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Abstract

Selective oxyfunctionalization of hydrocarbons ismajor challenge in industrial organic
synthesis. The biocatalytic activation of alkanesder mild reaction conditions, using
molecular oxygen as benign oxidant, has emergesh asteresting alternative synthesis route.
In this regard, cytochrome P450 monooxygenasegsept a promising class of catalysts for
the selective hydroxylation of non-activated carbatoms. Successful development of
biocatalysts that meet the process requirementsbeaachieved by combination of enzyme
engineering, as well as reaction and process eegie

A novel process concept was developed based omthe-enzymatic double oxidation of
alkanes to alkanones in a one-pot synthesis, enmgiogy cell free as well as a whole cell
catalytic system that were benchmarked against etiwdr. The enzymatic component of the
catalytic cascade are a P450 BM3 monooxygenase (8id or (R)-selective alcohol
dehydrogenases (RE-ADH and Lb-ADH). As model conmasin-heptane and cyclooctane
were employed. Additionally, far-heptane as substrate, a strategy for chiral reeplof (-

or (R)-heptanols was developed. Initially, by meansrotgin engineering the monooxygenase
variant P450 BM3 CMT*°" was generated, showing a high coupling efficieiocyNADH as
cofactor (44%) and a high turnover frequency whih substrate-heptane (600 mif).

The initial step of the biocatalytic oxidation cade consists in the hydroxylation of the alkyl
chain, catalyzed by a P450 BM3 monooxygenase utmesumption of NAD(P)H to produce
(R/S)-heptanols or cyclooctanol. In the second oxidastep and depending on the selectivity
of the employed ADH, the oxidation ofS¢ or (R)-heptanol or complete oxidation of
cyclooctanol to the corresponding ketones is a@&devn addition, the ADH-catalyzed
sequential oxidation allows the direct regeneratbrihe cofactor. As further extension, the
complete oxidation ofn-heptane employing both ADHs in a three enzyme esystvas
achieved, allowing a shift of the reaction equilibn completely to the ketone products.

Whole cells catalysis with the engineered P450 Bmihooxygenases in the described multi-
enzymatic oxidation process yielded up to 4-folghler product concentrations compared to
thein vitro system. For the conversion wheptane, employing a biphasic reaction system, a
total product concentration of 5.7 mM (656 mgLwas obtained. The conversion of
cyclooctane yielded 94% of cyclooctanone with acemtration of 5.2 mM (652 mgi). The
concept of the double oxidation cascade with PAMB Bnonooxygenases and ADHs was
successfully proven and enables further extensmrother catalysts and substrates. The
enzymatic components can be employed in a modukmner, allowing the synthesis of
enantiomerically enriched alcohols or ketones, Whigpresent important building blocks in
the manufacturing of pharmaceuticals, agrochemifadgl additives and synthetic polymers.
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INTRODUCTION

1 Introduction

1.1  Oxyfunctionalization of hydrocarbons: Current challenges

Petrochemical feedstocks are currently used as mraimmaterials for the production of bulk
and fine chemicals. A selective oxyfunctionalizatimf hydrocarbons remains one of the most
challenging tasks in chemistry, especially witharejto simple alkanes, arenes and benzylic
positions! (Figure 1-1), mainly due to a low reactivity ofettC-H bond¥' and the poor
chemo- and stereoselectivity of most chemocatafysts

H
R
A we () 0
n

Methane n-Alkane Cycloalkane Benzylic compound
CH,
Benzene Ethylbenzene Toluene p-Xylene

Figure 1-1: Some examples of representative hydrodaons: alkanes, arenes, benzylic compounds.

The non-activated C-H bond is thermodynamically\&rong (~400 kJ md) and is usually
classified as kinetically inert at room temperatarel towards mild oxidizing reageftsin
fact, alkanes can readily react with oxygen in buif only at elevated temperatures (deep
oxidation or burning), to produce the thermodynaiycstable products water and carbon
dioxide!? Alkanes such as methane and ethane, main compoognatural gas, are used for
example mainly as fuel for combustion in industnd grivate householdd. However, the
combustion of alkanes from valuable petrochemioatees is not interesting from a synthetic
point of view!?

Traditional synthetic routes for functionalizatiai hydrocarbons involve the use of harsh
reaction conditions with temperatures above 10A@/or strong oxidizing agents or acids.
The autooxidation of alkanes can be promoted byicgin of elevated temperatures and a
chain initiator resulting in the formation of freadicals in a chain process. Transition metal
ions can serve as catalyst for this autooxidatioocgss? A great number of oxidation
reactions are also carried out using stoichiometrmounts of inorganic oxidation agents,
mainly dissolved salts of redox-active metals sastpermanganate, manganese dioxide, and

1



INTRODUCTION ‘

chromium(V1) reagents, or other oxidizing agenke Iperiodate, halides, peroxides or ozBhe.
A main problem of these processes is the low seigctlue to the high exothermic nature of
the reaction, resulting in multiple byproducts.

The aerobic oxidation of C-H bonds represents adudr reaction”, since molecular oxygen is a
highly abundant, non-toxic and clean oxidahtevertheless, the activation of the dioxygen
represents a further hurdle, sincgi@®the ground or triplet state (two unpaired el@as with
parallel spin) is rather unreactilfeTo circumvent the spin restriction the triplettsthas to
change (spin inversion), a kinetically impeded tieac leading to the formation of more
reactive oxygen species (e. g. hydroxyl radicaéspyides)’’ To facilitate the activation of
oxygen and the C-H bond, transition metal complegesataining copper, iron or manganese
can be used. The Wacker oxidattbatalyzed by PdGlrepresents one of the most efficient
chemical methods for oxyfunctionalization of olefiand enables the synthesis of aldehydes
and ketonéd.

Recent developments in the aerobic oxidation oradle using organometallic complexes in
homogeneous or heterogeneous catalyzed oxidatiave lbeen reported. For heterogeneous
catalyzed alkane functionalization transition metalch as Mn, Co or Pd are introduced within
a defined framework consisting of crystalline nasmps aluminophosphates (AIPGY)
microporous zeolités! or nanoporous carbon materitfs This type of catalyst resembles a
metal substituted molecular sieve.

In the field of homogeneous catalysis, researchfbassed mainly on the use of hydrogen
peroxide as oxidizing agent. When oxygen is usedxa&tant, activation is achieved by mean
of an artificial reducing agent or an active mefaiplex with a porphyrin ligand. A well-
known example of such a biomimetic metal-complaxtfie oxidation of alkanes to ketones is
the ‘Gif System’, which consists of an iron catalysetallic zinc as reductant and acetic acid
(or other acids) as proton souft®.This system displays however an undesired oxidatio
selectivity for branched alkanes (order secondatgrttary > primary) and no selectivity for
oxidation of arenes and olefins. Other biomimeppraaches using metallo-porphyrins with
diverse ligands are inspired by the reaction meshasof cytochrome P450 monooxygenases
and of the methane monooxygern&$eSatisfactory results have been achieved usintf-Mn
porphyrin*®! Fé'-porphyrif'® or Ru-porphyrit”? complexes in the presence of ascorbic acid,
hydrogen sulfide or acetaldehyde. In most of theesaa compromise between selectivity and
catalytic activity takes place. Simultaneous regind chemoselectivity are often not meet by
these catalystlé]. The most striking advances in the field of selectixidation with molecular
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oxygen are summarized in a comprehensive way imettent reviews by Rodunet al™™ and
Bordeauxet al!¥

Nonetheless, the stoichiometric need of prohibitiv@nsition metal reageH@, or large
quantities of organic solvents and acids, and aerious separation and recycling steps for
products, solvents and catalysts renders mosteottinrently used chemical synthesis routes
unfavorable in regard to environmental impact anstainability® Despite of great advances
in the development of novel processes for the acgsynthesis, there is still the necessity to
find more environmental friendly and sustainabligons, especially in the field of selective
oxidations. Environmental acceptable processespanducts should fulfill certain guidelines
that are defined as principles of ‘Green Chemidtfy’Some of these principles are: efficient
use of preferably renewable raw materials, atomcieffcy, prevention of waste, less
hazardous/ toxic chemical, and higher energy efficy among othef®! Therefore, the
application of biocatalysis in the organic syntkesfifers promising alternatives to meet the
goals of ‘Green Chemistry’.

1.2  Biocatalysis in industrial synthesis

Biocatalysis can be defined as the application mfymes and microbes in the synthetic
chemistry, usually employing catalysts from natwaiirces for new purpos€¥. In industrial
biocatalysis, isolated enzymes or whole cells a®eduor the desired biotransformation of a
target compounds to a value-added product. Thégtiorbf industrially relevant products that
can be synthesized by biocatalytic routes covetwea@harmaceuticals, food ingredients,
intermediates for agrochemicals and pharmaceutiaalwell as bulk chemicafe!

The origin of biocatalysis goes back to the ancanitures of Mesopotamia, China and Japan
where it was applied for the manufacture of foodd lbeverages. One of the first studies on the
biocatalytic action of enzymes was developed imé&eaby Payen and Persoz (1833), who
described the isolation of diastase, a mixturenaylases from the active extract of germinating
barley for the hydrolytic conversion of starch texttin and sugaré? It was first in 1835
when the Swedish chemist Berzelius designated ayxchcess as a catalytic reaction. Between
1835 and 1897, further investigation by the Germsarentists Schwann, who discovered
Pepsin, Kihne who proposed the term ‘enzyme’ aedBilnchner brothers, who demonstrated
that alcoholic fermentation did not require whotdls but only the cell-free extract of yeast,
contributed to the further development of biocaayas an independent research field. The
first company to commercialize standardized enzymeparations for industrial production,
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namely isolated rennet for cheese making, was fedind 1874 by the Danish chemist
Christian Hansef®!

One substantial breakthrough to achieve a more spr@ad application of enzymes in
industrial processes came along with the developneénimmobilization techniques to
overcome stability and recyclability issues. Mgpoocesses that uses immobilized enzymes in
a product scale of more than 10,000 tons per yeaithee production of high fructose corn
syrup with a glucose isomerase, the acrylamide yuotboh catalyzed by the nitrile hydratase
and the synthesis of 6-aminopenicillanic acid a&dmg block for semisynthetic penicillin and
cephalosporin antibiotics employing a penicillinidase’**"!

The next crucial breakthrough in biocatalysis wahieved by introduction of DNA
technologies for engineering of enzymes from 19@@ards. Amylases, glucose isomerases,
subtisilin (in washing powders) and penicillin aeses are used currently as recombinant
enzymes in some of the most important industriatesse&” Further development of protein
engineering techniques has enabled the synthesiershatural intermediates, mainly for the
pharmaceutical and the fine chemical industry. Naaya, optimization of process stability and
development of novel activities towards non-natusalbstrates are some of the main
challenges, which are tackled by enzyme engineeajmgoaches in the search for new or
alternative synthetic process&s.

In the last decades, the use of biocatalysis instréhl manufacturing process has settled down
as a key technology next to more traditional orgasyinthesis routes. Up to 2006 Straathof
estimated that more than 150 biotransformation gsees had started on an industrial scale,
most of them involving hydrolases or redox bioo;frm!%] Judging from the number of
established processes, biocatalysis is appliedeatrtoment mainly in the production of fine
chemical that are employed in the development afpaceutical&®

In the last years growing interest also in the i@ppibn of biocatalytic processes for production
of bulk chemicals has emerged, not only within #icademic but also the industrial research
areas. In part, this turn is a result of a moreespiead awareness of the environmental impact
that current production processes have in our 8ocik is now accepted that more
environmental friendly and sustainable technologiesrequired in the chemical industf.

Some of the striking advantages of enzymes ovamur@r metallo-catalysts used in chemical
synthesis are their remarkably high chemo-, regitd stereoselectivity and the capability of
accepting a varied range of substrates, consistirggmple or complex structures. Enzymatic
reactions are performed in regard to temperatuce @essure usually under mild reaction

4
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conditions. Toxic reagents or higher amount of epts are in general not requiféd.These
are intrinsic characteristics of enzymes due tdar tineidence in natural environments, where
they carry out very specific tasks in a complexutated and fine-tuned network of metabolic
pathways. Another relevant aspect is the facthbi@hass can be produced in a much simpler
and cost-effective way in larger amounts and slpariods of time. As the biocatalysts
themselves are biodegradable, the environmentadhgan be reducédd’

1.2.1 Stereo-chemical synthesis of alcohols

Most of the produced optically active chemicalgisas amines, alcohols and carboxylic acids
are used in the pharmaceutical, agrochemical and fodustry. In the pharmaceutical and
agrochemical industries an estimated share of 13%he market accounts for chiral
intermediates, which are used as chemical buildbigcks, auxiliaries or advanced
intermediate€® In this regard, the synthesis of optically purenpounds is partly imposed by
the strict regulations of the US Food and Drug Adstration (FDA) and the European
Committee for Proprietary Medicinal Products fogistration of new active compound&?®!

The production of chiral compounds can be classifirethree different groups that comprise
the classical methods, such as chemical racemitutessh or chromatographic separation, the
asymmetric (chemical) resolution and the biotecbgickl (biocatalytic) process€S. As an
example, the synthesis of chiral alcohols starfnogn prochiral ketones and olefins is often
achieved by asymmetric reduction using either ¢hioson reagent¥! and chiral phosphorous
ligand$*® or by enzymatic ketone reductf&h

Biotechnological processes offer in most cases amwnamical attracti®® and
environmentally preferable access to opticallyvactompound§* 34 Therefore, the number
of industrial processes employing biocatalytic noetth has increased significantly in the last
years=®!

Biocatalytic processes which involve the generatdnchiral centers during the catalyzed
reaction employ mainly kinetic resolution and asyamic synthesi€® Hydrolases, especially
lipases, are the most commonly employed enzymesdustrial processes, catalyzing the
hydrolytic cleavage of carbon-oxygen single bondsptoduce acids and alcohols. Upon
addition of an acyl donor, kinetic resolution oétproduced racemix mixture is achieved, as
shown in Figure 1-#* 21 Lyases are another enzyme class which is usuaiptayed for the
synthesis of chiral alcohols. They catalyze thentiion of C-C bonds, enabling upon addition
of ketones or aldehydes as substrate the produatitire corresponding alcohdfé.
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R, Pseudomonas sp. lipase Ry Rz

}\/QH + acyl donor OAc 4 . OH
R > R; Ry

1 organic solvent
rac S R

Figure 1-2: Kinetic resolution of primary alcoholsby means of a lipase fronPseudomonas sp. The reaction
is carried out in an organic solvent (e. g. benzsm€HCE) using an acyl donor such as vinyl acetate ori@cet
anhydride. Redrawn from Fabéf.

Oxidoreductases catalyze redox reactions (elediramsfer from or to substrates) and are
usually cofactor-dependent. Among the class of andductases the alcohol dehydrogenases
(ADHSs) play up to date the most relevant role inidhustrial scale. The oxidation of chiral
secondary alcohols with an enantioselective ADHotasathe accumulation of one enantiomer
through kinetic resolution, but a maximal yield58i% is achieved when the starting material
is a racemate (Figure 1-3 KJ'

A ADH B ADH

OH enantioselective 0 OH ®) stereoselective OH

/g\ oxidation )L o, /LL reduction
Ry Ro @ = = Ry RO RTLR;_ RT Ry - RfLRg
Racemate /_\' Ketone Chiral Prochiral ketone /\V Chiral alcohol

NAD(P)*  NAD(P)H + H' alcohol NAD(P)H + H  NAD(P)'
Regeneration Regeneration
system system

Figure 1-3: Alcohol dehydrogenase-catalyzed synthissof chiral alcohols: Kinetic resolution (A) and
asymmetric reduction of prochiral ketones (B) Modified from FabeP”!

Stereoselective asymmetric reduction of prochietbikes using oxidoreductases is often the
prefered route to chiral alcohols over kinetic fagon, since higher product yields can be
achieved (theoretically up to 100%; Figure 1-3%).

An interesting approach to circumvent the limitipigld of 50% in kinetic resolutions is the
ADH-catalyzed deracemization of alcohols. Using twADHs with complementary
stereoselectivity and differing cofactor dependetiwy stereoinversion of one enantiomer is
carried out, facilitating the enrichment of theided enantiomer (Figure 1-4’
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OH ADH 1 OH 0 ADH 2 OH
S ~—
R;\RZ ’// \\“3’ R1 R2 * Rq R2 r/ \ R‘E/LR2

NADPH NADP®  50% 50% NADH NAD"  100%

r
Regeneration Regeneration
system system

Figure 1-4: Deracemization of alcohols using enamticomplementary ADHs in a bi-enzymatic one-pot
redox reaction. Redrawn from Hollmanet all*®

Using this multi-enzymatic cascade reaction thdrerpotential of redox-catalysis can be
utilized to achieve higher atom efficienclé.

Monooxygenases comprise a further group of oxidectbes that are able to produce chiral
alcohols, in this case by selective oxidation ohan-activated C-H bond. This synthetic
approach is still not widely applied, with onlyenf applications in industrial processes, mostly
based on the modification of a complex and largegmé&work such as steroids (e.g.
11-deoxycortisol, progesterone) for pharmaceutigglicationd?” *¥! A further example is the
production of the cholesterol-lowering drug praséis by hydroxylation of compactin with
whole cells ofStreptomycesp. containing CYP105A8Y In recent years much attention has
been attracted to the advantageous use of chealpsirates (e.g. alkanes) and the broad scope
of available monooxygenase-catalyzed reaction tenes-chemical hydroxylation reactié.
The direct biocatalytical activation of alkanes aa interesting and more cost-effective
alternative to the use of prochiral ketons in siezkemical synthesis, making the enzymatic
oxyfunctionalization a key factor for the futurepdipations of oxygenasé&! A more detailed
introduction to this type of monooxygenase-catallyztereoselective enzymatic oxidation
reactions can be found in chapter 1.3.

1.2.2 Production of ketones

Ketones are important building blocks in the chexhiadustry. Cycloalkanones are used in
large scale industrial manufacturing of synthetitymers like polyamide$® The Bashkirov
oxidatiod** represents one traditional chemical synthesis erdiar the production of
cycloalkanols employing molecular oxygen as oxittiziagent in presence of boric acid.
Cycloalkanones are obtained by a further catalylsd/dration reaction of the alcoh&¥.In
this multi-step process stoichiometric amounts afidoacid are required, as well as multiple
catalysts and only low conversions with modest ciiidies are achieved® Therefore,
alternative synthesis routes to cycloalkanonesgubincatalysis with a lower environmental
impact and higher productivities are desirable.
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Aliphatic ketones and aldehydes are usually usédsimially for the production of flavors and
fragrance$'® The generation of flavors by means of microbiakfainsformation processes has
one of the longest traditions, being employed & pheparation of food and beverages such as
cheese, bread, wine and beer for many centurierdimgly, the biotechnological production
of flavors is a well-established procedure in themical industry. Some fungal species can
produce methylketones in aerobic fermentation @ees under growth limiting conditions as a
result of an overflow metabolism in the B-oxidatioh fatty acidd?® 2-Heptanone and
2-nonanone are for instance important for the chtarstic taste of Roquefort cheese. The
production of C5 to C9 methylketones by transforarabf the corresponding C6 to C10 fatty
acids usingPenicillium roquefortiispores in solid-state fermentation of buckwheatsehas
been reported. This process can yield up to 75 'gof 2-heptanone and 60 g*L
2-nonanoné’’!

1.2.3 Biocatalytic functionalization of alkanes

Enzyme-catalyzed oxidation of non-activated alkareesn general achieved with higher
selectivities than with chemocataly?f%.Several enzymes that catalyze alkane oxygenation
reactions occur naturally. The main classes ar@enxgses and peroxidas&s.Peroxidases
catalyze mainly oxygen transfer reactions, suclolafin epoxidations and sulfoxidations.
Recently, the peroxygenase froAgrocybe aegeritawas reported as first peroxidase to
hydroxylate aliphatic chains (from propane to hedhe) using D, as oxidizing ageﬁf?] A
few oxidases and dehydrogenases are also capabédabyzing hydroxylations. One example
is the nicotinate dehydrogenase fr@acillus niacinj which uses water as oxygen doHdr.
Oxygenases comprise a more diverse catalytic fadig/to their intrinsic physiological role in
detoxification, synthesis of secondary metabolitebydrocarbon degradatiéif Some of the
most relevant classes of oxygenases that catdigzexidation of alkanes are shown in Table
1-1. Despite of differences in the catalytic medbian all the depicted natural alkane
oxygenases can be classified as transition-meganocatalysts, using strictly iron or copper
as metal. They share common features such as tilalalty to hydroxylate alkanes as a
result of natural evolution, the use of molecubaygen from air as sole oxidizing agent and the
use of reduced nicotinamide dinucleotides (NAD(Pablelectron suppliers.

Nevertheless, industrial applications of oxygenasesoften hindered, mainly due to their low
reaction rates, stabilities and cofactor-dependé&fdy
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Table 1-1: Enzyme classes involved in the oxidaticsf alkanes.Adapted from van Beilen and Funh&ff.

Enzyme class Source Features Substrate range Ref

Soluble methane Methanotrophic Dinuclear iron; soluble C;-Cg (halogenated)-

monooxygenase bacteria reductase alkanes, alkenes, [51]

cycloalkanes
Particulate methane Methanotrophic Mononuclear or dinuclear C;-Cs (halogenated)-
monooxygenase bacteria copper; membrane bound alkanes, alkenes f51]
hydroxylase

AlkB-related alkane Acinetobacter Dinuclear iron rubredoxin; Cs-C,¢ alkanes, fatty

hydroxylases Alcanivorax Membrane hydroxylase  acids, alkylbenzenes, ©?
Pseudomonagstc. cycloalkanes, etc.

Eukaryotic P450 Candida maltosa Microsomal oxygenase;  C,o-Cyg alkanes, fatty

(CYP52, class II) Candida tropicalis  P450 heme reductase acids (53]
Yarrowia lipolytica

Bacterial P450 oxygenase Acinetobacter P450 oxygenases; heme Cs-C,qalkanes,

system (CYP153, class I) Alcanivorax ferredoxin + ferredoxin (cyclo)-alkanes, [54]
Rhodococcuysetc. reductase, FAD alkylbenzenes, etc.

Dioxygenase Acinetobactesp. Homodimer; copper 16C4 alkanes >3]

A further constraint for am vitro application of most of the oxygenases in Table i%-the
multicomponent and membrane associated charadterdifficult recombinant expression and
preparation of multicomponent, membrane-bound eresyramains so far a limiting factor. A
possible solution to overcome most of these chgélenis their use as whole cell catalytic
systems for synthetic applicatiofi¥! Very promising is also the investigation of theenmstly
discovered CYP153 family, whose members despitehef multicomponent character are
soluble bacterial P450¢%¥!

Besides of the natural occurring alkane hydroxgtatoxygenases described above, other
cytochrome P450 enzymes have been engineered bgsnufaprotein evolution to accept
alkanes as substrate. Most of the evolution stuthes been performed with cytochrome P450
BM3 from Bacillus megaterium (B. megaterium; CYP102A1) and P450cam from
Pseudomonas putid@CYP101). P450 BM3 is a soluble and self-suffitieredium- to long-
chain fatty acid hydroxyla§&' that has been evolved by different research grooyards a
broad scope of substrates (reviewed by Whiteh@tis®!®®) and especially by the research
group of Arnold to a highly active alkane monooxyas€®. As P450 BM3 is the scope of
this thesis a more detailed introduction to thigyeme class is found in chapter 1.3.1. P450cam
is a further soluble but multicomponent bacteriabnmoxygenase fromPseudomonas
putida!® which have been evolved successfully towards theérdxylation of etharé!
instead of its natural substrate camphor. Bxllal achieved this substrate shift through
progressive adaption and shrinking of the substpateket by replacement of some of the
original amino acids with more hydrophobic and érgesidue€Y The biocatalytic
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oxyfunctionalization of alkanes, combined with fhassibility to tailor biocatalysts by protein
evolution, offers a wide applicability of oxygenader alternative processes in the oxidative
chemistry.

1.2.4 Cofactor regeneration

The activity of oxidoreductases is dependent onueof cofactors. Most oxygenases require
the rather expensive nicotinamide cofactors NADHNADPH as electron suppliers. An
application of stoichiometric amounts of such ctdeg for synthetic processes is economically
not feasible. Therefore, aim situ regeneration of the oxidized and reduced nicotidam
cofactors is indispensable for a successful symthgplication.

To overcome the so called “cofactor challenge” éti-free biocatalysis two basic strategies
have been investigated: the use of enzymatic regtoe system®? and regeneration by
chemical, electrochemical or photochemical séttlpdhe enzymatic regeneration strategy is
currently the most efficient approach and commamhployed in industry and academia. It can
be classified in two different types, substratepted and enzyme-coupled regenerdffdn
depending on the reaction concept that is emplageshown in Figure 1-5.

A) B)
Substrate 1 Product 1 Substrate 1 e ——— Product 1
/ \\ / Enzyme\/:\;\
NAD(P)H { Enzyme A! NAD(P) NAD(P)H NAD(P)"
./ ‘\"Eﬁi'ir‘ﬁ@/
Product 2 <—————— Substrate 2 Product 2 T —t Substrate 2

Figure 1-5: Different strategies for the regeneratin of nicotinamide cofactors.A) The substrate-coupled
system employs only one enzyme for the reductionth&f substrate (main reaction) and for cofactor
regenerationB) In the enzyme-coupled approach the regeneragantion is catalyzed by a second enzyme.
Adapted from Weckbeckeat al’®?

In the substrate-coupled system the same enzymaéyoad the main reaction as well as the
cofactor regenerating reaction. This approach imiynapplied with alcohol dehydrogenases,
where a cheap alcohol is employed as sacrificidbsisate for cofactor regeneration.
Nevertheless, in this approach the selection afitalsle auxiliary substrate is restricted to the
specificity of the biocataly$t” Isopropanol, commonly applied as cosubstrate ia th
production of R)-alcohols from prochiral ketones, is oxidized toe@ne with alcohol
dehydrogenases like those framctobacillus kefirmndLactobacillus brevis?

10
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In the enzyme-coupled strategy two enzymes andswastrates are required. The cofactor
regeneration is carried out by the second enzymependently from the main reaction. This

system has a wide applicability not only for alcbiehydrogenases as main catalyst, but also
for other enzyme classes, since the selection @ganerating enzyme and a cosubstrate is
more flexible. Formate dehydrogenase (FDH) is oétpplied as regenerating enzyme in view

of several advantages over other enzyfte&DH catalyzes the oxidation of formate, a cheap
cosubstrate, to carbon dioxide. Formate and @® almost innocuous to almost all enzymes.
Since this oxidation is irreversible the reactigiébrium can be shifted to the product site. A

disadvantage is its low specific activity (4-6 U Migompared to other dehydrogenases like
alcohol or glucose dehydrogend¥e.

Glucose dehydrogenase (GDH) is also applied in &g industrial-scale for the enzyme-
coupled regeneration of both types of reduced ¢ofacNAD" and NADP, through oxidation
of B-D-glucose tob-glucono-1,5-lactone, which hydrolyzes spontangows! gluconic acid.
The hydrolysis rate depends on the employed pH buffered reaction. A GDH can be
produced in recombinant form, is commercially aaalié, highly active and stable. The GDH
from B. megateriuntan achieve a specific activity of up to 550 U hamd glucose conversion
rates in the range of 10-100 mM have been determinéd: ®® General disadvantages in the
use of isolated enzymes for cofactor regenerati@n the higher cost in the preparation
(isolation and purification), as well as the lintitstabilities of the catalysts.

In whole cell catalysis with metabolic active cgligowing or resting cells), the regeneration
of cofactors is achieved intrinsically in the cblf the cells metabolism (catabolic activity)
using a carbon and energy source such as gluchsgyllicose metabolism HEscherichia coli

(E. col) resting cells was simulated Blank et al to estimate the NADH regeneration
capacity. The net NADH formation was calculatedngsan optimal glucose uptake rate of
2.4 mmol gpw™* h™* and taking into account the energy required (AfBPxell maintenance. A
maximal yield of 10.3 mol NADH per mole glucose wadculated, which results in a NADH
formation rate of 22 mmolgw* h.*”! For redox biocatalysis, assuming a stoichiometric
relation between product formation and cofactor scomption, this regeneration rate

corresponds to a catalytic activity of 367 hg-.%®

Another strategy for cofactor regeneration in tstitell is the heterologous expression of a
regenerating enzyme (e.g. GDH, FHD or ADH), simtiarthe described cell-free enzyme-

coupled regeneration system using a sacrificialulosigate. In this way a metabolism-

independent catalyst is generated. The externaitiaadof cofactor is in most cases not

necessary, since the intracellular cofactor posLlif§icient for the regeneration to procd®d.

11
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Traditionally, whole cells ofSaccharomyces cerevisid8. cerevisiae have been used for
cofactor regeneration in industrial processes usirgg cellular metabolism, mainly for the
reduction of ketoned” Other organisms have also been implemented sdaottgssfor
example the resting cells @hctobacillus kefircontaining an alcohol dehydrogenase for the
stereoselective reduction of 2,5-hexanedione R5()-hexanediol™!

Different recombinant whole cell catalytic systeimsve been designed, so-called designer
bugs expressing the main catalytic enzyme and axililay enzyme for cofactor
regeneratiof” "2 This system has also been applied for multi-stegtiond”

1.2.5 Invitro and whole cell catalysis

Biocatalytic processes can be performed using ritkelated enzymes folin vitro
biotransformation processes or whole cells comagira naturally compartmentalized form of
the catalytic active enzyme. A further classifioatiof these two basic formulations is
dependent on the preparation of the biocatalydeasribed below.

Isolated enzymes can be used as crude cell lysaite & purified form. Purification of the
catalysts is more expensive but can contributevtadaside reactions and contaminations with
other cell compound$” The low stability of most isolated enzymes is aliemging task,
tackled in industrial processes mainly through irbitimation techniques and nowadays also
through protein engineering. Up to date, the majoaf published papers on enzymatic
biocatalysis report the use of isolated enzyfffédn contrast, the majority of industrial
biotechnological processes for synthetic applicegtion a large scale make use of whole
cells’®® This demonstrates that within the academic rebefietdl a well-defined system, such
as the isolated enzyme itself, is essential fdnaaaugh investigation and characterization of
the biocatalytic process, but in industrial mantifaog processes the whole cell as biocatalytic
entity seem to meet the process requirements iara stonomical fashion.

Whole cells can be used as living, metabolicallyvacorganisms or as inactive (dead) cells. In
either case the cell provides a natural and thexedtabilizing environment for the catalytic
enzymé?’® Metabolic active cells are needed in fermentagisecesses, in biotransformations
with growing or resting cells that require cofactegeneration, mainly for oxidoreductase-
catalyzed reactions, and in biotransformations #rat directly linked to the central carbon
metabolismi’® For application of whole cells several parametdyssides of the main

enzymatic activity, affect the performance of kaosformations. The most important
parameters are mass transfer (of substrates, gepdarad oxygen), protein synthesis, cellular

12
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metabolism, compartmentalization, cell growth aell mactivation. Therefore, in whole cell
catalysis the cell and not the enzyme is definetth@satalytic unit’®

An economical advantage of biocatalysis over chahuatalysis is the simpler production of
the highly regio- and enantioselective biocatalfsbugh fermentation. High-cell density
fermentations vyielding more than 108 L™* have been reported for various
microorganisms’”!

One striking drawback in whole cell processes & pbssible contamination with byproducts
as a result of other metabolic activities of th#.da some cases, lower optical purities are
yielded as a result of overlapping substrate sp#asls from native enzymes with a differing
selectivity!® Nowadays, the development of ‘designer cells'deerexpression of the desired
enzyme or coexpression of multiple enzymes is &elieusing genetic engineering
technique$®? The possibility to avoid competing activities dher undesired enzymes can be
achieved by gene knockout or disruption of entigtabolic pathways in the host organiéth.
The recent developments in metabolic engineerirfgr ahe possibility of optimizing the
metabolic flux, for example in regard to availalyilof reducing equivalents, and detecting
possible limiting factor&3" ¢!

The limiting mass transfer in whole cells is anoth@rameter that attracts much attention. The
cell membrane can affect transfer of substratespaoducts, which on their part have a strong
influence on the membrane integrity and fluidity. the application of metabolically active
cells target substrates or products are often txtbe celfl”® In the case of organic solvents
like short-chain aliphatic alkanes, that are srhgtirophobic molecules, accumulation in the
cytoplasmic membrane can occur. The loss of memebrategrity is considered to be a
principal cause of toxicity in whole cell proces&&8sHence, the final disintegration of the
membrane will result in the loss of proteins andactors. The partition of substrates and
products between a membrane and an aqueous meBjusy Correlates to the partitioning
coefficient of the same in an octanol-water mixt(dogPyw). As a rule of thumb, high cell
toxicity is ascribed to compounds with a Ryg, value between 1 and 4 (e.g. phenol, 1-octanol
or chloroform)."®® 8% with a logPy below 1 a compound is too hydrophobic to be able t
enter the cell membrane. Above afgg of 4 the solubility of the compound is too lowhe
available in the aqueous phaS8. However, the toxic effect depends strongly on the
organism. The mass transfer coefficient of thesepmunds will depend not only on properties
like size and hydrophobicity, but also on the aallity of uptake or excretion mechanism in
the cell’® On the one hand the availability of substratestbdm assured to achieve sufficient
reaction rates; on the other hand the long terrnilgtaof the cell is vital for the process
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performance, for example in processes using cataloolfactor regeneration. A technical
solution to this dilemma is the use of organic/amsetwo-liquid phase systétf as shown in
Figure 1-6.

| Organic phase T

:

N
Biocatalyst
Substrate —— Product

Aqueous phase

Figure 1-6: Organic/aqueous two-liquid phase systerm biocatalysis. Partitioning of the substrate and the
biotransformation product takes place between dcgamd aqueous phase. Thereby, the organic phasesses
substrate source and product sink, reducing irdipior toxic effects. Adapted from Heipiepetrall”®"!

The application of a two-liquid phase system catinope the availability of low-water soluble
compounds (hydrophobic substrates) because it Semge substrate and product sfitk.
Accumulation of products in the organic phase, altedin situ product removal, enables the
presence of only low concentrations of toxic comptsiin the aqueous phase, protecting so
the biocatalysts (whole cell or isolated enzyff@)The selection of a suitable organic solvent
as liquid phase has to take into account severanpeters such as solvent capacity, toxicity,
biocompatibility, flammability and availabilitf* Solvents that have a IBg,, value higher
than 4 are water-immiscible and will probably nastarb the water shell around the
biocatalyst® However, the biocompatibility of the solvent hasbe evaluated for each case
empirically. Some of the compounds that have bdédizad as organic phase are: short- to
medium-chain alkanes (i.@-heptane n-octane, decane, dodecdfi&) MTBE®* or bis-(2-
ethylhexyl)-phthalat€®. It has been observed that whole cells are lassitae to inactivation

at the liquid-liquid interface than isolated enzwh& The in situ product removal also
supports a direct down-stream processing of pradttttUnder appropriate circumstances the
substrate could also serve as bulk organic phdss.Was demonstrated by Julsiegal. for

the @-oxyfunctionalization of fatty acids methyl est&f%.

Under some circumstances the low substrate uptakestll limit the reaction rates. To
circumvent this problem permeabilization of thel ceémbrane has been applied successfully.
Freeze-thawing, sonication and application of dgtets and solvent represent some of the
methods for permeabilization of ceffé. The engineering of the host cell, for example by
deletion of lipopolysaccharides or lipoproteinghe outer cell membrane to facilitate substrate
uptake has been descrid&¥In a similar way, the incorporation of an outernbeane protein
for the passive transport of substrates, for examible AIKL membrane protein of
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Pseudomonassp. which facilitates alkane uptake has been tegorThis strategy was
demonstrated for the hydroxylation &-imonene to §)-perillyl alcohol®!

Both isolated enzymes and whole cells can be imieliin or on a carrier material to afford
an easier recovery/re-use of the catalyst and higtaeess stabilities. The immobilization of
whole cells involved in oxygen-dependent redox &ialysis is however not recommended,
since slow oxygen diffusion will rather limit theaction rate¥> Depending on the targeted
biotransformation reaction the application of thesinsuitable process strategy has to be
studied in detail.

1.2.6 Multi-enzymatic cascades

One surpassing advantage of enzymes as natural ocemz of living cells is their
compatibility with each other under similar opevatl conditions. This property makes the use
of multi-enzymatic cascade processes feasibleooplog two or more biocatalytic reactions
in a single flask (one-pot) as shown in Figure A-#" %% Such a process resembles the mode
of action of cell metabolic pathways.

A B 3 N3 )
5-0-8) @,
Enzyme 1 S {
P =
TN 1 Ted RN il
A+B Intermediate @ /4) )
A-B
Product ’ , ‘ .
A-B-C-D & @+_’@+
T \ @ / 9 \-_y Y,
Enzyme N Intermediate
D A-B-C

Figure 1-7: Multi-enzymatic cascade reactions. (ARepresentation of a biocatalytic one-pot (mukip3t
cascade reaction comprising 3 steps. Redrawn frashlgémuti® (B) Classification of enzymatic cascades
according to process design: 1) linear cascadertBpgonal cascade, 3) parallel cascade, 4) cydsrade.
Redrawn from Riccat al®®

Growing interest has focused in the investigatidrbiocatalytic processes, which involve

multi-enzymatic, chemo-enzymatic and enzyme-iretlatcascades, and the application of
either isolated enzymes or whole cell catalyst® irtain benefits of a multi-enzymatic system
are the reduction or omission of time-consuminggison and purification steps, as well as the
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possibility to shift the reaction equilibrium toethtarget product by selection of a suitable
reaction sequencé’ This also means that the amount of waste can bémizied due to the
lower requirement of solvents and working volumevadl as the higher volumetric and space-
time yield that can be achievEd. Bottlenecks such as low compatibility of the enayim
components or the reaction conditions can be civemnted by immobilization strategies,
reactor design or directed protein evolutith.Since combination of enzymes and metal
catalysts is feasible, several possibilities foe thesign of new synthetic approaches are
available (e.g. in the application of dynamic kineesolution)™*!

Multi-enzymatic processes are usually classifiededdaon the type of intermediate that is
formed® The term “domino reaction” is employed when an table intermediate is
generated and a spontaneous reaction leads ttathle product. “Tandem reactions” are those
processes consisting of multiple biotransformasteps with concomitant formation of stable
intermediates and products. A further classificatd biocatalytic cascades into 4 main groups
is based on the process design (Figure 1!#'B)n linear cascades (1) a single substrate is
converted to a single product after formation of tieactions intermediate. In orthogonal
cascades (2) the main catalytic reaction is coupbed second auxiliary reaction, either for
regeneration of cofactors/cosubstrates or elinomatf byproducts. Similar to the orthogonal
approach, the parallel cascade (3) couples two me@ations for production of two products
via an auxiliary reaction, which in turn involves tregeneration of cofactors or cosubtrates.
The cyclic cascade (4) enables the accumulatiooneftarget compound from a mixture of
substrates (e.g. racemic mixtures) after itera{ieyclic) transformation of the unwanted
substrate into an intermediate and subsequentforamstion of the intermediate back to the
starting racemic material. Depending on the prodessands combination of different types of
cascades is possible. Orthogonal cascades ardcalhssised in processes that involve
regeneration of cofactors as described in chap@#dlfor example in the application of
oxidoreductases.

Recently, several artificial multi-enzyme cascatagse been developed for the production of

optically active alcohols, amines and amino acldshydrogenases and transaminases have
been widely used for this purpose. An overviewhi$ type of cascade reactions for synthesis

of optically enriched compounds is given in Tabi2.1

One novel approach represent the deracemizatiorsi@nelo-inversion of secondary alcohols
using an ADH-catalyzed tandem reactféri* as shown in Table 1-2, entry 1 (see also chapter
1.2.1, Figure 1-4). Another novel strategy is thmcatalytic amination of primary alcohols by
means of two sequential, coupled reaction st8pshe first step comprises the ADH-
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catalyzed oxidation of the primary alcohol leadtegproduction of the aldehyde, which is
aminated in the second step by means af-teansaminase. The amide doneAlanine is
regenerated from pyruvate by aralanine dehydrogenase, which in turn regenerdtes t
nicotinamide cofactor NADH for the first reactioteg. The described approach represents
therefore a so called redox self-sufficient biobyatia network (Table 1-2, entry 7). To broaden
the concept, the authors developed a double ammmgndem process for production ob-l,
diols, involving in total four sequential reactiossd two cofactor regeneration reactions.

Table 1-2: Examples of multi-enzyme cascade reactis for the production of optically enriched
compounds.

Entry Substrate Product Type of reaction Enzyme4 Ref
Optically active alcohols
1 Racemic Pure Deracemizatiowia Two ADHSs with opposite
secalcohols stereoisomers stereoinversion enantioselectivity (Prelog, anti- (g4
of secalcohols Prelog) and opposite cofactor
specificity; two independent CRS
2 Cholic acid 12-Ketourso- Sequential oxidation and Three hydroxysteroid
deoxycholic reduction dehydrogenases ¢7HSDH, 73-
acid (stereoinversion) HSDH with opposite cofactor [56]

specificity; 12:-HSDH); two
independent CRS

3 Racemic Alcohols, Concurrent kinetic ADH, Baeyer-Villiger
alcohols, sulfoxides resolution of alcohols monooxygenase (BVMO) [97]
sulfides and asymmetric

synthesis of sulfoxides

Amino acids

4 a-Hydroxy  L-Amino acids Asymmetric synthesis byADH and amino acid
acids coupled oxidation and  dehydrogenase (AADH); same  [gq

reductive amination cofactor specificity
(redox-neutral)*

5 Racemic L-Amino acids Deracemization by D-Amino acid oxidasen-AAO),
a-amino coupled oxidation and  leucine dehydrogenase (LeuDH); [oq
acids asymmetric reductive FDH (for cofactor regeneration);

amination catalase (for degradation of®)

Amines

6 Ketones a-Chiral Asymmetric synthesis, -Transaminase (TA), lactate

primary amine removal of by-product  dehydrogenase (LDH), GDH (for *%
pyruvate cofactor regeneration)

7 Primary Primary Amination of primary ADH, o-TA, L-Alanine
alcohols amines alcohols (coupled dehydrogenase (for recycling of 3

oxidation and amination) alanine and cofactor)

Bl CRS: Cofactor regeneration system
* Redox-neutral cascades are those that do notreeguternal oxidation or reduction equivalents.
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Another major focus of investigation has been thetresis of complex molecules from

simpler and cheap substrates as starting mategiiad) warbon-carbon bond forming enzymes
like aldolases and nitrile hydratas&%.Besides, the synthesis of complex glycoconjugates

also achieved by multi-enzyme cascades by combmaif pathway or pathway-unrelated

enzymeg!!

Apart from the utilization of multi-enzymatic casles in cell free systems, their application in
whole cell approaches is very promising. Metabaiwineering® can be employed for
optimization of suchn vivo catalysts. For utilization of a native productioost the pathway
flux can be enhanced by over-expression of ratéHign metabolic genes using promoter
engineering®!, or by disruption of competing genes/pathWdysAn alternative is the
engineering of heterologous expression hostsHikeoli or S. cerevisiaewhich are most likely
the best characterized production platforms so Ifathis way, a new metabolic (artificial)
route can be introduced in whole cells for synthesithe target compouitf”! To identify
competing pathways or rate-limiting steps metaboimdeling or random approaches can be
applied™®*!

1.3  Cytochrome P450 monooxygenases

Oxidoreductases are one class of enzymes chawastidry the catalytic availability to transfer
electrons to the substrate, so called redox remifi5’ The oxidoreductases are divided into
four main groups: oxygenases, peroxidases, oxidasgslehydrogenases. Oxygenases have a
ubiquitous occurrence in all classes of living angens, from eukaryotic to prokaryotic
cells’® They are capable of introducing oxygen into chathjcinert C-H bonds$t®® The
catalytic mechanism of the different oxygenasesry diverse, some employ copper or iron as
catalytic metal, others are for instance flavin-elggent. Oxygenases are further divided into
monooxygenases and dioxygenases, catalyzing thafispexyfunctionalization of carbon
atoms by insertion of 1 or 2 oxygen atoms respelyth’®® With exception of peroxidases and
some dioxygenases, the oxidoreductase activitgpeddent on redox cofactors, typically the
nicotinamide cofactors NAD(P)H and NAD{Pjhat act as electron donors or accepfdts.
Cytochrome P450 monooxygenases are one class ad-bentaining oxygenases, capable of
oxidizing non-activated C-H bon#§” The name cytochrome P450 is originated from its
properties as a hemoprotein and its charactesg@ctrum with an absorption maximum at
450 nm upon reduction and binding of carbon monex@0)!*°®® The general P450-catalyzed
reaction is shown in Equatiof%’:
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RH + G, + NAD(P)H + H — ROH + HO + NAD(P) Equation 1

The heme is a prosthetic group of the type profopgin IX that contains an iron nucleus,
which is directly responsible for the activation@f One atom of molecular dioxygen is often
incorporated stereo- and regioselectively intoghlestrate, while the second atom is reduced to
water™® Aliphatic and aromatic hydroxylations are commomigtalyzed, but also other
reactions such as epoxidations, dehydrogenatioeamuhation, dealkylation, as well as
carbon-carbon bond formation or cleavage were tepfr® P450 monooxygenases are
involved in diverse physiological reactions that aoupled to anabolic or catabolic pathways.
They are responsible for hormone synthesis, druglmoésm and xenobiotic detoxification in
mammalian and insect cells, as well as for herbigisistance in plant celf§” Microbial
P450s are usually related to metabolic and symtipatinways, for example for the synthesis of
antibiotics or the degradation of hydrocarbbfls.

Cytochrome P450s use external electron donorshio@attivation of oxygen and a respective
electron-supporting system, mostly from the micmab or mitochondrial/bacterial type.
P450s can be further classified based on the tipéeotron transport system used. Up to now
10 different classes of electron transport systdragse been described, being the most
frequently encountered the class | (bacterial antbamondrial P450s) and the class I
(bacterial and microsomal P4508)! Class | P450 systems consist of three componants,
FAD-containing reductase, a ferredoxin and the hmotein (P450). In bacterial P450s all
three components are soluble, whereas in mitochen&450s the hemoprotein and the
reductase are bound to the inner mitochondrial nmand) while the ferredoxin is present as a
soluble protein in the mitochondrial matrix. Cla$sP450 systems are composed of two
components, the cytochrome P450 and a microsomd)MHAreductase that contains FAD
and FMN. In the microsomal type the two componemts membrane-associated. The Class
VIl comprises self-sufficient P450s (e.g. P450 BM@m Bacillus megateriumthat share the
same components of Class Il (reductase and P450gretrin), fused as a single peptide and
in soluble form. In microsomal and in self-sufficiecytochrome P540s the electron transfer
takes place from NAD(P)H to the heme inda the electron transfer partnéty: 1*!

The catalytic cycle of P450 monooxygenases have Iseedied extensively® 2 and an

actual representation is shown in Figure 1-8. Toelpyrin is embedded in the protein core,
through coordination of the ferric iron atom by ttieolate ligand from cystein, the four
equatorial nitrogen ligands and a water ligandh@ &xial position, proximal to the thiolate

(six-coordinatedy**®!
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In the substrate free form the iron aton!' Fetains in the low-spin state (1). Upon bindingaof
viable substrate the axial water ligand is dispthymusing a shift in the ferric spin state from
low-spin to high-spin (I).The redox potential dfet heme changes, facilitating the transfer of
one electron supplied by NAD(P)H from the redoxtpar to the heme, with concomitant
reduction of F& to F€' (Ill). Dioxygen can bind now leading to formatiofithe oxy-complex
(IV), whereupon a second electron is shuttled te tieme, generating the ferric peroxy
complex (V).

OH, H—R . H—R 0 H—R
RH e 02
— — SE-
S H,O S S
M cys 2 an  oys I cys av) cys
~ R - -
N e e
| 0, Superoxide
RH \ Uncoupling
H:0 HO H20, ‘ o
- Peroxide N MR
Oxidase . Uncoupling
Uncoupling *, R
S S A
(ax) Cys W cys
267, 2H" % H*
ROH \ k h
. H—R HO H—R
on R 0 . o
s S H,0 3
~ ~N ~
(v~ Cys (vin  Cys (V) Oys

Figure 1-8: The catalytic cycle of P450 Monooxygesas.Since NAD(P)H consumption is not fully coupled
to the product formation, possible uncoupling patpsv are also depicted (dashed line). Modified from
Whitehouseet al*®!

Protonation of the terminal oxygen atom leads tanftion of the hydroperoxy compound (VI,
Compound 0). This adduct is protonated a seconel tilggering the hydrolytic cleavage of the
O-O bond and the release of water under generatiothe Compound | (VII), which is

considered as the active oxygen species responfibléhe oxygenation of the substrate.
Compound | is two oxidation states above the rgsfierric staté’®? In hydroxylation

reactions the substrate is oxygenatea a radical rebound mechanism (VIIl), where the
hydrogen from the substrate is first abstractBg Y11l) by compound I. The generated radical
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combines with oxygen to form the oxygenated prodiibe product is then released from the
active site allowing the ferric atom to return he fifth-ligand coordinated resting state (3.

Most monooxygenases display a certain degree obupimg between the consumption of
NAD(P)H as cofactor and the product formation. Timsans, the consumption of cofactor is
not stoichiometric in relation to the product fotioa. For the natural enzyme’s substrate the
coupling efficiency is higher, as in the case 05@am and camph&t* Thus, three different
uncoupling reactions can possibly take place demiht stages during the catalytic cycle. A
hindered binding of dioxygen (IV) can result in tlss of superoxide, probably due to a too
slow electron transfer (superoxide uncouplingth# substrate is loosely bound, water release
could be inhibited and protonation of the wrong gety atom in the hydroperoxy compound
(V1) would lead instead to the release of hydrogeroxide (peroxide uncoupling). Finally, if
the positioning of the substrate is not convenfenthe abstraction of hydrogen to take place
(VIl), the reactive oxygen atom (compound 1) wille breduced to water (oxidase
uncoupling)>® 109 112al

Some examples of industrially employed monooxygestagalyzed biotransformations are
given in Table 1-3. The production of dicarboxydicids byCandida tropicalisis one of the
most representative industrial processes catalyged cytochrome P450 enzyme, where a
combination of protein and process engineering \&pplied to generate a tailor-made
biocatalyst. This process allows a significantlyt@r product concentration (>100 ¢)Land
productivity (1.9 g [* h%) 140!

Table 1-3: Industrial biotransformations with cytochrome P450 enzymesAdapted from Julsingt al**"!

Reaction Catalyst Product titer Company/ Ref
11-Deoxycortisol P45Q,, n.a Pfizer Inc./ Bayer Schering
— Hydrocortisone (Curvulara lunatd Pharma AG'®
Amorpha-4,11-dien CYP71AV1 012gL* Amyris Biotechnologies
— Artemisinic acid (Saccharomyces cerevis)ae Inc. €]
Compactin CYP105A3 1.0gL* Sankyo Comp./ Bristol
— Pravastin (Streptomycesp. Y-110) Myers Squibb Compg*®
n-Tridecane CYP52A1 166 g L* Coghnis Inc**?

— o,o-Tridecanedioic acid (Candida tropicali3

1.3.1 Cytochrome P450 BM3 from Bacillus megaterium

Cytochrome P450 BM3 (CYP102A1) was isolated agitRi450 fromBacillus megateriunby
Fulco et al'**® in the 1980s. The enzyme was expressed as recanitprotein inE. colf®”
and sequenc€d® some years after identification. P450 BM3 is aittirly interesting foin
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vitro applications and synthetic processes since it isolable and redox self-sufficient
monooxygenase with the FAD-FMN-reductase and heateppr domain on one polypeptide
chain®" A representation of this natural P450-reductas®fusystem is shown in Figure 1-9.
Characterization of the enzyme revealed a moleoaukight of 119 kDa, consisting of the
55 kDa heme-domain and the 65 kDa reductase-donmidie. reductase consists of two
prosthetic flavin groups, FAD and FMN, each of thpresent in an equimolar raffd! The
natural fusion system offers several advantages owudti-component systems, such as higher
expression levels and easier isolation. Besidesgtr close proximity of the hemoprotein and
the reductase partners the electron transfer iy Vast, making of P450 BM3 the
monooxygenase with the highest reported activitiegar®® The electrons are shuttled within
one reductase monomer (FAD to FMN) and from the Fdtishain of one monomer to the
heme-domain of the second monomer. Hence, theytatdly functional and predominant
form is a dimer. Dimerization is most likely depention the protein concentratiBf’

NADPH + H* :>
NADP* f

R+0,
R-OH + H,0

R+0,
R-OH + H,0

NADPH + H*

NADP*

Reductase Hemoprotein

Figure 1-9: Schematic representation of catalyticé} active cytochrome P450 BM3 dimerThe cytochrome
P450 fromBacillus megateriunis a soluble and self-sufficient monooxygenasetaiaing the FAD-reductase
and the hemoprotein domain on one polypeptide ctalapted from Bernhardt” and Girvaret all**!

The physiological role of P450 BM3 is still notlfutlear. For many years it was assumed that
straight-chain saturated fatty acids (e.g. laudiclawere the natural substrate of the enzyme.
However, these straight-chain fatty acids do nofluge the enzymes expression in
B. megateriufi®? and their oxidation is not fully coupled to theoguct formatiorf>® Some
studies give evidence on the utilization of bramthkain fatty acids as natural substratds
since they are major components of membrane lipidsacteria such aB. megateriunt**¥
The hydroxylation of linear and branched mediumiaieg-chain fatty acids (zC,o) takes
place in subterminal positions, at thel, -2 and®-3 carbon atoms, with high turnover
frequencies (up to 3500 mthand coupling efficiencies between 88 and 98%3; 118 123. 1251
Several crystal structures of the P450 BM3 hemeadonn the substrate-free and various
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substrate-bound forms (mainly fatty acids as sabstrhave been resolvE& Alignment of
the two forms demonstrated that significant confational changes in the hemoprotein take
place upon substrate binding. Re-orientation oé-sidains from some residues in the active
site makes the substrate pocket narrower. Thesegebareduce the accessibility of solvent
molecules (e.g. water) to the active site and dher ligation of the heme iron. The sixth
coordination of the iron to the axial water ligarsdlost allowing the binding of molecular
oxygent?*? The crystal structure of the heme domain revealkxhg and mainly hydrophobic
substrate access channel, containing at the eptrdn@c amino acid residues R47 and Y51,
which are regarded as gate keeper residues, tegjribe entrance of substrates to the active
site™®”! These two residues regulate the binding of fatfgl aubstrates, mainly by interaction
with the carboxyl group of the substrate with R4nd also the accession of water and
cosolvents such as DMS8® Another key residue in P450 BM3 is F87, which dsifioned
close to the heme iron. In the substrate free wtracF87 is oriented perpendicular to the iron
center, but rotates almost 90° to reach close pribxito the iron when the substrate is bound.
The displacement of F87 is probably responsibletHerloss of the water-iron interactiGft®
The crystal structures of the FMN-domain and veegently of the FAD-domain were
resolved?®® >l However, the complete structure of P450 BM3 asofusf reductase- and
hemoprotein-domain is not yet available.

1.3.2 Evolution of cytochrome P450 BM3

The sole identification and isolation of a specditzyme as biocatalyst for its implementation
in a certain synthetic process is not always seffiic Very often the process requirements are
not directly met by the wild type (WT) enzytt& In this respect, some intrinsic limitations of
cytochrome P450 monooxygenases are the rather tabilises and reaction rates, the
cofactor-dependency, and in most cases the lackpegificity for an industrial relevant
product™” The development of a tailor-made biocatalyst foduistrial applications is
nowadays feasible using molecular biology methodmlined with a medium or high
throughput screening system. In this way, the pndtenction is manipulated at the amino acid
sequence level. Several properties of biocatalgats be improved using protein evolution
techniques and a screening (selection) system.c8ydme P450 BM3 has been engineered
extensively to broaden the substrate spectra,itarere reaction activities and rates, to increase
thermal or process stability, and to accept altidrealectron transfer systehi&.**? For this
purpose random mutagenesis, as well as focusedgendsis which comprises rational and
semi-rational protein design have been appliec:gffely [*>%?
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The rational design of proteins is based on a leetdbioinformatic analysisir{ silico).
Therefore, the DNA or amino acid sequence, theeprastructure as well as information on
structure-function relationships are required. e cases the amino acid sequence and a
good homology model are sufficient for preliminastudies. Usingin silico analysis the
identification of specific amino acid positions fémcused mutagenesis is possible. Whole
plasmid amplification with mutagenic primers, foxaenple by Site-Directed Mutagenesis
(SDM), is the most commonly applied method to idtrce site specific mutations of the
selected amino acid residues. The main advantadleofational protein engineering is the
generation of rather small libraries, thereby réagithe screening effort. In addition, it allows
the rational analysis of the structure-functiorati@inship for a mutated residue. In a similar
manner, the semi-rational protein design allowsioamzation of a selected residue to all 20
possible canonical amino also known as Site-Saturdflutagenesis (SSM). In this way, the
best amino acid exchange at the selected positianbe detected®! To limit the size of a
library degenerated oligonucleotide primers are momy employed. NNK-degenerated
primers code for a total of 32 codons, covering 20l amino acids exchanges. NDT-
oligonucleotide primers, which code for 12 distimetamino acids, can also be used for a
further reduction of the library sizé¥ To investigate the synergistic effect of neighloore
amino acid positions simultaneous saturation capdyéormed (up to 5 target amino acids),
using more recently developed methods such as GABT, TrimerDimef*® or
OmniChangg®”.

In contrast to rational design the concept of dedcevolution of biocatalysts does not require
information on structure and function of the protesubstitutions of single amino acids are
generated randomly by introducing mutations in ageh DNA sequence. The main
requirements for successful protein evolution &eeftinctional expression of the protein in a
microbial host and the availability of a high-thghyput screening system to sample the
targeted property®®! Mutagenesis and screening can thereby be repdateiterative
cyclesi**?4 The direct evolution strategy is illustrated imtie 1-10.
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&2, Step 1: Genetic
) P diversity generation
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Step 3: DIREGTED e, omsmsmens
ATGGATGCGCTGA. . GCTAGTGGTCAGTAR
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Figure 1-10: Scheme of a directed evolution experiemt. Three steps are usually employed during the
evolution of a biocatalyst: 1) Generation of divis2) Screening, 3) Iterative cycles of evolutidraken from
Tee and Schwanebefd?®

A direct evolution experiment comprises three éf@fﬁb 1) generation of genetic diversity by
introduction of random mutations, 2) identificatiohimproved variants by means of a reliable
screening system and 3) isolation of the improvadawnt followed by iterative cycles of
diversity generation and screening. The accumulatb beneficial mutations can lead to
significant improvement of a desired property alsh & identification of essential amino acid
positions in the protein structure, which are neférto as ‘hot spot’ residues. These residues
can be further randomized by SSM to find the bestna acid exchange for a specific
residué™®® Directed evolution also contributes largely to ersdand structure-function
relationship of enzymes that cannot be explainetatignal approachés® The generation of
diversity is most commonly achieved by mutagenes¢hods such as error-prone polymerase
chain reaction (epPCFQl)“.O] In an ideal case the introduction of mutationsuesavith an even
frequency, equal distribution and unbiased intrédidncof mutations throughout the entire gene
sequencé® *IThe commonly employed epPCR method is robust asg ® handle but has
the disadvantage of a biased mutational spectrisplaying a higher frequency of transitions,
a lack of consecutive mutations, and high dependemt the degeneracy of the genetic
codel™® 2l |n average, an exchange of only 6 amino acidsod20 will occurl®*® To
circumvent this limitation the development of atigtive methods for diversity generation is
ongoing. One example is the Sequence Saturationaddoesis method (SeSaM) for
randomization of a gene of interest at virtuallgmgvamino acid position, independently of the
polymerase bial$#142
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Most products that are attractive for an industaplication of P450 monooxygenases are not
natural substrates of the enzyme. Therefore, geffatrt has been applied in enzyme
engineering to achieve broader substrate spec#fs0 BM3 variants showing hydroxylation
activities towards non-natural substrates as déveas pharmaceuticals and complex
biomolecules, precursors for flavors, fragranced pimeromones, aliphatic hydrocarbons, and
aromatic substrates have been evolved in thevastiecadeS®

Table 1-4: Evolved P450 BM3 variants towards mediumand short-chain alkanes

Variant  Mutagenesis  Preferred TTNE  Features Ref
method substrate

139-3 Random/ n-heptane 2100 Enlarged hydrophobic pocket, befitana binding
Recombination (improved exclusion of substrate from solvent); 144

broadened substrate scope (e.g. terpenes), changed
in regioselectivity.

35E11 DNA- n-hexane 6350 Restriction and compartmentalizatidhevactive
shuffling/ site cavity (better positioning of the alkane chain 145
SSM/ reduced stability due to accumulation of mutations.
Recombination
19A12 SDM/ propane 10550 Changed conformation of helixes {ehdistance
Random between helix F and helix"B significant gain in [146]
catalytic activity towards short-chain alkanes.(i.e
propane).
P45Gyo SSM/ propane 45800 Further restriction of the subsithtmnel,
R2 SDM/ exchange to polar residues in the substrate channéf®
Recombination highest activity on alkanes reported so far.

BITTN: Total Turnover Number (Mm@l producttt MObasg )

In particular, P450 BM3 mutants with a changed sabs specificity and selectivity for
medium- and short-chain alkanes were successful@jneered®® Some of the engineered
P450 BM3 monooxygenase variants and the correspgradibstrate preferences are displayed
in Table 1-4. The P450 BM3 wild type (WT) enzymealtgxylates G-Cyp alkanes with low
activities, but does not convert short-chain allsag¥).* In contrast, the engineered variant
19A12 prefers short chain alkaness{C;) as substrates. This variant hydroxylates propane
with a NADPH-oxidation rate of 420 mifnand a total turnover number (TTN) of 10550.
Employingn-heptane as substrate a TTN of 5360 + 1020 waheefé® The representation
of the heme-domain structure of P450 BM3 in FiglhEL highlights a total of 18 amino acid
residues in the P450 BM3 WT structure that werdharged in the heme domain of the 19A12
variant. The substitutions in P450 BM3 variant 19Adre: R47C, L52I1, V78F, A82S, K94l,
P142S, T175l, A184V, L188P, F205C, S226R, H236Q5X2 R255S, A290V, A328F,
L353V, 1366V
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Figure 1-11: Structure of the substrate-bound heme&lomain of cytochrome P450 BM3 (PDB code
1JPZ)*% Eighteen amino acid residues that were mutatetiérP450 BM3 variant 19A12% are displayed
together with the heme in stick representation. ddwerystalized substraté-palmitoyl glycine (NPG) is shown
in pink.

Only two of the mutated amino acid residues, A8R8 A328F are directly positioned in the
active site cavity. The remaining residues are gpmyntowards the substrate channel (R47,
V78, L188, A184) or are buried within the protetrusture. The mutations along the substrate
channel and the active site, especially A328Fwallte compartmentalization of the enzymes
access channel into an inner heme pocket and a sobrent accessible substrate chafiiel.
The inner heme pocket has thereby a reduced cawityme® Furthermore, Fasaat al
proposed that the substitution L188P representsthealled ‘turning point’ in the substrate
specificity along the P450 BM3 ‘evolutionary lineagowards a higher catalytic activity with
short-chain alkanes. The variant 19A12 displayy @aor activities with long-chain alkanes
and fatty acid&® 14°!

Engineering of P450 BM3 monooxygenases has alsosét on the search for alternative
electron transfer systems and alteration of thaatof specificity, since the use of the wild
type enzyme is preferentially towards the NADPHaotdr™*”! Maureret al. and Neeliet al.
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identified that mutagenesis of W1046 in the redset@domain of P450 BMS3 results in a switch
of cofactor specificity from NADPH to NADI*"*® Introducing a second mutation R966D
into the variant W1046S showed a more than 100-indtleased.,; value compared to the

separately introduced mutations into the WT enz{ffifeFigure 1-12 shows the interaction of
the two key positions W1046 and R966 with the phosgated form of the nicotinamide

cofactor NADP.,

/‘\-k\

)=
Trp 1046 ~_ LS

T

e

FAD \

( Trp 854

Figure 1-12: Representation of FAD binding to theiyand NADP' in the P450 BM3 FAD/NADPH-binding
domain. Some of the amino acid residues that interact WD are shown (W854, R966, W1046). The
aromatic side chain of W1046 faces the isoallox@zing of FAD and acts as a hydrophobic ‘lid’ catitng
the electron transfé?® The crystal structure of FAD/NADPbinding domain of P450 BM3 (PDB code
4DQL)** was used for visualization.

The conserved aromatic residue W1046 acts as aopiydbic ‘lid’ over the FAD in the
reductase domain. Upon binding of NADPH the elettransfer will only occur when the side
chain of tryptophan moves awd§” This ‘gate keeper residue is therefore importtort
discrimination between the phosphorylated and rfuwssphorylated cofactors NADPH and
NADH.™7 1300 1f W1046 is substituted to alanine, histidine erise, the aromatic interaction
is reduced together with the specificity for NADBH!
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2 Aim of the Thesis

Selective oxyfunctionalization of alkanes remainsajor challenge in the field of organic

chemistry. In this regard, the implementation ajdaitalytical processes under mild reaction
conditions allows efficient and environmentally tsisable solutions in the oxidative

chemistry.

The main goal of this study is the development #mel validation of a double oxidation
cascade making use of monooxygenases for oxyfuradtzation of alkanes in cell free and
whole cell biotransformation processes accordintpéoreaction Scheme 1.

P450 BM3
Monooxygenase Key parameters:
Alkane + O, / \ \ - Enzyme activity and compatibility
NAD(P)H + H* NAD(P)*  Alcohol + H,0 - Selectivity of the cascade
\ / - Productivity
Alkanone Cofactor regeneration efficiency
e - Total turnover numbers

dehydrogenase

Scheme 1: Biocatalytic direct oxidation of alkaneso alkanones.

The proposed double oxidation concept (Schemeplgsents a novel synthesis route to obtain
alkanones and/or chiral alcohols directly from ramtivated alkanes in a regio and stereo
selective manner. In contrast to most chemical uxgtionalization reaction, the use of
biocatalysts allows introducing the desired selggti in the catalytic process. A
comprehensive validation of this synthesis coneegfitcontribute to the development of an
emerging technology platform, based on the apptinadf multi-enzymatic redox processes.

A P450 monooxygenase frorBacillus megaterium(P450 BM3), catalyzing the initial
hydroxylation of the alkyl chain, and an alcohol hgérogenase fromRhodococcus
erythropolis (RE-ADH) for a subsequent oxidation of the situ produced alcohol were
selected to perform the catalytic reactiofHeptane was selected as model compound for the
preliminary evaluation of the described double atimh concept.

P450 BM3 monooxygenase has an intrinsically lowettivily than most alcohol
dehydrogenases. Therefore, the P450-catalyzed Xwyldtmn of the alkane could be the rate
limiting step in the coupled oxidation reaction.eTtiependency of monooxygenase-catalyzed
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reactions on the regeneration of the nicotinamidéator is a further constraint for a
biocatalytic application. In the described concéipe, use of an alcohol dehydrogenase for the
second oxidation step can afford simultaneouslyeamyme coupled regeneration of the
cofactor NAD(P)H. By means of protein engineerifige tuning of the monooxygenase to
achieve improved catalytic activity at a low mutatl load was intended. The regio- and
enantioselectivity as well as the cofactor compldtfbof the P450 BM3 enzyme should be
engineered to meet the requirements of the muly@atic cascade process. In this way, a
suitable cofactor regeneration strategy will beedeped. A detailed characterization of the
engineered monooxygenases as well as a thoroudjinéwa of the coupled oxidation reaction
in terms of product formation and yields will gibetter insight into the process performance
and the potential for optimization of the oxidatiascade.

Essential parameters that affect the catalyticgoerdnce and the product yields such as
catalyst or substrate concentration and cofactgeneration capacity should be investigated
and optimized. By comparing the performanceanofitro andin vivo biotransformations, the
catalytic efficiency of the system can be evaluadad further optimized for key parameters
such as product yields and turnover numbers. Fumibie, a proof of the broad applicability of
the synthesis concept should be pursuit by expgndhe system to other enzymatic
components (e.g. other alcohol dehydrogenasesythied substrate types.
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3 Experimental

3.1 Chemicals, reagents and Kits

All chemicals used were of analytical grade or bkigland were purchased, if not stated
otherwise from Sigma Aldrich (Steinheim, GermamppliChem (Darmstadt, Germany), TCI
Europe (Eschborn, Germany), Merck (Darmstadt, Gepnaand Carl Roth (Karlsruhe,
Germany). Enzymes and dNTPs were purchased froomdfgas (St. Leon-Rot, Germany),
New England Biolabs (Frankfurt, Germany) and Sightdrich (Steinheim, Germany). All
employed HPLC-purified oligonucleotides were pusdth from Eurofins MWG Operon
(Ebersberg, Germany). The kits “NucleoSpin Plaskittd and “NucleoSpin Gel and PCR
Clean-up” for purification of plasmid DNA and anifd DNA were purchased from
Macherey Nagel (Duren, Germany).

3.2 Devices

5 L-Bioreactor Biostat MD Sartorius, Goéttingergrghany

Aktaprime plus/ UV detector GE Healthcare, Minth&ermany
Bench top shaker Certomat Sartorius, GottinGermany
BioPhotometer Plus Eppendorf, Hamburg, Germany
Centrifuge 5424 Eppendorf, Hamburg, Germany
Centrifuge 5810 R Eppendorf, Hamburg, Germany
Centrifuge rotors A-4-81, A-4-62-MTP Eppendorf, Haumg, Germany
Centrifuge Sorvall RC-6 Thermo Fischer ScieatiWilmington, USA
CO-lecture bottle station Sigma Aldrich, SteimhgeGermany
Drying cabinet FP 53 Binder GmbH, Tuttlingenr@any

DNA electrophoresis chamber Bio-Rad, Minchen, Geyn

Evaporator IKA RV 10 basic IKA-Werke, Stauferei@any

GC-FID 2010 and 2010-Plus Shimadzu GmbH, Duisb@eymany
GC-MS QP2010 Shimadzu GmbH, Duisburg, Germany
Gel documentation U:Genius Syngene, Cambridge, UK

Glass column TAC15/125PE5-AB-2 YMC Europe Gmbkhdlaken, Germany
High Pressure Homogenizer Avestin, Ottawa ON,adan

31



EXPERIMENTAL

Lyophilizer Alpha 1-2 LD plus Christ, Osterode &tarz, Germany
Microtiter plate reader Tecan Sunrise Tecan GW@p Mannendorf, Switzerland
Microtiter plate shaker Microtron INFORS, HeinshaGermany
Mini-Protean Tetra Cell system Bio-Rad, MlUncheer@any

Multipoint magnet stirrer Variomag 15 Thermo FiscBeientific, Wilmington, USA
NanoDrop Spectrophotometer 1000 Thermo Fischemdtic, Wilmington, USA
PCR thermocycler Mastercycler pro S Eppendorf, HaigpbGermany

Polarimeter 241 MC Perkin Elmer, Waltham, USA

Power supply Consort EV265 Consort bvba, TurnhBelgium

Sonicator Vibra-Cell VCX130 Sonics & Materials, Wen, USA
Spectrophotometer Varian Cary 50 UV Agilent Teclogas, Darmstadt, Germany
Thermomixer Comfort Eppendorf, Hamburg, Germany

Vortex Genie 2 Scientific Industries Inc., Newrk, USA

3.3 Culture media, additives and buffers

All media were sterilized by autoclaving at 120 f&@ 20 min and were stored at room
temperature until further use. The media additiaesl the antibiotics were sterilized by
filtration through a 0.2 um sterile polyvinylidendifluoride (PVDF) filter (Carl Roth,
Karlsruhe, Germany) and stored at -20 °C if naiestatherwise.

LB medium (Lysogeny Broth) contained 10 g'lpeptone, 5 g tyeast extract, 10 g'tNaCl;
pH 7.5 adjusted with 1 M HCI or NaOH. For the pnegp@an of agar plates the medium
contained additionally 20 gtagar-agar. The medium was supplemented with theoppate
antibiotic depending on the employéd coli strain (refer to Table 3-2 for plasmids and
antibiotic resistance).

SOC medium (Super Optimal broth with Catabolite repressiooitained 20 g T tryptone,
2 g L' NaCl, 5 g [* yeast extract and 2.5 g'LKCI. 10 mM MgChb, 10 mM MgSQ and
20 mM glucose were added as a sterile solutiom afteclaving.

TB medium (Terrific Broth) contained 12 gtpeptone, 24 g tyeast extract, 4 g'tglycerol
(solution A; 800 mL), 2.31 g 't KH,PQ, and 12.54 g 1t K,HPO; (solution B; 200 mL). The
solutions A and B were prepared separately and anitogether after autoclaving. The
following medium additives were used for expressidriP450 BM3 monooxygenases: Trace
Elements Solution (0.64 puM Cug®.69 UM ZnSQ, 0.72 uM MnSQ, 0.76 uM CoCJ, 59.43
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MM Na-EDTA, 61.79 uM FeGl stored at 4 °C after autoclaving and sterilerdtibn),
5-Aminolevulinic acid hydrochloride (ALA; 0.5 mM)isopropyl$-D-thiogalactopyranoside
(IPTG; 0.1 mM), Thiamine hydrochloride (0.1 g)Land the respective antibiotic (see Table
3-2). The additives were added to the TB mediutmfen1000x concentrated stock solution.

E. coli Minimal Medium (EMM) contained 7 g t K-HPQ,, 3 g L' KH.PQ,, 0.57 g L
sodium citrate dihydrate, 0.205 g'IMgSO, heptahydrate, 1 gt(NH4),SO,, 50 mM Tris
(pH 7.4).

Potassium phosphate buffer(KPi-buffer) was prepared in a concentration of 1 and
varying pH-values (7.0, 7.5 and 8.0) using stodktgms of 1 M KKHPO, and 1 M KHPQ,.
The stock solutions were stored at 4 °C until ferthse.

Tris/HCI buffer for purification of P450 BM3 monooxygenase congair0.1 M Tris/HCI,
pH 7.8 (12.11 g I Tris, pH adjusted by titration with 37% (v/v) HCIJris/HCI elution
buffer contained additionally 1 M NaCl. The buffers wéeshly prepared and filtered using a
glass filter.

3.4  Strains, vectors and preparation of chemically competent cells

The strains used in this work (Table 3-1) &recoli DH5a for sub-cloning and storage, and
E. coli BL21 Gold (DE3) andE. coli BL21 Gold (DE3) lact* for recombinant gene
expression. The vectors used in this work aredigielable 3-2.

Table 3-1: Strains and their genotype

Strain Genotype Origin/ Ref
E. coli DH5q. F- ¢80lacZAM15 A(lacZYA-argF)U169 recAl endAl (251
hsdR17(rk-, mk+) phoA supE44 thi-1 gyrA96 relAl

E. coliBL21Gold (DE3)  F—ompT gal dcm lon hsdSB(rB- mBAPE3 [lacl lacUV5-T7  Novageri**?
gene 1 ind1 sam7 nin5])

E. coliBL21Gold (DE3) Same a&. coliBL21Gold (DE3); additionally pGRG36-Id¢! (153
lacl®* was employed for site-specific integrationlad! into the
chromosome

Chemically competenk. coli cells for plasmid transformation were preparededasn a
standard protocBP* with some modifications. In the first washing stels were resuspended
in TFB-solution 1 (30 mM potassium acetate, 50 mMQ¥, 100 mM RbC{, 10 mM CaCj,
15% (w/v) glycerol; pH 6.8), in the second washstgp cells were resuspended in TFB-
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solution 2 (10 mM MOPS, 75 mM Cafll0 mM RbC4, 15% (w/v) glycerol; pH 6.8). With
this method a transformation efficiency of 5 ¥ 1@ x 10 cfu pg* pUC19 was vielded.

Table 3-2: Vectors for recombinant protein expressin

Vector Promoter  Antibiotic resistance/ Replicon Origin/ Ref
Concentration

pET28a(+) T7 Kanamycin (Kan)/ 50 pg ML ColE1 Novagen (Merck}*>4
(pPBR322)

pALXtreme-la T7 Kanamycin (Kan)/ 50 pg fhL ColEl Derived from
(pBR322) pET28a(+) Alacl® 53

pACYCDuet-1 T7 Chloramphenicol (Cm)/ 34 pg thL P15A Novagen (Merck)
(pPACYC184)

pKAl T7 Chloramphenicol (Cm)/ 34 pg mL P15A Derived from

(PACYC184) pACYC181%

3.5 Molecular biology methods

3.5.1 Cloning

Two different cloning techniques were used for ¢tautiion of the protein expression vectors
for the single expression and the coexpressiom®fenzymes used in this study (P450 BM3
monooxygenases and RE-ADH).

For restriction cloning endonucleases from Fermentas (St. Leon-Rot GermanyNew
England Biolabs (Frankfurt, Germany) were used @ting to manufacturer instructions.
Insert and vector DNA (1-2 pg) were cut for 1 hhwit U of the corresponding restriction
endonuclease. The linearized DNA fragments werdiedreither directly with a DNA clean
up kit or if necessary by gel extraction and subset clean up (NucleoSfirGel and PCR
Clean-up, Macherey-Nagel, Diren, Germany). In cddbe pACYCDuet-1 vector additional
incubation of 60 min at 37 °C with 0.5 U of alkaiphosphatase (Calf Intestinal Phosphatase,
New England Biolabs, Frankfurt, Germany) pey vector DNA was performed to reduce
background by removal of the 5" phosphate groups.liation of insert and vector DNA in a
molar ratio 1:10 was performed using T4 DNA Ligdbermentas, St. Leon-Rot Germany)
following the suppliers recommendations (incubatdrl h at RT or overnight at 16 °C). The
ligation reaction (4 pL) was subsequently transkatirmto chemically competeft. coli cells
(chapter 3.5.2).

34



EXPERIMENTAL

As alternative to restriction cloning the ligaseéependent cloning methodPLICing
(Phosphorothioate-based ligase-independent geménglowas usef> In the first step the
vector backbone and the target gene were amplifieal polymerase chain reaction (PCR),
using oligonucleotide primers containing twelve @bementary phosphorothioated
nucleotides and a high-fidelity DNA polymerase.tArglard PCR contained the template DNA
(10-30 ng), 1 U Phusion DNA polymerase, 0.2 mM dN.TP x Phusion high fidelity buffer
and 0.2 uM of each primer in 50 pL of final volurk@llowing temperature program was used
for amplification in a PCR cycler Mastercycler @aEppendorf, Hamburg, Germany): initial
denaturation at 98 °C for 2 min, 25 cycles of deraton at 98 °C for 30 s, annealing at 50-
60 °C for 1 min and elongation at 72 °C for 1 mhi'kA final elongation step at 72 °C for
5 min was performed. The annealing temperature efasen according to the employed
primers as listed in Table 6-1. Subsequently, t6&® Products were analyzed by agarose gel
electrophoresis and purified using a PCR cleanup Agarose gel electrophoresis was
performed as described by Sambrook and RS8klising a 0.8% (w/v) agarose gel and Roti-
Safe GelStain from Carl Roth (Karlsruhe, Germang) Wisualization of DNA. For
identification of DNA size the GeneRuler 1 kb DNAdder from Fermentas (St. Leon-Rot,
Germany) was used. The template DNA was digestemdybation at 37 °C for 16 h using
20 U of Dpnl endonuclease.

In the second step chemical cleavage of the intredliyphosphorothioated nucleotides was
achieved by incubation of the amplified DNA with ardine/ethanol solution. The cleavage
reaction contained 0.12 pmol vector DNA or 0.2 pnmslert DNA, 6 mM iodine, 6% (v/v)
ethanol, 50 mM Tris-HCI buffer (pH 9.0) in a finablume of 5 uL. The reaction mix was
incubated for 5 min at 70 °C. In the last step, higbridization of the linearized vector and
insert DNA is performed by mixing equal volumestloé cleavage reactions (typically 5 pL of
vector and 5 pL of insert) prior to incubation at 25 °C) for 5 min. The hybridization
reaction (commonly 4 uL) was subsequently transéatrmto chemically competeri. coli
cells (chapter 3.5.2).

3.5.2 Transformation of DNA into chemically competent E. coli cells

For transformation of DNA into chemically competént coli cells, 4 pL of the ligation or
hybridization reaction or 30 to 50 ng of plasmid HWere employed. The DNA was added to
100 pL frozen competer. coli cells followed by incubation for 20 min on ice. BNiptake
was achieved by heat-shock at 42 °C for 45 s, V@b by incubation for 2 min on ice. For
regeneration 0.9 mL SOC medium were added to the folowed by incubation at 37 °C for
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45 min and 250 rpm. The cells were spread on LBr gqmates containing appropriate
antibiotics. The plates were incubated at 37 °Crugét.

3.5.3 Verification of clones

The obtained clones after transformation were eliby colony PCR or by linearization of
the isolated plasmid DNA using appropriate restictendonucleases (following the supplier
instructions) and subsequent visualization by aggargel electrophoresis as described in
chapter 3.5.1. For colony PCR a single colony wekeal from the agar plate, resuspended in
15 pL ddBO and incubated at 98 °C for 15 min to achieve lysils and solubilization of
plasmid DNA. The PCR mixture contained 5 pL of ¢yloDNA, 5 U of Tag DNA
polymerase, 0.2 mM dNTPs, Thaq buffer and 0.4 uM each forward and reverse primer
15 pL. Following temperature program was usediahdlenaturation at 98 °C for 2 min,
followed by 25 cycles of denaturation at 98 °C 8fr s, annealing at 58 °C for 30 s and
elongation at 72 °C for 1 min Kb After cyclic amplification a final elongation &2 °C for

10 min was performed.

3.5.4 Construction of heterologous protein expression strains

3.5.4.1 Expression of P450 BM3 monooxygenases and alcohol dehydrogenases

Recombinant gene expression of the employed P45@ BMnooxygenase variants was
performed using the pET28a(+)-derived pALXtremeviator>®, which is a smaller version
of the pET vector lacking thiacl gene (appendix, Figure 6-1). To reconstitute l&tipn of
the lac-operon theE. coli strain BL21 Gold (DE3) la& was used. An overview of the
generated strains is shown in the appendix sef(imor! Reference source not found).

The cytochrome P450 BM3 wild type (WT) gene fradn megaterium(CYP102A1) was
cloned into pALXtreme-1a by PLICing (see chaptér.B. Phosphorothioated oligonucleotide
primers were used for this purpose (see TableM11-4). For construction of the P450 BM3
19A12 expression vectthe heme-domain of the P450 BM3 19A12 vafidtitwas purchased
as synthetic DNA (Life Technologie®armstadt, Germanyand subcloned by restriction
cloning (chapter 3.5.1) using endonucleallesl and Mssl (Pme) into the pALXtreme-la
vector harboring the P450 BM3 WT gene, replacing wild type heme domain by the
synthetic 19A12 heme domain. The P450 BM3 variak1Gvas generated by SSM and
screening (chapter 3.5.7 and 3.9) using oligondiclegprimers for position R255 (Nr. 13,
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Table 6-4). The P450 BM3 mutants containing thglsimutations R255P and P329H were
constructed using SDM and the corresponding prirfiérsl-4, Table 6-3).

The expression vector pKAL, harboring tHg-dlcohol dehydrogenase froRhodococcus
erythropolis (R. erythropolis RE-ADHf**", and the R)-alcohol dehydrogenase gene from
Lactobacillus brevigL. brevis Lb-ADH)!**® were kindly provided by Prof. Dr. W. Hummel
(Institute of Molecular Enzyme Technology, H.-H.i\rsity, Research Centre Jilich,
Germany). The Lb-ADH gene was cloned into the esgion vector pKALl by restriction
cloning (chapter 3.5.1) using the restriction sitédel and BamHL The expression vectors
were transformed into chemically competéntcoli BL21 Gold (DE3) cells (vector map in
appendix, Figure 6-2).

3.5.4.2 Construction of NADH-dependent P450 BM3 mutants

To switch cofactor specificity of P450 BM3 variante mutations T1046S and R966D were
introduced in the P450 BM3 genes WT, 19A12 and GiM1SDM (chapter 3.5.6) using the
corresponding forward and reverse primers (Nr. beile 6-3).

3.5.4.3 Coexpression strategies for P450 BM3 and ADHs

Three different coexpression strategies for theerdo&igous expression of P450 BM3, RE-
ADH and Lb-ADH in the samé. coli host were tested. An overview of the generated
coexpression strains is given in the appendix @edli able 6-8). The first strategy consisted of
transformation of two plasmids in orie coli strain. For expression of two proteins, the
plasmids pALXtreme-1a, harboring the correspond®®0 BM3 gene and pKAL1, harboring
the RE-ADH or the Lb-ADH gene were chosen. For egpion of three proteins, the
pALXtreme-1a plasmid containing the operon-fusieib® BM3-RE-ADH (see below) and the
pKA1 plasmid containing the Lb-ADH were used (seeter maps, appendix Figure 6-1 and
Figure 6-2). Chemically competelt coli BL21(DE3) Gold lact* cells were transformed with
50 ng of each plasmid simultaneously and were dgpma agar plates containing both
antibiotics (Chloramphenicol, Kanamycin) for seiet

The second strategy is based on the coexpressiog tiie commercial vector pACYCDuet-1
from Merck (Darmstadt, Germany), which contains twaltiple cloning sites (MCS; vector
map, appendix Figure 6-8§% Cloning of both target genes was performed byringisn

cloning (chapter 3.5.1). First, the RE-ADH gene wiaied in the multiple cloning site MCS2
using the restriction sitedel andEcoRV The restriction sité&ecoRVwas introduced at the
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end of the RE-ADH gene-sequence by PCR using aligeotide primers containing the
corresponding mutation (Nr. 1-2, Table 6-2). TheRP¢ntained 40 ng pKA1 RE-ADH as
template, 1 U of Phusion DNA polymerase, 0.2 mM &8;T1x Phusion buffer and 0.4 uM
each forward and reverse primer in a final volurh®® p L. Following temperature program
was used: initial denaturation at 98 °C for 2 nfollowed by 25 cycles of denaturation at
98 °C for 30 s, annealing at 57 °C for 30 s anahgddion at 68 °C for 30 s, as well as a final
elongation at 72 °C for 10 min. The resulting pAY&t-1 plasmid containing the RE-ADH
was used for cloning of the P450 BM3 monooxygenasents into the multiple cloning site
MCS1 using restriction siteBcoRIandNcol, followed by transformation int&. coli BL21
(DE3) Gold cells.

The third coexpression strategy is based on therggon of a synthetic operon-fusion for
simultaneous expression of both proteins from @lsim7 promoter in the pALXtreme-la
vector. Construction of the synthetic operon-fusimas performed using the PLICing
methodology. Hence, four phosphorothioated oligtentde primers (No. 5-8, Table 6-1)
were design for amplification of the RE-ADH genen@ler fragment; insert DNA), and the
P450 BM3 monooxygenase gene together with the pAdiAe-la vector backbone (larger
fragment; vector DNA). A schematic representatibthe generated operon-fusion containing
plasmid is shown in Figure 3-1.

By means of the forward primer for the RE-ADH ggRE-ADH Fwd_Op_PTO) a second
ribosome binding site containing the Shine-Dalgasaquence (SD: UAAGGAGGUS and
an optimal sequence spacii between SD and translational initiation (ATG) of 5
nucleotides was introduced. PLICing was performediescribed in chapter 3.5.1 with some
modifications.

The vector pALXtreme-la P450 BM3 was used as temmdlENA for amplification of the
vector backbone. Prior to amplification the plasmds linearized by digestion using the
EcoRl restriction site RE-ADH was amplified directly from the circular pR plasmid. A
two-step PCR was used as described in chapter. 3rb.the first step, 5 cycles of linear
amplification with one single primer were carriedt avith an elongation time of 9 min for
P450 BM3 and of 2 min for RE-ADH). For the secongb@ential amplification step with
both primers 25 cycles and an elongation time ofit® for P450 BM3 and 1 min for RE-ADH
were used. The resulting amplified products for Glhfy are shown in the appendix section
(Figure 6-7).
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PlICing, transformation in chemically compete®t coli BL21(DE3) Gold lac?* cells and
verification of the generated coexpression clonas werformed as previously described in
chapter 3.5.2.

T7 promotor

i

-
~ 1000
5000

KanR
pALXtreme-la BM3-RE-ADH

P450 BM3
6129 bps

2000
~

T7 terminator 40
RE-ADH Rev_Op_PTO

BM3 Fwd_Op_PTO -

Spel Bst11071

GT TTTCTGCACA CCCGACCCAT TGGGTGATCA TTAGTACTAG GTGACAAG

GATC CACTGTTCAA TAAGGAGGTA TACCATGAAG GCAATCCAGT ACACG
3120 CCGATACGCA AAAGACGTGT GGGCTGGGTA ACCCACTAGT AATCATGATC CACTGTTCAA TAAGGAGGTA TACCATGAAG GCAATCCAGT ACACGAGAAT C
PTO nucleotides ~——55 Spacer
P50 BM3 0655000 5 & >>
g r y a k d v w a g -

RE-ADH Rev_Op_PTO
CGCC AACACCAGGG ACCAGACATT CGATTGTTTC GG
BM3 Fwd_Op_PTQ
GCTAACAAAG CCCGAAAGGA AGCTGAGTTG GC
4211 GGCCGTGCGG TTGTGGTCCC TGGTCTGTAA GCTAACAAAG CCCGAAAGGA AGCTGAGTTG GCTGCTGCCA
PTO nucleotides

Figure 3-1: Plasmid map of the expression vector @pon-fusion pALXtreme-la P450 BM3-RE-ADH.
Nucleotide sequences containing the PTO-primer dimgeaites for PLICing (Phosphorothioate-based deya
independent gene cloning) are indicated below (it8dheration of an operon-fusion between P450 BMBRE-
ADH is achieved by introducing a second ribosomadisig site between both gene, consisting of thene&hi
Dalgarno (SD) sequence and a spacing of 5 nuckbdtween SD and translation initiation codon (ATG

3.5.5 DNA sequencing

The generated plasmids for single expression aagpression of recombinant proteins used in
this work were verified by sequencing of the tamgetes. Isolation and purification of plasmid
DNA was performed using the NucleoSpin Plasmid fkdm Macherey Nagel (Diren,
Germany) following the supplier instructions. Comication of DNA was determined with the
NanoDrop spectrophotometer 1000 (Thermo ScientifiGimington, USA). Plasmid DNA
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containing P450 BM3 was sent for sequencing at ffhgeoMWG Operon (Ebersberg,

Germany) using appropriate oligonucleotide primsexjuencing primers Nr. 1 to 4, appendix
Table 6-6). Sequencing of SSM clones of P450 BM3 wane partially covering gene
fragments containing the targeted codon. In thisecsequencing was performed in 96-well
MTPs at GATC Biotech AG (Konstanz, Germany) usimgngers Nr. 1 or 2 (appendix Table

6-6).

3.5.6 Site-Directed Mutagenesis

The introduction of point mutations in the targeings was achieved using a modified two-
stag&®? Site-Directed Mutagenesis (SDM) protocol basedtenQuikChange SDM System
developed by Stratagene (La Jolla, CA).

In the first PCR-step linear amplification of thadet DNA with a single oligonucleotide

primer is performed (forward or reverse), avoidingthis way primer dimerization. In the

second PCR-step equal parts of amplified produds fthe first step are mixed together
followed by exponential DNA amplification. Both feard and reverse oligonucleotide primers
containing the desired mutation were designed bamedthe recommendations of the
QuikChange Site-Directed Mutagenesis manual. Thpl@mad oligonucleotide primers are
listed in the appendix section, Table 6-3.

The PCR mixture for SDM contained template DNA @®D-ng), 1 U Phusion DNA
polymerase, 0.2 mM dNTPs, 1x Phusion buffer andu®/2forward or reverse primer in 50 pL
final volume. Following temperature program wasdug® the first amplification step: initial
denaturation at 98 °C for 2 min, followed by 3 ®&glof denaturation at 98 °C for 30 s,
annealing at 55 °C for 1 min and elongation at €Xdr 1 min kb'. Subsequently, 25 pL of
forward and 25 pL of reverse reaction were mixegetber and 0.5 U of Phusion DNA
polymerase was added. The second amplificationwstepanalogous to the first one, using 15
amplification cycles instead of 3 and followed byiral elongation step at 72 °C for 5 min.
The PCR products were analyzed by agarose gelr@bctresis and purified using a PCR
cleanup kit. Template DNA was digested by addinér20 U of Dpnl endonuclease followed
by incubation at 37 °C for 16 h. The mutated plasif30 to 50 ng) was transformed into
chemically competent cells (chapter 3.5.2).
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3.5.7 Site-Saturation Mutagenesis

Site-saturation Mutagenesis (SSM) is used to initeca randomize codon at a specific amino
acid position in the gene of interest. The emplogestedure is analogue to SDM except for
the use of so called wobble primers, which contastead of a single point mutation a
randomized (wobble) codon. Degenerated NNK-oligtentales were used, where N codes
for G, A, T and C, and K codes for G and T, enaplime introduction of all 32 base triplets
into a gene sequence. The targeted codon is tmeredodomized to all 20 canonical amino
acids. The design of oligonucleotide primers aralrtiutagenic procedure were performed as
described for the SDM protocol (chapter 3.5.6).

The oligonucleotide primers used for generationaoidomized mutant libraries of P450 BM3
wild type (WT) as starting template are listed iable 6-4. Employing P450 BM3 variant
19A12 as template the primers in Table 6-5 wereal Use SSM. In both cases the smaller
vector pALXtreme-1la was used, allowing for a high@ansformation efficiency and higher
number of obtainable colonies for generation ofrtheant library. The mutated plasmid (30 to
40 ng) was transformed into competdnt coli BL21 (DE3) Gold lact* cells, following
cultivation on agar plates containing kanamycin.

3.5.8 Error-prone PCR using P450 BM3 variant 19A12 as template

Error-prone PCR (epPCR) is a modified version efstandard PCR procedure to increase the
natural error rate of the employed DNA polymeragpically a Tag DNA polymerase. One
possible way to enhance the error rate is to supgié¢ the PCR with altered concentrations of
MnCl,, modified dNTPs ratios or the use a highly ernmAg polymerasg®?!

In this study varying concentrations of MRG0, 10, 20, 40 and 60 nM) were tested, along
with the use of an optimized error-promag DNA polymerase, to achieve an inactivation ratio
of 50%. The mutation frequency in an epPCR libreayp be estimated on the basis of the
inactivation ratio (fraction of inactive clones) lsampling a small number of clones,
commonly 90 clones in a MTP. In previous experiraant inactivation ratio of 50% showed
to be beneficial when screening for enhanced agtiof P450 BM3 monooxygenase&!
Therefore, an inactivation ratio of 50% was pursoitdentify clones with improved catalytic
performance.

Phosphorothioated oligonucleotide primers 1 andagpéndix Table 6-1) were used for
amplification of the target gene DNA (P450 BM3 12)&nd primers 3 and 4 (appendix Table
6-1) for vector DNA (pALXtreme-1a). The epPCR midu50 puL) for amplification of the
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P450 BM3 gene contained 30 ng of template DNA, Bdlaq DNA polymerase, 0.2 mM
dNTPs, 1x epaq buffer, 0-60 nM MnC] and 0.4 uM each forward and reverse primer.
Following temperature program was used: initialataration at 94 °C for 2 min, followed by
25 cycles of denaturation at 94 °C for 30 s, aringalt 58 °C for 30 s and elongation at 68 °C
for 1.5 min. After exponential amplification, a dihelongation at 68 °C for 10 min was
performed. The vector DNA was amplified under thme conditions, in the absence of MxnCl
and using the high fidelity Phusion DNA polymerade U) instead of the @maq DNA
polymerase. Cloning and transformation of the ramgilomutated gene for generation of a
mutant library was carried out using PLICing asctdiégd in chapter 3.5.1 and 3.5.2.

3.6 Cultivation of E. coli for heterologous protein expression in
shake flasks

3.6.1 Expression of recombinant P450 BM3 monooxygenases

The cultivation of recombinari. coli strains for heterologous expression of the diffe450
BM3 monooxygenase variants took place in a volurhé® to 400 mL, using 0.25 to
2 L Erlenmeyer flasks. A preculture of 4 mL LB meah, supplemented with the respective
antibiotic (Table 3-2), was prepared by inoculatfoom a 25% (v/v) glycerol stock of the
corresponding strain and subsequent incubatior? &C3and 250 rpm for 16 h overnight. The
main culture in TB medium (see chapter 3.3), suppl&ed with the respective antibiotic and
trace elements was inoculation with 1% (v/v) praae and was incubated at 37 °C and 250
rpm until an ORy of 0.8 to 1 was reached (typically after 2.5 h)otBin expression was
induced by addition of 0.1 mM IPTG, 0.5 mM ALA afdl g L* thiamine and the flask was
further incubated at 30 °C and 250 rpm for 20 h.

In the course of this study optimization of the megsion temperature was conducted and a
temperature of 25 °C was selected for enhancedession of P450 BM3 monooxygenase
variants.E. coli cells were harvested by centrifugation (10 mimQ@g at 4 °C) and the cells
pellets were washed in 0.1 M KPi buffer (pH 8.0nhdt stated otherwise. The cell pellets were
stored at -20 °C until further use.

3.6.2 Expression of recombinant RE-ADH

The RE-ADH was expressed and partially purifiedoading to a published proto¢tf with
minor modifications. Ark. coliBL21 Gold (DE3) pKA1 RE-ADH preculture was prepaia
LB medium containing chloramphenicol (Cm; 34 pgmB7 °C, 250 rpm, 16 h overnight).
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The main culture (50 mL LB medium/Cm) was inocutiatgth 1% (v/v) of the preculture and
was cultivated at 37 °C and 250 rpm. After reachemgODRQyo of 0.5 the expression was
induced by addition of 25 uM IPTG and 1 mM Zp@&illowed by cultivation for 20 h at 30 °C
and 150 rpm. Cells were harvested by centrifugafidh min, 4500 g at 4 °C) and the cell
pellet was frozen until further use.

3.6.3 Coexpression of P450 BM3 monooxygenase and alcohol dehydrogenase

For coexpression of two proteins, a P450 BM3 moggerase and an alcohol dehydrogenase
(RE-ADH or Lb-ADH), or coexpression of three proigi the P450 BM3 and two ADHSs in
one strain (RE-ADH and Lb-ADH), the establishedtpcol for expression of P450 BM3 was
used (chapter 3.6.1), taking into account the amdiof the corresponding antibiotics. The
coexpression strains used in this study, togetlitbrtive corresponding antibiotic resistance are
summarized in the appendix section (Table 6-8addition, if the RE-ADH gene was present
in the employed genetic construct, the main cultar&B-medium was supplemented with 1
mM ZnCl, directly after induction of the expression witir'(B.

3.7  Cultivation of E. coli for heterologous expression in Microtiter
Plates

3.7.1 Expression of a P450 BM3 monooxygenase mutant library

Generation of mutant libraries for activity screeniwas carried out by cultivation of a single
clone in each well of a flat bottom 96-well micteti plate (MTP) (Greiner bio-one,
Frickenhausen, Germany) after the mutagenic praeg@85M or epPCR).

First a master plate was generated, which servelrig term storage and for inoculation of
expression cultures. In each well of the MTP 150 R medium, supplemented with
kanamycin (50 pug mit) were pipetted. Single colonies were picked frotraasformation agar
plate using sterile toothpicks and were transfetoethe corresponding well for inoculation.
The MTP was cultivated for 16 h in a MTP-shakerdiMione INFORS, Heinsbach, Germany)
at 37 °C, 900 rpm and 70% air humidity. After cwdtion 100 pL of 50% (v/v) glycerol were
added to each well for storage of the plate at®*@0As reference samples tke coli strains
containing the template plasmid pALXtreme-1a P4BAGBNT or P450 BM3 19A12 (starting
activity control) and the empty vector (no activiagntrol) were cultivated in triplicate in the
same MTP. When the WT enzyme was used as startatgrial for mutagenesis the variant
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19A12 served as positive control. A schematic regméation of the layout of a master plate is
shown in Figure 3-2.

In total 2 plates with 174 clones each per satdramaino acid position were generated. The
randomized library statistics were calculated usirtge web-interface GLUE-IT
(http://guinevere.otago.ac.nz/cgi-bin/aef/glue-ITHF® Using a library size of 174 clones and
NNK-degenerated primers a completeness of 99.76&¥aarobability of 95.3% for all amino
acids to be present in the library is achieved.
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Figure 3-2: Layout of a master plate for cultivation and long term storage of a P450 BM3 mutant libray.
The reference samples P450 BM3 WT (red), P450 BOI&12 (blue) and the empty vector strain (gray) are
cultivated in triplicate and all other wells comtaine single mutagenesis clone.

Protein expression of the mutant library took plac86-well 2 mL-deepwell microtiter plates
(Eppendorf, Hamburg, Germany). After thawing thesteaplate was first replicated in a new
flat bottom MTP containing LB medium (50 pg fhikanamycin) using a 96-pin replicator.
This preculture plate was incubated as describedealnd was further used for inoculation
(1% v/v) of 600 pL TB medium, supplemented withc&aelements (1x), kanamycin
(50 pg mLY), ALA (0.5 mM), IPTG (0.1 mM) and thiamine hydrdotide (0.1 g ), per well

of the deep well MTP (chapter 3.3). The plate waseced with a sterile lid and sealed with
parafilm for incubation at 30 °C, 900 rpm and 70i¥ehaimidity for 20 h in the MTP-shaker.
The cells were harvest by centrifugation at 348@nd 4 °C. The supernatant was discarded
and the plate containing the cell pellets was st@te-20 °C overnight or until further use for
screening.

3.7.2 Preparation of P450 BM3 crude cell lysates in MTP format

Cell pellets from the expression in MTP (chaptef.B. were thawed for 20 min prior to
resuspension in 0.1 M KPi buffer (pH 8.0), usingolume of 350 pL in the case of P450 BM3
WT or 150 pL for P450 BM3 19A12. Thereafter, 250 fudshly prepared lysozyme solution
(5 g L%, 0.1 M KPi buffer pH 8.0) was added to each well ¢éhe plate was incubated at 37 °C
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for 1 h in the MTP-shaker (900 rpm, 70% humiditfhe crude cell lysate was gained by
centrifugation for 10 min (3480 g, 4 °C).

3.8 Fermentation of E. coli for heterologous protein expression

The fermentation oE. coli strains for heterologous expression of the diffele450 BM3
monooxygenase variants and production of higheruautsoof cell mass was carried out in a
5 L-bioreactor Biostat MD from Sartorius (Goéttinge@Germany). The cultivation in the
fermentor was analogue to the cultivation in shgKlask using a working volume of 5 L TB
medium supplemented with kanamycin (50 pginand trace elements (chapter 3.3).

A constant aeration rate of 0.5 vwvm (2.5 L Hjirmnd stirrer speed of 400 rpm were used. The
initial pH of 7.1 was maintained throughout thenfentation using 15% (v/v) ammonia and
30% (v/v) phosphoric acid solutions. To regulatanfoformation (if necessary) polyethylene
glycol was used. The cultivation was started byciation with an overnight culture of the
respectiveE. coli strain in 100 mL LB medium (50 pg rifLkanamycin; 37 °C for 16 h,
250 rpm). The temperature was controlled at 37 A an ODy of 1 was achieved. At this
point the protein expression was induced by additd IPTG (0.1 mM), as well as ALA
(0.5 mM) and thiamine hydrochloride (0.1 g')Las additives, and the temperature was
decreased to 25 °C and was kept constant for tkie2deto 26 h until the cell harvest.

In the course of the fermentation the dissolvedgexycontent (pg), the temperature, the pH
and the stirrer speed, as well as the pumping vedumi acid, base and antifoam were
measured online. For monitoring cell growth by nueement of Olgy, and protein expression,
samples of culture broth were taken regularly othex first 8 h and at the end of the
fermentation. The protein expression was evaludtgdSDS-PAGE and the P450 BM3
concentration determined by CO-difference spectiegdchapter 3.10.1). For cell harvest the
cells were separated from the culture broth byrdagation (15 min, 4500 g at 4 °C). Cell
pellets were washed in 0.1 M KPi buffer (pH 8.0§l atored at -20 °C until further use.

3.9 Screening of mutant libraries with the NADPH depletion assay

Screening for activity towards-heptane was achieved following a published proe=dt™
The reaction mixture for measuring NADPH-deplefifhin flat bottom MTPs contained if
not stated otherwise-heptane (1 mM), DMSO as cosolvent (4% v/v), craeklysate (50 pL;
chapter 3.7.2) and NADPH (0.2 mM) in a final voluefe250 pL KPi buffer (0.1 M; pH 8.0).
Before addition of NADPH the mixture containing ldgbate and substrate was incubated for
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5 min at RT. In the meantime, the blank value ef ¢intire plate (for each well) was recorded.
The reaction was started by addition of the NADRid anmediately thereafter absorption at
340 nm over 10 min in 9 s intervals (60 cycles) wasasured using a MTP reader Tecan
Sunrise (Tecan Group AG, Mannedorf, Switzerlandpl#te without addition of substrate but
with DMSO (cosolvent) as control reaction was pregaand measured in an analogous
manner.

The activity of each P450 BM3 clone towards hydtatgn of n-heptane was correlated to the
depletion of the NADPH cofactor during the reactiadADPH-depletion values were
calculated as slope of the absorption decreasaglthre first 60 s (linear range). For each well
the corresponding blank value was subtracted flwerabsolute absorption value to correct for
the background signal. The relative activity of leatone was defined as ratio between the
NADPH-depletion values of the respective clone trelaverage value of the starting activity
control (P450 BM3 WT or P450 BM3 19A12). A platentaining in 93 wells the parent strain,
and in the 3 remaining wells the empty vector stes a negative control, was screened in an
analogous way to determine the standard deviafitimecassay. Clones displaying an enhanced
activity in comparison to the parent template wsstected for a rescreening using the above
mentioned procedure. Based on the relative actantythe sequencing results (MWG Eurofins
DNA, Ebersberg, Germany) detection of improved PBBB variants was performed.

3.10 Protein preparation and analytics

3.10.1 Evaluation of protein expression by SDS-PAGE

Protein expression was evaluated using sodium gbdealfate polyacrylamide gel

electrophoresis (SDS-PAGE) as described by SamtandiRusself>®! 10% SDS-PAGE gels

were used for electrophoresis for 75 min at 30 mA iMini-Protean Tetra Cell system from
Bio-Rad (Munchen, Germany). As a marker 4 pL ofd&uler Prestained Protein Ladder
from Fermentas (St. Leon-Rot, Germany) were usex. ffotein visualization gels were
stained in a Coomassie Brilliant Blue solution 832 v/v coomasie, 45.5% v/v methanol,
9.2% v/v acetic acid) for 20 min, followed by desitag in 10% (v/v) acetic acid solution

overnight.
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3.10.2 Quantification of P450 concentration by CO-difference spectroscopy

The concentration of active P450 BM3 monooxygenaspurified samples or lyophilized
crude cell lysates was determined from the CO-glifiee spectra of the reduced heme-iron
(absorption maximum at 450 nm) using a standardeagtare by Omura and S&t8.

Lyophilized enzyme samples from purified proteincetl lysate were resuspended in 0.1 M
KPi buffer (pH 8.0). The CO-difference spectra wasorded with a Varian Cary 50
spectrophotometer (Agilent Technologies, Darmst@dtmany) after reducing the sample by
addition of sodium dithionite and gassing with @rlmonoxide for 1 min using a lecture
bottle station (Sigma Aldrich, Steinheim, Germanyhe solely reduced sample served as
reference to subtract the baseline signal.
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Figure 3-3: Typical CO-difference spectrum of P45BM3 WT for quantification of P450 monooxygenase
concentrations.

Figure 3-3 shows the typical CO-difference spectima P450 BM3 monooxygenase. For
calculation of the P450 BM3 concentration the LartBeer law equation and an extinction
coefficient of 91 mM' cmi* were used.

3.10.3 Preparation of crude cell lysates

For preparation of P450 BM3 crude cell lysatesdroeell pellets were resuspended in 0.1 mM
KPi buffer (pH 8.0) to obtain a cell-suspension26£25% (w/v). In case of the RE-ADH the
frozen cell pellet was resuspended in 0.1 M KPfdaufpH 6.0) to obtain a cell-suspension of
1.3 g wet cells per 20 mL. Cell disruption was agkd using either 3 cycles of sonication with
a Vibra-Cell VCX130 (Sonics & Materials, Newton, AS40% amplitude, 30 s/cycle, 30 s
pause between cycles) for volumes up to 5 mL oAwaestin EmulsiFlex-C3 high pressure
homogenizer (Ottawa, ON, Canada) for larger volurbgsapplication of three cycles of
1500 bar.
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The lysates were centrifuged (30 min, 24500 g 4C¥in a Sorvall RC-6 Plus centrifuge
(Thermo Scientific, Rockford, IL, USA) and furthelarified by filtration trough a 0.45 um

filter (Roth, Karlsruhe, Germany). For preparatmia non-purified and lyophilized enzyme
sample, the crude cell lysate was shock-frozegind nitrogen, lyophilized for 48 h at -54 °C
in an Alpha 1-2 LD plus Freeze dryer (Christ, Cstler am Harz, Germany) and stored
at -20 °C until further use.

3.10.4 Purification of P450 BM3 variants

Expression of the NADH-dependent monooxygenase matand preparation of crude cell
lysates for further purification were performeddescribed above in a 400 mL-culture, except
that cell pellets were resuspended in the puribeabuffer (0.1 M Tris/HCI, pH 7.8). The fresh
cell lysates were subsequently purified by meananidn exchange chromatography using a
Toyopearl DEAE 650S matrix (Tosoh Bioscience, @, Germany) and an established
protocol making use of a two-step elution with smalichloride with small modificatiods’”!

An Aktaprime Plus system with UV-detector (GE Hbadire, Miinchen, Germany) and a
packed glass column (TAC15/125PE5-AB-2 Kronlab, noMC Europe GmbH, Dinslaken,
Germany) were used for purification and collectminthe eluate. The column was initially
equilibrated with 0.1 M Tris/HCI buffer (pH 7.8)plfowed by loading of the cell lysate and
binding of the protein to the matrix at a constémi rate of 5 mL miff. In the first washing
step with 14% of the elution buffer (140 mM NaGdnductivity 17 mS cr) weaker bounded
proteins were eluted. In a second step using aegratdetween 14 and 25% of elution buffer
(140-250 mM NaCl; conductivity 17-22 mS @nthe P450 BM3 monooxygenase was eluted
and collected in 5 mL fractions. A 10% SDS-PAGEgak used for visualization of the purity
of the eluted proteins. The fractions with highpstity were pooled together. The selected
fractions were concentrated using an Amicon Ultraehtrifugation tube (30 kDa cut-off;
Millipore, Schwalbach, Germany), followed by desgtand buffer exchange in KPi buffer
(0.1 M; pH 8.0) using a PD-10 gel-filtration colunf@E Healthcare, Minchen, Germany). A
purity of 80 to 90% was estimated after electropbizin a 10% SDS-PAGE®! gel.

The purified monooxygenase mutants were shock-frazdiquid nitrogen, lyophilized for 48
h at-54 °C in an Alpha 1-2 LD plus Freeze dryehr{§&, Osterode am Harz, Germany) and
stored at -20 °C until further use.
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3.10.5 Characterization of P450 BM3 monooxygenases in cuvette

Spectrophotometric activity assayo assay activity of the P450 BM3 mutants NADH or
NADPH depletion was monitored in a cuvette at 34® msing a Varian Cary 50
spectrophotometer (Agilent Technologies, Darmst&dfmany). The concentration of active,
P450 BM3 monooxygenase (purified or as crude gslite) was first determined as described
in chapter 3.10.2. The standard reaction mixtomsisted oin-heptane (10 mM), ethanol as
cosolvent (2% v/v), and P450 BM3 (0.2 uM) in KPiffea (950 pL, 0.1 M; pH 8.0) if not
stated otherwise. After 5 min of pre-incubation thaction was started by addition of NADH
or NADPH from a stock solution (50 pL, 8 mM). Whire cofactor was almost consumed the
reaction was quenched by addition of concentrat€tl 00 pL, 37% v/v) and was directly
extracted for quantification of products via GCe(shapter 3.13). The initial oxidation rate (in
HUMOkotactor MMOkasg® Min or abbreviated mif) of the corresponding P450 BM3
monooxygenase was calculated for the first 20 thefcatalyzed hydroxylation reaction using
the slope (in mif) of the resulting regression curve. Quantificatifnthe exact amount of
consumed NAD(P)H (in pmol) was accomplished ushmeg éxtinction coefficientnape)n Of
6.22 mM*cm™* and the Lambert-Beer law equation.

Determination of Turnover Frequency, Coupling B#incy and Specific Activityrhe maximal
initial product formation rate or turnover frequgnd@OF; in LMGoduct umol:45dl min™ or
abbreviated as mit) of the corresponding P450 BM3 monooxygenase \easaalculated for
the first 20 s of the reaction, based on the qgfiadtitotal product amountia GC and the
coupling efficiency determined for the entire réaaet Coupling efficiencies (in %) for the
hydroxylation ofn-heptane were calculated for each monooxygenagatasbetween total
product concentration and consumed cofactor in dberse of the reaction (started by
NAD(P)H addition until quenching). The specific iaitly (in U gpasg’) was calculation using
the corresponding turnover frequency value and kecotar weight of P450 BM3 of 119 kDa
(0.119 g umob).

3.10.6 Purification of RE-ADH

Since the RE-ADH is highly thermo-stable (up to°€ it can be partially purified using one
step of heat treatment as described by Abokits#!**" The freshly prepared crude cell lysate
was incubation for 15 min at 65 °C. The removapécipitated proteins was performed by
centrifugation (30 min, 24500 g at 4 °C). The sup&nt was further clarified by filtration
trough a 0.45 um filter (Roth, Karlsruhe, Germaagyl stored at 4 °C. A purity of nearly 80%
was estimated according to SDS-PAGE visualizatith.
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3.10.7 RE-ADH and GDH activity determination

The activity of the heat-treated®){alcohol dehydrogenase froRhodococcus erythropolis
(RE-ADH) and of the commercially available glucoskehydrogenase (GDH) from
Pseudomonas siSigma Aldrich, Steinheim, Germany) was assaysgttsometrically with a
Varian Cary 50 (Agilent Technologies, Darmstadtri@any) by measuring the increase in
absorption of NADH at 340 nm. Volumetric activitiéa U mL™) were calculated using the
Lambert-Beer law equation.

For RE-ADH The reaction mixture (999 pL; cuvette) contaitieel corresponding alcohol (1-,
2-, 3- or 4-heptanol; 10 mM) and NAM1 mM) in KPi buffer (0.1 M; pH 8.0). The reaction
was started by addition of RE-ADH (1 pL; partiapyrified). One unit was defined as the
amount of enzyme that reduces 1 pmol of NA@r minute.

Total protein concentration was determined by thethad of Bradford using bovine serum
albumin as standaftf® A control reaction with ethanol (4% v/v), whichused in the cascade
reaction as cosolvent, was also recorded and ed e activity of RE-ADH towards ethanol.
The Ku-value of the RE-ADH for the cofactor NADusing 2-heptanol as substrate was
determined in an analog manner, varying the NA&Bncentration (1 to 4000 pM).

For GDH: the reaction mixture contained KPi buffer (1 mL1 M; pH 8.0),D-glucose
(10 mM) and NAD (1 mM). The reaction was started by addition of FGQLpL). The Ky-
value of the GDH for the cofactor NADusingD-glucose as substrate was determined in an
analogous manner, varying the NABoncentration (3 to 2000 pM).

For determination of k-values the slope of each absorption curve wadeplatgainst the
NAD™ concentration and the resulting data was fittethgu® Michaelis-Menten plot and
Origin 8.6 software (OriginLab Corporation, Northaton, MA, USA).

3.11 Invitro conversion of n-heptane

3.11.1 Hydroxylation of n-heptane by P450 BM3 monooxygenases

To determine product formation tl vitro conversion oh-heptane was monitored over the
first 24 h (1 mL, stirred screw top vial, room tezngture). A typical reaction mixture
contained, if not stated otherwisgeheptane (7 pL, 50 mM) and ethanol (13 pL, 1.3% e&
cosolvent for enhanced solubility of the organibstate, P450 BM3 (0.5 uM), and catalase
(600 U, to remove traces of hydrogen peroxide) it Buffer (1 mL, 0.1 M; pH 8.0). After an
incubation period of 5 min the reaction was statdgdaddition of NADH (2 mM). After a
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reaction time of 10, 30, 60, 120, 240 min and 2thé,reaction mixture (1 mL) was transferred
to a reaction vessel containing HCI (100 pL) togpstive reaction and the aqueous phase was
directly extracted as described in chapter 3.1Quantification of the produced heptanol and
heptanone regioisomers was carried out by GC asakghapter 3.13.2). The catalytic
performance of the system was evaluated in ternigtalf turnover numbers (TTN). This TTN
value refers to the P450 BM3-catalyzed hydroxylaticalculated for a 24 h reaction time as
ratio between total product concentration (in pMyl @oncentration of the P450 BM3 catalyst

(in uM).

3.11.2 One-pot double oxidation of n-heptane by P450 BM3 and RE-ADH

The biocatalytic double oxidation oh-heptane was evaluated using the P450 BM3
monooxygenase variants together with the RE-ADH ione-pot reaction. The reaction was
carried out in an analogue manner as the sole Ryltmon reaction describe in chapter 3.11.1.
The only modification consisted in the additionl®f U of RE-ADH (referring to the activity
determined with zheptanol) to the reaction mix. Sampling of the teacwas performed in
parallel to the sole P450 reaction.

For the reaction engineering experiments an incobatf 24 h and a varying concentration of
the different reaction compounds was used. The Va@Nes of the double oxidation cascade
were calculated as described in chapter 3.11.1. yiéle for the enzymatic resolution of
(R)-heptanol in the second RE-ADH-catalyzed oxidatistep are calculated for each
(R)-heptanol as product, starting from the enantianemixture of R)/(S-2-heptanol or
(R/(9-3-heptanol (and not-heptane) as substrate. For the calculation oflgiebnversion of
the non-chiral 1- and 4-heptanol was not considefé@ products were quantified by chiral
GC analysis as mentioned in chapter 3.13.4.

3.11.3 One-pot double oxidation of n-heptane with supplementation of glucose
dehydrogenase

In parallel to the double oxidation reactionmheptane described in chapter 3.11.1, a second
oxidation reaction containing a supporting NADH-egagration system was performed. In this
case glucose dehydrogenase (1 U) esglucose (2 mM) were added to the reaction mixture.
The reaction samples were treated in an analogumenas described in chapter 3.11.2 for
guantification of products and calculation of TTNs.
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3.12 Whole cell catalysis for double oxidation cascades

The whole cell conversion afheptane and cyclooctane was carried out uBingoli strains
expressing a single P450 BM3 monooxygenase or poesging the monooxygenase and an
alcohol dehydrogenase (RE-ADH). The employed strane specified in the appendix section
(Error! Reference source not found.and Table 6-8).

SelectecE. colistrains were cultivated and expressed eitherakisly flasks (chapter 3.5.6) or
in a 5 L-bioreactor (chapter 3.8). After cultivatidhe frozen cell pellets were thawed and used
for the conversion reactions. P450 content anddrgliveight were determined for each batch
of cells used in the biotransformation experiments.

3.12.1 Correlation of optical density to cell dry weight and P450 content

To characterize recombinaht coli cells expressing a distinctive P450 BM3 monooxggen
from a single cultivation batch, the P450 conterd ¢he cell dry weight were correlated to a
specific optical density at a wavelength of 600 (@Dsgg). Cells were resuspended in 0.1 M
KPi-buffer (pH 8.0) to obtain homogeneous mixtuwath an approximated Ofg, of 30, 40,
50 and 60. For each adjusted §Pvalue 1 mL of resuspended cells was used to olbian
crude cell lysate by sonication (see chapter 3)1@3d to measure the P450 BM3
concentration in the lysate by CO-difference smeciopy (see chapter 3.10.2).

For determination of the corresponding cell dry gii (CDW; in gpow L% 1 mL of
resuspended cells was centrifuged (21000 g, 2 followed by drying of the cell pellet in a
drying cabinet FP 53 (Binder GmbH, Tuttlingen, Gany) at 95 °C for 48 h and subsequent
weighing of the dried cell pellet.

3.12.2 Whole cell conversion of n-heptane and cyclooctane

The optimized reaction for conversionreheptane with resting cells was carried out in a-tw
liquid phase system. The aqueous phase contaireedaiiespondinde. coli cells in 1 mL
0.1 M KPi-buffer (pH 8.0) for a final O, of 40, supplemented with 10 g'lb-glucose for
cofactor regeneration. The organic phase conste@l2 mL puren-heptane. The aqueous
phase was pipetted into a 5 mL-screw top vial (GBo@atographie, Langerwehe, Germany)
and was incubated together with 25 piglucose that was added from a 400% $tock
solution, for 5 min at RT, prior to the addition nfheptane forming a second layer. The
reaction mixture was stirred at 600 rpm with arstg bar (3 mm x 10 mm, Carl Roth,
Karlsruhe, Germany) on a multipoint magnet stivariomag 15 (Thermo Fischer Scientific,
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Wilmington, USA). For monitoring product formati@mver 48 h the reaction mixture (aqueous
and organic phase) was transferred at a deterntimedpoint to a reaction vessel containing
100 pL HCI to quench the reaction.

The subsequent extraction procedure was performeddescribed in chapter 3.13.1.
Quantification of the synthesized heptanol and &emte regioisomers was carried out by GC
analysis (chapter 3.13.2). The catalytic perforneaotthe system was evaluated in terms of
product concentration and product yield. Produelidyion catalyst ¥ is defined as ratio
between the product concentration and the amoucdtafyst as cell dry weight in the reaction
(in mgoroductgww'l). To evaluate the expression level of recombif80 BM3 protein in the
cells the P450 yield 50« Was calculated based on the intracellular P45@ammnation of a
specific amount of cells (in nagsogeow ).

The biotransformation of cyclooctane usigcoli resting cells was performed analogue to the
procedure described above imheptane. Instead of a two-liquid-phase systemstiiestrate
cyclooctane was applied directly from a stock sohutin ethanol (20 pL; 500 mM) to the
agueous phase containing the resuspended celdfiftal concentration of 10 mM cyclooctane
and 2 % (v/v) ethanol. Extraction and quantificatad products by GC analysis was performed
as described in chapter 3.13.

3.13 Product analysis by Gas Chromatography

3.13.1 Extraction of products for GC analysis

The standard extraction procedure consisted in dfdition of MTBE (2-Methoxy-2-
methylpropane) as solvent containing an interreaiddrd (decane) that serves for correction of
pipetting errors or evaporation of samples durihg tvork out. In case of than vitro
conversion ofn-heptane (chapter 3.11) 0.4 mL MTBE containing 1 mé&tane (0.02% v/v)
was used as solvent. For whole cell catalysis &nsfiormations containing a second organic
phase of 0.2 min-heptane (chapter 3.12) the reaction products wetacted by addition of
0.4 mL MTBE with 10 mM decane as internal stand@r@ % v/v) and additionally 0.4 mL of
n-heptane to achieve a final volume of 1 mL orgasmvent. In this way product
concentrations are related to the volume of theeagsi phase £g). The extraction of whole
cell cyclooctane biotransformations was performeohgt 0.4 mL MTBE and 10 mM (0.2 %
v/v) decane as internal standard.
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After transferring the aqueous phase to a reast®msel containing 0.1 mL concentrated HCI,
the solvent was added carefully and the sample masd vigorously for 1 min. By
centrifugation at 21000 g for 2 min separation othbliquid layers was achieved. The organic
layer was transferred to a fresh reaction vessedddover NaS® by vigorous mixing,
centrifuged again (21000 g, 2 min) and filled iG@ vial.

3.13.2 GC Quantification by means of a calibration curve

Quantification of the reaction products was perfedmusing a Shimadzu GC-2010 gas
chromatograph coupled to a flame ionization detedt®ID) (Shimadzu, Japan). For

guantification the GC was fitted with a column F@8me-5ms (5% Phenylpolysilphenylen-
siloxane; 30 m x 0.25 mm x 0.25 pum film thickne€&S-Chromatographie, Germany). A

typical column oven temperature program for separaif the heptanol regioisomers consisted
of following steps: 40 °C for 19.5 min, 20 °C ritito 100 °C, 3 min at 100 °C.

For each corresponding alcohol and ketone a 7-pm@hbration curve was generated using
authentic standards and a defined amount of dgdamd or 10 mM) as internal standard. A

characteristic GC-chromatogram and a calibrationvesuexemplarily for 2-heptanol, are

shown in the appendix section (Figure 6-4 and fedb). The authentic standards 1-heptanol
and 2-heptanol (Merck, Darmstadt, Germany), 2-hepta, 3-heptanol, and 4-heptanone
(Sigma Aldrich, Steinheim, Germany), 3-heptanomal 4-heptanol (TCI Europe, Eschborn,

Germany) had all the purity >98%. Retention times ¥-, 2-, 3-, 4-heptanol, 2-, 3-, and 4-

heptanone were respectively: 13.7, 15.3, 15.9,,16.2, 18.0, 22.7 min.

The separation of cyclooctane conversion produdts the same column FS-Supreme-5ms
was achieved using following oven temperature @ogr80 °C, 2 °C min to 110 °C, 30 °C
min™ to 200 °C, 40 °C mih min to 300 °C for 1 min. For quantification of dyoctane,
cyclooctanol and cyclooctanone 4-point calibratmmves were generated using authentic
standards (purity >98%) and 10 mM decane as intestendard. Retention times for
cyclooctane, cyclooctanol and cyclooctanone respaygt 3.4, 9.13, 8.2 min.

3.13.3 Determination of regio- and stereoselectivity of the P450 BM3 variants

The enzymatic hydroxylation af-heptane, used in this study as model substrasels|¢o
generation of all possible regioisomers 1-, 2-afd 4-heptanol. Additionally, in two of this
regioisomers, 2- and 3-heptanol, chiral centersbmagenerated. The distribution of the regio-
and stereoisomers upon conversiom-bfeptane with the selected P450 BM3 monooxygenases
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was analyzedvia gas chromatography (GC). In terms of regioselégfivthe product
distribution was normalized to 100% and was catedldbased on GC quantification of each
regioisomers as described in chapter 3.13.2. &ekectivity was calculated as enantiomeric
ratio (er; percentage of each enantiomer) or as enantioraecessde percentage of excess of
one enantiomer compared to the other).

3.13.3.1 Determination of the absolute configuration of (5)- and (R)-3-heptanol

Pure enantiomeric standards of 3-heptanol were cootmercially available but racemic
3-heptanol could be separated on a chiral GC columtinboth enantiomer peaks. Therefore,
the absolute configuration of each GC peak wagyasdi based on polarimetry measurement
and correlation to the optical rotation (or sigrtloé rotation) of each enantiomer according to
following literature values: 4.9° foRj-(-)-3-heptandt’® and +5.8° for §)-(+)-3-heptandt’™.

Samples of each enantiomer in excess were obtaéimedgh conversion ofrgc)-3-heptanol,
either with the R)-specific alcohol dehydrogenase frarmctobacillus brevigLb-ADH)**® or
the ©-specific RE-ADH"™"\. The Lb-ADH reaction was performed using recombiri coli
whole cells (ORy of 22) in KPi-buffer (25 mL, 0.1 M, pH 6.0), coiriang acetone (2 mL,
8% v/v), MgSQ (4.25 mg), NADP (2 mM) and 3-heptanol (0.4 M), for 24 h at room
temperatureE. coliwhole cells containing the recombinant Lb-ADH wé&nedly provided by
Prof. Dr. Hummel (FZ Jilich, Germany). The produetsre extracted twice by addition of
chloroform (10 mL). After centrifugation (2 min 20000 g) the organic layers were combined,
dried over NaS@®and concentrated to 1 mL using an evaporator IKA B basic (IKA-
Werke, Staufen, Germany). Subsequently, the eelantaction was used for polarimetric
measurement with a Perkin Elmer 241 MC Polarim@féaltham, USA) and for chiral GC
analysis as described in chapter 3.13.4. The poéter was first blanked against chloroform
and the optical rotation was determined at a wangtheof 589.3 nm and 25 °C.

3.13.3.2 Lipase-catalyzed resolution of (S)-2-heptanol

The 2-heptanol enantiomers could not be separateda cchiral GC column, therefore
determination of the stereoselectivity was basedthen lipase-catalyzed resolution of the
(9-2-heptanol enantiomer as described by Petedl. with some modification§’? In this
process the R)-heptanol products are acetylated by Lipase, fgpvihe §)-heptanol
enantiomers unreacted.
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The products of the sole P450 BM3-catalyzed hydaiign of n-heptane (chapter 3.11.1)
were extracted in 1 volume ofheptane (1 mL) and splited in two equal volume®.df mL.
One volume was treated with Lipase B for acylatadrthe ®)-2-heptanol[20 U, 4 mg of
Lipase from Candida Antarcticgacrylic resin (Sigma Aldrich, Steinheim, Germanwhd
succinic anhydride (0.2 mg), one volume without &ldelition of Lipase as reference reaction.
Both samples were incubated in parallel at 35 °@ @0 rpm for 24 h. The samples were
analyzed by gas chromatography as described inteh8pl3.4 to determine the area of the
2-heptanol peak in the acetylated sample and tfererece sample. Comparison to the
reference reaction without Lipase allows to caltaulie total amount of 2-heptanol and the
corresponding percentage of reacte{eptanol and to determine the enantiomeric ratio.

3.13.4 Quantification of chiral products

For chiral separation and quantification &-and §-3-Heptanol, as well as the remaining
(9-2-heptanol after acylation of thé&)¢enantiomer, a GC-2010 Plus with a FID-detector
(Shimadzu, Japan) was fitted with a column FS-Hgdrop-TBDAc (heptakis-(2,3-di-O-
acetyl-6-Ot-butyldimethylsilyl)f-cyclodextrin; 25 mx 0.25 mm; Macherey-Nagel GmbH,
Diiren, Germany). Following oven temperature progwaas used: 50 °C, 5 °C mirto 95 °C,
9.5 min. Retention times forRj- and §)-3-heptanol respectively: 13.00, 13.28 min; for
(S/R-2-heptanol: 14.46 min.
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4 Results and Discussion

The results and discussion section is divided reehmain chapters. In the first chapter the
protein engineering of P450 BM3 monooxygenase loysed mutagenesis (10 positions for
P450 BM3 19A12; 17 positions for P450 BM3 WT) aatidom mutagenesis (630 clones for
P450 BM3 19A12 as parent) is described to imprineenzymes activity for the subterminal
hydroxylation of n-heptane. Additionally, this chapter includes theiteh in cofactor
specificity from NADPH to NADH of selected P450 BMariants by mean of focused
mutagenesis and the detailed characterizationeot#iants in terms of catalytic performance
and selectivity. The second chapter comprises gheof of concept’ for then vitro one-pot
double oxidation oh-heptane in a biocatalytic cascade, employing tigineered NADPH-
dependent P450 BM3 monooxygenase variants andkeelective alcohol dehydrogenase
from Rhodococcus erythropoligRE-ADH). In the third chapter an extension of the
aforementioned catalytic process to the applicabbrwhole cell catalysts is described. It
includes a comparison of different strategies foexpression of P450 BM3 variants and
alcohol dehydrogenases (RE-ADH and ADH fraacttobacillus brevis Lb-ADH), as well as
an evaluation of the catalytic performance for wiele cell system employing-heptane and
cyclooctane as model substrates.

4.1 Protein engineering of P450 BM3 monooxygenases

This chapter is focused on the engineering of PBBIB monooxygenases to achieve highly
active mutants for the selective oxyfunctionaliaatiof medium-chain alkanes £Csg). The
model substrate-Heptane was selected due to the easier handlimpaed to shorter-chain
alkanes which are gaseous at room temperature.filst approach, the monooxygenase P450
BM3 19A12¢ was selected as the starting variant for focused mndom mutagenesis
towards increased activity for the subterminal loxgtation of n-heptane. Later on, the focus
of engineering was shifted to the P450 BM3 wildeiygnzyme as starting template to engineer
mutants with a reduced mutational load, but didpya high activity onn-heptane and
improved coupling efficiency. Furthermore, the o cofactor specificity from NADPH to
NADH of the selected P450 BM3 monooxygenase vagiamas investigated in order to
achieve cofactor-compatibility with the NADH-depemtl RE-ADH™". In addition, NADH is
cheaper and more stable than NADPH making an aggit in cell free catalysis more
suitable™™ Finally, a detailed characterization of the engieel P450 BM3 variants in terms
of catalytic performance, as well as regio andesteelectivity was performed.
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4.1.1 Focused and random mutagenesis of P450 BM3 19A12

The monooxygenase variant P450 BM3 19A12 was gwtkday Fasaret al. in previous
studies and displayed a higher catalytic perforraazampared to P450 BM3 WT with short
and middle-chain alkanes, mainly frompropane ton-heptane (TTN of 10500 and 5360
respectivelyf>® ¢ p450 BM 19A12 contains in total 18 substitutioRs+{C, L52I, V78F,
A82S, K94l, P142S, T175l, A184V, L188P, F205C, R261236Q, E252G, R255S, A290V,
A328F, L353V, and 1366V, see chapter 1.3.2). Rdgethe substrate spectrum of the P450
BM3 variant 19A12 has been further expanded fraredr alkanes to cyclic alkanes such as
cyclohexane, cyclooctane and cyclodedafit.

The heme-domain of the P450 BM3 variant 19A12 wakem@d as synthetic DNA and was
subcloned into the expression vector pALXtremesee (chapter 3.5.4.1). The expression of
soluble protein from P450 BM3 19A12, together wtie wild type (WT) and the empty vector
control was analyzed by SDS-polyacrylamide geltebgphoresis (chapter 3.10.1) and the P450
concentration was determined by CO-difference spscopy (chapter 3.10.2). The
accumulation of 18 mutations in the P450 BM3 19Ai#iant resulted in a significant
decrease in expression, lower than the in the WJu(E 4-1).

The concentration of active monooxygenase in tHeesgracts was 3 uM for 19A12 and
51 uM for WT, when expressed in parallel shakiagKkk under the same incubation conditions
(30 °C at 250 rpm for 20 h after induction). Untlas incubation conditions the variant 19A12
achieved only 6% of active protein expression aspared to the WT.
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Figure 4-1: Expression level of P450 BM3 wild typ€WT) and BM3 19A12. Protein visualization of crude
cell lysates on a 10% SDS-PAGE gedl) Molecular weight standard (PageRuler, Fermeni@3)P450 BM3
WT; (3) empty vector control;4) P450 BM3 19A12. The molecular weight of P450 BM3 and variants is
119 kDa. Taken from Miilleet al*"?

For directed evolution of P450 BM3 monooxygenaseapropriate high throughput screening
assay was required. A product-based high througtptection system for alcohols, such as

58



RESULTS AND DISCUSSION

heptanol, is in practice difficult to realize. Oretone hand, the gas chromatographic detection
of alcohols is simple and can give both quantieand qualitative values, however, only with
a low to medium throughput. On the other handcfeemical detection of alcohols the use of
toxic heavy metals or harsh pH conditions is reeplfi’® Therefore, one feasible alternative to
assay monooxygenase activity is the direct measmewf the cofactor-consumption during
the hydroxylation reaction. The NAD(P)H-depletiossay has been used with success in the
last decade for several protein evolution stdtfies'’”! An established protocol is also
available!®® The reported NADPH-depletion assay was adaptedPf#50 BM3 19A12 as
starting template, using crude cell lysates aftétivation and expression in deep-well MTP
format (chapter 3.7). The assay was optimized gane: to substrate concentration, as well as
DMSO and cell lysate volumes. The best result veaseaed with 0.2 mM-heptane, 4% (v/v)
DMSO and 50 pL lysate.

A standard deviation of 21% for the optimized NADHepletion assay witm-heptane as
substrate was determined after simultaneous sorg&t single P450 BM3 19A12 clones as
shown in Figure 4-2.
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Figure 4-2: Determination of the standard deviationof the NADPH-depletion assayn-heptane
hydroxylation by P450 BM3 19A12.The calculated standard deviation is 21%.

Initially, we pursued not only the detection of NRH-consumption, but also the
subsequential production of hydrogen peroxide aseasure for the uncoupling of the
hydroxylation reaction (peroxide uncouplififf. The ABTS-assay (2;Azino-di-(3-ethyl-
benzthiazoline-6-sulphonic acid) was employed lfiis purposé’™

Detection of hydrogen peroxide was performed urttier reaction conditions used for the
NADPH-consumption assay, with and without additafnE. coli crude cell lysate. Lysates
from two different P450 BM3 variants, 19A12 and 139 were used. Variant BM3 139-3
has a highly uncoupled electron transfer system ¢8&pling efficiency fom-propanef® and
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therefore a higher production of hydrogen peroxiiging conversion ofn-heptane is
expected. Nevertheless, detection of hydrogen jeowas not possible when crude cell
lysate was present in the reaction mixture as shiovagure 4-3.
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Figure 4-3: ABTS-assay for detection of hydrogen pexide. A concentration of 0-1.2 mM 4@, was used
with and without supplementation Bf coli crude cell lysate. The reaction contained: 20 U'rhbrse radish
peroxidase, 2.6 mM ABTS, 40 pL cell lysate or buffearying concentration of 40, (0-1.2 mM) in KPi buffer
(250 pL, 0.1 M, pH 8.0).

Based on this result it was assumed that the oghté contains native catalase
(hydroperoxidase), which will degrade the hydrogenoxide added to the reaction. It is well
known thatE. coli cells can produce hydroperoxidases (HPI and Hi3llxdaptive response to
oxidative stress, mainly during the stationary phascultivation**” Hence, an application of
the ABTS assay in the expected format for a highubhput screening with cell lysates is not
feasible.

The screening of P450 BM3 muteins proceeded usnhg the NADPH-depletion assay. For
the detection of clones with an improved activiynpared to the parent template (P450 BM3
19A12), the activity of the parent was set to 1088d the threshold was determined as 120%
based on the standard deviation of the assay. Basdiderature researt?®® *%and on a
prescreening of available P450 BM3 libraries 10ramacid positions, which may influence
substrate binding and conversion of substratedheénaictive site cavity of P450 BM3 were
selected.

The amino acid positions V26, A74, F87 and V184ensgparately saturated, while residues
R47-Y51, 1236-E267 and A264-T268 were saturatedukameously using for each pair a
single oligonucleotide primer containing both ramawed positions. The variant P450 BM3
19A12 was used as template as described in chagat. For all positions, amplification of
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the template DNA with the mutagenic oligonucleotiggimers yielded the correct
amplification product. For each single positionQ Bones were screened using the established
NADPH-depletion assay (chapter 3.9). In the caggvofsimultaneous saturated positions, 360
clones were screened. The clones that showed dicagitly higher activity than the parent
P450 BM3 19A12 (>121 %) were selected for rescregni

From screening all constructed SSM libraries, dhbse at positions A74 and V184 showed an
improvedn-heptane hydroxylation activity under the screergogditions. From both libraries
10 clones were selected and cultivated in shakiagk ffor rescreening with the NADPH-
consumption assay. The sequencing results revélaggdhe best two mutants harbored the
substitution A74E, and V184S/P188Q, being P188@ea @mino acid substitution. The single
amino acid substitutions V184S and P188Q were spufesdly introduced into P450 BM3
19A12 by SDM (chapter 3.5.6) to elucidate the imdirnal effect of each mutation.

After expression in shaking flask and determinatbithe P450 concentration (chapter 3.10.2)
the activity of the mutants was determined by usggal amounts of enzyme (normalized
P450 concentration of 20 nM) for the NADPH-deplet@ssay. Afterwards, the activity was
calculated based on the slope of NADPH-depletiahianelation to the activity of the variant
19A12 (100%) as shown in Figure 4-4. The singlesstuiions A74E, V184S and P188Q
enhanced the activity of variant 19A12 in the NADRB$say up to 43%. The absolute product
formation in the hydroxylation oh-heptane was further evaluated for these mutantls wi
normalized concentrations of P450 BM3 monooxygelielsapter 3.10.5).
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Figure 4-4: Relative activity of P450 BM3 19A12 munts in the NADPH-depletion screeningThe activity
of the parent variant P450 BM3 19A12 (blue) asnegfee is set to 100%.

None of the selected mutants A74E, V184S and PX3g&@ed an increased product formation
rate compared to the parent variant 19A12 whenlequaunts of P450 monooxygenase were
employed in the reaction. The improved activitiesserved during NADPH-depletion
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screening were most likely a result of increasepdression levels of the mutant or higher
uncoupling rates. The low and unstable expresswvel lof P450 BM3 19A12 in MTP format
was determined to be a bottleneck for further essyiimg of the protein. Based on the
guantification of active P450 after the shake flaggression experiments it was observed, that
mutation P188Q lead to a significant rise in thé&@®4oncentration compared to the parent
variant 19A12 (up to 2-fold; 4.5 uM vs. 2 uM). Tafre, during screening the side mutation
P188Q led to an apparent improvement in activitysed only by an increased expression
level. This result is not surprising since the dbsizing effect of the mutation L188P, despite
of its significant benefit towards activity in BMI®A12, was reported previously by Fasdn
al.® The authors introduced the mutation L188P in tH&OPBM3 variant 35E11 and
observed a perturbation in the heme environmemidisated by CO-difference spectroscopy
(appearance of a 420-nm peak accounting for 40%etotal enzymes concentration). They
also investigated the impact of accumulated mutatia P450 BM3 variants on the enzyme’s
thermostability. The half-denaturation temperatligg as a benchmark of stability decreased
gradually with a growing number of accumulated rates. TheTsy value of P450 BM3
19A12 was estimated as 46 °C, 9 °C lower than #heevof the WT (55 °C§?

Random mutagenesis was used as a second strategydiotion of P450 BM3 19A12 to
improve n-heptane hydroxylation activity. An error-prone XepCR library containing an
inactivation ratio of 50% was generated (chaptBr83. Different concentrations of MngClin
combination with areplag DNA polymerase were tested and for each coretém 96 clones
were screened using the NADPH-depletion assay.raie of active clones, compared to the
parent P450 BM3 19A12 as reference, and inactiseed, compared to the empty vector
strain, were calculated (Figure 4-5).
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Figure 4-5: Inactivation ratio in epPCR libraries of P450 BM3 19A12 in correlation to the concentratio
of MnCl.,.

A MnCl; concentration of 40 nM with an apparent inactmatrate of 53% was chosen for
generation of the library. In total 630 clones weubjected to a first round of screening and
out of this 49 were selected for rescreening iticafes (5-times). In the rescreening, none of

62



RESULTS AND DISCUSSION

the selected clones displayed significantly inceelaactivity compared to the parental P450
BM3 variant 19A12 as shown in Figure 4-6. The re@#ctivity of most clones did not exceed

the activity of 19A12 within the standard deviaticange of the assay (21%). As a result of
both semi-rational and random mutagenesis apprsanbeimproved variants were found

based on the NADPH-depletion assay.
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Figure 4-6: Rescreening of a P450 BM3 19A12 epPChidilary with n-heptane as substrateln total 49
clones were screened with the NADPH-depletion aésagrage of 5 replicates each). Activity of 19A4&s set
to 100%.
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Both the low stability of the 19A12 variant duedadigh mutational load (in total 18 amino

acid substitutions) and the low expression rateampared to the wild type enzyme (6%),

represent major bottlenecks for further evolutibnhe enzyme. Together with a high standard
deviation of 21% in the NADPH-depletion assay, [the or unstable expression of the parental
enzyme reduced the probability of finding optimizedtants.

In previous studies from Arnold’s research groupdoected evolution, especially of P450
BM3 monooxygenases, the authors pointed out that mbthe activating substitutions had
also a destabilizing effect on the enzyiie®? In order to assure the evolvability of the P450
BM3 mutant 35E11 the authors had to introduce teatral but stabilizing substitutions (L52I
and 1366V) leading to the variant ETS8. In a suhset| round of mutagenesis the improved
variant 19A12 was generated by introduction of téstitution L188P. However, this
substitution had again a destabilizing effect om ¢éimzyme. It has been reported, that during
protein engineering most mutations are deleteramd therefore the preservation of fold and
function of the protein decreases exponentiallyhwda growing number of random
mutationd’®® For achieving a further improved activity of PABM3 19A12 towards
hydroxylation ofn-heptane a change in the selection pressure, @alsegard to an increased
protein stability, would have been required. Theref a screening based on direct product
detection combined with a selective pressure fvibty would be advantageous.
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In summary, the P450 BM3 wild type enzyme with gn#ficantly higher expression level
(17-fold) and thermostability represents a moreausbland promising starting point for directed
evolution than the variant 19A12.

4.1.2 Focused mutagenesis of P4A50 BM3 WT

As described in chapter 4.1.1 the expression adullisy of P450 BM3 19A12 is significantly
low compared to the WT. By means of directed evotutind rational protein design of the
19A12 variant it was not possible to yield a muteth further improved activity towards
n-heptane. Hence, new emphasis was placed on thestigation of single mutations
responsible for the higher catalytic activity todsm-heptane, having into account the
expression level of the protein. The expressiorllef the monooxygenase in the host cell is a
significant factor for future application of the talysts in whole cell biotransformation
processes. Large part of the work in this chapter?4vas performed by Beneeta Akkapurathu
within the frame of her master the&f¥’

To elucidate the contribution of each single amamd substitutions, the 18 previously
reported mutated positions in the P450 BM3 19Alr2av were saturated individually in BM3
WT using degenerated NNK-oligonucleotides. In thég all possible amino acid substitutions
at each position can be investigated. For eacthede ‘hot spot’ residues a SSM-library
consisting of 180 clones was generated (chapte?r)3ahd was screened with the NADPH-
depletion assay (in total 3460 clones; chapter. R to an error in the synthesis of the
oligonucleotide primers for position K94, this By was not taken into account. From each
saturated position, the 10 best clones showindnidpieest relative activities were chosen for a
rescreening in triplicate in MTP-format using théDPH-depletion assay. For determining
which substitutions were the most beneficial ahe@spective position, all rescreening clones
were partially sequenced (covering the saturate]. stigure 4-7 displays the relative activity
from the rescreening results for each positionintaknto account the substitution found by
sequence analysis of the corresponding clone.

64



RESULTS AND DISCUSSION

360

W G [ 7 pt*)
300

240 M
.
180 K T SAS | gg R .

Relative activity [%]

|
120 e e ERER k - - N 1N R ey 88 SRS
60

R47 V78 L188 A290 R255 E252
360 T T T

300
240

180 TEALAS Fr

H
120 Hasesl R o i s
60

Relative activity [%]

H235 A184 $226 F205 A328 L353
360

300 A
240 A
180 4

120 5

60 -

Relative activity [%]

T175 1366 P142 A82 L52

Figure 4-7: Rescreening of 10 clones for 17 SSM fdries of P450 BM3 usingn-heptane and NADPH-
depletion assay.The activity of the WT was set to 100% and the shodd value of the assay at 120% (dashed
line). For each clone the corresponding mutatiadejsicted in the graph ((*): contains an additiomakation).

The rescreening results in Figure 4-7 show thanhipaubstitutions of the amino acid residues
R47, V78, L188 and to a lesser extent E252 and ARfiDa significant effect on the activity
towards the screened substrate. For the threaqusid7, 78 and 188 out of 10 clones at least
eight showed an improved activity of up to 318%.these cases, more than one beneficial
substitution was found. The three most active domere R47W, V78G and R255P-P329H,
all showing more than 3-fold improved activity imetassay. For the positions 226, 236, 252,
and 290 also more than one clone with a distinaivastitution led to an enhanced activity. In
regard to positions 184, 255, 328 and 353, only distinctive substitution in each case
displayed an enhanced activity. The positions 52,1812, 175, and 366 did not show any
significant improvement. In some positions alsoighhincidence of the wild type codon was
found. This was the case for R255 and A328, disptay-times the WT codon, and for L353
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and E252 5-times. Sequence analysis revealed, ¢dmgés, additional mutations at a different
site than the saturated one, in most of the cabkes ntutation being located at the
oligonucleotide primer site (appendix Table 6-@jefestingly, two double mutants, containing
an additional mutation, R255P-P329H and L353A-125¥re the most active clone for each
corresponding saturated position (Figure 4-7, Hluesing a threshold of 150%, which

represents a 1.5-fold increase in activity, thet lokmne per position was selected for further
characterization. In addition, also the clone P14@3ch was not significantly improved, was

chosen as a control (selected clones are depictelde, Figure 4-7).

To elucidate the effect of each single amino acidssitution in the significantly improved
double mutant R255P-P329H, the wild type gene wagsted to SDM to generate the single
mutants P450 BM3 R255P and P450 BM3 P329H. Forlgiogtion reasons in the following
part of this work the double mutant R255P-P329Hhbreviated as CM1. The selected clones
were expressed in shaking flask and characterize@rms of NADPH-oxidation (or initial
oxidation rate), product formation (or turnovergquency, TOF) and coupling efficiency using
crude cell lysates with normalized monooxygenasecentrations (see chapter 3.10.5). The
characterization values are specified in Table #igure 4-8 shows the improvement in
productivity for each P450 BM3 variant comparedh® WT as reference.

The highest initial oxidation rate of 1788 nimas measured for the control variant P450 BM3
19A12. However, this variant has a very low couplefficiency for NADPH (14%), resulting
in an inefficient utilization of the cofactor andeteby in a lower product formation. 19A12
shows a 19-fold improved activity in contrast te T, which shows a low TOF of 13 rffin
Turnover frequencies (TOF) and coupling efficiescere more representative values than
NADPH-oxidation rates, because they correlate tirdgo the catalytic performance and the
efficiency of cofactor uptake during the hydroxidat reaction. In this regard, the single
mutant R255P and the double mutant CM1 achievehitjieest TOF of 420 and 658 rfin
respectively. The gain in product formation is ajnal to the higher coupling efficiency in
both variants (38% and 45% respectively).
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Table 4-1: Characterization of best P450 BM3 variats from SSM®

Initial oxidation rate TOF Coupling efficiency
P450 BM3 [min ! [min [%] ©
Reference WT 68 13 20
Variants P329H 23 7 32
A290S 77 17 22
F205P 115 28 25
P142S 110 30 27
L353A 157 31 20
V78G 258 34 13
R252D 143 43 30
A184P 227 55 24
L188P 281 77 27
H236N 320 78 24
S226W 291 85 29
R47W 525 131 25
R255P 1115 420 38
CM1 (R255P-P329H) 1455 658 45
Control 19A120 1788 248 14

[ Characterization was performed with crude cell tiysathe reaction containedheptane (10 mM), ethanol as cosolvent
(2% vlv), and P450 BM3 (0.25 uM) in KPi buffer (9%Q, 0.1 M; pH 8.0). The highest values are hightiégl in bold;
lower values than WT are underlined.

[ |nitial oxidation rates in HMQhopn L MOb4sgt mint from spectrophotometric measurements.

9 For turnover frequency (in M@laueMOk4se™ Min™) productsvere quantified via GC.

¢ Coupling efficiency (in %) as ratio between inlitixidation rate and TOF.

M Reaction contained 0.02 uM P450.
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Figure 4-8: Relative activity of selected P450 BM&utants. Initial NADPH oxidation and product formation
are displayed as ratio to the wild type (WT) a¢givModified from Miilleret al™*">

With exception of the variants V78G, L353A and 12AXKIl mutants show an enhanced
coupling efficiency forn-heptane as substrate when compared with the wypd tnzyme
(20%). The overall performance of the variant CidX ignificantly improved compared to the
WT, showing a 49-fold higher product formation (g 4-8). The best single substitution
leading to a higher hydroxylation activity is R259® a lesser extent mainly the substitutions
R47W, S226W, H236N and L188P contribute individpatb an optimizedn-heptane
hydroxylation with a 6 to 10-fold improved producrmation. The single mutation P329H,
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which is present in the CM1 variant, shows an el@wmer activity than the WT, but an

improved coupling efficiency of 32%. Furthermoreyiant CM1 shows 56% higher TOF and
18% higher coupling efficiency than the single amnicid substitutions R255P. It can be
assumed that amino acid substitutions R255P an@HP8@ntribute in CM1 in a synergistic

manner, enabling a further enhanced catalytic padace. This single substitutions display
individually a significantly higher coupling effiency (38% for R255P and 32% for P329H)
and together in the variant CM1 a further improvatrie 45%.

</R255 Top view Side view
/

Figure 4-9: Substrate-bound conformation of P450 BN WT highlighting residues R255 and P329The I-
Helix and K-helix fromthe NPG-bound structure of P450 BM3 WT (PDB cod®Z)3**? are displayed
together with the heme and the substrate (bali&)st

It is well known that there are conformational ofp@s in specific regions of P450 BM3,
induced after substrate bindii.**°? One of these regions is the I-helix, which is teda
adjacent to the active site, above the heme. Tdrearegement of the I-helix was reported to be
essential for the displacement of the axial watetegule that ligands the heme-iron, which
causes the shift from low-spin to high-spin in ihigal part of the catalytic cyclé?® Residue
R255 is located in the I-helix as shown in Figuf®.4t can also be noticed that the residue
proline at position 329 is located in close proxyrip the substrate in the active site cavity,
making an interaction feasible. Both residues, Rab8 P329, are highly conserved in the
CYP102A sub-family*® However, mainly the exchange of arginine at posi@55 to proline
results in a higher catalytic performance towardgeptane hydroxylation. It can be therefore
assumed, that the substitution to proline affdotsconformation of the I-helix. In the wild type
structure of P450 BM3, a salt bridge between R2%b @217 is described, which is extended
upon substrate binding and is in part responsibietfe rearrangement of the I-hefi¥. This
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salt bridge cannot be formed in the SDM mutant F28S well as in the variant CM1, since
proline - in contrast to arginine - is unchargetle Bingle substitution P329H showed one the
one hand a positive effect on the coupling efficigrbut on the other a negative effect on the
product formation. Histidine is a more bulky resdhan proline. The exchange to histidine at
position 329 could therefore interfere with therante and positioning of the substrate in the
active site cavity, leading to the observed de@&eaashydroxylation activity. However, the
combination of both mutations (R255P-P329H) in CMads to a 50-fold higher catalytic
activity (TOF of 658 mift; Table 4-1), inferring a synergistic effect of bahutations. R255P
can probably compensate the negative effect of R32@& substrate binding through
rearrangement of the I-helix, enabling an everebeiind tighter positioning of the substrate.

The highly active P450 BM3 CM1 mutant was choseref@luation of thén vitro andin vivo
double oxidation oh-heptane, together with selected alcohol dehydraggesin a biocatalytic
cascade reaction. The P450 BM3 monooxygenases 18Ad VT were also used as reference
catalysts to compare and expand the catalytic gance

4.1.3 Change in cofactor specificity of P450 BM3 variants

An efficient biocatalytic cascade reaction requitke compatibility of the used enzymatic
components. In this study, the coupling of two eneg - a P450 BM3 monooxygenase and an
alcohol dehydrogenase froR erythropolisfRE-ADH) - is intended. In this way an oxidation
cascade can take place, with a first P450-catalizgddoxylation and therefore activation of an
alkyl chain followed by a second ADH-catalyzed atidn of the introduced hydroxyl group.
These two catalysts have, however, different cofaspecificities. P450 BM3 has a high
preference for NADPH over NADH, whereas RE-ADH i8DH specific™*” **"'In previous
reports from Maureret al. and Neeliet al. the cofactors specificity of P450 BM3 was
successfully exchanged by introducing mutationthenreductase domain of the enzyme (see
chapter 1.3.2)}47-248]

The previously reported substitutions W1046S an®6RE*®, which lead to a switch in
cofactor preference, were introduced in the P4A5BBMd type, 19A12 and CM1 by SDM
(chapter 3.5.6). In this way, the three NADH-depsmtdP450 BM3 variants WP,
19A12Y*PH "and cM1“P" were generated. For simplification efforts, théraliation NP
indicates the introduction of mutations W1046S R®®&6D in the corresponding enzyme.

The generated NADH-dependent variants were charaetefor both cofactors NADH and
NADPH using purified enzymes. Anion-exchange chrmgeaphic purification of the P450
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BM3 variants (chapter 3.10.4) using a DEAE matrid an elution gradient from 140 to
250 mM sodium chloride yielded a purity of > 90 Yhe purity was estimated by visualization
in a SDS-PAGE gel as shown for 19A49" and CM1"P" in Figure 4-10 (appendix Figure
6-6).
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Figure 4-10: Purified monooxygenases P450 BM3 19AY?" (1) and CM1IV P (2). Proteins were
visualized on a 10% SDS-PAGE gel. Molecular weighiP450 BM3 is 119 kDa. An estimated purity of >90%
was achieved; (M) Molecular weight standard (PiesthPageRuler, Fermentas).

For enzyme characterization, the initial oxidatiates, the turnover frequencies and the
coupling efficiencies were determined as describezhapter 3.10.5. The TOF was determined
by GC-quantification of all regioisomers (chaptet32) and was calculated by taking into
account the overall amount of products (1-, 2-, &8l 4-heptanol). Figure 4-10 shows an
overview of the characterization data.

WTNAPH displays a low activity towards-heptane with both cofactors (A: 132 lifor
NADH) and a moderate coupling efficiency (C: 18% FMADPH). The variants 19A12°"
and CM1"P" prefer NADH over NADPH in contrast to WM™ (A and B). The oxidation
rate of NADH with variant 19A1%7°" is 9% higher than with the variant CME" (A).
Nevertheless, CMT™" shows a 24% higher turnover frequency than 19A42(B), which
can mainly be attributed to its higher couplingaéincy (C: 44% vs. 32%). Using NADH as
cofactor a TOF of 485 mihfor 19A12"°" and 604 mift for CM1™P" was determined. The
corresponding specific activities are 407544sg and 5073 U gsg” respectively (using a size
of 119 kDa per active site).
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Figure 4-11: Initial oxidation rates, turnover frequencies and coupling efficiencies of WY*°" 19A12¥4P"
and CM1™*"" monooxygenases with the cofactors NADPH and NADHAIl three BM3 variants contain the
substitutions W1046S and R966D for switching théactr preference from NADPH to NADH. Figures A-C
show: @) Initial cofactor oxidation (MQktactor MOlkbgsot min'l) determined via cofactor consumptiorB) (
Turnover frequency (M@bguct Mok4sg” min®) quantified by GC, and@) Coupling efficiency (%) as ratio
between product formation and cofactor oxidatiomkan from Miilleret all*™!

The characterization results show that for all ¢hiP&50 BM3 variants the cofactor preference
was successfully switched from NADPH to NADH. Irethase of variants 19AYP" and
CM1IMPH not only the cofactor preference changed but alser product yields were
achieved using NADH as cofactor instead of NADPBY%improvement for 19AT2°" and
80% for CM1"PH). The catalytic performance of the NADPH-dependemtant BM3 CM1
using NADPH as cofactor (chapter 4.1.2, Table 4%8 min', 45%) and the NADH-
dependent variant CM4°" with NADH (Figure 4-11 B, 604 mih 44%) is very similar, with
values in the same range. The catalytic valueshefvariants 19A12 (NADPH; 248 min
14%) and 19A1%*°H (NADH; 485 min'; 32%) differ strongly. It has to be noticed, tivathe
case of the NADPH-dependent variants the charaetesn was performed with non-purified
cell lysates and therefore differences in the gataperformance can be expected.

The catalytic characterization of BM3 CMP" showed also a comparably high activity with
n-heptane (604 mihor 10 & with NADH) as found for other engineered P450 BiBiants
for the oxidation of similar non-natural substralés n-octane (variant 53-5H, TOF of
660 min® using NADPHY“®.. In this regard, a fine compilation &, values for P450 BM3
can be found in the review by Whitehowsel *®

4.1.4 Determination of selectivities of NADH-dependent P450 BM3 variants

In synthetic approaches, mainly with regard to akwhs, one of the most remarkable
advantages of enzymatic catalysts over chemicalysas is the intrinsically high selectivity of
enzymeé?gl This is predominantly the case for the selectivatrénsformation of native
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substrates. For engineered enzymes with a broadrredrate scope, as in the case of P450
BM3 with non-natural substrates, the hydroxylatgatectivities can differ significantly from
the wild type enzyme. After catalytic characteri@atof the engineered NADH-dependent
P450 BM3 variants WYY, 19A12'*PH and CM1I"P", also the regio- and the stereo-
selectivity were determined as described in chate3.3.

All possible regioisomers resulting from the biadgtic conversion ofn-heptane were
analyzed in a qualitative and quantitative mannegés chromatographic separation (chapter
3.13.2). Separation of the regioisomers 1-, 2arg} 4-heptanol was achieved using a column
FS-Supreme-5ms as shown in Figure 4-12.
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Figure 4-12: Identification of heptanol regioisomes by gas chromatography.Single hydroxylation of
n-heptane catalyzed by P450 BM3 variants W' (A), 19A12**°" (B) and CM1"*P" (C). Separation was
achieved using a column FS-Supreme-5ms (30 m x fu@5x 0.25 pum film thickness; CS-Chromatographie,
Germany) fitted in a Shimadzu GC-2010 gas chromafdgwith a flame ionization detector (FID) (Shimagd
Japan). The column oven temperature program wa€46r 19.5 min, 20 °C mihto 100 °C, 3 min.
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Using GC quantification data the regioselectivitpsacalculated as shown in Figure 4-13.
WTYPH is a subterminal hydroxylase with a similar regiestivity (2-, 3- or 4-heptanol) to
the hydroxylation pattern of fatty aclef. Following the same pattern, W¥" produces all 3
subterminal hydroxylated heptanol regioisomersntoants higher than 24%. In contrast to the
WT, P450 BM3 monooxygenases 19A12" and cM1"" have a modified regiospecificity
and a significant hydroxylation preference for timstead of three subterminal carbon atoms.
19A12¥*P" hydroxylates mainly the C2-atom (64% 2-heptanoljofved by C3 (33% 3-

heptanol). CMY*P" produces preferentially 4-heptanol (48%) followsd3-heptanol (42%)
and 2-heptanol (9%).
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40
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Figure 4-13: Regioselectivity of then-heptane hydroxylation by P450 BM3 monooxygenase WP,
19A12¥PH and CM1™*P" The product distribution was calculated for eachiard based on GC-quantification
of the regioisomers (1-, 2-, 3- and 4-heptanol) @ad normalized to 100%. Taken from Miilrall*"®!

The stereoselectivity was determined likewise ustn@gsC-based methodology. The pure
enantiomeric standards of 3-heptanol were not cawially available, but racemic 3-heptanol
could be separated on the chiral GC column FS-Higk@-TBDAc (for details refer to
chapter 3.13.4). The chromatographic separatioth@fpossible hydroxylation and double-
oxidation products using the abovementioned cl&@l column is shown in Figure 4-14 A.
The absolute configuration of the chiral GC peak8-beptanol was assigned by measuring
the polarimetry of each enantiomer in excess. UsiregR)-specific alcohol dehydrogenase
from Lactobacillus brevis(Lb-ADH)**® and the $)-specific ADH from Rhodococcus
erythropolis(RE-ADH)**" for resolution of 3-heptanol, it was possible tain an excess of
the - and R)-enantiomer respectively, as shown in Figure 814

For both conversions the enantiomeric excesg (vas calculated and the absolute
configuration was confirmed by polarimetry measwats. In the Lb-ADH-catalyzed
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resolution of 3-heptanol a high enantiomeric exaes90.3% was obtained and a rotatory

power value of +0.96 was determined (chloroforns@sent, 589.3 nm; 25 °C).
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Figure 4-14: Separation of possible-heptane conversion products via GC and absolute nfiguration of
(R/S)-3-heptanol. A) Authentic standards of 1-, (rac)-2, (rac)-3-, ptamol and 2-, 3-, 4-heptanorig) Chiral
resolution of racemic-3-heptanol (black) was perfed either with theR)-specific alcohol dehydrogenase from
Lactobacillus brevi (Lb-ADH)™**® (red curve (S)-3-heptanol, 10.0 minee 90.3%) or the §-specific ADH
from Rhodococcus erythropoliRE-ADH)**"! (blue curve (R)-3-heptanol, 9.87 miree 19.8%). Taken from
Miiller et all*™

Through the RE-ADH-catalyzed resolution, an enanéoc excess of only 19.8% was
achieved, corresponding to a rotatory power of :0(@hloroform; 589.3 nm; 25 °C).
Correlation to the sign of the optical rotation aldtom literature (-4.9° for R)-(-)-3-
heptandt’® and +5.8° for §)-(+)-3-heptandt’) revealed, that the first peak (retention time of
9.88 min corresponds t&®)-3-heptanol and the second peak (10.01 minpt3{(heptanol. The
lower optical rotatory values compared to thosenflderature can be attributed to the lower
concentrations obtained by the enzymatic resolugipproach and to the lower enantiomeric
excess used for the polarimetry measurement. Qication of the peak areas was used for
determination of the enantiomeric ratier)( or excess e of the catalyzed hydroxylation
reaction (see 3.13.4).

In contrary to 3-heptanol, the 2-heptanol enantisneeuld not be separated on the chiral GC
column. The enantioselectivity of the P450 BM3-batad hydroxylation ofn-heptane was
determined by a subsequent lipase-catalyzed résolot the §)-2-heptanol enantiomer. Patel
et al*"? published a method for resolution of racemic 2taepl based on the enantioselective
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acetylation of the R)-2-heptanol enantiomer by means of incubation wiibase B and
succinic anhydride as acetylating agent. The reagroducts wereR)-2-heptyl hemisuccinate
and ©-2-heptanol, the latter with are of 99.3%. This protocol was used with some
modifications for resolution of 2-heptanol as a duwat from the P450 BMS3-catalyzed
hydroxylation reaction, as shown in Figure 4-15.nfparison of the products from the
acetylation reaction and a reference reaction withapase (no acetylation) allowed the
determination of the enantiomeric ratier)(and the enantiomeric excess(for each P450
BM3 variant.
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Figure 4-15: Lipase-catalyzed acetylation ofR)-2-heptanol. The GC spectra for the P450 BM3 variants
WTMPH (A), 19A12P" (B) and CMI”P" (C) show the products after acetylation d®)-@-heptanol
(14.46 min) andR)-3-heptanol (13.0 min) leaving th§){heptanol enantiomer unreactedd ling. A reference
reaction without Lipasegfeen ling allows for calculation of the enantiomeric rafi@ken from Miilleret al*™

The stereoselectivity of P450 BM3 NADH-dependentargs in terms of enantiomeric ratio
(er) and enantiomeric excessg(is given in Table 4-2.

Table 4-2: Stereoselectivity of P450 BM3 WP 19A12*P" and CM1V*P" in the hydroxylation of
n-heptane.

. 2-Heptanol 3-Heptanol
P450 BM3 variant ee [%] o (SR) ee [%] o (SR)
WTNPH 74+0.1R) 13:87 50 + 3R) 25:75
19A12¥APH 4+3Q" 52:48 86+29 93:7
CM1NAPH 46 +0.2 R) 27:73 12+19 56:44

I High deviation is caused by low differences in va&ues of enantiomer peaks. Taken from Mizteal ™

Remarkably, the stereo-preferences for chiral 2+ aheptanol differ significantly between
WTNVAPH 19A12¥PH " and cMAPH. WTMAPH produces preferentiallyRj-heptanols with aee
of 49% for R)-3-heptanol and 74% forR{-2-heptanol, whereas 19AT®" favors the
synthesis of $)-3-heptanol in a higher excess of 86% and prodaassarly racemic mixture of
2-heptanol ¢e3.9% for §-2-heptanol). CM¥*P" shows also a slight excess &f-8-heptanol
(ee12%) and a clear preference f&®)-heptanol ¢e46%).
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In conclusion, WP is (R)-selective towards 2- and 3-heptanol, whereas 28Xt and
CMIMPH are ©)-selective with respect to 3-heptanol. In the caseCM1“"P", only two
substitutions R255P and P329H are required togdigrinvert the enzymes stereoselectivity.
Additionally, 19A12"*°" is poorly stereoselective in the production ofebtanol in contrast
to the R)-stereoselective WP and cM1P",

4.2 In vitro double-oxidation of n-heptane with direct cofactor
regeneration

Monooxygenases are rarely employed in industrialesaespite their synthetic potential for
oxyfunctionalization of alkanes. C-H bond activatiovith O, as clean oxidant has been
described as a dream reaction in organic chemitry.

Enzymatic cascade reactions for the oxyfunctioasiim of alkanes are interesting as an
alternative to chemical synthesis routes in caaedhallenges in cofactor supply, insufficient
coupling rates, and stability issues can be adddessiccessfully. In this regard, significant
progress has been achieved to improve stabilitelscaupling rates of monooxygenases by
rational design and/or directed evolutibit™ ¢ % The concept of the double oxidation
cascade, as shown in Scheme 2, using moleculareaxyds sole oxidant and direct
regeneration of the cofactor NADH, is syntheticabytractive since use of additional
cosubstrates can be omitted or at least be reduced.

; (0]
biocatalysts

Scheme 2: Double oxidation oh-heptane.Reaction scheme of the bicatalytic direct-oxidatiddm-heptane to
2-heptanone in aqueous medium, using a monooxygedets/drogenase cascade and oxygen as sole ogidizin
agent. Taken from Miiller et &%

For a proof of concept of the biocatalytic one-pouble oxidation cascade;heptane was
selected as substrate. As enzymatic components 50 BM3 monooxygenase and a
(9-enantioselective, NADH-dependent alcohol dehydnage fronRhodococcus erythropolis
(RE-ADH) were chosenThree different P450 BM3 variants were selectecvaluate the
concept of the double oxidation cascade. To ensafactor compatibility the NADH-
dependent P450 BM3 monooxygenases "1, 19A12VPH  cM1VPH were employed.
These NADH-dependent variants were previously pdifand characterized in detail with
regard to activity, to coupling efficiency and telectivity for the catalyzed hydroxylation of
n-heptane to 1-, 2-, 3-, and 4-heptanol (see chater3 and 4.1.4). For the variants
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19A12YPH and cM1“P" not only the cofactor preference was changed, asn higher
product yields using NADH as cofactor were achiewadhe case of 19A1%Y°" 43% higher
product formation was observed; for CME" up to 80%. Subsequently, the activity of the
alcohol dehydrogenase RE-ADH towards the oxidatibheptanol-isomers was determined.
For a proof of concept, the influence of biotramsfation parameters such as the substrate
load, the use of cosolvent and additional cofacemeneration via glucose dehydrogenase
(GDH) was studied. To achieve a good performanciefcascade reaction these parameters
were optimized. Finally, the catalyzed double okaaof n-heptane was monitored over 24 h
to characterize the reaction in terms of absolutelyct concentrations and total turnover
numbers.

4.2.1 Determination of RE-ADH activity

The ©-specific alcohol dehydrogenase froRhodococcus erythropoli$RE-ADH) was
selected for the oxidation of 2-heptanol due tchigh activity and selectivit§}>® A protocol
for heterologous protein expressionEncoli and purification of RE-ADH are publish&d”
The RE-ADH is characteristic for its high thermadstity up to 65 °C. Therefore, a simple and
efficient purification by heat treatment is feasibA good expression level of RE-ADH was
achieved under the described conditions (chap@R)3and purification by heat treatment was
performed (chapter 3.10.6), yielded protein with emtimated purity of >90% as shown in
Figure 4-16. The protein content in the purifiednpée was measured by the method of
Bradford using a calibration curve with Bovine Sardlbumin (BSA) as protein standard. A
concentration of 8.3 mg miwas calculated.
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Figure 4-16: Expression of RE-ADH and purificationby heat treatment. RE-ADH visualized on a 10%
SDS-PAGE gel as soluble protein fraction after egpion inE. coli. (M): Molecular weight standard
(Prestained PageRuler, Fermentas); (CCE-S): craliextract, soluble fraction; (CCE-P): Crude cettract,
pellet fraction. After heat treatment (HT) the dn&protein had an estimated purity of >90%.
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To investigate the substrate acceptance and pnefeseof the RE-ADH towards the four
heptanol isomers 1-, 2-, 3- and 4-heptanol, themelkric and specific activity of the purified
enzyme were determined photometrically (Table 4¥Be photometric activity measurement
was performed at a pH of 8.0 using 0.1 M KPi-byftemditions which were used later for the
double oxidation cascade reaction. In case of & Zheptanol the racemic compound was
employed for the measurements, whereupon only $venantiomers are converted by the
selective RE-ADH.

Table 4-3: Activity of purified RE-ADH towards heptanol isomers

Substrate Volumetric activity [U mL™]® Specific activity [U mg]™
1-heptanol 11+1 1.3

2-heptanol (racemate) 387+34 46.7

3-heptanol (racemate) 56 £2 5.8

4-heptanol 7+£0.3 0.9

®IThe reaction contained 10 mM substrate, 1 mM NAD1 puL RE-ADH in 0.1 M KPi-buffer (pH 8.0).
I A concentration of 8.3 mg mLwas used for calculations.

RE-ADH displays a high preference fd&)-2-heptanol over the other heptanol regioisomers
with a specific activity of 47 U my (9-3-heptanol is converted to a lesser extent, shgwh
8-fold lower specific activity of 6 U mfj The activities for the non-chiral isomers 1- ahd
heptanol are 36- and 52-fold lower than with thef@med substrate 2-heptanol. RE-ADH
accepts a broad range of substrates, from aliplaatit aromatic ketones or alcohols (also
halogenated acetophenonespiketo esters. The previously reported specificvéats for the
reduction of ketones as substrate, for example \giheptanone and 2-decanone reach
>100 U mg', and forp-Cl-acetophenone an activity of 846 U fhgas determinel®® **1The
activities for the oxidation reaction are usualbyver, in the case of 2-heptanol displaying a
2-fold decrease. A low  value for the RE-ADH-catalyzed reduction of 2-lamine was
reported (0.48 mM), representing a high affinity this substrat€® The Ky value for the
oxidation of 2-heptanol is not determined yet. Hoare the same authors reported ya ¥alue

for the reduction op-Cl-acetophenone of 0.82 mM, which is higher thihe value for the
oxidation of p-Cl-phenylethanol (0.38 mM), suggesting a highdmay of the RE-ADH for
the alcohol compared to the ketone. These findowdd be investigated for 2-heptanol in
future studies.

Besides, to characterize more in detail the capacithe cofactor regeneration by RE-ADH in
the double oxidation cascade, the Knd \iax values for the reduced cofactor form NAD
were determined (Figure 4-17).
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Figure 4-17: Determination of Ky and V., values of the alcohol dehydrogenase from Rhodocacs
erythropolis (RE-ADH) for the cofactor NAD®. 2-heptanol was used as substrate (10 mM in 0.1 M KP
buffer, pH 8.0; 0.18 U RE-ADH). Data was fitted ngia Michaelis-Menten plot and Origin 8.6 software
(OriginLab Corporation, Northampton, MA, USA). Tak&om Milleret al*™

The Ky value of the RE-ADH for NAD using 2-heptanol as substrate is 84 + 9 uM apgk V
reaches 0.005%s Abokitse measured ayKvalue of 90 uM for the reduction of NADwith
p-Cl-phenylethanol as substrate using also the rbgmmt RE-ADH fromE. coli*®® This
value is in good accordance to thg ¥alue determined for 2-heptanol in this study.

4.2.2 Reaction engineering of the double oxidation cascade

First approaches for the double oxidation relfieptane in one-pot proved that this novel
synthesis concept could be successfully applied thi¢ selected enzymatic components (P450
BM3 and RE-ADH) and the selected substratbeptane. The biocatalytic production of
heptanone starting fromheptane was detected by GC. However, total prociaetentrations
with all testes P450 BM3 monooxygenases were lowals observed, that quantification of
absolute products concentrations instead of substranversion was more accurate due to
possible evaporation @fheptane during the reaction and the sample woribajing point of
98.4 °C). To minimize evaporation ofheptane and to ensure the substrate availahilithe
course of the reaction, tightly closed screw toglsvicontaining silicon/PTFE sealing disks)
were used for each individual reaction sample.

Varying concentrations of RE-ADH from 10 to 40 U thivere tested to achieve an optimal
ketone to alcohol ratio. A RE-ADH concentrationl6f U mL* yielded the best result (data not
shown). In further experiments the influence ofsdie and P450 BM3 concentrations, as
well as the use of ethanol as cosolvent were iigegsd.
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Figure 4-18 shows the product concentrations aedctrresponding conversion (quantified
over product and not over substrate) for the imovdouble oxidation cascade with varying
concentration oh-heptane as starting substrate. Concentrations @&mmM to 1 M were
employed.
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Figure 4-18: Effect of then-heptane concentration on product formation and cowersion rates.The total
product concentration is the sum of total heptaaotl heptanone isomers via GC. The conversion was
calculated on the basis of quantified product ¢rafi total product to starting concentration of stute. The
reaction contained 0.1 M KPi buffer (1 mL; pH 8.0)2 uM P450 BM3 19A1%°" 600 U catalase, 10 mM
D-glucose, 3 U GDH, 2 mM NADH and varyimgheptane concentrations in ethanol (0.5-2% v/iyas®lvent.

For 500 and 1000 mM-heptane no cosolvent was used applyifgeptane directly to the reaction mix.

A concentration of 50 mMh-heptane yielded the highest product concentratiorh,only a
conversion of 1.7%. A maximal conversion of 43% veahieved with the lowest tested
n-heptane concentration of 0.5 mM. The biocatalgiistem shows up to 50 mM an inverse
proportionality between product formation and stdistconversion. For higher concentrations
of n-heptane (0.1 to 1 M) the product formation dediria the case of 0.1 M-heptane only
0.5% (v/v) ethanol was used as cosolvent and ®ictncentrations 0.5 and 1 M no cosolvent
was used. The solubility aFheptane is water, with a 1Bg,, value of 4 is extremely low (3.4
mg L at 25 °C)!®" Therefore, a reduced product formation could teom insufficient
substrate availability caused by the poeneptane solubility in the agueous systems if only
low amounts or no cosolvent are used.

The effect of ethanol as cosolvent, to ensure lmighbstrate solubility in the aqueous reaction
phase was investigated further. Product conceatrsitafter hydroxylation of-heptane were
compared with and without supplementation of eth&éh@% v/v) in the reaction as shown in
Table 4-4. The addition ob-glucose and glucose dehydrogenase (GDH) to achieve
regeneration of the cofactor NADH during the hydidakion reaction was also tested.
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Table 4-4: Effect of ethanol as cosolvent in the B® BM3 19A12“*P"_catalyzed hydroxylation of
n-heptane.

Component$? Product concentration [uM]

No cosolvent 1.3% (v/v) ethanol
P45( 301 519
P450 + GDH" 461 641

[/ The reaction contained 50 mivheptane, 1.3% (v/v) ethanol, 0.2 uM P450 BM3 19%%, 600 U catalase, 2 mM NADH
in 0.1 M KPi buffer (1 mL; pH 8.0) anffadditionally 10 mMp-glucose, 3 U GDH.

The use of ethanol as cosolvent enhances the grématation by 72% when sole P450 BM3
is used and by 39% when the cofactor is additigna@fenerated over GDH. Therefore, an
amount of 1.3% (v/v) ethanol was selected for thebde oxidation cascade.

4.2.2.1 Additional cofactor regeneration using glucose dehydrogenase

In order to explore if the cofactor regeneratiomigimiting factor in the double oxidation
cascade an additional NADH-regeneration strateggr mvglucose/glucose dehydrogenase
(GDH)** 188 \yas investigated as shown in Scheme 3.

OH
(S)-ADH
P450 BM-3 I: ' OH e}
’ (R. erythropolis) ~
HCWCH+Oﬁ R}\R o+ M
3 3 2 heot ¥ R R R R
eptanol isomers
n-heptane (R)~(-)-heptanol heptanone
NADH NAD+ e » NAD+ NADH
b \ 2
D-Glucose ;L» D-Gluconolactone — Gluconic acid
GDH

Scheme 3: Double oxidation ofn-heptane using a P450 BM3 monooxygenase and an diob
dehydrogenase fromRhodococcus erythropolis (RE-ADH) with supporting cofactor regeneration via
glucose dehydrogenase (GDH)n the first oxidation step-heptane is converted by the P450 monooxygenase
to heptanol under NADH consumption yielding NADn the second oxidation step RE-ADH catalyzes the
chiral resolution of then situ produced R)-heptanols and the synthesis of the corresponki@ignes under
reduction of NAD to NADH (cofactor regeneration). The conversiomajlucose ta-gluconolactone enables
also the reduction of NADto NADH, as a supporting cofactor recycling systdétn CH;, CHs or GH7; R":
CzHyy, CHg or GH-. Taken from Miilleret allt™

Additional cofactor regeneration over glucose/Gd anprove the regeneration capacity and
can compensate for cofactor losses as a resulhefldw coupling efficiencies of P450
monooxygenases, where NADH is utilized for undekif@ncoupling) reactions. GDH
regenerates the oxidized cofactor NAD NADH by oxidation ofb-glucose to glucono-1,5-
lactone, which hydrolyzes spontaneously, in depeceleof the applied pH and buffer to
gluconic acid®® The reaction equilibrium will therefore be shiftedthe product side (Scheme
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3). The beneficial effect of using GDH in the daibixidation cascade for additional cofactor
regeneration was previously confirmed in chapt@r24.Table 4-4. It is important to take into
account, that in the presence of RE-ADH and GDH NWAD-consuming reactions run in
parallel. The main goal was to achieve completevermion of the targeted heptanol isomers
by the alcohol dehydrogenase, accompanied by @irfficegeneration of the oxidized cofactor
NADH. The effect of additional cofactor regeneratis shown in Figure 4-19, where three
different systems consisting of the P450 BM3 monygexase (19ATZ"") in combination
with the RE-ADH (), the GDH ) or both RE-ADH and GDH3) were analyzed. The sole
regeneration of NADH ovebp-glucose/GDH vyields a 1.4-fold higher product carica&tion
(567 uM;2) compared to the double oxidation reaction with RBH (402 uM; 40% heptanal,
60% heptanonel). In the coupled reaction consisting of all theseymatic components —
P450 BM3, RE-ADH and GDH — a similar product cortcation is achieved (551 mNMg).
However, in this case, the RE-ADH-catalyzed oxmatof heptanols to the corresponding
ketones is nearly suppressed, yielding only a iegilower concentration of heptanone (4%)
than in the reaction without GDH.

600

500 M total heptanol
total heptanone
400
51300
200
100

0

Product concentration

1) P450 + RE- ADH 2) P450 + GDH 3) P450 + RE-ADH +
GDH

Figure 4-19: Evaluation of glucose dehydrogenaserfaofactor regeneration. The reaction contained 10 mM
n-heptane, 0.1 uM P450 BM3 19AY2" 2.5 U catalase, 10 mM-glucose and 2 mM NADH in 0.1 M KPi
buffer (1 mL; pH 8.0); additionally in (1) 0.2 U R&DH, in (2) 0.2 U GDH and in (3) 0.2 U RE-ADH a2
U GDH.

Evaluation of the coupled enzymatic approach witpp®rting cofactor regeneration over
GDH lead to the assumption, that both dehydrogenasmpete for the available amount of
reduced cofactor NAD Hence, in order to compare the affinity of GDHIaRE-ADH for
NAD" the corresponding i and \fnax values of GDH were determined in an analogue ntanne
to the determination of the kinetic values for Rie-ADH (see Figure 4-20).
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Figure 4-20: Determination of Ky and V., values of the glucose dehydrogenase (froRseudomonas sp.)
for the cofactor NAD". b-Glucose was used as substrate (10 mM) in 0.1 MiKiffer, pH 8.0; 0.16 U GDH.
Data was fitted using a Michaelis-Menten plot amigid 8.6 software (OriginLab Corporation, Northatmp,
MA, USA). Taken from Milleret al*™®!

The GDH fromPseudomonasp. shows a Iy of 113 + 15 pM and a M of 0.017 & for
NAD", whenp-glucose is used as substrate. The determingdatue for NAD is in a similar
range to the previously reported value for the Giddin Bacillus sp. (Amano Enzyme) of
182 uM at a pH of 8.0. At a lower pH of 6.4 alslaer Ky value (77 pM) was measur&d.

Compared to the kinetic data of RE-ADH for the @tidn of 2-heptanol (K 84 £ 9 UM, Vax
0.005 &, chapter 4.2.1) the GDH displays a slightly lowafinity for NAD* but achieves a
nearly 3-fold higher oxidation velocity of the cofar. If a higher concentration of glucose
than of 2-heptanol is available, NAWvill be most likely consumed faster by the GDHrtlihe
RE-ADH. In other words, depending on the substrateslability, the GDH can out-compete
the RE-ADH leading to activity loss in the seconddation step of the enzymatic cascade
reaction. Therefore, the effect of differenglucose concentrations in the cascade reaction was
further investigated as shown in Figure 4-21. Thaph shows the dependency of product
yields and product distribution (total heptanols &eptanones) on the employed concentration
of glucose.

Up to a glucose concentration of 2 mM the ratioheptanone to heptanol remains nearly
constant (71:29% #%) and a comparably high concentration of totaldpct (1.12 mM) is
achieved. A slightly higher product concentratistyielded using 5 mM glucose (1.15), but the
overall amount of heptanone is reduced. Higheragaaoncentrations (10 to 20 mM) repress
entirely the RE-ADH-catalyzed oxidation of heptata heptanones.
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Figure 4-21: Effect of D-glucose concentrations on the double oxidation retion of n-heptane under
supplementation of glucose dehydrogenase (GDH froffseudomonas sp.). Concentrations of total heptanol
(black) and total heptanonergy) are displayed as sum of the corresponding remioéss based on GC-
guantification. The reaction containaeheptane (50 mM) in 1 mL 0.1 M KPi buffer (pH 8.0ADH (2 mM),
catalase (600 U), P450 BM3 19A¥3" (0.2 pM), RE-ADH (10 U), GDH (3 U) and-glucose (varying
concentrations from 0.1 to 20 mM). Modified from Naii et al!*™!

These results prove that fine-tuning of the glucosecentration represents a key parameter to
ensure sufficient cofactor supply for the enzymaiainterparts. In order to maximize the
product formation and shift the reaction equilibmitowards completion of the RE-ADH
catalyzed oxidation, a concentration of 2 mM wamlfy selected for the enzymatic cascade
reaction.

4.2.2.2 Study on the inhibitory effect of products

A possible inhibition of the products from tleheptane hydroxylation on the activity of
selected P450 BM3 monooxygenase was evaluatedhisoexperiment the P450 BM3 variant
19A12¥"PH \was chosen. The effect of a pre-incubation steh thie regioisomers 2-Heptanol
and 2-heptanone, which are the main products ofl el 2*AP"-catalyzed double oxidation,
was investigated. It was assumed, that the rentaiméptanol and heptanone regioisomers will
interact in a similar manner with the enzyme. TH&8W®PBM3 enzyme was incubated for 5 min
with 1 mM 2-heptanol or 2-heptanone prior to staytihe hydroxylation reaction ofheptane

in a cuvette (1 mL) by addition of NADH. A referenceaction without a pre-incubation step
was run in parallel. Each reaction was monitoredt@metrically at 340 nm until the cofactor
was entirely depleted. The products were extrafbedGC analysis (3.13.1 and 3.13.2) to
enable comparison of the product formation with awithout a pre-incubation step. Initial
NADH-oxidation rates (calculated as described iapthr 3.10.5) and product concentrations
are shown in Table 4-5.
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Table 4-5: Effect of pre-incubation with the doubleoxidation products 2-heptanol and 2-heptanone orhe
activity of P450 BM3 19A124PH,

No. Reaction type Initial oxidation Product concentration [uM]
rate [min™] 2-Heptanol 3-Heptanol
1 Standard@ 1928 +3 74.3+6.8 33.8+27
2 Pre-incubation 2-heptanol 1909 + 41 68.1+6.2 33.7+1.9
3 Pre-incubation 2-heptanone 1884 + 21 72.3+6.8 31.3+24

[/ The reaction contained 50 mivheptane, 1.3% (v/v) ethanol, 0.2 uM P450 BM3 19A%? and 0.4 mM NADH in 1 mL
0.1 M KPi buffer (pH 8.0); additionally pre-inculimt step with 1 mM 2-heptarf@lor 1 mM 2-heptanor&

The product concentrations achieved in the standeadtion (entry 1), as well as in the
reaction with a pre-incubation of P450 BM3 with @gtanol (entry 2) or 2-heptanone (entry 3)
are within a standard deviations of <3.5%. Thaahixidation rates of all three reactions are
within a standard deviation rate of less than 1%sdgl on these results it can be assumed that a
short term inhibition of the P450 BM3 monooxygendse the n-heptane hydroxylation
products 2-heptanol and 2-heptanone will not td&eep

4.2.3 Double oxidation of n-heptane: conversion and total turnover numbers

The reaction in Scheme 4 shows the double oxidatfonheptane, catalyzed by a P450 BM3
monooxygenase and the alcohol dehydrogenase RE-ADH.

P450 BM-3 OH

He ™""cH, + 0, : * HO
/\ \ RAR )2
n-heptane
1 (S)-heptanol
NADH NAD+
j\ OH

RTR (S ADH R' (R)-2

heptanone (R. erythropolis) (R) -heptanol

Scheme 4: Double oxidation ofn-heptane using P450 BM3 monooxygenases and an alobh
dehydrogenase fromRhodococcus erythropolis (RE-ADH) as cascade catalystdn the first oxidation step
n-heptane (1) is converted by a P450 BM3 monooxyserfs#/ T 19A12*P" and cM1*"™) to heptanol
(enantiomeric mixture of (S)/(R)-2) under NADH cangption yielding NAD. In the second oxidation step
enzymatic resolutidff’ of thein situ produced R)-heptanols (®)-2) and synthesis of the corresponding ketones
(3) is achieved under reduction of NAR NADH (cofactor regeneration). R: GHCHs or GHy; R CsHyy,
C4Hg or GH5. Taken from Milleet al*™!

During the initial oxidation reactiom-heptane is hydroxylated by P450 BM3 %" or
variants (19A12°°" cM1™PH) to the heptanol isomers (produs)/(R)-2). In the subsequent
step the $-specific RE-ADH catalyzes the further oxidatioh the preferred $-alcohols
[(9-2] to the corresponding ketones (prod@}t thus enabling aimn situ resolution of the
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(R)-enantiomers (productR}-2). The second oxidation is accompanied by the realuof
NAD™ to NADH. The regenerated cofactor NADH can be edulsy the monooxygenase for
hydroxylation ofn-heptane.

Figure 4-22 shows the performance of WA", 19A12'P" and cM1”"" in the initial
hydroxylation step (upper part) and in the doublelation reaction (lower part).

WTADH 19A1 2MAPH CM{NAoH
7/ /L /L
1200{ —e— Total heptanol " Al —— Total heptanol Y B | —=— Total heptanol Y Cc
- <> - Total heptanone - < - Total heptanone - < - Total heptanone
= 9004 - L
=
=
T 800+ -—r——F > |- Fo 5 2 .
o

Time [h] Time [h] Time [h]

Figure 4-22: Conversion ofn-heptane to heptanols (initial hydroxylation step;upper part) and conversion

of n-heptane to heptanones (double oxidatioripwer part). Initial hydroxylations are shown for (A) WP,

(B) 19A12PH or (C) CM1T*P" and the double oxidations in presence of the RE-AQD) WTVP" (E)
19A12YP" "and (F) CMY*PH. Total heptanol €) and total heptanon@)(concentrations are shown as sum of
the corresponding regioisomers (1-, 2-, 3-, an@@ténol) which were quantified via GC after a regmactime of
0.17, 0.5, 1, 2, 4 and 24 h (for details on reactionditions see chapter 3.11.3). Taken from Migteal!*"®

Conversion ofn-heptane in the single hydroxylation reaction withi"°", 19A12¥PH or
CM1"*P" stops nearly after 1 hour yielding product concians of 0.23, 0.69, and 0.62 mM
heptanols respectively. In contrast, during thebd®wxidation reaction the product formation
increases continuously over more than 4 hours. Gasbe attributed to the NADH cofactor
recycling during the double oxidation. A detailedmparison in terms of total product
concentrations shows an increase from 0.23 to mB6for WTVP" (Figure 4-22A—D),
from 0.69 to 1.3 mM for 19ATZ"°" (Figure 4-22B—E), and from 0.62 to 1.1 mM CM4{""
(Figure 4-22C—F).

RE-ADH determinates due to its specificity for t{f§-isomers the product ratio between
heptanones and heptanols in the coupled reactibis. fhtio differs significantly between
19A12YPH and cMIPH. 19A12"*PH/RE-ADH produces twice the amount of heptanones
(0.85 mM vs. 0.43 mM heptanol), whereas C{PI'/RE-ADH produces twice the amount of
heptanols (0.78 mM vs. 0.35 mM heptanone). BM3"\?* achieves a product concentration
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of approximately 0.56 mM when coupled to the aldotiehydrogenase (Figure 4-72).
Nevertheless, the concentration of heptanones \ahisvith BM3 WT“P" is very low
(69 pM vs. 0.5 mM heptanol) and differs signifidgritom 19A12*°" and cM1P",

Notably, when starting from the alkameheptane the double oxidation concept also allows
producing R)-alcohols due to the selectivity of the RE-ADH bl@a4-6 summarizes the yields
obtained on R)-2- and R)-3-heptanol in the double oxidation cascade. Tieddy from the
enzymatic resolution experiment are calculated dase the overall amount of the chiral
((R/(9-2- and R)/(9-3-heptanol) and their non-chiral products (2- &ldeptanone), which
were set to 100% disregarding the conversion oérid 4-heptanol. The highest yields on
(R)-heptanols were obtained for the BM3 variants"APt' (89% )-2-heptanol), followed by
CM1MPH (72% R)-2-heptanol). Comparably low yields were achiewéith 19A12*P" (51%
and 20% R)-2- and R)-3-heptanol respectively).

Table 4-6: Obtainable yields for the RE-ADH catalyed resolution of R)/(S)-heptanols in the 2° step of
the double oxidation cascadeTaken from Miilleret al*™

Yield [%] ©
(R)-2-Heptanol (R)-3-Heptanol
P450 BM3 WTVAPH 89+1 82+2
P450 BM3 19A154P" 51+3 20+1
P450 BM3 CM1MPH 72+3 58+3

I'See Table 4-2 for details on the theoretical contipos(enantiomeric rati@r) of the heptanol mixture which
serves as substrate. Conversion¢A-heptanol andg)-3-heptanol by RE-ADH was determined to be >99%.

The theoretical composition of the heptanol mixtinoen the initial hydroxylation step, which
serves as substrate for the RE-ADH-catalyzed secarathtion, should be equivalent to the
enantiomeric ratiod) values in Table 4-2. However, the calculateddgdbr the resolution of
(R)-heptanols in the cascade reaction are in mogieotases higher than the expected values
from the single, non-coupled hydroxylation reacti@mble 4-6 vs. Table 4-2). The biggest
differences are found for the resolution Bj-B-heptanol in the cascade with 19A%2" and
CM1IMPH Here, 32% and 185% morB)¢(heptanol was yielded respectively, compared € th
enantiomeric ratios achieved in the single hydratgh reaction. The differences are probably
caused by a shift in the product distribution asaiction equilibrium that takes place during the
double oxidation, due to the continuous regenemadind therefore higher availability of the
cofactor.

Figure 4-23 shows the results of the double oxigativith WTAPH 19A12VPH  and
CM1™PH in presence of the-glucose/GDH-regeneration system. The produced NéDing
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the initial oxidation step is utilized simultanebusy the RE-ADH and the GDH for the
second coupled oxidation and regeneration step.

WTHADH 19A12MN0H CMqNAoH
1500 1 Z 1
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Figure 4-23: Double oxidation ofn-heptane with a supporting regeneration systembptglucose/GDH) for
the cofactor NADH. Figures A-C show: (A) BM3 WY (B) 19A12"*P" and (C) CM1”P". Total heptanol
(e) and total heptanon@)(concentrations are displayed as sum of the qooreting regioisomers which were
quantified via GC after a reaction time of 0.175,01, 2, 4 and 24 h (for details on reaction cood# see
chapter 3.11.3). Taken from Miillet al*™®

The total product concentrations in the double atah cascades with supporting cofactor
regeneration{-glucose/GDH) are significantly higher. In the cas®&M3 WT*?" a maximal
product concentration of 0.73 mM is obtained (21Bigher than without GDH; Figure 4-23
A). The variants 19AT2°" and CM1"*"" produced 1.57 and 1.8 mM total product, which
correspond to a 129% and 188% increased produtiatoon (Figure 4-28 andC). Product
distribution patterns in the double oxidation cassaas well as conversion and yields in the
second oxidation step remained within standard afiewis in presence and absence of the
D-glucose/GDH regeneration system.

Based on the quantified product concentrations aftreaction time of 24 hours, total turnover
numbers (TTN) were determined for the single areddbuble oxidation reactions as well as
for the double oxidation reactions with supportotgactor regeneratior{glucose/GDH) and
are given in Table 4-7. The employed monooxygeng®és """ 19A12¥PH cm1MAPH)
displayed a >1.8-fold improved TTN (entry 2) in theuble oxidation cascades compared to
the single hydroxylation reaction in absence of B+ (entry 1 and 2).

Supplementation of a NADH regeneration system wHijlucose as a cosubstrate and GDH
yielded higher product concentrations for all thi@®3 variants and consequently TTNs
increased up to 3-fold (entry 1 vs. 3). 19A%%' and cM1"P" achieved comparably high
TTN values (up to 3591) which are under all teststtion conditions more than 2-fold higher
than the corresponding TTN-values of W™,
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Table 4-7: Total turnover numbers of n-heptane oxidation with P450 BM3 WT"P" 19A12*P" and
CM1MPH Reaction inabsence of RE-ADH (entry 1), in presence of RE-A@Hitry 2) and in presence of RE-
ADH with additional NADH regeneration (GDBHglucose; entry 3). Taken from Miillat el

TTNE
No. Components wr'AeH 19A12"*°" cmMA!
1" only P450 462 + 56 1374 +2 1247 + 30
2l P450 + RE-ADH 1128 + 27 2514 +92 2196 + 167
3 P450 + RE-ADH + GDH 1457 + 24 3146 + 213 3591 + 186

I TTN: Total Turnover Number (Lmgla productumola%dl); total product is the sum of all quantified hepthand
heptanone isomers (24 h).

®IThe reaction mixture containedheptane (50 mM) in KPi buffer (1 mL, 0.1 M; pH B.@thanol (1.3% v/v),
NADH (2 mM), catalase (600 U), P450 BM3 (0.5 pM).

[ Additionally to entry 1: RE-ADH (10 U).

I Additionally to entry 1: RE-ADH (10 U)p-glucose (2 mM), GDH (1 U).

19A12'*P" was selected as reference based on its catabiormance for the conversion of
n-heptane (18 substitutions) showing a TTN of 536A020, which is to the best of our
knowledge the highest reported value for biocaizaythydroxylation of this compouritf’
The total turnover numbers for 19AY2" reached in this study up to 3150. Differences t
previously reported TTN might be attributed to #tered cofactor specificity (NADH instead
of NADPH) and the employed regeneration system (G®Hsocitrate dehydrogenase) as well
as the reaction conditions.

The catalytic characterization of BM3 CMP" showed a comparably high activity with
n-heptane (TOF value of 604 riiror 10 & with NADH; Figure 4-11) as found for other
engineered P450 BMS3 variants for the oxidation ah-natural substrates like octane (variant
53-5H, TOF of 660 miti using NADPHY*®!. A fine compilation ofk.a values for P450 BM3
is reported in the review by Whitehousteal*®

The oxyfunctionalization of alkanes under mild ciotds was summarized in a recent
review!” Oxidation ofn-heptane to the corresponding alcohols and ketaassreported for a
Mn(TDCPP)Cl-complex together with,B, as oxidant with a TTN of 202.13¥ Total turnover
numbers for 19A1%"°" and cM{“P" are 15-fold higher (see Table 4-7) and the modular
concept with a RE-ADH allows in addition to prodwderal alcohols.

Some general trends for the described double omitlaascade transformations wheptane
were identified. Coupling of two oxidation react®owith direct cofactor regeneration boosts
the product formation by more than 1.8-fold (upltd mM/ 150 mg [* total product; Figure
4-22). The cofactor recycling during the seconddation step enables an improved product
formation, which is reflected in higher total tuweo numbers (up to 2500) compared to the
single hydroxylation reaction. The product formatean however be further increased (3-fold)
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to 1.8 mM/ 207 mg I* by means of a supporting cofactor regeneratiotesy$Figure 4-23); in
case ofb-Glucose/GDH TTNs up to 3500 without changes in skereo-selectivities were
obtained (Table 4-7).

These results demonstrate that the direct regemerat NADH through enzyme-coupling
compensates the losses of the cofactor due tortbeupling of the monooxygenase-catalyzed
oxidation. The coupling efficiencies of P450 BM3heved in this work are comparable to
those of previous evolutionary studies for non-ratisubstrates which are often below
8001320 137, 1778 190N eyertheless, enhancing coupling efficiency of omtygenases and
thereby reducing the amount of generated hydrogeoxgle remains an important challenge
to improve process stability and total turnover bens of P450s in general. The coupling
efficiency of P450 BM3 was significantly improveg protein engineering for NADH from 9
to 44% in this study, and up to 95% (NADPH) in ot&*® The regioselectivity of P450 BM3
could also be improved significantly for non-natisebstrates like limonel&", steroid$?,
and 2-aryl-acetic acid est€rd. In this regard, tuning of P450 enzymes for notivea
transformations was recently reviewed in a comprsive way by Fasah>*

The stereo-preferences of the employed ADH opengheppossibility of a non-racemic
resolution of enantiomers starting fromm-alkane substrate and yielding){ or (§-alcohols as
value added products in double oxidation cascadetions. The specificity of the RE-ADH
((9)-selective), which accepts onl$){alcohols for NADH production reduces the amount o
regenerated cofactor. In an ideal case, two enzymtbsmatching K;-values and specificities,
and a highly coupled cofactor oxidation would béfisient to overcome constraints in the
cofactor availability.

4.3 Whole cell double oxidation of alkanes by P450 BM3
monooxygenases and alcohol dehydrogenases

The use of whole cell catalytic approaches canlereabost-effective and simpler route for the
production of key-intermediates in organic synts&8i Compared to ann vitro reaction
system the whole cell system provides through cotm@ntalization a natural environment for
the enzyme under physiological conditions, resglima higher stability of the catalyst! A
further striking advantage of whole cells owewitro systems is the intracellular availability of
redox equivalents and the possibility to regenecafactors by mean of the cells metabolism.
In particular, oxidation reactions that require tegeneration of a cofactor or multi-enzymatic
pathways can be operated very efficiently in wheés!”® The aim of the following study
was to establish and investigate a whole cell sysfer the one-pot double oxidation of
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alkanes. In chapter 4.2 the coupled oxidationndieptane by means of a P450 BM3
monooxygenase and the alcohol dehydrogenase Rbodococcus erythropoliRE-ADH)
was describeft’® The concept was extended by generatingEarcoli production host for
coexpression of both catalysts in a single celle Generated whole cell catalyst should be
employed in the multi-enzymatic double oxidatioratanes as shown in Scheme 5.

CH OH HO
H3C/\(‘* 3+ 0 /LL ' + /:\R' or J\
: NAD(P)H R R R R R
(S)-2 (R)-2

P450

BM3
NAD(P)+

/o

O, +» @
)

n Recombinant E. coli cell n

Scheme 5: Whole cell double oxidation of alkanes ing a multi-enzymatic cascade reaction.

In this alternative process only a few componemés raquired: resting cells in an aqueous
medium (catalyst), glucose for cofactor regenemtaxygen as oxidizing agent and the target
substrate. The double oxidation enables the dswathesis of ketones or chiral alcohols that
represent important building blocks for the pharengical, agrochemical and food indust).
For instance, aliphatic ketones are employed inptioeluction of flavors and fragrances and
cycloalkanones in the manufacture of synthetic mealss (polyamidesf® Different
coexpression strategies were compared, among theoved system for coexpression of two
recombinant genes as a fused operon. The systemewganded to a second alcohol
dehydrogenase, arR)¥selective NADPH-dependent ADH frorbactobacillus brevis(Lb-
ADH)™® with complementary selectivity to the RE-ADH. Byppdying two stereo-
complementary alcohol dehydrogenases a completfatan of the intermediate alcohols to
the alkanones is strived for. In this way, the metizymatic concept can be used similar to a
biocatalytic tool-box, either for synthesis of @lialcohols or for production of pure ketones.
The biocatalytic cascade consisting of an initialyfanctionalization of the unsaturated
hydrocarbons of-heptane and cyclooctane as model substrates, sedoad oxidation to the
alkanones was evaluated using the described system.
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4.3.1 Coexpression of NADH-dependent P450 BM3 monooxygenases and alcohol
dehydrogenases

The heterologous coexpression of multiple prot@ina single host allows the production of a
whole cell catalyst containing all enzymatic comgats that are necessary for a biocatalytic
cascade. The P450 BM3 variant CM1", together with RE-ADH were chosen as target genes
to determine the optimal coexpression strategyterdesigned biocatalytic cascade (Scheme
5). Part of the preliminary work in chapter 4.3413.2 and 4.3.3 was accomplished by Tim
Welters within the frame of his bachelor théis.

Three distinctive coexpression strategies weredestigure 4-24 shows the properties of each
generated vector construct that was used for cesgmn of the two genes of interest.

A) B) )

T7 T7

pACYCDuet-1
PASOBM3
RE-ADH
(CmR, 8.2kb)

T7

T7
pALXtreme-1a
P450BM3
(Kan®,5.1kb)

pALXtreme-1a
P450 BM3-RE-ADH
(Kan®, 6.1kb)

Recombinant
DNA content: ~ 11.7 kbps 8.2 kbps 6.1 kbps

Figure 4-24: Different strategies for coexpressionf two genes of interest (P450 BM3 monooxygenasedan
RE-ADH). The three investigated systems are: 2-plasmidsy$t), commercial pACYCDuet-system (B),
operon-fusion system (C). The amount of recombild¥A transformed in afE. coli cell as expression host is
given in kbps.

A first strategy consisted in the transformationtwb expression plasmids iB. coli. The
plasmids pALXtreme-la (containing P450 BM3) and gKAcontaining RE-ADH) were
selected (vector maps, appendix Figure 6-1 andr&igtR) as two-plasmid expression system.
Compatibility of the selected vectors for coexpr@ssn one host strain is ensured by the
different origin of replication (replicon) and duittic resistance in both plasmids (see
chapter 3.4, Table 3-2).

As a second strategy the commercial vector pACYGRDudlerck, Darmstadt, Germany) was
employed!® This vector comprises two expression regions eachsisting of a T7
promotor/lac operator and a separate ribosome rgndite (RBS), followed by a multiple
cloning site (MCS1 and MCS2) and a terminator rediar simultaneous expression of two
proteins (vector map, appendix Figure 6-3).
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The third coexpression strategy is based on thergéon of a synthetic operon-fusion or
polycistronic plasmid®®, for simultaneous expression of both proteins latgd by a single

T7 promoter, operator and terminator originatednfrine pALXtreme-1a vector (vector map,
Figure 3-1). Figure 4-25 shows a simplified repnégon of the constructed operon-fusion

vector.
pALXtreme-1a
ATG (start) sto p+ATG stop

T7 Promoter Operator RBS RBS T7 Terminator

Figure 4-25: Schematic representation of the operefusion vector construct for coexpression of a P450
BM3 monooxygenase and an alcohol dehydrogena$tBS: ribosome binding site.

The expression of all systems is induced by supgigation of IPTG, resulting in case of the
operon-fusion construct (Figure 4-25) in the traipsion of a single polycistronic mRNA that
contains the information for both the P450 mono@xnase and the ADH. The polycistronic
MRNA harbors two ribosome binding sites for tratiglaof the single proteins, each of them
upstream of the start codon in 6 bps distance.dBseribed synthetic operon-fusion resembles
therefore a simplified bacterial operdH!

The generated strains were cultivated in shake féaml the whole cells were subsequently
analyzed in regard to the expression level of FABI3 and ADH (Figure 4-26). Furthermore,
the catalytic performance of the whole cell catalys the one-pot double oxidation of
n-heptane was investigated (Figure 4-27).

kDa M 1a 1b 2a 2b3a3b
170

130 .+ v« v «—P450 BM3
95 "“ BN e &

72 u 11 LA

55 NN

40 p “ ....<—RE-ADH

35 ol A

25

Figure 4-26: Coexpression of P450 BM3 CM¥®" and RE-ADH. Protein expression from two independent
shake flask experiments (a) and (b) visualized &A% SDS-PAGE gel (lysate from 0.6 mg cell wet \aeiger
lane). Coexpression strategies: (1) operon-fugi®npACY CDuet-1-vector system, (3) 2-plasmid systékn)
Molecular weight standard (Prestained PageRulemé&etas).

93



RESULTS AND DISCUSSION

A rather balanced over-expression of P450 BM3 &1 and RE-ADH was achieved with
best results using the operon-fused construct (pAdKe-1a P450 BM3-RE-ADH) as shown
in Figure 4-26 (1a and 1b). The ADH was expresadadgher amounts with the 2-plasmid and
the pACYCDuet-1 system. However, this two vectonstoucts (2-plasmid system and
pACYCDuet-1) showed a significantly lower expressiof the threefold larger P450 BM3
monooxygenase (119 kDa) compared to RE-ADH (39 kDDag catalytic activities of P450
monooxygenases are in general significantly low garad to other enzyme clas§ed RE-
ADH shows a considerably higher activity of 47 U nfpr the oxidation of 2-heptanol
compared to the P450 BM3 CRP" activity of 5 U mg' for the hydroxylation ofi-heptane
(chapter 4.2.1 and 4.1.3). Therefore, it was ingrdrto ensure a high concentration of the
P450 monooxygenase in the whole cell catalyst todag rate limiting initial oxidation step.
To determine the intracellular concentration of @883 in each coexpression strain the yield
of active P450 BM3 protein Msoix (in Mgpaso geow ; X = cell dry weight) was calculated. The
product yields on catalyst (X) for the double oxidation ofi-heptane and the P450 yields
(Ypasoy are shown in Figure 4-27. These values were =kl for each strain after
expression in shake flask, as well as for one saleconstruct (P450 BM3 CNItPH-RE-
ADH, operon-fusion) after expression in the fernseninder controlled growing conditions
(see chapter 3.8).
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Figure 4-27: Comparison of three different coexpresion strategies of P450 BM3 CM1T*"" and RE-ADH

in E. coli cells. E. coli BL21(DE3) Gold (lact") containing three different constructs (see Figdr24),
expression in shake flask (light gray) and in Fertoe(operon-fusion, dark gray); Product yield9 énd P450
yields B) were calculated in relation to the cell dry weigReaction conditions: Resting cells in 0.1 M KPi
buffer pH 8.0 (1 mL; Ol 40), 10 g [* b-glucose, 200 pin-heptane, 51 h stirring at RT.

The expression in shake flask yielded for the pAOY€t and the operon-fusion constructs
higher P450 BM3 content per cell dry weight, asedained by quantificatiorvia CO-
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difference spectroscopy (1.5 and 1.6p88§gcow ; Figure 4-27 B). On the contrary, the
corresponding product yields of 1 and 8 mg\g" were lower than the yield of 14 mgg*
achieved with the 2-Plasmid system (Figure 4-27 Bgsides, the analysis by SDS-PAGE
electrophoresis of expression for the operon-fusionstruct P450 BM3 CM{""-RE-ADH

in shake flask did not correlate entirely with tmeasured concentration by CO-difference
spectroscopy (Figure 4-26 vs. Figure 4-27 B). Asglale reason for the differing result would
be the occurrence of a high content of inactivesgniolded) monooxygenase, which would not
be detected by the CO-spectroscopic measuremeatudd of the 2-Plasmid system showed
however differences compared to the operon-fusystem. It was observed, that the growth of
theE. colistrain containing two plasmids was nearly twofsllmlver than the strains containing
only one plasmid (pALXtreme-1a or pACYCDuet) ane timount of biomass produced was
nearly 2-fold lower. For cultivation, expressiondamaintenance of both plasmids two
antibiotics are required, not only increasing thetabolic burden of the host cell but also the
production costs of the catalyst. The synthesidigh levels of antibiotic resistance genes
along with the targeted genes requires consideshtrunts of energy, debilitating the cell and
lowering the cell densit§*® The negative effects on growth of two co-transfednplasmids
encoding each one antibiotic resistance genesegritwth ofPseudomonas putideells was
reported befor€ In the case of the pACYCDuet-vector construct poer product yield
achieved (1 rrygoducthDW'l, Figure 4-27 A) renders its application not febsifi his result is
surprising since the P450 yield in the pACYCDuettee system and the operon-fusion system
is very similar (1.6 vs. 1.5 mgso geow ™, Figure 4-27 B). Other properties such as the
concentration of active ADH or the effect of antifics on the cells metabolism could have a
strong influence on the catalytic performance @he@oexpression strain.

Coexpression of the target proteins or also otlmetems using the described operon-fusion
strategy has several advantages over other coasxpmasiethods. Using the described ligase-
independent cloning technology (PLICifig} the insertion of target genes in the expression
vector is not dependent on the availability or cattiplity of restriction sites, as in the case of
restriction cloning metho8€®. In addition, multiple genes can be cloned in oohe step
while consecutive steps are required for restmcttoning. Moreover, several genes can be
expressed using only one plasmid, thereby redutiagnetabolic burden on the host cell. It
was demonstrated, that a higher plasmid copy nummicegases the metabolic load and more
energy is required for DNA maintenart®! As an example, the relative specific growth rate
of E. coli HB101 cells was correlated to the DNA content atebmid copy number. The
growth rate decreased from 1.0 to 0.92 upon tramsfoon of one plasmid (12 copies) and to
0.91 when two plasmids where transformed (24 cdFES1t was also reported, that due to
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higher plasmid content the cell increases signitigathe concentration of several enzymes
involved in the citric acid cycle to replenish tlmetermediates required for nucleotide
synthesid?®? A small plasmid size, as in the case of the enggoyector pALXtreme-1a, not
only reduces the energetic burden on the host Isot laads to higher cell density during
cultivatior*®. The recombinant DNA content is in the case of 2qgasmid-system nearly
2-fold higher (11.7 kbps) than the DNA content lué bperon-fusion system (6.1 kbps; Figure
4-24). As surplus, higher transformation efficieasciare achieved using smaller plasmids for
gene cloning'®> 2°? This becomes more evident when more than thregnese have to be
clones in one vector. The lower metabolic burded anergy requirement could be from
significant benefit for the application of operarsion systems in biotransformations with
growing cells.

4.3.2 Fermentation of operon-fusion strains

The threeE. coli BL21 (DE3) Gold lact* strains containing the different monooxygenases as
operon-fusion vector system, P450 BM3 WA"'-RE-ADH, 19A12“*PM-RE-ADH and
CM1"PH_.RE-ADH, were selected for cultivation and expressiinder controlled conditions
in a bioreactor. During the fermentation importanttivation parameters such as dissolved
oxygen (pQ) and pH were monitored online (appendix, Figur@).6The pH was kept at all
times constant at 7.1. Cell densities (measure@@so) and expression levels of P450 BM3
and RE-ADH by SDS-PAGE electrophoresis were detsedhiduring the entire fermentation
process. In all three fermentations angg@f 18 to 19 was achieved after 26 hours of induced
protein expression (in total ~30 h run time). Thadue corresponds to a biomass concentration
of nearly 4 gpw L™ After induction the expression of P450 BM3 ince@ gradually
throughout the entire course of fermentation asitomed by SDS-PAGE analysis (appendix
Figure 6-9). The expression level of RE-ADH wascontrast rather constant until 8 h after
induction and was slightly higher at the end of thenentation (21 h). The monooxygenase
expression level in the operon-fusion strain CWPL-RE-ADH was the highest of all three
strains. A final cell concentration of 3.86sg L™ containing a P450 BM3 concentration of
0.31 guaso L™ (2.64 uM) was determined for this strain. Thisresgnts a specific protein
formation of 683.5 nmekso geow™ (P450 yield Yusox0f 81.3 M@aso gepw ). The specific
protein formation that was determined for thisistia slightly higher (6%) than the value of
644 nmobaso geow — that was reported by Pflugt al for the heterologous expression of P450
BM3 WT in E. coli (BL21(DE3) pET28a(+)-system) in a fed-batch fertaéinn proces&®
This is to best of our knowledge the highest prasip reported production yield for this
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enzyme. However, the batch-fermentations presentekis study yielded 5-fold lower final
cell mass concentrations (3.8 - &g L™). In the reported fed-batch fermentation procass t
reported cell concentration of 19.8xg, L™ was achieved by inducing protein expression at a
significantly higher optical density and using atimized feeding and aeration stratégjy.

Through controlled fermentation it was possible etthance significantly the P450 BM3
content in the cells, in case of P450 BM3 CKP'-RE-ADH by 54-fold compared to the
shake flask cultivation as shown in Figure 4-2784 {s. 1.5 mgusogeow>). The translational
coupling of both genes using a single operon ieheal to achieve a high expression level of
both enzymes, probably through a ribosome-mediptesitive regulation of the translation
event®® This means that a positive effect can be obsemben the translation of
neighboring genes is tightly coupled. One posgildehanism for positive regulation would be
that ribosomes terminating translation of the fgehe may be able to re-initiate translation on
the second gerd&*”! An improved expression in the fermentor comparethe one in shake
flask is probably the result of controlled pH andrisg, allowing to adjust a constant pH, as
well as a homogenous mixing of the culture brotth amigher aeration rate.

Using the maximal specific activity of 5073 Wag" for P450 BM3 CMY*P" as reference
value (purified enzyme, see chapter 4.1.3) it issgae to calculate the theoretical specific
activities of the whole cell catalyst. The fermeiuta of the operon-fusion construct enabled
the production of cells with a theoretical speciictivity of 411 U gpw™>. Compared to a
theoretical specific activity of 7.6 Ucgw™ for cells from shake flask expression, the gain in
activity through overexpression of the protein bgams of fermentation is impressive.

Using the cell mass from fermentation in the biasfarmation ofn-heptane the product yield
was increased by 7-fold from 8 to 58 mgpg™ (Figure 4-27 B). The increase in product yield
Yox IS nearly proportional to the increase in P450dyi¥pss0x This result highlights the
importance of optimizing the heterologous expressibthe monooxygenase in the employed
production host to achieve higher specific actatiDuetzt al. estimated that the theoretical
specific activities of intact cells containing NAP)H-dependent oxygenases with hiky;
values (5-75 %) could reach a value between 150 and 4500ch"™ In a recent study
Blank et al estimated an activity of 367 Wgy™ for redox-reactions in resting. coli cells,
under consideration of the maintenance energy désnamd NAD(P)H regenerationia
glucose with a maximal glucose uptake rate of 2dohtpw h™.1® It was pointed out that in
the practice activities significantly higher tha®05U g-pw™ have not been reached so'far®
Therefore, further bottlenecks such as productitibn or mass transfer rate limitations have
to be addressed carefully and integrated in thega®developmeHt!
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4.3.3 Reaction engineering for whole cell biotransformations

In addition to protein and strain engineering tlieesis emphasized also on reaction
engineering to optimize important parameters thétiénce the operational performance of a
whole cell P450-ADH catalyst in a multi-enzymatsaction.

Key parameters such as glucose concentration, jkveeaction medium, substrate, and cell
mass (catalyst) concentrations were evaluated grtomiaed to achieve higher product
concentrations in the double oxidationmheptane to chiral heptanols and heptanones. The
performance of resting cells was evaluated in phatgpbuffer and E. coli Minimal Medium
(EEM; pH of 7.0), which are widely applied in whotell conversion&® As further
modification of the 0.1 M potassium phosphate butffe pH value was varied from 7.0 to 8.0
and the supplementation of differemvglucose concentrations was investigated, as shown
Figure 4-28.
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Figure 4-28: Effect of glucose and different reactin media on the whole cell double oxidation of-
heptane. Reaction conditions: BL21 Gold (DE3) I&CIpALXtreme-1a P450 BM3 CMYP"-RE-ADH in (A)
ODgoo 50 (11 gpwL™, 7.3 pM P450), 80 mMn-heptane in EEM pH 7.0 (1 mL), varying-glucose
concentration (0-10 g'1), 20 h at RT; inB) ODggo 70 (15 @pw L™, 10 pM P450), 10 gt b-glucose, 300 pL
n-heptane, varying reaction medium (1 mL; 0.1 M K#t, 7.0, 7.5, 8.0 or EEM), 24 h at RT.

The highest product concentration (total produgitéueol and heptanone) was achieved with a
glucose concentration of 10 g'land 0.1 M KPi-buffer at a pH of 8.0. In the absemd
glucose a very low product concentration is acldey@.1 mM). Since no nicotinamide
cofactor is added externally, the product formatieithout supplementation of glucose is
probably facilitated by the remaining intracellulabncentration of cofactors. A rather
sigmoidal dependency between the glucose concemirand the product formation is
observed. At a glucose concentration of 5 to 10'ghe reaction reaches saturation.

In the established oxidoreductase-catalyzedivo biotransformation approach, the essential
cofactor NADH for the P450-catalyzed reaction igemerated most likelyia the glucose
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metabolism of theE. coli host and in part by the artificial cascade forstdie coupled
regeneration of NADH. Resting, but metabolicallyiae cells are used, implying that redox
cofactors and biomass precursors should not beuomes for the synthesis of biomass
allowing a higher NADH yield® Yet, the required energy for cell maintenance toase
provided throughout the conversion reaction. Thgeneration rate of NADH will partially
depend on the regeneration capacity of the cellgclwcan represent a limiting factor in
biocatalytic redox proces®: 2°° The supplementation with glucose is therefore fieiaé for
supporting the necessary cofactor regeneration@&med by the results in Figure 4-28 A.

Blank et al. estimated the metabolic capacity for NADH regetienain restinge. coli cells!®®

For an optimal glucose uptake rate of 2.4 mmelg' h* a theoretical NADH-formation rate
of 22 mmol gpw® h' was calculated. Under assumption of an equimdiaictiometry
between NADH and the biocatalytic product, the maai biocatalytic activity for
oxidoreductases would reach 367 kbg™. At higher glucose uptake rates the oxidation of
glucose will not be complete (overflow metabolisra¥ulting in the catabolic production of
byproducts like acetate and €& Using 10 g [* glucose and a cell mass concentration of
11 gepw L™ (Figure 4-28 A), the available concentration afagise can be calculated as 5.04
mmol g-pw ™. At this concentration the product concentratieaches a maximum of 1.41 mM
which is slightly higher than for 5 g'Lglucose. At a glucose concentration of 2.4 mM the
effect on productivity is detrimental (overflow mabblism, altered glucose flux, pH shifts due
to acid formation), therefore the whole cell becsraéblack box”.

Metabolic stress caused by high bioconversion matésrmation of reactive oxygen species as
a result of uncoupling can also lead to productibacetate or other metabolité¥! Buhleret

al. reported a strong pH-dependency on the specifigitgcof growing cells in the long-term
two-liquid-phase oxidation of 3,4-dimethylbenzycalhol. At pH 7.4 a significantly higher
activity was reached compared to pH 7.1. The asthmncluded that a pH-influenced
competition for NADH between the heterologous egpeel catalyst (xylene monooxygenase)
and the respiratory chain took place. In short texperiments of 5 min with resting cells this
pH-effect was not significant. Long-term studieseowever not conducté&d®

Based on the presented results from Figure 4-28it(éan be concluded, that the pH of the
reaction medium has a strong effect on the biogitahctivity, also when resting cells are

used. A difference of 1.0 in the pH value (from #%(@B.0) enhanced the product concentration
by 2-fold. The enhanced productivity is probablysed by pH-influenced changes in the cell
metabolism or/and in the interaction between theressed oxidoreductases and the
regeneration capacity of the cell. The higher pHiea@f 8.0 gives the system a better buffering
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capacity against acidifying byproducts (e.g. aeetat product from overflow metabolisms)
when higher glucose amounts for regeneration arplegmd. The higher pH is therefore
beneficial for the bioconversion okheptane. A scale-up of the whole cell reactioncess
using a bioreactor and the possibility to monitad aontrol the pH would be desirable for
further optimization of the reaction conditions.

To determine the correlation between substrate erdration and product yield different
n-heptane concentrations ranging from 1 to 1045 mdewapplied. Additionally, the use of
n-heptane not only as substrate but also as orgamier for a two-liquid-phase system was
investigated. Concentrations of 93, 440 and 1045 and/equivalent to amheptane volume of
15, 75 and 200 pL and a volumetric content of tigamic component in an aqueous-organic
two phase system of 1.5, 7 and 17 % (v/v) respelgtivin case of 200 pL (1450 mM)
n-heptane an aqueous-organic bilayer was formediuetdormation using differemt-heptane
concentrations, as well as the product yield basedubstrate consumptior,¥(equivalent to
molpmductmolsubstratgl x100%) were determined as shown in Figure 4-29.
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Figure 4-29: Effect of varyingn-heptane concentrations on product concentration ahyield. Total product
concentrationse() and product yields s over substrateA) were calculated taking into account the sum bf al
heptanol and heptanone isomeReaction conditions: BL21 Gold (DE3) I&IpALXtreme-1a P450 BM3
CM1MPH.RE-ADH in 0.1 M KPi buffer pH 8.0 (1 mL; Ofg 70, 15 gow L™, 10 uM P450), 10 gt
D-glucose, varyingi-heptane concentration; 24 h stirring at RT.

The highest product yield p¢ (19%) was obtained employing 1 mM substrate. Hargv
decreasing product yields ¥ are the result of the higher substrate load usége remaining
measurements. Higher product concentrations (ub noM) were measured for the substrate
concentrations 440 and 1045 mM, which correspond twlumetric content of 7 and 17%
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(v/v) n-heptane. Here an aqueous-organic two-phase reastgiem is present. The advantage
of this system lies on the use ofheptane as organic carrier solvent, which serves
simultaneously as substrate reservoir and prodn&t’8” It is generally accepted, that the
biocompatibility of an organic solvent used as selcphase in bicatalytic processes correlates
to the lodP,w value - the octanol/water partition coefficienis a measure of the solvent
hydrophobicity. Solvents with Idy, > 4 are regarded as biocompatible, mainly for free
enzymes in two-liquid-phase systeli?é®¥ For whole cell systems this correlation depends
strongly on the microorganism speci@é” In some cases a transition into a toxic range was
observed for logg, values from 3 to B: °! n-Heptane has a I&y. value of 4.66 (at
25 °C)1187a 181 fact, the lo§ow value gives rather a precise correlation for thetual
solubility of organic solvents and water in watemiiscible system$°® Taking into account
the higher solubility ofn-heptane in water than water imheptane, the use of a two-phase
system should enable higher substrate availaltitgughout the biotransformation process.
Heptanol and heptanone as main products of theadasceaction, with |dg,,, values of
around 2.22°*% and 1.98%7@ respectively, are more apolar than the substrdteptane. They
will most likely accumulate in the organic phasealging anin situ product removal and
avoiding a possible product inhibition of the cgsal The results of this study imply that the
use ofn-heptane as organic carrier in the described apprima E. coliwhole cells is feasible.

Other advantages of two-phase systems for biodatdhgnsformations are besides thesitu
product recovery a simpler work up by separatiothefphases and a possible recycling of the
organic phase for further biotransformatiftsThe low price of-heptane as bulk chemical
make an application in a higher amount as orgaigigid phase feasible, then it serves
simultaneously as starting material for the synthes$ value-added products. Due to the fact
that P450 BM3 hydroxylates a broad range of organhstraté®®! the selection of a suitable
organic solvent is strongly limited. Besides, th&e wf n-heptane and other alkanes like
n-hexane, cyclohexane,n-octane and isooctane as organic solvent in biphasi
biotransformations have being described previofmiyell free enzymé¥® as well as whole

cell processé¥® 174 211]

The biotransformation was further optimized in melgéo cell mass concentrations for each
P450 BM3 construct. The correlation between optedll density (Olgyg) and cell dry weight
(CDW) was calculated for cells harboring the opeftssion constructs P450 BM3 WHPH-
RE-ADH, 19A12"*P".RE-ADH and CM1"P"-RE-ADH after expression in the fermentor.
The corresponding P450 BM3 concentrations wereraited by CO-difference spectroscopy
(appendix Figure 6-10). The correlation between dst weight and P450 concentration is
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linear (2 to 13 gow L™). Based on this correlation the intracellular ession titer of P450
BM3 or simplified, the P450 yield (4509, Was calculated for each monooxygenase variant
(see chapter 4.3.4, Table 4-8). The highest exjpre$ésvel of P450 BM3 monooxygenase was
achieved for the construct CRYP"-RE-ADH with a P450 yield of 81 magsogcow

The effect of different cell mass concentrationglmproduct yield was evaluated as well. The
maximal product yields are shown in Figure 4-30.
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Figure 4-30: Product yields in the whole cell biotansformation of n-heptane using different operon-fusion
strains. The strains are: BL21 Gold (DE3) Gold I8tipALXtreme-1a P450 BM3 WY'°"-RE-ADH (red),

19A12¥PH.RE-ADH (blue) and CM1“P"-RE-ADH (black). Reaction conditions: Resting céfis0.1 M KPi
buffer pH 8.0 (1 mL), 10 g £ b-glucose, 200 pln-heptane with varying cell concentrations (CDW fr@no
13 g L%, 48 h stirring at RT.

Product yields for the three selected P450 BM3 rm&ggenases are strongly dependent on the
concentration of cell mass employed in the reactitath batch of cells containing one of the
P450 BM3 monooxygenase variants displays a distmcptimal cell mass concentration. The
highest product yields were achieved using @& (ODsgo of 30) for the strain containing
P450 BM3 19A12*P" 7.7 gpw L™ (for (ODsgo of 30) for WT**P" and 8.4 gow L™ (ODego

of 40) for CMT*PH_ This CDW values correspond to monooxygenase carat®ns of 0.16,
0.58 and 0.68 50 L™ respectively. Interestingly, the product yieldhist proportional to the
amount of P450 BM3 monooxygenase employed in tlaeti@n. This yield is most likely
dependent on the intracellular concentration ratetween both cascade-enzymes
(monooxygenase and dehydrogenase), but also oiblgosgss transfer limitations (substrate,
products, oxygen) at high cell mass concentratitmshis regard, a limitation in the oxygen
supply can lead to a reduce monooxygenase activityhe reduction of oxygenase activity
caused by high cell concentrations was also obdebye Baldwin and Woodle§*? The
authors proposed that a heterologous expresseenagg, which have a lower affinity (higher
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Km value) for oxygen than the respiratory chain o ttell, will not be able to compete
efficiently for the dissolved oxygen if the exogesocell respiration exceeds a certain
threshold. The P450 monooxygenase catalyzed reacftected by mass transfer limitations
and by a lower catalytic activity, is probably skwvthan the cell metabolism.

The determined optimal cell mass concentrationseémh coexpression strain were employed
in the following biotransformation reactions.

4.3.4 Whole cell multi-enzymatic catalysis: double oxidation of n-heptane and
cyclooctane

The biotransformation of-heptane with whole cells co-expressing P450 BM@ BE&-ADH
was performed under the optimized conditions dbedriin chapter 3.12.2. The schematic
representation of the cascade reaction catalyzegedymbinantE. coli cells is displayed in
Scheme 6.

3] [(R)»-2]

Scheme 6: Whole cell double oxidation ofi-heptane catalyzed by a P450 BM3 monooxygenase \art
and an ADH from Rhodococcus erythropolis (RE-ADH). In the initial cascade stepheptane is hydroxylated
by the P450 BM3 monooxygenase to the corresponaépganol isomers. The second step is comprisetidy t
oxidation of §)-heptanol to the corresponding ketones, enablimg accumulation of theRj-heptanol
enantiomers and the concomitant regeneration ofdfector NADH.

The multi-enzymatic cascade allows the productibheptanones and the chiral resolution of
(R)-heptanols in a coupled activity of the recombinexpressed P450 BM3 monooxygenase
and ADH inE. coli. The biotransformation was monitored over 48 haisiag cells expressing
P450 BM3 CM1"PH-RE-ADH. The progress of the cascade reaction imgeof product
concentrations is shown in Figure 4-31. An overvigiasthe performance parameters in the
double-oxidation reaction is given in Table 4-8t(g).
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Figure 4-31: Whole cell conversion ofn-heptane over 48 hours.Total product concentrationdbléck)
consisting of heptanol p(irple) and heptanoneblue), as sum of the corresponding regiomers (GC
guantification), measured after a reaction tim@.6f 1, 2, 4, 8, 16, 24, 28 and 48 h at RT. Reaaanditions:

E. coliBL21 (DE3) Gold lact* pALXtreme-1a P450 BM3 CMT""-RE-ADH (ODsp040; 8.5 gow L™, 5.9 uM
P450) in 0.1 M KPi buffer pH 8.0 (1 mL), 10 ¢ b-glucose, 200 uln-heptane as second phase.

A total product concentration of 5.7 mM (658 mg)lwas measured after 48 hours, consisting
of 4.1 mM alcohol and 1.6 mM ketone. The productrfation rate was nearly linear until
8 hours, with the highest specific activity of 0.@&xow ™’ (9.3 U gas0’) and a maximal space
time yield (STY) of 45 mg L* h' after 4 hours. From 8 hours onwards the produchétion
rate decreases, but product accumulated constamilythe end of the reaction at 48 h. A total
turnover number for the reaction time of 48 h watetmined as 968 M@lduct Molpass™. The
maximal specific activity reached with the systestb#i1-fold less thanthe theoretical specific
activity of 411 U gpw* that was calculated for whole cells expressing PBSB CM1VAPH
(refer to chapter 4.3.1). Different parameters sashmass transfer limitations, enzyme
inactivation or loss of cell viability and cofactmrgeneration capacity could lead to the lower
specific activity reached with the multi-enzymasigstem so far. It is worth mentioning, that
the biotransformation process was performed in allssoale with a reaction volume of 1 mL
and magnetic bar stirring. To investigate the bottktks of the system and optimize product
yields a scale-up using a bioreactor with contigocess parameters like pH, stirring and
aeration rate would be advantageous.

A direct comparison of the performance of the sngydroxylation as well as the double
oxidation ofn-heptane was carried out (Table 4-8). For this psephe strains expressing the
sole P450 BM3 variant CM1 (NADPH-dependent) and &MY (NADH-dependent) were
employed under the optimized biotransformation cios.
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Table 4-8: Process performance for the whole cellirgle hydroxylation and the double oxidation of
n-heptane with P450 BM3 and RE-ADHf. The product concentration for thevitro double-oxidation system
is given as reference.

Entry Multi-enzyme system Product concentration Product yield P450 yield on
on catalyst Yy catalyst Ypasoix
[LM] [mg L_l] [mg %Dw-l] [mgP4509CDW-1]
Single expression (shake flask)
1 P450 BM3 CM1 1133+110 132+13 16 +2 53
2 P450 BM3 CM1#PH 2319+74  269+9 40+1 58
Operon-fusion (Fermentation)
3 P450 BM3 WT*PH.RE-ADH 2952+6  342+31 44 + 4 74
4 p450 BM3 19A19"°H-RE-ADH 3400 + 69 390 +8 61+1 25
5  P450 BM3 CMI*P".RE-ADH 5671 +344 656 + 40 76+5 81
In vitro system
6 P450 BM3 CM1*P" + RE-ADH 1800 207 - -

I Product concentrations are the sum of all quantifieptanol and heptanone isomers; the reactionuraixt
containedE. coli cells (OQg, 40 for P450 BM3 CM1, CMY*®" and CM1"P"-RE-ADH; ODyy 30 for
WTMPH.RE-ADH and 19A12*°"-RE-ADH) in 0.1 M KPi buffer pH 8.0 (1 mL), 10 g™Lb-glucose,
1045 mM (200 pLn-heptane as second liquid phase.

Despite of a similar P450 BM3 content in CM1 and W™ after shake flask expression (53
and 58 mgusogeow - respectively), the product formation with the NARIdpendent variant is
2-fold higher and the product yield, normalizedthe amount of cells in the reaction, even
2.5-fold improved (Table 4-8, entry\& 1). This values show the direct benefit of using
engineered NADH-dependent monooxygenase as whideca¢alyst over the native NADPH-
dependent counterpart.

In the double oxidation cascade with cells contgrtM1*P"-RE-ADH the product yield of
76 mgroducthDW'l is nearly doubled compared to the reaction wills @amntaining only P450
CMIMPH (Table 4-8, entry 5 vs. 2). The improved perforoerof this catalyst can be
explained by the 1.4-fold optimized intracellulaxpeession of the P450 monooxygenase
(Table 4-8, 81 vs. 58 magsogeow ).

The highest product yield of 76 M@uct geow - Was measured for the strain containing
CM1IMPH.RE-ADH, which also displayed the highest intragieli content of P450 BM3
(Table 4-8, 81 moducthDW'l). Product yields as well as P450 BM3 expressioelewere
lower for WTYAPH_-RE-ADH and 19A1Y*°"-RE-ADH. A low P450 yield of 25 mgsoGeow -

was achieved in the case of the 19X operon-fusion compared to the other two expressed
monooxygenase variants, despite of cultivation ha fermentor under optimized growing
conditions (Table 4-8, entry 3, 4 and 5). The perpression of P450 BM3 19A1%! is
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probably caused by the low stability of this monggenase variant as previously discussed in
chapter 4.1.1. These results highlight the impaganof an elevated expression level besides of
the enzymes activity to achieve the best catalpggcformance. Especially for the strain
containing the operon-fusion CM°"-RE-ADH the significant benefit of a good expressio
was proven, obtaining a 54-fold improved productidrthe monooxygenase after expression
in fermentor compared to the expression in shaklagk (Figure 4-27 B) and a 7-fold
enhanced product yield,X (Figure 4-27 A).

Final product concentrations in the double oxidatwf n-heptane achieved with all three
selected P450 BM3 monooxygenases are considerablgrhusing thén vivo instead of thén
vitro biotransformation system. A comparison to the lresults of thein vitro cascade
reaction, under supplementation of cofactor regeimrvia GDH (chapter 4.2.3), shows that
with P450 BM3 WTPH a 4-fold, with CM1"*P" a 3-fold and with 19A1%*°" a 2-fold higher
product concentration is achieved using whole catalysis (Table 4-8, entry 3\&. Figure
4-22, panel D-F).

To proof a broad applicability of the whole cellutdde oxidation concept, the coexpression of
the respective catalysts was extended to a thizgiree, a second alcohol dehydrogenase, the
(R)-selective NADPH-dependent ADH frobactobacillus brevigLb-ADH)**®.. The Lb-ADH

has a complementary selectivity to tigp-§pecific RE-ADH".

A)

B)

T7

pALXtreme-1a

P450 BM3-
RE-ADH

(Kan®, 6.1 kb)

T7

pALXtreme-1a
P450BM3
(Kan®, 5.1 kb)

T7

pKAl
Lb-ADH
(CmR, 6.3kb)

E. coli E. coli

Figure 4-32: Coexpression of multiple enzymes ig. coli cells using a 2-plasmid-systenThe R)-selective,
NADPH-specific Lb-ADH is expressed from a second plasnfgKAl), together with P450 BM3
monooxygenase (NADPH-dependent) in a two-enzymé&sysA), or with the operon-fusion between P450
BM3 monooxygenase (NADH-dependent) aBigelective NADH-specific RE-ADH in a three-enzysyestem
(B).

Coexpression strains containing two enzymes, thé\Dbl and an NADPH-dependent P450
BM3 monooxygenases (19A12 or CM1), as well as rséraiontaining three enzymes, two
dehydrogenases - Lb-ADH, RE-ADH - and one P450 BmMB8nooxygenase (NADH-
dependent 19AT2"" or cM1"*P") were generated by transformation of the Lb-ADkhgsa
second plasmid (pKAl vector) as shown in Figure24-Bhese generated strains for the
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coexpression of multiple enzymes are listed indppendix section (Table 6-8). The strains
were expressed in shake flask (chapter 3.6.3) aiedessful expression of all enzymatic
components was evaluated by SDS-PAGE gel electreplso(appendix Figure 6-11). A very
high expression level of the Lb-ADH was achieved alh generated strains, while the
expression of P450 BM3 and RE-ADH were comparably. |ILb-ADH is encoded by the

smallest of all three genes (765 bps) in a sepatatmid. It has been reported, that Lb-ADH
iIs expressed in a highly efficient way and the iitgbof the enzyme is remarkably high

compared to other ADH&8 213]

A1

R - RR'
[3] (5)y-2

o)
(T

Scheme 7: Whole cell double oxidation oh-heptane (A) and cyclooctane (B) by multi-enzymatic
expression inE. coli. Coexpression of a P450 BM3 monooxygenase variathtasnalcohol dehydrogenases
from Lactobacillus brevigLb-ADH) in a two-enzyme systemt) or additionally an alcohol dehydrogenase from
Rhodococcus erythropo (RE-ADH) in a three-enzyme syster®).(With the multi-enzymatic system .1
heptanone andS-heptanol are produced, whereasAir? complete oxidation to heptanone is achieved. The
system irB.1 andB.2 allows the synthesis of cyclooctanone.

n-Heptane and cyclooctane were selected as sulssti@tehe whole cell multi-enzymatic
cascade reaction. The double oxidation of cyclawetasing ann vitro system was proven
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successfully in a previous rep8ff’ A representation of the catalyzed reaction usirtgya
enzyme or a three-enzyme system consisting of & BM3 monooxygenase and alcohol
dehydrogenases Lb-ADH and RE-ADH is shown in Schéme

The biotransformations were performed under thelitimms described in chapter 3.12.2. The
performance of the whole cell double oxidation ealecusing Lb-ADH is summarized in Table

4-9. The product distribution patterns for each krygd strain and substrate are given in Table
4-10.

Table 4-9: Process performance of the multi-enzyntig whole cell double oxidation ofn-heptane and
cyclooctane

Entry Whole cell catalysts Total product TTNE Product yield P450 yield
(shake flask expression) concentration on catalyst Yy Y pasosx
[LM] [mg L_l] [mg QZDW_l] [mgP4509CDW_l]

Substrate: n-Heptane®

1 BM3 19A12 + Lb-ADH 471 +19 54 +2 2930+ 121 8 3

2 BM3 CM1 + Lb-ADH 230+ 17 26 +2 854 + 65 4+0.3 5

3 BM3 19A12"°".RE- 851+80 97+9  1393+132 16 2 12
ADH + Lb-ADH

4  BM3CMI™HM.RE-ADH 291 +6 33+1 534 +11 6+0.1 11
+ Lb-ADH
Substrate: Cyclooctane™

5 BM3 19A12 + Lb-ADH 3916 +70 494+9 23736+426 72+1.3 3

6 BM3 19A12"P".RE- 5168+ 74 652+9 8303+121 111 +1.6 12
ADH + Lb-ADH

I Product concentrations as sum of heptanol and hepéaisomers; the reaction mixture contaiedoli cells
(ODgoo 40) in 0.1 M KPi buffer pH 8.0 (1 mL), 10 g*Ip-glucose, 200 pln-heptane as second phase.
PIproduct concentrations as sum of cyclooctanol amtboctanone; the reaction mixture contairiedcoli cells

(ODggo 40) in 0.1 M KPi buffer pH 8.0 (1 mL), 10 g'ip-glucose, 10 mM cyclooctane, 2% (v/v) ethanol as
cosolvent.

I TTN: Total Turnover Number (UMm@la productt MObasg )

In the biotransformation reaction ofheptane through the coupled P450 BM3 and Lb-ADH
catalyzed oxidations the product concentrations &feld higher for the variant 19A12
compared to the variant CM1 (Table 4-9, entry 1 apdA further enhanced productivity of
80% for the variant 19AT2°" and of 30% for the variant CM4°" was achieved using the
strains containing the second alcohol-dehydrogeR&S&DH (Table 4-9, entry 3-4 vs. 1-2).
In this case the monooxygenase and the RE-ADH stimresame cofactor preference for
NADH, while Lb-ADH is NADPH dependent. A strikingfterence between the two and the
three enzyme system is the concentration of P450om/genase, calculated as P450 vyield
(Ypasor- In the three enzyme systems the P450 contehfakd and 2-fold higher (entry 3 and

108



RESULTS AND DISCUSSION

4,12 and 11 mgsogeow - respectively). The higher P450 concentrationsraaecordance to
the higher product concentrations obtained witthhesystem.

Table 4-10: Selectivity of the whole cell double @Xation of n-heptane and cyclooctane

Entry Catalysts Relative amount [% GC area]
Heptanol isomers (ee of (S)) Heptanone isomers®
1- 2- 3- 4-  2- 3- 4-
1  P450 BM3 19A12 + Lb-ADH 0 26/d 15(>99) 0 41 18 0
2  P450 BM3 CM1 + Lb-ADH 0 0 11 (>99) 1 14 31 43
3 P450 BM3 19A1Y"°"-RE-ADH + 0 0 0 0 67 31 2
Lb-ADH
4  P450 BM3 CMY*P"-RE-ADH + 0 0 0 0 15 41 44
Lb-ADH
Cyclooctanol Cyclooctanone  Unidentified peak areas
5  P450 BM3 19A12 + Lb-ADH 0.3 96.6 3
6  P450 BM3 19A1»"°"-RE-ADH + 0.1 94.4 5.4
Lb-ADH

' Heptanal was not detected.
n.d.: not determined

Coupling the P450 monooxygenase with thie)-énantioselective Lb-ADH leads to
accumulation of the Gj-heptanol isomers, while theR)heptanols are oxidized to the
corresponding heptanones (Table 4-10, entry 1 anthzhe 19A12"°"-Lb-ADH-catalyzed
cascade reaction a relative amount of 59% ketoobtaned (2- and 3-heptanone; entry 1) and
in case of CMY¥*®"-Lb-ADH 88% (2-, 3- and 4-heptanone; entry 2). @hiresolution of
(9-3-heptanol is achieved in an amount of 15% arfib tdspectively. In contrast to the two-
enzyme system, employing three enzymes (P450 + RB-A Lb-ADH) the intermediate
(R/'S)-heptanols that are produced during the initidd®BM3-catalyzed hydroxylation step are
completely oxidized to the corresponding ketoneab(& 4-10, entry 3 and 4). In the latter
case, the absolute amount of the heptanone-isocoerssponds precisely to the sum of the
heptanol and heptanone regioisomers in the tworaazystem. This is remarkable, since two
ADHs are present that are capable to perform therséble reaction.

The product distribution of the synthesized heptesan then vivo system is in accordance to
the regioselectivity of each P450 BM3 variant thats determinedn vitro (chapter 4.1.4).
Cells containing the P450 BM3 variant 19A%2" produce predominantly 2-heptanone
followed by 3-heptanone (Table 4-10, entry 3, 67af6l 31%). With the variant CNIA°"
higher amounts of 4- and 3-heptanone are produtedld 4-10, entry 4, 44% and 41%
respectively). The complete oxidation of the hepltamtermediates lead therefore to an
improved availability of redox cofactors, which demonstrated by the enhanced product
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formation (Table 4-9, 1.8-fold entry 3 vs. 1; 1@ entry 4 vs. 2). In addition, the 1.8-fold
higher product concentration in case of 19Xf%' can be explained by the rath&-6elective
character of this P450 variant as determined fergtrified enzymen vitro (chapter 4.1.4,
Table 4-2). In presence of th§+{enantioselective RE-ADH all produced heptanahiglized,
driving the reaction equilibrium to the side of tketones. Therefore, the enzyme-coupled
cofactor regeneration during the second oxidattep g8 more efficient when the two stereo-
complementary dehydrogenases -Lb-ADH and RE-AD-aesent.

Nevertheless, the three-enzyme coexpression systemisting of P458°"-RE-ADH +
Lb ADH displays overall lower absolute product gel(up to 13-fold difference) when
compared with the two-enzyme coexpression systensisting of P45%*°" and RE-ADH
(Table 4-9, entry 4 and . Table 4-8, entry 3 and 4). This may be causedbywp to 7-fold
reduced P450 BM3 vyield @4sor) in the three-enzyme system compared to the tvegraa
system. The lower expression is a result of the-omtimal cultivation in shake flasks
employing a two-plasmid coexpression strategy.

The concept of double oxidation of alkanes was esgfally transferred to a new substrate
class, converting cyclooctane to cyclooctanonehim whole cell multi-enzymatic process.
Cycloalkanones are important building blocks foe froduction of synthetic polymers, e.g.
polyamide’*®! A three component system consisting of P450 BM&12Y*°"-RE-ADH and
Lb-ADH (Table 4-9, entry 6) yielded a very high guxt concentration of 5.2 mM
(652 mg L") and the highest product yield (over catalystldl mg gpw ™. Compared to the
system with two enzymes (Table 4-9, entry65) a 32% improved product formation was
achieved. As previously described for the multiygnatic double oxidation ofi-heptane the
difference in product formation correlates to th#edence in P450 BM3 content. The cells
containing three enzymes (P450 19XY2'-RE-ADH + Lb-ADH; Table 4-9 entry 6) had a
4-fold higher P450 BM3 content (12 mgogcow ) than cells with two enzymes (P450 19A12
+ Lb-ADH; Table 4-9 entry 5, 3 mgso gcow-). The higher P450-concetration led to an
improved product formation during whole cell catay

However, in terms of total turnover numbers (TThg two-enzyme system P450 BM3 19A12
+ Lb-ADH displayed the highest value of 23736. Exeellent TTN value is caused in this
case by the relative high product concentratiod®f mg L* in relation to a relatively low

intracellular P450 BM3 concentration (3 paggeow *; Table 4-9, entry 5). This means, in this
strain the cofactor regeneration is very effectimethe low concentration of P450 available,
allowing a high efficiency in the product formatioRor the other strains with higher P450
content, the regeneration is limiting, resultinglawer TTN values. The TTN of 23736 is
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6.6-fold higher than the best TTN of 3591 deterrdifier thein vitro double oxidation of
n-heptane with P450 BM3 CM4P"-RE-ADH and cofactor regeneration oweglucose/GDH
(chapter 4.2.3, Table 4-7). In addition, it represeone of the highest TTN reported for a P450
BM3 catalyzed reaction. Higher TTNs have been regoifor thein vitro conversion of
dodecanoic acid with the NADH-dependent P450 BM3iavea WTP" (substitutions
R966D/W1046S; TTN of 66700) and for the conversbpropane with the P450 BM@oR?2
variant (TTN of 45800}:4¢ 224!

The conversion of cyclooctane was performed inghllgi effective way (Table 4-10) with 94
to 97% towards cyclooctane as product. Only trameuats of cyclooctanol as intermediate of
the double oxidation cascade were detected (up38s)0 In addition, other product peaks were
detected, probably as a result of overoxidatiosemondary hydroxylations catalyzed by the
P450 BM3 monooxygenase. These phenomena are commocbuntered in the application
of oxygenasé®” ' especially in the case of P450 Bft3. However, the relative amount of
other products did not exceed 5% and should netfere with later purifications. Based on the
GC-quantification it was observed that a signifidass of the cyclooctane substrate during the
reaction or the work up occurred. An apparent y@id2% on cyclooctanone for the P450
BM3 19A12¥P"_.RE-ADH + Lb-ADH system (entry 6) was calculatedsed on an initial
substrate concentration of 10 mM. An advantageysfooctane as substrate for the double
oxidation directly to cyclooctanone is given by taet, that stereo centers cannot be generated
upon single hydroxylation of the molecule. Therefalmost all intermediate cyclooctanol can
be oxidized by the employed ADHSs in a chemoselectray.

The cell toxicity of cyclooctane is similar to that n-heptane with a slightly lower L&gw
value of 4.45%'% Cyclooctanone as main product of the multi-enzjenagscade has a
predicted Lo@. of 2.132'® which is significantly lower than the value oktkubstrate. In
the biotransformation of cyclooctane 2% (v/v) etblamas used as cosolvent. Accumulation of
the more polar product cyclooctane in the cosolveamta similar way like the effect of
n-heptane as organic carrier in a biphasic systemlddead to a beneficial product removal
outside of the cell. In this case, a shift of thaation equilibrium towards the double oxidation
product cyclooctanone instead of the intermedidteh®l cyclooctanol would be expected.
The use of a two-liquid-phase system for conversibrcyclooctane could ensure higher
substrate availability and enhanced situ product removal to achieve improved catalytic
performance and product yields.

Furthermore, the enzyme-coupled cofactor regemeratith two recombinant ADHs instead
of one seems to be beneficial for the catalytiégrarance in the cell. The employed ADHs are
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not only stereo-complementary but display also aposite cofactor specificity (NADH-
dependent RE-ADH and NADPH-dependent Lb-ADH). Thapkyed P450 BM¥*P"
variants are able to use both phosphorylated anephosphorylated cofactors as shown by the
catalytic characterization data with purified enzyfchapter 4.1.3, Figure 4-11). In this way,
all regenerated cofactors NADH and NADPH becomeilavie for the P450-catalyzed
hydroxylation. The over-expression of the P450 BmM8nooxygenase in the host cell is
beneficial to drive the reaction to completion toslsathe ketones or the pure chiral alcohols.
Based on the product quantification results fohstbstrates-heptane and cyclooctane, with
more than 94% cyclooctanone and >99% heptanoneaas products, it can be assumed that
the concept of the double-oxidation cascade isetbhex advantageous to shift the reaction
equilibrium to the side of the ketones. The alcatettydrogenases can perform the reversible
reductive reaction. However, in the developed syseccumulation of the alcohols was
negligible.

The benefits of the multi-enzymatic expression gsthe operon-fusion strategy were
summarized in the previous chapter 4.3.1. For Wednzyme system consisting of a P450
BM3 and an RE-ADH the advantage of expressing tatalgsts as a fused-operon was
demonstrated. In the same way, coexpression tiir@é enzymatic components — P450 BM3,
RE-ADH and Lb-ADH — using an operon-fusion would fm®re advantageous to achieve
improved protein and product yields.

The benefit of employing stereo-complementary ADIids the double oxidation of non-
activated alkanes direct to the ketones was demated{ resulting in a complete oxidation of
the intermediate alcohols and in an enhanced regioe capacity. Using the whole cell
multi-enzyme approach up to 650 mg total product for the conversion nfheptane as well
as cyclooctane was achieved. This represents a rttae 3-fold improved product
concentration compared to the best results ofrthétro multi-enzymatic cascade (200 mg L
for P450 BM3 CM1#"" + RE-ADH + b-glucose/GDH; chapter 4.2.3). In the case of linear
alkanes liken-heptane chiral resolution of the enantiomeric latd® can be performed. The
biotransformation of cyclic alkanes like cyclooatatirectly to cyclooctanone is achieved with
selectivity of 94%.

The described synthesis concept can be defined ‘@sodular’ multi-enzymatic reaction
system. It was demonstrated, that multiple enzymetimponent can be coexpressed in a
single E. coli cell to generate a whole cell catalyst. The enZygmeomponents can be
exchanged according to the desired chemo- regioeaadtioselectivity in the reaction. The
selection of the biocatalysts, P450 monooxygenaseAdHs, as well as the target substrate
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(aliphaticvs. cyclic alkane) showed a significant impact on siygstem’s performance. Other
monooxygenases and ADHs with different substralecgeities could be implemented in the
described process concept as well as any othefibi@heatalyst.
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5 Summary and Conclusion

Biocatalysis offers alternative routes for the esi$¢ctive and environmental friendly use of
hydrocarbons as raw material for the productionfioé chemicals, pharmaceuticals and
building blocks for the chemical industry. Thereforthe enzymatic functionalization of
alkanes allows the sustainable use of petrochesidat production of value-added
compounds, instead of their constricted applicatiocombustion processes. Cytochrome P450
monooxygenases are one class of enzymes, which thaveemarkable capability of using
molecular oxygen as sole oxidizing agent for alklkmetionalization. This type of reaction is
difficult to achieve by chemical synthesis. Somelte most striking advantages of enzymes
over metallo- or organo-catalysts for the hydrokgla of non-activated C-H bonds are higher
chemo- and stereoselectivities, mild reaction coows, and usually higher turnover rates and
numbers.

A novel strategy is the application of biocatalybixidation cascades using cytochrome P450
monooxygenases for the enzyme-catalyzed oxyfuratimation of alkanes. In this work semi-
rational protein engineering was used to desigMdB0Pmonooxygenase for its subsequent
implementation in the whole cell multi-enzymaticutdée oxidation cascade. The coupled
reaction should consist of a P450 monooxygenasdysatfunctionalization of the alkane,
followed by an ADH-catalyzed oxidation of the intexdiate alcohol. The second oxidation
reaction serves also for efficient cofactor regatien of the cofactor NAD(P)H.

Eighteen amino acid residues were rationally setecsaturated and screened for improved
hydroxylation ofn-heptane. Employing an optimized GC-FID protocal $eparation of all
heptanol isomers, rescreening and characterizagfothe best variants in regard to the
regioselective hydroxylation oh-heptane was performed. A highly active P450 BM3
monooxygenase variant (CM1) was detected, whicldeurscreening conditions, showed a
49-fold improved product formation rate comparedhe wild type enzyme. The engineered
variant P450 BM3 CM1 contains two unreported anmanm substitutions R255P and P329H,
both located in the heme-domain and in close distadn the substrate binding pocket and
active site cavity. It was proven in a SDM studyattboth amino acids act in a synergistic
manner to enable this remarkable catalytic actigégpite of the low mutational load. Variant
19A12 contains eighteen mutations, which lead tlmva monooxygenase expression level
compared to the WT enzyme.
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To design an economically more favorable procéescofactor preference was switched from
NADPH to NADH in the P450 BM3 WT, variant CM1, angriant 19A12. The altered
cofactor specificity not only allows the use of ttteeaper and more stable cofactor NADH, but
also ensures the compatibility with NADH-dependalecbhol dehydrogenases for an enzyme
coupled cofactor regeneration. To evaluate thei@mite of the switched cofactor selectivity a
detailed catalytic characterization of the generatADH-dependent monooxygenases was
performed. The variants P450 BM3 CM2" and 19A12*°P" showed enhanced
hydroxylation activities forn-heptane with TOF values of 604 rlirand 485 miit and
coupling efficiencies for the cofactor NADH of 44%nd 32%, respectively. All three
engineered P450 BM3 variants WP", cM1™P" and 19A12"P" have a distinctive
hydroxylation pattern when-heptane is used as substrate. The regioselectif/iy """ is
similar to the one observed with fatty acids, whallethree subterminal carbon atoms are
hydroxylated in amounts higher than 24%. On thetreop, the variant CMY*®" produces
mainly 4-heptanol (48%) and 3-heptanol (42%), wHiBA12"°" shows a preference for
2-heptanol (64%) and 3-heptanol (33%). Furthernemery variant displayed a characteristic
stereoselectivity profile. Interestingly, in P450B CM1V*P" the stereo-preferences for the
hydroxylation ofn-heptane were partially inverted by the substingi®255P and P329H. This
variant is §)-selective with respect to 3-heptanol aRjtgelective in case of 2-heptanol.

The three engineered P450 BM3 monooxygenase vanaete further used to evaluate the
multi-enzymatic oxidation of-heptane and cyclooctane. A double-oxidation cascahcept
was developed by coupling a monooxygenase- and lewha dehydrogenase-catalyzed
reaction with integrated cofactor regeneration. Time of three different P450 BMS3
monooxygenase variants, displaying distinctive oegnd stereoselectivities, and two stereo-
complementary ADHs — theSktselective RE-ADH and theRj-selective Lb-ADH - was
evaluated by determination of catalytic parametsugeh as specific activity, product
concentrations, enantiomeric excess, TTN, prodisdtly (on catalysts, p%) and P450 yields
(Ypasor). The P450 BM3 variant was used for the initiatltoxylation of the alkane, followed
by the selective oxidation of the alcohol by mearisthe alcohol dehydrogenase. The
biocatalytic double oxidation concept allowed theed synthesis of alkanones from alkanes
by simultaneous regeneration of the cofactor NAB(P)h addition, whenn-heptane was
employed as substrate, depending on the steretsilecf the employed ADH, the enzymatic
resolution of §- or (R)-heptanols was achieved. Therefore, the synthamisept offers a
direct route from an inexpensive alkane to valualblgh-priced synthons for the
pharmaceutical, agrochemical and food industry. Tescribed synthetic concept was
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implemented in a cell free biotransformatian yitro) as well as in a whole cell catalytic
system if vivo).

The in vitro conversion ofn-heptane was performed under mild reaction condltio.e. at
room temperature, in water and using molecular erygs sole oxidant which is superior to
most chemical hydroxylation reactions. In the P53 CM1“PH-RE-ADH catalyzed
double oxidation a total product concentration &8 M (150 mg L[*; (R)-heptanols and
heptanone) was obtained. The product formation Wv8gold higher compared to the single
P450 BM3-catalyzed hydroxylation of-heptane employing the same amount of starting
cofactor. A further increase in the system perforogawas achieved by supplementation of a
supporting cofactor regeneration system contaimfgjucose and GDH. Fine-tuning of the
glucose concentration in the cascade reaction gdrdoebe a key parameter to optimize
cofactor regeneration and increase the product gbom. In the multi-enzymatic cascade
containing P450 BM3 CMY"", RE-ADH and GDH a total product concentration & thM
(207 mg Y and a TTN of 3500 were obtained, without charigeie stereoselectivity of the
reaction. The TTNs of the P450 BM3 variants 19A08 &M1 for the oxyfunctionalization of
n-heptane outperforms state-of-the-art chemicalyst&aby 15-fold.

Furthermore, the implementation of a multi-enzymathscade into a whole cell process was
pursued. This would represent a more cost-effeciternative tan vitro reaction systems for
an industrial application of oxidoreductases. Irs ttegard, major advantages are that the
addition of expensive external cofactors (NAD(P)ah)d supplementary enzymes is not
required. To extend the concept of the double dxdaof alkanes to whole cells catalysis,
three coexpression strategies for P450 BM3 and ADH coli were evaluated and optimized.
The best coexpression strategy consisted in therggon of an operon-fusion between P450
BM3 and RE-ADH in the pALXtreme-la vector. For tbperon-fusion strategy that was
developed in this thesis a remarkably high speqfiotein formation (protein yield) of
680 NMObaso Geow ™ (81 M@aso Geow') was obtained by fermentation under controlled
cultivation conditions. This represents the higlesttined yield for expression of P450 BM3
in E. coli reported so far and allows further optimizatioat anly for P450 monooxygenases.
Remarkably, the obtained P450 BM3 concentration @&$old improved compared to the
standard cultivation in shake flask.

For whole cell conversion aFheptane a two-liquid-phase process was establighetsystem

consisted in an aqueous phase, contaiingoli cells (catalyst) and glucose for cofactor
regeneration in buffer, and the organic phase lyagpn-heptane both as organic carrier and
substrate - in a volumetric ratio of 17% (v/v). kfgpithe cells containing the operon-fusion
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P450 BM3 CM1I“P"-RE-ADH a total product concentration of 5.7 mM €&5g L
(R)-heptanols and heptanones) and a product yielddtalyst) of 76 mg&w™ was obtained.
Hence, the whole cell double oxidation with P450 BEhd RE-ADH vyielded up to 3-fold
improved product concentrations compared toitheitro system. A high expression of the
P450 monooxygenase in the whole cell catalysts Mastified as determining factor to
achieve the best process performance. The casda4lg0 (monooxygenase variants and
(9-specific RE-ADH) was extended by a third enzythe, R)-specific Lb-ADH. A complete
oxidation ofn-heptane to the corresponding heptanones with mabeectivity of >99% was
achieved employing the three enzyme system, camgist both stereo-complementary ADHs
and P450 BM3.

As a final step, the multi-enzymatic whole cell Ot oxidation concept was expanded to
cyclic alkanes, choosing cyclooctane as model camg@goThe conversion of cyclooctane with
the three enzyme system P450 BM3 19XP?-RE-ADH-Lb-ADH was highly
chemoselective vyielding 94% cyclooctanone with @dpct concentration of 5.2 mM
(652 mg ) and a product yield (on catalysts) of 111 nagvg*. In addition, the third highest
reported TTN for P450 BM3 monooxygenase of 23708 waached using the two enzyme
system containing P450 BM3 19A12 and Lb-ADH. It veagcessfully demonstrated that by
means of the multi-enzymatic double oxidation cdscthe reaction equilibrium could be
shifted completely to the side of the ketone upwyfunctionalization of the alkanes.

In conclusion, a significantly high expression logé 450 BM3 monooxygenase turned out to
be crucial to achieve a good performance in thelevicell catalysis. The reported multi-
enzymatic bicatalytic cascade represents the @iosicept in which a chiral resolution of
alcohols is achieved after functionalization of alkane, including a product based cofactor
regeneration in a one-pot reaction. Product rdtiogalcohols and ketones can be fine-tuned by
simple catalyst selection, overcoming the drawbadKkew selectivities of the employed P450
BM3 catalyst. The developed double oxidation cohcam be optimizedh vitro and directly

be transferred to am vivo process. The multi-enzymatic process is a tunabtt modular
system, in which the employed enzymes (monooxygenasd alcohol dehydrogenases) can
be exchanged depending on the targeted specifiity selectivity. As a toolbox the multi-
enzymatic system enables the synthesis of enanticetig pure alcohols or ketones. The
concept of the double oxidation cascade can furbeerexpanded to other stereoselective
oxidoreductases or further enzyme classes suchimetiansferases or lyases.
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6 Appendix

6.1 Abbreviations

AADH Amino acid dehydrogenase

ABTS 2,2-Azino-di-(3-ethyl-benzthiazoline-6-sulphonic acid)

ADH Alcohol dehydrogenase

ALA Aminolevulinic acid

BM Bacillus megaterium

BSA Bovine Serum Albumin

BVMO Baeyer-Villinger Monooxygenase

CCE Crude cell extract

CDwW Cell dry weight

cfu Colony-forming units

Cm Chloramphenicol

CRS Cofactor regeneration system

CYP Cytochrome P450 monooxygenase

D-AAO D-amino acid oxidase

dATP Deoxyadenosine triphosphate

dCTP Deoxycytidine triphosphate

ddH,O Double-distilled water

DEAE Diethylethanolamine

dGTP Deoxyguanosine triphosphate

DMSO Dimethyl sulfoxide

DNA Deoxyribonucleic acid

dNTPs Deoxynucleotide triphosphate solution mixu{etplar concentration of
dATP, dCTP, dGTP, dTTP

dTTP Deoxythimidine triphosphate

E. coli Escherichia coli

e.g. exempli gratia(for example)

ee enantiomeric excess

EEM Escherichia colminimal medium

ep error prone

er enantiomeric ratio

et al. et alii(and others)

FAD Flavin adenine dinucleotide

FDH Formate dehydrogenase

FID Flame ionization detector

FMN Flavin mononucleotide

Fwd Forward

GC Gas chromatography

GDH Glucose dehydrogenase

h hour(s)

HSDH Hydroxysteroid dehydrogenase
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HT

HTS

i.e.

IPTG
Kan

kb

Km
KPi-buffer
L. brevis
LB
Lb-ADH
LDH
LeuDH
Iogpo/w

MCS
min
MRNA
MS
MTBE
MTP
n.d.
NAD"
NADH
NADP*
NADPH
NDT
NNK
NPG
ODeoo
P450
PCR
pH
PLICing
PVDF
R

R. erythropolis
rac
RBS
RE-ADH
Ref
Rev
rpm

RT

S

S

APPENDIX

Heat treatment

High Throughput Screening
id est(that is)

Isopropyl [B-thiogalactopyranosid

Kanamycin

Kilobase(s)

Michaelis-Menten constant

Potassium phosphate (inorganic) buffer

Lactobacillus brevis
Lysogeny broth
Alcohol dehydrogenase frotractobacillus brevis
Lactate dehydrogenase

Leucine dehydrogenase
logarithm of the partition coefficiet of a solvent in a 1:1 mixture of
octanol and water

Multiple cloning site

Minute(s)

Messenger ribonucleic acid

Mass spectrometry

Methyltert-butyl ether (2-Methoxy-2-methylpropane)
Microtiter plate

Not determined
Nicotinamide adenine dinucleotide (oxidized form)
Nicotinamide adenine dinucleotide (reducethf)
Nicotinamide adenine dinucleotide phosphate (oriditorm)
Nicotinamide adenine dinucleotide phospliegduced form)
Oligonucleotide triplet (N: GorAorCorD: GorAorT)
Oligonucleotide triplet (N: GorAorCor T;:KG or T)
N-palmitoyl glycine
Optical density at a wavelength of 600 nm

Cytochrome P450 monooxygenase

Polymerase chain reaction

Decimal logarithm of the reciprocal of the hygem ion activity
Phosphorothioate-based ligase-indepengkam cloning
Polyvinyl idenfluoride

Rectugright, clockwise)

Rhodococcus erythropolis
racemic

Ribosome binding site

Alcohol dehydrogenase froRhodococcus erythropolis
Reference

Reverse

Revolutions per minute

Room temperature

Second(s)

Siniste(left, counterclockwise)
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S. cerevisiae Saccharomyces cerevisiae

SD Shine-Dalgarno sequence

SDM Site Directed Mutagenesis

SDS-PAGE Sodium dodecyl sulfate polyacrylamideajettrophoresis
sec secondary

SOC Super optimal broth with catabolite reprassio
sp. Species

SSM Site Saturation Mutagenesis

TA Transaminase

B Terrific broth

tert tertiary

TFB Transformation buffer

TOF Turnover frequency

Tris Tris(hydroxymethyl)aminomethane

TTN Total turnover number

uv Ultraviolet

V max maximal reaction rate

WT wild type
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Scheme 3. Double oxidation nfheptane using a P450 BM3 monooxygenase and ahahlco
dehydrogenase fronRhodococcus erythropolifRE-ADH) with supporting
cofactor regeneratiowia glucose dehydrogenase (GDH). Taken from Mider
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6.5 List of primers

In this work oligonucleotide primers were used tloe amplification and cloning of the target
genes P450 BM3 (Table 6-1) and RE-ADH (Table 6-2).

Table 6-1: Oligonucleotide primers for cloning by RICing

Nr. Targeted DNA Primer identifier Sequence (5°-3 T anneling
[°C]
1 P450 BM3 gene Fwd_BM3 Insert-PLIC catgggcatgacAARAAGAAATGC 58
CTCAG
2 P450 BM3 gene Rev-BM3 Insert-PLIC cgacggagctcgABTTATTACCC 58
AGC
3 pET28a(+)-based Fwd_pET28-BM3-PLIC  cgagctccgtcgACAAGCTTGCG 58
vectors
4 pET28a(+)-based Rev_pET28-BM3-PLIC gtcatgcccatgGTATATCTCCTTC 58
vectors
5 pALXtreme-la P450 BM3 Fwd _Op PTO gctaacaaagccCGAAAGGAAGCTG 55
BM3 AGTTGGC
6 pALXtreme-la P450 BM3 Rev_1046S Op_ gaacagiggatcATGATTACTAGTGG 55
BM3 PTO GTTACCCAGCGCTCACGTCTTT
TG
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7 RE-ADH RE-ADH Fwd_Op_PTO  gatccactgttcAATAAGGAGGTA 55
CCATGAAGGCAATCCAAGTAC
ACG

8 RE-ADH RE-ADH Rev_Op_PTO ggctttgttagcTTACAGACCAGABC 55
CACAACCGC

Table 6-2: Oligonucleotide primers for amplification of RE-ADH
Nr.  Primer identifier Sequence (5°-3")
1 RE-ADH_F Ndel GGAGATATACATATGAAGGCAATCCAG
24 RE-ADH_R EcoRV GCAGCCGATATCTTACAGACCAGGGACCACAACC
@ The underlined nucleotides serve for introductibthe restriction sit&&coRV(are not complementary).

Single mutations were introduced by SDM (Table &3) the generation of different SSM
libraries was achieved employing primers in Tablé &nd Table 6-5. The generated mutants
were than sequenced with gene- or vector-spediincgrs (Table 6-6).

Table 6-3: Oligonucleotide primers for Site-Directel Mutagenesis

Nr.  Amino acid Primer identifier Sequence (5'-3")
exchange
1 Arg255Pro  SDM BM3 R255P_F CGCTTGATGACGAGAACATTCTATCAAATTATTAC
ATTC
2 Arg255Pro  SDM BM3 R255P_R GAATGTAATAATTTGATAAGGARGTTCTCGTCATC
AAGCG

3 Pro329His SDM BM3 P329H_F GCTTATGGCCAACTGCTCATGTGITCCCTATATGC

4 Pro329His SDM BM3 P329H_R GCATATAGGGAAAACGCATGARGTTGGCCATAA
GC

5 Arg966Asp  SDM BM3 R966D_F GCTTCATACCGCTTTTTCTGACSCCAAATCAGCC

6 Arg966Asp  SDM BM3 R966D_R GGCTGATTTGGCATGTCAGAAMGCGGTATGAAGC

7 Trpl046Ser SDM BM3 W1046S_F GATACGCAAAAGACGTGAGCGBEGGGTAATAAGAA
TTCG

8 Trpl046Ser SDM BM3 W1046S_R CGAATTCTTATTACCCAGCGCACGTCTTTTGCGTA
TC
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Table 6-4: Oligonucleotide forward-primers for Site Saturation Mutagenesis of P450 BM3 WT

Nr.  Amino acid  Primer Sequence (5°-3")

position identifier
1 Arg4d7 SSM_R47_F CGAGGCGCCTGGENKGTAACGCGCTACTTATC
2 Leu52 SSM_L52_ F CGTGTAACGCGCTAMNKTCAAGTCAGCGTCT
3 Val78 SSM_V78_F GTCAAGCGCTTAAATTNNKCGTGATTTTGCAGGAGACG
4 Ala82 SSM_A82_F GCTTAAATTTGTACGTGATTTNNKGGAGACGGGTTATTTAC
5 Pro142 SSM_P142_F GATGAGCATATTGAAGTINK GAAGACATGACACGTTTAACG
6 Thrl75 SSM_T175_F CAGCCTCATCCATTTANNKAGTATGGTCCGTGC
7 Alal84 SSM_A184_F GTCCGTGCACTGGATGAMKATGAACAAGCTGCAGCGAGC
8 Leul88 SSM_L188_F GATGAAGCAATGAACAANNKCAGCGAGCAAATCCAGACG
9 Phe205 SSM_F205_F GATGAAAACAAGCGCCABIK CAAGAAGATATCAAGG
10 Ser226 SSM_S226_F GCAGATCGCAAAGBAKGGTGAACAAAGCGATG
11 His236 SSM_H236_F CGATGATTTATTAACKNKATGCTAAACGGAAAAGATC
12 Glu252 SSM_E252_F GAGCCGCTTGATGAGIKAACATTCGCTATCAAATTATTAC
13 Arg255 SSM_R255_F GCTTGATGACGAGAACATNNKTATCAAATTATTACATTC
14 Ala290 SSM_A290_F CCACATGTATTACAAAANNKGCAGAAGAAGCAGCACG
15 Ala328 SSM_A328_F GCTGCGCTTATGGCCAAGNKCCTGCGTTTTCCCTATATG
16  Leu353 SSM_L353_ F GAAAAAGGCGACGAMNKATGGTTCTGATTCCTCAGC
17  1le366 SSM_I366_F CTTCACCGTGATAAAACKNKTGGGGAGACGATGTGG

Table 6-5: Oligonucleotide forward-primers for Site Saturation Mutagenesis of P450 BM3 19A12

Nr  Amino acid Primer identifier Sequence (5°-3")

. position

1 Vvalig4 SSM_V184_F GTCCGTGCACTGGATGANKATGAACAAGCCGCA
GCGAGC

2 Ala74 SSM_A74_F CTTAAGTCANANKCTTAAATTTTTCCGTGATTTTTC
AGG

3 Argd7/Tyr51 SSM_R47/Y51_F CGAGGCGCCTGNNK GTAACGCGONNKATATCAA
GTCAGCG

4  Phe87 SSM_F87_F CAGGAGACGGGTNAKACAAGCTGGACGCATG

5 Val26 SSM_V26_F GTTATTAAACACAGATAAACCGBINK CAAGCTTTGA
TGAAAATTGC

6 1e263/Glu267 SSM_I263/E267_F CAAATTATTACATTCTTMNK GCGGGACAMNNKAC
AACAAGTGGTC

7  Ala264/Thr268 SSM_A264/T268_F CATTCTTAANNKGGACACGAANNKACAAGTGGT
CTTTTATC

Table 6-6: Oligonucleotide primers for the sequenaig of P450 BM3

Nr.  Primer identifier Sequence (5°-3")

1 T7 promoter (forward) TAATACGACTCACTATAGGG

2 P450BM3_2.1 CTTTAACAGCTTTTACCGAGATCAGC
3 P450BM3_2-4 CGGAAAAGATCCAGAAAC

4 P450BM3_3-4 GCAACGCTTGATTCACAC

8 T7 terminator (reverse) CTAGTTATTGCTCAGCGGT
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6.6  Overview of generated E. coli strains

The generate#. colistrains are listed in Table 6-7 and 6-8.

Table 6-7: Overview of theE. coli BL21 (DE3) Gold lacl®?® strains harboring the pALXtreme-1a vector
for single expression of P450 BM3 monooxygenase eamts.

Recombinant Protein Substitutions (1-letter code) @gin/ Ref.

P450 BM3 WT - >4

P450 BM3 WT#PH W1046S, R966D SDM/ this work;™
P450 BM3 19A12 R47C, L52I, V78F, A82S, K94l, P142S, T175I, A184V,Heme fragment ordered

L188P, F205C, S226R, H236Q, E252G, R255S, A290\s synthetic DNA*®!
A328F, L353V, 1366V

P450 BM3 19A13"P" 18 mutations from 19A12; W1046S, R966D SDM of 19Athis
work

P450 BM3 19A12 A74E 18 mutations from 19A12; additilly A74E SSM of 19A12; this
work

P450 BM3 19A12 18 mutations from 19A12; additionally V184S SSMIS8A12; this

V184S work

P450 BM3 19A12 18 mutations from 19A12; additionally P188Q SSMLBA12; this

P188Q work

P450 BM3 CM1 R255P, P329H SSM of WT; this work

P450 BM3 CMI#PH R255P, P329H, W1046S, R966D SDM of CM1; this
work

P450 BM3 R255P R255P SDM of WT; this work

P450 BM3 P329H P329H SDM of WT; this work

Table 6-8: Overview ofE. cali strains for coexpression of multiple enzymes: P45BM3 monooxygenase
variants and alcohol dehydrogenases RE-ADH and Lb-BH

E. coli Plasmid and recombinant protein Features
strain
BL21 (DE3) pALXtreme-la P450 BM3 WT°"+ pKA1 RE-ADH 2-Plasmid-System (5.1 kb/ Kan

Gold lacR*  pALXtreme-1a P450 BM3 19A1%° + pKA1 RE-ADH  + 6.6 kb/ Crii respectively);
pALXtreme-1a P450 BM3 CMY®" + pKA1 RE-ADH both contain T7 promotédatc

operator
BL21 (DE3) pALXtreme-la P450 BM3 WT+ pKA1 Lb-ADH 2-Plasmid-3gm (5.1 kb/ KaR
Gold lacR*  pALXtreme-1a P450 BM3 19A12 + pKA1 Lb-ADH + 6.2 kb/ Crfi respectively);
pALXtreme-la P450 BM3 CM1 + pKA1 Lb-ADH both contain T7 promotéac
operator
BL21 (DE3) pACYCDuet-1 P450 BM3 WP (MCS1) + RE-ADH Duet expression system
Gold (MCS2) (Novagen); 8.2 kb/ Chy; 2x T7
pACYCDuet-1 P450 BM3 19ATZ°" (MCS1) + RE-ADH Promoterfac operator, 2x RBS
(MCS2)
pACYCDuet-1 P450 BM3 CMY¥°" (MCS1) + RE-ADH
(MCS2)
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BL21 (DE3) pALXtreme-la P450 BM3 WYP"-RE-ADH ,Synthetic* operon-fusion;

Gold lacR*  pALXtreme-1la P450 BM3 19AT%°"-RE-ADH 6.1 kb/ Kar¥; 1x T7
pALXtreme-la P450 BM3 CM{""-RE-ADH promoterfac operator, 2x RBS

BL21 (DE3) pALXtreme-la P450 BM3 WY"°"-RE-ADH + pKALl Lb-  2-Plasmid-System, three

Gold lacR*  ADH enzymes (operon-fusion 6.1 kb/
pALXtreme-la P450 BM3 19ATY°"-RE-ADH + pKA1l Kar + 6.2 kb/ Cri);
Lb-ADH features see above
pALXtreme-la P450 BM3 CMY""-RE-ADH + pKA1l
Lb-ADH

\

5000

pAkXireme-1a PA50°BM3

KanR 5112 bps

P450 BM3
2000

3000
/

T7 tegminator
SnaBl 1731

EcoRI 3154

Figure 6-1: Plasmid map of the expression vector p&Xtreme-la containing the P450 BMS3
monooxygenaseThe P450 BM3 gene (insert DNA) was introduced bydwhg.

BamHl 6276, 17 Terminator gscal‘jrg'l'"sgg?

T7 Terminator

Ori p15A Ori p15A

\
6000 6000

Ndel 5226
-
1000

7 Prnotor pKAL RE-ADH

™ 5000

-
1000

~«pKAL LbADH
6281 bps

EcoRI 1519

cat cat

6570 bps 2000 _ "
Ncol 1820 2000 ~
P Ncol 1820

3000 3000
\ |

Figure 6-2: Plasmid map of the expression vector pKl containing the gene of the alcohol
dehydrogenases RE-ADH (A) or Lb-ADH (B).The insert DNA was introduced by restriction clapiusing
NdelandBamHl
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Pmel 1246

P450 BM3

SnaBlI 1807
Ndel 1914
Ndel 1934

P15A origin

PACYCDuet-1 P450 BM3 + RE-ADH

6000 2000

8156 bps

~ T7 profnoter-2
T7 Terminator RE-ADH

EcoRI 3230
Ndel 3415
EcoRV 4465

Figure 6-3: Plasmid map of the expression vector pBYCDuet-1 containing the P450 BM3
monooxygenase and alcohol dehydrogenase gen@kning was performed by restriction using for RBAA
the endonucleas@&del andBamHl

6.7 Supplementary information

The analysis of reaction products was performedjdy chromatography as shown in Figure
6-4 and products were quantified using calibratiorves for each regioisomers (Figure 6-5).

uV(x10

7.5

1-heptanol/22.664
decane (ISTD)/23.310

5.0

heptanone/15.223

%4-heptanonel13572
3- ;
2- .

heptanone/15.763
4-heptanol/16.379

" 3-heptanol/17.144

2.5

Al A

25 5.0 7.5 10.0 125 15.0 17.5 20.0 225 min

[ 2-heptanol/17.918

Figure 6-4: ldentification of heptanol and heptano® regioisomers by gas chromatography using
authentic standards.The graph shows as an example one point of thieraabn curve used for quantification
of product concentrations and regioselectivity bé tenzymatic single or double oxidation wheptane.
Separation of the regioisomers was achieved usgajuann FS-Supreme-5ms (30 m x 0.25 mm x 0.25 i fi
thickness; CS-Chromatographie, Germany) fitted iBramadzu GC-2010 gas chromatograph with a flame
ionization detector (FID) (Shimadzu, Japan). Coluowen temperature program: 40 °C for 19.5 min,
20 °C miri" to 100 °C, 3 min.
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Figure 6-5: Calibration curve for 2-heptanol. A 7-point calibration curve, using authentic staddaand an
exponential fitting, was calculated for each heptamd heptanone regioisomers in triplicate (RSD%1 R
>0.99; Software GC Solutions, Shimadzu, Japan). Thkbration curve for 2-heptanol is shown here

exemplarily.

Partial sequencing of the 10 best mutants for idrated amino acid residues in P450 BM3
WT revealed in eight clones additional mutationsidbes of a mutation at the targeted position.
The additional mutations found are listed in Teb@.

Table 6-9: Additional mutations in P450 BM3 cloneselected from rescreening

Amino acid position  Clone nr. (rescreening) Substittion!®
at targeted site at other site

T175 6 T175E F173I
L188 3 L188F M185L
F205 5 F205R D208E
H236 8 H236A N240L
H236 9 H236T M237L
R255 2 R255P P329H
L353 6 L353A 1254V
1366 10 136658 A327T

[ Mutations detected by partially sequencing (900 figgment containing the saturated site) of theOPBBI3 clones; the
possibility of other mutations at not sequenceekssiannot be excluded.

The purification of P450 BM3 monooxygenases usimgoraexchange chromatography
(Toyopearl DEAE 650S matrix) was performed as showkfigure 6-6.
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Figure 6-6: Purification profile of P450 BM3 CM1YP" using anion-exchange chromatographyAn entire
purification run in (A) consist of following stepkading of crude cell lysate and protein bindingshing of
the column matrix and elution of bounded protesletail representation in (B) shows the elutioritef target
protein P450 BM3 (165-172 min) using a gradientlftion buffer from 14 to 25% (equal to 140 to 25M

NaCl) anda conductivity increase from 17 to 22 mS tr&lution fractions (5 ml) corresponding to thegestr
peak were collected and analyzed by SDS-PAGE (10%).

Generation of the operon-fusion constructs in teetar pALXtreme-la was achieved by
PLICing™® after amplification of vector and insert DNA a®em in Figure 6-7.

29
[y

bp 243 4

1000
8000 ki :
6000 — IV W - -
3000 — ¥
2000 —
1500 —
1000

750 <

Figure 6-7: Amplification of pALXtreme-la P450 BM3 and RE-ADH for generation of operon-fusion
constructs by PLICing. Each pALXtreme-lavector containing the P450 BM3 gene W& (line 1),
19A12YP (line 2) or CM1P (line 3), as well as the insert gene RE-ADH (lid)e were amplifiedwith
sequence specific primers to generate upon cherieavage complementary overhangs for site specific
hybridization.

During fermentation oE. coli BL21 (DE3) Gold lact* containing the operon-fusion plasmids
pALXtreme-1a P450 BM3 WYPH-RE-ADH, 19A12"*P"-RE-ADH and cM1”°"-RE-ADH
different parameters were monitored online (pHg,p®mperature, stirrer speed, addition of
acid and base) as shown exemplarily for 198Y2-RE-ADH in Figure 6-8. The cell density
(ODeog) was monitored offline by sampling culture brotefdre and after induction of the
recombinant protein expression. The expressionl le¢eP450 BM3 and RE-ADH was
analyzed by SDS-PAGE (exemplarily for 19A%2"-RE-ADH, Figure 6-9).

133



APPENDIX

Fermentation (5L-scale Biostat MD) —— pH.Value
E.coli BL21 Gold (DE3) LaclQ pALXtreme-1a 19A12-NADH + RE-ADH (Operon Fusion) —— pO2.value

MD_3 Jun 20 2012_Tim_19A12_WR(Finished) Selection :20.06.2012 09:47:30 - 21.06.2012 15:47:30 — STIRR.Value
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Figure 6-8: Fermentation of E. coli BL21 (DE3) Gold laci®* pALXtreme-1a P450 BM3 19A12*°"-RE-
ADH (operon-fusion) in a 5 L-bioreactor.
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Figure 6-9: Protein expression level during fermerdtion of E. coli BL21 (DE3) Gold laci?* pALXtreme-
la P450 BM3 19A12*°"-RE-ADH. SDS-PAGE (10%) of cell lysates from fermentatiaidoe induction (1)
and 0.5 h (2), 2.5 h (3), 3.5 h (4), 4.5 h (5), b.&), 8 h (7) and 21 h (8) after induction of teeombinant
protein expression by addition of IPTG.

Each fermentation batch oOE. coli cells containing the operon-fusion constructs for
coexpression of P450 BM3 monooxygenases W', 19A12*°" cM1¥*P™) and RE-ADH

was characterized in terms of P450 content perdrglweight as shown in Figure 6-10. The
correlation of P450 concentration to cell dry weiglas linear in this OD range and was used
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to calculate P450 yields pYsox and total turnover numbers TTN in the double oxafat
cascades.

—_
o

P450 BM3 concentration [uM]

05 4 & 8 10 13 14
Cell dry weight [g 1]

Figure 6-10: Correlation between P450 concentratiomand cell dry weight of operon-fusion strains from
fermentation. The strains ar&L21 Gold (DE3) Gold la&d' pALXtreme-1a P450 BM3 WY'°"-RE-ADH
(red), 19A12**PH-RE-ADH (blue) and CM1PH-RE-ADH (black).

Figure 6-11 shows the SDS-PAGE analysis of P450 BM8ooxygenases, RE-ADH and Lb-
ADH in the vector constructs for coexpression ob v three enzymes.

kba m 1 2 3 4 5 6 7

170

130 e : \ .\ . <+—P450BM3 (119 kDa)
95 - =&

72
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40 = <«—RE-ADH (39 kDa)

35
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e A — . ——
17 —

Figure 6-11: Single expression or coexpression dfa alcohol dehydrogenase Lb-ADH, together with P450
BM3 and RE-ADH. Visualization on a 10% SDS-PAGE gel. Single expgoes®f recombinant proteins Lb-
ADH (1) and TE-ADH @); Coexpression of two enzymes: P450 BM3 WT + LbHA[B), P450 BM3 19A12 +
Lb-ADH (4), P450 BM3 CM1 + Lb-ADH %); Coexpression of three enzymes: P450 BM3 19A1? + RE-
ADH + Lb-ADH (6), P450 BM3 CM¥*"" + RE-ADH + Lb-ADH (7); (M) Molecular weight standard
(Prestained PageRuler, Fermentas). All strains e®gpeessed in shake flask.
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