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Abstract

Abstract:

Cytochromes P450 are highly versatile biocatalysts due to their ability to introduce molecular oxygen
into a non-activated C-H bond. In this work, nine P450 enzymes from Sorangium cellulosum So ce56
were investigated concerning their substrate range and catalytic biodiversity. Hence, terpenes,
terpenoids, carotenoid-derived aroma compounds, aromatic compounds and drugs were tested as
potential substrates for CYP109C1, CYP109C2, CYP109D1, CYP260A1l, CYP260B1, CYP264A1l,
CYP264B1, CYP267A1 and CYP267B1. Those systems showing a highly selective product pattern
towards a single product were chosen to be scaled up in an E. coli based whole-cell system for the
formation of sufficient amounts of products for structure elucidation via NMR spectroscopy. During
these studies, tricyclic psychotherapeutic drugs, ionones, damascones as well as terpenes and
terpenoids were identified as novel substrates for some the tested P450s and several of their
products were characterized. For the carotenoid-derived aroma compounds and sesquiterpenes,
novel products such as the hydoxylated derivatives of allyl-ionones and &-damascone or the
oxyfunctionalized derivatives of zerumbone and cedrenol were identified, whereas the conversion of
tricyclic drugs led to the same metabolites as those produced by human P450s. These results
demonstrate the high diversity towards the substrate range and reaction types performed by the

myxobacterial P450s and, therefore, their potential biotechnological applications.



Zusammenfassung

Zusammenfassung:

Cytochrome P450 sind vielseitig einsetzbare Biokatalysatoren, da sie molekularen Sauerstoff in eine
nicht aktivierte C-H Bindung einbauen kénnen. In dieser Arbeit wurden neun P450 Enzyme von
Sorangium cellulosum So ce56 bezlglich ihrer Substratspezifitat und katalytischen Vielfalt
untersucht. Aus diesem Grund wurden Terpene, Terpenoide, Norisoprenoide, aromatische Molekiile
und pharmazeutische Wirkstoffe als potentielle Substrate fiir CYP109C1, CYP109C2, CYP109D1,
CYP260A1, CYP260B1, CYP264A1, CYP264B1, CYP267A1 und CYP267B1 untersucht. Die Substrate,
deren Produktmuster eine hohe Selektivitat fur ein einzelnes Hauptprodukt zeigen, wurden mit Hilfe
eines Ganzzellsystems im groBen Mal3stab umgesetzt, um eine ausreichende Menge an Produkt fir
die NMR Analyse zu erhalten. Dabei wurden trizyklische Psychopharmaka, lonone, Damascone sowie
verschiedene Terpene und Terpenoide als neue Substrate fiir einige dieser P450s identifiziert. Fir die
Norisoprenoide und Sesquiterpene wurden die hydroxylierten 6-Damascon- und Allyl-ionon-Derivate
sowie die oxidierten Zerumbon- und Cedrenolderivative als neue Produkte identifiziert. Im Gegensatz
dazu wurden die trizyklischen Wirkstoffe zu den gleichen Metaboliten umgesetzt, die schon von den
humanen P450s bekannt sind. Diese Ergebnisse verdeutlichen die potentiellen biotechnologischen
Anwendungsgebiete der myxobakteriellen P450s aufgrund ihres groBen Substratspektrums sowie

ihrer katalytischen Vielfaltigkeit.
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1. Introduction

1.1 Cytochromes P450

1.1.1  Background and nomenclature

In 1958, Garfinkel and Klingenberg discovered red pigments out of rat and pig livers, respectively
(Garfinkel 1958; Klingenberg 1958). These pigments were named cytochrome P450 (P450) by
Omura and Sato in 1962 due to their characteristic absorption maximum at 450 nm in the
reduced and carbon monoxide bound form. In contrast, other hemo-proteins show a typical
absorption maximum at 420 nm (Omura and Sato 1962). P450s contain a Fe**-ion that is
coordinated by a protoporphyrin IX as well as water and cysteine as axial ligands, whereby
cysteine causes the specific absorption maximum at 450 nm. In 1963, Estabrook, Cooper and
Rosenthal discovered their enzymatic activity in the metabolism of steroids (Estabrook et al.
1963). One year later, Omura and Sato published the detailed spectroscopic properties as well as
the location of P450s in mitochondria of adrenal cortex (Omura and Sato 1964a; Omura and Sato
1964b). The electron transfer proteins adrenodoxin reductase and adrenodoxin as well as the
reconstitution of a NADPH-dependent steroid 11B-hydroxylase activity of a P450 were
discovered in 1966 (Omura et al. 1966). The first bacterial P450 was found in Rhizobium
bacteroids and, in contrast to the mammalian P450s, the Rhizobium P450 was soluble (Appleby
1967). Since that time, P450s were discovered in all domains of life and over 21,000 different
P450s (http://drnelson.uthsc.edu/CytochromeP450.html) were already identified (Nelson 2011).
They were found in mammalians, bacteria, archaea, fungi, plants and in 2009 the first viral P450
was discovered (Lamb et al. 2009). To classify this variety of P450s, a systematic nomenclature
was introduced in 1987 (Nebert et al. 1987). The abbreviation CYP stands for cytochrome P450
while the first number gives the membership of the family (over 40% identity of the amino acid
sequence). The first letter indicates the subfamily (over 55% identity of the amino acid sequence)
and the last number represents the specific isoenzyme. The following figure shows the example

of CYP260A1 from Sorangium cellulosum So ce56.

CYP260A1

Family Individual enzyme
>40% aa sequence identity

Figure 1: Nomenclature of the P450s exemplified by CYP260A1 from Sorangium cellulosum So ce56.
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1.1.2 Functions and reactions

P450s belong to the class of oxidoreductases, enzymes that catalyze the electron transfer from
one molecule to another one. P450s are monooxygenases and catalyze the activation of
molecular oxygen, whereby one oxygen atom can insert into a non-activated C-H bond, whereas
the other oxygen atom is reduced to water. The required electrons are provided by a cofactor
such as NAD(P)H and delivered to the P450 by electron transfer proteins. Thus, the

oxyfunctionalization of organic compounds is performed by P450s as shown in Figure 2.

The physiological roles of many P450s, especially for those found in bacteria, fungi and plants,
are not discovered yet. In contrast, the physiological function of many human P450s has been
identified, albeit there are still some orphan P450s (Guengerich and Cheng 2011). Human P450s
are mainly involved in the biosynthesis of steroids, prostaglandins, vitamin D3 or fatty acids as
well as in the metabolism of drugs and other xenobiotics (Bernhardt 2006). The steroid hormone
biosynthesis takes place in the adrenal cortex, whereby 6 P450s are capable of the formation of
mineralocorticoids, glucocorticoids and sexual hormones. In contrast, the clearance of drugs is
mainly performed in the liver and about 75% of all drugs are metabolized by P450s. Thereby,
about 90% of the P450 catalyzed reactions can be accounted to CYP1A2, CYP2C9, CYP2C19,
CYP2D6, and CYP3A4. The CYP3A enzymes play the most important role by performing about
45% of all P450 catalyzed reactions (Rendic and Guengerich 2014). In general, the liver P450s and
steroidogenic P450s belong to the best characterized human P450s since steroidal P450s were
discovered first and the characterization of drug metabolizing P450s is required by the

pharmaceutical industry.

P450
RH +NAD(P)H + H' + 0, ——— ROH + NAD(P)" + H,0

Figure 2: General reaction catalyzed by P450s

There are several different reaction types performed by P450s and still new types of reactions
are being discovered (Coelho et al. 2013; Ren et al. 2015). The most common reactions catalyzed
by these P450s are hydroxylation, epoxidation, N-, O- and S-dealkylation, the oxidation of
heteroatoms as well as the oxidation of olefins and acetylenes. Besides these typical examples,
there are several uncommon reactions catalyzed such as reduction, desaturation, oxidative ester
cleavage, ring expansion, ring formation, aldehyde scissions, dehydration, one electron oxidation,
coupling reactions, isomerization and several more (Guengerich 2001). These various types of
reactions show the high diversity and importance of the P450s for the production of structurally
diverse compounds. Also the substrate range differs for the various P450s. For example, the liver
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P450 CYP3A4 is capable of the metabolism of about 27% of all drugs indicating its very broad
substrate range (Rendic and Guengerich 2014). In contrast, other P450s like the steroid
hydroxylase family CYP11B are very selective concerning their substrate range (Schiffer et al.
2015a). This substrate diversity is caused by the substrate recognition sites (see Figure 6) and

turns the identification of novel or natural substrates to a challenging process.
1.1.3 Catalytic cycle

The catalytic cycle of P450s was first postulated in 1968 and several improvements were done
since that time (Gunsalus et al. 1975). The analysis of intermediates involved in this cycle is
challenging caused by some instable intermediates whose presence is short-time. Nevertheless,
spectroscopic and crystallographic methods enabled the elucidation of several intermediates and
it is postulated that there are eight intermediates involved in the catalytic reaction of P450s as
shown in Figure 3 (Denisov et al. 2005). The cycle begins with water as sixth distal ligand to
stabilize the low spin state of the ferric Fe** (1). Then the water is displaced by the substrate and
the five coordinated heme iron shifts to the high-spin state (2). This spin shift causes a change in
the redox potential and Fe** can be reduced to Fe®* by the uptake of an electron (3). Molecular
oxygen and carbon monoxide are strong ligands for the Fe** resulting either in the CO-bound
form or in the case of the catalytic cycle in the oxy-ferrous state (4). This state is further reduced
to a ferric peroxoanion (5a) leading to the ferric hydroperoxo intermediate (compound 0; 5b)
after the uptake of a proton. This intermediate can release a water molecule after the
acceptance of a further proton forming an iron-oxo state (compound I; 6). Compound | is highly
reactive and can, therefore, interact with the substrate to form the oxygenated product. The
exact mechanism of the hydroxylation step is not yet clarified, however, a two-state reactivity
mechanism (TSR), in which compound | abstracts a hydrogen followed by a rebound of the alkyl
radical, is proposed (Shaik et al. 2002). The newly formed product is then released and the cycle

I”

can restart. Besides the “typical” cycle, there are some uncoupling pathways like the
autooxidation shunt, peroxide shunt or oxidase shunt (grey dashed arrows). These shunts
decrease the catalytic efficiency by the unproductive consumption of NAD(P)H (Meunier et al.

2004).
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Figure 3: Catalytic cycle of the P450 mechanism. Figure was adopted from (Kiss et al. 2015).

The changes of the spin- and oxidation-state can be investigated by spectroscopic
measurements. The carbon monoxide difference spectroscopy leads to the determination of the
protein concentration (Omura and Sato 1964a; Omura and Sato 1964b). Additionally, binding
studies of either substrates or inhibitors can be performed by studying the spin state shift of the
heme iron. The high spin state is represented by an absorption maximum at 390-394 nm,
whereas a maximum at 415-417 nm represents the low spin state. By adding a substrate to the
protein solution, water is displaced as sixth ligand and the equilibrium shifts to the high spin
state. The result is a typical type-l spectrum with a maximum at about 390-394 nm and a
minimum at 415-417 nm. By adding an inhibitor, a typical type-Il spectrum is obtained with a
maximum at about 415-417 nm and a minimum at 390-394 nm (Meunier et al. 2004; Luthra et al.

2011).
1.1.4 Electron transfer partners

As shown in the cycle before, P450s need electrons from an external source to catalyze the
oxyfunctionalization. The most common provider for electrons is NAD(P)H, however P450s are

not able to interact with this cofactor in a direct way. As a result, additional electron transfer
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proteins are required to enable the electron transfer between NAD(P)H and the P450. There are
several classes of electron transport chains, whereby the mitochondrial and microsomal systems
are the most prominent ones. The mitochondrial system in mammalians consists of a membrane
anchored reductase possessing FAD as prosthetic group, and a soluble ferredoxin containing an
iron sulfur cluster. On the other hand, the mammalian microsomal system consists of a single
electron transport protein called NADPH cytochrome P450 reductase (CPR). The CPR is also
membrane anchored and possesses both, a FAD and a FMN domain to transfer the electrons. The
FAD domain interacts thereby as electron acceptor for NAD(P)H, whereas the FMN domain
delivers electrons to the P450 (Wang et al. 1997). These two systems do not only exist in
mammals but also in bacteria with the difference that all redox partners as well as the P450 are
soluble in bacterial systems. There are several other classes of electron transfer systems known
for the bacterial system including fusion proteins having the P450 and reductase components
fused into a single polypeptide chain. CYP102A1 (P450gy3) from Bacillus megaterium is the most
prominent example of such a self-sufficient P450. Due to this specific property, P450gy3 can
directly interact with NAD(P)H and deliver the electrons to the iron of the heme domain

(Hannemann et al. 2007).

NAD(P)H+H* \ e
" FdR \<—>

\

NAD(P)+ / o

Figure 4: Class 1 electron transfer system of bacteria. The ferredoxin reductase (FdR), ferredoxin (Fdx)
and P450 are soluble. The electrons are provided by the cofactor NAD(P)H, transferred to FdR and
shuttled to the P450 by the ferredoxin.

ROH + H,0

A\R|-|+02

The electron transfer proteins from Sorangium cellulosum So ce56 are analogous to the soluble
class 1 system (see Figure 4). Two ferredoxin reductase genes and eight ferredoxin genes were
identified in So ce56, whereby Fdr_A, Fdr_B, Fdx2 and Fdx8 were demonstrated as efficient
electron transfer proteins for CYP260A1 (Ewen et al. 2009). Nevertheless, the application of
autologous redox partners is not required, since several P450s are known for their interaction
with heterologous electron transfer proteins (Hannemann et al. 2007). This can be explained by
the highly conserved interaction domains of P450s as well as those of their redox partners
(Hlavica 2015). Thereby, the application of heterologous redox partners is of interest for P450s
whose natural redox partners are still not known. Additionally, replacing the redox partners by
heterologous electron transfer proteins can lead to an increased product yield which is of

7
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interest for biotechnological applications (Ringle et al. 2013; Brixius-Anderko et al. 2015; Kern et
al. 2015). This might be explained by the higher activity of the heterologous redox partners, their
solubility or their increased expression level. There is also a report about the altered reaction
type after applying a fused or a non-fused hybrid redox system, respectively (Zhang et al. 2014).
Hence, the choice of redox partners is a significant parameter regarding the efficiency of a

catalytic system.
1.1.5 Structure of P450s

Although having an amino acid sequence identity frequently lower than 20%, P450s show a
similar structural fold (Graham and Peterson 1999). In general, they usually possess 4 B-sheets
and 12 a-helices (A-L) (see Figure 5). Thereby, the core is highly conserved showing a four helix
bundle composed by the helices D, L, | and the antiparallel helix E, the helices J and K as well as
two B-sheets and a coil called “meander” (Werck-Reichhart and Feyereisen 2000). The prosthetic
heme group is confined between the distal | helix and proximal L helix and bound to the adjacent
Cys-heme-ligand loop containing the P450 signature amino acid sequence FxxGx(H/R)xCxG. The
cysteine residue as fifth ligand of the heme iron is conserved in all P450s and responsible for the
characteristic 450 nm Soret band. The I-helix forms a wall of the heme pocket and contains the
signature amino acid sequence (A/G)-Gx(E/D)T. Moreover, the highly conserved threonine is

positioned in the active site and seems to be involved in the catalysis (Denisov et al. 2005).

~
o domain

Figure 5: Topology diagram showing the secondary structure of CYP102. Blue boxes represent the a-
helices and the cream arrows represent the B-sheets. Figure was adopted from (Werck-Reichhart and
Feyereisen 2000).

Despite their structural similarity, the substrate range and selectivity differ for all P450s. There
are six substrate recognition sites (SRS) capable of the predetermination of the substrate

8



Introduction

specifity (see Figure 6). The SRSs consist of the B’ helix (SRS1), parts of the F, G and | helices
(SRS2, SRS3 and SRS4), the B4 hairpin (SRS5) and the K helix B2 connecting site (SRS6). The SRSs
are more flexible protein regions and, therefore, involved in the substrate recognition and

orientation (Gotoh 1992).

Figure 6: Model of the tertiary structure of a P450 monooxygenase. The heme is colored in orange, the
substrate recognition sites (1-6) are colored in red and the heme coordinating helices | and L are shown
in green. Figure was adopted from (Urlacher and Eiben 2006).

1.2 Bacterial P450s

1.2.1 General aspects

The first bacterial P450 was identified in Bradyrhizobium japonicum in 1967 but its natural
function was not elucidated (Appleby 1967). P450cam (or CYP101) from Pseudomonas putida
was described a little bit later and catalyzes the oxidation of camphor and was, therefore, the
first bacterial P450 with a known functionality (Katagiri et al. 1968). This enzyme was also the
first P450 for which the crystal structure was obtained (Poulos et al. 1985). In the last two
decades, various sequencing projects revealed the appearance of P450 genes in diverse bacteria.
The identification of the strictly conserved heme-binding domain signature is used for that
purpose (Nelson 1999). So far, over 1,000 bacterial P450s were already identified (Kelly and Kelly
2013). For example, Streptomyces avermitilis has 33 P450 genes, Sorangium cellulosum So ce56
21, whereas Escherichia coli has none P450 genes (Kelly et al. 2003; Khatri et al. 2010b). The
absence of P450s proves that these enzymes are not needed in all organisms, however, P450s

seem to be essential for organisms with a higher complexity (Kelly et al. 2003).
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The physiological role of many bacterial P450s is not identified yet; however, their biodiversity is
often bound up with using different carbon sources for growth (Kelly and Kelly 2013). The
bacterial P450 177A1 permits growth on hexahydro-1,3.5-trinitro-1,3.5-triazin (RDX) and
subsequent phytoremediation (Rylott et al. 2006). Furthermore, Candida tropicalis is able to
grow on oil, whereby P450s are involved in the metabolism of this carbon source (Lebeault et al.
1971). Besides their functions as carbon source metabolizer, there are several more natural
functions elucidated. They are involved in the catabolism of camphor, fatty acids or cholesterol
as well as in the biosynthesis of antifungal, antibacterial or anti-tumor agents such as nystatin,
novobiocin or epothilone (Kelly and Kelly 2013). Nevertheless, the determination of their natural
function is a challenging task even if the CYPome is known. Operons can give first clues for their
enzymatic activities as well as experiments such as gene knock-outs or conversions of specific
substrates with purified enzymes. However, organisms, where P450s are not associated with an
operon or lacking of information about the metabolomics hinder the elucidation of the

physiological roles of these P450s (Kelly and Kelly 2013).

Nevertheless, their unique catalytic activities towards structurally diverse compounds as well as
their valuable properties, like high selectivity or expression rates turn these P450s in a promising
tool for the oxyfunctionalization of organic compounds. Additionally, their solubility facilitates
the handling of the microbial P450s compared with mammalian P450s (Bernhardt 2006). The
solubility is not only accounting for the P450s but also for their natural redox partners influencing
the catalyzed reactions in a significant manner (Ringle et al. 2013; Brixius-Anderko et al. 2015).
Since there are bacterial P450s containing a fused electron transfer domain, the utilization of
external redox partners is no longer required in these systems (Hannemann et al. 2007). The best
characterized bacterial fusion P450 is CYP102A1 (P450gys) from Bacillus megaterium. It was
discovered in 1987 and since that time the substrate free as well as several substrate-bound
crystal structures were published. Besides the crystallographic characterization, it is also one of
the best studied P450s towards protein engineering (Whitehouse et al. 2012). P450gy3 and its
mutants are capable of the conversion of structurally diverse classes of substrates ranging from
fatty acids (Munro et al. 2002), over terpenes (Whitehouse et al. 2012) to drugs (Ren et al. 2015).
Thereby, several reaction types like hydroxylation, epoxidation, dealkylation (Jung et al. 2011) as
well as some novel reactions such as the formation of a protected imine from an amine (Ren et

al. 2015) or the cyclopropantion by the P411gy; variant (Coelho et al. 2013) were observed.
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1.2.2 Myxobacterial P450s from Sorangium cellulosum So ce56

Sorangium cellulosum So ce56 belongs to the group of myxobacteria, a group of gram-negative,
unicellular bacteria with rod-shaped vegetative cells. Their specific characteristics are the gliding
movement and the formation of fruiting bodies under starvation conditions (Shimkets et al.
2006). Myxobacteria are important producers of novel classes of secondary metabolites, like the
anti-tumor agents epothilone A and B produced by the strain So ce90 (Gerth et al. 1996). Such
metabolites may be used as drugs or might serve as lead structures for the development of novel
drugs and, hence, attract the attention of the pharmaceutical industry (Newman and Cragg
2012). The involvement of P450s in the production of these complex molecules is known as
shown for EpoK and its epoxidase activity towards epothilones C and D (Julien and Shah 2002). As
a result, the investigation of myxobacteria as well as their P450s is of particular interest. The
strain So ce56 has one of the largest genomes and was sequenced in 2007. Several polyketide
synthases (PKS) and nonribosomal polypeptide synthetases (NPRS) were identified giving first
insights into the secondary metabolism of this strain, whereby chivosazol, etnangien, myxochelin
and flaviolin were characterized as products. Furthermore, there are additional PKS and NRPS
domains whose products are not known as well as domains which are potentially involved in the
carotenoid and terpenoid biosynthesis. Taken together, 17 unique loci involved in the secondary

metabolism were identified (Schneiker et al. 2007).

Our laboratory investigated the CYPome of So ce56 and 21 P450 genes were identified, cloned
and successfully expressed and purified (Khatri et al. 2010b). Moreover, the ferredoxins Fdx2 and
Fdx8 as well as the reductases FAR_A and FdR_B were identified, expressed, purified and tested
for their ability to transfer electrons to the myxobacterial P450s revealing their natural
functionality (Ewen et al. 2009; Khatri et al. 2010b). Besides their natural redox partners, the
non-physiological electron transfer partners adrenodoxin reductase (AdR) and adrenodoxin (Adx)
as well as the truncated form Adxs.105 from Bos taurus are also known for their efficient electron
transfer (Khatri et al. 2010a). However, the physiological roles of these P450s are not known yet
and also about potential substrates only little is known. Several substrate classes were already
tested and fatty acids (Khatri et al. 2010b), carotenoid-derived aroma compounds (Khatri et al.
2010a; Ly et al. 2012), terpenes, terpenoids (Ewen et al. 2009; Schifrin et al. 2015) and steroids

(Khatri et al. 2015) were found to act as substrates for some of the P450s.

To determine the reaction type and selectivity of the catalyzed reactions, the product(s) need to
be analyzed. The most common techniques to elucidate the structures are mass spectrometry
with database comparison of the fragment pattern, nuclear magnetic resonance spectroscopy or

the comparison with an authentic standard. If standards are not available, MS or NMR analyses
11
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are necessary for product identification. During MS analyses, the compounds are fragmented and
the fragment patterns are compared with a database. Hence, an efficient database is required
since it is very challenging to characterize novel compounds solely by their specific fragments.
For that reason, NMR spectroscopy is preferred to elucidate the structure of novel compounds;
however, higher amounts of products are necessary for NMR analysis. Sufficient amounts of
products can be either obtained by scaling up the in vitro reaction or the application of a whole-
cell system. Since the in vitro reactions require high amounts of purified enzymes (P450 and
redox partners) and the expensive cofactor NADPH, the application of a scaled up in vitro system
is limited. To overcome this problem, an E. coli based whole-cell system was established for some

of the myxobacterial P450s (Ringle et al. 2013).
1.3 P450s as biocatalysts for biotechnological applications

The regio-, and stereoselective oxyfunctionalization of a non-activated C-H bond is a challenging
task in the organic chemistry. In contrast, P450s are known for their highly selective catalytic
activity under mild conditions. The lack of organic solvents and the absence of toxic chemicals
like heavy metals is especially beneficial (Koeller and Wong 2001; Roiban and Reetz 2015).
Furthermore, their diverse reaction types and broad substrate range is advantageous for
biotechnological applications. However, the low activity, the utilization of redox partners, the
requirement of the expensive cofactor NAD(P)H and uncoupling reactions limit their possible
range of applications. Many of these limitations can be overcome by using techniques like
protein engineering, optimization of the redox chain or the application of a cofactor regenerating
system (Julsing et al. 2008; Bernhardt and Urlacher 2014). The increasing number of P450s with
novel biotechnological properties, efforts in protein engineering techniques and improvements
in whole-cell biocatalysis are helpful to turn P450s into a valuable tool for the green chemistry
(Julsing et al. 2008). Besides employing them as single catalysts, there are also examples of
combining P450s with synthetic chemistry in chemo-enzymatic approaches or the utilization of

multiple enzymes in a cascade reaction (Rentmeister et al. 2009; Schulz et al. 2015).

P450s can be applied as biocatalysts for the production of fine chemicals and pharmaceutically
active compounds (Kumar 2010). Terpenes and their oxygenated derivatives (terpenoids)
represent an interesting group of fine chemicals that is of importance for the flavor and
fragrance industry (Kraft et al. 2000). For example, P450zy; mutants are involved in the
regioselective epoxidation of a-pinene and the optimization of the production process led to the
formation of 1 g/l after 4h (Urlacher and Girhard 2012). Another interesting compound is (+)-
nootkatone, a grapefruit flavour, formed by the oxidation of (+)-valencene. Urlacher and

coworkers firstly used CYP109B1 from Bacillus subtilis to form the desired product nootkatone
12
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out of valencene in a direct way. The utilization of a two liquid phase system to increase the yield
led to a production of 120 mg/l with cis- and trans-nootkatol as side-products. However, the
formation of nootkatol as side-product decreases the yield of nootkatone (Girhard et al. 2009).
To avoid these side-products, a cascade reaction consisting of a P450 hydroxylating valencene to
nootkatol and an alcohol dehydrogenase oxidizing the alcohol in situ to the desired nootkatone
was used. This multi-enzyme approach led to a yield of over 300 mg/| (Schulz et al. 2015).
Metabolic engineering is another method to obtain terpenoids. Such an approach uses several
enzymes representing the metabolic pathway to form the precursor which is then further
oxygenated. For example, diverse enzymes were expressed in E. coli to produce the terpene
precursor GPP followed by a terpene synthase forming limonene. The additional expression of a
P450 (CYP153 from mycobacterium HXN 1500) led to the formation of perillylic alcohol out of
simple sugars with yields up to 100 mg/I| (Alonso-Gutierrez et al. 2013). Besides the formation of
terpenoids, there are several other classes of substrates which can be used for the production of

fine chemicals such as fatty acids or alkanes (Picataggio et al. 1992; Liu et al. 2004).

The production of pharmaceutical and medicinal compounds is also of considerable interest,
since P450s are involved in the metabolism of drugs. Drug metabolites might have adverse
effects and a possible toxicity must be determined. Hence, the Food and Drug administration as
well as the European Medicines agency presented their guidelines concerning the safety testing
of drug metabolites. Drug metabolites formed at greater than 10% of the parent drug systemic
exposure at steady state or total drug-related exposure need to be tested in toxicological studies
(FDA 2008; ICH 2009). Moreover, these metabolites might be used as authentic standards for
analytical purposes or also used as drugs or lead structure to develop novel pharmaceutical
compounds. The production of these metabolites can be performed by either mammalian or
bacterial P450s, whereby engineering of the P450s is often necessary. Many bacterial P450s need
to be engineered to enable the biotransformation of the non-natural substrates (Ren et al. 2015).
In contrast, mammalian P450s are capable of the desired conversion but often show a low
activity or the formation of multiple products and, hence, require improvements by protein
engineering, too. However, bacterial P450s seem to be more suitable due to their high turnover

rates, stability and expression levels (Urlacher et al. 2004; Julsing et al. 2008).

P450s are also capable of the oxyfunctionalization of structurally diverse compounds in the
secondary metabolism of plants and bacteria (Podust and Sherman 2012). Between 1981 and
2010, 1334 drugs were approved of which 64 are natural products, 202 have a biological origin,
299 are derivatives of natural products and 323 are synthetics mimicking a natural product

(Newman and Cragg 2012). This distribution shows the influence of secondary metabolites and
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myxobacteria are known as top producers of such biologically active compounds (Reichenbach
and Hofle 1993). Epothilones are produced by the myxobacterium So ce90 and these compounds
attract the attention of the pharmaceutical industry due to their anti-tumor activity (Gerth et al.
1996). There are already examples of the biotechnological application of P450s in the
biosynthesis of secondary metabolites such as the anticancer drug taxol or artemisinin, an agent
for the treatment of malaria (Ajikumar et al. 2010; Paddon et al. 2013). Additionally, in the
biosynthetic pathway for the production of the anti-cholesterol drug pravastatin, P450sca from
streptomyces carbophilus is used (Matsuoka et al. 1989). These applications of P450s for the
formation of biologically active secondary metabolites show the significance of these enzymes

for the regio-, and stereoselective oxyfunctionalization of complex molecules.

Due to their involvement in the steroid hormone biosynthesis, P450s are also employed in the
biotechnological production of steroids and their derivatives. An article about the screening of
bacterial P450s for their selective hydroxylase activity towards testosterone was published in
2006 and shows the activity of such P450s for the highly selective formation of a single main
product (Agematu et al. 2006). Two reviews about the microbial biotransformation of steroidal
compounds were published in 2012, showing the significance of these enzymes towards steroid
conversion (Bhatti and Khera 2012; Donova and Egorova 2012). However, microbial conversions
employing whole organisms lack the information about the specific enzyme that is capable of the
desired reaction. Furthermore, the probability of a multi-hydroxylation reaction caused by the
involvement of more than one enzyme is much higher. But this screening approach is the fastest
way to identify new product patterns. Thereby, novel hydroxylase activities are of high interest,
since the introduction of a hydroxyl-group alters the chemo-physical properties of the molecule.
The influence of such a functional group can be shown for steroids hydroxylated in position 11
and their resulting anti-inflammatory effect (Ruhmann and Berliner 1967). A novel hydroxylase
activity was recently found for a P450 from So ce56, where CYP260A1 acts as la-hydroxylase for
C19 steroids, however, the functions of these new compounds were not investigated yet (Khatri

et al. 2015).

Taken together, P450s are valuable tools in the biotechnological production of fine chemicals and
biologically active compounds, whereby investigations of novel or improved activities are a

promising field of research.
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1.4 Aims and scope

The aim of this work is the investigation of myxobacterial P450s from Sorangium cellulosom So
ce56 towards their substrate range and biodiversity. Their physiological roles and, hence, their
substrate range are not identified yet. About potential substrates and performed reactions only
little is known and, as a result, several classes of substrates should be tested for their ability to
act as a substrate for these P450s. For that purpose, terpenes, terpenoids, carotenoid-derived
aroma compounds, small aromatic compounds and diverse drugs, which are known to serve as
substrates for other P450s, were chosen. Initially, all substrates should be tested in a
reconstituted in vitro system with the P450s CYP109C1, CYP109C2, CYP109D1, CYP260A1,
CYP260B1, CYP264A1, CYP264B1, CYP267A1 and CYP267B1. To perform such in vitro reactions,
the expression and purification of the corresponding P450s as well as the redox partners,
adrenodoxin and adrenodoxin reductase, is necessary. Moreover, efficient extraction methods
need to be established for each substrate class to recover the substrates as well as their
corresponding products. The conversions should then be analyzed by HPLC-DAD or GC-MS
depending on the physical properties of the analytes such as UV-absorption or volatility. For this

purpose, substrate class dependent HPLC- and GC-methods are required.

Those systems showing a selective product pattern during the in vitro conversions should be
further analyzed to elucidate the structures of the products. For that reason, the reactions need
to be scaled up by utilizing an E. coli based whole-cell system harboring the corresponding P450
as well as the redox partners Fpr and Adx. Using such an approach, sufficient amounts of
products of at least 5 mg should be obtained to enable the structure identification via NMR-
spectroscopy. To fulfill that requirement, the whole-cell systems need optimizations towards the
yields by testing diverse conversion conditions like performing the reaction with growing cells or
resting cells in buffer. Furthermore, the utilization of additives such as cell permeabilizing agents
like EDTA is often necessary to reach the desired productivity. Before the products can be
characterized, individual purification strategies based on either preparative HPLC or column
chromatography with silica gel need to be developed for each class of compounds. The purified
products should then be characterized by HPLC-DAD and GC-MS as well as by several NMR
techniques such as 'H, BCc, HSQC, HMBC, COSY and NOESY to identify the reaction types
performed by these P450s. Furthermore, the corresponding structures should give insights into

the regio- and stereoselectivity of the catalyzed reactions.

The elucidated products should then be compared with the products formed by other P450s to

check if the myxobacterial P450s are capable of some unique reaction types or showing certain

15
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regio- and stereoselectivities. Moreover, the substrate range and the biocatalytic activities of the

myxobacterial P450s should lead to some speculations about their potential natural functions.
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2. Scientific articles

The results of this work were published in the articles listed below:

2.1 Conversions of tricyclic antidepressants and antipsychotics with selected P450s from
Sorangium cellulosum So ce56

Martin Litzenburger, Fredy Kern, Yogan Khatri, and Rita Bernhardt

2.2 New Sesquiterpene Oxidations with CYP260A1 and CYP264B1 from Sorangium cellulosum
So ce56

Alexander Schifrin, Martin Litzenburger, Michael Ringle, Thuy TB Ly, and Rita Bernhardt

2.3 Selective oxidation of carotenoid-derived aroma compounds by CYP260B1 and CYP267B1
from Sorangium cellulosum So ce56

Martin Litzenburger and Rita Bernhardt

2.4 CYP267A1 and CYP267B1 from Sorangium cellulosum So ce56 are highly versatile drug
metabolizers (submitted to Drug metabolism and Disposition)

Fredy Kern, Yogan Khatri, Martin Litzenburger, and Rita Bernhardt
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2.1 Conversions of tricyclic antidepressants and antipsychotics with selected P450s from
Sorangium cellulosum So ce56

Martin Litzenburger, Fredy Kern, Yogan Khatri, and Rita Bernhardt

Drug Metabolism and Disposition, 2015 Mar, 43(3), 392-399
doi: 10.1124/dmd.114.061937
Reprinted with permission of the American Society for Pharmacology and Experimental

Therapeutics. All rights reserved.

18



Z
2
»
7
0
-
:
a
2
>
"))
5
0
<
=
=
2
>
o
a

Litzenburger et al. (2015)

Supplemental material to this article can be found at:
http://dmd.aspetjournals.org/content/suppl/2014/12/30/dmd.114.061937.DC1.html

1521-009X/43/3/392-399525.00
Druc MetasoLism anp Disposimion

http://dx.doi.org/10.1124/dmd. 114.061937
Drug Metab Dispos 43:392-399, March 2015

Copyright © 2015 by The American Society for Pharmacology and Experimental Therapeutics

Conversions of Tricyclic Antidepressants and Antipsychotics with
Selected P450s from Sorangium cellulosum So ce56"

Martin Litzenburger, Fredy Kern, Yogan Khatri, and Rita Bernhardt

Institut fir Biochemie, Universitdt des Saarlandes, Saarbruecken, Germany (M.L., F.K., Y.K., R.B.)

Received November 13, 2014; accepted December 30, 2014

ABSTRACT

Human cytochromes P450 (P450s) play a major role in the bio-
transformation of drugs. The generated metabolites are important for
pharmaceutical, medical, and biotechnological applications and can
be used for derivatization or toxicological studies. The availability of
human drug metabolites is restricted and alternative ways of pro-
duction are requested. For this, microbial P450s turned out to be
a useful tool for the conversion of drugs and related derivatives. Here,
we used 10 P450s from the myxobacterium Sorangium cellulosum So
ceb56, which have been cloned, expressed, and purified. The P450s
were investigated concerning the conversion of the antidepressant
drugs amitriptyline, clomipramine, imipramine, and promethazine; the
antipsychotic drugs carbamazepine, chlorpromazine, and thioridazine,
as well as their precursors, iminodibenzyl and phenothiazine.

Amitriptyline, chlorpromazine, clomipramine, imipramine, and thio-
ridazine are efficiently converted during the in vitro reaction and were
chosen to upscale the production by an Escherichia coli-based
whole-cell bioconversion system. Two different approaches, a
whole-cell system using MO9CA medium and a system using resting
cells in buffer, were used for the production of sufficient amounts
of metabolites for NMR analysis. Amitriptyline, clomipramine, and
imipramine are converted to the corresponding 10-hydroxylated
products, whereas the conversion of chlorpromazine and thioridazine
leads to a sulfoxidation in position 5. It is shown for the first time that
myxobacterial P450s are efficient to produce known human drug
metabolites in a milligram scale, revealing their ability to synthesize
pharmaceutically important compounds.

Introduction

Cytochromes P450 (P450s) are heme-thiolate monooxygenases.
They are present in nearly all organisms and belong to one of the largest
superfamilies of enzyme proteins (Nelson, 2011). P450s are involved
in the degradation and detoxification of drugs and xenobiotics, as well
as in the metabolism of steroid hormones, lipids, and antibiotics
(Bernhardt, 2006; Bernhardt and Urlacher, 2014). In general, P450s
catalyze the insertion of a molecular oxygen atom into organic
molecules while the other oxygen atom is reduced to water. Beside the
hydroxylation, they catalyze a broad range of reactions such as
sulfoxidation, epoxidation, deamination, dehalogenation, and N-, O-,
and S-dealkylation (Sono et al., 1996; Bernhardt and Urlacher, 2014).
To catalyze such reactions, these enzymes are dependent on redox
partners, either homologous or heterologous, which provide electrons
from NAD(P)H via an electron transfer chain (Hannemann et al., 2007).

Human P450s play a major role in the metabolism of drugs. The
human liver P450s CYP3A4/5, CYP2D6, CYP2C9, CYP1A2, and
CYP2C19 are responsible for the conversion of about 80% of all drugs
(Zanger and Schwab, 2013). One important group of pharmaceuticals
is psychotherapeutic drugs. Antipsychotic drugs and tricyclic anti-
depressants are used for the treatment of psychiatric disorders. In
1952, these psychotherapeutic drugs started with the discovery of
chlorpromazine and since that time many drugs, mainly based on
phenothiazine or iminodibenzyl, have been discovered and are used

The work is supported by Deutsche Forschungsgemeinschaft (DFG 1343/23-1).
dx.doi.org/10.1124/dmd.114.061937.
[S]This article has supplemental material available at dmd.aspetjournals.org.

for psychiatric medication (Shen, 1999; Owens, 2014). The involvement
of human liver P450s in the phase I biotransformation of these
psychotherapeutics is well studied (Tanaka and Hisawa, 1999). Most
of the drug metabolites are produced by P450s (see Table 1), with
the exception of N-oxide products that are formed by the flavin-
containing monooxygenases (Ziegler, 1993). Since some of the drug
metabolites might have adverse effects, the U.S. Food and Drug
Administration (FDA) published the guidance for safety testing of
drug metabolites. Any human metabolite representing >10% of the
parent drug exposure at steady state has to be tested in safety studies
(FDA, 2008). However, this FDA guidance is superseded by the
guidelines of the International Conference on Harmonization (Frederick
and Obach, 2010; Haglund et al., 2014). Concerning these guidelines,
further safety testing is recommended for human metabolites that are
observed at exposures >10% of total drug-related exposure and at
significantly greater levels in humans than the maximum exposure seen
in toxicity studies (European Medicines Agency, 2009). As a result,
ways for the production of these drug metabolites are demanded by the
pharmaceutical industry. Production of such metabolites for toxicolog-
ical studies and further derivatization can be achieved either by
chemical synthesis or biocatalysis. The enzymatic production has many
benefits such as high selectivity or the absence of employing toxic
chemicals (Koeller and Wong, 2001). Microbial enzymes play an
increasing role in the production of known human drugs and secondary
metabolites, which are used for drug development (Demain, 1999;
Patel, 2002). In this respect, microbial P450s are often involved in the
production of these metabolites (Urlacher and Girhard, 2012) due to
their ability to hydroxylate inactive carbon-hydrogen bonds in complex
molecules.

ABBREVIATIONS: Adx,.1gg, adrenodoxin (truncated form); FDA, Food and Drug Administration; Fpr, ferredoxin-NADP* reductase; GC, gas
chromatography; HPLC, high-performance liquid chromatography; MS, mass spectrometry; P450, cytochrome P450; RT, retention time.
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TABLE I

Overview of psychotherapeutic drugs, their metabolites, and the human P450s capable for the metabolism

Drug Human P450

Main metabolite Reference

Amitriptyline CYP1A2, CYP3A4, CYP2B6, CYP2C8, CYP2C9,

CYP2C19, CYP2D6

Carbamazepine CYP1A2, CYP2A6, CYP3A4, CYP2B6, CYP2CS, CYP2EI

Chlorpromazine CYPLA2, CYP3A4, CYP2B6, CYP2C19, CYP2D6

Clomipramine CYPIA2, CYP3A4, CYP2C19, CYP2D6

Imipramine CYPIA2, CYP3A4, CYP2C9, CYP2D6

Promethazine CYP2B6, CYP2D6

Thioridazine CYP2D6

2-Hydroxyamitriptyline
3-Hydroxyamitriptyline
2,11-Dihydronortriptyline
10-Hydoxyamitriptyline
10-,11-Dihydroxyamitriptyline
10-Oxy-amitriptyline
Amitriptyline-N-oxide
Amitriptyline dihydrodiol
Desmethylamitriptyline
10-,11-Epoxycarbamazepine
2-Hydroxycarbamazepine
3-Hydroxycarbamazepine
7-Hydroxychlorpromazine
Chlorpromazine-N-oxide
Chlorpromazine sulfoxide
Desmethylchlorpromazine
Didesmethylchlorpromazine
2-Hydroxyclomipramine
8-Hydroxyclomipramine
10-Hydroxyclomipramine
Clomipramine-N-oxide
Desmethylclomipramine
2-Hydroxyimipramine
10-Hydroxyimipramine
Desmethylimipramine
Didesmethylimipramine
Imipramine-N-oxide
3-Hydroxypromethazine
4-Hydroxypromethazine
Desmethylpromethazine
Promethazine sulfoxide
N-desmethylthioridazine
7-Hydroxythioridazine
Mesoridazine
Thioridazine-5-sulfoxide

Prox and Breyer-Pfaff, 1987;
Venkatakrishnan et al., 2001

Kerr et al., 1994; Pearce et al., 2002

Murray, 2006; Wajcikowski et al., 2010

Nielsen et al., 1996; Yokono et al., 2001

Singh, 2012

Nakamura et al., 1996

Daniel et al., 2000

Myxobacteria are known for the production of pharmaceutically and
chemically important compounds, which attracted the attention of the
pharmaceutical industry (Weissman and Miiller, 2010). In 2007, the
myxobacterium Sorangium cellulosum So ce56 was sequenced and 21
P450 genes were identified (Schneiker et al., 2007; Khatri et al.,
2010b). Although, the physiologic roles of those P450s are still not
known, some of them are able to convert exogenous substrates such as
terpenes and terpenoids or fatty acids (Khatri et al., 2010b; Ly et al.,
2012). However, the potential for the conversion of pharmaceutically
interesting compounds has not yet been tested.

In this study, 10 P450s (CYP109C1, CYP109C2, CYP109D1,
CYP260A1, CYP260B1, CYP264A1, CYP264B1, CYP266A1,
CYP267A1, and CYP267B1) from S. cellulosum So ce56 were selected
and employed for the in vitro conversion of seven psychotherapeutic
drugs and their precursors. Compounds showing significant in vitro
conversion were further chosen for the conversion with an Escherichia
coli-based whole-cell biotransformation system to upscale the pro-
duction and facilitate structure elucidation via NMR spectroscopy. The
purified compounds were compared with known human metabolites to
check for specific derivatives and to elucidate possible new metabolites,
which could be useful for further drug development.

Materials and Methods

Chemicals. Amitriptyline and thioridazine were provided by Dr. Stephan
Liitz (Novartis, Basel, Switzerland). Isopropyl 8-p-1-thiogalactopyranoside and
S-aminolevulinic acid were purchased from Carbolution Chemicals (Saarbruecken,
Germany). Bacterial media were purchased from Becton Dickinson (Heidelberg,
Germany). All other chemicals were obtained from standard sources in the highest
purity available.

Strains. The E. coli strain Top 10 for cloning purpose was obtained from
Invitrogen (San Diego, CA). The E. coli strain BL21(DE3) for the heterologous
expression of the P450s and BL21-Gold(DE3) for the whole-cell conversions
were purchased from Agilent Technologies (Santa Clara, CA).

Molecular Cloning and Preparation of Expression Vectors, The 10 P450s
from S. cellulosum So ce56 (CYP109C1, CYP109C2, CYP109D1, CYP260A1,
CYP260B1, CYP264A1, CYP264B1, CYP266A1, CYP267A1, and CYP267B1)
were selected for this study. The genes of those P450s were cloned in pCWori™
plasmids as described elsewhere (Khatri et al., 2010b). To improve the expression
yield, the genes of the P450s (CYP109C1, CYP109C2, CYP109D1, CYP260AL,
CYP260B1, CYP264A1, and CYP264B1) were excised from their corresponding
pCWori* plasmids and cloned into a pET17b plasmid (Novagen, Darmstadt,
Germany) (Ringle et al., 2013). Likewise, the genes of CYP266A1, CYP267AL,
and CYP267B1 were excised and cloned into a pET22b plasmid (Novagen).

For the expression of the redox partners ferredoxin-NADP" reductase (Fpr)
and adrenodoxin (truncated form) (Adx, 0g) in the E. coli-based whole-cell
system, the pCDFDuet-1 (Merck, Darmstadt, Germany) vector with a strepto-
mycin resistance marker gene was used. The DNA fragment encoding Adx,_joz
was amplified by Polymerase chain reaction (forward primer, 5'- AAT GAC
ATG CTT GAT CTG GCC TAT GGA CTA ACA GAT AGA T -3, and
reverse primer, 5'- ATC TAT CTG TTA GTC CAT AGG CCA GAT CAA
GCA TGT CAT T-3") using pPKKHC_Adx, g as a template (Uhlmann et al.,
1994). Then, the DNA fragment was inserted between Ncol and HindIII of the
multiple cloning site MS-I of pCDFDuet-1 (Merck). The forward primer was
used to delete the Ndel restriction site. The fragment encoding Fpr was
amplified by Polymerase chain reaction (forward primer, 5'- CAT ATG GCT
GAT TGG GTA ACA GGC AAA GTC ACT AAA GTG CAG AAC TGG -3',
and reverse primer, 5'- CGG GGT ACC TTA CCA GTA ATG CTC CGC TGT
CAT GTG GCC CGG TCG GC-3") using the pET16_Fpr plasmid as a template
(Girhard et al., 2010). The fragment was subcloned in the pCR4 blunt vector
and finally inserted between Ndel and Kpnl, resulting in the pCDF_dFA
expression vector.
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Media and Buffers. For the heterologous expression of the related P450s,
terrific broth medium (24 g yeast extract, 12 g peptone, 4 ml glycerol, 2.31 g
K,HPO,, and 12.54 g KH,PO, per liter H,O) was used. The whole-cell
conversion was performed in MOCA medium (6 g Na,HPO,, 3 g KH,PO,, 0.5 g
NaCl, 1 g NH4Cl, 4 g casamino acids, 4 g glucose, 50 pl 1M CaCl, 2 ml | M
MgS0O,, 2 ml of trace elements solution per liter H>O; Trace elements solution
contained 2.5 g EDTA, 250 mg FeSO,, 25 mg ZnCl; and 5 mg CuSQ, per 50 ml
H,0). The conversion with resting cells was done in 50 mM potassium phosphate
buffer (pH 7.4) containing 2% glycerol as the carbon source.

Expression and Purification of the Enzymes. The corresponding P450s
were expressed and purified as described previously (Khatri et al., 2010b). The
electron transfer partners Adx, jog and adrenodoxin reductase from Bos raurus
were expressed and purified as described elsewhere (Sagara et al., 1993;
Uhlmann et al., 1994).

In Vitro Conversions. A reconstituted in vitro system containing the
corresponding P450 (0.5 uM), adrenodoxin reductase (1.5 pM), Adxa.jos
(10 M), MgCl, (1 mM), and a cofactor regenerating system with glucose-6-
phosphate (5 mM) and glucose-6-phosphate dehydrogenase (2 U ml~ ") in the
end volume of 250 ul of potassium phosphate buffer (20 mM, pH 7.4) was
used. The compounds (10 mM), except carbamazepine (MeOH), phenothi-
azine (EtOH), and iminodibenzyl (EtOH), were dissolved in water and added
to an end-concentration of 200 wM. The reaction was started by the addition
of NADPH (500 uM). After 3 hours at 30°C the reaction was quenched by
adding chloroform (500 wl). The aqueous phase was extracted twice with
chloroform (2 x 500 wl). A negative control in the absence of P450 in the
reaction sample was employed for each substrate to verify the P450-dependent
reaction.

Whole-Cell System Using M9CA. The experiments were performed with
E. coli BL21(DE3) gold cells. The cells were transformed with two plasmids,
one for the corresponding P450 (pET17b or pET22b) and the other one for the
redox partners Fpr and Adx, o3 (pPCDF_dFA). The overnight culture was
prepared in nutrient broth containing ampicillin (100 pg/ml) and streptomycin
(50 pg/ml). The main culture with MOCA medium was inoculated with the
overnight culture (dilution 1:100) and incubated at 37°C. The induction of the
corresponding genes was initiated by adding 1 mM isopropyl B-p-1-
thiogalactopyranoside and 0.5 mM 5-aminolevulinic acid when the optical
density reached 0.9-1 and the culture was grown further at 28°C. After 21
hours of expression, the temperature was set to 30°C and the substrates [stock
solution 50 mM in water except for carbamazepine (MeOH), phenothiazine
(EtOH) and iminodibenzyl (EtOH)] were added to a final concentration of
200 uM. To permeabilize the cells, EDTA was also added to a final concentration
of 20 mM. The reaction was carried out for 48 hours under the same conditions.
Samples were harvested, quenched with the same volume of chloroform and
extracted twice. The organic phase was collected, pooled, and evaporated to
dryness. The extracts were stored at —20°C until purification.

Whole-Cell System Using Resting Cells. The overnight culture was
prepared as described before. Terrific broth medium was inoculated with the
overnight culture (dilution 1:100). The expression was induced by adding 1 mM
isopropyl B-p-1-thiogalactopyranoside and 0.5 mM 5-aminolevulinic acid at an
optical density of 0.7-0.8. After 24 hours of expression at 28°C, the cells were
harvested by centrifugation for 20 minutes at 4500g. The cell pellet was
resuspended and washed in the buffer [20 mM potassium phosphate buffer
(pH 7.4) containing 2% glycerol| following the centrifugation step. The 2.4 g cell
mass was suspended in 100 ml buffer containing 2% glycerol. The substrates
(200 M) and EDTA (20 mM) were added and the cells were incubated for
24 hours at 30°C. The reaction was stopped by adding the same volume of
chloroform. The extraction was done as described previously. Until purification,
the extracts were stored at —20°C.

Analysis of the In Vitro and Whole-Cell Conversions via High-Performance
Liquid Chromatography (HPLC)-Diode Array Detector. HPLC analysis was
performed on a system consisting of a PU-2080 HPLC pump, an AS-2059-SF
autosampler, and a MD-2010 multi wavelength detector (Jasco, Gross-Umstadt,
Germany). A Nucleodur 100-5 C18 column (125 x 4 mm; Macherey-Nagel,
Diiren, Germany) was used at 40°C. The mobile phase consisted of water
containing 0.1% trifluoroacetic acid (A) and acetonitrile containing 0.1% trifluoro-
acetic acid (B). A gradient from 20% to 80% of B with a flow rate of 1 ml/min was
used for the separation of the compounds. The detection wavelengths were substrate
dependent: amitriptyline (215 nm), carbamazepine (288 nm), chlorpromazine
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(256 nm), clomipramine (252 nm), iminodibenzyl (288 nm), imipramine (252 nm),
phenothiazine (252 nm), promethazine (252 nm), and thioridazine (264 nm).

Purification of the Products. The extracts produced by the whole-cell
system were purified via HPLC with a Nucleodur 100-5 C18 column (250 x
5 mm; Macherey-Nagel). For the preparative column, a gradient from 20% to
80% of B was also used but the flow rate was increased to 1.5 ml/min. The
fractions containing product were collected, pooled, and treated with the same
volume of 1 M glycine buffer (pH 11.4). After four times of extraction with
chloroform, the combined organic fractions were evaporated to dryness and
prepared for the NMR analysis.

Analysis of the Products via Gas Chromatography-Mass Spectrometry
(GC-MS). GC-MS analysis was performed on a system consisting of an AI/AS
3000 autosampler, a DSQII quadrupole, a Focus GC column oven (Thermo
Fisher Scientific, Waltham, MA), and a DB-5 column with a length of 30 m,
0.25 mm id., and 0.25 pm film thickness (Agilent Technologies). The compounds
were analyzed in an m/z range of 304350, The starting oven temperature was
100°C for 1 minute, and then the temperature was ramped to 320°C for 20°C/min
and held for 10 minutes with a flow rate of | ml/min. The El-mass spectra were
compared with the NIST Mass Spectral Library (version 2.0; Gaithersburg, MD).

NMR Analysis. The structures of the products were analyzed by NMR
spectroscopy (Institut fiir Pharmazeutische Biologie, Universitit des Saarlandes).
The 'H and *C NMR were recorded on a Bruker (Rheinstetten, Germany) 500
NMR spectrometer. Two-dimensional NMR spectra were recorded as gs-HH-
COSY, gs-HSQC, and gs-HMBC. All chemical shifts are relative to CDCl; (8 =
77.00 for C-NMR; & = 7.24 for 'H-NMR) using the standard & notion in parts
per million.

Results

In Vitro Conversions. Initially, 10 P450s were used for the in vitro
conversion of seven drugs (amitriptyline, carbamazepine, chlorprom-
azine, clomipramine, imipramine, promethazine, and thioridazine) and
two precursors (iminodibenzyl and phenothiazine) to evaluate their
ability for the conversion of those compounds. As shown in Table 2,
CYP260A1, CYP264A1, CYP267A1, and CYP267B1 were able to
convert some of the compounds; however, the remaining six enzymes
did not show any conversion. CYP264A1 converts four substrates
(amitriptyline, chlorpromazine, clomipramine, and imipramine) with
appropriate yields. The main products of amitriptyline, chlorproma-
zine, and imipramine formed by CYP264A1 and CYP267B1 are identical.
However, none of the P450s were able to convert carbamazepine. In
general, CYP260A1 and the CYP267 family show lower conversions for
the substrates compared with CYP264A1.

The obtained product patterns were different for each substrate.
Besides the expected hydrophilic products, several hydrophobic
products were also found. CYP260A1, CYP267A1, and CYP267B1
showed different product patterns for the conversion of promethazine.
Four products were observed with CYP260A1 and CYP267Al,
whereas CYP267B1 gave five products, in which two products
[retention time (RT) = 11.2 and 11.6 minutes] were much more
hydrophobic than the substrate (RT = 7.6 minutes). We observed that
the most hydrophobic product (RT = 11.6 minutes) showed the same
RT as that of phenothiazine (see Fig. 1). The conversion of chlorpromazine
by CYP260A1 also forms a hydrophobic product (RT = 11.2 minutes).
Likewise, low amounts of a hydrophobic product (RT = 12.4 minutes)
were also found using CYP267A1 for thioridazine conversion (RT =
9.0 minutes). All other products were more hydrophilic compared
with the substrates.

In accordance with these in vitro results, amitriptyline, chlorprom-
azine, clomipramine, and imipramine were chosen for the E. coli-
based whole-cell biotransformation by CYP264A1. Amitriptyline and
chlorpromazine were chosen for the conversion by CYP267B1.
Thioridazine was chosen for the conversion by CYP267A1 to upscale
the production for structure elucidation of the products.
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TABLE 2

In vitro conversions of the drugs with the corresponding myxobacterial P450s (the observed products are arranged
according to their RTs) Dashes mark that there is no conversion.

Conversion by

Substrate
CYP260A1 CYP264A1 CYP267A1 CYP267B1
RT [min] RT [min] RT [min] RT [min] RT [min]
Amitriptyline 8.2 — Pl: 70%/6.2 — Pl: 15%/6.2
P2: 3%/6.8
P3: 18%/7.0
Carbamazepine 7.7 — — — —
Chlorpromazine 8.5 P1: 9%/11.2 P1: 62%/6.2 — P1: 39%/6.2
Clomipramine 8.7 — P1: 69%/7.0 — Traces of product
P2: 23%/7.4
P3: 2%/8.5
Imipramine 8.0 — P1: 52%/6.1 — P1: 9%/6.1
P2: 10%/6.5
P3: 4%/1.6
Iminodibenzyl 12.1 — P1: 3%/8.4 — P1: 31%/9.3
Phenothiazine 11.6 — P1: 4%/6.5 — P1: 8%/6.5
Promethazine 7.6 — — — P1: 4%/6.5
P2: 15%/7.4 P2: 2%/7.4 P2: 23%/7.4
P3: 5%/7.9 P3: 3%/7.9 —
— — P4: 3%/10.8
P5: 17%/11.2 P5: 4%/11.2 P5: 3%/11.2
P6: 20%/11.6 P6: 5%/11.6 P6: 3%/11.6
Thioridazine 9.0 — — Pl: 34%/6.9 —
P2: 5%/7.9
P3: 4%/12.4

Whole-Cell Conversions Using M9CA Medium and Resting
Cells. Two different systems for the whole-cell conversions, either
using MOCA medium or applying resting cells in buffer, were used to
obtain larger amounts of products for NMR characterization. In-
terestingly, these two systems showed a clear difference concerning
substrate conversion. A close correlation between the tested P450s and
the conversion of the compounds was not observed (see Fig. 2).
CYP264A1 showed higher product yields from amitriptyline,
chlorpromazine, and clomipramine with resting cells, whereas a higher
yield of the imipramine product was obtained in M9CA medium. In
contrast, the yields of the whole-cell conversions with members of the
CYP267 family were always higher in MOCA medium. Nevertheless,
the ability of CYP267 to convert tricyclic compounds showed their
potential pharmaceutical importance to generate derivatives from such
compounds.
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Product Purification via Preparative HPLC. The products of the
corresponding whole-cell conversions were purified via preparative
HPLC. The purity of the isolated products was further verified by an
additional HPLC measurement before employing it for the NMR
measurement. The chromatograms of the purified products and the
pure substrates are shown in Supplemental Fig. I, confirming the
successful purifications of the corresponding products. All products
were obtained with high purity and sufficient amounts (5-25 mg) for
the structure elucidation via NMR spectroscopy.

Structure Elucidation via NMR Spectroscopy and GC-MS. The
main products of the CYP264A 1-dependent conversion of amitripty-
line, chlorpromazine, clomipramine, and imipramine as well as the
CYP267A1-dependent conversion of thioridazine were purified and
analyzed by NMR spectroscopy. To substantiate the NMR results,
the products were additionally analyzed by GC-MS. The 'H NMR,

500 -
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350 i

300 -
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100
50

04
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Fig. 1. HPLC chromatograms of the conversions of promethazine (solid lines) with CYP260A1 (A) and CYP267A1 (B) as well as pure phenothiazine (dashed lines). The

hydrophobic product at 11.6 minutes shows the same RT as phenothiazine.
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Fig. 2. Conversions of the tricyclic substrates to the corresponding
main products. The conversions using MOCA medium (black bar)
and resting cells (gray bar) are shown for each substrate.
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13C NMR, and GC-MS data are shown in the Supplemental Material
(section 2: 'H-NMR, "CNMR, and GC-MS data).

We observed that the El-spectra showed a peak with m/z of 58, which
is correlated to the tertiary ammonium moiety of the dimethylamino
propyl group (Frigerio et al., 1972). This peak indicated that the
dimethylamino group was intact and a demethylation can be excluded
for amitriptyline, chlorpromazine, clomipramine, and imipramine. For
clomipramine and imipramine conversion the database comparison of
the fragmentation pattemn showed the highest identity to the corresponding
10-hydroxy products, whereas chlorpromazine conversion showed the
highest identity to chlorpromazine 5-sulfoxide. For the product of
thioridazine, an ion with m/z of 386 was detected, indicating the
insertion of a single oxygen atom. The corresponding 5-sulfoxidated
thioridazine product was not available in the NIST database, and
therefore it was only elucidated by NMR spectroscopy.

In summary, we showed that the myxobacterial P450s were able to
oxidize the heterocyclic ring of the tricyclic compounds (see Fig. 3), in
which CYP264A1 and CYP267B1 convert amitriptyline and imipra-
mine to the corresponding 10-hydroxy products, whereas CYP264A1
additionally converts clomipramine to the 10-hydroxy product. In ad-
dition, chlorpromazine is sulfoxidated at position 5 by CYP264A1 and
CYP267B1. Furthermore, CYP267A1 converts thioridazine to thiorid-
azine 5-sulfoxide. The structures of the products are illustrated in Fig. 3.

Discussion

For the past few years, we have been engaged in the study of novel
P450s from myxobacteria, and some P450s from S. cellulosum So
ce56 have shown a potential for industrial and biotechnological
applications (Khatri et al., 2010a,b, 2013, 2014; Ly et al., 2012; Ringle
et al., 2013). We were also able to develop an efficient E. coli-based
whole-cell bioconversion system for some myxobacterial P450s
(Ringle et al., 2013). However, the potential applications of those
P450s for the production of novel or known drug-related compounds
have not yet been studied. Therefore, 10 myxobacterial P450s were
investigated concerning their ability to produce human-like or novel
drug metabolites from tricyclic psychotherapeutic drugs.

The production of human drug metabolites is an important
challenge in the pharmaceutical industry. Drug metabolites formed
at greater than 10% of the parent drug systemic exposure at steady
state (FDA, 2008) or total drug-related exposure (European Medicines

Thiorid:

Agency, 2009) need to be tested in toxicological studies, whereby the
International Conference on Harmonization guidelines take precedence
over the FDA guidelines (Frederick and Obach, 2010; Haglund et al.,
2014). For such studies, small (wg) to large quantities (in a gram scale)
of these drug metabolites are necessary to provide standards for
analytical and toxicological studies, respectively. Utilization of human
liver or human liver microsomes is restricted due to limited availability
of this human organ. Therefore, alternative ways of producing such
metabolites have been investigated. Several approaches, including cell
cultures and different microbial systems expressing human P450s as
whole-cell biocatalysts to convert drugs, have been described (Crespi
et al., 1993; Dohmer, 2001; Dragan et al., 2011; Geier et al., 2012).
However, the low activity and stability of the mammalian P450s
compared with the bacterial and fungal P450s are limiting their
application at an industrial scale (Julsing et al., 2008; Sakaki, 2012). In
addition, the membrane association of the mammalian P450s hinders
a simple handling of these enzymes for biotechnological applications, in
contrast to the soluble bacterial P450s (Urlacher et al., 2004; Bernhardt
and Urlacher, 2014). As a result, bacterial P450s become an alternative
method to produce the identical metabolites as those provided by
mammalian P450s (Yun et al., 2007; Caswell et al., 2013). Using wild-
type microorganisms such as Cunninghamella ssp. or Streptomyces ssp.
for the conversion of drugs is another possibility to obtain sufficient
amounts of metabolites (Asha and Vidyavathi, 2009; Murphy, 2015).
However, employing such microbial organisms for the production of
drug metabolites can be a time-consuming process because of the lack
of information regarding the involving enzyme in the biotransformation
of the corresponding drug. Therefore, improvements of such a system to
obtain higher amounts of a specific product are limited. This can be
overcome by the utilization of specific bacterial P450s efficiently
expressed in a bacterial whole-cell system as a biocatalyst. In this
regard, one of the best characterized bacterial P450s is CYP102A1
(P450BM3) from Bacillus megaterium, which has been the target of
most engineering efforts to improve activity, selectivity, and the range
of substrates (Jung et al., 2011; Whitehouse et al., 2012). However,
screening a variety of bacterial P450s for their ability to convert various
drugs will certainly lead to a broad range of substrates with high
structural diversity to be converted by these P450s. Therefore, we
investigated 10 P450s from S. cellulosum—a bacterium typically found
in soil (Shimkets et al., 2006), where it is exposed to a variety of
xenobiotics—for their ability to convert tricyclic drugs.
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Fig. 3. Conversions of the substrates amitriptyline (A), chlorpromazine (B), clomipramine (C), imipramine (D), and thioridazine (E) by the myxobacterial P450s.

Terpenes and terpenoids as well as fatty acids have already been
identified as substrates for these wild-type P450s in previous studies
(Khatri et al., 2010a,b, 2014; Ly et al., 2012; Schifrin et al., 2014).
Moreover, 4-methyl-3-phenyl-coumarin, a tricyclic molecule, was
identified as a substrate for CYP264A1 (Ringle et al., 2013). Here, we
can demonstrate that all tricyclic compounds except carbamazepine
are converted in vitro by the myxobacterial P450s CYP260Al,
CYP264A1, CYP267A1, and CYP267B1. To obtain sufficient
amounts of products for structural elucidation, we used an E. coli-
based whole-cell biotransformation system. The obtained products of
amitriptyline, chlorpromazine, clomipramine, imipramine, and thio-
ridazine were purified and characterized by NMR spectroscopy. It is
remarkable that these products were indeed the same compounds as
those obtained by human liver P450s. The 10-hydroxy products of
amitriptyline and imipramine are predominantly formed by CYP2D6,
whereas CYP1A2 and CYP3A4 are mainly capable of sulfoxidations
of chlorpromazine and thioridazine. Moreover, the myxobacterial P450s
show high selectivity for the production of a single major product,
whereas the human P450s produce several other side products (see
Table 1). Therefore, the ability to produce pure metabolites in a large

quantity by the myxobacterial P450s is more suitable compared with the
application of human P450s producing several metabolites.

Although 4-methyl-3-phenyl-coumarin has been previously identi-
fied as the only substrate for CYP264A1 (Ringle et al., 2013), its
product has neither pharmaceutical nor chemical interest. However,
the tricyclic moiety of this substrate indicated that CYP264A1 probably
needs this structure for substrate recognition. This suggestion was
supported by our observation that amitriptyline, chlorpromazine, clomipr-
amine, and imipramine—all containing a tricyclic moiety—were
converted by this P450. In addition, CYP264A1 is sensitive to the side
chain moiety of the selected tricyclic compounds, since promethazine
shows no conversion, whereas chlorpromazine is converted. In this regard,
the dimethylamino propyl side chain seems to be necessary for the
conversion. In agreement with this assumption, the two precursors,
iminodibenzyl and phenothiazine, lacking the side chain, were also nearly
not converted. Likewise, thioridazine containing a sterically demanding
side chain is also not converted. However, amitriptyline, which possesses
a side chain with reduced flexibility caused by the double bond, is
converted. Comparing imipramine and clomipramine, there is no sig-
nificant difference between their conversions, suggesting that the halogen
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group at the aromatic ring does not seem to play a notable role in the
reaction. Unexpectedly, the homolog of this enzyme from the same
strain, CYP264B1, which shows no activity toward the tested tricyclic
compounds (see Table 2), acts as a norisoprenoid and sesquiterpene
hydroxylase (Ly et al., 2012).

Interestingly, we also observed the formation of products being
more hydrophobic than the substrate from the conversion of promethazine
by CYP260A1 as well as CYP267A1 and CYP267B1. One single
hydrophobic product showing an identical RT as phenothiazine has
been identified, suggesting that the side chain of promethazine might
have been cleaved. Although the oxidative thermal degradation of
promethazine has been previously described (Underberg, 1978), the
dealkylation of promethazine by P450s has not yet been described.
In addition, CYP260A 1 also forms a more hydrophobic product
from chlorpromazine. However, the formation of N-oxide products
could also lead to more hydrophobic products, although these products
are mainly formed by flavin-containing monooxygenases (Ziegler,
1993). In addition, ring-opening products are also unlikely due to the
fact that these products are obviously more hydrophilic compared with
the substrate. However, because of the very low yield we were not able
to characterize these products. Interestingly, although tricyclic substrates
for CYP267A1 and CYP267B1 were not known before, we identified
the psychotherapeutic drugs as substrates for these P450s for the first
time. Despite being homologous to each other, CYP267Al and
CYP267B1 showed quite different affinity for the tested substrates.
Promethazine is the only common substrate converted by both P450s.
However, the ability of CYP267B1 to convert most of the selected
drugs makes this enzyme a promising candidate for the conversion of
other drugs or drug-related derivatives. Furthermore, improvements of
these P450s by protein engineering could lead to higher yields or an
increased substrate range (Gillam, 2008).

We also observed that the conversion of tricyclic compounds by the
myxobacterial CYP264A1 showed identical main products as those
observed by human CYP2D6. There are no crystal structures for human
CYP2D6 with the tested substrates or for the myxobacterial P450s
available. Therefore, we performed an alignment of CYP2641 and
CYP267A1 with human CYP2D6 to determine the substrate binding
residues that have been shown in the crystal structure of CYP2D6
(Rowland et al., 2006) and the recent docking study of imipramine with
CYP2D6.1 (Handa et al., 2014). Interestingly, the conserved Phel20
and Val374 of CYP2D6, which control the orientation of the substrate,
are conserved as Phe61 and Val279, respectively, in CYP264A1, but
not in CYP267A1 (see Supplemental Fig. 2). It is assumed that this
observation might be the reason for the similar conversion patterns of
both CYP264A1 and CYP2D6.

In our study carbamazepine is the only compound that has not been
converted by any of the tested myxobacterial P450s. The presence of
a double bond in the middle ring forms a higher electron density, which
might subsequently hinder the oxidation at this specific position. In
addition, the presence of the urea moiety may influence the hydrogen
bonds of the substrate-enzyme interactions, which can lead to an incorrect
substrate orientation in the active site of the P450. Taken together, our
results showed the potential of the myxobacterial P450s as an efficient
source for the production of drug metabolites or their derivatives. The
products could be used as analytical standards or for toxicological
investigations showing their significance for pharmaceutical studies.
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1. Chromatograms of the purified products as well as the pure substrates
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Supplemental Figure 1: Chromatograms of the purified products (solid lines) as well as the
pure substrates (dashed lines): amitriptyline (A), chlorpromazine (B), clomipramine (C),
imipramine (D) and thioridazine (E).
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2. "H NMR, "®C NMR and GC-MS data

The El spectra showed a complete fragmentation of the molecules and the relative intensities
of the fragments are shown in brackets.

Conversion of amitriptyline by CYP264A1:
NMR-data:

'H NMR (CDCls, 500 MHz): 8 2.12(s, 6H, H-15 and H-16), 2.21-2.35 (m, 4H, H-13 and H-14),
3.02 (dd, 1H, H-11), 3.59 (dd, 1H, H-11), 5.05 (d, 1H, H-10), 5.89 (t, 1H, H-12), 7.12-7.44 (m,
8H, H-1, H-2, H-3, H-4, H-6, H-7, H-8 and H-9); '*C NMR (CDCls, 125 MHz): 5 28.08 (C-13),
39.49 (C-11), 45.50 (C-15 and C-16), 59.60 (C-14), 70.27 (C-10), 126.82 (C-7), 127.89 (C-3),
128.12 (C-2), 128.52 (C-8), 128.72 (C-4), 130.26 (C-12), 130.79 (C-1), 131.46 (C-9), 133.99
(C-1a), 138.98 (C-9a), 140.40 (C-6a), 141.34 (C-4a), 142.98 (C-5).

El mass spectra:

m/z 58.02 (100%), 41.98 (6%), 202.16 (5%), 215.32 (3%), 189.12 (3%), 165.13 (2%), 59.03
(2%) 42.59 (2%), 202.93 (2%), 217.21 (2%).

Conversion of chlorpromazine by CYP264A1:

"H NMR (CDCl,, 500 MHz): & 1.98-2.08 (m, 2H, H-12), 2.29 (s, 6H, H14 and H15), 2.43 (dt,
2H, H-13), 4.29 (t, 2H, H-11), 7.19 (dd, 1H, H-3), 7.26 (dd, 1H, H-7), 7.50 (d, 1H, H-9), 7.59
(d, 1H, H-1), 7.61 (m, 1H, H-8), 7.84 (d, 1H, H-8), 7.91 (dd, 1H, H-6); °C NMR (CDCls, 125
MHz):  24.62 (C-12), 45.73 (C-14 and C15), 46.07 (C-11), 56.53 (C-13), 115.98 (C-1),
116.10 (C-9), 121.95 (C-3), 122.28 (C-7), 131.71 (C-6), 132.84 (C-4), 133.04 (C-8), 137.90
(C-9a), 139.02 (C-1a), 142.28 (C-4a), 142.84 (C-6a).

El mass spectra:

m/z 58.00 (100%), 245.99 (97%), 248.11 (33%), 42.02 (28%), 214.13 (22%), 233.08 (19%),
247.19 (19%), 83.89 (12%), 44.07 (9%), 232.24 (9%).

Conversion of clomipramine by CYP264A1:

'H NMR (CDCls, 500 MHz): & 1.67-1.74 (m, 2H, H-13), 2.10 (s, 6H, H-13 and H-14), 2.27 t,
2H, H-14), 3.15 (dd, 1H, H-11), 3.41 (dd, 1H, H11), 3.75 (t, 2H, C-12), 4.96-5.09 (m, 1H, H-
10), 6.89-7.39 (m, 7H, H-1, H-2, H-4, H-6, H-7, H-8, H-9); *C NMR (CDCls, 125 MHz): &
25.95 (C-13), 39.36 (C-11), 45.42 (C-15 and C-16), 48.74 (C-12), 57.49 (C-14), 69.96 (C-10),
118.86 (C-4), 121.02 (C-8), 121.94 (C-2), 123.94 (C-6), 127.12 (C-9), 130.54 (C-7), 132.15
(C-9a), 132.47 (C-1), 133.43 (C-1a), 147.65 (C-6a), 148.48 (C-4a).

El mass spectra:

m/z 58.09 (100%), 84.78 (26%), 180.21 (20%), 85.32 (19%), 285.02 (18%), 57.45 (17%),
42.22 (15%), 226.92 (14%), 253.71 (14%), 83.90 (12%).
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Conversion of imipramine by CYP264A1:

'H NMR (CDCls, 500 MHz): & 1.69-1.77 (m, 2H, H-11), 2.11 (s, 6H, H-15 and H-16), 2.29 {(t,
2H, H-14), 3.19 (dd, 1H, H-11), 3.45 (dd, 1H, H-11), 3.73-3.84 (m, 2H, H-12), 5.06 (dd, 1H,
H-10), 6.94- 7.21 (m, 8H, H-1, H-2, H-3, H-4, H-6,H-7, H-8, H-9); ®C NMR (CDCl;, 125
MHz): & 26.03 (C-13), 39.81 (C-11), 45.41 (C-15 and C-16), 48.57 (C-12), 57.63 (C-14),
70.48 (C-10), 118.90 (C-8), 120.54 (C-2), 122.25 (C-4), 123.33 (C-6), 126.89 (C-3), 128.04
(C-7), 130.57 (C-9), 130.69 (C-1), 131.97 (C-1a), 134.33 (C-9a), 146.76 (C-6a), 148.76 (C-
4a).

El mass spectra:

m/z 58.00 (100%), 85.10 (29%), 180.09 (27%), 193.11 (27%), 42.02 (23%), 251.22 (19%),
194.14 (16%) 232.22 (15%), 206.23 (12%), 84.04 (12%)

Conversion of thioridazine by CYP267A1:

The use of the racemic mixture of (R)- and (S)-thioridazine as substrate leads to their
respective enantiomeric products. As a consequence, the NMR-signals are duplicated. The
enantiomeric signals are labeled as a and b.

'H NMR (CDCls, 500 MHz): & 1.33 (m, 2H, H-16a), 1.76 (m, 2H, H-16b), 1.52 (m, 2H, H-15a),
1.65 (m, 2H, H-15b), 1.93 (d, 2H, H-12a), 2.19 (d, 2H, H-12b), 2.11 (m, 2H, H-14a), 2.28 (m,
2H, H-14b), 2.20 (m, 2H, H-17a), 2.27 (s, 2H, H-19a and H-19b), 2.25 (m, 2H, H-13a and H-
13b), 2.37 (s, 2H, H-19a and H-19b), 2.72(s, 2H, H-19a and H-19b) 2.91 (m, 2H, H-17b),
2.58 (s, 3H, H-21a), 2.59 (s, 3H, H-21b) 3.96 (m, 2H, H-11a), 4.05 (m, 2H, H-11b), 6.94 (d,
1H, H-4a), 6.98 (t, 1H, H-4b), 7.07 (dd, 1H, H-7a), 7.11 (dt, 1H, H-7b), 7.17 (d, 1H, H-3a),
7.22 (t, 2H, H-3b), 7.24 (d, 1H, H-1a), 7.26 (d, 1H, H-1b), 7.25 (m, 1H, H-9a), 7.28 (m, 1H, H-
9b), 7.45 (m, 1H, H-6a), 7.63 (m, 1H, H-6b), 7.83 (m, 1H, H-8a), 7.93 (m, 1H, H-8b); ™*C
NMR (CDCl;, 125 MHz): 3 15.37 (C-21), 23.85 (C-16a), 30.33 (C-16b), 25.07 (C-15a), 25.10
(C-15b), 29.13 (C-14a), 29.16 (C-14b), 29.61 (C-12a), 29.64 (C-12b), 44.04 (C-11a), 44.70
(C-11b), 56.66 (C-17a), 56.70 (C-17b), 61.95 (C-13a), 62.20 (C-13b), 109.76 (C-9a), 109.83
(C-9b), 115.95 (C-4a and C-4b), 117.25 (C-7a), 119.05 (C-7b), 124.44 (C-2a and C-2b),
127.62 (C-3a), 127.66 (C-3b), 127.85 (C-1a), 127.89 (C-1b), 129.14 (C-6a-a), 129.17 (C-6a-
b), 144.35 (C-4a-a and C-4a-b), 144.94 (C-1a-a), 144.96 (C-1a-b), 145.55 (C-9a-a), 145.64
(C-9a-b).

El mass spectra:

m/z 98.08 (100%), 97.13 (14%), 244.94 (13%), 206.88 (12%), 42.03 (12%), 195.93 (11%),
223.07 (11%), 196.79 (10%), 211.20 (10%), 386.06 (9%)
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3. Comparison of CYP264A1 and 267A1 with human CYP2D6

CYP264A1 = =  — = e e MSERVDIMTPAFRADPYTPYA 21
CYRP26TRT 3 =Fermmmmemrere e MNSPDAPKPDAPPAANPAADADLDPFRLQSPETLANPYPVYA 42
CYP2D6 MGLEALVPLAVIVAIFLLLVDLMHRRQRWAARYPPGPLPLPGLGNLLHVDFQNTPYCFDQ 60
CYP264A1 AMRREAPVC---—-—-======— QVDPGGMWAVSRYADVATVLRSP--~--~--~- ERFSSQGF 61
CYP267A1 RLRQEAPVY--—--=-=======— FSAAYNGWLITRYDQVAAGFRDPRLSAKRSSAFVTKLF 89
CYP2D6 LRRRFGDVFSLQLAWTPVVVLNGLAAVREALVTHGEDTADRPPVPITQILGFGPRSQGVF 120
CYP264A1 RAAWQPAWVGHNPLASSILAMDGPDHARLRGLVSRAFGAPAIARIEQ-~-——-! RARDLCER 116
CYP267A1 DEVRQRLEPLRRNLASWALLLDPPEHTRIRSLINKAFVPRLVEGLRS-—~~—-! RVETLVNE 144
CYP2D6 LARYGPAWREQRRFSVSTLRNLGLGKKSLEQWVTEEAACLCAAFANHSGRPFRPNGLLDK 180
CYP264A1 LAGRLD--GEVDFIAAAAAPLPAFVISELLGLDHALEPHFKRWMDDLLSVT-PEPASAEH 173
CYP267A1 LLDAVAPAGRMDVLRDLGDLLPLLVIGEVLGVPAEDRHRLKGWSNALSGFLGAGRPTLEI 204
CYP2D6 AVSNVIASLTCGRRFEYDDPRFLRLLDLAQEGLKEESGFLREVLNAVPVLLHIPALAGKV 240
CYP264A1 AARVRATIAELDRYMADVIAARR--—--- RSPSDDLVSELARA----GELLGDREIIDLLV 224
CYP267A1 AGGALSAVAELEDYFRGVIAARR----~ QSPGNDLLSQLILAE-EQGMILGEQELLSTCC 258
CYP2D6 LRFQKAFLTQLDELLTEHRMTWDPAQPPRDLTEAFLAEMEKAKGNPESSFNDENLRIVVA 300
CYP264A1 SILGGGLETTTHFLGSSMLLLAERPAELERLR---—--=========—==— ASPQLIPRFI 266
CYP267A1 MLLFGGHETTKNLIGNGLLALLLHRSEREALR--—-————————=—=—=—— ATPSLIGPAV 300
CYP2D6 DLFSAGMVTTSTTLAWGLLLMILHPDVQRRVQQEIDDVIGQVRRPEMGDQAHMPYTTAVI 360
CYP264A1 EEMMRYDGPTQS-VPRLTTSDVALAGVTIPAGSLVLALVGSANRDEVRFTDPDRFD---~- 321
CYP267A1 EELLRYDSPVQW-MSRVALDDIELDGVRIPKGDRAFLVLGAANRDPAQFPDPDKLD---~ 355
CYP2D6 HEVQRFGDIVPLGVTHMTSRDIEVQGFRIPKGTTLITNLSSVLKDEAVWEKPFRFHPEHF 420
CYP264A1 = ----- LHRGQP-SLTFGHGAHFCLGAALARMEAKVALEVLVPRIGEVTRAPGEIPYNRTL 375
CcCYp267a1 @ ----- FRRTDIRHISLGLGVHYCAGSALARVEAQAAISTFLRRFPDAELSPGPLTWRMNP 410
CYP2D6 LDAQGHFVKPEAFLPFSAGRRACLGEPLARMELFLFFTSLLQHFSFSVPTGQPRPSHHGV 480
CYP264A1 TVRGPVSLPLRFRPA---- 390

CYP267A1 GMRGVTALPIELGPQSSAS 429

CYP2D6 FAFLVSPSPYELCAVPR-- 497

Supplemental Figure 2: Multiple sequence alignment of human CYP2D6 (AFX95842.1), and
the S. cellulosum So ce56 CYP264A1 (YP_001616970.1) and CYP267A1
(YP_001611312.1). The amino acid sequences of CYP2D6, CYP264A1 and CYP267A1
were retrieved from EMBL database (http://www.ebi.ac.uk/embl/) and aligned by Clustal W2
(http://www.ebi.ac.uk/Tools/msa/clustalw2/). The absolutely conserved amino-acid residues
are highlighted in grey, and the yellow highlight indicates the interacting residues during
docking of imipramine as described (Handa et al., 2014).

Handa K, Nakagome |, Yamaotsu N, Gouda H, and Hirono S (2014) In Silico Study on the
Inhibitory Interaction of Drugs with Wild-type CYP2D6.1 and the Natural Variant CYP2D6.17.
Drug Metabolism and Pharmacokinetics 29:52-60.
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New Sesquiterpene Oxidations with CYP260A1 and
CYP264B1 from Sorangium cellulosum So ce56

Alexander Schifrin,”” Martin Litzenburger,”’ Michael Ringle,® Thuy T. B. Ly,*® and

Rita Bernhardt*®

Sesquiterpenes are natural products derived from the common
precursor farnesyl pyrophosphate (FPP) but are highly diverse
in structure and function. Cytochrome P450 enzymes (P450s)
exhibit the unique ability to introduce molecular oxygen into
non-activated C—H bonds. In plant biosynthetic pathways,
P450s commonly derivatize sesquiterpene hydrocarbons. How-
ever, the potential of bacterial P450s for terpene derivatization
is still underinvestigated. This work compares the substrate
specificities and regioselectivities of the sesquiterpene hydrox-

Introduction

Sesquiterpenes are a group of natural products biosynthesized
either through the mevalonate pathway or the methylerythritol
pathway."" Although all sesquiterpenes contain 15 carbon
atoms (C,;) and derive from the common precursor farnesyl
pyrophosphate (FPP) through bioconversion catalyzed by ter-
pene synthases (TPSs),"” they display highly diverse branched,
mono-, bi-, and tricyclic hydrocarbon skeletons.” Physiological
derivatization is conducted by other enzymes, most often cyto-
chromes P450 (P450s)," so that 89.5% of all known sesquiter-
penes are derivatized.”’ P450s are external monooxygenases.
They selectively introduce molecular oxygen into non-activated
C—H bonds, and this makes them very powerful for applica-
tions in synthesis as a complement to chemical methods.”®

Lightly derivatized sesquiterpenes are volatile and serve for
plants as a means of chemical communication either for de-
fense or for attraction of pollinators.” Mankind has discovered
plant sesquiterpenoids as highly valuable flavors and fragran-
ces,®™ and multiply oxidized derivatives as antitumor™ or anti-
malaria agents."”

Recently, bacterial sesquiterpenes have been studied more
intensely;"""'? their physiological functions remain a topic of
discussion.” Nevertheless, bacterial sesquiterpene biosynthe-
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ylases CYP260A1 and CYP264B1 from myxobacterium Soran-
gium cellulosum So ce56. Four tested substrate classes (eremo-
philanes, humulanes, caryophyllanes, and cedranes) were con-
verted by both P450s. The achievable variety of oxidations is
demonstrated on the model substrates (+)-nootkatone and
zerumbone. Increasing the number of functionally investigated
P450s, this study represents a step towards the selective deri-
vatization of sesquiterpenes.

sis pathways have been identified as analogous to those in
plants, including conversion of FPP by TPSs and derivatization
of the hydrocarbons by P450s.""'* In a similar way, smaller
monoterpenes (C,,) and bigger di- (C,) and triterpenes (Cy)
are synthesized."”

Obtaining valuable terpene intermediates is an important
challenge, because they often do not accumulate in the host
organisms. Chemical synthesis is also often inefficient or unse-
lective. An increasing knowledge of biosynthesis pathways has
thus led to the evolution of synthetic biclogy as a tool for the
production of valuable terpene compounds.'® Crucial steps in
the synthesis of oxidized sesquiterpenes are catalyzed by
P450s.”) Consequently, whole-cell biocatalysts are designed for
efficient P450-mediated derivatization of sesquiterpenes. The
hydrocarbon precursors or low-priced mevalonate pathway
intermediates are used as substrates.*' P450s of micrabial
origin have shown to perform commercially interesting ter-
pene oxidations."” For biosynthetic purposes they could repre-
sent an efficient alternative to plant P450s, because they show
generally high expression rates in Escherichia coli, and their
combinations with electron-transfer proteins are readily avail-
able as bacterial whole-cell catalysts."”!

Previously, we have identified the CYP106 family from Bacil-
lus megaterium as di- and triterpene hydroxylases."®* We
have also revealed the biosynthetic potential of CYP105A1
from Streptomyces griseolus. It mediates the direct conversion
of the diterpene resin abietic acid to its 15-hydroxy derivative,
a key precursor of 15-hydroperoxyabietic acid, thus allowing
a nine-step chemical synthesis to be avoided.”"

Because bacterial P450s are able to perform these reactions,
we have previously established P450-based E. coli whole-cell
catalysts for in vivo terpene oxidations,”*?¥ and have opti-
mized the electron transfer onto bacterial P450s.%* Seeking for
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new versatile sesquiterpene-derivatizing P450s, we turned to
the myxobacterial strain Sorangium cellulosum Soce56. It is
commonly found in upper soil fractions close to plant roots
and possesses one of the largest bacterial genomes
(13.1 Mbp), including 21 functional P450 genes with great po-
tential for biosynthetic applications.®”

Among them we found two sesquiterpene-converting en-
zymes: CYP260A1 oxidizes the grapefruit flavor (+)-nootka-
tone,”” whereas CYP264B81 is a native (+)-eremophilene hy-
droxylase,”” which was also shown to convert other sesquiter-
penes of different parent structures.*” While further exploiting
the sesquiterpene derivatization potential of these P450s, we
treated them with a broad range of sesquiterpenes for conver-
sion. The current work reveals CYP260A1 and CYP264B1 to be
versatile sesquiterpene oxidases, and compares their substrate
specificities and selectivities. As substrates we chose monocy-
clic humulanes and their bicyclic caryophyllane derivatives, bi-
cyclic eremophilanes, and tricyclic cedranes (Scheme 1). It was
demonstrated that CYP260A1 efficiently converts oxygenated
sesquiterpenes and that CYP264B1 regioselectively introduces
allylic alcohol functions.

Tl
J
B 3
7
5 s 14
s 8
15 12

eremophilane

humulane

caryophyllane cedrane

Scheme 1. Hydrocarbon skeletons of the sesquiterpenes tested for
CYP260A1- and CYP264B1-mediated derivatization.

Results and Discussion

For conversions of a broad range of sesquiterpene substrates,
the (4)-nootkatone oxidase CYP260A1%" and the native
(+)-eremophilene hydroxylase CYP264B1%" were selected from
a range of 21 functional S. cellulosum Soce56 cytochromes
P450.%¢ The readily available E. coli-based P450 whole-cell cata-
lysts allow cost-efficient conversions on a milligram scale for
structural analysis of the major products by NMR spectroscopy,
in addition to GC/MS />3

Four structural classes of sesquiterpene substrates
(Scheme 1) were chosen for conversion tests with CYP260A1
and CYP264B1. Pairs of substrates were used from the classes
of eremophilanes, humulanes, and cedranes. The eremophi-
lanes (+)-nootkatone (Scheme 2, 1) and (+)-valencene (4), as
well as the humulanes zerumbone (6) and a-humulene (12),
represent pairs of hydrocarbons and their corresponding ke-
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tones. The cedranes (+4)-3(15)-cedren-4-ol (16) and «-cedrene
(21) differ in the hydroxy function at C-4 and in the position of
a double bond: between carbon atoms 3 and 4 or 3 and 15,
respectively. [;-Caryophyllene (14) is related to 12; however, it
is less flexible due to the additional intramolecular bond be-
tween C-2 and C-10, which forms a strained cyclobutane ring.

CYP260A1-dependent conversion of sesquiterpenes

CYP260A1 converts the sesquiterpene ketones (+)-nootkatone
(Scheme 2, 1) and zerumbone (6), as well as the allylic sesqui-
terpene alcohol (+)-3(15)-cedren-4-ol (16). Whereas 1 is 62%
consumed, the other two substrates are converted completely
under the experimental conditions (Scheme 2, column 2). The
tested non-oxidized hydrocarbon sesquiterpenes (compounds
4,12, 14, and 21) are not converted by this P450.

The extract from the whole-cell conversion of 1 by
CYP260A1 contains six products. Its main product was deter-
mined to be 4-hydroxynootkatone (2, 61% selectivity;
Scheme 2, line 1). Addition of (+)-valencene (4) to the whole-
cell catalyst gave no conversion. The humulane-type zerum-
bone (6) was converted quantitatively into four different prod-
ucts. Each of these oxidation products bears a hydroxy func-
tion at the C-5 atom and an epoxide group between the
atoms C-2 and C-3 (compounds 7-10; Scheme 2, line 3). Two
of the products, 8 and 9, are isomers, with a saturated bond
between C-6 and C-7. In the fourth product, compound 10,
this initial double bond is epoxidized. The hydrocarbon «-hu-
mulene (12) and the related [3-caryophyllene (14) are not oxi-
dized by CYP260A1. From the group of cedrane-type sesquiter-
penes, CYP260A1 oxidized (4)-3(15)-cedren-4-ol (16) to four
products, all hydroxylated at position 9 (compounds 17-20;
Scheme 2, line 6). Additionally, the conversion of 16 by
CYP260A1 affected the double bond between C-3 and C-15,
which was either epoxidized in compound 18 or reduced in
compound 20. The allylic alcohol function of 16 at C-4 can be
oxidized to a ketone, in compounds 19 and 20.

Overall, CYP260A1 catalyzes sesquiterpene conversion for
eremophilane-, humulane-, and cedrane-type structures, into
a multitude of products in each case. The presence of oxy
functions seems to be imperative, because non-derivatized hy-
drocarbon sesquiterpenes 4, 12, 14, and 21 are not oxidized.
Under the defined reaction conditions, the substrates are effi-
ciently converted and often oxidized at different positions
(compounds 7-10 and 17-20). The selectivities are rather low,
with 61% selectivity for the oxidation of 1 to 2 being the high-

Scheme 2. Overview of the sesquiterpene conversions mediated by
CYP260A1 and CYP264B1: structures of the tested sesquiterpene substrates
(including names) and the determined products (including selectivities). The
product structures were determined by NMR and confirmed by GC/MS.
Functionalizations introduced by the P450s are represented in bold. The
yields and selectivities were calculated on the basis of GC/MS and HPLC
UV/Vis peak areas. Pie charts for the degrees of substrate conversion include
substrates (white), structurally determined main products (black), and unde-
termined side products (gray). n.d.: not determined. [a] The substances 3
and another (+)-nootkatone product could not be completely separated by
GC/MS: 84% refers to the sum of both products.
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est (Scheme 2, column 2). However, it has to be taken into ac-
count that the reaction conditions have not been optimized to
obtain higher selectivities.

The introduced oxy functions in the humulanes 7-10 and
the cedranes 17-20 are situated at considerable distances
from each other. Thus, several binding modes for the sub-
strates and intermediate products seem to be possible. This is
also the case for 1, because four out of its six products are
monohydroxylated (results not shown). The conversion of 6 is
likely to begin either with hydroxylation at C-5 (compounds 7-
10) or with the epoxidation of the C-2=C-3 double bond (also
compounds 7-10). It is likely to be completed with saturation
of the C-6=C-7 double bond (compounds 8 and 9) through
the epoxide intermediate 10. Compound 16 is first hydroxylat-
ed at C-9 (compounds 17--20); further reaction steps involving
oxidation of the 4-hydroxy group (compounds 19 and 20) as
well as epoxidation and reduction of the C-3=C-15 double
bond (compounds 18 and 20) do not seem to be conducted
in a defined order.

CYP264B1-dependent conversion of sesquiterpenes

In contrast to the experiments with CYP260A1, each of the
tested sesquiterpenes was converted by CYP264B1, with the
exception of (+)-3(15)-cedren-4-ol (Scheme 2, 16). All of the
determined products—compounds 3, 5, 11, 13, 15, and 22—
contain allylic hydroxy groups.

CYP264B1, a native (+)-eremophilene hydroxylase, oxidized
(+)-nootkatone (1) and its non-oxygenated precursor (+)-va-
lencene (4), the C-7 epimer of (+)-eremophilene (Scheme 3,

qu M

23 24

Scheme 3. Sesquiterpene derivatives of the tested substrates. (+)-Eremophi-
lene (23) is the native substrate of CYP264B1;?” (9F)-humulene-2,3;6,7-diep-
oxide (24) has been shown to have anti-acetylcholinesterase activity.””

23). In vivo conversions of 1 produced mainly 13-hydroxynoot-
katone (3) along with two side products (Scheme 2, line 1).
Compound 4 was oxidized to 15 different products, with 13-
hydroxyvalencene (5) as the main product (58% selectivity,
Scheme 2, line 2). Both of the humulane-type substrates zer-
umbone (6) and a-humulene (12) were hydroxylated at posi-
tion C-5 with selectivities of 96 and 90%, respectively
(Scheme 2, lines 3 and 4). The humulane-related (-caryophyl-
lene (14) was also selectively converted into its 5-hydroxy de-
rivative 15 (83 % selectivity, Scheme 2, line 5). Relative to those
of the eremophilanes, the selectivities for humulane and caryo-
phyllane conversions are remarkably high. Even the native
CYP264B1 substrate (+)-eremophilene (23) is converted into
six different products.””” For products obtained from both ere-
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mophilane- and humulane-type substrates, the levels of con-
version were higher and more selective for the keto derivatives
1 (97% conversion, three products) and 6 (100%, two prod-
ucts) than for the non-oxidized hydrocarbons 4 (76 %, 15 prod-
ucts) and 12 (58 %, three products; Scheme 2, column 3). Com-
pound 16 was the only substrate that could not be oxidized
by CYP264B1. In contrast, this P450 converted a-cedrene (21)
into its 15-hydroxy derivative 22, introducing a primary allylic
alcohol function. Steric hindrance in binding of 16 might have
been due to the hydroxy group at C-4 or the terminal double
bond between C-3 and C-15. This might affect the difference
between the conversions of 16 and 21.

Overall, it can be stated that CYP264B1 is a highly selective
sesquiterpene hydroxylase. It produces allylic alcohols (at posi-
tion C-5) from the humulanes 6 and 12 and also from caryo-
phyllene (14). In the cases of the eremophilane-type substrates
1 and 4 it shows increased 13-hydroxylation activity, likewise
producing allylic alcohols. For these structural sesquiterpene
classes, the regioselectivity of the hydroxylation does not seem
to be affected by the presence of a carbonyl function or by
the higher flexibility of humulanes in relation to caryophyllene.
However, a carbonyl group enhances the catalytic activity of
CYP264B1 towards eremophilanes and humulanes: hydrocar-
bon substrates 4 and 12 are converted less efficiently and less
selectively than their keto derivatives 1 and 6. For cedranes,
the presence of a 4-hydroxy group and a change in a double
bond (16 in comparison with 21) abolish the catalytic function
of CYP264B1.

Comparison of CYP260A1 and CYP264B1

Both P450s—CYP260A1 and CYP264B1—have shown their ver-
satilities in oxidizing sesquiterpenes. All of the four structural
classes of sesquiterpenes employed as substrates (Scheme 1)
were converted either by one or by both of the enzymes. This
indicates that the active sites of the P450s form cavities large
or flexible enough for the binding of these structurally diverse
sesquiterpenes.

Sesquiterpenes possessing oxygen-containing functional
groups (Scheme 2, compounds 1, 6, and 16) serve as sub-
strates for CYP260A1, whereas the corresponding hydrocar-
bons are not converted. Thus, this enzyme is likely to bind the
substrates through hydrogen bonds. Its oxidation reactions
show high promiscuity, producing several products in similar
amounts (compounds 7-10 from 6, compounds 17-20 from
16) by oxidizing each substrate at different positions. Wild-
type CYP260A1 therefore seems a rather poor candidate for se-
lective sesquiterpene oxidation. However, it does hydroxylate
sesquiterpenes at chemically inert positions (compound 1 at
C-4, compound 16 at C-9). In analogy to previous studies with
CYP106A2,%? rational mutagenesis of CYP260A1 could be con-
ducted to increase its selectivity. The conversions of 1, 6, and
16 demonstrated in this study represent suitable model reac-
tions for this purpose.

CYP264B1 converts all of the employed substances, whether
they are oxygenated or non-oxygenated hydrocarbons, except
for (+)-3(15)-cedren-4-ol (16). The enzyme’s active site seems
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to be governed by hydrophobic residues, able to bind unpolar
sesquiterpene hydrocarbons. However, the ketones 1 and 6
are converted more efficiently and more selectively than their
non-oxidized parent sesquiterpenes 4 and 12. This might be
explained by hydrogen-bond-directed preorientation of the
substrate ketones in the active site. A computational model of
1 bound to CYP264B1 shows binding of the carbonyl group to
the backbone amide of Met286.% CYP264B1 shows high selec-
tivities for C-5 hydroxylation of the humulanes 6 and 12 as
well as for fB-caryophyllene (14). Therefore, neither the 8-keto
function nor the greater flexibility of humulanes in relation to
the related caryophyllanes have an effect on the regioselectivi-
ty of the hydroxylation. Eremophilane-type substrates are con-
verted into a multitude of products, mainly hydroxylated at C-
13 (compounds 3 and 5). The occurrence of some side prod-
ucts, which has likewise been observed for the physiological
substrate (+)-eremophilene,”” is probably due to reactions
taking place in the E. coli whole-cell catalyst, CYP264B1-mediat-
ed in vitro hydroxylations of 1 and 4 have been shown to pro-
duce only one and four side products, respectively.*” Thus,
CYP264B1 is a selective sesquiterpene oxidase, which is able to
functionalize a broad range of substrate structures. In general,
sesquiterpene olefins of every hydrocarbon skeleton type
should be considered as substrates for CYP264B1.

Taken together, both P450s—CYP260A1 and CYP264B1—
should be considered for oxidation studies of further sesquiter-
pene classes. Whereas wild-type CYP264B1 is selective for allyl-
ic hydroxylations, CYP260A1 needs to be engineered to per-
form reactions with higher selectivities.

Filling gaps in the range of sesquiterpene oxidations

Most of the bacterial P450s that have been functionally investi-
gated and found to oxidize sesquiterpenes are contained in
biosynthetic clusters of different species,**>* including S. cellu-
losum Soce56, close to TPS genes.””’ Sesquiterpene-oxidizing
P450s that are not clustered with TPS genes include CYP109B1,
which performs the commercially attractive conversion of 4
into 1,°¥ CYP102A1 (P450,,;) and CYP154E1, which both oxi-
dize 1 to form 3, 25, and 26 (Scheme 4), and the cyanobacteri-
al CYP110 family.*” CYP110E1 hydroxylates 6 to various prod-
ucts, although yielding mainly 27 and 28 (Scheme 5).*"
Compounds 1 and 6 are the most widely studied sesquiter-
penes in terms of bacterial P450-mediated selective oxidations.
The existing choice of tools, however, covers only a few oxida-
tion positions of model substrates 1 and 6. In this study we
provide a new product—(45)-hydroxynootkatone (2)—through
hydroxylation of the chemically inert C-4 of 1. We also provide
another way to access the primary (+)-nootkatone alcohol 3.
Previous studies have shown only allylic hydroxylation prod-
ucts 3 and 26 and the epoxide 25 (Scheme 4).**~** Oxidation
of 6 leads even to a greater variety of described products.
Here, we contribute a new selective hydroxylation by
CYP264B1 to yield 5-hydroxyzerumbone (11) and the multiply
oxidized CYP260A1 products 7-10 (Scheme 5). The side prod-
ucts of the CYP260A1- and CYP264B1-catalyzed reactions in-
clude new and unidentified structures. Further development
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Scheme 4. Oxidation products of (+)-nootkatone (1) obtained through con-
version with different bacterial P450s. The products identified in this study
and the enzymes used are shown in bold. The other derivatization studies
of 1 to 3, 25, and 26 were conducted by Sowden et al.,"” by Kolev et al.,'*?
and by von Biihler et al.*¥

OH OH
(o] (o]
o (o}
7 8
OH OH °
0 (o]
(o} (o}
9 10

CYP260A1

= o}

CYP102A1

Fe7V; x =
CYP110E1 CYP264B1

/ OH
O 6, zerumbone ~ ko]
HO
CYP110E1
28 o 1"
HO
27

Scheme 5. Oxidation products of zerumbone (6) obtained through treat-
ment with different bacterial P450s. The products identified in this study
and the enzymes used are shown in bold. The derivatization of 6 by treat-
ment with CYP110E1 and CYP102A1F87V was conducted by Makino et al*!
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based on the previous successful engineering studies of
CYP102A1,*" CYP101,*” and CYP106A2°% and including the
P450s that have been used in this study should lead to further
changes in reaction selectivities, and consequently, to expan-
sion of the range of sesquiterpene products.

Applications of the oxidized sesquiterpene products

Oxidized eremophilane- and humulane-type sesquiterpenes
have been shown to exhibit various pharmaceutically interest-
ing activities. Compounds 3 and 11 are inhibitors of NO pro-
duction in interferon- and lipopolysaccharide-induced
RAW264.7 macrophage cells.*** Compound 3 and other oxi-
dized derivatives of (+)-nootkatone (1) inhibit proliferation in
human cancer cell lines A549 and HL-60.*” The oxidized zer-
umbone (6) products 7-10 are structurally close to (9£)-humu-
lene-2,3;6,7-diepoxide (< Scheme 3, 24), a promising anti-ace-
tylcholinesterase agent for the treatment of Alzheimer's dis-
ease.”™ Compounds 7-10 could thus be tested for similar func-
tions. Generally, the introduction of functional groups by P450s
paves the way for further derivatizations. Selectively oxidized
sesquiterpenes might serve as lead structures for the develop-
ment of compound libraries for screening for biological activi-
ties.

Another important field of application for oxidized sesquiter-
penes is that of flavors and fragrances. Introducing an alcohol
or keto function significantly alters the olfactory properties of
natural terpene hydrocarbons and artificial sesquiterpene-like
ketones.*® Selectively oxidized sesquiterpenes could thus
serve for structure-odor relationship studies.*”

Conclusion

The increasing industrial demand for oxidized sesquiterpenoids
as pharmaceuticals, flavors, and fragrances requires synthetic
methods for selective oxidation of their hydrocarbon precur-
sors.?**® The methods of organic synthesis are often not able
to meet this need, due to low efficiencies and selectivities. Cy-
tochromes P450 from plants are known as native terpene oxi-
dases.” ¥ However, bacterial P450s have been little studied for
sesquiterpene derivatization until now. In this study we have
focused on conversions of a structural variety of sesquiter-
penes by the two P450s CYP260A1 and CYP264B1 from S. cel-
lulosum Soce56. Three structural sesquiterpene types—eremo-
philanes, humulanes, and cedranes (Scheme 1)—were convert-
ed by both of the enzymes. The humulane-related caryophyl-
lene (Scheme 2, 14) was selectively hydroxylated by CYP264B1.
Using the model substrates (+)-nootkatone (1) and zerumbone
(6), we were able to produce the new oxidized derivatives 2
and 7-11, complementary to products formed by other P450s
(Schemes 4 and 5).

We also observed side products in the conversion analyses
(Scheme 2), but these were not produced in sufficient amounts
for structural analysis by NMR spectroscopy. The activity of
CYP264B1 might be improved and the selectivities of both
CYP260A1 and CYP264B1 increased by engineering through
different mutagenesis techniques.*>**5" In this way, new oxi-
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dation positions could be accessible, to build up a toolbox for
selective sesquiterpene derivatization with the aid of P450s.
P450 expression can be efficiently coupled with the MVA path-
way and TPS genes in terpene-producing strains to test
CYP260A1 and CYP264B1 for oxidations of commercially un-
available sesquiterpenes.'**? Cadinane- and cubebane-type
sesquiterpenes, which have recently been discovered as prod-
ucts of a S. cellulosum Soce56 TPS,** represent potential new
substrates for CYP260A1 and CYP2648B1.

Overall, CYP260A1 and CYP264B1 have been shown to be
versatile oxidases, able to convert various structural sesquiter-
pene classes. Therefore, both P450s are promising oxidases for
other sesquiterpene types. CYP264B1 is a highly selective allylic
hydroxylase, derivatizing oxidized and non-oxidized substrates.
CYP260A1 exclusively converts oxy-sesquiterpenes, producing
unselective product mixtures. It is, however, valuable for its
ability to hydroxylate chemically inert carbon atoms (com-
pound 1 at C-4, compound 16 at C-9), and could be engi-
neered to achieve higher selectivities.

The oxidized sesquiterpenes obtained in this study have
been shown to exhibit antiproliferative (compound 3)*”' and
NO-synthesis-inhibiting (compounds 3 and 11) abilities.!"***
The products 7-10 are structurally close to the acetylcholines-
terase-inhibiting agent 24 and, therefore, likely to show simi-
lar properties. The oxidized sesquiterpenes can serve as precur-
sors for compound libraries for the improvement of these
pharmaceutically interesting properties. Because oxidation can
change the odor of a fragrance compound,*® the obtained
products should be tested for their qualities as flavors and fra-
grances, and they could be used for structure-odor relation-
ship studies.

Experimental Section

Enzymes and chemicals: The substrate «-cedrene was provided
by Dr. Fanny Lambert (V. Mane & Fils, Bar-Sur-Loup, France), and [3-
caryophyllene was provided by Prof. Dr. Daniéle Werck-Reichhart
(University of Strasbourg, France). Isopropyl [-p-1-thiogalactopyra-
noside (IPTG) and 5-aminolevulinic acid were purchased from Car-
bolution chemicals (Saarbriicken, Germany). Bacterial media were
purchased from Becton Dickinson (Heidelberg, Germany). All other
chemicals were obtained from standard sources in the highest
purity available.

Strains: The E. coli strain BL21-Gold(DE3) for the whole-cell conver-
sions was purchased from Agilent Technologies, and the E. coli
strain C43(DE3) was purchased from Lucigen Corp. (Middleton,
USA).

Expression vectors: The redox partners Fpr and Adx, ,,, were
used for the L. coli-based whole-cell conversions. CYP260A1
(pET17b) was applied with the duet vector (pCDF dFA) coding for
Fpr and Adx, ,,s"" whereas a tricistronic vector (pETC40FA) coding
for CYP264B1, Fpr and Adx, 4 was used for the CYP264B1-depen-
dent conversions.?”

Media: Terrific broth medium consisted of (per liter H,0) yeast ex-
tract (24 g), peptone (12 g}, glycerol (4 mL), K,HPO, (2.31 g), and
KH,PO, (12.54 g).
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MO9CA medium consisted of (per liter H,0) Na,HPO, (6 g), KH,PO,
(3 g), NacCl (0.5 g), NH,CI (1 g), casamino acids (4 g), glucose (4 g),
CaCl, (1™, 50 pb), MgSO, (1M, 2mL), and trace elements solution
[2 mL, trace elements solution contained (per 50 mL H,0) EDTA
(2.5 g), FeSO, (250 mg), ZnCl, (25 mg), and CuSO, (5 mg)].

E. coli-based whole-cell conversions with CYP260A1: The experi-
ments were performed with E. coli BL21(DE3) gold cells. The cells
were transformed with two plasmids, one for CYP260A1 (pET17b)
and the other for the redox partners Fpr and Adx, ,,s (pCDF dFA).
The overnight culture was prepared in nutrient broth containing
ampicillin (100 pgmL™") and streptomycin (50 pgmL 7). The main
culture with M9CA medium was inoculated with the overnight cul-
ture (dilution 1:100) and incubated at 37 °C in sealed baffled flasks.
The induction of the corresponding genes was initiated by adding
IPTG (1 mm) and 5-aminolevulinic acid (0.5 mm) when the optical
density reached /0.9, and the culture was grown further at 28°C.
After 21 h of expression, the temperature was set to 30°C, and the
substrates (50 mm stock solution in EtOH) were added to a final
concentration of 200 pm. The reaction was carried out for 48 h
under the same conditions, quenched by addition of the same
volume of ethyl acetate, and extracted twice. The organic phases
were collected, pooled, and concentrated to dryness. The obtained
extracts were stored at —20°C until purification.

E. coli-based whole-cell conversions with CYP264B1: F. coli
C43(DE3) cells were transformed with the tricistronic vector pET-
C4oFA and grown overnight in nutrient broth containing ampicillin
(100 pgmL ") at 37 °C. Terrific Broth medium containing ampicillin
(100 pgmL ") was inoculated with the overnight culture (dilution
1:100) and grown under the same conditions until the optical
density reached ~0.9. The expression was induced with isopropyl
f-p-1-thiogalactopyranoside (1 mm) and 5-aminolevulinic  acid
(0.5 mm). After shaking for 24 h at 30°C, the cells were harvested
by centrifugation (4000g) and resuspended in potassium phos-
phate buffer (50 mm, pH 7.4) containing glycerol (4%). The sub-
strates (200 um), IPTG (1 mm), and 5 aminolevulinic acid (0.5 mm)
were added, and the conversion was carried out at 30°C for a fur-
ther 24 h in sealed baffled flasks. The reactions were stopped by
cooling at 4 °C for 30 min, and then the same volume of ethyl ace-
tate was added. The products were extracted twice, and the organ-
ic phases were pooled and concentrated to dryness. The extracts
were kept at —20°C until purification.

Purification of the products: The extracts of a-cedrene, B-caryo-
phyllene, (+)-3(15)-cedren-4-ol, a-humulene, and (+)-valencene
zerumbone (CYP260A1-dependent conversion) were dissolved in
ethyl acetate and loaded on a silica gel column. Mixtures of ethyl
acetate and hexane were used as mobile phase. The ratios of these
solvents are substrate-dependent: -caryophyllene (ethyl acetate/
hexane 1:9), a-cedrene (1:99), (+)-3(15)-cedren-4-ol (8:2), a-humu-
lene (1:9), (+)-valencene (5:95), and zerumbone (8:2 for the
CYP260A1-dependent conversion). The collected fractions were an-
alyzed by thin-layer chromatography (silica gel on PET) with the
same solvent mixture as the mobile phase. The separated com-
pounds were stained with p-anisaldehyde for detection.”" The ob-
tained products were pooled, concentrated to dryness, and pre-
pared for the analysis by GC/MS or NMR spectroscopy.

The extracts of (+)-nootkatone (CYP260A1-dependent conversion)
and zerumbone (CYP264B1-dependent conversion) were purified
by preparative HPLC. A system consisting of a PU-2080 HPLC
pump, an AS-2059-SF autosampler, and a MD-2010 multi-wave-
length detector (Jasco, Gross-Umstadt, Germany) was used. The
products of (+)-nootkatone were purified with a reversed-phase
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Nucleodur 100-5 C18 column (250%5 mm, Macherey-Nagel,
Diren, Germany) and use of A)water containing acetonitrile
(10%), and B) pure acetonitrile as mobile phase. A gradient from
30% to 90% B was used for the separation of the corresponding
products. The product of CYP264B1-dependent zerumbone conver-
sions were purified with an unmodified VP Nucleodur 100-5
column (250x 10 mm, Macherey-Nagel) and use of hexane and
ethyl acetate as mobile phase. The zerumbone product was sepa-
rated under isocratic conditions (ethyl acetate/hexane 2:8). The
product-containing fractions were pooled, concentrated to dryness,
and prepared for further analysis by GC/MS or NMR spectroscopy.

GC/MS analysis of the products: GC/MS analysis was performed
with a system consisting of an AI/AS 3000 autosampler, a DSQII
quadrupole, a Focus GC column oven (Thermo Scientific), and
a HP-5 ms capillary column (25 mx0.32 mm i.d., 0.52 um film, Agi-
lent Technologies). The compounds were analyzed under the fol-
lowing conditions: inlet pressure 50 kPa, column flow 10 mLmin ',
injection volume 1 pL, transfer line 280°C, electron energy 70.5 eV,
splitless mode. The starting oven temperature was 50°C for 1 min;
then the temperature was increased by 10°Cmin ' to 310°C and
held for 5 min. The carrier gas was He with a flow of 1 mLmin .

Mass spectra were recorded in a m/z range of 20-350.

HPLC analysis of the (+)-nootkatone conversion by CYP260A1:
HPLC analysis was performed with a system consisting of a PU-
2080 HPLC pump, an AS-2059-SF autosampler, and a MD-2010
multi-wavelength detector (Jasco). A Nucleodur 100-5 C,; column
(125x4 mm, Macherey-Nagel) was used at 40°C. The mobile
phase consisted of A) a mixture of water and acetonitrile (90:10),
and B) pure acetonitrile. The samples were dissolved in a mixture
of water and acetonitrile (70:30) and separated by use of the
following gradient with a flow rate of 0.8 mLmin": 30% solvent B
for 1 min, linear increase to 90% for 8 min, maintained for 1 min,
immediate decrease to 30%, maintained for 5 min. (4)-Nootkatone
and its oxidation products were detected at 254 nm.

NMR analysis and data for the obtained products: NMR spectra
were recorded in CDCl; with a Bruker DRX 500 spectrometer (Insti-
tut fir Pharmazeutische Biologie, Universitat des Saarlandes). The
2D NMR spectra were recorded as gs-HH-COSY, gs-HSQC, and gs-
HMBC. All chemical shifts are relative to CHCl; or CDCl; (6=
77.00 ppm for *C NMR, 6=7.24 ppm for 'H NMR) with use of the
standard & notion.

(45)-Hydroxynootkatone (2): '"H NMR (500 MHz, CDCl,): 6=1.24 (s,
3H; H-14), 1.26 (s, 3H; H-15), 1.36 (m, 1H; H-8a), 1.62 (ddd, J=
13.0, 3.0 and 3.0 Hz, 1H; H-6a), 1.73 (s, 3H; H-13), 1.85 (m, 1H; H-
8b), 1.96 (dd, J=13.0, 13.0 Hz, 1H; H-6b), 2.31 (dddd, J=15.5, 13.0,
3.0, 3.0Hz, 1H; H-7), 242 (dd, J=17.0, 1.0 Hz, 1H; H-3a), 2.43 (m,
1H; H-9a), 2.51 (m, 1H; H-9b), 2.76 (d, J=17 Hz, 1H; H-3b), 4.73 (s,
2H; H-12), 5.83 ppm (brs, H-1); *CNMR (125 MHz, CDCl;): 6 =20.8
(C-13), 22.4 (C-14), 23.4 (C-15), 30.8 (C-8), 33.1, (C-9), 35.9 (C-6), 40.4
(C-7), 445 (C-5), 49.0 (C-3), 75.9 (C-4), 109.4 (C-12), 1245 (C-1),
149.1 (C-11), 167.0 (C-10), 197.3 ppm (C-2).

13-Hydroxynootkatone (3): The NMR data for this compound are
presented in Ly et al.*”

13-Hydroxyvalencene (5): 'HNMR (500 MHz, CDCl,): 6=0.85 (d,
J=6.4Hz, 3H; H-15), 0.93 (s, 3H; H-14), 0.97 (d, /=128 Hz, 1H; H-
6a), 1.19 (m, 1H; H-8a), 1.40 (m, 3H; H-3, H-4), 1.80 (m, 1H; H-8b),
1.89 (m, 1H; H-6b), 1.92 (m, 1H; H-2a), 2.05 (m, 1H; H-%a), 2.08 (m,
1H; H-2b), 2.29 (m, 2H; H-7, H-9b), 4.11 (d, J=6.1 Hz, 2H; H-13),
4.86 (s, TH; H-12a), 5.00 (s, TH; H-12b), 532 ppm (m, 1H; H-1);
CNMR (125 MHz, CDCl,): 6=15.6 (C-15), 18.5 (C-14), 25.9 (C-2),
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27.1 (C-3), 327, (C-9), 33.6 (C-8), 367 (C-7), 37.9 (C-5), 40.9 (C-4),
454 (C-6), 653 (C-13), 107.9 (C-12), 1204 (C-1), 142.7 (C-10),
154.1 ppm (C-11).

2,3-Epoxy-5-hydroxyzerumbone (7): 'HNMR (500 MHz, CDCL,):
d=1.06 (s, 3H; H-12, H-13), 1.28 (s, 3H; H-12, H-13), 1.21 (5, 3H;
H-14), 1.29 (m, 1H; H-4a), 1.42 (m, 1H; H-1a), 1.91 (m, 1H; H-1b),
1.97 (d, J/=1.5Hz, 3H; H-15), 2.63 (m, T1H; H-4b), 2.74 (dd, J=11.2,
1.7 Hz, 1H; H-2), 4.58 (m, 1H; H-5), 592 ppm (d, J=9.7, 1.5 Hz, TH;
H-6), H-9 and H-10 were not present; C NMR (125 MHz, CDCl,):
=126 (C-15), 16.8 (C-14), 24.0 and 29.7 (C-12 and C-13), 35.9
(C-11), 42.6 (C-1), 47.6 (C-4), 59.3 (C-3), 62.7 (C-2), 64.9 (C-5), 128.7
(C-9), 142.5 (C-7), 144.4 (C-6), 161.3 (C-10), 202.7 ppm (C-8).

6,7-Dihydro-2,3-epoxy-5-hydroxyzerumbone (8): 'HNMR
(500 MHz, CDCly): 6=1.13 (s, 3H; H-12, H-13), 1.24 (s, 3H; H-12,
H-13), 1.18 (s, 3H; H-14), 1.18 (d, J=6.8 Hz, 3H; H-15), 1.33 (m, 2H;
H-4a, H-1a), 1.89 (m, 2H; H-6a, H-1b), 2.08 (d, J=13.3 Hz, 1H; H-
4b), 2.16 (dd, J=15.7, 3.3 Hz, 1H; H-6b), 2.63 (m, 1H; H-2), 2.79 (m,
1H; H-7), 3.33 (dd, /=10.2, 6.9 Hz, 1H; H-5), 6.25 (d, J=16.0 Hz,
1H; H-9), 6.29 ppm (d, J=16.0 Hz, TH; H-10); "C NMR (125 MHz,
CDClL): =126 (C-15), 17.5 (C-14), 23.4 and 29.6 (C-12 and C-13),
36.1 (C-11), 40.4 (C-1), 42.7 (C-6), 44.7 (C-7), 51.1 (C-4), 59.1 (C-3),
60.5 (C-2), 66.3 (C-5), 128.0 (C-9), 150.4 (C-10), 204.0 ppm (C-8).

6,7-Dihydro-2,3-epoxy-5-hydroxyzerumbone 9): 'H NMR
(500 MHz, CDCLL): 6=1.13 (s, 3H; H-12, H-13), 1.25 (5, 3H; H-12,
H-13), 1.21 (d, /=7.0 Hz, 3H; H-15), 1.22 (s, 3H; H-14), 1.31 (m, 1H;
H-4a), 1.34 (m, 1H; H-1a), 1.70 (m, 1H; H-6a), 1.80 (dd, J=15.1,
1.7 Hz, 1H; H-6b), 1.86 (m, 1H; H-1b), 213 (d, J=13.5Hz, TH;
H-4b), 2.61 (m, 1H; H-2), 2.63 (m, 1H; H-7), 3.32 (m, 1H; H-5), 6.25
(d, J=16.1Hz 1H; H-10), 633 ppm (d, J=16.1Hz, 1H; H-9);
BCNMR (125 MHz, CDCly): 6=16.7 (C-15), 17.5 (C-14), 23.5 and
29.7 (C-12 and C-13), 36.3 (C-11), 39.8 (C-1), 45.4 (C-6), 46.4 (C-7),
50.2 (C-4), 59.3 (C-3), 60.1 (C-2), 68.1 (C-5), 124.9 (C-9), 151.2 (C-10),
206.5 ppm (C-8).

2,3:6,7-Diepoxy-5-hydroxyzerumbone (10): 'HNMR (500 MHz,
CDCl); 6=1.15 (s, 3H; H-12, H-13), 1.25 (s, 3H; H-12, H-13), 1.37 (5,
3H; H-14), 137 (m, 1H; H-4b), 1.51 (dd, /=14.3, 11.2 Hz, 1H; H-1a),
1.69 (s, 3H; H-15), 1.97 (m, 1H; H-1b), 2.60 (m, 1H; H-4b), 2.65 (dd,
J=11.3, 1.5 Hz, 1H; H-2), 2.78 (d, J=9.0 Hz, 1H; H-6), 3.74 (m, 1H;
H-5), 595 (d, J=17.2Hz, 1H; H-9), 6.83 ppm (d, J=17.2Hz, T1H;
H-10); *C NMR (125 MHz, CDCL,): 6=16.6 (C-15), 17.6 (C-14), 25.1
and 30.1 (C-12 and C-13), 35.3 (C-11), 41.6 (C-1), 44.7 (C-4), 58.1 (C-
3), 61.7 (C-2), 65.2 (C-5), 65.9 (C-6), 66.7 (C-7), 126.4 (C-9), 160.0 (C-
10), 197.2 ppm (C-8).

5-Hydroxyzerumbone (11): 'H NMR (500 MHz, CDCl3): 6=1.06 (s,
3H; H-12, H-13), 1.18 (s, 3H; H-12, H-13), 1.54 (s, 3H; H-14), 1.90 (s,
3H; H-15), 1.90 (m, 1H; H-1a), 2.13 (m, 1H; H-4a), 2.34 (t, J=
12.8 Hz, TH; H-1b), 2.74 (m, 1H; H-4b), 4.62 (m, 1H; H-5), 5.28 (brd,
J=109 Hz, TH; H-2), 579 (d, J=9.8Hz, TH; H-6), 588 (d, J=
16,5 Hz, 1H; H-10), 598 ppm (d, J=16.5Hz, 1H; H-9); *CNMR
(125 MHz, CDCly): 6=12.2 (C-15), 16.5 (C-14), 24.2 and 29.3 (C-12
and C-13), 38.5 (C-11), 42.5 (C-1), 49.3 (C-4), 64.9 (C-5), 126.7 (C-2),
1273 (C-9), 133.0 (C-3), 140.6 (C-7), 1456 (C-6), 162.4 (C-10),
204.2 ppm (C-8).

5-Hydroxyhumulene (13): 'H NMR (500 MHz, CDCl): 6=1.02 (s,
3H; H-12, H-13), 1.07 (s, 3H; H-12, H-13), 1.45 (s, 3H; H-14), 1.70 (s,
3H; H-14), 1.80 (dd, J=13.5, 5.2 Hz, 1H; H-1a), 1.98 (dd, /=13.5d
10.0 Hz, 1H; H-1b), 2.05 (dd, J=12.0, 8.2 Hz, 1H; H-4a), 2.31 (m,
1H; H-8a), 246 (dd, /=120, 5.2 Hz, 1H; H-4b), 2.71 (dd, J=13.8,
8.3 Hz, 1H; H-8b), 454 (m, 1H; H-5), 494 (dd, J=9.7, 53 Hz, 1H;
H-2), 5.00, dt, J=96, 1.4 Hz, 1H; H-6), 5.14 (d, J=16.0 Hz, 1H; H-
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10), 5.58 ppm (m, 1H; H-9); “C NMR (125 MHz, CDCl,): 6 =16.7 (C-
14), 19.1 (C-15), 25.5 and 28.7 (C-12 and C-13), 36.9 (C-11), 39.4 (C-
8), 41.7 (C-1), 49.3 (C-4), 67.0 (C-5), 126.5 (C-2), 127.5 (C-9), 130.0 (C-
6), 131.7 (C-3), 141.5 (C-10), 141.9 ppm (C-7).

5-Hydroxycaryophyllene (15): "HNMR (500 MHz, CDCL): 6=0.94
(s, 3H; H-12, H-13), 0.95 (s, 3H; H-12, H-13), 1.41 (t, J=9.7 Hz, 1H;
H-10), 1.53-1.58 (m, 3H; H-1a, H-8a, H-%a), 1.60 (s, 3H; H-14), 1.67
(m, TH; H-9b), 1.78 (m, 1H; H-1b), 1.92 (t, J=10.6 Hz, 1H; H-4a),
2.25 (dd, J=9.7, 89 Hz, 1H; H-2), 251 (dd, J=13.7, 6.7 Hz, TH; H-
8), 2.76 (dd, J=11.5, 6.6 Hz, 1H; H-4h), 4.58 (m, 1H; H-5), 4.89 (s,
1H; H-15a), 4.98 (s, 1H; H-15b), 5.24 ppm (d, J=10.2 Hz, 1H; H-6);
"*C NMR (125 MHz, CDCl,): 6=21.8 and 22.9 (C-12 and C-13), 29.8
(C-14), 31.2 (C-9), 32.7 (C-11), 34.7 (C-8), 42.2 (C-1), 48.9 (C-2), 49.2
(C-4), 55.5 (C-10), 70.8 (C-5), 112.4 (C-15), 127.8 (C-6), 136.9 (C-7),
150.0 ppm (C-3).

4,9-Dihydroxy-3(15)-cedrene (17): 'HNMR (500 MHz, CDCl): 6 =
0.92 (d, /=7.1 Hz, 3H; H-14), 1.00 (s, 3H; H-12, H-13), 1.11 (s, 3H;
H-12, H-13), 1.18 (dd, /=119, 10.2Hz, TH; H-5a), 1.31 (d, J=
11.6 Hz, 1H; H-1a), 1.50 (m, 1H; H-8a), 1.65 (d, /=83 Hz, 1H; H-
10), 1.72 (m, 1H; H-1b), 1.78 (m, 1H; H-7), 2.08 (m, 1H; H-8b), 2.20
(m, 1H; H-5b), 2.35 (d, /=4.2 Hz, 1H; H-2), 4.10 (m, 1H; H-9), 4.35
(m, TH; H-4), 4.74 (t, J=2.1 Hz, 1H; H-15a), 4.98 ppm (t, J=2.1 Hz,
1H; H-15b); CNMR (125 MHz, CDCl,): 6=15.2 (C-14), 26.4 and
26.5 (C-12 and C-13), 39.0 (C-7), 41.1 (C-11), 45.0 (C-5), 45.6 (C-1),
46,6 (C-8), 53.5 (C-6), 60.8 (C-2), 65.8 (C-10), 69.7 (C-4), 73.6 (C-9),
107.0 (C-15), 153.4 ppm (C-3).

3,15-Epoxy-4,9-dihydroxycedrane (18): 'H NMR (500 MHz, CDCl,):
0=093 (d, /=7.1Hz, 3H; H-14), 1.10 (s, 3H; H-12, H-13), 1.17 (s,
3H; H-12, H-13), 1.22 (m, TH; H-5a), 1.39 (m, 1H; H-2), 1.50 (AB q,
J=2.0Hz, Av=52Hz, 1H H-8a), 1.62 (m, 2H; H-1), 1.72 (d, J=
8.2 Hz, 1H; H-10), 1.80 (m, 1H; H-7), 2.08 (m, TH; H-8b), 2.22 (m,
1H; H-5b), 261 (d, J=4.7 Hz, 1H; H-15a), 3.05 (d, /=4.7 Hz, 1H; H-
15b), 4.10 (m, 1H; H-4), 4.11 ppm (m, 1H; H-9); *C NMR (125 MHz,
CDCly): 6=15.1 (C-14), 259 and 26.4 (C-12 and C-13), 39.1 (C-7),
40.3 (C-11), 42.3 (C-1), 43.2 (C-5), 46.5 (C-8), 51.7 (C-15), 52.9 (C-6),
58.1 (C-2), 61.5 (C-3), 65.1 (C-10), 65.3 (C-4), 73.5 ppm (C-9).

9-Hydroxy-4-keto-3(15)-cedrene (19): 'H NMR (500 MHz, CDCl,):
4=0.93 (d, /=7.1Hz, 3H, H-14), 0.93 (s, 3H; H-12, H-13), 1.14 (s,
3H; H-12, H-13), 1.52 (AB q, J=2.2 Hz, Av=5.5 Hz, 1H; H-8a), 1.59
(d, /=7.8Hz, 1H; H-10), 1.69 (d, /=12.2 Hz, 1H; H-1a), 1.91 (m,
1H; H-7), 1.93 (m, 1H; H-1b), 2.11 (m, 1H; H-8b), 2.32 (dd, /=175,
1.0 Hz, 1H; H-5a), 2.53 (dd, J=17.5, 3.2 Hz, 1H; H-5b), 2.57 (d, J=
4.2 Hz, 1H; H-2), 415 (m, 1H; H-9), 5.04 (d, J=2.0 Hz, 1H; H-15a),
5.90 ppm (d, J=2.0 Hz, 1H; H-15b); *C NMR (125 MHz, CDCl,): 6 =
15.4 (C-14), 25.8 and 289 (C-12 and C-13), 39.3 (C-7), 42.2 (C-11),
42.8 (C-1), 46.3 (C-8), 51.6 (C-5), 53.1 (C-6), 58.3 (C-2), 67.9 (C-10),
73.5 (C-9), 121.1 (C-15), 148.2 (C-3), 201.1 ppm (C-4).

9-Hydroxy-4-ketocedrane (20): '"H NMR (500 MHz, CDCl,): 6=0.91
(d, J=7.1 Hz, 3H, H-14), 1.05 (s, 3H; H-12, H-13), 1.09 (s, 3H; H-12,
H-13), 1.16 (d, /=7.0Hz, 3H, H-15), 1.45 (AB q, J=19Hz, Av=
5.1 Hz, TH; H-8a), 1.57 (d, J=8.4 Hz, 1H; H-10), 1.78 (m, 1H; H-1a),
1.90 (m, 1H; H-7), 1.97 (m, 1H; H-2), 1.97 (m, 1H; H-1b), 2.10 (m,
1H; H-8b), 2.31 (d, J=14.5Hz, 1H; H-5a), 2.40 (dd, /=147, 2.6 Hz,
1H; H-5b), 250 (m, TH; H-3), 407 ppm (m, TH; H-9). “"CNMR
(125 MHz, CDCly): 6=14.5 (C-15), 15.4 (C-14), 27.8 and 28.8 (C-12
and C-13), 38.5 (C-7), 43.5 (C-11), 46.5 (C-8), 47.1 (C-1), 51.7 (C-5),
51.8 (C-3), 55.3 (C-6), 56.7 (C-2), 67.7 (C-10), 73.4 (C-9), 212.5 ppm
(C-4).

15-Hydroxy-3(4)-cedrene (22): '"H NMR (500 MHz, CDCl,): ¢ =0.84
(d, J=7.1 Hz, 3H, H-14), 0.95 (s, 3H; H-12, H-13), 0.98 (s, 3H; H-12,
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H-13), 1.34-1.38 (m, 3H; H-1a, H-8a, H-9a), 1.57 (m, TH; H-9b),
1.66-1.78 (m, 3H; H-1b, H-2, H-7b), 1.82-1.87 (m, 2H; H-5a, H-8h),
1.93 (d, J=3.8Hz, 1H; H-10), 223 (dd, J=17.2 and 1.4 Hz, TH;
H-7), 3.99 (AB q, /=13.5 Hz, Av=41.4 Hz, 1H; H-15), 5.50 ppm (m,
1H; H-1); *C NMR (125 MHz, CDCL,): 6 =15.4 (C-14), 24.8 (C-9), 25.5
(C-13), 27.7 (C-12), 36.1, (C-8), 38.6 (C-5), 40.6 (C-1), 41.4 (C-7), 48.4
(C-11), 50.4 (C-10), 543 (C-6), 59.1 (C-2), 67.2 (C-15), 120.4 (C-4),
144.1 ppm (C-3).
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Abstract Due to their bioactive properties as well as their
application as precursors in chemical synthesis, hydroxylated
isoprenoids and norisoprenoids are very valuable compounds.
The efficient hydroxylation of such compounds remains a
challenge in organic chemistry caused by the formation of a
variety of side products and lack of overall regio- and
stereoselectivity. In contrast, cytochromes P450 are known
for their selective oxidation under mild conditions. Here, we
demonstrate for the first time the ability of myxobacterial
CYP260B1 and CYP267B1 from Sorangium cellulosum So
ce56 to oxidize such carotenoid-derived aroma compounds. A
focused library of 14 substrates such as ionones, damascones,
as well as some of their isomers and derivatives was screened
in vitro. Both P450s were capable of an efficient oxidation of
all tested compounds. CYP260B1-dependent conversions
mainly formed multiple products, whereas conversions by
CYP267BI1 resulted predominantly in a single product. To
identify the main products by NMR spectroscopy, an
Escherichia coli-based whole-cell system was used.
CYP267B1 showed a hydroxylase activity towards the forma-
tion of allylic alcohols. Likewise, CYP260B1 performed the
allylic hydroxylation of (-damascone [(E)-1-(2,6,6-
trimethylcyclohex-1-enyl)but-2-en-1-one] and 6-damascone
[(E)-1-(2,6,6-trimethylcyclohex-3-enyl)but-2-en-1-one].
Moreover, CYP260B1 showed an epoxidase activity towards
-ionone [(E)-4-(2,6,6-trimethylcyclohex-1-enyl)but-3-en-2-
one] as well as the methyl-substituted o-ionone derivatives
raldeine [(E)-1-(2,6,6-trimethylcyclohex-2-enyl)pent-1-en-3-

<0 Rita Bernhardt
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Institut fiir Biochemie, Universitit des Saarlandes, Campus B.2.2,
66123 Saarbruecken, Germany

Published online: 15 January 2016

one] and isoraldeine [(E)-3-methyl-4-(2,6,6-
trimethylcyclohex-2-enyl)but-3-en-2-one]. In addition, to
known products, also novel products such as 2-OH-bd-
damascone [(E)-1-(5-hydroxy-2,6,6-trimethylcyclohex-3-
enyl)but-2-en-1-one], 3-OH-allyl-a-ionone [(E)-1-(4-hy-
droxy-2,6,6-trimethylcyclohex-2-enyl)hepta-1,6-dien-3-one],
and 4-OH-allyl-f3-ionone [(E)-1-(3-hydroxy-2,6,6-
trimethyleyclohex-1-enyl)hepta-1,6-dien-3-one] were identi-
fied during our studies.

Keywords Cytochromes P450 - Ionone - Damascone -
CYP260BI - CYP267B1 - Norisoprenoids

Introduction

Cytochromes P450 (P450s) are heme-containing mono-
oxygenases that are present in all domains of life (Nelson
2011). They catalyze the oxidation of various classes of com-
pounds such as xenobiotics, steroids, terpenes, fatty acids, and
others (Bernhardt 2006). The activation of non-activated C-H
bonds by the insertion of a single oxygen atom from molecular
oxygen is catalyzed by these enzymes. Besides that hydroxyl-
ation, they are able to perform diverse reactions including ep-
oxidation, alcohol oxidation, N-, S-, and O-dealkylation or the
cleavage of C—C bonds (Sono et al. 1996). The electrons, re-
quired for such reactions, are provided by NAD(P)H and de-
livered via an electron transfer chain (Hannemann et al. 2007).

Mammalian P450s are mainly involved in the degradation
of xenobiotics and drugs as well as in the metabolism of ste-
roids and lipids (Bernhardt and Urlacher 2014). In contrast,
the physiological role of many microbial P450s is not charac-
terized yet. However, it is known that they play an important
role in the production of secondary metabolites (Urlacher et al.
2004). For that reason, the discovery of their functions and
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activities is a promising field of research (Kelly and Kelly
2013). Myxobacteria are top producers of microbial second-
ary metabolites which attract the attention of the pharmaceu-
tical industry (Weissman and Miiller 2010). The genome of
the myxobacterium Sorangium cellulosum So ce56 was se-
quenced in 2007 (Schneiker et al. 2007) and 21 P450s were
identified (Khatri et al. 2010b). Since that time, various exog-
enous substrates like terpenes, fatty acids, or drugs were char-
acterized for these P450s (Khatri et al. 2015; Litzenburger
et al. 2015; Schifrin et al. 2015). Likewise, «- and f3-
ionones were identified as substrates of CYP109D1 and
CYP264B1 (Khatri et al. 2010a; Ly et al. 2012).

Tonones and their regioisomers damascones (or the so-
called rose ketones) belong to the group of norisoprenoids
(carotenoid-derived aroma compounds). These secondary me-
tabolites of carotenoids occur in many essential oils and play
an important role for the flavor and fragrance industry due to
their olfactory properties as well as their low odor threshold.
Several derivatives of ionones such as dihydro-ionones,
ionols, or irones occur in nature. Besides their natural deriva-
tives, there are also some synthetic derivatives like allyl-cc-
ionone, isomethyl-x-ionone (isoraldeine), or n-methyl-o-
ionone (raldeine) which are commercially of even greater im-
portance. From a structural point of view, all compounds pos-
sess a megastigmane carbon skeleton as shown in Scheme 1
(Ohloff et al. 2012; Winterhalter and Rouseff 2002).

Hydroxylated and epoxidized derivatives of ionones and
related compounds are of significant interest since they are
used as precursors for chemical syntheses (Barakat et al.
2008; Brenna et al. 2002; Tu et al. 2014), for pharmaceutical
applications (Gerhéuser et al. 2009; Zhou et al. 2009), or for
the investigation of their potential allelopathic properties
(Kato-Noguchi et al. 2010a, b; Macias et al. 2008; Macias
etal. 2004). Furthermore, these oxyfunctionalized compounds
are of interest due to their olfactory properties as reported for
3-hydroxy-«-ionone and its tobacco-like odor (Yamazaki
et al. 1988). In addition, such compounds might be used as
fly attractants (Ishida et al. 2008).

The first production of oxidized ionones was described in
1950 by isolating 4-oxo-B-ionone and 4-oxo-[3-ionol from
rabbit urine after feeding the animals with 3-ionone (Prelog
and Meier 1950). Since the 1980s and 1990s, there are several

Scheme 1 Structure and numbering of the megastigmane carbon
skeleton

@ Springer

studies showing the formation of oxyfunctionalized products
by microorganisms like Streptomyces, Botrytis cinera,
Lasiodiplodia theobromae, or Aspergillus niger
(Krasnobajew and Helmlinger 1982; Lutz-Wahl et al. 1998;
Mikami et al. 1981; Mikami et al. 1978; Schoch et al. 1991;
Yamazaki et al. 1988). However, such approaches lack the
information on which specific enzyme is capable of the de-
sired reaction. Several studies about specific bacterial P450s
able to perform the regio- and stereoselective hydroxylation of
a-ionone and [-ionone were published in the last decade
(Celik et al. 2005; Girhard et al. 2010; Hall and Bell 2015;
Ma et al. 2011; Zhang et al. 2015), likewise CYP109D1 and
CYP264BI1 from Sorangium cellulosum So ce56 (Khatri et al.
2010a; Ly etal. 2012). However, CYP260B1 and CYP267B1
from So ce56 were never tested for their ability to convert
such substrates. Hence, we screened these P450s concerning
the conversion of x-ionone (1), 3-ionone (2), x-irone (3), 7,8-
dihydro-ce-ionone (4), 7,8-dihydro-[3-ionone (5), a-ionol (6),
[B-ionol (7), cc-damascone (8), 3-damascone (9), 6-damascone
(10), p-damascenone (11), as well as the synthetic derivatives
isomethyl-a-ionone (12), n-methyl-x-ionone (13), and
allyl-x-ionone (14). Those substrates showing a high selective
product formation during our in vitro screening were further
investigated in an Escherichia coli-based whole-cell system to
obtain sufficient amounts for product identification via NMR
spectroscopy.

Material and methods
Chemicals

Isoraldeine (isomethyl-a-ionone), a-damascone, 3-
damascone, 5-damascone, and 3-damascenone were provided
by Bell Flavors and Fragrances (Leipzig, Germany). Isopropyl
[3-D-1-thiogalactopyranoside and 5-aminolevulinic acid were
purchased from Carbolution Chemicals (Saarbruecken,
Germany). Bacterial media were purchased from Becton
Dickinson (Heidelberg, Germany). All other chemicals were
obtained from standard sources in the highest purity available.

Expression and purification of the enzymes

CYP260B1 and CYP267B1 were expressed and purified by a
method previously described (Khatri et al. 2010b). The elec-
tron transfer partners Adx,.;oz and AdR from Bos taurus were
expressed and purified as described elsewhere (Sagara et al.
1993; Uhlmann et al. 1994).

In vitro screening

A reconstituted in vitro system containing the corresponding
P450 (0.5 uM), AdR (1.5 uM), Adxsi0z (10 pM), MgCl,
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(1 mM), and a cofactor regenerating system with glucose-6-
phosphate (5 mM) and glucose-6-phosphate dehydrogenase
(1 U) in a final volume of 250 pl of potassium phosphate
buffer (20 mM, pH 7.4) was used. All substrates were dis-
solved in EtOH (50 mM) and added to a final concentration
of 200 uM. The reaction was started by the addition of
NADPH (500 uM). After 1 h at 30 °C, the reaction was
quenched by adding ethyl acetate (500 pl). The aqueous phase
was extracted twice with ethyl acetate (2 x 500 pl). A negative
control in the absence of cytochrome P450 in the reaction
sample was employed for each substrate to verify the P450-
dependent reaction.

Whole-cell experiments

All experiments were performed with E. coli BL21(DE3)
gold cells (Agilent Technologies; Santa Clara, USA). The
cells were transformed with two plasmids, one for the
corresponding P450 (pET17b for CYP260B1 or pET22b
for CYP267B1) and the other one for the redox partners
Fpr and Adx,.j0s. The overnight culture was prepared in
nutrient broth containing ampicillin (100 pg/ml) and strep-
tomycin (50 pg/ml). The main culture was carried out in
5 x 11 sealed baffled flasks containing 200 ml modified
MO9CA medium (Litzenburger et al. 2015). The medium
was inoculated with 1 % (v/v) of the overnight culture and
incubated at 37 °C. The induction of the corresponding
genes was initiated by adding 1 mM isopropyl (3-D-1-
thiogalactopyranoside and 0.5 mM S-aminolevulinic acid
when the optical density reached 0.8-1.0 and the culture
was grown further at 28 °C. After 21 h of expression, the
temperature was set to 30 °C and the substrates (stock
solution 50 mM in EtOH) were added to a final concen-
tration of 200 uM. After 48 h, the reaction was quenched
with the same volume of ethyl acetate and extracted twice.
Organic phases were collected and pooled, and the organic
solvent was removed by vacuum distillation. The extracts
were stored in a dark refrigerator at 4 °C until
purification.

Analysis of the conversions via HPLC-DAD

HPLC analyses were performed on a system consisting of a
PU-2080 HPLC pump, an AS-2059-SF autosampler, and a
MD-2010 multi wavelength detector (Jasco, Gross-Umstadt,
Germany). A Nucleodur 100-5 C18 column (125 x 4 mm,
Macherey—Nagel, Diiren, Germany) was used at 40 °C. The
mobile phases consisted of water with 10 % acetonitrile (A)
and pure acetonitrile (B). A gradient from 20 to 80 % of B
with a flow rate of 1 ml/min was used for the separation of the
compounds.

Analysis of the conversions and products via GC-MS

Gas chromatography mass spectrometry (GC-MS) analyses
were performed on a system consisting of an AI/AS 3000
autosampler, a DSQII quadrupole, a Focus GC column oven
(Thermo scientific, Waltham, USA), and a DB-5 column
(Agilent) with a length of 25 m, 0.32 mm ID, and 0.52 pm
film thickness. The compounds were analyzed in a m/z range
0f 20-350. The starting oven temperature was 50 °C for 1 min
and then the temperature was ramped to 220 °C by 10 °C/min
and held for 3 min with a flow rate of 1 ml/min. The El-mass
spectra were compared with the NIST mass spectral library
(version 2.0).

Purification of the products

The extracts were purified using silica gel chromatography.
Mixtures of hexane and ethyl acetate either §:2 (epoxidized
products) or 6:4 (hydroxylated products) were used as a mo-
bile phase. Fractions were collected and analyzed via thin-
layer chromatography (TLC). TLC plates were stained with
anisaldehyde (4-methoxybenzaldehyde (0.5 % v/v) in sulfuric
acid, acetic acid, and MeOH 5:10:85) for visualization of the
products. Fractions containing single products were pooled,
evaporated, and prepared for NMR analysis.

NMR analysis

NMR spectra were recorded on a Bruker (Rheinstetten,
Germany) 500 NMR spectrometer. A combination of 'H,
13C, COSY, HSQC, and HMBC experiments was used for
structure elucidation. The cis/frans-configuration of the prod-
ucts between H3 and H6 was carried out by NOESY experi-
ments. All chemical shifts are relative to CHCl; (6 = 7.24 for
'H NMR) or CDCl; (5 = 77.00 for '*C NMR) using the stan-
dard § notion in parts per million (ppm).

NMR and GC-MS data

Data for 5,6-epoxy-p-ionone (15) m/z = 208.3; "H NMR
(CDCls, 500 MHz): 6 = 6.99 (d, J = 15.6 Hz, 1H, H7), 6.26
(d,J=15.6 Hz, 1H, H8), 2.25 (s, 3H, Me5), 1.92—1.84 (im, 1H,
H4a), 1.77-1.70 (m, 1H, H4b), 1.48-1.37 (m, 3H, H3; H2a),
1.12 (s, 3H, Me5), 1.11 (s, 3H, Mela), 1.08-1.02 (m, 1H,
H2b), 0.91 (s, 3H, Melb); '*C NMR (CDCls, 125 MHz):
6 = 197.53 (C9), 142.63 (C7), 132.44 (C8), 70.59 (C6),
65.86 (C3), 35.46 (C2), 33.53 (Cl), 29.74 (C4), 28.26
(C10), 25.87 (Mela), 25.81 (Melb), 20.81 (Me5), 16.85 (C3).

Data for 7,11-epoxymegastigma-5,6-en-9-one (17) m/
z=208.1; '"H NMR (CDCl,, 500 MHz): § = 5.22-5.16 (m,
1H, H7), 449 (ddt, / = 12.0; 5.2; 1.3 Hz, 1H, Hlla), 4.37-
4.33 (m, 1H,H11b), 2.69 (dd,/=2.9; 14.8 Hz, 1H, H8a), 2.58

@ Springer

44



Litzenburger et al. (2016)

Appl Microbiol Biotechnol

(dd, J=9.8; 14.8 Hz, 1H, H8b), 2.20 (s, 3H, H10), 1.96-1.84
(m, 2H, H4), 1.73-1.65 (m, 2H, H3), 1.50-1.44 (m, 1H, H2a),
1.40-1.32 (m, 1H, H2b), 1.03 (s, 3H, Mela), 1.02 (s, 3H,
Melb); '*C NMR (CDCls, 125 MHz): & = 207.46 (C9),
139.16 (C5), 132.27 (C6), 82.48 (C7), 76.27 (C11), 50.54
(C8), 40.07 (C2), 31.05 (C1), 30.91 (C10), 27.95 (Mela),
27.93 (Melb), 22.25 (C4), 19.06 (C3).

Data for 4,5-epoxy-isomethyl-c-ionone (20) m/z = 222.2;
"H NMR (CDCls, 500 MHz): § = 6.63 (dq, J = 10.9;
1.35 Hz, 1H, H7), 3.07 (¢, J = 1.6 Hz, 1H, H4), 2.46 (d,
J=10.9 Hz, 1H, H6), 2.34 (s, 3H, H10), 2.01-1.95 (m, 1H,
H3a), 1.93-1.85 (m, 1H, H3b), 1.82 (d, J= 1.4 Hz, 3H, Meg),
1.45-1.38 (m, 1H, H2a), 1.21 (s, 3H, Me5), 1.02-0.96 (m, 1H,
H2b), 0.92 (s, 3H, Mela), 0.72 (s, 3H, Melb); '*C NMR
(CDCl;, 125 MHz): & = 200.23 (C9), 141.89 (C7), 138.89
(C8), 59.79 (C4), 59.43 (C5), 47.62 (C6), 31.89 (C1), 28.96
(C2),28.37 (Mela), 26.64 (Melb), 25.73 (C10), 24.30 (Me5),
21.74 (C3), 11.95 (Me8).

Data for 4,5-epoxy-n-methyl-c-ionone (21) m/z =222.3; 'H
NMR (CDCls, 500 MHz): 6§ =6.72 (dd,J=16.1; 10.2 Hz, 1H,
H7), 6.09 (d, ] = 16.1 Hz, 1H, HR), 3.07 (+, /= 1.9 Hz, |H,
H4),2.63 (¢, J= 7.3 Hz, 2H, H10), 2.05 (d,J = 10.2 Hz, 1H,
H6), 2.01-1.94 (m, 1H, H2a), 1.92-1.84 (m, 1H, H2b), 1.44—
1.36 (m, 1H, H2a), 1.23 (s, 3H, Me5), 1.09 (¢, J = 7.3, 3H,
HI11), 1.02-0.96 (m, 1H, H2b), 0.90 (s, 3H, Mela), 0.73 (s,
3H, Melb); '*C NMR (CDCls, 125 MHz): § = 201.33 (C9),
144.94 (C7), 133.00 (C8), 59.44 (C4), 58.79 (C5), 52.46 (C6),
32.38 (C10), 31.19 (C1), 28.54 (C2), 27.89 (Mela), 27.41
(Melb), 24.01 (Me5), 21.73 (C3), 8.23 (C11).

Data for 4-hydroxy-{3-damascone (22) m/z = 208.1; "H
NMR (CDCl;, 500 MHz): § = 6.75 (dq, J = 6.9; 15.8 Hz,
1H, H9), 6.13 (dq, J = 1.7; 15.7 Hz, 1H, H8), 3.97 (¢,
J =4.9 Hz, 1H, H4), 2.01-1.93 (m, 1H, H3a), 1.90 (dd,
J=1.6; 48 Hz, 3H, H10), 1.77-1.70 (m, 1H, H3b), 1.67-
1.62 (m, 1H, H2a), 1.62 (s, 3H, Me5), 1.45-1.39 (m, 1H,
H2b), 1.01 (s, 6H, Mela; Melb); '*C NMR (CDCl;,
125 MHz): 4 = 200.90 (C7), 146.47 (C9), 143.55 (C5),
133.90 (CB), 130.97 (C6), 68.98 (C4), 34.61 (C2), 33.95
(C1), 28.79 (Mela), 28.60 (C3), 27.61 (Melb), 18.43 (C10),
17.93 (Me5).

Data for trans-2-hydroxy-8-damascone (23) m/z = 208.4,
"H NMR (CDCls, 500 MHz): &6 = 6.87 (dq, J = 6.9;
15.6 Hz, 1H, H9), 6.22 (dq, J = 1.7; 15.6 Hz, 1H, H8), 5.76
(ddd, J=2.4; 5.1;9.9 Hz, 1H, H3), 5.70 (dd, J = 2.0; 10.0 Hz,
1H, H4), 3.43 (d, J = 5.0 Hz, 1H, H2), 2.79 (d, J = 10.5 Hz,
1H, H6), 2.63-2.54 (m, 1H, H5), 1.89 (dd, J=1.6; 6.9 Hz, 3H,
H10), 0.96 (s, 3H, Mela), 0.86 (s, 3H, Melb), 0.86 (d,
J = 7.0 Hz, 3H, Me5); '*C NMR (CDCl,, 125 MHz):
§ = 203.44 (C7), 142.29 (C9), 136.93 (C4), 134.76 (C8),
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125.40 (C3), 73.27 (C2), 53.65 (C6), 37.62 (C1), 31.72
(C5),25.07 (Mela), 20.14 (Melb), 19.39 (Me5), 18.27 (C10).

Data for 3-hydroxy-«-irone (24a) m/z = 222.1; 'H NMR
(CDCls, 500 MHz): § = 6.59 (dd, /= 16.0; 9.8 Hz, 1H, H7),
6.03 (d, J=15.9 Hz, 1H, HB), 5.62-5.58 (m, 1H, H4), 4.14-
4.09 (m, 1H, H3), 2.41 (d, J=9.6, |H, H6), 2.22 (s, 3H, H10),
1.76-1.70 (m, 1H, H2), 1.59 (1, /= 1.1 Hz, 3H, Me5), 0.95 (s,
3H, Mela), 0.94 (d, J= 7.7, 3H, Me2), 0.85 (s, 3H, Melb);
3C NMR (CDCls, 125 MHz): 6 = 198.18 (C9), 147.05 (C7),
135.41 (C5), 133.18 (CB), 125.50 (C4), 68.58 (C3), 54.90
(C6), 39.10 (C2), 35.86 (C1), 27.12 (C10), 25.92 (Mela),
24.37 (Melb), 22.61 (Me5), 9.77 (Me2).

Data for 3-hydroxy-a-irone (24b) m/z = 222.2; 'H NMR
(CDCls, 500 MHz): 8 = 6.56 (dd, J = 16.1; 10.9 Hz, 1H,
H7), 6.11 (d, J=15.5 Hz, 1H, H8), 5.56-5.53 (m, 1H, H4),
3.76-3.71 (m, 1H, H3), 2.58 (d,J = 9.9, IH, H6), 2.24 (s, 3H,
H10), 1.54 (¢, J = 3.0; 1.4 Hz, 3H, Me5), 1.30-1.26 (m, 1H,
H2). 1.01 (d, J = 6.8 Hz, 3H, Me2), 0.85 (s, 3H, Mela), 0.72
(s, 3H, Melb); '*C NMR (CDCls, 125 MHz): 6 = 197.88
(C9), 147.58 (C7), 134.76 (C8), 13435 (C3), 126.83 (C4),
71.41 (C3), 55.86 (C6), 47.02 (C2), 37.83 (C1), 27.00
(C10), 26.46 (Mela), 22.53 (Me5), 15.24 (Melb), 10.86
(Me2).

Data for frans-3-hydroxy-o-damascone (25) m/z = 208.2;
'H NMR (CDCls, 500 MHz): 6 = 6.87 (dq, /= 6.9; 15.5 Hz,
1H, H9), 6.20 (dq, J = 1.6, 15.4 Hz, 1H, HS), 5.69-5.66 (m,
1H, H4), 4.34-4.29 (m, 1H, H3), 3.10 (s, 1H, H6), 1.91 (dd,
J=58; 13.7 Hz, 1H, H2a), 1.88 (dd, J = 1.6; 6.9 Hz, 3H,
H10), 1.60 (s, 3H, Me5), 1.37 (dd, J=5.4; 13.6 Hz, 1H, H2a),
1.09 (s, 3H, Mela), 0.85 (s, 3H, Melb); °C NMR (CDCl;,
125 MHz): 6 =200.50 (C7), 142.91 (C9), 134.16 (C5), 132.57
(C8), 126.64 (C4), 65.43 (C3), 60.95 (C6), 43.56 (C2), 33.30
(C1),30.50 (Mela), 25.80 (Melb), 22.71 (Me5), 18.29 (C10).

Data for trans-3-hydroxy-7,8-dihydro-x-ionone (26) m/
z =210.1; 'H NMR (CDCls, 500 MHz): & = 5.43 (¢,
J =12 Hz, 1H, H4), 4.17-4.12 (m, 1H, H3), 2.55-2.37 (m,
2H, H8), 2.10 (s, 3H, H10), 1.79-1.71 (m, 2H, H2a; H7a),
1.70 (s, 3H, Me5), 1.59 (1, J= 5.1 Hz, 1H, H6), 1.51-1.43 (m,
1H, H7b), 1.32 (dd, J= 5.2, 13.7 Hz, 1H, H2b), 0.99 (s, 3H,
Mela), 0.86 (s, 3H, Melb); '*C NMR (CDCls, 125 MHz):
§=208.69 (C9), 139.17 (C5), 124.53 (C4), 65.38 (C3), 48.56
(C6), 43.95 (C8), 43.79 (C2), 33.39 (C1), 29.97 (C10), 29.74
(Mela), 24.89 (Melb), 23.18 (Me5), 22.63 (C7).

Data for 4-hydroxy-7,8-dihydro-f-ionone (27) m/z=210.1;
'HNMR (CDCls, 500 MHz): § =3.87 (1, =4.5 Hz, 1H, H4),
248 (t,J=8.3 Hz, 2H, H8), 2.31-2.18 (m, 2H, H7), 2.11 (s,
3H, H10), 1.86-1.79 (m, 1H, H3a), 1.68 (s, 3H, Me5), 1.66—
1.54 (m, 2H, H2a; H3b), 1.36-1.30 (m, 1H, H2b), 0.99 (s, 3H,
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Mela), 0.93 (s, 3H, Melb); '*C NMR (CDCls, 125 MHz):
§="208.47 (C9), 140.98 (C6), 129.42 (C5), 70.04 (C4), 43.75
(C6), 35.47 (C1), 34.45 (C2), 29.75 (C10), 28.54 (C3), 28.33
(Mela), 26.83 (Melb), 22.28 (C7), 16.69 (Me5).

Data for trans-3-hydroxy-isomethyl-c-ionone (28) m/
z =222.1; '"H NMR (CDCls, 500 MHz): § = 6.31 (dd,
J=1.3;10.2 Hz, 1H, H7), 5.56 (s, 1H, H4), 428-4.22 (i,
1H, H3), 2.86 (dd, / = 0.5; 11.2 Hz, 1H, H6), 2.28 (s, 3H,
H10),1.84(dd,/=5.7;13.1 Hz, 1H, H2a), 1.81 (d, /= 1.4 Hz,
3H, Me8), 1.54 (br s, 3H, Me5), 1.39 (dd, J=7.4; 13.1 Hz,
1H, H2b), 0.95 (s, 3H, Mela), 0.84 (s, 3H, Melb); *C NMR
(CDCls, 125 MHz): § = 199.74 (C9), 143.06 (C7), 139.41
(C5), 136.09 (C8), 125.58 (C4), 65.54 (C3), 49.94 (Co),
44.77 (C2), 34.86 (C1), 29.59 (Mela), 25.68 (C10), 23.62
(Melb), 22.36 (Me5), 11.62 (Me8).

Data for trans-3-hydroxy-n-methyl-x-ionone (29) m/
z =222.1; '"H NMR (CDCl;, 500 MHz): § = 6.54 (dd,
J=10.2; 15.8 Hz, 1H, H7), 6.09 (d, J = 15.7 Hz, 1H, HS),
5.59 (br m, 1H, H4), 4.26-4.21 (m, 1H, H3), 2.55 (g,
J =173 Hz, 2H, H10), 2.45 (d, J = 10.2 Hz, 1H, He), 1.81
(dd, J=6.2; 13.3 Hz, 1H, H2a), 1.60-1.57 (br s, 3H, Me5),
1.37 (dd, J=13.5; 6.4 Hz, 1H, H2b), 1.08 (#, J=7.3 Hz, 3H,
HI1), 0.99 (s, 3H, Mela), 0.85 (s, 3H, Melb); '*C NMR
(CDCl3, 125 MHz): § = 200.60 (C9), 145.76 (C7), 135.51
(C5), 132.48 (C8), 125.71 (C4), 65.46 (C3), 54.26 (Co),
43.87 (C2), 33.83 (C1), 33.49 (C10), 29.28 (Mela), 24.56
(Melb), 22.62 (Me5), 8.09 (C11).

Data for trans-3-hydroxy-allyl-c-ionone (31) m/z = 248.1;
'H NMR (CDCls, 500 MHz): § = 6.55 (dd, J = 10.2; 15.8 Hz,
1H, H7), 6.10 (d, J = 15.8 Hz, 1H, H8), 5.86-5.76 (m, 1H,
H12), 5.59 (br s, 1H, H12), 4,99 (ddq, J = 1.5; 8.9; 23.7 Hz,
2H, H13), 4.26-4.21 (m, 1H, H3), 2.63 (¢, J = 7.7 Hz, 2H,
HI10), 2.46 (d, J = 10.0 Hz, 1H, H6), 2.38-2.29 (m, 2H, H11),
1.81 (dd, /= 6.0; 13.4 Hz, | H, H2a), 1.59 (s, 3 H, Me5), 1.37
(dd, J=6.5; 13.5 Hz, | H, H2b), 0.99 (s, 3 H, Mela), 0.86 (s,
3 H, Melb); '*C NMR (CDCls, 125 MHz): 6 = 199.26 (C9),
146.24 (C7), 137.13 (C12), 135.49 (C5), 132.66 (C8), 125.69
(C4), 115.26 (C13), 65.49 (C3), 54.26 (C6), 43.82 (C2), 39.36
(C10),33.86 (C1), 29.28 (Mela), 28.13 (C11), 24.59 (Melb),
22.66 (Me5).

Data for 4-hydroxy-allyl-3-ionone (32) m/z = 248.1; "H
NMR (CDCls, 500 MHz): 6 = 7.20 (d, J=16.3 Hz, 1H, H7)
6.13 (d, J=16.3 Hz, 1H, H8), 5.88-5.78 (m, 1H, H12), 5.01
(ddg,J=1.3;10.2; 26.8 Hz, 2H, H13),4.00 (1, /= 4.9 Hz, 1H,
H4), 2.67 (t,/ = 7.7 Hz, 2H, H10), 2.42-2.36 (m, 2H, H11),
1.94-1.86 (m, 1H, H3a), 1.82 (s, 3H, Me5), 1.74-1.66 (m, 2H,
H2a; H3b), 1.46-1.40 (m, 1H, H2b), 1.04 (s, 3H, Mela), 1.02
(s, 3H, Melb); '>*C NMR (CDCls, 125 MHz): § = 199.57
(C9), 141.78 (C7), 139.61 (C6), 137.17 (C12), 133.66 (C5),

132.04 (C8), 115.28 (C13), 69.94 (C4), 39.83 (C10), 34.65
(C1), 34.56 (C2), 28.83 (C3), 28.25(C11), 28.23(Mela),
27.43 (Melb), 18.51 (Me5).

Results
In vitro screening with CYP260B1 and CYP267B1

CYP260B1 and CYP267B1 were screened for their ability to
convert the substrates cc-ionone (1), 3-ionone (2), x-irone (3),
dihydro-c-ionone (4), dihydro-f-ionone (5), a-ionol (6), f3-
ionol (7), a-damascone (8), 3-damascone (9), d-damascone
(10), B-damascenone (11), isomethyl-x-ionone (12), n-
methyl-a-ionone (13), and allyl-c-ionone (14).The conver-
sions were analyzed by HPLC-DAD as well as GC-MS. 4-6
were solely analyzed by GC-MS, due to their low UV absor-
bance. Both P450s were able to catalyze the conversion of all
tested substrates. CYP260B1 converted most of the substrates
by 90-95 % under the conditions applied, whereas
CYP267B1 converted most of them by 80-95 %, with the
exception of damascones (8-10) and allyl-x-ionone (14).
These compounds were converted in lower amounts by both
P450s (5075 %). CYP267B1 showed a high selectivity for
the formation of a single product (except for 11) as exempli-
fied in Fig. 1b. The side-products were formed to less than
10 % of the total conversion, except for 10 (~15 %). In con-
trast, CYP260B1 was able to perform the selective conver-
sions of 2 (including two side products), 9, and 10 (including
one side product), whereas the other CYP260B1-dependent
conversions showed multiple products (see Fig. la).
Nevertheless, the main products of the conversions of 9 and
10 were identical for both P450s. The CYP260B1-dependent
conversion of 2 resulted in one main product (~75 %) as well
as two side products (~15 % in total). The main product of this
conversion showed an absorption maximum shifted to shorter
wavelengths indicating the lack of a conjugated double bond.
One of the side products had an identical retention time as the
main product of the CYP267B1-dependent conversion. GC-
MS analyses identified all products as mono-oxidized prod-
ucts, and the database comparison of the fragment patterns
showed the highest probabilities for 5,6-epoxy-f-ionone
(15) as the main product as well as 7,11- epoxymegastigma-
5,6-en-9-one (17) and 3-hydroxy-[3-ionone (19) as the side
products. 3-Hydroxy-a-ionone (18), 3-hydroxy-f3-ionone
(19), and 4-hydroxy-3-ionone (16) were available as stan-
dards, since these products were characterized during previous
studies in our group (Khatri et al. 2010a; Ly et al. 2012). The
comparison of the retention times and mass spectra identified
the side product of the CYP260B 1-dependent conversion of 2,
therefore, as 16. Further database comparisons of CYP260B1-
dependent conversions indicated the most apolar product
(~20 %) of the conversion of 12 as the corresponding 4,5-
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Fig. 1 HPLC chromatograms of in vitro conversions of a-damascone (8)
by CYP260B1 (a) and CYP267B1 (b). CYP260B1 shows an unselective
product formation, whereas the CYP267B1-dependent conversion results
predominantly in one main product

epoxy isomethyl-c-ionone (20). The other products did not
show a reliable hit. Likewise, the main products of
CYP267B1-dependent conversions were not further charac-
terized by database comparisons. However, the main products
of the conversions of 1 and 2 by CYP267B1 were compared
with the standards and, therefore, identified as 16 and 18,
respectively.

Whole-cell conversions with CYP260B1 and CYP267B1

Higher amounts of products are required for structure elucida-
tion via NMR spectroscopy. Therefore, an E. coli-based
whole-cell system harboring the corresponding P450 as well
as the electron transfer proteins Adx4.joz and Fpr was applied.
9 and 10 were used in the whole-cell system harboring
CYP260B1 to characterize the corresponding products.
Additionally, 2, 12, and 13 were investigated to verify the
epoxidase activity of CYP260BI1. The remaining substrates
were not further investigated due to the formation of multiple

@ Springer

Scheme 2 Structures of the purified products formed by CYP260B1 and P

CYP267B1. The structures were elucidated by NMR spectroscopy;
except for (16) and (18), which were elucidated by GC-MS via standards

products by CYP260BI1. In contrast, CYP267B1 showed a
high selectivity for the formation of a single product, except
for 11 which formed multiple products. In addition, the con-
version of 14 resulted in two products. 1 and 2 were not in-
vestigated since the corresponding products were elucidated
by GC-MS via standards. The other substrates were applied to
the whole-cell system to obtain sufficient amounts of products
for NMR characterization. 6 and 7 showed different main
products during the whole-cell conversions compared with
the in vitro reactions. This observation might be explained
by the higher reactivity of the ionols caused by their alcohol
group. As a result, the formation of such products is P450-
independent or an £. coli caused consecutive reaction oc-
curred. For that reason, these products were not further char-
acterized. The remaining nine substrates were applied to the
whole-cell system and sufficient amounts of products (2—
20 mg/l) were obtained after purification. All purified prod-
ucts were analyzed via GC-MS and the mass spectra indicated
all compounds as mono-oxidized products.

Product identification via NMR spectroscopy

The structures of the corresponding products were identified
by different NMR techniques like 'H, '*C, COSY, HSQC, and
HMBC. The main products of 9 and 10 formed by
CYP260B1-dependent conversions were identified as com-
pounds hydroxylated in allylic position (22 and 23). The con-
version of 2 resulted in three products. 16 was elucidated via
comparison with a standard and the formation of 15 as well as
17 was verified by NMR analyses. The conversion of the
methyl-substituted x-ionone derivatives 12 and 13 led to the
4,5-epoxy products 20 and 21 proving an epoxidase activity of
CYP260BI for x-ionone derivatives. The other products of
the CYP260B1-dependent conversions were not further char-
acterized. The CYP267B1-dependent conversions resulted
predominantly in a single main product. All products formed
by this enzyme were identified as allylic alcohols (16, 18, 22—
29, 31, 32). The structures of the products are illustrated in
Scheme 2.

However, the conversion of 14 resulted in two products.
The product obtained in higher amounts was identified as 3-
hydroxy-allyl-ac-ionone (31), whereas the side product was
identified as 4-hydroxy-allyl-f-ionone (32). This observation
can be explained by the composition of the substrate. Allyl-f3-
ionone (30) is mentioned as major impurity (13 %) by Sigma
Aldrich and, therefore, served as potential substrate for
CYP267B1 in our experiments. As shown for the other sub-
strates, 30 was hydroxylated in allylic position at C4.
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The cis/trans-geometry of known products was elucidated
by comparison with published data (Barakat et al. 2008;
Schwab and Schreier 1991; Yamazaki et al. 1988), whereas
those products where no data are available were elucidated by
NOESY experiments. The epoxides 20 and 21 produced by
CYP260B1 show trans-geometry between Me5 and the cor-
responding side chain at position C6. Moreover, the
CYP260B1-dependent conversion of 10 resulted in the 2-hy-
droxy-trans-product (23). CYP267B1 showed a high regio-
and diastereoselectivity for such compounds, since all 3-
hydroxy-«-products formed by this enzyme were identified
as trans-isomers. Likewise, 23 resulted in a trans--
configuration as shown for CYP260B1. Interestingly, none
of the substrates led to cis-configurated products despite their
application as racemic mixtures.

HPLC and GC analyses of pure x-irone (3) showed two
peaks which represent the diastereomers of this compound
(methyl at C2 and butenone at C6). The conversion of 3 by
CYP267B1 resulted in two main products despite the intro-
duction of a third stereogenic center caused by the hydroxyl-
ation at position C3. These two compounds were not success-
fully separated; nevertheless, the corresponding structures
were identified by 2D-NMR techniques and their data
matched those in the literature (Yamazaki et al. 1986). As
shown in Scheme 3, one product (24a) shows cis-geometry
between H2 and H3, whereas the other product (24b) shows
trans-geometry. However, both compounds show trans-ge-
ometry between H3 and H6 verifying the high
diastereoselectivity of CYP267B1 for the formation of 3,6-
trans-products.

Discussion

Since a couple of years, we are investigating the functions,
properties, and activities of P450s from Sorangium cellulosum
So ce56. An efficient E. coli-based whole-cell system for
some of these P450s was established (Ringle et al. 2013),

Scheme 3 Relative geometry of
the 3-hydroxy-a-irone main
products 24a (a, left side) and 24b
(b, right side) formed by
CYP267B1
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and several substrate classes like terpenes, drugs, or fatty acids
were already identified (Khatri et al. 2015; Litzenburger et al.
2015; Schifrin et al. 2015). Likewise, «- and (3-ionone (1, 2)
serve as substrates for CYP109D1 and CYP264B1 (Khatri
et al. 2010a; Ly et al. 2012). In contrast, about potential sub-
strates for CYP260B1 and CYP267B1, which are members of
new P450 families found in this myxobacterium, only little is
known. However, knowledge about substrates is necessary to
characterize these enzymes in more detail. For that reason, we
screened their ability to convert carotenoid-derived aroma
compounds like ionones, damascones, as well as some of their
isomers and derivatives (1-14). As shown here, both P450s
are capable of the efficient in vitro conversions of all tested
substrates. CYP267B1 shows a high selectivity towards the
formation of a single product, whereas CYP260B1 mainly
forms multiple products. Furthermore, based on our whole-
cell experiments, we were able to identify several main prod-
ucts formed by these P450s. CYP267B1 is mostly responsible
for the regioselective hydroxylation in allylic position.
Likewise, CYP260B1 hydroxylates 9 and 10 as well as small
quantities of 2 in this specific position. The formation of al-
lylic alcohols is preferred by many P450s as shown by several
studies (Celik et al. 2005; Hall and Bell 2015; Khatri et al.
2010a; Ly et al. 2012; Ma et al. 2011; Venkataraman et al.
2012; Zhang et al. 2015). This observation can be explained
by the bond strength of the C—H bonds. The bond strength of
the allylic C—H bond is about 10 kcal/mol lower than that of a
secondary C—H bond (Ortiz de Montellano 2010). As a result,
the allylic position is more reactive and, therefore, preferred
for hydroxylation. Moreover, free energy-related calculations
of the stereoselective hydroxylation of x-ionone (1) by P450
BM3 mutants revealed that the #rans-isomers show the most
favorable free energies in solution (de Beer et al. 2012). As
shown here, CYP267B1 predominantly forms such energeti-
cally preferred diastereomers, despite the application of race-
mic mixtures as substrate. Previous studies of the conversion
of 1 by Streptomyces strains also revealed the formation of
trans-isomers out of a racemic mixture (Lutz-Wahl et al.
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1998). In contrast, several other bacterial P450s produce mix-
tures of cis- and trrans-isomers (Hall and Bell 2015; Ma et al.
2011; Venkataraman et al. 2012). The selectivity for the pro-
duction of a specific isomer is, therefore, considerably lower.
As a result, CYP267B1 is a suitable candidate for the
diastereoselective production of several norisoprenoids.
Interestingly, during all previous studies published in the
literature, only 1, 2, and 9 were applied as substrates for
P450s, and none of their isomers or derivatives was investi-
gated. Both P450s investigated in this study were able to con-
vert all tested substrates in vitro. Thereby, the selectivity of
CYP260B1 towards a single product is lower compared with
CYP267B1. The formation of multiple compounds hinders,
therefore, the product characterization. Nevertheless, 2, 9, and
10 are converted by CYP260B1 with high selectivity, where-
by the main products of 9 and 10 are identical to those obtain-
ed with CYP267BI1. In addition, CYP260B1 shows an
epoxidase activity towards 2 as well as the methyl-
substituted oc-ionone derivatives 12 and 13, albeit in lower
amounts. CYP260B1 hydroxylates 9 in the allylic position at
C4, whereas 2 is mainly epoxidized between C5 and Cé. This
shows that the keto-group either at position C7 (damascones)
or C9 (ionones) seems to alter the substrate orientation in the
active site of this enzyme and, hence, the regioselectivity as
well as the type of reaction. In addition, the location of the
double bond in the cyclohexene ring has also a high impact on
the product formation. The conversions of 9 and 10 by
CYP260B1 lead predominantly to single products of allylic
alcohols, whereas the conversion of 8 resulted in multiple
products. The location of the double bond is thereby respon-
sible for the conformation of the cyclohexene ring in the active
site, and this way affects the hydroxylation selectivities. This
sensitivity towards the moieties of these compounds might be
explained by a low flexibility of the active site. On the con-
trary, CYP267B1 selectively hydroxylates all tested substrates
in allylic position. Its active site might be more flexible and
allows the required substrate orientation for allylic hydroxyl-
ation. In addition, the catalyzed reactions seem to be thermo-
dynamically controlled, since predominantly 3,6-trans-prod-
ucts were formed. The conversion of 3 is an interesting exam-
ple which substantiates this assumption due to the formation
of the thermodynamically most stable products (24a and 24b).
A more detailed assertion about the conformation of the active
site or substrate orientation can only be given after the crystal
data of these enzymes become available. Furthermore, im-
proved analytical methods to elucidate the absolute configu-
ration of the products as well as computational methods to
estimate the binding affinities are necessary to understand
the detailed mechanistic of the stereoselectivity.
Nevertheless, this study gives first insights in the substrate
range as well as variety of reactions catalyzed by theses
P450s. CYP267B1 shows the typical for P450s allylic hy-
droxylase activity, whereas CYP260BI is additionally able

to epoxidize some of the substrates. This epoxidase activity
is of interest, since neither CYP109D1 nor CYP264B1 or
CYP267B1 from So ce56 are known for such an activity.
Hence, CYP260B1 expands the “toolbox” towards
oxyfunctionalized norisoprenoids, a group of valuable com-
pounds known for their wide range of applications.

Hydroxylated and epoxidized norisoprenoids are utilized as
building blocks for the organic chemistry, like for the syntheses
of odorants (Frater et al. 1998) or carotenoids (Brenna et al.
2002) and their derivatives (Tu et al. 2014). Furthermore, they
are investigated for their potential medical applications
(Gerhéuser et al. 2009) or used as precursors for pharmaceuti-
cals (Colombo et al. 1992; Zhou et al. 2009). There are several
studies indicating the potential growth inhibiting and allelo-
pathic properties of such compounds, especially those with a
keto- or hydroxyl-function at position C3 (Walter and Strack
2011). Aside from these examples, there are several other pos-
sible applications for these products including their utilization
as standard (Venkataraman et al. 2012). This wide range of
applications proves the significance of such products for di-
verse fields of research and novel compounds with altered
properties are very valuable and might provide new possibili-
ties for application. During our studies, we were able to identify
several known as well as some novel products like 23, 31, and
32. These novel compounds might be investigated for their
olfactory properties or used as standards to simplify the product
characterization of other P450s. However, higher amounts of
these products in a multimillgram to gram scale are required to
apply them as building blocks for synthetic routes. The whole-
cell system used in this study yielded up to 20 mg/I under non-
optimized conditions. Improvements, such as the utilization of
alternative redox partners, applying resting cells in buffer or
protein engineering towards higher activities can be used to
establish a system towards preparative scale.

Taken together, the carotenoid-derived aroma compounds
were identified as substrates for CYP260B1 and CYP267B1
for the first time. The utilization of a whole-cell system facil-
itates the product identification via NMR spectroscopy and
provides, therefore, first insights in the substrate range and
reaction diversity of these myxobacterial P450s. The high
regio- and diastereoselectivity of CYP267B1 as well as the
epoxidase activity of CYP260B1 reveal the potential of these
P450s for the oxyfunctionalization of norisoprenoids.
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Abstract

The guidelines of the Food and Drug Administration (FDA) and International Conference on Harmonization
(ICH) have highlighted the importance of drug metabolites in clinical trials. As a result, an authentic source for
the production of them is of great interest, both for their potential application as analytical standards and for
required toxicological testing. Since we showed promising biotechnological potential of cytochromes P450 from
the soil bacterium Sorangium cellulosum So ce56 before, herein we investigated the CYP267 family and its
application for the conversion of commercially available drugs including nonsteroidal anti-inflammatory,
antitumor and antihypotensive drugs. The CYP267 family, especially CYP267B1, revealed the interesting ability
to convert a broad range of substrates. We established substrate-dependent extraction protocols and also
optimized the reaction conditions for the in vitro experiments and E. coli based whole-cell bioconversions. We
were able to detect activity of CYP267A1 towards 7 out of 22 drugs and the ability of CYP267B1 to convert 14
out of 22 drugs. In our established whole-cell system using CYP267B1 and expressing the autologous redox
partners Fdx8 and FdR_B, moderate to high conversions (up to 85% yield) were observed. With our existing
setup, we present a system capable of producing reasonable quantities of the human drug metabolites 4-
hydroxydiclofenac, 2-hydroxyibuprofen and omeprazole sulfone. Due to the great potential of converting a broad
range of substrates, wild-type CYP267B1 offers a wide scope for the screening of further substrates, which will

draw further attention to a future biotechnological usage of CYP267B1 from S. cellulosum So ce56.
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Introduction

The emergence of new diseases, rising concerns about drug resistance and the decreasing efficacy of the existing
drugs are of great pharmaceutical concerns. As a result, drug research during the past century, driven by
chemistry, pharmacology and clinical science, has shown an increasing contribution to the development of new
therapeutic agents (Drews, 2000). Despite the success in combating the majority of genetic, infectious and
bacterial diseases, novel drugs and drug derivatives are consistently demanded. However, the efficacy of such
drugs and their related metabolites need to be tested and approved. The guidelines published by the Food and
Drug Administration (FDA) and the International Conference on Harmonization (ICH) highlight the importance
of qualifying metabolite exposure in clinical trials, in which a metabolite formed greater than 10% needs to be
specifically tested for toxicity (FDA, 2008; ICH, 2009, 2012). Due to the frequent introduction of novel drugs
and drug candidates with new or modified chemical structure, implementation of costly multi-step chemical
syntheses may not be sufficient enough to overcome the demand of the respective metabolites (Rushmore er al.,

2000).

Although the purification of major metabolites from urine is relatively easy and cheap (Gao et al., 2012), a large
scale production of drug metabolites, for instance with the usage of human liver, is hindered by a very limited
availability. To circumvent such limitations, alternative approaches of using microorganisms have been
practiced, in which several microorganisms like the fungus Cunninghamella sp. or bacterial variants of
Streptomyces strains were shown to transform drugs and xenobiotics to mammalian metabolites (Zhang et al.,
1996; Asha and Vidyavathi, 2009; Bright er al., 2011; Murphy and Sandford, 2012; Diao et al., 2013). However,
because of the release of side-products and the difficulty on handling the microbes during such biotransformation
process, there is now a great interest in cytochrome P450 enzymes (P450s) for the production of drug
metabolites. In general, P450s are versatile, heme-containing enzymes, which catalyze a variety of reactions
highlighting them as essential candidates for biotechnological and pharmaceutical researches (Bernhardt and
Urlacher, 2014). It has been shown that the utilization of human P450s enables the sufficient production of
human drug metabolites employing baculovirus infected insect cells expressing CYP3A4 or CYP2D9
(Rushmore et al., 2000), fission yeast expressing CYP2D6 (Peters et al., 2007) or CYP2C9 (Drégan et al., 2011;
Neunzig et al., 2012) and E. coli cells expressing CYP3A4, CYP2C9 and CYP1A2 (Vail et al., 2005). Since it is
not mandatory to employ associated human P450s to synthesize human drug metabolites (Schroer er al., 2010;
Geier et al., 2015), microbial, especially bacterial, P450s serve as a good alternative as they are convenient to
handle and usually hold higher expression levels and activities, recommending the possibility to employ them as
useful biocatalysts (Bernhardt, 2006). The genetic manipulation of bacterial P450s towards a drug metabolizing
activity has been successfully demonstrated for several P450s including the most studied P450gy; (CYP102A1)
(Whitehouse et al., 2012; Ren et al., 2015). However, the engineering of enzymes against their native, narrow
substrate range or, in general, the screening for enzymes to produce certain drug metabolites is time-consuming
and complex, which can be overcome by employing versatile wild-type P450s showing an untypically broad

substrate range (Yin et al., 2014).

During our recent investigations on P450s from the myxobacterium Serangium cellulosum So ce56, several
interesting enzymes displaying new properties and substrate specificities have been discovered, which lead us to
investigate the potential of these P450s for an application as drug metabolizing biocatalysts (Khatri et al., 2010,
2013; Litzenburger and Bernhardt, 2015; Schifrin et al., 2015). Therefore, we used bioinformatics analysis to

identify myxobacterial P450s which are closely related to drug metabolizing P450s. Among others, the two
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members of the CYP267 family, CYP267A1 and CYP267B1, were found to be potential candidates. Although
the purified CYP267A1 and CYP267B1 were shown before to convert certain drugs (Kern er al., 2015;
Litzenburger et al., 2015) and CYP267A1 was found to catalyze the hydroxylation of fatty acids (Khatri et al.,

2015), a broader analysis of their substrate spectrum has never been tested. Therefore, in this study, we have

tested the in vitro and whole-cell conversion of 22 widely used drugs (see Figure 1) by CYP267Al and

CYP267B1 for the first time. Compounds showing a significant in vitro conversion were further chosen for a

whole-cell biotransformation to upscale the metabolite production for the structural elucidation of the product(s)

via NMR spectroscopy. We demonstrate that 7 out of 14 drugs can be converted by CYP267A1 and CYP267B1

shows activity towards 14 out of 22 drugs.
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Figure 1: Structural illustration of the tested drugs. In the case of 13, 19, 20 and 21, racemic mixtures were used in all experiments.
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Materials and methods
Chemicals

Anmitriptyline, amodiaquine, haloperidol, losartan, olanzapine, quinine, repaglinide, ritonavir, tamoxifen and
thioridazine were kindly provided by Dr. Stephan Liitz (Novartis, Basel, Switzerland). Isopropyl-B-D-1-
thiogalactopyranoside and 8-aminolevulinic acid were purchased from Carbolution Chemicals (Saarbruecken,
Germany). Bacterial media were purchased from Becton Dickinson (Heidelberg, Germany). All other chemicals

were obtained from standard sources in the highest purity available.

Strains

The E. coli strains Top 10 and NovaBlue Singles™ Competent Cells for cloning purpose were obtained from
Invitrogen (San Diego, CA) and Merck (Duesseldorf, Germany). The E. coli strains BL21-Gold(DE3) for the
heterologous expression of CYP267A1 and C43(DE3) for the heterologous expression of CYP267B1 were
purchased from Agilent Technologies (Santa Clara, CA), whereby C43(DE3) was also used for whole-cell

conversions.

Plasmids

The genes of CYP267A1 and CYP267B1 were cloned into a pET22b plasmid (Novagen) as described elsewhere
(Litzenburger et al., 2015). The pKKHC plasmids for the heterologous expression of the autologous redox

partners Fdx8 and FdR_B originate from previous work done in our lab (Ewen et al., 2009).

For the expression of the redox partners in the whole-cell system, the pCDF_dFA plasmid from (Litzenburger et
al., 2015) was used and changed as follows. The gene encoding Fpr was excised using the restriction enzymes
Ndel and Kpnl and substituted with the FAR_B gene obtained from pKKHC_FdR_B using the same restriction
enzymes. The ligation reactions were performed with the Fast-Link DNA Ligase Kit (Biozym Scientific GmbH,
Hessisch Oldendorf, Germany). From the resulting plasmid pCDF_AFB containing bovine Adx,.,ps and
ferredoxin-NADP" reductase FAR_B from S. cellulosum So ce56, the gene of Adx,.;o3 was excised with Ncol
and Hindlll. The resulting open plasmid was ligated with the gene of Fdx8 previously obtained from
pKKHC_Fdx8 using the mentioned restriction enzymes. The resulting plasmid pCDF_F8B contains the genes
for expressing the autologous ferredoxin Fdx8 and the ferredoxin-NADP" reductase FAR_B from S. cellulosum

So ce56 (see also Figure S 1).
Expression and purification
CYP267A1 and CYP267B1 have been expressed and purified as previously described (Khatri et al., 2015) using

the T7 promoter based expression construct of CYP267A1 and CYP267B1 (pET22b_CYP267A1 and
pET22b_CYP267B1).

The electron transfer partners Fdx8 and FdR_B were expressed and purified as noted elsewhere (Ewen et al.,

2009).

Media and buffers

For the heterologous expression of CYP267A1 and CYP267B1, terrific broth medium (24 g yeast extract, 12 g
peptone, 4 ml glycerol, 2.31 g K,;HPO, and 12.54 g KH,PO, per liter H,O) was used. The whole-cell conversions
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were performed in MO9CA medium (6 g Na,HPO,, 3 g KH,PO,, 0.5 g NaCl, 1 g NH,Cl, 4 g Bacto Casamino
Acids, 4 g glucose, 50 pl IM CaCl,, 2 ml 1 M MgSQOy,, 2 ml of trace elements solution per liter H,O; Trace
elements solution contained 2.5 g EDTA, 250 mg FeSO,, 25 mg ZnCl, and 5 mg CuSO, per 50 ml H,0).

Spectral characterization of the CYP267 family

UV-visible spectra for the purified P450s were recorded at room temperature on a double-beam
spectrophotometer (UV-2101PC, SHIMADZU, Kyoto, Japan). The enzyme solution (2 pM) in 10 mM
potassium phosphate buffer, pH 7.4, was dosed with a few grains of sodium dithionite to reduce the heme-iron
and the sample was split into two cuvettes. The baseline was recorded between 400 and 700 nm. The sample
cuvette was bubbled gently with carbon monoxide (CO) for 1 min and a spectrum was recorded. The
concentration of the P450s was estimated by CO-difference spectroscopy assuming £(450-490 nm) = 91 mM"'

cm’ according to the method of Omura and Sato (Omura and Sato, 1964).

In vitro conversions

A reconstituted in vifro system containing the corresponding P450 (0.5 uM), FdR_B (1.5 uM), Fdx8 (10 uM)
and a cofactor regenerating system with glucose-6-phosphate (5 mM) and glucose-6-phosphate dehydrogenase
(2 U ml™") in potassium phosphate buffer (20 mM, pH 7.4, 1% glycerin) was used. The potential substrates,
except olanzapine and omeprazole (both dissolved in DMSO), were dissolved in ethanol (10 mM) and added to
an end-concentration of 200 uM. The total volume of the reaction was 250 ul. The reaction was started by the
addition of NADPH (800 pM) and carried out for 3 h at 30°C. For the substrates 1, 9, 11-15 and 18-21, 1 M
glycine buffer (pH 11) or acetate buffer (pH 4) were added after reaction to enable improved recovery of the
analytes. The reaction was, therefore, stopped by adding buffer (300 pl) or organic solvent (500 pl). The
extraction was performed twice with 500 pl of the appropriate solvent (see supplemental Table S 0). A negative

control without P450 was implemented for each substrate to verify the P450 dependent reaction.

Whole-cell conversions

The experiments were performed with C43(DE3) cells, which were transformed with two plasmids, one
encoding CYP267A1 (pET22b_CYP267A1) or CYP267B1 (pET22b_CYP267B1) and the second one encoding
the redox partners Fdx8 and FdR_B (pCDF_F8B). For the main culture, 50 ml MOCA medium containing
ampicillin (100 pg/ml) and streptomycin (50 ug/ml), inoculated with the corresponding overnight culture in LB
medium (dilution 1:100), was used. At an optical density of 0.9-1, the induction was initiated by adding 1 mM
IPTG and 0.5 mM &-Ala and the temperature was set to 28°C. After 21 h of expression, the temperature was set
to 30°C and the substrate was added to a final concentration of 200 uM. To enable higher substrate conversion,
EDTA (20 mM) or polymyxin B (32 pg/l) were added to increase permeability and substrate uptake of the E.
coli cells (Janocha and Bernhardt, 2013). After 48 h at 30°C, a 500 pl sample was removed, quenched with
adding buffer or organic solvent and extracted two times with 500 ul of organic solvent (see supplemental Table
S 0). The organic phases were collected and evaporated to dryness. The extracts were stored at -20°C until
analysis. All experiments were done twice including a negative control (cells only transformed with

pCDF_F8B).
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Analysis of the in vifro and whole-cell conversions via HPLC

The HPLC analysis was performed on a Jasco HPLC 2000 system consisting of a PU-2080 Plus Pump, a AS-
2050 Plus Sampler and a UV-2075 Plus UV/Vis-Detector. For the HPLC analysis, samples of 3, 10, 13 and 22
were dissolved in 75 pl acetonitrile and 75 pl Milli-Q water. The remaining substrates were dissolved in the
same volumes of solvents containing (.1% trifluoroacetic acid (TFA). Analyses were performed on a reversed
phase column (125/4 Nucleodur 100-5 C18ec; Macherey Nagel, Diiren, Germany) at a flow rate of 1 ml min™
and a temperature of 40°C. The injection volume was set to 30 pl. Due to the amount of different substrates, the
HPLC methods (including detection wavelengths) were substrate-dependent and are presented in the

supplemental data (Table S 1).

Upscaling of the whole-cell biotransformation system and purification of the products

To obtain sufficient amounts of produets for structure elucidation via NMR analysis, the previously described
whole-cell conversions were up-scaled to a total volume of 2.5 L. After 48 h, the reaction was stopped with the
same volume of the appropriate solvent (see supplemental Table S 0). Before extraction of the product of 13, the
culture was set to a pH of 11 using 2 M KOH and subsequently purified as described previously (Litzenburger ez

al., 2015). The purification of the product 13a was done in the absence of TFA.

NMR Analysis

The structures of the products were analyzed by NMR spectroscopy (Institute for Pharmaceutical Biology,
Saarland University, Germany). The 'H- and C-NMR were recorded on a Bruker (Rheinstetten, Germany) 500
MHz NMR spectrometer. Two-dimensional NMR spectra were recorded as gs-HH-COSY, gs-HSQC, and gs-
HMBC. All chemical shifts are relative to CDCl, (d = 77.00 for "C-NMR; d =7.24 for '"H-NMR) or CD;0D (d =
49.00 for *C-NMR: d = 3.31 for 'H-NMR) using the standard & notion in parts per million.

MS/MS Analysis
The product 13a was additionally characterized by MS/MS analysis (Institute of Bioanalytical Chemistry,

Saarland University, Germany) with a API 2000 Qtrap (ABSciex, Darmstadt, Germany). Detailed settings of the

MS/MS experiments can be found in the supplemental data (section 8: MS/MS settings).
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Results
Bioinformatics studies and comparison of CYP267A1 with CYP267B1

In order to identify homologues of potentially drug metabolizing P450s from S. cellulosum So ce36, all of the 21
P450s (Khatri et al., 2010) from this bacterium were aligned with the known bacterial drug metabolizing P450s
(supplemental Table S 2). We observed that CYP265A1, CYP266A1 and the CYP267 family of this bacterium
clustered within the same clan of the drug metabolizing P450s like CYP107E4 from Actinoplanes sp, CYP105
and CYP256 from Rhodococcus jostii RHA1, showing an amino acid sequence identity of 38.9%, 34.2% and
33.4%, respectively (Figure 2, supplemental Table S 2). These bacterial P450s are considered as active drug
metabolizers for several drugs including amitriptyline, chlorpromazine (2) and diclofenac (5) (Prior et al., 2010;
Kulig et al., 2015). In addition, we have already shown that CYP264A1 was able to convert tricyclic drug
molecules (Litzenburger et al., 2015), and CYP265A1 and CYP266A1 were able to hydroxylate the antitumor
drug epothilone D (Kern et al., 2015). As a result, our homology study with the drug metabolizing bacterial
P450s suggested that the two members of the CYP267 family (in addition to CYP265A1 and CYP266A1) are
potential candidates for metabolizing certain drugs. The amino acid sequence alignment of CYP267A1 and
CYP267B1 showed an identity of 38%. CYP267B1 possesses a conserved heme-binding domain
(347FGGGIHFCLG;54), the conserved threonine in the I-helix (553 AGHETT,45), and glutamic acid and arginine
in the K-helix (;5)EEALR;gs), whereas in CYP267A1 the conserved phenylalanine in the heme-domain is
replaced by Leucine (L366) (Khatri et al., 2015).

Amino acid sequence alignment of the CYP267 family with human P450s demonstrated that CYP267B1 showed
the highest identities of 20.7%, 20.2%, 19.6%, 19.3% and 19.0% with CYP2W 1, CYP2C8, CYP2A6, CYP2D6
and CYP3A4, respectively (supplemental Table S 2), which are considered as efficient drug metabolizers
(Wrighton and Stevens, 1992; Guengerich, 1999).
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Figure 2: The radial view of an unrooted phylogenetic tree obtained by MEGA4 (version 4.0) analysis for the determination of
relatedness of the 21 P450s from S. cellulosum So ce56 (in black) with respect to drug metabolizing bacterial P450s CYP105D1
[P26911.1] from Streptomyces griseus, CYP5S1_RHA1 [Q0S7TMY], CYP105_RHA1 [QOSDH7], CYP116_RHA1 [QORURY],
CYP125_RHA1 [Q0OS7N3], CYP256_RHA1 [QORXFS8] and CYP257 RHA1 [QORVHO] from Rhodococcus jostii RHA1, CYP107E4
[ACN71221.1] from Actinoplanes sp. ATCC 53771, CYP116B4 [EAV41564.1] from Labrenzia aggregate (in grey). The cluster of drug
metabolizing P450s is shown in grey clan. The bar in the tree indicates 0.5 amino acid substitutions per amino acid for the branch
length.
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Expression, purification and characterization of the CYP267 family members

First expression studies for CYP267B1 were realized using the vector pCWori®. However, the yield of
CYP267B1 using the pCWori* based expression construct was very low (<20 nmol/L E. coli culture after the
purification). Therefore, the protein has been expressed and purified using a T7 based expression construct
(pET22b_CYP267B1) (Litzenburger et al., 2015), in which the protein yield was increased five fold (100
nmol/L).

As shown in Figure 3, the UV-visible absorption spectrum of the oxidized CYP267B1 showed the presence of
the Soret band (y) at 416 nm, and the Q-bands at 567 nm (f) and 533 nm (). The reduction of CYP267B1 with
sodium dithionite showed a slightly diminished absorption peak for the Soret band at 410 nm and a single peak
in the Q-region (538 nm). The reduced CO-complex of CYP267B1 showed a typical peak maximum at 449 nm.
The purified CYP267A1 showed the same spectroscopic features as previously described (Khatri et al., 2015),
with the characteristic peak maximum at 448 nm in the CO-difference spectroscopy experiment and a peak

maximum at 418 nm in the oxidized form of CYP267A1.
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Figure 3: Spectroscopic characterization of CYP267B1. The UV-visible spectra of oxidized (black line), dithionite reduced (dashed
line) and CO-bound (gray line) CYP267B1 were recorded in 10 mM potassium phosphate buffer, pH 7.5.

Optimization of the in vitro conversion

Since P450s are monooxygenases, they require electrons from NAD(P)H, which are transferred by autologous or
heterologous redox partners (Hannemann et al., 2007). The substrate turnover also depends on the coupling and
the efficiency of the redox partner proteins. In the case of the CYP267 family we observed limited in vitro
conversions (Kern et al., 2015; Litzenburger et al., 2015) when using the bovine redox partners Adx, jos/AdR.
Therefore, we substituted the heterologous Adxs jos and AdR with the autologous redox partners Fdx8 and
FdR_B from S. cellulosum So ce56, which were previously shown to increase the CYP267BI1-dependent
epothilone D conversion (Kern et al., 2015). In our earlier studies on the conversion of tricyclic antipsychotics
and antidepressants (Litzenburger et al., 2015), thioridazine (20) could be identified as substrate for CYP267A1
and amitriptyline as well as chlorpromazine (2) for CYP267B1, however, with a low in vitro and whole-cell

conversion. The substitution of Adxy.os/AdR with the autologous redox partners Fdx8/FdR_B showed increased
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thioridazine-5-sulfoxide (20a) formation (from 43% to 50%) during the in vitro conversion of 20. Likewise, the
in vitro conversion of amitriptyline by CYP267B1 showed a significant enhancement of 10-hydroxyamitriptyline

formation (from 15% to 60%), whereas the in vitro conversion of chlorpromazine (2) showed no difference.

Optimization of the E. coli based whole-cell bioconversion system

Since we observed a significant increase in the product formation when using the autologous redox partners, we
investigated the coexpression of the autologous redox partners Fdx8 and FdR_B for our whole-cell
bioconversion experiments. For comparison, a whole-cell system co-expressing Adxy jos and Fpr was used, since
it has been shown previously that the whole-cell conversion of 4-methyl-3-phenyl-coumarin by CYP264A1 from
S. cellulosum So ce56 increased when Fpr instead of AdR was used (Ringle et al., 2013). However, when
substituting Adxy.os/Fpr with the autologous redox partners Fdx8/FdR_B, the yield of the product was even
further increased. In case of CYP267A1, a nine times higher conversion of 20 was observed (from 5% to 45%
thioridazine-5-sulfoxide 20a, Table 1). Likewise, the formation of chlorpromazine sulfoxide (2a) was nearly
doubled by the CYP267B1-Fdx8-FdR_B whole-cell bioconversion system compared with CYP267B1-Adx,.s-
Fpr (from 18% to 30% 2a, Table 1). In addition, we also observed a higher yield (from 7.5% to 26%) of the
product 10-hydroxyamitriptyline from amitriptyline (Table 1). On the basis of these results, all further drug
conversions were performed using Fdx8/FdR_B as redox partners in all in vitro and E. coli based whole-cell

bioconversion experiments.

When establishing a whole-cell system for P450s, the indole-dependent inhibition should also be considered. It
was observed that indole acts as an inhibitor of CYP264A1 from S. cellulosum So ce56 (Ringle et al., 2013) and
CYP109B1 from Bacillus subtilis (Girhard et al., 2010). In addition, some P450s are known to convert indole,
this way competing with the normal substrate (Gillam et al., 2000). The metabolism of tryptophan by the
tryptophanase TnaA of E. coli results in the formation of indole (Li and Young, 2013). Since tryptophan is
present in TB medium, a concentration of over 600 pM indole was detected after 72 h (Ringle et al., 2013). In
case of the two members of the CYP267 family, the presence of 600 pM indole decreases the product formation
in vitro up to 40% for CYP267B1 and up to 85% in the case of CYP267A1 (supplemental Figure S 3).
Therefore, we performed the whole-cell bioconversions in a defined MOCA minimal medium, which was
previously shown to exhibit a very low amount of indole when using E. coli as a host (<5 uM) (Ringle et al.,

2013).

Furthermore, the effect of the additives EDTA and polymyxin B was also investigated during the whole-cell
conversions, since it has been shown previously that the presence of EDTA or polymyxin B enhances substrate
uptake of E. coli cells for resin acid diterpenoid conversion by a CYP105A1-based whole-cell biocatalyst
(Janocha and Bernhardt, 2013). We observed that the highest product formation was obtained when 20 mM
EDTA for 1, 2,5,7,9, 15, 16 and 32 pug ml! polymyxin B for 11, 13, 18, 19, 20 were applied in the whole-cell

system. Higher concentrations of both additives did not alter the product pattern for the tested drugs.
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Table 1: Comparison of the whole-cell conversions with CYP267A1 and CYP267B1 using different redox partners (* taken from
(Litzenburger et al., 2015)).

Conversion [ %] with

Model substrate CYP267 Heterologous Autologous Product

Adxy.0/Fpr* Fdx8/FdR_B

Amitriptyline Bl 7.5% 26% 10-Hydroxyamitriptyline
Chlorpromazine (2) Bl 18% 30% Chlorpromazine sulfoxide” (2a)
Thioridazine (20) Al 5% 45% Thioridazine-5-sulfoxide” (20a)

Optimization of product extraction and HPLC conditions for the investigation of drug conversions

Due to the diverse chemical structures and functional groups of the tested drug molecules, we established a
substrate-dependent extraction protocol to improve our experimental conditions for efficient analyses and for
product purification (supplemental Table S 0). We also optimized the HPLC conditions and listed them in the

supplemental Table S 1.

CYP267-dependent substrate conversion
In vitro and whole-cell conversions by CYP267A1

The in vitro conversions revealed that 7 out of 22 drugs were converted by CYP267A1. In comparison with
CYP267B1, the product pattern of CYP267A1 differs only for chlorpromazine (2; 2.4%) for which only one
product was observed. For ibuprofen (7), tamoxifen (18) and terfenadine (19) the yields of the product formation
were significantly lower compared with the respective CYP267B1-dependent conversions (7: 1.5%, 18: 3.7%,
19: 2.1%). Despite having lower conversions with CYP267Al, five new substrates for CYP267A1 were
identified (4, 6, 7, 18 and 19, Figure 4 A). However, during in vitro conversion of 18 and 20, one side product
for 18 (1.9 £1.1%) and in the case of 20 two minor side products (3.7 +0.3% and 2.6 +0.1%) have also been

observed.

Only dextromethorphan (4), haloperidol (6) and thioridazine (20) were further employed for the investigation in
the whole-cell system with CYP267A1-Fdx8-FdR_B, in which compounds 4 and 6 showed no conversion. Due
to the higher in vitro conversion of 2, 18 and 19 with CYP267BI1, these substrates were only tested in the
CYP267B1-Fdx8-FdR_B whole-cell system. However, using CYP267A1, 20 was successfully converted to 20a

yielding in a 44.7% product formation in our E. coli based whole-cell bioconversion (Figure 4 A).

In vitro and whole-cell conversions by CYP267B1

It is very interesting to note that the in vitro conversions of the 22 tested drugs showed that CYP267B1 was able
to convert 14 out of 22 compounds (Figure 4 B), seven more than CYP267A1. The highest in vitro yield was
observed for oxymetazoline (14; 77.7%) and moderate in vitro conversions were also detected for
chlorpromazine (2; 37%), diclofenac (5; 37.5%), ibuprofen (7; 31.1%) and repaglinide (16; 41.4%). In addition,
amodiaquine (1, 10.2%), losartan (9; 8.9%), noscapine (11; 12.1%), olanzapine (12; 16.5%), omeprazole (13;
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13.7%), papaverine (15; 12.6%) and tamoxifen (18; 15%) were also converted by CYP267Bl. Very low
conversion was observed for ritonavir (17; 1.4%) and terfenadine (19; 4.1%). However, one minor side product
was observed for 7 (2.2 £0.1%), 9 (1.9 £0.4%), 11 (1.85 £0.45%), 12 (2 £0.1%), 13 (7 £0.4%), 15 (2.2 +0.1%),
16 (7.8 £1.4%) and 18 (2.55 +0.45%). In the case of 14, two minor side products were observed (5.1 #1.0% and

3 £0.5%) during the in vifro experiments.

The 14 drugs identified as substrate for CYP267B1 during the in vitro experiments were further investigated in
the corresponding whole-cell experiments. Thereby, the highest yield was observed for omeprazole (13; 78.1%).
The compounds 2 (30.3%), 5 (38%) and 7 (44.1%) showed similar yields compared to their corresponding in
vitro experiments. Due to their high conversion in the whole-cell experiments, 2, 5, 7 and 13 were further chosen
for upscale and product characterization. However, the CYP267B1-Fdx8-FdR_B whole-cell system was also
able to convert 1, 11, 15, 16, 18 and 19 in lower yields (<10%). In the CYP267B1-dependent whole-cell
experiments, minor side products were only formed in the case of 11 (1.25+0.15%), 13 (5.3 £0.2), 15 (5.4
+0.5%) and 16 (5.2 £0.4%), showing identical retention time to those observed in the in vitro experiments. For
the compounds 12 and 14, all the attempts of utilizing them in the whole-cell conversion system were
unsuccessful, despite having high in vitro conversions (16.5% for 12 and 83% for 14). For the substrates which
are not converted (3, 4, 6, 8, 10, 20, 21, 22) or showed poor conversion (17) during the in vitro assay, attempts of
investigating these drugs within the whole-cell system were discarded. Despite these CYP267B1-dependent
conversions, we observed a high conversion of losartan (9) to one product, without expressing CYP267B1 in the
whole-cell experiment. This observation leads to the assumption that 9 is oxidized by E. coli C43 (DE3) to
losartan carboxy acid. Due to the limited availability of this reference standard, we were not able to further

investigate our assumption.
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Figure 4: The main metabolite formation in vitro (black bar) and in the whole-cell (grey bar) system by
CYP267A1-Fdx8-FdR_B (A) and CYP267B1-Fdx8-FdR_B (B).

A: The compounds 1, 3, 5, 8-17 and 21-22 were not converted by CYP267A1 and are therefore not shown.
Only the substrates 4, 6 and 20 were further tested in the whole-cell system, whereby compound 4 and 6
showed no conversion. The highest whole-cell conversion for 20 was achieved with the supplement of
polymyxin B (32 pg ml™).

B: The highest yields for the whole-cell conversions of 1,2, 5,7, 9, 15 and 16 by CYP267B1 were achieved
in the presence of 20 mM EDTA. In case of 11, 13, 18 and 19, the highest conversions were observed with
the addition of polymyxin B (32 pg ml™). Despite the in vitro conversions of 12 and 14 by CYP267B1, no
conversion was observed in the corresponding whole-cell experiments. Due to the absence of conversion in
the in vitro experiments, compounds 3, 4, 6, 8, 10 and 20-22 are not presented in this diagram.

64



Kern et al. (2016)

Production of drug metabolites using an E. coli based whole-cell bioconversion system and purification of

products via preparative HPLC

The whole-cell system of CYP267B1-Fdx8-FdR_B was up-scaled to 2.5 L of MOCA medium for the substrates
2, 5, and 7. For the compound 13, an upscaling to 500 ml was sufficient enough to produce 5 mg of 13a. In case
of the whole-cell system CYP267A1-Fdx8-FdR_B and the substrate 20, the conversion was also up-scaled to 2.5
L M9CA medium. For the compounds converted in a larger scale, comparable yields as previously described
(Figure 4 A and B) were observed, revealing a great potential of the established bioconversion system for future
biotechnological upscaling. The products were purified via preparative HPLC and the purity of the isolated
products was further verified by an additional HPLC measurement. The chromatograms of the purified products
(5a, 7a and 13a) and the pure substrates (5, 7, and 13) are shown in the supplemental data (Figure S 2)
confirming the high purity of the corresponding products. For 2a and 20a, the chromatograms coincide with

previous data and can be found in the supplement (Litzenburger er al., 2015).

Drug metabolites formed by the CYP267 family

As previously presented, CYP267A1 is able to convert 7 out of 22 drugs and CYP267B1 catalyzes the
conversion of 14 out of 22 drugs in vitro. However, only drug 20 for CYP267A1 and 10 drugs (1, 2, 5,7, 11, 12,
15, 16, 18, 19) for CYP267B1 were successfully converted in our whole-cell system. For the drugs 2, 5, 7, 13
and 20 showing high yields after whole-cell biotransformation, the respective metabolites were additionally
elucidated with an up-scaled production and via NMR measurements. A comprehensive overview of the
analyzed drugs, and the human metabolites produced by the two members of the CYP267 family, is presented in
supplemental Figure S 6. CYP267B1 is able to catalyze an aromatic hydroxylation of 5 to the human metabolite
4-hydroxydiclofenac (5a) and an aliphatic hydroxylation of 7 to 2-hydroxyibuprofen (2a). Furthermore, the
sulfoxidation of 2 and 13 is catalyzed by CYP267B1 and the sulfoxidation of 20 by CYP267A1. All products
were obtained with high purity and sufficient amounts (5-10 mg) for the structure elucidation via NMR
spectroscopy. The NMR ('H and ’C) data for 5a, 7a and 13a are shown in the supplemental data. In the case of
13a, an additional MS/MS measurement provided an unambiguous assignment to omeprazole sulfone (Figure S
5). The NMR data of the products 2a and 20a were identical to those we have described before (Litzenburger et
al., 2015) and match the corresponding reference standards (Zhang et al., 1996; Morrow er al., 2005). However,
we achieved significantly increased yields in this study by our new whole-cell constructs (see supplemental data
Figure S 1), which also gave better access to high product amounts for characterization of the respective

products.
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Discussion

In recent years, the number of publications about the potential applications of P450s for the production of a drug
or drug-related compounds of pharmaceutical interest are continuously growing (Julsing et al., 2008). This
progress can directly be of use for the efficient and time-saving production of human drug metabolites. Thereby,
high yields and conversion rates can already be achieved by using corresponding human (Rushmore et al., 2000;
Vail et al., 2005; Schroer et al., 2010; Geier et al., 2012; Schiffer et al., 2015) or suitable non-human (Taylor et
al., 1999; Otey et al., 2006; Sawayama et al., 2009; Reinen et al., 2011; Di Nardo and Gilardi, 2012; Kiss et al.,
2015; Ren et al., 2015) P450s in a whole-cell system to produce respective metabolites. The majority of
published bacterial P450s used for the conversion of drugs are mutants of CYP102A1(BM3) from Bacillus
megaterium. We investigated the native myxobacterial cytochromes P450 from S. cellulosum So ce56 for their
application as drug metabolizers, since soil bacteria should be able to convert and metabolize different

xenobiotics present in their environment. Thereby, special attention was given to the CYP267 family.

It is interesting to note that CYP267B1 revealed the remarkable ability to accept substrates with completely
different chemical structures and functions. In addition to the capability of converting tricyclic compounds
(Litzenburger et al., 2015), the large 16-membered macrolide epothilone D (Kern et al., 2015) and small
structures like apocarotenoids (Litzenburger and Bernhardt, 2015), herein CYP267B1 showed activity towards
the conversion of 14 out of 22 different drugs. In contrast, CYP267A1 was only able to convert 7 out of 22
drugs. The drugs converted by CYP267A1 and CYP267B1 feature a variety of chemical structures like
heterocyclic aromatics, morphinan class compounds and alkaloids this way increasing both the known substrate
spectrum for this P450 family and the conceivable fields of their application. The metabolism of a drug molecule
by a human P450 usually results in the formation of several side products (Table 2), since the main aspect of
drug metabolism is the excretion out of the body. Hence, the application of myxobacterial P450s is favorable to
enable the production of a single human drug metabolite, highlighting their ability for biotechnological processes

in order to produce a metabolite in large quantity.

However, an important bottleneck for the application of cytochrome P450 enzymes in biotechnological
processes is often the efficiency of the redox system (Bernhardt and Urlacher, 2014). Concerning this, we first
identified efficient autologous redox partners to transfer electrons to the CYP267 family. Even though the
autologous redox system Fdx8/FdR_B from S. cellulosum So ce56 was already shown to transfer electrons to
myxobacterial CYP109D1, CYP260A1 and CYP264A1 (Khatri et al., 2010; Ringle et al, 2013), the
heterologous bovine adrenodoxin (Adxy.jo3) with adrenodoxin reductase (AdR) or the E. coli reductase (Fpr)
were shown to be more efficient (Khatri er al., 2013; Ringle et al., 2013). However, in this study, the substitution
of Adx,.0s/Fpr by Fdx8/FdR_B showed a significant increase of product yields for drug molecules (Table 1)
when using the members of the CYP267 family. As a result, an E. coli based whole-cell bioconversion system

has been established containing the autologous redox partners of the CYP267 family.

Another bottleneck for the whole-cell conversions we faced during our studies, was the substrate uptake and
indole inhibition. As a result, we established a substrate-dependent protocol, where EDTA and polymyxin B,
which were shown to enhance substrate uptake into E. coli cells (Janocha and Bernhardt, 2013), significantly
increased the limited whole-cell conversions (Figure 4 A and B). To overcome inhibition of CYP267A1 and
CYP267B1 by indole (Supplemental Figure S 3), we performed the whole-cell experiments in defined MOCA
medium. However, for the substrates 2, 11, 14, 16, 18 and 19 the CYP267B1-dependent whole-cell conversion
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showed lower yields compared with the in vitro assay, which might be a limitation caused by the low
permeability of the the E. coli cells for these substrates during the whole-cell conversion. In contrast, 7 and 13
showed higher yields in the whole-cell system compared with the in vitro conversion, suggesting that the

conditions established for these substrates support an efficient metabolite production with our whole-cell system.

It has been shown recently that several members of a P450 fusion library, constructed by P450s and their
autologous redox system RhfRED from Rhodococcus jostii RHAL, are able to convert 5 out of 48 selected drugs
(Kulig et al., 2015). Compared with our system consisting of the wild-type CYP267B1 and its autologous redox
partners Fdx8 and FdR_B, we observed a larger substrate range (14 out of 22 drugs) and significantly higher
activity towards the conversion of drugs. This leads to the suggestion that CYP267B1 features a great potential
for the biotechnological production of various drug metabolites when using bacterial P450s. Our so far not
optimized whole-cell system was able to convert 38% of 160 mg of diclofenac (5) within 48 h, which is a good
starting point for the production of 4-hydroxydiclofenac (5a). Concerning this, the production of 5a was
previously shown by an optimized fermentation process. The recombinant expression of CYP2C9 in fission
yeast strain CADG68 resulted in an efficient formation of 5a (468 mg L) after the optimization of the pH value,
the glucose concentration and the establishment of a favorable host organism for the hydroxylation of § (Drdgan
et al., 2011). The engineering of BM3 towards the metabolism of drugs resulted in the BM3 mutant
Asp251Gly/GIn307His capable of the metabolism of 5 to 5a in vitro (Tsotsou et al., 2012). This BM3 mutant
was also shown to produce 2-hydroxyibuprofen (7a) from ibuprofen (7) (Tsotsou et al., 2012), but experiments
were only done in vitre or in a microtiter plate. Likewise, the production of 7a in a preparative in vitro scale was
described yielding 74.3 mg of 7a (96% conversion) (Rentmeister et al., 2011). However, in this study, we were
able to produce 7a in a more relevant, biotechnological way using an E. coli based whole-cell bioconversion
system for CYP267B1 consisting of autologous redox partners and necessary cofactors within the cells. In this
regard, the conversion of 115 mg 7 to 7a giving 44% product yield by the wild-type CYP267B1 demonstrated a
promising scope for further optimization, since we have not focused on the optimization or the engineering of
the respective P450 towards higher space time yields yet. In addition, our CYP267B1-Fdx8-FdR_B whole-cell
system also presents the first method to produce omeprazole sulfone (13a) using a biotechnological approach
with a high conversion yield (nearly 80%, 68 mg of 13 L") and high selectivity (<5% formation of unknown side
product). Although CYP3A4 is responsible for the formation of omeprazole sulfone (13a) in the human body
(Yamazaki et al., 1997), to the best of our knowledge, the biotechnological production of 13a with CYP3A4

(Table 2) or another P45() has not been described so far.
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Table 2: Comprehensive overview of human drug metabolites formed by the members of the CYP267
family from S. cellulosum So ce56 and the corresponding human P450s. Metabolites marked with #and *
are selectively formed by CYP267A1 and CYP267B1, respectively. The order of the listed metabolites is
not representative for the product distribution.

Expected side products of

Drug Human P450 Desired metabolite Reference
human P450s
CYP2D6, Chlorpromazine sulfoxide 7-Hydroxychlorpromazine, (Cashman et al.,
Chlorpromazine (2)
CYP3A4 (2a) * Chlorpromazine-N-oxide 1993)
CYPIA2 -
CYP2C8,
5-Hydroxydiclofenac,
CYP2C18, (Bort et al.,
Diclofenac (5) 4-Hydroxydiclofenac (5a) * 4,5-Dihydroxydiclofenac
CYP2C19 1999)
3-Hydroxydiclofenac,
CYP2CY
5-Hydroxydiclofenac
CYP2C8, 3-Hydroxyibuprofen, (Hamman et al.,
Ibuprofen (7) 2-Hydroxyibuprofen (7a) * 1997; Neunzig
CYP2C9 Carboxyibuprofen etal., 2012)
(Yamazaki er
Omeprazole (13) CYP3A4 Omeprazole sulfone (13a) * 5-Hydroxyomeprazole al., 1997, Abelo
et al., 2000)
N-desmethylthioridazine,
Thioridazine-5-sulfoxide (Daniel et al.,
Thioridazine (20) CYP2D6 " 7-Hydroxythioridazine,
(20a) 2000)

Mesoridazine

The established CYP267-Fdx8-FdR_B whole-cell systems are an excellent starting point for further
optimizations in view of biotechnological upscaling and optimization (Bernhardt and Urlacher, 2014).
Optimizations like changing expression and reaction conditions or engineering the P450 could be potential topics
of interests. Several approaches for increasing the performance of the whole-cell system were published
describing that an increased number of ferredoxin gene copies (Schiffer et al., 2015) or co-expressing a NADPH
regenerating system (Zehentgruber et al., 2010) could enhance the product formation. In a recent review,
numerous approaches and examples were presented to enhance the catalytic activity of P450s towards potential
practical purposes (Gillam, 2008). It is remarkable that the wild-type CYP267B1 is already able to catalyze three
different reaction types (hydroxylation, sulfoxidation and epoxidation) without any directed or evolutionary
modification. In fact, the catalyzed hydroxylation reactions can be diversified to aliphatic (in the case of 7),
allylic (as described for sesquiterpenes (Litzenburger and Bernhardt, 2015)) and aromatic (as shown for 5)
hydroxylations, whereby the aromatic hydroxylation has not been described for a myxobacterial P450 before.

Although the previous studies on the bioconversion of drugs and xenobiotics were performed using
biotransformation (Zhang er al., 1996; Asha and Vidyavathi, 2009; Bright er al., 2011; Murphy and Sandford,

2012; Diao et al., 2013), they are not selective and side products are usually observed, and the non-optimized
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media condition could also interfere the detailed product identification. However, in this study, for the
conversion of widely used therapeutically important drugs and xenobiotics, we established a whole-cell
biocatalyst depending on two P450s (CYP267A1 and CYP267B1) and also optimized an E. coli based whole-
cell system, in addition to the unambiguous product isolation and identification by NMR and MS/MS. In
addition, the substrate spectrum of the CYP267 family, and thereby especially for CYP267B1, was also extended
to commercially used drugs and their associated diverse chemical structures to show the potential of
myxobacterial P450s as a drug metabolizer. Due to the great potential of catalyzing a broad range of substrates,
it can be concluded that CYP267B1 is an efficient and promising candidate for further substrate screening and

protein engineering, particularly with regard to its biotechnological applicability.
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Optimized extraction procedure - Due to the different substrates, and thus, the diversity of chemical
structures and functional groups, we established a substrate-dependent extraction protocol as shown in
Table S 0 accompanied by substrate-dependent HPLC methods listed in Table S 1.

Table S 0. The optimized extraction procedure for the tested drugs and respective metabolites.
To improve the extraction efficiency, the addition of acidic (pH 4) or basic (pH 11) buffer before
extraction is needed.

# Substrate Added before extraction Solvent used for extraction
1 Amodiaquine Glycine buffer Chloroform

2 Chlorpromazine - Chloroform

3 Dexamethasone - Chloroform

4  Dextromethorphan - Chloroform

5 Diclofenac - Ethyl acetate

6 Haloperidol - Ethyl acetate

7 Ibuprofen - Ethyl acetate

8 Indoprofen - Ethyl acetate

9 Losartan Acetic acid/Acetate buffer Hexane 95%/ 5% Isopropyl alcohol
10 Nifedepine - Ethyl acetate

11 Noscapine Glycine buffer Ethyl acetate

12 Olanzapine Glycine buffer Chloroform

13 Omeprazole Glycine buffer Ethyl acetate

14 Oxymetazoline Glycine buffer Ethyl acetate

15 Papaverine Glycine buffer Chloroform

16 Repaglinide - Chloroform

17 Ritonavir - Chloroform

18 Tamoxifen Glycine buffer Hexane 95%/ 5% Isopropyl alcohol
19 Terfenadine Glycine buffer Chloroform

20 Thioridazine Glycine buffer Ethyl acetate

21 Verapamil Glycine buffer Chloroform

22 Vitamin D3 - Chloroform

/11
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HPLC methods — The HPLC analysis of the substrates 3, 10, 13, and 22 were performed using 20%
acetonitrile/80% Milli-Q water (v/v) as solvent A and 100% acetonitrile as solvent B. All other substrates
(1, 2, 4-9, 11, 12 and 14-21) were analyzed by using 100% Milli-Q water containing 0.1% TFA as solvent
A and 100% acetonitrile containing 0.1% TFA as solvent B. Unless otherwise specified, the flow rate for

all methods was set as 1 ml min™ and the oven temperature as 40°C.

Table S 1. HPLC Methods for the tested compounds.

# Substrate

Molecular weight
g mol™]

Wavelength
[nm]

Method

[minutes / % of solvent A]

1 Amodiaquine

464.81

344

0/90
5/90
10/60
13/60
13.1/20
14/20
14.1/90
16/90

2 Chlorpromazine

318.86

256

0/80
1780
9/20
12/20
12.1/80
14/80

3 Dexamethasone

392.47

240

0/90
7/90
13/50
13.1/90
15/90

=

Dextromethorphan

271.40

280

Same method as 3

w

Diclofenac

318.10

276

0/70
1/70
12/20
14/20
14.5/70
15/70

6 Haloperidol

375.86

244

0/80
2/80
8/50
12/50
12.1/80
14/80
1.2 ml min™

7 Ibuprofen

229.28

224

0/80
4/80

2/11
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13/20
15/20
15.1/80
17/80

Indoprofen

281.31

284

Same method as 7

Losartan

461.91

244

0/90
2/90
10/40
12/40
12.1/20
14/20
14.1/90
16/90

10

Nifedepine

346.34

236

Same method as 7

11

Noscapine

413.42

232

Same method as 7

12

Olanzapine

312.43

260

0/90
12/70
12.1/50
13.5/50
13.6/90
16/90

13

Omeprazole

345.42

300

Same method as 3

14

Oxymetazoline

296.84

228

Same method as 7

15

16

Papaverine

Repaglinide

375.75

452.59

252

244

0/90
2/90
7/60
10/60
10.1/20
11/20
11.1/90
13/90
0/90
1/90
10/10
12/10
12.5/90
15/90

17

Ritonavir

720.94

240

0/70
1/70
9/10
10/10
10.1/70
13/70
0.8 ml min™'

3/11

75



Kern et al. (2016)

18

Tamoxifen

371.51

240

0/60
3/60
10/20
13/20
13.1/60
15/60

19

Terfenadine

471.67

228

Same method as 7

20

Thioridazine

407.04

264

Same method as 7

21

Verapamil

491.06

232

Same method as 11

22

Vitamin Dj

384.64

265

0/40
15/0
26/0

30/40

4/11
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Phylogenetic analysis of CYP267B1 with drug metabolizing P450s of human and bacterial origin — In
addition to the phylogenetic analysis of CYP267B1 with respect to drug metabolizing human and bacterial
P450s as depicted in Figure 2, we performed pairwise alignments with EMBOSS Needle and present the

identities and similarities in Table S 2.

Table S 2. Overview of identities and similarities of drug metabolizing human and bacterial P450s with

respect to CYP267B1 from Sorangium cellulosum So ce56.

CYP267B1 to P450 UniProtKB Identity Similarity
CYPIAI P04798.1 96/612 (15.7%)  152/612 (24.8%)
CYPIA2 P05177.3  107/572 (18.7%)  166/572 (29.0%)
CYPIBI Q166782  96/600 (16.0%)  167/600 (27.8%)
CYP2A6 P115093  105/537(19.6%)  181/537 (33.7%)
CYP2A7 P20853.2 99/592 (16.7%)  160/592 (27.0%)
CYP2A13 Q166963 103/540 (19.1%)  175/540 (32.4%)
CYP2B6 P20813.1  100/570 (17.5%)  164/570 (28.8%)
CYP2C8 P106322  106/524 (202%)  173/524 (33.0%)
CYP2C9 PI17123 97/554 (17.5%)  168/554 (30.3%)
CYP2CIS8 P33260.3 80/583 (15.3%)  159/583 (27.3%)
CYP2CI9 P332613  101/559 (18.1%)  172/559 (30.8%)
human CYP2D6 P106352  110/569 (193%)  164/569 (28.8%)
CYP2EL POSISL.T  101/567 (17.8%)  160/567 (28.2%)
CYP2FI P24903.2 90/605 (14.9%)  138/605 (22.8%)
CYP212 P51589.2  106/552(19.2%)  160/552 (29.0%)
CYP2RI Q6VVX0.l  91/599(152%)  150/599 (25.0%)
CYP2S1 Q96SQ9.2  91/568 (16.0%)  154/568 (27.1%)
CYP2UI Q77449.1 93/615 (15.1%)  155/615 (25.2%)
CYP2WI Q8TAV32  112/540 20.7%)  169/540 (31.3%)
CYP3A4 PO8684.4 95/565 (16.8%)  164/565 (29.0%)
CYP3A5 P20815.1 102/536 (19.0%)  184/536 (34.3%)
CYP3A7 P24462.2 92/565 (16.3%)  164/565 (29.0%)
CYP3A43 QUHBS5.1  97/536 (18.1%)  168/536 (31.3%)
Streptomyces griseus P450-S0Y P26911.1 147/433 (33.9%)  200/433 (46.2%)
Actinoplanes sp. ATCC 53771 CYPIOTE4  ACN71221.1  163/419 (38.9%)  216/419 (51.6%)
Labrenzia aggregate CYPI16B4  EAVA41564.1  129/819 (15.8%)  189/819 (23.1%)
Bacillus cereus CYP102A5 Q81BF4 100/1141 (8.8%)  169/1141 (14.8%)
CYP51_RHAI QOSTMY  104/481 (21.6%)  176/481 (36.6%)
CYPI05S_RHAI  QOSDH7  144/434 (332%)  200/434 (48.2%)
CYPI16_RHAI  QORURY 135460 (29.3%)  202/460 (43.9%)
Rhodococcus jostii RHA1 CYPI25_RHAI QOSN3 139/429 (32.4%)  207/429 (48.3%)
CYP256_RHAI  QORXFS  131/446 (29.4%)  205/446 (46.0%)
CYP257_RHAI  QORVHO  122/445 (27.4%)  195/445 (43.8%)
CYP258 RHAI  QORUW2 130451 (28.8%)  194/451 (43.0%)
o cellud CYP264A1  CANOG490.1  147/430 (34.2%)  207/430 (48.1%)
Sorangium cellulosum 50 €636 |y a1 CANOOS32.1 173453 (38.2%)  235/453 (51.9%)
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Whole-cell biotransformation construct — The established pCDF_dFA plasmid' H (Figure S 1 A)
containing the genes for an expression of bovine adrenodoxin (Adxy.jos) and Fpr reductase from E. coli
was optimized with the substitution of the mentioned genes with Fdx8 and FdR_B from Sorangium
cellulosum So ce56 as described in the materials and methods section. The resulting plasmid was named

as pCDF_F8B and is presented in Figure S 1 B.

lac operator lac operator
A g B g
r; Neol (70) r*’ Neol(70)
| Adx4-108 | Fdx8
lacl 2 7 73 HindIIl (301) lacl / 75 HindIll (304)
/ . T2 / R T72
*® Ndel (546) Ndel (549)
HindI11 (650) FdRB
i\ \
LA Fpr |
pCDF dFA 1 pCDF F8B “
7271 Job 7241 N
L B W =~ EcoRI (1284)
I/
T7 term
CDF ori / CDF ori ? /
Sm Sm

Figure S 1. Vector map of pCDF_dFA plasmid (A) and the optimized pCDF_F8B plasmid (B).

! Litzenburger M, Kern F, Khatri Y, and Bernhardt R (2015) Conversions of Tricyclic Antidepressants
and Antipsychotics with Selected P450s from Sorangium cellulosum So ce56. Drug Metab Dispos

43:392-399.
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HPLC chromatograms of the purified products — To validate the purity of the metabolites produced by
the whole-cell system CYP267B1-Fdx8-FdR B, all purified products were analyzed via preparative
HPLC and compared with the respective substrate as presented in Figure S 2.

For 13, we detected an additional peak at 7 min in the chromatogram of the pure substrate (red line, 11.8
min, Figure S 2 C). As described by Brindstrom et al. in 1989, omeprazole is able to form a more
hydrophilic positively charged intermediate in a reversible chemical equilibriumm, which explains a
second peak (red line, 7 min, Figure S 2 C) in the pure substrate chromatogram.

However, for the purified product 13a, only a minor amount of the substrate peak at 11.8 min was
observed indicating a high purity of the product (blue line, 4 min, Figure S 2 C).
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Figure S 2. HPLC chromatograms of the substrates and products. A: diclofenac (5, black line), 4-
hydroxydiclofenac (5a, red line); B: ibuprofen (7, black line), 2-hydroxyibuprofen (7a, red line); C:
omeprazole (13, red line) and omeprazole sulfone (13a, blue line).

% A. Brandstrdm et al. (1989) Chemical Reactions of Omeprazole and Omeprazole Analogues. VI. The
Reactions of Omeprazole in the Absence of 2-Mercaptoethanol. Acta Chem. Scand. 43, 595-611
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Determination of inhibition of CYP267 family by indole — To validate the necessity to use a defined
minimal medium (M9CA) in our whole-cell system, we performed in vitro conversions of 200 pM f-
ionone with increasing concentrations of indole (Figure S 3). The conditions of this assay were chosen

. 3 . . . .
analogous to our previous work™ with a shorter reaction time of 20 min.

100 1
Y
904
N
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Figure S 3. Inhibition of product formation by increased indole concentration. The data were produced
with the conversion of B-ionone. The results of the product inhibition catalyzed by CYP267A1 (black
line) and CYP267B1 (red line) in the presence of increasing concentrations of indole is shown.

3 Litzenburger M, and Bernhardt R (2015) Selective oxidation of carotenoid-derived aroma compounds by
CYP260B1 and CYP267B1 from Sorangium cellulosum So ce56. Appl. Microbiol. Biotechnol. in press
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NMR data of the purified products 5a, 7a and 13a — The chemical structures of the products (inclusive
numbering) are presented in Figure S 4.

4-Hydroxydiclofenac (5a):

'H-NMR (CDCls, 500 MHz): & 3.63 (s, 2H, CH,), 6.11 (d, 1H, ArH-3), 6.73 (t, 1H, ArH-5). 6.94 (s, 2H,
ArH-3 and ArH-5"), 6.99 (t, 1H, ArH-4), 7.12 (d, 1H, ArH-6).

BC-NMR (CDCl;, 125 MHz): & 40.43 (C-a), 113.64 (C-3), 115.80 (C-3’ and C-5°), 118.92 (C-5), 127.46
(C-4), 128.06 (C-1), 129.10 (C-2), 130.72 (C-6), 132.94 (C-1°), 144.12 (C-2" and C-6"), 155.34 (C-4"),
173.10 (COOH).

2-Hydroxyibuprofen (7a):

'H-NMR (CDCls, 500 MHz): & 1.19 (s, 6H, H-3), 1.45 (d, 3H, H-b), 2.78 (s, 2H, H-a), 3.65 (q, 1H, H-1),
7.28 (m, 4H, ArH-1 to ArH-4).

BC-NMR (CDCls, 125 MHz): & 17.6 (C-3), 27.7 (C-b), 45.0 (C-1), 48.2 (C-a), 71.8 (C-2), 127.2 (C-2’, C-
67), 131.3 (C-3", C-5"), 137.3 (C-4"), 138.9 (C-1").

Omeprazole sulfone (13a):

'H-NMR (CD;0D, 500 MHz): & 1.86 (s, 3H, ArCH3), 1.89 (s, 3H, ArCH3), 3.19 (s, 3H, OCHj3), 3.70 (s,
3H, OCHj;) 4.30 (s, 2H, CH,), 6.74 (dd, 1H, ArH-6), 6.87 (s, |H, ArH-4), 7.27 (s, |H, ArH-7), 7.47 (s, IH,
ArH-13).

Figure S 4. Chemical formula of 4-hydroxydiclofenac (A), 2-hydroxyibuprofen (B) and omeprazole
sulfone (C).
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Settings of the MS/MS measurements of omeprazole (13) and omeprazole sulfone (13a) — The MS/MS
experiments were performed on an API 2000 Qtrap (ABSciex, Darmstadt, Germany) in positive mode
(m/z 100-400) with a flow rate of 4.0 uL min™ using a syringe pump with 1D 4.6 mm. Additional settings
are presented in Table S 3.

Table S 3. Detailed settings for the MS/MS measurements of 13 and 13a.

Name Value Name Value

Curtain Gas (CUR) 20.0 psi Collision Potential 25V
lon Spray Voltage (IS)  5500.0 V Declustering Potential (DP) 80.0V
Ion Source Gas 1 (GS1) 25.0 psi Entrance Potential (EP) 10,0V
Ion Source Gas 2 (GS2) 0.0 psi Temperature (TEM) 230.0 C

MS data of omeprazole sulfone (13a) — Clear elucidation of product 13a exclusively by NMR was
unsatisfactory since no g NMR was measured. We therefore performed MS/MS analysis (Figure S 5)
and compared the results with the MS/MS spectrum from 5°-hydroxyomeprazole published by Woolf et
al M to exclude a hydroxylation of 13 by CYP267B1 in 5° position. The fragmentation of the precursor ion
13a (m/z 362) results in four characteristic fragments, which is related to the fragment pattern published
for 5°-hydroxyomeprazole . The characteristic fragment for 13 (m/z 198) can be found as m/z 214
fragment in the product spectrum of 13a indicating the insertion of an oxygen (m/z +16) to the pyridine
part of the compound resulting in [SO,-CH,-CsH,(ON]". However, taken the results of the mass
spectrometric analysis (precursor m/z 362, fragment m/z 214) and the NMR data into account, we were
able to conclusively assign the product 13a as omeprazole sulfone.

A" ‘ B -

L3

Intensity, cps

Intensity. cps

m/z, Da m/z, Da

Figure S 5. Positive product ion mass spectra of the protonated substrate omeprazole (13, A) and
omeprazole sulfone (13a, B).

Y B Woolf, B. K. Matuszewski. (1998) Simultaneous determination of omeprazole and 5'-

hydroxyomeprazole in human plamsa by liquid chromatography - tandem mass spectrometry. .J.
Chromatogr. A. 828, 229-238.
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Overview of drugs metabolized by the CYP267 family - A comprehensive overview of the analyzed
drugs, and the human metabolites produced by the two members of the CYP267 family, is presented in

supplemental Figure S 6.
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Figure S 6. Overview of drugs converted by the CYP267 family: Conversion of 20 to thioridazine-5-
sulfoxide (20a) by CYP267A1 and conversion of 2 to chlorpromazine sulfoxide (2a), 5 to 4-
hydroxydiclofenac (5a), 7 to 2-hydroxyibuprofen (7a) and 13 to omeprazole sulfone (13a) by CYP267B1.
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3 Discussion and Conclusions

The aim of this work was the determination of novel substrates for P450s from Sorangium
cellulosum So ce56 as well as the elucidation of their corresponding products. Hence, several
classes of compounds were chosen to test their ability to serve as substrate. The investigation of
substrates as well as their products is essential to obtain insights in the substrate range and
selectivity of the P450s. In addition, knowledge about substrates is necessary to investigate these
P450s in more detail, like for the crystallization in a substrate-bound form, determination of the
activity or to test the influence of inhibitors. For that reason, the investigation of substrates as
well as their corresponding products is of interest to further characterize these promising P450s.
Carotenoid-derived aroma compounds, terpenes, terpenoids, small aromatic compounds as well
as drugs are known to serve as substrates for other P450s and, therefore, seem to be a good
starting point for finding novel substrates of orphan P450s. Oxygenated products of these
compounds are of interest for different kind of applications. Terpenoids may act as flavors and
fragrances as shown for the conversion of valencene to the grapefruit flavor nootkatone (Schulz
et al. 2015) or used as building blocks for the synthesis of chemically and pharmaceutically
important compounds (Wang et al. 2005). Carotenoid-derived aroma compounds are already
applied as material in perfumery and their oxyfunctionalization alters the odor properties as well
as the odor threshold as shown for the 3-hydroxy derivatives of a-ionone and their tobacco-like
odor (Yamazaki et al. 1988). Furthermore, functionalized carotenoid-derived aroma compounds
can also be used as precursors for some synthetic routes (Brenna et al. 2002). Drugs are
predominantly metabolized by liver P450s and their respective metabolites need several safety
tests before they can be administered and, as a result, alternative ways for their production are
requested by the pharmaceutical industry. A further application for all these products is their
utilization as authentic standard to simplify the product characterization for other P450-based

conversions.

3.1 Carotenoid-derived aroma compounds as substrates

Many carotenoid-derived aroma compounds (apocarotenoids, norisoprenoids or norterpenoids)
used in these studies belong to the most widespread class of C13 norisoprnoids such as ionones
(see Figure 7 B [R=H]) and damascones (see Figure 7 A). Synthetic methyl-substituted ionones
like n-methyl-a-ionone (see Figure 7 B [R=Me]) and isomethyl-a-ionone belong to the C14
norisoprenoids and are of high importance for the perfumery. On the other side, a-irone is a
naturally occurring C14 norisoprenoid, however, its higher price limits the application in

perfumery. Additionally, allyl-a-ionone (a synthetic C16 norisoprenoid, see Figure 7 B [R=allyl])
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was tested in our studies, a compound of less importance for the flavor and fragrance industry,
though, its sterically demanding side chain gives more insights into the substrate diversity of the
myxobacterial P450s. As shown in the supplemental data (4.1.1.1), several more P450s from So
ce56, as published in 2.3, were tested for their conversions of the selected apocarotenoids.
Interestingly, CYP109C1 is the only P450, which is not converting any of these compounds. All
remaining P450s convert at least one compound, albeit in low amounts. This class of substrates
might be structurally similar to some of their natural substrates, which are not known yet.
However, it is described that So ce56 contains a putative carotenoid gene cluster and, hence,
there is a strong probability that the P450s are exposed to carotenoids as well as their
corresponding degraded products (Schneiker et al. 2007). Another explanation might be the
structural valuable properties of these compounds. Such molecules can access the active site of
most P450s, due to their small size. Furthermore, they possess several functional groups such as
the a-,B-unsaturated ketone and the cyclohexene moiety (see Figure 7 A and B), which enable
diverse docking positions. Moreover, the rigid side chain and more flexible ring structure might
simplify the correct substrate orientation turning such compounds into promising substrates.
Previous studies with myxobacterial P450s have shown that the amino acids of the active site
form a hydrogen bond with the keto-group of the substrate (either His94 for CYP109D1 or
Thr285 for CYP264B1), whereby the required substrate orientation is created (Khatri et al. 20103;
Ly et al. 2012). However, the alignment of the most valuable P450s tested in this study
(CYP260B1 and CYP267B1) with CYP264B1 and CYP109D1 do not show high sequence identities.
There is only a maximum of 33% and the corresponding residues are not highly conserved in
these myxobacterial P450s (see supplemental 4.1.1.3 and 4.1.1.4). As a result, the sequences of
these P450s cannot be taken into account and separate homology models need to be created. In
the case of CYP260B1, the substrate-free crystal structure will be available soon and docking

studies might give details about the amino acids involved in the substrate orientation.

R=H
R=CHj
5 % a R=allyl

Figure 7: Structures and numbering of damascones (A) and ionones (B). The location of the double bond
is represented by a greek letter (as shown in red, blue and magenta).
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CYP260B1, CYP264A1 and CYP267B1 are capable of the conversion of all tested norisoprenoids.
However, only CYP267B1 showed a high selectivity for nearly all tested compounds towards a
single product. In contrast, CYP260B1 showed the highest yields of all P450s during this study but
a high selectivity was just achieved towards pB-ionone, B-damascone and &-damascone.
CYP264A1 showed the lowest yields and selectivities out of these three P450s and was,

therefore, not further investigated.

The steric of the side chain in position 6 influences the conversion significantly as shown for the
methyl-substituted compounds being less converted than their non-substituted counterparts
(see supplemental 4.1.1.1). Allyl-a-ionone (see Figure 7B [R=allyl]) demonstrates this observation
even better, since most of the P450-dependent conversions show only traces of products. This
compound is only converted by CYP260B1 and CYP267B1 in higher amounts. As a result,
CYP260B1, CYP267B1 as well as CYP267A1 (known for its conversion of sterically demanding
compounds like thioridazine) were chosen for the conversion of retinol (vitamin Al). This
sterically more demanding compound (polyunsaturated side chain at position C6) is not
converted by any P450 indicating the sensitivity of the P450s towards the length of the side
chain. Besides the steric effects, the location of the keto group influences the conversion as
shown for the damascones (see Figure 7 A). CYP109C2, for example accepts only compounds
with a keto-group at position C7 as substrate. In contrast, most of the tested P450s prefer the
substrates of the ionone-type with a keto-group at position C9 (see supplemental 4.1.1.1). An
increased distance between the keto moiety and the ring seems to facilitate the correct
substrate orientation, since all known products show an endocyclic oxyfunctionalization. Most
myxobacterial P450s showed the hydroxylation at allylic position as main catalytic activity (data
not shown). Such hydroxylations are preferred by many P450s, since C-H bonds in this specific
position are very reactive caused by their low bond-dissociation energy (Ortiz de Montellano
2010). The endocyclic epoxidation of B-ionone as main catalytic activity of CYP260B1 is thereby
an exception. Those epoxy-products are not of high interest for biotechnological applications,
since the corresponding compounds are easily formed by autoxidation processes under light
exposure (Gagarina et al. 1984) or by chemical synthesis with mCPBA (meta-chloroperoxybenzoic
acid) (Barakat et al. 2008). However, the question about the factors effecting the allylic
hydroxylation versus the epoxidation of the double bond is not clarified in detail and still topic of
researches (de Visser et al. 2002; llie et al. 2015). CYP260B1 catalyzes both reactions,
hydroxylation and epoxidation, whereby the epoxidation is formed predominantly. Further
studies about the substrate orientation of B-ionone in CYP260B1 as well as protein engineering
towards a high selectivity of a certain reaction type might give deeper insights in this topic.

Moreover, to the best of our knowledge, this is the first report of a specific P450 capable of the
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epoxidation of an ionone-type structure (see Figure 8, right side), even P450gy; mutants are not

known for this type of reaction towards a- and B-ionone (Watanabe et al. 2007).

Taken together, the myxobacterial P450s from So ce56 represent a promising tool for the
oxyfunctionalization of carotenoid-derived aroma compounds. Figure 8 shows a toolbox towards
the selective oxyfunctionalization of B-ionone. CYP109D1 and CYP267B1 form the endocyclic

allylic alcohol, CYP260B1 forms predominantly the epoxy product and CYP264B1 forms the 3-

hydroxy product.
0] o]
CYP109D1 or \ \
CYP267B1 CYP260B1
-— —_ o
. fB-ionone .
O 4-OH B-ionone 5,6-epoxy B-ionone
CYP264B1
e]

HO
3—OH p-ionone

Figure 8: Toolbox of myxobacterial P450s towards the selective oxyfunctionalization of B-ionone. The 3-
OH-B-ionone and 4-OH-B-ionone products formed by CYP264B1 and CYP109D1 were identified in
previous studies by our group (Khatri et al. 2010a; Ly et al. 2012).

3.2 Terpenes and terpenoids as substrates

Terpenes and terpenoids represent the largest class of natural products with over 40,000 known
compounds (Withers and Keasling 2007). Most of them were isolated from plants but also from
animals and microorganisms. They are classified as primary metabolites necessary for cellular
functions and maintenance as shown for gibberellins, carotenoids and sterols as well as
secondary metabolites known for their use as flavor and color enhancers, agricultural chemicals
or pharmaceuticals (Roberts 2007; Rasool and Mohamed 2015). Their selective
oxyfunctionalization is difficult to achieve with chemical syntheses caused by the complex
structure of the substrates and the resulting low regio-, and stereoselectivity. The involvement of
P450s in the biosynthesis of terpenoids is already studied for several mono- and sesquiterpenes,
thus, P450s are an efficient alternative for the production of oxygenated terpenes (Weitzel and

Simonsen 2015). Employing plant P450s for such an approach has the advantage that the natural
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P450 capable of the desired reaction is used. However, the membrane-anchor of these P450s
needs to be removed to solubilize them and to simplify, therefore, their expression in
prokaryotes (Pateraki et al. 2015). Bacterial P450s represent a valuable substitute concerning
their solubility and higher activity. There are several examples of terpenoids produced by
bacterial P450s such as camphor, vitamin D3 or pravastatin (Janocha et al. 2015). In our studies,
two P450s were investigated with four different sesquiterpene structures of the eremophilane-,
humulane-, caryophyllane- and cedrane-type (see 2.2). CYP264B1 was chosen because of its
function as terpene hydroxylase and CYP260A1 was selected, since it is known for the conversion
of nootkatone (Ewen et al. 2009; Schifrin et al. 2015). Interestingly, CYP260A1 accepts only
oxygenated compounds as substrates, whereas CYP264B1 accepts all kinds of substrates.
CYP264B1 is located close to a terpene synthase in the genome of So ce56 and its natural
function is the hydroxylation of eremophilene (Schifrin et al. 2015). Thus, it is not surprising that
non-oxygenated compounds act as substrates. Furthermore, CYP264B1 shows a higher selectivity
towards a single main product compared with CYP260A1, which is capable of the formation of a
variety of products. The main products formed by CYP264B1 were identified as compounds
predominantly hydroxylated in allylic position. In contrast, CYP260A1 did not show a main
reaction type; hydroxylation, epoxidation and reduction of the double bond were identified,
whereby the reduction may be caused by a consecutive reaction formed by enzymes from E. coli.
Taken together, CYP264B1 is a potent enzyme for the oxyfunctionalization of terpenes and
CYP260A1 might be a promising candidate for the introduction of additional oxygen atoms into

terpenoids.

Besides CYP260A1 and CYP264B1, several other myxobacterial P450s were tested with the
terpenes t-muurolol and B-phellandrene, whereby some of them were able to convert these
substrates (see supplemental 4.1.2). However, none of the P450s showed a high selectivity
towards a single main product and hence, the products were not available in sufficient amounts
for structure elucidation. In addition, CYP267A1 and CYP267B1 were tested for their ability to
convert nootkatone. The in vitro reactions showed that CYP267A1 was capable of the production
of a single compound, whereas CYP267B1 formed predominantly two main products. However,
the corresponding products were not scaled up by the utilization of the whole-cell system nor
identified due to the time limit of this work. Nevertheless, those examples indicate the potential
of the myxobacterial P450s to act as terpene/terpenoid oxidase and these first results might

serve as good starting point for further experiments towards this large class of substrates.
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3.3 Drugs as substrates

Drugs are mainly metabolized in the liver by diverse P450s, whereby CYP1A2, CYP2C9, CYP2C19,
CYP2D6, and CYP3A4 play the most important roles. Studies about the excretion of the drugs and
the formation of metabolites are essential for the development, establishment and approval of
novel drugs. Furthermore, drug metabolites formed greater than 10 % at steady state or total
drug exposure need to be investigated in toxicological tests according to the Food and Drug
administration or European Medicines agency guidelines, respectively (FDA 2008; ICH 2009). To
obtain sufficient amounts of metabolites for such tests, efficient ways for the selective
production of certain metabolites are requested. Liver P450s can be applied for this purpose but
they are often capable of the formation of a variety of compounds. Furthermore, the activities
and expression levels of mammalian P450s are often limited in a reconstituted system. In
contrast, bacterial P450s have the benefits of a high activity and high expression levels.
Moreover, the solubility and high stability simplifies their handling for biotechnological
applications (Bernhardt 2006). Hence, there are several reports of bacterial P450s performing the
production of specific drug metabolites, whereby P450zy; represents the best studied one
(Julsing et al. 2008; Fasan 2012; Whitehouse et al. 2012; Kang et al. 2014; Kulig et al. 2015; Ren
et al. 2015). Myxobacterial P450s are known to be involved in the formation of secondary
metabolites of structurally complex compounds such as epothilones and might, therefore, act as
drug metabolizers. For that reason, several classes of drugs, which are known to be converted by
mammalian P450s, were chosen (see 2.4 and supplemental 4.1.4) for an initial in vitro screening,
since spin shift experiments are often not significant because nitrogen containing compounds
often lead to a type-ll shift besides acting as substrate (Locuson et al. 2007). During the in vitro
experiments, the CYP267 family, CYP260A1 and CYP264Al1 were identified as potential drug
metabolizers. The CYP267 family represents the most promising P450s with a very high substrate
range, however, their activity is low and, therefore, the product identification is hindered (see
2.1 and 2.4). Likewise, CYP260A1 acts as drug metabolizer but its activity is also very low towards
most of these compounds. On the other hand, CYP264A1 showed higher yields towards the
conversion of some tricyclic psychotherapeutics. Since 4-methyl-3-phenyl-coumarin (also a
tricyclic compound) was known so far as sole substrate, it seems that this P450 prefers cyclic
compounds as substrate. To verify this assumption, several other tricyclic antidepressants and
antipsychotics as well as their corresponding precursors were tested (see 2.1). Some of these
compounds were converted by CYP264A1, whereby the side chain plays an important role. The
dimethyl-amino-propyl group seems to be necessary for an efficient conversion, since the
precursors lacking the side chain were not converted in higher amounts. Promethazine

possessing a dimethyl-amino-isopropyl side chain is also not converted, verifying the high
89



Discussion

sensitivity of CYP264A1 towards the side chain of these compounds. Besides the typical
production of more hydrophilic compounds, CYP260A1 was capable of the formation of several
compounds more hydrophobic than the substrate. One of the products formed by the conversion
of promethazine showed the same retention time as phenothiazine leading to the assumption
that the side chain was degraded or cleaved, respectively. A dealkylation of the side chain of such
drugs is to the best of our knowledge not described yet. However, this product was not obtained
in higher amounts by the whole-cell system, so that the product identification was not verified by
NMR spectroscopy and further analyses by HRMS or MS"-experiments are necessary to

characterize the product in detail.

Other groups also tried to find bacterial drug metabolizing P450s besides P450gy3. For example,
Kulig et al. fused diverse P450s from Rhodococcus jostii RHA1 with the P450 reductase domain
(RhfRED) of cytochrome P450g,; from Rhodococcus sp. NCIMB 9784 and tested them as drug
metabolizers. One fusion protein, named Ro07-RhfRED, showed a demethylation activity towards
imipramine and related compounds and might be used to produce the corresponding
demethylated metabolites (Kulig et al. 2015). Interestingly, CYP264A1- and CYP267B1-dependent
reactions achieved the 10-hydroxy derivatives of imipramine and some of its analogs.
Additionally, CYP267A1 was able to convert the sterically more demanding thioridazine, albeit in
lower amounts. The regioselectivity is, thereby, the same for CYP267A1, CYP267B1 and
CYP264A1, since all tested P450s functionalized the middle ring. CYP264A1 was capable of the
production of these metabolites in a milligram per liter scale during the whole-cell processes,
whereas CYP267B1-dependent conversions showed considerably lower vyields. However,
optimizations of the whole-cell systems led to higher yields for the CYP267 family (see 2.4) but
further improvements like protein engineering are required to apply these P450s for
biotechnological applications. Nevertheless, these examples substantiate the potential of

bacterial P450s for the production of specific drug metabolites.
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3.4 Establishment of a whole-cell system for myxobacterial P450s towards a preparative

scale

The whole-cell system previously developed by our laboratory enables the production in a more
preparative scale and is suitable for some of the myxobacterial P450s (Ringle et al. 2013).
However, our studies demonstrated that further improvements for several P450s are needed to
produce sufficient amounts of products for structure elucidation via NMR spectroscopy.
Furthermore, a higher productivity towards a preparative scale of several hundred milligrams per
liter is requested for biotechnological processes. To reach such a goal, several optimization
strategies can be applied, whereby improvements can be performed by altering the properties of

the proteins as well as changing the conditions of the whole-cell system.

3.4.1 Improvements of the gene expression, P450 activity and electron transfer

Since we are working with wild type enzymes, protein engineering would be a good starting point
to optimize the productivity. Site directed mutagenesis and laboratory evolution are very
common methods to improve the properties of P450s (Gillam 2008). Wild type enzymes often
show a low activity towards their non-natural substrates and, therefore, optimizations towards
their activity are essential for biotechnological relevant processes. Furthermore, improvements
concerning the regioselectivity and reaction type would be necessary for some of the
myxobacterial P450s. CYP260B1 for example, is very unselective for several norisoprenoid
substrates (see 2.3) and improvements towards a higher selectivity are necessary to produce a
single compound. The crystal structure of this P450 will be available soon and as a result, site
directed mutagenesis might be the most promising approach to achieve a higher selectivity. The
crystal structures of CYP260A1 and CYP109D1 are also close to be finished, however, resolving
the crystal structures of the other P450s is not in progress yet. Nevertheless, computer aided
mutagenesis approaches or laboratory evolution can be used for proteins, whose three-
dimensional structures are not known. Low concentrations of the corresponding P450 in the
whole-cell system might also be critical, whereby altering the cells lines or expression plasmids
can lead to higher expression levels of the P450s (Zelasko et al. 2013). Additionally, the genes
encoding the P450 might be improved by codon optimization, which was already successfully
done for CYP264B1, leading to an improved expression level (Schifrin et al. 2015). The availability
of sufficient amounts of the cofactor might be another problematic issue, especially for
conversions with a lower coupling efficiency. The expression of a dehydrogenase capable of the
recycling of NAD(P)H can, therefore, lead to an increased product formation (Schewe et al. 2008).

Furthermore, the efficiency of the redox partners need to be optimized for each P450
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individually, since not all P450s prefer the same redox partners as shown for CYP267B1 and
CYP260A1. CYP267B1 shows a higher efficiency with the natural electron transfer partners Fdx8
and Fdr_B, whereas CYP260A1 prefers the heterologous redox partners Adx,.;0sand AdR (Ewen et
al. 2009; Khatri et al. 2010b; Kern et al. 2015). The influence of the electron transfer partners was
also demonstrated for the CYP21A2-dependent whole-cell process for the production of
premedrol by our labrartory (Brixius-Anderko et al. 2015). As a result, the selection of redox
partners is a critical factor for the optimization of a whole-cell system. Furthermore, the electron
transfer from the ferredoxin to the P450 is known as rate limiting step in the electron transport
chain and the expression of additional ferredoxin by introducing two or more copies of the
ferredoxin cDNA into the plasmid can lead to improved yields (Ewen et al. 2012; Schiffer et al.

2015b).

3.4.2 Improvements of the conditions for the whole-cell system
The substrate uptake of the cells is often a limiting step in the establishment of a whole-cell
system. Cell permeabilizing compounds like EDTA, polymyxin B, toluol, Tween 20 or CTAB (N-
cetyl-N,N,N-trimethylammonium bromide) can be applied to ensure the substrate availability in
the cells (Janocha and Bernhardt 2013). This problem was also shown for the conversion of the
tricyclic drugs, which was solved by the addition of EDTA increasing the substrate availability (see
2.1). Another common issue in E. coli based whole-cell systems is the occurrence of indole, an
inhibitor for many P450s as shown for CYP267A1 and CYP267B1 (see 2.4). In E. coli, the enzyme
tryptophanase produces indole from tryptophan decreasing the efficiency of biocatalytic P450
processes dramatically (Li and Young 2013). For that reason, complex media are often not
suitable for E. coli based whole-cell systems harboring P450s. There are two common approaches
to overcome this problem by either using medium, which only contains a minimum of
tryptophan, or applying resting cells in buffer. As shown in 2.1, both approaches enable the
production of the drug metabolites, however, there are significant differences in the productivity
of both systems. A close correlation between the tested P450s and the conversion of the
compounds was not observed. Hence, the application of resting cells in buffer or growing cells in
medium need to be tested for each system individually. An additional bottleneck for P450-based
bioconversions is the solubility of the substrates caused by their strong hydrophobic character.
Several solvents like ethanol, DMSO or derivatives of B-cyclodextrin (complexing of substrates)
might be tested for their influence on the conversion (Schulz et al. 2015). Furthermore, a biphasic
system consisting of water containing the cells and a layer of organic solvent as reservoir for the
substrates can be used. Thereby, the organic phase allows the accumulation of oxygenated

products and hinders overoxidation. Moreover, inhibitory and toxic effects of the substrates as

92



Discussion

well as products are minimized in a biphasic system. The efficiency of such an approach was
already demonstrated for the conversion of terpenes and steroids (Girhard et al. 2009; Braun et
al. 2012). Besides all these examples, there are several additional bottlenecks for the
development and implementation of a whole-cell system. A recently published review by
Lundemo and Woodley describes the most common challenges and solutions for the
establishment of whole-cell P450 catalyzed reactions in more detail (Lundemo and Woodley

2015).

3.5 Potential natural functions

In this study, compounds out of different classes of substrates such as apocarotenoids,
sesquiterpenes, aromatic compounds and drugs were tested with nine of the myxobacterial
P450s. Thereby, we found ionones, damascones, cedrenol, zerumbone, cinnamaldehyde as well
as several drugs such as the tricyclic psychotherapeutics as novel substrates for some of the
P450s. Moreover, we identified several products and got a first overview of the substrate ranges
and selectivities for these P450s (see Table 1) leading to some speculations about their
physiological roles.

The CYP109 family consists of three members, which are clustered with carbohydrate-
metabolism related genes (CYP109C1), regulatory elements (CYP109C2) or unique proteins
(CYP109D1), respectively (Khatri et al. 2011). These P450s are known for the binding and
conversion of fatty acids and, in addition, CYP109D1 is known for the conversion of a- and B-
ionone (Khatri et al. 2010a; Khatri et al. 2013). Due to their low substrate range, it is not
surprising that for CYP109C1 no novel substrates were found, for CYP109C2 only damascones act
as substrate and just CYP109D1 converted several carotenoid-derived aroma compounds as well
as cinnamaldehyde. CYP109B1 from Bacillus subtilis revealed also a small substrate range, since
only fatty acids, ionones, indole and nootkatone were identified as substrates (Girhard et al.
2010). This observation indicates that the CYP109 family seems to have a specific function in the
metabolism of a certain compound and might not be capable of the degradation of xenobiotics.
Thereby, the preference towards small cyclic compounds and fatty acids of the CYP109 family
might lead to the conclusion that they are involved in the biosynthesis of such compounds.

The CYP260 family shows a much broader substrate diversity, ranging from terpenoids (see 2.2)
and apocarotenoids (see 2.3) to drugs (see 2.1 and supplemental 4.1.4) and steroids (Khatri et al.
2015). However, all compounds need to be oxygenated to act as substrate for this family as
shown during all studies. Interestingly, besides belonging to the same family, both P450s differ

very much in their substrate range. CYP260B1 converts apocarotenoids with a high vyield,
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whereas CYP260A1 produces only low amounts of products. In contrast, CYP260A1 is more
potent towards drugs, albeit the activity is very low. The aromatic compound cinnamaldehyde is
converted by CYP260B1 producing the corresponding acid, whereas CYP260A1 only shows a very
low activity towards this compound. The formation of cinnamic acid out of cinnamaldehyde is an
uncommon reaction, since the structurally similar apocarotenoids are oxygenated at the ring
moiety by CYP260B1. This reaction also occurs after the exposure to air and during all
conversions, low amounts of cinnamic acid were detected. However, CYP260B1 converted most
of the aldehyde to the acid and we presumed that the formation of hydrogen peroxide might be
responsible for the reaction. However, the addition of H,0, to the reaction mixture did not result
in a conversion, disproving the assertion of a H,0,-driven reaction. Furthermore, cinnamyl
alcohol, also known for its autoxidation (Niklasson et al. 2013), did not show any product
formation verifying that the reaction is H,0, independent. Spectral analyses showed a typical
type-I shift for the aldehyde, whereas the alcohol and the acid did not show any shifts (data not
shown). Therefore, this reaction is of interest for studying the interaction between the amino
acids of the active site and the moieties of the substrate. The crystal structures of CYP260A1 and
CYP260B1 will be available soon and docking studies of cinnamylaldehyde might give more
details about this uncommon reaction. The comparison of the interactions of cinnamaldehyde,
the apocarotenoids as well as some of the drugs with both P450s might identify the differences
in the SRSs of this family and, therefore, their diverse substrate range. The physiological roles of
the CYP260 family might be related to the degradation of xenobiotics due to their broad
substrate range. Moreover, they could be involved in the functionalization of secondary
metabolites. Since only oxygenated compounds are accepted as substrates, the functionalization
would be more probably in a late state of the biosynthesis.

The CYP264 family consists of two members, CYP264A1 and CYP264B1, which show a diverse
substrate range. CYP264B1 is clustered to a terpene synthase in the genome of So ce56 and
hence, its natural function is presumed as terpene hydroxylase (Khatri et al. 2011). Previous
studies by our laboratory proved this assumption by identifying CYP264B1 as efficient
hydroxylase for the sesquiterpene (+)-eremophilene (Schifrin et al. 2015). The conversion of
further sequiterpenes based on eremophilane, humulane, caryophyllane and cedrane resulted
predominantly in a main product hydroxylated in allylic position as well as some unknown side
products (see 2.2). In contrast, the physiological role of CYP264A1 is not known and cannot be
hypothesized, since it is clustered in open reading frames (ORFs) encoding hypothetical proteins
(Khatri et al. 2011). During previous studies, only a derivative of coumarin was identified as
substrate (Ringle et al. 2013). In this study, several novel substrates such as tricyclic drugs and

apocarotenoids were identified (see 2.1 and supplemental 4.1.1.1). Only cyclic compounds seem
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to act as substrate for this enzyme, whereby tricyclic compounds showed a higher selectivity
towards a single main product. Homocyclic and heterocyclic compounds are both accepted by
this P450 and hydroxylation as well as sulfoxidation is observed as catalytic activity towards the
tricyclic drugs. In contrast, CYP264B1 did not show any activity towards the tricyclic drugs,
although, having a similar size than sesquiterpenes. The low flexibility of the aromatic rings in the
drugs might hinder the binding and, therefore, the conversion compared to the non-aromatic
terpene structures possessing a more flexible structure. Interestingly, all tested carotenoid-
derived aroma compounds were converted by CYP264A1, whereby B-damascenone showed the
highest yields. This observation shows the preference of CYP264A1 towards cyclic substrates with
a less flexibility leading to the assumption that CYP264A1 is involved in the biosynthesis of cyclic
or particularly tricyclic compounds with a rigid structure.

The CYP267 family showed the widest substrate range of all tested myxobacterial P450s and is,
therefore, a promising enzyme family for different kinds of biotechnological approaches. The
tested substrates range from structurally diverse drugs (see 2.1 and 2.4) to simple structures like
the carotenoid-derived aroma compounds (see 2.3). Although showing a broad substrate range
and high selectivity, these family members show a quite low activity towards most of the
substrates. Thereby, CYP267B1 converts more substrates and shows a higher activity compared
to CYP267A1. Nearly all tested apocarotenoids are converted to the allylic alcohols by CYP267B1,
whereas CYP267A1 did not show high activities and selectivities towards most of these
compounds. Interestingly, CYP267A1 was capable of the sulfoxidation of thioridazine, a sterically
more demanding compound that was not converted by CYP267B1. However, another study by
our laboratory identified epothilone D as substrate for CYP267B1 indicating that both enzymes
have the ability to convert sterically more demanding compounds (Kern et al. 2015). Thus, this
family is capable of the conversion of small (like ionones and damascones) and large molecules
(like thioridazine or epothilone D) as well as structurally diverse compounds (see 2.4) making it
difficult to assume about the physiological role. Moreover, the diverse reaction types such as
aliphatic hydroxylation, aromatic hydroxylation, alcohol oxidation and sulfoxidation do not give a
hint about their natural functions (see 2.1, 2.3 and 2.4) (Kern et al. 2015). In the genome,
CYP267A1 is clustered with carbohydrate-metabolism related genes, so its natural function might
be bound up with using different carbon sources for growth. In contrast, CYP267B1 is clustered
with some hypothetical proteins, which does not give any clue about its physiological role (Khatri
et al. 2011). However, such a broad substrate range and variety of reaction types might indicate
that these P450s are involved in the degradation of xenobiotics similar to the liver P450s CYP3A4
or CYP2D6. Interestingly, there is only a low number of bacterial P450s showing a similar broad

substrate range like P450gy; or CYP116B4 from Labrenzia aggregata (Whitehouse et al. 2012; Yin
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et al. 2014). These specific properties turn this family into promising biocatalysts for the

development of biotechnological processes.

Table 1: Investigated myxobacterial P450s, their substrate range, novel substrates identified in this study
as well as their performed reaction types.

P450 Substrate range Novel substrates found during  Main reaction types
this work
CYP109C1 No substrate - =
known
CYP109C2 Small cyclic Damascones n.d.
compounds
CYP109D1 Small cyclic Derivatives of ionones, Allylic hydroxylation
compounds damascones as well as
cinnamaldehyde
CYP260A1 Oxygenated Oxygenated drugs and Hydroxylation, epoxidation
compounds sesquiterpenes
CYP260B1 Oxygenated lonones and derivatives of Hydroxylation, epoxidation,
compounds them, damascones as well as aldehyde oxidation
cinnamaldehyde
CYP264A1 Cyclic compounds lonones and derivatives of Hydroxylation, sulfoxidation
them, damascones as well as
tricyclic drugs
CYP264B1 Terpenes and lonones and derivatives of Allylic hydroxylation
terpenoids them as well as damascones
CYP267A1 Drugs, terpenes, lonones and derivaties of Allylic hydroxylation,
terpenoids and them, damascones, diverse sulfoxidation
apocarotenoids drugs, terpenes and
terpenoids
CYP267B1 Drugs, terpenes, lonones and derivaties of Aliphatic and aromatic

terpenoids and
apocarotenoids

them, damascones, diverse
drugs, terpenes and
terpenoids

hydroxylation, allylic
hydroxylation, sulfoxidation
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Taken together, several classes of potential substrates for the myxobacterial P450s were
screened in this work. Those systems showing a highly selective in vitro conversion towards a
single main product were scaled up in an E. coli based whole-cell system and the purified
products were analyzed by NMR spectroscopy. During these studies, apocarotenoids were
identified as substrates efficiently converted by CYP260B1, CYP264A1 and CYP267B1, whereby
several products of the CYP260B1- and CYP267B1-dependent conversions were characterized.
CYP267B1 showed the typical allylic hydroxylase activity, whereas CYP260B1 showed an
additional epoxidase activity towards some of the tested compounds. Such an epoxidase activity
towards B-ionone as well as the methyl-substituted derivatives of a-ionone is to the best of our
knowledge not known for any specific P450. Moreover, some novel products such as 2-OH-6-
damascone, 3-OH-allyl-a-ionone and 4-OH-allyl-B-ionone were identified. Aromatic compounds
(see supplemental 4.1.3) were also tested in this study but did not serve as substrates for most of
the P450s. Cinnamaldehyde was the only compound out of this class, which acts as substrate for
CYP109D1 and CYP260B1, whereby the activity of CYP109D1 was too low to characterize the
corresponding product. In contrast, the product formed by CYP260B1 was obtained in sufficient
amounts for NMR analysis and thereby, elucidated as cinnamic acid. Furthermore, several
structural diverse drugs were tested as potential substrates, whereby CYP260A1, CYP264A1,
CYP267A1 as well as CYP267B1 were identified to act as drug metabolizers. CYP260A1 accepted
only oxygenated drugs as substrates but its activity was too low to characterize the
corresponding products. However, the comparison of the retention times with phenothiazine as
standard gave a first clue about the possible degradation of the side chain of promethazine.
Additionally, the CYP267 family was identified as highly versatile drug metabolizers. Moreover,
CYP264A1 converted the tricyclic psychotherapeutic drugs amitriptyline, clomipramine,
chlorpromazine and imipramine in a milligram per liter scale. Thereby, the same metabolites as
those formed by human liver P450s were obtained. This was the first report about the
production of pharmaceutically important compounds by a myxobacterial P450 from So ce56.
The largest class of substrates tested in this study belongs to the terpenes and terpenoids. The
sesquiterpenes cedrenol and zerumbone were identified as novel substrates for CYP260A1. The
selectivity of this P450 was not high, however, several new products were characterized.
Moreover, some other terpenes and terpenoids such as nootkatone, t-muurolol or B-
phellandrene were identified as substrates for CYP267A1 and CYP267B1. The products were not
elucidated during this study due to the time limit of this thesis, nevertheless, this preliminary

work might serve as good starting point for further studies.
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3.6 Outlook

The obtained results demonstrate the substrate range and catalytic activity of the selected
myxobacterial P450s. During this work, 9 out of the 21 P450s from So ce56 were investigated,
whereas the remaining 12 P450s are still not characterized. Most of the latter ones show a low
expression rate and hence, the expression and purification of these P450s is not efficient.
Increasing the expression rate by optimization of the expression conditions or the change to a
pET-system might lead to sufficient amounts of pure protein for further characterization. These
unknown P450s may also reveal unique and novel activities. A high throughput screening
towards a ligand library checking the spectral shifts would be helpful to identify potential
substrates for these P450s as demonstrated for CYP260A1 (Khatri et al. 2015). New P450s with
novel properties are valuable as shown for their increasing importance in the field of

biotransformation (Meyer et al. 2013).

Some of the products identified in this study are of biotechnological interest such as the drug
metabolites or the functionalized apocarotenoids, however, the optimization of the whole-cell
system towards a preparative scale is required. Drug metabolites are often used in toxicological
tests or as authentic standard for analytical studies, whereby amounts from a low milligram to
gram scale are needed. Fine chemicals such as the functionalized apocarotenoids are used as
building blocks and, therefore, amounts in a gram scale are required. To achieve this goal,
optimizations like protein engineering or exchange of the redox partners are necessary. Higher
amounts of products would enable diverse synthetic routes or chemoenzymatic approaches for
the development of novel compounds with altered characteristics. Nevertheless, the already
obtained products might be applied for some further characterization like testing the odor

properties of the apocarotenoid-products, which only requires a few milligrams of substance.

The identified substrates can also be used to characterize the P450s in more detail.
Crystallization of the P450s in a substrate-bound form will now be available for several more
P450s. The structural analyses would give detailed insights in the active sites of the P450s. The
crystallization of the CYP267 members with structurally diverse substrates would be of high
interest, since these P450s show a broad substrate range. Such an approach might be useful to
explore the flexibility of the active site as well as the SRSs. Another interesting issue would be the
crystallization of CYP260B1 with B-ionone as substrate. The crystal structure may be used to
identify the amino acids and docking positions responsible for the reaction type. Site directed
mutagenesis of these specific amino acids could help to investigate the question about the

factors influencing the epoxidation versus the allylic hydroxylation.

98



Outlook

Furthermore, testing several more substrates or substrate classes may identify some more
interesting reactions and products. Some terpenes and terpenoids were already tested in this
study, however, their corresponding products were not elucidated due to the time limit of this
thesis. These initial tests identified activities of the CYP267 family members towards nootkatone,
t-muurolol or B-phellandrene. As a result, CYP267A1 and CYP267B1 may be promising candidates
to act as terpene/terpenoid-oxidase. This preliminary work might be used for further studies
towards this large class of substrates that is of particular interest for the production of flavor and

fragrance as well as pharmaceutical compounds.

The identification of their physiological roles is another important topic, which should be
investigated in more detail. Analyses of the genomic context were already done but potential
functions are just presumed and need to be proven (Khatri et al. 2011). The reconstitution of the
biosynthetic gene clusters involved in the secondary metabolite formation might elucidate the
physiological roles of the P450s. However, such an approach is only feasible for the P450s
CYP263A1 and CYP265A1, since solely these P450s are clustered with genes potentially involved
in the secondary metabolite formation. Another approach could be the knockout of specific
P450s to check if their biodiversity is bound up with using different carbon sources for growth.
CYP109C1 and CYP267A1 are clustered with carbohydrate-metabolism related genes. The
knockout of their corresponding genes might influence the growth of the bacterium on diverse
carbon sources. Moreover, improved analytic studies concerning the metabolomics might lead to
the identification of diverse secondary metabolites as well as their intermediates. A comparison
of those metabolites with the substrates and products characterized in this study may identify
structurally similar compounds. Such an approach could be used to specify their physiological

roles.
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4 Appendix

4.1 Supplemental data
411

Carotenoid-derived aroma compounds as substrates

4.1.1.1 Screening of carotenoid-derived aroma compounds

The carotenoid-derived aroma compounds were screened with CYP109C1, CYP109C2, CYP109D1,

CYP260A1, CYP264A1, CYP264B1 and CYP267A1 and analyzed by GC-MS as shown before (see

2.3).

Table 2: Screening of carotenoid-derived aroma compounds with selected P450s from So ce56. Conversions
are marked with — (no conversion), + (<10%), ++ (<50%), +++ (>50%), us (unselective product formation, 3 or

more products) and s (selective, maximum of 2 products).

substrate CYP109C1 CYP109C2 CYP109D1 CYP260A1 CYP264A1 CYP264B1 CYP267A1
a-ionone - - ++ (s) + (us) + (us) ++ (s) ++ (us)
(Khatri et (Ly et al.
al. 2010a) 2012)
B-ionone - - ++(s) ++(s) ++(s) ++(s) ++(s)
(Khatri et (Ly et al.
al. 2010a) 2012)
Dihydro-a-ionone - - +(s) + (us) ++ (us) + (us) ++ (us)
Dihydro-B-ionone - - +(s) ++(s) ++ (s) - ++ (s)
Methyl-a-ionone - - +(s) + (us) + (us) + (us) + (us)
Isomethyl-a-ionone - - +(s) Traces of + (us) +(s) Traces of
product product
Allyl-a-ionone - - Traces of Traces of +(s) Traces of Traces of
product product product product
a-ionol - - +(s) + (us) + (us) Traces of + (us)
product
B-ionol - - + (us) + (us) + (us) +(s) ++ (us)
a-irone - - + + ++ + +
(diastereomeric
mixture -> No
selectivity determined)
a-damascone - +(s) +(s) + (us) ++ (us) - +(s)
B-damascone - +(s) +(s) +(s) ++(s) +(s) +(s)
6-damascone - +(s) + (us) + (us) +++ (s) + (us) + (us)
B-damascenone - +(s) +(s) +(s) +++ (us) ++(s) +(s)
CYP260B1  CYP267A1 CYP267B1

Retinol*

* In vitro reactions were performed as described before (see 2.3), with the exception that retinol was dissolved in

Tween80, ascorbic acid was added as radical scavenger and that the reaction was analyzed by HPLC-DAD.
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4.1.1.2 Whole-cell conversions of carotenoid-derived aroma compounds

During the whole-cell conversion of n-methyl-a-ionone by CYP267B1, an additional product
was isolated in sufficient amounts for NMR-characterization and characterized as 3-keto-n-
methyl a-ionone:

'H NMR (CDCl3): 6.68 (dd, 1H, H7), 6.18 (dd, 1H, H8), 5,96 (br s, 1H, H4), 2.69 (d, 1H, H6), 2.57
(g, 2H, H10), 2.36-2.30 (m, 1H, H2a), 2.01 (d, 1H, H2b), 1.87 (d, 3H, Me5), 1.50 (s, 3H, Mela),
0.98 (s, 3H, Melb); *C NMR (CDCl;): 200.32 (C9), 198.32 (C3), 159.49 (C5), 142.58 (C7),
132.88 (C8), 55.67 (C6), 47.60 (C2), 34.94 (C1), 33.84 (C10), 28.17 (Mela), 27.54 (Melb),
23.74 (Me5), 8.17 (C11).

The whole-cell conversion of a-ionone by CYP260B1 led to a variety of compounds. The
purification of the products was not sufficient to characterize all compounds by NMR
spectroscopy. Nevertheless, the epoxy product was also identified for non-substituted a-
ionone:

'H NMR (CDCl,): 6.65 (dd, 1H, H7), 6.08 (d, 1H, H8), 3.08 (t, 1H, H4), 2.28 (s, H3, Me10), 2.06
(d, 1H, H6), 1.90-1.83 (m, 2H, H3), 1.47-1.43 (m, 1H, H1a), 1.26 (s, 3H, Me5), 1.02-0.99 (m,
1H, H1b), 0.91 (s, 3H, Mela), 0.73 (s, 3H, H1b); BC NMR (CDCl5): 197.78 (C9), 145.20 (C7),
134.07 (C8), 59.49 (C4), 58.83 (C5), 52.44 (C6), 28.65 (C2), 28.44 (C1), 27.90 (Mela), 27.48
(Melb), 26.39 (C10), 22.68 (C11), 21.70 (C3).
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4.1.1.3

CYP260B1
CYP109D1
CYP267B1

CYP260B1
CYP109D1
CYP267B1

CYP260B1
CYP109D1
CYP267B1

CYP260B1
CYP109D1
CYP267B1

CYP260B1
CYP109D1
CYP267B1

CYP260B1
CYP109D1
CYP267B1

CYP260B1
CYP109D1
CYP267B1

CYP260B1
CYP109D1
CYP267B1

41.1.4

CYP260B1
CYP264B1
CYP267B1

CYP260B1
CYP264B1
CYP267B1

CYP260B1
CYP264B1
CYP267B1

CYP260B1
CYP264B1
CYP267B1

CYP260B1
CYP264B1
CYP267B1

CYP260B1
CYP264B1
CYP267B1

CYP260B1
CYP264B1
CYP267B1

CYP260B1
CYP264B1
CYP267B1

Comparison of CYP260B1 and CYP267B1 with CYP109D1

——————————————————————— MLPRKNLFSFTSKDPSAFGIHLAAAAREH-SVYFDEG
-METETAPSPSPEQIDLSAPSVIADPYPAYRALRGRSPVLYARV-PAGGAAG-LGEP---

MVDQDA-—----=— FPELFHPSSRAEPH-----—-———-— AIYARM-RAAGRLHRLVHPRLD
LGVPVVLRGADVVAVLRDSETFSTRT--————-=-==———-— YDTGIMKGALVTLGGEAHTR
IRAYALLRHAEVLAALRDPQTFS---——-— SNVID-—----- KIRVLPRITLLHDDPPRHTH

VPIWVAVRYDDCVELLKDPRLIRDFRKLPDEVRRRYFPLSDRTTFMDQHMLDADPPDHTR

MRRLENAVLSPRVISRYEEATVTPVARRVVERLVRKERAELFDDFAISMPMGVTSALFGL
LRRLVSRSFTPRRIAELEP-WIGRLAASLLEATGD-GPSDLMGAYAMPLPMMVIATLLGI
LRAIVQRAFSPRMMEGLRP-RIQEIADGLIDAVIDRRRMELIADFAFPLPTAVIAELLGL

PEERIAENDALIRKMIRSVVMPQDPVVVAEGRSAHAAMEAQLREIAEREVAHPSDTLLGE
PAERYVQFRSWSESVMS---YSGIPA--EERASRGKAMVDFFAAELEARRRAPSGDLISA
PVEDRGRFRRWTKILLA---PAKDREFVERAQPVVEEFAAYFRALADARRKAPRDDLISG

IARAIVAEGLGGVEACEGVVLTLILGSYETTSWMLANLLVALLAHPDAMNQLRQQPSLLP
LVEAEIDGARLDTPEAVGFCVGLLVAGNDTTTNLIGNMAHLLSERPELYRRAQQDRSLVG
LLLAEEQEHKLSPAELSSMVFLLLVAGHETTVHLIASGMLLLLSHPAERRRLDEDPGLVG

QATEESTRWCSSAAG-IVRFVEREATIGGETLAAGTILYLSLIARHYDEEIYPRPETEFDI
PITEETLRHSSPVQR-LLRVTTRPVDVSGVMIPAGHLVDVVFGAANRDPAVFEEPDAFRL
SAVEEALRCEGPAELSTIRWSLEDIELFGARVPAGEGVAAGLLAANRDPQHFPDPDREFDI

HRRPVGMLNFGGGLHYCVGAPLARMEARVGVSLLLERFPALRADPTVQP-TFSTAP--RG
DRPPAEHLAFGQGTHFCIGAALARMEARIALNALLDCYESITPGE-—————-—--— APPLRQ
GRSPNRHIGFGGGIHFCLGAMLARIEAATAFSTLLRRLPRIELATSTRDIVWSEWPTIRG

A---AAFGPDQIPALLV-—-——--- ->28% identity
TRAIMPLGFESLPLVLRRSRATA
-PAAVPVVF----—-————————— ->33% identity

Comparison of CYP260B1 and CYP267B1 with CYP264B1

—-—-MLPRKNLFSFTS-KDPSAFGIHLAAAAREHSVY-FDEGLGVPVVLRGADVVAVLRDS
—-——-MTRLNLFAPEVRENPYPFYAALRRESPVCQ-—---VDPNGMWVVTRYDDIVAAFKNT
MVDQDAFPELFHPSSRAEPHAIYARMRAAGRLHRLVHPRLDVPIWVAVRYDDCVELLKDP

ETFSTRT-—-—-—————-—-—-—-——— YDTGIMKGALVTLGGEAHTRMRRLFNAVLSPRVISRYEE
QVFSSAGLR-M---ATEPPYLRRONPLSGSMILADPPRHGQLRSISSRAFTANMVSTLEH
RLIRDFRKLPDEVRRRYFPLSDRTTFMDQHMLDADPPDHTRLRAIVQRAFSPRMMEGLRP

ATVTPVARRVVERLVRKERAELFDDFAISMPMGVTSALFGLPEERIAENDALIRKMI-RS
—-HMRSMAVRLTDDLVHRRVVEFISEFASRAQVSVLAKLIGFDPGLEGHFKRWATDLVIVG
-RIQEIADGLIDAVIDRRRMELIADFAFPLPTAVIAELLGLPVEDRGRFRRWTKILLA--

VVMPQDPVVVAEGRSAHAAMEAQLREIAEREVAHPSDTLLGEIARAIVAEGLGGVEACEG
VIPPEDHARIAEVRRTIDEMEQYMLGLLASRRRHLENDLVSELLRSRRDDDGITDQDLVS
—-—-PAKDREFVERAQPVVEEFAAYFRALADARRKAPRDDLISGLLLAEEQEHKLSPAELSS

VVLTLILGSYETTSWMLANLLVALLAHPDAMNQLRQQPSLLPQAIEESTRWCSSAA-GIV
LLSLLLVAGLETSTSLMTHMVLILAQRPMWMDRLRAEPALIPHFIEEVMRFEAPVH-ATM
MVFLLLVAGHETTVHLIASGMLLLLSHPAERRRLDEDPGLVGSAVEEALRCEGPAELSTI

RFVEREATIGGETLAAGTILYLSLIARHYDEEIYPRPETFDIHRRPVGMLNFGGGLHYCV
RLTVTETELGGTRLPAHAVVALLISSGLRDEARFQEPDRFNPERGDQANLAFGHGAHFCL
RWSLEDIELFGARVPAGEGVAAGLLAANRDPQHFPDPDRFDIGRSPNRHIGFGGGIHFCL
GAPLARMEARVGVSLLLERFPALRADPTVQ-PTFSTAPRGAAAFGPDQIPALLV--—-—-—-—
GVFLARVQARIVLEELLRRCHRIVLRT--DRLEWQAAL---NTRSPVALPIEVIPVSTTA
GAMLARIEAATAFSTLLRRLPRIELATSTRDIVWSEWP---TIRGPAAVPVVE-———-———
——————————— ->24% identity

——————————— ->33% identity
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4.1.2 Screening of terpenes and terpenoids

Table 3: Screening of terpenes and terpenoids by selected P450s from So ce56. Conversions are marked with
— (no conversion), + (<10%), ++ (<50%), +++ (> 50%) and n.d. (not determined).

substrate Ccyp cyp CYP CYP Ccyp Ccyp CYp CYp CYp
109C1 109C2 109D1 260A1 260B1 264A1 264B1 267A1 267B1
t-muurolol - - - + - + - + ++
B-phellandrene - - - - - - - ++ ++
nootkatone n.d. n.d. -* +++ +++* -* +++ +++ +++

* Tested by Michael Ringle

In vitro reactions were performed as shown before (see 2.3). The temperature profile for the
measurements was adjusted for these substances; the starting temperature was 50°C and then
the temperature was ramped to 300°C with a rate of 10°C/min.

4.1.3 Screening of aromatic compounds

Table 4: Screening of aromatic compounds by selected P450s from So ce56. Conversions are marked with —
(no conversion), + (<10%), ++ (<50%), +++ (> 50%) and n.d. (not determined).

substrate CYP109C1 CYP109C2 CYP109D1 CYP260A1 CYP260B1 CYP264A1 CYP264B1
4-allylanisole - - - - - - -
eugenol - - - - - - -
4-ethylphenol - - - - - - -
4-picoline - - - - - - -
cinnamyl n.d. n.d. n.d. n.d. - n.d. n.d.
alcohol
cinnamaldehyde Tracesof  Traces of + Traces of +++ Traces of  Traces of
product product product product product
cinnamic acid n.d. n.d. n.d. n.d. - n.d. n.d.

In vitro reactions were performed as shown before (see 2.3) with small modifications. After
extraction, the solvent was removed to a total volume of about 40 ul and then analyzed by GC-
MS. The temperature profile for the measurements was also adjusted for these substances; the
starting temperature was 40°C and then the temperature was ramped to 170°C with a rate of

10°C/min.

Cinnamaldehyde and derivatives were solely analyzed by HPLC-DAD. The whole-cell conversion
of cinnamaldehyde by CYP260B1 as well as extraction and purification of the product was done
as described previously (see 2.3). The product was characterized by NMR spectroscopy and

identified as cinnamic acid (see Figure 9).
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Figure 9: Structure of cinnamic acid.

NMR data:

'H NMR (CDCl3): 7.62 (d, J=16.0 Hz, H3), 7.40-7.00 (Ar-H, 5x), 6.29 (d, J= 16.0, H2); *C NMR
(CDCl3): 172.06 (C1), 147.00 (C3), 130.72 (Ar), 128.94 (Ar, 2x), 128.25 (Ar, 2x), 126.45 (Ar), 117.29
(C2).

4.1.4 Screening of drugs

In addition to the published data (see 2.4), some drugs were additionally screened with

CYP109C1, CYP109C2, CYP109D1, CYP260A1, CYP260B1, CYP264A1 and CYP264B1.

Table 5: Screening of drugs with selected myxobacterial P450s. Conversions are marked with — (no
conversion) or the value for the total conversion in [%)].

substrate CYP109C1 CYP109C2 CYP109D1 CYP260A1 CYP260B1 CYP264A1 CYP264B1

amodiaquine - - - - - - -

papaverine - - - Traces of - - -
product
diclofenac - - - Traces of - Traces of Traces of
product product product
diltiazem - - - Traces of - - -
product
haloperidol - - - ~5% Traces of - -
product
losartan - - - - - - -
piroxicam - - - - - - -
quinine - - - ~30% (2 - - -
products)
repaglinide - - - - - Traces of -
product
ritonavir - - - - - Traces of -
product
tamoxifen - - - - - - -
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4.2 Abbreviations

AdR
Adx
°C

CYP

CPR
Da
DAD
DMSO
E. coli
EDTA
FAD
FDA
FMN

GC
GPP

HPLC
Hz

MS
min
n.d.
NADPH
NMR
NRPS
ORF
P450

Adrenodoxin reductase
Adrenodoxin

Degree Celcius

Cytochrome P450

Chemical shift [ppm]

Cytochrome P450 reductase

Dalton

Diode array detector

Dimethyl sulfoxide

Escherichia coli
Ethylenediaminetetraacetate
Flavine adenine dinucleotide

Food and drug administration
Flavine mononucleotide

Gram

Gas chromatogaphy

Geranyl pyrophosphate

Hour

High performance liquid chromatography
Hertz

Coupling constant

Liter

Molar

Meter

Mass spectrometry

Minute

Not determined

Nicotinamide adenine dinucleotide phosphate
Nuclear magnetic resonance spectroscopy
Nonribosomal polypeptide synthase
Open reading frame

Cytochrome P450
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PKS
ppm
rom

SRS

UV/Vis

Polyketide synthase

Parts per million

Rounds per minute
Second

Substrate recognition site
Temperature

Ultraviolet—visible spectroscopy
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Abbreviations for amino acids

Alanine
Cysteine
Aspartate
Glutamate
Phenylalanine

Glycine

T 6 mMm m O O >

Histidine

Ispleucine
K Lysine

L Leucine

<~ s < 4 v »®» p v z Z

Methionine
Asparagine
Proline
Glutamine
Arginine
Serine
Threonine
Valine
Tryptophan

Tyrosine
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