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Also lautet ein Beschluß, 

Daß der Mensch was lernen muß. – 

Doch nicht allein das Abc 

Bringt den Menschen in die Höh’; 

Nicht allein in Rechnungssachen 

Soll der Mensch sich Mühe machen, 

Sondern auch der Weisheit Lehren 

Muß man mit Vergnügen hören. – 
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Zusammenfassung 
Die Selektivoxidation von C-H Bindungen stellt in der synthetischen organischen 

Chemie ein weitgehend ungelöstes Problem dar. Diese Reaktion kann hingegen von 

Cytochrom P450 Monooxygenasen (P450 oder CYP) bei Raumtemperatur in einem 

einzigen Reaktionsschritt bewerkstelligt werden, was diese Enzymklasse für 

industrielle Biotransformationen hochinteressant macht. Cytochrom P450 Enzyme 

gehören zur Familie Häm b enthaltender Monooxygenasen und katalysieren die 

Spaltung von molekularem Sauerstoff, wofür zwei Elektronen benötigt werden. Diese 

werden in den meisten Fällen ausgehend von den Cofaktoren NADH oder NADPH 

über externe Redoxproteine (Reduktasen und Flavodoxine oder Ferredoxine) auf die 

Hämdomäne des P450 übertragen. 

Durch die Entdeckung und Charakterisierung neuer P450 mit unterschiedlichen 

Substratspezifitäten und Aktivitäten wird die Diversität von biotechnologisch 

relevanten Reaktionen bzw. Produkten erweitert. Dafür steht ein stetig wachsender 

Pool von derzeit mehr als 18.000 annotierten P450-Sequenzen zur Verfügung. 

Allerdings wurde bisher nur ein Bruchteil dieser neuen P450 funktionell exprimiert 

und charakterisiert. Ursächlich dafür sind unter anderem folgende Limitierungen: 

1) Die Identifizierung von geeigneten Redoxpartnern, die sowohl für die Herstellung 

der P450-Aktivität, als auch eine effiziente Biokatalyse mit P450 essentiell notwendig 

sind, ist oftmals schwierig. So befinden sich zum Beispiel die Gene von 

physiologischen Redoxproteinen meist nicht vor- oder nachgelagert des P450-Gens 

im Genom. 2) Ferner ist die physiologische Funktion neuer P450 oft unbekannt, so 

dass keine Aussagen über deren potentielle Substrate getroffen werden können, was 

die Suche und Auswahl geeigneter P450-Kandidaten zeit- und arbeitsintensiv macht. 

Im Rahmen dieser Arbeit wurden zwei neue bakterielle P450 Enzyme, 

CYP109B1 aus Bacillus subtilis und CYP152A2 aus Clostridium acetobutylicum 

charakterisiert, ihre oxidative Aktivität mit Hilfe von verschiedenen Redoxpartnern 

hergestellt, und das biotechnologische Potential beider Enzyme untersucht. 

CYP109B1 wurde mittels Durchmusterung einer Bibliothek von 242 rekombinant in 

E. coli exprimierten P450 aus Bakterien und Pilzen gefunden, da es als einziger 

Kandidat das verwendete Substrat (+)-Valencen regio- und chemoselektiv zu 

Nootkatol und (+)-Nootkaton oxidierte. (+)-Nootkaton ist ein Aromastoff, der 

natürlicherweise in lediglich geringen Mengen in Grapefruitölen vorkommt und 

Einsatz als Duft- und Geschmacksstoff in Parfüms und Lebensmitteln findet. Im 

Folgenden wurde die Produktion von (+)-Nootkaton im größeren Maßstab mit einem 
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rekombinanten E. coli Stamm durchgeführt, der CYP109B1 zusammen mit (nicht-

physiologischen) Redoxproteinen exprimierte. Auf Basis dieses Ganzzell-

biokatalysators konnten im Zweiphasensystem mit nicht-wassermischbaren 

organischen Lösemitteln unter optimierten Bedingungen bis zu 15 mg l-1 h-1 Nootkatol 

und (+)-Nootkaton produziert werden. 

Das Substrat- und Produktspektrum von CYP109B1 wurde analysiert: 

Zusammenfassend lässt sich sagen, dass die Oxidation „linearer“ Substrate, wie zum 

Beispiel von Fettsäuren oder n-Alkoholen, durch CYP109B1 nicht regioselektiv 

verläuft. Allerdings zeigt CYP109B1 hohe Regio- und Chemoselektivität für die 

Oxifunktionalisierung allylischer Kohlenstoffatome von cyclischen Terpenen und 

Terpenoiden: So wurden �- und �-Ionon mit 100%iger Selektivität zu 3-Hydroxy-�-

Ionon bzw. 4-Hydroxy-�-Ionon oxidiert. 4-Hydroxy-�-Ionon ist ein wichtiger Baustein 

für die Synthese von Carotinoiden und dem Phytohormon Abscisinsäure. 

Ein weiteres P450 mit Potential für biotechnologische Anwendung das im 

Rahmen dieser Arbeit untersucht wurde ist CYP152A2 – eine Peroxygenase aus 

dem anaeroben Bakterium C. acetobutylicum. Die Analyse des Substratspektrums 

ergab, dass CYP152A2 die Oxidation von gesättigten Fettsäuren selektiv am �- oder 

�-Kohlenstoffatom der Alkylkette katalysiert. Derart hydroxylierte Produkte finden 

unter anderem Anwendung bei der Herstellung von Surfactin-Antibiotika. Ferner 

wurde gezeigt, dass CYP152A2 auch mit Wasserstoffperoxid katalytisch aktiv ist und 

somit nicht notwendigerweise Redoxproteine für die Übertragung von Elektronen 

benötigt. Durch den Einsatz hoher Konzentrationen von Wasserstoffperoxid konnten 

Reaktionsraten von bis zu 200 min-1 erreicht werden, jedoch wurde das Enzym unter 

diesen Bedingungen binnen weniger Minuten inaktiviert. Kamen Redoxproteine für 

die Biokatalyse mit CYP152A2 zum Einsatz, wurden niedrigere Reaktionsraten 

gemessen, allerdings wurde aufgrund einer höheren P450-Stabilität die Effizienz des 

Systems insgesamt verbessert und somit bis zu 40-fach höhere Substratumsätze 

erreicht. 

Durch die Verwendung von nicht-physiologischen Redoxpartnern für die 

Biokatalyse mit CYP109B1 und CYP152A2 kam es zu Limitierungen der 

katalysierten Reaktionen durch die Entkopplung von NAD(P)H-Verbrauch und 

Substratoxidation. Daher wurden potentielle physiologische Redoxpartner für beide 

P450 identifiziert, die bis zu sechsfach höhere Kopplung gegenüber den zuvor 

verwendeten nicht-physiologischen Redoxpartnern zeigten. Hierdurch konnte die 

biokatalytische Aktivität von CYP152A2 und CYP109B1 deutlich gesteigert werden. 
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Abstract 
Cytochrome P450 enzymes (P450 or CYP) are heme b containing 

monooxygenases that introduce one atom of molecular oxygen into a vast range of 
compounds and catalyze a broad spectrum of reactions, where chemical catalysts 
often fail. Oxidations by P450s require the consecutive delivery of two electrons 
derived from the pyridine cofactors NAD(P)H and transferred to the heme iron via 
external redox proteins (reductases and flavodoxins or ferredoxins). The 
biotechnological potential of P450s was recognized many years ago; however, the 
characterization and exploitation of newly-discovered P450 sequences is hampered 
by two major limitations: 1) The need for suitable electron transfer partners 
mandatory for P450 activity and for efficient biocatalysis, and 2) the unknown 
physiological function of most P450s meaning that there is no information available 
on potential substrates, which makes the selection of candidate P450s time- and 
labor-intensive. 

Within this study the screening of a recombinant P450 library comprising 242 
bacterial and fungal P450s was accomplished. The aim was to identify and 
characterize novel P450s whose oxidizing activities lead to high-value fine-
chemicals, especially for flavor and fragrance industries. One example was (+)-
nootkatone, which is a sought-after fragrance naturally found in low amounts in 
grapefruit. Within the screening, CYP109B1 from Bacillus subtilis was found to 
produce (+)-nootkatone by oxidation of the precursor (+)-valencene via the 
intermediate nootkatol. A whole cell process with recombinant E. coli expressing 
CYP109B1 in a two-liquid phase system was designed and produced 15 mg l-1 h-1 of 
(+)-nootkatone and nootkatol under optimized conditions. Further, the substrate and 
product spectrum of CYP109B1 was analyzed: The enzyme is generally unselective 
for fatty acid oxidation, but shows high selectivity for allylic oxidation of cyclic 
terpenes and terpenoids, for example 100% for �- and �-ionone. 

A second P450 focused on within this study with potential for biotechnological 
application was CYP152A2 – a peroxygenase from the anaerobe bacterium 
Clostridium acetobutylicum. This P450 was found to catalyze fatty acid oxidation at �- 
and �-carbon atoms exclusively. 

Non-physiological redox proteins were used for activity reconstitution of both 
P450s in the first experiments, but were proven inefficient due to uncoupling between 
NAD(P)H consumption and substrate oxidation. Hence, physiological redox partners 
for both P450s were identified and characterized. Their application resulted in higher 
coupling (to some extend) and thus led to improved biocatalytic P450 activities. 
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1. Introduction 

1.1. Industrial biocatalysis (White biotechnology) 
Biocatalysis in industrial synthetic chemistry has lately experienced significant 

growth. Many European chemical companies are reorganizing resulting in a general 

opening towards bioprocesses – so-called ‘‘White biotechnology” - or hybrid 

chemical/biocatalytic processes [1]. This industrial trend combined with a strong 

preference of consumers for natural products are driving forces for novel 

biotechnological solutions [2]. Enzymes are remarkable catalysts: They can accept a 

wide range of complex molecules as substrates, and they often catalyze reactions 

with high regio- and enantioselectivities. Such biocatalysts can therefore be used in 

both simple and complex biotransformations without the need for protecting steps 

that are common in organic synthesis [3]. 

 

1.1.1. Bulk and fine chemicals 

Advances in enzymatic catalysis have been extended to the synthesis of fine 

chemicals (especially in the food and pharmaceutical industries, where high reaction 

selectivity on complex substrates is critical), of polymers [4], and also of some bulk 

chemicals, for example the hydration of acrylonitrile into acrylamide catalyzed by nitril 

hydratase [5]. The application of a biocatalytic process for the production of bulk 

chemicals, however, is not economically feasible in most cases, since it depends on 

several factors like the type of biocatalyst, its recovery or reuse, or the need for 

specific reactor and hardware configurations. Biotransformations are therefore 

usually used for products at a scale of up to 10,000 t/a only. Examples are 

represented by the production of amides, amines and alcohols (BASF), amino acids, 

6-aminopenicillanic acid (DSM), or the production of heterocyclic compounds 

(Lonza). Commonly used enzymes in this case are easy to handle hydrolases 

(lipases, acylases, nitrilases or amidases) [3]. The use of other enzymes, for example 

oxidoreductases, is far more complicated due to cofactor dependency and generally 

low stability and activity (see chapter 1.2.6). Biocatalytic processes utilizing such 

enzymes are therefore feasible only, if a high value creation is reached, which holds 

true for the synthesis of some fine chemicals, for example pharmaceuticals, or flavors 

and fragrances for food industries. 
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1.1.2. Flavors and fragrances 

Terpenes belong to the chemical group of isoprenoids and are the largest group 

of natural products encompassing over 40,000 known compounds. They have the 

general formula (C5H8)n and are synthesized from two isoprene units: isopentenyl 

diphosphate (IPP) and dimethylallyl diphosphate (DMAPP) (Figure 1-1). 

Classification is arranged according to the number of carbons; the major groups of 

interest here are monoterpenes (C10) and sesquiterpenes (C15) [6]. 

 

Mevalonate pathway DXP pathway

OPP OPP

isopentenyl
diphosphate (IPP)

dimethylallyl
diphosphate (DMAPP)

OPP

geranyl diphosphate (GPP)

OPP

Monoterpenes

Sesquiterpenes

HO

HO

(+)-limonene (+)-trans-carveol

(+)-valencene nootkatol

CYP71D
Limonene
synthase

Valencene
synthase

IPP-DMAPP
isomerase

GPP synthase

farnesyl diphosphate (FPP)

FPP synthase

CYP109B1

 

Figure 1-1: Overview of terpene pathways. The DXP and mevalonate pathways produce isopentenyl 

diphosphate (IPP) and dimethylallyl diphosphate (DMAPP) from central metabolites, which can be 

transferred into each other by IPP-DMAPP isomerase. IPP and DMAPP are converted to terpene 

synthase precursors. One example of a terpene synthase reaction and following reactions, e.g. 

oxidation by a P450, is given for each category of isoprenoids. Multiple steps are indicated by dashed 

lines. 
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Many terpene hydrocarbons are abundant in nature, for example limonene and 

pinene [7]. Due to their chemical instability and poor sensory impact, they are not 

qualified as flavorings, but represent ideal starting materials for biocatalytic 

oxyfunctionalization [8]. Oxygenated terpenes (terpenoids) are often sought-after 

pharmaceuticals or building blocks for chemical synthesis, but most important are 

their olfactory and gustatory characteristics. Due to this organoleptic behavior 

terpenoids are widely used in flavor and fragrance industries, for example for 

cosmetics (flowery notes) or as food additives (e.g. citric or peppermint flavors) [9]. 

The demand for such compounds has constantly been increasing over the past 

years; the estimated sales volume in 2009 was 20 billion US-$ (in comparison: 

16 billion US-$ in 2005; http://www.leffingwell.com/top_10.htm; 8th September 2010). 

Consequently, the oxidation of low value terpenes to higher value derivatives has 

been recognized for a long time as an attractive opportunity for synthetic chemistry 

[10-11]. The demand is currently satisfied in most cases by chemical synthesis from 

precursors, which often requires environmentally hazardous reagents, catalysts, and 

solvents. Furthermore, the regiospecific introduction of carbonyl or hydroxyl groups in 

terpenes by chemical means has proven difficult due to similar electronic properties 

of the primary and secondary allylic positions, and because the allylic hydroxylation 

often competes with epoxidation of the corresponding C=C double bond. As a 

consequence, classical chemical oxidation procedures often lead to mixtures of 

different products. In addition, according to US and European food regulations 

“natural” flavor substances can only be prepared either by physical processes, for 

example extraction from natural sources (which usually suffers from low yields and is 

dependent on the availability of the raw material), or by enzymatic or microbial 

processes involving precursors isolated from nature. Flavors that occur in nature, but 

are produced by chemical synthesis can only be labeled as “nature-identical”, which 

increasingly represents a marketing disadvantage [12]. The value of vanillin extracted 

from vanilla beans, for example, is calculated as being between 1200 US-$ kg-1 and 

4000 US-$ kg-1, whereas the price of synthetic vanillin prepared from guaiacol is less 

than 15 US-$ kg-1 [13]. For obvious reasons biocatalytic conversion of terpenes and 

terpenoids was therefore considered as early as in the 1960s [14]. 

A major advantage of biocatalysts is their often high chemo-, regio- and/or 

enantioselectivity, which is beneficial for the production of chiral products or 

intermediates. Chiral flavors and fragrances often occur in nature as single 
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enantiomers, and different enantiomers or regioisomers could show different 

sensorial properties [15]. Most enzymes that enable regio- and enantioselective 

oxyfunctionalizations of terpenes belong to the group of cytochrome P450 

monooxygenases. 

One substrate of interest examined within this study was the sesquiterpene (+)-

valencene, which can be oxidized by P450s via nootkatol to yield (+)-nootkatone, a 

high-priced fragrance that displays grapefruit-like taste and is widely used as 

flavoring in beverages and cosmetics [16] (see chapter 2.2.2 for details). 

 

1.2. Cytochrome P450 monooxygenases 

1.2.1. Sources, functions and nomenclature 

Cytochrome P450 monooxygenases (P450s or CYPs) belong to the superfamily 

of heme b containing monooxygenases found in all domains of life [17]. They play a 

central role in drug metabolism and have been shown to be involved in the 

biosynthesis of important natural compounds like steroids, fatty acids, eicosanoids, 

bile acids, and the oxidation of terpenes and aromatic compounds. 

The first P450s were discovered and defined as a distinct class of hemoproteins 

about 50 years ago [18-19]. During the next 30 years, however, the progress in 

identification and characterization of new P450s was slow; in 1987 the first 

nomenclature of P450 enzymes was proposed for 65 P450 genes known at that time. 

This classification was based on the amino acid identity, phylogenetic criteria and 

gene organization [20] and was updated in 1989 (71 P450 genes and four 

pseudogenes), and in 1991 (154 P450 genes and seven pseudogenes) [21-22]. 

Since that time, the number of known P450 sequences started to increase almost 

exponentially due to a vast number of genome sequencing projects. Consequently, 

the first P450 nomenclature was revised in 1993 [23]. According to recommendation 

of a nomenclature committee P450 superfamily genes were now labeled as CYP 

(from Cytochrome P450). Enzymes exhibiting a sequence similarity of more than 

40% belong to the same family, while P450s exhibiting more than 55% similarity form 

a subfamily. For example, P450BM3 from Bacillus megaterium is classified as 

CYP102A1 meaning that it belongs to the CYP102 family, CYP102A subfamily and is 

identified as CYP102A1. Except of the CYP51 family, which comprises members 
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from all five kingdoms of life, all bacterial P450s belong to families with family names 

> 100. 

The P450 classification has constantly been updated [17, 24-25] and currently 

there are more than 12400 P450 sequences classified, which are available in several 

online databases. Examples for databases are represented by “CYPED” 

(http://www.cyped.uni-stuttgart.de, Institute of Technical Biochemistry, Universität 

Stuttgart; 16th August 2010) [26-27], the “Fungal Cytochrome P450 Database” 

located in Korea (listing more than 6800 fungal P450 sequences; 

http://p450.riceblast.snu.ac.kr; 05th September 2010) [28], or “The cytochrome P450 

homepage” of Dr. D. Nelson (http://drnelson.uthsc.edu/CytochromeP450.html, 

Molecular Sciences, University of Tennessee; 05th September 2010) [29]. 

The identification speed of new P450 sequences makes it increasingly difficult to 

bear up with their classification and therefore up to date there are 6000 more P450 

sequences known, but not yet classified [24]. Furthermore, in contrast to the 

increasing sequence numbers, the large oxidative potential of P450s is by now 

explored at a fraction only: Some very few of all annotated sequences have been 

cloned, and the enzymes expressed functionally and characterized so far. Two major 

limitations prevent the characterization of newly-discovered P450s: (i) Their 

physiological function is unknown in many cases meaning that there is no information 

available on potentially accepted substrates, and (ii) the identification of suitable 

electron transfer partners necessary for activity reconstitution is difficult, since for 

example the genes of potential physiological candidates are usually not located 

upstream or downstream of the P450 locus in the genome (see chapters 1.1 and 

1.2.6). 

 

1.2.2. Structure 

The first structure of a P450 that was uncovered in 1985 was that of P450cam 

from Pseudomonas putida (CYP101) [30]. For a long time only the structures of 

soluble, microbial P450s were resolved, for example those of P450BM3 [31], P450terp 

[32], P450eryF [33], P450nor [34] or P450cin [35]. Eukaryotic P450s are membrane-

bound and therefore more difficult to crystallize. Nevertheless, in 2000 the first 

structure of a mammalian P450, CYP2C5 from Oryctolagus cuniculus, was 

uncovered [36], followed by the first human P450 structure of CYP2C9 in 2003 [37]. 



6  |   1  

This le

eukaryo

P450s 

CYP1A

 

Figure 1
palmitole

 

Cyt

form r

absorp

charact

commo

proxima

weakly 

the ge

organiz

Introduction

d to great

otic P450s

(CYP2C5

A2) have be

1-2: Crystal 

eic acid boun

tochrome 

reduced (f

tion Soret 

teristic is t

on to all P

al ligand t

 bound wa

ene super

zation (Figu

n 

t developm

s. By far, 

5, CYP2C8

een publis

structure of 

nd (adapted 

P450 mon

ferrous) i

band shift

he axial co

P450s [40

to the hem

ater molecu

rfamily, cr

ure 1-2) [4

ments in th

thirty crys

8, CYP2C9

hed [38]. 

the P450BM3

from pdb 1S

ooxygenas

ron/carbon

s from 420

oordination

0-41]. The

me iron, wi

ule [42-43]

rystal stru

4]. 

he crystalli

stal structu

9, CYP3A

3 monooxyge

SMJ; heme a

ses got the

n monoxid

0 nm to ~ 4

n of the he

e phylogen

ith the dist

. Despite r

uctures of 

zation and

ures of eig

A4, CYP2D

enase doma

nd palmitole

eir name f

de comple

450 nm [39

me iron by

netically co

tal ligand 

relatively lo

P450s s

d structure

ght mamm

D6, CYP2B

in from Baci

ic acid in bla

rom the un

exes in w

9]. Essentia

y a cysteine

onserved 

generally 

ow sequen

show the 

e determin

malian cyto

B4, CYP2A

illus megate

ack). 

nusual pro

which the

al for this s

e thiolate w

cysteinate

assumed 

nce identity

same st

ation of 

ochrome 

A6 and 

 

rium with 

perty to 

e heme 

spectral 

which is 

e is the 

to be a 

y across 

tructural 



1.2  Cytochrome P450 monooxygenases   |  7 

Highest structural conservation is found in the core of the protein around the 

heme, which reflects a common mechanism of electron- and proton-transfer, and 

oxygen activation. The conserved regions comprise: (i) the heme binding loop, 

containing the most characteristic P450 consensus sequence (Phe-Gly/Ser-X-Gly-X-

His/Arg-X-Cys-XGly-X-Ile/Leu/Phe-X) with the absolutely conserved cysteine that 

serves as fifth ligand to the heme iron; (ii) the Glu-X-X-Arg motif, probably needed to 

stabilize the core structure through a salt bridge; and (iii) a consensus sequence 

(Ala/Gly-Gly-X-Asp/Glu-Thr), which is thought to play a role in oxygen activation 

through proton-transfer [45]. 

Besides these conserved regions, there also exist some extremely variable ones. 

These regions constitute the substrate-binding site that causes the acceptance of a 

wide range of chemically different molecules. Substrate recognition and binding is 

mainly arranged through six substrate recognition sites (SRS): The B’ helix (SRS1), 

parts of helix F (SRS2), G (SRS3) and I (SRS4), as well as the �4-hairpin (SRS5) 

and the �2-loop (SRS6) [44]. Mutations in these regions have a high impact on 

substrate specificity. Crystal structures obtained from X-ray analysis of P450s with 

bound substrate indicate that the substrate-binding region is very flexible and often 

susceptible to structural reorganization upon substrate binding encouraging an 

induced fit model accounting for the broad substrate spectra of many P450s [46]. 

 

1.2.3. Substrate binding 

Hemoproteins undergo spectrophotometrically observable transitions associated 

with various changes in the electronic configuration of their iron porphyrin prosthetic 

group. Such changes are seen on binding of substrates, acceptance or transfer of an 

electron, or binding and displacement of a ligand to or from the heme iron [47]. Most 

striking are the absorption changes which occur in the Soret region (the region of 

hemoprotein absorption around 400 nm) of the UV-visible spectrum linked to 

substrate interaction or redox changes. The absorption in this region can be 

attributed to (�-�*)-transitions of the porphyrin prosthetic group involving energy level 

changes due to electron delocalization over the conjugated double-bond system of 

the porphyrin ring. The position of the absorption peak in the spectrum and the 

magnitude of absorption are due to modifying effects of the protein, as well as to 

effects of any bound substrates [48]. 
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Three different types of binding spectra have been described: (i) Type I binding is 

characterized by the appearance of an absorption peak at 385-390 nm and a trough 

at ~ 420 nm [49]; (ii) Type II is a spectral change characterized by an absorption 

minimum at 390-405 nm and an absorption peak at 425-435 nm; and (iii) spectral 

changes with an absorption maximum at 420 nm and a trough at 388-390 nm, which 

were originally designated as modified Type II, but were later named “reverse Type I” 

[50]. 

On the basis of the similarity between the half-maximal enzyme activity 

(Michaelis constant, KM) and the half-maximal spectral change (spectral dissociation 

constant, KD), it was suggested that the substrate-induced Type I spectral change 

represents the manifestation of an enzyme-substrate complex [49]. However, the 

agreement between KM and KD is coincidental, since KD is obtained from spectral 

changes which are determined for the ferric protein in the absence of reducing 

equivalents, whereas KM is obtained from an actively metabolizing system. A 

comparison between KD and KM is therefore valid only, if substrate dissociation is far 

from rate limiting [48]. 

 

1.2.4. Catalytic mechanism 

The vast majority of cytochrome P450 monooxygenases catalyze the reductive 

scission of dioxygen, which requires the consecutive delivery of two electrons to the 

heme iron. P450s utilize reducing equivalents (electrons in form of hydrid ions) 

ultimately derived from the pyridine cofactors NADH or NADPH and transferred to the 

heme via special redox proteins. The catalytic cycle of P450s is by now well studied 

(Figure 1-3) [51]. Substrate binding in the active site induces the dissociation of a 

water molecule that is bound relatively weak as the sixth coordinating ligand to the 

iron (1), thereby inducing a shift of the heme iron spin state from low-spin to high-spin 

along with a positive shift in the reduction potential in the order of 130-140 mV [52]. 

The increased potential allows the delivery of the first electron, which reduces the 

heme iron from the ferric (FeIII) form (2) to the ferrous (FeII) form (3). After the first 

electron transfer, the FeII binds dioxygen resulting in a ferrous superoxo-complex (4). 

The consecutive delivery of the second electron converts this species into a ferric 

peroxo anion (5a). This species is then protonated to a ferric hydroperoxy-

complex (5b; compound 0). Next, protonation of the ferric hydroperoxy-complex 
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shunt for catalysis and therefore do not necessarily require external redox proteins 

[69]. Three enzymes with a potential for biocatalytic applications are CYP152B1 

(P450SP�) from Sphingomonas paucimobilis [70], CYP152A1 (P450Bs�) from Bacillus 

subtilis [71] and CYP152A2 (P450CLA) from Clostridium acetobutylicum (see 

chapter 2.3). 

 

1.2.5. Catalyzed reactions 

P450s are able to catalyze more than 20 different reaction types [72] including 

hydroxylation of non-activated sp3 hybridized carbon-atoms, epoxidation, aromatic 

hydroxylation, C-C bond cleavage, heteroatom oxygenation, heteroatom release 

(dealkylation), oxidative ester cleavage, oxidative phenol- and ring-coupling, 

isomerization via (abortive) oxidation, oxidative dehalogination, as well as other 

complex reactions like dimer formation via Diels-Alder reactions of products or 

Baeyer-Villiger-type oxidations (Figure 1-5). Due to this diversity of catalyzed 

reactions, thousands of chemically different substrates have been described for 

P450s, which have been discussed and summarized in various reviews [73-77]. 

Hydroxylation of non-activated sp3 hybridized carbon-atoms is probably the most 

important reaction catalyzed by P450s. To the first described examples of this 

reaction belong the hydroxylation of saturated fatty acids to hydroxy fatty acids 

catalyzed for example by members of the bacterial CYP102 enzymes, for example 

P450BM3 [78-79], as well as the stereospecific hydroxylation of D-(+)-camphor to 5-

exo-hydroxycamphor by P450cam [80]. 

Epoxidation of C=C double bonds represents another major reaction type 

catalyzed by P450s. A particularly attractive example in this regard is represented by 

P450EpoK from Sorangium cellulosum, which catalyzes the epoxidation of the 

macrolactone epothilone D to epothilone B – an anti-tumor agent [81]. 

Finally, aromatic hydroxylation also belongs to the common P450 reactions. 

P450NikF from Streptomyces tendae Tü901 has been described to catalyze 

hydroxylation of pyridylhomothreonine to form hydroxypyridylhomothreonine in the 

biosynthesis of nikkomycin, an inhibitor of chitin synthase [82]. Another example is 

the hydroxylation of naphthalene to 2-naphtol and/or 1-naphtol [74]. Many P450s 

have been engineered towards aromatic hydroxylation, since this ability makes them 

attractive candidates for the production of fine chemicals. 
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Figure 1-5: Schematic summary of the most common P450-catalyzed reactions. 

 

1.2.6. Industrial application of P450s: Examples and limitations 

Cytochrome P450 monooxygenases have been studied as biocatalysts for 

oxidations in drug development, bioremediation and for the synthesis of fine 

chemicals [73, 77, 83-89]. Due to their broad distribution in nature, diverse substrate 

spectra, as well as established methods to change these substrate spectra, P450s 

are suitable candidates for the use in biotechnological applications. However, due to 

the cofactor dependence of P450s, their industrial applications have so far been 

restricted to whole-cell processes with non-recombinant microorganisms, which take 

advantage of the host’s endogenous cofactor regeneration systems. In such 

instances, however, physiological effects like limited substrate uptake, toxicity of 

substrate or product, product degradation and elaborate downstream processing 

must be taken into account [90]. 

Microbial oxidations of steroids represent well-established large-scale 

commercial applications of P450s. The 11-�-hydroxylation of 11-deoxycortisol to 



1.2  Cytochrome P450 monooxygenases   |  13 

hydrocortisone using a P450 from Curvularia sp. (Figure 1-6) was applied by 

Schering AG (in 2006 acquired by Merck, Germany) at an industrial scale of 

approximately 100 t/a [91]. Another example is the regioselective hydroxylation of 

progesterone to 11-�-hydroxyprogesterone by Rhizopus sp. developed in the 1950s 

by Pharmacia & Upjohn (later acquired by Pfizer Inc, USA) [92-93]. Both processes 

are one-step biotransformations, which cannot be achieved by chemical routes. 

Production of the cholesterol reducing pravastatin by oxidation of compactin 

catalyzed by a P450 from Mucor hiemalis (Daiichi Sankyo Inc., USA, and Bristol-

Myers Squibb, USA) is another example for commercial application of microbial 

oxidations [94-95]. 

 

O

OH
O

OH

O

OH
O

OHHO

Curvular ia sp.

11-deoxycortisol hydrocortisone

P450

 

Figure 1-6: 11-�-hydroxylation of 11-deoxycortisol to hydrocortisone by Curvularia spec. as example 

for microbial oxidations of steroids at industrial scale. 

 

During the last decade, considerable progress has been made for recombinant 

expression of P450s in the well-studied hosts Escherichia coli, Pseudomonas putida 

and yeasts Saccharomyces cerevisiae and Pichia pastoris, which facilitates their use 

as industrial biocatalysts [96-101]. However, besides the challenges concerning 

process stability and activity of P450s, which holds true for all industrial biocatalysts, 

the development of technical applications for P450s faces specific problems: 

Probably the most important drawback that retards industrial applications is the fact 

that nearly all P450s require costly cofactors NADH or NADPH, which makes their 

application impossible if the cofactor has to be added in stoichiometric amounts. 

Closely linked to this cofactor dependency is the challenge to find suitable redox 

proteins that can sufficiently deliver electrons to the heme and to construct auxiliary 

redox modules. In most cases, their genes are not associated upstream or 

downstream of the P450 locus in the genome, which makes it difficult to reconstitute 
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microsomal type [73] (Figure 1-7). Class II microsomal P450s are membrane bound 

and accept electrons from a microsomal NADPH-cytochrome P450 reductase (CPR) 

containing flavin adenine dinucleotide (FAD) and flavin mononucleotide (FMN). Most 

of the bacterial and mitochondrial P450s belong to class I enzymes, which obtain 

electrons from an NAD(P)H-dependent FAD-containing reductase via an iron–

sulphur protein of the [2Fe–2S] type. In bacteria, all three proteins are soluble, 

whereas in eukaryotes only the ferredoxin is a soluble protein of the mitochondrial 

matrix, while the reductase and the P450 are membrane-associated and membrane-

bound to the inner mitochondrial membrane, respectively. 

With an increasing number of P450 sequences available, the number of 

described electron transfer systems has also been increasing and many of the newly-

described P450 systems belonged neither to class I nor to class II. Consequently 

there was the need for an updated classification system taking care of those 

systems, which is shown in Table 1-1 [102]. This classification comprises ten 

different P450 classes; although some of them contain – strictly speaking – one or 

two members only. For example, class IX encloses up to now only the fungal nitric 

oxide reductase (P450nor, CYP55) from Fusarium oxysporum, which is a self-

sufficient P450 and therefore independent on other electron transfer proteins [103]. 

For class IV only the soluble CYP119 from the acidothermophilic archaeon 

Sulfolobus solfataricus has been identified so far [104]. Since it was the first 

discovered thermophilic P450, it has been characterized intensively. Interestingly, in 

this case the reconstituted catalytic systems have been tested with lauric acid, 

because the physiological substrate for CYP119 is not yet known [105]. 

Class III of soluble bacterial enzymes accept electrons via a soluble FAD-

containing reductase and a soluble FMN containing flavodoxin. This class comprises 

only P450cin (CYP176A) from Citrobacter braakii so far [35, 106]. P450BioI 

(CYP107H1) from B. subtilis was also reported to accept electrons utilizing either a 

redox system involving a flavodoxin from C. braakii (cindoxin) as the mediator of 

electron transfer [107], or the flavodoxins YkuN or YkuP from B. subtilis (see chapter 

1.3.2.3) in combination with the (non-physiological) FAD-containing reductase from 

E. coli [108]. However, it cannot be stated that CYP107H1 belongs to class III, since 

there is other data available demonstrating that this enzyme also accepts electrons 

via a [4Fe-4S]-ferredoxin [109]. 
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Table 1-1: Classes of P450 systems arranged by the topology of the protein components involved in 

electron transfer (reprinted from reference [102] with permission from Elsevier). 

Class / Source Electron transport chain Localization / Example 

Class I 
Bacterial 
Mitochondrial 

 
NAD(P)H > [FdR] > [Fdx]a > [P450] 
NADPH > [FdR] > [Fdx] > [P450] 

 
Cytosolic, soluble 
P450: inner mitochondrial membrane 
FdR: membrane associated 
Fdx: mitochondrial matrix, soluble 
 

Class II 
Bacterial 
Microsomal A 
Microsomal B 
Microsomal C 

 
NADH > [CPR] > [P450] 
NADPH > [CPR] > [P450] 
NADPH > [CPR] [cytb5] > [P450] 
NADPH > [cytb5Red] [cytb5] > [P450] 

 
Cytosolic, soluble 
Membrane anchored, ER 
Membrane anchored, ER 
Membrane anchored, ER 
 

Class III 
Bacterial 

 
NAD(P)H > [FdR] > [Fldx] > [P450] 

 
Cytosolic, soluble / P450cin 
 

Class IV 
Bacterial 

 
Pyruvat, CoA > [OFOR] > [Fdx] > [P450] 

 
Cytosolic, soluble / CYP119 
 

Class V 
Bacterial 

 
NADH > [FdR] > [Fdx-P450] 

 
Cytosolic, soluble 
 

Class VI 
Bacterial 

 
NADH > [FdR] > [Fldx-P450] 

 
Cytosolic, soluble 
 

Class VII 
Bacterial 

 
NADH > [PFOR-P450] 

 
Cytosolic, soluble 
 

Class VIII 
Bacterial, Fungal 

 
NADPH > [CPR-P450] 

 
Cytosolic, soluble / P450BM3 
 

Class IX 
Fungal 

 
NADH >[P450] 

 
Cytosolic, soluble / P450nor 
 

Class X 
Plants, mammals 

 
[P450] 

 
Membrane-bound, ER 

Abbreviated protein components contain the following redox centres: Fdx, ferredoxin (iron-sulfur-

cluster); FdR, ferredoxin reductase (FAD); CPR, cytochrome P450 reductase (FAD, FMN); Fldx, 

flavodoxin (FMN); OFOR, 2-oxoacid:ferredoxin oxidoreductase (thiamine pyrophosphate, [4Fe-4S] 

cluster); PFOR, phthalate-family oxygenase reductase (FMN, [2Fe-2S] cluster) 
a Fdx containing iron-sulfur-cluster of [2Fe-2S], [3Fe-4S], [4Fe-4S], [3Fe-4S]/[4Fe-4S] type 

 

1.3.2. Reductases, ferredoxins and flavodoxins 

Reductases catalyze the first step in P450 catalysis: The oxidation of the cofactor 

NAD(P)H to NAD(P)+. In the next steps, the electrons are transferred via ferredoxins 
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or flavodoxins, which function as (mobile) electron shuttles, to the heme-domain of 

the P450. This chapter provides an overview of the reductases and ferredoxins or 

flavodoxins that were utilized to reconstitute the activity of the P450s characterized 

within this study. 

 

1.3.2.1. Reductases 

Flavodoxin reductase from E. coli (FdR) 

FdR is an FAD-containing oxidoreductase that transports electrons between 

flavodoxin or ferredoxin and NADPH. The crystal structure of FdR has been refined 

at 1.7 Å [115]. The enzyme is monomeric and contains one �-sandwich FAD-domain 

and an �/�-NADP-domain. The overall structure is similar to other reductases of the 

NADP-ferredoxin reductase family. FdR has been overexpressed in E. coli [116]. The 

molecular mass was determined with 27.6 kDa and the enzyme was shown to reduce 

cytochrome c with a kcat of 141 min-1 and a KM of 18 μM. 

Due to its ability to transfer electrons to a large variety of flavodoxins and 

ferredoxins, including non-physiological redox partners, FdR is often used for activity 

reconstitution of P450s (see chapter 1.3.2.3). 

 

Putidaredoxin reductase from P. putida (PdR) 

PdR belongs to the superfamily of FAD-dependent pyridine nucleotide 

reductases. It utilizes NADH and transfers electrons to putidaredoxin (Pdx), a [2Fe-

2S] ferredoxin. The crystal structure of recombinant PdR has been determined to 1.9 

Å resolution [117]. The protein has a fold similar to that of disulfide reductases. 

Recently, the 2.6 Å X-ray structure of a catalytically active complex between PdR and 

Pdx, chemically cross-linked via Lys409PdR-Glu72Pdx, was reported [118]. Analysis of 

this complex allowed prediction of a 12-Å-long electron transfer route between FAD 

and [2Fe-2S]. Further, the surface residues Arg65 and Arg310 in PdR were proven 

critical for interaction with Pdx by mutation studies [119]. 

 

Bovine adrenodoxin reductase (AdR) 

AdR is an FAD-containing enzyme that is a part of mitochondrial monooxygenase 

systems. It is membrane associated and catalyzes the electron transfer from NADPH 
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to the electron carrier adrenodoxin (Adx), a [2Fe-2S] ferredoxin [120-121]. The 

crystal structure of bovine AdR has been solved by X-ray diffraction at 1.7 Å [122]. It 

consists of two domains with similar chain topologies, one for binding the prosthetic 

group FAD while the other had been suggested to bind the cofactor NADPH/NADP+ 

[123]. AdR does not transfer two-electron packages, but belongs to the group of 

electron transferases that subdivide the two-electron packages from NAD(P)+ into 

single electrons [124]. 

 

NADPH-cytochrome P450 reductase (CPR) 

CPR and cytochrome P450BM3 carry domains homologous to flavodoxin 

reductase and flavodoxin on a single polypeptide chain. It has therefore been 

hypothesized that CPR arose from a gene fusion of flavodoxin reductase and 

flavodoxin [110]. The reductase domain of P450BM3 (BMR; FAD-FMN-binding 

domain) was cloned and the properties of the FAD- and FMN-binding subdomains 

were investigated [111]. Furthermore, the fatty acid monooxygenase activity of 

P450BM3 was reconstituted utilizing recombinantly produced BMR [112] and its 

hemoprotein counterpart (BMP; heme-binding domian). In this case, the combination 

of BMR and BMP in a ratio of 20:1 resulted in the transfer of 80% of the reducing 

equivalents from NADPH for the hydroxylation of palmitic acid [113]. In later studies 

combinations of the separate FAD-binding domain, together with the heme-FMN-

binding domain (BMP/FMN) were investigated for activity reconstitution. In this case, 

however, the maximal rate of oxidation of palmitic acid reached only ~ 5% of the 

activity of the holoenzyme [114]. 

 

1.3.2.2. Ferredoxins 

General features 

Ferredoxins are small, soluble electron transfer proteins that contain at least one 

iron-sulfur-cluster as prosthetic group and usually act as electron transfer shuttles 

[125]. Structurally, there exist several types of iron-sulfur proteins, which allows a 

classification depending on the number and type of the iron-sulfur-clusters: [2Fe-2S], 

[3Fe-4S], [4Fe-4S], [3Fe-4S] / [4Fe-4S], and [4Fe-4S] / [4Fe-4S] [126]. Probably the 

best studied enzymes of the [2Fe-2S] ferredoxins are the mammalian mitochondrial 
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adrenodoxin and the bacterial putidaredoxin, which both are involved in class I 

cytochrome P450 systems (see chapter 1.3.1). 

 

Putidaredoxin from P. putida (Pdx) 

Pdx belongs to the so called “adrenodoxin-type ferredoxins” that posses a [2Fe-

2S] cluster [127]. The enzyme serves as electron carrier between PdR and soluble 

P450s like P450cam (CYP101) from P. putida. By steady-state kinetic investigations it 

was shown that the kcat/KM of P450cam is independent on the PdR concentration and 

hyperbolically dependent on the Pdx concentration. Furthermore it was demonstrated 

that either the reduction of Pdx by PdR (at high concentrations of P450cam), or the 

reduction of P450cam by Pdx (at high concentrations of PdR) determines the oxidation 

rate [128]. 

Several fusion proteins of PdR-Pdx-P450cam, in which the order of the three 

protein domains and the linkers between them were varied, were expressed in E. coli 

and characterized [129]. The highest activity (kcat = 30 min- 1) was obtained with a 

PdR-Pdx-P450cam construct in which short peptides of seven and four amino acids 

were used to link the PdR to the Pdx and the Pdx to the P450cam domain, 

respectively. Oxygen- and NADH-consumption was tightly coupled to substrate 

oxidation in these fusion proteins, and the rate- limiting step in the catalytic turnover 

was determined to be the electron transfer from Pdx to P450cam, which was 

demonstrated by an increase in the activity of the P450cam domain upon addition of 

exogenous Pdx. E. coli cells expressing the triple fusion protein could oxidize 

camphor to 5-exo-hydroxycamphor and 5-oxocamphor [129], and limonene to (-)-

perillyl alcohol [130]. 

 

Adrenodoxin (Adx) 

In mitochondrial monooxygenase systems, the [2Fe-2S] protein Adx functions as 

a soluble electron carrier, which donates electrons one-at-a-time to adrenal cortex 

mitochondrial P450s. It first forms a complex with NADPH-reduced AdR from which it 

accepts one electron, dissociates, and associates with the membrane-bound P450, 

where it donates the electron [121]. The X-ray crystal structure of full-length oxidized 

Adx has been determined at 2.5 Å resolution and suggests that it exists as a dimer in 
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vivo [131]. A detailed review on Adx has very recently been provided by Bernhardt 

and coworkers [126]. 

 

1.3.2.3. Flavodoxins 

General features 

Flavodoxins are small (140 to 180 residues), soluble electron transfer proteins 

that contain one molecule of non-covalently but tightly bound FMN as the redox 

active component. They were discovered in the 1960s in cyanobacteria [132-133] 

and clostridia [134] growing in low-iron conditions, where they replaced the iron-

containing ferredoxins in reactions leading to NADP+ and N2-reduction. From 

sequence alignments and structural considerations, flavodoxins can be divided into 

two groups, short-chain and long-chain flavodoxins, that differ in the presence of 

twenty amino acids forming a loop with a so far unknown function [135]. Flavodoxins 

are involved in a variety of reactions and in some organisms they are essential, 

constitutive proteins. They serve for example as electron donors in the reductive 

activation of anaerobic ribonucleotide reductase, biotin synthase, pyruvate formate 

lyase, and cobalamin-dependent methionine synthase [136]. 

 

Flavodoxin from E. coli (Fdx) 

Fdx is a small ferredoxin with a molecular mass of approx. 19.6 kDa. Detailed 

biochemical characterization of Fdx revealed that the enzyme acts as a single 

electron shuttle from the semiquinone form in its support of cellular functions. 

Furthermore, it was shown that the cytochrome c reduction rate of FdR is increased 

sixfold upon addition of Fdx [116]. 

In addition, FdR (in combination with Fdx or other flavodoxins, for example 

cindoxin from C. braakii [137]) can serve as an electron-transfer system for non-

physiological microsomal and bacterial P450s, in order to substitute for unknown 

physiological redox partners. Some (recent) examples include CYP107H1 from 

B. subtilis [107], thermostable CYP175A1 from Thermus thermophilus [138], or the 

fatty acid hydroxylating cytochromes CYP109B1 from B. subtilis and CYP152A2 from 

C. acetobutylicum (see chapters 0 and 2.3). 

Furthermore, FdR and Fdx also represent a useful model system for eukaryotic 

P450 reductases, because of their structural similarity to the functional domains of 
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CPR, and have therefore been used to support activity of eukaryotic P450s, for 

example bovine P450c17 [139]. 

 

YkuN and YkuP from B. subtilis 

YkuN and YkuP belong to the group of FMN-containing short-chain flavodoxins 

(158 and 151 amino acids, respectively). Both enzymes have been cloned, purified 

and characterized biochemically [108]. Optical and fluorimetric titrations with the 

oxidized flavodoxins revealed strong affinity (KD values < 5 μM) for their potential 

redox partner P450BioI. Further, stopped-flow reduction studies indicated that the 

maximal electron-transfer rate to fatty acid-bound P450BioI from YkuN and YkuP 

occurs considerably faster than from E. coli Fdx. Steady-state turnover with YkuN or 

YkuP, P450BioI and E. coli FdR demonstrated that both flavodoxins support 

hydroxylation of lauric acid with turnover rates of approx. 100 min-1. Interprotein 

electron transfer was suggested a likely rate-limiting step in this case [108]. 

 

  



22  |   1  Introduction 

1.4. Aim of the work 
The number of identified P450-sequences is constantly increasing as a result of 

rapid and automated genome sequencing. Due to their broad distribution in nature, 

diverse substrate spectra, as well as established methods to change these substrate 

spectra, cytochrome P450 monooxygenases are suitable candidates for the use in 

biotechnological applications. However, because of the drawbacks of missing 

knowledge on physiological redox partners and unclear physiological function of most 

P450s (described in the previous chapters), which makes it difficult to search for 

potential candidate P450s, examples for industrial process implementations of P450s 

are comparatively rare and limited to whole-cell processes with non-recombinant 

microorganisms so far. 

The scope of this work was the screening, identification and characterization of 

novel regioselective P450s whose oxidizing activities lead to sought-after fine-

chemicals. Two interesting candidate P450s were identified and their substrate and 

product spectra were analyzed: The first identified candidate was CYP109B1, a 

versatile monooxygenase from Bacillus subtilis with high regioselectivity for allylic 

oxidations. A whole-cell process for production of the high-priced fragrance (+)-

nootkatone with recombinant E. coli expressing CYP109B1 in a two-liquid phase 

system was designed and achieved a productivity of up to 15 mg l-1 h-1. The second 

candidate P450 with potential for biotechnological application was CYP152A2, a 

peroxygenase from Clostridium acetobutylicum capable of regioselective 

hydroxylation of fatty acids at �- and �-position. 

Investigations of the electron transport systems, which are closely linked with the 

aim to identify suitable (physiological) redox partners for efficient biocatalysis with the 

newly-identified P450s were carried out. Detailed exploration of uncoupling between 

NAD(P)H consumption and substrate oxidation during the individual steps of the 

electron transport chains were undertaken aiming to increase the biocatalytic 

efficiency of these reconstituted systems. 
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2. Results 

2.1. List of publications and publication manuscripts 

2.1.1. Accepted manuscripts in peer reviewed journals 

 

(1) M. Girhard, T. Klaus, Y. Khatri, R. Bernhardt and V.B. Urlacher, 2010, 

Characterization of the versatile monooxygenase CYP109B1 from Bacillus 

subtilis, Applied Microbiology and Biotechnology, 87(2):595-607. 

 

(2) M. Girhard, K. Machida, M. Itoh, R.D. Schmid, A. Arisawa and V.B. Urlacher, 

2009, Regioselective biooxidation of (+)-valencene by recombinant E. coli 

expressing CYP109B1 from Bacillus subtilis in a two liquid phase system, 

Microbial Cell Factories, 8:36. 

 

(3) Y. Khatri, M. Girhard, A. Romankiewicz, M. Ringle, F. Hannemann, V.B. 

Urlacher, M.C. Hutter and R. Bernhardt, 2010, Regioselective hydroxylation of 

norisoprenoids by CYP109D1 from Sorangium cellulosum, Applied 

Microbiology and Biotechnology, 88(2):485-495. 

 

(4) M. Girhard, S. Schuster, M. Dietrich, P. Dürre and V.B. Urlacher, 2007, 

Cytochrome P450 monooxygenase from Clostridium acetobutylicum: A new 

�-fatty acid hydroxylase, Biochemical and Biophysical Research 

Communications, 362(1):114-119. 

 

(5) S. Honda Malca, M. Girhard, S. Schuster, P. Dürre and V.B. Urlacher, 2010, 

Expression, purification and characterization of two Clostridium 

acetobutylicum flavodoxins: Potential electron transfer partners for 

CYP152A2, Biochimica et Biophysica Acta, 

doi:10.1016/j.bbapap.2010.06.013. 
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2.1.2. Reviews in peer reviewed books 

 

(6) M. Girhard and V.B. Urlacher, 2010, Biooxidation with Cytochrome P450 

Monooxygenases, in J.E. Bäckvall (ed.), Modern Oxidation Methods, 

2nd edition, Wiley-VCH, Weinheim; pp. 421-450. 

 

(7) V.B. Urlacher and M. Girhard, 2010, Oxyfunctionalization of C-H-bonds, in 

K. Drauz, H. Gröger, O. May (eds.), Enzyme Catalysis in Organic Synthesis, 

3rd edition, Wiley-VCH, Weinheim; manuscript submitted. 

 

2.1.3. Patents 

 

(8) Y. Kathri, R. Bernhardt, F. Hanneman, V.B. Urlacher and M. Girhard, 2010, 

Biokatalysator für die Hydroxylierung und/oder Epoxidierung, Deutsches 

Patent- und Markenamt, patent application submitted. 
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2.2. CYP109B1 from Bacillus subtilis and CYP109D1 from 
Sorangium cellulosum 
 

2.2.1. Manuscript: Characterization of the versatile 
monooxygenase CYP109B1 from Bacillus subtilis 

 

 

 

Material from this chapter appears in: 

Marco Girharda, Tobias Klausa, Yogan Khatrib, Rita Bernhardtb and Vlada B. 

Urlachera,*, 2010, Characterization of the versatile monooxygenase CYP109B1 from 

Bacillus subtilis, Applied Microbiology and Biotechnology, 87(2):595-607. 

 
a Institute of Technical Biochemistry, Universität Stuttgart, 70569 Stuttgart, Germany 
b Institute of Biochemistry, Saarland University, 66041 Saarbrücken, Germany 

* Corresponding author 

 

 

 

Material is reprinted by permission of Springer; the original manuscript is available 

online at: http://www.springerlink.com  
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2.2.1.1. Abstract 

The oxidizing-activity of CYP109B1 from Bacillus subtilis was reconstituted in 

vitro with various artificial redox proteins including putidaredoxin reductase and 

putidaredoxin from Pseudomonas putida, truncated bovine adrenodoxin reductase 

and adrenodoxin, flavodoxin reductase and flavodoxin from E. coli, and two 

flavodoxins from B. subtilis (YkuN and YkuP). Binding and oxidation of a broad range 

of chemically different substrates (fatty acids, n-alkanes, primary n-alcohols, 

terpenoids like (+)-valencene, �- and �-ionone, and the steroid testosterone) was 

investigated. CYP109B1was found to oxidize saturated fatty acids (conversion up to 

99%) and their methyl- and ethylesters (conversion up to 80%) at subterminal 

positions with a preference for the carbon atoms C11 and C12 counted from the 

carboxyl group. For the hydroxylation of primary n-alcohols the �-2 position was 

preferred. n-Alkanes were not accepted as substrates by CYP109B1. Regioselective 

hydroxylation of terpenoides �-ionone (~ 70% conversion) and �-ionone (~ 91% 

conversion) yielded the allylic alcohols 3-hydroxy-�-ionone and 4-hydroxy-�-ionone 

respectively. Furthermore, indole was demonstrated to inhibit fatty acid oxidation. 

 

2.2.1.2. Introduction 

Cytochromes P450 (P450s or CYPs) belong to an ever-growing superfamily of 

heme b containing monooxygenases found in all domains of life (Nelson 2006). They 

play a central role in drug metabolism and are involved in the biosynthesis of 

important natural compounds. Currently there are more than 11800 P450 sequences 

available in several online databases, for example in CYPED (http://www.cyped.uni-

stuttgart.de, Institute of Technical Biochemistry, Universitaet Stuttgart) (Fischer et al. 

2007; Sirim et al. 2009) or the P450 homepage maintained by Dr. Nelson 

(http://drnelson.uthsc.edu/CytochromeP450.html, Molecular Sciences, University of 

Tennessee) (Nelson 2006). P450s catalyze the introduction of one atom of molecular 

oxygen in organic molecules, while the second one is reduced to water. The basic 

P450 catalyzed reactions include hydroxylation of sp3-C atoms, heteroatom 

oxygenation, epoxidation of double bonds, and dealkylation (heteroatom release) 

(Cryle et al. 2003). Two electrons in form of hydrid ions required for the P450 

catalysis are in most cases delivered from the pyridine cofactors NAD(P)H via 

flavoprotein and/or iron-sulfur redox partners. Traditionally, P450s are classified 
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depending on the topology of the protein components involved in the electron 

transfer from NAD(P)H to the heme iron. The classical system distinguished two 

major classes of P450s: Mitochondrial and most bacterial P450s (class I) comprising 

an iron-sulfur ferredoxin and a FAD-containing ferredoxin reductase; and microsomal 

P450s (class II) with a membrane bound, FAD- and FMN-containing diflavin 

reductase. However, the recent discovery of a vast variety of novel P450s has 

introduced many new redox partner systems. Consequently, a more detailed 

classifying system is required, for example, a classification comprising ten different 

P450 classes that was recently suggested by Bernhardt and coworkers (Hannemann 

et al. 2007). 

The monooxygenase described in this paper - CYP109B1 - was identified in 

1997, when the complete genome of the B. subtilis strain 168 was sequenced (Kunst 

et al. 1997). The closest relative monooxygenase is CYP109A1 from the B. subtilis 

strain W23, which demonstrates 43% identity to CYP109B1 (Lawson et al. 2004a). 

CYP109B1 has a potential for the production of secondary metabolites, since its 

ability to hydroxylate compactin to pravastatin (Endo et al. 2000) and to oxidize 

testosterone at position C15� (hydroxy-group) and C17 (keto-group) (Agematu et al. 

2006; Arisawa and Agematu 2007) has been reported. Furthermore, FT-ICR/MS 

analysis applied for all P450s originating from B. subtilis demonstrated the ability of 

CYP109B1 to oxidize androsta-1,4-diene-3,17-dione, norethindrone, 

methyltestosterone, testosterone enanthate, betamethasone dipropionate and 

medroxyprogesterone acetate. However, the oxidation products for the latter 

substrates have not been identified (Furuya et al. 2008). Recently we have 

demonstrated oxidation of (+)-valencene to nootkatol and (+)-nootkatone catalyzed 

by CYP109B1 (Girhard et al. 2009). (+)-Nootkatone is a high added-value 

commercial flavoring (Fraatz et al. 2009), which reveals also a potential use of 

CYP109B1 for the production of fine chemicals in flavor and fragrance industries. 

Although there is obviously a significant potential for the application of 

CYP109B1 in biotechnological processes, a systematic analysis concerning 

substrate binding and conversion has not been carried out so far. Furthermore, there 

is also a lack of knowledge regarding the electron transfer partners for this P450. 

Since the natural electron transfer proteins for CYP109B1 have not been identified 

yet, “artificial” redox systems with putidaredoxin reductase (PdR) and putidaredoxin 

(Pdx) from Pseudomonas putida were employed in all published studies mentioned 
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2.2.1.3. Materials and methods 

Bacterial strains, expression vectors, enzymes and chemicals 

E. coli DH5� (F- supE44 �lacU169 (�80lacZ�M15) hsdR17 recA1 endA1 gyrA96 thi-1 

relA1; Invitrogen, Karlsruhe, Germany) was used as host for cloning purposes. E. coli 

BL21(DE3) (F- ompT hsdSB(rB
- mB

-) gal dcm (DE3); Novagen, Darmstadt, Germany) was 

used for recombinant gene expression. The expression vectors pET11a, pET16b and 

pET28a(+) were bought from Novagen. Restriction endonucleases, T4 DNA-ligase, 

Pfu DNA-polymerase and Isopropyl-�-D-thiogalactopyranoside (IPTG) were obtained 

from Fermentas (St. Leon-Rot, Germany). NADH and NADPH were from Codexis 

(Jülich, Germany). Glucose-6-phosphate dehydrogenase from Saccharomyces 

cerevisiae was from Roche Diagnostics (Mannheim, Germany). Glucose-6-

phosphate dehydrogenase from Leuconostoc mesenteroides and all other chemicals, 

solvents and buffer components were purchased from Sigma-Aldrich (Schnelldorf, 

Germany). 

 

Molecular biological techniques, protein expression and purification 

General molecular biology manipulations and microbiological experiments were 

carried out by standard methods (Sambrook and Russell 2001). 

 

Expression and purification of CYP109B1, PdR and Pdx 

Constructions of the following plasmids, protein expressions and purifications 

were carried out as described previously (Girhard et al. 2009): pET28a-CYP109B1 

for expression of the CYP109B1-encoding yjiB gene (GeneBank CAB13078) from B. 

subtilis strain 168 DSM 402 (GeneBank NC_000964); pET28a-camA for expression 

of the PdR-encoding camA gene (EMBL-Bank BAA00413) from P. putida ATCC 

17453; and pET28a-camB for expression of the Pdx-encoding camB gene (EMBL-

Bank BAA00414) from P. putida ATCC 17453. 

 

Expression and purification of the reductase domain of CYP102A1 

The plasmid pET28a-CYPRed for expression of the reductase domain (BMR) of 

CYP102A1 from B. megaterium (P450BM3) was constructed by insertion of the part of 

the CYP102A1 gene (GeneBank J04832.1) coding for the diflavin reductase into 
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pET28a(+). Assembly of the construct, protein expression and purification has been 

described previously (Girhard et al. 2007; Maurer et al. 2003). 

 

Expression and purification of flavodoxin reductase and flavodoxin from E. coli 

Flavodoxin (Fdx) from E. coli JM109 was expressed from pET11a containing the 

corresponding gene. Expression and purification was carried out as described 

elsewhere (Jenkins and Waterman 1998). 

Flavodoxin reductase (FdR) from E. coli JM109 was inserted into pET16b as 

follows: The plasmid pET11a-fpr as described (Jenkins and Waterman 1998) was 

utilized as DNA-template for a polymerase chain reaction (PCR), together with the 

forward 5’-GTATccatggGCCATCATCATCATCATCATGCTGATTGGGTA-3’, which 

introduced an NcoI site at the start codon and six additional histidines (underlined), 

and the reverse primer 5’-GATAggatccTTACCAGTAATGCTCCGCTGTCAT-3’, which 

introduced BamHI at the 3’ end. The PCR was performed with Pfu DNA-polymerase 

under the following conditions: 95°C for 3 min, 30 cycles of (95°C for 1 min, 57 ± 2°C 

for 45 s, 72°C for 2 min), and finally 72°C for 3 min. The PCR-product was purified, 

digested with endonucleases NcoI and BamHI and inserted into previously linearized 

pET16b. The resulting DNA-construct, pET16b-FdR, was sequenced by automated 

DNA sequencing (GATC-Biotech, Konstanz, Germany) and encodes for N-terminally 

His6-tagged FdR. For expression of recombinant FdR, E. coli BL21(DE3) cells were 

transformed with pET16b-FdR, spread onto Luria broth (LB) agar plates containing 

100 μg ml-1 ampicillin and grown overnight at 37°C. 400 ml of LB-medium 

supplemented with 100 μg ml-1 ampicillin were inoculated with 2 ml of an overnight 

culture - grown from a single colony - and incubated at 37°C, 180 rpm to an optical 

density at 600 nm of approximately 0.6. 100 μM IPTG were added and the culture 

was grown for another 19 h at 25°C, 150 rpm. Cells were harvested by centrifugation 

at 10800 x g for 20 min at 4°C. The supernatant was discarded and cell pellet was 

resuspended in 10 ml purification buffer (50 mM Tris-HCl, pH 7.5, 500 mM NaCl, 

5% glycerol, 100 μM phenylmethanesulfonyl fluoride (PMSF)). Cells were disrupted 

by sonication on ice (6 x 30 s bursts, interspaced by 1.5 min), cell debris was 

removed by centrifugation, and the soluble protein fraction was recovered and filtered 

through a 0.45 μm filter. FdR was purified from the soluble protein fraction by 

immobilized metal affinity chromatography (IMAC) using a Talon® resin (7 ml bed 

volume). The protein lysate was applied to the column, which was pre-equilibrated 
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with 6 column volumes of purification buffer. Non-specifically bound proteins were 

washed off the column with 4 column volumes of purification buffer containing 20 mM 

imidazol, before the bound protein was eluted with 2 column volumes of purification 

buffer with 100 mM imidazol. Fractions containing FdR were pooled, dialyzed twice 

against 1.5 l of 50 mM Tris-HCl, pH 7.5, 5% glycerol, 100 μM PMSF, 100 μM 

dithiothreitol at 4°C. Aliquots of the purified protein were prepared and frozen at -

20°C until use. 

 

Expression and purification of AdR and Adx 

The mammalian truncated Adx4-108 (Uhlmann et al. 1994) and AdR were 

expressed and purified as described before (Hannemann et al. 2002; Sagara et al. 

1993). 

 

Expression and purification of YkuN and YkuP 

Oligonucleotide primers for the amplification of the ykuN and ykuP genes from B. 

subtilis strain 168 were designed through analysis of the respective gene sequences 

using the “SubtiList” genome database (http://genolist.pasteur.fr/SubtiList/). pET16b-

YkuN(+) – a vector for the expression of recombinant YkuN – was constructed as 

follows: The ykuN-gene was amplified from genomic DNA of the B. subtilis strain 168 

by PCR using a forward 5’-GAActcgagATGGCTAAAGCCTTGATTAC-3’ and reverse 

primer 5’-GCCggatccTTATGAAACATGGATTTTTTCC-3’. PCR conditions were as 

follows: 95°C for 5 min, 25 cycles of (95°C for 1 min, 57°C for 30 s, 72°C for 2 min), 

72°C for 3 min. The PCR-product was purified, digested with endonucleases XhoI 

and BamHI and inserted into previously linearized pET16b. The resulting DNA-

construct encodes for N-terminally His10-tagged YkuN under control of the IPTG-

inducible T7 phage-promoter. 

The basic steps for construction of pET16b-YkuP(+) - a vector for the expression 

of recombinant YkuP - were identical with those of pET16b-YkuN(+), except that the 

forward 5’-GAActcgagGCGAAGATTTTGCTCGTTTATG-3’ and reverse primer 5’-

CCggatccCTACCTCATTACTGTATCAAAGG-3’ were used for PCR. 

Both plasmid constructs were verified by automated DNA sequencing. The DNA 

sequence alignments of the obtained sequences for ykuN were in agreement with 

those reported in the “SubtiList” genome database. Furthermore, the sequencing of 
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ykuP confirmed the absence of one adenine nucleotide at position 436 - as 

discovered by Lawson et al. (Lawson et al. 2004b) - leading to a change in reading 

frame to obtain a corrected ykuP gene. This gene codes for a protein of 151 amino 

acids with a molecular mass of 16.9 kDa, instead of 178 amino acids and 20.2 kDa 

as predicted from genome sequencing (Kunst et al. 1997). 

Expression of recombinant YkuN and YkuP, IMAC-purification and dialysis were 

carried out as described for FdR, but with 50 mM Tris-HCl, pH 7.5, 5% glycerol, 

100 μM PMSF as dialysis buffer. Aliquots of the purified proteins were stored at -

20°C until use. 

 

Determination of protein concentration 

The expression level of CYP109B1 was estimated using the CO-difference 

spectral assay as described previously with �450-490 = 91 mM-1 cm-1 (Omura and Sato 

1964a; Omura and Sato 1964b). (The ferrous-CO spectrum of CYP109B1 is shown 

in the supplementary material, Figure 2-6). Using this value, the extinction coefficient 

for the ferric resting state of CYP109B1 was calculated to be �418 = 128 mM-1 cm-1, 

and was applied for the determination of spin-state shifts upon substrate binding. 

The concentration of PdR was determined as the average of the concentration 

calculated from each of the three wavelength 378, 454 and 480 nm using extinction 

coefficients (�) 9.7, 10.0 and 8.5 mM-1 cm-1 (Purdy et al. 2004). The concentration of 

Pdx was determined as the average concentration calculated with �415 = 11.1 mM-

1 cm-1 and �455 = 10.4 mM-1 cm-1 (Purdy et al. 2004). The concentration of BMR was 

calculated as average concentration determined from �452 = 10.0 mM-1 cm-1 and 

�466 = 10.0 mM-1 cm-1 (Sevrioukova et al. 1996). 

Fdx concentration was estimated at 465 nm with � = 8420 M-1 cm-1 (Fujii and 

Huennekens 1974). For FdR the concentration was determined at 456 nm with 

� = 7.1 mM-1 cm-1 (McIver et al. 1998). Adx and AdR concentrations were determined 

using the molar extinction coefficients �415 = 9.8 mM-1 cm-1 (Huang and Kimura 1973) 

and �450 = 10.9 mM-1 cm-1 (Chu and Kimura 1973), respectively. YkuN and YkuP 

concentrations were determined at 461 nm with � = 10 mM-1 cm-1 (Lawson et al. 

2004b; Wang et al. 2007). 
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Spin-state shift and substrate dissociation constant determinations 

Spin-state shifts upon substrate binding were assayed at 25°C under aerobic 

conditions using an UV-VIS scanning photometer (UV-2101PC, Shimadzu, Japan) 

equipped with two tandem quartz cuvettes (Hellma, Müllheim, Germany) 

simultaneously. One chamber of each cuvette contained 10 μM CYP109B1 in buffer 

(50 mM TrisHCl, pH 7.5), whereas the second chamber contained buffer alone. The 

initial volume was 800 μl. Substrates were dissolved in DMSO, except for stearic 

acid 8 and testosterone 31, which were dissolved in ethanol. Substrate titrations 

where done by adding small (< 5 μl) aliquots of an appropriate stock of a substrate or 

ligand into the P450 containing chamber of the sample cuvette. An equal amount of 

solvent was added into the buffer containing chamber of the reference cuvette and 

spectral changes between 350 and 500 nm were recorded. When saturation of 

CYP109B1 with a substrate was achieved, substrate dissociation constants (KD) 

were calculated by fitting the data to the hyperbolic equation (Eqn. 1): 

][
][max

SK
SAA

D �
��

�� Eqn. 1

�A is the peak-to-trough difference in absorbance, �Amax is the maximum 

difference in absorbance and [S] is the concentration of the substrate. 

 

Reconstitution of CYP109B1 activity in vitro 

Various enzyme systems were applied to reconstitute the in vitro activity of 

CYP109B1. The basic setup for determination of the NAD(P)H consumption rate and 

coupling of the reconstituted systems was as follows: 1 μM reductase, 10 μM flavo- 

or ferredoxin, 1 μM CYP109B1, 4 mM glucose-6-phosphate ,1 mM MgCl2, 200 μM 

substrate (from a 10 mM stock solution in DMSO or ethanol) were mixed in 50 mM 

TrisHCl, pH 7.5 to a final volume of 250 μl in a 96 microwell plate. After incubation at 

30°C for 2 min, 200 μM NAD(P)H were added and the absorption was followed at 

340 nm. The NAD(P)H-consumption rate was calculated using � = 6.22 mM-1 cm-1. 

After all NAD(P)H was consumed, the internal standard (final concentration 50 μM) 

was added and samples were prepared for quantitative GC/MS analysis to determine 

the coupling efficiency. 

For product identification and determination of conversion the basic setup was as 

follows: 1 μM reductase, 10 μM flavo- or ferredoxin, 1 μM CYP109B1, 5 units of 
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glucose-6-phosphate dehydrogenase from S. cerevisiae (for regeneration of NADPH) 

or from L. mesenteroides (for regeneration of NADH), 4 mM glucose-6-phosphate 

and 1 mM MgCl2 were mixed in a 1.5 ml reaction tube and incubated at 30°C for 

2 min. 50 mM TrisHCl, pH 7.5 and 200 μM substrate were added to a final volume of 

500 μl. The reaction was started by addition of 200 μM NADH or NADPH and 

samples were incubated at 30°C for 20 min - 2 h. After incubation the internal 

standard (final concentration 50 μM) was added and samples were prepared for 

product analysis. 

For saturated -, unsaturated fatty acids and primary n-alcohols the reaction was 

stopped by addition of 20 μl 37% HCl. Internal standards were used as follows: 4 in 

the case of 5, 6, 7, 8, 10, 11 and 13; 2 in the case of 3, 4, 9 and 12; 1 in the case of 

2; 17 in the case of 18 and 19; 19 in the case of 17. The reaction mixtures were 

extracted with 1 ml diethyl ether, dried over anhydrous MgSO4 and the organic 

phases were evaporated. The residues were dissolved in 40 μl N,O-

bis(trimethylsilyl)trifluoroacetamide containing 1% trimethylchlorosilane for 

derivatization, transferred into GC vials and incubated at 80°C for 30 min prior to 

analysis. 

Samples containing compounds 20-30 were extracted with 400 μl ethyl acetate. 

(-)-Carvone was used as internal standard for 23, 25 served as internal standard for 

26 and vice versa. The organic phases were recovered and transferred into GC vials 

for product analysis. 

 

Product analysis 

The analysis of conversion products was carried out by gas-liquid 

chromatography mass spectrometry (GC/MS) on a GC/MS-QP2010 (Shimadzu, 

Tokyo, Japan), equipped with a FS-Supreme-5 column (30 m x 0.25 mm x 0.25 μm, 

Chromatographie Service GmbH, Langerwehe, Germany). The injector and detector 

temperatures were set at 250°C and 285°C, respectively, with helium as carrier gas. 

1 μl of a sample was injected for analysis. Conversion products were identified by 

their characteristic mass fragmentation patterns. 

For quantification of the substrates the detector response was calibrated with 

internal standards. Therefore, mixtures of 50 mM TrisHCl buffer, pH 7.5 containing 

the respective substrate for calibration in final concentrations of 10 to 200 μM 

together with the respective internal standard in a final concentration of 50 μM were 
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treated as described for normal conversion reactions and analyzed by GC/MS. The 

ratio of the area of the substrate to that of the internal standard was plotted against 

the substrate concentration to give a straight-line calibration plot. 

For fatty acids and primary n-alcohols a split of 30 was used. For 1, 2, 3, 4, 9, 12, 

18 and 19 the column temperature was maintained at 130°C for 2 min, ramped to 

250°C at a rate of 10°C min-1 and held at 250°C for 3 min. For 5, 6, 7, 8, 10, 11, 13, 

and 14-16 the column temperature was maintained at 180°C for 2 min, increased to 

300°C at a rate of 8°C min-1 and held at 300°C for 5 min. For 17 and 20-22 a starting 

temperature of 110°C was maintained for 2 min, raised to 220°C at a rate of 

10°C min-1 and kept at this temperature for 2 min. 

23 was injected at a split of 4. The column temperature was maintained at 120°C 

for 4 min, ramped to 250°C at a rate of 10°C min-1 and held at 250°C for 5 min. For 

25 and 26 the split was 5. The column temperature was controlled at 130°C for 

2 min, then raised to 230°C at a rate of 20°C min-1 and kept for 2 min. 

In the case of 27 and 28 injections were done with a split of 4. The column 

temperature was maintained at 120°C for 4 min, increased to 250°C at a rate of 

10°C min-1 and held at 250°C for 5 min. 29 was injected at a split of 10. The column 

temperature was maintained at 80°C for 4 min, ramped to 250°C at a rate of 8°C min-

1 and held for 4 min. 

 

2.2.1.4. Results and discussion 

Expression, purification and spectral characterization of CYP109B1 

The recombinant expression of CYP109B1 was performed in E. coli BL21(DE3) 

using the expression vector pET28a(+). The monooxygenase was purified by 

immobilized metal affinity chromatography (supplementary material, Figure 2-7). The 

expression yield of CYP109B1 determined from CO-difference spectra was 

3570 nmol l-1 (160 mg l-1). CYP109B1 showed a characteristic absorption at 452 nm 

for the FeII(CO) complex with no evidence of the inactive P420 form. Photometric 

characterization of the purified CYP109B1 revealed spectra typical for a P450 

monooxygenase (supplementary material, Figure 2-6). 
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Substrate binding by P450s is often characterized by a spin-state shift of the 

Soret band from approximately 418 nm (representing the low-spin substrate free 

form) to around 390 nm for the high-spin form when a substrate is bound in close 

proximity to the heme, which results in a classical Type I spectrum (Schenkman et al. 

1981). Therefore, this method was used to identify potential CYP109B1 substrates.  

A variety of saturated and unsaturated fatty acids showed Type I binding to 

CYP109B1 (Figure 2-2). The substrate dissociation constants (KD) were determined 

as described in the material and methods section. The lowest KD for saturated fatty 

acids of 230 μM was calculated for palmitic acid 7. Saturated fatty acids with shorter 

or longer chain lengths showed weaker binding and subsequently higher KD values 

were calculated for those substrates (Table 2-1). The unsaturated fatty acids 14-16 

tested showed in general better binding to CYP109B1 than saturated fatty acids, 

which is reflected in lower KD values calculated for those substrates. 

Type I binding was also observed for �-ionone 25 and �-ionone 26 and KD-values 

of 205 or 180 μM were calculated, respectively, indicating that CYP109B1 shows a 

slight preference for the binding of �-ionone 26 over �-ionone 25. Tight binding with 

lowest KD value of 24.5 μM was calculated for indole 29, whereas no spin-state shifts 

were induced for coumarine 27 and naphthalene 28. 

As seen in Table 2-1 none of the substrates tested induced a full spin-state shift 

from low-spin in the absence of substrate to high-spin. The strongest shift of ~ 55% 

was observed for myristic acid. Other substrates resulted in lower high-spin heme 

content. In most cases, the percentage of the enzyme in high-spin state correlate to 

the calculated binding constants. 

Interestingly, no spin-state shifts were observed when testosterone 30 or (+)-

valencene 23 were used for the binding experiment, although these substances are 

converted by CYP109B1 as reported previously (Agematu et al. 2006; Girhard et al. 

2009). Furthermore, when the product of the (+)-valencene 23 conversion - (+)-

nootkatone 24 - was added, classical Type I binding could be observed and a KD of 

320 μM was calculated (Table 2-1). This phenomenon has also been reported for 

CYP102A1 from B. megaterium, which is also capable of converting (+)-

valencene 23 (Sowden et al. 2005). 
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Table 2-1: Type I spin-state shift values and binding constants for CYP109B1. 

Type of substrate Name (Number) KD [μM] 
Spin-state 

shift [%]a 

Saturated fatty 

acids 

caprylic acid (1) (+) (+) 

capric acid (2) (+) (+) 

lauric acid (3) 3670 ± 440 25 

tridecanoic acid (4) 1970 ± 250 35 

myristic acid (5) 1190 ± 100 55 

pentadecanoic acid (6) 720 ± 55 15 

palmitic acid (7) 228 ± 27 10 

stearic acid (8) 983 ± 67 7 

Unsaturated fatty 

acids 

palmitoleic acid (14) 115 ± 13 8 

oleic acid (15) 50 ± 3 20 

linoleic acid (16) 12 ± 1 25 

Terpenoids 

(+)-valencene (23) — — 

(+)-nootkatone (24) 320 ± 11 10 

�-ionone (25) 205 ± 6 25 

�-ionone (26) 180 ± 16 20 

Hetero- 

aromatic 

coumarine (27) — — 

naphthalene (28) — — 

indole (29) 25 ± 3 < 5 

Steroids testosterone (30) — — 
a Estimated to within 	 5% 
— No spin-state shift observed 
(+) A spin-state shift was observed for these substances, but a binding constant could not be 
calculated, since substance solubility reached its limit before complete saturation of CYP109B1 was 
achieved 

 

Reconstitution of CYP109B1 activity in vitro 

CYP109B1 requires - like most P450s in general - electron transfer partners for 

activity. Since natural partners for CYP109B1 have not been identified yet, in vitro 

activity of CYP109B1 was reconstituted with various reductases and ferredoxins or 

flavodoxins that have been described to support activity of other P450s previously 

(Figure 2-3).  
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YkuP only 14% conversion was achieved, respectively. Systems containing BMR or 

FdR alone - without YkuN or YkuP - did not show any activity against myristic acid 5 

(Table 2-2). 

 

Table 2-2: NAD(P)H consumption, coupling and conversion of myristic acid 5 by CYP109B1 in 

reconstituted enzyme systems with a ratio of reductase : ferredoxin(flavodoxin) : CYP109B1 of 1:10:1. 

Reconstituted 

system 

NAD(P)H 

consumption ratea 
Coupling [%] Conversion [%]b 

PdR-Pdx 6.6 ± 0.3 2.4 ± 0.3 16.0 ± 1.4 

BMR 7.3 ± 0.4 0.0 0.0 

AdR-Adx 20.2 ± 1.2 45.8 ± 3.5 99.1 ± 0.7 

FdR-Fdx 3.0 ± 0.1 7.5 ± 0.9 52.3 ± 4.0 

FdR-YkuP 20.3 ± 1.0 1.8 ± 0.1 13.9 ± 0.9 

FdR-YkuN 19.3 ± 0.2 12.3 ± 0.5 90.2 ± 6.6 
a Rates are given in nmol (nmol CYP109B1)-1 min-1; the background consumption rate with CYP109B1 
alone was 0.6 ± 0.1 
b Conversion was determined after 2 h with NAD(P)H regeneration 

The overall efficiency of a reconstituted system depends inter alia on its 

NAD(P)H consumption rate and its coupling efficiency. Since two independent 

proteins were used for electron supply to CYP109B1, a loss of electrons can occur 

either between the reductase and the ferre-/flavodoxin and/or between the ferre-

/flavodoxin and CYP109B1. In both cases, it results in uncoupling between NAD(P)H 

consumption and product formation. Similar NADPH consumption rates of ~ 20 nmol 

(nmol CYP)-1 min-1 were seen for AdR-Adx, FdR-YkuP and FdR-YkuN, the coupling 

efficiencies of these systems, however, differed strongly from each other (Table 2-2). 

The highest coupling of 45.8% was observed for AdR-Adx, whereas coupling for 

FdR-YkuP was 12.3%, and for FdR-YkuP 1.8% only. If one compares the conversion 

values achieved for myristic acid 5 under regeneration of NAD(P)H, where the 

cofactor was not rate limiting, it is obvious that the coupling efficiency of a 

reconstituted system is of greater importance for overall performance than the 

corresponding NAD(P)H consumption rate. 

We also determined the conversion of (+)-valencene 23 with the reconstituted 

systems. In general, lower conversions than of myristic acid 5 were reached, but the 
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tendency was similar. For (+)-valencene 23, 10% conversion was observed with 

PdR-Pdx and in comparison, 17% and 23% with FdR-Fdx and AdR-Adx, 

respectively. For FdR-YkuN and FdR-YkuP conversions were 26% and < 1% (data 

not shown). The lower coupling efficiencies of the latter two systems explain the 

lower conversion of myristic acid 5 and (+)-valencene 23. 

From the reconstituted systems tested, AdR-Adx and FdR-YkuN are more 

efficient electron transfer partners than PdR-Pdx, FdR-Fdx and FdR-YkuP, as they 

demonstrate higher NAD(P)H consumption rates, higher coupling and hence 

significantly higher conversions were achieved. 

 

Table 2-3: Conversion of myristic acid 5 and (+)-valencene 23 by CYP109B1 in reconstituted FdR-

YkuN systems with varying ratios of redox partner proteins. 

FdR:YkuN:CYP [μM] 
Conversion [%]a 

Myristic acid 5 (+)-Valencene 23 

1:0:1 — — 

1:1:1 38.5 10.0 

1:2:1 70.2 10.8 

1:5:1 88.7 19.3 

1:10:1 90.2 25.5 

1:20:1 nd 30.1 

1:40:1 nd 31.2 

2:5:1 86.3 20.6 

2:10:1 94.0 26.2 

2:20:1 nd 29.0 

2:40:1 nd 34.2 

10:10:1 93.5 26.4 
a Conversion was determined after 2 h with NAD(P)H regeneration; values represent the mean of three 
experiments, with standard deviations within 	 10% of the mean 
— No conversion; nd not determined 

 

The flavodoxin YkuN can be considered as a potential natural redox partner for 

CYP109B1 in B. subtilis, however, in the absence of the appropriate reductase from 

the same strain this hypothesis cannot be proved. Nevertheless, since the relative 

ratios of P450 to redox partner play an important role for the overall rate of substrate 

oxidation, an empirical approach with FdR-YkuN was undertaken in order to improve 
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the substrate oxidation rates while conserving enzyme. As the rate-limiting step in 

P450-mediated oxidation is often the transfer of the second electron to an oxy-P450-

substrate complex, we aimed to maximize the concentration of reduced YkuN by 

varying its concentration and that of FdR. When conversion of myristic acid 5 and (+)-

valencene 23 was investigated with these systems it was observed that the YkuN 

concentration represented a bottleneck for the in vitro activity reconstitution of 

CYP109B1. For example, the conversion of (+)-valencene 23 increased from 10% up 

to ~ 30%, when the ratio was changed from 1:1:1 to 1:20:1 (Table 2-3). Further 

increase of the flavodoxin concentration up to a ratio of 1:40:1 resulted, however, in 

only slightly higher conversion of ~ 31%, which means that electron transfer by YkuN 

was not rate limiting any longer. It was also observed that additional FdR did not 

show any significant increase in the conversion of (+)-valencene 23. A similar 

tendency was observed during oxidation of myristic acid 5. However, taking into 

account that the conversions achieved with FdR-YkuN were still lower than those 

achieved with AdR-Adx, and that high amounts of YkuN were needed, the AdR-Adx 

system was used for further experiments. 

 

Conversion of fatty acids 

The ability to oxidize fatty acids is well known for a variety of bacterial P450s. 

Among well-characterized fatty acid hydroxylases are the natural fusion enzymes 

from the CYP102A-family, namely CYP102A1 (P450BM-3) from B. megaterium (Miura 

and Fulco 1975) and its two homologues from B. subtilis, CYP102A2 (Budde et al. 

2004) and CYP102A3 (Gustafsson et al. 2004). 

CYP109B1 was found to oxidize saturated fatty acids with a chain length ranging 

from C10 to C18. Highest conversions of more than 98% were achieved for 

tridecanoic- 4 (C13), myristic- 5 (C14) and pentadecanoic acid 6 (C15), whereas 

conversion decreased for the substrates of shorter or longer chain length 

(supplementary material, Table 2-5). Interestingly, there was no obvious correlation 

between the measured substrate dissociation constants and the achieved 

conversions. Palmitic acid 7 (C16), for example, for which the lowest KD value was 

determined, was oxidized by only 51%. 

The products of fatty acid oxidations were identified by their characteristic mass 

fragmentation patterns after derivatization with trimethylchlorosilane (supplementary 

material, Figure 2-8). The GC/MS analysis demonstrated that CYP109B1 
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hydroxylates fatty acids at subterminal positions yielding mono-hydroxylated products 

exclusively. Quantitative analysis of these products revealed that the carbon atoms 

C11 and C12 counted from the carboxyl group of all fatty acids were preferred for 

hydroxylation independently on chain length.  

Further we checked activity of CYP109B1 towards methyl- 9-11 or ethyl 

esters 12,13 of fatty acids. Surprisingly, the monooxygenase was active towards 

these substrates, but with lower activity (supplementary material, Table 2-5). For 

example, 95% of lauric acid 3, but only 78% of the corresponding methyl ester 9 and 

32% of the ethyl ester 12 were converted. A similar tendency (99% versus 80% and 

34%, respectively) was observed for myristic acid 5 and its esters 10,13. The 

regioselectivities of the hydroxylation observed for the esterified fatty acids was 

identical to those of the respective non-esterified fatty acid. 

All unsaturated fatty acids tested (14-16) were oxidized by CYP109B1 with high 

activities (> 95% within 15 min). Qualitative GC/MS analysis revealed that the 

oxidation proceeded unselectively resulting in more than 20 products for each 

substrate, which mostly could not be identified (and therefore are not included).  

 

Conversion of n-alkanes and primary n-alcohols 

Hydroxylation of alkanes has been described for a variety of P450s and 

generated mutants thereof (Bernhardt 2006 and references cited therein). 

Furthermore, primary n-alcohols are reported as P450 substrates as well, for 

example 1-dodecanol 18 is hydroxylated at seven different positions by P450s from 

the white-rot fungus Phanerochaete chrysosporium (Matsuzaki and Wariishi 2004) 

and 1-tetradecanol 19 is oxidized by CYP102A1 at position �-1 to �-3, with 

preference for the �-2 carbon atom (Miura and Fulco 1975). Therefore, the n-alkanes 

decane 20 (C10), dodecane 21 (C12) and tetradecane 22 (C14) and their 1-

hydroxylated derivatives 1-decanol 17, 1-dodecanol 18 and 1-tetradecanol 19 were 

investigated as potential substrates for CYP109B1. 

CYP109B1 did not show any activity against the tested n-alkanes 20-22, but 

hydroxylated 1-dodecanol 18 and 1-tetradecanol 19 at six different subterminal 

carbon atoms (�-1 to �-6), with similar regioselectivity for both substrates (Table 2-4). 

Conversion of 1-tetradecanol 19 was slightly lower as compared with 1-dodecanol 18 

(12% and 17%, respectively). 1-Decanol 17 was oxidized with high activity (99.5% 

conversion) at subterminal �-1 to �-5 positions. The terminal carbon atom of any of 
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the alcohols was not oxidized and - in contrast to fatty acids - there was always a 

preference for hydroxylation at the �-2 carbon atom, independent from the chain 

length (Table 2-4). Furthermore, the regioselectivities of hydroxylation of 1-

decanol 17 and capric acid 2 were completely different, since capric acid 2 was 

oxidized at �-1 position exclusively. 

 

Table 2-4: Product distribution and conversion of primary n-alcohols 17-19 by CYP109B1. 

Name 

(Number) 
Conversion 

[%] 

Regioselectivity [%]a 

�-6 �-5 �-4 �-3 �-2 �-1 

1-decanol (17) 99.5 ± 0.2 — 2.9 7.2 22.2 40.5 27.3 

1-dodecanol (18) 16.6 ± 3.1 4.4 4.9 17.4 18.7 27.2 27.5 

1-tetradecanol (19) 11.8 ± 0.3 5.9 6.7 18.8 17.1 26.8 24.9 
a Values represent % of the total product and are the mean of three experiments, with standard 
deviations within 	 5% of the mean 
— Compound was not observed or below the detection limits (1 μmol l-1) 

 

Conversions for 1-dodecanol 18 and 1-tetradecanol 19 were much lower than 

those for the corresponding fatty acids, lauric- 3 and myristic acid 5, and also lower 

than those of the corresponding fatty acid esters 9,10,12,13, whereas conversion of 

1-decanol 17 was significantly higher than those of capric acid 2. 

 

Conversion of ionones 

Ionones are valuable fragrance constituents and therefore have attracted 

attention of flavor and fragrance industries, like manufacturers of perfumes, 

cosmetics and other fine chemicals. Their oxygenated derivatives are sought-after 

building blocks, for example 4-hydroxy-�-ionone 32, which is an important 

intermediate for the synthesis of carotenoids or the plant hormone abscisic acid 

(Meyer 2002). CYP109B1 was shown to oxidize the sesquiterpenoid analogs �-

ionone 25 and �-ionone 26 with high activity. Using AdR-Adx, the conversion 

achieved 70% (± 6%) for �-ionone 25 and 91% (± 2%) for �-ionone 26, within 2 h. 

Furthermore, a single product peak was observed by GC/MS analysis on an 

achiral column for each of the substrates, correspondingly (Figure 2-4). For �-

ionone 26 the oxidation product was identified as 4-hydroxy-�-ionone 32 by 
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2.2.1.5. Discussion 

With increasing availability of genome sequences and sophisticated heterologous 

expression methods, new P450s identified by bioinformatics methods are readily 

expressed and isolated. These new enzymes will greatly expand the range of 

compounds that can be oxidized, but equally important are the different product 

selectivities of existing enzymes. Therefore, for the identification of biotechnologically 

relevant enzymes, genome mining should be supported by substrate profiling and 

functional characterization of candidate P450s. Since many P450 genes are found 

without their associated electron transfer proteins immediately upstream or 

downstream, substrate spectra of such P450s cannot be identified. In some cases 

the search among annotated possible candidates from the same genome yield 

effective electron transfer systems for P450s (Ewen et al. 2009; Mandai et al. 2009). 

If no potential “natural” candidates are found within the genome, however, known 

electron transfer proteins for other P450s can be applied, because they often 

demonstrate “cross” interaction with foreign P450s and support their catalysis. The 

ability to accept electrons from “artificial” flavodoxins and ferredoxins, and the display 

of “cross” activities has been reported for several P450 monooxygenases (Bell et al. 

2009; Bell and Wong 2007; Goni et al. 2009). 

Our results demonstrate that the activity of CYP109B1 can be supported by a 

FAD-containing reductase and either by a FMN-containing flavodoxin or a [2Fe-2S]-

containing ferredoxin. The best results for CYP109B1 were observed with bovine 

AdR and truncated Adx4-108, while activity with putidaredoxin and putidaredoxin 

reductase from P. putida was quite low. Both electron transfer systems belong to the 

class I of the P450 systems. CYP109B1 demonstrated also activity in combination 

with one of the two FMN-containing flavodoxins from B. subtilis (YkuN), but does not 

interact with the diflavin reductase of CYP102A1. YkuN can represent a natural 

electron transfer protein for CYP109B1, however, in combination with the “artificial” 

reductase from E. coli, the overall activity of the reconstituted system was lower 

compared to AdR-Adx. Structural and thermodynamic characterization of CYP109B1 

combined with YkuN should provide insights into the flavodoxin-P450 interaction and 

are topic of further investigations. As possible candidate the 4Fe-4S ferredoxin from 

Bacillus subtilis will be also tested (Green et al. 2003). 

Supported by “artificial” electron transfer partners, CYP109B1 catalyzes oxidation 

of a broad range of chemically different substrates. Unsaturated fatty acids were 
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oxidized with high activity but low regioselectivity leading to a mixture of numerous 

products. Upon oxidation of saturated fatty acids and esterified saturated fatty acids, 

the carbon atoms C11 and C12 counted from the carboxyl group of all substrates 

were always preferred for hydroxylation, independently on chain length. Moreover, 

the same regioselectivity of CYP109B1 was observed during hydroxylation of 

esterified fatty acids. This might indicate that the carboxyl group of fatty acids is not 

as crucial for substrate recognition by CYP109B1. 

Interestingly, CYP109B1 hydroxylates primary n-alcohols of the corresponding 

chain length with completely different regioselectivities, preferring �-2 position. A 

possible explanation could be that CYP109B1 possesses alternative binding sites or 

orientations for primary n-alcohols and fatty acids. 

In contrast to the acyclic substrates, the cyclic sesquiterpenoid analogs �-ionone 

and �-ionone were hydroxylated at secondary allylic position with 100% 

regioselectivity, which in the case of �-ionone to our best knowledge has been 

described only for the mutated P450BM-3 A74E F87V P368S (Urlacher et al. 2006). 

The reason for the high regioselectivity of CYP109B1 for oxidation of ionones might 

be caused by electronic activation of the secondary allylic carbon atoms. In the case 

of �-ionone, the carbon atom C3 next to the double bond between C4=C5 is most 

susceptible to an oxidative attack by CYP109B1, while for �-ionone this holds true for 

C4 next to the C5=C6 double bond. A similar preference for allylic oxidation has been 

described previously for the oxidation of (+)-valencene by CYP109B1, which was 

oxidized with high regioselectivity at allylic C2 position (Girhard et al. 2009). Thus, 

CYP109B1 seems to be an attractive candidate for selective oxidation of terpenes, 

generating valuable compounds for flavor and fragrance industries. Especially the 

combination of CYP109B1 with the AdR-Adx redox system could be valuable for 

biotechnological applications in a whole-cell bioconversion as shown before for 

steroid hydroxylation using CYP106A2 together with this redox system (Hannemann 

et al. 2006). 
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Table 2-5: Product distribution and conversion of saturated and esterified fatty acids by CYP109B1. 

Type of 

substrate 

Chain 

length 

(No.) 

Conver-

sion [%] 

Regioselectivity [%]a 

�-8 �-7 �-6 �-5 �-4 �-3 �-2 �-1 

Saturated 

fatty acids 

8 (1) 0.0 — — — — — — — — 

10 (2) 3.3 ± 0.2 — — — — — — — 100 

12 (3) 95.0 ± 2.6 — — — 0.4 2.7 16.1 37.5 43.5

13 (4) 99.1 ± 0.1 — — 0.5 1.1 9.3 18.5 39.8 30.8

14 (5) 99.1 ± 0.3 — — 0.7 11.6 19.1 25.8 26.1 16.7

15 (6) 98.2 ± 0.4 — 0.3 5.0 17.9 36.4 20.8 14.7 5.1 

16 (7) 50.6 ± 4.7 2.6 7.3 12.3 23.4 29.5 12.7 7.9 4.5 

18 (8) 2.9 ± 0.3 (+) (+) (+) (+) (+) (+) — — 

Saturated 

fatty acid 

methylesters 

12 (9) 77.6 ± 7.6 — — — 0.6 2.8 14.5 38.9 43.3

14 (10) 79.8 ± 8.3 — — 1.1 9.6 21.3 27.9 25.0 15.3

16 (11) 30.1 ± 2.9 1.1 7.8 8.2 18.8 21.8 16.9 15.7 9.8 

Saturated 

fatty acid 

ethylesters 

12 (12) 31.6 ± 0.7 — — — 2.6 4.3 12.9 39.8 40.4

14 (13) 33.7 ± 3.1 — — 4.0 4.7 20.9 30.9 23.7 16.0

a Values are given in % of the total product as mean of n 
 3 
— Compound was not observed or below the detection limits (0.6 μmol l-1) 
(+) Compound was observed, but quantitative analysis could not be done due to low conversion of the 
substrate 
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2.2.2. Manuscript: Regioselective biooxidation of (+)-valencene by 
recombinant E. coli expressing CYP109B1 from Bacillus subtilis 
in a two liquid phase system 

 

 

 

Material from this chapter appears in: 

Marco Girharda,b, Kazuhiro Machidab, Masashi Itohb, Rolf D. Schmida, Akira Arisawab 

and Vlada B. Urlachera,*, 2009, Regioselective biooxidation of (+)-valencene by 

recombinant E. coli expressing CYP109B1 from Bacillus subtilis in a two liquid phase 

system, Microbial Cell Factories 8:36. 

 
a Institute of Technical Biochemistry, Universität Stuttgart, 70569 Stuttgart, Germany 
b Bioresource Laboratories, Mercian Corporation, 1808 Nakaizumi, Iwata, Shituoka 

438-0078, Japan 

* Corresponding author 

 

 

 

This is an Open Access article distributed under the terms of the Creative Commons 

Attribution License (http://creativecommons.org/licenses/by/2.0). 

The original manuscript is available online at: http://www.microbialcellfactories.com 
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2.2.3. Manuscript: Regioselective hydroxylation of norisoprenoids 
by CYP109D1 from Sorangium cellulosum 

 

 

 

Material from this chapter appears in: 

Yogan Khatria, Marco Girhardb, Anna Romankiewiczc, Michael Ringlea, Frank 

Hannemanna, Vlada B. Urlacherb, Michael C. Hutterd and Rita Bernhardta,*, 2010, 

Regioselective hydroxylation of norisoprenoids by CYP109D1 from Sorangium 

cellulosum, Applied Microbiology and Biotechnology, 88(2):485-495. 
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* Corresponding author 

 

 

 

Material is reprinted by permission of Springer; the original manuscript is available 
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2.2.3.1. Abstract 

Sesquiterpenes are particularly interesting as flavorings and fragrances or as 

pharmaceuticals. Regio- or stereo-selective functionalizations of terpenes are one of 

the main goals of synthetic organic chemistry, which are possible through radical-

reactions but are not selective enough to introduce desired chiral alcohol function into 

those compounds. Cytochrome P450 monooxygenases are versatile biocatalysts and 

are capable of performing selective oxidations of organic molecules. We were able to 

demonstrate that CYP109D1 from Sorangium cellulosum So ce56 functions as a 

biocatalyst for the highly regio-selective hydroxylation of norisoprenoids, �- and �-

ionone, which are important aroma compounds of floral scents. The substrates �- 

and �-ionone were regio-selectively hydroxylated to 3-hydroxy-�-ionone and 4-

hydroxy-�-ionone, respectively, which was confirmed by 1H NMR and 13C NMR. The 

results of docking �-ionone and �-ionone into a homology model of CYP109D1 gave 

a rational explanation for the regio-selectivity of the hydroxylation. Kinetic studies 

revealed that �- and �-ionone can be hydroxylated with nearly identical Vmax and Km 

values. This is the first comprehensive investigation of the regio-selective 

hydroxylation of norisoprenoids by CYP109D1.  

 

2.2.3.2. Introduction 

Terpenes and terpenoids are the most diverse family of natural products serving 

a range of important physiological and societal functions (Roberts 2007). Over 

40,000 different terpenoids have been isolated, mainly from plants, but also from 

animal and microbial species (Withers and Keasling 2007). Although the oxygenated 

products of terpenes are highly desirable compounds, their selective oxidation under 

mild conditions is still a great challenge. Regio- and stereo-selective 

functionalizations of terpenes, especially those of terpene hydrocarbons, is known to 

be a difficult task for organic chemistry, and the few approaches described in the 

literature show several disadvantages with respect to reaction complexity and 

specificity (Stanislaw et al. 2002; Duetz et al. 2003). Therefore, application of 

cytochrome P450 monooxygenases (P450 or CYP) can be useful (Bernhardt 2006). It 

was already shown that P450s are capable of mediating selective oxidization of 

different terpenes and terpenoids, often with a high activity (Girhard et al. 2009, 

2010; Urlacher et al. 2006).  
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Ionones are norisoprenoids that are substantial aroma components of floral 

scents (Winterhalter and Rouseff 2002), and thus attract the attention of flavor and 

fragrance industry. Due to their organoleptic properties and the distinctive fine rose 

scents, manufacturers of perfumes, soaps, cosmetics, and fine chemicals are 

particularly interested in those compounds (Pybus 1999). �-ionone shows a more 

floral smell than �-ionone. Besides this, ionones are also appreciated as synthetic 

building blocks (Buchecker et al. 1973; Colombo et al. 1992). Among them, 4-

hydroxy-�-ionone is an important intermediate for the synthesis of carotenoids 

(Eschenmoser et al. 1981; Brenna et al. 2002) and also of deoxyabscisic acid, a 

synthetic analogue of the phytohormone abscisic acid (Larroche et al. 1995). It is also 

used in vitamin A (retinol) production for cosmetics and toiletries. Moreover, �-ionone 

and its derivatives have been described as an effective attractant for fruit fly 

(Bactrocera latifrons) and they form important components of insect lures, which can 

favor insect pollination (Ishda et al. 2008). Only few methods of preparing hydroxyl-

derivatives of ionones, such as the chemical optical resolution of �-ionone (Haag et 

al. 1980) or the selective enzymatic hydrolysis of 4-hydroxy-�-ionone, have been 

published (Kakeya et al. 1991). Microbial transformation of �- and �-ionone has been 

reported using several fungal strains, especially Aspergillus sp. (Larroche et al. 

1995). Likewise, the conversion of �-ionone into 4-hydroxy-�-ionone and the 

conversion of �-ionone into 3-hydroxy-�-ionone by several Streptomyces sp. has 

been studied (Mikami et al. 1981; Yamazaki et al 1988; Lutz-Wahl et al. 1998). The 

biotransformation of �-ionone and �-ionone catalyzed by P450s derived from 

actinomycetes (Celik et al. 2005) and the engineered cytochrome P450BM3 have also 

been reported (Appel et al. 2001). However, in all these cases, besides the 3-

hydroxylation of �-ionone, a mixture of different products has been observed. In the 

case of �-ionone as a substrate, the wild type P450BM3 and its mutants were able to 

produce only 4-hydroxy-�-ionone (Urlacher et al. 2006), whereas CYP101B1 and 

CYP101C1 from Novosphingobium aromaticivorans did not show regio-selectivity of 

the hydroxylation resulting in both 3-hydroxy-�-ionone and 4-hydroxy-�-ionone 

products (Bell et al. 2010). 

Here, we describe the function of CYP109D1 from myxobacterium Sorangium 

cellulosum So ce56. Myxobacteria are a group of gram-negative, mainly soil-dwelling 

bacteria which belong to the delta subdivision of proteobacteria and show a complex 

life cycle involving multicellular development, cellular differentiation and fruiting 
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bodies formation (McCudry 1989; Reichenbach 2004). The ~13.1 Mb genome of the 

model strain Sorangium cellulosum So ce56 is the largest yet discovered in bacteria 

(Schneiker et al. 2007). Varieties of biosynthetic gene clusters involved in natural 

product formation as well as numerous complex and unusual biosynthetic processes 

within Sorangium cellulosum have been identified (Wenzel and Müller, 2007; 2009). 

The selected strain So ce56 produces the natural secondary metabolites chivosazol, 

etnangien and myxochelin (Schneiker et al., 2007; Wenzel and Müller, 2007; Menche 

et al., 2008). We were able to show that CYP109D1 is a regio-selective hydroxylase 

of norisoprenoids. We demonstrated the exclusive production of 3-hydroxy-�-ionone 

from �-ionone and of 4-hydroxy-�-ionone from �-ionone using a reconstituted P450 

system.  

 

2.2.3.3. Material and methods 

Materials 

All chemicals and reagents were of highest available grade. The expression 

vector pET17b and the expression host E. coli BL21(DE3) were purchased from 

Invitrogen and Novagen, respectively. The �- and �-ionone were of GC grade and 

purchased from Fluka. The alkane standard solution (C8-C20) was purchased from 

Sigma-Aldrich. 

 

Protein expression and purification 

Genomic DNA from S. cellulosum So ce56 was isolated as described before 

(Perlova et al. 2006). The DNA fragment encoding CYP109D1 (CAN94796) was 

prepared by the polymerase chain reaction using genomic DNA of S. cellulosum So 

ce56 as a template. The PCR primers were designed to introduce a NdeI restriction 

site at the 5’-end of the fragment and a HindIII restriction site with 6-histidine tag at 

the 3’-end, respectively. Primers used in the reaction were as follows: Forward: 5’- 

CCAATCATATGGAAACCGAGACCGCCCCGAGCCC–3’. The letters underlined 

indicate an engineered restriction site of NdeI, including the initiation codon ATG (in 

italic). Reverse: 5’-AATTGGAAGCTTTCAGTGATGGTGATGGTGATGGGCGGTGG 

CGCGGCTC–3’. The underlined letters show a site for HindIII and the stop codon 

TCA (in italic) is also incorporated. The bold letters in the reverse primer indicate the 

hexa-histidine (His6)-tag. The CYP109D1 PCR product was cloned in the expression 
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vector pET17b with NdeI and HindIII restriction sites, and coexpressed with the 

molecular chaperones GroES/GroEL. Briefly, for the coexpression, host E. coli 

BL21(DE3), was transformed with two expression plasmids, pET17b_CYP109D1 and 

pGro12_GroES/GroEL (Nishihara et al. 1998; Zöller et al. 2008), and cultured 

overnight in terrific broth (TB) containing 100 μg ml-1 ampicillin and 50 μg ml-1 

kanamycin. The overnight culture was one hundred-fold diluted in 200 ml of the TB 

medium in 2 l baffled flasks containing 100 μg ml-1 ampicillin and 50 μg ml-1 

kanamycin. The culture was grown at 37�C and agitated at 95 rpm until the optical 

density at 600 nm reached 1.2. During culturing, the heme synthesis was supported 

by the addition of 0.8 mM of delta-aminolevulinic acid (�-ALA) while the expression 

was induced with 1 mM isopropyl �-D-1-thiogalactopyranoside (IPTG). To induce the 

chaperone expression 4 mg ml-1 final concentration of arabinose was added. At the 

same time 50 μg ml-1 of ampicillin was also added to overcome ampicillin 

degradation at high temperatures or its deactivation by beta-lactamases. The 

cultures were grown at 28�C for an additional 24-36 h shaking at 95 rpm. The 

cultures were harvested by centrifugation at 4500 rpm and the pellet was stored at -

20�C until purification of the protein. The cell pellet was disrupted by sonication and 

the soluble His6-tagged CYP109D1 was purified by immobilized metal ion affinity 

chromatography (IMAC) using TALONTM (Clontech) resin. Purification was carried 

out following the manufacturer’s instructions. Fractions containing the heterologously 

expressed protein were collected and concentrated for size exclusion 

chromatography, which was performed by using a Superdex 75 (GE Healthcare) 

column and 10 mM potassium phosphate buffer, pH 7.5, with a constant flow rate of 

0.1 ml min-1. Suitable fractions were collected, concentrated, and stored at -20°C. 

The active form of CYP109D1 was confirmed by CO-difference spectrum 

measurements (Omura and Sato, 1964). 

The mammalian truncated adrenodoxin Adx (4-108) (Uhlmann et al. 1994) and 

adrenodoxin reductase (AdR) were expressed and purified as described before 

(Sagara et al. 1993). 

 

UV-visible absorption spectroscopy 

UV-visible spectra for CYP109D1 were measured at room temperature on a 

double-beam spectrophotometer (UV-2101PC, SHIMADZU, Japan). CYP109D1 (5 

μM) in buffer A (10 mM potassium phosphate buffer, pH 7.5 containing 20% glycerol) 
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was used for the spectral measurements of the oxidized and reduced form. 

CYP109D1 was reduced by the addition of a small amount of sodium dithionite. The 

P450 was converted to its high-spin substrate bound form by the addition of 	- or �-

ionones, to a final concentration of 5 μM for both the substrates. 

The concentration of CYP109D1 was estimated using CO-difference spectra 

assuming 
(450-490) = 91 mM-1cm-1 according to the method as described before 

(Omura and Sato 1964). Briefly, the solution of P450 enzyme in 10 mM potassium 

phosphate buffer (pH 7.5) containing 20% glycerol was reduced with few grains of 

sodium dithionite. It was split into two cuvettes and a base line was recorded 

between 400 and 500 nm. The sample cuvette was bubbled gently with carbon 

monoxide for 1 min and a spectrum was recorded. 

 

Substrate-induced spin-state shift 

Spin-state shifts upon substrate binding were assayed at 25°C under aerobic 

conditions using an UV–visible scanning photometer (UV-2101PC, Shimadzu, Japan) 

equipped with two tandem quartz cuvettes (Hellma, Müllheim, Germany). One 

chamber of each cuvette contained 3 �M CYP109D1 in 800 μl of 10 mM potassium 

phosphate buffer, pH 7.5, whereas the second chamber contained buffer alone. The 

titration of the substrates (	- and �-ionone dissolved in DMSO) was done by adding 

small (< 2 �l) aliquots of an appropriate stock of the substrate into the P450 

containing chamber of the sample cuvette. An equal amount of the substrate was 

also added into the buffer containing chamber of the reference cuvette, and spectral 

changes between 360 and 500 nm were recorded. After being saturated with the 

substrate, the substrate dissociation constant (KD) for CYP109D1 with the substrate 

was calculated by fitting the peak-to-trough difference against substrate 

concentration to a non linear tight binding quadratic equation (Williams and Morrison 

1979), which accounts the quantity of the substrate consumed in complex with the 

P450 in determining the KD value for the substrate. The relevant equation (Eqn. 2) is: 

 

�� � �
���� 	�
�� 
���� 
������� 

�� 
���� 
� ����

� ����� 	� ��� �	 ����� ��

�����
����������� � 

 

�A represents the observed peak peak-to-trough absorbance difference at each 

substrate addition, Amax is the maximum absorbance difference at substrate 
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saturation, [E] is the total enzyme (CYP109D1) concentration and [S] is the substrate 

concentration. The data fitting was performed using Origin 8.1 software. All titrations 

were done for three times and the KD values reported are the mean for the three sets 

of the experimental data.  

In vitro assay  

An in vitro conversion of the norisoprenoids (	- and �-ionone) with the 

reconstituted heterologous electron partners, Adx and AdR, was done with 

CYP109D1 to investigate the functional properties of the enzyme. The reactions were 

performed in a final volume of 0.5 ml consisting of 10 mM potassium phosphate 

buffer, pH 7.4 containing 20% glycerol, 200 �M substrate and a NADPH-regenerating 

system consisting of glucose-6-phosphate (5 mM), glucose-6-phosphate 

dehydrogenase (1 unit) and magnesium chloride (1 mM). Reconstitution with the 

redox partners Adx and AdR was performed according to the ratio of 

CYP109D1:Adx:AdR of 1:10:1 (1 �M : 10 �M : 1 �M). The reaction was started with 

an addition of NADPH (500 �M) and the mixture was incubated for 30 min in a 

thermomixture (Thermomixture, eppendorf). The reaction was stopped and extracted 

twice with an equal volume of ethyl acetate. The organic phases were pooled and the 

volume was reduced to 200 μl with a flow of nitrogen gas. The samples were run on 

either thin layer Silica Gel 60 F254 plates and/or directly analyzed using gas 

chromatography coupled with mass spectrometry or HPLC as mentioned below. 

 

Thin layer chromatography (TLC) 

Thin layer chromatography (TLC) was used to monitor the conversion of 	- and 

�-ionone. Samples were spotted onto TLC aluminum sheets (5 x 10 cm2, silica gel 

layer thickness, 0.2 mm; Silica Gel 60 F254; Merck), and the plates were developed 

in a solvent tank containing n-hexane : ethyl acetate (3 : 2). Products were visualized 

firstly with UV light at 254 nm and then confirmed by spraying with a vanillin solution 

(2.5% (w/v) in ethanol:sulfuric acid (H2SO4) (95:5) and subsequent heating at 110�C 

for 2 min. 
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Gas chromatography coupled with mass spectrometry (GC/MS) analysis 

GC/MS was performed on a Shimadzu GC/MS QP2010 (Kyoto, Japan) equipped 

with an FS Supreme-5 column (0.25 mm x 30 m, 0.25 �m, CS-Chromatography 

Service, Langerwehe, Germany). Helium was used as a carrier gas with a total flow 

rate of 6.8 ml min-1 (column flow was 0.63 ml min-1). The following program was used 

for the analysis of �- and �-ionone, and their products. The column temperature was 

controlled at 150°C for 1 min. The temperature was then raised to 250°C at 20°C 

min-1. It was kept at 250°C for 5 min. The temperatures of injector and the interface 

were fixed at 250°C and 1 μl of a sample was injected with a split of 5. 

The Kovats retention indices for the products of 	- and �-ionone were calculated 

from a homologue of the standard straight-chain alkanes (C8-C20), which was within 

the linear temperature programming area of the ionone conversion. The retention 

indices (RI) for the temperature programmed chromatography were calculated by 

equation 3: 

 

��
 !� � �
�"
 !� ���"
#�

�"
$� ���"
#�
�	 
%&&� 	 '� 
�
%&&� 	 (���������������� ) 

 

(TC) is the name of the target compound, (n) is the smaller alkane directly eluting 

before (TC), (N)’ is the larger alkane directly eluting after (TC), Z is the difference of 

the number of carbon atoms in the smaller and larger alkane, RT is the retention time 

and RI is the retention index (Kovats 1958).  

 

Isolation of 3-hydroxy-	-ionone from the reaction mixture 

For the identification of the product of 	-ionone oxidation, the in vitro reaction 

described above was scaled up 120 times. The organic phase was dried using 

vacuum conditions. The obtained product was completely dissolved in a mixture of n-

hexane : ethyl acetate (3 : 2) and purified on a 150 ml silica gel column. The 

complete separation of remaining 	-ionone and the product was monitored by TLC. 

The purified product fractions were pooled and dried in a rotary vacuum device 

(SpeedVac Concentrator 5301, Eppendorf). From the residue, 10 mg were used for 

NMR analysis (1H and 13C NMR) (Advance 500, Bruker Biospin GmbH, Rheinstetten, 

Germany).  
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Kinetic analysis of 	- and �-ionone conversion 

For the estimation of the kinetic constants, increasing concentrations of the 

ionones (0-150 μM) with fixed concentrations of CYP109D1 (1 μM), Adx (10 μM) and 

AdR (1 μM) were used. All other components and methods for the assay were as 

described above.  

After evaporation of the organic (ethyl acetate) phase, the substrates (	- and �-

ionone) were resuspended in acetonitrile:water (40:60) and separated on a Jasco 

reversed phase HPLC system (Tokyo, Japan) composed of an auto sampler AS-

2050 plus, pump PU-2080, gradient mixer LG-2080-02 and an UV-detector UV-2075. 

A reversed phase column (Nucleodur R100-5 C18ec, particle size 3 �m, length 125 

mm and internal diameter 4 mm, Macherey-Nagel) was used to separate the 

substrates and the products. The substrates were monitored at 240 nm and the 

column temperature was kept constant at 25°C with a peltier oven. The mobile phase 

was a mixture of acetonitirile : water (40 : 60) for both the substrates at a flow of 

1 ml min-1. 10 �l of the samples were injected for analysis. The peaks were identified 

by using the ChromPass software (V.1.7.403.1, Jasco).  

Vmax and Km values were determined by plotting the product formation rate 

versus the corresponding substrate concentration using a hyperbolic fit (Michaelis-

Menten kinetics) applying SIGMAPLOT (Systat Software, San Jose, CA, USA). 

 

Computational methods 

P450eryF (CYP107A1) from Saccharopolyspora erythreae (accession code 

Q00441) shows a sequence identity of 31.6% to CYP109D1 of Sorangium cellulosum 

So ce56. The corresponding crystallographic structure (pdb entry 1Z8P) was chosen 

as structural template. The alignment generated with CLUSTALW (version 2) (Larkin 

et al. 2007) was used as input for SWISS-MODEL (Arnold et al. 2007; Schwede et al. 

2003; Guex and Peitsch 1997). The coordinates of the heme-porphyrin atoms from 

the template structure were added subsequently to the obtained homology model. 

The vicinity around the porphyrin was structurally relaxed by force field optimization 

using the AMBER3 set of parameters as implemented in HYPERCHEM version 6.02. 

The carboxylate groups of the heme form ionic hydrogen-bonds with the side chains 

of Arg293, Arg104, His100, and His349 in CYP109D1. Compounds for docking were 

generated manually and energetically optimized using the MM+ force field as 

implemented in HYPERCHEM. AUTODOCK (version 4.00) was applied for docking 
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of 	- and �-ionone into the homology model of CYP109D1 (Huey et al. 2007; Morris 

et al. 2007). The Windows version 1.5.2 of Autodock Tools was used to compute 

Gasteiger-Marsili charges for the enzyme and the ligands (Sanner 1999). A partial 

charge of +0.400 e was assigned manually to the heme-iron, which corresponds to 

Fe(II), that was compensated by adjusting the partial charges of the ligating nitrogen 

atoms to –0.348 e. Flexible bonds of the ligands were assigned automatically and 

verified by manual inspection. A cubic grid box (50 x 50 x 50 points with a grid 

spacing of 0.375 Å) was centered above the heme-iron at the putative position of the 

ferryl oxygen. For each of the ligands 100 docking runs were carried out applying the 

Lamarckian genetic algorithm using default parameter settings, except for the 

mutation rate that was increased to 0.05. 

 

2.2.3.4. Results 

Expression and purification of recombinant CYP109D1 

CYP109D1 from Sorangium cellulosum So ce56 was first expressed in E. coli 

BL21 using the bacterial expression vector pCWori+. However, the expression level 

determined by CO-difference spectral assay was only 205 nmol l-1 E. coli culture. 

Therefore, the CYP109D1-encoding gene was cloned in pET17b. Coexpression of 

pET17b_CYP109D1 was carried out with the molecular chaperones GroES/GroEL. A 

four-fold increase in the expression level of CYP109D1 up to 900 nmol l-1 of soluble 

enzyme was obtained. The CO-difference spectrum demonstrated a peak maximum 

at 450 nm. 

 

Spectrophotometric characterization 

UV-visible absorption spectroscopy provides the primary technique for the 

characterization of P450 enzymes. The oxidized form of substrate free CYP109D1 of 

So ce56 demonstrated a large component high spin heme iron with a major Soret (�) 

band at 417 nm and the smaller 	 and � bands at 570 nm and 540 nm, respectively 

(Figure 2-11). It was observed that the Soret band of CYP109D1 was split between 

low spin and high spin components with a Soret maximum at 417 nm. A similar 

spectrum was also obtained with the mutant A233G of CYP121 from Mycobacterium 

tuberculosis (McLean et al. 2008). 
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were 0.250 �M - 250 �M. Arrows represent the direction of the peak on increasing substrate 

concentrations. The lines in solid black, long dashed, medium dashed, short dashed, dotted, dashed 

with single dot, dashed with double dots, solid grey, long dashed grey, short dashed grey and dotted 

grey represent substrate concentrations of 0.250, 1, 2, 4, 8, 14, 26, 50, 100, 220 and 250 μM, 

respectively. The inset shows absorbance changes plotted against the respective concentrations of 	-

ionone (a) and �-ionone (b) used for the titration of CYP109D1. The points of each titrations were 

fitted to the quadratic equation cited in the Method section and the values for KD for 	-ionone and �-

ionone were calculated to be 6.22 
 0.39 μM and 6.76 
 0.84 μM, respectively, with a regression 

coefficient (R) of 0.99 and 0.96, respectively. 

 

Binding of the substrates 	- and �-ionone to CYP109D1 induced a shift in the 

equilibrium of the heme iron spin towards the high spin form leading to changes in 

the Soret region (type I spectrum) which is characterized by a peak at ~390 and a 

trough at ~427 nm (Figure 2-12). Titration of the enzyme with 	- and �-ionone 

revealed KD values of 6.22 
 0.39 μM (Figure 2-12a) and 6.76 
 0.84 μM (Figure 

2-12b), respectively. Both the ionones showed tight binding with CYP109D1 with 

almost similar KD values.  

 

Conversion of �-ionone 

In general, cytochrome P450 monooxygenases require electron transfer partners 

for activity (Bernhardt 2006; Hannemann et al. 2007). Therefore, the heterologous 

redox partners adrenodoxin (Adx) and adrenodoxin reductase (AdR), which have 

been used already to successfully reconstitute the activity of other bacterial P450s, 

namely CYP106A2 and CYP109B1 (Virus and Bernhardt 2008; Lisurek et al. 2008; 

Hannemann et al. 2006; Girhard et al. 2010), were added to our system. GC/MS 

analyses demonstrated that CYP109D1 was able to convert �-ionone into a single 

product. The product was obtained at a retention time of 6.88 min (Figure 2-13). The 

retention index (RI), the retention time normalized to the adjacently eluting n-alkanes, 

for the product was calculated in reference with the obtained alkane pattern 

(supplementary material, Figure 2-17a). The calculated RI for the product of �-ionone 

was 1645 (supplementary material, Figure 2-17b). A similarity search of its mass 

spectrum within the NIST arbitrary library did not lead to an unambiguous 

identification of the product. Therefore, we purified and characterized this product. 
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analyzed by HPLC as described in Method section. Bars on each point represent the standard 

deviation of three individual experiments. Different concentrations of 	- and �-ionone (0-150 μM) were 

used as substrates. Hyperbolic fits of the 3-hydroxy-	-ionone product of 	-ionone (a) and the 4-

hydroxy-�-ionone product of �-ionone (b) are shown. 

 

After the functionality of the enzyme was demonstrated by performing 

CYP109D1-dependent substrate conversion assays using 	- and �-ionone as 

substrates, HPLC analysis was done for the kinetic analyses. The kinetic studies 

were done in reconstituted enzymatic systems employing the heterologous redox 

partners Adx and AdR as electron transfer partners. CYP109D1 hydroxylated 	-

ionone to 3-hydroxy-	-ionone with a Vmax value of 0.048 
 0.003 nmol product per 

nmol CYP109D1 per min and a Km value of 12.12 
 3.42 μM (R = 0.99) (Figure 

2-15a). �-ionone was hydroxylated to gain 4-hydroxy-�-ionone with a Vmax of 0.049 
 

0.003 nmol product per nmol CYP109D1 per min and a Km of 12.44 
 3.50 μM (R = 

0.99) (Figure 2-15b). The comparison of the Vmax values for 3-hydroxy-	-ionone and 

4-hydroxy-�-ionone formation from the substrates, 	- and �-ionone, respectively, by 

CYP109D1 showed a similar rate of product formation.  

 

Homology modeling and docking of CYP109D1 with 	- and �-ionone. 

The crystal structure of CYP109D1 has not been solved so far. Therefore, 

computer modeling of CYP109D1 and its complexes with 	- and �-ionone was 

performed to get more insight into the structural basis for the regio-specific 

hydroxylation of these substrates. CYP109D1 from So ce56 has the highest amino 

acid identity (31.6%) with P450eryF (CYP107A1) from Saccharopolyspora erythreae 

among the known crystal structures of bacterial cytochrome P450s deposited in the 

protein data bank (PDB). The alignment is shown in the supplementary material 

(Figure 2-18). The corresponding crystallographic structure (pdb entry 1Z8P) was 

chosen as structural template (see method sections for details). The carboxylate 

groups of the heme-moiety form ionic hydrogen-bonds with the side chains of 

Arg293, Arg104, His100, and His349. Both the R- and S-isomer of 	-ionone were 

found in binding positions that have the 3-position in suitable arrangement for 

hydroxylation (Figure 2-16).  
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discover new biologically active terpenoids with even higher market value. However, 

the selective oxy-functionalization of terpenes and oxidation of the resulting alcohols 

to the corresponding carbonyls are still challenging to organic chemistry due to low 

specificities and the need of hazardous and expensive catalysts and reactants (Duetz 

et al. 2003; Lochynski et al. 2002). 

An increasingly attractive alternative to both, chemical synthesis and 

conventional isolation methods is the enzymatic or microbial production of terpene 

and terpenoid derivatives from natural raw material, which has been the target of 

intensive research activities during the past decades (Buehler and Schmidt 2004). 

Nowadays, biocatalysis offers promising synthetic alternatives due to the huge 

natural diversity of oxygenating and oxidizing enzymes acting as highly regio- and 

stereo-selective catalysts. The great majority of these reactions, including some 

terpene oxidations, were conducted with whole cells expressing cytochrome P450 

monooxygenases which, however, resulted in rather low productivities and the 

formation of by-products (de Carvalho and da Fonseca 2006; Duetz et al. 2001). 

Although P450s usually show low activity, instability and dependence on redox 

partners as well as the costly cofactors NAD(P)H, these enzymes still possess a 

great technical potential because of their high regio- and stereo-selectivity (Duetz et 

al. 2003; Bernhardt 2006; Urlacher and Smith 2002). 

Within this study we cloned and expressed the cytochrome P450 

monooxygenase CYP109D1 from Sorangium cellulosum So ce56 which is able to 

perform the conversion of norisoprenoids in a reconstituted system with Adx and AdR 

as redox partners. Though there are 8 ferredoxins and 3 ferredoxin reductases 

available in So ce56 (Ewen et al. 2009), only two of the ferredoxins (Fdx2 and Fdx8) 

in combination with one reductase (FdR_B) were able to sustain the activity of 

CYP109D1-dependent conversion of fatty acids, however, the efficiency of the 

conversion with heterologous redox partners, Adx and AdR, was much higher than 

that with the native redox partners (Khatri et al. unpublished data). Furthermore, we 

have also shown that the conversion of myristic acid by CYP109B1 from Bacillus 

subtilis, the other member of the CYP109 family, was also more efficient with Adx 

and AdR compared with other redox partners (Girhard et al. 2010). Therefore, the 

heterologous redox partners, Adx and AdR, were used as redox partners for the 

conversion of 	- and �-ionone. CYP109D1 catalyzed the selective hydroxylation of �- 

and �-ionone, which are valuable fragrance constituents. We were able to show that 



2.2  CYP109B1 from Bacillus subtilis and CYP109D1 from Sorangium cellulosum   |  91 

 

CYP109D1 can convert �-ionone exclusively into 3-hydroxy-�-ionone, which was 

confirmed by 1H and 13C NMR. We further demonstrated that CYP109D1 converted 

�-ionone exclusively into 4-hydroxy-�-ionone. This was confirmed by the comparison 

to an authentic standard (Urlacher et al. 2006; Haag et al, 1980). The bioconversion 

of �-ionone and �-ionone to their corresponding mono-hydroxylated derivatives has 

also been examined before using a recombinant Escherichia coli whole cell system 

expressing cytochrome P450 SU1 and SU2, or P450 SOY (Celik et al. 2005). 

However, in this case the hydroxylation was shown to be non-specific revealing 

several side products. Likewise, P450BM3 of Bacillus megaterium also showed 

conversion of �-ionone into mixtures of different hydroxylated and/or epoxidated 

products (Carmichael and Wong 2001). Even the triple P450BM3 mutant (F78Q 

L188Q A74G) produced a mixture of different hydroxylated products from�	-ionone 

(Appel et al. 2001). Along with this, the P450BM3 mutant F87V also produced four 

products from�	-ionone (Urlacher et al. 2006). Therefore, it is of special interest that 

CYP109D1, despite being a non-improved wild type enzyme, was able to give a 

single hydroxylated product (3-hydroxy-	-ionone) from�	-ionone. The hydroxylation 

of �-ionone into 4-hydroxy-�-ionone as described here was also published for the 

wild type of P450BM3 and its improved mutants (e.g. A74E F87V P386S) (Urlacher et 

al. 2006). The chemical basis for the regio-selectivity of hydroxylation of 	-ionone 

and its regioisomer �-ionone by CYP109D1 and other P450s is not completely 

understood, but the stereo chemistry implies that the electronic activation of the 

allylic carbon at C-4 by the C-5=C-6 double bond governs the regio-selectivity of �-

ionone hydroxylation, whereas in the isomeric �-ionone, C-3 in allylic position to the 

double bond at C-4=C-5 is also most susceptible to an oxidative attack by 

CYP109D1 and other P450s.  

To further elucidate the structural basis for the regio-selectivity of the CYP109D1-

catalyzed hydroxylation, we performed docking studies using a homology model of 

CYP109D1. According to the computed interaction energies, both the 	- and �-

ionone should bind in the range of micro-molar affinity (with respect to the uncertainty 

of the underlying scoring function). The obtained docking positions showed both 

ionones in corresponding orientations enabling the experimentally observed regio-

selective hydroxylation (Figure 2-16). Other binding positions that would allow 

alternative hydroxylation in the 4-position of 	-ionone (both R- and S-isomer) were 
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not found. Likewise, no plausible docking positions allowing the hydroxylation in the 

3-position of �-ionone were obtained.  

In summary, our results demonstrate that CYP109D1 acts as a highly 

regioselective hydroxylase for the oxidation of norisoprenoids, 	- and �-ionone. Thus, 

CYP109D1 could be a potential candidate for the selective oxidation of terpenes and 

terpenoids, which can generate valuable compounds for flavor and fragrance 

industries. A similar whole-cell system as created for CYP106A2 coexpressing the 

P450 as well as the redox partners Adx and AdR (Hannemann et al. 2006), could be 

used for the bioconversion of terpenes and terpenoids with potential biotechnological 

applications. 
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2.2.3.8. Supplementary Material 

 

Figure 2-17: (a) GC diagram of alkane pattern. Standard n-alkane mixture was measured as 

described in the ‘Methods’ and the corresponding alkane peaks (C13 - C20) are shown. (b) The 

overlay of GC chromatogram of 	-ionone conversion (solid line) and n-alkane (dotted line). (c) GC 

diagram of �-ionone conversion (solid line) and n-alkane (dotted line). The required parameters of the 

adjacent n-alkanes (n-hexadecane and n-heptadecane) of the product peak (	- or �-ionone) were 

used to calculate the RI value as described in the ‘Methods’. 
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2.3. CYP152A2 from Clostridium acetobutylicum 
 

2.3.1. Manuscript: Cytochrome P450 monooxygenase from 
Clostridium acetobutylicum: A new �-fatty acid hydroxylase 

 

 

 

Material from this chapter appears in: 

Marco Girharda, Stefanie Schusterb, Matthias Dietricha, Peter Dürreb and Vlada B. 

Urlachera, 2007, Cytochrome P450 monooxygenase from Clostridium 

acetobutylicum: A new �-fatty acid hydroxylase, Biochemical and Biophysical 

Research Communications, 362(1):114-119. 
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2.3.2. Manuscript: Expression, purification and characterization of 
two Clostridium acetobutylicum flavodoxins: Potential electron 
transfer partners for CYP152A2 
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2.3.2.1. Supplementary Material 

 

 

Figure 2-19 (supplementary material, Fig. S1): Mass spectra of trimethylsiloxyl (TMS) esters 

identified as �-hydroxy myristic acid (A) and �-hydroxy myristic acid (B). The common fragment ion at 

m/z = 73 results from the cleavage of the TMS ester group. The fragment ion at m/z = 147, which is 

characteristic of polysylated compounds, involves the loss of a methyl radical from one silyl group and 

its interaction with another TMS ester group. The fragment ions at m/z = 233, 257 and 271 represent 

typical fragmentations indicated in the corresponding structures. 
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Figure 2-20 (supplementary material, Fig. S2): Spectral properties of oxidized CacFld1 (solid line) 

and oxidized CacFld2 (dashed-dotted line). 
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3. Discussion and Outlook 

3.1. Cytochrome P450 monooxygenases for biocatalysis 

3.1.1. Screening, protein expression and purification 

Within this study a screening for new cytochrome P450 monooxygenases 

capable of producing fine chemicals like flavors and fragrances was carried out [140]. 

A recombinant E. coli library expressing 242 bacterial and fungal P450s that cover 89 

families and 149 subfamilies was utilized [141]. Twenty doubtless hits were 

recognized that demonstrated activity against at least one of four substrates tested, 

namely geraniol, nerol, �-pinene and (+)-valencene (M. Girhard, unpublished data). 

Compared to the size of the library, however, the number of hits was lower than 

expected, since for example in a screening for oxidation of the steroid testosterone 

utilizing this library 35 hits could be recognized [142]. Only two P450s were identified 

capable of (+)-valencene oxidation: P450MoxA (CYP105) from Nonomuraea 

recticatena [143] and CYP109B1 from B. subtilis, but only CYP109B1 demonstrated 

the desired selectivity for allylic oxidation [140]. 

The second P450 of interest – CYP152A2 from C. acetobutylicum [144] – was 

chosen for two reasons: (i) it is the only known P450 found in an anaerobe bacterium 

and (ii) from the C. acetobutylicum genome sequencing project CYP152A2 was 

predicted to belong to the group of natural peroxygenases [145]. These P450s are 

interesting for biocatalysis, because they do not necessarily relay on external redox 

partners. For P450Bs� (CYP152A1) – a peroxygenase from B. subtilis with 57% amino 

acid identity to CYP152A2 [146] – it was even stated that it is unable to except 

electrons via redox proteins [147]. Instead H2O2 is utilized for catalysis via the 

“peroxide shunt” [69]. Both, CYP152A2 and P450Bs� show a unique substrate-

enzyme interaction for oxidation of saturated fatty acids at the �- or �-carbon atom. A 

conserved arginine residue close to the heme iron at the distal side of the heme 

molecule (Arg242 in P450Bs�) can interact with the carboxylic group of the substrate, 

which determines the regioselectivity [147]. CYP152A2 could therefore represent a 

very useful biocatalyst for production of �- and �-hydroxylated fatty acids. Further, 

since it was shown within this study that CYP152A2 does not only function as 

peroxygenase, but can also act as monooxygenase accepting electrons from several 
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redox proteins, this enzyme represents an interesting model P450 for detailed 

investigations on activity reconstitution. 

CYP109B1 and CYP152A2 were cloned, expressed in E. coli and purified. pET-

28a(+) expression vectors allowing high levels of protein expression in combination 

with E. coli strain BL21(DE3) were utilized for expression of both P450s. Expression 

levels of up to 120 mg l-1 for CYP109B1 and 21 mg l-1 for CYP152A2 were reached, 

which were purified by immobilized metal affinity chromatography (IMAC) to ~ 90-

95% purity. 

 

3.1.2. Substrate and product spectra 

Binding and oxidation of various chemically different substances by CYP109B1 

and CYP152A2 was investigated [144, 148]. The products of substrate oxidation 

were identified by means of gas chromatography coupled with mass spectrometry 

(GC/MS). 

 

3.1.2.1. Substrate and product spectrum of CYP109B1 

CYP109B1 turned out to be a versatile monooxygenase accepting a broad range 

of chemically different substrates. Generally, “linear” molecules (saturated fatty acids 

and their methyl- and ethylesthers, unsaturated fatty acids, or n-alcohols) were 

oxidized unselectively resulting in more than three products, if saturated fatty acids 

and primary n-alcohols were oxidized, and even more than 10 products (most of 

which could not be identified) in the case of unsaturated fatty acids. Interestingly, 

though the oxidation proceeds unselectively, there is a slight preference for oxidation 

of carbon atoms C11 and C12 counted from the carboxylic group of (saturated) fatty 

acids. Such regioselectivity is unusual for fatty acid hydroxylating monooxygenases. 

The best examined enzyme in this respect is the self-sufficient monooxygenase 

CYP102A1 (P450BM3) from B. megaterium [149]. The wildtype enzyme shows 

exclusive hydroxylation of the carbon atoms �-1, �-2 and �-3 preferring the �-2 

position [78]. Binding of fatty acids by CYP102A1 is arranged in a way that the 

carboxylic group is stabilized by amino acids at the entrance of the substrate channel 

(e.g. Arg47), with the hydrophobic alkyl chain pointing towards the heme. It is possible 

that fatty acid binding by CYP109B1 proceeds in a way that the carboxylic group is 
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anchored in a fixed distance from the heme resulting in the described preference for 

positions C11 and C12. 

Remarkably, CYP109B1 shows high regioselectivity of oxidation at allylic carbon 

atoms of the cyclic sesquiterpene (+)-valencene and the norisoprenoids �- and �-

ionone. In the case of (+)-valencene 65% (of the total products) of the desired allylic 

products nootkatol and (+)-nootkatone were received. The regioselectivity for �- and 

�-ionone was even 100% resulting in 3-hydroxy-�-ionone and 4-hydroxy-�-ionone 

exclusively. 4-hydroxy-�-ionone is an important intermediate for the synthesis of 

carotenoids (widely used as dietary supplement or as food coloring [150-151]) and 

also of deoxyabscisic acid, a synthetic analogue of the phytohormone abscisic acid 

(used as insect repellant [152]). In summary, CYP109B1 seems to be an attractive 

candidate for selective oxidation of terpenes, generating valuable compounds for 

flavor and fragrance industries. 

CYP109D1 from S. cellulosum belonging to the same P450 family (CYP109) 

demonstrated identical regioselectivity and product specificity for ionone oxidation 

[153]. A sequence alignment using BLASTP 2.2.24 software [154] showed that the 

amino acid sequence of CYP109D1 has a similarity of 54% to CYP109B1, which is 

only 1% below the requirement for P450s belonging to the same subfamily (55%, see 

chapter 1.2.1). Since CYP109D1 is also capable of oxidizing saturated fatty acids 

(Y. Kathri and M. Girhard, personal communication and unpublished data), it is likely 

that this enzyme has a substrate spectrum similar to CYP109B1 and hence 

CYP109D1 represents another attractive biocatalyst with potential for 

biotechnological application. 

The reason for the high regioselectivity of allylic oxidations by CYP109B1 and 

CYP109D1 is unclear at present, but might be caused by electronic activation of the 

secondary allylic carbon atoms: In the case of �-ionone, the carbon atom C3 next to 

the double bond between C4=C5 is most susceptible to an oxidative attack, while for 

�-ionone this holds true for C4 next to the C5=C6 double bond. 100% regioselectivity 

for �-ionone oxidation has to the best knowledge so far been described for mutated 

variants of P450BM3 only, for example the triple-mutant A74E F87V P368S [155], but 

never for the wildtype enzyme or any other P450. Further, since a racemic mixture of 

�-ionone (6S- and 6R-�-ionone) was employed and conversion by CYP109B1 was 

higher than 50%, obviously both enantiomers were accepted as substrates. The non-

enantioselective hydroxylation of racemic �-ionone at carbon atom C3 should result 



3.1  Cytochrome P450 monooxygenases for biocatalysis   |  121 

 

in a mixture of four diastereoisomers and consequently two isomers would be 

detected by achiral GC analysis (while four products would be detected by chiral 

analysis) [156]. The observed single peak observed during achiral GC analysis 

therefore might indicate that hydroxylation at C3 by CYP109B1 proceeds 

enantioselective, which would lead either to the 3S,6S- and 3R,6R-�-ionone 

enantiomers, or the 3R,6S- and 3S,6R-�-ionone enantiomers. No further work was 

carried out within this study to determine the exact R- and S-configurations of the 

products. 

 

3.1.2.2. Substrate and product spectrum of CYP152A2 

In contrast to the broad substrate spectra of CYP109 enzymes, the substrate 

spectrum of CYP152A2 seems to be limited to fatty acids and is therefore rather 

narrow. The regioselectivity for the oxidation of fatty acids, in contrast, is high leading 

to �- and �-hydroxylated products exclusively (with preference for the �-position). 

Such products can for example be utilized as precursors for synthesis of antibiotic 

compounds like surfactin [157-158]. Interestingly, a recent publication on P450Bs� 

(CYP152A1, which was also examined in the course of CYP152A2-characterization) 

describes that the substrate spectrum of this enzyme could be extended towards 

cyclic substrates by applying a so-called “decoy-molecule”, namely an alkyl-chain 

carboxylic acid shorter than ten carbon-atoms long [159]. P450Bs� does not show 

catalytic activity towards such carboxylic acids, but their addition and binding in the 

substrate binding pocket allows the P450 enantioselective epoxidation of styrene, 

hydroxylation of ethylbenzene and oxidation of guaiacol. The reason for these novel 

activities was clarified by resolving the crystal structure of the decoy-molecule-bound 

form indicating that the carboxylic group of the decoy-molecule serves as general 

acid-base catalyst and that the role of the acid-base function is satisfied by the 

carboxylic group of these molecules [146]. Since CYP152A2 does also not show 

activity towards carboxylic acids shorter than ten carbon-atoms, a similar effect might 

be expected for application of decoy-molecules with CYP152A2 leading to new 

exciting perspectives for this biocatalyst. 

Since wildtype enzymes were employed in all experiments described, the activity 

of the utilized P450s towards the described substrates (which is rather low at 

present) might be enhanced by several methods of protein design, like random 

mutagenesis or rational design. Numerous examples exist in literature and have 
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been summarized in various reviews, where the activities and/or regioselectivities of 

P450s were improved dramatically by such means [160-164]. 

 

3.1.3. Activity reconstitution 

The overall performance of a P450 catalyzed reaction does not only depend on 

the activity towards the substrate of interest of the P450 itself, but is dependent on a 

variety of other factors as well. One of the most important bottlenecks for biocatalysis 

with P450s is represented by electron transfer to the heme group via external redox 

partners, which is often considered as a rate limiting step, especially if non-

physiological redox proteins are used to reconstitute the oxidizing activity [138, 165-

166]. Inefficient electron transfer leads to uncoupling reactions meaning that the 

consumption of NAD(P)H proceeds without substrate oxidation. Hydrogen peroxide is 

formed under these conditions, which can lead to enzyme inactivation. This 

phenomenon was also observed within this study for CYP152A2, if high 

concentrations of hydrogen peroxide were used being necessary for efficient catalytic 

turnover rates. 

Due to the observed high extend of uncoupling between non-physiological redox 

proteins, a search for possible physiological redox partners for CYP109B1 and 

CYP152A2 has become an important task within this study [148, 167]. Since the 

flavodoxins YkuN and YkuP from B. subtilis have already been described in literature 

to support activity of P450BioI (see chapter 1.3.2.3) [108], they were chosen as 

candidates for activity reconstitution of CYP109B1. Unfortunately a suitable 

candidate reductase from B. subtilis was not found when the complete annotated 

genome sequence of strain 168 [168] was analyzed. When searching the genome 

sequence of C. acetobutylicum ATCC 824 [145] for candidate redox partners for 

CYP152A2, however, a potential reductase annotated as “NADH-dependent flavine 

oxidoreductase” (GenBank CAC0196) could be identified. The gene was cloned, but 

the enzyme repeatedly failed to be expressed in functional form in E. coli. Therefore, 

flavodoxin reductase from E. coli (FdR, see chapter 1.3.2.1) was used to support 

both P450s. 

For CYP109B1 none of the reconstituted redox systems employed reached 

100% coupling between NAD(P)H consumption and substrate oxidation, which was 

obviously due to the fact that non-physiological redox partners had to be used. This 
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hypothesis is supported by results gained for CYP152A2 demonstrating that highest 

hydrogen peroxide formation occurs between the redox proteins FdR from E. coli and 

the flavodoxin CacFld1 from C. acetobutylicum.  

Interestingly, bovine truncated AdR and Adx were demonstrated to be efficient 

electron donors for CYP109B1 and CYP109D1, which has further been reported in 

literature for another bacterial P450, namely CYP106A2 from B. megaterium [169-

170]. This is somehow surprising, since for example Pdx is not able to efficiently 

support the activity of CYP111 from P. putida [171], whereas P450cam (CYP101) from 

the same organism seems to function with Pdx exclusively [128]. Such behavior is 

unpredictable, and the explanation thereof is unclear at present and requires further 

detailed investigations. 
Future investigations on electron transport systems for CYP109B1 and 

CYP152A2 should focus on the implementation of physiological reductases, which 

will possibly result in a reduction of uncoupling and consequently lead to higher P450 

activities. This was demonstrated for example for CYP175A1 from the thermophilic 

bacterium Thermus thermophilus HB27, where the oxidation of the natural substrate 

�-carotene to �-cryptoxanthin could be enhanced 80-fold from 0.23 nmol (nmol 

P450)-1 min-1 with artificial PdR-Pdx [138] to 18.3 nmol (nmol P450)-1 min-1 by 

identification and application of a complete physiological electron transfer chain 

[172]. Further, ferredoxins like the [4S-4Fe] ferredoxin from B. subtilis [109] or other 

flavodoxins from both organisms could be tested for their ability to support activity of 

CYP109B1 and CYP152A2, respectively. 

 

3.2. Whole-cell biocatalysis 
CYP109B1 is capable of (+)-valencene oxidation to yield nootkatol, which can be 

further oxidized to the high-priced flavoring (+)-nootkatone (see chapter 2.2.2) [16]. A 

whole-cell process with recombinant E. coli strain BL21(DE3) expressing CYP109B1 

together with PdR and Pdx (localized on a single plasmid) was developed [140]. 

Protein expression was under control of the T7-promoter working essentially as 

described in chapter 3.1.1, except that a protein-tag was not included, since protein 

purification was not necessary in this case. 

When the biotransformation was carried out in an aqueous phase, nootkatol and 

(+)-nootkatone accounted for 65% of the total products. The other 35% of the total 
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products were undesired byproducts arising from overoxidation of the 

monooxygenated products by CYP109B1. In order to protect the primary oxidation 

products from overoxidation, aqueous-organic two-liquid-phase systems with water 

immiscible organic solvents (n-octane, isooctane, dodecane, hexadecane) were set 

up and analyzed in terms of biocompatibility, substrate and product distribution, and 

volumetric productivities. The best result was achieved with a system comprising 

10% dodecane. This solvent was benign for E. coli and demonstrated suitable 

partitioning of the substrate and the monooxygenated products. Under optimized 

conditions, less than 7% of undesired multioxygenated products were received and 

up to 15 mg l-1 h-1 nootkatol and nootkatone could be produced. This amount is much 

higher than previously reported values achieved with plant cells (~ 250 mg l-1 within 

18 d for Chlorella fusca [173]; 600 mg l-1 within 20 d for Gynostemma pentaphyllum 

[174]) or non-recombinant bacteria (50 mg l-1 within 5 d for Rhodococcus spec. 

[175]), and comparable to recent data reported for lyophilized cells of the fungi 

Pleurotus sapidus (~ 13.5 mg l-1 h-1) [176]. 

The application of the developed two-phase system utilizing recombinant 

CYP109B1-expressing whole-cells therefore opens up new perspectives for 

biotechnological production of flavors and fragrances. 
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5. Appendix 
 

Appendix 1: List of abbreviations 
 
°C degree Celsius 

a year (anno) 

Å ångström 

Abs absorption 

AdR bovine adrenodoxin reductase 

Adx bovine adrenodoxin 

Amp ampicillin 

approx. approximately 

APS ammonium persulfate 

bp base pair(s) 

BMR CYP102A1-diflavin reductase domain 

B. subtilis Bacillus subtilis 

B. megaterium Bacillus megaterium 

BMP hemoproteins domain of P450BM3 

BMR reductase domain of P450BM3 

C. acetobutylicum Clostridium acetobutylicum 

C. braakii Citrobacter braakii 

C-terminal carboxy-terminal 

CYP cytochrome P450 monooxygenase 

d day 

Da dalton 

DMAPP dimethylallyl diphosphate 

DNA desoxyribonucleic acid 

E.C. enzyme class 

E. coli Escherichia coli 

e.g. for example 

FAD flavin adenine dinucleotide 

FdR E. coli flavodoxin reductase 

Fdx E. coli flavodoxin 

FMN flavin mononucleotide 

g gram 

h hour 
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HCl hydrochloric acid 

IPP isopentenyl diphosphate 

IPTG isopropylthio-�-D-galactoside 

Kan kanamycin 

kDa kilodalton 

M molar 

m milli 

mg milligram 

min minute 

ml millilitre 

mM millimolar 

mV millivolt 

μ micro 

n nano 

NAD(P)H �-nicotinamide adenine dinucleotide (phosphate) 

nm nanometre 

N-terminal amino-terminal 

OD600 optical density at 600 nm 

P. putida Pseudomonas putida 

P450 cytochrome P450 monooxygenase 

PCR Polymerase chain reaction 

PdR putidaredoxin reductase 

Pdx putidaredoxin 

SDS sodium dodecyl sulfate 

SDS-PAGE SDS-Polyacrylamid gelelectrophoresis 

sec second 

SRS substrate recognition site 

T temperature 

t time 

Tris Tris (hydroxymethyl) aminomethane 

U unit 

YkuN B. subtilis flavodoxin N 

YkuP B. subtilis flavodoxin P 
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Appendix 2: Table of amino acid abbreviations 
 

Table 5-1: Amino acid abbreviations 

Amino acid 3 Letter 1 Letter Amino acid 3 Letter 1 Letter 

Alanine Ala A Leucine Leu L 

Arginine Arg R Lysine Lys K 

Asparagine Asn N Methionine Met M 

Aspartic acid Asp D Phenylalanine Phe F 

Cysteine Cys C Proline Pro P 

Glutamic acid Glu E Serine Ser S 

Glutamine Gln Q Threonine Thr T 

Glycine Gly G Tryptophane Trp W 

Histidine His H Tyrosine Tyr Y 

Isoleucine Ile I Valine Val V 
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