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Zusammenfassung

Cytochrom P450 Monooxygenasen sind NAD(P)H-abhangige Hamoproteine, welche die re-
duktive Spaltung von molekularem Sauerstoff katalysieren. Dabei wird ein Sauerstoffatom zu
Wasser reduziert und das andere auf das Substrat iibertragen. Die dafiir nétigen Reduktions-
aquivalente werden von sogenannten Redoxpartnerproteinen auf die Monooxygenase tiber-
tragen. An der biokatalytischen Anwendung von P450 Monooxygenasen besteht ein unge-
brochenes Interesse, da sie in der Lage sind selbst inerte, nicht-aktivierte Kohlenwasserstoft-
Verbindungen zu oxidieren. Derzeit sind tiber 21000 P450 Gene klassifiziert. Um diesen Se-
quenzraum als Ressource fiir neue enzymatische Aktivitaten zu erschlieflen, sollten in dieser
Arbeit neue P450 Enzyme charakterisiert werden. Die bakterielle CYP154-Familie wurde als
potentielle Quelle fiir Biokatalysatoren mit breitem Substratspektrum und hoher Produktse-
lektivitat ausgewahlt. Das biokatalytische Potential von zwei verschiedenen Familienmitglie-
dern, CYP154E1 aus Thermobifida fusca YX und CYP154A8 aus Nocardia farcinica IFM 10152,
sollte ermittelt werden.

Um die Aktivitdt von P450 Enzymen rekonstituieren zu konnen, mussten zuerst geeignete
Redoxpartnerproteine gefunden werden. Die Untersuchung von autologen Redoxpartnern
fihrte zwar nicht zum Erfolg, die Aktivitat beider P450 Enzyme konnte jedoch mit dem hete-
rologen Putidaredoxin (Pdx) und der Putidaredoxinreduktase (PdR) aus Pseudomonas putida
und noch effizienter mit dem Flavodoxin YkuN aus Bacillus subtilis und der Escherichia coli
Flavodoxinreduktase (FdR) rekonstituiert werden.

Um das Substratspektrum und die Produktselektivitat der beiden Monooxygenasen cha-
rakterisieren zu konnen, wurde eine neue Durchmusterungsmethode, genannt “Cluster-
Screening”, entwickelt. Eine Bibliothek aus 51 organischen Molekiilen, sortiert nach mole-
kularer Masse und strukturellen Eigenschaften, wurde dafiir zusammengestellt. Alle Verbin-
dungen wurden in vitro mit beiden Monooxygenasen getestet und die gebildeten Produk-
te nach chromatographischer Trennung massenspektrometrisch detektiert. Diese Herange-
hensweise erlaubt die detaillierte Aufklarung der Regio- und Chemoselektivitat der Enzyme.
30 Verbindungen der getesteten Bibliothek wurden von CYP154E1 und 23 von CYP154A8 um-
gesetzt. Darunter waren hauptsachlich lineare stabchenférmige Molekiile, wie zum Beispiel

Fettsduren, Alkanole und azyklische Terpenoide. CYP154E1 zeigte generell einen héheren
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Umsatz. CYP154A8 war im Allgemeinen weniger aktiv, jedoch meist deutlich selektiver und
bildete weniger verschiedene Produkte als CYP154E1. Ein Produkt, das von beiden Enzymen
gebildet wurde, war 25-Hydroxy-Grundmanns Keton (25-OH-GK), ein Synthesebaustein von
Vitamin Ds-Derivaten.

Das ermittelte Substratspektrum wurde verwendet um eine neue Substratklasse, n-Alkane,
fir CYP154A8 vorherzusagen. Das Enzym akzeptierte tatsachlich n-Alkane einer Kettenlan-
ge von C; bis Cy. In einem Zwei-Phasen-System konnte, unter Ausnutzung des in situ Extrak-
tionseffekts der organischen Substratphase, eine Regioselektivitit fiir die C2-Position von bis
zu 90 % beobachtet werden. Ebenso wie die Regioselektivitiat war auch die Stereoselektivitat
kettenlangenabhangig. 2-(S)-Alkanole wurden daher mit 63-91 % ee gebildet. Die bestimm-
ten TTN-Werte (total turnover number) von bis zu 4400 bestatigten, dass CYP154A8 mit den
leistungsfahigsten und etablierten CYP102A1-Systemen konkurrieren kann. Im Gegensatz
zu diesen hochgradig evolvierten Muteinen besitzt CYP154A8 als Wildtypenzym bereits ei-
ne hohere Regio- und Stereoselektivitat als besagte CYP102A1-Varianten.

CYP154A8 und CYP154E1 hydroxylierten Grundmanns Keton (GK) absolut regioselektiv an
der Position 25, CYP154E1 war dabei jedoch deutlich aktiver (100 % vs. 53 % Umsatz). 25-OH-
GK ist eine wichtige Zwischenstufe fiir die Herstellung von 25-OH-Vitamin D;-Derivaten.
Auf Basis von CYP154E1 sollte eine biokatalytische Alternative zur ineffizienten, chemi-
schen Hydroxylierung von GK entwickelt werden. E. coli-Zellen, die CYP154E1/Pdx/PdR ex-
primierten, wurden verwendet um Grundmann’s Keton umzusetzen. Der Einfluss von Sub-
stratkonzentration und -16slichkeit, Produktinhibierung, Sauerstoffeintrag und das alterna-
tive Redoxpartnersystem YkuN/FdR wurde untersucht. Unter optimierten Bedingungen war
die Herstellung von 1,1 mM (300 mg L) 25-OH-GK méglich. Im Vergleich zur Fermentation
von Amycolata autotrophica zur Produktion von 25-OH-Vitamin D; war die Endkonzentrati-
on von 25-OH-GK mindestens eine Gréf3enordnung héher und wurde in nur einem Fiinftel
der Zeit erreicht. Die entwickelten Anwendungsbeispiele von Enzymen der CYP154-Familie
werden in Zukunft hoffentlich den breiteren Einsatz dieser Enzyme in der Biokatalyse er-
moglichen.

Um die beobachteten Selektivitaten von CYP154E1 rationalisieren zu kénnen, wurde der Ver-
such unternommen das Enzym zu kristallisieren. Obwohl die erhaltenen Rontgenbeugungs-
daten eine Losung der Kristallstruktur noch nicht erlaubten, konnte mit der etablierten Kris-
tallisation von CYP154E1 ein erster Schritt zur Bestimmung der 3D-Struktur gemacht wer-

den.
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Abstract

Cytochrome P450 monooxygenases (P450s) are NAD(P)H-dependent hemoproteins which
catalyze the reductive scission of molecular oxygen leading to one molecule of water and the
second oxygen atom being incorporated into a substrate molecule. For this process P450s
require reducing equivalents which are transferred by so-called redox partner proteins. The
interest in the biocatalytic application of P450s is high because they are able to transfer an
oxygen atom on non-activated carbon atoms. To date more than 21000 P450 genes have
been classified. To exploit this sequence space as a resource of new oxidation activities, in
this study novel P450s should be characterized. The bacterial CYP154 family was selected as
potential source of novel P450s with a broad substrate spectrum and a high product selectiv-
ity. The biocatalytic potential of two family members, CYP154E1 from Thermobifida fusca YX
and CYP154A8 from Nocardia farcinica IFM 10152, was investigated.

To reconstitute P450 activity, suitable redox partners had to be identified first. The investi-
gation of autologous redox partners from T. fusca was not successful but catalytic activity of
both enzymes could be reconstituted with the heterologous putidaredoxin (Pdx) and putidare-
doxin reductase (PdR) from Pseudomonas putida, and even more efficient with the flavodoxin
YkuN from Bacillus subtilis in combination with Escherichia coli flavodoxin reductase (FdR).
In order to characterize the substrate spectra and the product selectivities of the reconstituted
P450s a method called “cluster screening” was developed. A library of 51 organic molecules
clustered into nine groups according to their chemical properties and size was established for
screening. Subsequently, the products were separated by chromatography and detected by
mass spectrometry. This approach allowed the detailed elucidation of enzyme chemo- and
regioselectivity. From the library, 30 compounds were tested positive for CYP154E1 and 23
for CYP154A8. Mainly linear rod shaped molecules have been converted by both enzymes,
e.g. fatty acids, alcohols, and acyclic terpenoids. CYP154E1 showed generally a higher de-
gree of conversion whereas CYP154A8 displayed higher product selectivity.

The determined substrate spectrum was used to predict a novel substrate class of CYP154A8,
namely n-alkanes. The enzyme accepted these substrates with a chain length from C; to
Cio. Making use of the in situ product removal effect of a biphasic reaction system, maxi-

mal regioselectivity for the C2 position of up to 90 % was observed. The stereoselectivity of
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CYP154A8 was chain length dependent and thus, 2-(S)-alkanols were formed with 63-91 % ee.
The measured total turnover numbers of up to 4400 confirmed that CYP154A8 can compete
with the best performing and well-established CYP102A1-based systems. But unlike those
evolved CYP102A1 systems, CYP154A8 wild type shows already higher regio- and stereose-
lectivity.

Both enzymes catalyzed the hydroxylation of Grundmann’s ketone at position 25. CYP154E1
and CYP154A8 showed absolute selectivity but conversion was higher with CYP154E1 (100 %
vs. 53%). 25-Hydroxy-Grundmann’s ketone is an important synthetic intermediate for
preparation of 25-hydroxyvitamin D; analogs. Based on CYP154E1 a biocatalytic alterna-
tive to the inefficient chemical synthesis of 25-OH-GK was investigated. E. coli cells ex-
pressing CYP154E1/Pdx/PdR were used to convert Grundmann’s ketone. The influence
of various process parameters like substrate concentration and solubility, product inhibi-
tion, oxygen supply, and redox partner systems were investigated. By combining all op-
timized parameters 1.1 mM (300 mg L") 25-hydroxy-Grundmann’s ketone were formed by
the CYP154E1/Pdx/PdR system in 24h. Compared to the fermentation of e.g. Amycolata
autotrophica for the production of 25-hydroxyvitamin D; the resulting concentration of 25-
hydroxy-Grundmann’s ketone was at least one order of magnitude higher and was reached
five times faster. The developed synthetic applications of CYP154-family enzymes and their
detailed characterization will hopefully allow the broader application of these enzymes in
biocatalysis in the future.

In order to rationalize the observed activities and selectivities of CYP154E1 the enzyme was
crystallized. Although the obtained X-ray diffraction data have not yet allowed the solu-
tion of the crystal structure, with the established crystallization of CYP154E1 a first step to

determine its three-dimensional structure was made.
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1 Introduction

1 Introduction

1.1 Biotechnology and biocatalysis

The application of enzymes and microbes in all day life dates back to ancient time, when
yeasts were used to ferment food and beverages. Until today microorganisms are used for
the production of tofu, cheese or koji as well as wine and beer. Only in the beginning of
the last century scientists realized that they could make use of components of living cells for
chemical transformations, a first step away from fermentation processes in the direction of
enzyme catalysis. This transition is called “the first wave of biocatalysis”.!!! In 1908 Rosen-
thaler for the first time used a crude enzyme extract of almonds containing a hydroxynitrile
lyases for the stereoselective transformation of benzaldehyde into (R)-mandelonitrile.?! Ex-
amples of recent date are the production of inverted sugar syrup with invertase and the
semisynthetic production of p-lactam antibiotics with the help of an acylase.l*!

“The second wave of biocatalysis” (1980s and 1990s) is characterized by a deeper understand-
ing of protein’s three-dimensional structures. This in turn enabled structure-based engi-
neering technologies for broadening the substrate range of enzymes what made non-natural
biotransformations accessible. This was a prerequisite for using enzymes in the production
of pharmaceuticals and fine chemicals. One example is the production of wax esters for cos-
metics with the help of lipases.[*!

“The third wave of biocatalysis” started in the late 1990s when molecular biology methods
were used to optimize enzymes for biocatalysis. This development was enabled by advances
in gene sequencing, gene synthesis and bioinformatics methods. The so-called directed evo-
lution, an iterative process of random mutagenesis and subsequent high-through-put screen-
ing for beneficial mutations, allowed the design of utterly new biocatalysts. [°)

The driving forces of the increased implementation of biotechnological processes are of eco-
nomical, regulatory and scientific nature. Increasing costs for energy, waste disposal and
raw materials motivate chemical companies to invest in the development of “greener” pro-

cesses. Additionally, the increasingly strict environmental regulations force companies to
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avoid processes involving harmful agents or producing high amounts of waste, byproducts,
and emissions. Finally, the well-known and tragic example of the drug thalidomide, which
was administered as a racemate and whose (S)-enantiomer had a strong teratogenic effect
and caused malformation of thousands of newborns, led to a change in regulations by the
US Food and Drug Administration (FDA). The development of novel pharmaceuticals as race-
mates was strongly disfavored which gave rise to a need of pure chiral pharmaceuticals. [°)
Enzymes possess a variety of unique features that make them promising candidates to
achieve these goals in process development:#! The reaction rates of enzyme catalyzed pro-
cesses are typically 10°-10'° times faster than uncatalyzed reactions.”! This is much higher
than what can be achieved with chemical catalysts and leads to lower amounts of catalyst
needed to perform a bioconversion.

Enzymes work under mild conditions. Generally, the pH optimum of enzymes is between
pH 5 and 8. Moreover, most enzymes originate from organisms growing between 20 and
40 °C and thus their optimal reaction temperatures are correspondingly mild. Compared to
chemical catalysts this is rather low and helps to reduce energy consumption and avoids
side reactions like isomerization and decomposition of the substrates. Most enzymes work
in aqueous or buffered solutions which greatly reduces the amount of environmentally haz-
ardous organic solvents needed in a biocatalytic process.

In general, enzymes catalyze a broad spectrum of reactions and generally display a high de-
gree of chemo-, regio-, and stereoselectivity which makes them promising candidates for
selective production of optically pure compounds. The reduced production of byproducts
increases atom economy which is beneficial for the development of “greener” processes. Fur-
thermore, the fact that enzymes are generally compatible with each other allows the design of
artificial multi-enzyme system forming whole pathways in vivo or cascade reactions in vitro.
This is especially interesting for the multi-step production of complex natural products by
a combination of specialized enzymes as well as for establishing bio-based feedstocks for a
sustainable chemical industry.

An analysis of enzymes used in established biotechnological processes gives first hints about
the problems that are associated with the application of biocatalysts (Fig. 1).[!¥) The most
often used enzymes in biocatalysis are hydrolases (EC 3.X). These enzymes are often com-
mercially available, do not rely on cofactors, and generally demonstrate high robustness and
stability.

Low enzyme stability and the need for expensive cofactors in stoichiometric amounts often
hinder the application of oxidoreductases and especially that of P450s (Fig. 1). For details

how these problems can be solved see section 1.2.8.
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hydrolases lyases

isomerases

reducing
cells

oxidizing

transferases cells

oxido
reductases

Figure 1: Enzyme types used in industrial biotransformations (based on 134 processes). Data taken
from Straathof et al.[1]

Moreover, nature only provides one enantiomer of an enzyme. If it doesn’t exhibit a desired
stereoselectivity it is not possible to use the other stereoisomer of the catalyst. Hence, en-
gineering of the catalyst is the only strategy to invert enzyme selectivity. This is often an
uncertain and laborious task whose success is not guaranteed. Although enzymes in gen-
eral display high substrate promiscuity, an enzyme catalyzing a specific transformation of a
desired substrate does not necessarily exist. The same holds true for catalytic promiscuity
which is high for enzymes in general, but for many chemical reactions appropriate enzymes
are not known. Hence, there is a constant demand for the development of novel and ad-

vanced biocatalysts.

1.2 Cytochrome P450 monooxygenases

Cytochrome P450 monooxygenases (P450s) are hemoproteins belonging to the class of oxi-
doreductases (EC 1.14.14.1). They catalyze the reductive scission of molecular oxygen lead-
ing to one molecule of water while the second oxygen atom is incorporated into a substrate
molecule. For this process P450s require the consecutive delivery of two reducing equiva-
lents originating from nicotinamide cofactors. Most P450s are not able to accept reducing
equivalents directly from NAD(P)H. Separate redox partner proteins are needed to trans-

fer electrons to the heme iron. The name P450 was coined because of their characteristic
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absorbance at 450 nm in ferrous CO-bound form that led to their discovery. P450s are ubiq-
uitous enzymes found in all kingdoms of life. “The Cytochrome P450 homepage” (last update
August 2013) lists more than 21000 classified P450 genes.['Y) Even more P450 sequences are
listed in databases but have not been classified yet.['") The oxidative potential of P450s is
utilized by their hosts for various purposes and ranges from assimilation of carbon sources

to the formation of secondary metabolites or the detoxification of xenobiotics.

1.2.1 Occurrence and natural function of P450s

For the first time P450s have been observed in mammalian liver microsomes. The recently
completed human genome project confirmed the existence of 57 putatively functional genes
and 58 pseudogenes coding for P450s in the human genome. Among others they play a cru-
cial role in the detoxification of xenobiotics, especially in phase I of the drug metabolism.
During phase I of drug metabolism lipophilic substances become more water soluble upon
enzymatic modification mediated, amongst others, by P450 monooxygenases. Subsequently,
they become accessible to phase II enzymes responsible for the conjugation of the drug
molecules to charged residues like glutathione (glutathione S-transferase) or acetyl moieties
(N-acetyl transferase). In the human liver CYP3A4 is the major P450 which takes part in the
oxidation of many drug molecules, e.g. erythromycin, midazolam, tamoxifen, amitriptyline
and many others. CYP3A4 is induced by more than 50 % of all clinically used drugs.[**]
Furthermore many human P450s are involved in the biosynthesis and breakdown of steroid
hormones.["* The lack of such an enzyme due to genetic defects can have drastic effects. For
instance, newborns lacking the cholesterol metabolizing CYP11A1 cannot survive without
hormone replacement therapy. [*!

With 7446 gene sequences the number of classified P450 enzymes in plants exceeds those
from any other kingdom of life. This diversity of P450 monooxygenases in plants demon-
strates their importance for survival of these organisms. The genome of the well-studied
organism Arabidopsis thaliana alone contains 273 CYP genes. P450s catalyze important steps
in the biosynthesis of many plant secondary metabolites which are needed for plant defense,
their communication with the environment, and also for the construction of physical barri-
ers.[1°]

While historically P450s were first discovered in liver microsomes of mammals, prokary-
otic P450s and especially those of bacterial origin have contributed to a deeper understand-
ing of the structure and the catalytic mechanism of P450s. CYP101A1 (P450.,,) from Pseu-
domonas putida was the first P450 which could be produced in amounts high enough to be
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purified and crystallized. CYP101A1 mediates the hydroxylation of D-camphor to 5-exo-
hydroxycamphor. Hence, P. putida is able to use camphor as a carbon source.!'”! Apart
from CYP101A1 there are also other P450s which have been shown to be involved in the
utilization of organic molecules as carbon source, e.g. P450,, (a-terpineol) and P450y,
(linalool).*#!] A further important bacterial P450 involved in carbon source assimilation is
CYP102A1 (P450py.3) from Bacillus megaterium that catalyzes the subterminal hydroxylation
of fatty acids.[?"]

1.2.2 Nomenclature of P450s

“Cytochrome” is a collective term for proteins containing a prosthetic heme group. Based
on their spectroscopic properties which depend on the heme-type and the additional axial
ligand of the heme iron center these enzymes can be classified in several groups. Beyond
that, their secondary and tertiary structure are markedly different (see section 1.2.3).
Cytochrome P450s (CYPs) contain heme b with an axial thiolate ligand which is responsi-
ble for their characteristic absorbance at 450 nm. Besides their trivial names like P450g);.3
or P450.,, a nomenclature based on amino acid similarity of P450 proteins has been estab-
lished. Protein sequences with a sequence identity > 40 % are classified to the same P450
family. These families are then divided into subfamilies for all proteins exhibiting > 55 % se-
quence identity. The identification code of P450s, e.g. CYP102A1 for P450py3, is composed
of the abbreviation CYP for cytochrome P450 followed by an Arabic numeral (102) denoting
the sequence family and a letter coding the subfamily (A). The final Arabic numeral is sequen-
tially increased with every new protein in a subfamily. Families are clustered according to
the origin of the genes. CYP families 1-9 originate from mammals (including humans), fami-
lies 10-69, 501-699 as well as 5001 and higher originate from animals, fungi, and other lower
eukaryotes. P450s from plants are clustered in families 71-99 and 701-772. CYP families
101-299 and 1001-1047 contain the members of bacterial origin.

1.2.3 The P450 fold

Sequence identity within a P450 family is more than 40 % but this value can drop below 20 %
when proteins from two different families are compared.?"??] Nevertheless, all P450 enzyme
have a common structural core and a conserved so-called P450 fold (Fig. 2). This consists of
a total of 13 a-helices and 4 p-sheets. All a-helices are named with uppercase letters in the

sequence of their occurrence in the polypeptide chain from N- to C-terminus. The p-sheets
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are numbered in a similar way with Arabic numerals followed by a second Arabic numeral
after a dash, e.g. 1-2, denoting the strand of a certain p-sheet. In the P450 fold two domains
can be distinguished. The a-domain consists of the large -sheet B1 and the smaller B2 as
well as the helices aA, aB and oK’. Domain 3 forms the major part of the protein’s structure
and consists of mainly a-helices and the two smaller -sheets 3 and 4. The presence of a
fifth B-sheet is variable. In domain f also the heme coordinating core consisting of the six a
helices oD, o, o, aL, o and oK is located. Among the so far known sequences there seems
to exist only three absolutely conserved amino acids. Firstly, these are the glutamic acid
and the arginine which form the ExxR. It is located in helix oK on the proximal side of the
heme plane and is responsible for the stabilization of the core structure. The third absolutely
conserved residue is the heme-complexing cysteine that serves as the axial, fifth ligand. This
cysteine is located in a B-bulge called the Cys-pocket which envelops the thiolate ligand in a
hydrophobic environment. It is formed by three highly conserved amino acids, two glycine
and one phenylalanine residue. In theoretical calculations it could be shown that the redox
potential of the heme is dependent on the hydrophobicity of its surrounding.?*! Thus, be-
sides shielding the iron-sulfur bond from reduction, these residues could be responsible for
tuning the redox potential of the P450.

A further structural element found in all P450s is the so-called meander loop between aK and
the Cys-pocket. Even though it does not have a defined secondary structure a salt-bridge
interaction of an ERR motive results in a highly conserved three-dimensional structure. Sup-

posedly, it contributes to the stabilization of the heme group.

Due to the very high diversity of the accepted substrates between P450 enzymes, apart from
all conserved regions there have to be also variable regions which account for these differ-
ences in selectivity. These have been identified by comparison between the CYP2 family
and CYP101A1 and are so-called substrate recognition sites (SRS). !l SRS-1 is located in the
highly variable loop between aB and aC (BC-loop) whereas SRS-2 is part of the oF helix.
SRS-3 and SRS-4 belong to helix oG and al, respectively. SRS-5 lies in the 31-4 and SRS-6
in the B4-1 strand. While SRS-1 to SRS-3 are forming part of the substrate entrance channel,
SRS-5 and SRS-6 protrude into the active site near the heme. In a study of 6300 sequences
especially SRS-5 and one adjacent residue of the BC-loop could be identified to be an essen-
tial determinant of regio- and stereoselectivity. *°!

A further structural difference of P450s is the site for interaction with the redox partner pro-
teins. The reductase interaction sites (RIS) of several CYPs were analyzed and differences in
the sites aJ/J° (RIS1) and the insertion between meander loop and Cys-pocket (RIS2) were
identified for different P450 classes.(?°] The authors were able to show that cytochrome P450
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Figure 2: Representation of the crystal structure of CYP101A1 (P450.a, PDB-ID: 2ZWT, chain A)
with the o-helices and B-sheets labeled. Colored residues in cartoon representation belong to SRS1
(yellow), SRS2 (red), SRS3 (green), SRS4 (blue), SRS5 (turquoise), or SRS6 (orange). The prosthetic
heme group is depicted in stick representation.

reductase-dependent enzymes (for details see section 1.2.4) possess a long RIS1 compared to
class I and III P450 whose RIS1 is short or non-existent. The same correlation was observed
for RIS2 which was short in class I and III enzymes (3-5 residues) and markedly longer (11-17

residues) for CPR-dependent enzymes.

1.2.4 Redox partner systems

A prerequisite for the catalytic reaction of CYPs are two single electron reduction steps. The
necessary reducing equivalents have to be supplied via redox partner proteins and originate
in the majority of all cases from the cofactors nicotinamide adenine dinucleotide phosphate
(NADPH) or nicotinamide adenine dinucleotide (NADH). During evolution several different
redox partner systems have evolved. According to the redox partners ten different P450
classes can be distinguished (Fig. 3), (Tab. 1).["]
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Figure 3: Schematic organization of different cytochrome P450 systems. (A) class I, bacterial system;
(B) class I, mitochondrial system; (C) class IT microsomal system; (D) class III, bacterial system; ex-
ample P450cin; (E) class IV, bacterial thermophilic system; (F) class V, bacterial [Fdx]-[P450] fusion
system; (G) class VI, bacterial [Fldx]-[P450] fusion system; (H) class VII, bacterial [PFOR]-[P450]
fusion system; (I) class VIII, bacterial [CPR]-[P450] fusion system; (J) class IX, soluble eukaryotic
P450nor; (K) independent eukaryotic system, example P450TxA.

Fdx, ferredoxin (iron-sulfur-cluster); FdR, ferredoxin reductase (FAD); CPR, cytochrome P450 reduc-
tase (FAD, FMN); Fldx, flavodoxin (FMN); OFOR, 2-oxoacid:ferredoxin oxidoreductase (thiamine py-
rophosphate, [4Fe-4S]-cluster); PFOR, phthalate-family oxygenase reductase (FMN, [2Fe-2S]-cluster);
prostaglandin Hy, PGH;; TxA;, thromboxane A2. Adapted from Hannemann et al. and reprinted with
permission from Elsevier. %]

Class I systems (Fig. 3 A and B) were among the first ones to be discovered in the adrenal
mitochondria. Here a P450 is supplied with electrons transferred from a flavin adenine dinu-
cleotide (FAD)-containing NADPH-reductase by a small iron-sulfur protein, a so-called ferre-
doxin. Both, P450 and reductase, are membrane bound or associated whereas the ferredoxin
is soluble in the mitochondrial matrix of mammals. In bacteria class I systems exist as well,
even though they are phylogenetically not related to the mammalian ones. Moreover, in bac-
terial class I systems all components are soluble in the cytosol. The prototype of a bacterial
class I system is CYP101A1 with the NADH-dependent putidaredoxin reductase (PdR) and
putidaredoxin (Pdx) which is a [2Fe-2S]-type ferredoxin. Both Pdx and PdR can easily be
expressed in E. coli. It has been shown that they interact with a broad spectrum of P450s and
therefore are often used to support a P450 if the physiological redox partners of a CYP are

not known. [28:29]
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Class II (Fig. 3 C) systems are most commonly found in the endoplasmic reticulum (ER) of
eukaryotic organisms. The system consists of a P450 and a NADPH-dependent cytochrome
P450 reductase (CPR). In mammals both are integral membrane proteins. The CPR has
evolved from two ancestral genes. The N-terminal domain is homologous to a bacterial flavin
mononucleotide (FMN)-containing flavodoxin and the C-terminal part resembles NADP*-
reductases and NADH-cytochrome b5 reductases.***!! In two further variations of class II
systems the later one as well as cytochrome b5 itself can take part in the electron trans-
fer chain of microsomal P450 systems. The only prokaryotic system known in class II is
CYP105A3 (P4504.,) from Streptomyces carbophilus which catalyzes the oxidation of mevas-
tatin to pravastatin. *?!

Class III P450 systems (Fig. 3 D) also consist of three components.But unlike class I systems
the redox partner protein relaying the reducing equivalents to the P450 is a FMN-containing
flavodoxin which is reduced by an FAD-containing flavodoxin reductase. Concerning the
cofactors, class III (FAD » FMN) resembles more the microsomal CPRs (FAD » FMN) than the
other bacterial class I system (FAD » FeS). Besides the prototypical CYP176A1 (P450,,) with
its flavodoxin cindoxin and a corresponding reductase there is also evidence that CYP107H
(P450Biol) from Bacillus subtilis belongs to class III. It could be shown that it interacts with
the flavodoxins YkuN and YkuP from the same organism. Since the physiological reductase
of these flavodoxins has not been identified yet, the E. coli flavodoxin reductase FdR has been
used as a substitution.®* Despite its interaction with YkuN and YkuP the definite classifi-
cation of P450g;,; is difficult since reduction by a B. subtilis ferredoxin has been observed as
well. 34

The well-studied P450 CYP102A1 (P450p\.3) is a member of class VIII (Fig. 3 I). Since
the P450 domain and a CPR-like domain are fused together within the same polypeptide
chain this P450 does not rely on other redox partner and thus is termed catalytically self-
sufficient. CYP102A1-catalyzed oxidation of fatty acids occurs with turnover frequencies of
>17000 min™’. It belongs to the fastest P450s known to date.*®) Monooxygenases of this type
have been identified in many other prokaryotes but are also present in lower eukaryotes, e.g.
P45040, (CYP505) of the fungus Fusarium oxysporum.!

In the literature several different topologies of self-sufficient P450s have been reported: Class
VIII systems consists of a P450 fused with reductases homologous to CPRs, e.g. CYP102A1.
Electron flow within these enzymes involves two flavin cofactors. In class VII enzymes, e.g.
CYP116B1 from Rhodococcus sp., the reductase domain is homologous to phthalate dioxyge-
nase reductase. This consists of a ferredoxin-like ([2Fe-2S]-cluster) and an FMN-containing

domain which are fused to the P450 domain and supply electrons abstracted from the cofac-
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Table 1: P450 systems classified depending on the topology of the protein components involved in the
electron transfer to the P450 enzyme. Adapted from Hannemann et al. and reprinted with permission

from Elsevier. [27]

Class/Source Electron Transport Chain Localization / Remarks
Class I
Bacteria NAD(P)H » [FdR]»[Fdx]>[P450] Cytosolic, soluble
Mitochondria NADPH»[FdR]»[Fdx]>[P450] P450: inner mitochondrial
membrane,
FdR: membrane associated,
Fdx: soluble
Class II
Bacteria NADH->[CPR]»[P450] Cytosolic, soluble
Microsomes A NADPH»[CPR]»[P450] Membrane anchored, ER

Microsomes B

Microsomes C
Class III

Bacteria
Class IV

Bacteria
Class V

Bacteria
Class VI

Bacteria
Class VII

Bacteria
Class VIII

Bacteria, fungi
Class IX

Fungi
Class X

Plants and mammals

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

NAD(P)H>[FdR]> [Fldx]»[P450]

Pyruvate, CoA»[OFOR]»[Fdx]>[P450]

NADH-[FdR]»[Fdx-P450]

NAD(P)H> [FdR]»[Fldx-P450]

NADH»[PFOR-P450]

NADPH-[CPR-P450]

NADH>[P450]

[P450]

Membrane anchored, ER

Membrane anchored, ER

Cytosolic, soluble

Cytosolic, soluble

Cytosolic, soluble

Cytosolic, soluble

Cytosolic, soluble

Cytosolic, soluble

Cytosolic, soluble

Cofactor independent, mem-
brane bound, ER

Fdx, ferredoxin (iron—sulfur-cluster); FdR, ferredoxin reductase (FAD); CPR, cytochrome
P450 reductase (FAD, FMN); Fldx, flavodoxin (FMN); OFOR, 2-oxoacid:ferredoxin oxidore-
ductase (thiamine pyrophosphate, [4Fe-4S] cluster); PFOR, phthalate-family oxygenase
reductase (FMN, [2Fe-2S] cluster); cytb5, cytochrome b5; cytb5Red, cytochrome b5 reduc-
tase; ER, endoplasmic reticulum

10



1 Introduction

tor.

1.2.5 P450 catalytic mechanism

The catalytic cycle of P450s was controversially discussed over the last two decades. Espe-
cially the mechanism of oxygen activation and the exact nature of the catalytically active
species were difficult to elucidate due to the very unstable intermediates involved. Only in
the year 2010 by the work of Green et al. the last and most important intermediate in the
cycle, Compound I, could be characterized. "

As depicted in Fig. 4 the resting state of the enzyme is a ferric species with a sixth axial wa-
ter ligand (1). Upon binding of a substrate molecule the hydrogen bonding network near the
heme iron is destabilized and the heme iron’s water ligand is displaced. As a consequence,
the heme iron is left in a five-coordinated, out-of-plane, high-spin coordination (2). The
spin-state shift of the heme iron is accompanied by a shift in its optical absorption spectrum
from 415-417 nm for the low-spin (LS) state to 390-394 nm for the high-spin (HS) state.*®!
This effect can be used to record binding spectra. In a typical type I spectrum a minimum
at 420 nm and a maximum at 390 nm is observed when substrate free P450 is titrated with a

39.40] The difference between LS and HS absorbance observed at different sub-

real substrate. !
strate concentrations is used to calculate binding constants (Kp), a measure for the affinity
of a P450 towards a certain substrate.*!] Reverse type I spectra are observed when the initial
preparation of P450 contains a significant amount of HS state species which is eliminated
or reduced by the binding of the test compound. In case of the formation of six-coordinated
complexes with strong ligands or inhibitors type II spectra are observed with an absorbance
maximum at 425-440 nm and a minimum at 415 nm or lower. A further consequence of the
LS-HS-transition is the shift of the midpoint potential of the heme iron to more positive val-
ues which enables the first reduction step. A second factor influencing the redox potential
of the Fe'/Fe-couple are conformational changes upon binding of the redox partner as ob-
served for Pdx and CYP101A1 as well as adrenodoxin (Adx) and CYP11A1. [

Due to the higher redox potential of the substrate-bound P450 a single reduction of the heme
iron center leading to a ferrous heme complex with a characteristic absorbance at 408-410 nm
(3) becomes possible. The ferric species is a prerequisite for the binding of dioxygen (4). This
complex can be described either as ferrous dioxygen, because it is EPR silent like Fe?*-O0-
complexes, or as a ferric superoxide which is supported by Mossbauer experiments.**! Re-
cent studies support the view of a mixed character of the iron center with only partial elec-

tron density transfer between iron and oxygen.**l The dioxygen bound complex (4) is subse-
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Figure 4: Catalytic cycle of P450 monooxygenases: (1) Ferric resting state (low-spin). (2) The axial
water ligand is replaced by a substrate (R-H) inducing structural changes that lead to a ferric high-spin
species (3). The subsequent one electron reduction is the required for the binding of molecular oxygen
(4). A second single electron reduction leads to a ferric peroxo anion (5), which then is protonated
yielding a hydroperoxo species (6). The following second protonation and water elimination form the
catalytically active compound I (Cpd I, 7). It abstracts a hydrogen atom from the substrate leading
to a substrate radical and compound II (Cpd II, 8). The substrate radical is rebound to the hydroxyl
group leaving the active site as hydroxylated product (9). The heme returns to its ferric resting state

Q).

quently further reduced and a ferrous peroxo complex is formed (5) which forms by proton
abstraction the hydroperoxo complex (6). The ferric hydroperoxo complex (6) then under-
goes water elimination and thereby the O-O bond is cleaved. The resulting complex (7) is the
catalytically active species termed compound L. It is best described as an oxo-(Fe!V) species
electronically coupled to a ligand-based radical.’®! Its high reactivity enables compound I

to oxidize even notoriously inert C-H bonds. Detailed characterization of this intermedi-

12
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ate became possible after its synthesis by treating CYP119 with m-chloroperbenzoic acid. ")
Furthermore, Green et al. observed a kinetic isotope effect (KIE) supporting the rebound
mechanism of compound I (7-8). It was postulated previously that compound I abstracts a
hydrogen radical from the substrate forming an Fe'¥ hydroxide, compound II, (8) which is
rapidly rebound to the substrate radical to yield hydroxylated product (9) and the P450 in its
ferric resting state (1).!*"

Besides the productive catalytic cycle there are several bypasses, so-called shunt reactions,
which uncouple cofactor consumption from product formation. Instead, reactive oxygen
species (ROX) are formed which in general have a destabilizing effect on proteins and the
heme cofactor since they are potent oxidants themselves. On a physiological level, espe-
cially in eukaryotes, formation of ROX by P450s contributes at least partially, to the toxicity

of xenobiotic substances. [#446]

1.2.6 Catalyzed reactions

The high reactivity of the compound I intermediate enables P450s to oxidize even non-
activated hydrocarbons resulting in the hydroxylation of those organic molecules. Carbon
atom hydroxylation is the classical P450 reaction (Fig. 5 A, C, E). However, transformations
mediated by P450s are not limited to this single type of reaction but comprise epoxidation
of carbon-carbon double bonds (Fig. 5 B) as well as aromatic epoxidation (Fig. 5 D), O- and
N-dealkylation (Fig. 5 F, H), dehalogenation (Fig. 5 I), formation of C-C-bonds in phenols
(Fig. 5J), and heteroatom oxidation (Fig. 5 K, G).[*48] Most of the aforementioned reaction
types can be rationalized as interaction of compound I with the substrate. Unusual P450 re-
actions often occur if the initial oxidation product is instable and undergoes a rearrangement
reaction or if a second P450-catalyzed reaction takes place immediately. "]

Examples for the hydroxylation activity of P450s both in eukaryotic and prokaryotic hosts
are the oxidation of fatty acids by CYP4 family enzymes and by CYP102.05%%! Bacteria ex-
ploit hydroxylation activity to access additional carbon sources which would be otherwise
not accessible for their metabolism. This was firstly described for Pseudomonas putida which

grows on (+)-camphor as sole carbon source.[!”]

All processes described so far only deal with degradation processes in which P450s are in-
volved. However, P450 also take part in many biosynthetic pathways which is the reason
for the multitude of P450 genes in plant genomes. The biosynthesis of the promising anti

malaria drug artemisinin in the plant Artemisia annua is a prominent example for P450s

13
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:S//\ E— /S\ - -
R, R, R2 R1 RZ R1

Figure 5: Selection of the most common reactions catalyzed by P450 monooxygenases. [47:452]

53551 CYP71AV from A. annua catalyzes three con-

involved in secondary plant metabolism. !
secutive oxidation steps (Fig. 6 A: L, Il and IV) transforming an isopropenyl side chain into
an o,fB-unsaturated carboxylic acid, a prerequisite for the ring closure of the lactone present
in the final compound artemisinin.

The bacterium Amycolatopsis orientalis is the producer of the glycopeptide antibiotic van-
comycin (Fig. 6 B) which has long been a drug of last resort to treat infections caused by
multi-drug resistant bacteria. In the biosynthesis of vancomycin P4500yyas and P4500yc
are responsible for a rather uncommon reaction type: oxidative phenol coupling. During
its biosynthesis P450s are responsible for the formation of three new bonds, one aromatic
C-C-bond and two ether bridgeheads connecting the three phenol moieties.*® The resulting
rigid conformation confers much to the bioactivity of vancomycin which originates from the
inhibition of proper cell wall synthesis in gram-positive bacteria.

P450-catalyzed O-, and N-dealkylation are commonly found during drug metabolism e.g. of
dextromethorphan by CYP2D6 and CYP3A4.!"*! Via hydroxylation on the alkyl terminus of
a methyl ether an unstable hemiacetal is formed which subsequently releases formaldehyde
and the demethylated alcohol.

Heteroatom oxidation like the N-oxidation in the synthesis of Nocardicin A in Nocardia uni-

formis can be explained with a double hydroxylation of a primary amine to a dihydroxyl-
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Figure 6: A) Biosynthesis of Artemisinin: CYP71AV1 is responsible for the first, allylic hydroxylation
of amorpha-4,11-diene (I), as well as the second geminal hydroxylation (II) on the isopropenyl side
chain. After rearrangement to the ketone (III) CYP71AV1 catalyzes a further oxidation step (IV) to
artemisinic acid. In several further steps including ring closure and insertion of three further oxygen
atoms, the final product artemisinin is formed.

B) Biosynthetic pathway of Vancomycin: P4500xyp closes the ether linkage C-O-D, P4500xya forms
the D-O-E bridgehead, and finally P4500yy3 links ring A and B. The mechanism of these uncommon
P450 reactions has not been investigated yet.

amine by P450y,.. which subsequently forms the oxime after dehydration (Fig. 5 K) and
tautomerization of the nitroso compound. ¥
Epoxidation is a common P450 reaction. Though it has been observed on aromatic substrates

via a benzyne intermediate, olefinic epoxidation by P450s is more common. This reaction
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type is also naturally occurring, e.g. in the biosynthesis of mycinamicin by P450yy.c in Mi-

crospora griseorubidia.>®)

1.2.7 Synthetic applications of P450s

(5,59

P450s have been described in several reviews as potentially useful biocatalysts.[>**] A large
number of accepted substrates and the high chemo-, regio- and stereoselectivity of the P450-
catalyzed reactions make these enzymes attractive targets for the development of novel bio-
transformations. So far, the number of implemented large scale processes is still limited

due to several limitations inherent to P450s and enzymatic processes in general, see also
60,61]

C)
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Figure 7: Implemented large scale industrial processes utilizing P450 monooxygenases: 11-B-
hydroxylation activity of A) Curvularia lunata and B) Rhizopus sp. has been employed for steroid
synthesis. C) Production of dicarboxylic acids is catalyzed by the yeast Candida tropicalis. D) A pro-
cess for the production of pravastatin from compactin can be catalyzed either by Mucor hiemalis or
Streptomyces carbophilus cells.

Two of the well-established processes make use of the 11-f-hydroxylation of steroids by
microbial P450s (Fig. 7 A and B). Former Schering AG, now Bayer Health-Care Pharmaceu-
ticals, established a process (100 t a™) for the production of cortisol from 11-deoxycortisol

62,63

with the help of Curvularia lunata wild type cells expressing P450y,,.1°2%3] A similar route

was implemented by Pharmacia & Upjohn, now Pfizer Inc., for the synthesis of cortisone
from progesterone utilizing Rhizopus sp. [#+°]

The production of dicarboxylic acids was demonstrated in > 100 m® scale with the help of
Candida tropicalis harboring a number of P450s and several alcohol as well as aldehyde de-

hydrogenases (Fig. 7 C). The process was optimized in laboratory scale and a final product
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concentration of 154 gL' was achieved with H,O, as liquid oxygen source.®!

A further process making use of a P450 as biocatalyst is the production of the cholesterol-
lowering drug pravastatin (Fig. 7 D) from the precursor compactin. Two variants of the
process using different cells have been described: Either Mucor hiemalis or Streptomyces car-
bophilus (CYP105A3) cells catalyze this reaction and are used by Daiichi Sankyo and Bristol-

Myers Squibb, respectively. (66

1.2.8 Limitations of P450 application

The limited number of established P450 processes is a first indication of the challenges these
enzymes come with.[*”) These drawbacks can be divided in three different groups: firstly,
limitations related to substrates and cosubstrates; secondly, enzyme stability against various
reaction parameters and, finally, all problems associated with the activity and selectivity of
P450s.

1.2.8.1 Substrate and cosubstrates

Since P450s catalyze the incorporation of an oxygen atom into mostly hydrophobic sub-
strates, their low solubility in the aqueous phase often can limit the productivity of P450-
based processes. Substrate solubility can be increased by adding water-miscible organic co-
solvents to the aqueous phase. A second approach is the application of biphasic reaction
systems with water immiscible solvents which dissolve the substrate and ensure its constant
supply into the aqueous phase.’") A further advantage of a biphasic reaction system is the
constant extraction of the formed products into the organic phase. Thereby, the products
are protected from further oxidation by the P450 which has been demonstrated, e.g. for
CYP109B1-catalyzed valencene oxidation.[”!! Additionally, the substrate can be solubilized
by cyclodextrins which intercalate apolar substrates into their hydrophobic core and due to
their hydrophilic outer side are well soluble in the aqueous phase. Kiihnel et al. demonstrated
that the use of cyclodextrins significantly increased the substrate conversion of dodecanoic
acid by CYP102A1.072

Since P450s depend on reducing equivalents in form of NAD(P)H in stoichiometric amounts,
the high price of the nicotinamide cofactors precludes their use in large quantities and disfa-

vors the P450 application in vitro. Hence, all previously described industrial processes utilize
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whole cell biocatalysts. By employing the metabolism of the cell as cofactor regeneration sys-
tem, cofactor costs can be greatly reduced.

An additional approach to overcome the need for stoichiometric amounts of cofactor in-
volves the application of an additional enzyme for the cofactor regeneration. As cofactor
regenerating enzymes, dehydrogenases are usually employed. These enzymes use a sacrifi-
cial substrate, e.g. glucose, glucose-6-phosphate, or formate in order to reduce the oxidized
nicotinamide cofactors. "]

Moreover, the catalytic cycle of P450s includes several branch points which lead to sponta-
neous autooxidative decay of reduced P450 without the formation of product. Hence, the
the NAD(P)H consumption can be highly uncoupled from product formation, particularly,
if non-natural substrates are used.[¥ Uncoupling thereby further increases the necessary
amounts of cofactor and simultaneously decreases enzyme stability due to formation of ROX

(see section 1.2.8.2).

1.2.8.2 Stability

Although considerable progress has been made in tailoring P450 enzymes so that they can
convert different substrates, their poor stability often remains a significant obstacle for appli-
cations in the synthesis of chemicals. Hydrogen peroxide and other reactive oxygen species
produced in uncoupling reactions may lead to instability and degradation of the heme cofac-
tor and the apoprotein. Low biocatalyst stability in this case represents an additional limiting
factor for P450 biocatalysis. In order to reduce the negative effect of hydrogen peroxide on
P450 stability catalase is usually added to the reaction mixture. So far, the source of the un-
coupling problem itself has mainly been addressed by protein engineering of the P450.[7576]
As mentioned in the previous section, organic solvents are usually used to increase substrate
solubility in water and thereby their accessibility for P450 enzymes. However, it is generally
recognized that organic solvents have a negative effect on enzymes, either by abstracting
water molecules and thus degrading proteins as shown for water-miscible solvents, or by
acting as inhibitors as shown for apolar solvents.

Solvent tolerance has been among others investigated for CYP1, CYP2 and CYP3-family en-
zymes in several studies with commonly used solvents.””) The authors found that even small
amounts of organic solvents can inactivate those P450s. To increase tolerance towards com-
monly used organic solvents, directed evolution has been successfully employed. 737’

A second approach to shield P450s from solvent is not based on protein engineering but on

18



1 Introduction

reaction engineering. Possible methods are summarized in recent reviews and include, e.g.
employment of P450s in reversed micells by using surfactants, or colyophilization of P450s
with trehalose and subsequent suspension in n-decane.”-*!) On the other hand, the use of
whole-cell biocatalysts providing accommodating environment for enzymes regarding ionic
strength, pH and solvent contact can also be considered as a strategy for enzyme stabiliza-
tion.

Under biocatalytic process conditions it can be desirable to use elevated temperature for sev-
eral reasons, like influencing the reaction velocity and the reaction equilibrium but also the
viscosity of the reaction solution and the solubility of reactants. Unfortunately, cytochrome
P450s are generally temperature sensitive and the loss of the prosthetic heme group may oc-
cur spontaneously. Thus, higher thermal stability of P450s would allow novel applications of
P450s in industrial processes. So far, only three thermophilic P450s have been described. *?!
Among them CYP119 from Sulfolobus solfataricus was the first such enzyme whose crystal
structure has been solved. The analysis revealed that it contains two unusual networks of
aromatic amino acids and four networks of salt bridges which supposedly contribute to its

(83] In several studies it has been tried to confer thermostability to P450s of

thermostability.
non-thermophilic origin by applying protein engineering methods.®*! Here especially ra-
tional design methods recombining sequence motives or whole domains from more ther-

mostable enzymes have been proven successful. #>%¢]

1.2.8.3 Activity and selectivity

To assess the activity of a P450 towards a certain substrate a working redox chain is required
to supply reducing equivalents to the heme iron. Most eukaryotic P450s are supplied with
electrons by only one CPR present in the organism, which makes the identification of a suit-
able redox partner quite straightforward. In the case of bacterial P450 cells contain often
several P450 genes and a number of putative redox partner proteins. The identification of
autologous redox partners is thus rather difficult and time-consuming. If their identification
is not possible, heterologous redox partners originating from other organisms can be applied
instead. Several well-established redox chains have been reported to be efficient with a num-
ber of “foreign” P450s.12?) In such cases if the protein-protein interaction is not optimal
this leads to low P450 activities. In attempt to improve this interaction and to simplify the
multi-component P450 system, a general strategy to construct “artificial” fusions has been

introduced and successfully applied for several P450. This has been demonstrated with the
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reductase domain of CYP102A1 as well as with CYP116B2. [87-8°]

Drug-metabolizing hepatic P450s accept a broad range of substrates but show low activities
and are difficult to express in recombinant hosts. In contrast, bacterial P450s are usually more
stable, easy to express but exhibit a narrow substrate spectrum. Therefore, much work has
been focused on broadening the substrate spectrum of the easy to handle bacterial P450s to
mimic the more general catalytic properties of mammalian P450s.%°) An additional approach
to circumvent the problem of a narrow substrate spectrum is the exploitation of the vast
potential of all the P450 genes listed in databases instead of engineering a known P450 for
a non-physiological reaction. To make use of these naturally occurring activities towards a
specific substrate a lot of effort has been invested in the development of advanced screening

methods, which is discussed in detail in the next section 1.2.9.

1.2.9 Screening of P450s

Traditional biocatalyst development is based on a target reaction for which a suitable activity
has to be identified. The crucial point for the identification of a novel activity is the design of
a robust screening method which can be subsequently applied to screen libraries of microbial
strains in vivo or enzymes in vitro.[””) In both cases factors like membrane permeability of
the target substance (in vivo), toxicity (in vivo), solubility and inhibition/inactivation have
to be considered. In case of P450 enzymes besides the common chromatographic methods
like liquid chromatography (LC) and gas chromatography (GC), applicable to both in vivo
and in vitro screening, a variety of other methods, mostly suitable for in vitro screening,
have been described.’*?) A first spectroscopic in vitro method exploits the characteristic
absorbance at 340 nm to detect the cofactor consumption of NAD(P)H-dependent enzymes.
Since, contrary to many other enzymes, the NADPH consumption of P450s can be highly
uncoupled from product formation, NADPH consumption assays often serve as a first rapid
pre-screening.

Secondly, the spectroscopic features of P450s can be exploited for in vitro screening. Upon
the addition of a potential substrate the absorbance spectrum is checked for a typical type
I spectrum. This method has been successfully employed but comes with all the known
limitation like compounds which induce a type I spectrum but are not converted or vice
versa. (%~
Thirdly, several surrogate substrates have been described which result in a product molecule
which can be detected by UV/VIS absorbance or fluorescence spectroscopy. Upon hydroxy-

lation of a specific site they either release a chromogenic group, e.g. p-nitrophenolate, or
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Figure 8: Selected screening methods for detection of P450 activity: A) The surrogate substrate p-
nitrophenoxycarboxylic acid for detection of fatty acid hydroxylation via the absorbance of released
p-nitrophenolate. B) Dealkylation of 7-ethoxycoumarin detected by fluorescence, C) Formaldehyde
is released from the surrogate substrate methoxy adamantane and reacts with the dye purpald. After
oxidation this can be detected by its purple color.

they are converted to a fluorophore, e.g. 7-ethoxycoumarin, or a secondary reaction with a
dye is triggered, e.g. purpald (Fig. 8)."-%

A further approach uses mass spectroscopy to directly detect products which were formed
by a screened P450. The complexity of the screening can be substantially reduced if several
substrates are tested simultaneously. High resolution mass spectrometry (HR-MS) has been
successfully employed to test eight P450s from Bacillus subtilis expressed in E. coli against a
collection of 30 compounds. By using HR-MS it became possible to test all 30 compounds of
the library simultaneously with each P450.[%°] A limitation of this method, that has not been
addressed by the authors, is the possible occurrence of false negative results if one of the
tested compounds would act as an inhibitor and thereby mask activities towards the others.
Furthermore this method does not reveal information about the product selectivity of the
enzyme.

A last approach worth mentioning in this context is the fingerprinting method published

100]' As mentioned above (see section 1.2.6) five special surrogate

by Fasan and coworkers. |
substrates releasing formaldehyde are used as probes to detect site specific hydroxylation
and thereby mapping the active site of a P450. The resulting fingerprints are used to predict
activity of the P450 against other substances related to the probes. The method has been
applied to a mutant library of CYP102A1 to characterize variants with respect to different
regio- and stereoselectivity towards the substrate groups represented by the probes. Only
recently the method has been extended to predict activity of the mutant library towards a

substrate not represented by the probes. %!
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1.2.10 The CYP154 family

Literature data shows that the characterized P450s from the CYP154 family, in contrast to
other families, accept substrates which are very diverse with respect to their molecular
weight and structure as well as their chemical and biological functionalities. CYP154H1
mostly oxidizes small aromatic substrates like ethylbenzene, styrene, methyl phenyl sulfide,
and indoles. The substrates of CYP154C1, C3, and C5 are larger and include steroids and
lactone antibiotics with obviously very different chemical structures. For CYP154A8 two
substrates were reported, 7-ethoxycoumarin and the isoflavone formononetin, which was

O-demethylated and subsequently hydroxylated on an aromatic ring (Fig. 9). The only re-

ported substrate of CYP154E1 which was identified previously in the group of Prof. Urlacher
102]

was the terpenoid geraniol which was converted to 8-hydroxy geraniol. !
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Figure 9: Overview of the reaction products of the so far characterized CYP154 enzymes: CYP154A1
and C1 from Streptomyces coelicolor A3(2), CYP154A8 and C5 from Nocardia farcinica IFM10152,
CYP154C3 from Streptomyces griseus, CYP154E1 and CYP154H1 from Thermobifida fusca YX. The in-
serted functionalities or bonds are colored in red, respectively.

3',4',7-trihydroxyisoflavone (CYP154A8)

The CYP154 family consists of 35 sequences and is subdivided in subfamilies A-S (The Cy-
tochrome P450 homepage; May 2014).[112] At least seven family members (CYP154A1, A8,
C1, C3, C5, E1, H1) have been successfully expressed in E. coli and characterized. [2693:102-105]
Furthermore the crystal structures of CYP154A1 (protein data base (PDB)-ID: 10DO) and C1
(PDB-ID: 1GWI) have been solved and published.%*1%7] All P450s from the CYP154 family
originate from Actinomycetes, Gram-positive bacteria, displaying a high GC-content of their
genome. CYP154A1 and CYP154C1 whose physiological function has been elucidated, cat-

alyze reactions which are part of the secondary metabolism of Streptomyces coelicolor A3(2).
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CYP154C1 takes part in the biosynthesis of pikromycin (Fig. 9) whereas the cyclization re-
action catalyzed by CYP154A1 is rather uncommon since it is redox neutral and hence takes
place without the need of redox partners.

The general problem associated with the characterization of novel P450s, the need of suit-
able redox partners, has been solved for CYP154 enzymes using different strategies. The first
approach which was chosen for CYP154C1, CYP154H1, CYP154E1, CYP154A8 was to use
heterologous redox partner proteins. These were Pdx/PdR for C5, H1, A8, and E1 as well as
ferredoxin and ferredoxin reductase from spinach for CYP154C1. A second approach which
was successful with CYP154C3 was the construction of an artificial fusion protein with the
reductase domain of CYP116B2.'%] The third approach was employed for the CYP154 mem-
bers originating from Streptomyces coelicolor. A selection of flavin-containing reductases and
ferredoxins from this strain was cloned and expressed in E. coli and tested with the P450s.
The successful reduction of the CYPs was assayed by CO-binding studies in vitro after sepa-

rate reconstitution of the P450s with the reductases and the ferredoxins. 193103

! In summary,
so far most P450s in this family have been reconstituted with iron-sulfur cluster-containing
redox partners. Whether this is a general property of CYP154 enzymes or whether this is

due to the decision of the respective authors cannot be deduced from the literature so far.

1.3 Aim of the work

The interest in P450s for their application in biocatalytic processes is high, but the choice of
suitable enzymes is difficult. On the one hand microsomal mammalian P450s have a broad
substrate range since they often are responsible for detoxification of xenobiotics. On the
other hand their low product selectivity, membrane association, and low expression levels
in prokaryotes hinders their application.

Bacterial P450s in contrast, mostly are soluble enzymes and frequently show high expression
levels in E. coli. A limitation for their application is however their narrower substrate spec-
trum which is related to their natural function in biosynthetic pathways or in the oxidation
of defined carbon sources.

The long-term goal of this project was (i) the identification of a P450 family possessing ver-
satile catalytic properties without the mentioned limitations and (ii) the development of bio-
catalytic processes based on enzymes from this family. The CYP154 family was identified
based on literature data as potential source of novel P450 biocatalysts with suitable prop-

erties. Members of this family seem to combine the broad substrate spectrum of hepatic
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CYPs, with the advantages of their bacterial counterparts, namely high product selectivity
and efficient expression in prokaryotic hosts. Two members of this family, CYP154E1 and
CYP154A8, have been selected to investigate whether their high phylogenetic diversity and
distant subfamily relationship is reflected in their properties like activity and selectivity.

In this context the following aims have been set for this study:

1. In order to create effective P450 biocatalysts efficient redox partner systems are re-
quired. For this purpose, several redox partners for both CYP154 enzymes including

autologous and heterologous ones should be tested and evaluated for P450 activity.

2. Individual substrate spectra of CYP154E1 and CYP154A8 should be determined. For
this purpose, a substrate screening assay should be developed which on the one hand
covers a broad space of chemical compounds and on the other hand does not detect
false positives or negatives. Furthermore, the determined substrate spectra ideally
should reveal systematic trends in the substrate spectra of CYP154E1 and CYP154A8.

3. In the next step, biocatalytic potential of CYP154 enzymes should be evaluated based
on a few selected oxidation reactions leading to the formation of important fine chem-

icals or building blocks.

4. Finally, structural features of CYP154E1 should be identified which help to rationalize
the observed substrate spectrum and selectivities. For this purpose, CYP154E1 should

be crystallized and its three-dimensional structure should be solved.
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2 ldentification of appropriate redox
partners for CYP154E1 and CYP154A8

2.1 Introduction

Most P450s rely on electrons supplied by redox partner proteins for catalytic activity. Thus,
an essential prerequisite for screening is the reconstitution of P450 activity with appropri-
ate redox partners. For the reconstitution of P450 activity two major strategies have been
described in the literature. These are firstly the identification of autologous redox partners
from the same host organism as the P450 and secondly, the use of heterologous redox part-

ner which are able to reduce a P450 despite their origin from another organism.

1. Bacterial P450s typically rely on ferredoxins which accept electrons from specific
flavin-containing reductases (class I). Ferredoxins are ubiquitous electron transport

109

proteins in living cells.!'® In some species cell growth at low iron concentrations

lets flavodoxins take over the electron transport role of ferredoxins. Above this flavo-

0] Since they take part in various re-

doxins are essential and constitutive proteins.!
dox processes microorganism generally can contain several different flavodoxins and
ferredoxins which often interact with specific reductases only. As a consequence, the
identification of autologous redox partners for a P450 out of this diversity of puta-
tive candidates is difficult and requires to test all combinations of P450, ferredoxins,
flavodoxins, and the corresponding reductases, respectively. This approach has been

108] The advantage of

successfully applied to P450s from Streptomyces coelicolor A3(2).!
this procedure is the knowledge that the host organism definitely contains a functional
redox chain. Nevertheless, it is a very labor and time-consuming strategy. Moreover,
it is not guaranteed that the redox partner proteins can be expressed in a heterologous

expression system like E. coli.
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2 Redox partner identification

2. The best established approach is to test versatile, available, heterologous redox part-
ners from class I and III originating from other P450 redox chains in order to verify
their ability to transfer electrons to a “foreign” P450. It has been demonstrated for
P450s of various origin that this is possible e.g. with the adrenal Adx/AdR, " bacterial
Pdx/PdR,™Y spinach ferredoxin and ferredoxin reductase,!”! and the E. coli Fldx/FdR
system. [11?]

A variation of this approach is the construction of artificial fusion proteins consisting
of a P450 monooxygenase artificially fused to the reductase domain of the naturally
self-sufficient flavocytochromes of class VII or VIIL ] These and other reductases have
been successfully employed to obtain catalytically active P450 systems.***!!7] For an
effective electron transport it is essential that the fused reductase domain interacts ef-
ficiently with the P450 domain. It has been demonstrated that a major determinant of

this interaction is the linker length between the P450 and the reductase. [!**]

For CYP154E1 and CYP154A8, different strategies have been chosen to reconstitute catalyti-
cally active P450 systems. In case of CYP154E1 autologous redox partners should be identi-
fied. In the genome of T. fusca no putative autologous redox partners genes could be found
in close proximity to the sequence coding for CYP154E1, hence a broader search should be
performed. Above this, for both P450s the compatibility with a set of heterologous redox
partner proteins should be evaluated.

Because it is difficult to observe both reduction steps of the P450 performed by a redox part-
ner protein spectroscopically the conversion of known substrates should be used as measure
to quantify the electron transport. In general, problems can arise when no substrates are
known but this was not the case for CYP154E1 and CYP154A8 since substrates for both en-

zymes have already been published. **10?]

2.2 Experimental procedures

2.2.1 Materials and strains

All reagents were obtained from commercial sources and were of analytical grade or higher.
Enzymes for molecular cloning were purchased from Fermentas (St. Leon-Roth, Germany)
and New England Biolabs (Ipswich, USA). Formate dehydrogenase (FDH) for NADH re-
generation was kindly provided by Prof. Tishkov (Department of Chemical Enzymol-

26
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ogy, Lomonosov Moscow State University, Moscow, Russia).[!!>!2] The Escherichia coli
strain DH5a was obtained from Clontech (Heidelberg, Germany). E. coli strains BL21(DE3),
BL21(DE3)pLysS, NovaBlue(DE3), Rosetta(DE3), Origami 2(DE3) were obtained from No-
vagen (San Diego, USA). BL21-CodonPlus (DE3)-RP was commercially available from Strata-
gene (La Jolla, USA). Plasmid vectors pET-22b(+), pET-28b(+) and pCOLADuet-1 were
purchased from Novagen (San Diego, USA). The constructs for expression of Pdx, PdR,
YkuN, FdR, CYP154E1, and CYP154A8 were used as published.[*1*2121] Genomic DNA of
Thermobifida fusca YX was obtained from the United States Department of Energy, Joint
Genome Institute (Walnut Creek, USA).

2.2.2 Molecular cloning of redox partner proteins and CYP154E1

The fdx1 and fdx2 genes (Tab. 3) were amplified from genomic DNA by polymerase chain
reaction (PCR) with Phusion DNA polymerase according to the manufacturer’s proto-
col. For fdx1 primers CVB_Tfu1226-F-Ndel/ CVB_Tfu1226-R-EcoRI and for fdx2 primers
CVB_Tfu1275-F-Ndel / CVB_Tfu1275-R-EcoRI were used. All primers are listed in Tab. 2.
After purification, the PCR products were separately cloned into pET-22b(+) exploiting the
introduced restriction endonuclease sites (Tab. 2). The sequences of the resulting plasmids
pET22-fdx1 and pET22-fdx2 were verified by a commercial DNA sequencing service (GATC,
Konstanz, Germany). Plasmid maps of all constructed vectors can be found in section 9.2.
With the same protocol the reductase genes fdr1 (CVB_Tfu_1227-F-Ndel/ CVB_Tfu1227-R-
EcoRI) and fdr2 (CVB_Tfu1273-F-Ndel/CVB_Tfu1273-R-EcoRI) were cloned in pET-22b(+)
leading to the expression plasmids pET22-fdr1 and pET22-fdr2.

For the coexpression of ferredoxins with the corresponding reductase each ferredoxin
gene was inserted in the multiple cloning site (MCS) 1 of pCOLADuet-1 and the
corresponding reductase gene was inserted in MCS 2. The following primers were
used for amplification of the genes: fdxI1 (CVB1226EcoRI-F-D/CVB1226Hind3-R-D), fdr1
(CVB_Tfu_1227-F-Ndel/CVB1227Xhol-R-D), fdx2 (CVB1275EcoRI-F-D/CVB1275Hind3-R-
D) and fdr2 (CVB_Tfu1273-F-Ndel/ CVB1273Xhol-R-D). The earlier described pET-22b(+)-
based constructs pET-fdx1, pET-fdx2, pET22-fdr1 and pET22-fdr2 served as PCR templates.
The resulting expression constructs pFdxFdr-1 and pFdxFdr-2, respectively, code for N-
terminally His¢-tagged ferredoxins.

For coexpression with the pCOLADuet-1-based expression plasmids, CYP154E1 was sub-
cloned from pET28-CYP154E1 into pET-22b(+) using the Ndel/EcoRI restriction sites.
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Table 2: Oligonucleotides used for polymerase chain reaction (PCR). Restriction sites in the primer
sequence are printed in lower case.

Designation

Sequence (5° — 3’)

Restriction site

CVB_Tfu1226-F-Ndel
CVB_Tfu1226-R-EcoRI
CVB_Tfu1275-F-Ndel
CVB_Tfu1275-R-EcoRI
CVB1226EcoRI-F-D
CVB1226Hind3-R-D
CVB_Tfu_1227-F-Ndel
CVB_Tfu1227-R-EcoRI
CVB1227Xhol-R-D
CVB1275EcoRI-F-D
CVB1275Hind3-R-D
CVB_Tfu1273-F-Ndel
CVB_Tfu1273-R-EcoRI
CVB1273Xhol-R-D
CVB_154E1t-Ndel-F
ARO_154E1-EcoRI-R

GAGTACT catatg GACATCCACGTCGACTACG
CC gaattc TCATTGTGCCCTCAGAGCGC

TATAATT catatg CGCGTCCGAGTCGACGGAAAG

CG gaattc TCACTCGACGGTGATGGCC

CG gaattc G ATGGACATCCACGTCGACTAC
CCC aagctt TCATTGTGCCCTCAGAGCG
TATAATT catatg ACCGCGCCCGCCCGC

CC gaattc CTACGCACGTGTTCCTCCTG

TAT ctcgag CTACGCACGTGTTCCTCCTGTCTG
GC gaattc C ATGCGCGTCCGAGTCGAC

CCC aagctt TCACTCGACGGTGATGGCC
GAGTACT catatg GAACGGATCGTCATTGTGGG
CC gaattc TCAACGCCCGCGAGGTG

TAT ctcgag TCAACGCCCGCGAGGTG
GGATTAC catatg GCTTTTCCCGGGAACC
CAGT gaattc TCAGGGTTTCGGGCG

Ndel
EcoRI
Ndel
EcoRI
EcoRI
HindIll
Ndel
EcoRI
Xhol
EcoRI
HindIll
Ndel
EcoRI
Xhol
Ndel
EcoRI

2.2.3 Heterologous protein expression and purification

Chemically competent E. coli expression strains were transformed with the respective expres-

sion plasmids. From a single colony an overnight culture in 5 ml LB-medium was inoculated.

The overnight cultures were used as inoculum for the expression cultures in shaking flasks

(TB medium, 1:100). Cells were grown to an ODyg, of 0.6-0.8 and gene expression was induced

by the addition of 100 uM IPTG, unless otherwise stated. Supplementation of the medium
with 100 uM FeSO, and 500 pM 5-aminolevulinic acid (5-ALA) ensured high availability of

the heme cofactor for P450 expression. For the expression of ferredoxins only 100 uM FeSO,

was added. Expression was performed at 25 °C and 140 rpm unless otherwise stated. After

expression, generally 16 h, cells were harvested by centrifugation at 17700 g for 15 min.
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CYP154E1 was expressed using BL21(DE3) cells harboring pET28-CYP154E1 as published

122] Heterologous redox partners were expressed under the same conditions as

previously.
CYP154E1. After harvesting, cells were resuspended in potassium phosphate buffer (50 mM,

pH 7.5, 100 mM phenylmethanesulfonyl fluoride). Cell disruption was performed by ultra-
sound with a Branson Sonifier S-250A (6 x 45 s; 45 % duty cycle; output control 4.5) onice. The

P450 and the heterologous redox partners were purified by nickel affinity chromatography on

two consecutive HisTrap FF crude 5 mL columns (GE Healthcare, Freiburg Germany) and sub-
sequently desalted on a HiPrep 26/10 Desalting column (GE Healthcare, Freiburg Germany).
Protein quantification of the heterologous redox partners was done by UV/VIS spectroscopy

with published extinction coefficients: YkuN, £45,=10.0 mM™ cm'; FdR, e45,=7.1mM cm;

Pdx, £4;5=11.1mM ™' cm ! and e455=10.4 mM™' cm™; PdR, £575=9.7 mM ' cm™, £45,=10.0 mM ! cm™*
and e450=8.5 mM™" cm.[%]

Glucose dehydrogenase (GDH) for cofactor regeneration was expressed and purified as de-

122

scribed elsewhere. !l Expression analysis was performed by Glycine-SDS-PAGE (Laemmli)
with Coomassie staining. (3] Due to their low molecular weight for the analysis of ferredoxin
expression Tricine-SDS-PAGE was used. Polyacrylamide concentrations of 4 % for the stack-
ing gel, 10 % for the spacer gel and 16 % for the separating gel were used.!'?*! Tricine-SDS-

polyacrylamide gels were either stained by Coomassie brilliant blue R250 or silver staining.

2.2.4 Biotransformation of geraniol

E. coli cells coexpressing the autologous redox parter system together with CYP154E1 were
harvested after 4 h. After cell lysis the P450 concentration in the soluble protein fraction was

125

determined by CO-difference spectroscopy.!!?! The ability of autologous redox partner sys-

tems to transfer electrons to CYP154E1 was investigated in biotransformation reactions of
geraniol. The test substrate geraniol was shown to be accepted by CYP154E1 previously. [1%?]
In the reaction system 5puM P450 originating from the coexpression was employed. Activ-
ity should be reconstituted by 200 uM NADPH and 200 puM NADH, cofactor regeneration
with 5U glucose-6-phosphate dehydrogenase, 2mM glucose-6-phosphate, 300U catalase,
and 200 pM geraniol. After incubation in plastic reaction tubes overnight at 30 °C, the sam-
ples were analyzed via GC/MS using an established method. (1%

The test reaction of separately expressed heterologous redox partners with CYP154E1 and
CYP154A8, respectively were performed in 500 pl scale at 25°C for 5h in plastic reaction

tubes. Reactions for testing the Pdx/PdR system contained 1 uM P450, 5 uM PdR, 5 pM Pdx,
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for cofactor regeneration 5 U FDH, 20 mM sodium formate, 200 phM NADH, 200 uM substrate,
and 300U catalase. Reactions testing the YkuN/FdR system contained 1pM P450, 10 uM
YkuN, 1 uM FdR, for cofactor regeneration 5U GDH, 20 mM glucose, 200 uM NADH, 200 pM
substrate, and 300 U catalase. The samples were analyzed via GC/MS using an established

method. (10122

2.3 Results

2.3.1 ldentification of autologous redox partners

In a work by Sirim et al. the reductase interaction sites (RIS) in 31 P450 monooxygenase struc-
tures, including CYP154A1 and CYP154C1, were examined. (26] The authors observed that
P450s which receive electrons from CPRs possess larger RISs compared to those accepting
electrons from ferredoxins and flavodoxins. The alignment of both CYP154A8 and CYP154E1
to the aforementioned CYP154A1 and CYP154C1 sequences revealed high sequence homol-
ogy in the area of RIS1 and RIS2. Hence, the conclusion that both P450s depend on electrons
supplied by class I or class III redox partner systems was drawn. The genome (GeneBank-
ID: GI:72160406) of the soil bacterium Thermobifida fusca YX has been published in 2007 and
is available in annotated form at the DOE Joint Genome Institute (JGI, http://genome.jgi-
psf.org/thefu/thefu.home.html).'?! The annotations were screened for ferredoxins and flavo-
doxins as well as flavin-containing reductases in order to identify potential redox partners
candidates of CYP154E1. The results are shown in Tab. 3.

The genome contains four ferredoxins and four ferredoxin reductases. According to their
protein families database assignment all ferredoxins are of the [4Fe-4S]-type and belong to
the Fer4 and the Fer4 19 families.!'?”] The ferredoxin reductases are annotated as NAD*-
dependent proteins except Tfu_1915 which is expected to accepts NADP* as cosubstrate.
Based on literature data which show that many of the P450s from the CYP154 family were
successfully reconstituted with heterologous iron-sulfur-type redox partners, it was decided
to clone fdx1/fdr1 (redox partner system 1) and fdx2/fdr2 (redox partner system 2). Since the
two genes of each ferredoxin/ferredoxin reductase pair are located in close proximity to each
other on the genome it is safe to assume that the respective reductase can transfer electrons

to the corresponding ferredoxin.
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Table 3: Overview of all genes coding for potential redox partners of CYP154E1.

Name LocusID ProteinID Annotation GC-content Size
(%) (bp/kDa)

fdx1 Tfu 1226 YP_289287 Ferredoxin 66 195/7.1

fdx2  Tfu_1275 YP_289336 Ferredoxin 69 192/6.9

fdx3 Tfu 0491 YP_288552 Ferredoxin 62 321/11.7

fdx4  Tfu_1479 YP_289538 Ferredoxin 68 216/7.5

fdr1 Tfu 1227 YP 289288 Putative ferredoxin 72 1245/44.1
reductase

fdr2 Tfu 1273 YP_289334 Ferredoxin-NAD"* 71 1191/42.5
reductase

fdr3 Tfu 1915 YP_ 289971 Ferredoxin-NADP* 66 1380/49.5
reductase.

fdr4 Tfu 2348 YP_290404 Ferredoxin-NAD" 72 1203/42.7
reductase.

fldx Tfu 3023 YP 291079 Similar to Flavodoxin 68 513/18.7

fldr1  Tfu_0423 YP_288484 Flavodoxin reductases 69 1185/43.1
(ferredoxin-NADPH
reductases) family 1

fldr2  Tfu_1230 YP_289291 Putative NADH-flavin 69 636/22.3

reductase

2.3.2 Expression of the reductases Fdr1 and Fdr2

To identify the optimal E. coli strain for recombinant expression of the selected reductases
the strains BL21(DE3), BL21(DE3)pLysS, and BL21-CodonPlus (DE3)-RP were transformed
with pET22-fdr1 and pET22-fdr2. Protein expression was induced with 500 pM IPTG and the

cultures were grown at 30 °C and 180 rpm overnight.
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Fdr2 Fdr1 Fdr1 Fdr2 Fdr1 Fdr2
BL21(DE3)pLysS  BL21Cd+(DE3) BL21(DE3) BL21(DE3) BL21Cd+(DE3)  BL21(DE3)pLysS

5
Y
i

+ + - + +
Cc C S C C S

kDa

30

25

20

Figure 10: SDS-polyacrylamide gel of different E. coli strains expressing Fdr1 and Fdr2, respectively.
Expression strains (BL21Cd+(DE3): BL21-CodonPlus (DE3)-RP) and expressed genes are given on
the top. M: protein marker, C: whole cell sample, S: soluble protein fraction after cells lysis and
centrifugation, -/+: before/after induction with IPTG. Bands indicating the highest expression for
Fdr1 and Fdr2, respectively, are marked with an arrow.

SDS-PAGE analysis of protein samples taken from different strains expressing the reductases
revealed that E. coli BL21(DE3) yielded the highest protein concentration. This was indicated
by bands at about 45 kDa for Fdr1 and Fdr2 on the SDS-polyacrylamide gel (Fig. 10). Thus, the
expression conditions in the BL21(DE3) strain were further optimized regarding expression
temperature (18-37 °C). The SDS-polyacrylamide gels (Fig. 11 A) indicated that the optimal
expression temperature for the given expression time was 18 °C for Fdr2 and 30-37 °C for Fdr1.

In this experiment Fdr2 accounted for ~60 % of the total soluble E. coli protein.

A) 18°C 25°C 30°C 37°C B) 18°C 25°C 30°C 37°C

ka C M C S €C S €C S C S kK ymy ¢ ¢ s ¢ s €cC s C s

Figure 11: SDS-polyacrylamide gel of E. coli BL21(DE3) expressing (A) Fdr2 and (B) Fdr1 at different
temperatures. M: protein marker, C: whole cell sample, S: soluble protein fraction after cells lysis
and centrifugation, -/+: before/after induction with IPTG. Expression in BL21(DE3) was performed
overnight at the temperatures indicated on the top.
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2.3.3 Expression of the ferredoxins Fdx1 and Fdx2

To identify the optimal strain for expression of the ferredoxins, the strains E. coli
strains BL21(DE3), BL21(DE3)pLysS, Rosetta(DE3), NovaBlue(DE3), Origami 2(DE3), BL21-
CodonPlus (DE3)-RP were transformed with pET-fdx1 and pET-fdx2, respectively. Protein
expression was induced with 500 uM IPTG and the cultures were grown at 25 °C and 180 rpm
overnight. The SDS-PAGE analysis did not show any bands corresponding to the expected
size of either Fdx1 (7.1kDa) or Fdx2 (6.9 kDa). In order to evaluate the influence of the ex-
pression time on the protein yield, shorter intervals were tested. Samples of BL21(DE3) cells
expressing each ferredoxin were taken for 6 h. The SDS-PAGE analysis revealed that the

reduction of the expression time did not result in any detectable amounts of Fdx1 or Fdx2.

2.3.4 Coexpression of Fdx1/Fdr1 and Fdx2/Fdr2

In order to facilitate expression expression the coexpression of the ferredoxins with their
corresponding reductase was investigated. Potentially, this should allow both proteins to
interact during expression and, thus, might be beneficial for correct folding. BL21(DE3) cells
harboring the pFdxFdr-1 or pFdxFdr-2 plasmids were induced with 100 uM or 500 uM IPTG.
After expression at 25 °C or 30 °C overnight, protein samples were analyzed by conventional
SDS-PAGE and simultaneously by Tricine-SDS-PAGE with silver staining. The detection by
silver staining ensured that even very small amounts of the ferredoxins could be detected. As
an example the SDS-polyacrylamide gel and the corresponding Tricine-SDS-polyacrylamide
gel of the Fdx1/Fdr1 coexpression are depicted in Fig. 12. On the silver stained Tricine-SDS-
polyacrylamide gel (Fig. 12 A) a band which correlates to the size of Hiss-tagged Fdx1 (8.8 kD)
could be identified after 1.5 h in whole cell samples and the soluble protein fraction. This band
reached maximal intensity after 4 h of expression. A corresponding band on the Coomassie
stained SDS-polyacrylamide gel (Fig. 12 B) was not visible. This suggested that either the ex-
pression level of Fdx1 was extremely low or that the band on the Tricine-SDS-polyacrylamide
gel was an artifact not related to Fdx1.

Howsoever, since the autologous redox partners of CYP154E1 were investigated with the
aim to design an efficient biocatalyst both redox partner system had to prove their ability to
transfer electrons to CYP154E1 in vitro. For this purpose BL21(DE3) cells harboring pET22-
CYP154E1 in combination with pFdxFdr-1 or pFdxFdr-2 were used to coexpress CYP154E1
with each redox partner system. Expression was performed for 4 h. The resulting soluble

protein fraction was used to adjust the P450 concentration in test reactions to 5uM. The
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Figure 12: Silver stained Tricine-SDS-polyacrylamide gel A) and SDS-polyacrylamide gel B) of E. coli
BL21(DE3) coexpressing Fdx1 and Fdrl. M: protein marker, -/+: before/after induction with IPTG,
C: whole cell sample, S: soluble protein fraction after cells lysis and centrifugation. The expression
time is given in the top line, 0.n.: overnight. A) The total amount of protein loaded per lane is indicated
in the second line. Expression conditions: 30 °C, 100 pM IPTG.

test reactions with geraniol as substrate were incubated overnight at 30 °C and after extrac-
tion analyzed via GC/MS. The GC/MS-chromatograms are depicted in Fig. 13. Besides the
substrate peak (1), citronellol (2), and indole (3) there were no further peaks indicating any
P450 mediated reaction. Hydroxylated products were expected to elute at a retention time
of ~12 min but have obviously not been formed. Instead citronellol and indole were present

in the samples. Both were detected due to the E. coli cell extract used in the reaction. The

(x100,000)
8.0 2 .
without CYP and redox partners
7.0 1 CYP154E1, Fdx1, Fdr1
——— CYP154E1, Fdx2, Fdr2
g 6.0 ——— only CYP154E1, no redox partners
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o
[=
O 40
s
S 3.0 3
2.0 j\
1.0-__’.__J
....,....,....,....,....|....,..ﬁ.ﬁl_*.*...l.‘...l....l..
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Retention time (min)

Figure 13: GC/MS chromatograms of geraniol conversions catalyzed by CYP154E1 and supported by
the two T. fusca redox partner systems. Peak 1: citronellol (reaction product of E. coli cell lysate with
geraniol), 2: substrate geraniol, 3: indole (contamination from E. coli cell lysate).
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expression level of CYP154E1 varied between the coexpression experiments. Thus, different
amount of cell extract had to be used in the reaction to adjust the P450 concentration to
1uM. E. coli cells contain an endogenous activity which is responsible for the formation of
citronellol from geraniol. The different amounts of E. coli cells applied to the reaction also
resulted in different amounts of this activity in the reaction. This explains the different peak
areas of citronellol in the chromatograms (Fig. 13). Indole was a direct contamination from
the E. coli cell extract.

At this stage the evaluation of autologous redox partner systems has been aborted. The ex-
pression levels obviously were too low to support CYP154E1-based catalysis and, hence, were
of no practical use. Further options had to be considered and were investigated as described

in the following section.

2.3.5 Investigation of heterologous redox partners

Since the identification of autologous redox partners for CYP154E1 failed, two well-
established, heterologous redox partners systems available in the laboratory were tested.
The Pdx/PdR system from Pseudomonas putida and the bacterial flavodoxin YkuN from Bacil-
lus subtilis together with FdR from E. coli. The compatibility of the two heterologous redox
partner systems with CYP154E1 and CYP154A8 was investigated in biotransformation re-
actions. The conversions of 200 pM Grundmann’s ketone (CYP154E1) and 200 uM geraniol
(CYP154A8) were calculated from GC/MS peak areas (Tab. 4).

Table 4: Evaluation of the interaction of CYP154E1 and CYP154A8 with heterologous redox partner
systems by conversion of Grundmann’s ketone (CYP154E1) and geraniol (CYP154A8).

CYP154A8 CYP154E1

Redox Parter System Conversion (%)
YkuN/ FdR 100@ 100@
Pdx/ PdR 49 9

@ no remaining substrate detected

With YkuN/FdR complete conversion was observed for both P450s. The electron transport
to CYP154E1 and CYP154A8 by Pdx/PdR was less efficient at the same cofactor concentra-
tion and resulted in conversions of 9% and 49 %, respectively. YkuN/FdR as redox partner
system led to a 2 and 11-fold increased conversion and thus was selected for the subsequent
characterization of both P450s. [1??]
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2.4 Discussion

A prerequisite for the investigation of catalytic activities of P450 monooxygenases is a func-
tional redox chain which can transfer electrons to the heme iron of a P450. Bacterial class I
P450 systems consist of an iron-sulfur-containing ferredoxin and an FAD-containing reduc-
tase. Class III systems, also of bacterial origin, consist of a flavodoxin (FMN) and a corre-
sponding FAD-containing reductase. [*”)

The analysis of the T. fusca genome identified one flavodoxin (flIdx1) gene and two poten-
tial flavodoxin reductases genes. Besides that, the genome contains four [4Fe-4S]-ferredoxin
genes (fdx1-4) and four ferredoxin reductase genes (fdri-4). According to the available liter-
ature the majority of active CYP154 systems has been reconstituted with ferredoxins. Two
ferredoxins of T. fusca (Fdx1/Fdr1: redox partner system 1 and Fdx2/Fdr2: redox partner sys-
tem 2) are located in direct vicinity to an NADH-dependent ferredoxin reductase gene. This
might be an indication that they interact with each other and thus the probability to obtain
functional redox partner systems is higher compared to the other candidates. Remarkably all
four ferredoxins are of the [4Fe-4S]-type. Archetypical ferredoxins interacting with P450s,

[128] Ferredoxins containing

e.g. adrenodoxin and putidaredoxin, contains a [2Fe-2S]-cluster.
[4Fe-4S]-clusters are reported to take part, among others, in reactions oxidizing H,.['®”) How-
ever, recently, the first [4Fe-4S]-ferredoxin from B. subtilis has been shown to interact with

B4 Similarly, a [3Fe-3S]-ferredoxin from Mycobacterium

and transfer electrons to P450g;,.
tuberculosis proved to be a reducing agent of the sterol demethylase (CYP51) from the same
organism. [1?’]

All four redox partner genes have been cloned separately in pET-based expression vectors
under the control of the T7 promoter. Utilizing these constructs expression conditions were
optimized. Both reductases could be expressed in soluble form in E. coli BL21(DE3). Espe-
cially Fdr2 accounted for ~60 % of the total soluble protein in E. coli. Concerning the inter-
action with a P450, the respective ferredoxins are the more important part of the system.
Expression of Fdx1 and Fdx2 in E. coli from the pET-22b(+)-based constructs could not be
observed even after alteration of several expression parameters. To allow expression of the
ferredoxins, plasmids for coexpression of both proteins of each redox partner system were
constructed. Analysis of the expression revealed a protein band correlating to the size of
Fdx1 in extremely low amounts and only detectable by silver staining.

To evaluate if the autologous redox partner systems support catalysis of CYP154E1, the
monooxygenase was coexpressed with each system. The soluble protein fraction was then

employed as biocatalyst in a test reaction with geraniol, a substrate of CYP154E1 known from
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literature. [102

I In case of redox partner systems 1 and 2 no product formation was observed.
Whether this was due to an inability to transfer electrons onto CYP154E1 or due to their
obviously low expression levels remained an open question. Difficulties with expression of
ferredoxins have been reported in literature also in the case of Sorangium cellulosum.!*"]
Ewen et al. described the cloning and heterologous expression of eight ferredoxins in E. coli.
Three of them, all of the [4Fe-4S]-type, could not be characterized due to insolubility, insta-
bility, or no expression at all.

The third and finally successful strategy was the reconstitution of both P450’s catalytic activ-
ity with heterologous redox partners. In contrast to most other CYP154 monooxygenases de-
scribed in literature, best conversions were not achieved with class I systems but with those
belonging to class III. The combination of YkuN and FdR led to the highest conversions with

both enzymes and enabled the substrate screening discussed in the following chapter.
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Cluster Screening: An Effective Approach for Probing the
Substrate Space of Uncharacterized Cytochrome P450s

Clemens von Bihler, Priska Le-Huu, and Vlada B. Urlacher*™

Cytochrome P450 monooxygenases (P450s) are versatile en-
zymes with high potential for biocatalysis. The number of
newly annotated P450 genes has been increasing constantly,
and these thus represent a rich resource for new biocatalysts.
However, the substrate scopes of newly identified P450s are
often not known, and thus their exploitation is difficult. Herein
we describe an approach, named “cluster screening”, and its
application for the primary characterization of two P450s:
CYP154E1 and CYP154A8. A library comprising 51 compounds
was designed and organized into nine groups according to
their chemical properties. The activities of both P450s in vitro

Introduction

Cytochrome P450 enzymes (CYPs, P450s) belong to a class of
oxidoreductases (EC 1.14). They are ubiquitous enzymes found
in all kingdoms of life.” The ability of P450s to catalyze selec-
tive oxidations of a vast variety of organic molecules makes
them important candidates for synthetic applications. The rap-
idly growing number of newly identified P450 genes has at-
tracted much attention as a rich resource for novel oxidation
activities.”) The P450 superfamily consists of more than 12000
classified enzymes and about 6000 genes that have been se-
quenced but not yet classified.” However, the pace of genome
mining and gene annotation based on sequence similarity is
much faster than the characterization of new P450s and eluci-
dation of their functions. As a consequence, so far only a small
number of these P450 genes have been expressed and charac-
terized.

The characterization and exploitation of newly discovered
P450s is limited by two major factors. Firstly, P450-catalyzed re-
actions depend on the consecutive delivery of two electrons
to the heme iron by redox partner proteins. Most P450 sys-
tems consist of several proteins: P450 itself and one or two
additional redox partners, such as ferredoxins/flavodoxins and
flavin-containing reductases.” The identification of physiologi-
cal redox partners of P450s is often challenging, because the
encoding genes are rarely located in the same operon or in
close proximity to the corresponding cytochrome P450 genes.

[a] Dipl.-Chem. C. von Biihler, M.Sc. P. Le-Huu, Prof. Dr. V. B. Urlacher
Institute of Biochemistry, Heinrich-Heine University Disseldorf
Universitdtsstrasse 1, 40225 Diisseldorf (Germany)
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Supporting information for this article is available on the WWW under
http://dx.doi.org/10.1002/cbic.201300271.
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were maintained with suitable nonphysiological redox part-
ners, and the cluster library was screened with these enzymes
for product formation. From this library, 30 compounds tested
positive for CYP154E1 and 23 were positive for CYP154A8.
Cluster screening distinguishes subtle differences in activity
and selectivity of enzymes as closely related as those of the
same P450 family. For example, the alkaloid pergolide mesy-
late was converted by CYP154E1 (4 %) but not by CYP154A8. A
building block of vitamin D;, Grundmann’s ketone, was con-
verted by both enzymes, although conversion was higher with
CYP154E1 (100 vs 53%).

Secondly, there is limited knowledge about the physiological
functions of most P450s, thus there is no information about
their potential substrates.

Several approaches have been described for identifying the
substrates of P450s of unknown physiological function and/or
substrate scope (“orphan P450s”). One of the approaches aims
at the identification of (not necessarily physiological) sub-
strates based on the screening for the characteristic spectral
shift upon substrate binding (the so-called type | spectrum)
against very large libraries of organic compounds.”’ However,
some P450s reportedly do not exhibit a type | spectrum upon
substrate binding. Furthermore, induction of a type| spec-
trum through binding of a compound to a P450 is no guaran-
tee that the bound compound is converted by the enzyme.”
These limitations restrict the suitability of this method for iden-
tifying new catalytic activities of P450s.

Another approach, aimed at the identification of physiologi-
cal substrates of P450s, employs metabolomics to detect com-
pounds that are only formed in the host cell in the presence of
a particular P450. An inherent limitation in this approach is
that catalytic activity is detected only towards compounds oc-
curring in the host cell.®

An interesting approach has been described recently for
CYP102A1 from Bacillus megaterium (BM3) and ten of its mu-
tants.”” By employing five known terpenoid substrates of the
enzyme as probes, the authors were able to predict activity for
other structurally closely related compounds. Obviously this
method requires knowledge about the already identified sub-
strates to predict new activities of a P450. It is very well suited
to distinguishing differences in stereo- and regioselectivity of
mutants, rather than to provide a basis for initial substrate
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screening. Additionally, because of the colorimetric detection
used in this method, it is only applicable for probes containing
a methoxy group.

As we aspire to discover novel natural and non-natural activ-
ities of uncharacterized P450s, we have developed a semiration-
al method for the identification of putative substrates. This
method combines reconstitution of P450 activity with suitable
redox partners, clustered substrate screening, and gas chroma-
tography/mass spectrometry (GC/MS) or liquid chromatogra-
phy/mass spectrometry (LC/MS) analysis of possible products.
With this combined approach, data about product formation
and distribution can be obtained. Hence, it is possible to eluci-
date the chemo- and regioselectivity of the investigated P450
in primary substrate screening.

In order to overcome the problem of unidentified physiolog-
ical redox partners, we established a set of redox proteins orig-
inating from prokaryotes and eukaryotes; these can be applied
to support the activity of uncharacterized P450s.”'%

Herein we describe the use of cluster screening for the in-
vestigation of two poorly characterized or completely unchar-
acterized enzymes from the CYP154 family: CYP154E1 from
Thermobifida fusca YX and CYP154A8 from Nocardia farcinica
IFM 10152.

CYP154E1 was cloned, heterologously expressed, and puri-
fied in our laboratory for the first time, and several nonphysio-
logical redox partners were tested for electron transfer to this
P450"% with a substrate identified in the actual study. For the
second enzyme, CYP154A8, O-demethylation and ortho-hy-

droxylation of the medium-sized isoflavonoid formononetin
has already been reported."” All annotated CYP154 enzymes
are from actinomycetes, and therefore might be interesting re-
garding formation of secondary metabolites."? The CYP154
family also attracted our attention because of the broad spec-
trum of characterized substrates that have been described for
enzymes of this family. These substances belong to different
chemical classes and have very different molecular weights
and sizes: CYP154C5 from N. farcinica IFM 10152 was found to
hydroxylate testosterone;"® CYP154H1 from T. fusca YX cata-
lyzes side-chain hydroxylation of small aromatic molecules like
ethylstyrene, as well as S-oxidation of aromatic thioethers to
their corresponding sulfoxides and sulfones; the substrates of
CYP154C1 from Streptomyces coelicolor A3(2) are the 12- and
14-membered macrocyclic lactones YC-17 and narbomycin.!™”
A metabolomics approach shed light on the rather uncommon
cyclization reaction with the endogenous substrate catalyzed
by CYP154A1 from S. coelicolor A3(2)."' These observations
suggest high substrate diversity for the CYP154 family. The
question is, how similar (or different) are the catalytic proper-
ties of these enzymes? According to sequence similarity analy-
sis, the two chosen candidates of the CYP154 family (41%
identity) belong not only to different subfamilies but also to
different branches of the phylogenetic tree (Figure 1). Hence,
biocatalytic and structural diversity between the enzymes was
expected to be high. Thus, by using the clustered library we
aimed to find out whether this low sequence similarity is re-
flected in different substrate spectra of the enzymes.

0.151 CYP154A1 Streptomyces coelicolor
0122 CYP154A3 Streptomyces peucetis
ofpr o = CYP154A4 scabies
0.243 i
0135 0307 CYP154A5 Streptomy
0237 CYP154B1 P fradiae
0.052 0.116 0.254 CYP154B2 Streptomyces avermitilis
015
057 CYP154K1 Streptomyces rochei
CYP154C1 Streptomyces coelicolor
0-a CYP154C2 Streptomyces avermitilis
CYP154C4 P Y griseus
0.065 0318 CYP154C3 Streptomyces griseus
0323 CYP154H1 Thermobifida fusca
odhs oE CYP154P1 Streptomy
0.363 CYP154E1 Thermobifida fusca
0453 CYP154G1 Thermobifida fusca
DA 5n CYP154F1 Thermobifida fusca
Gk CYP154D1 Streptomy
0.184 0208 CYP154D2 Streptomyces bingchengensis
0.386 CYP154J1 P Y subsp.
0.033 o 0.198 CYP154M1 Salinispora tropica
0.109 018 CYP154M2 Streptomyces griseus
033 CYP154L1 Streptomyces scabies
o.107 o35 CYP154L1 Frankia alni ACN14a

0212 CYP154A2 Streptomyces avermitilis

Figure 1. Phylogenetic tree of all available CYP154 family sequences (http://drnelson.uthsc.edu/bacterial.P450s.2011.htm). CYP154E1 from T. fusca and

CYP154A8 from N. farcinica are marked with boxes. Alignment and tree building were performed with the Unipro UGENE bioinformatics suite.

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Results

Expression, purification, and spectral characterization of
CYP154E1 and CYP154A8

Both P450 genes were cloned into the expression vector pET-
28a(+) carrying an N-terminal Hisg tag. The enzymes were
expressed in Escherichia coli BL21(DE3) in soluble form, and pu-
rified by immobilized metal (nickel) affinity chromatography
(IMAC) and size-exclusion chromatography. The protein yields,
calculated from CO-difference spectra, were 510 and
120 nmol L' for CYP154E1 and CYP154A8, respectively. For
both proteins the characteristic Soret bands at 451 nm
(CYP154E1) and 447 nm (CYP154A8) for the ferrous heme-CO
complex were observed (Figure S1 in the Supporting Informa-
tion). During CO-difference spectra measurements it became
clear that CYP154A8 is not as stable as CYP154E1. Upon reduc-
tion, rapid formation of a shoulder peak at 420 nm was ob-
served.

Identification of electron transfer partners

For reconstitution of activity, CYP154E1 and CYP154A8 require
electron transfer proteins to supply the electrons. As the natu-
ral redox partners of both P450s have not been identified, we
tested a set of nonphysiological redox partners known to inter-
act with other P450s of bacterial origin, as well as hydrogen
peroxide for direct oxidation of the heme iron by the “peroxide
shunt”. Among the tested redox partners were putidaredoxin
and putidaredoxin reductase from Pseudomonas putida, cyto-
chrome P450 reductase (CPR) from Candida apicola and the
flavodoxin YkuN from Bacillus subtilis in combination with
E. coli flavodoxin reductase (FdR). The highest conversion of
test substrate 13 was observed with the YkuN/FdR combina-
tion; this was used for all subsequent experiments. This system
proved to perform even better in our experiments than the
published CYP154A8/Pdx/PdR system, under comparable con-
ditions." With hydrogen peroxide, no product formation was
observed.

Library design for substrate cluster screening

In order to quickly assess the biocatalytic capabilities and com-
pare the substrate spectra of CYP154E1 and CYP154A8, we
compiled a library of organic molecules clustered into nine
groups according to their chemical properties and size
(Scheme 1).

Group | consisted of fatty acids of chain lengths C; to C,,,
Cy4 (1-7), and Cy4 (51); these compounds are typical P450 sub-
strates. In group Il the position, type, and oxidation state of
the hetero atom within the substrate was varied: alcohols 8-
11 and the corresponding thioalcohol 12. Group Ill comprised
acyclic terpenoids (13-21) of varying chain length. The com-
pounds in group lll are of similar chain length to those of
group ll, and also contain oxygen atoms. The methyl side
chains make these substrates more sterically demanding, and
the carbon-carbon double bonds lead to a more rigid struc-

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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ture (less flexibility in the backbone). Furthermore, because of
the double bonds, epoxidation is a second possible reaction
pathway, in addition to hydroxylation of the activated allylic
carbon atoms.

The compounds in group IV were highly methylated saturat-
ed fatty acids and alcohols. These do not possess the reactive
allylic position (as for members of group Ill), but the methyl
side chains lead to higher steric demand. The hetero function
was limited to alcohols (23, 26), carboxylic acids (22, 25), and
a methyl ester (24). With group V, we investigated a set of ali-
phatic (29) and aromatic (27-28) thioethers with significantly
shorter chain lengths and chemical functionalities different
from those in the other groups.

Group VI extended the substrate range to include bicyclic
substances: both aliphatic (31, 34) and N-hetero (37) and O-
hetero (30-33, 35, 36, 38) compounds. Substrate size was fur-
ther increased with a tricyclic alizarin (39, group VII), quinizarin
(40, group VII), and tetracyclic compounds (group VIII): 5a-cho-
lestane-33-ol (41), cholesterol (42), 5a-cholestane-3(3-one (43),
testosterone (44), deoxycholic acid (45), vitamin D; (46), 5a-
cholestane (47), and pergolide mesylate (48). Finally, group IX
comprised two macrocyclic compounds: cembrene (49) and
erythromycin (50).

Substrate cluster screening

Substrate screening was performed independently for
CYP154E1 and CYP154A8. After reconstitution of purified
CYP154E1 with redox partners and the glucose dehydrogenase
(GDH)-based cofactor regeneration system, substrates were
screened in 500 pL reaction volume overnight, so that even
products of substrates with very low conversion would be ob-
servable. An exception was made for group lll, as after 24 h
neither substrate nor product could be observed (possibly due
to unspecific overoxidation); the negative control still con-
tained the substrate (see Table 1). Hence, the reactions were
only studied for 4 or 1 hour (farnesol).

Screening results with CYP154E1

In group |, the shortest fatty acid accepted by CYP154E1 was
heptanoic acid (1, 29% conversion). For octanoic acid (2) con-
version was 94 %. For C,-C,, fatty acids (3-7) quantitative con-
version was achieved. Palmitic acid (51) was not accepted. The
enzyme showed a clear preference for subterminal w—1 hy-
droxylation in all cases, even though w—2 hydroxy fatty acids
were detected for all substrates other than 1 (Table 1). Product
specificity ranged from exclusive formation of 6-hydroxy hep-
tanoic acid from 1 to an w—1/w—2 ratio of 37:61 from tetrade-
canoic (myristic) acid (7).

In group Il, octan-1-, -2-, and -3-ol (8, 9, 10) and the C;, ho-
mologue decan-1-ol (11) were quantitatively converted by
CYP154E1. Product specificity clearly depended on chain
length. The primary alcohols 8 and 11 led to only two products
(ratios 50:50 and 10:90, respectively). In the case of the secon-
dary alcohols 9 and 10, the product pattern was more com-
plex: 9 led to five products, of which the two main products
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substrates: 2,4,6-trimethyloctan-
o R? 1-ol (23), 2,4,6,8-tetramethyl dec-

anoic acid (25) and 2,4,6,8-tetra-
methyl decan-1-ol (26) were
quantitatively converted; 2,4,6-

R"=0OH, R? = H: (39);
R"=H, R? = OH: (40)

~ trimethyloctanoic acid (22) and

R®= CH,CH(CHg)p; R? = H:
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R'=0OH (41)
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(486)
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HO

its methyl ester (24) were trans-
formed with conversions of 90
3 and 96%, respectively. Product
selectivity was highest for 22
(only two products, ratio 9:1).
| Product formation for all other
| compounds in this group was
less specific: three products for
25, and four for 24, 23 (Fig-
ure 2A), and 26.

Al compounds of groupV
were identified as substrates and
were oxidized to different ex-
tents (Table 1). For butyl methyl
sulfide (29) the only product was
the corresponding sulfoxide. The
main product of phenyl methyl
sulfide (28) was again the sulfox-

Group IX

Scheme 1. Compounds of the cluster library.

were formed with abundances of 36 and 32%. For 10, six
products were detected (main product, 56% of product peak
area). Interestingly, for octane-1-thiol (12), which was oxidized
to 68%, no monomeric oxidation product was observed: di-
meric dioctyl disulfide was identified as the sole reaction prod-
uct.

In group lll, nerol (16) and geraniol (13) were converted
quantitatively. Conversion of the derivatives geranyl-/neryl ace-
tone (15/18), which were tested as a mixture of isomers, and
farnesyl acetone (22) was lower (93 and 22%, respectively).
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ide, but the corresponding sul-
fone was also detected (32%).
Benzyl methyl sulfide (27) was
transformed to the correspond-
ing sulfoxide (12%), sulfone (19%), and a third main product
(69%), which was identified by its mass spectrum to be diben-
zyl sulfone.

Group VI had six hits: conversions for monoterpene verbe-
none (30) and a-pinene (31) were 18 and 79%, respectively;
product specificity was relatively low (five and four products,
respectively). Autoxidation could be excluded by comparison
with negative controls (lacking P450). Grundmann'’s ketone
(33), the only non-terpenoid in the group, was converted
guantitatively with a single product being formed. By compari-
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Conversion [%)]
CYP154E1 CYP154A8

Table 1. Overview of the substrate cluster screening results: Conversion and product distribution (in brackets) were calculated from GC/MS and LC/MS
peak areas. Names are provided for identified metabolites. Products of 9 and 23 are named according to Figure 2.

Product identification and distribution [%)]
(CYP154E1/CYP154A8)

6-hydroxy heptanoic acid (100/-)
7-hydroxy octanoic acid (76/97), 6-hydroxy octanoic acid (24/3)
(9/-), 8-hydroxy nonanoic acid (81/95), 7-hydroxy nonanoic acid (10/5)

(5/-), 9-hydroxy decanoic acid (91/78), 8-hydroxy decanoic acid (2/22), (2/-)

(12/-), 10-hydroxy undecanoic acid (66/69), 9-hydroxy undecanoic acid (17/31), (6/-)
(6/-), 11-hydroxy dodecanoic acid (75/81), 10-hydroxy dodecanoic acid (3/19), (16/-)
13-hydroxy tetradecanoic acid (61/66), 12-tetradecanoic acid (37/34), (1/-), (1/-)

1 heptanoic acid 29 0
2 octanoic acid 94 100
3 nonanoic acid 100 100
4 decanoic acid 100 100
5 undecanoic acid 100 91
6 dodecanoic acid 100 93
7 tetradecanoic acid 100 81
8 octan-1-ol 100 100
9 octan-2-ol 100 100
10 octan-3-ol 100 100
11 decan-1-ol 100 100
12 octane-1-thiol 68 0
13 geraniol 100% 100%
15 geranyl acetone 93% 97
16 nerol 100¢ 100"
18 neryl acetone 93@ 67
19 farnesol 72" 18
20 farnesyl acetone 221 0
22 2,4,6-trimethyloctanoic acid 90 0
23 2,4,6-trimethyloctan-1-ol 100 100
24 2,4,6-trimethyloctanoic acid methyl 96 75
ester
25 2,4,6,8-tetramethyl decanoic acid 100 77
26 2,4,6,8-tetramethyl decan-1-ol 100 95
27 benzyl methyl sulfide 58 69
15)
28 phenyl methyl sulfide 23 38
29 butyl methyl sulfide 31 71
30 verbenone 18 0
31 a-pinene 79 0
33 Grundmann’s ketone 100 53
35 nootkatone 100 0
36 nootkatol 79 0
38 camphor 5 0
48 pergolide mesylate 4 0

8-hydroxyoctan-2-one (50/36), octane-1,7-diol (50/64)
octane-2,7-dione (P3) (10/13), P2 (32/27), (15/-), P1 (36/60), (7/-)
(10/-), (9/-), (15/2), octane-2,3-diol (8/18), (56/80), (6/-)

(10/10), (90/85), (-/5)

dioctyl disulfide (100/-)

8-hydroxy geraniol (43/73), (57/13) (-/13)

(6/-), (-/10), (8/-), (22/66), (22/-), (13/21), (-/3), (4/-), (5/-), (19/-), (2/-)
8-hydroxy nerol (84/96), (16/4)

(6/-), (-/10), (8/-), (22/66), (22/-), (13/21), (-/3), (4/-), (5/-), (19/-), (2/-)
(25/-), (10/-),(23/80),(43/20)

(12/-), (19/-), (35/-), (9/-), (10/-), (7/-), (9/-)

(89/-), (11/-)

P1 (8/-), Pl (-/4), P2/1l (45/21), Pl (-/53), P3/IV (43/3), PV (-/19), P4 (4/-)
(9/-), (83/86), (2/27) (10/-)

(11/14), (83/86), (6/-)
(11/17), (52/72), (25/11), (12/-)
benzyl methyl sulfoxide (12/31), benzyl methyl sulfone (19/54), dibenzyl sulfone (69/

methyl phenyl sulfoxide (68/41), methyl phenyl sulfone (32/59)
methyl butyl sulfoxide (100/21), methyl butyl sulfone (-/79)
(28/-), (10/-), (9/-), (24/-), (29/-)

(15/-), (28/-), (33/-), (24/-)

25-hydroxy Gundmann'’s ketone (100/100)

13-hydroxy nootkantone (100/-)

(31/-), (69/-)

6-hydroxy camphor (100/-)

(36/-), (64/-)

[a] Measurements were stopped after 4 h. [b] Measurements were stopped after 1 h.

son to an authentic standard this was identified as 25-hydroxy
Grundmann'’s ketone. In contrast to the unsubstituted homo-
logue valencene (34), the oxidized sesquiterpenes nootkatol
(36) and nootkatone (35) were transformed with 79 and 100 %
conversion, respectively. The single oxidation product of 35
was identified as 13-hydroxy-nootkatone with an authentic
standard."® The two oxidation products of 36 (ratio 31:69) did
not match those from nootkatone (35) in terms of retention
time and mass spectrum. Camphor (38) was also identified as
a substrate for CYP154E1, although conversion was low (5 %)
and with a single reaction product. The El mass spectrum did
not match hydroxylation at the 5-position (as described for
CYP101 enzymes) but displayed high similarity (match factor
791) to a published mass spectrum of 6-hydroxy camphor."”
The largest substance accepted by CYP154E1 as a substrate
was pergolide mesylate (48, conversion 4 %). Two single oxida-
tion products were identified by the characteristic m/z 331 ion
[M4+16+H]" in their ESI-MS spectra. High resolution MS meas-
urements confirmed the formula (m/z calcd for C,oH,,N,OS:
331.1839 [M+H]*, found: 331.1831). The MS/MS spectra of
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both peaks were identical, and initial water elimination (Am/z
—18) and subsequent loss of a CH,S-fragment (Am/z —46) is
more consistent with hydroxylation than sulfoxidation (Fig-
ure S2). With other compounds from groups VII-IX, CYP154E1
did not demonstrate any product formation.

Screening results with CYP154A8

From group | Cg-C,, fatty acids were accepted by CYP154 with
relatvely high conversion (>80%, Table 1). Palmitic acid (51)
was not converted. The preference of CYP154A8 to form w—1
over w—2 ranged from 97:3 (octanoic acid, 2) to 34:66 (tetra-
decanoic (myristic) acid, 7; Table 1).

For group Il, substrate scope was comparable to that for
CYP154E1. Alcohols octan-1-ol (8), octan-2-ol (9), octan-3-ol
(10; Figure 2C-E) and decan-1-ol (11) were very good sub-
strates (quantitative conversion). In the first step, 8 is convert-
ed into octane-1,7-diol, and then further oxidized to 8-hydroxy-
octan-2-one (Figure 2C). Conversion of 9 resulted in three
product peaks with 13, 27, and 60% relative abundance for
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Figure 2. GC/MS chromatograms of the conversion of 2,4,6-trimethyloctan-1-
ol with A) CYP154E1 (Arabic numerals), and B) CYP154A8 (Roman numerals),
and conversion of C) octan-1-ol, D) octan-2-ol, E) octan-3-ol with CYP154A8.

Background peaks are marked with an asterisk.

octan-2,7-dione, and unidentified products P2 and P1, respec-
tively (Figure 2D). Database identification was only partly suc-
cessful. As the retention times differed significantly from those
of the products of 8, a similar mechanism of secondary hydrox-
ylation and overoxidation is possible, but not in combination
with the carbon atom at positions C1 and C7. Compound 10
was equally well accepted and led to three products (ratio
2:18:80; Figure 2E). P2 was identified as octane-2,3-diol, but
no database entry was found for P1 or P3, although (judging
from retention times and mass spectra) they were not identical
to the products of the conversion of 8 or 9. The longer-
chained 11 led to one main and two secondary products (10,
85, and 5%). Complete baseline separation was not possible,
and hence only the last one could be identified (decan-1-al).
From group lll only four substrates were accepted: geraniol
(13) was converted to three products (73, 14, and 14 % relative
abundance). Baseline separation was not possible, thus only
the major product could be identified (8-hydroxygeraniol). Dia-
stereomer nerol (16) was converted into two products (ratio
4:96). The isomers geranyl- (15) and neryl acetone (18) were
also recognized as substrates by CYP154A8, with a preference
for 15 over 18 (97 and 67% conversion, respectively). The
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product distribution was less complex than for CYP154E1: four
products (relative abundance 10:66:21:3). Transformation of
farnesol (19) led to two products (ratio 1:5), with rather low
conversion (18 %).

Compounds in group IV proved to be substrates for
CYP154A8 (as for CYP154E1). 2,4,6,-Trimethyloctanoic acid (22)
was not accepted, but the corresponding alcohol 2,4,6-trimeth-
yloctan-1-ol (23) was converted (100%) into five products (Fig-
ure 2B). Product 2/Il was produced by both enzymes (w—1 hy-
droxylated compounds). The other products could not be iden-
tified. The methyl ester (24) of 22 was readily accepted and
converted (75%) into two products (73 and 27 % abundance).
Though neither led to hits in the National Institute of Stand-
ards and Technology (NIST) database, the mass spectrum of
the first indicated w—1 hydroxylation. The longer 2,4,6,8-tetra-
methyldecanoic acid (25) was converted (77 %) into two prod-
ucts. The preference for w—1 hydroxylation here was reversed
(14:86), compared to 24. Conversion of the corresponding
2,4,6,8-tetramethyldecan-1-ol (26) was 95%, and resulted in
the same product distribution (83:17) as for homologue 25,
but with reversed preference regarding m—1 hydroxylation.

The compounds in group V proved to be better substrates
for CYP154A8 than for CYP154E1. Phenyl methyl sulfide (28)
had the lowest conversion (38%), with the corresponding sulf-
oxide and sulfone in a ratio of 41:59. The benzyl derivative
benzyl methyl sulfide (27) was converted (69 %) into sulfoxide
and sulfone products (15 and 54%, respectively), and into
a third product, which was identified as dibenzyl sulfone
(31%). The last compound in this group, the aliphatic butyl
methyl sulfide (29), showed conversion of 71% and formation
of the corresponding sulfoxide (21 %) and sulfone (79 %).

Of group VI compounds, only Grundmann'’s ketone (33) was
identified as a substrate for CYP154A8. The conversion was
53%, with 25-hydroxy Grundmann’s ketone as the single prod-
uct. Group VII-IX compounds proved not to be substrates of
CYP154A8.

Determination of substrate binding constants

For correlation of substrate binding and substrate conversion
by the two CYP154 enzymes, we measured UV spectral
changes upon titration with a few selected compounds from
the library: geraniol (13), nerol (16), fatty acids C,—-C;; (3-5),
and the macrocycle cembrene (49). Dissociation constant (Ky)
values were calculated from the spectral data.

Both 13 and 16 showed perturbation of the heme spin state
of both P450s (Figures S3 and S4), with a type | shift of the
Soret band. For both CYP154 enzymes, affinity for these acyclic
terpenes was high, whereas affinity for fatty acids (3-5) was
much lower (Table 2). CYP154A8 demonstrated lower affinity
than CYP154E1 with all three fatty acids.

Cembrene (49) did not induce a spin state shift in
CYP154E1, so Ky could not be determined. In contrast, 49 in-
duced a type | spectral change in CYP154A8 (K; 920 um). This
suggests that CYP154A8 has a larger binding pocket than
CYP154E1.
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Table 2. Dissociation constants calculated from titration of test com-
pounds with CYP154A8 and CYP154E1.
Compound Ky [um]

CYP154A8 +SE CYP154E1+SE
geraniol (13) 25+0.2 6+1
nerol (16) 17+1 6+0.5
nonanoic acid (3) 133+6 38+6
decanoic acid (4) 51+9 38+3
undecanoic acid (5) 96+8 30+3
cembrene (49) 919 +437 -

Discussion and Conclusion

The main goal of this study was to develop an effective pri-
mary substrate screening method for uncharacterized P450s.
This method was verified by screening with CYP154E1 and
CYP154A8.

The screening results obtained with the substances from
group | showed that both CYP154E1 and CYP154A8 were able
to oxidize Cg-C,, saturated fatty acids. Heptanoic acid (C,) was
accepted by CYP154E1 but not by CYP154A8. Palmitic acid
(C,¢) was not converted by either enzyme. Both monooxyge-
nases predominantly hydroxylated fatty acids at the w—1 posi-
tion. As minor reaction products, m—2 hydroxy fatty acids
were detected for all substrates, except C,, with CYP154E1.

The primary alcohols from group Il were accepted by both
enzymes. All octanols were quantitatively converted by both
enzymes, but with different product selectivities (Table 1).
CYP154A8 seems to be more regioselective in these reactions.
Some products of these reactions were identified as ketones.
Overoxidation by P450s with alcoholic substrates has been re-
ported for different kinds of substrates'® and has been exten-
sively studied.™

Although both CYP154E1 and CYP154A8 demonstrated simi-
lar activities towards geraniol and nerol (group lll), farnesol (19,
C,,) was converted much better by CYP154E1. This was also
the case for farnesyl acetone (20). Again, the trend was that
CYP154A8 showed higher regioselectivity. Comparable activi-
ties of P450s with linear terpenoids have been found for mon-
ooxygenases from plants expressed in insect cells,”” as well as
for a chimera of CYP102A1 (BM3) with CYP4C7.%" As CYP154E1
showed particularly high regioselectivity towards the 8-hy-
droxy products of geraniol and nerol, it might be an alternative
to the BM3-CYP4C7 chimera.

For group IV compounds, the only difference in activity be-
tween the monooxygenases was for 2,4,6-trimethyloctanoic
acid (22), which was accepted only by CYP154E1. Generally,
CYP154A8 was again slightly more regioselective than
CYP154E1. In comparison with linear fatty acids of the same
carbon atom chain length, it is apparent that the product
spectrum of CYP154E1 for the branched fatty acids is broader.
To date, the only P450s known to oxidize these five branched
fatty acid derivatives are BM3 and a triple mutant thereof.?” In-
terestingly, these monooxygenases were highly regioselective
in these reactions and produced only m—1 hydroxylated prod-
ucts from the tested branched substrates. In contrast,
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CYP154E1 and especially CYP154A8 hydroxylated branched
fatty acid derivatives with different regioselectivity, and thus
provide access to other products. We recently showed that
compounds and their hydroxylated products of this type can
be used as synthones for the chemoenzymatic synthesis of the
macrolactone borrelidin.”® As the regioselectivity of CYP154E1
and CYP154A8 differs from that of BM3, synthetic routes to dif-
ferent derivatives can be realized.

Compounds in the above discussed groups are mainly linear
rod-shaped molecules. The methyl sulfides in group V possess
an aromatic (phenyl or benzyl) or an aliphatic (n-butyl) group.
Conversion of these substrates was observed with both
CYP154A8 and CYP154E1. As the aliphatic butyl methyl sulfide
was also converted, the aromatic ring seems not to be re-
quired for substrate recognition, as could have been deduced
from the only two published substrates of CYP154A8, 7-eth-
oxycoumarin and the isoflavonoid formononetin."" Enzymatic
sulfoxidation of dialkyl sulfides is relatively rare: so far it has
only been described for chloroperoxidase from Caldariomyces
fumago, flavin-containing monooxygenase from Methylophaga
sp. SK1, and for two Baeyer-Villiger monooxygenases.*” For
aryl alkyl sulfides 27-29, formation of the respective sulfoxide
and subsequent oxidation to the sulfone was observed for
both P450s; this is consistent with the observation for
CYP154H1.%* Formation of dimeric reaction products has also
been observed for CYP154H1. We detected the formation of

dibenzyl sulfone from benzyl methyl sulfide (27) with
CYP154E1, and at a much higher concentration with
CYP154A8.

Among the compounds of group VI (increased steric
demand), six were accepted by CYP154E1 but only Grund-
mann'’s ketone (33) was a substrate for both P450s. Grund-
mann’s ketone is a product of ozonolysis of vitamin Ds; its se-
lective 25-hydroxylation is part of a synthetic route to vita-
min D; metabolites and derivatives. Chemical synthesis of 25-
hydroxy Grundmann'’s ketone by using ruthenium catalysts has
been reported.”® The workup of the ruthenium-catalyzed reac-
tion is laborious, and the remaining Grundmann'’s ketone (33)
has to be recovered by column chromatography; the overall
yield was reported as 49%.%° CYP154E1 offers an alternative
synthetic route, as it produces the desired 25-hydroxy product
with absolute selectivity. To the best of our knowledge
CYP154E1 and CYP154A8 are the only P450 monooxygenases
known to accomplish this synthetic task.

The 6-hydroxylating activity of CYP154E1 with camphor has
also been observed for CYP105D1 (P450,,,) from Streptomyces
griseus.””” CYP154A8 did not accept camphor as a substrate.

In order to determine whether large molecules such as mac-
rolides or steroids can be accepted by CYP154E1 and
CYP154A8, we tested compounds from groups VII, VIII, and IX.
The only compound of group VIII that was identified as a sub-
strate of CYP154E1 was pergolide mesylate (48). This sub-
stance, derived from ergot alkaloids, has been used in the
treatment of Parkinson’s disease and is known to be a potent
inhibitor of human P450s especially CYP2D6 (ICs, 0.08 pum).*®
CYP3A4 is assumed to play an important role in the detoxifica-
tion of pergolide, as it has been shown to catalyze the dealky-

ChemBioChem 2013, 14,2189-2198 2195



3 Manuscript 1 - Cluster screening

BIO

lation of other ergot derivatives.”” Another pathway in human
pergolide metabolism results in the formation of the corre-
sponding sulfoxide and sulfone. CYP154E1 forms different me-
tabolites starting with pergolide.

Neither the tested anthraquinones nor the steroids were
converted by the two CYP154 enzymes. Among the com-
pounds with the highest steric demand in group IX were the
nonpolar cyclic diterpene cembrene (49), which has a 14-mem-
bered ring, and the 14-membered macrolide antibiotic erythro-
mycin (50). With its several oxygen functionalities and attached
sugar side chains, 50 is more polar than 49. Remarkably,
a type |l binding spectrum was observed for CYP154A8 with
cembrene. The inability of this monooxygenase to convert
cembrene shows that even though compounds of this size
and molecular weight fit into its active site and induce a type |
binding spectrum, product formation is not guaranteed;
hence, a method based on detection of reaction products is
needed to reliably identify substrates.

Unlike the recently published method of Furuya et al. for the
identification of P450 substrates,®” which is based on a small
collection of generally known P450 substrates with no structur-
al relationship, our approach is aimed at the systematic varia-
tion of the compounds used to probe the P450 activity. The
systematic chemical relationship of our library compounds ena-
bled us not only to identify new substrates for a P450 but,
even more importantly, also to study the structural require-
ments which have to be satisfied for a compound to be con-
verted. Remarkably, cluster screening distinguished subtle dif-
ferences in activity and selectivity of enzymes as closely related
as two in the same P450 family. Although this cluster library
provides only limited coverage of the total chemical space, it
was possible to identify useful biocatalysts for the following
synthetic tasks: regioselective oxidation of Grundmann'’s
ketone, sulfoxidation of a dialkyl sulfide, and production of a
novel metabolite of the alkaloid pergolide mesylate.

The current cluster library can be extended or adapted by
variation of the library compounds, depending on the pre-
ferred P450 activity. This renders the cluster screening ap-
proach suitable for identification of the substrate spectrum of
any new P450 and hence might prove to be a universal tool in
P450 enzymology and biocatalyst development.

Experimental Section

Strains, expression vectors, enzymes, and chemicals: E. coli strain
DH5a (for molecular cloning), the expression strain E. coli
BL21(DE3), and the expression vector pET-28a(+) were purchased
from Novagen/EMD Millipore (Darmstadt, Germany). Phusion DNA-
Polymerase, restriction endonucleases, and T4 DNA ligase were ob-
tained from Fermentas (St. Leon-Rot, Germany) and New England
Biolabs (Beverly, MA). Glucose dehydrogenase (GDH-2) from
B. megaterium, which was used for NADPH regeneration, was
cloned into pET-22b(+), expressed, and partially purified as de-
scribed previously.®"

All chemicals were purchased from commercial sources unless oth-
erwise stated. The branched fatty acid substrates were available at
our institute.®” Grundmann’s ketone and its 25-hydroxy derivative
were kindly provided by Prof. Miguel Ferrero (Universidad de
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Oviedo, Oviedo, Spain). Prof. Rita Bernhardt, (Universitat des Saar-
landes, Saarbriicken, Germany) kindly provided 13-hydroxynootka-
tone. pET-11-derived plasmids containing genes encoding
CYP154E1 (GenBank: AAZ57009) from T. fusca YX and CYP154A8
(GenBank: YP_118504) from N. farcinica IFM 10152 were kindly pro-
vided by Dr. Akira Arisawa (Mercian Cooperation, Iwata, Japan).

Molecular cloning: General molecular biology manipulations and
microbiological experiments were carried out by standard meth-
0ds.*¥ The genes encoding CYP154E1 and CYP154A8 were ampli-
fied with high-fidelity Phusion DNA Polymerase according to the
manufacture’s protocol using specific primers, and, after subse-
quent enzymatic restriction digest, ligated into pET-28a(+) be-
tween Ndel and EcoRI restriction sites. The resulting DNA con-
structs were sequenced by automated DNA sequencing (GATC-Bio-
tech, Konstanz, Germany). These carried genes for N-terminally
Hisc-tagged proteins, and were named pET-154E1 and pET-154A8,
respectively. Vectors encoding N-terminally His,-tagged YkuN and
FdR are described elsewhere.”

Protein expression and purification: E. coli BL21(DE3) cells were
used for protein expression. A single colony from an agar plate
was inoculated into lysogeny broth preculture (5 mL) supplement-
ed with kanamycin (35 mgmL™") and grown at 37°C for 4 h. Terrific
Broth main cultures (400 mL) were inoculated with preculture and
grown under the same condition until OD4y,=0.6-0.8. Protein ex-
pression was induced by addition of isopropyl-f-p-thiogalactopyra-
noside (100 pm), and the mixture was supplemented with FeSO,
(125 um) for iron-containing enzymes and 5’-aminolevulinic acid
(80 ngmL™") for P450 expression, prior to incubation (16 h, 25°C,
140 rpm). Cells were then harvested by centrifugation (17000g,
15 min), resuspended in potassium phosphate buffer (50 mm,
pH 7.5) containing phenylmethanesulfonyl fluoride (PMSF, 100 um)
and disrupted by sonication on ice. All enzymes except GDH were
purified by nickel affinity chromatography on two consecutive His-
Trap FF 5 mL columns (GE Healthcare), desalted with a HiPrep 26/
10 Desalting column (GE Healthcare), and stored at —20°C.

Enzyme assays and spectroscopic methods: The concentrations
of CYP154A8 and CYP154E1 were determined based on the CO-dif-
ference spectra, as described previously (£450.490=91 mm~"'cm"). 24
Upon reduction with sodium dithionite (0.05 m), five spectra were
recorded (400-500 nm). For spectroscopic concentration determi-
nation of YKUN (g4, =10.01mM'cm™)57 and FdR (g56=
7.1 mm~'em)®¥ published extinction coefficients were used.

Binding spectra from low-spin (LS) to high-spin (HS) transition of
the heme iron upon substrate binding were recorded on a
Lambda 35 dual-beam spectrophotometer (PerkinElmer) equipped
with tandem cuvettes (Hellma, Mullheim, Germany). Spectra were
acquired from 330 to 700 nm (480 nmmin~', slit width 1 nm). In
each cuvette one chamber was filled with P450 (1 pum) in potassi-
um phosphate buffer (100 mm, pH 7.5); the other contained buffer.
In the sample cuvette substrate was titrated into the chamber con-
taining enzyme, and an equal amount of solvent used to dissolve
the substrate was added to the buffer-containing chamber. In the
reference cuvette substrate was added to the buffer filled chamber
and the enzyme chamber was supplemented with an equal
amount of solvent only. The difference in absorbance between the
LS peak (417 nm) and the HS peak (391 nm) was plotted against
substrate concentration, and a hyperbolic equation was fitted to
a nonlinear Levenberg-Marquardt regression algorithm. The
NADP* reduction activity of GDH was assayed photometrically at
340 nm in multiwell plates. Each well contained NADP™" (100 pm),
glucose (100 mm), and sample (2.5 pL) in potassium phosphate
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buffer (250 uL; 100 mm, pH 7.5). Initial reaction velocities were cal-
culated by linear fit of the first 10 s.

Reconstitution of enzyme systems for substrate screening: All
reactions for substrate screening were performed in potassium
phosphate buffer (500 pL; 100 mm, pH 7.5) containing P450 (1 um),
YkuN (10 pum), and FdR (1 pm). Enzymatic cofactor regeneration for
NADPH was achieved with GDH (5 U) and glucose (20 mm) as co-
substrate. In order to remove hydrogen peroxide (which might be
formed due to uncoupling), catalase (60 U) was added to the reac-
tion mixture. Substrates (100 pm) were added from stock solutions
(10 mM) in ethanol or DMSO. The reaction mixture was incubated
(25°C, overnight) on a heat block or incubator in standard 2 mL
plastic reaction tubes. The reaction mixtures were extracted with
ethyl acetate or diethyl ether by vortexing for 5 min, and centrifu-
gation for phase separation. To facilitate extraction in the case of
acidic substrates, the reaction mixture was acidified by addition of
hydrochloric acid (17.5 uL, 6N). For basic compounds, potassium
hydroxide (50 pL, 1N) was added. Experiments were performed in
duplicate. For samples containing fatty acids and branched deriva-
tives, the extracted organic phase was dried with anhydrous
MgCl,, evaporated to dryness, and the residue was dissolved in
N,0-bis(trimethylsilyl)trifluoroacetamide containing trimethylchloro-
silane (1%), transferred to a GC/MS vial, and heated (1 h, 60°C)
prior to analysis.

Product analysis: Analysis of substrate screening was carried out
by GC/MS on a QP-2010 Plus spectrometer (Shimadzu, Tokyo,
Japan) with a FS-Supreme-5 fused silica column (30 mx0.25 mmXx
0.25 um; Chromatographie Service GmbH, Langerwehe, Germany)
and helium as the carrier gas (injector temperature 250-300°C, ion
source 200°C, interface 285-300°C). Spectra were recorded in scan
mode (m/z 40-350; GC methods in Table S1). Products were identi-
fied by comparison of acquired mass spectra with the NIST 08
database or authentic standards.

Compounds 41-46, 48, and 50 were detected by HPLC on a Promi-
nence/LCMS 2020 system (Shimadzu, Tokyo, Japan). After extrac-
tion, the evaporated organic phase was resuspended in ethanol
and injected into a Chromolith RP-18e 100-4.6 column (Merck,
Darmstadt, Germany). The sample was eluted in water with formic
acid (0.1%) as solvent A and methanol as solvent B.

High-resolution MS and MS/MS measurements were performed
with a UHR-TOF maXis 4G spectrometer (Bruker Daltonik, Bremen,
Germany). Mass calibration was performed immediately before
sample measurement.
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Supporting Information

Supporting Data

Figure S1: Absorbance spectra of A: purified CYP154A8 and B: purified CYP154E1.The
spectra of the oxidized enzymes were recorded in the absence of substrates. The
characteristic Soret band was detected at 451 nm for CYP154E1 and 447 nm for
CYP154A8. Insets represent the CO difference spectra recorded after reduction with

sodium dithionite and saturation with gaseous carbon monoxide.
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Figure S2: HR-MS product ion scan of the reaction products of (48):
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Figure S3 related to Table 2 Determination of binding constants of CYP154A8 A) and

CYP154E1 B) with nerol (16). Insets show the type | substrate binding spectrum. In the

diagrams the absorbance difference (Asq0-Asz) is plotted against substrate

concentration.
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Figure S4: Determination of binding constants of CYP154A8 C) and CYP154E1 D) with

geraniol (13). Insets show the type | substrate binding spectrum. In the diagrams the

absorbance difference (A390-A420) is plotted against substrate concentration.
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Supporting Experimental Procedures

Table S1: Chromatographic conditions for the GC/MS and LC/MS analysis of the

reaction mixture.

Compounds Oven program/solvent program Other parameters
GC/MS start: 150 °C for 3 min
13-21 ramp: 10 °C/min to 280 °C
hold at 280 °C for 5 min
GC/MS start: 100 °C for 1 min
22-26 ramp: 15 °C/min to 300 °C
hold: 300 °C for 2 min
GC/MS start: 40 °C
27-29 ramp: 15 °C/min to 300 °C
8-12 hold: 300 °C for 2 min ™
GC/MS start: 200 °C for 3 min Injector and interface temperature of
33 ramp: 15 °C/min to 320 °C 300°C
hold: 320 °C for 2 min

53
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GC/MS start: 80 °C for 3 min
1-7,51, 37,38 ramp: 10 °C/min to 300 °C
hold: 300 °C for 2 min

GC/MS start: 130 °C for 3 min
34-36 ramp: 10 °C/min to 260 °C
hold: 260 °C for 1 min
ramp: 15 °C/min to 320 °C
hold: 320 °C for 2 min

GC/MS start: 90 °C for 5 min
30-32, 38 ramp: 15 °C/min to 320 °C
hold: 320 °C for 5 min
GC/MS start: 200 °C for 2 min Injector temperature 300 °C
39-40 ramp: 20 °C/min to 300 °C

hold: 300 °C for 4 min
ramp: 10 °C/min to 320 °C
hold: 320 °C for 17 min

GC/MS start: 80 °C for 2 min Injector and interface temperature of
47 ramp: 15 °C/min to 320 °C 300°C

hold: 320 °C for 5 min
GC/MS start: 120 °C for 3 min Injector and interface temperature of
49 ramp: 10 °C/min to 330 °C 300°C

hold: 330 °C for 5 min
LC/MS: start: 50 %B A: water (0.1 % formic acid)
41-46 ramp in 10 min to 100 % B B: methanol

hold: 100 % B for 7 min

equilibration at 50 % for 5 min

simultaneous: SIM(+)/SCAN(+/-) ESI/APCI
dual ionization mode

LC/MS: start: 10 %B
48 ramp in 20 min to 100 % B
hold: 100 % B for 5 min

equilibration at 10 % for 7 min

simultaneous: SIM(+)/SCAN(+/-) ESI/APCI
dual ionization mode

LC/MS: start: 50 % B
50 ramp in 15 min to 90 % B
hold: 100 % B for 3 min

equilibration at 50 % for 4 min

simultaneous: SIM(+)/SCAN(+/-) ESI/APCI
dual ionization mode
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A P450 monooxygenase from Nocardia farcinica (CYP154A8) catalyses
the stereo- and regioselective hydroxylation of n-alkanes, still a
challenging task in chemical catalysis. In a biphasic reaction system,
the regioselectivity for the C2-position of C;,—Cy alkanes was over
90%. The enzyme showed strict S-selectivity for all tested substrates,
with enantiomeric excess (ee) of up to 91%.

Chiral linear alcohols are widely used as building blocks in the
synthesis of pharmaceuticals, agrochemicals, pheromones and
liquid crystals and therefore synthetic routes to these products are
of high interest." Besides the difficult and less selective chemical
routes,” the enzymatic reduction of prochiral ketones catalysed by
alcohol dehydrogenases is an established enzymatic process for the
production of chiral alcohols.® However, a prerequisite for this
enzymatic approach is the availability of functionalised substrates,
namely ketones. Therefore, an enzymatic approach for the produc-
tion of chiral secondary alcohols via direct hydroxylation of inert
alkanes by a monooxygenase seems to be more beneficial. Alkanes
are cheap starting compounds that are easily produced from mineral
oil and hence are available in high amounts. Enzyme-catalysed
selective hydroxylation of alkanes comes along with the typical
advantages of biocatalytic processes: no requirement for toxic
metal catalysts or high reaction temperatures and only limited
use of potentially toxic additional organic solvents.

Several enzyme groups have been described that are capable
of this type of reaction.” The number of oxygenases producing
secondary and particularly 2-alcohols is however limited. The soluble
methane monooxygenase (sSMMO) and the particulate methane
monooxygenase (pMMO) from Methylococcus capsulatus produce
2-alcohols from short chain alkanes but suffer from low expression.’
Furthermore fungal peroxygenases accept small and medium
chain alkanes as substrates but display moderate regioselectivity.®

Institute of Biochemistry, Heinrich-Heine University Diisseldorf, Universitdtsstrafie
1, 40225 Diisseldorf, Germany. E-mail: Vlada.Urlacher@uni-duesseldorf.de;

Fax: +49 211 8113117; Tel: +49 211 8113866

1 Electronic supplementary information (ESI) available: Materials and methods.
GC/MS chromatograms, time dependence of octane conversion, and supplemen-
tation experiments. See DOI: 10.1039/c4cc00647j

This journal is © The Royal Society of Chemistry 2014

Clemens J. von Buhler and Vlada B. Urlacher*

A very large and intensively studied group of enzymes catalysing
hydroxylation reactions are the heme containing cytochrome P450
monooxygenases (P450s). Several wild type and engineered P450s
are known to accept alkanes as substrates and especially CYP102A
enzymes are known to produce 2-alcohols.”

Recently, we characterised two novel P450 enzymes belonging
to the CYP154 family.® CYP154A8 from Nocardia farcinica TFM
10152 proved to be quite regioselective. Thus, this enzyme was
chosen for a detailed investigation of its suitability as a biocatalyst
for n-alkane oxidation.

CYP154A8 was expressed in E. coli in soluble form and
purified as reported earlier.® A catalytically active P450 system was
then reconstituted by the addition of the flavodoxin YkuN from
Bacillus subtilis and E. coli flavodoxin reductase FdR.® Reactions were
performed in 500 pl reaction volume under NADPH cofactor
regeneration by glucose dehydrogenase. The following alkanes were
tested as substrates: heptane (C;), octane (Cg), nonane (Cy), decane
(Cy0) and dodecane (Cy,). After extraction and derivatisation, the
reaction mixtures were analysed via achiral and chiral GC coupled
with MS. The stereoselectivity of the enzyme was chain length
dependent. In comparison to authentic standards it could be
determined that CYP154A8 showed strict S-selectivity for all tested
alkanes: 84% ee for both 2-(S)-heptanol and 2-(S)-nonanol, 63% ee
for 2-(S)-decanol and a maximum of 91% ee was found for
2-(S)-octanol (Fig. S1, ESIt). Dodecane was accepted by CYP154A8
but only trace amounts of products were formed and hence this
alkane was not investigated further. In the case of decane oxida-
tion, 27% 3-decanol was formed with 89% ee.

By monitoring the octane conversion over a period of 24 h it
could be demonstrated that the ee value of the formed 2-(S)-octanol
was not dependent on the degree of conversion, as is expected for
an asymmetric synthesis (Fig. S2, ESIT).

So far the best-characterised P450s that catalyse this
reaction with high stereoselectivity are the CYP102A1 mutants
F87V/A328F,° 1-12G* and 139-3,"*™ which all produce 2-octanol,
but with significantly lower ee-values, i.e. 46% ee for 2-(R)-octanol,
39% ee for 2-(R)-octanol and 58% ee for 2-(S)-octanol, respec-
tively. Thus CYP154A8 is the first P450 enzyme that is

Chem. Commun., 2014, 50, 4089-4091 | 4089
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Scheme 1 Hydroxylation of octane catalysed by CYP154A8 in a biphasic reaction system consisting of an organic substrate phase and an aqueous

phase. The product scavenging effect of the organic phase prevents format

ion of higher oxidation products. YkuN (flavodoxin from B. subtilis), FdR (E. coli

flavodoxin reductase), GDH (glucose dehydrogenase from B. megaterium).

shown to produce highly enantiomerically enriched 2-(S)-octanol
from octane.

However, substrate conversion in aqueous solution resulted
in the formation of higher oxidation products, diols, which are
produced upon exposure of the formed 2-alcohol to the enzyme
as described earlier.® In order to circumvent the formation of the
undesired products, the reaction setup was modified: by employing
the substrate as a second phase (20 vol% of the aqueous phase) a
double benefit over the homogenous aqueous reaction system was
achieved. First, the concentration of the substrate available to the
enzyme was maximised, and second, the continuous extraction
of formed products into the organic phase minimised or even
prohibited the formation of higher oxidation products (Scheme 1).
Partition coefficients for all 2-alcohols have been determined in the
respective biphasic alkane-buffer-systems. Values ranged between
log Pc; 1.0 + 0.03 for 2-heptanol and log Pcyo 1.42 & 0.1 (Table S1
and Section S4.4, ESIT). This altered reaction setup yielded
2-alcohols as main reaction products with over 80% selectivity.
Considering that some of the 2-alcohol molecules were obviously
further oxidised by CYP154A8 to the corresponding ketones, an
overall preference towards the C2-position of up to 90% can be
calculated (Fig. 1A-C and Fig. S3, ESIT).

Similar to the stereoselectivity, the regioselectivity of CYP154A8
was chain length dependent and decreases for C,;, down to 70%
(Fig. 1D and Fig. S3, ESIt). For decane a significant amount of
3-decanol as well as its overoxidation product 3-decanone was
detected. GC/MS data confirmed that 3-alkanones were not
present for any other substrate but decane.

The benchmark for our reaction was the data published by
Peters et al. (2003) for the CYP102A1 mutant 1-12G,*" and data for
the CYP102A1 mutant F87V/A328F designed in our group.” The
mutant enzyme 1-12G produces 2-alcohols from alkanes ranging
from C,-C,, with a corresponding selectivity of 76, 82, 86, and
86%. However, in all cases alcohols with a hydroxy group at the
positions C1, C3 and C4 were observed as by-products. Compared
to 1-12G, CYP154A8 showed a higher or similar regioselectivity
depending on the chain length of the substrate, but its product
distribution was limited to the C2- and partially C3-position only.
The mutant F87V/A328F is very selective for the C2-position of
octane (92%).° Thus, the total regioselectivity of CYP154A8 for the
C2-position was comparable to that of F87V/A328F.
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Fig. 1 Product distribution after hydroxylation of various alkanes: (A) heptane,
(B) octane, (C) nonane, and (D) decane, determined from GC/MS peak
areas and plotted as percentage of a specific product to the total amount
of product (Fig. S3, ESIT). Where error bars cannot be seen, they are smaller
than the linewidth.

In the next step challenges inherent to biphasic reaction
systems such as interfacial surface area, low substrate solubility
in the aqueous phase, and the choice of protein stabilising
additives have been addressed. The optimised biphasic system
included catalase to decompose H,0,, which might be formed by
a shunt reaction in the catalytic cycle of P450s,"” BSA for protein
stabilisation,** ethanol as a cosolvent and the use of a rotator for
mixing (Section S8 and Fig. S4, ESIT).

The following product titres were obtained after 24 h in the
optimised biphasic reaction system: 3 mM 2-nonanol; 1.9 mM
2-heptanol; 2.2 mM 2-octanol; and 1.2 mM 2-decanol. Compared
to values found for CYP102A1 mediated octane hydroxylation®""

This journal is © The Royal Society of Chemistry 2014
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Table 1 Parameters for the 2-hydroxylation of heptane, octane, nonane
and decane catalysed by CYP154A8

Product Coupling® Conc.* ee-(S)"
Sub.  formation rate®™® (%) (mM) TIN (%)
C, 1.13 £ 0.08 7.3 £0.9 1.9 2800 84
Cg 4.6 = 1.04 21.1 £ 4.2 2.2 3200 91
Co 3.73 £ 0.44 15.9 £ 1.8 3.0 4400 84
Cio 0.37 £ 0.05 4.0 £ 0.6 1.2 1700 63

“ Given as nmol of 2-alcohol per nmol P450 per minute. © Determined
using a 200 pl aqueous reaction system in multiwell plates with
1 mM substrate.  After 24 h in 500 ul of a biphasic reaction system.
4 Calculated as nmol of 2-alcohol per nmol P450.

the total turnover numbers (TTNs) of CYP154A8 were much higher
than those reported for F87V/A328F and in the same order of
magnitude as those of 1-12G (Table 1). Moreover, these results
demonstrated that even though the catalytic system consisted
of five enzymes, this complexity apparently does not have a
negative effect on product formation.

In P450 systems at various stages of the electron transfer chain,
electrons can be diverted from a productive reaction, leading to
unproductive cofactor consumption, which reduces the catalytic
performance of the system. This can take place between redox
partners as well as through the earlier mentioned shunt reactions
in the P450 catalytic cycle. To evaluate the performance of the
CYP154A8 system we calculated the coupling between NADPH
consumption and product formation (Table 1 and ESIt). The
rather low values (Table 1) are however in accordance with
those reported for other artificial P450 redox chains oxidising
non-natural substrates.™

At a closer look these data seem to be contradictory: the total
turnover number (TTN) and the final product concentration
were highest for nonane but its product formation rate and
coupling were lower than for octane.

Since we attributed this discrepancy to the stability of the
involved enzymes we designed experiments to verify our hypothesis:
octane conversion was supplemented after 5.5 h with either addi-
tional glucose, glucose dehydrogenase (both for cofactor regenera-
tion), YkuN/FdR or YkuN/FAR/P450. After a total reaction time of
24 h each case was compared to a standard reaction setup without
this extra addition. Neither the addition of glucose nor that of
glucose regenerating GDH resulted in an elevated final product
concentration. As opposed to this, the supplementation of the
reaction with the redox partners or the P450 led to about 15% more
product which could even be further maximised (45%) by the
simultaneous addition of YkuN, FdR and CYP154A8 (Fig. S5, ESIT).
These results indicated that as suggested the stability of the redox
partner proteins and that of CYP154A8 turned out to have a major
influence on the degree of conversion. In the C; to C,, alkane series
the solubility decreases from 3.4 mg L™* to 5.2 10 > mg L™~ It is
therefore reasonable to assume that enzyme denaturation is
decreased with a longer alkane chain, due to reduced exposure.

This journal is © The Royal Society of Chemistry 2014
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This in turn may explain the observed higher final concentrations of
2-nonanol as compared to 2-octanol (Table 1).

In conclusion, CYP154A8 from N. farcinica was identified as
a novel regio- and stereoselective biocatalyst for the hydroxylation
of inert n-alkanes. Depending on the substrate chain length,
enzyme preference for oxidation at the C2-position was more than
90%. To the best of our knowledge, CYP154A8 is the only P450
monooxygenase where high regioselectivity for medium chain
alkane hydroxylation coincides with a moderate to high enantio-
meric excess of the formed 2-(S)-alcohols and high total turnover
numbers. Furthermore, by means of reaction optimisation the total
product amounts were significantly increased to levels that can
compete with the best performing and well-established CYP102A1-
based systems. But unlike those evolved CYP102A1 systems,
CYP154A8 wild type shows already high selectivity, which might
be even further increased by protein engineering methods.
Compared to other enzymes like fungal peroxygenases both
regio- and stereoselectivity of 2-alkanol production by CYP154A8
is significantly higher.® This study demonstrates the potential of
CYP154A8 in alkane oxidation. Simultaneously, the described
biocatalyst implies additional optimisations and the transfer to a
whole cell system which are currently under investigation.
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Supplementary Materials and Methods

1. Chemicals and enzymes

The following chemicals were used: n-heptane (VWR), n-octane (Sigma-Aldrich), n-nonane
(Alfa Aesar), n-decane (Alfa Aesar), 2-heptanol (TCI), 2-octanol (Sigma-Aldrich), 2-nonanol
(Alfa Aesar) 2-decanol (TCI), and enantiomerically pure 2-(S)-heptanol (Alfa Aesar), 2-(S)-
octanol (Merck), 2-(S)-nonanol (Sigma-Aldrich), 2-(R)-decanol (Sigma-Aldrich) and were of
at least 97 % purity. Bovine serum albumin (BSA) and catalase from bovine liver was
obtained from Sigma-Aldrich (Schnelldorf, Germany). NADPH and NADP’ were
commercially available from GERBU Biotechnik GmbH (Heidelberg, Germany).

2. Expression and quantification of the purified proteins
Enzymes were expressed and purified as described elsewhere.! Concentration of CYP154A8
was determined according to the method of Omura and Sato.? FdR and YkuN were quantified

via UV/VIS spectroscopy using their published absorption coefficients.’

3. Biotransformations

3.1. Homogeneous aqueous reaction setup
The standard homogeneous reactions were performed in 500 ml reaction volume in 2 ml
plastic reaction tubes. A master mix containing 0.675 mM CYP154A8, 6.75mM YkuN,
0.675mM FdR, 5U GDH, 100 mM glucose, 10 mg/ml BSA, 600 U catalase and 200 mM
NADP" was prepared and aliquoted to the reaction vessels containing n-alkane solution from
a solution in ethanol to a final concentration of 4 mM. The reactions were performed at 25 °C
for 24 h in a rotator (20 rpm). To ensure efficient cofactor regeneration the amount of glucose
was set to 100 mM. Thus it is guaranteed that the cofactor regeneration is not rate limiting to
the catalyst itself and additionally the low coupling of P450 with non-natural substrates does

not preclude high product concentrations.

3.2. Biphasic reaction setup
The standard biphasic reactions were performed in 500 ml reaction volume in 2 ml plastic
reaction tubes or 10 ml round bottoms flasks. A master mix containing 0.675 mM CYP154A8,
6.75 mM YkuN, 0.675 mM FdR, 5 U GDH, 100 mM glucose, 10 mg/ml BSA, 600 U catalase,
1 vol-% cosolvent (ethanol except otherwise stated) and 200 mM NADP" was prepared and
aliquoted to the plastic tubes. The reaction was started by adding 100 pl of pure n-alkane
(substrate) as second phase and was performed at 25 °C in either a rotator (20 rpm) or on a

magnetic stirrer for 24 h.
S2
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3.3. Reaction setup for micro titer plate (MTP) measurements
For the determination of the substrate oxidation rate and coupling, reactions in 96 well plates
were performed. A master mix containing 0.675 mM CYP154A8, 6.75 mM YkuN, 0.675 mM
FdR, 10 mg/ml BSA, 600 U catalase, 1vol-% ethanol and 1 mM substrate was prepared.
Experiments in quadruplicates were done in 200 ul volume in a Tecan Infinite M200Pro
UV/VIS MTP spectrophotometer. The measurements were started by injection of 20 pl of an
NADPH solution. The concentration of the NADPH concentration was increased from
320 uM until the amount of product was high enough to be detected via GC/MS. By
following the absorbance at 340 nm the concentration of NADPH in the reaction was
monitored during the reaction and from the absorbance differences between the beginning and
the end of the experiment the precise amount of NADPH was determined and used for
subsequent calculations. After the end of the reaction 100 pl 1N HCI was injected to stop the
reaction. After addition of 200 uM internal standard (ITSD) (s. section 4) each well was
extracted separately with 500 pl toluene and subjected to GC/MS analysis as described in

section 4.1.

4. Product analysis

Products were analysed on a GC/MS QP-2010 Plus instrument (Shimadzu, Tokyo, Japan)
with helium as carrier gas. For all substrates except n-octane, 1-octanol was used as an
internal standard. For n-octane the internal standard was 1-decanol. The reactions were
stopped by the additions of 50 ul 6N HCI and subsequently the ITSD was added to a final

concentration of 2 mM prior to extraction (2 % 500 pl toluene).

4.1. Achiral GC/MS
Toluene extracts were measured using an FS-Supreme-5 30m x 0.25mm x 0.25 pum
(Chromatographie Service GmbH, Langerwehe, Germany) fused silica. The oven temperature
was 80 °C for 6 min, ramped to 140 °C at 10 K s™' and subsequently heated with 50 K s™ to
300 °C and held isothermal for 5 min.

4.2. Chiral GC/MS
Toluene extracts were dried over anhydrous MgSO4 and for derivatisation incubated in
GC/MS vials for 2 h at 90 °C with acetic anhydride. After the derivatisation took place the
samples were washed twice with 500 ul water to remove excess acetic acid. Chiral analysis
was done using an FS-CYCLODEX beta-I/P (Chromatographie Service GmbH, Langerwehe,
Germany) column. The GC was held at 100 °C for 17 min, ramped to 200 °C at 10 K s™ and
held isothermal for 2 min. By comparison of an authentic sample of the racemic 2-alcohols

S3
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with an authentic sample of a single enantiomer the identity of the formed products was

verified.

4.3. Determination of coupling and product formation rate
Based on the via GC/MS determined amount of 2-alcohol the substrate oxidation rate was

calculated as:

Prod
ox. —
nP450 ¢

<

Further, coupling was calculated as:
nPro¢
coupling = (W) * 100

using: oxidation rate, 7**; amount of product, n”"°%; amount of NADPH, n™”™"; time until

depletion of NADPH, #; and amount of P450, n"+0,

4.4. Determination of partition coefficients
In order to determine the distribution of the formed 2-alcohols between the aqueous and the
organic phase in the reaction system, partition coefficients have been determined. 5ml
potassium phosphate buffer (100 mM, pH 7.5) with ethanol as cosolvent and 10 mg/ml BSA
were overlaid with 1 ml of n-alkane containing the corresponding 2-alcohol. To obtain
comparable data, concentrations of all 2-alcohols were set to 2 mM (referring to the aqueous
phase). Phases were equilibrated for 45 min on a rotator at 100 rpm. Subsequently, further
equilibration and phase separation took place for 30 min without agitation. Finally, the
samples have been centrifuged for 15 min at 3500 g and 20 °C. 500 pl aliquots of the organic
and the aqueous phase have been taken and ITSD was added. Samples from the organic phase
were analysed directly by GC/MS. Aqueous samples were extracted with toluene and
analysed by GC/MS. Values from the aqueous phase have been normalized using the ITSD.

Peak areas of the 2-alcohol in both phases have been used to calculate logP values.

aq.

Using A, : normalized peak area of the 2-alcohol in the aqueous phase and A°"9": peak
area of the 2-alcohol in the equilibrated organic phase. Measurements were performed in

triplicates.
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Supplementary Results

5. Partition Coefficients

Table S1: Partition coefficients of the 2-alkanols determined for the respective biphasic buffer/alkane-

reaction systems

Solute/ 2-heptanol / 2-octanol/ 2-nonanol / 2-decanol /
org. solvents n-heptane n-octane n-nonane n-decane
logP amebulier 1 0+ 0.03 1.36 £ 0.02 1.36 +0.03 1.42+0.1

6. Gas chromatograms of 2-alkanols from chiral GC/MS analysis
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Figure S1: Chromatograms of the chiral GC/MS analysis of the 2-alkanols produced by CYP154A8 from: A) 2-

decanol B) 2-nonanol C) 2-octanol D) 2-heptanol. Peaks are labelled with the stereodescriptors assigned with

the help of authentic standards. An asterisk (*) denotes background peaks.
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7. Time dependence of n-octane conversion
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Figure S2: Monitoring of n-octane conversion and the ee value of 2-(S)-octanol over time. A common master
mix (MM, composition as given in section 3.2) was prepared for all time points. 500 ul of the MM were
aliquoted into separate 2 ml plastic reaction tubes. After the given time the reaction mixture was extracted to

determine the amount of product and the enantiomeric excess via GC/MS.
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8. Gas chromatograms of n-alkane conversion from achiral GC/MS analysis
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Figure S3 Chromatograms of the achiral GC/MS analysis of n-alkane conversions catalysed by CYP154A8:

decane A), nonane B), octane C) and heptane D). Peaks are labelled with the names of the corresponding

products as well as internal standard (ITSD), and background peaks (*).
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9. Optimization of the biphasic reaction system

In biphasic system several issues different to homogeneous reaction systems have to be
addressed: Interfacial surface area is crucial for the mass transfer between aqueous and

organic phase. This can be influenced by different mixing method.

With the standard biphasic reaction setup we tested: no mixing, shaking with a rotator and
mixing with a magnetic stir bar in round bottom flasks. The results showed that the use of a
rotator increased product formation by a factor of ~16 compared to the system without
shaking (Figure S4 A). Mixing in a round bottom flask resulted however in lower amounts of
products than in the system with a rotator. This indicated destabilisation and/or inactivation of

the involved enzymes caused by shearing forces.
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Figure S4. A) Octane oxidation catalysed by CYP154A8 in a biphasic system with different mixing techniques
applied in order to increase the interfacial surface area as well as BSA to stabilise the enzymes. Values are
normalized to “no mixing”. B) Conversion of octane by CYP154A8 with different co-solvents tested in 1 vol-
%and 2 vol-% concentration. Values are normalized to the value achieved with the default 1 vol-% ethanol.

Where error bars cannot be seen, they are smaller than the line width.

Besides catalase, bovine serum albumin (BSA) was tested as well. In accordance with the data
from Maurer et al. (2005) the protein stabilizing effect of BSA to the reaction mix led to an
increase in product formation of about 50 %." BSA may in addition act as sink for the

substrate, because its natural function is to bind hydrophobic compounds.
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Low substrate solubility is often a limiting factor for biocatalysis in biphasic systems, e.g. the
solubility of octane in water is only 0.66mg/l = 5.8mM at 25°C.” To increase the
accessibility of alkanes for the enzyme in addition to ethanol which was used by default, a set
of water miscible co-solvents in two different concentrations (1 vol-% and 2 vol-%) was
tested: DMSO, 2-propanol, acetone and methanol. The results indicated that product
formation was maximal with DMSO or ethanol (Figure S4 B), although the difference
between 1 and 2 % co-solvent was minimal. Because DMSO was found to be oxidized by

P450s to dimethyl sulfone we decided to use ethanol as co-solvent.

10. Results of the supplementation experiments
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Figure S5: Results of the supplementation experiments: In order to prove the influence of enzyme stability on
n-alkane conversion the following components were added to a standard biphasic reaction after 5,5 h of
reaction: 1. glucose, 2. YkuN and FdR, 3. CYP154A8, 4. YkuN, FdR and CYP154AS8, 5. methyl-B-cyclodextrin (to
increase substrate/product solubility), 6. GDH. To evaluate the effect of the supplementation the samples were
extracted after 24 h and product concentration analysed via GC/MS. Values are given as % relative to the

system without supplementation.
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25-Hydroxy-Grundmann'’s ketone is a key building block in the chemical synthesis of vitamin D3 and its
derivatives through convergent routes. Generally, the chemical synthesis of this compound involves
tedious procedures and results in a mixture of several products. Recently, the selective hydroxylation
of Grundmann’s ketone at position C25 by cytochrome P450 (CYP) 154E1 from Thermobifida fusca YX

was described. In this study a recombinant whole-cell biocatalyst was developed and applied for hydrox-
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ylation of Grundmann'’s ketone. Biotransformation was performed by Escherichia coli cells expressing
CYP154E1 along with two redox partner systems, Pdx/PdR and YkuN/FdR. The system comprising
CYP154E1/Pdx/PdR showed the highest production of 25-hydroxy-Grundmann’s ketone and resulted in
1.1 mM (300 mg L) product concentration.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

The importance of vitamin D3 1 ((3B,5Z,7E)-9,10-secocholesta-
5,7,10(19)-trien-3-ol, Fig. 1) in modulating calcium and phospho-
rus homeostasis has been well recognized for decades, but it is also
of great interest because of its potential in the therapy of infectious
diseases, cardiovascular diseases, autoimmune diseases and some
forms of cancer.!? Vitamin Dj is synthesized in the skin from sun
exposure upon ultraviolet irradiation of 7-dehydrocholesterol but
can also be absorbed from the diet. Vitamin D3 has no inherent
hormonal activity itself, and has to be metabolized in vivo to be
active.® In human body vitamin D is first hydroxylated at position
(25 mainly in the liver by mitochondrial CYP27A1* and micro-
somal CYP2R1° to yield 25-hydroxyvitamin D3 (2, 25-OH-Ds), the
major circulating form of vitamin D3 in serum. The second hydrox-
ylation catalysed by mitochondrial CYP27B1 mainly in the kidney®
results in the biologically active form of vitamin Ds, 10,25-
dihydroxyvitamin D3 (3, 10,25-(OH),-D3). This intermediate was
found to possess anti-proliferative and anti-invasive activities in,
for example, prostate cancer cells.>”’
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The enzymes involved in the metabolism of vitamin D3 are
cytochrome P450 monooxygenases. The cytochromes P450
(P450s or CYPs) belong to a large superfamily of hemoproteins
which catalyse a wide range of oxidation reactions.®> '’ They are
widely distributed in nature and are responsible for regio- and
stereoselective oxidation of a vast variety of organic compounds.'"
Most P450s are external monooxygenases: they require reducing
equivalents for oxygen activation and substrate oxidation. Reduc-
ing equivalents are ultimately derived from the cell cofactors
NADH or NADPH and are transferred by specific electron transfer
proteins to the heme iron. In most cases one or two electron trans-
fer proteins are involved in this process.'?

Oxidation processes catalysed by P450s have attracted interest
in the biotechnology sector, because they provide a selective route
for the synthesis of high-value compounds.'® The number of new
P450 genes has been increasing constantly, and represents a high
potential for the identification of novel biocatalysts.!! Several
examples of bioconversion processes of vitamin D5 to its active
form by bacterial or mammalian P450s have been reported.'* For
example, CYP105A1 from Streptomyces griseolus was found to pro-
duce 10,25-(OH),-D5 via two hydroxylations of vitamin D;—first at
position C25 and then at C1.'” Site-directed mutagenesis at posi-
tions Arg73 and or Arg84 of this monooxygenase highly enhanced
both 1-(R)- and 25-hydroxylation activities of CYP105A1.'® Besides
that, CYP107 from Pseudonocardia autotrophica was found to
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4, R3=H; Grundmann's ketone (GK)
5, R3=0OH; 25-OH-GK

1, R'=R2=H; Vitamin D

2, R'=0OH; R?=H; 25-OH-D3

3, R'=R?=0H; 10,25-(OH),-D3

Figure 1. Vitamin Dj related structures, Grundmann’s ketone and 25-OH-Grund-
mann'’s ketone.

catalyse the same hydroxylations on vitamin Ds; leading to
101,25-(0OH),-D3."”

There are several synthetic routes leading to 10,25-(OH),-D5
and its analogues.'® The classical approach entails the photochem-
ical ring opening of the 1-hydroxylated 7-dehydrocholesterol
derivative to a previtamin, which is then thermolyzed to vitamin
D. Total chemical synthesis of this compound starting from choles-
terol can be completed in about 20 steps, and with low yields
(approximately 1%)."°

The therapeutic potential of 10,25-(OH),-D3 is limited by its
tendency to induce hypercalcemia and hyperphosphatemia.?’
Therefore, during the last years, focus was laid on the synthesis
of analogues of 1a,25-dihydroxy vitamin Ds with dissociation of
antiproliferative and differentiation activities from calcemic and
phosphatemic effects.?! Several methods involve the direct modifi-
cation of vitamin Ds. Currently, the construction of the triene sys-
tem by convergent coupling of an A-ring synthon with a CD ring/
side chain fragment is mainly used. In this context, 25-hydroxy-
Grundmann’s ketone (5, 25-OH-GK) is a versatile precursor for
the preparation of the CD ring/side chain part of 1a,25-(OH),-D3
derivatives.?? Several strategies for the synthesis of 25-OH-GK
have been described in the literature. The most practical approach
is the partial synthesis through degradation of vitamin D5 to afford
Grundmann'’s ketone 4 ((1R30R,7aR)-1-[(1R)-1,5-dim-
ethylhexyl]octahydro-7o-methyl-4H-inden-4-one, Fig. 1)**>%* fol-
lowed by direct 25-hydroxylation; or by side chain modification
of the Inhoffen-Lythgoe diol, obtained from degradation of vitamin
D,.2°727 Although several methods have been described for the oxi-
dation of the tertiary carbon at position 25, the one employing
ruthenium tetroxide, developed in the Roche Research Center’®
and re-examined by DeLuca et al.?° is the most suitable for the
synthesis of larger quantities. The reaction is carried out with cat-
alytic amounts of RuCl; and excess NalO4 to generate 44-49% of
25-OH-GK with 10-12% of unreacted starting material. Oxidation
reaction based on dioxiranes is reported in higher yields, but the
low stability of these reagents and the tedious synthetic procedure
limit their use.***! Thus, a novel more sustainable method for the
hydroxylation of Grundmann’s ketone 4 is required.

Due to their chemical versatility and a wide substrate range,
P450s appear as perfect candidates for achieving this goal.
Recently, CYP154E1 from Thermobifida fusca YX and CYP154A8
from Nocardia farcinica were identified and characterized in our
group, which selectively hydroxylate Grundmann’s ketone (4,
Fig. 1) at position C25.>? To the best of our knowledge, these are
the only reported P450s that enable this reaction. The established
reaction was performed in 500 pL reaction volume using 100 pM
substrate concentration. This biocatalytic system consisted of five
isolated enzymes, namely, the catalytic P450, two electron trans-
ferring redox partner proteins, a glucose dehydrogenase to regen-
erate NADPH and catalase to detoxify reactive oxygen species
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which might be formed during the reaction. The complexity of this
biocatalytic system as well as the need for the expensive cofactor
NADPH can be overcome by the use of a whole-cell recombinant
system instead of isolated enzymes. CYP154E1 demonstrated
higher activity towards Grundmann’s ketone 4.>2

The aim of this study was to investigate a whole-cell biocatalyst
based on Escherichia coli expressing CYP154E1 together with corre-
sponding redox partners in the reaction with this compound. As no
physiological redox partners of CYP154E1 have been identified yet,
two heterologous redox partner systems were tested. The first
redox partner system included the putidaredoxin (Pdx) and the
NADH-dependent putidaredoxin reductase (PdR) from Pseudomo-
nas putida. The second redox partner system involved the flavo-
doxin YkuN from Bacillus subtilis and the NADPH dependent
flavodoxin reductase (FdR) from E. coli, which were previously used
in the in vitro approach. Each of the two redox partner systems
were separately coexpressed with CYP154E1 and the resulting
resting cells were tested for the hydroxylation of Grundmann’s
ketone 4. The cofactor NAD(P)H needed for the reaction should
be supplied via cell metabolism.

2. Results
2.1. First experiments with resting E. coli cells

E. coli BL21(DE3) was used as host for the coexpression of
CYP154ET1, Pdx and PdR. Biotransformations were carried out using
resting cells in CV2 buffer containing glycerol. The P450 content
verified from CO-difference spectra was in average 825 nmol L™}
expression medium. This corresponds to 4.7mgg ! cell wet
weight (cww). For the first experiments (Table 1, entry 1) 70 gcww -
L' were used with a P450 content of 114 nmol ga,,'. Different
initial concentrations of substrate 4 were tested and, due to the
low solubility of GK 4 in water, also different amounts of cosolvent
were used. Dimethyl sulfoxide (DMSO) was the cosolvent of choice.
Ethanol and acetone were also tested but led to lower productivi-
ties (data not shown). First biotransformations were performed in
15 mL glass tubes containing 2 mL reaction volume each. Samples
(1 mL) were taken after 5 and 24 h and analysed by GC/MS after
extraction with ethyl acetate (Table 2).

As shown in Table 2, higher amounts of DMSO (entries 2, 4, 6
and 7) resulted in a decreased substrate conversion. Thus, the
use of higher concentrations of the substrate 4 (entry 7) seemed
to be counterproductive under these conditions due to solubility
problems. Independently of the cosolvent concentration, the reac-
tion rate was decreasing with increasing initial concentration of
substrate 4 from 50 uM to 200 uM (entries 1-6). Nevertheless,
when 2% DMSO was used, full conversion of 200 uM GK was
achieved within 24 h (entries 1, 3 and 5). Thus, it could be con-
cluded that the chosen whole-cell catalyst is suitable for biotrans-
formation of Grundmann'’s ketone 4. Substrate 4 concentrations of
up to 200 pM seemed not to have a negative effect on conversion
due to its possible toxicity for E. coli cells. Conditions in entry 5
were optimal for the chosen concentration of cells (70 g L™ 1). It is
also noteworthy that no side product formation was observed
(Fig. 2). Negative controls in the absence of substrate 4 or with
E. coli cells harbouring empty vector or with the cells expressing
only Pdx and PdR but no CYP154E1, did not show any substrate
conversion.

2.2. Product inhibition

The results presented in Table 2 demonstrate a decreased con-
version when higher substrate concentrations were applied. In
order to exclude product inhibition, biotransformations (Table 1,
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Table 1
Overview of all biotransformation experiments performed in this study
Nr. Substrate Reaction Reaction Amount of Max. product (UM) Reaction Investigated parameter Details
(uM) vessel volume biocatalyst time (h)
(mL)
1 50-500 15 mL glass tube 2 70 geww L' 227 24 Cosolvent and product concentration s. Table 2
2 200 15 mL glass tube 2 70 geww L' 198+[P]o 24 Product inhibition ([5]o = 50 pM, 100 uM)  s. Table 3
3 200 15 mL glass tube 2 70,140,210 geuw L' 200 24 Amount of cells s. Figure 3
4 200 100 mL flask 10 70,140,210 geww L' 200 24 Oxygen supply s. Figure 3
5 1000~ 100 mL flask 5,10 140 gew L1 1050 24 Substrate concentration, s. Figure 4
3000 reaction volume, redox partner Pdx/PdR
6 3000 100 mL flask 5,10 140 gew L! 433/622 24/48 Reaction volume, redox partner YkuN/FdR  s. Figure 4
7 200 2 mL plastic tube 0.5 1uM 200 5 Redox partners in vitro,
YkuN/FdR
8 200 2 mL plastic tube 0.5 1uM 18 5 Redox partners in vitro,
Pdx/PdR
Table 2 Table 3
Whole-cell biotransformation of Grundmann's ketone 4 into 25-OH-GK 5 by Product inhibition in the whole-cell biotransformation of Grundmann's ketone (4) to
CYP154E1 25-0H-GK (5) by CYP154E1°
Entry 4 (uM) DMSO? (%) Conversion® (%) Entry t (h) Conversion® (%)
5h 24h [5]o=0 uM® [5]o =50 pM€ [5]o = 100 uM®
1 50 2 37 100 1 1 13 10 11
2 50 5 23 77 2 25 35 42 44
3 100 2 26 100 3 5 67 75 75
4 100 5 15 61 4 8 82 91 87
5 200 2 17 100 5 24 80 99 99
6 200 5 10 45
7 500 5 9 45 @ Reaction conditions: 70 geww L', 200 uM Grundmann's ketone 4, 2% DMSO,

@ Percentage of cosolvent added to the CV2 biotransformation buffer.
P Qualitative data calculated from peak area integration of the GC/MS
chromatogram.

(x100.000)

151 (5)

104 ITSD

Intensity

3 4 5 6 7 8 9 10 1 1
Retention time (min)

Figure 2. GC/MS chromatogram of a biotransformation of 200 uM GK in a 10 mL
volume after 5 h. Besides the internal standard (ITSD) only peaks for substrate 4 and
product 5 were observed.

entry 2) were run under the previously established conditions
(Table 2, entry 5), but with addition of the product 25-OH-GK 5
at concentrations of 50 and 100 uM to the reaction mixture. GC/
MS analysis of the samples showed that the degree of conversion
was independent of the presence of product 5 (Table 3). The fact
that under these conditions product 5 did not inhibit CYP154E1,
supports our hypothesis that the decrease of substrate conversion
with increasing initial substrate concentration is more related to
the low solubility of the substrate 4 and its insufficient accessibil-
ity for the enzyme.

2.3. Effect of cell amounts and oxygen supply

With the aim to further improve productivity in the whole-cell
system, the optimal amount of cells for the biotransformation
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CV2 buffer, 180 rpm, 25 °C.

b Calculated by GC/MS after calibration using anthracene as ITSD.

¢ Initial concentration of 25-OH-GK (5) in the reaction mixture are subtracted for
conversion calculation.

should be determined. The experiments (Table 1, entry 3) were
carried out using cell suspensions at concentrations of 70, 140
and 210 gew L™ with a P450 content of 105 nmol gayy'. Intui-
tively, a higher concentration of the biocatalyst in the reaction
mixture should result in a faster reaction rate and a higher conver-
sion. Surprisingly, the exact opposite was observed in our experi-
ments: at higher cell concentrations lower substrate conversion
at specific time points was observed. Thus, even if for 70 and
140 g.w L' total conversion was achieved within the first 24 h,
reaction rates with 140 g\, L~! were lower, and the reaction with
210 geww L' did not even reach full conversion (Fig. 3 A). The fact
that conversion rates decreased with increasing cell concentrations
indicates a limitation for the cells in performing biotransformation.
Under the given conditions this limiting factor could be the avail-
ability of molecular oxygen. Higher amounts of cells increased
oxygen consumption, either through their metabolism and/or
because of a higher concentration of CYP154E1 consuming more
oxygen as cosubstrate.

Higher oxygen supply in the reaction mixture can be achieved
by increasing the air/liquid interfacial surface. With this aim in
mind and in order to scale up the reaction, biotransformations
(Table 1, entry 4) were performed in 100 mL shaking flasks (reac-
tion volume 10 mL) instead of 15 mL glass tubes (Table 1, entry
3). In the larger reaction volume the influence of different cell con-
centrations (70, 140, 210 g.w L™!) was investigated as in the pre-
vious experiment in glass tubes. After 5 h reaction with 70 geyw L'
only about 52% conversion was achieved in glass tubes (Fig. 3 A),
whereas in flasks conversion was 87% (Fig. 3 B). Full conversion
was reached after 24 h in glass tubes, compared to 8 h in flasks.
Higher reaction rates in flasks was attributed to a better oxygen
supply which ensured full conversion with the highest cell amount
of 210 geyww L1 which was not possible in glass tubes.
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Figure 3. Effects of oxygen supply and cell concentration in the biotransformation of 200 uM GK: (A) glass tubes (15 mL), 2 mL reaction mixture (200 pM GK, 2% DMSO, CV2
buffer, 180 rpm, 25 °C), one tube per time point; (B) shaking flasks (100 mL), 10 mL reaction mixture (200 uM GK, 2% DMSO, CV2 buffer, 180 rpm, 25 °C), all time points from

the same reaction mixture.
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Figure 4. Scale-up and oxygen supply studies. Reaction conditions: 140 geww ', 2%
DMSO, CV2 buffer, 180 rpm, 25 °C. White background: 10 mL reaction volume
(VR); grey background: 5 mL reaction volume (both 100 mL shaking flasks).

Further sets of experiments (Table 1, entry 5) were performed
in 100 mL flasks with 140 g., L™" at initial substrate concentra-
tions of 1, 2, and 3 mM either in 10 mL (white bars, Fig. 4) or in
5 mL reaction volume (grey bars, Fig. 4). The decreased reaction
volume from 10ml to 5ml increased the conversion of 1 and
2 mM GK 4 (Fig. 4, white vs grey bars). The maximal product con-
centration of 1.1 mM being produced from 2mM GK 4 was
achieved in 5 mL reaction volume after 24 h. Interestingly, when
using 3 mM substrate concentration no increased conversion was
observed in the smaller reaction volume, indicating that not only
oxygen supply but other reaction parameters might be limiting.

2.4. Influence of redox partners

In order to evaluate the role of electron transfer partners, YkuN
flavodoxin from Bacillus subtilis and the NADPH-dependent flavo-
doxin reductase (FdR) from E. coli were also tested as redox part-
ners in this whole-cell process. In in vitro experiments YkuN/FdR
combined with CYP154E1 led to a 10-fold increased conversion
of GK 4 as compared to Pdx/PdR (Table 1, entry 7 vs 8). These
results encouraged us to construct the tricistronic expression vec-
tor pCYP154E1-Ykun-FdR. Using cells harbouring this construct we
repeated the biotransformation experiments in 10 mL and 5 mL
reaction volume and 3 mM initial substrate concentration (Table 1,
entry 6). Unfortunately, under the same expression conditions as
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for Pdx/PdR (Table 1, entry 5) the construct containing YkuN/FdR
yielded only about half the P450 concentration (57 nmol geyw' Vs
114 nmol gen!') although the copy number and the promoter of
both constructs were identical. Final product concentrations of
433 uM after 24 h and 620 uM after 48 h were observed with
140 geww L1 in 10 ml reaction volume. As previously with Pdx/
PdR (Table 1, entry 5) at 3 mM substrate concentration the use of
reduced reaction volume did not increase substrate conversion.
Although higher P450 concentrations were observed in E. coli with
Pdx/PdR compared to the E. coli with YkuN/FdR, lower productivi-
ties of the latter system could not be explained by lower P450
expression only, since in vitro activities of CYP154E1/YkuN/FdR
were at least 10 times higher. The total turnover values calculated
per P450 in the whole-cell biocatalysts were up to 69% higher for
the YkuN/FdR system compared to the Pdx/PdR system and thus
reflect the same tendency as the results from the in vitro experi-
ments. This was an indication that NADPH supply might be
another limiting factor in this system, since E. coli flavodoxins
reductase (FdR) is NADPH-dependent. Supplementation of the
reaction buffer with 1% glucose (in order to accelerate NADPH
regeneration) did not lead to the improved final product concen-
tration, although the initial substrate conversion rate within the
first 5 h was ~20% higher (data not shown).

3. Discussion

As mentioned in the introduction, vitamin D3 and especially its
biologically active metabolite 10,25-(OH),-Ds, are involved in a
multitude of biological processes and are important for the treat-
ment of several diseases and disorders.>’ The therapeutic applica-
tion of 10,25-(OH),-D3 is however hampered by its tendency to
induce hypercalcemia and hyperphosphatemia.?’ 25-Hydroxy-
Grundmann'’s ketone 5 is a key building block for the preparation
of vitamin Ds; analogues with beneficial therapeutic properties
through convergent strategies. As the established methods for
the oxidation of Grundmann’s ketone 4 at the physiologically
important position C25 are accompanied by several problems, we
decided to investigate an alternative biocatalytic approach. Inter-
estingly, in our experiments CYP105A1 which accepts vitamin D5
as substrate did not show any activity towards Grundmann’s
ketone 4. Furthermore, we tested a library of 81 enzymes from
the CYP102A family and their variants. These P450s are natural
fusion proteins consisting of a heme-containing monooxygenase
domain and an electron-delivering NADPH-dependent diflavin-
reductase domain.>> CYP102A enzymes, especially CYP102A1 from
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Bacillus megaterium, are widely used as biocatalysts because they
are stable, self-sufficient and their variants accept a broad range
of substrates.>® Activity of these variants against Grundmann’s
ketone 4 was screened based on NADPH-consumption and GC/
MS analysis of the products. Although some of the tested variants
accepted Grundmann'’s ketone 4 as substrate, they all showed low
regioselectivity. Moreover, none of the oxidation products could be
identified as the desired 25-hydroxylated product 5.

CYP154E1 from T. fusca YX is to our knowledge the first P450
found to selectively oxidize substrate 4 at position C25 without
any by-products being formed. Additionally, after several hours
reaction time no degradation or additional products could be
detected. The use of whole-cell biocatalysis is an established
method to circumvent the problems associated with the complex
multi-component nature of P450s as well as with their cofactor
dependency. E. coli has often been used as host for heterologous
P450 expression and for the development of whole-cell oxidation
processes.'? The challenge of low substrate solubility and substrate
uptake could be solved (at least to some extent) by the use of
DMSO. To achieve an effective electron transfer in the whole-cell
system, two redox partner systems, Pdx/PdR and YkuN/FdR were
tested. Both systems have been reported to support CYP154E1.%%%°
Whereas putidaredoxin reductase PdR is an NADH-dependent
enzyme, the E. coli flavodoxin reductase FdR accepts mainly the
phosphorylated nicotinamide cofactor NADPH. The intracellular
concentration of NADH in E. coli has been reported to be at least
3-times higher than that of NADPH even when the cells grew on
glucose.*® The NADPH content and its regeneration is of paramount
importance for whole-cell biocatalysis using enzymes depending
on this cofactor. Thus, in previous studies several strategies to
increase NADPH availability in E. coli strains were investigated.>®
% Arnold and coworkers were able to improve the product-per-
glucose yield of the P450-catalysed propane oxidation by 230%
using a metabolic engineering approach. The authors identified
three E. coli genes originating from fermentative pathways and
the endogenous respiratory chain which were disrupted to redirect
metabolic flux towards NADPH regeneration.’” Thus, the limited
supply of NADPH and the lower P450 expression levels are proba-
bly responsible for the lower product concentrations achieved by
E. coli expressing CYP154E1/YkuN/FdR in comparison to the
CYP154E1/Pdx/PdR system. Furthermore, we could demonstrate
that for the whole-cell biocatalyst involving the NADH dependent
PdR and Pdx, oxygen supply was a limiting factor.

By combining all optimized conditions, 1.1 mM 25-hydroxyl-
ated Grundmann’s ketone 5 (300 mg L) could be produced. Com-
pared to the chemical synthesis using RuCl;/NalO,4 the established
biotransformation clearly has the advantage of being absolutely
regioselective. Moreover, a tedious reaction workup to remove a
number of by-products is omitted.

Some examples of bioconversion processes of vitamin D3 to its
active intermediate have been described.'* Omura and colleagues
intensively investigated microbial strains capable of catalysing
these reactions and identified several candidates for both hydrox-
ylation reactions.>**° The highest activity was demonstrated by
Amycolata sp. which produced 8.3 mgL™! 25-(OH)-D; and
0.17 mg L' 10,25-(0H),.D5 in 120 h in 200 L fermentation.“’ Later
CYP105A2 responsible for this two-steps biotransformation was
identified and expressed in recombinant Streptomyces lividans
cells.*! This whole-cell biocatalyst produced 25(0H)-Dj; at concen-
tration of 20 mg L~'. Compared to this data the resulting concen-
trations of 25-OH-GK 5 achieved in this study were higher and
reached faster, although one should take into account that the used
reaction volume was much smaller and the concentration of
vitamin D3 in water much lower.

In conclusion, we were able to transfer the established in vitro
system for the 25-hydroxylation of Grundmann'’s ketone 4 into an
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E. coli whole-cell catalyst expressing CYP154E1 and suitable redox
partners. This system allows the selective production of
300 mg L~! 25-OH-GK 5 within 24 h. Although several strategies
are possible to further improve these results, our approach already
now serves as proof of concept for the production of this important
building block used in the chemical synthesis of 25-OH-D3 and
analogous.

4. Material and methods
4.1. Materials

Escherichia coli strain DH5a was obtained from Clontech (Hei-
delberg, Germany). E. coli strain BL21(DE3) and pET expression
vectors were purchased from Novagen/EMD Millipore (Darmstadt,
Germany). Pfu and Phusion DNA-Polymerase, restriction endonu-
cleases and T4 DNA ligase were obtained from Fermentas (St.
Leon-Rot, Germany) and New England Biolabs (Beverly, USA).

The pET-11-based tricistronic plasmid pCYP154E1-camAB
which was used for coexpression of CYP154E1, Pdx and PdR, was
kindly provided by Prof. Akira Arisawa (Mercian Corporation,
Japan).

Grundmann’s ketone 4 was prepared by ozonolysis of vitamin
D5 according to the published procedure?®?* and its 25-hydroxy
derivative was obtained via the ruthenium tetroxide method.**?°
NMR analysis for confirmation of both structures were obtained
using an AV300 spectrometer (Bruker Corporation, Billerica, USA).

All chemical reagents were purchased from commercial
sources, were of analytical grade or higher and have been used
without further purification.

4.2. Cloning of CYP154E1, YkuN and FdR

CYP154E1 was subcloned from the pET-11 based plasmid by
using Ndel and EcoRI endonucleases.>® The resulting DNA fragment
was ligated into pET-22b(+) resulting in the plasmid pCYP154E1.

YkuN was amplified by PCR with Pfu DNA polymerase using the
following primers: YkuN_fw1: CG ATA CCATGG CTA AAG CCT TGA
TTA CAT ATG and YkuN_rv2 TAT AT CTCCTT CTT ATC TCA TGA AAC
ATG GAT TTT TTC. In a separate PCR reaction fdr was amplified with
the primers fdr_fw GAT AAG AAGGAG ATA TAA TGG CTG ATT GGG
TAA CAG and fdr_rv GATT GGATCC TTA CCA GTA ATG CTC CGC. As
template for PCR the published plasmids pET16b-YkuP(+) and
pET11a-fpr were used, respectively.”? After purification of the
PCR products they were used in an overlap extension PCR. The
resulting DNA fragment was cloned into the multiple cloning site
1 of pCOLADuet-1 using the introduced restriction sites Ncol and
BamHI. The resulting construct pCOLA-YkuN-FdR was subse-
quently used to amplify a bicistronic fragment containing one ribo-
some binding site upstream of each gene. The following primers
were used for PCR: YkuN_fw2 GAA TIC ACT AGT TTA TAG GAG
GTC TTC CAT GGC TAA AGC CTT GAT TAC ATA TG and FdR_rv2
CAC TGC TTC CGG TAG TCA ATA AAC CGG TAA GCT TGG GGT TTC
TCG AGG AGC TCG GAT CCT TAC CAG TAA TGC TCC GCT G. The
DNA fragment was cloned into pCYP154E1 with the help of the
introduced restriction sites Xhol and EcoRI leading to the tricistron-
ic expression plasmid pE1YF.

4.3. Protein expression and quantification

Pdx/PdR (putidaredoxin and putidaredoxin reductase from Pseu-
domonas putida), FdR (ferredoxin reductase from Escherichia coli)
and GDH (glucose dehydrogenase from Bacillus megaterium) were
available in purified form as described elsewhere.*? Concentration
of redox partner proteins were measured by UV/VIS spectroscopy
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using their established extinction coefficients.*” P450 concentra-
tion was determined by CO-difference spectroscopy using €450_490 -
=91 mM'cm™' after reduction with sodium dithionite and
subsequent bubbling of gaseous CO as described elsewhere.**

4.4. In vitro experiments

Conditions for the in vitro reactions were as follows: 200 uM sub-
strate (10 mM stock in DMSO), 200 uM NADPH, 5 U glucose dehy-
drogenase, 20 mM glucose and 300 U catalase to remove H,0,,
which might be formed due to uncoupling. P450 concentration
was 1 pM, whereas the redox partners were used in rations of
1:10:1 (P450:YkuN:FdR) and 1:5:5 (P450:Pdx:PdR). Reactions were
adjusted to a final volume of 500 pL with potassium phosphate buf-
fer (100 mM, pH 7.5) and were incubated at 25 °C in standard 2 mL
plastic reaction tubes for 5h. Each reaction was afterwards
extracted with ethyl acetate by vortexing, and centrifugation for
phase separation. Organic phases were directly transferred to a glass
vial for analysis by GC/MS.

4.5. Whole-cell bioconversion

E. coli BL21(DE3) harbouring pCYP154E1-camAB for expression
of CYP154E1/Pdx/PdR or pE1YF for expression of CYP154E1/YkuN/
FdR were cultured overnight at 37 °C and 180 rpm in 5 mL LB med-
ium (100 pg mL~! ampicillin). The overnight cultures were used to
inoculate main cultures of 400 mL LB medium in 2 L shaking flasks
and were grown to an ODggg of 0.9 at 37 °C and 180 rpm. Protein
expression was induced by addition of 100 uM IPTG. Furthermore
the cells were supplemented with 64 pg mL™! 5-aminolevulinic
acid and 500 pM FeSO4. Expression was performed over night at
25°C and 180rpm. Cells were harvested by centrifugation at
8000g for 15 min at 4 °C. The cell pellet was resuspended in CV2
buffer (50 mM potassium phosphate pH 7.5, 2% glycerol, 50 pg/
mL ampicillin, 100 uM IPTG) resulting in a suspension containing
210 mg cell wet weight (cww) per mL. A sample from the cell
suspension was taken to determine the P450 concentration via
CO-difference spectroscopy. The remaining cells were used for bio-
transformations. Qualitative experiments were performed in
15 mL glass tubes. From those reactions, samples of 1 mL were
taken and, after addition of NaCl for enhancing phase separation,
were extracted twice with 500 pL ethyl acetate. All quantitative
experiments were performed in 100 mL shaking flasks containing
5 or 10 mL reaction volume (CV2 buffer with 70-210 g.w L cells,
2 % DMSO and 200 uM to 3 mM substrate) at 25 °C in an orbital
shaker at 180 rpm. Duplicate samples of 500 puL were taken and,
after addition of NaCl and 10 pL internal standard (ITSD, 5 mM
anthracene in acetone), extracted twice with 250 pL ethyl acetate.

In order to calculate TTNs a 15 ml sample of the cell suspension
used for biotransformation was taken. The cells were lysed by
ultrasound with a Branson Sonifier S-250A (6 x 45's; 45% duty
cycle; output control 4.5) on ice. The P450 concentration has been
determined photometrically using the CO-difference method as
described elsewhere.”* Total turnover numbers were calculated
as amount of 5 (in nmol, determined by GC/MS) divided by the
amount of P450 (in nmol) applied in the reaction.

4.6. Product analysis

The combined organic phases were analysed on a GC/MS
QP-2010 Plus instrument (Shimadzu, Tokyo, Japan) equipped with
a FS-Supreme-5 30 m x 0.25 mm x 0.25 pm (Chromatographie
Service GmbH, Langerwehe, Germany) fused silica column and
helium as carrier gas. The injector and interface temperature was
set to 300 °C. The temperature gradient started at 200 °C isother-
mal for 3 min. Subsequently, the temperature was raised at
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15°Cmin~! to 320°C and held isothermal again for 2 min. The
mass spectrometer (EI, 70 eV) was set to simultaneous recording
of mass spectra in scan (m/z 40-350) and SIM mode. Peak areas
in SIM were used for calibration.
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SUPPLEMENTARY MATERIAL

1. Expression of CYP105A1, CYP102A1 and CYP102A2

Recombinant CYP105A1 was expressed under the following conditions: E. coli BL21(DE3)
cells were transformed with pET-22b(+)-CYP105A1 and transformants were selected on LB-
agar plates with ampicillin (100 pg-mL™). 400 mL of TB medium supplemented with 100
pg-mL™ of ampicillin were inoculated with 4 mL of an overnight culture (5 mL LB medium,
100 pg-mL™" ampicillin, 37 °C, 180 rpm) and grown at 37 °C and 180 rpm, until the optical
density at 600 nm (ODgo) reached approximately 0.7. Then 100 pM isopropyl B-D-1-
thiogalactopyranoside (IPTG), 100 uM FeSO, and 40 pug-mL" 5’-aminolevulinic acid were
added and the culture was grown for another 16 h at 25 °C and 140 rpm. Cells were harvested
by centrifugation at 8000 rpm (11305 g) for 20 min, the supernatant was discarded and the cell
pellet was resuspended in 15 mL purification buffer (50 mM potassium phosphate, pH 7.5, 100
UM phenylmethanesulfolyl fluoride -PMSF-). Cells were lysed by sonification on ice (6 x 45 s,
1 min intermission), cell debris was removed by centrifugation (48000 g, 4 °C, 1 h) and the

soluble protein fraction was recovered (later on referred as cell lysate).

Variants of CYP102A1 from Bacillus megaterium and CYP102A2 from Bacillus subtilis
were heterologously expressed in E. coli BL21(DE3) cells using pET-28a/b as vector. From
each of the 81 mutants, a single colony from an agar plate was inoculated into 600 pL TB
medium supplemented with 30 ug-mL" kanamycin and cultured overnight at 37 °C and 600 rpm

in 2 mL deep-well titer plates. 2.6% (v/v) of the overnight cultures were used to inoculate main
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cultures of 600 uL TB medium (30 pg-mL" kanamycin) in a 2 mL deep-well plate and grown at
37 °C and 600 rpm to an ODgyy of 0.7. P450 expression was induced by addition of IPTG (1.75
mM). Cells were shaken at 600 rpm and at 30 °C and cultured for 22 hours, followed by
centrifugation of the plate at 4000 g and 4 °C for 30 min for harvesting. Supernatants were then
discarded and the plate was stored at -20 °C. Cell pellets in the microtiter plate were washed 2
times by resuspending them in potassium phosphate buffer (600 uL, 50 mM, pH 7.5) followed
by 15 min centrifugation at 4000 g and 4 °C. For cell lysis they were resuspended in potassium
phosphate buffer (250 uL, 50 mM, pH 7.5) containing lysozyme (1 mg-mL™"), MgCl, (10 mM)
and DNAse (0.05 U-mL™). After incubation at 4 °C and 100 rpm for 3 hours, cells were treated
with 3 freeze-thaw cycles (3 h at -80 °C followed by 1.5 h at room temperature, cells being
resuspended prior to re-freezing). Cell debris was removed by centrifugation (4000 g, 4 °C, 1 h)

and the soluble protein fraction was transferred into 1.5 mL microtubes.

For every P450 screened, expression levels were estimated using the CO-difference spectral

. . . . -1 11
assay as described in the literature using €450.490=91 mM™ -cm™.

2. CYP102 activity screening

CYP102 family variants activity against Grundmann’s ketone was checked by a NADPH
consumption assay. The assay was performed by addition of NADPH (200 uM) to a cell
lysate/substrate mixture containing cell lysate (1:4 diluted) and Grundmann’s ketone (100 uM —
from a stock solution in DMSO-) in a final volume of 200 pL potassium phosphate buffer (50
mM, pH 7.5). Absorbance at 340 nm was measured with a micro plate spectrophotometer
(SPECTRAmax plus 384, Molecular Devices, USA) directly after addition of NADPH. Samples
were compared with a blank reaction containing DMSO (4 pL) instead of substrate. Mutants
showing a remarkable higher slope in the presence of the substrate in comparison with the curve
for the blank reaction were supposed to be active against Grundmann’s ketone and therefore

selected for in vitro conversion experiments.
3. In vitro experiments

Conditions for the in vitro reactions with CYP105A1, CYP102A1 and CYP102A2 were as
follows: 100 uM substrate (from 10 mM stock solution in DMSO), 200 uM NAD(P)H, 5 U of
GDH (for cofactor regeneration), 20 mM glucose (co-substrate for glucose dehydrogenase) and
120 U catalase (for removing H,0O,, which might be formed due to uncoupling). P450
concentration was variable in each case: CYP105A1 was added as cell lysate in a final
concentration of 5 uM and in the CYP102 family screening, 120 pL of cell lysate were added in

each case, with an average final concentration on the reaction of 1 uM. CYP105A1 was used in
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different experiments with two different redox partners: Pdx:PdR (30 uM:15 uM) and Fdx:FdR
(50 uM:5 puM). Reactions were set up to a final volume of 500 uL. with potassium phosphate
buffer (50 mM, pH 7.5). The reaction mixtures were incubated at 25 °C in standard 2 mL closed
plastic tubes overnight (except for BM-3 mutants, where conversion was measured after 3
hours). Each reaction was afterwards extracted with EtAcO (2x500 pL) by vortexing 5 min, and
centrifugation for phase separation. Organic phases were directly transferred to a GC-MS 2 mL

glass vial for qualitative determination of activity.

' Omura, T.; Sato, R. J. Biol. Chem. 1964, 239, 23792385
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6.1 Introduction

Elucidation of the structure-function relationship (SFR) of enzymes in general and of P450s in
particular is a crucial step to understand their observed properties.**!) Hence, the SFR is an
important key factor in many fields of work related to P450 monooxygenases. Among others
it is a prerequisite to rationally modify and design novel biocatalysts.!”>13?] The availability
of X-ray diffraction as a standard tool for the determination of three-dimensional protein
structures made it possible to solve P450 structures routinely. Thus, to date more than 600
P450 structures solved by X-ray diffraction are listen in the PDB.

In order to understand the differences and similarities in the activities and product selectiv-
ities of the two P450s CYP154A8 and CYP154E1 which were observed in the cluster screen-
122] their crystal structures should be investigated. Furthermore, molecular determinants
of the broad substrate spectrum of the CYP154 family should be identified.

CYP154E1 was chosen because in case of CYP154A8 the crystal structure of a close homo-
logue, CYP154A1, already has been published. (1061 A second reason for this choice was that,
in contrast to CYP154A8, CYP154E1 is the sole member of its subfamily and no further struc-

ing!

tural knowledge about this enzyme is available. Thirdly, the origin from a thermophilic
host potentially confers thermostability to CYP154E1. The elucidation of structural features
which are responsible for thermostability were an additional motivation to focus our crys-
tallization efforts on CYP154E1.
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6.2 Experimental procedures

6.2.1 Materials and strains

All reagents were obtained from commercial sources and were of analytical grade or higher.
Enzymes for molecular cloning were purchased from Fermentas (St. Leon-Roth, Germany)
and New England Biolabs (Ipswich, USA). The E. coli strain DH5a was obtained from Clon-
tech (Heidelberg, Germany). The E. coli strain BL21(DE3) and the plasmid vectors pET-22b(+)
and pET-28b(+) were purchased from Novagen (San Diego, USA). The pET-28a(+)-based plas-

mid for expression of CYP154E1 was used as published previously. %!

6.2.2 Molecular cloning of CYP154E1 variants

Variants of CYP154E1 were amplified by PCR with Phusion DNA polymerase from the pET-
28a(+) plasmid coding for Hiss-tagged CYP154E1 according to the manufacturer’s protocol.
For the variant CYP154E1t primers CVB_154E1t-Ndel-F/ ARO_154E1-EcoRI-R were used.
For CYP154E1-CHis primers CVB_154E1-CHis-F/ CVB_154E1-CHis-R were employed. De-
tails for all primers are listed in Tab. 5. After purification, the PCR products were separately
cloned into pET-22b(+) (CYP154E1-CHis) or pET-28a(+) (CYP154E1t) by restriction and sub-
sequent ligation using the introduced restriction endonuclease sites (Tab. 5). The sequence
of the resulting plasmids was verified by a commercial DNA sequencing service (GATC, Kon-

stanz, Germany). Plasmid maps of all constructed vectors can be found in section 9.2.

Table 5: Oligonucleotides used for molecular cloning of CYP154E1. Restriction sites in the primer
sequence are printed in lower case.

Designation Sequence (5° — 3’) Restriction site
CVB_154E1t-Ndel-F  GGATTAC catatg GCTTTTCCCGGGAACC Ndel
ARO_154E1-EcoRI-R  CAGT gaattc TCAGGGTTTCGGGCG EcoRI
CVB_154E1-CHis-F ~ GGATCTA catatg GGACAGTCCCGCCGAC Ndel
CVB_154E1-CHis-R  TAT ctcgag GGGTTTCGGGCGCAAGAG Xhol
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6.2.3 Recombinant expression, purification and modification of CYP154E1

Expression and protein purification via nickel affinity chromatography was performed as
described in section 2.2.3. To further enhance the purity of the CYP154E1 variants for crys-
tallization, size exclusion chromatography (SEC) on a HiLoad Superdex 200 PG column (GE
Healthcare, Freiburg, Germany) was performed. 50 mM Tris/HCI buffer pH 7.5 containing
150 mM NaCl and 2 % glycerol was used as isocratic eluent.

The endoprotease thrombin was used to cleave off the N-terminal His,-tag from CYP154E1
(His-Tfus_2243). This was possible since pET-28a(+) contains a sequence coding for the
thrombin recognition site (LVPR|GS) between the His,-tag and the Ndel restriction site. The
commercial Thrombin Cleavage Capture Kit (EMD Chemicals Inc., an affiliate of Merck Bio-
science, Darmstadt, Germany) was applied to purified protein and a cleavage protocol based
on the manufacturer’s suggestions was developed: 5mg CYP154E1 (His-Tfus_2243), 500 pul
10X buffer, 2.5U thrombin in a total volume of 5ml ddH,O. The reaction was performed at
20 °C in a heating block overnight. Subsequently, the cleaved His¢-tag was removed by nickel
affinity chromatography. Size exclusion chromatography was applied to remove thrombin
from the digested CYP154E1-Thr. To determine the success of the thrombin cleavage, sam-
ples taken after each step of the thrombin treatment were loaded on an SDS-polyacrylamide
gel (12.5 %). After separation on an SDS-polyacrylamide gel the proteins were blotted on a
nitrocellulose membrane in a semi-dry blotting apparatus (Biometra, Géttingen, Germany)
according to the manufacturer’s protocol. Proteins on the membrane containing a His¢-tag
were specifically detected with the Anti-His¢-Peroxidase conjugate (Roche, Mannheim, Ger-

many) converting “BM Blue POD substrate, precipitating” (Roche, Mannheim, Germany).

6.2.4 Characterization of CYP154E1 and CYP154A8

In order to determine the thermostability of CYP154E1 and CYP154A8, the proteins were
incubated at different temperatures. The residual amount of correctly folded P450 after in-
cubation was determined by CO-difference spectroscopy.['?]

In 100 mM potassium phosphate buffer pH 7.5 a master mix containing 6.88 uM CYP154A8
or CYP154E1 was prepared and samples of 125 pl volume were aliquoted to plastic PCR tubes.
The samples were heated in a thermal cycler for 10 min to different temperatures between
30°C and 85 °C. Thereafter the samples were stored on ice. The relative residual P450 con-

centration was calculated with respect to the P450 concentration in the master mix after
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incubation at 20 °C.

Electrospray ionization time of flight mass spectrometry was performed at the “Biologisch-
Medizinisches Forschungszentrum” (BMFZ), Heinrich-Heine-Universitat Diisseldorf. Prior
to the measurements a buffer exchange of the protein samples in 10 mM ammonium for-
mate buffer, pH 7.5 was performed on a PD-10 Desalting column (GE-Healthcare, Freiburg,
Germany). After diluting the protein 1:1 with methanol to a concentration of 1 mgml™ the
samples were measured on an Applied Biosystems QStar XL ESI-TOF instrument.

Size exclusion chromatography (SEC) multi angle light scattering (MALS) experiments with
purified CYP154E1 were performed at the “Institute of Biochemistry I”, Heinrich-Heine Uni-
versitat Diisseldorf. For the chromatography an AKTA purifier system (GE Healthcare, Frei-
burg, Germany) equipped with a Superdex 200 10/300 GL column (GE Healthcare, Freiburg,
Germany) at a flow of 0.5 mlmin™ 50 mM Tris/HCl buffer pH 8 containing 150 mM NaCl
was used. Refraction index and light scattering were measured on-line with an Optilab rEX
and a miniDAWN TREOS detector (Wyatt Technology Europe, Dernbach, Germany). Data

analysis was performed with the Astra software package.

6.2.5 Protein crystallization

Crystallization experiments were performed at room temperature using the sitting drop and
the microbatch method. The appropriate protein concentration for the initial crystalliza-
tion experiments was determined by ammonium sulfate precipitation (0.4-1.4 M in 50 mM
HEPES buffer pH 7) in 24-well plates. The tested concentration range of CYP154E1 was 1.85-
18.5 mgml.

The initial screening for crystallization conditions was conducted according to the sparse ma-

133] Commercial kits listed in Tab. 6 were used

trix sampling method first published in 1991.!
to identify suitable crystallization conditions. For this purpose 90 pl of each solution con-
tained in the screening kits (Tab. 6) were transferred into a reservoir well of a CrystalEX™
96-well plate (Corning Inc., Corning, USA). In the protein well 500 nl of the CYP154E1 solu-
tion (10 mg ml') were diluted with an equal amount of reservoir solution and subsequently
equilibrated against the reservoir. Formation of protein crystals was regularly assessed.

Crystals for X-ray diffraction measurements were grown in Cryschem 24-well sitting drop
plates (Hampton Research, Aliso Viejo, USA) with a drop size of 3 pl. The reservoir was filled
with 400 pl of the precipitant solution identified with the screening kit. In the corresponding
protein well 1.5 pl precipitant from the reservoir was used to dilute 1.5 pl of the protein so-

lution (3.6-24 mg ml™) prior to the equilibration by vapor diffusion. For the identification of
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beneficial additives enhancing crystal growth and diffraction behavior a collection of addi-
tives (additive screen I-III, Hampton Research, Aliso Viejo, USA) was screened. In a 24-well
plate 0.3 ul of an additive was added to the respective protein well containing the aforemen-
tioned mixture of protein solution (14 mg ml*) and precipitant (100 mM Tris/HCI pH 8, 75 %
MPD).

Microbatch reactions were set up according to the protocol first described by Chayen et
al.!'** 72-well Terasaki plates (Greiner Bio One, Frickenhausen, Germany) were first filled
with Paraffin oil and subsequently the wells were filled with a mixture of 1.5 pl protein solu-
tion (10-16 mg ml™* CYP154E1) and 1.5 pl precipitant (100 mM Tris/HCl pH 7.5, 70-90 % MPD).
Crystal seeding experiments were performed in 24-well plates. Serial dilutions of crystal
fragments were added to wells containing the same solution of precipitant and protein in
which the crystal fragments were originally grown. Thereby the protein concentration was
lowered to avoid any additional nucleation and to allow the protein only to accumulate on

the added crystal fragments.

Table 6: List of all commercial crystallization screens used in this work. The upper part was used in
initial screening. The lower set was used to screen for alternative crystallization conditions.

Manufacturer Screen

Qiagen (Hilden, Germany) JCSG Core I Suite, JCSG Core II Suite, JCSG Core III Suite,
JCSG Core IV Suite, The MPD Suite, The Classics Suite,
The Classics Suite II, The PEGs Suite, The PEGs II Suite,
The ComPas Suite

lagen e uite, ass Suite, ass uite, e
iag The PACT Sui MbCl Sui MbCl II Sui Th
Cryos Suite

Molecular Dimensions Ltd. MemPlus, MemSys, MemGold, MIDAS
(Newmarket, UK)
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6.3 Results

6.4 Protein characterization

CYP154E1 was expressed in E. coli as N-terminally Hiss-tagged protein (His-Tfus_2243) and
purified to homogeneity (Fig. 14) as described in the “Experimental procedures” section

(6.2.3).

CYP154E1 (His-Tfus_2243)
1 2 3 4

kDa
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Figure 14: SDS-polyacrylamide gel of purified CYP154E1 (His-Tfus_2243) after nickel affinity chro-
matography and SEC. P450 amount per lane: 1-1pg, 2-0.5pg, 3-0.25pug, 4- 0.1 pg.

The expression in E. coli yielded up to 510 nmol purified P450 per L medium. CYP154E1 was
subsequently characterized by multi angle light scattering (MALS) and electro spray ioniza-
tion time of flight mass spectrometry (ESI-TOF-MS). Both measurements demonstrated that
the enzymes molecular weight was in good accordance with the expected value of 47216.4 Da
(Fig. 15). Furthermore the MALS measurements indicated that the protein in solution exists
as monomers. The molecular weight determined by the ESI-TOF-MS measurements provided

proof positive that CYP154E1 was a fully heme-loaded holoprotein.

CYP154E1 originates from T. fusca which is a moderate thermophilic soil bacterium. Hence,
the thermostability of this enzyme was investigated and compared to the thermostability
of CYP154A8 from the mesophilic bacterium N. farcinica. The characteristic absorbance at
450 nm for reduced and CO bound P450 is only detected for hexa-coordinated heme iron
with an axial thiolate ligand. With increased temperature the enzyme becomes more and
more flexible and finally unfolds. As a consequence, the heme group looses its axial ligand.
This can be directly observed in the UV/VIS spectrum. Since the axial cysteinate ligand is

also a requirement for the P450’s catalytic function, absorbance at 450 nm serves as a direct
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6 Crystallization of CYP154E1
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Figure 15: A) SEC-Chromatogram of CYP154E1 with detection of the refraction index and the MALS
signal (red) to calculate the apparent molecular weight (My,). B) Deconvoluted ESI-TOF-mass spec-
trum of CYP154E1.
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6 Crystallization of CYP154E1

measure for the residual amount of catalytically active P450. Thus, the residual P450 concen-
tration after 10 min incubation of a solution of purified enzyme at elevated temperatures was

measured via the CO-difference method and served as an estimation of its thermostability.
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Figure 16: Denaturation curve obtained for CYP154E1 and CYP154A8. Measurements were performed
in a thermo cycler. The relative residual concentration of the CO-bound P450 complex after 10 min
at the indicated temperature was determined by CO-difference spectroscopy.

The concentration of correctly folded CYP154E1 did not decrease significantly up to 60 °C.
This was a clear indication that the P450 retained its stability and integrity under the chosen
conditions. The denaturation curve showed a rapid decrease of correctly folded P450 be-
tween 60 °C and 70 °C (Fig. 16). At higher temperatures the correct coordination of the heme
group was completely lost and CYP154E1 can be considered inactive. The Tsy-value defined
as the temperature at which the activity of the enzyme is reduced by half after incubation

for 10 min, 13!

was determined from to be 63 °C. For CYP154A8 the same experiments have
been performed. Incubation in the temperature range between 20 °C and 40 °C did not affect
the enzyme. The maximal P450 concentration was observed after incubation at 42 °C. Further
increased temperatures resulted in a rapid loss of correctly folded P450. After incubation at
56 °C no residual CYP154A8 could be detected anymore. From this data the Ts,-value of 50 °C

was determined.
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6 Crystallization of CYP154E1

6.4.1 Initial crystal screening

The protein concentration of 10 mg ml™ was found to be appropriate for the initial screening
and was determined by ammonium sulfate precipitation. Subsequently the screening was
performed with the first set of screens listed in Tab. 6. Out of the 960 different precipitants
after 5 days only one showed formation of crystals (Fig. 17 A).

A)

Figure 17: Crystals of CYP154E1 after A) initial screening, crystal size ~30 um, B) upscaling and fine
screening, C) addition of Co(NH3)sCls.

The condition (The MPD Suite: F11) contained 100 mM Tris/HCI buffer pH 8, and 65 % 2-
methyl-2,4-pentanediol (MPD). On a 24-well plate an upscaling and subsequent fine screen-
ing revealed that an MPD concentration of 70 % was beneficial for the larger sample volumes.
In these experiments a crystal size of ~60-70 pum was achieved (Fig. 17 B). To further increase
the crystal size a macro seeding experiment was performed but unfortunately did not lead
to larger crystals. As a further way to increase the mass of the crystals an additive screening
was performed in order to identify additives which are beneficial for crystal growth. This
revealed that the addition of 10 mM Co(NH;)sCl; allowed the crystals to grow to a diameter
of up to ~200 um (Fig. 17 C).

These optimized conditions (100 mM Tris/HCI buffer pH 8, and 70 % MPD and 10 mM
Co(NHj;)¢Cl;) were used to produce CYP154E1 crystals for the X-ray diffraction mea-
surements. Additionally, the known P450 inhibitors 4-phenylimidazole (1 mM) and 2-
methylimidazole (1 mM) as well as the substrates undecanoic acid (40 uM) and geraniol
(100 uM) were cocrystallized. Ten crystals resulting from these different crystallization con-
ditions were subjected to X-ray diffraction experiments (ESRF, Grenoble, France). Unfortu-
nately, they all displayed very inhomogeneous diffraction behavior, exhibiting sharp reflec-

tions in one dimension and ill-defined ones in another spacial direction (Fig. 18). Due to this
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6 Crystallization of CYP154E1

diffraction behavior in this experiment no complete data set could be obtained.

A) B)

Figure 18: X-ray diffraction patterns of two CYP154E1 crystals cocrystallized with A) undecanoic acid
and B) geraniol. Irregular formed spots can be identified on both images. Spots with a green mark
can be assigned to a space group, those with a yellow mark cannot. (A and B: A=0.8726 A, t8*P=1s,
oscillation range: 1°)

6.4.2 Improving crystal quality

The irregular formed spots indicate that the degree of order in the crystal was not high
enough for defined X-ray diffraction. The incomplete loading of the apoprotein with heme
and the formation of dimers could be excluded due to the ESI-TOF-MS and MALS experi-
ments (Fig. 15). Thus, it was hypothesized that the high degree of disorder might be due to
the crystallization conditions.

The process of initial screening was repeated with the second part of the kits listed in Tab. 6.
A second crystal forming precipitant could be identified. Similarly to the first identified
crystallization condition it contained MPD. The major difference was the buffer substance 2-
(Bis(2-hydroxyethyl)amino)acetic acid (Bicine) and the higher pH value (pH 9). The change
of conditions resulted in crystals, which optically seemed to be of higher quality. The edges
were sharper and crystal faces were flat without irregularities. X-ray diffraction of eight
crystals of 40-50 pm diameter was measured on a synchrotron beam line (ESRF, Grenoble,
France). The quality of the diffraction data was still low and again did not lead to complete

data sets.
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6 Crystallization of CYP154E1

Since the changed crystallization conditions did not have a positive influence on crystal
quality further possible reasons for crystal disorder should be identified. Literature research
revealed that the amino terminus of CYP154A1 (PDB-ID: 10DO) and CYP154C1 (PDB-ID:
1GWI) has not been completely resolved. Six and seven amino acid residues are not included
in their crystal structures, respectively. This led to the second working hypothesis: A suit-
able N-terminus might be crucial for highly ordered protein crystals. In order to verify this
hypothesis further CYP154E1 variants with alterations at the N-terminus were investigated.
For their construction several factors had to be considered. In the course of this work the
genome sequence of T. fusca including the annotation of open reading frames (ORF) was up-
dated. This resulted in a new annotation of the CYP154E1-gene (Tfu_2976, AAZ57009) with
an N-terminal truncation of 35 amino acids compared to the previously annotated sequence
(Tfus_2243, ZP00058867). The differences are visualized in Fig. 19, line 1 and 3.

Hisg-tag linker 1 Tfu_2976
[ d E— —
10 20 3_0 4'0 5_0 6.04?0

Tfu_2976
His-Tfu_2976
Tfus_2243 MGQSRRPHTVYLDPAKGVDIPAQRRELLDKGPVVRVAFPG]
Tfus_2243-His MGQSRRPHTVYLDPAKGVDIPAQRRELLDKGPVVRVAFPG
His-Tfus_2243 HMGQSRRPHTVYLDPAKGVDIPAQRRELLDKGPVVRVAFPG|
CYP154E1-Thr HMGQSRRPHTVYLDPAKGVDIPAQRRELLDKGPVVRVAFPG|

Thrombin Tfus_2243

Figure 19: Alignment of all CYP154E1 variants used in this work. Tfus_2243, colored in blue, was the
longer sequence originally deposited in GeneBank. In the updated version of the T. fusca genome the
locus id was reassigned to Tfu_2976, colored in purple, and the open reading frame was N-terminally
shortened by 35 amino acid residues. Sequence names are composed from locus id and the respective
terminal modification.

The first tested variant of CYP154E1 was the N-terminally truncated and Hiss-tagged ver-
sion CYP154E1t (His-Tfu_2976, Fig 19, line 2). Samples taken during and after expression
of the protein were analyzed by SDS-PAGE (Fig. 20). On the SDS-polyacrylamide gel the
appearance of a band at ~40 kDa corresponds well with the expected molecular weight of
CYP154E1t (42854 Da). Furthermore, the intensity of the band suggested that the protein
concentration of CYP154E1t still increased after 2h of expression. Nevertheless, after ex-
pression overnight the majority of the protein was found in the insoluble protein fraction.
The residual soluble protein was assayed via CO-difference spectroscopy. No characteristic
absorbance at 450 nm of the CO-bound P450 complex could be observed. This indicated that

the heme coordination was incorrect and the protein inactive.

90



6 Crystallization of CYP154E1

kDa

p—
70 -
55—
40

35 | -

25 W
15

Figure 20: SDS-polyacrylamide gel of the expression of CYP154E1t (His-Tfu_2976). M: protein marker,
C: whole cell sample, S: sample of the soluble protein fraction after cells lysis and centrifugation,
-/+: before/after induction with IPTG, o.n.: overnight. Time points ¢ of sampling are indicated in the
top line.

Truncation of the N-terminus in Tfu_2976 obviously led to misfolded and inactive protein.
It was concluded that the protein might be sensitive to N-terminal modification. Without
sacrificing the convenience of affinity chromatographic purification the Hisq-tag was moved
to the 3’-end of the gene. Protein expression and purification was successful (Fig. 21) using
the established two step protocol. CYP154E1-CHis exhibited a CO-difference spectrum sim-
ilar to the N-terminal His,-tagged variant (His-Tfus_2243, p. 50, Figure S1). The expression
level of CYP154E1-CHis was 1150 nmol P450 per L medium. This value is about 125 % higher
than that measured for N-terminally tagged CYP154E1 (His-Tfus_2243) under identical ex-

pression conditions (see p. 41).

CYP154E1 (Tfus_2243-His)

5pug  2pg 1pg 0,5ug

kDa

55
40

35

25
15

TIETITE

10

Figure 21: SDS-polyacrylamide gel of purified CYP154E1-CHis (Tfu_2243-His). M: protein marker.
The amount of protein loaded per lane is indicated in the top line.
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6 Crystallization of CYP154E1

A last variant of CYP154E1 without any tags termed “CYP154E1-Thr” has been obtained by
removing the Hiss-tag from CYP154E1 via thrombin cleavage. This enzymatic restriction
reduced the N-terminal modification to the tripeptide “GSH” originating from the thrombin
recognition site and a single amino acid linker. The success of the cleavage reaction could
be monitored by SDS-PAGE and western blotting with anti-Hiss immunodetection (Fig. 22).
The calculated purification yield was 72 % based on the P450 concentration determined by
CO-difference spectroscopy.
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Figure 22: left: SDS-polyacrylamide gel and right: Western blot with Anti-Hisg-immunodetection of
NHis-CYP154E1 samples treated with thrombin. M: protein marker, 1: before thrombin addition, 2:
after the cleavage reaction, 3: after nickel affinity chromatography, 4: after SEC.

Both variants, CYP154E1-CHis and CYP154E1-Thr, crystallized with the established condi-
tions. Since the concentration of the CYP154E1-Thr solution was only 3.6 mg ml™, crystal

growth was significantly slower, several weeks instead of days.

Figure 23: Crystals of CYP154E1-Thr crystallized with the precipitant 100 mM Tris/HCl at pH 8, 70 %
MPD. The protein solution (1 pl, 3.6 mg ml™) was diluted with 1 ul precipitant (left) and 2 pl (right).

The formed crystals of CYP154E1-Thr exhibited a hexagonal prismatic geometry (Fig. 23)
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6 Crystallization of CYP154E1

compared to the tagged variants whose crystals were both hexagonal planar (Fig. 17). X-ray
diffraction of both variants has been measured on a synchrotron beam line (DESY, Hamburg,
Germany). Two full data sets with 4.0 A and 2.8 A resolution respectively could be obtained.
The CYP154E1-Thr crystals were grown in 70 % MPD, 100 mM Tris/HCI at pH 8. The protein
crystals demonstrated an apparent P6322 symmetry. With the resulting datasets the solution
of the protein’s structure was not possible since both crystals were perfect twins with a
twinning ration a of 0.5. This prevented the solution by molecular replacement since the

contribution to the intensity of each reflection could not be assigned.

6.5 Discussion

The substrate scope of two members of the CYP154 family has been successfully investi-
gated with the developed cluster screening method (see chapter 3). In order to rationalize
the observed properties, a deeper understanding of the molecular determinants which are
responsible for the substrate spectrum as well as the regio-, chemo-, and stereoselectivity
is essential. In the long term, this knowledge will eventually enable the tailoring of P450
biocatalysts for novel applications and perhaps even the creation of universal biocatalysts.
Besides activity and reactivity further important properties like solvent- and thermostability
can probably be rationalized based on the three-dimensional structure of an enzyme. Hence,
an important aim of this study was to obtain crystals of CYP154 enzymes in order to be able
to solve their crystal structure via X-ray diffraction.

CYP154E1 exhibited a Ts, of 63 °C which was together with its interesting catalytic proper-
ties encouraging enough to select it as the candidate for protein crystallization. Crystalliza-
tion experiments were performed in close cooperation with the “Crystal and X-Ray Facility”,
Heinrich-Heine-Universitat Diisseldorf. A screening of possible precipitants with the sparse
matrix sampling method revealed a crystal forming condition for N-terminally His,-tagged
CYP154E1: 100 mM Tris/HCI buffer pH 8 containing 65 % MPD. After upscaling and fine
screening of the identified sitting drop crystallization condition, crystals with a diameter
of ~60 pm could be obtained. Subsequent additive screening led to an improved precipitant
containing additionally 10 mM Co(NH;)sCl;. These conditions allowed the hexagonal planar
crystals to grow to a diameter of ~200 um. For ten crystals X-ray diffraction has been mea-
sured but no complete data set could be obtained. To further improve the diffraction quality
of the crystals additional precipitants were screened and a second crystal forming condition
(100 mM Bicine buffer pH 9, 70 % MPD) could be identified. Unfortunately, this did not im-
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6 Crystallization of CYP154E1

prove the diffraction of the formed crystals.

To obtain high quality crystals a further variant of CYP154E1 with a Hiss-tag located at
the C-terminus instead of the N-terminus was constructed. Increased expression levels of
CYP154E1-CHis in E. coli of about 125 % were the result of the changed position of the affin-
ity tag.

A third variant of CYP154E1 was obtained by treating the original N-terminally His¢-tagged
enzyme with the protease thrombin to cleave the affinity tag from the intact protein result-
ing in the version CYP154E1-Thr. Both new variants were subjected to crystallization exper-
iments under the conditions identified earlier. Crystallization was observed in both cases
and for CYP154E1-Thr even the geometry of the crystals changed to a hexagonal prismatic
form.

X-ray diffraction measurements of the new crystals provided the first complete data sets.
Nevertheless, the crystal quality did not suffice to solve the structure by molecular replace-
ment since the crystals were twinned. Twinning is a known problem in protein crystallo-
graphy and occurs when a crystal consist of more than one separate domain having different

(1361 Tt is distinguished from other crystal growth anomalies by the partial or

[137

orientations.
complete coincidence of the lattices of each domain.["3”) Therefore, the observed scattering
intensities in X-ray diffraction are the weighted sum of the reflections of the sublattices. The
ratio of the volume of the separate domains is called “twinning fraction” a. If o is different
from 0.5 it can be possible to compensate the phenomenon during data analysis as demon-
strated e.g. for CYP245A1 (PDB-ID: 3A1L).!"*! If this does not succeed or a is equal to 0.5 (per-
fect twinning), then twinning has to be circumvented or at least reduced by a change in the
crystallization procedures. From literature it is known, that the crystallization speed of the
different domains is often slightly different. These differences can be exploited by lowering
the crystallization temperature. Following this approach, the twinning of bacteriorhodopsin
could be drastically reduced.'*) A further strategy frequently found in literature would be

140.141] Recent work on bac-

to screen for additional conditions leading to untwinned crystals.!
teriorhodopsin demonstrated that it is possible to separate two domains of a twinned crystal
by slowly lowering the salt concentration of the mother liquor.**?! For CYP154E1-crystals
this method would be applicable if the crystal only consists of two large domains. Finally, the
variation of the affinity tag might be an option to obtain untwinned crystals as this has been
reported for other proteins to have an influence on twinning.***! In conclusion, an important
step in the direction of solving the crystal structure of CYP154E1 has been achieved. How-
ever, further improvements of the diffraction properties of CYP154E1-crystals are required

prior to solve their crystal structure.
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7 Concluding discussion

The interest in P450 monooxygenases for biocatalysis is high since these enzymes are able to
oxidize even non-activated carbon atoms. Ideally, a versatile P450-based biocatalyst for syn-
thetic applications should accept a broad range of substrates, which are chemo-, regio-, and
stereoselectively oxidized to a single product. Moreover, a biocatalyst should possess high
activity and should be stable under process conditions. Finally, the expression of the enzyme
in sufficient amounts should be possible in a simple prokaryotic system like E. coli.[*’]
Although genome sequencing projects have rapidly increased the number of annotated P450
gene sequences in the recent years, the choice of enzymes is still difficult. Eukaryotic P450s,
which are responsible for xenobiotic detoxification, have the desired broad substrate spectra,
but their regioselectivity is often low. Furthermore, due to their eukaryotic origin, they often
lead to low expression in E. coli and often are not stable.

In contrast, most bacterial P450s are soluble enzymes and frequently show high expression
levels in E. coli. Often their limitation is the narrow substrate spectrum as they naturally
often catalyze single steps in different biosynthetic pathways, only. CYP102A1 as one ex-
ample for a bacterial P450 has been extensively engineered to extend its substrate spec-

trum [81,144-147

I Nevertheless, the regioselectivity of engineered CYP102A1 variants is still
far from perfect.

Contrasting other P450 families, the substrate spectra of the characterized CYP154-family
enzymes is not limited to one small class of chemical compounds. Whereas the CYP154
family in general accepts a broad substrate spectrum, the single enzymes often display high
product selectivity. Two members of different subfamilies, CYP154E1 and CYP154A8, with
41 % sequence identity were chosen to characterize their substrate spectrum. Furthermore,
their potential as biocatalyst in in vitro and in vivo systems was explored.

In the following, the achieved results of this work will be examined with respect to the afore-
mentioned ideal properties of a P450-based biocatalyst. This will demonstrate the progress
made towards the long-term goal: Development of a versatile P450-based biocatalyst and

the elucidation of molecular determinants responsible for these properties.
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7.1 Selectivity

“Selectivity” of P450 catalysis refers to several different aspects. First of all, it includes the
substrate spectrum of a P450 enzyme which ideally should be very broad. Furthermore, it
includes product selectivity, namely chemo-, regio-, and stereoselectivity of an enzyme in
the catalyzed reaction. The selectivity of CYP154E1 and CYP154A8 had to be investigated.
Established screening methods used to determine the substrate spectra of non-characterized
P450s often do not reveal their product selectivity or, even more important, are not based on
the detection of products at all. In this work an advanced screening approach, called cluster
screening, was developed which enables the simultaneous collection of information on the
accepted substrates and the formed products. As it relies on the chromatographic separation
and mass spectrometric detection of the formed products it also elucidates the chemo- and
regioselectivity of P450 enzymes. For the screening a library of 51 organic molecules was
compiled. The compounds have been clustered into nine groups according to their chemical
properties and size. The systematic chemical relationship of the compounds in the cluster
library enables the identification of new substrates for the tested P450s. Even more impor-
tantly, also the structural requirements which have to be fulfilled by a chemical compound
to be converted can be distinguished. By sacrificing the feasibility of high throughput in the
chosen screening methodology, detailed information about the substrate space and product

selectivity was obtained.

Phylogenetic analysis of the CYP154 family revealed that CYP154E1 and CYP154A8 belong
to different branches of the phylogenetic tree. Furthermore, their sequence identity (41 %)
is at the lower limit for P450s from the same family. Hence, differences in their selectivities
were expected. Thirty compounds from the cluster library were identified as substrates for
CYP154E1. The homologous CYP154A8 accepted 23 of the tested compounds. To a large
extent the substrate spectra of both enzymes were overlapping in groups I-V (small, mostly
rod-shaped molecules). Differences were observed for the substrates heptanoic acid, farne-
syl acetone, octane-1-thiol, and 2,4,6-trimethyloctanoic acid which were only accepted by
CYP154E1. In general, CYP154A8 displayed higher product selectivity but lower activity
than CYP154E1.

In groups VI-IX makro- and polycyclic compounds with a higher steric demand have been
tested. In these groups the substrate spectra of both enzymes differed even more than
in the groups I-V. Six compounds from group VI (bicyclic compounds) were accepted by

CYP154E1 but only one, Grundmann’s ketone, was also converted by CYP154A8. An impor-
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tant property of the aforementioned drug-metabolizing P450s is their large binding pocket.
It enables them to accommodate molecules like bromoergocryptine (656 Da, CYP3A4), 148!
erythromycin (734 Da, CYP3A4), or two molecules of ketoconazole (531 Da) in their active

site.[14

I Molecules with a correspondingly high molecular weight were clustered in groups
VII to IX. The largest accepted compound for CYP154E1 was pergolide (314 Da). This com-
pound, a derivative of ergot alkaloids, acts as dopamine receptor agonist and was until
recently, when the risk of serious heart valve damage was reported, an approved drug to

[150] Several pathways for pergolide detoxification in humans are

treat Parkinson’s disease.
described. CYP3A4 is a major contributor to pergolide metabolism. Its dealkylation activity
against other ergot alkaloid derivatives has also been demonstrated previously.[*%1%2 A sec-
ond pathway observed in humans is the sulfoxidation of pergolide.(!**] The products formed
by CYP154E1 showed the incorporation of one oxygen atom into the alkaloid scaffold but
the exact location could not be determined.

Grundmann’s ketone (GK) was the only compound from groups VI-IX which was ac-
cepted by both P450s. In convergent routes to 25-hydroxyvitamin D5 analogs, 25-hydroxy-
Grundmann’s ketone is an important intermediate. It is synthesized by ozonolysis of vita-
min D; and, the 25-hydroxy functionality can be introduced by oxidation with a ruthenium

154 After oxidation and a tedious workup with column chromatography an over-

catalyst. [
all yield of 49 % is reported in the literature.[** CYP154E1 offers an alternative synthetic
route, since it shows absolute selectivity for the 25-hydroxy product without the formation
of by-products. CYP154A8 accepts GK with similar selectivity and at the same time it was
the largest molecule accepted by CYP154A8 in this screening. To the best of our knowledge
these two P450s are the only CYPs to date which selectively convert GK to 25-hydroxy-
Grundmann’s ketone.

For the cyclic diterpene cembrene (272 Da), type I binding spectra could be recorded with
CYP154A8 although no conversion was observed. From a mechanistic point of view it be-
came obvious that binding of a substance to a P450 does not guarantee product formation.
Furthermore, this observation emphasized the advantage of a product-based screening, like
the cluster screening method used in this study, over mere screening for type I spectra when

the reliable identification of substrates is the ultimate aim.

Based on the substrate profile obtained by cluster screening, n-alkanes were predicted to be
anovel substrate class of CYP154A8. A detailed investigation of the selectivity of CYP154A8
towards this class of substances was performed. n-Alkanes with a chain length from C;
to C;o were accepted by CYP154A8 and were converted to 2-alkanols and 3-alkanols. Al-

ready in the cluster screening some of these products have been identified as substrates of
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CYP154A8. Thus, they were further oxidized what led to diols and subsequently hydroxy ke-
tones. To prevent this overoxidation the substrate was employed as a second organic phase.
This reaction design efficiently protected the mono alcohols from a second hydroxylation
in the aqueous, enzyme-containing phase by constant, in situ liquid-liquid extraction. Addi-
tionally, the aqueous phase was saturated with the n-alkane and hence the availability of the
substrate for the biocatalyst was maximal. Asa consequence only 2- and 3-alkanols as well as
2- and 3-ketones were observed. Total regioselectivity for the C2-position was over 90 % for
n-octane. With higher chain length the C2-selectivity decreased to ~70 % for n-decane (Cyj).
The stereoselectivity of the enzyme showed a similar trend. The maximal value of 91 % ee
was reached for 2-(S)-octanol. For the longer-chained 2-(S)-decanol the enantiomeric excess
decreased to 63 % ee. Simultaneously, 3-decanol was formed with 89 % ee. Other P450s which
selectively hydroxylate n-octane to 2-octanol are the CYP102A1 variants 1-12G, 139-3 and
F87V/A328F, all with notably lower enantiomeric excess: 46 % ee for 2-(R)-octanol, 39 % ee
for 2-(R)-octanol, and 58 % ee for 2-(S)-octanol, respectively.(!*>"'57] Until recently, when 2-
(S)-octanol production with the P450p,, variant SM1 (98 % ee) was published, CYP154A8 was
the P450 reaching the highest enantioselectivity for octane 2-hydroxylation.['**! Neverthe-
less, it still is the most stereoselective P450 wild type enzyme for n-alkane hydroxylation

known to date and thus further improvements by protein engineering methods seem possi-

ble.

7.2 Activity and catalytic performance

The activity and catalytic performance of a biocatalyst depend on many factors. First of all,
an enzyme has to be expressed in a host organism either homo- or heterologously. E. coli is
often the organism of choice due to its easy handling, low costs for culturing, fast growth, and
established genetic manipulation methods. Both CYP154E1 and CYP154A8 could be heterol-
ogously overexpressed under standard conditions with up to 1.1 mmol L culture (CYP154E1-
CHis). A high expression level as one prerequisite for high performance was met by both
enzymes.

Secondly, high activity of a P450 is always coupled to the availability of suitable redox partner
proteins. In case of CYP154E1 two strategies have been explored. Cloning and expression of
autologous redox partners from T. fusca failed because the ferredoxins were not expressed

in high yields in E. coli. However, activity of CYP154E1 and CYP154A8 could be successfully
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reconstituted with the heterologous putidaredoxin (Pdx) and its reductase putidaredoxin re-
ductase (PdR) as well as the flavodoxin YkuN and E. coli flavodoxin reductase. Supported by
YkuN and FdR the P450s reached 2 and 11-fold increased product conversion in vitro com-
pared to Pdx/PdR.

Based on these results E. coli whole cell biocatalysts with YkuN/FdR and Pdx/PdR were de-
signed for the CYP154E1-catalyzed hydroxylation of Grundmann’s Ketone. In contrast to the
in vitro system, in E. coli cells the productivity decreased when YkuN/FdR was used. Prod-
uct concentrations reached only ~50 % of those achieved with Pdx/PdR. However, the total
turnover numbers (TTNs) defined as amount of product formed by each molecule of P450,
were still higher with YkuN/FdR than with Pdx/PdR. This phenomenon can be explained by
the NADPH dependence of FdR. In E. coli cells the concentration of NADPH is reportedly
lower than that of NADH. "> Thereby, the more efficient YkuN/FdR system led to higher
TTNs but after consumption of the cofactor this limitation prevented higher product concen-
trations.

A third, P450 specific factor which influences the performance of a biocatalysts is the cou-
pling of cofactor consumption to product formation. The degree of uncoupling is governed
by the rate of electron delivery to the heme iron which in turn is influenced by the redox
potentials of the redox partners and by protein-protein interactions. If the second reduc-
tion of the heme center cannot take place due to missing reducing equivalents or occurs too
slow reactive oxygen species are formed. Thus, redox partner compatibility, which deter-
mines the rate of electron delivery, is one of several factors influencing coupling. A further
factor which determines the degree of coupling is the substrate itself. It is known that non-
natural substrates promote uncoupling due to steric reasons. In this work coupling was de-
termined for the CYP154A8-catalyzed n-alkane hydroxylation supported by YkuN/FdR. Max-
imal coupling was observed for n-octane. With 21 % it is far lower than the >90 % observed
for CYP102A1 and its natural fatty acid substrates.*® In contrast to some of its variants,
CYP102A1 wild type exhibits low coupling for some non-natural substrates, e.g. only 3.2%
for 9-methylanthracene.***! Coupling of the mentioned n-octane hydroxylating CYP102A1
variants 139-3 and 1-12G was reported to be 22 and 37 %, respectively. With respect to these
values CYP154A8 (with 21 % coupling) was on a comparable level. It is noteworthy that this
was possible despite the fact that all three components, CYP154A8, YkuN and FdR originate

from three different organism.

A measure to assess the performance of a biocatalyst is the TTN. TTNs have been determined
in vitro for the n-alkane oxidation mediated by CYP154A8 in biphasic reaction systems. The

maximal TTN-value of 4400 was observed with n-nonane and the minimal value of 1700
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with n-decane. On the one hand, this reflects the different specific activities of CYP154A8
towards the n-alkanes. On the other hand, the low solubility of the highly hydrophobic
substrates have a major influence on TTNs. Additionally, the TTNs are influenced by the
stability against the organic substrates and cosolvents, as discussed below.

In this work, TTNs have also been determined in the development of a CYP154E1-
based whole cell biocatalyst for GK hydroxylation. The TTN for GK hydroxylation by
CYP154E1/YkuN/FdR was about 30-fold lower compared to those observed for CYP154A8
mediated n-alkane hydroxylation. Moreover, different TTNs were observed depending on
the used redox partner system. These differences were attributed to a more efficient electron
transport by the YkuN/FdR system. It became apparent that besides its advantages the E. coli
whole cell system also exhibits limitations. Especially, the intracellular NADPH concentra-
tion and the capacity of its regeneration by the E. coli metabolism had an influence on the
performance of the whole-cell biocatalyst. Other limiting factors described in the literature,
e.g. membrane permeability of the substrate, expression levels of the different enzymes co-
expressed in the cell and the resulting undefined ratio of redox partners to P450 have not
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been investigated.['®”] Prior to the implementation at a larger scale, these factors should be

optimized in order to further increase the performance of the biocatalyst.

7.3 Stability

Enzyme stability is the major factor influencing the life time of a biocatalyst. As a con-
sequence, the total stability of a biocatalytic system is dependent on the stability of each
of the involved enzymes. Stability against various parameters including concentrations of
substrate, product, and additional cosolvents as well as temperature and pressure can be dis-
tinguished. In this study all experiments were performed under ambient pressure, therefore
only solvent tolerance and thermostability have been investigated.

The origin of CYP154E1 from a moderately thermophilic organism gave rise to investigate its
thermostability. The Tsy of CYP154E1 was 63 °C and thus 13 K higher than that of CYP154A8
which is of mesophilic origin. The value for CYP154E1 is in good accordance with the
published apparent melting temperature of CYP154H1 (T, = 68 °C) from the same host.[%"]
The thermostability of CYP154E1 lies between those of P450s from mesophilic bacteria like
CYP102A1 (heme domain, T,, =47 °C) and CYP101A1 (T, = 61 °C) and those from hyperther-
mophiles like CYP175A1 (Ty, = 88 °C) and CYP119A1 (T, = 91 °C).[1°1162] This enhanced sta-

bility renders CYP154E1 more attractive for biocatalytic applications where thermostable
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enzymes are advantageous.

The solvent tolerance of the biocatalytic system became a major issue during the hydrox-
ylation of n-alkanes with CYP154A8 in the described biphasic reaction system. The pres-
ence of an organic substrate phase maximized the concentration of the respective n-alkane
in the aqueous phase. However, organic solvents in general are known to have a desta-
bilizing effect on proteins and thus high concentrations can lead to enzyme inactivation.
With CYP154A8/YkuN/FdR/GDH the initial rate n-octane hydroxylation was higher than
that of n-nonane although the TTN achieved with n-nonane was ~38 % higher than that with
n-octane. This behavior was attributed to a lower solubility of n-nonane and thereby to a
reduced enzyme inactivation. Experiments in which the CYP154A8-catalyzed n-octane con-
version was supplemented with different components of the reaction mixture after a certain

reaction time, supported the hypothesis of enzyme inactivation by the substrate.

7.4 Summary and conclusion

On the way to novel, versatile, P450-based biocatalysts that combine broad substrate spec-
tra with high product selectivity, enhanced stability, and high expression levels the CYP154
family was selected for investigation. Two family members, CYP154E1 from T. fusca and
CYP154A8 from N. farcinica were characterized to determine their biocatalytic potential.
Both P450s could be expressed in E. coli in high yields and several approaches to reconstitute
P450 activity with different redox partners were explored. The strategy to use heterologous
redox partners was successful and both monooxygenases displayed highest activity in pres-
ence of YkuN and FdR.

A new screening method based on product detection via GC/MS and LC/MS was developed
and applied to CYP154E1 and CYP154A8. A library of chemically and structurally related
compounds, which were clustered in nine different groups, allowed the identification of 30
and 23 novel substrates of CYP154E1 and CYP154A8, respectively. Moreover, subtle differ-
ences in activity and selectivity between the two homologous P450 monooxygenases were
resolved using the cluster screening.

The substrate profile was then applied to predict a novel substrate class of CYP154AS,
n-alkanes. A biphasic reaction system with an organic substrate phase was developed for
this reaction with isolated enzymes. It could be shown that CYP154A8 accepts n-alkanes
from C; to Cy, with a total regioselectivity for the C2-position of up to 90 %. CYP154A8 is

strictly S-selective and produces 2-(S)-octanol with 91 % ee. It is therefore so far the only
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known wild type P450 monooxygenase that combines high stereoselectivity with high re-
gioselectivity and high TTN leading to product concentrations of up to 3.0 mM after 24 h.
For the hydroxylation of Grundmann’s Ketone a whole cell biocatalyst was developed
which is able to produce 1.1 mM 25-hydroxy-Grundmann’s ketone within 24h. Investi-
gations of the optimal redox partners in vivo demonstrated the superior productivity of
the CYP154E1/Pdx/PdR system probably because of the higher availability of NADH over
NAD(P)H in E. coli cells.

In an effort to elucidate the molecular determinants responsible for the selectivities and the
stability of the investigated P450s, CYP154E1 was crystallized. This was a first important
step to determine its three-dimensional structure, even though the obtained X-ray diffrac-
tion data did not allow the solution of the structure of CYP154E1.

In conclusion, it could be demonstrated that the CYP154 family enzymes are good candidates
for the development of versatile P450-based oxidation catalysts. Exploiting their good prod-
uct selectivity, synthetically useful biocatalysts for the hydroxylation of n-alkanes in vitro
and of Grundmann’s Ketone in vivo were developed. However, the two investigated P450s
did not accept very large substrates like macrolide antibiotics or cembrene. To overcome
this limitation and to tune selectivity even further, rational protein engineering can be ap-
plied. In an attempt to establish a structural basis for protein engineering of CYP154E1, the
enzyme was crystallized. So far the resulting X-ray data did not allow the solution of the
crystal structure due to twinning. Further efforts should be undertaken in order to solve the
three-dimensional structure of CYP154E1, which will extend our knowledge about structure-
function relationships in this P450 and would help to rationalize the observed results. Nev-
ertheless, on the way to find molecular determinants responsible for the catalytic properties
of CYP154E1 its crystallization was a step which might finally enable a wider application of
CYP154-family enzymes in biocatalysis.
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9 Appendix

9.1 Abbreviations

5-ALA ......... 5-aminolevulinic acid
A.annua ....... Artemisia annua

AdR ........... adrenodoxin reductase
Adx ........... adrenodoxin

Amp ........... ampicillin

B. licheniformis . Bacillus licheniformis

Bicine ......... 2-(bis(2-hydroxyethyl)amino)acetic acid
bp ... base pairs

CO ............ carbon monoxide

CPR ........... cytochrome P450 reductase

CYP ........... cytochrome P450

DMSO ......... dimethyl sulfoxide

DNA .......... deoxyribonucleic acid

E.coli .......... Escherichia coli

ee ............. enantiomeric excess

EC ............ enzyme class

EPR ........... electron paramagnetic resonance

ER ............ endoplasmic reticulum

ESI-TOF-MS .... electro spray ionization time of flight mass spectrometry
fer ... B. subtilis ferredoxin

FAD ........... flavin adenine dinucleotide

FDA ........... U.S. Food and Drug Administration
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FDH ........... formate dehydrogenase

FdR ............ E. coli flavodoxin reductase

FIdR ........... flavodoxin reductase

Fldx ........... flavodoxin

FMN ........... flavin mononucleotide

GC ............ gas chromatography

GDH .......... glucose dehydrogenase

GK ............ Grundmann’s ketone

HEPES ......... 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
HR-MS ........ high resolution mass spectrometry

HS ............ high-spin

IMAC .......... immobilized metal ion affinity chromatography
IPTG .......... isopropyl-pf-D-1-thiogalactopyranoside

Kp ..ot binding constant

KIE ............ kinetic isotope effect

LB ............. Luria-Bertani

LBamp «vvvnn-s Luria-Bertani medium with ampicillin

LC ... L. liquid chromatography

LS ..o low-spin

My oovvionn. molecular weight

MALS ......... multi angle light scattering

MCS ........... multiple cloning site

MPD .......... 2-methyl-2,4-pentanediol

MS ............ mass spectrometry

N. farcinica . .. .. Nocardia farcinica

NAD* ......... nicotinamide adenine dinucleotide, oxidized form
NADH ......... nicotinamide adenine dinucleotide, reduced form
NADP* ........ nicotinamide adenine dinucleotide phosphate, oxidized form
NADPH ....... nicotinamide adenine dinucleotide phosphate, reduced form
OD ............ optical density

ORF ........... open reading frame
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P450 ........... Cytochrome P450 monooxygenase
P450gio1 ........ CYP107H1, from Bacillus subtilis

P450ppz3 ... .. CYP102A1, from Bacillus megaterium
P450.,m .. ...... CYP101A1 from Pseudomonas putida
P450, ... ... CYP176A1, from Citrobacter braakii
P450¢0yy +onvn. .. CYP505, from Fusarium oxysporum
P450y, ......... CYP111A1, from Pseudomonas incognita
P4501 - ... CYP107, from Curvularia lunata

P450\yeg <o v CYP107E1, from Micromonospora griseorubida
P4500xya - ... CYP165A1, from Amycolatopsis orientalis
P4500xy8 - ... .. CYP165B1, from Amycolatopsis orientalis
P4500xyc - ... ... CYP165C1, from Amycolatopsis orientalis
P4505y ........ CYP153A7, from Sphingomonas sp.
P450g., . ..oon.n CYP105A3, from Streptomyces carbophilus
P450ierp . .... .. CYP108A1, from Pseudomonas sp.

PCR ........... polymerase chain reaction

PDB ........... Protein Database, http://pdb.org/

PdR ........... putidaredoxin reductase

Pdx ............ putidaredoxin

PFAM ......... protein family database, http://pfam.xfam.org/
PFOR .......... phthalate-family oxygenase reductase
PMSF .......... phenylmethylsulfonyl fluorid

RIS ............ reductase interaction site

ROX ........... reactive oxygen species

pm ........... rotations per minute

S. carbophilus ... Streptomyces carbophilus

SDS-PAGE ..... sodium dodecyl sulfate - polyacrylamide gel electrophoresis
SEC ........... size exclusion chromatography

SFR ............ structure-function relationship

SRS ............ substrate recognition site

Tsg oveeennnnn temperature which reduces enzyme activity by half
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melting temperature

terrific broth

N-(2-hydroxy-1,1-bis(hydroxymethyl)ethyl)glycine
tris(hydroxymethyl)aminomethane

total turnover number, defined as nmol product formed per nmol of P450
employed

enzyme unit

ultraviolet-visible

B. subtilis flavodoxin N

B. subtilis flavodoxin P
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Constructed plasmids
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Figure 24: Plasmids pET-fdx1, pET-fdx2, pET-fdrl1 and pET-fdr2 are based on pET-22b(+).
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The

pCOLADuet-1-based plasmids pFdxFdr-1 and pFdxFdr-2 allow coexpression of the corresponding
ferredoxin/ferredoxin reductase genes. Kan: kanamycin resistance gene, Amp: ampicillin resistance
gene, lacl: lacl repressor gene, Hisg: sequence coding for a hexa histidine tag.
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Figure 25: Plasmid map of the pET-22b(+)-based expression vector for CYP154E1. Amp: ampicillin
resistance gene, lacl: lacl: repressor gene, pBR322 origin: origin of replication.
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Figure 26: Plasmid map of pET28-CYP154E1t (Tfu_2976). Kan: kanamycin resistance gene, pBR322-
origin: origin of replication.
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Figure 27: Plasmid map of pET22-CYP154E1-CHis. Amp: ampicillin resistance gene, pBR322-origin:
origin of replication.
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