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AAD Amino acid deaminase
ADH Alcohol dehydrogenase
AKR Aldo-keto reductase
AlaDH Alanine dehydrogenase
Amp Ampicillin

Amp® Ampicillin resistance
approx. approximately

APS Ammonium persulfate

Aq. bidest.  Twice distilled water
Aq. dest. Distilled water

ATA Amine transaminase

B.C. Before Christ

B.Sc. Bachelor of Science

BCA Bicinchoninic acid

BLAST Basic local alignment search tool
blastn BLAST based on nucleotide sequence
bp base pairs

BSA Bovine serum albumin

BVMO Baeyer-Villiger monooxygenase

C. cellulans Cellulosimicrobium cellulans

CAL-A Lipase A from Pseudozyma antarctica
CAL-B Lipase B from Pseudozyma antarctica
Cam® Chloramphenicol resistance

CCE Crude cell extract

cDNA complementary DNA

Cbw Cell dry weight

CHMO Cyclohexanone monooxygenase

CHMOpcineto  CHMO from Acinetobacter sp.
CHMOpp Double mutant of CHMO agineto C376L/M400I
CHMOqum Quadruple mutant of CHMO a¢ineto C376L/M4001/T414C/A463C

CLEA Cross-linked enzyme aggregate

CLO Arrangement of genes on pETM6: CHMOpy, LK-ADH, OYE1
CcO Carbon monoxide

COL Arrangement of genes on pETM6: CHMOpy, OYE1, LK-ADH
Cpd 0/1 Compound 0/1

CPR Cytochrome P450 reductase

CPRapicola CPR from Candida apicola

Cv Column volume

CYP Cytochrome P450-monooxygenase

CYP102A7 P450 from Bacillus licheniformis

de diastereomeric excess

DFG Deutsche Forschungsgemeinschaft (German Research Society)
DMSO Dimethyl sulfoxide
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1.1 Enzymes in Biotechnology and Biocatalysis

In our modern society biotechnology has become highly important for economics,
especially for the chemical, pharmaceutical and food industry. But biotechnology has
already been important for much longer time. By consideration of brewing and baking
also as biotechnology, one might hypothesize that biotechnology was the cradle of our
modern settled society. Some historians even said that mankind started farming barley
9000 B.C. to make beer and not to bake bread.! Of course since then this
technological field has undergone a tremendous development, which was already
foreseen by Malcolm Dixon in 1949, who said:

“[...] purified enzymes have already proved useful to the organic chemist in a number of
cases, and it seems likely that they may have an increasing influence on chemical
technique in the future as isolation methods improve.”?!

Nevertheless, the cradle of modern biotechnology probably might be found in the mid
of the 1970s. At that time several milestones in the field can be found:
1. The development of the hybridoma technology for the production of monoclonal
antibodies® (Nobel Prize in Physiology or Medicine 1984));
2. Foundation of Genentech — worldwide the first modern biotechnology company
famous for the recombinant production of human insulin®;
3. Publication of the first complete genome sequence of an organism -
bacteriophage ®X174 (Nobel Prize in Chemistry 1980!); and
4. The development of gene synthesis."
Indubitably more breakthroughs were following.Amongst these the development of the
polymerase chain reaction (PCR) was probably the most important one (Nobel Prize in
Chemistry 1993).®! Very recently scientists around J. Craig Venter, who was also
responsible for deciphering first the human genome, were able to assemble the first
artificial bacterial genome, which can be accounted to as the foundation of modern
synthetic biology."!
In Germany one of the pioneering modern biotechnology companies was QIAGEN
(founded in 1984) and a lot of other companies in this field were founded within the
following decades. The total number of dedicated biotechnology companies and other
biotechnology-active companies in Germany reached a value of 710 in 2014 (Figure
1).1"% |n parallel, the total number of employees in biotechnology companies reached a
number of 37,130 that year and the development over the last five years showed the
same trend. Although the biotechnology industry seems to be quite optimistic
concerning its future development, as demonstrated by the BRAIN AG in 2016, which
decided to make an IPO at the German stock exchange in Frankfurt/Main, the increase
in the number of companies in Germany might have come to stagnation. Especially by
having a detailed look on the development since 2005 it becomes obvious that the
growth rate decreased the last years (Figure 1). The same trend can be observed for
the employees in biotechnology companies, though the maximum is probably not yet
reached.
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Figure 1. Development of total number of dedicated biotechnology companies and other bio-
technology-active companies in Germany from 2005 - 2014 (black: Total no. of dedicated and
other biotechnology companies (left y-axis), red: total no. of employees in dedicated and other
biotechnology companies (right y-axis)).""

On closer inspection of the trend curve observed for the total number of companies in
Germany, this somehow corresponds to the impact of biocatalysis as postulated by
Bornscheuer et al.'"! The ‘boom’ of biocatalysis observed over the last years was
correlated to the developed directed evolution methodologies, which were in contrast
to the traditional methods in biotechnology. In the early days of biotechnology the
process itself was engineered to meet the optimal conditions necessary for the used
enzymes. Nowadays the enzymes themselves are engineered. In principle there are
two approaches for doing so: rational protein design and directed evolution (Figure 2).

Directed Evolution Combined Approaches Rational Design
(Random mutagenesis)

(Distinct point mutations)

Screening effort
Information intensity

Figure 2: Methodologies for protein engineering (from [12]).

For rational design a lot of information about the protein is needed and only a few
hotspots for mutation are selected based for example on structural information, so that
the screening effort is kept very low. But the problem is that only for about 20% of the
proteins in the Swiss-Prot database (containing 550,299 reviewed sequences), the
structure has been determined experimentally. This number even further decreases
dramatically to 0.2%, when considering also the TrEMBL database (containing
59,718,159 automatically annotated sequences)."® This is probably due to the fact
that DNA sequencing has become very fast in the last decade, whereas structure
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determination is still rather laborious. Nevertheless modeling of protein structures
might close this gap to a certain extent.!""

In contrast, for directed evolution very few information about the protein is necessary,
because the gene sequence is mutated randomly. Here, the screening effort is very
high and several thousand to many million clones have to be analyzed with respect to
the desired parameter. To address these high numbers several approaches were
made to improve the mutagenesis methods (for details refer to [12]), but also robotics
had a certain impact to solve this problem."!

As third methodology a combined approach has to be mentioned, which features for
example the use of homology models for rational design or random mutagenesis of
only defined enzyme domains (‘small, but smart libraries’).!"®!

But why has biocatalysis become so important for industry? In general, there are three
approaches for the production of chemicals: chemical synthesis, isolation from a
natural source or biocatalysis/biotransformation. Of course biocatalysis has certain
advantages over chemical synthesis (Table 1) and over natural product isolation (e.g.
no landmass needed to grow the desired plants). One of these often mentioned
advantages is also the use of water as ‘green’ solvent. Recently this was questioned
by Ni, Holtmann and Hollmann.'"” They have shown, when considering the waste-
water also for calculation, that the E-factor!'® of the biocatalytic route for the production
of styrene oxide was ten times higher than the one for an optimized chemical way.
Nevertheless, due to their usually high stereoselectivity and the use of very mild
reaction conditions in terms of temperature, pressure and pH enzymes often
outcompete the chemical processes.

Table 1: Advantages and disadvantages of cells and enzymes as biocatalysts in comparison
with chemical catalysts (adapted from [19]).

Advantages Disadvantages
Stereo- and regioselectivity Cells and enzymes are:
Low temperatures required - unstable at high temperature
Low energy consumption - unstable at extreme pH-values
Active at pH 2-12 - unstable in aggressive solvents
Less byproducts - inhibited by some metal ions
Non-toxic when used correctly - hydrolyzed by peptidases
Can be reused (immobilized) Some enzymes:
Can be degraded biologically - are still very expensive
Can be produced in unlimited quantities - require expensive cosubstrates

When inhaled or ingested enzymes are, as all
foreign proteins, potential allergens

In industry the most frequently used enzymes are in general hydrolases, above all
lipases and esterases. This is also resembled by the number of commercially available
enzyme preparations as surveyed in 2012 (Figure 3).*° Here, 59% of the available
enzyme formulations belonged to enzyme class 3 (EC 3), in which the hydrolases are
classified. These enzymes’ popularity is probably due to their outstanding high
activities, high stabilities and the fact that usually no co-substrates are needed. In
contrast, enzymes belonging to EC 1 usually require a co-factor, e.g. NAD(P)H, which
in turn is very expensive. Nevertheless, especially alcohol dehydrogenases/keto
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reductases (ADHs, belonging to EC 1) display high activities and stereoselectivities,
which make them also very interesting for synthesis.

Transferases (EC 2)
3% Oxidoreductases (EC 1)

31%

Isomerases (EC 5)
and Ligases (EC 6)
<1%

Lyases (EC 4)
7%

Hydrolases (EC 3)
59%

Figure 3: Distribution of enzyme classes of commercially available enzymes as listed in [20].

The EC 2 probably was a little bit underrepresented in this survey, because only 3% of
the listed enzyme preparations belonged to this class. This number is nowadays
possibly higher due to the ‘boom’ of developed transaminase-dependent processes
during the last years.?" Finally, the enzymes belonging to EC 4 (Lyases) made up a
part of 7%. Here, the best known enzymes are the hydroxynitrile lyases, which are
used for the stereoselective production of hydroxy acids.”? Only <1% of the listed
enzymes were isomerases or ligases and therefore these will not be described in detail
here.

In the following passages the enzymes used in this thesis will be discussed in more
detail.

1.1.1 Lipases

The most prominent enzymes for biocatalysis are lipases. These are used since
decades in several industrial sectors, e.g. in oleochemical, cosmetical, food, health,
and pharmaceutical industry.”® Here, lipases are mainly applied for lipid modification
such as the production of structured triglycerides for human nutrition.** But also their
utilization for the production of steroid hormones was demonstrated by several
companies (e.g. Bayer HealthCare, Pfizer, Essex Pharma), which produce these in a
thousand tons range every year (for detailed information refer to [23-25]).

The reaction mechanism of lipases is similar to the one of serine peptidases and
carboxyl esterases. These enzymes feature a catalytic triad in their active site, which
consists of Ser, His and Asp (or Glu). The mechanism itself proceeds via four steps
(Scheme 1). First the substrate ester reacts with the active site serine to a tetrahedral
intermediate (T41), which is stabilized by the oxyanion hole. In the second step the
alcohol is released and the acyl enzyme remains. As third step a nucleophile (e.g.
water for hydrolysis, alcohol for transesterification) attacks the acyl to give again a
tetrahedral intermediate (T42). Finally the intermediate collapses and the product acid
or ester is released.”®®
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Scheme 1: Mechanism of ester hydrolysis by lipase from Candida rugosa (adapted from [26]).

Usually all the established transesterification processes involving lipases require a
water-free reaction medium to avoid hydrolysis of the products. On the contrary some
transacetylation reactions with lipases in aqueous environment were described
recently, like for the lipase A from Pseudozyma antarctica (CAL-A; strain formerly
known as Candida antarctica).?”! A special case of this reactions in water was
described independently by the groups of Uwe T. Bornscheuer® and Wolfgang
Kroutil.” In both cases the scientists established biocatalytic routes for the production
of poly-[caprolactone] (PCL)/poly-[caprolactam] (Nylon-6) precursors by combining
several enzymes. Amongst these there was also a lipase respectively an esterase,
which was used for ring opening polymerization respectively transesterification/
hydrolysis (Chapters 1.2.1, 1.2.3 and 1.4.2).

1.1.2 Alcohol dehydrogenases/Keto reductases

These enzymes belong to the class of oxidoreductases (EC 1.1.1.1) and up to now
several thousand of these enzymes were identified. However, probably only a few of
these known ADHs are used for preparative applications. Although in theory ADHs
catalyze both, reduction of ketones and oxidation of alcohols, the reductive mode of
these enzymes for the production of enantiomerically pure alcohols is favored.?™ In
some cases the term ‘ADH’ is misleading (e.g. (R)-ADH from Lactobacillus kefir®"),
because the equilibrium of the reaction favors the reduction mode, so that for some of
these enzymes the nomenclature probably needs to be revised.

In general, ADHs are classified by structural properties into four groups: aldo-keto
reductases (AKR), medium-chain dehydrogenases/reductases (MDR), short-chain
dehydrogenases/reductases (SDR) and long-chain dehydrogenases/reductases
(LDR). In the following the SDR and MDR are going to be described in more detail.
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Table 2: Structural properties and preparatively useful MDR and SDR (adapted from [30a]).

Parameter MDR SDR
Amino acid chain length of 350 250
monomer
Subunit structure Di- or tetrameric Di- or tetrameric
Coenzyme binding motif Rossmann fold Rossmann fold
Reference enzyme Yeast ADH; (horse) liver ADH Drosophila ADH
Structural catalytic feature Catalytic metal ion: mostly Zn**  Catalytic tetrad: Asn, Ser, Tyr, Lys
Examoles of preparative (5)-ADH from (R)-ADH from Lactobacillus
usefulpenz st :vailable Thermoanaerobacter sp., kefir/L. brevis, (R)-ADH from
Y . (S)-ADH from Rhodococcus Candida magnoliae, (S)-ADH from
as recombinant proteins . ..
erythropolis/R. ruber Saccharomyces cerevisiae

The groups of MDR and SDR have in common that in both classes the cofactor
binding motif is a Rossmann fold and that they form di- or tetramers. As the names
already suggested the SDR generally have a shorter polypeptide chain than the MDR.
The main difference of these enzymes can be found in the catalytic mechanism (Table
2).

The mechanism of SDR involving the catalytic tyrosine and lysine is shown in Scheme
2. The reaction for reduction of a ketone is initiated by hydride transfer from NAD(P)H
to the keto substrate. The resulting transition state is stabilized by the catalytic tyrosine
and lysine. Finally, a hydrogen is transferred from the tyrosine to the substrate forming
the alcohol product and from the lysine to the tyrosine to restore the initial state. The
lysine itself is recovered via the catalytic asparagine by a proton from the solvent
water.” The reaction can also proceed into the opposite direction.

Lys1s6 Lys1s6 /LYS155
/ /o
H, H H H H\
/‘O —Tyris2 O —Tyrsz “‘\O —Tyris2
o H — H A —— / H‘
o) o = o)
> s i
keto substrate transition state alcohol substrate
H!H Q H /o
) NH, | XY ONH,
@_
N~ NAD(P)H N~ NAD(P)*
| I
R R

Scheme 2: Mechanism of 3a/20B-hydroxysteroid dehydrogenase from Streptomyces exfoliatus
(formerly known as S. hydrogenans) involving the catalytic Tyr and Lys residues. The catalytic
Asn and Ser were left out for simplicity (adapted from [33]).

The mechanism for enzymes from the MDR group is only slightly different (Scheme 3).
Here the substrate binds to the catalytic Zn ion, which polarizes the C—O bond instead
of the tyrosine as observed for SDR. The remaining mechanism proceeds as
described for SDR via the hydride transfer from NAD(P)H.
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Scheme 3: Simplified mechanism of alcohol oxidation by a Zn-dependent MDR (adapted from
[34]).

One of the most famous representatives of the SDR group is the (R)-ADH from
Lactobacillus kefir (LK-ADH).?® This ADH is NADPH- and Mg-dependent and has
already been used for several applications, e.g. the production of (2R,5R)-
hexanediol®, in a chemo-enzymatic cascade for the production of hydrophobic allylic
alcohols®” or in a multi-enzymatic cascade for the production of oligo-
[caprolactone].”® In contrast, the (S)-ADH from Rhodococcus ruber (RR-ADH)?®
belongs to the group of MDR and is NADH- and Zn-dependent. This enzyme’s
feasibility was also demonstrated in several applications, e.g. the synthesis of
enantiopure halohydrins®®, the synthesis of y- or 8-lactones, which were in turn used
for chemo-enzymatic cascade reactions*”, or the stereoselective reduction of several
ketones in a micro-aqueous environment (99% solvent).*"!

1.1.3 Old Yellow Enzymes

The old yellow enzymes (OYEs) are also known as enoate reductases or ene
reductases, which represent only distant relatives of the OYEs.*? The nomenclature
goes back to the two first German biochemists, Otto Heinrich Warburg and Walter
Christian, who isolated in 1932 the first flavoenzyme from the brewer’s bottom yeast
Saccharomyces pastorianus (formerly known as S. carlsbergensis).*® Later in 1938
Warburg and Christian and another student of Warburg, Erwin Haas, isolated some
new yellow enzymes and compared these new ones to the now so called old yellow
enzyme, which was the cradle for this still used nomenclature.*” However, only
methylene blue was used as substrate by Warburg, Christian and Haas to
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demonstrate the activity of their OYE. The typical activity of these enzymes, the
hydration of unsaturated keto acids, ketones or alcohols, was already observed by
Fischer and Wiedemann four years before using intact brewer’s bottom yeast cells.!*"!
They even used already carvone as substrate and were able to detect low activities
towards this natural product.

The reaction proceeds via a Ping-Pong-Bi-Bi mechanism (Scheme 4)."® First in an
oxidative half reaction the unsaturated substrate is reduced by flavin mononucleotide
(FMN,eq) and is released afterwards. As prerequisite for this step the substrate has to
carry an electron withdrawing group in a-position to the C=C bond. The now oxidized
flavin mononucleotide (FMN,,) in turn is restored in the reductive half reaction by
NADPH, which binds to the same active site as the alkene substrate.

H R ) (o) OYE FMN,, HH O
o MR N
L H HN™ N> ] NH,
Ay
O™ 'N ’T‘ ’T‘ NADPH
3
reduced ketone e i
oxidative reductive
half half
reaction reaction
R! O H H O
1
2
© R HN™ N Z [ NH:
P No
O"eN" N | NADP
R3 A
OYE FMN, ¢4 bbb

unsaturated ketone

Scheme 4: Reaction cycle of an old yellow enzyme (adapted from [47]).

The detailed mechanism of the oxidative half reaction can be found in Scheme 5.
Here, two conserved histidine residues (or one histidine and one asparagine)
coordinate the electron-withdrawing group of the substrate, which leads to a further
polarization of the allylic bond. This enables the hydride transfer from FMN,e4 to the C3
by a nucleophilic attack. In parallel, a proton from water or a tyrosine residue is
transferred to the Ca from the opposing side of the substrate, so that the hydration

proceeds in a trans fashion.*”!
Y
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Scheme 5: Reaction mechanism for the oxidative half reaction in pentaerythritol tetranitrate
reductase from Enterobacter cloacae (Y = Tyr or H; adapted from [47]).
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As the substrate range of OYEs is very diverse, these of course have been applied in
several preparative reactions (for a comprehensive overview refer to [42, 47]). Two
examples for OYEs are: OYE1 from Saccharomyces pastorianus™*® and XenB from
Pseudomonas putida ATCC 17453.1°!

The XenB from Pseudomonas putida ATCC 17453 was identified in 2014 by Christin
Peters together with two additional OYEs. The genes were cloned and the enzymes
were characterized with respect to pH profile and the substrate range was investigated
including 15 linear and cyclic alkenes. Especially the XenB showed high activities
towards 2-cyclohexen-1-one, derivatives thereof and the natural product carvone.*!
As rather unusual application in the field of bioremediation, one homologous enzyme
from Pseudomonas fluorescens has been shown to degrade nitroglycerine by
cleavage of the nitroester®™ and another one from Pseudomonas putida KT2440 to
degrade 2,4,6-trinitrotoluene (TNT).P" A similar reaction was also observed for the
OYE1 from Saccharomyces pastorianus,®® which also catalyzes the hydration of a
huge variety of substrates ranging from substituted and nonsubstituted a,B-
unsaturated aldehydes, ketones, imides, nitroalkenes, carboxylic acids, and esters,
over cyclic and acyclic enones, nitrate esters, nitroaromatics, terpenoids, and N-
ethylmaleimide to codeinone.*”!

1.1.4 Cytochrome P450-Monooxygenases

In general, monooxygenases are enzymes, which catalyze the oxidation of non-
activated C-H groups by utilization of molecular oxygen. Thereby, one oxygen atom is
inserted into the substrate and the other one usually is released as water molecule.
The largest group of monooxygenases is formed by the cytochrome P450-
monooxygenases (P450s) with approx. 53,000 sequences as listed in the CYPED
database.® This large number is probably due to the fact that P450s can be found
throughout all domains of life, where they have for example important roles in the
biosynthesis of natural products or drug metabolism.®

The nomenclature of these monooxygenases goes back to the late 1950s.°% At that
time P450s were defined as a distinct class of heme-containing proteins, although
nothing was known about the structure of the discovered pigment: The described

“CO complex [...] is probably not an iron hemoprotein”.[SSa]

Only three years later, Tsuneo Omura and Ryo Sato reported a first evidence for the
presence of a heme group,”® which was verified another three years later.””! Because
they found a maximum of absorption at a wavelength of 450 nm upon carbon
monooxide saturation of the reduced solution containing the liver microsomes, these
pigments were called P450. Nowadays P450s are well studied and it is known that the
reactive center contains a heme b, which is bound to the protein via a cysteine. This
side of the heme center is referred to as proximal side. The other axial ligand on the
distal side of the iron is a water molecule in the inactive state (Scheme 6).
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Scheme 6: The heme b found in P450s bound to the proximal cysteine ligand and water.

The reaction of a P450 proceeds via the catalytic cycle as shown in Scheme 7.°% At
first the substrate binding (2) leads to dissociation of the bound water molecule (1) in
the distal heme coordination sphere, which results in a shift of the heme iron spin state
from low-spin to high-spin along with a positive shift in the reduction potential. This
increased potential allows the oxidation of Fe" (ferric) to Fe" (ferrous, (3)) followed by
binding of molecular oxygen, which gives a ferric superoxo-complex (4). Upon a
second electron delivery this complex is converted into a ferric peroxo anion species
(5), which after protonation is transformed into a hydroperoxo complex, the so called
compound 0 (Cpd 0, (6)). By an additional protonation and heterolytic scission of the
dioxygen bond water is released and a high-valent ferryl-oxo-complex is left, the so
called compound | (Cpd I, (7)). Nowadays it is widely accepted that this Cpd | is the
active species capable of hydroxylating the bound substrate by the ‘rebound
mechanism’ (Scheme 8), especially since the existence of Cpd | has been proven
experimentally in the thermophilic CYP119 from Sulfolobus acidocaldarius by UV/Vis,
Méssbauer and EPR spectroscopy in 2010.°% The oxygen insertion itself proceeds
probably via a radical intermediate, which was formed by hydrogen abstraction,
followed by oxygen rebound to the substrate (8). Finally, the starting point of the cycle
is restored by replacing the hydroxylated product with a water molecule.

Furthermore, the catalytic cycle of P450s can also be disrupted under certain
conditions. These ‘shortcut’ pathways are called uncoupling reactions. Autooxidation
occurs if the second electron is not delivered to reduce the ferric superoxo-complex
(4). Then a superoxide anion is released, which usually is referred to cause severe
damage to the protein. The other two shunts are mainly due to inappropriate
positioning of the substrate. If Cpd 0 collapses hydrogen peroxide is released
(peroxide shunt) and if Cpd | collapses just water is released (oxidase shunt).
Especially the latter two cases display a problem, because without hydroxylating the
substrate NAD(P)H is still consumed. Some P450s are even able to use the peroxide
shunt to incorporate oxygen deriving from hydrogen peroxide as side activity.’®”

11
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Scheme 7: Catalytic cycle of P450s (adapted from [61]).

The electrons needed for the catalytic cycle originate from NAD(P)H and are
transported to the P450 by distinct redox proteins. Based on these redox partners the
P450s are classified. In general the electrons are either delivered by an FAD-
containing ferredoxin reductase (FdR) and a corresponding ferredoxin (Fdx) protein or
by an FAD/FMN-containing cytochrome P450 reductase (CPR).
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Scheme 8: Rebound mechanism of the hydroxylation reaction of P450s (adapted from [58]).
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Traditionally the P450-classes are (Figure 4):

e Class | belongs to the FdR/Fdx-dependent P450-system and can be further
divided into prokaryotic and eukaryotic systems, which are only distinguished
by the membrane-bound nature of the P450. Prominent representatives of this
class are the bacterial camphor-degrading P450.,,/PdR/Pdx system from
Pseudomonas putida® and the bovine P450s../AdR/Adx system, which is
involved in steroid metabolism.®’!

e In class Il the CPR and the P450 are both membrane-bound. These systems
are usually found in eukaryotic organisms and are located in the ER-
membrane. As example for a well-studied P450 belonging to this class the
microsomal CYP2B4 can be given, which is involved in drug metabolism.’®"

o Class lll represent a special case of class Il, because enzymes belonging to
this group are natural fusion enzymes of a CPR and a P450. Probably the most
prominent P450 belongs to this class: P450-BM3 from Bacillus megaterium.
This enzyme has been subject to hundreds of mutagenesis studies and
because of the so far highest activity reported for a P450 and due to the fact
that it consists of only one polypeptide chain it is of high industrial interest.’®”

¢ In contrast, class IV is a special case of class |. These enzymes are also fusion
proteins of the respective P450 and its redox proteins. The first enzyme
belonging to this class, P450-RhF from Rhodococcus sp. NCIMB 9784, was
discovered in 2002 by Nicholas Turner and co-workers.*®!

Class | Class Il
(Fdx

NAD(P)H + H* RH+0,
)
NAD(P)* FdR ROH + H,0 NAD(P)H + H*
) CPR

NAD(P)*

procaryotic

ER membrane

PRPPPPRRRPRR
(Fdx [leldvlecclccleleldeccceceeeesleee

NAD(P)H + H* N RH+0
) 2
NAD(P)* FdR
matrix
000000000000OROOOOOOOMEDOOO

inner mitochondrial membrane
0000000000CCOOOOOOOOGTOOOO
Class lll

R-OH + H,0

eucaryotic

Class IV

NAD(P)H + H* Rk
) CPR NAD(P)* FdR
NAD(P)* R-OH + H,0 R-OH + H,0
Figure 4: Traditional classification of P450s (adapted from [66-67]).

However, recent developments recommend reclassification of P450s, because a
tremendous number of enzymes was described, which could not be grouped into the
traditional ones (Figure 5).
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Figure 5: Diversity of P450 redox systems and P450 fusion proteins (from [68]).

The diversity of P450s is not only resembled in their structural organization but also in
the range of different reaction types they can catalyze. Amongst these

“oxidation of non-activated sp3 hybridized carbon atoms, aromatic hydroxylation,
epoxidation, C-C bond cleavage, heteroatom oxygenation, heteroatom release
(dealkylation), oxidative ester cleavage, oxidative phenol- and ring-coupling,
isomerization via (abortive) oxidation, and oxidative dehalogenation, as well as other
complex reactions like dimer formation via Diels-Alder reactions of products or Baeyer-
Villiger-type oxidations”® (quoted from [58])

are found.

Although P450s are very complex and therefore their use is often limited to whole cell
processes, there are some examples of industrial use, e.g. at Sanofi-Aventis and
Bayer HealthCare. At Sanofi-Aventis a process for the production of hydrocortisone
using an engineered yeast strain expressing several recombinant P450s was
established.®”® " The process for the production of 11B-hydroxy steroids at Bayer
HealthCare was already developed in 1982. Here a wild-type strain of the fungus
Curvularia was used.""

More recently, P450s have been applied for biosynthesis of two ‘blockbuster’ drugs:
the anticancer drug Taxol (Paclitaxel) and the anti-malaria drug Artemisinin (Chapter
1.4.1, Table 4). The groups of Blaine Pfeifer and Gregory Stephanopoulos developed
a recombinant E. coli strain for the production of taxadiene, the first intermediate in
Taxol synthesis, with a yield of up to 1 g - L™"."¥ The next step in Taxol biosynthesis
was realized by application of a fusion engineered plant P450.

The biosynthetic production of Artemisinin was developed by a large consortium of
scientists funded by the Melinda & Bill Gates Foundation.”” The aim of this project
was to establish a biotechnological process for the production of the anti-malaria drug
Artemisinin, which traditionally is produced by natural product extraction from
Artemisia annua. Due to increasing worldwide demand for this drug a new process for
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production was needed quickly. However, the aim was also not to replace the
traditional agricultural production by the new process and indeed the process
developed at Amyris involving several P450s is running now at Sanofi on a ‘no profit,
no loss’ basis.!"

1.1.5 Baeyer-Villiger-Monooxygenases

In 1899 Adolf Baeyer and Victor Villiger described the chemical oxidation of ketones
and aldehydes by peracids.”” Their main interest was to study the effect of Caro’s
reagent (peroxymonosulfuric acid, H,SOs) on menthone, dihydrocarvone, camphor
and acetone. Modern oxidants used for Baeyer-Villiger reactions are organic peracids
like trifluoroperacetic acid, peroxybenzoic acid and m-chloroperoxybenzoic acid. In
1948 Rudolf Criegee proposed a mechanism for this reaction based on his
observations on decalin peroxide rearrangement by heating (Scheme 9).

R3
O O 4/\ @) O
J\ /4_\ )J\ _— (—/9\\' a —_— JJ\ R2 + J\
R3 H-0 @) ) R1 o) R3 OH
R1><R2
Criegee intermediate

Scheme 9: Mechanism for Baeyer-Villiger oxygenation proposed by Criegee (adapted from
[76]).

The mechanism proceeds via two steps: First, a tetrahedral intermediate (the Criegee
intermediate) is formed by attack of the carbonyl carbon by the peroxy acid. Then,
after migration of one of the substituents to one of the peroxide oxygen atoms, a
carboxylic acid is released under retaining of stereochemistry if the migrating carbon
atom was chiral. The regioselectivity of this reaction is predictable, because for the
migration the stabilization of a positive charge is necessary.””! Due to the fact that
higher substituted carbon atoms show a better stabilizing effect, usually the higher
substituted group is the migrating one."®

Nevertheless, the chemical Baeyer-Villiger reaction has also certain drawbacks like
low stereo-, regio-, enantioselectivity and substrate specificity. Additionally, for each
equivalent of product also one equivalent of waste acid is produced, which has to be
disposed. Furthermore, there are safety issues about peracids, which are often
explosive in condensed form, shock sensitive and intrinsically unstable.””? Hence,
there is a need to circumvent all these problems, which can be done by the use of
Baeyer-Villiger monooxygenases.

The first biological Baeyer-Villiger oxidation was discovered in 1948 by G. E. Turfitt
during his studies on degradation of steroids by Proactinomyces erythropolis."® In the
late 1960s the first isolated enzymes were described as Baeyer-Villiger mono-
oxygenases (BVMO), which used molecular oxygen and NADPH.®! Nowadays, much
more BVMOs have been described and these are classified into two groups (Table
3)." Very recently, even the first human flavin monooxygenase with a BVMO activity
was described.®
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Table 3: General characteristics and classification of Baeyer-Villiger monooxygenases (adapted
from [77a, 81a]).

Type 1 (1) BYMO Type 2 (II) BVMO
single gene product two separate gene products,
reductase and oxygenase

contain a tightly bound FAD co-factor use reduced FMN generated by
the reductase as a co-enzyme

NADPH-dependent the reductase can use NAD(P)H
NADPH/NADP" bound during
catalysis
BVMO fingerprint motif sequence: absence of BVMO fingerprint
FXGXxXxHxxxWP

two domain structures resembling  structural core of the oxygenase
disulfide oxidoreductases; two subunit displays a TIM-barrel fold
dinucleotide-binding domains
(Rossmann fold) binding FAD and
NADPH

A closer sight into the reaction mechanism reveals that the flavin cofactor in BVMOs
serves as natural peracid (Scheme 10).%% The first step of the reaction is a reduction
of the flavin cofactor (FAD) by NADPH. Then a peroxo anion of the FAD is formed by
oxygen addition. The Criegee intermediate is generated through nucleophilic attack at
the carbonyl substrate by the peroxy anion. Subsequently, the tetrahedral intermediate
is rearranged and the product exits the active site leaving the hydroxy-FAD. At this
point, also the migratory preference is determined. Finally, the FAD is restored by
water elimination and NADP" is released. In principle, the peroxy anion of FAD is in
equilibrium with the hydroperoxide. This protonated form is believed to be responsible
for electrophilic reactions of flavin monooxygenases, e.g. sulfoxidation.

Recently a structure of the cyclohexanone monooxygenase (CHMO) from
Rhodococcus sp. was solved containing both co-factors and cyclohexanone as
substrate, which supports the proposed reaction mechanism due to the detected
distances between flavin and substrate.[84]
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Scheme 10: Reaction mechanism for Baeyer-Villiger monooxygenases (adapted from [83]).
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In contrast to the chemical Baeyer-Villiger oxidation, the enzymatic one is able to
overcome the electronic effect leading to the preferred migration by conformational
and stereoelectronic rearrangements of the substrate in the active site, which leads in
the end to the formation of the so called abnormal lactone. The only two prerequisites
for this reaction are an antiperiplanar position of the migrating group to the peroxy
group and a lone electron pair of the carbonyl oxygen in anti position (Figure 6).

antiperiplanar \f

.0
Kg .
ROS

migrating group H non-migrating groupj

~_~

anti

Figure 6: Stereoelectronic requirement of the Criegee intermediate for successful migration
(adapted from [83]).

There are several examples, in which BVMOs were used as stereoselective catalysts
(for further reading refer to ' 8" 8 8y Egpecially their selectivity and the fact that
BVMOs can be altered with respect to thermostability and specificity by protein
engineering, make them advantageous over the chemical Baeyer-Villiger oxidation.
Hence, there were several attempts in the last years to especially enhance thermo-
and oxidative stability of the CHMO from Acinetobacter sp. (CHMO agineto), Which is due
the high interest for industry probably the most studied one. It is used for example for
the production of e-caprolactone, which in turn can be used as monomer for poly-
merization to PCL® or it can be transformed to e-caprolactam, a Nylon-6 precursor.®’!
Nevertheless, the CHMOacineto has one certain drawback: its low stability. Therefore,
several studies dealt with the improvement of the thermo- as well as the oxidative
stability of this enzyme, with more or less success. The first study was carried out by
Opperman & Reetz. They succeeded in creating more stable variants with respect to
temperature and oxidative stability by site-directed mutagenesis. One of the most
interesting variants was the double mutant C376L/M400l (CHMOpy). Interestingly, in
the last two years there were two studies using the same attempt by introduction of in
silico designed disulfide bonds to enhance stability. The first example by van Beek et
al. described one double mutant, which had a significantly higher thermostability, but
unfortunately the activity was also lowered.® In contrast, Schmidt et al. found
different ‘hot spots’ for disulfide bridging and indeed found one double mutant having
increased stability while retaining wild type-like activity. Furthermore, the single
mutants out of this double mutant were also characterized and these revealed that the
single mutant T415C showed an even higher improvement and detailed studies on the
hypothetical disulfide bridge suggested that this was not formed in the enzyme. So that
the stabilizing effect was probably due to the scavenging property of the thiol group.®®!
One successful implementation of a BVMO into an industrial process was
demonstrated at Codexis Inc. The scientists succeeded in creating a BVMO mutant for
the production of Esomeprazol (Table 4). This drug is mainly used for treatment of
gastric acid related disorders due to its inhibitory effect on proton pumps. The ancestor
of this new drug is Omeprazol, which contains the racemic mixture of the same
molecule. The advantage of the pure (S)-enantiomer (Esomeprazol) is the lower
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metabolization rate, although the general benefit of the enantiopure drug has been
questioned. Both enantiomers act as prodrugs, which are metabolized to the active
pump inhibitor in the parietal cells, so that the sufficient dose of Esomeprazol is only
lower in comparison to Omeprazol. However, application of a higher dose of
Omeprazol has the same effect and side effect as the lower one for Esomeprazol.”*

1.1.6 Rieske Non-Heme Iron Dioxygenases

Like P450s the dioxygenases (DOx) are very versatile enzymes for stereospecific
hydroxylation reactions. As the name already suggests these enzymes catalyze the
incorporation of both oxygen atoms from molecular oxygen into the substrate. In
general, DOx contain either one or more heme iron units or non-heme iron units. The
latter ones are further classified into intradiol and extradiol DOx, which differ in the
used iron cofactor and its coordination (Fe" bound to 2-tyrosine-2-histidine motif for
intradiol DOx and Fe" bound to 2-histidine-1-carboxylate motif for extradiol DOx). As
part of bacterial aromatic degradation pathways the Rieske non-heme dioxygenases
(RDOXx) are the most prominent representatives of this enzyme class.”® Furthermore,
the natural substrates are used for classification of RDOx into four families: the
toluene/biphenyl family, the naphthalene family, the benzoate family, and the phthalate
family."

The RDOx usually consist of three to four protein components: The oxygenase itself
containing the non-heme iron center and the Rieske center (Scheme 11) is assembled
by two subunits, which form (af)-multimers. Furthermore, an electron supply chain for
activation of molecular oxygen is required, which is built by a soluble reductase and, if
a three-component system is described, a ferredoxin protein (Figure 7).

¥.J 7. Ferredoxin

¢\

h V=5

NAD(P)*

NAD(P)H + H*

4 " o
Reductase Oé - Oxygenase
OH

Figure 7: Total reaction of a three component Rieske non-heme dioxygenase system
(reductase from Pseudomonas sp. KKS102, PDB 1F3P I ferredoxin component from
Burkholderia xenovorans LB400, PDB 1FQT™; oxygenase Rieske cluster from Rhodococcus
sp. RHA1, PDB 1ULJ®": Flavin shown as sticks, Rieske cluster and mononuclear iron shown
as spheres; adapted from [95]).
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An exemplified three-component RDOx system is shown in Figure 7. The required
electrons are recruited by NAD(P)H oxidation carried out by the flavin-containing
reductase. The electrons are stored by a ferredoxin (containing a [2Fe-2S] cluster),
which shuttles these to the RDOx. Here the electrons are passed to the catalytic
center.

The detailed reaction mechanism of RDOXx is still unknown. Therefore, two proposed
mechanisms are shown in Scheme 11. Both routes proceed via a reactive Fe"-peroxo
species. In one of the proposed mechanisms a similar Fe'V-oxo-hydroxy species was
hypothesized as observed in P450s to be formed as intermediate in a radical
mechanism, which further reacts to the cis-diol bound Fe" complex. The alternative
route describes a rearrangement of the Fe'"-peroxo species to a Fe"-oxo-hydroxy one,
which also reacts in a radical mechanism over a Fe'"'-oxo-hydroxy species to the cis-
diol product. However, until now there was experimental proof for neither of these
proposed mechanisms, although recently a Fe'-oxo-hydroxy species was detected by
variable-temperature mass spectrometry using a synthetic Fe-cluster, which showed
enzyme-like C-H and C=C oxidation reactions.
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Scheme 11: Proposed reaction scheme of a Rieske non-heme dioxygenase (adapted from
[97]).

In industry, DOx are often used due to their outstanding stereoselectivity, which was
demonstrated for several substrates, e.g. naphthalene, indole, nitroarenes,
phenanthrene, toluene, cumene, biphenyl, polychlorinated biphenyls, benzene,
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benzoate, toluate and phthalate.®® Because of the high number of necessary proteins
for proper activity, whole cells are preferred as catalysts for biotransformation
reactions. One example of an industrial process involving a DOx is the production of
1,2-dehydrocatechol by a Pseudomonas putida strain as carried out at Avecia.®®

A rather unexpected monooxygenation reaction by a DOx was used at Genencor
International for the microbial production of indigo using a naphthalene dioxygenase
from Pseudomonas putida, which was cloned into E. coli. The process itself was
further optimized by metabolic engineering and site-directed mutagenesis.""!

Very recently, Marco Fraaije and co-workers identified another dioxygenase from
Pseudomonas sp. PWD32"°" which is capable of monooxygenating limonene very
stereo- and also regioselectively to (+)-trans-carveol.!'?

1.2 Cascade Reactions

In the last few years, cascade reactions using enzymes were amongst the hot topics in
biocatalysis. Though this concept is not a new one, because every natural metabolic
reaction is a cascade reaction and the latter are also essential for life. Chemists just
copied this concept and applied it to organic synthesis. The first example of a
biomimetic total synthesis was the one of tropinone by Robert Robinson in 1917.1'%%l
The term ‘cascade’ in a biotechnological process was first used in a patent by the
Denka Engineering Co. Ltd. in 1978, in which the cascaded use of immobilized
enzymes in a packed bed reactor was optimized.''"® Thirty years before that, Malcolm
Dixon was already talking about multi-enzyme systems, so that the real first example
of a synthetic cascade involving enzymes still is elusive:

,But in recent years there has been a tendency to move on to the synthetic phase, that
is to build up systems consisting of two or more enzymes linked together functionally, to
study the special phenomena which appear in such systems and the manner in which
the constituent enzymes work together in producing them, and to build up trains or
chains of enzyme reactions which will reproduce in vitro many of the metabolic
transformations which occur in the living cell.“/'*

For a better understanding of cascade reactions there were several recent attempts for
the classification of the reaction concept.!'” In general, the reactions can be grouped
into multistep syntheses and one-pot cascades (Figure 8). The first one resembles the
classical chemical multistep synthesis, in which for a reaction from substrate A to
product D the intermediates B and C are synthesized and isolated separately to serve
as substrates for the next step. This work-flow is obvious a rather laborious one,
despite the fact that a lot of solvents are needed for isolation of the substances. In
contrast, a one-pot cascade contains all reactants and catalysts in the same reaction
vessel, so that the reaction can proceed directly from substrate A to product D, which
in the end is the only substance that has to be isolated. Of course by using this
concept a lot of time and auxiliary chemicals are saved. But the disadvantage of this
system is to find a compromise of the optimal reaction conditions for the separate
catalysts.
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Figure 8: General classification of cascade reactions (adapted from [106¢]).
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One-pot reactions will be described in more detail in the following passages. A first
simple classification for one-pot multi-enzymatic systems was described by Malcolm
Dixon in 1949, which still can be applied nowadays:

“In forming, let us say, a two-enzyme system from the separate enzymes it is of no use
just to take any two enzymes and mix them. In all probability they will be unconnected;
they will not form a system and we shall learn nothing more from the mixture than from
the separate enzymes. In order that a system may be formed, the enzymes must have
some functional connection which will couple them together. The results will only be of
interest if the enzymes form a system which will do things which neither of the two
enzymes will do singly. [...]

The direct coupling of two enzymes together is brought about when the two enzymes
posses a common substrate, which acts as a link. This occurs when the product of the
reaction catalysed by the first enzyme is the starting-point of the reaction catalysed by
the second enzyme. In other words, we have simply the case of successive or
consecutive enzyme reactions. Now there are two fundamentally different types of
substrate-linked reactions. The first and most obvious type, (a), is where the second
enzyme takes the substance which forms the link on to form a new substance, that is to
say it takes it a step forward in its metabolism. [...]

The second type (b) is where the second enzyme simply undoes what the first enzyme
does, as far as the linking substrate is concerned. In other words, it takes this substrate
back to what it was initially. If the first enzyme reaction reduces it, the second
reoxidises it; if the first phosphorylates it, the second dephosphorylates it, and so on. Of
course this does not occur by a reversal of the first enzyme reaction, but by a different
reaction (two different enzymes being involved), which, nevertheless, brings the
common substrate back to its starting-point.”"%"!

Obviously Dixon was already talking about, what Woodley & Santacoloma recently
suggested on multienzyme system classification.'”®? The first Dixon-type (a)
apparently describes the use of primary enzymes, which are those enzymes directly
involved in product synthesis. Cascade reactions involving only primary enzymes are
the linear ones (Figure 9A). This kind of cascade can be carried out in three different
modes. First in a two-pot mode, which is similar to the classical multistep synthesis
and has the mentioned drawbacks; second the one-pot sequential mode, where the
enzyme for the second step is added after completing the first step; and third the one-
pot simultaneous mode, where all enzymes are present from the start of the reaction.
Also the parallel cascade reactions (Figure 9D) make use of only primary enzymes,
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but here these are coupled by a co-factor to produce two products in situ. The latter
mode and also the orthogonal and cyclic cascades (Figure 9B and C) belong to the
Dixon-type (b). These systems involve so called secondary enzymes, which are mainly
included in the reactions either, as already mentioned, to recycle necessary co-factors
(e.g. NAD(P)H), or supply/remove toxic/inhibitory substrates/intermediates/(by-)pro-
ducts.

A)
A1) 2-step 2-pot cascade A2) 1-pot 2-step sequential cascade A3) 1-pot 2-step simultaneous cascade
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Figure 9: Enzymatic cascade ‘designs’ (A: linear cascades, B: orthogonal cascade, C: cyclic
cascade, D: parallel cascade; adapted from [106b, 106d]).

Of course at this point the possibilities of classifying cascade reactions are not yet
tapped. These reactions can also be grouped depending on the used catalysts: in vitro
cascades, in vivo cascades and chemo-enzymatic cascades.'” The latter one
describes reactions, which combine the two worlds of chemo- and biocatalysis.
Nevertheless, there are only a few examples described in literature over the last years,
which will not be discussed here. The other two groups are going to be described in
more detail in the following passages.

1.2.1 In vitro Cascades

In general, for in vitro cascades either purified enzymes, crude cell extracts (CCE) or
lyophilized recombinant cells are applied. These cascade systems had a high impact
in the past years, ranging from simple combinations of two enzymes forming an
orthogonal cascade to the complex combination of up to 13 different enzymes.['™
Hence, not all of these can be discussed here. Instead two examples are going to be
described further.

As first example the production of 6-aminohexanoic acid applying an in vitro cascade
was demonstrated by Sattler et al. in a joint project with Evonik (Scheme 12).?% Here,
the cascade reaction was divided into two modules: NADPH-dependent production of
e-caprolactone and NADH-dependent 6-aminohexanoic acid production applying an in
situ capping strategy. The first module contained two steps using an ADH and a
BVMO. The production of e-caprolactone by this strategy was already described in
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literature and proved to be an elegant way to circumvent the substrate inhibition of the
BVMO, so that the way to a large-scale process using high substrate concentrations
was paved.'""” Nevertheless, Sattler et al. could further show that the application of the
CHMO double mutant C376L M400I (CHMOpy) with higher oxidative stability®®®®, and
that a subsequent product removal were necessary to reach satisfying conversions
with high substrate concentrations. The second module started with ring-opening of
the lactone applying an in situ capping strategy using methanol and an esterase. The
capping of the carboxylic acid function was necessary, because all tested ADHs for the
following step did not accept the 6-hydroxyhexanoic acid as substrate, but the methyl
capped one. In the following steps the hydroxy group was first oxidized to the aldehyde
and then the amino group was introduced using a transaminase. Finally, the methyl
ester was hydrolyzed again to yield the desired 6-aminohexanoic acid.

sec -ADH BVMO
m %
0, H,0 MeOH @

NADP NADPH NADPH NADP*

O
H,N MOH H,0
m 4 - MeOH AabH
§ KHZO Pyr Ala NADH
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Scheme 12: In vitro cascade for production of 6-aminohexanoic acid as nylon-6 precursor (sec-
ADH: secondary alcohol dehydrogenase, BVMO: Baeyer-Villiger monooxygenase, prim-ADH:
primary alcohol dehydrogenase, w-TA: w-transaminase, AlaDH: alanine dehydrogenase, Ala:
L-alanine, Pyr: pyruvate, MeOH: methanol; adapted from [29]).

The second cascade to be described here was the in vitro characterization of an in
vivo cascade established by Oberleitner et al. to identify possible bottlenecks.!"'" Here,
the combination of ADH, OYE and BVMO led to the successful production of
enantiopure chiral lactones starting from 2-cyclohexen-1-ol and derivatives thereof
(Scheme 13). Furthermore, it has to be pointed out that the combination of ADH and
OYE led to a self-sufficient system, which supplied itself with the needed co-factor. As
the third enzyme also required NADPH an additional co-factor regeneration system
using the glucose-6-phosphate dehydrogenase was applied. As already described for
the in vivo version of this cascade!''? (see next chapter) the chiral lactones could be
synthesized in perfect enantiopurities (up to >99%ee/de), although the conversions
ranged from 55 to >99%. However, the most important finding in this study was the
detailed characterization of the ADH reaction, which revealed that first in general the
ADH activity towards the unsaturated substrate/intermediate (Scheme 13, compounds
a/lb) was significantly lower than the one towards the intermediate ¢, which led
secondly to the discovery of an unwanted side-reaction by the ADH reducing
intermediate ¢ to the saturated cyclic alcohol. Nevertheless, application of the BVMO
was sufficient to convert almost quantitatively the saturated ketone intermediate in an
irreversible reaction to the final product (d or e).

23



1 Introduction

Uth‘ N/ R —

a NADP NADPH NADPH NADP c NADPH NADP*

G6PDH

Scheme 13: In vitro cascade for the production of chiral lactones (G6P: glucose-6-phosphate,
G6PDH: G6P dehydrogenase, 8-GL: 6-phosphoglucono-6-lactone; adapted from [111]).

1.2.2 In vivo Cascades

In this group of cascade reactions the enzymes are applied in their natural
environment, which is the cytoplasm of the host organism. Hence, it should be
distinguished between classical metabolic engineering and in vivo cascades in a
synthetic biology sense. Whereas by metabolic engineering only the cell’s metabolism
is engineered to channel metabolites towards the production of a certain product, in
vivo cascades in synthetic biology aim to introduce reactions not occurring in nature by
the use of naturally unconnected enzymes in a host organism. As a matter of fact,
scientists are facing additional challenges when using whole cells for cascade
reactions:

1. Host background: Naturally occurring enzymes of the used host organism
might catalyze unwanted side-reactions. To solve this problem there are two
possibilities: use of a different cascade host organism or knock-out of the
gene(s) encoding the unwanted enzyme(s), although the latter one might also
lead to the next problem:

2. Growth deficiency: As consequence of a knock-out or by the introduction of the
cascade itself cell growth might be impaired, which is mainly due to competition
with the host enzymes for metabolites or the production of toxic intermediates.

Here, intracellular  scaffolding, protein fusion engineering or
compartmentalization of the cascade might contribute positively to the host
viability.

3. Expression levels: Obviously it is quite easy to balance enzyme ratios of in vitro
systems by just mixing these in the optimal ratios. But this becomes an issue
when using in vivo systems, where balancing of expression levels is not trivial.
Nevertheless, there are possibilities towards this problem, e.g. plasmids based
on the BioBricks principles!''® containing different architectural elements like
promoters and origins of replication, which can be used for different expression
modes.

4. Additional diffusion barrier: Rather obvious the cell membrane, which forms the
beneficial environment for in vivo cascades, might impair substrate uptake and
product release. To let substrate and product pass this barrier, enzymes or
transport systems for uptake and release can be introduced. Also
permeabilization of the cells might enhance transport over the membrane.!''¥

As part of this DFG-funded overall project an in vivo cascade reaction for the
production of chiral lactones (Figure 10) was established by Christin Peters in
cooperation with our project partners Nikolin Oberleitner, Florian Rudroff and Marko D.
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Mihovilovic (Vienna Technical University, Austria). They set up an enzymatic toolbox
containing two ADHs, two OYEs and one BVMO, which enabled desymmetrization,
kinetic resolution and regiodivergent biotransformation reactions. Like in the described
in vitro version (Scheme 13) of this cascade the ADH and the OYE form a self-
sufficient system for co-factor supply. The NADPH for the BVMO reaction was in this
case recycled by the host enzymes using glucose as co-substrate. The substrates
used were 2-cyclohexen-1-ol and the 2-, 3- and 4-methyl derivatives thereof as well as
three out of four carveol diastereomers. All substrates were converted by 63 to >99%
in perfect enantiopurities of >99%ee/de to the corresponding lactones. Furthermore, it
has to be mentioned that the used BVMO exclusively produced either the normal or
the abnormal lactone depending on the used substrate, so that in theory almost all
possible lactones could be synthesized by this cascade when the used BVMO is
exchanged with another regiocomplementary one.['"”

enzymatic
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Figure 10: Principle of the in vivo cascade reaction for the production of chiral lactones (ADH:
alcohol dehydrogenase, ERED: ene reductase, BVMO: Baeyer-Villiger monooxygenase; from
[112]).

Nevertheless, during this research project some of the mentioned problems still
needed to be addressed: The first one was an observed background reaction by an
endogenous OYE from E. coli, which even showed opposite enantioselectivity for
some of the substrates. This side-reaction was especially a problem for the substrates,
which only were converted slowly. Changing the cascade host was not an option,
because all the expression constructs were already created for E. coli and adopting
these to another host organism would have been too tedious. Hence, the gene
encoding the responsible enzyme had to be inactivated and indeed a knock-out of the
gene nemA, which encodes the N-ethylmaleimide reductase A, nullified the
background activity. The same background reaction was also observed by others and
seems to be a general problem when performing OYE reactions in E. coli."'>* "

Furthermore, for this cascade reaction a proper co-expression strategy had to be
applied, because the available plasmids carrying the single genes were not compatible
among each other. To enable the in vivo reaction co-expression was done by
application of a two plasmid strategy, where the OYE and the BVMO were encoded on
one plasmid and the ADH on another one. Although the expression levels of all
enzymes were sufficient to demonstrate the feasibility of this cascade, further
optimization was performed. In her PhD thesis Christin Peters created fusion proteins
of the OYEs and the BVMO, so that at least these two enzymes were available in
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equal amounts, and indeed the fusion enzymes showed the same activities as
observed for the single enzymes.!'""!

Another option to lower the metabolic burden for the host is the use of a single
plasmid. In literature the feasibility of this strategy has already been demonstrated.
Very recently, Wolfgang Kroutil and co-workers showed that the production of a-
hydroxy acids by an in vivo cascade could be realized using the single plasmid
strategy for co-expression (Figure 11A). They used different arrangements of the
genes under the same promoter, introduction of engineered ribosomal binding sites
(RBS) and application of promoters with different strengths for their optimization study
(Figure 11B). They identified the plasmid pCAS3 to be the optimal expression strategy
for their cascade. Here, the primary enzymes were encoded together under a weaker
promoter (pBAD) and the secondary enzyme for co-factor regeneration was expressed
under the strong IPTG-inducible T7 promoter. This way also the bottleneck in this
reaction could be identified, which was the co-factor regenerating formate
dehydrogenase. By the use of the strong T7 promoter this enzyme was expressed in
much higher yields compared to the other genes under the control of pBAD.!""®
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Figure 11: Cascade reaction for the production of a-hydroxy acids (A; L-AAD: L-amino acid
deaminase, D-/L-Hic: 2-hydroxyisocaproate dehydrogenase, FDH: formate dehydrogenase;
adapted from "'®)) and single plasmid co-expression strategy (B; t7: IPTG-inducible T7/lacO
promoter; tt7: T7 terminator; pB: arabinose-inducible promoter pBAD; tB: terminator rrnBT2,
A: L-AAD, F: FDH, D/L: b-/L-Hic; from [118]).

Another strategy for co-expression optimization was developed by Mattheos Koffas
and co-workers. They created a set of plasmids based on the Duet expression vectors
from Novagen. The plasmids were redesigned in a way that the target genes could be
easily cloned using four compatible restriction enzymes to be expressed in three
different modes: operon mode, pseudo-operon mode and monocistronic (Figure 12).
When assembling the genes in operon mode (Figure 12A), there is one promoter
upstream of all genes and one terminator downstream. This mode of expression
results in the transcription of one long mRNA product for all genes, out of which the
first one usually shows highest expression due to parallel transcription/translation in
bacteria. Introducing an additional promoter in front of each individual gene leads to
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the pseudo-operon assembly (Figure 12B). In this way three mRNA products are
transcribed of different lengths carrying the information of one to three genes. Hence,
the expression of the last gene is expected to be the highest. The last mode of
expression is the monocistronic one, which is created by additional introduction of a
terminator sequence followed by a promoter behind each gene, so that these are all
expressed individually (Figure 12C). This mode results in three single short mRNAs,
which are expected to be translated equally. The feasibility of this concept was shown
by application of a cascade reaction for the production of flavonoids.!*"!
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Figure 12: Possible modes of gene assembly for co-expression as designed by Mattheos
Koffas and co-workers (A: operon mode, B: pseudo-operon mode, C: monocistronic; RBS:
ribosome binding side, t7: IPTG-inducible T7/lacO promoter; tt7: T7 terminator; adapted from
[113b]).

1.2.3 Combining in vivo and in vitro Cascades

Of course the two concepts of in vivo and in vitro cascades obviously also might be
combined. This especially can be practical, if for example one of the enzymes is only
poorly expressed in the desired cascade host and even probably easily available as
commercial formulation.

Schmidt et al. described a cascade reaction, where exactly the problem described
above had to be faced. The reaction for the production of PCL precursors applying an
ADH, a BVMO and a lipase was developed in parallel to the one developed by Sattler
et al. (Scheme 12).* Their aim was also the production of polymer precursors, but a
different concept was developed for this purpose. In both studies it was necessary to
use the above described CHMOp,, for efficient conversions. The difference of this
cascade to the above described one is the application of whole cells for the first two
steps instead of isolated enzymes and the product removal strategy used. Here, the
ADH and the BVMO were expressed separately in individual host cells, which just
were mixed for the reactions as resting cells. The lipase A from Pseudozyma
antarctica (CAL-A) for ring-opening polymerization to facilitate product removal was
added as lyophilized enzyme preparation, because this enzyme shows only poor
expression in E. coli. Co-factor regeneration for the ADH was realized by addition of
acetone, which was transformed by the same ADH to iso-propanol, and for the co-
factor recycling of the BVMO glucose was added, which was metabolized by the host
enzymes. Furthermore, in this study also the co-expression of ADH and BVMO was
investigated, but mixing the individual cells led to significantly higher production rates
and of course this way the ratio of the enzymes could be adjusted more easily.*®
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Scheme 14:; Combined in vitro and in vivo cascade for the production of PCL precursors (ADH:
alcohol dehydrogenase, BVMO: Baeyer-Villiger monooxygenase, Glc: glucose, 6-GL:
6-phosphoglucono-d-lactone; adapted from [28]).

Interestingly, in the study by Sattler et al. also the CAL-A was tested for activity on
g-caprolactone, but found to be not active, which was obviously only true for the
formation of the methyl ester. Hence, the saying

“You get what you screen fort"'¥

can also be true for cascade reaction engineering and not only for protein engineering.

1.3 Immobilization and Process Engineering

“Why immobilize? — The simplest answer may be: Because nature does it! While
scientists are requested to be mobile it is obviously advantageous for many biocatalytic
systems to be immobile.”'*”

After reading this citation by Christian Wandrey probably nothing more needs to be
said about immobilization. But of course the question needs to be commented. The
use of immobilized cells is not an invention of the 20" century. The first reported use of
immobilized cells dates back to 1670"?" and this probably is not far enough. In that
time beechwood shaves, charcoal or coke was used as matrix for the cells, which were
used for vinegar production. The first immobilized isolated enzymes came up in the
1960s!'??! and the first large-scale process using immobilized enzymes was described
in 1969 by the Tanabe Company (Japan).!'?® Immobilized catalysts simplify transfer of
batch-processes into continuous ones, isolation of product and furthermore the
immobilization contributes to stability of the catalysts.I"*? In principle, when deciding on
either the use of isolated enzymes or whole cells as immobilized biocatalyst the
following questions should be considered: How many steps are involved in the
biocatalytic process? Is co-factor regeneration required?!'?*?!

For multistep reactions generally whole cells are preferred, because often co-factor
recycling is necessary in such reactions, which usually can be done by the cell
metabolism. In simpler setups using single- or two-step reactions the above described
problems when using whole cells can be circumvented by the use of isolated enzymes,
although the isolation process itself is a laborious one. So that the pros and cons of
both systems always have to be considered when setting up an immobilization
process. In the following passages the commonly used immobilization techniques will
be described.
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1.3.1 Immobilization Techniques

Over the last 60 years a vast number of immobilization methods was developed, which
generally can be divided into the following groups (Figure 13):

e Adsorption on solid matrices

e Covalent attachment to solid matrices

o Cross-linking with bifunctional reagents

e Entrapment in polymeric gels

e Encapsulation

¢ Immobilization by bio-specific recognition and more complex biological

techniques

In general, all these techniques can be applied to immobilize either isolated enzymes
or whole cells.
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Figure 13: Immobilization methods (A: adsorption, B: covalent attachment, C: cross-linking,
D: entrapment, E: encapsulation, F: affinity-tagged, G: lipid vesicle immobilization; adapted
from [124a, 125]).

1.3.1.1 Adsorption on and Covalent Attachment to Solid Matrices

Immobilizing cells on solid supports by adsorption is probably the oldest (e.g. vinegar
production above) and also easiest method, although often the adsorption of micro-
organisms to for example filter or reactor walls by biofilm formation is unwanted.
Nevertheless, the first modern attempts of cell immobilization for industrial use were
described in the 1960s by Hattori & Furusaka, who succeeded in adsorbing E. coli and
Azotobacter agile cells to ion exchange resins.!"*®

Due to its simplicity this technique seems to be superior to all other ones, because in
principle it is just mixing a biocatalyst solution with the desired resin and incubating for
a while, during which the cells adsorb to the surface. However, this process is much
more complex. The forces, which are responsible for efficient immobilization, are
mainly electrostatic (van der Waals) and ionic or even natural covalent interactions of
the cells with the surface. The latter one especially is involved in biofilm formation,!'?”
which shows high complexity due to the fact that also the cell surface has an important
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role with respect to its flexibility depending on cell and nutritional state and
environmental circumstances.!" '®! |n parallel, the properties of the support, like
chemical composition, hydrophobicity, charge and structure, also have to be
considered.!"® Furthermore, these can be modified by chemical and physical treat-
ments.!'*]

For covalent immobilization adsorption is somehow a prerequisite, because the cells of
course have to be in contact to a surface to be linked covalently. Therefore, usually
reactive reagents are used. The most common one is probably glutaraldehyde, which
cross-links amino groups of the enzyme or cell wall to amino groups of the matrix. In
contrast, if there are epoxy groups available on the support’s surface, no cross-linker is
necessary due the reactivity of the oxirans. In general, when using covalent
immobilization, the surface is activated first by the reactive reagent, so that the
introduced functional groups can react with the biocatalyst surface. However, the
optimal ratio between cross-linker and biocatalyst has to be found, because too many
reactive functionalities at the surface might lead to inactivation.*® For further
functionalization of course the used resin has to carry already certain groups on its
surface (e.g. polysaccharides) and for these modifications several methods either
physical or chemical were described in literature.!"*!

As there is a huge number of commercial and natural matrices available, finding an
adequate supporting material is mostly based on the trial-and-error principle. To lower
the number of materials to choose from the exact requirements for the planned
immobilization have to be figured out. The following parameters might give a kind of
guideline: price, biocompatibility, hydrophilicity, toxicity, biodegradability, mechanical
stability, possible functionalization, surface area and pore size. In general, there are
three groups of different materials: inorganic supports, synthetic polymers and natural
macromolecules. The use of the inorganic ones can be limited sometimes due to low
stability or low biocompatibility. Nevertheless, there are also special ceramics for
medical purposes, which are indeed stable and show high biocompatibility, but are
very expensive. Natural macromolecules on the one hand generally are
biodegradable, have a high hydrophilicity, are not toxic and inexpensive. On the other
hand, they sometimes show low mechanical stability, which might be undesired for
certain processes. Finally, synthetic polymers are often superior due to their general
high stability and often already existing functional surface groups. If these are not yet
available they can be introduced rather easily, which makes them most suitable for
covalent immobilization. Furthermore, already during their production process the
geometrical configuration and shape can be introduced. Nevertheless, one drawback
definitively can be the high hydrophobicity. But again this can also be modified by
functionalization.

1.3.1.2 Cross-Linking with Bifunctional Reagents

In contrast to the two techniques described so far no solid material is needed for cross-
linking. Here, the biocatalysts are directly cross-linked by inter- and/or intramolecular
covalent bonds. The most common reagents used for this are glutaraldehyde, dimethyl
adipimidate, dimethyl suberimidate, aliphatic amines and toluene diisocyanate.!'*
Especially the intramolecular cross-links might have a negative effect due to the fact
that after reaching a certain threshold of the cross-linking degree these might lead to
severe changes in the structure of the biocatalyst and finally to inactivation.!"*”
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Furthermore, the cytotoxicity of the linking molecules makes this method inadequate
for cell immobilization. Nevertheless, especially Roger Sheldon, who also founded
CLEA Technologies B.V. (Delft, The Netherlands), promoted this technique during the
last years. There were several studies by this scientist and his co-workers using the so
called cross-linked enzyme aggregates (CLEAs) for biocatalysis, which demonstrated
the feasibility of this technique.™" Nowadays the portfolio of CLEA Technologies
contains several enzymes, e.g. lipases, proteases, keto reductases and many others.

1.3.1.3 Entrapment and Encapsulation in Polymeric Gels

The main difference of these methods to the previously described ones is that the
catalyst itself is not attached to the supporting matrix. Thus, the biocatalysts are
generally entrapped inside a gel-like structure. For both procedures the catalyst
solution is simply mixed with a water-soluble polymer and the gelation is either induced
by a shift of temperature, pH or the addition of inducing agents. The difference
between entrapment and encapsulation is the fact that using entrapment methods
generally a gel block containing the catalysts is produced, whereas in encapsulation
processes small beads containing the catalyst are made.

For entrapment typically gel-forming molecules like acrylamide or vinyl alcohol and
natural polymers like alginate, agar, gelatin or carrageenan are used.'? However,
this method suffers from several disadvantages, like extreme conditions for gelation
(e.g. very high pH values used in sol-gel processes!'*?), which might lead to
inactivation. Additionally, diffusional limitations might impair catalytic efficiency and
leakage of especially enzymes from the gel might become a problem. These problems
can be solved by adjustment of the balance between pore size and leakage of catalyst.
However, entrapment of enzymes and cells is still applied frequently due to the low
costs and simplicity of the method.

Likewise, the same principles as described above are used for encapsulation. Both
techniques facilitate the inclusion of biocatalysts in a semi-permeable compartment.
Here, gelling agents, but also lipids, are used to form capsule structures, which contain
the catalysts. This is also the main difference between the entrapment and the
encapsulation technique. Furthermore, the conditions used for encapsulation usually
are milder in comparison to the ones for entrapment and therefore advantageous due
to the reduced loss of activity. Especially for immobilization of cells such gentle
conditions are beneficial. Probably the most wide-spread applied natural polymer for
encapsulation is alginate.

The first alginates isolated from Laminaria vesiculosus and Fucus stencphylla were
described in 1883.'¥) Nowadays, the commercially available alginate mainly is
extracted from the giant kelps Macrocystis pyrifera, Ascophyllum nodosum, and
various types of Laminaria hyperborea.'® From 1929 to 1955 the structure of alginate
was described to be built up by 1,4-linked B-D-mannuronic acid and a-L-guluronic acid
residues.'*!
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Figure 14: Structure of alginate sodium salt (G: a-L-guluronic acid, M: B-D-mannuronic acid;
adapted from [136]).

Gelling of this natural polysaccharide is induced by addition of divalent cations (e.g.
Ca?*), which is based on coordination of these by the carboxy and hydroxy groups of
the sugar monomers as well as by the glycosidic and lactonic oxygen atoms (Figure 15
A). Intermolecular binding of the cations by different polysaccharide chains is preferred
over the intramolecular one, which leads to the formation of buckled-shaped cavities
perfect for Ca®* coordination. This phenomenon is called ‘egg-box’ model for obvious
reasons (Figure 15 B).['*"]
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Figure 15: Coordination of Ca’*-ions by alginate (A: Binding of Ca® to a-I-GulA-(1-4)-I-GulA
(GulA: guluronic acid), B: ‘egg-box’ model of polyGulA in gel state; adapted from [137]).

For the encapsulation procedure itself there are several methods. At first the solution
containing the biocatalyst has to be mixed with a sodium alginate solution, which
subsequently is dropped into the Ca**-containing solution, where the capsules are
formed immediately. In laboratory scale this dropping process often is carried out
manually just using a syringe (Figure 16 A), which results in capsules of a size in the
millimeter range. Smaller particles often enhance mass transfer due to the increased
size to surface ratio. To realize the production of smaller capsules (micrometer range)
in lab-scale a co-axial air current can be applied (Figure 16 C). But the availability of
commercial devices for application of a co-axial air stream is limited. The second
method for production of micrometer-scaled capsules is the use of a JetCutter system
(Figure 16 B), which usually is also the choice of method for industrial processes.!"!
Here, the alginate solution is extruded from a nozzle and the so called liquid jet is
simply cut off by a high-speed rotating cutting wire wheel. This way a throughput of up
to 20 kg - h™ - nozzle™ can be reached.!"*
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Figure 16: Procedures for encapsulation in alginate (A: ‘drop-method’ as used in laboratory
scale, B: jet-cutting device as used in industry, C: principle of co-axial air current applied to
nozzle; adapted from [136, 138-139]).

The alginate encapsulation technique has been used for several applications, e.g.
water treatment!*” biological ammonia production*", artificial plant seeds!™? or
hydrolysis of whey!"*?. Rather exotic applications of the alginate technology came up in
the last years, where it was used in the so called ‘molecular kitchen’ movement!"** and
also in bubble teas for encapsulation of flavors.!"*!

1.3.1.4 Immobilization by Bio-Specific Recognition and Complex Biological
Techniques

Immobilization techniques belonging to this group are probably the most sophisticated
ones. Here, the biocatalyst usually is immobilized via a very specific one-point
attachment. These bio-specific recognition methods are especially necessary, if the
native conformation of the biomolecule is required, e.g. immobilization of
antibodies."*® In the field of protein technology the most obvious method for
immobilization of enzymes is the use of an affinity tag, which originally was introduced
for purification. For this purpose the Avidin-tag''*"), cellulose binding domain!'*® and
metal affinity tag (e.g. His-tag)!'*** ! have already been described. However, the
degree of complexity can be further increased, like immobilization of lipid vesicles,
which contain a membrane enzyme, using a peptide anchor.'** Very recently the
intracellular immobilization or cell surface immobilization of enzymes came up to
enhance catalytic efficiency via substrate/intermediate channeling. Therefore, either so
called bacterial microcompartments (MCPs)"*” or scaffolds based on specific protein-
protein®", protein-DNA!"*? or protein-RNA*¥ interactions were used. In all cases the
enzyme(s) of interest was fused to a foreign protein domain, which guides it towards a
certain scaffolding partner molecule.

The first example of a bacterial MCP, which could be engineered to encapsulate
foreign proteins, was found in the 1,2-propanediol utilization pathway from Salmonella
enterica (Figure 17)."°1 This pathway is completely encapsulated in a ‘protein cage’,
because that way the cell components are protected from the reactive intermediate
propionaldehyde. For encapsulation of foreign enzymes these just have to be fused to
one of the natural anchor peptides and by co-expression with the shell proteins these
are automatically encapsulated.
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Figure 17: Microcompartment for 1,2-propanediol utilization from Salmonella enterica (from
[150h])).

1.3.2 SpinChem® - A Rotating Bed Reactor

As pointed out above, the immobilization of biocatalysts often contributes to long-term
stability and facilitates their reuse. In general, when using these immobilized
biocatalysts a proper reactor system has to be chosen. The classical reactor concepts
therefor are a simple stirred tank reactor (STR) and a fixed bed reactor (FBR, Figure
18).

1.RBR 3.STR

Figure 18: Schematic drawing of the three reactor setups (RBR: rotating bed reactor, STR:
stirred tank reactor, FBR: fixed bed reactor, a: reflux cooler, b: reaction solution, b*: reaction
solution containing catalyst particles, c: RBR packed with catalyst particles, d: pump, e: column
packed with catalyst particles, f: Rushton-type stirrer; adapted from [154]).

The STR is a very simple setup, where the solid particles are added to the liquid
reaction medium, which is mixed by a certain stirring device. In contrast to its simplicity
the use of an STR obviously is encountered with the mechanical stress, to which the
catalysts are exposed. This often leads to abrasion or even severe damage of the
particles. Beside this the recycling process is rather laborious, because the medium
has to be separated from the catalysts by filtration or centrifugation, which especially
for industrial processes is unwanted.

The tedious work-up process when using an STR can be avoided by application of an
FBR. Here, the immobilized catalysts are simply packed into a usually tempered
column, which is fluidized by the reaction medium. Nevertheless, with the ease of
separation certain disadvantages depending on the properties of the column (e.g.
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length, diameter), particles (e.g. size, squeezability) and process parameters (e.g. flow
rate) like pressure drop, reactant and pH gradients have to be considered.

As a kind of ‘reactor chimera’ combining the advantageous features of STR and FBR
the rotating bed reactor (RBR) was developed. The RBR concept was first described in
1960 by Pilo & Dahlbeck."® They patented an apparatus to enhance the contact of
two fluids (or one fluid and a gas) with different specific weights. Later this concept
was further developed for the use in heterogeneous catalysis as basket reactor, which
features baskets rotating inside a well for gas/solid and liquid/solid reactions.!"®
Furthermore, the use of an ‘insolubilized’ enzyme in an RBR was first described in a
patent filed by Corning Inc. at the same time.!""! Very recently, this reactor concept
was rediscovered by scientists from Nordic Chemquest AB (Umea, Sweden) and
further optimized with respect to handling and mass transfer.!'*®

b)

-

a) - Mechanical

/ Stirrer Shaft

Centrifugal
Tublar Body

Flow Reactor

Figure 19: Schematic drawing of the SpinChem® rotating bed reactor (A), inside view (B) and
outside view (C) (adapted from [154, 158a]).

The working principle of the RBR designed at Nordic Chemquest AB (SpinChem®) is
depicted in Figure 19. The catalytic particles are simply packed into the outer void of
the cylinder (Figure 19 A, flow reactor), which is confined by a filter with a defined
mesh size. After closing the filled compartment and attaching it to an overhead stirrer
this is rotated, thus leading to a flow of reaction medium through the packed bed
driven by the centripetal forces. Thereby, not only the mass transfer is improved, but
also the particles themselves are protected from any mechanical forces and gradients
are avoided due to the fact that the compartment is also used for mixing. Furthermore,
the work-up respectively the recycling of the catalysts becomes obviously very simple
in comparison to an STR, because the SpinChem?® just has to be lifted out of the
medium.

1.4 Application of Polymers and Chiral Molecules

1.4.1 Chiral Molecules

Chirality is of great importance especially for the pharmaceutical industry, which was
realized in the 1960s in Germany during the Contergan scandal.l® In that case, the
tranquilizer and sleep-inducing drug thalidomide was especially administered to
pregnant women as a racemic mixture to alleviate morning sickness. After the sale
launch in 1957, the cases of newborns with phocomelia increased, but this was
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mislinked to nuclear weapon tests during world war Il. In 1961, the cases were
connected to Contergan application and therefore it was taken off the market. Later the
effects of the single enantiomers were described: the sedative effect was linked to the
(R)-enantiomer™® whereas the teratogenic one was ascribed to the (S)-enantiomer,
although there have been contradictory results in literature®" and it could not be
absolutely discriminated between the two molecules, because both enantiomers easily
undergo chiral inversion when applied in vivo.!'®%

In the list of “Top 200 Drugs by Worldwide Sales 2013’ 41.5% of the molecules
featured one or more chiral center.["®® Examples for chiral drug molecules, which are
produced via biocatalytic or biotransformation processes, are listed in Table 4. For
details on Esomeprazol refer to chapter 1.1.5 and for Taxol and Artemisinin refer to
chapter 1.1.4. Especially the process for Sitagliptin synthesis has drawn attention in
the last years, because the researchers at Merck & Co. and Codexis Inc. succeeded in
creating an amine transaminase variant (with 27 mutations), which accepts a so called
bulky-bulky substrate."® This biocatalyst even outperformed the established chemical
process using transition metals due to the fact that less steps are required.!'®® At that
point the described mutant was the first transaminase being able to use sterically
demanding substrates.

Table 4: Examples of chiral drug molecules produced by biocatalytic or biotransformation
processes (ATA: amine transaminase).

Structure Enzyme(s) for

Name Synthesis Application Reference(s)
N0
/(j: \},s/ N— Proton pump inhibitor
~ N )
0 N oS \ / BVMO or DOx or used in _the t_reatment of (89, 166]
P450 gastric acid-related
o— .
disorders
Esomeprazol

Synthases, P450s
and Transferases Cancer drug for treatment

w 75 \_o° (biosynthesis not  of breast, lung and non- [72,167]
OH Ho 5 C}/\ yet deciphered small cell cancers
: : g [¢]

o

T

completely)

Taxol (Paclitaxel)

Synthases,
dehydrogenases,
reductases and
P450s

Anti-malaria drug [73]

F (\Nl\LF

N
/©/Y\(N\/L\N ATA Anti-diabetic drug [164, 168]
NH, O
F

F
Sitagliptin
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The flavor and fragrance industry is another branch using chiral molecules. Three
selected examples are given in Table 5. The synthesis of the Jasmin lactones shown
was realized by Fink et al. screening a panel of different BVMOs.["® All possible
enantiomers were accessible via kinetic resolution reactions starting from the racemic
cyclic ketones with E-values 2100. These pure lactones are of special interest for
organoleptic studies by perfumers as they are also part of natural fragrances.

Another example of biocatalysis used in flavor industry is the synthesis of (+)-
nootkatone combining a P450 and an ADH.['® Therefore, in the group of Vlada
Urlacher first a P450 catalyzing the regioselective hydroxylation of (+)-valencene was
identified, which at first sight could have been problematic due to the fact that (+)-
nootkatone was found to be an inhibitor of human P450s.I'""" This is also the reason for
the recommendation not to take medication together with grapefruit juice.
Nevertheless, it was demonstrated that CYP109B1 and a P450-BM3 mutant were
capable of regioselective hydroxylation with notable activity. Combining the P450-BM3

with an unselective ADH further improved the conversion rate and yield.!""®"!

Table 5: Examples of chiral flavor and fragrance molecules with possible industrial interest
accessible by biocatalytic or biotransformation processes.

Structure Enzyme(s) for Natural Occurrence

Name Synthesis and/or Application Reference(s)

(R)-cis: part of Jasminium
grandiflorum essential oil,
P (S)-cis: part of Polianthes
BVMO tuberosa tuberose oil, [169]
(R)-cis/trans: both found in

(R)-cis- (R)-trans- gardenia flowers, part of
Jasmin lactone natural mango aroma

(5): main constituent of
caraway seed oil,
P450 and ADH (R): main constituent of [111-112,
(S)- (R)

spearmint essential oil; 172]
Precursor for synthesis of

Carvone dihydrocarvide

Found in grapefruit juice,
high added-value
commercial flavoring
compound

P450 and ADH [170]

(+)-Nootkatone

As a last example the synthesis of the monoterpene carvone will be described. In
nature both enantiomers can be found: the (S)-enantiomer is the main constituent of
caraway seed oil,"” whereas the (R)-enantiomer is responsible for the scent of
spearmint (Mentha spicata) essential oils." The biosynthesis reaction for carvone is
initiated by a P450, which regioselectively hydroxylates limonene in C6-position. The
resulting carveol is then further oxidized by an ADH to carvone. Interestingly, Schalk &
Croteau could identify the amino acid residue, which is responsible for regioselectivity
in the M. spicata enzyme and they even could create a mutant (F363I) showing the
C3-regioselectivity of the enzyme from Mentha x piperita (peppermint).'”
Surprisingly, introduction of the homolog mutation (F364l) in the peppermint P450 led
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to deactivation of the enzyme. The carvone itself cannot only be used as fragrant, but
also as precursor for interesting polymers, which are described in the following
chapter.

1.4.2 Polymers

Due to the fact that the global plastic production reached 311 mega tons in 2014!"7®
and assuming that the global demand has grown in the same way, it is obvious that
the oil-based production cannot suffice the market forever. Hence, renewable sources
and sustainable processes are necessary for the production of polymers, which are
desirably also biodegradable. In Table 6 some examples for biodegradable polymers
either produced by biocatalysis/biotransformation and/or based on natural sources are
summarized.

Table 6: Examples of biodegradable polymers (PCL: poly-[caprolactone], P4MCL:
poly-[4-methylcaprolactone], P3HB: poly-[3-hydroxybutanoate], PLA: poly-[lactate]).

Structure -
Name Application(s) Reference(s)
[e} ] ) Tissue engineering, drug
HO JMO HO e} delivery, microelectronics, [28, 864,
i | nH nH adhesives, packaging, 3D 177]
PCL PAMCL printing
lo ] O Shape memory polymers,
HO 0 H HO @) cross—lmkmg, addItIVF for.co—
L In n Ppolymers, tissue engineering, [178]
normal abnormal (not yet biocatalytically
Poly-[dihydrocarvide] produced)
(0] Wound management, vascular
H . .
HO o system mat.erlals, orthopedlcs, [179]
n drug delivery, packaging,
P3HB adhesives, coatings
) . . )
o Packaging, coating, fibers,
HO H prosthetics, drug delivery, 3D [179-180]
n printing
PLA
Plastics based on natural polymers, e.g. starch, Additives for composite (179, 181]
cellulose, soy protein, sugar beet pulp polymers ’

PCL is a very important polymer and it is widely applied for several purposes, e.g.
tissue engineering and drug delivery. On the one hand it is so popular due to its
biodegradability by microorganisms!'®? and on the other hand its biocompatibility and
persistence in the human body, which makes it predestinated for use in
orthopedics.[®® PCL is traditionally produced by ring-opening polymerization (ROP) of
g-caprolactone using metals, organic acids or enzymes as catalysts. Due to the
relevance to this thesis only the enzyme-mediated reactions will be discussed here.
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The first described ROP reactions by lipases in organic solvent are from 1995.1"%! Of
course a process in an aqueous environment would contribute to the ‘greenness’ of
such a reaction. Hence, there were some recent successful attempts to perform ROP
using a lipase in water.”® '®! The mechanism for the ROP reaction in solvent is shown
in Figure 20. It is assumed that in the first step the acyl-enzyme intermediate is formed
by hydrolysis of the lactone. Next, the 6-hydroxyhexanoic acid alkyl ester is released,
which acts also as the monomer for the polymerization. For elongation of the polymer-
chain the acyl-enzyme intermediate is hydrolyzed by the alcohol function of a mono- or
oligomer.

1. Formation of acyl-enzyme intermediate

(o}

Sy | SRS |
N

- R 4

2. Release of 6-hydroxyhexanoic acid alkyl ester
) OR HO
HO "> + ROH ==———= HO """ .
() (o}

3. Elongation of oligomer

o 0 Q HO
Ho/\/\/\n/ . 0 o o N
0o RO H RO H
n n+1

Figure 20: Proposed mechanism of ring-opening polymerization by a lipase in neat organic
solvent (red bubble: lipase).['®

The applicability of ROP in water has been demonstrated for a set of chiral and achiral
lactones by Schmidt et al. In this study, even the formation of an enantiopure polymer
(PAMCL, Table 6) was shown by application of the above described cascade reaction
(Scheme 14) using the prochiral 4-methyl-cyclohexanol as substrate. However, the
mechanism of the ROP in an aqueous environment still stays elusive. In this case it is
eventually more likely that the free hydroxy acid is due to its stability not released, but
the acyl-enzyme intermediate gets hydrolyzed directly by the lactone.

The polymerization of the natural product derived lactones dihydrocarvide and
menthide was until now only demonstrated by chemical reactions,!”®* although in
principle the lipase-mediated ROP should be possible. The monomers for this reaction
can be synthesized already in a biocatalytic cascade reaction,!"'""'? so that only the
lipase reaction needs to be established. The polymers resulting from the chemical
polymerization reactions were already characterized, e.g. these showed a good shape
memory ability.

Other highly investigated biodegradable polymers from renewable sources are
poly-[3-hydroxybutanoate] (P3HB) and poly-[lactate] (PLA). Both polymers are used
nowadays for several purposes. Especially PLA, since the production costs went
down, has become popular as renewable alternative in packaging.!"® In contrast to the
other described polymers, P3HB is produced naturally by several microorganisms
under nutrient-limiting conditions, which makes it an interesting alternative to
petroleum-based processes.!'™

Naturally produced polymers, mainly deriving from waste streams, were also subject to
several studies. But due to their usually high hydrophilicities, it was difficult to apply
these as neat polymers. Here, the combination of for example sugar beet pulp with
PLA led to a significant increase of the composite strength compared to PLA alone.!"®”!
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The aim of this PhD thesis was to further optimize two different redox cascade
reactions concerning the establishment of new enzymes for additional reaction steps,
process engineering and overall work-flow improvement.

The first cascade was established in a DFG-funded project (grant no. Bo1862/6-1) in
cooperation with the Vienna Technical University (Figure 10). In this cascade it was
planned to utilize limonene 11 as renewable, chiral precursor for the production of
chiral lactones by coupling of a hydroxylating enzyme, an alcohol dehydrogenase
(ADH), an old yellow enzyme (OYE) and a Baeyer-Villiger monooxygenase (BVMO). In
this thesis especially the initial hydroxylation step should be studied with respect to
regioselectivity of this reaction (Scheme 15, red box).

@]
HO ADH O OYE O BVMO O
—> S S —
A AN AN A
12 13 14 15

11

Scheme 15: Desired redox cascade reaction for the synthesis of chiral lactones using limonene
as substrate (involved co-factors are not shown; red box: reaction step studied in this thesis;
blue box: reaction steps optimized by co-expression in this thesis).

Therefore a highly regioselective enzyme was subject to search. The most prominent
enzymes for hydroxylations in biotechnology are cytochrome P450-monooxygenases,
above all the P450-BM3 from Bacillus megaterium. This enzyme and a homologous
one should be the first ones to be studied for the desired reaction.

Nevertheless, in literature there are further bacterial wild-type strains, e.g.
Cellulosimicrobium cellulans EB-8-4, described to be capable of highly regioselectively
hydroxylating limonene. However, the enzymes responsible for this reaction still are
elusive. The strain should be further studied and the hydroxylating enzyme(s) identified
and possibly further characterized.

Furthermore, the expression of the enzymes involved in the latter three steps of the
established cascade should be optimized. Until now a two plasmid strategy was used
for co-expression of these enzymes. However, a single plasmid strategy was expected
to lower the metabolic burden of the host organism and thereby further optimizing the
reaction steps. In this thesis especially the expression ratio should be addressed by
creation of a single plasmid system carrying all three necessary genes encoding for
the desired enzymes.

In the second part of the thesis another redox cascade reaction for the synthesis of
poly-[caprolactone] (PCL) precursors (Scheme 16) was aimed to be further optimized
by immobilization, so that the catalysts could be applied in a rotating bed reactor
(RBR). Therefore, the general applicability of the RBR for enzymatic reactions should
be demonstrated and an immobilization method should be established for in vivo
cascade reactions using the well-known alginate encapsulation technique.

For a future application in an industrial environment the process itself was also
planned to be further optimized. Therefore, the immobilization procedure should be
improved with respect to activity of the catalysts. Hence, a method leading to
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decreased particle size of the alginate capsules containing the catalytic cells should be
established. To further pave the way en route to industry the work-flow also should be
a subject of optimization, so that possibly not only the reaction would be carried out in
one-pot but also the beforehand steps of catalyst preparation.

Finally, the feasibility of the developed methods should be demonstrated in
biocatalysis reactions using the catalytical capsules produced by application of the in
situ process.

OH 0 O 0
ADH BVMO Lipase
= - o — J\/\/\/O
n
6 3 4

7

Scheme 16: Redox cascade reaction for the synthesis of oligo-[caprolactone] (involved co-
factors are not shown).
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As already outlined in chapter 2 the scope of this thesis was the further optimization of
recently developed cascade reactions. First of all, the cascade for production of chiral
lactones as potential polymer precursor (Scheme 13, Figure 10) was subjected to
expression optimization. Therefore, all three involved enzymes should be expressed
as a single plasmid construct to lower the expression burden for the cells (chapter 3.1).
Secondly, the same cascade should be extended by introduction of an initial
hydroxylation step to enable the use of limonene as ‘renewable’ chiral precursor
(chapter 3.2). Finally, another described cascade for the production of PCL precursors
(Scheme 14) was subject to process optimization. Here, the catalysts should be
transformed into an immobilized one to enable the application of a rotating bed reactor
(chapter 3.3).

3.1 Co-Expression of Three Enzymes for Cascade Optimization

In the first part of this thesis the cascade reaction shown in Scheme 13 and Figure 10
was aimed to be optimized. Therefore, three involved enzymes were planned to be co-
expressed in one host cell using a single plasmid. To balance the different expression
levels and activities all possible arrangements of the genes on the plasmid following
the pseudo-operon strategy (see chapter 1.2.2, Figure 12) were created. The reaction
producing e-caprolactone 4 from cyclohexenol 1 was used as model reaction (Scheme
17), which required the following enzymes from the ‘tool-box’: the alcohol
dehydrogenase from Lactobacillus kefir (LK-ADH), the old yellow enzyme 1 from
Saccharomyces pastorianuns (OYE1) and the more stable double mutant
C376L/M400I of cyclohexanone monooxygenase from Acinetobacter sp. (CHMOpy).

OH O O O
S s —»
1 2 3 4
Scheme 17: Model reaction for optimization of co-expression.

3.1.1 Cloning and Co-Expression of Three Enzymes for Application as in
vivo Cascade

For further optimization of the established in vivo redox cascade (Figure 10) the co-
expression of the three involved genes was established. Therefore, these were cloned
by classical cloning, FastCloning or SLIiCE into pETM6 onto one single plasmid in all
theoretical arrangements: CLO, COL, LCO, LOC, OCL, OLC (C: CHMOpy, L: LK-ADH,
O: OYE1). Subsequently, the vectors were transformed into E. coli BL21 (DES3)
AnemA, which was created by Nikolin Oberleitner (Vienna Technical University,
Austria) due to the fact that in previous experiments a concurring background reaction
by this endogenous OYE was observed.
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To analyze the expression levels the cells were cultivated at 25°C, because at this
temperature all of the single enzymes showed reasonable expression. To ensure a
high ratio of soluble to insoluble protein the induced culture was harvested after 8 h. At
this time point also samples normalized to OD (7/0D) for SDS-PAGE analysis were

collected.
M 1 2 3 4 5 6 7 8 M 9 10 11 12 13 14 15 16 a7 18 M
CLO CcoL LCO LOC QcCcL OLC CHMO LK-ADH OYE1
116 116
l ‘/ 116
l/ 1/ 66
66 Eb

45
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25 -
18.4 184 18.4
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Figure 21: Electrophoregram of 7/OD-samples from co- and single expression of LK-ADH,
OYE1 and CHMO (odd lanes: soluble protein fraction, even lanes: insoluble protein fraction,
blue arrow: CHMOpy, red arrow: LK-ADH; yellow arrow: OYE1, green arrow: CHMOp/OYE1,
M: protein marker in kDa).

As shown in Figure 21 all three enzymes could be co-expressed successfully when
using the combinations CLO and LCO. These two constructs showed reasonable
amounts of soluble protein at the calculated sizes for LK-ADH (27 kDa, red arrow) as
well as for CHMO (62 kDa, green arrow) and OYE1 (72 kDa, green arrow), which
showed the same behavior in SDS-PAGE analysis (lanes 13-14 and 17-18). This
observation was due to the fact, that OYE1 was expressed as GST-tagged protein to
enhance the solubility and this tag was described to be usually degraded when
analyzed by SDS-PAGE,"® so that it was not possible to distinguish between these
two enzymes. For these two combinations the highest activity was expected. The
combinations COL, LOC and OCL showed only soluble expression for the LK-ADH,
whereas for OLC only bands for the CHMO and/or OYE1 were observed. When
combining XenB with LK-ADH and CHMO for co-expression in the same way, the OYE
was expressed as insoluble protein only (data not shown). This approach was not
further investigated.

3.1.2 Application of Co-Expressed Enzymes as in vivo Cascade

The activity of the co-expressed enzymes in the described cascade (Scheme 17) was
determined by cultivating the cells at 25°C for 8 h and subsequently using these as
resting cells for biocatalysis with 20 mmol - L™ 1 as substrate. For comparison, each
enzyme was singly expressed in a separate host and used for reaction by mixing in a
ratio of 1:1:1. All reactions were done in triplicates and analyzed after 2 h by GC for
product formation.
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Figure 22: Initial activities of co-expressed enzymes used in a cascade reaction utilizing 20 mM
1 for the production of 4 (CLO - OLC: constructs for co-expression with various arrangements,
L+O+C: cells harboring each single enzyme mixed 1:1:1; n=3).

As expected the combination LCO showed the highest initial activity of
15.3+ 1.2 U - gcow in comparison to the other ones. In contrast, for CLO only a low
initial activity of 3.4 + 0.4 U - gcpw ' was observed. Rather unexpected OLC showed a
relatively high initial activity of 5.7 + 1.3 U - gcpw™'. Unfortunately, when comparing the
activity of the co-expressed cascade with the one of the singly expressed enzymes,

these showed the highest initial activity of 20.8 + 1.8 U - gcow .
For detailed investigation of the reaction the concentrations of substrate, intermediates

and (side-)products was analyzed by GC after 24 h.
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Figure 23: Concentrations of substrate, intermediates and (side-)product after 24 h (initial
concentration of 1: 20 mM; CLO - OLC: constructs for co-expression with various
arrangements, L+O+C: cells harboring each single enzyme mixed 1:1:1; black: 2-cyclohexenol;
red: 2-cyclohexenone; green: cyclohexanone; purple: e-caprolactone; blue: cyclohexanol; n=3).

The distribution of all substances shown in Figure 23 gives a detailed view into the
limiting steps for the co-expressed cascade reaction. As expected for the OLC-
construct, which showed no expression of LK-ADH (Figure 21), substrate 1 was not
consumed during 24 h, although approx. 1 mmol - L' 4 was formed. The CLO-
construct showed unexpectedly the same behavior. In contrast, in reactions with the
COL-, LCO- and LOC-constructs the substrate was almost completely consumed. For
COL and LOC only up to 1 mmol - L™ 4 was found. Additionally up to 11 mmol - L' 5
and up to 9 mmol - L™ 2 were detected. Obviously the low expression of the CHMO led
to this result (Figure 21), so that the ADH also used 3 as substrate to form the side-
product 5. Among the co-expressed approaches the LCO-construct showed the
highest amount of 4. But in this case, there were 8 mmol- L' 3 left and also
6 mmol - L' 5 were formed. Here, the stability of the CHMO still could be the limiting
factor. The cells harboring the OCL-construct showed similar behavior as COL and
LOC, except that after 24 h still 9 mmol - L 1 was found. Using the mixed approach
(L+O+C) 4 mmol - L 4 and in addition 9 mmol - L™ 2 were detected. For all reactions,
in which significant amounts of 2 were found, the OYE could be either inhibited by
substrate and/or product or the expression of this enzyme was too low.

In summary, the co-expression of all three enzymes for a cascade reaction in a single
host was successfully realized by construction of a single plasmid. Unfortunately, the
co-expression led to no further improvement of the reaction itself, because in the
mixed cell approach the same amounts of 4 were produced after 24 h. For further
cascade optimization alternative ways have to be investigated.
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3.2 Extension of a Three-Enzyme Redox Cascade

The second part of this thesis deals with the extension of a described cascade reaction
(Figure 10) by introduction of an initial hydroxylation step to enable the use of
limonene 11 as renewable chiral precursor. Therefore, different enzymes should be
tested with respect to their applicability for the cascade reaction in terms of activity and
regioselectivity. The model reaction for this part is highlighted in Scheme 18.

4 )

HO ADH O OYE O BVMO O

— — — — >
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\_ 11 12/ 13 14 15

Scheme 18: Cascade reaction for the production of chiral lactones using limonene as
renewable chiral precursor (red box: model reaction used in search for an applicable enzyme).

3.2.1 Application of Cytochrome P450-Monooxygenases for Initial
Hydroxylation

3.2.1.1 Expression and Characterization of Product Distribution of P450-
BM3 and a Homologous Enzyme

The first possibility for extension of the described three-enzyme cascade!'? (Figure
10) was the use of a cytochrome P450-monooxygenase (P450) for the initial
hydroxylation. Therefore, the most prominent representative of this enzyme class
(P450-BM3) and one homologous enzyme from Bacillus licheniformis (CYP102A7)
were investigated with respect to the desired reaction.

For expression of P450-BM3 an established protocol already available in the group
was used, so that no further optimization for this enzyme was needed. In contrast, for
CYP102A7 an expression optimization was necessary, because a described method
from literature!'®® was not sufficient for the use of this enzyme in an in vivo cascade.
Therefore, a first trial for the optimal expression parameters was carried out with
respect to expression temperature (17/30°C), expression host (E. coli TOP10, BL21,
C41, C43, SHuffle) and expression vector (pET28 CYP102A7_N-his/
pBAD_CYP102A7_N-his). After first problems with expression of CYP102A7 it turned
out, that using conical flasks at slow shaking (135 rpm) and addition of
d-aminolevulinic acid at induction were crucial for proper expression. Induction was
carried out at OD 1.0 - 1.2 and the cultivation was continued for 24 h (30°C) or 48 h
(17°C).

In general CYP102A7 showed higher soluble expression at 30°C in comparison to
17°C. As detected by SDS-PAGE the highest soluble expression was reached using
the pET28 construct in E. coli C43 at 30°C (Figure 24, lanes 7 - 8). In contrast to the
reported method in literature, using the pET28 construct in E. coli BL21 led to nearly
no expression. Interestingly using E. coli TOP10, which cannot use the T7 promoter,
showed relatively high expressions with the pET28_ CYP102A7_N-his construct.
Furthermore, high expressions were already visible by eye in the bacteria culture,
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which showed, if high amounts of active P450 were produced, a dark blue color
(Figure 24, inset).
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Figure 24: Electrophoregram of 7/OD-samples from the first expression trials for CYP102A7
(odd lanes: soluble protein fraction, even lanes: insoluble protein fraction, lanes 1 -20:
expression at 30°C, lanes 21 - 40: expression at 17°C, lanes 1 - 10/21 - 30: expression vector
pET28, lanes 11 - 20/31 - 40: expression vector pBAD, red box: overexpression of CYP102A7,
M: protein marker in kDa; inset: harvested cells with active CYP102A7).

After SDS-PAGE analysis the samples from the first expression trial were analyzed by
CO-difference spectra to measure the concentration of correctly folded P450. As
shown in Table 7 the measured P450 concentrations were in good agreement with the
observations from SDS-PAGE. The highest amount of P450 (4.3 ymol - L") was found
for the E. coli C43 using the pET28 construct and expression at 30°C. Also the C41
strain under the same conditions (4.1 pymol-L") and the TOP10 at 17°C
(3.58 umol - L) showed high contents of the desired enzyme.
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Table 7: P450 content from first expression trial measured by CO-difference spectra.

Temperature Construct Strain P450 [pg - mL"] P450 [umol - L™
30°C  pET28_CYP102A7_N-his TOP10 237 1.96
BL21 0 0
Cc41 496 4.1
C43 520 4.3
SHuffle 58 0.48
pBAD_ CYP102A7_N-his TOP10 11 0.09
BL21 149 1.23
C41 0 0
C43 0 0
SHuffle 1 0.01
17°C  pET28_ CYP102A7 N-his TOP10 433 3.58
BL21 0 0
Cc41 315 2.6
C43 134 1.11
SHuffle 101 0.84
pBAD_ CYP102A7_N-his TOP10 0 0
BL21 137 1.13
C41 0 0
C43 0 0
SHuffle 0 0

For validation of the previous results and to further extend the expression parameters
a second trial was conducted. Therefore, the best result from the first round (30°C, E.
coli C43, pET28 CYP102A7_N-his) was reproduced and the gene was cloned into two
additional expression vectors. These new constructs carried in contrast to the pET28
the codon optimized CYP102A7 gene with a C-terminal (pET22_CYP102A70pti_C-his)
or without a His-tag (pET22_CYP102A7opti_no-his). Both constructs were transformed
into E. coli TOP10, BL21, C41 and C43 as most promising hosts. The SHuffle strain
was not used, because for this one only low expressions were found in the first trial.
An expression temperature of 30°C was chosen.

Again using strains C41 and C43, the highest soluble expression was observed as
documented by SDS-PAGE analysis (Figure 25). As expected, no expression was
observed using the TOP10 strain, E. coli BL21 showed significant lower expression
than C41 and C43. There was no difference observed by SDS-PAGE when comparing
the different constructs in the same strain (E. coli C43), except that using the two
pET22 constructs led to more insoluble protein compared to the pET28 one.
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43 TOP10 BL2L  C4l C TOP10  BL21  C4l

Figure 25: Electrophoregram of 7/OD-samples from the second expression trial for CYP102A7
(odd lanes: soluble protein fraction, even lanes: insoluble protein fraction, lanes 1 - 2: E. coli
C43 with pET28 CYP102A7_N-his, lanes 3 - 10: pET22_CYP102A70pti_C-his, lanes 11 - 18:
pET22 CYP102A70pti_no-his, red box: overexpression of CYP102A7, M: protein marker in
kDa).

The samples from the second expression trial were analyzed for activity and the
concentration of correctly folded P450. Although the high amount of P450 from the first
expression trial using the pET28 construct in E. coli C43 could not be reproduced, an
activity of 957.6 U - gpsso '+ Was calculated (Table 8). The C-terminal tagged enzyme
showed the highest activity in E. coli C41 (1080.6 U - gpsso '). Surprisingly, the
untagged enzyme showed significantly lower activities of 290.8 U - gpsso " for C41 and
592.5 U - gpsso ' for C43 as expression host. Although in the BL21 strains up to
1.21 ymol - L' P450 was detected by CO-difference analysis, no activities were
determined. As expected the enzyme expressed in TOP10 showed no activity.

Table 8: P450 content measured by CO-difference spectrum and activity against 4 mM
limonene from second expression trial (activity measured with NADPH depletion assay).

Construct Strain P450 [pg - mL™] P450 [umol - L] Activity [U - gpaso ]

pET28 CYP102A7_N-his Cc43 58 0.48 957.6
pET22_CYP102A70pti_C-his TOP10 0 0 n.d.
BL21 113 0.93 n.d.

c41 362 2.99 1080.6

C43 200 1.66 659.5
pET22_CYP102A70pti_no-his TOP10 0 0 n.d.
BL21 146 1.21 n.d.

c41 557 4.6 290.8

C43 241 1.99 592.5

n.d. — not determinable

After optimization of expression both enzymes, CYP102A7 and P450-BM3, were used
for biocatalysis reactions either as crude cell extracts (CCE) or as resting cells.
Therefore, the cells were cultivated as described in 50 mL scale and harvested after 8
h. After resuspending the cells in 5 mL KP; buffer (50 mM, pH 7.5), 1 mL of this was
added to 9 mL of reaction solution containing 3 mmol - L NADPH and 3 mmol - L
rac-limonene and incubated at 30°C at 120 rpm. The reactions were analyzed by GC
after 2 h.
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Figure 26: GC-Chromatogram of biocatalysis reactions using P450-BM3 or CYP102A7 after 2 h
(orange line: CYP102A7 concentrated CCE, dark red line: CYP102A7 resting cells, blue line:
P450-BM3 resting cells, black line: P450-BM3 purified CCE).

The GC analysis of the P450 catalyzed reactions revealed that the desired product 12
was produced in low amounts. Additionally both enzymes showed only low
regioselectivity, because several unidentified side-products were detected. These
probably correspond to other possible oxidation products like dihydrocarvone, carvone,
isopiperitenol, perillyl alcohol or limonene-8,9-oxide (Figure 62). Nevertheless, the
main product of all reactions was (+)-cis-limonene-1,2-oxide (Figure 26). In summary,
due to the low regioselectivity of these P450s alternative enzymes had to be
investigated for the application in cascade reactions.

3.2.1.2 Homology Model of Limonene-6-hydroxylase from Mentha spicata

Due to the fact, that the P450s investigated so far showed only bad regioselectivity,
the natural enzyme for (-)-trans-carveol production from Mentha spicata (limonene-6-
hydroxylase, L6H; CYP71D18) was studied.'"*! First of all, homology models were
prepared to compare the distal heme environment and the substrate tunnel of L6H to
the one of CYP102A7 to finally provide a basis for protein engineering. Therefore, the
homology modeling function of YASARA was used with ten different templates and five
different alignments for each template. After preparation of 50 models, the software
combined the best results in a hybrid model. This hybrid model was then subject to
refinement using the YASARA macro md_refine with the standard parameters. Finally,
the refined model with the lowest calculated energy was analyzed by MolProbity!*” to
estimate the quality.

The results from this analysis for the model of L6H showed that the prepared model in
general was of good quality (Table 9). Although some mediocre rotamers and
Ramachandran values as well as some bad bonds, bad angles and one twisted
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peptide were found, the overall scores were of good quality. So that in summary the
prepared model (Figure 27) could be used for further investigations.

Figure 27: Homology model of L6H from Mentha spicata (heme shown as sticks; model
prepared with YASARA based on pdb structures: 1PO5, 2HI4, 2PG5, 3CZH, 3MDM; picture
prepared with PyMol).

The same procedure was carried out for the preparation of a CYP102A7 model. For
this model the MolProbity!'®” analysis gave even better results (Table 10). Here, the
rotamers and Ramachandran values had the same quality as for the L6H model, but
the only poor parameters found were eight bad bonds. This result was rather
unexpected, because the linker peptide between the heme domain and the
cytochrome P450 reductase (CPR) domain for this enzyme class was not crystallized
yet and high flexibility was assumed for this part of the polypeptide chain.
Nevertheless, also this model (Figure 28) could be used for further investigations.

Table 9: MolProbity!"*” analysis output summary for L6H homology model.

All-Atom  Clashscore, all atoms: ' 0.38 100™ percentile* (N=355, 2.30A + 0.25A)
Contacts Clashscore is the number of serious steric overlaps (> 0.4 A) per 1000 atoms.
Protein Poor rotamers 3 0.71%  Goal: <0.3%
Geometry  payored rotamers 403 95.50%  Goal: >98%
Ramachandran outliers 2 0.42% Goal: <0.05%
Ramachandran favored 463 96.66%  Goal: >98%
MolProbity score” 0.85 100" percentile* (N=8909, 2.30A + 0.25A)
CB deviations >0.25A 0 0.00%  Goal: 0
Bad bonds: 5/3989 0.13%  Goal: 0%
Bad angles: 7 /5414 0.13%  Goal: <0.1%
Peptide Cis Prolines: 1/30 3.33% Expected: <1 per chain, or £5%
Omegas  Tyisted Peptides: 1/480 0.21%  Goal:0

In the highlighted column results, the left column gives the raw count, right column gives the percentage.
*100™ percentile is the best among structures of comparable resolution; o percentile is the worst. For
clashscore the comparative set of structures was selected in 2004, for MolProbity score in 2006.

i MolProbity score combines the clashscore, rotamer, and Ramachandran evaluations into a single score,
normalized to be on the same scale as X-ray resolution.
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Figure 28: Homology model of CYP102A7 from Bacillus licheniformis (foreground in dark
green: heme domain, background in light green: CPR domain; heme/FMN shown as sticks;
model prepared with YASARA based on pdb structures: 1JA1, 1Z09, 21J2, 3NPL, 4DQL,;
picture prepared with PyMol).

After preparation of the models these were subject for sequence and structure
alignments. Because L6H did not contain its CPR as natural fusion enzyme, only the
heme domain of CYP102A7 (the first 497 amino acids) was used for alignment. The
software calculated an identity of 20.8%. As Figure 30 shows both enzymes had very
few conserved residues, which belong mainly to structurally important loops or the
heme coordinating residues, like the proximal cysteine ligand. More interesting were
the non-aligning regions (loop A and C). Additionally, structure alignment revealed
another loop (loop B), which showed improper superposition (Figure 29 and Figure
31).

Table 10: MolProbity!"*” analysis output summary for CYP102A7 homology model.

All-Atom  Clashscore, all atoms: 0.12 100™ percentile* (N=677, 2.03A + 0.25A)
Contacts Clashscore is the number of serious steric overlaps (> 0.4 A) per 1000 atom:s.
Protein  Poor rotamers 13 1.43%  Goal: <0.3%
Geometry payored rotamers 867 95.59% Goal: >98%
Ramachandran outliers 4 0.38%  Goal: <0.05%
Ramachandran favored 1032 96.81% Goal: >98%
MolProbity score” 0.86 100™ percentile* (N=12152, 2.03A + 0.25A)
CB deviations >0.25A |0 0.00%  Goal:0
Bad bonds: 8 /8720 0.09%  Goal: 0%
Bad angles: 11 /11815 0.09%  Goal: <0.1%
Peptide  Cis Prolines: 1/63 1.59%  Expected: <1 per chain, or <5%
Omegas

In the highlighted column results, the left column gives the raw count, right column gives the percentage.
* 100" percentile is the best among structures of comparable resolution; o™ percentile is the worst. For
clashscore the comparative set of structures was selected in 2004, for MolProbity score in 2006.

i MolProbity score combines the clashscore, rotamer, and Ramachandran evaluations into a single score,
normalized to be on the same scale as X-ray resolution.
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By having a closer look on the conserved FXGXG motif of loop A (Figure 30 and
Figure 31-A) it seemed that these amino acid residues might have been conserved,
although they structurally had not aligned at all. In L6H this motif belonged to the N-
terminal part of the a-helix and in CYP102A7 to the C-terminal part.

The same drastic gap between sequence and structure alignment was found for loop
C (Figure 30 and Figure 31-C). In L6H the conserved motif MTXXPG belongs to a C-
terminal unordered loop of the enzyme, whereas this loop in CYP102A7 was built by
completely different amino acid residues even forming two -strands. Furthermore, the
motif was modeled into the connecting linker sequence between heme and CPR
domain.

)

=

Figure 29: Alignment of the homology models of L6H and CYP102A7 (cyan/darker colored
loops: L6H, green/lighter colored loops: CYP102A7, red: loop A, yellow: loop B, magenta: loop
C; heme shown as sticks; models prepared with YASARA; alignment and picture prepared with
PyMol).

Finally, structure alignment revealed improper superposition of loop B, but the
sequence alignment for this region showed a high agreement (Figure 30 and Figure
31). Here for the CYP102A7 a bent a-helix followed by a turn and another a-helix was
modeled. In contrast for L6H an unbent a-helix followed by an unstructured longer loop
and another a-helix was introduced. Having a closer look into the conserved amino
acid residues revealed that here the sequence and structure alignment had not shown
the drastic disagreements as observed before.
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Figure 30: Sequence alignment of L6H (CYP71D18) and heme domain of CYP102A7 (red

boxes: distal heme environment; picture prepared with Geneious).
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Figure 31: Detailed view of the non-aligned loops from L6H and CYP102A7 (A: loop A from
sequence alignment, B: loop B from sequence alignment, C: loop C from sequence alignment;
conserved residues from the sequence alignment shown as sticks; dark colors/cyan: L6H, light
colors/green: CYP102A7; picture prepared with PyMol).

Next to comparison of the alignments the amino acid residues forming the distal heme
environment were analyzed (Figure 30, red boxes). First of all, the heme co-factors in
the two models showed a different binding mode (Figure 32). The propionate groups of
the heme in L6H both showed a proximal orientation, whereas in CYP102A7 one of
these was in proximal, the other one in distal orientation, as already observed in
crystal structures of P450-BM3. So that in summary, at least on that side of the heme
a different environment was expected. By having a closer look at the amino acid
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residues of the distal heme environment, only four of these were conserved in both
enzymes: AGXXT(S/T). A detailed analysis of these residues revealed that these were
part of the highly conserved, long a-helix typically found in the distal heme
environment of P450s. The other residues identified to be involved in formation of the
distal heme environment were mainly part of loop A. So that, this loop would be an
interesting region for mutagenesis studies with the aim to improve regioselectivity in
CYP102A7. But also loop C might be interesting for this purpose, because there was
one residue found in CYP102A7 to be involved in distal heme environment formation.
Furthermore, there were five additional positions, which were different and might be of
interest for protein engineering.

Figure 32: Close view on the modeled hemes from L6H (cyan) and CYP102A7 (green; picture
prepared with PyMol).

Several studies showed that the substrate tunnel in P450s has an important role also
for activity.'*"! That was why these tunnels were also computed using the PyMol plugin
Caver 3.0""%? for comparison. For CYP102A7 eight tunnels were computed, which lead
a way from the heme center to the surface of the protein. Three of these were omitted,
because these were tunnels leading to the surface from the proximal site of the heme.
Superposition of the five distal tunnels revealed that there were three main tunnels
leading from the heme center to the surface (Figure 33A).

The same procedure was carried out for L6H. Again eight tunnels were computed by
the plugin, out of which three were omitted because these were proximal tunnels.
Superposing the left five tunnels showed that there were also three main distal tunnels
leading to the protein surface (Figure 33B).

For comparison of the substrate tunnels, these were overlaid in the structure-aligned
models (Figure 33C). The direct comparison of both ‘tunnel-systems’ clearly showed
that the substrate had completely different possibilities of getting to the active site.
Having a closer look led on the one hand to the conclusion that the substrate tunnels
of L6H would be blocked in CYP102A7 by the loops A and C (Figure 29). On the other
hand the tunnels of CYP102A7 would be blocked in L6H by loop B and an additional
opposing loop. In summary, the substrate tunnels of the analyzed homology models
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were completely different, which even more raised the interest of mutating the

Figure 33: Computed substrate tunnels for CYP102A7 (A), L6H (B) and overlay of these viewed
from distal heme site in the model of L6H (models prepared with YASARA; tunnels calculated
with CAVER 3.01'%%; pictures prepared with PyMol).

3.2.1.3 Expression of Limonene-6-hydroxylase from Mentha spicata

For studies of the regioselectivity of L6H establishment of expression of this enzyme
was necessary. Therefore, the codon-optimized gene was purchased readily cloned
into pET22 and transformed into E. coli BL21 (DE3). The expression was carried out
according to the standard cultivation protocol. Due to the fact that L6H has been
described as a membrane-bound enzyme mainly insoluble expression was expected.
As shown in Figure 34 already after 2 h there was expression of a protein in the
insoluble fraction at approx. 55 kDa (calculated MW: 56.2 kDa). The intensity of this
band increased over the 24 h of expression.
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Figure 34: Electrophoregram of L6H expression and membrane purification (red boxes indicate

overexpressed protein, lanes 1-10: odd lanes: soluble fraction, even lanes: insoluble fraction;

lanes 9-10: crude cell extract (CCE) used for membrane preparation; lane 11: cells before

lysozyme treatment, lane 12: supernatant after membrane sedimentation, lane 13: supernatant

after lysozyme treatment, lane 14: pelleted spheroblasts, lane 15: resuspended membrane
preparation, M: protein marker in kDa).

14

The membrane fraction of the cells was prepared to proof that the insoluble protein
fraction was membrane-bound and not just inclusion bodies. Therefore, a protocol
from literature was modified, so that neither ultracentrifugation nor Potter Elvehjem
homogenizer was needed.!'* 1% The different fractions of the membrane preparation
showed that the observed band indeed was overexpressed and membrane-bound
protein (Figure 34, lanes 9-15). In summary, expression of L6H was established
without any further optimization. Further validation by CO-difference spectra and
optimization of expression as well as verification of the expected activity were carried
out by the visiting student Anna Kluza (Jagiellonian University, Krakdw, Poland) during
an ERASMUS+ traineeship. In her project she was able to express the L6H in a yield
of approx. 4 mgesso - L™'. Furthermore, for expression optimization the N-terminus of
the enzyme was modified as described by Croteau and co-workers.!""*? Unfortunately,
this led to no further improvement of the yield of correctly folded P450. Also the
introduction of chaperones did not improve expression, so that in the end both
enzymes should be checked for activity. Therefore, the establishment of a proper
reductase system was needed.

3.2.1.4 |dentification of the Natural Redox System for Limonene-6-
hydroxylase from Mentha spicata

Due to the fact that the natural redox system of L6H was unknown, the enzymes
involved in the electron supply chain should be identified. Therefore, a cooperation
with the group of Prof. Christine Stéhr (Institute of Botany, University of Greifswald)
was set up. For the generation of plant material the green houses of the Institute of
Botany were used. Young apical buds of Mentha spicata were collected during a
period of five months and immediately snap-frozen in liquid nitrogen. These were used
later for isolation of DNA and RNA. The gene encoding the CPR should be identified
by gene walking. Therefore, three gene fragments annotated as Mentha-CPRs found
in the TrichOME database were aligned to 38 sequences of known plant CPRs.?**
Based on these alignments degenerated primers were designed, which turned out to
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have too high degeneracy. So that based on another alignment using 114 sequences
two primers were designed using the hyden software!'®*.
a0 11 Ok 13y 18
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Figure 35: Electrophoregram of PCR samples for identification of Mentha spicata CPR (red
boxes indicate specific PCR products, lanes 1-9: PCRs using 5-primer 09048, lanes 10-14:
PCRs using 3’-primer 09049, M: DNA marker in kbp).

For both primers one specific PCR product was detected by agarose electrophoresis
(Figure 35). These were purified from the gel and cloned using the TOPO® TA
Cloning® Kit (Thermo Fisher Scientific). Subsequently, the resulting vectors were
sequenced. Here it turned out, that the 5 kbp product from the reaction with the 5'-
primer was only partially inserted into the vector. Furthermore, blastn/blastx analysis of
this short fragment revealed that probably a bacterial contamination was responsible
for the PCR product. In contrast, for the 3’-primer a fragment of 2.4 kbp was found as
insert in the vector, which resembled the PCR product for this primer (Figure 35). A
blastn analysis of this fragment gave only two hits (Table 11), which covered only 1%
of the queried sequence. But at least the results belonged to plant genes.

Although one potential hit was found for the PCR product with the 3’-primer, no further
effort was put into the identification of the natural CPR from Mentha spicata, because
the obtained results so far were not very promising. Furthermore, there was no
information about potential intronic sequences for Mentha sp.

Table 11: Blastn hits for the PCR product with 3’-primer.

Max Total Query E
score score cover value

Description Ident  Accession

Triteleia hyacinthine NADH-
plastoquinone oxidoreductase
subunit 3 (ndhC) gene,
complete cds: chloroplast

63.9 63.9 1% 1e-05 91% JQ276576.1

Anemarrhena asphodeloides

NADH-plastoquinone

oxidoreductase subunit 3 63.9 63.9 1% 1e-05 91% JQ276531.1
(ndhC) gene, complete cds:

chloroplast

Due to the fact that the natural redox system for L6H could not be identified, the
visiting student Anna Kluza also studied the applicability of a foreign CPR from
Candida apicola (CPR.pcoa) t0 serve as a proper reductase. Unfortunately, in
biocatalysis reactions using either the N-terminal modified or the wild-type L6H in
combination with the CPRpicoa NO activity could be detected. Finally also the studies
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involving P450s were stopped at this point, because the use of an alternative
hydroxylating enzyme seemed to be more promising.

3.2.2 Application of a Dioxygenase for Initial Hydroxylation

3.2.2.1 Cultivation of Cellulosimicrobium cellulans EB-8-4 and Identification
of the Limonene-hydroxylating Enzyme

Due to the low regioselectivity of the P450s, which were tested for their applicability in
cascade reactions, alternative enzymes were investigated. Amongst others there was
one strain of Cellulosimicrobium cellulans described to produce highly regioselective
(1R,5S)-carveol from limonene, when grown on ethyl benzene as sole carbon
source."® This specific strain was provided by Prof. Dr. Zhi Li (National University of
Singapore, Singapore). To verify the described activity, the C. cellulans strain EB-8-4
was cultivated in M9 minimal medium either containing glucose and/or ethyl benzene
as sole carbon source. The supplementation of the medium with ethyl benzene had to
be carried out by vaporization of 1 mL from a 15 mL-tube, which was placed into the
Erlenmeyer flask (Figure 37). Furthermore, this flask was sealed with a rubber stopper.
If the medium was supplemented directly with 1 mL ethyl benzene, no growth was
detected due to the toxicity of the substance.
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Figure 36: Growth curves for Cellulosimicrobium cellulans EB-8-4 either grown on glucose
(Glc), ethyl benzene (EtBz) or both (Glc/EtBz) measured at ODgqo. White triangles represent a
reference curve from literature measured at OD,z.!"%

As depicted in Figure 36 the ability of the strain from Singapore to utilize ethyl benzene
as sole carbon source could be reproduced, although the final optical densities of the
cultures were significantly lower than the reported ones. The cultivations with glucose
reached an ODgy of 2.5, whereas the one with ethyl benzene reached a value of 0.6
after 31 h. In literature a value of ODys9 = 15 was reported after 32 h. Interestingly, the
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cultures showed different colors when harvested (Figure 37). Only the cells grown on
glucose showed the typical yellow color of C. cellulans cultures.!"

Figure 37: Cultures of C. cellulans EB-8-4 grown on glucose (Glc), ethyl benzene (EtBz) or both
(Glc/EtBz) after 31 h.

The strain’s ability to convert limonene into (1R,5S)-carveol was verified by using
resting cells from these cultivations for biotransformation reactions. These revealed,
that only the ethyl benzene grown cells were able to produce the desired carveol
(Figure 38). There, a concentration of 50 pmol - L™ after 18 h was reached. Whereas
in the other two reactions no product was detected by GC.
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Figure 38: Concentration of (1R,5S)-carveol in biotransformations over 18 h using resting cells
of C. cellulans EB-8-4 grown on glucose (filled circles), ethyl benzene (triangles) or both (open
circles).

To identify and study the responsible enzyme(s) in more detail and to simplify the
combination of this reaction with an established redox cascade by heterologous
expression, the C. cellulans EB-8-4 genome was partially sequenced by Dr. Andrea
Thirmer (Goéttingen Genomics Laboratory, University of Gottingen). Therefore,
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glucose grown cells were used for isolation of genomic DNA. The result of the
sequencing contained approx. 3.9 million short reads of 75 bp. These were mapped by
Dr. Johannes Kabisch (Institute of Biochemistry, University of Greifswald) to a
reference genome of C. cellulans LMG16121 (BioProject accession: PRJEB571),
which was not reported to grow on ethyl benzene. The unused reads after the mapping
were subject to InterProScan 5"%"! and subsequently analyzed for the content of
oxygenases, other hydroxylating enzymes or NAD(P)-dependent enzymes.

Table 12: List of genes encoding for NAD(P)-dependent enzymes found among the unused
reads.

# Sequence Length Description
1 Contig_5__5_ORF12 CRC64: 00BE4626C9310061 551aa adh_short, Rossmann fold
2 Contig_9_ 1_ORF2 CRC64: F3D24275C3F3AEBA 338aa Aldo/Keto reductase, NAD(P)-linked oxidoreductase
3 Contig_21_ 6_ORF2 CRC64: 96770564BC31137D 582 aa  dehydrogenase, Rossmann fold
4 Contig_35__6_ORF4 CRC64: 3795EB4434505BBA 453 aa  Rossmann fold
5 Contig_41__4_ORF4 CRC64: 6C0505BC861A1ACC 473 aa  Rossmann fold
6 Contig_53__4 ORF1 CRC64: BE946C41CE951092 135aa  ADH_zinc_N, Rossmann fold
7 Contig_64__1 ORF2 CRC64: 73DDFDE5E728DFC8 166aa adh_short_C2, Rossmann fold
8 Contig_64__5_ORF3 CRC64: 75F6671A48165F8C 273 aa  adh_short, Rossmann fold
9 Contig_76__6_ORF1 CRC64: E81D238057DF2A94 839aa  ADH_zinc_N, Rossmann fold
10 Contig_86__2_ORF4 CRC64: 11090C1E2337AA9%4 346aa  Ferric reductase, FAD_binding
11 Contig_87__5_ORF8 CRC64: 973A237BC8E60CE1 458 aa  Nucleotide sugar dehydrogenase, Rossmann fold
12 Contig_89__5_ORF2 CRC64: 47BE0705FE6DB615 318aa  adh_short, Rossmann fold
13 Contig_96__4_ORF3 CRC64: 52260C27A34CC4C2 325aa Aldo/Keto reductase, NAD(P)-linked oxidoreductase
14 Contig_110__1_ORF1 CRC64: 646E7681D3B70BE4 439aa  Ferredoxin reductase-like, NAD_binding
15 Contig_132_ 2_ORF2 CRC64: 51281A92FF6CE9D2 447 aa  Lactate dehydrogenase, Rossmann fold
16 Contig_149_ 5_ORF4 CRC64: 39F2B58D11A68016 336aa adh_short, Rossmann fold
17 Contig_176__4_ORF1 CRC64: A904E362A1D9FAOC 548 aa  2-Hydroxyacid dehydrogenase, Rossmann fold
18 Contig_207__5_ORF1 CRC64: 237B1E810BD73003 240aa  ADH_zinc_N, Rossmann fold
19 Contig_216__6_ORF1 CRC64: 47FFBE8BF958C7BA 180aa adh_short, Rossmann fold
20 Contig_229 1 ORF2 CRC64: DAA47B31A36E7D23 170 aa  Pyr_redox_2, FAD/NAD(P)-binding domain
21 Contig_239_ 2 _ORF2 CRC64: 82233BD626002BB0 479 aa  GAP dehydrogenase-like, Rossmann fold
22 Contig_249__1_ORF1 CRC64: 57466ACDB916947E 286aa  GAP dehydrogenase-like, Rossmann fold
23 Contig_266__5_ORF1 CRC64: 3C2009874327DD34 112aa  adh_short_C2, Rossmann fold
24 Contig_273__2_ORF1 CRC64: 2E4C94A9CAEF81F9 247 aa  Oxidoreductase, FAD/NAD(P)-binding domain
25 Contig_282_ 6_ORF1 CRC64: A483C4033E104292 295aa  Aldo/Keto reductase, NAD(P)-linked oxidoreductase
26 Contig_354__1_ORF3 CRC64: DDB3E612518FBFA4F 217 aa  Saccarop_dh, Rossmann fold
27 Contig_359_3_ORF1 CRC64: 1E74BC01280186D4 317aa  adh_short, Rossmann fold
28 Contig_360__1_ ORF2 CRC64: AFO01C8BA308D803 68 aa Pyr_redox, FAD/NAD(P)-binding domain
29 Contig_383__6_ORF1 CRC64: 811934A81E375ACE 214aa  GFO_IDH_MocA, Rossmann fold
30 Contig_410__6_ORF1 CRC64: 02C6F225B0838206 188aa  GDHRDH, Rossmann fold
31 Contig_425__4 ORF2 CRC64: D2E69394865F6821 213 aa Isomerase/Epimerase, Rossmann fold
32 Contig_430__5_ORF2 CRC64: CAOA351AF6B709D6 196aa  Rossmann fold
33 Contig_459__5_ORF1 CRC64: E78C6A505FA00882 254aa  Rossmann fold
34 Contig_478__2_ORF1 CRC64: A9093C6E6580ACA6 320aa Nitrite reductase, FAD/NAD(P)-binding domain
35 Contig_510__4 ORF1 CRC64: 55E8060E474E15DD 169aa  2-Hydroxyacid dehydrogenase, Rossmann fold
36 Contig_516__1_ORF1 CRC64: 8F4C47A0FE7D1503 215aa  adh_short, Rossmann fold
37 Contig_535__2_ORF1 CRC64: E3ACE3C76B0OCB8D5 183aa  F420_oxidored, Rossmann fold
38 Contig_555__6_ORF1 CRC64: 7508EE91ADC7D22F 202aa  Rossmann fold
39 Contig_576__6_ORF1 CRC64: 967F5C6A67814A72 253 aa  Nitrite reductase, FAD/NAD(P)-binding domain
40 Contig_864__6_ORF1 CRC64: 472B30BDA77C46D6 127 aa  Pyr_redox_2, FAD/NAD(P)-binding domain
41 Contig_888__1_ ORF1 CRC64: 17F052DCE2B004BC 148 aa  Nitrite reductase, FAD/NAD(P)-binding domain
42 Contig_971__4_ORF1 CRC64: 25C9AFC4BBEAA9S71 101aa  GFO_IDH_MocA, Rossmann fold
43 Contig_1198__5_ORF1 CRC64: 2A949D3132D3B7E8 108 aa  2-Hacid_dh_C, Rossmann fold
44 Contig_8171__3_ORF1 CRC64: 601280F24E488B60 53 aa AdoHcyase_ NAD
45 Contig_8171__6_ORF1 CRC64: 71BCF82399E880B6  53aa  AdoHcyase NAD
46 Contig_8190__2_ORF1 CRC64: 74F1E35C4576D2C8 52 aa adh_short, Rossmann fold
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Within the unused reads no oxygenases or oxidases were found. There were only hits
for genes encoding NAD(P)-dependent enzymes (Table 12). However none of these
encoded a probable relevant enzyme, so that an alternative approach for identification
of the enzyme(s) had to be used. Therefore, it was decided to analyze directly the
proteins by MS, which were expressed when growing the cells on ethyl benzene. This
work was subject of a supervised M.Sc. thesis by Katja Zorn (University of Greifswald,
Germany) in cooperation with Dr. Dirk Albrecht (Institute of Microbiology, University of
Greifswald).l'%®!

3.2.2.2 Cloning and Heterologous Expression of a Dioxygenase

In her M.Sc. thesis Katja Zorn (University of Greifswald, Germany) identified the
dioxygenase cluster, which was responsible for the selective limonene hydroxylation
by gene walking. It turned out, that the microbe responsible for this reaction was a
Rhodococcus equi strain and not the previously described C. cellulans EB-8-4!
Furthermore, the identified cluster showed a 100% sequence identity to a benzene-
1,2-dioxygenase from Rhodococcus opacus B4I'%]

Due to the fact that R. equi is an S2 organism, the cluster was expressed
heterologously in E. coli. Though this was not successful until now.""® In addition,
Pseudomonas putida S12 was used as host organism for the recombinant expression,
which was reported by Hugo van Beek and Prof. Dr. Marco W. Fraaije (University of
Groningen, The Netherlands) to functionally express a homologous dioxygenase
cluster from P. putida PWD32 (formerly known as Rhodococcus opacus PWD4).[0'12
The P. putida S12 strain and a suitable plasmid (pBTBX-2) were also provided by the
Fraaije group. The identified dioxygenase cluster from R. equi (DOC,q,) was cloned

into the vector by FastCloning and transformed into P. putida S12.1'%!
" il M Eios FE |

Figure 39: Electrophoregram of 7/OD-samples from recombinant expression of DOCcq, in
P. putida S12 at various temperatures (odd lanes: soluble protein fraction, even lanes: insoluble
protein fraction, lanes 1 - 8: expression at 20°C, lanes 9 - 16: expression at 30°C, red arrow:
large subunit of DOC.qi, green arrow: small subunit of DOCqi, M: protein marker in kDa).

The recombinant expression of DOC.q, was carried out at different temperatures
(20/30°C), in different flasks (conical/baffled) and over different time periods (5/21 h).
The cells were cultivated at 30°C until OD 0.5 - 0.6, then expression was induced by
0.2% L-arabinose and the cultivation was continued either at 20°C or 30°C. According
to Figure 39 expression in conical flasks and at 30°C generally seemed to result in
high yields of soluble protein at least for the large (51.6 kDa, Figure 39: red arrow) and
small subunit (22.0 kDa, Figure 39: green arrow) of the dioxygenase. Expression of the
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ferredoxin (11.5 kDa) and the ferredoxin reductase (43.5 kDa) was not detected by
SDS-PAGE.

Nevertheless, the cells from the expression experiments were used for resting cell
biocatalysis reactions. These were carried out in a total reaction volume of 1 mL KP;
buffer (50 mmol - L™, pH 7.0) in closed 10 mL-glass vials containing 40 mmol - L
rac-limonene and 20 mmol - L™ glucose. The total reaction medium was extracted after
24 h and analyzed by GC. However, no product was detected probably due to the
missing ferredoxin and ferredoxin reductase, which might have been caused by the
low concentration of L-arabinose used for induction.

To increase the expression of these two proteins an additional L-arabinose inducible
promoter was inserted downstream of the gene for the small subunit and in front of the
ferredoxin gene by FastCloning, which resulted in DOCcqiiara- Again, the cells were
cultivated at 30°C until OD 0.5-0.6, then expression was induced by 0.5-2%
L-arabinose and the cultivation was continued at 30°C. The expression was analyzed
by SDS-PAGE.
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Figure 40: Electrophoregram of 7/OD-samples from recombinant expression of DOCegquiara in
P. putida S12 induced with various L-arabinose concentrations (odd lanes: soluble protein
fraction, even lanes: insoluble protein fraction, lanes 1 - 6: 8 h expression, lanes 7 - 12: 27 h
expression, M: protein marker in kDa).
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As depicted in Figure 40 no expression, either after 8 h or 27 h, was detected for the
DOC.qiara genes. Nevertheless, biocatalysis reactions using the resting cells were
carried out as described above except that 2 or 20 mmol - L rac-limonene and
equimolar amounts of glucose were used. After 24 h the reaction medium was
extracted and analyzed. Unfortunately no product formation was detected by GC
probably due to the missing expression of all required proteins, so that no further
attempts were made to express DOC,.q, recombinantly. Nevertheless, combined
biocatalysis reactions using resting cells of R. equi and the recombinant E. coli
carrying the genes for expression of the enzymes involved were carried out by Nikolin
Oberleitner (Vienna Technical University, Austria) as part of her PhD thesis.

In summary, the described redox cascade for the production of chiral lactones
(Scheme 12) was successfully extended to a certain extent after identification of a
suitable hydroxylating catalyst and in mixed culture reactions the production of chiral
lactones was realized by the project partner in Vienna.
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3.3 Immobilization of Two Enzymes for Cascade Reactions

The last part of this thesis deals with the immobilization of two enzymes as whole cell
biocatalysts, which was used in a cascade reaction for the production of PCL
precursors (Scheme 14). Furthermore, the reaction should be upscaled by application
of a rotating bed reactor. Therefore, several model reactions were studied, which are
outlined in the corresponding chapters.

3.3.1 General Applicability of Enzymes in a Rotating Bed Reactor

As mentioned before in chapter 1.4, immobilization of (bio-)catalysts might lead to a
substantial increase of stability and reusability of these. During my diploma thesis a
method for encapsulation of cells using alginate was developed and the general
applicability of these in a rotating bed reactor (RBR) was demonstrated in two
preliminary experiments. However optimization of the process itself and demonstration
of the general applicability of an RBR for different biocatalysts, especially concerning
the reusability of these, still were necessary.

To demonstrate the feasibility of the RBR (SpinChem®) three different immobilized
enzymes were selected: the (R)-selective amine transaminase (R-ATA) from
Gibberella zeae immobilized on chitosan®”, cells harboring the CHMO from
Acinetobacter sp. encapsulated in Ca-alginate®" and the commercially available
lipase B from Pseudozyma antarctica (CAL-B; strain formerly known as Candida
antarctica) immobilized on an acrylic resin. The studies involving the R-ATA were in
cooperation with Dr. Hendrik Mallin.*°? All these biocatalysts were used in three
different reactor setups (Figure 18) for comparison and subsequently for recycling
studies using the stirred tank reactor (STR) and the RBR.

3.3.1.1 Process Optimization of Reactions Using the SpinChem®

Before studying the applicability of the SpinChem®, the biocatalytic process concerning
the stirring speed of the flow cell needed to be optimized. Therefore, biocatalysis
reactions using the CHMO or the lipase were carried out over 2 h or 1 h respectively,
so that full conversion was not reached. As shown in Table 13 the stirring speed had
no significant influence on the conversion. Based on this result it was decided to use
500 rpm as standard stirring speed for reactions applying the RBR.

Table 13: Influence of stirring speed on conversion (from [154]).

Stirring Speed Conversion [%]
[rpm] CHMO® Novozyme® 435°
100 3.4 n.d.
250 3.5 7.7
500 3.3 7.6
750 2.7 7.8
1000 n.d. 7.5

a_after 2 h, b-after 1 h, n.d.-not determined
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3.3.1.2 Application of a BVMO in a Rotating Bed Reactor

The application of CHMO¢ineto Was studied first, because this enzyme was one of the
key enzymes in the studied cascade reactions. Furthermore, these multi-enzymatic
systems were designed as in vivo pathways, that was why encapsulated cells
harboring the CHMOgaqneto Were used for these experiments. The cells were
encapsulated in Ca-alginate using the ‘drop method’ and subsequently used for

biocatalysis reactions for the production of 4 in three different reactor setups (Scheme
19, Figure 18).
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Scheme 19: BVMO model reaction for production of ¢-caprolactone.

The production of 4 catalyzed by the CHMOagneto Showed approx. the same
conversions of 66% to 69% after 24 h in both the RBR and the STR (Figure 41). In
contrast, for the FBR a significant nine-fold lower conversion was obtained. This
drastic decrease could be explained by the decreased oxygen supply in the column.
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Figure 41: Conversion of cyclohexanone to e-caprolactone by using Ca-alginate encapsulated

resting E. coli cells harboring a CHMO (RBR: Rotating bed reactor, STR: Stirred tank reactor,
FBR: Fixed bed reactor; n=3; from [154]).

Next, reuse and downstream processing were studied in the RBR and the STR under
identical conditions. Therefore, the encapsulated cells were used in six successive
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biocatalytic reactions each of 2 h. Between each cycle the capsules were recovered
from the reaction medium, washed in buffer and used directly for the next reaction.
The recycling of the Ca-alginate encapsulated cells was significantly improved by
using the SpinChem® reactor (Figure 42). The beads used in the rotating flow cell
showed a residual activity of 41% after six cycles. In contrast, for the catalyst used in
the STR only 14% residual activity was observed. In addition, it was observed that the
capsules used in RBR were protected completely from any mechanical forces,
because these showed no significant change in morphology. The beads used in STR
showed a drastic change in shape due to the mechanical stress by the stirrer.
Furthermore, the downstream processing of the RBR reactions was much easier and
faster than the STR ones. Here, especially the separation of the catalysts from the
reaction medium by filtration was very tedious and time-consuming.
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Figure 42: Recycling study with encapsulated resting E. coli cells containing the CHMO pineto iN
the RBR and the STR (2 h per batch; 100% relative activity = 7.5% conversion of 3 in the first
batch; RBR: Rotating bed reactor, STR: Stirred tank reactor; n=3; from [154]).
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3.3.1.3 Application of an Immobilized Lipase in a Rotating Bed
Reactor

One of the thesis’ projects was the biocatalytic production of polymers using a lipase.
Therefore, the transesterification reaction of rac-8 by an immobilized lipase
(Novozyme® 435) was studied in neat organic solvent using a rotating bed reactor
(RBR) as model reaction (Scheme 20).

O

Llpase : PN

VlnyI- Acet—
acetate aldehyde

Scheme 20: Model reaction for transesterification by immobilized lipase.

Again the reaction in the RBR was compared with a classical stirred tank reactor
(STR). In this case the fixed bed reactor was not studied, because it showed in the
preceding experiments using BVMO and (R)-ATA lower conversions and the available
FBR equipment was not suitable for reactions with neat organic solvent. For proper
comparison of the chosen reactor systems it was necessary to slow down the reaction
of the lipase. Therefore, a substrate concentration of 1 M and a reaction temperature
of 30°C were used. This way it was possible to follow the reaction over at least 4 h.
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Figure 43: Transesterification of rac-8 into the (R)-10 by using immobilized lipase CAL-B in
RBR and STR (from [154]).

The transesterification reaction by the lipase in the STR and the RBR showed similar
conversions as observed before in the BVMO reaction. In both experiments a
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conversion of approx. 45% was reached after 4 h. This result indicated that the well-
studied lipase reaction could be transferred into an RBR.

Next to the comparison of RBR and STR with respect to conversion the recyclability of
the lipase was studied in both reactors. Therefore, the immobilized CAL-B was used in
five successive biocatalytic reactions each of 2 h. Between each cycle the catalytic
particles were recovered from the reaction medium, washed in cold acetone and used
directly for the next reaction.
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Figure 44: Recycling study with immobilized lipase CAL-B (2 h per batch) in RBR and STR
(100% relative activity = 33% (RBR) and 39% conversions (STR) of rac-8 in the first batch; from
[154]).

The advantage of using the SpinChem® after five cycles of recycling was not as
obvious as for the other reactions, because both attempts showed a relative activity of
approx. 63% after five cycles. But after the second to fourth batch the activity
recovered from RBR was 11 - 17% higher than for STR. The fact, that after five cycles
both systems showed similar activities, was probably due to the nature of the used
immobilization method, which was to our knowledge adsorptive. For this methodology
high ‘leaching’ was reported often.**!

3.3.2 Optimization of the Whole Cell Encapsulation Process

A simple encapsulation process for cells harboring the CHMO using the ‘drop method’
was already established during my diploma thesis.*®" Furthermore, these immobilized
cells were successfully applied in reactions using an RBR (SpinChem®) as described
above and in a publication."™ Due to the high particle size of about 2 -3 mm the
immobilization yield was only 26%.%°" It was assumed that the oxygen supply within
the particles was limited due to the high diameter. To address this problem alternative
encapsulation processes were established, which resulted in smaller particles. First,
Stefanie Becker could show in her B.Sc. thesis using an emulsion process for
encapsulation that smaller particles indeed had higher activities.”® But this procedure
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was rather laborious, so that a simpler process was developed. In literature the
application of a co-axial gas stream was described to decrease the capsule size.["* 2%
Due to the fact that the prices of commercial gas shear devices were very high, a

home-made one was set up (Figure 45).

gas flow
silicone
tubing N l /{
alginate
—— feed
through
needle
\
1 mL pipette tip

Figure 45: Schematic drawing of ‘home-made’ gas shear device.

Therefore, the cone end of a 1 mL-pipette tip was cut, so that a hole of about 1 mm
was created. This prepared pipette tip was attached to a silicone tubing (outer @: 8
mm, inner @: 5 mm), which in turn was attached to an air flow meter (Key Instruments,
Langhorne, USA). The needle, which was also used for the ‘drop method’, was simply
pierced through the silicone tubing (Figure 45) and the tip of the needle was moved to
the end of the pipette tip, so that approx. 1 mm of the needle was out of the pipette tip
again.

Figure 46: CaIC|um alginate ca1psules produced W|th the home made’ gas shear device at
different flow rates (Ipm: L - min

Already by eye the decreased particle size could be observed (Figure 46). Here,
various flow rates of the air stream (0-6 L-min') were applied. Already the
application of 1 L - min™ led to a definite decrease in particle size. By applying higher
flow rates the particle size was decreasing further as observed by eye.
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Figure 47 Mlcroscoplc pictures of alginate beads produced by appllcatlon of different gas flow
rates. (Ipm: L - min”"; Black bar = 1 mm).

To determine the mean particle size, these were measured using a microscope slide
with ruler (Figure 47). The diameter of at least thirteen beads of each batch with
different flow rates was measured to determine the mean diameter of the capsules and
further validate the results.

Table 14: Mean diameters of caIC|um alginate capsules produced by application of various gas
flow rates (n=13, except O L - min )

Flow rate [L - min™] Mean diameter [mm]

0.0 2.0-3.0°

1.0 0.931+0.45
2.0 0.657 +0.66
3.0 0.488 £ 0.35
4.0 0.418 +0.33
5.0 0.405 +0.25
6.0 0.387+0.19

“estimated using a desk ruler

As shown in Table 14 the mean diameter of the particles was successfully decreased
to <1 mm. Application of a co-axial gas flow at 1.0-2.0 L - min™ resulted in particles
with an approx. diameter of 1 mm. A further increase of the flow rate up to 6.0 L - min™
led to even smaller capsules of approx. 0.5 - 0.7 mm.

After establishment of the gas shear process to produce alginate capsules with a
diameter <1 mm, the positive effect of the decreased particle size needed to be
validated. This was done by using the small alginate beads for biocatalysis reactions in
shake flasks (Figure 46). Therefore, resting cells harboring the CHMOagineto Were
encapsulated in alginate using the ‘home-made’ gas shear device at different air flow
rates (0.0 - 6.0 L - min™). The biocatalysis reactions were carried out in 100 mL-conical
Erlenmeyer flasks at 25°C and 120 rpm shaking. As reaction medium Tris-HCI buffer
(20 mmol - L, pH 7.5, 1% NaCl, 10 mmol - L' CaCl,) containing 20 mmol - L™
cyclohexanone and 20 mmol - L™ glucose as (co-)substrates. Samples of 500 L were
collected and analyzed by GC.
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According to Figure 48 the activity of the encapsulated cells was drastically increased
by the application of the co-axial gas stream. Without the gas shear device only an
activity of 1.5 + 0.1 U - gwew was reached. Using 1 L - min™ gas flow during the
process gave no significant increase of activity. In contrast, the use of 2-5 L - min™ led
to increasing activities. The capsules produced at 5 L - min™ even had doubled activity
(3.0£0.2U - gwew ') than the ones without applied gas stream. However, the free
cells still featured slightly higher activity of 4.0 + 0.1 U - gwew . So that in summary the
activity of the immobilized cells could be doubled by the application of the ‘home-
made’ gas shear device.
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Figure 48: Initial activities of micro-scale Ca-alginate beads dependent on applied gas flow
(20 mmol - L™ 3 initial concentration, 2 h reaction time; n=3).

As next step the influence of the used cell weight was investigated, because it was
reported that a high cell load (25 gwew - L™') was needed for the production of oligo-
[caprolactone] by coupling of CHMO and ADH.”® Up to now the cells for
biotransformation were resuspended to a concentration of 100 gwcw - L Higher cell
densities were applied for encapsulation by resuspending the cells after cultivation to a
concentration of 500 gwcw - L. Subsequently, this cell suspension was diluted, so that
concentrations from 100 - 500 gwcw - L' were used. The alginate beads containing the
cells were used for biocatalysis reactions over 24 h in 10 mL scale.

According to Figure 49 the absolute concentration of 4 after 24 h was increased from
11.2 mmol - L' to 12.2-13.2mmol - L' by using a cell weight >100 gwew - L™
However the vyield using free cells was higher with 13.8 mmol - L™. Still the final yield
using encapsulated cells was increased to approx. the one when using free cells. With
respect to the normalized concentrations (Figure 49, left y-axis) the results were
completely different. Here the final yield (umol - mgwcw ') was decreasing gradually
with increasing used cell weight. Although the capsule size was decreased to enhance
oxygen supply within the bead, this still might have been the problem when using
higher cell densities for encapsulation. Nevertheless a cell density of 500 gwcw ° L
was used for all subsequent encapsulation experiments.
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Figure 49: Concentrations after 24 h with micro-scale alginate beads containing various total
amounts of cells with ADH and CHMO (bars represent normalized concentrations on the left
y-axis; black bars: 6, red bars: 3, green bars: 4; the blue line represents absolute
concentrations of 4 on the right y-axis; n=3).

3.3.3 Establishment of an in situ Encapsulation Process

After improvement of the encapsulation process ex situ in terms of capsule size and
cell load this was transformed into an in situ process. That means that the capsule
formation was carried out within the actual reaction vessel containing the reaction
medium. Therefore the ‘home-made’ gas shear device was attached to the reaction
vessel through one of the fittings. The encapsulation was done, while the RBR (without
inner net) was stirred, so that the empty compartments of the SpinChem® were filled
with the solid beads (Figure 50).

As reaction vessels either the SpinChem® V211 (Nordic Chemquest AB, Umea3,
Sweden) for reactions up to 200 ml or the BioFlo 110 1 L-fermenter (Eppendorf AG,
Hamburg, Germany) for larger volumes were used. Furthermore, the process was
established for two different RBRs (SpinChem® S221 and S311).
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Figure 50: Schematic drawing of the in situ encapsulation process (A: Stirring bar attached to
overhead stirrer, B: Reaction vessel, C:Reaction medium, D: Rotating bed reactor
(SpinChem®), E: ‘Home-made’ gas shear device, F: Spray containing alginate/cell droplets,
G: Solid alginate capsules; the arrows describe the way of the capsules into the empty
compartments of D; a: Distance A to E, b: Distance E to B, c: Distance tip of E to C).

The most important parameters when setting up the in situ encapsulation were the
distances a-c as shown in Figure 50. Setting up the distances a and b too narrow led
to attachment of alginate droplets on the inside of the vessel wall or on the stirring bar.
The distances for the use of both setups are listed below (Table 15).

Table 15: Distance parameters for in situ encapsulation process in two different setups.

Distance [mm]

Rotating Flow Cell Reaction Vessel b

a C
SpinChem®S221  SpinChem®V211 12 15 65
SpinChem® S311 BioFlo 110 30 25 40

3.3.4 Application of a Cascade for Oligo-[Caprolactone] Production in a
Rotating Bed Reactor

After optimization and establishment of the in situ encapsulation process, the feasibility
of the cascade for oligomer production was validated by use of the reaction in a
rotating bed reactor. Furthermore, instead of the CHMOcineto Wild-type the quadruple
mutant (CHMOqu) created by Hanna Biichsenschiitz in her M.Sc. thesis,!"”” 2°?! which
showed a higher stability, was applied for all subsequent experiments. Therefore, three
different setups were compared (Figure 51).
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Figure 51: Schematic drawing of setups used for application of the cascade in a rotating bed
reactor (Rounded bars: cells containing ADH or CHMO, circle: alginate capsule, start: isolated
enzyme; 1: Co-immobilization of cells containing LK-ADH, cells containing CHMOgy and CAL-
A; 2: Co-immobilization of cells containing LK-ADH and cells containing CHMOqy, external
addition of CAL-A,; 3: Free cells containing LK-ADH and free cells containing CHMOgqy, addition
of CAL-A).

For the first experiments the cells harboring ADH and CHMOqy were mixed in a ratio
of 1:10 and resuspended in Tris-HCI buffer either containing lyophilized CAL-A (Figure
51, setup 1) or no CAL-A (Figure 51, setup 2 and 3). Mixing the suspension with Na-
alginate solution (3.6%) in a ratio of 1:1 resulted in the optimal final Na-alginate
concentration of 1.8%. For biocatalysis reaction an initial concentration of 60 mmol - L
' of 6 and acetone as co-substrate was used and further fed over 16 h up to a final
concentration of 200 mmol - L™.

As Figure 52 - 55 show the substrate 6 was not consumed completely, because in all
three setups approx. 60 mmol - L' 6 was detected after 48 h. Interestingly, the
concentration of the substrate first decreased within 10 - 20 h to 24 - 42 mmol - L™,
After that the concentration increased again up to the final value of 52 - 58 mmol - L™.
The intermediate 3 was detected in low concentrations within the first 5 h. In all later
samples 3 was not found. The concentration of intermediate 4 reached a maximum at
approx. 20 mmol - L™ after 10 h. The final oligomeric product was not isolated due to
the high amounts of substrate 6, which was also extracted by the used method. So
that in summary based on substrate depletion a theoretical yield of 71 -74% was
reached.
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Figure 52: Reaction time course for co-immobilized cells (ratio LK-ADH:CHMOgy=1:10) and
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Figure 53: Reaction time course for immobilized cells (ratio

LK-ADH:CHMOgu=1:10) and

external CAL-A (setup 2). Substrate 6 was fed over 16 h up to 200 mmol - L”, initial

concentration: 60 mmol - L (black: 6, red: 3, green: 4; n=3).
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Figure 54: Reaction time course for free cells (ratio LK-ADH:CHMO?M=1:10) and external
CAL-A (setuP 3). Substrate 6 was fed over 16 h up to 200 mmol - L, initial concentration:
60 mmol - L™ (black: 6, red: 3, green: 4; n=3).

Since the ADH reaction seemed to be the limiting step in the reaction due to the
observed final concentrations of 6 after 48 h in the first experiments, the ratio of the
cells was raised to LK-ADH:CHMOqy = 1:5. The encapsulation and the biocatalysis
reaction were carried out as described before. Furthermore, the reaction time was
elongated until 96 h to increase the chance that the substrate was consumed
completely.

Unexpectedly in all setups the substrate 6 stil was detected after 96 h in
concentrations from 40 - 53 mmol - L™ (Figure 55 - 58). In this case, the concentration
first decreased within 6 -20 h down to 4 -7 mmol - L and after that it showed an
increase up to the final values mentioned before. The concentrations of the two
intermediates 3 and 4 showed a comparable behavior to the first experiments.
Whereas 3 could be hardly detected at all, intermediate 4 showed a stable
concentration of 9 - 12 mmol - L™ already after 4 h. Again the final oligomeric product
was not isolated due to the high substrate concentrations. Nevertheless, the final
theoretical yield based on substrate depletion could be increased up to 74 - 80%.
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Figure 55: Reaction time course for co-immobilized cells (ratio LK-ADH:CHMOgqy=1:5) and
CAL-A (setup 1). Substrate 6 was fed over 16 h up to 200 mmol - L™, initial concentration:
60 mmol - L™ (black: 6, red: 3, green: 4).
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Figure 56: Reaction time course for immobilized cells (ratio LK-ADH:CHMOgy=1:5) and
external CAL-A (setup 2). Substrate 6 was fed over 16 h up to 200 mmol - L7, initial
concentration: 60 mmol - L (black: 6, red: 3, green: 4).
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Figure 57: Reaction time course for free cells (ratio LK-ADH:CHMOgy=1:5) and external CAL-A
(setup 3). Substrate 6 was fed over 16 h up to 200 mmol - L, initial concentration:
60 mmol - L (black: 6, red: 3, green: 4).

The previous results have shown that an increase of the ratio LK-ADH:CHMOqy only
slightly improved the reaction behavior. That was why the ratio of LK-ADH:CHMOgum
was changed again to 1:2. Additionally, after 24 h an exchange of the cells with freshly
prepared ones was carried out to exclude that the enzymes were inactivated during
that time. For all these experiments the setup 2 (Figure 51) was used, because the
general influence of the varied parameters was subject to the investigation.
Furthermore, the substrate-feed initial concentration of 6 was lowered to 0 mmol - L™,
because experiments from Christian Scherkus (Institute of Technical Biocatalysis,
Technical University Hamburg-Harburg) revealed that the activity of the CHMO was
already severely impaired at 5 mmol - L™ of 6.

Comparison of Figure 56 and Figure 58 reveals, that changing the cell ratio from 1:5 to
1:2 and decreasing the initial concentration of the substrate-feed led to no
improvement of the reaction time course. The concentration of 6 after 24 h was found
to be 84 mmol - L, which was even higher compared to the previous experiment
(Figure 56), although the intermediates 3 and 4 were detected in low concentrations up
to 3 mmol - L. In the end, changing the cell ratio to 1:2 did not further improve the
reaction.
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Figure 58: Reaction time course for immobilized cells (ratio LK-ADH:CHMOgy=1:2) and
external CAL-A gsetup 2) without exchange of cells after 24 h. Substrate 6 was fed over 16 h up
to 200 mmol - L, initial concentration: 0 mmol - L™ (black: 6, red: 3, green: 4).

In contrast, an exchange of the cells in the reactor after 24 h with freshly prepared
ones led to a distinct improvement of the reaction. When using a cell ratio of 1:2
(Figure 59) the concentration of substrate 6 was 24 mmol - L and the ones of the
intermediates 3 and 4 were <1.6 mmol - L™. Changing the ratio to 1:5 (Figure 60) led to
further improvement in terms of residual substrate concentration, which in this case
was 14 mmol - L™ after 24 h. Also the intermediate 3 was not observed at all and the
intermediate 4 had a maximum concentration of 3 mmol - L. Interestingly, the
concentration of substrate 6 was almost 0 mmol - L™ up to 28 h, which was the point of
time where the substrate-feed was already finished for at least 10 h. After that in both
experiments the concentration increased again to its final value. Possibly substrate 6
accumulated by adsorption in one of the reactor parts and was slowly released over
the last 15 h of reaction.

In summary, by the exchange of cells after 24 h the yield based on substrate depletion
was increased to 88 - 93%.

To sum up this last part of the results, the most promising ones so far were obtained in
a reaction, in which the cells were replaced after 24 h with fresh ones. Furthermore,
the feasibility of a rotating bed reactor (SpinChem®) was demonstrated for single and
cascade biocatalytic reactions, especially with respect to stabilization and protection of
the catalyst particles. Also the immobilization process itself was simplified and
optimized by the establishment of a gas-shear device, which improved the oxygen
transfer within the capsules, and the in situ encapsulation process, which especially
saved a lot of time.
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Figure 59: Reaction time course for immobilized cells (ratio LK-ADH:CHMOgy=1:2) and
external CAL-A (setup 2) with exchange of cells after 24 h. Substrate 6 was fed over 16 h up to
200 mmol - L'1, initial concentration: 0 mmol - L™ (black: 6, red: 3, green: 4).
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Figure 60: Reaction time course for immobilized cells (ratio LK-ADH:CHMOgy=1:5) and
external CAL-A (setup 2) with exchange of cells after 24 h. Substrate 6 was fed over 16 h up to
200 mmol - L'1, initial concentration: 0 mmol - L™ (black: 6, red: 3, green: 4).
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And this?
What is this for?

It's blue light.
What does it do?

It turns blue.
| see.

(Rambo IIl, 1988)

82



4 Discussion

4 Discussion

4.1 Co-Expression of Three Enzymes for Cascade Optimization

The in vivo three enzyme cascade described above (Figure 10) was subject to further
optimization by establishment of a co-expression system based on a single plasmid.
Thereby, the metabolic burden for the host organism was expected to be lowered due
to the fact that only one plasmid has to be maintained. In her PhD thesis, Christin
Peters already established the co-expression of all three enzymes using a two plasmid
strategy.®®” Therefore, she simply cloned the respective OYE gene with an additional
ribosome binding side between the BVMO gene and the terminator, which results in an
operon expression mode. Here the expression of the CHMO was expected to be the
highest one, but for the combination of CHMO and XenB the opposite result was
found. As also observed in this thesis CHMO and OYE1 could not be discriminated in
SDS-PAGE analysis due to their similar molecular weights, so that for this combination
the co-expression could not be evaluated properly. When combining the plasmids
carrying two genes with the one carrying only the ADH gene, the co-expression of
OYE and BVMO was not impaired, although the expression of the ADHs from separate
vectors was observed to be much higher. Nevertheless, in cooperation with the project
partners Nikolin Oberleitner, Florian Rudroff and Marko D. Mihovilovic (Vienna
Technical University, Austria), the feasibility of the recombinant E. coli strains was
demonstrated for the above described cascade reaction (Figure 10).

In this work a single plasmid carrying all three genes (LK-ADH, OYE1, CHMOp,) for
co-expression in a pseudo-operon mode was successfully constructed and further
used for biocatalysis reactions to demonstrate its general feasibility. By SDS-PAGE
analysis it was observed that the expression for all possible arrangements of the
genes differed significantly. From these results only the constructs LCO and CLO were
expected to have a thorough activity towards the model substrate 1, out of which the
LCO-construct had the highest activity with 15.3 + 1.2 U - gcpw ™', so that this construct
(LCO) could be identified as best variant in the co-expression screening. Especially the
analysis of the substrate, intermediate and product concentrations after 24 h revealed
that for the other construct (CLO) obviously the ADH was not expressed sufficiently,
although a significant amount of soluble protein was found in the SDS-PAGE analysis.

In reactions using most of the other less active constructs (COL, LOC, OCL) and also
for LCO and the separately expressed enzymes (L+0O+C), side-product 5 was found
with up to 11 mmol - L', thus leading to the assumption that the CHMOpy, was the
rate-limiting enzyme in these cases. As already mentioned above (Chapter 1.1.5) it is
well known that the CHMOpy has only low thermo- and oxidative stability, which was
very probable the reason for the low activity, if the CHMO was expressed at all.
Implementation of an even more stable variant (e.g. as described by Schmidt et al.!®®!
or van Beek et al.®*) for sure would lead to higher product concentrations especially
for long-term reactions. Furthermore, the application of an in situ product removal
system (e.g. in situ polymerization®® """ or absorption®*®) might nullify the inhibitory
effects for the CHMO, although at the used concentrations this enzyme usually not yet
underlies this negative effect. In literature the CHMO was described to tolerate up to
60 mmol - L 6 in combination with an ADH.["""!
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Likewise, the fact that ADHs often prefer the reductive reaction using ketones also has
been described.""" So that it was not surprising that significant amounts of 5 were
detected, especially because the ADH expression was in general quite high. One
solution to this problem is obviously to find an ADH, which prefers the oxidative
reaction from the alcohol to the ketone, but this might be rather difficult. Also the
creation of an ADH mutant by protein engineering with respect to the same purpose is
probably difficult. However, lowering the expression of this enzyme by the use of a
weaker promoter than for the other ones might lead to avoidance of the observed side-
reaction. Alternatively, the detected substances using the cells containing only one
single enzyme (Figure 23) suggests that separating the ADH from the other enzymes
contributes to avoidance of the unwanted side-reaction as only low amounts of 5 were
found here.

Furthermore, in four reactions (COL, LOC, OCL, L+O+C) the intermediate 2 was found
in high concentrations up to 9 mmol - L. In these cases the OYE1 either seemed to
be inhibited by the substrate and/or product or the expression of it was too low. The
data collected for the mixed approach using resting cells with the singly expressed
enzymes suggests that the OYE1 indeed might be inhibited by the substrate and/or
product, because the measured concentration of intermediate 2 was quite high,
although the expression of the enzyme was very high. Of course for this problem the
same concepts for improvement might be applied as for the ADH, except that in this
case a higher expression of the OYE1 would be desirable to further drive the reaction
towards the formation of intermediate 3.

Twmnel lamsy [ ammy T

W promotor l:> cascade gene Tterminator Q RBS

Figure 61: Proposed construct for co-expression of LK-ADH, CHMO and OYE1 (iB: terminator
rrnBT2, pB: arabinose-inducible promoter pBAD, t7: IPTG-inducible T7/lacO promoter, tt7: T7
terminator).

As suggestion for further studies the above construct for co-expression of all three
enzymes was proposed (Figure 61). There, the CHMO and OYE1 would be
individually under the control of a strong T7 promoter resulting in pseudo-operon mode
expression, which was also used for the original LCO construct. The only change
made to this was the inversion of the LK-ADH gene, for which the promoter was
changed to the weaker pBAD system. An alternative would be a comparable vector,
which facilitates an operon mode expression of CHMO and OYE1 under the same T7
promoter as described by Christin Peters, because this way also high activities were
reached.

Although the proposed expression construct was designed rationally, the prediction of
the optimal pathway arrangement is up to now very difficult and based only on
empirical findings. At least for co-factor independent enzymes an algorithm for the
prediction of in vivo cascade activities was recently developed by the Damborsky
group.”® These scientists succeeded in optimizing an in vivo cascade for 1,2,3-
trichloropropane detoxification by first predicting the optimal intracellular ratios of the
involved enzymes by the developed algorithm and verification of these results by
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expression using the Duet-vectors from Novagen. Nevertheless, this algorithm cannot
be applied for co-factor dependent enzymes according to one of the authors, so that it
was not possible to apply it for the cascade reactions used in this thesis.

Other possibilities for balancing the intracellular enzyme levels are fusion engineering
(see Chapter 1.2.2), which was already carried out for the described cascade by
Christin Peters, or intracellular immobilization of the enzymes by scaffolding.
Especially using the latter one should be a very promising approach, because in theory
the number of the individual scaffold domains, on which the enzymes are immobilized,
could be shuffled and arranged to any necessary extent. The only limitation, which has
to be faced when using this method, is the geometrical shape. Usually the scaffolds
used so far are only one- (polypeptide chains, DNA or RNA strands)!'®'# 191¢: 1522, 153, 210]
or two-dimensional (‘DNA-origami’),l"®®! but of course a three-dimensional scaffold
might be beneficial. The above mentioned bacterial microcompartments are such a
scaffold.[1°02-9: 150k 15201 a\wever, only little is known about the exact placement of the
enzymes inside the ‘protein cage’, which makes the design again less rational.

In summary, when working on co-expression optimization there is unfortunately no
way to circumvent the classical trial-and-error principle until the prediction tools are
also applicable to a broader range of enzymes. Furthermore, the results obtained
suggest that next to expression optimization also protein engineering strategies should
be applied to open up the identified bottlenecks. Nevertheless, one construct with
improved activity for co-expression using the single plasmid strategy in pseudo-operon
mode was identified and therefore the basis for further optimization was laid.

4.2 Extension of a Three-Enzyme Redox Cascade

4.2.1 ...by Cytochrome P450-Monooxygenases

By having a closer look at the established three-enzyme cascade (Figure 10) one
obvious extension of this reaction would be an initial hydroxylation step. Especially the
use of limonene as sustainable chiral precursor has drawn the attention of chemists in
the last years, which would be also applicable in this cascade reaction as the use of
carveol was already successfully demonstrated for this reaction. The most prominent
enzymes for this purpose in biotechnology are P450s, above all the P450-BM3 from
Bacillus megaterium. The applicability of this P450 and of a homologous one from
Bacillus licheniformis (CYP102A7), which was described to have slightly better
regioselectivity towards C6-hydroxylation,!'® was studied in this thesis.

At first, the expression of CYP102A7 had to be established. First, it turned out that the
use of conical flasks at slow shaking speed and the addition of &-aminolevulinic acid
(6-ALA) upon induction were crucial for proper P450 expression. Usually baffled flasks
are used for the standard expression protocols, especially for CHMOacineto these ones
significantly improved expression.%" 2" This was linked to the high oxygen demand
when expressing FAD-dependent enzymes. Unfortunately, the protocol was adopted
for the initial P450 expression screenings, because these enzymes also are FAD-
respectively FMN-dependent. However, obviously the higher oxygen supply induced
by the baffles led to severe decrease of P450 expression. Probably the heme group,
especially the coordinated iron, are somehow sensitive towards oxygen. Addition of
5-ALA to improve P450 expression was already described in literature.?' This effect
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is due to the fact that 6-ALA is an intermediate in heme synthesis and supplementation
of the medium leads to improved heme supply within the host.

Furthermore, expression at 30°C was better than at 17°C. In general, when using
lower temperatures for protein expression, the amount of inclusion bodies formed is
expected to decrease, because the expression rate is slowed down so that the
proteins can fold more relaxed.”"® Nevertheless, the lower temperature leads to an
impaired biomass formation. This is no problem when the expressed enzymes are
further purified, because the lack of biomass can be compensated by the quantity of
cultivated cells. Probably this was also the case for the first characterization of
CYP102A7, because there isolated enzyme was used.™ Hence, an optimized
expression protocol was developed. Nevertheless, in this work the higher temperature
was preferred. Especially the use of CO-difference spectra for quantification of the
P450 amount enabled the discrimination between the results at 30°C and 17°C as
SDS-PAGE analysis was not sufficient enough to do so.

The fact that active P450 was already detectable by eye as indicated by a dark blue
color of the cell pellet, was probably due to the formation of indigo. This reaction by
P450s is not a new one. It was already reported earlier that these enzymes can
hydroxylate indole to indoxyl, of which two molecules react to the dimer indigo.?™!
Additionally it was reported that several P450s are inhibited by indole. Therefore, very
recently the group of Rita Bernhardt developed an E. coli C43 knock-out strain for
improved P450 expression, especially of indole-sensitive ones.”" The key to success
in this study was the deletion of the gene thaA, which encodes for the tryptophanase.
The use of this strain might eventually further improve the P450 activity when used as
whole cell catalyst.

The use of either a codon-optimized or the native gene sequence seemed to have not
that high impact, because for both ones comparable activities were detected (Table 8).
The same trend was observed for the applied His-tag, which could be positioned either
at the N- or C-terminus. However, the enzyme without any tag showed significantly
lower activities. Reasons for this effect are only speculative. As the N-terminus of the
protein is rather closely located to the substrate tunnel, the effect of an N-terminal tag
was expected to be more negative than the one of the C-terminal tag, which is located
in the CPR domain of the enzyme. One possible explanation for the lower detected
activity without tag could be the scavenging effect of reactive oxygen species by
histidine,'?'® although this was not yet described for recombinant P450 expression.
After establishment and optimization of expression the P450s were characterized with
respect to their regioselectivity by GC. Here it turned out that next to the desired C6-
hydroxylation, also epoxidation of the 1,2-double bond and several other unidentified
side-products were detected. However, these regio-unspecific reactions were not
unknown to date (Figure 62). Although there were successful protein engineering
attempts of P450-BM3 with regard to enhanced activity against limonene, the main
product of reactions using the described mutants still was limonene-8,9-epoxide?'”!
and until now there was no mutant described for the desired regioselective C6-
hydroxylation. Only for the synthesis of perillyl alcohol 17 it was possible to create a
highly regiospecific variant.?’® On the contrary, CYP102A7 has not been used as
scaffold for protein engineering, so that no hint for hotspots towards regioselectivity
were available.
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Figure 62: Possible side-products from P450 catalyzed hydroxylation (11: limonene, 12:
carveol, 17: perillyl alcohol, 18: isopiperitenol, 19 gmenthan 1,8-dien-5-ol, 20: limonene-8,9-
epoxide, 21: limonene-1,2-epoxide; adapted from ).

However, there are some alternative enzymes with more specific activities described in
literature. One of these is the natural carveol producing limonene-6-hydroxylase (L6H)
from Mentha spicata, whose essential oil mainly consists of carvone.!" To provide a
basis for future protein engineering of CYP102A7, possible hotspots responsible for
regioselectivity were aimed to be identified by homology modeling of the L6H.
Therefore, models of both enzymes were prepared using YASARA, which were further
validated using MolProbity. Both models turned out to be acceptable fur further
analysis, although for L6H the first 15 amino acids were not modeled due to their
flexibility. These residues belong to the N-terminal membrane anchor of the enzyme,
which of course would also be of certain interest. But modeling the membrane-bound
enzyme was by far too laborious for this purpose, so that the model was accepted
without membrane anchor. By comparison of both models three loops were identified,
which showed significantly different orientation, although according to sequence
alignment these belonged to conserved regions (Figure 30 and Figure 31). However,
as a matter of fact it is well known that sequence and structure alignments cannot
always be compared directly. Therefore, the structure-guided superfamily alignment
resulting in a so called 3DM database was developed recently®® and setting up of a
P450 database would be of certain interest, because this way possible hotspots for
control of regioselectivity might be found. The same concept can also be applied for
the residues identified as involved in the formation of the distal heme environment.
Especially the binding configuration of the heme propionate groups has drawn
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attention (Figure 32) and creating a CYP102A7 or P450-BM3 variant with altered
binding of the co-factor might be a promising candidate for further protein engineering.
Furthermore, prediction of the substrate tunnels of both enzymes led to the conclusion
that these are probably completely different (Figure 33). Interestingly, the calculated
tunnels were mainly confined by the loops identified before, which further underlines
their probable importance. The most interesting CYP102A7 or P450-BM3 variants
would be the ones, which feature the alternative ‘tunnel system’ as observed in L6H
instead of the native ones. Though introduction of the complete L6H substrate tunnel
could have a severe impact on the protein structure, because this cannot be carried
out by simply changing some amino acids, but by exchanging complete loops. This
structural change might even be too strong to still get properly folded enzyme. An
alternative to create a self-sufficient and regioselective P450 is the creation of a fusion
enzyme consisting of the CPR from P450-BM3 and L6H. The prepared models already
indicated that in theory the CPR domain could be fused to the C-terminus of L6H
(Figure 31 C).

After the theoretical studies of L6H the expression of this enzyme was successfully
established. However, the activity of L6H could not be reconstituted due to the missing
reductase system. Unfortunately, one attempt for the identification of the natural redox
chain by gene walking PCR was not further investigated, because only 1% of the
identified sequence could be aligned to known ones. Furthermore, due to the fact that
also the application of a foreign CPR from Candida apicola also failed, the studies
involving P450s were stopped at this point. Instead a more promising hydroxylating
system was established.

In summary, the expression of CYP102A7 was optimized with respect to sufficient
intracellular P450 yield and a possible application of this enzyme and the P450-BM3
was validated. Also the recombinant expression of L6H in E. coli was established,
which was not trivial since this enzyme is membrane-bound and derived from a plant
organism. Finally, homology models of CYP102A7 and L6H suggested that fusion
engineering of the L6H with the CPR of an enzyme from the self-sufficient P450s as
well as the loop exchange within CYP102A7 or P450-BM3 with the ones from L6H
building the substrate channel would be interesting starting points for future protein
engineering attempts.

4.2.2 ...by Dioxygenases

This alternative system was the strain Cellulosimicrobium cellulans EB-8-4, for which
the ability of C6-regioselective hydroxylation of limonene was described.!**? The strain
was kindly provided by Prof. Dr. Zhi Li (National University of Singapore, Singapore).
The results from their publication were reproduced and the ability of using ethyl
benzene as sole carbon source was proven. Though the high optical densities
described in the original publication were not reached. One fact that might be
responsible for this discrepancy could be the different wavelengths (450 nm vs. 600
nm) used for determination of biomass. Nevertheless, the production of carveol from
limonene was demonstrated only for ethyl benzene grown cells. To identify the
enzyme responsible for this reaction the genome of C. cellulans EB-8-4 was partly
sequenced in cooperation with Dr. Andrea Thirmer (Géttingen Genomics Laboratory,
University of Gottingen). Therefore, the genomic DNA of glucose-grown cells was
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isolated, because using this carbon source sufficient biomass could be generated in a
reasonable time. After mapping the results to a reference genome by Dr. Johannes
Kabisch (Institute of Biochemistry, University of Greifswald) no genes encoding
potential oxygenases or other hydroxylating enzymes were found. At this point we got
already curious and thought about different methods for identification.

In her M.Sc. thesis Katja Zorn analyzed the protein fractions of C. cellulans EB-8-4
either grown on glucose, ethyl benzene or both and could show that the ethyl benzene
grown cells had a significant different protein pattern.'® That was why we decided to
analyze the most prominent bands by ESI-MS in cooperation with Dr. Dirk Albrecht
(Institute of Microbiology, University of Greifswald). None of the analyzed proteins
could be connected to Cellulosimicrobium sp., but all of them were homologous to
proteins from Rhodococcus sp. At that point it became clear, that a contaminant
Rhodococcus strain was responsible for the observed hydroxylation reaction and not
the C. cellulans EB-8-4! After identification of the gene sequence encoding the
hydroxylating enzyme it turned out that a benzene-1,2-dioxygenase was responsible
for the observed reaction, which was 100% identical to a dioxygenase cluster from
Rhodococcus opacus B4! As attempts of recombinant expression in E. coli by Katja
Zorn failed, it was decided to establish the expression in a different host. The
expression at least of the small and large subunit of the cluster was successful using
Pseudomonas putida S12 as host (Figure 39), which was reported to be suitable for
expression of a homologous cluster (66.1% identity of the large subunits) from P.
putida PWD32."% Unfortunately, probably due to the missing expression of reductase
and ferredoxin no activity of the cells towards carveol hydroxylation was detectable.
Also the introduction of an additional arabinose-inducible promoter in front of the
reductase gene did not lead to expression of the reductase, this even led to expression
of none of the genes. As alternative the reductase and ferredoxin also might have
been expressed under the control of a different promoter encoded on an additional
plasmid. For example there is an alkane-inducible one (P.xg) available, which is
suitable for expression in Pseudomonas sp.?*"!

In summary, the desired cascade reaction was extended successfully to a certain
extent by identification of a highly regioselective hydroxylating enzyme, which could be
applied for mixed culture reactions for the production of chiral lactones by the project
partner in Vienna. However, extending this cascade reaction with a hydroxylating
enzyme might be compared to driving a car with the handbrake put on, because these
enzymes are in comparison to the other ones very slow in activity. Nevertheless, when
comparing the prices of the substrates and intermediates it might become obvious that
the establishment of an initial hydroxylation is still of interest (Table 16). Especially the
use of carveol as substrate is probably economically not feasible due to its limited
availability and connected to that the high price, which is approx. eleven times higher
than for rac-limonene. Instead carvone might be used directly as substrate, because
the prices of the pure enantiomers is only two to six times higher than the respective
pure limonene enantiomers.
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Table 16: Prices of the substrates and intermediates used for the production of chiral lactones.

Substance Price [€ - kg™'] Reference
(R)-limonene 18.35 a
(S)-limonene 31.88 a
rac-limonene 26.58 a

(-)-cis/trans-carveol 304.00 a
(R)-(-)-carvone 64.00 a
(5)-(+)-carvone 108.80 a
Refined sugar 0.29 b

®Sigma-Aldrich, 2016-03-09

bDeutsche Bank Indikation, 2016-03-09
However, due to the fact that in the last years the limonene biosynthesis pathway was
successfully transferred into E. coli, the use of sugar or even crude glycerol as
substrate for the cascade was enabled.??? Especially the production of 17 from these
raw materials was successfully implemented by combination of limonene formation
and a regiospecific P450 by the working group of Andreas Schmid,”?*® so that coupling
of the cascade reaction described here with the limonene producing strain would be an
interesting continuation of this project.

4.3 Immobilization of Two Enzymes for Cascade Reactions

As third part of this thesis a cascade reaction for the production of oligo-[caprolactone]
(Scheme 14) was aimed to be further optimized by immobilization of the enzymes.
Especially the use of a rotating bed reactor (RBR) should be enabled, because the
feasibility of this reactor system with respect to recyclability of the catalysts was also
shown during this thesis.

Preliminary studies were carried out to demonstrate the general applicability of
biocatalysts using an RBR. Therefore, at first the optimal stirring speed of the
SpinChem® was determined by biocatalysis reactions using the CHMOagineto and the
commercially available lipase CAL-B (Novozyme® 435). Unexpectedly, the stirring
speed showed no high impact on the conversion. The conversion decreased only very
few when using higher spinning rates, so that we decided to use the manufacturer
recommendation of 500 rpm for the reactions as standard. However, especially the
use of rates >750 rpm led to severe entry of air bubbles into the liquid, which was in
general unwanted due to the impaired mass transfer observed when air is going into
the voids.

The first model reaction to be studied was the CHMOgcneto Catalyzed formation of
e-caprolactone 4 from cyclohexanone 3 (Scheme 19) by alginate encapsulated cells
carrying the enzyme. In direct comparison of the studied reactor setups the RBR and
STR showed the same performance in long-time reactions over 48 h resulting in 66%
to 69% conversion respectively. Only the FBR was very insufficient for the use of
alginate encapsulated catalysts (Figure 41), which was probably due to the already
mentioned drawbacks of such a reactor (Chapter 1.3.2). Especially the squeezability of
the alginate beads was a problem, because these were destroyed during the reaction
time due to the high occurring pressures. Nevertheless, the RBR'’s feasibility was
definitively shown in recycling studies. Although the catalyst activity in general dropped
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down a lot, the one used in RBR still had an approx. three times higher residual activity
of 41% than the one used in STR, which showed a residual activity of 13%. The
general high activity loss can be explained by the low stability of the CHMOagineto.
However, the advantage of the RBR was obviously the fact that the used particles are
protected from any mechanical forces and therefore the morphology is kept. This was
not the case for the simply stirred reaction, where the alginate beads were completely
destroyed after the 6™ batch. Furthermore, the recovery of the catalyst from the RBR
was much simpler than for the STR.

Due to the fact that in the desired cascade reaction also a lipase was involved, the
general applicability of an immobilized one was demonstrated using the model reaction
shown in Scheme 20. Again the comparison of STR and RBR resulted in approx. the
same performance in reactions over 4 h with conversions of 45% to 46% respectively
and the superiority of the RBR became obvious in recycling studies, although the
difference was not as distinct as for the BVMO reaction and even reached the same
residual activities of 60% after the 5" batch. At this point probably the only loosely
adsorbed lipase molecules were washed away and the tightly bound ones remained.
The fact that a kind of minimum residual activity was already reached after the third
batch when using the STR underlines this conclusion, so that in this case the use of
the RBR simply slowed down the process of leaching from the particles. This is of
course again a positive effect.

For further optimization of the catalyst’'s activity a gas-shear device was applied.
Obviously the mass transfer of substrate and/or oxygen inside the large alginate beads
produced by the classical ‘drop-method’ was the reason for the low immobilization
yield with respect to activity, because the smaller capsules indeed led to higher
activities (Figure 48). Of course decreasing the particle size is a well-known method for
improving mass transfer,?*!! but often the expensive equipment for microencapsulation
in standard biocatalysis laboratories is missing. Hence, a self-made gas shear device
was set up in this thesis using simple laboratory equipment and consumables. As
alternative immobilization method very recently the use of so called catalytic ‘teabags’
and their application in an RBR was described by J. Wachtmeister, et al.?®! In that
work the ‘teabag’ principle even was described to outperform the alginate immobilized
catalysts using a cascade reaction featuring a carboligase coupled with an ADH.
However, due to the fact that the alginate beads were not compatible with the
optimized micro-aqueous reaction conditions, these were used in a non optimal setup,
which might have had a negative influence on the catalyst’'s performance in these
reactions. Nevertheless, the ‘teabag’ principle might also be interesting to the cascade
studied in this thesis, because the procedure of immobilizing cells is in this case also
very simple.

Despite the fact that the smaller capsules indeed led to improved mass transfer and
thereby also to enhanced activity, the reduction of one preparative step before reaction
further improved the work-flow. With the now significant smaller capsules it was
possible to transfer the immobilization into an in situ process, in which the voids of the
RBR were packed automatically with the beads formed in the reaction solution. So that
now after optimization of the immobilization procedure and the work-flow these could
be applied for the described cascade reaction, of which the setting up is expected to
be carried out much easier and especially faster by application of the developed
procedure.
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Therefore, two different approaches of immobilization were investigated and compared
to the non-immobilized cells (Figure 51). The main problem, which came up in the first
reactions, was the high residual concentration of substrate after 48 h. Here, there were
still approx. 60 mM of 6 detectable. Changing the ratio of ADH:BVMO from 1:10 to 1:5
or even 1:2 only slightly improved the reaction performance resulting in residual
40 - 53 mmol - L™ of 6. One fact that might have been the rate-limiting factor was
probably the high initial substrate concentration, for which it was reported that already
5 mmol - L™ lead to decreased activity of the CHMO.?*®! That was why the subsequent
reactions were carried out using a continuous substrate feed with an initial
concentration of 0 mmol - L™'. However, one of the catalysts still seemed to be a rate-
limiting factor, because only the exchange of the immobilized cells after 24 h further
improved the conversion over 48 h, so that only 14 mmol - L' of 6 was left, which
resembled based on substrate depletion 93% conversion.

The already described side-activity of the LK-ADH, which prefers the reduction of 3 to
6,""" might be one explanation of the high concentrations of residual substrate as
observed in the first reactions. In theory, if the activity of the CHMO was too low, the
ADH might simply be catalyzing a so called futile circle, in which the formation of 3 is
followed by its reduction again to 6 due to the favored equilibrium by the ADH. To
further drive the reaction into the formation of 3, the overall activities of the CHMO and
also of the lipase have to be improved. Although the lipase has really good
acyltransferase activity in organic solvent, the one in water is probably not as high as
desired. This especially was observed in follow-up studies carried out at one of the
project partners, Enzymical® AG (Greifswald, Germany), where solely the
oligomerization reaction was studied using 4 as substrate and the lipase as catalyst in
a phosphate buffered system (pH 8) at 30°C. There it turned out that only <50% of 1
mol - L 4 were depleted after five days. Furthermore, at that point it was discovered
that the pH severely dropped to approx. 4, at which of course neither the ADH nor the
BVMO nor the lipase are still active. So that for future studies the most important
parameter to control obviously is the pH value. The simplest way doing this would be
the use of a NaHCO; solution as reaction medium as reported by Suss et al., because
the bicarbonate is able to effectively scavenge protons resulting in the release of
CO0,.?" Indeed application of this reaction medium for the same reaction and raising
the temperature to 50°C led to almost complete conversion after five days. But
following studies revealed that the activity of the BVMO and the ADH are significantly
lower in this reaction medium, so that in conclusion the pH can only be effectively
controlled by titration applying the respective instrumental setup.

Alternatively, a different lipase might be applied for further improvement. The CAL-A is
not the only lipase, for which acyltransferase activity in aqueous medium was
described. As suggestion also the lipases from Candida parapsilosis?’® 2 27 279l gnd
the one from Aeromonas hydrophila?™ should also be tested for the desired
oligomerization reaction. Especially the lipase 2 from Candida parapsilosis and the
lipase 4 from Candida tropicalis exhibited beside the acyltransferase activity in
aqueous medium also temperature optima between 30 and 40°C.*"® This might be
beneficial since the applied CAL-A has a very high temperature optimum >50°C and
loses a lot of its activity at temperatures below that.

Furthermore, the oligomers obtained from the sole lipase reaction were used for the
production of a prototype PCL. Unfortunately, the PCL produced from the
biocatalytically synthesized oligomers were completely unstable due to high amounts
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of protein present in the extracted product. In conclusion for transfer of this process
into an industrial environment a procedure of effective protein removal has to be
developed, which is not trivial as the desired product is acid sensitive. One alternative
obviously would be the use of an immobilized lipase instead of the lyophilized one. Of
course these were also tested for application in the RBR, but the activity of these are
not sufficient for reactions in aqueous media respectively the weight, which can be
used, is limited to the available space inside the SpinChem®. A promising alternative
could be the use of the ‘teabag’ principle®! for immobilization of the lyophilized lipase,
if the mesh size of the used material is small enough. Furthermore, the available CLEA
preparations of lipases also should be considered, because these are described to
have a higher activity than the adsorptive immobilized catalysts.**®!

So that in summary the way towards a biological process for the synthesis of PCL
precursors is paved now and with additional optimizations it might be transferred into
an industrial environment at some point in the future. Especially the development of
the in situ encapsulation process, which in theory might be scaled up to very large
volumes, contributed to simplifying of the work-flow and therefore to process
intensification. Furthermore, the general demonstration of the RBR’s feasibility for
enzymatic reactions revealed its superiority to conventional reactor setups and finally
the immobilization yield of Ca-alginate encapsulated cells by application of a gas-shear
device was significantly improved.

93



5 Summary

5 Summary

Cascade reactions are not only of interest to chemists and biotechnologists, but also to
life in general, because every metabolic reaction resembles a cascade reaction. This
principle of substrate/intermediate channeling was only adapted by scientists. That
way especially one-pot reactions became very attractive as for this no isolation of inter-
mediates is necessary. Furthermore, unstable or toxic intermediates are only produced
in low amounts and directly transformed in situ.

In this PhD thesis two previously established cascade reactions were subject of further
optimization.

In the first part, a cascade reaction established in a DFG-funded project (Bo1862/6-1)
in cooperation with the Vienna Technical University (Austria) for the production of
chiral lactones was further optimized and extended. Therefore, on the one hand the
genes encoding the needed enzymes were cloned for co-expression into a single
plasmid in different arrangements to be expressed in pseudo-operon mode, with the
aim to lower the metabolic burden of the cascade host cell. One out of the twelve
created constructs showed a reasonable activity of 15.3 + 1.2 U - gcovv'1.

On the other hand, this cascade reaction was aimed to be extended by the use of a
hydroxylating enzyme to enable the use of limonene as renewable and chiral precursor
for the proposed production of chiral polymers. Therefore, the feasibility of cytochrome
P450-monooxygenases was studied. These turned out to be not applicable due to their
bad regioselectivity for the hydroxylation of limonene or due to the difficulties of activity
reconstitution. As alternative system for an initial hydroxylation step the use of a
Rhodococcus equi strain, which was isolated from Cellulosimicrobium cellulans EB-8-4
and which is capable of very regioselective limonene-hydroxylation, was investigated.
Therefore, the dioxygenase cluster responsible for the desired reaction was identified
and especially the recombinant expression in a suitable host (Pseudomonas putida
S12) was further studied. The results from these experiments revealed that the
recombinant expression needs to be further optimized to enable the use of the
recombinant dioxygenase in combination with the other enzymes for cascade
reactions.

The third part of this PhD thesis dealt with the immobilization of an established
cascade reaction for the synthesis of poly-[caprolactone] precursors. Therefore, the
use of a rotating bed reactor (RBR) was investigated. Preliminary studies using single
enzymes involved in the desired cascade reaction demonstrated the general feasibility
of this reactor concept. Especially the reusability of the catalysts was highly improved,
because the catalytic particles were protected very effectively from mechanical forces
within the voids of the reactor. For further work-flow optimization the immobilization
was transformed into an in situ process by the application of a gas-shear device, which
leads to decreased capsule size and thereby to increased mass transfer inside the
particles. The developed methods were applied for encapsulation of the cells
containing the enzymes needed for the reaction. After additional improvement of the
reaction parameters a conversion of 93% (based on substrate depletion) was reached
using catalysts produced by the established encapsulation procedure.

In summary, the described cascade reactions were successfully optimized by either
co-expression, extension applying a dioxygenase or immobilization. Furthermore, the
general feasibility of an RBR was demonstrated.
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Kaskadenreaktionen sind nicht nur fur Chemiker und Biotechnologen von grofiem
Interesse, sondern auch flir Lebensprozesse im allgemeinen, da jede metabolische
Reaktion auch eine Reaktionskaskade ist. Dieses Prinzip der Substrat-/Intermediat-
weiterleitung wurde nun von Wissenschaftlern adaptiert. Auf diese Weise wurden
besonders sog. ,Eintopfreaktionen‘ sehr attraktiv, da hierfir keine Reinigung der
Zwischenprodukte mehr notwendig ist. Darlber hinaus werden instabile und/oder
toxische Zwischenprodukte nur in geringen Mengen gebildet und in situ direkt umge-
wandelt.

In dieser Doktorarbeit wurden zwei bereits entwickelte Enzymkaskaden einer weiteren
Optimierung unterzogen.

Im ersten Teil wurde eine Redoxkaskade fur die Synthese von chiralen Laktonen, die
im Rahmen eines DFG-geférderten Projekts (Bo1862/6-1) in Zusammenarbeit mit der
Technischen Universitat Wien (Osterreich) entwickelt wurde, optimiert und erweitert.
Hierflr wurden einerseits die Gene, die die bendtigten Enzyme kodieren, zusammen in
allen moéglichen Anordnungen auf ein Plasmid kloniert, um diese anschliellend im
Pseudo-Operon Modus zu exprimieren. Hiermit sollte der metabolische Stress fiir die
Wirtszelle verringert werden. Eines der zwdlf erstellten Konstrukte zeigte eine
angemessene Aktivitat von 15,3 U - gcow ™.

Andererseits sollte dieselbe Kaskade um eine initiale und enzymatische
Hydroxylierung erweitert werden, um Limonen als nachwachsendes und chirales
Substratmolekil zu verwenden. Daflr wurde zum einen die Anwendbarkeit von
Cytochrom P450-Monooxygenasen untersucht. Diese erwiesen sich allerdings als
schlecht nutzbar, da sie entweder nur eine schlechte Regioselektivitat fir die
gewtlnschte Reaktion zeigten oder sich die Aktivitat nicht rekonstituieren liel3. Als
alternatives System flr die initiale Hydroxylierung wurde dann ein Rhodococcus equi
Stamm verwendet, der aus einer Cellulosimicrobium cellulans EB-8-4 Kultur isoliert
wurde und in der Lage ist Limonen an der gewunschten Position héchst regioselektiv
zu hydroxylieren. Der fir die Reaktion verantwortliche Dioxygenase-Cluster konnte
identifiziert werden und insbesondere die rekombinante Expression in einem
geeigneten Wirt (Pseudomonas putida S12) wurde weiter untersucht. Die Ergebnisse
aus diesen Versuchen zeigten, dass die Expression allerdings weiter optimiert werden
muss, damit die rekombinante Dioxygenase in Kombination mit den anderen Enzymen
fur eine Kaskadenreaktion engesetzt werden kann.

Der dritte Teil dieser Arbeit befasste sich mit der Immobilisierung einer anderen bereits
entwickelten Kaskadenreaktion flr die Synthese von Polycaprolacton Vorstufen. Fur
diese Reaktion wurde insbesondere die Anwendung eines sog. rotating bed reactors
(RBR) untersucht. Fur diesen konnte in anfanglichen Experimenten gezeigt werden,
dass enzymatische Reaktionen in diesem Reaktor prinzipiell méglich sind. Speziell
wurde hierbei beobachtet, dass besonders die Wiederverwendbarkeit der Immobilisate
stark erhéht wurde, da die katalytischen Partikel in den Hohlrdumen des RBR vor
jeglichem mechanischen Einfluss geschitzt waren. Weiterhin wurde der Arbeitsablauf
optimiert, indem das Einschlussverfahren durch die Anwendung einer Gas-Scher
Vorrichtung in einen in situ Prozess umgewandelt wurde. Dies fuhrte vor allem auch zu
einer erhohten Aktivitat der eingeschlossenen Zellen, da die verringerte Kapselgroiie
den Massentransfer positiv beeinflusste. Abschlielend wurden die entwickelten
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Verfahren flr die zweite Kaskadenreaktion angewendet. Nach weiteren Optimierungen
der Reaktionen konnte so ein Umsatz von 93% (bezogen auf Substratabnahme) erzielt
werden.

Zusammengefasst konnten die beschriebenen Kaskadenreaktionen entweder mittels
Etablierung eines Co-Expressionssystems, der Erweiterung einer Kaskade durch eine
Dioxygenase oder die Immobiliserung der bendtigten Enzyme erfolgreich optimiert
werden. Weiterhin wurde die allgemeine Anwendbarkeit von enzymatischen
Reaktionen in einem neuartigen RBR demonstriert.
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6.1 Materials

Chemicals and consumables

All chemicals were purchased from Sigma-Aldrich (Steinheim, Germany), Carl Roth
(Karlsruhe, Germany), Alfa Aesar (Karlsruhe, Germany) or Merck (Darmstadt,
Germany) and were used without further purification unless stated otherwise.
Consumables were purchased from Sarstedt (NUmbrecht, Germany), Greiner Bio-One
(Frickenhausen, Germany) or Carl Roth (Karlsruhe, Germany).

Restriction enzymes were purchased from New England Biolabs (Frankfurt/Main,
Germany), T4 ligase was purchased from Thermo Fisher Scientific (Waltham, USA)
and DNA polymerases were purchased from Roboklon (Berlin, Germany).

Table 17: Used Kits.

Kit Supplier

BCA-Assay Kit Interchim (Montlugon, Switzerland)
Thermo Fisher Scientific (Waltham, USA)

DNEasy Blood & Tissue Kit QlAgen (Hilden, Germany)

Gel Extraction Kit QlAgen (Hilden, Germany)

innuPREP Plasmid Mini Kit Analytik Jena (Jena, Germany)

NucleoSpin Gel and PCR Clean-up Macherey-Nagel (Duren, Germany)

PCR Purification Kit Roche (Mannheim, Germany)

StrataClone PCR Cloning Kit Agilent Technologies (Santa Clara, USA)

Strains

Table 18: Used strains (All E. coli strains additionally carried a resistance to T phages).

Species Strain Genotype/Description Supplier
Escherichia coli BL21 (DE3) dem ompT hsdS(rg'mg’) gal New England
Biolabs
(Frankfurt/Main,
Germany)
TOP10 mcrA, A(mrr-hsdRMS-mcrBC), Thermo Fisher

Phi80lacZ(del)M15, AlacX74, deoR, Scientific
recA1, araD139, A(ara-leu)7697, (Waltham, USA)
galU, galK, rpsL(SmR), endA1,

nupG
C41 (DE3) F~ ompT gal decm hsdSg(rg mg Sigma-Aldrich
)(DE3) (Steinheim,
Germany)
C43 (DE3) F~ ompT gal dem hsdSg(rg” mg Sigma-Aldrich
)(DE3) (Steinheim,
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SHuffle® Express

Pseudomonas S12 (also ATCC
putida 70801)
Cellulosimicrobiu  EB-8-4

m cellulans

LMG 16121 (also

DSM 46030)

Rhodococcus equi -

fhuA2 [lon] ompT ahpC gal
Aatt::;pNEB3-r1-cDsbC (SpecR,
lacl®) AtrxB sulA11 R(mer-
73:miniTn1 0--Tets)2 [dem] R(zgb-
210::Tn10 --Tet®) endA1 Agor

Germany)

New England
Biolabs
(Frankfurt/Main,
Germany)

A(mcerC-mrr)114::1S10

its high solvent tolerance

Strain described to be capable of

regioselective limonene

hydroxylation, when grown on ethyl

benzene

Isolated from C. cellulans EB-8-4

culture

Industrially important strain due to

Reference strain not capable of
growing on ethyl benzene

LGC Standards
(Wesel,
Germany)

Zhi Li (National
University of
Singapore,
Singapore)

DSMzZ
(Braunschweig,
Germany)

Zhi Li (National
University of
Singapore,
Singapore)

Plasmids and genes

Table 19: Used plasmid (AmpR: Ampicillin resistance, Kan": Kanamycin resistance, Cam®;
Cloramphenicol resistance).

Plasmid g;:l)?ilcna?ir)n Marker Features Supplier
pBAD/myc- pBR322 AmpR Pgap araC, opt. RBS, C-term. Thermo Fisher Scientific
His A myc epitope tag, C-term. his- (Waltham, USA)
tag
pBTBX-2 pBBR1 Kan® Pgap araC; broad host-range Ryan Gill (Addgene
plasmid # 26068)
pCYTEX unknown AmpR Heat-inducible promoter, his- Vlada Urlacher (University
tag of Dusseldorf, Germany)
pET-21a(+) f1 Amp®  T7 lac, C-term. his-tag, N-term. Merck (Darmstadt,
T7-tag, Germany)
pET-22b(+) f1 Amp®  T7 lac, C-term. his-tag, pe/B Merck (Darmstadt,
Germany)
pET-26b(+) f1 Kan® T7 lac, C-term. his-tag, pe/B Merck (Darmstadt,
Germany)
pET- 1 Kan® T7 lac, N/C-term. his-tag, Merck (Darmstadt,
28a/b(+) internal T7 tag, thrombin Germany)
cleavage site
pETM6 1 AmpR T7 lac, C-term. S-tag; Mattheos Koffas (Addgene
pETDuet-1 derivative plasmid # 49795)
pGASTON ColE1 AmpR Prua , N-term. his-tag Matthias Héhne (University
of Greifswald, Germany)
pKA1 p15A Cam® T7lac Werner Hummel
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(University of Bielefeld,
Germany)

Synthetic genes were either purchased from Genscript (Piscataway, USA) or Eurofins
Genomics (Ebersberg, Germany) and ordered already subcloned into the respective

vector.

Table 20: Used gene sequences.

Gene Organism of origin Plasmid  Supplier

CHMO Acinetobacter sp. pET28b(+) internal

LK-ADH Lactobacillus kefir pET21a(+) Werner Hummel (University of
Bielefeld, Germany)

OYE1 Saccharomyces pET26b(+) Jon D. Stewart (University of Florida,

pastorianus USA)

XenB Pseudomonas putida pGASTON internal

P450-BM3 Bacillus megaterium pCYTEX  Vlada Urlacher (University of
Dusseldorf, Germany)

CYP102A7 Bacillus licheniformis pET28a(+) Vlada Urlacher (University of

pBAD Dusseldorf, Germany)

CYP102A7 Bacillus licheniformis pET22b(+) Synthetic gene, codon optimized

L6H Mentha spicata pET22b(+) Synthetic gene, codon optimized

DOCequi Rhodococcus equi pBTBX-2 internal

RR-ADH Rhodococcus ruber pKA1 Werner Hummel (University of

Bielefeld, Germany)

The plasmid maps of all used and constructed vectors as well as the gene sequences
can be found on the supplemented digital raw data disc.

Oligonucleotides

Synthetic oligonucleotides were purchased from Invitrogen (Thermo Fisher Scientific,
Waltham, USA).

Table 21: Used oligonucleotides.

# Name

Sequence (5’ 2 3’)

Use

09003 Seq_cyp102a7_fw CGCAGTGCTGAAACAGGTCTT Sequencing of
CYP102A7
09004 Seq_cyp102a7_rev AAACCACGTCCGGCCTGCTG Sequencing of
CYP102A7
09005 Seq2_cyp102a7 GCCGAATCTGAAAGTGGTAACGATCTG Sequencing of
CTG CYP102A7
09006 L6H_optimized_rv TGCGGGTCTTTGCTGGAATGGTGTACC Sequencing of
CATTCACTT L6H
09048 3-hyden CATCTTATGTTGAACGTATTCCTTAG Gene walking, 3’
primer
09049 5-hyden TMYTKCTVYTGCTGTTBTTVBTGSTB Gene walking, 5’

primer
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09052

09053

09066

09067

09071

09072

09078

09079

09080

09081

09082

09083

09084

09085

09086

09087

09088

09089

09090

09091

09092

TOPO_seq_fw

TOPO_seq_rv

Seq2 TOPO rv

Seq2_TOPO_fw

pACYCDuetUP1

pETDuet Upstream

pETM6CHMO-GOlfw

pETM6CHMO-GOlIrv

pETM6CHMO-VOlIfw

pETM6CHMO-VOIrv

pETM6LK-ADH-GOIlfw

pETM6LK-ADH-GOIrv

pETM6LK-ADH-VOIfw

pETM6LK-ADH-VOlrv

pETM60OYE1-GOlfw

pETM60OYE1-GOlrv

pETM60YE1-VOIfw

pETM6OYE1-VOlrv

pETM6RR-ADH-GOIfw

pETM6RR-ADH-GOIrv

pETM6RR-ADH-VOIfw

GAAGAATTATTTGCATTGAGTAGCTG

CAGCGCCGGAAAATGACATTG

CTGCCTGCATCTCGGGTATG

GAAGCCTTGATTCCTGATGG

GATCTCGACGCTCTCCCTTATG

GATGCGTCCGGCGTAGAG

GAAGGAGATATACATATGGGCAGCAGC

CATCATCATC

GACGAGTCCATGTGCTTAGGCATTGGC

AGG

CCTGCCAATGCCTAAGCACATGGACTC

GTC

GATGATGATGGCTGCTGCCCATATGTA

TATCTCCTTC

GAAGGAGATATACATATGACTGATCGT

TTAAAAGGC

GTAGACGAGTCCATGTGTTATTGAGCA

GTGTATC

GATACACTGCTCAATAACACATGGACT

CGTCTAC

GCCTTTTAAACGATCAGTCATATGTATA

TCTCCTTC

GAAGGAGATATACATATGACCAAGTTA

CCTATACTAGG

GACGAGTCCATGTGCTTACTTTTTGTCC

CAG

CTGGGACAAAAAGTAAGCACATGGACT

CGTC

CCTAGTATAGGTAACTTGGTCATATGTA

TATCTCCTTC

GAAGGAGATATACATATGAAAGCCCTC
CAGTACACCGAG

GACTAGTAGACGAGTTCAGCCCGGGA

CGAC

GTCGTCCCGGGCTGAACTCGTCTACTA

GTC
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pETM6
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09093

09094

09095

09096

09097

09116

09117

09118

09119

09146

09160

09163

09164

09165

09172

09173

09174

09175

09176

09177

09178

09179

09180

pETM6RR-ADH-VOIrv

pETM6XenB-GOlfw
pETM6XenB-GOlrv
pETM6XenB-VOIfw
pETM6XenB-VOlrv
pBAD/myc-His

A_BaLi_VU-GOlfw

pBAD/myc-His
A_BalLi_VU-GOlrv

pBAD/myc-His
A BalLi_VU-VOlIfw

pBAD/myc-His
A_BalLi_VU-VOIrv
pBTBX-2_rvseq
DOC_GOlI_fw
DOC_VOI_rv
DOC_GOIl_rv_neu
DOC _VOI_fw_neu
pETM6_CHMO_fw
pETM6_CHMO_fw2
pETM6_OYE1_fw
pETM6_OYE1_fw2

LK fw

XenB_fw

FC_LK insert_GOlI_fw

FC_LK insert_GOl_rv

FC_LK insert VOI_fw

CTCGGTGTACTGGAGGGCTTTCATATG
TATATCTCCTTC

GGAGATATACATATGACCACGCTTTTC
GATC

GACGAGTCCATGTGCTCAATGATGATG
ATG

CATCATCATCATTGAGCACATGGACTC
GTC

GATCGAAAAGCGTGGTCATATGTATAT
CTCC

GCTAACAGGAGGAATTACATATGAACA
AGTTAGATGGAATTCCAATC

GGTCGACGGCGCTATTCATTACGTTCT
TGCAATGCAGTCC

GGACTGCATTGCAAGAACGTAATGAAT
AGCGCCGTCGACC

GATTGGAATTCCATCTAACTTGTTCATA
TGTAATTCCTCCTGTTAGC

AAACTAAAGCGCCACAAGGG

CTTTAAGAAGGAGATATACCCATGACT
GACGTGCAATG

CATTGCACGTCAGTCATGGGTATATCT
CCTTCTTAAAG

CTCAATACTGACCATTTCATGCCGCTGT
TGTTC

GAACAACAGCGGCATGAAATGGTCAGT

ATTGAG

CCGGTGTTCAGGTTATTACG

GGAAATGACCTTATTCCCTAAAGC

AAACGTATTGAAGCTATCCCAC

TTTCAACAGTATGTCTGGTGG

GAAGAATAAAGGACTCGGAGC

GATCGCGCCGAAACCTTTAC

AGCGCTCATGAGCCCGAAGTGGCGAG

CCCGATCTTCCCCATCGGTGATG

CGCGGGATCGAGATCGATCTCGATCCT
AGTAGACGAGTCCATGTGTTATTGAGC
AG

CTGCTCAATAACACATGGACTCGTCTA
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09181

09182

09183

09184

09185

09186

09187

09188

09189

09190

FC LK insert_ VOI _rv

Ara ins VOI rv

Arains_GOl rv

Ara ins GOI fw

Ara ins VOI fw

LK _downst_GOI_rv

LK _downst OCL_GOI_
fw

CHMO_downst XLC_G
Ol_fw

CHMO_downst XLC_G
Ol_rv

LK _downst CXL_GOI_
fw

M13_fw

M13_rv

T7 fw mod

T7 fw

T7 Term

pBAD fw

CTAGGATCGAGATCGATCTCGATCCCG
CG

CATCACCGATGGGGAAGATCGGGCTC
GCCACTTCGGGCTCATGAGCGCT

CTATGGCATAGCAAAGTGTGACCTAGA
AGAAGAAGCTGAG

GCATATCTTTGTGAGGGCCATGGGTAT
ATCTCCTTCTTAAAG

CTCAGCTTCTTCTTCTAGGTCACACTTT
GCTATGCCATAG

CTTTAAGAAGGAGATATACCCATGGCC
CTCACAAAGATATGC

CAGCAGTTTAGGTTAATTAAGCTGCGA
CTAGTAGACGAGTCCATGTGTTATTG

CAATGCCTAAGCACATGGACTCGTCTA
CTAGGATCGAGATCGATCTCGATCCCG
CG

GCTCAATAACACATGGACTCGTCTACT
AGGATCGAGATCGATCTCGATCCCGCG

CAGCAGTTTAGGTTAATTAAGCTGCGA
CTAGTAGACGAGTCCATGTGCTTAGGC
ATTG

CATCATTGAGCACATGGACTCGTCTAC
TAGGATCGAGATCGATCTCGATCCCGC

TGTAAAACGACGGCCAGT

CAGGAAACAGCTATGACC

CCCGCGAAATTAATACGACTCAC

TAATACGACTCACTATAGGG

CTCAAGACCCGTTTAGAGGCCCCAAGG

G
ATGCCATAGCATTTTTATCC

Co-expr. constr.

FastCloning into
co-expr. constr.

FastCloning of
Para into pBTBX-2

FastCloning of
Para into pBTBX-2

FastCloning of
Para into pBTBX-2

FastCloning of
Para into pBTBX-2

SLiCE insertion of
LK into pETM6

SLiCE insertion of
LK into pETM6

SLiCE insertion of
CHMO in pETM6

SLiCE insertion of
CHMO in pETM6

SLiCE insertion of
LK into pETM6

Sequencing of
TOPO TA cloned
PCR fragments

Sequencing of
TOPO TA cloned
PCR fragments

Sequencing of T7-
dep. plasmids

Sequencing of T7-
dep. plasmids

Sequencing of T7-
dep. plasmids

Sequencing of
PBAD-dep.
plasmids

Media, buffers and solutions

Table 22: Used media, buffers and solutions (All %-values are given in (v/v) unless stated
otherwise).

Medium, buffer or solution

Preparation

10x Running buffer for SDS-PAGE

dest., adjust pH to 8.4 with HCI
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10x SOC

10x TB-salts

50x TAE buffer (pH 8.5)
Acrylamide solution for SDS-PAGE

Agarose gel (1%)

Alginate stock solution (3.6%)

Ampicillin stock solution
APS for SDS-PAGE
Buffer A

Buffer B

CaCl, solution (0.1 M)
Chloramphenicol

Coomassie staining solution
Destaining solution
DNA Loading buffer

Glucose stock solution
Glycerol stock solution
IPTG stock solution
Kanamycin stock solution
KP; buffer (50 mmol-L™")

L-Arabinose stock solution

10 mmol-L”" NaCl, 2.5 mmol-L™" KCI, 10 mmol-L™" MgCl,,
20 mmol-L™" MgSO,, 20 mmol-L™” glucose

164,4 g K,HPO, - 3 H,0, 23,2 g KH,PO, in 1000 mL ag.
dest., autoclave at 120°C for 20 min

242 g Tris, 57.1 mL glacial acetic acid, 18.6 g EDTA in
1000 mL aq. dest.

30% acrylamide (w/v), 0.8% N,N'-Methylenebisacrylamide
(w/v) in aq. dest.

1 g agarose in 100 mL 1x TAE buffer, dissolution by
heating in microwave oven; lower or higher concentrated
gels were prepared by the use of the respective amount
of agarose; for DNA visualization by UV of 3 uL RotiStain
(Carl Roth) to 50 mL gel solution were added

18 g alginate sodium salt in 500 mL aq. dest., dissolve by
extensive stirring and heating up to 100°C

100 mg-mL’1 in aq. dest., sterile filtrated

10% (w/v) ammonium persulfate in ag. dest.

100 mmol-L™ Sodium phosphate, 300 mmol-L™ NaCl in
1000 mL aq. dest., sterile filtrated and degassed

100 mmol-L”" Sodium phosphate, 300 mmol-L™ NaCl, 300
mmol-L”" imidazole in 1000 mL aq. dest., sterile filtrated
and degassed

11.1 g CaCl, (dry) in 1000 mL aq. dest.
50 mg-mL'1 in ethanol, sterile filtrated

1 g Coomassie-brilliant-blue G250, 100 mL glacial acetic
acid, 300 mL ethanol, 600 mL ag. dest.

100 mL glacial acetic acid, 300 mL ethanol, 600 mL ag.
dest.

3 mL glycerol, 25 mg bromophenol blue, 2 mL 50x TAE, 5
mL aq. dest.

250 g-L" glucose in aq. dest.

60% (w/v) glycerol in aq. dest.

1 mol-L"in aq. dest., sterile filtrated
100 mg-mL'1 in aqg. dest., sterile filtrated

1.97 g KH,POq4, 8,08 g K;HPO4*3 H,O in 1000 mL ag.
dest., adjust pH to 7.5

50% (w/v) in aqg. dest., sterile filtrated

LB-medium

Limonene stock solution
Loading buffer for SDS-PAGE

Lower-TRIS buffer for SDS-PAGE

1% (w/v) peptone/tryptone, 1% (w/v) NaCl, 0.5% (w/v)
yeast extract in aq. dest., autoclave at 120°C for 20 min
4 mol-L™" in ethanol

20% (w/v) glycine, 6% (w/v) 2-mercaptoethanol, 0.0025%
bromophenol blue in Upper-TRIS buffer

18.2 g TRIS, 0.1 g SDS in 100 mL agqg. dest., adj. pH to
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L-Rhamnose stock solution
M9 CaCl,

M9 CuCl,
M9 FeSO,

M9 glucose (10x)
M9 MgSO,
M9 MOO4N32

M9 salts (5x)

M9 trace elements

M9-medium

NADPH stock solution
NaP; buffer (50 mmol-L™")

Separation gel (12%) for SDS-PAGE

Stacking gel (4%) for SDS-PAGE

TB-medium

TfBI buffer (pH 5.8)
TfBII buffer (pH 7.0)

TG salts

TRIS-buffer (20 mM, 1% NaCl)

TSB-medium

Upper-TRIS buffer for SDS-PAGE

8.8
20% (w/v) in aq. dest., sterile filtrated

1 mol-L"’ CaCl, in aq. dest., sterile filtrated

1 g CuCl,*2 H,O in 1000 mL diluted sulfuric acid (pH 5.4),
sterile filtrated; always prepared freshly prior to use

40 g FeS0O,4*7 H,0 in 1000 mL diluted sulfuric acid (pH
5.4), sterile filtrated; always prepared freshly prior to use

200 g glucose in 1000 mL aq. dest., sterile filtrated
1 mol-L" MgSOQ, in aq. dest., sterile filtrated
2 g MoO4Na,*2 H,0 in 1000 mL agq. dest., sterile filtrated

85.5 g Na,HPO,*12 H,0, 15 g KH,PO,, 2.5 g NaCl, 5 g
NH,4Cl in 1000 mL aq. dest., autoclave at 120°C for 20
min

2 g ZnSO4*7 Hzo, 4 g COC|2*6 Hzo, 10 g MnSO4*H20,
1.3 g Alx(SO4);*18 H,O in 1000 mL aq. dest., sterile
filtrated

20% M9 salts (5x), 2% M9 glucose (10x), 0,2% M9
MgSO,, 0.01% M9 CaCl,, 0.1% M9 FeSO,, 0.1% M9
CuCly, 0.1% M9 MoO4Na,, 0.1% M9 trace elements
(1000x) in autoclaved MilliQ water

300 mmol-L™ in aq. dest.

1.23 g NaH,PO4*H,0, 14.92 g Na,HPO,*12 H,0 in 1000
mL aq. dest., adjust pH to 7.5

3.33 mL acrylamide solution, 2 mL Lower-TRIS buffer,
2.677 mL aq. dest., 40 yL APS, 4 yL TEMED; lower or
higher concentrated SDS-PA gels were prepared by the
use of the respective acrylamide amount

0.52 mL acrylamide solution, 1 mL Upper-TRIS buffer,
2.47 mL aq. dest., 40 yL APS, 4 yL TEMED

24 g yeast extract, 12 g peptone/tryptone, 8 g glycerol in
900 mL aq. dest., autoclave at 120°C for 20 min, add 100
mL 10x TB-salts

100 mmol-L™ RbCl, 50 mmol-L" MnCl,, 30 mmol-L"
KOAc, 10 mmol-L" CaCl,, 15% glycerol

100 mmol-L™" RbCl, 75 mmol-L" CaCl,, 10 mmol-L"
MOPS, 15% glycerol

75 mmol-L™" CaCl,, 6 mmol-L™" MgCl,, 15% glycerol
2.43 g TRIS, 10 g NaCl in 1000 mL aq. dest., adjust pH to
7.5 with HCI

17 g tryptone, 3 g soytone, 2.5 g glucose, 5 g NaCl, 2.5 g
KoHPO, in 1000 mL ag. dest., autoclave at 120°C for 20
min

6 g TRIS, 0.1 g SDS in 100 mL aq. dest., adjust pH to 6.8
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Equipment

Table 23: Used equipment.

Equipment Name Producer
Balances PCB350-3 Kern & Sohn GmbH (Belingen,
PCB2500-2 Germany)
Explorer E14130 Ohaus (Parsippany, USA)
MC1 Analytic AC 120S Sartorius (Gottingen, Germany)
Centrifuges Biofuge pico Thermo Fisher Scientific
Biofuge 400R (Waltham, USA)
Multifuge 3S-R
Fresco 17
Sprout-Minizentrifuge BiozymScientific (Oldendorf,
Germany)
Cleanbench HeraSafe KS15 Thermo Fisher Scientific

DNA electrophoresis

Fermenter/Bioreactor

FPLC

Gas chromatography

Heating-/stirring plate

Homogenization

Incubation

Membrane Pump

Mini-Sub Cell GT
Compact XS/S

BioFlo 110
SpinChem 6530
AKT Apurifier
AKTAbasic

GC-2010(plus) incl. AOC-20i/s
GCMS-QP2010
RCT basic

FastPrep-24
French Press

Sonopuls HD/UW 2070

Incucell

Unitron
Multitron

Stepdos 03 RC
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(Waltham, USA)
Bio-Rad (Munich, Germany)

Biometra GmbH (Gottingen,
Germany)

Eppendorf (Hamburg,
Germany)

Nordic ChemQuest AB (Umes3,
Sweden)

GE Healthcare (Bucking-
hamshire, United Kingdom)

GE Healthcare (Bucking-
hamshire, UK)

Shimadzu (Duisburg, Germany)
Shimadzu (Duisburg, Germany)

IKA Labortechnik (Staufen,
Germany)

MP Biomedicals, Inc.
(Eschwege, Germany)

Thermo Fisher Scientific
(Waltham, USA)

Bandelin (Berlin, Germany)

MMM Medcenter Einrichtungen
GmbH (Grafeling, Germany)

HT Infors (Bibra, Germany)

KNF (Freiburg im Breisgau,
Germany)
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Orbital shaker

Overhead-stirrer

pH-meter

Photometer

Power Supply for
Electrophoresis

Protein
electrophoresis

Sterilization

Thermocycler

Thermoshaker

UV table

Vortex

Water bath

Polymax 1040
EuroStar digital
pH211 Microprocessor

V-550

Fluostar Optima

UVmini-1240
EPS EV231

Standard Power Pack 25
Minigel-Twin 010-130

V-120 autoclave
Laboklav
Dry-Line oven

FlexCycler®

Flexcycler

Tpersonal

Techgene
DNAEnNgine (Tetrad 2)

Thermomixer comfort

Benchtop UV
Transilluminators UV-Start

Vortex-Genie 2

D8/G

Heidolph (Schwabach,
Germany)

IKA Labortechnik (Staufen,
Germany)

Hanna Instruments (Kehl am
Rhein, Germany)

Jasco (Tokyo, Japan)

bmg-Labtechnologies
(Offenburg, Germany)

Shimadzu (Duisburg, Germany)

Consort (Turnhout, Belgium)

Biometra (Gottingen, Germany)

Biometra (Gottingen, Germany)

Systec (Bergheim-Glessen,
Germany)

SHP Steriltechnik (Detzel,
Germany)

VWR International (Darmstadt,
Germany)

Analytik Jena (Jena, Germany)
Analytik Jena (Jena, Germany)
Biometra (Gottingen, Germany)
Techne (Staffordshire, UK)
Biorad (Hercules, USA)

Eppendorf (Hamburg,
Germany)

UVP (Upland, USA)
Biometra (Géttingen, Germany)

Scientific Industries (Bohemia,
USA)

Haake Fissons (Karlsruhe,
Germany)

6.2 Microbiological Methods

Strain maintenance

All strains were maintained on agar plates containing the respective antibiotic as
selection marker and stored at 4°C for up to two months. For longer storage glycerol
stocks were prepared containing 30% glycerol and the desired cells from a pre-culture.
These were stored at -80°C.
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Preparation of pre-cultures

Pre-cultures for expression were grown in LB supplemented with the respective
antibiotic as selection marker at 37°C (E. coli) or 30°C (all other bacteria) over night
after inoculation with 3 - 5 pl of a glycerol stock or a colony from an agar plate.

Preparation of competent cells
...of E. coli

100 mL of LB were inoculated with the respective pre-culture and grown to an optical
density of 0.4 - 0.6 at 37°C and 180 rpm. Subsequently the cells were harvested by
centrifugation at 4000xg for 10 min at 4°C. The pellet was resuspended in 30 mL pre-
cooled TfB1 solution und incubated on ice for 15 min. Again the cells were harvested
by centrifugation as described above, the supernatant was discarded, the pellet was
resuspended in pre-cooled TfB2 solution and the cells were incubated on ice for 15
min. This cell suspension was finally snap-frozen in liquid nitrogen as 50 uL aliquots,
which were stored until use at -80°C.

...of Pseudomonas putida

Competent cells of P. putida were prepared as described by Chuanchuen et al."™
Therefore, 1 mL of a pre-culture was transferred into a precooled microfuge tube and
centrifuged at 13,000xg for 30 s at 25°C. The supernatant was discarded, the cells
were resuspended in 1 mL cold 0.1 mol-.L”" MgCl, and subsequently centrifuged as
before. Again the supernatant was discarded, the cells were resuspended in 1 mL cold
TG salts, incubated for 10 min on ice and centrifuged as before. After removal of the
supernatant the cells were finally resuspended in 200 yL cold TG salts and snap-
frozen in liquid nitrogen or used directly for transformation.

Transformation

...of E. coli

One aliquot of competent cells was thawed slowly on ice. After addition of 0.5 - 5 pL
DNA solution (approx. 40 ng-uL™") the cells were incubated on ice for 15 - 30 min. After
that the cells were heat-shocked by incubation at 42°C for 30 sec followed by
incubation on ice for 2 - 5 min. After addition of pre-warmed LB-SOC medium the cells
were incubated under shaking at 37°C for 1 h. Finally the cells were spread on LB agar
plates containing the respective antibiotic and incubated over night.

...of P. putida

Transformation of P. putida was carried out as described by Chuanchuen et al."™

Briefly, the procedure was the same as used for E. coli transformation, except that the
heat shock was carried out at 37°C for 2 - 5 min and the shaken incubation after that at
30°C.
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Cultivation

E. coli strains were routinely cultured in LB medium and, if necessary, supplemented
with ampicillin (100 pg-mL™), chloramphenicol (25 pg-mL™) or kanamycin (50 pug-mL™).
Bacterial cultures were incubated in Erlenmeyer flasks in orbital shakers at 180 rpm
unless otherwise stated. Bacteria on agar plates were incubated in a certain incubator
under air. All materials and biotransformation media were sterilized by autoclaving at
121°C for 20 min. Agar plates for E. coli were prepared with LB medium supplemented
by 1.5 % (w/v) agar.

P. putida was cultivated as described for E. coli, except that routinely TSB medium
was used and the cells were incubated at max. 30°C. Agar plates for P. putida were
prepared with TSB medium supplemented by 1.5 % (w/v) agar.

C. cellulans and R. equi were cultivated either aerobically with cotton plug or
anaerobically with septum plug in 300 mL Erlenmeyer flasks. 100 mL of M9 medium
was used containing either glucose, ethyl benzene or no carbon source. Ethyl benzene
was supplied by vaporization from a 15 mL Falcon tube, which was perforated at 6, 7
and 10 mL, and placed inside the flask. The cells were incubated at 30°C with 180 rpm
shaking. Agar plates for these bacteria were prepared with LB medium supplemented
by 1.5 % (w/v) agar.

Expression of enzymes

In general, the cultivation was carried out by inoculation of 200 mL cultivation medium
supplied with the specified antibiotic with 2 mL of a pre-culture (1:100). The cultivation
was continued at 37°C until an ODgg of 0.6 - 0.7 was reached. Then, expression of the
enzymes was induced by addition of the specified inductor. The expression was
continued for the specified times at the given temperatures (Table 24).

Table 24: Conditions for enzyme expression.

Enzyme Expression strain Inductor Expression protocol

CHMO E. coliBL21 (DE3) 0.1 mmol-L”" IPTG TBkan, 37°C, 180 rpm:; after induction
25°C for8 h

LK-ADH E. coli BL21 (DE3) 0.1 mmol-L” IPTG TBamp, 37°C, 180 rpm; after
induction 25°C for 8 h

OYEA1 E. coli BL21 (DE3) 0.1 mmol-L” IPTG TBamp, 37°C, 180 rpm; after
induction 25°C for 8 h

XenB E. coliBL21 (DE3) 2% L-rhamnose TBamp, 37°C, 180 rpm; after
induction 25°C for 8 h

P450-BM3 E. coliBL21 (DE3) heat TBamp, 37°C, 180 rpm; for induction
42°C for max. 8 h

CYP102A7 Various 0.1 mmol-L™" IPTG TBamp, 37°C, 180 rpm; after

(pET) induction 17/30°C overnight

CYP102A7 Various 2% L-arabinose TBamp, 37°C, 180 rpm; after

(pBAD) induction 17/30°C overnight

L6H E. coli BL21 (DE3) 0.1 mmol-L" IPTG TBamp, 37°C, 180 rpm; after
induction 20°C overnight

DOCequi P. putida S12 0.2 - 2% L-arabinose TSBkan, 30°C, 180 rpm; after
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induction 30°C overnight

Co-Expression E. coliBL21 (DE3) 0.1 mmol-L”" IPTG TBamp, 37°C, 180 rpm; after
constructs AnemA induction 25°C for 8 h

Cell disruption

Samples normalized to cell weight (7/0D) were centrifuged at 13,000xg for 5 min, the
supernatant was removed and the pellet was stored at -20°C until cell disruption. For
preparation of crude cell extracts the pellets were thawed and resuspended in 500 pL
phosphate buffer. Subsequently the cells were disintegrated twice by ultrasonication
for 30 sec (50% power, 50% cycle). The solution was clarified by centrifugation as
before. The supernatant was used as soluble protein fraction and the pellet after
resuspension in 500 uL buffer as insoluble protein fraction for SDS-PAGE.

The complete cells from a cultivation, which were used for example for purification,
were harvested by centrifugation at 4500xg for 10 - 30 min. The supernatant was
discarded and the pellet resuspended in max. 50 mL buffer (1:10 with respect to the
actual culture volume). These cells were then disintegrated by ultrasonication for thrice
5 min (50% power, 50% cycle).

6.3 Molecular Biology Methods

Isolation of plasmids

For isolation of plasmids the innuPREP Plasmid Mini Kit (Analytik Jena) was used. The
cells from a pre-culture were harvested by centrifugation and subsequently used as
described in the manufacturer's manual. Except that for elution 50 yL hot aq. bidest.
(70°C) was used and that it was eluted twice using the same water to increase the
yield.

Extraction of genomic DNA

Genomic DNA was extracted using the DNEasy Blood and Tissue Kit (Qiagen)
according to the manufacturer’s instructions.

Agarose gel electrophoresis

For detection, quantification or preparative extraction of DNA fragments these were
separated by agarose gel electrophoresis. Therefore, agarose was molten in TAE
buffer using a microwave oven. For detection of DNA RotiSafe GelStain (Carl Roth,
Darmstadt, Germany) was added after short cooling into the solution (3 yL per 50 mL
gel volume). Subsequently the gel solution was poured into the respective gel casting
stand. Prior to gel application of the samples these were mixed with DNA sample
buffer (5:1). After that 2-50 uL of sample were added into one of the gel pockets. For
all agarose gels also a DNA maker (1 kbp DNA ladder, Carl Roth, Darmstadt,
Germany) was applied in one of the pockets. The electrophoresis itself was carried out
at 90 to 110 V and 400 mA over 30 to 50 min. For visualization of the DNA the gel was
illuminated by UV light on a suitable UV table.
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Gel extraction of DNA fragments

The DNA fragments were separated as described above. If these were also supplied
to gel extraction, it was necessary not to UV-illuminate the gel for a too long time,
because this might lead to damage or mutation of the DNA. The gel extraction itself
was carried out according to the QIAquick Gel Extraction Kit (Qiagen), PCR
Purification Kit (Roche) or the NucleoSpin® Gel and PCR Clean-Up Kit (Macherey-
Nagel). As first step the respective bands visualized in the gel were excised using a
scalpel and transferred into pre-weighed micro tubes. The residual procedure was
carried out as described in the respective manual, except that the elution was done
twice with the same 15 L sterile and hot aq. bidest. (70°C).

PCR-methods

General amplification of DNA

DNA was generally amplified by PCR according to the following procedure.

50 yL PCR-mix: 5 yL PCR-buffer (10x) according to Table 25
1.5 uL dNTPs (10 mmol - L™
1 L forward primer (10 pmol - L)
1 uL reverse primer (10 pmol - L)
3 uL template DNA
0.5 pL polymerase
38 L sterile aq. bidest.

Program: Denaturation 1 min 98°C
Denaturation 30-45sec 95°C
Annealing 30-45sec 50-72°C 18 — 30 cycles
Elongation 1 min - kbp™ 68 - 72°C
Elongation 10 min 68 - 72°C

The correct annealing temperature was estimated by first calculating the melting
temperature either using Geneious or the online tool Melting Temperature (T)
Calculation®! and then subtracting 5°C from this value. If this way no PCR product
could be detected a gradient PCR scanning several annealing temperatures was
carried out. If still no PCR product could be detected up to 5% of DMSO was added to
enhance melting of the DNA strands. If this way still no product could be detected the
Q5 polymerase with GC enhancer was used. The correct elongation temperature for
the specific polymerases is given in Table 25.

110



6 Materials and Methods

Table 25: Polymerases and the buffers supplied by manufacturer and elongation temperatures
to be used.

Elongation

Polymerase Buffer Temperature [°C] Purpose

Taq B 72 General PCR

Taq C 72 Colony PCR

OptiTaq C 68 FastCloning/SLiCE PCR
Pfu” Pfu 68 QuickChange PCR

Q5 Q5 72 PCR for difficult templates

Colony PCR

For identification of positive transformands colony PCR was applied. Therefore the
same PCR-mix was used as for the general amplification of DNA, except that the
template was left out and generally 5% DMSO was added. The PCR mix was divided
into 10 pL portions. In each tube three colonies of interest were pooled. These were
prior to application in the PCR tube backup streaked on a new agar plate, so that only
very few cells were put into the PCR-mix. The above mentioned PCR program was
also used for colonyPCRs, except that the initial denaturation step was elongated to 5
min and always the Tag-polymerase was used. Positive hits were subsequently
depooled by repeated colonyPCR using the single backup colonies as template.

QuikChange®

The introduction of simple mutations was carried out using the QuikChange® method
as described before.”*” Therefore, the desired plasmid was amplified using a pair of
primers containing the desired mutation. After digestion of the parental plasmid DNA
with Dpnl the 7 yL of the PCR-mixture were transformed into E. coli TOP10, which
automatically ligated the nicked DNA strands.

Gene walking PCR

For gene walking PCR the following setup was used. The special fact is that only one
primer is used in the reaction. The sequence identified by gene walking can be found
on the supplementary digital raw data disc.

200 pL PCR-mix: 20 uL buffer B (RoboKlon)
10 yL DMSO
4 uL dNTPs (10 mmol - L)
4 L primer (10 pmol - L)
3 yL template DNA (approx. 500 ng)
2 uL OptiTag-poymerase
157 uL sterile aq. bidest.
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Program: Denaturation 4 min 95°C
Denaturation 30 sec 95°C
Annealing 30 sec 50 - 63°C 30 cycles
Elongation 3 min 72°C
Denaturation 30 sec 95°C
Annealing 30 sec 40°C
Elongation 3 min 72°C
Denaturation 30 sec 95°C
Annealing 30 sec 55 -68°C 30 cycles
Elongation 3 min 72°C
Elongation 10 min 72°C

Cloning by FastCloning and SLiCE

Using these techniques any DNA fragment can be cloned into any desired position of a
plasmid without the use of a ligase. Therefore, the desired DNA is amplified with
additional 16 to 25 bases overhangs. The sequence of these overhangs is identical to
the plasmid sequence, which is found up- and downstream of the desired position in
the plasmid. The overhangs are simply introduced by PCR using the respective
primers containing the additional sequences (Table 21). For FastCloning®®*" the vector
itself is also amplified in the same way, except that the overhangs are identical to the
respective sequences to be inserted. For SLICE®? the vector is simply cut with a
restriction enzyme near the desired position of insertion instead of amplification. In
both cases the DNA fragments produced before are purified by gel extraction and
mixed in a certain molar ratio (FastCloning: vector:iinsert=1:4; SLIiCE:
vector:insert=1:40). Finally, 7 pyL of this mixture was transformed directly into E. coli
TOP10, when using the FastCloning method. The cells automatically ligated the
fragments by homologous recombination. If SLICE was used the vector:insert mixture
is ‘ligated’ for 2 h at 37°C by the SLIiCE extract, which mainly consists of a crude E. coli
TOP10 extract.? Afterwards, 7 pL of this mixture was transformed into E. coli
TOP10.

Purification of PCR products

For downstream applications the PCR products had to be purified. This was carried
out by the use of the PCR Purification Kit (Roche) or the NucleoSpin® Gel and PCR
Clean-Up Kit (Macherey-Nagel). The manufacturer’s instructions were followed, except
that the elution was done twice with the same 20 pL sterile and hot aq. bidest. (70°C).

Sequencing
All modified and cloned DNA fragments or constructs were verified by sequencing.

Therefore, either the sequencing service of GATC (Constance, Germany) or Eurofins
Genomics (Ebersberg, Germany) was used.
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Classical cloning by restriction and ligation

When using the classical cloning method the insert was generally PCR amplified prior
to disgestion. Both vector and insert (each 1 - 5 uyg DNA) were digested with the
desired restriction enzymes according to the enzymes’ optimal conditions. These were
usually identified by using the NEB Double Digest Finder (New England BiolLabs) or
the DoubleDigest Calculator (Thermo Fisher Scientific) dependent on the manufacturer
of the restriction enzyme. In general, the digestion was carried out at 37°C unless a
different temperature was mentioned by the supplier for 2 h, followed by 10 min at
80°C for deactivation of the enzyme. Subsequently the fragments were gel extracted
for purification. For ligation the fragments were mixed in an approx. vector:insert ratio
of 1:4 resulting in a total volume of 8.5 pL. Then 1 uL of T4-ligase buffer (10x) and 0.5
ul T4-ligase were added and the mixture was incubated at room temperature over
night. The following day 7 uL of the ligation mixture was transformed into E. coli
TOP10.

Dpnl digestion

To remove parental plasmid DNA these was digested with the restriction enzyme Dpnl.
This enzyme only cuts methylated DNA, which is produced inside the cell. Therefore,
simply 1 pL of the enzyme was added to the desired DNA containing solution and this
is subsequently incubated at 37°C for 2 h, followed by 10 min at 80°C for deactivation
of the enzyme.

Quantification of DNA

DNA concentrations were in general determined by UV-Vis photometry using the
NanoDrop. Furthermore, using this method also the purity of the DNA could be
estimated by the calculation of the ratio between absorption at A = 260 nm and 280
nm. A quotient between 1.8 and 2.0 was accepted as pure DNA.

6.4 Biochemical Methods

Protein quantification

Protein contents were determined using the BC Assay Protein Quantitation Kit
(Uptima) following the delivered kit manual. The assay was carried out in 96-well
microtiter plates. One well contained 25 pL of BSA-standard or sample and 200 uL BC
Assay working reagent (previously prepared as described in kit manual). The plates
were then incubated for 30 min at 37°C. Subsequently, after cooling to room
temperature the absorbance at 562 nm was determined. All measurements were
conducted in triplicates.

Protein purification via His-tag

Proteins carrying a His-tag were purified using a HisTrap HP column (5 mL column
volume (CV), GE Healthcare, Buckinghamshire, UK) attached to a AKTA FPLC
system. The column was equilibrated prior to sample application with a mixture of
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buffer A and B (10:1). Subsequently, the sample was loaded with a flow of
2.5mL - min” and the column was washed with three CVs of 13% buffer B and a flow
of 5 mL - min™.The bound protein was eluted with three CVs of 100% buffer B and the
same flow. Fractions of 2 mL were collected automatically by the autosampler.
Usually, the fraction containing the purified protein could be detected by eye as the
enzymes had a significant color (e.g. P450s are red). For further applications the
purified proteins had to be desalted, because the imidazole often is interfering with
other reagents.

Preparation of E. coli membrane fraction

At first the harvested cells were resuspended in 1/7 volume of the respective culti-
vation of Tris-HCI buffer (0.1 M, pH 7.8, 0.5 mM EDTA, 20% glycerol). The cells were
lysed by addition of 0.2 mg Lysozyme and an equal amount of cold aq. dest. and then
stirred for 30 min at 4°C. Afterwards the spheroblasts were pelleted by centrifugation
(7,000xg, 10 min), which were subsequently resuspended in 1/20 volume of KPi buffer
(10 mM, pH 7.5, 0.1 mM EDTA, 20% glycerol, 0.1 mM DTT) by stirring for 30 min at
4°C. For disruption of the cells 0.5 mM PMSF was added and then the cells were
sonicated thrice 25 sec (50% power, 50% cycle). Unlysed cells and inclusion bodies
were removed by centrifugation (10,000xg, 10 min). Finally, the supernatant was
centrifuged (48,000xg, 45 min) and the pellet containing the membrane fraction was
resuspended in 1/20 volume of KPi buffer (10 mM, pH 7.5, 0.1 mM EDTA, 20%
glycerol) using a pipette.

Desalting

Desalting of purified proteins was done using the PD-10 Desalting Columns (GE
Healthcare, Buckinghamshire, UK). The procedure was carried out in accordance with
the supplied manual by hand using the gravity protocol.

SDS-PAGE

Enzyme expression levels were analyzed by denaturating SDS-PAGE. Therefore, 15
WL of loading buffer were added to 15 yL sample and subsequently heated to 95°C for
5 min. The centrifuged samples (1 min, 16,000xg) and a protein marker were loaded
on the polyacrylamide gel and electrophoresis was performed at 25 mA per gel and
160 - 180 V. The separation was stopped when the samples reached the lower end of
the gel after approx. 1 h. The gels were stained with coomassie brilliant blue G250
over night. Afterwards, the gels were rinsed with aq. dest. and incubated in destaining
solution until clear blue protein bands were visible. As marker either RotiMark
Standard (Carl Roth, Darmstadt, Gemany) or PageRuler Unstained Protein Ladder
(Thermo Fisher Scientific, Waltham, USA) was used.

NADPH Assay
The activity of crude cell extract was determined by the NADPH-assay in cuvettes.

One cuvette contained 949 uL KPi buffer, 1 yL substrate stock solution, 1 yL NADPH
stock solution (0.3 mmol - L™ final concentration) and 50 pL crude cell extract. The
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activity was determined by observation of absorbance decrease by NADPH
consumption at 340 nm. All measurements were conducted in triplicates.

Activity determination of whole free and immobilized cells

The activity of whole free and immobilized cells was determined by biocatalysis in
100 mL Erlenmeyer flasks sealed with a breathable membrane (AeraSeal™ film). The
total volume of 10 mL reaction medium of TRIS buffer contained 20 mmol - L
substrate and 20 mmol - L co-substrate (glucose for BVMO involved reactions,
acetone for ADH involved reactions). The reaction was started by addition of
approximately 1 g encapsulated cells or 1 mL of cell suspension (100 gwew - L™). The
flasks were then placed in a shaking incubator at 25 - 30°C and 120 rpm. After 2 h a
sample of 500 uL was taken and immediately stored at -20°C for later determination of
substrate and product concentration by GC.

6.5 Immobilization and Biocatalysis Reactions in STR, RBR and
FBR

Encapsulation in alginate — ‘drop’ method

For encapsulation in alginate fresh cells were resuspended at a concentration of
100 gwew L™ in TRIS buffer. An adequate volume of the cell suspension was stored at
4°C for activity determination of the free cells. The residual volume was mixed 1:1 with
alginate stock solution (3.6%). This alginate-cell suspension was then passed through
a needle (0.8 x 120 mm) using a pump (Stepdos 03 RC, KNF Flodas) at a flow rate
between 3-6 mL - min™ depending on the viscosity of the suspension into a 0.1
mol - L™ CaCl, solution. The CaCl, solution was mixed gently by a magnetic stirring
bar and kept on ice during the immobilization procedure. The beads produced this way
were separated from the solution using a filter and incubated in fresh CaCl, solution at
4°C for at least 30 min. Afterwards, the beads were washed three times with 50 mL
TRIS buffer and used directly for biocatalysis.

Encapsulation in alginate — ‘gas-shear’ method

In principle the encapsulation was carried out as described above for the ‘drop’
method. The only addition that had to be made, was the application of the gas-shear
device (Figure 45) to the needle, so that the alginate-cell suspension was extruded
from the needle as spray.

Biocatalysis reactions

...in RBR

The voids of the SpinChem® (Nordic ChemQuest AB) were filled completely with
alginate encapsulated cells. The reaction vessel was thermostated at 25 - 30°C by a
heating plate, a waterbath or the BioFlo 110 control unit. Oxygen supply was
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performed by continuous aeration of the reaction solution using pure oxygen at
0.25 Ipm. The spinning speed of the overhead stirrer was set to 500 rpm. At adequate
intervals 500 pL samples were taken from the reservoir and stored immediately
at -20°C for later determination of substrate and product concentration.

...in STR

These reactions were carried out in a similar way as the ones using the RBR. Except
that in this case the respective amount of cell capsules or cells was placed directly into
the reaction medium and stirred at 500 rpm using an overhead stirrer. Oxygen supply
was performed by continuous aeration of the reaction solution using pure oxygen at
0.25 Ipm. At adequate intervals 500 uL samples were taken from the reservoir and
stored immediately at -20°C for later determination of substrate and product
concentration.

...in FBR

In average, the fixed bed contained about 46 g of alginate encapsulated cells and was
thermostated at 30°C. The beads were fixed with glass wool. The reservoir was
thermostated at 18°C to keep evaporation of substrate and product at a low level.
Furthermore, the medium reservoir was kept at an oxygen saturation of 100% by the
BioFlo 110 (New Brunswick Scientific) control unit. The flow-rate of the reaction
medium was set to 100% in the control unit, which corresponded to 2.9 mL - min™. At
adequate intervals 500 yL samples were withdrawn from the reservoir and stored
immediately at -20°C for later determination of substrate and product concentration.

6.6 Analytics

Gas chromatography

Exemplary chromatograms of the analyzed substances can be found on the
supplementary digital raw data disc.

The concentrations of all used substrates, intermediates and products were
determined by gas chromatography (GC). The substances were separated on the
column listed in the respective program (Table 26). Therefore, the samples were
extracted with 2 mmol - L™ external standard in dichloromethane in a 1:1 ratio and
dried afterwards using dry Na,SO,. The GC-analysis was performed by the auto-
sampler/-injector of the GC device. The temperature programs used and the retention
times of the substances are shown in Table 26 and Table 27.
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Table 26: Used GC programs.

Program # Column

Time [r=°C - min’

"l External standard

1

FS-Hydrodex 3-3P

(25 m x 0.25 mm, Macherey-
Nagel)

FS-Hydrodex 3-3P

(25 m x 0.25 mm, Macherey-
Nagel)

FS-LIPODEX® G

(50 m x 0.25 mm, Macherey-
Nagel)

hold 60°C 5 min
10r to 160°C
hold 160°C 10 min

hold 125°C 10 min

hold 75°C 13 min
5rto 120°C

hold 120°C 5 min
10r to 200°C
hold 200°C 5 min

acetophenone

(S)-1-phenylethanol

4-
methylacetophenone

Table 27: Retention times of the analyzed substances.

Substance

Program # Retention time [min]

(1R,5R)-carveol
(1S,5R)-carveol
(1S,5S)-carveol
(R)-1-phenylethanol
(R)-1-phenylethylacetate
(R)-carvone

(R)-limonene
(S)-1-phenylethanol
(S)-carvone

(S)-limonene

(S)-perillyl alcohol
4-methylacetophenone
acetophenone
cis/trans-(-)-limonene-1,2-epoxide
cyclohexanol

cyclohexanone

cyclohexenone
rac-cyclohexenol
trans-(+)-limonene-1,2-epoxide

g-caprolactone

3

W W W W N W W N DN W w

30.2
30.8
31.0
7.1
5.0
28.5
14.1
7.6
28.3
14.6
32.8
26.7
18.2

3 21.0/21.3

16.3
14.2
15.5

1 16.4/16.6

21.3
204
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6.7 Bioinformatic Methods

Table 28: Used software.

Name Purpose Developer

MS Office Pro Plus 2010 s(,:r::::)n of Word-documents and Excel- o oft Corporation
SigmaPlot 12.0 Creation of graphs Systat Software, Inc.
Caver 3.01'% Computation of protein tunnels J. Damborsky
ChemBioDraw Ultra 12.0 Creation of reaction schemes CambridgeSoft
HYDEN?* Design of degenerated primers C. Linhart & R. Shamir
PyMol 1.5.0.4 Visualization of protein structures Schrodinger, LLC.

Sequence management and virtual

Geneious 8.0.4 )
cloning

Biomatters, Ltd.

YASARA 15.11.18%*  Homology modelling E. Krieger

Creation of homology models by YASARA

Homology models were prepared by using the internal YASARA homology modeling
function. Therefore, simply a protein sequence in FASTA format is submitted to the
program. This automatically performs a BLAST search and picks a set number of
sequences sharing the highest homology with the submitted one and for which the
structure has been solved. On each of these sequences the submitted one is aligned
onto for a set number of times, so that in the end several models are prepared. Out of
these models again from the best ones a chimera model is created, which was in
general accepted as homology model. In the end, this homology model was refined
using the YASARA macro md_refine with the standard parameters. The model with the
lowest energy was finally accepted as final model. All models prepared were submitted
to MolProbity!'®® for evaluation. The YASARA outputs can be found on the
supplementary digital raw data disc.

Computation of protein tunnels using Caver 3.0

Caver 3.0 is a plugin for PyMol. This calculates cavities, which are present in protein
structures. This was used for the computation of the tunnels in the described P450s.
Therefore the heme was defined as starting point. For calculation the standard
parameters of the plugin were used and only the amino acid chain was defined as
scaffold. The raw data for the calculations can be found on the supplementary digital
raw data disc.
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