white 
through red to black on the heat map represent low to high number of simulation frames representing 
substrate orientation in the cell of the grid, the plot was normalized. 

 

Figure S14: Heat map representing distance dH-O and angle αC-H-O values for pro-R near attack 
conformations of the substrate in 10 molecular dynamics simulations of CYP101A1 variant FL and 1-
ethyl-3-methylbenzene. Heat map was plotted on a grid consisting of 5° × 0.01nm cells. Colors from white 
through red to black on the heat map represent low to high number of simulation frames representing 
substrate orientation in the cell of the grid, the plot was normalized. 
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Figure S15: Heat map representing distance dH-O and angle αC-H-O values for pro-S near attack 
conformations of the substrate in 10 molecular dynamics simulations of CYP101A1 variant FL and 1-
ethyl-3-methylbenzene. Heat map was plotted on a grid consisting of 5° × 0.01nm cells. Colors from white 
through red to black on the heat map represent low to high number of simulation frames representing 
substrate orientation in the cell of the grid, the plot was normalized. 

 

Figure S16: Heat map representing distance dH-O and angle αC-H-O values for pro-R near attack 
conformations of the substrate in 10 molecular dynamics simulations of CYP101A1 variant FL and 1-
ethyl-4-methylbenzene. Heat map was plotted on a grid consisting of 5° × 0.01nm cells. Colors from white 
through red to black on the heat map represent low to high number of simulation frames representing 
substrate orientation in the cell of the grid, the plot was normalized. 
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Figure S17: Heat map representing distance dH-O and angle αC-H-O values for pro-S near attack 
conformations of the substrate in 10 molecular dynamics simulations of CYP101A1 variant FL and 1-
ethyl-4-methylbenzene. Heat map was plotted on a grid consisting of 5° × 0.01nm cells. Colors from white 
through red to black on the heat map represent low to high number of simulation frames representing 
substrate orientation in the cell of the grid, the plot was normalized. 

 

Figure S18: Heat map representing distance dH-O and angle αC-H-O values for pro-R near attack 
conformations of the substrate in 10 molecular dynamics simulations of CYP101A1 variant NL and 1-
ethyl-2-methylbenzene. Heat map was plotted on a grid consisting of 5° × 0.01nm cells. Colors from white 
through red to black on the heat map represent low to high number of simulation frames representing 
substrate orientation in the cell of the grid, the plot was normalized. 
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Figure S19: Heat map representing distance dH-O and angle αC-H-O values for pro-S near attack 
conformations of the substrate in 10 molecular dynamics simulations of CYP101A1 variant NL and 1-
ethyl-2-methylbenzene. Heat map was plotted on a grid consisting of 5° × 0.01nm cells. Colors from white 
through red to black on the heat map represent low to high number of simulation frames representing 
substrate orientation in the cell of the grid, the plot was normalized. 

 

Figure S20: Heat map representing distance dH-O and angle αC-H-O values for pro-R near attack 
conformations of the substrate in 10 molecular dynamics simulations of CYP101A1 variant NL and 1-
ethyl-3-methylbenzene. Heat map was plotted on a grid consisting of 5° × 0.01nm cells. Colors from white 
through red to black on the heat map represent low to high number of simulation frames representing 
substrate orientation in the cell of the grid, the plot was normalized. 
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Figure S21: Heat map representing distance dH-O and angle αC-H-O values for pro-S near attack 
conformations of the substrate in 10 molecular dynamics simulations of CYP101A1 variant NL and 1-
ethyl-3-methylbenzene. Heat map was plotted on a grid consisting of 5° × 0.01nm cells. Colors from white 
through red to black on the heat map represent low to high number of simulation frames representing 
substrate orientation in the cell of the grid, the plot was normalized. 

 

Figure S22: Heat map representing distance dH-O and angle αC-H-O values for pro-R near attack 
conformations of the substrate in 10 molecular dynamics simulations of CYP101A1 variant NL and 1-
ethyl-4-methylbenzene. Heat map was plotted on a grid consisting of 5° × 0.01nm cells. Colors from white 
through red to black on the heat map represent low to high number of simulation frames representing 
substrate orientation in the cell of the grid, the plot was normalized. 
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Figure S23: Heat map representing distance dH-O and angle αC-H-O values for pro-S near attack 
conformations of the substrate in 10 molecular dynamics simulations of CYP101A1 variant NL and 1-
ethyl-4-methylbenzene. Heat map was plotted on a grid consisting of 5° × 0.01nm cells. Colors from white 
through red to black on the heat map represent low to high number of simulation frames representing 
substrate orientation in the cell of the grid, the plot was normalized. 

 

6.1.1 Molecular dynamics simulations  
 

Molecular dynamics simulations of CYP101A1 (PDB code: 1PHG)96 variants (Y96F, VF 

(M184V/T185F), NL (L244N/V247L) and FL (L244F/V247L)) with 1-ethyl-2-

methylbenzene, 1-ethyl-3-methylbenzene, 1-ethyl-4-methylbenzene in the binding pocket 

were performed. The structures of variants were created using mutagenesis tool of the 

PyMOL program.211 The substrate molecules were manually placed in the binding pocket 

using PyMOL. All substrates were placed in the binding pocket in a way that both hydrogens 

of the stereocenter carbon were between 0.25 nm and 0.5 nm from the compound I ferryl 

oxygen. The benzyl ring was placed to be pointing into the direction of residues 87 and 96 

which are part of the main substrate access channel. Ten molecular dynamics simulations with 

different starting orientations of the substrate in the binding pocket were performed, to ensure 

extensive conformational sampling for each variant-substrate complex.  
Ten 30 ns simulations per variant-substrate complex were performed using AMBER03 force 

field250 in Gromacs version 5.0.4.251 All water molecules were deleted from the crystal 

structure. Heme and its cysteine ligand were replaced by a structure of heme compound I 

covalently bound to cysteine. The previously described field for the cysteine-heme compound 

I complex was used.252 Force fields for all substrate molecules (ethylbenzene, 1-ethyl-2-

methylbenzene, 1-ethyl-3-methylbenzene, 1-ethyl-4-methylbenzene) were generated based on 
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the  structures derived from PubChem database.253 The molecules were subsequently 

subjected to energy minimization in YASARA with AMBER03 force field.254 The RESP 

partial charges of the molecules were calculated using R.E.D webserver with RESP-A1B 

charge model,255–257 the force field was built with ANTECHAMBER module of AMBER 

10,258 and converted to the GROMACS topology format. Octahedral water box of SPC/E 

water with periodic boundaries at least 1.2 nm from the protein on all sides was used. 

Simulations were run at 300 K and 1 bar. Pressure coupling was performed with Parrinello-

Rahman barostat.259 The Nose-Hoover coupling scheme was used to maintain the 

temperature, with coupling constant of 0.5 ps.260 Initial velocities were randomly assigned. 

LINICS algorithm was applied to constrain all bonds containing hydrogen atoms.251 Eighteen 

Na+ counter ions were added to maintain the neutral charge of the systems. Long range 

electrostatic interactions were treated by using the particle-mesh Ewald method.261 Energy 

minimization was performed using the steepest descent method with positional restraints on 

protein heavy atoms and a maximum allowed force of 1000 kJ/mol/nm. A 2 fs time step was 

used and coordinates were saved every 1000 steps (2 ps). All systems were energy minimized, 

gradually heated to 300 K over 1 ns and the simulations were continued for another 30 ns. 

Final 25 ns of the simulations were used for analyses.  

The selectivity prediction method is based on previously published work, which allowed 

authors to predict selectivity of CYP101A1 based on molecular dynamics simulations.114 The 

method is based on measurement of dH-O (a distance between the ferryl oxygen and 

hydrogen of the substrate) and angle αC-H-O (an angle between ferryl oxygen and hydrogen 

and carbon of the substrate) (Figure 15 on page 52).  Pro-R orientations were assigned when 

αC-H-O for the R-hydrogen was 180±45°, the dH-O shorter than 0.35 nm and shorter than the 

distance for S-hydrogen. The pro-S orientations were assigned analogously. All snapshots of 

the MD simulations were classified based on those criteria and assigned to groups of pro-R, 

pro-S or non-productive orientations. For each variant–substrate complex, the numbers of 

pro-R and pro-S orientations from ten simulation runs were summed up and percentages were 

calculated. The percentages of pro-R and pro-S orientations were used as an estimate for the 

experimental product formation and enantiomeric excess values.  
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6.2  Conservation analysis of class-specific positions in 
cytochrome P450 monooxygenases: functional and structural 
relevance  

	

 

 

 

 

 

 

 

Table S1: Equivalence table between numbering of class I and class II CYPs. The table is based on the 
structural alignment of the class I reference CYP101A1 (pdb:1PHG) and the class II reference CYP102A1 
(pdb:1ZOA). Numbers shown in the table are the native position numbers of the class I and class II 
reference sequences and are therefore the standard numbers for the class I and the class II numbering 
schemes. Numbers in the same rows are representing structurally corresponding positions. The table 
allows for the comparison of sequences numbered using the two different numbering schemes (Figure 
S24C).  
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Class	I	 Class	II	 		 Class	I	 Class	II	
	
Class	I	 Class	II	

	
Class	I	 Class	II	

	
Class	I	 Class	II	

1	 		 		 37	 24	
	
84	 70	

	
128	 116	

	
174	 		

2	 		 		 38	 25	
	
85	 71	

	
129	 117	

	
		 164	

3	 		 		 39	 26	
	
86	 72	

	
130	 118	

	
		 165	

4	 		 		 40	 27	
	
87	 73	

	
131	 119	

	
		 166	

5	 		 		 41	 28	
	
88	 74	

	
132	 120	

	
		 167	

6	 		 		 42	 29	
	
89	 		

	
133	 121	

	
		 168	

7	 		 		 43	 30	
	
90	 		

	
134	 122	

	
		 169	

8	 		 		 44	 31	
	
91	 		

	
135	 123	

	
		 170	

9	 		 		 45	 32	
	
92	 75	

	
136	 124	

	
175	 171	

10	 		 		 46	 33	
	
93	 76	

	
137	 125	

	
176	 172	

11	 		 		 47	 34	
	
94	 		

	
138	 126	

	
177	 173	

12	 		 		 48	 		
	
		 77	

	
139	 127	

	
178	 174	

13	 		 		 49	 35	
	
95	 78	

	
140	 128	

	
179	 175	

14	 		 		 50	 36	
	
96	 79	

	
141	 129	

	
180	 176	

15	 		 		 51	 37	
	
		 80	

	
142	 130	

	
181	 177	

16	 		 		 52	 38	
	
		 81	

	
143	 131	

	
182	 178	

17	 		 		 53	 39	
	
		 82	

	
		 132	

	
183	 179	

18	 		 		 54	 40	
	
97	 83	

	
144	 133	

	
184	 180	

19	 		 		 55	 41	
	
98	 84	

	
145	 134	

	
185	 181	

20	 		 		 56	 42	
	
99	 85	

	
		 135	

	
186	 182	

				 1	 		 57	 43	
	
100	 86	

	
		 136	

	
		 183	

				 2	 		 58	 		
	
101	 87	

	
146	 137	

	
		 184	

				 3	 		 59	 		
	
102	 88	

	
147	 138	

	
187	 185	

				 4	 		 		 44	
	
103	 89	

	
148	 139	

	
188	 186	

21	 5	 		 		 45	
	
104	 90	

	
149	 140	

	
189	 		

22	 6	 		 		 46	
	
105	 91	

	
150	 141	

	
		 187	

23	 7	 		 60	 47	
	
106	 92	

	
151	 142	

	
		 188	

24	 8	 		 61	 48	
	
		 93	

	
152	 143	

	
		 189	

25	 		 		 62	 49	
	
107	 94	

	
153	 144	

	
		 190	

26	 		 		 63	 50	
	
		 95	

	
154	 		

	
		 191	

		 9	 		 64	 51	
	
108	 96	

	
155	 145	

	
		 192	

		 10	 		 65	 52	
	
109	 97	

	
156	 146	

	
		 193	

		 11	 		 66	 53	
	
110	 98	

	
157	 147	

	
		 194	

		 12	 		 67	 54	
	
111	 99	

	
158	 148	

	
		 195	

		 13	 		 68	 55	
	
112	 100	

	
159	 149	

	
		 196	

		 14	 		 69	 56	
	
113	 101	

	
160	 150	

	
		 197	

27	 15	 		 70	 57	
	
114	 102	

	
161	 151	

	
		 198	

28	 16	 		 71	 58	
	
115	 103	

	
162	 152	

	
		 199	

29	 17	 		 72	 59	
	
116	 104	

	
163	 153	

	
		 200	

30	 18	 		 73	 60	
	
117	 105	

	
164	 154	

	
190	 201	

31	 19	 		 74	 61	
	
118	 106	

	
		 155	

	
191	 202	

32	 		 		 75	 62	
	
119	 107	

	
165	 156	

	
		 203	

33	 		 		 76	 		
	
120	 108	

	
166	 157	

	
192	 204	

34	 		 		 77	 63	
	
121	 109	

	
167	 158	

	
193	 205	

35	 		 		 78	 64	
	
122	 110	

	
168	 159	

	
194	 206	

36	 		 		 79	 65	
	
123	 111	

	
169	 160	

	
195	 207	

		 20	 		 80	 66	
	
124	 112	

	
170	 161	

	
196	 208	

		 21	 		 81	 67	
	
125	 113	

	
171	 162	

	
197	 209	

		 22	 		 82	 68	
	
126	 114	

	
172	 163	

	
198	 210	

		 23	 		 83	 69	
	
127	 115	

	
173	 		

	
199	 211	
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Class	I	 Class	II	
	
Class	I	 Class	II	

	
Class	I	 Class	II	

	
Class	I	 Class	II	

	
Class	I	 Class	II	

200	 212	
	
245	 261	

	
		 311	

	
326	 361	

	
368	 411	

201	 213	
	
246	 262	

	
279	 312	

	
327	 362	

	
369	 412	

202	 214	
	
247	 263	

	
280	 313	

	
328	 363	

	
370	 413	

203	 215	
	
248	 264	

	
281	 314	

	
329	 364	

	
371	 414	

204	 216	
	
249	 265	

	
282	 315	

	
330	 365	

	
372	 415	

205	 217	
	
250	 266	

	
283	 316	

	
331	 366	

	
373	 416	

206	 218	
	
251	 267	

	
284	 317	

	
332	 367	

	
374	 417	

207	 219	
	
252	 268	

	
285	 318	

	
333	 368	

	
375	 418	

208	 220	
	
253	 269	

	
286	 319	

	
		 369	

	
376	 419	

209	 221	
	
254	 270	

	
287	 320	

	
334	 370	

	
377	 420	

210	 222	
	
255	 271	

	
288	 321	

	
335	 371	

	
378	 421	

211	 223	
	
256	 272	

	
289	 322	

	
336	 372	

	
379	 		

212	 224	
	
257	 273	

	
290	 323	

	
337	 373	

	
380	 422	

213	 225	
	
258	 274	

	
291	 324	

	
338	 374	

	
381	 423	

214	 226	
	
259	 275	

	
292	 325	

	
339	 375	

	
382	 424	

215	 		
	
260	 276	

	
293	 326	

	
340	 376	

	
383	 425	

		 227	
	
261	 277	

	
294	 327	

	
341	 377	

	
384	 426	

		 228	
	
262	 278	

	
295	 328	

	
342	 378	

	
385	 427	

		 229	
	
263	 279	

	
		 329	

	
		 379	

	
386	 428	

216	 230	
	
264	 280	

	
296	 330	

	
		 380	

	
387	 429	

217	 231	
	
265	 281	

	
297	 331	

	
343	 381	

	
388	 430	

218	 232	
	
266	 282	

	
298	 332	

	
		 382	

	
389	 431	

219	 233	
	
267	 283	

	
299	 333	

	
		 383	

	
390	 432	

220	 234	
	
268	 284	

	
300	 334	

	
344	 384	

	
391	 433	

221	 235	
	
269	 285	

	
301	 335	

	
345	 385	

	
392	 434	

222	 236	
	
270	 286	

	
302	 336	

	
		 386	

	
393	 435	

223	 237	
	
271	 287	

	
303	 337	

	
		 387	

	
394	 436	

224	 238	
	
272	 288	

	
304	 338	

	
		 388	

	
395	 437	

225	 239	
	
273	 289	

	
305	 339	

	
346	 389	

	
396	 438	

226	 240	
	
274	 290	

	
306	 340	

	
347	 390	

	
397	 439	

227	 241	
	
275	 291	

	
307	 341	

	
348	 391	

	
398	 440	

228	 242	
	
276	 292	

	
308	 342	

	
349	 392	

	
399	 441	

		 243	
	
277	 293	

	
		 343	

	
350	 393	

	
400	 442	

		 244	
	
278	 294	

	
309	 344	

	
351	 394	

	
401	 443	

229	 245	
	
		 295	

	
310	 345	

	
352	 395	

	
402	 444	

230	 246	
	
		 296	

	
311	 346	

	
353	 396	

	
403	 445	

231	 247	
	
		 297	

	
312	 347	

	
354	 397	

	
404	 446	

232	 248	
	
		 298	

	
313	 348	

	
355	 398	

	
405	 447	

233	 249	
	
		 299	

	
314	 349	

	
356	 399	

	
406	 448	

234	 250	
	
		 300	

	
315	 350	

	
357	 400	

	
407	 449	

235	 251	
	
		 301	

	
316	 351	

	
358	 401	

	
408	 450	

236	 252	
	
		 302	

	
317	 352	

	
359	 402	

	
409	 451	

237	 253	
	
		 303	

	
318	 353	

	
360	 403	

	
410	 		

238	 254	
	
		 304	

	
319	 354	

	
361	 404	

	
411	 		

239	 255	
	
		 305	

	
320	 355	

	
362	 405	

	
412	 452	

240	 256	
	
		 306	

	
321	 356	

	
363	 406	

	
413	 453	

241	 257	
	
		 307	

	
322	 357	

	
364	 407	

	
414	 454	

242	 258	
	
		 308	

	
323	 358	

	
365	 408	

	
		 455	

243	 259	
	
		 309	

	
324	 359	

	
366	 409	

	
		 456	

244	 260	
	
		 310	

	
325	 360	

	
367	 410	

	
		 457	

	 	 	 	 	 	 	 	 	 	 	 	
		 458	

	 	 	 	 	 	 	 	 	 	 	 	
		 459	
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Figure S24: Flowchart of the numbering scheme 
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A  B 
Figure S25: Structural superimposition of core amino 
acids of CPYs 101A1 from P. putida (cyan/PDB ID: 
1PHG), 102A1 from B. megaterium (yellow/PDB ID: 
1ZOA), 154A1 from S. coelicolor (green/PDB ID: 
1ODO) and 1A2 from H. sapiens (red/PDB ID: 2HI4). 
CYP101A1 was chosen as the reference sequence for 
the class I and CYP102A1 as the reference sequence 
for the class II numbering scheme. The residue 
numbers indicate the absolute number of the 
respective sequence and the numbers in brackets show 
the standard number of the respective position. A+B: 
The overlays show structural equivalence of the 
residues with identical standard numbers in the 
respective classes I (A) and II (B) and high structural 
similarity within the classes. C: The structures of the 
class I and class II references deviate in the 
superimposition but structural equivalence was found 
for several positions. Despite deviating standard 
numbers in a comparison of a class I to a class II CYP, 
the corresponding positions can be determined using 
the equivalence table (Table S1). 

 

 
 C 
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A 

 
B 
 
Figure S26: Screenshots of the web application of the CYP numbering scheme. A: Submission form for a 
query sequence in FASTA format. B: In the results view of the numbering scheme, the numbered query 
sequence is shown with highlighted annotations (boundaries of predicted secondary structure elements). 
By moving the mouse cursor over distinct amino acids the interface will display information about the 
standard and absolute position number as well as position specific annotations. In addition, the interface 
provides a detailed view with a conversion table showing all residues of the query sequence with their 
absolute and their standard position number. 
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Figure S27A: Numbering scheme validation for class I by a comparison of the numbering scheme based 
alignments and structural alignments for class I. Each row consists of three sub rows: the first sub row 
represents the percentage of different alignment column obtained using two different alignment methods. 
Pairwise alignments of 26 CYPs and the class I reference CYP101A1 were performed using the 
numbering scheme and STAMP. Subsequently, the results from both methods were compared by 
checking the identity for each column of the resulting alignments. The average difference of the alignment 
columns between the two alignments is given as percentages. The second sub row shows numbering 
scheme position and the third sub row shows the structural element names (Helices: A-L, Beta strands: 
1_1 - 5_2, meander loop: Mean and cysteine pocket:  Cys).  Red gradient in the first sub row reflects the 
percentages from white – 0% to bright red 100%. 
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Figure S27B: Numbering scheme validation for class II by a comparison of the numbering scheme based 
alignments and structural alignments for class II. Each row consists of three sub rows: the first sub row 
represents the percentage of different alignment column obtained using two different alignment methods. 
Pairwise alignments of 14 CYPs and the class II reference CYP102A1 were performed using the 
numbering scheme and STAMP. Subsequently, the results from both methods were compared by 
checking the identity for each column of the resulting alignments. The average difference of the alignment 
columns between the two alignments is given as percentages. The second sub row shows numbering 
scheme position and the third sub row shows the structural element names (Helices: A-L, Beta strands: 
1_1 - 5_2, meander loop: Mea and cysteine pocket:  Cys).  Red gradient in the first sub row reflects the 
percentages from white – 0% to bright red 100%.	  
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6.3  Identification of universal selectivity-determining positions 
in cytochrome P450 monooxygenases by systematic 
sequence-based literature mining 

 

Due to its size (over 150 pages) Table S2 is available in the complete supporting 
information on the publishers’ website. 

 

 

 

 

 

 

 

Table S3: Frequency of CYPs with literature information for different positions. Conserved positions 
were colored: positions with single conserved amino acid are red, and positions where certain properties 
(aromatic, charged or hydrogen binding) were conserved are colored yellow. 
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Standard 
position 

Number of CYPs with 
literature information about 

the position 

Functionally 
significant region 

 Standard 
position 

Number of CYPs with 
literature information about 

the position 

Functionally 
significant region 

1 6   46 5  

2 3   47 19  

3 4   48 8  

3.5 1   49 7  

4 1   50 4  

5 4   51 11  

6 2   52 3  

7 2   53 4  

8 2   54 4  

9 2   55 5  

9.1 2   56 1  

10 1   57 1  

11 5   58 3  

11.1 6   59 8  

12 1   60 4  

13 2   61 3  

14 2   62 8  

15 3   62.1 5  

16 2   62.2 5  

17 3   63 6  

17.2 1   64 4  

18 0   65 6  

19 4   65.1 1  

20 4   65.3 1  

21 3   66 3  

22 8   67 4  

23 2   68 4  

24 2   69 17 SRS1 

25 8   70 21 SRS1 

26 8   71 22 SRS1 

27 3   72 19 SRS1 

28 3   73 34 SRS1 

29 7   74 23 SRS1 

30 2   75 28 SRS1 

31 1   75.1 1 SRS1 

32 5   76 16 SRS1 

33 5   77 15 SRS1 

34 4   78 15 SRS1 

35 3   78.1 2 SRS1 

36 4   79 26 SRS1 

37 2   80 5 SRS1 

38 3   81 20 SRS1 

39 4   81.2 1 SRS1 

40 3   82 23 SRS1 

41 3   83 10 SRS1 

42 6   84 14 SRS1 

43 9   85 25 SRS1 

44 9   86 28 SRS1 

45 7   86.1 1 SRS1 

45.1 1   86.6 4 SRS1 
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Standard 
position 

Number of CYPs with 
literature information about 

the position 

Functionally 
significant region 

 Standard 
position 

Number of CYPs with 
literature information about 

the position 

Functionally 
significant region 

87 63 SRS1  136 6  

88 42 SRS1  137 5  

89 13 SRS1  138 7  

90 10 SRS1  139 5  

90.1 1 SRS1  140 7  

91 5 SRS1  141 3  

92 3 SRS1  142 11  

93 0   143 5  

94 8   144 4  

95 3   145 3  

96 25   146 11  

97 16   147 2  

98 6   148 5  

99 8   149 4  

100 28   150 8  

101 12   151 7  

102 8   152 7  

103 13   153 5  

104 11   154 6  

105 3   155 4  

106 8   156 4  

107 10   157 4  

108 11   158 6  

109 9   159 6  

110 8   160 4  

111 2   161 5  

112 5   161.9 1  

112.1 1   162 7  

112.5 3   163 6  

112.6 1   164 0  

113 10   165 4  

114 2   166 6  

115 1   167 2  

116 4   168 4  

117 7   169 4  

118 5   170 7  

119 1   171 2  

120 4   172 7  

121 3   173 10  

122 7   174 8  

123 0   175 7  

124 7   176 12  

125 2   177 26  

126 3   178 18  

127 3   179 7  

128 7   180 30  

129 3   180.2 1  

130 3   181 47 SRS2 

131 5   182 17 SRS2 

132 6   183 11 SRS2 

133 3   184 32 SRS2 

133.3 1   185 25 SRS2 

134 5   185.1 7 SRS2 

135 2   185.2 3 SRS2 
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Standard 
position 

Number of CYPs with 
literature information about 

the position 

Functionally 
significant region 

 Standard 
position 

Number of CYPs with 
literature information about 

the position 

Functionally 
significant region 

185.3 2 SRS2  226.1 1  

185.4 2 SRS2  226.2 1  

186 19 SRS2  226.5 1  

187 12 SRS2  226.6 5  

188 10 SRS2  227 3  

188.1 1   228 2  

189 12   229 7  

190 7   230 6  

191 10   231 14  

191.1 9   232 7  

191.2 1   233 6  

191.3 4   234 4  

191.4 1   235 4  

191.5 2   236 3  

192 12   237 5  

192.1 3   238 3  

193 5   239 5  

194 7   240 3  

194.1 1   241 3  

195 5   242 6  

196 5   242.1 6  

197 5   243 2  

198 4   244 4  

199 3   245 6  

200 1 SRS3  245.1 1  

201 6 SRS3  245.8 5  

201.16 1 SRS3  246 4  

202 4 SRS3  247 4  

203 13 SRS3  248 3  

204 7 SRS3  249 4  

205 16 SRS3  250 4  

206 16 SRS3  251 7  

207 7 SRS3  252 9  

208 13 SRS3  253 10 SRS4 

209 24   254 5 SRS4 

210 8   255 12 SRS4 

211 6   256 20 SRS4 

212 13   257 7 SRS4 

213 15   258 9 SRS4 

214 3   259 19 SRS4 

215 5   260 42 SRS4 

216 7   261 18 SRS4 

217 1   262 8 SRS4 

218 5   263 44 SRS4 

219 5   264 57 SRS4 

220 5   265 22 SRS4 

221 11   266 24 SRS4 

222 2   267 46 SRS4 

223 5   268 60 SRS4 

224 6   269 16 SRS4 

225 6   270 12 SRS4 

226 7   271 14 SRS4 
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Standard 
position 

Number of CYPs with 
literature information about 

the position 

Functionally 
significant region 

 Standard 
position 

Number of CYPs with 
literature information about 

the position 

Functionally 
significant region 

272 7   321 2  

273 4   322 5  

274 8   323 15  

275 10   324 8  

276 3   325 15 SRS5 

277 3   326 11 SRS5 

278 4   327 33 SRS5 

279 1   328 57 SRS5 

280 8   329 13 SRS5 

281 3   330 39 SRS5 

282 3   331 35 SRS5 

283 5   331.1 25 SRS5 

284 0   332 25 SRS5 

285 7   333 37 SRS5 

286 2   334 8 SRS5 

287 3   335 5 SRS5 

288 6   336 6  

289 7   337 5  

290 4   338 5  

291 5   339 5  

292 3   340 5  

293 13   341 3  

294 7   342 4  

295 4   343 2  

296 7   344 0  

297 2   345 7  

298 4   346 5  

299 2   347 0  

300 3   348 5  

300.1 3   349 6  

301 6   350 0  

302 3   350.1 1  

303 5   351 7  

304 2   352 7  

305 2   353 4  

306 3   354 16  

307 3   355 4  

308 0   356 6  

309 2   357 10  

310 6   358 5  

310.1 1   359 2  

310.2 5   360 5  

311 2   361 5  

312 8   362 5  

313 2   363 5  

314 4   364 0  

315 4   365 3  

316 4   366 6  

317 0   367 5  

318 2   368 3  

319 11   369 2  

320 9   370 3  
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Standard 
position 

Number of CYPs with 
literature information about 

the position 

Functionally 
significant region 

 Standard 
position 

Number of CYPs with 
literature information about 

the position 

Functionally 
significant region 

371 9   417 5  

372 2   418 3  

373 5   419 3  

374 6   420 4  

375 3   421 0  

376 4   422 1  

377 6   423 4  

378 11   424 0  

379 7   425 5  

380 6   425.3 1  

381 0   426 3  

382 2   427 0  

382.1 2   428 2  

382.2 4   428.1 1  

382.3 1   428.3 2  

382.4 7   429 2  

383 4   430 8  

384 6   431 6  

385 6   432 3  

386 4   433 7  

386.1 1   433.1 4  

386.2 1   434 12 SRS6 

387 4   435 20 SRS6 

388 7   436 17 SRS6 

389 9 Cysteine pocket  437 51 SRS6 

390 5 Cysteine pocket  437.1 1 SRS6 

391 8 Cysteine pocket  437.3 1 SRS6 

392 11 Cysteine pocket  437.4 2 SRS6 

393 13 Cysteine pocket  438 45 SRS6 

394 9 Cysteine pocket  439 9 SRS6 

395 6 Cysteine pocket  440 16 SRS6 

396 9 Cysteine pocket  441 8 SRS6 

397 11 Cysteine pocket  442 8  

398 35 Cysteine pocket  443 7  

399 12 Cysteine pocket  443.1 1  

400 50 Cysteine pocket  444 5  

401 12 Cysteine pocket  445 7  

402 12 Cysteine pocket  446 1  

403 14   447 7  

404 12   448 3  

405 10   449 4  

406 6   450 4  

407 14   451 6  

408 4   452 1  

409 7   453 3  

410 0   454 11  

411 4   455 3  

412 0   456 0  

413 8   457 0  

414 4   458 2  

415 6      

416 3      
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6.4  Redox partner interaction sites in cytochrome P450 
monooxygenases: in silico analysis and experimental 
validation 

	

 

Table S4: Primer for the QuikChange modification of the CYP153A-CPR gene. Modified region in bold. 
Mutation Sequenz Tm [°C] 

CYP153A-CPR_L115K 
CGGTTTGAAGACATC AAA  TTCGTGGATAAGAGTC 

70.9* 
GACTCTTATCCACGAA TTT GATGTCTTCAAACCG 

CYP153A-CPR_S120D 
CTGTTCGTGGATAAG  GAT  CACGACCTGTTTTCCG 

73.8* 
CGGAAAACAGGCGTG  ATC CTTATCCACGAACAG 

CYP153A-CPR_D153K 
GATCCGCCGAAACAC AAA  GTGCAGCGCAGCTCG 

79.0* 
CGAGCTGCGCTGCAC TTT GTGTTTCGGCGGATC 

CYP153A-CPR_K166Q 
GGAGTAGTGGCACCG CAA AACCTGAAGGAGATGG 

76.2* 
CCATCTCCTTCAGGTT TTG CGGTGCCACTACTCC 

CYP153A-CPR_R422Q 
CGTTGCATGGGCAAC CAG  CTGGCTGAACTGCAAC 

76,2* 
GTTGCAGTTCAGCCAG CTG GTTGCCCATGCAACG 

CYP153A-CPR_E425L 
GGCAACCGTCTGGCT CTG  CTGCAACTGCGCATC 

77.4* 
GATGCGCAGTTGCAG CAG AGCCAGACGGTTGCC 

* estimated melting temperature OligoCalc http://www.basic.northwestern.edu/biotools/oligocalc.html) 

	

	
Figure S28: NADPH consumption of CYP153AM.aq.-CPRBM3 wild type (red) and its negative controls 
without substrate (blue) and without NADPH (green). 
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Calculation of NADPH-consumption by P450 

The slope of the NADPH depletion of the different variants was measured in presence and 

absence of the model substrate dodecanoic acid. The NADPH depletion in absence of 

dodecanoic acid was used as a background signal. The difference between the NADPH 

concentration without substrate and with substrate corresponds to the NADPH consumption 

of the P450 enzyme. Reactions were stopped after no changes in signal were detected and 

extracted for the analysis of product formation via GC-FID. 

	
Figure S29: Gas chromatogram for CYP153A-CPR wildtype catalysed reaction with dodecanoic acid. The 
substrate and formed products were measured as TMS derivatives. Abbreviations: C10:0, decanoic acid 
as internal standard; C12:0, dodecanoic acid; C12:0-OH ,12-hydroxydodecanoic acid;  * impurity.  
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Figure S30: Initial reaction rates of wild type CYP153A6 and RPIS variants. 
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