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Abstract

Abstract

Cytochromes P450 (CYP or P450) are heme-b containing oxidoreductases that catalyze the
reductive cleavage of molecular oxygen and oxidation of non-activated and activated C-H
bonds of a vast variety of organic molecules. One oxygen atom is introduced into the
substrate while the second one is reduced to water. The electrons required for catalysis are
mainly transferred from NAD(P)H via redox partner proteins to the heme iron of the P450.
P450s play an important role in the metabolism of xenobiotics and drugs as well as in the
biosynthesis of secondary metabolites. Consequently, these enzymes are of biotechnological
relevance as biocatalysts for the production of drug metabolites and other pharmaceutically
relevant active ingredients. In this context, bacterial P450s from actinomycetes are of
particular interest as they are either directly involved in the biosynthesis of pharmaceutically

active compounds or can be used for the production of human drug metabolites.

In this thesis new P450s from actinomycetes were identified and characterized. Specifically,
P450s from Streptomyces platensis and Pseudonorcardia autotrophica were investigated, as
these bacteria are used by pharmaceutical companies for the production of drug
metabolites. Based on the sequenced genomes, 70 putative P450 genes were identified in
both strains. Sixteen of these P450 genes were heterologously expressed in Escherichia coli
and subsequently tested for their activity against a set of drug compounds. A two-step
screening was developed to identify promising enzyme candidates with a broad substrate
spectrum and diversified product selectivity. By testing with the three structurally different
model drugs ritonavir, testosterone, and amitriptyline, CYP105D and CYP107Z from
S. platensis were identified as the most promising P450s in the first step. In the second step,
structurally related molecules and derivatives of the model drugs were tested as substrates
for CYP105D and CYP107Z. Thus, a correlation between the chemo- and regioselectivity of

the P450 enzymes and the chemical structure of the target drugs could be shown.

In the next step, the cytochrome P450 complement (CYPome) of S. platensis was
investigated. The CYPome of S platensis consists of 39 P450 genes, which were differentiated
with respect to their phylogenetic families, possible functions in the secondary metabolism

and heterologous expression in E. coli. Comparative activity studies with chemically diverse

\
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drug substrates revealed a panel of cytochromes P450 from S. platensis with high potential

for the production of drug metabolites.

In a further study, CYP105D from S. platensis was identified as a promising biocatalyst to
oxidize bile acids. Bile acids such as chenodesoxycholic acid are converted with lower activity
and selectivity compared to other steroid substrates like testosterone. The type and position
of polar groups in the molecule seem to have a decisive influence as it was shown by testing
bile acids with different functional groups. Oxidation of chenodeoxycholic acid has not been
reported for any other bacterial P450 before. NMR analysis of the products provided

information on the structure of new bile acid metabolites with a modified side chain.

Finally, the applicability of recombinant lyophilized E. coli cells expressing P450 enzymes and
redox partners for biocatalysis was demonstrated. For this purpose, a whole-cell catalyst was
constructed which allows the oxidation of testosterone by CYP105D. Subsequently, the
regeneration of the cofactor NADH by a co-expressed alcohol dehydrogenase from
Rhodococcus erythropolis (Re-ADH) was analyzed. The cofactor regeneration by ADH was
found crucial for activity of lyophilized cells. The possibility to use P450s in lyophilized whole
cell catalysts opens up new possibilities for a broader application of these enzymes for

biocatalysis.

Vi



Zusammenfassung

Zusammenfassung

Cytochrome P450 (CYP oder P450) sind Ham-b-haltige Oxidoreduktasen, die die reduktive
Spaltung von molekularem Sauerstoff und die Oxidation von nicht aktivierten und aktivierten
C-H Bindungen von einer Vielzahl organischer Molekiile katalysieren. Dabei wird ein
Sauerstoffatom in das Substrat eingefiihrt, wahrend das zweite zu Wasser reduziert wird.
Die zur Katalyse bendtigten Elektronen werden zumeist von NAD(P)H (ber
Redoxpartnerproteine auf das Ham-Eisen der P450 Ubertragen. P450 spielen eine
bedeutende Rolle bei der Verstoffwechselung von Xenobiotika und Arzneistoffen sowie in
der Biosynthese von Sekundarmetaboliten. Folglich sind diese Enzyme als Biokatalysatoren
von biotechnologischer Relevanz fiir die Herstellung von Arzneistoffmetaboliten und
anderen pharmazeutisch relevanten Wirkstoffen. In diesem Zusammenhang sind bakterielle
P450 aus Actinomyceten besonders interessant, da diese entweder direkt an der Biosynthese
pharmazeutischer Wirkstoffe beteiligt sind oder fir die Herstellung von humanen

Arzneistoffmetaboliten eingesetzt werden kénnen.

Im Rahmen dieser Arbeit wurden neue P450 aus Actinomyceten identifiziert und
charakterisiert. Konkret wurden P450 aus Streptomyces platensis und Pseudonorcardia
autotrophica untersucht, da diese Bakterien von pharmazeutischen Unternehmen zur
Herstellung von Arzneistoffmetaboliten genutzt werden. Ausgehend von den sequenzierten
Genomen wurden 70 putative P450 Gene in beiden Stammen identifiziert. Sechzehn dieser
P450 Gene wurden heterolog in Escherichia coli exprimiert und anschliefend hinsichtlich
ihrer Aktivitdt gegenilber einer Reihe von Arzneistoffen getestet. Um besonders
vielversprechende Enzymkandidaten mit einem breiten Substratspektrum und
unterschiedlicher Produktselektivitat zu identifizieren, wurde ein zweischrittiges
Screeningverfahren entwickelt. Durch Testung mit den drei strukturell verschiedenen
Modellarzneistoffen Ritonavir, Testosteron und Amitriptylin wurden CYP105D und CYP107Z
aus S. platensis im ersten Schritt als vielversprechendste P450 identifiziert. Im zweiten
Schritt wurden strukturell dahnliche Molekile und Derivate der Modelarzneistoffe als
Substrate fir CYP105D und CYP107Z getestet. Dadurch konnte ein Zusammenhang zwischen
der Chemo-und Regioselektivitdt der P450 Enzyme und chemischer Struktur der Arzneistoffe

gezeigt werden.

Vi



Zusammenfassung

Im nachsten Schritt wurde das Cytochrom P450 Komplement (CYPome) von S. platensis
weiter untersucht. Das CYPome besteht aus insgesamt 39 P450 Genen, die hinsichtlich ihrer
phylogenetischen Familien, moéglichen Funktionen im Sekundarstoffwechsel und heterologer
Expression in E. coli differenziert wurden. Vergleichende Aktivitatsstudien mit chemisch
unterschiedlichen Arzneistoffsubstraten zeigten, dass verschiedene Cytochrome P450 aus

S. platensis ein hohes Potential zur Produktion von Arzneistoffmetaboliten besitzen.

In einer weiteren Studie wurde CYP105D aus S. platensis als vielversprechender
Biokatalysator zur Oxidation von Gallensauren identifiziert. Gallensdauren, wie
Chenodesoxycholsdure, wurden im Vergleich zu anderen Steroidsubstraten, wie Testosteron,
mit geringerer Aktivitat und Selektivitait umgesetzt. Einen entscheidenden Einfluss scheinen
dabei die Art und die Position polarer Gruppen im Molekiil zu haben, wie durch Testung von
Gallensauren mit unterschiedlichen funktionellen Gruppen gezeigt wurde. Die Oxidation von
Chenodeoxycholsaure wurde bisher fir keine andere bakterielle P450 nachgewiesen. Die
NMR-Analyse der Produkte lieferte Hinweise auf die Struktur neuer Metaboliten von

Gallensduren, die an der Seitenkette modifiziert wurden.

AbschlieBend wurde die Anwendbarkeit von rekombinanten lyophilisierten E. coli-Zellen, die
P450-Enzyme und Redoxpartner exprimieren, fir die Biokatalyse demonstriert. Hierzu wurde
zunachst ein Ganzzellkatalysator zur Oxidation von Testosteron durch CYP105D konstruiert.
AnschlieBend wurde die Regenerierung des Kofaktors NADH durch eine koexprimierte
Alkoholdehydrogenase aus Rhodococcus erythropolis (Re-ADH) analysiert. Es wurde
festgestellt, dass die Kofaktorregeneration durch ADH entscheidend fir die Aktivitat
lyophilisierter Zellen ist. Die Maoglichkeit, P450 in lyophilisierten Ganzzellkatalysatoren
einzusetzen, eroffnet neue Moglichkeiten fir eine breitere Anwendung dieser Enzyme fir

die Biokatalyse.
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1.

Introduction

1.1 Biocatalysis

1.1.1 Definition and characteristics

Biocatalysis deals with the usage of enzymes and microbes for the synthesis of organic
compounds.m The use of enzymes as ‘green’ biocatalysts compared to classical chemical
catalysts is particularly attractive in view of growing demands for environmentally friendly
alternatives in today’s society.[“] Enzymes can accept a broad range of natural and
non-natural substrates transforming them into valuable products, often with high chemo-,
regio- and stereoselectivity. The reactions are typically catalyzed with high efficiency under
environmental friendly conditions.” Hence, biocatalysts are used for various processes such
as wastewater treatment or the production of food, polymers, fragrances, cosmetics, bulk
chemicals and pharmaceuticals.w As many of these industrially relevant molecules differ
from the natural substrate range of enzymes and are built up in a diverse and increasingly
complex manner®), biocatalytic processes have to be optimized for application as it is
summarized by the biocatalysis cycle (Figure 1.1).[6] The biocatalytic cycle illustrates the
relevant aspects of each phase for the establishment of a biocatalytic process in industry.
Starting from the identification of a suitable enzyme candidate (biocatalyst selection), the
respective biocatalyst has to be characterized and optimized in order to develop process-
relevant parameters such as a suitable concept for application and product recovery. The
ultimate goal is the implementation of a fast, economical and environmentally friendly
process which requires a detailed understanding of each step within this cycle.[G] Especially in
the pharmaceutical industry, biocatalysts are used in drug discovery and development,

which are described in more detail in the next chapter.m
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Substrate(s) Product{s)
Process
Product Biocatalyst
recovery selection

Downstream - Activity screening
In situ product - Biocatalyst
recovery Industrial requirements: formulation

- Fast

- Economical

- Environmentally benign

Apolication Biocatalyst
PP characterization
Stability
Immobilization - Kinetics
Cofactor regeneration Biocatalyst - Reaction conditions
Reacti t . - - Structural information
eaction system englneerlng

Engineering of:
cells
enzyme(s)
process

Figure 1.1: The biocatalysis cycle was originally proposed by A. Schmid, et al. © and updated based on recent

literature.™ ¥ The biocatalysis cycle consists of six phases and highlights the different parameters which have to
be optimized to establish a biocatalytic process.

1.1.2 Biocatalysis in drug discovery and development

All drug candidates must undergo a process commonly known as drug development pipeline
prior to their commercial acquisition.[s] This process includes the initial identification of a
desired drug compound, characterization of its biological action, pharmacokinetics, toxicity,
metabolic fate, interaction with other drugs, optimization of its synthesis, and finally the
preclinical and clinical evaluation (Figure 1.2).[7'8] The implementation of biocatalysts and
biocatalytic concepts can be beneficial at various stages in drug discovery and drug

Bl Once the drug

development because the use of biocatalysts can reduce time and costs.
target against a certain disease is defined, lead compounds have to be identified that show
the desired biological activity towards the drug target. To this end, different strategies can
be pursued such as the high-throughput screening of libraries obtained by combinatorial
chemistry or natural product chemistry.m These processes are often laborious and expensive

as many compounds have to be tested.
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Hit identification via:

- Natural products and other
compound libraries
- Combinatorial chemistry

Drug candidate characterization:

- Metabolic profiling
- Toxicity testing
- Drug-drug interaction tests

- Structure-based drug design

Discove
Target Y Lead
. e . and R
identification : generation
screening

Lead compound diversification:

Phase I - 111
clinical trials
and process
optimization

Preclincal
development
and synthesis
optimization

Registration,
review and
approval

Lead
optimization

Synthesis and process improvement:

- Analysis of structure-activity
relationships

- Optimization of
pharmacodynamic properties

- Structure-based drug design

- Improved (bio)catalyst

- Optimized yield and productivity

- Avoidance of harsh reaction
conditions and environmentally
damaging reagents

Figure 1.2: Drug discovery and development pipeline highlighting stages in which biocatalysis could be
implemented.m

Initially identified lead structures are often not optimized with regard to their therapeutic
efficacy, as they often exhibit side effects such as toxicity or undesired pharmacokinetics.!”!
Therefore, lead structures are modified by altering certain functional groups. Biocatalysts
have a big advantage to also convert derivatives of originally identified substrates
maintaining their chemo-, regioselectivity and stereoselectivity. Because of this ‘substrate
promiscuity’, biocatalysts can also be used for a shortened and cost efficient production of
these derivatives.”*® Another bottleneck in medical chemistry is due to human enzymes
metabolizing drugs to specific drug metabolites. These drug metabolites have to be
produced in significant quantities for structural characterization, toxicological evaluation and
drug-drug interactions tests.!” 1! Although it is usually difficult to obtain sufficient quantities,
biocatalytic approaches are still advantageous since the formed products are distinct and

difficult to produce via chemical synthesis.[lz]

Considering the general factors for optimizing a biocatalytic reaction, many different

applications for enzymes as biocatalysts in the pharmaceutical industry can be defined. In
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this respect, particular attention has been subjected to cytochromes P450. These are the
most important enzymes in phase | metabolism given their catalytic versatility and substrate

promiscuity.”’ 13l

1.2 Cytochromes P450

1.2.1 Characteristics and catalyzed reactions

Cytochromes P450 (CYP or P450) belong to the enzyme class of oxidoreductases
(E.C: 1.14.-.-). Their name is derived from a broad absorption band at 450 nm, which results
from a reduced carbon monoxide (CO)-bound form. This is caused by coordination of the CO
to the heme b-iron in the active site and a conserved cysteine residue axially bound to the

heme.*

Cytochromes P450 catalyze the introduction of one atom of oxygen into activated or non-
activated C-H bonds. For the reduction of molecular oxygen (O,) electrons are required that
are delivered by redox partners from the cofactors nicotinamide adenine dinucleotide or
nicotinamide adenine dinucleotide phosphate (NAD(P)H). The second atom of molecular

oxygen is reduced to water, which is produced as a by-product[ls] :

R-H + 0, + NADP(H) + H" - R-OH + NADP" + H,0

CYPs are capable of catalyzing a broad range of reactions in addition to the common
hydroxylation of aliphatic and aromatic C-H bonds or C=C bond epoxidation. Depending on
the chemical environment of the oxidized atom, rearrangements of oxidized products can
lead to reactions such as C-C bond cleavage, dehalogenations, and N-, S- or O-
deaIkyIations.[16] Amongst others, P450 enzymes and variants thereof can also catalyze
heteroatom oxidations, dehydrogenation, cyclopropanation and intramolecular C-H

amination. [ 17]
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1.2.2 P450 nomenclature

Cytochromes P450 are found in all domains of life and some viruses.*** ¥ Around 350.000
P450 sequences are annotated in databases from which more than 41.000 sequences are
classified.™ Because of the continuously growing number of P450 sequences, a systematic
and standardized nomenclature for P450 genes was established, although for some
prominent P450 enzymes including P450 BM3 (CYP102A1) or P450., (CYP101A1) trivial
names are still common.?® This nomenclature by David Nelson is based on amino acid
sequence similarities and consists of four parts for the specific assignment of a P450
(Figure 1.3). After the general abbreviation for cytochrome p450 (CYP), an Arabic number
denotes the P450 family (e.g. CYP107). Members of a P450 family have a sequence identity
of more than 40% in common. A sequence identity higher than 55% is the threshold for
P450s which belong to the same subfamily indicated by a letter following the number of the
family. The final number at the end of the combination names the individual P450 isoform

within a subfamily and is incremented sequentially according to the order of discovery.m]

family

isoform

CYP 10729

subfamily

Figure 1.3: Nomenclature of cytochromes P450 according to David Nelson.?”

1.2.3 P450 redox partner systems

In order to achieve reduction of inert molecular oxygen for substrate oxidation, cytochromes
P450 rely on reducing equivalents which are usually delivered from NAD(P)H via redox
partner proteins.m] Cytochromes P450 can be divided into up to ten classes, depending on
the organization of the electron transport chain and the redox partners involved.™* The

three major redox partner systems are shown in Figure 1.4.
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Three-protein systems

2¢e

- S 2e
NAD{P}H + H* ngy r\ ' n RH+0
) : FAD " FeS/FMN | 2
NADP* . o : : ROH + H,0

reductase ferredoxin/flavodoxin P450

Two-protein systems

O 2e 2e
NAD(P}H + H - RH+ O,
A FAD £ N FMN r\
NADP . v ROH + H,0

CPR P450

One-pratein systems

I —
NAD({P}H + H¥ RH+0
NADP* : FAD €% FMIN :
- _ ROH + H,0
CPR P450

Figure 1.4: Schematic organization of cytochrome P450 redox partner systems. Three-protein systems consist
of a reductase, a ferredoxin or flavodoxin and the P450. Two protein systems consist of a NADPH-dependent
cytochrome P450 reductase (CPR) and the P450. One-protein systems are fusion proteins between a CPR-like
reductase and the P450. Modified according to Urlacher and Girhard.™

Most bacterial and mitochondrial P450s belong to the three-protein system and require two
additional redox partner proteins. Starting with NAD(P)H, reduction equivalents in form of a
hydride are first transferred to a flavin adenine dinucleotide (FAD)-containing reductase. In
the next step, the reductase delivers electrons to either a ferredoxin with an iron-sulfur
cluster or a flavodoxin with flavin mononucleotide (FMN) as a cofactor. From the FMN or
iron-sulfur cluster electrons are transferred to the heme b of the P450.%? In bacterial three-
protein systems, all components are localized soluble in the cytosol, while in mitochondrial
systems the ferredoxin is soluble and P450 and the reductase are membrane-bound or

membrane-associated.*

Two-protein systems are typically found in the endoplasmic reticulum (ER) of eukaryotes.
This system is comprised of the P450 and a FAD- and FMN- containing cytochrome P450

reductase, which are often bound to the inner membrane of the ER via a transmembrane
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anchor. In prokaryotes and lower eukaryotes P450s belonging to the one-protein system can
be found.” The characteristic of this class is the natural fusion of a FMN/FAD-containing
reductase via a short linker region with the P450 in a single polypeptide chain. Most
members of this class such as CYP102A1 (P450 BM3) from Bacillus megaterium are soluble,
cytosolic proteins, whereas some eukaryotic members such as CYP505A1 from Fusarium

oxysporum are membrane-bound.!** %!

1.2.4 P450 catalytic mechanism

The common catalytic mechanism of P450s is described by formation of reactive
intermediates and complexes (Figure 1.5).[26] In the resting state, water is bound as a sixth

ligand to the heme iron present in its oxidation state Fe" (1). Upon substrate binding,

structural changes lead to a dissociation of the water ligand and a spin-state shift of the

heme iron from low-spin to high-spin (2). The high spin Fe"

possesses a higher redox
potential and can consequently accept the first electron from redox partner proteins to get

reduced to Fe" (3).12”)

In the next step, molecular oxygen (O,) is bound to form the iron-(lll)-superoxide complex
(4). The delivery of the second electron from redox partner proteins results in another
reduction to generate the iron-(lll)-peroxo intermediate (5), which is then protonated to

form the iron-(lll)-hydroperoxo intermediate (6).”"!

Protonation of the iron-(lll)-hydroperoxo intermediate leads to a heterolytic cleavage of the
dioxygen bond and the release of water. A highly reactive iron-(IV)-oxo species, known as
compound | is formed (7), in which the radical cation is delocalized via the porphyrin ring
and the thiolate Iigand.[zs] Starting from compound | the substrate gets oxidized by the
so-called rebound mechanism.*® After proton abstraction of the C-H bond, the substrate
radical combines directly by ‘rebound’ with an iron-(IV)-hydroxyl species named
compound Il (8) to produce the oxygenated product and the one-electron reduced Fe"
complex (9).[29’3O] Next to the dissociation of the product, water can coordinate again to the
heme iron to regenerate the resting state (1). In addition to the described intermediates

shunt reactions (dotted lines) can occur which uncouple the consumption of reducing

equivalents and substrate oxidation, meaning no product is formed. In shunt reactions water

7
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or reactive oxygen species such as hydrogen peroxide (H,0,) and the superoxide anion (0,")

are produced which can destabilize the P450 by bleaching of the heme or modification of the

apoenzyme.B
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Figure 1.5: The P450 catalytic cycle. The heme iron (pink box) is axially linked to the protein via the sulfur
atome of a cysteinate. (1) iron(lll)-aqua-complex, (2) free iron(lll)-complex, (3) iron(ll)-(high spin)-complex, (4)
iron(lll)-superoxide-complex, (5) iron-(lll)-peroxo intermediate, (6) iron-(lll)-hydroperoxo intermediate, (7)
compound |, (8) compound Il (9) free iron(lll)-complex. Shunt pathways are indicated with dotted lines.

Modified according to Li et al.*?
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1.2.5 Industrial applications of P450s

P450s are involved in the metabolism of drugs and xenobiotics as well as in the synthesis of
secondary metabolites and hormones.*™ %2 Accordingly, these enzymes are especially

interesting as biocatalysts for the pharmaceutical industry.m

The hydroxylation of steroids
by microbial strains expressing P450 enzymes was one of the first biocatalytic processes

established in industry starting in the late 1940s (Figure 1.6).

Rhizopus sp.

11-Deoxycortisol Hydrocortisone

Figure 1.6: Microbial steroid oxidations used in industry. The biosynthesis of hydrocortisone from
11-deoxycortisol was applied by Schering AG (now Bayer); 1la-hydroxylation of progesterone to
11a-hydroxyprogesteron was commercialized by Pharmacia & Upjohn (now Pfizer). The inserted hydroxyl
group is highlighted in red.

Steroidal compounds possess anabolic, anti-hormonal, anti-inflammatory, anti-rheumatic,
contraceptive or sedative properties and represent one of the largest sectors in the
pharmaceutical industry with global markets in the region of US$10 billion.*” The microbial
oxidation of steroids offered alternatives to classical chemical syntheses as reaction steps
could be reduced and syntheses were performed more cost-efficiently and ecologically
friendly.[33] Two microbial steroid oxidations (Figure 1.6) were commercialized namely the
biosynthesis of hydrocortisone from 11-deoxycortisol with the fungus Curvularia lunata
(used by Schering AG, now Bayer)[34] or the 1la-hydroxylation of progesterone to 11la-

hydroxyprogesteron with the molds Rhizopus arrhizus and Rhizopus nigricans (used by
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Pharmacia & Upjohn, now Pfizer).BS] Besides steroids, secondary metabolites from plants
and microorganisms are sources for new drug compounds. In many biosynthetic pathways,
P450s are involved in the diversification of respective secondary metabolites by catalyzing
their oxidation with a high chemo-, regio-, and stereoselectivity.ml A prominent example is
the potent anti-malarial drug artemisinin from the plant Artemisia annua. In the biosynthesis
of artemisinin its precursor artemisinic acid is formed by a three-step oxidation catalyzed by
the P450 CYP71AV1 (Figure 1.7).”) CYP71AV1 was implemented in a recombinant yeast

strain used by Sanofi for the production of artemisinic acid on the ton scale.B738

CYP71AV1
_—
B —————
B — e
OH
Amorpha-4,11-diene Artemisinic acid

Figure 1.7: Oxidation of amorpha-4,11-diene to artemisinic acid catalyzed by the P450 CYP71AV1 from
A. annua. Artemisinic acid is a precursor of the anti-malarial drug artemisinin and is produced by Sanofi in
recombinant yeast.[37'38] The inserted carboxyl group is marked in red.

The evaluation of pharmacological effects and toxicity for drugs and their metabolites is
crucial for drug development (chapter 1.1.2). P450s are the major drug-metabolizing
enzymes in the human body because they oxidize about two-thirds of all drugs to make
them more water soluble.™**! Consequently, the metabolic fate of numerous drugs was
analyzed by preparing metabolites in P450-mediated biotransformations prior to industrial

commercialization. The investigated drugs are chemically diverse and are used to treat e.g.

[40] [42] [43]

Hiv, B! hypercholesterolemia, major depressive disorders, ! hypertension, pain,

[45

gastrointestinal complaints,m] impotence I"and cancer.”® selected examples leading to

annual sales of more than 1 billion US dollars (so-called 'blockbuster drugs') are highlighted

in Figure 1.8. [47]
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Figure 1.8: Selected examples of blockbuster pharmaceuticals, which are metabolized by human

cytochromes P450.5%*! The color code for each reaction type is displayed in the grey box. Major oxidation
sites of human P450s are indicated by arrows.
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1.2.6 Limitations of P450s as biocatalysts

Despite their enormous potential for the pharmaceutical industry, the application of P450s
as biocatalysts is hampered by several challenges.!*> *®! These bottlenecks can be targeted by
strategies to improve (1) the activity and selectivity of the P450, (2) the effectiveness of the
electron transfer chain, and (3) general biocatalytic parameters such as the choice of the

reaction system or the biocatalyst formulation (Figure 1.1);1*> 484!

(1) Improving the activity and selectivity of P450s

In comparison to other biocatalysts like lipases or alcohol dehydrogenases, most
cytochromes P450 have low activities resulting in ke numbers in the range of
1-300 min 115 The highest turnover numbers of 5,000 — 17,100 min"* were measured for
the bacterial P450 CYP102A1 (P450 BM3) in the oxidation of fatty acids.* However, the
conversion of pharmaceutically interesting substrates was often only possible with
eukaryotic P450s and not with bacterial enzymes like CYP102A1 because of their limited
substrate spectrum.™ >? These observations led to the development of two basic strategies,
both based on improvement of P450 properties through protein engineering. Most
eukaryotic P450s are membrane-bound via their N-terminus which limits their expression
and activity in heterologous hosts. The replacement or the truncation of the N-terminal
sequence became a common procedure for optimized productivities of eukaryotic P450s
such as the human-drug-metabolizing P450 cYP3a4™ or the plant P450 CYP71AV1
mentioned above for artemisinic acid production.[49' > |n addition other factors, such as
their stability or their codon usage, are often not ideal, which makes tedious optimizations

of eukaryotic P450s necessary before application.[ss]

In contrast to eukaryotic enzymes, prokaryotic P450s are soluble, cytosolic enzymes, which
can be easily produced in heterologous hosts. Variants of bacterial enzymes were designed
either via rational protein design or directed evolution enabling oxidation of drugs and other
pharmaceutical relevant compounds. The most frequently investigated bacterial P450 is
CYP102A1, whose variants carry up to 20 mutations to achieve selective drug oxidations.®®

An alternative to engineering of known P450s is the exploration of new P450 sequences

from sequence databases, which steadily increase by the availability of newly sequenced
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genomes.[57] For their fast identification and characterization, the development of efficient

screening methods is compulsory (chapter 1.2.7).

(2) Improving the electron transfer chain

Activation of molecular oxygen by P450s requires the transfer of two electrons naturally
delivered by redox partner proteins. The inefficiency of the electron transfer chain leading to
uncoupling reactions is a major issue for P450s (chapter 1.2.3). This problem is further
aggravated when the natural redox partner proteins are not available due to lack of
annotation, insufficient expression of the respective genes or low activity. Strategies
circumventing the usage of additional redox partner proteins imply the application of
alternative electron sources such as hydrogen peroxide, light or voItage.[58] However, these
alternative methods suffer from other problems such as increased enzyme destabilization
when using peroxides and electrochemical reduction or the need to use expensive, rare and
toxic chemicals such as ruthenium-based photosensitizers.!*> > The construction of artificial
fusion proteins is another method for improving electron transfer. Natural one-protein
systems, including CYP102A1 (chapter 1.2.3), exhibit higher turnover numbers compared to
non-fused P450 systems. Artificial fusions of P450s and redox partners have been
constructed for improved and simplified enzyme performance. Examples described in the
literature include fusions of CYP101A1l from Pseudomonas putida with its natural redox

partner proteins Pdx and pdre”

or CYP51 from Saccharomyces cerevisiae with its native
cytochrome P450 reductase (CPR).[Gl] The turnover numbers of such fusions do not
substantially exceed those of non-fused proteins, since other factors, such as the linkage
between redox partner and P450 or the intermolecular stoichiometry of redox partner
proteins, also influence the activity.[az] Consequently, the testing of heterologous non-fused
redox partners is still common although this strategy does not always result in high

activity.“S]
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(3) Reaction parameter optimization and cell engineering

The application of whole-cell biocatalysts represents the cheapest catalyst formulation.®

Accordingly, whole-cell systems are the preferred biocatalyst form for P450s because they
provide intracellular regeneration of NAD(P)H, possible co-expression of redox partner
proteins and a protected environment to enhance enzyme stability.[64] Nevertheless, whole-
cell systems can have several limitations which can be targeted by cell engineering or

optimization of reaction parameters (Table 1.1).

Table 1.1: General and specific challenges in the application and process design of P450 based whole-cell
biocatalysts. Modified according to Bernhardt and Urlacher.™

Limitation Possible solution

General for P450s

NAD(P)H requirement Enzymatic cofactor regeneration (65]

Product degradation Two-liquid phase systems!®®

Two-liquid phase systems!®”

Low substrate solubility . (68]
Addition of co-solvents

Specific for whole-cell biocatalysts

Substrate or product toxicity Alternative hosts with altered uptake systems'®
Mass transfer across the cell | Co-expression of transporters and uptake systems!”®’
membrane Cell membrane permeabilizationm]

The intracellular level of NAD(P)H can become rate limiting, especially when high reaction
rates are aimed for.™™! Co-expression of NAD(P)H regenerating enzymes such as glucose
dehydrogenase or alcohol dehydrogenases can help to increase activity in P450 based
whole-cell systems.[65] In addition, the typically hydrophobic substrates of P450s may cause
further challenges, reflected e.g. by low substrate solubility, limited transfer of substrates

and products across the cell membrane or substrate and product toxicity.

The testing of organic solvents either as co-solvent or as additional second liquid phase

might improve substrate solubility, independent whether whole cells or isolated enzyme are
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used.®” ¥ |n case of two-phase liquid systems product degradation can also be avoided as
was demonstrated in conversions of a-pinene and limonene.®® Substrate or product toxicity
can be overcome by alternative hosts with altered uptake systems as it was for example
shown in P450-mediated conversions for alkanes or monoterpenoids.[Gg] Cellular uptake
systems for hydrophobic compounds can be further optimized by additional co-expression of
transporter proteins such as AlkL or FhuA.[”®! Alternatively, cells can be permeabilized with
water-miscible organic solvents or detergents to improve substrate and product transfer

across the cell membrane.’"

In addition any biocatalyst engineering strategy must go hand in hand with reaction
engineering. Especially in upscaling of biocatalytic reactions, parameters including pH,
temperature, media, oxygen supply, and carbon source need to be investigated to achieve

optimized productivity and stability of the process.!** 7

1.2.7 Screening for P450 activity

The development of screening methods is required for a fast identification and
characterization of novel P450 enzymes. A selection of different screening approaches is

displayed in Figure 1.9.

In silico methods such as molecular docking, cluster analysis or sequence alignments
(Figure 1.9a) have the advantage that they can make rapid predictions for a large set of
compounds in a high-throughput mode.” In bacteria and fungi, the genes responsible for a
biosynthetic pathway or other biological function may be located closely together in gene
clusters. This could help to narrow down the prediction of function and substrate of a P450 if
the function of neighboring genes is known.” The comparison of amino acid sequences via
alignments would be another approach to identify putative substrates for P450s. However,
high levels of sequence identity are compulsory for this approach.”sl In case of available
three-dimensional structures, molecular docking might be useful to identify a P450
substrate. Since many P450s exhibit major structural changes between the unbound and the
substrate-bound form and the position for hydroxylation is not always close to the active

site, this approach is often of limited use."> "
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Figure 1.9: Selected examples of screening methods for P450 activities. A) In silico methods , B) Metabolomics
C) Substrate binding indicates spectral changes D) Colorimetric activity assays E) MS-based screening
approaches; Fdr: flavodoxin reductase from E. coli, YkuN: flavodoxin from Bacillus subtilis, CYP154E1: P450
154E1 from Thermobifida fusca, CYP154A8: P450 154A8 from Nocardia farcinica.
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A method for screening of endogenous P450 substrates based on metabolomics was
described by Guengerich and co-workers (Figure 1.9b).[76] In order to identify a physiological
substrate of CYP154A1 from Streptomyces coelicolor, a mutant of S. coelicolor was designed
in which the gene for cyp154A1 was knocked out. After extraction of all metabolites of this
knockout strain, the extract was incubated in an in vitro reaction with recombinantly
produced CYP154A1. The analysis of the metabolic profile before and after the incubation
identified a dipentaenone as substrate of CYP154A1, which undergoes an unexpected

intramolecular cyclization to a Paterno-Blichi-like product.[75]

Upon substrate binding, cytochromes P450 undergo a spin-state shift of the heme iron from
low-spin to high-spin (chapter 1.2.3). This spin-state shift is accompanied by an absorption
shift from 418 nm (low spin substrate free form) to 390 nm (high spin substrate bound
form), which can be used to record of the so-called type | binding spectra (Figure 1.9c).
Based on substrate binding spectra compound libraries can be screened for P450 substrates
as it was done for the bacterial P450s CYP106A2"” and CYP260A1."® Nevertheless, this
method is limited because, on one hand, not every substrate induces a type | spectrum and,
on the other hand, compounds that show substrate binding are not necessarily converted by

the P450."%

Surrogate substrates such as p-nitrophenoxycarboxylates or 7-ethoxycoumarine allow

high-throughput screening for P450 activity.[go]

After or during P450 oxidation, a
chromophore (e.g. p-nitrophenolate)®! or a fluorophore (e.g. umbelliferon)® is formed,
which can be measured via UV/VS- and fluorescence spectroscopy, respectively
(Figure 1.9d). The limitation of surrogate substrates is that the activity against the surrogate
substrate is not necessarily representative for the actual substrate and that these kinds of

substrates are not available for every compound of interest.’®®!

Gas chromatography/mass spectrometry (GC/MS) or liquid chromatography/mass
spectrometry (LC/MS) based methods have a lower throughput than colorimetric assays or
in silico methods but allow direct analysis of P450 substrates for product formation and
distribution. One particular screening method named ‘cluster screening’ (Figure 1.9e) was
used for the characterization of CYP154E1 and CYP154A8.7%%) A substrate library of 51

compounds was organized into nine groups according to their chemical properties. The
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differences in chemical structure, size and functional groups made it possible to investigate
the structural requirements necessary for conversion by P450. Hence, detailed information

about the substrate spectrum and chemo- and regioselectivity could be obtained./”®%

1.3 Actinomycetes as promising source for P450 enzymes

Actinomycetes are an order of the class Actinobacteria.® Actinomycetes represent one of
the largest and most diverse bacteria found in soil, compost or marine habitats.> Most of
these Gram-positive bacteria have a high GC-content ranging from 51% to over 70% and are
known for their unsurpassed capacity to produce secondary metabolites with diverse
biological activities.®® 8 As soil microbes, actinomycetes can also degrade xenobiotics such
as pharmaceuticals, agro-chemicals, and environmental pollutants.®>® #”) cytochromes P450
of actinomycetes are involved both in the synthesis of secondary metabolites and in
xenobiotic catabolism. In the biosynthesis of natural products P450s catalyze a broad range
of physiologically important oxidative reactions with high chemo-, regio-, and

stereoselectivity (Figure 1.10)./%

18



Introduction

Polyketides

CYP107A1
N\

CYP113A1 (EryF)
CYP107L1 CYP107L1 (EryK)
(PikC) HO (Pikc) Ru H OH N\ —
" oL
7 P450 EryClI
\
Pikromycin Methymycin (R; = OH, R,=H) %
Neomethymycin (R; =H, R, =OH) Erythromycin A
Terpenoids Non-ribosomal AIkanids
peptides o CYP245A1
(StaP)
o, [/
- P450 TxtE N O O O
- NO
2 \ OH N o N
A\ O
CYP170A1 N CYP246AL CYP244A1
N (Txtc) HO GtaN) <,
HN\
Albaflavenone Thaxtomin A Staurosporine

Figure 1.10: Examples of secondary metabolites from actinomycetes, which are oxidized by cytochrome
P450s: CYP107L1 (PikC) from Streptomyces venezuelae ATCC 15439,[89] CYP113A1 (EryK), CYP107A1 (EryF) and
EryCll from Saccharopolyspora erythraea NRRL 2338,°° CYP170A1 from Streptomyces coelicolor
A3(2),°YcYP246A1 (TxtC) and TxtE from Streptomyces scabies 87.22,°7 CYP244A1 (StaN) and CYP245A1 (StaP)
from Streptomyces longisporoflavus DSM 10189°% and Streptomyces sp. TP-A0274%Y. The P450-catalysed
reactions are highlighted in red.

A well investigated example is CYP107L1 (PikC) from Streptomyces venezuelae. This P450
demonstrates unique substrate flexibility and catalyzes the hydroxylation of polyketides with
high selectivity to produce antibiotics such as pikromycin, methmycin, and neomethmyin.[89]
Polyketides and other natural products can also be modified by several P450s as it is the case
during erythromycin A biosynthesis.[go] Further, P450s from actinomycetes are also often
associated with other the biosynthesis of other secondary metabolites such as terpenoids,[91]

non-ribosomal peptides,[gzl and alkaloids.®”

The investigation of alternative degradation pathways in actinomycetes revealed the

production of metabolites that are equal to human P450 metabolites (Figure 1.11).
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Figure 1.11: Comparison of drug oxidation by human P450s and P450s from actinomycetes. 1) Oxidation of
terfenadine to fexofenadine by CYP107L from Streptomyces platensis NRRL2364 or human cyp2J2.% 2)
Oxidation of vitamin D; to 1a,25-dihydroxyvitamin D3 by CYP105A1 from Streptomyces griseolus ATCC
11796,[96] CYP107BR1 from Pseudonocardia autotrophica NBRC 12743%" or human CYP27A1, CYP2R1 and
cyp2781." 3) Oxidation of testosterone to 2B-hydroxytestosterone by CYP105D7 from Streptomyces
avermitilis  MA4680,°®  CYP154C4  from  Streptomyces sp.®® or human CYP2B6, CYP2C9,
CYP2C19,CYP2D6,CYP3A4,CYP3A5,CYP3A7 and CYP19A1.1M 4) Oxidation of testosterone to 16a-
hydroxytestosterone by CYP154C3 from Streptomyces griseus IF013350,"°Y CYP154C5 from Nocardia farcinica
IFM 10152,[102] CYP154C8 from  Streptomyces  sp. W2233-sM™  or  human CYP3A7,

CYP2B6,CYP2C19,CYP2C8,CYP2C18 and CYP2E1."°” The oxidation sites are highlighted in red.
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This includes compounds like fexofenadine, which is the pharmacologically active metabolite
of the anti-histamine drug terfenadine. P450:¢ (CYP107L) from Streptomyces platensis
catalyzes the multi-step oxidation of terfenadine to the corresponding carboxylic acid
fexofenadine, mimicking the activity of the human P450 CYP2J2."! Furthermore P450s from
actinomycetes allow reduction of steps used for the synthesis of drug metabolites as shown
for the prohormone vitamin Ds. Vitamin D3 is hydroxylated at two positions by at least two
different human P450s to produce the active form 1a,25-dihydroxyvitamin D3;. CYP105A1
from S. griseolus and CYP107BR1 from Pseudonocardia autotrophica are both able to oxidize
vitamin D3 directly to 1a,25-dihydroxyvitamin D3 avoiding the usage of an additional enzyme
compared to the human metabolism.®®*”! Drugs can also be oxidized at different positions
of the molecule, because P450s have different regio- and stereoselectivities. This leads to
metabolites with possible different biological activities. A very well investigated substrate in
this regard is testosterone. Steroids including testosterone were tested with different P450
enzymes from actinomycetes providing hydroxylated steroid metabolites such as

2B-hydroxytestosterone or 16a-hydroxytesterone among others, 9899, 101-103]

The majority of P450s present in actinomycetes belong to the CYP105 and
CYP107-subfamilies, which members catalyze the oxidation of chemically diverse substrates
(see Figures 1.10 and 1.11).[8831 Because of their low sequence and structural similarities, the
identification of drug metabolizing P450s is the major hurdle for biotechnological

applications and consequently an efficient screening system has to be provided (1.2.7).[104]
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1.4 Aim of this work

Cytochromes P450 are attractive enzymes for the preparation of human drug metabolites,
hydroxylated synthetic precursors, and natural products with interesting pharmaceutical
activities (1.1.2 and 1.2.5).[1%’ 105] Applications with bacterial P450 enzymes are especially
attractive as they can be easily produced in heterologous hosts and generally possess a
higher activity compared to eukaryotic P450s (1.2.6).[12'°] P450s from actinomycetes are
especially interesting as they can be used for the production of natural compounds and
human drug metabolites (1.3). Increasing numbers of sequenced genomes of actinomycetes
revealed a large number of genes encoding putative cytochrome P450s.12% Although these
enzymes might be promising candidates for biotechnological application, their substrate

scope, product selectivities, and biochemical properties often remain unknown.

To gain access to those novel putative P450 enzymes a detailed analysis and characterization
besides genome sequence identity is needed. Therefore the objective of this thesis was to
identify P450 enzymes from actinomycetes and characterize them in order to pave the way
towards biocatalytic applications. On the basis of drug-metabolizing actinomycetes,
genomes of which were sequenced in the framework Era-IB project ‘Integrative Approach to
Promote Hydroxylations with Novel P450 Enzymes for Industrial Processes’ (HyPerlIn), the

aims of this study were:
1) to identify P450 genes in genomes of drug-metabolizing actinomycetes (2.1)

2) to develop a screening method to identify P450s with drug-metabolizing activities and

complementary selectivities (2.2)

3) to analyze all P450s of one drug-metabolizing actinomycete to compare (heterologous)

expression, substrate scope and product selectivity (2.3)
4) to investigate bile acids as substrates regarding the production of new metabolites (2.4)

5) to demonstrate the applicability of recombinant lyophilized E. coli cells expressing P450

enzymes and redox partners for biocatalysis (2.5)
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2. Results

The following five chapters describe the results of this thesis. Among these, the results
presented in chapters 2.1 and 2.2 are already published, whereas the other chapters contain
currently unpublished results. The chapters are presented in a sequential manner starting
with the identification of drug-metabolizing cytochrome P450s (2.1 and 2.2), continuing with
their characterization (2.2, 2.3 and 2.4) and finally their application (2.5). The own

contribution to each study is given at the beginning of each chapter.

‘ Chapter 2.3: The CYPome of
Streptomyces platensis

NADPH/H*
LA Fdr :NADP’
o, J YiuN

cYP

Substrate oxidation

y

" Chapter 2.2:Two-step screening

with lyophilized cells

N e D
O,J .
=Y

Substrate oxidation

Chapter 2.5: P450 biocatalysis

Isopropanol
Acetone

Regioselectivity
Chemoselectivity

H

Chenodeoxycholic acid

Figure 2.0.1: Schematic overview of this thesis.
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2.1 Genome sequencing

Title: Draft genome sequences of three Actinobacteria strains presenting new candidate

organisms with high potentials for specific P450 cytochromes

Authors: Christian Grumaz*, Yevhen Vainshtein, Philipp Kirstahler, Stephan Luetz, Matthias
Kittelmann, Kirsten Schroer, Fabian K. Eggimann, Rico Czaja, Andreas Vogel, Thomas
Hilberath, Anne Worsch, Marco Girhard, Vlada B. Urlacher, Marcel Sandberg, Kai Sohn*

* corresponding authors

published in: Genome Announcements, 2017, 5, e00532-00517
DOI: 10.1128/genomeA.00532-17

License: Creative Commons Attribution 4.0 International License (Open access article)

https://creativecommons.org/licenses/by/4.0/

Own contribution: Identification of all P450 genes in the three genome sequences. Relative

contribution: 10%.
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ABSTRACT The three Actinobacteria strains Streptomyces platensis DSM 40041,
Pseudonocardia autotrophica DSM 535, and Streptomyces fradiae DSM 40063 were de-
scribed to selectively oxyfunctionalize several drugs. Here, we present their draft ge-
nomes to unravel their gene sets encoding promising cytochrome P450 monooxygen-
ases associated with the generation of drug metabolites.

ydroxylation of C-H bonds can lead directly to the formation of high-value chiral

compounds in demand as specialty chemicals and pharmaceutical synthons. In
this context, cytochrome P450 monooxygenases (CYPs) remain unsurpassed in their
targeted spedcificity and scope (1-3). Consequently, the application of CYPs in synthetic
organic chemistry is considered to be “potentially the most useful of all biotransfor-
mations” (4). Thus, the discovery of novel target activities by isolation and character-
ization of new enzymes obviously plays a crucial role in the development of CYP-based
biovoxidation applications (5, 6). Comprehensive genetic screening of promising strains
will widely expand the repertoire of specific CYPs, enabling not only access to a range
of completely new compounds but also increasing the efficiency of already-established
reactions.

In a screen of conspicuous Actinobacteria with certain drug compounds, three
strains were identified to catalyze several new biooxidation products: Streptomnyces
platensis DSM 40041, Pseudonccardia autotrophica DSM 535, and Streptomyces fradiae
DSM 40063 (data not shown). For this reason, we screened the genomic contents of
each of these strains for novel cyp genes. Here, we describe their draft genome
sequences, with a special focus on the identification of putative CYPs. For this purpose,
extracted DNA was prepared for lllumina HiSeq 2500 with the Nextera DNA kit using
the standard protocol. Sequencing was performed in paired-end mode with 2 X 250
cycles for DSM 40041 and DSM 535 and 2 X 150 cycles for DSM 40063. lllumina reads
were removed for contaminations, adapters, and low-quality sequences with BBDuk
from the BBMap package version 34.41 (http//sourceforge.net/projects/bbmap/), re-
sulting in 662 Mb (DSM 40041), 1,111 Mb (DSM 535), and 2,619 Mb (DSM 40063) of
trimmed reads used for assembly either with GS de novo Assembler version 2.9 {(DSM
40041 and DSM 535) or with ABySS version 1.5.2 (DSM 40063). Gene annotation was
carried out using Prokka 1.11 (7). The properties of the draft genomes are summarized
in Table 1.
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Grumaz et al.

TABLE 1 Properties of the draft genomes for DSM 40041, DSM 535, and DSM 40063

gename

Strain Bioproject No. of Ns, Size G+C No. of
Species name name sample no. Accession no. Coverage (X) contigs (kb} (Mb) content (%) proteins
Streptomyces platensis DSM 40041 SAMINOS5722965  MIGADDO00000 79 15 84 .2 7,302
Amycolata autotrophica  DSM 535 SAMNO5722966  MIGB0O0000000 151 146 74 73.0 6,860
Streptomyces fradiae DSM 40063  SAMNOS5722967  MIFZ00000000 390 352 31 6.7 722 5,799

To unravel putative CYPs, we first searched for oxidoreductases assigned to E.C.
1.14.-.-, which are related to oxyfunctionalization of C-H bonds, and then checked them
for CYP family relationships using CYPED (https://cyped biocatnet.de/). Out of the overall
294 found oxidoreductases, we were able to assign 90 targets to certain CYP families
defining them as bona fide novel CYPs. The identified gene sequences will be heter-
ologously expressed and characterized and may then be used for further oxyfunction-
alization of different compounds in a variety of biocatalytic applications.

Accession number(s). The whole-genome shotgun projects have been deposited in
GenBank under the accession numbers specified in Table 1. The versions described in
this paper are the first versions.
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2.2 Screening for identification of drug-metabolizing cytochromes P450

Title: Two-step screening for identification of drug-metabolizing bacterial cytochromes P450

with diversified selectivity

Authors: Thomas Hilberath, Leonie M. Windeln, Davide Decembrino, Priska Le-Huu,
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Two-step Screening for Identification of Drug-metabolizing
Bacterial Cytochromes P450 with Diversified Selectivity

Thomas Hilberath,™ Leonie M. Windeln,” Davide Decembrino,” Priska Le-Huu,™

Florestan L. Bilsing,”! and Vlada B. Urlacher*

The evaluation of drug metabolites is compulsory during drug
development. Since recently, bacterial cytochromes P450 and
their mutated variants have attracted considerable interest as
an alternative to hepatic P450s for the synthesis of human drug
metabolites. Thus, straightforward screening approaches are
required that enable rapid identification and evaluation of
drug-metabolizing bacterial P450s with different product
selectivities. Herein, we report a two-step screening method for
discovery and characterization of new P450s from actinomycetes
that enable oxidation of various drugs. In the first step,

Introduction

Low efficiency of some existing therapies, population ageing,
and the occurrence of new diseases make the development of
new medicines indispensable!” Assessment of the efficacy,
safety and therapeutic effect of a new drug includes the
elucidation of its metabolic fate.?’ Thus, production of drug
metabolites for their structural characterization, toxicological
evaluation and drug-drug interactions tests remains an impor-
tant task in the drug development process. Traditionally,
hepatocytes, liver microsomes and recombinant human drug-
metabolizing enzymes have been used for this purpose.”” The
major drug-metabolizing enzymes in the human body are
heme-containing cytochrome P450 monooxygenases (CYP or
P450), which have been reported to oxidize about two-third of
all drugs.®!

In the presence of molecular oxygen, P450s catalyze a
variety of oxidation reactions on chemically diverse compounds
including aliphatic and aromatic hydroxylation, C=C bond
epoxidation, N-and S-oxidation, N-and S-dealkylation and many
others!” For their activity P450s require electrons that are
derived from the nicotine amide cofactors NADH or NADPH and
are transferred via redox partner proteins to the heme iron.

[a] T. Hilberath, L. M. Windein, D. Decembrino, Dr. P. Le-Huu, F. L. Bilsing,
Prof. V. B. Urlacher
Institute of Biochemistry
Heinrich-Heine University Diisseldorf
Universitétsstrasse 1
Diisseldorf 40225 (Germany)
E-mail: Viada.Urlacher@uni-duesseldorf.de

Q Supporting information for this article is available on the WWW under

https://doi.org/10.1002/cctc.201901967

™ © 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA.
This is an open access article under the terms of the Creative Commons
Attribution License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited.

ChemCatChem 2020, 12,1710-1719 Wiley Online Library

substrate profiling with three structurally different model drugs,
ritonavir, testosterone, amitriptyline, allowed us to select
CYP105D and CYP107Z from Streptomyces platensis DSM 40041
that accepted all model substrates and produced human-like
drug metabolites. In the second step, activity tests with an array
of 25 structurally-related molecules and derivatives of the three
model compounds revealed a correlation between structural
variations in the target drugs and the enzyme chemo- and
regioselectivity.

Generally, human drug-metabolizing P450s possess an extra-
ordinary broad substrate spectrum and form distinct oxidation
products, which are difficult to access via chemical synthesis.”!
However, application of membrane bound human P450s is
somewhat limited by their low expression titers, activity and
process stability.” For this reason, bacterial P450s with high
activity and stability, easily expressible in recombinant hosts,
have been subjected to rational protein design and/or directed
evolution to achieve production of drug metabolites. As a
result, engineered variants of the well-studied P450 BM3 from
Bacillus megaterium (CYP102A1) were constructed which are
not only able to oxidize various drugs but also form human
drug metabolites.”®” Nevertheless, the correlation between
metabolite patterns produced by human and engineered
bacterial P450s still remains a challenge for protein engineering,
which often relies on extensive screening rounds.
Complementary to recombinant human P450 based plat-
forms and engineered bacterial P450s, pharmaceutical compa-
nies use microbial biotransformation of drugs, especially when
larger amounts of metabolites must be prepared.® Microbial
strain collections used for this purpose usually include many
strains from the phylum actinobacteria. Recent genome
sequencing projects have revealed large collections of P450
genes in those strains.”! P450s from actinomycetes have been
found to often mimic activities of human drug-metabolizing
P450s and thus are considered as worthwhile candidates for
metabolite production."” For example, an array consisting of
250 recombinant P450s from actinomycetes has been estab-
lished in E. coli and successfully applied for drug biotransforma-
tion in a 96-well format."" Many P450s from actinomycetes
belong to the largest bacterial subfamilies CYP105 and CYP107,
which are known to accept and oxidize a variety of chemically
diverse scaffolds e.g. for the diversification of natural products
or the degradation of xenobiotics!” The examples include
among others CYP105D7 from Streptomyces avermitilis, which

1710 @ 2019 The Authors, Published by Wiley-VCH Verlag GmbH & Co. KGaA
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catalyzes oxidation of the natural sesquiterpenoid pentalenic
acid’ and of the non-physiological substrate daidzein;'
CYP107L from Streptomyces platensis, which combines activities
against the drugs amodiaquine, ritonavir, amitriptyline and
thioridazine;" as well as CYP107 (PIdB) and CYP105 (PsmA)
that perform selective hydroxylations during the pladieniolide
D synthesis in recombinant Streptomyces platensis."”

Nevertheless, the identification of activities similar to human
P450s cannot easily be deduced from the sequence or even
structural similarity of P450s. Consequently, extensive screen-
ings are required to identify a desired P450. Testing P450s
towards one or few chemically related drug compounds like
steroids"'' or tricyclic antidepressants'” reveals a correlation
between the enzyme activity/selectivity and the particular drug
compound’s structure. This focused approach has a limitation
as it does not necessarily distinguish between P450s with
narrow and broad substrate spectra. A randomized screening
with various drug compounds facilitates discovery of P450s
with broad substrate spectra as for example described for
CYP267 from S. cellulosum or P450 BM3 variants."¥ But in this
case the effect of small changes in drug structure on the
enzyme activity and selectivity cannot be deduced.

In this study we combined the advantages of both screen-
ing methods aiming at identification and characterization of
drug-metabolizing P450 enzymes from Streptomyces platensis
DSM 40041 and Pseudonocardia autotrophica DSM 535. Both
strains are utilized by pharmaceutical companies for the
oxidation of various drugs."*'" Using substrate profiling with
three model drugs namely ritonavir, testosterone and amitripty-
line in the first step, two P450s from S. platensis with broad
substrate spectra and complementary selectivities were se-
lected. In the second step, these two P450s classified as
CYP105D and CYP107Z were subsequently evaluated against an
array of structurally-related drugs and derivatives of the model
compounds. Besides their extraordinary broad substrate pro-
miscuity, the newly identified P450s produced human drug
metabolites. Following this two-step screening approach, we
recognhized how small variations in structure of the target drugs
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influence chemo- and regioselectivity of the selected P450s.
This correlation will help to reduce future screening efforts for
the identification of a P450 to furnish a certain drug metabolite.

Results and Discussion
Identification of drug-metabolizing P450s

The recently published genomes of Pseudonocardia autotroph-
ica DSM 535 and Streptomyces platensis DSM4004129"" contain
70 cyp genes. 33 of them were found in P. autotrophica and 37
cyp genes in S. platensis. According to the online P450 database
CYPED™! 31 genes belong to the CYP105 and the CYP107
families. Fourteen of those genes (13 of S. platensis and 1 of
P. autotrophica) have been investigated in previous studies."**"
One cyp gene in P. autotrophica has a length of only 378 bp
and was not considered further. The remaining 16 so far
uncharacterized cyp genes were cloned and expressed in E. coli
C43 (DE3) (Table S4). Judging from the CO-difference spectra
that is used as indicator for functional P450 enzymes, all P450s
could be produced in soluble form at concentrations varying
from 13 to 1036 NMOls4s56/gcpw (corresponding to 0.6-48 Mgpyse/
Geow: Figures 51 and S2).

Thirteen P450s expressed in E. coli at concentrations of
above 100 NMolpyse/gepy Were tested in vitro against three
model drugs: the anti-HIV agent ritonavir (1), the steroid
testosterone (7) and the tricyclic antidepressant amitriptyline
(16) (Figure 1). These drugs of various size and shape belong to
different chemical classes. P450 mediated oxidation of the
model drugs was supported by heterologous redox partners,
either flavodoxin YkuN from B. subtilis and flavodoxin reductase
from E. coli (Fdr) or putidaredoxin (Pdx) and putidaredoxin
reductase (Pdr) from P. putida (Figures S3 and S4). Oxidized
products were identified by LC/MS analysis (Figures S5-S36;
Tables 57-531).

Ritonavir (1) is the drug with the highest molecular weight
(720.9 g/mol). This peptide analogue contains many sites for

Amitriptyline (16)

Hydroxylation

{1 product)
Demethylation
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Figure 1. Conversions of the model drugs 1, 7 and 16 and product patterns observed with active P450s. Only P450s showing activities against at least one
drug are shown. The hydroxylation products of substrate 7 are different for different P450s.
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oxidation and is metabolized by human P450s including CYP3A
family members mainly via N-dealkylation leading either to the
loss of the thiazolyl carbamate moiety or of the
isopropylthiazolylmethyl moiety, N-demethylation, and hydrox-
ylation of the isopropyl group of the isopropylthiazolyl moiety
(Scheme 1).22 The second model drug testosterone (7) has a
lower molecular weight (288.4 g/mol). It can be hydroxylated by
human P450s like CYP3A4 or CYP2D6 at different positions
often in both, a-and B-configuration (Scheme 1), and is often
used for evaluation of P450 activity and selectivity."™ The last
model compound, the tricyclic antidepressant amitriptyline (16)
(277.4 g/mol) is primarily oxidized by human CYP2C19 at the
trialkyl moiety to the demethylated product nortriptyline (21)
followed by the hydroxylation to 10-hydroxy-amitriptyline in
(E)-configuration catalyzed mainly by human CYP2D6 and
CYP3A4 (Scheme 1). Other reactions include didemethylation to
desmethylnortriptyline or N- oxidation to amitriptyline N-
oxide*!

The in vitro activity screening revealed seven P450 enzymes
that demonstrated activity against at least one drug compound
(Figure 1). Among them, four P450s from S. platensis (
SPL_00625, SPL_01896, SPL_03767 and SPL_06346) accepted at
least two model drugs as substrates. The active P450s exhibited
different product selectivities. Ritonavir (1) was oxidized by
SPL_00625 and SPL_01896 to the same main hydroxylated
product with >80% regioselectivity. SPL_03767 and SPL_06346
converted 1 with lower activities to form product mixtures with
higher amounts of dealkylated and demethylated metabolites.
Also during oxidation of testosterone (7) SPL_00625 formed
one main hydroxylation product with a regioselectivity of 70%,
while SPL_06346 was less selective and formed a product
mixture (Figure S16). Both P450s were quite active and enabled
almost full conversion of 7. With amitriptyline (16), SPL_00625
showed again the highest regioselectivity of 80% towards
nortriptyline (21) followed by SPL_03767, which formed besides

[~
Amitriptyline (16)

Testosterone (7)

Scheme 1. Chemical structures of the model drugs. Major oxidation sites of
human P450s are highlighted with an arrow. The color code displays either
hydroxylation (red), demethylation (blue), dealkylation (green) or alcohol
oxidation (grey).
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the monodemethylated nortriptyline (56 %) also the didemeth-
ylated product (17%). Since SPL_00625 and SPL_06346 cata-
lyzed oxidation of all model substrates with different regiose-
lectivities, their activity and selectivity were further evaluated in
the second step using a focused substrate library. According to
the CYP nomenclature by Prof. David Nelson, these P450s were
classified as CYP105D (SPL_00625) and CYP107Z (SPL_06346)
(Table S5).2%

Library design for systematic substrate screening

In order to elucidate how variations in structure and size of the
target drug compounds influence enzymes' activity and
selectivity, we followed a systematic screening with either
structurally related compounds for the target drug (anti-HIV
compounds 1-6) or derivatives with differences in functional
groups (steroids 7-15 and tricyclic antidepressants 16-25).
Overall 25 compounds were tested (Scheme 2).

Screening results for anti-HIV compounds

The tested anti-HIV agents 1-6 are bulky, have a high molecular
weight (505.6-720.9 g/mol) and contain a hydroxyethylene
group which is responsible for the inhibition of HIV protease.”
CYP105D and CYP107Z accept all tested compounds 1-6
(Figure 2A). The highest conversion with both P450s was
observed for saquinavir 5 (71% with CYP105D and 97 % with
CYP107Z). CYP105D demonstrated its lowest activity with
darunavir 3 (7% conversion), while the lowest activity of
CYP107Z was measured with atazanavir 4 (21 9% conversion). In
previous studies CYP267B1 and P450 BM3 variants were
reported that enabled in vitro oxidation of anti-HIV compounds
including ritonavir 1 and saquinavir 5. For ritonavir 1 very low
conversions of 1.4% were observed with CYP267B1, while
saquinavir 5 was most efficiently oxidized by the P450 BM3
variant MT35 with 35% conversion."®?¥ Thus, the activities of
CYP105D and CYP107Z are equal or at least 2-3 times higher
than those of previously reported bacterial P450s. Besides, they
accept a broader spectrum of anti-HIV agents.

Analysis of the product patterns revealed that CYP105D
generally seemed more selective but less active than CYP107Z
(Figures S5-513). One major hydroxylated product (50-85% of
the product ratio) was detected after turnover of the anti-HIV
drugs (except for 2) catalyzed by CYP105D. In contrast,
CYP107Z produced with the corresponding drugs not only
hydroxylated but also dealkylated metabolites at higher ratios
(up to 69% of the product ratio). For example, ritonavir
metabolites 1b (Am: —14 Da), 1¢ (Am: —139 Da) and 1d (Am:
—141 Da) had characteristically smaller masses compared to the
substrate.

Recently, our group described nine metabolites of ritonavir
biotransformed by the parent organism of both P450s Strepto-
myces platensis DSM 40041. Metabolites were analyzed by
LC/MS and LC/MS-MS analysis."¥ The observed mass differences
and retention times for 1b-d correspond to the N-dealkylated

1712 @ 2019 The Authors, Published by Wiley-VCH Verlag GmbH & Co. KGaA
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Scheme 2. Substrate library based on derivatives and functionally related compounds of the model drugs ritonavir (1), testosterone (7) and amitriptyline (16).

Differences in structures of the model drugs are highlighted in red.

and N-demethylated metabolites described there (Table 57).
CYP107Z was able to furnish N-demethylated (13% of 1b) and
N-dealkylated (6% of 1c and 5% of 1d) metabolites more
efficiently compared to CYP105D (Table 1). However, a single
hydroxylation product was best accessed with CYP105D (58%).
This product was identified as hydroxy ritonavir (1a) as
deduced from a spiking experiment with an authentic standard
(Figure S6).

ChemCatChem 2020, 12,1710-1719 www.chemcatchem.org

In conversions with amprenavir (2) and darunavir (3)
CYP107Z formed one metabolite (36% and 44 %, respectively)
with the same m/z of 339 (Table S8 and S9). By co-elution with
an authentic standard, this metabolite was identified as 4-
amino-N-((2R,35)-3-amino-2-hydroxy-4-phenylbutyl)-N-isobutyl-
benzenesulfonamide (2a) (Figure S8 and 5$10). This metabolite
is formed through N-dealkylation.
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Figure 2. Overview of the focused substrate screening with CYP105D and CYP107Z. (A) Activity and product selectivity of P450s in reactions with anti-HIV
drugs. (B) Activity and product selectivity of P450s in reactions with steroids. *represents traces of products, which could not be quantified. (C) Activity and

product selectivity of P450s in reactions with tricyclic antidepressants. Under
certain P450 reaction,

All identified metabolites are formed as major metabolites
by human P450s including CYP3A isoforms and CYP2D6.22%"!

Screening results for steroids and glucocorticoids

The tested steroids 7-15 possess a tetracyclic core structure.
They differ in the number and position of hydroxy-, keto-, and
methyl groups and double bonds. Synthetic glucocorticoids like
9, 11-15 have more substituting groups than natural com-

ChemCatChem 2020, 12,1710-1719 www.chemcatchem.org

other oxidations’ all products are summarized, which could not be assigned to a

pounds like 7, 8 or 10 which often leads to increased drug
efficiency.” In human drug metabolism, CYP3A4 is one of the
most  frequently investigated P450s to form steroid
metabolites.*”

Also in case of steroids, the substrate scope of CYP107Z is
generally broader compared to that of CYP105D (Figure 2B,
Figures 514-525). CYP105D converted 7, 8 and 9 to one major
product (>66% of the product ratio) each with high activity
(>85% conversion), but barely or not accepted 10-15 as
substrates. CYP107Z oxidized 7, 8 and 9 nearly completely
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Table 1. Overview of identified metabolite structures in this study. The product percentage was calculated based on the observed peak areas related to the
sum of product peaks areas. The color code highlights the type of P450 reaction depicted in the figures before.

Substrate Reaction type Identified metabolite structure Product percentage [%]
CYP105D CYP107Z
Anti-HIV agents
hydroxylation 1a:
Am: 416 Da 8 30
demethylation 1b:
Am: —14 Da ¢ a2
Ritonavir (1) dealkylation 1¢: s 14
Am: —139 Da
dealkylation 1d:
Am: —141 Da 0 L
Hy
on
H dealkylation 2a:
"T“b Am: —114 Da = 2
= 0
HHy
Amprenavir (2)
[
o=s=o o1
)\/’I‘ NHy
=0 on & dealkylation 2a:
"
" "\n/%& Am: —156 Da 18 69
L} d H 2a
Darunavir (3)
Steroids and glucocorticoids
hydroxylation 7 a: o 6
Am: +16 Da
Testosterone (7) hydroxylation 7 b: e 2
Am: 416 Da
ChemCatChem 2020, 12, 1710-1719 www.chemcatchem.org 1715 @ 2019 The Authors, Published by Wiley-VCH Verlag GmbH & Co. KGaA
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Table 1. continued

o Am: —14 Da

|

Amitriptyline (16)

demethylation 16b:
Am: —28 Da

sulfoxidation 19b:
"4 Am: 4+ 16 Da

Chlorpromazine (19)

Substrate Reaction type Identified metabolite structure Product percentage [%]
CYP105D CYP1072
hydroxylation 14a:
Am: +16 Da 0 o7
Dexamethasone (14)
Tricyclic antidepressants
hydroxylation 16a:
Am: +16 Da 1 12
"/
|
L0
[ OO
demethylation 21: 79 55

N,

180
o
I
L0
er W
H\ 72 36
T/

19b

(>96% conversion), but was less selective than CYP105D. The
corresponding main product accounted for 38-54 % of the total
products (Figure $16-518). In contrast to CYP105D, the sub-
strates 10-13 were clearly oxidized by CYP107Z, though with
low activity (2-32% conversion). Only one main product of
each compound could be detected (Figure S19-522). Remark-
able is the difference in activity of CYP107Z towards dexame-
thasone (14) with a 16a-methyl group at C16 and its epimer
betamethasone (15) carrying the methyl group at C16 in f-
position. Dexamethasone (14) was converted to 60% with 97 %
selectivity to one major product. The activity against betame-
thasone was more than six times lower (9% conversion).

NMR analysis revealed that testosterone (7) was oxidized by
CYP105D mainly to 2B-hydroxytestosterone (7b) (Table 1, Fig-
ure 537), which was confirmed later by spiking with the
authentic reference (Figure S14). This product was also formed
by CYP107Z, but only in traces (Figure S15). The major human
metabolite of 14 is 6f3-hydroxydexamethasone (14a) (Table 1),
which is also formed by CYP107Z as it was deduced from
spiking experiments (Figure 523).7' The preference for the 6f-
position (97%) of 14 with a side chain increased significantly

ChemCatChem 2020, 12,1710-1719 www.chemcatchem.org

compared to the initial model compound 7 (only 6% 6f-
hydroxytestosterone 7a).

Other bacterial P450s including P450 BM3 variants,
CYP106A1, and CYP106A2 were also tested for testosterone and
dexamethasone oxidation. Dexamethasone and prednisolone
were converted by CYP106A1 and CYP106A2 with different
selectivities. While CYP106A2 was selective for the 15f-position,
CYP106A1 oxidized these compounds at position 603, 15 and
11.°” Conversions between 33% and 40% were achieved with
CYP106A1. Compared to the reported CYP106A1, CYP107Z
oxidized dexamethasone with higher activity and selectivity for
the position 6B. Considering the different selectivity of
CYP106A2, the activity and selectivity of CYP107Z against
dexamethasone 14 complement and expand the possibilities
for drug metabolite syntheses starting with other glucocorti-
coids.

P450 BM3 wild type does not accept testosterone, but
variants thereof carrying up to 20 mutations were reported to
perform stereo- and regioselective oxidations of steroids like
testosterone at position 2B, 150 and 16p.74%3"
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Although significant advances have been achieved to
reduce screening efforts among P450 BM3 variants,” the
herein described P450s might represent valuable alternatives
and new targets for protein engineering as they naturally
convert steroids with quite high activity and moderate
selectivity.

Screening results for tricyclic antidepressants

Tricyclic antidepressants including 16-25 can be grouped either
according to the ring arrangement or to the respective side
chain.®? Several human P450s including CYP3A4 and CYP2D6
oxidize these compounds mainly via N-demethylation and
hydroxylation as summarized elsewhere.?*!

CYP105D and CYP107Z accepted nearly all tested tricyclic
antidepressants (Figure 2C). Only carbamazepine (23) and
oxcarbazepine (24), both missing a long alkyl chain, were not
accepted by any P450. Also during oxidation of tricyclic
antidepressants CYP105D was less active than CYP107Z. Gen-
erally, trialkylated amines were better substrates than dialky-
lated amines. CYP107Z oxidized the trialkylated amines 16-20
nearly completely (>95% conversion), while CYP105D showed
2 to 10 times lower activity (10-45% conversion) (Figures 526-
536). Dialkylated antidepressants 21 and 22 were moderately
oxidized by CYP107Z (30-70% conversion), while activity of
CYP105D against these substrates was almost not present (max.
2% conversion). Both, CYP105D and CYP107Z, were able to
produce demethylated metabolites of 16, 17, 18 and 20, which
have a characteristic mass difference of —14 m/z compared to
the substrates (Table 522-528). CYP107Z additionally produced
didemethylated products. Starting from 16, 53% nortriptyline
(21) and 7% desmethylnortriptyline (16 b) were produced as it
was confirmed by co-elution with authentic standards (Fig-
ure 526, Table 1).

Chlorpromazine (19) is an example of a diarylthioether.
Besides demethylation, 19 was converted by both enzymes to
another product having a mass difference of +16 m/z com-
pared to the substrate (Table $25). By co-elution with an
authentic standard, this product was identified as chlorproma-
zine sulfoxide (19 b) (Figure S30).

Also with 16, 17, 18 and 21 a single oxidation product was
formed with both enzymes showing a Am= +16 Da. This
product was absent after conversions of 20 and 22. In
comparison to the other tested antidepressants, cyclobenza-
prine (20) and protriptyline (22) carry an additional double
bond in the central ring between C10 and C11, which has been
reported to hinder the oxidation there."”! This might indicate
that the hydroxylation of 16, 17, 18 and 21 occurs at C10, which
was indeed confirmed for amitriptyline (16) conversion via co-
elution with an authentic standard (Figure 526). The hydroxy
group at C10 of (+)-(E)-10-Hydroxyamitriptyline (16a) is (E)-
configured and matches the preferred position and configura-
tion achieved with human P450s.%* The ability to perform
hydroxylation, sulfoxidation, demethylation, dealkylation and
didemethylation on tricyclic antidepressants has been reported
for other bacterial P450s including P450 BM3 variants or
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CYP267B1 and CYP267A1 from Sorangium cellulosoum So
ce56.71"7182¢ The selectivities and activities to form human drug
metabolites of the described enzymes there are similar to
CYP105D and CYP107Z. However, the screening developed in
this study helps to differentiate P450 enzymes in terms of
activity, chemo- and regioselectivity, thus facilitating the pre-
selection of an appropriate enzyme candidate for other drug
compounds with different modifications of the lead structures.

Conclusions

In summary, a two-step screening approach was applied to
identify P450 candidates that on the one hand accept a broad
range of drugs of various size and chemical structure and on
the other hand demonstrate different selectivities leading to
various metabolites. The identified CYP105D and CYP107Z both
from 5. platensis DSM 40041 are promiscuous bacterial
cytochrome P450 monooxygenases showing complementary
activities and selectivities on chemically diverse drugs. Whereas
CYP105D generally possesses a narrower substrate spectrum
and lower activity than CYP107Z, it shows a higher regioselec-
tivity and allows to produce one main hydroxylated metabolite
of many drugs. For instance 2[-hydroxytestosterone was
formed in the reaction with CYP105D with 70% regioselectivity
after complete conversion, while hydroxy ritonavir was formed
with 86% regioselectivity after a conversion of 70%. CYP107Z
demonstrates a higher preference for N-dealkylation than
CYP105D and thus provide an access to demethylated drug
metabolites. Additionally, CYP107Z catalyzed steroid hydroxyla-
tion with a rather high regioselectivity of up to 97%, for
instance for 6f-hydroxydexamethasone. The design of a
focused substrate library pointed out not only the differences
between both enzymes but also indicated a remarkable overlap
with the substrate and product spectra of human hepatic
P450s. Importantly, the screening of closely related compounds
allowed us to evaluate how small variations in chemical
structures of target drugs can change the respective enzyme
activity and selectivity. This knowledge might reduce future
screening efforts for drugs from the same chemical groups,
which have not been tested with these P450s yet.

Experimental section

Bacterial strains, enzymes and chemicals: E. coli strains DH5a and
BL21 (DE3) were purchased from Clontech, OverExpress C43(DE3)
from Lucigen. Phusion High-Fidelity DNA-polymerase, restriction
endonucleases (Fast Digest variants), FastAP thermosensitive alka-
line phosphatase and T4 DNA-ligase were obtained from Thermo
Scientific. Catalase from bovine liver was obtained from Sigma
Aldrich. Unless indicated otherwise, all chemicals were of analytical
grade or higher and purchased from Sigma Aldrich, VWR,
AppliChem, Carl Roth, BD BioSciences and Griissing. Suppliers of all
tested drugs and respective reference metabolites are listed in
Table S1.

Construction of expression vectors: Genes encoding P450s from 5.
platensis were amplified from genomic DNA and integrated with
conventional cloning methods in expression vectors pET22b,
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pET24b or pET28a using the primers listed in Table 52. The cyps
from P. autotrophica were cloned in pET24b after amplification
from genomic DNA using primers for PCR allowing vector
integration via Gibson Assembly.”” All existing GTG start codons
were replaced by the start codon ATG in the primer sequences. The
sequence for the N-terminal Hisg-tag of cyp705D was inserted after
the start codon following the instructions of the Q5 site-directed
mutagenesis kit (New England Biclabs). The construction of
pPCOLADuet-PP was performed by integrating camA and camB in
MSCI of pCOLADuet-1 via Gibson Assembly.”” DNA Sequences
were confirmed by sequencing (GATC Biotech, Germany).

Gene expression and enzyme preparation: All genes are inte-
grated in vectors allowing expression using the T7-expression
system. P450 genes were expressed in recombinant E. coli C43
(DE3), while redox partner proteins and GDHIV were produced in E.
coli BL21 (DE3). Detailed information on expression and purification
is provided in the Supporting Information (Sl).

Enzyme assays: The P450 concentrations in crude cell extracts or
purified fractions were calculated from CO difference spectra using
the extinction coefficient €,,,=91mM 'em™' as published
elsewhere”" The concentration of tested redox partner proteins
was estimated spectrophotometrically. Concentration of heterolo-
gous redox partners were determined as described in the SI.

Substrate screening: During initial screening, reactions were
performed in 200 pL 50 mM KP, pH 7.5. The tested P450s were
typically applied in form of crude cell extracts, while the tested
redox partner proteins were purified before. Reaction mixtures
contained 2 uM P450, 2 uM Fdr or Pdr, 20 uM YkuN or Pdx, 0.2 mM
NAD(P) " and 200 uM substrate dissolved in either in 2% (v/v)
DMSO (anti-HIV drugs, oxcarbazepine, opipramol and carbamaze-
pine) or 2% (v/v) ethanol (steroids) or deionized water (tricyclic
antidepressants). For NAD(P)H cofactor regeneration, 5 U/mL GDH
with 20 mM glucose was used, while 600 U/mL catalase from
bovine (Sigma Aldrich) was added to eliminate possibly formed
hydrogen peroxide due to uncoupling. The samples were incubated
at 25°C in 2 mL reaction tubes with open lids in a thermomixer
(Eppendorf) with a shaking speed of 300 min~'. After 4h or 20 h
incubation, 4 pL of internal standard (10 mM stock solution in
methanol, DMSO or water) was added. For conversions with tricyclic
antidepressants and Anti-HIV agents, 300puL 0.1 M sodium
carbonate buffer, pH 10 was supplemented to alkalize the solution
for better extraction. Then an appropriate volume of ethyl acetate
was added, the samples vigorously shaken for 5 min and centri-
fuged for 5 min at 12300 g. The organic phase was transferred into
a new reaction tube and evaporated under reduced pressure. The
dried samples were resuspended in methanol (Anti-HIV drugs,
steroids) or water with 20% acetonitrile and 0.1% formic acid
(tricyclic antidepressants) and used for LC/MS-analysis. The given
conversion values are based on substrate depletion with an internal
standard referred to a control reaction with crude cell extract of E.
coli pET24b harboring no P450, If conversions were below 5%, the
sum of product and substrate peaks was used to calculate
conversions. Product distribution was calculated from the sum of
peak areas in the MS or the absorption at 254 nm. Due to the
complex product pattern in some cases, single ion monitoring
analysis was used additionally during MS analysis to distinguish the
product peaks. All measurements represent mean values from
technical duplicates.

Product analysis: Substrate biotransformations were analyzed by
liquid chromatography coupled to mass spectrometry (LC/MS) on a
Prominence/LCMS 2020 device (Shimadzu). A Chromolith® Perform-
ance RP-18e column (100 x4.6 mm, Merck) was used for Anti-HIV
agents and steroids whereas a Chromolith® Performance RP-8e
column (100x4.6 mm, Merck) was applied for tricyclic antidepres-
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sants. Solvent A was always ddH,O with 0.1% formic acid, while
solvent B was either methanol (MeOH) or acetonitrile (ACN). 1 pL of
each sample was injected and analytes were separated with a flow
rate of 0.5-1mL/min at 30°C. The separated compounds were
ionized by electron spray ionization (ESI) and atmospheric pressure
chemical ionization (APCl) in a dual ionization mode. Mass
compounds were detected in positive scan mode in a range
between 150-1000 m/z (Anti-HIV agents), 200-950 m/z (tricyclic
antidepressants) and 100-500 m/z (steroids). A detailed overview
about the chromatographic conditions is given in Table S6.
Products were identified based on retention times, MS spectra and
by spiking of authentic reference compounds to reaction solutions.
NMR-analysis (1D and 2D-spectra) was performed on a Bruker
Avance II-600 spectrometer ('H-NMR: 600 mHz; *C-NMR: 150 mHz).
Chemical shifts (8) are given in ppm and were referred to the
solvent CDCl; (**C: 77.2 ppm; 'H: 7.26 ppm). Coupling constants (J)
are stated in Hz. The NMR data were in accordance with literature
dara.[is]

2f-hydroxytestosterone (7b): '"H NMR (600 MHz, CDCly): & [ppm]
=0.79 (s, 3H, 18-H), 1.05-0.95 (m, 2H, 7-H,, 14-H), 1.13 (d, J=
12.8 Hz, 4.1 Hz, 1H, 12-H,), 1.18 (5, 3H, 19-H), 1.31 (td, J=122 Hz,
5.8Hz, TH, 15 Hg), 1.39 (ddd, J=124, 10,5, 3.9 Hz, 1H, 9-H), 1.48-
1.42 (m, TH, 16 Hy), 1.56-1.48 (m, 2H, 11 Hg, 1 Hy), 1.61-1.56 (m, 1H,
15-H,), 1.70 (dtd, J=12.0, 10.5, 4.1 Hz, 1H, 8-H), 1.83-1.75 (m, 1H,
11-H,), 1.88 (ddd, J=12.8, 4.0, 2.8 Hz, 1H, 12_HH)’ 2.00-1.95 (m, TH,
7 Hg), 2.12-2.03 (m, TH, 16-H,), 2.25 (ddd, J=12.3, 4.3, 2.6 Hz, TH,6-
H,), 247 (dd, J=13.7, 5.5 Hz, 1H,1-H,), 2.53 (dddd, ] =136, 12.3, 5.1,
1.4 Hz, 1H,6-Hy), 3.65 (t, J=86Hz, 1H, 17-H), 4.18 (dd, J=14.0,
5.5Hz, 1H, 2-H,), 5.80 (d, J=1.4Hz, 1H, 4-H). *C NMR (151 MHz,
CDCls): & [ppm]=114 (C-18), 22.7 (C-19), 23.0 (C-11), 23.5 (C-15),
30.6 (C-16), 33.2 (C-6); 34.7 (C-7), 36.1 (C-8),36.6 (C-12), 39.7 (C-1),
41.6 (C 10), 43.6 (C-13), 50.4 (C-9), 50.7 (C-14), 68.7 (C-2), 81.6 (C-17),
118.9 (C-4), 175.3 (C-5), 199.9 (C-3)
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Results: Two-step screening

2.2.1 Supporting information

Supplementary Material and methods

Chemicals

Table S2:Drug substrates, reference substances and respective providers.

Name Manufacturer
substrates

6a-Methylprednisolone; > 98% TCI
Amitriptyline HCl; 298 % Sigma Aldrich
Amprenavir; 2 98% Sigma Aldrich
Atazanavir; 2 98% Sigma Aldrich
Betamethasone; > 98% TCl
Carbamazepine; = 99.0% Sigma Aldrich
Chlorpromazine HCl; > 99 % TCI
Clomipramine HCI; > 98% Sigma Aldrich
Cyclobenzaprine HCl; > 98 % TCI
Darunavir; 2 98% Sigma Aldrich
Dexamethasone; > 98% Sigma Aldrich
Hydrocortisone; 98% Alfa Cesar
Imipramine HCl; 299% Sigma Aldrich
Indinavir sulfate salt hydrate; > 98% Sigma Aldrich
Medrysone; > 95% Cayman Chemical
Nortriptyline HCl; >98% Sigma Aldrich
Opipramol; >99.0% Fluka
Oxcarbazepine; 298 % TCI
Prednisolone; > 99% Sigma Aldrich
Prednisone; > 98% Sigma Aldrich
Progesterone; 299 % AppliChem
Protriptyline HCI; 299% Sigma Aldrich
Ritonavir; 2 98 % TCI
Saquinavir mesylate; > 98% Sigma Aldrich
Testosterone; >98 % Sigma Aldrich
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Results: Two-step screening

Name

Manufacturer

Reference metabolites
16a-Hydroxytestosterone
16B-Hydroxytestosterone
2a-Hydroxytestosterone
2B-Hydroxytestosterone
4-Androstene-3,17-dione
6B-Hydroxydexamethasone
6B-Hydroxytestosterone
Amitriptyline metabolite, (+)-E-10-hydroxylated
Amitriptyline N-oxide
Desmethylnortriptyline

Hydroxy Ritonavir

4-Amino-N-((2R,3S)-3-amino-2-hydroxy-4-phenylbutyl)-

N-isobutylbenzenesulfonamide

Steraloids Inc.
Steraloids Inc.
Steraloids Inc.
Steraloids Inc.
Sigma-Aldrich
Toronto Research Chemicals
Sigma Aldrich
Sigma Aldrich
Toronto Research Chemicals
Toronto Research Chemicals
Toronto Research Chemicals

Toronto Research Chemicals

Oligonucleotides and plasmids

Table S3: Synthetic oligonucleotides for cloning. Restriction sites are underlined; inserted codons are shown in

small letters.
Primer name DNA-sequence (5'-3') Restriction usage
enzymes
F-Ncol-SPL01100 GAGCCCATGGCCAGCACTGAAGAACCAGC
Ncol/Xhol  Amplification of SPL_01100
RC-SPL1100-Xhol GATCCTCGAGTTACCACCTGACGGGCAGTGC
F-Ndel-SPL02318 TATATTCCATATGCCCGTTCGCCGCCCAGCG
Ndel/Xhol  Amplification of SPL_02318
RC-SPL2318-Xhol TAATATCTCGAGTCACTTTCGGCCTCCAGCGTTGCC
F-Ndel-SPL00625 GATGCGCCATATGACCGAAGCCATCCCCTAC .
Ndel/Xhol  Amplification of SPL_00625
RC-SPL0625-Xhol TATATTCTCGAGCTACCAGGCCAGCGGCAG
F-Ndel-SPLO1896 GATCGACCATATGAGTGAAATGGCCGCCATC
Ndel/Xhol  Amplification of SPL_01896
RC-SPL1896-Xhol TATATTCTCGAGCTACCGGGTCGTTTCCGTCC
F-Ndel-SPL03767 GCTCGACCATATGCAGCACGAACAGATCGCACC .
Ndel/Xhol  Amplification of SPL_03767
RC-SPL3767-Xhol TGATCTCTCGAGCTACTCCTTGTCCCAGGTGACGG
F-Ndel-SPLO6346 GCGCGCACATATGTCGGCATTATCCAACTCCC Ndel/Xhol  Amplificati £SPL 06346
RC-SPL6346-Xhol  TATATTCTCGAGTCACCCCAGCCGCAGCGG e/Anol - Amplinication of SFL_
GAAATAATTTTGTTTAACTTTAAGAAGGAGATATA
pet24 AAU00443_f
ATATGATGA A A A
CATATGATGACCGCACCGACCGGAGLGLLCG Ndel/Hindlll  Amplification of AAU_00443

pet24_AAU00443rv
pet24_AAU00941_f
pet24_AAU00941rv

pet24_AAU01045_f
pet24_AAU01045rv

GGTGGTGGTGGTGGTGCTCGAGTGCGGCCGCAA
GCTTTCAGGACAGCAGCACCGGCAGCTCCCC
GAAATAATTTTGTTTAACTTTAAGAAGGAGATATA
CATATGATGACCCCGACCGCCGCCGACGTCACC
GGTGGTGGTGGTGGTGCTCGAGTGCGGCCGCAA
GCTTTCATCCGGTGCCCGTGCGCAGGGGGTAGC
GAAATAATTTTGTTTAACTTTAAGAAGGAGATATA
CATATGATGGACGTCGACACCCGGGACGGCACG
GGTGGTGGTGGTGGTGCTCGAGTGCGGCCGCAA
GCTTTCACCAGGTGACGGGCAGCCGCTCCAGG

Ndel/HindllI

Ndel/Hindlll

Amplification of AAU_00941

Amplification of AAU_01045
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Results: Two-step screening

Primer name

DNA-sequence (5'-3')

Restriction
enzymes

usage

pet24_AAUO01156_f
pet24_AAU01156rv
pet24_AAU01495_f
pet24_AAU01495rv
pet24_AAU01848 f
pet24_AAU01848rv
pet24_AAU02550_f
pet24_AAU02550rv
pet24_AAU03957_f
pet24_AAU03957rv
pet24 AAU05422_f
pet24_AAU05422rv
pet24_AAU05736_f

pet24_AAUO05736_r
F-nHis-SPLO0625

R-nHis-SPLO0625

RC-SPL1896-cHis

RC-SPL3767-cHis

RC-SPL6346-cHis

fw-PP-pCOLADuet

Rv-PP-pCOLADuet

GAAATAATTTTGTTTAACTTTAAGAAGGAGATATA
CATATGATGCAGCAATGCACACCGTGCAGCG
GGTGGTGGTGGTGGTGCTCGAGTGCGGCCGCAA
GCTTTCAGTTCCAGGTGACCGGCAACGAGTGC
GAAATAATTTTGTTTAACTTTAAGAAGGAGATATA
CATATGATGTCCGTCGTACCCCCCGCCGGCTCC
GGTGGTGGTGGTGGTGCTCGAGTGCGGCCGCAA
GCTTTCACAGGATCACCGGCCGGCTCTCCCAGC
GAAATAATTTTGTTTAACTTTAAGAAGGAGATATA
CATATGATGATCACCGCACCGCAGCTGCCCTTCG
GGTGGTGGTGGTGGTGCTCGAGTGCGGCCGCAA
GCTTTCACCAGGTGACCGGCAGCGCCCGC
GAAATAATTTTGTTTAACTTTAAGAAGGAGATATA
CATATGATGGCCAGTGTTGCCGCACCGCACGTCC
GGTGGTGGTGGTGGTGCTCGAGTGCGGCCGCAA
GCTTTCAGGTGCGGAACCGCATCGGCATTCG
GAAATAATTTTGTTTAACTTTAAGAAGGAGATATA
CATATGATGCATGCGTCCGATTCCCCAGACCCC
GGTGGTGGTGGTGGTGCTCGAGTGCGGCCGCAA
GCTTTCAACGCAATGAGGGCCGTTCGGCCG
GAAATAATTTTGTTTAACTTTAAGAAGGAGATATA
CATATGATGGGCGGGGCGCACGCCGGC
GGTGGTGGTGGTGGTGCTCGAGTGCGGCCGCAA
GCTTTCACCTGGCCGCCGGTCCCGTTGCG
GAAATAATTTTGTTTAACTTTAAGAAGGAGATATA
CATATGATGACGACCGTCGACGAGTTCCCGC
GGTGGTGGTGGTGGTGCTCGAGTGCGGCCGCAA
GCTTTCACCAGGTCACCGGAAGCTGGTGC

caccaccacACCGAAGCCATCCCCTAC

atgatgatgCATATGTATATCTCCTTCTTAAAGTTAAA

CAAAATTATTTC

TATATTCTCGAGCCGGGTCGTTTCCGTCCAGG

TGATCTCTCGAGCTCCTTGTCCCAGGTGACGG

TATATTCTCGAGCCCCAGCCGCAGCGGCAG

CAATTCCCCTGTAGAAATAATTTTGTTTAACTTTAA
TAAGGAGATATACCATGGCTTCTAAAGTAGTGTAT

GTGTCACATG

CAAGCTTGTCGACCTGCAGGCGCGCCGAGCTCGA
ATTCGGATCCTCAGGCACTACTCAGTTCAGCTTTG

Ndel/Hindlll

Ndel/HindllI

Ndel/Hindlll

Ndel/HindllI

Ndel/Hindlll

Ndel/Hindlll

Ndel/HindllI

Ndel/Xhol

Ndel/Xhol

Ndel/Xhol

Ndel/Xhol

Ncol/BamHI

Amplification of AAU_01156

Amplification of AAU_01495

Amplification of AAU_01848

Amplification of AAU_02550

Amplification of AAU_03957

Amplification of AAU_05422

Amplification of AAU_05736

Insertion of N-terminal Hisg-
tag for SPL_00625

Primer without stop codon
of SPL_01896, used for
addition of a C-terminal
Hisg-tag

Primer without stop codon
of SPL_03767, used for
addition of a C-terminal
Hisc-tag

Primer without stop codon
of SPL_06346, used for
addition of a C-terminal
Hisg-tag

Insertion of camA und camB
in pCOLA-Duetl
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Results: Two-step screening

Table S4: Plasmids used in this study.

genes with EMBL bank

vector (internal number) number vector properties reference/source
PET22b(+) P15, lacl, pBR322 ori, ApR Novagen
Py, lacl, pBR322 ori,
PET24b(+) / Km"® Novagen
pET28a(+) P17, lacl,pBR322 ori, Km" Novagen
pCOLADuet-1 P17, lacl,pCOLA ori, Km® Novagen
SPL_00625 = cypl05D SPL_00625 (Ndel,Xhol) _, .
PET24b-SPL_00625 (THI 09) (EMBL-Bank: OSY47991) cloned in pET24b This work
SPL_01100 SPL_01100 (Ncol,Xhol) _. .
PET28a-SPL_01100 (THI 10) (EMBL-Bank: OSY47382) cloned in pET28a This work
SPL_01896 = cypl05AA SPL_01896 (Ndel,Xhol) _. .
PET24b-SPL_01896 (THI 11) (EMBL-Bank: OSY46529) cloned in pET24b This work
SPL_02318 SPL_02318 (Ndel,Xhol) _, .
PET24b-SPL_02318 (THI 07) (EMBL-Bank: OSY46350) cloned in pET24b This work
SPL_03767 = cyplO5AC SPL_03767 (Ndel,Xhol) _, .
PET24b-SPL_03767 (THI 13) (EMBL-Bank: OSY44745) cloned in pET24b This work
SPL_ 06346 =  cypl07Z SPL_06346 (Ndel,Xhol) _. .
PET24b-SPL_06346 (THI 16) (EMBL-Bank: OSY37796) cloned in pET24b This work
AAU_00443
AAU_00443 N
pET24b-AAU_00443 (FLB 02) y ) (Ndel,Hindlll) cloned in This work
(EMBL-Bank: OSY43500) pET24b
AAU_00941
pET24b-AAU_00941 (FLB 03) éﬁgﬁ%ﬁi}( 05Y43336) (Ndel,Hindlll) cloned in This work
‘ pET24b
AAU_01045
AAU_01045 N
pET24b-AAU_01045 (FLB 04) y ) (Ndel,Hindlll) cloned in This work
(EMBL-Bank: OSY42804) pET24b
AAU_01156
pET24b-AAU_01156 (FLB 05) &?\;Jgﬁtiii 05Y42914) (Ndel,HindlIll) cloned in This work
' pET24b
AAU_ 01495
AAU_01495 N
pET24b-AAU_01495 (FLB 06) y ) (Ndel,Hindlll) cloned in This work
(EMBL-Bank: OSY42000) pET24b
AAU_01848
pET24b-AAU_01848 (FLB 07) éﬁgﬁtﬁiﬁ 05Y41819) (Ndel,Hindlll) cloned in This work
' pET24b
AAU_02550
pET24b-AAU_02550 (FLB 08) &'?\;Jgﬁéii?( 05Y40792) (Ndel,Hindlll) cloned in This work
' pET24b
AAU_03957
AAU_03957 N
pET24b-AAU_03957 (FLB 09) y ) (Ndel,Hindlll) cloned in This work
(EMBL-Bank: OSY38754) pET24b
AAU_05422
pET24b-AAU_05422 (FLB 10) &ﬁgﬁ;ﬁiﬁ 05Y36345) (Ndel,HindlIll) cloned in This work
' pET24b
AAU_05736
AAU_05736 - . .
pET24b-AAU_05736 (FLB 11) (EMBL-Bank: 0SY35899) (Ndel,HindlIl) cloned in This work

pET24b
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Results: Two-step screening

vector (internal number)

genes with EMBL bank

vector properties

reference/source

number
ykuN with N-terminal ykuN-nHis;q (Xhol,
PET16b-YkuN-nHis,o (THI 23) Hisyo-tag BamHlI) cloned in Girhard, etal.
(EMBL-Bank: CAA10877) pET16b

pET11a-Fdr-nHisg (THI 25)

fdr with N-terminal Hisg-tag
(EMBL-Bank: L04757)

fdr-nHisg (Ndel, BamH]I)
cloned in pET11a

Bakkes, et al. e

camA with N-terminal
pPET28a-camA-nHisg (THI 01) Hisg-tag Elaor:/:d in(NI(Ej'I?gsa EcoRI)
(EMBL-Bank: BAAQ0413) P Girhard, et al, ©
camB with N-terminal
pPET28a-camB-nHisg (THI 02) Hisg-tag zror:gd in(NI(Ej'(I'a;sa EcoRI)
(EMBL-Bank: BAA00414) P Girhard, et al.
) gdhlV  (Ndel, Xhol)
pET22b-gdhIV (THI 41) gdhlV (EMBL-Bank: D10626) ' . DET22b Le-Hu et al.
pET24b-SPL_00625-nHisg cypl05D with N-terminal SPL_00625-nHise . .
(THI31) His-ta (Ndel,Xhol) cloned in This work
6138 PET24b
. .. SPL_01896-cHisg
pET24b-SPL_01896-cHis, (THI34) ;’;SI_S:AA with - C-terminal -\ /0l Xhol) cloned in This work
6738 ET24b
. .. SPL_03767-cHisg
105A h C- | 2=
PET24b-SPL_03767-cHiss (THI36) )* 335 € with Cterminal (el Xhol) cloned in  This work
67138 OET24b
. .. SPL_06346-cHisg
pET24b-SPL_06346-cHis, (THI40) ;’;51_337 Z  with  Cterminal -\ 10\ Yhol) cloned in This work
6138 PET24b
SPL_00625 (Ndel,Xhol) _ .
pET22b-SPL_00625 (THI 78) cypl05D cloned in pET22b This work
camA and camB (MCSI:
pCOLADuet-PP (THI 87) camA and camB Ncol, BamHI) cloned in This work

pETDuet-slic-PP

camA and camB

pCOLADuetl

camA and camB (MCSI)
cloned in  modified
pETDuetl

Florian Tieves
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Classification of the P450 genes

Novel P450s were selected using the Cytochrome P450 Engineering database (CYPED) and
classified according to the CYP nomenclature from David Nelson (Table S4; $5).°) According
to the nomenclature, cyp sequences with more than 40 % sequence identity belong to the
same family, while a sequence identity higher than 55 % is the threshold for P450s belonging
to the same subfamily. Genes with lower sequence identities than 40 % are referred as
“CYP-like” genes. The P450 sequences were classified as accurately as possible following a
two-step protocol. First, the sequences were grouped into the CYP-family using CYPED. In
order to find an already existing CYP-subfamily, the sequences were then manually aligned
with ClustalOmega applying the reference sequences of David Nelson’s ‘Cytochrome P450

homepage’.

Table S5: CYP105 and CYP107-members from S. platensis and P. autotrophica with their closest homologous.
Reference sequences are extracted from the ‘Cytochrome P450 homepage’.

Gene name closest sequence identity to: identity [%] suggested CYP-classification:
SPL_00625 CYP105D8 from Str.eptomyces tubercidicus 85 CYP105D
strain 1-1529
SPL_01896 CYP105AAS5 from Streptomyces lydicus 88 CYP105AA
CYP105AC1 from Saccharopolyspora
PL 03767 YP105A
SPL_0376 erythraea NRRL23338 69 CYP105AC
CYP10729 from Streptomyces tubercidicus
SPL_06346 strain NRAA-7027 99 CYP107Z9v2
AAU_01045 CYP107AL1 from Streptomyces scabies 63 CYP107AL
CYP107AQ1 from Saccharopolyspora
AAU_03957 62 CYP107A
- erythraea NRRL23338 Q
AAU_05736 CYP105AB3 frf)m Nonomuraea 58 CYP107AB
recticatena

SPL_01100 CYP107 53 new subfamily of CYP107
SPL_02318 CYP105 52 new subfamily of CYP105
AAU_00443 CYP107 51 new subfamily of CYP107
AAU_00941 CYP107 44 new subfamily of CYP107
AAU_01156 CYP105 49 new subfamily of CYP105
AAU_05422 CYP107 51 new subfamily of CYP107
AAU_01495 CYP107-like 38 /
AAU_01848 CYP107-like 39 /
AAU_02550 CYP107-like 31 /
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Table S6: Sequence identity of drug metabolizing P450s from S. platensis compared to members of their
subfamily. Reference sequences are extracted from the ‘Cytochrome P450 homepage’.

P450 name SPL_06346 P450 name |SPL_00625 | P450 name | SPL_01896 P450 name | SPL_03767
saAcmM 68 CYP105D6 57 CYP105AA1 55 CYP105AC1 69
CYP10771 67 CYP105D9 54 CYP105AA7 73 SPL_03767 100
CYP107Z2v2 68 CYP105D1 66 CYP105AA4 81
CYP107Z2v1 67 CYP105D2 67 CYP105AA6 85
CYP10z13 74 SPL_00625 100 CYP105AA3 86
CYP107Z3 75 CYP105D8 85 CYP105AA2 86
CYP107z4 81 CYP105D7 70 CYP105AA5 88
CYP10Z75v3 82 CYP105D4 66 SPL_01896 100
CYP107Z5v2 82 CYP105D5 66
CYP107Z5v1 82 CYP105D3 77
CYP107712 85
CYP107711 84
CYP107Z10 84
CYP107Z6 85
SPL_06346 100
CYP107Z9 99
CYP107Z8 90
CYP107Z7 88

Gene expression and purification

P450s

For expression of P450 genes, 50 mL TB-medium with 30 pg/mL kanamycin were inoculated
to an ODggo of 0.05 with an overnight culture of the respective E. coli C43 (DE3) strain. The
cultures were grown in 500 mL flasks at 37 °C and 180 rpm for 3 h. Expression of the target
genes was induced by adding 500 uM isopropyl-B-D-thiogalactopyranoside (IPTG). Further,
500 uM 5-aminolevulinic acid (5-ALA) was added. Then, all cultures were incubated at 25 °C
and 180 rpm for 20 h. Cells were harvested via centrifugation (5251 g, 4 °C min. 15 min) and
resuspended in 5 mL 50 mM potassium phosphate buffer (KPi) pH 7.5 with 0.1 M
phenylmethylsulfonyl fluoride (PMSF) and disrupted by sonication (Branson Sonfier 250; 3 x
2 min, 40 % amplitude, duty cycle 4). The soluble fraction (crude cell extract) was collected
after centrifugation (40.000-50.000 g, 25 min and 4 °C) and frozen in small aliquots of 0.5 — 1
mL. In order to refer the P450 amount to the cell dry weight (CDW), 3 x 200 pL cell
suspension were transferred to 1.5 mL reaction tubes before sonication and centrifuged for
2 min at 13.200 g. The supernatant was discarded and the cell pellets dried at 60 °C for at
least 48 h before weighing. The determination of all P450 concentrations is based on at least

two independent cultivations.
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The expression of P450 mutants with a Hisg-tag was performed on 400 mL scale in 2 L
shaking flasks with the same conditions as described before. After centrifugation for 30 min
at 2831 g and 4 °C cell pellets were resuspended in equilibration buffer (50 mM KPi, pH 8
supplemented with 500 mM NaCl and 0.1 M PMSF) and disrupted by sonication (5 x 2 min)
or in 3 consecutive runs at 1.35 kbar in a high pressure homogenisator (Cell Disruption
System, Constant Systems Limited). Next to the centrifugation, the crude cell extract was
filtered with a 0.45 um syringe filter (GE healthcare) and loaded on two HisTrap FF crude
columns in series (5 mL, GE-Healthcare), which was connected to an AKTA purifier 10 liquid
chromatography system (GE Healthcare). After washing steps with equilibration buffer and
washing buffer containing imidazol concentrations up to 80 mM, the elution of the target
protein was performed with buffer containing 300 mM imidazole. The elution fractions
containing the target enzyme were pooled, concentrated to a volume of less than 3 mL
(membrane cut-off 10 kDa) and then desalted using a Econo-Pac® 10DG Desalting gravity
column (Bio-rad) according to the manufacturer’s manual. The purified enzyme was eluted
from the column with 50 mM KPi containing 5 % glycerol and 50 mM NacCl, aliquoted in
portions of 100-500 uL and stored at - 20 °C until further use.

GDH and redox partner proteins

Gene expression and purification of the redox partner proteins YkuN and Fdr was carried out
as described previously.m] The redox partners Pdr and Pdx were expressed in recombinant
E. coli BL21 (DE3) using plasmids described in previous studies®.The expression of pdx and
pdr was conducted in the same manner as for the P450s, while purification was carried out
as described by Worsch and co-workers.”! The gene encoding GDHIV from B. megaterium
was expressed as described elsewhere™ and optionally purified via salt precipitation and
heat treatment .,

Pdr (€480 =8.5 mM™t em™: £450 =10 MM cm?) €374 =9.7 mM™ cm'l) and Pdx (g415 =11.1 mM™?
cm'l, €455 =10.4 mMm™? cm'l) was calculated as the average concentration from various
wavelength-specific extinction coefficients.”” The concentration of Fdr and YkuN was based

on their extinction coefficients €456= 7.1 MM ™ cm™ and g4¢;= 10 mM™* cm 1[0

Isolation of 2B-hydroxytestosterone for structure elucidation

Whole-cell biotransformations on a semipreparative scale were performed in 10 mL reaction
volume in 100 mL flasks. As model reaction the conversion of 1 mM testosterone (in 2 %
(v/v) ethanol) was conducted with E. coli C43 (DE3) pET22b-SPL_00625 + pCOLADuet-PP in
220 mL total volume. The genes were integrated in a two-plasmid system in E. coli C43 (DE3)
as described previously.m The cyp genes were cloned in the pET22b vector, while the redox
partner genes were integrated in pCOLADuet-1. Main cultures of the P450 whole cell
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biocatalysts were prepared analogous to the expression cultures when P450s were produced
singularly. After expression induction with 0.5 mM IPTG, cultures were incubated at 20 °C
and 140 rpm for 20 h. Cell pellets obtained after centrifugation were washed with PSE-buffer
(6.75 g/L KH,PQy4, 85.5 g/L sucrose, 0.93 g/L EDTA-Na,*2 H,0, pH 7.5), adjusted to a cell wet
weight (CWW) of 100 mg/mL and stored at -20 °C. After thawing, 50 mg/mL (CWW) resting
cells were mixed with 1 x nutrient solution (6 mM glucose, 6 mM lactose and 12 mM citrate
in PSE-buffer) and substrate. Next, the reaction mixture was incubated at 25 °C and 200 rpm
shaking frequency (shaking incubator, Infors HT). Samples for LC/MS analysis were taken
both at the beginning and after incubation. After 20 h, 20-30 mL reaction volume were
extracted twice with 25 mL ethyl acetate, combined, dried over MgSO, and evaporated
under reduced pressure. Products were isolated on a silica column via flash column
chromatography (ethyl acetate: n-hexane = 4:1). 6.6 mg 7b was isolated as white-yellow
solid with 2 95 % purity (PDA) (10 % isolated yield).
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Chromatographic conditions for LC/MS analysis

Table S7: Chromatographic conditions for the LC/MS-analysis of the drugs and their metabolites.

Internal
Compound Solvent program Reference
standard
Gradient from 30 % B to 80 % B for 20 min, then gradient from 80
% B to 100 % B for 1 min, hold 100 % B for 1 min, equilibration at | Worsch et
1 Darunavir -
30 % B for 5 min al., 2018
Solvent B: methanol
Gradient from 20 % B to 75 % B for 20 min, then gradient from 75
% B to 100 % B for 1 min, hold 100 % B for 1 min, equilibration at
2,3 Rupintrivir This work
20 % B for 5 min
Solvent B: methanol
Gradient from 40 % B to 60 % B for 20 min, then gradient from 60
% B to 100 % B for 1 min, hold 100 % B for 1 min, equilibration at
5 Rupintrivir This work
40 % B for 5 min
Solvent B: methanol
Gradient from 40 % B to 55 % B for 20 min, then gradient from 55
% B to 100 % B for 1 min, hold 100 % B for 1 min, equilibration at
6 Amprenavir This work
55 % B for 5 min
Solvent B: methanol
Gradient from 40 % B to 70 % B for 20 min, then gradient from 70
% B to 100 % B for 1 min, hold 100 % B for 1 min, equilibration at
4 Ritonavir This work
40 % B for 5 min
Solvent B: methanol
Progesterone Modified
Gradient from 10 % B to 75 % B for 10 min, hold 75 % B for 5 min,
(7,9-15) according to
7-15 equilibration at 10 % B for 5 min
Triamcinolone von Bluhler,
Solvent B: methanol 1
(8) 2013
Oxcarbazepine
Gradient from 23 % B to 33 % B for 10 min, hold 100 % B for 1
17-25 (16-23)
min, equilibration at 23 % B for 4 min This work
(except 18) Amitriptyline
Solvent B: acetonitrile
(24-25)
Gradient from 28 % B to 38 % B for 10 min, hold 100 % B for 1
18 Oxcarbazepine min, equilibration at 38 % B for 4 min This work

Solvent B: acetonitrile
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Supplementary Results

Gene expression in E. coli C43 (DE3)

S. platensis
1500+ P.autotrophica

P450-concentration
[nmol/gcpwl

©
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&
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Figure S1: P450 concentrations achieved in E. coli C43 (DE3). Genes from S. platensis are shown in green;
genes from P. autotrophica in blue. Measurements represent mean and standard deviation from two

independent cultivations. Data were plotted with GraphPad Prism
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Figure S2: CO-difference spectra of the investigated P450s from S. platensis (SPL) and P. autotrophica (AAU).
Data were plotted with GraphPad Prism



Results: Two-step screening

Identification of suitable redox partners for every reaction set up

For identification of the optimal redox partner pair for every model substrate class, purified
P450s were tested for the compounds 1, 7 and 16 with the redox partner proteins flavodoxin
from B. subtilis (YkuN) and flavodoxin reductase (Fdr) from E. coli or putidaredoxin (Pdx) and
putidaredoxin reductase (Pdr) from P. putida. The proteins were either highly enriched or
purified up to 97 % purity as it was deduced from SDS-PAGE analysis (Figure S4). The redox
partner/P450 combination, which yielded the highest conversion, was used for the
systematic substrate screening described in the main paper.
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Figure S3: Comparison of conversions [%] with P450s from S. platensis with different redox partners for the
model substrates ritonavir, amitriptyline and testosterone. Reaction conditions: Conversion of 0.2 mM
substrate (in 2 % co-solvent) with 2 uM purified CYP, 10 uM YkuN or Pdx, 2 uM Fdr or Pdr (ratio 1:10:1) and
120 U catalase. Cofactor regeneration of NAD(P)" by 1 U GDH from B. megaterium with 20 mM glucose. The
conversion was performed for 4 h (amitriptyline) or 20 h (testosterone, ritonavir) in 200 uL 50 mM phosphate
buffer, pH 7.5 in 2 mL reaction tubes with open lids at 25 °C and 300 rpm in Eppendorf shakers. Due to high
activity of SPL_00625 against testosterone, 1 mM substrate was used. Conversions are based on the amount of
the ratio between the substrate and an internal standard. Measurements are means of technical duplicates.
Data were plotted with GraphPad Prism
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CYPs from S.platensis

redox partner proteins
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Figure S4: SDS-PAGE analysis of all enzymes used for the redox partner identification experiments. The purity
of the target enzymes was between 45 % (Pdx) and 97 % (Fdr) as it was deduced from ImageJ (Rasband WS)

analysis.
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Results: Two-step screening

LC/MS-data

Anti-HIV agents

Table S8: Product analysis of ritonavir (1). For unidentified products only the retention time and main
m/z-value in LC/MS analysis is stated.

Retention

Compound time [min] Molecular weight [g/mol] Am reaction/product reference
Ritonavir (1) 19.0 720.9 0
main hy(dl;")"y'a“°” 15.6 736.9 +16 hydroxy ritonavir C‘S’;‘;n’“ de;f('ja'
LC-MS-MS
. N-demethylation of methyl urea da.|ta
demethylation (1b) 17.9 706.9 -14 . published
nitrogen .
in Worsch
etal.”
dealkylation (1c) 13.6 581.7 1;’9 N-dealkylation on carbamid group LC-(I;Q?;MS
published
dealkylation (1d) 145 579.8 12‘1 N-dealkylation on carbamid group in Worsch
etal.”
double oxidation (1 e) 14.0 +32 LC-MS-MS
data
S 752 double oxidation products published
double oxidation (1 f) 14.1 +32 in Worsch
etal.”
LC-MS-MS
single oxidation and data
. 14.7 722.9 +2 demethylation product of 1a published
demethylation (1 g) .
in Worsch
etal.”
other oxidation Retention time ([M+H]" ; Am):10.9 min (m/z 597; -125); 16.5 min (m/z :722; ¥0 ); 16.9 min (m/z

products (unidentified) 736; +16); 17.3 min (m/z 718;-4)
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Figure S5: LC/MS-chromatograms for the conversion of ritonavir (1) in the initial screening. Rit: Ritonavir, IS:

internal standard darunavir.
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Figure S6: Identification of hydroxy ritonavir as a product via spiking of an authentic reference compound.
Rit: ritonavir IS: internal standard darunavir. Black: conversion of ritonavir with CYP107Z, pink: conversion of
ritonavir with CYP107Z spiked with hydroxy ritonavir.

Table S9: Product analysis of amprenavir (2). For unidentified products only the retention time and main
m/z-value in LC/MS analysis is stated.

Retention . .
Compound time [min] Molecular weight [g/mol] Am reaction/product reference
Amprenavir (2) 15.7 505.6 0
4-amino-N-((2R,35)-3-amino-2- commercial
dealkylation (2a) 10.9 391.5 -114 hydroxy-4-phenylbutyl)-N-
. . standard
isobutylbenzenesulfonamide
single oxidation (2b) 12.5 521.6 +16 proposed: hydroxylation
single oxidation (2c 12.2 521.6 +16 proposed: hydroxylation
single oxidation (2d) 13.0 521.6 +16 proposed: hydroxylation
single oxidation (2e) 15.2 521.6 +16 proposed: hydroxylation
single oxidation (2f) 15.3 521.6 +16 proposed: hydroxylation

other oxidation
products
(unidentified)

Retention time ([M+H]* ; Am): 11.2 min (m/z 521; +14); 13.0 min (m/z :505; -2 ); 13.7 min (m/z 521;
+14); 13.8 min (m/z 525;+18), 14.0 min (m/z 505;-2), 14.2 min (m/z 505;-2),
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Figure S7: LC/MS-chromatograms for the conversion of amprenavir (2). Amp: Amprenavir, IS: internal
standard rupintrivir.
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Figure S8: Comparison of the commercial product standard 4-Amino-N-((2R,3S)-3-amino-2-hydroxy-4-
phenylbutyl)-N-isobutylbenzenesulfonamide with the conversion of amprenavir (2). Amp: amprenavir, IS:
internal standard rupintrivir. Black: control reaction without P450, pink: conversion of amprenavir with
CYP107Z, pink: 4-Amino-N-((2R,3S)-3-amino-2-hydroxy-4-phenylbutyl)-N-isobutylbenzenesulfonamide.

Table S10: Product analysis of darunavir (3). For unidentified products only the retention time and main
m/z-value in LC/MS analysis is stated.

Retention . .
Compound time [min] Molecular weight [g/mol] Am reaction/product reference
Darunavir (3) 15.8 547.7 0
4-Amino-N-((2R,3S)-3-amino-2- commercial
dealkylation (2a) 10.9 391.5 -156 hydroxy-4-phenylbutyl)-N-
. . standard
isobutylbenzenesulfonamide
single oxidation (3b) 12.5 563.7 +16 proposed: hydroxylation
single oxidation (3c) 13.3 563.7 +16 proposed: hydroxylation
single oxidation (3d) 14.1 563.7 +16 proposed: hydroxylation
single oxidation (3e) 145 563.7 +16 proposed: hydroxylation
single oxidation (3f) 15.4 563.7 +16 proposed: hydroxylation
double oxidation (3g) 8.1 407.5 -140 proposed: hydroxylation of 2a
double oxidation (3h) 10.2 407.5 -140 proposed: hydroxylation of 2a
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Figure S10 Comparison of the commercial product standard 4-Amino-N-((2R,3S)-3-amino-2-hydroxy-4-
phenylbutyl)-N-isobutylbenzenesulfonamide with the conversion of darunavir (3). Dar: darunavir, IS: internal
standard rupintrivir. Black: control reaction without P450, pink: conversion of darunavir with CYP107Z, pink:
4-Amino-N-((2R,3S)-3-amino-2-hydroxy-4-phenylbutyl)-N-isobutylbenzenesulfonamide.
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Table S11: Product analysis of atazanavir (4). For unidentified products only the retention time and main
m/z-value in LC/MS analysis is stated.

Retention
Compound time Molecular weight [g/mol] Am reaction/product
[min]
Atazanavir (4) 18.2 704.9 0
single oxidation (4a) 13.2 720.9 +16 proposed: hydroxylation
single oxidation (4b) 13.7 720.9 +16 proposed: hydroxylation
single oxidation (4c) 16.3 720.9 +16 proposed: hydroxylation
dealkylation (4d) 9.0 646.9 58 proposed: N-dealkylation on
carbamid group
dealkylation (4e) 9.8 646.9 58 proposed: N-dealkylation on
carbamid group
double oxidation (4f) 14.5 718.9 +14 proposed: hydroxylation and follow
’ ) up oxidation of a hydroxy group
double oxidation (4g) 15.8 718.9 +14 proposed: hydroxylation and follow
’ ) up oxidation of a hydroxy group
double oxidation (4h) 16.9 718.9 +14 proposed: hydroxylation and follow
’ ) up oxidation of a hydroxy group
double oxidation (4i) 19.3 718.9 +14 Proposed: hydroxylation and follow
’ ' up oxidation of a hydroxy group
double oxidation (4j) 8.9 736.9 +32 proposed: double hydroxylation
double oxidation (4k) 9.3 736.9 +32 proposed: double hydroxylation
double oxidation (4l) 10.4 736.9 +32 proposed: double hydroxylation
double oxidation (4m) 11.8 736.9 +32 proposed: double hydroxylation
double oxidation (4n) 12.4 736.9 +32 proposed: double hydroxylation
double oxidation (40) 13.6 736.9 +32 proposed: double hydroxylation
double oxidation (4p) 14.9 736.9 +32 proposed: double hydroxylation
double oxidation (4q) 16.5 736.9 +32 proposed: double hydroxylation
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Figure S11: LC/MS-chromatograms for the conversion of atazanavir (4). Ata: Atazanavir, IS: internal standard
ritonavir.

Table S12: Product analysis of saquinavir (5). For unidentified products only the retention time and main
m/z-value in LC/MS analysis is stated.

Retention

Compound time [min] Molecular weight [g/mol] Am reaction/product
Saquinavir (5) 19.0 670.8 0

single oxidation (5a) 12.6 686.8 +16 proposed: hydroxylation
single oxidation (5b) 13.5 686.8 +16 proposed: hydroxylation
single oxidation (5c) 14.6 686.8 +16 proposed: hydroxylation
single oxidation (5d) 15.4 686.8 +16 proposed: hydroxylation
single oxidation (5e) 16.9 686.8 +16 proposed: hydroxylation
single oxidation (5f) 18.6 686.8 +16 proposed: hydroxylation
double oxidation (5g) 5.9 702.8 +32 proposed: double hydroxylation
double oxidation (5h) 6.9 702.8 +32 proposed: double hydroxylation
double oxidation (5i) 8.0 702.8 +32 proposed: double hydroxylation
double oxidation (5j) 8.8 702.8 +32 proposed: double hydroxylation
double oxidation (5k) 9.7 702.8 +32 proposed: double hydroxylation
double oxidation (5I) 11.2 702.8 +32 proposed: double hydroxylation
double oxidation (5m) 13.2 702.8 +32 proposed: double hydroxylation
double oxidation (5n) 14.1 702.8 +32 proposed: double hydroxylation
double oxidation (50) 16.3 702.8 +32 proposed: double hydroxylation
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Figure S12: LC/MS-chromatograms for the conversion of saquinavir (5). Saqu: Saquinavir, IS: internal standard
rupintrivir.
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Table S13: Product analysis of indinavir (6). For unidentified products only the retention time and main
m/z-value in LC/MS analysis is stated.

Retention

Compound time [min] Molecular weight [g/mol] Am reaction/product
Indinavir (6) 9.5 613.8 0
single oxidation (6a) 4.5 629.8 +16 proposed: hydroxylation
single oxidation (6b) 5.4 629.8 +16 proposed: hydroxylation
single oxidation (6c) 6.5 629.8 +16 proposed: hydroxylation
single oxidation (6d) 10.5 629.8 +16 proposed: hydroxylation
single oxidation (6e) 12.1 629.8 +16 proposed: hydroxylation
dealkylation (6f) 10.2 522.7 -91  proposed: N-depyridomethylation
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Figure S13: LC/MS-chromatograms for the conversion of indinavir (6). Ind: Indinavir, IS: internal standard
amprenavir.
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Steroids and glucocorticoids

Table S14: Product analysis of testosterone (7). For unidentified products only the retention time and main

m/z-value in LC/MS analysis is stated.

Retention
Compound time Molecular weight[g/mol] Am reaction/product reference
[min]
Testosterone (7) 12.2 288.4 0
6B-Hydroxytestosterone (7a) 10.0 304.4 +16 hydroxylation at C-6 in commercial
y y ' ’ B-position standard
hydroxylation at C-2 in commercial
2B-Hydroxytestosterone (7b) 11.3 304.4 +16 B-position, main product of standard
SPL_00625
h lati -161i ial
16B-Hydroxytestosterone (7c) 10.9 304.4 +16 ydroxy atlo.n.at ¢-16in commercia
B-position standard
4-Androstene-3,17-dione (7d) 11.8 286.4 ) oxidation to ketone at C-17, commercial
! ' ’ main product of AAU_01848 standard
hydroxylation at unknown
Hydroxylation product (7e) 9.6 304.4 +16 position, main product of
SPL_06346
Hydroxylation product (7f) 9.8 304.4 +16 hydroxylatloh 'at unknown
position
h lati k
Hydroxylation product (7g) 10.3 304.4 +16 ydroxy atloh .at unknown
position
h lati k
Hydroxylation product (7h) 10.8 304.4 +16 ydroxy at|0|.'1 'at unknown
position
Hydroxylation product (7i) 11.0 304.4 +16 hydroxylatloh 'at unknown
position
Oxidation product (7)) 11.7 286.4 -2 proposed: oxidation to ketone
: |
Double oxidation product (7k) 7.3 320.4 +32 proposed d(?Ub €
hydroxylation
Double oxidation product (71) 8.2 3204 +32 proposed: dc?uble
hydroxylation
Double oxidation product (7m) 9.3 320.4 +32 proposed: dc?uble
hydroxylation
: |
Double oxidation product (7n) 9.8 320.4 +32 proposed d(?Ub €
hydroxylation
Double oxidation product (7m) 10.5 320.4 +32 proposed: double

hydroxylation

Other oxidation products
(unidentified)

Retention time ([M+H]" ; Am): 8.0 min (m/z 375;+87); 9.9 min (m/z=303;+15)

10.1 min (m/z=303;+15);10.2 min (m/z =303; +15)

62



Results: Two-step screening

1,6
Conversicn testosterone with CYP105D

131 conversion testosterone with CYP105D + reference 2B-hydroxytestosterone

1,4
15 7
1,2 7
1,1 7
1,0
0,9 ]

0,87

Intensity (x107)

0,7 9
0,6 ]
057

04

03]
0.2

0,1

0,01

Testo

60

time [min]

Figure S14: Identification of 2B-hydroxytestosterone as major product of testosterone oxidation by CYP105D

via spiking of an authentic reference compound. Testo: Testost
Black: conversion of testosterone with CYP105D, pink: conversion
2B-hydroxytestosterone.

erone, IS: internal standard progesterone.
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Figure S15:

Identification of 2B-hydroxytestosterone and 6B-hydroxytestosterone as products of

testosterone oxidation by CYP107Z via spiking of an authentic reference compound. Testo: Testosterone, IS:
internal standard progesterone. Black: conversion of testosterone with CYP107Z, pink: conversion of
testosterone with CYP107Z spiked with 2B-hydroxytestosterone, blue: conversion of testosterone with

CYP107Z spiked with 6B-hydroxytestosterone.
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Results: Two-step screening
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Figure S16: LC/MS-chromatograms for the conversion of testosterone (7) in the initial screening. Testo:
Testosterone, IS: internal standard progesterone.
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Results: Two-step screening

Table S15: Product analysis of progesterone (8). For unidentified products only the retention time and main

m/z-value in LC/MS analysis is stated.

Retention
Compound time Molecular weight[g/mol] Am reaction/product
[min]
Progesterone (8) 13.8 314.5 0
Hydroxylation product (8a) 11.0 330.5 +16 hydroxylatlorl.at unknown
position
Hydroxylation product (8b) 11.2 330.5 +16 hydroxylatlorl.at unknown
position
Hydroxylation product (8c) 11.3 330.5 +16 hydroxylatlor\.at unknown
position
hyd lati tunk
Hydroxylation product (8d) 11.7 330.5 +16 ydroxyla '°f‘.a unknown
position
. h lati k
Hydroxylation product (8e) 11.8 330.5 +16 ydroxy atloh.at unknown
position
Hydroxylation product (8f) 12.0 330.5 +16 hydroxylatlor\.at unknown
position
Hydroxylation product (8g) 12.1 330.5 +16 hydroxylatloh.at unknown
position
hydroxylation at unknown
Hydroxylation product (8h) 12.2 330.5 +16 position, main product of
SPL_00625
hydroxylation at unknown
Hydroxylation product (8i) 12.3 330.5 +16 position, main product of
SPL_06346
. . hydroxylation at unknown
Hydroxylation product (8j) 12.6 330.5 +16 .
position
Double oxidation product (8k) 8.8 346.5 +32 proposed: double hydroxylation
Double oxidation product (8l) 9.0 346.5 +32 proposed: double hydroxylation
Double oxidation product (8m) 9.4 346.5 +32 proposed: double hydroxylation
Double oxidation product (8n) 9.7 346.5 +32 proposed: double hydroxylation
Double oxidation product (80) 10.0 346.5 +32 proposed: double hydroxylation
Double oxidation product (8p) 10.1 346.5 +32 proposed: double hydroxylation
Double oxidation product (8q) 10.5 346.5 +32 proposed: double hydroxylation
Double oxidation product (8r) 10.6 346.5 +32 proposed: double hydroxylation
Double oxidation product (8s) 11.0 346.5 +32 proposed: double hydroxylation
Double oxidation product (8t) 111 346.5 +32 proposed: double hydroxylation
Double oxidation product (8u) 11.5 346.5 +32 proposed: double hydroxylation
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Results: Two-step screening
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Figure S17: LC/MS-chromatograms for the conversion of progesterone (8). Prog: Progesterone, IS: internal
standard triamcinolone.
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Results: Two-step screening

Table S16: Product analysis of medrysone (9). For unidentified products only the retention time and main
m/z-value in LC/MS analysis is stated.

Retention

Compound time [min] Molecular weight[g/mol] Am reaction/product
Medyrsone (9) 13.0 344.5 0
Hydroxylation product (9a) 9.3 360.5 +16 hydroxylatlorl.at unknown
position
hyd lati tunk
Hydroxylation product (9b) 9.6 360.5 +16 ydroxyla '°f‘.a unknown
position
Hydroxylation product (9c) 10.5 360.5 +16 hydroxylatlorl.at unknown
position
Hydroxylation product (9d) 11.9 360.5 +16 hydroxylatlorl.at unknown
position
hydroxylation at unknown
Hydroxylation product (9e) 12.2 360.5 +16 position, main product of
SPL_00625 and SPL_06346
Oxidation product (9f) 12.8 342.5 -2 proposed: oxidation to ketone
Double oxidation product (9g) 9.3 376.5 +32 proposed: double

hydroxylation

Other oxidation products Retention time ([M+H]" ; Am): 10.5 min (m/z 360;+15); 11.0 min (m/z 344/362;-2
(unidentified) or +16); 11.3 min (m/z 444, +98)
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Figure S18: LC/MS-chromatograms for the conversion of medrysone (9). Med: Medrysone, IS: internal
standard progesterone
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Results: Two-step screening

Table S17: Product analysis of hydrocortisone (10). For unidentified products only the retention time and main
m/z-value in LC/MS analysis is stated where possible.

Retention
Compound time Molecular weight[g/mol] Am reaction/product
[min]
Hydrocortisone (10) 10.5 362.5 0
. proposed: hydroxylation, main
Hydroxylation product (10a 9.9 378.5 +16
ydroxy P (10a) product of SPL_06346
Hydroxylation product (10b) 6.3 378.5 +16 proposed: hydroxylation
] - 1\
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Figure S19: PDA-chromatograms for the conversion of hydrocortisone (10). Hydro: Hydrocortisone, IS: internal
standard progesterone; proposed: products are highlighted with a red circle.
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Results: Two-step screening

Table S18: Product analysis of prednisolone (11). For unidentified products only the retention time and main

m/z-value in LC/MS analysis is stated where possible.

Retention
Compound time Molecular weight[g/mol] Am reaction/product
[min]
Prednisolone (11) 10.5 360.4 0
. proposed: hydroxylation, main
Hydroxylation product (11a 5.9 376.4 +16
yaroxy P (11a) product of SPL_06346
unknown product only visible
unknown compound (11b) 5.5 unknown p' y
in PDA
unknown product only visible
unknown compound (11c) 10.0 unknown p. y
in PDA
2,07 Negative control % 15
1,5 [| Predin I
1,0 ﬂ‘ [I\‘
i
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Figure S20: PDA-chromatograms for the conversion of prednisolone (11). Predn: Prednisolone, IS: internal

standard progesterone; proposed products are highlighted with a red circle.
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Results: Two-step screening

Table S19: Product analysis of prednisone (12). For unidentified products only the retention time and main
m/z-value in LC/MS analysis is stated where possible.

Retention Molecular .
Compound time [min] weight[g/mol] Am reaction/product
Prednisone (12) 9.9 358.4 0
. proposed: hydroxylation, main
Hydroxylation product (12a) 6.9 374.4 +16 product of SPL_06346
: |
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Figure S21: PDA-chromatograms for the conversion of prednisone (12). Pred: Prednisone, IS: internal standard
progesterone; proposed: products are highlighted with a red circle.

70



Results: Two-step screening

Table S20: Product analysis of 6a-methylprednisolone (13). For unidentified products only the retention time
and main m/z-value in LC/MS analysis is stated where possible.

Retention
Compound time Molecular weight[g/mol]
[min]

B

m reaction/product

6a-Methylprednisolone (13) 11.3 374.5 0
proposed: hydroxylation, main

Hydroxylation product (13a) 6.7 390.5 +16 product of SPL_06346
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Figure S22: LC/MS-chromatograms for the conversion of 6a-methylprednisolone (13). Metpre:
6a-Methylprednisolone, IS: internal standard progesterone.
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Results: Two-step screening

Table S21: Product analysis of dexamethasone (14). For unidentified products only the retention time and
main m/z-value in LC/MS analysis is stated where possible.

Retention
. Molecular .
Compound time . Am reaction/product reference
. weight[g/mol]
[min]
Dexanethasone (14) 11.2 3924 0
hydroxylation at C-6 in B-position commercial
6B-hydroxydexamethasone (14a 7.4 408.5 +16 ) ’
B-hy i (142) main product of SPL_06346 standard
unknown product only visible in
unknown compound (14b) 5.0 unknown P PDA ¥

35 1 Conversion dexamethasone with CYP107Z 1S

8,0 JConversion dexamethasone with CYP107Z + reference 6f-hydroxydexamethasone

75 3

7,0 7
857
S 60
-
X 551
2 45 7
@
EELE
= 351

3,0 Dex
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1,5 3

1,0 7

0,5 ]

65 7.0 75 8,0 85 5,0 55 10,0 105 11,0 11,5 12,0 125 13,0 135 14,0 14,5
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Figure S23: Identification of 6B-hydroxydexamethasone as major product of dexamethasone oxidation by
CYP107Z via spiking with an authentic reference compound. Dex: Dexamethasone, IS: internal standard
progesterone. Black: conversion of dexamethasone with CYP107Z, pink: conversion of dexamethasone with
CYP107Z spiked with 6B-hydroxydexamethasone.
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Results: Two-step screening
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Figure S24: LC/MS-chromatograms for the conversion of dexamethasone (14). Dex: Dexamethasone, IS:
internal standard progesterone.
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Results: Two-step screening

Table S22: Product analysis of betamethasone (15). For unidentified products only the retention time and

main m/z-value in LC/MS analysis is stated where possible.

Retention
Compound time Molecular weight[g/mol] Am reaction/product
[min]
Betamethasone (15) 11.2 392.4 0
. proposed: hydroxylation, main
Hydroxylation product (15a) 7.3 408.5 +16 product of SPL_06346
unknown compound (15b) 5.0 unknown unknown product only visible

in PDA

5] Negative control

5, [\

.

2,0

2,{

0,0 2,5 5,0 7.5 160 12,5

] II ] H

5,0
CYPi05D

o

aﬁ

2,4

|

Intensity (x106)

5!0_2 CYP107Z ‘\
] ]

&ﬁ ﬁ
o]

_ |
2,0 I
I

l,ﬂ"i WAWMM__@__.FN—'—”“""”J f L»\—“ﬁ_ﬁw%

Figure S25: LC/MS-chromatograms for the conversion of betamethasone (15). Bet: Betamethasone, IS:

internal standard progesterone.
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Results: Two-step screening

Tricyclic antidepressants

Table $23: Product analysis of amitriptyline (16).

Retention
Compound time Molecular weight [g/mol] Am reaction/product reference
[min]
Amitriptyline (16) 18.3 277.4 0
- . commercial
Nortriptyline (21) 17.4 263.4 -14 N-demethylation standard
(%)-(E)-10-Hydroxyamitriptyline . commercial
. 293.4 +1 h lat tC-1
(16a) 6.0 93 6 ydroxylation a 0 standard
commercial
D thylnortriptyli 1 16.2 249.4 -2 2 x N- thylati
esmethylnortriptyline (16b) 6 9 8 x N-demethylation standard
Amitriptyline N-oxid (16c) 20.8 293.4 +16 N-oxidation at trialkyl moiety commercial
standard
single oxidation product (16d) 8.2 293.4 +16 ) /
. o proposed: hydroxylation
single oxidation product (16e) 12.9 293.4 +16 /
:N- hylati f
double oxidation product (16f) 5.7 279.4 +2 proposed ci:r:et ylation o /
:N- hylati f
double oxidation product (16g) 7.7 279.4 +2 proposed i:?ﬂ ylation o /
double oxidation product (16h) 21.1 279.4 +2 proposed: N-dleer:ethylatlon of /
5,007 nNegative control amitriptyline
4,757 Amitriptyline N-oxid
4,507 (t}-E-10-Hydroxyamitriptyline
. 425| Desmethylnortripyline
wa 4,001 Conversion amitripyline with CYP107Z
3 3,75]
; 3,507
‘&' 3,251 Ami
g 3,007
T 2,75
2509
2,257
2,007
1,757
1,507
1,257 15
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0,509 e
0,257
A,u 5',0 é,u '),u é,u 10,0 11,0 1‘2,0 13,0 1%,0 16,0 17,0 18,0 15,0 20,0 21,0
time [min]

Figure S26: Comparison of commercial product standards with the conversion of amitriptyline (16). Ami:
Amitriptyline, IS: internal standard oxcarbazepine Black: control reaction without P450, pink: amitriptyline
N-oxid, blue: (%)-E-10-hydroxyamitriptyline, brown: desmethylnortriptyline, green: conversion of amitriptyline

with CYP107Z.
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Results: Two-step screeni
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Figure S27: LC/MS-chromatograms for the conversion of amitriptyline (16) in the initial screening. Ami:
Amitriptyline, IS: internal standard oxcarbazepine.
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Results: Two-step screening

Table S24: Product analysis of imipramine (17).

Retention
Compound time Molecular weight [g/mol] Am reaction/product
[min]
Imipramine (17) 16.5 280.4 0
demethylation product (17a) 15.7 266.4 -14 proposed: N-demethylation
single oxidation product (17b) 6.0 296.4 +16 proposed: aliphatic hydroxylation
didemethylation product (17c) 14.4 252.4 -28 proposed: 2 x N-demethylation
single oxidation product (17d) 8.1 296.4 +16 proposed: hydroxylation
double oxidation product (17e) 5.8 282.4 +2 proposed: N-demethylation of 17b
double oxidation product (17f) 7.7 282.4 +2 proposed: N-demethylation of 17d
double oxidation product (17g) 19.0 282.4 +2 proposed: N—dilrizthylation of N-
Negative control imipramine 1mi

3,25

3,000

2,75

Intensity (x10°)
2

1,00
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Conversion imipramine with CYP107Z
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Figure $28: LC/MS-chromatograms for the conversion of imipramine (17). Imi: Imipramine, IS: internal
standard oxcarbazepine. Black: control reaction without P450, pink: conversion of imipramine with CYP107Z.
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Results: Two-step screening

Table S$25: Product analysis of clomipramine (18).

Retention
Compound time Molecular weight [g/mol] Am reaction/product
[min]
Clomipramine (18) 14.7 314.9 0
demethylation product (18a) 13.9 300.9 -14 proposed: N-demethylation
single oxidation product (18b) 6.3 330.9 +16 proposed: aliphatic hydroxylation
single oxidation product (18c) 6.5 330.9 +16 proposed: aliphatic hydroxylation
N-oxid (18d) 16.1 330.9 +16 proposed: N-oxid formation
didemethylation product (18e) 12.8 286.9 -28 proposed: 2 x N-demethylation
single oxidation product (18f) 7.0 330.9 +16 proposed: hydroxylation
single oxidation product (18g) 8.2 330.9 +16 proposed: hydroxylation
double oxidation product (18h) 6.0 316.9 +2 proposed: N-demethylation of 18b
double oxidation product (18i) 6.3 316.9 +2 proposed: N-demethylation of 18¢c
double oxidation product (18j) 6.6 316.9 +2 proposed: N-demethylation of 18f
double oxidation product (18k) 7.8 316.9 +2 proposed: N-demethylation of 18g

Negative control clomipramine

3,25]Conversion clomipramine with CYP107Z

3,001
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2,257
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Figure S29: LC/MS-chromatograms for the conversion of clomipramine (18). Clom: Clomipramine, IS: internal
standard oxcarbazepine. Black: control reaction without P450, pink: conversion of clomipramine with CYP107Z.
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Results: Two-step screening

Table S$26: Product analysis of chlorpromazine (19).

Retention
Compound time Molecular weight [g/mol] Am reaction/product reference
[min]
Chlorpromazine (19) 20.9 318.9 0
demethylation product (19a) 20.0 304.9 -14 proposed: N-demethylation /
Chlorpromazine sulfoxide (19b) 5.8 3349 +16 sulfoxidation commercial
standard
didemethylation product (19c) 18.6 290.9 -28 proposed: 2 x N-demethylation /
. d: N- thylati f
double oxidation product (19d) 5.5 320.9 +2 propose i;::e ylation o /
double oxidation product (19e) 6.8 350.9 +32 proposed: 2x single oxidation /
Unknown oxidation (19f) 15.0 307.9 -11 / /
2,5 1 Negative control chferpromazine Chio
24 | Chlorpromazine sulfoxide
23
2,2  Conversion chlorpromazine with CYP107Z
—_ 21
S 201
: 1,9 ]
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Figure S30: LC/MS-chromatograms for the conversion of chlorpromazine (19). Chlo: Chlorpromazine, IS:
internal standard oxcarbazepine. Black: control reaction without P450, pink: chlorpromazine sulfoxide, blue:

conversion of chlorpromazine with CYP107Z.
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Results: Two-step screening

Table S$27: Product analysis of cyclobenzaprine (20).

Retention Molecular weight

A .
Compound time [min] [g/mol] m reaction/product
Cyclobenzaprine (20) 16.7 275.4 0
demethylation product (20a) 15.9 261.4 -14 proposed: N-demethylation
didemethylation product (20b) 14.7 247.4 -28 proposed: 2 x N-demethylation
N-oxid (20c) 19.2 292.6 +16 proposed: N-oxid formation
Unknown oxidation (20d) 10.9 277.4 +2 /
Unknown oxidation (20e) 11.2 277.4 +2 /
Negative control cyclobenzaprine Cyclo
875 conversion cyclobenzaprine with CYP1G7Z
3,507
3,257
o 3009
2 2,757
..>.<, 2,507
_,.z' 2,25
E 2,007
E 1,759
E 1,507
1,257 15
1,007
0,757
050 /L ya
0,251
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Figure S31: LC/MS-chromatograms for the conversion of cyclobenzaprine (20). Cyclo: Cyclobenzaprine, IS:
internal standard oxcarbazepine. Black: control reaction without P450, pink: conversion of cyclobenzaprine
with CYP107Z.
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Results: Two-step screening

Table $28: Product analysis of nortriptyline (21).

Retention
Compound time Molecular weight [g/mol] Am reaction/product reference
[min]
Nortriptyline (21) 17.4 263.4 0
desmethylnortriptyline . commercial
(21a or 16b) 16.2 249.4 -14 N-demethylation standard
single oxidation product .
7 279.4 16 :h lat tCl
(21b or 16f) 5 9 + proposed: hydroxylation at C10 /
N-oxid (21c or 16h) 21.1 279.4 +16 proposed: N-oxid formation /
single oxidation product (21d) 7.7 279.4 +16 .
proposed: hydroxylation
single oxidation product (21e) 12.0 279.4 +16 /
double oxidation product (21f) 5.4 265.4 +2 proposed: N-(;ir;ethylatlon of /
:N- hylati f
double oxidation product (21g) 7.1 265.4 +2 proposed ii?ﬂ ylation o
3,00/Negative controf nortriptyline Nor

Conversion nortriptyfine with CYP167Z
2,751

2,50
2,25
2,00
1,75

1,50]

Intensity (x108)

1,25]

- N AN .

—
0,25]

T , T T T T . . T T T . . T ; T T T
a0 5,0 60 7,0 8,0 9,0 100 11,0 120 130 140 150 160 170 180 180 20,0 210

time [min]

Figure S32: LC/MS-chromatograms for the conversion of nortriptyline (21). Nor: Nortriptyline, IS: internal
standard oxcarbazepine. Black: control reaction without P450, pink: conversion of nortriptyline with CYP107Z.
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Table S29: Product analysis of protriptyline (22).

Retention
Compound time Molecular weight [g/mol] Am reaction/product
[min]
Protriptyline (22) 16.1 263.4 0
demethylation product (22a) 15.0 249.4 -14 proposed: N-demethylation
single oxidation product (22b) 10.2 279.4 +16 proposed: hydroxylation
N-oxid (22c) 19.2 279.4 +16 proposed: N-oxid formation

2,75

2,50

2,25

Intensity (x10°)

Negative control protriptyline
[Conversion protriptyline with CYP107Z

s

_ \_

Pro

)

25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100 105 11,0 115 12,0 125 130 135 14,0 14,5 150 155 160 165 17,0 175

time [min]

Figure S33: LC/MS-chromatograms for the conversion of protriptyline (22). Pro: Protriptyline, IS: internal
standard oxcarbazepine. Black: control reaction without P450, pink: conversion of protriptyline with CYP107Z.
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Results: Two-step screening

Table S30: Product analysis of carbamazepine (23).

Retention
Compound time Molecular weight [g/mol] Am reaction/product reference
[min]
Carbamazepine (23) 16.1 236.3 0

9,25 jNegative control carhamazepine

8,00 Yonversion carbamazepine with CYP107Z
8,75 1

8,50 1
8,25 1
8,00 |
7,75 ]
7,50 ]
7,25 1
7,00 3
6,75 3
6,50 1
6,25 1
6,00 3
5,75 1
5,50 1
5,25 1
5,00 3
4,75 § 15
4,50 3
4,25 3
4,00 3
3,75 1
3,50 |
3,25 i,
3,00 3
2,75 1

Carbam

Intensity (x10°)

45 50 55 60 65 70 75 80 B85 90 95 100 105 110 115 120 125 13,0 135 140 145 150 155 160 165 170 175

time [min]

Figure S34: LC/MS-chromatograms for the conversion of carbamazepine (23). Carbam: Carbamazepine, IS:
internal standard oxcarbazepine. Black: control reaction without P450, pink: conversion of carbamazepine with
CYP107Z



Results: Two-step screening

Table S31: Product analysis of oxcarbazepine (24).

Retention
Compound time Molecular weight [g/mol] Am reaction/product reference
[min]
Oxcarbazepine (24) 11.4 252.3 0

2,8, egative control oxcarbazepine s

2,7iConversion oxcarbazepine with CYP1072Z

2,63

2,5

2,47

Intensity (x109)
5

,
0,9

0.8 Oxca

0,7

0,6]

0,5

0,4]

0,3

), 27 T T T T T T T T T T T T T T T T
50 55 60 65 70 75 80 85 90 95 100 195 11,0 115 120 125 13,0 135 140 145 150 155 160 165 17,0 175

time [min]

Figure S35: LC/MS-chromatograms for the conversion of oxcarbazepine (24). Oxcarba: Oxcarbazepine, IS:
internal standard amitriptyline. Black: control reaction without P450, pink: conversion of oxcarbazepine with
CYP107Z.
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Results: Two-step screening

Table S$32: Product analysis of opipramol (25).

Retention
Compound time Molecular weight [g/mol] Am reaction/product
[min]
Opipramol (25) 7.6 363.5 0
Dealkylation product (25a) 5.6 3194 -44 proposed N-dealkylation
Single oxidation product (25b) 4.4 379.5 +16 unknown single oxidation
Single oxidation product (25c) 9.0 379.5 +16 unknown single oxidation

Retention time ([M+H]* ; Am):3.9 min (m/z 337; -28); 4.5 min (m/z 295; -70),

Other oxidation products 5.4 min (m/z 337; -28), 10.4 min (m/z 379; +14), 12.3 min (m/z 337; -28), 12.7 min

(unidentified) (m/z 363; %0), 14.2 min (m/z 379; +14), 15.1 min (m/z 379; +14), 15.9 min
(m/z 305; -60)

3,25 ‘Negative control opipramol

3.00 Conversion opipramol with CYP1072 15

2,75

2,50

api
2,25
1,75
1,50
1,25
1,00
0,75
os _A_/\/\ S J
e,

0,25

Intensity (x10°)

R R R I R R R R R R e R IR R R TR REC R
35 40 45 50 55 60 65 70 75 80 85 90 95 100 10,5 11,0 115 12,0 12,5 13,0 13,5 14,0 14,5 150 155 160 165 17,0 17,5 18,0 185

time [min]

Figure S36: LC/MS-chromatograms for the conversion of opipramol (25). Opi: Opipramol, IS: internal standard
amitriptyline. Black: control reaction without P450, pink: conversion of oxcarbazepine with CYP107Z.
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Abstract

The systematic analysis of the cytochrome P450 complement (CYPome) of Streptomyces
platensis DSM 40041 is reported. S. platensis contains 39 annotated P450 genes which were
classified in their CYP-families and further investigated regarding a putative role in the
secondary metabolism. After evaluation of suitable conditions for heterologous expression
in E. coli, the substrate spectra of P450 enzymes were determined and compared. Because
S. platensis is used in the pharmaceutical industry for the production of drug metabolites,
we evaluated all P450s regarding their activities against chemically diverse drugs. Five P450s
from the CYP105 (OSY47991, OSY46529, OSY44745) and CYP107 (OSY40859, OSY37796)
families showed activity and complementary selectivities against eight model substrates.
Among those, OSY37796 (CYP107Z) is a promising candidate for drug metabolite syntheses

as it converted all tested drugs with high activity.
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1. Introduction

Streptomyces are Gram positive bacteria found in soil, compost or marine habitats.® This
genus is known for its inherent metabolic diversity and is an abundant source of biologically
active secondary metabolites. Over 70% of all antibiotics and interesting non-antibiotic
compounds are derived from Streptomyces, including macrolides like avermectin,

[106] |

non-ribosomal peptides like daptomycin, or terpenoids like pentalenolactone.
addition, as soil bacteria Streptomyces play a key role in the decomposition of organic
matter as they are capable to degrade structurally complex xenobiotics including

pharmaceuticals, agro-chemicals, and environmental poIIutants.[87’ 104]

The biosynthesis of most secondary metabolites in Streptomyces involves cytochrome P450
monooxygenases (CYP or P450). These enzymes are heme b-thiolate enzymes that catalyze
oxy-functionalization of a vast variety of chemically diverse compounds utilizing molecular
oxygen. Along with diverse natural compounds ranging from terpenes and fatty acids to
rather complex and sophisticated macrolides, non-ribosomal peptides, or alkaloids, P450

substrates also include non-natural drugs and xenobiotics.!*? !

P450-catalyzed reactions are diverse and include hydroxylations, dealkylations, epoxidation
and many other “unusual” reactions such as bi-aryl coupling, nitration or
dehydrogenation.[gga] The biocatalytic potential of P450s involved in biosynthetic pathways
represents a research field of high interest. A prominent example is P450 TxtE from
Streptomyces scabies, which catalyzes aromatic nitration of L-tryptophan. Arnold and
co-workers investigated TxtE and homologous enzymes to make them accessible for the
synthesis of valuable derivatives adjacent to the original substrate.'””) |n addition, P450s
from Streptomyces have become important target enzymes for the production of human-like
drug metabolites. Drug metabolites are valuable fine chemicals required in the
pharmaceutical industry for testing in Drug Metabolism and Pharmacokinetics studies

(DMPK) and confirming identities of metabolite structures (MetID).

Recent studies of various research groups including our own work indicated that P450s from
actinomycetes and especially Streptomyces can resemble activities of human P450s to form
chemically diverse human drug metabolites as reviewed elsewhere.9% 1% 1% gjnce jn many

cases different P450s of the same strain differ in their chemo- and regioselectivities, they
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could be used to furnish different human drug metabolites from the same lead structure.™

Up to date, nearly all literature-described drug-metabolizing P450s from Streptomyces
belong to only two P450 families, namely CYP105 and CYP107. These P450 families are the
largest within the Streptomyces genus indicating functional diversity in substrate scope,

activity and selectivity among the different isoforms. 8 109

However, the identification and, even more important, biochemical characterization of
P450s from Streptomyces with interesting properties remain the largest bottlenecks for
further investigations although the number of sequenced genomes increases rapidly. The
availability of genome sequences allows a global analysis of the entire cytochrome P450
complement (CYPome) of the respective strain.*’! Nevertheless, to date only the CYPomes
of three Streptomyces strains, namely S. avermitilis, " . coelicolor A3(2)[112] and

[113]

S. virginiae were examined, whereas comprehensive bioinformatics data of 48 other

Streptomyces strains are available.**#!

This study provides a comprehensive analysis of the CYPome of Streptomyces platensis DSM
40041. This strain has been used by pharmaceutical companies for drug metabolites
production.[57] In our previous studies, three P450s from this strain have been found to
oxidize chemically diverse substrates.™ 1% Fyrthermore, S. platensis is also known as a
producer of valuable secondary metabolites including pladienolides with high antitumor
activities.'®! Based on the recently published genome sequence of S. platensis DSM
40041, within this study P450 genes were first identified and analyzed by computational
methods to assign them into their CYP-families according to sequence homology, and
identify possible roles in secondary metabolism. All 39 identified P450 genes were then
heterologously expressed in E. coli and their capability to produce metabolites from a panel
of chemically diverse compounds mainly drugs was evaluated namely amitriptyline,
amodiaquine, dextromethorphan, geraniol, ritonavir, testosterone, terfenadine, and
thioridazine. A variety of reactions, such as N- dealkylation, sulfoxidation and hydroxylation

was observed.
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2. Material and methods

2.1 Bioinformatic analysis

Potential P450 genes were verified by comparison of the DNA sequences with P450

reference sequences stored in the online database CYPED (https://cyped.biocatnet.de/) as

described earlier.™ 71 p450s involved in secondary metabolism were revealed by the
online tool ‘antiSMASH’.**®! The classification of P450 sequences into their respective CYP
families was performed according to a two-step protocol described previously.[”] Briefly,
P450 sequences were first manually aligned with ‘ClustalOmega’ and then classified applying

the reference sequences of David Nelson’s ‘Cytochrome P450 homepage’.[zol

2.2 Cloning, expression and enzyme preparation of P450s from S. platensis

The 39 identified P450 genes building the CYPome of S. platensis DSM 40041 were amplified
from genomic DNA by PCR and cloned into pET expression vectors (Novagen/EMD Millipore,
Germany). Details of the resulting plasmids are summarized in the Supplementary
Information. E. coli BL21 (DE3) (Novagen, Germany) and C43 (DE3) (Lucigen, USA) were
transformed with the expression vectors and gene expression was conducted in 50 mL
buffered TB-medium supplemented with 30 pg/mL kanamycin. The cultures were incubated
in 500 mL shaking flasks at 37 °C and 180 rpm until an ODgo of 1.2 - 1.8 was reached.
0.5 mM isopropyl B-D-1-thiogalactopyranoside (IPTG) and 0.5-1 mM 5-aminolevulic acid
(5-ALA) were added prior to lowering the temperature to 25°C. Cultures were cultivated
overnight (~ 20 h) and harvested by centrifugation (4°C, 5251 x g, 20 min). In order to obtain
crude cell extracts, cell pellets were first resuspended in 5 mL 50 mM potassium phosphate
buffer (KPi), pH 7.5, containing 100 uM phenylmethylsulfonyl fluoride (PMSF). Cells were
then disrupted by sonication using a Branson Sonfier 250 (3 cycles for 2 min, 40% amplitude,
duty cycle 4). The insoluble protein fraction was removed by centrifugation (50.000 x g,

25 min, 4°C) and the crude cell extract was collected.
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2.3 Purification and expression of redox partners Fdr and YkuN and GDH

Expression and purification of the flavodoxin reductase from E. coli (Fdr, EMBL-Bank no.
L04757) and flavodoxin from Bacillus subtilis (YkuN, EMBL-Bank no. CAA10877) were done as
described previously.[losa’ 191 Glucose dehydrogenase from Bacillus megaterium (GDH,
EMBL-Bank no. D10626) was used for cofactor regeneration and applied as crude cell extract

as reported previously.[lzo]

2.4 Spectroscopic methods and enzyme assays

Spectrophotometric measurements were conducted using a double-beam photometer
(Lambda 35, Perkin Elmer, Germany). P450 concentrations were estimated from their
absorption maximum at 450 nm in CO-difference spectra using the extinction coefficient
€450-490 = 91 mM? ecm™.14! The activity of GDH was determined based on the reduction of
NAD(P)" to NAD(P)H in presence of glucose in a continuous photometric assay following the
increase in absorption at 340 nm (&340 = 6.22 mM?! cm'l). Reaction mixtures were prepared
with 100 mM glucose, 100 uM NADP* and 100 pL of suitable diluted enzyme solution in

50 mM KPi, pH 7.5 in a final reaction volume of 1 mL.
2.5 Reconstitution of P450 activities

Substrate screening was performed using E. coli crude cell extracts. Reaction mixtures (total
200 pL of 50 mM KPi, pH 7.5) contained 2 uM P450, 20 uM YkuN, 2 uM Fdr, 200 uM
substrate dissolved in an organic solvent (DMSO, ethanol, or methanol; final concertation in
the assay was 2% (v/v)), and 5 U ml™* GDH and 20 mM glucose for cofactor regeneration.
Reactions were initiated by addition of 200 uM NADPH and reaction mixtures were
incubated at 25 °C using Thermomixer C (Eppendorf, Germany) with a shaking frequency of
600 min™ Depending on the substrate, an internal standard was added prior to extraction as
described in detail in the Supplementary Information. For a better extraction of alkaline
compounds, 300 pL 100 mM sodium carbonate buffer, pH 10 (pH 9.6 for amodiaquine) were
added to the reaction and extraction was done with ethyl acetate. The organic phase was
recovered, and analyzed directly by gas chromatography coupled to mass spectrometry

(GC/MS) analysis, while the organic phase of samples was evaporated completely and the
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residues were resuspended in methanol (LC/MS grade) prior to liquid chromatography

coupled to mass spectrometry (LC/MS) analysis.
2.6 Product analysis

Conversions of all compounds (except geraniol) were analyzed by LC/MS on a
Prominence/LCMS 2020 device (Shimadzu, Germany) equipped with either a Chromolith®
Performance RP-18e column (100x4.6 mm, Merck, Germany) or a Chromolith®
Performance RP-8e column (100 x 4.6 mm, Merck, Germany) for separation of the analytes.
The column oven was kept at 30 °C. Solvent A was always ddH,0 with 0.1% formic acid,
while solvent B was either methanol (MeOH) or acetonitrile (ACN). The injection volume was
1 pL and the flow varied between 0.5 and 1 mL min depending on the respective substrate
as described in detail in the Supplementary Information. All compounds were ionized by

electron spray ionization (ESI) and atmospheric pressure chemical ionization (APCI).

Samples containing geraniol were analyzed by GC/MS as described previously.[m]

3. Results and Discussion

3.1 Computational analysis

The genome sequencing of S. platensis DSM 40041 performed in one of our group revealed
39 P450 sequences identified via automated computational annotation and comparison to
the online P450 database CYPED.!'%® 1 This number of P450 sequences is generally
comparable or a bit higher than other Streptomyces’ CYPomes, e.g. those from S. avermitilis
(33 P450s) and S. coelicolor(A3)2 (18 P4505).[112] Considering the 7302 annotated (potential)

protein coding sequences,™®

the genomic abundance of P450 genes in S. platensis accounts
for 0.5%. The abundance of P450 genes of less than 1% is in line with previous results of
other Streptomyces’ CYPomes, with the highest amount reported in S. clavuligerus

(1.1%).124
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Table 2.3.1: The CYPome of Streptomyces platensis DSM 40041. Reference sequences were extracted from

David Nelson’s database.” Putative roles in biosynthetic clusters were assigned with “AntiSmash”.

[118]

N Assi YP famil Bi heti
Entry | GenBank umbe:r SSIgn?d ¢ amtly Closest sequence 'Sequ?nce losynthetic
No number of amino | according to D. Nelson identit identity | cluster
) acids nomenclature ¥ [%] (AntiSmash)
1 0SY48498 | 1068 CYP102D CYP102D1  from | oo ;
S. avermitilis
CYP102G2 from
2 0SY47769 | 1062 CYP102G saccharopolyspora | o ;
erythraea
NRRL23338
3 0SY34726  |412 CYP1058B CYPL05B1 — from|_, ;
.S. griseolus
CYP105D8 from
4 0SY47991 395 CYP105D S. tubercidicus strain | 85 -
1-1529
CYP105AA1 from
5 0SY40501 417 CYP105AA S. tubercidicus strain | 77 -
R-922
6 0SY46529 | 408 CYP105AA CYPL05AAS — from | oo ;
S. lydicus
CYP105AC1 from
7 0SY44745 428 CYP105AC S. erythraea 69 -
NRRL23338
new subfamily of
8 0Ssy47114 429 CYP105 CYP105 50 T1pks-NRPs
new subfamily of
9 0SY46350 408 CYP105 CYP105 52 Terpene
10 |0SY46937 |396 CYP107E CYP107E> from | 4q ;
S. bingchengensis
CYP107F1 from . .
11 0sY44419 402 CYP107F S. griseus DA5916 72 Lantipeptide-T3pks
12 |osvas372  |401 CYP107L CYPLO7LIO — from | o, ;
S. griseus
13 |0SY40859 |399 CYP107L CYPLO7LLL — from | o,
S. griseus
14 | 0sv42650 | 439 CYP107U CYPLO7U3 — from | oo
S. peucetius
15 |0SY47824 | 407 CYP107X CYP1O7X3  from |,
S. bingchengensis
CYP107Z9 from
16 0SY37796 430 CYP10729v2 S. tubercidicus strain | 99
NRAA-7027
new subfamily of
17 0SY48350 389 CYP107 CYP107 40
new subfamily of Thiopeptide-
18 0SY47382 404 CYP107 CYP107 53 lantipeptide-NRPs
new subfamily of Terpene-
19 0SY46946 422 CYP107 CYP107 44 bacteriocin
20 0SY48230 471 CYP107-like / 37
21 0SY48349 388 CYP107-like / 35
22 |osva7218  |392 CYP113 new subfamily of | Lassopeptide-NRPs

CYP113
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Table 2.3.1: continued.

Entry | GenBank Numbe:r ASSIgn?d CYP  family Closest sequence 'Sequ?nce Biosynthetic
No number of amino | according to D. Nelson identit identity | cluster
) acids nomenclature ¥ [%] (AntiSmash)
23 |0SY41108 | 410 CYP125A CYP125A16  from | g
S. bingchengensis
new subfamily of
24 0SY46283 430 CYP125 CYP125 43
25  |0sv46264  |403 CYP1478B CYPL47BL  from | o
S. avermitilis
new subfamily of
26 0SY42990 409 CYP147 CYP147 54
CYP154A4 from
27 0sY40215 381 CYP154A S. scabies 57
SCAB20211
28 0sY48231 452 CYP157-like / 39
29 0SY40216 458 CYP157-like / 34
30 | 0SY34873 |414 CYP159A CYPIS9AL —from | oo
S coelicolor
new subfamily of
31 0syY47661 428 CYP165 CYP165 43
32 0SY43763 466 CYP174-like / 33 Terpene
33 0SY43764 467 CYP174-like / 32 Terpene
34 0SY47468 527 CYP174-like / 21
new subfamily of
35 0SY47408 472 CYP183 CYP183 41 Terpene
36 0SY46348 400 CYP183-like / 35 Terpene
37 0SY45653 356 CYP183-like / 21
38 0SsY47449 440 CYP208-like / 34 NRPs-T1Pks
39 0SY40301 474 CYP208-like / 38

The first step of analysis was the classification of the P450 sequences into CYP-families
according to the nomenclature of David Nelson according to which all P450 enzymes with an
amino acid identity of at least 40% belong to the same family and with an amino acid
identity of at least 55% to the same subfamily.”® Based on this nomenclature, the

S. platensis’ P450s could be assigned to twelve CYP families.

A majority of 19 P450 sequences were classified as members of the CYP105 and CYP107
families, two families that are commonly found in Streptomyces (Table 2.3.1). Twelve of
these 19 sequences share a sequence identity of >55% and belong to known P450
subfamilies. Among these twelve sequences are also three P450s (CYP107L, CYP105D and
CYP107Z) that have been recently described by our group to oxidize a broad range of
drugs.[ll’ 1083 £ive of the 19 sequences could not be assigned to any known existing P450

subfamily within the CYP105 and CYP107 families indicating an affiliation to not yet
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described subfamilies. The two remaining genes assigned to the CYP107 family are referred
to as ‘CYP107-like’ genes meaning that the sequence identity is lower than the threshold of
40%. Since a more closely related family has not yet been described, we refer to these two

genes as members of the CYP107 family.

Two genes belong to the CYP102 family; members of this family including the well-studied
P450 BM3 (CYP102A1)"% are of biocatalytic interest because of their generally high activity
and facilitated handling due to the natural fusion of a diflavine reductase domain to the
monooxygenase domain.™?? The remaining P450s belong to CYP113, CYP125, CYP147,
CYP154, CYP159, CYP165 and CYP183 families, which are far less studied compared to
CYP105, CYP107 and CYP102 families. Nevertheless, these enzymes are worthwhile for

[121, 124]

further investigations as oxidations of steroids,!***! fatty acids and alkanes”®? have

been described for some members of these P450 families.

Besides their classification into P450 families, a potential role of the P450s in secondary
metabolism was assigned using ‘antiSMASH’.!**®¥! The online tool ‘antibiotics and secondary
metabolites analysis shell’ (antiSMASH) is used to identify biosynthetic gene clusters in
bacteria and fungi. By multiple sequence alignments of characterized signature proteins or
protein domains and analyses of the cluster organization, antiSMASH provides information
about the type of biosynthetic cluster and predicts possible chemical structures in case of
polyketides and non-ribosomal peptides.[llg' 1231 p450s in Streptomyces are often involved in
syntheses of secondary metabolites from different classes including terpenes, polyketides
and peptides among others.!™ The enzymes involved in such biosynthesis pathways are
often arranged in clusters within the genome of the respective strain. Indeed, twelve cyp
genes were found within such putative enzyme clusters and therefore are potentially
involved in secondary metabolite biosynthesis. Six of these P450 genes were proposed to be
involved into four putative clusters for terpenes’ biosynthesis. This suggestion is endorsed by
the presence of other biosynthetic genes typically involved in terpene biosynthesis such as
terpene cyclases and synthases (Figure 2.3.1). In two of the four assigned terpene clusters,
two cyp genes are located in close proximity to each other and to the respective terpene
cyclase probably suggesting subsequent oxidations by these P450s after cyclisation of the
terpene substrate. The other six cyp genes of secondary metabolites’ synthesis are arranged

in either putative polyketide or peptide synthesis clusters.
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Figure 2.3.1: Schematic organization of putative biosynthetic clusters including a P450 in the genome of
Streptomyces platensis DSM 40041. For simplification, data gained from ‘AntiSmash’ were reduced to the
relevant biosynthetic genes around the P450 gene (further genes are indicated by an asterisk). The P450 genes
(red) of the respective scaffolds are annotated with their GenBank number summarized in Table 2.3.1.

3.2 Heterologous expression of cyp genes in E. coli

The heterologous expression of all 39 identified P450s in E. coli under identical experimental
conditions was investigated. To achieve high expression level of possibly all GC-rich cyp
genes from S. platensis in E. coli, we used two E. coli strains: (a) E. coli BL21 (DE3) and (b) the
‘Walker strain’ E. coli C43 (DE3),[126] that is less sensitive to toxicity caused by high amounts
of recombinant protein and thus often better suited for ‘difficult-to-express’ genes.[m]
Evaluation of the expression levels of the individual P450s via CO-difference spectra (Figure
2.3.2) revealed that 25 of the 39 cyp genes from S. platensis could be expressed under the

chosen conditions in E. coli with 15 genes expressed at high concentrations of up to

~ 1,600 nmol gcow™. The generally better suitability of C43 (DE3) over BL21 (DE3) for
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heterologous expression of P450s from GC-rich organisms is in line with observations

[123c]

reported previously.
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Figure 2.3.2: Expression of the S. platensis CYPome in E. coli BL21 (DE3) (grey) and C43 (DE3) (purple). Data
represent the average of biological duplicates; P450 concentrations are given in nmol P450 per gram cell dry
weight (gcpw). Concentrations were determined according to the absorption difference in CO-difference spectra
between 450 nm and 490 nm. Only results of gene expressions with a reproducible maximum absorbance at
450 nm are shown. The complete expression profile of all p450 genes in strains BL21 (DE3) and C43 (DE3) is
summarized in the Supplementary Material (Supplementary Figures 2.3.1 and 2.3.2).

P450 genes located in biosynthetic clusters (Figure 2.3.1) were much more difficult to
express. Six out of these twelve P450s (OSY47408, OSY47468, OSY46946, 0OSY46348,
0SY43763, OSY43764) could not be detected in soluble protein fractions in either E. coli
strain meaning that they did not show a detectable maximum absorption at ~ 450 nm in
CO-difference spectra. It is interesting to note that most of these P450s belong to CYP
families, which have not been described in the literature to date and, as mentioned earlier,

have a sequence identity of less than 40% to all known CYP families.

3.3 Activity screening of expressed P450s

All P450 enzymes that could be expressed in titers above 100 nmol gCDW'1 were investigated
for their ability to oxidize a panel of drug compounds. These compounds were chosen based
on their chemical diversity allowing screening for most of the reaction types P450s are
capable to catalyze. Except geraniol, all substrates are drugs differing in size and functional
groups (Figure 2.3.3). Since a quantitative analysis was not always possible due to the

difficult separation of metabolite mixtures, a semi-quantitative analysis was carried out in
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order to get an overview of the activity of every individual P450. For this semi-quantitative
analysis, conversion was divided into four categories: trace (1-10%), low (11-50%), moderate

(51-90%) and high to full conversion (91-100%).

| Cl N\
(o]
T
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—N )HO
Dextromethorphan Ritonavir Amitriptyline Amodiaquine
N\ i
HO
@ g
N S N /\)\/\/l\
S dll]
Testosterone Thioridazine Terfenadine Geraniol

Figure 2.3.3: Chemical structure of the drug compounds applied in the P450 activity screening.

Out of the 23 P450s that were investigated, 16 showed activity against at least one of the
substrates (Table 2.3.2). The best performance was observed for OSY37796 (CYP1072); this
enzyme was active against all eight substrates and led to the highest conversion values (high
to full conversion for amitriptyline, terfenadine, testosterone and thioridazine; moderate
conversion for dextromethorphan and geraniol; low conversion for amodiaquine and

ritonavir).

The second best performance was observed for OSY44745 (CYP105AC). This P450 shows
activity against all the tested compounds except testosterone. Compared to OSY37796, the
conversion is higher for amodiaquine (moderate) and dextromethorphan (high), in the same
range for terfenadine (high) and ritonavir (low) and less for amitriptyline (moderate),

geraniol (trace) and thioridazine (low).

CYP105D (0SY47991) shows the third best performance with activity against all eight

compounds. Compared to 0QSY37796, conversion is generally lower (amodiaquine,
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dextromethorphan, geraniol: trace; amitriptyline, terfenadine, thioridazine: moderate),
except for testosterone where it is in the same range (high to full) and for ritonavir with

higher conversion (moderate).

0SY46529 (CYP105AA) and OSY40859 (CYP107L) show the same range of overall activity.
However, OSY46529 shows activity against all eight compounds, whereas OSY40859 is only
active against five of the substrates - namely amitriptyline (low), amodiaquine, ritonavir,
thioridazine (moderate) and terfenadine (high to full). OSY47218 (CYP113) and OSY46937
(CYP107E) were capable of conversion of four (amitriptyline (moderate); amodiaquine
(trace); ritonavir (low); thioridazine (high to full)) or five (amitriptyline, thioridazine (low);

amodiaquine, terfenadine (trace); testosterone (high to full)) substrates, respectively.

The other P450s show generally lower activities with high to full conversion of geraniol by
0SY34873 (CYP159A), moderate conversion of amitriptyline and thioridazine by OSY48372
(CYP107L); and only trace activity for amodiaquine and terfenadine conversion by OSY47669
(CYP102G). Further, amitriptyline, terfenadine and testosterone were converted by
0SY47824 (CYP107X), amitriptyline and dextromethorphan by OSY47114 (CYP105), geraniol
by OSY46350 (CYP107), terfenadine by OSY42990 (CYP147), amitriptyline and thioridazine by
0SY42650 (CYP107U), and finally testosterone by OSY40501 (CYP105AA).

Generally, the most active P450s are members of the CYP105 and CYP107 families. This is
not unexpected as these P450 families are known to have diverse substrate spectra and
catalytic functions. It is likely that CYP105 and CYP107 enzymes with a broad substrate
spectrum can adapt the size of their binding pockets to oxidize chemically diverse
substrates.™?® However, due to great variation in binding modes between the individual
CYP105 and CYP107 enzymes the diverse reactivity of a P450 remains to be explored
individually.[36b’ 191 Members of these two P450 families are predominantly found in
Actinomycetes where they are involved in the degradation of xenobiotics and biosynthesis of
secondary metabolites.!**! Because of these properties, P450s have become indispensable
for the pharmaceutical industry not only with respect to the production of drug metabolites
for toxicity studies during drug development (DMPK)[BO] but also for their high potential to

produce natural products and derivatives thereof. 58]
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Table 2.3.2: Semi-quantitative conversion of selected substrates with 23 P450s of the Streptomyces platensis
complement. Conversion was divided into four categories: trace (1-10%), low (11-50%), moderate (51-90%)
and high to full conversion (91-100%). The complete conversion profile for each compound by all P450s is
summarized in the Supplementary Material (Supplementary Tables 2.3.4-11). Reaction conditions (0.2 mL,
25°C, 600 min-"): KPi buffer (50 mM, pH 7.5), co-solvent DMSO, ethanol or methanol (2% (v/v)), substrate
(0.2 mM), NADPH (0.2 mM), GDH (5 U mL™), glucose (20 mM), P450 (2 uM), Fdr (2 uM), YkuN (20 pM). The
conversion time was set to 4 h and 20 h. Data represent average values of at least two replicates.

trace low moderate high to full
Substrate no conversion conversion conversion conversion conversion
(1-10%) (11-50%) (51-90%) (91-100%)
0SY48349, 0SY48350, gzijig;i
N 0SY47769, 0547824, 0SY46937,0S 0SY47218,
amitriptyline 0SY47661,05Y47382,05Y46264, | 0SY47114, V46529 0SY44745 0SY37796
0SY46350, 0SY44419, 0SY42650 OSY4085,9,
0SY42990, 0OSY41108, OSY34873 0SY40501
0SY48349, 0SY48350,
0SY48372,05Y47824
! ! 0SY47769,
. . O5Y47661,05v47382,05Y47114, 0SsY47991, 0SY46529, 0SY44745,
amodiaquine 0SY46264, OSY46350, /
0SY47218, 0SY37796 0SY40859
0SY44419, 0SY42990, 0SY46937
0SY42650, OSY41108,
0SY40501,0SY34873
0SY48349, 0SY48350,
0SY48372, OSY47769,
0SsY47824
! 0SsY47791,
dextrometh- 0SY47661,05Y47382,05Y47218, 0SY47114, 0SY46529 0SY37796 0SY44745
orphan 0SY46264, OSY46350, 0SY46937
0SY44419, 0SY42990,
0SY41108, OSY40859,
0SY40501,0SY34873
0SY48349, 0SY48350,
0SY48372, OSY47769,
0SY47824, 0SY47991,
. 0SY47661,05Y47382,05Y47218, | 0OSY46529,
geraniol 0SY47114, OSY46937, 0SY46350, / 0SY37796 0SY34873
0SY46264, 0SY44419, 0SY44745
0SY42990, OSY42650,
0SY41108, OSY40859, OSY40501
0SY48349, 0SY48350,
0SY48372, OSY47769,
0SY47824, 0SY47661,05Y47382
! ! ! 0SY47218
. . 0SY47114, OSY46937, ! 0SY47991,
ritonavir 0SY46264, 0SY46350, / OS\;‘;‘;;:Z'OS 05Y40859 05Y46529
0SY44419, 0SY42990,
0SY42650, 0SY41108,
0SY40501, 0SY34873
0SY48349, 0SY48350,
0SY47824,
0SY47661,05Y47382,05Y47218 0SY47769
fenadi OSY4’7114, OSYZ'16937, I OSY47824: 0SY47991 gizjg;:g'
tertenadine 0SY46264, 0SY44419, 0546529, / Seysr e
0SY46350, OSY42650, 0SY42990
0SY41108, OSY40859,
0SY40501, 0SY34873
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Table 2.3.2: continued.

. trace low moderate high to full
Substrate no conversion . . . .
conversion conversion conversion conversion
0SY48349, 0SY48350,
0SY48372, OSY47769,
0SY47661,05Y47382,0S5Y47218, 05Y47824, 0SY47991,05Y
0SY47114, 0SY46264,
testosterone 0SY46529, / / 47114,
0SY46350, 0SY44745, 0SY40501 0SY37796
0SY44419, 0SY42990,
0SY42650, 0OSY41108,
0SY40859, 0SY34873
0SY48349, 0SY48350,
0SY47769, 0SY47824, 0SY48372,
0SY47661,0SY47382, OSY47218, 0SY47991, 0SY47218
thioridazine 0SY47114, OSY46264, 0SY42650 0SY46937, 0SY40859 OSY37796,
0SY46350, 0SY44419, 0SY46529,
0SY42990, OSY41108, 0SY44745
0SY40501, 0SY34873

It is interesting to note that out of ten expressed P450s classified as CYP107 members three
exhibited high activity (OSY46937, 0OSY40859, 0SY37796), three showed low activity
(0OSY48372, 0OSY47824, 0SY42650) and four did not show any activity at all (OSY48349,
0SY48350, OSY47382, 0SY44419). The same holds true for CYP105 members, where three
enzymes showed high activity (OSY47991, OSY46529, OSY44745) and three only very low
activity (OSY47114, OSY46350, OSY40501).

The observation, that P450s of the same subfamilies show different activities, supports the
general doctrine that P450 activity cannot be predicted from the amino acid sequence and
their classification into subfamilies.’® It should be noted, however, that besides the
obvious reason that the chosen compounds might not be substrates for these P450s, the
absence of conversion might also be explained by an unsuccessful activity reconstitution
with the non-physiological redox partners, as potential physiological ones from S. platensis

have not been investigated within this study.

It is interesting to note that one P450, capable to convert four compounds with high overall
activity, belongs to the CYP113 family. Little is known about CYP113 except that some P450s
of this family appear to be involved in the production of secondary metabolites, especially
macrolactones in Actinomycetes, such as the 16-membered macrolide tylosin in S. fradiae

(CYP113Bl),[131] spiramycin in S. ambofaciens,[l32] and midecamycin in S. mycarofaciens
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(CYP113B3).[133] The best studied representative of this family is CYP113A1 (EryK), a C-12
hydroxylase from S. erythraeus involved in the biosynthesis of erythromycin A, a

14-membered macrolactone.®®?

Among the P450s with minor activities, there is one member each belonging to the families
CYP102 (0OSY47769), CYP147 (0OSY42990) and CYP159 (0OSY34873). CYP102 members are
naturally occurring self-sufficient P450s which are capable of fatty acid oxidation mostly at
subterminal positions.*?? The CYP147 family belongs to one of seven P450 families that
taken together contribute to 62% of all P450s."** Known members of the CYP147 family are
CYP147F1 from S. peucetius and CYP147G1 from Mycobacterium marinum, both are fatty
acid hydroxylases acting at - or w-1 position.[m] The CYP159 family is quite common in
Streptomyces species, but to the best of our knowledge, members of the CYP159 family have
not been studied so far. However, the full conversion of geraniol by 0SY34873 and the lack
of any activity against the other seven compounds hint to a rather narrow substrate

spectrum of this enzyme.

The three other P450s that did not show any activity against the tested compounds belong
to the families CYP125 (OSY41108) and CYP165 (OSY47661). Besides the fact that the non-
physiological redox partners might not have supported activity reconstitution it is likely that
these P450s have a rather narrow substrate spectrum limiting their activity to one or few
natural substrates. Members of the CYP125 family have been previously reported to be
involved in the degradation of cholesterol which is either essential for the growth on
cholesterol e.g. in Rhodococcus jostii, or is implicated in the pathogenicity of Mycobacterium
tuberculosis.*** %" since to the best of our knowledge no members of the CYP165 family

have been studied so far, any assumption on their natural substrates is not possible.
3.4 Reaction types and reaction products of P450-catalyzed substrate conversions

In order to differentiate the P450s further, we investigated the active P450s regarding their
selectivity towards the tested compounds and their product spectra. More specifically, we

focused on the enzymes showing moderate to high activities.

Generally, hydroxylations and N-dealkylations were the two main reaction types observed

on the model substrates catalyzed by P450s from S. platensis (Table 2.3.3). 0SY47991
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(CYP105D), OSY46529 (CYP105AA) and OSY40859 (CYP107L) were not only the most active
P450s but oxidized their substrates also with high selectively via hydroxylation. This holds
especially true for testosterone, ritonavir, and terfenadine. Apart from hydroxylations, other
P450 reactions such as N-dealklyations (ritonavir,m‘” terfenadinelgsl) or alcohol oxidation

(testosterone!™®”) are also possible for these substrates.

The regio- and stereoselective introduction of hydroxy groups confer steroid drugs with
different bioactive properties, such as anti-inflammatory, anti-cancer, immunosuppressive
and diuretic just to name a few.*3 Within this study the steroid model substrate
testosterone was oxidized by six P450s; three of which enabled complete conversion (Table
2.3.2). However, only CYP105D (0OSY47991) could oxidize testosterone with high selectivity
to 2B-hydroxy-testosterone as the main product, whereas the other enzymes vyielded
product mixtures. A number of microbial P450s have been reported to hydroxylate steroids
at various positions; especially members of the families CYP106 (e.g. CYP106A1 at positions
6B, 7B, 9a, 11 and 15B),** CYP109 (e.g. CYP109E1 at position 16B),*® CYP154 (e.g.
CYP154C5 at position 16a),™° and CYP260 (e.g. CYP260A1 at position 1a).’® A recent study
showed that CYP105D7 from S. avermitilis is also capable of catalyzing 2[3-hydroxylation of

testosterone, however with low activity (< 10% conversion).[gs]

The HIV protease inhibitor ritonavir was also accepted by six enzymes as substrate (Table
2.3.2). Three P450s (CYP105D, CYP105AA, CYP107L) exhibited a high regioselectivity of up to
85% for hydroxylation of the tert-butyl moiety of ritonavir, resulting in the human
metabolite hydroxy ritonavir."” 1% From these, CYP105AA (OSY46529) resulted in nearly

complete conversion maintaining a high selectivity.

Terfenadine can also be oxidized at its tert-butyl moiety. In three consecutive oxidation
reactions, the human active metabolite fexofenadine can be obtained which differs from
terfenadine in a carboxyl group at the tert-butyl moiety.[137] CYP107L (OSY40859) was
capable of a full conversion with high activity and selectivity to fexofenadine as identified
from co-elution with an authentic reference standard (Anne Worsch, unpublished data). Six
P450s showing activity against terfenadine were not able to produce fexofenadine but

produced mixtures of different dealkylation and single oxidation products, instead. The
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production of fexofenadine from terfenadine by a CYP107L member is in line with a previous

study on P450.s from a S. platensis strain NRRL 2364.1°%

The regioselective hydroxylation of drugs and other pharmaceutical molecules is an
important key feature for a potential biocatalytic application of P450s.™ The CYPome of
S. platensis contains at least three P450s (CYP107L, CYP105AA, CYP105D) exhibiting both
high activity and selectivity towards hydroxylation of drug compounds demonstrating the

potential of this strain for application in the pharmaceutical industry for the production of

drug metabolites.””!

Table 2.3.3: Overview of selective oxidations by P450s from S. platensis. The P450 with the highest activity
and selectivity is mentioned. Reaction conditions (0.2 mL, 25 °C, 600 min'l): KPi buffer (50 mM, pH 7.5), co-
solvent DMSO, ethanol or methanol (2% (v/v)), substrate (0.2 mM), NADPH (0.2 mM), GDH (5 U mL™), glucose
(20 mM), P450 (2 uM), Fdr (2 uM), YkuN (20 uM). The conversion time was set to 4 h and 20 h. The product
percentage was calculated based on the observed product peak areas in relation to the sum of product peaks
areas. Details for every model substrate are provided in the Supplementary (Supplementary Table 2.3.4-11).

Substrate Product Reaction P450 Activity Product
percentage
[%]

Testosterone 2B-Hydroxytestosterone | Hydroxylation 0SY47991 full 70
(CYP105D)

Ritonavir Hydroxy ritonavir Hydroxylation 0SY46529 full 85
(CYP105AA)

Terfenadine Fexofenadine Triple oxidation 0SY40859 full 87
(CYP107L)

Amitriptyline Nortriptyline N-Demethylation | OSY47218 moderate 87
(CYP113)

Amodiaquine Desethylamodiaquine N-Deethylation 0SY44745 moderate | 89
(CYP105AC)

Dextromethorphan | 3-Methoxymorphinan N-Demethylation | OSY44745 full 44
(CYP105AC)

Dealkylated metabolites can in principle be furnished from amodiaquine, amitriptyline,
dextromethorphan, thioridazine and ritonavir. CYP105AC was identified as the most
promising enzyme regarding its activity and selectivity for dealkylation reactions.
Dextromethorphan can be converted either by N-demethylation to 3-methoxymorphinan or
by O-demethylation to dextrorphan.[138] It was deduced from an authentic reference that the
O-demethylated product was neither formed by CYP105AC nor by any of the other P450
from S. platensis showing activity towards dextromethorphan (Figure 2.3.S3). This
observation suggests that N-dealkylation is favored over O-dealkylation by the dealkylating

P450s from S. platensis.
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Amodiaquine and amitriptyline contain one amine group which is either methylated
(amitriptyline) or ethylated (amodiaquine) (Table 2.3.3). Eleven P450s were able to oxidize
amitriptyline and eight P450s amodiaquine, albeit with low activities (Table 2.3.2). The most
selective and active P450s with respect to dealkylation reactions were CYP113 (0OSY47218)
and CYP105AC, both showing high regioselectivity of about 90% towards N-dealkylation. As
mentioned earlier, especially CYP105AC appears to prefer to catalyze N-dealkylation
reactions making this P450 enzyme a worthwhile candidate for testing of other substrates

with alkylated amine functionalities.

4. Conclusion

S. platensis DSM 40041 is an Actinomycete used by the pharmaceutical industry for the
production of drug metabolites.””! Within this study, the complete CYPome of S. platensis
consisting of 39 p450 genes was identified, and the capability of the individual P450s to oxy-
functionalize a panel of eight chemically diverse compounds, mainly drugs, was analyzed.
The most interesting P450s exhibiting high activities are members of either the CYP105
(OSY47991, OSY46529, OSY44745) or CYP107 (OSY40859, 0OSY37796) family. OSY37796
(CYP107Z) was the most active P450 and showed activity against all eight tested compounds
confirming its involvement in xenobiotic degradation and making it a highly suitable

candidate with respect to the production of drug metabolites.
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2.3.1 Supporting information

Supplementary Material and methods

Supplementary Table 2.3.1: Synthetic oligonucleotides for gene amplification.

Restriction sites are

underlined.
Primer name DNA-sequence (5'-3') Restriction usage
enzymes
F-Ndel-SPL01126 GAAGTTCCATATGTGGCCGGGAACGACAAGGACCG Amplification of
Ndel/Xhol
RC-SPL1126-Xhol GATCCTCGAGTTACCACCTGACGGGCAGTGC 0SY47408
F-Ndel-SPL01167 GGAATTCCATATGCGTATCCCCGGCCCCGAGC Amplification of
Ndel/Xhol
RC-SPL1167-Xhol GATCCTCGAGTCAGGCGCCAGAGAGGTCC 0SY47449
F-Ndel-SPL01317 GAGCGGCCCATATGACTGTGCGCGACGAGATCG Amplification of
Ndel/Xhol
RC-SPL1317-Xhol GATCCTCGAGTCAACGCCGGGCCGTCATCG 0SY47218
F-Ndel-SPL02251 GAGATTCCATATGACCGTATCCGCAGCCGACGCC y Amplification of
Ndel/Xhol
RC-SPL2251-Xhol TAATATCTCGAGCTACCCCCCGCCGGGAACGTC 0S5Y46283
F-Ndel-SPL02316 GAGATTCCATATGTTTGTTCTGAACTCGCCGGAGG Amplification of
Ndel/Xhol
RC-SPL2316-Xhol TAATATCTCGAGTCACCGGGTTGGCCACGG 0SY46348
F-Ncol-SPL02943 ATATCCATGGCTATGCACCGCGTCGGCGAG Amplification of
- Ncol/Xhol
RC-SPL2943-Xhol GGTCCTCGAGTCACGGACGAGCCATAGGAC 0SY45653
F-Nhel-SPL04452 GCCATATGGCTAGCTCCACTGTTTCTGCCCGATTAG Amplification of
- Nhel/Xhol
RC-SPL04452-Xhol TAATATCTCGAGTCAGCGACGGTGCAGCCGGAG 0SY43763
F-Ndel-SPL04453 GAGATTCCATATGCCCCTGACTCCGCGTACCCGTGC Amplification of
Ndel/Xhol
RC-SPL4453-Xhol ~ TAATATCTCGAGTCATCCGCGGGGCTCCGGCCGCAAG 0SY43764
F-Ndel-SPL05184 TATATTCCATATGCCATGTCCCGCGCTGCCCGATG Amplification of
Ndel/Xhol
RC-SPL5184-Xhol  TACGGTCTCGAGTCAACCGTAGTGAACCCGGAGTTCC 0SY41108
F-Ndel-SPL05473 GATGCGCCATATGTCCCTGACCGAATCCCTTCCC Amplification of
Ndel/Xhol
RC-SPL5473-Xhol TATATTCTCGAGCTACTCCCCCGCCCCGGC 0SY40301
F-Ndel-SPL05497 GCTAGACCATATGGCCCGGACCGAACTGCCC Amplification of
Ndel/Xhol
RC-SPL5497-Xhol TGATCTCTCGAGTCACGCCGGAGTCAGGCGGAC 0SY40215
F-Ndel-SPL07341 AGACATACATATGACCACTCTCCCGCAGCCGC Ndel/Xhol Amplification of
e (o]

RC-SPL7341-Xhol

TATATTCTCGAGTCAGCCCTCGCTCGCCCG

0SY34873
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Supplementary Table 2.3.2: Plasmids used in this study.

vector (internal number)

genes with EMBL bank

number

vector properties

reference/source

pET28a-SPL_00107 (ANWO1)
pET28a-SPL_00108 (ANW 02)
pET24b-SPL_00226 (ANW 03)
pET24b-SPL_00227 (ANW 04)
pET24b-SPL_00249 (ANW 05)
pET24b_SPL_00375 (ANW 06)
pET24b_SPL_00400 (ANW 07)
pET24b-SPL_00455 (ANW 08)
pET24b-SPL_00625 (THI 09)
pET28a-SPL_00916 (ANW 09)
pET28a-SPL_01100 (THI 10)
pET24b-SPL_01126 (THI 03)
pET24b-SPL_01167 (THI 04)
pET28a-SPL_01186 (ANW 10)
pET24b-SPL_01317 (THI 05)
pET24b-SPL_01542 (ANW 11)
pET28a-SPL_01673 (ANW 12)
pET28a-SPL_01682 (ANW 13)
pET24b-SPL_01896 (THI 11)
pET28a-SPL_02232 (ANW 14)
pET24b-SPL_02251 (THI 17)
pET24b-SPL_02316 (THI 06)

pET24b-SPL_02318 (THI 07)

pET28a-SPL_02943 (THI 12)

Gene ,,SPL_00107“
(EMBL-Bank: OSY48230)
Gene ,SPL_00108“
(EMBL-Bank: OSY48231)
Gene ,SPL_00226"
(EMBL-Bank: OSY48349)
Gene ,,SPL_00226"
(EMBL-Bank: OSY48350)
Gene ,,SPL_00249“
(EMBL-Bank: OSY48372)
Gene ,SPL_00375“
(EMBL-Bank: OSY48498)
Gene ,,SPL_00400“
(EMBL-Bank: OSY47769)
Gene ,,SPL_00455"
(EMBL-Bank: OSY47824)
Gene ,,SPL_00625"
(EMBL-Bank: OSY47991)
Gene ,SPL_00916“
(EMBL-Bank: OSY47661)
Gene ,,SPL_01100"
(EMBL-Bank: OSY47382)
Gene ,,SPL_01126"
(EMBL-Bank: OSY47408)
Gene ,,SPL_01167“
(EMBL-Bank: OSY47449)
Gene ,SPL_01186“
(EMBL-Bank: OSY47468)
Gene ,SPL_01317“
(EMBL-Bank: OSY47218)
Gene ,,SPL_01542“
(EMBL-Bank: OSY47114)
Gene ,,SPL_01673“
(EMBL-Bank: OSY46937)
Gene ,,SPL_01682“
(EMBL-Bank: OSY46946)
Gene ,,SPL_01896“
(EMBL-Bank: OSY46529)
Gene ,,SPL_02232“
(EMBL-Bank: OSY46264)
Gene ,SPL_02251"
(EMBL-Bank: OSY46283)
Gene ,SPL_02316"
(EMBL-Bank: OSY46348)
Gene ,SPL_02318“
(EMBL-Bank: OSY46350)

Gene ,SPL_02943“
(EMBL-Bank: OSY45653)

SPL_00107 (Ncol/Xhol)
cloned in pET28a
SPL_00108 (Ncol/Xhol)
cloned in pET28a
SPL_00226 (Ndel/Sall)
cloned in pET24b
SPL_00227 (Ndel/Sall)
cloned in pET24b
SPL_00249 (Ndel/EcoRl)
cloned in pET24b
SPL_00375 (Ndel/EcoRl)
cloned in pET24b
SPL_00400 (Ndel/EcoRl)
cloned in pET24b
SPL_00455 (Ndel/EcoRl)
cloned in pET24b
SPL_00625 (Ndel,Xhol)
cloned in pET24b
SPL_00916 (Ncol/Xhol)
cloned in pET28a
SPL_01100 (Ncol,Xhol)
cloned in pET28a
SPL_01126 (Ndel,Xhol)
cloned in pET24b
SPL_01167 (Ndel,Xhol)
cloned in pET24b
SPL_01186 (Ncol/Xhol)
cloned in pET28a
SPL_01317 (Ndel,Xhol)
cloned in pET24b
SPL_01542 (Ndel/EcoRl)
cloned in pET24b
SPL_01673 (Ncol/Xhol)
cloned in pET28a
SPL_01682 (Ncol/Xhol)
cloned in pET28a
SPL_01896 (Ndel,Xhol)
cloned in pET24b
SPL_02232 (Ncol/Xhol)
cloned in pET28a
SPL_02251 (Ndel,Xhol)
cloned in pET24b
SPL_02316 (Ndel,Xhol)
cloned in pET24b
SPL_02318 (Ndel,Xhol)
cloned in pET24b

SPL_02943 (Ncol,Xhol)
cloned in pET28a

Worsch et al.[*%®?

Worsch et al.[*%®?

Worsch et al. %%
Worsch et al. %%

Worsch et al.[*%

108
Worsch et al.*%

Worsch et al.2%%

Worsch et al.2%%

Hilberath et al.™

1
Worsch et al.[*%

Hilberath et al.™
this work

this work

Worsch et al.%%

this work

Worsch et al.2%%

Worsch et al.%%

Worsch et al.'%%
Hilberath et al.”™"
Worsch et al.["%®
this work
this work

Hilberath et al.™

this work
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vector (internal number)

genes with EMBL bank

number

vector properties

reference/source

pET24b-SPL_03767 (THI 13)
pET24b-SPL_04201 (ANW 15)
pET24b-SPL_04452 (THI 20)
pET24b-SPL_04453 (THI 08)
pET28a-SPL_04587 (ANW 16)
pET28a-SPL_04666 (ANW 17)
pET24b-SPL_05184 (THI 14)
pET24b-SPL_05261 (ANW 18)
pET28a-SPL_05402 (ANW 19)
pET24b-SPL_05473 (THI 18)
pET24b-SPL_05497 (THI 15)
pET24b-SPL_05498 (ANW 20)
pET24b-SPL_06346 (THI 16)
pET24b-SPL_07372 (ANW 21)

pET24b-SPL_07341 (THI 19)

Gene ,SPL_03767“
(EMBL-Bank: OSY44745)
Gene ,SPL_04201“
(EMBL-Bank: OSY44419)
Gene ,,SPL_04452“
(EMBL-Bank: OSY43763)
Gene ,,SPL_04453“
(EMBL-Bank: OSY43764)
Gene ,SPL_04587“
(EMBL-Bank: OSY42990)
Gene ,,SPL_04666“
(EMBL-Bank: OSY42650)
Gene ,SPL_05184“
(EMBL-Bank: OSY41108)
Gene ,SPL_05261“
(EMBL-Bank: OSY40859)
Gene ,,SPL_05402“
(EMBL-Bank: OSY40501)
Gene ,,SPL_05473“
(EMBL-Bank: OSY40301)
Gene ,,SPL_05497“
(EMBL-Bank: OSY40215)
Gene ,,SPL_05498“
(EMBL-Bank: OSY40216)
Gene ,,SPL_06346“
(EMBL-Bank: OSY37796)
Gene ,,SPL_07372"
(EMBL-Bank: OSY34726)
Gene ,,SPL_07341"
(EMBL-Bank: OSY34873)

SPL_03767 (Ndel,Xhol)
cloned in pET24b
SPL_04201 (Ndel/Sall)
cloned in pET24b
SPL_04452 (Nhel,Xhol)
cloned in pET24b
SPL_04453 (Ndel,Xhol)
cloned in pET24b
SPL_04587 (Ncol/Xhol)
cloned in pET28a
SPL_04666 (Ncol/Xhol)
cloned in pET28a
SPL_05184 (Ndel,Xhol)
cloned in pET24b
SPL_05261 (Ndel/Sall)
cloned in pET24b
SPL_05402 (Ncol/Xhol)
cloned in pET28a
SPL_05473 (Ndel,Xhol)
cloned in pET24b
SPL_05497 (Ndel,Xhol)
cloned in pET24b
SPL_05498 (Ndel/EcoRl)
cloned in pET24b
SPL_06346 (Ndel,Xhol)
cloned in pET24b
SPL_07372 (Ndel/Sall)
cloned in pET24b
SPL_07341 (Ndel,Xhol)
cloned in pET24b

Hilberath et al.™

Worsch et al.*%®
this work

this work

Worsch et al. %%

Worsch et al.[*%

this work

Worsch et al.2%%

Worsch et al.2%%

this work
this work
Worsch et al.2%%

Hilberath et al.™

1
Worsch et al.[*%

this work
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LC and GC conditions

Supplementary Table 2.3.3: Chromatographic conditions for the LC/MS-or GC/MS-analysis.

Internal
Compound Solvent program Reference
standard
Gradient from 30 % B to 80 % B for 20 min, then gradient from 80
% B to 100 % B for 1 min, hold 100 % B for 1 min, equilibration at (1085]
Ritonavir Darunavir Worsch et al.
30 % B for 5 min
Solvent A: 0.1% formic acid; solvent B: methanol
Gradient from 10 % B to 75 % B for 10 min, hold 75 % B for 5 min,
von Bihler et
Testosterone Progesterone | equilibration at 10 % B for 5 min (798]
al.
Solvent A: 0.1% formic acid; solvent B: methanol
Gradient from 23 % B to 33 % B for 10 min, hold 100 % B for 1 min,
Amitriptyline Oxcarbazepine | equilibration at 23 % B for 4 min Hilberath et al.Y

Solvent A: 0.1% formic acid; solvent B: acetonitrile

Amodiaquine

Quinidine

Gradient from 5 % B to 33 % B for 7 min, 33 % B to 100 % B for
1 min, hold 100 % B for 1 min, re-equilibration at 5 % B for 7 min

Solvent A: 0.1% formic acid; solvent B: methanol

Worsch et a

| [108a]

Terfenadine

Diphenhydrami

ne

Gradient from 45 % B to 80 % B for 20 min, then gradient from 80
% B to 100 % B for 1 min, hold 100 % B for 1 min, equilibration at
45 % B for 5 min

Solvent A: 0.1% formic acid; solvent B: methanol

This work

Thioridazine

Amitriptyline

Gradient from 45 % B to 80 % B for 20 min, 80 % B to 100 % B for 1
min, hold 100 % B for 1 min, re-equilibration at 45 % B for 5 min

Solvent A: 0.1% formic acid; Solvent B: methanol

This work

Geraniol

starting column temperature at 120 °C, hold 120 °C for 3 min, and
temperature increase to 300 °C at a rate of 30 °C min_l, injection at

250 °C.

Ruhimann
al

et

Dextromethorphan

Gradient from 35 % B to 70 % B for 20 min, 70 % B to 100 % B for 1
min, hold 100 % B for 2 min, re-equilibration at 35 % B for 5 min

Solvent A: 0.1% formic acid; Solvent B: methanol

This work
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Supplementary Results

E.coli BL21 (DE3)

15004

1000+

P450 concentration
[nmoligcpw]

|_|c| I:“]m 1 DHHD A0

L) T T
> > ® IR
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0,_;\ AP AP AR AP AP AP AP A5 2 O

Gene

Supplementary Figure 2.3.1: P450 concentrations achieved in E. coli BL21 (DE3). Measurements were
performed in biological duplicates in case a standard deviation is given. Data were plotted with GraphPad

Prism.

E.coli C43 (DE3)

2000+
15004

1000+

P450 concentration
[nmoligcpw]
[4,]
3

n.d. n.d. n.d.| n.d. n.d. n.d. n.d.n.df8n.d.n.d.
T

Supplementary Figure 2.3.2: P450 concentrations achieved in E. coli C43 (DE3). Measurements were
performed in biological duplicates in case a standard deviation is given. Data were plotted with GraphPad

Prism. n.d.: not determined
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Supplementary Table 2.3.4: Results on product distribution and substrate conversion with amodiaquine.
Retention times: Amodiaquine (6.4 min, 356 m/z), N-Desethylamodiaquine 1 (5.9 min, 328 m/z) and N-Bis-
desethyl-amodiaquine 2 (5.4 min, 300 m/z). Conversion was calculated using the internal standard quindine

(7.8 min, 326 m/z). Product identification was described previously.

[108a]

cl N
I I \]
/

cl N
N
T
NH +

Amodiaquine

N-Desethylamodiaquine (1)

cl N
N
T
NH
HO

N-Bis-desethyl-amodiaquine (2)

Product distribution [%)]

P450 conversion [%] (1) (2)
0SY47769 <10 100 0
0SsY47991 <10 100 0
0SY47218 <10 100 0
0SY46937 <10 100 0
0SY46529 13 100 0
0SsY44745 64 89 11
0SY40859 76 72 28
0SY37796 25 100 0

Supplementary Table 2.3.5: Results on product distribution and substrate conversion with amitriptyline.
Retention times: Amitriptyline (18.3 min, 278 m/z), Nortriptyline 3 (17.4 min, 264 m/z), (+)-(E)-10-
Hydroxyamitriptyline 4 (6.0 min, 294 m/z) and Desmethylnortripyline 5 (16.2 min, 250 m/z). Conversion was
calculated using the internal standard oxcarbazepine (11.4 min, 253 m/z). Product identification was described

. (1]
previously.

7

o o

NH

T/

Amitriptyline Nortriptyline (3) (£)-(E)-10- Desmethylnortriptyline (5)
Hydroxyamitriptyline (4)
Product distribution [%]
P450 conversion [%] (3) (4) (5) other
0SY48372 13 88 10 0 2
0SY47824 <10 92 8 0 0
0SY47991 21 79 15 <1 6
0SY47218 75 87 2 3 8
0SY47114 <10 74 26 0 0
0SY46937 16 85 10 0 5
0SY46529 34 49 26 1 24
0SY44745 86 56 1 17 26
0SY42650 <10 100 0 0 0
0SY40859 50 47 18 0 35
0SY37796 97 55 12 7 26
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Supplementary Table 2.3.6: Results on product distribution and substrate conversion with
dextromethorphan. Retention times: Dextromethorphan (10.5 min, 272 m/z) and 3-Methoxymorphinan 6
(11.4 min, 258 m/z). Conversion was determined from the integration of peak areas of the substrate and all
products. Products were identified by co-elution with authentic reference (Supplementary Figure 2.3.3).

o 0o
—_—
—N HN
Dextromethorphan 3-Methoxymorphinan (6)
Product distribution [%)]
P450 conversion [%] (6) other

0SY47991 <10 76 24
0SY47114 <10 100 0
0SY46937 <10 73 27
0SY46529 39 93 7
0SY44745 93 44 56
0SY37796 78 77 23

Supplementary Table 2.3.7: Results on substrate conversion with geraniol. Retention times: Geraniol (4.3
min). Conversion was estimated from the integration of peak areas of the substrate and putative products. It
was not possible to calculate the product distribution due to the similar retention times of several products.

product mixture

AN —
HO

Geraniol
Product distribution [%]
P450 conversion [%] other
0SY47991 <10 not determined
0SY46529 <10 not determined
0SY46350 <10 not determined
0SY44745 <10 not determined
0SY37796 =80 not determined
0SY34873 =95 not determined
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Supplementary Table 2.3.8: Results on product distribution and substrate conversion with ritonavir.
Retention times: Ritonavir (19.0 min, 721 m/z), Hydroxy ritonavir 7 (15.6 min, 737 m/z), N-Demethylation
product 8 (17.9 min, 707 m/z), N-Dealklyation product 9 (13.6 min, 583 m/z) and N-Dealklyation product 10
(14.5 min, 581 m/z). Conversion was calculated using the internal standard darunavir (12.1 min, 549 m/z).
Product identification was described previously.[m (1082]

Ritonavir

N-Dealklyation product (9) N-Dealklyation product (10)

Product distribution [%)]

P450 conversion [%] (7) (8) (9) (10) other
0SY47991 68 86 0 8 0 6
0SY47218 14 39 22 6 21 12
0SY46529 92 84 0 3 0 13
0SY44745 46 36 19 14 5 26
0SY40859 86 84 0 1 <1 14
0SY37796 41 30 32 14 13 11

Supplementary Table 2.3.9: Results on product distribution and substrate conversion with terfenadine.
Retention times: Terfenadine (13.8 min, 472 m/z) and Fexofenadine 11 (8.5 min, 502 m/z). Conversion was
calculated using the internal standard diphenhydramine (5.7 min, 256 m/z)..Products were identified by co-
elution with authentic reference (unpublished data, Anne Worsch).

C 5
HO OH
e e L
(o) OH

Terfenadine Fexofenadine (11)

Product distribution [%]
P450 conversion [%] (11) other

0SsY47769 <10 0 100
0SY47991 24 0 100
0SY46529 <10 0 100
0SY44745 95 0 100
0SY42990 <10 0 100
0SY40859 97 87 13
0SY37796 92 0 100
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Supplementary Table 2.3.10: Results on product distribution and substrate conversion with thioridazine.
Retention times: Thioridazine (20.3 min, 371 m/z), Thioridazine 5-sulfoxide 12 (8.5 min, 387 m/z) and
Mesoridazine 13 (9.5 min, 387 m/z). Conversion was calculated using the internal standard amitriptyline (13.6
min, 278 m/z). Products were identified by co-elution with authentic reference (Supplementary Figure 2.3.4).

NS N N

o

sevalngilivecallivera

s |j S
Thioridazine Thioridazine 5-sulfoxide (12) Mesoridazine (13)
Product distribution [%)]

P450 conversion [%] (12) (13) other
0SY48372 15 44 27 29
0SY47991 32 65 35 0
0SY47218 93 49 21 30
0SY46937 14 62 31 7
0SY46529 45 27 70 3
0SY44745 25 68 19 13
0SY42650 <10 65 35 0
0SY40859 63 6 68 26
0SY37796 91 41 32 27

Supplementary Table 2.3.11: Results on product distribution and substrate conversion with testosterone.
Retention times: Testosterone (12.2 min, 290 m/z), 2B-Hydroxytestosterone 14 (11.3 min, 306 m/z) and
6B-Hydroxytestosterone 15 (10 min, 306 m/z). Conversion was calculated using the internal standard
progesterone (13.8 min, 316 m/z). Product identification was described previously.m]

Testosterone 2R-Hydroxytestosterone (14) 6R-Hydroxytestosterone (15)
Product distribution [%)]
P450 conversion [%] (14) (15) other

0SY47824 <10 0 0 100
0SY47991 100 70 0 30
0SY46937 97 0 0* 100
0SY46529 <10 12 0 88
0SY40501 <10 0 0 100
0OSY37796 98 5 6 89

* Due to the similar retention times of several products, it could not be confirmed whether
6R-hydroxytestosterone was formed by this P450.
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Supplementary Figure 2.3.3: Comparison of the commercial product standards 3-methoxymorphian (blue)
and dextorphan (brown) with the conversion of dextromethorphan (black). Dex: dextromethorphan, Black:
control reaction without P450, pink: conversion of dextromethorphan with 0SY44745 (CYP105AC).
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Supplementary Figure 2.3.4: Comparison of the commercial product standards mesoridazine (blue) and
thioridazine 5-sulfoxide (brown) with the conversion of thioridazine (pink). THIO: thioridazine, Black: control
reaction without P450, pink: conversion of thioridazine with 0OSY47218 (CYP113).
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2.4 Bile acid oxidation by CYP105D

Title: Insights into bile acid oxidation by a promiscuous bacterial cytochrome P450

Authors: Thomas Hilberath, Matthias Bureik, Vlada B. Urlacher*

* corresponding author

Manuscript in preparation

Own contribution: Conceptualization, design and conduction of all experiments, analysis and

interpretation of all data, drafting of the manuscript. Relative contribution: 90%.
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Insights into bile acid oxidation by a promiscuous bacterial cytochrome P450

Thomas Hilberathl, Matthias Bureikz, Vlada B. Urlacher*

YInstitute of Biochemistry, Heinrich-Heine University Disseldorf UniversititsstraBe 1, 40225

Disseldorf, Germany

’School of Pharmaceutical Science and Technology, Health Science Platform, Tianjin

University, Tianjin 300072, China

* Corresponding author: Vlada B. Urlacher. Email: vlada.urlacher@uni-duesseldorf.de

Abstract

The synthesis of hydroxylated bile acids can lead to the development of new drug targets to
cure various metabolic disorders including cholestasis or gallstone disease.
Chenodeoxycholic acid is a bile acid with the highest physiological relevance and thus a
promising starting substrate to synthesize hydroxylated derivatives. In this study, we
identified the cytochrome P450 CYP105D from Streptomyces platensis DSM 40041 as a
general biocatalyst for the oxidation of structurally diverse bile acids. CYP105D oxidized
0.5 mM chenodeoxycholic acid completely to a main hydroxylated product with 55%
selectivity. Testing of bile acids with different functional moieties at different positions of
the tetracyclic hydrocarbon core revealed an influence of hydroxy- and keto groups on
substrate binding, enzyme activity and product selectivity. Product analysis by NMR
demonstrated the preference of CYP105D for the side chain hydroxylation of

chenodeoxycholic acid, which has not been reported for any other P450 before.
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1. Introduction

Bile acids are tetracyclic steroid acids derived from cholesterol, which act as emulsifiers in
the small intestine to dissolve hydrophobic substances such as lipids and fat-soluble
vitamins.*?! They play a pivotal role as signaling molecules regulating members of the
nuclear receptor family such as the farnesoid x receptor (FXR) or G-protein-coupled
receptors (GPCRs) like TGR5.1Y They do not only modulate their own synthesis and
enterohepatic recirculation, but also triglyceride, cholesterol, energy and glucose
homeostasis.™*!! Hence, a deficiency or misleading function in bile acid metabolism is

[142]

associated with a number of diseases including nonalcoholic steatohepatitis, primary

(141, 193] 3nd cholesterol gallstone disease.!*** In order to cure these diseases,

biliary cirrhosis,
bile acids have been exploited as drug targets. Five bile acids are mainly found in humans,
namely chenodeoxycholic acid (CDCA), deoxycholic acid (DCA), cholic acid (CA),
ursodeoxycholic acid (UDCA) and lithocholic acid (LCA) (Figure 2.4.1). In humans
chenodeoxycholic acid is the most potent endogenous FXR ligand and together with cholic
acid, it makes up to 80% of all bile acids.!**' Accordingly, derivatives of chenodeoxycholic
acid are of great pharmaceutical interest. These derivatives include hydroxylated products
such as muricholic acids, which possess an additional alcohol group at position C6.
Muricholic acids and other oxy-functionalized bile acids are more hydrophilic making them
interesting targets for preventing or treating cholesterol gallstones.mel However, the
synthesis of hydroxylated bile acids is a challenging task because tedious or potentially toxic,

chemical or chemo-enzymatic reactions are required, and enzymes for hydroxylation remain

unidentified.[**”!

The hydroxylation of bile acids is naturally catalyzed by heme-containing cytochrome P450
monooxygenases. P450s are powerful biocatalysts due to their ability to oxidize a
tremendous number of substrates in one step, often in a regio-and stereoselective manner

under mild reaction conditions.!

196, 148] Bacterial P450s are especially interesting as they can
be produced in high amounts in heterologous hosts and usually exhibit higher activities
compared to their eukaryotic counterparts.[15] In a previous study we found that CYP105D

from Streptomyces platensis DSM 40041 catalyzed the oxidation of a variety of chemically
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diverse substrates. Among the accepted substrates, steroids like testosterone were oxidized

with high regioselectivity leading to one main hydroxylated product.[m

In the present study, we describe the identification and characterization of CYP105D from
S. platensis regarding the oxidation of chenodeoxycholic acid and other bile acids. CYP105D
could oxidize chenodeoxycholic acid in vitro mainly to one hydroxylated product. The
binding constant Kp of CYP105D towards bile acids increased with a higher number of
hydroxy- and keto groups. Activity and selectivity of CYP105D towards bile acids was strongly
influenced by the position and molecular configuration of hydroxy and keto groups. The
conditions for the in vitro reactions were optimized enabling complete conversion of 1 mM
substrate concentration at a semi-preparative scale. CYP105D was found to have a unique
selectivity in bile acid oxidation and thus is a promising bacterial P450 to form unusual oxy-

functionalized bile acids.

R4 R;
Chenodeoxycholic acid OH, H
Cholic acid OH, OH
Lithocholic acid H H
Deoxycholic acid H OH
Ursodeoxycholic acid OHg H

Figure 2.4.1: Structure of the five common bile acids in humans. Common positions for hydroxy groups are
highlighted in red.
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2. Material and methods

2.1 Bacterial strains, enzymes and chemicals

E. coli strains BL21(DE3) and OverExpress C43(DE3) were obtained from Clontech and
Lucigen. Catalase from bovine was purchased from Sigma Aldrich. Bile acid substrates were
obtained from Sigma Aldrich, Acros Organics, Alfa Aesar and Serva. Muricholic acids used as

reference metabolites were provided by Cayman Chemical.

2.2 Recombinant expression and purification of CYP105D, its redox partners and glucose

dehydrogenase

All genes used in this study were cloned into the pET vectors allowing expression in E. coli
(DE3) expression strains. Suitable conditions for expression of cyp105D from Streptomyces
platensis DSM 40041 (EMBL-Bank: OSY47991),[11] flavodoxin reductase from E. coli (Fdr,
EMBL-Bank: L04757), flavodoxin from B. subtilis (YkuN, EMBL-Bank: CAA10877),12%%® 119 and

glucose dehydrogenase from Bacillus megaterium (GDH, EMBL-Bank: D10626)[12°]

are
described elsewhere and were performed accordingly. All proteins except GDH contained an
N-terminal His-tag and were purified via immobilized affinity chromatography using two
HisTrap FF crude columns in series (5 mL, GE-Healthcare) following instructions described
elsewhere.™ GDH was purified via salt precipitation and heat treatment according to

procedures described by Kranz Finger et al. and Nagao et al 1149
2.3 Spectroscopic methods and enzyme assays

All photometric measurements were conducted using a double-beam photometer (Lambda
35, Perkin Elmer). Concentration of purified CYP105D was determined based on its
absorption in CO-difference spectra using the published extinction coefficient €450 = 91 mM™
ecm .1 The concentration of YkuN and Fdr was obtained by using their extinction
coefficients €46:= 10 mMM™ cm1l and g45¢= 7.1 mM™* em 2.9 For determination of GDH
activity, the reduction of NADP* to NADPH by GDH was tracked at 340 nm in a continuous
photometric assay. Reaction mixtures contained 100 mM glucose, 100 uM NADP* and 100 pL
of enzyme in 1 mL 50 mM potassium phosphate buffer (KPi), pH 7.5. The increase of

absorption caused by NADPH formation was tracked for 120 s at 25 °C. The initial slope
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(AA340/min) between 20 - 80s was linear and used to calculate the enzymatic activity
[U/mL]: The activity of GDH is given in Units (U) where 1 U is defined as the amount of

enzyme which is needed to convert 1 umol substrate in 1 minute under assay conditions.
2.4 Substrate binding assays

Titration of a P450 with a substrate results in a continuous spectral shift of the soret band
from 418 nm (low spin substrate free form) to 390 nm (high spin substrate bound form).[151]
This spectral property was used to evaluate binding of bile acid substrates to CYP105D and
to calculate the substrate dissociation constants (Kp). In a double-beam photometer
(Lambda 35, Perkin EImer) two tandem quartz cuvettes (Hellma) were placed. Each cuvette
contained one chamber with 800 pL 1 uM purified CYP105D in 50 mM potassium phosphate
buffer, pH 7.5 (chamber 1) and another chamber with buffer without enzyme (chamber 2).
The bile acids were dissolved in ethanol and titrated in small volumes (0.5 — 3 plL) to the
enzyme containing chamber of the ‘sample cuvette’ and in parallel to the buffer chamber of
the “reference cuvette”. After gentle mixing with a plastic spatula and incubation for 1 min
at 25 °C, a spectrum between 330 and 500 nm was recorded. The addition of substrate was
continued until no further increase in the absorption difference between 390 nm and
420 nm (Type | spectrum) occurred. Kp values were obtained by fitting the absorption
difference versus the substrate concentration to the following hyperbolic function using

Prism (GraphPad, version 5):
AApax - [S]
Kp + [S]

AA =
AA = absorption difference between 390 nm and 420 nm
[S] = concentration of bile acids

AAmax= maximum absorption difference

2. 5 Analytical scale conversions

In vitro conversions were conducted with purified enzymes in 0.2 —1 mL 50 mM potassium
phosphate buffer, pH 7.5. For reconstitution of P450 activity, the non-physiological redox

partners Fdr from E. coli together with the flavodoxin YkuN from B. subtilis were applied.
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Reaction mixtures usually contained CYP105D (2 — 5 uM), YkuN (20 - 50 uM), Fdr (2 -5 uM),
catalase from bovine (600 U/mL) and 0.2 — 1 mM substrate dissolved in 2 % (v/v) organic
co-solvent. NADPH was added in stoichiometric amounts (200 uM) and regenerated with
5 U/mL purified GDH using 20 mM glucose as co-substrate. Samples were incubated at 25 °C
in 2 mL reaction tubes with open lids in an Eppendorf thermomixer with a shaking speed of
300 - 600 min™. For extraction 200 UM of internal standard were added. Next, the sample
was supplemented with 300 uL 0.1 M sodium acetate buffer, pH 4. After extraction with
ethyl acetate, the organic phase was transferred into a new reaction tube and dried under
reduced pressure. Samples were dissolved in methanol (LC/MS grade) and subjected to

LC/MS-analysis.
2.7 Semi-preparative scale conversions and product isolation

For isolation of the oxidized products, conversions with chenodeoxycholic acid were
performed similar to analytical scale conversions in 1 mL scale. Reactions were conducted in
48 mL final volume with 4 uM CYP105D, 40 uM YkuN, 4 uM Fdr and 1 mM substrate (19 mg).
The reaction mixture was incubated at 25 °C and 600 min™ in an Eppendorf thermomixer for
4 h. Next, samples for LC/MS analysis were taken, reactions pooled to 10 mL volume, and
acidified with 15 mL 0.1 M sodium acetate buffer, pH 4. The reaction mixtures were
extracted twice with ethyl acetate (2 x 20 mL), organic layers combined, dried over MgSO,
and evaporated under reduced pressure. Isolation was conducted on a silica column via flash
column chromatography starting with chloroform: methanol in a ratio of 9:1. During
purification, the concentration of methanol was stepwise increased. Two metabolites (P1
and P2) could be isolated in sufficient concentration allowing first structural assignments via
NMR-analysis. Metabolite P1 (3.3 mg, 17%) was isolated as white transparent solid in a
LC/MS purity of > 80%, while metabolite P2 was isolated with > 60% purity (LC/MS) as white
solid (4 mg, 21%).

2.9 Product analysis

Conversions were analyzed by liquid chromatography coupled to mass spectrometry (LC/MS)
on a Prominence/LCMS 2020 device (Shimadzu). Analytes were separated on a Chromolith”

Performance RP-18e column (100 x 4.6 mm, Merck) using water with 0.1% formic acid as
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solvent A and methanol (MeOH) as solvent B. 1 pL of each sample was injected and the
analytes were separated by a gradient with a flow rate of 1 mL/min at 30 °C. All bile acids
were separated with the same program except dehydrocholic acid (Table 2.4.51) Bile acids
were ionized by electron spray ionization (ESI) and atmospheric pressure chemical ionization

(APCI) and detected in a range between 250-900 m/z.

NMR spectra (1D and 2D-spectra) were recorded on a Bruker Avance 1lI-600 spectrometer
(*H-NMR: 600 mHz; *C-NMR: 150 mHz). The chemical shifts (8) are stated in ppm and are
related to the solvent methanol-d, (**C: 49.00 ppm; 'H:3.31 ppm). NMR data were recorded

for the substrate and products and compared to literature allowing signal assignments.“sz]

3. Results

3.1 CYP105D as a candidate for bile acid oxidation

In order to identify a suitable candidate with activity towards bile acids, we focused on
CYP105D and CYP107Z from Streptomyces platensis DSM 40041, because of their broad
substrate spectrum and their complementary activities against steroidal compounds.[“] Both
enzymes were tested in vitro against chenodeoxycholic acid as substrate using crude cell
extracts. Since the physiological redox partners for both P450s remain unidentified,
electrons from NADPH were provided by the NADPH-dependent flavodoxin reductase from
Escherichia coli (Fdr) and the flavodoxin YkuN from Bacillus subtilis.!*% 133 Initially, the
activity of both P450s was very low due to the appearance of an undesired by-product,
which was also present in the negative control (data not shown). The expression host for all
enzymes was E. coli, which is able to metabolize bile acids on its own due to activity of 7a-
hydroxysteroid dehydrogenase (70L—HSDH).[154] 70-HSDH from E. coli oxidizes bile acids at the
7a-hydroxy group to the corresponding ketone and produces undesired by-products in bile
acid syntheses as reported earlier.™ Thus, all enzymes including the P450 were purified
avoiding bile acid oxidation by 7a-HSDH and tested again for activity against
chenodeoxycholic acid (Figure 2.4.2). Both P450 enzymes oxidize chenodeoxycholic acid with

high activity. CYP105D oxidized chenodeoxycholic acid almost completely (97% conversion)
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and outperformed CYP107Z showing a slightly lower conversion of approximately 85%.
Interestingly, both enzymes showed a similar product pattern. The main product (P2) was
the same for both enzymes and accounted for more than half of the total product

percentage. Because of its higher activity, CYP105D was further investigated.

Chenodeoxycholic acid
mmmmm negative contral i
10- — CYPIG5D

e CYPLO7Z

Intensity (x10%)

time [min]

Figure 2.4.2: LC/MS-chromatograms for the conversion of chenodeoxycholic acid by CYP105D (black line) and
CYP107Z (blue line). Products analyzed by NMR are numbered, while all other products are indicated with
an (*). Reaction conditions: 0.2 mM chenodeoxycholic acid in 2 % (v/v) DMSO, 2 uM P450 together with 10 uM
Fdr and 10 pM YkuN. NADPH (0.2 mM) was regenerated with 5 U/mL GDH and 20 mM glucose. Incubation at
25 °C and 300 min™ shaking frequency for 4 h in 0.2 mL potassium phosphate buffer (50 mM KPi, pH 7.5).
Conversion values were calculated from the ratio of the total product peak area relative to the sum of product
and substrate peak areas.

3.2 Influence of the co-solvent and increasing substrate concentrations

Bile acids are amphipathic molecules that form micelles above their critical micelle
concentration (cmc). Below their cmc of around 5-15 mM, bile acids are monomeric and thus
almost insoluble in water.[*472 156! Initially, chenodeoxycholic acid was dissolved in dimethyl
sulfoxide (DMSO) and used for conversions at a concentration of 0.2 mM. To increase the
activity of CYP105D against chenodeoxycholic acid, different co-solvents and increasing
substrate concentrations were tested. Besides DMSO, acetonitrile (ACN), propan-2-ol
(i-Prop) and ethanol (EtOH) were applied (Figure 2.4.3). The reaction time was set to four

hours as this was the shortest time for maximum conversion (Supplementary Figure 2.4.1).
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Using a substrate concentration of 0.5 mM, a conversion of 69 + 2% was reached using
DMSO as co-solvent. Due to the low solubility of chenodeoxycholic acid in ACN, only half of
the substrate concentration could be used and thus the lowest conversion was achieved
using this compound as co-solvent (50%). When i-Prop (87 £ 5% conversion) and EtOH (92 +
9% conversion) were applied as co-solvent, higher conversions could be achieved in the
same reaction time as compared to reactions with DMSO. Due to the higher P450 activity
with EtOH, this co-solvent was used to increase the substrate concentration in agueous
solution (Figure 2.4.4). The doubling of the substrate concentration from 0.5 mM to 1 mM
resulted in a more than 3-fold decrease of substrate conversion. The further increase of
substrate concentration resulted in almost complete loss of P450 activity (conversion less
than 1% at 2.5 mM substrate concentration). This suggests a potential inhibitory effect of

chenodeoxycholic acid on CYP105D at higher substrate concentrations.
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Figure 2.4.3: Conversion [%] of 0.5 mM chenodeoxycholic acid dissolved in 2 vol% (final concentration) of
dimethyl sulfoxide (DMSO), acetonitrile (ACN), propan-2-ol (i-Prop) or ethanol (EtOH). Reaction conditions:
0.5 mM chenodeoxycholic acid in 2 % (v/v) co-solvent, 2 UM P450 together with 2 uM Fdr and 20 uM YkuN.
NADPH (0.2 mM) was regenerated with 5 U/mL GDH and 20 mM glucose. The reaction was performed for 4 h
in 200 pL 50 mM phosphate buffer (50 mM KPi, pH 7.5) in 2 mL reaction tubes with open lids at 25 °C and
300 min™ in Eppendorf shakers. Due to the low solubility of chenodeoxycholic acid in ACN, only half of the
substrate concentration than for the other solvents could be applied. Mean values and standard deviation are
derived from at least two technical duplicates.
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Figure 2.4.4: Conversion [%] of 0.5 — 2.5 mM chenodeoxycholic acid dissolved in 2 - 5 vol% EtOH (final
concentration). Reaction conditions: 0.5 — 2.5 mM chenodeoxycholic acid in 2 = 5 % (v/v) EtOH, 2 uM P450
together with 2 uM Fdr and 20 uM YkuN. NADPH (0.2 mM) was regenerated with 5 U/mL GDH and 20 mM
glucose. The reaction was performed for 4 h in 200 uL 50 mM phosphate buffer (50 mM KPi, pH 7.5) in 2 mL
reaction tubes with open lids at 25 °C and 300 min™ in Eppendorf shakers. Conversion was calculated from the
ratio of the product peak areas relative to the sum of substrate and product peak areas. Mean values and
standard deviation are derived from at least two technical duplicates.

3.3 Effect of functional moieties on substrate binding and enzyme activity

Bile acids share the same core structure, but differ in the position and number of their
functional moieties (Figure 2.4.1). Overall six commercially available bile acids including
chenodeoxycholic acid were tested regarding substrate binding and enzyme activity. The
simplest bile acid is lithocholic acid which possesses only one hydroxy group at position 3.
Ursodeoxycholic acid is the epimer of chenodeoxycholic acid and differs in the
stereochemical configuration of the OH-group at the C7-Atom. Deoxycholic acid possesses
like chenodeoxycholic acid two hydroxyl-groups, but one at the C12-atom instead of the
C7- atom. Cholic acid contains three hydroxyl-groups at positions 3, 7 and 12. Its derivative
dehydrocholic acid is the completely oxidized form of cholic acid possessing keto- instead of

hydroxyl-groups at the same positions.

In order to unravel a correlation between substrate binding and structural variations of bile
acids, the dissociation constant Kp was determined. The Kp-value was obtained by a
hyperbolic fit of the difference in absorption between 390 and 420 nm against the substrate
concentration (Figure 2.4.5). Generally, all bile acids induced a Type | binding spectrum,

which is typically for most P450 substrates (Figure S2-S6). The highest affinity and
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consequently the lowest Kp-value of 2.3 + 0.2 uM was measured for lithocholic acid
(Table 2.4.1). The Kp-value increased more than six-fold for bile acids with two hydroxy
groups namely chenodeoxycholic acid (16.5 + 0.4 uM), deoxycholic acid (14.8 + 0.8 uM) and
ursodeoxycholic acid (14.1 £ 1.2 uM). The different configuration of the hydroxy groups
between these bile acids did not influence the Kp-value significantly. An even weaker binding
affinity and consequently higher Kp value of 52.3 + 1.4 uM was measured with cholic acid
with three hydroxy groups. The lowest binding affinity (218 + 13 uM) towards CYP105D was
measured for dehydrocholic acid containing keto- instead of hydroxy groups. In summary it
can be stated that binding affinity to the P450 was higher, the fewer hydroxy groups were
present in the bile acid ligand. Ligands with keto groups like dehydrocholic acid were less
tightly bound than ligands with hydroxy groups indicating that the binding of bile acids to
CYP105D depended on both the number and type of functional groups.

0.03+

0.024

AA3s8.420

Relative absportion [AU]

|| ) I
0 100 200 300
chenodeoxycholic acid [pM]

Figure 2.4.5: Type | binding of chenodeoxycholic acid to CYP105D. Peak and trough were observed at 388 and
420 nm, respectively. Measurements were performed in technical triplicates.

Complementary to the determination of the substrate dissociation constant Kp, the activity
and selectivity of CYP105D against the selected bile acids was investigated (Supplementary
Figures 2.4.7-11). The substrates were tested in vitro under optimized conditions identified
before (chapter 2.4.3.3). With the exception of dehydrocholic acid all bile acids were

accepted as substrates. The simplest substrate lithocholic acid carrying one hydroxy group
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was oxidized with a conversion of 75 + 6 %. Deoxycholic acid contains an additional hydroxy
group at C12 and was the best substrate due to complete conversion. The constitutional
isomers chenodeoxycholic acid and ursodeoxycholic acid miss the hydroxy group at the C12
position, but have a hydroxy group at the C7-position either a- or B-configurated. Both were
oxidized less efficiently than deoxycholic acid (92% and 55% conversion). It is interesting that
the activity between these two epimers differed by a factor of 1.5. The substrate with the
lowest activity and also lowest selectivity was cholic acid (26 + 2%). Every compound except
cholic acid was converted by CYP105D to one major product accounting for more than 50%
of the product ratio. Mass spectrometry indicated a monohydroxylated product due to a Am
of +16 m/z. Depending on the respective bile acid, up to 9 different site products were
formed in small amounts. Overall, the activity and selectivity of CYP105D against bile acids

was dependent on the configuration and position of hydroxy groups.

Table2.4.1: Summary of substrate binding, activities and product selectivities of CYP105D towards bile acids.
No product was detected in conversions with dehydrocholic acid (n.p.d.). The percentage of the main product
was calculated based on the relation of its peak area related to the sum of all product peaks areas. Conversion
of 0.5 mM bile acid in 2 % vol% EtOH was performed as described in chapter 3.2.

Number
Kp-value Conversion Percentage of the
Substrate Functional group of
[uM] [%] main product [%]
products
Lithocholic acid 1 -OH group 2.3+0.2 75+6 10 55
Chenodeoxycholic
2 -OH groups 16504 92+9 7 55
acid
Ursodeoxycholic
2 -OH groups 141+1.2 55+9 6 50
acid
Deoxycholic acid 2 -OH groups 14.8 £ 0.8 100 10 58
Cholic acid 3 -OH groups 523+1.4 26+2 4 44
Dehydrocholic acid 3 -C=0 groups 218 +13 n. p.d. 0 0
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3.4 Product analysis reveals an oxidation at the side chain

The oxidation of chenodeoxycholic acid by CYP105D was performed on semi-preparative
scale in order to isolate products for structure elucidation. The substrate concentration was
set to 1 mM. Since at this concentration the activity was three times lower (Figure 2.4.4), the
doubled amount of P450 and redox partners was used (4 uM CYP, 40 uM YkuN, 4 uM Fdr).
Under these conditions, complete conversion was achieved. CYP105D converted
chenodeoxycholic acid to give the main product P2 (21% isolated yield) and the product P1
(17% isolated yield). Both products could only be obtained in moderate purities (60 — 80%)
because of co-elution of other oxidation products with similar chemical properties.
Nevertheless, both compounds were further analyzed by NMR spectroscopy and mass

spectrometry.

NMR spectra of both products were compared to the reported 3¢ and 'H resonance
assignments of the substrate chenodeoxycholic acid.'*®? The addition of hydroxy groups at
individual 'H resonances results in a downfield shift of adjacent proton signals, while all
other *H chemical shift changes are small. By comparing the *H and **C resonance signals of
products and substrate in HSQC spectra, identical or very similar correlations for most atoms
of the cyclic four-ring system could be seen (except position 11, Table 2.4.52). Thus,
hydroxylation or other oxidations by the P450 at these positions can be excluded. However,
this means that CYP105D must oxidize chenodeoxycholic acid at the side chain. This
observation is supported by the mass spectrometric analysis of product P1. Product P1 has
two characteristic masses of [M]" = 327 m/z and 345 m/z. These masses are smaller
compared to the main mass fragment of the substrate of 358 m/z [M- OH-OH] *. A lower
mass of a product can only be attributed to a modification of a functional group by the
enzyme. Since the hydroxy groups of chenodeoxycholic acid could be excluded by
NMR-analysis, a modification of the carboxyl group of the side chain is likely. Unfortunately,

the exact modification and position of oxidation by CYP105D could not be determined.
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Testosterone Chenodeoxycholic acid

Figure 2.4.6: Comparison of the selectivities of CYP105D towards testosterone (left) and chenodeoxycholic
acid (right). The red circle indicates the preferred position of oxidation by the enzyme.

4. Discussion

Bile acids are attractive targets for the oxyfunctionalization by P450s because they are
involved in the digestion process of the human body and consequently represent valuable
targets for new pharmaceuticals.™>*® ¥ |n the present work, CYP105D was characterized
for its ability to oxidize bile acids. As a model substrate, we focused mainly on
chenodeoxycholic acid because it is one of the most abundant and one of the most

important bile acids in the human body.ms]

CYP105D was previously shown to oxidize the steroid testosterone to
2R-hydroxytestosterone with 70% regioselectivity after complete conversion. Thus, CYP105D
is a good candidate for the oxidation of steroid derived compounds. Bile acids were accepted
as substrates as well; however they were converted by this P450 monooxygenase with lower
activities and also lower regioselectivies of maximum 58% (Table 2.4.1). In comparison to
other steroids, bile acids like chenodeoxycholic acid exhibit two major structural differences
(Figure 2.4.6). First, all bile acids have an additional five-carbon side chain ending with a
carboxyl group. Second, bile acids have a different conformation of the first ring system
because of the missing double bound and ketone group present in testosterone.
Additionally, the individual steroids and bile acids feature a different number of functional
groups. Previous investigations on CYP105D showed that steroids with more functional
groups were much less efficiently oxidized compared to the substrates with less functional
groups.m] In the case of bile acids, we could show that already small structural differences at

few positions of the core have an effect on substrate binding, selectivity and activity of
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CYP105D (Table 2.4.1). Whereas the number and type of functional groups is decisive for a
tight binding of the substrate, the configuration at one position can strongly influence the
enzyme activity as demonstrated for cheno-and ursodeoxycholic acid. The influence of
functional groups on the catalytic performance of a P450 was also investigated for other
enzymes including CYP199A4 from Rhodopseudomonas palustris or P450 BM3.” Here, the
availability of structural data and molecular docking helped to rationalize the observed
results. This approach could also be useful in the present case to interpret the available data

more precisely.

Chenodeoxycholic acid was not oxidized at the first ring like testosterone, but on the side
chain indicated by the NMR analysis. To the best of our knowledge, the oxidation of the side
chain of chenodeoxycholic acid by CYP105D or another bacterial P450 has not been reported
so far. However, side-chain hydroxylated derivatives of chenodeoxycholic acid have been
found in various vertebrates, including birds, fish, and marine mammals.!**%? The functional
significance of side chain hydroxylation along with the enzymes catalyzing this reaction is not
known yet. Thus, CYP105D might be a promising candidate for the synthesis of these
commercially not available derivatives for several reasons. First, CYP105D is a bacterial
enzyme and can be easily produced in heterologous hosts. Second, it has a broad substrate
scope and oxidizes nearly all tested bile acids. This makes CYP105D a more promising
enzyme candidate than the recently described CYP107D1 from S. antibioticus.”**® This P450
hydroxylates some bile acids such as lithocholic acid and deoxycholic acid but did not accept
other bile acids including chenodeoxycholic acid."”® However, in terms of selectivity
CYP107D1 was superior above CYP105D because this enzyme hydroxylated bile acids only at
the 6B-position.

In order to increase the selectivity of CYP105D towards bile acids, enzyme activity and
selectivity can be optimized by site-directed mutagenesis. For this purpose, structural
information such as a crystal structure or a reliable homology model has to be provided.
Variants with improved selectivity could then be used to produce different hydroxylated bile
acids. These bile acid derivatives could be tested for their biological activity and their

potential use as novel drug targets.
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In conclusion, we were able to identify CYP105D as biocatalyst for bile acid oxidation. The
enzyme was characterized regarding substrate binding and in vitro oxidation of bile acids.
The pharmacologically relevant chenodeoxycholic acid was oxidized at its side chain. This
unusual reaction opens an interesting perspective for further engineering of CYP105D in

diversified syntheses of oxyfunctionalized bile acids.
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2.4.1 Supporting information

Chromatographic conditions for LC/MS analysis

Supplementary Table 2.4.1: Chromatographic conditions for the LC/MS-analysis of bile acids.

Bile acids Dehydrocholic acid
. methanol . methanol
time ] time ]
. concentration . concentration
[min] [min]
[%] [%]
0.01 50 0.01 40
20 100 20 80
25 100 25 100
25.10 50 25.10 40
30 Stop 30 Stop
Time course of oxidation
100+
———
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Supplementary Figure 2.4.1: Time course of the oxidation of chenodeoxycholic acid by CYP105D. Reaction
conditions: 0.5 mM substrate (in 2 % EtOH final concentration), 2 uM CYP105D,20 uM YkuN, 2 uM Fdr.
Reactions were performed in 0.5 mL scale with open lids at 600 min™ shaking frequency in Eppendorf shakers.

Conversion was calculated from the ratio of the product peak areas relative to the sum of substrate and
product peak area. Measurements were performed in technical duplicates.
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Substrate binding spectra
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Supplementary Figure 2.4.2: Type | binding of lithocholic acid to CYP105D. Peak and trough were observed at
388 and 420 nm, respectively. Measurements were performed in technical triplicates.
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Supplementary Figure 2.4.3: Type | binding of deoxycholic acid to CYP105D. Peak and trough were observed
at 388 and 420 nm, respectively. Measurements were performed in technical triplicates.
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Supplementary Figure 2.4.4: Type | binding of ursodeoxycholic acid to CYP105D. Peak and trough were
observed at 388 and 420 nm, respectively. Measurements were performed in technical triplicates.
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Supplementary Figure 2.4.5: Type | binding of cholic acid to CYP105D. Peak and trough were observed at 388
and 420 nm, respectively. Measurements were performed in technical triplicates.
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Supplementary Figure 2.4.6: Type | binding of dehydrocholic acid to CYP105D. Peak and trough were
observed at 390 and 420 nm, respectively. Measurements were performed in technical triplicates.

Conversion of bile acids
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Supplementary Figure 2.4.7: LC/MS-chromatogram for the conversion of lithocholic acid by CYP105D (blue
line) compared to the negative control without P450 (black line). The main product (retention time: 13.3 min)
has a [M] =391 and an AM of = +16 to the substrate lithocholic acid ([M] = 375).
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Supplementary Figure 2.4.8: LC/MS-chromatogram for the conversion of cholic acid by CYP105D (blue line)
compared to the negative control without P450 (black line). The main product (retention time: 8.3 min) has a
[M] =423 and an AM of = +16 to the substrate cholic acid ([M] = 407). Internal standard (IS): lithocholic acid.
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Supplementary Figure 2.4.9: LC/MS-chromatogram for the conversion of deoxycholic acid by CYP105D (blue
line) compared to the negative control without P450 (black line). The main product (retention time: 8.8 min)

has a [M] = 407 and an AM of = +16 to the substrate deoxycholic acid ([M] =391). Internal standard (IS):
lithocholic acid.
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Supplementary Figure 2.4.10: LC/MS-chromatogram for the conversion of ursodeoxycholic acid by CYP105D
(blue line) compared to the negative control without P450 (black line). The main product (retention time: 7.3
min) has a [M] = 407 and an AM of = +16 to the substrate ursodeoxycholic acid ([M] =391). Internal standard
(1S): lithocholic acid.

----- negative control
161 —— CYP195D
14
'
S 124
=
>
=
7] 104
c
]
« . Dehydrocholic acid
6
4]
24
T T T T T T T T T
4 6 g 10 12 14 16 18 20

time [min]

Supplementary Figure 2.4.11: LC/MS-chromatogram for the conversion of dehydrocholic acid by CYP105D
(blue line) compared to the negative control without P450 (black line). Internal standard (IS): cholic acid.
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NMR-data

Supplementary Table 2.4.2: B¢ and 'H resonance assignments for chenodeoxycholic acid and isolated
products. The assignments are based on HSQC-spectra. Signals which are marked with an asterix (*) were
assigned by HMBC spectra, whereas signals with a plus (+) were assigned by 'H spectra. Pink colored lines
indicate atoms which were not identified in HSQC spectra.

Chenodesoxycholic acid P1 P2
Number Carbon Proton Carbon Proton Carbon Proton

o B o B a B
1 36.2 ppm 1.86 ppm 0.98 ppm 36.2 ppm 1.85 ppm 0.98 ppm 36.2 ppm 1.86 ppm 0.98 ppm
2 31.1ppm 1.34 ppm 1.61 ppm 31.1ppm 1.34 ppm 1.61 ppm 30.9 ppm 1.34ppm 1.62 ppm
3 72.5 ppm - 3.37 ppm 72.5 ppm - 3.37 ppm 72.4 ppm - 3.37 ppm
4 40.1 ppm 2.26 ppm 1.66 ppm 40.1 ppm 2.27 ppm 1.65 ppm 39.9 ppm 2.28 ppm 1.65 ppm
5 42.9 ppm - 1.37 ppm 42.9 ppm - 1.37 ppm 42.9 ppm - 1.37 ppm
6 35.5ppm 1.54 ppm 1.98 ppm 35.5ppm 1.51 ppm 1.98 ppm 35.3ppm 1.51 ppm 1.99 ppm
7 68.8 ppm - 3.80 ppm 68.7 ppm - 3.79 ppm 68.7 ppm - 3.79 ppm
8 40.4 ppm - 1.50 ppm 40.4 ppm - 1.52 ppm 40.3 ppm - 1.50 ppm
9 33.7 ppm 1.87 ppm - 33.7 ppm 1.90 ppm - 33.6 ppm 1.88 ppm -
10 no Signal HSQC no Signal HSQC no Signal HSQC
11 21.5ppm 1.49 ppm 1.33 ppm 21.6 ppm 1.52 ppm 1.32 ppm 21.6 ppm 1.51 ppm
12 40.7 ppm 1.20 ppm 2.01 ppm 40.6 ppm 1.31ppm 1.97 ppm 40.6 ppm 1.21 ppm 2.01 ppm
13 no Signal HSQC no Signal HSQC no Signal HSQC
14 51.2 ppm 1.50 ppm - 53.3 ppm 1.61 ppm - 50.7 ppm 1.49 ppm -
15 24.2 ppm 1.11 ppm 1.74 ppm 24.4 ppm 1.13 ppm 1.73 ppm 24.0 ppm 1.13 ppm 1.76 ppm
16 28.9 ppm 1.91 ppm 1.33 ppm 28.1ppm 1.68 ppm 1.19 ppm 28.3 ppm 1.86 ppm 1.38 ppm
17 57.0ppm  1.18 ppm - 50.8 ppm* = 1.52 ppm* - 54.2 ppm 1.17 ppm -
18 11.8 ppm 0.69 ppm 12.0 ppm 0.71 ppm 11.7 ppm 0.72 ppm
19 23.1ppm 0.93 ppm 23.1ppm 0.93 ppm 23.1ppm 0.93 ppm
20 36.4 ppm 1.46 ppm
21 18.5 ppm 0.96 ppm 14.1ppm*  0.90 ppm*
22 32.0ppm 1.81 ppm 1.32 ppm
23 31.7 ppm 2.33 ppm 2.21 ppm
24 no Signal HSQC no Signal HSQC no Signal HSQC

(58.1/3.60), (51.3/2.53), (30.4/1.29), (71.1/4.05), (41.9, 1.74), (37.3/ 2.22),
unassigned signals [ppm]: (30.3/2.16), (27.9/2.12), (18.1/1.17), (37.3/2.15), (30.3/1.29), (23.4/1.91),
(16.5/1.13) (12.7,0.95)
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2.5 Lyophilized P450 based whole-cell biocatalysts
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Evaluation of P450 activity in lyophilized recombinant E. coli cells

Thomas Hilberath, Alessandra Raffaele, Leonie M. Windeln, Vlada B. Urlacher*

Institute of Biochemistry, Heinrich-Heine University Dusseldorf UniversitatsstraBe 1,

D-40225 Dusseldorf, Germany

* Corresponding author: Vlada B. Urlacher. Email: vlada.urlacher@uni-duesseldorf.de

Abstract

Cytochromes P450 catalyze oxidation of chemically diverse compounds and thus offer great
potential for biocatalysis. Due to the complexity of these enzymes, their dependency on
nicotinamide cofactors and redox partner proteins, recombinant microbial whole cells
appear most appropriate for effective P450-mediated reactions. However, some drawbacks
exist that require individual solutions. Here, we compare lyophilized recombinant E. coli cells
with different whole cell preparations and evaluate them for a P450-catalyzed oxidation.
E. coli harboring CYP105D from Streptomyces platensis DSM 40041 was used as model
system and testosterone as model substrate. Conversion was first enhanced by optimized
handling of resting cells. Co-expression of the alcohol dehydrogenase from Rhodococcus
erythropolis for cofactor regeneration was beneficial for biocatalysis with wet resting cells
and crucial to achieve P450 activity with lyophilized recombinant E. coli cells. The use of
recombinant lyophilized E. coli cells for P450 mediated oxidations is a promising starting

point towards a broader application of these enzymes.

Keywords: cytochrome P450; whole-cell biotransformation; lyophilized cells; cofactor
regeneration

Abbreviations: CYP: cytochrome P450, Pdr: putidaredoxin reductase from Pseudomonas
putida, Pdx: putidaredoxin from Pseudomonas putida, Re-ADH: alcohol dehydrogenase from
Rhodococcus erythropolis, NADH: Nicotinamide adenine dinucleotide
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Results: Lyophilized whole-cell catalysts

Cytochromes P450 (CYP or P450) are versatile heme-containing enzymes that catalyze
oxidation reactions in the presence of molecular oxygen and NAD(P)H. Due to their ability to
introduce one atom of molecular oxygen into a vast variety of organic molecules under mild
reaction conditions with often high chemo- and regioselectivity, these enzymes have been
recognized as attractive targets with high potential for biotechnological applications.!** &%
1591 Generally, whole-cell biocatalysis seems appealing because it allows to avoid cell lysis
and enzyme isolation.’®® Enzymes are protected by the cell environment from the harmful
influence of reaction components.“so] In case of NADH and NADPH dependent enzymes like
P450s, these cofactors can be continuously regenerated via metabolism of the host cell, or
optionally by the use of different heterologous cofactor-regenerating enzymes and
co-substrates. Y with regard to P450 enzymes, whole cell biocatalysis might be particularly
interesting as electrons from NAD(P)H are transferred via one or two redox partner proteins
to the catalytically active heme. Co-expression of the enzymes belonging to a P450 redox
chain in one microbial cell appears more attractive than their separate expression and

isolation.

Despite the apparent advantages of whole-cell systems for P450-catalyzed reactions, their
application is often associated with challenges like substrate/product toxicity for the cell and
limited substrate and product transfer across the cell membrane.!*> 1 Whereas substrate

[69a, 69b, 162]

toxicity can be overcome by using more stable hosts , improved substrate uptake

[70a] ]

can be achieved by co-expression of transporters” ', cell permeabilization[71 or other
commonly used procedures like freezing and thawing[loz' 1831 |n case of hydrophobic
substrates of P450 enzymes, their low solubility in aqueous solution represents an additional
drawback for biocatalysis. To increase substrate solubility organic solvents are added, which
might negatively affect the biocatalysts. To this end, usage of lyophilized recombinant
microbial cells carrying the target enzymes has been reported as an attractive alternative to
both microbial whole cells and isolated enzyme because they allow working at high organic
solvent concentrations and do not face the problem of substrate transport through the

membrane.[**¥

In this respect, it is important to explore the use of lyophilized recombinant E. coli cells for
the P450-mediated biocatalysis and compare them with the better investigated whole-cell

preparations. In this work we used as model system the recently characterized CYP105D
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from Streptomyces platensis DSM 40041 that accepts a broad range of substrates including

testosterone. [11]

Oxyfunctionalized steroids like 2B-hydroxytestosterone are of high
pharmaceutical interest as drug precursors and human drug metabolites.*®! Testosterone is
a common steroid substrate often applied to evaluate the activity of P450s of prokaryotic
and eukaryotic origin.°®" & 100 1661 A¢ this compound has low solubility in water and a
relatively large size which impair substrate uptake, different whole-cell preparations were
compared to address the substrate accessibility issue. An E. coli C43 (DE3) whole-cell
biocatalyst co-expressing CYP105D (GenBank accession no. 0SY47991) with the
NADH-dependent putidaredoxin reductase (Pdr, GenBank accession no. BAA00413) and
putidaredoxin (Pdx, GenBank accession no. BAA00414) on two plasmids was constructed
(details in the Supplementary material) and used for oxidation of 1 mM testosterone to

2B-hydroxytestosterone (Figure 2.5.1). Details on conditions for whole-cell biocatalysis and

product quantification via LC/MS are provided in the Supplementary information.

Escherichia coli

Testosterone

2p-Hydroxytestosterone

Figure 2.5.1: Schematic overview of the whole-biocatalyst for oxidation of testosterone based on CYP105D
from S. platensis. Putidaredoxin reductase (Pdr) and putidaredoxin (Pdx) from P. putida are used as redox
partners for CYP105D. ADH from R. erythropolis was implemented for cofactor regeneration using propan-2-ol
as sacrificial substrate and solvent for testosterone.

152



Results: Lyophilized whole-cell catalysts

E. coli cells were treated differently to identify the optimal cell preparation. Within this study

the following cell preparations were investigated:

=

Resting cells obtained directly after cultivation and centrifugation without further

treatment (‘non frozen’)

Resting cells obtained directly after cultivation and centrifugation and one additional
sonication cycle after resuspension in PSE-buffer to a cell concentration (cww) of

100 mg/mL (‘sonified’)

Resting cells which were frozen at - 20°C as cell pellet (‘frozen cell pellet’)

Resting cells which were frozen at - 20°C as cell suspension in PSE buffer (‘frozen cell

suspension’)

Lyophilized cells obtained using a Christ alpha 2-4 LSCplus (Martin Christ
Gefriertrocknungsanlagen GmbH, Germany) (‘lyophilized cells’). For that purpose; cell
pellets were thawed at room temperature, spread in a crystallization bowl and frozen
at -20 °C without any additives. Lyophilization was conducted for at least one day
at -80 °C under vacuum. Lyophilized cells were then transferred to a 50 mL reaction

tube and stored at -20 °C.

Resting cells used immediately after cultivation and centrifugation (‘non frozen’) were least

active as the conversion was not higher than 3% (Figure 2.5.2A). Freeze-thawing of E. coli

cells has been reported to destabilize cell membrane by releasing some cell components,

which make it more permeable.[167] Indeed, freezing the cells at -20 °C with subsequent

thawing had a beneficial effect on activity of the whole-cell biocatalyst (Fig. 2.5.2A).

However, it did matter in which manner the cells were frozen. If cells were first resuspended

in buffer and then frozen at -20°C (‘frozen as cell suspension’), the activity was lower as

compared to the procedure when the cell paste after centrifugation was frozen, thawed and

resuspended in buffer just before the biotransformation (‘frozen as pellet’) (6% vs 31%). As

previously reported, slow freeze-thawing mainly released components of the outer
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membrane, whereas fast freeze-thawing caused a more drastic decay, also releasing
cytoplasmic components.[167] In our experiments, individual cells resuspended in buffer can
be frozen and thawed faster than cell paste. Additionally, ice crystals might also have an
impact on the release of cell components. On this basis we hypothesize that cells
resuspended in buffer lose cytoplasmic components after freeze-thawing and thus are less
stable and active. The activity of the best performing resting cells frozen at -20°C (‘frozen as
pellet’) did not show notable differences to cells which were additionally treated by
sonication (‘sonified’) with which the conversion was about 30%. This suggests that both

procedures similarly affect mass transfer over the membrane.

After identification of the most suitable whole-cell preparation (‘frozen as pellet’), we aimed
to increase conversion further by addition of cyclodextrins (Fig. 2.5.2B). Cyclodextrins are
solubilizing agents that possess a hydrophilic outer surface and a hydrophobic cavity in
which they can accommodate hydrophobic molecules in aqueous solution.™® For whole-cell
conversions of steroids in particular (2-hydroxypropyl)-B-cyclodextrin has been frequently
used.r® 9 |5 the present case, the addition of (2-hydroxypropyl)-B-cyclodextrin had a
negative effect on conversion. In comparison to the whole-cell conversion without
cyclodextrines, the equimolar addition of 1 mM (2-hydroxypropyl)-B-cyclodextrin already led
to a 2-fold decrease of substrate conversion (17%). Increasing cyclodextrin concentrations
caused a further decrease of conversion. It is assumed that the substrate probably got
trapped by the cyclodextrin and thus is not accessible for the whole-cell biocatalyst any
longer. Since no positive effect on substrate conversion was seen, (2-hydroxypropyl)-

B-cyclodextrin was not added in the next experiments.
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Figure 2.5.2: (A) Effect of different handling of resting cells of E. coli C43 (DE3) pET22b-cyp105D +
pCOLADuet-pdx-pdr on testosterone conversion. (B) Conversion of testosterone by E. coli C43 (DE3) pET22b-
cyp105D + pCOLADuet- pdx-pdr in presence of (2-hydroxypropyl)-B-cyclodextrin. Reaction conditions:
50 mg/mL wet cells in 0.5 mL Phosphate Sucrose EDTA (PSE)--buffer, pH 7.5 in 2 mL reaction tubes, 1 mM
testosterone dissolved in 5% (v/v) propan-2-ol final concentration, 25 °C, 1100 min™ shaking frequency. Cells
were frozen at -20 °C for preparation of ‘frozen cells.” (2-hydroxypropyl)-B-cyclodextrin was additionally
supplemented to the best performing wet cell biocatalyst (‘frozen as cell pellet’) in concentrations of 1 —
10 mM. Experiments were performed in technical duplicates.

Activity of the lyophilized P450 whole-cell catalysts was less than 1% (Fig. 2.5.2A). We
assumed that loss of activity in lyophilized cells was attributed to insufficient cofactor
supplementation. As it would be advantageous to use lyophilized cells due to their easy
handling, we further investigated if cofactor supply affected their catalytic performance in
this case. To ensure cofactor regeneration in lyophilized cells, we additionally cloned the
gene encoding for the alcohol dehydrogenase from Rhodococcus erythropolis DSM 43297 in
the plasmid downstream of pdx and pdr (Supplementary Figure 2.5.1). The NAD*-dependent
alcohol dehydrogenase from Rhodococcus erythropolis DSM 43297 (Re-ADH, GenBank
accession no. CAF04319)[17°] catalyzes oxidation of the cheap sacrificial substrate
propan-2-ol to acetone thereby reducing NAD" to NADH.74! Hence, we used propan-2-ol as
substrate of Re-ADH and simultaneously as co-solvent to dissolve testosterone. The P450
concentration in the cell was marginally affected by co-expression of an additional enzyme
(278 11 nmol/gcow Vs 268 +2 nmol/geow) as determined from CO-difference spectra.[14b]

NADH production during propan-2-ol oxidation was evaluated by a photometric assay and

was only detected with E. coli cells expressing Re-ADH (52 + 0 U/gcpw) and not with another
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strain, which indicated that this ADH was successfully expressed (details in the
Supplementary material). While the co-expression of Re-ADH had a beneficial effect on the
activity of both, the best-performing resting wet cells (‘frozen as cell pellet’) and the
lyophilized whole-cell biocatalyst, it was particularly advantageous for the latter one (Figure
2.5.3A). This effect indicates that targeted cofactor regeneration is crucial to support P450

activity in lyophilized cells.
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Figure 2.5.3: (A) Influence of cofactor regeneration by Re-ADH in E. coli C43 (DE3) pET22b-cyp105D +
pCOLADuet- pdx-pdr-adh on testosterone conversion. (B) Effect of different ratios of propan-2-ol and
acetone on testosterone conversion mediated by the wet whole-cell catalyst without ADH (CYP105D PP). The
best performing wet cell biocatalyst (‘frozen as cell pellet’) was investigated (see Figure 2.5.2A). Reaction
conditions: 10 mg/mL lyophilized cells or 50 mg/mL wet cells in 0.5 mL Phosphate Sucrose EDTA (PSE)- buffer,
pH 7.5 in 2 mL reaction tubes, 1 mM testosterone dissolved in 5% co-solvent (v/v) final concentration, 25 °C,
1100 min™ shaking frequency. Experiments were performed in duplicates.

In order to further validate this hypothesis, we investigated the influence of external NADH
on the activity of lyophilized cells since NADH might get lost or degraded during
lyophilization.!®? NADH was added to lyophilized cells in different concentrations and at
different time points up to four times during biotransformation
(Supplementary Figure 2.5.3). The activity of the lyophilized cells without Re-ADH could be
increased only very slightly by NADH-addition (0.25 - 1 mM final concentration) independent
of the time point and amount of added NADH (max conversion 3%). The combination of
P450s with heterologous redox partners for non-physiological substrates often results in
high uncoupling which leads to unproductive NADH consumption.“sl In the present case, the
low conversion might reflect the uncoupling of the tested P450 system assuming that NADH

cannot be regenerated by the metabolism in Iyophilized E. coli cells. However, the
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supplementation of 0.5 mM NADH after 4 h to the lyophilized cells where Re-ADH was
present resulted in a 1.4-fold increase in activity towards testosterone. Testosterone
conversion of 72% with lyophilized cells was similar or even slightly higher than that

observed with resting cells (Table 2.5.1).

Additionally, the effect of the ADH by-product acetone was analyzed as acetone is a
common organic solvent for chemical permeabilization of the cell membrane.[®> 172
Acetone is formed during NADH formation by Re-ADH and thus may contribute to change in
solubility and cellular uptake of the substrate testosterone.”" The oxidation of propan-2-ol
to acetone is a reversible reaction, which leads to a thermodynamic equilibrium and
consequently to different ratios of the two co-solvents over time.”?! We analyzed the effect
of acetone on substrate conversion with wet cells and lyophilized cells, both containing the
P450 system but no Re-ADH, by testing different ratios of the co-solvents propan-2-ol and
acetone (Figure 2.5.3B). Increasing acetone concentrations had a positive effect on activity
of the cells without Re-ADH and resulted in a 2.5-fold increase of conversion of maximum
79%. The increase in conversion catalyzed by the whole-cell catalyst with Re-ADH compared
to the system without Re-ADH could be explained not only by the additional cofactor
regeneration of ADH but also by the formation of acetone, which might have a positive
effect on cell permeability. However, this effect was only observed for wet cells and not for
lyophilized cells as conversion with increasing acetone concentrations was still less than 1%
(data not shown). This supports the idea that targeted cofactor regeneration rather than

improved substrate uptake is crucial to achieve P450 activity in lyophilized cells.

Table 2.5.1: Effect of external NADH addition on the activity of lyophilized P450 whole-cell catalysts. Reaction
conditions: 10 mg/mL lyophilized cells in 0.5 mL Phosphate Sucrose EDTA (PSE)-buffer, pH 7.5, in 2 mL reaction
tubes, 1 mM testosterone dissolved in 5% (v/v) propan-2-ol final concentration, 25 °C, 1100 rpm. 0.25 mM
NADH was added up to four times at 0 h, 2 h, 4 h and 6 h incubation. For the cells co-expressing the adh, 0.5
mM NADH were added after 4 h. Experiments were performed in technical duplicates.

testosterone
lyophilized E.coli C43 (DE3) harboring conversion [%]
-NADH  +NADH
pET22b-cyp105D + pCOLADuet-pdx-pdr <1 3
pET22b-cyp105D + pCOLADuet-pdx-pdr-adh 51+9 725

157



Results: Lyophilized whole-cell catalysts

Our results demonstrate that (i) handling procedure has a strong effect on the catalytic
performance of recombinant P450-containing resting cells, and (ii) metabolism-independent
regeneration of NADH is necessary to allow P450-catalysis with lyophilized cells. The use of
these procedures illustrates interesting perspectives for convenient applications of

cytochrome P450s for single- or multi-step reactions.
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2.5.1 Supporting information

Supplementary Material and methods

Supplementary Table 2.5.1: Synthetic oligonucleotides for cloning. Restriction sites are underlined.

Primer name DNA-sequence (5'-3') Restriction usage
enzymes

F-READH-Ndel CATCTTAGTATATTAGTTAAGTATAAGAAGGAGATA
TACATATGAAGGCAATCCAGTACACGAGAATC Ndel/Xhol Amplification of re-adh

RC-READH-Xhol CTGGCGTTCAAATTTCGCAGCAGCGGTTTCTTTACCA
GACTCGAGTTACAGACCAGGGACCACAACCG

CAATTCCCCTGTAGAAATAATTTTGTTTAACTTTAAT
fw-PP-pCOLADuet AAGGAGATATACCATGGCTTCTAAAGTAGTGTATGT Amplification of camA
GTCACATG Ncol/BamHI and camB

Rv-PP-pCOLADuUet CAAGCTTGTCGACCTGCAGGCGCGCCGAGCTCGAAT
TCGGATCCTCAGGCACTACTCAGTTCAGCTTTG

Supplementary Table 2.5.2: Plasmids used in this study.

vector (internal number) genes with EMBL bank vector properties reference/source
number
pET22b- cyp105D (THI 78) (Cé”,fﬂlgigank: osva7951) ?::—;gif (Ndel,Xhol) cloned . th et al. ™

pET-28a(+)-RE-ADH (FTI 94) re-adh (EMBL-Bank: CAF04319)

pCOLADuet-PP (THI 87) and camB (EMBL-Bank:

re-adh  Y174F

pET28a
camA (EMBL-Bank: BAA00413)

BAA00414)

camA and camB (MCSI: Ncol,
BamHI) cloned in pCOLADuet1

cloned

in Abokitse and
Hummel™™®

Hilberath et al.™

camA and camB (MCSI: Ncol,
pCOLADuet-PP-RE (THI 103)  camA and camB/re-adh BamHl); re-adh (MCSII: Ndel, thiswork
Xhol) cloned in pCOLADuet1

Construction of expression vectors and gene expression

The gene cyp105D from S. platensis was cloned with conventional methods in the expression

vector pET22b between the recognition sites for the endonucleases Ndel and Xhol. Gibson

assembly was used to clone the genes coding for alcohol dehydrogenase (re-adh),

putidaredoxin reductase (camA) and putidaredoxin (camB) in the pCOLA-Duet vectors.

[174]

The genes encoding for CYP105D and redox partners were expressed from a two-plasmid

system in E. coli C43 (DE3) similar as described previously.[loga] For gene expression, 100 mL

TB-medium was inoculated with an overnight culture of the respective recombinant E. coli
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strain to an ODggg of 0.05. The cultures were grown in 1 L flasks at 37 °C and 180 rpm for 2.5-
3 h. At an ODggg of 1.0, 500 uM 5-aminolevulinic acid was added and expression of target
genes was induced with 500 uM isopropyl B-d-1-thiogalactopyranoside (IPTG). All cultures

were incubated at 20 °C and 140 rpm for 20 h after induction.

Preparation of recombinant E. coli cells

Different preparations of resting cells of E. coli C43 (DE3), carrying pET22b-cyp105D and
pCOLADuet-PP, were investigated. After cultivation, the culture broth was split to several
50 mL falcon tubes and cells were harvested by centrifugation for at least 20 min at 5250 g
and 4 °C. Cell pellets were then washed with 25 mL Phosphate Sucrose EDTA (PSE)-buffer
(6.75 g/L KH,PQO,4, 85.5 g/L sucrose, 0.93 g/L EDTA-Na,*2 H,0, pH 7.5). The cell preperations
were prepared as described in the main manuscript. Prior to the whole-cell
biotransformation, cell preparations except for lyophilized cells were adjusted to a cell wet

weight (cww) of 100 mg/L.

Preparation of crude cell extracts

Before cell disruption, cells were resuspended in 5 mL cold PSE-buffer supplemented with
0.1 mM phenylmethylsulfonyl fluoride (PMSF). The cell suspension was disrupted by
sonication on ice (Branson Sonfier 250; 3 x 1.5 min, 40 % amplitude, duty cycle 4). Between
the cycles the cell suspension was incubated for 2 min on ice. Cell debris was removed by
centrifugation (40.000 g, 25 min and 4 °C). The soluble fraction (crude cell extract) was
collected and directly used for determination of the P450-concentration and the
ADH-activity. For cell dry weight (cdw) determination, 200 pL of the cell suspension were
transferred to a dry 1.5 mL reaction tube. After centrifugation for 2 min at 13.500 g at room
temperature, the supernatant was discarded and the cell pellets dried for 48 h at 60 °C

before weighing. All measurements were performed in triplicate.
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Whole-cell biocatalysis

Biotransformations were performed in 500 pyL PSE-buffer containing cells in a final cell
concentration of 50 mg/mL (cww) or 10 mg/mL (cdw), 1 x nutrient solution (6 mM glucose,
6 mM lactose and 12 mM citrate in PSE-buffer) and 1 mM testosterone (in 5 % (v/v) co-
solvent final concentration). The tested co-solvents were propan-2-ol and acetone. The
reaction was started by adding the substrate and transferring the reaction mixture toa 2 mL
reaction tube. 2 mL reaction tubes with open lids were incubated at 25 °Cup to 20 h at 1100
rom in an Eppendorf shaker. At different time points 50-200 uL aliquots were taken for
extraction with 1 mL ethyl acetate. 200 uM progesterone was added as internal standard for
control of extraction. After phase separation the organic phase was transferred to a new
reaction tube and concentrated under reduced pressure. The analytes were resolved in
methanol for LC/MS analysis. Conversions were calculated from the sum of detected product

peak areas relative to the substrate peak area either via PDA- or MS-analysis.

Determination of P450 concentration and ADH activity

Concentrations of P450 in crude cell extracts were calculated based on CO difference spectra
using the extinction coefficient €459 = 91 mM™* cm™ as published elsewhere.™ 2x 950 uL of
protein sample, diluted in PSE-buffer if necessary, were filled into plastic cuvettes and placed
in a double-beam photometer (Perkin Elmer). One of the samples was exposed to CO for a
few seconds. Next, 50 pL of a 1 M sodium dithionite stock solution was added to reduce the
heme-Fe(lll) to Fe(ll) and a difference spectrum between 400 and 500 nm was recorded. The

measurements were continued until a constant absorption maximum was reached.

ADH-activity was measured in a continuous photometric assay monitoring NADH formation
at 340 nm (€349 = 6.22 mM? cm'l) in presence of propan-2-ol as substrate. Reaction mixtures
contained 50 mM Tris-HCl with 10 mM MgCl, (pH 8), 649 mM propan-2-ol (5 % (v/v)) and
50 L of crude cell extract in appropriate dilution. After incubation for 2 min at 25 °C, the
reaction was started by adding 0.5 mM NAD". The increase of absorption caused by NADH
formation was tracked for 120 s at 25 °C in a double-beam photometer (Perkin Elmer). The

initial slope (AAs4o/min) between 20-80 s was linear and thus used to calculate the activity
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[U/gcow]. 1 U is defined as the amount of enzyme which is needed to convert 1 pumol

substrate in 1 minute under assay conditions. All measurements were done in duplicate.

Product analysis

Product analysis was conducted by liquid chromatography coupled to mass spectrometry
(LC/MS) on a Prominence/LCMS 2020 device (Shimadzu). Analytes were separated with a
flow rate of 1 mL at 30 °C on a Chromolith® Performance RP-18e column (100 x 4.6 mm,
Merck) using methanol as solvent B and ddH,0 with 0.1 % formic acid as solvent A. 1 pL of
each sample was injected. The substances were ionized by electron spray ionization (ESI) and
atmospheric pressure chemical ionization (APCI) in a dual ionization mode. Masses were
detected in positive scan mode in a range between 100 — 500 m/z. Additionally, PDA
chromatograms at 254 nm were recorded. The conditions for chromatographic separation

were carried out as described previously.™

Supplementary Results

3) pET22b-cyp105D pCOLADuet-PP

pCOLADuet-PP-RE

b) pPET22b-cyp105D

Supplementary Figure 2.5.1: Plasmid combinations used in this study. The P450 (cyp105D) is always encoded
on the pET22b-vector. Redox partner genes (pdx/pdr) are integrated in MCSI of pCOLADuet. The re-adh (b) is
integrated in the MCSII of the pCOLADuet-vector. Gray squares represent the T7-promoter; gray circles indicate
the ribosome binding site.
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Supplementary Figure 2.5.2 SDS-PAGE analysis of E. coli C43 (DE3) strains for whole-cell biocatalysis. The
picture shows the comparison of whole-cell samples before induction (ty) and 20 h after induction (t,) as
follows: E. coli C43 (DE3) pET22b-cyp105D + pCOLADuet-PP (lane 1 and 2), E. coli C43 (DE3) pET22b-cyp105D +
pCOLADuet-PPRE (lane 3 and 4), E. coli C43 (DE3) pCOLADuet-Re-ADH (lane 5 and 6), PageRuler prestained
protein ladder (lane S). CYP105D (43.9 kDa) is marked with a black arrow. Pdx (11.5 kDa), Pdr (45.8 kDa) and
Re-ADH (36.2 kDa) are not seen.
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lyophilized E. coli containing CYP105D, Pdx and Pdr

Supplementary Figure 2.5.3: Effect of NADH addition on testosterone conversion mediated by the lyophilized
whole-cell catalyst without ADH. NADH was added up to four times (number in brackets) every 2 h. Reaction
conditions: 1 mM testosterone in 5 % (v/v) propan-2-ol final concentration, 25 °C 1100 rpm shaking frequency,
0.5 mL reaction volume in 2 mL tubes, 10 mg/mL lyophilized cells. 0.25 mM NADH was added up to four times
at0h, 2 h, 4 h and 6 h incubation. The biotransformation was performed in technical duplicates.
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3.

General discussion

In the following, the most important results of the individual chapters are summarized, and

discussed according to the literature.

3.1 Identification of P450s with target activity

The identification of a P450 capable of oxidizing a compound of interest is a challenging task.
Hence, different screening methods have been described (see chapter 1.2.7). The
chromatographic separation and mass spectrometric detection of the products, formed in
the presence of a certain P450 enzyme, is particularly useful to directly analyze potential
P450 substrates and product selectivity. However, it is decisive how the screening is
designed in order to identify a P450 with the desired activity. If substrates of P450s are
screened randomly, candidates with a broad substrate spectrum can be identified. However,
it is not possible with randomized screening approaches to evaluate the influence of small
changes in substrate structure on enzyme activity and selectivity. For this purpose,
substrates with similar structure and different number and type of functional groups have to
be tested. However, in this case, it can be not evaluated if the tested P450 has a broad or
narrow substrate spectrum. Within this PhD project, a two-step screening was developed to
identify bacterial P450s with activity towards drugs (2.2). In the first step, three model
substrates allowed selection of the most promising P450s with activity towards the target
substrates. In the second step, testing of structurally related molecules and derivatives of
the model substrates provided information about the substrate scope and chemo -and
regioselectivity of the selected P450 candidates from the first step (2.2). In this way, the

advantages of both screening approaches described above could be combined.

The here developed two-step screening can be combined with other methods to obtain a
higher throughput. For example, the selection of promising P450 enzymes in the first step of
the two-step-screening can be facilitated by applying a ‘cocktail approach’. Cocktail
approaches are less time-consuming screening methods because a mixture of potential P450
substrates is used for screening which can then be analyzed simultaneously via LC/MS or
(U)HPLC-MS/MS.[175] However, this requires that the tested substrates can be easily
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distinguished from each other and that there is no positive or negative effect on the
conversion of the other substrates.™™””! Additionally, different photometric methods can be
implemented in the two-step screening. A bioluminescence assay could be particularly
useful because it was used for screening of 17,143 compounds aiming at identification of
novel substrates and inhibitors of human P450s. 27 |n this assay, the tested P450 converts
surrogate substrates to luciferin, which is then used by the auxiliary enzyme luciferase to
generate a luminescent signal.’’® In the case a compound is an inhibitor or a substrate of
the P450, the amount of light produced by luciferase gets reduced. This assumes, however,
that no unwanted interaction between the auxiliary substrate and the substrate takes place
and that a suitable surrogate substrate for the tested P450s is available. Overall, the
developed two-step screening enlarges the methodologies of straight-forward approaches

that facilitate the identification of a P450 with a target activity.

3.2 Substrate spectra of CYP105D and CYP107Z from S. platensis

The differences in substrate scopes of P450s are not easy to rationalize although a
systematic nomenclature based on sequence alignments exists (1.2.2) which might provide
first indications for substrates of uncharacterized members.!*?* ¥’ |n case of the CYP105 and
CYP107 families the prediction of substrates is especially challenging. Many proteins have
been assigned to these P450 families, but only a few have been characterized. Of the more
than 41,000 P450 sequences, 2554 sequences are assigned to the CYP107 family and 1225 to
the CYP105 family (https://cyped.biocatnet.de/ as of April 2020).'% Of these 3779
sequences, individual isoforms have often been characterized with respect to the oxidation
of a particular substrate. In the following, CYP105D and CYP107Z are compared with

characterized members of their phylogenetic families.

3.2.1 The CYP105 family

CYP105D from S. platensis was identified as promiscuous P450 which oxidizes a broad range
of chemically diverse substrates (chapter 2.2, 2.3 and 2.4). Generally, the CYP105 family is

characterized by broad substrate specificities and diverse catalytic functions.!"! Members of
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this family are predominately involved in synthesis of rather big substrates like polyketides
including amphotericin B (924.1 g/mol)™"® or tylosin (916.1 g/mol).** 7 The oxidation of
such big macrolides by CYP105 enzymes are typically catalyzed with a high regioselectivity.
This includes also the commercialized production of the cholesterol-lowering drug
pravastatin, in which CYP105A3 selectively hydroxylates the substrate compactin at position

68-[180]

CYP105A1 from Streptomyces griseolus is perhaps the best studied P450 of the CYP105
family with regard to activities against chemically diverse substrates. A comparison of the
substrates scopes of CYP105D and CYP105A1 is given in Table 3.2.1. CYP105A1 was identified

[181]

in studies towards the biotransformation of herbicides, such as chlorsulforon or

sulfometuron methyl.[m] In course of its potential use as biocatalyst, further substrates of

182] [183] [184]

CYP105A1 such as 7-ethoxycoumarin[ , ionones and vitamin D forms were found.

More recently described examples extended the substrate scope to resin acid

(1851 and hypoglycemic drugs.™®® Overall, CYP105A1 accepts mainly small

diterpenoids
substrates, such as 7-ethoxycoumarin (190.2 g/mol) or a-and B-ionone (192.3 g/mol). The
substrates with the highest molecular weight were glimepiride (490.7 g/mol) and
glibenclamide (494.0 g/mol). The broad substrate promiscuity of CYP105A1 might be
explained by the size of its binding pocket. The analysis of crystal structures of CYP105A1 in
absence and in presence of the product 1a,25-dihydroxyvitamin Ds (416,64 g/mol) revealed

a large binding pocket that suggests accommodation of even bigger compounds than

1la,25-dihydroxyvitamin D3 (416,64 g/mol).[%]

The substrate spectrum of CYP105D comprises chemically different compounds, most of
which are terpenes and drugs like anti-HIV compounds, tricyclic antidepressants or synthetic
glucocorticoids. Similar to CYP105A1, CYP105D can accept small substrates such as geraniol
(154.3 g/mol), but especially large substrates such as ritonavir (720.9 g/mol) or atazanavir
(704.9 g/mol). Although CYP105D differs in substrate scope from CYP105A1 it can be stated
that this enzyme possesses a similar or even broader substrate scope. The binding pocket of
CYP105D might be probably even bigger than those of CYP105A because substrates with a
higher molecular weight were accepted. The idea is supported when looking at the
regioselectivity of CYP105D. Because CYP105D oxidizes big substrates including ritonavir

with a high regioselectivity of up to 86 %,1*Y the substrates must get close to heme iron so
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that positions in the vicinity of the heme iron can interact with the substrate and thus

influence the orientation of substrate.!*®”] However, since P450s have large, diverse and

flexible substrate binding cavities,®”) CYP105D needs to be further characterized structurally

to verify these statements.

Table 3.2.1: Comparison of the substrate spectrum between CYP105A1 from S. griseolus and CYP105D from
S. platensis. The substrates for CYP105D can be found in the chapters 2.2, 2.3 and 2.4. Selected substrates for
CYP105D were identified in course of a master thesis."® Substrates marked with an asterix (*) were identfied
in course of the ‘HyPerIn’ or the ‘DAAD’ project. These data are not or only partially included in this thesis.

CYP105A1 from S. griseolus

CYP105D from S. platensis

chlorsulforon&

chlorimuron ethyl!®!

7-ethoxycoumarin/®?

vitamin D584

25-hydroxyvitamin Ds

[184]

testosterone™”!

B-ionone®!

glimepiride!®!

dehydroabietic
acid™®

sulfometuron
methyl!*&

w5822
R74021°7

vitamin D,/*®"

la-hydroxyvitamin
D2 [184]

a-ionone!*®

glibenclamide!®®

abietic acid!*®

isopimaric acid!®!

ritonavir
atazanavir
testosterone
hydrocortisone
amitriptyline
cyclobenzaprine
opipramol
lithocholic acid

diclofenac!*®®

(3aR)- (+)-

sclareolide!*®®*

thioridazine

dextromethorphan

amprenavir
saquinavir
progesterone
prednisolone
imipramine

nortriptyline
chenodeoxycholic
acid
ursodeoxycholic
acid

(S)-ketamine!*®

abietic acid!*®®

terfenadine

amodiaquine

darunavir
indinavir
medrysone
prednisone
clomipramine
protriptyline
deoxycholic acid
cholic acid
quinidine”sg]
[188]

lupeol

geraniol

3.2.2 The CYP107 family

CYP107Z from S. platensis has a broad substrate spectrum and shows high activity against

drugs, outperforming other investigated members of the CYP107 family (chapter 2.2 and

2.3). Similar to the CYP105 family, members of the CYP107 family oxidize a broad range of

chemically diverse substrates. Most substrates of characterized CYP107 enzymes have a high
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molecular weight which includes physiological substrates like the macrolides pikromycin[ggl

and erythromycin,[goc] but also artificial substrates like avermectin™. Crystal structures of
CYP107 enzymes including CYP107W1*°% and CYP107A1 (EryF)™ revealed large binding

pockets to accommodate their big substrates.

Most members of the CYP107 family were characterized against certain substrate classes.
This includes especially the already mentioned macrolides. With regard to the oxidation of
non-natural substrates including drugs like terfenadine®or vitamin D5}, only a few P450s
were investigated. In this regard, CYP107Z might be an interesting candidate for biocatalytic
applications because of its broad substrate spectrum (Table 3.2.2). The substrate spectrum
of CYP107Z is largely complementary to that of CYP105D. However, substrates like valencene
or dexamethasone have only been converted by CYP107Z. Additonally, CYP107Z showed a
higher activity against most substrates compared to CYP105D (chapter 2.2 and 2.3). The
large substrate binding pockets of already crystallised CYP107 enzymes suggest that such
large binding pocket is also present in CYP107Z, which would somehow explain its broad
substrate spectrum. If this is the case, protein engineering could be used to improve the
selectivity of CYP107Z, which seems to be rather low at the moment compared to other

CYP107 enzymes.

In general, it can be stated that CYP105D and CYP107Z are P450 enzymes with high potential
for drug metabolite synthesis. Compared to other P450s from the CYP105 and CYP107
families, they have comparable or even broader substrate scopes. The activities and
selectivities of CYP105D and CYP107Z are lower compared to evolved P450 enzymes like
CYP102A1 that perform stereo-and regioselective oxidations of drugs. The activity and
selectivity might be enhanced by protein engineering methods like random mutagenesis or
rational protein design as well as reaction engineering.[m These approaches were especially
successful for CYP102A1. A great number of examples exist in literature, which describe the

improvement of CYP102A1 by such means. (5% 360 561, 194]

168



General discussion

Table 3.2.2: Overview of the substrate spectrum of CYP107Z from S. platensis. The substrates for CYP107Z can
be found in the chapters 2.2, 2.3 and 2.4. Selected substrates for CYP105D were identified in course of a master
thesis.!® Substrates marked with an asterix (*) were identfied in course of the ‘HyPerIn’ or the ‘DAAD’ project.

These data are not or only partially included in this thesis.

Substrates accepted by CYP107Z from S. platensis

ritonavir
indinavir
prednisolone

cyclobenzaprine

chenodeoxycholic
acid

diclofenac!*®®

dextromethorphan

6a-

amprenavir
testosterone
prednisone
nortriptyline
deoxycholic acid*
(S)-ketamine!®®

terfenadine

valencene*

darunavir
progesterone
amitriptyline
protriptyline

lithocholic acid*

(3aR)- (+)-

sclareolide!*®®*

quinidine!*®

dexamethasone

atazanavir
medrysone
imipramine

opipramol

ursodeoxycholic
acid*

abietic acid™®®
amodiaquine

betamethasone

saquinavir
hydrocortisone
clomipramine
thioridazine
cholic acid*
lupeol*#¥
geraniol

farnesol5®!

methylprednisolone

3.3 P450 based whole-cell biocatalysis

Lyophilized cells are particular interesting for application, because they facilitate handling
and enable easier storage compared to wet cells. On top of that, lyophilized cells can be
applied in reaction systems with higher amount of organic co-solvent, allowing higher
concentrations of hydrophobic substrates.™ This is particularly interesting because
substrates of P450s are typically hydrophobic. A CYP105D-based whole cell biocatalyst was
developed with the aim of establishing a procedure that is based on the use of lyophilized
E. coli cells (2.5). The hydroxylation of testosterone to 2B-hydroxytestosterone was chosen
as model reaction. Initially, the activity of lyophilized cells (< 1% conversion) of the
CYP105D-based whole cell system was very low compared to the activity of wet cells (31%
conversion). The lower activity of lyophilized cells could be attributed to insufficient cofactor
regeneration. When Re-ADH was co-expressed for cofactor regeneration, activities were
comparable or even higher between lyophilized and wet cells. Under best conditions, a
conversion of 72% of 1 mM substrate was achieved. This activity is in the same range which

was observed with isolated enzymes.m]
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Although the limitations for implementation of lyophilized P450 whole cell systems could be
identified, some questions still remain. Lyophilized whole cell catalysts with NAD(P)H-
dependent enzymes such as alcohol dehydrogenases(ADH)“gS] or imine reductases (IRED)“%]
have already been described. Cofactor regeneration is enabled by an additional co-substrate
such as cyclohexanol for ADHs and glucose for IREDs. Co-substrates like cyclohexanol can be
directly used by ADHs for cofactor regeneration. Co-substrates like glucose must first be
metabolized via the host metabolism (e.g. by glycolysis or the pentose phosphate pathway)
in order to provide NAD(P)H for the reaction. This route was chosen for the lyophilized P450-
based catalysts. However, in contrast to what is described in the literature, hardly any P450
activity was observed, when re-adh was not expressed (2.5). Therefore, it is questionable
what the exact cause for the lack of P450 activity is, when no additional cofactor-
regenerating enzyme is present. Possible reasons such as a lower activity of the E.coli
metabolism for NADH cofactor regeneration or unfavorable reaction conditions must be

investigated more closely in future studies.

3.4 Future perspectives

This work presents the identification of 28 P450 enzymes from P. autotrophica and
S. platensis, which have been evaluated for their ability to oxidize drugs. Along with different
aspects for identification of P450s with target activities (discussed in 3.1), CYP105D and
CYP107Z were characterized for diverse oxidations of drug compounds (discussed in 3.2).
Additionally, a procedure for the preparation of lyophilized P450 based whole-cell

biocatalyst was developed (discussed in 3.3).

S. platensis proved to be an interesting source for new P450 enzymes. In this regard it would
be worthwhile to investigate redox partner proteins from S. platensis. A recent review of Li
et al. emphasized that ‘not only the type, the amount, the combination, and the mode of
action of bacterial redox partners affect the catalytic rate and product distribution but also
the type and selectivity of P450 reactions’.*? Accordingly, the characterization of additional
redox partner proteins could provide new insights into the activity and selectivity of P450

from S. platensis.
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The most promising drug-metabolizing P450s in this thesis were CYP105D and CYP107Z. Ten
further representatives of the CYP105D family and 18 further representatives of the
CYP107Z family are currently assigned in the databases. Although they have a rather ‘high’
sequence identity of 55% to each other, their substrate scope is quite heterogeneous. The
already mentioned CYP105D7 from S. grisoleus accepts substrates such as 1-deoxypentalenic
acid, diclofenac, naringenin, compactin, and testosterone.®® CYP107z enzymes were

described for conversions of macrolides such as avermectin!*®¥

or peptides such as
actinomycin.[m] In this context, it might be interesting to study the substrate scope more

intensively. This could eventually help to identify sequence-function relationships.

The structural diversity of the substrates described so far suggests that CYP105D and
CYP107Z are also capable of converting a large number of other interesting substances.
Current projects of the Institute of Biochemistry Il deal with the oxidation of terpenoids and
lignans. These are two classes of plant natural products with interesting biological
properties. Interestingly, CYP105D and CYP107Z accept these compounds as substrates,
albeit with low activities and insufficient selectivities (unpublished data A. Raffaele and
D. Decembrino). As mentioned above, protein and reaction engineering can be applied to
improve the activity and selectivity, thus opening the way for the establishment of CYP105D

and CYP107Z in a biocatalytic process.

As pointed out in chapter 3.3, the use of lyophilized P450 based whole-cell biocatalysts
offers advantages with regard to their application in reaction systems with a higher
proportion of organic solvents. As P450 substrates are typically hydrophobic, the substrate
concentration could be increased in such systems, which might lead to a higher P450
activity. However, P450 based processes in non-conventional media bring new challenges,
such as altered oxygen solubility in organic solvents or the safe handling of increased

. . 164
concentration of organic solvents.!*5¥
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5. Supplementary data

Amino acid 3 Letter code 1 Lettercode | Aminoacid 3 Letter code 1 Letter code
Alanine Ala A Leucine Leu L
Arginine Arg R Lysine Lys K

Asparagine Asn N Methionine Met M

Aspartic acid Asp D Phenylalanine Phe F
Cysteine Cys C Proline Pro P

Glutamine Gln Q Serine Ser S

Glutamic acid Glu E Threonine Thr T
Glycine Gly G Tryptophan Trp w
Histidine His H Tyrosine Tyr Y

Isoleucine lle Valine Val v
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5.1 DNA sequences

All DNA sequences of the investigated P450s from S. platensis (SPL-number) and
P. autotrophica (AAU-number) are listed below. The Gen bank number (OSY-number) and

the P450 name (CYP) are given in the brackets.

SPL_00625 (OSY47991, CYP105D)
GTGACCGAAGCCATCCCCTACTTTCAGAACCGCACCTGTCCCTACCACCCGCCCGCCGCCTATCAGCCATTGCGCGAGGCC
GGCCCGCTGAGCCATGTCACGTTCTACGACGGCCGGAAGGTGTGGGCGGTCACCGGCCACCCCGAGGCACGGGLGCLTGC
TGACCGACCAGCGGCTCTCCGCCGACCGGCAGAACCCGGCCTTCCCGGTCCCGTTCGAACGCTTCGCGGCCATCCGLCGG
GTCCGGACACCGCTGATCGGGGTCGACGACCCGGAGCACAACACCCAGCGCCGGATGCTGATCCCCAGCTTCAGCCTCAA
GCGGACCGCCGCACTGCGGCCGGAGATCCAGCGGATCGTCGACGGGCTGCTGGACCGGATGCTGGATCAGGGLCLCGCLCC
GCCGAGCTGGTCTCCGCGTTCGCGCTGCCGGTCCCGTCGATGGTGATCTGCGCACTGCTCGGCGTCCCGTACGCCGACCAC
GAGTTCTTCGAGGAGGAGTCCCGCCGTATCCTGCGCGGCCGGTCGGCCGAGGAGGCGGAGGACGCCCGGLCTGAAGCTG
GAGGAGTACTTCACCGGGCTGATCGCCGCCAAGGAGAAGAAGCCGGGCGACGGGCTGCTGGACGAGCTGATCGAGGAC
CGGCTGCGGACCGGCGCGCTCACCCGCGACGAGCTGGTCCGGCTCGCCATGATCCTGCTGGTGGCCGGCCATGAGACCAC
CGCCAACATGATCTCGCTCGGCACCTTCACCCTGCTGGAGCACCCCGAGCAGCTGGCGCAGCTCAAGGCCGACGAGGEGTC
TGATGCCGGCTGCCGTCGAGGAGCTGCTGCGGTTCCTGTCCATCGCGGACGGTCTGTTGCGGGTGGCGACGGAGGACAT
CGAGATCGGCGGTCAGGTGATCCGGGCCGACGACGCGGTCCTGTTTCCCGCCTCACTGATCAACCGGGACGAGGCCECGCCT
ATCCGGCACCGGACGAGCTGGACCTCGGCCGTTCGGCCCGCCATCACGTGGCGTTCGGCTTCGGGATCCACCAGTGCCTG
GGGCAGAATCTGGCGCGCGCGGAGTTGGAGATCGCGCTGCGCTCACTGTTCAAAAGGATCCCGCAGCTGCGGCLTCGCCG
TGCCGGCCGCCGAGATTCCGTTCAAGGCCGGCGACACCCTGCAAGGCATGATCGAACTGCCGCTGGCCTGGTAG

SPL_01100 (OSY47382, CYP107)

ATGGCCAGCACTGAAGAACCAGCAAGCCCGACCCCGCCTTCGTACCCTTTCCGCCAGGCCAGGGGAGTGGGCATCGACCC
GGAGTTCGCGCGCTTGCGGCACGATGCGCCGCTCGCCCGTGTCACCATGCCCTACGGCGGCCAGGCGTGGCTGGTGACGC
GGTACGAGGACGTGCGTACAGTCCTCGGCGACCGCAGATTCAGTCGGGCGGCCACGCTCGGGCGGGACGTACCGCGGCT
GGTCCCGCTCGTCCAGCAGGTGTCGAGCATTCTGACGCTTGACCCACCGGACCACACCCGTCACCGCAGGCTCGTTTCGCG
TGCATTCACCCCTCGCCGTATGGAGGAGCTACGTCCAAAGGTGGAGCAGTTCGTCGATGAGCTCATCGACGAACTGGTCG
GACACGGGCAGCCCGCTGACATGGTGGCTCACGTCACCCGACCGCTTCCTGTCATGGTGATCTGCGAGTTGCTGGGCGTT
CCCTTTGGCGAGCGGCACCTCTTTTACACATGGTCAGAAGCGATGCGGTCCACCGGCGCCGATGCGGTCGCCAAGATGAA
GCAGGCAGGACAGCTCCCCTGGGACTACCTGGCCGACAGGATCTCCGTCGAACGGGAGAATCCGTCCGACAACTTGCTCG
GAACGCTGGTGCGAGCGCGTGATGAAGAGGAGCGGCTCAGCGAGCAGGAACTGGTGAGCTTCGCGGTAACTCTCCTGTT
GGCCGGCCACGAGACGACCACCGACGAGCTCGGCAATTTCCTTTACACGCTCCTCGTGAACCCTGCACACCTTGAGCAACT
GCGCGCTCAGCCCGACATGTTGGAGTCGGCCATCGAAGAGTTGCTGCGCTTCGTGCCGATCGGAACCCTCTCCGGCTTCAC
CCGGATCGCCACTGAGGACGTCCGTCTGAGCGGTGGACTGGTACGAGCCGGCGACTCGGTCGTGGTGCAGGCGGATTCG
GCCAACCGCGACGAATCAGTCTTCGCGGACCCTGACGAGCTGGACTTCCAGCGGGAGCCCAATCGGCACCTGGCCTTCGG
CCACGGGCCGCATCACTGCCTGGGAGCGCAGCTCGCCAGGATCGAACTACGGGCCGCGATAGGCACCTTGCTGGCCCGCC
TGCCCGCCCTCGCGTTGGCGGTGTCGGCGCACGAAGTGTCCTGGAAGCTCGGGCGATCGGCGCTCGGGCCGCAGGCACT
GCCCGTCAGGTGGTAA

SPL_01126 (OSY47408, CYP183)

ATGTGGCCGGGAACGACAAGGACCGGCAGGAGCAGAAGCGGTGCACGGCTCACCGGCGGCCCGGGAGACACCGTCGCC
GATGCCCCCACCGGAGCCCCCGTCGLLLLCGGLCGLETGCCGLCTGGCCGGGCACGCCCCCTGGATCCACCGTGATGCGCT
GCGCTTCGTCCGGGAGCTGCGGCGCCACGGGCCGGTGACGAGGATCTACATCGGCCCACGGCAGGTACACACCGTCAAC
TCGCCCGAGATCGTCCGGGAGTTGCTGACCGTGCAGGCGCGCGCCTTCGACAAGGGCGCGATGTTCGACGCCCTGCGCG
AGCCGCTCGGCGACGGGCTGATCACCGCCGCCGGCGACCGCCACCTCCACCACCGCCGGCTGATGCAACCCGCCTTCCAC
CACGAACGGATCGCCGGCTACGCCCGCATCATGTCCGAAAGGTCGCTGGCACGGGCCGCTGTCTGGGAGCCCGGTACCAC
TCTCGACCTGGTACCGGAGATCCACCGCCTGACGCTCGACATCCTGCTGCGCACCCTCTTCGCGGATCCCCAGGACCCTGA
ACTGCGCACCGCCGTCCGGGACTGGCTGTCCGTCAAGTACCACGCGATGCGCCTTGCCCTCTCACCGCTGCACGCCTGGGC
GGAACGTCTCCCGCTGCCGGTCGGCTGGCGGCCGCCGCAGCCCGGLLCGLCTGCGLCCGGLTGGTGGCCGTCCAGCACCGC
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ATCGTCGAGACCTACCGCGCCGATGGCCGGGACCGCGGCGATCTGCTCTCGATGCTCCTGGCCACGGGCGGCCCGGACG
GTTCCCTGACCGACGCCGAAGTGACCGACGAACTGATCACCCTGTTCCTGGCCGGTACCGGCACCGTCAGTGCGTCCCTGG
CCTGGGCGCTGTACGAGATCTCCCGCCGGCCCGACGTGCAGCGGCGGATCCACGACGAACTCGACACCGTCCTCGCCGGA
CGGCCTCCCGGCATCGAGGATCTTCCCGCACTGGTCCACACACGAAGGGTGCTGACCGAAGTGCTGCGGCTGCATCCACC
GTCGTGGCTGCTGATGCGCCGTGCGGTGCGGCCGGTCACCCTCGGCGGCGTGTCGCTCTCCCCCGGCGCCGAGGTGTTCT
TCAGCCCGTACGCCCTGCACCACGATCCGCAGCTGTACGAGAACCCGGACGACTTCGAGCCTGAGCGCTGGTCGCACGCC
GACGCCGCAAAGTCTTCGCGTCACACCTATCTGCCCTTCGGGGCCGGCAGCCGACTGTGCATCGGGGAAGACTTCGCCTG
GACCGAACTGATGCTGGCACTGGTCGCGTTCACCGCTCACCGGCGCCTGACACCTGCCGGCTCCACCCCCGTGCGGGLCGL
TGGTCGGCACCGTCCTGCGCCCGGACCGGCTGCCGCTCACGGCGCATGCCCGCCCGTCCTGA

SPL_01167 (OSY47449, CYP208-like)

ATGCGTATCCCCGGCCCCGAGCACCAGGAGGACGGCGGGCTGAGCGCCGTTGCGGCCGCGGGTGGGCTGCACCGGTACC
AGTTACGCCTGCACGAGGCGTACGGGCCCGTCGTGCGCTTCCAACTGCCAGGCGCGGCAACGGCCGTGTCGGTCGCCGAT
CCCGTGCTTCTGGAGGCCACGGCGCACCTCGACACGCGGCCCGAGAAGCTGTTCGCGTTCCTGGACCCGCTGTGTGAGGC
AGGAAACCTGCAAGTGCTACCCGCCGACGAGCACACCCCCTGGCGCCGACTACTGCTCTCGGTGCTCGCCGGGLCGGLCGG
CTCACGAGCGGCACTTCGCGCGCTTCACCGAGCTGGCGCGGGAGCTCGCGGACCGCTGGGCGGGGCAGACCGACGGCG
AACCCGTTGAGCTGCAACAGGAGTTGACCGCGCTGTCGCTCCGTATGATCTGCGGGTTCGCGCTCGGCGGCGCGGAAACC
GACACGGACCGTGTCGTCGCCGCGTTCGAGGAGGTGCTCACCGAGCACCTCGGGCGGCTCTACCAGGTGCCGCGGGLCG
ACCCGCGCTCGGCGGAGCGGGCCGAGGTGGCTCTTGCCTATCTGCGCGGGACGGTCGACCGCGTGGTGGCGGCGCACCG
CTCGGGCGGCCGCACCGACCGCAGCGACCTGATCGGGGCGCTCGTCGAGGCCGGTCAGAGCCCGGCGCGGGTCCGGGA
CACCGTGATGGTGACGCTGCTCGCCGCCCACCACACCACCGGCGTCGCCATCTCGTGGACGCTGCACGTGCTGGGCCGCC
ATCCCGACGCGGCCGATCGCGTCGCCGCCGAACTGGACCAGGTGCTGGGCGAGCGCGCCGCGCCCGATTACGGTGATCT
GCGGCGGCTCACATATTTGGACATGGTGCTCAAGGAGTCGATGCGCCTGTTCCCGCCCGGCCCGTACGGCGCACGCGAGA
CGACCGAGGACCTGGTTCTGGGCCCGTACGAGATCCCGGCCGGGACGACGGTGTTCTATCCGTTCTGGGCGGTGCACCTG
AACCCGGAACACTGGCCCGAGCCGGAGCGGTTCGACCCCGAACGGTTCACGCCGCAGGAGGTGGCCAAGCGGCCGAGG
CTCGCGTACGTCCCCTTCGGGATCGGGCCACGCAACTGCGAGGGCGCCGCTCTGGCCACGGTCGAGGCCCAGCTCGTCCT
GGCCGTCCTCCTCAAGCGCCTGCGCTTTCGGCCCGCGCCGGGGCATGAAGTGACGCCGGTGGAACGGTTCGTGCTCTGGG
CACGGGACGGGATCCGGATGATGGTGCGGCCACGGGACCTCTCTGGCGCCTGA

SPL_01317 (OSY47218, CYP113)

ATGACTGTGCGCGACGAGATCGCCGTCCCGGATGCCGACGGCAGCAACGCGTTGTTCGACTGGCTCGGCAGGATGCGGT
CCGAGCATCCCGTGTGGCAGGAGGGGGACGGGCCGTACCACGTCTTCCGCTACGAGGACGTGCAGCAGGTCATCTCCGA
CCCCAAGACGTTCTCCAACGACTCCAGCCGGGTCATGCCCCATCTGAAGCCGCTGACCGAGGGCAACATCAACTCGATGG
ACCCGCCGGACCACGGCAAGCTGCGCCGGCTGGTCAACCAGGCCTTCACCCCGAAGACGGTGGCCGGGCTCGAACCCCG
CATCGCGGCGGTGACGAACGAGCTGCTGGCCGCCGTCGACGCGGAGCGGTTCGACCTGGTGGACGTGCTGACGTATCCG
CTGCCGGTGATCGTCATCAGTGAGCTGCTGGGGGTGCCCGCCTCGGACCGTGATCTGTTCCGGGTGTGGGCGGACCGGTT
CATCGCGCTCGGCGACCAGCCGATCGCGCCGGAGGACTTCGTCGCCACGTTCCAGGCCGCGACCCGCGAGATGGACGAG
TATCTGCTGGGTCATTGCCGGCAGCGCCGGACGGACCCGAAGGACGACCTGATCAGCCGGCTGGCCACCGCCGAGATCG
ACGGGGAACGGCTCACCGACGACGAAGTCGTGAAATTCACCGGAATCCTCTTTCTGACCGGGCACCTCACGACGACACTG
CTGATCGGCAATGCCATGCAGTGTCTCGACAGCCATCCCGACGCCTATGCGGAACTCCGCGCCGACCGCTCACTGATCCCC
TCCGCGATTGAGGAAGTGCTGCGGTTCCGCTCGCCTTTCACCACGGTCAGCCGGGTCACCGTGACCGATGTCGAGGTGGG
CGGCCAGCTCATCCCGGCCGACCGGATGGTGACGCCCTGGGTGATTTCGGCGAACCATGACGAGGACCAGTTCCCGGAC
GCGCACCGCTTCGATATCCGGCGGACGCCCAACCGGCATGTCGCCTTCGGGCGCGGCGGACACTTCTGTGTGGGGGCGCC
GCTGGCCCGGCTGGAGGCGGAAGTGGCGCTCAATGCCCTGCTGGACACCTTCCGTGAACTGCGCGTCGACCACGGCCGG
GATGTCGCCTATCACGCCCGTGGAATGTATGGCGCGAAGAATCTGCCGATGACGGCCCGGCGTTGA

SPL_01896 (OSY46529, CYP105AA)
ATGAGTGAAATGGCCGCCATCCCGCACGGCCTCCCCATGGAGCGCGATGCGGGCCCCTTCGACCCGCCCCGCCAGATCAC
CCGGCTGCGCGACGCACGCCCGGTCAGTCCCCTGGTCTTCCCTGACGGTCATGAGGGCTGGCTCGTCACCGGCTACGACG
CGGTCCGCCAGCTCCTGGCCGACACCCGGTTCAGCTCCCGCCAGGACCTCGGCATCGTCCATGTGCCGTACGAGACCCCG
GGCATACCCGCCGCCACCGAACCGTCCCCGCAGGTGCCGGGCCTGTTCGTCGCCATGGACCCGCCGGACCACACCCGaGCLT
GCGGCGCAAGCTGACCGGCGCTTTCACCGTCAGACGCATGAAACAGCTCGAAGAGCACATCGTCGAGATCACCGAGCGG
CAACTGGACGAGATGGCGCGTCTGGCCCCGCCGGTCGACCTGGTCAAGGAGTTCGCGCTGCCGGTGCCCTCGCTGGTCAT
CTGCGAACTGCTCGGTGTCCCTTACGAGGACCGGGAGAACTTCCAGGTCAACTCCGCCAAGTTCCTGGTCAAGGACCAGC
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CGCTGGACGAGAAGATGGCCGCGTACGGCGCGATGATGACGTACCTCGCCGAACTGGTCATGCGCAAACGGGCCGAACC
CGGCGAAGACATCCTGTCCGACCTGGCCCGCCATGACGACCTCACCATCGAGGAACTGACCGGCATCGCCTTCCTGCTGCT
GCTCGCGGGCCACGAGACCACCGCCAACATGCTGGCCCTGGGCACCTTCGCGCTCCTGGAGCACCCCGAGCAGLTGGLCG
AACTCCGCGCCGCCCCGGACCTGATCCCCGATGCCGTCGAGGAACTCATGCGTTACCTGTCCGTCGCCGACATCTTCTATC
GCTACGCCACGGAGGACATCGAACTCGGCGGGGAAACCATCGGCAAGGGCTCGACCGTCGTCGTGTCGCTGCTGGCCGC
CAACCACGACCCGCAGCGCTTCGACCACCCCGACACCTTGGACATCCACCGCAAGGCCCGCGGACACCTCTCCTTCGGCCA
CGGCATCCACCAGTGCCTGGGCCAGCAACTGGCCCGTATCGAGATGCGCGCCGGATTCGACGGACTGCTGCGCCGCTTCC
CGACCCTCCAGCTCGCCATCCCCGCCGACGAGGTGAAACTCAGGACCGACATGAACATCTACGGCGTCCACGAACTGCCG
GTCACCTGGACGGAAACGACCCGGTAG

SPL_02251 (OSY46283, CYP125)
ATGACCGTATCCGCAGCCGACGCCGCGGACCGGGAGGTGCCGGACGTCTTCGACCCGCGCGGCTACGLCCGALCGGGCTGL
CGCACGCGGCGTACCGGCTCTTGCGCGACCGGTATCCGGTGGCCTGGCAGGAGGAGCCCGAGGTGLTCGGLTGGLCGGL
CGGGCCGGGCTTCTGGGCGGTCACCCGCCACCAGGACGTCGTACGGGTCCTGAAGGACGCCCGGACCTTCTCCTCGCACC
TGGGCGCCACCCAGATCCGCGATCCCGACCCCGCCGATCTGCCGTTCATCCGCCGCATGATGCTCAATCAGGATCCCCCCG
ACCACGGGCGGCTGCGCCGTGCGGTCAGCCGCGCGTTCACCCCTCGCCGGATCGACCGCTTCGGCACCGTCATACGCGAG
CGGGCCCGTGCGCTGCTGACGGCGGCGGTCGGCACGGLCGCGCGLCCGGGGACGGGGTGGGTGACCTCGTCLCCCGLCGGETC
ACCGACGACTTCGCGCTGCTCAACCTCGCGGATCTGCTCGGGGTGCCGGCCGCTGAGCGCGGGCTGCTCCTGGACTGGAC
CCGGCGCGTCATCGGCTACCAGGACCCGGACGAGGCCGGLLLGLLLGLLTCCGELLCGGALCGGGLGGLCeGCcAACeea
CGCTCCCCGGCGCTGCTCCAGGACATGTTCGGCTTCGCACGGGAACTGGCCGCCCACAAGCGCCGGETGTCCGGGCGACGA
TGTGATGACGGTGCTCGCCTCGGACCCGGAACTGGCCACGCCCGAGCTGGAGATGTTCTTCTTTCTGCTGACCATCGCGGG
CAATGACACCGTGCGCAGTGCGGCCCCCGGCGGACTGLCTGGCGCTGGCCCGGCACCCGGACGLCGETALCCGLLGGLTGLGL
GCGGGCGCCGTGGGGACGGCGACGGCCGTCGAGGAACTGCTGCGCTGGCATCCGCCGGTGCTCAGCTTCCGCCGTACCG
CGGCATACGACACCGAACTGGCCGGCCGCACCCTTCACGCCGGCGACAAGGTGGTGGTCTTCCACGGTTCGGCGAATTAC
GACGAACGGGTCTTCGCCGACCCGCACCGCCTGGACCTGGCCCGCTCCGCCAATCCCCATGTCTCCTTCGGCGACGGGCLCCG
CATGTCTGCCTGGGCGCCCATCTCGCCCGGCTGCAACTGCGGGTGCTGTACGAGGAGACCTGCCGTCTGCTGCCCGCCCCTG
GCGGTCGCCGGTCCGCCGCAGCGGCTGGTATCGAACTTCATTCACGGACTGAAGTCGCTGCCGCTGCGGCTGGTGGACGT
TCCCGGCGGGGGGTAG

SPL_02316 (OSY46348, CYP183-like)
ATGTTTGTTCTGAACTCGCCGGAGGCGGTCCACGACGTTCTCGTGACGCAGAGCAGAAAGTTCAGCAAAGGGTTGCTGTT
CGACATCGCGAGGCCATTTATCGGGAATGGCATAATCACGTCCGAACGAGAGTTTCACAGGCGCCAGCGTCGTGCGCTCC
AGCCTGCTTTCCATCGTGACAGTATCGCCGGATATGTCGGTACGATGATTGATGTCGCTGAGGAGCAGGTGTCGACGTGG
CGCCCGGGCGAGGTGATCGTCATGGATCAGGCGATGCGTCGGCTGATGACGGTCATGCTCGTAGCGACCTTGTTCAGCAC
CGAACGCCCGGACGGCGCCGAGGCTATGGCCGAGCTGGGGGATCGGGTCGCTGAGCACCTGACCACGGTGATGCGTGG
GGTCTTCGTGGGCACTGTCCTGCCCGCGCCGATCGCTTCTTTGCCTGCGCTCGGTCACCGCCGGTATCTGTCCGCGGCCGC
GGCCTTGCGCGACCTCGCGGACACAGCTGTCCGGCAGGCCCGGCAGGATCCCACCGGCCGCGGTGATCTGCTGTCGATCA
TGTTCACCGGCACAGCGGGGAATCCTCAGGGGATGAGTGACGTGGAAGCCCGCGATGAGTTGCTGTCCCTCCTCATGGCC
GGCGCTGAAACCACGTCAACCACCTTGTCCTGGGCTCTTTATGAGCTCGGTCGACGACCGGAGATCACAGATCGAATCAA
AGCCGAGTGCCGATCCCGACCTGTCGAGGTCATTCCCAGTGCAACGACCTTTCCCTTCACCGACCGGTTCCTCCGGGAGGT
TCTTCGATTACATCAGCCCAACTGGCTTCTTATGCGGCGCGCTTTGGAACCGGTGCGTGTCTCCGGAATCGAGCTTCCACCC
GGGGCCGAAATAATCTACAGCGCAGCGACGATGCATCGAGACCCGGCGTACTTCCCGGACCCCTTGCGATTCGACCCGGA
CCGATGGCTTGACCGTTCCCAAAAGGAACTTCCGCCGGGTGCCTACATCCCATTTGCAGTGGGCAACAGGAAGTGTATCG
GGGACTTCTTCTCAATGACCGAAATGCTGGTCGTCCTCCGCTCGATCGTATCGCGGTGGCGACTGCACCCGCTTGAGAAGC
ATCGGGTCCGGCCAGTGGTCCAAGCGCAGATCCGGCCGAATTCGCTGCCCATGCTCGTCTCACCGTGGCCAACCCGGTGA

SPL_02318 (OSY46350, CYP105)
ATGCCCGTTCGCCGCCCAGCGTCCTTCGTGACGTCCGAACGAGATCAAGACTGTCCATTCGACCCGTCACGGACTCTCGTT
CGCATGCGCGAAGAGGATGGTCTGCCGCGTCTGCGTGTATTTCACCCTGTGCGCGGTGAAATCGAAGCCATCGTTGTCAC
GAGATACGGTGATGTCCGGGCTGCCTTCGCGGAAGATCTCCTAGTGACCGGAAACGGCATCGATACAACGATGCCGCGG
ACCTTGTTCAACCAACCAGGTTTTCTACCCGCCTACAGCGGTGCAGAACATCAACGCCTCCGCCGCATGCTTACCGGCTGCT
TCACCGTGCGCCAGGTTGAGCAGCTGCGACCGGCGATCGAAGAAATGGTCTCGGCTCACCTCGACGCCATGGTGGCGCAC
GGGCCCGTGGTCGACCTGGTCGAGGCCTTCGCCCTCCCCATCCCCTCACTGGCGATCTGCGAACTGCTTGAAGTGCCGTAT
GAGACACGATCCATGTTTCAGCGCTGCTCTCAGGTGATCATGGACGGGACGGCCTGCGCCGACCAGTTGGTGGCCGCATC
GGCCGAGTTGAATGCAGCCATGCAAGAACTTGTCACCCGAAATCGTGCCGCGCCCGGGGACGGAGTGTTGGGAAGACTG

184



Supplementary

GTGCGGCAACACGGTGAGGACCTCACGGATGCTGAACTCCTCGGATTCGGGACCACTCTTCTCGTGGGGGGACACGAGA
CCACAGCGACCATGCTCGCCCTGAGCGTATTGGCGTTGTTGCGGAACCCAAACCAATTGGCTGCTCTCCGAGACGACACCT
CGGTCACGAACACAGCGGTCGAAGAACTTCTTCGGTATCTCGCCATTCCAGCGCCGCTTCTGAGGATGGCTGTGGAAGAC
GTCGAGATCTGCGGGAGCCGGATCGCGGCAGGTGAATACGTGCTGCTCAGCCCATTGACAGCGAACCGTGATCCCGACCT
CGTGCCCGAATGGCCTGACACGCTGGATGTCCATCGCCGTCCGGTAGCACAGATGTCGTTCGGTTTCGGTGTCCACCAGTG
CCTCGGACAACAGTTGGCAAGACTGGAGTTGAAGATCGCTCTGCCGGCGTTGCTCCGACGTTTTCCCACGCTCGAACTCGC
CGTCCCCGATACGGATCTCCGGTTCAGGGAAGGCTCGACGGTATATGGCGTCGAAGCGCTTCCAGTGTCCTGGCGACCGG
GCAACGCTGGAGGCCGAAAGTGA

SPL_02943 (OSY45653, CYP183-like)
ATGCCTATGCACCGCGTCGGCGAGAGCGGTCGGGTCATCGAGTTCGCGCCGAGGATCGACGAACTGTTAAGTCGTTATCG
TGGTGCGTCGCTTTTTCGTCTGGAGCCCGACACGATCGGGGTATCCGGCGCCGAGCTGATGGACCGCTTACTCCGCAGCA
GGCCGGCCAACGCGGAGGAGAGGCCCACCTTCAAACCCGTCCAGGGGCGGCTCGTTAGCCGTACGGATGCGTCCACCTTT
ATGCAGGCCGTGGGCTCGGACGTGCGGAACGCGCTGCAACGTCCCCTGGATGAGGCGGTCGACCTGACCGGCCGGETGGL
CGCATGTGGCGCATGTTTATCTGCGGGATCTCGTTTTCGGAAACGAACGTCTGCGATTCCGGGTTCTGGTCGACCGCAGGC
TGGAGTTGACTCCGAAACTGACCTGGTCGGCCGTCGCCTCCGGAGCCGCTTTGCTGGGCAGGCCCGGGCAGGACGTGCC
GCTGTCGAAACTTGCCGCTCTCGTGCTCGATTCCAAGACCTACGGTGACCGGCGCTATGCCATGTACCTGTATCGGCGGGT
GGCCGCACCGGTGTGCTTCACCGTATCCGCGCTGGTCACCAACGCCCTGTGGCTCGGGGCTCCGTTCAGCGATGACGTATC
GAACCGGAACATCCTCCTTGAGGCACTCCGGCTGCTTCCCCCCTCATGGAACATCTTGCGAATGGCTTCTCCGGAGTTCTCG
GACGTGGACGCACGGATCGGCCCGAAAGACGATGTCCTGTTGCTTCCCCTGCTGAGCCACCGCGATCCCGAGCTCTGGGA
CGAGCCCGACGCGTTTCGTCCCGACCGCTGGGAAGAGCTGGACGGAGACAACCACCCCGGGTATTTCCCCTTCGGCCACG
TAAACGAACGATGCTGGGGCCGGCATATGGTCCTGCCCCTGGCCGAACGGCTCCTCGACATCGTGCGCCGGGACGGACTG
GTGGTGAATCCGGGGCAGACCAGGGGGAAGGTCGAACTCGACGGTTTGCTCGAAGTGTCCGAAGTGCAGATGACTCGAC
CGATGGCTAGTCCTATGGCTCGTCCGTGA

SPL_03767 (OSY44745, CYP105AC)
ATGCAGCACGAACAGATCGCACCGTCTGACCTGTCCGCACCATCTGACCTGTCCGCACCCGCGACCGGGCAGACCGCTCAT
CAAGCGGCGGCGCAGCCCGAGCCGGTGACCCTGCCGCTGACCCGCGLCCGCGGGLCTGCCCCTTCGATCCGCCCGCCGAGCT
GGCGGAACTGCGCGAGCAGCAGCCGCTGCGCCCGATGCGATACCCCGACGGGCACGTCGGCTGGCTGGCCACCGGCCAC
GCCGTGACCCGGGCGATCGCCGCCGACCCCCGCTTCAGCTCCCGGTACGAGCTGCTGCGCCTCCCCCTGLCGGGLGGGLC
TCCCGGTCCGCTGCCCCCGGCACAGATCGGCGACCTCACCGGGATCGACGCACCGGAGCACACCCGCTACCGGLGGLTGC
TCGCGGGCAAGTTCACCGTCCGCCGGATGCGCCTGCTCACCGAGCGGGTCGAGCAGATCACCGCCGACCACCTCGACGCC
ATGGAGCGCCAGGGACCCGTGGTCGATCTGGTGCAGGCGTTCGCGCACCCGGTCCCGGCCCTGATGATCTGCGAACTGCT
CGGTGTGCCGCAGTCCGACCGCGCGGGATTCCAGGAGCACGCCGCGGTGCTGAGCAGTCCGGATGCCGGCCTGGAGGCG
CAGATGGCCGCCCTGACCGCGCTCACGGAATGCGTCGGCGAACTGGTGCCGGCCAAGCGCGCCCACCCCACCGATGACCT
GCTCAGCGATCTGACCACCAGCGAACTGACCGATGAAGAACTCGCCGGTATCGGCGGCTTCCTGCTGGCCGCCGGTCTCG
ACACCACCGCGAACATGCTCGGGCTCGGCACCTTCGCCCTGCTGAGCCACCCCGAGCAGGCCGCCGCCCTGCGCGCCGAT
CCCGGCCTCGCCGACCAGGCGGTGGAGGAACTGCTCCGCTATCTGAGCATCGCCCACACCGGCGTACGGGCGGCCCTGG
AGGACGTCGAGCTGGACGGCCAACTGATCAAGGCCGGCGACACCGTCACCGTGTCCGTGTCGGCCGCCAACCGCGACCC
GCTGAAGTTCCCCGACCCCGACACCCTCGATCTTCAGCGGAAGGCGACCGGGCATCTGGCCTTCGGCCACGGCGCCCACC
AGTGCCTGGGCCAGCAGCTGGCGCGGGTCGAGATGCGGGTCGCCTTCCCGGCGCTGTTCCGCCGCTTCCCGACGCTGCLGG
CTGGCCGTCCCGCCCGAGGACGTGCCGCTGCGCGACGCCATGAACATCCACGGGGTGTACCAACTCCCCGTCACCTGGGA
CAAGGAGTAG

SPL_04452 (OSY43763, CYP174-like)
GTGTCCACTGTTTCTGCCCGATTAGACTCGCCCGAAGGAAAAAACCCGCCACAGCCCGTGCCGCGACTGAGCCTGCGCGA
GAATCTCGTGGGGCTTGCGGAAATGCGGCGCGACCAACTGGCGTTCCTGGTGCGCTCGGTGCGGACCCATGGCGATATCT
TCCATATGCGCCTGGGTGGTCTGCCCACAGTGATGGTCAATCACCCCGACTATCTCCAGCACGTCCTGGTCGACAACCACC
AGAACTACGACAAGGACAACTTCCTCTATCGCGCCACCCGGACAGTGCTGCGCGAGGGGCTCATCGCGAACAAGGGCGG
CGAGCCATGGCGTCGGCACCGCCGGATCATGCAGCCCTCCTTCAGCCGTTCCAGCGTCGCCGACTTCACCACGAACATCAG
CGATCTGACCGGCGACCTGTTGCGCCAGTGGGAAGAGCCGGCCGGCCGAGGCGCGGTGGTCGAGGTGACGACCGAAAT
CGCCAATCTCGCGCTGCGGATCGTGCTGCGCGCGCTGTTCGGTGTCGACGCGGATGACCGCGGCCGGCGCTTCGAGCGG
GACTTCCTGGAAGTGAACGCCATCGCGGGGGATTTCTTCCGGTTCCCCTTCCCGCCGCTGTCCTGGTACTCGCCGTCCCGG
AACCGGCTCCGGCAGTTGATCCGGGAGATGGACGGCTTCATTGCGTATCTCATCGATGCGCGCCTGGCCCGGGAGAGCGA
GAAGCCCGATCTGTTCACGCTGCTGCTCAATGCGATGGACGAGGAGACCGGAACCGGGCTCACCCATGAGCAGTTGGCCA
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ATGAGATCCTGGCCATGATCATTGCCGGATATGAAACCTCCAGCAATTCCATCTCCTGGATCTTCTACCAGCTCGCCGCGTA
CCCGGATATCCAGCGCCGGGTGCACGACGAGGTGGACAGCGTGCTGGACGGACGCGTACCCACTCTCGACGATCTGCCCC
GTCTGACCTACACCCGCATGGTGATCGACGAGACACTGCGCCTGTTCACCCCGGCGTGGCAGACCATGCGGCACGCLCGTC
GACGACGATGTCATCGGCGGGTACCGGATTCCCCGGGGAACCGATGTCTATCTGAATCTCTTCACCTTCCACCGGCACCCC
GATTTCTGGCCGGACCCGGCCCGGTTCGATCCCGAGCGGTTCACCCCGGAAGAAATCGCCCGGCGGCCACGTCACGTCTA
TCAGCCGTTCGGAAGCGGGCCCCGCCACTGCCTCGGCAAGCATTTCGCGCTGACCGAACTGCACATCATCACGGCCATGCT
CGCCCAGGCCTTCCACATCACCCGGCCGGAGGGCCAGGCCCCCGTGGGTTTCGCGCCGCTGATCACCTTGCATCCCAAGG
GCGGCATACACCTCCGGCTGCACCGTCGCTGA

SPL_04453 (OSY43764, CYP174-like)
ATGCCCCTGACTCCGCGTACCCGTGCCGCGCGCCGGACGCCTTCGCTCAGAGAGATTCCCACGGTCACGGCACGGGACGG
TATCGGCGGAACGCTGGCCTTCAAACGCGACCAGCTCGCCTTTCTCGGCGACGGGCTGGCGCGGCACGGCGACATCTTCC
GGTTCCGCCCGCTCGGCCTGCCCATGGTCATGGTCAACCACCCGGACCACATCCGGCACATCCTGGTCGACAAGGGCGAG
CAGTACGACAAGGACGCCGCCATTTTCAAGGTGGTCCGTCCGGTCCTGCGCAACGGCCTGATCGCCAATGCCGATATGGC
ACTGTGGCGGCGCCAGCGCCGCATGATGGCCCCGCATTTCACCCCGCGCACGGTCAGCGCGTTCGCCCGCAACATGACGG
ACGAGACCGTGCAGATGCTGGAGCGCTGGGAATCCCGCACCGCCGCCGGTGACACCCTCGACATCACTGACGAAATAGGT
CAGTTGGCGCTCCGGATCGTGAACCGGTCACTCTTCAGTGCCGATGTGGGGGCCGCGGCCCAGGCTTTCGAGCGGGCCTT
CGGCGAGGCGAACAGTATCCTCGGCGCCTTCTTCCGCTTCCCGTTCCCTCCGCTCAGCGTCCCGACGCCCAGCCACCGGCG
GCTGCGCCGGGCGATCAACGGTATGGACGCCTTCGTCTCCGGCTTCATCAAGAAGCGGCTGAACGACGAGGTCGCCACG
GGCGAGGAAACCGATCTGCTGACTCTTCTGCTGCACTCCGTGGACGAGGAGGACGGCAAGGGAATGGACCTGGAGCAAC
TGCACCACGAGGTCCTGAACATCTGCATCGGCGCCTACGAAACGACCACCAACACCCTCTCGTGGGCGTTCTATCTGCTGG
CCCGGCATCCCGAGGTCGAGGAGCGGCTGCATGCCGAGGTCGACGAGGTGCTGGGCGGCCGGGTCCCGGCCTTCGAGG
ATCTGCCGAAGCTGGTGTACACCCGCATGGTCGTCGAAGAGACGCTGCGCATCTATTCCCCGGCGTATCAGTTCATGCGCC
GGGCGCGGGAAGAGGACGAGATCGACGGCTATCGGATGCCAGCCGGCACCAATGTCCTCATCAACAGCTATTTCCTGCAC
CGGCATCCGGACTTCTGGGAAGACCCCGAACGTTTCGTACCCGAGCGTTTCACCCCCGAGCAGGTCGCCCGGCGCCCCAA
GCACGTCTACATACCGTTCGGCAGCGGCCACCGCATCTGTATCGGCAAGCACTTCGCGCTGACCGAACTCACCCTCGTGCT
GGCCACCGTGGCCCGGCACCACCGGCTGGTCATGCCCGAAGGCGCCGCCGAGGTGCACCCGGAGGCCCTGATCACCCTG
CACCCCAAGGGCGGAGTGCACTTGCGGCCGGAGCCCCGCGGATGA

SPL_05184 (OSY41108, CYP125A)
ATGCCATGTCCCGCGCTGCCCGATGGGTTCGACTTCACCGACCCCGACGTCTACCAGTCCCGCGTTCCGCTCCCCGAGTTCG
CCCAGCTGCGGCGGACCGCGCCCGTGTGGTGGAACGCCCAGCCGCACGGCATCGCCGGCTTCGGTGACGACGGGTATTG
GGTCGTCACCCGTCACCAGGACGTCAAAGAGGTATCCACCAAGCCGGAGGTCTTCTCCGCGAACCTCAACACCTCGATCAT
CCGGTTCAACGCGGCCATGACCCGTGACCAGATAGACGTACAGAAACTCATCATGCTGAACATGGACCCGCCCGAGCACA
CCCGGGTCCGGCAGATCGTGCAGCGCGGCTTCACCCCGCGCTCCATACGGGCCCTGGAGGACGCGCTGCGCCACCGGGL
GGCGCAGATCGTCGCCGAGGCGCGCCGGAACGGCTCCGGGGATTTCGTCACCGATGTCGCCTGTGAACTCCCTCTCCAGG
CCATCGCGGAACTCATCGGCATCCCCCAGGACGACCGGGCGCGCATCTTCGACTGGTCGAACAAGATGGTCGCGTACGAC
GATCCCGAACTGGCCATCACCGAAGAGGTCGGCCTGAACGCGGCCACGGAGCTGATCTCGTACGCGATGAATCTCGCCGC
GGTGCGCAAGGAATGCCCGGCCAAGGACATCGTCAGCCAACTGGTGGCGGCGGAGCACGAAGGAAACCTCGGCTCCGAC
GAGTTCGGCTTCTTCGTGCTGCTGCTGGCGGTGGCCGGCAACGAGACCACGCGTAACGCGATCACGCACGGGATGCATGC
CTTCCTCACCCATCCCGACCAGTGGGAGCTCTACAAGCGCGAGCGCCCCGAAACGGCGGCCGAGGAGATCGTGCGGTGG
GCGACCCCGGTGGTCTCCTTCCAGCGCACCGCCACCCAGGACACCGAGCTGGGCGGCGCGAAGATCAAGAAGGGCCAGC
GGGTGGGGATCTTCTACTCCTCCGCCAACAACGACCCGGAGGTGTTCGACCGCCCCGAGGTCTTCGACATCACCCGGGAC
CCCAACCCCCATCTGGGATTCGGGGGCGGCGGCCCGCACTTCTGCCTCGGCAAGTCGCTCGCGGTCCTGGAGATCAACCT
GATCTTCGGCGCCATCGCGGACGCCATGCCCGACATGACTCTGGCGGGCGACCCGCGCCGGCTTCGCTCGGCCTGGCTCA
ACGGCGTCAAGGAACTCCGGGTTCACTACGGTTGA

SPL_05473 (OSY40301, CYP208-like)

ATGTCCCTGACCGAATCCCTTCCCCCTCAGCCCGGTTCCGCCCCGGAGCGCGLCGATTCCGGGLLCGGLLGGLCTTCCCGTG
CTCGGCTCGATGCTCGACCTCCGGCGCGACTCGCTCAGCACGTTCTTACGGGCCCAGCGGGAGCACGGCGATGTGGTCCG
CCTGGAGGCCGGGCCGCCGGGCCTGCGCAGCGTCTTCCACGCGGTCTTCGCGCCCGAGGGCGTCCAGCAGATCCTCGCCT
CCCGGGCCGCCAACTTCCGCAAGGATCACCCGCTTTACGAGGAGGTCCGGCAGGCCTTCGGCAACGGCCTGCTGACCAGC
CAGGACGCCGACTACCTCAGACAGCGCCGGCTGGTGCAGCCGCTGTTCACCAAGCGCCGGGTCGACGGCTACGCCTCGGC
GGTGACCACCGAGGCCGCCACGCTGGCCGACCGCTGGCGGACCGCGGGCAGCGGCACCGTTGATCTGGTCCCCGAGATG
AACCGGCTGGCGCTGCGCACCGTCTCCCGGATCCTGTTCGGTCTGGACGCGGAGGCGGCGGTGGACGCCATCCACCGCTG
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CGCCCCGGTCATCAACGCGTATGTCGTCCGGCGCGCCTACGTCCCCGTGAAGATCCCCCGCGAGTGGCCCACCCCCGGGA
ACCAGCGGGCGCGGGCCGCCACCGATGAGCTGAACGCGCTGTGCGACCGCATCGTGGCGGACCGGLCGGGLCTCGLGLG
CCACCACCGGGGGCGCGGACGGCGCGGGCGAGGATCTGCTGTCCCTGCTCGCCGCTGCGGGCAATGACGAGGACGGCTC
GCTGGACACGACCGAGGTCCGCGAACAGGTCCTGATCTTCCTGCTGGCCGGGCACGAGACCACCGCGACCTCCCTCGCCT
TCACCCTCCACCTCCTCGCCCGGCACCCGGAGGAACAGACCCGGGTCCGCGACGAGCTCGACCGCGTCCTGGGCGACCGC
ACCCCCACGGCCGCCGACCTGGACCGACTGCCGTATCTGACACAGGCGCTCAAGGAATCGATGCGGCTGTATCCGGCGGC
GCCGGTGATCAGCCGCCGGGCCGTGGCGGCCGCCGAGATCGGCGGATGCCGCATCCCGGCCGGTGCCGATGTGGTCGTC
GCGCCCTGGGTCACCCACCGCGACCCGGAGCTGTGGCCGGACCCGGAGCGCTTTGACCCGCGGCGCTTCGACCCGGAGC
CGGAGGCGGCGCGGCACCGCTACGCCTGGTTCCCGTTCGGCGGCGGGCCGCGCGCCTGCATCGGACAGCACTTCTCGAT
GCTGGAGTCCGTGCTGGCGCTGGCCGTGCTGCTGCGCGGGTACGAACTCGACGCCGTGGACGAGGAGGTGCCGGTCTCG
GCCGGAATCACCCTCCAGGCGACCGGTCCGGLCGLCGGGTGCGTCTGCGGCCGLCGCGCCGGGGCGGGGGAGTAG

SPL_05497 (OSY40215,CYP154A)
GTGGCCCGGACCGAACTGCCCGGCGGAATCGAGGCCTGGACGGTCACCAGCCACACCCTCCTCAAGCAGCTGCTGACCGA
CGACCGGGTCTCGAAGAACCCCCGGGACCACTGGCCGGAGTGGCAGCGCGAGGAGGTCCGCAGCAGCTGGCTCCAGCAC
TGGATCGGCGTCACCAACATGTTCACCGCGTACGGCGCCGATCACCGGCGGCTGCGCAAGCTGATCGCCCCGGCGTTCAC
GGCCCGCCGTACCGATGCCATCCGCCCCCGGGTGGAGAGCATCACCATGGCGCTGCTGGACGACCTCGLCLCGLCGLCACCCGaG
CGGGCGAGCCCCTGGACCTGCGGGAGCGGTTCAACCACCCGCTGCCCATGCAGGTCATCTGCGAGCTGTTCGGCTTCCCC
GAGGGCGAGGCGCGCGCCGAACTCGCCCGCCTCATCACGGCCATCATGGACACCACGGCCACCCCGGAGLCAGGLCCGETG
CCACCGGCGCGGCCGTCCATGCGCTGCTGTCCGACCTGGTCGCCGCCAAGCGCGAGCACCCGGLCGGACGACCTCACCAGC
CTGCTGGTCACCGCGCGGGACGACGACGGCCGGCAGATGACCGAGAAGGAGCTGCTGGACACCCTGCTCCTGGTCATCG
GTGCCGGTCACGAGACCACCGTGGATCTCCTCGGCAACGCGGTGCACGCCCTGCTGACCCACCCCGAGLCAGCTCGCGCTG
GTGCGGTCGGGCGAGGTCTCCTGGAACGACGTGATCGAGGAGACCCTCCGCTGGGCACCGAGCATCGCCGCGCTCCCccT
CCGCTTCGCCGTGGAGGACATCGAGATCGCGGACGGCCCGACCATCCGCAAGGGCGAGGCGATCCTCCCGGGGTACGCG
GCGGCCGGCCGGGATGCCGCGTTCCATGGCGACACCGCCGCCGACTTCGACATCCGGCGCTCCCACCAGGAGCATCTGGC
GTTCGGCCACGGCGTCCACCACTGCCTCGGCGCCCCGCTGGLCCCGTATGGAGGCCCGGATCGCCCTCCCGGCCCTCCTTCGC
CCGCTTCCCGGACCTCCAACTGGCCACGGCGGCAGAGGAGCTGGAGGCCACGAGCGGCTTCATCTCGGGGGGTCTGCGG
AGCCTGCCGGTCCGCCTGACTCCGGCGTGA

SPL_06346 (OSY37796, CYP1072)
ATGTCGGCATTATCCAACTCCCCGCTCGGCGCGCACGTCGGGAAACACCCTGGCGAGCCGAATGTGATGGACCCGGCGCT
GATCGCCGACCCGTTCGGCGGCTACGGCGCACTGCGTGAGCAAGGCCCGGTCGTACGGGGCCGGTTCATGGACGACTCG
CCCGTCTGGTTCGTGACGCGCTTCGAAGAGGTCCGCCAAGTCCTGCGCGATCAGCGGTTCGTGAACAACCLCGGLLCGLGCC
GTCCCTGGGGCGCTCGATCGACGAAAGCCCCGCGGTCAGACTTTTGGAAATGTTGGGGTTGCCCGACCATTTCCGGCCGT
ATCTGCTCGGGTCGATCCTCAACTACGACGCACCCGACCACACCCGGCTGCGCCGACTGGTCTCGCGCGCCTTCACGGCAC
GCAAGATCACCGACCTGCGGCCGCGGGTCGAGCAGATCACCGACGACCTGCTGACCCGGCTTCCCGAGCACGCCGAGGA
CGGTGTGGTCGACCTCATCCAGCACTTCGCCTACCCCCTGCCGATCACCGTGATCTGCGAACTGGTCGGCATCGCCGAAGC
GGATCGTCCGCAATGGCGGAAGTGGGGGGCCGACCTCGTCTCGCTGGAGCCGGGGCGGCTGAGCACCGCGTTCCCGGCG
ATGATCGAGCACATCCATGAGCTGATCCGCGAGCGGCGCGGGGCACTCACCGACGATCTGCTCAGCGAGCTGATCCGCAC
CCATGACGACGACGGCGGCCGGCTCAGCGACATCGAGATGGTCACCATGATCCTCACGATCGTCCTGGCAGGCCACGAGA
CCACCGCCCACCTCATAGGCAACGGCACGGCGGCACTGCTCACCCACCCCGACCAACTGCGCCTGCTCAAGGACGACCCG
GCGCTGCTGCCGCGCGCCGTCCACGAGCTGATGCGCTGGTGCGGGCCGGTGCACATGACCCAGCTGCGCTTCGCCTCCGA
GGACGTCGAGGTCGCCGGAACGCCGATCCGCAAGGGCGACGCCGTACAACTCATCCTGGTATCGGCGAACTTCGACCCCC
GCCACTACACCGACCCCGACCGTCTCGACCTGACCCGCCACCCCGCCGGCCACGCCGAGAACCACGTGGGGTTCGGCLCAC
GGCATGCACTACTGCCTGGGCGCCACCCTCGCCAAACAGGAGGGCGAAGTCGCCTTCTCCCGGCTCTTCACGCACTACCCG
GAGCTGTCGCTGGGCGTCGCGGCGGAACAGCTGGCGCGGACGCAGGTGCCCGGCAGCTGGCGGLTGGACACCCTGCCCG
CTGCGGCTGGGGTGA

SPL_07341 (OSY34873, CYP159A)

ATGACCACTCTCCCGCAGCCGCCCGACATCCTGTCACCGCACTTCGCGGCGGACCCCTACCCCGCGTACCGCGTTCTGCGG
GAGCACTACCCCGTCTTTCACGACCCGGGCACCGACAGTTTTCTGCTCTCGCGGTACGAGGACGTGTCCCGGGCCTTCCGC
GATCCGGTGTTCACCGGCGACAACTACGAATGGCAGCTCGAACCGGCGCACGGCGGCCGGACGCTGCCCCAGATGAGCG
GCCGTGAGCACGCCGTACGCCGGGCCCTGGTGGCCCCCGCCTTCCGGGGCCGGGAGCTGCGGGAGAAGTTTCTGCCGGT
CATCGAGCGCAATGCACGGGAGCTGATCGACACCTTCCGCGACGCGGCGGAGACCGATCTCGTGGCGCGGTTCGCGACC
CGCTTCCCCATCAACGTCATCGTCGACATGCTGGGGCTGGACCGGGCCGACCACGACCGCATCCACGACTGGTACGGCTC
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CGTCGTCGGCTTCCTGGCCAATCTGGCCCAGGACCCCGAGATCGCGGAGGCCGGCCTGCGCGCCGGCCGGGAGCTCGCLC
GACTACCTCCTCCCGGTCATCCACGAACGGCGGTCCGCCCCCGGCGACGATCTGCTCTCCATGCTCTGCACCGCCGAGGTC
GAGGGCACCAGGATGAACGACCAGGACATCACGGCGTTCGTCAGCCTGTTGCTCTCGGCCGGCGGCGAGACCACGGACA
AGGCCCTGGCCGCGCTGTTCCGCAATCTGCTGTGCCACCCGGACCAGTTGGCCGCCGTACGCGCCGACCGGTCGCTGATC
CCCGCGGCCTTCGCCGAAACGCTGCGCTTCACACCACCGGTGCAGATGATCATGCGTCAGACCGCCGCCGAAGTATCCCTC
AGCGGTGGCACCATCCCCGCGGGCGCCACCGTCACCTGTCTGATCGGCTCCGCGAACCGCGATGAGCGCCACTACACCGC
GCCGGACACCTTCCATGTCCTCCGCGACGATCTGACGCCCACCACCGCCTTCAGCGCCGCCGCCCAGCACGTCGCCTTCGG
CCTCGGCCGGCACTTCTGCGTGGGTGCGCTCCTGGCCAGGGCCGAGGTGGAGATCGCCGTCAATCAGCTGCTCGACGCGT
TCCCCGCGATGGACTTCGCGGACGGTACGCCGCCCACCGACGCGGGGGTTTTCACCCGCGGGCCGGAGCAGCTGCGGGT
GCGGCTGGTGCCGGCGGACGACCGGGCCCGGGCGAGCGAGGGCTGA

AAU_00443 (0SY43500, CYP107)
ATGACCGCACCGACCGGAGCGCCCGACCTGCTGGCACCCGACTTCGCAGCGGATCCGTACACCGGATACGCCCGGCTGCG
GGAGCAGGCTCCCGCGGTGACGGTGTCGCTGATGGGCGGCCCGCCGATGATGCTGGTGACCCGCTACGACGAGGTGCGG
ACGGTGCTCACCGATCCGCGTTTCGGCACCGATCCCGATCAGGCCGGTGCCGGGGTGAACGTCCGGGAAGCGATGCTGC
GCAAGGCCGGTGTGCCCGACGACGTGATCGGCTACCTGCTCCGCACGATCCTCACCTCCGACGGCGACGACCACACCCGG
CTGCGCAAGCTGGTGTCGCGTGCCTTCACCGTGCGGCGGGTGCAGTCGCTGGCACCCCGGGTCGAGCAGATCGCCGCCG
GCCTGCTCGACGACATCGCTGCGGCAGGCGCCGACGGCAGCCCGGTCGACCTGGTCGAGTCGTTCGGCTATCCACTTCCG
ATCGCGGTGATCTGCGAGCTGGTCGGGGTGCCCGAACCGGAGCGCGCGCAGTGGCACGGCTGGGGCAGGGTGCTGACC
ACGCTGGATCCCGAGCACACTCCCGGAGTGCTGCGGGCCGCCGTCGAGCACGTGCACGAGTTGATCGCGGCGCGTCGLG
CCGAACCCGCCGACGACCTGATCAGCGCGCTGATCGCGGCCCAGGAGGACGACGGCGACCGGCTCTCCGACCAGGAGAT
GGTCACGATGGTCTTCGCGCTGGTGATGGCCGGGCACGAGACCACCGCGCACCTGCTCTCGAACGGGGLGLCTGGLLCTGL
TGACCCGTCCCGACCAGCTCGCGCTGCTGCGCGCCGAGCCCGACCGCTGGCCGGCCGCGGTGAACGAGLCTGATGLCGGGL
CCGCGGGCCGGTGCAGTTCACCCAGATCCGCTATCCGGTCACCGACGTCGAACTGGGCGGCGTCGCGATCCCCGCLCGGGA
CCCCGGTGATCGCCGGTCTGCTGCCGGCGAACCACGATCCGCGGGCCTTCGACCGGCCGGACGACATCGACGTCCGGCG
GGACACCGGCCGTGGTGAGGGCCATCTCGGGTTCGGCCAGGGCGTGCACTACTGCCTGGGCGCAGCGCTCGCCLCGGCCAG
GAGGGCGACATCGGCCTCCGGATGCTGTTCGACCGGTTCCCGGGCATGCGGCTCGCGGTGCCCGCGCAGGAGCTCGCCT
GGCTGCCGCGGCCCGGGATGAGCCGGGTCGGGGAGCTGCCGGTGCTGCTGTCCTGA

AAU_00941 (OSY43336,CYP107)
ATGACCCCGACCGCCGCCGACGTCACCGGCGCCGACCTGCTCTCCCCCGAGGCGGTCGCCGATCCCTATCCGCTGLTCGCC
GCGATGCGCGAGCACGATCCCGTGCACTGGAGCGAGCGCTTCCGGTCGTGGTTCGTGACCCGTTTCGACGACGTCACCAC
CGCGCTGCGCGATCCCCGGTTCTCCTCCGACCGGATCACCCCCTACCGGAAGGCGAAGCTCGACGGCCCGGACGCCGATC
CGGCACTGCGGGCCGCGTTCGGTGTCCTCGGCGAGTGGATGGTGTTCAAGGATCCTCCCGACCACACCCGGTTGCGCCGG
TTGCTCAGCCGCAGCTTCACCCCGCGCGCGGTCGGCCGGATCGCCCCGCGGATCACCGAGCTCGTCGACGAGCTGCTCGA
CGCCGCACCGCCCGGTGAGCTCGATGTGGTCCGGGATCTCGCCTATCCGCTCACCGCGTCGGTGATCGCCGAGATGCTCG
GCGTGCCGCGGGCCGACCAGGAGCGGTTCAAGGACTGGTCCGACCGGATCACCGGCCTGGTGTTCGGCGGCCTGTCCGA
CTCCGACCGGCACCGCAGCGGCGCCGAGGGGATGGGTGAGCTCACCGGATACCTGACCGAGCTGGTCGCCCGCCGCGAG
CGGGAGCCGGCCGACGACCTGCTGACCGGGCTGATCACCGCCCGCGACGAGCAGGACGCCCTGACCCACGACGAGGTCA
TCGCGACCGGCGTGCTGCTGCTGTTCGCCGGCCACGAGACCACCACGAACCTGATCGGCTGCGGGGTGCGGGCGATGCTC
GCCCACCCCGATCAGGCCGCCCGGCTCGCCGCCGATCCCGGGCTGGTCAACGGGGCCGTGGAGGAGATGCTGCGCTTCG
ACGGCCCGGCCAAGACCGTGGTTCGGCTGATGGCCGAGGACGTCGAGCTGCGCGGCCGGGTGCTGCGCCGCGGCCAGC
GGGTCTTCCTCAGCCCGTCGTCGGCGAACCGGGATCCGGCGGCGTTCGACGATCCCGACACCTTCGACATCACCCGCAGG
CAGGGCCGCCAGCTCGGCTTCGGGGTCGGGATGCACTACTGCCTGGGCGCTCCACTTGCCCGGCTGGAGACGGCGATCG
CGGTCCCCCGGATCCTGGAGCGGCTGCCGGGTGCGGTCCCGGCGGGCGAACCGCACTGGGCGCCGGTGCTGCTCTCTCG
CGGCATGGAGCGCTACCCCCTGCGCACGGGCACCGGATGA

AAU_01045 (0SY42804, CYP107AL)
ATGGACGTCGACACCCGGGACGGCACGAGCACCACCTCGGGCTGCCCGCTGAGCTATCCCTTCAACCGGCCATCGGCGAT
CGAGCTGCCACCGGTGTACACCGACCTCCGGGCGGACACCCCGGTGGCCGAGGTGACACTGCCCAGLCGGLGALCCGLGGaG
TACGTGGTGAGCCGCTACGACGACGCGAAGCTCGTCCTCGCCGATCCGCGCTTCAGCCGGGCGGCGATGGCCGCCGACG
GCGCACCGCGGCTGACCCCGGTCCCGATGCCGCCGAACAGCCTGTTCAGCACGGACCCGCCGGAGCACACCLGGLTCCGC
AAGCTCGTGACCGGCGAGTTCACCCGGCGCCGGATCACCGCGCTGGAGCCCCGCATCCAGGAGATGACCGACGAGCTGC
TCGACACGATGGCCGCGAACGGCGGCCCGGTCGATCTCAACCCGGCGCTGGCGTTCCCGCTGCCGGTCGGCGTGATCTGC
GAGCTGCTGGGCGTCCCGTTCGAGGACCGGGAGAAGTTCCGGGAGTGGTCGAACGCGATCGTCTCGCTCACCTCGCACAC
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CCCCGAGCAGATGATCGAACAGCGGATGCAGATGGCGGGCTACCTCTACGAGCTCATCGGCCGGCGCGCCGACGAGCCG
GGTGAGGATCTGCTGAGCGCGCTCATCCAGGCGCACCAGGACCGGGGCGCCCTCGACGAGGGCGAGCTGATCGTGATGG
CGATGACCCTGCTCGTCGCGGGCCACGAGACGACGGTCAGCATGATCGGCGCCTGCGTGCTGACGCTGCTGCGGCACCCG
GAGATCCTCGCCGAGGTGGTCGAGAACCCGGGGCGGGTCGACGCCATGCTCGACGAGCTGCTGCGGGTCAACCCGATCG
GCGACGGCGGCCCGCTGCGGATCACGCTGGAGGACGTCGAGATCGCCGGCACCGTGATCCCGAAGGGCAGTGCGGTGCT
CGCCGCGGTCTGCTCGGCGAACCGGGACGAGAAGATCTTCGACCGGCCGGACGAGTTCGTCCCGGGCCGCGAGCACAAT
CCGCACCTCGCCTTCGGGCACGGCATCCACCACTGCCTCGGTGCGTCGCTGGCCCGGTCCGAGCTGCGGATCACCATCGA
GAGCCTGTTCCGGCGGTTCCCGACGCTGCGCCTGGCCGCACCGGTCGAGGAGCTGCGGATGAAGAGCGGGATGCTGGTG
CACGGCCTGGAGCGGCTGCCCGTCACCTGGTGA

AAU_01156 (OSY42914, CYP105)
ATGCAGCAATGCACACCGTGCAGCGATTCGGTAGGCTGGCGGGGAACCCGACGACGCCCAGGACAGGAGCCCGCCCTGA
CCGCCGACGAGAACACCACCGCCACCGACTCCCCCATCGCGCTGCGCAGCCTGGTCCCCGAGGACCTGCTCGAGCGCACG
CCGAGCTGCCCGTTCGATCCCGCGCCGGGGCTCGCGGCGCGGCGCGGCGCAGGCGCCGTTCAGCCGGTCGAGCTGCGCA
ACGGAGCCCGGGCGTTCCTCGTGACCGGCTTCGACGAGGCACGCGAGGTGCTGGCCGACTCCCGGTTCAGCGCCGACCG
GGTCCGCTACAAGGACGCGACGAAGCTCTCCGCACAGGAGGTCGAGCAGCTCGCCGCTGCCACCGAGCGCGGTGAGCCG
CTACGCCCGGCCGACGTGCAGCGCAACGACGGCATGTTCATCTTCATGGACCCGCCCGAGCACACCCGCATCCGCAGGCT
CCTGCAGGGCCAGTTCACGGTCCGCCGTATGCGCGCACTCGAGGAGCGCATGACCGAGATCGCCGCGGCGCACATCGAC
ACGATGCTCGCCGGTGGCCCCGGCGCCGACCTGGTGCCCGCCTATGCGCTGCCGCTGCCCTCGCAGATGATCTGTGAGCT
GCTCGGGGTCGACTATGCCGACCGGCAGGCGTTCCAGGACAACACCACGGTCGGGCTCAACGCCAACTCCACCGACGAG
GAACGCGGCCGGGCACTGGGCGAGCTCTACACGTTCCTGTCCGGGCTCGTCGCGCACAAGAAGGAGCACCCCGGCGACG
ATCTGCTGTCCGGGCTCATCCACGAGTCCGACCCGCCACTGCCGGACAACCAGCTGATCGACATCTCGCTGGTGCTGCTCG
GCGCCGGGCACGAGACCACGGCCAACATGCTCGCCCTCGGCGTGTTCGCGCTGCTCCAGCACCCCGAGCAGCTCGCCGCG
GTGACCACCGGGCCGGACGCGATCGACGGCGCCGTCGAGGAACTCCTGCGCTACCTGAGCATCATCCAGCTCGGGGTGTC
CCGGGTCGCGACCGAGACCGTCACGCTCGGCGGGGTCGACATCCCGGCGGGCTCCACCGTCATGGTGGCGGTGCCGGAG
ACGAACCGGGACGAGCGGCACCTCGACGCCGTCGACGAGCTCGACGTCCGCCGGGGGCGGGTGCCGCACCTCGLCTTCG
GGCACGGTGTCCACCAGTGCATCGGTTCCCAGCTGGCGCGCGTCGAGATGAAGGTCGGCTTCCGCGAGCTGTTCGCACGG
ATCCCCGGCCTACGCCTCGCCGTGGCAGCTGAGGATGTCCCGCTCCGCAACGACATGCTGATCTTCGGGGTGCACTCGTTG
CCGGTCACCTGGAACTGA

AAU_01495 (OSY42000, CYP107-like)
GTGTCCGTCGTACCCCCCGCCGGCTCCGCCGCCCCGCAGGCGCCCGGACCCGTGGAGTCACTGTTCCTGGGCCGGLTCGC
CGATCCGTACCCGGTCTACGCCGAGCTGCGTGAGACCGGCGACGGCGTCCACTGGTCCGATGTGCTGGGCGCCTACATCG
TCACCCGCTACGCCGACGTCCGGCAGATCGGGACCGACCCGAAGCTCTTCTCCAGCGACGTCTTCCACGACTCCGCGCCGA
GCACCCACGACCCGTCCGATCCCGAGCACCTGCGGTTCCTCGACGCCGCGTCGCGGCTGTTCATGTTCGCCGATCCGCCGG
TGCACACCCGGATCCGGTCGACCTTCCGGCACGTCTTCACGGTGCAGGCCACGCAGCGCTGGCGCCCGCTGGTCGAGCGG
GTCACCGCCGAGCTCATCGACCGCTACCCGCGCGGCGAGGAGTTCGACATCATGCCCGGCTTCGCCGCGGACGTGCCGGT
CGCCGTGATCGCCGCGATCCTCGGCGTGCCCGACGAGATGCGCCCGCGGTTCCGGGACTGGTCCTACGCCTACGCGTCCA
CCTTCGATCCGGTCGTCCAGGGCCCGCGCCGGGACCAGGCGATCGCCACCTCGCTGGAGCTGTTCGACTACCTCGGTGAG
CTGGTCGCGGCCCGCCGCGCCGAACCGCGCGACGACCTGATCAGCACCCTTGTCCGGACCGAGACGATCGACGGCGACA
CCCTCGGCGACATCGAGCTGCTCGCCCAGCTGGCCCTGCTGCTGGTCGCCGGCAACGAGACCACCACGACGCTGATCGGC
GCCGGCCTGACCCTGCTGTTCGACCATCCCGGTACCCGCCGGCGGATCGAGGCGGACATGTCGCTGCTGCCCGCGGCGAT
CGAGGAGATGCTGCGGATCGACCCTCCGCTGCACCTGGTGATCCGCAAGGCCACCGCCGACGTCGAGATCGGCGACCAC
ACGATCCCGGCCGGGAGCCTGCTGTTCCCCTGCCCGGCCGCGGCGAACCGGGACCCGCGCCGGTTCACCGAGCCGGACA
CCTTCCTGGTCCCCCGCGAGGACAACAAGCATCTGGCCTTCTACCACGGGGTGCACTTCTGCGTGGGCGCCCCGLTGGLCC
GGCTGGAGGGCCAGGTCGTGTTCGAGAACATCCTGCGGTCGTTCCCGGACGCGCGTCCCGGAGCCGTCCCGGCGGTGLG
CCGCACCACCAACTCCGTCGCCCGCGGCTGGGAGAGCCGGCCGGTGATCCTGTGA

AAU01848 (0SY41819, CYP107-like)
ATGATCACCGCACCGCAGCTGCCCTTCGACCGCCCGAACATCCTCGAGATCGCGCCGCTCTACGCGGTGCTCCGCAGGCAG
GCGCCGGTGGTGCCGGTGCGTACCCCGGTCGGTGATCCGGCCTGGCTGGTGACCCGGTACGCGGAGGCCCGTGAGCTGT
TCGGCGACTCCCGGCTCGGTCGCTCGCACCCGGAACCGGAGAACGCGGCGATGATCACCGAGGCGGCCATCCTGAACGG
GCCGAGCGGCAGCTACGAGACCGAGCAGGAGGAGCACGCCCGGCTGCGCGCGCTGCTGGTGCCGGCGTTCTCCGCGAA
GCGGATGCGGCTGCTCGGCGACCACGTCGGCGAGCTGGTCGACGGCTGCCTGGACGACCTGGTCGCGGCGCGCGACGCC
GACGGCGTCGCCGACCTGCACGCGCACCTGTCGTTCCCGCTGCCGGTGCTGGTGATCTGTGAGCTGCTGGGGGTGCCCTA
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CTCCGATCGCGAGTACTTCAGCGGGCTGTCGGAGCGGGTGGCCGCGATCCGCTCCGGCGGGGACGCGGCGACCGCGATG
GCCGAGTTCCGCGCCTACACCGGCCGGCTCGCCGCCACCAAGCGGGCACAGCCCGGTGAGGACGTGATGACCGACCTGG
TCCGGGCGCAGGAGGCGGACCCGTCGTTCGGGGAGGAGGAGCTGACCCGGATCGCCGCCGGCCTGCTCTTCGCCGGGCA
CGAGACCACGGTCGGCCGGATCGATCTCGGCGTGTTGCTGCTGCTGACCGATCCGGCGCGGCGGGACGCCTTCGTCGCCG
ACGTCGAGGGCAGGCTGCACGGCACCGTCGAGGAGGTGCTGCGGCTGTCCGCGCCGGGCGGGCTGGGCCTGCTGCGCT
ACGCGCACGACGACATCGAGATCGGCGGGGTGACGATCCGGCGCGGTGACGCGGTGATGATCTCCACCGACTCGGCGAA
CCGGGACACCGACGCCTTCGACGCCCCCGAGGAGTTCGACCCGACCCGCCGGCCGAACCCGCACGTCTCGTTCGGCTACG
GCGGATACTTCTGCATCGGTGCGAGCCTGGCCCGCACCGAGCTGTCGACGGTGTTCGCCCGGCTGTTCACCCGGCTGCCC
GGCCTGCGCCTTGCGGTCTCACCGGACGAGCTCGACGTCCGGTCCGACCAGATCACCGGGGGTGTGCGGGCGCTGCCGG
TCACCTGGTGA

AAU_02550 (0SY40792, CYP107-like)
GTGGCCAGTGTTGCCGCACCGCACGTCCCGATCGAGGATCCACAGTTCTATCTCGACGATCCGTGGCCGACGTTCGCCTGG
ATGCGCGAGAACGCGCCGTTCCACTACTACCCACCGCTCGACGCGTGCGTGCTCACCCGGCATGTGGACGTGAAGGAGGT
GGCGAGCAGGGCGACCGAGTTCGTGAGCTCGCGCGGGATCTTCCTCAACGACTGGAAGTACGCCGATCACGGCGGLGGC
GACCAGGACGAGACCCTGACCGACAGCTTCTTCCCCCGGGGTGGTGAGCAGGTCGGCACCACCGACCCGLLGLGGLACA
CCGAGCTCCGCCGGGTGATCGCGCCCGCCTTCGCGCCACGGGCACTGCGGCGGATGCAGGAGCGCCTCACCGTCGAGAT
CGAGACGATCCTCTCCGGCATCGTGCCCGGCGCGGTGACCGACTGGATGCCCTACGCCGGGCTGGTGCCGATCAAGGCTG
CGACCACGCTGCTCGGCCTGCCGGACGCCGACGTCGGCCGGGTGCAGTTCTGGAGCGACGAACTGGAGAAGCTCGGCGG
GGATCTCACCCTCGACGAGCTCCGGGCGGCGGCCGCGGAGTTCCACAGCCTGCAACAGTTCATCCTGGACAACGCCGAGG
CGAAGCGCCGCGATCCCGGCGGCGAGGACCTGCTCTCGGTGCTGCTGGAGGCGGAGCTGGACGACGACAAACTCTCCGA
GGCCAACGTCATCATGTTCGCGATGACGGTGCTGGCGGCCGGCAGCGACACCACCCGGGCGLCTCCTCGLCGGGACTCGTCC
ATCACCTCGCCCGGCACCCCGAGCAGTGGGAGATGCTGCGCGCGGACCGCTCGLCTCGTGCCCCGGGCGATCGAGGAGAC
GCTGCGTTACGTCACCCCGGCCCGTGCCTTCGGCCGCACCGCCGTGGCCGACACGACCGTCAACGGLCLCGGGAGGTCGCGG
CGGGGCAGCGGCTCTACCTCATGTACATGGCGGCGAACCGCGACGAGACGGTGTTCCCGGATCCGGGCCGCTTCGACATC
ACCCGCCAGGAGAGCACCCAGCACCTGGCACTGAGCACGGGTGCCCATGTGTGTGCCGGCGCCGCACTCGTGCGGLTGCL
AGGCGCCGCTGCTCGTCGAGGCGTTGCTCGACCGTTTCGCCGGGATCGAGGCGGCGGGCGAGGCCGETTCCGGTCCGGCA
CGTCATCCGGAACAGCTGGACCCGAATGCCGATGCGGTTCCGCACCTGA

AAU_03957 (OSY38754, CYP107AQ)
ATGCATGCGTCCGATTCCCCAGACCCCCGGTCCCGGCCCGCCCCGGCACTGTTCGACGCCACGGACCCGGGLTTCCTCGAC
GATCCCTACCCCGCCTACGCCGCACTGCGCGCCGLCLCGGLLCCGGTGCACGAACALCCCGGGGLTGGGELCTGCCGGTCGCGGT
CACCCACGCGGCCTGCTCCGCGGTGCTGCGCGACCGCGGTCTCGGCCGGATCTGGACCGATGCCCGCLCCCGAGGLCCGAGC
TGGCCGCGTTCAACCTCCTGCACCGCAACTCGCTGCTGGAGCGGGAGGGCGAACCGCACACCCGGCTACGACGCCTGGTG
GCCGCCGCGTTCGCCCGCGGGCACACCGAGCGGCTCGLCCCCGCTGGTGCGCACCCGLCGCCACCGLCGCTCGTCGAGGACCT
CGTCACCAGAGTGCGCGACGGCGAGCCCGCCGACCTGATCCCGCTGGTCGCCGAGCCGCTGCCGGTCCAGGTGATCGCC
GACCTGCTGGGGGTGCCCGACGACCGGCGCGCCCCGCTGCGGGACTGGTCGGACGCGATCGTGCGGATGTACGAGCCCG
ATCCCGGGACGGACGGGCGGATCGCTGCCGAGCGGGCGTCCGCCGACTTCGTCGCGATGCTGCGGGACCTGGTCGCGCA
GCGCACCCGGCACGGCTCCGGCAGCGCCACGGACCGGCCCGGACCGGLCGGCGEGATCCGTCCGGACGALCCGGGGGACCT
CATCGGCGATCTGCTCGCGGTGCGCGACTCCGGGGACCGGATCTCCGCCGACGAGCTCGTCGGCCACCGLCGGLCCTGCCTCC
TGATGGCCGGGCACGAGGCGACCGTCAACGTCATCGGCAACGGGGTGCACGCGCTGCTGCGGCACCCGGACCAGTGGCG
ACGCCTGGTGGCCGATCCGGAGCTGGTCGGGACGGCCGTCGAGGAGCTGATCCGGTTCGACGCGCCACTGCAGCTGTTC
GAGCGGACCGCGGTCGTCGACACGACGATCGCCGGGCACCCGGTGLCLCCGLCCGGCGGCCGGATCGGGACGLTGLTCGGL
GCCGCCGGTCGCGATCCCGCCGCGTTCGGCGACGACGCCGACCGGCTCGACGTCGGCCGGTCCCCGAACCCACACCTGGEG
GTTCGGTGGCGGCGTGCACTACTGCCTCGGCGCCCCGCTGGCCCGGCTCGAGATCGCCGAGGTGLTGCGCGLGCCTGCLTGEC
GCCTGCTCCCGGACGCGGTGCCGGACCGCGCCCCGGTCCGCCGGCCGCGETTTCGTCATGCGCGGLCTGGTCGGAACTGAGA
CTGTCCGGCTCGGCCGAACGGCCCTCATTGCGTTGA

AAU_05422 (OSY36345, CYP107)
GTGGGCGGGGCGCACGCCGGCGGCCCGCTGCGGAACCGGGGGGAACCGACGATGACAGACACCACCGAACCGCTCGTG
CTCGACCAGGAGTTCTTCGACGACCCGGACCAGCTCTACCGCGAGCTGCGCGCCGAGCGGCCGGTCACCCGGGCGATCG
GCCCGAACGGCGTGGCCTTCTGGATGATCACCCGTTACGCCGACGCCCGCGCCGCGCTCAACGACCCGCGGCTGGCGAAG
GACGCCCGCAGGATCCCCGAGCTGCTGGCCCGTCAGGAGTCCGGGCCACCGGCCAGAGAGCTGGCCGAGTCGCTGGTCG
GGCACATGCTCAACGCCGACCCGCCTGACCACACCCGGCTGCGCAAGCTGGTCGGGCGGGCGTTCACGATGCGGGCGAT
CGGCAGGTTGCGACCCCGCATCGAGCAGATCGCCACCGAGCTCGCCGACGCGATGACGGCCTCCGGGCCCGAGGTCGAC
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CTGCTCGACACGTTCGCGTTCCCGCTGCCCATGACGGTGATCTGCGAGATCCTCGGCGTCCCGCCGGACCGCCGCGAGGA

GTTCCGCACCTGGTCGAACACCCTTCTCTCCGCCGCCGGGGACTCCGAACGAGGCGCGGCCGCCGCCGCGATGGCGACCT
ACCTCTCCGAGCTCGTCGAGGACAAGGCCGCCCATCCCGCGGACGACATGCTCTCGGAGATCGTCCGCGCCTCCGAGGAC

GGCGACTCGCTGAGCCCCGGCGAGACGACGGCGATGGCGTTCCTGCTGCTCGTCGCCGGGCACGAGACGACCGTGAACC
TGATCGGCAACGGAGCGCTCGCGCTGCTGCGCGACCCGGAGCAGCTGGCCCTGCTGCGCGCCGACCCGGACCGGGTGLC
CGCCGCCGTCGAGGAGATCCTGCGCTACGACGGGCCGGTCAACCTGGCGACCTTCCGGTTCACCACCGAGCCGGTCGAGT
ACTCCGGCACGACGATCCCGGCCGACGCGTTCGTGCTCGTCTCGCTGCTCGGGGCGAACCGCGACCCGCAGCGCTGGLCG
GACGCGGACCGGTTCGACGTCGAGCGCGACCCGTCCGGCCACCTGGCCTTCGGCTTCGGCATCCACCACTGCGTCGGCGC
CCCGCTCGCCCGGCTGGAGGGGGAGATCGCCTTCCGCACCCTGCTGGCCCGGTTCCCGGATCTGCGGCTCGCCGGCGAAC
CCGGCCCGCACCGGATGAGCACGCTGATCCACGGCCGCACCCGGTTGCCGGTCAGATTGGATGCGCCGGLCCGGGGLLGC

AACGGGACCGGCGGCCACGGGAGCATCCGCAACGGGACCGGCGGCCAGGTGA

AAU_05736 (OSY35899, CYP105AB)
ATGACGACCGTCGACGAGTTCCCGCAGTCCCGTACCTGCCCGTTCGCTCCGCCGCCGGCGTACGCGAGGATCCGCGAGGA
GGAGTCGGTCGCGCAGGTCCGGCTGCCCGACGGTGGGCGTGCGTGGGTGGTCAGCCGGCACGAGGACGTCCGCGCCGT
GCTCAACGACCGCCGGTTCAGCTCCGACCGCCGGCGACCGGACTTCCCGGAGCTGACGGCGGGCGCAGCCGCGGTCAAG
CGTCCCGACGAGGAGCCCACGCTGATCAGCATGGATGCGCCCGAACACCCGGTGGCCCGCCGAGCGGTGCTCGGCGAGT
TCACCGTGCGCCGCACCGAGGCGCTGCGGGCACGGGTCCAGGAGATCGTCGACGAGCGGATCGACGCGTTGCTGACCGG
GCCCCGGCCCGCCGACCTCGTCGAGGAACTGTCGCTGCCGATCCCGTCGCTCGTGATCTGCGAGCTGCTCGGCGTGCCCTA
CTCCGCGCACGCGTTCTTCCAGGAGAAGTCGACCGCGCTGATCGCCCGGGGGACGCCACCGCTGGAGCGAGCCGLLGCLC
ATCGCAGCCCTGCGCGACTACCTGGACGAGTTGATCGCGGAGAAGGAGACCGACCCGCCGGACGATCTGCTCGGGLCGGC
AGATCCACACCCTGCGCGAGCAGGGCTCCTACCGTCGGCCGGCCCTGGTGGGCATGGGAATCCTGCTGCTCGTGGCGGG
GCACGAGACGACGGCGAACATGATCTCGCTGTCGACGGTGGCGTTCCTGCGTGATCCCGAGCAGCTCGCGTTGATCCGCG
CCGATCCCACCAGGACCATCGCCGCGGTCGACGAGATGCTGCGGTACTTCACGATCGTGGACGCGGCGACGGCACGGCT
GTGCGTCGAGGACGCCGAGATCGGCGGGCAGCTGATCCGCGCGGGCGAGGGGGTGCTGGCGCTGACGTACTCGGCGAA
CCGCGATCCGCGGGCGTTCGCGGACCCCGACGAGCTGGACATCGAACGCGGCGCCCGCCACCACGTCGCTTTCGGGTTCG
GGCCACACCAGTGCCTGGGGCAGAACCTGGCCCGGATGGAGCTGCAGATCGTGTTCGACACCCTGTTCCGCCGCATCCCC
ACCCTCGCGCTCGCCGCCGACGTCGACGAGCTGCCCTTCAAGGACGACGCCGCCATCTTCGGCCTGCACCAGCTTCCGGTG
ACCTGGTGA
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