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Summary
Enantiomerically pure chiral alcohols are key compounds in the production of certain chemicals
including pharmaceuticals. Chemical synthesis allows to obtain maximal yield of 50% for one
enantiomer ( >50% yield is achievable with chiral catalysts used in chemical synthesis), whereas
biosynthesis leads to nearly 100% yield. Hence, expensive and time consuming resolution of
racemic mixture can be avoided. Alcohol dehydrogenases are the most popular enzymes used in
the chiral alcohols synthesis due to high activity with appropriate aldehydes or ketones. ADHs
require a cofactor which has to be regenerated after the conversion of aldehyde/ketone to the
respective alcohol. Thereby, different regeneration methods were used in the practical work to
compare and choose the better one.
R. erythropolis and C. hydrogenoformans alcohol dehydrogenases were chosen based
on the literature screening. Each gene was cloned into Xplor2 vector and pFPMT vector. Xplor2
vector was used for the transformation of A. adeninivorans and pFPMT vector was used
for the transformation of H. polymorpha. Chemically synthesized alcohol dehydrogenase
sequences from R. erythropolis (ReADH) and C. hydrogenoformans (ChADH) were cloned
between TEF1 promoter and PHO5 terminator which are components of Xplor2 vector
or between FMD promoter and MOX terminator which are genetic elements of pFPMT vector.
Moreover, ChADH and ReADH sequences with His-tag encoding sequence at the 5’ or 3’ end
were constructed and the most active form of the protein was selected for further studies.
ReADH-6H was used for the synthesis of 1-(S)-phenylethanol and ethyl (R)-4-chloro-3hydroxybutanoate whereas ChADH-6H was used for the production of ethyl (R)-mandelate.
ReADH-6H synthesized in A. adeninivorans and H. polymorpha was fully biochemically
characterized. The enzymes from the two yeast species showed some differences in their pH
and temperature optima, thermostability and activity levels. A-ReADH (A. adeninivorans)
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and H-ReADH (H. polymorpha) were highly active with the same substrates which were:
acetophenone, 4-hydroxy-3-butanone and ethyl 4-chloroacetoacetate for reduction reaction
along with 1-phenylethanol and 1,6-hexanediol for oxidation reaction.
Recombinant A-ReADH-6H and H-ReADH-6H were synthesized in A. adeninivorans
and

H.

polymorpha,

respectively.

Both

enzymes

were

used

for

the

synthesis

of 1-(S)-phenylethanol and ethyl (R)-4-chloro-3-hydroxybutanoate with the use of substratecoupled cofactor regeneration system. The enantiopurity of the products was >99%. Moreover,
A. adeninivorans whole cell catalyst was also used for the synthesis of both chiral alcohols.
BmGDH (Bacillus megaterium glucose dehydrogenase) was co-expressed with ReADH-6H
for NADH cofactor regeneration. Comparison between isolated enzymes and permeabilized
whole cell catalysts indicate that cell biocatalysts are more suitable for the production
of 1-(S)-phenylethanol with 92% of acetophenone being converted in 60 min. However, cells did
not show any significant advantage over isolated enzymes in the synthesis of ethyl (R)-4-chloro3-hydroxybutanoate although the velocity of the synthesis of ethyl (R)-4-chloro-3hydroxybutanoate was slightly improved using whole-cell catalysts, giving an 80% substrate
conversion in 120 min.
Recombinant C. hydrogenoformans alcohol dehydrogenase was synthesized in A. adeninivorans
and biochemically characterized. Enzyme showed high activity only with one substrate, ethyl
benzoylformate. The A. adeninivorans and H. polymorpha cell catalysts synthesizing ChADH
and BmGDH (Bacillus megaterium glucose dehydrogenase) were constructed and used
in the synthesis of ethyl (R)-mandelate (reduction product of ethyl benzoylformate) with
the enantiopurity of the reaction product being >98%. H. polymorpha catalysts were more
effective in the synthesis than A. adeninivorans cells. The first were able to convert 93% of ethyl
benzoylformate within 180 min and the latter were converting 94% of the substrate within 360
min. Re-use of non-immobilized cells and catalysts entrapped in Lentikat® was performed

vii

and

the

improvement

of

the

stability

of

immobilized

catalysts

was

reported.

Space time yield of 3.07 mmol l-1 h-1 and 6.07 mmol l-1 h-1 was achieved with A. adeninivorans
and H. polymorpha cell catalysts, respectively.
Alcohol dehydrogenase 1 from A. adeninivorans was analyzed concerning the synthesis
of enantiomerically pure chiral alcohols. The enzyme did not synthesize industrially attractive
products. However, based on biochemical characterization enzyme plays a role in the synthesis
of 1-butanol or ethanol and thereby it is of biotechnological interest. Enzyme was chosen based
on homology with alcohol dehydrogenase 1 from S. cerevisiae. The AADH1 gene was isolated
and overexpressed in A. adeninivorans. Alcohol dehydrogenase 1 (AADH1) from A. adeninivorans
was active with short and medium chain length primary alcohols and their aldehydes.
The protein is localized in cytosol and has the same functions as cytosolic Adhps in other yeast
species, for example involvement in sugar metabolism. It also shares conserved domains, which
are necessary for catalytic activity, with several other alcohol dehydrogenases. The real time PCR
results showed that the AADH1 gene was only induced or derepressed at low levels when
ethanol, pyruvate or xylose, were used as carbon sources. Additionally the enzyme has low
catalytic efficiency in comparison with the cytosolic Adhps from other yeast species. G1252
(Δaadh1) deletion mutant was constructed. Deletion of the AADH1 gene negatively affects
the growth of the cells on 1-butanol, ethanol and glucose and its involvement
in the consumption of the latter suggests that A. adeninivorans is using glucose through respirofermentative catabolism, as in S. cerevisiae. Use of ethanol and 1-butanol proceed more slowly
in the mutant strain than in the control and overexpressing strains, which indicates
the involvement of the enzyme in the metabolic pathways which involve these alcohols.
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Zusammenfassung
Enantiomerenreine chirale Alkohole sind Schlüsselverbindungen bei der Herstellung
von

Chemikalien,

einschließlich

Pharmazeutika.

Chemische

Synthesen

ermöglichen

für ein Enantiomer eine maximale Ausbeute von 50% (>50% Ausbeute ist mit chiralen
Katalysatoren erreichbar, die in der chemischen Synthese verwendet werden), während die
enzymatisch katalysierte Synthese zu annähernd 100% Ausbeute führt. Hierdurch kann eine
teure und zeitaufwendige Racemat-Trennung vermieden werden.
Alkoholdehydrogenasen (ADHs) sind aufgrund ihrer hohen Aktivität und Stereoselektivität häufig
verwendete Enzyme zur Synthese von chiralen Alkoholen durch Reduktion der entsprechenden
Aldehyde oder Ketone unter Verbrauch von NADH als Co-Faktor. Die Abhängigkeit
vom Co-Faktor erfordert ein geeignetes Regenerationssytem um die Gesamtkosten
für den Prozess zu minimieren. In dieser Arbeit wurden verschiedene Regenerationsverfahren
genutzt, verglichen und bezüglich ihres Potentials bewertet.
Zwei bakterielle Alkoholdehydrogenasen von R. erythropolis und C. hydrogenoformans wurden
auf Grund ihrer, bereits in der Literatur beschriebenen, ausgezeichneten Eigenschaften bezüglich
der Synthese von chiralen Alkoholen ausgewählt und anschließend in zwei verschiedenen Hefen,
A. adeninivorans und H. polymorpha, synthetisiert. Hierfür wurden Codon optimierte Varianten
der Gene ReADH und ChADH durch chemische Synthese erzeugt, mit einer His-Tag codierenden
Sequenz am 5‘ bzw. 3‘ Ende ausgestattet und in die Expressionsvektoren Xplor2 mit TEF1
Promotor und PHO5-Terminator, sowie pFPMT mit FMD-Promotor und MOX-Terminator
kloniert. Nach erfolgter Transformation von A. adeninivorans (Xplor2) bzw. H. polymorpha
(pFPMT) wurden die besten Transformanden ausgewählt und für weitere Untersuchungen
verwendet.
Die Synthese von ReADH-6H wurde sowohl in A. adeninivorans als auch in H. polymorpha
untersucht und verglichen. Die jeweils akkumulierten rekombinanten ReADH-6Hs (A-ReADH-6H
und H-ReADH-6H) wurden mittels IMAC gereinigt und vollständig biochemisch charakterisiert.
ix

Dabei zeigten sich einige Unterschiede in ihren pH- und Temperaturoptima, Thermostabilität
und ihrer Aktivität. A-ReADH (A. adeninivorans) und H-ReADH (H. polymorpha) waren hoch aktiv
für die Reduktion von Acetophenon, 4-Hydroxy-3-butanon und 4-Chloracetessigsäureethylester
als auch für die Oxidationsreaktion von 1-Phenylethanol und 1,6-Hexandiol.
A-ReADH-6H und H-ReADH-6H wurden für die Synthese von 1- (S) -Phenylethanol und Ethyl-(R)4-chlor-3-hydroxybutanoat

genutzt,

wobei

ein

substratgekoppeltes

Co-Faktorregenerationssystem verwendet wurde. Es konnte eine >99%ige Enantiomerenreinheit
der Produkte erreicht werden. Weiterhin wurde A. adeninivorans als Ganzzellkatalysator
für die Synthese der beiden chiralen Alkohole verwendet. Dabei wurde BmGDH (Bacillus
megaterium Glucosedehydrogenase) mit ReADH-6H co-exprimiert, um den Co-Faktor NADH
zu regenerieren. Ein Vergleich zwischen den isolierten Enzymen und den permeabilisierten
Ganzzellkatalysatoren zeigte, dass letztere mit 92% umgesetzten Acetophenon in 60 min, besser
für die Herstellung von 1-(S)-Phenylethanol geeignet sind. Dies konnte jedoch nicht
für die der Synthese von Ethyl-(R)-4-chlor-3-hydroxybutanoat bestätigt werden. Obwohl
die

Geschwindigkeit

der

Synthese

von

Ethyl-

(R)-4-chlor-3-hydroxybutanoat

durch

Ganzzellkatalysatoren leicht erhöht wurde (80% Substratumwandlung in 120 min), konnte keine
signifikante Verbesserung gegenüber dem Einsatz von freien Enzymen beobachtet werden.
Des Weiteren wurde die C. hydrogenoformans Alkoholdehydrogenase in A. adeninivorans
exprimiert und biochemisch charakterisiert. Das Enzym zeigte jedoch nur für das Substrat
Ethylbenzoylformiat eine hohe Aktivität. ChADH und BmGDH (Bacillus megaterium
Glucosedehydrogenase)

co-exprimierende

A.

adeninivorans

und

H.

polymorpha

Zellkatalysatoren wurden generiert und für die Synthese von Ethyl- (R)-mandelat
(Reduktionsprodukt

von

Ethylbenzoylformiat)

eingesetzt.

Die

Enantiomerenreinheit

des Reaktionsproduktes betrug dabei > 98%. H. polymorpha Katalysatoren zeigten für die
Synthese eine höhere Effizienz als A. adeninivorans Zellen. Die erstgenannten waren in der Lage
93% vom Ethylbenzoylformiat innerhalb von 180 min zu konvertieren, während letztere 94%
x

des Substrates innerhalb von 360 min umwandelten. Durch Einschlussimmobilisierung
der Biokatalysatoren in Lentikats® wurde eine Verbesserung der Stabilität und damit eine
erhöhte Wiederverwendungshäufigkeit erreicht. Die erreichten Raumzeitausbeuten betrugen
3.07 mmol l-1h-1 und 6.07 mmol l-1h-1 mit A. adeninivorans bzw. H. polymorpha
als Ganzzellkatalysatoren.
Abschließend wurde eine Alkoholdehydrogenase von A. adeninivorans charakterisiert. Basierend
auf der Homologie mit der Alkohol-Dehydrogenase 1 von S. cerevisiae wurde dazu das AADH1
Gen ausgewählt, isoliert und in A. adeninivorans überexprimiert. Das daraus resultierende
Protein AADH1 zeigte Aktivität für die Oxidation kurz- und mittelkettiger primärer Alkohole bzw.
Reduktion der entsprechenden Aldehyde. Das Protein wird cytosolisch akkumuliert und erfüllt
die gleichen Funktionen, wie cytosolische Adhs in anderen Hefen. Expressionsstudien mittels
qPCR zeigten, dass die Expression des AADH1 Gens nur in einem geringen Maße
von der verwendeten Kohlenstoffquelle (Ethanol, Pyruvat, Xylose) abhängig ist.
Zudem hat das Enzym nur eine geringe katalytische Effizienz im Vergleich zu cytosolischen Adhps
aus anderen Hefen. Weiterhin wurde eine G1252 (Δaadh1) Deletionsmutante generiert.
Die Deletion des Gens AADH1 wirkt sich negativ auf das Wachstum der Zellen auf 1-Butanol,
Ethanol

und

Glucose

aus.

Die

Verwertung

von

Ethanol

und

1-Butanol

durch die Deletionsmutante erfolgt langsamer im Vergleich zum Wildtyp und Stämmen
mit AADH1 Überexpression. Dies legt eine Beteiligung von AADH1 am Katabolismus
von kurz- und mittelkettigen Alkoholen nahe.
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1 Introduction
1.1 Chiral building blocks
Chirality describes the nature of a molecule which makes it non-superimposable on its mirror
image. Enantiomers are stereoisomers which are mirror images of each other [1]. It is possible
to distinguish them by their interaction with plane-polarized light; one enantiomer rotates
the light clockwise (+) and the other counterclockwise (-). The values of the rotation angels are
equal but in the opposite direction which makes them optical isomers [2].
Around thirty years ago, 90% of all pharmaceutical were produced as racemic mixtures [3].
Enantiomers possess nearly identical chemical and physical properties, but in biological systems
they behave in a different manner. The basic example of unwanted side effects is thalidomide,
a pharmaceutical that caused many foetal abnormalities. While the (R)-enantiomer has
a sedative effect, the (S)-enantiomer is highly teratogenic and is responsible for side effects [4].
Due to this fact, separation of enantiomers has become increasingly important
and the development of separation technologies has expanded.
Chiral molecules possess central, axial or planar chirality. Organic molecules present usually
central chirality with at least one stereogenic central atom of carbon bonded to four different
substituents. Nitrogen, phosphorus, sulphur, selenium or boron could also act as stereogenic
centers [5]. Cahn-Ingold-Prelog priority rule set up the (R) (rectus – right) or (S) (sinister – left)
configuration of the compound. If one enantiomer possesses (R) configuration the other will
possess (S) configuration [6].

1.2 Enzymatic production of chiral alcohols
Chiral alcohols are key building blocks in the fine chemicals industry [7] and alcohol
dehydrogenases (EC 1.1.1.1; ADHs) can be used for the synthesis of these compounds. When
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compared with conventional chemical synthesis, biocatalysts synthesize under mild conditions
at ambient temperatures and atmospheric pressure. Extreme conditions can cause problems
with isomerization, racemization, epimerization or rearrangement of compound, which
is avoidable with the use of biocatalysts. Chemical synthesis produces an equal amount of each
enantiomer, i.e. the maximum conversion level for one enantiomer is only 50%. However, it is
possible to achieve nearly 100% yield with the use of chiral catalysts or biocatalysts. Enzymatic
reactions can be conducted with remarkable chemo-, regio- and stereoselectivity which permit
the production almost exclusively of one enantiomer. An additional advantage is that the
properties of a biocatalyst can be modified through modification of the genes. Directed
evolution can lead to changes in the substrate specificity, increase enzymatic activity and
increase enzyme stability [8–16]. Besides acting as chiral catalysts against their natural
substrates, a lot of enzymes are also able to catalyse reactions of a wide range of different
substrates [3]. Whole microbial cells and enzymes can be used for chiral synthesis. Enzymes and
whole cell catalysts can be immobilized and reused for many cycles, which make biocatalytic
processes more economically efficient.
Several kinds of enzymes are involved in the production of chiral compounds; oxidoreductases
(EC 1), hydrolases (EC 3) and lyases (EC 4) [17].


Oxidoreductases are a class of enzymes that catalyse oxidation/reduction reactions.
These enzymes perform the transfer of electrons from one molecule to another
molecule, thereby oxidize alcohols or reduce ketones/aldehydes [18].



Hydrolases were initially used for industrial synthesis in the 1990’s. They have become
key components of the growing area of industrial biotechnology [19]. A subgroup
of the hydrolases; lipases catalyse the hydrolytic cleavage of the carbon-oxygen single
bonds in esters or analogous carboxylic derivatives to produce acids and alcohols
[20,21].
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Lyases catalyse the formation of carbon-carbon bonds, and they have been used
in industrial processes [19]. Benzaldehyde lyase (BAL) is the most popular lyase known
as catalyst which produces hydroxyketones from two aldehydes [22-25].

1.3 Oxidoreductases
Oxidoreductases can be oxidases or dehydrogenases. When molecular oxygen is an acceptor
of hydrogen or electrons, oxidases are involved. Oxidizing a substrate by transferring hydrogen
to an acceptor such as NAD+ or NADP+ is a role of dehydrogenases. Remaining oxidoreductases
include peroxidases, hydroxylases, oxygenases and reductases. Peroxidases are responsible
for reduction of hydrogen peroxide and organic hydroperoxides. Hydroxylases add hydroxyl
group to a substrate. Oxygenases incorporate intramolecular oxygen into organic substrates
and reductases catalyse reduction reactions. Oxidoreductases play an important role in the cell
metabolism. They are involved in glycolysis, TCA cycle, oxidative phosphorylation and in amino
acid metabolism [26].

1.3.1 Alcohol dehydrogenase
The most important subgroup of oxidoreductases is the group of the alcohol dehydrogenases.
These enzymes interconvert alcohols to either aldehydes or ketones with the involvement
of cofactor NAD+ which is reduced to NADH. Some dehydrogenases use flavine as the electron
acceptor. Alcohol dehydrogenase is crucial in breaking down alcohol, removing the toxicity
which is important for the organisms. Many enzymes from this group are able to run
the reaction in reverse. This is necessary for the fermentation process, as it is used to maintain
a constant supply of NAD+ in these organisms, which is consumed in glycolysis [27,28]. A large
number of alcohol dehydrogenases are known but their industrial suitability is very restricted
and industrial processes use very few relative to the large number of known ADHs [29].
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1.4 Reaction mechanism
Enzymes work together with coenzymes to catalyse reaction. Reduction with NADH is performed
as follows:


Coenzyme and substrate bind to an enzyme,



the substrate is reduced while the coenzyme is oxidized,



the coenzyme and product dissociate from the enzyme (flavine which can act
as a coenzyme do not dissociate from the enzyme).

Four stereochemical patterns for transfer of a hydride from coenzyme to the substrate are
known. Si-face or re-face is attacked by the hydride depending on the orientation of the binding
of the substrate to the enzyme, subsequently (R) and (S)-alcohols (respectively) are formed
(Fig. 1). Furthermore, depending on the kind of enzyme, enzyme transfers either pro-(R)-hydride
or pro-(S)-hydride of the coenzyme [30].

Figure 1 Hydride transfer from coenzyme, NAD(P)H, to carbonyl compound [30].
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1.5 Cofactor regeneration
Reductase-catalysed reactions are dependent on cofactors, one basic task in the process
development is to provide an effective method for regeneration of the consumed cofactors.
Fundamentally, ADHs are dependent on the nicotinamide cofactors like β-1,4-nicotinamide
adenindinucleotide (NADH) or β-1,4-nicotinamide adenindinucleotide phosphate (NADPH).
Occasionally, flavines (FAD) [31] or methoxatines (pyrroloquinoline quinine, PQQ) [32] are
involved. Each of the listed cofactors is expensive and incorporation into the synthesis reaction
significantly increases the costs of the process. Several methods were found as useful
for the cofactor regeneration. It can be performed through chemical, electrochemical,
photochemical or enzymatic methods.


Electrochemical regeneration; organic and metal containing electron shuttles
for the transfer of electrons between electrode and NADP+ or NADPH, were developed
[33,34].



Chemical regeneration; late transition metals like rhodium, ruthenium and platinum
and their complexes were applied [35,36].



Photochemical regeneration; photosensitizers have been used for the light induced
production of methyl viologen and subsequent regeneration of NADPH [37-39].



Enzymatic regeneration;
 Substrate-coupled regeneration process usually concerns the use of 2-propanol
as a second substrate in the reaction, which is oxidized to the coproduct,
acetone. The latter can also be reduced, thus competing with aldehyde/ketone
reduction. The coproduct can be eliminated by out gassing, for example
by reducing the pressure to shift the equilibrium. It is highly recommended
to remove acetone from the reaction mixture because acetone not only affects
the activity of the enzyme but also causes a thermodynamic limitation [40-42].
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 Enzyme-coupled regeneration concerns use of the cheap additional substrate
what allows to run the reaction in the opposite redox direction.
a) Glucose dehydrogenase (GDH) or glucose-6-phosphate dehydrogenase
(G6PDH), both enzymes are inexpensive, highly active and stable. Biocatalysts
convert glucose or glucose-6-phosphate respectively, to the coproducts
gluconolactone or 6-phosphogluconolactone which are subsequently hydrolysed
to the respective acids what makes the reaction irreversible. Disadvantage
of this system is the high cost of glucose-6-phosphate and the demand for cell
permeabilisation when whole cells are applied as biocatalysts [43-45].
b) Formate dehydrogenase (FDH) oxidizes formate to carbon dioxide. Easy
removal of the coproduct carbon dioxide, inexpensive enzyme and cheap
cosubstrate (formate) are advantages of this regeneration system [46-49].
c) Alcohol oxidation by ADH, it is possible to incorporate second ADH
into the regeneration process [50,51].
d) Hydrogenases are bidirectional enzymes that catalyse the reversible oxidation
of molecular hydrogen. Use of the hydrogenase enables complete consumption
of the molecule and no coproduct is formed [52].

1.6 Biocatalytic ketone reduction processes with isolated enzymes
Production of chiral alcohols by reducing prochiral ketones can be catalysed by either isolated
enzymes or whole cells. The predominance of isolated enzymes used in the synthesis is related
with higher volumetric productivity and the absence of side reactions, thereby enantioselectivity
is improved. Moreover, diffusion limitations related with transport of the substrate/product
inside or outside the cell, do not occur. Drawback of the reductions with isolated enzymes is
a need for an addition of cofactors to the process. Moreover, isolated enzymes are more
6

sensible than whole cell catalysts to high concentrations of substrates or organic solvents
[53-55].
Several examples of the use of isolated enzymes in the synthesis are known in the literature.
They can be categorised as those that use enzyme-coupled cofactor regeneration or those that
use substrate-coupled cofactor regeneration.

1.6.1 Enzyme-coupled cofactor regeneration
In a biphasic reaction media for the asymmetric biocatalytic reduction of ketones with in situ
cofactor regeneration, both enzymes (ADH and FDH) remain stable. Reductions with poorly
water-soluble ketones were carried out at substrate concentrations of > 10 mM, and alcohols
were formed with moderate conversions but with high enantioselectivity e.g. 1,4-bromophenyl
ethanol with 65% conversion yield and 97% ee [56].
The enantioselective synthesis of methyl (R)-mandelate and methyl (R)-o-chloromandelate was
performed using an NADH-dependent carbonyl reductase from T. thermophilus (TtADH)
and, separately, archaeal glucose dehydrogenase and B. stearothermophilus alcohol
dehydrogenase (BsADH) for cofactor regeneration. Reaction was optimized and performed
in the absence and presence of organic solvents. The bioreduction of methyl benzoylformate
yielded the (R)-alcohol with a 77 % yield (ee = 96 %) using glucose dehydrogenase and glucose,
and 81 % yield (ee = 94 %) employing BsADH and ethanol as a regeneration system.
The bioreduction of methyl o-chlorobenzoylformate yielded the halogenated (R)-alcohol
with 95 % and 92 % ee, and 62 % and 78 % yield applying glucose dehydrogenase and BsADH,
respectively. Interestingly, the enantioselectivity of TtADH was inversely proportional
to the hydrophobicity of the short-chain linear alcohols used as co-substrates of the alcohol
dehydrogenase [57].
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Some interesting processes dealing with two phase system were developed. The main advantage
of the use of biphasic systems is the feasibility of increasing the amounts of hydrophobic
substrates to reach higher productivities. Aqueous/organic biphasic system can be easily
constructed in the form of microemulsions. Small droplets of the organic phase can be dispersed
in water or reverse micelles of water can be dispersed in oil. Interesting system was developed
for the enantioselective reduction of 2-octanone catalysed by isolated C. parapsilosis carbonyl
reductase, an emulsion membrane reactor was constructed to increase substrate solubility.
Reactor was consisted of two units. Stirred emulsion vessel (first unit), in which aqueous phase
was separated from the organic one with the ultrafiltration membrane. The substrate saturated
the aqueous phase, subsequently entered the enzyme membrane reactor (second unit)
where it was reduced to (S)-2-octanol (Fig. 2). This system is beneficial for the driving force
of the reaction equilibrium because the product can be extracted to organic phase. Moreover,
enzyme does not have contact with organic interphase. In the emulsion membrane reactor, 91%
conversion, 99.5% enantioselectivity and 11 g l-1 day-1 space-time yield were achieved [53].

Figure 2 Flow scheme of the emulsion reactor (EMR) [17].

1.6.2 Substrate-coupled cofactor regeneration
Two oxidoreductases, L. brevis alcohol dehydrogenase (LbADH) and C. parapsilosis carbonyl
reductase (CPCR) were used as catalysts for the reduction of ketones to produce enantiopure
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secondary alcohols. A broad variety of propargylic alcohols were obtained in good yield
and excellent enantiomeric excess. By changing the steric demand of the substituents
the ee values could be adjusted and even the configurations of the products could be altered.
Cofactors were applied in catalytic amounts and regenerated using 2-propanol as co-substrate
[58].
The enzyme used in substrate-coupled cofactor regeneration has to withstand high
concentrations of co-substrate and L. brevis alcohol dehydrogenase is known to be a resistant
enzyme [59]. Similarly, ADH-‘A’ from R. ruber had to withstand high concentrations of acetone
(50%) and 2-propanol (80%) [60].
However, the high concentration of coproducts can also be toxic or inhibitory to the enzyme
[61]. To reduce the amount of undesired coproducts in the system, additional methods such
as stripping with air and pervaporation could be used [62, 63].
LbADH was used for the synthesis of (R)-methyl-3-hydroxybutyrate with a substrate-coupled
approach. The reaction was carried out in a stirred batch reactor with a product yield of 94%
and ee of 99.8%. Acetone was removed continuously under reduced pressure [64].

1.7 Biocatalytic ketone reduction processes with whole cell biocatalysts
Enzymes, which are used in whole cell biotransformations, are usually more stable due to their
presence in their natural environment [65,66]. Moreover, whole-cell biocatalysts possess their
own cofactor regeneration system, especially in fermentative processes, which can be activated
by the addition of co-substrates like glucose [67,68]. Yeast cells are inexpensive, readily available
and grow fast. The greatest advantage over bacterial cells is cell robustness, which allows
reactions to occur in conditions in which bacterial cells would not be able to work effectively.
They are more robust in organic solvents because of their cell wall construction [69].
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Due to the presence of an additional reductase in the yeast cell increases a risk of loss
of enantioselectivity, this tendency increases especially when wild-type microorganisms are
used. To keep side reactions to minimum, overexpression of the desired gene inside the cell
is necessary. However, high enzyme concentration (alcohol dehydrogenase) may cause
inefficient cofactor regeneration which can however, be solved by the overexpression
of the second gene encoding e.g. glucose dehydrogenase. High concentrations of both enzymes
within the cell result in sufficient specific activities of these enzymes, so that side reactions are
on the insignificant level and cofactor regeneration speed is sufficient.
Another advantage is that extraction and purification of the enzymes is not required which
makes whole-cell biocatalysts attractive for application in the synthesis of chiral alcohols.
The selection of isolated enzymes or whole cells should be based on the demands of each
industrial process [70].
There are several methods available for the cofactor regeneration when whole-cell catalysts are
applied. The most popular method is glucose addition although some of the catalysts do not
require additional substrates.

1.7.1 Cofactor regeneration by glucose addition
L. kefir DSM 20587 was used for the reduction of 2,5-hexanedione to (2R,5R)-hexanediol.
In batch experiments, ee >99% was achieved. Glucose was added to facilitate the regeneration
of the cofactor. L. kefir is heterofermentative and produces lactic acid from glucose in the ratio
1:1, however sodium hydroxide solution can be added to stabilize the pH [71,72].
S. cerevisiae cells together with glucose supplementation catalysed the synthesis of (2S,5S)hexanediol. The reaction was performed at small scale with 25 mmol of the hexanedione
and gave very high enantioselectivity of >99% and a moderate yield of 75% [73].
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1.7.2 Enzyme-coupled cofactor regeneration
Engineered whole cell biocatalysts were used for large-scale asymmetric reduction of ketones.
E. coli cells co-expressing alcohol dehydrogenase gene from R. erythropolis and NADHdependent glucose dehydrogenase gene from B. subtilis were used for the synthesis
of (S)-p-chlorophenyl-1-ethanol. Incorporation of whole cell catalysts resulted in a 94%
conversion yield with enantioselectivity of over 99.8%. (R)-p-phenoxyphenyl-1-ethanol was
synthesized by the cells expressing alcohol dehydrogenase gene from L. kefir and NADPHdependent glucose dehydrogenase gene from T. acidophillum with 95% conversion yield
and >99.4% ee [30,74].
(S)-4-chloro-3-hydroxybutanoate

ethyl

ester

(CHBE)

was

produced

from

4-chloro-3-

oxobutanoate ethyl ester (COBE) by recombinant E. coli cells synthesizing the CHBE-reducing
enzyme from C. magnoliae and the glucose dehydrogenase from B. megaterium [67,75-77].
300 g l-1 COBE was stoichiometrically converted to (S)-(CHBE) under optimal conditions
with 100% ee and a molar yield of 96%. The product of the conversion is an important building
block for hydroxymethylglutaryl-CoA (HMG-CoA) reductase inhibitors.
A whole-cell system based on E. coli co-expressing CtXR (C. tenuis xylose reductase) and CbFDH
(C. boidinii formate dehydrogenase) is a powerful and surprisingly robust biocatalyst
for the synthesis of ethyl (R)-4-cyanomandelate with high optical purity and yields of 97.2%
and 82%, respectively [78].
The interesting approach carried out by Weckbecker and Hummel [79] presented the use
of NADPH dependent L. kefir ADH and NAD+ dependent FDH from C. boidinii together
with a pyridine nucleotide transhydrogenase. The latter catalyst enables reversible switch
of NADPH to NADH. The conversion yields achieved after 12 h, with or without integrated
transhydrogenase, were 66 and 19%, respectively.
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1.7.3 Substrate-coupled cofactor regeneration
L. kefir whole cell catalysts were used for the asymmetric reduction of 4-chloro acetoacetate,
isopropanol was used as a co-substrate. The results with isopropanol used as a cosubstrate were
compared to the results achieved with added glucose. Enantioselectivity could be improved
from 88 to >99% with isopropanol addition and the yield could be enhanced from 20 to 100%.
The process was performed in a stirred tank reactor with 5% v/v 2-propanol and resulted
in a final (S)-alcohol concentration of 1.2 mol l-1 and an ee of 99.5% achieved within 14 h [80].

1.8 Identification of the new biocatalysts
1.8.1 Screening for new enzymes
There are three methods to identify certain enzymes useful for the synthesis of carbonyl
compounds; screening of microorganisms found in environment and cultivated in laboratory,
extraction of enzymes from environment (metagenome) and synthesis of enzymes based
on the information from databank [30].
Screening of microorganisms does not cover the use of protein sequence information of known
enzymes. The method with multi-well plate was developed [81], screening was done with 300
microbes, 60 cultures showed ability to selectively reduce a series of alkyl aryl ketones.
Both enantiomers were obtained with 92-99% ee and yields up to 95% at 1-4 g l-1.
Metagenomics is one of the tools used for enzyme screening. All of the genetic material present
in an environmental sample, consisting of the genomes of individual organisms, can be screened
to find an enzyme which catalyses a desired reaction. Alcohol oxidoreductase, which formates
carbonyls from short-chain polyols, was found using this method [82]. Known genome data
allows identification of sequences which encode proteins responsible for catalysing a desired
reaction. Screening of 20 yeast oxidoreductases was performed for reduction of 3-oxo-3phenylpropanenitrille for the synthesis of precursors for both antipodes of atomoxetine
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and nisoxetine (norepinephrine reuptake inhibitors approved for the treatment of attention
deficit hyperactivity disorder). Four enzymes were identified as catalysators of these reactions.
Both enantiomers of 3-hydroxy-3-phenylpropanitrile could be synthesized, dependent
on the enzyme [83].

1.8.2 Mutation of enzymes
Biocatalysts can be improved through the mutation: rational mutation, point mutation (change
of chosen amino acid within a protein) and random mutation which concerns directed evolution
(change of random amino acid and subsequently screening of the library of mutants).
The random mutation approach has to be performed if the amino acid sequence is unknown
[30].
1.8.2.1 Directed evolution
Directed evolution can be achieved either by randomly recombining a set of related sequences
or by incorporating random changes in single protein sequence. In case of directed evolution,
no structural information is needed and variations can appear away from the active site
of the enzyme. Hence, screening does not always bring us to the improved enzyme model,
usually several rounds of evolution have to be performed to find valuable catalyst. Two steps are
essential for a successful directed evolution approach: the random mutagenesis of the gene
encoding the corresponding enzyme and an appropriate screening system for the identification
of upgraded variants. There are several techniques available to introduce mutations and screen
libraries for the desired enzymatic activity [84-86].
1.8.2.2 Rational or semi-rational protein design
Development of the computer engineering which allows to partially predict consequences
of mutations gives the prerequisite for semi-rational or rational design. Rational design concerns
proposing the mutations based on biochemical data, protein structures and molecular
modelling. Moreover, information regarding the reaction mechanism is a clue for identifying
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the position for appropriate amino acid substitutions. The significant advantage of such
modifications is an increased probability of beneficial changes in the structure and a significant
reduction of the library to screen (Fig. 3) [87]. The attempt to alter the cofactor of certain
oxidoreductases through the rational design was performed several times [88-91]. A highly
conserved region called Rossman-fold exhibited a negatively charged amino acid for NAD+
binding and positively charged amino acid for NADP+ binding [92].
Semi-rational design combines rational and random protein design creating compact libraries
based on biochemical and/or structural data [93]. CAST (combinatorial active site saturation
test) is an example for semi-rational approach. It uses the information about structural data
to identify amino acids in the active site which are subsequently subjected to random mutation
or site-saturation mutagenesis [94-96]. These approaches increase size of library enormously,
however computational methods allow the elimination of mutations predicted to be
unfavourable for the protein fold [97,98].
Consensus amino acids proved to be favourable for the protein during evolution process
and unfit variants were eliminated. Hence, certain biochemical parameters can be improved
with exchange of non-consensus to consensus amino-acids. Thermal stability of a penicillin G
acylase (PGA) [99] and glucose dehydrogenase (GDH) from B. subtilis [100] was improved
with the use of this method. The best 3 mutations seen in GDH were successfully applied to two
other enzyme sequences from B. thuringiensis and B. licheniformis. Furthermore,
in case of B. subtilis enzyme, improvement of stability in high-salt solutions and aqueous-organic
media was observed [101].
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Figure 3 Overview of approaches for protein engineering by random, rational and combined methods
based on the structural, biochemical and sequence conservation data. Random approaches result in large
mutein library, semi-rational approaches concern smaller library size and rational design result in small
number of variants [87].

1.8.3 De novo enzyme design
Most de novo enzyme design approaches depend on computational methods, which have been
improved in the recent years [102-104]. Information on the reaction mechanism
and the transition state is necessary to predict which residues, at which positions,
and the distances between them will form an active site and perform desired reaction.
A software suite, SABER (Selection of Active/Binding sites for Enzyme Redesign), has been
developed for the analysis of atomic geometries in protein structures, using a geometric hashing
algorithm [105]. SABER is used to explore the Protein Data Bank (PDB) to locate proteins with
a specific 3D arrangement of catalytic groups to identify active sites that might be redesigned
to catalyse new reactions [106]. It is possible to create new biocatalysts with improved catalytic
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functions, substrate range, enantioselectivity or stability. Design of the active site
and knowledge of enzymatic structure is crucial for the construction of effective catalysts.
Engineering of a particular enzyme thus depends on the reaction, the biochemical data available,
the bioinformatics expertise and library screening capacity. However computational design still
can not replace directed evolution but both methods can be combined and used as a semirational approach.

1.9 Alcohol dehydrogenases from Rhodococcus erythropolis and Carboxydothermus
hydrogenoformans

1.9.1 Rhodococcus erythropolis alcohol dehydrogenase
The R. erythropolis genome is a source of very promising enzyme, (S)-specific, NAD+-dependent
alcohol dehydrogenase. The nucleotide sequence, consisting of 1047 bp encoding 348 amino
acids, was cloned into E. coli. The enzyme exhibited high thermostability and a broad substrate
spectrum [107]. ReADH protein sequence showed similarities to several zinc-containing medium
chain alcohol dehydrogenases. The highest similarities were found with phenylacetaldehyde
reductase (PAR) from Corynebacterium sp. ST-10 [108] and a secondary alcohol dehydrogenase
RR-ADH from R. ruber DSM 44190 [109], 84% and 63% respectively.
Probably in the R. erythropolis cell, alcohol dehydrogenase gene belongs to an alkane
degradation gene cluster. The high similarity (66%) was observed with an alkane transporter
from Rhodococcus sp. Q15 [110]. This organism is able to degrade alkanes such as dodecane
or hexadecane and ReADH shows very high activity against aliphatic aldehydes, which is
important in the alkane degradation pathway. These properties may be advantageous
for the preparation of the industrially interesting class of substances comprising optically active
aromatic alcohols with the use of ReADH [29].
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1.9.2 Carboxydothermus hydrogenoformans alcohol dehydrogenase
The source of ChADH (gene chy1186) is the genome of thermophilic bacterium
C. hydrogenoformans Z-2901, which was isolated from a hot spring and grows optimally at 78 oC.
The characterized enzyme synthesized in E. coli was thermally stable and displayed the highest
activity at 70 oC with excellent enantioselectivity. It uses NAD(H) as a cofactor and exhibits broad
substrate specificity including aliphatic linear, branched, and cyclic ketones, aromatic ketones,
α-ketoesters, and β-ketoesters [111]. Ch-ADH has been annotated as an SDR (short-chain
dehydrogenases/reductases) with the molecular mass of ca. (circa) 30 kDa [112]. The highest
enzymatic activity for reduction reaction was present with asymmetrically reduced ethyl
benzoylformate, which is an important chiral building block for organic synthesis [113].

1.10 Synthesis of 1-(S)-phenylethanol, ethyl (R)-4-chloro-3-hydroxybutanoate and
ethyl (R)-mandelate

1.10.1 Synthesis of 1-(S)-phenylethanol
The reduction of acetophenone to 1-(S)-phenylethanol was performed using isopropanol as cosubstrate at optimized reaction conditions (temperature and thermodynamic activities).
A significantly improved thermostability of the enzyme in the gas-phase reaction was achieved
with the immobilized enzyme. Biocatalyst was entrapped with 50 mM phosphate buffer
containing sucrose and used for the synthesis what resulted in a remarkable productivity
of 8.3 g l-1 h-1 [114] (Tab. 1).
Free R. ruber ADH in combination with isopropanol-coupled regeneration synthesized
1-(S)-phenylethanol in a continuous membrane reactor with in situ coproduct separation
via outgassing, space time yield of 1.1 g l-1 h-1 was achieved [115] (Tab. 1).
C. utilis can grow efficiently in a simple synthetic medium at low pH. The electron donor
for yeast-mediated enantioselective bioreduction of acetophenone was ethanol. It was also used
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to dissolve the acetophenone to conduct a successful semi-fed-batch type reaction, NADH was
added to assist the reduction. In general, the production of 1-(S)-phenylethanol was increased
by raising the pH. The maximum productivity was 4.17 mmol kg-1 h-1 (0.5 g l-1 h-1) at pH 6.0.
However, the largest enantiomer excess for the synthesis of 1-(S)-phenylethanol was 94.8%
which occurred when the pH was controlled at 5.0 [116] (Tab. 1).
Table 1 Production of 1-(S)-phenylethanol by Thermoanaerobacter sp. immobilized alcohol
dehydrogenase, immobilized R. ruber alcohol dehydrogenase and C. utilis cell catalysts

Space time yield
Thermoanaerobacter
sp. immobilized
alcohol
dehydrogenase
R. ruber
alcohol
dehydrogenase
C. utilis
whole cells

Enantioselectivity

8.3 g l-1 h-1

Source

[114]
-

-1

-1

1.1 g l h

>99%

[115]

0.5 g l-1 h-1

94.8%

[116]

1.10.2 Synthesis of ethyl (R)-4-chloro-3-hydroxybutanoate
Isolated LbADH (L. brevis) was used for synthesis in a process using substrate-coupled cofactor
regeneration via oxidation of isopropanol. The coproduct, acetone, was removed by continuous
stripping, which drove the reaction equilibrium towards complete conversion. The process
achieved a yield of 96%, an ee of 99.8% and a space time yield of 3.8 g l-1 h-1 [117] (Tab. 2).
The asymmetric reduction of ethyl 4-chloro-3-oxobutanoate (COBE) to ethyl (R)-4-chloro-3hydroxybutanoate (CHBE) using E. coli JM109 (pKAR) cells expressing the aldehyde reductase
gene from S. salmonicolor AKU4429 as a catalyst was studied. Efficient conversion of COBE
to (R)-CHBE with a satisfactory enantiomeric excess (ee) was attained with incubation
of transformant cells in an n-butyl acetate/water two-phase system because of the instability
of the substrate in the aqueous system. The NADPH-regeneration was performed with glucose
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dehydrogenase from Bacillus sp. and under optimized conditions, with the periodic addition
of COBE, glucose and glucose dehydrogenase, the (R)-CHBE yield reached 1530 mM
(255 mg ml-1) in the organic phase, with a molar conversion yield of 91.1% and an optical purity
of 91% ee [118] (Tab. 2).
The

synthesis

of

ethyl

(R)-4-chloro-3-hydroxybutanoate

((R)-ECHB)

from

ethyl

4-chloroacetoacetate was performed using whole recombinant cells of E. coli producing
a secondary alcohol dehydrogenase from C. parapsilosis. Using 2-propanol as an energy source
to regenerate NADH, the yield reached 36.6 g l-1 with more than 99% ee and a conversion yield
of 95.2% without addition of NADH to the reaction mixture [119] (Tab. 2).
Table 2 Ethyl (R)-4-chloro-3-hydroxybutanoate production by isolated L. brevis alcohol dehydrogenase
and E. coli cell catalysts

Space time yield

Enantioselectivity

Source

Isolated LbADH (L.
brevis)

3.8 g l-1 h-1

99.8%

[117]

E. coli cells
syntesizing S.
salmonicolor
aldehyde
dehydrogenase

3.4 g l-1 h-1

91%

[118]

E. coli cells
syntesizing C.
parapsilosis alcohol
dehydrogenase

2.15 g l-1 h-1

99%

[119]

1.10.3 Synthesis of ethyl (R)-mandelate
Pennacchio et al. [120] bioconverted ethyl benzoylformate using Sa-ADH (S. acidocaldarius)
but achieved only 50% enantiomeric excess.
Immobilized baker's yeast in alginate fibers with double-layer were used for the synthesis
of ethyl (R)-mandelate. The asymmetric reduction was carried out in a continuous process
in a packed bed reactor with S. cerevisiae immobilized in calcium alginate fibers with double gel
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layers. The reaction was performed under aerobic conditions and glucose addition resulted
in a high chemical yield (82%) and reduction of 92–97%. The concentration of ethyl
benzoylformate and feed flow were regulated, obtaining a volumetric productivity
of 0.12 mmol l-1 h-1 and an enantiomeric excess of 92% during eight days of continuous operation
[113] (Tab. 3).
Asymmetric reduction of ethyl benzoylformate was performed with CHY1186 as the catalyst
with formate dehydrogenase acting as the cofactor regeneration enzyme. The reaction was
conducted at 35 °C for 15h. An excellent enantiomeric excess (ee) (99.9%) and high conversion
yield (95%) were achieved [111] (Tab. 3).
Table 3 Ethyl (R)-mandelate production by E. coli and S. cerevisiae cell catalysts

Space time yield

Enantioselectivity

Source

S. cerevisiae
immobilized cells

0.022 g l-1 h-1

92%

[113]

E. coli cells
synthesizing C.
hydrogenoformans
alcohol
dehydrogenase

-

99.9%

[111]

1.11 Alcohol dehydrogenases from Arxula adeninivorans
Several ADH genes have been identified in yeast species with seven genes identified
in S. cerevisiae [121] and P. stipitis [122] and four genes identified in K. lactis [123].
The A. adeninivorans genome contains 19 putative ADH genes. To date three of them have been
characterized (AADH1 - ARAD1B16786g [124], AADH2 - ARAD1D05368g and AADH3 ARAD1D27170g - data not published). In this work, the AADH1 gene was identified based
on the homology with alcohol dehydrogenase 1 from S. cerevisiae. The protein was analysed
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and characterised using the phenotypes of an aadh1 deletion mutant and a transgenic AADH1
overexpression strain.
Most yeast ADHs catalyse the reduction of acetaldehyde, which is final step in the production
of ethanol. Büttner et al. [125] reported that the yeast A. adeninivorans can be used
for the production of ethanol. Furthermore, A. adeninivorans was the first eukaryote reported
to be able to use 1-butanol [126]. It is a source of carbon and energy for A. adeninivorans
and if the organism is genetically modified with genes from C. acetylobutylicum, Arxula can also
synthesize 1-butanol by fermentation of an organic substrate. The genes transferred included
those encoding the enzymes for the conversion of acetyl-CoA to 1-butanol [127].
Localization of the ADHs within certain cellular compartments is critical for understanding their
functions and interactions. Cytosolic ADHs are involved in sugar metabolism and alcoholic
fermentation, whereas ADHs localized in mitochondria contribute to maintain NAD(P)H redox
balance between mitochondria and cytosol [128].
Characterisation of AADH1 protein contributes to the information available on the suite
of Adhps found in A. adeninivorans and provides information about the metabolic pathways
involving this enzyme.
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2 Aim of the thesis
The use of yeast species, A. adeninivorans and H. polymorpha as producers of these enzymes is
an alternative to the currently available bacterial systems. Yeast cells are more resistant than
bacterial cells due to the cell wall construction. They also can be attractive as producers of these
enzymes because eukaryotic post-translational modifications could improve the biochemical
properties of the proteins.
This work present the use of A. adeninivorans and H. polymorpha host systems
for the production of alcohol dehydrogenases and their use for the synthesis of enantiomerically
pure chiral alcohols: 1-(S)-phenylethanol, ethyl (R)-4-chloro-3-hydroxybutanoate and ethyl
(R)-mandelate.
The aim of the thesis was to produce listed alcohols within the short time period, with high
conversion yield and enantiopurity. For this purpose (S)-specific ADH from R. erythropolis
and (R)-specific ADH from C. hydrogenoformans were synthesized in A. adeninivorans
and H. polymorpha. The goal was to characterise enzymes including biochemical parameters,
and to set up the most suitable conditions for the synthesis of chiral alcohols. Purified enzymes
and whole cell catalysts were used for this purpose.
Comparison between cofactor regeneration systems was one of the objectives of this study.
Hence, two different were used: substrate-coupled and enzyme-coupled regeneration system.
The prior concerns the use of isopropanol as a second substrate and the latter concerns
additional expression of Bacillus megaterium glucose dehydrogenase gene.
Among the objectives of the study was the selection of effective method for the immobilization
of whole-cell catalysts. For this purpose calcium alginate and Lentikat® were used. Immoblized
cells were incorporated into the re-use experiment and increase of catalytic productivity was
possible.
22

The main aim of the work is to compare the yield of the synthesized chiral alcohols between
enzymes synthesized by A.adeninivorans and H. polymorpha. Additionally, the clear statement is
provided if newly developed systems are more effective than previously reported. In addition,
up-scaling of the synthesis is planned. Replacement of chemical synthesis with the use of ADHs
would result in saving the costs of the production of chiral alcohols used as pharmaceutical
intermediates.
The additional objective of this study was to establish the role of alcohol dehydrogenase 1 in the
production of chiral alcohols. However, enzyme was not useful for this purpose and it was
biochemically characterized to set up the role inside the cell of A. adeninivorans. Strain which
overexpress AADH1 gene and deletion mutant (Δaadh1) were constructed for this purpose.
Moreover, the recombinant enzyme was biochemically characterized. The metabolic pathways
with the participation of AADH1 were established.
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3 Materials and methods
3.1 Microorganisms
Table 4 Strains

Strain

Genotype

Origin

E. coli TOP 10

F- mcrA Δ(mrr-hsdRMS-mcrBC)
Φ80lacZΔM15 ΔlacΧ74 recA1 araD139
Δ(ara-leu) 7697 galU galK rpsL (StrR)
endA1 nupG λendA1 gyrA96(nalR) thi-1 recA1 relA1 lac
glnV44 F'[ ::Tn10 proAB+ lacIq
Δ(lacZ)M15 Amy CmR] hsdR17(rK- mK+)
F- ompT hsdSB (rB-mB-) gal dcm (DE3)
Wild-type
aleu2 ALEU2::atrp1
aleu2 ALEU2::aade2
aleu2 ALEU2::aade2 –
ALEU2::atrp1
(Δura)
(Δura, Δleu)

Invitrogen

E. coli XL1 Blue

E. coli BL21 (DE3)
A. adeninivorans LS3
A. adeninivorans G1212
A. adeninivorans G1216
A. adeninivorans MS1006
H. polymorpha RB11
H. polymorpha KLA8

Stratagene

Invitrogen
Siberia, Russia
Gatersleben, Germany
Gatersleben, Germany
Gatersleben, Germany
Gatersleben, Germany
Gatersleben, Germany

3.2 Oligonucleotides
Table 5 List of oligonucleotides used for PCR reactions

Name
Cloning primers
AADH1 fw
AADH1 fw His
AADH1 rev
AADH1 rev His
ReADH fw
ReADH rev
ReADH fw His
ChADH fw
ChADH fw His

Nucleotide sequence 5’-3’

GCC GAA TTC ATG TCC ATT CCC AAG ACT C
ATT AGA ATT CAT GCA CCA TCA TCA CCA CCA
CTC CAT TCC CAA GAC TCA GAA GGC TG
GCG GGA TCC TTA TTT TGA AGT GTC AAG AAC
GCG GGA TCC CTA TTA GTG GTG GTG ATG
ATG GTG TTT TGA AGT GTC AAG AAC
GCC GAA TTC ATG AAG GCT ATT CAG TA
GCC GGA TCC CTA CAG TCC AGG
GCC GAA TTC ATG CAC CAT CAT CAC CAC CAC
AAG GCT ATT CAG TAC
GCC GAA TTC ATG GGT TTC AAG GAC AAA
GTA
GCC GAA TTC ATG CAC CAT CAT CAC CAC CAC
GGT TTC AAG GAC AAA GTA
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ChADH rev
ChADH rev His
Real-time primers
AADH1-V fw
AADH1-III fw
AADH1-VII fw
AADH1-IV fw
ALG9-3 fw
ALG9-5 fw
TFIID-1 fw
TFIID-5 fw
TFC1-3 fw
TFC1-1 fw
RTA-1 rv
RTA rv
(dT) 15V-RTA

GCC GGA TCC CTA TGG TTC ATA AAT CAT CTT
GCC GGA TCC CTA GTG GTG GTG ATG ATG
GTG TGG TTC ATA AAT CAT CTT
AGC TCG CTG CTG TGT ACG AT
GAC GTA TCG TTC TTG ACA CTT C
CTC TCC TTT CAA GAT TCG ACC T
ATT GCC GGA CGT ATC GTT
CAT GGG CCA AGG TAT ACT G
GAA AAA GTG CCC AAA CGA
ACG AGC GGT ACT CAC AAT G
ATG GAC TCA ATG TCA AAC GAC
TGA AGA AGA GCA CCA AGC A
ACA ACA AGA TGA AAA CGC
TGA CAG GAT ACC ATA CAG ACA C
TGA CAG GAT ACC ATA CAG ACA CTA
TGA CAG GAT ACC ATA CAG ACA CTA TTT TTT
TTT TTT TTT V-wobbles

Knock-out mutants’ primers
5’ fw
GCA CGG CAA GTT TCT ATC
5’-Kpn2I rev
GCG TCC GGA CGT TGC CTA TTT ATA CCT TC
3’-Kpn2I fw
CGC TCC GGA TCT GTC CCC ACG TAT CAT C
3’ rev
ACT ATC TTC CTT GCC GAC
Underlined letters – 6xHis-tag; bold type letters – restriction enzymes site

3.3 Plasmids and vectors
Table 6 List of plasmids and vectors

Name
pCR®4-TOPO®
Xplor2.2

pBS-TEF-PHO5-SA
pBS-TEF-PHO5-SS
pFPMT121

Features
For cloning PCR products in E.
coli, promoter lacl, Ampr, Kanr
For gene expression in yeast,
selection marker ATRP1m,
Kanr
For cloning of AADH1 and
ChADH genes, Ampr
For cloning of ReADH gene,
Ampr
For gene expression in H.
polymorpha, promoter FMD,
selection marker URA or LEU,
Ampr
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Origin
Invitrogen
IPK Gatersleben, Germany

IPK Gatersleben, Germany
IPK Gatersleben, Germany
Artes Biotechnology,
Langenfeld, Germany

3.4 Culture media
3.4.1 Bacterial media
Table 7 List of bacterial media

Medium
Luria-Bertani

Luria-Bertani agar
SOB, pH 7.5

SOC

Components
LB-Broth, Sigma
(Steinheim, Germany)
LB-Agar, Sigma
(Steinheim, Germany)
Tryptone (Difco, USA)
Yeast extract (Gibco, GB)
NaCl
KCl
MgCl2
MgSO4
SOB
Glucose

Final concentration
2%
3,5%
2%
0.5%
10 mM
2.5 mM
10 mM
10 mM
2%

3.4.2 Yeast media
Table 8 List of media for yeast cultivation

Medium
YEPD
YP glycerol

YMM-NO3
pH 6.1

YMM-NH4
pH 6.0

YMM-supplement 1
YMM-supplement 2
Mineral Mix

Components
YEPD-Broth
Yeast extract
Peptone
Glycerol
NaNO3
KH2PO4
K2HPO4
MgSO4 x 7H2O
Mineral mix
FeCl3 x 6H2O
Ca(NO3)2 x 4H2O
NH4H2PO4
KH2PO4
K2HPO4
MgSO4 x 7H2O
Mineral mix
FeCl3 x 6H2O
Ca(NO3)2 x 4H2O
Glucose
Vitamin mix
H3BO4
CuSO4 x 4H2O
KI
MnSO4 x 4H2O
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Final concentration
6.5 %
1%
2%
2%
43.5 mM
50 mM
10 mM
8 mM
0.1%
0.012 mM
0.12 mM
43.5 mM
13 mM
10 mM
8 mM
0.1%
0.012 mM
0.12 mM
1%
0.5 %
6.4 mM
0.63 mM
0.6 mM
2.65 mM

Vitamin mix

ZnSO4 x 7H2O
Na2MoO4
CaCl2
Thiamine hydrochloride
Inositol
Nicotinic acid
Ca-D-Pantothenate
Pyridoxine
Biotin

2.48 mM
0.97 mM
0.77 mM
1.19 mM
22.2 mM
0.81 mM
1.53 mM
2.36 mM
0.016 mM

All media were dissolved in H2OMQ, autoclaved and stored at 4 °C up to 3 months. The sterile
YMM was supplemented with YMM-supplement 1 and 2 before use.

3.5 Enzymes and chemicals


Restriction enzymes and DNA-modifying enzymes were purchased from Thermo
Scientific (Germany), Applied Biosystems (USA) and New England Biolabs (USA).



Kits for gel extraction and PCR clean-up were purchased from Macherey-Nagel
(Germany), set of buffers for DNA isolation from Qiagen (Germany).



The antibodies used in this study were obtained from MicroMol (Germany; primary
rabbit anti-His antibody) and from Promega (Germany; gout anti-rabbit IgG conjugated
with alkaline phosphatase).



All chemicals used in this study were purchased from various commercial sources: Roth
(Germany), Sigma-Aldrich (Germany), Merck (Germany), Roche (Switzerland), Difco
(USA), Applichem (Germany).

3.6 Cultivation of microorganisms
3.6.1 Cultivation of E. coli cells
E. coli XL1 blue [recA1, endA1, gyrA96, thi-1, hsdR17, supE44, relA1, lac [F´proABlacl q Z DM15
Tn10 (Tetr)]], obtained from Invitrogen (USA), was served as the host strain for bacterial
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transformation and plasmid isolation. The strain was grown on LB medium (Sigma, USA)
supplemented with 50 mg l-1 ampicillin (Applichem, Germany).

3.6.2 Cultivation of yeast cells
3.6.2.1 Cultivation of A. adeninivorans
Wild-type and transgenic yeast strains were used as the host organisms. A. adeninivorans was
grown at 30 °C under selective conditions in Yeast Minimal Media – NaNO3 supplemented with
20 g l-1 glucose as carbon source (YMM-glucose-NaNO3) or under non-selective conditions
in a complex medium (yeast extract peptone dextrose - YEPD). Cultivation of yeasts under
selective conditions was carried out in two steps: pre-culture in YMM-glucose-NaNO3 or YEPD
shaking at 180 rpm, for 24 h (growth phase). Cells were then shifted to higher volume
of YMM-glucose-NaNO3 or YEPD with initial OD600 = 0.1 and were grown at 30 °C for up to 48 h.
3.6.2.2 Cultivation of H. polymorpha
Wild-type and transgenic yeast strains were used as the host organisms. H. polymorpha was
initially grown at 37 °C in YMM-glucose-NaNO3 or in YEPD and then at 48 h switched
to YMM–NaNO3 or YP (1% yeast extract, 2% peptone), both supplemented with 2% glycerol.
After further 48 h incubation, methanol was added at 1% and the cells were cultivated
for a further 24 h.

3.7 Methods used for work with DNA
3.7.1 Agarose gel electrophoresis
DNA fragments were separated by agarose gel electrophoresis at an agarose concentration
suitable for the DNA fragment of defined length. The agarose gel contained ethidium bromide
at a final concentration of 0.6 μg/ml. Samples were mixed with 4x DNA loading buffer (Tab. 9)
and loaded onto the gel along with the DNA molecular mass marker for estimation of the size
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of separated fragments. Electrophoresis was performed at room temperature in 1x TBE buffer
(Tab. 9) at a constant voltage of 7-10 V/cm.
Table 9 Solutions for agarose gel electrophoresis

4x DNA loading buffer

10x TBE buffer

Components
Tris-HCl pH 7.6
Glycerol
EDTA
Bromophenol blue
Tris
EDTA
Boric acid

Final concentration
10 mM
60%
60 mM
0.03%
0.9 M
25 mM
0.9 M

3.7.2 DNA fragment extraction from agarose gel
The desired DNA band was cut out from the agarose gel with a scalpel under UV light. DNA was
extracted using the gel extraction kit NucleoSpin® Extract II from Marcherey-Nagel (Germany).

3.7.3 Mini isolation of plasmid DNA from E. coli cells
The cells were grown overnight with 5 ml LB medium containing a defined antibiotic, at 37 °C.
The cultures were then transferred to Eppendorf tubes and centrifuged for 1 min.
The supernatant was completely removed and the pellet was re-suspended in 200 μl buffer P1
(containing RNase). Subsequently, 200 μl of buffer P2 was added and inverted 3x,
the suspension was incubated at 25 °C for 3 min. Then, 200 μl of buffer P3 was added, inverted
5x and centrifuged for 25 min at 4 °C. The clear supernatant was transferred to a new Eppendorf
tube and 350 μl isopropanol was added to precipitate the plasmid DNA. After 3 min,
the precipitate was pelletized for 25 min and then washed with 70% ethanol (20°C). The pellet
was dried and then suspended in 50 μl H2OMQ. All centrifugation steps were carried out
at 17,900 g.
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3.7.4 DNA restriction
DNA digestions with restriction enzymes were performed according to the manufacturer,
providing information that 1 U of the enzyme digest 1 μg of λ-DNA in 1 hour under optimum
conditions of temperature and buffer.

3.7.5 DNA ligation
Ligation reaction was carried out for 30 min at 20°C. The threefold molar excess of the insert
relative to the vector was used. Ligation reaction volume was 20 µl, including 0.5 Weiss U
of ligase T4 and buffer. After the reaction, the enzyme was inactivated (15 min, 65 °C).
For the direct ligation of PCR products, TOPO TA Cloning® Kit (Invitrogen) was used according
to the manual.

3.7.6 Ethanol precipitation of DNA
After incubation, the restriction mixture (50 μl) was mixed with 5 μl 3 M sodium acetate (pH 5.2)
and 115 μl of ice-cold ethanol (96%). The mixture was placed to -20 °C for 20 min and then
centrifuged for 10 min. Supernatant was removed and pellet was washed 2 times with 1 ml
of 70% cold ethanol and 1 time with 96% ethanol. After a final centrifugation for 3 min,
the pellet was air-dried at 20°C for about 15 min and suspended in 30 μl H20MQ. All centrifugation
steps were carried out at 17,900 g.

3.7.7 Transformation of E. coli cells
Competent E. coli cells were thawed on ice. 10 μl of DNA ligation mixture were added to 50 μl
chemical competent cells and incubated:


30 min on ice,



90 sec at 42 °C,



2 min on ice.
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Following 700 μl SOC medium was added and cells were incubated with shaking for 40 min at 37
°C. Cells were spread on a selective LB plate containing the appropriate antibiotic and incubated
overnight at 37 °C.

3.7.8 Polymerase Chain Reaction (PCR)
For amplification of target genes, PCR was carried out in a standard reaction set up in a volume
of 25 or 50 μl (Tab. 10, 11). The reaction was performed in an Eppendorf Mastercycler Gradient.
Table 10 Standard components of PCR reaction

Components
Template DNA
Forward primer
Reverse primer
Buffer
dNTPs
DreamTaq DNA Polymerase

Final concentration
50 - 1000 pg/μl
0.5 μM
0.5 μM
1x
400 μM
0.05-0.02 U/μl

Table 11 Standard program for PCR reaction

Cycle
1

Step
Initial denaturation
Denaturation
30
Annealing
Elongation
1
Final elongation
1
Hold
* depends on the sequence length;

Duration
3 min
30 sec
30 sec
1-4 min*
15 min
∞

Temperature
95 °C
95 °C
57-60 °C
72 °C**
72 °C**
4 °C

** 72 °C for Fermentas DreamTaq Polymerase.3.7.9 Southern blotting
3.7.9 Southern blotting
Southern blot analysis was performed as described by Sambrook and Russell [129],
but with some modifications. For Southern-blot analysis, DNA fragments of interest were
amplified by PCR using alkali-stable digoxigenin-11-dUTP (Roche Diagnostics, Germany).
Chromosomal DNA of A. adeninivorans was isolated as described in 3.11.4. DNA for Southern
transfer was separated on a 1% agarose gel and transferred to nitrocellulose (Nylon, Hybond+,
Amersham, UK) by transfer blotting (kapillarblot). Digoxigenin-labeled DNA Molecular Weight
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Marker II (Roche Diagnostics, Germany) was used to determine the sizes of the fragments.
Hybridization was carried out at 65 °C in Roti Hybri Quick (Roth, Germany) and the membrane
was washed and incubated with Anti-Digoxigenin antibody (Roche Diagnostics, Germany) for 1 h,
and then washed. Detection was with NBT/BCIP substrate (Roche Diagnostics, Germany).

3.8 Methods used for work with RNA
3.8.1 RNA isolation from yeast cells
Total RNA was isolated from 2 ml cell cultures that were harvested, washed one time with DEPCtreated water and frozen in liquid nitrogen. Total RNA was prepared from the cell pellet using
RNeasy Mini Kit (Qiagen, Düsseldorf, Germany), according to the manual.

3.8.2 cDNA synthesis
cDNA was synthesized according to the manual provided with the Thermo Scientific RevertAid
Reverse Transcriptase kit (Fermentas, St Leon-Rot, Germany) using oligo (dT) 15V-RTA primer.

3.8.3 Real-time PCR
A. adeninivorans LS3 cells were cultivated in YMM-NaNO3 with 2% glucose for 24 h, 30 °C at 180
rpm. Cells were harvested (3,000 g), washed with YMM-NaNO3 and resuspended to an OD 3.0
in YMM-NaNO3 supplemented with optimal concentrations of 1-butanol (0.125%), pyruvate,
xylose, glycerin, ethanol or glucose (all 2.0%) as carbon sources. AADH1 transcripts were
monitored and analysed for expression levels after 4, 8, 12, 24 and 48 h of cultivation.
Total RNA was prepared from the cell pellet using RNeasy Mini Kit (Qiagen, Düsseldorf,
Germany) and analysed by denaturating agarose gel electrophoresis. Since AADH1 does not
contain introns residual genomic DNA might influence quantification. To avoid genomic
amplification products during qRT-PCR we inserted an artificial anchor sequence
at the first strand cDNA synthesis stage. This anchor sequence (real time anchor - RTA)
is coupled to the oligo (dT) primer used for cDNA synthesis and cannot be found in the genome
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of A. adeninivorans. Thus, amplification using one gene specific primer in combination with one
oligo for the anchor sequence generates fragments which can emerge only from the cDNA.
But since only one of the two primers is designed for the gene of interest unspecific
amplification products may occur especially when analyzing the gene expression status among
highly conserved members of a gene family. To increase the specificity of the test a second
round of amplification using nested primers is executed subsequently. This second round is
performed as the actual qRT-PCR assay while the first round is a standard PCR method.
We cycled 10 times in round 1 and use a dilution series of that reaction as template in round 2
using the Power SYBR® Green PCR Master Mix (Applied Biosystems, Foster City, CA, USA) and the
ABI 7900HT Fast Sequence Detection System (Applied Biosystems). The A. adeninivorans genes
ATFC1, AALG9 and ATFIID were used as endogenous reference genes [130] and the relative
expression level of AADH1 was calculated using Livak and Schmittgen [131] ct-method.
Primers used in this study (Tab. 1) had efficiencies of > 1.98.

3.9 Methods used for work with proteins
3.9.1 Determination of protein concentration
Protein concentrations were determined by the dye-binding method [132] using Bio-Rad Protein
Assay and purified bovine serum albumin as standard. Samples were measured on 96-well
microtiter plates (Corning life Sciences) by Tecan Infinite M200 microplate reader.

3.9.2 Protein electrophoresis in a polyacrylamide gel (SDS-PAGE)
Proteins were separated by electrophoresis performed on a polyacrylamide gel under
denaturing conditions according to Laemmli [133].
Prepared gels in size of 8 x 10 x 0.08 cm were placed in the vertical electrophoresis system
(Bio-Rad). The composition of the separation and stacking gel are shown in Tables 12 and 13.
Samples were mixed with 4x Laemmli sample buffer (Tab. 14), heated for 5 min at 95 °C, chilled
on ice and loaded onto the gel. The electrophoresis was conducted in 1x Electrophoresis buffer
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(Tab. 14) at a constant current of 38 mA. The molecular mass of protein was estimated based
on protein markers.
After the electrophoresis gel was placed in an Instant Blue solution (Expedeon, Cambridge, UK)
for 30 min. Subsequently, it was washed with several portions of water.
Table 12 Composition of resolving gel

Components
40% acrylamide
mix (ml)
1.88 M Tris-HCl
pH 8.8 (ml)
H2OMQ (ml)
20% SDS (μl)
TEMED (μl)
25% APS (μl)

Gel concentration (%)
7.5
10

12.5

15

1.12

1.5

1.87

2.25

1.2

1.2

1.2

1.2

3.62
30
5
30

3.24
30
5
30

2.87
30
5
30

2.49
30
5
30

Table 13 Composition of stacking gel

Components
40% acrylamide
mix (ml)
0.625 M Tris-HCl
pH 6.8 (ml)
H2Odest (ml)
20% SDS (μl)
TEMED (μl)
25% APS (μl)

5% gel
0.25
0.4
1.34
10
2
10

Table 14 Solutions used for electrophoresis

Solution

Components

Final concentration

4x Laemmli sample buffer

SDS 0,4 g
Bromophenol blue 20 mg
Glycerol 2 ml
β-mercaptoethanol 1 ml
Tris-HCl pH 6.8
Tris
Glycine
SDS

4%
0.2%
20%
200 mM
100 mM
250 mM
2.5 M
1%

10x Electrophorese buffer
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3.9.3 Protein electrophoresis in a native polyacrylamide gel
The native PAGE was performed according to the procedure of Laemmli [133]. All solutions
and buffers were prepared without the addition of SDS. The samples were mixed with Loading
buffer and loaded directly onto the gel along with the molecular mass marker for determination
of the size of separated proteins (self-made marker contained: ferritin (450 kDa), catalase
(240 kDa), lactate dehydrogenase (138 kDa), BSA (66 kDa) and ovalbumin (44 kDa)).
The separated proteins were stained for enzyme activity. Alcohol dehydrogenase staining was
described by Turner and Tipton [134] and by Duley and Holmes [135]. In both methods the gel
was incubated in the darkness at 37 °C until dark blue bands appeared in a solution containing
PMS and MTT.

3.9.4 Western blotting (immunoblotting)
Proteins were separated by polyacrylamide gel electrophoresis (SDS-PAGE). Subsequently,
semi-dry transfer to polyvinylidene difluoride (PVDF, Roth) membrane was performed. Transfer
of proteins to the membrane was conducted in the Bio-Rad apparatus. PVDF membrane
and gel after electrophoresis were briefly washed in methanol and soaked in Transfer buffer
together with 8 filter papers (6 cm x 8 cm; Whatmann 3MM). The gel and membrane were
placed between Whatmann papers. The transfer ran at a constant current of 120 mA for 1-2 h
in a Transfer buffer. After transfer, the membrane was placed for 1 h in blocking solution
(1% skimmed milk powder in PBST buffer). Subsequently, the membrane was washed 3x 10 min
in PBST before it was put into primary antibody solution (diluted in PBST buffer) for 1 h with
gentle shaking. Non-specifically bound antibody was washed away by washing the membrane
3 times with PBST buffer, then the membrane was incubated for 1 h in the secondary antibody
(alkaline phosphatase conjugated anti-rabbit IgG). Then, the membrane was incubated
in a carbonate buffer pH 9.8. Development was performed with Western Blue Stabilized
Substrate for Alkaline Phosphatase (Promega, Germany). Solutions used for Western blotting
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are presented in Table 15. After the bands appeared, the reaction was stopped by dipping
the membrane in H2O.
Table 15 Solutions used for Western blotting

Solution
Transfer buffer pH 8.3

10x PBS

PBST
Carbonate buffer pH 9.8

Components
Tris
Glycine
Methanol
SDS
NaCl
KCl
Na2HPO4 x 2H2O
KH2PO4

Final concentration
25 mM
192 mM
10%
0.1%
1.48 M
26.8 mM
42.9 mM
13.9 mM

PBS
Tween 20
NaHCO3
MgCl2 x 6H2O

10%
0.05%
52.5 mM
0.5 mM

3.10 Protein purification
3.10.1 Cell wall disruption
The enzyme activities in crude extracts were measured using 2 ml culture samples. The cells
were harvested, washed with H2OMQ and suspended in 300 μl 0.1 M Tris-HCl (pH 8.0), sodium
phosphate (pH 6.5 or 7.0 – depending on the target enzyme) or sodium citrate (pH 6.0) buffer.
Cells were homogenized using 200 μl 0.5mm silica beads (BioSpec Products) in a Mixer Mill MM
400 (Retsch) for 3 min at 30 Hz. The protein extract was separated from cell debris and silica
beads by centrifugation at 17,900 g for 5 min, 4 °C.

3.10.2 Cultivation conditions for the protein purification
For purification purposes, the transgenic A. adeninivorans strains were inoculated at OD 0.1
and cultivated for 48 h in 200 ml YMM-glucose-NaNO3 then harvested and disrupted with silica
beads. In contrast transgenic H. polymorpha cells were cultivated from OD 0.1 for 48 h in 200 ml
YMM-glucose-NaNO3, harvested and re-cultivated in YMM-glycerol-NaNO3 for next 48 h,
1% methanol was added and cells were cultivated for a further 24 h. The yeast cells were
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collected by centrifugation and disrupted with silica beads. Recombinant enzymes, which carry
a His-tag, were subsequently purified by column chromatography.

3.10.3 Affinity chromatography (Ni-NTA chromatography)
This method was used for purification of 6x His-tagged proteins synthesized in A. adeninivorans
and H. polymorpha cells. The His-bind column was packed with Ni2+-charged resin (Novagen),
loaded with cell extract, column was washed with Washing buffer and the protein was eluted
with Elution buffer (Tab. 16). Subsequently, the eluates were desalted by PD10 column
chromatography (GE Health Care Europe GmbH, Germany) and concentrated using a Spin-X UF
concentrator (Corning, Life Sciences, United States). Concentrated proteins were frozen in liquid
nitrogen and stored up to one month at -80°C.

Table 16 Solutions used in affinity chromatography

Solution
Binding buffer

Washing buffer

Elution buffer

Components
Imidazole
NaCl
Tris-HCl
Imidazole
NaCl
Tris-HCl
Imidazole
NaCl
Tris-HCl

Final concentration
5 mM
0.5 M
20 mM
20 mM
0.5 M
20 mM
0.5 M
0.5 NaCl
20 mM

3.10.4 Gel filtration
The His-tag purified 6H-AADH1, A-ReADH-6H, H-ReADH-6H or ChADH-6H fractions were loaded
onto a gel filtration column (SuperdexTM 200) equilibrated with 0.1 mol l-1 Tris-HCl (pH 8.0),
sodium phosphate (pH 7.0), sodium citrate (pH 6.0) or sodium phosphate (pH 6.5) buffer,
respectively for the protein. Every buffer contained 0.15 mol l-1 sodium chloride. The results
of gel filtration were used for molecular mass estimation. The calibration standards used were
dextran blue (Mr 2,000,000), ferritin (Mr 440,000), catalase (Mr 232,000), alcohol dehydrogenase
(Mr 150,000), bovine serum albumin (Mr 68,000) and ovalbumin (Mr 45,000). However, different
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standards were used for ChADH-6H due to the smaller size of the protein. The calibration
standards used were alkalische phosphatase (Mr 100,000), peroxidase (Mr 40,000), cellulase
(Mr 31,000), muramidase (Mr 14,300), ribonuclease A (Mr 13,700) and riboflavine B2 (Mr 376).

3.11 Methods used for work with yeast
3.11.1 Transformation of yeast cells

A. adeninivorans G1212, A. adeninivorans G1216, A. adeninivorans MS1006, H. polymorpha RB11
or H. polymorpha KLA8 cells were transformed according to Böer, Piontek and Kunze [136]. First
transformation step was the denaturation of 20 μl of carrier DNA (herring sperm DNA)
at 95 °C for 5 min. Then, denatured DNA was placed on ice for 1 min. 20 μl of target DNA
and previously prepared carrier DNA were mixed, added to frozen competent cells (on ice)
and incubated in thermomixer at 37 °C for 5 min under shaking at 300 rpm. Subsequently,
1 ml of 40% PEG 1000 (polyethylene glycol) supplemented with 0.2 M bicine pH 8.35 was added
to the cells and the suspension was incubated at 37 °C for 2 h without shaking. Afterwards,
the cells were pelleted by centrifugation at 3,000 g for 5 min at 20°C. Supernatant was removed
carefully using a pipette and pellet was suspended in 1 ml of sterile 0.15 M NaCl supplemented
with 0.01 M bicine pH 8.35. Cells were centrifuged again and suspended in 500 μl of 0.15 M NaCl
supplemented with 0.01 M bicine pH 8.35. The suspension was divided on 100 μl aliquots
and spread on 5 selective YMM-glucose-NaNO3 plates. Transformed cells were incubated
at 30 °C for 5-7 days (A. adeninivorans) or at 37 °C for 10 days (H. polymorpha).

3.11.2 Preparation of competent A. adeninivorans and H. polymorpha cells
A single colony of A. adeninivorans G1212, A. adeninivorans G1216, A. adeninivorans MS1006,
H. polymorpha RB11 or H. polymorpha KLA8 cells was used to inoculate 5 ml of YEPD medium
supplemented with appropriate amino acid and shaken at 30 °C (A. adeninivorans) or at 37 °C
(H. polymorpha) and 180 rpm for 24 h. This starting culture was moved to 2x 100 ml YEPD
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medium (to set up OD600 0.5) and cultivated at 30 °C or at 37 °C and 200 rpm for ca. 4h
until the OD600 reached a value of approximately 1.5. Then, 100 ml of cell culture was
centrifuged at 4 °C, 3,500 g for 5 min. The pellet was suspended in 50 ml of solution A (Tab. 17).
The suspension was centrifuged again at 4 °C, 3,500 g for 5 min and the pellet was suspended
in 2 ml of solution A. Subsequently, it was divided on 200 μl aliquots and frozen in liquid
nitrogen.
Table 17 Composition of Solution A used for the preparation of competent cells

Solution
Solution A

Components
Sorbit
Bicine pH 8.5
Ethylenglycol
DMSO

Final concentration
1M
10 mM
3%
5%

3.11.3 Stabilization of insert in the yeast genomic DNA
The selected cells were stabilized by passaging on selective (YMM-glucose-NaNO3)
and non-selective (YEPD) media [137]. The stabilization lasted 3 weeks and was performed
in 96 deep-well plates (riplateSW® 2.5 ml of bio-HJ, Mönchengladbach, Germany). Single
colonies of yeast positive transformants were inoculated in each well in 500 μl YMM-glucoseNaNO3. Transformed cells were grown for 48 h and re-cultivated in fresh YMM-glucose-NaNO3
by adding 10 μl of culture. This process was repeated six times. Next two steps were done
in 500 μl YEPD for 24 h and the last one again in YMM-glucose-NaNO3 for 24 h. At the final stage,
5 μl of each culture were dripped onto the YMM-glucose-NaNO3 agar plate and grown for 48 h.
All cultivation steps performed in liquid media were done at 30 °C with shaking at 340 rpm.

3.11.4 Isolation of yeast chromosomal DNA
A single colony was inoculated in 2 ml of YEPD and cultivated in shaker overnight at 30 °C
(A. adeninivorans) or at 37 °C (H. polymorpha). Culture was centrifuged at 4 °C, 3,500 g
for 5 min. Pellet was washed with H2OMQ, centrifuged like before and re-suspended in 250 μl
of Lysing buffer (Tab. 18). The suspension was incubated for 1 h at 37 °C with light shaking
(300 rpm), centrifuged at 20°C, 4,500 g for 10 min and pellet was suspended via vortexing
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in 500 μl 50 mM EDTA pH 7.5 + 50 μl 10% SDS. Suspension was incubated for 30 min at 65 °C.
Subsequently, it was cooled down on ice and 200 μl of 5M potassium acetate was added.
After mixing by inverting, it was incubated for 1 h on ice and centrifuged at 4 °C, 17,900 g
for 10 min. Clear supernatant was moved to the new epi, 750 μl of isopropanol was added,
solution was mixed by inverting, stored for 5 min at 20°C and centrifuged at 4 °C, 17,900 g
for 15 min. Pellet was washed with 300 μl of 70% EtOH (stored at -20 °C), centrifuged at 20°C,
17,900 g for 1 min and dried after ethanol removing. It was suspended in water containing
RNase, incubated with light shaking (300 rpm) for 1 h and centrifuged at 20°C, 17,900 g
for 1 min. Supernatant was transferred to the new tube.

Table 18 Solution for chromosomal DNA isolation

Solution
Lysing buffer

Components
Sodium phosphate pH 7.5
Mercaptoethanol
Zymolase (Sigma: Lysing
Enzyme from Trichoderma
harzianum)

Final concentration
50 mM
20 μl
54 mg

3.12 Cultivation of transgenic strains for protein purification
3.12.1 A. adeninivorans
Single colony was inoculated in 5 ml YMM-glucose-NaNO3 and grown overnight. Next, this
preculture was used to set the optical density of fresh 200 ml YMM-glucose-NaNO3 or YEPD
to approx. 0.1. In the next 24 h the value of OD600 was increasing as the cells were multiplying.
Cultivation was performed in rotary shaker at 180 rpm and 30 °C. Cells were pelleted
by centrifugation at 5,000 g and 4 °C.

3.12.2 H. polymorpha
Single colony was inoculated in 5 ml YMM-glucose-NaNO3 and grown overnight.
Next, this preculture was used to set the optical density of fresh 200 ml YMM-glucose-NaNO3
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or YEPD to approx. 0.1, then at 48 h grown culture was switched to 200 ml YMM–NaNO3 or YP
(1% yeast extract, 2% peptone), both supplemented with 2% glycerol. After further 48 h
incubation, methanol was added at 1% and the cells were cultivated for a further 24 h.
Cultivation was performed in rotary shaker at 180 rpm and 37 °C. Cells were pelleted
by centrifugation at 5,000 g and 4 °C.

3.13 Subcellular fractionation
Protoplasts preparation: Appropriate A. adeninivorans cells were inoculated into 50 ml YMMglucose-NaNO3 at OD600 ~0.1 and grown to OD600 1.2. Cells were harvested by centrifugation
at 3,800 g for 5 min and washed with 10 ml 0.9% NaCl, cells were centrifuged again for 5 min
at 3,800 g, 20°C. Pellet was resuspended in 10 ml solution VBM (Tab. 19) and incubated
for 10 min at 20 °C. Subsequently, the cells were washed twice with 10 ml 0.9% NaCl and then
with 10 ml of 1 M sorbitol. Cells were pelleted again (3,800 g, 5 min, 20°C), resuspended in 10 ml
of medium PP (Tab. 19) and incubated for 2 h at 20 °C with gentle shaking. Protoplasts were
checked under a microscope and subsequently washed twice carefully with 5 ml 1 M sorbitol.
Last two centrifugation steps were performed at 2,500 g, at 20°C for 5 min.
Fractionation: Prepared protoplasts were suspended carefully with the use of glass rod in 0.4 ml
1.8 M sorbitol. Then, protoplasts were lysed by addition of 3.2 ml (in drops) cooled 10 mM TrisHCl, pH 7.5. Redundant cell structures were removed by centrifugation at 1,100 g for 4 min.
The supernatant was loaded onto a test-tube filled with 15-55% sucrose density gradient and
centrifuged in an ultracentrifuge (Beckmann Optima XE-90, Brea, CA, USA) for the separation
of the cell structures (2.5 h, 150,000 g, 4 °C), 0.5 ml fractions were collected and tested
with indicator enzymes and alcohol dehydrogenase assays.
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Table 19 Solutions used in cell fractionation experiment

Solution
Solution VBM

Medium PP

Components
Tris-HCl pH 9.0
EDTA
β-mercaptoethanol
Sorbitol
Lysing enzyme from
Trichoderma harzianum

Final concentration
10 mM
5 mM
1%
1M
3 mg ml-1

3.14 Yeast cells microscopy
Microscopic views of the protoplasts were made with a Confocal Laser Scanning Microscope,
Zeiss LSM 510 META (Germany), equipped with C-Apochromat® 63x/1,2 W Corr objective.

3.15 Cell growth monitoring
3.15.1 Optical density of the culture
The cell growth was analysed by measuring of culture optical density at a wavelength of 600 nm.
1 ml of cell culture was transferred to a plastic cuvette (path length of 1 cm) and the extinction
was recorded with the use of spectrophotometer Shimadzu UV-1601 (Japan). The pure culturing
media served as a blank. When the OD value exceeded 0.8 the samples were diluted considering
the error limits of the spectrophotometer.

3.15.2 Dry cell weight
To determine dry cell weight of the yeast cells, 1 ml of culture was used. The sample was
centrifuged (17,900 g, 3 min, 20°C), pellet was washed with H2OMQ and frozen at -20 °C.
Then, the cells were lyophilized for the appropriate period of time till pellet was completely dry.

3.16 Enzymatic assays
3.16.1 Alcohol dehydrogenase
ADH activity was assayed by adding the crude extract to a reaction mixture of 50 mmol l-1 buffer,
4 mmol l-1 of the substrate and 1 mmol l-1 of NADH / NAD+ in a final volume of 100 µl.
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Reactions were assessed at 340 nm (ε = 6200 M-1cm-1) and at 42 °C.
Table 20 Assay mixtures for several alcohol dehydrogenases

AADH1

ReADH

ChADH

4 mM

Acetaldehyde / Ethanol

Acetophenone

Ethyl benzoylformate

50 mM

Tris-HCl pH 8.0

Sodium phosphate pH 6.5

1 mM
10 μl

NADH / NAD+
Enzyme or crude extract
in a proper dilution

Sodium phosphate pH 7.0
(A-ReADH-6H) or sodium
citrate pH 6.0 (H-ReADH6H)
NADH
Enzyme or crude extract
in a proper dilution

NADH
Enzyme or crude extract
in a proper dilution

3.16.2 Glucose dehydrogenase
Glucose dehydrogenase activity was established by adding the crude extract to 100 µl
of reaction mixture comprising 50 mmol l-1 sodium phosphate buffer (pH 7.0), 100 mmol l-1
glucose and 1 mmol l-1 NAD+ (Tab. 21). Reactions were assessed at 340 nm (ε = 6200 M-1cm-1)
and at 42 °C.

Table 21 Assay mixture for B. megaterium glucose dehydrogenase

BmGDH
100 mM
50 mM
1 mM
10 μl

Glucose
Tris-HCl pH 8.0
NAD+
Enzyme or crude extract in a proper dilution

3.16.3 Glucose-6-phosphate dehydrogenase
Gibon, et al. [138,139] created a method to measure glucose-6-phosphate dehydrogenase
activity which is based on the NADP+-cycling assay. The same approach with some modifications
was used in this study. Glucose-6-phosphate converts to 6-phospho-D-glucono-1,5-lactone,
whereas NADP+ acts as a cofactor in the reaction and it is reduced to NADPH. Subsequently,
the NADPH is oxidised by phenazine methosulphate (PMS) in the presence of thiazolyl blue
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tetrazolium bromide (MTT). Formazan, the product of the latter reaction, is measured
spectrophotometrically at 570 nm.
Assay mixture was prepared for the activity determination, 2 μl of each fraction was enough
to calculate glucose-6-phosphate dehydrogenase activity. The 2 μl aliquots were pipetted
into the wells of 96-well plate and mixed with 18 μl assay mixture.
Components for the assay:
40 mM
10 mM
0.05%
5 mM
0.5 mM

Tricine-KOH pH 8.0
MgCl2
Triton X-100
Glucose-6-phosphate (or H2O for blank)
NADP+

After reaction started, the plate was incubated at 25 °C for 20 min, next 20 μl of 0.5 M NaOH
was added to the mixture and the plate was covered with aluminium foil and heated at 95 °C
for 5 min. Then, the plate was placed on ice and, after cooling, centrifuged at 4,000 g for 30 sec,
20 μl of 0.5 M HCl in 100 mM Tricine-KOH, pH 9 was added and mixed. Then, 50 μl
of determination mixture was added to start the second reaction.
Components for determination mixture:
200 mM
16 mM
10 mM
0.25 U
2 mM
0.4 mM

Tricine-KOH pH 9.0
EDTA
Glucose-6-phosphate
Glucose-6-phosphate dehydrogenase prepared by diluting
with 200 mM Tricine-KOH + 10 mM MgCl2, pH 9
MTT
PMS

The absorbance was read immediately after mixing the solutions. It was recorded every 1 min
at 570 nm and 20°C for 20 min.
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3.16.4 α-D-mannosidase
Opheim [140] provided a method to measure α-D-mannosidase activity. The same method with
some modifications was used in this study. Reaction mixture consisted of sodium acetate
and p-nitrophenyl-α-D-mannopyranoside was used to perform the assay. The reaction was
initiated by the addition of enzyme. Mixture was incubated for 3 h at 30 °C. The addition of 10%
trichloroacetic acid to the mixture stopped the reaction. Then, the 96-well plate was centrifuged
for 10 min at 4,500 g and the supernatant was transferred to the new plate. The absorbance was
read at 405 nm after addition of 1M glycine, pH 10.5.
Components for performing α-D-mannosidase assay:
20 mM
1.7 mM
10%
1M

Sodium acetate (pH 6.5)
p-nitrophenyl-α-D-mannopyranoside
Trichloroacetic acid
Glycine pH 10.5

3.16.5 Statistical analysis
The determination of the mean value of the enzymatic activities is based on at least three
independent biological replicates. Each value represents the mean ± standard deviation of three
independent experiments performed using independent biological materials.

3.17

Synthesis

of

1-(S)-phenylethanol,

ethyl

(R)-4-chloro-3-hydroxybutanoate

and ethyl (R)-mandelate
3.17.1 Synthesis of 1-(S)-phenylethanol with substrate-coupled cofactor regeneration
Enzymatic synthesis of 1-(S)-phenylethanol was performed at 20 °C in 200 μl of 50 mM sodium
phosphate buffer pH 7.0 (A-ReADH-6H) and sodium citrate buffer pH 6.0 (H-ReADH-6H).
0.4 U ml-1 of the enzyme, 15 mM acetophenone, 1 mM NAD+ and 0.5 M isopropanol were used
for the substrate-coupled regeneration of NADH.
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3.17.2 Synthesis of ethyl (R)-4-chloro-3-hydroxybutanoate with substrate-coupled cofactor
regeneration
Enzymatic synthesis of ethyl (R)-4-chloro-3-hydroxybutanoate was conducted at 20 °C in 400 μl
of 50 mM sodium phosphate buffer pH 7.0 (A-ReADH-6H) and sodium citrate buffer pH 6.0
(H-ReADH-6H). 0.8 U ml-1 of the enzyme, 20 mM ethyl 4-chloroacetoacetate, 1 mM NAD+
and 0.5 M isopropanol were used for the substrate-coupled regeneration of the consumed
cofactor.

3.17.3 Synthesis of ethyl (R)-mandelate with isolated enzyme-coupled cofactor regeneration
and whole cell catalysts for comparison between both systems
Enzymatic synthesis of ethyl (R)-mandelate was performed at 45 °C in 300 μl of 50 mM sodium
phosphate buffer pH 6.5. 0.5 U ml-1 of purified enzyme (A-ChADH-6H), 20 mM ethyl
benzoylformate, 1 mM NAD+ and 0.1 U ml-1 of the purified enzyme (A-BmGDH-6H) were used
for the enzyme-coupled regeneration of NADH. Additionally, A. adeninivorans whole cells
with the activity of 0.5 U ml-1 for ChADH-6H and 0.1 U ml-1 for BmGDH were used
in the synthesis approach.

3.17.4 Optimization of the synthesis of 1-(S)-phenylethanol and ethyl (R)-4-chloro-3hydroxybutanoate
Temperature and pH were varied to optimize the enzymatic synthesis of 1-(S)-phenylethanol
and ethyl (R)-4-chloro-3-hydroxybutanoate. A-ReADH-6H was tested for activity at pH 7.0, 8.0
and 9.0 with the reactions conducted at 20 and 45 °C. H-ReADH-6H was tested for activity
at pH 6.0, 7.0 and 9.0 at 20 and 48 °C. The enzyme was used at 0.8 U ml-1 for 1-(S)-phenylethanol
synthesis and 1.6 U ml-1 for ethyl (R)-4-chloro-3-hydroxybutanoate synthesis. Different NAD+
concentrations (0.01, 0.1 and 1 mM) were used in the synthesis reactions and isopropanol
and 1-hexanol were tested as co-substrates for substrate-coupled cofactor regeneration.
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3.17.5 Synthesis of 1-(S)-phenylethanol with A. adeninivorans whole cell catalysts
A. adeninivorans permeabilized whole cell catalysts were used in the synthesis reactions. Whole
cell enzymatic synthesis of 1-(S)-phenylethanol was done at 45 °C in 200 μl of 50 mM sodium
phosphate buffer (A-ReADH-6H). Whole cells, (0.8 U ml-1), 15 mM acetophenone, 100 mM
glucose and NAD+ (1.0, 0.1 or 0.01 mM) were used for the enzyme-coupled regeneration
with BmGDH.

3.17.6 Synthesis of ethyl (R)-4-chloro-3-hydroxybutanoate with A. adeninivorans whole cell
catalysts
Whole cell enzymatic synthesis of ethyl (R)-4-chloro-3-hydroxybutanoate was conducted at 45 °C
in 300 μl of 50 mM sodium phosphate buffer (A-ReADH-6H). The reaction was carried out in 400
µl with the whole cells (1.6 U ml-1), 20 mM ethyl 4-chloroacetoacetate as the substrate and NAD+
(1, 0.1 or 0.01 mM).

3.17.7 Synthesis of ethyl (R)-mandelate with A. adeninivorans and H. polymorpha whole cell
catalysts
A. adeninivorans and H. polymorpha whole cell catalysts were used in the synthesis reactions.
Whole cell enzymatic synthesis of ethyl (R)-mandelate was done at 45 °C in 300 μl of 50 mM
sodium phosphate buffer. Whole cells (20 µl equivalent with 0.6 mg dcw-1) with activities
of 0.7 U ml-1 (A-ChADH-6H) and 5.3 U ml-1 (BmGDH) for A. adeninivorans and 1.5 U ml-1
(H-ChADH-6H) and 0.7 U ml-1 (BmGDH) for H. polymorpha, 20 mM ethyl benzoylformate,
100 mM glucose and 1 mM NAD+ were used for the enzyme-coupled regeneration
of the consumed NADH.
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3.18

Detection

of

1-(S)-phenylethanol,

ethyl

(R)-4-chloro-3-hydroxybutanoate

and ethyl (R)-mandelate
3.18.1 GC-Flame Ionization Detector for 1-(S)-phenylethanol
Substrate and products were extracted with 1/5 volume of ethyl acetate and the phases were
separated by centrifugation for 5 min at 17,900 g. The upper phase was analysed by GC-FID
(Supelco β-DEX™ 110 L × I.D. 30 m × 0.25 mm, df 0.25 μm, Sigma, Germany) ramping from 110
to 160 °C at 5 °C min-1 and with detection at 220 °C.
The proportion of 1-(S)-phenylethanol in % was calculated from the ratio of acetophenone
to 1-(S)-phenylethanol recovered. The S-configuration assessment of the enzymatically obtained
1-(S)-phenylethanol was made by comparison with 1-(S)-phenylethanol and 1-(R)-phenylethanol
from Acros (Germany), which had retention times of 8.8 and 8.6 min respectively.

3.18.2 High Performance Liquid Chromatography (HPLC) for ethyl (R)-4-chloro-3hydroxybutanoate
Substrate and products were extracted with 400 µl of ethyl acetate and the phases were
separated by centrifugation for 5 min at 17,900 g. 300 μl of the upper phase was evaporated
with nitrogen and samples were resolved in 150 μl capronaldehyde (internal standard) diluted
1:40 in n-heptane:isopropanol, 92.5:7.5. Analysis was done by HPLC-RI (column: Chiralpak AD-H,
250 x 4.6 mm, 5 µm, DAICEL Chemical industries LTD, Japan, flow: 0.7 ml min -1)
with n-heptane:isopropanol, 92.5:7.5 as eluent. For quantification 20 mM ethyl (R)-4-chloro-3hydroxybutanoate was extracted, evaporated and resolved as described.

3.18.3 High Performance Liquid Chromatography (HPLC) for ethyl (R)-mandelate
Substrate and products were extracted with 500 µl of n-heptan and the phases were separated
by centrifugation for 5 min at 17,900 g. 200 μl of the upper phase was transferred to the HPLC
vials. Analysis was done by HPLC-RI (column: Chiralcel OD-H, 150 x 4.6 mm, DAICEL Chemical
industries LTD, Japan, flow: 1 ml min-1) with n-heptane : isopropanol, 97 : 3 (v/v) as eluent. For
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quantification 20 mM ethyl benzoylformate, ethyl (R)-mandelate and ethyl (S)-mandelate were
extracted as described. Retention times of EBF, (S)-EM and (R)-EM were 6, 11.5 and 21.5 min,
respectively.

3.19 GC-MS analysis of ethanol and 1-butanol concentration
Ethanol standard was prepared as follows, 10 µl aliquots of water supplemented with 1, 0.5,
0.25, 0.20, 0.1, 0% ethanol were pipetted into vials (Perkin Elmer, 22 ml) and measured
for the ethanol content. Samples were collected after 0, 4, 16, 24, 28, 40 h incubation and
centrifuged at 17,900 g for 3 min. 10 µl aliquots were measured for the ethanol content. Vials
were collected in TurboMatrix 40 Headspace sampler (PerkinElmer). Samples were
thermostated for 30 min at 130 oC, injection time was set up for 0.05 min with withdraw 0.1 min.
The analytes were separated on an Elite 624 (30 m x 0.25 mm x 1.4 µm; USA). The oven
temperature was constant at 60 oC with injection temperature at 115 oC. High pure helium was
the carrier gas set at a constant flow rate of 1 ml min-1. The injection port, transfer line, and ion
source temperatures were all set at 200 °C and 70 eV of EI was adopted. The injection was
performed in split mode with a split with 5 ml min-1 and ratio of 1:1.7.
1-butanol standard was prepared as follows, 500 µl aliquots of YMM-NaNO3 supplemented
with 0.25, 0.20, 0.15, 0.10, 0.05, 0% 1-butanol were extracted with 500 µl of ethyl acetate.
The organic phase (200 µl) was pipetted into GC vial and measured for 1-butanol content.
Samples were collected after 0, 4, 16, 24, 28, 40 h incubation and centrifuged at 17,900 g
for 3 min. 500 µl of the supernatant was extracted with 500 µl of ethyl acetate and the organic
phase (200 µl) was pipetted into a GC vial for analysis of the 1-butanol content. The analysis was
performed with a Perkin Elmer, Mass Spectrometer Clarus® SQ 8 S. The analytes were separated
on an Elite-5MS capillary column (30 m x 0.25 mm x 0.25 µm; USA). The oven temperature
program was as follows: 80 °C initially for 6 min, increased to 200 °C at 20 °C min -1 and 200 °C
was maintained for 2 min. High pure helium was the carrier gas set at a constant flow rate
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of 1 ml min-1. The injection port, transfer line, and ion source temperatures were all set at 200 °C
and 70 eV of EI was adopted. The injection was performed in split mode with a split speed
of 20 ml min-1 and ratio of 27.2:1.

3.20 Production of ethanol by the overexpressing strain, deletion mutant and control
strain in YMM-glucose-NaNO3
Cultures of G1212/YRC102-AADH1-6H, G1252/Δaadh1 and G1212/YRC102 were cultivated
in YMM-glucose-NaNO3 for 108 h, at 30 °C and 180 rpm. Ethanol standards were prepared
as described in 3.19. Samples were collected after 0, 12, 24, 36, 48, 60, 72, 84, 96, 108 h
incubation and centrifuged at 17,900 g for 3 min. 10 µL aliquots were measured for ethanol
content as described in 3.19.

3.21 DNS analysis of glucose concentration
The glucose concentration was measured according to the DNS (dinitrosalicylic) method
[141, 142] which tests for the presence of free carbonyl group (C=O), the so-called reducing
sugars. This involves the oxidation of the aldehyde functional group present in, for example,
glucose. Standard was prepared with the glucose concentrations; 0.5, 0.25, 0.125, 0.0625
and 0%. Concentrations of the samples were calculated on the basis of the standard curve.

3.22 Production of permeabilized cells
A. adeninivorans and H. polymorpha cultures were cultivated for 24 h at 30 °C in YEPD, cells
were harvested (4,000 g for 5 min), washed with distilled water and resuspended in a sodium
phosphate buffer (pH 7.0) supplemented with Triton X-100 (0.5%). Subsequently cells were
frozen in the -20 °C [143].
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3.23 Immobilization of A. adeninivorans and H. polymorpha permeabilized cells
3.23.1 Calcium alginate
Triton cells were thawed and mixed at a volume ratio of 1:4 with sodium alginate (3% w/v)
to obtain the homologous mixture, subsequently 50 µl aliquots were dropped into the cold
calcium chloride (1%). Lenses were cured in YMM-NaNO3 medium for 120 min and afterwards
washed with distilled water.

3.23.2 Lentikat®
Lentikats® liquid (solid from) was placed in the water bath (95 °C) till it melted completely. It was
mixed with magnetic stirrer and cooled down to 30 °C. Thawed, permeabilized cell suspension
was mixed with Lentikats® liquid at a volume ratio of 1:4 to obtain the homologous mixture.
50 µl droplets were formed on the petri plate. Lenses were left for drying in a Laminar airflow
cabinet until the droplet’s original weight was reduced to 70%. When the gelation was complete,
the YMM-NaNO3 was poured on the petri plate for re-swelling and for sloughing the gel particles.
The plate was stirred for 1 h at 25 °C. Afterwards, the stabilizer solution was removed and lenses
were washed twice with distilled water.

4. Results
4.1 ReADH protein
Alcohol dehydrogenase ReADH synthesized by bacteria R. erythropolis is an intracellular enzyme
which is able to convert ketones to (S)-alcohols. Previously, ReADH gene was expressed in E. coli
and the respective recombinant protein was characterized [107]. Two yeast species:
A. adeninivorans and H. polymorpha were used as host to characterize the recombinant ReADHp
and check its potential in the synthesis of 1-(S)-phenylethanol and ethyl (R)-4-chloro-3hydroxybutanoate.
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This part of the study comprises results of investigation on ReADH synthesized
in A. adeninivorans and H. polymorpha.

4.1.1 Construction of ReADH and ReADH-BmGDH expression plasmids
Construction of Xplor2.2-ReADH expression plasmid
The Xplor®2 platform has been established as a transformation/expression platform
in A. adeninivorans. It allows construction of resistance-marker free transformants [136].
The system consists of bacterial vector backbone into which yeast selection and expression
modules are integrated between 25S rDNA segments to produce a linear fragment of DNA,
which can be transferred into an auxotrophic mutant strain. The advantage of this system is that
multiple integrations into the genome are possible. For this purpose the Arxula vector Xplor2.2
(basis vector Xplor2 plus ATRP1 selection marker module) was equipped with the expression
module based on the TEF1 promoter which enables constitutive heterologous gene expression.
The open reading frame (ORF) was established for ReADH for de novo gene synthesis (GeneArt,
Germany) based on the published amino acid sequence of ReADH from R. erythropolis strain
DSM 43297 [107]. The ORF using optimized codon usage for A. adeninivorans, fused
with the His-tag encoding sequence at the 3’-end and EcoRI and BamHI restriction sites
at the 5’- and 3’-ends, respectively, was purchased from GeneArt (construct no. 12ABIBXC).
PCR was done with gene specific primers on the GeneArt template to get the ORF of ReADH
gene without a His-tag encoding sequence (primers ReADH fw and ReADH rev). PCR was
performed to produce an ORF of ReADH gene with the His-tag encoding sequence on 5’ end
(primers ReADH fw His and ReADH rev). The EcoRI-BamHI ReADH-6H, ReADH and 6H-ReADH
gene fragments, were inserted into the plasmid pBS-TEF1-PHO5-SS (flanked by SpeI-SacII
restriction sites) between the A. adeninivorans-derived TEF1 promoter and the S. cerevisiaederived PHO5 terminator. TEF1 promoter – ReADH-6H/ReADH/6H-ReADH gene - PHO5
terminator cassettes flanked by SpeI-SacII restriction sites were cloned into the Xplor2.2 plasmid
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to generate Xplor2.2-ReADH-6H/ReADH/6H-ReADH. The 25S ribosomal DNA (rDNA) target
sequences were interrupted by the selection marker module (ALEU2 promoter-ATRP1m)
and Eco47III, SpeI, SacII, SalI, ApaI multicloning restriction sites for insertion.
To obtain the final constructs used for yeast genome integration, the plasmids were cleaved with
AscI (YRC-cassette contains flanking rDNA regions which are necessary preferred
for homological recombination) or SbfI (YIC-cassette does not contain flanking rDNA sequences
and preferred enables non-homological recombination) to remove the E. coli sequences
including the kanamycin resistance marker. The resulting linear fragments (Fig. 4) were
transformed into A. adeninivorans G1212. The resulting yeast transformants (A. adeninivorans
G1212/YRC102-ReADH-6H/ReADH/6H-ReADH and G1212/YIC102-ReADH-6H/ReADH/6H-ReADH)
were stabilised by passaging to maintain stable integrated cassettes in the genome (see 3.11.3).

Figure 4 YRC102-ReADH-6H/ReADH/6H-ReADH flanked by 25S rDNA sequences for targeting
(AscI fragment) and YIC102-ReADH-6H/ReADH/6H-ReADH without 25S rDNA sequences (SbfI fragment)
containing the selection marker module with ATRP1m gene fused to the ALEU2 promoter
with the expression module, TEF1 promoter – ReADH-6H/ReADH/6H-ReADH gene – PHO5 terminator.
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Construction of Xplor2.2-ReADH-BmGDH expression plasmid
The EcoRI/BamHI BmGDH gene fragment without His-tag encoding sequence [143] was inserted
into the plasmid pBS-TEF1-PHO5-SA. Fragment TEF1 promoter – BmGDH gene - PHO5 terminator
flanked by ApaI/SalI, was cloned into the Xplor2.2-ReADH-6H. The Xplor2.2-ReADH-6H-BmGDH
(Fig. 5) was transformed into A. adeninivorans G1212 for co-expression of the both genes.

Figure 5 YRC102-ReADH-6H-BmGDH flanked by 25S rDNA sequences for targeting (AscI fragment)
and YIC102-ReADH-6H-BmGDH without 25S rDNA sequences (SbfI fragment) contain the selection marker
module with ATRP1m gene fused to the ALEU2 promoter with the two expression modules TEF1 promoter
– ReADH-6H gene – PHO5 terminator and TEF1 promoter – BmGDH gene – PHO5 terminator.

Construction of pFPMT121-ReADH expression plasmid
The H. polymorpha expression plasmid required the EcoRI-BamHI fragment with ReADH gene
with the His-tag encoding sequence at 3’-end, without His-tag encoding sequence
and with His-tag encoding sequence at 5’-end to be inserted into the pFPMT121 vector between
FMD promoter (repressed by glucose, derepressed by glycerol, induced by methanol) and MOX
terminator. The resulting plasmids pFPMT121-ReADH-6H/ReADH/6H-ReADH (Fig. 6) were
subsequently transformed in the circular form into H. polymorpha RB11, the resulting cells were
stabilized by passaging (see 3.11.3). The pFPMT121 [144, 145] vector containing
an origin of replication site enables replication independently of the genome. Presumably parts
54

of the plasmid could be also integrated into the genome of H. polymorpha which would make
multiple integrations possible.

Figure 6 pFPMT121-ReADH-6H/ReADH/6H-ReADH is composed with the following genetic elements:
selection marker URA3, expression module FMD promoter – ReADH-6H/ReADH/6H-ReADH gene – MOX
terminator and HARS (autonomously replication sequence from H. polymorpha). In addition the plasmid
contains E. coli elements for selection and autonomously replication of the plasmid in E. coli.

4.1.2 Selection of the transgenic A. adeninivorans and H. polymorpha strains with maximal
accumulation of recombinant ReADH-6H
A. adeninivorans G1212/YRC102-ReADH-6H/ReADH/6H-ReADH and G1212/YIC102-ReADH6H/ReADH/6H-ReADH were cultured at 30 °C in YMM-glucose-NaNO3 for 48 h. H. polymorpha
RB11/pFPMT121-ReADH-6H/ReADH/6H-ReADH was grown at 37 °C in YMM-glucose-NaNO3
for 48 h. Cells were then shifted to YMM-glycerol-NaNO3 and cultivated for additional 48 h,
subsequently methanol was added to final concentration of 1% and cells were incubated
for an additional 24 h. The ReADH gene did not contain a secretion sequence resulting in the
accumulation of the recombinant protein in the cytoplasm. This required disruption of the cells
to produce crude extracts which were analysed for alcohol dehydrogenase activity.
A. adeninivorans and H. polymorpha transformants with His-tag encoding sequence localized on
the 5´-end of the ReADH gene did not produce active enzyme whereas transformants
with His-tag sequence localized on 3´-end and those without His-tag encoding sequences
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produced active enzyme. The best clone transformed with ReADH gene with His-tag encoding
sequence localized on 3’-end was 8% more active than the most active clone transformed
with ReADH gene without His-tag encoding sequence. Moreover, it is likely that the His-tag
sequence located at the 5´-end caused conformational changes, which shielded the active site
of

the

enzyme

from

the

substrate.

A.

adeninivorans

G1212/YRC102-ReADH-6H

and H. polymorpha RB11/pFPMT-ReADH-6H transformants with integrated ReADH-6H
expression modules were screened, and the strains which had the highest activities were
selected for use in enzyme production studies.
These cells were assayed for the maximum accumulation of the recombinant protein in timecourse experiments. A. adeninivorans G1212/YRC102-ReADH-6H and H. polymorpha
RB11/pFPMT-ReADH-6H were cultured in the media described below.
A. adeninivorans G1212/YRC102-ReADH-6H, cultivated in YMM-glucose-NaNO3, achieved
its maximal yield coefficients Y(P/X) (enzyme formation P [U] per biomass X [g]), 2.6 ± 0.2 U g-1
dcw (dry cell weight) at 24 h. During further cultivation, this value fell to 1.8 ± 0.1 U g-1 dcw and
remained relatively stable for next 96 h (Fig. 7A). Cultivation of the same strain in YEPD resulted
in higher yield coefficients in a cultivation time of 24 h (4.7-fold higher in comparison
to the YMM-glucose-NaNO3 cultivation), 12.3 ± 1.0 U g-1 dcw which fell to 6.1 ± 0.6 U g-1 dcw
after 48 h incubation. During the further cultivation, this level was also relatively constant
(Fig. 7B). The highest recombinant enzyme yield for H. polymorpha RB11/pFPMT121-ReADH-6H
cultivated in YMM-glycerol-NaNO3-methanol was 9.6 ± 0.5 U g-1 dcw, which occurred 12 h
after the induction of the FMD promoter with methanol. This level decreased to 6.5 ± 0.5 U g-1
dcw after 24 h incubation (Fig. 7C). The highest yield for the H. polymorpha transformant
cultivated in YP-glycerol-methanol was 52.7 ± 0.4 U g-1 dcw after 10 h which decreased
to 38.2 ± 4.0 U g-1 dcw after 24 h (Fig. 7D).
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Maximum activity [U l-1] achieved for ReADH synthesized by A. adeninivorans was 56.2 ± 6.8 U l-1
in YEPD media (Fig. 7B), whereas enzyme synthesized in H. polymorpha gave maximal yield
of 834.7 ± 6.0 U l-1 in YP medium enriched with glycerol and methanol (Fig. 7D) i.e. a 15 fold
increase over the levels seen in A. adeninivorans grown in YEPD. The difference between
maximal yield coefficients Y(P/X) of the proteins was not significant with a 4.3 fold increase
for H-ReADH-6H. Calculations of activity were based on experiments performed in triplicate.
The activity units relate only to ReADH-6H activity since the strain which acts as a negative
control (A. adeninivorans G1212/YRC102) did not show any activity with acetophenone.
A. adeninivorans G1212/YRC102 transformed with “empty” Xplor2.2 vector (without ReADH
gene) acts as a negative control.

A

B

C

D

Figure 7 Time course plots of ReADH-6H activities of (A and B) transgenic A. adeninivorans and (C and D)
H. polymorpha strains. The transformants were cultured at 30 °C and 180 rpm in shake flasks for 96 h
in YMM-glucose-NaNO3 (A), YEPD (B), or for 48 h in YMM-glucose-NaNO3 (C) / YEPD (D), shifted
in YMM-glycerol-NaNO3 (C) / YP glycerol (D) for an additional 48 h and then for next 24 h with the addition
of 1 % methanol (final concentration) (C and D). At the indicated times, 1 ml aliquots of the culture were
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-1

used for determination of biomass (Δ) [dcw in g l ], assay the intracellular ReADH-6H activity (○)
-1

-1

[U l culture] and to calculate ReADH-6H production, Y (P/X) (□) [U g dcw)].

4.1.3 Purification and characterization of the recombinant ReADH-6H
The recombinant A-ReADH-6H and H-ReADH-6H were partially purified as described in 3.10.2.

Table 22 Summary of A. adeninivorans and H. polymorpha ReADH-6H purification process by Ni-NTA
agarose, activity was analysed as described in 3.16.1 with acetophenone as a substrate

ReADH-6H

A. adeninivorans

H. polymorpha

Protein
[mg]

Atotal [U]

Yield [%]

Asp [U mg-1
protein]

Fold
purified

Crude
extract

40.5

4.7

100

0.1

1

Eluate

0.8

2.0

42.6

2.5

25

Crude
extract

40

15.7

100

0.4

1

Eluate

1.4

3.7

23.6

2.6

6.5

Step

The recombinant A-ReADH-6H with the C-terminal His-tag was purified on His-bind resin. 0.8 mg
of pure protein was obtained from 40.5 mg of total protein in A. adeninivorans G1212/YRC102ReADH-6H crude extract. Of the total 4.7 U A-ReADH-6H activity found in crude extract, 2.0 U
could be purified. The eluate had an activity of 2.5 U mg-1 protein, which was an increase
of 25 times compared to the crude extract. 1.4 mg of pure H-ReADH-6H was purified from 40 mg
of total protein in H. polymorpha RB11/pFPMT121-ReADH-6H crude extract and 3.7 U was
purified from a total of 15.7 U found in the crude extract. The eluate had an activity
of 2.6 U mg-1, which was an increase of 6.5 times over the crude extract.
The calculated molecular mass for the enzyme after gel filtration on SuperdexTM 200 was
144 kDa for both proteins, however both recombinant proteins gave visible bands
on a denaturing protein gel of 36 kDa which indicated that the enzymes consist of four subunits
which was consistent with the theoretical molar mass of 36 kDa for a single subunit (Fig. 8).
58

The presence of double protein band could be for several reasons which are dealt within
the Discussion.

A

B

Figure 8 Purification of ReADH-6H isolated from (A) H. polymorpha (H-ReADH-6H) and (B) A. adeninivorans
(A-ReADH-6H) transformants with Ni-NTA agarose. Coomassie-stained SDS-PAA gel (lanes 1 and 2)
and Western blot with anti-HIS pAb (lanes 3 and 4) of H-ReADH-6H and A-ReADH-6H crude extracts before
(lanes A1/A3 and B1/B3) and after the purification (lanes A2/A4 and B2/B4). The eluates were
concentrated 13 times by precipitation with 90% ethanol.

Both recombinant ReADH-6H´s were subjected to biochemical analysis. They exhibited
the highest activity for the oxidation reaction (1-phenylethanol as substrate) at pH 9.0 in Tris-HCl
buffer, however the optimum pH for the reduction reaction (acetophenone as substrate) was pH
7.0 with maximum activity seen in sodium phosphate buffer. H-ReADH-6H however reached
its highest activity in sodium citrate buffer at pH 6.0.
The highest activity of A-ReADH-6H was at 45 °C with 80% of maximum activity occurring
between 35 and 55 °C and the highest activity for H-ReADH-6H was at 48 °C with 80 %
of maximum activity occurring between 40 and 60 °C.
For thermo-stability analysis, both recombinant proteins were incubated at 45, 55 and 60 °C
for fixed times and tested for activity. Enzymes remained stable for first 2 h of incubation
in all cases, however after 4 h, activity started to decrease, especially in incubations

59

at 55 and 60 °C (Fig. 9). H-ReADH-6H showed 16% higher stability at 45 °C (after 8 h storage)
than A-ReADH-6H. After incubation for 8 h at 55 and 60 °C the recombinant enzymes were
completely inactivated indicating that both enzymes have moderate thermostability.

B

A

Figure 9 Thermostability of purified A-ReADH-6H (A) and H-ReADH-6H (B) synthesized by transgenic
A. adeninivorans (A) and H. polymorpha (B) strains. The recombinant purified enzymes were incubated
for certain time periods at 45 (□), 55 (●) and 60 °C (Δ) before the alcohol dehydrogenase activity was
measured.

The activities of A-ReADH-6H and H-ReADH-6H were tested with different substrates for NAD+
dependent oxidation and NADH dependent reduction (Tab. 23). Activities with 40 mM
acetophenone (2.5 U mg-1 for A-ReADH-6H, 2.6 U mg-1 for H-ReADH-6H) and 40 mM
1-phenylethanol (3.4 U mg-1 for A-ReADH-6H, 2.5 U mg-1 for H-ReADH-6H) were assigned 100%.
A-ReADH-6H showed highest oxidation activity with hexanediol (121%) and weak activity with
1-hexanol (11%), isopropanol (3%), 1-pentanol (2%) and 2-butanol (2%). H-ReADH-6H also had
high activity with hexanediol (104%) and low activity with 1-hexanol (16%), isopropanol (7%),
1-pentanol (5%) and 2-butanol (5%).
For reduction reactions, A-ReADH-6H was active with 2,5-hexanediol (187%) and ethyl
4-chloroacetoacetate (205%) and H-ReADH-6H had similar activity with 2,5-hexanediol (254%)
and ethyl 4-chloroacetoacetate (152%).
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Table 23 Substrate specificity of ReADH-6H synthesized in A. adeninivorans and H. polymorpha

Relative enzyme activity [%]
Substrate [40 mM]

A-ReADH-6H

H-ReADH-6H

Oxidation reaction (NAD+ [1 mM] as cofactor)
Methanol
Ethanol
1-Butanol
1-Pentanol
1-Hexanol
1-Nonanol (2 mM)*
2-Butanol
2-Nonanol (2 mM)*
Isopropanol
2-Phenylethanol
1-Phenylethanol
1,6-Hexanediol
1,2-Butanediol

0
0
0
2 ± 0.2
11 ± 0.6
0
2 ± 0.2
0
3 ± 0.2
0
100
121 ± 9.3
0

0
0
0
5 ± 0.3
16 ± 0.4
0
5 ± 0.7
0
7±1
0
100
104 ± 8
0

Ethyl (R)-4-chloro-3-hydroxybutanoate

0

0

Ethyl (S)-4-chloro-3-hydroxybutanoate

0

0

Reduction reaction (NADH [1 mM] as cofactor)
Butanal
Pentanal

0
0

0
0

Hexanal
2-Butanone

0
0

0
0

2-Nonanone (2 mM)*
Acetone

0
2 ± 0.1

0
3 ± 0.3

5-Chloropentanone
Acetophenone

0
100

0
100

2,5-Hexanedione
4-Hydroxy-3-butanone
Ethyl 4-chloroacetoacetate

187 ± 8.6
0
205 ± 1.2

254 ± 6.6
0
152 ± 4.9

* 2 mM 1-Phenylethanol / Aectophenone were assigned 100%

4.1.4 Kinetic studies
The kinetic parameters of the ReADH-6H were determined at its optimum pH and temperature
(Tab. 24). The substrates were added in increasing concentrations ranging from 0.1 mM to 16.0
mM (0.1, 0.5, 1, 1.5, 2, 3, 3.5, 4, 6, 8, 9, 10, 12, 14 and 16 mM) for acetophenon and from
0.4 mM to 40 mM (0.4, 0.5, 1, 1.5, 2, 4, 5, 10, 12, 15, 18, 20, 25, 30, 35 and 40 mM) for
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phenylethanol. The assay reagents were added in 96-well plates in triplicates. Equal amount
of enzyme was added and readings were obtained at 340 nm. About 15 readings were taken
at the interval of 1 min. The KM and Vmax values were determined from Hanes-plot by the linear
regression using Microsoft Excel add-in, Excel Solver.
Table 24 Kinetic parameters for A-ReADH-6H and H-ReADH-6H with two different substrates

Acetophenon
A-ReADH-6H

H-ReADH-6H

Phenylethanol
A-ReADH-6H

H-ReADH-6H

k cat [1/s]

14.5

11.2

7.8

6.6

k cat/K m
[1/mM*s]

12.4

6.9

5.5

1.4

K m [mM]
v max [mM/s]

1.2
6.4E-04

1.6
6.1E-04

1.4
3.5E-04

4.8
3.6E-04

4.1.5 Native protein gel
The A-ReADH-6H and H-ReADH-6H were analysed in an electrophoresis in native polyacrylamide
gel (Fig. 10). This method proved that both enzymes react with phenylethanol, the gel was
treated with this substrate and the very visible bands appeared after short time period.
By comparing the activity band with bands of molecular mass marker it was possible to calculate
the molecular mass of native protein which is ca. 144 kDa and confirm the result of sizeexclusion chromatography. This result provides additional prove that ReADH synthesized in two
yeast species has a tetrameric structure.
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Figure 10 Native polyacrylamide gel electrophoresis of R. erythropolis alcohol dehydrogenase synthesized
in A. adeninivorans and H .polymorpha. Self-made marker (1), A. adeninivorans G1212/YRC102-ReADH-6H
crude ex. (2), H. polymorpha RB11/pFPMT121-ReADH-6H crude ex. (3), A. adeninivorans G1212/YRC102
crude ex. (4), H. polymorpha RB11/pFPMT121 crude ex. (5). The last two strains are negative controls.

4.1.6 Analysis of cofactor spectrum for A-ReADH-6H and H-ReADH-6H
The determination of the effect of metal ions and other substances on alcohol dehydrogenase
activity was performed with a standard activity assay. All additives had a concentration of 1 mM
in a final reaction mixture. As shown in Table 25, Ca2+, Co2+, Fe3+, Fe2+, K+, Mg2+, Mn2+, Ni2+
and EDTA had a weak influence on the A-ReADH-6H enzyme activity. Cu2+ seems to inhibit
the enzyme, whereas Zn2+ and DTT caused an increase in the enzymatic activity. H-ReADH-6H
showed higher activity with addition of Ca2+, Co2+, Fe2+ and Zn2+. Inhibitory effect was present
with Fe3+, K+, Mn2+ and Ni2+. However, Cu2+, Mg2+, Ni2+, DTT and EDTA did not have an influence
on the enzymatic activity.
Table 25 Effect of metal salts on A-ReADH-6H or H-ReADH-6H activity (the control contained a H2O instead
of additive and activity with the control was set up as 100%)

CaCl2
CoCl2
CoSO4
CuSO4

Relative activity [%]
A-ReADH-6H
H-ReADH-6H
102.4
123.2
107.1
111.5
106.8
122.7
85.0
99.2
63

FeCl3
FeSO4
KCl
MgSO4
MnCl2
MnSO4
NiSO4
ZnSO4
DTT
EDTA
H2O

4.1.7

Synthesis

of

92.8
92.4
104.0
104.5
108.2
107.8
95.7
139.8
121.4
97.8
100.0

1-(S)-phenylethanol

88.0
157.1
85.1
93.0
65.0
87.5
104.5
120.4
93.5
93.4
100.0

and

ethyl

(R)-4-chloro-3-hydroxybutanoate

by substrate-coupled cofactor regeneration with isolated enzymes
Synthesis of 1-(S)-phenylethanol was done at 20 °C. At this temperature the enzymes had their
highest stability during long-term incubation. 0.4 U ml-1 of each enzyme in sodium phosphate
buffer, pH 7.0 (A-ReADH-6H) or sodium citrate buffer, pH 6.0 (H-ReADH-6H), was used
for synthesis (Fig. 11A, dotted plots) and isopropanol was used as a second ReADH-6H substrate
to provide substrate-coupled cofactor regeneration.
After 150 min, 83% (A-ReADH-6H) and 79% (H-ReADH-6H) of the acetophenone was converted
into 1-(S)-phenylethanol. Equilibrium for the reaction was achieved at 300 min and reached 93%
for both enzymes with almost all of the acetophenone (15 mM), present in the reaction mixture
being converted to 1-(S)-phenylethanol.
Synthesis of ethyl (R)-4-chloro-3-hydroxybutanoate was done under the conditions described
above, with 0.8 U ml-1 of each enzyme used for the synthesis (Fig. 11B, dotted plots).
Isopropanol was used as a second ADH substrate as described previously. After 150 min, 63%
(A-ReADH-6H) and 55% (H-ReADH-6H) of ethyl 4-chloroacetoacetate was converted into ethyl
(R)-4-chloro-3-hydroxybutanoate. Reaction equilibrium was achieved after 240 min and reached
67% (A-ReADH-6H) and 63% (H-ReADH-6H).
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4.1.8 Optimization of the synthesis of 1-(S)-phenylethanol and ethyl (R)-4-chloro-3hydroxybutanoate
1-(S)-phenylethanol
The reaction was optimized and the product yield calculated for reactions conducted under
different conditions. The optimal pH value was 7.0 (sodium phosphate buffer) for the
A. adeninivorans enzyme and pH 6.0 (sodium citrate buffer) for the H. polymorpha enzyme.
Doubling the enzyme concentrations and running the reaction at the optimal temperatures
(45 °C for A-ReADH-6H and 48 °C for H-ReADH-6H) caused a slight acceleration of both reactions
(maximum conversion yield was achieved 60 min earlier) and a minor increase (2%) in the final
product yield for H-ReADH-6H (Fig. 11A, continuous plots). Different NAD+ concentrations were
used in the reaction: 0.01, 0.1, 1 mM. Lowering the concentration of NAD+ caused a slowing
of the conversion. Synthesis reaction performed with 0.1 mM NAD+ resulted in a 7% decrease
of the acetophenone conversion for A-ReADH-6H and 6% decrease for H-ReADH-6H compared
to the reaction conducted with 1 mM NAD+. The synthesis reaction performed with 0.01 mM
NAD+ caused 21% decrease of acetophenone conversion for A-ReADH-6H and 28% for H-ReADH6H compared to the reaction conducted with 1 mM NAD+. Two different substrates were tested
for substrate-coupled cofactor regeneration. Hexanol as the co-substrate resulted in a very low
conversion of acetophenone – 2% (A-ReADH-6H) and 5% (H-ReADH-6H), whereas the conversion
level with isopropanol as a co-substrate was 34% (A-ReADH-6H) and 43% (H-ReADH-6H).
Measurements were done at 30 min.
Under optimal conditions, after 120 min, 81% (A-ReADH-6H) and 87% (H-ReADH-6H)
of acetophenone was converted into 1-(S)-phenylethanol. Optimization improved production
of the 1-(S)-phenylethanol to 95% for H-ReADH-6H and 93% for A-ReADH-6H. A longer
incubation period did not increase the product yield. Under optimal conditions, 1.73 g l-1
(H-ReADH-6H) and 1.69 g l-1 (A-ReADH-6H) of 1-(S)-phenylethanol were synthesized.
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Ethyl (R)-4-chloro-3-hydroxybutanoate
Conditions for the reaction were the same as above. 0.01 mM, 0.1 mM, 1 mM NAD +
concentrations were used in the reaction. Synthesis reactions conducted with 0.1 mM NAD+
resulted in a 16% decrease of the ethyl 4-chloroacetoacetate conversion level for A-ReADH-6H
and 15% decrease for H-ReADH-6H compared to the reaction performed with 1 mM NAD+
and synthesis reactions performed with 0.01 mM NAD+ caused 26% decrease for A-ReADH-6H
and 46% for H-ReADH-6H. Hexanol instead of isopropanol as a substrate for cofactor
regeneration resulted in the reaction stopping. Measurements were done at the 30th minute
of the synthesis reaction.
After 60 min in optimal conditions, 57% (A-ReADH-6H) and 68% (H-ReADH-6H) of the ethyl
4-chloroacetoacetate was converted into ethyl (R)-4-chloro-3-hydroxybutanoate. The maximum
value in optimal conditions was achieved after 120 min of reaction and reached 74% (A-ReADH6H and H-ReADH-6H). Using higher enzyme concentrations at the optimal temperatures caused
an acceleration of the both reactions (maximum conversion yield was achieved 120 min earlier)
and increased the final product yield by 7% for A-ReADH-6H and 11% for H-ReADH-6H (Fig. 11B,
continuous plots). Under optimal conditions, 2 g l-1 of ethyl (R)-4-chloro-3-hydroxybutanoate
was formed in 120 min.
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A

B

Figure 11 Synthesis of (A) 1-(S)-phenylethanol by reduction of 15 mM acetophenone and (B) ethyl
(R)-4-chloro-3-hydroxybutanoate by reduction of 20 mM ethyl 4-chloroacetoacetate with each 500 mM
isopropanol for NADH regeneration by A-ReADH-6H (Δ) and H-ReADH-6H (▲ ) before optimization
and by A-ReADH-6H (●) and H-ReADH-6H (□) after optimization.

4.1.9 Synthesis of 1-(S)-phenylethanol and ethyl (R)-4-chloro-3-hydroxybutanoate by enzymecoupled cofactor regeneration with A. adeninivorans whole-cell catalysts synthesizing ReADH6H and BmGDH proteins
1-(S)-phenylethanol
Under optimal conditions (1 mM NAD+, 45 °C, pH 7.0) after 30 min, 81% of acetophenone was
converted into 1-(S)-phenylethanol. A maximum of 92% conversion was achieved after 60 min
(Fig. 12A, continuous plot). A longer incubation period did not increase the product yield and the
whole-cell catalysis synthesized a total of 1.67 g l-1 of 1-(S)-phenylethanol in 60 min. Additionally,
the reaction was conducted with a reduced amount of cofactor which resulted in a slight
decrease in the synthesis process, with a 9% decrease in the final conversion yield when
the concentration of NAD+ was reduced 10 fold to 0.1 mM and 20% when the NAD+ was reduced
100 fold to 0.01 mM (Fig. 12A, dotted plot).
Ethyl (R)-4-chloro-3-hydroxybutanoate
Under optimal conditions (1 mM NAD+, 45 °C, pH 7.0) after 60 min, 64% of ethyl 4-chloro-3acetoacetate was converted into ethyl (R)-4-chloro-3-hydroxybutanoate. A maximum of 80%
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was achieved after 120 min (Fig. 12B, continuous plot). Use of the whole-cell catalysts resulted
in the synthesis of 2.16 g l-1 of ethyl (R)-4-chloro-3-hydroxybutanoate in 120 min.
Reducing the cofactor concentration led to significant inhibition of the synthesis process
with a 62% decrease in the final conversion yield when concentration of NAD+ was reduced 10
fold to 0.1 mM and 77% decrease when concentration was reduced 100 fold to 0.01 mM
(Fig. 12B, dotted plot).

A

B

Figure 12 Synthesis of (A) 1-(S)-phenylethanol by reduction of 15 mM acetophenone and (B) ethyl
(R)-4-chloro-3-hydroxybutanoate by reduction of 20 mM ethyl 4-chloroacetoacetate. The reaction was
performed with A. adeninivorans whole cell catalysts synthesizing ReADH and BmGDH for cofactor
+

+

+

regeneration. Different NAD concentrations were used, 1 mM NAD (□), 0.1 mM NAD (○) and 0.01 mM
+

NAD (Δ).

4.2 ChADH protein
The source of ChADH is a thermophilic bacterium C. hydrogenoformans. ChADH is
an intracellular enzyme that belongs to the group of the short chain alcohol dehydrogenases.
Previously the ChADH gene was overexpressed in E. coli [111].
This part of the study comprises results of investigation on ChADH synthesized
in A. adeninivorans and application of yeast cell catalysts (A. adeninivorans and H. polymorpha)
in the synthesis of ethyl (R)-mandelate.
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4.2.1 Construction of ChADH and BmGDH expression plasmids
4.2.1.1 Construction of Xplor2.4-BmGDH expression plasmid
The EcoRI/BamHI BmGDH gene fragment without His-tag encoding sequence [143] was inserted
into the plasmid pBS-TEF1-PHO5-SA. Fragment TEF1 promoter – BmGDH gene - PHO5 terminator
flanked by ApaI/SalI, was cloned into a digested Xplor2.4. The Xplor2.4 BmGDH (Fig. 13) was
transformed into A. adeninivorans G1216 (aleu2 aade2::ALEU2) and A. adeninivorans MS1006
(aleu2 ALEU2::aade2 – ALEU2::atrp1).

Figure 13 YRC102-BmGDH flanked by 25S rDNA sequences for targeting (AscI fragment) and YIC102BmGDH without 25S rDNA sequences (SbfI fragment) containing the selection marker ATRP1m fused
to the ALEU2 promoter with the expression module, TEF1 promoter – BmGDH gene – PHO5 terminator.

4.2.1.2 Construction of Xplor2.2-ChADH expression plasmid
The open reading frame (ORF) was established for ChADH for de novo gene synthesis (GeneArt,
Germany) based on the published amino acid sequence of ChADH from C. hydrogenoformans
[111]. The ORF using optimized codon usage for A. adeninivorans and EcoRI and BamHI
restriction sites at the 5’- and 3’-ends, respectively, was purchased from GeneArt (construct no.
14AER67C). Chemically synthesized ChADH gene did not have additional His-tag encoding
sequence. PCR was done with gene specific primers on the GeneArt template to get the ORF
of ChADH gene with a His-tag encoding sequence on 5’ end (primers ChADH fw His and ChADH
rev). Additionally, PCR was performed to produce an ORF of ChADH gene with the His-tag
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encoding sequence on 3’ end (primers ChADH fw and ChADH rev His). The EcoRI-BamHI ChADH6H, ChADH and 6H-ChADH gene fragments, were inserted into the plasmid pBS-TEF1-PHO5-SA
(flanked by ApaI-SalI restriction sites) between the A. adeninivorans-derived TEF1 promoter
and the S. cerevisiae-derived PHO5 terminator. Construction of plasmids with ChADH-6H, ChADH
and 6H-ChADH expression modules required insertion of the TEF1 promoter – ChADH6H/ChADH/6H-ChADH gene - PHO5 terminator flanked by ApaI-SalI restriction sites
into the Xplor2.2 plasmid to generate Xplor2.2-TEF1-ChADH-6H/ChADH/6H-ChADH-PHO5.
To obtain the final constructs used for yeast genome integration, the Xplor2.2-TEF1-ChADH6H/ChADH/6H-ChADH-PHO5 were cleaved with AscI (YRC) or SbfI (YIC) to remove the E. coli
sequences including the kanamycin resistance marker. The resulting linear fragments YIC102ChADH-6H/ChADH/6H-ChADH and YRC102-ChADH-6H/ChADH/6H-ChADH (Fig. 14) were
transformed into A. adeninivorans G1212 or MS1006. The latter cells were previously
transformed with Xplor2.4-BmGDH (see 4.2.1.1) for the co-expression of ChADH-6H and BmGDH
genes. The resulting cells were stabilised by passaging (see 3.11.3).

Figure 14 YRC102-ChADH-6H/ChADH/6H-ChADH flanked by 25S rDNA sequences for targeting (AscI
fragment) and YIC102-ChADH-6H/ ChADH/6H-ChADH without 25S rDNA sequences (SbfI fragment)
containing the selection marker ATRP1m fused to the ALEU2 promoter with the expression module, TEF1
promoter – ChADH-6H/ChADH/6H-ChADH gene – PHO5 terminator.
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4.2.1.3 Construction of pFPMT121U-ChADH-6H expression plasmid
The H. polymorpha expression plasmid required the EcoRI-BamHI fragment with ChADH gene
with the His-tag encoding sequence at 3’-end to be inserted into the pFPMT121 vector between
FMD promoter and MOX terminator. The resulting plasmid pFPMT121U-ChADH-6H (Fig. 15) was
subsequently transformed in the circular form into H. polymorpha Kla8. The plasmid was
transformed into the parent auxotrophic mutant strain and the resulting cells were stabilized
by passaging (see 3.11.3).

Figure 15 pFPMT121U-ChADH-6H contains an expression module FMD promoter – ChADH-6H – MOX
terminator. In addition the plasmid contains elements for selection and autonomously replication of the
plasmid.

4.2.1.4 Construction of pFPMT121L-BmGDH expression plasmid
The H. polymorpha expression plasmid required the EcoRI-BamHI fragment with BmGDH gene
with the His-tag encoding sequence at 3’-end to be inserted into the pFPMT121 vector between
FMD promoter and MOX terminator. The resulting plasmid pFPMT121L-BmGDH (Fig. 16) was
subsequently transformed in the circular form into H. polymorpha Kla8 which was transformed
previously with pFPMT121U-ChADH-6H. The resulting cells were stabilized by passaging
(see 3.11.3).
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Figure 16 pFPMT121L-BmGDH contains an expression module FMD promoter – BmGDH – MOX
terminator. In addition the plasmid contains elements for selection and autonomously replication
of the plasmid.

4.2.2 Selection of the transgenic A. adeninivorans and H. polymorpha strain with maximal
accumulation of recombinant ChADH-6H
A. adeninivorans G1212/YRC102-ChADH-6H/ChADH/6H-ChADH and G1212/YIC102-ChADH6H/ChADH/6H-ChADH which expressed the ChADH-6H/ChADH/6H-ChADH gene by the strong
constitutive TEF1 promoter were cultured at 30 °C in YMM-glucose-NaNO3 for 48 h. In contrast
H. polymorpha Kla8/pFPMT-ChADH-6H with 6H-ChADH gene under control of the inducible FMD
promoter was grown at 37 °C in YMM-glucose-NaNO3 for 48 h before the cells were shifted
to YMM-glycerol-NaNO3 incubated for an 48 h and additional 24 h after the addition of methanol
to final concentration of 1%. In all yeast cultures the alcohol dehydrogenase activity was
detected with ethyl benzoylformate as substrate. Since the ChADH gene did not contain
an encoding secretion sequence the recombinant protein was accumulated in the cytoplasm.
This required disruption of the cells to produce crude extracts which were analysed for ADH
activity.
The best A. adeninivorans G1212/YRC102-ChADH-6H strain showed ca. 10% higher ADH activity
than the best G1212/YIC102-ChADH-6H strain. Moreover, A. adeninivorans G1212/YRC102-
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ChADH-6H showed 7% and 14% higher activity than G1212/YRC102-ChADH and G1212/YRC1026H-ChADH, respectively. A. adeninivorans G1212/YRC102, which acts as control, did not show
any activity with ethyl benzoylformate used as a substrate.
Transgenic H. polymorpha strains were constructed only with ChADH-6H gene version. The best
strain, H. polymorpha Kla8/pFPMT-ChADH-6H, with integrated ChADH-6H expression module
were screened concerning the intracellular ADH activity. With 2.2 U/mg it achieved ca. 10-fold
higher activity as the best A. adeninivorans strain G1212/YRC102-ChADH-6H (0.2 U/mg).
H. polymorpha Kla8 transformed with empty pFPMT vector, which acts as a control, did not
show any activity with ethyl benzoylformate used as a substrate.
A. adeninivorans G1212/YRC102-ChADH-6H was chosen as recombinant enzyme producer
for ChADH-6H because its short cultivation time and simple cultivation regime.
For cell catalyst A. adeninivorans MS1006/YRC104-BmGDH – YRC102-ChADH-6H was constructed
which accumulates recombinant ChADH-6H and recombinant BmGDH activities. The intracellular
accumulation of both enzymes was analysed during the cultivation in YMM-glucose-NaNO3,
YMM-glucose-NH4H2PO4 and YEPD (Fig. 17). Strain cultivated in YMM-glucose-NaNO3 achieved its
maximal ChADH-6H yield coefficients Y(P/X) (enzyme formation P [U] per biomass X [g]), 18 ± 0.4
U g-1 dcw (dry cell weight) at 24 h (Fig. 17A). Cultivation in YMM-glucose-NH4H2PO4 resulted
in 24.3 ± 1.3 U g-1 dcw achieved at 96 h (Fig. 17C) whereas in YEPD maximal yield coefficients
reached 22.7 ± 1.1 U g-1 dcw at 24 h (Fig. 17E). Maximal activity [U l-1] achieved for ChADH-6H
expressed by the strain in YMM-glucose-NaNO3 was 52.3 ± 0.8 U l-1 at 72 h (Fig. 17A), 160.6 ± 8.4
U l-1 at 96 h in YMM-glucose-NH4H2PO4 (Fig. 17C) and 215.9 ± 10.3 U l-1 at 24 h in YEPD (Fig. 17E).
The activity units are related only with ChADH-6H activity since strain which acts as a negative
control did not show any activity with ethyl benzoylformate used as a substrate.
In addition A. adeninivorans MS1006/YRC104-BmGDH – YRC102-ChADH-6H was analysed for the
BmGDH activity as well. Strain cultivated in YMM-glucose-NaNO3 achieved the maximal yield
coefficients Y(P/X), 7.9 ± 0.3 U g-1 dcw (dry cell weight) at 24 h (Fig. 17B). Cultivation of the same
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strain in YMM-glucose-NH4H2PO4 resulted in 15.5 ± 0.5 U g-1 dcw achieved at 48 h (Fig. 17D)
whereas in YEPD maximal yield reached 6.9 ± 0.3 U g-1 dcw at 24 h (Fig. 17F). Maximal activity [U
l-1] achieved for BmGDH expressed by A. adeninivorans in YMM-glucose-NaNO3 was 61.6 ± 2.5 U
l-1 at 96 h (Fig. 17B), 100 ± 2.0 U l-1 at 96 h in YMM-glucose-NH4H2PO4 (Fig. 17D) and 81.1 ± 0.7 U
l-1 at 48 h in YEPD (Fig. 17F).
For cell catalyst H. polymorpha Kla8/pFPMT-ChADH-6H – pFPMT-BmGDH was constructed which
accumulates recombinant ChADH-6H and recombinant BmGDH. The intracellular accumulation
of both enzymes was analysed during the cultivation in YP glycerol to check the highest activities
of the enzymes. The highest ChADH-6H activity and coefficient yield were 1721 ± 16 U l-1 and 126
± 2.4 U g-1 dcw, respectively. The highest BmGDH activity and coefficient yield were 850 ± 8 U l-1
and 95 ± 3.4 U g-1 dcw, respectively. The activities were measured after 10 h of induction with
methanol which is the most suitable time for expression of the protein in H. polymorpha [146].
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Figure 17 Time course plots of ChADH-6H activities (A, C, E) and BmGDH activities (B, D, F) of transgenic
A. adeninivorans. The transformants were cultured at 30 °C and 180 rpm in shake flasks for 96 h in YMMglucose-NaNO3 (A, B), YMM-glucose-NH4H2PO4 (C, D) and YEPD (E, F) . At the indicated times, 1 ml aliquots
-1

of the culture were used for determination of biomass (Δ) [dcw in g l ], assay the intracellular activity
-1

of ChADH-6H or BmGDH (○) [U l culture] and to calculate ChADH-6H and BmGDH production, Y (P/X) (□)
-1

[U g dcw)].

4.2.3 Purification and characterization of the recombinant ChADH-6H
The recombinant A-ChADH-6H was partially purified as described in 3.10.2, Table 26.
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Table 26 Summary of A. adeninivorans ChADH-6H purification process by NI-NTA agarose, activity was
analysed as described in 3.16.1 with ethyl benzoylformate as a substrate

ChADH-6H

A. adeninivorans

Protein
[mg]

Atotal [U]

Yield [%]

Asp [U mg-1
protein]

Fold
purified

Crude
extract

25.5

6.3

100

0.2

1

Eluate

0.6

1.4

22.2

2.4

12

Step

The recombinant ChADH-6H with the C-terminal His-tag was purified on His-bind resin. 0.6 mg
of pure protein was obtained from 25.5 mg of total protein in A. adeninivorans G1212/YRC102ChADH-6H crude extract. Of the total 6.3 U ChADH-6H activity found in crude extract, 1.4 U
could be purified. The eluate had an activity of 2.4 U mg-1 protein, which was an increase of 12
times compared to the crude extract.
The calculated molecular mass for the enzyme after gel filtration on SuperdexTM 200 was 54 kDa,
however recombinant protein gave visible band on a denaturing protein gel of 27 kDa which
indicated that the enzymes consist of two subunits which was consistent with the theoretical
molar mass of 27 kDa for a single subunit (Fig. 18).

Figure 18 Purification of ChADH-6H isolated from A. adeninivorans transformants with Ni-NTA agarose.
Coomassie-stained SDS-PAA gel (lanes 1 and 2) and Western blot with anti-HIS pAb (lanes 3 and 4)
of ChADH-6H crude extracts before (lanes 1/3) and after the purification (lanes 2/4). The eluates were
concentrated 13 times by precipitation with 90% ethanol.
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Recombinant ChADH-6H was subjected to biochemical analysis. It exhibited the highest activity
for the reduction reaction (ethyl benzoylformate as substrate) at pH 6.5 with maximum activity
seen in sodium phosphate buffer.
The highest activity of ChADH-6H was at 45 °C with 80% of maximum activity occurring between
40 and 50 °C.
For thermo-stability analysis, recombinant protein was incubated at 20, 30, 40, 50, 60, 70 and 80
°C for fixed times (24 and 48 h) and tested for activity (Fig. 19). Enzyme remained stable (activity
>75%) for 48 h of incubation at 20, 30, 40 and 50 °C. However, at 60 and 70 °C activity started
to decrease at this time period. Enzyme lost activity completely within 24 h incubation at 80 °C.

Figure 19 Thermostability of purified ChADH-6H (A) synthesized by transgenic A. adeninivorans (A) strains.
The recombinant purified enzyme was incubated for certain time periods at 20, 30, 40, 50, 60, 70 and 80
°C before the alcohol dehydrogenase activity was measured.

The activities of CHADH-6H were tested with different substrates for NAD+ dependent oxidation
and NADH dependent reduction. Activity with 40 mM ethyl benzoylformate (2.4 U mg-1) and 40
mM ethanol (0.16 U mg-1) was assigned as 100%.
ChADH-6H showed oxidation activity with 1-butanol (85%) and hexanol (80%). Enzyme did not
show activity with ethyl mandelate (conversion product of ethyl benzoylformate) (Tab. 27).
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However, enzyme exhibited high activity with ethyl benzoylformate and this was the single
substrate found for reduction reaction.
Table 27 Substrate specificity of ChADH-6H synthesized in A. adeninivorans

Substrate [40mM]

Relative enzyme activity [%]

Oxidation reaction (NAD+ [1 mM] as a cofactor)
Methanol
0
Ethanol
100
1-Butanol
85 ± 1.2
1-Pentanol
1-Hexanol

80 ± 4.6
0

1-Nonanol (2mM)*
2-Butanol

0
0

2-Nonanol (2mM)*
Isopropanol

0
0

2-Phenylethanol
1-Phenylethanol

0
0

1,6-Hexanediol
1,2-Butanediol
Ethyl 4-chloro-3-hydroxybutanoate
Ethyl mandelate

0
0
0
0

Reduction reaction (NADH [1 mM] as a cofactor)
Acetaldehyde
0
Butyraldehyde
0
Pentanal
0
Hexanal
0
2-Butanone
0
2-Nonanone (2mM)*
0
Acetone
0
Phenylacetaldehyde
0
2,5-Hexanedione
0
Ethyl 4-chloroacetoacetate
0
4-Hydroxy-3-butanone
0
5-Chloropentanone
0
Ethyl benzoylformate
100
Ethyl pyruvate
0
Ethyl benzoylacetate
0

78

4.2.4 Kinetic studies
The kinetic parameters of the ChADH-6H were determined (Tab. 28) at its optimum pH
and temperature. The substrate was added in increasing concentrations ranging from 2 mM
to 50 mM (2, 2.5, 3, 4, 6, 10, 12, 15, 17.5, 20, 25, 30, 40 and 50 mM) for ethyl benzoylformate.
The assay reagents were added in 96-well plates in triplicates. Equal amount of enzyme was
added and readings were obtained at 340 nm. About 15 readings were taken at the interval
of 1 min. The KM and Vmax values were determined from Hanes-plot by the linear regression using
Microsoft Excel add-in, Excel Solver.
Table 28 Kinetic parameters for A-ChADH-6H with ethyl benzoylformate as a substrate

Ethyl beznoylformate
A-ChADH-6H
k cat [1/s]

31

k cat/K m
[1/mM*s]

6.1

K m [mM]
v max [mM/s]

5.1
2.0E-03

4.2.5 Enzyme-coupled cofactor regeneration - comparison between purified enzymes and nonimmobilized cell catalysts used for the synthesis of ethyl (R)-mandelate
Enzymes used for the synthesis of ethyl (R)-mandelate were purified from A. adeninivorans
G1212/YRC102-ChADH-6H or G1216/YRC104-BmGDH-6H. Non-immobilized cell catalysts used
for the synthesis of ethyl (R)-mandelate were prepared from A. adeninivorans MS1006/YRC104BmGDH – YRC102-ChADH-6H. Enzymatic synthesis of ethyl (R)-mandelate was performed
at 45 °C in 300 μl of 50 mM sodium phosphate buffer. 0.5 U ml-1 of the purified ChADH-6H was
used for the synthesis and 0.1 U ml-1 of the purified BmGDH-6H was used as a cofactor
regenerator. Additionally, A. adeninivorans cell catalyst, with equal activity to isolated enzymes,
was used. 20 mM of ethyl benzoylformate and the NAD+ cofactor with optimized concentration
of 1 mM [143, 146] were added in the reaction mixture. The reaction was performed at 45 °C
in 50 mM sodium phosphate buffer (pH 6.5). At 360 min, 89 and 80% of the ethyl
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benzoylformate was converted into ethyl (R)-mandelate with the use of purified enzymes
defined as the proteins after His-tag purification (via Ni-NTA agarose) and a cell catalyst,
respectively. Isolated enzymes (ChADH-6H and BmGDH-6H) demonstrated 9% higher conversion
level. However, proteins were concentrated after purification to equalize the synthetic activity
with yeast cell catalysts. Concentration factor was 5 and 10 for ChADH-6H and BmGDH-6H,
respectively. Maximum conversion level achieved was 98% independent from the used system
and was achieved within 30 h (Fig. 20). High enantioselectivity, 99% for isolated enzymes
and cell catalysts was reported.

Figure 20 Synthesis of ethyl (R)-mandelate performed with partially purified enzymes (○) (Ch-ADH-6H and
BmGDH-6H) and with whole cell catalysts (□). Both systems were set up to have the same activity
-1

-1

(0.5 U ml of ChADH-6H activity and 0.1 U ml of BmGDH-6H activity).

4.2.6 Synthesis of ethyl (R)-mandelate by A. adeninivorans and H. polymorpha nonimmobilized and immobilized cell catalysts
Non-immobilized and immobilized cell catalysts used for the synthesis of ethyl (R)-mandelate
were prepared from A. adeninivorans MS1006/YRC104-BmGDH – YRC102-ChADH-6H
and H. polymorpha Kla8/pFPMT-ChADH-6H – pFPMT-BmGDH.

Permeabilized Arxula and

Hansenula cell catalysts were immobilized with calcium alginate or Lenitkat and subsequently
used for the synthesis. Therefore the same volume of the catalysts was used for each synthesis
trail: 20 μl of Triton cells (control) or 20 μl of Triton cells immobilized with 80 μl of calcium
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alginate or Lentikat. A. adeninivorans cells showed ChADH-6H activity of 0.7 U ml-1 and BmGDH
activity of 5.3 U ml-1, whereas H. polymorpha catalysts showed ChADH-6H activity of 1.5 U ml-1
and BmGDH activity of 0.7 U ml-1. Enzymatic synthesis of ethyl (R)-mandelate was done at 45 °C
in 300 μl of 50 mM sodium phosphate buffer (pH 6.5). 20 mM of ethyl benzoylformate and NAD+
with optimal concentration of 1mM were used in the reaction mixture. The reaction was
performed in the optimal conditions which were established due to the biochemical parameters
of the enzymes, at 45 °C in 50 mM sodium phosphate buffer (pH 6.5) with 20 mM of ethyl
benzoylformate, and 1 mM of NAD+. A. adeninivorans MS1006/YRC104-BmGDH – YRC102ChADH-6H and H. polymorpha Kla8/pFPMT-ChADH-6H – pFPMT-BmGDH cells with a ChADH-6H
and BmGDH activity were used in the synthesis approach.
A. adeninivorans MS1006/YRC104-BmGDH – YRC102-ChADH-6H non-immobilized cells showed
similar activity as yeast cells immobilized in calcium alginate. However, calcium alginate was
falling apart (under optimal reaction conditions) within a short time period (120 min) and cells
were leaking out from the immobilized material into the medium. At 180 min similar conversion
level was noticed for immobilized and free cell catalysts, 39% for immobilized cells (independent
from the entrapment material) and 38% for free cells. Biocatalysts entrapped in Lentikat showed
slightly lower catalytic efficiency at 360 min, 71% of the substrate was converted
into the product what was 22% less than the conversion yield achieved with not immobilized
cells and cells immobilized in calcium alginate (Fig. 21). Lentikat lenses maintained their
structure and leakage of the cells into the medium was not observed.
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Figure 21 Synthesis of ethyl (R)-mandelate performed with A. adeninivorans whole cell catalysts
co-expressing Ch-ADH-6H and BmGDH. Free cells (Δ), cells immobilized in calcium alginate (○) and Lentikat
(□) were used.

In case of H. polymorpha, non-immobilized cell catalysts exhibited the highest catalytic
efficiency. At 180 min, 54 and 51% of the substrate was converted by the cells immobilized
in calcium alginate and Lentikat respectively, whereas 93% was converted with the use of nonimmobilized permeabilized cells. At 360 min conversion yield was 67, 77 and 93% for Lentikat
lenses, calcium alginate lenses and non-immobilized cell catalysts, respectively (Fig. 22). Similarly
to the approach conducted with A. adeninivorans catalysts, the calcium alginate lenses were
falling apart (after 120 min) under the optimal reaction conditions. Lentikat lenses maintained
their structure and leakage of the cells into the medium was not observed.
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Figure 22 Synthesis of ethyl (R)-mandelate performed with H. polymorpha whole cell catalysts coexpressing Ch-ADH-6H and BmGDH. Free cells (Δ), cells immobilized in calcium alginate (○) and Lentikat
(□) were used.

Non-immobilized H. polymorpha Kla8/pFPMT-ChADH-6H – pFPMT-BmGDH cell catalysts
achieved the maximum conversion yield of 93% at 180 min. Whereas, non-immobilized
A. adeninivorans MS1006/YRC104-BmGDH – YRC102-ChADH-6H cell catalysts needed 360 min
to reach the maximum conversion yield of 94%.

4.2.7 Stability of non-immobilized and immobilized A. adeninivorans and H. polymorpha cell
biocatalysts during synthesis
Pemeabilized non-immobilized yeast cells and Lentikat lenses with yeast cells were used for the
synthesis of ethyl (R)-mandelate as described in 2.12. Optimal reaction conditions were used
for the synthesis of ethyl (R)-mandelate: 50 mM sodium phosphate buffer (pH 6.5), 20 mM
of ethyl benzoylformate and 1 mM of NAD+. Optimal conditions were determined on the basis
of the optimal biochemical parameters of ChADH-6H and BmGDH [143] enzymes. Reaction was
performed at the optimal temperature for the enzymes, at 45°C. 100 μl of immobilized cells
were used (20 μl of cell catalysts with 80 μl of immobilization material). The ChADH-6H activities
of A. adeninivorans MS1006/YRC104-BmGDH – YRC102-ChADH-6H and H. polymorpha
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Kla8/pFPMT-ChADH-6H – pFPMT-BmGDH cell catalysts were 0.7 U ml-1 and 1.5 U ml-1,
respectively. Whereas, the BmGDH activities of A. adeninivorans MS1006/YRC104-BmGDH –
YRC102-ChADH-6H and H. polymorpha Kla8/pFPMT-ChADH-6H – pFPMT-BmGDH cell catalysts
were 5.3 U ml-1 and 0.7 U ml-1, respectively.
Immobilized A. adeninivorans cell catalysts maintain the activity (>50%) for 6 cycles, whereas
non-immobilized cells for 3 cycles. Immobilized yeast cells still keep their activity (8%) at 20th
reaction cycle, while non-immobilized cell biocatalysts lose completely their catalytic abilities
at 8th reaction cycle (Fig. 23).

Figure 23 Synthesis of ethyl (R)-mandelate performed with A. adeninivorans whole cell catalysts
co-expressing Ch-ADH-6H and BmGDH. Free cells (Δ) and cells immobilized in Lentikat (□) were used.

Immobilized H. polymorpha cell catalysts maintain the activity (>50%) for 7 cycles, whereas
non-immobilized cells for 4 cycles. Immobilized yeast cells lose their activity at 20th reaction
cycle, while non-immobilized cell biocatalysts lose their catalytic abilities at 12th reaction cycle
(Fig. 24). Immobilization slightly increased the stability of the catalysts in case of both yeast
species.
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Figure 24 Synthesis of ethyl (R)-mandelate performed with H. polymorpha whole cell catalysts
co-expressing Ch-ADH-6H and BmGDH. Free cells (Δ) and cells immobilized in Lentikat (□) were used.

4.3 AADH1 protein
Alcohol dehydrogenase 1 from A. adeninivorans was overexpressed and biochemically
characterized. Enzyme is localized intracellulary and participates in the metabolism of primary
alcohols and respective aldehydes. Expression of the enzyme is slightly induced by selected
carbon sources. AADH1 shares conserved amino acid sequence motifs with primary alcohol
dehydrogenases from other yeast species. The complete characterization of AADH1 broadens
the knowledge about the role of ADHs in A. adeninivorans. This part of the study comprises
results of investigation on A. adeninivorans alcohol dehydrogenase 1.

4.3.1 Identification of AADH1 gene of A. adeninivorans
The ADH1 gene sequence of S. cerevisiae (ScADH1) was used to locate the AADH1 gene
of A. adeninivorans (AADH1 - ARAD1B16786g). The AADH1 amino acid sequence shares 64%
of its identity with alcohol dehydrogenase 1 from S. cerevisiae and 76% identity with
the Cyberlindnera jadinii ADH1. Additionally the AADH1 amino acid sequence showed high
similarity with other cytosolic ADHs from S. cerevisiae, K. lactis (66%), P. stipitis (68%), C. utilis
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(67%) and H. polymorpha (70%). The nucleotide sequence of AADH1 gene derived from
A. adeninivorans LS3 has been submitted to GenBank under Accession No. LN828974.
The sequence from A. adeninivorans AADH1 did not contain any signal sequences suggesting
the cytosolic localization of the protein.
Several conserved domains which are fundamental for enzyme catalytic activity and structure
were found in the AADH1 sequence (Fig. 25) [147, 148].

Aadh1p
CuAdh1p
PsAdh1p
HpAdh1p
ScAdh1p
KlAdh1p
Aadh1p
CuAdh1p
PsAdh1p
HpAdh1p
ScAdh1p
KlADH1p
Aadh1p
CuAdh1p
PsAdh1p
HpAdh1p
ScAdh1p
KlAdh1p
Aadh1p
CuAdh1p
PsAdh1p
HpAdh1p
ScAdh1p
KlAdh1p
Aadh1p
CuAdh1p
PsAdh1p
HpAdh1p
ScAdh1p
KlAdh1p
Aadh1p
CuAdh1p
PsAdh1p
HpAdh1p
ScAdh1p
KlAdh1p

kpb b
s
--MSIPKTQKAVVFDKNGGPLTYKDIPVPEPADDQILINVKYSGVCHTDLHAWKGDWPLA
MTEQIPKTQKAVVFDTNGGQLVYKDYPVPTPKPNELLINVKYSGVCHTDLHAWKGDRPSA
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Figure 25 Alignment of AADH1 with five potential cytosolic localized yeast Adhps (Sc = S. cerevisiae, Kl = K.
lactis, Ps = P. stipitis, Cu = C. utilis, Hp = H. polymorpha) using the ClustalW2 program
(http://www.ebi.ac.uk/Tools/msa/clustalw2/). Residues involved in the function of the enzyme are
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indicated in the amino acid sequences with the following abbreviations: adenine binding pocket (a),
adenosine ribose binding (r), pyrophosphate binding (p), nicotinamide ribose (n), nicotinamide (m),
2+

substrate binding pocket (s), and acid-base system (b), catalytic (k) and structural (z) Zn binding domains.
+

Grey highlighted residues indicate NAD(P )-binding moieties. An asterisk (*) indicates positions which have
a single, fully conserved amino acid. (:) indicates conservation between amino acids of strongly similar
properties. (.) indicates conservation between amino acids of weakly similar properties.

A phylogenetic tree between AADH1 and Adhp´s from S. cerevisiae, K. lactis, P. stipitis, C. utilis
and H. polymorpha was developed using the neighbour joining method. It demonstrated that
ScADH1 and KlADH1 originate from the same ancestral node, which shares the common
ancestor with AADH1, whereas PsADH1 and CuADH1 form another branch with common
ancestor and HpADH1 forms additional branch (Fig. 26).

Figure 26 Phylogenetic tree of AADH1 from A. adeninivorans (Aa) and Adhps from S. cerevisiae (Sc),
K. lactis (Kl), P. stipitis (Ps), C. utilis (Cu) and H. polymorpha (Hp). The phylogenetic tree was built using
the neighbour-joining method of Saitou & Nei [149].

4.3.2 Subcellular localization of alcohol dehydrogenase 1
The common localisation of alcohol dehydrogenase 1 is the cytoplasm, similarly to the alcohol
dehydrogenases from other yeast species. Amino acid sequence does not possess any signal
sequences, hence enzyme is localized in the cytosol.
To check this prediction experimentally, the A. adeninivorans G1212/YRC102-6H-AADH1 strain
was analysed by a sucrose gradient centrifugation (Fig. 27). Collected fractions (24) were
controlled for a refractive index of sucrose. Subsequently, each fraction was analysed
for marker proteins activities and alcohol dehydrogenase activity with ethanol used
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as a substrate. The highest activity of vacuolar α-D-mannosidase was present in the fraction 18.
In the next fractions, activity decreased to ca. 60% of the highest level and remained relatively
stable. In the last three fractions the maximum activity of glucose-6-phosphate-dehydrogenase
and alcohol dehydrogenase were detected what confirms the cytosolic localization of AADH1.
Activity of alcohol dehydrogenase was analyzed with ethanol used as a substrate.

Figure 27 Subcellular localisation of AADH1 by a sucrose gradient centrifugation. Collected fractions were
analysed for subcellular marker proteins: vacuolar α-D-mannosidase and cytoplasmic glucose-6phosphate-dehydrogenase. Refractive index indicates the change of sucrose concentration of samples.

4.3.3 Generation of recombinant yeast strains
The ORF of AADH1 gene expressed in A. adeninivorans G1212 was isolated with gene specific
primers (AADH1 fw and AADH1 rev). The ORF of AADH1 gene with a His-tag encoding region
on the 5’-end was obtained with the primers AADH1 fw His and AADH1 rev and the ORF
of AADH1 gene with His-tag encoding region on 3’-end was obtained with primers AADH1 fw
and AADH1 rev His.
Construction of plasmids with AADH1-6H, AADH1 and 6H-AADH1 expression modules required
the insertion of each sequence to be flanked by the TEF1 promoter and the PHO5 terminator
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into the Xplor2.2 plasmid (Fig. 28). The 25S ribosomal DNA (rDNA) target sequences were
interrupted by the selection marker module, ALEU2 promoter-ATRP1m gene-ATRP1 terminator
and Eco47III multicloning restriction sites (SpeI, SacII, SalI, ApaI).
The plasmids were cleaved with AscI (YRC) or SbfI (YIC) to remove all E. coli sequences
and the resulting linear fragments were cloned into A. adeninivorans G1212.

Figure 28 Physical map of YRC102-ADH1-6H/ADH1/6H-ADH1, YIC102-ADH1-6H/ADH1/6H-ADH1
for transformation of A. adeninivorans G1212. Both cassettes contain the selection marker module with
ATRP1m gene fused to the ALEU2 promoter and the expression module with TEF1 promoter – ADH16H/ADH1/6H-ADH1 gene – PHO5 terminator. In addition YRCs (AscI fragments) are flanked by 25S rDNA
sequences for targeting, whereas YICs (SbfI fragments) contain only the selection marker and expression
modules.

4.3.4 Construction of A. adeninivorans Δaadh1 gene disruption mutant
Fragments of approximately 1,000 bp located at the 5’ and 3’ ends of the open reading frame
(ORF) were amplified by PCR with chromosomal DNA from A. adeninivorans LS3 as the template.
The primer combinations, 5’ fw and 5’-Kpn2I rev (see 3.2) were used for amplification
of the 5´-region and primers 3’-Kpn2I fw and 3’ rev (see 3.2) were used to amplify the 3´-region.
After ligation of the 5´-region to the 3´-region (separated by a Kpn2I restriction site), the ligated
fragment was inserted into the E. coli vector pCR4 (Invitrogen, USA). Subsequently the selection
marker module with ATRP1m gene flanked by Kpn2I restriction site was inserted between
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5´- and 3´-regions. Finally, the complete construct with 1,018 bp in front of the AADH1 gene –
ATRP1m selection marker module – 1,016 bp behind the AADH1 gene was amplified using
the primers 5’ fw and 3’ rev and the 3,454 bp product was used to transform A. adeninivorans
G1212. The deletion mutant is referred to as A. adeninivorans G1252/Δaadh1.

4.3.5 Verification of deletion mutant strain
The deletion of the AADH1 gene, was verified by Southern-blot hybridization. Samples
containing genomic DNA of the A. adeninivorans G1252 (Δaadh1), A. adeninivorans LS3
and G1212 were digested with restriction enzyme (NcoI), and the resulting fragments were
separated by electrophoresis through an agarose gel. The DNA was then denatured
and transferred from the gel to a nylon membrane. An oligonucleotide probe (5’-region) was
hybridized to the DNA attached to the membrane and the bands were detected
by a non-radioactive system (Fig. 29). It was proven that deletion mutant strain does not contain
the AADH1 gene which was present in A. adeninivorans LS3 as well as in A. adeninivorans G1212.

Figure 29 Southern-blot hybridization for proving deletion of the AADH1 gene. Positions on the gel
(digested genomic DNA): A. adeninivorans G1252 (Δaadh1) (1), A. adeninivorans G1212 (2),
A. adeninivorans LS3 (3) and DNA Molecular Weight Marker II digoxigenin-labeled (Roche Diagnostics,
Germany) (4).
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4.3.6 Selection of the recombinant A. adeninivorans strains with maximal accumulation
of recombinant 6H-AADH1
A. adeninivorans G1212/YRC102-AADH1-6H/AADH1/6H-AADH1 and G1212/YIC102-AADH16H/AADH1/6H-AADH1 were cultured at 30 °C in YMM-glucose-NaNO3 for 48 h. The most active
G1212/YRC102 transformants showed higher activity than the best G1212/YIC102
transformants, with 15%, 8% and 10% greater activity for AADH1-6H, AADH1 and 6H-AADH1
transformants, respectively. Cell compartment fractionation experiments were used to confirm
the cytoplasmic localization of AADH1 suggested by the lack of signal sequences in AADH1 gene
sequence. G1212/YRC102 transformants with a His-tag encoding sequence localized
on the 5´-end of the AADH1 gene produced a 16% and 9% more active enzyme than
transformants with either the His-tag sequence at the 3´-end or without a His-tag encoding
sequence, respectively. Hence, A. adeninivorans G1212/YRC102-6H-AADH1 transformants were
used for the production and purification of the enzyme.
A. adeninivorans G1212/YRC102-6H-AADH1 overexpression strain, the control strain
G1212/YRC102 and the G1252/Δaadh1 deletion mutant were assayed for their maximal
accumulation of the recombinant protein in a time-course experiment. Cells were cultured
in YMM-glucose-NaNO3 for up to 96 h and tested every 24 h for Aadhp activity with ethanol
as substrate and the 6H-AADH1 concentration was quantified by anti-His-tag antibodies.
In YMM-glucose-NaNO3 maximal Aadhp coefficient yield was 10.4 U g-1 dcw and 6.4 U g-1 dcw
at 24 h for the overexpressing strain (Fig. 30 A) and the control strain (Fig. 30 B), respectively.
In contrast the maximum activity for the Δaadh1 mutant (Fig. 30 C) was 0.14 U g-1 dcw at 72 h.
The dry cell weight was similar in the overexpression and control strain during the whole
cultivation period. However, the enzyme yield was higher for the overexpression strain at 24 h.
The same activity in the control strain (G1212/YRC102) and overexpressing strain
(G1212/YRC102-6H-AADH1) at 48, 72, and 96 h is probably due to the presence of several Adhp
enzymes in A. adeninivorans, which can metabolize ethanol.
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Additionally, a Western blot was performed to analyse intracellular 6H-AADH1 content every 24
h. In YMM-glucose-NaNO3, the amount of recombinant protein was the highest after 24 h and 48
h and then declined slightly at 72 h, however it then increased at 96 h (Fig. 30 D). The Western
blot corresponds to the values of coefficient yield presented in the media screening.

A

B

C

D

Figure 30 Time-course traces of Aadhp activity by transgenic A. adeninivorans strains G1212/YRC102-6HAADH1 (A), G1212/YRC102 (B) and G1252 (Δaadh1) (C), grown in YMM-glucose-NaNO3 in shake-flasks
for 96 h at 30 °C. At the indicated times, 2 mL aliquots of the culture were used to assay the intracellular
-1

Aadhp activity using ethanol as substrate, and to calculate the Aadhp output Y (P/X) (U g dcw) (○).
For the determination of the dcw (Δ), 2 mL yeast culture was centrifuged in a weighed tube and the pellet
was washed with 1 mL water. The pellet was lyophilized and the tube with dried cells was weighed.
Additionally, media screening experiment with protein expression analysis was done with Western blot
(D). Samples were checked for protein expression, G1212/YRC102-6H-ADH1 and G1212/YRC102 at 24 h
(wells: 1, 2), 48 h (wells: 3, 4), 72 h (wells: 5, 6) and 96 h (wells: 7, 8) in YMM-glucose-NaNO3.
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4.3.7 Purification and characterization of the recombinant 6H-AADH1
The recombinant 6H-AADH1 was purified as described in 3.10.2 and the summary of 6H-AADH1
purification is presented in Table 29. Purification of the recombinant AADH1 with the N-terminal
His-tag on His-bind resin resulted in extraction of 0.5 mg of pure protein from 30.2 mg total
protein in the A. adeninivorans G1212/YRC102-6H-AADH1 crude extract. Of the total 59.5 U
activity found in crude extract, 4.9 U could be purified. The eluate (6H-AADH1) had an activity
of 8.5 U mg-1 protein, which is an increase of 4.2 times over the crude extract activity.
The activity of the crude extract is from several wild type Aadhp enzymes which are able
to oxidize ethanol, while the eluate activity is only from recombinant 6H-AADH1.
Table 29 Summary of 6H-AADH1 purification. Intracellular soluble fraction of disrupted yeast cells from
strain G1212/YRC102-6H-AADH1 was named ‘Crude extract’, proteins that were eluted after purification
with Ni-NTA column were called ’Eluate’, activity (A) was determined as described in Assay
for determination of ADH-activity

6H-AADH1

A. adeninivorans

Step

Protein
[mg]

Atotal [U]

Yield [%]

Asp [U/mg
protein]

Fold
purified

Crude
extract

30.2

59.5

100

2.0

1

Eluate

0.5

4.6

7.7

8.5

4.2

The calculated molecular mass for the enzyme after gel filtration on SuperdexTM 200 was 144
kDa. Both recombinant proteins had visible bands of 36 kDa (Fig. 31 A), which is consistent
with the theoretical molar mass of 36.7 kDa and indicates that enzyme consists of four subunits.
The visible band is present on the western blot as well at the same height (Fig. 31 B).
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B

A

Figure 31 Purification of 6H-AADH1 by Ni-NTA. (A) Coomassie-stained SDS-PAA gel and (B) Western Blot
from crude extract (1) and eluate 1 (2) fractionated by electrophoresis on 12 % gel. The primary antibody
was anti-poly Histidine from mice and the secondary antibody was anti-mouse IgG alkaline phosphatase.

Recombinant 6H-AADH1 was subjected to biochemical analysis. Its highest activity
for the oxidation reaction (ethanol as substrate) is at pH 8.0 in Tris-HCl buffer. Optimum pH
for the reduction reaction (acetaldehyde as substrate) is also pH 8.0 with maximum activity
observed in Tris-HCl. The highest activity of the enzyme was at 60 °C with 80% of maximum
activity occurring between 53 and 65 °C.
For thermo-stability analysis, the protein was incubated at different temperatures: 20, 30, 40,
50, 60 and 70 °C for 4 h and tested for activity. After 4 h the activity of the enzyme declines
to ca. 80% at up to 60 °C and incubation at 70 °C led to a decrease to 70% activity.
The activity of 6H-AADH1 was tested for NAD+ dependent alcohol oxidation and NADH
dependent aldehyde/ketone reduction (Tab. 30). Enzyme had no activity with NADP+ or NADPH
used as cofactors. Activity with ethanol and acetaldehyde were assigned 100%. 6H-AADH1
showed high activity in oxidation reactions with 1-butanol (80%), 1-hexanol (80%), 1-pentanol
(70%) but only weak activity with 1-nonanol (8%), methanol (8%), 2-butanol (7%)
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and isopropanol (3%). The enzyme showed moderate activity in reduction reactions
with butyraldehyde (49%), pentanal (41%) and hexanal (24%).
Table 30 Substrate specificity of 6H-AADH1 synthesized in A. adeninivorans G1212/YIC102-6H-AADH1,
+

substrates were used at a concentration of 40 mM, NAD 1mM and NADH 1 mM

Substrate [40mM]

Relative enzyme activity [%]

Oxidation reaction (NAD+ [1 mM] as a cofactor)
Methanol
8 ± 1.3
Ethanol
1-Butanol

100
88 ± 2.0

1-Pentanol
1-Hexanol

70 ± 2.5
80 ± 2.5

1-Nonanol (2mM)*
2-Butanol

8 ± 1.3
7 ± 1.3

2-Nonanol (2mM)*
Isopropanol

0
3 ± 1.4

2-Phenylethanol
1-Phenylethanol

0
0

1,6-Hexanediol
1,2-Butandiol

0
0

Ethyl (R)-4-chloro-3-hydroxybutanoate

0

Ethyl (S)-4-chloro-3-hydroxybutanoate

0

Reduction reaction (NADH [1 mM] as a cofactor)
Acetaldehyde
100
Butyraldehyde
49 ± 3.8
Pentanal
41 ± 9.3
Hexanal
24 ± 3.7
2-Butanone
0
2-Nonanon (2mM)*
0
Acetone
0
Phenylacetaldehyde
0
2,5-Hexandion
0
Ethyl 4-chloroacetoacetate
0
4-Hydroxy-3-butanon
0
5-Chloropentanon
0

The kinetic constants of 6H-AADH1 for ethanol, acetaldehyde, 1-butanol and butyraldehyde
were determined by varying the substrate concentrations with constant amounts of cofactors
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(NAD+ or NADH) (Tab. 31). The catalytic efficiency (Kcat/Km) of 6H-AADH1 for 1-butanol
was approximately twofold higher than it was for ethanol and approximately twofold higher
for butyraldehyde than it was for acetaldehyde. The Km of 6H-AADH1 for ethanol was about
sevenfold lower than that for acetaldehyde, which is similar to that reported for H. polymorpha
ADH1 [148]. The turnover number (Kcat) was six fold higher for acetaldehyde than for ethanol.
However, in comparison with other Adhps, turnover and catalytic efficiencies for both substrates
were lower for 6H-AADH1.
The kinetic constants of 6H-AADH1 for NAD+ and NADH were determined by varying
the concentrations of each cofactor in the presence of a constant amount of substrate
(4 mM ethanol or 4 mM acetaldehyde). The enzyme possess a similar Km value with both
cofactors, however 6H-AADH1 has higher affinity for NADH since turnover number and catalytic
efficiency values are ca. 5 fold higher for NADH than for NAD+.
Table 31 Kinetic constants of 6H-AADH1 synthesized in A. adeninivorans G1212/YIC102-6H-AADH2
and other yeast Adhps for different substrates

Ethanol

Km (mM)

-1

Kcat (min )

Acetaldehyde
Kcat/Km
-1

-1

Km (mM)

-1

Kcat (min )

(min mM )

Kcat/Km
-1

-1

(min mM )

AADH1

2

9.8 x102

4.9 x 102

14.6

5.9 x 103

4.0 x 102

HpADH1

0.3

2.1 x 105

8.4 x 105

1.9

2.0 x 105

1.0 x 105

ScADH1

17

2.0 x 104

1.2 x 103

1.1

1.0 x 105

9.3 x 104

KlADH1

27

2.5 x 105

9.3 x 103

1.2

3.6 x 105

3.0 x 105

1-Butanol
AADH1

1.7

1.3 x 103

Butyraldehyde
8.1 x 102

5.3

NAD+
AADH1

0.7

2.8 x 102

1.3 x 103

2.4 x 102

NADH
4.9 x 102

96

0.48

1.2 x 103

2.5 x 103

4.3.8 Carbon source dependent expression of the AADH1
Quantitative real time-PCR analysis was used to determine relative expression level of AADH1
of A. adeninivorans LS3 grown on different carbon sources (Fig. 32).
Cells cultured in ethanol, 1-butanol, glycerol, pyruvate or xylose showed a low level increase
of expression 8 and 12 h after induction. The expression level of AADH1 on ethanol increased
to 2.4 times and on pyruvate or xylose, respectively, to 1.9 times compare to the glucose
controls. For 1-butanol and glycerol with increases to 1.3 and 1.4 times, respectively,
no significant effect on AADH1 expression was detected.
During further cultivation the gene expression decreases (Fc values between 0.45-1.1)
independent from the carbon source of the medium and reaches starting level after 48 h.

Figure 32 Expression levels of AADH1 in A. adeninivorans LS3 cultivated on different carbon sources.
At intervals, 2 ml culture was harvested, RNA was isolated and expression analysis was performed
by quantitative reverse transcriptase PCR analysis. Culture cultivated on glucose was set up as the control
(relative expression level is 1.0). Measurements were done in triplicate.
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4.3.9 Ethanol, 1-butanol and glucose degradation by A. adeninivorans G1212/YRC102-6HAADH1, G1252 (Δaadh1) and G1212/YRC102 (control)
A. adeninivorans strains G1212/YRC102, G1252 (Δaadh1) and G1212/YRC102-6H-AADH1 were
grown on YMM-glucose-NaNO3 for 24 h and shifted to YMM-ethanol (0.25 %)-NaNO3,
YMM-1-butanol (0.25 %)-NaNO3 or YMM-glucose (0.25 %)-NaNO3.
Δaadh1 mutant G1252 grew significantly slower on media supplemented with ethanol,
1-butanol

and

glucose

than

the

control

strain

A.

adeninivorans

G1212/YRC102

and G1212/YRC102-6H-ADH1 (Fig. 33 A, C, E). The strongest decrease in growth was observed
in the medium supplemented with ethanol which indicated a crucial role for AADH1 in ethanol
metabolism in A. adeninivorans. However, the 6H-AADH1 overexpressing strain did not grow
faster than control strain (G1212/YRC102) on ethanol, 1-butanol or glucose.
After 24 h, no ethanol left in G1212/YRC102-6H-ADH1 and G1212/YRC102 culture. However
in the mutant left 0.20% of ethanol. Overexpression strain didn’t utilize ethanol faster than
control strain, however the mutant G1252 utilized less amount (0.06%) of ethanol in 40 h what
confirms high involvement of AADH1 in the utilization of ethanol (Fig. 33 B).
Overexpression of the protein led to faster degradation of 1-butanol. After 16 h, 0.04% more
of 1-butanol was present in G1212/YRC102 culture than in G1212/YRC102-6H-ADH1 culture.
The mutant G1252 strain took 40 h to utilize butyl alcohol completely, compared to 28 h
for the control and overexpression strain (Fig. 33 D). Results of this experiment show
a significant role for AADH1 in 1-butanol utilization pathway. All strains cultivated in media
supplemented with glucose (0.25%) grew significantly slower and to a lower OD than when
grown without glucose but with ethanol or 1-butanol. However, at the beginning
of the exponential growth phase, the cell count did not decrease as in the cultures cultivated
in the media with ethanol or 1-butanol. This is because almost whole amount of glucose was
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used in first 4 h of cultivation in all three yeast cultures (Fig. 33 F) and strains then grew more
slowly because of the limited carbon source.

B

A

C

D

E

F

Figure 33 Analysis of G1212/YRC102, Δaadh1 mutant G1252 and G1212/YRC102-6H-AADH1 cultured
on YMM-NaNO3 with (A,B) ethanol (0.25%), (C,D) 1-butanol (0.25%) and (E,F) glucose (0.25 %) as carbon
source. Time-courses of (A, C, E) optical density at 600 nm as well as (B) ethanol, (D) 1-butanol
or (F) glucose concentration in the culture medium of transgenic A. adeninivorans strains G1212/YRC102
(□), G1252 (○) and G1212/YRC102-6H-AADH1 (Δ). Measurements were done in triplicate.
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4.3.10 Ethanol production by A. adeninivorans G1212/YRC102-6H-AADH1, G1252 (Δaadh1)
and G1212/YRC102 (control)
A. adeninivorans strains G1212/YRC102, G1252 (Δaadh1) and G1212/YRC102-6H-AADH1 were
grown on YMM-glucose-NaNO3 (Fig. 34) for 108 h in shaking flasks.
Significant differences in ethanol production were observed in the YMM media at 24 h where 2.8
g l-1 was produced by the overexpression strain, 4.4 g l-1 by the control strain and only 0.2 g l-1
by the deletion mutant strain. The maximum production of ethanol achieved at 36 h
by the overexpression and control strains was 5.4 and 4.6 g l-1, respectively. The maximum
produced by the deletion mutant was 1.6 g l-1 of ethanol at 48 h. The concentration of ethanol
in G1212/YRC102-6H-AADH1 and G1212/YRC102 strain cultures at 48 h was 3.0 and 1.8 g l-1,
respectively. At 60 h, the amount of ethanol in deletion mutant culture was 0.7 g l-1, whereas
it was completely utilized by overexpression and control strain at this time point i.e. the deletion
mutant used ethanol significantly more slowly.

Figure 34 Analysis of remaining ethanol versus time in G1212/YRC102, (□), deletion mutant G1252
(Δaadh1) (Δ) and G1212/YRC102-6H-AADH1 (○) cultured on YMM-NaNO3 with 2% glucose. Measurements
were done in triplicate.
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5. Discussion
The enantioselective reduction of carbonyl groups is of interest for the production of various
chiral compounds such as hydroxy acids, amino acids, hydroxy esters, or alcohols. Such products
have significant economic value and are interesting as building blocks for organic synthesis.
Chirality is a key factor in the safety and efficacy of many drug products and thus the production
of single enantiomers of drug intermediates. There has been an increasing awareness
of the huge potential of microorganisms and enzymes used in the transformation of synthetic
chemicals with high chemo-, regio- and enantioselectivities.
Hence, the aim of the project was the development of an innovative approach to produce chiral
alcohols. This approach includes the full biochemical characterization of two recombinant
bacterial enzymes synthesized in yeasts and the incorporation of the proteins into the synthesis
of chiral alcohols: 1-(S)-phenylethanol, ethyl (R)-4-chloro-3-hydroxybutanoate and ethyl
(R)-mandelate. Moreover, alcohol dehydrogenase 1 from A. adeninivorans was tested with
different substrates to check if enzyme is suitable for the production of chiral alcohols. AADH1
did not show activity with industrially attractive substrates.

However, enzyme was

biochemically characterized and function of the enzyme inside the yeast cell was established.
The choice of right enzyme producer is important to provide highly active enzyme or resistant
whole cell catalysts. A. adeninivorans and H. polymorpha has already been successfully used
in a biotechnology industry. Yeast possess many advantages as enzyme producers. They are
inexpensive, safe and easy to handle. Yeast are able to grow up to very high cell densities
in the fermentation processes. The most important advantage over the bacterial cells is cell wall
construction [69] which makes yeasts more resistant to organic solvents in the chiral alcohol
synthesis process.
A. adeninivorans is the non-conventional, osmotic and temperature tolerant yeast. All
A. adeninivorans strains are able to assimilate a range of amines, adenine and several other
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purine compounds as sole energy and carbon source. They all share ability to assimilate nitrate
and to tolerate high temperatures. The robustness and the unusual characteristics render
A. adeninivorans very attractive specie for the synthesis of enantiomerically pure chiral alcohols
[126].
H. polymorpha belongs to a limited number of methylotrophic yeast species. It is a thermotolerant microorganism with some strains growing at temperatures above 50 °C. It is able
to assimilate nitrate and can grow on a range of carbon sources in addition to methanol.
The organism provides an excellent platform for the gene technological production of proteins
therefore it was incorporated in the synthesis of chiral alcohols [148].
Expression of the enzyme encoding genes in two different yeast species was explored because it
is possible that a biocatalyst produced by one of them will be more suitable for industrial
application. Two expression vectors, pFPMT121 [144,145] and Xplor2 [136], were used
to compare protein yields of the host cells.
The Xplor®2 platform has been established as a transformation/expression platform
in A. adeninivorans. It allows construction of resistance-marker free transformants [136]. The
system consists of bacterial vector backbone into which yeast selection and expression modules
are integrated between 25S rDNA segments to produce a linear fragment of DNA, which can be
transferred into an auxotrophic mutant strain. The advantage of this system is that multiple
integrations into the genome are possible. Xplor2 equipped with TEF1 promoter system enables
constitutive gene expression.
The pFPMT121 [144,145] vector containing an origin of replication site enables replication
independently of the genome. Presumably parts of the plasmid could be also integrated into the
genome of H. polymorpha which would make multiple integrations possible.
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Bacterial ADH genes from R. erythropolis and C. hydrogenoformans were cloned in both vectors,
Xplor2 and pFPMT, whereas, AADH1 gene from A. adeninivorans was cloned only into Xplor2.
ReADH was biochemically characterized in A. adeninivorans and H. polymorpha. Isolated enzyme
from each yeast species together with substrate-coupled cofactor regeneration was used for the
synthesis of 1-(S)-phenylethanol and ethyl (R)-4-chloro-3-hydroxybutanoate. Additionally,
A. adeninivorans whole cell biocatalysts co-expressing ReADH-6H and BmGDH genes were used
for the same purpose.
ChADH was synthesized in A. adeninivorans, biochemical parameters were set up. Isolated
enzyme from the same yeast specie together with substrate or enzyme-coupled cofactor
regeneration system was used for the synthesis of ethyl (R)-mandelate. Moreover,
A. adeninivorans and H. polymorpha whole cell biocatalysts co-expressing ChADH-6H
and BmGDH genes were constructed and the resulting recombinant enzymes incorporated
into the synthesis process.
The full biochemical characterization of AADH1 was performed as well, enzyme was synthesized
in A. adeninivorans. The function of enzyme inside the cell was found and the metabolic
pathways with the participation of AADH1 were established.

5.1 ReADH protein
Re-ADH gene belongs to an alkane degradation gene cluster in the R. erythropolis cell. This
bacterium is able to metabolize alkanes such as dodecane or hexadecane; the corresponding
intermediates of the degradation process could be detected (dodecanol and hexadocanol).
Alkane degradation by bacteria usually occurs through the oxidation of one or both terminal
methyl groups, first to an alcohol, subsequently to an aldehyde, and finally to a fatty acid, which
is assimilated through the β-oxidation pathway [107]. The fact that recombinant Re-ADH
synthesized in E. coli shows very high activity against aliphatic aldehydes could be an additional
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indication of the existence of an alkane degradation pathway in R. erythropolis DSM 43297
[107].
The enzyme R. erythropolis alcohol dehydrogenase (ReADH) is a potent converter of aldehydes
and ketones to chiral (S)-alcohols. In the previous studies [59,107], ReADH gene was expressed
in E. coli, synthesized protein was purified and characterized. In this study, the ReADH-6H gene
of R. erythropolis was expressed in the yeast A. adeninivorans and H. polymorpha.
It was determined which host accumulated the most suitable recombinant alcohol
dehydrogenase for the production of (S)-alcohols. The amount of the produced enzyme was
compared as well. Isolated enzymes from both yeast species and A. adeninivorans whole cell
catalysts were used in the synthesis approach. It is easier to obtain a pure product using isolated
yeast enzymes for synthesis because a number of reductases present in the whole cell or crude
cell extract can interfere in the reaction [150,151]. However, whole cell catalysts were also used
for the synthesis of both chiral alcohols because intracellular enzymes have the advantage
of being protected by their cellular environment [65].
ReADH catalyses the reduction of ethyl 4-chloro-3-acetoacetate to ethyl (R)-4-chloro-3hydroxybutanoate, which is in greater commercial demand but less readily available than
the (S) form [152]. Several other ADH enzymes have been found to catalyse the asymmetric
reduction of ethyl 4-chloroacetoacetate to optically pure ethyl (R)-4-chloro-3-hydroxybutanoate
in a whole cell process [153], for example synthesis has been achieved in E. coli cells expressing
the C. parapsilosis ADH gene [119].
Ethyl (R)-4-chloro-3-hydroxybutanoate is an important chiral building block in the synthesis
of pharmaceuticals such as (−) macrolactin A [154], L-carnitine [155], (R)-γ-amino-βhydroxybutyric acid (GABOB) [156], (+) negamicyn [157] or chiral 2,5-cyclohexadienone synthon
[158].
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ReADH is also able to convert acetophenone to 1-(S)-phenylethanol. This compound is used
as chiral building block and synthetic intermediate in fine chemical, pharmaceutical
and agrochemical industries [159-161]. The reduction of acetophenone using whole cells
of different microorganisms has been achieved with good yield and excellent enantioselectivity
[143,162,163].
ReADH has two hydrophobic substrate binding sites differing in size and in the affinity towards
alkyl and aromatic groups, one binds in preference to small alkyl chains and the other one
to large alkyl chains. One side chain could be a small group like a methyl residue, whereas
the second side chain may be a large, hydrophobic group with more than five C atoms. Transfer
of hydride from the pro-R site of NADH to the ketone’s carbonyl group leads to (S)-configured
alcohol (1-(S)-phenylethanol). This is the case when the large alkyl chain has the higher priority
according to Cahn–Ingold–Prelog rule. In case of ethyl 4-chloroacetoacetate, (R)-configured
alcohol is formed because of chlorine, present in the smaller alkyl chain, which changes priority
[164].
ReADH-6H synthesized in A. adeninivorans and H. polymorpha present some differences
in biochemical properties. The best conditions for oxidation reaction are the same for both
proteins. The optimal pH in case of reduction with H-ReADH-6H is 6.0 whereas for A-ReADH-6H
it is 7.0. A difference of 3 °C was seen in the temperature optima. The higher temperature
optimum for the H. polymorpha enzyme (H-ReADH-6H) is reflected its greater stability at higher
temperatures (55 and 60 °C). These differences could be related to the differences in protein 3-D
structure but other factors which could influence these parameters include ion networks within
the protein structure which cause changes in hydrophobic core packing, protein stiffness [165]
and post-translational modifications.
Although both enzymes could oxidise and reduce the same molecules, their relative activities
were different. The differences in activity with various substrates are most likely to be related
105

to differences in the structure of active site of the enzyme [166] e.g. size of the substrate binding
pocket which could vary between the species. Charge interaction with NAD+ in the enzymesubstrate complex is dependent on pH. Optimal pH values required for the reduction reactions
are slightly different for both enzymes and could be the reason for the differences in their
activities.
The denatured protein appears as a band of approximately 36 kDa. This band occurs
in duplicate, which is probably due to posttranslational modifications or partial degradation
of the protein by intracellular proteases [167]. The comparison of the biochemical parameters
of A-ReADH-6H and H-ReADH-6H with that of recombinant ReADH accumulated in transgenic
E. coli strains [168] shows some differences. Bacterial recombinant enzyme achieves the highest
activity at pH 8.0 for oxidation reaction [168], whereas pH 9.0 is optimal for A-ReADH-6H
and H-ReADH-6H enzymes. The optimal pH for reduction is 6.0 for the bacterial enzyme, which
is the same as for the H. polymorpha enzyme. ReADH synthesized in E. coli is less stable than
protein synthesized in yeast. The bacterial enzyme maintains activity at 60 °C for 1 h [168]
whereas yeast recombinant enzymes remain stable for 2 h at this temperature. E. coli ReADH
shows the highest activity at 60 °C [168], whereas 45 °C is the optimal temperature for A-ReADH6H and 48 °C for H-ReADH-6H.
Selecting one of the enzymes for commercial production is among the aims of this study. Criteria
used in the selection of an industrial enzyme concerns specificity, reaction rate, pH and
temperature optima, stability, and affinity to the substrate. The enzymes used in the industry
should already be maximally active in the presence of low substrate concentration.
Biochemical parameters including substrate spectrum, temperature optima and stability are
similar for both enzymes. Enantiopurity of the products of both enzymes is over 99.9%
and synthesis reactions look very similar with a small advantage in stability of H-ReADH-6H.
Synthesis of the enzyme in H. polymorpha give four fold higher yield coefficients Y(P/X)
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and fifteen fold higher activity [U l-1] which makes H. polymorpha the more suitable organism for
the commercial production of the enzyme. However, A. adeninivorans was chosen
for the production of whole cell catalysts because of its shorter cultivation period and total
amount of substrate required for growth.
Substrate-coupled regeneration process usually concerns the use of 2-propanol as a second
substrate in the reaction, which is oxidized to the coproduct, acetone. This regeneration method
was used in this work; it has some limitations because of the accumulation of the co-product
acetone in the reaction mixture, which can also be reduced, thus competing with acetophenone
reduction. Acetone has an influence on the enzymatic activity and causes a thermodynamic
limitation [40-42]. The co-product, acetone can be eliminated by out-gassing, for example
by reducing the pressure to shift the equilibrium [17].
Glucose dehydrogenase is a preferable biocatalyst used in enzyme-coupled cofactor
regeneration system since it is a cheap, highly active and stable enzyme. Biocatalyst converts
glucose to coproduct gluconolactone which is subsequently hydrolysed to the acid. Hence,
reaction is nearly irreversible. Enzyme-coupled cofactor regeneration used in A. adeninivorans
whole-cell catalysts has a speed advantage over substrate-coupled cofactor regeneration
with isolated enzymes, especially in the synthesis of 1-(S)-phenylethanol. Under optimal
conditions, 1.67 g l-1 of 1-(S)-phenylethanol was obtained in 60 min, which is a similar level
of productivity to those obtained by Hummel et al. [169] and Rauter et al. [143]. However
the conversion yield is 7% higher (92%) than that achieved by Hummel et al. [169]. Productivity
achieved in our approach was higher than that achieved by Cheng et al. [116] and Goldberg et al.
[115] which were 0.5 and 1.1 g l-1 h-1, respectively. The highest space time yield of 8.3 g l-1 h-1 was
achieved with the Thermoanaerobacter sp. immobilized alcohol dehydrogenase by Trivedi et al.
[114].
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Synthesis of ethyl (R)-4-chloro-3-hydroxybutanoate was only slightly improved by the whole-cell
catalysts with a 6% increase in the final product yield (80%). The velocity of the substrate
conversion remained the same, however a high level of enantiopurity (<99%) of ethyl
(R)-4-chloro-3-hydroxybutanoate was achieved. Further improvement of the catalysts used
in the synthesis is necessary, since Yamamoto et al. [119] achieved 95.2% conversion yield, 99%
enantiopurity and a yield of 2.15 g l-1 h-1 with the use of E. coli cell catalysts. Higher space time
yield of 3.4 g l-1 h-1 was achieved by Kataoka et al. [118] with 91% enantiopurity. However, Rosen
et al. [117] achieved 3.8 g l-1 h-1 and great enantiopurity of 99.8% with isolated Lactobacillus
brevis alcohol dehydrogenase.
In whole cell catalysts the catalytic reaction is performed after the substrate molecules diffuse
through the fluid layer surrounding the cell (external diffusion) and then through the pores
in the membrane of the permeabilized cell (internal diffusion) [170]. Mass transfer limitations
play a significant role on the rate of reaction, the rate of conversion and product formation.
In case of a homogeneous catalytic reaction in which all substances (substrate, product
and catalyst) are in the same phase, the influence of mass transfer between phases is mostly
negligible. Mass transfer could be a limiting factor in the synthesis of chiral alcohols, however
this is not always an impediment in the industrial production of certain molecules [171]
and is not likely to be a significant problem in the process performed with the yeast cells used
in this study.
Further work including large scale synthesis and isolation of the products from the reaction
mixture must be done before a decision on commercialisation can be made.

5.2 ChADH protein
C. hydrogenoformans alcohol dehydrogenase (ChADH) was used for synthesis of ethyl (R)mandelate with the use of whole yeast cell catalysts. Therefore transgenic A. adeninivorans
and H. polymorpha strains were constructed which produce recombinant ChADH. Enzyme was
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fully biochemically characterized after prior purification from A. adeninivorans. Synthesis of ethyl
(R)-mandelate was performed with isolated ChADH from A. adeninivorans together with isolated
BmGDHp or additional substrate for cofactor regeneration. Moreover, H. polymorpha
and A. adeninivorans whole cell catalysts synthesizing both enzymes were used for the same
purpose. Ethyl (R)-mandelate is a product which is used as an intermediate in the production
of different pharmaceutical compounds: cyclandelate, hydrobenzole or pemoline [172].
The comparison of both whole cell based catalysts to synthesize ethyl (R)-mandelate
demonstrated that permeabilized H. polymorpha whole cell catalysts are the preferred
biocatalysts to arrive maximum conversion of 99%, high enantiomeric excess (>98%) and high
space time yield.
It was reported previously [111] that ChADH gene was overexpressed in E. coli, subsequently
resulting enzyme was purified and characterized. ChADH has been annotated as an SDR (shortchain dehydrogenases/reductases) with the molecular mass of about 30 kDa [112]. In this study,
ChADH-6H protein was purified from A. adeninivorans to set up biochemical parameters
of the enzyme. The enzyme showed optimum activity at pH 6.5 and 45 °C. There were some
differences present in the biochemical parameters between yeast and bacterial protein.
The optimal temperature for the protein synthesized in E. coli is 70 °C [111], other alcohol
dehydrogenases from thermophilic organisms like S. acidocaldarius ADH [120] or T. thermophilus
ADH [173] have optimal activities at 75 °C and 73 °C, respectively. However, ChADH synthesized
in A. adeninivorans shows no activity at these temperatures.
The protein showed high thermostability. Enzyme remained thermally stable for 48 h with
keeping the activity over 75% at lower temperatures: 20, 30, 40 and 50 °C. However, at higher
temperatures: 60 and 70 °C activity started to decrease significantly after this time period.
Bacterial enzyme was losing its activity already after 12 h at these temperatures [111].
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Enzyme synthesized in A. adeninivorans showed narrow substrate specificity. The bacterial
protein was able to utilize aliphatic ketones, cycloalkanones, aromatic ketones and ketoesters,
whereas yeast protein did not show activity with these substrates. Although, ethyl
benzoylformate was the substrate for protein synthesized by E. coli and A. adeninivorans.
It is an important chiral building block for organic synthesis [174], it is used as substrate
in microbial reductions because of its high similarity to pyruvate [175,176].
Yeast and bacterial systems were incorporated into the ethyl (R)-mandelate synthesis which
is a product of reduction reaction of ethyl benzoylformate. Pennacchio et al. [120] bioconverted
ethyl benzoylformate using Sa-ADH (S. acidocaldarius) but achieved only 50% enantiomeric
excess. Zhou et al. [111] performed the reaction with enzyme produced in E. coli. Reaction was
performed for 15 h with purified CHY1186 and formate dehydrogenase. An excellent
enantiomeric excess (ee) (99.9%) and high conversion yield (95%) were achieved.
In this study, synthesis of ethyl (R)-mandelate was performed with isolated enzymes
from A. adeninivorans and A. adeninivorans whole cell biocatalysts. Isolated enzymes presented
insignificantly higher conversion speed however the time necessary for isolating and purifying
them was much longer than for preparing permeabilized whole cell biocatalysts. Moreover,
it was necessary to concentrate isolated enzymes to achieve the same activity as with the use
of whole cell catalysts. It was decided to avoid time-consuming protein purification from
H. polymorpha and to use it in the synthesis process only as a whole cell biocatalyst. The reason
for that is higher efficiency of whole cell catalysts than isolated enzymes in the synthesis of ethyl
(R)-4-chloro-3-hydroxybutanoate and 1-(S)-phenylethanol with R. erythropolis alcohol
dehydrogenase. Moreover, in this work it was proven that the properties of the protein
synthesized in A. adeninivorans and H. polymorpha are very similar. R. erythropolis [146] alcohol
dehydrogenase and R. ruber alcohol dehydrogenase [143] showed similar biochemical
parameters independent of the yeast host strain used. Hence ChADH was characterized only
in A. adeninivorans.
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H. polymorpha whole cell catalysts co-expressing ChADH and BmGDH genes were constructed,
used for the synthesis of ethyl (R)-mandelate and compared with A. adeninivorans whole cell
biocatalysts. Results achieved with the protein synthesized in yeast are much better than that
obtained with ChADH synthesized in E. coli. Bacterial protein converted 95% of the substrate
within 15 h of reaction, whereas 93% conversion yield was obtained at 3 h and 94% at 6 h with
the use of H. polymorpha and A. adeninivorans cell catalysts, respectively. Enantioselectivity
achieved with the protein synthesized by E. coli was very high >99%, whereas yeast cells were
able to synthesize ethyl (R)-mandelate also with very high enantiomeric excess >98%.
Immobilization of the enzyme provides an excellent basis for increasing availability of the
enzyme to the substrate. Nowadays, immobilized enzymes or whole cells are preferred over
the free ones due to the prolonged availability to the substrate and stability. The reusability
factor is one of the most important for large extent commercialization. Enzyme immobilization
is an entrapment of enzyme or cell catalyst to a phase different from the one for substrates
or products. Carrier matrices include inert polymers and inorganic materials. A perfect matrix
should encompass characteristics like stability, regenerability, physical strength, inertness and
ability to increase enzyme specificity [177].
Two different immobilization methods were used, calcium alginate and Lentikat. Entrapment
of enzymes or whole cells in alginates is one the simplest methods of immobilization. Alginate
in the form of calcium, magensium and sodium salts is a part of the cell wall of brown algae. This
compound has been extensively used as an immobilization material. Cross-linking of alginate
with divalent cations, like Ca2+, improves the stability of biocatalysts [178,179].
Lentikats can be imagined as a porous saucer in which enzymes or microorganisms are
encapsulated (immobilized). The material for the construction of matrix is polyvinyl alcohol,
i.e. a hydrogel with great physical and mechanical features that ensure a long-term mechanical
stability. Moreover, polyvinyl alcohol is biologically un-degradable and it is not toxic.
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Whole cell catalysts constructed in two yeast species were immobilized in calcium alginate
and Lentikat and used for the synthesis aprroach. Entrapment of the whole cells caused
decrease in the conversion rate, probably due to the limitation of substrate/product transport
in and out of the cell. The catalytic reaction is performed after the substrate diffuse through
the fluid layer surrounding the cell (external diffusion) and then through the pores in the
membrane of the permeabilized cell (internal diffusion). Reaction occurs when the reactant
molecule gets into the contact with the active sites of the protein. The internal diffusion
of the molecules competes with the reaction; at the same time, the external mass transfer
is dependent on the stagnant film thickness and the activity on the outer layer. Thereby,
the diffusion of molecules is inhibited by the other molecules and additionally the physical
barriers [170].
Unfortunately, under the optimal reaction conditions, calcium alginate cell biocatalysts were
falling apart already after 120 min of the reaction performed at 45 °C with 600 rpm shaking. The
probable reason for the degradation of immobilization material was the exchange of the ions
between the sodium phosphate buffer and calcium alginate lenses.
Lentikat lenses were stable under the same reaction conditions. The Lentikat lenses
and non-immobilized cell catalysts were tested for the reuse. Immobilization leads to slight
increase of the stability of biocatalysts.
Milagre et al. [113] synthesized ethyl (R)-mandelate with the use of immobilized S. cerevisiae
cells in alginate fibers with double gel layers. This material has shown excellent stability,
the enantiomeric excess remained relatively high (92%) during eight days of the continuous
bioreduction affirming the robustness of S. cerevisiae cells as a biocatalysts. The synthesis
of ethyl (R)-mandelate was performed under aerobic conditions with glucose addition
for regeneration of the consumed cofactor. High chemical yield (82%) and extents of reduction
(92–97%) were achieved in operating conditions which were optimized by changing
the substrate concentration and feed flow. The final volumetric productivity was 0.022 g l-1 h-1.
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The newly developed A. adeninivorans and H. polymorpha biocatalysts were able to achieve
much higher space time yield with 0.55 g l-1 h-1 (26 fold more than S. cerevisiae) and 1.09 g l-1 h-1
(51 fold more than S. cerevisiae) of ethyl (R)-mandelate, respectively. This result provides the
great prerequisite for the industrial application. H. polymorpha seems to be the most suitable
yeast specie for the synthesis of ethyl (R)-mandelate, whereas A. adeninivorans is an alternative
with lower synthetic abilities. Space time yield achieved by S. cerevisiae was the lowest from
used yeast species. Hence, A. adeninivorans and H. ploymorpha biocatalysts are attractive for
further studies and potential industrial application.

5.3 AADH1 protein
Alcohol dehydrogenase 1 from A. adeninivorans (AADH1) was identified and characterized.
Enzyme showed activity with short and medium chain length primary alcohols in the forward
reaction and the respective aldehydes in the reverse reaction. AADH1 shares 64 % identity with
S. cerevisiae ADH1. It was proven that protein is localized in the cytoplasm similarly to the first
alcohol dehydrogenases from other yeast species. Enzyme uses preferentially NAD+
as a cofactor. Gene expression analysis exhibited low level increase in AADH1 gene expression
with ethanol, pyruvate or xylose. Deletion of the AADH1 gene has an influence on the growth
of the cells with 1-butanol, ethanol and glucose as carbon sources. Moreover, a strain which
overexpressed the AADH1 gene catabolized 1-butanol more rapidly but synthesis
of the recombinant protein did not result in the faster metabolism of ethanol. An ADH activity
assay together with some additional experiments indicated that AADH1 is a major enzyme
for the synthesis of ethanol and the degradation of 1-butanol in A. adeninivorans.
Significant similarities in the amino acid sequences are shown, with all of the conserved domains
of other yeast Adhps’ being preserved in AADH1. It was shown that the theoretical mass
of the protein in its native form is 144 kDa and that molecule comprises 4 subunits
as in S. cerevisiae ADH1 [180]. AADH1 was localized in cytoplasm what was proven with cell
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fractionation experiment. Lysed protoplasts were loaded onto a 15-55% sucrose density gradient
and centrifuged in an ultracentrifuge. Subsequently, collected fractions were tested
for the activity. Test for α-mannosidase was used as a vacuolar enzyme indicator and test
for glucose-6-phosphate dehydrogenase was used as an indicator of the enzyme localised
in cytosol. Alcohol dehydrogenase activity appeared with the activity of glucose-6-phosphate
dehydrogenase. Hence, fractionation experiments placed AADH1 in the cytoplasm which
is where ScADH1 [121] and HpADH1 [148] are located.
To investigate the physiological role of AADH1, a Δaadh1 deletion mutant and an AADH1
overexpressing strain were constructed. Growth of the deletion mutant, overexpressing
transformant and control strain was examined on three different carbon sources: glucose,
1-butanol and ethanol and it was demonstrated that this enzyme plays an important role
in the metabolism of these compounds. Activity assays performed with ethanol and 1-butanol
gave additional evidence for this assumption although an increase in AADH1 did not have
as great an impact on the metabolism as did its absence, irrespective of the carbon source.
Several experiments were performed to analyse the utilization of ethanol, 1-butanol and glucose
by overexpressing, control and deletion mutant strains. GC-MS experiments, which included
quantification of ethanol, showed that the mutant strain utilized less ethanol (0.07%) during
a long incubation (40 h) whereas the control strain and the overexpressing strain utilized
all of the available ethanol (0.25%) in 24 h. Results of this experiment confirm that AADH1
is involved in ethanol metabolism in A. adeninivorans. There are other enzymes which
contribute to ethanol utilization in A. adeninivorans and it has been proven that AADH2 (AADH2
– ARAD1D05368g) and AADH3 (AADH3 – ARAD1D27170g) also have a role (unpublished).
Probably several other enzymes in A. adeninivorans cell can contribute to ethanol utilization.
Moreover, deletion of AADH1 gene had a negative influence on ethanol metabolism causing
a significant decrease in cell growth on the medium supplemented with different carbon
sources. This is in contrast to the deletion of HpADH1 gene in H. polymorpha, where deletion
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of the gene did not have an effect on ethanol assimilation which led Suwannarangsee et al. [148]
to propose that an isozyme may also be functioning. A similar effect was also observed
in P. stipitis [181]. ADH1 from S. cerevisiae reduces acetaldehyde to ethanol, the final product
of ethanoic fermentation [182]. This role was confirmed for AADH1 in A. adeninivorans since
the enzyme prefers ethanol and acetaldehyde as it’s substrates for oxidation and reduction
reactions, respectively.
Participation of the enzyme in 1-butanol metabolism was analysed as well. GC-MS analysis
demonstrated that the mutant strain utilized 1-butanol in 40 h, whereas control
and overexpressing strain metabolized it in 28 h. Moreover, the strain which overexpressed 6HAADH1 gene used 1-butanol faster than the G1212 control strain and deletion of the AADH1
gene did not have the significant impact on 1-butanol catabolism that it had on the ethanol
metabolism.
In the A. adeninivorans cell, 1-butanol is converted into the central metabolite, acetyl-CoA,
by ß-oxidation and glyoxylate cycle to generate succinate [126]. In general, interference
in the metabolic pathway leads to an increase of the 1-butanol concentration, which may be
of practical application in the industrial production of 1-butanol [127]. Recently, increasing
demand for 1-butanol as fuel additive or equivalent for gasoline has renewed interest
in the production of 1-butanol by microorganisms. The invention which provides
a non-conventional, non-pathogenic yeast, and a process using the yeast, for producing
1-butanol was patented (Patent EP 2508597 A1) [127]. A. adeninivorans has been genetically
modified to contain a set of genes comprising the genes which encode the pathway enzymes
for the conversion of acetyl-CoA to butyryl-CoA from a heterologous microorganism, especially
from Clostridium acetobutylicum.
Growth of the deletion mutant strain was significantly inhibited on the medium supplemented
with glucose. S. cerevisiae and K. lactis are two yeast species that metabolize glucose
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by oxidative and fermentative pathways, but S. cerevisiae is predominantly fermentative
(Crabtree positive) and K. lactis is predominantly respiratory (Crabtree negative) [183].
The Crabtree effect is defined as the occurrence of alcoholic fermentation under aerobic
conditions. The yeast S. cerevisiae switches to a mixed respiro-fermentative metabolism,
resulting in ethanol production, when the external glucose concentration exceeds 0.8 mM [184].
The medium used in this study contained 13.9 mmol glucose and it is highly probable that
A. adeninivorans also has the ability to shift glucose metabolism due to the high genetic
similarity with S. cerevisiae. Glucose concentration which exceeds 0.8 mM may cause
fermentation of glucose to ethanol, which can be converted to acetate and enter glyoxylate
cycle. The cycle allows cells to metabolize simple carbon compounds as a carbon source when
complex sources such as glucose are not available. The acetate (acetyl-CoA) is then catabolized
via oxidative catabolism. However in the AADH1 gene disruption mutant the conversion
of ethanol to succinate would not occur and the energy in ethanol would not be available
for growth. This could explain the differences in the growth rates between deletion mutant
strain and the other two strains.
Overexpression, control and deletion mutant strains were analysed for the ethanol production.
It was expected that deletion of the AADH1 gene will lead to the limited production
and utilization of ethanol. Indeed, the maximal production was much lower for deletion mutant.
The alcohol is produced from the available glucose and complete utilization of the sugar leads
to the use of ethanol as a carbon source. The lack of the AADH1 results in the slower synthesis
and utilization of ethanol what confirms the crucial role of AADH1 in the reversible conversion
of acetaldehyde to ethanol. Usually, most of the yeast alcohol dehydrogenases use ethanol
as substrate. Hence, the production and utilization of ethanol was possible with the deletion
mutant strain due to the expression of several other ADH genes by A. adeninivorans. However,
a longer time was needed for synthesis and utilization. An insignificant difference in the ethanol
concentration of the control and overexpressing strains suggests that gene overexpression does
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not have meaningful impact on the ethanol production or utilization. Expression of AADH1 gene
possibly leads to the expression of other alcohol dehydrogenases which participate in ethanol
metabolism. Hence, overproduction of one enzyme does not result a clear difference
in the ethanol synthesis and utilization. Initiation of transcription from most eukaryotic
promoters is positively regulated by the binding of specific transcriptional factors
to the enhancing region of the upstream activation sequence of a promoter [185]. Hence, it is
assumed that syntesis of AADH1 participates in switching on the cascade which results
in the synthesis of other ADHs.
Understanding the ADH system of A. adeninivorans will contribute to the construction
of the strain suitable for ethanol or 1-butanol production. Up to date it was proven that AADH1
plays a main role in the metabolism of ethanol, whereas AADH2 possess much higher affinity
for the conversion of butyraldehyde to 1-butanol compared to those for acetaldehyde
and ethanol (data not published). There are several enzymes involved in the metabolism
of these compounds in A. adeninivorans and the construction of a strain which could be useful
for the synthesis of ethanol or 1-butanol will require further investigation of the numerous
A. adeninivorans genes with ADH domains.
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