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Abstract |

Abstract

Since many years, myxobacterial cytochrome P450 enzymes from Sorangium cellu-
losum gained attention as biocatalysts for different compounds. However, their applica-
tion in the pharmaceutical and biotechnological industry, especially for the derivatiza-
tion and metabolite production of drugs, remained unclear. Investigations on EpoK, a
P450 responsible for the epoxidation of epothilone C/D from S. cellulosum So ce90,
resulted in the establishment of the most efficient redox system to date with potential
biotechnological application. Additionally, three P450s of S. cellulosum So ce56,
CYP265A1, CYP266A1 and CYP267B1, were found to hydroxylate epothilone D. The
latter one was also able to form a novel epothilone derivative, 7-ketone epothilone D,
with potential antitumor activity. With respect to the production of human drug metabo-
lites, the CYP267 family was found to contain versatile drug metabolizers. Especially
CYP267B1 showed the ability to convert structurally diverse drug compounds with high
selectivity. In combination with the established co-expression of the autologous redox
partners Fdx8 and FAR_B in E. coli, a multi-milligram production of the human drug
metabolites chlorpromazine sulfoxide, 4’-hydroxydiclofenac, 2-hydroxyibuprofen,
omeprazole sulfone and thioridazine-5-sulfoxide was achieved. In addition, CYP267B1
was characterized as a bacterial P450s with an uncommon broad substrate range and

displays a great potential for a diverse biotechnological applicability.
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Zusammenfassung

Seit einigen Jahren sind myxobakterielle Cytochrom P450 Enzyme aus Sorangium
cellulosum als Biokatalysatoren fiir verschiedenste Verbindungen bekannt.
Allerdings blieb deren Einsatz fir eine biotechnologische Herstellung von
Arzneimittelderivaten und -metaboliten ungeklart. Im Rahmen dieser Arbeit wurde flr
CYP167A1 (EpoK) aus S. cellulosum So ce90, verantwortlich fur die Epoxidierung von
Epothilon C/D, das zurzeit effizienteste Redoxsystem mit grofiem biotechnologischen
Potenzial etabliert. Zusatzlich wurden CYP265A1, CYP266A1 und CYP267B1 aus
S. cellulosum So ce56 als Hydroxylasen von Epothilone D identifiziert und das neue
Derivat 7-Keton-Epothilon D mit potenzieller Antitumoraktivitat als Produkt von
CYP267B1 charakterisiert. Des Weiteren konnte die CYP267 Familie, bestehend aus
CYP267A1 und CYP267B1, als vielseitige und selektive Biokatalysatoren fur die
Produktion von Arzneimittelmetaboliten etabliert werden. Im Speziellen konnte mit
CYP267B1 und der Co-expression der autologen Redoxpartner Fdx8 und FAR_B die
Produktion der  humanen  Arzneimittelmetabolite Chlorpromazin-Sulfoxid,
4’-Hydroxydiclofenac, 2-Hydroxyibuprofen, Omeprazol-Sulfon und Thioridazine-5-
Sulfoxid im multi-Milligramm Malistab erzielt werden. Mit CYP267B1 wurde ein
bakterielles P450 Enzym mit einem aulRergewdhnlich groRen Substratspektrum
entdeckt, das ein  groles Potenzial fir  diverse  biotechnologische

Anwendungsmaoglichkeiten bereithélt.
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1  Introduction

1.1 Pharmaceutical drugs

The usage of plants, parts of plants and isolated phytochemicals to treat, ease or prevent
various health diseases is highly linked to the evolution of mankind (Sahoo et al., 2010).
Coming from the use of this natural sources as therapeutic means, the very first pharma-
ceutical drugs were herbs already used for thousands of years (Jones, 1996; Butler and
Newman, 2008) and described in encyclopedias like Naturalis historia. Apart from veg-
etable drugs, also minerals, beverages, certain fats or oils, honey and milk were used
medicinally (Kremers, 1976). The fast discoveries in natural sciences in the beginning
of the 18" century played a huge role in forming the specific and related scientific fields
investigating medicine and how they effect the human body (Mdller-Jahncke and
Friedrich, 1996). With the increasing knowledge and state of the art, more and more
pharmaceutical effects were linked to a responsible specific chemical structure. Already
described in 1955, the chemical structure of morphine and its derivatives is attributed to
their analgesic effect, respectively (Braenden et al., 1955). Another example are diverse
flavonoids, which are common secondary metabolites in the plant kingdom participating
in their anti-inflammatory and antioxidant activity (Odontuya et al., 2005). However,
humans have been subjected to disease, illness and accident since the beginning of time
(Anderson, 2005). To fight these concomitants of life, medicine and drugs have always
been highly valuable elements for health and healthcare.

1.2 Drug discovery cycle

To constantly improve known traditional or natural medicine toward a more effective
treatment of diseases, drug research and discovery aroused as an intersectional field of
medicine, biotechnology and pharmacology. Every new drug candidate in modern med-
icine, regardless of its source or manufacture procedure, is generally bound to a screen-
ing process. The classical way of pharmacological screening involved sequential testing
of new chemical entities or extracts in isolated organs followed by pharmacological
tests in animals (Vogel and Vogel, 1995). With the development of high-throughput

screening (HTS) and ultra-HTS models, drug research shifted from animal studies to
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target-oriented research (Kubinyi, 2003). However, because drug metabolism is a highly
complex system involving simultaneous cooperation of multiple organs and cellular
processes (Staudinger, 2013), nowadays, drug candidates have to pass different tests

and clinical trials in drug development (Figure 1).

12-15 years
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\ \ & | chemistry safety
\ \ \
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Figure 1. Drug discovery and development pipeline (taken from (Roses, 2008)). The
timeframe of 12-15 years is representative for the most common period.
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1.3  Guidelines for metabolite detection

The pharmaceutical industry traditionally invests a high sum of money in drug research
and development. On one side, the profit margin obtained from patented drugs or new
drug derivatives is significantly higher and more lucrative. On the other hand, the emer-
gence of new diseases, rising concerns of drug resistance for pathogenic agents and the
decreased efficacy of the existing drugs are of great pharmaceutical concerns (Drews,
2000). However, the number of new drugs reaching the market has settled down in the
past few years (Figure 2). One of the main reasons for the failure of drug candidates is
the detection of emerging toxicity and resulting side effects (Kim and Kang, 2011). To
encounter potential negative effects of drugs, the International Conference on Harmoni-
zation of Technical Requirements for Registration of Pharmaceuticals for Human Use
(ICH) dictated guidelines for the qualification and the analysis of drug metabolites dur-
ing clinical trials (ICH, 2009, 2012). In detail, the Food and Drug Administration (FDA)
published instructions for safety testing of human drug metabolites which are represent-
ing >10% of the parent drug exposure at steady state (FDA, 2008). Indeed, several
drugs are reported to be metabolized in the human body into toxic and/or chemically

more reactive compounds (Macherey and Dansette, 2008). The early detection of such
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metabolites during the drug discovery and development phases will timely reveal un-
suitable candidates (Cavero, 2009) and prevent a damaging cause of withdrawal during

clinical trials and post-marketing (Tamimi and Ellis, 2009).
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Figure 2. Number of new pharmaceutical drugs approved for the market (data taken
from FDA drug report 2015).

1.4  Drug metabolizing enzymes (DMEs)

The field of drug metabolism research arose during the first half of the 19™ century,
when hippuric acid was detected in horse urine after benzoate administration (Delprat
and Whipple, 1921). At about the same time, the responsible mechanism for the bio-
transformation of drugs or xenobiotics became the focus of attention. Since then, drug
metabolism evolved in one headstone of the discovery and development process of
drugs. Responsible for the biotransformation are drug metabolizing enzymes (DMES),
which play essential roles for the elimination and detoxification of drugs and xenobiot-
ics (Meyer, 1996). The exposure with these compounds leads to an adaptive response of
the human body to produce the suitable DME for their degradation (Xu et al., 2005).
The majority of DMEs participating in phase | metabolism are oxidoreductases and the
percentages of their participation in drug metabolism is presented in Figure 3.
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B Cytochromes P450

AKR®

MAO
<0.1%
B QOther

HEFMO

Figure 3. Human oxidoreductases participating in drug metabolism with cytochrome
P450s, aldo-keto reductases (AKR), monoamine oxidase (MAQO) and microsomal
flavin-containing monooxygenase (FMO). The values were calculated from 860 drugs
(taken from (Rendic and Guengerich, 2015)).

Flavin-containing monooxygenases (FMOs) are characterized by their ability to cata-
lyze the oxidation of heteroatoms in xenobiotics, in particular soft nucleophiles such as
amines, sulfides and phosphites (Geier et al., 2015). Specialized for the oxidation of
monoamines, the family of monoamine oxidases (MAOSs) is responsible for the deami-
nation of neurotransmitters and biogenic amines (Edmondson et al., 2004). The enzyme
family of aldo-keto reductases (AKRs), including aldehyde and aldose reductases, own
a wide substrate specifity for carbonyl compounds (Bohren et al., 1989). The enzyme
families FMO and AKR are both NADPH-dependent enzymes whereas MAOs only
need FAD as cofactor. However, all three enzyme families catalyze important reactions
to induce the excretion of xenobiotics (Scheme 1). But taken together, FMOs, AKRs

and MAOs are only responsible for 4% of drug metabolism (Figure 3).



1 Introduction 14

Bz 0, + NADPH + H* H,0 + NADP+ [:,‘2

N. N
A R H ————=" > R~ OH

R;. Ry RorH FMO R;, Ry RorH
R, O, + NADPH + H* H,O + NADP+ o
4 R,. 7
N - 2Nt
R,” "Ry EMO Ri™ Ry

O H oH
P NADPH + H*  NADP* %
B R, R, — R, R,

AKR

R,: Ror H

0, H,0, (@]
C Rr7NH, +HO . A J_L + NH;4
R H

MNO

Scheme 1. Overview of exemplary reactions catalyzed by flavin-containing mono-
oxygenases (A), aldo-keto reductases (B) and monoamine oxidases (C).

1.5 Cytochrome P450 enzymes (P450s)

As presented in Figure 3, the remaining 96% of phase | drug metabolism is catalyzed by
cytochrome P450 enzymes (P450s). These enzymes can be found throughout the three
domains of life, highlighting their special purpose in living organisms, in particular for
eukaryotes. These enzymes belong to one of the largest superfamilies of enzyme pro-
teins (Nelson, 2011) and play a crucial role in the metabolic pathways of drugs and xe-
nobiotics in the human body. Furthermore, they are involved in the metabolism of vari-
ous endogenous and exogenous compounds like bile acids, fatty acids, retinoids, ster-

oids, hormones, lipids and antibiotics (Bernhardt, 2006; Monostory and Dvorak, 2011).

The origin of the P450 superfamily lies in prokaryotes, however, P450s were first found
in rat liver microsomes (Klingenberg, 1958). For over 55 years, a large number of
P450s were found and characterized in the genome of different organisms. The gram-
negative bacterium Escherichia coli is one of those organisms which lack any P450
genes. In contrast, in the genome of higher plant species like Arabidopsis thaliana up to
244 P450s can be found (Bak et al., 2011). For nomenclature purposes, the P450 super-
family genes are subdivided and classified on the basis of amino acid identity, phyloge-
netic criteria and gene organization (Nelson et al., 1996). The root symbol CYP is fol-
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lowed by a number for the P450 family, a letter for the subfamily and a number for the
respective gene. Thereby, genes with an amino acid sequence identity of more than 40%
are classified in the same family. If the identity is higher than 55%, the genes are ar-
ranged to the same subfamily (Figure 4). Furthermore, the family numbers are assigned
according to a P450 numbering scheme, which assigns the numbers 1-49 and 300-499
to animal P450s, 71-99 and 701-999 to plant P450s and the family numbers 101-299 to
bacterial P450s (Nelson, 2009).

Figure 4. Nomenclature of cytochrome Figure 5. Schematic illustration of the
P450s. heme cofactor in P450s. In general, the

proximal side is coordinated by the thiol
group of cysteine and the distal side is
occupied by water (H,O) or substrate.

Cytochrome P450 enzymes are heme-containing monooxygenases able to catalyze a
large number of reactions including carbon hydroxylation, heteroatom oxygenation,
dealkylation and epoxidation (Scheme 2) (Guengerich, 1990; Bernhardt and Urlacher,
2014). In the prosthetic group heme b, an iron ion is coordinated by four nitrogen atoms
of porphyrin, which is proximally linked to the apoprotein via a conserved cysteine
(Figure 5, (Urlacher and Girhard, 2012)). Within the structural fold of P450s there are
highly conserved single amino acids and regions, which can be assigned to the special
characteristics of this superfamily. As shown in Figure 5, the most important conserved
amino acid, the proximal cysteine, is found in all P450s and plays a crucial role for their
function. The result of this unique arrangement is the characteristic 450 nm peak in the
reduced CO-bound absorption spectrum as well as a characteristic maximum at 420 nm

in the oxidized form including two Q-bands at approximately 530 nm (o) and 570 nm

(B) (Figure 6).
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Scheme 2. Overview of notable reactions catalyzed by P450s with C-H hydroxylation
and oxidation (A), N-oxidation (B), N, O, S-dealkylation (C) and C-C
bond cleavage (D). The R, group can either be H or a random carbon chain.

Absorbance

400 500 600 700
Wavelength (nm)

Figure 6. Spectroscopic characterization of CYP267B1 from S. cellulosum So ce56. The
UV-visible spectra of oxidized, dithionite reduced and CO-bound CYP267B1
are shown as black, dotted and gray line (taken from (Kern et al., 2016)).

In addition to the invariantly conserved proximal cysteine, P450s share a common fold
and topology (Denisov et al., 2005). The active site of P450s contains highly conversed
regions which consist of a four-helix bundle (three parallel helices labeled D, L, I and
an antiparallel helix E) and several important single amino acids. The latter ones are
responsible for the correct orientation of the substrates (substrate recognition sites

(SRS)) or indispensable for the catalytic activity of P450s, respectively (Sirim et al.,
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2010)). Among others, it has been established that all P450 sequences contain a 10-
residue signature motif FxxGx(H/R)xCxG which includes the cysteine ligand for heme-
binding, the important (A/G)Gx(E/D)T-(T/S) region for creating an oxygen binding
pocket and activate it (Werck-Reichhart et al., 2002; Denisov et al., 2005), and the to-
tally conserved ERR triad motif, which is involved in stabilizing the core and heme-
binding (Hasemann et al., 1995). Another important aspect is the characteristic second-
ary and tertiary structure resulting from the amino acid sequence and its responsibility
for a similar overall topology of P450s as well as the shape and size of their active site
(Figure 7).

substrate
recognition
site

(_a-heiix ()

Figure 7. Topological illustration of P450s (taken from (Sirim et al., 2010)). Substrate
recognition sites are marked in yellow, all a-helices and B-sheets are highlighted as
light blue tubes and grey arrows, respectively. The structurally conserved regions are
framed in red.

Since P450s belong to the group of external monooxygenases, they require a two-
electron reduction. However, a low number of P450s is known, which do not require an
external protein component as reduction equivalent like CYP55 from F. oxysporum
(Degtyarenko and Kulikova, 2001). The vast majority of P450s are in need of redox
equivalents supplied by one or more redox partners. The diversity of these redox sys-
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tems are in no way inferior to the diversity of P450s and are, therefore, classified by
number, type and topology of the respective redox proteins. Most of the bacterial elec-
tron transfer systems belong to the class | P450 system, which consists of a soluble
three protein arrangement with a FAD-containing ferredoxin reductase (FdR), a ferre-
doxin (Fdx) and the P450 (Hannemann et al., 2007). As illustrated in Figure 8, the re-
ductase transfers reduction equivalents from NAD(P)H to the ferredoxin, which in turn
reduces the P450 itself.

NAD(P)+ +H R-OH + H,0

Ze'
FdR

NAD(P)H R-H + 0,

Figure 8. Schematic organization of class | P450 system with soluble ferredoxin
reductase (FdR), ferredoxin (Fdx) and cytochrome P450 enzyme (P450).

As implied in Figure 8, the ferredoxin actually performs an one electron transfer from
the reductase to the P450. Considered overall, the catalytic cycle of P450s successively
requires two electrons for the oxygen activation and cleavage as well as the transfer into
a substrate (Figure 9). Beginning with the resting state and Fe'" (1), the distal coordinat-
ed water molecule is replaced by the substrate (1) and, in the next step, the heme iron is
reduced to Fe" (ferrous state, 111). After the binding of oxygen (I1V), and its reduction to
the ferric peroxy complex (V), the protonation of the terminal oxygen atom results in
“Compound 0” (VI). A second protonation forms water and “Compound I” (VII), the
active entity in most P450 oxidations. The superoxide (IV-11), peroxide (VI-11) or the
oxidase (VII-11) uncoupling are side reactions within this pathway. Following the ab-
straction of a hydrogen atom from the substrate (V111) and the subsequent combination
to the oxidized product (1X), the coordination of a new substrate molecule initiates a
new catalytic cycle (Whitehouse et al., 2012).
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Figure 9. Catalytic cycle of P450s (taken from (Whitehouse et al., 2012)).

1.6 Human P450s involved in the metabolism of drugs

Especially in the human body, P450s are indispensable biocatalysts in the metabolism

of drug molecules (Figure 3). They are 57 human P450s known of which some are

abundantly expressed in the liver, gastrointestinal tract, lung and kidney. Some of these

P450s catalyze important steps in steroid and fatty acid metabolism, respectively

(Bernhardt, 2006). Five P450 gene families, such as CYP1, CYP2, CYP3, CYP4 and
CYP7, are believed to play a crucial role in the capability of dealing with drugs and
chemicals (Zanger and Schwab, 2013). In fact, the CYP1, CYP2 and CYP3 families are

responsible for 94% of the P450-dependent drug metabolism in the human body (Figure

10).
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Figure 10. Human P450s responsible for the metabolism of drugs (data taken from
(Rendic and Guengerich, 2015)).

The analysis of literature data (Rendic and Guengerich, 2015) revealed the participation
of five major P450s in drug metabolism (Figure 10): CYP3A4 (27%), CYP2D6 (13%),
CYP2C9 (10%), CYP2C19 (9%) and CYP1A2 (9%). Minor contributions were as-
signed for CYP3A5 (6%), CYP1A1 and CYP2C8 (both 5%), CYP2B6 (4%), CYP2A6
(2%) and CYP1B1 (1%). Taken together, the remaining 46 P450s are responsible for
only 6% of metabolic reactions in the human body. The high number of accepted sub-
strates by CYP3A4 and the resulting important role in drug metabolism is a product of
its large and flexible active site (Scott and Halpert, 2005). Despite an amino acid se-
quence identity of 85% between CYP3A4 and CYP3AS5, some limiting structural differ-
ences can be observed which lead to significantly lower substrate acceptance by
CYP3A5 (Andrew Williams et al., 2002).

1.7  Application of DMEs and microorganism as biocatalysts

Although the chemical synthesis is an option to produce metabolites of novel drugs and
drug candidates, the implementation of costly multi-step chemical syntheses may not be
sufficient enough to overcome the demand of the respective metabolites for toxicologi-
cal tests or as authentic reference standards (Rushmore et al., 2000). Besides the purifi-

cation of major metabolites from urine (Gao et al., 2012), alternative approaches with-
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out the need of subjects is needed. Although the in vitro application of oxidative en-
zymes is feasible, significant operational barriers are hindering a corresponding large-
scale drug metabolite production (Cabana et al., 2007). This led to the application of
DMEs in biotechnological approaches and, furthermore, the screening for microorgan-
isms able to metabolize drugs and derivatives. Since the late 1960s, microbial transfor-
mations of drugs were originally performed as ‘microbial models of mammalian metab-
olism’ (Smith and Rosazza, 1975). The use of microorganisms for drug metabolism is
well documented and the microbial production of drug metabolites by biotransformation
is known for decades (Clark and Hufford, 1991). Several microorganisms like Cunning-
hamella and Streptomyces strains showed the ability to metabolize drugs and xenobiot-
ics to the respective human metabolites (Zhang et al., 1996; Asha and Vidyavathi, 2009;
Bright et al., 2011; Murphy and Sandford, 2012). This opens a potential application of
these strains for a large-scale production of these metabolites. Furthermore, the direct
application of DMEs is also of interest to overcome the demand of drug metabolites.
One promising option is the use of the Gram-negative bacterium E. coli, which is pre-
dominantly used as a host system for the production of enzymes. This bacterium is the
most studied microorganism to date and easy to handle and modify toward the expres-
sion of heterologous enzymes (Rosano and Ceccarelli, 2014). It has been previously
shown, that the expression of several DMEs like FMOs in E. coli results in the capabil-

ity for the respective drug compound conversion in vivo (Geier et al., 2015).

As a consequence of the participation of the human CYP1, CYP2 and CYP3 families in
94% of drug metabolism in the body (chapter 1.6), the P450 superfamily remains the
means of choice. The human CYP3A4, CYP2C9 and CYP1A2 enzymes were successfully
employed in such biotechnological approaches to directly produce the desired human
metabolites in E. coli (Vail et al., 2005). However, since it is not mandatory to employ
associated human P450s to synthesize human drug metabolites (Schroer et al., 2010;
Geier et al., 2015), microbial, especially bacterial, P450s became the focus of attention.
Apart from the usage of engineered CYP102A1 (BM3) from B. megaterium (Reinen et
al., 2011; Di Nardo and Gilardi, 2012) or recently found bacterial P450s (Xu et al.,
2014; Kiss et al., 2015; Kulig et al., 2015) with drug metabolism activity, further suita-
ble P450s are desired for such an application in the biotechnological production of drug

metabolites.
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1.8 Myxobacterial P450s from Sorangium cellulosum So ce56

Sequenced in 2007 (Schneiker et al., 2007), the Gram-negative soil bacterium Sorangi-
um cellulosum So ce56 caught the attention of the scientific community. For a
timeframe of several years, the genome of S. cellulosum So ce56 was acknowledged as
the largest bacterial genome ever sequenced. Even more interesting, the genus Sorangi-
um is regarded as the most promising resource for novel and important compounds
(Gerth et al., 2003) including antimicrobial and antitumor macrolides (Bollag et al.,
1995; Mulzer et al., 2008; Wenzel and Mdller, 2009). After the bioinformatics analysis
of the genome, 21 P450s (Khatri, Hannemann, et al., 2010) as well as eight ferredoxins
and two ferredoxin reductases were found and characterized (Ewen et al., 2009). A
schematic overview of the gene distribution in the genome of S. cellulosum So ce56 is

presented in Figure 11.
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Figure 11. Schematic overview of the genome of S. cellulosum So ce56 and the
localization of its CYPome and redox proteins (Khatri, 2009).
Ferredoxins are presented in brown and reductases in blue letters.

Followed by this, several P450s from S. cellulosum So ce56 revealed promising and
interesting characteristics. The first P450s from S. cellulosum So ce56 characterized
were CYP109D1 and CYP260A1. The former revealed interesting fatty acid hydrox-
ylase activity (Khatri, Hannemann, et al., 2010) followed by the characterization of the
remaining CYP109 family members, CYP109C1 and CYP109C2 (Khatri et al.,
2013; Shumyantseva et al., 2016). The detailed characterization of the members
of the CYP260 and CYP264 families led to new and interesting discoveries in
norisoprenoid and sesquiterpene hydroxylations (Ly et al., 2012; Schifrin, Litzenburger,
et al., 2015a; b; Schifrin, Ly, et al., 2015; Khatri et al., 2016; Litzenburger and
Bernhardt, 2016). Several other P450s of S. cellulosum So ce56 remain so far
unexplored and might ex-hibit potential activity toward other type of substrates and

chemical compounds like drugs, xenobiotics and therapeutics.
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1.9 Myxobacterial CYP167A1 (EpoK) from S. cellulosum
So ce90

Several strains of S. cellulosum were found to contain epothilones, which feature cyto-
toxic activity against a number of tumor lines (Bollag et al., 1995). This substance class
is of great interest for the treatment of breast cancer up to Alzheimer’s and Parkinson’s
disease (Zhang et al., 2012; Cartelli et al., 2013; Hirsch et al., 2013). In S. cellulosum
So ¢ce90, the P450 CYP167A1 (EpoK) is responsible for the last step of the biosynthesis
of epothilones (Ogura et al., 2004). Thereby, EpoK catalyzes the epoxidation of a dou-
ble bond resulting in epothilone A/B. However, even thought the complete biosynthesis
of epothilones was clarified before (Molnar et al., 2000; Tang, 2000), this last step was
not clarified with respect to EpoK and its required natural redox partners. Additionally,
no efficient redox system for further characterization of EpoK is known. This lack of
knowledge hinders a potential application of a large-scale production of epothilones
both in a biosynthetic and biotechnological manner. Furthermore, a derivatization of
these epothilones is also of great pharmaceutical interest to improve or find more potent
derivatives and metabolites of epothilone (Brogdon et al., 2014). Several studies aiming
for such a modification are covering this demand (Tang et al., 2003; Basch and Chiang,
2007; Mulzer et al., 2008; Zhang et al., 2014), highlighting the need for new approaches

to make new and more active epothilone compounds available.
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2  Scope and objectives

With the focus on myxobacterial P450s from S. cellulosum, the main objective to clarify
within this work is their potential application as drug derivatizer and metabolizer.
Concerning this, the first part of this Thesis should be the characterization of EpoK
from S. cellulosum So ce90 and the investigation of different hetero- and
homologous redox partners to find an efficient electron transfer system for a potential
application of EpoK in the biotechnological production of epothilone A/B. For this
purpose, the established bovine Adxsi0s/AdR, the redox proteins Etpl/Arhl from
S. pombe, and Fdx2/FdR_B and Fdx8/FdR_B from S. cellulosum So ce56 are supposed
to be investigated within the in vitro reaction of epothilone D to B by EpoK. While
testing the homologous redox partners from So ce56, first indications for the natural
redox partners of EpoK in S. cellulosum So ce90 might arise and could give insights
into the biosynthesis of epothilones. Furthermore, a novel redox system for P450s,
consisting of SynFdx from Synechocystis and FNR from C. reinhardtii, should also be

tested in order to find a new efficient electron transfer system for EpoK.

In the second part of this Thesis, the myxobacterial P450s of S. cellulosum So ce56
should be characterized in terms of their substrate range, activity and their potential bio-
technological applicability. Concerning this, a library of widely used drugs should be
tested with respect to optimized reaction and extraction conditions and detection of
metabolites by HPLC. Afterwards, the substrates should be tested in corresponding in
vitro experiments in order to investigate the activity of myxobacterial P450s toward
those drug compounds. To ensure and evaluate an application of the selected
myxobacterial P450s in a biotechnological process, the positive hits from the in vitro
experiments should be implemented in a whole-cell system for an up-scaled production
of the drug metabolites. Based on the published whole-cell system in E. coli with
the redox partners Adxs.10s and Fpr (Ringle et al., 2013), the substitution of the
former genes with the autologous redox partners Fdx8/FdR_B from S. cellulosum
So ce56 will be performed and investigated in the following whole-cell experiments.
The evaluation of the potential and the applicability of this whole-cell system for a
large-scale production of drug metabolites is of great interest to produce desired and
sufficient amounts of human metabolites as a reference standard or for toxicological

testing during drug development.
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Highly Efficient CYP167A1 (EpoK)
dependent Epothilone B Formation
-and Production of 7-Ketone
s e Epothilone D as a New Epothilone
~ Derivative

Fredy Kern?, Tobias K. F. Dier?, Yogan Khatri*, Kerstin M. Ewen?, Jean-Pierre Jacquot3,
Dietrich A. Volmer* & Rita Bernhardt*

: Since their discovery in the soil bacterium Sorangium cellulosum, epothilones have emerged as

: avaluable substance class with promising anti-tumor activity. Because of their benefits in the

. treatment of cancer and neurodegenerative diseases, epothilones are targets for drug design

* and pharmaceutical research. The final step of their biosynthesis — a cytochrome P450 mediated

© epoxidation of epothilone C/D to A/B by CYP167A1 (EpoK) — needs significant improvement, in

: particular regarding the efficiency of its redox partners. Therefore, we have investigated the ability of
. various hetero- and homologous redox partners to transfer electrons to EpoK. Hereby, a new hybrid

: system was established with conversion rates eleven times higher and V,,,, of more than seven

. orders of magnitudes higher as compared with the previously described spinach redox chain. This

' hybrid system is the most efficient redox chain for EpoK described to date. Furthermore, P450s from
. So ce56 were identified which are able to convert epothilone D to 14-OH, 21-OH, 26-OH epothilone D
. and 7-ketone epothilone D. The latter one represents a novel epothilone derivative and is a suitable

© candidate for pharmacological tests. The results revealed myxobacterial P4gos from S. cellulosum So

: ceg6 as promising candidates for protein engineering for biotechnological production of epothilone
derivatives.

In 2012, the World Human Organization's global target of reducing premature mortality from
: non-communicable diseases (e.g. cancer) by 25% was set to be achieved by 2025". To reach this ambi-
: tious target, population-based cancer registries and surveillance systems® as well as fundamental can-
. cer research are essential. For decades, chemotherapy has been the leading therapeutic approach in the
© treatment of cancer. Interestingly, more than 60% of anticancer agents currently in use are derived from
natural sources, including plants, marine organisms and microorganisms’. Among these compounds,
: agents blocking mitosis rate by targeting microtubules belong to the most efficient anti-cancer drugs
identified to date’. One member of the group of microtubule-stabilizing agents are epothilones, which
¢ were first discovered in 1987 by Gerth and coworkers as antifungal compounds naturally produced by
the soil bacterium Sorangium cellulosum®®. After the discovery of the cytotoxic activity of epothilones
© against a number of tumor cell lines in 19957, many studies and clinical trials with epothilones were
: published, with epothilone D and B emerging as the most promising candidates for treatment of cancer.
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Figure 1. Conversion of epothilone D to B catalyzed by EpoK in S. cellulosum So ce90; electron transfer
partners are unknown.

With respect to favorable characteristics as anticancer drugs, only derivatives of epothilone D and B
have reached the stage of clinical investigation. Among those, Ixabepilone (an epothilone B analogue)
is the only approved drug in cancer therapy to date®. Moreover, further studies have recently revealed
additional benefits for treatment of Alzheimer’s and Parkinson’s disease with epothilone D*'°. Because of
the variety of possible medical applications, epothilone D and its derivatives are most interesting targets
for pharmaceutical and medical investigations.

The biosynthesis of epothilone D was first proposed by sequence determination of the biosynthetic
gene cluster in S. cellulosum So ce90'! and evaluated with the cloning of the complete gene cluster from
S. cellulosum SMP44 into S. coelicolor'®. It was demonstrated that the myxobacterial CYP167A1 (EpoK)
is responsible for the final step of epothilone biosynthesis (epoxidation of epothilone D to B (Fig. 1), and
epothilone C to A, respectively). In general, cytochrome P450 enzymes (P450) are versatile enzymes cata-
lyzing a variety of reactions'®, a characteristic that makes them essential components of biotechnologi-
cal and pharmaceutical research!'’. But P450s belong to the external monooxygenases and thus require
electron supply from external redox partners'®. Because neither the natural nor an efficient heterologous
redox system supporting EpoK are known, the establishment of a whole-cell system in E. coli could not
be achieved to date.

Although it was reported early on that an artificial redox chain consisting of spinach ferredoxin
and ferredoxin reductase can support EpoK activity, the efficiency of the reaction was rather low.
For the C-terminal his-tagged EpoK (1.5 M), only 60% yields were observed after one hour at 30°C
when 100 M epothilone D was used as substrate'?. Putidaredoxin and putidaredoxin reductase from
Pseudomonas putida also turned out not to be efficient enough to be a good alternative for the spinach
system'®. Therefore, it is paramount to establish an efficient redox chain to unlock the biotechnological
potential of EpoK.

In this study, we first investigated homo- and heterologous electron transfer systems for an in vitro
conversion of epothilone D by EpoK. Therefore, we studied bovine adrenodoxin (Adx,_ ) and adreno-
doxin reductase (AdR), electron-transfer-protein 1 (Etp1™) and its autologous adrenodoxin reductase
homologue 1 (Arh1) from Schizosaccharomyces pombe, and myxobacterial ferredoxins and ferredoxin
reductase from S. cellulosum So ce56 (Fdx2/FdR_B and Fdx8/FdR_B), as well as a novel hybrid electron
transfer system for P450s, ferredoxin (SynFdx) from Synechocystis and ferredoxin NADP* reductase
(FNR) from Chlamydomonas reinhardtii.

In addition, we examined selected P450s from the related strain S. cellulosum So ce56 for a conver-
sion of epothilone D. P450s of this strain were recently investigated by our group and exhibited novel
functionalities and a broad substrate range'’-?". Bioinformatics study revealed some of these P450s to
be closely related to EpoK. As a result, the members of the CYP109, CYP260, CYP264 and CYP267
families as well as CYP265A1 and CYP266A1 from So ce56 were selected and implemented for in vitro
conversions. The resulting products were subsequently analyzed via HPLC and LC-MS/MS. All structure
proposals were tentatively assigned by LC-MS/MS and proposed collision-induced dissociation spectra
are presented.

Results

Investigated electron transfer proteins: important characteristics. During our studies, several
homologous and heterologous electron transfer systems were investigated. The general characteristics of
the respective components are listed in Table 1 for ferredoxins and Table 2 for reductases, respectively.
It is noteworthy that the redox potential of ferredoxins is decreasing from —344mV for Adx, ;4 to
—353mV for Etp1™ and to a redox potential of —380mV for ferredoxin (SynFdx) from Synechocystis.
The ferredoxins Adx,.os, Etp1™ and SynFdx belong to the [2Fe-2S]-type and Fdx2 and Fdx8 from So ce56
to the [3Fe-4S]-type ferredoxins. Moreover, both eukaryotic reductases, AdR and Arh1, have a molecular

SCIENTIFIC REPORTS | 5:14881 | DOI: 10.1038/srep14881 2
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Adx, s Bos taurus 104 11.8 —344 [2Fe-25] 6256

Etp1# S. pombe 127 14.1 353 [2Fe-28] &

Fdx2 S cellulosum So 101 112 / [3Fe-45) 3
cesh

Fdx8& S. cellulosum So 107 1.9 / [3Fe-45) 3
ce56

SynFdx Synechocystis 9% 10.3 —380 [2Fe-28] s

Table 1. Origins and properties of selected ferredoxins. (/: not described).

AdR Bos taurus 492 50.3 o

Arhl S. pombe 469 514 =
S. cellulosum 51

FdR_B S0 ce36 244 26.7

FNR C. reinhardtii 320 36.5 B»-12

Table 2. Origins and properties of investigated reductases. The listed reductases contain flavin adenine
dinucleotide and use both NADPH and NADH as a cofactor (Arhl and FAR_B) with the preference for
NADPH for FdR_B*, while AdR and FNR use NADPH only.

0.6 o

0.4

024

nmol product/nmol CYP/min
= -
= =
I n
nmol praduct'nmol CYP/min
A

0-
Etpl/Arhl  Adx/AdR Fdx2/FdRB Fdx8/FdRB spinach  spinach *

Fd/AdR Fd/FdRB Fd/Arhl Fd/FNR Literature

Figure 2. (A) Epothilone D conversions by EpoK with different electron transfer partners (spinach:

ratio 1:100:0.025U; spinach*: ratio 1:100:0.125U for P450:Fdx:FdR; reductase in units); (B) Epothilone D
conversions with EpoK, ferredoxin SynFdx (Fd) from Synechocystis and selected reductases (ratio 1:10:1 in
grey bars and ratio 1:20:3 in black bars); bars designated as “Literature” were calculated from published data
using spinach redox system: dashed'? and black bar*!

weight of around 50kDa, almost twice the values for the comparatively small reductase FdR_B from §.
cellulosum So ce56.

In vitro conversions of epothilone D by EpoK. EpoK was tested with a variety of electron transfer
partners as shown in Fig. 2A. The redox systems Etp1®/Arhl from S. pombe and Adx, e/AdR from
Bos taurus showed conversion rates below 0.1 nmol product per nmol P450 per min. The ferredoxins
Fdx2 and Fdx8 with their autologous reductase FAR_B showed conversion rates of 0.3 and 0.8 nmol
product per nmol P450 per min, respectively. Investigations with spinach redox partners analogous to
Tang et al.'* lead to conversion rates of 0.2nmol product per nmol P450 per min for the described ratio
(1.5:100:0.025U for P450:Fdx:FdR). Using optimized reaction conditions (five times higher reductase
amount), 0.5nmol product per nmol P450 per min were observed. Summarizing the results, the utiliza-
tion of the homologous redox partners Fdx2/FdR_B and Fdx8/FdR_B resulted in an up to 4 times higher
conversion rate compared to our results with the spinach redox system, thus presenting a more efficient
redox chain for EpoK compared to published results.
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Figure 3. Kinetic studies on epothilone B formation supported by EpoK/SynFdx/FNR hybrid system
(ratio 1:20:3 for EpoK:SynFdx:FNR). The Hill model with n;; =2 resulted in a sigmoidal fit for EpoK
kinetics with a coefficient of determination (R?) of 0.99. The inset shows the Lineweaver-Burk plot of the
data with R?=0.99.

To evaluate the suitability of SynFdx as electron mediator for EpoK, different combinations and ratios
of SynFdx with selected reductases were investigated. SynFdx was combined with different heterolo-
gous reductases in two different ratios (1:10:1 and 1:20:3 for P450:SynFdx:reductase). To compare the
efficiency of the spinach redox system with our results, we calculated conversion rates [nmol product
per min per nmol P450] from published data of epothilone D conversion by EpoK'*? to include them
into Fig. 2B. All tested combinations, except SynFdx with bovine AdR, resulted in higher conversion
rates than described in previous publications. When FdR_B from S. cellulosum So ce56 and Arhl from
S. pombe were used as electron donor for SynFdx, slightly higher rates compared to the spinach system
were observed. However, the hybrid redox system containing ferredoxin from Synechocystis and FNR
from C. reinhardtii yielded eight to eleven times (depending on component ratio) higher conversion rates
in vitro, compared with the values calculated for spinach Fdx/FNR. Additionally, kinetic studies of the
epoxidation of epothilone D were performed using the ratio 1:20:3 for the EpoK/SynFdx/FNR system. A
Vinae Value of 9.03 £ 0.17 nmol product min~! nmol ! EpoK and K,,,=1.73 £ 0.05 uM were obtained by
using the Hill-equation (Fig. 3). The replotted Lineweaver-Burk plot of the data (Fig. 3 inset) also showed
the similar values of v,,,, and K, of 10.10nmol product min~! nmol~! EpoK and 1.63 uM, respectively.
Compared with literature data (v,,,, = 5.6-10"7 nmol product min ! nmol ! EpoK and K, = 1.6 uM'®),
the v,,,, value was increased by seven orders of magnitude (107) with a similar K, value. Thus, a highly
efficient redox chain was established for EpoK.

Bioinformatics identification of potent epothilone D monooxygenases in S. cellulosum So
ce56. To find additional P450s able to convert epothilones, we investigated the CYPome of So ce56.
The phylogenetic comparison of EpoK with the CYPome of So ce56 revealed several P450s of So ce56
closely related to EpoK from So ce90 (Fig. 4A). Among the CYPome of So ce56, the greatest protein
sequence homology (approximately 50%) and identity (>30%) to EpoK was found for CYP124El,
CYP266A1, CYP267A1 and CYP267B1.

Invitroconversions of epothilone D with selected P450s from S. cellulosumSoces6.  CYP266A1,
CYP267A1 and CYP267B1 of . cellulosum So ce56 were tested with respect to their ability to convert
epothilone D. Due to low expression levels?’, CYP124E1 was not studied. But, in addition to the P450
members with the greatest homologies to EpoK, also CYP109, CYP260 and CYP264 families as well as
CYP265A1 were further investigated regarding a potential conversion of epothilone D. For this, recon-
stituted in vifro systems analogous to the ones used for EpoK-dependent epothilone D conversion were
used. Interestingly, in contrast to EpoK from So ce90, efforts to apply the hybrid system SynFdx/FNR as
an electron transfer system for P450s from So ce56 were unsuccessful. As a result, bovine Adx, o3/ AdR as
well as the autologous Fdx2/FdR_B and Fdx8/FdR_B redox chains were used as described previously>%,

As shown in Table 3, CYP265A1 and CYP266A1 are able to convert epothilone D, with this com-
pound representing the first presently identified substrate for each of these P450s. Interestingly, from
the CYP267 family, only CYP267B1 showed activity towards epothilone D. Thus, all of the tested P450s
closely related to EpoK, with the exception of CYP267A1, are able to convert epothilone D. In contrast,
for the respective CYP109, CYP260 and CYP264 family members, no conversion of epothilone D was
observed neither with the heterologous redox partners Adx, o/ AdR nor with the autologous electron
transfer proteins Fdx2/FdR_B and Fdx8/FdR_B.
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Figure 4. (A) Phylogenetic tree of EpoK and CYPome of So ce56. The tree was constructed by using protein
sequences and the “One Click” mode of the online phylogenetic analysis tool from Information Génomique
et Structurale, Marseille, France. The bar in the left corner indicates 0.4 amino acid substitutions per amino
acid for the branch length®. (B) HPLC chromatogram of epothilone D (dashed line) and its conversion by
CYP267B1/Fdx8/FdR_B (solid line).

EpoK Epothilone B 6.3 6.8 24.7 744
CYP265A1 14 OH-epothilone D 5.5 32 5.5 6.0
CYP266A1 14 OH-epothilone D 5.5 / 6.9 26
21-OH epothilone D 5.1 35 3.2 5.5

14-OH epothilone D 55 35 34 4.8

26-OH epothilone D/ " . -

CYP267BL epothilone B 63 116 40 17

Not further
characterized product - 39 20 48
7-ketone epothilone D 10.9 6.6 93 8.7

Table 3. Epothilone D conversion with selected P450s of S. cellulosum So ce56 (/: no conversion;
*: combined yields of 26-OH epothilone D and epothilone B).

Both, CYP265A1 and CYP266A1 were able to catalyze a hydroxylation of epothilone D in position
14 (Table 3, details on identification and characterization of the products via LC-MS/MS see below).
Three of the tested redox systems (Adx, ,,/AdR, Fdx2/FdR_B and Fdx8/FdR_B) were able to transfer
electrons to CYP265A1, with CYP265A1/Fdx8/FdR_B showing the highest conversion yield (6% 14-OH
epothilone D). CYP266A1 converts epothilone D to 14-OH epothilone D most efficiently when sup-
ported by Fdx2/FdR_B (6.9% conversion), whereas bovine Adx, 55/ AdR was not able to transfer electrons
to CYP266A1. The system yielding the highest total conversion of epothilone D was found to be the
autologous CYP267B1/Fdx8/FdR_B system. Most remarkably, the product pattern of CYP267B1 revealed
five products of epothilone D conversion (Fig. 4B). Besides 14-OH epothilone D (4.8% conversion) and
21-OH epothilone D (5.5% conversion), 26-OH epothilone D and epothilone B were observed and gave
a combined conversion of 11.4%. Due to their chemical similarity, 26-OH epothilone and epothilone
B display the same retention time of 6.3 min (Table 3 and Fig. 4B). However, only small amounts of
epothilone B were formed (supplemental Figure $2). Among the apolar products, only the product at
10.9 min has been characterized and revealed 7-ketone epothilone D (8.7% conversion). These products
have not been characterized for P450-derived catalysis to date and thus represent novel products. The
chemical structures of the identified products are shown in supplemental Figure S1.

LC-MS/MS identification of products formed during in vitro conversion of epothilone D
by CYP265A1, CYP266A1 and CYP267B1. Product identification for the in vitro conversion of
epothilone D by CYP265A1, CYP266A1 and CYP267B1 was performed by LC-MS/MS analysis. As
shown in supplemental Table S1, five epothilone derivatives were obtained and characterized during
this study. To elucidate the structures of conversion products and to identify sites of hydroxylation or
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Figure 5. Proposed collision-induced dissociation spectrum of 7-ketone epothilone D (m/z 490).
Loss of water at position C-3 results in a fragment with m/z 472. The fragment ion at m/z 402 appears
after the loss of CO, and C,H,O. Step-wise fragmentation of the precursor ion is proposed and presented
counterclockwise.

oxidation, CID of the analogous epothilone B compound was performed for comparison purposes. Blum
et al. have shown that single or multiple losses of small molecules such as water (18 Da) dominated
the CID spectra of epothilone B*. Losses of water originated at positions C-2 and C-3 and/or C-6 and
C-7 from the precursor ion or as final step in serial dissociations. Further cleavages occurred at the
carbon-oxygen bond at position 15 with formal loss of CO, (44 Da). Subsequent C-C cleavages at various
positions in addition to C-O dissociation led to a number of characteristic ions (supplemental Table §1)
in our experiments. Several of these product ions (marked with *) were also present in the CID spectra of
the other products of epothilone D conversion. Tentative structure assignments of the conversion prod-
ucts A to D to the general epothilone substance class were therefore readily possible. Substance-specific
ions such as m/z 168, 206 and 220 permitted identification of hydroxylation reactions. In addition, the
presence of these ions as well as the precursor ion at m/z 508 pointed to a single hydroxylation site
located directly at or near the thiazole ring. The proposed structures of the product ions listed in the sup-
plemental Table S1 allowed us to tentatively assign the products A and B as 21-OH epothilone D, product
C as 14-OH epothilone D, and product D as 26-OH epothilone D (supplemental Figure $2). Conversion
product E corresponded to an oxidation product of epothilone B with a specific fragmentation scheme
(supplemental Figure S3), which was assigned to the general epothilone substance class. Product E was
identified as 7-ketone epothilone D and the proposed collision-induced scheme is illustrated in Fig. 5.

Discussion

Epothilones belong to a family of novel microtubule-stabilizing agents, which inhibit mitosis. Therefore
they are interesting compounds for cancer research and treatment®. Their benefits over e.g. paclitaxel
as anti-tumor agents are numerous. For example, some studies revealed higher water solubility® and
inhibition of cancer cells resistant to various other chemotherapeutic agents’. During further studies,
additional benefits of a treatment with epothilone D were described. Low-dose epothilone D treatment
of aged PS19 mice with tau protein malformation in brain neurons (characteristic for Alzheimer disease)
led to promising reduction of axonal dysfunction and neurotoxicity'®. For Parkinson’s disease, studies
with epothilone D showed a rescue of chemically induced microtubule defects®.

CYP167A1 (EpoK) is a P450 enzyme located downstream of the polyketide synthase (PKS) system
of S. cellulosum So ce90. It is responsible for the last step in epothilone biosynthesis in this organism,
resulting in epoxidation of epothilone D to epothilone B*'. However, detailed information on the redox
partners of EpoK, necessary for epothilone A/B formation in S. cellulosum So ce90, are not available.
Generally, the P450 systems are classified (class I-X) according to the number, structure and topology
of the protein components involved in the electron transfer to the P450 enzyme's, Most bacterial P450
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systems belong to class I, in which the systems are composed of three separate proteins. Currently, the
only electron transfer system described to support EpoK consists of spinach ferredoxin and spinach
ferredoxin NADP' reductase. In 2000, Tang et al. observed a 60% conversion of epothilone D to B
within one hour, using the redox chain from spinach. Attempts to replicate these results during our study
resulted in considerably lower yields and conversions rates than described'. To find new efficient redox
partners for EpoK, different homo- and heterologous class [ electron transfer proteins were investigated
in the present study.

Several investigations by our group have revealed the bovine Adxy /AdR electron system as
high-profile partner for efficient P450 in vitro and whole-cell experiments with a broad spectrum of P450s
of prokaryotic origins supported®*?>?”. Here, we found that bovine Adx,.,,s/AdR is also able to transfer
electrons to the heterologous EpoK from 8. cellulosum So ce90. However, conversion of epothilone D by
the EpoK/Adx, 55/ AdR system led to conversion rates significantly below the described and replicated
results with the spinach system. For the electron transfer proteins Etpl™ and Arh1 from S. pombe, yields
and conversion rates for the investigated EpoK/Etp1'/Arh1 system were even lower. Despite their ability
to provide mammalian P450s with reduction equivalents®?, the application of Etpl®/Arh1 (or Adx,.;s/
AdR) as electron donor system for EpoK thus remains limited.

After Schneiker et al. sequenced the genome of §. cellulosum So ce56 in 2007, our group character-
ized not only 21 P450s*? but also 8 ferredoxins and 2 ferredoxin reductases®. It was revealed that the
combination of Fdx2 and Fdx8 with FdR_B offers suitable electron transfer activities to many myxobac-
terial P450s, making the So ce56 redox pairs Fdx2/FdR_B and Fdx8/FdR_B interesting targets for in vitro
studies with EpoK from So ce90. During this study, it was shown that the utilization of myxobacterial
ferredoxin and ferredoxin reductase leads to higher yields and conversion rates compared with bovine
Adx, 05/ AdR or Etp1%/Arh1 from S. pombe. With regard to the yields described by Tang et al. and Julien
et al.'">*' and conversion rates calculated based on these data, the homologous EpoK/Fdx8/FdR_B system
revealed an efficiency to convert epothilone D comparable with the results published for the spinach
redox chain. Bioinformatics study on the genes of Fdx2, Fdx8 and FdR_B from So ce56 revealed high
identity (93.1%, 78.2% and 92.7%) to putative ferredoxin and ferredoxin reductase genes of S. cellulosum
S00157-2 (supplemental Table S2). Sequenced in 2013 by Han ef al.*?, the S00157-2 strain of S. cellulosum
is an alkaline-adaptive producer of glycosylated epothilone A and B derivatives with high relationship
to the not yet sequenced So ce90 strain*. Thus, the detection of ferredoxin and ferredoxin reductase
genes, which are highly similar to the respective genes from So ce56, whose gene products were shown
to support EpoK activity, is the first step to identify and ultimately purify the natural redox partners of
EpoK from S. cellulosurm So ce90.

In order to further optimize in vitro conversions catalyzed by EpoK, novel electron transfer proteins
were also tested. We selected ferredoxin (SynFdx) from the unicellular cyanobacterium Synechocystis sp
PCC6803 as electron mediator. Synechocystis is a photoautotrophic organism capable of oxygen-producing
photosynthesis* and is able to synthesize two different Photosystem-I electron acceptors, a [2Fe-285]
ferredoxin and flavodoxin, both first purified and characterized by Bottin et al. in 1992%. There are eight
other ferredoxins in Synechocystis, but the ferredoxin (SynFdx) chosen for this study presently received
the most attention as a result of its diversified involvement in redox processes, such as cyclic photophos-
phorylation, nitrogen assimilation, biosynthesis of glutamate and chlorophyll, sulfite reduction and fatty
acid metabolism™. As an additional novel member for an in vitro P450 electron transport chain, ferre-
doxin NADP™* reductase (FNR) from the unicellular green alga C. reinhardtii was included in our studies.
The selected FNR, a protein naturally involved in the NADP* reduction in the chloroplast stroma®,
was first isolated and characterized by Decottignies ef al. in 1995*. A comparison of plant and bacterial
ferredoxin-NAD(P)* reductases led to the conclusion that plant ferredoxin-NAD(P)" reductases evolved
higher efficiency and turnover rates to operate in rapid metabolic pathways such as oxygenic photosyn-
thesis*, recommending FNR from C. reinhardtii as an interesting partner for in vitro investigations.

The SynFdx/FNR/NADPH hybrid system was recently tested for cytochrome ¢ reduction. However,
the combination of the SynFdx/FNR system with P450s in in vitro experiments remained unexplored.
Therefore, we employed two different ratios of the P450 and redox partners (1:10:1 or 1:20:3 for
EpoK:SynFdx:FNR) and found that the latter ratio of the hybrid system revealed a significant increase of
conversion rates and a complete conversion of 100 M epothilone D to B within one hour. A change in
the ratio of EpoK:SynFdx:FNR did not alter the regioselectivity of epothilone D epoxidation. For an effi-
cient electron transfer chain, the formation of short-lived complexes is essential, dictated and controlled
by the details of non-covalent interactions*'. Optimal redox partners can be advantageous to increase the
activities of recombinant P450 systems'. Therefore, it is noteworthy that although a reconstituted system
with components originating from very different organisms (a myxobacterial P450, a cyanobacterial
ferredoxin from Synechocystis and a plant ferredoxin NADP™ reductase from C. reinhardtii) was studied,
a high efficiency for in vitro conversions was detected.

As shown in Fig. 3, kinetic studies of the EpoK/SynFdx/FNR system resulted in sigmoidal kinetics. It
can be assumed that allosteric effects are responsible for the Hill coefficient ny; = 2. Two substrate mol-
ecules in the active site, as known for CYP3A4 or CYP2C9* and already proposed for EpoK'¢, and the
special feature of EpoK to be renaturated by its natural substrate epothilone D', support this assumption.
Our regenerated Lineweaver-Burk plot showed that the observed K, value is similar to the one reported
in the literature'®. However, the observed v,,,,, value is remarkably more than seven orders of magnitude
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(107) higher than the one described for EpoK supported by the spinach redox partners'®, thus render-
ing the EpoK/SynFdx/FNR system much more attractive for biotechnological application. With possible
further improvements of the system in mind, it is also interesting to consider the characteristics of the
tested electron transfer partners and their implications for the system: spinach ferredoxin, the first and -
until this study - only ferredoxin reportedly supporting EpoK, has a low redox potential of —415mV*,
Interestingly, SynFdx, which exhibited the best conversion rates in this study (Fig. 2B), shows the most
negative redox potential compared with Adx,_os and Etp1™ (Table 1). It is assumed that EpoK generally
requires an electron mediator with a rather low redox potential. However, the redox potential is clearly
not the only determinant for efficient electron transfer to EpoK since spinach ferredoxin is characterized
by a yet lower redox potential than SynFdx.

Moreover, with SynFdx from the phototrophic Synechocystis acting as electron mediator for EpoK, a
new way of epothilone B synthesis is imaginable. Recently, Jensen and co-workers described a light-driven
hydroxylation of hydrocarbons using mycobacterial CYP124 in combination with spinach Fdx and pho-
tosystem I from Hordeum vulgare**. Applying SynFdx and photosystem I from Synechocystis as a redox
chain for EpoK, a new interesting possibility of a light-driven, NADPH-independent epoxidation of
epothilone D might be accessible.

Besides investigation of redox partners for EpoK and conversion of epothilone D to B, we investigated
further opportunities for derivatization of epothilone D during this study. As mentioned before, the
broad range of applications highlights epothilones as interesting targets for drug design, cancer therapy
and pharmaceutical research. The availability and production of epothilones is therefore of great interest
to the pharmaceutical industry. In addition to the recently improved extraction methods for epothilones
from 8. cellulosum fermentation broth®, total chemical synthesis of epothilones®, precursor-directed
biosynthesis'” and heterologous production of epothilones in microorganisms** are fields of research.
Furthermore, also novel derivatives of epothilones are desirable compounds®. Investigations towards
epothilone derivatives were described using chemical modifications®, extraction of derivatives from dif-
ferent 8. cellulosum strains®', biotransformations with Amycolata autotrophica® or selective conversion of
epothilone B to epothilone F with a P450 hydroxylase from Amycolatopsis orientalis®®. During the past
few years, P450s of S. cellulosum So ce56 have revealed a great potential for industrial and biotechno-
logical applications!”?*?22351 In order to produce potentially useful epothilone derivatives, we selected
the members of CYP109, CYP260, CYP264 and CYP267 families as well as CYP265A1 and CYP266A1
from S. cellulosum So ce56 to test their ability to convert epothilone D. For the study described here,
three different redox systems (P450/Adx, s/ AdR, P450/Fdx2/FAR_B and P450/Fdx8/FdR_B) were tested
with the P450s mentioned above.

For the members of CYP109, CYP260 and CYP264 families and for CYP267A1, no conversions of
epothilone D with any of the redox systems were observed. In contrast, CYP265A1, CYP266A1 and
CYP267B1, which were showing high similarity to EpoK (Fig. 4A), were found to be able to convert
epothilone D, in which CYP265A1 showed almost similar preference for Fdx2/FdR_B and Fdx8/FdR_B
followed by Adx, ,/AdR (Table 3). However, CYP266A1 preferred Fdx2/FdR_B followed by Fdx8/
FdR_B and has no activity with Adx, q/AdR (Table 3). Although the conversion percentage was dif-
ferent, there was no change in the regioselectivity of hydroxylation, thus highlighting the use of the
autologous redox systems for P450s of S. cellulosum So ce56 in future whole-cell studies. It is, however,
interesting to mention that the use of different redox partners for CYP267B1 revealed different regi-
oselectivity of epothilone D oxidation, in which the combination of CYP267B1 with Fdx8/FdR_B and
Adx, 4s/AdR preferred the 26-OH epothilone D/epothilone B product followed by 7-ketone epothilone
D, whereas Fdx2/FdR_B showed a preference for 7-ketone epothilone D formation (Table 3). It can be
assumed that the different ferredoxins mediate the electron flow to CYP267B1 with different efficiency
and are, therefore, affecting the product distribution. An effect of different redox partner combinations
on the regioselectivity of substrate hydroxylation has also been observed for P450 MycG*.

The products of epothilone D conversion, 14-OH, 21-OH and 26-OH epothilone D, can currently
only be obtained via biotransformation of epothilone D by Amycolata autotrophica®, as natural prod-
ucts of So ce90/B2 and So ce90/D13% or via chemical synthesis®. Cytotoxic activity data (IC50, MCF7
breast cancer cell line) of 14-OH (29nM), 21-OH (23nM) and 26-OH epothilone D (95nM) were pub-
lished earlier, with values higher than for epothilone D (9nM) or B (0.5nM), respectively®. However,
for the first time, we found P450s, which open the possibility of a P450-derived production of 14-OH,
21-OH and 26-OH epothilone D to perform further studies with those derivatives. Most interestingly,
CYP267B1 was able to oxidize epothilone D at position C-7 to 7-ketone epothilone D (Table 3). The
positions in the epothilone molecule surrounding position C-7 have been shown to be of importance
for the pharmacological effect of this compound. Thus, the removal/insertion of the methyl group, the
reduction of the C= O group or the extension/reduction of the size of the epothilone D ring result in a
less cytotoxic effect™. In contrast, the function of substitutions at position C-7 have currently not been
analyzed and need to be further investigated to be able to find a potential pharmacologically active
derivative of epothilones.

In summary, our results demonstrate that the redox pair Fdx8/FdR_B from S. cellulosum So ce56
efficiently supports the epothilone D conversion catalyzed by EpoK thus indicating a potential similarity
to natural redox partners from So ce90. This hypothesis is supported both by experimental results and
bioinformatics study. Apart from Fdx8/FdR_B, several other efficient redox partners were also identified
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in this study, which enable for the first time the implementation of EpoK in semisynthetic*’, biotechno-
logical*® or putatively even light-dependent epothilone B production. Following the hybrid system of
Anabaena ferredoxin-NADP™ reductase and bovine Adx described in 2003%, the newly established in
vitro hybrid system consisting of SynFdx from Synechocystis and FNR from C. reinhardtii reveals great
potential for future EpoK in vitro and whole-cell studies and brings hybrid systems for P450 applications
back into discussion.

With regard to the derivatization of epothilone D, eleven myxobacterial P450s have been investigated
concerning their respective potential of converting epothilones and three of them were identified to con-
vert epothilone D. Thereby, 14-OH, 21-OH and 26-OH epothilone D were found as novel P450-derived
products. Additionally, a new epothilone derivative (7-ketone epothilone D) with a potential anti-tumor
activity available by CYP267B1-dependent conversion was obtained (Fig. 5). Along with the autologous
redox partners from S. cellulosum So ce56, further studies on protein engineering targeting higher yields
and selectivity could lead to an important biotechnological application of myxobacterial P450s.

Methods

Chemicals. Phusion™ High Fidelity DNA polymerase was purchased from Finnzymes (Espoo,
Finland), Fast-Link™ and DNA ligation kit from EPICENTRE Biotechnologies (Madison, WI, USA).
Restriction enzymes were obtained from Promega (Madison, WI, USA). Oligonucleotides were pur-
chased from BioTeZ Berlin-Buch GmbH (Berlin, Germany). Epothilone D was purchased via Biorbyt
Ltd. (Cambridge, United Kingdom). Isopropyl {3-D-1-thiogalactopyranoside (IPTG) and 5-aminole-
vulinic acid were purchased from Carbolution chemicals (Saarbruecken, Germany). Bacterial media
were purchased from Becton Dickinson (Heidelberg, Germany). All other chemicals were obtained from
standard sources in the highest purity available.

Plasmids and strains. The gene encoding EpoK was amplified by polymerase chain reaction (PCR)
using the primers EpoK_Bamfor (CAGTGGATCCATATGACACAGGAGCAAGCGAATCAG) and
EpoKhis_hindrev (ATGAAGCTTAGTGATGGTGATGGTGATGT-CCAGCTTTGGAGGGCTTCAAG)
as well as Phusion™ High Fidelity DNA polymerase and genomic DNA of S. cellulosum So ce90 as
template. The PCR primers introduced a sequence encoding a hexahistidine-tag in front of the stop
codon as well as the restriction sites used for cloning into pCWori+. The FNR ¢cDNA fragment coding
for the full-length mature protein of Chlamydomonas reinhardtii was inserted into the pET-3d plasmid
between the restriction sites Ncol and BamHI giving rise to the construct pET-FNR. The construct was
designed in such a way that the N- and C-termini of the recombinant protein were MASLRKPS and
NQWHVEVY, respectively. The E. coli strain BL21 (DE3) for the heterologous expression of the P450s
was purchased from Agilent Technologies (Santa Clara, CA, USA).

Bioinformatics. Pairwise protein sequence alignments were performed using the Needlemann-Wunsch
algorithm (EMBL-EBI: Needle (EMBOSS)). Protein sequences were taken from NCBI protein database
(UniProtKB).

Heterologous expression and purification of P450s. E. coli BL21 (DE3) cells were transformed
with the pCWori_EpoK plasmid encoding the C-terminal hexahistidine-tagged EpoK from S. cellulosum
So ce90. An overnight culture was prepared from a single colony and was grown at 37°C in lysogeny
broth (LB) medium (10g tryptone, 5g yeast extract and 10g NaCl per liter H,O) containing 100 jtg ml~'
ampicillin. For the heterologous expression of EpoK, a main culture of 500 ml terrific broth (TB) medium
(24 g yeast extract, 12g peptone, 4ml glycerol, 2.31g K,HPO, and 12.54g KH,PO, per liter H,O) con-
taining 100 pg/ml ampicillin was inoculated with 5ml of the overnight culture and grown at 37°C. At
an optical density (600nm) of 0.9, 1mM IPTG and 0.5mM 5-aminolevulinic acid were added. After
24h of expression at 25°C, cells were harvested by centrifugation at 4000 x g for 20 min. Cell pellets were
stored at —20°C until purification. For protein purification, a cell pellet was thawed on ice and resus-
pended in lysis buffer (50mM Tris-Cl (pH 7.5) buffer with 10% glycerol, 0.5M sodium chloride, 5 mM
f3-mercaptoethanol, 5mM imidazole and 1 mM phenylmethylsulfonyl fluoride). Cells were disrupted by
sonication and the separation of the cytosolic fraction was ensured by centrifugation at 30,000 rpm for
30min. The supernatant was loaded on a 5 PRIME* PerfectPro* Ni-NTA Agarose column (Fisher sci-
entific, Schwerte, Germany), washed with lysis buffer (twice the volume of packed column) and eluted
with a linear gradient from 5mM to 200mM imidazole. Fractions of 2ml were collected and analyzed
via UV-Vis spectroscopy (UV- 2101PC, SHIMADZU, Japan). Fractions showing an absorption value
(A 200m/ Az7snm) higher than 1.1 were pooled, washed with storage buffer (50 mM Tris-Cl (pH 7.5) buffer
with 10% glycerol, 0.5mM dithiothreitol and 1 mM EDTA) and concentrated using a Centricon ultrafil-
tration unit with 30-kDa cut-off (Millipore). The concentration of EpoK was determined by recording
the oxidized spectra using £ (420nm-490nm)=110mM 'cm ™' ",

The P450s CYP109C1, CYP109C2, CYP109D1, CYP260A1, CYP260B1, CYP264A1, CYP264Bl1,
CYP265A1, CYP266A1, CYP267A1, and CYP267B1 were expressed and purified as described
previouslylllD,ZZ‘Zi,Sti.
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Heterologous expression and purification of redox partners. The electron transfer partners
Adx, s and AdR from Bos taurus were expressed and purified as noted elsewhere® 2. The ferredoxin
Etp1® and the reductase Arhl from S. pombe were expressed and purified as described®®?, The ferre-
doxins Fdx2 and Fdx8 as well as the reductase FAR_B from S. cellulosum So ce56 were expressed and
purified analogous to previous studies in our laboratory™.

E. coli BL21(DE3) was transformed with pET3d-FNR (ampicillin resistance) and pSBET (kanamycin
resistance), the latter one encoding tRNAs for rare arginine codons® and colonies with double resist-
ance were selected. SynFdx expression was performed from an ampicillin-resistant pCK5-Fdx plasmid in
E. coli DH50*, In both cases the antibiotic resistant strains were grown at 37°C in 2.4 | LB medium
supplemented with the required antibiotics (ampicillin at 100 g mI™! or kanamycin at 50 yig ml™?) and
in the case of SynFdx with additional 50 uM FeSO,. Protein expression was induced at exponential phase
by adding 100 uM IPTG for 4h at 37°C. The cultures were then centrifuged for 15min at 4400 x g. The
pellets were resuspended in 30ml of 30 mM Tris-HCI (pH 8.0), 200mM NaCl (Tris-NaCl buffer).

Cell lysis was performed by sonication (3 x 1 min with intervals of 1 min) and the soluble and insol-
uble fractions were separated by centrifugation for 30 min at 35,000 x g. The soluble part was then frac-
tionated in two steps first up to 40% of the saturation in ammonium sulfate, then up to 80% for FNR
or to 90% for SynFdx. After centrifugation (20 min, 20,000 x g), the recombinant proteins in the pellets
from the 40 to 80/90% ammonium sulfate fractions were purified first by size exclusion chromatogra-
phy after loading onto an ACA44 (5 x 75cm) column equilibrated in Tris-NaCl buffer. The fractions
containing the highest absorption values (SynFdx: A 00m/Az7sams ENR: Ayss i/ Ags om) were pooled, dia-
lyzed by ultrafiltration to remove NaCl and loaded onto a DEAE (diethylaminoethyl) cellulose column
(Sigma-Aldrich, Hannover, Germany) equilibrated in a 30mM Tris-HCI (pH 8.0) buffer. The proteins
were then eluted using a 0 to 0.4 M NaCl gradient. The fractions of interest were pooled, concentrated
by ultrafiltration under nitrogen pressure (Amicon, YM10 membrane) and stored in the same buffer
at —20°C at concentrations higher than 5mg/ml. Purified Synechocystis ferredoxin had ratios A,/
Aozsam higher than 0.5. Chlamydomonas reinhardtii FNR preparations had ratios A;s,m/A ss.m of about
7. Molecular extinction coeflicients of the ferredoxins and ferredoxin reductases expressed and purified
during this study are summarized in supplemental Table S0.

In vitro conversions. To measure the in vitro conversion of epothilone D to B, a reconstituted in
vitro system analogous to Julien ef al. and Tang et al. was chosen'>?". EpoK (1.5 M), the regeneration
system consisting of glucose-6-phosphate (3.3mM) and glucose-6-phosphate dehydrogenase (0.5 U),
and epothilone D (100 M) were used for each sample. The ratios of EpoK to the tested ferredoxins and
reductases were selected corresponding to previous studies. In vitro conversions with bovine electron
transfer partners were done using a ratio EpoK:Adx,.g:AdR of 1:20:3* and the ratio of the redox part-
ners from S. cellulosum So ce56 were chosen as 1:60:3 (both EpoK:Fdx2:FdR_B and EpoK:Fdx8:FdR_B)
corresponding to published values™. The ratio for the electron transfer system from §. pombe was set as
1:8:0.8 (EpoK:Etp1™:Arh1) as described by Ewen et al.?®. Ferredoxin from Synechocystis (SynFdx) was
tested with different heterologous reductases (ratio EpoK:SynFdx:reductase 1:10:1 and 1:20:3). The total
volume of the reaction was 200 pl. The reaction was started by the addition of NADPH (1 mM). After
1h at 30°C the reaction was quenched by adding ethyl acetate (400 ul). The aqueous phase was extracted
twice with ethyl acetate (2 x 400 pul), unified and evaporated to dryness. All experiments were done twice
and a negative control without P450 was implemented to verify the P450-dependent reaction.

In vitro conversions with P450s from S. cellulosum So ce56 were done as described before with potas-
sium phosphate buffer (50mM, pH 7.4, 1% glycerin) as reaction buffer.

Kinetic studies of epothilone D epoxidation by EpoK/SynFdx/FNR system were performed analogous
to the reconstituted in vitro system described above. EpoK concentration was set as 0.25uM with an
EpoK:SynFdx:FNR ratio of 1:20:3. The reaction was stopped after 90s at 30°C by freezing the samples
in liquid nitrogen.

Analysis of the in vitro conversions via HPLC. The HPLC analysis was performed on a Jasco
(Gross-Umstadt, Germany) HPLC system 2000. The samples were dissolved in 100yl acetonitrile
and analyzed (samples of kinetics twice) on a reversed phase column (125/4 Nucleodur 100-5 Cl8ec,
Macherey Nagel, Diiren, Germany) at a flow rate of 1ml min~! and a temperature of 40°C with the
gradient: 80% solvent A (80:20 (v/v) water-acetonitrile) for 1 min, linear gradient for 8.5min from 20%
to 90% solvent B (100% acetonitrile) and holding 90% solvent B for 4 min. The injection volume was set
as 20 pul (40 pel for kinetic studies) and the sample was monitored at 250 nm.

Analysis of the in vitro conversions via LC-MS/MS.  Mass spectrometric analyses were performed
using a Thermo-Fischer (Sunnyvale, CA, USA) Dionex UltiMate 3000 ultra-high performance liquid
chromatography (UHPLC) system coupled to an AB Sciex (Concord, ON, Canada) QTRAP 5500 quad-
rupole linear ion trap (QqLIT) system. Samples were separated on a reversed-phase HPLC column
(125/4 Nucleodur 100-5 Cl8ec, Macherey Nagel) at 40°C using gradient elution at 0.5mL min~'. The
mobile phase consisted of 80:20 (v/v) water-acetonitrile (A) and 100% acetonitrile (B). The gradient was
as follows: B was increased from 20 to 90% within 17 min, held there for 5 min, and then returned to 20%
within 0.1 min, followed by an equilibration period at 20% B for 7.9 min. For each analysis, 10l were
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injected. ESI-MS conditions were as follows: curtain gas: 55 psi, electrospray voltage: 5kV, source heater
temperature: 350 °C, ion source gas 1: 45 psi, ion source gas 2: 50 psi, collision gas: nitrogen, declustering
potential: 48V, entrance potential: 11V. MS/MS experiments were performed using collision-induced
dissociation (CID) between 15-35V for the precursor ion m/z 508. The collision cell exit potential was
13 V; an isolation width of 1u was used.
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Molecular extinction coefficients of ferredoxins and ferredoxin reductases - The summarized
extinction coefficients of ferredoxins and ferredoxin reductases expressed and purified in this study are
listed in Table SO.

Table S0. Overview: molecular extinction coefficients of ferredoxins and ferredoxin reductases. (Values
were taken from literature as referred in Table 1 and Table 2; results section)

Extinction Extinction
Ferredoxin Organism coefficient Reductase Organism coefficient
[mM!' em™] [mM ™' em']
Adxy o8 Bos tauris € 41agm: 98 AdR Bos taurus Easomm: 11.3
Etpl™ S. pombe € yranm: 9.8 Arhl §. pombe €asonm: 11.3
Fdx2 S. cellulosum E300nm: 0.181

So ceS6 FR B Sl 873

Fdx8 €a00nm: 97 o ce
SynFdx Synechocystis €a020m: 9.7 FNR C. reinhardtii €450mm: 11.3
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Structure of products - During this study, 4 new P450-derived epothilone D derivatives were found and
characterized via LC-MS/MS. An overview of the chemical structures is presented in Figure S1.

o} OH O O OH O

o} OH O o} OH O

26-OH epothilone D 7-ketone epothilone D
. J

Figure S1. Overview of major epothilone D products formed by myxobacterial P450s from S. cellulosum
So ce56 (CYP265A1 and CYP266A1: 14-OH epothilone D; CYP267B1: 14-OH, 21-OH, 26-OH and 7-
ketone epothilone D).
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LC-MS/MS data - The chromatograms of LC-MS/MS experiments are presented in Figure S2. Products
A and B are already labeled as 21-OH epothilone D as well as product C (14-OH epothilone D), product

D (26-OH epothilone D) and product E (7-ketone epothilone D).

100%

Rel. Int. (%)

Figure S2. LC-MS/MS chromatograms of epothilone D conversion.
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The MS/MS spectrum of the new epothilone derivative 7-ketone epothilone D is presented in Figure S3.

100% |
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302 320
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Figure S3. MS/MS spectrum of 7-ketone epothilone D.
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An overview of the chemical structures assigned to the fragments observed in the LC-MS/MS spectra of
the identified products is listed in Table S1. For further information on 7-ketone epothilone D, see Figure
5 in the discussion section.

Table S1. Overview of conversion products tentatively identified by LC-MS/MS (a: taken from 7

*: fragments observed in 14-OH, 21-OH, 26-OH and 7-ketone epothilone D MS/MS spectra; b: see
Figure 5 in the manuscript for fragment structures).

Name (m/z of [M+H]") Chemical structure MS?CID product ions (m/z)
m T T N 1
Epothilone B 508-H,0 (490)™; 490-H,O (472)";
(508) 508-C;H,0;  (420)"; 420-H,O
(402)"; 508-C,H,,0s (332)*; 508-
CgH,,0, (320); 320-H,0 (302)*";
166
14-OH epothilone D 206
(508)

X F
/’\w”‘% ©
S 7.
168

21-OH epothilone D
(508)

220 OH

N Z°
LI

490-H,0 (472)" 490-CO,.C,H,0;
(402)"; 320° 246" 204°; 164°

26-OH epothilone D
(508)

7-Ketone epothilone D
(490)
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Bioinformatic analysis of the putative Fdx2, Fdx8 and FdR_B-like ferredoxins and ferredoxin
reductase of S. cellulosum So0157-2 - Among UniProtKB Bacteria database, the Proteome of Sorangium
cellulosum So0157-2 (GenBank: CP003969.1, length = 14782125) was found producing significant
alignments with protein sequences of Fdx2, Fdx8 and FdR_B from S. cellulosum So ce56 (NCBI
BLAST+). Pairwise protein sequence alignments were performed using the Needlemann-Wunsch
algorithm (EMBL-EBI: Needle (EMBOSS).

Table S2. Summarized alignment results of Fdx2, Fdx8 and FdR_B from S. cellulosum So ce56 with §.

cellulosum So0157-2.

Identity

Similarity Gaps

Protein Gene name in
(So ce56) So00157-2
FO2  Lireas) femedoni
RS 4 pothtial proci
FdR_B SCE1572_31190

Hypothetical protein

94/101 (93.1%)

86/110(78.2%)

2271245 (92.7%)

98/101 (97.0%) 0/101 (0.0%)

89/110 (80.9%) 11/110(10.0%)

235/245 (95.9%) 1/245 (0.4%)

Kern 2015
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ABSTRACT

The guidelines of the Food and Drug Administration and International
Conference on Harmonization have highlighted the importance of
drug metabolites in clinical trials. As a result, an authentic source for
their prod 1is of great ir t, both for their potential application
as analytical standards and for required toxicological testing. Since
we have previously shown promising bi hnological potential of
cytochromes P450 from the soil bacterium Sorangium cellulosum So
ce56, herein we investigated the CYP267 family and its application for
the ion of cially avail drugs including nonsteroidal
anti-inflammatory, antitumor, and antihypotensive drugs. The CYP267
family, especially CYP267B1, revealed the interesting ability to convert
a broad range of sub We blished substrate-dependent
extraction protocols and also optimized the reaction conditions for

the in vitro and Escherichia coli-based whole-cell bio-
conversions. We were able to detect activity of CYP267A1 toward
seven out of 22 drugs and the ability of CYP267B1 to convert 14 out of
22 drugs. Moderate to high sions (up to 85% yield) were
observed in our established whole-cell system using CYP267B1 and
expressing the autologous redox partners, ferredoxin 8 and ferredoxin-
NADP* reductase B. With our existing setup, we present a system
capable of producing reasonable quantities of the human drug me-
tabolites 4’ -hydroxydiclofenac, 2-hydroxyibuprofen, and omeprazole
sulfone. Due to the great potential of converting a broad range of
substrates, wild-type CYP267B1 offers a wide scope for the screening
of further substrates, which will draw further attention to future
biotechnological usage of CYP267B1 from S. cellulosum So ce56.

Introduction

The emergence of new diseases, rising concerns about drug re-
sistance, and the decreasing efficacy of the existing drugs are of great
pharmaceutical concern. As a result, drug research during the past
century, driven by chemistry, pharmacology, and clinical science, has
shown an increasing contribution to the development of new therapeu-
tic agents (Drews, 2000). Despite the success in combating the majority
of genetic, infectious, and bacterial diseases, novel drugs and drug
derivatives are consistently demanded. However, the efficacy of such
drugs and their related metabolites need to be tested and approved. The
guidelines published by the Food and Drug Administration and the
International Conference on Harmonization highlight the importance of
qualifying metabolite exposure in clinical trials, in which a metabolite
formed greater than 10% needs to be specifically tested for toxicity
(Food and Drug Administration, 2008; International Conference on
Harmonization, 2009, 2012). Due to the frequent introduction of novel
drugs and drug candidates with new or modified chemical structure,
implementation of costly multistep chemical syntheses may not be
sufficient enough to overcome the demand of the respective metabolites
(Rushmore et al., 2000).
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Although the purification of major metabolites from urine is relative-
ly easy and cheap (Gao et al., 2012), a constant and subject-independent
large-scale production of drug metabolites, for instance, by using
human liver, is hindered by very limited availability. To circumvent
such limitations, alternative approaches of using microorganisms have
been practiced, in which several microorganisms such as the fungus
Cunninghamella sp. or bacterial variants of Streptomyces strains were
shown to transform drugs and xenobiotics to mammalian metabolites
(Zhang et al., 1996; Asha and Vidyavathi, 2009; Bright et al., 2011;
Murphy and Sandford, 2012; Diao et al., 2013). However, because of
the release of side products and the difficulty on handling the microbes
during such biotransformation process, there is now a great interest
in cytochrome P450 (P450) enzymes for the production of drug metab-
olites. In general, P450 enzymes are versatile, heme-containing enzymes,
which catalyze a variety of reactions highlighting them as essential
candidates for biotechnological and pharmaceutical research (Bernhardt
and Urlacher, 2014). It has been shown that the utilization of human P450
enzymes enables the sufficient production of human drug metabolites
employing baculovirus-infected insect cells expressing CYP3A4 or
CYP2D9 (Rushmore et al., 2000), fission yeast expressing CYP2D6
(Peters et al., 2007) or CYP2C9 (Dragan et al., 2011; Neunzig et al.,
2012), and Escherichia coli cells expressing CYP3A4, CYP2C9, and
CYP1A2 (Vail et al., 2005). Since it is not mandatory to employ
associated human P450 enzymes to synthesize human drug metabo-
lites (Schroer et al., 2010; Geier et al., 2015), microbial, especially
bacterial, P450 enzymes serve as a good alternative because they are
convenient to handle and usually hold higher expression levels and
activities, recommending the possibility to employ them as useful

ABBREVIATIONS: AdR, adrenodoxin NADP* reductase; Adxs-10s, truncated adrenodoxin; BM3, cytochrome P450 102A1; CO, carbon monoxide;
FdR_B, ferredoxin-NADP* reductase B; Fdx8, ferredoxin 8; Fpr, ferredoxin NADP* reductase; HPLC, high-performance liquid chromatography;

MS/MS, tandem mass spectrometry; P450, cytochrome P450.
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biocatalysts (Bernhardt, 2006). The genetic manipulation of bacte-
rial P450 enzymes toward a drug metabolizing activity has been
successfully demonstrated for several P450 enzymes including the
most studied P450 102A1 (BM3), CYP102A1 (Whitehouse et al.,
2012; Ren et al., 2015). However, the engineering of enzymes against
their native, narrow substrate range, or in general the screening for
enzymes to produce certain drug metabolites, is time consuming and
complex, which can be overcome by employing versatile wild-type
P450 enzymes showing an untypically broad substrate range (Yin
et al., 2014).

During our recent investigations on P450 enzymes from the
myxobacterium Sorangium cellulosum So ce56, several interesting
enzymes displaying new properties and substrate specificities have been
discovered, which lead us to investigate the potential of these P450 en-
zymes for an application as drug metabolizing biocatalysts (Khatri et al.,
2010, 2013; Schifrin et al., 2015; Litzenburger and Bernhardt, 2016).
Therefore, we used bioinformatics analysis to identify myxobacterial
P450 enzymes that are closely related to drug metabolizing P450
enzymes. Among others, the two members of the CYP267 family,
CYP267A1 and CYP267B1, were found to be potential candidates.
Although purified CYP267A1 and CYP267B1 have been previously
shown to convert certain drugs (Kern et al., 2015; Litzenburger et al.,
2015) and CYP267A1 was found to catalyze the hydroxylation of
fatty acids (Khatri et al., 2015), a broader analysis of their substrate
spectrum has never been tested. Therefore, in this study, we have
tested the in vitro and whole-cell conversion of 22 widely used drugs
(Fig. 1) by CYP267A1 and CYP267B1 for the first time. Compounds
showing significant in vitro conversion were further chosen for a
whole-cell biotransformation to upscale the metabolite production for
the structural elucidation of the product(s) via NMR spectroscopy. We
demonstrate that seven out of 22 drugs can be converted by CYP267A1
and that CYP267B1 shows activity toward 14 out of 22 drugs.

Materials and Methods

Chemicals. Amitriptyline, amodiaquine, haloperidol, losartan, olanzapine,
quinine, repaglinide, ritonavir, tamoxifen, and thioridazine were kindly pro-
vided by Dr. Stephan Liitz (Novartis, Basel, Switzerland). Isopropyl-B-p-1-
thiogalactopyranoside and §-aminolevulinic acid were purchased from Carbolution
Chemicals (Saarbruecken, Germany). Bacterial media were purchased from
Becton Dickinson (Heidelberg, Germany). All other chemicals were obtained
from standard sources at the highest purity available.

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

Plasmids. The genes of CYP267A1 and CYP267B1 were cloned into a
pET22b plasmid (Novagen, Darmstadt, Germany) as described elsewhere
(Litzenburger et al., 2015). The pKKHC plasmids for the heterologous
expression of the autologous redox partners ferredoxin 8 (Fdx8) and ferredoxin-
NADP" reductase B (FdR_B) originate from previous work done in our laboratory
(Ewen et al., 2009).

For the expression of the redox partners in the whole-cell system, the pCDF_dFA
plasmid from Litzenburger et al. (2015) was used and changed as follows. The gene
encoding ferredoxin NADP* reductase (Fpr) was excised using the restriction
enzymes Ndel and Kpnl and substituted with the FdR_B gene obtained from
pKKHC_FdR_B using the same restriction enzymes. The ligation reactions were
performed with the Fast-Link DNA Ligase Kit (Biozym Scientific GmbH, Hessisch
Oldendorf, Germany). From the resulting plasmid pCDF_AFB containing the
truncated adrenodoxin (Adx..jgs) from Bos taurus and ferredoxin-NADP*
reductase FAR_B from S. cellulosum So ce56, the gene of Adxa 10z was excised with
Ncol and Hindlll. The resulting open plasmid was ligated with the gene of
Fdx8 previously obtained from pKKHC_Fdx8 using the mentioned restriction

Kern et al.

enzymes. The resulting plasmid pCDF_F8B contains the genes for expressing
the autologous Fdx8 and FdR_B from S. cellulosum So ce56 (see also
Supplemental Fig. 1).

Expression and Purification. CYP267A1 and CYP267B1 have been
expressed and purified as previously described (Khatri et al., 2015) using
the T7 promoter—based expression construct of CYP267A1 and CYP267B1
(pET22b_CYP267A1 and pET22b_CYP267B1). The electron transfer part-
ners Fdx8 and FdR_B were expressed and purified as noted elsewhere (Ewen
et al., 2009).

Media and Buffers. For the heterologous expression of CYP267Al and
CYP267BI1, terrific broth medium (24 g yeast extract, 12 g peptone, 4 ml glycerol,
231 g K;HPO,, and 12.54 g KH,PO, per liter H;O) was used. The whole-cell
conversions were performed in M9CA medium (6 g Na;HPO,, 3 g KHoPO,, 05 g
NaCl, 1 g NH,Cl, 4 g Bacto Casamino Acids (BD Diagnostics, Sparks, NV), 4 g
glucose, 50 ul IM CaCly, 2 ml 1 M MgSO,, 2 ml of trace elements solution per
liter H,O; trace elements solution contained 2.5 g EDTA, 250 mg FeSQy, 25 mg
ZnCl,, and 5 mg CuSOy per 50 ml H,0).

Spectral Characterization of the CYP267 Family. UV-visible spectra for
the purified P450 enzymes were recorded at room temperature on a double-beam
spectrophotometer (UV-2101PC, Shimadzu, Kyoto, Japan). The enzyme solu-
tion (2 M) in 10 mM potassium phosphate buffer, pH 7.4, was dosed with a few
grains of sodium dithionite to reduce the heme-iron and the sample was split into
two cuvettes. The baseline was recorded between 400 and 700 nm. The sample
cuvette was bubbled gently with carbon monoxide (CO) for 1 minute and a
spectrum was recorded. The concentration of the P450 enzymes was estimated
by CO-difference spectroscopy assuming molar extinction coefficient & (450—
490 nm) = 91 mM ™ 'em ™! according to the method of Omura and Sato (1964).

In Vitro Conversions. A reconstituted in vitro system containing the
corresponding P450 (0.5 uM), FdR_B (1.5 M), and Fdx8 (10 uM), and a
cofactor regenerating system with glucose-6-phosphate (5 mM) and glucose-6-
phosphate dehydrogenase (2 U/ml) in potassium phosphate buffer (20 mM, pH 7.4,
1% glycerin) was used. The potential substrates, except olanzapine and omeprazole
(both dissolved in dimethylsulfoxide), were dissolved in ethanol (10 mM) and added
to an end concentration of 200 uM. The total volume of the reaction was 250 ul.
The reaction was started by the addition of NADPH (800 pM) and carried out for
3 hours at 30°C. For substrates 1, 9, 11-15, and 18-21, 1 M glycine buffer (pH 11)
or acetate buffer (pH 4) was added after reaction to enable improved recovery of the
analytes. Therefore, the reaction was stopped by adding buffer (300 ul) or
organic solvent (500 wl). The extraction was performed twice with 500 ul of the
appropriate solvent (see (Supplemental Table 0). A negative control without
P450 was implemented for each substrate to verify the P450-dependent
reaction.

Whole-Cell Conversions, The experiments were performed with C43(DE3)
cells, which were transformed with two plasmids, one encoding CYP267A1
(pET22b_CYP267A1) or CYP267B1 (pET22b_CYP267B1) and the second one
encoding the redox partners Fdx8 and FdR_B (pCDF_F8B). For the main culture,
50 ml M9CA medium containing ampicillin (100 pg/ml) and streptomycin
(50 peg/ml), inoculated with the corresponding ovemight culture in lysogeny broth
medium (dilution 1:100), was used. At an optical density of 0.9-1, the induction
was initiated by adding 1 mM isopropyl 8-n-1-thiogalactopyranoside and 0.5 mM
S-aminolevulinic acid and the temperature was set to 28°C. After 21 hours of
expression, the temperature was set to 30°C and the substrate was added to a final
concentration of 200 uM. To enable higher substrate conversion, EDTA (20 mM)
or polymyxin B (32 ug/l) was added to increase permeability and substrate uptake
of the E. coli cells (Janocha and Bernhardt, 2013). After 48 hours at 30°C, a 500 ul
sample was removed, quenched by adding buffer or organic solvent, and extracted
two times with 500 wl of organic solvent (see Supplemental Table 0). The organic
phases were collected and evaporated to dryness. The extracts were stored at
—20°C until analysis. All experiments were done twice, including a negative
control (cells only transformed with pCDF_F8B).

Analysis of the In Vitro and Whole-Cell Conversions via High-
Performance Liquid Chromatography (HPLC). The HPLC analysis was
performed on a Jasco (Gross-Umstadt, Germany) HPLC 2000 system consisting
of a PU-2080 Plus Pump, a AS-2050 Plus Sampler and a UV-2075 Plus UV/
Vis-Detector. For the HPLC analysis, samples of substrates 3, 10, 13, and 22 were
dissolved in 75 pl acetonitrile and 75 pl Milli-Q water. The remaining substrates
were dissolved in the same volumes of solvents containing 0.1% trifluoroacetic
acid. Analyses were performed on a reversed-phase column (125/4 Nucleodur
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Fig. 1. Structural illustration of the tested drugs. In the case of dru,

100-5 C18ec; Macherey Nagel, Diiren, Germany) at a flow rate of 1 ml/min and a
temperature of 40°C. The injection volume was set to 30 ul. Due to the amount of
different substrates the HPLC methods (including detection wavelengths) were
substrate dependent and are p d in the Suppl 1 Material (Suppl 1
Table 1).

21
Verapamil Vitamin D3

gs 13, 19, 20, and 21, racemic mixtures were used in all experiments.

Upscaling of the Whole-Cell Biotransformation System and Purification
of the Products. To obtain sufficient amounts of products for structure elucidation
via NMR analysis, the previously described whole-cell conversions were up-scaled
1o a total volume of 2.5 1. After 48 hours, the reaction was stopped with the same
volume of the appropriate solvent (see Supplemental Table 0). Before extraction of
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the product of substrate 13, the culture was set to a pH of 11 using 2 M KOH and
subsequently purified as described previously (Litzenburger et al., 2015). The
purification of product 13a was done in the absence of trifluoroacetic acid.

NMR Analysis. The structures of the products were analyzed by NMR
spectroscopy (Institute for Pharmaceutical Biology, Saarland University). The
'H- and '*C-NMR were recorded on a Bruker (Rheinstetten, Germany) 500 MHz
NMR spectrometer. Two-dimensional NMR spectra were recorded as gs-H,
H-COSY, gs-HSQC, and gs-HMBC. All chemical shifts are relative to CDCl,
(& = 77.00 for *C-NMR; & = 7.24 for "H-NMR) or CD;0D (8 = 49.00 for
BCNMR; 8 = 3.31 for 'H-NMR) using the standard & notion in parts per million.

Tandem Mass Spectrometry (MS/MS) Analysis. Product 13a was addi-
tionally characterized by MS/MS analysis (Institute of Bioanalytical Chemistry,
Saarland University) with a API 2000 Qtrap (ABSciex, Darmstadt, Germany).
Detailed settings of the MS/MS experiments can be found in section 8 (MS/MS
settings) of the Supplemental Material.

Results

Bioinformatics Studies and Comparison of CYP267A1 with
CYP267B1

To identify homologs of potentially drug metabolizing P450
enzymes from S. cellulosum So ce56, all of the 21 P450 enzymes
(Khatri et al., 2010) from this bacterium were aligned with the known
bacterial drug metabolizing P450 enzymes (Supplemental Table 2). We
observed that the CYP265A1, CYP266AI1, and the CYP267 family of
this bacterium clustered within the same clan of the drug metabolizing

Kern et al.

P450 enzymes such as CYP107E4 from Actinoplanes sp. ATCC 53771
and CYP105 and CYP256 from Rhodococcus jostii RHAL, showing
amino acid sequence identities of 38.9%, 34.2%, and 33.4%, respectively
(Fig. 2; Supplemental Table 2). These bacterial P450 enzymes are
considered to be active drug metabolizers for several drugs including
amitriptyline, chlorpromazine (2), and diclofenac (5) (Prior et al., 2010;
Kulig et al., 2015). In addition, we have previously shown that CYP264A1
was able to convert tricyclic drug molecules (Litzenburger et al., 2015),
and CYP265A1 and CYP266A1 were able to hydroxylate the antitumor
drug epothilone D (Kern et al., 2015). As a result, our homology study
with the drug metabolizing bacterial P450 enzymes suggested that
the two members of the CYP267 family (in addition to CYP265A1
and CYP266A1) are potential candidates for metabolizing certain drugs.
The amino acid sequence alignment of CYP267A1 and CYP267B1
showed an identity of 38%. CYP267B1 possesses a conserved heme-
binding domain (347FGGGIHFCLG35¢), the conserved threonine in the
I-helix (243AGHETT,45), and glutamic acid and arginine in the K-helix
(281 EEALRygs), whereas in CYP267A1 the conserved phenylalanine in
the heme-domain is replaced by leucine (L366) (Khatri et al., 2015).
Amino acid sequence alignment of the CYP267 family with human
P450 enzymes demonstrated that CYP267B1 showed the highest
identities of 20.7%, 20.2%, 19.6%, 19.3%, and 19.0% with CYP2W1,
CYP2CB, CYP2A6, CYP2D6, and CYP3 A4, respectively (Supplemental
Table 2), which are considered to be efficient drug metabolizers (Wrighton
and Stevens, 1992; Guengerich, 1999).

CYP105A5
CYP105D1
CYP102A5
CYP105 RHA1
CYP102A1 CYP265A1
0.5
CYP107E4
CYP256 RHA1 - CYP116B4
CYP261B1
CYP261A1
CYP116 RHA1
CYP263A1 CYP258 RHA1
CYP262B1
CYP266A1
CYP262A1 CYP267B1
CYPI10H CYP267A1
CYP264A1
CYP110H1
CYP264B1
CYP51 RHA1
CYP117B1 CYP260B1 CYP125
CYP257 RHA1
CYP260A1 CYP109D1
CYP259A1 CYP109C2 CYP124E1
CYP109CA

Fig. 2. The radial view of an unrooted phylogenetic tree obtained by MEGA4 (version 4.0, (Tamura 2007)) analysis for the determination of relatedness of the 21 P450
enzymes from S. cellulosum So ce56 (in black) with respect to drug metabolizing bacterial P450 enzymes CYP105D1 (P26911.1) from Streptomyces griseus; CYP51_RHA1
(QUSTMY9), CYP105_RHA1 (QUSDH7), CYP116_RHA1 (QORURY), CYP125_RHAI (QUS7N3), CYP256_RHA1 (QORXF8), and CYP257_RHA1 (QORVHO) from
Rhodococcus jostii RHA1; CYP107E4 (ACN71221.1) from Actinoplanes sp. ATCC 53771; and CYP116B4 (EAV41564.1) from Labrenzia aggregate (in gray). The cluster
of drug metabolizing P450 enzymes is shown in the gray clan. The bar in the tree indicates 0.5 amino acid substitutions per amino acid for the branch length.
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Expression, Purification, and Characterization of the CYP267
Family Members

First expression studies for CYP267B1 were realized using the
vector pCWori*. However, the yield of CYP267B1 using the pCWori*-
based expression construct was very low (<20 nmol/l E. coli culture
after purification). Therefore, the protein has been expressed and
purified using a T7-based expression construct (pET22b_CYP267B1)
(Litzenburger et al., 2015), in which the protein yield was increased
5-fold (100 nmol/1).

As shown in Fig. 3, the UV-visible absorption spectrum of the
oxidized CYP267B1 showed the presence of the Soret band (y) at
416 nm, and the Q-bands at 567 nm () and 533 nm («). The reduction
of CYP267B1 with sodium dithionite showed a slightly diminished
absorption peak for the Soret band at 410 nm and a single peak in the
Q-region (538 nm). The reduced CO-complex of CYP267B1 showed a
typical peak maximum at 449 nm. The purified CYP267A1 showed the
same spectroscopic features as previously described (Khatri et al.,
2015), with the characteristic peak maximum at 448 nm in the CO-
difference spectroscopy experiment and a peak maximum at 418 nm in
the oxidized form of CYP267A1.

Optimization of the In Vitro Conversion

Since P450 enzymes are monooxygenases, they require electrons
from NADPH, which are transferred by autologous or heterologous
redox partners (Hannemann et al., 2007). The substrate turnover also
depends on the coupling and the efficiency of the redox partner
proteins. In the case of the CYP267 family we observed limited in
vitro conversions (Kern et al., 2015; Litzenburger et al., 2015) when
using the bovine redox partners Adxs.jgsfadrenodoxin NADP*
reductase (AdR). Therefore, we substituted the heterologous Adxs.i0s
and AdR with the autologous redox partners Fdx8 and FdR_B from
S. cellulosum So ce56, which were previously shown to increase the
CYP267B1-dependent epothilone D conversion (Kern et al., 2015). In
our previous studies on the conversion of tricyclic antipsychotics and
antidepressants (Litzenburger et al., 2015), thioridazine (20) could be
identified as a substrate for CYP267A1 and amitriptyline as well as
chlorpromazine (2) for CYP267B1, respectively; however, with low
in vitro and whole-cell conversion. The substitution of Adxs.jgs/AdR
with the autologous redox partners Fdx8/FdR_B showed increased
thioridazine-5-sulfoxide (20a) formation (from 43% to 50%) during the
in vitro conversion of substrate 20. Likewise, the in vitro conversion of
amitriptyline by CYP267B1 showed a significant enhancement of
10-hydroxyamitriptyline formation (from 15% to 60%), whereas the in
vitro conversion of chlorpromazine (2) showed no difference.

0.4

0.3

0.2

Absorbance

0.1

0.0

400 500 600

Wavelength (nm)

700

Fig. 3. Spectroscopic characterization of CYP267B1. The UV-visible spectra of
oxidized (black line), dithionite reduced (dashed line), and CO-bound (gray line)
CYP267B1 were recorded in 10 mM potassium phosphate buffer, pH 7.5.
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Optimization of the E. coli-Based Whole-Cell Bioconversion
System

Since we observed a significant increase in the product formation
when using the autologous redox partners, we investigated the coex-
pression of the autologous redox partners Fdx8 and FdR_B for our
whole-cell bioconversion experiments. For comparison, a whole-cell
system coexpressing Adx,_jo3 and Fpr was used, since it has been shown
previously that the whole-cell conversion of 4-methyl-3-phenyl-coumarin
by CYP264A1 from §. cellulosum So ce56 increased when Fpr instead
of AdR was used (Ringle et al,, 2013). However, when substituting
Adxy 0s/Fpr with the autologous redox partners Fdx8/FdR_B, the yield
of the product was even further increased. In the case of CYP267Al, a
nine times higher conversion of substrate 20 was observed (from 5% to
45% thioridazine-5-sulfoxide 20a) (Table 1). Likewise, the formation of
chlorpromazine sulfoxide (2a) was nearly doubled by the CYP267B1-
Fdx8-FdR_B whole-cell bioconversion system compared with CYP267B1-
Adxy.10s-Fpr (from 18% to 30% 2a) (Table 1). In addition, we also
observed a higher yield (from 7.5% to 26%) of the product
10-hydroxyamitriptyline from amitriptyline (Table 1). On the basis
of these results, all further drug conversions were performed using
Fdx8/FdR_B as redox partners in all in vitro and E. coli-based whole-
cell bioconversion experiments.

When establishing a whole-cell system for P450 enzymes, indole-
dependent inhibition should also be considered. The metabolism of
tryptophan by the tryptophanase TnaA of E. coli results in the formation
of indole (Li and Young, 2013). Since tryptophan is present in terrific
broth medium, a concentration of over 600 uM indole was detected after
72 hours (Ringle et al., 2013). It was observed that indole acts as an
inhibitor of CYP264A1 from S. cellulosum So ce56 (Ringle et al., 2013)
and CYP109B1 from Bacillus subtilis (Girhard et al., 2010). In addition,
some P450 enzymes are known to convert indole, and in this way
competing with the normal substrate (Gillam et al., 2000). In case of the
two members of the CYP267 family, the presence of 600 uM indole
decreases the product formation in vitro by up to 40% for CYP267B 1 and
by up to 85% in the case of CYP267A1 (Supplemental Fig. 3). Therefore,
we performed the whole-cell bioconversions in a defined MOCA minimal
medium, which was previously shown to exhibit a very low amount of
indole when using E. coli as a host (<5 uM) (Ringle et al., 2013).

Furthermore, the effect of the additives EDTA and polymyxin B was
also investigated during the whole-cell conversions, since it has been
shown previously that the presence of EDTA or polymyxin B enhances
substrate uptake of E. coli cells for resin acid diterpenoid conversion by
a CYP105A1-based whole-cell biocatalyst (Janocha and Bernhardt,
2013). We observed that the highest product formation was obtained
when 20 mM EDTA for substrates 1, 2,5, 7,9, 15, and 16, and 32 ug ml ™!
polymyxin B for substrates 11, 13, 18, 19, and 20 were applied in the
whole-cell system. Higher concentrations of both additives did not
alter the product pattern for the tested drugs.

Optimization of Product Extraction and HPLC Conditions for the
Investigation of Drug Conversions

Due to the diverse chemical structures and functional groups of the
tested drug molecules, we established a substrate-dependent extraction
protocol to improve our experimental conditions for efficient analyses
and product purification (Supplemental Table 0). We also optimized the
HPLC conditions as listed in the Supplemental Table 1.

CYP267-Dependent Substrate Conversion

In Vitro and Whole-Cell Conversions by CYP267A1. The in
vitro conversions revealed that seven out of 22 drugs were converted by
CYP267A1. In comparison with CYP267B1, the product pattern of
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TABLE 1
Comparison of the whole-cell conversions with CYP267A1 and CYP267B1 using different redox partners

Conversion with

Conversion with

Model Substrate CYP267 heterologous Adxgps/Fpr”  autologous Fdx8/FdR_B Product
% %
Amitriptyline Bl 75 26 10-Hydroxyamitriptyline®
Chlorpromazine (2) Bl 18 30 Chlorpromazine sulfoxide® (2a)
Thioridazine (20) Al 5 45 Thioridazine-5-sulfoxide® (20a)

“Taken from Litzenburger et al. (2015).

CYP267A1 differs only for chlorpromazine (2; 2.4%) for which one
single product was observed. For ibuprofen (7), tamoxifen (18), and
terfenadine (19) the yields of the product formation were significantly
lower compared with the respective CYP267B 1-dependent conversions
(7: 1.5%, 18: 3.7%, and 19: 2.1%). Despite having lower conversions
with CYP267A1, five new substrates for CYP267A1 were identified
(4,6,7, 18, and 19) (Fig. 4A). However, during in vitro conversion of
substrates 18 and 20, one side product has been observed for substrate
18 (1.9% = 1.1%) and in the case of substrate 20 two minor side
products (3.7% = 0.3% and 2.6% = 0.1%) were found.

Only dextromethorphan (4), haloperidol (6), and thioridazine (20)
were further employed for the investigation in the whole-cell system
with CYP267A1-Fdx8-FdR_B, in which compounds 4 and 6 showed
no conversion. Due to the higher in vitro conversion of substrates 2, 18,
and 19 with CYP267BI1, these substrates were only tested in the
CYP267B1-Fdx8-FdR_B whole-cell system. However, using CYP267A1,
substrate 20 was successfully converted to product 20a yielding a
44.7% product formation in our E. coli-based whole-cell bioconver-
sion (Fig. 4A).

In Vitro and Whole-Cell Conversions by CYP267B1. It is very
interesting to note that the in vitro conversions of the 22 tested drugs
showed that CYP267B1 was able to convert 14 out of 22 compounds
(Fig. 4B), seven more than CYP267A1. The highest in vitro yield was
observed for oxymetazoline (14; 77.7%) and moderate in vitro
conversions were detected for chlorpromazine (2; 37%), diclofenac
(5; 37.5%), ibuprofen (7; 31.1%), and repaglinide (16; 41.4%). In
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addition, amodiaquine (1, 10.2%), losartan (9; 8.9%), noscapine (11;
12.1%), olanzapine (12; 16.5%), omeprazole (13; 13.7%), papaverine
(15; 12.6%), and tamoxifen (18; 15%) were converted by CYP267B1.
Very low conversion was observed for ritonavir (17; 1.4%) and
terfenadine (19; 4.1%). However, during the in vitro experiments, also
one minor side product was observed for substrates 7 (2.2% * 0.1%),
9(1.9% = 0.4%), 11 (1.85% = 0.45%), 12 (2% = 0.1%), 13 (7% =
0.4%), 15 (2.2% = 0.1%), 16 (7.8% * 1.4%), and 18 (2.55% =
0.45%). In the case of substrate 14, two minor side products were
found (5.1% = 1.0% and 3% =* 0.5%).

The 14 drugs identified as substrates for CYP267B1 during the in
vitro experiments were further investigated in the corresponding whole-
cell experiments, where the highest yield was observed for omeprazole
(13; 78.1%). The compounds 2 (30.3%), 5 (38%), and 7 (44.1%)
showed similar yields compared with the corresponding in vitro
experiments. We also observed a high conversion of losartan (9) to
one product; however, without expressing CYP267B1 in the whole-cell
experiment. This observation leads to the assumption that substrate
9 might have been oxidized by E. coli C43(DE3) to losartan carboxy
acid. Due to the limited availability of a reference standard, we were not
able to further investigate this assumption. The CYP267B1-Fdx8-FdR_B
whole-cell system was also able to convert substrates 1, 11, 15, 16, 18,
and 19, but in lower yields (=10%). In the CYP267B 1-dependent whole-
cell experiments, minor side products were only formed in the case of
substrates 11 (1.25% + 0.15%), 13 (5.3% * 0.2%), 15 (5.4% * 0.5%),
and 16 (5.2% = 0.4%), showing identical retention time to those
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Fig. 4. The main metabolite formation in vitro (black bar) and in the whole-cell (gray bar) system by CYP267A1-Fdx8-FdR_B (A) and CYP267B1-Fdx8-FdR_B (B). (A)
The compounds 1, 3, 5, 8-17, 21, and 22 were not converted by CYP267A1 and are therefore not shown. Only the substrates 4, 6, and 20 were further tested in the whole-cell
system, whereby compounds 4 and 6 showed no conversion. The highest whole-cell conversion for substrate 20 was achieved with the supplement of polymyxin B
(32 pg/ml). (B) The highest yields for the whole-cell conversions of compounds 1, 2, 5,7, 9, 15, and 16 by CYP267B1 were achieved in the presence of 20 mM EDTA. In

the case of compounds 11, 13, 18, and 19, the highest conversions were observed

with the addition of polymyxin B (32 ug/ml). Despite the in vitro conversions of

compounds 12 and 14 by CYP267BI, no conversion was observed in the corresponding whole-cell experiments. Due to the absence of conversion in the in vitro

experiments, compounds 3, 4, 6, 8, 10, and 20-22 are not presented in this diagram.
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observed in the corresponding in vitro experiments. For compounds
12 and 14, all attempts to utilize them in the whole-cell conversion
system were unsuccessful, despite having high in vitro conversions
(16.5% for compound 12 and 83% for compound 14). For the substrates
that were not converted (3, 4, 6, 8, 10, 20, 21, and 22) or showed poor
conversion (17) during the in vitro assay, attempts of investigating these
drugs within the whole-cell system were discarded. Due to the high
conversion in the whole-cell experiments, compounds 2, 5, 7, and 13
were further chosen for upscale and product characterization.

Production of Drug Metabolites Using an E. coli-Based Whole-
Cell Bioconversion System and Purification of Products via
Preparative HPLC

The whole-cell system of CYP267B1-Fdx8-FdR_B was up-scaled to
2.5 1 of MO9CA medium for substrates 2, 5, and 7. For compound 13, an
upscaling to 500 ml was sufficient enough to produce 5 mg of product
13a. In the case of whole-cell system CYP267A1-Fdx8-FdR_B and
substrate 20, the conversion was also up-scaled to 2.5 1 MOCA medium.
For the compounds converted in a larger scale, comparable yields as
previously described (Fig. 4, A and B) were observed, revealing the
great potential of the established bioconversion system for future
biotechnological upscaling. The products were purified via preparative
HPLC and the purity of the isolated products was further verified by an
additional HPLC measurement. The chromatograms of the puritied
products (5a, 7a, and 13a) and the pure substrates (5, 7, and 13) are
shown in the Supplemental Material (Supplemental Fig. 2), confirming
the high purity of the corresponding products. For products 2a and 20a,
the chromatograms coincide with previous data and can be found in the
Supplemental Material (Litzenburger et al., 2015).

Drug Metabolites Formed by the CYP267 Family

As previously presented, CYP267AL1 is able to convert seven out of
22 drugs and CYP267B1 catalyzes the conversion of 14 out of 22 drugs in
vitro. However, only drug 20 for CYP267A1 and 10 drugs (1, 2, 5,7, 11,
12, 15, 16, 18, and 19) for CYP267B1 were successfully converted in our
whole-cell system. For drugs 2, 5, 7, 13, and 20 showing high yields after
whole-cell biotransformation, the respective metabolites were additionally
elucidated with an up-scaled production and via NMR measurements. A
comprehensive overview of the analyzed drugs, and the human metab-
olites produced by the two members of the CYP267 family, is presented in
(Supplemental Fig. 6). CYP267B1 is able to catalyze an aromatic
hydroxylation of drug S to the human metabolite 4'-hydroxydiclofenac
(5a) and an aliphatic hydroxylation of drug 7 to 2-hydroxyibuprofen (2a).
Furthermore, the sulfoxidation of drugs 2 and 13 is catalyzed by
CYP267B1 and the sulfoxidation of drug 20 is catalyzed by CYP267A1.
All products were obtained with high purity and sufficient amounts (5—
10 mg) for the structure elucidation via NMR spectroscopy. The NMR (‘H
and °C) data for products 5a, 7a, and 13a are shown in the (Supplemental
Material). In the case of product 13a, an additional MS/MS measurement
provided an unambiguous assignment to omeprazole sulfone (Supple-
mental Fig. 5). The NMR data of products 2a and 20a were identical to
those previously described (Litzenburger et al., 2015) and match the
corresponding reference standards (Zhang et al., 1996; Morrow et al.,
2005). However, we achieved significantly increased yields in this study
by our new whole-cell constructs (see Supplemental Fig. 1), which also
gave better access to high product amounts for characterization of the
respective products.

Discussion

In recent years, the number of publications about the potential
applications of P450 enzymes for the production of drug or drug-related
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compounds of pharmaceutical interest has continuously grown (Julsing
et al., 2008). This progress can directly be of use for efficient and time-
saving production of human drug metabolites. High yields and conver-
sion rates can already be achieved by using corresponding human
(Rushmore et al., 2000; Vail et al., 2005; Schroer et al., 2010; Geier
et al., 2012; Schiffer et al., 2015) or suitable nonhuman (Taylor et al.,
1999; Otey et al., 2006; Sawayama et al., 2009; Reinen et al., 2011; Di
Nardo and Gilardi, 2012; Kiss et al., 2015; Ren et al., 2015) P450
enzymes in a whole-cell system to produce respective metabolites. The
majority of published bacterial P450 enzymes used for the conversion
of drugs are mutants of CYP102A1 (BM3) from Bacillus megaterium.
We investigated the native myxobacterial P450 enzymes from
S. cellulosum So ce56 for their application as drug metabolizers since
soil bacteria should be able to convert and metabolize different
xenobiotics present in their environment. Therefore, special attention
was given to the CYP267 family.

It is interesting to note that CYP267B1 revealed the remarkable
ability to accept substrates with completely different chemical struc-
tures and functions. In addition to the capability of converting tricyclic
compounds (Litzenburger et al., 2015), the large 16-membered macro-
lide epothilone D (Kern et al., 2015), and small structures such as
apocarotenoids (Litzenburger and Bernhardt, 2016), CYP267B1 also
showed activity toward the conversion of 14 out of 22 different drugs.
In contrast, CYP267A1 was only able to convert seven out of 22 drugs.
The drugs converted by CYP267A1 and CYP267B1 feature a variety of
chemical structures such as heterocyclic aromatics, morphinan class
compounds, and alkaloids, thus increasing both the known substrate
spectrum for this P450 family and the conceivable fields of their
application. The metabolism of a drug molecule by a human P450
usually results in the formation of several side products (Table 2) since
the main aspect of drug metabolism is excretion out of the body. Hence,
the application of myxobacterial P450 enzymes is favorable in en-
abling the production of a single human drug metabolite, highlighting
their ability for biotechnological processes to produce a metabolite in
large quantity.

However, an important bottleneck in the application of P450
enzymes in biotechnological processes is often the efficiency of the
redox system (Bernhardt and Urlacher, 2014). Therefore, we first
identified efficient autologous redox partners to transfer electrons to the
CYP267 family. Although the autologous redox system Fdx8/FdR_B
from . cellulosum So ce56 has already been shown to transfer electrons
to myxobacterial CYP109D1, CYP260A1, and CYP264A1 (Khatri
etal., 2010; Ringle et al., 2013), the heterologous bovine Adx,. g with
AdR or the E. coli Fpr has been shown to be more efficient (Khatri etal.,
2013; Ringle et al., 2013). However, in this study, the substitution of
Adx4.10s/Fpr by Fdx8/FdR_B showed a significant increase of product
yields for drug molecules (Table 1) when using the members of the
CYP267 family. As aresult, an E. coli-based whole-cell bioconversion
system has been established containing the autologous redox partners of
the CYP267 family.

Another bottleneck in whole-cell conversions that we faced during
our studies was substrate uptake and indole inhibition. As a result, we
established a substrate-dependent protocol, where EDTA and poly-
myxin B, which are shown to enhance substrate uptake into E. coli cells
(Janocha and Bernhardt, 2013), significantly increased the limited
whole-cell conversions (Fig. 4, A and B). To overcome inhibition of
CYP267A1 and CYP267B1 by indole (Supplemental Fig. 3), we
performed the whole-cell experiments in defined M9CA medium.
However, for substrates 2, 11, 14, 16, 18, and 19 the CYP267B1-
dependent whole-cell conversion showed lower yields compared with
the in vitro assay, which might be a limitation caused by the low per-
meability of the E. coli cells for these substrates during the whole-cell
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TABLE 2
Comprehensive overview of human drug metabolites formed by the members of the CYP267 family from S. cellulosum So ce56 and the corresponding human P450 enzymes

Metabolites marked with * and * are selectively formed by CYP267A1 and CYP267BI, respectively. The order of the listed metabolites is not representative for the product distribution.

Drug Human P450 Desired Metabolite Expected Side Products of Human P450 Enzymes Reference
Chlorpromazine (2)  CYP2D6 Chlorpromazine sulfoxide (2a) * 7-Hydroxychlorpromazine Cashman et al. (1993)
CYP3A4 Chlorpromazine-N-oxide
Diclofenac (5) CYP1A2 4'-Hydroxydiclofenac (5a) * — Bort et al. (1999)
CYP2C8 5-Hydroxydiclofenac
CYP2C18 4,5-Dihydroxydiclofenac
CYP2C19
CYP2C9 3-Hydroxydiclofenac
5-Hydroxydiclofenac
Ibuprofen (7) CYP2C8 2-Hydroxyibuprofen (7a) * 3-Hydroxyibuprofen Hamman et al. (1997); Neunzig et al. (2012)
CYP2C9 Carboxyibuprofen
Omeprazole (13) CYP3A4 Omeprazole sulfone (13a) * 5-Hydroxyomeprazole ‘Yamazaki et al. (1997); Abeld et al. (2000)
Thioridazine (20) CYP2D6 Thioridazine-5-sulfoxide (20a) * N-desmethylthioridazine Daniel et al. (2000)
7-Hydroxythioridazine
Mesoridazine

conversion. In contrast, substrates 7 and 13 showed higher yields in the
whole-cell system compared with the in vitro conversion, suggesting that
the conditions established for these substrates support an efficient
metabolite production with our whole-cell system.

It has been shown recently that several members of a P450 fusion
library, constructed by P450 enzymes and their autologous redox
system RhfRED from R. jostii RHALI, are able to convert five out of
48 selected drugs (Kulig et al., 2015). Compared with our system
consisting of the wild-type CYP267B1 and its autologous redox part-
ners Fdx8 and FAR_B, we observed a larger substrate range (14 out of
22 drugs) and significantly higher activity toward the conversion of
drugs. This leads to the suggestion that CYP267B1 features a great
potential for the biotechnological production of various drug metabo-
lites when using bacterial P450 enzymes. Our thus far not optimized
whole-cell system was able to convert 38% of 160 mg of diclofenac (5)
within 48 hours, which is a good starting point for the production of
4'-hydroxydiclofenac (5a). In this regard, the production of product 5a
has previously been shown using an optimized fermentation process.
The recombinant expression of CYP2C9 in fission yeast strain CAD68
resulted in an efficient formation of product 5a (468 mg/l) after the
optimization of the pH value, the glucose concentration, and the
establishment of a favorable host organism for the hydroxylation of
substrate 5 (Dragan et al., 2011). The engineering of BM3 toward the
metabolism of drugs resulted in the BM3 mutant Asp251Gly/
GIn307His, capable of the metabolism of drug 5 to product 5a in vitro
(Tsotsou et al., 2012). This BM3 mutant was also shown to produce
2-hydroxyibuprofen (7a) from ibuprofen (7) (Tsotsou et al., 2012);
however, experiments were only done in vitro or in a microtiter plate.
Likewise, the production of product 7a in a preparative in vitro scale
was described yielding 74.3 mg of product 7a (96% conversion)
(Rentmeister et al., 2011). However, in this study, we were able to
produce product 7a in a more relevant, biotechnological way using an
E. coli-based whole-cell bioconversion system for CYP267B1 con-
sisting of autologous redox partners and necessary cofactors within the
cells. In this regard, the conversion of 115 mg of drug 7 to product 7a
giving 44% product yield by the wild-type CYP267B1 demonstrated a
promising scope for further optimization since we have not yet focused
on the optimization or the engineering of the respective P450 toward
higher space-time yields. In addition, our CYP267B1-Fdx8-FdR_B
whole-cell system also presents the first method to produce omeprazole
sulfone (13a) using a biotechnological approach with a high conversion

yield (nearly 80%, 68 mg/l of drug 13) and high selectivity (<5%
formation of unknown side product). Although CYP3A4 is responsible
for the formation of omeprazole sulfone (13a) in the human body
(Yamazaki et al., 1997), to the best of our knowledge, the bio-
technological production of product 13a with CYP3A4 (Table 2) or
another P450 has thus far not been described.

The established CYP267-Fdx8-FdR_B whole-cell systems are an
excellent starting point for further optimizations in view of bio-
technological upscaling and optimization (Bernhardt and Urlacher,
2014). Optimizations such as changing expression and reaction
conditions or engineering P450 enzymes could be potential topics of
interest. Several approaches for increasing the performance of the
whole-cell system have been published, describing that an increased
number of ferredoxin gene copies (Schiffer et al., 2015) or coexpressing
a NADPH regenerating system (Zehentgruber et al., 2010) could
enhance product formation. In a recent review, numerous approaches
and examples were presented to enhance the catalytic activity of P450
enzymes toward potential practical purposes (Gillam, 2008). It is
remarkable that the wild-type CYP267B1 is already able to catalyze
three different reaction types (hydroxylation, sulfoxidation, and epoxi-
dation) without any directed or evolutionary modification. In fact, the
catalyzed hydroxylation reactions can be diversified to aliphatic (in the
case of drug 7), allylic (as described for sesquiterpenes) (Litzenburger
and Bernhardt, 2016), and aromatic (as shown for drug 5) hydroxyl-
ations, whereby the aromatic hydroxylation has not yet been described
for a myxobacterial P450 enzyme.

Although in previous studies the bioconversion of drugs and
xenobiotics was performed using different strains of Streptomyces or
Cunninghamella sp. (Zhang et al., 1996; Asha and Vidyavathi, 2009;
Bright et al., 2011; Murphy and Sandford, 2012; Diao et al., 2013), the
systems were not selective and side products were usually observed. In
addition, the nonoptimized media conditions used in these approaches
could also interfere with the product identification. In contrast, in this
study, we established a whole-cell biocatalyst for the conversion of
widely used therapeutically important drugs and xenobiotics using two
bacterial P450 enzymes (CYP267A1 and CYP267B1) and we also
optimized this whole-cell system to allow convenient and effective
product isolation for identification by NMR and MS/MS. In this way,
the substrate spectrum of the CYP267 family—and especially for
CYP267Bl—was extended to commercially used drugs and their
associated diverse chemical structures, demonstrating the potential of
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myxobacterial P450 enzymes as drug metabolizers. Due to the great
potential to convert a broad range of substrates, it can be concluded that
CYP267B1 is an efficient and promising candidate for further substrate
screening and protein engineering attempts, particularly with regard to
its biotechnological applicability.
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Optimized extraction procedure - Due to the different substrates, and thus, the diversity of chemical
structures and functional groups, we established a substrate-dependent extraction protocol as shown in
Table S 0 accompanied by substrate-dependent HPLC methods listed in Table S 1.

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

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

2 Chlorpromazine - Chloroform

3 Dexamethasone - Chloroform

4  Dextromethorphan - Chloroform

5 Diclofenac - Ethyl acetate

6 Haloperidol - Ethyl acetate

7 Ibuprofen - Ethyl acetate

8 Indoprofen - Ethyl acetate

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

11 Noscapine Glycine buffer Ethyl acetate

12 Olanzapine Glycine buffer Chloroform

13 Omeprazole Glycine buffer Ethyl acetate

14 Oxymetazoline Glycine buffer Ethyl acetate

15 Papaverine Glycine buffer Chloroform

16 Repaglinide - Chloroform

17 Ritonavir - Chloroform

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

20 Thioridazine Glycine buffer Ethyl acetate

21 Verapamil Glycine buffer Chloroform

22 Vitamin D3 - Chloroform
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HPLC methods — The HPLC analysis of the substrates 3, 10, 13, and 22 were performed using 20%
acetonitrile/80% Milli-Q water (v/v) as solvent A and 100% acetonitrile as solvent B. All other substrates
(1,2,4-9,11, 12 and 14-21) were analyzed by using 100% Milli-Q water containing 0.1% TFA as solvent
A and 100% acetonitrile containing 0.1% TFA as solvent B. Unless otherwise specified, the flow rate for
all methods was set as 1 ml min and the oven temperature as 40°C.

Table S 1. HPLC Methods for the tested compounds.

# Substrate Molecular weight Wavelength Method
[g mol™] [nm] [minutes / % of solvent A]
1 Amodiaquine 464.81 344 0/90
5/90
10/60
13/60
13.1/20
14/20
14.1/90
16/90
2 Chlorpromazine 318.86 256 0/80
1/80
9/20
12/20
12.1/80
14/80
3 Dexamethasone 392.47 240 0/90
7/90
13/50
13.1/90
15/90
Dextromethorphan 271.40 280 Same method as 3
Diclofenac 318.10 276 0/70
1/70
12/20
14/20
14.5/70
15/70
6 Haloperidol 375.86 244 0/80
2/80
8/50
12/50
12.1/80
14/80
1.2 ml min™
7 Ibuprofen 229.28 224 0/80
4/80

N
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13/20
15/20
15.1/80
17/80

Indoprofen

281.31

284

Same method as 7

Losartan

461.91

244

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

10

Nifedepine

346.34

236

Same method as 7

11

Noscapine

413.42

232

Same method as 7

12

Olanzapine

312.43

260

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

13

Omeprazole

345.42

300

Same method as 3

14

Oxymetazoline

296.84

228

Same method as 7

15

Papaverine

375.75

252

0/90
2/90
7/60
10/60
10.1/20
11/20
11.1/90
13/90

16

Repaglinide

452.59

244

0/90
1/90
10/10
12/10
12.5/90
15/90

17

Ritonavir

720.94

240

0/70
1/70
9/10
10/10
10.1/70
13/70
0.8 ml min™
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18 Tamoxifen 371.51 240 0/60
3/60
10/20
13/20
13.1/60
15/60
19 Terfenadine 471.67 228 Same method as 7
20 Thioridazine 407.04 264 Same method as 7
21 Verapamil 491.06 232 Same method as 11
22 Vitamin Dj 384.64 265 0/40
15/0
26/0
30/40
4/11
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Phylogenetic analysis of CYP267B1 with drug metabolizing P450s of human and bacterial origin — In
addition to the phylogenetic analysis of CYP267B1 with respect to drug metabolizing human and bacterial
P450s as depicted in Figure 2, we performed pairwise alignments with EMBOSS Needle and present the
identities and similarities in Table S 2.

Table S 2. Overview of identities and similarities of drug metabolizing human and bacterial P450s with
respect to CYP267B1 from Sorangium cellulosum So ce56.

CYP267B1 to P450 UniProtKB Identity Similarity
CYP1Al P04798.1 96/612 (15.7%) 152/612 (24.8%)
CYP1A2 P05177.3 107/572 (18.7%) 166/572 (29.0%)
CYPI1BI1 Q16678.2 96/600 (16.0%) 167/600 (27.8%)
CYP2A6 P11509.3 105/537 (19.6%) 181/537 (33.7%)
CYP2A7 P20853.2 99/592 (16.7%) 160/592 (27.0%)
CYP2A13 Q16696.3 103/540 (19.1%) 175/540 (32.4%)
CYP2B6 P20813.1 100/570 (17.5%) 164/570 (28.8%)
CYP2C8 P10632.2 106/524 (20.2%) 173/524 (33.0%)
CYP2C9 P11712.3 97/554 (17.5%) 168/554 (30.3%)
CYP2C18 P33260.3 89/583 (15.3%) 159/583 (27.3%)
CYP2C19 P33261.3 101/559 (18.1%) 172/559 (30.8%)
human CYP2D6 P10635.2 110/569 (19.3%) 164/569 (28.8%)
CYP2El P05181.1 101/567 (17.8%) 160/567 (28.2%)
CYP2F1 P24903.2 90/605 (14.9%) 138/605 (22.8%)
CYP2J)2 P51589.2 106/552 (19.2%) 160/552 (29.0%)
CYP2R1 Q6VVX0.1 91/599 (15.2%) 150/599 (25.0%)
CYP2S1 Q96SQ9.2 91/568 (16.0%) 154/568 (27.1%)
CYP2U1 Q7Z449.1 93/615 (15.1%) 155/615 (25.2%)
CYP2W1 Q8TAV3.2 112/540 (20.7%) 169/540 (31.3%)
CYP3A4 P08684.4 95/565 (16.8%) 164/565 (29.0%)
CYP3AS5 P20815.1 102/536 (19.0%) 184/536 (34.3%)
CYP3A7 P24462.2 92/565 (16.3%) 164/565 (29.0%)
CYP3A43 Q9HB55.1 97/536 (18.1%) 168/536 (31.3%)
Streptomyces griseus P450-SOY P26911.1 147/433 (33.9%)  200/433 (46.2%)
Actinoplanes sp. ATCC 53771 CYP107E4 ACN71221.1  163/419 (38.9%)  216/419 (51.6%)
Labrenzia aggregate CYP116B4 EAV41564.1 129/819 (15.8%) 189/819 (23.1%)
Bacillus cereus CYP102A5 Q81BF4 100/1141 (8.8%)  169/1141 (14.8%)
CYP51_RHALI Q0S7M9 104/481 (21.6%) 176/481 (36.6%)
CYP105_RHAL1 QOSDH7 144/434 (33.2%)  209/434 (48.2%)
CYP116_RHAI QORUR9 135/460 (29.3%)  202/460 (43.9%)
Rhodococcus jostii RHA1 CYP125_RHAI1 QOS7N3 139/429 (32.4%)  207/429 (48.3%)
CYP256_RHALI QORXF8 131/446 (29.4%)  205/446 (46.0%)
CYP257_RHALI QORVHO 122/445 (27.4%) 195/445 (43.8%)
CYP258 RHA1 QORUW2 130/451 (28.8%) 194/451 (43.0%)
Sorangium cellulosum So ce56 CYP264A1 CAN96490.1  147/430 (34.2%)  207/430 (48.1%)
CYP267A1 CAN90832.1  173/453 (38.2%)  235/453 (51.9%)
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Whole-cell biotransformation construct — The established pCDF_dFA plasmid'"' (Figure S 1 A)
containing the genes for an expression of bovine adrenodoxin (Adx, o) and Fpr reductase from E. coli
was optimized with the substitution of the mentioned genes with Fdx8 and FdR_B from Sorangium
cellulosum So ce56 as described in the materials and methods section. The resulting plasmid was named
as pCDF_F8B and is presented in Figure S 1 B.

lac operator lac operator
A /171 B T71
l_; Neol (70) r‘ Nceol (70)
' | Adx4-108 | I , _ Fdx8
lacl / /3 ~ HindIll (301) lacl / TN inai (304)
A 2 4 72
p
Ndel (546) / Ndel (549)
HindIII (659) — FdRB
Fpr
PCDF dFA pCDF F8B
4727bp 4724 bp
B : " EcoRI (1284)
;
- :
| \\\\\ .
A N T T7 term
* ) N
g Ny
) &
CDF ori > CDF ori :
Sm Sm

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

! Litzenburger M, Kern F, Khatri Y, and Bernhardt R (2015) Conversions of Tricyclic Antidepressants
and Antipsychotics with Selected P450s from Sorangium cellulosum So ce56. Drug Metab Dispos
43:392-399.
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HPLC chromatograms of the purified products — To validate the purity of the metabolites produced by
the whole-cell system CYP267B1-Fdx8-FdR_B, all purified products were analyzed via preparative
HPLC and compared with the respective substrate as presented in Figure S 2.

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

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

% A. Briindstrom et al. (1989) Chemical Reactions of Omeprazole and Omeprazole Analogues. VI. The
Reactions of Omeprazole in the Absence of 2-Mercaptoethanol. Acta Chem. Scand. 43,595-611
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Determination of inhibition of CYP267 family by indole — To validate the necessity to use a defined
minimal medium (M9CA) in our whole-cell system, we performed in vitro conversions of 200 xM -
ionone with increasing concentrations of indole (Figure S 3). The conditions of this assay were chosen
analogous to our previous work™ with a shorter reaction time of 20 min.

100 +

90 |\
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60
50
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Figure S 3. Inhibition of product formation by increased indole concentration. The data were produced

with the conversion of B-ionone. The results of the product inhibition catalyzed by CYP267A1 (black
line) and CYP267B1 (red line) in the presence of increasing concentrations of indole is shown.

3 Litzenburger M, and Bernhardt R (2015) Selective oxidation of carotenoid-derived aroma compounds by
CYP260B1 and CYP267B1 from Sorangium cellulosum So ce56. Appl. Microbiol. Biotechnol. in press

Kern 2016
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NMR data of the purified products 5a, 7a and 13a — The chemical structures of the products (inclusive
numbering) are presented in Figure S 4.

4-Hydroxydiclofenac (5a):

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

BC-NMR (CDCl;, 125 MHz):  40.43 (C-a), 113.64 (C-3), 115.80 (C-3* and C-5"), 118.92 (C-5), 127.46
(C-4), 128.06 (C-1), 129.10 (C-2), 130.72 (C-6), 132.94 (C-17), 144.12 (C-2’ and C-6"), 155.34 (C-4"),
173.10 (COOH).

2-Hydroxyibuprofen (7a):

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

B“C-NMR (CDCl,, 125 MHz): & 17.6 (C-3), 27.7 (C-b), 45.0 (C-1), 48.2 (C-a), 71.8 (C-2), 1272 (C-2’,C-
6’),131.3 (C-3°,C-5%),137.3 (C-4"), 1389 (C-1").

Omeprazole sulfone (13a):

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

Figure S 4. Chemical formula of 4-hydroxydiclofenac (A), 2-hydroxyibuprofen (B) and omeprazole
sulfone (C).

9/11

Kern 2016



3 Publications 64

DMD # 68486

Settings of the MS/MS measurements of omeprazole (13) and omeprazole sulfone (13a) — The MS/MS
experiments were performed on an API 2000 Qtrap (ABSciex, Darmstadt, Germany) in positive mode
(m/z 100-400) with a flow rate of 4.0 xL min” using a syringe pump with ID 4.6 mm. Additional settings
are presented in Table S 3.

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

Name Value Name Value

Curtain Gas (CUR) 20.0 psi Collision Potential 25V
Ion Spray Voltage (IS) 55000 V || Declustering Potential (DP) 800V
Ion Source Gas 1 (GS1) 25.0 psi Entrance Potential (EP) 100V
Ton Source Gas 2 (GS2) 0.0 psi Temperature (TEM) 2300C

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

A ’ B -

EEdd R EREE

iz, Da T ) 7w
Figure S 5. Positive product ion mass spectra of the protonated substrate omeprazole (13, A) and
omeprazole sulfone (13a, B).

*E. J. Woolf, B. K. Matuszewski. (1998) Simultaneous determination of omeprazole and 5'-
hydroxyomeprazole in human plamsa by liquid chromatography - tandem mass spectrometry. J.
Chromatogr. A. 828, 229-238.
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Overview of drugs metabolized by the CYP267 family - A comprehensive overview of the analyzed
drugs, and the human metabolites produced by the two members of the CYP267 family, is presented in
supplemental Figure S 6.
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Figure S 6. Overview of drugs converted by the CYP267 family: Conversion of 20 to thioridazine-5-
sulfoxide (20a) by CYP267A1 and conversion of 2 to chlorpromazine sulfoxide (2a), 5 to 4-
hydroxydiclofenac (5a), 7 to 2-hydroxyibuprofen (7a) and 13 to omeprazole sulfone (13a) by CYP267B1.
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3.3 Litzenburger et al. 2015
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ABSTRACT

Human cytochromes P450 (P450s) play a major role in the bio-
transformation of drugs. The generated metabolites are important for
pharmaceutical, medical, and biotechnological applications and can
be used for derivatization or toxicological studies. The availability of
human drug metabolites is restricted and alternative ways of pro-
duction are requested. For this, microbial P450s turned out to be
a useful tool for the conversion of drugs and related derivatives. Here,
we used 10 P450s from the myxobacterium Sorangium cellulosum So
ce56, which have been cloned, expressed, and purified. The P450s
were investigated concerning the conversion of the antidepressant
drugs amitriptyline, clomipramine, imipramine, and promethazine; the
antipsychotic drugs cart pine, chlorpror and thioridazine,
as well as their precursors, iminodibenzyl and phenothiazine.

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

Introduction

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

Human P450s play a major role in the metabolism of drugs. The
human liver P450s CYP3A4/5, CYP2D6, CYP2CY, CYPIA2, and
CYP2C19 are responsible for the conversion of about 80% of all drugs
(Zanger and Schwab, 2013). One important group of pharmaceuticals
is psychotherapeutic drugs. Antipsychotic drugs and tricyclic anti-
depressants are used for the treatment of psychiatric disorders. In
1952, these psychotherapeutic drugs started with the discovery of
chlorpromazine and since that time many drugs, mainly based on
phenothiazine or iminodibenzyl, have been discovered and are used

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

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

ABBREVIATIONS: Adx, 108, adrenodoxin (truncated form); FDA, Food and Drug Administration; Fpr, ferredoxin-NADP* reductase; GC, gas
chromatography; HPLC, high-performance liquid chromatography; MS, mass spectrometry; P450, cytochrome P450; RT, retention time.
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TABLE 1
Overview of psychotherapeutic drugs. their metabolites, and the human P450s capable for the metabolism

Drug Human P450

Main metabolite Reference

CYPIA2, CYP3A4. CYP2BO, CYP2C8. CYP2C9,
CYP2CI9. CYP2D6

Amitriptyline

Carbamazepine CYPIA2, CYP2A6. CYP3A4, CYP2B6, CYP2CS, CYP2EL

Chlorpromazine CYPIA2, CYP3A4, CYP2BG, CYP2C19, CYP2D6

Clomipramine CYPIA2, CYP3A4, CYP2C19, CYP2D6

Imipramine CYPIA2, CYP3A4, CYP2CY9, CYP2D6O

Promethazine CYP2B6, CYP2D6

Thioridazine CYP2D6

Prox and Breyer-Pfaff, 1987;
3-Hydroxyamitriptyline Venkatakrishnan et al., 2001
2,11-Dihydronortriptyline
10-Hydoxyamitriptyline
10-.11-Dihydrox yamitriptyline
10-Oxy-amitriptyline
Amitriptyline-N-oxide
Amitriptyline dihydrodiol
Desmethylamitriptyline
10-,11-Epoxycarbamazepine
2-Hydroxycarbamazepine
3-Hydroxycarbamazepine
7-Hydroxychlorpromazine
Chlorpromazine-N-oxide
Chlorpromazine sulfoxide
Desmethylchlorpromazine
Didesmethylchlorpromazine
2-Hydroxyclomipramine
8-Hydroxyclomipramine
10-Hydroxyclomipramine
Clomipramine-N-oxide
Desmethylclomipramine
2-Hydroxyimipramine
10-Hydroxyimipramine
Desmethylimipramine
Didesmethylimipramine
Imipramine-N-oxide
3-Hydroxypromethazine
4-Hydroxypromethazine
Desmethylprometha
Promethazine sulfoxide
N-desmethylthioridazine
7-Hydroxythioridazine
Mesoridazine
Thioridazine-5-sulfoxide

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

Murray, 2006: Wéjcikowski et al., 2010

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

Singh. 2012

Nakamura et al., 1996

Daniel et al., 2000

Myxobacteria are known for the production of pharmaceutically and
chemically important compounds, which attracted the attention of the
pharmaceutical industry (Weissman and Miiller, 2010). In 2007, the
myxobacterium Sorangium cellulosum So ce56 was sequenced and 21
P45(0 genes were identified (Schneiker et al., 2007; Khatri et al.,
2010b). Although, the physiologic roles of those P450s are still not
known, some of them are able to convert exogenous substrates such as
terpenes and terpenoids or fatty acids (Khatri et al., 2010b: Ly et al.,
2012). However, the potential for the conversion of pharmaceutically
interesting compounds has not yet been tested.

In this study, 10 P450s (CYP109C1, CYP109C2, CYP109D1,
CYP260A1, CYP260BI, CYP264A1, CYP264B1, CYP2606A1,
CYP267A1, and CYP267B1) from S. cellulosum So ce56 were selected
and employed for the in vitro conversion of seven psychotherapeutic
drugs and their precursors, Compounds showing significant in vitro
conversion were further chosen for the conversion with an Escherichia
coli-based whole-cell biotransformation system to upscale the pro-
duction and facilitate structure elucidation via NMR spectroscopy. The
purified compounds were compared with known human metabolites to
check for specific derivatives and to elucidate possible new metabolites,
which could be useful for further drug development.

Materials and Methods

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

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

Molecular Cloning and Preparation of Expression Vectors, The 10 P450s
from §. cellulosum So ce56 (CYP109C1, CYP109C2, CYP109D1. CYP260AI,
CYP260B1. CYP264A1, CYP264B1, CYP266A1. CYP267A1, and CYP267B1)
were selected for this study. The genes of those P450s were cloned in pCWori™
plasmids as described elsewhere (Khatri et al., 2010b). To improve the expression
yield, the genes of the P450s (CYP109C1, CYP109C2, CYP109D1, CYP260AI,
CYP260B1, CYP264A1, and CYP264B1) were excised from their corresponding
pCWori" plasmids and cloned into a pETI7b plasmid (Novagen, Darmstadt,
Germany) (Ringle et al., 2013). Likewise, the genes of CYP266A1, CYP267AL,
and CYP267B1 were excised and cloned into a pET22b plasmid (Novagen).

For the expression of the redox partners ferredoxin-NADP™ reductase (Fpr)
and adrenodoxin (truncated form) (Adx, jgs) in the E. coli-based whole-cell
system, the pCDFDuet-1 (Merck, Darmstadt, Germany) vector with a streplo-
mycin resistance marker gene was used. The DNA fragment encoding Adx, 108
was amplified by Polymerase chain reaction (forward primer, 5'- AAT GAC
ATG CTT GAT CTG GCC TAT GGA CTA ACA GAT AGA T -3', and
reverse primer, 3'- ATC TAT CTG TTA GTC CAT AGG CCA GAT CAA
GCA TGT CAT T-3') using pKKHC_Adx, 05 as a template (Uhlmann et al.,
1994). Then, the DNA fragment was inserted between Ncol and HindlIIl of the
multiple cloning site MS-I of pCDFDuet-1 (Merck). The forward primer was
used to delete the Ndel restriction site. The fragment encoding Fpr was
amplified by Polymerase chain reaction (forward primer, 5'- CAT ATG GCT
GAT TGG GTA ACA GGC AAA GTC ACT AAA GTG CAG AAC TGG -3,
and reverse primer, 3'- CGG GGT ACC TTA CCA GTA ATG CTC CGC TGT
CAT GTG GCC CGG TCG GC-3) using the pET16_Fpr plasmid as a template
(Girhard et al., 2010). The fragment was subcloned in the pCR4 blunt vector
and finally inserted between Ndel and Kpnl, resulting in the pCDF_dFA
expression vector.
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Media and Buffers. For the heterologous expression of the related P450s,
terrific broth medium (24 g yeast extract, 12 g peptone, 4 ml glycerol, 2.31 g
K HPO,, and 12.54 g KH;PO, per liter H,O) was used. The whole-cell
conversion was performed in MOCA medium (6 g Na;HPO,, 3 ¢ KH:PO,, 05 ¢
NaCl, 1 g NH.CI, 4 g casamino acids, 4 g glucose, 50 ul IM CaCly, 2 ml 1 M
MgS0,, 2 ml of trace elements solution per liter H.O; Trace elements solution
contained 2.5 g EDTA, 250 mg FeSOy, 25 mg ZnCl, and 5 mg CuSO, per 50 ml
H,0). The conversion with resting cells was done in 50 mM potassium phosphate
buffer (pH 7.4) containing 2% glycerol as the carbon source,

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

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

‘Whole-Cell System Using M9CA. The experiments were performed with
E. coli BL21(DE3) gold cells. The cells were transformed with two plasmids,
one for the corresponding P4350 (pET17b or pET22b) and the other one for the
redox partners Fpr and Adx, s (pCDF_dFA). The overnight culture was
prepared in nutrient broth containing ampicillin (100 pg/ml) and streptomycin
(50 pg/ml). The main culture with MOCA medium was inoculated with the
overnight culture (dilution 1:100) and incubated at 37°C. The induction of the
corresponding genes was initiated by adding 1 mM isopropyl B-p-1-
thiogalactopyranoside and 0.5 mM 5-aminolevulinic acid when the optical
density reached 0.9-1 and the culture was grown further at 28°C. After 21
hours of expression, the temperature was set to 30°C and the substrates [stock
solution 50 mM in water except for carbamazepine (MeOH), phenothiazine
(EtOH) and iminodibenzyl (EtOH)] were added to a final concentration of
200 uM. To permeabilize the cells, EDTA was also added to a final concentration
of 20 mM. The reaction was carried out for 48 hours under the same conditions.
Samples were harvested, quenched with the same volume of chloroform and
extracted twice. The organic phase was collected, pooled, and evaporated
dryness. The extracts were stored at —20°C until purification.

‘Whole-Cell System Using Resting Cells. The overnight culre was
prepared as described before. Terrific broth medium was inoculated with the
overmnight culture (dilution 1:100). The expression was induced by adding 1 mM
isopropyl 3-p-1-thiogalactopyranoside and 0.5 mM 3-aminolevulinic acid at an
optical density of 0.7-0.8. After 24 hours of expression at 28°C, the cells were
harvested by centrifugation for 20 minutes at 4500g. The cell pellet was
resuspended and washed in the buffer [20 mM potassium phosphate buffer
(pH 7.4) containing 2% glycerol] following the centrifugation step. The 2.4 g cell
mass was suspended in 100 ml buffer containing 2% glycerol. The substrates
(200 M) and EDTA (20 mM) were added and the cells were incubated for
24 hours at 30°C. The reaction was stopped by adding the same volume of
chloroform, The extraction was done as described previously, Until purification,
the extracts were stored at —20°C.

Analysis of the In Vitro and Whole-Cell Conversions via High-Performance
Liquid Chromatography (HPLC)-Diode Array Detector. HPLC analysis was
performed on a system consisting of a PU-2080 HPLC pump, an AS-2059-SF
autosampler, and a MD-2010 multi wavelength detector (Jasco, Gross-Umstadt.
Germany). A Nucleodur 100-5 CI18 column (125 x 4 mm; Macherey-Nagel,
Diiren, Germany) was used at 40°C. The mobile phase consisted of water
containing 0.1% trifluoroacetic acid (A) and acetonitrile containing 0.1% trifluoro-
acetic acid (B). A gradient from 20% to 80% of B with a flow rate of 1 ml/min was
used for the separation of the compounds. The detection wavelengths were substrate
dependent: amitriptyline (215 nm), carbamazepine (288 nm), chlorpromazine

{256 nm), clomipramine (252 nm), iminodibenzyl (288 nm), imipramine (252 nm),
pheno ne (252 nm), promethazine (252 nm), and thioridazine (264 nm).

Purification of the Products. The extracts produced by the whole-cell
system were purified via HPLC with a Nucleodur 100-5 CI8 column (250 x
5 mm; Macherey-Nagel). For the preparative column, a gradient from 20% to
80% of B was also used but the flow rate was increased to 1.5 ml/min. The
fractions containing product were collected, pooled, and treated with the same
volume of 1 M glycine buffer (pH 11.4). After four times of extraction with
chloroform, the combined organic fractions were evaporated to dryness and
prepared for the NMR analysis.

Analysis of the Products via Gas Chromatography-Mass Spectrometry
{GC-MS). GC-MS analysis was performed on a system consisting of an AI/AS
3000 autosampler, a DSQII quadrupole, a Focus GC column oven (Thermo
Fisher Scientific, Waltham, MA), and a DB-5 column with a length of 30 m,
0.25 mm id., and 0.25 pm film thickness (Agilent Technologies). The compounds
were analyzed in an m/z range of 30-450. The starling oven temperature was
100°C for 1 minute, and then the temperature was ramped to 320°C for 20°C/min
and held for 10 minutes with a flow rate of I ml/min. The El-mass spectra were
compared with the NIST Mass Spectral Library (version 2.0; Gaithersburg, MD).

NMR Analysis, The structures of the products were analyzed by NMR
spectroscopy (Institut fiir Pharmazeutische Biologie, Universitit des Saarlandes).
The 'H and *C NMR were recorded on a Bruker (Rheinstetten, Germany) 500
NMR spectrometer. Two-dimensional NMR spectra were recorded as gs-HH-
COSY. gs-HSQC, and gs-HMBC. All chemical shifts are relative 1o CDCl; (8 =
77.00 for "*C-NMR; & = 7.24 for "H-NMR) using the standard & notion in parts
per million.

Results

In Vitro Conversions. Initially, 10 P450s were used for the in vitro
conversion of seven drugs (amitriptyline, carbamazepine, chlorprom-
azine, clomipramine, imipramine, promethazine, and thioridazine) and
two precursors (iminodibenzyl and phenothiazine) to evaluate their
ability for the conversion of those compounds. As shown in Table 2,
CYP260A1, CYP264A1, CYP267AI, and CYP267B1 were able to
convert some of the compounds; however, the remaining six enzymes
did not show any conversion. CYP264A1 converts four substrates
(amitriptyline, chlorpromazine, clomipramine, and imipramine) with
appropriate yields. The main products of amitriptyline, chlorproma-
zine, and imipramine formed by CYP264A1 and CYP267B1 are identical.
However, none of the P450s were able to convert carbamazepine. In
general, CYP260A1 and the CYP267 family show lower conversions for
the substrates compared with CYP264A1.

The obtained product patterns were different for each substrate,
Besides the expected hydrophilic products, several hydrophobic
products were also found. CYP260A1, CYP267A1, and CYP267B1
showed different product patterns for the conversion of promethazine.
Four products were observed with CYP260A1 and CYP267AL,
whereas CYP267B1 gave five products, in which two products
|retention time (RT) = 11.2 and 11.6 minutes] were much more
hydrophobic than the substrate (RT = 7.6 minutes). We observed that
the most hydrophobic product (RT = 11.6 minutes) showed the same
RT as that of phenothiazine (see Fig. 1). The conversion of chlorpromazine
by CYP260A1 also forms a hydrophobic product (RT = 11.2 minutes).
Likewise, low amounts of a hydrophobic product (RT = 12.4 minutes)
were also found using CYP267AL1 for thioridazine conversion (RT =
9.0 minutes). All other products were more hydrophilic compared
with the substrates.

In accordance with these in vitro results, amitriptyline, chlorprom-
azine, clomipramine, and imipramine were chosen for the E. coli-
based whole-cell biotransformation by CYP264A1. Amitriptyline and
chlorpromazine were chosen for the conversion by CYP267BI.
Thioridazine was chosen for the conversion by CYP267A1 to upscale
the production for structure elucidation of the products.
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TABLE 2

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

Conversion by

Substrate
CYP260A1 CYP264A1 CYP267A1 CYP267B1
RT [min] RT [min] RT [min] RT [min] RT [min]
Amitriptyline 8.2 — Pl: 70%/6.2 — Pl: 15%/6.2
P2: 3%/6.8
P3: 18%/7.0
Carbamazepine 7.7 — — — —
Chlorpromazine 8.5 Pl: 9%/11.2 Pl: 62%/6.2 — Pl: 39%/6.2
Clomipramine 8.7 — P1: 69%/7.0 — Traces of product
P2: 23%/7.4
P3: 2%/8.5
Imipramine 8.0 — P1: 52%/6.1 — P1: 9%/6.1
P2: 10%/6.5
P3: 4%/7.6
Iminodibenzyl 12.1 — P1: 3%/8.4 — P1: 31%/9.3
Phenothiazine 11.6 — Pl: 4%/6.5 — Pl: 8%/6.5
Promethazine 7.6 — — — Pl 4%/6.5
P2: 15%/7.4 P2 2%/7.4 P2: 23%/7.4
P3: 5%/1.9 P3: 3%/1.9 —
— — P4: 3%/10.8
P5: 17%/11.2 PS: 4%/11.2 P5: 3%/11.2
P6: 20%/11.6 Po: 5%/11.6 P6: 3%/11.6
Thioridazine 9.0 - — Pl: 34%/6.9 —
P2 5%/1.9
P3: 4%/12.4

Whole-Cell Conversions Using M9CA Medium and Resting
Cells. Two different systems for the whole-cell conversions, either
using MOCA medium or applying resting cells in buffer, were used to
obtain larger amounts of products for NMR characterization. In-
terestingly, these two systems showed a clear difference concerning
substrate conversion. A close correlation between the tested P450s and
the conversion of the compounds was not observed (see Fig. 2).
CYP264A1 showed higher product yields from amitriptyline,
chlorpromazine, and clomipramine with resting cells, whereas a higher
yield of the imipramine product was obtained in M9CA medium. In
contrast, the yields of the whole-cell conversions with members of the
CYP267 family were always higher in MICA medium. Nevertheless,
the ability of CYP267 to convert tricyclic compounds showed their
potential pharmaceutical importance to generate derivatives from such
compounds.

A

500
450 4
4004 phenothiazine
350 i
200 promethazine
250

200

Absorbance [mV]

150 o
1004

50

T T T
7 8 9 10 " 12
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Product Purification via Preparative HPLC. The products of the
corresponding whole-cell conversions were purified via preparative
HPLC. The purity of the isolated products was further verified by an
additional HPLC measurement before employing it for the NMR
measurement. The chromatograms of the purified products and the
pure substrates are shown in Supplemental Fig. 1, confirming the
successful purifications of the corresponding products. All products
were obtained with high purity and sufficient amounts (5-25 mg) for
the structure elucidation via NMR spectroscopy.

Structure Elucidation via NMR Spectroscopy and GC-MS. The
main products of the CYP264A1-dependent conversion of amitripty-
line, chlorpromazine, clomipramine, and imipramine as well as the
CYP267AlI-dependent conversion of thioridazine were purified and
analyzed by NMR spectroscopy. To substantiate the NMR results,
the products were additionally analyzed by GC-MS. The 'H NMR,

500 -
450 4
400 phenothiazine
350

300 4

promethazine

Absorbance [mV]
2
o

Time [min]

Fig. 1. HPLC chromatograms of the conversions of promethazine (solid lines) with CYP260AI1 (A) and CYP267A1 (B) as well as pure phenothiazine (dashed lines). The

hydrophobic product at 11.6 minutes shows the same RT as phenothiazine.
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Fig. 2. Conversions of the tricyclic substrates to the corresponding
main products. The conversions using MOCA medium (black bar)
and resting cells (gray bar) are shown for each substrate.
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'3C NMR, and GC-MS data are shown in the Supplemental Material
(section 2: "H-NMR, "*CNMR, and GC-MS data).

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

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

Discussion

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

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

Chlorpromazine Clomipramine Imipramine Thioridazine

Agency, 2009) need to be tested in toxicological studies, whereby the
International Conference on Harmonization guidelines take precedence
over the FDA guidelines (Frederick and Obach, 2010; Haglund et al.,
2014). For such studies, small (pg) to large quantities (in a gram scale)
of these drug metabolites are necessary to provide standards for
analytical and toxicological studies, respectively. Utilization of human
liver or human liver microsomes is restricted due to limited availability
of this human organ. Therefore, alternative ways of producing such
metabolites have been investigated. Several approaches, including cell
cultures and different microbial systems expressing human P450s as
whole-cell biocatalysts to convert drugs, have been described (Crespi
et al,, 1993; Déhmer, 2001; Dragan et al., 2011; Geier et al., 2012).
However, the low activity and stability of the mammalian P450s
compared with the bacterial and fungal P450s are limiting their
application at an industrial scale (Julsing et al., 2008; Sakaki, 2012). In
addition, the membrane association of the mammalian P450s hinders
a simple handling of these enzymes for biotechnological applications, in
contrast to the soluble bacterial P450s (Urlacher et al., 2004; Bernhardt
and Urlacher, 2014). As a result, bacterial P450s become an alternative
method to produce the identical metabolites as those provided by
mammalian P450s (Yun et al., 2007; Caswell et al., 2013). Using wild-
type microorganisms such as Cunninghamella ssp. or Streptomyces ssp.
for the conversion of drugs is another possibility to obtain sufficient
amounts of metabolites (Asha and Vidyavathi, 2009; Murphy, 2015).
However, employing such microbial organisms for the production of
drug metabolites can be a time-consuming process because of the lack
of information regarding the involving enzyme in the biotransformation
of the corresponding drug. Therefore, improvements of such a system to
obtain higher amounts of a specific product are limited. This can be
overcome by the utilization of specific bacterial P450s efficiently
expressed in a bacterial whole-cell system as a biocatalyst. In this
regard, one of the best characterized bacterial P450s is CYP102A1
(P450BM3) from Bacillus megaterium, which has been the target of
most engineering efforts to improve activity, selectivity, and the range
of substrates (Jung et al., 2011; Whitehouse et al., 2012). However,
screening a variety of bacterial P450s for their ability to convert various
drugs will certainly lead to a broad range of substrates with high
structural diversity to be converted by these P45(s. Therefore, we
investigated 10 P450s from S. cellulosum—a bacterium typically found
in soil (Shimkets et al., 2006), where it is exposed to a variety of
xenobiotics—for their ability to convert tricyclic drugs.
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Fig. 3. Conversions of the substrates amitriptyline (A), chlorpromazine (B), clomipramine (C), imipramine (D), and thioridazine (E) by the myxobacterial P450s.

Terpenes and terpenoids as well as fatty acids have already been
identified as substrates for these wild-type P450s in previous studies
(Khatri et al., 2010a,b, 2014; Ly et al., 2012; Schifrin et al., 2014).
Moreover, 4-methyl-3-phenyl-coumarin, a tricyclic molecule, was
identified as a substrate for CYP264A1 (Ringle et al., 2013). Here, we
can demonstrate that all tricyclic compounds except carbamazepine
are converted in vitro by the myxobacterial P450s CYP260AT1,
CYP264A1, CYP267A1, and CYP267B1. To obtain sufficient
amounts of products for structural elucidation, we used an E. coli-
based whole-cell biotransformation system. The obtained products of
amitriptyline, chlorpromazine, clomipramine, imipramine, and thio-
ridazine were purified and characterized by NMR spectroscopy. It is
remarkable that these products were indeed the same compounds as
those obtained by human liver P450s. The 10-hydroxy products of
amitriptyline and imipramine are predominantly formed by CYP2D6,
whereas CYP1A2 and CYP3A4 are mainly capable of sulfoxidations
of chlorpromazine and thioridazine. Moreover, the myxobacterial P450s
show high selectivity for the production of a single major product,
whereas the human P450s produce several other side products (see
Table 1). Therefore, the ability to produce pure metabolites in a large

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

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

Interestingly, we also observed the formation of products being
more hydrophobic than the substrate from the conversion of promethazine
by CYP260A1 as well as CYP267A1 and CYP267B1. One single
hydrophobic product showing an identical RT as phenothiazine has
been identified, suggesting that the side chain of promethazine might
have been cleaved. Although the oxidative thermal degradation of
promethazine has been previously described (Underberg, 1978), the
dealkylation of promethazine by P450s has not yet been described.
In addition, CYP260A1 also forms a more hydrophobic product
from chlorpromazine. However, the formation of N-oxide products
could also lead to more hydrophobic products, although these products
are mainly formed by flavin-containing monooxygenases (Ziegler,
1993). In addition, ring-opening products are also unlikely due to the
fact that these products are obviously more hydrophilic compared with
the substrate. However, because of the very low yield we were not able
to characterize these products. Interestingly, although tricyclic substrates
for CYP267A1 and CYP267B1 were not known before, we identified
the psychotherapeutic drugs as substrates for these P450s for the first
time. Despite being homologous to each other, CYP267A1 and
CYP267BI1 showed quite different affinity for the tested substrates.
Promethazine is the only common substrate converted by both P450s.
However, the ability of CYP267B1 to convert most of the selected
drugs makes this enzyme a promising candidate for the conversion of
other drugs or drug-related derivatives. Furthermore, improvements of
these P450s by protein engineering could lead to higher yields or an
increased substrate range (Gillam, 2008).

‘We also observed that the conversion of tricyclic compounds by the
myxobacterial CYP264A1 showed identical main products as those
observed by human CYP2D6. There are no crystal structures for human
CYP2D6 with the tested substrates or for the myxobacterial P450s
available. Therefore, we performed an alignment of CYP2641 and
CYP267A1 with human CYP2D6 to determine the substrate binding
residues that have been shown in the crystal structure of CYP2D6
(Rowland et al., 2006) and the recent docking study of imipramine with
CYP2D6.1 (Handa et al., 2014). Interestingly, the conserved Phel20
and Val374 of CYP2D6, which control the orientation of the substrate,
are conserved as Phe61 and Val279, respectively, in CYP264A1, but
not in CYP267AL (see Supplemental Fig. 2). It is assumed that this
observation might be the reason for the similar conversion patterns of
both CYP264A1 and CYP2D6.

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

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

Conversion of amitriptyline by CYP264A1:

NMR-data:

"H NMR (CDCls, 500 MHz): & 2.12(s, 6H, H-15 and H-16), 2.21-2.35 (m, 4H, H-13 and H-14),
3.02 (dd, 1H, H-11), 3.59 (dd, 1H, H-11), 5.05 (d, 1H, H-10), 5.89 (t, 1H, H-12), 7.12-7.44 (m,
8H, H-1, H-2, H-3, H-4, H-6, H-7, H-8 and H-9); 3C NMR (CDCl,, 125 MHz): & 28.08 (C-13),
39.49 (C-11), 45.50 (C-15 and C-16), 59.60 (C-14), 70.27 (C-10), 126.82 (C-7), 127.89 (C-3),
128.12 (C-2), 128.52 (C-8), 128.72 (C-4), 130.26 (C-12), 130.79 (C-1), 131.46 (C-9), 133.99
(C-1a), 138.98 (C-9a), 140.40 (C-6a), 141.34 (C-4a), 142.98 (C-5).

El mass spectra:

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

Conversion of chlorpromazine by CYP264A1:

'H NMR (CDCls, 500 MHz): & 1.98-2.08 (m, 2H, H-12), 2.29 (s, 6H, H14 and H15), 2.43 (dt,
2H, H-13), 4.29 (t, 2H, H-11), 7.19 (dd, 1H, H-3), 7.26 (dd, 1H, H-7), 7.50 (d, 1H, H-9), 7.59
(d, 1H, H-1), 7.61 (m, 1H, H-8), 7.84 (d, 1H, H-8), 7.91 (dd, 1H, H-6); *C NMR (CDCls, 125
MHz): & 24.62 (C-12), 45.73 (C-14 and C15), 46.07 (C-11), 56.53 (C-13), 115.98 (C-1),
116.10 (C-9), 121.95 (C-3), 122.28 (C-7), 131.71 (C-6), 132.84 (C-4), 133.04 (C-8), 137.90
(C-9a), 139.02 (C-1a), 142.28 (C-4a), 142.84 (C-6a).

El mass spectra:

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

Conversion of clomipramine by CYP264A1:

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

El mass spectra:

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

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

El mass spectra:

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

Conversion of thioridazine by CYP267A1:

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

"H NMR (CDCls, 500 MHz): & 1.33 (m, 2H, H-16a), 1.76 (m, 2H, H-16b), 1.52 (m, 2H, H-15a),
1.65 (m, 2H, H-15b), 1.93 (d, 2H, H-12a), 2.19 (d, 2H, H-12b), 2.11 (m, 2H, H-14a), 2.28 (m,
2H, H-14b), 2.20 (m, 2H, H-17a), 2.27 (s, 2H, H-19a and H-19b), 2.25 (m, 2H, H-13a and H-
13b), 2.37 (s, 2H, H-19a and H-19b), 2.72(s, 2H, H-19a and H-19b) 2.91 (m, 2H, H-17b),
2.58 (s, 3H, H-21a), 2.59 (s, 3H, H-21b) 3.96 (m, 2H, H-11a), 4.05 (m, 2H, H-11b), 6.94 (d,
1H, H-4a), 6.98 (t, 1H, H-4b), 7.07 (dd, 1H, H-7a), 7.11 (dt, 1H, H-7b), 7.17 (d, 1H, H-3a),
7.22 (t, 2H, H-3b), 7.24 (d, 1H, H-1a), 7.26 (d, 1H, H-1b), 7.25 (m, 1H, H-9a), 7.28 (m, 1H, H-
9b), 7.45 (m, 1H, H-6a), 7.63 (m, 1H, H-6b), 7.83 (m, 1H, H-8a), 7.93 (m, 1H, H-8b); "°C
NMR (CDCls, 125 MHz): & 15.37 (C-21), 23.85 (C-16a), 30.33 (C-16b), 25.07 (C-15a), 25.10
(C-15b), 29.13 (C-14a), 29.16 (C-14b), 29.61 (C-12a), 29.64 (C-12b), 44.04 (C-11a), 44.70
(C-11b), 56.66 (C-17a), 56.70 (C-17b), 61.95 (C-13a), 62.20 (C-13b), 109.76 (C-9a), 109.83
(C-9b), 115.95 (C-4a and C-4b), 117.25 (C-7a), 119.05 (C-7b), 124.44 (C-2a and C-2b),
127.62 (C-3a), 127.66 (C-3b), 127.85 (C-1a), 127.89 (C-1b), 129.14 (C-6a-a), 129.17 (C-6a-
b), 144.35 (C-4a-a and C-4a-b), 144.94 (C-1a-a), 144.96 (C-1a-b), 145.55 (C-9a-a), 145.64
(C-9a-b).

El mass spectra:

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

CYP264Al: = -~ ——mrrrrmmmmmeoemsmrem e e e o s e e n e e e e MSERVDIMTPAFRADPYTPYA 21
CYP267A1 @ 2  ~mmmeereccccecceeoo MNSPDAPKPDAPPAANPAADADLDPFRLOSPETLANPYPVYA 42
CYP2D6 MGLEALVPLAVIVAIFLLLVDLMHRRQRWAARYPPGPLPLPGLGNLLHVDFQNTPYCFDQ 60
CYP264Al AMRREAPVC----—-——=—=——— QVDPGGMWAVSRYADVATVLRSP------- ERFSSQGF 61
CYP267A1 RLRQEAPVY----——————=—— FSAAYNGWLITRYDQVAAGFRDPRLSAKRSSAFVTKLF 89
CYP2D6 LRRRFGDVFSLQLAWTPVVVLNGLAAVREALVTHGEDTADRPPVPITQILGFGPRSQGVE 120
CYP264Al1 RAAWQPAWVGHNPLASSILAMDGPDHARLRGLVSRAFGAPAIARIEQ--—--~- RARDLCER 116
CYP267A1 DEVRQRLEPLRRNLASWALLLDPPEHTRIRSLINKAFVPRLVEGLRS----~- RVETLVNE 144
CYP2D6 LARYGPAWREQRRFSVSTLRNLGLGKKSLEQWVTEEAACLCAAFANHSGRPFRPNGLLDK 180
CYP264Al LAGRLD--GEVDFIAAAAAPLPAFVISELLGLDHALEPHFKRWMDDLLSVT-PEPASAEH 173
CYP267A1 LLDAVAPAGRMDVLRDLGDLLPLLVIGEVLGVPAEDRHRLKGWSNALSGFLGAGRPTLEI 204
CYP2D6 AVSNVIASLTCGRRFEYDDPRFLRLLDLAQEGLKEESGFLREVLNAVPVLLHIPALAGKV 240
CYP264A1 AARVRATIAELDRYMADVIAARR----- RSPSDDLVSELARA----GELLGDREIIDLLV 224
CYP267A1 AGGALSAVAELEDYFRGVIAARR----- QSPGNDLLSQLILAE-EQGMILGEQELLSTCC 258
CYP2D6 LRFQKAFLTQLDELLTEHRMTWD PAQPPRDLTEAFLAEMEKAKGNPESSFNDENLRIVVA 300
CYP264A1 SILGGGLETTTHFLGSSMLLLAERPAELERLR---~—==—===—==———— ASPQLIPRFI 266
CYP267A1 MLLFGGHETTKNLIGNGLLALLLHRSEREALR--—-—=—===———————— ATPSLIGPAV 300
CYP2D6 DLFSAGMVTTSTTLAWGLLLMILHPDVQRRVQQEIDDVIGQVRRPEMGDQAHMPYTTAVI 360
CYP264A1 EEMMRYDGPTQS-VPRLTTSDVALAGVTIPAGSLVLALVGSANRDEVRFTDPDRFD---- 321
CYP267A1 EELLRYDSPVQW-MSRVALDDIELDGVRIPKGDRAFLVLGAANRDPAQFPDPDKLD---~ 355
CYP2D6 HEVQRFGDIVPLGVTHMTSRDIEVQGFRIPKGTTLITNLSSVLKDEAVWEKPFRFHPEHF 420
Ccyp264A1 @ ----- LHRGQP-SLTFGHGAHFCLGAALARMEAKVALEVLVPRIGEVTRAPGEIPYNRTL 375
CYp267A1 @ —----- FRRTDIRHISLGLGVHYCAGSALARVEAQAAISTFLRRFPDAELSPGPLTWRMNP 410
CYP2D6 LDAQGHFVKPEAFLPFSAGRRACLGEPLARMELFLFFTSLLOQHFSFSVPTGQPRPSHHGV 480
CYP264A1 TVRGPVSLPLRFRPA---- 390

CYP267A1 GMRGVTALPIELGPQSSAS 429

CYP2D6 FAFLVSPSPYELCAVPR-- 497

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

Handa K, Nakagome I, Yamaotsu N, Gouda H, and Hirono S (2014) In Silico Study on the
Inhibitory Interaction of Drugs with Wild-type CYP2D6.1 and the Natural Variant CYP2D6.17.
Drug Metabolism and Pharmacokinetics 29:52-60.

Litzenburger 2015
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4  General discussion

In this Thesis, the myxobacterial P450 CYP167A1 (EpoK) from S. cellulosum So ce90
was investigated with respect to different hetero- and autologous redox partners.
Furthermore, the CYP109, CYP260, CYP264 and CYP267 families and the
individual CYP265A1 and CYP266A1 from S. cellulosum So ce56 were investigated
toward a conversion of epothilone D, the natural substrate of EpoK. Since the
CYP267 family, and especially CYP267B1, turned out to be related to drug
metabolizing bacterial P450s, their potential application as drug metabolizers was
investigated in vitro and in a whole-cell system by testing a broad spectrum of drug

compounds.

4.1 CYP167A1 (EpoK): the search for efficient redox partners

The substrates of EpoK, epothilone C and D, are 16-membered macrolides with the
ability to block the mitosis rate by targeting microtubules (Mulzer et al., 2008). This
characteristic makes this compound class to one of the most efficient anticancer drugs
to date (Mukhtar et al., 2014). The products of EpoK, epothilone A and B were first
discovered in 1987 as antifungal compounds in the fermentation broth of S. cellulosum
and later in 1995, their cytotoxic activity was found (Gerth et al., 1996; Hofle et al.,
1996). In fact, epothilone B turned out to be the most promising and active anticancer
drug candidate and is approved for the treatment of breast cancer in the U.S. by

substituting the lactone with an amide functionality (Brogdon et al., 2014).

Since the epothilones are secondary metabolites and naturally produced in the myxobac-
terium S. cellulosum (Wenzel and Miller, 2009), the large-scale isolation of these com-
pounds is hindered by their low production in this organism and by their extraction and
purification afterwards. Even though the biosynthetic pathway of epothilones (Figure 12)
was elucidated (Tang, 2000) and, by now, the purification of nearly 40 mg epothilone B
out of a crude extract of S. cellulosum fermentation broth is possible, the required effort
of using complex methods like high-speed counter-current chromatography in combina-
tion with a two-phase purification system is extraordinary high (Yang et al., 2014).
To overcome these fermentation-dependent limitations, several other approaches are of

in-terest to enable a sufficient production of epothilones.
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Figure 12. Epothilone biosynthesis in S. cellulosum So ce90 (modified and taken
from (Mulzer et al., 2008)).

The expression of the epothilone biosynthetic gene cluster in E. coli led to the successful
implementation and heterologous production of epothilones C and D (Mutka et al.,
2006). Analogous experiments were also performed in Myxococcus xanthus (Julien and
Shah, 2002). With the specific optimization of the individual polyketide synthases lead-
ing to high production of intermediates of the epothilone biosynthesis (Lau et al., 2004)
or a precursor-directed approach (Boddy et al., 2004), a complete heterologous produc-
tion of the desired epothilone B is conceivable. Nevertheless, the lack of studies heading
toward such an approach might be attributed to the missing electron transfer system for
EpoK and its involvement in the important last-step epoxidation of epothilone D to B.
The only successful enhancement of epothilone B formation in the fermentation broth
was achieved by bypassing the use of EpoK. The insertion of the genes of Vitreoscilla
hemoglobin (to improve secondary metabolite production) and the P450 epoxidase EpoF
in S. cellulosum So ce M4 shifted the epothilone production to the desired epothilone B
product (Ye et al., 2016).

However, the opportunity for a direct implementation of the natural epothilone epoxidase
EpoK might be more beneficial. Within this study, a novel and highly efficient redox
system for EpoK was found and characterized. The usage of SynFdx from Synechocystis
and FNR from C. reinhardtii with EpoK resulted in the most efficient epothilone B for-
mation described to date. The experimental determination of the kinetics resulted in a

Vmax Value which is remarkably more than seven orders of magnitude higher than the one
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described for EpoK supported by the spinach redox partners (Kern et al., 2015). The in-
sertion of their genes into the organism of S. cellulosum or into a heterologous produc-
tion host like E. coli might lead to a sufficient production of the epoxidized products of
interest, epothilone A and B. Furthermore, the search for the unknown natural redox
partners of EpoK for the biosynthesis of the products would be promoted by a further
investigation of the S. cellulosum So ce90 genome. Since the autologous Fdx8 and
FdR_B from S. cellulosum So ce56 were shown to transfer electrons to EpoK in vitro
(Kern et al., 2015), a bioinformatics study could elucidate homologs of them as natural
redox partners and provide the opportunity for an alternative redox system for EpoK and

its epoxidation of epothilone D to B.

4.2  Derivatization of epothilone D with myxobacterial P450s

As mentioned previously, epothilones are promising anticancer compounds and offer
further conceivable application possibilities, which makes them interesting targets for
drug design. Novel epothilone derivatives are, therefore, desirable compounds and of
great interest for pharmaceutical research (Brogdon et al., 2014). The efforts for a deri-
vatization of epothilones by means of total chemical synthesis (Mulzer et al., 2008),
chemical modifications (Zhang et al., 2014) or additional biotransformation steps (Basch
and Chiang, 2007) are numerous and show the demand for new epothilone compounds.
Although there was so far no epothilone derivative found with a higher activity toward
cancer treatment compared to epothilone B (Table 1, chemical structures can be found in
Figure S 1), the altered compounds might be also interesting with respect to investiga-
tions concerning their use in the treatment of Alzheimer’s or Parkinson’s diseases, since
epothilone D has been shown to decrease the accumulation of tau protein and to rescue
microtubule defects (Zhang et al., 2012; Cartelli et al., 2013). However, the derivatives
26-fluoro epothilone B or sagopilone, an epothilone B analog with an additional propenyl
group, showed ICs values comparable to epothilone B. The alteration of the epothilone
B structure usually results in an increased ICso value as observed for ixabepilone, a
lactam epothilone B analogue, or KOS-1584, an epothilone B analog with an
additional double bond between C9 and C10. Epothilone D also features low ICsq values
for different cell lines like MCF7 or KB-31, whereas hydroxylated epothilone D
derivatives exhibit higher 1Cso values as shown for 14-, 21- or 26-hydroxy epothilone

D, respectively (Table 1).
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Table 1. Overview of selected epothilone derivatives and their activity against cancer cell
lines. (a: (Altmann et al., 2000), b: (Chou et al., 1998), c: (Tang et al., 2003),
d: (Lee et al., 2001), e: (Chen et al., 2008), “alt. name’ = alternative name)

Compound (alt. name)

ICso [NM] (cell line)

Further references and comments

Epothilone B

26-Fluoro epothilone B

Ixabepilone
(BMS-247550)

Sagopilone (ZK-EPO)
KOS-1584
Epothilone D (KOS-682)

9-Hydroxy epothilone D
11-Hydroxy epothilone D
14-Hydroxy epothilone D
S-14-Methoxy epothilone D

21-Hydroxy epothilone D
(Epothilone F)

26-Hydroxy epothilone D
26-Fluoro epothilone D
EPO490

Bridged epothilone D

0.18% (KB-31),
0.5 (MCF7)

0.26% (KB-31)

2.7% (MCF7)

<1¢

6 (MCF7)

2.7* (KB-31), 2.9° (MCFT7),

9° (MCF7), 16° (PC3)
280° (MCF?7)

21° (MCF7)

29° (MCF7)

3.7 (MCF7)

23° (MCF7)

95° (MCF7)
7.5% (KB-31)
25° (MCF7)
77 (PC3)

(Kowalski et al., 1997; Meier et al., 2013)

(Nicolaou et al., 1998; Newman et al.,
2001; Koch et al., 2004)

(Goodin, 2008; Pishvaian and Smaglo,
2014)

(Galmarini, 2009; Stupp et al., 2011)
(Zhou et al., 2005)
(Monk et al., 2012)

(Frein et al., 2009)
(Basch and Chiang, 2007)

(Nicolaou et al., 1998)
(Koch et al., 2004)
(Njardarson et al., 2002)

ICs value taken from compound 30

In contrast to the majority of the described attempts toward a derivatization of epothilo-
nes via chemical synthesis or biotransformation in different microorganisms, in this
study, the derivatization of epothilone D was achieved with the use of myxobacterial
P450s of S. cellulosum So ce56. The P450s tested were selected by their relatedness to
EpoK from S. cellulosum So ce90, whereby the CYP109, CYP260, CYP264 and
CYP267 families and the individual CYP265A1 and CYP266A1 were selected for an
epothilone D conversion. In contrast to the CYP109, CYP260 and CYP264 families of S.
cellulosum So ce56 showing no activity, CYP265A1 and CYP266A1 were found to con-
vert epothilone D to 14-hydroxy epothilone D (Kern et al., 2015). Besides the fact that
epothilone D is the first substrate found for these P450s, the autologous redox systems
from S. cellulosum So ce56 were also found to be more efficient for the required electron
supply than bovine Adxs-10s/AdR. For CYP265A1, each of the tested redox systems (bo-
vine Adxs-10s/AdR and the autologous Fdx2/FdR_B and Fdx8/FdR_B) showed the ability
to support this P450 with electrons, with Fdx8/FdR_B showing highest conversion of
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epothilone D yielding 6% 14-hydroxy epothilone D (Kern et al., 2015). In case of
CYP266A1, attempts of using the spinach redox system or bovine Adxs-10s/AdR for its
reduction have been previously shown to be unsuccessful (Khatri, Hannemann, et al.,
2010). In this study, the ineffective use of the heterologous Adxs-10s/AdR confirmed the-
se earlier studies of CYP266A1. However, the conversion of epothilone D by CYP266A1
was achieved using autologous redox partners, where the highest activity was observed
with Fdx2/FdR_B vyielding 6.9% 14-hydroxy epothilone D (Kern et al., 2015). In addi-
tion, these results open the possibility to further investigate the substrate spectrum of
CYP265A1 and CYP266A1. CYP266A1 owns an interesting solitary and distant position
within the phylogenetic tree of the CYPome of S. cellulosum So ce56, which might be an
indication for a special or extraordinary substrate acceptance. Moreover, the expression
yield of CYP266A1 is very high (1400 nmol/l, (Khatri, Hannemann, et al., 2010)), which
would be a supporting and encouraging basis toward further in vitro and potential whole-

cell experiments.

Epothilone D was also converted by CYP267B1, which showed the remarkable ability to
convert epothilone D into 5 different products. Thereby, the highest yields were also ob-
served when using the autologous redox partners Fdx8/FdR_B from S. cellulosum So
ce56. Among epothilone B, also 14-, 21- and 26-hydroxy epothilone D were found. The
products epothilone B and 26-hydroxy epothilone D showed a combined yield of 11.7%
and with a yield of 4.8% and 5.5%, 14-hydroxy and 21-hydroxy epothilone D were also
found to be side products of the epothilone D conversion by CYP267B1 (Kern et al.,
2015). However, in case of these hydroxylated epothilone D derivatives, their usage as
precursors for a subsequent chemical modification might be of interest. Therefore, chem-
ical modifications at position 14 (etherification with methanol, (Frein et al., 2009)), posi-
tion 21 (oxidation to ketone functionality, (Nicolaou et al., 1998)) and position 26 (fluor-
ination, (Koch et al., 2004)) might be feasible by using the corresponding hydroxylated
epothilone D derivatives as precursor instead of their complex bottom-up chemical syn-
thesis. These functionalized derivatives would be accessible more easily using a chemo-
enzymatic production. Most interestingly, the fifth epothilone derivative formed by
CYP267B1 turned out to be a novel und unknown epothilone derivative, 7-ketone epothi-
lone D. In fact, this epothilone derivative was found to be the main product of the epothi-
lone D conversion by CYP267B1 with a 8.7% vyield (Kern et al., 2015). An oxidation of
the hydroxyl group at position 7 was not described yet and the effect of this modification

on the pharmacological activity of epothilone D is, therefore, unexplored. This product is
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an interesting candidate for further pharmacological testing both for potential antitumor

activity and for the treatment of Alzheimer’s or Parkinson’s disease.

4.3  Selection of drugs as potential substrates for myxobacterial
P450s

In order to investigate the substrate spectrum of myxobacterial P450s from S. cellulosum
So ce56 toward pharmaceutical drugs and their ability to produce respective drug metab-
olites, a substrate library of different chemical structures was established. To increase the
relevance of this substrate library, 14 of the selected drugs (amitriptyline, amodiaquine,
carbamazepine, chlorpromazine, clomipramine, dexamethasone, haloperidol, ibuprofen,
nifedipine, omeprazole, ritonavir, tamoxifen, testosterone, verapamil) are representatives
of the World Health Organizations List of Essential Medicines, the most important medi-
cations needed in a basic health system (World Health Organization, 2013). The usage of
this library should lead to a general impression of the substrate acceptance as well as po-
tential fields of application for myxobacterial P450s. An overview of the tested drug
molecules is presented in Figure 13 and Figure 14, where the compounds are clustered

according to similar basic chemical motifs.
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Figure 13. Part I: Substrates investigated in this study clustered after their structure as
tricyclic (A) and pyridine compounds (B).

The first group of the tested substrates belong to tricyclic compounds as shown in Figure
13 A. This substance class acts as inhibitor for serotonin and norepinephrine transporters
(Gillman, 2007). The down-regulation of these transporters has a beneficial effect on
mental disorders like depression and anxiety (Rénéric and Lucki, 1998). The second
group tested consist of pyridine analogs as presented in Figure 13 B. Although amodia-
quine and papaverine share a similar overall structure, their field of application is differ-
ent. While amodiaquine is used for the treatment of malaria since the 1950s (Li et al.,
2002), papaverine is predominantly used for the treatment of cerebral vasospasm (Liu
and Couldwell, 2005). The third substrate listed in this group is nifedipine, an antihyper-
tensive drug also used in the therapy of the Raynaud-syndrome (Varon and Marik, 2003;
Anderson et al., 2004).
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Figure 14. Part Il: Substrates investigated in this study clustered after their structure as
azole (A), benzene (B) and (seco-)steroid (C) compounds.

The second overview of the tested substrates starts with the clustering of compounds con-
taining an azole group (Figure 14 A). Apart from the macrolide epothilone D, which was
already discussed in previous sections, four more drug compounds with azole residues
were investigated. Analogous to nifedipine, losartan is also an antihypertensive com-
pound, but with a much more specific mechanism and higher affinity to block the angio-
tensin-1 receptor (Mclintyre et al., 1997). Together with lopinavir, the third compound,
ritonavir, is the first and only co-formulated HIV-1 protease inhibitor and is effectively
used in the treatment of HIV-1 infection (Chandwani and Shuter, 2008). The next two
substrates are omeprazole and oxymetazoline, both smaller compounds as the previously
mentioned azole derivatives. Omeprazole is a prodrug which is converted to its active
form only at the desired site of action, the parietal cell, to reduce gastric acid secretion

(Oosterhuis and Jonkman, 1989). On the other hand, due to vasoconstricting properties,
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the latter drug, oxymetazoline, is used in nasal sprays for the treatment of nasal conges-
tion (Krempl and Noorily, 1995).

In Figure 14 B, the ten compounds with benzene functionality are clustered and provide a
high structural variety. Dextromethorphan as well as noscapine are the active ingredients
in a variety of widely used cough remedies (Church et al., 1989). Although dextrome-
thorphan exhibits a tricyclic basic structure, it belongs to the morphinan class. However,
this compound was clustered within the benzene group with respect to its pharmacologi-
cal effect together with noscapine and other non-steroidal analgesics, namely diclofenac,
ibuprofen and indoprofen. The latter three compounds are also considered as anti-
inflammatory and share the common mechanism of inhibiting cyclooxygenase activity
(FitzGerald and Patrono, 2001). Another compound listed in this class is haloperidol, an
effective antipsychotic for the treatment of schizophrenia or Tourette syndrome, respec-
tively (Irving et al., 2006). Analogous to the linear structure of haloperidol, terfenadine
and verapamil are also clustered within this group. Terfenadine is an antihistamine and
effectively used as antiallergic drug (Thompson and Oster, 1996) and verapamil is the
third drug for the treatment of hypertension used as substrate in this study (Chen et al.,
2010). The last two compounds in this group are repaglinide and tamoxifen. The first one
is used for the treatment of type 2 diabetes mellitus (Scott, 2012) and tamoxifen is anoth-
er anticancer compound (EBCTCG, 1998).

The last clustered compounds tested are (seco-)steroidal structures (Figure 14 C). To test
the activity of myxobacterial P450s toward steroids, testosterone, progesterone and dex-
amethasone were selected. Testosterone is used in replacement therapy to treat hy-
pogonadism in males (Kumar et al., 2010) and progesterone is the most important pro-
gestogen in the body involved in the biosynthesis of major hormones and corticosteroids
(Yamazaki and Shimada, 1997) and is also used in the treatment of various diseases. The
last steroidal compound is dexamethasone, a multifaceted drug with a broad spectrum of
anti-inflammatory and anti-allergic benefits (Gao et al., 2003). Additionally, vitamin D3
was also investigated during this study to extend the steroidal basic structure with one
representative of secosteroids. Vitamin D3 is important for muscle and bone health and

can be used as a supplement to treat deficiencies (Stroud et al., 2008).

In terms of experimental procedures, the diverse chemical structures and functional
groups required additional consideration. To ensure an optimal extraction and HPLC
analysis, substrate-dependent protocols and methods were established. The extraction
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protocol was optimized by comparing the solvents ethyl acetate and chloroform as ex-
traction agents in control experiments (only 100 puM substrate in reaction buffer, 3 hours
at 30°C). In general, the presence of a nitrogen in the chemical structure of the substrate
resulted in additional peaks in the chromatogram. To prevent these interference factors,
an additional step of increasing or decreasing the pH before extraction was established
using glycine (pH 11) or acetic acid/acetate buffer (pH 4). The resulting deprotonated or
protonated drug molecule enabled a reproducible and distinct HPLC analysis. The ab-
sorption maxima of the substrates were determined in the spectrophotometer (reaction
buffer, 200 uM) and used in the respective HPLC methods. As a result, a favorable and
reproducible analysis procedure was found for all drug compounds, both for in vitro and
whole-cell experiments and a substrate-dependent protocol was established. This provid-
ed access to an interesting and diverse drug library to investigate and enlarge the known

substrate spectrum of myxobacterial P450s from S. cellulosum So ce56.

4.4  Investigation of the substrate spectrum of CYP267A1 and
CYP267B1

Bioinformatics studies showed a high relatedness of the CYP267 family to distinct bacte-
rial drug metabolizers in comparison to the other P450s of S. cellulosum So ce56 (Kern et
al., 2016). The phylogenetic relatedness to drug metabolizing P450s proved to be a good
indication for testing different drug molecules as substrates. This novel P450 family con-
sists of two members, of which the first, CYP267A1, was previously found to convert
fatty acids to their respective hydroxylated products (Khatri et al., 2015). Since the se-
cond member, CYP267B1, was shown to convert the anticancer drug epothilone D in this
study, both members of the CYP267 family, CYP267A1 and CYP267B1, were selected
for a comprehensive investigation toward their ability to convert drug compounds. Con-
cerning this, in vitro conversions of the structurally diverse drug library were performed
with CYP267A1 and CYP267B1. Out of the established library, seven and 14 new sub-
strates were found for CYP267Al1 and CYP267B1, respectively. The activity of
CYP267B1 towards steroidal compounds like testosterone and progesterone (Ziska,
2011) was also confirmed. In general, the usage of the autologous Fdx8/FAR_B as redox
partners for the CYP267 family turned out to be more favorable compared to the bovine
Adxs-108/AdR and resulted in higher yields within the in vitro conversion of drug mole-

cules as demonstrated for the increased in vitro conversion of amitriptyline by
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CYP267B1, respectively (from 15% to 60% 10-hydroxy amitriptyline, when using
CYP267B1-Fdx8-FdR_B (Kern et al., 2016)).

The rough clustering of the compounds in different groups of basic chemical motifs was
primarily performed to screen associated substrates with different sizes and topology.
The second motive was to find and clarify potentially favored substance classes or chem-
ical motifs as distinctive feature for the acceptance as a substrate for the CYP267 family.
Indeed, a high number of hits was observed for the tricyclic compounds (Figure 13 A),
with seven out of eight compounds showing an in vitro conversion with CYP267B1. In
comparison, CYP267A1 is able to convert only thioridazine. In the group of pyridine
analogs (Figure 13 B), only the structurally similar amodiaquine and papaverine are con-
verted by CYP267B1, whereby CYP267A1 showed no activity. All five compounds con-
taining azole functionalities (Figure 14 A) are accepted as a substrate for CYP267B1
only, although their chemical structures range from 15-membered macrolides like epothi-
lone D to small phenol derivatives like oxymetazoline. The members of the CYP267
family showed similar and complementary substrate acceptance for eight out of the ten
compounds of the second last group (benzene derivatives, Figure 14 B). While dextrome-
thorphan and haloperidol are only converted by CYP267AL1, ibuprofen, tamoxifen and
terfenadine are converted by both, CYP267A1 and CYP267B1. Diclofenac and noscap-
ine are only converted by CYP267B1. The two compounds showing no conversion are
indoprofen and verapamil. The substitution of the isobutyl group of ibuprofen with an
isoindolin-1-one residue seems to have a significant influence on the binding of the re-
sulting derivative indoprofen in the active site of CYP267B1. Only for CYP267B1, the
steroids testosterone and progesterone of the (seco-)steroidal group in Figure 14 C are
accepted as a substrate with an in vitro conversion of 7% and 18% by CYP267B1-Fdx8-
FdR_B, respectively. These results confirm steroids as a potential substrate class for
CYP267BL1.

The diverse catalytic activities, which were observed here for CYP267A1 and especially
CYP267B1, are known only for human CYP3A4 (Park et al., 2005), but very uncommon
for bacterial P450s (Yin et al., 2014). The most studied bacterial P450, CYP102A1
(BM3) from B. megaterium, was genetically modified toward a broader substrate range
by rational protein design (Whitehouse et al., 2012; Ren et al., 2015). However, native
bacterial P450s featuring a broad substrate range are rare. CYP105D1 from S. griseus has

been demonstrated to feature an unusually wide substrate range and was long known for
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being the only bacterial P450 comparable to human CYP3A4 in terms of substrate range
(Taylor et al., 1999). Likewise, CYP116B4 (P450,.u0) from L. aggregata was recently
shown to be a versatile bacterial P450, which couples its self-sufficient nature with a
broad substrate range toward different compounds like sulfide derivatives, aromatic and

bicyclic hydrocarbons and olefins (Yin et al., 2014).

4.5  Production of drug metabolites with CYP267A1 and
CYP267B1

As a consequence of the previously mentioned guideline for the detection of drug metab-
olites during drug development and clinical phases (chapter 1.3), the availability of hu-
man drug metabolites for toxicological tests or as authentic reference standards is desired
by the pharmaceutical industry. Genetic polymorphisms, especially in human P450s,
have been linked to interindividual differences in the efficacy and toxicity of many medi-
cations (Evans and Relling, 1999). The altered metabolism of drugs by poor metabolizers
and the resulting drug-drug interaction require authentic human drug metabolites for tox-
icological studies. Another application of reference standards arises from the increased
and self-evidently use of drugs in every day life. Excreted by humans, drug compounds
and their metabolites reach our groundwater. An enhanced surveillance of water quality
and detailed information on the concentration and fate of drugs in the environment or
wastewater treatment plants is, therefore, of high interest. The whole-cell system estab-
lished in this work is able to produce the human drug metabolites 4’-hydroxydiclofenac
and 2-hydroxyibuprofen, which could be applied as authentic reference standards in
aquatic environmental studies (Tixier et al., 2003). Another important application of the
drug metabolites produced by the CYP267-Fdx8-FdR_B system are investigations on
altered pharmacological effects. The oxidized metabolite of losartan, E 3174 (losartan
carboxylic acid), shows a higher metabolic half-life and activity (Stearns et al., 1995).

Concerning the multifaceted use of drug metabolites, an efficient production of them is
of great interest. To this day, the application of bacterial P450s with a wide substrate ac-
ceptance for a large-scale production of drug metabolites remained unexplored. With
CYP267B1 from S. cellulosum So ce56, a new bacterial P450 was found with the re-
markable ability to convert 20 out of 31 tested drugs in vitro. Together with the other
member of the CYP267 family, CYP267A1, the application of this interesting P450

family in an E. coli based whole-cell system was the first approach of employing wild-
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type bacterial P450 for a large-scale production of different drug metabolites. Out of the
20 positive in vitro hits, the established whole-cell system with CYP267B1, Fdx8 and
FdR_B from S. cellulosum So ce56 was able to convert 12 drugs within the correspond-
ing whole-cell experiment in a 200 mL scale (Kern et al., 2016). Moderate whole-cell
conversions (<10%) were observed for amodiaquine, noscapine, papaverine, repaglinide,
tamoxifen and terfenadine. The high yields of the whole-cell conversions of chlorproma-
zine (30.3%), diclofenac (38%), ibuprofen (44.1%) and omeprazole (78.1%) allowed an
upscaling to 2.5 L with no significant change in the yields of the corresponding drug me-
tabolites. After purification by preparative HPLC, 5-20 mg of these metabolites were
obtained in high purity. Although CYP267A1 showed a restricted substrate acceptance,
the CYP267A1-Fdx8-FdR_B whole-cell system was successfully established for a large-
scale conversion of thioridazine (44.7% vyield) and, likewise, 5 mg of the respective me-

tabolite was obtained in high purity.

Most interestingly, the drug metabolites of chlorpromazine, diclofenac, ibuprofen,
omeprazole and thioridazine, which are produced by the CYP267 family, are the corre-
sponding drug metabolites produced by human liver P450s (Table 2 and Supplemental
Figure 6 of (Kern et al., 2016)). This result makes the members of the CYP267 family,
CYP267A1 and CYP267B1, perfect candidates for an application in the pharmaceutical
industry. In case of the in vitro experiments, the low formation of side-products for a few
substrates was once again reduced within the corresponding whole-cell system (Kern et
al., 2016). The connection of an unusual broad substrate range with a high selectivity of
the conversion of drug molecules allows the usage of one whole-cell system to selective-
ly produce defined human drug metabolites for different fields of application. Due to the
frequently upcoming new structures of drugs and drug candidates, the pharmaceutical
industry might benefit from an established and highly versatile E. coli-based biocatalyst
like the investigated CYP267B1-Fdx8-FdR_B system able to metabolize structurally
diverse compounds. In particular, this would enable a cost-efficient and simplified pro-

duction procedure to accommodate the demand of authentic drug metabolites.
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5 Conclusion and future prospects

Myxobacterial P450s from S. cellulosum are promising biocatalysts with a high potential
for biotechnological application. In S. cellulosum So ce90, the P450 EpoK is responsible
for the epoxidation of epothilone C/D and produces the much more active antitumor
compounds epothilone A/B. With the novel hybrid system Fdx from Synechocystis and
FNR from C. reinhardtii found in this study, the most efficient electron transfer system
to date has been established. This opens the possibility to express this highly efficient
hybrid system for an increased heterologous and autologous production of epothilone
A/B in E. coli and S. cellulosum, respectively. In S. cellulosum So ce56, the physiological
role of the 21 P450s is still not known. Recent studies revealed their ability to convert
different terpenes, terpenoids and fatty acids and showed the capability for an industrial
and biotechnological application (Khatri, Girhard, et al., 2010; Khatri, Hannemann, et
al., 2010; Khatri et al., 2015; Schifrin, Litzenburger, et al., 2015b; Schifrin, Ly, et al.,
2015). However, their potential as biocatalysts for the conversion and production of
pharmaceutically interesting compounds has not been discovered until now. Within this
study, the myxobacterial P450s CYP265A1, CYP266A1 and CYP267B1 were found to
be capable of derivatizing the antitumor drug epothilone D to the respective hydroxylated
products 14-, 21- and 26-hydroxy epothilone D. Furthermore, a novel epothilone deriva-
tive, 7-ketone epothilone D, was found as the main product of the CYP267B1-dependent
epothilone D conversion, which opens access to a novel epothilone derivate with poten-
tial antitumor activity. The oxidation of the 7-hydroxy group of epothilone D by
CYP267B1 enables the production of 7-ketone epothilone D by the use of an enzymatic
approach. A large-scale production of this interesting derivative might be feasible when
expressing CYP267B1, its efficient autologous redox system Fdx8/FAdR_B from S. cellu-
losum So ce56 and the biosynthetic gene cluster of epothilones from S. cellulosum So
ce90 in E. coli (exclusive EpoK, (Mutka et al., 2006)). This should result in the heterolo-
gous biosynthesis of epothilone C/D and the subsequent oxidation to 7-ketone epothilone
D by CYP267B1/Fdx8/FdR_B.

With respect to the production of human drug metabolites, the CYP267 family, especial-
ly CYP267B1, from S. cellulosum So ce56 were found to be highly versatile drug metab-
olizers with the ability to produce human drug metabolites with high selectivity. Together
with the ability to catalyze three different reaction types (hydroxylation, epoxidation and
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sulfoxidation), CYP267B1 from S. cellulosum So ce56 was found to be an exceptional
bacterial wild-type P450 with a great potential for further biotechnological application. In
combination with the established co-expression of the autologous redox partners Fdx8
and FdR_B in E. coli, a multi-milligram (5-20 mg) production of the human drug metab-
olites chlorpromazine sulfoxide, 4’-hydroxydiclofenac, 2-hydroxy-ibuprofen, omeprazole
sulfone and thioridazine-5-sulfoxide was achieved.

An enzymatic production of drug derivatives and human metabolites with the usage of
microbial P450s in a whole-cell system benefits from many advantages. First of all, mi-
crobial P450s are easy to handle and usually hold higher expression levels and activities
than human P450s (Bernhardt, 2006). Secondly, in comparison with the utilization of
drug metabolizing model microorganisms like Cunninghamella sp. (Asha and
Vidyavathi, 2009), a whole-cell application with one P450 expressed would result in a
defined process and a selective production of a desired metabolite. The established
CYP267B1-Fdx8-FAR_B system is a great starting point for an application in the phar-
maceutical industry. On one hand, the high tolerance toward different chemical structures
opens up the possibility to investigate a broad variety of drug compounds. On the other
hand, the established whole-cell systems are an excellent starting point toward further
optimizations in view of biotechnological upscaling and applicability. To overcome the
substrate uptake by E. coli, EDTA and polymyxin B were successfully used to enhance
metabolite formation. However, other permeabilizing detergents like TritonX100 are
potential topics of interest, due to the recently shown increased product formation in re-
lated whole-cell experiments when expressing the human UDP-glucose 6-dehydrogenase
(UGDH, EC 1.1.1.22) in S. pombe (Weyler et al., 2015). Instead of using a minimal me-
dium to avoid indole production by tryptophanase TnaA of E. coli (Li and Young, 2013),
the recently published indole deficient E. coli strain showed promising biotechnological
potential (Brixius-Anderko et al., 2016) and could be used as an alternative host for the
established CYP267B1-Fdx8-FdR_B whole-cell system. Since the basic requirement of a
whole-cell system can also be the NADPH availability of the host, a modification of the
pentose phosphate pathway (Siedler et al., 2011) or a co-expression of NADPH regener-
ating systems (Janocha and Bernhardt, 2013) could also lead to an increased P450-

dependent conversion of the substrates of interest.

Due to the broad substrate range of the CYP267B1 biocatalyst and the moderate to high

conversion vyields, the potential fields of application are widespread. Not only the for-
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mation of drug metabolites can be performed in a multi-milligram scale, also the conver-
sion of building blocks for further chemical syntheses and the derivatization of non-drug
compounds for further chemical modification are conceivable biotechnological

approaches of this remarkable P450 from S. cellulosum So ce56.
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6  Attachments
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Figure S 1. Overview of relevant epothilone derivatives in this Thesis.
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Table S 1. Cytochromes P450 used for bioinformatics studies.
Organism P450 UniProtKB Organism P450 UniProtKB
Homo sapiens = CYP1Al P04798 S. cellulosum So ce56 CYP109C1 A9GLI3
CYP1A2 P05177 CYP109C2 A9G8X8
CYP1B1 Q16678 CYP109D1 A9F934
CYP2A6 P11509 CYP110H1 A9GI66
CYP2AT P20853 CYP110J1 AIGKJI2
CYP2A13 Q16696 CYP117B1 A9IG2V2
CYP2B6 P20813 CYP124E1 A9FBP8
CYP2C8 P10632 CYP259A1 A9F9S8
CYP2C9 P11712 CYP260A1 A9FDB7
CYP2C18 P33260 CYP260B1 AIFFAL
CYP2C19 P33261 CYP261A1 AIGM12
CYP2D6 P10635 CYP261B1 A9IGT7P4
CYP2E1 P05181 CYP262A1 AIFWT73
CYP2F1 P24903 CYP262B1 A9FP31
CYP2J2 P51589 CYP263Al1 A9FIV1
CYP2R1 Q6VVX0 CYP264A1 AIGJIUS
CYP2S1 Q96SQ9 CYP264B1 A9IFZ85
CYP2U1 Q72449 CYP265A1 A9IFN58
CYP2W1 Q8TAV3 CYP266A1 A9G3Q4
CYP3A4 P08684 CYP267A1 A9EN90
CYP3A5 P20815 CYP267B1 A9ERX9
CYP3A7 P24462 S. cellulosum So ce90 CYP167A1 Q9KlIz4
CYP3A43 Q9HB55 Streptomyces griseus P450-SOY P26911
CYP4A1l Q02928 Actinoplanes sp. ATCC CYP107E4 ACN71221
CYP4A22 Q5TCH4 Labrenzia aggregate CYP116B4 EAV41564
CYP4B1 P13584 Bacillus cereus CYP102A5 Q81BF4
CYP4F2 P78329 CYP51_RHA1l QO0S7M9
CYP4F3 Q08477 CYP105_RHA1 QOSDH7
CYP4F8 P98187 o CYP116_RHA1 QORUR9
CYP4F11  QOHBI6 Rhwoé‘,f;“ls’osm CYP125 RHA1  QOS7N3
CYP4F12 Q9HCS2 CYP256_RHA1 QORXF8
CYP4F22 Q6NT55 CYP257_RHALl QORVHO
CYP4V2 Q6ZWL3 CYP258 RHAL QORUW?2
CYP4X1 Q8N118
CYP4z1 Q86W10
CYP5A1 P24557
CYP7A1 P22680
CYP7B1 075881
CYP8A1L Q16647
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CYP8B1
CYP11A1
CYP11B1
CYP11B2
CYP17Al
CYP19A1
CYP20A1
CYP21A2
CYP24A1
CYP26A1
CYP26B1
CYP26C1
CYP27A1
CYP27B1
CYP27C1
CYP39A1
CYP46Al
CYP51A1

Q9UNUG
P05108
P15538
P19099
P05093
P11511

QB6UWO02
P08686
Q07973
043174

QINR63

Q6VOLO
Q02318
015528

Q4G0S4

QINYLS5

QIY6BA2
Q16850
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