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ABSTRACT / ZUSAMMENFASSUNG

ABSTRACT

The oxyfunctionalization of substrates (such as steroids and drugs) in a stereo- and regioselective
manner is of great interest for the biotechnological and pharmaceutical industry. This study presents
the identification and characterization of three enzymes from the genome of the Gram-positive
bacterium Bacillus megaterium. The first enzyme is a novel NADPH-dependent diflavin reductase
(BmCPR for Bacillus megaterium cytochrome P450 reductase), which was found to be able to
transfer electrons efficiently to the microsomal P450s as well as to different ferredoxins. The second
enzyme is a cytochrome P450 (CYP107DY1), which is the first plasmid-encoded cytochrome P450
identified so far in the Bacillus species. The recombinant CYP107DY1 exhibiting a characteristic
P450 absolute and reduced CO-bound difference spectrum was found to possess activity towards
mevastatin to produce pravastatin. In addition, this work presents also the identification of a novel
short-chain dehydrogenase/reductase (SDR) with 17B-hydroxy steroid dehydrogenase (173-HSD)
activity. The new dehydrogenase was found to possess activity towards the sesquiterpene (trans)-
nootkatol converting it to the industrial valuable (+)-nootkatone. Moreover and in view of the
biotechnological applications, the new enzymes could be utilized in the establishment of whole-cell

based biocatalyst systems for the biotransformation of biotechnological relevant substances.



ABSTRACT / ZUSAMMENFASSUNG

ZUSAMMENFASSUNG

Die stereo- und regioselektive Oxyfunktionalisierung von Substraten, wie etwa Steroiden und
Medikamenten, ist von groRem Interesse fir die biotechnologische und pharmazeutische Industrie. In
der vorliegenden Arbeit wurden drei verschiedene Enzyme des Gram-positiven Bakteriums Bacillus
megaterium identifiziert und charakterisiert. Bei dem ersten Enzym handelt es sich um eine neuartige
NADPH abhédngige Diflavin Reduktase (BmCPR fiir Bacillus megaterium Cytochrom P450
Reduktase), die in der Lage ist, Elektronen effektiv auf mikrosomale Cytochrome P450, ebenso wie
auf verschiedene Ferredoxine zu Ubertragen. Bei dem zweiten Enzym handelt es sich um ein
Cytochrom P450 (CYP107DY1), welches zur Biotransformation von Mevastatin zu Pravastatin
verwendet werden kann. Das rekombinant exprimierte CYP107DY1 zeigt das fur Cytochrome P450
charakteristische Absorptionsspektrum im reduzierten und CO gebundenen Zustand. Soweit bekannt,
ist dieses Enzym das erste Plasmid kodierte Cytochrom P450 der Gattung Bacillus. Weiterhin umfasst
die vorliegende Arbeit die Identifizierung eines neuen Vertreters aus der Superfamilie der Short-chain
Dehydrogenasen/Reduktasen (SDR) mit Aktivitat von 178-Hydroxysteroid Dehydrogenasen (1703-
HSD). Die Aktivitat dieser Dehydrogenase erlaubt zudem die Produktion des industriell bedeutenden
Sesquiterpens (+)-Nootkaton aus (trans)-Nootkatol. Hinsichtlich einer biotechnologischen Anwendung
besitzen alle in dieser Arbeit charakterisierten Enzyme das Potenzial fiir die Etablierung von Ganzzell

basierten Biokatalysatoren fiir die Biotransformation biotechnologisch relevanter Substanzen.
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1 INTRODUCTION

1.1 BIOTECHNOLOGICAL BIOTRANSFORMATION

Biotransformations (bio-conversions or microbial transformations) broadly refer to the processes, in
which microorganisms or enzymes convert organic compounds into structurally related products. The
amazing world of biotechnology was started by humans more than thousands of years ago by
producing alcohol and vinegar by fermentation without even knowing about the presence of
microorganisms (Solieri and Giudici, 2009). Later, living cells, such as yeast, bacteria, filamentous
fungi and plants were deliberately used to improve the stability and taste of food (Frazzetto, 2003). A
wide variety of biological catalysts can be used for biotransformation reactions. These include
growing cells, resting cells, killed cells, immobilized cells, cell-free extracts, enzymes and
immobilized enzymes (Zhang et al., 2016). The significance of bioconversion reactions becomes
obvious when the production of a particular compound is either difficult or costly by chemical
methods. Further, biotransformation have the advantage of converting substrates under relatively mild
reaction conditions (neutral pH, room temperature, less activation energy) in comparison to
conventional harsh chemical reactions (Frazzetto, 2003). Enzymes are stereo- and regionselective, and
the recreation of this selectivity is often a major challenge for synthetic and pharmaceutical chemistry
using chemocatalysis (Luo et al., 2015). Therefore, enzymes are commercially important and often
provide a more environmental friendly way for the synthesis of chemical compounds. Many types of
chemical reactions occur in biotransformation. These include oxidation, reduction, hydrolysis,
condensation, isomerization, formation of new C—C bonds, synthesis of chiral compounds and

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

One particularly valuable class of enzymes are the oxygenase, which catalyze the introduction of
oxygen into non-functionalized carbon skeletons (Danielson, 2003). Oxygenations using conventional
abiotic chemistry are energy consuming, often require either expensive catalysts and/or toxic reagents
and are often neither regio- nor stereoselective. Hence there are substantial research efforts into the

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

P450 (Leak et al., 2009).

1.2 CYTOCHROMES P450

121 HISTORY AND NOMENCLATURE

Cytochromes P450 (P450, also referred as CYP) play a very central role in the drug metabolism,
steroidogenesis and the metabolism of fatty acids (Danielson, 2003). Although the ability of the
mammalian tissue to oxidize xenobiotics was wildly recognized as early as in the 1950s (Axelrod,
1955; Brodie et al., 1955), the specific enzymes responsible for this catalysis were unknown. The first
indication came in the year 1958 from the spectroscopic studies of the microsomal heme proteins from
rat and pig livers (Garfinkel, 1958; Klingenberg, 1958), which showed the existence of a membrane-
bound reduced red pigment exhibiting a Soret peak at 450 nm for the carbon monoxide-complexed

form (Figure 1.1).

PIGMENTS OF RAT LIVER MICROSOMES 381
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Fic. 3. Carbon monoxide difference spectra of rat liver microsomes. The
millimolar extinction coefficients refer to the cytochrome by present in the micro-
somes. — =~ ——~— Curve A: Carbon monoxide with DPNH reduction. ———
Curve B: Carbon monoxide with dithionite reduction.

Figure 1.1. Original figure of the carbon monoxide difference

spectra present in rat liver microsomes (Klingenberg, 1958).
These pigments were then identified as P450 hemoprotein (Omura and Sato, 1962). In 1963,
Estabrook, Cooper and Rosenthal discovered their enzymatic activity in the metabolism of steroids
(Estabrook et al., 1963). Further studies by Omura in 1964 and 1966 showed the localization of the
P450s in the mitochondria of the adrenal cortex in addition to the discovery of the electron transfer

4
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proteins adrenodoxin reductase and adrenodoxin (Omura et al., 1966; Omura and Sato, 1964). The
first bacterial P450 was found in Rhizobium bacteroids, which was in contrast to its mammalian
counterpart, a soluble P450 (Appleby, 1967). The cytochrome P450 reductase (CPR or POR) was first
described in 1950 as cytochrome c reductase (Horecker, 1950). About 20 years later, Lu and Coon
provided the evidence for the requirement of the POR in the microsomal P450s reactions (Lu et al.,

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

Table 1. Some selected milestones of cytochrome P450.

Year description

Reference

1950 POR was described as cytochrome c reductase

1958 Discovery of red pigments out of rat and pig livers

1962 The name cytochrome P450 was introduced by Omura and Sato
1963 The discovery of the involvement of cytochrome P450s in steroids metabolism

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

in mitochondria of adrenal cortex

1966 The discovery of the electron transfer proteins adrenodoxin reductase (AdR) and adrenodoxin (Adx) as
well as the reconstitution of a NADPH-dependent steroid 11B-hydroxylase activity of a cytochrome

P450
1967 The discovery of the first bacterial soluble cytochrome P450 from Rhizobium
1969 The requirement of POR in the cytochrome P450 reactions
1974 Identification of the fusion cytochrome P450 BM3 from Bacillus megaterium

1987 The introduction of a systematic nomenclature for cytochrome P450s classification

(Horecker, 1950)

(Garfinkel, 1958;
Klingenberg, 1958)

(Omura and Sato, 1962)
(Estabrook et al., 1963)

(Omura and Sato, 1964)

(Omura et al., 1966)

(Appleby, 1967)
(Lu etal., 1969)
(Miura and Fulco, 1974)

(Nebert et al., 1987)

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

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

Since that time, P450s have been discovered in all domains of life and over 35,000 different P450s
(http://drnelson.uthsc.edu/CytochromeP450.html) were already identified (Nelson, 2009). They were
found in mammalians, bacteria (except Escherichia coli), archaea, fungi, plants and viruses (Figure

1.2) (Lamb and Waterman, 2013).

= Animals (10,477)

= Plants (13,978)

= Fungi (7,873)

® Protozoa (602)

m Bacteria (2,156)

® Archaea (52)
Viruses (28)

Figure 1.2. Schematic distribution of cytochromes P450 among the different
kingdoms [Stand: April, 2016].
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For the classification of P450s, a systematic nomenclature was suggested in 1987 (Nebert et al., 1987).
As depicted in Figure 1.3 the abbreviation CYP stands for cytochrome P450 while the first number
gives the membership of the family (over 40% identity of the amino acid sequence). The first letter
indicates the subfamily (over 55% identity of the amino acid sequence) and the last number represents
the specific isoenzyme. The following figure shows CYP106A1 from Bacillus megaterium DSM319

as an example of P450s nomenclature.

d 4
| A
O m w
QO
S 3 5
3 o~ =
(0] C)O v
2 £ o
3 kS

Figure 1.3. Nomenclature of cytochromes P450 as proposed by

Nebert et al.(1987), exemplified by CYP106A1 from B. megaterium
DSM319.

122 STRUCTURE

The sequence identity among P450 enzyme families is considered extremely low and it might not
exceed 20%. However, the three dimensional organization of the resolved P450 crystal structures
shows a remarkable conservation in the secondary structural folding and topology, consisting of two
defined regions (Figure 1.4), the a-helices-rich region (or a-domain) comprising 12 main a-helices

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

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

from Werck-Reichhart and Feyereisen, 2000]
The highest structural conservation is found in the core of the protein around the heme center and
reflects a common mechanism of electron and proton transfer and oxygen activation (Sirim et al.,
2010). These regions comprise: first, the heme-binding motif (F-x-X-G-x-x-x-C-x-G, X=any amino
acid). The prosthetic heme group is embedded in the active site and surrounded by the I-helix from the
proximal side and the L-helix from the distal side. The conserved cysteine residue is located in the
loop region preceding the L-helix. The absolutely conserved cysteine coordinates as fifth ligand with
the heme iron. The second highly conserved motif is (A/G-G-x-E/D-T-T/S), which is found in the I-
helix and regarded as an oxygen-binding motif with the conserved glycine pointing at the center of the
heme and the conserved threonine pointing to the oxygen-binding site. In addition, the presence of the
(E-x-x-R) motif in the K-helix is responsible for the formation of a salt bridge, which is crucial for the

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

The most variable regions are associated with the N-terminal and the substrate recognition sites; the
later regions are located near the substrate access channel and catalytic site and are designated as
substrate recognition sites (SRSs) (Gotoh, 1992). Six SRSs have been identified (Figure 1.5): SRS1

lies between helices B and C, SRS2 and SRS3 lie between the F and G helices, which form the upper
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side of the active site, SRS4 includes the central part of the 1-helix, while SRS5 and SRS6 are located

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

Figure 1.5. Substrate recognition sites (SRSs) in P450s exemplified with CYP2C9.
[Figure was adapted from Nair et al., 2016]

1.2.3 CLASSIFICATION, REACTIONS AND CATALYTIC CYCLE

P450s are heme-thiolate monooxygenases, which catalyze diverse reactions in a regio- and
stereoselective manner and are involved in - for example but not limited to - the biosynthesis of
hormones, signal molecules, defense-related chemicals and secondary metabolites, in addition to their
central role in the metabolism of endogenous (steroids and fatty acids) and exogenous (drugs and

toxins) substances (Bernhardt, 2006).

P450s require auxiliary redox partners for the activation of the molecular oxygen. These redox
partners transfer two electrons in two single steps from the cofactor NAD(P)H to the heme of the
P450. Depending on the components of the electron transfer chains, P450s are classified into different
classes, of which the most researched ones are: class I, which comprises bacterial and mitochondrial
P450s, and class Il, which contains the microsomal P450s. Mitochondrial P450s are associated with
the inner mitochondrial membrane and rely on a likewise membrane associated NADPH-oxidizing

ferredoxin reductase for electron supply. The electrons are shuttled to the P450 via a soluble
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ferredoxin. In bacterial class | systems, all three components are soluble. Microsomal P450s are
embedded into the membrane of the endoplasmic reticulum and receive electrons through a
cytochrome P450 reductase (CPR). This diflavin reductase from the FNR-like superfamily contains a
flavin adenine dinucleotide (FAD) and a flavin mononucleotide (FMN) as prosthetic groups, allowing

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

The function of P450s is to activate molecular oxygen to yield a reactive species that can attack
relatively inert chemical sites in order to introduce hydroxyl group (Figure 1.6) into unreactive
structures such as hydrocarbon chains and aromatic rings (Makris et al., 2002). P450s catalyze a very
wide range of reactions including, epoxidations, deaminations, desulfurations, dehalogenations, N-, S-,
and O-dealkylations, N-oxidations, peroxidations and sulfoxidations with the hydroxylations

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

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

Figure 1.6. General reaction catalyzed by P450s.

During the catalytic cycle (Figure 1.7) the P450 enzyme binds the substrate and oxygen molecules,
accepts two electrons and two protons, splits the molecular oxygen, inserts a single atom of oxygen
into the cognate substrate, and finally releases a molecule of water and the oxygenated substrate as
reaction products. In more detail, the binding of a substrate to a P450 causes the displacement of the
water molecule from the active center and lowers the redox potential by approximately 100 mV, which
makes the transfer of an electron favorable from its redox partner (Denisov et al., 2005). This is
accompanied by a change in the spin state of the heme iron at the active site form low to high spin.
The next step in the cycle is the reduction of the Fe*? ion by an electron transferred from NAD(P)H via
an electron transfer chain. An O, molecule binds rapidly to the Fe*? ion forming the hexacoordinate
low spin ferrous-O, adduct (Fe*>-O,). There is evidence suggesting that this complex then undergoes a
slow conversion to a more stable complex (Fe**-0,™). Reduction by a second electron is thought to
produce a low spin ferric peroxyanion (Fe**-0,?), followed by uptake of a proton leading to the

formation of the ferric hydroperoxo compound (compound 0, Fe**-OH,™). This intermediate can
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release a water molecule after the acceptance of a further proton forming an iron-oxo state (compound
I, Fe*"-0). Compound I is highly reactive and can, therefore, interact with the substrate to form the
oxygenated product. The newly formed product is then released and the cycle can restart (Denisov et
al., 2005). Besides the “typical” cycle, there are some uncoupling pathways like the autooxidation
shunt, peroxide shunt or oxidase shunt (Figure 1.7 dashed arrows). These shunts decrease the catalytic

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

e )

—Fe"'— —Fe'"—
IIL. oxidase _ -~ A |
/ S HZO shum - e"
- / |
2e", zH* = = I Y
|| L I (3
o F VT ~ wt J7 I au(oxldalbonl @] -
Compound I I IE peroxide B | |
B HB shunt S,
2 7 | [0)
OH 0/11_) 0
/1) ?
HY O
) - 0/'2" e

Compound 0 é\ \ —Fl’"— A -s\
5b H*

Figure 1.7. Catalytic cycle of cytochromes P450. Schematic representation of
events leading to substrate hydroxylation at the heme iron. Dashed arrows indicate
the autoxidation shunt (1), peroxide shunt (1) and oxidase shunt (II1). [The cycle was

adapted from Denisov et al., 2005]

1.2.4 FUNCTIONS AND EXAMPLES

From bacteria to human the broad spectrum of functions of P450s is very impressive. Bacterial P450s
participate in the biosynthesis of secondary metabolites (e.g. antibiotics, antifungal, antitumor) and
catalyze key reactions required for environmental bioremediation through the degradation of a variety
of hydrocarbons (Lewis and Wiseman, 2005). The camphor-hydroxylating enzyme cytochrome

P450.m (CYP101A1) from the soil bacterium Pseudomonas putida (Gunsalus and Wagner, 1978) has

10
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been studied in great detail. P450.,,, was the first P450 enzyme to be structurally characterized (Poulos
et al., 1987), and the role of the active site residues in substrate recognition has been examined by
mutagenesis studies (Harford-Cross et al., 2000). This enzyme catalyzes the regio- and stereospecific
hydroxylation of camphor to 5-exo-hydroxycamphor. The two large CYP105 and CYP107 families
were found to participate in the degradation and biotransformation of a broad spectrum of xenaobiotics
as well as in secondary metabolites biosynthesis, and, therefore, are supposed to be of special interest
for various biotechnological applications; for example CYP105P1 and CYP105H1 from Streptomyces
sp. participate in the biosynthesis of the antifungals filipin and nystatin (Kelly et al., 2003; Xu et al.,
2010), respectively, CYP107BR1 from Pseudomonas autotrophica participates in the activation of
vitamin D; (Sakaki et al., 2011), CYP107E from Micromonospora griseorubida in the mycinamicin
biosynthesis (Inouye et al., 1994), P450terf (CYP107L) from Streptomyces platensis in the
hydroxylation of terfenadine (Lombard et al., 2011) and CYP107A1 from Saccharopolyspora erythrea

in the synthesis of erythromycin.

Fungal P450s are required for the biosynthesis of various primary and secondary metabolites. Notable
examples of the fungal primary metabolism are the synthesis of ergosterol, meiotic spore-wall
biogenesis, and n-alkane hydroxylation, whereas fungal secondary metabolism deals with the
biosynthesis of hormones and mycotoxins (gibberellin, aflatoxin and sterigmatocytein) (Cre$nar and
Petri¢, 2011). Fungal P450s are also capable of detoxifying and degrading various xenobiotic
compounds encountered in their environments, such as polycyclic aromatic hydrocarbons (PAHS),
phenolic compounds, and other toxic environmental pollutants (Chen et al., 2014). A well-known and
studied example is CYP51 (also called lanosterol 14 o-demethylase), which is involved in the
conversion of lanosterol to 4,4-dimethylcholesta-8(9),14,24-trien-3B-ol, a vital intermediate in the
pathway leading to ergosterol production in fungi. Another very important role of fungal P450s in the
cycling of nutrients includes CYP55, a fungal denitrification enzyme contributing to the nitrogen cycle

(Durairaj et al., 2016).

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

primary and secondary metabolites such as phenylpropanoids, alkaloids, terpenoids, lipids, cyanogenic
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glycosides, and glucosinolates, as well as plant hormones (Mizutani, 2012). CYP51, CYP710, and
CYP97 families catalyze different essential metabolic reactions, which are conserved in all plants
(Mizutani and Ohta, 2010). CYP51G and CYP710A encode obtusifoliol 14a-demethylase and sterol
22-desaturase, respectively, and are involved in sterol biosynthesis (Bak et al., 1997; Morikawa et al.,
2006). CYP97A3 and CYP97Cl catalyze hydroxylation of the B- and e-rings of carotenoids,
respectively, in the biosynthetic pathway of xanthophylls, which play key roles in light harvesting and
photoprotection (Kim and DellaPenna, 2006; Tian et al., 2004). CYP73A, CYP98A and CYP84A are
involved in the hydroxylation of the aromatic ring of cinnamates, a core reactions conserved in all land
plants, which provides vast arrays of phenolic compounds that function as structural components (e.g.,
lignin and suberin), UV protectants (flavonoids), antioxidants (polyphenols), antimicrobials
(coumarins, lignans, isoflavonoids), and flavors (benzenoids, phenylpropenes) (Humphreys et al.,
1999; Mizutani et al., 1993; Schoch et al., 2001). These chemical defenses are key strategies required
for land plants to survive and expand their habitats. The key enzymes in the production of many plant
hormones are also P450s. The biosynthesis of gibberellins (GASs), the diterpenoid plant hormones that
regulate growth and influence various developmental processes (including stem elongation,
germination, dormancy, flowering, sex expression, enzyme induction, and leaf and fruit senescence),
require the activity of different P450s like CYP701A, CYP88A and CYP714D1 (Helliwell et al., 2001,

1998; Zhu et al., 2006).

P450s in arthropods are key players in metabolic resistance to natural plant chemicals and synthetic
pesticides and are an integral component of growth, development and reproduction through their
involvement in the processing of such endogenous substrates as pheromones and ecdysteroids

(Feyereisen, 2011).

Humans have 57 sequenced P450 genes, which are essential contributors in the maintenance of
general human health, particularly as they are related to the metabolism of pharmaceuticals,
steroidogenesis, the metabolism of fatty acids and the conversion of procarcinogens and promutagens
to deleterious genotoxic compounds. These genes are organized into 18 families and 43 subfamilies

(Danielson, 2003). The largest number of human P450s, and most significant in terms of drug
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metabolism, are those that are members of the CYP1, CYP2 and CYP3 families. CYP2 is the largest
family of P450s in humans comprising approximately one third of human P450s sequences. This
family of microsomal P450s is classified into 13 subfamilies that consist of 16 functional genes
(CYP2AB, CYP2A7, CYP2A13, CYP2B6, CYP2C8, CYP2C9, CYP2C18, CYP2C19, CYP2D6,
CYP2E1, CYP2F1, CYP2J2, CYP2R1, CYP2S1, CYP2U1, and CYP2W1) and 13 confirmed
pseudogenes. The number of drugs metabolized primarily by CYP2D6 is very large including ~15-
25% of all clinically used drugs from virtually all therapeutic classes, like antiarrhythmics (e.g.
propafenone, mexiletine, flecainide), tricyclic and second generation antidepressants (e.g.
amitriptyline, paroxetine, venlafaxin), antipsychotics (aripiprazole, risperidone), p-blockers (bufuralol,
metroprolol), as well as anti-cancer drugs, in particular the selective estrogen receptor modifier
(SERM) tamoxifen, several opioid analgesics including codeine and tramadol, and many others. The
CYP3 family in humans consists of a single subfamily (CYP3A), within which there are four
functional genes (CYP3A4, CYP3A5, CYP3A7, CYP3A43) and two pseudogenes. The CYP3A
members overlap in their substrate specificities but show distinct patterns of tissue expression. The
CYP3A subfamily enzymes play a major role in the metabolism of ~30% of clinically used drugs from
almost all therapeutic categories. The active site of CYP3A4 is large and flexible and can
accommodate and metabolize many preferentially lipophilic compounds with comparatively large
structures (Zanger and Schwab, 2013). Typical large substrates are immunosuppressants like
cyclosporin A and tacrolimus, macrolide antibiotics like erythromycin, and anticancer drugs including
taxol, but smaller molecules are also accepted including ifosfamide, tamoxifen, benzodiazepines,

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

The biosynthesis of steroid hormones (mineralocorticoids, glucocorticoids and sex hormones) starting
from cholesterol requires the coordinated action of CYP11A1, CYP11B1/2, CYP17A1, CYP21A2 and
the aromatase CYP19AL in the adrenal cortex and gonads. CYP11A1 (cholesterol side-chain cleavage
enzyme) catalyzes the initial and enzymatically rate-limiting step of steroid hormone biosynthesis in
all steroidogenic tissues, which is the side-chain cleavage of cholesterol yielding pregnenolone, the
common precursor of all steroid hormones. CYP17A1 (steroid 17a-hydroxylase/17,20-lyase)

possesses a steroid 17a-hydroxylase and 17,20 carbon-carbon lyase activity and, thus, an important
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branch point for the biosynthesis of glucocorticoids and sex hormones. It synthesizes the
glucocorticoid precursor 17a-hydroxyprogesterone in the adrenal zona fasciculate and testosterone,
estrogen precursors DHEA and androstenedione from progesterone and pregnenolone in the adrenal
zona reticularis and other steroidogenic tissues. CYP17Al carbon-carbon lyase activity thereby
depends on the presence of the allosteric effector cytochrome b5, which is absent in the adrenal zona
fasciculata. Following androgen biosynthesis by CYP17A1, CYP19Al (aromatase) synthesizes
estrogens from the androgen precursors in both, men and women. CYP21A2 (steroid 21-hydroxylase)
produces the precursors for mineralo- and glucocorticoid biosynthesis in the adrenal by catalyzing the
21-hydroxylation of progesterone and 17-OH-progesterone yielding DOC and 11-deoxycortisol,
respectively. The final steps of gluco- and mineralocorticoid biosynthesis are subsequently catalyzed
by the 2 CYP11B subfamily members, CYP11B1 (steroid 11B-hydroxylase) and CYP11B2

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

125 APPLICATION OF P450 SYSTEMS IN BIOCATALYSIS

In the past decades where ““synthetic biology” is striving to replace or complement ““synthetic
chemistry”” for production of high-value chemicals, the promiscuity and the versatility of P450s
played a crucial role. According to the European Federation of Biotechnology, ““Biotechnology”” deals
with the integrated use of biochemistry, microbiology, and engineering sciences in order to achieve
technological (industrial) application of the capabilities of micro-organisms, cultured tissue cells, and
parts thereof. Based on this, there is very promising progress for the commercial application of P450s

enzymes.

Several P450s and engineered variants have been utilized in synthetic biology for valuable chemicals
production by fermentation in microbial cells. For example CYP107BR1 (Vdh) from Pseudonocardia
autotrophica, CYP105A1 from Streptomyces griseolus and CYP109E1 from Bacillus megaterium
have been cloned and expressed for the production of 25-dihydroxyvitamin D3 and 1a,25-
dihydroxyvitamin D3, the biologically active forms of vitamin D3 (Abdulmughni et al., 2016; Sakaki
et al., 2011). The production of cortisol from 11-deoxycortisol was achieved by using recombinant

Schizosaccharomyces pombe and Escherichia coli strains expressing human CYP11B1 (Hakki et al.,
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2008; Schiffer et al., 2015). Nootkatol and (+)-nootkatone were produced from valencene in
Saccharomyces ceriviciae expressing the plant CYP71D51v2 (Gavira et al., 2013) and in E. coli

expressing CYP109B1 (Girhard et al., 2010).

In most cases the implementation of the P450s in the industrial biotransformation processes requires
further optimization steps including strain engineering, enzyme evolution and development of high
cell density fermentation protocols as well as an effective downstream processing, which lead mostly
to a very significant improvement of the biocatalytic system productivity. CYP105AS1 from
Amycolatopsis orientalis was used for the production of the cholesterol lowering drug pravastatin in
Penicillium chrysogenum. First, the integration of the complete compactin (ML-236B) gene cluster
into the genome of the P. chrysogenum and the deletion of the esterase activity improved the
compactin yield. For a stereoselctive hydroxylation of compactin, CYP105AS1 was subjected to error-
prone PCR and screening in order to achieve the desired pravastatin hydroxylase activity. Finally, to
assess industrial performance of the P. chrysogenum strain, 10-L fed-batch fermentation was carried

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

Another ambitious example is the production of the anti-malarial drug precursor artemisinic acid using
the yeast S. cerevisiae, where the production could be improved drastically from few mg/L to about 25
g/L. The development of the process included the engineering of S. cerevisiae to increase the
production of farnesyl pyrophosphate (FPP), which was subsequently converted to the amorpha-4,11-
diene by cloning of the plant amorphadiene synthase from Artemisia annua. By introducing
CYP71AV1 from A. annua, amorpha-4,11-diene was oxyfunctionalized via three intermediates
yielding about 100 mg/L artemisinic acid (Ro et al., 2006). Further improvement of the system was
achieved by overexpressing every enzyme of the mevalonate pathway (Westfall et al., 2012), co-
expression of the cytochrome b5 gene and increasing the coupling efficiency between the CYP71AV1
and the CPR (Paddon et al., 2013). All these efforts and developments finally led to artemisinic acid

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

131 GENERAL

Bacillus megaterium is a nonpathogenic Gram-positive rod-shaped bacterium, which was described
first in 1884 (De Bary, 1884). The complete genome sequence was published in 2011 (Eppinger et al.,
2011). It is found in diverse ecological habitats and is able to grow on a wide variety of carbon
sources, which allows for its cultivation on low-cost simple media. B. megaterium has gained a
growing interest for the economic production of many enzymes and substances. It is one of the biggest
known bacteria with a vegetative cell size of 4 um in length and 1.5 pum in diameter, which is about
100 times larger than E. coli (Bunk et al., 2010). B. megaterium does not produce endotoxins
associated with the outer membrane, nor does it have alkaline proteases, which improves the recovery
of recombinant proteins (Vary, 1994). In the last decades enzymes from B. megaterium have been
used industrially for the production of several substances and enzymes such as vitamin B, (Raux et
al., 1998), oxetanocin, a viral inhibitor of HIV, hepatitis B virus and herpes virus (Morita et al., 1999;
Shiota et al., 1996; Tseng et al., 1991), o- and pB-amylase (Hebeda et al., 1988; Takasaki, 1989;
Vihinen and Mantsiila, 1989), pencillin amidase (Martin et al., 1995; Suga et al., 1990), glucose

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

1.3.2 BACILLUS MEGATERIUM P450 SYSTEMS

Some of the most interesting proteins expressed naturally by B. megaterium are the P450s and related
proteins (reductases and ferredoxins), which have been shown to be very important in many
biotechnological and pharmaceutical applications (Abdulmughni et al., 2016; Brill et al., 2013; Kiss et

al., 2015).

In general, B. megaterium encodes for several P450s. Among them, the self-sufficient CYP102A1
(also known as BM3), which is the most investigated bacterial P450 so far. BM3 is naturally a fatty
acid hydroxylase (Miura and Fulco, 1974). It has been extensively studied over a period of almost
forty years. The enzyme has been redesigned to catalyze the oxidation of non-natural substrates such

as diverse as pharmaceuticals, terpenes and gaseous alkanes using a variety of engineering strategies
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(Whitehouse et al., 2012). In addition, the biotechnologically valuable CYP106 family, CYP106A1
from B. megaterium strain DSM319 (Brill et al., 2013) and CYP106A2 from B. megaterium strain
ATCC 13368 (Berg et al., 1979, 1976), was characterized to be associated with the biotransformation
of a diverse array of substrates such as steroids and terpenoic substances (Brill et al., 2013; Schmitz et
al., 2012). Furthermore, CYP109E1 was recently identified as vitamin D; hydroxylase from B.

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

The publication of the complete genome sequence of the B. megaterium strains DSM319 and QM
B1551 in 2011 (Eppinger et al., 2011) enabled the characterization and identification of new enzymes.
In addition, preliminary studies by our group showed the ability of B. megaterium to convert steroidal
and non-steroidal substrates (Bleif et al., 2012; Brill et al., 2013; Gerber et al., 2015). Therefore, the
scope of this work was the identification and characterization of new oxidoreductases (P450s, P450
reductases and dehydrogenases) from B. megaterium, in addition to the elucidation of their potential

for biotechnological as well as pharmaceutical applications.

The first part of this thesis describes a di-flavin electron transfer system: a natural, soluble flavoprotein
reductase from B. megaterium DSM319. The properties of the characterized reductase are analyzed at
bioinformatic and biochemical levels. Its ability to support the electron transfer from NADPH either
directly or indirectly using different ferredoxins to different classes of P450s should be studied. For
this purpose the class | bacterial P450 (CYP106A1) and the eukaryotic, microsomal class Il P450
(CYP21A2) will be used. In addition, the characterized reductase should be used in an E. coli whole-

cell based biocatalyst system with both P450s classes.

The numbers of the newly identified P450s increased drastically over the past few years (Nelson,
2009), but there is nevertheless a still growing demand to exploit novel P450s as valuable biocatalysts
in the industrial field. In the second part, this work reports the identification and characterization of a
new plasmid-encoded P450 from the B. megaterium QM B1551. The new P450 will be first analyzed
at the bioinformatic level, which is important for its classification. For biochemical investigations it
has to be cloned and heterologously expressed in E. coli. Moreover, in view of the biotechnological
application and since an effective electron transfer is essential in terms of cytochrome P450 activity,
the search for a suitable redox partner/s will be crucial for the construction of in vitro as well as in vivo
systems based on the new P450. This will then offer the possibility for the screening of new substrates,

which could open up further biotechnological application of this enzyme.
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The third part deals with the characterization of a short-chain dehydrogenase/reductase (SDR) with a
17B-hydroxysteroid dehydrogenase activity. Moreover, the activity of the new dehydrogenase should
also be investigated in vivo with biotechnologically valuable sesquiterpenes such as nootkatol for the

production (+)-nootkatone.
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Cytochromes P450 (P450s) require electron transfer partners to catalyze substrate conversions. With
regard to biotechnological approaches, the elucidation of novel electron transfer proteins is of special
interest, as they can influence the enzymatic activity and specificity of the P450s. In the current work
we present the identification and characterization of a novel soluble NADPH-dependent diflavin reduc-
tase from Bacillus megaterium with activity towards a bacterial (CYP106A1) and a microsomal (CYP21A2)
P450 and, therefore, we referred to it as B. megaterium cytochrome P450 reductase (BmCPR). Sequence
analysis of the protein revealed besides the conserved FMN-, FAD- and NADPH-binding motifs, the pres-
ence of negatively charged cluster, which is thought to represent the interaction domain with P450s
and/or cytochrome c. BmCPR was expressed and purified to homogeneity in Escherichia coli. The puri-
fied BmCPR exhibited a characteristic diflavin reductase spectrum, and showed a cytochrome ¢ reducing
activity. Furthermore, in an in vitro reconstituted system, the BmCPR was able to support the hydroxy-
lation of testosterone and progesterone with CYP106A1 and CYP21A2, respectively. Moreover, in view
of the biotechnological application, the BmCPR is very promising, as it could be successfully utilized to
establish CYP106A1- and CYP21A2-based whole-cell biotransformation systems, which yielded 0.3 g/L
hydroxy-testosterone products within 8 h and 0.16 g/L 21-hydroxyprogesterone within 6 h, respectively.
In conclusion, the BmCPR reported herein owns a great potential for further applications and studies and

should be taken into consideration for bacterial and/or microsomal CYP-dependent bioconversions.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Bacillus megaterium is a nonpathogenic Gram-positive rod-
shaped bacterium, which was described first in 1884. The complete
genome sequence was published in 2011 (Eppinger et al,, 2011). It
is found in diverse ecological habitats and is able to grow on a wide
variety of carbon sources, which allows its cultivation on low-cost
simple media. It is one of the biggest known bacteria with a vege-
tative cell size of 4 um in length and 1.5 pm in diameter, which is
about 100 times larger than Escherichia coli (Bunk et al., 2010). B.
megaterium does not produce endotoxins associated with the outer
membrane, nor does it have alkaline proteases, which improves the
recovery of recombinant proteins (Vary, 1994). In the last decades
B. megaterium has been used industrially for the production of sev-
eral substances and enzymes such as vitamin By (Raux et al., 1998),
oxetanacin, a viral inhibitor of HIV, hepatitis B virus and herpes
virus (Morita et al., 1999), a- and B-amylase (Hebeda et al., 1988;
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Takasaki, 1989), pencillin amidase (Martin et al., 1995), glucose
dehydrogenase (Nagao et al., 1992) and HIV antigen (Shivakumar
et al., 1998). Some of the most interesting proteins expressed nat-
urally by B. megaterium are the cytochromes P450, which have
been shown to be very important in many biotechnological and
pharmaceutical applications (Brill et al., 2013; Kiss et al., 2015).
Cytochromes P450 (P450s) are heme-thiolate monooxygenases,
which catalyze diverse reactions in a regio- and stereoselective
manner and are involved in - for example but not limited to -
the biosynthesis of hormones, signal molecules, defense-related
chemicals and secondary metabolites in addition to their central
role in the metabolism of endogenous (steroids and fatty acids)
and exogenous (drugs and toxins) substances (Bernhardt, 2006).
P450s catalyze a wide range of reactions including hydroxylations,
epoxidations, deaminations, desulfurations, dehalogenations, N-,
S-, and O-dealkylations, N-oxidations, peroxidations and sulfox-
idations (Bernhardt and Urlacher, 2014). They are found in all
kingdoms of life including mammals, plants, insects, fungi, bacte-
ria and also in viruses (Nelson et al., 1996). P450s require auxiliary
redox partners for the activation of the molecular oxygen. These
redox partners transfer two electrons in two single steps from the
cofactor NAD(P)H to the heme of the P450. Depending on com-
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ponents of the electron transfer chains, P450s are classified into
different classes, of which the most investigated are: class I, which
comprises bacterial and mitochondrial P450s, and class II, which
contains the microsomal P450s. Mitochondrial P450s are associ-
ated with the inner mitochondrial membrane and rely on a likewise
membrane associated NADPH-oxidizing ferredoxin reductase for
electron supply. The electrons are shuttled to the P450 via a sol-
uble ferredoxin. In bacterial class I systems, all three components
are soluble. Microsomal P450s are embedded into the membrane
of the endoplasmic reticulum and receive electrons through a
cytochrome P450 reductase (CPR) (Hannemann et al., 2007). This
diflavin reductase from the FNR-like superfamily contains a flavin
adenine dinucleotide (FAD) and a flavin mononucleotide (FMN) as
prosthetic groups, allowing both the oxidation of NADPH and the
shuttling of electrons to the P450 (Murataliev et al., 2004).

The CPR is N-terminally anchored to the membrane of the endo-
plasmic reticulum by a hydrophobic N-terminus, comprising about
55 amino acids (Pandey and Fliick, 2013). So far, there has been only
one study reporting the identification of a bacterial class Il electron
transport system, which involves a P450 and a soluble CPR, both
from Streptomyces carbophilus (Serizawa and Matsuoka, 1991). In
addition, the flavin domain of the self-sufficient CYP102A1 (BM-3)
has been utilized to create an artificial, soluble CPR which provides
electrons to the microsomal P450s CYP3A4 and CYP2B4 (Davydov
et al., 2010; Sadeghi and Gilardi, 2013).

In this paper, we describe a di-flavin electron transfer sys-
tem: a natural, soluble flavoprotein reductase from B. megaterium
DSM319, which supports the electron transfer from NADPH to
the class I bacterial P450 (CYP106A1) as well as to the eukary-
otic, microsomal class II P450 (CYP21A2) with a high efficiency.
The properties of the protein are analyzed on a bioinformatic and
biochemical level. In addition, we show that the characterized
reductase can be efficiently used in an E. coli whole-cell based bio-
catalyst system with both cytochromes P450.

2. Materials and methods
2.1. Strains, expression vectors, enzymes, and chemicals

E. coli TOP10 from Invitrogen (Karlsruhe, Germany) was used
for cloning experiments. E. coli C43 (DE3) and the expression
vector pET17b, both from Novagen (Darmstadt, Germany), were
used for recombinant gene expression. 1, 2-Dilauroyl-sn-glycero-3-
phosphocholine (DLPC), kanamycin sulfate, arabinose, HPLC-grade
acetonitrile and steroids were from Sigma-Aldrich (Schnelldorf,
Germany). delta-Aminolevulinic acid (8-ALA) and isopropyl-p-
p-thiogalactopyranoside (IPTG) were obtained from Carbolution
Chemicals GmbH (Saarbriicken, Germany). NADPH was from
Gerbu (Wieblingen, Germany). Glucose-6-phosphate and glucose-
6-phosphate dehydrogenase (G6P-DH) were purchased from Roche
(Mannheim, Germany).

2.2. Cloning of the gene encoding BmCPR from B. megaterium,
bovine CPR and bovine CYP21A2

For purification purposes, the DNA fragment encoding the
full length BmCPR was PCR amplified from the genomic DNA
of B. megaterium strain DSM319 using the forward primer
(CGCGCCATATG CAACTTAAGGTAGTAAACAGCC) and reverse
primer  (TATATGGTACCTCAGTGGTGGTGGTGGTGGTG — ACCACC-
ACC GTATACATCACGCTGATAACG) and cloned in the expression
vector pET17b with the Ndel/Kpnl restriction sites. The start codon
was changed from TTG to ATG, to enhance E. coli expression (Sup-
plementary material Fig. S1). For purification with Immobilized
Metal Ton Affinity Chromatography (IMAC), the 3’end of the gene

was extended with a sequence coding for three glycines and
six histidines. Bovine CPR was cloned in pET17b as mentioned
elsewhere (Neunzig et al., 2014). The cDNA of the bovine CYP21A2
was cloned via the restriction sites Ndel and BamHI into the pET17b
vector. To facilitate the expression of the bovine CYP21A2, the
sequence coding for the membrane anchor (from amino acids
1-29) of this P450 was replaced with a sequence that codes for
MAKKTSSKGK as obtained from CYP2C3 (Arase et al., 2006) and
the C-terminus was extended with six histidines for purification
purposes. All plasmids were verified by sequencing.

2.3. Heterologous gene expression and purification

For heterologous gene expression, pET17b vector derivatives
harboring the corresponding genes were transformed into E. coli
C43 (DE3). For BmCPR, cultures were grown at 37°C to an opti-
cal density of 0.6 in 400 ml TB medium containing the suitable
antibiotic. The expression of the protein was induced by adding
1mM IPTG, and the cells were grown at 30°C and 120rpm for
24 h. BmCPR was purified using the following procedure. Cell pel-
lets were sonicated in 50 ml buffer A (50 mM potassium phosphate
(pH 7.4), 20% glycerol, 0.1 mM DTE, 0.1 mM EDTA, 500 mM sodium
acetate, 1.5% Tween 20, and 0.1 mM PMSF). After centrifugation
at 30,000g for 30 min at 4°C, the supernatant was applied on a
Ni-NTA agarose column equilibrated with buffer A. The column was
washed with 100 ml buffer A supplemented with 40 mM imida-
zole followed by 20 ml elution buffer (buffer A supplemented with
200 mM imidazole). The eluted protein was dialyzed against buffer
A using a SERVAPOR dialysis tubing MWCO 12,000-14,000 (Serva
Feinbiochemica, Heidelberg, Germany). The purified protein was
concentrated using the centrifugal device Amicon Ultra-4 MWCO
50 kDa (Merck Millipore, Darmstadt, Germany) before being stored
at —80°C.

Bovine CPR was expressed and purified as mentioned previ-
ously (Neunzig et al.,, 2014). Bovine CYP21A2 was co-expressed
with pGro12 encoding the chaperones GroEL/GroES. Cell pellets
were diluted in lysis buffer, consisting of 50 mM potassium phos-
phate buffer (pH 7.4), 500 mM sodium acetate, 0.1 mM EDTA, 20%
glycerol, 1.5% sodium cholate, 1.5% Tween20, 0.1 mM PMSF and
0.1 mM DTE. Cells were disrupted by sonification and centrifuged
with 30,000g for 30 min at 4 °C. The supernatant was taken for the
subsequent purification with IMAC as mentioned elsewhere (Arase
et al., 2006).

Recombinant bovine AdR, Adxw: and the Adx4_qpg (truncated
form of Adx comprising amino acids 4-108) were purified as
reported previously (Sagara et al., 1993; Uhlmann et al., 1992). The
preparation of the fission yeast protein Arh1 was carried out as
reported previously (Bureik et al., 2002; Ewen et al., 2008). Fdx2
was purified as mentioned elsewhere (Brill et al., 2013).

The concentration of recombinant P450 was estimated using
the CO-difference spectral assay as described previously with
£450-400=91mMM~" cm~! (Omura and Sato, 1964). The concentra-
tions of BmCPR and CPR were quantified by measuring the flavin
absorbance at 456 nm with g455=21mM~!cm~! for the oxidized
enzymes (Lee et al, 2014; Vermilion and Coon, 1978). The con-
centration of the AdR and Arh1 was measured using the extension
coefficient £450=11.3mM~'cm~! (Ewen et al,, 2008; Hiwatashi
et al, 1976). The concentration of Fdx2 was measured using the
extension coefficient e399=6.671 mM~! cm~! (Brill et al., 2013).

2.4. Cytochrome c assay

Different concentrations of cytochrome ¢ (1-150 nM) were
mixed with 50pmol reductase (BmCPR) in 50mM potassium
phosphate buffer pH 7.4 in a total volume of 1 ml. The reaction
was started by addition of 100 .M NADPH, and the reduction
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of cytochrome ¢ was monitored at 550 nm at 25°C (the extinc-
tion coefficient of the reduced cytochrome c is 21mM~'cm™1)
(Guengerich et al., 2009).

2.5. In vitro conversion and kinetic analysis

The in vitro conversion of the substrates was carried out with
a reconstituted system in a final volume of 250 pl at 37°C in con-
version buffer (50 mM HEPES, pH 7.4, 20% glycerol, 100 o.M DLPC).
For the in vitro conversion of testosterone with CYP106A1 the
reconstituted system contained 0.5 .M CYP106A1, 1 pMreductase
(BmCPR, bovine AdR or Arh1), and 10 pM ferredoxin (Adx4-1ps,
Adxy or Fdx2). In case of CYP21A2, the reconstituted system
contained 0.5uM CYP21A2, 1M BmCPR or CPR. The NADPH
regeneration system was 1 mM MgCl,, 5 mM glucose-6-phosphate,
1U glucose-6-phosphate dehydrogenase. Substrate was added to
the needed final concentration. The reaction was started by adding
NADPH (200 M) and stopped by the addition of 250 pl of ethyl
acetate, mixed vigorously, and extracted twice. After evaporat-
ing the combined organic phases to dryness, the residues were
dissolved in the high performance liquid chromatography (HPLC)
mobile phase (10% ACN) and subjected to HPLC analysis.

2.6. High performance liquid chromatography (HPLC) analysis

HPLC analysis was performed using a Jasco system (Pu-980
HPLC pump, an AS-950 sampler, a UV-975 UV/visible detector,
and a LG-980-02 gradient unit; Jasco, Gross-Umstadt, Germany).
A reversed-phase ec MN Nucleodur C18 (3 um, 4.0 x 125mm)
column (Macherey-Nagel, Bethlehem, PA, USA) was used for all
experiments at an oven temperature of 40 °C, Progesterone, testos-
terone and their metabolites were eluted from the column using a
gradient method, starting with a mobile phase ratio of 10% ACN and
increasing it to 100% ACN over 30 min. The detection wavelength
was 240 nm.

2.7. Determination of kinetic parameters

Ky and keae values were determined by plotting the substrate
conversion velocities versus the corresponding substrate concen-
trations using Michaelis—Menten kinetics and utilizing the program
OriginPro 9.0G (OriginLab, Northampton, USA).

2.8. Activity measurement as a function of temperature

BmCPR or bovine CPR were incubated at the indicated tem-
peratures (37°C-75°C) in a thermomixer for 10 min, followed by
cooling on ice for 5 min. Then the protein solution was used to mea-
sure the ability of the BmCPR or bovine CPR to transfer electrons to
the bovine CYP21A2 by assessing the conversion of progesterone
to DOC (21-hydroxyprogesterone) as described previously.

2.9. Circular dichroism (CD) spectroscopy

Circular dichroism (CD) spectra were recorded at 30°C using
a JASCO J-715 spectrapolarimeter over the wavelength range
190-260nm at a protein concentration of 2 uM (0.135 mg/ml),
dissolved in 10 mM potassium phosphate buffer pH 7.4 with the
following parameters,: path-length of 0.1 cm, data pitch of 0.1 nm,
band width of 5nm, accumulation 3 times, Spectra were recorded
in triplicate and averaged.

Thermal denaturation measurement was performed in a 0.1 cm
path-length thermostated quartz cell at a protein concentration of
2 M (0.135 mg/ml) using a Jasco J-715 CD spectrophotometer. A
heating rate of 1°C/min was applied, and the CD signal at 209.5 nm
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was monitored. The thermal denaturation data were fit to a deriva-
tion of the Hill fit equation (variable slope) using OriginPro 9.0 G to
obtain the midpoint of denaturation (the thermal melting point).

2.10. Construction of vectors for E. coli whole-cell
biotransformation

For the establishment of a CYP106Al-dependent whole-
cell system, a tricistronic pET17b-based vector, expressing the
CYP106A1-BmCPR-Fdx2 genes, was constructed. CYP106A1 cod-
ing sequence was amplified and cloned via the restriction sites
Ndel/HindlIll. The resulted vector (pET17b.CYP106A1) served then
as a backbone for the cloning of BmCPR, which was amplified via
PCR and cloned with the restriction sites BamHI/Notl. Fdx2 coding
region was PCR amplified and cloned downstream CYP106A1-
BmCPR using the restriction sites Notl/Xhol.

For the CYP21A2 whole-cell system, a bicistronic pET17b-based
vector was constructed. The cDNAs of bovine CYP21A2 (modified
as mentioned previously) (Arase et al., 2006) and the BmCPR coding
gene were amplified and cloned in the pET17b vector via the restric-
tion sites Ndel/BamHI and BamHI/Notl, respectively. All resulting
vectors were verified by sequencing.

2.11. In vivo whole-cell biotransformation

E. coli C43 (DE3) cells were co-transformed with the suitable
expression vector based on pET17b, coding for either CYP106A1-
BmCPR-Fdx2 or bovine CYP21A2-BmCPR. In case of CYP21A2
expression, the cells were co-transformed with the chaperone
GroEL/GroES-encoding plasmid pGro12, which has a kanamycin
resistance gene (Brixius-Anderko et al.,, 2015; Nishihara et al.,
1998). Transformed cells were grown overnight in 50 ml Terrific
broth (TB) medium supplemented with 100 pg/ml ampicillin and
50 pg/ml kanamycin at 37°C and shaking at 180rpm. For the
expression of proteins, 50 ml TB medium containing 100 p.g/ml
ampicillin and 50 p.g/ml kanamycin were inoculated (1:100) with
the transformed cells and cultivated at 37°C with rotary shak-
ing at 140 rpm. Protein expression was induced at OD600=0.6-0.8
with 1 mM IPTG, 4 mg/ml arabinose (for induction of GroES/GroEL
expression) and 1 mM 8-ALA as heme precursor. The temperature
was then reduced to 30 °C. After incubation for 24 h, cells were har-
vested by centrifugation (4000g) for 20 min at 4 °C and washed once
with 1 vol of conversion buffer (50 mM potassium phosphate buffer
(pH 7.4) supplemented with 2% glycerol). After a second centrifu-
gation, the cell pellets were resuspended in conversion buffer to an
end cell suspension concentration of 60g wet cell weight (wcw)/L
buffer. The substrate was added to a final concentration of 500 uM
or 1mM and the culture was incubated for the indicated time at
30°C and 140 rpm. Substrate was extracted twice with the same
volume of ethyl acetate and the organic phase was evaporated
using a rotary evaporator. After that, the residues were dissolved in
the high performance liquid chromatography (HPLC) mobile phase
(10% ACN) and subjected to HPLC analysis.

3. Results

3.1. Identification of the reductase ORF from Bacillus
megaterium DSM319

The usefulness of B. megaterium based whole-cell systems for
the expression of several P450s has been shown before in our
group (Brill et al., 2013; Gerber et al., 2015). It turned out that
B. megaterium based whole cell system/s expressing microso-
mal cytochrome P450s without co-expression of redox partners
showed activity towards the corresponding substrate/s (unpub-
lished data). Searching the B. megaterium strain DSM319 for a
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Fig. 1. Phylogenetic tree of di-flavin reductases displayed in Table 1. The alignment was done with 10-gap setting and 0.1-gap extension, with slow alignment input in
ClustalW2 server. The tree was constructed by neighbor joining algorithm with bootstrap analysis of 1000 replicates. Bootstrap values are shown at the branch nodes, The
scale bar represents 0.1 amino acid substitution per amino acid. The BmCPR is indicated with the closed circle (®). The number next to the gene name represents the UniProtKB

accession number. For gene description refer to Table 1.

potential redox partner of P450s revealed an ORF (BMD_3122)
[Uniprot acc. No. D5DGX1] encoding a suspected diflavin protein,
which we referred to it through this publication B. megaterium
cytochrome P450 reductase (BmCPR). Analyses of the cDNA showed
that it encodes a 602 amino acid polypeptide starting with the rare
start codon TTG (Supplementary material Fig. S1). The calculated
molecular mass of the deduced amino acid sequence is 67.35 kDa,
with a pl of 5.17. Prediction of transmembrane helices in BmCPR
using the TMHMM Server v. 2.0 showed that the protein does not
contain a transmembrane domain (Moller et al., 2001).

3.2. Sequence analysis

Alignment of the deduced amino acid sequence of BmCPR
with some of the known diflavin CYPOR_like reductases of taxo-

nomically diverse species (Table 1), shows a respective sequence
identity and sequence similarity of 27%-30% and 44%-48% with the
NADPH-cytochrome P450 reductases, 44% and 63% with the sulfite
reductase [NADPH] flavoprotein alpha-component, 30%-33% and
45%-49% with the methionine synthase reductases, and 29%-32%
and 44%-48% with the nitric oxide synthases. Amino acid sequences
of the reductases displayed in Table 1 were used for the construc-
tion of a neighbor-joining phylogenetic tree, which shows that
BmCPR is clustered with the Cys], the alpha-component (or the
flavoprotein component) of the sulfite reductases (SiR) (Fig. 1). This
is in agreement with the analysis using the NCBI conserved domain
database CDD server (http://www.ncbi.nlm.nih.gov/Structure/cdd/
cddsrv.cgi?uid=271629), which showed that the reductase domain
of the BmCPR is related to the alpha subunit of the E. coli SiR
subfamily, which belongs to the cytochrome P450 oxidoreductase-
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Fig. 2. ClustalW2 multiple sequence amino acid alignment of BmCPR and other CPRs. BmCPR (B. megaterium CPR), bCPR (bovine NADPH-cytochrome P450 reductase), ATR1
(NADPH-cytochrome P450 reductase 1 from Arabidopsis thaliana), BM3Red (Reductase domain of the bifunctional CYP102A2/BM3 from B. megaterium, amino acids 473-1049)
and yCPR (yeast NADPH-cytochrome P450 reductase from S. cerevisiae). The FMN-, cytochrome P450-, FAD- and NADPH binding domains are labeled and highlighted gray.
Arrows indicate the arginine residues proposed to be responsible for the interaction with the ferredoxin.
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Fig. 3. Purification and spectral properties of the BmCPR. (A) 10% SDS-PAGE of the purified BmCPR. In lane 1 is a sample of the purified protein and lane 2 contains the bands
of the prestained molecular weight ladder. (B) UV-vis spectrum of the purified BmCPR (spectrum a). Spectra (a-i) show the titration of the air-stable semiquinone BmCPR
with NADPH under aerobic conditions. BmCPR (10 wM) in 50 mM KPP (pH 7.4) was reduced with different NADPH concentrations ranging from 0 .M (spectrum a) to 20 uM
(spectrum i) [added NADPH: 0, 2, 4, 6, 8, 10, 12, 16, 20 uM|. Arrow shows the direction of the peak upon increasing NADPH concentrations. (C) Far-UV circular dichreism (CD)
spectrum of the air-stable semiquinone BmCPR (2 uM) in 10 mM potassium phosphate buffer pH 7.4. The CD spectrum was recorded in the region between 190 and 260 nm
using the following parameters: path length 1 mm; time constant 2 s; band pass 5 nm; number of scans 3.

Table 1

Protein sequence identities and similarities values of the BMD_3122 with different reductases.

Closest match with different reductases

Protein Abb. Protein Name No. Of aa Species Identity%/similarity%® UniProtKB
accession
numbers”

BMD_3122 Bacillus megaterium CPR (BmCPR) 602 B. megaterium DSM319 100/100 D5DGX1

bCPR NADPH-cytochrome P450 reductase 678 Bos taurus 30/48 Q35YT8

hCPR NADPH-cytochrome P450 reductase 677 Homo sapiens 31/47 P16435
rCPR NADPH-cytochrome P450 reductase 678 Rattus norvegicus 30/47 P00388
mCPR NADPH-cytochrome P450 reductase 678 Mus musculus 30/47 P37040

BM3Red Bifunctional P450/NADPH-P450 577 B. megaterium DSM319 30/51 P14779

reductase domain

ATR1 NADPH-cytochrome P450 reductase 1 692 Arabidopsis thaliana 30/48 Q9SB48

ATR2 NADPH-cytochrome P450 reductase 2 711 Arabidopsis thaliana 32/49 QISUM3

yCPR NADPH-cytochrome P450 reductase 691 S. cerevisiae (strain ATCC 204508/5288c¢) 27/44 P16603

CYSJECOLI Sulfite reductase [NADPH] flavoprotein 599 E. coli (strain K12) 44/63 P38038

alpha-component

CYSJSALTY Sulfite reductase [NADPH] flavoprotein 599 S. typhimurium (strain LT2) 44/63 P38039

alpha-component

bMTR Methionine synthase reductase 695 Bos taurus 33/49 Q4]12

hMTR Methionine synthase reductase 725 Homo sapiens 30/46 Q9UBKS8

rMTR Methionine synthase reductase 700 Rattus norvegicus 30/45 Q498R1
mMTR Methionine synthase reductase 696 Mus musculus 32/47 Q8C1A3
hNOS1 Nitric oxide synthase, brain 1434 Homo sapiens 29/44 P29475
rNOS1 Nitric oxide synthase, brain 1429 Rattus norvegicus 29/44 P29476
mNOS1 Nitric oxide synthase, brain 1429 Mus musculus 29/44 Q9Z0j4
bNOS2 Nitric oxide synthase, inducible 1156 Bos taurus 30/48 Q27995
hNOS2 Nitric oxide synthase, inducible 1153 Homo sapiens 31/48 P35228
rNOS2 Nitric oxide synthase, inducible 1147 Rattus norvegicus 32/48 Q06518
mNOS2 Nitric oxide synthase, inducible 1144 Mus musculus 31/47 P29477

2 Based on NCBI BLAST (http://www.blast.ncbi.nlm.nih.gov/).
b http://www.uniprot.org/.

like (CYPOR_like) sub-family having FAD and FMN as prosthetic
groups and utilizing NADPH as electron donor. CYPOR_like reduc-
tases (including cytochrome P450 reductase, the reductase domain
of the nitric oxide synthase, methionine synthase reductase and
the reductase domain of the bifunctional cytochrome P450 BM-
3) are ferredoxin reductase (FNR)-like proteins with an additional
N-terminal FMN domain.

In order to analyze the similarity to its CYPOR homologs, the
amino acid sequence of the BmCPR was aligned with NADPH-
cytochrome P450 reductases of different origin: bovine CPR (bCPR),
CPR from Arabidopsis thaliana (ATR1), the reductase domain of the
bifunctional cytochrome P450 BM-3 from B. megaterium DSM319

and CPR from S. cerevisiae (yCPR) as shown in Fig. 2. Based on the
distinct functional domains suggested for the FMN- and FAD- con-
taining enzymes (Rana et al., 2013; Wang et al., 1997), BmCPR was
found to contain all conserved [FMN/FAD/NADPH| domains, includ-
ing the P450 interaction domain. FMN is located at the N-terminus
(designated as phosphate moiety and FMN ring), followed by a flex-
ible linker region, which separates the FAD binding domain from
the FMN domain. The NADPH binding domain is present near the
C-terminal end. An important feature in BmCPR is the presence of
acidic residues, which are proposed to be important for the inter-
action with the microsomal P450s as well as cytochrome c¢ (Fig. 2).
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Fig. 4. Determination of the kinetic parameters of the reduction of cytochrome ¢
(CytC) by BmCPR. The data is represented as mean +SD of three separate measure-
ments. Data was fitted using originPro 9.0 G software.

3.3. Heterologous expression and purification

The DNA fragment encoding the full length BmCPR was PCR
amplified from the genomic DNA of B. megaterium strain DSM319
and cloned into the expression vector pET17b. For purification
with IMAC, a His-tag was introduced at the C-terminus. E. coli C43
(DE3) was transformed with the resulting vector. The full length
BmCPR could be purified in soluble form as shown in the SDS-
PAGE (Fig. 3A). The absorption spectrum of the purified BmCPR
was characteristic for oxidized flavoproteins, with absorption max-
ima at 380nm and 456nm, a shoulder at 485nm and a broad
peak at 585nm (Fig. 3B spectrum a), which represents the air-
stable semiquinone form (Vermilion and Coon, 1978). This spectral
property of the BmCPR suggested that the encoded protein is func-
tionally active after purification. Titration of the oxidized enzyme
with NADPH under aerobic conditions lead to a decrease of the
absorbance at 456 nm and 380 nm, and an increase at 585 nm, with
isosbestic points at 340 nm and 508 nm (Fig. 3B, spectra a-i). The
CD spectrum was measured in the far-UV region for the air-stable
semiquinone BmCPR, which showed a negative dichroic double
band with minima at 208 and 223 nm (Fig. 3C), anindication of an -
helical protein (Greenfield, 2006), which is typical for the di-flavin
reductases (French and Coon, 1979).

3.4. Enzymatic activity of BmCPR

The cytochrome c test is simple and widely used for the investi-
gation of the electron transfer ability of reductases and, thus, it was
applied to measure the reduction activity of the BmCPR. Different
concentrations of cytochrome ¢ were mixed with 50 pmol BmCPR in
buffer followed by starting the reaction with NADPH. The enzyme
was found to obey Michaelis—Menten kinetics (Fig. 4) and exhibited
a Ky of 16.7 + 1.2 pM and a kear 0f 2582 +72 min~1.

After having established that BmCPR can reduce cytochrome c,
the ability of the BmCPR to support electron transfer to two differ-
ent classes of P450s was investigated. A class | P450, represented
by the bacterial CYP106A1 and a class Il P450s, represented by the
microsomal bovine CYP21A2, were used.

3.5. In vitro reconstitution of CYP106A1 activity

Toinvestigate the ability of the BmCPR to support electron trans-
fer to the heme group of the P450s, in vitro assays were first carried
out with the bacterial CYP106A1 from B. megaterium DSM319,
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b Conversion ratio within 1 h.

which was recently purified and characterized by our group (Brill
et al., 2013).

Natural (or physiological) substrate for CYP106A1 is still
unknown; therefore, testosterone was used as test substrate.
Hence, testosterone has previously been identified as a substrate
for CYP106A1 resulting in 3 products (15B-, 6pB-, and an unknown
product) (Kiss et al., 2015; Lee et al., 2015). In addition, our unpub-
lished data [supported by data published by Lee et al. (2015)]
showed that among all the characterized substrates for CYP106A1,
testosterone was found to have the best affinity. The in vitro conver-
sion of testosterone by CYP106A1 was performed using the BmCPR,
the bovine AdR or the Arh1 (adrenodoxin reductase homologue 1
from S. pombe) reductases in combination with different ferredox-
ins; bovine Adx4_10g, Adxwe or the previously identified ferredoxin
Fdx2 form B. megaterium DSM319 (Brill et al., 2013). BmCPR was
found to accept electrons form NADPH but not from NADH (data not
shown). The results presented in Table 2 showed that the BmCPR,
in combination with all tested ferredoxins, was able to support
the activity of CYP106A1 in vitro, with an obvious higher efficiency
using Fdx2. The conversion ratio of the 200 .M testosterone within
1 hwas ~96% using the BmCPR and Fdx2 as redox partners, which is
higher than the previously reported CYP106A1-AdR-Adx4.105 (Kiss
et al,, 2015) and CYP106A1-Arh1-Fdx2 (Brill et al., 2013) systems
with a conversion ratio of ~42% and ~89%, respectively.

3.6. BmCPR can replace microsomal P450 reductase

As mentioned previously, the BmCPR was found to contain the
distinct functional domains present in FMN- and FAD- containing
reductases, in addition to a suggested P450-interaction domain.
These characteristics made it a good candidate for electron transfer
from NADPH to the heme center of microsomal P450s. We demon-
strated that the BmCPR was able to support the activity of bovine
CYP21A2 as indicated by the conversion of progesterone to DOC
using NADPH as electron donor. The conversion of progesterone to
DOC by bovine CYP21A2 using BmCPR as redox partner followed
Michaelis-Menten kinetics with a Ky of 1.82+0.12 M and a kgt
of 1.27 +0.02 min~! resulting in a kcat/Ky of 697.80 mM~" min~'.
Interestingly, the catalytic efficiency of CYP21A2 in the presence
of BmCPR is higher than that when using the bovine CPR as redox

Table 3
Kinetic parameters of the in vitro conversion of progesterone with bovine CYP21A2
and BmCPR or the bovine CPR as redox partner.

Reductase Ky [pM] Keat [min~'] Keat /Ky [MM~" min—'] R?
BmCPR 1.82+£0.12 1.27+0.02 697.80 0.99
bCPR 2.24+013 0.91+0.01 406.25 0.99
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Fig.5. The effect of temperature on the BmCPR. (A) Circular Dichroism (CD) thermal denaturation curve. The ellipticity was measured at 209.5 nm as a function of temperature
in the range between 20 and 80°C using a temperature slope of 1°C/min, data pitch 0.1°C. The data points were plotted and fitted (gray solid line) with OriginPro 9.0G
program, For the measurement, the concentration of the BmCPR was 2 uwM (0,135 mg/ml) resuspended in 10 mM potassium phosphate buffer pH 7.4, The inset shows the
CD spectra of the BmCPR in the far-UV region at the indicated temperatures (Arrow show the direction of the peak by increasing the temperature at 209.5 nm). The CD
spectra were recorded between 200 and 260 nm every 10°C. (B) Thermal stability of the reductase. BmCPR was incubated at the indicated temperatures (37°C to 75°C) in
a thermocycler for 10 min, followed by cooling on ice for 5 min. Then the protein solution was used to measure the ability of the BmCPR to transfer electrons to the bovine
CYP21A2 by assessing the conversion of progesterone to DOC. The product formation was determined by HPLC. Relative activity on the Y-axis represents the normalized
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Fig. 6. Time dependent in vive conversion of 1 mM testosterone by a CYP106A1
based whole-cell system with BmCPR and Fdx2 as redox partners. Whole-cell bio-
transformation was performed using C43 (DE3) cells carrying the pET17b vector
expressing CYP106A1, BmCPR and Fdx2. Conversion was carried out by using resting
cells in potassium phosphate buffer (50 mM KPi pH 7.4 +2% glycerol) and samples
were taken at the indicated times and analyzed via HPLC. The data is represented as
mean =+ SD of three separate measurements.

partner, which has a ke, /Ky of 406.25 mM~" min~! (Table 3) (Sup-
plementary material Fig. S2).

3.7. Thermal stability of the BmCPR

Heating a protein solution gradually above a critical temper-
ature causes a transition from the native state to the denatured
state. The temperature at the transition midpoint, where the con-
centration ratio of native and denatured states is 1, is known as the
melting temperature (Tm). Changes in the secondary structure of a
protein can be monitored by circular dichroism (CD) spectroscopy
in the far-UV region (190-260 nm) (Fig. 5A inset).

The thermal stability of the BmCPR was assessed by recording
the increase in the CD signal at a single wavelength (209.5 nm) over
the temperature range from 20 to 80 °C (Fig. 5A). The changes in
the CD signal at 209.5 nm were recorded every 0.1 °C. Plotting the
CD values at this wavelength as a function of temperature gave a

distinctive sigmoidal shaped curve with a midpoint of transition
(the melting temperature) of 53.8 + 0.2 °C. The denaturation of the
BmCPR was found to be irreversible, which was observed from the
turbidity of the solution, an indication of protein aggregation and
precipitation. In addition, cooling the sample down did not cause
BmCPR refolding.

In addition, we measured the temperature at which the reduc-
tase loses 50% of its activity, and we referred to it as (Tsg). For
this purpose, the reductase was incubated at the indicated tem-
peratures for 10 min and cooled down on ice. The activity of the
enzyme was estimated by its ability to support electron transfer
to the bovine CYP21A2 for the conversion of progesterone to DOC.
The Tso value was found to be 54.1+0.4°C (Fig. 5B) for BmCPR,
which correlates with the melting temperature. To the best of our
knowledge, there are very few data available concerning the ther-
mal stability or the melting point of the different CPRs. For example
the rat CPR (rCPR) has a thermal stability T5g of 46.1°C, whereas,
the CPR from hot pepper Capsicum annuum (CaCPR) showed a Tsp
of 56.1°C (Lee et al., 2014).

3.8. Establishment of whole-cell systems using BmCPR as redox
partner

After demonstrating the in vitro activity of the BmCPR, we inves-
tigated the efficiency of applying the BmCPR in E. coli whole-cell
systems with CYP106A1 or CYP21A2.

CYP106A1 has a high biotechnological and industrial poten-
tial, as it has been found to catalyze the hydroxylation of a set of
steroids as well as non-steroidal substrates such as the triterpene
11-keto-B-boswellic acid (Brill et al., 2013; Kiss et al., 2015). For the
establishment of a CYP106A1-dependent whole-cell system, a tri-
cistronic pET17b-based vector, expressing CYP106A1, BmCPR and
Fdx2, was constructed. The whole-cell biotransformation was per-
formed with resting cells in potassium phosphate buffer instead of
the terrific broth complex medium, since indole, which results from
tryptophan metabolism by E. coli, may have an inhibitory effect on
the activity of P450s (Ringle et al., 2013).

Testosterone was found to be efficiently converted by the estab-
lished system, verifying the in vivo functionality and efficiency
of the BmCPR (Fig. 6). With a substrate concentration of 1 mM, a
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Fig. 7. Time dependent conversion of 0.5mM progesterone by a bovine
CYP21A2-dependent whole-cell system with BmCPR as redox partner. Whole-cell
biotransformation was performed using C43 (DE3) cells carrying pET17b vector
expressing CYP21A2 and BmCPR. Conversion was carried out by using resting cells
in potassium phosphate buffer (50 mM KPi pH 7.4 + 2% glycerol) and samples were
taken at the indicated time and analyzed via HPLC. The data is represented as
mean = SD of three separate measurements. DOC: 21-hydroxyprogesterone.

conversion ratio of ~98% was achieved after 8 h, yielding ~0.3 g/L
product.

Previously, efforts were performed to establish an E. coli based
whole-cell system using CYP21A2. Naturally, the electron transfer
to CYP21A2 is mediated by the membrane bound microsomal CPR,
which is not easily expressed in E. coli. Therefore, for efficient sup-
plementation of the CYP21A2 with electrons, CPR was replaced by
soluble redox systems originating from the fission yeast S. pombe
and consisting of Arh1 and the ferredoxin domain of electron trans-
fer protein 1 (Etp1) (Brixius-Anderko et al., 2015).

The high in vitro activity and the solubility of the BmCPR make
it a very promising candidate for the establishment of an in vivo
whole-cell system with CYP21A2. For this purpose, a bicistronic
pET17b-based vector, expressing the CYP21A2 and BmCPR, was
constructed. As illustrated in Fig. 7, using BmCPR as redox part-
ner, 500 ..M progesterone could be completely converted after ~6 h
with a conversion ratio of about 99%, yielding 0.16 g/L product.

4. Discussion

A soluble NADPH-dependent diflavin reductase from B. mega-
terium DSM319 was identified, cloned and expressed in E. coli.
Sequence analysis showed that this reductase contains the FAD
and FMN binding motifs as well as NADPH and cytochrome P450
interaction domains. This reductase exhibits high similarity to Cys],
the SiR alpha-component, implying its natural activity in B. mega-
terium. Additionally, in the B. megaterium genome the gene of
the characterized reductase is located directly downstream of an
open reading frame, which encodes the beta-component of the
SiR. The SiR is known to be a hemoflavoprotein complex, com-
posed of two subunits, the alpha (flavoprotein) component and
the beta (hemoprotein) component, which is responsible for the
reduction of sulfite to sulfide, an important step in the sulfate
assimilation pathway in bacteria (Christner et al., 1981; Guillouard
et al., 2002). The SiR alpha-component was first characterized
in S. typhimurium and E. coli, and it was demonstrated that it
shares spectroscopic and catalytic properties with the NADPH-
cytochrome P450 reductase (Ostrowski et al., 1989). Evolutionary,
there are indications that diflavin reductases evolved as a result of
a fusion of two proteins, the bacterial flavodoxin (FMN-domain)
and the ferredoxin-NADP* reductase FNR (FAD-domain) (Porter
and Kasper, 1986). Cytochrome P450 reductase (CPR) was the first
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enzyme of this family to be isolated (Horecker, 1950), followed
by several other dual flavin enzymes, sulfite reductase in bacte-
ria (Christner et al.,, 1981; Ostrowski et al,, 1989) as well as three
proteins identified in human: nitric oxide synthase (Stuehr, 1997),
methionine synthase reductase (Olteanu and Banerjee, 2001) and
a cytoplasmic protein NR1 with yet unknown function that is
expressed in cancer cells (Paine et al., 2000). This family includes
also the diflavin domain of self-sufficient cytochromes P450 such
as CYP102A1 (BM-3) from B. megaterium.

The characterized BmCPR reductase showed reducing activ-
ity towards cytochrome ¢ with a catalytic activity of 2582 min~1,
which is slightly lower than that of the CPR from Candida albi-
cans (2830min~1) (Park et al., 2010) and of rat CPR (3000 min—!)
(Guengerich et al., 2009) and much lower than that of the truncated
yeast CPR comprising amino acids 44-691 (8940 min—!) (Aigrain
et al., 2011). The determined cytochrome c reducing activity was,
however, higher than that of the truncated human CPR compris-
ing amino acids 61-677 (1800 min~") (Aigrain et al., 2011) and of
the newly characterized CPR from Candida apicola (1915min~1)
(Girhard et al., 2012). Cytochrome ¢ is not a physiological redox
partner for CPRs. Nevertheless, there is evidence that the bind-
ing sites for cytochrome P450 and cytochrome c on the acidic
FMN domain of the reductase are either identical or overlapping
(Nisimoto, 1986; Shen and Kasper, 1995).

B. megaterium DSM319 contains different P450s. One of them
(CYP106A1) has been recently characterized (Brill et al., 2013).
However, since no homologous redox system could be identified so
far for CYP106A1, the activity of CYP106A1 was supported formerly
with heterologous redox partners such as the bovine AdR/Adx sys-
tem (Kiss et al., 2015), a mixed system consisting of the yeast Arh1
and B. megaterium Fdx2 (Brill et al., 2013), or the spinach system
FdR/Fdx (Lee et al., 2015). Since class I bacterial P450s are not able
to accept electrons directly from ferredoxin reductases or diflavin
reductases, the requirement of ferredoxin auxiliary protein in class
[ P450s system for electron transfer is crucial. We demonstrate here
that the BmCPR/Fdx2 system was able to support the activity of the
bacterial CYP106A1, and the activity was found to be higher than
with the previously used redox partners. In class 1 P450 systems,
FAD of the ferredoxin-reductase serves as an electron acceptor
from NAD(P)H, which transfers the reducing equivalents to the
iron-sulfur center of ferredoxin, which in turn reduces the P450s.
Salt bridges have been identified previously to play an important
role in the interactions between ferredoxin reductase and ferre-
doxin in the P450 redox chains (Lambeth et al., 1979). Crystalized
putidaredoxin reductase-putidaredoxin (PdR/Pdx) complex from
Pseudomonas putida showed that the interaction is mediated by
basic amino acids on the surface of the PdR (R65, R310, K339, K387
and K409) (Sevrioukova and Poulos, 2010). In addition, site directed
mutagenesis (Brandt and Vickery, 1993) and solved crystal struc-
ture of the bovine AdR/Adx complex (Miiller et al., 2001) have
provided a detailed insight into the electrostatic binding mech-
anism between these proteins. The interaction sites were found
to be composed of the acidic amino acids of the Adx and a basic
cleft region of the AdR (R211, R240 and R244). These residues are
conserved in other ferredoxin-reductases such as the Arh1 from S.
pombe as well as S. cerveceria (Ewen et al., 2008). Considering the
BmCPR FAD-domain depicted in Fig. 2, three arginines (R412, R418
and R420) and one lysine (K421) residue were identified (Fig. 2
arrows), which are likely to be involved in binding with the ferre-
doxins. The presence of such a basic region in the FAD-domain of
the BmCPR suggests a similar interaction mechanism of the class |
redox proteins and the B. megaterium system (BmCPR/Fdx2) dur-
ing intermolecular electron transfer reaction to the CYP106A1. The
geometrical localization of these basic amino acids on the surface
of the BmCPR as well as their importance in the electron transfer
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Acidic cluster

Cluster 1 Cluster 2
BmCPR DCDLDVF-EETZP 196
bCPR DDDGNL-EED o215
ATR1 DDDQSTI-EDD 226
yCPR DDGAGTTDETD 195
CYSJ_ECOLI DADVEY-QAA 193

Fig- 8. Sequence comparison of the cytochrome P450 binding motif. ClustalW2 multiple sequence amino acid alignment of BmCPR and other diflavin reductases (see Table 1
for description) showing the acidic amino acid cluster involved in the interaction with the microsomal P450 s and cytochrome c.

and/or formation of the BmCPR/Fdx2 complex is still to be eluci-
dated.

Interactions between eukaryotic flavoproteins and bacterial
P450s have been demonstrated in numerous examples, including
the use of the bovine AdR together with Adx to transfer electrons
to some bacterial P450s, namely CYP106A2 from B. megaterium
(Hannemann et al., 2006), CYP109D1 and CYP264B1 from S. cel-
lulosum (Khatri et al., 2010; Ly et al., 2012), and CYP109B1 from B.
subtilis (Girhard et al., 2010). On the other hand, examples of inter-
actions between bacterial flavoproteins and eukaryotic P450s, such
as the use of the reductase domain of the of the BM-3 form B. mega-
terium with CYP2E1 (Fairhead et al., 2005), CYP3A4 and CYP2B4
(Davydov et al., 2010), are rarely described in literature. So to the
best of our knowledge, the BmCPR is the first soluble flavoprotein of
bacterial origin, which can support the activity of eukaryotic class
Il microsomal P450s, without the need of an auxiliary ferredoxin.
Interestingly, the characterized BmCPR was found to be 1.7 times
more efficient than the bovine CPR in supporting the conversion of
progesterone to DOC by the bovine CYP21A2 in vitro.

The exchangeability between the different diflavin reductases,
which belong to the FNR_like superfamily, was first investigated
by Barnes et al. (1991). In that study, the ability of the E. coli sul-
fite reductase to transfer electrons to P450s was excluded, since
a soluble protein fraction from an E. coli strain lacking the SiR
alpha-component of the SiR (Cys]) was still able to support elec-
tron transfer to bovine CYP17A1 (Barnes et al., 1991). In contrast,
Zeghoufetal.(1998) could show that the SiR alpha-component of E.
coli (Cys]) can support the electron transfer to CYP17A1 to hydrox-
ylate pregnenolone in vitro, but the activity was 12-15 times less
than that of the bovine CPR (Zeghoufet al., 1998). In the microsomal
P450 systems, where the P450 and the reductase are both mem-
brane associated, the electron transfer was reported to occur by a
transient complex formation between the P450 and the reductase
(Shen and Kasper, 1995).Similar to the interaction in the ferre-
doxin reductase/ferredoxin complex, it is known that electrostatic
interactions are also responsible for the stabilization of the P450-
reductase complex during the electron transfer from the FMN to
the heme center (Bernhardt et al., 1988), where the acidic residues
on the surface of the reductase interact with the basic residues on
the surface of the P450. Sequence alignment of the BmCPR with
different CPRs and Cys] from E. coli showed that the acidic residues
cluster 1 and cluster 2 ('88DCDLDFEEP'?%) in the P450 interaction
domain are mostly conserved in the BmCPR (Fig. 8), while in the
Cys] from E. coli, cluster 2 is composed of uncharged amino acids
(]91 QAAl 93 )

Previously, several efforts were directed to improve the biotech-
nological applicability of P450s, however, P450s are dependent
on an intermolecular electron transfer from NAD(P)H via one or
two redox proteins. As a result, the search for an efficient elec-
tron supply from NAD(P)H is necessary for P450s to be applied in a
biotechnological process.

The in vitro activity of the BmCPR with both CYP106A1 (class 1)
and CYP21A2 (class 1) P450s was very encouraging to address the
question whether the BmCPR is also applicable in vivo. Therefore,
E. coli CYP106A1- and CYP21A2-based whole-cell biotransfor-
mation systems, which utilize BmCPR as redox partner, were
established. The BmCPR containing systems were found to be
functional and very efficient. The CYP106A1-BmCPR-Fdx2 sys-
tem yielded ~0.9 g/L/d hydroxylated testosterone products (15p-,
6B-, and an unknown product) and the CYP21A2-BmCPR yielded
~0.64 g/L/d progesterone product (DOC). This clearly demonstrates
the value of BmCPR for the development of efficient whole-cell sys-
tems using the bacterial or the mammalian cytochrome P450s for
biotechnological applications.

Herein we demonstrated, to the best of our knowledge, for the
first time the use of a diflavin reductase from prokaryotic origin to
transfer electrons to a microsomal P450. The electron transfer from
the CPR to the microsomal P450 needs the interaction between
both enzymes, where the N-terminus of the CPR plays an impor-
tant role (Pandey and Fliick, 2013). Thus, the ability of a soluble
diflavin reductase of bacterial origin (BmCPR) to support the activ-
ity of CYP21A2 more efficiently than its natural redox partner CPR
seems to be very interesting: on one hand, for biotechnological
application/s, as the expression of soluble proteins is much eas-
ier than that of membrane proteins, and, on the other hand, BmCPR
could be a supportive tool in the detailed understanding and anal-
yses of the interaction, which takes place between the reductase
and the P450. From another point of view, the characterization and
deeper understanding of such a reductase is of great importance for
the re-evaluation and exploration of the phylogenetic relationships
of NADPH cytochrome P450 reductases (CYPOR) between different
taxa, which enable us to characterize non-conventional alternative
redox partners.

In summary, we have cloned a diflavin reductase from B. mega-
terium DSM319 (BmCPR). The BmCPR showed in vitro and in vivo
activity with class I and class 11 P450s, which make this reductase a
very promising and advantageous candidate to provide a versatile
redox partner for broad range of cytochromes P450 and of substrate
classes.
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M Q L KV V N S P FNOQEOQADTLT LNA RTILTILUZPTTILTE A Q K
TTGCAACTTAAGGTAGTAAACAGCCCTTTTAATCAAGAACAAGCAGATTTGCTTAATCGCCTTCTGCCGACATTAACAGAAGCACAAAAA 90

M WL S G Y L T A A Q S T S A EGTUPD YV S T A AUPA AU QT K
ATGTGGTTGAGCGGTTATTTAACAGCAGCTCAATCTACGTCTGCCGAAGGAACGCCAGACGTTTCTACAGCAGCGCCTGCTCAAACGAAA 180

Q T v s K DV T ITUL Y G S Q T G N A Q G L A ENTG K T L E
CAGACAGTTTCAAAAGACGTAACAATTCTTTATGGATCACAAACAGGAAATGCTCAAGGACTTGCTGAAAATACAGGCAAAACGCTTGAA 270

A K G F NV TV S S M NDUVFI KU PNNILI KI KT LENITLTLTIVV S
GCAAAAGGCTTTAATGTAACTGTATCTTCTATGAATGATTTCAAACCAAATAATTTAAAGAAACTTGAAAATTTATTAATTGTCGTAAGT 360

T H G E G E P P DN AL S F HEVFULHG G RIRAZPI KILENTF R
ACACATGGAGAAGGAGAGCCGCCTGATAATGCGCTATCTTTCCATGAATTTCTTCACGGCCGTCGAGCGCCAAAACTTGAGAACTTCCGT 450

F s v L s L. G D s s Y EF F C QTG KE FD YV RULAETL G G
TTCTCTGTTTTATCGCTTGGAGACAGCTCATACGAATTTTTCTGTCAAACAGGAAAAGAATTTGATGTGCGCTTAGCAGAACTTGGCGGT 540

E R L Y PRV DCDULUDVFEEUPA ANI KWT LI KTGV IDGTUL S E
GAAAGACTGTATCCGCGCGTTGACTGTGATTTAGATTTTGAAGAGCCCGCAAATAAATGGCTTAAAGGTGTTATTGACGGATTAAGCGAA 630

A K G H S A S A AV P A EAUPAGT S P Y S RTNUZPVF K A E
GCGAAAGGACACAGCGCTTCGGCAGCTGTTCCAGCGGAAGCTCCTGCAGGAACTTCACCATATTCAAGAACAAACCCTTTTAAAGCAGAA 720

V L E N L N L NG R G S NKETUZRUHTLETLSTLESGS G LT Y
GTGCTTGAGAACTTAAACTTAAACGGCCGCGGATCAAATAAAGAAACGCGACACTTAGAACTATCTCTAGAAGGTTCAGGTTTGACGTAT 810

E P G D S L G I Y P ENDUPETLVDILTULIULNETFI KWUDA A S E
GAACCAGGAGACAGTTTAGGTATTTATCCTGAAAATGACCCGGAGCTTGTTGATCTTCTTCTTAACGAATTCAAGTGGGATGCAAGTGAA 900

S v T VvV N K E G E TR P LIREATULTI SNV FE I TV LTI KUPL
AGTGTAACGGTTAATAAAGAAGGAGAAACGCGTCCTCTTAGAGAAGCGCTAATCTCTAATTTTGAAATTACCGTTTTAACAAAGCCGCTT 990

L K Q A A EL TG NDIKIULI KA ATLVENITREETLI K AZYT QG R
TTAAAGCAAGCAGCTGAGCTTACTGGAAACGATAAGTTAAAAGCGCTTGTAGAAAATCGCGAGGAATTAAAAGCATATACACAAGGCCGT 1080

D v I DLV RDVF G P WNV S A Q E F V A IULIRIKMMZPA AR RYL
GATGTAATTGACTTAGTTCGTGACTTCGGTCCATGGAACGTATCGGCACAAGAGTTTGTAGCCATTTTACGCAAAATGCCAGCGCGCCTT 1170

Y s I A s S L s A NP D EV HL TTI G AUVU R YEM AHBGITRE R
TACTCGATTGCAAGCAGCTTATCAGCAAACCCTGATGAAGTTCATCTAACAATCGGAGCGGTACGCTACGAAGCGCATGGACGCGAGCGT 1260

K 6 v C s vL C s ERL QP G D T I P V Y L Q S NKNUFKL
AAGGGTGTTTGTTCAGTCCTTTGTTCAGAACGTTTGCAGCCAGGCGATACGATTCCTGTATACCTTCAAAGCAATAAAAACTTTAAGCTT 1350

P Q D Q E TP I I MV G P GGT GV A PFR S F MOQEREET
CCTCAAGATCAGGAAACGCCAATTATTATGGTAGGACCTGGTACAGGTGTGGCTCCGTTCCGCTCATTTATGCAAGAGCGTGAAGAAACA 1440

G A K G K S WMVFVF GDQHF V TDF UL Y Q T E W Q KWL K
GGGGCAAAAGGAAAGTCATGGATGTTCTTTGGAGATCAGCACTTCGTAACAGACTTCCTTTACCAAACAGAATGGCAAAAGTGGTTAAAA 1530

D GV L T KMUD VA F S RDTEEI KUYV YV QNI RMMTILEH S K
GATGGCGTACTGACAAAAATGGACGTGGCGTTTTCACGCGATACAGAAGAAAAAGTATACGTACAAAACCGTATGCTCGAACATAGTAAA 1620

E L F Q WL EEGA ASVF YV CGDI KTNMMARUDV HNTULV
GAATTATTCCAATGGTTAGAAGAAGGCGCATCTTTTTATGTGTGCGGAGATAAAACAAATATGGCACGCGACGTGCACAACACGCTAGTT 1710

E I I E T E G KM S R E Q A E G Y L A EMIEKI KUGQI KU RY OQRD
GAAATTATCGAAACAGAAGGCAAGATGAGCCGTGAACAGGCGGAAGGTTACCTTGCTGAAATGAAGAAACAAAAACGTTATCAGCGTGAT 1800

vV Y
GTATACTGA 1809

Supplementary Fig. S1. The open reading frame sequence of the BmCPR. The upper and the lower lines represent the
deduced amino acid and nucleotide sequences, respectively. The one-letter code for each amino acid is aligned with the
second nucleotide of each codon. The start codon TTG is underlined.
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Supplementary Fig. S2. In vitro activity of the BmCPR. (A) In vitro conversion of 100 UM progesterone to
deoxycorticosterone (DOC) using bovine CYP21A2 and BmCPR at 37 °C for 1 h with NADPH (continuous chromatogram)
or NADH (dashed chromatogram) as electron donor. (B) and (C) kinetic parameters for the conversion of progesterone
catalyzed by CYP21A2 using BmCPR or bovine CPR as redox partner, respectively. The product formation was determined
by HPLC and each value is represented as mean + SD of three separate measurements. Data was fitted using originPro 9.0G
software.
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In the current work, we describe the identification and characterization of the first plasmid-encoded
P450 (CYP107DY1) from a Bacillus species. The recombinant CYP107DY1 exhibits characteristic P450
absolute and reduced CO-bound difference spectra. Reconstitution with different redox systems revealed
the autologous one, consisting of BmCPR and Fdx2, as the most effective one, Screening of a library of
18 pharmaceutically relevant compounds displayed activity towards mevastatin to produce pravastatin.
Pravastatin is an important therapeutic drug to treat hypercholesterolemia, which was described to be

g?c’ ;ﬁzgdrf;egﬂ terium produced by oxyfunctionlization of mevastatin (compactin) by members of CYP105 family. The hydrox-
CYP107 family ylation at C6 of mevastatin was also suggested by docking this compound into a computer model created
Bacterial cytochrome P450 for CYP107DY1. Moreover, in view of the biotechnological application, CYP107DY1 as well as its redox
Mevastatin partners (BmCPR and Fdx2) were successfully utilized to establish an E. coli based whole-cell system for
Pravastatin an efficient biotransformation of mevastatin. The in vitro and in vivo application of the CYPO7DY1 also
BmCPR offers the possibility for the screening of more substrates, which could open up further biotechnological
Fdx2 usage of this enzyme.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Selective oxyfunctionalization of nonactivated carbon-
hydrogen bonds represents a challenge in the industrial field.
In general, the use of chemical methods has many disadvantages
such as hazardous conditions, cost-efficiency and the lack of
chemo-, stereo-, and regioselectivity. Therefore, in the last years
many efforts have been carried out in the search for selective
and efficient enzymatic systems that are able to incorporate
oxygen into nonactivated carbon-hydrogen bonds. Cytochromes
P450 (P450s) [E.C.1.14.-] are heme-iron containing enzymes that
catalyze the monooxygenation of various nonactivated hydrocar-
bons with high regio-, stereo- and enantioselectivity including
the biosynthesis of hormones, signal molecules, defense-related
chemicals and secondary metabolites in addition to their central
role in the metabolism of endogenous (steroids and fatty acids)
and exogenous (drugs and toxins) substances (Bernhardt, 2006;

* Corresponding author at: Institute of Biochemistry, Campus B2.2, Saarland Uni-
versity, D-66123 Saarbriicken, Germany.
E-mail address: ritabern@mx.uni-saarland.de (R. Bernhardt).

http://dx.doi.org/10.1016/j.jbiotec.2016.11.002
0168-1656/© 2016 Elsevier B.V. All rights reserved.

Bernhardt and Urlacher, 2014). They are found in all kingdoms of
life including mammals, plants, insects, fungi, archaea, and bacteria
(except E. coli) as well as in viruses. In eukaryotes, they are mostly
integral membrane-bound proteins, whereas prokaryotic P450
systems are more likely soluble and located in the cytoplasm. P450s
rely for their activities on redox partners. Based on the composition
of the redox partner involved in the transfer of electrons, the P450
systems can be categorized into different classes (Hannemann
etal., 2007) of which the most researched ones are the classes I and
II. Class I contains the bacterial and the eukaryotic mitochondrial
P450s, which obtain electrons from NADPH using two proteins, a
flavin adenine dinucleotide (FAD)-containing ferredoxin reductase
and an iron-sulfur containing ferredoxin. Class II comprises the
eukaryotic microsomal P450s, which obtain electrons from NADPH
via a FAD and FMN-containing P450 reductase.

The numbers of the newly identified P450s increased drastically
over the past few years (Nelson, 2009), but there is nevertheless a
still growing demand to exploit novel P450s as a valuable biocata-
lyst in the industrial field.

Bacillus megaterium is a nonpathogenic, aerobic, Gram-positive
rod-shaped bacterium. Due to its high protein production capacity,
plasmid stability and the ability to take up a variety of hydrophobic
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substrates, B. megaterium gained throughout the last decades a lot
ofiinterest in the industrial field for the production of biotechnolog-
ically relevant substances (Bunk et al., 2010). The publication of the
complete genome sequence of the B. megaterium strains QM B1551
and DSM319 in 2011 (Eppinger et al., 2011) enabled the identifi-
cation of new proteins. Among them are cytochromes P450 and a
NADPH dependent diflavin reductase, which have been shown to
be very important for biotechnological and pharmaceutical applica-
tions (Brill et al., 2013; Milhim et al., 2016), B. megaterium encodes
for several P450s. The self-sufficient CYP102A1 (also known as
BM3) is the most investigated bacterial P450 so far, which has
been used and redesigned to catalyze the oxidation of a variety
of biotechnologically interesting substances (Whitehouse et al.,
2012). In addition, the biotechnologically valuable CYP106 family,
CYP106A1 from B. megaterium strain DSM319 (Brill et al., 2013)
and CYP106A2 from B. megaterium strain ATCC 13368 (Berg et al.,
1976, 1979), was characterized to be associated with the biotrans-
formation of a diverse array of substrates such as steroids and
terpenoic substances (Brill et al., 2013; Schmitz et al., 2012). Fur-
thermore, CYP109E1 was recently identified from B. megaterium
strain DSM319 as steroid hydroxylase (Jozwik et al., 2016).

In this study, we report the identification and characterization
of a new plasmid-encoded P450 from the B. megaterium QM B1551.
The bioinformatic analysis of the new P450 showed that it belongs
to the CYP107 family. It was successfully cloned and expressed in
E. coli. Screening of a potential substrates showed that CYP107DY1
possesses hydroxylation activity towards mevastatin.

2. Materials and methods
2.1. Strains, expression vectors, enzymes, and chemicals

E. coli TOP10 from Invitrogen (Karlsruhe, Germany) was used
for cloning experiments. E. coli C43 (DE3) and the expression vec-
tor pET17b, both from Novagen (Darmstadt, Germany), were used
for recombinant gene expression. Substrates were obtained from
TCI (Eschborn, Germany). Pravastatin lactone was from Santa Cruz
Biotechnology (Heidelberg, Germany). All other chemicals were
purchased from Sigma-Aldrich (Schnelldorf, Germany).

2.2. Cloning of the gene encoding CYP107DY1

For protein purification purposes, the DNA fragment encoding
the full length CYP107DY1 (Supplementary Fig. S1) was syn-
thesized (Genart, Regensburg, Germany) and cloned into the
expression vector pET17b with the Ndel/Kpnl restriction sites. For
purification with IMAC, the 3’end of the gene was extended with a
sequence coding for six histidines. Plasmid was verified by sequenc-
ing.

2.3. Heterologous gene expression and purification of
CYP107DY1, reductases and ferredoxins

For heterologous gene expression, E. coli C43 (DE3) cells
were co-transformed with the expression vector pET17b congaing
the sequence for CYP107DY1 and the chaperone GroEL/GroES-
encoding plasmid pGro12, which has a kanamycin resistance gene
(Brixius-Anderko et al., 2015; Nishihara et al., 1998). Cultures were
grown at 37 °C to an optical density of 0.6 in 200 mI TB medium con-
taining the suitable antibiotics. The expression of the protein was
induced by adding 1 mM IPTG, the synthesis of heme was enhanced
by addition of 1 mM heme precursor 8-ALA. The cells were grown
at 28°C and 180 rpm for 24 h.

For purification, cell pellets were sonicated in 50 ml lysis buffer
(50mM potassium phosphate pH 7.4, 20% glycerol, 0.1 mM DTE,
500 mM sodium acetate, and 0.1 mM PMSF). After centrifugation
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at 30,000g for 30min at 4°C, the supernatant was applied on a
Ni-NTA agarose column equilibrated with lysis buffer. The column
was washed with 100 ml equilibration buffer supplemented with
40 mM imidazole followed by 20 ml elution buffer supplemented
with 200 mM imidazole (50 mM potassium phosphate pH 7.4, 20%
glycerol, 0.1 mM DTE, and 0.1 mM PMSF). The eluted protein was
dialyzed against elution buffer without imidazole, concentrated
and stored at —80°C.

The B. megaterium redox system BmCPR and Fdx2 were purified
as reported previously (Brill et al., 2013; Milhim et al., 2016). The
purification of the redox system from the fission yeast Schizosac-
charomyces pombe Arh1 and Etp1d was carried out as described
before (Bureik et al., 2002; Ewen et al., 2008). Recombinant bovine
AdR and the Adxy4.qpg (truncated form of Adx comprising amino
acids 4-108) were purified as mentioned elsewhere (Sagara et al.,
1993; Uhlmann et al., 1992).

The concentration of recombinant P450 was estimated using
the CO-difference spectral assay as described previously with
£450-490=91mM~ 1 cm~! (Omura and Sato, 1964). The concentra-
tion of BmCPR was quantified by measuring the flavin absorbance
at 456nm with £456=21mM~'cm~! for the oxidized enzyme
(Milhim et al., 2016). The concentrations of the AdR and Arh1 were
measured using the extinction coefficient g450=11.3mM~! em™!
(Ewen et al., 2008; Hiwatashi et al,, 1976). The concentrations of
Fdx2 and Etp1fd were measured using the extinction coefficient
£390=6.671mM~"cm~" and &414=9.8mM~!cm~!, respectively
(Brill et al., 2013; Schiffler et al., 2004).

2.4. Investigation of electron transfer partners

The functional interaction of the electron transfer partners for
a particular P450 can be determined by recording the NADPH
reduced CO-complex peak at 450 nm when P450 was coupled with
the different ferredoxins/ferredoxin reductases in the absence of
substrate. For this, CYP107DY1 was mixed with ferredoxins (Fdx2,
Etp1/ or Adx4.10s) and ferredoxin reductases (BmCPR, Arh1 or
AdR) with ratios of 1:40:5 uwM [CYP107DY1:ferredoxin:ferredoxin
reductase] in 50 mM HEPES buffer pH 7.4 and NADPH was added to
a final concentration of 1mM. The spectrum of NADPH-reduced
samples was recorded after bubbling the sample with carbon
monoxide (CO) gas. The reduction efficiency of the redox partners
was then evaluated by comparing the peak at 450 nm of the CO-
complexed CYP107DY1 reduced with the different redox systems
and the peak at 450 nm of the CO-complexed CYP107DY1 reduced
with sodium-dithionite.

2.5. In vitro conversion and HPLC analysis

The in vitro conversion of the substrates was carried out
with a reconstituted system at 30°C in conversion buffer (50 mM
HEPES, pH 7.4, 20% glycerol). The reconstituted system contained
0.5 M CYP107DY1, 2.5puM BmCPR, 20 uM Fdx2, 1mM MgCl,,
5mM glucose-6-phosphate, 1U glucose-6-phosphate dehydroge-
nase for NADPH regeneration and 100 M substrate. The reaction
was started by adding NADPH (200 p.M) and stopped after 15 min
by the addition of 1 vol ethyl acetate and extracted twice., The
organic phase was evaporated under vacuum. Residuum was dis-
solved in 20% acetonitrile/water mixture and subjected to HPLC
analysis. HPLC analysis was performed using a Jasco system.
A reversed-phase ec MN Nucleodur C18 (4.0 x 125mm) column
(Macherey-Nagel) was used for all experiments at an oven tem-
perature of 40 °C. Mevastatin and its metabolite pravastatin were
eluted from the column using a gradient of acetonitrile from 20 to
100% in water over 20 min. The detection wavelength of mevastatin
and its metabolite pravastatin was 236 nm.
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2.6. Circular dichroism (CD) spectroscopy

Circular dichroism (CD) spectra were recorded at 30°C using
a JASCO ]J-715 spectropolarimeter over the wavelength range
190-260 nm for the far-UV region and 300-500 nm for the near-
UV/Vis region at a protein concentration of 2 uM (~0.1 mg/ml) and
20 (~1 mg/ml), respectively, dissolved in 10 mM potassium phos-
phate buffer pH 7.4 with the following parameters: path-length of
0.1 cm for the far-UV region and 1 cm for the near-UV/Vis region
measurement, data pitch of 0.1 nm, band width of 5nm, accumu-
lation 3 times. Spectra were recorded in triplicate and averaged.

2.7. Homology modeling of CYP107DY1 and molecular docking
with mevastatin

Using the homology modeling program Modeller 9.14 (Univer-
sity of California San Francisco, USA), a model of CYP107DY1 was
calculated using CYP107RB1 (Vdh) (PDB accession code: 3A4G)
as template. The coordinates of the heme-porphyrin atoms from
the template structure were added subsequently to the obtained
homology model. No further structural refinement of the model
was performed.

The three dimensional structure of the mevastatin molecule was
obtained from PubChem (Kim et al.,, 2016). The docking simula-
tions of the homology model of CYP107DY1 with the mevastatin
molecule were carried out using Autodock 4.0 (Morris et al., 2009).
The Windows version 1.5.6 of Autodock Tools was used to com-
pute Kollman charges for the enzyme and Gasteiger-Marsili charges
for the ligand (Sanner, 1999). 200 docking runs were carried out
applying the Lamarckian genetic algorithm using default parameter
settings.

2.8. In vivo whole-cell biotransformation

For the establishment of a CYP107DY1-dependent whole-
cell system, a tricistronic pET17b-based vector, encoding the
CYP107DY1-BmCPR-Fdx2 genes, was constructed. CYP107DY1
coding sequence was amplified and cloned via the restriction sites
Ndel/HindIIL The resulting vector (pET17b.CYP107DY1) served then
as a backbone for the cloning of BmCPR, which was amplified via
PCR and cloned with the restriction sites BamHI/Notl. Fdx2 coding
region was PCR amplified and cloned downstream CYP107DY1-
BmCPR using the restriction sites Notl/Xhol. All resulting vectors
were verified by sequencing.

E. coli C43 (DE3) cells were co-transformed with the suitable
expression vector based on pET17b, coding for CYP107DY1-
BmCPR-Fdx2, and the chaperone GroEL/GroES-coding plasmid
pGro12, which has a kanamycin resistance gene (Brixius-Anderko
et al, 2015; Nishihara et al, 1998). Transformed cells were
grown overnight in 50 ml LB broth medium supplemented with
100 pg/ml ampicillin and 50 pg/ml kanamycin at 37 °C and shak-
ing at 180 rpm. For the expression of proteins, 50 ml TB medium
containing 100 pg/ml ampicillin and 50 pg/ml kanamycin were
inoculated (1:100) with the transformed cells and cultivated at
37°C with rotary shaking at 140rpm. Protein expression was
induced at OD600 = 0.6-0.8 with 1 mM IPTG, 4 mg/ml arabinose (for
induction of GroES/GroEL expression) and 1 mM 8-ALA as heme
precursor. The temperature was then reduced to 28 °C. After incu-
bation for 24 h, cells were harvested by centrifugation (4000g) for
20min at 4°C and washed once with 1 vol of conversion buffer
(50 mM potassium phosphate buffer (pH 7.4) supplemented with
2% glycerol). After a second centrifugation, the cell pellets were
resuspended in conversion buffer to an end cell-suspension con-
centration of 60g wet cell weight (wcw)/L buffer. The substrate
mevastatin was added to a final concentration of 100 uM and the
culture was incubated for the indicated time at 30°C and 140 rpm

for 20 h. To enable higher substrate conversion, EDTA (20 mM) or
polymyxin B (32 jug/ml) was added to increase permeability and
substrate uptake of the E. coli cells (Janocha and Bernhardt, 2013;
[Kern et al., 2016). Substrate was extracted twice with the same
volume of ethyl acetate and the organic phase was evaporated
using a rotary evaporator. After that, the residues were dissolved in
the high performance liquid chromatography (HPLC) mobile phase
(20% ACN) and subjected to HPLC analysis using the same method
mentioned in Section 2.5.

3. Results and discussion
3.1. Bioinformatic analysis

The publication of the complete genome sequence of the B.
megaterium strains QM B1551 and DSM319 in 2011 (Eppinger
etal, 2011)enabled the characterization of new proteins. Recently,
we were able to identify and characterize different P450s and
related proteins from the strain DSM319 (Brill et al., 2013; Gerber
et al.,, 2015; Milhim et al., 2016). In contrast to the DSM319 strain,
strain QM B1551 harbors seven indigenous plasmids (Eppinger
etal., 2011). Sequence analysis of the indigenous plasmids showed
that plasmid number 5 (pBM500) has an open reading frame
(BMQ_pBM50008) containing 1233 base pairs, which encodes for
a protein comprising 410 amino acids with a predicted molecular
weight of about 46.742 kDa. The analysis of the BMQ_pBM50008
domains using the Pfam Database (Finn et al., 2016) for highly
conserved motifs of the P450 family proved the presence of
the heme-binding motif (F-x-x-G-x-x-x-C-x-G), the (A/G-G-x-
E/D-T-T/S) motif in the I-helix and the (E-x-x-R) motif in the
K-helix (Supplementary Fig. S1), suggesting its identification as a
cytochrome P450.

Multiple sequence alignment showed that the protein sequence
of BMQ-pBM50008 belongs to the CYP107 family. After submission
of the protein sequence of BMQ_-pBM50008 to the P450 nomen-
clature committee (Prof. Dr. David Nelson), it was found to match
best to CYP107DA1 with 49% sequence identity and, therefore, was
assigned as a new subfamily with the name CYP107DY1. CYP107 is
the largest family among bacterial P450s comprising more than
2500 subfamily members (https://cyped.biocatnet.de/sFam/107).
Besides the CYP105 family, members of the CYP107 family are
shown to be the most studied bacterial P450s that participate in
the degradation and biotransformation of a broad spectrum of
xenobiotics as well as in secondary metabolite biosynthesis, and,
therefore, are considered to be important for industrial biotech-
nology; for example CYP107BR1 from Pseudomonas autotrophica
for the activation of Vitamin D3 (Sakaki et al., 2011), CYP107E from
Micromonospora griseorubida for mycinamicin biosynthesis (Inouye
etal,, 1994), and P450..f (CYP107L) from Streptomyces platensis for
the hydroxylation of terfenadine (Lombard et al., 2011).

CYP107DY1 is the first P450 found to be encoded on a bacillus sp.
plasmid, There are only few examples of plasmid-encoded P450s
described so far in the literature, such as the CYP107A2 (LkmF) and
CYP107AP1 (LkmK) from Streptomyces rochei, which participate in
the biosynthesis of the macrolide antibiotic lankomycin (Arakawa
et al., 2006) and CYP102H1 from Nocordia farcinica that catalyzes
the hydroxylation of linoleic acid (Chung et al., 2012).

The plasmid-encoded nature of the identified P450 is very inter-
esting since the absence of CYP107 members in the genome of
B. megaterium indicates that the presence of the corresponding
gene of the CYP107DY1 on the plasmid may be due to horizon-
tal gene transfer displacement rather than intragenic transfer from
the chromosome to the plasmid. This suggests that the P450s can
play an important role in adaptation and evolution in prokaryotes.
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Fig. 1. Spectral characteristics of CYP107DY1. (A) The CO difference spectrum of CYP107DY1. (B) The UV-vis spectral characteristics of the purified CYP107DY1. The inset
shows the magnification of the spectrum in the a and 3 band region. Circular dichroism (CD) spectra in the far-UV (C) and in the near-UV/visible (D) region at a CYP107DY1
concentration of 2 LM and 20 pM, respectively, resuspended in 10 mM potassium phosphate buffer pH 7.4, The CD spectrum was recorded using the following parameters:
path length 1 mm (for far-UV) and 5 mm (near-UV/visible); time constant 2s; band pass 5 nm; number of scans 3.

3.2. Expression, purification and spectrophotometric
characterization

The DNA fragment encoding the full length CYP107DY1 was
cloned into the expression vector pET17b and expressed in E. coli
C43 (DE3). The expression levels were calculated by measuring
reduced CO difference spectrum in the cell lysate (Omura and Sato,
1964). The carbon monoxide bound form gave a typical peak max-
imum at 450 nm (Fig. 1A). The full-length CYP107DY1 was purified
in a soluble form with an expression level of 20 nmol/L. It was
previously shown that the co-expression of some P45s with chaper-
ones leads to an improvement of protein folding and thus increases
of the expression level (Arase et al., 2006; Brixius-Anderko et al.,
2015; Nishihara et al., 1998). The co-expression with the chaper-
ones GroES and GroEL also improved the expression of CYP107DY1
more than 10 times, yielding 210 nmol/L.

Besides the CO-difference spectrum, the UV-vis absorption
spectrum provides a simple technique for the characterization of
P450 enzymes. The oxidized form of substrate free CYP107DY1
exhibited a major (y) Soret peak at 417 and the smaller « and 3
bands at 567 and 535 nm, respectively (Fig. 1B), indicating a low
spin state of the heme iron in the P450. In addition, the CD spectra
of the oxidized CYP107DY1 were measured in the far-UV- and near
UV-vis region. The far-UV CD spectrum showed a negative dichroic
double band with minima at 208 and 222 nm (Fig. 1C), an indica-
tion of predominantly «-helical secondary structure (Poulos et al.,
1986, 1987; Ravichandran et al., 1993). In the near UV-vis region,
CYP107DY1 displayed two large negative signals at 350 nm and at
408 nm (Fig. 1D). These are in correspondence with the character-
istic peaks for other bacterial P450s (Lepesheva et al., 2001; Munro
et al., 1994),
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Taken together, the spectrophotometric properties of the puri-
fied CYP107DY1 indicate that the enzyme is produced in the active
form with proper heme incorporation.

3.3. Searching for a suitable redox partner

The availability of a redox partner/s is essential for studying
the functionality of CYP107DY1. By searching the ORFs around the
CYP107DY1 coding region as well as the ORFs on the seven indige-
nous plasmids of the QM B1551 strain, no redox partner (reductase
and/or ferredoxin) was identified. Therefore, we tested herein
different autologous and heterologous redox systems. As autol-
ogous electron transfer partners, the diflavin reductase BmCPR
and the ferredoxin Fdx2 of B. megaterium DSM319 were selected.
The BmCPR-Fdx2 system has been shown to support efficiently
the activity of CYP106A1 (Milhim et al., 2016). As heterologous
redox partners, the soluble Schizosaccharomyces pombe redox sys-
tem adrenodoxin reductase homologue 1 (Arh1) and its ferredoxin
(Etp1fd) as well as the bovine adrenodoxin reductase (AdR) and
adrenodoxin (Adx..qgg) were used. The redox systems Arh1-Etp1fd
and AdR-Adx4.1pg are described to transfer electrons to different
classes of P450s (Brixius-Anderko et al., 2015; Ly et al., 2012).

Based on the measurement of the reduced CO-bound spectrum
of CYP107DY1, the redox partners were tested and compared. Using
the heterologous redox partners Arh1-Etp1/d and AdR-Adx4ips
very low peaks (<5%) compared with the dithionite reduced CO dif-
ference peak at 450 nm were recovered within 5 min. In contrast,
the autologous redox partners BmCPR-Fdx2 were very efficient and
able to recover ~99.5% of the peak (Fig. 2). Therefore, the BmCPR-
Fdx2 redox system was selected for further investigations with
CYP107DY1.



PUBLICATIONS

72 M. Milhim et al. / Journal of Biotechnology 240 (2016) 68-75

** Dithionate

BmCPR-Fdx2
0.1

= = Arhi-Etp1"

=t AdRAdx,,,

0.0

Absorbance

-0.14

400 ) 4%0 . 560
Wavelength (nm)

Fig. 2. Determination of CYP107DY1 reduction using autologous and heterologous
electron transfer partners. The dithionite reduced CO-difference spectrum (short
dot line) of CYP107DY1 was compared with the NADPH reduced BmCPR-Fdx2 (solid
line), Arh1-Etp1% (dash line) and AdR-Adx,_ s (dot line) CO-complexed spectrum.
The NADPH (1 mM) reduced CO-difference spectra were recorded in a 200 pl mix-
ture of CYP/ferredoxin/reductase with a 1:40:5 molar ratio in 50 mM HEPES buffer
PpH 7.4 containing 20% glycerol (see Materials and methods).

3.4. In vitro conversion of mevastatin

The identification of suitable substrates and the characterization
of the catalytic activity of a new enzyme are significant chal-
lenges. Therefore, at first a phylogenetic based approach was used
in this study to predict a functional homolog of the new P450.
The deduced amino acid sequence of CYP107DY1 was aligned with
some related bacterial P450s with known function or substrate/s.
The aligned sequences were then used for the construction of a
neighbor-joining phylogenetic tree, which shows that CYP107DY1
is clustered with CYP267B1 from Sorrangium cellulosum So ce56
(Fig. 3). CYP267B1 belongs to the CYP107 family (http://drnelson.
uthsc.edu/Bacteria.html) and was previously characterized as a
versatile drug metabolizer (Kern et al., 2016). Therefore, using an
in vitro reconstituted assay we screened the activity of CYP107DY1
towards various pharmaceutical substrates (Supplementary Table
1). Among the 18 tested drugs, CYP107DY1 was found to metab-
olize mevastatin producing one product at a retention time of
9min (Fig. 4B) compared with the negative control (Fig. 4A). The
conversion ratio of 100 wM mevastatin within 15 min was ~30%.
The product retention time was identical to that of a pravastatin
authentic standard (Fig. 4C). The results presented in Fig. 5 showed
that CYP107DY1 activity can be supported by all tested redox sys-
tems, with an obvious higher efficiency using BmCPR-Fdx2. The
conversion ratio of the 100 wM mevastatin using Arh1-Etp1 and
AdR-Adx,4_10g as redox partners was ~5% and ~3%, respectively,
compared with when using of the BmCPR-Fdx2.

The regioselective oxyfunctionalization of the precursor mev-
astatin is crucial for the production of pravastatin, the widely
used therapeutic agent for hypercholesterolemia (Lamon-Fava,
2013). This was described previously using CYP105A3 (P450sca2)
from Streptomyces carbophilus (Matsuoka et al., 1989) and mutant
CYP105AS1 from Amycolatopsis orientalis (McLean et al., 2015).
However, CYP107DY1 is the first reported P450 of the CYP107 fam-
ily, which can highly selectively hydroxylate such statin drugs.

3.5. Homology modeling and docking of CYP107DY1 with
mevastatin

For the prediction of the three dimensional structure of
CYP107DY1, homology modeling was performed. [n order to select

@ CYP107DY1 | D5E3H2

CYP267B1 | A9ERX9

CYP107J1 | 008462
:CYP1DTK1 (PksS) | 031785
CYP267A1 | ASEN9O
CYP107H1 (biol) | P53554

CYP107E4 | COLR90

CYP107B1 | P33271

CYP107BR1 (Vdh) | C4B644

CYP107A1 (eryF) | Q00441
CYP107L1 (PiKC) | 087605

CYP109A2 | DSDF88

CYP109B1 | USU1Z3

CYP106A1 | DSDF35

CYP102E1 | DSDKI8

CYP108 | P33006

CYP102A1 | P14779

0.1

Fig. 3. Evolutionary relationships of CYP107DY1. The alignment was done with 10-
gap setting and 0.1-gap extension, with slow alignment input in ClustalW2 server.
The tree was constructed by neighbor joining algorithm with bootstrap analysis of
1000 replicates. The scale bar represents 0.1 amino acid substitution per amino acid.
The CYP107DY1 is indicated with the closed circle (@). The number next to the gene
name represents the UniProtKB accession number.

a suitable template, the amino acid sequence of the CYP107DY1
was submitted to the RCSB protein data bank BLAST server
(http://www.rcsb.org/pdb/search/advSearch.do?search=new). The
CYP107BR1 (Vdh) from Pseudonocardia autotrophica (UniProt acc.
no.: C4B644) showed a sequence identity of 40% to CYP107DY1.
The corresponding crystal structure of CYP107BR1 (Vdh) (PDB acc.
code: 3A4G) was, therefore, chosen as a structural template. The
CYP107DY1 homology model (Supplementary Fig. S2) has a typ-
ical three-dimensional P450 structure consisting of a C-terminus
relatively rich in a-helices and an N-terminus relatively rich in -
sheets. Overall, it comprises 13 a-helices designated A, B, Bi and
C-L and 12 B-sheets grouped into 5 regions. The prosthetic heme
group is embedded in the active site and surrounded by the I-helix
from the proximal side and the L-helix from the distal side. The
conserved cysteine residue (Cys360) is located in the loop region
preceding the L-helix. The key structural features of the CYP107DY1
suggest that its overall topology correlates with the general folding
properties of P450s (Supplementary Fig. S2).

Three-dimensional structures of P450s are very helpful to
understand the enzyme-substrate interaction. Therefore, mevas-
tatin was docked into CYP107DY1. In the docking simulation the
target protein was kept as rigid body. The flexible bonds of the
ligands were assigned automatically and verified by manual inspec-
tion. A cubic grid box with a size of 52 A x 52 A x 52 A was fixed
above the heme moiety to cover the whole active site of the enzyme.
As illustrated in Fig. 6, the substrate molecule is located over the
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Fig. 4. HPLC analysis of the conversion of mevastatin with CYP107DY1. In vitro
conversion of 100 M mevastatin in the (A) absence of CYP107DY1 or (B) presence
of CYP107DY1. The reaction was carried out in 50 mM HEPES buffer pH 7.4 with 20%
glycerol. The reconstituted system contained 0.5 uM CYP107DY1, 2.5 uM BmCPR,
20 uM Fdx2 and the NADPH regeneration system. The conversion was carried out
for 15min at 30°C. (C) Pravastatin authentic standard.

heme. In addition, the side chains of seven amino acid residues
(including Leu99, Leu245, Thr249, Ala250, Glu253, Thr254 and
Gly300) were found to define a cavity with mevastatin. The keto
group of the 2-methylbutanoate side chain and the hydroxyl group
on the lactone ring of the mevastatin molecule formed two hydro-
gen bonds with Thr249 and Glu253, respectively. These interactions
enable the orientation of the molecule in a position that allows
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Redox partners

AdR-Adx4-108

Fig. 5. Effect of the different redox partners on the in vitra conversion of mevastatin
by CYP107DY1. In vitro conversion of 100 wM mevastatin by CYP107DY1 using the
redox system BmCPR-Fdx2 of, Arh1-Etp1™ and AdR-Adx4 19s. The reaction was car-
ried out in 50 mM HEPES buffer pH 7.4 with 20% glycerol. The reconstituted system
contained 0.5 uM CYP107DY1, 2.5 wM reductase (BmCPR, AdR or Arh1), and 20 pM
ferredoxin (Fdx2, Etp1' or Adx4.19s) and the NADPH regeneration system. The reac-
tion was carried out for 15min at 30°C. The data is represented as mean +SD of
three separate measurements.

Fig. 6. Docking conformation of mevastatin. The ligand mevastatin is shown in
green. The distance of the C-6 atom from the heme iron is shown in yellow in A.
Some of the amino acids that form the active site of the CYP107DY1 in the presence
of mevastatin are shown and named. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

Mevastatin

Pravastatin

Scheme 1. Conversion of mevastatin to pravastatin by CYP107DY1.

atom C-6 to face the heme iron (distance ~3.5A) (Fig. 6), favor-
able for a hydroxylation at this position to produce the pravastatin
(Scheme 1), supporting our experimental data shown in Fig. 4.
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Table 1
CYP107DY1-based (") Escherichia coli Whole-cell biotransformation yield of
mevastatin.

Additives () Pravastatin yield (mg/L)
Without additives 13.2+25
Polymyxin B 179421
EDTA 285+3.1

@ E. coli C43 (DE3) cells were co-transformed with the expression vector based
on pET17b, coding for CYP107DY1-BmCPR-Fdx2, and the chaperone GroEL/GroES-
coding plasmid pGro12.

b polymyxin B and EDTA were added to a final concentration of 32 pg/ml and
20 mM, respectively.

3.6. Biotransformation of mevastatin using a whole-cell based
system

The in vitro activity of CYP107DY1 towards mevastatin was
very encouraging to address the question whether it is applica-
ble for the in vivo production of pravastatin. Therefore, and as a
proof of concept, a CYP107DY1 based E. coli whole-cell biotrans-
formation system, utilizing BmCPR and Fdx2 as redox partners,
was established. We chose E. coli as host, because, in contrast to
B. megaterium, it has the advantage that no endogenous P450 can
interfere with the desired reaction. For this purpose, a tricistronic
pET17b-based vector, expressing CYP107DY1, BmCPR and Fdx2,
was constructed. The whole-cell biotransformation was performed
with resting cells in potassium phosphate buffer instead of the ter-
rific broth complex medium, since indole, which results from the
tryptophan metabolism by E. coli, may have an inhibitory effect on
the activity of P450s (Brixius-Anderko et al., 2016; Ringle et al.,
2013).

As shown in Table 1, the whole-cell biotransformation system
yielded about 13.2 mg/L pravastatin. This amount is comparable
to the previously reported WT CYP105A3 (P450sca2) E. coli-based
whole-cell system, which yielded 12.8 mg/L pravastatin (Ba et al.,
2013a, 2013b). It was shown previously that the hindered trans-
port of the substrate into the E. coli cells is most likely responsible
for the low biotransformation ratio (Janocha and Bernhardt, 2013).
Therefore, we used the peptide antibiotic polymyxin B and the
chelating agent EDTA, which are reported to exhibit permeabiliza-
tion activity towards the outer membrane of the Gram-negative
bacteria. Concerning this, E. coli-based whole cell systems were
also designed for other P450s in our laboratory, in which optimal
concentrations of polymyxin B (32 pg/ml) and EDTA (20 mM) were
employed to achieve the highest conversion of substrates (Janocha
and Bernhardt, 2013; Kern et al,, 2016; Litzenburger et al., 2015).
The use of polymyxin B lead to an 1.3 fold increase in the pravas-
tatin production, yielding 17.9 mg/L, while the highest yield was
achieved using EDTA with an 2.2 fold increase yielding 28.5 mg/L
(Table 1), which suggests the potential of the constructed whole-
cell system in the production of pravastatin.

Novel P450s are increasingly emerging because of the availabil-
ity of many genome sequences. However, the multi-component
nature of the P450s and other factors (Bernhardt and Urlacher,
2014) limit their biotechnological use. The characterization of
CYP107DY1 and its successful employment in the in vivo pravas-
tatin production is the first step in the industrialization of
this interesting P450. The application of this novel pravastatin-
producing P450 in an industrially optimized host as recently shown
for the mutant CYP105AS1 (McLean et al., 2015) will certainly pave
the way for a successful use in a biotechnological process.

4. Conclusion

Regio- and stereoselective oxidation of non-activated carbon
atoms using P450s is of great interest for synthetic biology. The

robustness of the bacterial P450s is attractive for the industrial
production of different valuable products (Bernhardt and Urlacher,
2014). However, despite the high potential and the recent devel-
opment with respect to exploiting the P450s in biotechnological
applications, there are various challenges limiting their use in
industrial processes, for instance their dependency on electron
transfer proteins. In the recent study, we have identified, cloned
and expressed a new plasmid-encoded cytochrome P450 from B.
megaterium QM B1551, which was categorized into a new sub-
family (CYP107DY1). In addition, we were able to find a redox
system (BmCPR-Fdx2) that can efficiently support the activity of
the CYP107DY1, which enabled the identification of mevastatin as
a substrate. The successful construction of E. coli-based whole cell
system utilizing CYP107DY1 is of great importance not only for effi-
cient production of pravastatin but also for future characterization
of new substrates, functionalization of drugs and the production of
new metabolites. Further improvements, either at the cellular level
by expressing CYP107DY1 in other microorganisms (McLean et al.,
2015), or at the molecular level by rational design to improve the
activity of this P450 (Ba et al., 2013b) will contribute to the set-up
of efficient industrial processes using this novel P450.
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Supplementary Table 1. Protein sequence identity values of CYP107DY 1 with different cytochrome P450s.

Closest match with different CYP107

UniProtKB accession

Protein Abb. Natural function or substrate/s No. of aa Species Identity%® numbers.®
CYP107DY1 410 B. megaterium QM B1551 100 D5E3H2
CYP267B1 Drug metabolism 405 Sorangium cellulosumSo ce5 435 A9ERX9
CYP107B1 7-ethoxycoumarin 405 Saccharopoly sporaerythraea 41.9 p33271
CYP107K1 (PksS) Polyketide biosynthesis (bacillaene biosynthesis) 405 Bacillus subtilis(Strain 168) 41.8 031785
CYP107H1 (biol) Biotin biosynthesis 395 Bacillus subtilis(Strain 168) 40.8 P53554
CYP107J1 Testosterone enanthate 410 Bacillus subtilis(Strain 168) 40.7 008469
CYP107BR1 (Vdh) Vitamin D3 403 Pseudonocardia autotrophica 40 C4B644
CYP107L1 (PiKC) Pikromycin biosynthesis 416 Streptomyces venezuelae 39.2 087605
CYP107A1 (eryF) Erythromycin biosynthesis 404 Saccharopolyspora erythraea 36.2 Q00441
CYP107E4 Diclofenac 396 Actinoplanes sp.ATCC 53771 36 COLR90
CYP109B1 Various substrtae (e.g. (+)-valencene) 396 Bacillus subtilis 35.4 usU1Z3
CYP267A1 Drugs metabolism 429 Sorangium cellulosumSo ce5 35.3 A9EN90
CYP109A2 Steroids 403 B. megaterium DSM319 34.6 D5DF88
CYP109E1 Steroids 404 B. megaterium DSM319 32.7 D5DKI8
CYP106A1 Steroids and terpenoids 410 B. megaterium DSM319 29.1 D5DF35
CYP108 a -terpinol 428 Pseudomonas sp. 28 P33006
CYP102A1 Fatty acids 1,049 B. megaterium DSM319 18.4 P14779

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

(b) http://www.uniprot.org/
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Supplementary Table 2.

List of tested substrates with CYP107DY1

Name Structure Name Structure
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ATGARAAAGGTTACAGTTGATGATTTTAGCTCTCCAGAARATATGCACGATGTCATCGGATTTTATAAAAAACTCACTGAACATCAAGAACCTCTTATTCGTTTG
M K K v T VDDV F S S P ENMUBHEDVIGF Y K XKULTEUHUGQEUZPTULTIIZRIL

GATGATTATTACGGGTTGGGACCGGCATGGGTCGCATTACGTCATGACGATGTTGTTACGATACTAAAGAACCCCCGTTTTCTCAAAGATGTACGGAAGTTCACA
D DY Y GL GPA AWV VA ATLUZRIUEDUIDVV YV TTITULI KNUPRTEFILIEKUDUVZRIEKTFT

CCATTGCAAGATAAAAAGGATTCTATAGATGATAGCACATCTGCGAGCAAACTGTTTGAATGGATGATGAATATGCCGAATATGCTTACGGTCGATCCACCCGAT
P L Q DK KD S IDDSTSAS KULV FE EWMMDNMMEPNMTLTVDPPD

CACACTCGTTTGCGCAGGTTGGCCTCTAAAGCCTTTACGCCACGTATGATCGAGAATCTTCGACCTCGTATACAGCAGATTACCAATGAGCTATTGGATTCAGTA
H T R L R R L A S KA F TP RMTIENTI LWRUPIR RTIWGQOQTITNDNUETLTLT DSV

GAAGGAAAAAGGAATATGGATCTTGTTGCGGATTTTTCTTTTCCTCTGCCCATTATTGTCATTTCAGAGATGCTAGGGATTCCACCTTTAGATCAGAAACGATTT
E G K RNMDUL V ADV F S FPLPTITIUVISEMTLTGTIU?®PUZPULUDOQIZ KT RF

CGCGACTGGACAGATAAACTCATCAAAGCAGCTATGGATCCTAGCCAAGGGGCTGTAGTTATGGAAACACTCAAGGAGTTTATTGATTACATCAAAAAAATGCTG
R DWTD K ULIKAAMTDU PS QG AV VMETT LI KET FTIUDYTIIE KI KMMIL

GTCGAAAAGCGCAACCATCCAGACGATGATGTGATGAGTGCTTTGTTGCAAGCACATGAGCAAGAAGATAAGTTGAGCGAGAACGAGCTTCTTTCCACGATTTGG
V EKRDNUHZPUDDUD VM S A LLOQAHRE QET DI KT LSENETLTLSTTIW

CTACTCATTACAGCCGGACATGAGACGACGGCCCATCTAATCAGCAACGGCGTACTGGCGCTATTGAAGCATCCCGAACARATGCGCCTGCTTCGGGATAATCCT
L L I T A G H E T T A H UL I S NG V L AL L KU HUPUEW QMR RTULTULIRUDNP

TCTTTACTCCCCTCTGCCGTTGAAGAGCTGCTACGCTATGCCGGACCGGTCATGATTGGTGGGCGTTTTGCGGGTGAAGATATCATCATGCATGGAAAAATGATT
S L L P S AV EETLTLUZRYAGU?PVMTIGS G? RV FAGEUT DTITIMMHESGI KMMTI

CCCAAAGGTGAAATGGTGCTGTTCTCGCTGGTTGCCGCCAATATTGATTCACAGAAATTCTCTTATCCTGAGGGATTGGATATTACACGCGAGGAGAATGAGCAT
P K G EMVLFSLV AANTIDSZ QI KT FSYPESGTLU DTITUZREENEH

CTCACTTTCGGAAAAGGTATCCATCATTGTTTGGGAGCGCCTTTGGCGCGCATGGAAGCACATATCGCTTTCGGCACATTGCTTCAACGGTTTCCTGATTTACGA
L T F G K G I HHCULGAUZPI LA ARMEM AUHTIA AT FSGTULULOQIRF P DL R

TTGGCAATCGAATCGGAGCAACTGGTTTATAACAACAGCACATTGCGTTCTCTTAAAAGCTTGCCAGTTATTTTCTAA
L A I E S E QL V Y NNSTULURSULIKSULUPUVIF *

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

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

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

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

X-G-X-X-X-C-X-G).
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Supplementary Fig. S2. Homology model of CYP107DY1. A model of CYP107DY1 was calculated using

CYP107RB1 (Vdh) (PDB accession code: 3A4G) as template. The coordinates of the heme-porphyrin atoms
from the template structure were added subsequently to the obtained homology model. Program Modeller 9.14

(University of California San Francisco, USA) was used.
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170, 20p-Dihydroxy-4-pregnen-3-one (17x,20BDiOH-P) and 17x,20p,21a-trihydroxy-4-pregnen-3-one
(20P0H-RSS) are the critical hormones required for oocyte maturation in fish. We utilized B. mega-
terium's endogenous 20P-hydroxysteroid dehydrogenase (203HSD) for the efficient production of both
progestogens after genetically modifying the microorganism to reduce side-product formation. First, the
gene encoding the autologous cytochrome P450 CYP106A1 was deleted, resulting in a strain devoid of
any steroid hydroxylation activity. Cultivation of this strain in the presence of 17a-hydroxyprogesterone
(170t0H-P) led to the formation of 17,20 -dihydroxy-4-pregnen-3-one (17, 20¢DiOH-P) as a major and
170,,20PDiOH-P as a minor product. Four enzymes were identified as 200HSDs and their genes deleted to
yield a strain with no 20HSD activity. The 3-oxoacyl-(acyl-carrier-protein) reductase FabG was found to
exhibit 20BHSD-activity and overexpressed to create a biocatalyst yielding 0.22 g/L 17c,20pDiOH-P and
0.34 g/L 20POH-RSS after 8 h using shake-flask cultivation, thus obtaining products that are at least a

1701,20[3,21 Q-Trihydroxy-4-pregnen-3-one

MIH thousand times more expensive than their substrates.
© 2016 International Metabolic Engineering Society. Published by Elsevier Inc. All rights reserved.

1. Introduction

The oocyte maturation inducing hormones (MIHs)
170,,20PDiOH-P and 20BOH-RSS are the main progestogens in
teleosts. In female fishes, MIH production in the ovarian follicle
layers is stimulated by gonadotropin synthesized in the pituitary.
MIH induces the formation of the maturation promoting factor
(MPF) leading to further oocyte maturation (Nagahama and
Yamashita, 2008). In addition, MIHs are produced in the testis of
male and, among other functions, regulate spermiation and sperm
motility (Scott et al, 2010). Both MIHs are produced from

Abbreviations: AKR, aldo-keto reductase; 170H-P, 17a-hydroxyprogesterone;
170,200DiOH-P, 17¢t,200¢-dihydroxy-4-pregnen-3-one; 170|:.ZUﬁDiOH—P, 170(,2[)[5-
dihydroxy-4-pregnen-3-one; 2030H-RSS, 17a,200,210-trihydroxy-4-pregnen-3-
one; DOC, 11-deoxycorticosterone; FabG, 3-oxoacyl-(acyl-carrier-protein) reduc-
tase; HSD, hydroxysteroid dehydrogenase; LB, lysogeny broth; MIH, maturation
inducing hormone; MPF, maturation promoting factor; NMR, nuclear magnetic
resonance; ORF, open reading frame; PHB, poly(3-hydroxybutyrate); RP-HPLC,
reverse phase high performance liquid chromatography; RSS, 11-deoxycortisol;
SOE-PCR, splicing by overlapping polymerase chain reaction; TB, terrific broth; Upp,
uracil phosphoribosyltransferase

* Corresponding author.

E-mail address: ritabern@mx.uni-saarland.de (R. Bernhardt).
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cholesterol in a series of reaction steps involving the cytochromes
P450 CYP11A1, CYP17, CYP21 as well as 3p- and 203HSD.

The administration of MIHs to different species of aquacultured
fish has been extensively investigated and shown to greatly
increase spawning rates due to, for instance, overcoming ovulation
disorder, improving sperm volume and concentration, attracting
fish to spawning sites and induction of ovulation (Yamamoto et al.,
2015; Martins Pinheiro et al., 2003; Hong et al., 2006; Haider and
Rao, 1994; King and Young, 2001; Ohta et al., 1996; Miwa et al,,
2001). Induced spawning is of particular interest for economically
significant species of fish that do not reproduce spontaneously
under captive cultivation conditions (Lee and Yang, 2002). How-
ever, the widespread use of both synthetic MIHs in aquacultures
has been hindered by their high cost.

Steroid hormones are produced mainly through a combination
of chemical and microbial conversion steps, since single-step ste-
reospecific modifications of the unreactive steroid nucleus by
chemical means alone are often not possible (Donova and Egorova,
2012). The chemical synthesis of 170, 20PDiOH-P is tedious,
requiring multiple reaction steps to prepare the steroid stereo-
selectively. One method to produce the progestogen includes the
chlorination, dechlorination and reduction of RSS to produce the
substance with an overall yield of 64 % (Ouedraogo et al.,, 2013).
Another approach consists of reducing 170H-P by NaBH, in

1096-7176/@ 2016 International Metabolic Engineering Society. Published by Elsevier Inc. All rights reserved.
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Table 1

List of B. megaterium strains and plasmids used in this study.
Strains or plasmids Description Reference
Strains
MS941 Mutant of DSM319, AnprM (extracellular protease) Wittchen and Meinhardt (1995)
GHH1 Mutant of MS941, Aupp (selection marker) Gerber et al. (2015)
GHH2 Mutant of GHH1, Acypl06A1 This study
GHH5 Mutant of GHH2, ABMD_0912 (20aHSD) This study
GHH6 Mutant of GHHS, ABMD_1068 (20xHSD) This study
GHH7 Mutant of GHH6, ABMD_3715 (20«HSD) This study
GHHS Mutant of GHH7, ABMD_1595 (20«HSD) This study
Plasmids
PSMEF2.1 Backbone vector for protein overexpression Bleif et al. (2012)
pSMF2.1_0912 Expression of BMD_0912 (20« HSD) This study
PSMF2.1_1595 Expression of BMD_1595 (20« HSD) This study
pSMF2.1_1068 Expression of BMD_1068 (20aHSD) This study
pPSMF2.1_3715 Expression of BMD_3715 (20aHSD) This study
PSMF2.1_FabG Expression of FabG (20pHSD) This study
pUCTV2_Upp Backbone vector for gene deletion Gerber et al. (2015), based on Wittchen and Meinhardt (1995)
pUCTV2_Upp_aA106A1 Genomic deletion of cypl06A1 This study
pUCTVZ2_Upp_a0912 Genomic deletion of BMD_0912 This study
pUCTV2_Upp_a1595 Genomic deletion of BMD_1595 This study
pUCTV2_Upp_aA1068 Genomic deletion of BMD_1068 This study
pUCTV2_Upp_a3715 Genomic deletion of BMD_3715 This study

methanol, resulting in a ~30 % yield of 17a,208DiOH-P (Kovganko
et al, 2001). In microbial fermentations with strains of B. mega-
terium, Yarrowia lipolytica, Saccharemyces cerevisiae or Bifido-
bacterium adolescentis 170,20PDiOH-P appeared only as a minor
side-product (Shkumatov et al., 2003; Winter et al., 1982; Kosh-
cheenko et al., 1976). Genetically engineered microorganisms are
often used to increase the accumulation of desired products by, for
instance, deletion of genes to avoid by-product formation (Yao et
al., 2014), augmenting the activity of endogenous enzymes by
overexpression (Yao et al, 2013) or mutagenesis (Hunter et al,,
2011), or increasing the tolerance of the organism towards meta-
bolite and substrate stress (Nicolaou et al.,, 2010).

In this study, we present a genetically modified B. megaterium
strain allowing the high yield production of both 17,20pBDiOH-P
and 20POH-RSS from cheap steroid precursors. This Gram-posi-
tive, rod-shaped bacterium has gained considerable interest in
recent years as a recombinant expression host due to its high
protein production capacity, plasmid stability, ability to take up a
variety of hydrophobic substrates as well as its large cell size,
which allows detailed microscopic analyses (Vary et al., 2007). Like
other Bacillus species, B. megaterium can be genetically engineered
through homologous recombination with exogenous DNA, with or
without applying a marker gene (Dong and Zhang, 2014). The
classic procedure consists of protoplast transforming cells with the
deletion vector, the integration of parts of the vector into the
chromosome, screening the target locus for the mutation by PCR
and finally curing the vector from the cells (Biedendieck et al.,
2011). A more recent approach allows the one-step deletion of
genes by using a transconjugation protocol with Escherichia coli as
plasmid-donor cells (Richhardt et al., 2010). B. megaterium has
been shown to be particularly suitable for the bioconversion of
hydrophobic steroidal compounds, including cholesterol and
analogs (Gerber et al., 2015), natural steroid hormones derived
from cholesterol such as pregnenolone and dehydroepiandroster-
one (Schmitz et al, 2014), synthetic steroid hormones such as
prednisolone and dexamethasone (Kiss et al, 2015) and the
secosteroid vitamin D3 (Ehrhardt et al.,, 2016). The genome of B.
megaterium DSM319, the precursor of the strain used in this study,
contains the gene for the cytochrome P450 CYP106A1, resulting in
an endogenous steroid hydroxylation activity. Cytochromes P450
form a superfamily of heme-thiolate proteins, which are, in bac-
teria, mainly involved in the metabolism of xenobiotics and the

production of secondary metabolites (Bernhardt, 2006; Bernhardt
and Urlacher, 2014). CYP106A1 is able to convert a wide variety of
steroids, including testosterone, progesterone, 17-hydro-
Xyprogesterone, RSS, DOC and cortisol (Kiss et al., 2015).

The aim of this study was to construct a biocatalyst for the
production of the fish progestogens 17«,20pPDiOH-P and 2030H-
RSS by utilizing an endogenous 20BHSD and abolishing side-
product formation from the likewise endogenous CYP106A1 and
four 20cHSDs through genetic engineering.

2. Materials and methods
2.1. Materials

20B0H-RSS (4-pregnen-17w,20p3,21-triol-3-one, catalog ID:
Q4080-000), 20pOH-cortisol (4-pregnen-11f, 17, 20p, 21-tetrol-3-
one, Q3790-000) and 20POH-cortisone (4-pregnen-17, 2003, 21-
triol-3, 11-dione, Q3960-000) were purchased from Steraloids.
170H-P (4-pregnen-17u-ol-3,20-dione, H5752) RSS (4-Pregnene-
17a,21-diol-3,20-dione, R0500), cortisol (4-pregnen-11f,170,21-
triol-3,20-dione, H4001), cortisone (pregnen-17a,21-diol-3,11,20-
trione, C2755) and 17a,20aDiOH-P (4-pregnen-17, 20B-diol-3-one,
P6285), xylose (95729), tetracycline (T7660), ethyl acetate (34858)
and acetonitrile (34851) were from Sigma-Aldrich. LB broth
(244610), yeast extract (212750) and tryptone (211705) were
obtained from Becton Dickinson.

2.2. Molecular cloning and gene deletion

All plasmids were constructed by conventional cloning using
restriction enzyme digestion and ligation. E. coli strain TOP10
(Invitrogen) was used for the propagation of plasmids. B. mega-
terium was transformed according to the PEG-mediated protoplast
transformation method (Biedendieck et al., 2011). Table 1 lists all
plasmids used in this study. Plasmid maps displaying backbone
vectors and the restriction sites used for cloning are depicted in
Supplemental Fig. 1. The xylose-inducible vector pSMF2.1 was
used as a backbone for the overexpression of genes. ORFs of
BMD_0912, BMD_1595, BMD_1068, BMD_3715 and FabG were
amplified from genomic DNA of B. megaterium MS941 and cloned
into pSMF2.1. Genomic DNA was prepared using a genomic DNA
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isolation kit (nexttec). For gene deletions, pUCTV2_Upp was used
as a backbone vector (Gerber et al., 2015; Wittchen and Meinhardt,
1995). The knockout of cypl06A1, BMD_0912, BMD_1595,
BMD_1068 and BMD_3715 was carried out as previously described
(Gerber et al., 2015). In brief, flanking regions of the target genes
were amplified from genomic DNA, fused via splicing by over-
lapping extension (SOE)-PCR and cloned into pSMF2.1_Upp
(Table 1). B. megaterium was transformed with the resulting
plasmids, grown colonies streaked out on minimal medium agar
plates (Gerber et al., 2015) and incubated overnight at 42 °C.
Colonies were then plated on minimal medium agar plates con-
taining 1puM 5-fluorouracil and again incubated overnight.
Resulting colonies are plasmid-free and can be screened for target
gene deletion by PCR. All primers used in this study are listed in
Supplemental Table 1.

2.3. B. megaterium cultivation conditions and in vivo substrate
conversions

Precultures of B. megaterium were started by inoculating LB-
medium (25 g/L) with cells from a glycerol stock or colony and
incubated overnight at 30°C and 180 rpm shaking. TB-medium
(24 g/L yeast extract, 12 g/L tryptone, 0.4% glycerol, 100 mM
potassium phosphate buffer, pH 7.4) was used for the main cul-
tures, which were inoculated 1:100 with the precultures. For cells
harboring pSMF2.1 or pUCTV2 derivatives, tetracycline was added
to the cultures to a final concentration of 10 pg/mL. Recombinant
protein expression was induced at an optical density of ca. 0.4 at
600 nm by adding xylose dissolved in water to a final concentra-
tion of 0.5% (w/v). For the assessment of intrinsic CYP106A1,
200HSD and 20BHSD activities, substrates were added in the early
logarithmic growth phase (approximately 2 h after inoculation of
the main culture), after being dissolved in ethanol (stock solutions:
14. 9 mM progesterone, 15 mM 170H-P, final ethanol concentra-
tion in the cultures: 2%). For in vivo conversions with over-
expressed FabG, the substrate was added 20h after protein
induction, to achieve highest possible product yields (stock solu-
tions: 25 mM 170H-P and RSS, final ethanol concentration in the
cultures: 4%).

2.4. Culture sample treatment and RP-HPLC analysis

1 mL culture samples were taken at different time points and
extracted twice with equal volumes of ethylacetate. In case of the
200HSD activity measurements, progesterone was added as an
internal standard prior to that to account for extraction loss. After
evaporation, the extracts were dissolved in 10% (v/v) acetonitrile in
water. Gradient RP-HPLC analysis was carried out using a 125/4
Nucleodur C18 column (Macherey & Nagel) on a device manu-
factured by Jasco with detection at a wavelength of 240 nm. 10%
(v/v) acetonitrile in water was used as mobile phase on channel A,
pure acetonitrile on channel B. For all HPLC measurements the
following method was used: 0-3.5 min: 100% A, 3.5-22 min: 100%
A to 70% A, 22-25min: 70% A to 0% A, 25-30 min: 0% A, 30-
35 min: 100% A. The flow rate was 1 mL/min, column oven tem-
perature was 40 °C. Purification of products for NMR analysis was
performed with a VP 250/8 Nucleodur 100-5 C18 ec column,
applying the above method with a flow rate of 4 mL/min. In order
to quantify product yields, firstly absence of steroid degradation
with strain GHH8 (Supplemental Fig. 2) and similarity of molar
extinction coefficients of substrates and products (Supplemental
Fig. 3) were verified. For the quantification, the product peak area
was divided by the sum of product and substrate areas. The
resulting quotient was multiplied with the applied substrate
concentration. Molar concentrations of the products were then
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converted to mass concentrations (mg/L) based on their molecular
weight.

2.5. NMR characterization of the metabolites P3-P5

The NMR spectra were recorded in CDCl; and DMSO-dg (only
P3) with a Bruker DRX 500 or a Bruker Avance 500 NMR spec-
trometer at 298 K. The chemical shifts were relative to CHCl; at &
7.26 (*H NMR) and CDCl; at & 77.00 (**C NMR) or to DMSO at &
2.50 ('H NMR) respectively using the standard & notation in parts
per million. The 1D NMR ('H and *C NMR) and the 2D NMR
spectra (gs-HH-COSY and gs-HSQCED) were recorded using the
BRUKER pulse program library.

In contrast to S2, 17«-hydroxyprogesterone, the NMR data of its
conversion products P3 and P4 lacked a carbonyl function at C-20.
Therefore, resonances of an additional secondary hydroxyl group
appeared in both spectra sets indicating that P3 (20a-OH) and P4
(20B-0H) were epimers concerning the hydroxyl group at C-20.
Their spectra matched perfectly with those of commercially
available reference compounds and were in agreement with data
in literature (P3: (Wishart et al., 2013), P4: (Hunter and Carragher,
2003)).

P5 was found to be the 20p-hydroxy derivative of S3, 11-
deoxycortisol. Its NMR data were in good accordance with those
from literature (Hunter and Carragher, 2003) and its 'H and *C
NMR spectra showed identical resonances when compared with
those recorded with an authentic sample.

P3: 17a, 20a-Dihydroxy-4-pregnen-3-one (17,200, DiOH-P).

TH NMR (DMSO-ds, 500 MHz): & 0.68 (s, 3xH-18), 0.82 (ddd,
J=12.4,10.9 and 4.0 Hz, H-9), 0.96 (qd, /=13.0 and 4.2, H-7a), 1.02
(d, J=6.3 Hz, 3xH-21), 1.09 (m, H-15a), 1.14 (s, 3xH-19), 1.32 (qd,
J=13.0 and 4.0 Hz, H-11a), 1.41 (dt, J= 13.0 and 4.0 Hz, H-12a), 1.49
(m, H-11b), 1.52 (m, H-8), 1.57 (m, H-16a), 1.58 (m, H-15b), 1.60 (m,
H-1a), 1.64 (m, H-12b), 1.70 (m, H-14), 1.78 (m, H-7b), 1.91 (t,
J=11.8 Hz, H-16b), 1.95 (ddd, J=13.5, 5.1 and 3.5 Hz, H-1b), 2.14
(dt, J=16.7 and 3.5 Hz, H-2a), 2.24 (ddd, [=14.5, 3.7 and 2.2 Hz,
H-6a), 2.39 (ddd, J=16.7, 14.5 and 5.1 Hz, H-2b), 2.40 (m, H-6b),
3.52 (s, OH-17), 3.60 (quint, J=6.3 Hz, H-20), 4.15 (d, J=6.3 Hz, OH-
20), 5.62 (br s, H-4). "TH NMR (CDCls, 500 MHz): & 0.77 (s, 3xH-18),
0.97 (ddd, J=12.4, 10.7 and 3.8 Hz, H-9), 1.10 (dddd, J=13.7, 12.9,
11.7 and 4.5, H-7a), 1.19 (s, 3xH-19), 1.20 (d, J=6.3 Hz, 3xH-21),1.22
(m, H-15a), 1.42 (m, H-11a), 1.58 (m, 2H, H-8 and H-12a), 1.61 (m,
H-11b), 1.70 (m, H-12b), 1.71 (m, H-1a), 1.74 (m, H-16a), 1.77 (m,
H-14), 1.78 (m, H-15b), 1.86 (dddd, J=12.9, 5.6, 3.6 and 2.5, H-7b),
2.02 (ddd, J=13.5, 5.1 and 3.2 Hz, H-1b), 2.06 (m, H-16b), 2.28
(ddd, 14.7, 4.5 and 2.5 Hz, H-6a), 2.35 (dddd, J=17.1, 5.0, 3.2 and
1.0 Hz, H-2a), 2.39 (m, H-6b), 2.41 (ddd, J=171, 14.5 and 5.1 Hz,
H-2b), 3.86 (q, J=6.3 Hz, H-20). 5.73 (br s, H-4). >C NMR (CDCls,
125 MHz): & 14.06 (CHs, C-18), 17.38 (CHa, C-19), 18.52 (CH3, C-21),
20.49 (CHy, C-11), 23.34 (CHj, C-15), 30.94 (CH3, C-12), 31.95 (CH3,
C-7), 32.87 (CH,, C-6), 33.93 (CH,, C-2), 35.48 (CH, C-8), 35.68
(CHa, C-1), 37.69 (CH5, C-16), 38.52 (C, C-10), 45.64 (C, C-13), 50.54
(CH, C-14), 53.26 (CH, C-9), 72.28 (CH, C-20), 85.37 (C, C-17),
123.89 (CH, C-4), 171.22 (C, C-5), 199.53 (C, C-3).

P4: 17w, 20B-Dihydroxy-4-pregnen-3-one (17ct,20p,DiOH-P).

'"H NMR (CDCl;, 500 MHz): 8 0.85 (s, 3xH-18), 0.97 (ddd,
J=12.5,10.7 and 4.0 Hz, H-9), 1.08 (dddd, J=13.7,12.9, 11.7 and 4.5,
H-7a), 1.16 (m, H-15a), 1.18 (d, /=6.3 Hz, 3xH-21), 1.19 (s, 3xH-19),
1.43 (m, H-11a), 1.46 (m, H-16a), 1.55 (m, H-8), 1.58 (m, H-11b), 1.59
(m, H-12a), 1.66 (m, H-16b), 1.70 (m, H-1a), 1.71 (m, H-14), 1.74 (m,
2H, H-12b and H-15b), 1.84 (dddd, J=13.0, 5.5, 3.5 and 2.5, H-7b),
2.02 (ddd, J=13.5, 5.1 and 3.1 Hz, H-1b), 2.27 (ddd, 14.7, 4.5 and
2.5 Hz, H-6a), 2.35 (dddd, /=170, 4.8, 3.2 and 1.0 Hz, H-2a), 2.40
(m, H-6b), 2.41 (ddd, J=17.0, 14.5 and 5.0 Hz, H-2b), 4.04 (q, =
6.3 Hz, H-20). 5.72 (br s, H-4), 13C NMR (CDCls, 125 MHz): & 15.09
(CH3, C-18), 17.37 (CH3, C-19), 18.73 (CH3, C-21), 20.58 (CH, C-11),
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23.73 (CHy, C-15), 31.98 (CH,, C-7), 32.08 (CHa, C-12), 32.89 (CHa,
C-6), 33.78 (CHa, C-16), 33.93 (CHa, C-2), 35.64 (CH,, C-1), 35.74
(CH, C-8), 38.56 (C, C-10), 47.13 (C, C-13), 49.60 (CH, C-14), 53.37
(CH, C-9), 70.32 {CH, C-20), 84.97 (C, C-17), 123.79 (CH, C-4), 171.55
(C, C-5),199.72 (C, C-3).

P5: 17a, 20, 21-Triyhydroxy-4-pregnen-3-one (2030H-RSS).

'TH NMR (CDCls;, 500 MHz): & 0.85 (s, 3xH-18), 0.97 (ddd,
J=12.5,10.7 and 4.2 Hz, H-9), 1.09 (dddd, J—13.8,12.9, 11.7 and 4.5,
H-7a), 119 (s, 3xH-19), 1.23 (m, H-15a), 1.44 (m, H-11a), 1.58 (m,
3H, H-8, H-12a and H-16a), 1.62 (m, H-11b), 1.69 (m, H-14), 1.72 (m,
H-1a), 1.78 (m, H-16b), 1.79 (m, H-15b), 1.86 (m, H-12b), 1.87 (m,
H-7b), 2.04 (ddd, J=13.5, 5.1 and 3.1 Hz, H-1b), 2.28 (ddd, H=14.7,
45 and 2.5Hz, H-6a), 2.37 (dddd, J=17.0, 4.8, 3.2 and 1.0 Hz,
H-2a), 2.41 (m, H-6b), 2.44 (ddd, J=17.0, 14.5 and 5.0 Hz, H-2b),
3.77 (m, H-21a), 3.83 (m, 2H, H-20 and H-21b), 5.73 (br s, H-4). 13C
NMR (CDCls, 125 MHz): & 15.12 (CHs, C-18), 17.37 (CHs, C-19),
20.65 (CH,, C-11), 23.84 (CH,, C-15), 31.99 (CH,, C-7), 31.74 (CH,,
C-12), 32.87 (CH,, C-6), 33.22 (CHy, C-16), 33.92 (CH,, C-2), 35.65
(CHj, C-1), 35.75 (CH, C-8), 38.56 (C, C-10), 47.41 (C, C-13), 49.04
(CH, C-14), 53.39 (CH, C-9), 64.69 (CH,, C-21), 73.15 (CH, C-20),
85.18 (C, C-17), 123.82 (CH, C-4), 171.46 (C, C-5), 199.72 (C, C-3).

3. Results and discussion

3.1. Gene deletion of the innate steroid hydroxylase CYP106A1
First, in order to assess a potential HSD activity of B. megaterium
strain GHH1 towards 170H-P and RSS, the endogenous gene
encoding the cytochrome P450 CYP106A1 was deleted, to con-
struct a strain lacking any interfering steroid hydroxylase activity.
The remaining innate cytochromes P450 are CYP102A1 (BM-3),
CYP109E1 and CYP109A2. Wild-type BM-3 has not been reported
to be involved in steroid metabolism. CYP109E1 and CYP109A2 did
not show any activity towards common C21-steroids, as measured
in our laboratory (unpublished data). B. megaterium strain GHH1 is
a derivative of strain MS941 and differs only in the knockout of the
upp gene, which was used as a counter-selection marker during
the gene deletion experiments (Table 1 lists all strains used in this
study) and still contains intact ORFs encoding the aforementioned
cytochromes P450.
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Cultivation of strain GHH1 in presence of the model substrate
progesterone led to the formation of two products, with a sub-
strate conversion rate of up to 20 % after 24 h. This is in agreement
with results of Lee et al. (Lee et al., 2015), who describe the for-
mation of a mono- and a dihydroxyprogesterone by CYP106A1
from B. megaterium ATCC 14581 (98.8 % amino acid identity with
CYP106A1 from GHH1) with progesterone as substrate, as deter-
mined by mass spectrometry. We deleted the gene for CYP106A1
by transforming B. megaterium with vector pUCTV2_Upp_A106A1
(plasmid maps of the backbone vectors and used restriction sites
for cloning be found in Supplemental Fig. 1), containing flanking
regions of the target gene fused by SOE-PCR, to subsequently
undergo the knockout procedure, as described previously (Gerber
et al,, 2015). The promoter of the CYP106A1 gene was kept intact
to avoid negative effects on the transcription of genes downstream
of the ORF. The genomic DNA of resulting colonies was screened
for the deletion by PCR. A colony containing the deletion was
identified and designated as GHH2.

Fig. 1A displays an agarose gel with genomic DNA of GHH1
(lane 1), the knockout vector (lane 2) and genomic DNA of GHH2
(lane 3) as template. The amplified DNA produced with DNA of
GHH2 as template is truncated by approximately 1000 bp com-
pared with GHH1 and exhibits the same size as the band produced
with the knockout vector as a template indicating the deletion of
the CYP106A1 gene. The knockout of CYP106A1 was further ver-
ified by carrying out in vivo whole cell conversions with proges-
terone as substrate followed by a RP-HPLC analysis. As evidenced
in Fig. 1B, no products of CYP106A1 catalysis were formed with
strain GHH2.

3.2. Invivo formation of 20~ and 20f-reduced products with 170H-
P as substrate

The next step was to investigate the formation of products of
potential endogenous HSD activities with the newly obtained
strain GHH2. All HSD reactions carried out in this study are sum-
marized in Fig. 2.

The incubation of GHH2 with 170H-P (52) as a model substrate
resulted in the formation of a major (P3) and a minor (P4) product,
as assessed by RP-HPLC (Fig. 3). Product P3 was purified and a
subsequent NMR analysis (see Section 2.5) revealed it to be

S1

800 -

GHH1
—— GHH2

Retention time (min)

Fig. 1. Agarose gel electrophoresis and in vivo steroid conversion confirming CYP106A1 deletion. A: Screening for the knockout was performed by PCR, applying primers
106Afor and 106Brev which were used for the construction of the deletion construct by SOE-PCR (primer name and sequences are listed in Supplemental Table 1). A colony
containing the knockout was identified and designated as strain GHH2. Agarose gel electrophoresis displaying amplified DNA with genomic DNA of the parent strain GHH1
(lane 1), knockout vector pUCTV2_Upp_A106A1 (lane 2) and genomic DNA of strain GHH2 (lane 3) as template (M: SmartLadder DNA marker (Eurogentec)). The major band
in lane 3 is truncated by circa 1000 bp compared with the control DNA from strain GHH1 and corresponds to the band produced with the knockout vector as template (lane
2). B: RP-HPLC chromatogram showing the in vivo conversion of progesterone (51, final concentration 300 pM) with strains GHH1 (gray) and GHH2 (black) after 24 h. The
two CYP106A1 products formed by strain GHH1, P1 and P2, are not present in cultures of GHH2.
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Fig. 2. Summary of the catalyzed HSD reactions described in this study. 52: 17«-
hydroxyprogesterone (170H-P), P3: 17u,20e-dihydroxy-4-pregnen-3-one (17u,20a-
DiOH-P), P4: 17«,20¢-dihydroxy-4-pregnen-3-one (17¢,20p-DiOH-P), S3: 11-deox-
yeortisol (RSS), P5: 2080H-RSS.
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Fig. 3. Identification of 20a- and 20p-reduced products of 170H-P. The HPLC-
chromatogram shows the in vive conversion of 170H-P (52, final concentration
300 uM) with B. megaterium strain GHH2 (black) after 24 h. 170,20aDiOH-P (P3)
was formed as a major, 17«,20pDiOH-P (P4) as a minor product (gray: authentic
170,20pDiOH-P standard). Additional peaks appearing during the first 10 min are
also present in B. megaterium cultures incubated without the substrate 170H-P
(Supplemental Fig. 4).

17,200-dihydroxy-4-pregnen-3-one  (17a,20a-dihydroxyproge-
sterone, 4-pregnene-17x,20x-diol-3-one, 17¢,200DiOH-P), while
the minor product P4 exhibited the same retention time as an
authentic standard of the target product 17¢,20B-dihydroxy-4-
pregnen-3-one (170, 20p-dihydroxyprogesterone, ~4-pregnene-
17a,20p-diol-3-one, 17a,20PDiOH-P) on the HPLC. The structure of
P4 was further verified by NMR analysis (Section 2.5).

3.3. Identification and genomic deletion of 20atHSDs

To remove the strain’s unwanted 200HSD activity for the
exclusive production of 20f-reduced steroids, as a next step
potential 20aHSDs were identified from B. megaterium, their
activities verified by overexpression experiments and their genes
finally deleted.
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Using MegaBac v9 (http://megabac.tu-bs.de), the genome of B.
megaterium was scanned for potential HSDs applying amino acid
sequences of human, bovine and rat 200¢HSDs as references. The
open reading frames (ORF) of potential candidates were amplified
from genomic DNA and cloned into vector pSMF2.1 under the
control of a strong Xylose-inducible promoter. B. megaterium
GHH2 was transformed with the resulting plasmids. The 200tHSD
acitivity of the different recombinant strains towards the substrate
170H-P was assessed by HPLC after carrying out in vivo whole-cell
conversions. The following four ORFs were identified as putative
200HSD-encoding genes: BMD_0912 (annotated as oxidor-
eductase, aldo/keto reductase family), BMD_1068, BMD_1595 and
BMD_3715 (all three annotated as a 2,5-diketo-D-gluconic acid
reductase A). All four proteins belong to the NAD(P)(H) utilizing
superfamily of aldo-keto reductases (AKRs) present in nearly all
phyla. These mostly soluble oxidoreductases are involved in the
reduction of aldehydes and ketones to primary and secondary
alcohols during the phase | metabolism of xenobiotics and act on a
broad range of substrates including lipids, prostaglandins, chemi-
cal carcinogens and steroids (Penning, 2015). Fig. 4A displays an
exemplary HPLC chromatogram from the in vivo conversion of
170H-P with strain GHH2 transformed with either pSMF2.1_0912
(expressing BMD_0912) or the empty backbone vector pSMF2.1 as
a control after 20 hours. In comparison with the control strain,
formation of 17a,200DiOH-P is significantly increased while the
substrate is almost completely depleted in the culture of the
200tHSD overexpressing strain. The time course of the product
formation for all 200HSD overexpressing strains compared with
the control strain pictured in Fig. 4B demonstrates that all
200tHSDs are able to carry out both the reduction and oxidation
reaction. 17a,200DiOH-P peak areas were normalized through
multiplication by the quotients of the optical densities of the
control strain, harboring the empty backbone vector pSMF2.1, and
each 20aHSD-overexpressing strain to account for negative or
positive effects of the produced proteins on cell growth, which
could influence 170,20DiOH-P production. The formation of
17,200DiOH-P is peaking during the first 20 h with the recom-
binant strains, then declines after being oxidized again, reaching a
concentration comparable with the control strain. Oxidase or
reductase activities of AKRs is determined by the prevailing ratio
of NAD(P)H to NAD(P)+ in the cells (Rizner et al., 2003), which
likely leads to the decrease in concentration of 17x,20x-DiOH-P
after 6 h in the cultures, due to NAD(P)H depletion. Each 20aHSD
was deleted stepwise in the same way as described for the
knockout of CYP106A1 and the in vivo activity assessed after each
deletion step. The final strain was designated as GHHS8 (Table 1).
Fig. 4C summarizes the allelic state of strain GHH8 in comparison
with GHH2, as verified by PCR. All four 20a¢HSDs have been
truncated by approximately 800 bp. Whole-cell conversions with
GHH2 and GHHS8 were carried out, applying 170H-P as substrate.
After 72 h, no 170,20aDiOH-P formation could be observed with
the 200tHSD-devoid strain (Fig. 4D). Lastly, strain GHH8 exhibited
no difference in growth rate compared with the parental strain
MS941, one of the most frequently applied and commercially
available B. megaterium strains for biotechnological purposes
(Fig. 4E), indicating that the combined gene deletions had no
negative effects on the B. megaterium metabolism, at least under
laboratory conditions.

3.4. Identification of B. megaterium 203 HSD FabG and application
for the production of 20-reduced steroids

After construction of strain GHH8 lacking any steroid hydro-
xylase and 200HSD activity, the responsible 20BHSD was identi-
fied from B. megaterium’s genome and overexpressed to establish a
whole-cell system for the production of 20p-reduced steroids.



PUBLICATIONS

24

A. Gerber et al. / Metabolic Engineering 36 (2016) 19-27

Ao, P3 R
— 180
2 GHH2 +
<L 500 —— GHH2 + pSMF2.1_0912 = 160, —I—pgngl -
- = —-@-p! W
£ P3 GHH2 + pSMF2.1 o E "] i i
= QS ] —y— pSMF2.1_1068
o © —4—pSMF2.1_3715
X @ E 100
N N ;
i 80 4
5 T o
- = N 60 4
= g2
[e] Z® 40
2 )
Q Q. 20
< o]

0 10 20 30 40 50
Time (hour)

O
@)

P3

~ 1
' ' ‘ ' g S
= . L Bl P =, ———GHH8 + 170H-P
3000 bp— i A u i S 504 — GHH2 + 170H-P
2500 bp—— E
2000 bp— . ! C 400
o
<
-t el O\ 300 4
y c
. - S 20 4
S
o— 8 100
Q
<

04

Optical density 600 nm Tl

T T T T

2 4 6 8
Incubation time (h)

Fig. 4. Identification and genomic deletion of B. megaterium 20«HSDs. A: Exemplary HPLC-chromatogram displaying the in vivo conversion of 170H-P (S2) with strain GHH2
either transformed with pSMF2.1_0912 (black), encoding the 20«¢HSD BMD_0912, or the empty vector pSMF2.1, as a control. 17«,20aDiOH-P (P3) formation is significantly
increased with the BMD_0912 overexpressing strain (inset: zoomed in P3 peak, IS: internal standard progesterone). B: Time course of 17«,20«DiOH-P formation with the
control strain and the 200HSD overexpressing strains. After 6 hours, the 20aHSD overexpressing strains showed drastically increased product yields compared with the
control strain. Each 20aHSD catalyzed both the reduction and oxidation reaction, leading to a decline of 17«,20aDiOH-P yield at later cultivation stages. Product areas were
normalized to the optical density of the control strain, taking extraction loss into account by use of the internal standard. C: Agarose gel electrophoresis after PCR with
genomic DNA of strain GHH2 and GHHS8 applying primers that flank the locus of each specific 20aHSD (0912Afor/0912Brev, 1595Afor/1595Brev, 1068Afor/1068Brev and
3715Afor[3715Brev). All four 20aHSDs are truncated by ca. 800 bp in strain GHH8 (lanes 1, 3, 5, and 7: genomic DNA from GHH2 as template; lane 2: genomic DNA GHH5
(ABMD_0912); lane 4: genomic DNA GHH6 (ABMD_0912, ABMD_1068); lane 6: genomic DNA GHH7 (ABMD_0912, ABMD_1068, ABMD_3715) and lane 8: genomic DNA
GHHS8 (ABMD_0912, ABMD_1068, ABMD_3715, ABMD_1595); M: SmartLadder DNA marker). D: HPLC-chromatogram showing the conversion of 170H-P (S2) with strain
GHH2 (gray) and GHH8 (black) after 72 h. No 17«,20aDiOH-P (P3) was produced with strain GHHS8. E: Growth curve of strain GHHS8 (black) and the parental strain MS941
(gray). In contrast to strain GHH2, MS941 still contains intact cyp106A1 and upp ORFs. The combined gene deletions had no effect on growth of GHH8 under the applied
cultivation conditions.

Similar genes to eukaryotic 20BHSDs could not be found in the
genome of B. megaterium. However, applying the amino acid
sequence of a 3-alpha-(or 20-beta)-HSD (Rv2002) from Myco-
bacterium tuberculosis as a reference (Yang et al., 2003), potential
candidate genes could be obtained. These ORFs were again
amplified from genomic B. megaterium DNA and cloned into
pSMF2.1. The 200HSD activity-free strain GHH8 was transformed
with the resulting plasmids and the in vivo activity towards 170H-

P was measured by HPLC. FabG (BMD_4208; 3-oxoacyl-(acyl-car-
rier-protein) reductase) was identified as the responsible enzyme
with 20BHSD activity. FabG belongs to the family of short chain
dehydrogenases involved in the type II biosynthesis of saturated
and unsaturated fatty-acids, reducing the p-ketoacyl group to a -
hydroxy group during chain elongation. These enzymes exhibits a
Rossman-fold binding domain and can accept NADP(H) and/or
NAD(H) as cofactor (Javidpour et al., 2014). Enzymes of that type
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Fig. 5. Identification and overexpression of B. megaterium 20pHSD FabG for 20p-reduced steroid hormone production. A: HPLC-chromatogram showing the in vivo con-
version of 170H-P (S2, final concentration 300 uM) to 17«,20pDiOH-P (P4) with strain GHH8 transformed with pSMF2.1_FabG (black) or the empty pSMF2.1 vector (gray). The
substrate was added simultaneously to protein induction. After 6 hours, product yield is strongly increased in the strain expressing FabG. B and C: Conversion of varying
concentrations of 170H-P and RSS after different time points (single experiments). Application of 1 mM of both substrates led to the highest absolute product yields within
10 h. D: Product yields at different time points using 170H-P and RSS as substrates with a final concentration of 1 mM (triplicate biological experiments, error bars indicate
standard deviation). Maximum yields of 17«,20pDiOH-P and 20pOH-RSS were achieved after 8 hours, with 220.9 and 335.25 mg/L, respectively. E: HPLC chromatogram
showing the conversion of 170H-P (S2, final concentration 1 mM) to 17«,20OH-P (P4) after 8 h. F: HPLC chromatogram showing the conversion of RSS (S3) (S, final

concentration 1 mM) to 20BOH-RSS (P5) after 8 h.

are also involved in bacterial PHB synthesis by reducing aceto-
acetyl-CoA and in the 20 oxidation/reduction of steroids (Yang et
al., 2003). After overexpression of FabG in GHHS, the
17,20BDiOH-P yield was drastically increased compared with
strain GHH8 harboring the empty pSMF2.1 plasmid (Fig. 5A). In
addition, RSS was found to be a substrate, being converted to
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20POH-RSS (see Section 2.5 for NMR data). To the best of our
knowledge, these steroids have not been described as substrates
for any of the FabG isoform so far. Cortisol and cortisone were also
identified as substrates of FabG (Supplemental Fig. 5, NMR data of
the purified steroids in Supplemental Table 2), however a phy-
siological function of the resulting products has not been
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described in literature. Optimal substrate concentrations and
conversion times were determined for 170H-P and RSS (Fig. 5B
and C). FabG could both reduce 170H-P and oxidize 17, 20pDiOH-
P (Fig. 5B), RSS was reduced to 20POH-RSS with no reverse oxi-
dation reaction of 20BOH-RSS taking place (Fig. 5C). Whole-cell
conversions with both substrates were carried out using a final
concentration of 1 mM, taking samples within 10 hours (Fig. 5D).
Maximum yields of 221 mg/L 17020PDiOH-P (66.6 % relative
substrate conversion) and 335 mg/L 20B0H-RSS (96.4 %) were
achieved after 8 hours. Formation rates during the first hour of
incubation were as high as 40.4 mg/L/h 170,20BDiOH-P and
111.8 mg/L/h 20BOH-RSS, as determined from Fig. 5D. Fig. 5E and F
display HPLC-chromatograms for both conversions after 8 h, with
the respective product standards.

4. Conclusions

170, 20PDiOH-P and 20B0H-RSS are important teleost steroid
hormones and pheromones involved in ococyte maturation, sper-
miation, initiation of meiosis and increase of sperm motility. Their
application in aquacultures has been shown to be beneficial for
increasing fish spawning rates. However, both steroids are very
expensive due to the lack of efficient chemical or microbial
syntheses. We have established a B. megaterium based whole-cell
system for the high-yield production of these progestogens
without side-product formation. Both steroid hormones can be
rapidly produced using cheap steroid precursors. Due to the high
difference in price between substrates and products (compare
vendor prices (Sigma-Aldrich, Steraloids) and Ouedraogo et al.,
2013), carrying out the in vive conversions using simple-shake
flask cultivation already results in a profitable bioprocess, even
when product loss from further purification steps can be expected,
thus providing a good basis for large-scale fermentations.

The product of 200tHSD activity, 17a,20a-DiOH-P, occurs in
higher concentrations in the human plasma than 170H-P (Whit-
worth et al.,, 1983). It has been shown to have a hypertensive effect
in sheep when injected concurrently with major corticosteroids
(Butkus et al, 1982), but exhibits low affinities for classical
mineralocorticoid or glucocorticoid receptors. In addition, it has
been described as a competitive inhibitor of rat CYP17 lyase
activity. Moreover, 170,200tDiOH-P appears to be involved in
spermiation in several species of fish (Asahina et al., 1990; Tan et
al., 1995). The lack of information on the specific physiological role
of 17a,20DiOH-P makes it also an interesting target for a bio-
technological production to study its function in more detail.

Overall, the biocatalyst is more efficient, environmentally
friendly and less expensive than previously described chemical
syntheses of both 20P-reduced steroid hormones, which could
open the way for the broad application of these progestogens in
aquacultures.
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pSMF2.1 ! ' pUCTV2 Upp
Ori B. megaterium 6510 bp \ 7622 bp tetR
~_ampR E. coli EcoRI(5428) / B. megaterium

Supplemental Fig. 1. Map of backbone vectors. Plasmid pSMF2.1 was applied for
overexpression experiments. Spel and Mlul restriction sites were used for cloning of
BMD_0912, BMD_1595, BMD_1068, BMD_ 3715 and FabG resulting in plasmids
pSMF2.1_ 0912, pSMF2.1_1595, pSMF2.1_1068, pSMF2.1_3715 and
pSMF2.1_FabG, respectively (XylR: xylose repressor, PXyla: xylose isomerase
promoter, Ori: origin of replication, ampR: ampicillin resistance gene, tetR:
tetracycline resistance gene). Plasmid pUCTV2_Upp was applied for gene deletions.
Fused flanking regions of cypl06A1 and BMD_ 3715 were cloned using the EcoRI
restriction site, Sacl site was used for flanking regions of BMD_0912 and Kpnl was
used for the flanking regions of BMD_1595 and BMD_1068 resulting in plasmids
pUCTV2_Upp_A106A1, pUCTV2 Upp_  A3715, pUCTV2 Upp_  A0912,
pUCTV2 Upp_ A1595 and pUCTVZ2 Upp_ A1068, respectively (Upp: uracil
phosphoribosyltransferase ).
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Supplemental Fig. 2. Absence of steroid degradation activity with B. megaterium
strain GHH8. Main cultures were grown for 20 h, then substrates were added to a
final concentration of 200 uM. A and B: Addition of 170H-P (S2). C and D: Addition
of RSS (S3). No difference in the sum of substrate and product peak areas between
0 and 8 h could be observed for both substrates. 17a,20aDiOH-P (P4) and 20OH-
RSS (P5) are formed through the action of the chromosomally encoded FabG.
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Supplemental Figure 3. Determination of the sum of product and substrate peak
areas during 20BHSD catalysis. A and B: Conversion of 200 yM 170H-P (S2) to
170,20BDiOH-P (P4). C and D: Conversion of 200 yM RSS (S3) to 20BOH-RSS (P5).
During both reactions, the overall product and substrate peak areas remain constant,
indicating that the substrates and their products exhibit similar molar extinction
coefficients.
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Supplemental Fig. 4. Cultivation of strain GHH8 medium with TB-medium in
absence of a substrate after 24 hours. Peaks detected during the first 10 minutes are
not related to conversions of the steroidal substrates.
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Supplemental Fig. 5. In-vivo conversion of cortisol and cortisone by FabG. A:
Conversion of cortisol (S, final concentration 300 uM) to 208OH-cortisol (P) after 24
hours. The substrate was added simultaneously to protein induction. B: Conversion
of cortisone (S, final concentration 300 uM) to 20BOH-cortisone (P) after 24 hours.
The substrate was added simultaneously to protein induction.
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Supplemental Table 1: List of primers used in this study.

Primer name

Sequence (5° -> 3)

Description

0912for

0912rev

1595for

1595rev

1068for

1068rev

3715for

3715rev

Fabgfor

Fabgrev

106Afor

106Arev

106Bfor

TATCAACTAGTAAATCAAGGAGG
TGAATGTACAATGGAAAACTTAC

AGTCAACTAC

TATCAACGCGTTTAAAAATCAAAG

TTATCTGGATC

TATCAACTAGTAAATCAAGGAGG
TGAATGTACAATGAATATTGTTAC

ATTAAACAA

TATCAACGCGTITATCGGACGTTC

ATGTCACTTGGG

TATCAACTAGTAAATCAAGGAGG
TGAATGTACAATGAGTAATCATTT

GCAAGATACAGT

TATCAACGCGTITAAAAATCAAAA

TTGTCCGGATC

TATCAACGCGTTTAAAAATCAAAG

TTGTCAGGATCT

TATCAACTAGTAAATCAAGGAGG
TGAATGTACAATGATGAAAAATTT

ACAGGATACAG

TATCAACGCGTTITACATCACCATT

CCGCCGTCAACG

TATCAACTAGTAAATCAAGGAGG
TGAATGTACAATGTTACAAGGGA

AAGTTGCGGTTG

TATCAGAATTCTCTGTGATCATTC

CCATTACTCGATTTTCT

CATGTTAAACAAGTCTTGAGCGA
CTACGAAGGCCTTTTCTCATATCG

AACCATTTGAAG

CTTCAAATGGTTCGATATGAGAAA
AGGCCTTCGTAGTCGCTCAAGAC

TTGTTTAACATG

66

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

Reverse primer for
BMD_0912 amplification
(Mlul site, stop codon of
ORF (underlined))
Forward primer for
BMD_ 1595 amplification
(Spel site, RBS, start
codon)

Reverse primer for
BMD_ 1595 amplification
(Mlul site, stop codon)
Forward primer for
BMD_1068 amplification
(Spel site, RBS, start
codon)

Reverse primer for
BMD_1068 amplification
(Mlul site, stop codon)
Forward primer for
BMD_3715 (Mlul site, stop
codon)

Reverse primer for
BMD_3715 (Spel site,
RBS, start codon)
Forward primer for FabG
amplification (Mlul, stop
codon)

Reverse primer for FabG
amplification (Spel site,
RBS, start codon)
Forward primer for
amplification of flanking
region downstream of
CYP106A1 (EcoRl site)
Reverse primer for
amplification of flanking
region downstream of
CYP106A1

Forward primer for
amplification of flanking
region upstream of
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CYP106A1
106Brev TATCAGAATTCGGTTAGCAAACTA Reverse primer for
TATCACGTTTGATCTTAAGAATGA amplification of flanking
region upstream of
CYP106A1 (EcoRl site)
0912Afor TATCAGAGCTCTACGTCATATATT  Forward primer for
CTCTCTTACAGG amplification of flanking
region downstream of
BMD_0912 (Sacl site)
0912Arev CAAATACGTCTGCATTTTGGATAA Reverse primer for
TATAAACACCTAAACCTAACCAAG amplification of flanking
GC region downstream of
BMD_0912
0912Bfor GCCTTGGTTAGGTTTAGGTGTTTA Forward primer for
TATTATCCAAAATGCAGACGTATT amplification of flanking
TG region upstream of
BMD_0912
0912Brev TATCAGAGCTCGCTGTAGCTTTCT Reverse primer for
CAATTTCTTCTT amplification of flanking
region upstream of
BMD_0912 (Sacl site)
1595Afor TATCAGGTACCGTTCGGGTATTG  Forward primer for
TTAATTCGATTGCAC amplification of flanking
region downstream of
BMD_1595 (Kpnl site)

1595Arev CGTTCATGTCACTTGGGTGCGGA Reverse primer for
TTTTTGACACCAGACCAACTGGTA amplification of flanking
A region downstream of
BMD_1595
1595Bfor TTACCAGTTGGTCTGGTGTCAAAA Forward primer for
ATCCGCACCCAAGTGACATGAAC amplification of flanking
G region upstream of
BMD_1595
1595Brev TATCAGGTACCCTACTCCTACAG  Reverse primer for
CTGTCATTGCCTG amplification of flanking

region upstream of
BMD_1595 (Kpnl site)
1068Afor TATCAGGTACC CTGTCTGTAACG  Forward primer for
GCTGGAAACACA GC amplification of flanking
region downstream of
BMD_1068 (Kpnl site)

1068Arev ATTTAATCCATCAATTTTGCTTACA Reverse primer for
TCTGATTACTCATTATAAAAAACC  amplification of flanking
TCCTGCT region downstream of
BMD_1068
1068Bfor AGCAGGAGGTTTTTTATAATGAGT Forward primer for
AATCAGATGTAAGCAAAATTGATG amplification of flanking
GATTAAAT region upstream of
BMD_1068
1068Brev TATCAGGTACCAGAGTGAGTACA Reverse primer for

TTAGACTTGCTCTTT amplification of flanking
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region upstream of
BMD_1068 (Kpnl site)
3715Afor TATCAGAATTCTGTTGAGGCAAAC Forward primer for
ATCTAATGA amplification of flanking
region downstream of
BMD_3715 (EcoRI site)

3715Arev GAGTAAAGATGCCTGGCTTTGGC Reverse primer for
CGTGTAGGTCCAGATCCTGACAA amplification of flanking
CTT region downstream of
BMD_3715
3715Bfor AAGTTGTCAGGATCTGGACCTAC  Forward primer for
ACGGCCAAAGCCAGGCATCTTTA amplification of flanking
CTC region upstream of
BMD_3715
3715Brev TATCAGAATTCATTTGAGAGGGTT Reverse primer for
GATTATTTATTTTCTTA amplification of flanking

region upstream of
BMD_ 3715 (EcoRI site)
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Supplemental Table 2: NMR data for 20BOH-cortisol (P6) and 20BOH-cortisone

(P7)

Product

P6: 116, 17a, 208, 21-Tetrahydroxy-4-pregnen-3-one (203OH-Cortisol)

IHNMR
(CDCls,
500
MHz)

'H NMR (CDCls, 500 MHz): & 1.08 (s, 3xH-18), 1.02 (dd, J=11.1 and 3.4
Hz, H-9), 1.12 (m, H-7a), 1.44 (s, 3xH-19), 1.30 (m, H-15a), 1.55 (m, H-
16a), 4.41 (q, 3.3 Hz, H-11), 1.65 (m, H-14), 1.87 (m, H-1a), 1.81 (m, 2H,
H-15b and H-16b), 1.86 (m, H-12a), 1.98 (m, H-7b), 1.92 (m, H-1b), 2.00
(m, H-8), 2.18 (dt, J= 13.4 and 4.7, H-12a), 2.24 (ddd, 14.5, 4.5 and 2.0
Hz, H-6a), 2.35 (dt, J=16.8 and 4.3 Hz, H-2a), 2.46 (m, H-6b), 2.48 (ddd,
J=16.8, 13.9 and 5.0 Hz, H-2b), 3.76 (dd, J=11.0 and 3.4 Hz, H-21a),
3.80 (dd, J=11.0 and 5.2 Hz, H-21b), 3.83 (dd, J=5.2 and 3.4 Hz, H-20),
5.67 (br s, H-4). *C NMR (CDCls, 125 MHz): 5 17.83 (CH3, C-18), 20.92
(CH3, C-19), 23.82 (CH,, C-15), 31.12 (CH,, C-6), 31.55 (CH, C-8), 32.71
(CH,, C-7), 33.07 (CH2, C-16), 33.81 (CH,, C-2), 34.94 (CH,, C-12),
39.21 (C, C-10), 41.53 (CH,, C-1), 46.64 (C, C-13), 50.53 (CH, C-14),
56.00 (CH, C-9), 64.68 (CH,, C-21), 68.54 (CH, C-11), 72.88 (CH, C-20),

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

Product

P7: 17a, 208, 21-Trihydroxy-4-pregnen-3,11-dione (20BOH-Cortisone)

IHNMR
(CDCls,
500
MHz)

0 0.77 (s, 3xH-18), 1.30 (m, H-7a), 1.32 (m, H-15a), 1.39 (s, 3xH-19),
1.63 (td, J=14.0 and 4.4 Hz, H-1a), 1.73 (m, H-16a), 1.84 (m, H-16b),
1.90 (m, H-8), 1.92 (m, H-15b), 1.93 (m, H-9), 1.96 (m, H-7b), 2.28 (M, H-
6a), 2.29 (m, H-2a), 2.33 (m, H-14), 2.40 (tdd, J= 14.5, 5.2 and 1.8 Hz, H-
6b), 2.47 (ddd, J=17.0, 14.0 and 5.0 Hz, H-2b), 2.49 (d, J=12.5 Hz, H-
12a), 2.66 (d, J=12.5 Hz, H-12b), 2.75 (ddd, J= 14.0 5.0 and 3.2 Hz, H-

1b), 3.77 (m, 3H, H-20, H-21a and H-21b), 5.72 (br s, H-4). *C NMR
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(CDCls, 125 MHz): & 15.71 (CHg, C-18), 17.19 (CH3, C-19), 23.45 (CH,
C-15), 32.31 (2xCH,, C-6 and C-7), 33.33 (CH,, C-16), 33.71 (CH,, C-2),
34.68 (CH,, C-1), 36.96 (CH, C-8), 38.15 (C, C-10), 48.35 (CH, C-14),
51.26 (CH,, C-12), 51.58 (C, C-13), 62.43 (CH, C-9), 64.41 (CH,, C-21),
72.57 (CH, C-20), 84.11 (C, C-17), 124.45 (CH, C-4), 169.13 (C, C-5),

200.02 (C, C-3), 210.92 (C, C-11).
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ARTICLE INFO ABSTRACT

Article history:

Received 30 September 2016 The 21-hydroxylase (CYP21A2) is a steroidogenic enzyme crucial for the synthesis of mineralo- and

Received in revised form 2 January 2017 glucocorticoids. It is described to convert progesterone as well as 17-OH-progesterone, through a

Accepted 3 January 2017 hydroxylation at position C21, into 11-deoxycorticosterone (DOC) and 11-deoxycortisol (RSS),

Available online 5 January 2017 respectively. In this study we unraveled CYP21A2 to have a broader steroid substrate spectrum than
assumed. Utilizing a reconstituted in vitro system, consisting of purified human CYP21A2 and human

Keywords: cytochrome P450 reductase (CPR) we demonstrated that CYP21A2 is capable to metabolize DOC, RSS,

Eﬁ;‘i&ge““is androstenedione (A4) and testosterone (T). In addition, the conversion of A4 rendered a product whose

structure was elucidated through NMR spectroscopy, showing a hydroxylation at position C16-beta. The

. androgenic properties of this steroid metabolite, 16(3)-OH-androstenedione (16bOHA4), were
androstenedione . - . ) ! N
16(beta)- OH-androstenedione investigated and compared with A4, Both steroid metabolites were shown to be weak agonists for
LC-MS/MS the human androgen receptor. Moreover, the interaction of 16bOHA4 with the aromatase (CYP19A1) was
compared to that of A4, indicating that the C16 hydroxyl group does not influence the binding with
CYP19AL1. In contrast, the elucidation of the kinetic parameters showed an increased K,,, and decreased
kear value resulting in a 2-fold decreased catalytic efficiency compared to A4. These findings were in
accordance with our docking studies, revealing a similar binding conformation and distance to the heme
iron of both steroids. Furthermore, the product of 16bOHA4, presumably 16-hydroxy-estrone (16bOHE1),
was investigated with regard to its estrogenic activity, which was negligible compared to estradiol and
estrone. Finally, 16bOHA4 was found to be present in a patient with 11-hydroxylase deficiency and in a
patient with an endocrine tumor. Taken together, this study provides novel information on the steroid
hormone biosynthesis and presents a new method to detect further potential relevant novel steroid
metabolites.

CYP19A1

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction well as three hydroxysteroid-dehydrogenases (HSDs). The six
cytochromes P450 belong to two different CYP classes: the

Steroid hormones are synthesized from cholesterol in a series of mitochondrial CYPs (CYP11A1, CYP11B1 and CYP11B2) and the
enzymatic reactions, involving six cytochromes P450 (CYPs), as microsomal CYPs (CYP17A1, CYP21A2 and CYP19A1). The mito-
chondrial CYPs are arranged at the inner mitochondrial membrane.

The electrons needed to catalyze their hydroxylation reactions are

Abbreviations: 16bOHA4, 16beta hydroxy-androstenedione; DOC, deoxycorti- transferred from NADPH via a FAD containing adrenodoxin
costerone; A4, androstenedione; E1, estrone; AdR, adrenodoxin reductase; E2, reductase (AdR) and an iron-sulphur containing adrenodoxin
estradiol; Adx, adrenodoxin; ER, estrogen receptor; AR, androgen receptor; FAD, (Adx). In case of the microsomal CYPs, which are attached to the
flavin adenine dinucleotide; CPR, cytochrome P450 reductase; FMN, flavin endoplasmatic reticulum (ER) the electrons are delivered through

mononucleotide; CYP, cytochrome P450; p16bOHE1, putative 16beta hydroxy- N N
estrone; DHEA, dehydroepiandrosterone; RSS, 11-deoxycortisol; DLPC, dilauroyl a FAD and FMN containing NADPH-dependent oxidoreductase

phosphatidylcholin; T, testosterone. (CPR) [1.2].
* Corresponding author.
E-mail address: ritabern@mx.uni-saarland.de (R. Bernhardt).

http://dx.doi.org/10.1016/j.jsbmb.2017.01.002
0960-0760/© 2017 Elsevier Ltd. All rights reserved.
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Fig. 1. Scheme of classical steroidogenesis including recently described sex hormones (inset) [6,7].

In mammals, steroid hormones are crucial for life and
reproduction. They are synthesized in steroidogenic tissues and
organs such as the adrenal gland (Fig. 1), gonads, brain or the testis.
Depending on their mode of action, steroid hormones are classified
into mineralo- and glucocorticoids, sex hormones and neuro-
steroids. Through activation of the respective nuclear receptors,
they participate in many different vital processes, such as the
regulation of the salt and water homeostasis through the action of
aldosterone, the main mineralocorticoid or the development of
secondary sexual characteristics through the action of estrogens
and androgens. Also, several steroid intermediates have been
shown to possess biological relevance, such as DHEA or
progesterone, which are involved in a variety of biological
processes [3-5].

To date, the six CYPs participating in steroid hormone
biosynthesis were reported to be successfully expressed in bacteria
and subsequently purified, allowing their characterization and the
investigation of the impact of diverse compounds on their
activities on a molecular level [6-11]. Thereby researchers gained
a deeper insight into the mechanistic mode of action of
steroidogenic CYPs. In 2012, Hobler and colleagues [9] using
recombinantly expressed and purified human CYP11B2 demon-
strated its ability to hydroxylate the substrates corticosterone and
deoxycorticosterone at position C19. Albeit the synthesis of 190H-
corticosterone has not yet been described so far in humans, the 19-
hydroxylase activity towards deoxycorticosterone (DOC) was
previously characterized by Kawamoto et al. [12] using COS-7
cells transfected with a plasmid encoding for human CYP11B2.
These 19-hydroxylated products were proposed to be precursors of
19-normineralocorticoids such as 19-noraldosterone showing
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hypertensinogenic activities and, therefore, a relation to primary
aldosteronism. Moreover, CYP11B2 was shown to be able to
hydroxylate deoxycorticosterone at position C18 yielding 180H-
deoxycorticosterone. It was concluded that aldosterone synthesis
can alternatively be conducted via 18-hydroxylation of DOC,
followed by 113-hydroxylation and 18-oxidation of 180H-DOC [9].

Very recently, a systematic analysis of the effect of steroid
hormone intermediates on the action of CYP11A1 was performed
in our laboratory. It was demonstrated that beside its side-chain
cleavage activity, CYP11A1 possesses a 2[3-, a 6B- and a 16[3-
hydroxylase activity towards different steroid hormone inter-
mediates [13]. These novel enzymatic activities of CYP11A1 result
in the formation of 23- and 63 0H-deoxycorticosterone, 2[3- and
6BO0H-androstenedione, 630H-testosterone and 1630H-DHEA.
The hydroxylations at positions 6(3 and 16( of these steroids are
already described, but mostly attributed to liver CYPs [ 14,15]. There
are, however no reports available about the production 230H-
deoxycorticosterone and 2[30H-androstenedione. Referring to the
physiological role of 2B0OH-deoxycorticosterone and 2(BO0H-
androstenedione no data is available and thus, their function still
has to be unravelled.

All of the above information indicates that the enzymatic
properties of steroidogenic CYPs still have not been fully
elucidated. The observation that CYP11Al, besides performing
the side-chain cleavage of cholesterol, is also able to perform
highly selective hydroxylations on steroid scaffolds opens up new
paths for the understanding of the steroid hormone biosynthesis.

In this study we describe a novel activity of CYP21A2. This
steroidogenic CYP hydroxylates progesterone and 170H-proges-
terone at position C21, yielding DOC and deoxycortisol (RSS),
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respectively, and, thus is essential for the formation of mineralo-
and glucocorticoids. We demonstrated that besides the steroid
intermediates depicted in Fig. 1, DOC, RSS, testosterone (T) and
androstenedione (A4) serve as a substrate for CYP21A2. The
conversion of A4 was characterized in detail, revealing a
hydroxylation activity of CYP21A2 at position C16-beta. Such a
reaction performed by CYP21A2 was so far not described in the
literature and, therefore, represents a completely novel reaction
leading to the steroid hormone intermediate 16([3)-hydroxy-
androstenedione (16bOHA4). It was demonstrated that 160HA4
efficiently binds to the active site of CYP19A1 and is further
metabolized to an aromatized product with negligible estrogenic
activity. In order to understand binding and conversion in detail,
docking studies were conducted using the crystal structure of
human CYP19A1. Furthermore, the sulfonated 160HA4 was found
to be present in the urine of a patient with 11-hydroxylase
deficiency as well as in a patient with an endocrine tumor, which
suggests the physiological relevance of this novel steroid
intermediate.

2. Materials

Steroids were purchased from Sigma-Aldrich (Taufkirchen,
Germany) or from C/D/N Isotopes Inc. (Quebec, Canada). 1,2-
Dilauroyl-sn-glycero-3-phosphocholine (DLPC), kanamycin sul-
fate, arabinose, magnesium chloride, sodium hydroxide, HPLC-
grade acetonitrile were from Sigma-Aldrich (Taufkirchen,
Germany). Yeast extract, “technical” was from Becton, Dickinson
and Company (Heidelberg, Germany). Pepton, pancreatically
digested and Na-acetate were from Merck (Darmstadt, Germany).
LC-MS grade water and ammonium hydroxide were obtained from
Fluka (Taufkirchen, Germany). Ethanol was obtained from Merck
(Darmstadt, Germany). Ampicillin was from CarlRoth (Karlsruhe,
Germany). NADPH was from Carbolution (Saarbriicken, Germany).
Glucose-6-phosphate and glucose-6-phosphate dehydrogenase
were purchased from Roche (Basel, Switzerland). Protino Ni-NTA
was obtained from Macherey-Nagel (Diiren, Germany). All other
chemicals were of highest purity available.

3. Methods
3.1. Construction of recombinant expression plasmids in E. coli

The plasmid pET-17b was utilized to express human CYP21A2,
CYP19A1 and CPR in E. coli. Each cDNA was cloned via the
restriction sites Ndel and BamHI into the vector. The cDNA of
human CYP21A2 was constructed according to Arase et al. with a
replacement of the N-terminal hydrophobic anchor region with
MAKKTSSKGK from CYP2C3 and a C-terminal 6x histidine tag for
protein purification [7]. CYP19A1 c¢DNA with a N-terminal
replacement (MARQSFGRGKL, derived from CYP2C11) was kindly
provided by Prof. N. Kagawa [16].The CPR amino acid sequence is
extended at the C-terminus by three glycines and six histidines and
at the N-terminus has a lack of the first 27 amino acids [ 17]. For the
E. coli based whole-cell system, the plasmid pET-17b was used to
express CYP21A2 and CPR. The ¢cDNAs of CYP21A2 and CPR were
cloned via the restriction sites Ndel and BamHI (CYP21A2) and
BamHI and NotI (CPR) into the vector.

3.2. Protein expression and purification

Human CYP21A2 was co-expressed with chaperones GroEL and
GroES as described previously [7]. As host E. coli strain C43DE3 was
used. The expression was performed in 2 | baffled flasks containing
400 ml TB medium supplemented with 100 mg/l ampicillin and
50 mg/l kanamycin. The expression culture was inoculated from an

overnight culture and grown at 37°C and 120rpm. Protein
expression was induced at ODgpopm=0.6 with 1 mM IPTG, 4 mg/
ml arabinose, 1 mM &-ALA and 50 mg/l ampicillin. Afterwards,
temperature was decreased to 26°C and the cells incubated at
95 rpm for 48 h. Cells were harvested and sonicated as described
elsewhere [18]. The purification was performed as described for
CYP11B1 [8]. Human CPR was expressed in E. coli strain C43DE3
using similar conditions as described for bovine CPR [11]. Cells
were harvested and sonicated as described elsewhere [18]. CPR
was purified via IMAC as described [8] with 40 mM imidazole in
the washing buffer and 200 mM imidazole in the elution buffer.
Human CYP19A1 was co-expressed with chaperones GroEL and
GroES as described [19]. The expression was performed in 2.81
Fernbach flasks containing 250 ml TB medium supplemented with
100 mg/l ampicillin and 50 mg/l kanamycin. The expression culture
was inoculated from an overnight culture and grown at 37°C and
220rpm. Protein expression was induced at ODggopm=0.6 with
1 mM IPTG, 4 mg/ml arabinose, 1 mM &-ALA and 50 mg/l ampicil-
lin. Then, temperature was decreased to 30°C and the cells
incubated at 180 rpm for 24 h. Afterwards, human CYP19A1 was
purified as described elsewhere [20].

3.3. UV-vis spectroscopy

CYP21A2 and CYP19A1 concentrations were calculated from a
reduced carbon-monoxide difference spectrum according to
Omura and Sato [21] with Aé4s0_400=91mM 'cm™". Binding of
A4 and 16bOHA4 to CYP19A1 was investigated using difference
spectroscopy, which was carried out in tandem cuvettes according
to Schenkman [22]. A4 and 16bOHA4 were dissolved in DMSO. The
buffer utilized was composed of 50 mM HEPES (pH 7.4), 20%
glycerol, and 100mM dilauroyl phosphatidylcholine (DLPC).
Difference spectra were recorded from 370 to 450nm. To
determine the dissociation constant (Kg), the values from four
titrations were averaged and the resulting plots were fitted with
hyperbolic regression.

3.4. Enzyme activity assay

In vitro substrate conversion assays were done as described [9]
with slight modifications. The conversion buffer (50 mM HEPES,
pH 7.4, 20% glycerol, 100 mM DLPC) contained 1 pM CYP21A2 or
CYP19A1,1 pM CPR, 1 mM MgCl2, 5 mM glucose-6- phosphate, 4 U/
ml glucose-6-phosphate dehydrogenase for NADPH regeneration
and varying concentrations of A4 or 16bOHA4 as substrate. After
starting the reaction with 1 mM NADPH at 37 °C (CYP21A2: 20 min,
CYP19A1: 30s-1 min), the conversion was stopped by addition of
one reaction volume of ethyl acetate. In the case of the CYP19A1-
dependent conversion of A4 and 16bOHA4, testosterone (T) was
added as internal standard. Extraction of steroids was performed
twice with ethylacetate and the ethylacetate phase was evaporat-
ed. The steroids were suspended in 30% acetonitrile/water for
subsequent HPLC analysis. Steroids were separated on a Jasco
reversed phase HPLC system LC2100 using a 4mm X 125mm
Nucleodur C18 reversed phase column (Macherey-Nagel) with an
acetonitrile/water gradient and a flow rate of 0.8 ml/min. Detection
of the steroids was with a diode array spectrometer within 15-
20 min at 40°C,

In order to determine the kinetic constants, varying substrate
concentrations in the range of 0-100 pM were used to perform
substrate conversion assays. Product formation was quantified by
substrate consumption, The kinetic constants K, and k., were
determined by plotting the substrate conversion velocities versus
the corresponding substrate concentrations and by applying
Michaelis-Menten kinetics utilizing the program Origin 8.6
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3.5. Androgen receptor (AR} and estrogen receptor (ER)
transactivation assay

The cell culture based reporter assay was conducted utilizing
the Human AR or the Human ER Reporter Assay System (32-well
Format Assays) from Indigo Biosciences. The assay was carried out
according to the manufacturer’s protocol (Technical manual,
Version 7.1.). For the agonist mode of the AR assay, A4 and
160HA4 were applied individually with a concentration of 160 pM
(ECsg of 6FI-T). For the agonist mode of the ER assay E2, E1 and
p160HE1 were added individually with a concentration of 1.3 nM
and, additionally, E1 and p160HE1 were added with a concentra-
tion of 4 nM.

3.6. Whole-cell biotransformation and purification of 16bOHA4

The bicistronic expression vector pET17b_CYP21A2_CPR coding
for CYP21A2 and cytochrome P450 reductase (CPR) was used in the
present study for whole-cell biotransformations. E. coli C43(DE3)
cells were co-transformed with pET17b_CYP21A2_CPR and the
chaperone GroEL/GroES-encoding plasmid pGrol2, possessing
ampicillin and kanamycin resistance genes, respectively. Trans-
formed cells were grown overnight in 50 ml Terrific broth (TB)
medium supplemented with 100 mg/l ampicillin and 50 mg/l
kanamycin at 37°C and shaking at 180 rpm. For the preparative
purification of 16bOHA4, 300 ml TB medium in 21 baffled flasks
containing 100mg/l ampicillin and 50mg/l kanamycin were
inoculated (1:100) with the transformed cells and cultivated at
37°C with rotary shaking at 105 rpm. After the optical density at
600 nm reached to 0.8-1.0, the culture was induced with 1 mM
(IPTG), 1 mM (d-ALA) and 4 mg/ml arabinose. The temperature and
shaking speed were then reduced to 30°C and 85 rpm, respectively.
After incubation for 28 h, cells were harvested by centrifugation
(4500¢) for 20 min at 4°C and washed once with 300 ml 50 mM
potassium phosphate buffer (KPP) (pH 7.4) and 2% glycerol to
remove indol, formed by the cells from tryptophane, since indol
had been shown to have inhibitory effects towards CYPs [23,24].
After a second centrifugation, the cell pellets were suspended to a
concentration of 60g wet cell pellet per liter KPP (pH 7.4) with 2%
glycerol. Afterwards, 25 ml of the suspension were transferred to
300ml baffled flask. A4 was added to a final concentration of
500 uM and the culture was incubated for another 24h at 30°C
and 145 rpm. Steroids were extracted twice with the same volume
of ethyl acetate and the organic phase was evaporated using a
rotary evaporator. Steroids were separated by reversed phase HPLC
on a C18ec column (Nucleodur 250/8) (Macherey-Nagel) with a
mobile phase consisting of 20% acetonitrile in water. The fraction
containing the product was collected, evaporated and subjected to
subsequent nuclear magnetic resonance (NMR) spectroscopy
analysis.

3.7. LC-MS analysis

LC-MS analyses were performed using a novel method for
unconjugated [25].The detection of 16bOHA4 (302.1 Da) was
performed using the product ion scanning approach. For 16bOHA4,
[M+H]* has an m/z of 303.1 and, therefore, the first quadrupole
was set at mfz 303.1 to exclude other ions to enter the MS.
Subsequently, the ions were fragmented in the second quadrupole
with argon and a collision energy of 40 eV, and then detected in the
third quadrupole.

The purified standard 16bOHA4 appeared at a retention time of
1.48 min and generated two main fragments in Q3; m/z 97 and m/z
109 (see Supplementary information). The retention time and the
signals 303.1—97 and 303.1 —109 were used to identify the
compound 16bOHA4 in biological samples after treatment with
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steroid sulfatase. The detailed LC-MS/MS analysis of the patients
tested are in the Supplementary information, S1).

3.8. NMR analysis

The NMR spectra were recorded in CDCI3 at 298 K on a Bruker
DRX 500 equipped with a 5mm BBI probe head. The chemical
shifts were relative to CHCI3 at § 7.24 (1H NMR) and CDCI3 at §
77.00 (13C NMR) respectively using the standard & notation in
parts per million. The 1D NMR (1H and 13C NMR, DEPT135) and the
2D NMR spectra (gs-HH-COSY, gs-NOESY, gs-HSQCED, and gs-
HMBC) were recorded using the BRUKER pulse program library. All
assignments were based on extensive NMR spectral evidence. NMR
data is depicted in Fig. S2.

3.9. Docking of the crystal structure of human CYP19A1

The computer-simulated automated docking program AUTO-
DOCK (version 4.00) [26] was applied for docking of the A4 and
16bOHA4 into the crystal structure of human CYP19A1 (PDB 3579)
after removing the associated ligands [27] The Windows version
1.5.6 of the Autodock Tools was used to compute Kollman charges
and Gasteiger-Marsili charges for the ligand free CYP19A1 and the
steroids A4 and 16bOHAA4, respectively [28]. Flexible bonds of the
ligands were assigned automatically and verified by manual
inspection. A cubic grid box (58 x 58 x 58 points with a grid
spacing of 0.4 A) was centered 5 A above the heme-iron. For each of
the ligands, 100 docking runs were carried out applying the
Lamarckian genetic algorithm using default parameter settings.

4. Results and discussion

Although investigations on steroid biochemistry emerged in the
1930s and sophisticated analytical methods, such as GC-MS, arose
in the 1960s, the field of steroid hormone research is still
challenging and recent work reveals unexpected new findings.
As discussed before, it has been shown that besides its side-chain
cleavage activity, CYP11A1 is able to perform unexpected 2[3-, 63-
and 16[3-hydroxylations [13]. Further, Bloem et al. demonstrated
the androgenic effect of 11-keto-dihydroxytestosterone, which
was comparable to dihydrotestosterone, a full androgen receptor
agonist [29]. This steroid metabolite is formed through an 11-
hydroxylation of A4 by CYP11B1, followed by an oxidation of the
OH-group catalysed by 113-HSD.

The present work aimed to unravel further novel steroid
hormone intermediates. For this purpose, it was examined
whether CYP21A2 is capable to metabolize steroid metabolites
others than progesterone and 170H-progesterone. For this, the
potential conversion of the steroid intermediates displayed in
Fig. 1, have been investigated in an in vitro system consisting of
purified human CYP21A2 and human CPR as well as a NADPH
regenerating system. Four steroid metabolites displayed clear
product peaks, as revealed by HPLC analysis (Fig. 2).

DOC and RSS, which are the products of the CYP21A2-
dependent conversion of progesterone and 170H-progesterone,
were further metabolized by this enzyme. In the case of DOC, two
products were formed with retention times of 14.5 and 16 min,
which correspond to one more hydrophilic and one more
hydrophobic steroid intermediate compared with the substrate
DOC. In the case of RSS only one product was generated, which
eluted at 13.5min. The CYP21A2-dependet conversion of A4
revealed also one main product, which was monitored at 12.7 min.
The conversion of T resulted in the formation of four different
products, with retention times of 12.5, 13, 13.5 and 16 min. To get
some information on these steroid metabolites we determined
their mass using LC-MS (Table 1). The results show that these
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Fig. 2. HPLC chromatograms of CYP21A2-dependent conversions of A: DOC, showing two products at 14.2 min and 16 min. B: RSS with one product peak at 13.2 min. C: A4
showing one product at 13 min. D: T with four products at 12.4 min, 13.1 min, 13.5 min and 16 min.

metabolites were mainly hydroxylated or in the case of P2 of
testosterone oxidated. Unfortunately, we could not get the mass of
P2 and P4 of DOC and T, respectively. The mass obtained for these
metabolites is 1242, which corresponds to a DLPC dimer (mass of
621). Therefore, an interference of the P2 and P4 metabolites and
DPLC, which is necessary for the reaction, must be assumed.
Nevertheless, since it was shown for P2 of T that CYP21A2 is able to
catalyse an oxidation reaction leading to a more apolar metabolite,
it can be proposed that a similar reaction could have taken place for
the two not identified products

These unexpected findings demonstrate that CYP21A2 is more
versatile than previously assumed and might play a role in the
synthesis of, so far, unknown steroid metabolites. In order to
elucidate the structure of these products, NMR analysis was
performed. For this an E. coli based whole-cell system was
established, expressing human CYP21A2 and human CPR to gain
sufficient amounts of the novel metabolites. Preliminary

Table 1
Mass of the steroid metabolites, which are shown in Fig. 2, with probably catalyzed
reaction of CYP21A2, determined by LC-MS.

Substrate Masse Possible reaction
DOC 331.40 Substrate
P1 347.47 Hydroxylation (+16)
P2 1242.42 Interference with DLPC
RSS 34744 Substrate
P1 363.31 Hydroxylation (+16)
Testosterone 289.41 Substrate
P1 305.35 Hydroxylation (+16)
P2 303.35 Oxidation of P1 (-2)
P3 305.36 Hydroxylation (+16)
P4 124255 Interference with DLPC

experiments showed a high product yield for A4, which was the
reason to focus on this putative novel steroid intermediate in the
following study.

One liter of the E. coli based whole-cell system was fed with
143 mg A4 (500 p.M), from which 66.5% were converted into the
product (93 mg). The A4 product was then purified through a
preparative HPLC, yielding ~22 mg of pure product (Fig. 3).

In contrast to A4 the NMR data of its conversion product
showed resonances for an additional secondary hydroxyl group (dy
3.95dd,j=9.5 and 8.2 Hz; 8¢ 75.21, CH;). It could be located at C-16
by correlations of its proton resonance with those of H-15a (8} 1.54
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Fig. 3. HPLC-chromatogram of the purified A4 product eluting at 3.3 min (HPLC
method for the CYP19A1-dependent conversion was used).
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ddd, J=3.5,12.0 and 9.5 Hz) and H-15b (8} 2.39 m) in the HHCOSY
and with carbonyl C-17 (8¢ 219.52) in the HMBC. Unfortunately the
stereochemistry at C-16 could not be solved by a NOESY spectrum,
because H-16 showed only correlations to both H-15 protons. A
literature search for both 16-hydroxy epimers revealed NMR data
only for the 16a-hydroxy form. Its proton data [30] ressembled
those of our compound, especially for H-1-H-11, but showed
significant differences for H-14-H-16. 16b-hydroxylation rarely
occurs in microbial transformations of steroids [31]. That might be
the reason that no NMR data could be found for the 16b-hydroxy
form. Instead of the dione >C NMR data for both 16-hydroxy
epimers of 3b,16-hydroxy-androst-4-en-17-one where availbale
[32]. Both data sets differed remarkably only in the chemical shifts
of C-14 (16a-OH form: 48.8 ppm; 16b-OH form: 44.8 ppm) and C-
16 (16a-OH form: 71.3 ppm; 16b-OH form: 75.3 ppm), indicating
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that our compound belonged to the 16b-hydroxy form (C-14:
45.24 ppm; C-16: 75.21 ppm) (Fig. 4).

In humans there are several reports of the 16alfa hydroxylation
A4 conducted by the liver CYPs CYP3A4 and CYP3A7 [33]. However,
there are no literature reports about a 16beta hydroxylation of A4
in humans. Interestingly conversion studies of A4 using adrenal
microsomes from guinea pigs, revealed the hydroxylation at
position C16 beta. The authors excluded the participation of liver
CYPs and attributed this reaction to an adrenal CYP [34]. Here, we
demonstrated the ability of the human CYP21A2 to perform this
reaction, which suggests a potential role of this rare steroid
intermediate in human. For this reason we decided to explore the
action of 16bOHA4 in more detail.

Kinetic experiments of A4 conversion catalyzed by CYP21A2
were not performed, since the conversion efficiency is too weak to
obtain reasonable data. The solubility of A4 in aqueous solutions is
around 200 M, which is not enough to reach the Vmax value of
this reaction.

Since A4 is a precursor of sex hormones, we were interested to
know whether its product 16bOHA4 possesses androgenic activity.
Therefore a human androgen receptor assay was conducted
(Fig. 5). The results demonstrate that 16bOHA4 has a similar
androgenic potential as A4, which has been described to weakly
activate androgen receptors (AR) [35], indicating that the hydroxyl
group at C16b of 16bOHA4 does thus not influence the interaction
with androgen receptors. In contrast to the weak activation of the
AR by A4 and 16bOHA4, the reference substance 6Fl-testosterone
strongly activated ARs, proving the functionality of the assay.

Next, we tested whether 16bOHA4 is able to interact with
CYP19A1, which physiologically converts A4, 16alfaOHA4 and
testosterone (T) into the estrogens estrone (E1), estriol (E3) and
estradiol (E2), respectively.

Since the binding of substrates into the active site of CYPs often
provokes a spectral change [22], we investigated in a first step the
capability of 16bOHA4 to induce a spin-shift of the CYP19A1 heme

16bOHA4 Ad Control

Fig. 5. Luminescence results of the androgen receptor assay. 6FI-T: 6Fl-testosterone
as reference AR-agonist. 16bOH-A4: 16b-OH-androstenedione. A4: androstenedi-
one. Control: without steroid metabolite. Values are presented as mean-values of 4
independent measurements with standard deviation.

6FI-T

iron. This experiment revealed a tight binding of 16bOHA4 to
CYP19A1 with a K4-value of 3.8 + 1.7 M, which is similar to the K4-
value 5.0 + 1.5 .M obtained for A4 (Fig. 6). The difference between
these two values is not significant and therefore it is to assume that
the hydroxyl group at position C16b does not affect the binding to
CYP19A1. In contrast, additional hydroxylations of A4 or T have
been shown to dramatically affect binding properties of CYP19A1.
For example, it was already shown that 4-hydroxy-androstenedi-
one, which is used for the treatment of breast cancer, irreversibly
binds to CYP19A1 [36,37].

In order to investigate whether 16bOHA4 is metabolized by
CYP19A1 we performed a reconstituted in vitro assay, consisting of
recombinantly expressed and purified human CYP19A1 and
human CPR. The results clearly show an absorbance change from
240nm for 16bOHA4 to 280nm for the product, which is
characteristic for an aromatization reaction (Fig. 7). Therefore,
we propose the product to be 16b-OH-estrone and refer to it in the
following as putative 16b-OH-estrone (p16bOHET1).

The steady-state kinetic parameters for the 16bOHA4 and A4
conversions are shown in Fig. 8 and Table 2. The conversions were
found to follow Michaelis Menten kinetics. The K, value is
increased by a factor of 2 for 16bOHA4, while the k... value is
similar to that for A4 leading to a decrease in the catalytic
efficiency of CYP19A1 with 16bOHA4 by the factor of 2. From this it
can be concluded that the hydroxyl group at position C16b slightly
hinders the optimal coordination of the substrate in the active site
of CYP19A1. Nevertheless, the results demonstrate that this novel
steroid metabolite is very efficiently converted by CYP19A1.

CNADP++H+
o NADPH O
7 N
CPR g CPR,, OH
L S
CYP21A2 -
o o]
Andro- 16p-OH-
stenedione Androstenedione

Fig. 4. A4 metabolism by CYP21A2 results in a hydroxylation at position C16 beta.
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Fig. 6. Determination of substrate binding affinity to CYP19A1. The absorbance changes were plotted against the substrate concentration and fitted as described; n=3.

In order to get a deeper insight how 16bOHA4 binds to CYP19A1,
we performed docking studies using the crystal structure of human

350 - i CYP19A1 (pdb 3S79). As shown in Fig. 9, the orientation of
16bOHA4 and A4 in the active site of CYP19A1 is almost similar. In

3004 _ the case of 16bOHA4, the substrate pocket is formed by the amino

u acid residues Trp224, Thr310, Ala306, Leu477, Leu372 Met374 and

25049 3 Val 370, whereas in the case of A4 the pocket is formed by Ala306,

§ ,0l23 E1 Trp224, Leud77, Met374, Argll5 and Leul33. Both steroid
a ] 'Fg' metabolites are fixed through a hydrogen bond between their
3 150 4 C17 keto group and the residue Met374. In the case of 16bOHA4
2 there is an additional hydrogen bond between the C16 hydroxyl
100 group and the residue Leu372. The distance of the C19 atom of both
substrates to the heme iron is slightly different. In the case of

50 - 16bOHA4 this distance is 3.32 A, whereas in the case of A4 the
distance is 3.90 A. The additional hydrogen bond, which is formed

0 _—— - in the presence of 16bOHA4 should lead to a significant increase of

4 5 6 7 8 9 10 the affinity to CYP19A1. The binding of 16bOHA4 that we observed

Time [min] is, however, not significantly different from the one of A4. At best

we observe a tendency of a tighter binding, which is, however, not

Fig. 7. HPLC-chromatogram of CYP19A1-dependent conversion of 16bOHA4 and enough to be explained by the additional hydrogen bond. Hence,

A4.The grey and black signals were recorded at a wavelength of 240 nm and 280 nm, the Ky-values determined, question the formation of an additional
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P v hydrogen bond which is suggested by the docking model. To get
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Fig. 8. Kinetics of A4 to E1 conversion catalyzed by CYP19A1 utilizing CPR as redox partner. B: Kinetic of 16bOHA4 to p16bOHE1 conversion catalyzed by CYP19A1 utilizing
CPR as redox partner.
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Table 2
Kinetik parameters of CYP19A1 metabolizing A4 and 16bOHA4, respectively.

Ko (UM) Kear (min~") keai/Kin (min~" pM~")
Ad 8415 221410 2.8
16bOHA4 1442 19.7 412 14

further insight into the abovementioned discrepancy between
experimental and theoretical data, a crystal of CYP19A1 with
16bOHA4 might be useful.

In order to investigate potential estrogenic properties of
p16bOHE1, a human estrogen receptor assay was also performed.
Since p16bOHE1 is not commercially available, we decided to
generate this metabolite through a reconstituted in vitro reaction
with CYP19A1 and CPR using 16bOHA4 as substrate. Likewise E1,
E3 and E2 were produced. The positive control was conducted
using E2 (in the following referred as E2 reference), which was
provided by the manufacture’s assay, whereas the negative control
was performed without the addition of any steroids (Fig. 10).

The luminescence measured in the presence of the E2 reference
provided by the supplier was very similar to that obtained in the
presence of E2, isolated from our in vitro system (8527 £494 and
8373 4+ 758). This demonstrates the usefulness of the reconstituted
in vitro system to obtain estrogens from androgens. The relative
luminescence after addition of E1 was nearly 2.4 fold lower with a
value of 3534 + 380. The lower estrogenic activity of E1 compared
with E2 is in accordance with literature [38,39]. Interestingly,
p16bOHE1 did not exhibit a significant estrogenic activity. The
relative luminescence of p16bOHE1 was 458 + 50, whereas the
negative control was 186+12. Even when adding 4nM of
p16bOHE1, the luminescence value increases only 1.5 fold to a
value of 709472, whereas the one in the presence of 4nM E1
increased by a factor of 2 up to 7143 - 613.

In the abovementioned experiments it was possible to
demonstrate that 16bOHA4 possesses a high affinity towards
CYP19A1. Therefore it can be concluded that this novel steroid
metabolite can act as a potent competitor of A4 and T. Moreover, it
was shown that p16bOHET1, which is the resulting product of the
CYP19A1-dependent conversion, does not exhibit significant
estrogenic features. For this reason 16bOHA4 could be a promising
candidate to test further, for the treatment of breast cancer caused
by an estrogenic over-stimulation. However, further research in
this field is necessary to explore the usefulness of this compound.

After identifying 16bOHA4 to be the resulting product of the
CYP21A2-dependent A4 conversion, the question arose whether
16bOHA4 can be found in humans and thus, possesses physiologi-
cal relevance. Hence, pure 16bOHA4 standard, which was obtained
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Fig. 10. Luminescence results of the estrogen receptor assay using 1.3 nM of each
steroid. E2 reference: estradiol as reference ER-agonist. E2: estradiol obtained from
T conversion. E1: estrone obtained from A4 conversion. p16bOHE1: putative 16-
beta-OH-estrone obtained from 16bOHA4 conversion, E1 4 nM: 4 nM of estrone,
16bOHE1 4 nM: 4nM of 16bOHE1. Control: without steroid metabolite. Values are
presented as mean-values of 4 independent measurements.

after purification from the E. coli based whole-cell system, was
included in the steroid profile analysis of humans. In a first step, the
retention time and the fragmentation pattern of 16bOHA4 were
analyzed. 16bOHA4 exhibits a retention time of 1.49 min, when
employing the LC conditions described in the method section. The
fragmentation shows two main fragments with m/z 107 and m/z 97
(Fig. S1).

Investigation of the steroid profile of a three years old healthy
male control revealed no 16bOHA4. It has to be assumed that A4
has a significantly lower affinity towards CYP21A2 compared with
its natural substrates progesterone and 17-OH-progesterone. This
is suggested by the inability of A4 to induce a spin-shift of
CYP21A2, and by the low conversion efficiency, as shown by the
increased substrate conversion time (30 min), which was neces-
sary to obtain the product. It seems that the concentration of A4 in
human is not high enough to compete with Prog and 170H-Prog for
the active site of CYP21A2. For this reason we decided to explore
the steroid profile of patients having an excess of androgens. We
investigated the existence of 16bOHA4 in a patient with a defective
11-hydroxylase, in a patient with a defective 21-hydroxylase as
well as a patient having an endocrine tumor overproducing
androgens. As these patients have increased A4 concentrations, the
chance to detect 16bOHA4 might be higher. The patient with a

TRP224

THR310

Fig. 9. Docking of A4 with human CYP19A1 (A) and of 16bOHA4 with human CYP19A1 (B). Amino acids forming the substrate pocket are labeled.
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of a child with an endocrine tumor showing signals at 1.32 min and 1.49 min (purple). (For interpretation of the references to colour in this figure legend, the reader is referred

to the web version of this article.)

defective 11-hydroxylase and the patient with an endocrine tumor
exhibited a steroid metabolite with the retention time of 1.49 min,
as the 16bOHA4 standard (Fig. 11). This metabolite was not found
in the blood, but in the urine after sulfatase treatment. Additional
analysis with a new LC-MS/MS method [40], could detect the
sulfonated 16bOHA4 without sulfatase treatment as a whole
molecule. These findings suggest that 16bOHA4 is very efficiently
sulfonated in the phase Il metabolism of the liver and designated
for renal excretion. The fragmentation of this steroid, revealed the
identical pattern as the one of the 16bOHA4 standard (Fig. S3),
proving the existence of 16bOHA4 in humans with endocrine
diseases. As expected, the urine of a patient with a 21-hydroxylase
deficiency did not Exhibit 16bOHA4, showing that CYP21A2 is
crucial for the 16b-hydroxylation of A4 (Fig. 11). The presence of
16bOHA4 in humans suffering from 11-hydroxylase deficiency or
from an endocrine tumor which was analysed by LC-MS/MS
measurements was, furthermore, confirmed by GC-MS/MS analy-
sis (data not shown).

The abovementioned findings indicate that 16bOHA4 can be
formed in humans under excessive androgenic conditions.
Presumably, the physiological concentrations of A4 are not
sufficient to compete with the natural substrates of CYP21A2
and thus, A4 is not metabolized by this enzyme in healthy subjects
under conditions of normal A4 levels. Therefore it should be
considered whether 16bOHA4 could act as diagnostic marker, as it
is present in certain hyperandrogenism-related diseases. One
limitation of this study was the small number of patients and
controls used to investigate the presence of 16bOHA4 and,
therefore, these results are not representative for a specific disease
and further research with representative cohorts is indispensable.

5. Summary and outlook

In this study the steroid metabolite 16bOHA4 was discovered
employing an unconventional approach by selecting several
steroid metabolites and testing their conversion by CYP21A2.
The androgenic activity was low and comparable to the one of A4.
Further, 16bOHA4 was shown to be present in patients with
excessive androgen formation (11-hydroxylase deficiency, endo-
crine tumour). Therefore, we suggest that 16bOHA4 might possess
a physiological meaning under certain endocrine circumstances,
which still need to be elucidated. The fact that 16bOHA4 is absent
in patients with 21-hydroxylase deficiency, which also results in
increased androgen levels, shows that CYP21A2 is the exclusive
human CYP capable to catalyse a hydroxylation at position C16 beta
of A4, Keeping this in mind, it should be considered, whether
16bOHA4 might serve as a diagnostic marker.

Furthermore, 16bOHA4 was shown to be a substrate for
CYP19A1, which is converted to an aromatized product, presum-
ably to 16bOHET1. Due to an efficient E. coli based whole-cell system
it was feasible to gain sufficient amounts of 16bOHA4 for the
determination of kinetic parameters as well as binding studies,
showing a tight binding and an effective conversion of 16bOHA4,
similar to the natural substrates A4 and T. In contrast to E2 and E1,
the estrogen receptor-assay experiments revealed that the
estrogenic activity of p16bOHE1 was nearly absent. The facts that
16bOHA4 on the one hand, binds tightly to CYP19A1 and, on the
other hand, the resulting product of the CYP19A1-dependent
conversion displays a very low estrogenic activity, makes this
steroid metabolite an promising compound acting as a CYP19A1
inhibitor. Furthermore, because of its single hydroxyl group,
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16bOHAA4 represents a valuable lead compound for the develop-
ment of further steroidal CYP19A1 inhibitors, as the 16bOH group
can be easily chemically modified.

Moreover, it was shown, that besides A4, more steroid
intermediates can serve as a substrate for CYP21A2. These
structures as well as their properties still remain to be elucidated
and represent therefore an interesting starting point for further
research in the field of steroid hormone biosynthesis.

Taken together, in this study we identified and characterized
the steroid metabolite 16bOHA4, which was shown to be
generated by CYP21A2 and further be metabolized by CYP19A1.
The procedure presented here to reveal novel steroid metabolites
is, furthermore, applicable to all steroidogenic enzymes and
depicts therefore a new approach in steroid profiling.
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Figure S1: LC-MS/MS data- detection of 160HA4 in human samples

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

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

not measured)
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Urine from a female patient with an endocrine tumor (15.4 years old, A4 concentration not measured)
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Control urine from a male healthy child 12.5 years old
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S1: All urines after sulfatase treatment. Black chromatograms on the left panel show the product ion
scan mode for m/z 303 at 40 eV collision energy for every sample. Red chromatograms are obtained
as extracted chromatograms for the transition 303—79, 97, 109. On the right panel, the spectrum with

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

S2: NMR data of 16bOHA4

'H NMR (CDCl;, 500 MHz): & 0.98 (s, 3xH-18), 1.01 (ddd, J=12.5, 10.5 and 4.0 Hz, H-9), 1.11 (m,
H-7a), 1.20 (s, 3xH-19), 1.24 (m, H-14), 1.33 (td, J=13.0 and 4.5 Hz, H-12a), 1.51 (tdd, J= 13.5 12.5
and 4.2 Hz, H-11a), 1.54 (ddd, J=3.5, 12.0 and 9.5 Hz, H-15a), 1.68 (m, H-11b), 1.70 (m, H-1a), 1.78
(dddd, J= 3x 11.0 and 3.5 Hz, H-8), 1.91 (ddd, J=13.0, 4.2 and 2.8 Hz, H-12b), 1.96 (m, H-7h), 2.02
(ddd, J=13.5, 5.0 and 3.5 Hz, H-1b), 2.32 (m, H-6a), 2.34 (m, H-2a), 2.39 (m, 2H, H-2b and H-15h),
2.41 (m, H-6b), 3.95 (dd, J=9.5 and 8.2 Hz, H-16), 5.74 br s (H-4). *C NMR (CDCl;, 125 MHz): &
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14.84 (CH,, C-18), 17.35 (CHa, C-19), 20.11 (CH,, C-11), 30.44 (CH,, C-15), 30.99 (CH,, C-7), 31.52
(CH,, C-12), 32.46 (CH,, C-6), 33.88 (CH,, C-2), 34.24 (CH, C-8), 35.67 (CH,, C-1), 38.69 (C, C-10),
45.24 (CH, C-14), 46.68 (C, C-13), 54.06 (CH, C-9), 75.21 (CH, C-16), 124.25 (CH, C-4), 169.88 (C,

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

The large-scale sequencing and the rapid completion of genomic sequences of many organisms led to
far more gene products (Open Reading Frames) than functions, which can be referred to. Moreover,
many of the ‘known’ functions may be uncertain as they are unsupported by experimental evidences,
even in an organism as well studied as E. coli, in which there is experimental information for only

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

Two approaches can be applied for the elucidation of the gene function. The classical biochemistry
paradigm (or called forward strategy), which goes from an observation of a particular phenomenon or
phenotype to the identification of the corresponding gene. While, the reverse genetic (or called
backward strategy) goes from the gene sequence to the protein characterization and subsequently

identification of the function.

The publication of the complete genome sequence of the B. megaterium strains QM B1551 and
DSM319 in 2011 (Eppinger et al., 2011) and the immense development of bioinformatic and
biochemical methods enabled the characterization of new proteins in this work for which the backward

strategy (genome mining) has been applied.

3.1 CHARACTERIZATION OF A NOVEL NADPH-DEPENDENT

DIFLAVIN REDUCTASE

As pointed out earlier, P450s rely for their activities on redox partners. The ability of the B.
megaterium based whole cell system/s, expressing microsomal or bacterial P450s without co-
expression of redox partners, to show activity towards the corresponding substrate/s suggested the

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

Searching the B. megaterium genome for a homolog to the mammalian diflavin P450 reductase (CPR)
revealed an open reading frame (BMD_3122) encoding an NADPH diflavin reductase, which was

characterized and investigated at the bioinformatic and biochemical level in publication 2.1. The new
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reductase was designated as B. megaterium cytochrome P450 reductase (BmCPR). The BmCPR gene
encoding a protein of 602 amino acids was successfully cloned and expressed in E. coli. The purified
soluble enzyme exhibited a characteristic diflavin reductase spectrum with a maximum peak at 380
nm, 456 nm and a broad peak at 585 nm. Sequence analysis showed that the (FMN-, FAD- and
NADPH-) binding motifs are conserved, in addition to the presence of a cluster of negatively charged
residues, which are thought to be responsible for the interaction with the cytochrome P450 as well as
cytochrome ¢. BmCPR showed a cytochrome ¢ reducing activity with a Ky of 16.7 uM and K, of
2,582 min™. Furthermore, in an in vitro reconstituted system, BmCPR was found to support the 21a-
and 17a-hydroxylation of progesterone with the class Il microsomal bovine CYP21A2 and CYP17A1,
respectively, with a higher activity than that of the bovine NADPH-dependent cytochrome P450
reductase (CPR). In class | bacterial P450 systems, FAD of the ferredoxin-reductase serves as an
electron acceptor from NAD(P)H, which transfers the reducing equivalents to the iron-sulfur center of
ferredoxin, which in turn reduces the P450s (Hannemann et al., 2007). Our results showed that the
BmCPR, in combination with different ferredoxins, was also able to support the activity of CYP106A1

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

A phylogenetic analysis of the deduced BmCPR protein and comparison with other related diflavin
reductases by the neighbor joining method showed that it belongs to the cytochrome P450_like
reductase (CYPOR_like) sub-family having FAD and FMN as prosthetic groups and utilizing NADPH
as electron donor. This sub-family comprises different members. Cytochrome P450 reductase (CPR)
was the first enzyme of this family to be isolated (Horecker, 1950), followed by several other dual
flavin enzymes, sulfite reductase in bacteria (Christner et al., 1981; Ostrowski et al., 1989) as well as
three proteins identified in human: nitric oxide synthase NOS (Stuehr, 1997), methionine synthase
reductase (Olteanu and Banerjee, 2001) and a cytoplasmic protein NR1 with yet unknown function
that is expressed in cancer cells (Paine et al., 2000). This family includes also the diflavin domain of
self-sufficient cytochromes P450 such as CYP102A1 (BM3) from B. megaterium. BmCPR is most
related to the flavoprotein alpha-component of sulfite reductase (SiR) (44 % - 63%), an indication of

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

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

P450s are potential enzymes for biotechnological applications; nevertheless, the multi-component
nature of P450s, in other words the absolute requirement of electron transfer partner/s for the P450
reaction is one of the most important factors, which hampered their powerful commercial utilization.
Therefore, the co-expression of genes encoding the redox partners of the P450 is necessary when the
host cell lacks such electron transfer proteins (E. coli) or the efficiency using an endogenous system is

low.

BmMCPR was employed in the establishment of whole cell biocatalyst systems with class | and Il P450s
as shown in publication 2.1 and 2.2 (Milhim et al., 2016a, 2016b). Therefore, the identification of this
reductase provides a versatile redox partner for P450s with appealing biotechnological potential

(Figure 4.1).

17a-Hydroxyprogesterone
NADPH + H

Progesterone

NADP*

P450s

_poc

Progesterone

Class

* Premedrol

Medrane
Testosterone

Hydroxylated testosterone
products (158-, 68-)

~ Pravastatin

Mevastatin

Class Il P450s

Figure 4.1. Schematic representation of the ability of BmCPR to support electrons transfer to class |
(represented by CYP106A1 and CYP107DY1) and class Il (represented by CYP21A2 and CYP17A1)
P450s.
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Some of the most potent anti-inflammatory and immunosuppressive agents are the synthetic
glucocorticoids which are, therefore, considered to be very crucial in the pharmaceutical industry.
Among them is medrol (methylprednisolone), which is widely used for the treatment of inflammatory
and autoimmune diseases, such as: asthma (Fiel and Vincken, 2006); uveitis, rheumatoid arthritis
(Saag, 2002); ulcerative colitis (Rosenberg et al., 1990); Crohn's disease (inflammatory bowel
disease); Bell's palsy; multiple sclerosis (Thrower, 2009); cluster headaches; vasculitis; acute
lymphoblastic leukemia (Lambrou et al., 2009); systemic lupus erythematosus, dermatomyositis and

autoimmune hepatitis (Davis et al., 1978).

Medrol can be synthesized from the intermediate premedrol. In our laboratories we successfully
developed a CYP21A2-based whole-cell system in E. coli for the biotechnological 21-hydroxylation
of the precursor medrane to produce premedrol. It was demonstrated that the reaction efficiency is
strongly dependent on the co-expressed redox partner with the best yield when the S. pombe redox

system (Arh1/etp1™) was used (Brixius-Anderko et al., 2015).

The efficiency of the BmCPR to support CYP21A2 for the conversion of medrane to premedrol was
compared in vivo with Arh1/etpl™. The expression and conversion were carried out as described
previously (Brixius-Anderko et al., 2015). Figure 4.2 shows that the BmCPR was able to support the
activity of CYP21A2 in vivo, with about 1.14 fold higher efficiency than the previously used

Arh1/etp1™ system.
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Figure 4.2. CYP21A2-dependent whole-cell conversion of medrane to

premedrol using Arhl/etpl™ or BmCPR as redox partner. Whole-cell

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

expressing CYP21A2 and the redox partner (Arhl/etpl™ or BmCPR).

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

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

conversion”. The data were normalized by setting Arh1/etp1™ to 1.

®This experiment was kindly carried out by Dr. Brixius-Anderko S.
The results pointed out the potential of the newly identified BmCPR in future biotechnological
applications. In general, the use of BmCPR is advantageous since the expression of a soluble bacterial

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

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

Therefore, the characterization and deeper understanding of such a reductase is of great importance for
the re-evaluation and exploration of the phylogenetic relationships of NADPH cytochrome P450
reductases between different taxa, which enables us to characterize non-conventional alternative redox

partners.
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3.2 CYP107DY1 A NEW PLASMID-ENCODED CYTOCHROME P450

FROM BACILLUS MEGATERIUM

B. megaterium strains QM B1551 harbors seven indigenous plasmids (Eppinger et al., 2011). About
11% of its cellular DNA was found to be carried on these plasmids, which emphasizes the importance
and potential of the genes encoded by them. Sequence analysis of the indigenous plasmids showed that
plasmid number 5 (pBM500) has an open reading frame (BMQ_pBM?50008) containing 1,233 base
pairs, which encodes for a protein comprising 410 amino acids. The amino acid sequence has a
predicted isoelectric point pl of 5.81 and a molecular weight of about 46.742 kDa. Analysis of the
protein domains using the Pfam Database (Finn et al., 2016) proved that BMQ_pBM50008 bears all
highly conserved motifs of the P450 family. The new P450 was investigated in details in publication
2.2 (Milhim et al., 2016b). Considering the BMQ_pBM50008 amino acids sequence, three highly
conserved regions for P450 characteristics were found. First, the heme-binding motif (F-x-x-G-Xx-x-x-
C-x-G) was found at position 353 — 362 in the deduced amino acid sequence. This motif forms the
heme binding loop, where the absolutely conserved cysteine coordinates as fifth ligand with the heme
iron. The second highly conserved motif is (A/G-G-x-E/D-T-T/S), which is found in the I-helix and
regarded as an oxygen-binding motif with the conserved glycine pointing at the center of the heme and
the conserved threonine pointing to the oxygen-binding site. In addition, the presence of the (E-x-x-R)
motif in the K-helix is responsible for the formation of a salt bridge, which is crucial for the heme

center stabilization (Danielson, 2003).

Multiple sequence alignment and submission of the protein sequence of BMQ_pBM50008 to P450
nomenclature committee (Prof. Dr. David Nelson), turned out that it matches best to CYP107DA1
with 49% sequence identity and, therefore, was assigned as a new subfamily with the name

CYP107DY1.

CYP107DY1 was successfully expressed in E. coli and purified. The recombinant CYP107DY1
exhibits a characteristic P450 absolute and reduced CO-bound difference spectrum. In addition, the

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

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

Efforts were undertaken to search for suitable redox partner/s of CYP107DY1 since an effective
electron transfer is essential in terms of cytochrome P450 activity. Based on the measurement of the
reduced CO-bound spectrum of the CYP107DY1, the Bacillus redox system BmCPR-Fdx2
(publication 2.1) was found to be able to support the electron transfer from NADPH to CYP107DY1
and, therefore, it was used for substrates screening for CYP107DY1. Phylogenetically CYP107DY1
was found to be related to the CYP267B1 from Sorrangium cellulosum So ce56, which was previously
characterized as versatile drug metabolizer (Kern et al., 2016). Therefore, substrate screening using a
drug library consisting of 18 drugs pointed out the ability of CYP107DY1 to convert mevastatin

(compactin) to pravastatin as shown in publication 2.2.

Statin drugs inhibit the 3B-hydroxy-3methylgluteryl CoA (HMG-CoA) reductase, the key enzyme
involved in the rate limiting step of cholesterol biosynthesis. Statins reduce the low density lipoprotein
(LDL) cholesterol level and thus are very effective in the treatment of hypercholesterolemia (Lamon-
Fava, 2013). Among the most widely used statins is pravastatin, which is currently obtained by the
regioselective hydroxylation of the natural product mevastatin (compactin). Mevastatin was first
isolated from Penicillium citrinum (Endo et al., 1976) and Penicillium brevicompactum (Brown et al.,
1976). An oxyfuctionalization of mevastatin to pravastatin was described using CYP105A3
(P450sca2) from Streptomyces carbophilus (Matsuoka et al.,, 1989) and CYP105AS1 from

Amycolatopsis orientalis (McLean et al., 2015).

3.3 INVIVO WHOLE CELL PRAVASTATIN PRODUCTION

After the successful in vitro conversion of mevastatin by CYP107DY1 into one main product
pravastatin and due to the high pharmaceutical interest in the oxyfunctionalization of mevastatin, the
biotechnological relevance of the newly identified P450 and reductase (publication 2.1 and 2.2) was
assessed by construction of recombinant E. coli-based whole-cell system overexpressing CYP107DY1

together with the redox partners BmCPR-Fdx2.
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The whole-cell biocatalyst system was successfully used for in vivo production of about 28.5 mg/L
pravastatin (publication 2.2). This is still far away from the implementation of this system in an
industrial biocatalyst process. However, the economic feasibility of the known examples of the
industrially used P450s needed developmental research of more than 10 years (Bernhardt, 2006;
Bernhardt and Urlacher, 2014; Girvan and Munro, 2016; Julsing et al., 2008). This started from gene
characterization and functional identification, successful construction of an in vivo system,
optimization of the system at the molecular (enzyme activity) and cellular level (use of industrially
optimized and engineered host) before it was implemented in an industrial process. Therefore, the
identification of CYP107DY1 as a highly regioselective mevastatin hydroxylase and the successful in

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

3.4 A NEW SHORT-CHAIN DEHYDROGENASE/REDUCTASE FROM

BACILLUS MEGATERIUM WITH 178-HSD ACTIVITY

Biotransformation of testosterone with B. megaterium based whole cells harboring the pSMF2.1
empty vector resulted in the formation of the 17-oxo steroid form androst-4-ene-3,17-dione, an
indication of the ability of B. megaterium to oxidize the 17B-hydroxy- to 17-keto steroid. This is
common in microorganisms and was firstly reported in 1937 by Mamoli and Vercelloni who described
the transformation of androst-4-ene-3,17-dione to testosterone by S. cerevisiae (Liu et al., 2017).
Later, this activity was also demonstrated in other microorganisms of different taxonomy such as
bacteria (Pseudomonas, Comamonas, Bacillus, Brevibacterium, Mycobacterium, Streptomyces), fungi
(Aspergillus, Mucor, Penicillum), yeasts (Hansenula, Pichia, Saccharomyces), algae (Chlorella,

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

To identify the enzyme, which possesses 17p-hydroxysteroid dehydrogenase activity, the human
testosterone 17-beta-dehydrogenase (173-HSD) (UniProt acc. Number: P37058) was blasted against
the B. megaterium genome using MegaBac v9 (http://megabac.tu-bs.de). The best bit score was
achieved with the open reading frame BMD_2094 with a sequence similarity of 39.4% with the human

17B-HSD (ClustalW pairwise sequence alignment). BMD_2094 [Uniprot acc. No. DSDFE7] encodes a

96



DISCUSSION

259 amino acids polypeptide with a calculated molecular mass of the deduced amino acid sequence of
28.85 kDa and a pl of 940. The BMD_2094 protein belongs to the short-chain
dehydrogenase/reductase (SDR) superfamily, which is found in all domains of life (Kallberg et al.,
2010). SDRs are a functionally diverse family of NAD(P)(H)-dependent oxidoreductases and are
known for a broad substrate spectrum ranging from alcohols, sugars, steroids and aromatic compounds
to xenobiotics. The N-terminal region binds the coenzymes NAD(H) or NADP(H), while the C-

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

The activity of the candidate enzyme was verified by an overexpression approach. The 17p-HSD
activity of the BMD_2094 towards testosterone substrate was assessed by HPLC after carrying out in
vivo whole-cell conversions. As shown in Figure 4.3A, compared to the control strain (B. megaterium
carrying the empty vector pSMF2.1), formation of androst-4-ene-3,17-dione is drastically increased in
B. megaterium overexpressing the BMD_2094 with a conversion ratio of more than 88 %, yielding 0.6
g/L/day. This demonstrates the 17p-hydroxysteroids oxidation activity of BMD_2094. The ability of
BMD_2094 to catalyze the reverse reaction (reduction of the oxygen at position 17) was assessed by
using androst-4-ene-3,17-dione as a substrate. The reverse reaction is clearly weaker than the forward

reaction with a conversion ratio of about 22 %, yielding 0.15 g/L/day (Figure 4.3B).
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Figure 4.3. HPLC chromatograms of the in vivo conversion of (A) Testosterone [T] and (B) androst-4-ene-3,17-dione
[AD]. B. megaterium GHH8 cells carrying empty vector (pSMF2.1) or overexpressing BMD_2094 (pSMF.2094) were
induced with 5 mg/ml xylose at 30°C for 24 hours. The conversion was carried out using 0.5 mM substrate concentration for
5 h using resting cells (resuspended in 50 mM KPP buffer pH 7.4 + 2% glycerol) at 30°C. [GHH8: B. megaterium MS941
AUPP ACYP10641 A20aHSD (Gerber et al., 2016)].
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Testosterone is included in the World Health Organization's list of essential medicines, which
comprises the most important medications needed in a basic health system (World Health
Organization, 2015). Testosterone is used as a medication for the treatment of males with androgen
deficiency. This is known as hormone replacement therapy (HRT), which maintains serum

testosterone levels in the normal range.

Currently, testosterone is chemically produced from androst-4-ene-3,17-dione (Ercoli and Ruggieri,
1953). Several attempts have been reported for the microbial biotransformation of sterol (such as
cholesterol and B-sitosterol) to produce testosterone. Nevertheless, the presence of a final reduction
step of the C17 was the main obstacle in a high testosterone yield. Although several microbial 17p3-
HSD enzymes have been cloned and characterized (Donova et al., 2005), just few of them were used
to develop genetically engineered bacteria to improve the biotechnological production of testosterone

(Fernandez-Cabezdn et al., 2016).

The 17B-HSD activity of BMD_2094 and its successful in vivo use offer new possibility for the
development of biotechnological processes for the production of sex hormones. However, additional
efforts are needed to examine the enzyme activity in more detail, which will enable the optimization of

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

3.5 BMD_2094 CAN CONVERT THE SESQUITERPENE NOOTKATOL TO

(+)-NOOTKATONE

Terpenes are a large group of naturally occurring hydrocarbons, which have valuable applications in
the flavor and fragrance industry. The sesquiterpene (+)-nootkatone (CysH2,0) has a characteristic
grapefruit flavor and was first isolated from the cedar wood Chamaecyparis nootkatensis, but is also
found in trace amounts in some citrus fruits such as grapefruit, mandarin and pummelo (Leonhardt and
Berger, 2014). Therefore, for commercial applications (+)-nootkatone is synthesized from (+)-
valencene, an abundant constituent of various citrus species (eg. Valencia orange) and thus, is a
convenient and favorable bioresource. The conversion of (+)-valencene to (+)-nootkatone comprises

two steps (Figure 4.4) proceeding via a regioselective hydroxylation of (+)-valencene at C-2
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producing the (trans)-nootkatol, which is oxidized to (+)-nootkatone (Fraatz et al., 2009). Little is
known about the enzymatic step/s involved in this biosynthesis. Therefore, many methods haven been
developed trying to synthesize (+)-nootkatone. A chemosynthesis method, which is based on the
allylic oxidation of the precursor (+)-valencene using toxic hazardous oxidants such as chromate,
manganite and tert-butyl hydroperoxide has been reported (Fraatz et al., 2009). More recently, whole-
cell biotransformation methods (in bacteria, fungi or cell culture) employing different enzymes such as
lipoxygenase, laccase or P450s enzymes have been also described (Leonhardt and Berger, 2014).
While the first step can be catalyzed by P450s (Gavira et al., 2013; Girhard et al., 2009), an enzyme

which catalyzes the second step is still required.

(+)-Valencene (trans)-Nootkatol (+)- Nootkatone

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

The investigation of various new potential substrates for the constructed B. megaterium based whole-
cell systems by our group turned out the ability of B. megaterium cells to convert the sesquiterpene
(trans)-nootkatol into the valuable ketone form (+)-nootkatone, although with low efficiency (Figure
45A). Information about the enzymatic step/s involved in the formation of (+)-nootkatone from
(trans)-nootkatol is very scarce. In this study we aimed to identify an enzyme to enhance the final step
in the formation of (+)-nootkatone, which is thought to be a dehydrogenation reaction. Therefore, we
searched the B. megaterium strain DSM319 for a potential enzyme candidate/s of our cloned

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

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

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

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

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

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

Samples were taken after 5 h conversion and analyzed via GC-MS.
The activity of the candidates enzymes towards (trans)-nootkatol was verified by an overexpression
approach. To achieve this, we used the xylose inducible vector pPSMF2.1 as a backbone for the
overexpression of the genes (Gerber et al., 2016). Remarkably, none of the screened strains showed
detectable activity except for the one transformed with the pSMF.2094 (expressing BMD_2094).
Previously, many publications highlighted the participation of the dehydrogenases in the metabolic
pathway of different terpenes namely the synthesis of zerumbone from 8-hydroxy-a-humulene from
the ginger plant Zingiber zerumbet (Okamoto et al., 2011) and the germacrene-derived sesquiterpene
lactones from the vegetable Cichorium intybus (de Kraker et al., 2001). As shown in Figure 4.5B, the
B. megaterium strain expressing the BMD_2094 was able to convert (trans)-nootkatol (RT= 14.14

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

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

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

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

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

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

MS. The data is represented as mean + SD of three separate measurements.
Time dependent conversion demonstrates the efficiency of the BMD_2094 (Figure 4.6). A conversion
ratio of about 100 % was achieved within 40 min yielding about 44 mg/L (+)-nootkatone. Most of the
enzymatic based-methods for (+)-nootkatone production still have some limitations restricting their
use in the industrial processes, including the substrate specificity, the need of auxiliary redox partners,
the difficulties of expression of membrane enzymes in prokaryotic microorganism and the
accumulation of the intermediate nootkatol as a result of unidentified enzyme, which can catalyze the
second step efficiently (Fraatz et al., 2009). Most of these limitations have been overcome in many
publications by expressing highly selective plant P450s in different yeast species or by the engineering
of bacterial P450s to improve the formation of (trans)-nootkatol. Information about the enzymatic step
leading from (trans)-nootkatol to (+)-nootkatone is very scarce. The first attempt for the use of
cytochrome P450 in the production of (+)-nootkatone was described by Sowden et al (Sowden et al.,
2005). P450cam from Psuedomonas putida and P450 BM3 from B. megaterium have been engineered

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

a number of mutations were introduced. The P450cam mutants oxidize (+)-valencene with high
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regioselectivity for C2 oxidation. The relative proportions of nootkatol and nootkatone vary from 86%
(trans)-nootkatol and 4% nootkatone for the F87A/Y96F/L244A/N 2471 mutant, to 38% nootkatol and
47% nootkatone for F87V/Y96F/L244A. On the other hand the P450 BM3 WT showed activity
towards (+)-valencene but with much lower regioselectivity (Sowden et al., 2005). CYP109B1 from
Bacillus subtilis (Girhard et al., 2009), the CYP71AV8 from chicory (Cichorium intybus) (Cankar et
al., 2011), and the tobacco CYP71D51v2 (Gavira et al., 2013) were also applied for the oxidation of
(+)-valencene. Nevertheless, all these attempts resulted in multiple products, whereas (trans)-nootkatol
was the main one. To overcome this problem, Wriessnegger et al (2014) identified and overexpressed
an endogenous alcohol dehydrogenase (ADH) to enhance the final step of (+)-nootkatone formation in
Pichia pastoris, which lead to >20- fold increase yielding 7 mg/L of the desired product. This amount
was improved to 17 mg /L within 48 h by coexpressing truncated hydroxy-methylglutaryl-CoA

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

To the best of our knowledge, the BMD_2094 is the first identified dehydrogenase of bacterial origin,
which can efficiently oxidize (trans)-nootkatol to (+)-nootkatone. Moreover, in view of the
biotechnological application, the activity of BMD_ 2094 demonstrates its value in boosting the
formation of (+)-nootkatone for the development of efficient whole-cell systems for the production of
(+)-nootkatone. Nevertheless, further improvements are required, either at the cellular level by
expressing BMD_2094 in other microorganisms, or at the methodological level by using bioreactor

cultivation.

102



OUTLOOK

4 OUTLOOK

In conclusion, biocatalytic reactions involving incorporation of oxygen are potentially very useful in
synthetic biology. Generally, reactions with molecular oxygen always involve some disadvantages
associated with the formation of reactive oxygen species, which can cause damage of the reaction.
Living cells have several ways to cope with ROS and thus the use of whole cell biocatalyst is very
beneficial. In addition, whole cells contain enzymes that can be used for coenzyme regeneration,
which is another critical issue in all biocatalytic redox reactions. Therefore, the biotransformation

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

This work demonstrates the importance of three newly characterized enzymes and their impact in
future biotechnological applications. The diflavin BmCPR enzyme was found to support the electron
transfer in vitro and in vivo to class | and class 1l P450s (Figure 4.1), which make this reductase a very
promising and advantageous candidate to provide a versatile redox partner for broad range of P450s
and of substrate classes. This will facilitate the establishment of the whole cell systems, which utilize
different classes of P450s. Significant progress has been achieved over the past decade in engineering
of P450s and related proteins, and the technologies for this are quite well established nowadays. The
tyrosine residue in the FMN binding motif (T-Y-G-E-G-D/E-P) of the P450 reductases had been
shown previously to play an important role in the interaction with the isoalloxazine ring of the FMN
(Wang et al., 1997). On the other hand, it is known that electrostatic interactions are responsible for
the stabilization of the P450-reductase complex during the electron transfer from the FMN to the heme
center (Bernhardt et al., 1988), where the acidic residues on the surface of the reductase interact with
the basic residues on the surface of the P450. Sequence analysis of the BmCPR showed that the FMN
as well as the P450 interaction motifs (Figure 4.7) can be further optimized in order to increase the
overall activity of this reductase. Therefore, site directed mutagenesis in the FMN motif (H122Y) and
in the P450 interaction motif (C189D / P196D) might be of great importance in improving the binding

of the FMN co-factor and increasing the interaction with the class Il P450s, respectively.
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Phosphate Moiety FMN Ring
BmCPR TVSKDVTILYGSQTGNAQGLAENTGKTLEAKGFNVT--VSSMNDFKPN----—- NLKKLENLLIVVSTHGEGEPPDNALS 133
bCPR TGRN-IIVFYGSQTGTAEEFANRLSKDAHRYGMRG--MAADPEEYDLADLSSLPEIEKA-LAIFCMATYGEGDPTDNAQD 151
ATR1 SGKTRVSIFFGTQTGTAEGFAKALSEEIKARYEKAAVKVIDLDDYAADDDQYEEKLKKETLAFFCVATYGDGEPTDNAAR 159
yCPR ENNKNYLVLYASQTGTAEDYAKKFSKELVAKFNLN-VMCADVENYDFESLN----- DVPVIVSIFISTYGEGDFPDGAVN 129
FMN Ring P450
BmCPR FHEFLHGRR--APKLENFRFSVLSLGDSSYEF-FCQTGKEFDVRLAELGGERLYPR--VDCDLD-FEEPANKWLKGVIDG 207
bCPR FYDWLQET---DVDLSGVKYAVFALGNKTYEH- FNAMGKYVDKRLEQLGAQRIFDLGLGDDDGN-LEEDFITWREQFWPA 226
ATR1 FYKWFTEENERDIKLQQLAYGVFALGNRQYEH-FNKIGIVLDEELCKKGAKRLIEVGLGDDDQS-IEDDFNAWKESLWSE 237
yCPR FEDFICNAE--AGALSNLRYNMFGLGNSTYEF-FNGAAKKAEKHLSAAGAIRLGKLGEADDGAGTTDEDYMAWKDSILEV 206

Figure 4.7. Part of the multiple sequence amino acids alignment of BmCPR and other cytochrome P450 reductases

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

motif is shown in green and the C189/C196 in the P450 interaction domain are shown in yellow.
CYP107DY1 was identified as a mevastatin hydroxylase. Its activity could be reconstituted in vitro
and in vivo. The in vivo activity of CYP107DY1 demonstrates its value for the development of
efficient whole-cell systems for the production of pravastatin. Nevertheless, further improvements are
required, either at the cellular level by expressing CYP107DY1 in other microorganisms, or at the
molecular level by improving the activity of this P450. The great potential offered by new protein
engineering methods able to alter the properties of the enzyme, in addition to the availability of
established high-throughput methods for substrate screening, opens a wide range of opportunities for
biotechnological exploitation. Rational design of mutants by site-directed mutagenesis has been
widely applied to different P450s such as P450cam (Harford-Cross et al., 2000; Loida and Sligar,
1993; Wong et al., 1997), P450 BM3 (Graham-Lorence et al., 1997; Oliver et al., 1997; Whitehouse et
al., 2012; Yeom et al., 1995), CYP109E1 (J6zwik et al., 2016) and others (Bernhardt and Urlacher,
2014; Janocha et al., 2015). An additional potential is offered by the application of random
mutagenesis methods. These have already resulted in a range of successful examples of enzyme
optimization (improvement in enzymatic activity, substrate specificity, protein folding and expression
levels) with emerging applications to pharmaceuticals and vaccines (Arnold, 2009; Tsotsou et al.,
2002). Therefore, the availability of in vitro reconstituted as well as functional in vivo systems
motivates the identification of new compounds that are potential substrates of CYP107DY1. The
screening can be carried out on substrates, which are analogue to mevastatin such as lovastatin and

simvastatin or by systematic high throughput substrates screening.

This work presents also a proof of concept of the possibility of employing the 173-HSD activity of
BMD_2094 for the production of pharmaceutical steroids. The reaction equilibrium of the BMD_2094
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was found to be shifted towards oxidation (Figure 4.8), accordingly; the reaction and the system
should be further optimized to shift it towards reduction in order to increase testosterone production
efficiency. This could be achieved by changing the culture and conversion conditions. It was
previously demonstrated that glucose utilization can promote a 17p-reduction and inhibit the reverse
oxidation of the product, therefore, the control of the bacterial metabolic state will be very useful.
Factors such as different carbon sources, pH and mode of substrate addition will be beneficial in
increasing the NAD(P)H/NAD(P) ratio in the cell, and thus, will help shifting the reaction towards
reduction. In addition, characterization of the BMD_2094 enzyme in more detail will be of great
importance for future rational design of mutant with alterations in substrate specificity and coenzyme

requirements.

NADP- NADPH+H

BMD_ 2094
NADP- NADPH +H O
Testosterone Androst-4-ene-3,17-dione

Figure 4.8. Oxidation of testosterone (forward reaction) and reduction of androst-4-ene-

3,17-dione (reverse reaction) by BMD_2094.

Moreover, BMD_2094 was found to be very efficient in the conversion of the sesquiterpene (trans)-
nootkatol to (+)-nootkatone. However, it will be worthful to coexpress a P450, which can catalyze the
first step by converting valencene to (trans)-nootkatol (Figure 4.4). A suitable P450s are available
such as the CYP71D51v2 from Nicotiana tabacum (Gavira et al., 2013) and the BM3 variant (BM3-

Al) (Schulz et al., 2015).

The combination of different hosts (bacteria, yeast, and filamentous fungi), expression systems and
plasmids theoretically allows many different possibilities to express and produce an enzyme. This
variety of possibilities in gene cloning and enzyme production, potentially allows solutions to be
developed, for example, for productivity increase and relief of inhibition phenomenon of substrates or

products.
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The future of genome mining for novel enzymes discovery seems bright and it is likely that the future
will see an expansion of interest in this exciting field. Genome mining combined with biochemical and
microbiological approaches can provide the stimuli needed for the construction of novel biocatalyst

systems, which will drive the field of synthetic biology forward.
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5 APPENDIX

5.1 SUPPLEMENTAL METHODS

5.1.1 CLONING OF THE GENE ENCODING BMD_2094

Genomic DNA was prepared using a genomic DNA isolation kit (nexttec). The DNA fragment
encoding the full length BMD_2094 was PCR amplified from the genomic DNA of B. megaterium
strain DSM319 using the forward primer (CGCittaattaa

AAATCAAGGAGGTGAATGTACAATGTCACAGCATTATGCGC) and reverse primer

(TTATCAactagtTTATTTAATTTCTTGTGTTCTGCGGACAACGG) [restriction sites are in small
letters and the ribosomal binding site is underlined]. The resulting fragment was cloned in the xylose-
inducible shuttle vector pSMF2.1 (Bleif et al., 2012) with the Pacl/Spel restriction sites, resulting in

plasmid pSMF-2094. The plasmid was verified by sequencing.

5.1.2 CULTIVATION CONDITIONS OF THE B. MEGATERIUM AND IN VIVO

SUBSTRATE CONVERSION

B. megaterium protoplasts preparation as well as the PEG-mediated transformation was carried out as

described elsewhere (Biedendieck et al., 2011).

Transformed B. megaterium cells were grown overnight in 50 ml Luria-Bertani (LB) broth medium
supplemented with 10 pg/ml tetracycline at 37 °C and shaking at 140 rpm. For the expression of
proteins, 50 ml Terrific broth (TB) medium containing 10 pg/ml tetracycline were inoculated (1:100)
with the transformed cells and cultivated in baffled erlenmeyer flask at 37 °C with rotary shaking at
140 rpm. Protein expression was induced at ODgy 0f 0.4 — 0.6 with 5 mg/ml xylose. The temperature
was then reduced to 30 °C. After incubation for 24 h, cells were harvested by centrifugation (4000 g)
for 10 min at 4 °C and washed once with 1 volume with conversion buffer (50 mM potassium
phosphate buffer (pH 7.4) supplemented with 2% glycerol). After a second centrifugation, the cell

pellets were resuspended in conversion buffer to an end cell suspension concentration of 40 g wet cell
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weight (wcw) / L buffer. The substrate was added and the culture was incubated for the indicated time

at 30 °C and 140 rpm.

5.1.3 METABOLITES EXTRACTION AND GC-MS ANALYSIS

Culture sample/s (1 ml) were taken at different time points and extracted twice with equal volumes of
ethylacetate followed by evaporating of the organic phase using a rotary evaporator. After that, the
residues were dissolved in ethylacetate and analyzed with Gas chromatography mass spectrometry
(GC-MS) system consisting of a DSQII quadrupole, a Focus GC column oven (Thermo scientific,
Waltham, USA), and a DB-5 column (Agilent) with a length of 25 m, 0.32 mm ID, and 0.52 pum film
thickness. The metabolites were analyzed in a m/z range of 20-350. The starting oven temperature
was 50 °C for 1 min and then the temperature was ramped to 310 °C by 10 °C/min and held for 3 min
with a flow rate of 1 ml/min. The El-mass spectra were compared with the NIST mass spectral library

(version 2.0).

5.2 SEQUENCES

52.1 BmMCPR (BMD_3122)

1 TTGCAACTTA AGGTAGTAAA CAGCCCTTTT AATCAAGAAC AAGCAGATTT 50

51 GCTTAATCGC CTTCTGCCGA CATTAACAGA AGCACAAAAA ATGTGGTTGA 100
101 GCGGTTATTT AACAGCAGCT CAATCTACGT CTGCCGAAGG AACGCCAGAC 150
151 GTTTCTACAG CAGCGCCTGC TCAAACGAAA CAGACAGTTT CAAAAGACGT 200
201 AACAATTCTT TATGGATCAC AAACAGGAAA TGCTCAAGGA CTTGCTGAAA 250
251 ATACAGGCAA AACGCTTGAA GCAAAAGGCT TTAATGTAAC TGTATCTTCT 300
301 ATGAATGATT TCAAACCAAA TAATTTAAAG AAACTTGAAA ATTTATTAAT 350
351 TGTCGTAAGT ACACATGGAG AAGGAGAGCC GCCTGATAAT GCGCTATCTT 400
401 TCCATGAATT TCTTCACGGC CGTCGAGCGC CAAAACTTGA GAACTTCCGT 450
451 TTCTCTGTTT TATCGCTTGG AGACAGCTCA TACGAATTTT TCTGTCAAAC 500
501 AGGAAAAGAA TTTGATGTGC GCTTAGCAGA ACTTGGCGGT GAAAGACTGT 550
551 ATCCGCGCGT TGACTGTGAT TTAGATTTTG AAGAGCCCGC AAATAAATGG 600
601 CTTAAAGGTG TTATTGACGG ATTAAGCGAA GCGAAAGGAC ACAGCGCTTC 650
651 GGCAGCTGTT CCAGCGGAAG CTCCTGCAGG AACTTCACCA TATTCAAGAA 700
701 CAAACCCTTT TAAAGCAGAA GTGCTTGAGA ACTTAAACTT AAACGGCCGC 750
751 GGATCAAATA AAGAAACGCG ACACTTAGAA CTATCTCTAG AAGGTTCAGG 800
801 TTTGACGTAT GAACCAGGAG ACAGTTTAGG TATTTATCCT GAAAATGACC 850
851 CGGAGCTTGT TGATCTTCTT CTTAACGAAT TCAAGTGGGA TGCAAGTGAA 900
901 AGTGTAACGG TTAATAAAGA AGGAGAAACG CGTCCTCTTA GAGAAGCGCT 950
951 AATCTCTAAT TTTGAAATTA CCGTTTTAAC AAAGCCGCTT TTAAAGCAAG 1000
1001 CAGCTGAGCT TACTGGAAAC GATAAGTTAA AAGCGCTTGT AGAAAATCGC 1050
1051 GAGGAATTAA AAGCATATAC ACAAGGCCGT GATGTAATTG ACTTAGTTCG 1100
1101 TGACTTCGGT CCATGGAACG TATCGGCACA AGAGTTTGTA GCCATTTTAC 1150
1151 GCAAAATGCC AGCGCGCCTT TACTCGATTG CAAGCAGCTT ATCAGCAAAC 1200
1201 CCTGATGAAG TTCATCTAAC AATCGGAGCG GTACGCTACG AAGCGCATGG 1250
1251 ACGCGAGCGT AAGGGTGTTT GTTCAGTCCT TTGTTCAGAA CGTTTGCAGC 1300
1301 CAGGCGATAC GATTCCTGTA TACCTTCAAA GCAATAAAAA CTTTAAGCTT 1350
1351 CCTCAAGATC AGGAAACGCC AATTATTATG GTAGGACCTG GTACAGGTGT 1400
1401 GGCTCCGTTC CGCTCATTTA TGCAAGAGCG TGAAGAAACA GGGGCAAAAG 1450
1451 GAAAGTCATG GATGTTCTTT GGAGATCAGC ACTTCGTAAC AGACTTCCTT 1500
1501 TACCAAACAG AATGGCAAAA GTGGTTAAAA GATGGCGTAC TGACAAAAAT 1550
1551 GGACGTGGCG TTTTCACGCG ATACAGAAGA AAAAGTATAC GTACAAAACC 1600
1601 GTATGCTCGA ACATAGTAAA GAATTATTCC AATGGTTAGA AGAAGGCGCA 1650
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1651
1701
1751
1801

5.2.2

51
101
151
201
251
301
351
401
451
501
551
601
651
701
751
801
851
901
951

1001
1051
1101
1151
1201

523

51
101
151
201
251
301
351
401
451
501
551
601
651
701
751

TCTTTTTATG TGTGCGGAGA TAAAACAAAT ATGGCACGCG ACGTGCACAA
CACGCTAGTT GAAATTATCG AAACAGAAGG CAAGATGAGC CGTGAACAGG
CGGAAGGTTA CCTTGCTGAA ATGAAGAAAC AAAAACGTTA TCAGCGTGAT

GTATACTGA

CYP107DY1 (BMQ_pBM50008)

ATGAAAAAGG
TGTCATCGGA
GTTTGGATGA
GACGATGTTG
GAAGTTCACA
CTGCGAGCAA
GTCGATCCAC
TACGCCACGT
ATGAGCTATT
GATTTTTCTT
TCCACCTTTA
AAGCAGCTAT
GAGTTTATTG
AGACGATGAT
AGTTGAGCGA
GGACATGAGA
GAAGCATCCC
CCTCTGCCGT
GGGCGTTTTG
AGGTGAAATG
AATTCTCTTA
CTCACTTTCG
CATGGAAGCA
TACGATTGGC
CGTTCTCTTA

BMD_2094

TTACAGTTGA
TTTTATAAAA
TTATTACGGG
TTACGATACT
CCATTGCAAG
ACTGTTTGAA
CCGATCACAC
ATGATCGAGA
GGATTCAGTA
TTCCTCTGCC
GATCAGAAAC
GGATCCTAGC
ATTACATCAA
GTGATGAGTG
GAACGAGCTT
CGACGGCCCA
GAACAAATGC
TGAAGAGCTG
CGGGTGAAGA
GTGCTGTTCT
TCCTGAGGGA
GAAAAGGTAT
CATATCGCTT
AATCGAATCG
AAAGCTTGCC

ATGTCACAGC ATTATGCGCT

AGAGTTAGCT
CCAGAAGCGC
TATAATATTG
GATACAGTCA
ATTTAGTGAA
GCTTTAGATG
TCATTTAACA
AAATTTTAAA
ACGGTATATT
TGAAAATGAA
GTCCAACTAA
CTTTTTCAAA
TAAAAAATTT
GTCTTGCTAC
GTTGTCCGCA

TATCAATTCG
TGATAAACTA
AAGTCATAAC
TTATATGAAG
CAATGCTGGT
AAGAGTTAAA
AAATTATTTT
CATTGCATCT
ACGCAACGAA
TTAAGAGGTA
AACGGGTTTT
GCGGTGCAAT
ATGAAAGGGC
GTTCATCCCG
GAACACAAGA

TGATTTTAGC
AACTCACTGA
TTGGGACCGG
AAAGAACCCC
ATAAAAAGGA
TGGATGATGA
TCGTTTGCGC
ATCTTCGACC
GAAGGAAAAA
CATTATTGTC
GATTTCGCGA
CAAGGGGCTG
AAAAATGCTG
CTTTGTTGCA
CTTTCCACGA
TCTAATCAGC
GCCTGCTTCG
CTACGCTATG
TATCATCATG
CGCTGGTTGC
TTGGATATTA
CCATCATTGT
TCGGCACATT
GAGCAACTGG
AGTTATTTTC

CATCACCGGT
CAAAGGATGG
GCGGCTATTG
GGTTGTTAAG
AACTTAAAAA
TTTGGACTAT
CATGATTGAT
TACCGGATAT
GTTGCTGCAT
AGCGTACGTA
CCAATGTAAC
AGCGACCGAG
GGATGTAGAA
AGACGGTTAT
CGCTTCGTGC
AATTAAATAA

TCTCCAGAAA
ACATCAAGAA
CATGGGTCGC
CGTTTTCTCA
TTCTATAGAT
ATATGCCGAA
AGGTTGGCCT
TCGTATACAG
GGAATATGGA
ATTTCAGAGA
CTGGACAGAT
TAGTTATGGA
GTCGAAAAGC
AGCACATGAG
TTTGGCTACT
AACGGCGTAC
GGATAATCCT
CCGGACCGGT
CATGGAAAAA
CGCCAATATT
CACGCGAGGA
TTGGGAGCGC
GCTTCAACGG
TTTATAACAA
TAA

GCGTCGGGAG

GCATCCTGTA
GAGAGAATTT
GATTTATCAA
TAAAAAAATG
ACGGCAAATT
TTAAATATTC
GCTCAAAAGA
TTATGCCAGG
TTATCTTTCA
GGTAAGTGCT
CCCAGCTAAG
ACAGTAACGA
CGTACCAGGA
CAAGAAAGTG
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ATATGCACGA
CCTCTTATTC
ATTACGTCAT
AAGATGTACG
GATAGCACAT
TATGCTTACG
CTAAAGCCTT
CAGATTACCA
TCTTGTTGCG
TGCTAGGGAT
AAACTCATCA
AACACTCAAG
GCAACCATCC
CAAGAAGATA
CATTACAGCC
TGGCGCTATT
TCTTTACTCC
CATGATTGGT
TGATTCCCAA
GATTCACAGA
GAATGAGCAT
CTTTGGCGCG
TTTCCTGATT
CAGCACATTG

GAATAGGTAA

ATTTTAGTTG
AAAATCTACT
GAGAAGAAGA
CACGTTGATT
TATTGAAACA
GAGCATTAAC
AATCGTGGGA
TCCACTTATG
CAGAGGCCCT
CTATGCCCGG
CAACTCCAAG
AAGTTGGCTA
GTACAGTTTC
GCTTACATCC

1700
1750
1800
1809

50
100
150
200
250
300
350
400
450
500
550
600
650
700
750
800
850
900
950

1000
1050
1100
1150
1200
1233

50
100
150
200
250
300
350
400
450
500
550
600
650
700
750
780
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5.3 ABBREVIATIONS

AdR Adrenodoxin reductase

Adx Adrenodoxin

Arhl Adrenodoxin reductase homologue 1

B. megaterium Bacillus megaterium

BmCPR Bacillus megaterium cytochrome P450 reductase
CD Circular dichroism

CO Carbon monoxide

CPR/POR Cytochrome P450 reductase / Cytochrome P450 oxidoreductase
CYP/P450 Cytochrome P450

CYP17A1 Cytochrome P450 17-hydroxylase/17,20 lyase
CYP21A2 Cytochrome P450 21-hydroxylase

DMSO dimethyl sulfoxide

DOC 11-deoxycorticosterone

E. coli Escherichia coli

EDTA Ethylenediaminetetraacetate

etp1™ Electron transfer protein 1

FAD Flavine adenine dinucleotide

Fdx2 Ferredoxin 2 from B. megaterium DSM319
FMN Flavine mononucleotide

GC Gas chromatography

h Hour

HPLC High performance liquid chromatography
HSD Hydroxy steroid dehydrogenase

KPP Potassium phosphate buffer

L Liter

M Molar

mg Milligram

um Micrometer

min Minute

MS Mass spectrometry

NAD(P)H Nicotinamide adenine dinucleotide (phosphate)
ORF Open reading frame

SDR Short-chain dehydrogenase/reductase

S. cerevisiae Saccharomyces cerevisiae

S. pombe Schizosaccharomyces pombe

UV/Vis Ultraviolet-visible spectroscope

WCw wet cell weight
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