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Introduction

1 Introduction

The chirality of molecules is a critical issue fibre fine-chemical and pharmaceutical
industry, as well as the flavor and fragrance imgusThough enantiomers have similar
physical properties and chemical reactivities tasaachiral compounds, their reactivity
towards other chiral molecules can result in dédfgrresponses. For example, carvone, a
terpenoid naturally found in essential oils, fortm® enantiomers: Whereas (R)-carvone
smells like spearmint, (S)-carvone smells like wana (Figure 1.1). Hereby, interactions
with chiral olfactory receptors define the respaneéthese chiral molecules (Herz 2009).
In case of pharmaceutical application of chiral poomds, the stereochemical configuration
of a compound can have dramatic consequencesuasalied by the Contergan scandal in
the 1950s (Ridings 2013). Today, there is a stragylation and high demand for the
production of enantiopure substances. This is lggted by the fact that over 50 % of

current drug candidates are developed as singlgiensers (Adams et al. 2009).

0O 0O

(R)-carvone (S)-carvone

Figure 1.1 Structure of (R)-carvone and (S)-carvone.
Beside the need for chirality and functionalityrmablecules, the need for sustainability of
processes is another important aspect. The awarafiesnvironmental risks arising from
classical chemical productions demands the devedopmwf environmental-friendly “green

chemistry”. These are the main driving forces fae implementation of biotechnology and
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Introduction

biocatalysis (Wenda et al. 2011). The use of witeles or enzymes as biocatalysts has the
potential to fulfill both aspects. One major adw® of enzymes is their high specificity
and selectivity (Hollmann et al. 2011). Their adegge as “green catalysts” derives from
their potential application in non-toxic and milglaction conditions, low waste production

and avoidance of metal ions and organic solvenesn@¥4 et al. 2011).

Though there has been a great progress in the apgueht of biocatalysis in the last
decades, the potential has not yet been fully zedli Better and commercially available
enzymes are required to provide adequate toolbimxesganic chemists. This would allow
the inclusion of these enzymes in the planningyafleetic strategies and further application
in processes on the industrial scale (Meyer e2@13). Furthermore, biocatalytic processes
using whole cells or isolated enzymes have to beeldped and optimized to further

improve productivity and process economics (Pol&ard Woodley 2007).

12



Motivation and objectives

2 Motivation and objectives

Asymmetric reduction of C=C bonds represents onth@inost widely employed strategies
for the production of chiral molecules, becausde#dds to the creation of up to two
stereogenic centers (Stuermer et al. 2007). Wheresalsydrogenation has reached an
industrial standard using transition metal-basethdgeneous catalysts (Knowles 2002;
Noyori 2002),transhydrogenation is still at a development stage @Minet al. 2012). In
this field, biocatalysis can offer great opportigstto overcome the limitations of chemical
synthesis, as well as provide economical and eadbdpenefits (Hollmann et al. 2011;
Meyer et al. 2013).

ene-reductase

>:< Y / \N‘AD )_‘\

Figure 2.1 Asymmetric reduction of alkenes activated by attebn-withdrawing group (EWG) by ene-
reductases.

Ene-reductases (ERs) from the Old yellow enzymeEDmily [EC 1.6.99.1] are capable
of C=C bond reduction in &ransspecific fashion (Figure 2.1). The name “old yello

enzyme” derived from the fact that these NAD(P)Hpeledent enzymes contain flavin
mononucleotide (FMN), which is essential for théabgsis. Since the discovery in baker’s
yeast in 1933 (Warburg and Christian 1933), nunmeriéRs were found in yeast, fungi,
bacteria and plants (Hall et al. 2007; Strassnerlet1999). However, the industrial
application of ene-reductases is still in infandhe major hindrances comprise the
insufficient enzyme stability under operational dimions (Yanto et al. 2010), the strong

preference for NADPH, the requirement of cofacerycling (Durchschein et al. 2012a;

13
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Paul et al. 2012), as well as the lack of estabtistobust whole-cell biotransformations
(Winkler et al. 2012).

Cyanobacteria represent a remarkable group of pimotoetic prokaryotes with significant
roles in aquatic and terrestrial ecosystems (Ripgikal. 1979). A wide range of bioactive
compounds, which can be used as therapeutics,titides, and anti-fouling agents, are
known to be derived from cyanobacteria (Ducat eR@l1). Thus, cyanobacteria represent
a valuable source for novel enzymes, capable afyzang challenging reactions (Holsch et
al. 2008; Hdlsch and Weuster-Botz 2010). Whole-batransformations of enones were
reported using the freshwater cyanobacteri@ynecococcusp. PCC 7942 yielding
excellent stereoselectivities (Hirata et al. 20@himoda et al. 2004). However, the
efficiency of biotransformations using cyanobactesias limited by the formation of by-

products and long reaction times (Shimoda et &420

Consequently, the first part of this doctoral teesimed at the identification and
characterization of novel ene-reductases frigmechococcusp. PCC 7942 and other
cyanobacterial strains to find efficient and stadab@ymes useful for industrial biocatalysis.
The second part concentrated on the developmentviafle-cell biotransformations

involving ene-reductases with respect to furthecpss scale-up.
The following issues were focused in this work:

- Identification of putative ene-reductasesSynechococcusp. PCC 7942 and other
cyanobacterial strains

- Recombinant production of putative cyanobacteris-geductases ikscherichia
coli by overexpression of the respective genes anfigaiion of the enzymes

- Comparative characterization of these ene-redustasi regard to the substrate
spectrum, cofactor specificity, stereoselectivitg stability

- Evaluation of the whole-cell biotransformation withcombinantEscherichia coli
overexpressing selected ene-reductases and oxudbases for cofactor
regeneration

- Development of whole-cell biocatalysts for alkeaduction

- Characterization of the whole-cell biotransformatio different reaction systems

- Optimization of the whole-cell biotransformatioropess

- Scale-up of the biotransformation process to tiee sicale

14



Theoretical Background

3 Theoretical Background

3.1 Enzymes in asymmetric synthesis

3.1.1 Advantages and disadvantages of biocatalysts

Compared to traditional chemical methods, with rthdisadvantages such as high
environmental burden due to waste production, usHgkeavy metal ions and organic
solvents and energy intensive reaction conditibigh(temperature and pressure) (Wenda et
al. 2011), the use of enzymes as biocatalystssscated with many advantages for the

production of valuable compounds, which are summadrin the following:

- Enzymes are efficient catalysts with®10 10°fold higher reaction rates compared
to corresponding noncatalyzed reactions, whicHss above the rates achieved by
chemical catalysts (Wolfenden and Snider 2001).

- Enzymatic reactions are usually performed unded eoinditions (pH range of 5 — 8
and temperature range of 20 — 40 °C). In additienzymes are completely
biodegradable (Faber 2011). These characteristigshasize their environmental
benefits in industrial processes.

- Enzymes can be found for almost every type of dmgegactions, pointing out their
potential of replacing almost every traditional heal process. Furthermore, also
nonnatural substrates can be accepted by enzyraber(E011).

- Enzymes are active under similar reaction conditidinis enables the application of
reaction cascades by multiple enzymes in a sirggetion system, simplifying the
reaction process (Lopez-Gallego and Schmidt-Dar2@r0).

- The most important benefit of enzymes comparechenucal catalysts is their high
specificity and selectivity (Hollmann et al. 2011)nlike classical chemical

syntheses, protection of other functional groups loa circumvented and product
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Theoretical Background

impurities due to side reactions are avoided (Gré@gel Asano 2012; Pollard and
Woodley 2007). This simplifies downstream processss lowers economical and

ecological expenses.

There are also some drawbacks of enzymes as Hiystatawhich are described in the

following:

Because enzymes are provided in one enantiomenio, fthe availability of the
desired product is generally limited to one enangn The access to the opposite
stereoselectivity is always associated with seagcfor new enzymes (Faber 2011).
The stability of enzymes is a critical issue imierof their application in industrial-
scale processes. Operational windows of parametiech, as pH, temperature or salt
concentration, are sometimes narrow to avoid imatttn of enzymes (lyer and
Ananthanarayan 2008). Additionally, inhibition afizzymes by high substrate and
product concentration can complicate the reactroegss (Faber 2011).

With exception of hydrolases (EC 3), members ofottler enzyme classes require
cofactors for their catalytic activity. Cofactorancserve as redox equivalent (e.qg.
flavins, NAD(P)H) or chemical energy (e.g. ATP) amtk mostly unstable and
expensive substances. Due to their modificationindurcatalytic processes,
regeneration strategies are essential to ensuer@momically acceptable process
(Gréger and Asano 2012).

However, many strategies were developed to elirairtaése drawbacks. Enzymes with

improved properties regarding catalytic efficierarystability can be obtained by searching

nature’s diversity as well as applying varioustefyes in the field of protein engineering

(Behrens et al. 2011). The cofactor challenge issiciered to be solved by applying

substrate-coupled or enzyme-coupled cofactor regéor (Wichmann and Vasic-Racki

2005). In addition, various process strategiesplinig the form of applied biocatalyst,

reaction systems or process types, can be suppatigircumventing disadvantages of the

biocatalyst, addressing inhibition or stabilityuss of enzymes (Milner and Maguire 2012,
Yazbeck et al. 2004).
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Theoretical Background

3.1.2 Discovery of enzymes for efficient bioprocesses

Nature’s diversity represents the main source fozymes. Screening wild-type
microorganisms for the desired enzyme activity basn proven to be a good method for
exploring novel enzymes. However, the cultivabilifymicroorganisms restricts the range
of exploring, because less than 1% of all micrblsipecies can be cultivated under
laboratory conditions. Screening and sequencingetigenomes, which comprise genomic
information of all microorganisms in a given habiteircumvent this limitation(Aehle and
Eck 2012). Since isolated metagenomic DNA is ddpdsin gene libraries and usually
expressed heterologously Escherichia colifor subsequent screening of enzyme activities,
high-throughput technologies and efficient scregrstrategies are essential (Uchiyama and
Miyazaki 2009). Whereas the sequence homology-baseeening strategy focuses on
identifying enzymes with similar functionalitiesctevity-based screening is preferred for
discovery enzymes with new functionalities. Therethe results strongly depend on the

performance in protein expression (Aehle and Ed28ehrens et al. 2011).

Alternatively, discovery of enzymes by databaseimgirrelies on bioinformatic tools in
combination with databases, for example UniProtlo@te or GenBank of the National
center for biotechnology information (NCBI). Thedwledge derived from nucleotide and
protein sequences are exploited to find enzymemtgiwith improved properties. Thereby,
conserved amino acid motifs that are characterfigtia target protein family, are compared
to identify enzymes catalyzing similar reactionsbSequent cloning, protein expression and
characterization are necessary in this processléfstd Eck 2012).

However, native enzymes often do not meet the remquants for a large-scale biocatalytic
process with respect to activity, stereoselectigityprocess-related properties as stability at
certain temperature or pH, in organic solvents ropiesence of high substrate or salt
concentration (Singh et al. 2013). Instead of adapif reaction conditions to the enzyme,
the trend is to adjust enzyme properties such lastiiie scope, stereoselectivity, thermal or
solvent stability to the requirement of a givengass (Hollmann et al. 2011). Developments
in protein engineering techniques in combinatiomhwdirect evolution strategies notably
improved the targeted design of enzyme propertgesvell as the duration of enzyme
optimization (Bornscheuer et al. 2012).
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3.1.3 Enzyme classification

Generally, enzymes are classified into six categoaccording to their catalyzed reactions
(International union of biochemistry and molecularlogy 1992). An overview of enzyme
the classification is given in the following table.

Table 3.1Classification of enzymes (International uniorb@fchemistry and molecular biology 1992)

EC number Enzyme class Reaction type

1 oxidoreductases transfer of electrons (hydride @mr H atoms); e.g.
reduction of C=0O and C=C or oxidation of C-H, C€CN
and C-O

2 transferases transfer of functional groups sgdmaino, acyl,
phosphoryl, methyl, nitro, glycosyl groups

3 hydrolases hydrolysis of e.g. esters, amidetohas and nitriles, as
well as reverse reactions

4 lyases addition of groups to double bonds or &iton of double
bonds by removal of groups

5 isomerases transformation of isomers such asiaatons or
epimizations

6 ligases formation or cleavage of C-C, C-O, O-&-dN bonds

coupled to ATP cleavage

On large, industrial scale, biocatalytic applicaticare currently dominated by hydrolases
(EC 3) in kinetic resolution or desymmetrizatiomcgons to produce enantiopure alcohols,
amines and other functionalities (Hollmann et @1P). Hydrolases are commercially
available in an attractive price range. Their aggilon is simplified due to the fact that no
additional cofactor or cofactor regeneration acpneed. Prominent examples are lipases or

esterases (Groger and Asano 2012).

The second enzyme class with high usefulness imnicgchemistry is the group of
oxidoreductases (EC 1). Their contribution is mo$ticused on ketoreductases (KREDSs)
(Hollmann et al. 2011). The major driving force aatalytic reduction by KREDSs is their
high enantioselectivity in the reduction of proahiketones, thereby outcompeting chemical
catalysts in that point (Huisman et al. 2010). @rewback of the industrial application of
oxidoreductases is their demand for nicotinamidactors, though the cofactor challenge is
almost resolved using affordable regeneration na=ttj@d/ichmann and Vasic-Racki 2005).

In contrast to hydrolases and ketoreductases \wiir £stablished processes in industrial
biocatalysis, e.g. ene-reductases (alkene redyctbormonooxygenases (Baeyer-Villiger

oxidation) belong to the emerging biocatalytic teats (Pollard and Woodley 2007).
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3.1.4 Methods for cofactor regeneration

With regard to cofactors essential for several eratic reactions, it has to be distinguished
between tightly bound, self-regenerating cofactaesy. biotin or flavins, and “free
cofactors”, such as pyridine nucleotides and nwitkotriphosphates (NTPs). These “free
cofactors” act as transport agents during the yiataleaction and the modification cannot
be regenerated by the catalyst itself. Becausectmfaare too expensive to be used in
stoichiometric amounts, strategies were developednf situ regeneration (Zhao and van
der Donk 2003).

Hereby, several requirements have to be fulfilleddn efficient and economically viable

cofactor regeneration method (Zhao and van der ROOB):

- Reagents (enzymes, chemical compounds) and equigraea to be easily available,
inexpensive and stable during the catalytic reactio

- The compatibility with the biochemical system i€r#tical issue. Neither reagents
nor by-product of the cofactor regeneration mettstabuld interfere with the
catalytic reaction or product isolation.

- The regeneration method should be kinetically dranhodynamically in favor of
the desired product.

- Most importantly, the total turnover number (TTNjosld be as high as possible,
but at least ca. £6- 1& for an economically viable process. The TTN isired as
the molar amount of product formed per molar amaditonsumed cofactor for one
catalytic reaction. Therefore, this parameter idekithe catalysts turnover number

and possible cofactor loss during the regeneration.

Among all cofactor types, pyridine nucleotides (N@®P/NAD(P)H) are considered as
most important cofactors for the industrial biotges, because of their involvement in
economically important applications, e.g. with @aelductases. Generally, the oxidized
forms of pyridine nucleotides (NAD(P) are less expensive and more stable than the
reduced forms (NAD(P)H). In addition, cofactor soate 4- to 18-fold lower using NAD(H)
compared to NADP(H) (commercial suppliers) and NABkhibited up to sevenfold higher
stability (half-life) compared to NADPH depending the pH and ionic strength of the
reaction system (Wu et al.,, 1986). Both high castd low stability of these cofactors

(Table 3.2) promote the development of regeneratioethods. Chemical (including
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photochemical and electrochemical) methods as ageWhole-cell and enzymatic methods
can be applied for cofactor regeneration (CherendtWhitesides 1987).

Table 3.2 Stability and cost of cofactors (Wichmann and ¥&acki 2005; Wu et al. 1986). n.a. = not
available.

Cofactor Price, € mof* Half-life, min Half-life, min
(pH 6.0/ ionic strength 50 mM) (pH 5.2/ ionic strength 40 mM)
NAD" 2655 n.a. n.a.
NADH 8868 400 77
NADP* 11417 n.a. n.a.
NADPH 167846 56 21

Cofactor regeneration by growing cells utilizes therobial metabolism for NAD(P)H
recycling. Carbohydrates (e.g. glucose) are usedoasces for reduction equivalents,
allowing a NADH regeneration of ~720 By ”, if glucose and ammonium are used as
carbon- and nitrogen sources. But, if the desimezyme activities exceed ~100 Yy,

the natural cofactor regeneration system may bectimiing (Duetz et al. 2001).
Consequently, the integration of additional enzymabfactor regeneration is required in

this case, as well as for resting cells.

If whole-cell systems are not feasible, enzymatiethads are preferred over chemical
strategies due to the better biocompatibility amghér selectivity and achievable TTNSs.
Thereby, it can be differentiated between the satestoupled and enzyme-coupled

cofactor regeneration (Zhao and van der Donk 2003).

In case okubstrate-coupled cofactor regeneratidhe same enzyme is used for the desired
catalytic reaction modifying one substrate and cimfiarecycling using another cosubstrate
(Figure 3.1). A prominent example is the use oblatd dehydrogenases (ADHSs) for ketone
reduction in combination with the oxidation of NADbY the reduction of isopropanol as
cheap cosubstrate. In order to overcome thermodigniamitations, high concentrations of
the cosubstrate (alcohol) are required and, addiliy, the volatile byproduct acetone can
be removed via a stripping process (Goldberg e2@06; van der Donk and Zhao 2003).
Given the product inhibition caused by high alcobohcentrations, solvent-stable ADHs

are generally preferred (Stampfer et al. 2002).
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Enzyme 1

Substrate / \i Product

NAD(P)H NAD(P)*

Byproduct :X—/ Cosubstrate

Enzyme 1  (Substrate-coupled cofactor regeneration)

or Enzyme2 (Enzyme-coupled cofactor regeneration)

Figure 3.1 Enzymatic methods for cofactor regeneration. kdstate-coupled cofactor regeneration the same
enzyme is used. For enzyme-coupled cofactor regéonr an additional enzyme, e.g. formate dehydrage
or glucose dehydrogenase, is applied.

The majority of enzymatic, cofactor-requiring preses make use of a second enzyme for
cofactor regeneration, which is denoted as #mzyme-coupled cofactor regeneration
(Figure 3.1). The separation of the desired reactiom the cofactor recycling allows a
more flexible reaction system. In addition, theryraimically favorable conditions can be

achieved for both reactions.

Prominent enzyme-coupled cofactor regeneratiortegfies comprise the use of formate
dehydrogenase (EC 1.2.1.2, FDH), glucose dehydesgen(EC 1.1.1.47, GDH) and
glucose-6-phosphate dehydrogenase (EC 1.1.1.4DBKP

FDHs catalyze the oxidation of formate to carbooxitle, thereby reducing NAD(PYo
NAD(P)H (Figure 3.2A). The formate/FDH system iseof considered as the most suitable
enzyme since it fulfills conditions necessary fodustrial standards (Tishkov and Popov
2006; Wichmann and Vasic-Racki 2005). The strongrdy force caused by the formation
of carbon dioxide leads to an almost irreversildaction. Both the cheap cosubstrate
formate and carbon dioxide have no negative effectthe catalyst, reaction or subsequent
purification and can be easily removed from thectiea system. Major drawbacks are the
strong preference of FDHs for NAD limiting this regeneration method to NADH-
dependent enzymes, as well as the relative lowifapactivity (~10 U mg'). Nevertheless,
using protein engineering techniques, efficient FDbtants have been generated with both
high specific activity towards NADR(~10 U m@') and high stability (Hoelsch et al. 2012;
Tishkov and Popov 2006).
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When using GDH for cofactor regeneration, glucasexidized to gluconolactone, which
spontaneously hydrolyses to gluconic acid. In cas&6PDH, glucose-6-phosphate is
oxidized, which makes this enzyme suitable for whm#ll applications, because of the
phosphorylation of glucose by the uptake through d¢bll membrane (Figure 3.2B, 3.2C)
(Faber 2011; Kratzer et al. 2008). Though both eresy exhibit high activities for both
NAD" and NADP (~700 U m@), both systems are accompanied by high enzyme cost
possibly difficult product isolation and the reaqnrent of pH regulation (Hilt et al. 1991;
Lee and Levy 1992).

Formate dehydrogenase

Formate > CO,
Glucose dehydrogenase hydrolysis
Glucose »  Gluconolactone ——— =  Gluconic acid
(spont.)
Glucose-6-phosphate
hydrolysis
Glucose-6- dehydrogenase _ 6-Phospho- yeroy 6-Phosphe-
phosphate " gluconolactone gluconic acid
/\ (spont.)

NAD(P)" NAD(P)H

Figure 3.2 Reactions catalyzed by formate dehydrogenasepgdicand glucose-6-phosphate dehydrogenase
for enzyme-coupled cofactor regeneration.

22



Theoretical Background

3.2Fundamentals of biocatalytic processes

3.2.1 Characterization of enzymes

Enzyme characterization comprises the study ofetieyme activity towards a variety of
substrates, the stability of enzymes at differeaction conditions, and more thoroughly the
enzyme mechanism with the determination of its $jgddnetic parameters.

The most fundamental model for enzyme kinetics described by Michaelis and Menten
(1913) which characterized the simplest irreveesibhtalysis of one substrate by one

enzyme to form one product. A scheme of this reads given in Figure 3.3.

k, K,
E+S /——» ES — E+P
k

1

Figure 3.3 Scheme of an irreversible one-substrate-one ptodkaction. The substrate (S) binds to the
enzyme (E) and forms the enzyme-substrate com@8). (This complex can dissociate into the free sy
and the substrate, or otherwise release the fregnemand the formed product (P). The rate constargs
described by the constants k

Several assumptions have to be made for a valithddies-Menten model (Equation 3.1):

- The enzyme-substrate complex (ES) is formed byemzgme (E) and one substrate
molecule (S).

- A pseudo-steady state is assumed, where the fanmatid decay of the enzyme-
substrate complex is kept in balance and its cdret®on can be considered as

[ES

1 _
" = 0).

constant
- The overall reaction is irreversible and a possiblerse reaction of the last step is
negligible. This is valid, if initial reaction regere determined®] = 0).
- The dissociation of the product from the enzymessialte complex is considered as

the rate-limiting step.
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[S]

V=7 —_—
MKy + [S] Eqg. 3.1
v reaction rate, mol's
Vimax maximal reaction rate, mot's
S substrate concentration, mof L
Kwm half-saturation constant, mol’L

The half-saturation constantyKis related to the dissociation constant and irtidgdhe
affinity of the substrate (Equation 3.2). As thenfiation of the product represents the rate-
limiting step, the catalytic rate is defined by,kEquation 3.3), which represents the

turnover rate of the enzyme. The catalytic efficienof an enzyme is given by a

combination of both constant%—”@).
M

k_i+k
= % Eq. 3.2.
k kinetic constants,s
VUmax = Kz * [E]O =keat [E]O Eq. 3.3
Vimax maximal reaction rate, mot's
Keat turnover number,’s
[Elo enzyme amount at time t = 0, mol

The majority of enzymatic reactions require a mooenplex model than the Michaelis-
Menten model, because two or more substrates aodved in the catalytic process. This
also includes the characterization of oxidoredwdawith the requirement for a
nicotinamide cofactor in addition to the main sudi®, representing a two-substrate-two-
product reaction. Mechanisms for multi substratetiens differ according to the order of
substrate binding and product desorption. If albsttates must bind before the product
dissociation, it is denoted agquentialmechanism, which can be divided imemdomor
orderedaccording to the substrate binding. If one prodsigeleased before all substrates

are bound, the reaction followgpang-pongmechanism (Bisswanger 2008).

In case of th@rdered bi-bimechanism, the substrate A has to bind to thereadyefore the
substrate B can bind. After substrate conversiba, groduct P has to be released first,
before the product Q can be released (Figure B3. mechanism can be applied to several
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formate dehydrogenase3ighkov and Popov 20(). The catalytic reaction of forma

dehydrogenases was describeSection 3.1.4.

Ordered bi-bi mechanism

Ping-pong bi-bi mechanism

() F () °

Figure 3.4 Schemes of the ordered-bi mechanism and the ping-pong thi-mechanisms according
Bisswanger (2008)Substrates and products are termed as A, B a@q fespectively. Different enzyme sta
are named as E, F. EA, EQ, etc. represents thsitmanstates

In this project the enzymes of interest are-reductases from the old yellow enzyme fam
which is presented further Section 3.4. Ene-reductases catalgmeasymmetric reductic
of alkenes. The reaction is also nicotinar-dependent and proceeds in two steps \
ping-pong bi-bimechanism. In tf first step, the substrate A is converted into pobde,
which is subsequently released. By e.g. incorpogatl reactive group derived from t
substrate A, the enzyme retains an intermediaryn fowvhich interacts with a secol
substrate B. A second pract Q can be formed e.g. by transferring the reaagiroup. A
scheme of theing-pong bibi mechanism is depicted in Figure 3.4.
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3.2.2 Characterization of biocatalytic processes

In the following, several key parameters for tharelaterization of biocatalytic process are

introduced.

The conversion describes the consumption of a ginemtity of substrate dependent on the
time of the reaction (Equation 3.4). In contrasie tyield refers to the time-dependent
formation of the desired product during the reactig&quation 3.5). In case of the
production of chiral compounds, only the desirecargiomer is considered in this
calculation. If only one product without any bypuats is obtained in the catalytic reaction,
then the conversion equals the yield.

In addition, it has to be differentiated betweea teld of the chemical reaction and the
yield of the whole process. The latter variant uidels the recovery of the product in the

purification process subsequent to the chemicattieg i.e. the percentage of purified

product.
n —-nNn
X ==2—"5.100% Eq. 3.4
Nso
X conversion, %
Nso initial substrate quantity, mol
Ns substrate quantity at time t, mol
Np—n 1%
y(t) = —22 sl 1000 Eq. 3.5
Ns,0 [vpl
Y yield, %
Np o initial product quantity, mol
Np product quantity at time t, mol
Vs stoichiometric factor of the substrate, -
Vp stoichiometric factor of the product, -

The efficiency and productivity of the process ¢enfurther described by the space-time
yield, which is defined as the product concentratabtained in a given reaction time
(Equation 3.6).

26



Theoretical Background

np
STY = — Eqg. 3.6
STY space-time yield, mol Lh™
Np product quantity at time t, mol
t reaction time, h
VR reaction volume, L

In case of the production of enantiomers or diast@ers, the enantiomeric excess (ee) or
diasteromeric excess (de) provide information alibet impurity of the desired product
caused by the other enantiomer or diastereomernsa{eq 3.7). If only one enantiomer or
diastereomer is formed, the enantiomeric or diasteric excess will reach 100 %. In case

of a racemate (equal quantity of both enantioméhng)enantiomeric excess is 0 %.

Ing — ngl

eeorde =————- 100 % Eq. 3.7
ng + ng

ee enantiomeric excess, %

de diastereomeric excess, %

NR quantity of R-enantiomer or diastereomer, mol

Ns gquantity of S-enantiomer or diastereomer, mol

3.2.3 Obijectives for efficient biocatalytic processes

In general, high conversion and stereoselectivigy gesirable for an efficient biocatalytic
process. A complete conversion of substrate, alesehbyproducts and high enantiomeric
excess of the product are associated with a siicgtiibn in downstream processing and
thus lower production costs. This is especiallgvaht for substrate, byproduct and product
with similar physical properties, which would comepte the separation process (Groger
and Asano 2012). Industrial-scale biotransformatiomlso require high volumetric
productivities, as well as significant substrateaantrations of at least 5 — 10 % (w/w)
(Huisman et al. 2010). Biocatalytic processes aamdtably improved by the combination
of biocatalyst engineering (e.g. engineering of éineyme or whole cell biocatalyst) and
process intensification (e.g. immobilization, suét supply and product removal
techniques). Table 3.3 gives an overview of baster@ for efficient biocatalytic processes.
Other factors as value generation in the reactioogduction costs for the biocatalysts or

infrastructural conditions can also influence thegess economy (Hollmann et al. 2011).
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Table 3.3Basic requirements for economically feasible affidient biotransformations (Huisman et al. 2010;
Pollard and Woodley 2007)

Parameter Value

substrate concentration >100QL

Conversion > 95 % within 24 h

(optical) purity of product > 99.5 % ee; minimum @Bee
substrate-to-enzyme ratio > 50 kg'kg
substrate-to-cell ratio >15 kg kg

cofactor concentration < 0.5 g'l(< 0.5 mM)

3.2.4 Bioprocesses with isolated enzymes vs. whole-cells

Both purified enzymes and whole microbial cellsradl as all states in between (e.g. crude
enzyme preparations) can be applied for biocatajytocesses. The choice of the physical
form of the biocatalyst depends on the catalytigctien, process scale and demand on

product purities.

Biocatalysis using isolated enzymes is mostly prete for high-value products with
particular demand on the product purity. Major dvasks comprise high production costs
of enzymes caused by protein purification as welleazyme inhibition and the need for
additional cofactor regeneration systems. Furthessible inactivation of enzymes during
the process has to be considered. In many casas)img and recycling of biocatalysts are
necessary, e.g. using immobilization techniquesnaiyme membrane reactors (Gréger and
Asano 2012; Singh et al. 2013; Zajkoska et al. 2013

Though there has been a great improvement regarelfifigency and cost in protein
purification techniques, the production cost fande enzyme preparations is still up to 70-
fold higher compared to whole-cell biocatalysts,thwicost increasing with higher
purification grade (Tufvesson et al. 2010). In fredd of whole-cell biotransformation,

following issues have to be addressed:
1. Selection of host strains

The choice of the host strain can notably influeeceyme activity, productivity and
byproduct formation. Enzyme repertoire, proteinresgion, substrate and product transport,
energy metabolism and cofactor regeneration defime activity of the whole-cell
biocatalyst (Zhou et al. 2010). For examscherichia coliis preferred as host strain for

ketone reduction, because of the lower amount atidityg of endogenous ADHSs acting as
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competing enzymes in comparison to yeast (Hildetirah al. 2002). At last, the tolerance
of the host strain towards solvents or toxic conmusudetermines the stability of the

biocatalyst during the process (Kuhn et al. 2012).
2. Growing cells vs. resting cells

Whole-cell biotransformation can be either perfodnaath a growing culture or with resting

cells, which can affect the handling, productivitiythe process and byproduct formation
(Faber 2011). The carbon utilization for reducezbtinamide cofactor regeneration is more
efficient when decoupling growth and biotransforimat Using growing cells, a part from

carbon and energy is required for biomass prodagcfignishing high amount of biomass as
byproduct. In contrary, the consumption is limitednaintenance in resting cells, resulting
in a full exploiting of their metabolism, which l#s to higher product yield and specific

activity. In addition, resting cells can be recychnd reused (Julsing et al. 2012).
3. Wild-type cells vs. recombinant cells

Whereas whole-cell biotransformation was dominatey the use of wild-type
microorganisms in the past, which often decreasetd yand stereoselectivity due to
competing enzymes, recombinant strains are prefen@vadays. If possible, desired
enzymes (as well as enzymes for cofactor regeoedatire overexpressed in the host cell
and undesired competing enzymes are knocked oupletaty. Clearly, high productivities
and stereoselectivities can be achieved using secbmbinant cells. These genetically
engineered microorganisms are often denoted asgfuescells” (Faber 2011; Groger and
Asano 2012).

Table 3.4 shows some benefits and drawbacks faatatysis with isolated enzymes, wild-

type and recombinant whole-cell biocatalysts.
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Table 3.4 Comparison of bioprocesses using isolated enzyandswhole-cell biotransformation with wild-

type or engineered microorganisms (adapted froneiFg@D11); Peters (1998)).

Criteria

Isolated enzymes

Wild-type cells

Designecells

availability and
costs

selectivity of the
reaction

cofactor
regeneration

substrate and
product transport

downstream
processing

space-time yield

compatibility with
organic solvents

constrained availability

good availability and

and high upstream costslow cost regarding

caused by protein
purification

high stereoselectivities
and product purities

additional recycling of
cofactors necessary

no limitations; high
concentration tolerance
results in higher
productivity

simple

moderate to high

reduced activities and
stabilities due to
denaturation

biomass production

low stereoselectivity
and product impurities
due to side reactions in
host cells

regeneration of
cofactors occurs within
cells

reaction rate can be
limited by the transport
through cell membrane
and low concentration
tolerance

complicated

low to high

good availability and
low cost regarding
biomass production

side reactions can be
minimized by sufficient
rate of the desired
reaction or knock-outs

cofactor regeneration
can be supported by an
additional enzyme (e.g.
formate dehydrogenase)

reaction rate can be
limited by the transport
through cell membrane
and low concentration
tolerance

complicated

moderate to high

low tolerance, cytotoxic low tolerance, cytotoxic
effects, cofactor leakageeffects, cofactor leakage

3.2.5 Escherichia colias whole-cell biocatalyst

Characteristics of cell growth

The microbial growth cycle can be differentiatetbiiseveral distinct phases under batch

conditions. In the initial lag phase, cells adaptite new environment by e.g. inducing new

enzymes for catabolizing new substrates. In theoeaptial growth phase (also referred to

as the logarithmic phase), cell division leadsrie@aponentially increase of the cell number

at maximum specific growth rate {4). The end of this phase arises with the onsehef t

depletion of essential nutrients or accumulationioaic metabolites. The subsequent short

phase of declining growth is followed by the stafiny phase, in which the specific growth
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rate is zero. Finally, the cell number declinesimtyithe death phas(Blanch and Clark

1997) The growth cycle is illustrated Figure 3.5.

/r*————--\

In cyx

7

v

Time
Figure 3.5 Stages of bacterial growth cycle: (1)-phase, (2) exponential growth phase, (3) sub-limiting

phase, (4) stationary phase, (5) death pt

Microbial growth is characterized using the speagiowth rate u, defined as the incre

of biomass corentration relative to the actual biomass conceptr{ Equation 3.).

_ 1 dcy Eq. 3.8
#= cy dt g2
H specific growth rate, h
Cx biomass concentrationggy L?

t time, h

During the exponential growth and subst-limiting phase, the growth rate can
described by the model developedMonod (1942) (Equation 3)9presumed that only or
substrate is growth limiting and all other cultieat parameters, such as pH, oxygen su

and temperature are conste

Cs
W= Hmax g Eq. 3.9
Mmax specific growth rate under ndimiting conditions, I*
Cs concentration of the limiting substrate, mol L
Ks half-saturation constant, mol‘L
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In general, bioprocesses such as cell growth afferpged in bioreactors in a batch, fed-
batch or continuous mode. For a simplified viewthsd bioreactor and the contained cells,
an ideal stirred tank bioreactor (isotherm, isadrad homogenous) and a non-segregated and
unstructured model of the cells are presumed. ah ¢hse, the dynamics of a compound is
described by coupling mass balances with formaktits of uptake and production of
substances (Blanch and Clark 1997).

Whereas a batch process is a closed systems witioat outlet stream, cultivations in a
fed-batch mode are operated with one or more migrisupplied to the system during the
process. For fed-batch cultivations, the changgomass concentration is described by the
Equation 3.10.

dey  V(b)

W_m'CX+#.CX Eq310
Cx biomass concentrationy gy Lt

i specific growth rate, h

\ reaction volume, L

vV feeding rate L

t time, h

Fed-batch cultivations have the purpose of comtglisubstrate concentration in the
reaction medium by an appropriate feeding rate. @only, low concentrations may
prevent excessive byproduct (e.g. acetate) accuimilar inhibition of protein expression.
To obtain high cell density, an exponential feeditrgtegy ensures exponential growth with
a self-controlled specific growth rates{ below the maximum specific growth rate of the
organism (Jenzsch et al. 2006). Assuming that thlesteate consumption for cell

maintenance can be neglected, the exponentiaidesbcribed by the Equation 3.11.

V _ ﬂset'V(to,feed)'CX(to,feed)
) = YxscC
X,S'CS,feed

T exp (:uset ' (t - tO,feed)) Eq- 3.11

Cx biomass concentrationpgy Lt

Cs, feed concentration of the limiting substrate in the tegzdi‘l
Mset fixed specific growth rate, h

\Y reaction volume, L

V feeding rate, L 1h

to. feed reaction time at begin of the feeding, h

t time, h

Yx.s biomass to substrate yield;sg, gs'l
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Transport across the cell membra

In whole<cell biotransformation, the transport of substi@teoss the cell membrane to -
catalyzing enzyme is often the r-limiting step of the reactiorQhen 200). The transport

rate and mechanism depends on the molecule

The simplest transponmnechanism is the simple diffusion, which always urscin the
direction of the chemical gradient. In general,hh@iffusion rates are obtained by sm
unpolar molecules, such ay and CQ, followed by small, uncharged polar compounds,
water or etanol. The diffusion of large, uncharged polar moles (e.g. glucose) is notal
decreased and for charged molecules, independethienfsize, almost not possible. T
transport of polar or charged molecules, which bardly enter the cell via diffusn, is
supported by two classes of membrane proa. Whereas channel proteins fc pores for
substances with defined size and charge to through, carrier proteins bi to specific
solutes and transport bymformation changes. Aransport mechanis occurring in the
direction of the chemical gradi¢ represents’passive transport”. In contrast, energy
required for the “active transport” against theediron of the chemical gradi¢ (Alberts et
al. 2002) (Figure 3.6).

* o
° ° o°'H,
o °
o e
Lipid I 1 Concentration
bilayer ! ! gradient
1
| Energy
Simple Channel- Carrier- B
diffusion mediated mediated D ° o
[
1 ] 1 ]
Passive transport Active transport

Figure 3.6 Scheme of different transport mechanisms throughctil membrane acrding to Alberts et al.
(2002)

In industrial biocatalysis, especially in the asyetnt reduction of ketones or enones, t
substrate and produate oftn hydrophobic compounds, whichoss the cell membrane
simple diffusion. The mass transfer though the o@imbrane depends on the membi

33



Theoretical Background

permeability and the concentration gradient (EqumaB.12). The membrane permeability
(P,) comprises the solubility of the compound in thenmbrane (indicated by the partition
coefficient between the liquid and the membrang)yall as the thickness and the diffusion

coefficient of the membrane. The mass transfdlustiated in Figure 3.7.

cell membrane

extracellullar intracellullar
phase , phase

Y

=

Figure 3.7 Scheme of the diffusion of a lipophilic substarndeom the extracellular phase across the cell
membrane with a thickness of d into the cell. Tharse of the concentration in the surrounding tq{g,)
and in the cell membrane; () are displayed.; Xepresents the mass transfer flux density. To léynphe cell
membrane is illustrated as one layer.

Ki*Dim

Ji=P(ciw = ¢"iw) = d = (i = iw) Eq. 3.12
J mass transfer flux density, mot g1

P; membrane permeability of i, s

Ciw concentration of i in the surrounding liquid, mofm

Ki partition coefficient of i between the liquid arlgetmembrane, -
Dim diffusion coefficient of i in the membrane? gt

d thickness of the membrane, m
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Interaction of liphophilic molecules with the cethembrane

Though the various types of molecules can be esasihsported across the cell membrane
without influencing its composition and functiorigli some molecules can harm the
membrane integrity and cell viability. The toxideadt originates from the accumulation of
liphophilic compounds (organic solvents or hydrbcars) in the membrane bilayer, which
depends on the aqueous concentration and the meefbuéfer partition coefficient of the
molecules (Sikkema et al. 1994a). As a result abiawlation, the cell membrane loses its
integrity and functionality (Sikkema et al. 1994bhis effect is similar for a variety of

microorganisms (Heipieper et al. 1994).

Hydrophobicity, expressed by the decadic logarithinthe partition coefficient between
octanol and water (Id®,), indicates the tendency of a compound to dissoivihe cell
membrane (Equation 3.13). Generally, partition toehts are approx. eight times lower in
membranes than in octanol (Heipieper et al. 198®)lecules with similar structure and
properties as the phospholipid in the cell memhramg. amphiphatic molecules or
compounds with a Idg,, in the range of 1 — 5, dissolve relatively welltire membranes.
In addition, the solubility is also affected by tlemposition of the cell membrane
(Heipieper et al. 1994).

P — Ci,octanol

o/w Ci water Eq. 3.13
P partition coefficient between octanol and water, -
G concentration of the substrate i in the respegihase , mol 1

3.2.6 Principles ofin situ substrate supply and product removal

There are several issues to be considered in theegs design of biocatalytic reactions

either with isolated enzymes or whole cells.

The substrate and product of interest, e.g. pratkegtone or enone for oxidoreductases as
biocatalyst, are often organic compounds with lasiulsility in aqueous systems. For
example, (R)-carvone has a solubility of ~8.8 miibland forms a second phase, if
supplied above the saturation level (Fichan e1@29). The solubility can be increased by
the addition of solubilizers (e.g. short chain &lgls, dimethyl sulfoxide), which in return

can impair the biocatalytic reaction. Depending tre biocatalyst, the substrate
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concentration in the aqueous phase can be eitteelimating for the reaction (depending on
the Ky value of the biocatalyst) or even toxic for thedatalyst.

Some substrates and products are instable in agueodronment, which is caused either
by decomposition, hydrolysis or isomerisation. Axample is the industrially valuable
chiral product (R)-levodione, which racemises wathate of -3 % ee per hour in aqueous
environment (Fryszkowska et al. 2009). (R)-Levodias used as a precursor for the
production of carotinoids, e.g. zeaxanthin andaghthin (Leuenberger et al. 1976).

For biocatalytic processes, substrate and prodhdbition of the enzyme has to be taken in
account. Thereby, the reaction rate can be sigmifig reduced by higher substrate or
product concentration. Product inhibition can octura competitive, uncompetitive and
non-competitive fashion. In contrast substratehitiuin is a special form of uncompetitive

inhibition (Bisswanger 2008).

In addition, the stability of all enzymes partidipg in the reaction can be impaired by the
substrate or product. Especially in case of appglgnzyme-coupled cofactor regeneration,
stability and enzyme properties of the cofactoreregation enzymes can be critical for the
productivity of the reaction. For example, the Hédf of formate dehydrogenase mutants is
reduced from > 200 h t© 0.2 h by increasing the concentrationnefialoketones (Hoelsch
et al. 2012).

In case of whole-cell biotransformation, the lo§sn@mbrane integrity by accumulation of
lipophilic product and substrates and subsequefdctmr leakage has to be considered
(Brautigam et al. 2009).

All in all, the substrate and product concentrationthe aqueous phase can severely
influence the reaction rate and the stability @f bhocatalyst. Sometimes, the biocatalyst has
to be protected from high substrate and producteatnations. As biocatalytic reactions in
agueous monophasic systems are accompanied bysbald problems, several forms of
biphasic process setups have been developed te #duge problems by enabling situ
substrate feeding and product removal (SFPR). Dyer¢he substrate and product
concentration in the aqueous phase, in which tbheabalytic reaction occurs, is kept at a
minimal level by using a second water-immiscibtpuld or solid phase for substrate supply
andin situ product extraction. In liquid-liquid reaction sgsts, organic solvents and non-
conventional solvents, such as ionic liquids oresaptical fluids, can be applied as a

second phase (Matsuda 2013; Weuster-Botz 2007pr@&esses with a solid-liquid reaction
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system generally use polymeric adsorbent resins sescond phase (Vicenzi et al. 1997).
Both technologies oin situ substrate feeding and product removal were apptiethis

project and will be described in detail in the ngs¢tions.

3.2.7 Biphasic reaction systems with ionic liquids

In a liquid-liquid biphasic reaction system, theodatalyst is suspended in the aqueous
buffer phase and the second water-immiscible phasees as substrate reservoir anditu
product extractant. This is illustrated for a bamisformation involving ene-reductases in
Figure 3.8. Thereby, a large distribution coefinti@f substrate and product is desired,
allowing large quantities of substrate in the sekcphase while keeping the concentration
low in the aqueous phase (Equation 3.14, 3.15kake of toxic, low soluble or instable
substrate or product, conversion and yield can rm¥eased using a biphasic mode.
Furthermore, the product isolation is facilitatededto thein situ extraction of a large
amount of product, reducing the cost for downstrgaoctessing (Brautigam et al. 2009;
Pfruender et al. 2004).

Dy =
/ Ciphase 2 Eq. 3.14
D distribution coefficient, -
G concentration of the substrate i in the respegihase, mol Lt
D _ Ci,ionic liquid
IL/buffer = — = Eq. 3.15
i,buffer
D distribution coefficient, -
G concentration of the substrate i in the respegihase, mol Lt
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second liquid phase
(e.g. ionic liquid, organic solvent)

[P
g

L

\ NAD(PH  NAD(P) /

- cofactor recycling "

Figure 3.8 Biphasic biotransformation with a second liquid gdde.g. ionic liquid or organic solvent) fin
situ substrate feeding product removal. Enzymes-reductases, ERgan be protected within the cell in c:
of whole<ell biotransformation. Possible e reactions are not depicted.

However, the biocompatibility of the second w-immiscible phase has to be guarante
The negativeeffect on biocatalytic activity and stability of anmes and who-cells can be
divided into molecular toxicity and phasexicity. Molecular toxicity derive from the
molecules dissolved in the aqueous ptr(Bar 1988;Vermue and Tramper 19), which
can disintegrate the cell membrane in case of v-cell biocatalysis or result in enzyr
denaturation by displacement of the hydration sbélthe protein in case of enzyma
reactions Yermue and Tramper 19). In contrast, phase toxicity occurs at the intes
between the aqueous and the w-immiscible phase. In case of hole-cell
biotransformation, the disruption the cell membrane is considered as the key toxic e
(Vermué et al. 1993)Using isolated enzymes, the denaturation depemdshe otal
interfacial area which enzymes are expose(Vermue and Tramper 19). Several studies
have proven the better biocompatibility of w-immiscible ionic liquid compared 1
organic solventsBrautigam et al. 20(; Weuster-Botz 2007)Thus, the biphasic reactis

system using ionic liquids is discussed in theofelhg.
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Characteristics of ionic liquids

lonic liquids (ILs) are defined as salts, generalmposed of an organic cation and an
inorganic polyatomic anion, with a melting pointld»e 100 °C. The key features of ILs

comprise the non-volatile, non-flammable charadbggh chemical and thermal stability,

low viscosity and low vapor pressure, which areivier from the large and asymmetric

structure of the composing anion and cation (Dem@vand Weuster-Botz 2012). These
ionic solvents show a broad temperature range 6043 between the melting point and

boiling point. lonic liquids can even be liquidrabm temperature, which are then denoted
as “room temperature ionic liquids” (RTILs) (Seddenal. 2000). In contrast to organic

solvents, which are often volatile, flammable aosid, ILs represent a more secure and
environmental friendly alternative. In addition, ethphysical properties, such as
hydrophobicity, viscosity, acidicity/basicity andater miscibility can be adjusted by

modifying the structure of the composing anion amadion, which leads to the name

“designer solvents” (Seddon 1997). Consequentlifalsie and biocompatible ILs can be

designed for an efficient biocatalytic process (Dmmald and Weuster-Botz 2012;

Gamenara et al. 2012; Zhao 2012). Successful exxampere reported for whole-cell

biotransformations with a second water-immisciblephase on a preparative scale
(Bréautigam et al. 2009; Dennewald et al. 2011).

Several criteria have to be fulfilled for an apption of ILs biocatalysis. The
biocompability of the solvent represents one altmoint for biocatalytic processes. The IL
used as solvent or second water-immiscible phaseldimot harm the biocatalyst or inhibit
the reaction. As a general rule for IL selectioheTonger the alkyl substituent of the cation,
the lower is the tolerance of the organisms towtael solvent (Matsumoto et al. 2004;
Pernak et al. 2003). Cations with longer alkyl asaare more lipophilic than those with
shorter alkyl chains, and thus show higher solybiin the lipid bilayer of the cell
membrane, leading to accumulation and subsequembna@e disintegration and cell
toxicity. Depending on the length of the alkyl stioent of the cation, disintegration of the
membrane was observed to present as small holestafal disruption (Evans 2006; Evans
2008). In contrast, the cation head group and ti@nahave only little effect on the toxicity
(Pernak et al. 2003). Regarding the anion, hydlys water was reported for [BF
resulting in the formation of acidic compounds auibsequent cell toxicity (Ganske and

Bornscheuer 2006). If an appropriate water-immiscih is chosen, the biocompatibility
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with whole cells can be notably higher compared otganic solvents, because the
disintegration of cell membranes is minimized udicg)(Weuster-Botz 2007).

Consistent purities, good availability and high mineal and thermal stability during and
subsequent to the biocatalytic process are desirgbbperties for the IL of choice
(Dennewald and Weuster-Botz 2012). In general, shew high chemical and thermal
stabilities with scarce degradation up to ~200 K@sfnulski et al. 2004). Constant stability
and quality are also criteria for the recyclabildfyILs, lowering the waste production and
process cost. The recyclability for ILs has beeoven by Dennewald et al. (2011) in 25
subsequent batch biotransformations.

For whole-cell biotransformations, biphasic reattsetups with a second water-immiscible
phase are generally preferred. In contrast to mioasip reaction system, where IL can be
employed as solvent or cosolvent, the second ILs@ha biphasic setup can serve as
substrate reservoir and for product removal, Imgitihe concentration in the aqueous buffer
phase at a non-toxic level for the biocatalyst (bemald and Weuster-Botz 2012). Thereby,
ionic liquids with lod > 2 in the ionic liquid /buffer system are recommeai@Pfruender et

al. 2006). In addition, product purification is figated in biphasic systems, because the two
phases can be separated through gravitationalsawd the product can be recovered by
distillation, pervaporation or extraction (Dennetwahd Weuster-Botz 2012). The structures

of cations and anions of the ionic liquids usethis project are presented in Figure 3.9.

Cations Anions
0} . o}
+ F \\ /N\ // F
@N 1-Hexyl-3-methyl-  [HMIM] XS\\ //574
— imidazolium 00
N S 7 F
N 1-Hexyl-1-methyl- [HMPL]+ Bis(trifluoromethylsulfonyl)imide
SN pyrrolidinium [NTF]
F
. F ‘ F
NSNS 1-Hexyl-3-methyl- [HPYR] Np”
- | pyridinium F/l\F

Hexafluorophosphate

[PF6]

Figure 3.9 Structures of cations and anions of the ionicidgqwsed in this project.
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Characterization of liquid-liquid dispersions

Biphasic reaction systems with a second water-imilnlis ionic liquid phase can be
beneficial for whole-cell biotransformations. Suslgstems can be described by the

characteristics of liquid-liquid dispersions.

Dispersion is defined as a mixture of at least tmoniscible liquids, which form two
separate phases without agitation. Induced by ytokeoldynamic forces caused by mixing,
the liquid of the smaller volume usually forms tfispersed phase with the other liquid as
the continuous phase around it. It has to be ndteat, the viscosity or other physical
properties of the liquids also determine which evaild form the dispersed phase (Leng
and Calabrese 2004).

The mass transfer between the dispersed phaséeaidrtinuous phase mainly depends on
the interfacial area, which in turn depends ondfap size of the dispersed phase. Smaller
drop size would naturally result in larger interéd@rea and thus better mass transfer. The
drop size distribution is derived from the equilitbn of the phase disruption and the

coalescence of the drops, and thus can be comtimfi¢he stirrer type and speed.

The two-film theory is generally applied for dedang the mass transfer between two liquid
phases (Lewis 1954; Lewis and Whitman 1924). Thigleh is illustrated in Figure 3.10.
Thereby, boundary layers on each side of the mterfire represented as fluid films with a
thicknessd. The mass transfer from one phase to another ®acarmolecular diffusion
with the diffusion through both fluid films as thate limiting step. The concentrations of
the substance in the two phases are determinechdydistribution coefficient, and a
thermodynamic equilibrium is assumed in this modfebne phase is favored due to the
larger diffusion coefficient of the compound andpegpriate corresponding distribution
coefficient, the two-film model can be reduced toame-film model (Leng and Calabrese
2004).
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interface

phase 1 phase 2

|
2
boundary layers

Figure 3.10 lllustration of the two-film model for describinmass transfer in liquid-liquid dispersions. The
course of concentration of the compound i in thi lplhase 1 (g), at the interface of phase 1 (g% at the
interface of phase 2 (¢) and in the bulk phase 2;{ are shown. The thickness of the boundary layer is
defined as.

3.2.8 Solid-liquid reaction systems with adsorbent resins

A further development using polymeric adsorbents'sadid extractant” circumvents the
problem of molecular and phase toxicity, which ofteccurs in case of biphasic liquid-
liquid reaction systems. Thereby, substrate supply product removal occuis situ via
adsorption onto the high surface area of a solghmic phase, provided by polymeric
adsorbent resins. The main driving force is therdgdobic interaction between the
nonpolar substrate and product with the nonpolsinrsurface. This technology is denoted
as resin-basenh situ substrate feeding and product removal (resin-b&€eR). As resins
are completely insoluble in the aqueous phase piindm of biocatalysts by molecular
toxicity can be prevented. Also damages inducedpbgse toxicity can be eliminated,
because > 99.9 % of the interfacial area is withenpores of the polymeric resin, reducing
the interface with actual contact to enzymes or letaells (Vicenzi et al. 1997). This

technology is presented in Figure 3.11 and disclissthe following.
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adsorbent
(resin)

adsorption

desorption ‘ |

"~ cofactorrecycling "

— Cell

Figure 3.111In situ substrate feeding and product removal using adebmesins. Enzymes (e-reductases,
ERs) can be protected within the cell in case oble-cell biotransformation. Possible side reactionsnot
depicted.

Characteristics of resins

Resins are porous, synthetic beads \a high polymeric surface aref variety of polymer
types and different sizes of partis and poresare available for different kind «
applications If the appropriate adsorbent resin is used, déstomponents or contamina
can be separated from a reaction mixi(Katoh and Yoshida 2011Yhe structure of the
adsorbent resin (Amberlitd XAD4) which was used in this projectésemplarilygiven in
Figure 3.12.

Figure 3.12The structure of the adsorbent resin Ambe™ XAD4.
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For biocatalytic applications, there are severalred criteria for the selection of resins: (i)
a large surface area per unit volume for high dusdrcapacity, (i) high degree of selective
binding but minimized non-specific binding, (ii)gi mechanical and chemical stability
during the reaction and subsequent product isolatid) low cost, (iiii) biocompatibility
and (iv) recyclability (Lye and Woodley 1999). Ipegial, a high affinity for the product is
desired, but the affinity for the substrate shawdtlbe too high, because this would limit the
substrate availability for the biocatalyst and makeomplete conversion difficult (Vicenzi
et al. 1997).

Generally, high biocompatibility is guaranteed daethe negligible molecular and phase
toxicity effects. Nevertheless, it has been progdbat the mechanical shear forces induced
by agitated resin beads reduced cell viability mole-cell biotransformation using growing
cells. The resin beads itself show high mecharacal chemical stabilities and were not
impaired by higher shear forces (Vicenzi et al. 7)99n addition, product isolation is
facilitated, because resins can be easily remox@u the reaction medium by filtration.
Whereas the resin beads are collected for recycéngymes and cells can pass through.
After desorption of the desired product by e.gvent extraction, resins can be recycled and
reused for multiple cycles after a wash step f@lagement of the organic molecules by
water (Hilker et al. 2005; Vicenzi et al. 1997).eThcalability of biotransformations using

the resin-basenh situ SFPR strategy was also proven by Hilker et al0$20
Characterization of solid-liquid reaction systems

In general, adsorption can be described as a @ouwdwre a substance (solute) in a fluid
accumulates on the surface of a suitable solid eplfadsorbent) due to van der Waals,
electrostatic or other interactions (Katoh and Yast2011). The adsorption mechanism can
be described in three consecutive steps: (i) massfer of the solute from the bulk liquid
phase to the adsorbent particle surface; (ii) difo within the internal structure of the
particle to the adsorption site and (iii) the raptake of the solute (Scordino et al. 2003).
Both the equilibrium in adsorption, which indicatéee affinity between the solute and

adsorbent, and the rate of adsorption as a funofitime defines the adsorption process.

The monolayer adsorption at equilibrium (balancatd rof adsorption and desorption) is
described by the Langmuir isotherm, presuming thatsolutes are reversibly adsorbed at
homogenous, energetically identical adsorptionss{tequation 3.16). However, at solid-
liquid interfaces, the adsorption proceeds beyonuamolayer, therefore the Freundlich
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isotherm represents the superior model in that.cBsis empirical model describes non-
ideal adsorption at heterogenous surfaces andnergiy applied in practice (Equation
3.17). The capacity of the polymeric adsorbentdqparticular solute is indicated by the
adsorption isotherm, in particular by the Freurtdleonstant K (Katoh and Yoshida 2011;
Scordino et al. 2003)

_ MG Eq. 3.16
% =11a.c, g =
Os solute concentration per unit of weight of adsotbemy g*
Cs solute concentration in the fluid phase, my L
K. Langmuir constant, L'y

adsorption constant, which indicates the ratio betwadsorption

A and desorption rate constants, L'ing
qs = Kp - C5F Eq. 3.17
ds solute concentration per unit of weight of adsotbemy g*
Cs solute concentration in the fluid phase, my L
Ke Freundlich constant (empirical), L'g
be empirical adsorption constant, -

The rate of an adsorption process depends on tidimating step, which can change from
the mass transfer across the fluid film aroundatisorbent to the diffusion within the pores
during the adsorption process. In general, theafselsorption is proportional to the solute

concentration and the number of unoccupied adsorgites (Katoh and Yoshida 2011).
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3.3Asymmetric reduction of alkenes: chemical methodss/

biocatalysis

The asymmetric hydrogenation of C=C bonds is onth@imost widely employed reactions
for the production of chiral molecules in chemigadustry, because up to two stereogenic
centers can be generated in one reaction (Stueenhel. 2007). As a consequence,
asymmetric hydrogenation is one of the emergingmita fields with high impact on

pharmaceutical and chemical industries (Pollard\&ioddley 2007).

Homogeneous metal catalysts and organocatalysts

Typically, homogeneous metal catalysts are apghbedelective transformations (Bonrath
et al. 2012). Especially the field ofs-hydrogenation has reached industrial standardgusin
phosphorus containing metal catalysts originatirgnf the work of Knowles and Noyori
(Knowles 2002; Noyori 2002). Thereby, optically ieet BINAP
(2,2 bis(diphenylphosphanyl)-1,1"-binaphthyl) imgaex with Rh or Ru are predominantly
applied as catalysts. BINAP-Rh complexes are imdlist used in asymmetric
isomerization for the synthesis of (-)-menthol (Khes 2002). BINAP-Ru complexes are
preferred for the asymmetric hydrogenation of wasiofunctionalized olefins, e.g.
unsaturated carboxylic acids. Prominent exampl&s the production of naproxen or
citronellol (Noyori 2002).

Though phosphorous metal complexes have achievedt guccess in the asymmetric
reduction of unsaturated compounds, major drawbaoksprise (i) the air sensitivity of

catalysts, (i) complicated catalyst synthesis) (@moval of metal impurities and above all
(iv) the low catalytic efficiency with olefins withprotic oxygen functionalities as ketones,
esters or imines (Dobbs et al. 2000; He and Fa®;20hta et al. 1995; Yang et al. 2004).
Approaches using metal-free organocatalysts stilehto deal with the reduced atom
economy of the process, since molar amounts ot#talyst are required (List and Yang
2006; Ouellet et al. 2005). Enzymes as biocatalyBes great opportunities in the field of

asymmetric hydrogenation to overcome limitationsloémical synthesis, thereby providing

economic and ecological benefits.
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Biocatalysts

Enzymes that catalyze the reduction of C=C bonds danoted as “e-reductases” or
“enoate reductases”, often regardless of the réispeenzyme clas(Durchschein et al.
2012a; Rohdich et al. 200Winkler et al. 2012)In general, these enzymes originate fi

four enzyme classes, v are depicted iFigure 3.13.

Ene-reductases

flavin-containing flavin-free
Old yellow enzymes Enoate reductases Medium-chain Short-chain
dehydrogenases dehydrogenases

FMN-dependent enzymes FMN and FAD containing metal independent alkenal/

enzymes with [4Fe-4S] alkenone oxidoreductases

cluster
e.g. OYE2-3 from e.g. 2-enoate reductase e.g. quinone reductase e.g. progesterone 5f3-
Saccharomyces cerevisae from Clostridium kluyveri from Fragaria x ananassa reductase from Arabidopsis

thaliana

Figure 3.13Classification of er-reductases capable of reducing C=C bc

Enoate reductases [EC 1.3.1.31] (-enoate reductases), introduced by Simon et ¢
1975, arecapable of catalyzing the reduction of wei-activated 2enoates, as well asp-
unsaturated aldehydes, ketones Byfi-disubstituted aromatic nitroalkenes. These enz)
are NADHdependent and contain flavin mononucleotide (FMMNgvin adenine
dinucledide (FAD), and a [4F-4S] cluster to enable the transfer of electronsigéquently
the presence of oxygen strongly deactivated thaggnees which were generally isolal
from anaerobicClostridiumspecies (Fryszkowska et al. 2008hdich et al. 20(; Simon
1992) Strictly anaerobic conditions are required foryene purification and catalysis, th

restricting the indusial application of -enoate reductaseSt(ermer et al. 20().

Ene-reductas activities were found in enzymes from the meditimin and short cha
dehydrogenase/reductase (MDR and SDR) superfamiliesse er-reductases do not
possess flavin as prosthetic group, but require /AR - preferably NADPF- for catalysis.
In special,the leukotriene 4, dehydrogenase (LTD) subfamily from the zindependent
MDR superfamily harbor enzymes capable of C=C b@utliction. Examples are NtDE
from Nicotiana tabacumor quinonereductase (FaEO) frofaragaria X ananass
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(strawberry) (Clish et al. 2000; Durchschein eRéll2a; Mansell et al. 2013). One example
for an ene-reductase from the SDR superfamily eg@sterone [Breductase (AtB-StR)
from Arabidopsis thalianaDurchschein et al. 2012a). These enzymes preferaouce
open chain enals, nitroalkenesp-unsaturated-butyrolactones, but often exhibit narrow
substrate spectra and low enzyme activities (Duatodia et al. 2012a; Mansell et al. 2013).
As the potential of flavin-free ene-reductases basn discovered only recently, little is

known about the catalytic efficiency and industepplicability of these biocatalysts.

The most prominent group of ene-reductases beltmgbe old yellow enzyme (OYE)
family [EC 1.6.99.1], which was first described 1933 (Warburg and Christian 1933).
These NAD(P)H and FMN-dependent enzymes are capd@béeiucing a remarkably broad
spectrum of activated alkenes intrans-specific fashion, ranging from,B-unsaturated
aldehydes, ketones, imides to nitriles, carboxgids and nitroalkenes (Toogood et al.
2010; Winkler et al. 2012). Consequently, theseyeres are considered as promising
biocatalysts for the asymmetric reduction of alle(®imon and Karl 2010; Wenda et al.
2011). Ene-reductases from the OYE-family represeatfocus of this work and will be
further referred to as ERs.

3.4Ene-reductases from the old yellow enzyme family

Ene-reductases from the old yellow enzyme familyeh@eceived much attention in the last
years due to their broad substrate acceptanceighdtereoselectivity in thegans-specific
reduction of activated alkenes, and therefore, hhaigh potential as biocatalysts for
industrial applications (Simon and Karl 2010; Wmmkeét al. 2012).

Since the discovery of OYEL from baker’s yed&aocharomyces pastorianus 1933,
which was the first identified flavoprotein (Warguand Christian 1933), many ERs have
been found widely distributed in bacteria, fungdagiants (Stuermer et al. 2007; Toogood
et al. 2010). Given the diversity of OYE membelit physiological roles are found in
various pathways, e.g. in the biosynthesis of fatiigls and secondary metabolites, such as
morphine (Barna et al. 2002; French and Bruce 1884§smonic acid (Schaller et al. 2000).
Some ERs are involved in oxidative stress respo(i3ege et al. 2006; Ehira et al. 2010;

Fitzpatrick et al. 2003), others catalyze reactionthe detoxification of xenobiotics, such
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as nitro esters or nitro aromatics (Blehert et1@09; Snape et al. 1997; Williams et al.
2004).

3.4.1 Structure and classification

Despite the diversity of members from the OYE famiésidues involved in catalysis, FMN
and substrate binding are highly conserved in BROYEs show an eight stranded/f)-
barrel (TIM barrel)-fold, surrounded by additiorssdcondary structure elemenishelices
andp-strands). This centr@fbarrel is covered at the N-terminal portion bf-hairpin lid.
The key element of ERs is the non-covalently bobERN cofactor, which is positioned at
the C-terminal edge of thfgbarrel with its si-face accessible to substrate$ solvent. The
substrate and cofactor binding site is definedHgylbops connecting the centfaktrands
with the adjacenti-helices (Breithaupt et al. 2009; Fox and Karpl@94, Kitzing et al.
2005).

Based on amino acid sequence alignments, ERs cdivided in two subclasses (Toogood
et al. 2010). Both subclasses reveal individualseored patterns, which also allow the
differentiation into monomeric and oligomeric enasnOberdorfer et al. 2011). Members
of the “classical” subclass, such as PETNR frdfnterobacter cloacae st’B2, are
presumed to be monomeric enzymes (Fryszkowska €08@DB). In contrast, ERs active as
dimers, e.g. Ygim fromBacillus subtilis belong to the “thermophilic-like” subclass
(Fitzpatrick et al. 2004).

3.4.2 Reaction types and catalytic mechanism

ERs from the OYE-family are known for their cataypromiscuity, predominantly derived
from the versatility of the flavin cofactor (Hulhd Berglund 2007; O'Brien and Herschlag

1999). In the following, the main reactions catalyby these enzymes are described.
Reduction of activated alkenes as the main catalygaction

The most prominent and industrial relevant reactiatalyzed by ERs is the reduction of
electronically activated C=C bonds, e.g. enonesnails. Because this reaction resembles a

Michael-type addition, the presence of an electkithdrawing group of the substrate is
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essential for catalysisS{uermer et al. 20(). In addition, also acetylenic triple bonds

converted into corresponding -alkenes (Muller et al. 2007).

Asymmetric reduction of alkenes catalyzed by ERx@eds in two steps via a ping pc
bi-bi mechanism with both reductive and oxidative $wbes binding within the san
active site French and Bruce 19). The reductive half reaction involves a hydridensfer
from NAD(P)H to the N5 atom of the FMN cofactor. time oxidative part of the reactic
the same hydride of the reduced FMN is stereoseddgttransferred onto € of the
substrate, while a solvent derived proton is addad Tyr residue to &€from the opposit
side. As a result, the overall addition of [2H] geeds in etransfashion with absolut
stereoselectivityKox and Karplus 19¢;, Kohli and Massey 1998lessiha et al. 20(). The
catalyticmechanism is depicted in Figure Z. In general, the (R¢nantiomericproduct is
formed (Hall et al. 2008alueller et al. 201C). However, a flippedinding mode for som
substrates exists, which can result in low enaekgusivities or even in the formation of t
opposite enantiomeB@rna et al. 20(). Thereby, positions of substituents of the mole

can determine the stereochemical outc(Hall et al. 2008b).

H]

EWG ( R® EwG’ ! R® Oxidative half
[H] reaction

FMNH, Ene-reductase FMN
)k/\ Reductive half
reaction
NAD(P)* NAD(P)H

\/ [H]: hydride from flavin

[H]: proton from Tyr-residue
Cofactor recycling system EWG: electron-withdrawing group

(e.g. ketone, aldehyde, ester)

FMN: flavin mononucleotide

Figure 3.14 Reaction mechanism of the asymmetric reduction adifvated alkenes by e-reductases
(modified fromWinkler et al. (201)). Cofactor recycling can be enabled by e.g. erepased methods using
formate dehydrogenase or glucose dehydroge
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Both NADH and NADPH are accepted as hydrogen dorimss NADPH is in most cases

clearly preferred and considered to be the phygiocéb substrate (Kohli and Massey 1998).
The ratio of activities with NADPH compared to NADd$ cofactor is in a range of 0.02 —
17 (Chaparro-Riggers et al. 2007; Fryszkowska.e2@09; Mueller et al. 2010a; Williams

et al. 2004).

With respect to the oxidative half reaction, theg/gblogical oxidant is unknown for most
ERs due to the diversity of OYE members. Molecuaygen can serve as oxidant, but
observed rates are marginal compared to substagtesich as enones (Fox and Karplus
1994). Though molecular oxygen can compete withdired reaction, reducing enzyme
activities up to 48 % (Fryszkowska et al. 2009),stn&Rs are studied under aerobic
conditions due to the difficulties of anaerobic remctions in large-scale processes
(Fryszkowska et al. 2012).

Side reactions of ene-reductases

Beside the predominant reaction, catalysis of digprtionation (or dismutation) by ERs
was observed as well (Vaz et al. 1995). This reads considered as a side reaction with
low reaction rates derived from the catalytic precaity of OYEs (O'Brien and Herschlag
1999). Thereby, the hydride transfer proceeds laairf from one substrate (e.g. 2-
cyclohexen-1-one as H-donor) ont@ 6f a second substrate (e.g. another 2-cyclohexen-1
one as H-acceptor), which is reduced subsequehttriving force of ca. -30 kcal Mis
provided by the spontaneous tautomerization of résulting conjugated dienone into a
phenol. The overall reduction is nicotinamide-inelegent (Stueckler et al. 2010; Vaz et al.
1995). In order to create a directed redox procassgmbination of a substrate, which is
only reduced and a cosubstrate, which is only aridlj can be applied. For examplecan
substituted enone which can be quickly reduced Ry €an be used as H-acceptor, whereas
a B-substituted enone with low reactivity can servédadonor. This reaction is depicted in
Figure 3.15A.

Recently, some ERs were found to be able to caalydox-neutral isomerization reactions
as another side activity. Thereby,ydutyrolactone bearing aaxamethylene unit was
transformed to the thermodynamically more favoueedo-isomer. The saturated lactone
was formed as minor product by the reduction of Cb@hd. Reduced flavin and
nicotinamide cofactors (preferably NADH) are reeqdirfor this reaction. A mechanism,

where the isomerization proceeds through FMN-medidtydride addition onto exofC
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followed by hydride abstraction from end@-Gvas proposed by Durchschein et al. (2012b)
and is shown in Figure 3.15B.

Additionally, in case of the degration pf3-disubstituted nitroalkenes, ERs were to found
to form carbonyl compounds. Two types of pathwagserproposed strongly depending on
the nature of enzymes and substrate substitutiboscischein et al. 2011). In the Nef-
pathway, the formed nitroalkane is reduced in mldtsteps (via a nitroso-intermediate and
spontaneous tautomerization to an oxime) to an amimhich hydrolyzes in aqueous
solution vyielding a carbonyl compound and ammon2ur¢hschein et al. 2010).

Alternatively, XenA fromPseudomonas putidaas found to preferably reduce the nitro-
moiety instead of the C=C bond furnishing the cgpomnding nitroso-alkene which results
in oxazete formation due to spontaneous electraatan. At elevated temperatures, the
corresponding ketone is formed while HCN is reldafeurchschein et al. 2011). Both

reactions are shown in Figure 3.15C. FurthermoRs Bre also known to catalyze the
dearomatisation of nitroaromatic compounds (e.g. ¢bnversion of 2,4,6-trinitrotoluene

(TNT) to a Meisenheimer-monohydride complex) ane tbduction of nitrate esters and
nitroamines, thereby liberating nitrite ions (Khetral. 2002; Williams et al. 2004).
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NO,

[H] nitroso-tauto
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+NCN
(spont.) (spont.) spont

[H]: hydride from flavin
[H7: proton from Tyr-residue
FMN: flavin mononucleotide

Figure 3.15 Side reactions catalyzed by +~reductases: (A The disproportionation reaction using¢
methylcyclohexen-1-one andr8ethylcyclohenxenone forms substituted cyclohexaramd phenol(B) The
isomerization ofa,B-unsaturatecy-butyrolactones competitive to the reduction of Cb@nhds to form thi
saturated product. {'he reductive conversion ofp-p-disubstituted nitroalkene via the Mpathway versus
the oxazete formation. Reaction schemes were adifoiem Stueckler et al. (2010RQurchschein et al. (201)

and Durchschein et al. (2011)
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3.4.3 Substrate spectrum and stereoselectivities

As the reduction of alkenes bearing an electromdvawing group is the main reaction
catalyzed by ERs from the OYE-family, the followisgction focuses on the diversity of
activated alkenes and their acceptance by ERs.

The substrate spectrum of these enzymes comprfse@nsaturated ketones (enones),
aldehydes (enals), carboxylic acids or esters,edlsas imides, nitroalkenes and nitriles.

Enones,e.g. substituted cyclohexenones or cyclopentenaresgenerally considered as

reactive substrates. Thereby, size and positiorsutfstituents strongly influenced the

enzyme activity (Swiderska and Stewart 2006). Pn@mi substrates of commercial interest
are ketoisophorone and carvone (Winkler et al. 20IBe reduction of ketoisophorone by

ERs furnished (R)-levodione, which is used as ays®r for the production of carotinoids,

for example zeaxanthin and cryptoxanthin (Leuengregg al. 1976). (R)- and (S)-carvone
belonging to the group of terpenes due to theprisime subunits are converted to (2R,5R)-
and (2R,5S)-dihydrocarvone, respectively. Theseatoh products are key intermediates
in the production of natural products, antimaladalgs and valuable chiral building blocks

(Choi et al. 1998; de Rouville et al. 2009; Lowakt2009).

Enalsare quickly converted into saturated aldehydeERg. A prominent example is citral
(also a terpene), which is reduced to (S)-citrahed valuable precursor for the production
of (-)-menthol (Muller et al. 2006).

Cyclic imides e.g. maleimides and derivatives, are reduced wgh reaction rates (Hall et
al. 2008b; Mueller et al. 2010a).

a,f-Unsaturated nitroalkenesire also readily reduced by ERs to correspondinigalch
nitroalkanes (Hall et al. 2008a; Toogood et al.&00ut often furnishing a product mixture
due to catalytic promiscuity of ERs as shown inurgg3.15C (Durchschein et al. 2011;
Durchschein et al. 2010).

The acceptance af S-unsaturated carboxylic acids or estgenoic acids or enoates) by
ERs depends on their degree of electronic actimatibtono-carboxylic esters are typically
not easily accepted by members from the OYE favignto et al. 2011). Higher electronic
activation by an additional halogen atom, a seastdr or nitrile group is required for the
catalysis by ERs (Brenna et al. 2011a; Brenna. &(dl1b; Brenna et al. 2012c; Stueckler et

al. 2007; Winkler et al. 2013). In casecgf-unsaturated carboxylic esters, an additienal
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halogen atom as substituent promotes the enzymaty¢Brenna et al. 2011a; Tasnadi et
al. 2012). On the contrary, a cyano group turnegdmibe a poor activating group on the
position (Tasnadi et al. 2012), but supporting be f-position (Winkler et al. 2013). In
addition, B-alkyl or B-aryl lowered the reactivity of non-halogenatedsttdtes (Tasnadi et
al. 2012).

Overall, the degree of C=C polarization based oa #hectro-withdrawing group in
combination with steric effects of substituentspezsally at the @-position, strongly
influenced the catalytic efficiency (Tasnadi et2012). In addition, (E/Z)-configuration of
alkenes, especially enals, enoates and nitroalkersssshown to be crucial for the substrate
recognition and the stereochemical configurationthed product (Stueckler et al. 2007,
Toogood et al. 2008).

In general, the (R)-product is formed in the retuctof C=C bonds catalyzed by the
majority of ERs (Toogood et al. 2010). But, in artte gain access to both stereocisomers of
a desired product, e.g. in the drug discovery stegeeral strategies were developed. On the
one side, different enzymes can be applied to @ehibe desired enantiomer, which is
termed as enzyme-based stereocontrol. In the rneduct 1-nitro-2-phenylpropene, OPR1
from Lycopersicon esculentunformed the (R)-product, whereas OPR3, also from
Lycopersicon esculentynas well as Yqgjm fronBacillus subtilisyielded the (S)-product
(Hall et al. 2008a). A structural investigation ealed a correlation of observed
stereospecificities with the distance of two resgluwithin the enzymes™ active site
(Oberdorfer et al. 2011). Nevertheless, the enzlgased stereocontrol is limited to several
ERs and substrate groups. On the other side, ¢éheacshemical outcome can be controlled
by substrate-engineering through size-variationtled substituents and by employing
stereochemically pure (E)-or (Z)-isomers as sulistiehis strategy is denoted as substrate-
based stereocontrol and mainly applied for nitreais o,-unsaturated carboxylic acids or
estersg,p-unsaturated alkoxy ketones and open-chaatkyl-B-aryl-alkenes (Brenna et al.
2013a; Brenna et al. 2012a; Brenna et al. 2012 cRter et al. 2007; Winkler et al. 2010;
Yanto et al. 2011).

The diastereomeric and enantiomeric excess ofritaupt depend on the enzyme properties

and reaction conditions.
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First of all, the stereoselectivity strongly depermuoh the nature of the active site of
the enzymes, which varies substantially between ERRH et al. 2008a; Toogood et
al. 2010). Thereby, enzyme-catalyzed racemizagsalts in low selectivities.
Racemization can also proceed by basic amino acidpg located on the enzyme
surface either of the catalyzing biocatalyst or actdr-regeneration enzymes
(Fryszkowska et al. 2009).

In most cases, the decrease of enantiopuritieseisretl from non-enzymatic,
chemical racemization, which strongly depends anrthture of the substance and
present reaction conditions (Fryszkowska et al.9208dditionally, decomposition
of the product can occur (Toogood et al. 2008).

Reaction conditions, such as pH, temperature, ioFatime, buffer composition or
even oxygen, can influence the stereoselectivitythefprocess (Fryszkowska et al.
2009; Fryszkowska et al. 2012). Additionally, tH®ice of reaction systems, e.g.
monophasic aqueous solutions with or without wateseible solvents, biphasic
systems with water-immiscible solvents or additioih adsorbents, can strongly

improve the stereoselectivities (Brenna et al. 20X¥anto et al. 2011).

Especially molecules with a stereogenic centré@tQx position are prone to racemization.

Thereby, the rate of the racemization process dbpem the nature of the compound
(Brenna et al. 2012b; Fryszkowska et al. 2009; Dodget al. 2008).

3.4.4 Preparative bioreduction of alkenes

Baker’s yeast mediated biotransformation

In the past, bioreduction of activated alkenes praslominantly performed using wild-type

baker’s yeast. Though the process might be conviedige to its simplicity and cost-

efficiency, the setup suffers from several drawlsa(Bechtold et al. 2012; Brenna et al.
2012e):
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Only low substrate loading is feasible due to loenaentration tolerance by the
microorganism, which leads to low-to-modest prothitiés (< 0.5 g [*d?) and
long reaction times.

Separation of the product from the biomass is regui complicating the

downstream process.
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- Incomplete conversion or side reactions by endogememzymes result in a mixture
of products that demand extensive and costly sulesggurification steps.

- Competing enzyme reactions can decrease the stetpaty of the process.

Especially in case of the reduction of activateleaés bearing a carbonyl function,
competing carbonyl reduction by endogenous alcotiehydrogenases or carbonyl
reductases during baker’s yeast-mediated biotranafmn is considered to be a major
problem (Silva et al. 2012). Thereby, both the fation of allylic alcohols by substrate
depletion and alcohols by product depletion caruo@€ergomard et al. 1982). An example
is shown in Figure 3.16. The extent of side reastiand the resulting product distributions
depend on the relative reaction rates of the compeERs and carbonyl reductases. In
general, enals are more affected by competing ogtlveductions than enones, because of
higher reaction rates ofprim-alcohol dehydrogenases compared s$ecalcohol
dehydrogenases in relation to the ER activity (Hallal. 2006). Additionally, in case of
unsaturated esters, hydrolysis is a common sidgioeavhen using whole cells (Utaka et al.
1989). Side-activities and further drawbacks as poaductivities and long reaction times
are also present in asymmetric hydrogenation willerowild-type yeast strains, bacteria
(e.g. cyanobacteria) or cultured plant cells (&g.otiana tabacum (Goretti et al. 2011,
Goretti et al. 2009; Hirata et al. 2005; Milleraét2006; Shimoda et al. 2004).

In order to improve the productivity and selecivif the wild-type biotransformations,
either reaction conditions have to be controlledctty or a second phase for substrate
supply and product removal has to be applied. Thesthods were successfully applied in
the reductions of ketoisophorone and citral, respely (Leuenberger et al. 1976; Mller et
al. 2006; Silva et al. 2012). The use of substeasté product adsorption on hydrophobic
resin as arn situ substrate feeding product removal (SFPR) techiyolsga promising
method to prevent toxic effects on biocatalysts thuéow concentrations in the aqueous
phase, as well as promote yield and stereoselgc{Vicenzi et al. 1997). Nevertheless,
achieved productivities in baker’s yeast mediaiettdnsformations are still unsatisfactory

and competing carbonyl reduction cannot be avoidedl cases (Brenna et al. 2009).
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CH OH
carbonyl carbonyl
reductase: ene -reductase 'reductase o
- ——-
carveol )-carvone (2R,5R)-dihydrocarvone dihydrocarveol

Figure 3.16Possible side reactions by competing carbonylatedies in case of the reduction of (R)-carvone
to (2R,5R)-dihydrocarvone. Carveols (by overreductiof (R)-carvone) and dihydrocarveols (by
overreduction of (2R,5R)-dihydrocarvone) can benfed as side products.

Biocatalysis using isolated ene-reductases

Recently, the application of isolated ERs, whicm canhance the productivity and
stereoselectivity of the biocatalytic process arabsibly circumvent competitive side
reactions, is considered as the favored choicehd&tet al. 2012; Bougioukou et al. 2010;
Brenna et al. 2012e; Winkler et al. 2013). Thissigoported by the fact that protein
purification technologies have been evolved in st years resulting in lower costs for
purified enzymes (Lichty et al. 2005). Due to theguirement of the regeneration of
nicotinamide-cofactors, substrate-coupled or enzgmepled cofactor regeneration has to

be employed (Wichmann and Vasic-Racki 2005).

Prominent enzyme-coupled cofactor regenerationtegfies comprise the use of formate
dehydrogenases (FDH), glucose dehydrogenases (GBit) glucose-6-phosphate
dehydrogenases (G6PDH), FDH is often considerethesnost suitable enzyme since it
fulfills conditions necessary for industrial standka (Tishkov and Popov 2006; Wichmann
and Vasic-Racki 2005). However, bioreductions wWHRs coupled with commercially
supplied FDH preparations showed a notable degremrbonyl reduction due tprim-
alcohol dehydrogenases as impurities in commecciade enzyme preparations (Hall et al.
2007). Therefore, GDH was in most cases selectedefrycling (Bougioukou et al. 2010;
Brenna et al. 2012e), though this system is accamgdaby high enzyme cost, difficult
product isolation and the requirement of pH regata({Tauber et al. 2011). Alternatively,
alcohol dehydrogenase (ADH)-coupled recycling systevere established for ER-based
bioreductions, which are based on the oxidatiomexpensive isopropanol to the volatile
acetone, thereby overcoming thermodynamic limitetioHowever, using ADH did not

solve the problem of formation of alcohols as gmleducts due to the activity of ADH
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towards ketones and aldehydes. Though side produete marginal using enone-type
substrates, this approach is not applicable fol-igpa substrates (Brenna et al. 2012d;
Tauber et al. 2011; Winkler et al. 2013). In cos@n, unless highly purified enzyme
preparations are used for cofactor recycling, cditipe side reactions cannot be avoided

for all substrate types (Paul et al. 2012).

An innovative strategy is the use of synthetic,ctional mimics of natural nicotinamide
cofactors which were preferably accepted by ERs tdutheir cofactor promiscuity, but
revealing low catalytic efficiency with wild-typdcahol dehydrogenases. Though unwanted
side reactions can be eluded and thus crude enpyaparations can be employed, the
development ofn situ regeneration strategies for synthetic cofactotsiclvis crucial for
industrial applications, is still missing (Paulatt 2012). The nicotinamide-independent and
substrate-coupled approach based on the dispropatitbn activity of ERs has the potential
to solve problems such as carbonyl reduction dukd@bsence of competing enzymes. But
the removal of phenol as byproduct of this reaci®rstill challenging (Stueckler et al.
2010).

In terms of reaction engineering at preparativdesassing isolated ERs, monophasic
reaction systems are accompanied by issues ofubstmte solubility, low stability of both
ER and the cofactor-regeneration enzyme and pessgidtomposition or racemization of
substrate and product (Bougioukou et al. 2010; Baegt al. 2012e; Swiderska and Stewart
2006). The application of biphasic systems witkeaond water-miscible organic phase
allows higher substrate loading as well as pradectrom decomposition or racemization
processes, but the enzyme stability is mostly ingoaby phase and molecular toxicity
(Bougioukou et al. 2010; Vermué et al. 1993). Aldively, the resin-based substrate
feeding product removal (SFPR) technology can beliegh to combine high substrate
loading with high productivity and stereoselectivifn appropriate substrate concentration
in the aqueous phase suitable for biocatalystlgtgbieaction rate and stereoselectivity can
be adjusted by the resin to substrate ratio (Vicehal. 1997). In fact, though only few
examples of preparative biotransformations with ERs published in the literature, most
approaches were performed using resin-based SFPRsoelated enzymes (Bechtold et al.
2012; Brenna et al. 2012e).
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Whole-cell bioreduction by recombinant Eschericheali

Applying engineered strains with higher amount ctivee desired enzymes and an
additional internal cofactor regeneration system m@markably enhance the productivity
and stereoselectivity of a biocatalytic process anthbine benefits from both isolated
enzymes and wild-type microorganisms as biocawlfRichter et al. 2010). While higher
stability of enzymes is ensured by the natural mvhent and the protective cell membrane,
the reaction rate of the process can be improveaidier protein expression (Kratzer et al.
2011; Richter et al. 2010). In addition, the prdshrc cost for whole-cell biocatalysts is still
up to 70-fold lower compared to crude enzyme prapans with cost increasing with higher
purification grade (Tufvesson et al. 2010). Numersuccessful examples have been shown
in case of biocatalytic ketone reductions (Goldbetrgl. 2007). Therebygscherichia coli

as host strain proved to be favorable due to theedoactivity of endogenous ADHs

compared to yeast (Hildebrandt et al. 2002).

In case of alkene reduction, alcohol formation doe competing side reactions in
biotransformations using wild-type or even multigieletionE. coli strainsoften prevent
the use of whole-cell biotransformations (Bechteldal. 2012). However, if the rate of the
desired reaction catalyzed by the overexpresseghemm the engineered cell is sufficient,
side reactions are negligible (Goldberg et al. 200/his was shown for whole-cell
biotransformation of several enal-type substraites ¢itral) by Muller et al. (2007). While
bioreduction using the wild-typE. coli strain resulted in alcohol formation, side product
were below the detection limit using a recombinantoli overexpressing OYE 2 froi8.
cerevisiagMuller et al. 2007).

As for all whole-cell bioprocesses, issues of sabsttoxicity and low substrate solubility
can be overcome by a second water-immiscible ptiageing resin-based SFPR techniques
(Brautigam et al. 2009; Goldberg et al. 2007; Hilket al. 2008). The substrate
concentration in the agqueous phase should enshighaeaction rate, but must not lead to
cell membrane damage. Especially hydrocarbons caonaulate in the cell membrane,
which can cause a loss of membrane integrity afactar leakage (Brautigam et al. 2009;
Sikkema et al. 1995).
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4 Material and Methods

4.1Materials

4.1.1 Chemicals and equipment

All used equipment and consumables are listed enAhpendix A.1. Substrates, reference
materials and other chemicals were purchased fiffereht commercial suppliers and also
given in the Appendix A.2. 2-Methylmaleimide an@c-2-methylsuccinimide were
synthesized as reported previously and resultingRN$fpectra were in accordance with
those reported in the literature (Hall et al. 2008lehta et al. 1960). The composition of
buffers and cultivation media are listed in the Apgix A.4. Programs used in this thesis
are also described in the Appendix A.1.

4.1.2 Biological materials

Enzymes and other materials for molecular cloniggstiown in the Appendix A.2. Primers
were synthesized by Metabion (Martinsried, Germaary listed in the Appendix A.3.1.
Vectors and genomic DNAs are listed in the Appendli8.2. Escherichia coli(E. col)
DH5a (Invitrogen, Carlsbad, CA, USA) was used for ci@niand E. coli BL21(DES3)
(Novagen, San Diego, USA) for protein expressiéncoli strains used in this study are
given in the Appendix A.3.3.
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4.2Molecular cloning

4.2.1 Polymerase chain reaction

Polymerase chain reaction (PCR) was applied for lifymmy DNA fragments for
subsequent cloning using the Phusion® High-Fid&iNA Polymerase in a three-step PCR
cycle. The reaction mix (50 uL or 20 pL) contairfedL genomic or plasmid DNA, 0.5 uM
primers, 0.2 mM deoxyribonucleotide triphosphatd8TPs) and 1 U Phusidi DNA
polymerase or 2.5 UTag DNA polymerase in the respective reaction bufféhe
temperature programs were chosen according to theufacturer’s instructions. The
selection of the annealing temperature and thensikie time was based on the used
oligonucleotides (Appendix A.3.1).

Amplification of the ER genes by PCR was performéth the genomic DNA from the
listed cyanobacterial strains as templates. ThegeDNA had been isolated in previous
studies (Holsch and Weuster-Botz 2010) and wadkimavided by K. Castiglione.

4.2.2 Isolation of plasmid DNA from Escherichia coli

The isolation of plasmids frora. coli DH5a strains was performed with a 5 mL overnight
cell culture using the GenEIdté HP Plasmid Miniprep Kit following the spin method

according to the manufacturer’s instruction.
4.2.3 Agarose gel electrophoresis

Analytical and preparative separation of DNA weonducted on a 1% (w/v) agarose gel
containing 0.4 pg mt ethidium bromide allowing a separation range 8ft0.10 kilobases
(kb). The electrophoresis was performed in 1 x ToAlfer at 120 V.

4.2.4 DNA purification

Subsequent to PCR reactions and agarose gel glotesis, the DNA fragments were
purified using the GenEIutd PCR Clean-Up Kit or the GenEIdté Gel Extraction Kit

according to the manual.
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4.2.5 Restriction and ligation of DNA

10 U of restriction enzymes was used to digeseei®® uL of purified plasmid for 2 — 3 h
or 40 puL of PCR product for 1 — 2 h at 37 °C acoawydo the manufacturer’s instructions.
Digested plasmids were dephosphorylated using 5Snthratic phosphophase for 1 h at
37 °C. Subsequently, restricted plasmids and DN&grirents were purified using the
GenEluté" PCR Clean-Up Kit. The ligation was conducted bgfiag 20 U T4 DNA ligase
and ATP over night at 16 °C according to the sugrfgiinstructions.

4.2.6 Site-directed mutagenesis

Site-directed mutagenesis was performed using thd&Gpange Lightning Site-Directed
Mutagenesis Kit according to the given instructiomBe primers used are listed in the
Appendix A.3.1.

4.2.7 Preparation of chemically competent cells

Chemically competert. coli cells were obtained following subsequent procedrd mL
Luria Broth (LB) preculture inoculated with the pestiveE. coli strain was incubated over
night at 37 °C and then subcultured into 100 mLihB00 mL shake flasks without baffles.
The cell culture was incubated at 37 °C and 250 goriill an optical density at 600 nm
(ODgpg) of 0.4 to 0.6 was reached. Subsequently, celle \warvested by centrifugation for
10 min at 3220 x g and 4 °C. Cells were then resuded in 20 mL pre-cooled TfB1
medium and incubated on ice for 15 min. After aoselc centrifugation step (10 min,
3220 x g, 4°C), cells were resuspended in 2 mLcpaded TfBII medium and incubated on
ice for further 15 min. The obtained competent xellere stored in 200 puL aliquots at
-80 °C.

4.2.8 Transformation of chemically competent cells

Chemically competert. coli cells were thawed on ice and mixed with eithelLlpjasmid

or 20 pL ligation preparation. Cells were incubd@d30 min on ice and subsequently heat-
shocked at 42 °C for 30 s with immediate coolingaanfor 2 min. 600 pL of pre-heated LB
medium was added and cells were incubated at 3#fCL h with gentle agitation.

Afterwards, cells were either concentrated by cermgation or directly plated out on a LB
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agar plate supplemented with the respective atitbidgar plates were incubated overnight
at 37 °C.

In case of site-directed mutagenesis, XL10-GolcaatimpetenE colicells provided in the
QuikChange Lightning Site-Directed Mutagenesis Wére transformed according to the

supplier’s instructions.
4.2.9 Colony polymerase chain reaction

The colony-PCR was applied for the evaluation ef tlansformation. Hereby, a swab of a
colony was suspended in 100 pL dg=Hand 1 pL of this suspension was directly used for
PCR. The reaction mix contained 1 pL cells, 0.5 privhers, 0.2 mM dNTPs and 2.5Tag
DNA polymerase in the respective reaction buffdre Temperature programs were chosen
according to the manufacturer’s instructions. Téledsion of the annealing temperature and

the extension time was based on the used oligootidés (Appendix A.3.1).
4.2.10DNA sequencing

The accuracy of the constructed vectors was coefiriny DNA sequencing performed
either by GATC (Konstanz, Germany) or Eurofins MVperon (Ebersberg, Germany)

according to the given instructions.
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4.3Microbiological methods

4.3.1 Strain mantainance

For the availability of respectivi. coli strains, cells were either stored on LB agar plate
supplemented with the corresponding antibiobicafonaximum of three weeks or frozen as
cryo stocks for prolonged storage. Thereby, cellsrewgrown in 5 mL LB medium
supplemented with the respective antibiotic ovghhat 30 — 37 °C and 200 rpm. The cell
culture was mixed with sterilized glycerol in adlrconcentration of 15 % (v/v) and stored
at —80 °C.

4.3.2 Cultivation in shake flasks

A 5 mL LB preculture supplemented with 34 mg kanamycin or 50 mgt ampicillin and

inoculated with a single colony from an agar platewith 5 pL from a cryo stock was
incubated over night at 37 °C. Next, 1 mL from fineculture was added to 200 mL Terrific
Broth (TB) medium in 1000 mL shake flasks withouwdffles. Protein expression was
induced by the addition of 1 mM isoprop§p-1-thiogalactopyranoside (IPTG) at a cell
density ORy of 0.6 — 0.8. Afterwards, cells were incubatedroight for 18 — 20 h at

20 °C and 160 rpm in case of subsequent use fdeiprpurification. If cells were applied

as whole cell biocatalysts, the protein expresdimation was set to 20 h.

Recombinank. coli cells used for protein purification were harvestgdcentrifugation at

4528 x g for 15 min. Cell pellets were either stbe¢ —20 °C or directly used for protein
purification. In case cells were produced for whoddl biotransformation, obtained cell
pellets after centrifugation were directly used foiotransformation unless indicated

otherwise.
4.3.3 Cultivation at the 3 L scale

Large-scale production of the whole-cell biocatalyss performed in a 3 L fed-batch
process in a stirred tank bioreactor with a nomuedime of 7.5 L (Figure 4.1). The reactor
was equipped with three six-blade Rushton turbfiexl a height of 2, 8 and 16 cm from
the stirrer tip. The cultivation was conducted imi@mimal medium described by Wilms et al.
(2001) following a modified protocol provided byrsat al. (2013). The composition of the
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minimal medium is given in the Appendix A.4.1. Tfeed medium contained 500 ¢ L
glucose and 99 gt(NH,),HPQ;, which were autoclaved separately.

Figure 4.1 Stirred-tank reactor with a nominal volume of 1.5used for the cultivation of whole-cell
biocatalysts in fed-batch mode: control station &tiyrer (2), air outlet (3), pH, pCand temperature probes
(4), base for pH control (5) and feed (6).

The pre-culture contained 200 mL minimal mediumpsemented with 3 g E glucose and
34 mg L' kanamycin and was incubated over night at 37 °€ 2860 rpm. The bioreactor
was filled with 2.8 L minimal medium also supplertesh with 3 g I* glucose and
34 mg L* kanamycin and inoculated with 200 mL pre-cultifée pH was controlled at
pH 7.0 throughout the cultivation by addition of @&b(v/v) NH,OH. The fed-batch
cultivation process can be divided in three stapsjescribed in the following:

i.  During the batch phase, the temperature was $at t€ and dissolved oxygen (DO)
was maintained above 30 % saturation by adjustiegstirrer speed. The air flow
was set to 2 L mif,

ii. The exponential feeding phase was initiated at tthee of complete glucose
consumption. The temperature was decreased to 20d@ feed containing glucose,
nitrogen and phosphate was added to the culturerdiog to Equation 3.11. The
growth rate was set to 0.15.hThe aeration was increased to 5L Tiand
dissolved oxygen was kept above 20 %. After 1% témperature was set to 20 °C

and one hour later, the protein expression phasestagted.
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iii.  The protein expression phase was initialized byradtP TG in a final concentration
of 0.5 mM. The growth rate was set to 0.06ly reducing the feed rate and the
temperature was kept at 20 °C for 24 h.

After cell cultivation, adequate amount of cells swaixed with glycerol to a final
concentration of 15 % (v/v), subsequently shoclzdrowith liquid nitrogen and stored at
-58 °C.

4.3.4 Determination of optical density

The optical density of cell cultures was measureduvettes with an optical path length of
10 mm using a single beam photometer at a wavdienft 600 nm. Samples were

appropriately diluted with PBS buffer and measwatkast in triplicates.
4.3.5 Determination of cell dry weight

The cell dry weight (CDW) oE. coli cultures was determined gravimetrically in triplies.

A given volume (1 mL) of cell suspension was addegreviously dried and weighted
1.5 mL- Eppendorf Safe-Lock Tub&s Cells were centrifuged for 10 min at 13000 thin

a benchtop centrifuge and the supernatant wasrdesgtaAfter drying at 80 °C to a constant

weight, the vials were weighted again. The cell @Bight was calculated using Equation
4.1.

_ Meytr — Mempty

Cy = 7 Eq. 4.1
Cx cell dry weight, gow L™

Meun mass of vial with cells after drying, g

Mempty mass of empty vial, g

\% volume of the sample, L

The cell dry weight of a cell suspension is dinegitoportional to the optical density of the
sample (Equation 4.2). The correlation factqj (fas calculated based on OD and CDW
measured for different cell suspensions.
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Cx = fx " ODggo Eq. 4.2
Cx cell dry weight, gow L™
fy correlation factor, ghw L?
ODsg0 optical density at 600 nm, -
4.3.6 Cell lysis

Cell lysis was conducted previous to protein paaifion or enzyme activity measurements.
Cells were mechanically disrupted using glass b&ad3.25 — 0.5 mm), which were added
in a volume fraction of 50 % to the respective &lspension. For inhibition of protease
activity, 1 mM phenylmethylsulfonyl fluoride (PMSRKyas added to the cell suspension.
Cells were lysed for 6 min or 3 min in case of piotpurification at 1800 mihin a mixer

mill and subsequently centrifuged at 4 °C for 2@rrat 40827 x g. The supernatant was

used for enzyme activity assays or protein puriiica

4.4Protein purification and analytics

4.4.1 Immobilized metal affinity chromatography

Hiss-tagged proteins (ene-reductases, formate dehydasgeand glucose dehydrogenase),
as well as the Histagged tabacco etch virus (TEV) protease (a S2h8tant for improved
performance, Kapust et al. (2001)) were purifiedngsimmobilized metal affinity

chromatography.

After cell harvest by centrifugation, cell pelletgere resuspended in pre-cooled binding
buffer in a ratio of 1 g cell weight to 5 mL buffezell lysis was performed according to the
description in Section 4.3.6. Supernatant fractiovere collected, filtered (0.45 um,
Minisart HF) and loaded onto an equilibrated 1 mkTHap FF crude column at a flow rate
of 1 mL min*. Protein purification was performed according tfme tmanufacturer’s
specifications at 4 °C in an automatized Fast Hrdtiguid Chromatography device. Online
detection of proteins was enabled using the abscebat 280 nm. The elution of His
tagged proteins was initiated by a linear gradigom 0 % to 100 % elution buffer

containing 500 mM imidazole over 20 column volun(€¥s), while 2 mL fractions were
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collected. The absorbance at 280 nm revealed Hetidns containing the target protein.
Respective protein fractions were pooled, dialyaed concentrated by ultracentrifugation
using a Vivaspin ultrafiltration device (molecublaeight cutoff: 5 kDa). The solution was

diluted to< 1 mM imidazole.

In order to obtain ene-reductases without affinédgs, the enzyme was constructed as a
Hiss-maltose binding protein (MBP)-tagged protein. Bmotpurification was performed
according to the standard protocol. Protein fraxgiovere concentrated at least 10-fold.
Afterwards, purified TEV proteases were added ®dblution in a ratio of 1 TEV protease
to 30 fusion protein based on absorbance at 28@onmemoval of the HisMBP tag. The
cleavage was performed over night at 4 °C in th& T&action buffer. Subsequently, the
reaction mix was diluted to an imidazole concergrabf 40 mM and loaded to a 1 mL
HisTrap FF crude column. Both the KigIBP tag cleaved from the fusion protein and the
Hise-tagged TEV protease bound onto the column, whildipd ene-reductases without the

affinity tag was obtained.
4.4.2 Storage of protein preparations

Enzymes used in this project were stored in 25 A6 (glycerol at —80 °C after shock
freezing using liquid nitrogen. As enzymes werehhigconcentrated (~1.5 — 2.3 mg ML

minimal concentrations of glycerol remained afespective dilution for subsequent use.
4.4.3 Sodium dodecyl sulfate polyacrylamide gel electropresis

Sodium dodecyl sulfate polyacrylamide gel electapkis (SDS-PAGE) was performed
using 3 % and 12.5 % Bis-Tris gels. Protein samplere supplemented with 5 x Laemmli
buffer and incubated at 95 °C for 5 min for comgléenaturation. The protein standards
Roti®-Mark Standard (14 — 212 kDa) and Perfect &ndY Marker (10 — 225 kDa) were
used for estimation of molecular mass of prote813S-PAGEs were run at 30 mA in Tris-

glycine running buffer.

SDS-gels were stained according to Fairbanks €tLar1). Thereby, the gels were boiled
and incubated for 5 min in sequence in Fairbankstisas A, B and C, which are listed in
the Appendix A.4. Alternatively, SDS-gels were s&l using Roti®-Blue colloidal

coomassie staining solutions according to manufactiinstructions.
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4.4.4 Determination of protein concentration

Bicinchoninic acid (BCA) assay

Protein concentration was determined at leastiplidates using the BCA Protein Assay
(Thermo Fisher Scientific) according to the mantifegr’s specifications. Protein samples
were diluted with sodium phosphate buffer (100 migll 7.0) to ensure protein

concentrations within the given range of 20 and20@ L™.
UV absorption at 280 nm

Protein concentrations were estimated using the dlbgorption at 280 nm. The molar

extinction coefficientss) of the proteins were calculated using the progGiaiNtle.

4.5Enzyme characterization

4.5.1 Enzyme activity assay

Enzyme activities were determined by photometrisags monitoring the oxidation of
NAD(P)H at 340 nm using a molar absorption coedfitiof 6.22 mNt cnmi'. In case of
ketoisophorone and 3-phenyl 2-methylpropenal tilsayasvas performed at 365 nm using a
molar absorption coefficient of 3.51 mMtm*. All reactions were performed on a 200 pL
scale in sodium phosphate buffer (100 mM, pH 710B@°C or 25 °C using microplate
spectrometers (EL808, BioTek Instruments and itdiM200, Tecan). Appropriate controls
were included and experiments were conducted at leatriplicates. One unit of enzyme
activity was defined as the oxidation of 1 pmol NJ®IH per minute. Background oxidase
activity was measured in the absence of alkenessahttacted from the specific activity.
The conditions for standard enzymatic assays withreductases, formate dehydrogenases
and glucose dehydrogenases are summarized in Téldle The applied enzyme
concentrations were adapted to ensure measurerhartia reaction rates within a linear

range of NAD(P)H variation.
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Table 4.1 Standard conditions for enzymatic assays involdng-reductases (ER), formate dehydrogenases
(FDH) and glucose dehydrogenases (GDH). Assays perfermed on a 200 pL scale in sodium phosphate
buffer (100 mM, pH 7.0).

ER FDH GDH
Cofactor 0.5 mM NAD(P)H 0.5 mM NAD(P) 0.5 mM NAD(P)
Substrate 10 mM various alkenes 250 mM sodium fegma 250 mM glucose

Investigation of the substrate spectrum using w&ri&Rs was conducted with 0.5 mM
NADPH using substrates at a concentration of 10 @atitled as an ethanol solution, <5 %
(v/v) final ethanol concentration). Assays for emey characterization were in general
performed with 10 mM maleimide and 0.5 mM NADPH,lags stated otherwise. For
evaluation of the enzyme activity of whole-cell tatalysts, 10 mM (R)-carvone was used

as substrate to determine ER activity, as the @Ryane reduction was focused in that case.

Specific activities of purified enzymes and whotdlbiocatalysts were calculated based on

the Lambert-Beer relation given in Equation 4.3.

EA. — Acnapeyn Ve _ Adza Vi 10° Eq. 4.3
¥ Ac- V- cp At enappyn - d - V" cp
EA, specific enzyme activity, U nig
or specific biocatalyst activity, Usgw L™
ACN‘Z& variation of NAD(P) concentration over time, UM fin
t

Vr reaction volume, pL (here: 200 uL)
Vi sample volume, pL
c protein concentration, mg-'L

P or biocatalyst concentrationggy L™
AAA—T“’ variation of the absorption at 340 nm over timey i
ENAD(P)H molar extinction coefficient, 6220 L mibem*
d path length, cm (here 0.59 cm)

4.5.2 Determination of kinetic parameters

Kinetic parameters were determined for ene-redastasormate dehydrogenases and
glucose dehydrogenases at 30 °C. As all three eegyatalyze two-substrate-two-product
reactions, either the substrate or the cofactortdde supplied in excess to achieve pseudo-
first order reaction conditions, which is needed tlee application of Michaelis-Menten
kinetics (Bisswanger 2008).
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Kinetic parameters for NADH and NADPH of ene-reésets were determined using a
constant concentration of 10 mM maleimide, while toncentration of NAD(P)H was
varied between 0.01 mM and 0.6 mM. In case of teyme kinetics of FDH and GDH,
substrate and cofactor concentrations were appledo at least five-fold of the half-

saturation constanty<

Kinetic parameters were estimated according tdvtiobaelis-Menten equation (Bisswanger
2008) and data were analyzed using non-linear ssgme analysis (Sigma Plot 8.0, SPSS).

4.5.3 Determination of factors influencing enzyme activiy

Determination of temperature optima

Temperature optima were determined in 50 mM sodphasphate buffer at pH 7.0, as
sodium phosphate buffers generally display a lompterature coefficient (Perrin and
Dempsey 1974). Enzyme samples were incubated etugatemperatures and the specific
activities were measured in photometric assays.efixgnts were performed at least in

triplicates.
The activation energy was calculated following Arenenius equation (Equation 4.4).

Eq

k= Ao B Eq. 4.4
k rate constant,’s
Arrheniusfactor, &
Ea activation energy, J mol
R gas constant, 8.314472 J mé{™
T absolute temperature, K

Determination of pH optima

Buffers for the investigation of the pH profile vee50 mM sodium citrate, 50 mM sodium
phosphate, 50 mM 3-(N-morpholino)propanesulfonid g&MOPS) and 50 mM Tris—HCI
applied in a pH range of pH 5.5 — 9.5. Enzyme #&®® were measured in photometric

assays in triplicates at 25 °C.

72



Material and Methods

Investigation of the effect of organic solvents asdlts

The effect of organic solvents on the activity ®@€€was studied using ethanol, 1-propanol,
iso-propanol andN,N-dimethylformamide (DMF) in volume fractions of 520 % (v/v).
The influence of different concentrations of sodiurhloride, sodium formate and
ammonium formate on the ER activity was investigdte up to 3 mol [. All studies were

performed in photometric assays in triplicatessat@.

4.5.4 Evaluation of enzyme stability

Enzyme stabilities were determined by measuringetiteyme activity at regular intervals
during an appropriate period of time, whilst inctdshin sodium phosphate buffer (100 mM,
pH 7.0) under defined conditions (e.g. at differégmperature or in solvents). Purified
enzymes were applied for all stability studies.

Half-lives were calculated based on Equation 4b46.

EA=EA,-e kit Eqg. 4.5
EA enzyme activity at time t, U riig
EA enzyme activity at time t=0, U rilg
k; inactivation constant, h
t time, h

_Inz Eq. 4.6
=7 q. 4.
T half-life, h

inactivation constant,h

Half-lives were measured for ERs at different terapges (30 °C, 40 °C, 50 °C). Enzyme

preparations were adapted to a temperature of Zbr’@hotometric measurement.

Solvent stabilities of ERs were determined in bfbareaction systems containing
20 % (v/v) water-immiscible solvents. Thereby, theganic solventan-hexane, toluene,
methyltert-butyl ether (MTBE) and diethyl ether, as well s tonic liquids [HMPL][NTF],
[HMIM][PF¢] and [HPYR][NTF] were selected for investigatioho ensure comparative
conditions as for enzymatic bioconversions, expents were performed at 30 °C in glass

vials positioned on a shaking tray at 300 rpm.
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Operational stabilities of ERs were measured inbilbeeactor unit developed by Weuster-
Botz et al. (2005). The miniaturized stirred-tankrbactors were equipped with S-stirrers
developed by Riedlberger and Weuster-Botz (2018)aperated at 400 rpm or 1500 rpm.
The reaction volume was set to 10 mL, either as apbasic reaction system with
10 pg mL* ER in sodium phosphate buffer (100 mM, pH 7.0a®biphasic reaction system
containing 20 % (v/v) [HMPL][NTF].

Studies of enzyme stabilities of FDH and GDH weeefgrmed according to the standard
procedure using the respective substrate and cofdaefined FDH or GDH solutions were

incubated at 30 °C in presence of different (R+oae concentrations (10 — 100 mM).

4.6Bioconversions using purified enzymes

4.6.1 Enzymatic bioconversion without cofactor regeneratn system

For evaluation of the stereoselectivity of ERs,réductions of 2-methyl-2-cyclopenten-1-
one, 3-methyl-2-cyclohexen-1-one, 2-methylmaleimidetoisophorone, (R)- and (S)-
carvone were conducted without cofactor regeneraim 1 mL scale using 1.5 mL
Eppendorf Safe-Lock TubB%. Reactions contained 5 mM substrates (added a$1B D
solution, < 2% (v/v) final DMF concentration), 13vnNADH and 84 — 136 pg mt
purified ERs (except for GloeoER with 35 pg Mlin sodium phosphate buffer (100 mM,
pH 7.0). All reactions were agitated at 30 °C an@0 Bom (Thermomixer comfort,
Eppendorf) for 24 h followed by extraction with gtlacetate (1:1) containing 36 mM (R)-
limonene as internal standard and subsequent GigsandExperiments were performed in
triplicates.

4.6.2 Enzymatic bioconversion with cofactor regeneratiorsystem

ER-mediated bioconversions with enzyme-coupled atofaregeneration were generally
performed with a formate dehydrogenase C145S/D2228BV triple mutant (FDEl)
from Mycobacterium vacca®&10, unless stated otherwise. This triple mutaititeted

increased NADPactivity and chemical stability (Hoelsch et al12).

To investigate the effect of different organic soits on the bioreduction of ketoisophorone
by the ER from Synechococcusp. PCC 7942 (Syn7942ER), bioconversions were
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conducted in 1 mL-scale with FR3kt+coupled cofactor regeneration. Reactions contained
5—20 % (v/v) ethanol, iso-propanol or DMF, 250 nseidium formate, 0.5 mM NADP

10 mM ketoisophorone and 25 pg hByn7942ER in sodium phosphate buffer (100 mM,
pH 7.0) and were incubated for 6 h at 30 °C andrpsd (WiseCube, Witeg Labortechnik).
Reactions were stopped by extraction with ethyltatee(1:1) containing 36 mM (R)-
limonene as internal standard for further GC angalys

4.7Characterization of reaction systems

4.7.1 Determination of distribution coefficients

The distribution coefficients of relevant substamaevolved in biphasic reaction systems
consisting of two immiscible liquid phases are afiaé for its characterization. In this
project, liquid-liquid biphasic reaction systemsngrlly contained 80 % (v/v) sodium
phosphate buffer (100 mM, pH 7.0) and 20 % (v/\gamic solvents or ionic liquid, unless
stated otherwise. As the bioreduction of (R)-caevaom (2R,5R)-dihydrocarvone was
focused, the properties of these compounds in biphraaction systems were investigated.
It has to be noted that commercially supplied dibgdrvone used for this investigation
composed of a mixture of ~77 % (2R,5R)-dihydrocaeroand ~20 % (2S,5R)-
dihydrocarvone. Experiments were performed at 1stdle in gas-tight sealed glass vials

with a nominal volume of 1.5 mL.

In case of water-immiscible organic solvents, com@ions of (R)-carvone and
dihydrocarvone were determined in both phases aghe@se separation by centrifugation
(4528 x g, 15 min) and calculated according to Equa3.14. Thereby, the aqueous phase
was extracted with ethyl acetate (1:1) and thermogphase was diluted in ethyl acetate for
further GC analysis (Section 4.9). GC samples aoath7.2 mM (R)-limonene as internal
standard.

Determination of distribution coefficients for (R@vone and dihydrocarvone in the ionic
liquids [HMPL][NTF], [HMIM][PF¢] and [HPYR][NTF] was performed in triplicates
according to a protocol described by Holsch (2009).

(R)-Carvone and dihydrocarvone were separatelyphblisd at a concentration of 100 mM in

n-hexane and subsequently extracted with the raspeaonic liquid in a volume ratio of 4:1
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at 1800 miff for 1 h in a mixer mill. After phase separationdsntrifugation (4528 x g, 15
min), the concentration of the substances-rexane, as well as the initial concentrations in
n-hexanewere determined by GC. The concentration in thevéls calculated based on the

concentration im-hexane before and after the extraction accordirtgguation 4.7.

The distribution coefficient between the ionic liduand the aqueous buffer phase was
determined by mixing the previously loaded ionguid with a sodium phosphate buffer
(100 mM, pH 7.0) in a volume ratio of 1:4 followdy extraction for 1 h at 1800 min
After phase separation by centrifugation (4528 £%min), the substance concentration in
the aqueous phase was measured by GC. The disinbcoefficient of the substance

between the ionic liquid and the aqueous phasecalaslated according to Equation 4.8.

L = ((pl_Ll - 1) ' (Chexane,o - Chexane) Eq. 4.7
CL concentration in the IL after extraction witkhexane, mol Lt

Chexane, 0 initial concentration im-hexane, mol &t

Chexane equilibrium concentration in-hexane after extraction, mol'L

oL volume fraction of the ionic liquid in the extramti step, -

cp— (et —1)c
logDiLjaq = 10910 = Ié = Eq. 4.8
aq

decadic logarithm of the distribution coefficieriteosubstance between the

10gD1ag ionic liquid and the aqueous phase, -

Caq equilibrium concentration in the aqueous buffeerafhe extraction, molt
CiL concentration in the IL after extraction witkhexane, mol X

oL volume fraction of the ionic liquid in the extramti step, -

In a last step, the ionic liquid after extractiorthathe buffer phase was again extracted with
n-hexane in a ratio of 1:4 (v/v) for 1 h at 1800 thinAfter phase separation by
centrifugation (4528 x g, 15 min), the substancaceatration inn-hexane was again
measured by GC. Thus, the distribution coefficiemtthe substances between water

saturated ionic liquid and-thexane was calculated according to Equation 4.9.
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logDIL/hexane
(CIL - ((/JI_L1 - 1) ’ Caq) - ((pI_L1 - 1) * Chexane EQ- 4.9

Chexane

= logo

decadic logarithm of the distribution coefficierfitaosubstance between the

10gDumexane o i liquid and ther-hexane, -

C equiliblrium concentration in the aqueous buffeeiafihe extraction,
mol L

CL concentration in the IL after extraction witkhexane, mol Lt

Chexane equilibrium concentration in-hexane after extraction, mot'L

oI volume fraction of the ionic liquid in the extramti step, -

4.7.2 Determination of the moisture content of adsorbentesins

In case of resin-based solid-liquid reaction systethe mass ratio of resin to substrate
determines the rate and extent of the adsorptiaisofbent resins Amberlit8 XAD4,
XAD7 and XAD1180 were selected for preliminary sas]l and XAD4 was chosen for

further characterization.

The moisture content of XAD4 was determined grawioally. A defined wet mass (1 g) of
resin was added in previously dried and weightechlL5eaction tubes. The adsorbent resin
was dried at 80 °C to a constant weight in the treactubes and weighted again. The

moisture content was calculated according to Eqoati10.

Myesinwet — M

resindry 100 % Eq. 4.10

mresin,wet

% water =

% water moisture content of resin, %
Meesin,wet mass of wet resin, g
Myesin,dry mass of dry resin, g

For convenience, wet resin was used for experimemdsthe mass ratio of resin to substrate

refers to the mass of wet resin.
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4.7.3 Determination of the adsorbent isotherm

The capability of the adsorbent resin AmbetftexAD4 in solid-liquid reaction systems
was characterized by the determination of adsorisettherms. Thereby, different amount
of (R)-carvone and dihydrocarvone (0.009 — 0.07%epe separately mixed with a defined
wet mass of resin (0.154 g) in 5 mL sodium phosplhatfer (100 mM, pH 7.0). The mass
ratio of wet resin to substrate was in a range.bft@ 16.7 in case of (R)-carvone and 2.0 to
16.4 in case of dihydrocarvone. The residual commagan in the agueous phase was for all
setups below the maximal solubility of (R)-carvopne dihydrocarvone. The decadic
logarithm of the solute concentration per unit massdsorbent was plotted against the
decadic logarithm of the residual solute conceiunain the aqueous phase according to the

Freundlich isotherm described by Equation 3.17.

4.8Whole-cell batch biotransformations

4.8.1 Preparation of the whole-cell biocatalyst

E. coli cells used for whole-cell biotransformation weregared and stored as described in
Section 4.3. In case of cultivation in shake flaskells were directly used for
biotransformation after cell harvest by centrifugat(4528 x g, 15 min) and subsequent
resuspension in sodium phosphate buffer (100 mM7 8 In case of liter scale cultivation
and subsequent storage at —-58 °C, cells were gémélywed on ice. The glycerol was
removed by washing the cells two times with sodpimsphate buffer (100 mM, pH 7.0) in
two centrifugation steps (4528 x g, 15 min). Th# saspension was then adjusted to the

desired optical density and the biotransformati@as wtarted by the addition of biocatalyst.
4.8.2 Preliminary studies at 5 mL scale

Preliminary studies of whole-cell biotransformatimwolving ERs were performed in gas-
tight sealed glass vials with a nominal volume @fiL (Figure 4.2). For biotransformation,
the reaction vials were placed on a multi-stirréstga The mixing was enabled by a
magnetic stirrer operated at 550 rpm. Experimerggevperformed in triplicates at room
temperature (25 £ 1 °C).
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Figure 4.2 Whole-cell batch lotransformations at 5 mL scale. (A) (-tight sealed glasvials of a hominal
volume of 10mL and the magnetic stirrer were used. (B). Renactials were placed on a mestirrer plate
during the biotransformation.

This reaction system was selected for evaln of the monophasic reductioas well as
preliminary biphasic reductions of (-carvone, because the evaporation was minimiz
this reaction system (data not shown). Reaction® weformed n a working volume o
5 mL.

Monophasic biotransformations were conducted inissodphosphate buffer containir
8.8 g-pw L™ biocatalystand 1( mM (R)-carvave added as ethanol solutior % (v/v) final

ethanol concentration). In c: a FDH was overexpressen the cells, 2 mM sodium
formate was added. Samples of pL volume were takerusing singl-use needles
(@ 0.90 mm, Sterican®, Brau), followed by extraction (1:1) with ethyl acetated:
subsequent GC analysis. Biptc reaction systems contained 2Q\%) organic solvent

(n-hexane,n-decane, MTBE, diethyl ether) or ionic liquids [HMJPUTF], [HPYR][PFg)

and [HMIM][NTF] with 50 mM (R)-carvone dissolved in this phase. The aqueous {
contained 2 — 2.8 gt biocatalyst and 2t mM formate. The raction was stopped aft
24 h byphase separation 528 x g, 15min) and subsequent GC analysis of the org

solvent and the ionic liquic
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4.8.3 General proceedings for biphasic whole-cell batch

biotransformations with ionic liquids

Biphasic whole-cell batch biotransformation with 3is a second water-immiscible phase
was performed in 12 mL, 200 mL and 1 L scale, wiscfurther described in Sections 4.8.5
— 4.8.7. The reaction system was composed of aacagusodium phosphate buffer phase
and 20 % (v/v) [HMPL][NTF]. The molarity and pH tife sodium phosphate buffer as well
as the formate and biocatalyst concentration irs ghhase varied dependent on the
requirements of the experiment. Prior to use, tmnéte stock was adjusted to the desired
pH of the buffer and (R)-carvone was dissolvechtvadequate concentration in the IL. Due
to the high viscosity of [HMPL][NTF], the loaded Iwas weighted directly in the
miniaturized bioreactor or in other vessels based tle calculated density of the
IL/substrate mixture. A sample of the initial IL gde was taken as control. Reactions were
started by biocatalyst addition. Samples of 1 mluree were taken using a pipette or single
use syringe and needles (J 2.1 mm, Sterican®, Bréaliowed by subsequent phase
separation in Eppendorf Safe-Lock TuB&§13000 mirt, 5 min) and GC-analysis of the IL

according to Section 4.9.

All indicated concentrations of the biocatalyst dodmnate refer to the aqueous phase,
whereas all substrate and product concentratiofes te the IL phase, unless noted
otherwise. As standard conditions, 250 mM sodiurméte and 8 gw L™ biocatalyst were
used in 100 mM sodium phosphate buffer (pH 7.0n\&260 mM (R)-carvone dissolved in
20 % (v/v) [HMPL][NTF]. The reaction temperature svkept at 25 £ 1 °C (ambient

temperature), unless indicated otherwise.
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4.8.4 General proceedings for whole-cell batch biotransfonations with

adsorbent resins

Whole-cell batch biotransformations with adsorbessin forin situ substrate supply and
product removal were also performed in 12 mL, 2Q0 amd 1 L scale. Thereby, the
reaction system composed of an aqueous sodium ppatespuffer phase and a defined mass
of wet resins loaded with a respective mass oftsaies The molarity and pH of the sodium
phosphate buffer as well as the substrate, formate biocatalyst concentration varied
dependent on requirements of the experiment. Thes madio of wet resin and substrate was
defined for each biotransformation. Prior to us#gsaabent resins XAD4 were weighted
either directly in the reactor or using 50 mL réacttubes. For substrate adsorption,
adequate amounts of (R)-carvone were added to dkerlzent resins in the respective
reactors mixed with a defined volume of sodium pihase buffer (5 — 380 mL for 12 mL —
1 L scale). The solid-liquid suspensions were skalsing Parafilfi or the respective
reactor cover and incubated for 2 h. In case oftsate adsorption in the miniaturized
bioreactor or 50 mL reaction tubes, these weregplam a shaking tray at 600 rpm. In case
the substrate adsorptions were performed direotthé reactors, the impeller speed was set
to 600rpm for 200 mL scale and 400rpm for 1L lecabiotransformation.
Biotransformations were started by addition of thecatalyst. Samples of 1 mL volume
were taken using a pipette or single use syringen@edles (J 2.1 mm, Sterican®, Braun).
After phase separation in Eppendorf Safe-Lock TUbdsy centrifugation (13000 mih

5 min), adsorbent resins were prepared for GC aisafccording to Section 4.9.

All indicated substrate, formate and biocatalystcamtrations refer to the aqueous phase.
Unless stated otherwise, the standard operatiarp s&as 50 mM (R)-carvone, 250 mM
sodium formate and &gw L™ biocatalyst in 200 mM sodium phosphate buffer {6).
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4.8.5 Biotransformations at the 12 mL scale

Biphasic whole-cell batch biotransformations eitiagth ionic liquid as a second water-
immiscible phase or hydrophobic adsorbent resin® wkaracterized and optimized in the
bioreactor unit developed by Weuster-Botz et aD0&) (Figure 4.3). Equipped with
miniaturized stirred-tank bioreactors, up to 48ctiems can be operated in parallel at
defined process conditions. Agitation was enablgd nilagnetically driven impellers
allowing comparable process characteristics fahgrrscale up (Hortsch and Weuster-Botz
2010; Riedlberger and Weuster-Botz 2012). Though dbntrol of temperature, pH and
monitoring of dissolved oxygen, as well as samphlngd feeding was possible if integrated
into a liquid-handling system (Puskeiler et al. 2)0nly the temperature was controlled
during the reaction. For both biphasic processeth wis and adsorbent resins,
biotransformations were performed in a reactiorurad of 12 mL at 25 +1 °C for 5 h. The
head space cooling was set to 4 °C for decreasegoeation. Baffled miniaturized
bioreactors were equipped with S-impellers devedobg Riedlberger and Weuster-Botz
(2012) operated at 1500 rpm. Experiments were padd in triplicates.
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Figure 4.3 Bioreactor unit with the 48 parallel milliliter isied-tank bioreactors for whole-cell batch
biotransformations at the 12 ml scale. The bioaghit is presented in (A): cover equipped withsti8rers
and the sampling openings (1), bioreactor (2), ratigrstirrer drive and temperature control (3) dredhd

space cooling (4). A scheme of the applied S-ingpaleveloped by Riedlberger and Weuster-Botz (265.2)
shown in (B) (Riedlberger et al. 2012).

82



Material and Methods

4.8.6 Biotransformations at the 200 mL scale

Whole-cell batch biotransformations at the 200 roéls were performed in a stirred bubble
column developed by Weuster-Botz et al. (2002) (Fégd.4). The reactor with a nominal
volume of 400 mL was equipped with three bafflegd{tw 15 mm). Agitation was enabled
by a magnetically driven six-blade Rushton turbiwgh blades possessing a square
geometry of 8 x 8 cm. The impeller speed was fitce@00 rpm, unless indicated otherwise.

The reaction was performed for 8 — 10 h.
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Figure 4.4 Biotransformation at the 200 mL scale in the stirbubble column. A scheme of the bioreactor
(Pfrinder 2005) is given in (A) and a picture o tleactor during biotransformation is shown in (Bjffles
(1), six-blade rushton turbine (2), magnetic dringide the reactor (3), sampling opening (4), stiaxis (5)

and support with main magnetic drive (6).

83



Material and Methods

4.8.7 Biotransformations at the liter scale

The scale-up of whole-cell batch biotransformationthe 1 L scale was performed in a
stirred-tank bioreactor with a nominal volume o2 1L (Figure 4.5). It was equipped with
two six-blade Rushton turbines fixed at a heigh? @m and 6 cm from the stirrer tip. The
impeller speed was set to 450 rpm for biphasicrémsformations with IL and 500 rpm for
resin-based biotransformations. In general, pH mvasitored but not controlled during the
biotransformation. The temperature was controlle2be’C, unless stated otherwise.

Figure 4.5 Biotransformation at the liter scale: temperatame pH probes (1), stirrer (2), bioreactor (3) and
control station (4). In this picture the temperataontrol was not applied during biotransformation.
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4.8.8 Response Surface Methodology

Selected process variables of the biphasic whdlebaéch biotransformations with water-
immiscible IL were characterized using the Respo8segace Methodology (RSM). In
contrast to single factor experiments, multiplelatales and their interacting influences can
be investigated and optimized. The natural vargbleé&,,...E with particular influences
are normalized to coded variables X,,...Xx. The responsg is given as a function of the

coded variablesixx,,... Xk (Equation 4.11) (Montgomery 2009).

T’ = f(xll x2! --'lxk) Eq 411
n response, -
X coded variables, -

To describe the function based on an empirical dataa second order polynomial model

was applied as presented in Equation 4.12.

J J i

n predicted response (relative conversion) , -
X variables under study, -

Bi linear coefficient, -

Bi quadratic coefficient, -

Bi interaction coefficient, -

The coefficientsp; g p; describing linear, quadratic and interacting infices were
determined by the regression method of least squaseng the program MATLAB
(Mathworks).

For experimental design, a central composite cismrbed design (CCC) was chosen.
Thereby, the center of the design space is surexibg factorial points with a distance of £
1 unit for each factor and star points with a diseaof o with jo| > 1. The value o#
depends on the experimental design and the nundbefiector involved (Equation 4.13)
(Montgomery 2009). In case of a three factorialexipental design, the value afwas
1.682.
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B

Eq. 4.13

S

distance to the star point, -
k number of factors, -

The selected three process variables and bordersogbmization were (R)-carvone
concentration in the IL phase (100 — 600 mM), faen@oncentration in the aqueous phase
(100 — 800 mM) and pH of the buffer (pH 5.7 — 7.Experiments were performed in
triplicates at 12 mL scale in the bioreactor uBth conversions and the calculated product
concentrations in the IL after 3 h and 5 h weredus® response. For model validation, 12
randomly chosen operational points were createdinvithe border used for model

generation.

4.9Analytics

4.9.1 Sample preparation for analysis by gas chromatografy

As columns used for gas chromatography (GC) arergéy sensitive to water and ionic
liquids, samples had to be appropriately prepaefdre GC analysis. All organic solvents
(ethyl acetaten-hexane) applied for GC analysis were dried usi@@a(w/v) potassium
carbonate for ~12 h. (R)-Limonene was selectedhi@snal standard and was dissolved in

dry ethyl acetate in a stock concentration of 36.mM

Aqueous samples, which were obtained in enzymaiicobversions or after phase
separation of biphasic samples, were extracted &thll acetate at a ratio of 1:1 (v/v) in a
mixer mill (15 min, 1800 mifl). After phase separation in a benchtop centrifage
13000 mift for 3 min, the organic phase was diluted with dtiyl acetate in a ratio of
1:3 (v/v). At last, 36 mM (R)-limonene dissolveddry ethyl acetate was added as internal
standard in a dilution of 1:4 (v/v) resulting infinal concentration of 7.2 mM in the GC
sample. It should be noted that the determined extnations by GC analysis were not
significantly influenced whether the internal stardl was added before or after the

extraction.

In case of biphasic samples consisting of an aquetase and an ionic liquid phase,

separation of the phases (5 min at 13000%mim a benchtop centrifuge) was generally
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performed prior to sample preparation. The ionguil phase was then extracted with
hexane at a ratio of 1:4 (v/v) in a mixer mill fdrh at 1800nin™. After another
centrifugation step (15 min, 4528 x g), the orgaphiase was diluted with dry ethyl acetate
and 36 mM (R)-limonene in a volume ratio of 1:30t 6C analysis. If the biphasic samples
contained an organic solvent (emghexanen-decane), this phase was diluted in the same

manner.

Solid-liquid samples containing adsorbent resirng @am aqueous phase were centrifuged at
13000 miftfor 5 min to separate both phases. The aqueou® ptas then removed and a
defined volume of ethyl acetate (300 puL) was addeithe adsorbent resins. The extraction
was conducted in a mixer mill for 15 min at 180GiAfter centrifugation (13000 mih

for 3 min), the organic phase was diluted with etlyyl acetate and 36 mM (R)-limonene in

a volume ratio of 1:3:1 for GC analysis.

4.9.2 Gas chromatography methods

Analysis of conversion and enantiomeric/diasterammexcess was performed using a
Varian CP-3800 gas chromatograph equipped withamdl ionization detector (FID). In
case Lipodex E was applied as GC column, the imjdemperature was set to 250 °C and
the FID temperature to 250 °C. In case of the A§thaldex B-TA column, the injector
temperature and FID temperature was fixed at 208rfilC250 °C, respectively.

The applied GC methods were listed in the following

(R)-carvone and (2R,5R)-/ (2S,5R)-dihydrocarvones

Column Lipodex E (25 m, 0.25 mm)

Internal standard 7.2 mM (R)-limonene

Injection 5 uL, split 50

Column flow 3.0 mL mift, helium 5.0

Oven temperature 30 °C hold for 2 min, to 150 °G &€ min®

Typical retention (R)-limonene: 10.9 min, (2R,5R)-dihydrocarvone:12@in,
times (2S,5R)-dihydrocarvone: 23.6 min (R)-carvone: 2#4i6
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(R)-/ (S)-carvones and (2R,5R)-/ (2S,5R)-/ (2R, B8B)ydrocarvones

Column Astec Chiraldex-B-TA (40 m, 0.25 mm)
Internal standard 7.2 mM (R)-limonene

Injection 5 uL, split 100

Column flow 1.0 mL mift, helium 5.0

Oven temperature 80 °C hold for 2 min, to 110 °@GEC mir', hold for 20 min; to
120 °C at 10 °C mih, hold for 10 min; to 180 °C at 10 °C miin
hold for 1 min

Typical retention (R)-limonene: 7.7 min, (2R,5R)-dihydrocarvone: 2@,

times (2S,5R)-dihydrocarvone: 21.4 min, (2R,5S)-dihydrecae: 22.0
min, (R)-carvone: 27.3 min; (S)-carvone: 27.8 min

2-methylcyclopenten-1-one, (R)-/ (S)-2-methylcy@domnone

Column Astec Chiraldex-B-TA (40 m, 0.25 mm)

Internal standard 7.2 mM (R)-limonene

Injection 5 UL, split 50

Column flow 1.0 mL mift, helium 5.0

Oven temperature 70 °C hold for 8 min, to 80 °@&EC min*, hold for 2 min; to
180 °C at 15 °C min, hold for 2 min

Typical retention (R)-limonene: 13.3 min, (R)-2-methylcyclopentanoh4:1 min,

times (S)-2-methylcyclopentanone: 14.1 min, 2-methylcpeloten-1-

one: 16.2 min

3-methylcyclohexen-1-one, (R)-/ (S)-3-methylcyclplieone

Column Astec Chiraldex-B-TA (40 m, 0.25 mm)

Internal standard 7.2 mM (R)-limonene

Injection 5 UL, split 50

Column flow 1.0 mL mift, helium 5.0

Oven temperature 80 °C hold for 17 min, to 180 £C%°C mir', hold for 2 min

Typical retention (R)-limonene: 12.5 min, (R)-3-methylcyclohexano2@:5 min,

times (S)-3-methylcyclohexanone: 20.8 min, 3-methylcyebodn-1-one:
24.6 min
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2-methylmaleimide, (R)-/ (S)-2-methylsuccinimide

Column Astec Chiraldex-B-TA (40 m, 0.25 mm)
Internal standard 7.2 mM (R)-limonene

Injection 5 uL, split 50

Column flow 1.0 mL mift, helium 5.0

Oven temperature 80 °C, to 130 °C at 10 °Cnhold for 2 min, to 160 °C at 10 °C
min, hold for 6 min

Typical retention (R)-limonene: 5.9 min, (R)-2-methylsuccinimide: 3@nin, 2-

times methylmaleimide: 14.2 min

ketoisophorone, (R)-/ (S)-levodione

Column CP-Chirasil-Dex CB (25 m, 0.32 mm)

Internal standard 7.2 mM (R)-limonene

Injection 5 uL, split 50

Column flow 3.0 mL mift, helium 5.0

Oven temperature 90 °C, hold for 2 min, to 115 £@ &C min®, hold for 2 min, to
180 °C at 20 °C min, hold for 2 min

Typical retention (R)-limonene: 4.4 min, ketoisophorone: 9.7 min,-[®)odione:

times 10.6 min, (S)-levodione: 10.82 min

4.9.3 Gas chromatography-mass spectrometry

Gas chromatography-mass spectrometry (GC-MS) wdsrpeed in the laboratory of Prof.
Kihn (Institute of Inorganic Chemistry, Technisdbriversitat Minchen). Samples were
prepared as described in Section 4.9.1 and analgze@€P3800 gas chromatograph (Varian)

equipped with an ion trap MS detector.

(R)-carvone, dihydrocarvone, dihydrocarveol

Column OPTIMA®-WAXplus (30 m, 0.32 mm)

Internal standard 7.2 mM (R)-limonene

Injection 2 UL, split 45

Column flow 3.0 mL mift, helium 5.0

Oven temperature 80 °C, hold for 1 min, to 100 £@G°C min', hold for 3 min, to

120 °C at 5 °C min, hold for 5 min, to 200 °C at 10 °C rflinto
280 °C at 20 °C min, hold for 4 min
Typical retention (R)-limonene: 3.1 min, (2R,5R)-dihydrocarvone: 1fhih,
times (2S,5R)-dihydrocarvone: 10.6 min (R)-carvone: 18i8
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4.9.4 Fluorescence-activated cell sorting

Fluorescence-activated cell sorting (FACS) was usedvestigate cell damages induced by
storage conditions or biotransformations. Cell das)pvere adjusted to QB 1.0 and
subsequently diluted 1000-fold using phosphatedveff saline (PBS) to a particle density
of ~10 particles m[*. This enabled a working range of 1000 signdlsas a flow of

1 mL s Cells (1 mL sample) were stained with 3 mM N-(@thylammoniumpropyl)-4-
(4-(4-(diethylamino)phenyl)butadienyl)pyridiniumbdtomid (RH414) and 0.75 mM bis-
(1,3-dibutylbarbituric acid)trimethine oxonol (Dit3]). RH414 was applied to minimize
background signals caused by cell debris, as ts linds to the cell membrane. The
membrane potential dye Dib§8] enters depolarized cells and binds to intradafl
proteins or membranes (Suller and Lloyd 1999). Byting the fluorescence of Dibg8]
against the forward scatter, which indicates théigla size, cells can be classified as living
or disrupted cells (Langemann et al. 2010).

4.9.5 Preparative purification of products

The liter-scale whole-cell biotransformation usiagsorbent resins was terminated by
separation the resins from the cell suspensiongusitration (filter: @ ~0.5 mm). The
reactor was rinsed with ~400 mL destilled wateokdain the residual resins by a further
filtration step. Obtained resins were extractedtimes using 400 — 500 mL ethyl acetate.
Fractions of organic phases were pooled and subs#guransferred to a rotary evaporator
LABOROTA 4003 (Heidolph). The organic phases wesathd up to 40 °C under reduced
pressure of 180 mbar to remove ethyl acetate. Alsmmgdemperatures of both (R)-carvone
and dihydrocarvone were ~230 °C, the temperature imareased to 100 °C and the
pressure was reduced to 60 mbar to remove otheihd@scontaminants. The obtained
product was analyzed by GC, GC-MS d@riNMR (Bruker Avance UltraShield 400 MHz
spectrometer, 300 K). NMR spectroscopy was perfdrne collaboration with the
laboratory of Prof. Kihn (Institute of Inorganic €histry, Technische Universitat

Munchen).
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5 Characterization of an novel ene-reductase from
Synechococcusp. PCC 7942

5.1Cloning, protein expression and purification

The ene-reductase from the cyanobactertymechococcusp. PCC 7942 (RefSeq ID:
YP_399492) was identified using the basic locafjratient search tool (BLAST) of the
National Center for Biotechnology Information (NGBlatabank (Altschul et al. 1990). The
amino acid sequence exhibited a high similaritPeR1 fromOryza sativa(51 % identity,
66 % similarity) and NemR frork. coli (49 % identity, 62 % similarity). In contrast, the
similarity to OYE1l from Saccharomyces carlsbergensend OYE2, OYE3 from
Saccharomyces cerevisia@as lower (40 — 42 % identity, 56 — 57 % similgritA sequence
alignment with other OYE homologues demonstrated 8yn7942ER belongs to the so-
called “classic ERs” according to the classificatisy Toogood et al. (2010). In addition,
Syn7942ER is considered to be a monomeric prot@sed on the P-[LM]-T-R-X-R pattern
in the loopP1l region and the G-[FYW]-X(3)-P-G-[ILV]-[FHYW] pattn in the loopB2
region according to Oberdorfer et al. (2011). Tleguence alignment is shown in the
Appendix A.5.2.

Cloning of the ER gene enabled the expression pfotein with a C-terminal Histag
(Syn7942ER-Hig as well as a native protein without an affiniagt(Syn7942ER), which
was obtained by the removal of the N-terminalgHiimltose-binding- protein (HiSVIBP)
tag from a HissMBP-Syn7942ER fusion protein. Typical yields affgotein purification
were about 5.6 mg protein per gram dry cell weighg gcw™) for Syn7942ER-Hisand
0.5 mg gew  for Syn7942ER. A SDS-PAGE analysis of purified 3§42ER is presented

! Parts of the results have already been publishdeliY, Hoelsch K, Weuster-Botz D. 2012. A novegen
reductase fronSynechococcusp. PCC 7942 for the asymmetric reduction of adkerProcess Biochemistry
47(12):1988-1997.
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in the Appendix A.5.1. Purified enzymes were usadilie characterization of the substrate
spectrum, cofactor preference and stereoselectizgywell as the enzyme properties with

regard to the effect of temperature, pH and orgaolgents.

5.2Evaluation of catalytic efficiency and stereoselentity

5.2.1 Substrate spectrum

The substrate spectrum of Syn7942ER was studiedgu2R alkenes from different
substance classes. The results are presented i 3.4bSyn7942ER showed high activities
for maleimide derivatives (1.35 — 2.30 U Mg In addition, cyclic enones were accepted
with good rates (0.26 — 1.16 U ff)g Ketoisophorone, a molecule possessing two catbon
groups, led to a higher activity (1.16 U ygcompared to enones with one carbonyl group
(<0.75 U mg). In contrast to 2-cyclohexen-1-one, a 2.9-foldvéo reaction rate was
shown for the enone with a smaller ring size (2lmyenten-1-one, 0.26 U rity
Syn7942ER accepted (R)- and (S)-carvone with dtspgeference for the (R)-enantiomer
(0.61 U mg" and 0.37 U m{, respectively). Both carbonyl and nitro groups evaccepted
equally as the electron-withdrawing activating grq0.75 U md for 2-cyclohexen-1-one
compared to 0.83 U nigfor 1-nitrocyclohexene). No enzyme activity wasedéed using B-
substituted cyclic enones (3-methyl-2-cyclopentemm#, 3-methyl-2-cyclohexen-1-one),
enones with exocyclic C=C bonds ((S)-/ (R)-pulegaare dicarboxylic acids (itaconic acid,

mesaconic acid).

The substrate spectrum was also investigated fo7 $§2ER-Hig with all 22 compounds.
The C-terminal Histag resulted in an overall reduction of the specé#ctivity by an
average factor of 2.7 + 0.9, though it did notuefice the preference for specific substrate

types (data not shown).
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Table 5.1 Substrate spectrum of Syn7942ER. Specific aawitivere determined at 25 °C using 10 mM
substrate and 0.5 mM NADPH. n.d. = not detected.

Substrate Product$ Specific
activity,
U mg*
H H
maleimide succinimide 1.35+£0.16
H H
2-methylmaleimide 2-methylsuccinimide 2.30+£0.20
2-methylN-phenylmaleimide 2-methylN-phenylsuccinimide 1.61+0.12
citraconic anhydride - n.d.
o] o
é é
2-cyclopenten-1-one 2-cyclopentanone 0.26 £0.13
o)
2-methyl-2-cyclopenten-1-one - n.d.
o]
3-methyl-2-cyclopenten-1-one - n.d.
o} o
2-cyclohexanone 0.75+0.03

2-cyclohexen-1-one
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Substrate Product$ Specific
activity,
U mg*
&
3-methyl-2-cyclohexen-1-one - n.d.
o) 0
o] 0
ketoisophorone levodione 1.16 £0.02
Y&r |
(5R)-carvone (5R)-dihydrocarvone 0.61+0.18
o) o}
\‘\\‘“é/ \I\\““
(5S)-carvone (5S)-dihydrocarvone 0.37+£0.10
O
/ /
citral (cis/trang - n.d.
/&A
(R) or (S)-pulegone - n.d.
Io 0
|
\/\) \/\)
trans-2-penten-1-al trans-2-pentanal 1.31+£0.09
O 0
/\/\) |
\ /\/\)
trans-2-hexen-1-al trans2-hexanal 1.57+£0.10
o o)
/\/\/\) |
\ /\/\/\)
trans-2-octen-1-al trans-2-octanal 1.45+0.16
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Substrate Product$ Specific
activity,
Umg*
|o 0
m
3-phenyl-2-methylpropenal 3-phenyl-2-methylpropanal 0.19+0.01
1-nitrocyclohexene 1-nitrocyclohexane 0.83+0.03
NO,
nitrobenzene - n.d.
Oj\
l-acetyl-1-cyclohexene - n.d.
0 o}
H H
(S)-perillaldehyde dihydro-perillaldehyde 0.52 +£0.06
Meooc” X “OMe meooc” M
dimethyl maleate dimethyl succinate 0.55+0.02
J\/COOH
HOOC
itaconic acid - n.d.
000 J\/COOH
mesaconic acid - n.d.

& As results were obtained from photometric asspy@gucts were not determined. The displayed substan

represent the expected products.
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5.2.2 Cofactor specificity and kinetic parameters

Since the preference for the cofactors NADPH andNAdiffers within the members of
the OYE family (Chaparro-Riggers et al. 2007; Vdiths et al. 2004), the cofactor
specificity of the Syn7942ER was investigated. QAPER preferred NADPH over NADH
with a activity ratio of 22:1. The apparent,kand \,ax for NADPH with maleimide as
substrate were 0.36 + 0.06 mM and 2.80 + 0.29 U,meppectively. The C-terminal His
tag did not change the cofactor preference (NADBHNADH activity ratio: 18:1), but it
had a substantial impact on the apparent kinetnstemts for NADPH, lowering then
3.1-fold and the K 3.6-fold.

5.2.3 Conversion and stereoselectivity

The stereoselectivity of Syn7942ER was evaluatéugua-methyl-2-cyclopenten-1-one, 3-
methyl-2-cyclohexen-1-one, (R)-carvone, 2-methykimalde and ketoisophorone (Table
5.2). The five substrates were chosen as repres@stéor the substance classes: maleimide
derivatives, terpenoids and enones. In additioth IfB)-carvone and ketoisophorone are

commercially interesting prochiral substrates (Viénlet al. 2012).

Syn7942ER reduced 2-methylmaleimide with high etd stereoselectivity forming (R)-
methylsuccinimide (> 99 % conversion and 99 % apargric excess (ee)). (R)-carvone
was converted in dransfashion yielding (2R,5R)-dihydrocarvone with ancebent
stereoselectivity of 98 % diastereomeric excess (@eduction of 2-methyl-2-cyclopenten-
1-one resulted in the (S)-enantiomer with low-tod@st optical purity (76 % ee). In case of
ketoisophorone, the reduction over 24 h furnisieli¢vodione with a low enantiomeric
excess (17 % ee). The low enantiopurity was calyedroduct racemization in aqueous
solutions (Fryszkowska et al. 2009), given thateooles with a stereogenic centre at the
Ca position are prone to racemise (Bechtold et al22@renna et al. 2012d; Brenna et al.
2012e). This was supported by the fact that thaatoh of the enantiomeric excess occured

after a reaction time of 3 h, reaching 97 % ee3d¥®conversion of ketoisophorone.

No significant influence of the C-terminal Bitag was observed on the stereoselectivity of
Syn7942ER. Thus, the C-terminal Kiag did not seem to impact the binding mode of

substrates prior to the hydride transfer from FMN.
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Table 5.2Bioreduction with Syn7942ER. Assays contained §6nL™ (2.1 uM) purified ER, 15 mM NADH
and 5mM substrates (2-methyl-2-cyclopenten-1-or&methyl-2-cyclohexen-1-one, (R)-carvone, 2-
methylmaleimide and ketoisophorone). Reactions weréormed for 24 h at 30 °C. Conversions (Cony).,, %
and enantiomeric excesses (ee, %) / diastereomarasses (de, %) were determined by chiral GC.

Substrate Product Conv., % ee/ de,
%
o] o}
? I
2-methyl-2-cyclopenten-1-one (S)-2-methylcyclopentanone 70 76 ee
3-methyl-2-cyclohexen-1-one (S)-2-methylcyclohexanone 2 72 ee
o) o)
Yé/ l 98 de
(R)-carvone (2R,5R)-dihydrocarvone >99 99 ee
H H
2-methylmaleimide 2-methylsuccinimide > 99 99 ee
o] o)
e} 0 > 99 17
ketoisophorone (R)-levodione 93 (3 h) 97 (3 h)
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5.3Evaluation of reaction conditions

5.3.1 Temperature and pH optima

Syn7942ER was characterized with regard to thecefé temperature and pH on the
enzyme activity using maleimide as substrate (fedud). A broad temperature optimum
was determined ranging from 40 °C to 47 °C. Anvatibn energy of 63.76 kJ mbWwas

calculated following the Arrhenius equation. The mgtimum for Syn7942ER was

identified between pH 7.6 and pH 8.6 with the hgjhactivity achieved using Tris-HCI
buffer.
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Figure 5.1 Temperature and pH optima of Syn7942ER. (A) Effé#fctemperature on the enzyme activity of
Syn7942ER. (B) pH profile of Syn7942ER using 50 nsildium citrate (black circle), 50 mM sodium
phosphate (white circle), 50 mM 3-(N-morpholino)pamesulfonic acid (MOPS) (black triangle), and 3@ m

Tris—HCI (white triangle). Reactions were perfornveith 10 mM maleimide and 0.5 mM NADPH.

5.3.2 Effect of salts and organic solvents

The effect of salts and co-solvents on the reactd® of Syn7942ER was studied in assays
with maleimide. The enzyme activity was not sigrafitly influenced by concentrations of
up to 0.3 M sodium phosphate (data not shown) aktlsbdium chloride (Figure 5.1A).
However, 3 M sodium chloride resulted in a redutid the enzyme activity by 31 %. The
effect of water miscible solvents on the enzymaviagtof Syn7942ER was investigated

using ethanol, 1-propanol, iso-propanol and DM(Fe 5.1B). Ethanol appeared to be the
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best solvent, since the enzyme acitivity was ngiaired by 5 % (v/v) ethanol and 80 % of
the enzyme activity was retained in the presenc20d¥ (v/v) ethanol. In contrast, 20 %
(v/v) DMF led to a reduction of the enzyme activity 75 %.
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20 20

0 \ T ‘ T ‘
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Figure 5.2 Effect of salts and organic solvents on the agtiof Syn7942ER. (A) Dependence of the enzyme
activity of Syn7942ER on 0 — 3 M sodium chloridencentration. (B) Impact of 0 — 20 % (v/v) organic
solvents on the enzyme activity of Syn7942ER: exiee @), ethanol ), 1-propanol ), iso-propanol (),
dimethylformamide ). Specific activities were determined using 10 nmdleimide and 0.5 mM NADPH.

In addition, the catalytic performance of Syn7942&&s investigated in presence of 5—
20 % ethanol, iso-propanol and DMF during the ldaction of ketoisophorone in mL-scale
(Figure 5.2). Increasing amounts of organic solvamisulted in lower conversions. The
highest conversions were achieved using 5 — 10/%% éthanol and iso-propanol. At 20 %
(v/v), the reaction with iso-propanol yielded a%7ower conversion compared to ethanol.
In contrast, conversions were reduced by 13 % t%28 the same concentrations of DMF
compared to iso-propanol and ethanol, which is isterst with the results of the activitiy
assays. Therefore, the enzymatic reaction rateteymhined by the concentration and choice
of the organic solvent, which can impair the cdtalystructure and enzyme stability
(Hollmann et al. 2011; Yanto et al. 2011).

Syn7942ER exhibited a high stereoselectivity infdrenation of (R)-levodione, if the non-
enzymatic racemization of the product in aqueoudiume is minimized (Table 5.2). The
results indicated that the enantiopurity of (R)ddwne decreased with higher conversions.

Fryszkowska et al. (2009) showed that the enantignegcess of (R)-levodione depends on
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the relative rates of the enzymatic reaction amdribn-enzymatic racemization. When the
reaction rate decreases with increasing converdio®, racemization process increases
proportionally to the product concentration (fistder reaction), resulting in lower
enantiopurities at higher conversions. The reastwith DMF resulted in significant lower
stereoselectivities at similar conversions compdcethe reactions with ethanol and iso-
propanol. This result indicates that organic sdlsermight also influence the
stereoselectivity of the enzyme or the water-mediatcemization (Hollmann et al. 2011;
Yanto et al. 2011).

91
20 % iso-propanol
90 1 el o
20,% ethanol

89 -
e 88 1 10 % iso-propanol
g 20 % DMF 35

87 A ] 10 % ethanol

5 % iso-propanol
86 - 10 % DMF
85 = 5 % ethanol
5 % DMF
84

10 20 30 40 50 60 70 80 90 100

Conversion, %

Figure 5.3 Bioreduction of ketoisophorone by Syn7942ER witB6510 % and 20 % (v/v) co-solvents:
ethanol (black circle), iso-propanol (white circlehd dimethylformamide (black triangle). Reactiomsre
performed at the mL scale with 57 pg mi(1.2 pM) NADP-dependent FDH C145S/D221Q/C255V from
Mycobacterium vaccaeN 10, 250 mM sodium formate, 0.5 mM NAQP10 mM ketoisophorone and
25 pg mLt (0.6 uM) Syn7942ER for 6 h at 30 °C and 150 rpmn@rsions and enantiomeric excesses (ee)
were determined by chiral GC.
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5.4Discussion

Biocatalysis is considered as a valuable optiortHerstereoselective reduction of activated
C=C bonds. Not only molecules with high opticalipes can be produced using ERs, also
the stereochemical outcome of the reaction canob&aled by the choice of substrate or
enzyme (Hall et al. 2008b; Hall et al. 2007; Stueclet al. 2007; Winkler et al. 2010).

Although ERs show similarities regarding the stehsmnistry of the product, both reaction
rates and optical purities of the product vary leswhomologous enzymes (Toogood et al.
2010). This promotes the search for new biocatalpsrforming highly stereoselective

reactions.

In this section, the characterization of a novel fiEdtn Synechococcusp. PCC 7942 with
respect to its biocatalytic potential for the asyetme hydrogenation was presented. The
impact of a C-terminal Hgstag, which is useful for convenient protein pwdfiion, was
studied. A significant reduction in enzyme activityas observed for Syn7942ER-Klis
without a clear preference for a specific substrgpe. The K, for NADPH was increased
3.6-fold, whereas the stereoselectivity was nduerfced. Therefore, the affinity tag did not
seem to alter the binding mode of alkenes, butaistybthe hydride transfer from NADPH
to FMN. Strong structural and functional impairneeiue to a C-terminal tag has been
observed for Ygjm fromBacillus subtilis of the dimeric “thermophilic-like” group
(Fitzpatrick et al. 2004), which is based on thie @f highly conserved C-terminal residues
in the formation of the active site and dimer-dinmgerfaces (Kitzing et al. 2005). In case
of PETNR fromEnterobacter cloacaest. PB2, a member of the monomeric “classical”
group, which Syn7942ER can also be assigned tetearinal tag did not affect the kinetic
properties at all (Hulley et al. 2010). Consequgrthe effect of C-terminal affinity tags
cannot be predicted based on the structural diftee of the two proposed groups.

The current commercial interest in ERs has beeivateifrom their ability of generating
industrial relevant compounds with high opticalipes (Winkler et al. 2012). Syn7942ER
showed moderate enzyme activities using malein{itl@s — 2.30 U md) and enones (0.26
— 1.16 U mg), which are highly valuable building blocks forlpmerization processes or
synthons for pharmaceutical drug synthesis (Toogeb@l. 2010). Ketoisophorone, an
important intermediate for the production of cangiiels, such as zeaxanthin and xanthoxin
(Leuenberger et al. 1976), was converted with ati@arate of 1.16 U my The reduction

of carvones followed reaction rates in the range 0c87 to 0.61 U mg yielding
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dihydrocarvones, that can be used for the syntloésbape memory polyesters (Lowe et al.
2009), antimalarial drugs and natural products @Méinet al. 2012). In case of (R)-carvone
and ketoisophorone, the activities are comparabléhvse of KYE fromKluyveromyces
lactis ATCC 8585 and XenA frorRseudomonas putid€haparro-Riggers et al. 2007).

The notable similarity of homologous ERs regardihg stereochemical outcome of the
products (Toogood et al. 2010) was also observethtonovel Syn7942ER. The reduction
of ketoisophorone, 2-methylmaleimide and (R)-caevdarnished (R)-enantiomers. (S)-
products were derived in case of 2-methyl-2-cychtee-1-one and 3-methyl-2-cyclohexen-
1-one, which is similar to the enantiopreferenceP&TNR (Fryszkowska et al. 2009),
OYE1-3 (Hall et al. 2008b) or NemR (Mueller et 2010b). Syn7942ER reduced 2-
methylmaleimide with a high enantiomeric excess & % ee, consistent with published
data from other ERs (Fryszkowska et al. 2009; da#l. 2008a; Hall et al. 2008b; Mueller
et al. 2010b). Low enantiomeric purities resultednt the reduction of 2-methyl-2-
cyclopenten-1-one. This has been also observedtfmr ERs and explained by a flipped
docking mode due to the smaller ring size of théegwde (Barna et al. 2001; Fryszkowska
et al. 2009). Additionally, it is noteworthy th&HR,5R)-dihydrocarvone was produced with
the highest enantiopurity of 98 % de by the redurctf (R)-carvone using Syn7942ER
compared to published ERs from the literature (166%— 97 % de for PETNR
(Fryszkowska et al. 2009), MorR froseudomonas putid&®10, EBP1 fromCandida
albicans NemR (Mueller et al. 2010b) and wild type OYEladRi et al. 2009)). Only
mutants of OYE1 and LacER froiactobacillus caseshowed the same diastereomeric
excess of 98 % de (Gao et al. 2012; Padhi et aRX0

Compared to the catalytic properties ynechococcusp. PCC 7942 as a whole-cell
biocatalyst, similar preferences of substrate typese observed (Hirata et al. 2005;
Shimoda et al. 2004). In whole-cell biotransformas, the cyanobacterium showed high
conversion towards maleimide derivatives anchethylated enones, wheregasubstituted
enones led to low reaction rates (Hirata et al.52@&himoda et al. 2004). Similar to the
reactions with isolated Syn7942ER, (R)-enantionveese obtained with > 99 % ee using
maleimide derivatives (Hirata et al. 2005). In cast to Syn7942ER, which reduced (R)-
carvone and ketoisophorone furnishing (R)-enantismeorresponding (S)-enantiomers
were produced during whole-cell biotransformati¢gBtimoda et al. 2004). Hence, other
enzymes besides Syn7942ER might be involved inr¢dection of activated alkenes in
Synechococcusp. PCC 7942.
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In conclusion, the ability of Syn7942ER to reduceaaety of activated alkenes in a highly
stereoselective manner revealed the potential @nhalyacterial ERs for asymmetric

reduction. Thus, the capability of additional ERei cyaobacteria was evaluated next.
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6 Comparative characterization of ene-reductases

from cyanobacterig

6.1Cloning, protein expression and purification

Putative ERs from various cyanobacterial strainkiclv were identified using the basic
local alignment search tool (BLAST) of the Natio@@nter for Biotechnology Information
(NCBI) databank (Altschul et al. 1990), were evé#dda regarding their ability of
asymmetric reduction of activated C=C bonds. A difthe ERs under study is shown in
Table 6.1. During preliminary studies using cebldties of ERs overexpressedHn coli,
putative ERs fromSynechococccusp. PCC 7335 (NCBI-RefSeq: ZP_05035623.1) and
Nostocsp. PCC 7120 (NCBI-RefSeq: NP_484870.1) did nawslany activity towards
maleimide, carvone or ketoisophorone (data not sihowherefore, these enzymes were not
characterized further. All other ERs were purifiad characterized with regard to their
substrate spectrum, cofactor specificity and stsileativity. A sequence alignment of all
cyanobacterial ERs (Appendix, A.5.2) revealed déifeces in sequence patterns and active
site residues, allowing an assignment to the tvil@reint subclasses proposed by Toogood
et al. (2010) and Oberdorfer et al. (2011) All ddates can be assigned to the “classical”
ERs, except for AnabaenaER3 and GloeoER, whichnigelo the group of “thermophilic-
like” ERs. A SDS-PAGE with all ERs under study @®/n in the Appendix A.5.1.

2 parts of the results have already been publishé&diiY, Castiglione K, Weuster-Botz D. 2013. Conayiae
characterization of novel ene-reductases from dyacteria. Biotechnol Bioeng 110(5):1293-301.
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Table 6.1List of studied ERs from cyanobacteria.

Abbreviation NCBI-refSeq. Cyanobacterial strain Hebitat Taxonomic
order

CyanothER1 YP_002370366.1Cyanothecesp. PCC 8801 limnic Chroococcales

CyanothER2 YP_002371879.1Cyanothecep. PCC 8801 limnic Chroococcales

LyngbyaER1  ZP_01620253.1 Lyngbyasp. PCC 8106 euryhaline Oscillatoriales

NospuncER1  YP_001869478.Nostoc punctiform@®CC limnic Nostocales
73102

NostocER1 NP_485905.1 Nostocsp. PCC 7120 limnic Nostocales

AcaryoER1 YP_001519129.1Acaryochloris marina marine Unclassified
MBIC11017

AcaryoERS3 YP_001522070.1Acaryochloris marina marine Unclassified
MBIC11017

AnabaenaER3 YP_320425.1 Anabaena variabiliATCC limnic Nostocales
29413

GloeoER NP_926774.1 Gloeobacter violaceuBCC  terrestrial Gloeobacterales
7421

& AnabaenaER3 and GloeoER belong to the group @fftbphilic-like” ene-reductases, whereas the other
enzymes can be assigned to the “classical” ERs.

6.2Evaluation of catalytic efficiency and stereoselewtity

6.2.1 Substrate spectrum

In order to obtain a comprehensive picture of thiestrate spectrum, enzyme activities of
the cyanobacterial ERs were studied using repratees from different substance groups
(enones, maleimides, terpenoids and nitroalkerids. results are depicted in Figure 6.1
and data are listed in the Appendix A.5.3. All oybacterial ERs showed activities in a
range of 0.90 — 29.58 U nigwith maleimide as substrate (Figure. 6.1A). A dligh
modification of the molecule by an additional metbsoup (2-methylmaleimide)
significantly influenced the reaction rates in caske CyanothER2, AcaryoER3 and
LyngbyaERL1. In contrast to maleimide and its deiea the ER activities towards enones
and aldehydes were throughout lowdransl-hexen-1-al was reduced with rates of
0.27 U m@ to 2.32 U mg, whereas the more sterically demanding aldehygaedyl-2-
methylpropenal was reduced with lower rates in rérege of 0.02 — 0.54 U ritg(Figure
6.1B). 2-Cyclohexen-1-one was reduced with higleaction rates by all cyanobacterial
ERs compared to 2-cyclopenten-1-one, which posseasesmaller ring size (0.30 —
2.03Umg vs. 0 — 1.19 U m§ (Figure 6.1C and 6.1D). The preference of thetesde-

withdrawing group (carbonyl group vs. nitro growpas evaluated by comparison of the
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activity towards 2-cyclohexen-1-one and 1-nitroojpexene (Figure 6.1C). The carbonyl
group was preferably accepted by most cyanobatteRa. Only NostocER1, LyngbyaER1
and GloeoER showed 1.2- to 2.1-fold higher actegitiowards nitrohexene. The terpenoids
(R)- and (S)-carvone were reduced with reactioesraf up to 1.09 U mi(Figure 6.1E and
6.1F). The reduction of ketoisophorone was catalywith activities from 0.09 U migto
2.16 U m@" (Figure 6.1E). No enzyme activity was detected using R-substitwtgclic
enones (3-methyl-2-cyclopenten-1-one, 3-methyl-@atyexen-1-one) and enones with
exocyclic C=C bonds ((S)-/ (R)-pulegone) (datastaiwn).

AnabaenaER3 and GloeoER, the two ERs from the rtitbphilic-like” subclass, exhibited
different substrate preferences compared to theabtyacterial ERs from the classical group.
AnabaenaER3 and GloeoER showed a notably highévitgctor 2-cyclopenten-1-one
compared to the other ERs (1.01 — 1.19 U'mg. 0 — 0.51 U m{§) (Figure 6.1D). Whereas
activities for 2-methyl-2-cyclopenten-1-one weranast undetectable for most of the
cyanobacterial ERs, AnabaenaER3 and GloeoER shawtdties of 0.26 U mg and
0.27 Umg, respectively. Differences were also observed lie teduction of the
ketoisophorone and (R)-carvone. All cyanobactdtids from the group of “classical” ERs
reduced ketoisophorone with higher reaction ramspared to the reaction using (R)-
carvone, only the two members of the “thermopHike” subgroup reduced (R)-carvone
with higher activities (Figure 6.1E). The highestaction rates were achieved using
AcaryoER1 (2.00 U md) and NostocER1 (2.16 U rifyin the reduction of ketoisophorone
and using AnabaenaER3 (1.09 U tin case of (R)-carvone.
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Figure 6.1 Substrate spectra of cyanobacterial ERs. Spedaifigites are displayed for the reduction of (

maleimide (black) and fethylmaleimide (grey),

(black) and -phenyl-2-

hexen-1al

(B) tra-2-

methylpropenal (grey), (C) 2rclohexer-1-one (black) and hitrocyclohexene (grey), (D)-cyclopenten-1-

one (black) and 2-methyl-2yclopente-1-one (grey) (E) ketoisophorone (black) and-carvone (grey), (F)

(S)-carvone (black) and citral (grey). Assay cdions: 500 puM NADPH, 1@nM substrate, 1( mM sodium

phosphate (pH 7.0), 25 °C.
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6.2.2 Cofactor specificity and kinetic parameters

The cofactor preference is one major aspect whealuating nicotinamide-dependent
enzymes, because the cofactor and its regeneratifbmence the economy of the
biocatalytic process. Similar to most ERs descrilmethe literature (Toogood et al. 2010)
all cyanobacterial ERs preferred NADPH over NADHthwiapparent K for NADPH
varying between 52.2 uM and 383 uM (except for @aBR1 and GloeoER, Table 6.2).
As NAD(H) is clearly the better choice with respéatcost and stability (Wichmann and
Vasic-Racki 2005) enzyme activities were determinsohg up to 500 uM NADH (Table
6.2). A cofactor concentration of up to 500 uM rha the basic requirements for
economically feasible biotransformations (Hollmaetral. 2011). The studied ERs showed
identical or up to 12.3-fold lower activity usingA®WH instead of NADPH. In the reduction
of maleimide using AcaryoER1, AcaryoER3, AnabaenaERd CyanothER1, enzyme
activities were identical or up to 2.5-fold loweiO(— 100 % of the original enzyme activity).
AcaryoER3, which showed an enzyme activity of 335681g* using NADPH, catalyzed
the same reaction with 16.73 U thgsing NADH.

Table 6.2 Half-saturation constants (Km), specific enzymdivites and cofactor preference of the

cyanobacterial ERs under study. Assay conditioBsmM maleimide, 100 mM sodium phosphate buffer (pH
7.0), 30 °C. n.d.= not detected.

ER Km 500 uM NADPH, 500 uM NADH, NADPH:NADH
(NADPH), U mg* U mg* activity ratio 500
Y UM (200 pM)?, -
CyanothER1 <5 1.25+0.24 1.25+0.16 1.0 (0.9)
CyanothER2  108.7 £8.1 32.75+3.12 12.01+0.34 2.7 (5.3)
AnabaenaER3 383.0 + 20.0 3.01+£0.02 2.05+0.06 1.56)1
LyngbyaER1 170.7 +17.6 4.26 +£0.42 0.38 £ 0.05 12.3 439
NostocER1 92.2+8.3 10.50 +1.22 1.36 +0.04 7.7 )7
NospuncER1 121.5+8.8 4.26 £ 0.25 1.28 £ 0.04 3.30)5.
AcaryoER1 109.4 + 6.6 26.33+2.18 10.45 +0.92 2.5 (3.5)
AcaryoER3 52.2+4.6 35.53+1.65 16.73 + 0.39 2.3 X4.2
GloeoER <10 1.06 £ 0.08 n.d. n.d.

& The ratio of the activity with NADPH and NADH uséar the estimation of cofactor preference depends o
the half-saturation constants of both cofactoreré&fore, the NADPH to NADH activity ratio using 2@/
cofactor is additionally shown.

Because both AnabaenaER3 and AcaryoER1 showed tabtemctivities towards (R)-
carvone and ketoisophorone using NADPH as cofaétmure 6.1E) and a good NADH
acceptance (Table 6.2) as well, the enzyme a@svitvere determined for these two
enzymes with 500 uM NADH and four other substratéR)-carvone, 2-methyl-2-
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cyclopenten-1-one, 2-cyclopenten-1-one and ketbisame). The results are shown in
Table 6.3. Using NADH as cofactor, a specific dtfiof 1.32 U mg@ was achieved in the

reduction of ketoisophorone by AcaryoER1 and 0.8hdi} in the reduction of (R)-carvone

by AnabaenaERS3.

Table 6.3 Specific activities of AnabaenaER3 and AcaryoERIhg NADH as cofactor. Assay conditions:
10 mM substrate, 500 uM cofactor, 100 mM sodiumspihate buffer (pH 7.0), 25 °C.

AnabaenaER3 (NADH), AcaryoER1 (NADH),
U mg* U mg*
Maleimide 1.45+0.02 6.59 + 0.30
(R)-Carvone 0.81 £0.06 0.23+0.01
2-Methylcyclopentenone 0.25+0.02 0.06 £0.003
2-Cyclopentenone 0.81 £0.02 0.39+0.02
Ketoisophorone 0.32+0.42 1.32+£0.10

6.2.3 Conversion and stereoselectivity

Next, the stereoselectivities of the cyanobactdfids were studied with six exemplarily
chosen prochiral enones. The results are depictediable 6.4. For all ERs, 2-
methylmaleimide was an excellent substrate, as as wompletely converted to (R)-
methylsuccinimide with high enantiomeric excess® Of > 99 % ee. After 24 h, 26 % to
99 % 2-methyl-2-cyclopenten-1-one was converted drs-specific fashion yielding (S)-2-
methylcyclopentan-1-one with 75 % to 81 % ee. Tlmong activity was detectable for 3-
methyl-2-cyclohexen-1-one in photometric assayg, Ibioreduction assay revealed low
conversions (2 — 12 %) at moderate ee-values @6% (S) ee). Theis-specific fashion of
both reactions is typical for ERs (Toogood et &l1@ and can be explained by the flipped
docking mode of the molecules (Barna et al. 2001)most cases, (R)-carvone was
completely converted to (2R,5R)-dihydrocarvone wiihh diastereomeric excesses (de) of
97 — 98 % de. Reduction of (S)-carvone resulted (2RR,5S)-dihydrocarvone with
diastereomeric excesses in the range of 87 % tdb €&é. Ketoisophorone was
converted > 99 % using most ERs. Low optical pesinf (R)-levodione (17 — 46 % ee) can
be explained by product racemization in an aqueongonment (Fryszkowska et al. 2009).
In fact, during the reduction of ketoisophoroneNwystocER1 using a NADRdependent
FDH mutant for the cofactor regeneration (Hoelsthle2012), (R)-levodione was formed
with an optical purity of 94 % ee after 2 h (Tales). After 24 h, the conversion
reached > 99 %, though the optical purity was reduo 32 % ee.
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Table 6.4 Asymmetric bioreduction by cyanobacterial ERs ggitifferent prochiral enones. Assay conditions: Bl substrate, 15 mM NADH, 100 mM sodium phosphate
buffer (pH 7.0), 30 °C for 24 h. Conv. = conversier = enantiomeric excess. n.c. = no conversion~not detected.

ER 2-Methyl-2- 3-Methyl-2- (R)-Carvone (S)-Carvone 2-Methyl- Ketoisophorone

cyclopenten-1-one cyclohexen-1-one maleimide

Conv, % ee, % Conv, % ee, % Conv, % de, % Conv, % de, % Conv, % ee, % Conv, % ee, %
CyanothER1 0.7 99(S) nc nd 29 99 (R) 29 n.d. 99 929 (R) 40 38 (R)
CyanothER2 32 83(9) 2 79(S) 99 97 (R) 99 87 (R) 99 99 (R) 99 16 (R)
LyngbyaER1 88 81(9) 6 63(S) 99 98 (R) 99 91 (R) 99 929 (R) 99 18 (R)
NospuncER1 3.8 77 (S) 7 26(S) 99 98 (R) 99 89 (R) 99 99 (R) 99 19 (R)
NostocER1 89 80(S) 5 43(S) 99 97 (R) 99 87 (R) 99 99 (R) 82 17 (R)
AcaryoER1 26  75(S) 12 87(S) 99 97 (R) 99 89 (R) 99 929 (R) 99 17 (R)
AcaryoER3 n.c. n.d. 9 30 (S) 45 97 (R) 22 89 (R) 99 929 (R) 88 34 (R)
AnabaenaER3 99 78(S) n.c. n.d. 99 97 (R) 99 86 (R) 99 99 (R) 76 24 (R)
GloeoER 15 n.d. n.c. n.d. 24 34 (R) 16 929 (R) 38 929 (R) 11 46 (R)

111



Comparative characterization of ene-reductases figanobacteria

Table 6.5 Bioreduction of ketoisophorone by NostocER1 usmgcofactor-regeneration system. Assay
conditions: 21 pg mt NostocER1, 21 ug mt FDH C145S/D221Q/C255V fronMycobacterium vaccae
N 10, 500 uM NADP, 250 mM sodium formate, 5 mM ketoisophorone, 30 @nv. = conversion, ee =
enantiomeric excess.

Time Conv., % ee, %
2h 58 94 (R)
3h 74 90 (R)
24 h > 99 32 (R)

6.2.4 Discussion

The major advantage of ERs is the capability oucaty a broad range of alkenes in a
transspecific fashion yielding molecules with high oplipurities, thus, complementing or
substituting strategies of (organo)chemical synghdduch effort has been directed towards
the establishment of these enzymes in industr@ddialysis including the investigation of
catalytic activity, substrate spectrum and stabitf various ERs (Winkler et al. 2012)
Nevertheless, drawbacks of these enzymes existh®mne hand, some ERs have to be
applied under strict anaerobic conditions. A pragnin example is PETNR from
Enterobacter cloacast. PB2, which showed reduced activity of up t®%48n presence of
oxygen (Fryszkowska et al. 2009). On the other handst ERs strongly depend on
NADPH as cofactor. For example, activities of Xerfildm Pseudomonas putidand
YersR fromYersinia bercovienvere up to 22-fold lower using NADH (Chaparro-Rigge
et al. 2007). Only few ERs from the literature, étrample MR fronPseudomonas putida
M10 or LacER fromLactobacillus caseipreferred NADH as cofactor, but these enzymes
often exhibit a narrow substrate range and lowagt{French and Bruce 1994; Gao et al.
2012; Mueller et al. 2010b)

In this thesis, nine cyanobacterial ERs of différeaxonomic orders and habitats were
characterized with the aim of finding novel ERshwihe capability of overcoming these
limitations. The results revealed several ERs Withh activities in presence of oxygen and
outstanding properties regarding NADH acceptance siereoselectivities. Taxonomic
orders and habitats did not correlate with the vagti cofactor preference and

stereoselectivity of the enzymes.

Enzyme activities of three selected cyanobactétRRé are compared with ERs from the
literature in Table 6.6. With NADPH, activities thfe cyanobacterial ERs were comparable
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or higher than the activities of ERs described he titerature. AcaryoER3 showed an
excellent activity towards maleimide compared theotERs under similar conditions
(29.58 U m@' vs. 2.04 — 25.82 U migusing KYE1 fromKluyveromyces lactjsxenA and
YersER). The activities of AnabaenaER3 and Acarybm#h the commercially relevant
compounds (R)-carvone and ketoisophorone (1.09 U amgl 2.00 U mg) using NADPH
as cofactor were comparable with the activitiesotifer ERs (0.7 — 10.11 U My In
contrast to the ERs from the literature, which bkbd strong NADPH preferences, the
three cyanobacterial ERs showed good reaction veitesNADH as cofactor as well. The
good NADH acceptance of AcaryoER1, AcaryoER3 andb@enaERS is pointed out by a
NADPH to NADH activity ratio of 1.5 to 4.2 comparéa ratios in the range of 7 to 22 in
case of KYE, XenA and YersER. Maleimide was redueiti a rate of 16.7 U miusing
NADH by AcaryoER3, whereas ERs from the literatslgowed activities lower than
1.50 U m@. AnabaenaER3 and AcaryoER1 converted (R)-carvark ketoisophorone
using NADH with reaction rates of 0.81 U fland 1.32 U mg, respectively.

Table 6.6 Comparison of cyanobacterial ERs with ERs fromlifezature regarding enzyme activity (U Mg

and cofactor specificity in the reduction of malam (R)-carvone and ketoisophorone. Cofactor pesfee
was presented using the NADPH to NADH activitygati.a. = not available, n.d. = not detected.

ER maleimide (R)-carvone ketoisophorone  NADPH:NADH
activity ratio ®
NADPH NADH NADPH NADH NADPH NADH

AcaryoER3 2958 16.7 0.02 n.a. 0.09 n.a. 2.3-4.2
AnabaenaER3 1.95 1.45 1.09 0.81 0.56 0.32 15-16
AcaryoERZE 14.80 6.59 0.56 0.23 2.00 1.32 23-35
KYE1® 2.04 n.d. 0.73 n.a. 1.33 n.a. >7
XenA° 25.82 1.50 0.00 n.a. 1.84 n.a. 18
YersER 18.88 n.d. 2.54 n.a. 10.11 n.a. > 22
LacER' 0.00 0.00 0.00 0.16 na n.a. NADH-
dependent

& Assay conditions: 100 mM sodium phosphate, pH 70anM substrate, 500 pM cofactor, 25 °C.

® Assay conditions: 100 mM sodium phosphate, pH 700nM substrate, 500 pM cofactor, 30 °C.
®Chaparro-Riggers et al. (2007).

4Gao et al. (2012).

® The NADPH to NADH activity ratio is shown as thatio of activity using 200 uM to 500 uM cofactordan
maleimide at 30 °C in this study. The values in tbference Chaparro-Riggers et al. (2007) were uaneds
with 200 uM cofactor.

The stability of the biocatalyst in presence of gy and the acceptance of NADH are both
favorable attributes for large-scale applicatioeshancing the economy of the process.
Biocatalytic reactions under strict anaerobic ctiads are constrained to lab-scale due to

the current limitations in the development of apaér bioreactors or handling of these
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biocatalysts (Toogood et al. 2010). Cofactor ceses 4- to 18-fold lower using NAD(H)
compared to NADP(H) (commercial suppliers). In @iddi, NADH exhibited up to 7-fold
higher stability (half-life) compared to NADPH deykng on the pH and ionic strength of
the reaction system (Wu et al. 1986).

In addition to the reaction rate, stereochemicat@me and stereoselectivity are crucial for
the evaluation of a biocatalyst, especially in calsasymmetric reductions. High selectivity
and specificity are the most important benefitsusing enzymes in synthetic chemistry
(Hollmann et al. 2011). Due to the catalytic meétanof ERs, most reductions proceed in
a transspecific fashion, resulting in a similar stereaclstry of the product for the

majority of homologous enzymes (Toogood et al. 20Ihis can be confirmed by the
obtained results, as the stereochemical outcomeeadtions was identical among all
cyanobacterial ERs under study (Table 6.4). On dbetrary, the diastereomeric and
enantiomeric excess of the product depends ondheeof the active site of the enzyme
and varies substantially between ERs (Toogood .eR@l0) (Table 6.7). However, the
enantiopurity of the product can be influenced lagemization in agueous medium.
Especially in case of ERs, reduction products oftessess a stereogenic centre at C
position, which is prone to racemization (Brennale2012e; Fryszkowska et al. 2009). The
rate of racemization depends on the nature of tmpound. In case of levodione, the
racemization proceeded with approximately —3 % ee hpur (Fryszkowska et al. 2009).
Therefore, obtained data of enantiomeric excestg¢R)devodione after a 24 h reaction
cannot be associated with the catalytic performaoicehe biocatalysts, though most
selectivity data in the literature were determiaéiér 24 h or 48 h (Fryszkowska et al. 2009;
Hall et al. 2008a; Hall et al. 2008b; Mueller et2010b). Nevertheless, the optical purity of
94 % ee for NostocER1 after a reaction of 2 h (@#&05) indicated high stereoselectivity of

the cyanobacterial ERs in the reduction of ketdisopne.

In contrast, the effect of product racemization wasimal in the reduction of (R)-carvone
and 2-methyl-2-cyclopenten-1-one (Fryszkowska .e2@D9). Thus, Table 6.7 compares the
stereoselectivities of selected ERs from cyanolbiacteith OYE-homologues from the
literature for these two reactions. The cyanob&dtelERs exhibited excellent
stereoselectivities with regard to the reductiorfR)Fcarvone in comparison with ERs from
the literature. Whereas (2R,5R)-dihydrocarvone feased in diastereomeric excesses of
16 % to 97 % de by ERs from the literature, up 8% de and 99 % conversion were
achieved by NospuncER1 and LyngbyaER1. Bioconversising CyanothER1 even
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reached product purities of 99 % de, though thevexmion was moderate. The bioreduction
of 2-methyl-2-cyclopenten-1-one by AnabaenaER3,nG{f#dER2 and LyngbyaER1 resulted
in higher conversions (up to 99 %) and enantiomeximesses (up to 83 % ee) compared to
literature data from ER homologues (< 72 % coneersind < 64 % ee).

Table 6.7 Comparison of conversion (Conv, %) and diasteremnexcesses / enantiomeric excesses (de % /

ee %) in the reduction of (R)-carvone and 2-metuitipenten-1-one with NAD(H) as cofactor using
cyanobacterial ERs with ERs from literature. n.actavailable, n.d. = not detected.

ER (R)-Carvone 2-Methylcyclopenten-1-one

Conv., % de, % Conv., % ee, %
CyanothER1 26 99 (R) 0.7 99 (S)
LyngbyaERZ® 99 98 (R) 88 81 (S)
NospuncER1 99 98 (R) 3.8 77 (S)
AnabaenaER3 99 97 (R) 99 78 (S)
AcaryoERZT 99 97 (R) 26 75 (S)
CyanothER2 99 97 (R) 32 83 (S)
NCR’ n.a. n.a. 80 15 (S)
OYE 1-3 98 97 (R 40-46 rac—5(S)
OPR1/OPR% n.a. n.a. 58/ 27 61/ 45 (S)
Ygjm® n.a. n.a. 50 55 (S)
PETNR 95 94 (R) 48 64 (S)
NemR 97 92 (R) 72 59 (S)
MR® 25 16 (R) <1 n.d.
EBPT 11 95 (R) 14 38 (S)
LacER 99 98 (R) n.a. n.a.

& Assay conditions: 100 mM sodium phosphate, pH% @M substrate, 15 mM NADH, 30 °C, 24 h.
® Hall et al. (2008b).

°OYEL1, Padhi et al. (2009).

9 Hall et al. (2007), Hall et al. (2008a).

® Mueller et al. (2010).

"Gao et al. (2012)
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6.3Enzyme stability and process capability of selecteene-

reductases

Selected ene-reductases were characterized regdhein stability towards temperature and
solvents. The performance of these enzymes undeiabgnal conditions was of special
interest with respect to the application in biotata processes. The results are presented in

the following.
6.3.1 Storage stability

The evaluation of the storage conditions was aadraet for AcaryoER1, AnabaenaERS3,
NostocER1 and CyanothER2. The enzyme activitiesewet impaired using 25 % (v/v)
glycerol after a shock freezing process using tignitrogen and subsequent storage at
—80 °C for at least 3 months (data not shown). Bres/were stored in high concentrations
(~1.5 — 2.3 mg mL) resulting in < 1 % (v/v) glycerol after diluticend subsequent use for

activity assays or enzymatic conversions.

6.3.2 Temperature stability
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Figure 6.2 Temperature stability of ERs. Half-lives of AnabaBR3 (black), NostocER1 (grey) and
AcaryoER1 (dark grey) were determined at the respetemperature at 200 rpm in Eppendorf Safe-Lock
Tubes. (*) 0.91 h for AcaryoER1, (**) 0.15 h for BlocER1 and 0.21 h for AcaryoERL1.
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The temperature stability of AnabaenaER3, Nostot BRd AcaryoER1 was studied using
half-life measurements (Figure 6.2). The half-lieéthe three enzymes were between 44 h
and 144 h at 30 °C. The presumably dimeric AnabdBB8ashowed a notably higher
temperature stability compared to the presumablyameeric enzymes NostocER1 and
AcaryoER1. At 30 °C, the half-life of AnabaenaERasmhree-fold higher compared to
AcaryoER1. At 50 °C, only AnabaenaER3 showed alifalbf 75 h, whereas the half-lives
of NostocER1 and AcaryoER1 were 0.15 h and 0.2&dpectively.

6.3.3 Solvent stability
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Figure 6.3 Solvent stabilities of ERs under process conditidfalf-lives were measured for AnabaenaER3
(black), NostocER1 (grey) and AcaryoER1 (dark gréngubated in sodium phosphate buffer (100 mM,
pH 7.0) containing 20 % (v/v) water-immiscible ong@m solvents or ionic liquids at 30 °C in glasslyia
positioned on a shaking tray at 200 rpm. Referenem® measured in 100 mM sodium phosphate buffer
(pH 7.0) under the same conditions.

AnabaenaER3, NostocER1 and AcaryoER1 were studit#d regard to their stability in

biphasic reaction systems containing 20 % (v/v)aarg solvents and ionic liquids in
100 mM sodium phosphate buffer (pH 7.0). Enzymepawrations were positioned on a
shaking tray at 200 rpm at 30 °C (Figure 6.3). Bu#he rotating movement of the reaction

system, enzymes were exposed to both moleculaplaasgke toxicity.

Under this condition, AnabaenaER3 showed (agamf)éri stabilities with in most biphasic
reaction systems and in the reference without daigtian of solvents. In a biphasic reaction
system with 20 % (v/v) organic solvents, the stabd of NostocER1 and AcaryoER1 were
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more impaired by solvents possessing lowePlsgch as MTBE (log 0.93) and diethyl
ether (lod® 0.89) compared to solvents with higher Foguch asn-hexane (log§ 3.9) and
toluene (log 2.73). For example, the half-life of NostocER1veesreased to 19 h using
MTBE in contrast to a half-life of 85 h using-hexane. A superior stability of
AnabaenaER3 was not observed using 20 % (v/v) ibgicds as a second phase. Using
[HMPL][NTF] as a second water-immiscible phase, tradf-lives of AnabaenaER3 and

NostocER1 were 94 h and 154 h, respectively.

The hydrophobicity of organic solvents, quantifiegthe lod® value, is considered as the
key determinant for enzyme activity and stabiltysing more hydrophobic solvents, the
distortion of the essential water from the enzymdage can be mostly prevented, which
makes organic solvents of Bg 2 more favorable for biocatalytic applicationgéne et al.
1987; Vermue and Tramper 1995). ThisRogoncept was confirmed for the stabilities of
NostocER1 and AcaryoER1. In contrast, the halftifeAnabaenaER3 was not decreased
using MTBE with lower lo@. This indicated an additional influence on theyene stability

by the molecular structure and functionality of trganic solvent and rules out the Rogs
the only criterion. This effect was also observaeddther enzymes (Hdlsch 2009)

In case of ionic liquids, the miscibility with watand toxicity cannot be easily concluded
from the lod@°. In general, higher |Idgof IL also implies stronger hydrophobicity andewit

a better biocompatibility (Zhao 2012). However, tlwemplicated mechanism and

interaction of the anions or cations with the enegnhave to be taken into account. The
interference depends on the enzyme and catalytothamessm (Gamenara et al. 2012).
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6.3.4 Stability under process conditions
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Figure 6.4 Stability of ERs under defined process conditidthalf-lives were determined with NostocER1 in
the 48-parallel bioreactor system at 30 °C. Unbdffteactors equipped with S-stirrers were used w@ith
reaction volume of 10 mL. Enzymes (10 pg Hhiwere incubated in sodium phosphate buffer (100, M

7.0, black) or a biphasic system with 20 % (v/iVMPL][NTF] in sodium phosphate buffer (100 mM, pH/.
grey). The volumetric power consumptions at 400 gomd 1500 rpm were estimated based on Riedlberger
(2012) and given in brackets.

The stability of NostocER1 at increased hydrodymashiear stress and in presence of gas-
liquid interfaces was studied under process camultin a 48- parallel bioreactor unit in
unbaffled reactors equipped with S-stirrers, whigre developed for enzymatic hydrolysis
and homogenization of suspended particles (Riegédveaind Weuster-Botz 2012). Enzyme
stability was evaluated at different stirrer spegda monophasic setup and in a biphasic
setup with 20 % (v/v) of the water-immiscible iodiguid [HMPL][NTF]. The results are

shown in Figure 6.4.

For both reaction setups, the half-life of Nosto@Bias strongly decreased at higher stirrer
speed. Whereas the half-life was 50 h at 400 rprvas reduced to 1 h at 1500 rpm in the
monophasic system. This deactivation can be indumedoth the hydrodynamic shear
stress and increased gas-liquid interface areainigatb structural changes, which is
commonly reported for cellulases or lipases (Ghaglgal. 2003). When using a biphasic
setup with 20 % (v/v) IL instead of a monophasisteyn, the half-life of NostocER1 was
reduced from 50 h to 4 h at 400 rpm. Thereby, ti@eased phase toxicity due to the
mixing of the two liquid phases can be considersdtl®e main cause for enzyme

deactivation.
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6.3.5 Discussion

Three selected ene-reductases AnabaenaER3, Nosta@ttRAcaryoER1 were investigated
regarding thermal stability, tolerance of organaivents and ionic liquid and agitation
under process conditions. Enzyme stability, esfigaimder operational conditions, is one
of the key criteria for an efficient and economiigdéasible biocatalytic process (Hollmann
et al. 2011).

Both the evaluation of the stability towards higimperature and organic solvents revealed
the presumably dimeric AnabaenaER3 from the “th@imiw-like” subgroup of the OYE
family as the enzyme with the highest stability.eT$tability was up to three-fold higher
compared to the presumably monomeric enzymes NeRtband AcaryoER1. Further, a
half-life of 75 h was measured for AnabaenaER3 @@ whereas the stability of
NostocER1 and AcaryoER1 decreased up to 0.15 th &gard to the organic solvents, the
superior stability of AnabaenaER3 compared to NdSRiL and AcaryoER1 was in
particular observed using organic solvents with dowog® (MTBE, diethyl ether).
Deactivation by phase toxicity seemed to be sinfarall three studied ERs. Acceptable
half-lives of> 70 h were achieved for both AnabaenaER3 and N&&baising 20 % (v/v)
ionic liquids and organic solvents with Bg 2.7 (-hexane, toluene).

In general, the rigidity of the enzyme structurgedmines the resistance of enzymes
towards high temperature, which correlates withdstiadility in organic solvents (Reich et al.
2013). For the same reason, enzymes from thermopbiganisms required higher
temperature for sufficient flexibility in their sicture to gain full activity (Adalbjornsson et
al. 2010; Schittmayer et al. 2011). Whereas theaepracore is often highly conserved in
mesophilic and thermophilic enzymes, differenceshie surface loops can influence the
enzyme stability. In case of ene-reductases, mentfethe “thermophilic-like” subgroup
possess shorter surface loops compared to thosleeiriclassical” group. These shorter
surface loops are considered to be responsiblethi@rhigher enzyme stability due to
increased protein rigidity (Reich et al. 2013) akidition, members from the “thermophilic-
like” subgroup are presumed to be multimeric enzgmeéhich are generally considered to
be more rigid and stable than monomeric enzymesr (gnd Ananthanarayan 2008).
Consequently, the superior stability of AnabaenaER&@y be derived from the higher
rigidity due to the shorter surface loops and thdtimeric structure.
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A comparison of the stability of the three chareezezl ERs from cyanobacteria with
described ERs from the literature is shown in Té&b&

Table 6.8 Comparison of the thermal stability of ene-redsetafrom cyanobacteria with ene-reductases
described in the literature.

ER Half-life at 30 °C, h Half-life at 45 °C* /

50°C, h
AnabaenaER3 144 75
NostocER1 67 <0.15
AcaryoER1 44 <0.21
KYE1? 19 < 0.08*
XenA? 10/63 < 0.08*
Yers-ER > 36 < 1.95*%

& Chaparro-Riggers et al. (2007).
® Yanto et al. (2011).

Compared to XenA frorPseudomonas putid& YE1 from Kluyveromyces lactjsand Yers-
ER from Yersinia bercovier{(Chaparro-Riggers et al. 2007), the stability & three ERs
from cyanobacteria was notably higher. EspecialhaBaenaER3 displayed an outstanding
stability with an up to 14-fold increased half-lié 30 °C, as well as a half-life of 75 h at
50 °C. In contrast, the half-lives of XenA, KYEldiYers-ER were already reduced to
<1.95 h at 45 °C. This difference in stability nago be derived from the protein structure,
because XenA, KYE1 and Yers-ER belong to the mommnmeembers from the “classical”

subgroup.

Regarding the industrial application of AnabaenaER®stocER1 and AcaryoER1 in
enzymatic bioprocesses, a careful evaluation ofatjgmal conditions is required to ensure
sufficient enzyme activity and stability over theogess time. The stirring rate revealed to
be crucial, because it affects the enzyme staliojtyrydrodynamic shear stress or exposure
to gas-liquid interfaces in monophasic systems. idgreased agitation in the milliliter
bioreactor system from 400 rpm to 1500 rpm redubedhalf-life of NostocER1 from 50 h
to 1 h. In case of biphasic reaction systems, gten¢ of the phase toxicity is increased at
higher stirrer speed. When 20 % (v/v) IL was apphles a second liquid phase, the half-life
decreased to 4 h at 400 rpm compared to 50 h iropi@sic systems.
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7 Whole-cell biotransformation using ene-

reductases

7.1Evaluation of the applicability of whole-cell

biotransformation using ene-reductases

Presently, an efficient strategy for large-scaleligption of ene-reductases was not
established yet due to several problems. Usindipdrene-reductases for biocatalysis, the
enzymatic process was limited by the enzyme staljliougioukou et al. 2010; Yanto et al.
2010), the requirement of cofactor regenerationr¢bschein et al. 2012a), high demand on
the purity of enzyme preparation to avoid side tieas (Hall et al. 2008a) and high costs
for protein purification (Tufvesson et al. 2010)n @he contrary, the application of cost-
efficient wild-type microorganisms such as bakeyesast was accompanied by low
volumetric productivity, toxic effects of the sulze and side reactions by endogenous
enzymes, e.g. alcohol dehydrogenases (ADHSs) arbiogk reductases (CRs) (Goretti et al.
2009).

To overcome these limitations, the applicability mfcombinant resting whole cells
overexpressing ene-reductases from cyanobacteriaalke@ne reduction was evaluated.
Escherichia coliwas chosen as host strain due to the lower actfiendogenous ADHs

compared to yeast (Hildebrandt et al. 2002). Thducton of (R)-carvone to (2R,5R)-
dihydrocarvone was selected as example for evalyahe applicability of recombinant
whole-cell biocatalyst. (2R,5R)-Dihydrocarvone i&ey intermediate in the production of
natural products, antimalarial drugs and valualiieat building blocks (Winkler et al.

2012). (R)-carvone is a volatile and hydrophobipéaoid with a boiling point at 230 °C
and a water-solubility of 8.8 mM (Fichan et al. 89%oretti et al. 2013; Schlyter et al.
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2004). A reaction scheme with all possible sidedpots by overreduction is depicted in

Figure 7.1.
OH / 0 0 ! OH
carbonyl- carbonyl-
reductase ene-reductase " reductase o
e e R

carveol (R)-carvone (2R,5R)-dihydrocarvone  / dihydrocarveol

Figure 7.1 Possible side reactions by competing carbonylaides in case of the reduction of (R)-carvone to
(2R,5R)-dihydrocarvone. Carveols (by overreductdr{R)-carvone) and dihydrocarveols (by overredrcti
of (2R,5R)-dihydrocarvone) can be most likely fothaes side products.

7.1.1 Effect of substrate and product onEscherichia coli

The toxicity of (R)-carvone and dihydrocarvone Bscherichia coliwas evaluated in
growth studies. The determined growth curves irsgmee of 0 mM to 4 mM (R)-carvone

and dihydrocarvone are shown in Figure 7.2.
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Figure 7.2 Cell growth in presence of substrate and prodlice growthE. coli BL21 (DE3) containing a
empty pET28 vector is shown in presence of (A) ¢Rwone and (B) dihydrocarvone in a concentratibn o
0 mM (black dots), 1 mM (white dots), 2 mM (blackahgles) and 4 mM (white triangles). Cells were
incubated at 37 °C and 250 rpm.
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Both substances inhibited cell growth at conceiunat 1 mM, which was indicated by the
reduced specific growth rate and the prolonged pla@se. The minimal inhibition
concentration (MIC), which is defined as the reedirconcentration for a complete
inhibition of cell growth, was determined at 4 mbt both (R)-carvone and dihydrocarvone.
At this concentration, the cell membrane has priyblaist its integrity and the intracellular
pH homeostasis is impaired due to the dissipatidheproton motive force (Sikkema et al.
1995). In fact, various reports confirmed the amtnobial and repellent effect of carvones.
For that reason, carvones are often used as atdiie®e and antimicrobial agents (de
Carvalho and da Fonseca 2006; Schlyter et al. 2004)

7.1.2 Whole-cell batch biotransformation in monophasic raction

systems

The comparative characterization of the ERs froranopacteria revealed AnabaenaERS3
from Anabaena variabiliSATCC 29413 and NostocER1 froMostocsp. PCC 7102 as
efficient biocatalysts for the reduction of (R)~eane. Though AnabaenaER3 showed a
higher specific activity for (R)-carvone (1.09 Ug E. coli with overexpressed
NostocER1 (0.69 U mY displayed a higher volumetric activity due to tdold higher
protein expression of NostocER1 (data not shownpaddition, the lower | for NADPH

of NostocER1 (92.2 uM compared to 383.0 uM for AaetaER3) can be beneficial for the
activity of the ER inside cells. The reduction Bj){carvone was compared using tiocoli
strains overexpressing NostocER1 and AnabaenaEd®Bectively. To improve the cell
intern cofactor regeneration, the formate dehydnage mutant D221G from
Mycobacterium vaccaeN 10 (further denoted as FDRY), was overexpressed in the
recombinant strains as well. This FDH mutant wagirerered for enhanced NADRctivity
and displayed a maximal reaction ratg,vof 1.24 U mg using NADP and a half-
saturation constanty<of 0.51 mM at pH 7.0 (Liu et al. 2013). The bioséormation was
performed using 18.3cgw L™ cells, 10 mM (R)-carvone and 250 mM sodium formiate
100 mM phosphate buffer (pH 7.0). After 3 h, thenarsion obtained using the. coli
strain overexpressing NostocER1 and kphvas 2.7-fold higher compared to the strain
with AnabaenaER3 and FOQH (85.1 % vs. 31.0 %). The stereoselectivity wenailar for
both biocatalysts (74 % de and 77 % de). Conselyyetfite recombinantE. coli strain

overexpressing NostocER1 and FfpHwas selected for the whole-cell biotransformatdn

125



Whole-cell biotransformation using ene-reductases

(R)-carvone to (2R,5R)-dihydrocarvone. This biobesiais further denoted ak. coli
PET28N0osSFDHy.

The evaluation of whole-cell biotransformation &){carvone in a monophasic reaction
system is exemplarily presented using the wild-tifpecoli strain, a recombinart. coli
strain with overexpressed NostocER1 d@hdcoli pET28NosFDHy. An initial substrate
concentration of 10 mM (R)-carvone dissolved usii§o ethanol was applied. The

conversion and diastereomeric excess of the reectice shown in Figure 7.3.
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Figure 7.3 Whole-cell bioreduction of (R)-carvone in a monagie buffered reaction system. The conversion
and diastereomeric excesses (% de) of differemtrbmant strains were evaluated: wild-typecoli (BL21)
(black circles)E. coli with overexpressed NostocER1 (white circlés)coli with overexpressed NostocER1
and FDH,, (black triangles). Bioconversions were performedsimL-scale in glass vials with 8.8/ L™

biocatalyst with 250 mM formate and 10 mM (R)-cargan sodium phosphate buffer (100 mM, pH 7.0) at
25 °C and 550 rpm.

Whereas a minimal amount of dihydrocarvone wasished using wild-typeE. coli and

E. coliwith overexpressed NostocER1 (0.3 % and 5.6 % emn after 24 h), over 97.8 %
conversion was obtained after 5 h using Eheoli strain overexpressing both NostocER1
and FDHu. The full conversion was observed after 24 h.

However, the diastereomeric excess of bittcoli with overexpressed NostocER1 and
E. coli pET28NosFDHy was decreased to ~61% de within 24 h, as (2S,5R)-
dihydrocarvone was formed as the major side prodUingé low stereoselectivity was not
caused by NostocER1, because (2R,5R)-dihydrocarv@seobtained with 97 % de using
purified NostocER1 (Section 6.2). Thus, endogerenisymes from the host cell might be
responsible for the decreased stereoselectivity.
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The decrease of the diastereomeric excess wasandept from the reaction rate of the
whole-cell biocatalyst and the biocatalyst itsé@lfie stereoselectivity of the reaction could
not be circumvented by overexpressing of otherredectases from cyanobacteria (e.g.
AnabaenaER3), the integration of other enzyme-amlplofactor regeneration systems

(GDH, FDH mutants), or using cell lysate for thedmnversion (data not shown).

7.1.3 Whole-cell batch biotransformation in biphasic reation systems

To cope with side reactionm situ substrate feeding and product removal (SFPR )esgfied
can be applied in form of a liquid-liquid or soliquid reaction system. Thereby, a second

water-immiscible phase serves as substrate reseandin situ product extractant and the

biocatalytic reaction is performed in the aquedusse.

Biphasic whole-cell bioreduction of (R)-carvone wasestigated using 20 % (v/v) water-
immiscible organic solvents or ionic liquids (ILsand the biocatalystE. coli

pPET28NosFDHy. Results are presented in Figure 7.4.
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Figure 7.4 Whole-cell batch biotransformations in biphasiaatéon systems with 20 % (v/v) organic solvents
or ionic liquids. The reaction mixture contained 2: 2.8 gpwL™ E. coli overexpressing NostocER1 and

FDH;y, 250 mM formate and either 10 mM (R)-carvone ia thonophasic reference (buffer) or 50 mM in the
water-immiscible phase. Reactions were performedotium phosphate buffer (100 mM, pH 7.0) at 25 °C
and 550 rpm and incubated for 24 h.
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High conversions (> 90 %) were achieved in the &git reaction systems using organic
solvents with higher Idg (n-hexane lo§ 3.7,n-decane log 5.0) and the three selected ILs
([HMPL][NTF], [HMIM][PF ¢], [HPYR][NTF]) after 24 h. The conversions were
comparable to the results obtained in the monophrasiction system (> 99 % conversion).
Low conversions in case of MTBE and diethyl ethan de explained by biocatalyst
damages induced by solvent toxicity, as these acgsmivents exhibited lower partition

coefficients (log 0.93 and lof 0.89).

But in contrast to the low diastereomeric excessGff % de in the monophasic reference,
(2R,5R)-dihydrocarvone was furnished with 95 — 98é&4n all biphasic reaction systems.
This confirmed that higher stereoselectivities barachieved by minimizing side reactions

in biphasic reaction systems.

For further characterization of the biphasic reacsystems, distribution coefficients of (R)-
carvone and dihydrocarvone between the water-imbhiessolvents and sodium phosphate
buffer (100 mM, pH 7.0) were determined and showmable 7.1. An adequate selection of
water-immiscible solvents offering appropriate e coefficients for substrate and

product is essential to enable efficient biotransfation processes.

Table 7.1 Distribution coefficients (loB) of (R)-carvone and dihydrocarvone between variowser-
immiscible organic solvents and ionic liquids andism phosphate buffer (100 mM, pH 7.0).

|OgD (R)-carvoner ~ |09D dihydrocarvones ~
n-Hexane 2.57 2.15
n-Decane 2.67 2.05
MTBE 2.66 1.99
Diethyl ether 2.50 2.19
[HMPL][NTF] 2.64 2.97
[HPYR][NTF] 2.62 2.71
[HMIM][PF ¢] 2.93 2.87

Higher distribution coefficients of (R)-carvone amthydrocarvone were measured in
presence of ILs (Idg 2.62 — 2.97) compared to those determined for rocgaolvents
(logD 1.99 — 2.67). In general, distribution coefficiefds substrate and product between
the water-immiscible and the aqueous phase in er@fd2 or 3 decades are recommended
ensuring non-toxic conditions for the biocatalystd afacilitating subsequent product

recovery (Weuster-Botz 2007).

With due regard to the achieved conversion an@asetectivity using IL as a second phase,

the higher distribution coefficients for substrated product, and better biocompatibility of
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ILs shown by Weuster-Botz (2007), biphasic biotfamsations with ILs were considered
to be superior compared to reactions involving pigasolvents. As the ionic liquid
[HMPL][NTF] was thoroughly investigated in biphasiehole-cell biotransformations in
previous studies by Dennewald (2011), it was choenfurther characterization and

process optimization.

7.1.4 Evaluation of side reactions

The formation of side products using whole-celldai@lysts is considered as one major
disadvantage compared to enzymatic processesrtinydar in the reduction of (R)-carvone,
the formation of alcohols by endogenous alcoholydedgenases or carbonyl reductases
was observed in various biotransformations withdviylpe microorganisms (Goretti et al.
2013; Silva et al. 2012). Thus, carveol and dihgdreeol as possible side products were

investigated using chiral GC and GC-MS.

Neither carveol, nor dihydrocarveol could be detddiy GC and GC-MS during whole-cell
biotransformations usinde. coli pET28NosFDHy or other recombinanE. coli strains
applied in both monophasic and biphasic reactiastesys (data not shown). It has to be
noted, that in case of the monophasic reactionpse¢he formation of alcohols might be
below the detection level of GC and GC-MS, becdose product concentrations were
obtained due to the limited substrate loading. &secof biphasic reaction systems, the
formation of alcohols could be ruled out even ghhsubstrate loadings.

Nevertheless, the fact that no alcohol could beeaetl points out the benefit of using
Escherichia colias host cell with its low endogenous ADH or CRwtaés (Hildebrandt et
al. 2002). Further, overexpressing ene-reductasdseazymes for cofactor regeneration

might have supported the outcompeting of carboeglictions.

In summary, with the elimination of alcohols asesptoducts, (2S,5R)-dihydrocarvone was
determined as the major side product, resultingatably decreased diastereomeric excess

in monophasic reactions.
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7.1.5 Discussion

First alkene reductions involving ene-reductaseéviagtwere described for baker’s yeast-
mediated biotransformations (Leuenberger et al619M most cases, a product mix was
obtained comprised of saturated and unsaturatesh&eind respective alcohols which were
formed by the overreduction of the carbonyl grodisubstrate and product catalyzed by
endogenous ADHs or CRs. In addition, the desireadyct was often furnished with

decreased diastereomeric or enantiomeric exceSsmst(i et al. 2009; Kawai et al. 1996;

Sakai et al. 1992). However, the desired produatdcbe obtained in a sufficient quality by

extensive reaction control coupled with elaboratedpct purification (Leuenberger et al.

1976).

Presently, enzymatic reductions using purified estkictases are mostly preferred for the
reduction of activated alkenes in order to circuntvthe competitive reactions during

whole-cell biotransformations (Bechtold et al. 20Btenna et al. 2013a; Brenna et al.
2012e; Winkler et al. 2013). Nevertheless, highrecess costs derived from the demand for
enzyme purification and possible enzyme deactinadioring the biocatalytic process have

to be considered.

In this project, the applicability of whole-cell diransformations involving ERs from
cyanobacteria overexpressed Encoli as host cell was investigated with respect to the
reduction of (R)-carvone to (2R,5R)-dihydrocarvolighereas alcohols as side products
were not detected, (2S,5R)-dihydrocarvone was fdrime substantial quantity, resulting in

a low diastereomeric excess of 61 % de (R) in mbasic reaction system.

Low stereoselectivities in whole-cell biotransfotioas can be caused by different factors:
(i) racemization of the product in aqueous envirenim(ii) feature of the biocatalyst (ene-
reductase) itself, (iii) interference with the odfar-regeneration system, (iv) other
competing enzyme present in the host cell cataly#ive same reaction with an opposite
preference of the stereochemical outcome of thdymtp and (v) other enzymes in the host

cell catalyzing the isomerisation reaction.

The isomerisation of (2R,5R)-dihydrocarvone indubgdthe aqueous environment can be
considered as negligible, because the rate of dueedse in diastereomeric excess was
determined as —-0.12 % d& I sodium phosphate buffer (100 mM, pH 7.0, 30d&ta not
shown) and a rate of approximately —6.2 % demMas observed in monophasic reactions. As
high stereoselectivities of > 97 % de were achiewednzymatic bioreductions using
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purified NostocER1 with FDH, for cofactor recycling (data not shown), the daseeof the
diastereomeric was not caused by the property ef datalyzing enzyme. Similarly,
interference with the FDH-based cofactor regengmasystem could be excluded as the
same enzyme was used for cofactor recycling in matg reactions. Endogenous enzymes
of the E. coli host cell which could be responsible for compethegctions comprise
enzymes catalyzing similar reactions (e.g. eneates) and enzymes catalyzing
isomerisation reactions. In faé, coliitself possesses an ene-reductase, which is deaste
NemR in the literature (Mueller et al. 2010a). Hoae NemR was reported to reduce (R)-
carvone to (2R,5R)-dihydrocarvone with a stereaseiey of 92 % de. Thus, the
substantial decrease in stereoselectivity mightcéyesed by other endogenous enzymes

catalyzing isomerization reactions.

Compared to the literature data, a similar deckabiastereomeric excess was reported
during biotransformations with crude lysate of matdnantE. coli overexpressing the ene-
reductase EBP1, resulting in 59 % de after 24 helMuet al. 2010b). This supported the
assumption of competing reactions by endogeiou®lienzymes.

The decrease in stereoselectivity was preventedgusiphasic reaction systems with a
second water-immiscible organic solvent or ionguid phase. Due to high distribution
coefficients, low concentrations of (R)-carvone atibydrocarvone were present in the

agueous phase as substrates and productdmata supplied and removed.

The application of biphasic reaction systems offensous advantages regarding the whole-
cell reduction of (R)-carvone. First, toxic effects the biocatalyst can be prevented due to
low substrate concentrations in the aqueous phdsgs.was in particular critical, as (R)-
carvone prohibited cell growth at concentratiend mM. Furthermore, this hydrophobic
substance is known to accumulate in the cell mengbigausing loss of the membrane
integrity and subsequent cofactor leakage (Sikketnal. 1994a). Though the substrate
concentration in the aqueous phase also influeheemass transport through the cell
membrane, the inactivation of whole-cell biocatEydy induced loss of membrane
integrity was considered as more critical for thetdansformation (Brautigam et al. 2009;
Dennewald 2011). Second, in contrast to organiees$, the good biocompatibility with
E. coli cells in case of ionic liquid as the second phass proven in various studies
(Brautigam et al. 2009; Weuster-Botz 2007). Morepvé-based biphasic whole-cell
biotransformation processes were intensely charaettand scaled up for ketone reduction

in previous studies (Dennewald 2011). Most impdhiyathe stereoselectivity in the whole-
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cell biotransformation of (R)-carvone was notabigproved using biphasic processes,
resulting in diastereomeric excesses of > 95 % de.

As whole-cell reduction of (R)-carvone in IL-badaighasic reaction systems furnished the
desired product (2R,5R)-dihydrocarvone with highstiereomeric excess and purity without
carveol or dihydrocarveol as side products, thimtegy seemed to circumvent both

disadvantages of yeast-mediated biotransformatodsenzymatic bioconversions.

The formation of alcohols as side products was @aslhe reported for yeast-based
biotransformations (Goretti et al. 2011; Gorettakt2009; Goretti et al. 2013; Silva et al.
2012), but also in biotransformations using othal types including bacteria, fungi, plant
cells and microalgae (Hamada et al. 1997; Hookl.eR@03). Though enals are more
affected by competing carbonyl reductions than esatue to higher reaction ratespoin-
alcohol dehydrogenases compared secalcohol dehydrogenases (Hall et al. 2006),
substantial formation of alcohols was also obsenve@R)-carvone reductions. Thereby,
dihydrocarveol furnished by the carbonyl reductioh dihydrocarvone was generally
detected as side product whereas the formatioravieol was not observed (Goretti et al.
2013; Silva et al. 2012).

When usingk. coli as host strain, only limited formation of alcohals side products was
reported (Hirata et al. 2009; Muller et al. 200Wi&rska and Stewart 2006). In whole-cell
biotransformations of (R)-carvone using wild-tygecoli and a recombinart. coli with
overexpressed ER froiicotiana tabacummo alcohol was detected as side product (Hirata
et al. 2009). Even in case of whole-cell biotransfation of enals (e.g. citral), alcohols
were only formed using the wild-tyge coli, but did not occur using a recombind&nhtcoli
with overexpressed OYEZ2. Thereby, side reactionse weobably outcompeted by the
higher reaction rate of OYE2 (Muller et al. 200These results combined with the results
obtained using recombinahBt coli overexpressing NostocERL in this project confirrtesl

applicability of recombinar. colifor the reduction of activated alkenes.
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7.2Strain development

Since the applicability of whole-cells for the retion of (R)-carvone was proven in the
preliminary studies and the formation of side piddicould be minimized using a biphasic
reaction system fom situ substrate feeding and product removal, the dewabop and

optimization of the whole-cell biotransformationsM@cused next.

Both the development of strain and process areekayents for achieving high efficiency
and productivity in a biocatalytic reaction. Herghye strain development was based on the
biocatalystE. coli pET28NosFDH. The plasmid in this recombinant strain incorpedat
an expression cassette, where both NostocER1 aht\Fenes are inserted downstream
the T7 promoter. The strain development was focusedoptimization of the vector
construct and adequate selection of FDH mutants. tlii® evaluation of the generated
biocatalysts, biphasic whole-cell batch biotransfations with 20 % (v/v) [HMPL][NTF]

were performed at the 12 mL scale in the paralt@idactor unit.

7.2.1 Evaluation of different vector systems

Vectors were constructed with different ordershaf NostocER1 and FDI/ genes inserted
into expression cassettes of standard cloning v&cod an additional T7 promoter for
enhanced transcription and translation. A simgif'sheme of the vectors is presented in
Figure 7.5. Corresponding recombin&ntcoli strains were evaluated regarding the enzyme
activity and biphasic whole-cell bioreduction of){€arvone. The results are shown in

Figure 7.6.

In the bioreduction of (R)-carvone, the highest v@eion was achieved bit. coli
PET28NosT7FDHh, which contained a vector with the Fi\dgene inserted downstream
from an additional T7 promoter. With 98.2 % aftehbthe conversion was about 7 %
higher compared to the reference strgincoli pET28NosFDH without the second T7
promoter. An inversion of the orders of the NostetEand FDH\ genes on the expression
cassette was presented in the vectdt.afoli pPET21FDHyNos, but resulted in 18 % lower
conversion compared to the reference str&ncoli pET28NosFDHy. The lowest
conversion was obtained usirkgy coli pCOLANosT7FDHy despite of the second T7
promoter of the pCOLA-Duetl vector within tie coli cell. All four recombinant strains

displayed high stereoselectivities of > 98.6 % de.
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Figure 7.5 Schemes of thexpressio cassettes with NostocER1 (Nos1) and kfpbgene, T7 promotor (T7),
T7 terminator (T7 Term.) and ribosomal binding sifebs) integrated in differentoning vectors (pET28a(+
pET21a(+), pCOLA-Duet).
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Figure 7.6 Characterization afecombinanwhole-cell biocatalysts containing differergctor constructs wit
regard to (A) bioconversion dR)-carvone after 5 h and (B) specific gne activitie. Enzyme activities
were measured wittell lysate at 2 °C and 340 nm using 0.5 mM NADP(H) NAD(H), 10 mM (R)-carvone
or 250 mM sodium formateBiotranformations were performed at the 12 mL scale?5 °Cin reactions
containing 8 gow L™ biocatalyst, 25 mM formate in sodium phosphate buffer (1mM, pH 7.0) and
250 mM (R)-carvone in 20 %/v) [HMPL][NTF].

The conversions of the recombinant strains can be ggaaby differences in the prote

expression of NostocER1 and Fiy, leading to divergenbiocatalyst activities with rega
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to alkene reduction and cofactor recycling. In cadethe reference strairk. coli
pPET28NosFDH\, the reaction rate was limited by the FDH activityhich was
1.5U gpw* compared to 24U gecpw™ for NostocER1 using NADP as cofactor.
Conversely, with the inverted gene order&ircoli pET21FDHyuNos, higher FDH activity
of 24.9 U gpw' was obtained, but the ER activity decreased toUdBow™. As the
reduction of (R)-carvone is directly connected e ER activity, a lower conversion was
achieved with this strairA more balanced activity ratio was obtained byddtrcing a
second T7 promoter in case & coli pET28NosT7FDHly. This resulted in enzyme
activities of 15.9 U gow™ for NostocER1 and 6.1 U-gw™ for FDHyy, as well as the
highest conversion in the reduction of (R)-carvonke lower reaction rate usiri coli
pCOLANosT7FDHy may be derived from lower protein expression duthe lower copy
number of the pCOLA Duetl vector. In contrast, bpHT28a(+) and pET2la(+) vectors

are medium copy number plasmids.

In summary, the pET28a(+) vector providing two saf@a T7 promoters for the ene-
reducase and the FDH as cofactor-regeneration enzyas identified as beneficial for the

whole-cell biotransformation of (R)-carvone.

7.2.2 Evaluation of FDH mutants for cofactor regeneration

The FDH D221G mutant frorMlycobacterium vaccadl 10 (FDHy) was included so far
for cofactor regeneration in whole-cell biotransfiations. Though this enzyme displayed a
higher activity for NADP (Vmax, naoe : 1.24 U m@, Ky, naop': 0.51 mM, pH 7.0) compared
to the wild-type FDH (Liu et al. 2013), the actwitan be further enhanced by additional
directed mutations. Hoelsch et al. (2012) had daged various FDH mutants for enhanced
NADP" activity and chemical stability. Eleven pET21affctors incorporating different
FDH mutants were kindly provided by Dr. K. Castugle for subsequent cotransformations
with a pCOLA-Duetl vector containing the NostocEBédne intoE. coli BL21(DES3).
Schemes of the expression cassettes of both ven®esented in Figure 7.7. The enzyme
activity and capability of whole-cell bioreductiond the eleven recombinant strains
overexpressing different FDH mutants were inveséigand the results are shown in Figure
7.8.
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Figure 7.7 Schemes of the expression cassettes in the twdgdipCOLANos and pET21FDHmute which
were cotransformed i&. coli. The expression cassettes comyd of the T7 promoter, the ribosome bindi
site (rbs), the gene of NostocER1 (Nos) or thegespe FDH mutant (FDH mutant) and the terminator
(T7 Term.).
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Figure 7.8 Characterization of recombinant wh-cell biocatalysts cotransfored with pCOLANos an
pET21 FDHmutantThe bioconversion of (l-carvone after 5 IfA) and the specific enzyme activities (B) .
shown. Enzyme activities were measuwith cell lysate at 25 °C and 340 nm ngi0.t mM NADP(H) or
NAD(H), 10 mM (R)<arvone or 25 mM formate. The ER activities were belowJZycpw® and thus not
displayed. Batch biotraftgmations were erformed at the 12 mL scale at 25 A€ reactions containin
8 geow L™ biocatalyst, 256nM formatein sodium phosphate buffer (100 mM, @) and 250 mM (R)-
carvone in 20 %v/v) [HMPL][NTF].

As the NostocER1 gene had be inserted into pCOLA-Dueth medium copy numb

vector, to be compatible with the pET21a(+) vec with the integrated FDH mutant ge,

the ER activity waselatively low (< 2 U g-pw ) for all elevenrecombinant strains due

low protein expression levels. T, the whole-cell biotransformation whsnited by the ER
activity for all tested strainsNevertheless, effects of the different FDH mutaan the
bioconversion could be observeHereby, the conversion afterhSvaried between 2 %

and 13.8 %.
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The highest conversioof 13.€ % was obtained using the FDELL45/D221Q/C255\triple

mutant. Recombinant stres with FDH D221Q and FDH C14f D221GC225V achieved
both 12.7% conversion after h. With regard to the enzyme activities, higher N/*

activities were generally observed for strains ilitg higher conversiol in the
biotransformationsThe three strains exhibitethe highest FDH activity with NAC" of

154.3, 113.8 and 89.9 tpw, respectively. However, loweADP* activities were
measured with the stins containing FDH D221/C225V, FDH D221S and FDH D2211
though comparable converas in a range of 9.— 12.3% were obtained. In these cases,
cofactor supply was probably compensated by a Rk activity with NAC* (88.9 —
227.3 U gpw), asNostocERL1 also accepted N." as cofactofSection 6.z.

Previous studies revealed increased chemical stability of the FDH C145S/D2&1Z35V
triple mutant in presence of high ~carvone concentrations in addition to the hic
activity for NADP" (39.6h with 100 mM (R-carvone compared to 0. h for FDHyy, data
not shown). As this super stability wa: also expected to be beneficial for the wi-cell
bioreduction of (R}arvonethe FDH C145S/D221Q/C255V triple mutant (furthenaoked

as FDHy) was chosn for further investigatio

7.2.3 Combination of favorable vector construct and FDH nutant

To combine the results from the investigation & #ector construct and FDH mutarthe
point mutations of theé=DHsy gene were inserted into tHavorable vector construct
comprising two separate T7 promoters for each M&SR1 and FDH (pET28NosT7F[1y).
As the FDH point mutatins D221Q, C145S and CzV were introduced in sequenc
recombinant strains containing trespective pET28NosFDHmutant vectors  depicted

in Figure 7.9 were studied regarding the -carvone reductiof{Figure 7.1).

T7 T7

pET28NosT/FDHmutant rbs |—| Nos |J:| rbs |—| FDH mutant |—| T7 Term. '—

Figure 7.9 Scheme of the expression cassette of the pET28NdHimutant vector containing two 1
promoters(T7), the gene of NostocER1 (Nos), the ribosomealibiop site (rbs the selected FDH mutar
genes (FDH mutant) and the Tétminato (T7 Term.)
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Figure 7.10 Characterization of the effect of different FDH imto mutations introduced into the
pPET28NosT7FDHmutant vector on the (R)-carvone rédoc The reactions were performed at 12 mL scale
using 8 g [* biocatalyst, 250 mM formate in sodium phosphatelby(100 mM, pH 7.0) and 250 mM (R)-
carvone in 20 % (v/v) [HMPL][NTF] at 25 °C for 5 h.

Consistent to the previous results, recombinaairsgrcontaining the FDH D221Q and the
D221Q/C145S/C255V triple FDhRhutant showed a slightly increased conversion 802.
and 4.6 % in comparison to the strain with the FDER1G mutant. The best results were
achieved with the FD¥, triple mutant. Thereby, 98.3 % conversion of (Rywvoae with a
diastereomeric excess of 99.1 % de for (2R,5R)dtbgarvone was obtained after 5 h.

In conclusion, theE. coli strain with a vector comprising separate T7 prarsofor the
NostocER1 and the FDH D221Q/145S/C255V triple mu¢gidHsy) was identified as the

best biocatalyst for whole-cell biotransformatidr([®)-carvone.

7.2.4 Evaluation of different biocatalysts at the 200 mLscale

As previous strain development studies were perdrat the 12 mL scale and conversions
after 5 h were used for evaluation, only limiteébrmation about the different biocatalysts
could be gathered. A detailed view of the reactiates of the different biocatalysts was
enabled by biphasic whole-cell bioconversion of-¢Rjvone at the 200 mL scale. The
reference straifk. coli pET28NosFDH\y was thereby compared to the strain with a second
T7 promoter E.coli pET28NosT7FDHy), as well as the biocatalysE. coli
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PET28NosT7FDHy, with FDH triple mutant, which achieved the higheshversion in
12 mL-scale studies. The evolution of conversiord astereoselectivity during the
biotransformation is depicted in Figure 7.11. Indiéidn, the maximal volumetric

productivity was calculated for each biocatalysi presented in Figure 7.12.
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Figure 7.11 Comparison of different whole-cell biocatalystsla 200 mL scale. Batch biotransformation of
(R)-carvone was investigated usifg coli pPET28NosFDHy, (black dots),E. coli pET28NosFDH,, (white
dots) andE. coli pET28NosT7FDH), (black triangles). Reactions contained &g L™ biocatalyst, 250 mM
sodium formate in sodium phosphate buffer (100 ng¥4,7.0) and 250 mM (R)-carvone in 20 % (v/v)
[HMPL][NTF] and were performed at 25 °C. Convergicare shown in (A) and the diastereomeric excesses
are displayed in (B).

Consistent to the results obtained from the 12 wdlesbiotransformations, the biocatalyst
E. colipET28NosT7FDH\y was confirmed as the best candidate for (R)-caweduction.

A complete conversion (> 99.8 %) was solely achdelvgE. coli pPET28NosT7FDHh, after

8 h. In contrast, the reaction rate Bf coli pET28NosT7FDHy was reduced with
increasing reaction time without accomplishing anptete conversion after 8 h. Using
E. coli pET28NosT7FDHy, a maximal volumetric productivity of 14.9 mmof ™ was
achieved compared to 9.6 mmoéth® in case of the reference straii. coli
PET28N0OSFDHy.

With regard to the stereoselectivity, the choicdiotatalyst did not significantly affect the
diastereomeric excess of the produced (2R,5R)-ddegavone. For all three recombinant
strains, the stereoselectivity decreased folloveitigear trend with increasing reaction time.
In case of theE. coli pPETNosT7FDHy, (2R,5R)-dihydrocarvone was furnished with
98.3 % de at time of the complete conversion.
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Figure 7.12 Comparison of the maximal volumetric productistiebtained in whole-cell biotransformations
of (R)-carvone using differentE. coli strains. The biocatalyst&. coli pET28NosFDHy, E. coli
pET28NosFDH, and E. coli pET28NosT7FDHy, were investigated. Reactions contained c&g_'l
biocatalyst, 250 mM sodium formate in sodium phegetbuffer (100 mM, pH 7.0) and 250 mM (R)-carvone
in 20 % (v/v) [HMPL][NTF]. Reactions were performati25 °C.

7.2.5 Discussion

The whole-cell biocatalysE. coli pET28NosFDHy was improved regarding the ER and
FDH activity for efficient biotransformation of (R)arvone. Thereby, the composition

within the expression cassette and the selectitrenéficial FDH mutants was focused.

Improved transcription and translation of the FDehg was achieved by introducing a
second T7 promoter, leading to higher FDH amourd awmerall FDH activity. The
developed strairk. coli pET28NosT7FDhy exhibited indeed an improved conversion,

which confirmed the FDH activity as the rate-limdistep then using the previous strain.

The evaluation of different FDH mutants exhibitidiyerging preferences for NADand
NADP®, kinetic properties and stability developed by ldoe et al. (2012) revealed a
higher relevance of NADPH supply for the (R)-careaeduction catalyzed by NostocERL1.
This was concluded as recombinant biocatalysts stgpwigher conversions mostly
displayed a higher FDH activity for NADPThe primary influence of the NADPH supply
for the overall reaction rate can be explained h®y kinetic property of NostocER1. This
ene-reductase displayed a clear preference for NRADRer NADH, pointed out by a
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NADPH to NADH activity ratio of at least 2. In adidin, the half-saturation constant for
NADPH was substantially lower compared to the &pomding constant for NADH
(0.09 mM vs > 0.5 mM). As the NADH/ NADPH concertioas insideE. coli cells were
expected to be below ~0.5 mM (Bennett et al. 2@D&ng et al. 2012), it can be proposed
that NADPH was predominately involved in the oviecatalytic reaction.

The FDH C145S/D221Q/C255V triple mutant (FEM) was selected for the integration in
the optimized vector providing increased NADPH regration by higher protein expression
and specific activity within the recombinaBt coli cell overexpressing NostocER1. In
comparison to the previous strains containing k@Hnhotably higher initial apparent
reaction rates were enabled using the optimizechladyst containing FD&. In addition, a
complete conversion was solely achieved Bycoli pET28NosT7FDHl, whereas the
decreasing reaction rate indicated a biocatalysttivation in case of the corresponding
strain with FDH .

The inactivation of the biocatalysts with overexgsed FDHy might be explained by the
low chemical stability of purified FDH in presence of (R)-carvone. A half-life of 11.6 h
was measured for purified FQi in presence of 10 mM (R)-carvone, a half-life o3 4
with 50 mM (R)-carvone and 0.07 h with 100 mM (R)A@mne. On the contrary, purified
FDHzy exhibited a half-life of 39.6 h in presence of 10M (R)-carvone (data not shown).
Thus, the superior performance of best biocatalystoli pET28NosT7FDHy was
probably supported by both higher NADPH supply auwgberior chemical stability of
FDHaw.
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7.3Production and storage of the whole-cell biocatalys

7.3.1 Cultivation of the whole-cell biocatalyst at literscale

After identifying E. coli pET28NosT7FDH\ as the best biocatalyst for (R)-carvone
reduction, the biocatalyst was produced at thesgdle allowing a better availability for

biotransformation.

E. coli pET28NosT7FDHl was cultivated in a 3 L fed-batch process in a malimedium
developed by Wilms et al. (2001) following a moediprotocol described by Sun et al.
(2013). A typical evolution of the biomass concatitn as a function of time is shown in
Figure 7.13. The process parameters are exempkrown in the Appendix A.5.4. The
cultivation process was divided into three steps:

i. At the beginning of théatch phasgethe minimal medium was supplemented
with 3 g L* glucose, which was completely consumed by the eethin 3 h.
The biomass increased with a specific growth rate0d1h' up to
1.2 gow L after 3 h.

i. During the fed-batch phasethe growth rate was set to 0.15 hnd the
temperature was decreased to 30 °C, resulting inaease of biomass up to
18.8 gpw L™ within the next 20 h. The achieved biomass comaénh was
close to the expected value of 195, L™ calculated by Equation 4.12.

lii.  Theprotein expression phaseas subsequently induced by adding IPTG in a
final concentration of 0.5 mM. The growth rate vezs to 0.06 fi and the
temperature was reduced to 20 °C. Cells were hdedter 24 h of protein
expression with a biomass concentration of 42:d-", which was equate
to an optical density Odgoof 94.8.
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Figure 7.13Evolution of biomass concentration during theigation of E. colipET28NosT7FDHy in a 3 L
scale. The cultivation process was divided inte¢hsteps: (i) batch phase (3 h), (ii) fed-batcrspH@0 h), (iii)
protein expression phase (24 h).

The evolution of the NostocER1 and FEHactivity in the biocatalyst after induction of the
protein expression is presented in Figure 7.14.idguthe protein expression phase, the
specific enzyme activities increased following dmast linear trend achieving a FRd
activity of 30.0 U gpw ™ and a NostocER1 activity of 32.9 ldigy* using NADP(H) at the

end of the cultivation.
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Figure 7.14Evolution of the biocatalyst activity during theofein expression phase. The specific activity of
NostocER1 (black dots) and Fyfd (white dots) measured after cell disruption of thiecatalystE. coli
pPET28NosT7FDHy are presented. Enzyme activities were measured @b mM NADP(H) at 25 °C and
340 mM. 10 mM (R)-carvone was used as substratBldstocER1 and 250 mM sodium formate was applied
in case of FDRE),
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In conclusion, the biocatalyst production on arligzale was successfully established
yielding high concentrations of the biocatalystdwacceptable activities. As the cultivation
process on a liter scale was entirely different jgarad to the conditions in shaking flasks, a

reasonable comparison of the biocatalyst activiest possible.

7.3.2 Storage of the whole-cell biocatalyst

With regard to the quality and performance of theol®-cell biocatalyst during whole-cell
biotransformations, the storage of cells may evay p more important role compared to
the level of protein expression and enzyme actiaftgr cultivation. Inappropriate storage
procedure can lead to the damage of the cell membsad cofactor leakage could occur
during the biotransformation process, resultingeiduced reaction rate and conversion. For
example, multiple cycles of freezing and thawind) saspensions is commonly used to
obtain permeabilized cells (Chen 2007). Furthermtne cofactor regeneration enzyme
inside the cell might be deactivated by higher emtiations of substrate or product in the
cells enabled by facilitated transport through pEabiized cell membranes. On the contrary,
the activity of the catalyzing enzyme could be &ased by higher substrate concentrations

depending on the respectivg K

In previous studies, storage of whole-cell biogattsl at 4 °C resulted in up to ~80 %
decrease of the conversion (data not shown). litiaddif the cell suspension was frozen
without the addition of glycerol and stored at <20 the reaction rate was decreased by at
least 20 % (data not shown). Consequently, 15 % @lycerol was added in subsequent
experiments and cells were shock-frozen using diquirogen. A storage temperature of

-58 °C was chosen.

E. coli pET28NosFDH\ harvested from the cultivation in shaking flasksd &. coli
PET28NosT7FDHl obtained from the cultivation at the 3 L scale evapplied for the
evaluation of different storage conditions. As el membrane properties are assumed to
be predominantly affected by different storage ptages, the presented results should also
be valid for other whole-cell biocatalysts suchtl@sE. coli pET28NosT7FDHy with the
FDH triple mutant.

For the investigation of storage procedures, eafie harvested by centrifugation and either
resuspended in fresh TB medium or sodium phosghéter (100 mM, pH 7.0) containing

144



Whole-cell biotransformation using ene-reductases

15 % (v/v) glycerol for subsequent shock-freezimgl atorage, or directly frozen as cell
pellet. In case ofE. coli pET28NosFDHy from the liter-scale cultivation, 15 % (v/v)
glycerol were also directly added into the cultisatmedium followed by shock-freezing
and storage at —-58°C. The results of the biocomweref (R)-carvone using these

differently prepared biocatalysts are summarizedigure 7.15.

E. coli pET28NosFDH,,, E. coli pET28NosT7FDH,,,
from shaking flasks from 3 L cultivation
100 I 100 Storage conditions:
o ° ° o U] g
iL A. Reference: without storage
80 Fo - 98 B. Resuspended in TB medium
% C. Resuspended in sodium phosphate
) D. Cell pellet
> 60 - - 96
K] =2 E. Directly frozen in cultivation medium
o @ F.Resuspended in TB medium
§ 40 Fo - 94
20 Fo - 92
0 ‘ . ‘ ﬁ ‘ ‘ 90
A B C D E F

Storage conditions

Figure 7.15 Evaluation of different storage procedures witharelgto the performance in whole-cell
biotransformations. Experiments were performed gisifE. coli pET28NosFDH, and E. coli
pPET28NosT7FDHy harvested from cultivations in shaking flasks &ma liter bioreactor, respectively. The
biotransformation was conducted at the 12 mL satR5 °C using 8w L™ biocatalyst and 250 mM sodium
formate, in sodium phosphate buffer (100 mM, pH afd 250 mM (R)-carvone in 20 % (v/v) [HMPL][NTF].
The conversion and diastereomeric excess afteard presented.

The whole-cell biotransformation was severely imgaiusing biocatalysts stored as cell
pellet, as 83.1 % decreased conversion was detednWhen cells were harvested by
centrifugation and resuspended in TB medium or phate buffer, the conversion was
reduced by up to 19 % for both strains obtainethfshaking flasks and 3 L cultivation. The
best results were achieved using either fresh oeltsy adding 15 % (v/v) glycerol directly

to the cultivation medium followed by subsequerdciifreezing and storage at —58 °C.

As lower conversion was generally observed usirlg tarvested by centrifugation with
subsequent medium exchange, it can be assumed.celator in particular the cell

membranes were probably damaged during this proeedinis might be caused by either
mechanical stress or osmotic stress in case ofl yginsphate buffer.

For a detailed investigation of the membrane intggoxidized forms of nicotinamide

cofactors were added during whole-cell biotransttions with E. coli
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PET28NosT7FDHiy. If cells are intact, pyridine nucleotides are able to pass through the
cell membrane (De Smet et al. 1978). With disirdegit membrane structures, a permeation
of the nicotinamide cofactors into the cell is pbkes thereby increasing the enzymatic

reaction rate. The results are shown in Figure.7.16

100 % % % o . % 100 Storage and biotransformation conditions:
50 - % [] o A. Directly frozen in cultivation medium
B. Directly frozen in cultivation medium,
addition of 0.5 mM NADP"
= C. Directly frozen in cultivation medium,
c 607 % additon of 0.5 mM NAD"
g s D. Resuspended lin B med.ium
z © E. Resuspended in TB medium,
8 407 - % addition of 0.5 mM NADP*
F. Resuspended in TB medium,
addition of 0.5 mM NAD"
20 + - 92
0 90

A B C D E F

Storage and biotransformation conditions

Figure 7.16 Investigation of the membrane integrity during ttAasformation by adding nicotinamide
cofactors.E. coli pPET28NosT7FDHl, was harvested from the 3 L cultivation and staggder directly in the
cultivation medium or in fresh TB medium, both slgmpented with 15 % (v/v) glycerol. Cells were shock
frozen and stored at -58 °C. For investigationhaf membrane integrity, either NAr NADP' in a final
concentration of 0.5 mM was added to the biotramsétion reaction mixture containing 8y L™
biocatalyst and 250 mM sodium formate in sodiumgptate buffer (100 mM, pH 7.0) and 250 mM (R)-
carvone in 20 % (v/v) [HMPL][NTF]. Reactions wererformed at the 12 mL scale at 25 °C. Conversions
after 5 h (grey bars) as well as the diastereoneaess after 5 h (de, dots) are presented.

If the cell harvest by centrifugation is avoided diyectly adding glycerol and subsequent
freezing and storage, the addition of NADr NADP" as cofactor did not influence the
reaction rate of the biotransformation. This provealt the integrity of the cell membrane
was preserved within the reaction time. In contrastng biocatalysts that underwent the
procedure of centrifugation and medium exchange,ctinversion was reduced by 19.4 %
without cofactor addition. Supplementation of NADr NADP' in the reaction mixture

significantly increased the conversion of (R)-caredy up to 21.9 %.

Without the addition of cofactors, the availabldaobor concentration within the cell was
probably reduced due to loss of the membrane iyegnd subsequent cofactor leakage.
This effect could be compensated by adequate supjthy NAD® or NADP'. Thereby,

higher reaction rates can be explained by the ept#kthe cofactors through the cell
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membrane allowing higher cofactor availability ftwe biocatalytic reaction, which cot
only possible in case of disintegrated cell memér

The superior effect by the additiof NAD" compared to NADPwas contrary to the fact
that NADP was identifiel as more important for the reduction by NostocERthin the
cells. But this effect might be derived from thegher stability of NAL® compared to
NADP" under the reaction conditi (Wu et al. 1986).

The visualization oftte disintegrated cell membrane fluorescencectivated cell sortin
(FACS) was further investigat.. Cells were stained witthe membrane potential dye -
(1,3dibutylbarbituric acid) trimethine oxwol (Dibag[3]), which entes depolarized cells
and bindgo intracellular proteins or membranes, therebyiletihg enhanced fluorescen
(Suller and Lloyd 1999)The fluorescence of Dib4[3] was plotted against the forwa
scattey which indicated the particle size. The resiare shownfor the cells stored i
cultivation medium (Figur&.17A), resuspended in fresh mediukigure 7.17I), as well as
the state othe membrane integrity afte h of wholeeell biotransformation of (F-carvone
(Figure 7.17C)Cells were classified in intact, living cells (Rahd disrupte, dead cells
(R2).

A B c

Figure 7.17 Fluorescencectivated cell sorting (FACS) analysis of wr-cell biocatalyst during storage a
biotransformation. The membrane integrity E. coli NosT7FDHy, cells were investigated under differe
conditions: (A) Cellavere directly frozerin cultivation medium containing 15 % (Y/glycerol and stored at
-58°C, (B) Cells were@esuspended in fresh medi containing 15 %v/v) glycerol and stored 58 °C, (C)
Cells after 5 h biotransformatiarsing intact ells at the beginning.

No differences with regard to the membrane potentiticell populations were observed
the two storage conditions (Figure 7.17A, 7.17Bpwdver, cells after a h biphasic
biotransformation of (Rrarvone revealed a disintegratior the cell membrane indicatt

by an increase in the population of dead cellskatihg increased fluorescence of Dily[3].
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The loss of membrane integrity with increasing pssctime might be induced by prolonged
accumulation of (R)-carvone in the cell membrarsewall as toxicity effects of the applied

ionic liquid.

7.3.3 Discussion

The production and storage of the whole-cell bialygt can have strong impact on the
biotransformation, as it defines the enzymaticvitgtiand the cell membrane properties of
the biocatalyst. Especially in biphasic whole-celliotransformations involving

oxidoreductases, the intactness of the cell menebdaning biotransformation is critical for

cell intern cofactor regeneration without any codadoss (Brautigam et al. 2009; Weuster-
Botz 2007). Otherwise, the apparent cofactor comagon inside the cell would be

significantly reduced, resulting in decreased tlieactrates of the cofactor-depending
enzymes inside the cell. Disintegrated cell membramther allows increased fluxes of
substrate and product through the cell membranéhwtan either increase the enzyme
activity due to higher substrate availability oadtivate the respective enzyme activity and

stability.

In some cases, the loss of membrane integrity en edesired to enable an improved
substrate transport enhancing the reaction rateeoprocess (Kratzer et al. 2011; Muller et
al. 2006; Schmolzer et al. 2012). This can be aptished by permeabilization of cell

membranes using solvent and detergent treatmegt t@uene, EDTA), additives (e.g.

polymyxin B) and multiple freeze and thaw cycle©¢@ 2007). Hereby, an addition of the
nicotinamide cofactor is required to obtain accklgtaeaction rates. However, if possible,
intact cells enabling intracellular cofactor regati®n without cofactor addition is preferred
with regard to the improved cofactor turnover numlecreased enzyme stabilities within

the cell and lower costs (Richter et al. 2010).

With reference to the biphasic whole-cell biocosi@en of (R)-carvone, it was
demonstrated, that the cell membrane had to bectirdh least at the begin of the
biotransformation to obtain high reaction ratespipropriate storage procedures involving
medium exchange resulted in cells with disintegratell membrane achieving notably
lower conversions compared to reactions with inteelis. Addition of nicotinamide
cofactors increased the conversion significantlycwhndicated that the decreased reaction

rate was caused by cofactor leakage.
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It should be noted that whole-cell biotransformasiousing recombinant biocatalysts
harboring a glucose dehydrogenase facillus subtilissupported the assumption of intact
cell membranes at begin of the biotransformatioheréby, limited conversion of (R)-
carvone was measured (data not shown). This caxiained by the fact that glucose was
phosphorylated during the transport into the cetl aould not serve as substrate for the
glucose dehydrogenase (Hilt et al. 1991; Kratzed.e2011).

Though disintegrated cell membrane permeable footimamide cofactors could not be
detected using fluorescence activated cell sorifACS), a significant change in the cell
membrane integrity was observed for cells usedL#bdsed biphasic biotransformations
after a process time of 5 h. This indicated a psgive disintegration of the cell membrane
with increasing process time. As (R)-carvone isvkmdo accumulate in the cell membrane,
disturbing the cell membrane integrity (Sikkemaletl994a), the observed cell membrane
damage can be partly explained by the interferemitle the hydrophobic substrate and
product. In fact, cells were completely damagedenvincubated in monophasic reaction
systems with 50 mM (R)-carvone (data not shownjtHeumore, the membrane integrity of
E. coli cells was decreased to ~30 % after 5h incubano20 % (v/v) [HMPL][NTF]
(Weuster-Botz 2007). Hence, prolonged interactisits the ionic liquid might also support
the disintegration of the cell membrane. A losghef cell membrane integrity during whole-
cell biotransformation induced by 2-octanone weaso abbserved in biphasic whole-cell
biotransformations with 20 % [HMPL][NTF] (Dennewa2@®11).
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7.40ptimization and scale-up of biphasic batch

biotransformations with ionic liquids

The objective was to develop an efficient biphaslwle-cell biotransformation process
under optimized operation conditions, thereby aghge a complete conversion in proper
reaction time and high stereoselectivity. Firshgasss variables with significant influence
on the biotransformation were identified and vasidactors critical for the process were
analyzed. In the next step, the bioconversion Qfg@vone was optimized with regard to
these process variables. At last, the whole prosassscaled up under optimized operation

conditions.

7.4.1 ldentification of relevant process variables

Preliminary to a model-based optimization of whodd#t- biotransformation of (R)-carvone,
process variables with significant influence wedentified and the boundaries for the

experimental design were estimated.

Effect of pH and buffer molarity

The influence of pH on the (R)-carvone bioconvarsi@s investigated in a range of pH 6.0
to pH 8.0 in 100 mM sodium phosphate buffer usihg bptimized biocatalysE. coli
PET28NosT7FDHy. Thereby, the pH was adjusted at the beginning toé
biotransformation and was not controlled during binetransformation to keep the process

simple. The results are presented in Figure 7.18A.

The highest conversion (97.9 %) was achieved ab.pHafter 5 h. Alkaline pH conditions
(pH 7.5 — 8.0) decreased the conversion by up té 85 resulting in 64.6 % conversion at
pH 8.0. The stereoselectivity was not affected by pH, as diastereomeric excesses of
> 99.2 % de were achieved for all conditions.

During the biotransformation in 100 mM phosphatdfdy the pH increased by 1 unit
within 5 h (data not shown). Thus, different buffaolarities in a range of 100 mM to
500 mM were evaluated to minimize the pH drift. Hiwer, even with buffer molarities of
> 300 mM, the pH was still raised by ~0.4 units &abt shown). The influence of the
buffer molarity on the biotransformation is showrFigure 7.18B.
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Figure 7.18 Effect of initial pH and buffer molarity on the wieecell batch biotransformation usirkg coli
PET28NosT7FDHy. The reactions contained 8y, L™ biocatalyst and 250 mM sodium formate in
phosphate buffer with the respective pH and 250 (RAcarvone in 20 % (v/v) [HMPL][NTF] (A). Sodium
phosphate buffers with the respective buffer mo&giat pH 7.0 were applied (B). The biotransfoioratvas
performed at the 12 mL scale at 25 °C. The conerrand diastereomeric excess after 5 h are praesente

Compared to the reference reaction in 100 mM buffer conversion was enhanced by 7 %
obtaining a value of 95.5 % using 300 mM sodiumgpate buffer. A further increase of

the buffer molarity had no significant influence thre reaction rate (even with respect to the
conversions achieved after 1 h, data not showndh Végard to the stereoselectivity of the

process, (2R,5R)-dihydrocarvone was obtained #9.2 % de. Thus, the buffer molarity

had no influence on the stereoselectivity of thecpss.

As a result, a slightly acidic pH at pH 6.0 — 6Wned out to be beneficial for the
bioconversion of (R)-carvone at 100 mM buffer miyaras reactions with pH increased
above pH 7.5 seemed to diminish the reaction ragng higher buffer capacity by
increasing the buffer molarity, a drift to alkalipé could be minimized, enabling high

conversions also at pH 7.0. Thus, the pH shoulkieipé below pH 7.0 during the reaction to
ensure high reaction rates.

It has to be further noted that an increase ofwsndons in the reaction or substitution of
sodium ions by using e.g. ammonium formate or ias phosphate buffer instead of
sodium formate and sodium phosphate buffer had igaifisant influence on the
biotransformation (data not shown).
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Effect of substrate, formate and biocatalyst contettions

The concentration of (R)-carvone in the agueous®ha a biphasic buffer/[HMPL][NTF]
system is defined by the distribution coefficiehtagD 2.64. For the standard concentration
of 250 mM (R)-carvone in the IL phase, a concemmnabf 0.57 mM (R)-carvone is present
in the aqueous phase. An increased (R)-carvoneeotnation in the aqueous phase could
enhance the reaction rate but also lead to bigstahactivation due to increased

accumulation in the cell membrane.

The formate concentration in the reaction system aHect the reaction rate of the
biocatalyst by either influencing the reaction ratehe FDH or NostocER1. The applied
FDHsy displayed a I of 113 mM for formate (Hoelsch et al 2012). In wast, the activity
of NostocER1 was decreased by 49.6 % in presend®@ mM sodium phosphate (data
not shown). To enable complete conversions, fornhate to be provided at least in an
equimolar amount with reference to the initial 4tdte concentration.

In general, a complete conversion of high substaateunt is desired. Consequently, the
reaction time has to be extended at low biocatalgstentrations, or the biocatalyst amount

has to be increased.

All three process variables were found to signifiba influencing the reaction rate and
stereoselectivity in preliminary studies (data raftown). As the optimal substrate
concentration correlates with the concentratiobath formate and biomass, a combined

investigation was preferred.
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7.4.2 Optimization of initial process conditions

Based on previous considerations and experimeeNgya process variables (pH, substrate,
cosubstrate and biocatalyst concentration) wengnasg to exhibit interacting influences on
the batch biotransformation. Thus, the whole-catitransformation of (R)-carvone to
(2R,5R)-dihydrocarvone using the best biocatal¥stcoli pET28NosT7FDhRy was

optimized in two steps.

First, response surface methodology (RSM) was egpior optimization of initial pH,
substrate and cosubstrate concentrations at aededfilocatalyst concentration. Thereby the
central composite circumscribed design (CCC) waseh for optimal experimental design.
Separately, the biocatalyst concentration was éurtddapted to higher substrate loadings.

The results are presented in the following.
Empirical model-based optimization of (R)-carvoneduction

The following process variables and boundaries vetiesen for a model-based statistical

experimental design:

I.  Substrateconcentrations ¢} within boundaries of 200 mM to 600 mM (R)-carvone
in the ionic liquid were selected. Though a highsttate loading was desired, the
increased concentration in the aqueous phase miggtivate the biocatalyst.

ii.  Cosubstrateeoncentrations @) within boundaries of 100 mM to 800 mM formate in
the agueous phase were chosen, as higher formaterdoations might be required
for the conversion of higher substrate concentnatio

iii.  VariouspH set points (¥ at the beginning of the biotransformation were vgigh
pH 5.7 and pH 7.2 as boundaries, as the pH optimas expected to be around
pH 6.0, but the buffer capacity of phosphate buffas limited to pH 5.7.

For all reactions, the pH was not controlled dutiing batch biotransformation process and
a sodium phosphate buffer at a concentration of3®was applied. A volume ratio of
20 % (v/v) [HMPL][NTF] as the second IL phase wapkconstant, as it was proven to be
favorable for biphasic whole-cell biotransformasofBrautigam et al. 2009; Dennenwald
2011). A biocatalyst concentration of &g L™ was chosen. The reaction temperature was
set to 25 °C. Experiments were performed in pdrakeng the bioreactor unit at a 12 mL
scale according to the central composite circurbedridesign (CCC). The operation
conditions and the conversions after 3 h and ®lshown in Table 7.2.
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Table 7.2 Experimental design and results of triplicates tlug creation of the empirical model based on
central composite design. The measured conversiaompared with the predicted conversion afteradith

5 h of biotransformation using. coli pET28NosT7FDHhl,. All experiments were conducted in 300 mM
sodium phosphate buffer with 20 % (v/v) [HMPL][NT&}ing 8 gow L™ biocatalyst at 25 °C.

Exp. No. Variables Conversion 3 h, % Conversion 5 h, %
pH, - Substrate, MM Formate, mM  Experiment Model Experiment Model

1 6.0 201.4 241.9 93.4+04 81.0 99.6+0.0 92.6
2 6.0 201.4 658.1 89.2+0.9 85.0 99.0+0.1 100.0
3 6.0 498.7 241.9 51.6+1.2 33.2 76.0x1.7 58.0
4 6.0 498.7 658.1 449+0.5 350 64.1+1.0 56.7
5 6.9 201.4 241.9 92.7+0.0 81.4 99.4+0.0 92.6
6 6.9 201.4 658.1 904+14 79.7 99.2+0.2 94.0
7 6.9 498.7 241.9 47.0+£1.2 33.6 67.3+x1.2 58.1
8 6.9 498.7 658.1 37.5+1.0 296 523+11 455
9 5.7 350.0 450.0 62.6 +1.7 52.7 87.5+0.3 81.0
10 7.2 350.0 450.0 58.6+1.8 486 81.6+2.1 71.7
11 6.5 100.0 450.0 98.7+0.1 100.0 99.8+0.1 100.0
12 6.5 600.0 450.0 37.7+0.9 240 55.2+1.4 36.0
13 6.5 350.0 100.0 65.0+0.6 56.1 85.3+0.3 81.2
14 6.5 350.0 800.0 66.4+0.9 56.1 90.1+0.6 81.2
15 6.5 350.0 450.0 704+1.1 57.7 93.2+0.5 89.6

The measured conversions after 3 h and 5 h weraratepy fitted to two second-order
polynomial models based on Equation 4.12. The nsodadre refined using regression

analysis and removing of non-significant parameaerording to the exhibitqavalues.

As a result, model equations for relative conversiafter 3 h and 5 h were obtained and
presented in Equation 7.1 and 7.2. Correspondiefficeents ando values { test) are listed

in Table 7.3. The two models exhibited good coéffits of determination (R= 0.969,
0.958) and adjusted coefficients of determinati®h= 0.939, 0.916).

Nan = 0.697 — 0.210x; — 0.013x5 — 0.012x,x, — 0.016x,x3 + 0.002x2 — 0.007x%  EQ. 7.1
— 0.025x2

Nsp = 0.933 — 0.156x; — 0.022x3 — 0.033x;x, — 0.026x; — 0.057x? — 0.021x2 Eq. 7.2
— 0.032x2
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Table 7.3 Identified coefficientss and p values of the second-order polynomial for theneation of the
conversion after a process time of 3 hand 5 h.

Coefficient Parameter 3 h p value ¢ test) Parameter 5 h p value ¢ test)
Bo 0.697 3.223e-06 0.933 2.406e-07
P -0.210 1.598e-06 -0.156 6.753e-06
L3 -0.013 0.383 -0.022 0.131
P2 -0.012 0.536 -0.033 0.099
Bis -0.016 0.427 -0.026 0.177
P11 0.002 0.919 -0.057 0.023
P> -0.007 0.769 -0.021 0.323
Pas -0.025 0.289 -0.032 0.146

The obtained models describing the conversions &fteand 5 h are visualized in Figure
7.19A, 7.19B. Corresponding product concentratipeterred to the IL phase) formed after
3 h and 5 h were calculated based on the Equafidngnd 7.2 and the initial substrate

concentrations. These results are presented ind=igl9C and 7.19D.

As the conversion generally depended on the substeading, the obtained product
concentrations revealed more information regarditite reaction rate of the
biotransformation. Because a complete conversiaaghieved for most operation settings
at low substrate loading<@00 mM in IL), the influences of the process Vlales under
study were more apparent at higher substrate ctiat@ms. It has to be noted that a
stereoselectivity of> 99.1 % de was obtained for all conditions underdyt(data not

shown).

Enhanced product formation was observed for camustiat pH 6.1 — 6.5, which was
expected with regard to the preliminary studiese Téaction rate was notably decreased at
higher pH.

The influence of formate concentrations on therhimdformation was less significant for
conditions with low substrate loading. However, lagher substrate concentrations
(> 500 mM) an interacting negative effect of highamnfate concentrations 00 mM) and
higher pH & pH 7.0) on the conversion and formed product cotmagon was observed.
This indicated influences of both formate and pHhis operation range. A higher FDH
activity is expected at increased formate conca@atrdKwy,formate fOr FDHzy of 113 mM),

which would result in a stronger accumulation adism hydroxide and subsequent pH drift
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towards alkaline pH (Kaup et al. 2009). This mighvve caused a decreased reaction
under this condition.

With regard to the substrate loading ihe IL phase, complete conversions \
accomplished for (Rgarvone concentrations below 200 mM in the IL phagependentl
from pH and formate concentrations. For high-carvone concentrations up to 600 ml
the IL, high product concentratic was obtained a& pH 6.5 and< 500mM formate. An
inactivation of biocatalyst was not observed urities conditions whin the given proces
time of 5 h.

A Conversion, % B Product concentration, mM
40 60 80 100 150 200 250 300 350

- 65~ L 65-
(o8 o
6 6
600 e 600 600 e 600
400 200 200 400 400 200 200 400
Formate, mM (R)-Carvone, mM Formate, mM (R)-Carvone, mM
c Conversion, % D Product concentration, mM

80

600 400

600
200 200

400
(R)-Carvone, mM

Formate, mM

100 150 200 250 300 350

800

600 400 : 600

200 200

400

Formate, mM (R)-Carvone, mM

Figure 7.19 Simulation of wholezell biotransformation o(R)-carvone at different pH, formate and subst
concentations. The conversions afte h (A) and 5 h (C), as well as the calculapgdduct concentratior
after 3 h (B) and & (D) are shown. The substrate and product coretéors refer to the ioniliquid phase.
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Model validation

Subsequent to the creation of an empirical modegraful validation is essential to ensure
data accuracy. Both models obtained from data &terand 5 h were verified by 12
randomly generated operation points within the giesil space. The resulted experimental
data and the predicted data from the models arensuized in Table 7.4.

Table 7.4 Randomly created operation points and experimedatd for model validation. All experiments

were conducted in 300 mM sodium phosphate buffén @0 % (v/v) [HMPL]INTF] using 8 gow L™ E. coli
PET28NosT7FDH,, at 25 °C.

Exp. No. Variables Conversion 3 h, % Conversion 5 h, %

pH, - Substrate, MM Formate, mM  Experiment Model Experiment Model

1 6.0 241.9 201.3 87.2+0.2 80.9 99.0+0.1 93.0
2 6.5 450.0 350.0 574+18 559 82.7+14 80.9
3 6.9 166.5 281.7 95.6+0.0 928 999+0.0 97.3
4 6.6 426.1 172.8 584+03 575 82.2+08 80.6
5 6.3 212.3 682.0 90.6+0.2 89.5 990.1+0.0 Q@oo.
6 6.2 543.1 388.9 474+14 443 69.7+15 66.7
7 6.9 170.6 228.4 96.0+0.2 90.9 99.9+0.0 945
8 6.5 515.6 624.6 46.1+1.0 447 675+13 639
9 6.6 543.7 569.2 453+0.3 401 649+0.1 580
10 5.9 537.2 431.0 49.0+0.9 442 72.0+0.8 067.

11 6.0 340.4 736.2 709+09 690 93.6 0.4 889.

12 6.0 441.3 405.2 615+16 56.9 86.3+1.5 682

The predicted conversion is plotted against theeasl conversion in Figure 7.20. The
correlation of the predicted and measured datawedisfor both models with R= 0.977 for
the conversion after 3 h and R 0.955 for a process time of 5 h.
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Figure 7.20Validation of the empirical model by correlation tbe predicted and experimental conversions.
The data used for parameter identification to eredhe model (black dots) and for model validatiamite
dots) are presented for biotransformation aftef(8)rand 5 h (B). All experiments were conducte@at’C in
300 MM sodium phosphate buffer with 20 % (v/v) [HMINTF] using 8gowl™ E. coli
pPET28NosT7FDH.

Optimum search

The created second-order polynomials were expltwedaximal product concentrations at
a given minimum conversion threshold. The opting@ration points are presented in Table
7.5.

Table 7.5 Optimal operation states resulting in maximal jpiidconcentrations at a given minimum
conversion threshold or without a given minimum ension threshold. Other process variables such as

temperature (25 °C), biocatalyst concentrationd&.d-") and the reaction buffer (300 mM sodium phosphate
buffer) with 20 % (v/v) [HMPL][NTF] were kept corestt.

Model Threshold, % Model prediction Process conditions

Conversion, % Product, pH, - Substrate, mM Formate,

mM mM
3h - 58.7 254.2 6.3 433.3 333.3
>95 97.5 158.5 6.5 162.5 683.3

>99 - - - - -
5h - 75.5 374.5 6.1 495.8 304.2
> 95 95.7 315.0 6.4 329.2 479.2
>99 99.2 285.2 6.4 287.5 508.3

After a process time of 3 h, no operation condgicould be identified for achieving 99 %
conversion. The highest product concentration ¢f.3™MM was obtained after 5 h using
495.8 mM (R)-carvone in the IL phase and 304.2 ndvinate in the aqueous phase at

158



Whole-cell biotransformation using ene-reductases

pH 6.1. Thereby, (R)-carvone was converted by 4.9 0 gain at least 99 % conversion
after 5 h, a start concentration of 287.6 mM (R)+oae in the IL phase with 508.3 mM

formate at pH 6.4 was proposed as favorable camdiffhis operation point was further
applied for process scale-up (Section 7.4.3).

Optimization of initial substrate and biocatalysbocentrations

The objective of the batch process developmen{Ry+carvone reduction was a complete
conversion of high initial substrate amount withigiven reaction time, thereby achieving
high diastereomeric excess of the product. Thiugh mitial biocatalyst concentrations are
required adequately to the substrate amount. Tiheeirce of the substrate and biocatalyst
concentration was evaluated with process conditlmsed on a bifactorial experimental
design, as this allowed an adequate allocatiorrafgss conditions within the experimental
boundaries. The boundaries given for the (R)-cavamncentration in the IL were 100 mM

— 1000 mM. The boundaries of biocatalyst conceioimat were set to 4cgwlL™ and

38 geow L™ E. colipET28NosT7FDhy was selected for the investigation. 1200 mM sodium
phosphate buffer (100 mM, pH 7.0) was chosen towalkomparability to the reference

experiments. The obtained product concentrationthenlL phase and the diastereomeric
excesses after 5 h are shown in Figure 7.21 ank Tab.

de, %

Productin 1L, mM

Figure 7.21 Whole-cell batch biotransformation of (R)-carvaatedifferent initial biocatalyst and substrate
concentrations. Reactions contained 250 mM forraatearious substrate concentrations in a ranged0f-1
1000 mM in 20 % (v/v) [HMPL][NTF] and biocatalysbocentrations in a range of 4 — 3&gL ™ in sodium
phosphate buffer (100 mM, pH 7.0)E. coli pET28NosT7FDH,, was used for the 12 mL-scale

biotransformations conducted at 25 °C. Product eptrations in IL (A) and diastereomeric excesses (B8)
after 5 h are presented.
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Table 7.6 Effect of different biocatalyst and substrate eamecations on the whole-cell batch
biotransformation of (R)-carvone. Reactions werdgemed in sodium phosphate buffer (100 mM, pH 7.0)
with 20 % (v/v) [HMPL][NTF] at 25 °C.E. coli pET28NosT7FDkl, was used and 250 mM formate was
added. IL = ionic liquid, de = diastereomeric exces

Exp. Variables Results
No. Biocatalyst, Substrate , Conversion Product. de Space-time de
geowl ™ mM in IL (5 h), % mMin (5h), % yield, decrease,
IL mmol L*h? % de i

1 10.9 282.4 96.2 271.7 98.8 10.9 -0.24
2 10.9 817.6 34.9 285.4 99.0 11.4 -0.20
3 31.1 282.4 99.8 281.7 96.6 11.3 -0.67
4 31.1 817.6 93.0 760.5 97.7 30.4 -0.46
5 4.0 550.0 20.8 114.5 99.4 4.6 -0.12
6 38.0 550.0 99.9 549.6 96.4 22.0 -0.72
7 21.0 100.0 99.5 99.5 97.2 4.0 -0.57
8 21.0 1000.0 49.2 491.7 98.1 20.7 -0.40
9 21.0 550.0 94.1 517.5 98.0 19.7 -0.37

In general, (R)-carvone reductions with higheriahitbiocatalyst concentrations yielded
higher product concentrations. However, the ste&lecsvity of the process decreased with
higher product formation facilitated by higher atalyst amount. An initial substrate
concentration in the IL of 818.6 mM was converted 3.0 % furnishing (2R,5R)-

dihydrocarvone in 97.7 % de after 5 h using 3dvgL ™ biocatalyst.

A detailed view of the reaction rate and the evotubf the stereoselectivity dependent on
substrate loading and biocatalyst concentration given by the space-time yield as a
function of the initial biocatalyst concentratiomdathe rate of diastereomeric excess
decrease as a function of the space-time yieldu(Ei@.22). Thereby, operational conditions

achieving complete conversions 9.4 %) were left out the correlation.

A linear correlation of space-time yield and biatgst concentration was found. An
increase of the initial biocatalyst concentratiérl® g-pw L™ led to an increase of the space
time yield by ~10 mmol & h™. Higher space-time yield was achieved in reactiofts
higher substrate and biocatalyst concentrationgh WWagard to the stereoselectivity, the
decrease of de proceeded faster with increasingedrae yield, which resulted in an
increased product concentration in the aqueousepii&® de decreased with a rate between
-0.12 % de Hand -0.46 % de'h
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Figure 7.22 Correlation of biocatalyst concentrations with #pace-time yield (A) and correlation of the rate
of decrease in diastereomeric excess with the spam yield (B) at different biocatalyst and substr
concentrations. Reactions contained 250 mM forraaitearious substrate concentrations in a range06f-1
1000 mM and biocatalyst concentrations in a rarfgé - 38 gowL™ in sodium phosphate buffer (100 mM,
pH 7.0) with 20 % (v/v) [HMPL][NTF].E. coli pET28NosT7FDH}, was used for the 12 mL-scale batch

biotransformations conducted at 25 °C. The whités dadicate the process conditions, wher89.4 %
conversion was obtained within 5 h.

7.4.3 Scale-up of biphasic whole-cell batch biotransform#ons

In this section, the scale-up of the biotransforamaprocess is focused. In previous studies
by Dennewald (2011), the process scale-up of biphaisole-cell biotransformations was
successfully demonstrated based on constant maeneay dissipationefay. TO ensure
comparable mass transfers during the biphasic bhictransformation, the drop size
distribution should be similar for different reamti scales. This was enabled by keeping
constant maximal local energy dissipations in getors.

In this thesis, the same scale-up strategy wasupdrior process scaling of biphasic (R)-
carvone biotransformations. The three studied m®cecales were 12 mL scale in the
milliliter bioreactor unit (Weuster-Botz 2005), 26fL scale in a stirred bubble column

(Weuster-Botz et al. 2002) and 1 L scale in a steshthboratory stirred-tank bioreactor.

Scale-up between the 12 mL and 200 mL scale

Whole-cell batch biotransformations on a 12 mL scaére performed in the miniaturized

stirrered-tank reaction system equipped with S-ifepe developed by Riedlberger and
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Weuster-Botz (2012). The S-impellers were origyalesigned for homogenization of
solids in enzymatic hydrolysis (Riedlberger and tettBotz 2012), but also recommended

by Dennewald et al. (2012) for biphasic reactiostasms with ionic liquids.

Biphasic biotransformations with ILs at the 200 sdale in the stirred bubble column were
favorable at a maximal energy dissipation of 10 §¥,kvhich was present at a stirrer speed
of 600 rpm (Dennewald et al. 2012). Unfortunately,data regarding the maximal energy
dissipation in baffled reactors equipped with S-¢tlgrs was available, thus a direct
correlation based on constanh.x was not possible. Nevertheless, correlations ef th
volumetric power consumption and the maximal enedigsipation with regard to a
standard liter-scale stirred-tank bioreactor anc thas-inducing impeller for the
miniaturized stirred-tank bioreactor were providgdHortsch and Weuster-Botz (2010). As
this correlation depends on the ratio between thmeter of the impeller and the diameter
of the reactor (Henzler 2000), the relation for 8xenpeller applied in miniaturized stirred-
tank bioreactors was assumed to be in a similagyer@ompared to the gas-inducing impeller.
Thus, the required volumetric power consumption esgsected to be in a range of 1 W L
to 3 W L%, which was facilitated with an impeller speed 66@ rpm in miniaturized baffled
bioreactor equipped with S-impellers at a reacttolume of 12 mL (Riedlberger 2012).

Consequently, the milliliter scale biotransformasavere performed using this setup.

A comparison of the biphasic bioreduction of (R)vcae on a 12 mL scale and 200 mL
scale is given in Figure 7.23 using the biocataystoli pPET28NosT7FDHy. Because of
the reduced working volume in the miniaturized bawtors, only two samples were taken
within a process time of 5 h. The conversions aadtdreomeric excesses obtained after 1 h

and 5 h were similar for both scales.
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Figure 7.23 Correlation of whole-cell batch biotransformatiqmerformed in the bioreactor unit at a 12 mL
scale with biotransformations performed at 200 males Experiments were performed with@,g L™ E. coli
pPET28NosT7FDHy and 250 mM sodium formate in phosphate buffer (100, pH 7.0) and 250 mM (R)-
carvone in 20 % (v/v) [HMPL][NTF]. The impeller sp& was set to 1500 rpm in case of the reactions
performed at 12 mL scale and to 600 rpm in thetiea system at 200 mL scale. The reaction temperat
was set to 25 °C. The conversion (A) and diastesgimnexcess (de, B) for the 12 mL scale (white Jdatxl

200 mL scale (black dots) are presented.

Scale up to the liter scale

Optimal process conditions derived from the RSMrojation (287.5 mM (R)-carvone in
the 20 % [HMPL][NTF], 8 gow L™ biocatalyst and 508.3 mM formate in 300 mM sodium
phosphate buffer at pH 6.4) for the highest produeid and 99 % conversion after 5 h in
the miniaturized bioreactors were transferred tthi00 mL and 1 L scale usiri. coli
PET28NOST7FDH.

Preliminary studies in 200 mL scale showed a netatiirease in the reaction rate when the
process (ambient) temperature was decreased froAC 26 20 °C (Figure 7.24). The
maximal reaction rate was increased from 13.2 mritdi* to 15.8 mmol [* b In
addition, a higher diastereomeric excess of 99®%vas obtained at 20 °C after 8 h
compared to 98.8 % de at 25 °C.
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Figure 7.24Whole-cell batch biotransformation of (R)-carvatedifferent temperatures. The conversion (A)
and diastereomeric excess (B) are shown for thednisformation of (R)-carvone using &g L™ E. coli
PET28NosT7FDHy in a biphasic system with 20 % (v/v) [HMPL][NTF] e@ining 287.5 mM (R)-carvone
and 508.3 mM formate in sodium phosphate buffe0(®M, pH 6.4). The temperature was set to 20 °C
(black dots) and 25 °C (white dots). The impeljgeed was set to 600 rpm.

Thus, further scale-up to 1 L scale was performe2D&C (ambient temperature). Thereby,
biotransformations at the 200 mL and 1 L scale wedormed simultaneously using the
same biocatalyst batch to guarantee the same praoeslitions. The optimized process
conditions were applied for both scales. Based amstant maximal energy dissipations
(~10 W kg'), an impeller speed of 450 rpm was chosen for Ithe scale compared to

600 rpm at 200 mL scale (Dennewald, 2011). The emwon and stereoselectivity during
biotransformation at the 200 mL and 1 L scale aes¢nted in Figure 7.25.
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Figure 7.25 Scale-up of the batch biotransformation of (Rwoae from the 200 mL to the 1 L scale. The
conversion (A) and diastereomeric excess (B) amwshfor the biotransformation of (R)-carvone using
8 geow L™ E. coli pET28NosT7FDHy in a biphasic system with 20 % (v/v) [HMPL]INTF] m@ining
287.5 mM (R)-carvone and 508.3 mM formate in sodpimosphate buffer (300 mM, pH 6.4). The ambient
temperature was 20 °C for both biotransformatidrtee impeller speed was set to 600 rpm in case ®f th
200 mL-scale biotransformation (white dots) and 4% for the 1 L-scale biotransformation (blackgjot

The evolution of conversion and diasteromeric exaesre in excellent agreement for both
scales. The maximal (initial) reaction rate wasl1&t8 mmol L* h* for both scales and
>99.4 % conversion was achieved after 8 h furngtbid mmol (2R,5R)-dihydrocarvone
with a purity of 99.2 % de. In conclusion, the scalp of the biphasic whole-cell

biotransformation of (R)-carvone under optimizedgass conditions was successful.

At last, the whole-cell (R)-carvone reduction wased at higher substrate concentrations.
As preliminary results showed an inactivation o thiocatalyst after 8 — 10 h applied at
8 gcpw L™ (data not shown), a complete conversion within ®ds aimed using higher
biocatalyst concentrations. Whole-cell biotransfation of 800 mM (R)-carvone in the IL
phase (equal to a theoretical overall concentranbnl60 mM) was performed with
36 gpw L™ E. colipET28NosT7FDHy on a liter scale using optimized process condtion
Thereby, the reaction was performed at the standemtperature of 25 °C to enable
comparable conditions with previous experimentse &holution of the biotransformation is
presented in Figure 7.26.
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Figure 7.26 Whole-cell batch biotransformation of (R)-carvonea 1 L scale at high substrate loading. The
reaction contained 800 mM (R)-carvone dissolved2in% (v/v) [HMPL][NTF] and 400 mM formate in
sodium phosphate buffer (300 mM, pH 6.4). The taroee was controlled at 25 °C and the impelleresdpe
was set to 450 rpm.

After a reaction time of 6.5h, 99.3 % conversioaswobtained furnishing (2R,5R)-
dihydrocarvone with a diastereomeric excess of 36de. The space-time yield after 6.5 h
was 24.5 mmol L . A complete conversion was achieved after 8 B4.9 % conversion,
95.4 % de).

stereoselectivities obtained at the milliliter scalsing high substrate and biocatalyst

The achieved low stereoselectivity was accordance with the

concentrations (Section 7.4.2).

7.4.4 Discussion

For adequate optimization of a biocatalytic procasseep understanding of the influence of
significant process variables is essential. Théds whole-cell batch biotransformation of

(R)-carvone was characterized in detail with subsat]optimization and scale up to 1 L.

The effect of various process variables including interactions thereof are summarized
and discussed in the following.

The pH and buffer capacitywere identified as critical process variables. Aitial acidic

pH in a range of pH 6.1 — 6.5 was preferable fervimole-cell bioreduction of (R)-carvone.
It was of particular importance that the pH did notrease over pH 7.0 during the
biocatalytic reaction, as this resulted in decrdagaction rates. Under process conditions
without pH control, as it was the case for the ®ddR)-carvone reductions, a higher buffer
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capacity can indeed reduce the pH drift into thalale range, but not prevent it completely.
Higher buffer molarities (300 mM — 1000 mM) could bpplied without inhibition of the
biocatalytic reaction. The increasing pH with pexgging reaction time was caused by the
accumulation of sodium hydroxide formed by the axigh of sodium formate to carbon
dioxide catalyzed by the overexpressed formate dielggnase inside the recombinant
E. coli cells. This effect was generally reported for td@osformations involving formate
dehydrogenases (Ernst et al. 2005; Kaup et al.)2004

The lower reaction rate of the whole-cell biotramsfation at alkaline pH might be caused
by a decreased enzyme activity of the ER or EpBr limited formate transport into the
cell. Though in growinde. coli cells the intracellular pH can be regulated withirange of
pH 7.4 — 7.8 over an external pH range of pH 5300Slonczewski et al. 1981; Wilks and
Slonczewski 2007), the intracellular pH in the @ggblbiocatalysts was unknown under the
operated conditions. Regarding ERs, a pH optimumeaitral to slight alkaline pH was
mostly observed (Chaparro-Riggers et al. 2007)s Mms also the case for Syn7942ER
from cyanobacteria as described in Section 6.1lcdntrast, FDHy displayed a lower
reaction rate at pH 8.0 compared to pH 7.0. In tamdi the half-saturation constant for
NADP" was increased about 2-fold at pH 8.0 (Liu et all®0 This would indicate a
reduced reaction rate induced by the FDH at alkgbid. Apart from that, the availability of
intracellular formate clearly influences the FDHiwdty. In particular, the FDR\ chosen
for the studied biotransformations, exhibited ahhig, of 113 mM for formate (Hoelsch et
al. 2012). High intracellular formate concentraotiepend on the extracellular formate
concentrations as well as the efficiency of forntea@sport through the cell membrane. The
formate transporter FocA, which is reported to ratlithe import and export of formate,
displayed a strong pH dependence (LU et al. 20AtLhigh external pH, FocA act as a
passive export channel for formate. At low pH, Foltéctions as an active formaté/H
symport facilitating rapid formate uptake (LU et 2011). The switch point for the pH-
dependent gating was determined at pH 6.8 in gretitties (Sawers 2005). Thus, higher

reaction rates at acidic pH might be supportechbyeiased formate transport into the cell.

With regard to thdormate concentration in the agueous phase, decreased reaction rates
were only observed at high concentrations in coation with higher pH. Thus, the pH
change seemed to be more critical for the biotansition than the formate concentration
itself. In fact, possible enzyme inactivation camyooccur at high formate concentrations

inside the cell. Though NostocER1 was shown tolayspeduced activity in presence of
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high formate concentration (50 % reduction in agtivn presence of 1000 mM sodium
formate, data not shown), this effect was not oleskin the reaction rate of the whole-cell

biotransformations.

The influence of théiocatalyst concentration and thesubstrate concentrationon the
reaction rate of the whole-cell reduction of (Rjwcame was tightly connected. Increased
biocatalyst concentration resulted in proportionddigher volumetric productivity of the
biotransformations. (R)-carvone concentrationsh@ IL phase in a range of 100 mM to
600 mM, did not significantly affect the space-tigield after 5 h batch biotransformation.
Consequently, the mass transport of (R)-carvone fitee IL phase into the aqueous phase
could not be the rate-limiting step of the reactidhis implied that the substrate transport
into the cell or the enzymatic transformation witline cell could be the rate-limiting steps

of the whole-cell (R)-carvone reduction.

A linear decrease of thliiastereomeric exceswas observed with progressing reaction time.
The stereoselectivity of the reaction was additiignafluenced by the product formation,

which was coupled to the biocatalyst concentratiidre decrease of diastereomeric excess
was accelerated with higher product concentrationthe aqueous phase. Thus, the
stereoselectivity was decreased for biotransfolnatiat high substrate and biocatalyst
concentration. The process temperature was detedh@s one major influencing factor for

the stereoselectivity. Lowering the temperaturenfreb °C to 20 °C resulted in an increase

of the diastereomeric excess by 0.5 % de.

The optimized biphasic whole-cell reduction of @vone was successfully scaled up to
1L based on constant maximal local energy dissipst demonstrating the capability of

(2R,5R)-dihydrocarvone production in larger scales.
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7.5Biphasic batch biotransformation with adsorbent resns

In this section, the applicability of the resin-bdssubstrate feeding and product removal
method (resin-based SFPR) method was evaluatedegtrd to the (R)-carvone reduction
using recombinant whole-cell biocatalysts. Firaitable adsorbent resins were selected and
further characterized regarding adsorption and éiso properties. Afterwards, the resin-
based whole-cell biotransformation was charactdraed optimized on a 12 mL scale in the
bioreactor unit, as well as at 200 mL in the stirbeibble column. At last, the process was
scaled up to the liter scale. Hereby, the objectias again a complete conversion of high
initial substrate concentration with high reactrate within a given reaction time in a batch

process.
7.5.1 Selection and characterization of resin

In preliminary studies, the adsorbent resins Aniteé¥l XAD4, XAD7 and XAD1180
(DOW, Rohm and Haas) were investigated regardiegattsorption and desorption of (R)-
carvone and dihydrocarvone. These polymeric adstsbdisplayed different properties
regarding the structure matrix, surface area amdspty (DOW, Rohm and Haas) and have
been applied in various biocatalytic and adsorpteactions (Bechtold et al. 2012; Bilgili
2006; Brenna et al. 2013Db; Brenna et al. 2012eencet al. 1997). The characteristics of
the adsorbent resins are summarized in Table 7.7.

Whole-cell batch biotransformations were performsthg these adsorbent resins. The mass
ratio of resin to substrate is defined by the rafiovet resin mass to the substrate mass. At
the same resin to substance mass ratio of 3, (Rpca and dihydrocarvone concentrations
in the aqueous phase using XAD7 and XAD1180 weteaast 1.4-fold higher compared to
XAD4 (data not shown). This means that a higheinramount was required using XAD7
and XAD1180 to ensure the same limited substrateeutration in the aqueous phase,
which indicated an insufficient adsorbent capaatyXAD7 and XAD1180. This was
further confirmed in whole-cell bioreductions of ){Barvone in presence of resin to
substrate mass ratios of 2 to 10. Thereby, similaigh conversions were obtained in case
of a high mass ratio of 10 for XAD7 and moderatessnatios in a range of 3 to 5 for XAD4
(data not shown). Thus, further investigations emtiated on XAD4 as favorable adsorbent

resin for whole-cell (R)-carvone reduction.
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Table 7.7 Characteristics of the selected adsorbent resita vere obtained from the manufacturer Rohm and
Haas (DOW).

Feature XADA4 XAD7 XAD1180

Chemistry polystyrene— aliphatic ester polystyrene—
divinylbenzené divinylbenzene

Matrix macroreticular macroreticular macroreticular
crosslinked aromatic aliphatic crosslinked crosslinked aromatic
polymer polymer polymer

Surface area, hg"* 750 (min) 380 (min) 500 (min)

Porosity, mL mL* >0.50 >0.50 >0.60

Particle size, mm 03-1.2 0.2-1.9 0.3-1.2

Pore envelope, A 55-80 400 — 450 450 — 500

Moisture content, % 54 — 60 (55.9 61 — 69 61 — 67

Density, g mL* 1.02 1.07 1.02

& The structure is given in Figure 3.12 (Section®.2
®The moisture content was separately determinethéoused resin batch.

For a detailed characterization of XAD4 adsorptisotherms were determined for (R)-
carvone and dihydrocarvone. The obtained correlaifdhe quantity of adsorbed solute per
guantity adsorbent & and the residual concentration of solute in theeaus phase ¢

were analyzed according to the Freundlich isotheguation (Equation 3.17). Linearized
Freundlich adsorption isotherms are depicted irufeigr.27 and the identified Freundlich

parameters are shown in Table 7.8.
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Figure 7.27Linearized Freundlich adsorption isotherms at@&hAd experimental equilibrium data are shown
for (R)-carvone (A) and dihydrocarvone (B).
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Table 7.8Freundlich parameters determined for XAD4 with-R)vone and dihydrocarvone. The correlation
coefficients (R) are also indicated.

Ke be R
(R)-Carvone 3.89 0.385 0.981
Dihydrocarvone 4.03 0.485 0.979

The Freundlich constant Kindicates the adsorption capacity of the adsorlzam &
represents the adsorption intensity. The adsorptapacity was similar and only slightly
higher for dihydrocarvone compared to (R)-carvortas indicated a higher affinity of the
adsorbent for dihydrocarvone at a defined residoakentration. A similar dimensionless
constant b was obtained with dihydrocarvone, indicating a pamable change in
effectiveness at different residual concentratidnsgeneral, XAD4 can be considered as

effective for the adsorption of (R)-carvone andyditocarvone.

Substrate and product concentrations in the aqubkofier phase, where the biocatalysis
occurs, are expected to be critical for the evolubf the reaction, as it was the case in the
biphasic biotransformations with a second waterdseible ionic liquid phase Thus,
concentrations of (R)-carvone and dihydrocarvonetha aqueous phase obtained in
equilibrium experiments are plotted against thénrés substrate mass ratio in Figure 7.28.
As wet resin was used for biotransformation forwamence (and referred to in further
experiments), but dry resin provided actual infaiiora about adsorbent property, both

variables are given.

Concentrations of (R)-carvone and dihydrocarvoneghm aqueous phase decreased with
higher resin to substance mass ratio. This wascteges a higher amount of adsorbent is
always correlated with an increased adsorption ,areaulting in lower substance
concentrations in the aqueous phase. Thus, noo-texivironment for whole-cell
biocatalysts by adjusting an appropriate substrateentration in the aqueous phase can be
enabled by variation of the resin to substraterati
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Figure 7.28 Decadic logarithm of the residual concentrationshie aqueous phasedjGt different resin to
substrate mass ratios obtained in equilibrium erpamts at 25 °C for (R)-carvone (A) and dihydrocare

(B).

7.5.2 Process optimization

Resin-based whole-cell biotransformations for (Rjvone reduction were generally
performed using the optimized biocatalyst coli pET28NosT7FDHhly unless indicated

otherwise. The objective of the investigation wascharacterize and optimize process
parameters with major importance for the evolutidthe batch biotransformation. Process

characterization and optimization were performeldadh 12 mL and 200 mL scales.

For reactions at 12 mL scale in the miniaturizadest-tank bioreactors, baffled reactors
equipped with S-impellers developed by Riedlbeaget Weuster-Botz (2012) were applied
at an impeller speed of 1500 rpm. This setup wasqmr to be advantageous in comparison
to unbaffled reactors or gas-inducing impellerggdat shown). Reactions at 200 mL scale
were conducted at 600 rpm using a stirred bubblenoo as previously described for IL-

based biphasic biotransformations.
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Influence of pH, formate, substrate and biocatalygtncentrations

Though the effect of pH and buffer molarity was ested to be similar for IL- and resin-

based biphasic biotransformations, this was verifre 12 mL scale experiments using a
resin to substrate mass ratio of 4. Similar tordseilts obtained from the biphasic reactions
with IL, the reaction rate of the biotransformatisas improved at pH 6.1 — pH 6.5 and

higher buffer molarities of 300 mM sodium phosphate (data not shown).

Whereas the substrate/product concentration in daggeous phase depends on the
distribution coefficients in biphasic biotransfortioas with IL as a second phase, the
concentration in the aqueous phase using adsorbsinis is defined by the mass ratio of
resin to substrate. In theory, the amount of reaim be increased with the substrate amount
to enable constant low substrate concentrationghan aqueous phase ensuring the
biocatalyst integrity. The effect of substrate,nfiate and biocatalyst concentrations was

evaluated at 12 mL scale in the milliliter bioreactystem.

Preliminary studies using high (R)-carvone conadians up to 400 mM and biocatalyst
concentrations up to 64y L™ revealed operational boundaries given by the liteli

bioreactor system. At high substrate concentratitres required amount of adsorbent resin
had to be notably raised to ensure a constant tessnbstrate ratio. High resin amount in
combination with high biocatalyst concentrationsufeed in severely increased viscosity of
the reaction mix leading to limited mass transfeasised by aggregation of resin and

biomass on the impeller. This is exemplarily showfigure 7.29.

Figure 7.29 S-impellers after 5h batch biotransformation gsB% gpwL™ E. coli pET28NosT7FDHl,,
400 mM (R)-carvone and 500 mM formate at a resisutostrate mass ratio of 4.
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Consequently, the maximal substrate concentratias mited to 300 mM (R)-carvone.
The effect of different biocatalyst concentratids 32, 48 gow L™) at various formate
concentrations (300 mM to 1000 mM) on the resiredasbiotransformation was
investigated. The resin to substrate mass ratiokepsconstant at 4 for all conditions. The

conversions after 5 h are shown in Figure 7.30.

The best conversion was obtained with 48gL™" biocatalyst and 400 mM formate,
reaching 94.8 % conversion and 98.5 % de afteirbthe batch process. The reaction rate
was not significantly influenced within a formatencentration range of 300 — 500 mM.
Decreased conversions at 1000 mM formate mightdsevetl from increased pH, as the
initial pH was set to pH 7.0. This was also obsdnvebiphasic biotransformations with IL
(Section 7.4). Hence, the correlation of the bialyat concentration with the space-time
yield and the rate of decreasing diastereomeriesxwere performed for reactions at 300 —
500 mM formate (Figure 7.31).

A 4-fold increase of the biocatalyst concentrafffstom 8 gpw L™ to 32 gpw L™) resulted

in 4-fold higher maximal space-time yield (deteredmafter 1 h). But if a 6-fold increased
biocatalyst concentration was applied (48\gL™), the reaction rate was raised only 5-fold.
This might be explained by mass transfer limitagiatue to increased viscosity in the
reaction systems. The decrease of the stereosstfe@ccelerated with increased product
formation at higher biocatalyst concentrations Emito the IL-based biotransformations
(Section 7.4).
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Figure 7.30Optimization of the biocatalyst and formate coricaions for resin-based batch bioreduction of
(R)-carvone. All reactions were performed uskgcoli pPET28NosT7FDHl, at a constant resin to substrate
mass ratio of 4 at 25 °C and 1500 rpm at the 12sodle using the bioreactor unit equipped with Seleps.

The reactions contained 300 mM (R)-carvone in sodphosphate buffer (100 mM, pH 7.0) and different

concentrations of formate and biocatalyst. The sates concentration was 300 mM for all conditions.
Conversions after a process time of 5 h are predent
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Figure 7.31 Space-time yield and stereoselectivity in resinedabatch biotransformation with increased
biocatalyst concentrations. Space-time yield aftar(black dots) and 5 h (white dots) are preseingg). A
correlation of the decrease of diastereomeric exeeith the space-time yield after 1 h is given B).(
Reactions were performed using different biocatatgscentrations with 300 — 500 mM formate and 800
(R)-carvone in sodium phosphate buffer (100 mM,7®) at a resin to substrate mass ratio of 4 antC25
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Influence of the resin to substrate mass ratio

A particular feature of the resin-based substregeling and product removal method is the
possibility of adjusting the appropriate substratecentration in the aqueous phase by

applying different resin to substrate mass ratidss effect was investigated in 200 mL

scale batch biotransformations and the resultstawe/n in Figure 7.32.
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Figure 7.32 Influence of different resin to substrate ratios apnversion and stereoselectivity of the (R)-
carvone reduction. Whole-cell batch biotransfororagiwere performed at the 200 mL scale with 50 RM (

carvone, 250 mM formate and 8ug, L™ E. coli pET28NosT7FDHh},.in sodium phosphate buffer (100 mM,
pH 7.0) at 25 °C and 600 rpm. Resin to substrate masssrafi®.5 (black dots), 4 (white dots), 4.5 (black

triangles) and 5 (white triangles) were investigat€onversions (A) and diastereomeric excessesa(B)
presented.

Within the range of wet resin to substrate magse &Ht3.5 to 5, no significant alteration in
the evolution of the batch biotransformation wasesteed. For all conditions with 50 mM
(R)-carvone as initial substrate concentrat®9 % conversion was obtained after 5 h. In
contrast, the stereoselectivity of the process wlaarly affected by different resin to
substrate ratios. With increasing mass ratio ofinre® substrate, notably higher
diastereomeric excesses were obtained for the ptodibereby, the diastereomeric excess
after 8 h deviated from 92.1 % de in case of amati3.5 to 95.5 % de in case of a ratio of 5.
The evolution of stereoselectivity was improvedhire1.06 % de fito —=0.50 % de fh
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Influence of impeller speed

The influence of higher power input on the biotfaremtion induced by increased impeller
speed was evaluated at 200 mL scale under standaditions with 8 gow L™ biocatalyst.
Thereby, impeller speeds in a range of 600 rpmO@rPmM were tested. This corresponded
to a maximal local energy dissipation of 10 — 2&k§¥ and a volumetric power
consumption of 0.4 — 0.6 Wi (Dennewald et al. 2012; Weuster-Botz et al. 200e
results are presented in Figure 7.33.
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Figure 7.33 Influence of the impeller speed on the resin-basbdle-cell batch biotransformation of (R)-
carvone. Reactions were performed at the 200 mle seith 50 mM (R)-carvone, 250 mM formate and
8 gepw L™ E. coli pET28NosT7FDHj, at 25 °C at a resin to substrate ratio of 4. Tlstetkimpeller speeds

were 600 rpm (black dots), 700 rpm (white dots) &@D rpm (black triangles). Conversions (A) and
diastereomeric excesses (B) are presented.

An increase of the impeller speed from 600 rpm@0 Bm did not significantly affect the
bioconversion and the stereoselectivity of the wha@ll process. A conversion 8f99.5 %
was obtained for all reactions after 7 h. The coditde decrease were similar at 0.8 % de h
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7.5.3 Scale-up to the liter scale

After investigation of the relevant process vamabthe whole-cell reduction of (R)-carvone

using adsorbent resins for situ substrate supply and product removal was traresfanto
the 1 L scale.

Using a low biocatalyst concentration and a highstnate concentration (&g L™ E. coli
PET28NosT7FDHy 300 mM (R)-carvone) at a resin to substrate mate i 5, the
reaction stopped after 20 h at 25 % conversionaowitiiurther product formation within the
next 20 h (data not shown). This might be causedhyinactivation of the whole-cell
biocatalyst. Thus, a higher biocatalyst concerdratvas chosen.

The biocatalyst concentration was adapted togs6 /4.~ for enhanced conversion within a
process time of 9 h. The optimized biocatalystoli pET28NosT7FDHhly was selected for

biotransformation. Due to the expected higher \sggoof the reaction mix, an impeller
speed of 500 rpm was chosen for the biotransfoomatt 1 L scale, which correlated with a
stirrer speed of 800 rpm at 200 mL scale in terfnth® maximal local energy dissipation
(~20 W kg') (Dennewald et al. 2012). The conversion and eiasmeric excess for both

scales are presented in Figure 7.34.
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Figure 7.34Resin-based whole-cell batch biotransformatioth@t200 mL scale (white dots) and the 1 L scale
(black dots) . Bioreductions of (R)-carvone werefgened with 300 mM (R)-carvone, 400 mM formate and
36 g-pw L™ E. coli NosT7FDH,, in sodium phosphate buffer (300 mM, pH 6.3) wittesin to substrate ratio
of 5 at 25 °C. An impeller speed of 800 rpm wassemofor the 200 mL scale and 500 rpm for the ldlesto

ensure similar energy input in both systems.
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The evolution of the conversion was similar for thesin-based whole-cell
biotransformation of (R)-carvone at both scaleser&hy, 98.3 % conversion was obtained
after 9 h in case of the 200 mL scale and 96.8 fvexsion at the 1 L scale. However, the
diastereomeric excesses for (2R,5R)-dihydrocand®tiermined after 9 h diverged slightly
(95.3% de for 200 mL scale and 96.5 % de for 1l1daleg. Maximal volumetric
productivities of 81.7 mmolth* and 81.1 mmol t h* were calculated for the 200 mL

scale and the 1 L scale, respectively.

The slight difference between the 200 mL and ldlesmight be explained by the diverging
strategy for temperature control. The temperatuas wontrolled at 25 °C in the 1 L scale
reaction, in contrast to ~25 °C (ambient tempeggtun the 200 mL scale process. Thus,
whereas the measured temperature was constant & 2&6r the 1L process, the
temperature in the 200 mL process was raised ttC2&t the end of the reaction. As the
temperature strongly affected the stereoselectditthe (R)-carvone reduction in IL-based
biotransformations (Section 7.4), this might algplain the lower stereoselectivity obtained
in the 200 mL scale biotransformation. Moreoveg thaximal local energy dissipation
might not be the optimal scaling parameter fordsbfjuid reaction systems. An impeller
speed of 500 rpm in the liter scale corresponded t@lumetric power consumption of
~0.2 W !, whereas the 200 mL scale exhibited ~0.6 W(Weuster-Botz et al. 2002).
Though the reaction was not impaired when conduate®.4 W L'* (600 rpm in 200 mL
scale), a volumetric power consumption of ~0.2 Wcbuld influence the mass transfers. In
addition, the higher viscosity of the reaction systwas not considered for estimation of the

required stirrer speed.

Nevertheless, 96.8 % of an initial substrate commaéon of 300 mM (R)-carvone was
converted on a liter scale furnishing 290.4 mM GHR;dihydrocarvone after 9 h with a
diastereomeric excess of 96.5 % de. Thus, a ld@lesprocess with adsorbent resinsifor
situ substrate supply and product removal was sucdbssstablished achieving high

product concentrations within a defined procesgtim

Subsequent to the liter scale biotransformatiospduknt resins were separated by filtration
and extracted repeatedly with ethyl acetate. Tineabwas further removed by distillation
and the obtained product was analyzed using GC-MENMR (Appendix, A.5.5). The
process yield after product isolation was 73.3 %ictv might derive from loss of

adsorbents during product separation (removal fitwerbioreactor and filtration). Beside of
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(R)-carvone and (2S,5R)-dihydrocarvone, no othéstince was detected in GC-MS and
NMR.

7.5.4 Discussion

A resin-basedn situ substrate feeding and product removal strategy evatuated as an
alternative method for the whole-cell biotransfotioa of (R)-carvone. Thereby, the same
optimized biocatalysE. coli pET28NosT7FDHy was used.

In solid-liquid reaction systems with adsorbentinges the substrate and product
concentration in the aqueous phase can be adjbgtdute adsorbent quantity. With higher
resin to substrate mass ratip the apparent quantity of sites available for ghison of
solutes is increased and the residual concentratitine aqueous phase is reduced. Hereby,
the adsorbent capacity of the resin is of importaa it defines the required amount of resin

for the desired residual concentration in the agagihase.

Higher resin to substrate mass ratio leads to Icsudastrate concentration present in the
aqueous phase. The extracellular substrate comtientcan influence the mass transfer into
the cell and the reaction rate of the enzymaticvemsion. It was observed that a resin to
substrate ratio of 3.5 to 5 had no impact on theetcourse of the conversion. Thus, the
mass transfer from the adsorbent resin into thee@ag phase did not seem to be rate-
limiting. Accordingly, the residual product conceation in the aqueous phase formed by
the biotransformation can be decreased by applyihmgher resin to substrate mass ratio in
the reaction system. The aqueous product concemtredn affect the rate of side reactions,
e.g. isomerization reaction. In fact, whole-cebtbansformation with 50 mM (R)-carvone
and 8 gpw L™ biocatalysts demonstrated that the stereoselctifi the process was
increased with higher mass ratio of resin to (Ryxoae. The time-dependent decrease of
the diastereomeric excess was slowed down from6%.@e it to —0.50 % det by
increasing the resin to substrate mass ratio frant@ 5. Consequently, side reactions
responsible for decreasing stereoselectivity wenabably reduced with lower residual

product concentration in the aqueous phase.

An appropriate resin to substrate mass ratio diconty improve the stereoselectivity of the
process by minimizing side activities. When the snestio of resin to substrate is kept
constant, an equal residual concentration remairtisa aqueous phase. Thus, higher initial
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substrate loadings are facilitated without changing the residual eications in the
aqueous phase and subsequently affect the reaat@nThe initial substrate concentration
and the biocatalyst concentration were increas@d®mM (R)-carvone and 3Ggy L™ to
allow complete conversion within a short reactiamet At the 200 mL scale, 96.6 %
conversion was reached after 8 h furnishing an alv@mount of ~290 mmol (2R,5R)-
dihydrocarvone with a diastereomeric excess of 9. The diastereomeric excess
decreased with a similar rate of —0.53 % dedompared to the biotransformation with
lower substrate and biocatalyst concentration (50 m{R)-carvone, 8 gow L™,
-0.50 % de H), which was performed under comparable reactiowitions (200 mL scale,
ambient temperature of 25 °C and a resin to sulestnass ratio of 5). This result confirmed
that the stereoselectivity of the process can Ip¢ é@nstant for higher substrate loadings in

resin-based biotransformations.

The stereoselectivity in the liter-scale biotramsfation process with initial concentrations
of 300 mM (R)-carvone and 3GgvL™" biocatalyst was even higher compared to the
200 mL-scale reactions. The diastereomeric excessedsed with a rate of —0.35 % de h
reaching 96.5% de after 9h process time at 96.&8hversion. The superior
stereoselectivity compared to the 200 mL-scale ggses might be attributed to the applied
temperature control at 25 °C in the liter-scalerdaator. In comparison, 200 mL-scale
biotransformations were performed at an ambienperature of 25 °C without additional
temperature control. The temperature was increasgd to +2°C during the
biotransformation probably due to higher frictioordes in solid-liquid reaction systems

(data not shown).

The agitation rate applied during the resin-based biotransformatiamm iofluence the mass
transfer from the adsorbent resin into the aqueghese At higher stirrer speed, the
thickness of the fluid film surrounding the adsarbes reduced, resulting in an improved
mass transfer from the adsorbent into the liquidseh(Paul et al. 2004). For resin-based
biotransformations with low biocatalyst and sulisti@ncentrations, agitation in a range of
600 — 800 rpm in the 200 mL-scale reaction neitidftuenced the rate nor the
stereoselectivity of the reaction. As the overadiation was not affected by the agitation and
the substrate concentration in the aqueous phasesupported the hypothesis that the rate-
limiting step might be the substrate transport intwe cell or the enzymatic
biotransformation. However, as the viscosity of thaction mixture increased with higher
biocatalyst concentration and resin amount, the latiting step might shift to the mass
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transfer from the adsorbent into the liquid phd$es was observed in the experiments with
high biocatalyst, substrate and resin amount in lie@eactor unit. Consequently, an
appropriate impeller speed has to be chosen fagquade mixing of the reactions at such
operation conditions. However, cell damage can iplys®ccur at high stirrer speed by
mechanical shear forces due to agitated adsorbksimt. IThis was reported in the literature
for yeast-mediated biotransformations using adsurtesin (Vicenzi et al. 1997). In case of
the resin-based whole-cell biotransformation of-¢R)jvone, inactivation of the biocatalyst
induced by higher stirrer speed was not observediwihe reaction time under studied

conditions.
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7.6Comparison of IL- and resin-based whole-cell batch

biotransformation of (R)-carvone

In this section, the characteristics of whole-balich biotransformation of (R)-carvone with
ionic liquid and adsorbent resin as a second phasesummarized and compared. The
results of selected batch biotransformation prezesd the 200 mL and 1 L scale under
different process conditions (biocatalyst and salbstconcentrations, temperature) are
shown in Table 7.9. Factors increasing the react@ and the stereoselectivity of IL- and

resin-based whole-cell batch biotransformationsgaren in Table 7.10.

Table 7.9 Comparison of IL- and resin-based whole-cell batahtransformation of (R)-carvone based on
different reactions performed at the 200 mL and 4&dale usingk. coli pET28NosT7FDH). The given
substrate and product concentrations refer to th@eweaction system. The biocatalyst concentratders to
the aqueous buffer phase. Indicated conversioastateomeric excesses (de) and space-time yidleistoe

the reaction time, which is given in brackets.

Variables Results
Temp., Bio- Substrate, Conversion, % Product, de, Space- de
°C catalyst, mM mM % time decrease,
geowlL™ yield, % de
mmol L*
h—l

L3¢ 25 8.0 50.0 99.4 (7.0 h) 49.7 98.7 7.1 -0.20
A%C 25 8.0 50.0 99.5 (6.5 h) 49.8 96.2 7.6 -0.50
L2 25 8.0 57.5 99.3 (8.0 h) 57.1 98.8 7.1 -0.16
IL®® 20 8.0 57.5 99.8 (8.0 h) 57.4  99.4 7.2 -0.08
LD 25 36 160 99.4 (6.5 h) 159.0 96.5 24.5 -0.55
A 25 36 300 96.6 (8.0 h) 289.8 958 36.3 -0.53
APd 25 36 300 96.8 (9.0 h) 290.4 96.5 32.3 -0.35

& Biotransformation at the 200 mL scale at the gigembient temperature. An additional temperaturetrobn
was not applied.

® Biotransformation at the 1 L scale with temperateontrol.

¢ Standard process conditions: lonic liquid-basest@sses (IL): 100 mM sodium phosphate buffer, piy 7.
250 mM formate and 20 % (v/v) [HMPL][NTF]; Adsorkteresin-based processes (A): 100 mM sodium
phosphate buffer, pH 7.0, 250 mM formate and XAD#h\w resin to substrate mass ratio of 5.

4Optimized process conditions: lonic liquid-basedgesses (IL): 300 mM sodium phosphate buffer, pH 6.
508 mM formate (400 mM formate in case of 3@gL™ biocatalyst) and 20 % (v/v) [HMPL][NTF];
Adsorbent resin-based processes (A): 300 mM sodihosphate buffer, pH 6.3, 400 mM formate, XAD4

with a resin to substrate ratio of 5.
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Table 7.10Summary of optimized process variables improvimg space-time yield and stereoselectivity of
whole-cell batch biotransformations of (R)-carvofte both ionic liquid-based and resin-based situ
substrate supply and product removal.

Space-time yieldt Stereoselectivityt

- high biocatalyst activity - high distribution coefficient of the IL
- intact biocatalyst (high stability) - low substrate concentration in the IL
- high biocatalyst concentration - high resin to substrate ratio )
-pH6.2-6.5 - low temperature (20 °C — 25 °C)
->300 mM sodium phosphate - short reaction time<(10 h)

- 300 — 400 mM sodium formate

The influence of pH, buffer molarity and the codudite concentration was similar for both
IL- and resin-based biotransformations (pH 6.2 5; 5.300 mM sodium phosphate, 300 —
400 mM sodium formate). This was expected, bec#usge process variables are directly
related to the biocatalyst independent fromithsitu substrate supply or product extraction
strategy. The reaction rate and the space-timel yietreased proportionally with the
biocatalyst concentration in both reaction systefwely high substrate concentrations in
the IL phase (800 mM (R)-carvone in the IL and @@ in the entire reaction) resulted in a
comparably decreased space-time yield, probablyabecatalyst instability.

In general, the objectives of biotransformationgesses are complete conversions and high
stereoselectivities. At low initial substrate comtcation of 57.7 mM, excellent results were
achieved using 20 % (v/v) [HMPL][NTF], resulting i89.8 % conversion after 8 h
obtaining (2R,5R)-dihydrocarvone with 99.4 % de.wdwer, a full conversion of a high
initial substrate loading is preferable for biostrmations. This can be enabled by
extending the reaction time when applying low biabst concentrations, or by using
higher biocatalyst amount for a limited reactiormdi Applying low biocatalyst
concentrations was not an option, asc8gL™ biocatalyst was deactivated by high
substrate concentrations in the IL and resin pladise ~10 h in both IL- and resin-based
biotransformations, resulting in incomplete coniwans. Higher biocatalyst and substrate
concentration in IL-based reaction systems resuitecan increased residual product
concentration in the aqueous phase, which led toaecelerated decrease of the
diastereomeric excesses (-0.55 % deah 36 g [* biocatalyst and 160 mM (R)-carvone
compared to —0.20 % dé'tat 8 g ! biocatalyst and 57.7 mM (R)-carvone). The decrease
of the diastereomeric excess was comparable toetlaigained in the resin-based

biotransformation with a resin to substrate masis &f 5 (-0.53 % de1). As the resin to
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substrate mass ratio was kept constant, the stdeetigity was not affected by the substrate
and biocatalyst concentrations.

This effect might be derived from differences i th situ substrate supply and product

removal strategy and the resulting concentrationthé aqueous phase. In case of reaction
systems with IL as a second phase, the producteodration in the aqueous phase depends
on the distribution coefficient between the IL @hd agueous phase. As the volume fraction
of the IL was kept constant, the rising productfation by applying higher substrate and

biocatalyst concentration resulted in higher pradtancentrations in the agueous phase.
This might have led to increased side reactionslewer diastereomeric excesses. In case
of resin-based biotransformations, the residuatipco concentration in the agqueous phase
depends on the resin to substrate mass ratidslfribss ratio was kept constant, comparable

stereoselectivities can be achieved at high substrad biocatalyst concentrations.

To enable higher substrate loadings in IL-basecthdsE reaction systems without a
decrease in the stereoselectivity, either the velfiraction of the IL has to be increased or
another IL with improved distribution coefficierftar substrate and product has to be found.
However, distribution coefficients between the lhdathe agueous phase were in many
cases relatively similar for a given compound (Bigam et al. 2009) and the volume
fraction of IL should be limited te< 40 % (v/v) to avoid cell damage (Dennewald et al.
2011). In this thesis, the IL volume fraction waspk constant at 20 % to allow direct
comparisons to other studies of IL-based whole-batransformation (Brautigam et al.
2009; Dennewald 2011) and assure the biocatalgdtilisg. An IL volume fraction of
40 % (v/v) would indeed double the overall substmgiantity in the reaction system while
preserving the same product concentration in theaas phase. Thereby, process variables
as temperature and stirrer speed and especiallypitteatalyst stability during the (R)-
carvone reduction have to be evaluated. In addiadmgher biocatalyst concentration could
also influence the mass transfers in the reactymtesn depending on the applied stirrer

speed.

For resin-based biotransformations, the stereasétyccan be raised by applying a higher
resin to substrate mass ratio. Thus, high subdtvatBngs require a respective high quantity
of adsorbent resins to ensure high stereoselectilit combination with high biocatalyst
concentrations the viscosity of the suspensioneess, which could lead to mass transfer

limitations. The adsorption capacity of the adsatbesin defines the overall amount of
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resin for a given concentration in the aqueous @hAs the resin XAD4 displays a density
of 1.02 g mL*, a volume fraction of 22.5 % (v/v) resin is reguirin a liter-scale reaction
system with an overall concentration of 300 mM @Rjvone and a resin to substrate mass
ratio of 5. The calculated (R)-carvone concentraiiothe aqueous phase would be 0.7 mM.
Comparably, 1500 mM (R)-carvone in 20 % (v/v) [HMPNTF] representing 300 mM (R)-
carvone in the overall reaction system, resulteal talculated concentration of 3.4 mM (R)-
carvone in the aqueous phase, which could leaddcatalyst inactivation. If a volume
fraction of 40 % (v/v) is applied, the (R)-carvooencentration in the IL and the aqueous
phase are reduced to 750 mM and 1.7 mM, respegtivéhereas further increase of overall
substrate concentration is limited to the biocatabtability at the given volume fraction of
the IL in liquid-liquid phase reaction systems, thass transfer can be a problem for resin-

based reaction systems with high substrate loadings

It should be noted that a low temperature (20 °@J aontrolled temperature over the
reaction time significantly increased the diasterenc excess. Especially in case of resin-
based reactions, sufficiently controlled tempematduring the biotransformation could
indeed enhance the stereoselectivity, as the caatéimperature was notably increased

within 9 h process time.

The differences between the IL- and resin-basedtioga systems regarding the reaction
engineering, economical and ecological aspectsamenarized in Table 7.11. In general,
the phase toxicity can be avoided using hydrophoésins contrary to IL-buffer reaction

systems (Vicenzi et al. 1997). The separation eflthand aqueous phase by centrifugation
is replaced by a filtration step in resin-basedctiea systems. However, high biomass
concentration can complicate the downstream proddssigh, adsorbent resins are usually
considered as more cost-efficient compared to thes,cost for ILs strongly depends on the
property and the production amount (Abdul Kholigdadeinzle 2006). In addition, the

recyclability for both resins and ILs were demoat&d reducing the overall cost of the

process (Dennewald et al. 2011; Vicenzi et al. 1997
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Table 7.11Characteristics of ionic liquids and adsorbeningf batch biotransformations regarding process
engineering, economical and ecological aspects.

lonic liquids Adsorbent resins

Biocatalyst toxicity =~ Toxicity depends on the IL propertyPhase toxicity is avoided. Cell
Whole-cell reaction systems are  damages by mechanical stress have
limited to< 40 % (v/v) IL. Phase  been reported.
toxicity can be a problerh.

Downstream Phase separation by centrifugation,Phase separation by filtration and
processing and further distillation or extraction extraction of the product.
of the product.
Recycling/ reuse Demonstrated during 25 cycles of Number of regeneration cycles
whole-cell biotransformatiof. varies between 5 — 1300 depending
on applicatiorf.
Cost High cost (~$1000 k8, depending Low cost (~$15 [}).°
on the produced quantity and IL
property®
Environmental ILs are considered as “green” As adsorbent resins are solid beads,
aspects solvents due to the low volatility  volatility or toxicity are avoided.
compared to organic solvents. Biodegradability depends on the

However, there is a conflict betweemolymer structur8.
toxicity and biodegradabilit§.

@Dennewald et al. (2011).

® Vicenzi et al. (1997).

¢ Daignault et al. (1988).

4 Golding et al. (2002); Abdul Kholiq and HeinzleD().
®Pham et al. (2010).

The literature reveals several examples of (R)aaevreduction using bacteria and yeast
cells (Cramarossa et al. 2005; Goretti et al. 2&I8moda et al. 2004; Silva et al. 2012; van
Dyk et al. 1998). Mostly, dihydrocarveol was degtects a side product (Cramarossa et al.
2005; Goretti et al. 2013; van Dyk et al. 1998)wiLspace-time yields<(0.05 mmol [* h%)
and moderate to high stereoselectivities (80 — 98&p were obtained using wild-type
strains (Goretti et al. 2013; Shimoda et al. 2004he baker’s yeast mediated
biotransformation was optimized by addition of deppents or applying biphasic reaction
systems with ionic liquids (Silva et al. 2012). Tigh high stereoselectivities (99 % de)
were achieved, the conversions and space-time syieMbre moderate <(70 %,

< 2.9 mmol ! hY) despite of a high biocatalyst concentration o @i§w L™. In addition,

up to 6 % dihydrocarveol was detected. Using [BMPH] as a second ionic liquid phase,
56 % conversion was obtained with a space-timadyi¢l2.3 mmol [* h'. The substrate
loading was limited to a concentration of 16.6 nfR)-Carvone due to biocatalyst inhibition
(Silva et al. 2012). In this thesis, an 11-foldHeg space-time yield of 32.3 mmofb™ and

a diastereomeric excess of 96.5 % de was obtaisegw) uecombinank. coli in a resin-
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based reaction system. Higher stereoselectivi§9o4 % de was achieved using 20 % (v/v)
[HMPL][NTF] with a overall space-time yield of 7r@mol L™ k%, which is 2.5-fold higher
compared to the literature data. In contrast towiid-type mediated biotransformation of
(R)-carvone described in the literature (Goretialet2013; Silva et al. 2012), up to 18-fold
higher initial substrate concentrations300 mM (R)-carvone) were applied in this study

and alcohols as side products were not detected.

Preparative-scale biotransformation of alkenes rde=t in the literature mostly involved
isolated ERs in enzymatic reactions. An exampleaesgnts the reduction of 150 mM citral
by crude extract dichia stipitisOYE 2.6 and GDH for cofactor regeneration, obtajna
space-time yield of 24 mmolLh™* and 95 % de. However, enzymes were inactivated aft
~20 h under the applied conditions (Bougioukoul e2@10). Another example is the gram-
scale reduction of (S)-2-ethoxy-p-(nethoxyphenyl)propanoate (EEHP) by OYE3 from
Saccharomyces cerevisiadsing purified OYE3 with GDH for cofactor regeagon and
adsorbent resins fon situ substrate supply and product removal, 145.5 mMg(80)
EEHP was converted with a space-time yield of hingol L* h* (2.3 g L'* h") (Bechtold

et al. 2012). Compared to biocatalytic reactiongoiing ERs and other substrates,
biotransformations in this study were performechwip to 2-fold higher substrate loadings

achieving 1.3 — 2.9-fold higher space-time yields.

To summarize, the liter-scale reduction of (R)-cae by recombinank. coli cells
overexpressing an ER and a FDH was demonstratethdofirst time. Compared to (R)-
carvone reductions described in the literaturevéSikt al. 2012), the initial substrate
concentration of the developed biphasic whole-peticesses was increased by 18-fold
achieving up to 2.5- to 11-fold higher space-tinedds and high stereoselectivities (96.5 —
99.4 % de). The obtained space-time yields wera exeto 2.9-fold higher compared to
other preparative-scale reductions using isolated &escribed in the literature (Bechtold et
al. 2012; Bougioukou et al. 2010).
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8 Conclusions

The high demand for enantiopure molecules in tharmphceutical and fine-chemical
industry requires efficient strategies for the prcitbn of chiral building blocks applied as
precursors in the synthesis route of active phaeoizal ingredients. Asymmetric
reduction of C=C bonds represents one of the madélyw employed strategies for the
production of chiral molecules, because it leadsht creation of up to two stereogenic
centers (Stuermer et al. 2007). In special, tthesspecific reduction of alkenes by ene-
reductases (ERs) from the old yellow enzyme (OYdmpify offers an attractive and green
way for the chiral molecule production, complemegtiand substituting strategies of
(organo)chemical synthesis (Toogood et al. 2010).

Though various ERs have been found in bacteriagifamd plants in the last years
(Toogood et al. 2010), there are several challemgpsding the large-scale application of
ERs. In particular, the insufficient enzyme stabilinder operational conditions (Yanto et
al. 2010), the strong preference for NADPH, theumsgnent of cofactor recycling

(Durchschein et al. 2012a; Paul et al. 2012), dbagehe lack of established robust whole-

cell biotransformations were predominantly statednajor hindrances (Winkler et al. 2012).

To overcome the limitations of the ER propertiegpaparative characterization of ten
ERs from cyanobacterial strains of different taxoioorders and habitats with regard to
the substrate spectrum, cofactor specificity amdestselectivity was performed. Based on
sequence motifs, two enzymes were assigned tottigeniophilic-like” group comprising
multimeric ERs, whereas the others belong to tHas%ical” group of momomeric ERs
(Toogood et al. 2010; Oberdorfer et al 2011).

The investigation of the substrate spectrum usapyasentatives from different substance
groups (i.a. enones, maleimides, terpenoids, tikeoas) revealed a broad substrate

acceptance for the ERs from cyanobacteria. SeWRal were identified exhibiting high
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activities and outstanding properties regardingNi#dOH acceptance and stereoselectivity
(Table 8.1). With NADPH as cofactor, enzyme acigtof ERs from cyanobacteria were
similar or higher compared to ERs described in therature. AcaryoER3 from
Acaryochloris marinaMBIC11017 showed an excellent activity towards emaldes
compared to other ERs under similar conditions52% mg" vs. 2.04 — 25.82 U migfor
XenA from Pseudomonas putidsl10, KYE from Kluyveromyces lactiand YersER from
Lactobacillus caseiChaparro-Riggers et al. (2007)). In addition, th&D¥ acceptance of
cyanobacterial ERs was considerably higher comptresther ERs in the literature. This
was pointed out by a lower NADPH to NADH activigtio of 1.5 — 4.2 compared to ratios
in the range of 7 — 22 in case of XenA, KYE andsER (Chaparro-Riggers et al. 2007).
Moreover, the actual enzyme activity using NADH vaaseast 11-fold higher (16.7 U g
for AcaryoER3 compared to 1.50 U thépr XenA using 0.5 mM NADH).

As the stereoselectivity is one crucial factor indatalysis, this was also evaluated using
selected substrates. (R)-Carvone was reduced tg5R3Rlihydrocarvone with 99 %
conversion and 98 % de using LyngbyaER1 and NogpRhdromLyngbyasp. PCC 8106
and Nostoc punctiformePCC 73102, respectively. (2R,5R)-Dihydrocarvoneaiskey
intermediate in the production of natural produetstimalarial drugs and valuable chiral
building blocks (Winkler et al. 2012).

Table 8.1 Summarized comparison of the cyanobacterial ER=iyoER3, AnabaenaER3 and AcaryoER1)
and the ERs described in the literature (KYE1, XeiY&rsER). Conv. = conversion, de = diastereomeric
excess, n.a. = not available, n.d. = not detectable

ER Maleimide (R)-Carvone NADPH:NADH Half-life at
activity ratio ® 30°C, h
NADPH NADH Conv. % de, %
AcaryoER3 29.58 16.7 45 97 23-4.2 n.a.
AnabaenaER3 1.95 1.45 99 97 15-16 144
AcaryoER1 14.80 6.59 99 97 2.3-35 44
KYE1¢ 2.04 n.d. n.a. na. >7 19
XenA’® 25.82  1.50 na. na. 18 16/63
YersER 18.88 n.d. na. n.a. > 22 > 36

 Assay conditions: 100 mM sodium phosphate, pH 700nM substrate, 500 uM cofactor, 25 °C.

P Assay conditions: 100 mM sodium phosphate, pH 700nM substrate, 500 uM cofactor, 30 °C.
“Chaparro-Riggers et al. (2007).

4Yanto et al. (2010).

® The NADPH to NADH activity ratio is shown as thegio of activity using 200 pM to 500 uM cofactordan
maleimide at 30 °C in this study. The values in ithierence Chaparro-Riggers et al. (2007) were uneds
with 200 uM cofactor.
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Though the taxonomic orders and habitats did notetaie with the enzyme activity,
cofactor preference and stereoselectivity, thdiatifbn of the ER and its protein structure
did influence the substrate preference and pasijuthe enzyme stability. AnabaenaERS3
from Anabaena variabilisATCC 29413, a presumably dimeric ER from the “thephilic-
like” group, showed higher activities towards cares, whereas the ERs from the “classical’
group preferred ketoisophorone over carvone. Moraportantly, AnabaenaERS3
displayed > 3-fold higher temperature stability gamed to the “classical” ERs, e.g.
NostocER1 fromNostocsp. PCC 7120, which was also superior comparétRi® from the
literature (XenA, KYE, Yers-ER). This might be eapled by the presumably dimeric
structure and shorter surface loops of AnabaenalBR3typical characteristics of
“thermophilic-like” ERs (Reich et al. 2013).

The second part of this thesis aimed at the dewaop of an efficienbiotransformation
process involving ERs from cyanobacteria. The traditioradplication of cost-efficient
wild-type microorganisms such as baker’s yeast a@ompanied by low volumetric
productivity, toxic effects of the substrate andesreactions by endogenous enzymes, e.g.
alcohol formation by alcohol dehydrogenases andarafl reductases (Goretti et al. 2009).
Thus, purified ERs were preferably used for smaltl preparative scale biocatalysis
(Bechtold et al. 2012; Brenna et al. 2012e), thoaghymatic processes were limited by
insufficient enzyme stability (Bougioukou et al.120) Yanto et al. 2010), high demand on
the purity of the enzyme preparation to avoid sidactions (Hall et al. 2008a), the
requirement of a cofactor regeneration system (Baal. 2012) and high costs for protein

purification (Tufvesson et al. 2010).

To overcome these limitations, the whole-cell ldosformation with recombinant
Escherichia coliwas evaluated with regard to the preparative-scadection of alkenes.
The reduction of (R)-carvone yielding (2R,5R)-dihychrvone was selected as model
reaction. Though AnabaenaER3 showed the highestifispectivity for (R)-carvone
(1.09 U mg"), NostocER1 (0.69 U m) was chosen due to the lowef; Kor NADPH and
higher protein expression resulting in a superiolumetric activity. Recombinart. coli
overexpressing NostocER1 and the formate dehydesge(FDH) D221G mutant from

Mycobacterium vaccal 10 was first chosen for the biotransformation.

Whereas alcohols as side products could not bectdeteduring whole-cell batch
biotransformations, the diastereomeric excess @ firmed (2R,5R)-dihydrocarvone

decreased to 61 % de after 24 h reaction time énnfonophasic aqueous system. As
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purified NostocER1 showed high stereoselectivitghia reduction of (R)-carvone forming
the (2R,5R)-diastereomer with 97 % de, the lowerestselectivity in whole-cell processes
might be caused by endogenous enzymes fromEtheoli host cell, e.g. catalyzing
isomerization reactions. These side reactions waceessfully minimized by applying the
in situ substrate feeding and product removal strategybateh process either using ionic
liquid (IL) as a second water-immiscible liquid gleaor hydrophobic adsorbent resins.
Though, a time-dependent linear decrease of th&ed@meric excess was observed, the
stereoselectivity of whole-cell reduction of (Ryeane in biphasic reaction systems was
increased up to 99.4 % de. A typical time-coursethaf whole-cell biotransformation is
given in Figure 8.1.
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Figure 8.1 Whole-cell batch biotransformation at a liter scasing 8 gow L™ E. coli pET28NosT7FDhyin

a biphasic reaction system with 20 % (v/v) [HMPL][N] containing 287.5 mM (R)-carvone and 508.3 mM
formate in sodium phosphate buffer (300 mM, pH 6®)e reaction was performed at 20 °C and 600 rpm.
Conversion and diastereomeric excess are presented.

Next, the focus was on the characterization andnigdition of the whole-cell biocatalyst
and the biotransformation process. The objective walevelop a biphasic whole-cell batch
biotransformation process at a liter scale, eximgyihigh volumetric productivity, complete
conversion and high stereoselectivity at high sabsioadings within < 10 h process time.

The development of the whole-cell biocatalyst fexu®n the gene arrangement of the
expression cassette of the vector and the selecfibeneficial FDH mutants for improved
cofactor regeneration. The resulting recombinantledcell biocatalyst displayed improved
cofactor regeneration by introducing a second Tofmater into the applied vector and the
substitution of FDH D221G by the FDH C145S/D221(6Y triple mutant (FDhly) from
Mycobacterium vaccabl 10, which displayed a higher activity for NADPHoelsch et al.
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2012). Using this optimized biocataly$. coli pET28NosT7FDHl, the volumetric
productivity was increased by 36 % achieving > 99.¢onversion and 98.3 % de after 8 h
(250 mM (R)-carvone in 20 % (v/v) [HMPL]INTF], &gwL™ biocatalyst, 250 mM
formate in 100 mM phosphate buffer, pH 7.0).

Batch process development was performed for botlamid resin-based biphasic whole-cell
biotransformation of (R)-carvone. In general, gldlly acidic initial pH (pH 6.2 — 6.5) in
sodium phosphate buffer with a molarity>800 mM was favorable for achieving higher
space-time vyields. In case of biphasic reactiortesys using a second IL phase, the
substrate/product concentration in the aqueous ephasdefined by the distribution
coefficients of the substrate/product between thanid aqueous phase. [HMPL][NTRyas
chosen with distribution coefficients of Bg.64 for (R)-carvone and 18g2.97 for
dihydrocarvone. At low biocatalyst and substratecemtrations (Table 8.2, A), high
conversions (99.3 %) and stereoselectivities (98@e at 25 °C) were achieved after 8 h
with 20 % (v/v) IL. However, high biocatalyst andbstrate concentrations (Table 8.2, C)
resulted in a moderate stereoselectivity (96.5 %28°C) with 20 % (v/v) IL, though a
complete conversion (99.4 %) was reached aften6FHe lower stereoselectivity can be
explained by the higher product concentration i dlqueous phase resulting in increased
side reactions. Higher substrate loadings withdwtnging the stereoselectivity might be
enabled by increasing the volume fraction of theHlbwever, the biocatalyst stability can
be impaired in reaction systems with > 40 % (VAMPL][NTF] (Dennewald et al. 2011).

The hydrophobic adsorbent resin XAD4 was chosen tha resin-based whole-cell
reduction of (R)-carvone. Provided that the resisubstrate mass ratio was kept constant,
the stereoselectivity of the reaction was not desmd at higher substrate and biocatalyst
concentrations. Furthermore, the stereoselectiotythe whole-cell biotransformation
increased from 92 % de to 96 % de by raising tser® substrate mass ratio from 3.5t0 5
without influencing the volumetric productivity dlie reaction. At the liter scale, 96.8 %
conversion of an initial substrate concentration360 mM (R)-carvone after 9 h yielded
(2R,5R)-dihydrocarvone with a diastereomeric exod€6.5 % de (25 °C, Table 8.2, D).

The stereoselectivity of the process can be immtdayedecreasing the temperature. In IL-

based biphasic whole-cell biotransformation, thestireomeric excess was enhanced from

3 1-Hexyl-1-methylpyrrolidinium bis(trifluoromethylgfonyl)imide.
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98.8 % de to 99.4 % de by lowering the temperattom 25 °C to 20 °C (Table 8.2, B;
Figure 8.1).

Table 8.2 Comparison of IL- and resin-based whole-cell batabtransformation of (R)-carvone based on
different reactions performed at the 200 mL and &chle usinge. coli pET28NosT7FDH,,. The given
substrate and product concentrations refer to thaleweaction system. The biocatalyst concentratiefer to
the aqueous phase. Indicated conversions, diasteréo excesses (de) and space-time yields refeheo
reaction time, given in brackets.

No.? Variables Results
Temp., Bio- Substrate, Conversion, % Product, de, Space- de
°C catalyst, mM mM % time decrease, %
geowl ™ yield, de k'
mmol L*
h-l

A 25 8 57.5 99.3 (8.0 h) 57.1 98.8 7.1 -0.16
B 20 8 57.5 99.8 (8.0 h) 57.4 99.4 7.2 -0.08
C 25 36 160.0 99.4 (6.5h) 159.0 96.5 24.5 -0.55
D 25 36 300.0 96.8(9.0h) 290.4 96.5 32.3 -0.35

2 (A) IL-based biotransformation at 200 mL scalengs287.5 mM (R)-carvone in 20 % (v/v) [HMPL][NTF],
508 mM sodium formate, sodium phosphate buffer (300, pH 6.4)

(B) IL-based biotransformation at 1 L scale us®y7.5 mM (R)-carvone in 20 % (v/v) [HMPL][NTF],
508 mM sodium formate, sodium phosphate buffer (300, pH 6.4)

(C) IL-based biotransformation at 1 L scale usB@0 mM (R)-carvone in 20 % (v/v) [HMPL][NTF],
400 mM sodium formate, sodium phosphate buffer (380, pH 6.4)

(D) Resin-based biotransformation at 1 L scaleq800 mM (R)-carvone, 400 mM sodium formate, XAD4
with a resin to substrate ratio of 5, sodium phaspluffer (300 mM, pH 6.3)

To summarize, ten novel ERs from cyanobacteria woigracterized for the asymmetric
reduction of alkenes. Among these, several ERdajisd a superior NADH acceptance and
higher operational stabilities, which are favorapteperties for industrial applications. In
addition, an efficient whole-cell batch biotransf@tion process involving ERs was
demonstrated at a liter scale. Using recombitardoli overexpressing NostocER1 and a
FDH mutant in reaction systems with ionic liquidsaalsorbent resins fon situ substrate
supply and product removal, up to 300 mM (R)-caevomere converted with high
volumetric productivities (up to 32.3 mmot'lh!) within 9 h achieving high conversions
(up to 99.8 %). Compared to the (R)-carvone redustin the literature (Silva et al. 2012),
the initial substrate loading was increased byd@-and the space-time yield was improved
by 11-fold. The desired product (2R,5R)-dihydrocen® was obtained with high
stereoselectivity of up to 99.4 % de without otkiele products.
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9 Outlook

The comparative characterization of ten ene-redestafrom cyanobacterial revealed
efficient biocatalysts with outstanding catalyticoperties, cofactor specificities and
stabilities. Based on these results, a combinatfdhe beneficial characteristics of the ERs,
e.g. the surface loops of AnabaenaER3 for beti@ildyy and the catalytic center of
AcaryoER3 for higher activity using protein engirieg could further improve enzyme
properties. In addition, structural elements resgua for the better NADH acceptance of
AnabaenaER3 might be identified by the analysithefprotein structure and improved by
protein engineering. By combining the high stayilibctivity and enhanced cofactor

specificity, biocatalysts can be created with inwe properties for industrial applications.

With regard to the application of recombin&ntcoli overexpressing an ER and a FDH for
the alkene reduction, further work can focus ondapgmization of the downstream process
and the recycling of ionic liquids, adsorbent resand biocatalysts. Other host strains
instead ofE. coli can be investigated for better productivity anerestselectivity of the

reaction. Furthermore, multistep reactions basetherreduction of (R)-carvone to obtain
other valuable chiral compounds can be enabled uothdr overexpression of desired
enzymes. For example, the industrial valuable camgd1S,2R,5R)-dihydrocarveol can be
synthesized by further reduction of (2R,5R)-dihyzinvone (Chen et al. 2012). At last,
other challenging alkene reductions, e.g. involuimg formation of side products or product

racemization, can be studied using the developattion system.
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Abbreviations

Abbreviation

ADH
BCA
BLAST
BSA
bp
CDW
Ccv
ddH,O
de
DNA
dNTP
DMF
DO
DTT
EC

E. coli
EDTA
ee

ER
FAD
FDH
FMN
FPLC
GC
GDH
G6PDH
Hisg
[HMIM]
[HMPL]
[HPYR]
IPTG
IL

kb

Signification

alcohol dehydrogenase
bicinchoninic acid

Basic Local Alignment Search Tool
bovine serum albumin

base pair

cell dry weight, g

column volumn

double distilled water
diastereomeric excess, %
deoxyribonucleic acid
deoxyribonucleotide triphosphate
dimethylformamide

dissolved oxygen, %
1,4-dithiothreitol

Enzyme Commission
Escherichia coli
ethylenediaminetetraacetic acid
enantiomeric excess, %
ene-reductase

flavin adenine dinucleotide
formate dehydrogenase

flavin mononucleotide

Fast Protein Liquid Chromatography

gas chromatography
glucose dehydrogenase

glucose-6-phosphate dehydrogenase

hexahistidin
1-hexyl-3-methylimidazolium
1-hexyl-1-methylpyrrolidinium
1-hexyl-3-methylpyridinium

Isopropyps-p-1-thiogalactopyranoside

ionic liquid
kilobase pair

215



Abbreviations

Abbreviation

LB

IOgDIL/aq
IOgDILIhexane

logP

MBP
MOPS
MTBE
MW
NAD"
NADH
NADP*
NADPH
NCBI
[NTF]
[PF]
oD

rbs
PAGE
PBS
PCC
PCR
PMSF
RT
SDR
SDS
B
TEMED
TEV
Tris
Tris-HCI
TTN

U

% (v/v)
% (w/w)
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Luria broth

decadic logarithm of the distribution coefficieritaosubstance

between the ionic liquid and the aqueous phase, -

log DIL/hexane decadic logarithm of the distribuaticoefficient

of a substance between the ionic liquid adtexane, -

decadic logarithm of the partition coefficient afabstance

between octanol and water

maltose binding protein
3-(N-morpholino)propanesulfonic acid
methyl tert-butyl ether

molecular weight

nicotinamide adenine dinucleotide (oxidized)
nicotinamide adenine dinucleotide (reduced)
nicotinamide adenine dinucleotide phosphate (o)
nicotinamide adenine dinucleotide phosphegdyced)
National Center for Biotechnology Information
bis(trifluoromethylsulfonyl)imide
hexafluorophosphate

optical density

ribosome binding site

polyacrylamide gel electrophoresis
phosphate buffered saline

Pasteur Culture Collection of Cyanobacteria
polymerase chain reaction
phenylmethylsulfonyl fluoride

room temperature

short chain dehydrogenase/ reductase
sodium dodecyl sulfate

Terrific broth

tetramethylethylenediamine

tobacco etch virus
tris(hydroxymethyl)aminomethane
tris(hydroxymethyl)aminomethane hydroaite
total turnover number

enzyme unit, 1 U = 1 pmol nifn

volume percent

weight percent



A Appendix

A.1 Equipment and consumables

Table A.1 General equipment.

Equipment Manufacturer

Analytic scale Explorer EIM213 Ohaus, Giel3en, Genyn

Analytic scale Extend ED124S Satorius, Gottinggesmany

Autoklav Varioklav 500 E H+P E H+P Labortechnilh@schleilZheim

Bench-top centrifuge Biofuge Stratos Kendro-Hesaéangenselbold,
Germany

Bench-top centrifuge Mikro 20 Hettich, TuttlinggBermany

Drying oven E28 Binder, Tuttlingen, Germany

Floor-standing centrifuge Rotixa 50 RS Hettichttligen, Germany

Flow cytometry CyFlow® SL Partec, MUnster, Germany

Flow cytometry software FlowMax Quantum Analysisimster, Germany

Incubator Binder, Tuttlingen, Germany

Incubator Multitron Il Infors, Einsbach, Germany

Magnetic stirring plate Variomag H+P Labortechr@erschleil3heim

Microman M10, M100, M1000 Gilson, Middleton, USA

Micropipette Transferpipette® 300 uL -8/ -12 Brakidertheim, Germany

Micropipette 2QuL 200 pL, 100QuL Brand, Wertheim, Germany

Micropipette 2QuL 200 pL, 100QuL Eppendorf, Hamburg, Germany

Mixer mill MM200 Retsch, Haan, Germany

MTP-photometer EL 808I1U Bio-Tek Instruments, Badk#richshall,
Germany

MTP-photometer Software KC Junior v.1.10 Bio-Taktruments, Bad Friedrichshall,
Germany

MTP-photometer infinite M200 Tecan, Crailsheim, @any

MTP-photometer software Magellan v.6.1 Tecan, Ghaiim, Germany

Multistirrer plate Multipoint 15 H+P Labortechni@berschleiRheim, Germany

Multistirrer plate Variomag Poly 15 H+P LabortedhrDberschleiheim, Germany

pH-electrode BlueLine 24 pH Schott, Mainz, Germany

pH-meter CG 843 Schott, Mainz, Germany
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Equipment Manufacturer

Photometer Genesys 20 Thermo Spectronic, Neuss)dbg
Thermomixer comfort Eppendorf, Hamburg, Germany
Thermoshaker for microtiter plates NeoLab, Heidalb&ermany

Vortex REAX top Heidolph, Schwabach, Germany
Water bath Thermo Haake, Karlsruhe, Germany
WiseCube shaking inkubatorWIS-20 Witeg Labortechiertheim, Germany

Table A.2 Gas chromatography and applied columns.

Equipment Manufacturer /Specification
Gas chromatograph CP-3800 Varian, Darmstadt, Ggrma
Injector 1079 PTV temperature programmable
Split control electronic flow control (EFC)

Chromatographic column Astec Chiraldex-B-TA  Signidrieh, Schnelldorf, Germany,
40 m, 0.25 mm, 0.2pbm

Chromatographic column CP-Chirasil-Dex CB Agilemtchinologies, Boblingen, Germany,
25m, 0.32 mm, 0.25 pm

Chromatographic column Lipodex E Macherey NagekdniGermany,
25m, 0.25 mm, 0.25 um

Flame ionization detector fuel gas: hydrogen ancarrier gas/make-up-
gas: helium

Software Star Version 5.51 Varian, Darmstadt, Geryn

Autosampler CombiPal CTC Analytics, Zwingen, Seitand

Helium 99.999 % (v/v) Air Liguide, Krefeld, German

Hydrogen 99.999 % (v/v) Air Liquide, Krefeld, Geany

Synthetic air house pipe

Table A.3 Stirred-tank bioreactors used for cell cultivatenmd biotransformations.

Equipment Manufacturer /Specification

Labfors reactor, 7.5 L Infors HAT, Bottmingen-Bhs®witzerland
Labfors reactor, 1.2 L Infors HAT, Bottmingen-Bhs®witzerland
Stirrer 2 six-bladed Rushton impellors

Drive top top, mechanical seal drive coupling
Aeration mass flow valve sparger

Control station Infors HAT, Bottmingen-Basel, Switland
Software Iris-NT Pro Version 4.11 Infors HAT, Boihgen-Basel, Switzerland
pH electrode 405-DPAS-SC-K8S/325 Mettler-Toled®(f&n, Germany

pH electrode HA405-DPA-SC-S8 Mettler-Toledo, Gief¥8ermany
pO2-probe InPro 6000 Mettler-Toledo, GieRen, Gegma
Exhaust gas analyser Easy Line ABB-Frankfurt, Gamyn

Exhaust gas filter Sartobran 30Q2 Watson-Marlow, Rommerskirchen, Germany
Mass flow controller Advance SCC-F ABB, Frankfugrmany
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Equipment

Manufacturer /Specification

Pump ISM 444

Profors bubble column 400 mL
Magnetic drive Microtec AK 120
Stirrer

Drive

Ismatec Glattbrugg, Schweiz
Infors HAT, BottmimgBasel, Switzerland
Infors, Einsbacher@any
six-bladed Rushton impellor
bottom, magnetic drive

Table A.4 Milliliter parallel stirred-tank bioreactor unit.

Equipment

Manufacturer /Specification

Parallel bioreactor unit
Milliliter single-use bioreactors
Control device

Thermostat ME-12

Cooling unit DLK-402

2mag, Munich, Germany

PreSens PrecisiRagensburg, Germany
2mag, Munich, Germany

Julabo, Seelbach, Germany
G. Heinemann, Schwabisch H&&rmany

Table A.5 Rotary evaporator.

Equipment

Manufacturer /Specification

Rotary evaporator LABOROTA 4003
Vacuum pump ROTAVAC vario control

Heidolph, Schwdha&ermany
Heidolph, Schwaah, Germany

Table A.6 Fast protein liquid chromatography (FPLC)-systard applied columns.

Equipment

Manufacturer Specification

GradiFrac FPLC-unit

HisTrap FF crude columns, 1 mL and 5 mL
IV-7 valve

Pump P50

UV spectrophotometer LKB Uvicord S I,
280 nm

LabVIEW 6.0

GE Healthcare, Uppsala, Schwede
GE HealtbcUppsala, Schweden
GE Healthcare, Uppsala, Schweden
GE Healthcare, Uppsala, Schweden
GE Healthcare, Uppsala, Schweden

National Instruments, Munich, Germany
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Table A.7 Special consumables.

Equipment Manufacturer Article number
Cuvettes, semi-micro Ratiolab 27-12-120
Filters, @ 0,22im Roth KH54
Minisart HF filters @ 0.45 um  Satorius 16533
Glas beads, & 0,25-0,50 mm Roth A553
Magnetic stirrers, @ 10 mm VWR 442-0075
Needles, single-use, @ 0.9 mm  Braun 4665791
Needles, single-use, @ 2.1 mm  Braun 4665473
Rotilabo® glas vials, @ 15 mm  Roth H306.1
Short thread vial (11,6x32 mm) VRW 548-0907
Short thread cap PP blue VRW 548-0907
Screw vials N9-1 Macherey-Nagel 702283
Screw caps N9 PP blue Macherey-Nagel 702732
96 well optical bottom plates Thermo Scientific/ Nunc 260836
(96F, untreated straight w/o)

Vivaspin concentrators 20 mL VWR 512-3784

(MWCO 5 kDa)

Table A.8 Programs and softwares.

Program

Manufacturer /Specification

Basic Local Alignment Search Tool (BLAST)

GENTtle

Imaged 1.46r
MATLAB R2010b; R2012b
Multalin

Sigma Plot 12.3

AlignmerftDNA- and protein sequences

(http://blast.ncbi.nim.nih.gov/Blast.ggi
DNA and amino acid editing, database
management and alignment
(http://gentle.magnusmanske.yle/

Image processing and analysis of SRGEHS
(http://rsbweb.nih.gov/i)/

Mathematical program usedtfe Response
Surface Methodology (RSM)
Multiple sequence alignment
(http://multalin.toulouse.inra.fr/multalip/

Program for the analysis of enzkimetics;
Systat Software, Chicago, USA
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A.2 Chemicals and enzymes

Table A.9 General chemicals.

Chemicals Purity Manufacturer Article number
Acetic acid >99.8 % Merck 100058
Agar-Agar n.a. Roth 5210
Ammonia, 25 % puriss. Roth 5460
Ammonium chloride >99.0 % Roth 5470
Ammonium formate >99.0 % Sigma Aldrich 17843
Ammonium persulfate (APS) 98.0 % Merck 101217
Ampicillin sodium salt >99.0 % Roth K029
Boric acid >99.0 % Merck 100165
Bromphenol blue ACS Merck 108122
Calcium chloride 2H,0O >99.0 % Merck 102382
Cobalt(ll) chloride 6H,0O >99.0 % Merck 102539
Coomassi Blue R 250 n.a. Roth 3862
Copper(ll) chloride 2H,0O >99.0 % Merck 102733
Diammonium hydrogen citrate >99 % Merck 101154
Diethyl ether >99.5 % Roth 8810
1,4-Dithiothreitol (DTT) >99.0 % Merck 111474
EDTA-Nay; 2H,0 >99 % Fluka 108418
Ethanol >99.5 % Merck 100986
Ethidium bromide solution 1.0 % n.a. Roth 2218
Ethyl acetate >99.5 % Roth 6784.4
Flavin mononucleotide >70% Sigma Aldrich 6750
D-Glucose H,O >98.5 % Roth 6780
Glycerol >98.0 % Roth 7530
n-Hexane >98.0 % Roth 7339
Hydrochloride acid 32 % Merck 100319
Imidazole >99 % Roth 3899
Iron(l11) chloride- 6H,0 >99.0 % Merck 103943
Isopropanol >99.8 % Roth 6752
IPTG >99.0% Roth CNO8
Kanamycin sulfate n.a. Roth T832
Magnesium sulfate7H,O >99.5 % Merck 105886
Manganese(ll) chloride4H,O >99.0 % Merck 105927
MTBE >99.5% Roth 6746
NADH-Na2 >98.0 % Roth AE12
NAD+ >97.5% Roth AE11
NADPH-Ng >97.0% Roth AE14
NADP* >97.0% Roth AE13
N,N-dimethylformamide >99.5 % Roth 6251
Nickel(ll) chloride- 6H,O >98.0 % Merck 106717
Pepton from casein n.a. Roth 8986.1
Phenylmethylsulfonyl fluoride >99 % Roth 6367
(PMSF)

221



Appendix

Chemicals Purity Manufacturer Article number
Potassium carbonate >99.5% Merck 104924
Monopotassium phosphate >99.0 % Roth 3907
Dipotassium phosphate >99.0 % Roth P749
Roti®Blue n.a. Roth Al152.1
Rotiphorese® Gel 40 (19:1) n.a. Roth 3030.1
Rotiphorese® 10x SDS-PAGE n.a. Roth 6367
Sodium chloride >99.5% Roth 3957
Sodium citrate >99.5 % Fluka 71497
Sodium dodecylsulfat >85% Merck 817034
Sodium dihydrogenphosphatél,O >99.0 % Merck 106346
Sodium formate >98.0 % Fluka 71540
Sodium hydroxide >99.0 % Roth 9356
Sodium molybdat-Dihydrat >99.5 % Merck 106521
Sodium selenite >99.0 % Sigma-Aldrich 214485
Sodium sulfate >99.0 % Merck 822286
tert-Butyl methyl ether >99.5 % Roth 6746
Tetramethylethylenediamine >99.0 % Roth 2367
(TEMED)

Toluene >99.5% Roth 9558
Yeast extract OHLY KAT n.a. Dt. Hefewerke n.a.
Zinc sulfate heptahydrate >99.0 % Merck 108883

Table A.10 Substrates and reference substances used fotdli@is and analysis.

Chemical Purity Manufacturer Article number
Maleimide 99 % Sigma Aldrich 129585
2-Methylmaleimide n.a. Synthesis -
2-Methyl-N-phenylmaleimide 98 % Sigma Aldrich 33B/6
Citraconic anhydride 98 % Sigma Aldrich 125318
2-Cyclopenten-1-one 98 % Sigma Aldrich C112909
2-Methyl-2-cyclopenten-1-one 98 % Sigma Aldrich Boa
3-Methyl-2-cyclopenten-1-one 97 % Sigma Aldrich 123
2-Cyclohexen-1-one >98.0 % Sigma Aldrich 92509
3-Methyl-2-cyclohexen-1-one > 98 % Sigma Aldrich W336009
Ketoisophorone > 98 % Sigma Aldrich W342106
(R)-Carvone 98 % Sigma Aldrich 124931
(S)-Carvone 96 % Sigma Aldrich 435759
Citral (cis/trang 95 % Sigma Aldrich C83007
(R)-Pulegone 97 % Sigma Aldrich 376388
(S)-Pulegone 98 % Sigma Aldrich 328847
trans-2-Penten-1-al >95% Sigma Aldrich w321818
trans-2-Hexen-1-al 98 % Sigma Aldrich 132659
trans-2-Octen-1-al >94 % Sigma Aldrich W321508
3-Phenyl-2-methylpropenal 98 % Sigma Aldrich 112275
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Chemical Purity Manufacturer Article number
1-Nitrocyclohexene 99 % Sigma Aldrich 219533
Nitrobenzene >99.0 % Sigma Aldrich 252379
1-Acetyl-1-cyclohexene 97 % Sigma Aldrich A14405
(S)-Perillaldehyde >92 % Sigma Aldrich W355704
Dimethyl maleate 96 % Sigma Aldrich 238198
Itaconic acid 99 % Sigma Aldrich 129204
Mesaconic acid 99 % Sigma Aldrich 131040
Citraconic acid 98 % Sigma Aldrich C82604
Succinimide n.a. Sigma Aldrich S9381
2-Methylsuccinimide n.a. Synthesis -
Cyclohexanone >99.5% Sigma Aldrich 29140
3-Methylcyclohexanone 97 % Sigma Aldrich M38605
(R)-3-Methylcyclohexanone 98 % Sigma Aldrich M38583
2-Methylcyclopentanone 98 % Sigma Aldrich 288438
Dihydrocarvone 77 % (2R,5R);  Sigma Aldrich 37275

20 % (2S,5R)
(R)-Limonene >99.0 % Sigma Aldrich 62118
Table A.11lonic liguds and adsorbent resins
lonic liquid Manufacturer Article number
[HMIM][NTF] Merck 490031
[HMIM][PF ¢] Merck 490065
[HMPL][NTF] Merck 490100
Amberlite™ XAD™ 4 Fisher Scientific 10721671
Amberlite™ XAD™ 7 Fisher Scientific 10606062
Amberlite™ XAD™ 1180 Fisher Scientific 10003400
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Table A.12Enzymes

Enzyme Manufacturer Article number
Antarctic Phosphatase New England Biolabs  M0289
Phusion® High-Fidelity DNA-Polymerase Finnzymes -530
Phusion® Hot Start High-Fidelity DNA- Finnzymes F-540

Polymerase

Restriction enzyme BamHI-HF
Restriction enzyme Blpl
Restriction enzyme EcoRI-HF
Restriction enzyme HindllI-HF
Restriction enzyme Kpnl-HF
Restriction enzyme Ncol-HF
Restriction enzyme Ndel
Restriction enzyme Nhel HF
Restriction enzyme Notl-HF
Restriction enzyme Sbfl

T4 DNA-Ligase

Taqg DNA-Polymerase

New England Biolabs 31B6
New England Biolabs = R0585
New England Biolabs ®&i31
New England Biolabs 31R4
New England Biolabs R314
New England Biolabs R319
New England Biolabs  R0111
New England Biolabs ®R31

New England Biolabs  R318

New England Biolabs  R3642
New England Biolabs  M0202

New England Biolabs  M0321

Table A.13Kits and standards

Kits and standards Manufacturer Article number
Bicinchoninic acid (BCA), Protein Assay Kit TherrSaientific 23227
dNTP)-Mix New England Biolabs  N0447S
100 bp DNA-ladder extended Roth T835
GenElute™ HP Plasmid Miniprep Kit Sigma Aldrich PLOI
GenElute™ Gel Extraction Kit Sigma Aldrich NA1111
GenElute™ PCR Clean-Up Kit Sigma Aldrich NA1020
QuikChange® Lightning Site-Directed Agilent Technologies 210518
Mutagenesis Kit

Roti®-Mark Standard Roth T851
Perfect Proteilt! Markers, 10 — 225 kDa Merck 69079
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A.3 Oligonucleotids, vectors and strains

A.3.1 Oligonucleotids

Table A.14 Oligonucleotids used for cloning.

Primer Sequence (*— 3) Plas-

mids

Cloning of ERs from cyanobacterial strdins

Syn7942-ndel-for
Syn7942-ncol-for

AGAGATCATATGTCCGAATCGCTCAAACTGCTGACG 1,2
AGAGAT_CCATGBCATGTCCGAATCGCTCAAACTG 3

CTGA CG
Syn7942-notl-revl AGAGATGCGGCCGBEACAGATGCTGCTTCCAAACTGG 1

GATAG
Syn7942-notl-rev2 AGAGATGCGGCCGOAGACAGATGCTGCTTCCAAACT 2,3

GGGA
Lyngbyal-ndel-for GGATATCCARTGAATACTACTCTAAATTTGTTAAAAC 1,2
Lyngbyal-bamHI-rev CGCGGATCITAAACTGTCGTCAATACTTTTG 1,2
Lyngbya2-ndel-for GGAATTCCARTG TCAACTCAAACCTCCTC 1,2
Lyngbya2-bamHI-rev CGCGGATCITAACTATTTGCTGTTGTTAAGTC 1,2
Cyanothl1-ndel-for GGAATAGCAARTG CAAAAAATGGAGACGAC 1,2
Cyanothl-bamHI-rev CGCGGATATAGCTGGCAACTTGTTCTAG 1,2
Cyanoth2-ndel-for AGAGATCARTGAATACTCCCACTGCTTCC 1,2
Cyanoth2-bamHlI-rev CGCGGATGITAATAAGTGGGAAAATCAATATAACC 1,2
Nospuncl-ndel-for GCTTATCCAATGACTACTGAGATCAATTTATTC 1,2
Nospuncl-bamHlI-rev CGCGGATATACGCCTTAGCTACCG 1,2
Nospunc2-ndel-for GGATAAGCAATG GTCGAATACTACACCC 1,2
Nospunc2-bamHlI-rev CGCGGATATAATGGAGTTGCGG 1,2
Nospunc3-ndel-for GGAATTCCAATGGCACATCTGTTTGAACC 1,2
Nospunc3-bamHI-rev CGCGGATATATAGCCAAGCTCGATCG 1,2
Nostocl-ndel-for GGAATTCCAARTGTCTGATGAAGCAGAGAGG 1,2
Nostocl-bamHlI-rev CGCGGATCOACTTATTAGCAACTGCTAAAAA TGG 1,2
Nostoc2-ndel-for GGAATTCCARTGACTCATCTATTTGAACCAC 1,2
Nostoc2-bamHlI-rev CGCGGATCTTA CAACCAAGCTCGGTC 1,2
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Primer Sequence (*— 3) Plas-
mids
Syn7002-ndel-for GGAATTCCAATGACAACGACTTTTGCAAC 1,2
Syn7002-bamHlI-rev CGCGGATCCTAGGCGGCATAGGTCG 1,2
Anabaenal-ndel-for GGAATTCCAATGTCTACCAACATCAACC 1,2
Anabaenal-bamHI-revn n CGCGGATGCTATTTGCTAGCAACTTCT 1,2
Anabaena2-ndel-for GGAATTCCAATGACTCATCTATTTGAACCAC 1,2
Anabaena2-bamHI-revn  CGCGGATCIOA CAACCAAGCTCGGTC 1,2
Anabaena3-ndel-for GGAATTCCAATGGATTTGTTTACTCCAC 1,2
Anabaena3-bamHI-revn  CGCGGATCKCACCTTCTCTGTCGT 1,2
Acaryol-nhel-for CTAGCTAGBTGTCAATTTCATCCGTG 1,2
Acaryol-bamHlI-rev CGCGGATCCTATGCGGCAGTTATTAGTG 1,2
Acaryo2-ndel-for GGAATAGCARTGACAGCAACAGGAACATCC 1,2
Acaryo2-bamHlI-rev CGCGGATCUTAGGTGGTTTTGACTTGGG 1,2
Acaryo3-ndel-for GGAATTCCARTGACGGCAACAGGAGC 1,2
Acaryo3-bamHlI-rev CGCGGATCUTAGGCTTGGGATTCTGAATAG 1,2
Acaryo4-ndel-for GGAATAGCARPTGACGGCAACAGGAAC 1,2
Acaryo4-bamHlI-rev CGCGGATCUTTAGGCTTGAGATTCTGAATAGAC 1,2
Acaryo5-ndel-for GGAATTCCARTGACCTCAGACATTATCTTTCAGC 1,2
Acaryo5-bamHlI-rev CGCGGATCTCTATGCCGTTTGCTCGG 1,2
Gloeo-ndel-for GGAATTCCARTGCACCTGTTTGCACC 1,2
Gloeo-bamHlI-rev CGCGGATCTCACGGTTTGGCCC 1,2
Cloning of whole-cell biocatalysts
rbsGDH-hindlll-for CCCAAGCTRAGGARATATACATGTATCCGGAT 4.5
TTAAAAGGAAAAGTCGTC
rbsGDH-notl-rev AAGGAAAAAAGCGGCCGCTAACCGCGGCCTGCCTGG 4,5
rbsFDH-hindlll-for CCCAAGCTRAGGARATATACATGGCAAAGGTCCTGTG 4,5
CGT
rbsFDH-notl-rev AAGGAAAAAAGCGGCCGUOCAGACCGCCTTCTTGAAC 4,5
TTGG
Nostocl-bamHlI-for CGCGGATCBTGTCTGATGAAGCAGAGAGG 6
Nostocl-sbfl-rev GATACACCTGCAGGTACTTATTAGCAACTGCTAAAAA 6
TGG
FDH-ndel-for AGGAATTCCATATG GCAAAGGTCCTGTGCGT 6,7
FDH-kpnl-rev CGGGGTACCCAGACCGCCTTCTTGAACTTGG 6,7
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Primer Sequence (*— 3) Plas-
mids

pCOLA-MCSlend- CCCAAGCTTATAATGCTTAAGTCGAACAGAAAG 4

hindlll-for

pCOLA-MCSlend- CTAGTTATTGCTCAGGEGT 4

blpl-rev (=T7 term)
rbsNostocl-ecoRI-for GCGAATTGTGAAAGGARTATACATG TCTGATGAAGC 8

AGAGAGG
rbsNostocl-hindlll-rev. CCCAAGCTTTACTTATTAGCAACTGCTAAAAATGG 8

Primers used for side-directed mutagenesis

FDH D221Q CACCTGCACTACACCCAGCGTCACCGCCTGCCG- -
FDH C145S GCGGAAGTCACCTACTCAAACTCGATCAGCGTCG- -
FDH C225V GGTGACGCTGAACGTTCCGCTGCACCCC- -

Primers used for colony PCR and sequencing

ACYCDuetUP1 GGATCTCGACGCTCTCCCT -
PET reverse primer CTAGTTATTGCTCAGCGG

T7 TAATACGACTCACTATAGGG -
T7 term CTAGTTATTGCTCAGCGGT -

# Primers were used for cloning of ER genes into phasmids: (1) pET2la(+), (2) pET28a(+), (3)
pETM41a(+). Genomic cyanobacterial DNA were usetbagplate

®Primers were used for cloning of whole-cell biotyts. Respective genes were integrated into tasnpbs:
(4) pET28a(+)-Nostocl, (5) pET28a(+)-Anabaena3, (®OLADuet-1, (7) pCOLADuet-1-Nostocl, (8)
pET21a(+)-FDHD221G. Plasmids containing the respegenes for GDH, FDH D221G or NostocER1 were
used as templates. In case of pCOLA-MCS1lend forveanrd reverse primers, the pCOLADuet-1-FRH
vector was used as template.
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A.3.2 Genomic DNA and vectors

Table A.15Genomic DNA and vectors.

Vectors

Manufacturer / Specification

Commercially available vectors

pET21a(+)
pET28a(+)
pETM41a(+)
pCOLA-Duet-1

Novagen, San Diego, USA
Novagen, San Diego, USA
EMPL, Heidelberg, Germany
Novagen, San Diego, USA

Genomic DNAs and vectors provided by the Instinft8iochemical Engineering (Technische

Universitat Minchen)

pET21a(+)-FDH D221G

pET21a(+)-FDH C145S/D221Q/
C255V

pET21a(+)-FDHmutant

This vector contains the FDH2DG gene (Ndel/EcoRI) with
a base deletion at the position 1202 and a C-tedriliss; tag
(Gebhardt 2006; Liu et al. 2013).

This vector contains the FDH C145S/D221Q/ C255Vegen
(Ndel/EcoRI) with a base deletion at the positi@@2 and a
C-terminal Hig tag (Hoelsch et al. 2012) and was kindly
provided by K. Castiglione (Institute of Biochenlica
Engineering).

Vectors containing genes oiower FDH mutants were
provided by K. Castiglione (Institute of Biochenlica
Engineering) (Hoelsch et al. 2012).

Genomic DNAs of cyanobacterial The genomic DNAs of cyanobacterial strains werellgin

strains

provided by K. Castiglione (Institute of Biochenlica
Engineering) (Ho6lsch and Weuster-Botz 2010).
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A.3.3 Strains

Table A.16 Escherichia colstrains.

Strain

Genotype Manufacturer

Escherichia colDH5a

Escherichia coli
BL21(DE3)

Escherichia coliXL-10
Gold

F endAl ginV44 thi-1 recAl relAl Invitrogen Carlsbad, USA
gyrA96 deoR nup@80dacZAM15

A(lacZYA-arghU169, hsdR17(f

mk’), A—

F ompT gal dcm lon hs@@s mg)  Novagen, San Diego, USA
MDES3 [lacl lacUV5-T7 gene 1 ind1

sam? nin5])

endAl ginV44 recAl thi-1 gyrA96  Stratagene, La Jolla, USA
relAl lac HteA(mcrA)183

A(mcrCB-hsdSMR-mrr)173 tét

F'[proAB lacfZAM15 Tn10(Tet

Amy Cnf)]
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A.4 Cultivation media and buffers

A.4.1 Cultivation media

230

Table A.17 Luria broth (LB) medium.

Component Concentration
Peptone 10.0g L
Yeast extract 5.0gL*
sodium chloride 50gL*
Agar 12.0 gL*

Table A.18 Terrific broth (TB) medium.

Component Concentration
Peptone 12.0gL"
Yeast extract 24.0g Lt
Glycerol 40 mLL?

Sodium chloride

50¢gL*?

Potassium dihydrogen phosphate 2.18L"
Dipotassium hydrogen phosphate ~ 12.5#L"

Table A.19Tfbl medium.

Component Concentration

Potassium acetate 295 L*
Rubidium chloride ~ 12.10g L™
Sodium chloride 1.11¢gL™?
Manganese chloride 6.30 gL
Glycerol 150 mL L™

Table A.20 Tfbll medium.

Component Concentration
MOPS 1.05 g L
Rubidium chloride 0.61 g L™
Sodium chloride  4.16gL*

Glycerol 75 mL L™

Table A.21Wilms minimal medium

Component Concentration
(NH3),H-citrate 1.00 g L
Na,SO, 2.00 gL*
(NH3),SO, 268 gL
NH,CI 050 gL™*
K,HPO, 146 glL™*
NaH,PO4- 2H,0  4.00 gL
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Table A.22 Trace element solution.

Component Concentration
CaClb 050 glL™
ZnsSQ, - 7TH,0 0.18 gL*
MnS04- H,0 0.10 gL*
Na,EDTA-2H,0  11.13 gL*
FeCk - 6H,0 13.90 gL
CusQ - 5H,0 0.16 gL*
CoCl- 6H,0 0.18 gL*

A.4.2 Buffers

Table A.23Buffers for protein purification of Histagged proteins.

Component HisTrap HisTrap
binding buffer  elution buffer
Sodium phosphate 50 mM 50 mM
Imidazole 40 mM 500 mM
Sodium chloride 500 mM 500 mM
pH 7.4 7.4

Table A.24 Buffers for protein purification and applicatiohTEV protease.

Component TEV- TEV Component TEV dialysis
binding buffer  elution buffer buffer
Sodium phosphate 50mM 50 mM Sodium phosphate 25mM
Imidazole 25 mM 200 mM EDTA 2 mM
Sodium chloride 100 mM 100 mM Sodium chloride 200 mM
Glycerol 10 % (v/v) 10 % (v/v) DTT 1mM
pH 8.0 8.0 pH 8.0
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Table A.25Buffers for preparation of samples and gels foSSPAGE.

Component Stacking gel Separating gel
buffer stock (2 x) buffer stock (4 x)

Tris-HCI 250 mM, pH 6.8 1.5M, pH 8.8

SDS 0.4 % (wiv) 0.8 % (v/v)
Component Laemmli buffer (5x) Component Running buffer (10 x)
Tris-HCI 300 mM, pH 6.8 Tris 250 mM
Glycerol 50 % (v/v) Glycin 1.92M
SDS 10 % (w/v) SDS 1 % (w/v)
S-mercaptoethanol 5 % (viv) Rotiphorese 10 x SDS-PAGE buffer
bromophenol blue 0.05 % (w/v) (Roth, article number 3060)

Table A.26 Buffers for staining of SDS gels.

Component Fairbanks A Fairbanks B Fairbanks C
Isopropanol 25 % (v/v) 10 % (v/v) 10 % (v/v)
Acetic acid 10 % (v/v) 10 % (v/v) -

Coomassie Brilliant Blue R250/ G250 0.05 % (w/v)  0.005 % (w/v) -
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A.5 Supplementary data

A.5.1 SDS-PAGE

212 kDa
118 kDa

66 kDa

43 kDa

29 kDa

20 kDa

14 kDa

Figure A.1 SDS-PAGE analysis of purified Syn7942ER. Lane Milgoular weight marker, lane 1: crude
extract, lane 2 purified Syn7942ER (after cleavaigihe Hig-maltose-binding-protein tag).

225kDa
150 kDa

100 kDa
7HkDa

50 kDa

35kDa

25kDa

Figure A.2 SDS-PAGE of purified ERs from cyanobacteria. Lavie molecular mass marker, lane 1:
Cyanothl (YP_002370366.1), lane 2: CyanothER2 (YR3@1879.1), lane 3: LyngbyaER1 (ZP_01620253.1),
lane 4: NospuncER1 (YP_001869478.1), lane 5: N&dtdc (NP_484870.1), lane 6: AcaryoER1
(YP_001519129.1), lane 7: AcaryoER3 (YP_001522070ahe 8: AnabaenaER3 (YP_320425.1) and lane 9:
GloeoER (NP_926774.1). The calculated molecularsesmsvere in the range of 38.4 kDa to 43.9 kDa.
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A.5.2 Sequence alignment

1

OYE1l MSF VKDFKP

OYE3 MPF VKGFEP
PETNR

Syn7942ER
LyngbyaER1
NospuncER1

# 100
QALG DTNLFKPIKI GNNELLHRAV IP [RERIMIAL HPGNIPNRDW AVEYYTQRAQ RPGTMIITEG
ISLR DTNLFEPIKI GNTQLAHRAV MP GIRIRIMIAT HPGNIPNKEW AAVYYGQRAQ RPGTMIITEG
MS AEKLFTPLKV GAVTAPNRVF MAFRIRIES! EPGDIPT-PL MGEYYRQRAS --AGLIISEA
MSE SLKLLTPVQV GRYELRNRIV MAZRIRNAT GPDNIPN-DL NVLYYQQRAS --AGLIITEA
MNT TLNLLKPFKL GAYELPNRMV MERIRYIAK -PGNIPQ-EM NQVYYTQRAS --AGLIISEA
MTT EINLFSSYQL GNLELPNRIV MA FRIRN[AS -KGNVPY-EL NATYYAQRAS --AGLIISEA  “classical' ERs

NostocER1 MSDEAERQRG NNLYKNSPLL PVSISQVSTS QLRETEMST NINLFSSYQL GELELPNRIV MA SREIAG -EGNVPH-QL NAIYYGQRAS --AGLIIAEA

AcaryoER1
CyanothER1 MQKM
CyanothER2 MN
AcaryoER3 MT
AnabaenER3

MS ISSVFEPIRL GAVDLRNRMV MA [IRIRESG -PDRVPN-AL MAEYYQQRAS --AGLIITEA
ETTQ SMDLLTPVKL GSHTLSNRMI MEINAIREAV --GSIPT-PL MATYYAQRAS --AGLIITEC
TPTA SPSLLSPFEL GDISLKNRVA MAZNRIRAAG -AEGLAN-PL MAQYYTQRAS --AGLLITEA
ATGA SPTLLSSFNL HDLPLANRIV MARMRIRSIAG -EEMLAN-AM MAEYYAQRAS --TGLIVTEG

GloeoER
XenA
Ygjm

101
OYE1l AFISPQAG
OYE3 TFISPQAG
PETNR TQISAQAK
Syn7942ER SQISPQGQ
LyngbyaER1 TQISPQGL

MDLFTPLII RDITLPSRVA MS EYI&eSA- -ENGFAN-DW HFVHLGSRAV GGTGLIMVEA
MHLFAPLTL RDITLRNRIA VS EYIeIe)SS- -IDGLAN-DW HFVHLGSRAV GGAGLVIFEA ,thermophili c-like" ERs
MSALFEPYTL KDVTLRNRIAIP  [FI¥IS§]MA- -EDGLIN-DW HQVHYASMAR GGAGLLVVEA

M ARKLFTPITI KDMTLKNRIV MS  [MI®ISSH EKDGKLT-PF HMAHYISRAI GQVGLIIVEA

# 200

BIVARENSEE QMVEWTKIFN AIHEKKSFVW VQLWVLGWAA FPDNLARDGL 8XSDNVF MDAEQEAKAK KAN----NPQ HSLTKDEIKQ
BNAENSDE QVAEWKNIFL AIHDCQSFAW VQLWSLGWAS FPDVLARDGL BXSDRVY MNATLQEKAK DAN----NLE HSLTKDDIKQ
NEIEMSPE QIAAWKKITA GVHAEDGRIA VQLWHTGRIS HSSIQPGGQA PYSALNAN TRTSLRDENG NAIRVDTTTP RALELDEIPG
ERIEESPE QVEGWKPIVQ AVHDRGGCIF LQLWHVGRIS HPSLQPDGAL PBAIQPA GM-AATFQGE QPF----VTP RALETEEIAG
EMIRELSPE QIQGWKKVTQ AVHENNGRIF LQLWHVGRIS HPSLQPNGEL PBRIAPE GM-ANTFSGE QPF----VTP RALETEEIPA
NospuncER1 TQVTPEGQEY NIREIESPE QVEGWKLITD AVHQQGGRIF LQLWHVGRIS HPDLQPNGAL PGRIAPK GE-AATYEGP KPF----VTP RALETSEIPQ

NostocER1 TQVTPQGQ & [HENIRESPE QVAGWKLVTD TVHQQGGRIF LQLWHVGRIS HPDLQPDGGL PSNAPK GE-VLTYEGK KPY----VTP RALDTSEIPA

“classical “ERs

Acaryo_ER1 TQVSEQAA SISIHENSEA QIQAWRQVTD AVHQQDGKIF LOIWHTGRAS HPDFQLNGAR RSAIKPA GE-VHTPQGK KPF----VTP RAVSLDEIPS
CyanothER1 TMVSPLSN WINEIHENSSE QISGWQGVTK AVHDQGGKIF LOLWHCGRVA HPSL-LNGEI PRBAIAPV GE-LHSPAGK VAI----EIP RALEKFEIAE
CyanothER2 TSISHQAK RN TEE HAEAWKQVTE AVRNQGTPIF MQLWHCGRAS HSSFQENGQIABXEIN GDYIHTPIGK QPY----ETP RALETPEIPR

AcaryoER3 TFISDQAI

SEVEENTQE QTQAWQVVTK AVHEKGGKVF LQLWHCGRAS HSSFHQDHQRSMKLE GDSIHTPQGK QPY----ETP RALSTDEIPL

AnabaenER3 TAVTPQ [elilll [eMEADDK QIEPLTRIVR FLRQQGSVTG IQLAHAGRKA SCNVPWLGGT PREQGGW- QPVAPSPIPF QENA--P-VP ISLDERGIQE

GloeoER AAVEAR
XenA TAVAPE

234

ReBIENSDA HIEPLRRIND FIHRQESVAG IQIAHAGRKA STARPWEGGG PLEHGEGGWA DSVAPSALPF DAGY--P-VP EALDEAGIAA thermop hilic-like* ERs
HEENENSDA HAQAFVPVVQ AIKAAGSVPG IQIAHAGRKA SANRPWEGDD HIBDARGW ETIAPSAIAF GAHL--PNVP RAMTLDDIAR
Ygim SAVNPQ  [EJll] BePIENSDE HIEGFAKLTE QVKEQGSKIG IQLAHAGRKA ELEG

---------------- DIFAPSAIAF DEQS--A-TP VEMSAEKVKE
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201 # H#H# 300

OYE1l YIKEYVQAAK NSIAAGADGV EIHSANGYLL NQFLDP  HSNT RTDEYGGSIE NRARFTLEVV DALVEAIGHE KVGLRLSPYG WSMSGGAE TGIVAQYAYV
OYE3 YIKDYIHAAK NSIAAGADGYV EIHSANGYLL NQFLDP HSNK RTDEYGGTIE NRARFTLEVV DALIETIGPE RVGLRLSPYG TRSMSGGAE PGIIAQYSYV
PETNR IVNDFRQAVA NAREAGFDLV ELHSAHGYLL HQFLSP SSNQ RTDQYGGSVE NRARLVLEVV DAVCNEWSAD RIGIRVSPIGQIRVDNGPN E--EADALYL
Syn7942ER IVEDYRRAAE NALAAGFDGV EVHGANGYLI DQFLQOGTNQ RSDRYGGSFE NRSRFLREVL DAVISVWGSD RVGLRLSPWRIDARD-SD P--VGLFSYV
LyngbyaER1 IVEQYRQGAK NALEAGFDGYV EIHSANGYLL DQFLHEISSNK RTDQYGGSIE NRARFLMEVL EAVTSVWDAD KVGVRLSPS&TWFD-SD T--EALFNYV
NospuncER1 IVEQYRQGAA NALAAGFDGYV EIHSANGYLI DQFLRIRTNQ RTDKYGGSIE NRTRFLLEVT EAVTSVWDSN RVGVRLSPSGNIHGD-SN P--LETFGYA  “classical* ERs
NostocER1 IVEQYRQGAA NALAAGFDGYV EIHAANGYLI DQFLRD GTNQ RTDEYGGAIE NRARLLLEVT EAITSVWDSQ RVGVRLSPSGNBIRD-SH P--LETFGYV
AcaryoER1 IVQDFAQATG NARKAGFDGV EIHGANGYLI DQFLRDGTNE RQDAYGGTIE NRTRFLLEVV EAAVAVWSAD HVGVRLSPTNWMMRD-SN P--ISTFTHA
CyanothER1 IIEQFRAAAE NAKTAGFDGV ELHGAFGYLI DQFLQD GSNQ RTDEYGGSIK NRARFLLEVV EAVSDVWGAQ RVGIKLSPSNYGMVD-SN P--QATFSYV
CyanothER2 IVEDYRQAAL KAKMAGFDGV EIHAANGYLI NQFLET KTNH RTDKYGGSLE NRYRFLQEIV EAILTVFPAN RVAVRLSPNG INDMGS-PD Y--RETFLYV
AcaryoER3 VVEDYRNAAI NAKTAGFDGV EIHSANGYLL DSFLQS KTNQ RQDRYGGTLE NRYRFLKEVV EAISQVWPTH RIGVRLSPNG\NMVGS-PD Y--RETFLYV
AnabaenER3 TIFAFVAAAQ RALQVGFQMI EIHAAHGYLL HSFLSP LSNR RTDRYGGSLE NRMRLLLEVV RRVRDVLP-N GMPLFVRISA WY-EGGWD ---LQQSIIL
GloeoER TVQAFAAAAR RSLAAGFRVL EIHAAHGYLL HSFLSP LSNR RTDRWGGLFE NRIRLLLAVV EAVRGVWP-E RLPLFVRISA TBRT-EGGWD ---LEQSVLL ,thermophilic-like* ERs
XenA VKQDFVDAAR RARDAGFEWI ELHFAHGYLG QSFFSE HSNK RTDAYGGSFD NRSRFLLETL AAVREVWP-E NLPLTARFGV YEGRDEQT ---LEESIEL
Ygim TVQEFKQAAA RAKEAGFDVI EIHAAHGYLI HEFLSP LSNH RTDEYGGSPE NRYRFLREI DEVKQVWD-G --PLFVRVSA S T-DKGLD ---IADHIGF

301 400
OYE1l AGELEKRAKA GKRLAFVHLV EPRVTNPFLT EGEGEY EGGS NDFVYSIWKG PVIRAGNFAL HPEVVREEVK DKRTLIGYGR FBNPDLVD RLEKGLPLNK

OYE3 LGELEKRAKA GKRLAFVHLV EPRVTDPSLY EGEGEY SEGT NDFAYSIWKG PIIRAGNYAL HPEVVREQVK DPRTLIGYGR AENPDLVY RLEEGLPLNK
PETNR IEELAKR--- -- GIAYLHMS ET-----DLA GGKPYS EAFR QKVR-ERFHG VIIGAGAYT- AEKAEDLIGK GLIDAVAFGR DYIANPDLVA RLOQKKAELNP
Syn7942ER AQMLNPY--- -- NLAYLHWI EPRWD-KAEE SPEFNQ MA-T PVFR-SLYNG PVIAAGGYS- RSTAEAAIAS GAADLVAFGR LYISNPDLVE RFALDAPLNP
LyngbyaER1 VSKLNPF--- -- NLAYLHIV EPRIQGNVTV EDDGNG  LG-A SYFR-SIYQG TIITAGGYT- RETGEAVLEQ DDADLVAYGR LF IANPDLPK RFALNAPLNE
NospuncER1 AQALNQF--- -- NLAYLHIY EAT---EADI RHGGII VP-T SHIR-DRFTG TLIVNGGYT- REKGDAVLAN KAADLVAFGT LFISNPDLPR RLALNAPLNE  “classical* ERs
NostocER1 AQALNRF--- -- NLSYLHIF EAI---DADI RHGGTV VP-T SHLR-DRFTG TLIVNGGYT- REKGDTVIAN KAADLVAFGT LF ISNPDLPE RLEVNAPLNQ
AcaryoER1 AQALNTY--- -- NLAYLHVL EAL---QGHM LAVEGE RV-T PYIR-QVFQG PLMINGGYD- AVSGAAAIAN QEADLVAYGV PRANPDLPE RFAKQAPLNE
CyanothER1 LEALNPM--- -- NLAYVHLM EPN---EIDL RNRDVL SPVT PLFR-RIYRG TLITNGNYT- QQTANAAIAD GNAELVSFGR LFLANPDLPK RFKLNSPLNE
CyanothER2 AQQLNTY--- -- GLAYLHLV NGL----EFG FHGLGE PMTL AEFR-AVFDG PLMGNCGYT- QETAEAAIKE GNADLIAFGR PISNPDLVE RFANGWSLNP
AcaryoER3 AQQLNAF--- -- DLAYLHIL DGL----AFG FHELGE PMQL SEFR-SVYNG TIIGNCGYS- QEDADDRISN GNADLIAFGR PFSNPDLVE RFTNGWPLNP
AnabaenER3 SRELKTL--- --GVDLIDVS TGGLVPHARI PVEKGY  QVPF AAKIREEAGI MTGAVGLINE AEYADQIITR GCADLVLIGR ELLRNPYWSI| YARCSLD-EE
GloeoER AQVLARS--- -- GVDLIDCS SGGVIPGVRI PAGPGY QTRF AERIRAEADM LTGAVGQITS AEQADHIVRT GQADLVLIGR QIRDPYWPL KAAVELR-AP ,thermophilic-like* ERs
XenA ARRFKAG--- - GLDLLSVS VGFTIPETNI PWGPAF MGPI AERVRREAKL PVTSAWGFGT PQLAEAALQA NQLDLVSVGR.ABEPHWAY FAAKELGVEK
Ygim AKWMKEQ--- -- GVDLIDCS SGALV-HADI NVFPGY QVSF AEKIREQADM ATGAVGMITD GSMAEEILQN GRADLIFIGR HLIRDPFFAR TAAKQLNTEI
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401 # 433
OYE1l Y-DR-DTFYQ MSAHGYIDYP TYEEALKLGW DKK
OYE3 Y-DR-STFYT MSAEGYTDYP TYEEAVDLGW NKN
PETNR Q-RP-ESFYG GGAEGYTDYP SL
Syn7942ER Y-DR-NTFYG GDEHGYTDYP SLEAASV
LyngbyaER1 Y-DR-STFYG GDQRGYTDYP FLDDSKVLTT V “classical“ ERs
NospuncER1 A-NQ-ATFYG GGEQGYTDYP FWSAANEAVA KA
NostocER1 A-DP-TTFYG GGEKGYTDYP FLAVANK
AcaryoER1 P-DP-STFYT RGAEGYTDYP FLDPLITAA
CyanothER1 P-NP-RTFYS STQEGYTDYP FLEQVAS
CyanothER2 PADM-KDWYS FEPEGYIDFP TY
AcaryoER3 PAEQ-SIWYS FEREGYTDFP IYSESQA
AnabaenER3 PNW--PVPYG YAVKRQRR
GloeoER GPW--PEQYQ RAKP Lhermophilic-like* ERs
XenA ASWTLPAPYA HWLERYR
Ygjm PA---PVQYE RGW

Figure A.3 Sequence alignment of cyanobacterial ERs unddy stad known ERs from the literature using Multdl@orpet 1988). The ERs under study and the caoretipg
NCBI accession numbers were: Syn7942ER (YP_39948ganothl (YP_002370366.1), CyanothER2 (YP_00233187 LyngbyaER1 (ZP_01620253.1), NospuncER1
(YP_001869478.1), NostocER1 (NP_484870.1), AnallaRBa(YP_320425.1), GloeoER (NP_926774.1), AcaryofER_001519129.1) and AcaryoER3 (YP_001522070.1).
ERs of this study were aligned to PETNR fr&amterobacter cloacast. PB2 (AAB38683), OYE1 frorBaccharomyces carlsbergen$@02899), OYE3 fronSaccharomyces
cerevisiae(CAA97878), XenA fromPseudomonas putidéAAF02538) and Ygjm fronBacillus subtilis(P54550). ERs were classified in “classical ERSiqup 1) and
“thermophilic-like ERs” (Group 2) according to Tamad et al. (2010). The conservation of active sitgidues was highlighted (#) and the sequencerpatirdicating the
guaternary structure (white letters) were showrmeting to Oberdorfer et al. (2011).
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A.5.3 Substrate spectra

Table A.27 Substrate spectra of cyanobacterial ERs undey.stud

Substrate Enzyme activity, U mg*
CyanothER1 CyanothER2 AnabaenaER3 LyngbyaER1 GloedE NospuncER1  NostocER1 AcaryoER1 AcaryoER3
H
o) N _—
@/ 0.91+0.14 24.25 +2.48 1.95+0.20 2.05+0.19 90& 0.07 3.13+0.06 10.28 £ 0.28 14.80+0.15 52%1.84
H
o) N =
p 0.91+£0.05 1.79+£0.23 1.52+0.23 12.00+£2.25 052 0.22 3.77 £ 0.06 13.53+£2.63 9.90+1.03 E®32
0
ij 0.02 £0.04 0.68 +0.18 1.65+0.43 0.77 £0.06 32Mm.11 0.30+£0.01 0.59 +0.03 2.03+0.04 1.3656
o}
@ 0.00 £0.01 0.00 £ 0.00 1.19+0.05 0.29 +0.02 1:®.06 0.09£0.01 0.08 £ 0.05 0.51+0.01 0.5030
o}
G/ 0.00 £ 0.00 0.00 £0.01 0.26 +£0.03 0.01+0.00 7&D2.01 0.03+£0.00 0.01+0.01 0.04 £ 0.00 0.2

237



Appendix

S Rat

Qe

o)

0.03+0.01

0.02+0.01

0.01+0.01

0.00 +0.05

0.07 +0.04

0.16 £ 0.08

0.08 £0.01

1.00 £ 0.02

0.11 +0.00

0.10+0.01

0.03 +0.00

1.33+0.49

0.13+£0.05

0.48 £0.09

0.56 £0.15

1.09+0.10

0.87+£0.14

0.03+0.01

0.45+0.21

0.11 £0.03

0.73+£0.23
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Appendix

A.5.4 Cell cultivation
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Figure A.4 Process data recorded during liter-scale cellivailon of the whole-cell biocatalydE. coli

the feed pump signals—-— aje given.
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Appendix

A.5.5 NMR
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Figure A5 C-NMR spectrum of (2R,5R)-dihydrocarvone obtainedtera liter-scale
biotransformation with XAD4 and subsequent progugification by filtration and destillation.
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