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1. INTRODUCTION

This Graduate Thesis refers to work done within the project "Platform for synthesis of
bio-based lactones”, which aims to generate a microbial chassis for the production of tulipalin A
from renewable resources. Tulipalin A (a-methylene-y-butyrolactone) is a defense compound
produced by various plants within Alstromeriaceae and Liliaceae families (Nomura, 2017;
Hutchinson and Leete, 1970; Cavallito and Haskell, 1946). Aside from its biological activities, it
can serve as a building block for the sustainable production of several bio-based polymers (Graur
et al., 2022; Kollar et al., 2019; Boday and Mauldin, 2017; Shin et al., 2012; Damude et al.,
2002; Akkapeddi, 1979; Slob et al., 1975; Bergman et al., 1967; Cavallito and Haskell, 1946).

Even though the synthesis of tulipalin A is of major interest, it is still unclear how exactly
it is synthesized in planta. There are different pathways suggested by several research groups
which propose disparate central metabolic precursors (Nomura, 2017; Nomura et al., 2013; Kato
et al., 2009b; Damude et al., 2002; Selifonov and Huisman, 2001; Hutchinson and Leete, 1970).
Gaps in plant metabolic networks, especially in the downstream pathways, are very common as a
result of their complexity. When it comes to heterologous expression in a microbial host, the
limiting factor frequently is the lack of comprehension on enzymes included in the biosynthesis.
Poor concentration of tulipalin A in the plant tissues limits crop-based manufacturing and makes
it uneconomical (Crosby, 2004). Alternatively, chemical synthesis can be done. In a study
published by Trotta et al. (2017), partly biobased chemical synthesis of tulipalin A with yields up
to 45% was achieved. They conducted a one-pot transformation of itaconic acid, a biorenewable
feedstock chemical that is considered promising in reducing mankind's dependency on
petroleum-based chemicals. However, a biotechnological approach is a promising alternative and
an opportunity to produce tulipalin A in a completely biobased manner (Damude et al., 2002).
Tulipalin A is considered a hemiterpene and can be derived from isopentenyl diphosphate (IPP),
which is employed in the designed artificial metabolic downstream pathway towards tulipalin A
in the patent by Taden et al. (2022) used in this Graduate Thesis. The key reaction step in this
pathway is the w-hydroxylation of the acetate ester of isoprenol, isoprenyl acetate (3-methylbut-
3-en-1-yl acetate, MBAC), to 3-(hydroxymethyl)but-3-en-1-yl acetate (HMBAC), for which a

1



suitable, regioselective monooxygenase is needed. AIkB, an alkane 1-monooxygenase (AlK)
from Pseudomonas putida GPol (formerly assigned as P. oleovorans GPol) was found to be a
suitable candidate. This Graduate Thesis aims to optimize the mentioned key reaction step in
tulipalin A production by searching and characterizing AIkB homologs for more efficient

hydroxylation.

Accordingly, the aims of this Graduate Thesis were:
(a) to heterologously express AlkB and four homologous Alk (PplAIKB, AbAIKB1, AbAIKM,
MhAIKMO) as a part of alkB(homolog)FGST operon in E. coli BL21(DE3) and E. coli RARE to
conduct whole-cell biotransformation of n-octane and MBAc,
(b) to optimize the temperature for the AlkB-catalyzed whole-cell biotransformation of n-octane,
(c) to determine whether the above-mentioned Alk, applied in whole-cell biotransformation, also
hydroxylate MBAc,
(d) to further optimize the whole-cell biotransformation of MBAC and n-octane by co-expression
of the transporter AIKL by expanding pCom10_alkB(homolog)FGST with alkL, because the
achieved MBACc and n-octane conversion by AIkB and the four homologs was relatively low so
far,
(e) to further optimize the whole-cell biotransformation of MBAc by generating a promising
mutant of the MhAIKMO enzyme by site-specific mutagenesis, and applying the obtained mutant

in whole-cell biotransformation of MBAc and n-octane.

To achieve the above-mentioned goals, different methods were used. First, the heterologous
expression of the alkB(homolog)FGST operon genes was confirmed in E. coli BL21(DE3) and E.
coli RARE by the sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE).
Then, three different temperatures (30, 25, and 20 °C) were tested to optimize the temperature
for the hydroxylation reaction of n-octane to 1-octanol and 1-octanoic acid by AIKB within E.
coli BL21(DE3). The whole-cell biotransformation of MBAc to HMBAc and n-octane to 1-
octanol and 1-octanoic acid by AIkB and the four homologs within E. coli BL21(DE3) and E.
coli RARE was conducted and qualitatively analyzed via Gas Chromatography with Flame-
lonization Detection (GC-FID). The MBAc to HMBACc conversion efficiency was compared
between AIkB and the four homologs and also to conversions of n-octane to 1-octanol and 1-

octanoic acid. Furthermore, the FastCloning method was used to clone the alkL gene into the



pBT10_AlkB(homolog). The effect of AIKL co-expression was determined by comparing MBAc
to HMBACc and n-octane to 1-octanol and 1-octanoic acid conversion efficiency by AIKkB, the
four homologs, and an 1233V mutant of AIkB with and without AIKL co-expressed after
analyzing the whole-cell biotransformation via GC-FID. Lastly, a site-directed mutagenesis
QuikChange™ was performed to introduce an 1238V mutation in the gene encoding MhAIKMO.
The mutant's conversion of MBAc to HMBACc and n-octane to 1-octanol and 1-octanoic acid was
analyzed via GC-FID and compared to the conversions achieved by MhAIKMO with and without
AIKL co-expressed.



2. LITERATURE REVIEW

2.1. Metabolic engineering of microorganisms for fermentative production of useful
plant-based secondary metabolites

To cope with the major troubles connected with global climate change and the limited
accessibility of fossil resources in the future, much effort has been put to develop microbial
strains capable of producing miscellaneous chemicals and materials from renewable resources
(Huccetogullari et al., 2019). Plants are indeed green laboratories that synthesize various
chemical compounds with a broad spectrum of applications, but it is not always manageable
from an economic aspect to extract the produced compounds from plants to satisfy the requests
of the worldwide market. Thus, fermentative microorganism systems (e.g. E. coli, S. cerevisiae)
which can be genetically modified, have woken up the curiosity of scientists for large-scale
production of plant compounds. Integration and optimization of plant pathways into microbes are
brought out by enforcing implements of metabolic engineering and synthetic biology (Birchfield
and Mcintosh, 2020).

Metabolic engineering means modifying the cellular properties, which enables the
production of pharmaceuticals, drugs, chemicals and fuels. It also covers directed improvement
of cellular physiology or product formation by rewiring specific existing biochemical reactions
or introducing new ones, using recombinant DNA-technology, to put the cellular pathways to use
(Ward et al., 2018; Yadav et al., 2018; Stephanopoulos, 1999). The main principle of metabolic
engineering, according to Stephanopoulos (1999), is combining analytical methods to quantify
metabolic fluxes and controlling them with molecular biological methods, to apply genetic

modifications.

Synthetic biology is an arising domain of research whose aim is to combine the knowledge
and methods of biology, engineering, and related disciplines, to design chemically synthesized
DNA, in order to generate organisms with novel or enhanced characteristics (Gutmann, 2011).
One part of synthetic biology deals with research in the field of non-canonical amino acids and
their integration into proteins or enzymes to obtain new or unnatural functions. The other part is

the microbial production of any desired chemical by merely introducing the suitable biosynthetic



and tailoring enzymes, and substituting environmentally unfavorable chemical synthesis routes

in the process (Keasling, 2008).

Plants form the backbone for the existence of practically all living organisms on earth
(Raven, 2021). The plant kingdom produces a tremendous diversity of metabolites, and humans
rely on plants for various needs since ancient times. The use of many secondary plant
metabolites has been made in different kinds of industries: medical, pharmaceutical, chemical,
cosmetics and food industries (Derbassi et al., 2022; Chiocchio et al., 2021; Pant et al., 2021;
Madhavan et al., 2019; Pyne et al., 2019). In the chemical industry, those secondary plant
metabolites can be utilized as monomeric building blocks for polymer production (Tatsis and
O’Connor, 2016; Wilson and Roberts, 2014; Kirby and Keasling, 2008). Large-scale extraction
of these interesting compounds from crops is in many cases limited and uneconomical as a
consequence of these secondary metabolites being produced in very small amounts in planta. As
an alternative to crop-based manufacturing, chemical synthesis of such compounds can be done,
but its successfulness is oftentimes hindered by obstacles such as high structural complexity and

the stereochemistry of those metabolites (Madhavan et al., 2019; Pyne et al., 2019).

Metabolic engineering of native plants, especially the non-model ones, to overproduce
target compounds is complex and demanding (Pyne et al., 2019; Tatsis and O’Connor, 2016;
Wilson and Roberts, 2014). Thus, a feasible alternative would be microbial production of plant-
based chemicals, which has been advanced by remarkable progress in synthetic biology,
metabolic engineering and systems biology. The incorporation of plant pathways into microbes
and their optimization is performed by applying synthetic biology and metabolic engineering
tools (Madhavan et al., 2019; Pyne et al., 2019). Therefore, plant secondary pathways are
interfaced with the host's core metabolism, enabling the fermentative production of the plant
compound of interest from low-cost starting materials. The production in engineered microbes is
advantageous over the metabolic engineering of the native plant because microorganisms grow
faster and purification of the target molecules from fermentative systems is usually easier
(Madhavan et al., 2019; Pyne et al., 2019). Furthermore, metabolic engineering, genetic
manipulation and process engineering are better established for some microbial host systems
(Xiao et al., 2013).



As mentioned already, due to the complexity of plant metabolic networks, knowledge gaps
in metabolism are quite common. Identification of enzymes included in the biosynthesis pathway
in plants by refining from plant extracts is laborious and tedious work. However, the elucidation
of specialized plant metabolic pathways has recently been made possible due to the
accomplishments in systems biology and bioinformatics (Caesar et al., 2021; Garagounis et al.,
2021; Venegas-Molina et al., 2021; Zhu et al., 2021; Witjes et al., 2019; Kautsar et al., 2018;
Zhang et al., 2018; Skinnider et al., 2015).

2.2. Terpenoids as monomeric building blocks for the production of biopolymers

Terpenoid biosynthesis is one of the fields that has lured many metabolic engineers, and
the reasons are its complexity and the appreciable rewards (Ward et al., 2018). Terpenoids, also
known as isoprenoids, are organic compounds consisting of at least two isoprene (CsHs; Figure
1) units (Kluger and Eastman, 1998). These branched-chain, double unsaturated hydrocarbon

units build up the carbon skeleton of terpenoids.

\[(\

Figure 1. Chemical structure of isoprene (CsHg) (Kluger and Eastman, 1998)

The terpenoid carbon backbone can have a functional group(s) linked to it, e.g. hydroxyl
and carbonyl, which contribute to the great variety of terpenoids. Terpenoids are classified
according to the number of carbon atoms they carry, i.e., the number of isoprene units they
contain. The smallest terpenoid molecules - those containing 10 carbon atoms - are called
monoterpenes. The larger molecules are sesquiterpenes, diterpenes, triterpenes, and tetraterpenes,
and they are obtained by adding one isoprene unit at a time, whereas hemiterpenes are formed

from a single isoprene unit (5C), and tulipalin A (Figure 2) is one of them.



y-butyrolactone moiety <¢—

Figure 2. Chemical structure of tulipalin A with two possible polymerization sites; adapted from
Agarwal et al. (2012)

Terpenoids are sometimes wrongly referred to as terpenes; the latter are primarily derived
from a single isoprene unit and are merely hydrocarbons, while terpenoids can contain thousands
of these units and are terpene derivatives that contain oxidized functional groups. In all living
organisms terpenoids span from essential, relatively universal primary metabolites (quinones,
chlorophylls, carotenoids, hormones, sterols, etc.) to more singular, sometimes family- or genus-
specific secondary metabolites that play important roles in reproduction, defense,
communication, signal transduction, climate acclimatization, etc. (Tetali, 2019; Lange et al.,
2000). They are strikingly varying compounds present in some form in all living organisms, and
essential for certain primary metabolic processes such as transcription and post-translational
modifications, cell-wall synthesis, electron transport, etc. Terpenoid biosynthesis regulation and
the biological importance of terpenoids are very complex issues and still too little understood
(Tetali, 2019).

2.2.1. Terpenoid biosynthesis and engineering thereof

Terpenoids emanate from isopentenyl diphosphate (IPP) and its isomeric compound
dimethylallyl diphosphate (DMAPP), the C5 universal precursor units derived from either of the
two mutually independent pathways: the mevalonate (MVA) or methylerythritol phosphate
(MEP) pathway. These two pathways are dispersed all over nature, and as a rule of thumb, the
MVA pathway is prevailingly active in most eukaryotes and archaea, whereas the MEP pathway
IS ubiquitous amongst eubacteria. Plants were shown to use both of the pathways and the
sectionalized synthesis of terpenes: to afford the precursors for hemi-, mono- and diterpenes as
well as carotinoides and chlorophylls, plants use the MEP pathway which operates in the
plastids. On the other hand, the MVA acts in the cytosol of the plant cell and is employed to



produce sesquiterpenes, triterpenes and sterols (Oldfield and Lin, 2012; Miziorko, 2011; Koga
and Morii, 2007; Bouvier et al., 2000).

The cellular endogenous substrate inputs differ between the two pathways: in the MVA
pathway, acetyl coenzyme A (AcCoA) is transformed in six steps to IPP which converts to its
isomer DMAPP. An IPP isomerase ensures a ratio between IPP and DMAPP. In the MEP
pathway, it is pyruvate and glyceraldehyde 3-phosphate (G3P) that are transformed by seven
enzymes into IPP and DMAPP (Kirby and Keasling, 2009). These precursors mostly stem from
glycolysis and the degradation of organic carbon sources, but G3P can also originate from the
Calvin cycle for carbon fixation (Ward et al., 2018). As both pathways derive their carbon from
central carbon metabolism, they need to compete with many other pathways for the precursors
(Vickers et al., 2017). By the activity of prenyltransferases downstream of both the pathways,
IPP and DMAPP are condensed to form longer chain precursors of terpenoids with the following
number of C atoms: C10 geranyl diphosphate (precursor to monoterpenes), C15 farnesyl
diphosphate (precursor to sesquiterpenes and triterpenes), or C20 geranylgeranyl diphosphate
(precursor to diterpenes). These precursors are then converted to several types of terpenoids
(Oldfield and Lin, 2012).

A promising approach for terpenes and terpenoid production represents synthetic biology,
by applying metabolically engineered microorganisms. In this respect, fermentative microbes
such as E. coli and S. cerevisiae, have been used in the heterologous production of terpenes and
terpenoids (Tetali, 2019). It is of great importance to shed light on the terpenoid synthesis
pathways in their natural hosts, as the knowledge in this field would open up many doors to
generate plenty of profitable terpenoids. However, as a lot of plant biosynthetic pathways are
only partly elucidated, microbial engineering is not always feasible, as is the case with
terpenoids. Also, the biosynthesis of terpenoids serves as a typical example of many of the
hurdles related to metabolic engineering in E. coli. According to Ward et al. (2018), prevailing
obstacles are: providing precursors, heterologous protein expression, pathway regulation and the
abolishment of competing pathways. Bacterial hosts such as E. coli lack regulation for the MVA
pathway, which makes its integration into such hosts favorable (Kang et al., 2016). The fact that
metabolic regulation machinery is complex causes the necessity to always study production
pathways with consideration of the whole cell’s metabolism (Ward et al., 2018).



2.2.2. Terpenes and terpenoids as building blocks for biopolymer production

With the expected growth of the world’s population, an imminent depletion of fossil fuels
will probably happen within the next century (Holechek et al., 2022). Plastics and energy are
today mostly derived from fossil fuels, and burning them caused increased CO2 emission, air
pollution and global warming. Plastic is indispensable in modern society and is utilized in a
broad spectrum of applications: the construction industry, transportation, in the form of
packaging, electronics, medical equipment, scientific instruments, textiles, furniture, etc. The
"plastic problem”, a major concern for humans today, has significantly intensified by the
COVID-19 pandemic, with pressing requests for single-use plastic safety utensils (gloves, masks,
etc.) (Yang et al., 2022). On the one hand, most petroleum-based plastics have desirable
mechanical features like toughness, mouldability, flexibility, reliance and corrosion resistance.
On the other hand, disposed of in the environment, they withstand for a long, indefinite time due
to their poor biodegradability, causing water and soil pollution (Torok and Dransfield, 2017).
The issue can be addressed by turning to the use of sustainably produced plastics created from
biodegradable materials. As a consequence of this urgent need to develop biodegradable
biobased polymers, there has been much drive for scientific research (Zhu et al., 2016;
Winnacker and Rieger, 2015).

There are three classes of biobased polymers. The first class is derived from biomass (e.g.
cellulose, chitin, starches) or chemically modified forms thereof (e.g. modified starch). The
second class is synthesized using plants and microbes, e.g. poly(hydroxyalkanoates). Finally, the
most promising one is the third class, the synthetic polymers (e.g. bio-polyolefins, bio-
poly(ethylene terephthalic acid), polylactide) (Mosquera et al., 2021). Microbially produced
tulipalin A, which is the goal of this project, is classified into the third group. Monomers of this
third class are bio-monomers, i.e., they are naturally produced or result from combining chemical
and biochemical processes, with the possibility to be introduced into the existing production

system for oils monomers (Nakajima et al., 2017).

Renewable polymers make up less than 1% of the global yearly produced plastics, mainly
due to the high costs and unsatisfactory features of polymeric materials (Williams and Hillmyer,
2008). Bioplastics often show poorer properties than their fossil-based polymer equivalents.
Cycloaliphatic and aromatic compounds are one of the main types of petroleum chemicals (e.g.
cyclohexane, cyclohexene, benzene), and the polymers derived thereof are rigid and
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hydrophobic. However, according to Corma et al. (2007), renewable raw materials are likely to
afford a broad span of monomers probably as extensive as those that are petrochemically
derived. Scientists have lately shown an increased interest in developing green plastics
originating from renewable natural resources (Nakajima et al., 2017; Williams and Hillmyer,
2008). Research has indicated that it is also possible to develop renewable biopolymers that
possess rich cycloaliphatic and aromatic structures (Mathers, 2012; Wang et al., 2012; Zhang,
2012). Terpenes and terpenoids encompass a tremendous extent of molecules, containing
cycloaliphatic and/or aromatic structures, of great interest to polymer science, as they have the
potential to form biobased polymers and copolymers (Winnacker and Rieger, 2015; Wilbon et
al., 2013; Silvestre and Gandini, 2008).

Scientists have put a lot of effort into biotechnologically producing terpenes and terpenoids
using metabolic/genetic engineering (Schrader and Bohlmann, 2015). A notable increase in the
number of papers and patents dealing with the production and polymerization of terpenes and
terpenoids has been observed (Kramer et al., 2023; Lamparelli et al., 2022; Taden et al., 2022;
Zhu et al., 2016). Terpenes are chemically very similar to classical fossil-based monomers like
styrene, ethylene and propylene. Well-known polyesters are a large group of polymeric materials
that can be classified as aliphatic or aromatic. High-molecular-weight aliphatic polyesters can be
generated by ring-opening polymerization (ROP) of biobased lactones (such as tulipalin A),
leading to the synthesis of multipurpose biodegradable polymers (Pounder and Dove, 2010;
Woodruff and Hutmacher, 2010; Corma et al., 2007; Nair and Laurencin, 2007; Okada, 2002).
However, to produce biobased plastics that can compete with the mechanical properties, cost,
and availability of petrol-derived polymers, much more research has to be conducted to develop
prosperous processes for the polymerization of this compelling group of natural compounds.
Luckily, the evolution of renewable small molecules which can be used as new monomers is a
vast and steady domain of research, and with technologies getting better, renewable bioplastics
could become widespread in years to come (Gandini and M. Lacerda, 2022; Anonymous 4,
2020).
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2.3. Tulipalin A

This Graduate Thesis relates to work done within a project intending to create a microbial
chassis for the production of the polymer precursor, a strained lactone tulipalin A, from
renewable supplies.

Because of its antimicrobial, fungicidal and insecticidal characteristics, tulipalin A is one
of the main compounds providing protection from microbial infection or insect infestation in
plants within the Alstromeriaceae and Liliaceae families (e.g. protects tulip bulbs from fungi)
(Nomura, 2017; Damude et al., 2002; Hutchinson and Leete, 1970; Tschesche et al., 1968;
Bergman et al., 1967; Cavallito and Haskell, 1946). The biological characteristics of tulipalin A
are mostly related to its exo-methylene group connected with the carbonyl group (Figure 2),
which is a Michael acceptor for biological nucleophiles such as cysteines and cysteine-
containing proteins (Lepoittevin et al., 2009). Tulipalin A is stored in the plant vacuoles as the
more steady and less active form named tuliposide A, the sugar ester of D-glucose and 4-
hydroxy-2-methylenebutanoic acid (Nomura, 2017; Damude et al., 2002). Tuliposide A can be
found in almost all tulip tissues. Upon damage of the plant cells (wounding or infection by
pathogens), the content of tuliposide A decreases, as opposed to the rising content of the

biologically active tulipalin A (Slob et al., 1975).

2.3.1. Utilization of tulipalin A as a monomeric building block for polymer production

There are a few interesting plant-derived vinyl monomers of natural origin, and they can
be classified into three categories - olefinic, styrenic and acrylate type, according to the similarity
of their chemical structures to the respondent petrochemically derived monomers (Agarwal et al.,
2012). Tulipalin A is classified as (meth)acrylic monomer, while terpenoids are olefinic type.
During the past few decades, there have been plenty of studies on tulipalin A and its fitting as a
monomer for the production of many biobased polymers (Kollar et al., 2019; Boday and
Mauldin, 2017; Agarwal et al., 2012; Damude et al., 2002; Stansbury and Antonucci, 1992;
Akkapeddi, 1979; McGraw, 1953). Tulipalin A is generally considered the cyclic equivalent of
methyl methacrylate (MMA\), the most used fossil-based vinyl monomer (Agarwal et al., 2012;
Stansbury and Antonucci, 1992; Akkapeddi, 1979). There are several advantages of tulipalin A
over MMA, which are the consequence of many factors related to tulipalin A's cyclic lactone

structure. Some of them are greater polarity (making it an outstanding solvent for oligomers and
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non-cross-linked polymers) and a 100 °C higher boiling point (causing lower volatility and

having almost no odor) (Stansbury and Antonucci, 1992).

The fact that tulipalin A has two different polymerizable sites makes it very attractive for
the production of adjusted macromolecular architectures for a big diversity of applications
(Agarwal et al., 2012). As mentioned already, tulipalin A is polymerizable with other cyclic
esters via its y-butyrolactone ring. Lactones (e.g. e-caprolactone) can be polymerized by ring-
opening polymerization (ROP) (Bener et al., 2021; Labet and Thielemans, 2009; Agarwal et al.,
2000). By metal-catalyzed ROP, the y-butyrolactone ring opens up and polymerizes with other
cyclic esters (either the same or another molecule) (Danko et al., 2018). This results in
unsaturated polyesters, which are interesting because of their ability to reversibly or irreversibly
crosslink with other vinyl monomers, forming an elastic polymer network (Jiawen et al., 2010).
The result of the polymerization of tulipalin A via its exo-methylene group is atactic poly(a-
methylene-y-butyrolactone) (PMBL), which has desirable characteristics for thermoplastic
elastomers production. PMBL has better durability than poly-MMA (PMMA). Also, PMBL has
a higher refractory index, as well as a higher glass transition temperature (Tg= 195 °C)
compared to PMMA (T4 = 105 °C). PMBL exhibits relatively high thermostability and solvent
resistance (Agarwal et al., 2012; Miyake et al., 2010; Mosnacek and Matyjaszewski, 2008
Akkapeddi, 1979). Lastly, tulipalin A has shown to be a more reactive monomer than MMA
(addition via free-radical mechanism), because the double bond of tulipalin A is more
approachable for polymerization due to the lower extent of steric effects of surrounding groups
(Stansbury and Antonucci, 1992; Akkapeddi, 1979). Also, a rigid s-cis conformation of tulipalin
A stabilizes the propagating radical during chain propagation (Tschan et al., 2012). Vinylic
monomers like MMA and styrene can be copolymerized with tulipalin A, enabling desired
characteristics of the resulting polymer material (Agarwal et al., 2012).

Nowadays, polymers that are mostly employed (polyvinylchloride, polyethylene and
polypropylene) are not sustainable because they originate from fast-depleting fossil feedstocks.
Key facets to be considered while selecting raw materials for polymer production, in regards to
sustainability, are main polymer characteristics such as biocompatibility and biodegradability.
Due to its interesting biological properties and desired features as a monomer, intensive studies
towards tulipalin A synthesis (chemical and biotechnological) have been conducted (Kitson et
al., 2009; Damude et al., 2002; Hoffmann and Rabe, 1985; Grieco, 1975). Tulipalin A can be
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obtained by: biosynthesis from pyruvate utilizing AcCoA, synthesis from sugar-based itaconic
anhydride from biomass, or after hydrolysis of glycoside tuliposide A isolated from tulips
(Tulipa gesneriana L.) (Gowda and Chen, 2013a; Kato et al., 2009a; Hutchinson and Leete,
1970). Several chemical synthesis routes toward tulipalin A and other methylene-butyrolactones
are reported in the literature (Kitson et al., 2009; Hoffmann and Rabe, 1985; Grieco, 1975).
Although interesting from the academic aspect, most of these synthesis routes are not conducive
to large-scale industrial polymer production processes. High-cost starting materials, creation of
by-products and low product yields are usual difficulties of many synthetic routes. As an
alternative, a biotechnological approach is an opportunity to produce tulipalin A in a completely
biobased manner (Damude et al., 2002). To enable E. coli to produce the desired monomeric
building block from inexpensive biomass, a biosynthetic pathway has to be assembled and

integrated into the microorganism.

2.3.2. The artificial metabolic synthetic pathway toward tulipalin A
As mentioned above, tulipalin A is a hemiterpene, being the reason why the designed
artificial downstream pathway toward tulipalin A in the patent by Taden et al. (2022), used in
this Thesis, is coupled to the terpenoid biosynthesis. As the synthesis of tulipalin A from the
MVA/MEP intermediate IPP seems achievable, this biosynthetic route appears to be plausible

and is thus worth to be taken into account.

Figure 3 shows the route from IPP (1), an intermediate of the MVA/MEP pathway, to
tulipalin A (8). The enzymes needed to produce (1) are already known and are well described in
the literature. The dephosphorylation of (1) to isoprenol (2) was also reported in previous studies
(Kang et al., 2016). Therefore, this pathway then requires four additional enzymes to enable the
production of (8) from (1): i) an acetyl transferase; ii) a monooxygenase; iii) an alcohol
dehydrogenase; and iv) an aldehyde dehydrogenase, as shown in Figure 3. Other oxidizing
enzymes also convert alcohols to aldehydes and aldehydes to acids, but they do it by a different
mechanism compared to dehydrogenases. Acetylation of (2) by an appropriate acetyl transferase
results in the carboxylic ester isoprenyl acetate (3-methylbut-3-en-1-yl acetate, MBACc) (3),
which is then hydroxylated by a suitable selective monooxygenase into 3-(hydroxymethyl)but-3-
en-1-yl acetate (HMBAC) (4). Then, (4) needs to be further oxidized to the aldehyde (4-acetoxy-
2-methylene-butanal) (5), and further to the carboxylic acid (4-acetoxy-2-methylene-butyric
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acid) (6) by alcohol and aldehyde oxidizing enzymes. After this step, the obtained compound has
to undergo hydrolysis, which then gives 4-hydroxy-2-methylenebutanoic acid (7), the compound

that can be lactonized to the desired product (8).

This Graduate Thesis focuses on the oxyfunctionalization at the Cs-atom of MBAC, i.e.,
finding a suitable monooxygenase for converting MBAc to HMBAC, and optimizing this crucial
reaction step (highlighted in red in Figure 3; explained below in Chapter 2.4.1.) in the
biosynthetic pathway towards tulipalin A (Taden et al., 2022). This reaction step implies a
whole-cell system because in this way, it is easier to study membrane proteins as catalysts, there
is no need for cofactor recycling, and the microbial cells provide a protective environment for
enzymes (Faber, 2011; Carpenter et al., 2008). The studied membrane proteins are described
below (Chapter 2.4.1.).
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Figure 3. Route from isopentenyl diphosphate to tulipalin A; highlighted in the red box is the
reaction of hydroxylation of 3-methylbut-3-en-1-yl acetate (isoprenyl acetate, MBAc) to 3-
(hydroxymethyl)but-3-en-1-yl acetate (HMBAC) by a suitable monooxygenase (Taden et al.,
2022)
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2.4. Oxidoreductases and their significance in industry

Natural catalysts (enzymes), either in whole cell systems, as cell organelles, or isolated
enzymes, have been in use for over 100 years for the purpose of transforming unnatural,
synthetic organic compounds (Neidleman, 1990). As a major area in "green chemistry",
biocatalytic synthesis is gaining increasing attention in research and industry, due to the rising

request for more sustainable technologies.

Utilization of biocatalysts has numerous advantages, whereby a very broad substrate
spectrum is only one of them. Studies conducted during the last few decades have indicated that
a good deal of enzymes has much more extensive substrate tolerance than previously thought.
Adding to this, an abundance of biocatalysts have the capability to take on unnatural substrates
without compromising the high specificities that they have for their natural substrates (Faber,
2011). Many biocatalysts show high regio-, stereo-, enantio- and chemoselectivities.
Furthermore, enzymes are energy-saving and they act under mild reaction conditions (pH,
temperature, pressure). The result is diminishing problems of undesired side reactions that often
trouble organic chemistry methods. Since they are fully biodegradable reagents, biocatalysts are
considered as environmentally friendly and benign. Considering all these advantages, it can be
concluded that biocatalysis offers a new approach and outlook compared to traditional chemical
reactions (Dong et al., 2018; Martinez et al., 2017; Kourist et al., 2011).

Whether one should use whole microorganisms (either free or immobilized) as
biocatalysts, or isolated, (partially) purified enzymes, depends on many factors. Some of these
factors are the reaction type, the need for recycling cofactors, and the scale on which the
biotransformation is going to be performed (Faber, 2011). Throughout this work,
biotransformation of MBAc to HMBAc or n-octane to 1-octanol and 1-octanoic acid was
conducted in whole cells (resting E. coli BL21(DE3) and E. coli RARE cells) due to the fact that
the designed artificial downstream pathway toward tulipalin A (Figure 3) implies whole-cell
catalysis. By using whole cells, there is no need for cofactor recycling and the microbial cells
provide a protective environment for the enzymes (Faber, 2011; Carpenter et al., 2008). To
obtain the product of interest, microbial-catalyzed biotransformation exploits biochemical

synthetic steps by using the enzymatic potential of the microbe.
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Judging by the sustainable properties and eco-friendliness, it is no wonder that
oxidoreductases find large demand in organic syntheses. They are widespread catalysts in the
pharmaceutical, chemical and food industries, as well as in medicinal and environmental fields
(Gamenara et al., 2012; Xu, 2005). By exploiting diverse affiliated cofactors and an extensive
variety of electron-donating substrates and electron acceptors, oxidoreductases provide a

considerable number of oxyfunctionalized products of industrial value (Martinez et al., 2017).

Oxidoreductases are broadly allocated through nature amongst animals, plants and
microbes. Some of the advantages of using industrial oxidoreductases as biocatalysts include
their high energy-saving potential, biodegradability and specificity, which all contribute to the
evolution of sustainable, environmentally-friendly and particularly prosperous processes (Xu,
2005). As the name suggests, oxidoreductases catalyze oxidation and reduction, i.e., redox
reactions, by which the crucial step represents the electron exchange between two species —
electrons are transferred from a reductant to an oxidant, within the enzyme's active site. Redox-
active centers, which oxidoreductases use to carry out their physiologic purpose, are various and
comprise amino acid residues and coenzymes, as well as metal ions and complexes (Xu, 2005;
Munro et al., 2000). Thus, reactions realized by oxidoreductases vary from the incorporation of
oxygen into a molecule in a regioselective manner, to oxidation (or reduction) of acids,

aldehydes, ketones and alcohols.

Oxidoreductases can be classified (Figure 4) depending on their structural configuration
and the required coenzyme (Gamenara et al., 2012; Xu, 2005). Almost all oxidoreductases need
cofactors, and the fact that cofactors are products of the cell's primary metabolism limits setting
up the industrial bioprocess. Therefore, the key to sustainable and lucrative bioprocesses

applying oxidoreductases is efficient cofactor recycling (Urlacher, 2013).
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Figure 4. Classification of oxidoreductases based on their structural configuration and the
required coenzyme (Torres Pazmifio et al., 2010)

Activation of terminal methyl groups regio- and stereoselectively by chemical -
oxidation, poses a serious challenge for organic synthesis, and the reason is the relative inertness
of terminal C-H bonds (Turner and Humphreys, 2018; Wu et al., 2016; Labinger and Bercaw,
2002). On the contrary, nature provides a variety of highly selective oxyfunctionalization
catalysts. Terminal methyl groups can be oxidized by several enzyme families, and they belong
to the class of oxidoreductases (van Beilen and Funhoff, 2007). Being suitable as monomeric
building blocks for pharmaceutical or polymer production, the w-functionalized products are of

great economic interest (Schrewe et al., 2011).

Oxygenases are the most sensational enzymes of all the oxidoreductases from the
synthetic chemistry point of view. This is due to them giving rise to new functional groups by
introducing oxygen into small molecules, or more precisely, into their C-H, C-C and C=C bonds
in a regio- and stereoselective manner (Blank et al.,, 2010). There are two subclasses of
oxygenases: monooxygenases (EC 1.13.-) and dioxygenases (EC 1.14.-). Dioxygenases integrate
both oxygen atoms from an oxygen molecule at once, whereas monooxygenases (MOs)
incorporate only one of the two oxygen atoms into the substrate. Thus, MOs require a cofactor
such as NAD(P)H to reduce the second oxygen, forming water molecule as a by-product
(Dawson, 1988; Hou, 1986; Gunsalus et al., 1975).
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MOs are diversely applied in major industries, such as the pharmaceutical and chemical
industry, exactly because of their capability to incorporate only one oxygen atom into a substrate
molecule and thereby generate brand new functional groups (Ogunyewo et al., 2020; Li et al.,
2020b; Patil et al., 2018; Smith and Dalton, 2004). Even so, the use of oxygenases generally in
chemical syntheses is restrained because of the issues connected with low enzyme stability.
Moreover, a limited substrate scope and the dependence on cofactors moderate the industrial use
of oxygenases. Sometimes, regio- and stereoselectivity are also limited (Huttel, 2013; Gamenara
et al., 2012). In this Graduate Thesis, non-heme diiron MOs were studied.

Many chemists and biochemists have been investigating the activation of dioxygen
catalyzed by metalloenzymes. An impressive class of such metalloenzymes is non-heme diiron
enzymes (Trehoux et al., 2016). By activating molecular oxygen, the non-heme diiron enzymes
catalyze plenty of reactions required for important biological processes, such as the biosynthesis
of deoxyribonucleotides from ribonucleotides, converting methane to methanol (hydroxylation)
in methanotrophs, the breakdown of aromatic compounds, the biosynthesis of fatty acids and

antibiotics, and the regulation of cell multiplication (Jasniewski and Que, 2018).

Their ability to selectively hydroxylate diverse hydrocarbon substrates (e.g. alkanes and
aromatics), makes the non-heme diiron enzymes an excellent choice for practical applications.
For instance, functionalizing inert C-H bonds in a direct and selective manner is convenient for
fuel manufacture and industrial biosynthetic appliances because of an advanced atom- and step-
economy (Liu et al., 2019; Yamaguchi et al., 2012). As a cofactor for their oxidative activity,
i.e., for catalyzing hydroxylation, epoxidation and enantioselective sulfoxidation reactions, non-
heme iron-dependent monooxygenases use two iron (Fe**) atoms (Feingersch et al., 2008; Wallar
and Lipscomb, 1996). This inducible multienzyme system consists of three components: the
membrane-bound oxygenase component, and two soluble components - a reductase and a

rubredoxin (Peterson et al., 1966).

2.4.1. Alkane 1-monooxygenase from P. putida GPol (AlkB)
The alkane 1-monooxygenase AlIkB (E.C. 1.14.15.3) from P. putida GPol and the
homologous enzymes used in this Graduate Thesis belong to the family of membrane-bound
alkane hydroxylases (AHs) (van Beilen and Funhoff, 2007; Murrell et al., 2000). The capability

of these biocatalysts to hydroxylate (non-)activated carbon atoms for biocatalytic applications
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has been broadly examined (Bertrand et al., 2005; Buhler et al., 2002; Wubbolts et al., 1994; van
Beilen et al., 1994b). Several research groups have successfully overexpressed the membrane-
bound alkane w-hydroxylase AlkB as a recombinant enzyme (Skerra et al., 2018; Staijen et al.,
2000; Staijen et al., 1997; Nieboer et al., 1993). The P. putida GPol AH AIkB exemplifies a
large family of integral membrane non-heme iron oxygenases (Shanklin and Cahoon, 1998).
Most of the studied AHs act on medium-chain alkanes (van Beilen, 1994; Nieder and Shapiro,
1975). However, AlkB from P. putida GPol is studied the most (van Beilen et al., 2005; Staijen
et al., 2000; van Beilen et al., 1994b; Kok et al., 1989).

Attaining a high-resolution structure of AIkB has been long yearned for, as it would lead
to a better understanding of its mechanistic on the molecular basis, and reveal the exact location
of its catalytic site, but no crystal structure of AIKB has been obtained yet. The protein sequence
and function relation was studied by comparing the activity of mutants to wild-type proteins,
revealing clues to the protein's overall structure. The paper by van Beilen et al. (2005) lists
reactions catalyzed by the P. putida GPol AH - it hydroxylates linear and branched chain
aliphatic, alkylaromatic, and alicyclic compounds, oxidizes terminal alcohols to the respondent
aldehydes, epoxidizes terminal olefins and allyl alcohol derivatives, demethylates branched
methyl ethers, and catalyzes thioethers sulfoxidation (van Beilen et al., 2005). The rational
modification of AIkB for biotechnological appliances has been hindered due to a lack of
knowledge on residues surrounding the substrate-binding pocket. The recent advancements in
computational protein structure predictions give rise to models with outstanding reliability (Wu
et al., 2022; Jumper et al., 2021). This allows studying structure-function relationships of
enzymes and proteins which have not been crystalized yet. Thus, a better understanding of the
enzyme-substrate interactions could be gained. The AIKB model predicted by the AlphaFold2
program is shown in Figure 5 (Jumper et al., 2021).
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Figure 5. Structure of AlkB predicted by the program AlphaFold2 (Jumper et al., 2021). The
highlighted amino acid residues were identified as important for enzyme-substrate interactions in
two previous engineering studies (Koch et al., 2009; van Beilen et al., 2005). The close-up shows
the His-residues coordinating the two Fe-atoms (represented as orange spheres) in the active site
of the enzyme

Guo et al. (2023) reported a cryo-EM structure of AlkB from Fontimonas thermophila,
which shares 62% sequence identity with AlkB from P. putida GPol, as well as accompanying

characterizations of its catalytic activities.

The P. putida GPol AH system comprises three components: AIkB MO, a soluble
electron-transfer protein rubredoxin AlkG, and a soluble NADH-rubredoxin reductase AIKT
(Alonso et al., 2014). AIkB is regio- and stereoselective in catalyzing the hydroxylation of n-
alkanes. It selectively oxidizes methyl groups at the terminal carbon of Cs-Ci2 n-alkanes to
produce 1-alkanols. Its preference for the thermodynamically disfavored terminal position is
remarkable (Koch et al., 2009). The terminal oxidation of n-alkanes is also catalyzed by a few
other enzyme families nonrelated to AIKB (van Beilen and Funhoff, 2007). These are classified
into three groups, depending on the alkane chain length: C1-C4 (methane MO-like enzymes), Cs-
C16 (cytochrome P450 enzymes), and Ci7+ (longer chain alkane MOs) (van Beilen and Funhoff,
2007). AIkB and cytochrome P450 have the same (remarkably relaxed) specificity for substrate
chain length, and both of them generate a reactive iron-oxo species, but the difference is that

cytochrome P450 is heme-dependent, while AIKB is a non-heme enzyme.

AlkB and the homologs are integral membrane proteins — they are completely anchored
in the inner cell membrane (Alonso et al., 2014). AIkB is shown to function rather as an oligomer

than as a monomer (Alonso and Roujeinikova, 2012). The AlkB monomer consists of six
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transmembrane helices (forming three pairs), with the N-terminus and a big C-terminal domain
both in the cytoplasm and two short hydrophilic loops connecting the three helix pairs on the
periplasmic side (van Beilen et al., 1992b). Unfortunately, the spatial organization and relative
angles of the six helices remain elusive, as well as the existence of kinks. Helix kinks are a
feature of long a-helices in both membrane and soluble proteins (Wilman et al., 2014). Since
AlkB and its homologs are multicomponent and membrane-bound, they are not suitable for in

vitro applications (Bordeaux et al., 2012).

In Figure 6A the reaction scheme of AlkB-catalyzed alkane oxidation is shown, while
Figure 6B demonstrates the hydroxylation of the target substrate MBAc to HMBACc by AIkB.
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Figure 6. A: Oxidation of n-alkanes catalyzed by AIkB; B: Conversion of MBAc to HMBAC
catalyzed by AIkB (Alonso et al., 2014)

The hydroxylation of MBAc catalyzed by AlkB was confirmed by NMR, but the reaction
is slow and inefficient in comparison to the reaction with the natural substrate n-octane (Taden et
al., 2022). Potential steric hindrances of the adjacent methylene group could explain the lower
activity of AlkB towards MBAc compared to n-octane. Thus, the goal of this work is to optimize
the hydroxylation of MBAc. Herein, several AIkB homologs were investigated and how they
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perform in whole-cell biotransformation, applying two different strains: E. coli BL21(DE3)
(Ratelade et al., 2009) and E. coli RARE (Kunjapur et al., 2014).

As mentioned before (Chapter 2.3.2.), hydroxylation of MBACc is the crucial step in the
artificial biosynthetic route toward tulipalin A (Taden et al., 2022). To produce HMBAc from
MBACc, a suitable MO is needed. There are several things to be taken into account while
searching for the appropriate MO. First of all, recombinant expression of that enzyme needs to
be feasible in chosen bacterial host (here E. coli). Furthermore, the enzyme needs to be
regioselective for the oxidation of the terminal methyl group, i.e., w-oxidation. During the
hydroxylation of MBAC, the adjacent methylene group must stay intact (and there is also the risk
of epoxidation). Finally, substrate uptake by the E. coli cells is also an important point to be

considered while searching for favorable enzymes.

The AIKBFGT system, a segment of the alk operon from P. putida GPol, was found to be
suitable for MBAc hydroxylation. The bacterium harbors a large plasmid called OCT - an octane
dissimilation plasmid. It makes the bacterium capable of degrading medium-chain (C3—C12)
linear alkanes (transforming them into fatty acids) and using them as a single source of carbon
atoms and energy (van Beilen and Funhoff, 2007; van Beilen and Funhoff, 2005; van Beilen et
al., 1994b). This is achieved by selectively oxidating alkanes at the w-position using a series of
enzymes encoded by two tight gene clusters located on the OCT plasmid (van Beilen et al.,
1994a). The first alk-gene cluster contains the alkBFGHJKL operon, which contains all except
one of the structural genes necessary for alkanes to be converted to the respective alkanoic acids
activated with coenzyme A. These are then subjected to p-oxidation (van Beilen et al., 2001).
The second alk-gene cluster carries the remaining structural gene alkT (rubredoxin reductase),
and the gene alkS encoding the regulatory protein (transcriptional activator) (Marin et al., 2003;
Smits et al., 2002; Eggink et al., 1988).

Figure 7 depicts the AIKBGTHJL system of P. putida GPol (with n-octane as the model
substrate). As an MO, AIkB transfers one oxygen from O to the substrate molecule, while the
other oxygen atom is reduced to H>O with the electrons supplied by AIKG, the rubredoxin. AlkG
in return receives the electrons from the rubredoxin reductase AIKT, which is provided with
electrons by NADH, the ultimate electron source for AlkB (Smits et al., 2002; Lee et al., 1998;
Lee et al., 1997). AIKBGT pathway is also known for its overoxidation ability (although not very
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efficient) to the aldehyde and carboxylic acid. Besides, the alk-operon of P. putida GPol carries
genes that encode the alcohol-dehydrogenase AlkJ and aldehyde-dehydrogenase AlkH, whose
natural substrates are alcohol and aldehyde, respectively (van Beilen et al., 1992a; Kok et al.,
1989). These overoxidation reactions have been studied for their use in biocatalysis. Schrewe et
al. (2014) showed that expanding the AIKBGT pathway with AlkJ in E. coli caused higher

production rates of aldehyde and acid.

noctane

I
S

!

noctane
A
S
g \\ -—/\/V\/“~OH

QH, l 1-octanol
'AlK 1

4

1-octanoic acid

Figure 7. The AIKBGTHJL system of Pseudomonas putida GPo1l, catalyzing the conversion of
n-octane to 1-octanoic acid (adapted from van Nuland et al., 2017). The scheme was created with
BioRender (Anonymous 11, 2022)

Both AIkS and AIKT are constitutively expressed - as they are involved in various
electron transfer reactions in the cell, they do not depend on alkanes for expression. The
alkS gene is transcribed through PalkS1 and PalkS2, the promoters negatively and positively
regulated, respectively, by AIKS (Arce-Rodriguez et al., 2021). Hence, the protein regulates its
expression (positive feedback mechanism driven by AIkS), leading to a fast increase in alkS
transcription when alkanes are present (Canosa et al., 2000). The gene used in this Graduate
Thesis contains mutations (Q410K, and three silent mutations: L438, T464, and A557) for
improved alkane response (Reed et al., 2012).
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The genes in the first alk-gene cluster are cotranscribed from the promoter Pake that

controls their expression, which is commenced when alkanes and functional AIKS are present

(AIKS/Pakg system). Other structurally (un)related compounds can also induce transcription from

Pais, such as the gratuitous (not metabolized by the gene products) inducer dicyclopropylketone
(DCPK) used in this work (Sticher et al., 1997; Grund et al., 1975). As DCPK is water-soluble, it

is a suitable inducer in aqueous cultures (Panke et al., 1999). Induction of Paks with DCPK, n-

alkanes, or ethylacetate, represents an alternative to high-cost inducers (e.g. IPTG) and other

methods (e.g. heat shock activation) that are unwieldy on a large scale (Smits et al., 2001).

2.4.1.1. AIkB homologs chosen for this Thesis

Four AIkB homologs, originating from four different bacterial strains, were used in this Thesis:

1)

2)

AIkB from Pseudomonas putida Pl (PplAIKB; accession number: CAB51047;
Anonymous 8, 2022): the homolog with the highest sequence identity to the originally
tested P. putida GPol AIkB (90%). P. putida P1 is a prototrophic, ubiquitous soil-
dwelling bacterium, originally isolated from a pentane enrichment culture inoculated with
soil from a gas station in Groningen, The Netherlands. Sequencing showed only three
differences (99.8% sequence identity) between the 16S rRNA sequence of P. putida P1
and P. putida GPol, indicating their close relatedness (van Beilen et al., 2001). An
interesting difference between the strains GPol and P1 is the relative position of the two
aforementioned alk-gene clusters: in the P1 strain, contrary to the GPol, the alkST cluster
is located upstream of the alkBFGHJKL cluster (van Beilen et al., 2001). Research by de
Sousa et al. (2017) showed that amino acid residues Vall15, Ala53, Trp55 and Tyr339 of
the enzyme PplAIkB are involved with the n-octane uptake/binding, as well as 1-octanol
binding/exit. Furthermore, their work provides a detailed characterization of the binding
energies between PplAIKB and n-octane, 1-octanol and 1-octyne (the latter being an
AIkB inhibitor). In contrast to P. putida GPol AIkB, which is characterized by its high
conformational variability and capability to accept various ligands, Pp1AIkB metabolizes
only n-octane among alkanes (de Sousa et al., 2017; Smits et al., 1999).

AlkMO from Marinobacter hydrocarbonoclasticus SP17 (MhAIKMO; accession number:
WP_041656636; Anonymous 8, 2022): this enzyme, which has 78% sequence identity to
the P. putida GPol AIKB, has not been described in literature yet and the sequence was
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found in metagenomic analysis. M. hydrocarbonoclasticus SP17 is a hydrocarbon-
degrading bacterium with a restricted nutritional profile. It was first isolated from
seawater sediments collected near a petroleum refinery outlet on the French
Mediterranean coast befouled by hydrocarbons (Al-Mallah et al., 1990). M.
hydrocarbonoclasticus SP17 has a considerable hydrocarbonoclastic potential, with a
specific, significant ability not characteristic of other hydrocarbonoclastic marine
bacteria. It degrades a large variety of both aliphatic (n-alkanes from Cg to Czg) and
polycyclic aromatic hydrocarbons (e.g. naphthalene) and utilizes them as single carbon
and energy source (Klein et al., 2008; Sproer et al., 1998; Gauthier et al., 1992). The
genome sequence of M. hydrocarbonoclasticus SP17 contains two alkane 1-
monooxygenase genes (one of which codes for the MhAIKMO) and two cytochrome
P450 alkane monohydroxylase genes, as well as catechol dioxygenase gene (Grimaud et
al., 2012; Duran, 2010). Mounier et al. (2018) found out that the inner and outer
membrane proteins AupA and AupB, respectively, are indispensable for the growth of M.
hydrocarbonoclasticus on micelle-solubilized alkanes. Besides AupA and AupB, the
bacterium has other proteins in charge of alkane uptake, one of which is the AIKL protein
encoded by the MARHY2842 gene (Mounier et al., 2018).

3) AIkB1 from Alcanivorax borkumensis AP1 (AbAIkB1; accession number: CAC38027;
Anonymous 8, 2022): AbAIkB1 has 77% sequence identity to the P. putida GPol AlkB
and degrades an exceptionally broad range of alkane hydrocarbons (preferably Cs-C12),
but few other substrates (Smits et al., 2002). A. borkumensis AP1 is a ubiquitous,
hydrocarbonoclastic bacterium isolated as an n-alkane-degrading and biosurfactant-
producing marine bacterium from North Sea water samples summoned near the Isle of
Borkum (Yakimov et al., 1998). The bacterium has unusual physiology specialized for
alkane metabolism (Smits et al., 2002). It shows very limited growth-substrate profiles,
consisting of almost entirely aliphatic or aromatic hydrocarbons and only a few organic
acids, thus cannot grow on compounds like sugars or amino acids (Yakimov et al., 1998;
Gauthier et al., 1992). The alk-genes regulation differs between A. borkumensis AP1 and
P. putida GPol (van Beilen et al., 2004). Furthermore, A. borkumensis AP1 does not
have the gene coding for rubredoxin reductase AIKT in the alkS-alkB1GHJ gene cluster,

unlike in the GPol and P1 strain of P. putida which both have it downstream of alkS (van

26



4)

Beilen et al., 2004). The A. borkumensis AP1 AIKS is less closely related to the P. putida
GPol AIkS (30% sequence identity) (van Beilen et al., 2004). Interestingly, alkanes
cannot induce expression of the A. borkumensis AP1 alkS gene, whereas that is the case
with the alkS gene of P. putida GPol, which auto-amplifies the regulator when alkanes
are present (Yuste and Rojo, 2001; Canosa et al., 2000).

AlkM from Acinetobacter baylyi ADP1 (AbAIKM; accession number: CAG68276;
Anonymous 8, 2022): this homolog, compared to the other three, has the lowest sequence
identity to the originally tested P. putida GPol AIkB (41%). AbAIKM preferably
hydroxylates long-chain n-alkanes (at least C12) (Ratajczak et al., 1998a; Ratajczak et al.,
1998b). A. baylyi ADP1 is a nutritionally versatile, ubiquitous, soil and water bacterium
isolated from activated sludge plants in Victoria, Australia (Carr et al., 2003). The genetic
organization of the alk-genes is completely different from the arrangement found in P.
putida. The alk-genes in Acinetobacter sp. strain ADP1 are not delimitated on a plasmid,
but rather occur on the chromosome, and are neither grouped in big operons nor clustered
(Gralton et al., 1997). Also, genes for alcohol and aldehyde dehydrogenases have not
been discovered close to the alk-genes (Geissdorfer et al., 1998; Geissdorfer et al., 1997).
The expression of alkM is regulated by AIKR (activator of alk expression) and takes place
only in the stationary growth phase (Ratajczak et al., 1998b). AIKR shows no similarity to
the P. putida regulator AIkS, implying that the alkane utilization regulatory mechanisms
are quite different in those organisms (Ratajczak et al., 1998a) The AIKR regulator is
inducible by medium-chain alkanes but is also subject to product inhibition (Ratajczak et
al.,, 1998b). The genes rubA (encodes rubredoxin) and rubB (encodes rubredoxin
reductase) are constitutively transcribed, and contrary to the P. putida ones, are arrayed in
an operon (rubAB) (Gralton et al., 1997; Haspel et al., 1995).
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Figure 8 shows an alignment of the amino acid sequences of the P. putida GPol AIkB and

the above-mentioned four homologs.
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Figure 8. Aligned amino acid sequences of AIkB and four homologs (PplAlkB, MhAIKMO,
AbAIKB1, and AbAIkM). The conserved histidine residues are highlighted with red (van Beilen
et al., 2005; Shanklin and Whittle, 2003), while amino acid positions found in mutational studies
are highlighted with blue (Koch et al., 2009; van Beilen et al., 2005). The alignment was created
using the program Jalview Version 2 (Waterhouse et al., 2009)

In Figure 8 highlighted in red are the nine conserved histidine residues essential for the
activity of the enzymes (H138, H142, H168, H172, H173, H273, H312, H315 and H316) (van
Beilen et al., 2005; Shanklin and Whittle, 2003). They are from three different regions and
coordinate the Fe-atoms (1 to 3 mol Fe/mol enzyme) in the enzymes' active sites (Alonso et al.,
2014; van Beilen et al., 2005; Shanklin and Whittle, 2003; Shanklin et al., 1997; Shanklin et al.,
1994). Highlighted in blue (Figure 8) are amino acid positions, which were identified to
influence the discrimination of the n-alkane substrate range. For example, van Beilen et al.
(2005) discovered that the bulky side chain of tryptophane 55 (W55) in the P. putida GPol AlkB
shapes the base of the hydrophobic, substrate-binding pocket, capturing the critical position
halfway between the base of the pocket and its opening towards the cytoplasmic side, and thus

sterically limits the possible length of the alkane substrates. Other bacterial AHs that oxidize
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alkanes longer than Ci3 have less bulky residues (like A, V, L, or 1) in the respondent position.
Thus, van Beilen et al. (2005) tried exchanging the bulky W55 residue (or the corresponding
W58 in A. borkumensis AP1 AlkB1) with the smaller amino acids cysteine (W55C) or serine
(W55S). Finally, they concluded that in this way the substrate binding pocket becomes larger,
facilitating the access of the longer chain substrate molecules (C12-C1s alkanes) to enzymes, due
to reduced steric hindrances. The other positions (V129, L132 and 1233) were identified by Koch
et al. (2009).
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3. EXPERIMENTAL PART

3.1. MATERIALS

3.1.1. Escherichia coli strains

In this Graduate Thesis, three Escherichia coli strains (Table 1) were used, as follows. E.
coli BL21(DE3) and E. coli RARE served as hosts to express the alkB(homolog)FGST(L) operon
genes (Table 2) and as whole-cell catalysts of hydroxylation of isoprenyl acetate (MBAC) to 3-

(hydroxymethyl)but-3-en-1-yl acetate (HMBACc) and n-octane to 1-octanol and 1-octanoic acid.
E. coli TOP10 was needed for in vivo cloning (Chapter 3.2.10.) of alkL (Table 2) into
pBT10_AlkB(homolog) (Table 3), and propagation of plasmids pBT10_AlkB(homolog)_AIKL
and pBT10_MhAIKMO-1238V (Table 3).

Table 1. E. coli strains used in this Graduate Thesis

STRAIN

GENOTYPE

USAGE IN THIS THESIS

E. coli BL21(DE3)

B F—ompT gal dcm lon
hsdSB(rB-mB-) AM(DE3 [lacl
lacUV5-T7p07 ind1 sam7
nin5]) [malB+]K-12(AS)

expression of
alkB(homolog)FGST(L)
operon genes; whole-cell
biotransformation of MBAC
and n-octane

The following genes were
deleted from the E. coli K-12
MG1655 genome: dkgB,

expression of
alkB(homolog)FGST operon

E. coli RARE enes; whole-cell
_yeaE, dkgA.yghC, Yth’ biotragnsformation of MBACc
yjgB, and yahK (Kunjapur et and n-octane
al., 2014)
F- mcrA A(mrr-hsdRMS- in vivo cloning of alkL into
mcrBC) ¢80lacZAM15 pBT10_AlkB(homolog);
E. coli TOP10 AlacX74 nupG recAl propagation of

araD139 A(ara-leu)7697
galE15 galK16 rpsL(StrR)
endAl A-

pBT10_AlkB(homolog) AIkL
and pBT10_MhAIkMO-
1238V
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3.1.2. Plasmids

Plasmids with alkB(homolog)FGST operon genes (Table 2) for expression of AlkB,
AbAIKB1, AbAIkM, PplAIkB, MhAIKMO, AIKF, AIKG, AIKkS, and AIKT (Table 2) within E. coli
BL21(DE3) and E. coli RARE were already available at the Institute of Molecular
Biotechnology, Graz University of Technology, and Figure 9A shows an exemplifying vector
map of plasmid pBT10_PplAIkB (Table 3), while the other plasmids (Table 3) were not shown.
For inserting the alkB(homolog)FGST operon genes, the used vector-backbone was pCom10 - a
broad host alkane responsive vector encoding kanamycin resistance (KanR) for selection (Smits
et al., 2001), and with the alkB(homolog)FGST operon genes inserted, pCom10 is marked with
pBT10_AlkB(homolog) (Schrewe et al., 2011). Using the pBT10_AIlkB(homolog) as vector
backbone, the plasmids (Table 3) with inserted alkL (Table 2) were prepared in this Graduate
Thesis and used for co-expression of a transporter protein AIKL with four AIkB homologs
(AbAIKkB1, AbAIKM, PplAIkB, MhAIKMO) and an AIkB-1233V mutant within E. coli
BL21(DE3). Figure 9B shows an exemplifying map of plasmid pBT10_PplAIkB_AIKkL, while
the other plasmids for AIKL co-expression were not shown.

pBT10_Pp1ALKB_AIKL
12330 bp

pBT10_Pp1AlkB

11597 bp

alkd promotor

&
3
i\‘ P94_GIB_alkB-P1_rv

P95_GIB_pBT10-P1_fw,+3
alkS_promotor

alkS_promotor

Figure 9. Plasmid map of A: pBT10_PplAIkB, B: pBT10_PplAIkB_AIKL. The plasmid maps
were created using the platform Benchling (Anonymous 10, 2022)
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3.1.3. Genes, proteins and enzymes

Table 2 lists all genes (AlkB, AbAIkB1, AbAIkM, PplAIkB, MhAIKMO, alkF, alkG, alks,
alkT, and alkL) and the corresponding proteins/enzymes (alkane 1-monooxygenase AIkB from
Pseudomonas putida GPol and its four homologs: AbAIKB1 (Alcanivorax borkumensis AP1),
AbAIKM (Acinetobacter baylyi ADP1), Ppl1AIkB (Pseudomonas putida P1), and MhAIKMO
(Marinobacter hydrocarbonoclasticus SP17); and the P. putida GPol rubredoxins AlkF and
AIKG, activator AIKS, rubredoxin reductase AIKT, and an outer membrane protein AIKL) that
were needed for this study.

Previously, all these synthetic genes were obtained from gBlocks™ Gene Fragments
(Integrated DNA Technologies, Belgium) and cloned into the pCom10 backbone (which was
already available at the Institute; see above), creating pBT10_AlkB(homolog) construct (Table
3). All expression constructs used in this study are listed in Table 3. As mentioned before
(Chapter 2.4.1.), the alkS gene used in this research has mutations (Q410K, and three silent
mutations: L438, T464, and A557) for improved alkane response (Reed et al., 2012).

AlkB and the four homologs were studied for their ability to hydroxylate MBACc to
HMBACc and n-octane to 1-octanol and 1-octanoic acid within E. coli BL21(DE3) and E. coli
RARE and to optimize the reaction of MBAc hydroxylation, and AIKL was co-expressed in order
to determine whether it alleviates MBAC and n-octane uptake by E. coli BL21(DE3).
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Table 2. Overview of genes, proteins and enzymes used in this study

UniProtKB
ENTRY ACCESSION
ENZYME/PROTEIN
MICROORGANISM IDENTIFIER GENE NUMBER
(ABBREVIATION)
(Anonymous (Anonymous 8, 2022)
6, 2023)

alkane 1'%&%‘;”9‘9”&56 Pseudomonas putida GPol P12691 AlkB CAB54050

alkane 1-monooxygenase Pseudomonas putida P1 alkB
(Pp1AIKB) QIWWW6 (Pp1AIKB) CAB51047

alkane 1-monooxygenase Marinobacter alkB

(MhAIKMO) hydrocarbonoclasticus SP17 | TWEUT | (Mhalkmo) WP_041656636

alkane 1-monooxygenase . . alkB1
(AbAIKB1) Alcanivorax borkumensis AP1 QOVKZ3 (AbAIKB1) CAC38027

terminal alkane 1- Acinetobacter baylyi ADP1 alkM
monooxygenase (AbAIkM) 031250 (AbAIKM) CAG68276
rubredoxin 1 (AlkF) Pseudomonas putida GPol P12692 alkF CAB54051
rubredoxin 2 (AlkG) Pseudomonas putida GPol P00272 alkG CAB54052
alkBFGHJKL activator (AIkS) Pseudomonas putida GPol P17051 alkS CAB54064
rubredoxin reductase (AIKT) Pseudomonas putida GPol P17052 alkT CAB54063
outer membrane protein (AlkL) Pseudomonas putida GPol Q00595 alkL CAB54056
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3.1.4. Expression constructs

Table 3 shows all expression constructs used in this study.

The pBT10_AlkB(homolog) constructs with the alkB(homolog)FGST operon genes (see Table 2) were used for the expression

of AlkB and the four homologs in E. coli BL21(DE3) and E. coli RARE to hydroxylate MBAc to HMBACc and n-octane to 1-octanol
and 1-octanoic acid. The pBT10_AlkB(homolog) AIKL constructs, carrying the alkB(homolog)FGSTL operon genes, were used for

co-expression of a transporter protein AIKL (Table 2) with the four AIkB homologs and AlkB-1233V in order to determine whether
AIKL facilitates MBAC and n-octane uptake by E. coli BL21(DE3).

Table 3. List of expression constructs used in this Graduate Thesis

CONSTRUCT GENE ngil(zjﬁlgD INTO MV&-!I_' gﬁT STATUS*
pBT10_AIKB alkBFGST WT %)
pBT10_AlIkB_AIKL alkBFGSTL WT %)
pBT10_AIKB-1233V AlkB-1233V_FGST 1233V )
pBT10_AlkB-1233V_AIKL AlkB-1233V_FGSTL 1233V b)
pBT10_MhAIKMO MhAIKMO_FGST WT )
pBT10_MhAIKMO-1238V MhAIKMO-1238V_FGST 1238V b)
pBT10_MhAIKMO_AIKL MhAIKMO_FGSTL WT b)
pBT10_Pp1AIKB Pp1AIKB_FGST WT a)
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Table 3. List of expression constructs used in this Graduate Thesis - continued
CONSTRUCT GENE II:%%ET;ED INTO MV&-'I;'S[\FFT STATUS*
pBT10_PplAIKB_AlkL PplAIKB_FGSTL WT b)
pBT10 AbAIKB1 AbAIKB1_FGST WT a)
pBT10_ AbAIKB1_AIKL AbAIKB1_FGSTL WT b)
pBT10_AbAIKM AbAIKM_FGST WT a)
pBT10_AbAIKM_AIkL AbAIKM_FGSTL WT b)

*a) already available at the Institute, b) prepared in this Thesis (Chapters 3.2.10. and 3.2.11.). WT - wild type

3.1.5. Chemicals

All chemicals used in the experimental part of this Graduate Thesis are listed in Table 4.

Table 4. List of chemicals used in this Graduate Thesis

CHEMICAL COMPANY
Acetic acid Roth, Germany
Agar-Agar Roth, Germany

Ammonium Chloride (NH4ClI)

Roth, Germany

Boric acid (HsBOz3)

Roth, Germany

Biotin (20 000x)

Roth, Germany
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Table 4. List of chemicals used in this Graduate Thesis - continued

CHEMICAL

COMPANY

Calcium chloride dihydrate (CaCl, x 2 H,0)

Roth, Germany

Copper (1) chloride dihydrate (CuCl> x 2 H20)

Roth, Germany

S-cyclodextrin

Sigma-Aldrich, USA

(double) distilled water ((d)dH20)

Institute of Molecular Biotechnology,
Graz University of Technology

Dicyclopropyl ketone (DCPK)

Sigma-Aldrich, USA

Di-Potassium hydrogen phosphate (K;HPO4)

Roth, Germany

Dimethylsulfoxid (DMSO)

Roth, Germany

Ethylenediamine tetraacetic acid disodium salt
dihydrate (disodium EDTA x 2 H,0)

Roth, Germany

Ethanol (EtOH)

Chem-Lab, Belgium

Ethyl acetate

Sigma-Aldrich, USA

D-(+)-Glucose

Roth, Germany

Glycerol

Roth, Germany

Hydrochloric acid (HCI)

Roth, Germany

Iron (11) sulphate heptahydrate
(FeSO4 x 7 H,0)

Roth, Germany

Isoprenyl acetate (MBAC)

Institute of Molecular Biotechnology,
Graz University of Technology

Kanamycin sulphate

Roth, Germany

Magnesium sulphate heptahydrate
(MgSO4x 7 H20)

Roth, Germany

Manganese (1) chloride
dihydrate (MnCl, x 2 H,0)

Sigma-Aldrich, USA

Methylbenzoate Sigma-Aldrich, USA
N,O-bis(trimethylsilyl)-trifluoroacetamide
(BSTFA) Roth, Germany
n-Octane Roth, Germany

ortho-Phosphoric acid

Roth, Germany

Potassium dihydrogen phosphate (KH2PO.)

Roth, Germany

Potassium hydroxide (KOH)

Roth, Germany

Sodium hydroxide (NaOH)

VWR International, USA

Sodium molybdate dihydrate
(NazMoO4 x 2 H20)

Roth, Germany

Sodium sulfate anhydrous (NaSO4)

Sigma-Aldrich, USA

Thiamine hydrochloride (1000x)

Sigma-Aldrich, USA

Tris-(hydroxymethyl)-amino methane (Tris)

Roth, Germany

Zinc sulphate heptahydrate (ZnSO4x 7 H20)

Roth, Germany
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3.1.6. Media

Table 5 lists all media used in this Graduate Thesis. Lysogeny broth (LB) medium

(Lennox) was used for overnight cultivation (see Chapter 3.2.4.) of E. coli BL21(DE3), E. coli

RARE, and E. coli TOP10, and for the preparation of agar plates used for cultivating freshly
transformed (see Chapter 3.2.2.) E. coli BL21(DE3), E. coli RARE, and E. coli TOP10. For

regeneration of the freshly transformed cells, S.0.C. medium was used. N-rich M9 medium was

needed for growing precultures and main cultures (Chapter 3.2.5.) of E. coli BL21(DE3) and E.

coli RARE transformed with an indicated expression construct (Table 3). The composition of the

N-rich M9 medium is shown in Table 6, while the composition of the trace elements solution

used for its preparation can be found in Table 7.

Table 5. Media used in this Graduate Thesis

MEDIUM SUPPLIER

USAGE

Lysogeny Broth (LB)

medium (Lennox) Roth, Germany

cultivation (overnight) of
E. coli BL21(DEJ), E.
coli RARE, and E. coli
TOP10; preparation of
agar plates

Super Optimal broth

with Catabolite Thermo Fisher
repression (S.0.C.) Scientific, USA
Medium

regeneration (after
transformation) of
E. coli BL21(DE3),
E. coli RARE, and
E. coli TOP10

N-rich M9 medium -

cultivation (preparation of
precultures and main
cultures) of
E. coli BL21(DE3) and
E. coli RARE
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Table 6. Composition of the N-rich M9
solution (1000x) see Table 7 below

medium. For the composition of the trace elements

MEDIUM

COMPOSITION

N-rich M9 medium

200.0 mL 5x M9 Minimal Salts stock (Sigma-
Aldrich, USA)

2.0 mL MgSO4x 7 H20

1.0 mL Thiamine hydrochloride (1000x)
50.0 pL Biotin (20 000x)

1.0 mL trace elements solution (1000x)

25.0 mL 20% D-(+)-Glucose
up to 1.0 L ddH.0

Table 7. Composition of the trace elements solution used for the N-rich M9 medium preparation

COMPONENT

COMPOSITION

trace elements solution (1000x)

8.87 g L1FeSO4x 7 H20

4.12 gL' CaClyx 2 H.0

1.23 g L'*MnCl2x 2 H.0

1.87 g L1 ZnSO4x 7 H20

0.30 g L' H3BOs
0.25 g L NazMoO4 x 2 H.0

0.15g Lt CuCl,x 2 H20
0.84 g Lt disodium EDTA x 2 H20
1 M HCI (82.80 mL 37% HCI LY)
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3.1.7. Buffers for cell pellet resuspension and agarose gel preparation

The insoluble fraction of the cell pellet of E. coli BL21(DE3) and E. coli RARE, carrying
the AlkB(homolog) (Table 2), needed for SDS-PAGE (see Chapter 3.2.7.) was resuspended in
1 M potassium phosphate (KPi) buffer, pH 7.4 (Table 8), while the E. coli BL21(DE3) and E.
coli RARE cell pellets required for whole-cell biotransformation (see Chapter 3.2.6.3.) of MBAC
and n-octane were resuspended in resting cell buffer (RCB; Table 9). For the preparation of
agarose gel, needed for the confirmation of PCR amplifications (of alkL; Table 2),
pBT10_AlkB(homolog), and pBT10_MhAIKMO (Table 3); see Chapters 3.2.10. and 3.2.11.) by

agarose gel electrophoresis (Chapter 3.2.12.), Tris-acetate-EDTA (TAE) buffer (Table 10) was
used.

Table 8. Composition of potassium phosphate (KPi) buffer

BUFFER COMPOSITION
6.059 g Kz2HPO4
potassium phosphate (KPi) buffer (1 M) 2.070 g KH2PO4
ddHOto 1.0 L
pH 7.4

Table 9. Composition of resting cell buffer (RCB)

BUFFER COMPOSITION
_ 50 mL KPi buffer (pH 7.4, 1 M)
resting cell buffer (RCB) 50 mL 20% D-(+)-Glucose
2 mL MgSO4x 7 H20 (1 M)
ddHOto 1L

Table 10. Composition of Tris-acetate-EDTA (TAE) buffer

BUFFER COMPOSITION
Tris2 M
Tris-acetate-EDTA (TAE) buffer (1x) Acetic acid 1 M

Disodium EDTA x 2 H,O 50 mM
ddH,Oto1.0L
pH 8.3
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3.1.8. Gel, buffers, protein standard and stain for SDS-PAGE

SDS-PAGE (see Chapter 3.2.7.) was used to analyze the expression of AlkB, PplAIkB,
MhAIKMO, AbAIkB1, AbAIKM, AIKF, AIkG, AIKS, and AIKT (Table 2) in E. coli BL21(DE3)
and E. coli RARE. SDS-PAGE gel, buffers, protein standard and stain are listed in Table 11, and

the composition of the used instant protein staining solution is shown in Table 12.

Table 11. Gel, buffers, protein standard and stain used in SDS-PAGE

COMPONENT

SUPPLIER

BugBuster® Master Mix reagent for protein
extraction

Merck Milllipore, USA

PageRuler™ Prestained Protein Ladder,

10 to 180 kDa

Thermo Fisher Scientific, USA

Instant protein staining solution

NuPAGE™ LDS Sample Buffer (4x)

Thermo Fisher Scientific, USA

NuPAGE™ Sample Reducing Agent (10x)

Thermo Fisher Scientific, USA

NuPAGE™ Invitrogen Bis-Tris Mini Protein
Gels, 20-well

ThermoFisher Scientific, USA

NuPAGE™ MES SDS Running Buffer (1x)

Thermo Fisher Scientific, USA

Table 12. Composition of the instant protein staining solution

COMPONENT

COMPOSITION

Instant protein staining solution

110 mg Coomassie Brilliant Blue G-250
(Sigma-Aldrich, USA)
50 g EtOH
80 g ortho-Phosphoric acid
850 mL dH20
10 g p-cyclodextrin

40



3.1.9. Primers

Primers used for cloning and mutagenesis experiments (see Chapters 3.2.10. and 3.2.11., respectively) or Sanger Sequencing
by Microsynth AG (see Chapter 3.2.3.) are listed in Table 13.

Table 13. List of primers used in this study

NAME 5-3' SEQUENCE PURPOSE*
P17 TACCCGTAGGTGTAGTTGGC a), b), ¢)
P34 TTGGCTGTATGTCGCGAG a)
P35 TTCCAGACGAACGAAGAGC a)
P36 GTTTTATCAGACCGCTTCTGCG a), b), ¢)
P47 CAAGCGATTGGGGCTTTTAG a)
P53 TCGACCTGCAGCCAAGCTTC a), b), €)
P54 CAAGCGCTGAATGGGTATCGGC a), b), ¢)
P55 GCCGATACCCATTCAGCGCTTGTCGACCTGTAACGACAACAAAACGAG a), b), ¢)
P56 GCTTGGCTGCAGGTCGACGCGTTTAGAAAACATATGACGCACC a), b), ¢)
P73 CTGAGAAAGTTAAGCCGCC a)
P74 ATTCCATCATCTGCGCGC a)
P109 TTGTGAGAGCTTTCAACGCC a)
P120 CGCGGTTAAAACCATCGGCTGAAGAAC d)
P121 CCGATGGTTTTAACCGCGGTGCTTT d)

* a) sequencing pCom10-based plasmids (see Chapter 3.2.3.), b) FastCloning (see Chapter 3.2.10.), ¢) colony PCR (see Chapter
3.2.10.), d) QuikChange™ (Chapter 3.2.11.; single-site mutations are underlined)
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3.1.10. PCR components

For cloning of alkL (Table 2) into pBT10_AlkB(homolog) (Table 3) and for generating
(see Chapter 3.2.11.) an 1238V mutant of MhAIKMO (Table 2), PCR was performed, and after
the PCR, Dpnl Restriction Enzyme (Thermo Fisher Scientific, USA) was added (see Chapters
3.2.10. and 3.2.11.) for demethylation of the amplified PCR products. PCR protocol components
are shown in Table 14 (components needed for the generation of pBT10_AlkB(homolog) AlkL
and pBT10_MhAIKMO-1238V; see Table 3) and Table 15 (components for colony PCR; see
Chapter 3.2.10.).

Table 14. PCR protocol components

COMPONENT COMPANY
Q5® 5x Reaction Buffer Pack New England Biolabs, USA
dNTP Mix Thermo Fisher Scientific, USA
Q5® High-Fidelity DNA Polymerase New England Biolabs, USA
DMSO Roth, Germany
Dpnl restriction endonuclease (10 U uL1) | Thermo Fisher Scientific, USA

Table 15. PCR component for colony PCR (cPCR)
COMPONENT COMPANY
DreamTaq™ Green PCR Master Mix (2x) | Thermo Fisher Scientific, USA

3.1.11. Equipment

All equipment that was used in this research is mentioned in Table 16.

Table 16. Equipment used in this research

EQUIPMENT MODEL MANUFACTURER
- Infors HT, Switzerland

Shaking incubators ZWYR-D2403 Labwit Scientific, Australia
Certomat BS-1 B. Braun Biotech International,
Sartorius group, Germany
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Table 16. Equipment used in this research - continued

EQUIPMENT

Thermomixers

MODEL MANUFACTURER
5415R Eppendorf, Germany
Centrifuges 5810 R Eppendorf, Germany
Avanti® J-20 XP Beckman Coulter, USA
Mini-Centrifuge Fisher Scientific, USA
Rotor JA-10 Beckman Coulter, USA
Binder Binder, Germany
Incubators Heraeus Thermo Fisher Scientific, USA
HTM 2 HTA-BioTec, Germany
ThermoMixer® comfort

Eppendorf, Germany

Biometra TSC
ThermoShaker

Analytik Jena, Germany

Analytical balance

Practum®

Sartorius, Germany

Precision balances

AY-6000

Sartorius, Germany

Laminar

BioAir AURA-2000
M.A.C.

EuroClone S.p.A., Italy

PCR thermal cycler

GE4852T™

Hangzhou Bio-Gener
Technology, China

Gas chromatograph —
flame-ionization
detector /
columns / gas
chromatograph — mass

Nexis™ GC-2030,
achiral

Shimadzu, Japan

Zebron™ ZB-5 column

Phenomenex Inc., USA

Zebron™ ZB-5MSi

Phenomenex Inc., USA

column
spectrometer GCMS-QP2010 SE Shimadzu, Japan
oH-electrode inoLab® pH 720

VWR International, USA

Heatblock

Digital heatblock

VWR International, USA

Ice machine

F-300BAJ

Hoshizaki, Japan

Vortex

Vortex-Genie 2

Scientific industries, USA

Autoclave

HICLAVE HV-L Series

Hirayama, Japan

Freezer

ABS Ultra Low
Temperature Freezer

American BioTech Supply,
USA

SDS-PAGE and
agarose gel
electrophoresis
apparatus

PowerEase500 Invitrogen

Thermo Fisher Scientific, USA

Mini-Sub Cell GT
System

Bio-Rad Laboratories Inc.,
USA
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Table 16. Equipment used in this research - continued

EQUIPMENT MODEL MANUFACTURER
H ®
Spectrophotometers BioPhotometer™ 6131 Eppendorf, Germany
NanoDrop™ 2000 Thermo Fisher Scientific, USA

3.2. METHODS

3.2.1. Media preparation

3.2.1.1. Lysogeny broth (LB) medium (Lennox) preparation

Lysogeny broth (LB) medium (Lennox) (Table 5), used for overnight cultivation (see
Chapter 3.2.4.) of E. coli BL21(DE3), E. coli RARE, and E. coli TOP10, was prepared by
dissolving 20 g of LB Broth (Lennox; Roth, Germany) in 1 L double distilled water (ddH-0) and
the medium was autoclaved (at 121 °C and 1 bar for 20 min) in HICLAVE HV-L Series

(Hirayama, Japan).

To the LB medium (Lennox), 15 g of Agar-Agar (Roth, Germany) was added to prepare
agar plates (used for cultivating freshly transformed (see Chapter 3.2.2.) E. coli BL21(DE3), E.
coli RARE, and E. coli TOP10) and the mixture was autoclaved (at 121 °C and 1 bar for 20 min
in HICLAVE HV-L Series, Hirayama, Japan). After cooling, kanamycin (Kan) was added to a
final concentration of 40 ug mL* and the medium was poured into cell culture dishes.

3.2.1.2. N-rich M9 medium preparation

Precultures and main cultures (see Chapter 3.2.5.) of E. coli BL21(DE3) and E. coli
RARE were grown in an N-rich M9 medium (Table 6). To prepare a 5x M9 minimal salts stock,
56.4 g M9 Minimal Salts (5x; Sigma-Aldrich, USA) and 5.0 g NH4CI (Roth, Germany) were
dissolved in 1.0 L ddH20, the pH was adjusted to 7.0 with 4 mM NaOH (VWR International,
USA) and the solution was autoclaved at 121 °C and 1 bar for 20 min in HICLAVE HV-L Series
(Hirayama, Japan). ddH2O used for the preparation of different components was also previously
sterilized by autoclaving. The trace elements solution (1000x) was prepared as described in

Table 7 and sterilized over a 0.22 um filter (Minisart® NML Syringe Filter; Sartorius Germany).
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Biotin was prepared by dissolving 5.0 mg of Biotin (20 000x; Roth, Germany) in 45.0 mL
ddH20, and 1 M NaOH (VWR International, USA) was added until dissolved. Then, ddH20 was
added to 50.0 mL total and the solution was sterilized over 0.22 um filter
(Minisart® NML Syringe Filter; Sartorius Germany), and 1.5 mL aliquots were stored at -20 °C.
MgSO4x 7 H20 (1 M; Roth, Germany) was autoclaved and stored at room temperature (RT).
Thiamine hydrochloride was prepared by dissolving 50.0 mg thiamine (1000x; Sigma-Aldrich,
USA) in 45.0 mL ddH20; then, ddH2O was added to 50.0 mL total, and the solution was
sterilized over 0.22 pum filter (Minisart® NML Syringe Filter; Sartorius Germany) and stored as
1.0 mL aliquots at -20 °C. 20% glucose was prepared by dissolving 200.0 g b-(+)-Glucose (Roth,
Germany) in 1.0 L ddH-0, the solution was autoclaved (121 °C, 1 bar, 20 min in HICLAVE HV-
L Series, Hirayama, Japan) and stored at 4 °C. Stock solutions were mixed in a graduated
cylinder and the obtained N-rich M9 medium (Table 6) was stored at 4 °C or RT in a separately

autoclaved glass bottle.

3.2.1.3. S.0.C. medium preparation

For regeneration of freshly transformed (see Chapter 3.2.2.) E. coli BL21(DE3), E. coli
RARE, and E. coli TOP10 cells, S.0.C. medium (Table 5) was used. Therefore, 26.64 g SOB
Broth (Lennox; Roth, Germany) was dissolved in 1.0 L ddH>O and enriched to S.O.C. with
20 mM D-(+)-Glucose.

3.2.2. Transformation of chemically competent E. coli BL21(DE3), E. coli RARE, and E.
coli TOP10 cells by heat-shock method

Transformation of E. coli BL21(DE3) and E. coli RARE cells was necessary for
expression (Chapter 3.2.5.) purposes of all constructs (Table 3) used in this study. E. coli TOP10
cells transformation was done for in vivo cloning (see Chapter 3.2.10.) of alkL (Table 2) into
pBT10_AlkB(homolog) (Table 3), and propagation of the obtained
pBT10_AlkB(homolog) AIKL (Table 3), as well as for propagation of pBT10 _MhAIKMO-
1238V (Table 3) created by site-directed mutagenesis (see Chapter 3.2.11.).

First, the concentration of all the expression constructs with alkB(homolog)FGST(L) operon
genes (Table 2) was determined by NanoDrop™ 2000 (Thermo Fisher Scientific, USA).
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Chemically competent E. coli BL21(DE3), E. coli RARE, and E. coli TOP10 cells, previously
prepared using the method by Green and Rogers (2013), were already available at the Institute
and stored at -80 °C (ABS Ultra Low Temperature Freezer; American BioTech Supply, USA).
To perform the heat-shock transformation of the chemically competent E. coli BL21(DE3), E.
coli RARE, and E. coli TOP10 cells, 1, 2 (together with 3 pL of the RBS-alkL insert PCR mix),
or 5 L, as indicated, of plasmid DNA (c = 75-100 ng pL™?) solution was added to the 50 pL of
the cells which were first thawed on ice. The mixture was incubated for 30 min on ice. Then, a
heat shock was performed at 42 °C for 42 s in ThermoMixer® comfort (Eppendorf, Germany)
followed by 1 min incubation on ice. Afterward, 400 pL of prewarmed (37 °C) S.0.C. medium
(Table 5) was added and the cells were regenerated for 1 h at 37 °C and 600 rpm in
ThermoMixer® comfort (Eppendorf, Germany). 100 L of the regenerated cells suspension were
plated on LB-agar plates (Chapter 3.2.1.1.) containing the corresponding antibiotic (Kan,

40 pg mL1) for selection. The plates were incubated overnight at 37 °C.

3.2.3. Plasmid isolation and sequencing

The overnight cultures (ONCs) of transformed (Chapter 3.2.2.) E. coli BL21(DE3), E.
coli RARE, and E. coli TOP10 were prepared as described under Chapter 3.2.4. and used for the
isolation of all the plasmids used in this study (listed in Table 3). The plasmid isolation was
performed with the GeneJET Plasmid Miniprep Kit (Thermo Fisher Scientific, USA) according
to the manufacturer’s protocol (Anonymous 7, 2014). The quality of the isolated plasmids was
analyzed spectrophotometrically at 260 nm (NanoDrop™ 2000, Thermo Fisher Scientific, USA).
For DNA sequence verification of the isolated plasmids, 12 pL of plasmid (¢ = 40 - 100 ng puL™)
was mixed with 3 pL of a corresponding sequencing primer (10 uM; Table 13) in a separate
reaction tube, and the Sanger Sequencing was performed by Microsynth AG (Balgach,
Switzerland). Glycerol cryopreservation stocks were prepared by mixing 1 mL of ONC with
1 mL of sterile 60% (w/w) glycerol (Roth, Germany) in cryotubes and the cells were stored at
-80 °C (ABS Ultra Low Temperature Freezer; American BioTech Supply, USA) until further

use.
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3.2.4. Preparation of inocula

3.2.4.1. Inocula for cultivation of transformed E. coli BL21(DE3) and E. coli
RARE for protein expression and plasmid isolation

ONCs of E. coli BL21(DE3) and E. coli RARE, transformed (as described in Chapter

3.2.2.) with an indicated plasmid (Table 3), were prepared in Falcon tubes (25 mL) by

inoculation of approximately 5 mL of LB medium (Lennox) (Table 5), supplemented with

50 ug mL* Kan for selection, with a single colony of the E. coli strain, and an overnight

incubation (at 37 °C and 120 rpm) in a shaking incubator (Infors HT, Switzerland). Thus

prepared ONCs were used for protein expression (see Chapter 3.2.5.) and plasmid isolation (see
Chapter 3.2.3.).

3.2.4.2. Inocula for cultivation of E. coli TOP10 transformed with
pBT10_AlkB(homolog)_AIKL for plasmid isolation
ONC of E. coli TOP10 transformed (as described in Chapter 3.2.2.) with plasmid
pBT10_AlkB(homolog) AIKL (Table 3) was prepared in Falcon tubes (25 mL). Approximately
5 mL of LB medium (Lennox) (Table 5), supplemented with 50 ug mL™* Kan for selection, was
inoculated with 25 pL of the E. coli TOP10 cell suspension (the procedure of obtaining the
suspension is described in Chapter 3.2.10.) and incubated overnight at 37 °C and 120 rpm in a
shaking incubator (Infors HT, Switzerland). Thus prepared ONC was used for the plasmid
isolation (see Chapter 3.2.3.).

3.24.3. Inocula for cultivation of E. coli TOP10 transformed with
pBT10_MhAIKMO-1238V for plasmid isolation

ONC of E. coli TOP10 transformed (as described in Chapter 3.2.2.) with plasmid

pBT10_MhAIKMO-1238V (Table 3), was prepared in 25 mL Falcon tubes by inoculating

approximately 5 mL of LB medium (Lennox) (Table 5) supplemented with 50 pg mL* Kan for

selection, with a single colony of the transformed E. coli TOP10 and incubating overnight at

37 °C and 120 rpm in a shaking incubator (Infors HT, Switzerland). Thus prepared ONC was
used for the plasmid isolation (see Chapter 3.2.3.).
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3.2.5. Cultivation of transformed E. coli BL21(DE3) and E. coli RARE and protein
expression

E. coli BL21(DE3) and E. coli RARE, transformed (as described in Chapter 3.2.2.) with
an indicated expression construct (listed in Table 3) were grown overnight as described in
Chapter 3.2.4.1. The next day, 500 pL of the ONC was transferred to 50 mL of the N-rich M9
minimal medium (Table 6), supplemented with 50 pg mL* Kan, in a 300 mL baffled shake flask
and again cultured overnight at 120 rpm and 30 °C (in Certomat BS-1 shaking incubator from B.
Braun Biotech International; Sartorius group, Germany). The precultures in the minimal medium
were then used to inoculate 200 mL of fresh N-rich M9 minimal medium (supplemented with
50ugmL? Kan) in 1L baffled flasks to an ODeso of 0.15AU, determined
spectrophotometrically by BioPhotometer 6131 from Eppendorf, Germany. Thus obtained
cultures were grown to an ODeggo 0f 0.40 - 0.50 AU (BioPhotometer 6131; Eppendorf, Germany)
at 120 rpm and 30 °C in the same shaking incubator. Afterward, overexpression of the
alkB(homolog)FGST(L) operon genes (see Table 2) from the expression construct was induced
by adding 0.05% (v/v) DCPK (Sigma-Aldrich, USA). The E. coli BL21(DE3) and E. coli RARE
cells which were needed for whole-cell biotransformation studies (see Chapter 3.2.6.3.) were
further incubated at 30 °C and 120 rpm for 4 h, while the cells needed for SDS-PAGE (see
Chapter 3.2.7.) were incubated for a longer period (up to 20 or 24 h, as indicated). The

expression was performed based on the conditions stated by van Nuland et al. (2016).

3.2.6. Harvesting of E. coli BL21(DE3) and E. coli RARE cells, preparation of the cell
extract, and whole-cell biotransformation

E. coli BL21(DE3) and E. coli RARE cells were harvested in order to be used in whole-
cell biotransformation of n-octane and MBAc and for the extraction of proteins (coded by the
alkB(homolog)FGST operon genes; Table 2). The procedures are described in the next

subchapters.

3.2.6.1. Cell harvesting

A) DCPK-induced (Chapter 3.2.5.) E. coli BL21(DE3) and E. coli RARE cells were harvested

(separated from supernatant) after 4 h of expression (see above) by centrifugation at
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5000 rpm and 4 °C for 15 min (Avanti® J-20 XP centrifuge; Beckman Coulter, USA). The
obtained cell pellet was resuspended in resting cell buffer (RCB; Table 9) to an ODeoo of
10 AU (determined spectrophotometrically by BioPhotometer 6131 from Eppendorf,
Germany) and used in whole-cell biotransformation of n-octane and MBAC.

B) 2 mL culture aliquotes of DCPK-induced (Chapter 3.2.5.) E. coli BL21(DE3) and E. coli
RARE cells were sampled during the cultivation (Chapter 3.2.5.; right after the induction,
and 1, 4, 18, 20, and 24 h after the induction, as indicated). ODeoo Of the samples was
determined spectrophotometrically (BioPhotometer 6131; Eppendorf, Germany) and the
cells were spun down by centrifugation (5415 R centrifuge; Eppendorf, Germany) at
13 200 rpm and 4 °C for 1 min. The obtained cell pellet was stored at -20 °C until further
use, i.e., extracting proteins coded by the alkB(homolog)FGST operon genes (Table 2) from
it.

3.2.6.2. Cell extract preparation

To disrupt the cell pellets of E. coli BL21(DE3) and E. coli RARE, obtained by the
procedure described in Chapter 3.2.6.1.B, BugBuster® Master Mix (Merck Millipore, USA), a
reagent for protein extraction, was used. To calculate the necessary amount of the BugBuster®
Master Mix, i.e., to normalize ODgoo 0f the sampled (2 mL) culture aliquotes (Chapter 3.2.6.1.B)
to 30 AU, the following equation was used:

OD600 X Vsample [“L]
VBugBuster® Master Mix [ML] = 30

The obtained suspensions of disrupted E. coli BL21(DE3) and E. coli RARE cells were
incubated at 300 rpm and 22 °C for 20 min in a ThermoMixer® comfort (Eppendorf, Germany).
Afterward, the suspensions were centrifuged (5415 R centrifuge; Eppendorf, Germany) at
13200 rpm and 4 °C for 20 min, and the supernatant (soluble fraction of the cells) was
transferred into a fresh reaction tube. The remaining pellet (insoluble fraction of the cells) was
resuspended in 1 M potassium phosphate (KPi) buffer pH 7.4 (Table 8) in the same amount as
the BugBuster® Master Mix was added in the first place (according to the above-mentioned
equation). The obtained soluble and insoluble fraction of the E. coli BL21(DE3) and E. coli
RARE cells were then analyzed by SDS-PAGE (as described in Chapter 3.2.7.) to determine
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whether the expression of the alkB(homolog)FGST operon genes (Table 2) was successful in the

two E. coli strains.

3.2.6.3. Whole-cell biotransformation

The resting E. coli BL21(DE3) or E. coli RARE cell suspension was obtained by the
procedure described in Chapter 3.2.6.1.A. To prepare a 5x master mix of a reaction mixture, to
the 1462.5 uL of the homogenously mixed resting cell suspension (E. coli BL21(DE3) or E. coli
RARE, as indicated) kept on ice, 37.5 pL of a substrate (n-octane or MBALC, as specified; kept on
ice) was added from a concentrated stock (200 mM in EtOH; 2.5% (v/v) EtOH in the reaction),
so that the final substrate concentration was 5 mM. Then, 300 puL each of the master mix was
separated into reaction vials (tightly sealed 1.5 mL glass vials kept on ice). Biotransformation of
n-octane or MBAcC was started by transferring the vials (placed at a 90° angle in a specialized
rack) into a shaking incubator (ZWYR-D2403 from Labwit Scientific, Australia) and was carried
out at 180 rpm and 20, 25, or 30 °C (as indicated). The reaction sampling times were directly
after the substrate addition (to), and 1, 4, and 24 h (t1, t4, and t24, respectively) after the substrate
addition. The collected reaction samples were directly stored at -20 °C until analyzed via Gas
Chromatography with Flame-lonization Detection (GC-FID; Chapter 3.2.13.). Each of the

reactions in this Graduate Thesis was performed in biological triplicates.

3.2.7. SDS-PAGE

Soluble and insoluble fractions of E. coli BL21(DE3) and E. coli RARE, obtained by the
procedure described in Chapter 3.2.6.2., were analyzed by SDS-PAGE (Table 11). To 5 pL of
the soluble or insoluble fraction of the two E. coli strains, 5 pL of the 4x NUPAGE™ LDS
Sample Buffer (Thermo Fisher Scientific, USA) and 2 pL of the 10x NUPAGE™ Sample
Reducing Agent (Thermo Fisher Scientific, USA) was added, and ddH,O was filled up to 20 pL.
In the obtained samples, proteins encoded by the alkB(homolog)FGST operon genes (Table 2)
were denatured at 95 °C (Digital heatblock; VWR International, USA) for 5 min, and the
samples were cooled down to the RT. Then, 15 uL of each sample was loaded on a 20-well
NuPAGE™ Bis-Tris Invitrogen gel (Thermo Fisher Scientific, USA) that was previously

inserted into a Mini-Sub Cell GT System electrophoresis chamber (Bio-Rad Laboratories Inc.,
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USA), in which 1x NuPAGE™ MES SDS Running Buffer (Thermo Fisher Scientific, USA) was
also added. As a standard, 6 pL of PageRuler™ Prestained Protein Ladder (Thermo Fisher
Scientific, USA) was used. The chamber was then connected to the PowerEase500 Invitrogen
(Thermo Fisher Scientific, USA) power supply (200 V over 30 min). Afterward, the gel was
washed with tap water and the protein bands were stained and simultaneously destained for 30 to

60 min in an instant protein staining solution (Table 12).

3.2.8. Optimization of temperature for whole-cell biotransformation

To improve the conversion of the target substrate MBAc to HMBACc by AIKB and its four
homologs (AbAIkB1, AbAIkM, Ppl1AIkB, and MhAIKMO; Table 2) within E. coli BL21(DE3)
and E. coli RARE, the optimization of the reaction temperature was done by following the
whole-cell biotransformation (carried out as described in Chapter 3.2.6.3.) of n-octane in E. coli
BL21(DE3) at three different temperatures: 20, 25, and 30 °C. The biotransformation was
analyzed via GC-FID (Chapter 3.2.13.).

3.2.9. Whole-cell biotransformation of n-octane and MBAc

To compare AlkB and its four homologs (AbAIkB1, AbAIKM, Pp1AIkB, and MhAIKMO;
Table 2) on their activities toward n-octane and MBAc, whole-cell biotransformation of the two
substrates was conducted within E. coli BL21(DE3) and E. coli RARE as described in
Chapter 3.2.6.3. at the optimized (see above) temperature of 25 °C, and analyzed via GC-FID
(see Chapter 3.2.13.).

3.2.10. Co-expression of AIKL with AlkB homologs and AlkB-1233V in E. coli

BL21(DE3)

In order to improve the conversion of the target substrate MBAc to HMBAc by four
AlkB homologs (AbAIkB1, AbAIKM, PplAIkB, and MhAIKMO; Table 2) and AIkB-1233V
within E. coli BL21(DE3), co-expression of a hydrophobic compounds' transporter AIKL
(Table 2) was done by expanding the alkB(homolog)FGST operon (Table 2) with the alkL gene.
Therefore, FastCloning - a very simple, robust, efficient and reproducible PCR cloning technique
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(Li et al., 2011) was used. First, the vector backbone pBT10_AlkB(homolog) (Table 3) was
linearized and both the vector backbone and the insert alkL (together with the ribosome binding
site (RBS) upstream of it) amplified separately by PCR (thermal cycler GE4852TTM from

Hangzhou Bio-Gener Technology, China). The PCR was performed using Q5® High-Fidelity

DNA Polymerase (New England Biolabs, USA) and the reaction set-up was according to

Table 17. The PCR steps (temperature and time for different steps of PCR) were carried out as

stated in Table 18.

Table 17. PCR set-up

COMPONENT

VOLUME [uL]

5x Q5® Reaction Buffer Pack 10.0
10 mM dNTP Mix 1.0
Primer fw (P54 or P55; 10 uM) 2.5
Primer rv (P53 or P56; 10 uM) 2.5
Template DNA (10-20 ng uL™?) 1.0
Q5® High-Fidelity DNA Polymerase 0.5
DMSO 15

ddH-0 to 50.0 pL total

Table 18. Temperature and time profiles for PCR

STEP TEMPERATURE TIME [MIN:SEC] CYCLES
(°C) VECTOR
BACKBONE INSERT
Initial 98 00:30 00:30 1x
denaturation
Denaturation 98 00:15 00:15
Annealing 68-72 00:15 00:15 25%
(gradient)
Elongation 72 06:00 00:25
Final 72 08:00 02:00 1x
elongation
Storage 4 0 0 -

PCR primer pairs P53 + P54 and P55 + P56 (Integrated DNA Technologies, Belgium;

Table 13) were used for the backbone and the insert amplification, respectively. The melting

temperature of the used primers was calculated using the online Tm Calculator (Anonymous 5,

2022) provided by Thermo Fisher Scientific, USA. The amplification time was approximated to
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the size of the desired amplified products, i.e., RBS-alkL and the linearized
pBT10_AlkB(homolog), using the manufacturer’s recommendation (Anonymous 3, 2013) with
1 kb per 30 sec for the Q5® High-Fidelity DNA Polymerase. The PCR amplifications were
confirmed by agarose gel electrophoresis as described in Chapter 3.2.12. (the sizes of the
amplified products corresponded to the expected sizes: 743 bp for RBS-alkL and 11 594 bp for
pBT10_AlkB(homolog); data not shown).

Then, for demethylation of the template DNA, 1 puL of Dpnl methylation-sensitive
restriction endonuclease (10 U uL™; Thermo Fisher Scientific, USA) was added to the amplicons
and the mixtures incubated for 2.5 h at 37 °C, followed by heat deactivation of Dpnl for 20 min
at 80 °C. Moreover, a transformation of chemically competent E. coli TOP10 cells was done
with a mixture of 2 pL of the linearized vector backbone and 3 pL of the amplified insert
according to the general protocol for the transformation of chemically competent E. coli TOP10
strain described before (Chapter 3.2.2.).

Afterward, to assess the transformants on the correctly assembled
pBT10_AlkB(homolog)_ AIKL construct (Table 3), several single colonies of E. coli TOP10 were
picked from an LB-agar plate with a sterile toothpick and resuspended in 30 uL ddH:O, and
5 uL of the cell suspension was used as a template for colony PCR (cPCR). The cPCR was
performed using DreamTaq™ DNA Polymerase and the reaction set-up was according to
Table 19. The PCR steps (temperature and time for different steps of cPCR) were carried out as
stated in Table 20.

Table 19. cPCR set-up

COMPONENT VOLUME [uL]
DreamTaq™ Green PCR Master Mix (2x) 7.50
Primer fw (P36; 10 uM) 0.75
Primer rv (P17; 10 uM) 0.75
E. coli TOP10 cell suspension 5.00
ddH20 to 15.00 pL total

53



Table 20. Temperature and time profiles for cPCR

STEP TEMPERATURE TIME CYCLES
(°C) [MIN:SEC]
Initial denaturation 95.0 05:00 1x
Denaturation 95.0 00:30 25x
Annealing 58.1 00:30
Elongation 72.0 03:30 2
Final elongation 72.0 05:00 1x
Storage 4.0 0 -

The same PCR thermal cycler as above was used. The amplification time for the cPCR
was approximated to the size of the desired product using the manufacturer’s recommendation
(Anonymous 9, 2013) of 1 kb per min for DreamTaq™ polymerase, and the melting temperature
of the primers (Table 13) was calculated using the online Tm Calculator (Anonymous 5, 2022)
provided by Thermo Fisher Scientific, USA. Agarose gel electrophoresis (Chapter 3.2.12.) was
used to analyze the cPCR and identify the positive E. coli TOP10 clones, i.e., the clones
containing RBS-alkL in pBT10_AlkB(homolog).

The rest 25 pL of the cell suspension was used to inoculate ONCs (as described in
Chapter 3.2.4.2.) for the plasmid isolation (Chapter 3.2.3.) from the positive E. coli TOP10
clones and sequencing to confirm that alkL was correctly inserted into the vector backbones
(downstream of alkG). After the correct assembly was confirmed, the whole
alkB(homolog)FGSTL operon in each of the obtained constructs (pBT10_AlkB-1233V_AIKL,
pBT10_AbAIKB1_AlKL, pBT10_AbAIKM_AIKL, pBT10 PplAIkB_AIKL, and
pBT10_MhAIKMO_AIKL; Table 3) for co-expression of AlkL was also sequenced for the final
confirmation of correct assembly. The used primers are listed in Table 13. Map of the
pBT10_PplAIKB_AIKL plasmid is shown in Figure 9B as an exemplifying map of plasmid for
co-expression of AlkL. The remaining constructed plasmids were not shown because alkL was

inserted in the same manner into the other backbones.

Further, each of the obtained pBT10_AlkB(homolog) AIKL construct was transformed
(Chapter 3.2.2.) into chemically competent E. coli BL21(DE3). For simplicity, AlkB-1233V and
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the four AIkB homologs (PplAIkB, AbAIkB1, AbAIkM, and MhAIKMO) were co-expressed
with AIKL only in the E. coli BL21(DE3) strain because only small differences in expression
levels of all proteins coded by the alkB(homolog)FGST operon genes were observed between E.
coli BL21(DE3) and E. coli RARE (see Chapter 4.1.). E. coli BL21(DE3) was preferred to be
chosen over E. coli RARE also because AIKB and its three homologs (MhAIKMO, AbAIKB1,
AbAIKM) were shown to be generally more successful in terms of conversion efficiency of
substrates MBAc and n-octane, and specific activity toward the two substrates when they were
expressed in E. coli BL21(DE3), while only one AlkB homolog (Pp1AIkB) showed better results
within E. coli RARE (see Chapter 4.3.). After the transformation, the obtained E. coli
BL21(DE3) strains carrying the pBT10_AlkB(homolog) AIkL construct were cultivated and
induced (as described in Chapters 3.2.4.1. and 3.2.5., respectively) to express the proteins
encoded by the alkB(homolog)FGSTL operon genes, and then applied in whole-cell
biotransformation (Chapter 3.2.6.3.) of MBAC and n-octane at the optimized (see Chapter 3.2.8.)
temperature of 25 °C, and analyzed via GC-FID (Chapter 3.2.13.).

3.2.11. Site-directed mutagenesis of MhAIKMO

To potentially improve the efficiency of MBAc to HMBAC hydroxylation by MhAIKMO
(Table 2), the AlkB homolog which showed the highest MBAc conversion (see Chapters 4.3. and
4.4.), its promising 1238V mutant was created using QuikChange™ - a site-directed mutagenesis
technique (Liu and Naismith, 2008). The amino acid position 238 in MhAIKMO corresponds to
position 233 in AIkB (see Figure 8; Chapter 2.4.1.), and it has previously been shown at the
Institute that the 1233V mutation in AIKB improved its activity toward MBAc for 1.6-fold (see
Table 27; Chapter 4.4.). Therefore, to exchange isoleucine at a position 238 to valine (1238V) in
the MhAIKMO (Table 2) gene, PCR was performed using Q5® High-Fidelity DNA Polymerase
(New England Biolabs, USA), and reaction set-up was according to Table 21. The PCR steps

(temperature and time for different steps of PCR) were carried out as stated in Table 22.

Table 21. PCR set-up

COMPONENT VOLUME [uL]
5x Q5® Reaction Buffer Pack 10.0
10 MM dNTP Mix 1.0
Primer fw (P120; 10 pM) 2.5
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Table 21. PCR set-up - continued

COMPONENT VOLUME [uL]
Primer rv (P121; 10 uM) 2.5
Template DNA (10-20 ng uL%; pBT10_MhAIKMO) 10
Q5% High-Fidelity DNA Polymerase 0.5
DMSO 15
ddH20 to 50.0 pL total

Table 22. Temperature and time profiles for PCR

STEP TEMPERATURE | TIME [MIN:SEC] CYCLES
(°C)
Initial denaturation 98 00:30 1x
Denaturation 98 00:15
Annealing (gradient) 68-72 00:15 25X
Elongation 72 06:00
Final elongation 72 05:00 1x
Storage 4 0 -

The used PCR thermal cycler was GE4852TTM from Hangzhou Bio-Gener Technology,
China. The amplification time was approximated to the size of the desired product using the
manufacturer’s recommendation (Anonymous 3, 2013) with 1 kb per 30 sec for the Q5® High-
Fidelity DNA Polymerase. The annealing temperature of the used mutagenic primers (P120 and
P121; see Table 13) was calculated with the online Tm Calculator (Anonymous 5, 2022)
provided by Thermo Fisher Scientific, USA.

The PCR amplification of pBT10_MhAIKMO (Table 3) was confirmed by agarose gel
electrophoresis as described in Chapter 3.2.12. (the size of the amplified product corresponded to
the expected size of 11 603 bp; data not shown). Then, for demethylation of the template DNA,
1uL of Dpnl methylation-sensitive restriction endonuclease (10 U puL%; Thermo Fisher
Scientific, USA) was added to the preconfirmed, amplified product and the mixture incubated for
2.5 h at 37 °C. The heat deactivation (20 min at 80 °C) of Dpnl followed. Afterward, chemically
competent E. coli TOP10 cells were transformed with 5 pL of the obtained pBT10_MhAIKMO
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plasmid solution according to the general protocol for the transformation of chemically
competent E. coli TOP 10 strain (see Chapter 3.2.2.). Further, to assess the transformants on the
successful 1238V mutation in MhAIKMO, ONC was prepared (as described in Chapter 3.2.4.3.)
for the plasmid isolation (Chapter 3.2.3.) from the positive (containing pBT10_MhAIKMO)
E. coli TOP10 clones and sequencing was done. After the 1238V mutagenesis was confirmed, the
whole MhAIKMO-1238V_FGST (Table 2) operon in the obtained pBT10_MhAIKMO-1238V was
also sequenced (Chapter 3.2.3.) for the final correctness confirmation of the construct. At last,
1 pL of the pBT10_MhAIKkMO-1238V plasmid solution was transformed (Chapter 3.2.2.) into
chemically competent E. coli BL21(DE3) to obtain the E. coli BL21(DE3) pBT10_MhAIKMO-
1238V strain needed for whole-cell biotransformation (see Chapter 3.2.6.3.) of MBAc and n-

octane.

3.2.12. Agarose gel electrophoresis

An agarose gel electrophoresis was required to confirm the PCR amplification (see
Chapter 3.2.10.) of alkL (Table 2) and the linearized pBT10_AlkB(homolog) (Table 3), to
analyze the cPCR (see Chapter 3.2.10.) and identify the E. coli TOP10 clones containing the
alkL in the pBT10_AlkB(homolog), and to confirm the PCR amplification (see Chapter 3.2.11.)
of pBT10_MhAIKMO (Table 3). Therefore, a 1 % agarose gel was prepared by dissolving 1 g of
Agarose LE LabQ (LabConsulting, Austria) in 100 mL of 1x TAE buffer, pH 8.3 (Table 10) and
adding 5 pL of Atlas ClearSight DNA Stain (Bioatlas, Estonia). Samples for agarose gel
electrophoresis were prepared by mixing 5 pL of an indicated PCR sample with 1 pL of 6x
TriTrack Loading Dye (Thermo Fisher Scientific, USA). As a standard, GeneRuler™ 1 kb DNA
Ladder (Thermo Fischer Scientific, USA) was used. The gel was run for 35 min at 120 V and
400 mA in Mini-Sub Cell GT Cell apparatus (Bio-Rad Laboratories, USA) with the power
supply provided by PowerEase500 Invitrogen (Thermo Fisher Scientific, USA).

3.2.13. Gas Chromatography with Flame-lonization Detection (GC-FID) and Gas
Chromatography-Mass Spectrometry (GC-MS)

In this Graduate Thesis, to quantitatively analyze whole-cell biotransformation (Chapters
4.2.,43., 4.4, and 4.5.) of MBACc or n-octane by enzyme AlkB, its four homologs (MhAIKMO,
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PplAIkB, AbAIkB1, and AbAIkM) with or without AIKL co-expressed, and two mutants (AlkB-
1233V and MhAIKMO-1238V; Table 2) within E. coli BL21(DE3) or E. coli RARE (as
indicated), GC-FID was used. Therefore, of the total 300 puL (after thawing completely) of the
homogenously mixed whole-cell biotransformation reaction volume (see Chapter 3.2.6.3.),
250 pL aliquotes were taken and acidified with 25 pL of 2 M HCI (Roth, Germany) and then
extracted (by vigorous shaking for 1 min) with 1:1 v/v ethyl acetate (Sigma-Aldrich, USA),
containing 1 mM methylbenzoate (Sigma-Aldrich, USA) as an internal standard. The obtained
mixture was then centrifuged (5415 R centrifuge; Eppendorf, Germany) for 7 min at 13 200 rpm
and 4 °C. Afterward, the organic phase (supernatant) was dried over a few milligrams of
anhydrous Na>SO4 (Sigma-Aldrich, USA) and mixed by vigorous shaking for 10-20 sec. The
centrifugation step was repeated under the same conditions, and 200 pL of the solution was
transferred into a 1.5 mL glass vial with an insert. Samples regarding the MBAc
biotransformation were additionally derivatized by silylation (addition of 2 uL of N,O-
bis(trimethylsilyl)-trifluoroacetamide (BSTFA) from Roth, Germany, homogenous mixing and
then incubation at 60 °C for 1 h) to reduce the polarity of HMBAc. The vial was then tightly
sealed with a cap. Thus prepared samples were analyzed quantitatively with GC-FID (Nexis™
GC-2030, achiral; Shimadzu, Japan) equipped with a Zebron™ ZB-5 column from Phenomenex
Inc., USA. The qualitative analysis of thus prepared samples was provided by the Institute via
GC-MS (GCMS-QP2010 SE from Shimadzu, Japan), equipped with a Zebron™ ZB-5MSi
column (Phenomenex Inc., USA). Tables 23 and 24 show set parameters for analytics via GC-
FID and GC-MS, respectively.

Table 23. GC-FID parameters

Instrument Nexis™ GC-2030, achiral (Shimadzu, Japan)
Colurmn Zeb_ronT'V' ZB-5 (Phenomenex Inc., USA)
length: 30.0 m, inner diameter: 0.32 mm, film thickness: 0.25 um
Injection volume 1.0 L
Injection temp. 250.0 °C
Injection mode Split
Flow control mode Linear Velocity
Pressure 39.3 kPa
Total flow 15.90 mL min?
Column flow 1.18 mL min!
Linear velocity 22.0cm s
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Table 23. GC-FID parameters - continued

Purge flow 3.0 mL min™!
Split ratio 10.0
n-octane as substrate MBAC as substrate
Oven temp. 1.0 min at 50.0 °C, 40.0 °C min™ | 1.0 min at 50.0 °C, 20.0 °C min*!
program 10 150.0 °C, 20.0 °C minto | to 250.0 °C, 2.0 min at 250.0 °C

250.0 °C, 2.0 min at 250.0 °C

1-octanoic acid 5.90

FID temperature 320.0 °C
n-octane as substrate MBAC as substrate
Compound n-octane 3.91 MBAC 5.11
retention times DCPK 4.84 DCPK 5.84
[min] 1-octanol 5.39 Methylbenzoate 7.05
Methylbenzoate 5.59 HMBACc 7.20

Table 24. GC-MS parameters

Instrument GCMS-QP2010 SE (Shimadzu, Japan)
Zebron™ ZB-5MSi column (Phenomenex Inc.,
USA)
Column

length: 30.0 m, inner diameter: 0.32 mm, film

thickness: 0.25 um

Injection volume 1.0 L
Injection temp. 250.0 °C
Injection mode Split

Flow control mode Linear Velocity
Pressure 67.2 kPa
Total flow 15.0 mL min!
Column flow 1.19 mL min!
Linear velocity 39.5cms?
Purge flow 3.0 mL min!
Split ratio 9.10

Oven temp. program

5.0 min at 50.0 °C, 40.0 °C min**to 300.0 °C,

5.0 min at 300.0 °C

Mass spectrometer temperature

lon source temperature: 250.0 °C
Interface temperature: 320.0 °C

Compound retention times [min]

MBAc 5.2, DCPK 7.0

n-octane 3.9, DCPK 5.6

MS conditions

Start m/z: 30
End m/z: 300
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After the quantitative analysis of the samples was done via GC-FID, the efficiency of n-
octane to 1-octanol and 1-octanoic acid and MBAc to HMBAC conversion by the enzyme AlkB,
its four homologs, and two mutants, as well as the specific activity of the enzymes toward n-
octane and MBAc within E. coli BL21(DE3) or E. coli RARE, was calculated as described in the

next subchapters.

3.2.13.1. Calculation of the efficiency of n-octane to 1-octanol and 1-octanoic acid and
MBAc to HMBACc conversion by AIkB, its four homologs, and two mutants

The efficiency of conversion of n-octane to 1-octanol and 1-octanoic acid and MBACc to
HMBACc by enzyme AIKB, its four homologs (MhAIKMO, PplAIkB, AbAIkB1, and AbAIkM)
with or without AIKL co-expressed, and two mutants (AlkB-1233V and MhAIKMO-1238V; Table
2) within E. coli BL21(DE3) or E. coli RARE was calculated (see equation below) as a ratio of
the obtained product concentration (the sum of 1-octanol and 1-octanoic concentration or
HMBAC concentration; Cproducts)) 4 h after the reaction start (ts) measured by GC-FID as
explained above, and the initial substrate (n-octane or MBAC) concentration of 5 mM (see

Chapter 3.2.6.3.), and expressed as a percentage (%).

Cproduct(s) [mM]

Conversion efficiency [%] = 5 M

3.2.13.2. Calculation of the specific activity of AlkB, its four homologs and two mutants
toward n-octane and MBAc within E. coli BL21(DE3) or E. coli RARE

In this Graduate Thesis, the specific activity of enzyme AIkB, its four homologs
(MhAIKMO, PplAIkB, AbAIkB1, and AbAIkM) with or without AIKL co-expressed, and two
mutants (AlkB-1233V and MhAIkMO-1238V; Table 2) toward n-octane or MBAc within E. coli
BL21(DE3) or E. coli RARE, was calculated based on product (the sum of 1-octanol and 1-
octanoic acid or HMBAC) concentration (Cproduct(s)) Obtained 1 h after the reaction start (t1) of the
whole-cell biotransformation (analyzed via GC-FID; see above) and normalized to cell dry
weight (cdw; procedure for determining cdw is not shown). The applied ODeoo of 10 AU
(determined spectrophotometrically by BioPhotometer 6131 from Eppendorf, Germany) for the
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resting cell suspension (see Chapter 3.2.6.1.) corresponded to 3.1 geaw L. The following

equation was used for the calculation:

Cproduct(s) [MM] x 1000
Specific activity [U geaw'] = product(s) [ ]

ti [min] X gegw L

In Supplements, it can be seen in the exemplifying chromatogram (Supplement 12) for n-
octane biotransformation by MhAIKMO within E. coli BL21(DE3) that the 1-octanol peak
appeared already at the beginning of the rection (to). This was caused by an inadequate reaction-
stopping method, which will be adjusted in future experiments. The possibility that this is an
impurity can be excluded, as the 1-octanol peak was not observed in the control experiments
with E. coli BL21(DE3) cells not expressing AlkB (empty vector control; see Supplement 2 in

Supplements) and the "no substrate™ control experiment (Supplement 14; Supplements).
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4. RESULTS AND DISCUSSION

To optimize the conversion of isoprenyl acetate (MBAC) into 3-(hydroxymethyl)but-3-en-
1-yl acetate (HMBAC) catalyzed by alkane 1-monooxygenase (Alk) from P. putida GPol (AlkB)
- the key step in the artificial synthetic pathway towards tulipalin A (Figure 3; Chapter 2.3.2.) —
four Alk (PplAIkB, AbAIkB1, AbAIkM, and MhAIKMO; Table 2; Chapter 3.1.3.) homologous
to AIKB were used as catalysts in biotransformation within E. coli BL21(DE3) and E. coli RARE
(Table 1; Chapter 3.1.1.). The objective was also to characterize AlkB and the homologs
regarding their recombinant expression and determine and compare their activity toward a
natural AIKB substrate n-octane and an unnatural alpha-methylene substituted alcohol ester
MBAc; thus, except the target substrate MBAc, n-octane was also used in the

biotransformations.

In order to study the activity of AIkB and the homologs in E. coli BL21(DE3) and E. coli
RARE biotransformation, the first step (Chapter 4.1.) was to detect successful recombinant
expression of the alkB(homolog)FGST operon genes (Table 2; Chapter 3.1.3.). Then, different
approaches were carried out to improve the conversion of the target substrate MBAc, as follows.
The optimization of the reaction temperature was done by following the whole-cell conversion of
n-octane in E. coli BL21(DE3) at different temperatures (Chapter 4.2.). Furthermore, the AlkB
homologs were compared on their activities towards n-octane and MBAc (Chapter 4.3.).
Afterward, the co-expression of a transporter for hydrophobic compounds, AlIkL, was done by
expanding the alkB(homolog)FGST operon with the alkL (Table 2; Chapter 3.1.3.) gene. Then,
the AIkB-1233V mutant and the four AlkB homologs with co-expressed AIKL were tested for
their activity toward MBAc and n-octane in E. coli BL21(DE3) (Chapter 4.4.). Lastly, a
promising 1238V mutant of MhAIKMO, the homolog which had the highest conversion of
MBACc, was generated by site-directed mutagenesis and tested for its activity toward MBAC in
E. coli BL21(DES3) biotransformation (Chapter 4.5.).

4.1. Expression of alkB(homolog)FGST operon genes in E. coli BL21(DE3) and E. coli
RARE

First, alkB(homolog)FGST operon genes (Table 2; Chapter 3.1.3.), inserted into pCom10

plasmid (Figure 9A; Chapter 3.1.2.) were expressed as a part of this alkane-responsive vector in
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E. coli BL21(DE3) and E. coli RARE (the procedures are described in Chapters 3.2.2., 3.2.4.1.,
3.2.5., 3.2.6.2.,, and 3.2.8.). As mentioned in Chapter 3.1.2., pBT10_AlkB(homolog) is the
pCom10 with inserted alkB(homolog)FGST genes (Schrewe et al., 2011). The use of the E. coli
BL21(DE3) strain was due to its capacity for high-level protein expression. E. coli RARE has
several alcohol dehydrogenases (ADHSs) knocked out; thus, in the cells of this strain, endogenous
reduction of aromatic and aliphatic aldehydes is diminished (Kunjapur et al., 2014). The E. coli
RARE strain was used to test if the AlkB(homolog)FGST system is also functionally produced in
it and how well the different Alk work in the strain. So far, the efficiency of conversion of the
unnatural substrate MBAc and the specific activity of AlkB toward MBACc were relatively low
(unpublished data). Thus, BLAST analysis of the primary structure of AIkB has previously been
done (data not shown), and four homologs of this enzyme were identified: Alk from
Pseudomonas putida P1 (PplAlkB), Alk from Marinobacter hydrocarbonoclasticus SP17
(MhAIKMO), Alk from Alcanivorax borkumensis APl (AbAIkB1) and terminal Alk from
Acinetobacter baylyi ADP1 (AbAIkM). All enzymes with corresponding abbreviations are listed
in Table 2 (Chapter 3.1.3.). Genes that code for each homolog were inserted individually into the
plasmid within the alkBFGST operon instead of the gene encoding AlkB (for an exemplifying
plasmid map see Figure 9A; Chapter 3.1.2.). Hence, for simplicity these expression plasmids
were named as shown in Table 3 (Chapter 3.1.4.). The expression of the whole
alkB(homolog)FGST operon was needed because, as explained in Chapter 2.4.1., AlkB and the
homologs (MhAIKMO, PplAIkB, AbAIkB1, AbAIKM) cannot catalyze the target reaction -
hydroxylation of MBAc to HMBACc - without AIKF and AIKG (the rubredoxins that transfer
electrons from rubredoxin reductase to alkane hydroxylase), AIKS (the transcriptional activator
of alkBFGHJKL), and AIKT (the rubredoxin reductase that provides electrons to the rubredoxins
from NADH).

Genes encoding enzymes AlkH (alcohol dehydrogenase) and AlkJ (aldehyde dehydrogenase)
(Figure 7; Chapter 2.4.1.) were not inserted into the expression plasmids because their expression
was not needed, as the focus of this Graduate Thesis was hydroxylation of substrates and not
their overoxidation by the dehydrogenases; thus, only monooxygenases (Alk) were used. Also, it

has previously been shown that AlkJ does not prefer HMBAC as substrate (data not shown).
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The SDS-PAGE of the soluble and insoluble fraction of the cell extract of E. coli BL21(DE3)
and E. coli RARE harboring pBT10 AlkB, pBT10 _AbAIkB1, pBT10 AbAIKM,
pBT10_PplAIkB, or pBT10_MhAIKMO (Table 3; Chapter 3.1.4.) was done to get a rough
insight into the expression of the multi-component AlkB(homolog)FGST system in both strains,
but no further optimization of the expression conditions was performed. The SDS-PAGE of the
soluble and insoluble fraction of the cell extract of E. coli BL21(DE3) expressing the proteins
encoded by the alkB(homolog)FGST operon genes is shown in Figure 10, while Figure 11
demonstrates the same regarding the E. coli RARE strain.
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Figure 10. SDS-PAGE of the soluble and insoluble fraction of the cell extract of E. coli
BL21(DE3) harboring plasmid: pBT10 AlkB, pBT10 AbAIKB1, pBT10 AbAIkM,
pBT10 PplAIkB, and pBT10_MhAIKMO (Table 3; Chapter 3.1.4.). Suspensions were taken
immediately after induction by DCPK (to; Chapter 3.2.5.) and after 4 h (t4) and 24 h (t24). L -
protein ladder marker. Red rectangles indicate all proteins coded by the alkB(homolog)FGST
operon genes
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Figure 11. SDS-PAGE of the soluble and insoluble fraction of the cell extract of E. coli RARE
harboring plasmid: pBT10 PplAIkB, pBT10 MhAIKMO, pBT10_AIkB, or pBT10_AbAIkB1
(Table 3; Chapter 3.1.4.). Suspensions were taken immediately after induction by DCPK (to;
Chapter 3.2.5.) and after 4 h (t4) and 20 h (t20). L - protein ladder marker. Red rectangles indicate
all proteins coded by the alkB(homolog)FGST operon genes.

Molecular weights of all proteins encoded by the alkB(homolog)FGST operon genes were
taken from UniProtKB (Anonymous 6, 2023), and the protein molecular weights estimated by
the SDS-PAGE corresponded to the molecular weights available in the database. The molecular
weights of the proteins are: AlIkB (45.8 kDa) and its four homologs: AbAIkB1 (46.5 kDa),
ADbAIKM (46.8 kDa), Pp1AIkB (46.1 kDa), MhAIKMO (46.5 kDa); and AIKF (15.0 kDa), AlkG
(19.0 kDa), AIKS (99.0 kDa), and AIKT (41.0 kDa).

All proteins coded by the alkB(homolog)FGST operon genes were successfully expressed
in both E. coli BL21(DE3) (Figure 10) and E. coli RARE (Figure 11), except for the genes from
pBT10_AbAIKM construct (Table 3; Chapter 3.1.4.) which could not be expressed in E. coli
RARE (data not shown) for unknown reasons. It can be seen that AlkB and all four homologs
(Pp1AIlkB, AbAIKB1, AbAlkM and MhAIKMO) were detected in the insoluble fractions of both
E. coli BL21(DE3) and E. coli RARE cell extracts, which was expected because they are
membrane proteins (Alonso et al., 2014). They cannot be seen in the soluble fractions (Figures
10 and 11). On the other hand, as cytoplasmic proteins, AlkS, AIKT, AlkF, and AIKG belong to

the soluble fraction, where they were detected (Figures 10 and 11).

AlkB and its four homologs were not expressed in E. coli BL21(DE3) and E. coli RARE
immediately after the induction (to) (Figures 10 and 11), but at a certain time (ts and t24 in the
case of E. coli BL21(DE3), or ts and txo for E. coli RARE) after the induction. AIkS, AIKT, AlkF,
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and AIkKG were detected by the SDS-PAGE in the soluble fraction at the beginning of the
expression after the induction (to). As mentioned before (Chapter 2.4.1.), both AIKS and AIKT are
constitutively expressed because of their involvement in various electron transfer reactions in the
cell; thus, their expression does not depend on the presence of alkanes (Arce-Rodriguez et al.,
2021). However, AlkF and AIKG being detectable already at to was probably the consequence of
a leaky expression of the AIkS/Paiks system (see Chapter 2.4.1.) (Calles et al., 2019). Due to all
the alkB(homolog)FGST operon genes being expressed at t4 and the fact that the concentration of
expressed proteins coded by the alkB(homolog)FGST operon genes was not important for this
work, but only that they are expressed, for further experiments (Chapters 4.2., 4.3., 4.4., and 4.5.)
it was not necessary to carry out 24 h but only 4 h cultivation after the induction. The achieved
uniform alkB(homolog)FGST operon genes expression at ts was necessary for the AIkBFGST
system to function properly inside the E. coli cells.

The SDS-PAGE of the insoluble fraction of E. coli RARE with the expression construct
pBT10 _MhAIKMO, pBT10_AbAIkB1, and pBT10 PplAIkB showed relatively faint protein
bands for the respective AIkB homologs (Figure 11). The insoluble fractions usually contain
lower concentrations of proteins than the soluble fractions; thus, it is harder to detect them (Kaur
et al., 2018). Small differences in all protein expression levels were observed between E. coli
BL21(DE3) and E. coli RARE; therefore, for convenience, in some further experiments only the
E. coli BL21(DE3) strain was used.

4.2. Optimization of the reaction temperature of whole-cell biotransformation

The second objective of this Graduate Thesis was to optimize the reaction temperature of
the whole-cell biotransformation of n-octane, the natural AIkB substrate (van Beilen et al.,
2003), to 1-octanol and 1-octanoic acid. In short, for this set of experiments, E. coli BL21(DE3)
was used as a host strain, in which the proteins coded by the alkB(homolog)FGST operon genes
(AlkB, AbAIkB1, AbAIKM, PplAlkB, MhAIKMO, AIkF, AIkG, AIkS, and AIKT) were
successfully expressed (Figure 10; Chapter 4.1.). Previous whole-cell biotransformations with
AIKB as a catalyst were done at 30 °C, and to test if there is a temperature at which a higher
product concentration can be obtained, the optimization procedure was carried out (as described

in Chapter 3.2.8.). The results are shown in Table 25. For chromatograms see Supplement 15 in
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Supplements. Product concentration (the sum of 1-octanol and 1-octanoic acid; Cproducts) Was
measured via GC-FID (see Chapter 3.2.13.), and calculations of efficiency of n-octane to 1-
octanol and 1-octanoic acid conversion and the specific activity of AIkB toward n-octane were
done according to Chapters 3.2.13.1. and 3.2.13.2., respectively.

Table 25. The efficiency of n-octane conversion at different temperatures by AIkB within E. coli
BL21(DE3) cells

Temperature (°C) Cproducts [MM] Conversion at t4 (%) Speﬁljﬁg 3c_t1|]wty
caw
30 1.61 32 1.56
25 2.56 51 5.89
20 1.91 38 4.27

Those different temperatures for the reaction of n-octane hydroxylation by the AlkB were
chosen because 30 °C is the temperature that corresponds to the optimal growth temperature of
Pseudomonas putida GPol from which the AlIkB enzyme originates (van Nuland et al., 2017).
Then, 25 °C and 20 °C were also tested because only temperatures lower than 30 °C could be
considered due to the high volatility of the substrates (n-octane and MBAc). Temperatures below
20 °C were not observed because under those conditions E. coli BL21(DE3) grows slower than

at its optimal growth temperature (37 °C).

As shown in Table 25, the highest concentration of products, the conversion and the
specific activity of AIkB were obtained at 25 °C. As a result, 25 °C was chosen as the reaction

temperature for all whole-cell biotransformations that followed (Chapters 4.3., 4.4., and 4.5.).

4.3. Whole-cell biotransformation of n-octane and MBAc by AIkB and its four
homologs

Next, E. coli BL21(DE3) and E. coli RARE, harboring plasmid pBT10_AIkB,
pBT10_MhAIKMO, pBT10_ PplAIlkB, pBT10_AbAIkB1, or pBT10_AbAIKkM (Table 3; Chapter
3.1.4.) were used to conduct whole-cell biotransformation of n-octane and MBAc. Experiments
were performed as described in Chapter 3.2.9. Product concentration (the sum of 1-octanol and
1-octanoic acid concentration or HMBAC concentration; Cproduct(s)) Was measured via GC-FID (as
described in Chapter 3.2.13.), and the calculations of efficiency of n-octane to 1-octanol and 1-

octanoic acid and MBAc to HMBAc conversion and the specific activities of AlkB and its four
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homologs (MhAIKMO, PplAIkB, AbAIkB1, and AbAIKM, Table 2; Chapter 3.1.3.) toward n-
octane and MBAc were done according to Chapters 3.2.13.1. and 3.2.13.2., respectively. The
results are shown in Figure 12 and Table 26, while the exemplifying chromatograms can be
found in Supplements (Supplement 5, 6, 7, and 8). The objective was to compare AlkB and the
four homologs regarding the n-octane and MBAc conversion efficiency and the specific
activities of the enzymes and to determine whether one of the two E. coli strains (E. coli
BL21(DE3) and E. coli RARE) performs better in whole-cell biotransformation of MBAc
(Figure 12A) and n-octane (Figure 12B). Also, the goal was to determine and compare the
activity of AIkB and the homologs toward a natural AIKB substrate n-octane and an unnatural
substrate MBAC.
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Figure 12. Hydroxylation of A: MBAc to HMBACc, B: n-octane to 1-octanol and 1-octanoic
acid, by AlkB and its homologs (MhAIKMO, Pp1AIkB, AbAlkB1, AbAIkM) expressed in E. coli
BL21(DE3) cells

AbAIKM within E. coli BL21(DE3) showed no activity toward MBAc and thus the
corresponding product concentration vs. time curve was not shown in Figure 12A. The
concentration of the obtained product(s) (HMBAc, Figure 12A; 1-octanol and 1-octanoic acid,
Figure 12B) 24 h after the start (to4) of the MBACc and n-octane biotransformation by enzyme
AIkB and its homologs within E. coli BL21(DE3) was very similar to the corresponding
concentration of the obtained product(s) after 4 h (ts). This means that the E. coli BL21(DE3)
biotransformation of MBACc and n-octane by AIkB and its homologs stopped after ts. After the

hydrophobic substrates, like aliphatic compounds, are transferred over the hydrophilic E. coli
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cell surface, they might accumulate in the cellular membranes’ bilayers, thereby boosting
interactions between lipophilic substances and the hydrophobic core of membranes. The result
can be the destabilization of the cell membrane, as well as its disintegration and
permeabilization, eventually leading to cell death (Park et al., 2006; Sikkema et al., 1995; Laane
et al., 1987). Furthermore, as shown by Ladkau et al. (2016) and Buhler et al. (2008), high
oxygenase expression levels can damage the viability and thus stability of the biocatalyst.
Generally, oxygenases are known to cause oxidative stress by the formation of reactive oxygen
species (ROS), e.g. peroxides and superoxides, which can initiate lipid peroxidation and thereby
severely decrease membrane fluidity (Julsing et al., 2012; Lee, 1999). This exacerbates important
membrane functions and ultimately results in cell death and inactivation of the AIKBFGST
system (Cabiscol et al., 2000). Thus, the toxicity of MBAc, HMBAc, n-octane, 1-octanol, and 1-
octanoic acid to the E. coli cells, as well as the toxicity of AIkB and its homologs, needs to be
further investigated. Also, many enzymatic reactions are prone to substrate and/or product
inhibition, resulting in a decreased reaction rate at higher substrate and/or product
concentrations, which can significantly limitate the productiveness of the process (Faber, 2011).
The inhibition phenomena can be evaded by the continuous addition of the substrate, keeping its
concentration constantly low, or by gradually removing the product. As an example, a paper by
Hsieh et al. (2018) deals with fed-batch biotransformation of medium- and long-chain alkanes by
E. coli in a small-scale bioreactor, where they immediately removed various alkanol products by
applying a continuous extraction method. Furthermore, the limitation of oxygen and glucose,
which are needed for efficient NADH regeneration (see Chapter 2.4.1.), in the reaction mixture
can affect the cell metabolism and thus the cofactor regeneration (Kuhn et al., 2013), and cause
incomplete biotransformation of MBAc and n-octane (Figures 12A and 12B) by AlkB and its
homologs within E. coli BL21(DE3). Also, optimizing and regulating the pH of the reaction
mixture during the biotransformation could further improve the yields of HMBAc, 1-octanol and
1-octanoic acid. An important observation in this Graduate Thesis was that AIkB and its four
homologs do not produce epoxide (see Supplements for chromatograms: Supplement 5, 6, 7, and
8) when the substrate has a terminal olefin (methylene) and methyl group, suggesting that the

hydroxylation of the terminal methyl group is preferred over the methylene group.
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When n-octane was used as a substrate, 1-octanol and 1-octanoic acid were produced (Supplements 5 and 7) whereas all
biotransformations of MBAc only resulted in HMBAc (Supplement 6). The graph with product concentration vs. time curves
regarding E. coli RARE looked similar to Figure 12 and thus was not shown. The efficiency of MBAc and n-octane conversion by
AIkB enzymes within E. coli BL21(DE3) and E. coli RARE cells is presented in Table 26.

Table 26. The efficiency of MBAC and n-octane conversion by the enzyme AlkB and four homologs within E. coli BL21(DE3) and E.
coli RARE (here abbreviated B and R, respectively)

Cproduct(s) [MM] Conversion at t4 (%) Specific activity [U geaw™]
substrate used substrate used substrate used
Enzyme
MBAC n-octane MBAC n-octane MBAC n-octane
B R B R B R B R B R B R
AlkB 0.44 0.23 1.40 0.75 9 5 28 15 1.29 1.10 571 3.68

MhAIKMO | 0.82 | 0.49 1.28 1.31 16 10 26 26 229 1.52 5.85 4.18
PplAIkB | 0.62 | 0.83 0.99 1.28 12 17 20 26 208 1.80 4.16 4.43
ADbAIKB1 | 0.43 | 0.33 1.30 0.70 9 7 26 14 1.48 1.20 571 345

AbAIKM | 0.00 | nit. 0.64 n.t. 0 n.t. 13 n.t. 0.00 n.t. 280 n.t.

(n.t. = not tested)
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Table 26 puts forward that the most efficient conversion of MBAC, leading to the highest
concentration of HMBAC (Cproduct), Was obtained by MhAIKMO (0.82 mM) within E. coli
BL21(DE3) and PplAIkB (0.83 mM) within E. coli RARE. MhAIKMO expressed in E. coli
BL21(DE3) also had the highest specific activity toward MBAC (2.29 U geaw™) compared to the
specific activity of the other enzymes expressed in both E. coli strains (0.00-2.08 U geaw™2).
However, AIkB and all four homologs (MhAIKMO, PplAIkB, AbAIkB1, AbAIKM) when
expressed in both E. coli strains showed higher conversion efficiency after 4 h (%) as well as
higher specific activity toward n-octane compared to MBAc. What can also be seen in Table 26
is that MhAIKMO within E. coli BL21(DE3) was the most active homolog toward n-octane
(5.85 U geaw), while the most efficient conversion of n-octane to 1-octanol and 1-octanoic acid
(28% of converted n-octane and 1.40 mM of both products in total) was achieved by AlkB
within E. coli BL21(DE3).

Furthermore, AbAIKkB1 and AIkB performed very similarly toward MBAc and n-octane
within both the E. coli strains regarding the concentration of the product, the conversion

efficiency and the specific activity (Table 26).

Pp1AIkB showing a higher concentration of the product, then conversion efficiency and
specific activity toward both substrates - MBAc and n-octane than AIkB within the E. coli RARE
strain, and also within E. coli BL21(DE3) toward MBAc, was surprising. As mentioned before
(Chapter 2.4.1.1.), AIKB is characterized by its high conformational variability and is capable of
accepting various ligands, while Pp1lAIkB metabolizes only n-octane among alkanes (de Sousa et
al., 2017; Smits et al., 1999). It might be that Pp1AIkB consequently has a more specialized
mechanism toward n-octane. However, the reasons for higher affinity toward MBAc, and more
efficient conversion of MBAc to HMBACc by PplAIkB than AIkB in the two E. coli strains

remain unknown.

Moreover, the enzyme ADbAIKM, which could only be expressed within E. coli
BL21(DE3) and not E. coli RARE (Chapter 4.1.) due to unknown reasons, showed no activity
toward MBAc (Table 26). AbAIKM had a relatively low conversion efficiency of n-octane and
specific activity toward it, actually the lowest values were obtained by this enzyme, which was
expected because, as mentioned before (Chapter 2.4.1.1.), AbAIKM prefers long-chain n-alkanes
as substrates (Ratajczak et al., 1998a). The low AbAIKM activity toward n-octane might also be
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due to unfavorable interaction of the enzyme with the P. putida GPol rubredoxins AlkF and
AIkG, and rubredoxin reductase AIKT (see Chapter 2.4.1. and Table 2; Chapter 3.1.3.), as the
sequence identity between AbAIKM (originating from A. baylyi ADP1) and AlkB (originating
from P. putida GPol) is only 41%, as mentioned in Chapter 2.4.1.1. During the cultivation of
both E. coli strains (E. coli BL21(DE3) and E. coli RARE) bearing the pBT10_AbAIkM
expression construct, slower growth behavior was observed compared to the growth of the two
E. coli strains with the other pBT10_AlkB(homolog) constructs (data not shown). This indicates
that AbAIKM might have impaired the viability and thus stability of E. coli BL21(DE3) and E.
coli RARE, as recombinant proteins can cause changes in cell metabolism and interfere with it in
some way (Kaur et al., 2018; Pitera et al., 2007). As mentioned above, Ladkau et al. (2016) and
Buhler et al. (2008) showed that high oxygenase expression levels can damage the viability of E.
coli as they cause oxidative stress by the formation of ROS, initiating lipid peroxidation and
decreasing membrane fluidity (Julsing et al., 2012; Lee, 1999). However, the reason why this

was not observed with the other homologs remains unknown.

As mentioned above, PplAIkB within E. coli RARE and MhAIKMO within E. coli
BL21(DE3) had the highest MBAc to HMBAC conversion efficiency (17 and 16%, respectively;
Table 26), meaning that more than 80% of the initial MBAc left unreacted. This might have been
caused by the high volatility and low solubility of MBAc in the aqueous reaction media (see
Chapter 3.2.6.3.). The remaining MBACc concentration in the reaction media after the reaction
was determined via GC-FID (Chapter 3.2.13.). Furthermore, low MBAc uptake due to the
impermeability of the E. coli cell envelope to hydrophobic compounds could have reflected the
low efficiency of conversion to HMBAc. Thus, the MBAc and n-octane uptake by the E. coli
BL21(DE3) cells was attempted to be improved (see Chapter 4.4.) by co-expressing a transporter
for hydrophobic compounds - AIkL (Table 2; Chapter 3.1.3.). Further optimization of the
reaction conditions (pH, oxygen supply, etc.) for a more efficient hydroxylation of MBAc and n-
octane could further increase the product formation rate. Moreover, similarly to other terpenoids
which show antimicrobial activity (Wang et al., 2017; Dahl et al., 2013) through different
mechanisms of action (e.g. damage to the bacterial membrane), MBAc and/or HMBAC may be
toxic to the E. coli cells. Specifically, as mentioned above, after the transfer of hydrophobic
substrates over the hydrophilic cell surface, they might accumulate in the membrane bilayers and

interact with the hydrophobic core of the E. coli membrane, destabilize it, as well as cause
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disintegration and permeabilization of the membrane, which eventually leads to death of the cell
(Park et al., 2006; Sikkema et al., 1995; Laane et al., 1987). The MBACc conversion efficiency
presented here (Table 26) was calculated (see Chapter 3.2.13.1.) based on the HMBAc
concentration obtained after 4 h (ts) of the whole-cell biotransformation, because a small-scale
fed-batch control experiment with AIkB and MhAIKMO as catalysts within E. coli BL21(DE3)
and E. coli BL21(DE3), respectively, affirmed that after t4 no increase in HMBAc formation was
detectable (see Supplement 19 in Supplements). The small-scale fed-batch control experiment
was performed by an initial addition of 2.5 mM (instead of 5.0 mM) of MBAc (to), and the

residual 2.5 mM was added 18 h after the reaction start (tis).

4.4. Effect of AIKL co-expression on whole-cell biotransformation of n-octane and
MBACc by four AlkB homologs and AlkB-1233V within E. coli BL21(DE3)

As shown by Julsing et al. (2012), the presence of AIKL (Figure 7; Chapter 2.4.1., Table
2; Chapter 3.1.3.), a transporter for hydrophobic compounds, in the outer plasma membrane
of Gram-negative bacteria boosts cellular uptake of non-polar substances such as alkanes.
Previous research at the Institute has shown that when AIKL was co-expressed with AlkB
within E. coli BL21(DE3), more efficient conversion of MBAc to HMBAC was achieved (see
Chapter 3.2.10.; obtained results in Table 27). Previously, it has also been observed that the
AlkB-1233V mutant converted MBAc to HMBAC within E. coli BL21(DE3) more efficiently
than the wild-type AIKB (Table 27) expressed in E. coli BL21(DE3).

Thus, in this Thesis, the MBAc and n-octane uptake by E. coli BL21(DE3), and
consequently the efficiency of conversion of MBAc to HMBACc and n-octane to 1-octanol
and l-octanoic acid by AlkB-1233V and AIkB homologs (AbAIkB1, AbAIkM, PplAIkB,
MhAIkMO), was attempted to be improved by the AlkL co-expression.

The conversion of two substrates - MBAc and n-octane by the whole E. coli BL21(DE3)
cells with (,,with AIKL*) and without co-expressed AIKL (,,no AIKL*, see Table 26; Chapter
4.3.) was followed by determining (as described in Chapter 3.2.13.) the concentration of the
reaction product(s) (HMBAc, and the sum of 1-octanol and 1-octanoic acid, respectively).
Further, conversion of the two substrates was expressed as % of the initial substrate
concentration after t4 (see Chapter 3.2.13.1.) and specific activity of AlkB, the 1233V mutant

and the four homologs was also calculated (see Chapter 3.2.13.2.)
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Table 27. The efficiency of MBAc and n-octane (Cs) conversion by AIkB enzymes with and without the presence of AIKL within E.
coli BL21(DE3) cells

Cproduct(s) [MM] Conversion at t4 (%) Specific activity [U geaw™]
with AlkL no AlkL with AlkL no AlkL with AlkL no AlkL
Enzyme MBACc Cs MBACc Cs MBACc Cs MBAc | Cs MBAC Cs MBAc | Cs

AlkB 0.82* | 1.45* 0.44 1.40 16* 29* 9 28 1.93* | 6.74* 1.29 5.71
AlkB-1233V 083 | 076 | 0.71* | 1.17* 17 15 14% | 23* | 294 | 365 | 157% 5'55
MhAIKMO 1.15 0.85 0.82 1.28 23 17 16 26 2.79 3.94 229 5.85
PplAIlkB 1.10 0.68 0.62 0.99 22 14 12 20 3.63 2.79 208 4.16
AbAIKB1 045 | 087 | 043 | 130 9 17 9 26 | 162 | 408 | 148 |571
AbAIKM 0.00 0.61 0.00 0.64 0 12 0 13 0.00 2.84 0.00 2.80

*data from previous research at the Institute

The results in Table 27 suggest that the co-expression of the transporter AIKL (Figure 7; Chapter 2.4.1., Table 2; Chapter
3.1.3.) has improved the uptake of MBAc by E. coli BL21(DE3) with constructs: pBT10_AIkB_AIKL (data from previous
research), pBT10_AIkB-1233V_AIKL, pBT10_MhAIKMO_AIKkL, and pBT10_PplAIkB_AIKL (Table 3; Chapter 3.1.4.), leading to
higher MBAc to HMBAC conversion efficiency. MhAIKMO was shown to be the most efficient in converting MBAc to HMBACc
(Table 27) within E. coli BL21(DE3) co-expressing AIKL, with the conversion efficiency being increased 1.4-fold in comparison
to when AIKL was not co-expressed (23% versus 16% of converted MBAC, respectively). Thus, MhAIKMO was chosen to be

further optimized by creating its 1238V mutant (see Chapter 4.5.).
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The MBAc to HMBAC conversion efficiency by AbAIKB1 stayed the same as when AlKL
was not present, while AbAIKM (Table 2; Chapter 3.1.3.) again showed no activity toward
MBACc regardless of AIKL co-expression (Table 27). In the case when n-octane (Cg) was used
as a substrate, the conversion efficiency to 1-octanol and 1-octanoic acid by all AlkBs co-
expressed with AIKL in E. coli BL21(DE3) reduced compared to the conversion efficiency
when the AIKL was not co-expressed (Table 27). Thus, it can be concluded that the presence
of AIKL caused a counter effect on the conversion efficiency of n-octane to 1-octanol and 1-
octanoic acid by all AIkB enzymes within E. coli BL21(DE3). This is contrary to results by
Julsing et al. (2012), which showed improved initial rates of n-octane oxyfunctionalization
by 4-fold by enzyme AIKB within recombinant E. coli due to the co-expression of AlkL.
However, Grant et al. (2014) demonstrated that AIKL is not strictly necessary for the activity
of Alk on n-octane in E. coli, but rather for activity on longer chain (C12-C1s) alkanes. Van
Nuland et al. (2016) also stated that co-expression of AIKL in E. coli only had a positive
effect on the w-functionalization of substrates with a total length of C11 or longer, but note
that they used esters of medium-chain fatty acids as substrates.

Furthermore, Grant et al. (2014) also showed that when AIKL is overexpressed in E. coli,
it causes the plasmid (containing alk genes) instability issue, and the stability of alk gene
expression has shown to be poor both in P. putida GPol (Chen et al., 1996) and in E. coli
(Favre-Bulle et al., 1993). They managed to finely control the AIkL expression level, thus
improving yields of C10-C1s alkane oxidation by AlkB. Thereby, AIKL was expressed from a
low-range expression vector capable of controlled induction, which was achieved by
changing the ribosome binding site (RBS) to contain an increased spacer region between the
RBS and the start codon (weak RBS). In addition, Kadisch et al. (2017) showed that an
extensive substrate (dodecanoic acid methyl ester) uptake, potentiated by high AIKL levels,
leads to whole-cell biocatalyst (E. coli) toxification since, as mentioned before (Chapter
4.3.), facilitated transfer of a hydrophobic substrate via AIkL results in its accumulation in
the cellular membranes' bilayers and destabilization of the cell membrane, leading to cell
death (Park et al., 2006; Sikkema et al., 1995; Laane et al., 1987). They also found out that
the alkBGT expression level is another critical factor determining the stability of E. coli as a
whole-cell biocatalyst because, as mentioned before (Chapter 4.3.), high expression level of

oxygenases can also impair viability and thus the stability of the biocatalyst (Ladkau et al.,
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2016; Buhler et al., 2008). Oxygenases can cause oxidative stress by the formation of ROS
(Julsing et al., 2012; Lee, 1999), which initiate lipid peroxidation and thereby severely
decrease membrane fluidity and impair important membrane functions, eventually leading to
cell death and AIKBGT inactivation (Cabiscol et al., 2000). Furthermore, mere heterologous
protein overexpression might create a metabolic burden for E. coli. Finally, in the work by
Kadisch et al. (2017), they enabled an increase in the product (terminal alcohols, aldehydes,
and acids) titers by fine-tuning the heterologous AIKL expression, as well as by reducing
AIKBGT expression.

4.5. Efficacy of MhAIKMO-1238V in whole-cell biotransformation of n-octane and
MBACc

To potentially improve the MBAc to HMBAc hydroxylation efficiency by MhAIKMO,
site-directed mutagenesis QuikChange™ (Liu and Naismith, 2008) was done as described in
Chapter 3.2.11. to exchange isoleucine at a position 238 to valine (1238V) in the MhAIKMO
gene (Table 2; Chapter 3.1.3.). The obtained MhAIKMO mutant was named MhAIKMO-
1238V. The amino acid position 238 in MhAIKMO corresponds to position 233 in AIkB (see
Figure 8; Chapter 2.4.1.1.). The 1233V mutation in the originally tested AIkB improved the
enzyme activity toward MBAc 1.6-fold (Table 27; Chapter 4.4.). Thus, the aim was to
examine if the homologous mutation in MhAIKMO improves the performance likewise. The
exchange 1233V was already reported by Koch et al. (2009) to have an effect on substrate

acceptance in AlkB.

E. coli BL21(DES3) transformed (as described in Chapter 3.2.2.) with pBT10_MhAIKMO-
1238V (Table 3; Chapter 3.1.4.) was cultivated and induced as described in Chapters 3.2.4.1.
and 3.2.5. to express the proteins encoded by the MhAIKMO-1238V_FGST operon genes
(Table 2; Chapter 3.1.3.), and harvested (Chapter 3.2.6.1.) in order to conduct whole-cell
biotransformation of n-octane and MBACc (see Chapter 3.2.6.3.). Only the E. coli BL21(DE3)
strain was used in the biotransformation because MhAIKMO had a more efficient conversion
of MBACc within this strain compared to E. coli RARE (see Table 26; Chapter 4.3.).
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The conversion of two substrates - MBAc and n-octane by E. coli BL21(DE3) cells was
followed by determining (as described in Chapter 3.2.13.) the concentration of the reaction
products (HMBACc, and the sum of 1-octanol and 1-octanoic acid, respectively) via GC-FID.
Data are shown in Table 28 in which the data regarding MhAIKMO and MhAIKMO with
AIKL co-expressed (MhAIKMO_AIKL) were taken from Table 26 (Chapter 4.3.). Further,
conversion of the two substrates was expressed as % of the initial substrate concentration
after t4 (see Chapter 3.2.13.1.) and specific activity of MhAIKMO, its mutant MhAIKMO-
1238V, and MhAIKMO_AIKL was also calculated (see Chapter 3.2.13.2.).

Table 28. The efficiency of MBAc and n-octane conversion by MhAIKMO, its mutant
MhAIKMO-1238V, and MhAIKMO co-expressed with AlkL (MhAIKMO_AIKL) within
E. coli BL21(DE3) cells

Conversion at t4 Specific activity
Cproduct(s) [mM]
(%) [U geaw™]
substrate used substrate used substrate used
Enzyme MBAc | n-octane | MBAc | n-octane | MBAc | n-octane

MhAIKMO 0.82 1.28 16 26 2.29 5.85
MhAIkMO-

0.93 0.32 19 6 3.61 1.28
1238V
MhAIKMO_AIkL 1.15 0.85 23 17 2.79 3.94

As demonstrated in Table 28, compared to MhAIKMO, its mutant MhAIKMO-1238V has
shown to be 1.2-fold more efficient in MBAc to HMBAc conversion within E. coli BL21(DE3).
This might indicate that position 1238 in MhAIKMO plays a significant role in enzyme-substrate
interactions. Furthermore, unlike MhAIKMO, MhAIKMO-1238V achieved a 3.2-fold better
efficiency of MBAc to HMBACc conversion than the conversion of n-octane to 1-octanol and 1-
octanoic acid (Table 28). However, compared to MhAIKMO with AIkL co-expressed
(MhAIKMO_AIKL), MhAIKMO-1238V was not more efficient in MBAc to HMBACc nor n-octane
to 1-octanol and 1-octanoic acid conversion in E. coli BL21(DE3), but it did have a 1.3-fold
higher specific activity toward MBAc (Table 28).
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So, the highest achieved specific activity toward MBAc within E. coli BL21(DE3) in this
Graduate Thesis was 3.61 U geaw™ by MhAIKMO-1238V and 3.63 U geaw by Pp1AIKB co-
expressed with AIKL (see Tables 26, 27, and 28 respectively in Chapters 4.3., 4.4., and 4.5.),
which is a 2.8-fold improvement in comparison to the originally tested AIkB (1.29 U geaw ™,
Table 26; Chapter 4.3.). Thus, to further improve the efficiency of MBAc to HMBAC conversion
by MhAIKMO within E. coli BL21(DE3), as well as the specific activity of this enzyme toward
MBACc, alkL could be inserted into the expression plasmid pBT10_MhAIKMO-1238V to co-
express AlIkL with MhAIKMO-1238V in E. coli BL21(DE3).

Additional tests were carried out which showed that when MBAC was used as a substrate for
AIkB, the HMBACc formation rate decreased after 3 to 4 hours (data not shown). Also, regarding
the n-octane biotransformation, the linear range of 1-octanol and 1-octanoic acid formation rate
seemed to decline already after 30 min (data not shown). Thus, a time sample earlier than after
1h (t1) of n-octane biotransformation would be needed to determine the initial rates of the

activity of AlkB, its four homologs, and two mutants toward n-octane more accurately.
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5. CONCLUSIONS

Based on the results presented in this Graduate Thesis, the following conclusions can be drawn:

1)

2)

3)

4)

Alkane 1-monooxygenase (Alk) from Pseudomonas putida GPol (AlkB), four homologs
(Alk  from Pseudomonas putida Pl (PplAlkB), Alk from Marinobacter
hydrocarbonoclasticus SP17 (MhAIKMO), Alk from Alcanivorax borkumensis AP1
(AbAIKkB1), and terminal Alk from Acinetobacter baylyi ADP1 (AbAIkM)) and two mutants
(AIkB mutant 1233V and MhAIKMO mutant 1238V) were investigated in order to optimize
the conversion of isoprenyl acetate (MBAc) to 3-(hydroxymethyl)but-3-en-1-yl acetate
(HMBAC), as a part of the artificial synthetic pathway towards tulipalin A. All
alkB(homolog)FGST operon genes were expressed in E. coli BL21(DE3) and E. coli RARE
4 h after the induction (ts) by dicyclopropyl ketone (DCPK) and all expressed membrane
proteins (AlkB, PplAIkB, MhAIKMO, AbAIkB1, and AbAIkM) as well as all expressed
cytoplasmic proteins (AIkF, AIKG, AIKS, and AIKT) were detected in insoluble and soluble
fraction of E. coli extracts, respectively, by SDS-PAGE. No significant difference in the
expression of all proteins was observed in E. coli BL21(DE3) and E. coli RARE.
Hydroxylation of MBAc and n-octane to HMBAc and 1-octanol and 1-octanoic acid,
respectively, by AIkB and its homologs (MhAIKMO, PplAlkB, AbAIkB1, AbAIkKM)
expressed in E. coli BL21(DE3) cells was more efficient at 25 °C than at 30 or 20 °C.
Additionally, the most efficient whole-cell conversion of MBAc was obtained under
optimized conditions (ts and 25 °C) by E. coli BL21(DE3) with MhAIKMO (0.82 mM of
produced HMBAC with the specific activity of 2.29 U gew ). Unfortunately, a small-scale
fed-batch experiment did not improve the efficiency of the whole E. coli BL21(DE3) cells
conversion of the substrate.

Co-expression of transporter of the hydrophobic substrate MBAc - AIkL with AIkB mutant
(1233V), MhAIKMO, and Pp1AIlkB in E. coli BL21(DE3) has improved the uptake of MBAc,
leading to higher MBAc to HMBACc conversion efficiency and the most efficient conversion
was determined with co-expressed MhAIKMO and AIKkL. In comparison to when AIkL was
not co-expressed, the conversion was increased by 1.4-fold.

Further improvement in the whole E. coli BL21(DE3) cells MBAc conversion was achieved
by employing MhAIKMO mutant 1238V, which corresponds to the AIkB mutant 1233V. The

mutant MhAIKMO-1238V like PplAIKB co-expressed with AIKL possesses the highest
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specific activity toward MBAC (3.61 U geaw™ and 3.63 U geaw ?, respectively), which is a 2.8-

fold improvement in comparison to the originally tested AIkB.
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7. SUPPLEMENTS

Supplement 1. Abbreviation list

alkane 1-monooxygenase from Alcanivorax

ADAIKB1 borkumensis AP1
terminal alkane 1-monooxygenase from
AbAIKM Acinetobacter baylyi ADP1
AcCoA acetyl coenzyme A
AH alkane hydroxylase
Alk alkane 1-monooxygenase
alkane 1-monooxygenase from Pseudomonas
AlkB X
putida GPol
B E. coli BL21(DE3)
Cs n-octane
cPCR colony polymerase chain reaction
DMAPP dimethylallyl diphosphate
fw forward
G3P glyceraldehyde 3-phosphate
HMBAC 3-(hydroxymethyl)but-3-en-1-yl acetate
|PP isopentyl diphosphate
IPTG isopropyl p-D-1-thiogalactopyranoside
MBL a-methylene-y-butyrolactone
MEP methylerythritol phosphate
alkane 1-monooxygenase from Marinobacter
MRAIKMO hydrocarbonoclasticus SP17
MMA methyl methacrylate
MO MOoNnooxXygenase
MVA mevalonate
oD optical density
ONC

over-night culture

pBT10_AlkB(homolog)

pCom10 with inserted alkB(homolog)FGST
operon genes

PCR

polymerase chain reaction




Supplement 1. Abbreviation list - continued

PMBL poly(a-methylene-y-butyrolactone)

PMMA polymethyl methacrylate

Pp1AIKB alkgne 1-monooxygenase from Pseudomonas
putida P1

R E. coli RARE

RBS ribosome binding site

ROP ring-opening polymerization

ROS reactive oxygen species

RT room temperature

rv reverse

SDS-PAGE sodium dodec_yl sulfate polyacrylamide gel
electrophoresis

temp. temperature

v/v volume per volume

w/\V weight per volume
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Supplement 2. GC-MS chromatogram of samples taken during whole-cell biotransformation
within E. coli BL21(DE3) carrying empty vector (0Com10): to (black), t1 (blue), and t24 (green),
using: (A) MBAC as substrate; Method: ISO_V2, (B) n-octane as substrate; Method: C8 V3, (C)
no substrate; Method: I1ISO_V2, and (D) no substrate; Method: C8 V3. Compound retention
times are shown in Table 24 (Chapter 3.2.13.)
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Supplement 3. GC-MS chromatogram of samples taken during whole-cell biotransformation
within E. coli BL21(DE3) carrying empty vector (pCom10): to (black), t1 (blue), and t24 (green),
using method ISO_V2 (A): AIkB with no substrate, (B): AIkB+AIkL with no substrate, (C):
MhAIKMO with no substrate, (D): MhAIKMO + AIKL with no substrate. Retention times of
compounds can be found in Table 24 (Chapter 3.2.13.)
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Supplement 3. GC-MS chromatogram of samples taken during whole-cell biotransformation
within E. coli BL21(DE3) carrying empty vector (pCom10): to (black), t1 (blue), and t24 (green),

using method C8 V2. (E)

. AlkB with no substrate, (F): AIkB+AIKL with no substrate, (G):

MhAIKMO with no substrate, (H): MhAIKMO + AIKL with no substrate. Retention times of
compounds can be found in Table 24 (Chapter 3.2.13.)
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verify product (HMBAC) formation
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Supplement 5. Exemplifying overlay of chromatograms of GC-FID analysis of to, t1, t4 and t24
samples (respectively from top to bottom on the chromatogram) taken from the conversion of n-
octane within E. coli BL21(DE3) harboring pBT10_AbAIkB1. The retention times of the
compounds are given in Table 23 (Chapter 3.2.13.)
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Supplement 6. Exemplifying overlay of chromatograms of GC-FID analysis of to, t1, t4 and t24
samples (respectively from top to bottom) taken from the conversion of MBAc within E. coli
BL21(DE3) harboring pBT10_MhAIKMO. The retention times of the compounds are given in
Table 23 (Chapter 3.2.13.)
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Supplement 7. Exemplifying overlay of chromatograms of GC-FID analysis of to, t1, t4 and t24
samples (respectively from top to bottom) taken from the conversion of n-octane within E. coli

RARE harboring pBT10_Pp1AIkB. The retention times of the compounds are given in Table 23
(Chapter 3.2.13))
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Supplement 8. Exemplifying overlay of chromatograms of GC-FID analysis of to, t1, t4 and t2s
samples (respectively from top to bottom) taken from the conversion of MBAc within E. coli

RARE harboring pBT10_AIkB. The retention times of the compounds are given in Table 23
(Chapter 3.2.13.)
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Supplement 9. Exemplifying overlay of chromatograms of GC-FID analysis of to, ts, t1g, t22 and
tsg Samples (respectively from top to bottom) taken from the control experiment of conversion of
MBAc within E. coli BL21(DE3) harboring pBT10_MhAIKMO. The retention times of the
compounds are given in Table 23 (Chapter 3.2.13.)
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Supplement 10. Exemplifying overlay of chromatograms of GC-FID analysis of to, t1, ts and t2s
samples (respectively from top to bottom) taken from the conversion of n-octane within E. coli
BL21(DE3) harboring pBT10_MhAIKMO-1238V. The retention times of the compounds are
given in Table 23 (Chapter 3.2.13.)
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Supplement 11. Exemplifying overlay of chromatograms of GC-FID analysis of to, t1, t2 and t2s
samples (respectively from top to bottom) taken from the conversion of MBAc within E. coli
BL21(DE3) harboring pBT10_MhAIKMO-1238V. The retention times of the compounds are
given in Table 23 (Chapter 3.2.13.)
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Supplement 12. Exemplifying overlay of chromatograms of GC-FID analysis of to, t1, t2 and t2s
samples (respectively from top to bottom) taken from the conversion of n-octane within E. coli
BL21(DE3) harboring pBT10_MhAIKMO. The retention times of the compounds are given in
Table 23 (Chapter 3.2.13.)
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Supplement 13. Exemplifying overlay of chromatograms of GC-FID analysis of to, t1, t2 and t2s
samples (respectively from top to bottom) taken from the conversion of MBAc within E. coli
BL21(DE3) harboring pBT10_PplAIkB. The retention times of the compounds are given in
Table 23 (Chapter 3.2.13.)
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Supplement 14. Exemplifying overlay of chromatograms of GC-FID analysis of to, t1, t2 and t2s
samples (respectively from top to bottom) taken from the ’’no substrate’” control experiment
within E. coli BL21(DE3) harboring pBT10_MhAIKMO. Retention times: DCPK 7.9 min,
methylbenzoate 8.6 min
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Supplement 15. Overlays of chromatograms of GC-FID analysis of to, t1, t4 and t4 samples
(respectively from top to bottom in duplicates) taken from the reactions using n-octane as a
substrate within E. coli BL21(DE3) harboring pBT10_AIkB, performed at three different
temperatures: 30 °C (A), 25 °C (B), and 20 °C (C). Retention times: n-octane 6.60 min, DCPK
7.89 min, 1-octanol 8.47 min, methylbenzoate 8.64 min, 1-octanoic acid 8.91 min
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Supplement 16. NMR spectrum of HMBAC
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Supplement 17. SDS-PAGE analysis of the soluble and insoluble fraction of E. coli BL21(DE3)
harboring pBT10 AlkB, pBT10 AbAIkBl1, pBT10 _AbAIKM, pBT10 PplAIkB or
pBT10_MhAIKMO. Suspensions were taken immediately after induction by DCPK (to; Chapter
3.25.) and 4 h (t4) and 18 h (tig) after the induction. The blue arrow indicates the position
(molecular weight of around 27.5 kDa; insoluble fraction) where AIKL was detected. L - protein
ladder marker
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Supplement 18. SDS-PAGE analysis of the soluble and insoluble fraction of E. coli BL21(DE3)
pBT10 _MhAIKMO-1238V. Suspensions were taken immediately after induction by DCPK (to;
Chapter 3.2.5.) and 4 h (ts) after the induction. The expected protein (highlighted by the red
circle) size was approximately 46.4 kDa (insoluble fraction). L - protein ladder marker
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Supplement 19. Hydroxylation of MBAc to HMBAc by AlkB and MhAIKMO expressed in E.
coli BL21(DE3) cells
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