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Kurzfassung

Kurzfassung

Das Potenzial das sich durch den Einsatz von Enzymeder Biokatalyse ergibt ist
einzigartig. Mittlerweile sind Biotransformationemahe zu unverzichtbar in industriellen
Prozessen. Dennoch gibt es Limitierungen, die bgseierden missen. Ein Beispiel dafir ist
die Anwesenheit von organischen Losungsmitteln, @igu dienen die Ldslichkeit von
diversen Substraten zu verbessern, die Produkiedoing zu erleichtern und die Anzahl
unerwinschter Seitenreaktionen zu verringern.

Das Ziel dieser Arbeit war es, die Stabilitat eiheterolog exprimierten ‘Ene’-Reduktase in
der Anwesenheit eines organischen Co-Solvens zhessern. Dafiir musste zuerst ein
Ausleseverfahren im Mikrotiterplatten- Mal3stab aokelt werden, das die Detektion von
stabilitdtsverbesserten Mutanten ermdglichte.

Die fur das Screening eingesetzten Mutanten Bifdikén wurden mittels error-prone PCR
hergestellt und in DMF/Toluol (2%/10%) beziehungsse NMP/Toluol (2%/10%)
Gemischen in Puffer vermessen. Fur das Screeningdewdas durch Zellaufschluss
entstehende Rohlysat in Anwesenheit des organistbeangsmittelgemisches geschuttelt
und an verschiedenen Zeitpunkten (zwischen 0-240vairmessen.

In Anschluss wurden die Mutationen jener Mutantdie, eine erhdhte Stabilitat aufwiesen
kombiniert. Dadurch gelangte man zu einer Mutaderen Stabilitat nach Inkubation mit

organischen Lésungsmitteln gegenuber der Wildtyipuée signifikant erhoht war.
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Abstract

Abstract

There is a great potential for the use of enzymdsiacatalysis. Recently, biotransformations
have become almost indispensable in industrialggees. However, there are still challenges
which have to be complied. Unfortunately, naturayenes are often not optimally suited for
applications in the industry. An example therefisréhe presence of organic solvents, which
were used to increase the solubility of substrai@ssimplify the product recovery and to
reduce the number of side reactions.

The aim of the work was the stability enhanceméné deterologously expressed ‘ene’ -
reductase in the presence of organic co-solvams.study included the establishment of a
screening system for the detection of stability iayed mutants in microtiter plate format.
Mutant libraries created by error-prone PCR wemeeed for more stable variants of the
enzyme. The screening was performed in DMF/Toluengures (2%/10%) or respectively in
NMP/Toluene mixture (2%/10%). For the screeningdhele cell lysates were shaken in the
presence of the organic co-solvent mixtures foumatibn of 0-240 min. Beneficial mutations
from mutants with increased stability were combindthe combined variant showed a
significantly improved stability after the incubati with organic solvents compared to the

wild type.
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Abbreviation

Abbreviations

Table 1: Abbreviations used during this study

Abbreviation Description
a-MCA a-methyl-trans-cinnamaldehyd
AA Amino acid
ADH Alcohol dehydrogenase
AKR Aldo-keto reductase
ALH 2-alkenal/onen,-hydrogenase
Amp Ampicillin
Amp1oo Final ampicillin concentration of 100 pug/mL
BSA Bovine serum albumin
Cc=C Carbon-carbon double bond
C=0 Carbon-oxygen double bond / carbonyl group
Cso Threshold concentration
cDNA Complementary DNA
CD-spectroscopy Circular dichroism spectroscopy
ddH,O Double distilled water “Fresenius”
DMF N,N-dimethylformide
DMSO Dimethyl sulfoxide
DWP Deep well plate
EC number Enzyme commission number
EWG Electron-withdrawing group
FMN Flavin mononucleotide
FMNH, Flavin mononucleotide, reduced form
fw Forward
GST Glutathione-S-transferase
HNE 4-hydroxy-(2E)-nonenal
kDa Kilo Dalton
LB Low salt Luria Bertani
log P Logarithm of the partition coefficient
Mb Mega base pairs
MDR Medium-chain dehydrogenases/reductases
MTP Microtiter plate / microplate
MW Molecular weight
NAD" Nicotinamide adenine dinucleotide, oxidised form
NADH Nicotinamide adenine dinucleotide, reducedrfor
NADP* Nicotinamide adenine dinucleotide phosphate, sridiform
NADPH Nicotinamide adenine dinucleotide phosphegduced form
NMP N-Methyl-2-pyrrolidone
ODsoo Optical density at 600 nm
ORF Open reading frame
OYE Old yellow enzyme
PCR Polymerase chain reaction
PEG Polyethylene glycol
PP Polypropylene
PPB Potassium phosphate buffer
PS Polystyrene
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Abbreviation

rv Reverse

rpm Rounds per minute

SDS Sodium dodecyl sulphate

SDS-PAGE Sodium dodecylsulfate polyacrylamide ¢gtteophoresis
B Terrific Broth

U Unit

UV-spectroscopy Ultraviolet spectroscopy

Wit Wild type (pMS470syn)

C Zeta

Diploma thesis XI Bergner Thomas



Introduction

1 Introduction

1.1 Stability of enzymes in organic (co-)solvents

There is a great potential for the use of enzynsebiacatalysts, although some limitations
regarding the environment required for catalyses still met. Enzymes are adapted to the
cellular environment and therefore they are usuatiystable under process applications e.g.
extremes of pH, increased temperature or the pcesarorganic solvents.

In the following sections aspects regarding the afserganic (co-)solvents in catalysis are

discussed.

1.1.1 Reasons for the use of organic solvents

It is well known that there are many advantagestlier use of organic solvents in enzyme
catalysis. Organic (co-)solvents have been suadbssipplied in biocatalysis for many
reasons:
» Increased solubility of substrates and/or prod[iGtg, 3, 4]
Altered substrate specificities [1, 4]
Fewer side reactions [1]
Easier product recovery [1, 2, 3, 4]
Shift of thermodynamic equilibria [1, 2, 3, 4]
Reduced microbial contamination [1, 2, 3, 4]
Enhance thermostability [1, 2, 3, 4]

V V.V V V VY

1.1.2 Limitations caused by the use of organic (co-)solvents

In general organic (co-)solvents can lead to enzgiereturation e.g. by removing essential

water molecules form the hydration shell [5, 6].

Diploma thesis 1 Bergner Thomas
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Figure 1: “Steps in enzyme deactivation in organienedium”[6]: (1) Protein with bound hydration shell; (2)
water miscible organic solvent replaces water mdéx from the hydration shell; (3) the consequent
conformational change leads to denaturation ottimyme.
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Beside this, the increasing complexity of the reactsystem [5], additional costs for the
solvent [5] and the reduced activity of the enzy\fifiecould be seen as reasons against the use

of organic (co-)solvents.

1.1.2.1 Protein inactivation

For stability improvement, denaturation caused mmfolding of the enzyme’s tertiary
structure to a disordered polypeptide [6] must bercome. The denaturation process can be

described as follows [8].

Scheme of protein inactivation

N f LU IF - |

Native form of the protein

Unfolded form of the protein

Irreversible inactivated form of the protein
Equilibrium constant for the reversible-NJ transition
Rate constant for the irreversible-t) reaction

~XxXTCz

Fagain [8] used the previous scheme to explainteh@s of thermodynamic stability and

long-term stability, respectively.
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Thermodynamic or conformational stability affectse tresistance of a protein against
denaturation and is represented by the reverséntesition N—U.

Long-term or kinetic stability reflects the resista of a protein against irreversible
inactivation (e.g. dissociation of subunits, préyss, oxidation of Cys-residues etc.) and
describes the transition from the native stateh® itreversible inactivated form of the
enzyme. This N»l inactivation is in most cases a first-order exgainal decay.

Protein denaturation can be measured by UV- orrdlsmence spectroscopy, CD (circular

dichroism)-spectroscopy and urea gradient gel relphbresis.

1.1.2.2 Solvent parameters

A lot of different parameters describe the eff@fterganic solvents on protein stability.

In this context the so called threshold behavi®urlD, 11] is often mentioned. The threshold
behaviour is the association of activity and theoant of organic solvent and describes the
protein performance in an organic solvent/watertomex Furthermore, the term threshold
concentration () [9, 10, 11] is used. This term determines the cotmaéon of organic (co-)
solvent, which is required to increase the enzyati@ity to half of the initial activity.

Cso has been determined for enzymes hikehymotrypsin [9, 11] and several other proteins
(e.g. trypsin, laccases and cytochrome c) [9]

Based on the obtained results fromchymotrypsin, Khmelnitsky and co-workers [9]
established a system to predict thg & organic (co-)solvents. The so calculated patanis
called Denaturation Capacity (DC).

A further parameter that describes the effect ghoic solvents on proteins is the log P [12,
13, 14]. It represents the logarithm of the pamtiticoefficient of an organic solvent in
standard octanol-water two-phase systems. Bas#tedog P values solvents can be divided

into 3 classes:

Table 2: Influence of the log P on solubility and #ects cased on the proteifil2, 14]

Solubility in water (20°C) ,
Log P (Weight %) Effects on the protein

log P< 2 >0.4 Strongly dIS.tOI"[.S the water shelf, leading to

inactivation or denaturation
2<logP <4 0.04—0.4 Weak water dlstorters., effect on the protein|is
unpredictable

log P>4 <004 No interactions v_wth the water shelf, leaving

the protein in an active state
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Laane and co-workers [14] used a lipase to deterinag P values of different solvents. The

log P values of solvents used during this diplohesis are summarized in Table 3.

Table 3: Log P values of the used solvenf$4, safety data sheets]

Solvent log P
DMSO -1.3
DMF -1.1
Toluene 2.5
NMP -0.46

A very similar parameter to the log P value islthielebrand solubility parametes)([12, 15],

a parameter for the solvent polarity. In the cak¢he Hildebrand parameter the highest
catalytic activity can be observed in organic sotse(<~8) with a low polarity and a
molecular weight from under 150 g/mol.

Beside these parameters further correlations ofyreaz activity or stability with the
denaturation capacity of the solvent have beendotixamples are the Dimroth-Reichardt
parameter [16] or the polarity index [17].

In summary, polar water miscible organic solveragenthe highest potential to strip away or
to replace parts of the hydration shell. Thoseeutly have the highest denaturation capacity.
Water immiscible organic solvents have a very Idfinily to remove essential water from
enzymes but degradation can occur at the inter{fd&3s

Usually, enzyme stability strongly depends on theasuring conditions. Budde and
Khmelnitsky [19] have shown that the obtained rssdepend on the measuring conditions.
Their experiments with two different aldolases iffiarabbit and trout muscle) showed that the
results obtained after incubation depend eithethd measurement is performed in the
presence or after the removal of the organic solvdreir results showed that DMF caused an
increase of catalytic activity even without incubat The removal of the solvent before the
measurement partially restored most of the catabgtivity. This phenomenon was observed
in DMF, all other tested solvents caused irrevéesilenaturation

In respect of enzyme stability in organic (co-)suwits, predictions are difficult. The stability
of an enzyme depends on both the used solvenhanehizyme itself.
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1.1.3 Methods for enzyme stabilisation in organic (co-)solvents

Many different methods for enzyme stabilisatiorthe presence of organic (co-)solvents are
commonly used (Table 4).

Table 4: Methods for enzyme stabilisation

Method Reference
Chemical modification [8, 20, 21]
Immobilisation [5, 6, 20, 21]
Reversed micelles [5, 14, 21]
Lyophilisation and additives [8, 20, 21]
Protein engineering [1,7, 8, 20, 22, 23, 24, 25]

1.1.3.1 Chemical modification

Chemical modification is used since the 1960s [@0ktabilize enzymes. As described by
Fagain [8] free side chains of amino acids can s$eduo alter the properties of enzymes.
Thiol groups of cysteines or the amino groups airlg residues play an important role in
enzyme modification. These residues can interadeunuite mild conditions with specific
reagents to yield chemically modified proteins. Bigleless, modifications can lead to
enzyme inactivation because some of the modifisalues could be essential for catalysis.
Until now, three different strategies [8] to incseathe stability of an enzyme by chemical
modification exist:

» Cross-linking (intra- or intermolecular): For crdssing bifunctional reagents are
used. The reactive groups of the cross-linking eedgcan be similar
(homobifunctional) or different (heterobifunctiohalTypical reagents for cross-
linking are glutaraldehyde, diimidates, disulforhjtrides, etc [6].

» Surface group modification: This method can be usanake the surface of a protein
more hydrophilic. Thereby, the enzyme becomes bstivated and the denaturating
effect of the solvent can be minimized. Mozhaev endvorkers used this technique
to convert tyrosine residues of trypsin into amymosines. This was done in two steps
(introduction of a —N@ group into the aromatic ring of tyrosin by the uske
tetranitromethane and reduction of the -Nh dithionite) [8].

» Covalent coupling to polymers such as polyethylgiyeol (PEG) or polysaccharides:
The use of PEG to modify enzymes is described bpignd Ishikawa [21]. PEG
interacts with the free amino groups of enzymes,miodification of an enzyme with
PEG leads to a more soluble enzyme variant in ecgsolvents like benzene or
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chlorinated hydrocarbons. Hydrated PEG chains caate an aqueous shell around
the enzyme, which can prevent the enzyme from ivetadn. A modification with
PEG is useless when water-miscible organic solvargsused; because this sort of

solvents destroy the aqueous shell built up by RE&thereby inactivate the enzyme.

1.1.3.2 Immobilisation

Immobilisation is a common strategy to improve tiperational stability of biocatalysts [6].
Thereby, an enzyme is immobilized on an insolubk@psrt [20, 21]. Many different
techniques for enzyme immobilisation are used,adgorption, covalent binding, entrapment
and membrane confinement [6].

Alternatively, immobilisation techniques can als® ised for heat stabilisation of enzymes
[21].

The main advantages of immobilized enzymes arettiet can be continuously used and
easily recovered. On the contrary, the activityhaf immobilized enzyme might be decreased,
during coupling to the support. The coupling casutein partially blocked substrate binding
pockets or furthermore the activity reduction camn & result of limited transport rate by

diffusion through the supporting media.

1.1.3.3 Reversed micelles

Reversed micelles are formed when surfactants iaselded in non-polar organic solvents.
Examples for surfactants are detergents and phbpjolso These compounds can form closed
aggregates. Thereby, the outer shell is formedbyhydrophobic parts, while inner parts are
built up by the polar groups of the surfactantse @rameter of micelles is determined by the
molar ratio of water to surfactant. In the innernoitelles, water and other polar molecules
can be solubilized. The entrapped water has diftgpeoperties compared to the bulk water.
The differences affect polarity, viscosity and maghilicity [21].

Enzyme stability in reversed micelles depends andbhesion of the micellar aggregates
containing the enzyme, pH, temperature, ionic gfitenshear forces and the relationship of

enzyme/surfactant interactions [6].
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In this context often the term “super activity” [B1] is used. This perception describes the
very high activity in reversed micelles comparedthe activity of the enzyme in a bulk

aqueous phase.

1.1.3.4 Lyophilisation and additives

Lyophilised enzymes are mainly used in pure orgaolgents. Although lyophilisation does
not remove the structural water of an enzyme esddat catalysis, nevertheless it can case
significant denaturation. To minimize this effedtustural preserving lyoprotectants like
sugar, PEG, inorganic salts, substrate-resembtyagds and crown ethers can be used [26].
Kilbanov [26] combined lyophilisation with a memaejfect. He suggested that a lyophilized
enzyme resuspended in an anhydrous solvent hasathe properties as in the solution used

for lyophilisation. A graphical description of thienomenon is shown in Figure 2.

<

P

- anhydrous
l solvent
—————
%\ Lyophilization )\ Placement in /
i :: == i ] - >
: ! -_.
! Anhydrous =il
¥ extraction of >
: i ] — —n
the ligand aqueoUs .
solution 4

>

Figure 2: “Schematic representation of the ligand+iduced imprinting of the enzyme active site’[26]: The
enzyme is shown as shaded oval with an angular relpfesenting the active site; the ligand molegsilghown
as rectangle. When the ligand (in this case a mtbshnalogue) is bound to an enzyme a confornaltwrange
occurs. This altered conformation remains intatgrdfophilisation and followed extraction of thgdnd. The
ligand induced imprint persists even after the sasn of the enzyme in anhydrous solvents. Theorea
therefore is the structural rigidity in such medsut the imprint disappears when the enzyme isotlisgl in
water.

Ogion and Ishikawa [21] proposed that improved iBtatof lyophilised enzymes is caused
by a layer of denatured protein on the surfaces Tayer protects deeper layers against

denaturation caused via contact with the orgariceso.

Additives can be divided into two groups [8]. Thenwtic stabilizers (osmolytes) are
uncharged and affect solvent viscosity and surféaeesion. Examples are polyols,
polysaccharides and amino acids.

The second group are the ionic stabilizers; theyuaed to shelter surface charges.
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1.1.3.5 Protein engineering

Protein engineering is a very powerful tool to imye enzyme properties at the genetic level.

Substrate Specificity Selectivity Enantioselectivity
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Figure 3: Possible applications for protein enginaing [23]

Protein engineering can be performed by directeduéon and/or rational design.

1.1.3.5.1 Directed evolution

Directed evolution mimics the evolutionary procésshe laboratory. As pioneers on this
sector Stemmer and Arnold have to be mentioned [27]

The first step in directed evolution is gene divfezation by the creation of a gene library.
The most common random mutagenesis technique thmeres error-prone PCR or
alternatively by recombination techniques like gesteiffling. Beside this also UV-light,
chemical mutagens or mutator strains [28, 29] @anded.

In the case of error prone PCR a starting genamiplified over a million fold, thereby
uncontrolled errors are generated. There are tipmrases that could be used for the error-
prone PCR, the Mutazyme polymerase (GeneMbrpfit, Stratagene) and the Tagq
polymerase. The difference of these two polymerestgeir mutational spectrum [24].

When error-prone PCR is used the number of mutatitas to be chosen very carefully.
There are reports of substitution rates from 028 substitutions per 1,000 base pairs. If the
mutation frequency is too high, the number of actnzymes will be low. Otherwise if the
substitution rate is too low, most of screened mistavill be wild type [30].

Moore and Arnold [30] further reported that mostiagons in the amino acid sequence are

neutral or deleterious and that the number of belaéMmutations is relatively rare.
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Silvestre and co-workers [28] determined that stgrirom a codon (e.g. AAA) not all other
codons can be obtained.

Randomized libraries can contain up to'10ariants, these number is decreased tb 10
individual clones when the mutated gene must beried into a plasmid vector [28].

After transformation of the library into a hostastr where gene diversity is further reduced,
the developed mutants are cultivated and furthed dsr screening. The conditions used for
the screening assay should mimic the specific ¢mmdi of the final process as closely as
possible [23, 30]. Beside this the screening mestamild also detect small enhancements of
the desirable property.

After screening potentially positive variants aesareened. The clones with the highest
increase of the desired property can be furtheracierised and the beneficial mutations can
be combined. The best variant can further be usquheental gene for the next mutagenesis
round [7, 24, 30].

1.1.3.5.2 Rational design

In contrast to directed evolution rational desigquires structural information of the enzyme.
In addition the relationship between sequencecttrea and mechanism/function [31] and the
knowledge of the inactivation process [20, 27]esdficial.

Molecular modelling is used to predict how an amaca exchange influences the selectivity,
activity or stability of an enzyme. If there is structural data available for the enzyme of
choice, the structure of a homologue enzyme caaksn as a model [31].

The integration of the desired mutations into tlemeg sequence is done by site-directed

mutagenesis or by saturation mutagenesis.

1.1.4 Design rules for stabilisation of enzymes in organic (co-)solvents

In 1990 Arnold [1] recommended amino acid modifi@as to enhance the stability in organic
solvents should either lower the free energy ofatteve form or raise the free energy of the
inactive form. Based on these facts she developesktaof design rules and general
suggestions for protein engineering. She dividedshggestions into mutations leading to a
more hydrophobic surface and mutations regarding tlonformational stability. Her

proposals are summarized below.
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Mutations for a more hydrophobic surface

» Remove surface charges
Charged surface residues are well solvated by watetehydrogenation of these
residues results in an increase in system freeggnérhe replacement of these
changed groups can also decrease the required ambumater for the enzyme
activation. Removing charged residues from theaserfesults in a more hydrophobic
surface. The replacement of charged residues daoteaffect the protein as long as
they are not required for the biological functioAltering surface charges can
influence the pH dependence of the catalytic agtivi

» Remove (or satisfy) unfulfilled surface hydrogending sites
A protein is not able to form hydrogen bonds witle solvent. So hydrogen binding
has to be fulfilled internally, which further coutibilize the enzyme.

Conformational stability

» Internal cross-links
Internal cross-linking can be reached either byittr@duction of new disulfide bonds
or by introduction of new or improvement of exigfilmydrogen bonds and other
electrostatic interactions. The integration of tide bridges can limit the aggregation
and irreversible inactivation associated with protefolding.

» Increase van der Waals interactions
Increasing van der Waals forces can maintain orong the tight packing of the
protein and may result in increased stability igasnic solvent.

» Maximise internally fulfilled hydrogen bonds
Fulfilled hydrogen bonds lead to a high degree mfeced secondary structure. To
fulfil the main-chain hydrogen bond sites the sitlains can be used.

» Electrostatic interactions
Enzymes are likely stabilized by interactions ia grotein interior.

Studies have shown that even multiple mutationsatdead to substantial alterations of the
protein structure. As reported by Arnold [1], seghutations can increase the stability. A
combination of such mutations can lead to an enzwhieh can work under completely
different conditions than the wild type.

Beside Arnold [1] also many others such as e.g.gYamd co-workers [22] have developed

some rules for protein stabilisation in organic-Jsolvents. Their proposals are based on a
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rational design approach, which they used to irsgdhe co-solvent stability of a penicillin G

acylase. The suggestions of Yang and co-workerswarenarized below.

» Remove basic amino acids on the surface by mutafoly amino acids that are not
part of structural elements (i@ helix, B-sheet ang-turn) should be mutated.

» Only residues that are not conservative in multgglguence alignments of homologue
enzymes shall be mutated.

» Mutate amino acids which are only involved in feweractions (no salt bridges or < 3
hydrogen bonds) to others.

» Only amino acids far away from the active site $tidne mutated. So the effect on the
activity of the enzyme is minimized.

» To enhance the stability in non-aqueous media,cbasiino acids are mutated into
neutral amino acids.

» To minimize the conformation of the enzyme bulkyi@mnacids should be mutated to

small ones.

However, although this lead to success in somescassults from directed evolution
experiments demonstrated that useful mutations tnaiglo be found somewhere else (e.g. in
structural elements). Therefore random mutager@sisbined with screening still remains

one of the most useful methods to stabilize enzyimése presence of organic solvents.
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1.2 "Ene” Reductases

1.2.1 Overview about ‘ene” reductases

The term “ene’” reductase describes enzymes, thalysa the asymmetric reductianp-
unsaturated alkenes including enones, enals, mdieshmand nitroalkanes [32, 33]. In this
context also the name enone or enoate reductdeegigently used to describe this form of
enzymatic activity. This class of enzymes has & Isigreospecificity, strict regioselectivity
and a rather broad substrate specificity [34].

"Ene” reductases catalyse the asymmetric reduafo@€=C bonds. Thereby up to two
stereogenic centers can be created [35, 36, 3B9380].

In contrast to transition-metal-based homogeneousalysts, which catalyze cis-
hydrogenation, “ene” reductases add the hydrogehetodouble bond following an anti
addition mechanism [35, 36, 40].

A schema of the catalysed reaction is illustrated=igure 4. The reaction mechanism is

described in a more detailed way in 1.2.4.

Enocate
reductase X

R! 4 8
jﬂ: [EC 1.3.1.31] H——R,
a2_*1
5 / \ R H

R® R .
NAD(P)H NAD(P)* R

Hecycling
system

Figure 4. “Asymmetric reduction of activated C=C bamds using enoate reductases at the expense of
NAD(P)H yields the corresponding alkane in non racaic form” [40]: * is used to indicate the chiral centres,
X illustrates an activating group; different electrwithdrawing groups are described in 1.2.2.

The most common representative of the "ene” redestare the family of the "Old Yellow
Enzymes” (OYE). OYE was first isolated froBrewer s bottom yeast by Warburg and
Christian in 1933. The name OYE comes from the wobd the enzyme, which derived from
the flavin cofactor [40].

The OYE family has grown in the last years andudek different yeast OYE’s, XenA/XenB

reductase, bacterial morphine reductase, bactetiate reductase, etc. [37].
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Sources for enzymes with “ene” reductase activigyyaasts, fungi, (aerobic) bacteria and
plants [40].

Examples for enzymes that also show ‘ene” redudaseity are YgjM an old yellow
enzyme homolog fronBacillus subtilis[39], NCR reductase fordymomonas mobilif36],
OPR1 and OPRS3 fronhycopersicon esculenturfiomato) [35] and different OPRs from
Arabidopsis thaliand41, 42]. While those all belong to the class afvfiproteins also other

enzymes can catalyse double bond reductions fonpbeasee 1.3.

1.2.2 Substrates

"Ene” reductases have a broad substrate specifidityy interesting substrates have an
electron-withdrawing group attached to the C=C bdsee Figure 4 and 5). The most
common activating group is the carbonyl group. Eples therefore are aldehydes, ketones,
carboxylic acids and derivates thereof like lacgraeid anhydrides and cyclic imides. Beside
the carbonyl group also the nitro group can be dgethe activation of the double bond. The
reason therefore is the electronic similarity afsé two groups [35, 40].

Typical substrates arep-unsaturated carbonyl compounds like conjugatetsearal enones;
a,p-unsaturated carboxylic acids and derivates theasafell asi,p-unsaturated nitroalkanes
[40].

1.2.3 Cofactor specificity

Hall and co-workers [36] determined that enoateicegses are less specific in this context.
There are enzymes that only accept NADH or NADPHherngas others can use both
cofactors.

It was noticed, that the choice of the enone satesgeems to influence the NADPH/NADH

specificity ratio [37].
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1.2.4 Mechanism

The reaction mechanism for the reduction of actidailkenes by “ene” reductases has been
studied in detail. The mechanism can be described“ping-pong bi-bi mechanism” [35, 36]

and can be divided into two half reactions, an attice and a reductive one, respectively.

H
R%__ R! R
o / - * AN
Hﬁ/cu_ctx\EWG R « | WEWG

R® H
frans-Addition
rR H R
N O = N N O
N I \]/ Oxidative £ \T/
NH Half-reaction o NH
H Reductive N
= 0
FMNH, © / FMN
NAD(P)* NAD(P)H

Figure 5: “Asymmetric reduction of activated alkenes by enoate reductases[40]: The asterisks (*) indicate
chiral centers, EWG stands for electron-withdrawgmgup. The hydride which is transferred from thavifi
cofactor is indicated in bold.

The oxidative half reaction can be described bystieecoselective transfer of a hydride from
the reduced cofactor FMNHo the G of the substrate. At the same time a proton i®ddd
C, by a Tyr-196 [38]. This Tyr residue is conservedll members of the OYE family. The
proton added to (s derived from the solvent.

The catalytic cycle is completed with the reductiadf-reaction. Thereby the oxidised flavin
cofactor (FMN) is reduced at the expense of NAD(P)H

The whole reaction can be summarized as additidd,dd a C=C bond and in addition this
happens in trans-fashion with absolute stereospigif35, 36, 40]

1.2.5 Enantio-specificity

Muller and co-worker [38] determined that the emaspecificity does not only depend on
the enzyme but also on the substrate.
They found three factors, which are important far €nantio-specificity of a reaction:
» The position of the methyl group e or B-position, this admission is supported by
the fact that OYE1 reducasmethyl 2-cyclohexenone to the R-enantiomer #nd
methyl 2-cyclohexenon to the S-enantiomer.

» The E-or Z-configuration of the double bond
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» The rest of the substrate molecule, because thieyneld different enantiomers when
E-2-methyl-pentenal and E-3-phenyl-2-methyl-propemas used as substrate. These

two components differ only with regards to an etlgisus phenyl rest.

1.2.6 Applications of "ene” reductases

The potential of "'ene” reductases has been recadjiang time ago, but till today their
industrial applications are limited [35, 36, 37].40

Generally "ene” reductases are used as wholeystérss. The advantage of the whole-cell
system is the internal NAD(P)H recovery, nevertbglendesired side reactions can occur
[36].

The main problem regarding the side reactions laeatcohol dehydrogenases. Stirmer and
co-workers [40] noticed that, “the rate of desif&dC- versus undesired C=0-bond reduction
depends on the substrate and the involved enzyhie’ reduction of the C=0 bond leads to
an alcohol, which cannot be further converted by tine” reductase. The reduction of the
carbonyl group to the corresponding alcohol cam #s=d to saturated alcohols as final
product.

Beside alcohol dehydrogenases also carboxyl egtholases [36] catalyses undesired side
reactions.

Typical applications for "ene” reductases are tioglyction of products for biotechnological

and pharmaceutical applications [33].

O Oy__R’
2 Whole microbial cells Y
R R (enoate reductase) R2——H
] o H —={—R*
F{s R4 HS
Whole microbial cells Desired product
; (alcohol dehydrogenase) ;
| R! = H: dominant pathway |
Y  R'=alkyl, aryl: competing pathway Y
HO !
R R2—1—H
Re H->*—R*
R4 F{S
Depletion of substrate Depletion of product

Figure 6:"Asymmetric bioreduction of a, p- unsaturated aldehydes and ketones using whole mabial
cells often shows undesired carbonyl reductiof20]: * indicates chiral centers.
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1.3 P1-C-crystallinin Arabidopsis thaliana

The enzyme used during this diploma thesis was #@in fArabidopsis thaliana In
contradistinction to the "ene” reductases describbetle previous chapter, P1 is a 2-alkenal
reductase. Nevertheless, studies with purifiedtivas of P1 revealed, that P1 shows “ene’
reductase activity [52], although this it does oohtain the flavin cofactor typical for “ene’
reductases.

1.3.1 Overview about Arabidopsis thaliana

Arabidopsis thaliana is a member of the Brassi@damily. AlthoughArabidopsis thaliana

is a small plant (only ~30 cm) it shows the sameglex morphology as other plants [43].
The benefit of this plant was recognised in theGE98ince this timArabidopsisis used as a
model system for plant development, physiology amadecular genetics [44]. Therefore it is
not further amazing thafrabidopsis thalianahas been the first plant genome that was
sequenced [45].

Arabidopsishas five chromosomes, the first correct propostn@fchromosome number was
done by Laibach in 1907 [43]. The size of the naclgenome is 119 Mb and codes for
26,207 predicted genes and 3,786 pseudogenes, wittide the transposable-element

related gene models [45].

1.3.2 P1 a member of the (-crystallin family

The synthetic gene fragment used in this work cdde845 amino acids and has a molecular
mass of ~38 kDa. The NCBI Accession number of RP24&768.

P1 was first described in 1995, during a studyplant genes involved in the defence against
oxidative stress. The highest expression leveRlofvere found in leaves and less in stems of
Arabidopsis.Also in flowers and roots weak expression occulf@]. The reason for the
high expression level in the leaves is that theyexposed to environmental influences (e.g.
sunlight), which can cause oxidative stress.

The amino acid sequence of P1 has no apparemaellgdargeting signal and therefore it is

most probably localized in the cytosol [47] .
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The crystal structure (PDB acc. no. 2J3J) of theatsy complex has a resolution of 2.8 A [48]
and reveals that P1 is a non covalent homodimgr [49

Initially, the enzyme was classified to the plédntrystallins (ZCrs) [46]. The classification
was done based on the high homology to ZCR, a nhejarprotein of hystricomorph rodents
and camelids. ZCrs can be found in a plethora gamisms, from bacteria to mammals and
higher plants [50]¢-crystallins exert various physiological functioseme of them have been
characterised as dehydrogenases or reductases0[48,

The overall fold of P1 indicates that this enzynedohgs to the zinc-independent MDR
superfamily. As already described for other MDRS, iB composed of two domains: a
substrate-binding and a nucleotide binding don{di.

ZCr homologs and alcohol dehydrogenases sharesenad three-dimensional structure. In

contrast to alcohol dehydrogenases in ZCr homadags-binding domain is missing.

1.3.3 Reactions catalysed by P1

First of all Babiychuk and co-workers [46] descdbBl in 1995. Based on the obtained
results and the fact, that the expression of Rhdaced by oxidative stress they suggested
that this enzyme may participate in oxidative stnesponse.

Subsequently, Mano and co-workers [48, 50] deteedhinhat P1 is involved in the
detoxification of quinones and azo compounds. Basedthe fact that quinones and
azodicarbonyl compounds can serve as electron exesephey proposed P1 to be a NADPH:
azodicarboyl/quinone reductase.

Further investigations of potential substrates Rdr have indicated that the enzyme can
catalyse the reduction of 2-alkenals [51]. Thegeunsaturated aldehydes are degradation
products of lipid peroxides. The toxicity of themeehydes comes from their ability to form
Michael adducts with thiols and amino groups. Amraple for a reactive aldehyde is 4-
hydroxy-(2E)-nonenal (HNE). HNE can inactivate thkicose-6-phosphat-dehydrogenase
and the Cyt c oxidase or can further be convere?]3-epoxy-4-hydroxynonanal, a potential
carcinogenic epoxide. P1 can reduce HNE and atlfeunsaturated aldehydes, e.g. (2E)-
nonenal, 3-buten-2-one and 4-hydroxy-(2E)-hexefal $1].

Based on the fact, that P1 can catalyse the reduaii o,f-unsaturated bonds of 2-
alkenals/alkenones, Mano et al [51] suggested Pbetaa “NADPH: 2-alkenal/one,p-

hydrogenase (ALH)".
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The AHL reaction is the fourth route to detoxifyngteroxy- and non-hydroxylated 2-alkenes.
The other three routes are:

» Conjugation with glutathione with the glutathiongr8nsferase (GST)

» Reduction to alcohols with the aldo-keto reducl@d€R)

» Oxidation to carboxylates with the alcohol dehydnogse (ADH)
All four routes for the detoxification of HNE havmeen established in mammals, while in

plants only AKR and ALH have been identified.

NADPY NADH 4-Hydroxy-nonylaldehyde (HNA)

GST AKR ADH

- NADP*
GSH NADPH NAD®

Alkenal a.-hydrogenase
(ALH)
OH NADPH + Ht
Lipid peroxides —»—»— /\/\)\/\?O
Pae il |::> Protein modification
4-Hydroxy-(2E)-nonenal (HNE) (Cys, Lys)

0
H0,
ROOH

OH
/\/\)\4\43 I___,'} DNA modification

2,3-Epoxy-4-hydroxynonanal
Figure 7: Formation, biological effects and scaveng of 4-hydroxy-(2E)-nonenal[51]

1.3.4 Reaction mechanism

Youn and co-workers [49] determined that P1 showsstking similarity to 12-
hydroxydehydrogenase/15-oxo-prostaglandin 13-redec{12-HD/PGR), an enzyme which
can reduce different,-unsaturated aldehydes and ketones. For 12-HD/PG&Rt@reductase
reaction mechanism” with a conjugated enolate &gnmediate has been proposed [49].
Youn and co-authors [49] suggested a similar mdashafor P1. They proposed that Tyr-260,
Tyr-81 and Ser-287 might be involved in substratwling. Furthermore they recommended
that Tyr-53 participates in binding of phenolic strhtes byt-n interactions.
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p-Coumary|
il :r.‘.""l',.'ﬁr.‘

4-HNE

o
& Y260
Y260

Figure 8: Proposed interactions of P1 with the bout cofactor NADP™ and the substrates p-coumaryl
aldehyde (A) and 4-hydroxy-(2E)-nonenal (B)[49]: The arrow indicates the-n interaction between the
phenol rings. Hydrogen bonds are shown as dashesl li

Youn and co-authors [49] proposed that Tyr-260veseras a “general acid/base” by

stabilizing the enol form of the transition stafhe stabilized intermediate enables the
transfer of a hydride from C-4 of the NADPH nica@mide to the substrate. The second
proton added to the C=C bond probably comes frarstivent because there is no adjacent

amino acid in the active site, that can performgiaon transfer.

: o
Figure 9: Schematic reaction mechanisms with p-couamnyl aldehyde (C) and 4-hydroxy-(2E)-nonenal (D)
[49].
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1.3.5 Recent developments

In the publication of Youn and co-workers [49] & mentioned that P1 does not reduce

cinnamyl aldehyde, a common substrate for othex sductases [37].

Nevertheless, activity measurements with purifiexttions of P1 revealed that the P1 has
‘ene” reductase activity. One of the used substrate the characterisation of P1 was
methyl-trans-cinnamaldehyde [52].

The model reaction of the substratanethyl-trans-cinnamaldehyde is shown in Figure 10.

NADPH NADP?*
Xy o \ / Xo
CHs Pl CHs
alpha-methyl-trans-cinnamaldehyde 2-methyl-3-phenylpropanal

Figure 10: Model reaction: conversion of waa-methyl-trans-cinnamaldehyde into 2-methyl-3-phenypanal
by P1

Investigations regarding the solvent stability dfriévealed that the enzyme is rather unstable
in the presence of organic co-solvents.

To satisfy the requirements of our industrial partrwho wants to use P1 in an industrial
process, the stability of the enzyme had to be avgl.
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2 Objectives

As aforementioned, the low stability of natural ymes under process conditions is often
limiting their applicability.

In our case, the wild type enzyme of P1 providesnseresting alternative to the well known
OYE type enzymes for "ene” reduction. However, $tather unstable in the presence of
solvents and therefore the improvement of solvéatbilty to satisfy requirements of DSM
for industrial applications was targeted.

My part of a larger project was to increase théibta of the 2-alkenal reductase P1 in the
presence of organic solvents.

This study included the establishment of a screpsystem (solvent concentration, shaking
rate and incubation time) and screening of mutgetserated by error-prone PCR towards
improved stability in organic co-solvents. For #isbscreening the organic solvents DMF,
NMP and toluene were used.

Beneficial mutations found during screening shaoddcombined. It was further planed to
evaluate and confirm the stability enhancement gusin activity improved variant from

Brigitte Holler as template.
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3 Material and Methods

3.1 Strain, plasmid and primers

3.1.1 Strain

E. coli Top10F’ (F{lacl®Tn10(Tef)} mcrA A(mrr-hscRMS-merBC) @80lacZAM15 AlacX74
recAl araD139A(ara-ley)7697galU galK rpsL endAl nupG)

This expression host used throughout this studypuashased from Invitrogen.

3.1.2 Plasmid

As expression plasmid pMS470 harbouring P1syn wasd during this diploma thesis. P1syn
was ligated into pMS470 viddel andHindlll restriction sitesThe insertion of P1syn from

Arabidopsis thaliananto pMS470 has been carried out by Brigitte Holle

BamHI (23)
tac / SD-T7

Ndel (69)

Pstl (559)
Plsyn
lacl
'Ncol (1060)

0 MS470 P 1wn ~ Hindlll (1109)

5021 bp

mB

Ampicillin

Figure 11: pMS470 P1syn
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3.1.3 Primers

Table 5: Primers used during this work

Number Name Sequence (5-3)
P08-257 pMSfw gtgagcggataacaatttcacaca
P08-258 pMSrv gttttatcagaccgcttctgcg
P09-373 13 G6fw ccgcagcgctggcegcaggcttttactccgggorag
P09-374 13 Gb6rv cggctgacccggagtaaaagcctgcgccagggcetg
P09-392 11 GO9fw ccggtctgctgggtatgcctggcatgaccgagtggtttctacg
P09-393 11 GOrv cgtagaaaccagtgtacgcggtcatgccaggcatgragaccgg

3.2 Instruments and devices

3.2.1 Centrifuges

» Centrifuge 5415 R:Eppendorf AG, Hamburg, DE
» Centrifuge 5810 R:Eppendorf AG, Hamburg, DE
» Avanti J-20 XP: Beckman Coulter Inc, Fullerton, CA, US

3.2.2 Electrophoresis

YV V V VYV V

Carlsbad, CA, US

3.2.3 Microplates

PowerPac" Basic power supply:Bio-Rad Laboratories, Vienna, AT

Sub-cell GT: Bio-Rad Laboratories, Vienna, AT

PowerEase 500 power supplyinvitrogen Corporation, Carlsbad, CA, US

XCell SureLock Mini-Cell: Invitrogen Corporation, Carlsbad, CA, US

NuPAGE® Novex 12 % Bis-Tris Gel 1.0 mm, 12 wellinvitrogen Corporation,

» PS-Microplate 96-well, flat bottom: Greiner Bio.One GmbH, Frickenhausen, DE
(Cat. Number 655161)
» PS-Microplate 96-well, V-shape:Greiner Bio.One GmbH, Frickenhausen, Qfat.

Number 651161)
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PS-Microplate 384 well, flat bottom: Greiner Bio.One GmbH, Frickenhausen, DE
(Cat. Number 781186)

UV-Star, Plate 96-well, flat bottom Greiner Bio.One GmbH, Frickenhausen, DE
(Cat. Number 655801)

PP-Micoplate 96-well, flat bottom: Greiner Bio.One GmbH, Frickenhausen, [@k&t.
Number 6552618)

PP-Deep-Well plate 96-well 2mL, U-shapeVWR International, Wien, AT(Cat.
Number 391-90-40)

3.2.4 Plate Reader and Photometer

>
>

Spectramax Plus 384Molecular Devices, Ismaning/Minchen, DE

BioPhotometer: Eppendorf AG, Hamburg, DE

3.2.5 Pipettes and Devices

>
>
>

YV V.V V V V V V

Denville XL 3000i (XL2, XL10, XL20): Denville Scientific Inc., Westbourne, UK
Gilson pipetman (P200, P1000)Gilson Inc., Middleton, US

Biohit Proline® multichannel electronic pipettor, 8 ch 5-100 pl, &h 50-1200 pl,:
Biohit Plc., Helsinki, FI

Biohit Proline® multichannel pipettor, 8 ch 5-50 ul Biohit Plc., Helsinki, FI
Easypet Pipetting Aid: Eppendorf AG, Hamburg, DE

Pipette tips, micro P10:Greiner Bio-One GmbH, Frickenhausen, DE,

Pipette tips 200:Greiner Bio-One GmbH, Frickenhausen, DE

Pipette tips 1000:Greiner Bio-One GmbH, Frickenhausen, DE

Biohit®Tips 300 pl: Biohit Plc., Helsinki, FI

Biohit®Tips 1200 pl: Biohit Plc., Helsinki, FI

Pipette with tip 5mL, 10mL, 25mL: Greiner Bio-One GmbH, Frickenhausen, DE

3.2.6 Shaker

>
>

Thermomixer comfort: Eppendorf AG, Hamburg, DE (3mm)
Titramax 1000: Heidolph Instruments, Schwabisch, DE (1,5mm)
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» Multitron II:  Infors AG, Bottmingen-Basel, CH (25mm)

3.2.7 Thermocycler

» GeneAmp® PCR System 2700Applied Biosystems, Foster City, CA, US

3.2.8 Additional Instruments and Devices

MicroPulser™: Bio-Rad Laboratories, Vienna, AT

Vortex-Genie 2: Scientific Industries Inc, Bohemia, NY, US

InoLab® pH720 pH-meter: WTW, Weilheim, DE

p-Fill Microplate Dispencer: Bio Tek Instruments Inc., Winooski, US
Half-micro cuvettes: Greiner Bio-One GmbH, Frickenhausen, DE
Electroporation cuvettes 2mm, blue capCell Projects, Kent, UK
Vivaspin 20 centrifugal concentrators:Sartorius AG, Goéttingen, DE
IKA® RCT basic safety control: IKA ® Werke GmBH & Co. KG, DE
GP3202 Precision BalanceSartorius AG, Gottingen, DE

ABS 220-4 analytical balanceKern & Sohn GmbH, Balingen, DE
Branson Sonifier 250 Analog:Branson Ultrasonics Corporation, Danbury, US
Clean Air EN12469: Clean Air Techniek B.V., Woerden, NL

YV V.V V V V V V V V V V

3.3 Buffers, Stocks and Media

Unless otherwise declared all components were Evied at 121°C for 20 minutes.
Exempted from this were antibiotic stock solutiamsl stocks, which were filter sterilized.

3.3.1 Buffers

» 50mM MES NaOH pH 6
9.76 g/L MES, pH was adjusted to 6.0 with 2 M NaOH.

Diploma thesis 25 Bergner Thomas



Material and Methods

» 50mM PPB pH 7
3.40 g KHPO, and 4.35 g KHPQO,, respectively were dissolved in 500 mL of ¢@H

These two solutions were than mixed to give a fptddvalue of 7.

3.3.2 Stocks

» Ampicillin stock (100 mg/mL)
2 g Ampicillin were dissolved in 20 mL ddB and filter sterilised. Sterilised aliquots

were stored at -4°C.

» Lysozyme stock (50ng/mL)
500 mg Lysozyme were dissolved in 10 mL d@Hand filter sterilised. Sterilised aliquots

were stored at -4°C.

» IPTG stock (1 M)
2.38 g IPTG were dissolved in 10 mL dgiMHand filter sterilised. Sterilised aliquots were
stored at -4°C.

» DNAsel stock (1mg/mL)
10 mg DNAsel were dissolved in 10 mL dgM and filter sterilised. Sterilised aliquots

were stored at -4°C.

» NADPH stock (2 mM)
15 mg NADPH were dissolved in 10 mL of 50 mM MESfbupH 6.

3.3.3 Media

» LB (Low Salt Luria Bertani)

20 g/L LB-medium (Lennox) were dissolved in ddHand autoclaved. The addition of
the antibiotic was done after autoclaving. Befdre addition of the antibiotic the solution
was cooled down to ~55°C. The final concentratibAmpicillin was 100 pg/mL.
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» LB Agar
35 g/L LB-agar (Lennox) were dissolved in ddHand autoclaved. If needed, antibiotics

were added as described before.

» 2XTY
10 g/L Bactd" Yeast Extract, 16 g/L Bacty Peptone and 5 g/L NaCl were dissolved in

ddH,O and autoclaved and if required antibiotics welgea as described before.

» TB (Terrific Broth)

24 g/L Bactd" Yeast Extract, 12 g/L Bact Peptone, 4 mL/L Glycerol, 2.13 g KPO,,
12.54 g KHPQO,

For the preparation of the TB media yeast exta&ptone and glycerol were dissolved in
900 mL ddHO and autoclaved. Required amounts of ;R8, and KHPO, were
dissolved in 100 mL dd¥© and even autoclaved. After the autoclaving the $elutions

were combined and if required antibiotics were adde described before.

3.4 Organic Solvents

Organic solvents were purchased from Roth if net#jally marked.

Table 6: Organic solvents used during this study

Solvent Level of purity
DMF ROTIPURAN®>99.8%, p.a., ACS, ISO
NMP >99.8%

Toluene ROTISOLV® HPLC

3.5 Enzymes and Solutions

3.5.1 Restriction enzymes

The conventional restriction enzymes used during thork were purchased from MBI
Fermentas. Digestion was performed as recommengdidebproducer using the unique five

buffer system with colour coded tubes

Diploma thesis 27 Bergner Thomas



Material and Methods

Table 7: Restriction enzymes

Enzyme Concentration Recommended Recognition site
[U/pL] buffer
Hindlll 10 Red 5-AMAGCTT-3
Ndd 10 Orange 5-CATATG-3
Dpnl 10 Yellow 5'-G AT C-3' cuts only if A is methytied

1 unit (V) is defined as the amount of enzyme whschequired to digest 1 ug afDNA in

one hour at 37°C.

3.5.2 DNA Polymerases

Table 8: DNA polymerases

Concentration Recommended
Enzyme [U/uL] buffer Producer
Pfu Ultra High Fidelity 10x Pfu Ultra HF
DNA polymerase 2:5 reaction buffer Stratagene

The polymerase and the recommended puffer were asamtding to the supplied instructor

manual [53].

3.5.3 Solutions

The final concentration of each nucleotide in tHéTB mixture was 16nM. dNTPs were

purchased from Fermentas.

3.6 Software and web tools

3.6.1 Software

VvV V.V V V VY

SoftMax Pro 4.8: Molecular Devices, Ismaning/Minchen, DE
SegMan 5.01:DNASTAR Inc., Madison, WI, US

EditSeq 5.02:DNASTAR Inc., Madison, WI, US

PyMOL: DelLano Scientific LLC, Palo Alto, CA, US
Vector NTI 8.0: Invitrogen Corporation, Carlsbad, CA, US

ChemSketch: Advanced Chemistry Development, Inc., Toronto, &k
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3.6.2 Web tools

» Translation: http://www.ebi.ac.uk/Tools/emboss/transeq/indewrlht
http://lwww.expasy.org/tools/dna.html
» Multiple sequence alignment:http://www.expasy.ch/tools/sim-prot.html
http://genome.cs.mtu.edu/map.html
» Calculation of the MW: http://www.expasy.ch/tools/pi_tool.html
» Literature search: http://www.scopus.com/home.url

https://scifinder.cas.org/scifinder/

3.7 Kits and Protocols

3.7.1 GeneJET™ Plasmid Miniprep Kit (Fermentas Inc, Glen Burnie, MA,
us)

For the plasmid isolation aB. coli colony was streaked out on at least one quartex of
selective media plate. Afterwards the plates wereubated over night at 37°C. The
developed cell material was scraped off with ailsteoothpick and resuspended in the
resuspension solution of the kit. Further stepsewgerformed according to the supplied
instructor manual [54, 55], with two exceptions.tékf the addition of the neutralization
solution, centrifugation time was prolonged to 1t 13,200 rpm. For the elution of the
plasmid DNA, the volume of water was varied acaogdio the required DNA-concentration

and the preferred end volume.

3.7.2 Pierce® BCA Protein Assay Kit (Thermo Fischer Scientific Corp.,
Waltham, MA, US)

This assay was used to determine the total pratemcentration and uses bovine serum
albumin (BSA) as standard. For determination of ghetein concentrations the microplate
procedure was performed according to the supptistiuctor manual [56].

The absorption was determined at 562 nm using &tpmeax Plus 384 plate reader. If
necessary, samples were diluted with gdhbrior to the BCA assay.
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3.7.3 SDS-PAGE

SDS-PAGES were performed using an electrophorgsi®s from Invitrogen Corporation.
Electrophoresis was performed according to theungbn manual.

Protein samples with concentrations of 5 pg or §@vere loaded onto a NUPAGE®12%Bis-
Tris Gel. Electrophoresis was performed with MORSfdy for at least 45 min using the
NuPageGel program (200 V, 120 mA and 25 W). Fonstg SimplyBlue™ SafeStain was
used.

3.7.4 Site-Directed Mutagenesis

Site-directed mutagenesis was performed by follgwihe manual for Two-stage PCR
protocol for Site-Directed Mutagenesis (AA.04) [57The polymerase of choice was
Pfulltra™ purchased from Stratagene.

After the amplification 25 pL of the PCR reactioen digested with 1 uDpnl for 2 hours
at 37°C to remove the methylated template DNA.

3.7.5 Preparation of electrocompetent E. coli cells

For preparation of electrocompeténtcoli cells two days were required. The preparation was

done according to a manual of Christoph Reisinger.

First day:
» Incubation of a shaking flask containing 20 mL TBdia without any antibiotics with
a single culture of the required strain
» Incubation overnight at 37°C and a shaking rat2Qff rpm
Second day:
» Incubation of 330 mL TB media (also without antiiize) with 3 mL of the overnight
culture
» Incubation at 37°C and a shaking rate of 200 rpm
» When the cell solution reached an £4of 1.1; the flask was cooled for one hour at
4°C
» Spin the cells down with 3,000 g, at 4°C for 10 raid discard the supernatant
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Resuspend the cells in pre cooled 1mM HEPES buffer

Spin the cells down with 4,000 g, at 4°C for 10 mmd discard the supernatant
Resuspend the cells in pre cooled HEPES buffer/@@%erol solution

Spin the cells down with 4,500 g, at 4°C for 20 rand discard the supernatant
Resuspend the cells in pre cooled 10% glycerol

Spin the cells down with 4,500 g, at 4°C for 20 mnmd discard the supernatant
Repeat the resuspension step in 10% glycerol antbttowing centrifugation step
Resuspend the cells in pre cooled 10% glycerohft3

Divide the cell solution in aliquots

Deep-freeze them with liquid nitrogen

Storage at -80°C

YV V.V V V V V V V VYV V

3.7.5.1 Determination of the transformation efficiency

For the determination of the transformation efincig 1 pg of pUC19 DNA was used. After
regeneration the cell solution was diluted andegladut.

The transformation efficiency was calculated withrRula 1.

Formula 1: Determination of the transformation efficiency

Numbeg, . .. Volume [p L] _ Transformants
X X I:aCtorDiIution -
VOIum%Iated [I'1 L] DNAransformd [p' g] ugDNA
Numberceonies Number of colonies
Volume piaed M L] plated volume [uL]
Volume yanstormatiopit L] total volume of the transformation reactiqui]
DNA ansformelit ] amount of transformed DNA [ug]

3.7.6 E. coli transformation

For library creation electrocompetent ToplOF' ceqllechased from Invitrogen [58] were
taken. For retransformation self prepared electrgmeientE. coli cells were used for the
transformation.

For the transformation of high DNA amounts, the DNAs to be desalted before
transformation. Therefore the DNA was pipetted oatéilter membrane (Millipore MP!
membrane filter 0.025pum VSWP) which was floating ddH,O in a petri-dish. The
desalination was done for 30 min to 1 hour.
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For the transformation the deep frozen electrocdempecells were thawed on ice and mixed
with the desired amount of DNA. The mixture wasnsfarred to a pre chilled
electrotransformation cuvette and pulsed at Q0®5 puF and 2.0 kV (MicroPulséh.
Furthermore 500 pL of SOC medium were added tocthestte and the cell solution was
transferred to a sterile microcentrifuge tube. Aftards the cell solution was incubated for
30 min at 37°C, during the incubation time the twkes shaken with 800 rpm. After the

regeneration phase aliquots were plated onto setatiedia and incubated overnight at 37°C.

3.7.7 Library creation

The first generation of error-prone libraries wagated by Brigitte Holler using the
GeneMorph® Il Random Mutagenesis Kit (Stratagembg instruction can be found in detail
in the dissertation of Brigitte Holler [52].

The mutant library L2g1l was transformed into pusdthelectrocompetent TOP10F cells
and transformation as well as the subsequent steps performed like described in chapter
3.7.6.

The developed colonies were used for inoculatioB8zf well plates, containing 50 pL of LB
media with a final concentration of 100 pg/mL of@ailin. For the inoculation a picking
robot (Q-Pix, Genetix) was used. Afterwards thegdavere incubated over night at 37°C and
~ 50% air humanity. To reduce the evaporation théep were incubated in a covered glass

reservoir. Subsequently, the clones were presemthdylycerol (~14%) at -80°C.

3.7.8 Cultivation

3.7.8.1 Pre-culture

3.7.8.1.1 Pre-culturefor plate cultivation
For the pre-culture 384 well glycerol stocks wdrawed and used for the inoculation of 96

well microplates (flat bottom) containing 150 pL ld8 Ampigo or TB Ampige INoculation
was performed with a 96 well pin replicator. Aftapculation the plates were incubated for
about 16 hours in a 37°C room with ~50% air hurgidih addition the plates were incubated

in a covered glass reservoir to reduce evaporation.
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3.7.8.1.2 Pre-culturefor flask cultivation
For flask cultivation a shaking flasks containif@rBL of TB Ampoo were inoculated with a

single colony. Afterwards, the flasks were incudad¢ 37°C and 80% air humidity. During

overnight incubation the flasks were shaken wit@ dgn.

3.7.8.2 Main-culture

3.7.8.2.1 Main-culture for microplate cultivation
For main-culture a 96 well microplates (V-shapeyeviidled with 150 uL TB Ampoo with a

final concentration of 0.5 mM IPTG per well. Foetimoculation a 96 well pin replicator was
used. After the inoculation the plates were incetddbr another 20 hours at 30°C and 50%
air humidity. The incubation was performed in aancovered glass reservoir to reduce

evaporation.

3.7.8.2.2 Main-culturefor deep well plate cultivation
Deep well plates containing 250 uL TB Apgpwith a final concentration of 0.5 mM IPTG

per well were inoculated with a pre-culture, therefa 96 well replicator was used. The
plates were incubated at 30°C, 80% air humidity ahdken with 250 rom. The total

incubation period in this case was 20 hours.

3.7.8.2.3 Main-culturefor flask cultivation
Shaking flasks containing 550 mL TB Amgp were inoculated by the pre-culture to a final

ODgoo Of 0.1 and incubated at 37°C and 80% air humidiyring the incubation the flasks
were shaken with 120 rpm. At an @pof 0.8 the cells were induced by addition of IPTG.
The final IPTG concentration in the flasks was /9. After induction the cells were further

incubated for another 20 hours. For this incubapieriod temperature was reduced to 30°C.

3.7.9 Harvest

3.7.9.1 Cell harvest from micro/deep well plates

The cells were harvested by centrifugation at 48%@h 3,000 rpm for 12 min. After the
removal of the supernatant the pellet was resugzend 100 pL ddkD in the case of the

microplate cultivation and in 250 pL ddB in the case of the deep well plate cultivation,
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respectively. To resuspend the cell pellets thdéeplaere shaken for about 10 min with
1,050 rpm, therefore a Titramax was used.
Afterwards the cell solution was centrifuged for i with 3,500 rom at 4°C. The

supernatant was discarded and the pellets weredstédr20°C for at least 2 hours.

3.7.9.2 Cell harvest from flask cultivations

To harvest the cells from flask cultivations thesteaial solution was centrifuged for 20 min
with 5,000 rpm at 4°C. After the removal of the sumtant the pellet was resuspended in
required amount of 50 mM MES-buffer pH 6. The cglispension was further filled into
50 mL greiner tubes and centrifuged with 4,000 rph®°C for 20 min. Then the supernatant

was discarded again and the pellets were stor&DaT.

3.7.10 Celllysis

3.7.10.1ysis solutions

For lysis of bacterial cells in microplates andpleell plates, respectively a lysis buffer was

used. Lysis buffer compositions are shown in T&ble

Table 9: Composition of the lysis solutions

Lysis buffer for Lysis buffer for deep well
Components .
microplates plates
Lysozyme 1 mg/mL 1 mg/mL
DNAsel - 0.5 pug/mL
MgCl, - 10 mM
Tween20 0.1% 0.1%

In Table 9 the final concentrations of the indické®@mpounds dissolved in 50 mM PPB pH 7
are given.

After thawing the cell pellets were lysed with 40 pf lysis solution (microplates) and
100 pL of lysis solution (deep well plates) per wedspectively.

The microplates were then sealed with a plastmo,fivhile the deep well plates were shut
with the corresponding lids.

To resuspend the pellet the plates were shakebOfonin with 1,050 rpm using the Titramax

1000. Subsequently for the following incubation tpkates were shaken with 600 rpm
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(Titramax) in a 30°C room for 1 hour. If requirdeetlysate was diluted with 50 mM MES
buffer pH 6 and centrifuged with 3,500 rpm for 1wt 4°C. The supernatant was further

examined.

3.7.10.Ultrasonic treatment

The cells pellets were thawed and resuspended mL26f 50 mM MES buffer pH 6. The
cell solutions were then lysed by ultrasonic treattmwith a Branson Sonifier 250 Analog.
For the cell disruption the following adjustmenterer made: DUTY cycle was ~80, output
control was ~8 and disruption time was 6 min.

After ultrasonic treatment the solutions were dérged for 1 hour with 20,000 rpm at 4°C.
Afterwards, the supernatant was used for furthgregarments. If required, the lysates were
diluted with 50 mM MES buffer pH 6 or concentrateging ultrafiltration devices (Vivaspin
20 centrifugal concentrators, 10 kDa MWCO).

3.7.11 NADPH depletion assay

A detailed description of the sample compositiogii@n in the chapter 4 assay development.
The enzyme activity was determined by measuring NM®PH depletion at 340 nm.
Therefore the reactions were started by the addafdNADPH, the plates were placed into a
plate reader and mixed once, before the oxidatidwA®DPH to NADP" was measured.

The measurements were performed for 4 min, durlmg time span each sample was

measured 21 times. Analysis of the obtained reswdtssdone with SoftMax Pro 4.8.

3.7.12 Sequencing

Sequencing was performed by AGOWA genomics (BerliBermany). The sample
composition was as recommended by AGOWA.

Sequencing results were analysed with SeqMan 5.01.
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4 Assay development

For stability screening a screening assay in miategormat had to be established. The
substrate used in this context wasnethyl-trans-cinnamaldehyde. A reaction modelraf t
conversion is shown in Figure 10. For measuring toaversion ofa-methyl-trans-
cinnamaldehyde into 2-methyl-3-phenylpropanal 5 noMthe substrate was used. The
substrate concentration was already determinedeviqus experiments by Brigitte Holler. At
higher concentrations-MCA is poorly soluble in aqueous solutions. Therefthe presence
of an organic co-solvent increases the solubilityhe substrate and in addition more stable
variants can be selected.

All experiments for assay establishment were peréal with lysates oE. coli TOP10F’
[PMS470_P1syn].

For activity detection the NADPH depletion assagailied in 3.7.11 was used. For the assay
a-MCA was first dissolved in pure organic solvenheTconcentration of the stock solution
depended on the final amount of organic co-soly@esent in the samples. This stock
solution was further mixed with 50 mM MES buffer gtHThe final concentration efMCA
was 5 mM, the concentration of the organic co-stivevas varied during the assay
development. Sample compositions depended on tpheriexent and were described in the
corresponding chapters. For all experiments enzgniesubstrate solution was propound in

the screening plate. The conversion was starteatddgddition of the NADPH solution.

4.1 Single-phase systems

The solvents used during this study for single-phsygstems were N,N-dimethylformamide
(DMF) and N-methyl-2-pyrrolidone (NMP). The minimalmount of co-solvent was 2%,

which was required to dissolve the substrate.

The sample composition used for determination efdppropriate assay conditions was as
follows:

» Substrate solution: The substrate solution contaménal concentration of 5 mf-
MCA, MES-buffer and co-solvent. Therefore a stockuson containing different
amounts ofx -MCA dissolved in pure organic solvent was pregafiée final amount
of co-solvent in the sample was varied between 88625%.
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» Enzyme solution: If necessary, enzyme solution e¥ated for the measurement.
> NADPH solution: The final concentration was 2 mMelmeasurements were started

by adding NADPH to the samples.

Table 10: Sample composition (single-phase systems)

Compound Volume [uL]
Substrate solution 170
Enzyme solution 10
NADPH solution (added before the measurement) 20
Final volume 200

4.1.1 Variation of the solvent concentration

The solvent concentrations were varied between 2% 26%. The composition of the
samples was like described in Table 10. Measurem@st performed by the use of the
NADPH depletion assay described in 3.7.11.

The graphical evaluations of the results are shioviigure 12 and 13.

For the calculation of the relative average ad@sitand the standard deviations 32 values

obtained from samples treated under the same comslivere used.
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Figure 12: Variation of DMF concentration: Reaction mixtures containing between 2 and 10%oteest are
shown. The bars illustrate the average of the iagtithe standard deviation is illustrated by erpars.
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Figure 13: Variation of NMP concentration: Reaction mixtures containing between 2 and 10%adeent are
shown. The bars illustrate the average of the iagtithe standard deviation is illustrated by erpars.

Enzymatic activity dropped with increasing co-soliveconcentration. Although solvent
concentration was varied between 2% and 25%, adgtion mixtures containing between
2% and 10% co-solvent are shown in the Figuresnti?Zl&. The reason therefore was that no
activity could be detected when the solvent comeginoh was increased above 10%.

The variation of the co-solvent concentration rés@dhe threshold behaviour [9, 11, 13] of
the enzyme. Based on the obtained results thehiblcegoncentration [9, 10, 11] could be
determined. For further information, the requiredgdams are represented in the appendix.
Cso is the concentration of organic solvent, at whioh enzymatic activity dropped to 50% of
the initial activity. In case of DMF 4 was under 5%, in case of NMP it was ~5% of organic
solvent. The different & values result from different solvent propertiesside this also the
different concentrations of the enzyme solutionsdaffect the results. Enzyme solutions for
the measurement with NMP were always higher comatau, what results in a higher protein

amount, which could further stabilise the enzyme@imtein-protein interactions.

4.1.2 Variation of the incubation time

For the determination of the ideal incubation tithe lysate/substrate mixture was incubated
and measured at different time points. During iratidn plates were sealed with a plastic film
to minimize the evaporation.

The solvent concentration used during this tesesevas 5% (DMF, NMP) and incubation

time was varied from 0 min to 24 hours. During ibation the plates were shaken with
600 rpm (Titramax 1000). After the examination bé tincubation time the samples were

measured in the presence of the organic co-so(éf).

Diploma thesis 38 Bergner Thomas



Assay development

The average activity measured at 0 min was setD@%land the values of all other time
points were related to this value. For calculatbthe residual activity after a certain time of

incubation Formula 2 was used.

Formula 2: Determination of the Stability [%0]

. Activity,
Stability[%] = S Yxmin » 10
Activity, i
Stability [%] Percent of activity remaining aftire incubation
ACtiVity ymin Remaining activity aftex min of incubation

Activity gmin Initial activity

The graphical evaluations of the results are showthe Figures 14 and 15. The average
activities and the standard deviations were caledl&om 48 values obtained from samples

treated under the same conditions.
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Figure 14: Variation of the incubation time with DMF as organic co-solventSamples incubated between
0 min and 240 min are shown. The bars illustrateatrerage of the activity; the standard deviatioshiswn by
error bars.
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Figure 15: Variation of the incubation time with NMP as organic co-solvenBamples incubated between
0 min and 240 min are shown. The bars illustrateatrerage of the activity; the standard deviatioshiswn by
error bars.

Measured activities dropped with increasing incidmatime. After 4 hours of incubation the
remaining activities decreased to ~30% in DMF and20% in NMP, respectively. Although
incubation time was varied from 0 min to 24 houns)y the results until 240 min of
incubation are shown in Figure 14 and 15. The me#serefore was that no residual activities
were found after 24 hours of incubation, a reasmmefore could be the evaporation of the
solvent and the associated drop formation on thk Beop formation also occurred before; in
this case drops were only observed in the borasanf the microplates. Problems associated
with drop formation were the risk of cross-contaation and that the reduction of the liquid

volume, leads to a change of the photometric ptaser

4.2 Two-phase systems

The solvent used for two-phase systems was toludreeuse of toluene made it unavoidable
to change the used screening plates. Determiniaggfibre was that the UV-Star plates are
made out of polystyrene, a material not resistgatrest toluene.

A comparison of the transmission spectra of UV-&tadt PP-plates used for the experiments

Is shown in Figure 16.
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Figure 16: Comparison of the transmission spectrafoa UV-star and a PP-plate: The red vertical line
indicates the detection wavelength

The comparison of the transmission spectra indictiat the amount of light which shines
through was reduced in the case of the PP-platesisMements revealed that the reduced
transmission of the PP-plates had no effect okhained results.

Toluene was always added directly to the wells bseaotherwise a homogeneous
distribution of the organic solvent was not guaeadt The applied amount of toluene was
20 pL, this amount allowed the formation of a filwhich covered the whole surface of the
well. Measurements with lower amounts of toluengidated that the obtained results were
not reproducible, when the ray of the photometer it always pass through the toluene
film.

Samples measured with toluene always containedrthefuorganic co-solvent (DMF) to
dissolvea-MCA.

The substrate solution used for these experimamttaimed a final concentration of 5 miv
MCA, MES-buffer and 2% of DMF.

An overview of the sample composition is shownhia Table 11.

Table 11: Sample composition (two-phase systems)

Compound Volume [uL]
Substrate solution 150
Enzyme solution 10
Toluene 20
NADPH solution (added before the measurement) 20
Final volume 200
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4.2.1 Variation of the shaking rate

Samples with the composition described in Tablenkte incubated for 5 min. During the
incubation the plates were shaken with a Titranthereby the shaking rate was varied
between O rpm and 750 rpm.

The graphical evaluations of the results are shiowiigure 17. The average activity obtained
without shaking was set to 100%. The average &etviand the standard deviations were
calculated from 96 values obtained from measuresnehtsamples treated under the same

conditions. The obtained results were related eaatttivity without shaking.
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Figure 17: Variation of the shaking rate between @pm and 750 rpm: The obtained activities are shown as
blue bars. The obtained standard deviation istitaisd by error bars.

Activity dropped down with increasing shaking raadurther increase of the shaking rate was
limited by the detectability limit of the residualtivity. The decrease of activity with
increasing shaking rate could be explained by #eatlration caused by interactions of the
enzyme at the liquid-liquid interface. This phenowre was already described by Asakura
and co-workers [18], they determined that even kraaiounts of toluene could case
denaturation in shaken samples.

For further experiments a shaking rate of 450 rpas wsed. The reason to choose this

shaking rate was that a fast decrease of activaylavresult in a reduction of incubation time.
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4.2.2 Variation of the incubation time

For the determination of the ideal incubation tiplates were measured at different time
points. During the incubation the sealed sampla® siaken with 450 rpm.

The obtained results are shown in Figure 18, far dimgram the activity obtained without
incubation was set to 100% and all other valuesewetated to this value. The average
activities and the standard deviations were caledlafrom 96 values obtained from
measurements of samples treated under the samieicosd
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Figure 18: Variation of the incubation time between0 min and 10 min: The residual activities are shown as
blue bars. The obtained standard deviation is sHowerror bars.

A decrease of the activity was even detected &ftain of incubation. Samples incubated for
10 min only showed about 60% of the initial acfiviAlso in this case the limitation for a
further increase of the incubation time was thectability limit.

Experiments with lysates obtained after deep wéltepcultivation showed that even an

incubation time of 15 min was possible with thituge
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4.3 Incubation conditions for screening

4.3.1 Single-phase systems

The substrate solution for experiments with wateascible solvents contained a final
concentration of 5 mMi-MCA, MES-buffer and 5% of the respective orgamesolvent. A

summary of the incubation parameters is given inlda2.

Table 12: Incubation parameters for single-phase sgems

Incubation parameters
Amount of organic solvent 5% DMF
5% NMP
Shaking rate 450 rpm
Incubation time Varied between 0 min and 240 min

4.3.2 Two-phase systems

In the case of two-phase systems the substratésolontained 5 mMi-MCA, MES-bulffer,
2% of a water miscible organic co-solvent and 10totuene. The incubation parameters

were as follows:

Table 13: Incubation parameters for two-phase systas

Incubation parameters

2% DMF and 10% toluene
2% NMP and 10% toluene

Amount of organic solvent

Shaking rate 450 rpm

Incubation time Varied between 0 min and 15 min

4.3.3 Screening assay

For the screening a two-phase system was usedathple composition and the incubation

parameters were summarized in Table 14.

Table 14: Parameters for the screening assay

Parameters for the screening assay

10uL Lysate
Sample composition 10% Toluene
2% DMF
50 mM MES buffer pH 6
Shaking rate 450 rpm
Incubation time 15 min
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4.4 Determination of the expression level

The expression level dE. coli TOP10F' [pMS470_P1syn] was measured under differen
cultivation methods (mico-, deep well plates arasKkk) and cultivation media (LB, TB and
2xTY).

After cell lysis and determination of the proteioncentration, an amount of 10 pug protein
was used for a SDS-PAGE.

191 kDa

97 kDa
64 kDa
51 kDa

39 kDa

28 kDa

19 kDa
14 kDa

n/a

BN SEEEN

n/a

Figure 19: SDS page for the determination of the gxession level:the applied protein amount was 10ug. The
SeeBlue® Plus2 Pre-Stained standard from Invitra@erp. is shown on the right. 1: MTP cultivationngsLB
media, 2: MTP cultivation using 2xTY media, 3: MTRItivation using TB media, 4: DWP cultivation ugin
2xXTY media not shaken, 5 DWP cultivation using TBdia not shaken, 6: DWP cultivation using 2xTY nagdi
7: DWP cultivation using TB media. 8: Flask cultiea using 2xTY media, 9: Flask cultivation usin® T
media.

The determination of the expression level (Figu& dhows that not only the cultivation
method but also the used media influenced the sgmme level. The expression level
increased with rising cultivation volume and medanplexity. A possible explanation for
the increased expression level after cultivatiothwiB media might be the buffer and the

glycerol contained in this media.
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5 Results and discussion

5.1 Screening

For stability screening gene library L2 was useetdis about the library creation and further
cultivation steps are summarized in chapter mdtarid methods. The cultivation was done
in deep well plates, after harvest and cell lydi® tenzyme solution was used for
measurements. For the measurement the cell solugsnmixed with a substrate solution
containing 5 mMa-MCA, MES-buffer and the required amount of orgaocezsolvents (2%
DMF/10% toluene). Further details about the sangpleposition are summarized in Table
14.

After incubation the activity was measured with tl@DPH depletion assay described in
3.7.11.

About 8,400 mutants were screened for improvedilgtain the organic co-solvent/water
mixture. After the screening the obtained resuksenanalyzed and are shown as landscape in

Figure 20.
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Figure 20: Landscape of the mutant library: measured mutants are shown as blue rhombusesijlthgype is
shown as red squares; the vector control is inglichy a broken green line.

Beside the obtained data from the mutants alsdatisscape of the wild type and average of
the vector control are shown in Figure 20. To caraghe activities from mutants, wild type

and vector control, they were cultivated on the saiate.

The average of the wild type was -69 mAbs/min, Wadue had a standard deviation of

~9 mAbs/min. The landscape is based on the resbiibout 350 measurements. For a better
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comparability with the mutant landscape each obthivalue of the wild type is shown 10
times in Figure 20.

As vector controE. coli TOP10F [pMS470] was used. The average of theovextintrol was
-14 mAbs/min and had a standard deviation of ~7 sidin.

The screening revealed that the developed assayotass precise and reliable as expected.
The high standard deviation did not only dependhenassay, it was further noticed, that the
properties of the substrate solution changed, wheras exposed to light and oxygen. To
avoid this source of error, the substrate solutias further stored at dark places and sealed
with Parafilm.

After the screening all measurements were analgseddthe most promising mutants were
taken into the rescreening to avoid false positives selection criterion the activity after
15 min of incubation was used. Only mutants wittesidual activity higher than the average
of the wild type and its 2-fold standard deviatiG®6 mAbs/min) were taken into the

rescreening.

5.1.1 Rescreening

39 mutants were taken into the rescreening. Thexedach mutant was streaked out to get
single colonies. The single colonies were furthegdufor the inoculation of the pre-culture
(microplate). Details about cultivation were sumizedl in 3.7.8.

After cultivation the plates with the stability m@ased mutants were measured again.

The rescreening was performed like described ineTah. In the course of rescreening also
an approach using NMP instead of DMF was performed.

A further difference to the screening was that esample was measured twice. The results
obtained after O min and 15 min were used for thkutation of the residual activity,
therefore Formula 2 was used.

The best mutations were further taken into a secescreening round.
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5.1.2 Re-rescreening

16 stability improved mutants were taken into tleerascreening. Therefore they were
cultivated and measured again.

Mutants were named as followed: 11_G9: plate 12 (88l plate)_well G9

The measurement was performed in the same waywassitlone during the rescreening. The
best hits of the re-rescreening were shown in ik and 22. For the calculation of the

average and the standard deviation at least 6 mezasuats of each mutant were used.
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Figure 21: Hits of the Re-rescreening (2% DMF/10% aluene): Wild type (blue) and mutants with increased
stability (violet and bright green) are shown. T™iandard deviation of the individual samples isdated by
error bars.
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Figure 22: Hits of the Re-rescreening (2% NMP/10%dluene): Wild type (blue) and mutants with increased
stability (violet and bright green) are shown. T™iandard deviation of the individual samples isdated by
error bars.

In both co-solvent mixtures (DMF/toluene and NMR/&me) the mutants 11 _G9 and 13_G6

showed the best stability. The high standard dewiatof the remaining activities made it
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unavoidable to perform further experiments to aomfithe increased stability of these

mutants.

5.1.3 Sequencing results

The results of the sequencing are summarized itatile below.

Table 15: Sequencing results

Mutant Mutation (s) aa- exchange Position
11 G9 1 1 A145T
13 G6 1 1 Y72F

Both mutants have one mutation; this mutation leads amino acid exchange. In Figure 23
the localisation of the mutations are shown. Tlhyare was created with the program PyMol
and is based on the pdb file with the number 2Z0Bd.resolution of the used protein structure
is 2.8 A.

Figure 23: Localisation of the obtained mutationsThe mutations of 11_G9 and 13_G6 are shown in ned a
indicated by arrows. Beside the mutations alsobitiend co-factor NADPH (grey) and the substrate used
crystallization p-coumaryl aldehyde (yellow) ar@®im in the image.

The mutations are described in a more detailed aftey the verification of the screening

results.
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5.2 Verification of the screening results

To confirm the obtained results further experimemse performed. All experiments made in
this context were done with lysates obtained dliéesk cultivation.

The stability of thek. coli TOP10F [pMS470 P1], TOP10F' [pMS470 11_G9] andPOF’
[PMS470 13 G6] was determined in single-phase amdtwo-phase systems. In all
experiments it was attempted that the initial agtiof the wild type and the mutants differed

as little as possible.

5.2.1 Two-phase systems

The parameters used for this test series are fesdcin Table 13. The high start activity
allowed the determination of the residual actiwuitya time interval of 45 minutes.

The graphical evaluations of the results are shiomifigure 24 and 25. In both diagrams the
average of the activity measured without incubati@s set to 100%. All other values were

related to this value.
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Figure 24: Verification of the re-rescreening resuk (2% DMF/10% toluene): The average activities of the
wild type (blue), 11_G9 (violet) and 13_G6 (brigiteen) are shown. The standard deviation is shonertor
bars.
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Figure 25: Verification of the re-rescreening resuk (2% NMP/10% toluene): The average activities of the
wild type (blue), 11_G9 (violet) and 13_G6 (brigiteen) are shown. The standard deviation is shonertor

bars.

As indicated by Figure 24 and 25 the standard ¢iewian the two-phase systems was too

high to confirm the increased stability of the s&del mutants.

5.2.2 Single-phase systems

The mutants 11 _G9 and 13 _G6 were also characteiisesingle phase systems. The

parameters used for these experiments are desaniedble 12.

The results of this test series are shown in Fi@ér@and 27. In both diagrams the average of

the start activity was set to 100% and all othéueswere related to this value.
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Figure 26: Analysis of stability with 5% DMF as organic co-solvent:The average activities of the wild type
(blue), 11_G9 (violet) and 13_G6 (bright green) stiewn. The standard deviation is indicated byrdyeos.
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Figure 27: Analysis of stability with 5% NMP as organic co-solvent:The average activities of the wild type
(blue), 11_G9 (violet) and 13_G6 (bright green) sltewn. The standard deviation is indicated byrdress.

The obtained standard deviations for measuremardgggle-phase systems were not as high
as in the case of the two-phase systems.

The mutant 11_G9 showed increased stability esiedil 120 min. After 120 min the
stability was ~1.1-fold improved in DMF and ~1.3domproved in NMP. Later the activity
dropped down and could not reach the level of the type.

The remaining activity of 13_G6 was always higheDMF. When NMP was used as co-
solvent, 13_G6 showed increased stability till 36 afterwards the stability of the wild
type was not reached. After 120 min the stabiligsw1.4-fold improved in DMF and ~1.5-
fold improved in NMP.

Based on the results obtained during the charaateon of 11_G9 and 13_G6 in the single
phase systems the included mutations were combifteel.combination was done by site-
directed mutagenesis.

The combination of 11 G9 and 13 _G6 was named 1135%6; the presence of the

required mutations was confirmed by sequencing.

5.3 Characterisation of the combined mutant 11_G9/13_G6

For the characterisation of the mutant 11 _G9/13 tf& same experiments as for the
verification of the screening results were perfalm&lso in this case it was attempted to have

the same initial activity for all tested varianfdloe enzyme.
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5.3.1 Two-phase systems

The results of the characterisation of 11 G9/13 r&é@arding its stability in two-phase
systems with toluene are shown in Figure 28 and 29.
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Figure 28: Characterisation of 11_G9/13 G6 (2% DMHF0% toluene): The average activities of the wild
type (blue), 11_G9 (violet), 13_G6 (bright greengdaheir combination 11_G9/13_G6 (grey) are shoWme
standard deviation is indicated by error bars.
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Figure 29: Characterisation of 11_G9/13 G6 (2% NMP/0% toluene): The average activities of the wild
type (blue), 11_G9 (violet), 13_G6 (bright greengaheir combination 11_G9/13_G6 (grey) are shoWme
standard deviation is shown by error bars.

The results of the characterisation of the combmediant in the two-phase systems showed
that the standard deviations made it impossibleréalict the behaviour of 11_G9/13_G6 in
two-phase systems. A reason therefore could besehsitivity of the developed screening

assay.
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5.3.2 Single-phase systems

The co-solvent stability of 11_G9/13_G3 was furtietermined in single-phase systems.

The results of the stability tests are summarizedFigure 30 and 31. For a better

comparability of the obtained results, the mutalits G9 and 13 _G6 are not shown. The

diagrams, which also contain the results of thegtants, can be found in the appendix.
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Figure 30: Characterisation of 11_G9/13 G6 with 5%DMF as organic co-solvent:shown are the average
activities of the wild type (blue) and 11_G9/13_(g6ey). The standard deviation is indicated by relars.
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Figure 31: Characterisation of 11_G9/13_G6 with 5%0NMP as organic co-solvent: shown are the average
activities of the wild type (blue) and 11_G9/13_(@fey). The standard deviation is shown by errasba
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11 G9/13 G6 showed increased stability compareld thg wild type. The residual activity
of the combined mutant was in both co-solvents énghan the remaining activity of the wild
type. The improvement was more pronounced than tvélsingle mutations.

A calculation of the stability of the combinatiolmosved that the activity was ~1.4-fold
improved in DMF and ~1.7-fold improved in NMP. Tkesalues represent the average

increase in stability of the combined mutant.

Since a further combination was made, the comlandtil G9/13_G6 is named “stab” in this

context.

5.4 Detalls about the mutations

As mentioned before in both stability improved nmisaone mutation was found. This
mutation resulted in an amino-acid exchange.

In the following section the occurred amino-acidcleanges are described in detail. To
determine the reasons, responsible for the inctlesskent stability, the obtained mutations
were compared with the proposals of Arnold [1] arahg and co-workers [22]. Their

proposals for mutations that increase the solviahilgy of enzymes are summarised in 1.1.4.
The exchanged amino-acids are implemented in athatythe orientation of their side chain

shows a maximum of correlation to the conformatbthe native residue.

5.4.1 Mutant 11_G9 (A145T)

In 11_G9 the alanine at position 145 is replacedalifpreonine. This mutation leads to an
exchange of a neutral non-polar amino-acid to d@akpolar amino acid.

5.4.1.1 Localisation

For the localisation of the exchanged residue PgMws used. The image of the localisation

is shown in Figure 32.
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Figure 32: Localisation of Alal45:Ala-145 is shown in red; the rest of the proteipriesented in green. Beside
the protein structure also the surface is shown.

In Figure 32 the surface of the protein is showgraen shell, with a red spot, that confirmed

that Ala-145 is part of the surface, what indicdtes this residue is exposed to the solvent.

5.4.1.2 Interactions of residue 145 before and after the ntation

Details about the interactions of the amino-ac&ldee present at position 145 are presented

in Figure 33.

Figure 33: Interactions of amino-acid residue 145A wild type residue; B mutated residue; hydrogendso
are indicated as dashed yellow lines

In Figure 33 the interactions of the amino-acidpasition 145 are shown. The wild type
enzyme had an Ala at this position; this Ala cammf@ linkage to Met-141. The linkage is
formed by main-chain interactions and represents typical hydrogen bond (n+4)
configuration shown im-helixes.

Also the introduced Thr forms no additional H-bdimkages within the peptide chain but

might show stronger interactions with the majorvsat HO of the buffer.
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Beside the amino-acids also the bound co-factor RAQyellow) and the substrate used for

crystallization p-coumaryl aldehyde (orange) drestrated in Figure 33.

5.4.1.3 Comparison of the obtained results with the desigrules for enzyme

stabilisation in organic solvents

Both authors [1, 22] recommended the exchange arfgeldl surface residues. In this case both
amino-acids found in position 145 are uncharget Thuis more hydrophobic than Ala.

They also proposed to remove unfulfilled hydrogemding sides. The wild type Ala can
create no hydrogen-bonds with its side-chain. Agospd to this Thr-145 has a free polar
hydroxyl group, which points to the surface. Thisl-Qroup would allow the Thr to form
further linkages to stabilize the enzyme. A rotatad the side chain by 180° would bring the
hydroxyl group in binding distance with Met-141iadicated in the Figure 34.

o= Fa o=

Figure 34: Possible polar contacts after the rotatin of Thr145: polar contacts are presented as dashed yellow
lines

Figure 34 shows that the rotation of the side chasults in the formation of a further

hydrogen bond between Thr-145 and Met-141. In estbtio this observation Thr-145 formed
only one hydrogen bond before the rotation (searei@3B). This further hydrogen bond

allows Thr-145 to fulfil the hydrogen binding capgcwhat could be a possible reason for
the increased stability of 11_G9.

Yang and co-workers [22] also recommended the exgdhaf bulky amino-acids into small

ones. A comparison of the van der Waals volumesaled that in this case a small amino-
acid was exchanged by another one. A table contidifferent properties of amino-acids

[59, 60] is shown in the appendix.
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Yang and co-authors also suggested to exchangeaomlyo-acids far away from the active
site. Figure 33 and 34 illustrate that position 1gl%elatively close to the active site of the
protein. The measurement of the distance indidaigsthe minimal distance to the co-factor
bound in the active site is ~8 A. However this eneyis rather small and as discussed above,
position 145 is on the surface of the protein.

A further explanation why the exchange A145T cdaht to increased stability was given by
Arnold [1]. She proposed increased van der Waatsetocould result in tight packing, which
may result in increased stability. A summary of ivder Waals distances for interatomic

contacts” [61] is shown in the appendix. In Fig@&epossible interactions from Thr-145 are

shown.
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Figure 35: Possible spherical interactions of Thr-45: A before the rotation of the side chain; B aftee th
rotation of the side chain. Distances are represkeas black dashed lines.

Figure 35A reveals that the sphere of Thr-145 adex with the spheres of Tyr-144 and Phe-
289. The measured distances of 3.07 A and 2.3& flthe recommended range of van der
Waal distances proposed from Ramachandran andegharan [61].

After the rotation of the side chain (Figure 35B tdistances between the amino-acid
residues increased and the spherical contactsedueed. The rotation of the side chain by
180° resulted in a complete loss of spherical adgons of Thr-145 and Phe-289.

In summary, it can be stated that the rotatiorhefdide chain reduces the interactions of the
spheres but on the other hand only in this confaonahe formation of a further hydrogen
bond (see Figure 34) is possible. The exact redsorie stabilising effects of this mutation

still remain unclear.
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5.4.2 Mutant 13_G6 (Y72F)

In 13_G6 the tyrosine at position 72 is replacedlphenylalanine. The mutation of a Tyr to
a Phe can be described as the exchange of a ngoliako a neutral non-polar amino acid.

5.4.2.1 Localisation

Figure 36: Localisation of Tyr-72: Tyr-72 is shown in red; the rest of the proteiplissented in green. Beside
the protein structure also the surface is shown

In Figure 36 the surface of the protein is showngesen shell, with two red spots, that
confirm that Tyr-72 participates in the surfacenfation and therefore is exposed to the

solvent.

5.4.2.2 Interactions of residue 72 before and after the muttion

Details about the interactions of the amino-acildees present at position 72 are present in

Figure 37.

Figure 37: Interactions of amino-acid residue 72A wild type residue; B mutated residue; hydrogendsoare
indicated as dashed yellow lines
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In Figure 37 the interactions of the amino-acigh@sition 72 are shown. The wild type has a
Tyr residue at this position; this Tyr residueirkéd to Arg-57 and GIn-79. The hydrogen
bond between the Tyr and Arg-57 is formed by tme&in chains and remains unchanged
after the mutation. The linkage to GIn-79 is fornfemin the hydroxyl group of the Tyr side
chain.

The mutation of the Tyr to a Phe results in the lolsthe OH-group of the side-chain, so that
the formation of a hydrogen bond to GIn-79 is nmggble any more.

5.4.2.3 Comparison of the obtained results with the desigrules for enzyme

stabilisation in organic solvents

The recommended exchange of charged residues][intdzeutral ones was not found here.
Both residues present at position 72 are unchaagddave about the same size. The fact that
these residues have similar van der Waals volumeisazlicts the suggestion of Yang and co-
workers [22], who purposed to exchange bulky imb@k amino-acids.

Arnold [1] and Yang and co-authors [22] proposedamove unfulfilled hydrogen binding
sides. As shown in Figure 37 the Tyr present inviiid type can form two hydrogen bonds,
while the introduced Phe residue can not from ardgeh bond with the side-chain. This
observation stands in complete contrast to the estgms of Arnold [1] and Yang and co-
workers [22].

The analysis of position 72 regarding possible danWaals contacts indicated that there are
no residues within the recommended binding distd6tg¢ A rotation of the side chain by
180° does not alter that observation because lid¢hchains are rotationally symmetric.

5.4.3 Conclusion

For both mutations the reason for their positivieafon the stability of P1 could not be
determined exactly. However interactions with tlé/aent including HO was not taken in
consideration in more detail. In the case of A14E, formation of a further hydrogen bond
seems to be the most promising effect for increastbility. Exactly the opposite
phenomenon was found in Y72P, the exchange of yinéola Phe residue results in the loss

of one hydrogen-bond.
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Also the exchange of charged to uncharged or biallgmall amino acids was not obtained. A
further reason for the increased stability mighirimeeased van der Waals forces, this kind of
interaction was hard to determine. Van der Waaisefowere demonstrated in form of atomic
spheres and distance measurements. A predictioat abeir effects on the stability of P1
remained unclear. A comparison of hydrophobic ad@ons within the protein structure
before and after the mutagenesis could be integests well. But therefore well calculated
homology models would be required.

A reason, which restricted precise models and tiegligtion of the effects based on the
obtained mutations, was the resolution of the afystructure. A resolution of 2.8 A does not
exclude that some side chains are representecebyrting rotamer.
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5.5 Characterisation of the combined mutant 3_L6/10_ K5/  stab

3 L6/10 K5 is a mutant, which shows increased agtim terms of the conversion of the
business relevant substrate synthon xy into theesponding saturated aldehyde. More
details about the enzyme 3 L6/10 K5 and the subssgnthon xy can be found in the
dissertation of Brigitte Holler [52].

For all experiments performed with 3_L6/10_K5, $ymt Xy was used as substrate. The final
concentration of synthon xy in the assay was 0.5mM.

The mutant 3 _L6/10_K5/stab (combination of 3_L6MB_with the stability improved
mutant 11 _G9/13_G6) was only characterised in singhase systems, the incubation
parameters are summarized in Table 12.

The obtained results are shown in Figure 38 and 39.
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Figure 38: Stability check of 3_L6/10_K5/stab with6% DMF as organic co-solvent:;The average activities
of the wild type (blue), stab (grey), 3_L6/10_Kb5ellgpw) and 3_L6/10_K5/sath (purple) are shown. The
standard deviation of the samples is indicatedrtyr dars.
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Figure 39: Stability check of 3_L6/10_K5/stab with6% NMP as organic co-solventThe average activities
of the wild type (blue), stab (grey), 3_L6/10_Kb5ellgpw) and 3_L6/10_K5/sath (purple) are shown. The
standard deviation of the samples is indicatedrtyr dars.

Figure 38 and 39 reveal that the combination 3 Q6KE/stab is not as stable as the wild
type. In the measurements with DMF, the obtaindd/iic after 240 min of incubation was
about one sixth of the residual activity of thedmiype. Also the mutant stab (11_G9/13_G6)
could not confirm the results obtained witHMCA. However the stability of this enzyme
variant was in the range of the wild type.

When NMP was used as co-solvent, no residual #&ctivor 3 L6/10 K5 and

3 L6/10 Kb5/stab was measured after 240 min.

The integration of the mutations responsible ferithproved stability into 3_L6/10_K5 could
enhance the stability in 5% NMP (see Figure 39\eMieless the integrated mutations were
not able to compensate the stability decrease ddms¢éhe mutations responsible for activity
enhancement.

A reason for the different results might be thefedédnt substrates, because the substrate
synthon xy contains further side-chains. The presesf these side chains could result in a
particular unfolding of the enzyme, which couldthar result in a decrease of the stability.
Another reason for the decreased stability couldhleerequired amount of enzyme solution
used for the measurements. The needed volume d@/BOLK5 and 3_L6/10_Kb5/stab was
about one third of the required amount of the wijde and stab. Different amounts of
enzyme solution implied that different protein centration were present in the samples. A
higher protein concentration could further stabilthe enzyme by increased protein-protein
interactions.
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Beside 3_L6/10_K5 also other activity improved wats of P1 (4_C2, 2 017 and 2_0O7
SSMB) were tested for their stability in aqueoukisons (5% DMF or 5% NMP). Details

about the tested mutants can be found in the digser of Brigitte Holler [52].

Due to the fact that stability enhancement wasy quartially transferable, no further

combination of activity improved mutants and thebdity improved variant of P1 was done.
The results of the activity improved variants relyag there stability in the presence of

organic co-solvents are shown in Figure 40 and 41.

120

=
S 80 {—‘
£ 60 £
£
g 40
=
© 20
S

0

0 15 30 60 120 240
Time [min]
@ wild type m4_C2 m2_017 m2_07 SSMB

Figure 40: Stability analysis in an aqueous solutio containing 5% DMF: the standard deviation is indicated
by error bars.
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Figure 41: Stability analysis in an aqueous solutio containing 5% NMP: the standard deviation is indicated
by error bars.
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6 Conclusion

6.1 Assay development

Experiments revealed that P1 is quite unstablehm presence of organic co-solvents.
Experiments for the determination of theoGhowed that the activity of P1 decreases with
increasing solvent concentration. The calculated v@lue was about 5% for both used
solvents (DMF and NMP). Therefore the co-solvemoamtration for single-phase assays was
set to 5%. The determination of the incubation tireeealed that the enzyme could be
incubated for 4 hours in the presence of 5% of mgaolvent. After the incubation the
remaining activity was always higher for samplestaming DMF.

Also experiments with two-phase systems were mélde.presence of 10% toluene and 2%
of DMF or NMP decreases the maximum incubation tfroen 4 hours to 15 min. A reason
therefore might be the denaturation of the enzyased via contact with the liquid-liquid
interphase.

The established screening assay was a two-phasamsy®ntaining 10% toluene and 2%
DMF. For the screening the plates were shaken 4&thrpm for 15 min.

Screening revealed that the assay was not reliabteigh to find mutants with slightly
improved stability. The reason therefore was thyh Istandard deviation of the wild type.

A further problem of the screening assay mightHeelow shaking rate (450 rpm), which did
not result in well mixed samples.

To improve the screening assay it might be betiemeasure each probe twice (with and

without incubation) and use the obtained data koutate the stability.
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6.2 Screening

Screening revealed that the assay was not asleshalrequired. Therefore each sample was
measured twice (without incubation and after 15)rdirring the two rescreening rounds. Two
mutants with increased stability were found andhierr characterised in single-phase systems.
Characterisation in 5% DMF/NMP revealed that theantul1l_G9 was ~1.1-fold improved in
DMF and ~1.3-fold improved in NMP after 120min atubation. The second mutant found
during screening 13_G6 was ~1.4-fold improved in BDEhd ~1.5-fold improved in NMP
after the same time of incubation.

The beneficial mutants were combined and the obthimutant was characterised. The
combined mutant 11 _G9/13 _G6 revealed a ~1.4-foldravement in DMF and ~1.7-fold
improvement of the stability in NMP. These resulslicate that the improvement was
additive in case of NMP, in the case of DMF theaot#d improvement was about the same
as in mutant 13_G6.

The characterisation of the contained mutationgcatdd that the reasons for the increased
stability were difficult to find. In the case of A&T the reason for the improved stability
could be the formation of a further hydrogen boRdr the amino acid exchange Y72F no
plausible reason for the enhanced stability coeldooind.

Mutations responsible for improved stability wewetier combined with an activity improved
variant of P1. The characterisation of this mutaas done with a business relevant substrate
and revealed that stability was only partially sfemable. A reason therefore might be the
difference of the used substrates and destabilefilegts cased by the mutations.

For further stability improvements additional erpyone libraries have to be created and
screened. To improve the stability of P1 regardiegconversion of the industrial substrate, it
would have been better to use the business relsuastrate itself for the screening. The
reason therefore is that the screening conditibnsld mimic the specific conditions of the
final process as closely as possible, becausedgbwhat you screen for” [62]. However, at
the time when this study started, this substrate wed yet available.
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Figure 1. “Steps in enzyme deactivation in orgamedium”[6]: (1) Protein with bound
hydration shell; (2) water miscible organic solveeplaces water molecules from the
hydration shell; (3) the consequent conformatiaf@nge leads to denaturation of the
(<1074 0 1T PP PPPPI 2

Figure 2. “Schematic representation of the ligamdliced imprinting of the enzyme active
site” [26]: The enzyme is shown as shaded oval aithangular cleft representing the
active site; the ligand molecule is shown as regtariWhen the ligand (in this case a
substrate analogue) is bound to an enzyme a coafmmal change occurs. This altered
conformation remains intact after lyophilisationdafollowed extraction of the ligand.
The ligand induced imprint persists even after guspension of the enzyme in
anhydrous solvents. The reason therefore is thetatal rigidity in such media. But the
imprint disappears when the enzyme is dissolvedater. ................ccccevvvviviiiiicinnn 1.

Figure 3: Possible applications for protein engimER[23] .......vveiiiiiiieiieeeeeee e e 8

Figure 4: “Asymmetric reduction of activated C=Cnlse using enoate reductases at the
expense of NAD(P)H yields the corresponding alkem@on racemic form”[40]: * is
used to indicate the chiral centres, X illustrad@sactivating group; different electron-
withdrawing groups are described iN 1.2.2. .......coovvivieiiiiiiiciiie e eeeeeeeeeee 12

Figure 5: “Asymmetric reduction of activated alkenBy enoate reductases” [40]. The
asterisks (*) indicate chiral centers, EWG stamsdlectron-withdrawing group. The
hydride which is transferred from the flavin cofacis indicated in bold. ..................... 14

Figure 6:"’Asymmetric bioreduction af, - unsaturated aldehydes and ketones using whole
microbial cells often shows undesired carbonyl otidn”[40]: * indicates chiral centers.
................................................................................................................................ 15

Figure 7: Formation, biological effects and scaweg®f 4-hydroxy-(2E)-nonenal [51]...... 18

Figure 8: Proposed interactions of P1 with the ldooofactor NADP and the substrates p-
coumaryl aldehyde (A) and 4-hydroxy-(2E)-nonengl [@®]: The arrow indicates the
n interaction between the phenol rings. Hydrogendsare shown as dashed lines...... 19

Figure 9: Schematic reaction mechanisms with p-@yhaldehyde (C) and 4-hydroxy-(2E)-

NONENAI (D) [49]. .eeeeeeieiiiiiiiie ettt ee e ettt e e e e e e e e e e e e e eeaeaeeaaeeeeeeensernnnns 19
Figure 10: Model reaction: conversion of wasethyl-trans-cinnamaldehyde into 2-methyl-

3-phenylpropanal DY PL ... 20
FIQUIE 11: PMSAT0 PLSYN..ciiiiiiiiiiiiiii s s et s s s e e e e e e e e e e eeeeeeesseessssmmnnnssesnnnnn s e eaeas 22

Figure 12: Variation of DMF concentration: Reactmixtures containing between 2 and 10%
co-solvent are shown. The bars illustrate the a@eeraf the activity; the standard
deviation is illustrated by error Dars. ......cccceeeie e 37

Figure 13: Variation of NMP concentration: Reactiixtures containing between 2 and 10%
co-solvent are shown. The bars illustrate the aeeraf the activity; the standard
deviation is illustrated by error Dars. ..o 38

Figure 14: Variation of the incubation time with [PMas organic co-solvent: Samples
incubated between 0 min and 240 min are shown.bBhg illustrate the average of the
activity; the standard deviation is shown by ebrars. ...............cccceeeeeiiiiiieeieiiiceeems 39

Figure 15: Variation of the incubation time with NMas organic co-solvent Samples
incubated between 0 min and 240 min are shown.bHEng illustrate the average of the

activity; the standard deviation is shown by ebars. ............cccooeoiiiiiiiiiiiiiiiiceens 40
Figure 16: Comparison of the transmission spectra tJV-star and a PP-plate: The red
vertical line indicates the detection wavelength..............cccooeiiiiiieeeee 41
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Figure 17: Variation of the shaking rate betweeprh and 750 rpm: The obtained activities
are shown as blue bars. The obtained standardtaewvia illustrated by error bars. ..... 42
Figure 18: Variation of the incubation time betw&emin and 10 min: The residual activities
are shown as blue bars. The obtained standardtaevia shown by error bars............ 43
Figure 19: SDS page for the determination of theression level: the applied protein amount
was 10pg. The SeeBlue® Plus2 Pre-Stained standardlfvitrogen Corp. is shown on
the right. 1: MTP cultivation using LB media, 2: ®Tcultivation using 2xTY media, 3:
MTP cultivation using TB media, 4: DWP cultivatiaising 2xTY media not shaken, 5
DWP cultivation using TB media not shaken, 6: DWHication using 2xTY media, 7:
DWP cultivation using TB media. 8: Flask cultivatiazusing 2xTY media, 9: Flask
cultivation USING TB MEIA. ........uuuuuiiiiiimmr et s e s s e e e e e e e e e e e eeeeeesrennnneeeeesennnnn 45
Figure 20: Landscape of the mutant library: measunatants are shown as blue rhombuses;
the wild type is shown as red squares; the vedaatral is indicated by a broken green
I e e e e e e et ettt ettt —n—————ababn e e aaaaaas 46
Figure 21: Hits of the Re-rescreening (2% DMF/1@uene): Wild type (blue) and mutants
with increased stability (violet and bright greem shown. The standard deviation of
the individual samples is indicated by error bars..............ooviiiiiiiiiiieeeeeeeeee, 48
Figure 22: Hits of the Re-rescreening (2% NMP/1@dne): Wild type (blue) and mutants
with increased stability (violet and bright greenf shown. The standard deviation of
the individual samples is indicated by error bars.............ooviiiiiii e, 48
Figure 23: Localisation of the obtained mutatiofbe mutations of 11_G9 and 13_G6 are
shown in red and indicated by arrows. Beside th¢atiuns also the bound co-factor
NADPH (grey) and the substrate used for crystaltimap-coumaryl aldehyde (yellow)
are ShOWN iNthe IMAQGE. .....uueeie e 49
Figure 24: Verification of the re-rescreening résuR% DMF/10% toluene): The average
activities of the wild type (blue), 11_G9 (violethd 13 _G6 (bright green) are shown.
The standard deviation is shown by error DarS..e.........ccooovviviiiiiiciiccec e, 50
Figure 25: Verification of the re-rescreening résyR% NMP/10% toluene): The average
activities of the wild type (blue), 11_G9 (violethd 13 _G6 (bright green) are shown.
The standard deviation is shown by error DarS.............ooiiiiiiiiicii e, 51
Figure 26: Analysis of stability with 5% DMF as argc co-solvent: The average activities of
the wild type (blue), 11_G9 (violet) and 13_G6 ¢hti green) are shown. The standard
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11 Appendix

11.1 Determination of C 5

125
100 -
2
=
‘g 75 -
s
€ 50
©
X 25
0 _
2 5 7,5 10
amount of organic solvent [%)]

Figure 42: Determination of the G, in DMF: the obtained activity with 2% co-solvent is setl% and all
other values are related to this worth. The stahdawiation is indicated by error bars.
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Figure 43: Determination of the Gy in NMP: the obtained activity with 2% co-solvent is setl% and all
other values are related to this worth. The stahdawiation is indicated by error bars.
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11.2 Characterisation of the combined mutant 11_G9/ 13 G6
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Figure 44: Characterisation of 11_G9/13_G6 with 5%0MF as organic co-solventThe average activities of
the wild type (blue), 11_G9 (violet), 13 _G6 (brighteen) and their combination 11 _G9/13_G6 (grey ar
shown. The standard deviation is indicated by dress.
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Figure 45: Characterisation of 11_G9/13_G6 with NMRas organic co-solventThe average activities of the
wild type (blue), 11_G9 (violet), 13_G6 (bright grg and their combination 11_G9/13 G6 (grey) amash
The standard deviation is indicated by error bars.
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11.3 Strain deposited in the culture collection

Before the strain was deposited in the cultureectibn it was sequenced.

Table 16: Strain deposited in the culture collectin

Culture .
collection Designation Plasmid Host strain RESIEEmEE
marker
number
3094 11 G9/13 _G6 pMS470 E. coli Ampicillin
11 G9/13 G6 | ToplOF

The Vector NTl file of 11_G9/13_G6 was named pMS470G9 13 G6. This file is part of
the CD.

11.4 DNA sequences

11.4.1 Pilsyn

atgactgcgaccaacaagcaggtgatcctgaaagattatgtatctygativgaatctgatttcgattttaccaccactacggtagaactgemomaag
gcactaactccgttctggtgaagaacctgtacctgtcttgtgatcegeaatccgtatgggcaagecggaccegtctaccgcagegcetggocitaigg
ctccgggtcagecgattcagggctacggtgtatctcgtatcatcgagtetgcggattataagaaaggtgacctgetgtggggtatcgtggcarigag
tactctgttatcaccccgatgacccacgcacatttcaaaatccagtgteccgctgtcttattacaccggtctgetgggtatgectggcatgagacgc
tggtttctacgaagtatgctctccgaaagagggcgaaactgtctaggHgratccggegeggtgggecaactggtaggccaactggccaamgtiat
gttacgtggttggctctgcgggtagcaaagagaaagtigacctgeitgaaaticggtttcgatgatgctttcaattataaggaagagagcgetptgg
ccctgaaacgttgtttcccgaacggcatcgacatctacttcgaaagtgigaagatgctggatgcetgtgctggttaacatgaatatgcacgutggmt
ctgcggtatgatctctcagtataacctggagaaccaggaaggtgtec@i@aaatatcatctacaaacgcatccgtatccagggcttcgtagactitct
acgataaatattctaagttcctggagttcgtgctgccgecacatccgigaagatcacgtatgtagaggacgtagcggacggectggagaaageigeag
cctggttggtetgticcatggcaagaatgtgggcaaacaagtcgtegitgtgaataa

11.4.2 11 _G9

atgactgcgaccaacaagcaggtgatcctgaaagattatgtatctypgaticgaatctgatttcgattttaccaccactacggtagaactgemomaag
gcactaactccgttctggtgaagaacctgtacctgtcttgtgatcegtagamtccgtatgyggcaagecggacccegtctaccgcagegetggoritaigg
ctccgggtcagecgattcagggctacggtgtatctcgtatcatcgagtetgcggattataagaaaggtgacctgetgtggggtatcgtggcargag
tactctgttatcaccccgatgacccacgcacatttcaaaatccagtgtaiccgctgtcttattacaccggtctgetgggtatgectggcatgagacac
tggtttctacgaagtatgctctccgaaagagggcgaaactgtctaggHgratccggegeggtgggecaactggtaggccaactggccaamgtiat
gttacgtggttggctctgcgggtagcaaagagaaagtigacctgeitgaaaticggtttcgatgatgctttcaattataaggaagagagcgetgptggy
ccctgaaacgttgtttcccgaacggcatcgacatctacttcgaaagtgiggagatgctggatgetgtgctggttaacatgaatatgcacgutggmt
ctgcggtatgatctctcagtataacctggagaaccaggaaggtgteciimaaatatcatctacaaacgcatccgtatccagggcttcgtegactitct
acgataaatattctaagttcctggagttcgtgctgccgcacatccgigaagatcacgtatgtagaggacgtagcggacggectggagaaageigeag
cctggttggtctgttccatggcaagaatgtgggcaaacaagtcgtegitgtgaataa

11.4.3 13 _G6

atgactgcgaccaacaagcaggtgatcctgaaagattatgtatctypgativgaatctgatttcgattttaccaccactacggtagaactgemomaag
gcactaactccgttctggtgaagaacctgtacctgtcttgtgatcegtagamtccgtatgggcaagecggacccegtctaccgcagegetgg ooty
tccgggtcagecgattcagggctacggtgtatctcgtatcatcgageetggggattataagaaaggtgacctgetgtggggtatcgtggcgiggga
actctgttatcaccccgatgacccacgcacatttcaaaatccageatgatgegetgtcttattacaccggtctgctgggtatgectggcatgagtaggct
ggtttctacgaagtatgctctccgaaagagggcgaaactgtctaggtptatccggegeggtgggecaactggtaggccaactggccaaanmigty
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ttacgtggttggctctgcgggtagcaaagagaaagttgacctgctgaaaticggtttcgatgatgctttcaattataaggaagagagegaigegacc
ctgaaacgttgtttcccgaacggcatcgacatctacttcgaaaatgtgggigatgctggatgcetgtgctggttaacatgaatatgcacggtggeapiet
gcggtatgatctctcagtataacctggagaaccaggaaggtgtadataaaatatcatctacaaacgcatccgtatccagggcttcgtagactitctn
cgataaatattctaagttcctggagttcgtgctgccgcacatccgtgaaggtcacgtatgtagaggacgtagcggacggectggagaaagggeaga
ctggttggtctgttccatggcaagaatgtgggcaaacaagtcgtagtytgtgaataa

11.4.4 11_G9/13_G6 (stab)

atgactgcgaccaacaagcaggtgatcctgaaagattatgtatctypgativgaatctgatttcgattttaccaccactacggtagaactgemomaag
gcactaactccgttctggtgaagaacctgtacctgtcttgtgatcegeaatccgtatgggcaagecggaccegtctaccgcagegetgg oty
tccgggtcagecgattcagggctacggtgtatctcgtatcatcgageetggggattataagaaaggtgacctgetgtggggtatcgtggcgiggga
actctgttatcaccccgatgacccacgceacatttcaaaatccag@tgatggctgtcttattacaccggtctgctgggtatgectggcatgatagact
ggtttctacgaagtatgctctccgaaagagggcgaaactgtctaggHptatccggegeggtgggecaactggtaggccaactggccaaamitgty
ttacgtggttggctctgcgggtagcaaagagaaagttgacctgctgaaatticggtttcgatgatgctttcaattataaggaagagagegaigegacc
ctgaaacgttgtttcccgaacggceatcgacatctacttcgaaaatgtyggtgatgctggatgetgtgctggttaacatgaatatgcacggtggtaptot
gcggtatgatctctcagtataacctggagaaccaggaaggtgtadataaaatatcatctacaaacgcatccgtatccagggcttcgtagactitcm
cgataaatattctaagttcctggagttcgtgctgccgcacatccgtgaaggtcacgtatgtagaggacgtagcggacggectggagaaagggeaga
ctggttggtctgticcatggcaagaatgtgggcaaacaagtcgtagtytgtgaataa

11.45 3_L6/10_K5/stab

atgactgcgaccaacaagcaggtgatcctgaaagattatgtatctypgativgaatctgatttcgattttaccaccactacggtagaactgemomaag
gcactaactccgttctggtgaagaacctgtacctgtcttgtgatcegtagatitgtatgggcaagccggaccegtctaccgcagegcetggegttiggt
ccgggtcagecgattcagggctacggtgtatctcgtatcatcgagtetggygattataagaaaggtgacctgetgtggggtatcgtggegtgagtza
ctctgttatcaccccgaagacccacgcacattacaaaatccagetgemtggetgtcttattacaccggtctgctgggtatgectggcatgaptagact
ggtttctacgaagtatgctctccgaaagagggcgaaactgtctaggHptatccggegeggtgggecaactggtaggccaactggccaaamitgty
ttacgtggttggctctgcgggtagcaaagagaaagttgacctgctgaaaticggtttcgatgatgetttcaattataaggaagagagcegaipegacc
ctgaaacgttgtttcccgaacggcatcgacatctacticgaaaatgtyggtgatgctggatgcetgtgetggttaacatgaatgtgcacggtggtaset
gcggtatggtctctcagtataacctggagaaccaggaaggtgtacat@aeatatcatctacaaacgcatcegtatccagggcttegtaghotitetn
cgataaatattctaagttcctggagttcgtgctgccgeacatccgtgaaggtcacgtatgtagaggacgtagcggacggectggagaaagggeaga
ctggttggtctgticcatggcaagaatgtgggcaaacaagtcgtagtytgtgaataa

11.5 Protein sequences

11.5.1 Pilsyn

MTATNKQVILKDYVSGFPTESDFDFTTTTVELRVPEGTNSVLVKNLYLSCEPYMRIRMGKPDPSTAALA
QAYTPGQPIQGYGVSRIIESGHPDYKKGDLLWGIVAWEEYSVITPMTHAHKIQHTDVPLSYYTGLLGM

PGMTAYAGFYEVCSPKEGETVYVSAASGAVGQLVGQLAKMMGCYVVGSAGXKEKVDLLKTKFGFDD

AFNYKEESDLTAALKRCFPNGIDIYFENVGGKMLDAVLVNMNMHGRIAVCG MISQYNLENQEGVHNL

SNIIYKRIRIQGFVVSDFYDKYSKFLEFVLPHIREGKITYVEDVADGLEKAPEALVGLFHGKNVGKQVVV

VARE

11.5.2 11 G9

MTATNKQVILKDYVSGFPTESDFDFTTTTVELRVPEGTNSVLVKNLYLSCOPYMRIRMGKPDPSTAALA
QAYTPGQPIQGYGVSRIIEESGHPDYKKGDLLWGIVAWEEYSVITPMTHAHKIQHTDVPLSYYTGLLGM
PGMTAYTGFYEVCSPKEGETVYVSAASGAVGQLVGQLAKMMGCYVVGSAGKEKVDLLKTKFGFDD
AFNYKEESDLTAALKRCFPNGIDIYFENVGGKMLDAVLVNMNMHGRIAVCG MISQYNLENQEGVHNL
SNIIYKRIRIQGFVVSDFYDKYSKFLEFVLPHIREGKITYVEDVADGLEKAPEALVGLFHGKNVGKQVVV
VARE
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11.5.3 13 G6

MTATNKQVILKDYVSGFPTESDFDFTTTTVELRVPEGTNSVLVKNLYLSCEPYMRIRMGKPDPSTAALA
QAFTPGQPIQGYGVSRIESGHPDYKKGDLLWGIVAWEEYSVITPMTHAHRIQHTDVPLSYYTGLLGM
PGMTAYAGFYEVCSPKEGETVYVSAASGAVGQLVGQLAKMMGCYVVGSAGKEKVDLLKTKFGFDD
AFNYKEESDLTAALKRCFPNGIDIYFENVGGKMLDAVLVNMNMHGRIAVCG MISQYNLENQEGVHNL
SNIIYKRIRIQGFVVSDFYDKYSKFLEFVLPHIREGKITYVEDVADGLEKAPEALVGLFHGKNVGKQVVV
VARE

1154 11 G9/13 G6

MTATNKQVILKDYVSGFPTESDFDFTTTTVELRVPEGTNSVLVKNLYLSCEPYMRIRMGKPDPSTAALA
QAFTPGQPIQGYGVSRIIESGHPDYKKGDLLWGIVAWEEYSVITPMTHAHRIQHTDVPLSYYTGLLGM
PGMTAYTGFYEVCSPKEGETVYVSAASGAVGQLVGQLAKMMGCYVVGSAGKEKVDLLKTKFGFDD
AFNYKEESDLTAALKRCFPNGIDIYFENVGGKMLDAVLVNMNMHGRIAVCG MISQYNLENQEGVHNL
SNIIYKRIRIQGFVVSDFYDKYSKFLEFVLPHIREGKITYVEDVADGLEKAPEALVGLFHGKNVGKQVVV
VARE

11.5.5 3_L6/10_K5/stab

MTATNKQVILKDYVSGFPTESDFDFTTTTVELRVPEGTNSVLVKNLYLSCEPYMRICMGKPDPSTAALA
QAFTPGQPIQGYGVSRIIESGHPDYKKGDLLWGIVAWEEYSVITPKTHAHXIQHTDVPLSYYTGLLGM
PGMTAYTGFYEVCSPKEGETVYVSAASGAVGQLVGQLAKMMGCYVVGSAGKEKVDLLKTKFGFDD
AFNYKEESDLTAALKRCFPNGIDIYFENVGGKMLDAVLVNMNVHGRIAVCG MVSQYNLENQEGVHNL
SNIIYKRIRIQGFVVSDFYDKYSKFLEFVLPHIREGKITYVEDVADGLEKAPEALVGLFHGKNVGKQVVV
VARE

11.5.6 Alignment of the protein sequences

Plsyn MIATNKQVI LKDYVSGFPTESDFDFTTTTVELRVPEGTNSVLVKNLYLSCDPYMRI RMGK 60
13_G6 MIATNKQVI LKDYVSGFPTESDFDFTTTTVELRVPEGTNSVLVKNL YLSCDPYMRI RMGK 60
11. @ MIATNKQVI LKDYVSGFPTESDFDFTTTTVELRVPEGTNSVLVKNLYLSCDPYMRI RMGK 60
11_G9/13_G5 MIATNKQVI LKDYVSGFPTESDFDFTTTTVELRVPEGTNSVLVKNLYLSCDPYMRI RMGK 60
Plsyn PDPSTAALAQAYTPGQPI QGYGVSRI | ESGHPDYKKGDLLWGE VAWEEYSVI TPMIHAHF 120
13_G6 PDPSTAALAQAFTPGQPI QGYGVSRI | ESGHPDYKKCDLLWGE VAVEEYSVI TPMIHAHF 120
11. @ PDPSTAALAQAYTPGQPI QGYGVSRI | ESGHPDYKKGDLLWGE VAWEEYSVI TPMIHAHF 120
11_®/13_C6 PDPSTAALAQAFTPGQPI QGYGVSRI | ESGHPDYKKCGDLLWGE VAVEEYSVI TPMIHAHF 120
Plsyn Kl QHTDVPLSYYTGLLGVPGMTAYAGFYEVCSPKEGETVYVSAASGAVGQL VGQL AKMVIG 180
13_G6 Kl QHTDVPLSYYTGLLGVPGMTAYAGFYEVCSPKEGETVYVSAASGAVGL VGQL AKMMG 180
11. & Kl QHTDVPLSYYTGLLGVPGMTAYTGFYEVCSPKEGETVYVSAASGAVGQL VGQL AKMVIG 180
11_G9/13_G5 Kl QHTDVPLSYYTGLLGVPGMTAYTGFYEVCSPKEGETVYVSAASGAVGL VGQL AKMMG 180
Plsyn CYVWWGSAGSKEKVDLLKTKFG-DDAFNYKEESDL TAALKRCFPNG DI YFENVGGKM_DA 240
13_G6 CYVVGSAGSKEKVDL LKTKFGFDDAFNYKEESDL TAALKRCFPNG DI YFENVGGKM.DA 240
11. @ CYVWWGSAGSKEKVDLLKTKFG-DDAFNYKEESDL TAALKRCFPNG DI YFENVGGKM_DA 240
11_®/13_G6 CYVVGSAGSKEKVDL LKTKFGFDDAFNYKEESDL TAALKRCFPNG DI YFENVGGKM.DA 240
Plsyn VLVNWNVHCRI AVCGM SQYNLENQEGVHNLSNI | YKRI Rl QGFVVSDFYDKYSKFLEFV 300
13_G6 VLVNWNVHGRI AVCGM SQYNLENQEGVHNLSNI | YKRI RI QGFVVSDFYDKYSKFLEFV 300
11. & VLVNWNVHCRI AVCGM SQYNLENQEGVHNLSNI | YKRI Rl QGFVVSDFYDKYSKFLEFV 300
11_G9/13_G6 VLVNWNVHGRI AVCGM SQYNLENQEGVHNLSNI | YKRI RI QGFVVSDFYDKYSKFLEFV 300
Plsyn LPHI RECKI TYVEDVADGL EKAPEAL VGL FHGKNVGKQVWVWWARE 345
13_G6 LPHI RECKI TYVEDVADGL EKAPEAL VGL FHGKNVCGKQVWVWWARE 345
11. @ LPHI RECKI TYVEDVADGL EKAPEAL VGL FHGKNVGKQVWVWWARE 345
11_G9/13_G6 LPHI RECKI TYVEDVADGL EKAPEAL VGL FHGKNVCKQVWVWWARE 345
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11.6 Tables

TABLE 7-1. VAN DER WAALS DISTANCES FOR

INTERATOMIC CONTACTS

Contact Type Normally Allowed A) Outer Limit (A)
H:+»H 2.0 1.9
H---0 24 2.2
H---N 24 2.2
B = € 2.4 2.2
O0-+0 2.7 2.6
O-+N 2.7 2.6
O <= 2.8 2.7
N-:--N 2.7 2.6
j N & 29 2.8
C il 3.0 29
G+ \CH4 3.2 3.0
CH, - -+ CH, 3.2 3.0

Figure 46: Van der Waals distances for interatomicontacts[61]
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Properties of amino acids

Occurence Accessible  Ranking of
Amino acid pK, of lonizing Averageresidue  Monoisotopic inproteinss  Percent buried e van der Waals surface amino acia
residue side chain®= masst (daltons) mass (daltons)e (%) residues? (%) (A% volume' (A%)  areasz (A?) polarities”
Alanine — 71.0788 71.03711 7.5 3B (12) 92 67 67 8 (7)
Arginine 12,5 (>12) 156.1876 156.10111 5.2 ] 225 148 196 15(193)
Asparagine - 114.1039 114.04293 4.6 10 (2) 135 96 113 16 (16)
Aspartic acid 3.9 (4.4-4.6) 115.0886 115.02694 52 145 (3) 125 91 106 19 (18)
Cysteine 8.3 (B.53-2.8) 103.1448 103.00919 | ] 47 (3) 106 Bo 104 7 (8)
Glutamine - 128.1308 128.05858 4.1 6.3 (22) 161 114 144 17 (14)
Glutamicacid 4.3 (4.4-4.6) 125.1155 125.04259 6.3 20 (2) 135 109 138 18 (17}
Glycine - 37.0520 57.02146 7.1 37 (10) 66 48 11 (9}
Histidine 6.0 (6.5-7.0) 137.1412 137.05891 232 19(1.2) 167 118 151 10(13)
[soleucine - 113.1595 113.08406 55 65 (12) 169 124 140 1(2)
Leucine - 113.1595 113.08406 9.1 41 (10) 168 124 137 3(1)
Lysine 10.8 (10.0-10.2) 128.1742 128.09496 5.8 4.2 (0.1} 171 135 167 20 (15)
Methionine - 131.1986 131.04049 2.8 50 (2) 171 124 160 5(5)
Phenylalanine - 147.1766 147.06841 39 48 (5) 203 135 175 2(4)
Proline - 97.1167 07.05276 5.1 24 (3) 129 50 105 13 (-}
Serine - a87.0782 87.03203 7.4 24 (8) 99 73 B0 14 (12}
Threonine - 101.1051 101.04768 6.0 25(55) 122 93 102 12(11)
Tryptophan - 186.2133 186.07931 L3 23(1.5) 240 163 217 6 (6}
Tyrosine 10.9 (9.6-10.0) 163.1760 163.06333 3.3 13(2.2) 203 141 187 g{10)
Valine - 99.15326 09.06841 6.5 56 (15) 142 105 117 4 (3}
Figure 47: Properties of amino acid$59, 60]
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Appendix

11.7 Chemicals

Table 17: Used chemicals

Chemicals

Producer

a-methyl-trans-cinnamaldehyde

SAFC /Sigma-AldricmHEes GmbH, Vienna, Austria

Ampicillin

Sigma-Aldrich Handels GmbH, Vienna, Auist

Aqua bidest. “Fresenius”

Fresenius Kabi Austria Ginlisraz, Austria

Bactd " Peptone Becton Dickinson and Company, Sparks, WEA

Bactd " Yeast Exctract Becton Dickinson and Company, SpaviD, USA

DMF Karl Roth GmbH & Co., Karlsruhe, Germany

DNAsel Sigma-Aldrich Handels GmbH, Vienna, Austria
Glycerol Karl Roth GmbH & Co., Karlsruhe, Germany
IPTG Karl Roth GmbH & Co., Karlsruhe, Germany
K>HPO Karl Roth GmbH & Co., Karlsruhe, Germany
KH,PO, Karl Roth GmbH & Co., Karlsruhe, Germany

LB-agar (Lennox)

Karl Roth GmbH & Co., Karlsruhegi@®any

LB-medium (Lennox)

Karl Roth GmbH & Co., Karlsryl@ermany

Lysozyme Karl Roth GmbH & Co., Karlsruhe, Germany
MES Karl Roth GmbH & Co., Karlsruhe, Germany
MgCl, Karl Roth GmbH & Co., Karlsruhe, Germany
NacCl Karl Roth GmbH & Co., Karlsruhe, Germany
NADPH Codexis, Inc, Redwood City, USA

NaOH Karl Roth GmbH & Co., Karlsruhe, Germany
NMP Karl Roth GmbH & Co., Karlsruhe, Germany
Toluene Karl Roth GmbH & Co., Karlsruhe, Germany

Trypton/Pepton aus Casein

Karl Roth GmbH & Co. l#tahe, Germany

Tween20

Sigma-Aldrich Handels GmbH, Vienna, Austria

Yeast Extract

Karl Roth GmbH & Co., Karlsruhe, any

11.8 CD-Content

The CD contains all data and calculations donenduhis diploma thesis. Beside the diploma

thesis also the precedent lap course is presethieo@D.

Table 18: CD-content

CD -Content

Data

Analysis

Lab course

Sequencing

Presentations

Conclusion

Data

Analysis

Sequencing

Protein gels

Diploma thesis

Culture collection

Vector NTI files of the created mutants

Presentations
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