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Zusammenfassung

Die Einfuhrung von Stereoinformationen in verschiedene Verbindungen ist essentiell fur ihre
physiologische Wirkung und begriundet die breite Anwendung von enantiomerenreinen
Alkoholen in der Feinchemie und als Synthesebausteine fur Pharmazeutika.

Ihre Synthese erfolgt chemisch in der Regel nicht-stereospezifisch und es werden nur geringe
Ausbeuten unter 50 % erreicht. Im Gegensatz dazu ist die als Alternative genutzte Biokatalyse
zur Reduktion von Ketonen =zu sekunddren optisch aktiven Alkoholen durch
Alkoholdehydrogenasen (ADHs) mit dem Cofaktor NAD(P)H stereospezifisch, wobei
Ausbeuten von bis zu 100 % erhalten werden. Der Einsatz derartiger Enzyme erfordert jedoch
ihre effiziente Produktion, hohe Aktivitat, Stabilitdt und Selektivitdt, sowie eine
wirtschaftliche Regeneration des notwendigen Cofaktors NAD(P)H.

Im Rahmen der Dissertation wurde die Hefe Arxula adeninivorans (Blastobotrys
adeninivorans) erstmals als Expressionssystem zur Herstellung von ADHSs eingesetzt und die
entsprechenden Enzyme wurden fir die Synthese von enantiomerenreinen 1-Phenylethanol
eingesetzt. Rhodococcus ruber (Rr) und Lactobacillus brevis (Lb) ADH-Gene wurden hierflr
mit dem starken konstitutiven TEF1-Promotor und dem PHO5-Terminator flankiert und unter
Nutzung der etablierten Xplor®2-Transformations-/Expressionsplattform in der Hefe
exprimiert. Die erhaltenen selektierten Transformanden wiesen dabei ADH-Aktivitdten von
21 bzw. 320 U g* dcw fiir die Reduktion von Acetophenon zu 1-Phenylethanol in
Schttelkultur auf.

Vor der Nutzung der Biokatalysatoren fur die Synthese von 1-Phenylethanol erfolgte ihre
biochemische Charakterisierung, sowie die Analyse ihres Substratspektrums. RrADH und
LbADH sind fir die Reduktion von Acetophenon und Acetophenon-Derivaten, a-Ketoestern
und aliphatischen Ketonen geeignet. Die RrADH synthetisiert (S)-konfigurierte Alkohole und
ist NAD*/NADH-abhéngig, wahrend die LbADH die Reduktion von Acetophenon zu 1-(R)-
Phenylethanol mithilfe des Cofaktors NADPH katalysiert.

Rohextrakt des RrADH produzierenden Hefestamms konnte erfolgreich flr die Synthese von
enantiomerenreinem 1-(S)-Phenylethanol mit einer Ausbeute von 90 % und einem
Enantiomereniberschuss (ee) von >99 % (ber Substrat-gekoppelte Regeneration mit
Isopropanol eingesetzt werden.

Die Erhéhung der Ausbeute auf 100 % gelang durch Enzym-gekoppelte Regenerierung des
Cofaktors NADH mit der GDH aus Bacillus megaterium (Bm) fir RrADH bzw. NADPH mit
der BmGDH und G6PDH aus Bacillus pumilus (Bp) fir LbADH katalysierte Reaktionen.
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ADHs und Cofaktor-regenerierende Enzyme wurden simultan durch die konstitutive
Coexpression der entsprechenden Gene in A. adeninivorans fir die Synthese von
enantiomerenreinem 1-Phenylethanol hergestellt.

Die Enzymrohextrakte der RrADH-BmGDH, LbADH-BmGDH und LbADH-BpG6PDH
produzierenden Hefestamme katalysieren ohne Ausnahme die Synthese des jeweiligen
Enantiomers von 1-Phenylethanol mit ee >99 % und Ausbeuten von 100 % fir
Substratkonzentrationen bis 40 mM. Nach der Extraktion des 1-Phenylethanols liegt dieses
chemisch rein vor, sodass aufwendige Aufarbeitungs- und Reinigungsschritte erspart bleiben.
GDH bzw. G6PDH sind hervorragend fiir die Regeneration von NADH und NADPH bzw.
ausschliel3lich letzterem geeignet. Dabei wurden standardmaig 40 mol 1-Phenylethanol pro
Mol NAD" oder NADP" erreicht. Die Herabsetzung der NADP*-Konzentration um das
Zehnfache erhohte die katalytische Produktivitit pro Mol NADP® auf fast 400 ohne
Reduktion der Ausbeute fir den BpG6PDH-LbADH und BmGDH-LbADH produzierenden
A. adeninivorans Stamm. Klar zu favorisieren ist letzterer, da dieser trotz 10-facher
Verringerung der NADP*-Konzentration von 1 auf 0,1 mM noch zu 50 % aktiv ist, wahrend
ersterer unter den gleichen Bedingungen nur noch 28 % Aktivitat aufweist.

Auch intakte Hefezellen der rekombinanten ADH und BmGDH bzw. BpG6PDH
synthetisierenden St&mme wurden fur die Synthese von 1-(S)- bzw. 1-(R)-Phenylethanol
verwendet. Nach Permeabilisierung mit Triton X-100 wiesen sie vergleichbare Aktivitaten zu
den entsprechenden Rohextrakten auf. Der RrADH-BmMGDH produzierende Stamm
synthetisiert 1-(S)-Phenylethanol mit einer Aktivitat von 20 U g™ dcw, wéhrend die LbADH-
BmGDH und LbADH-BpG6PDH Hefestamme sogar 45,6 und 87,9 U g™ dcw lieferten. Die
Ausbeuten und ee waren im Vergleich zu den Rohextrakten &hnlich.

Die Erhohung der Konzentration des Ausgangsstoffs Acetophenon reduzierte unabhéangig von
den verwendeten Enzymen die erhaltene Ausbeute. Die katalytische Produktivitat der
Biokatalysatoren wurde durch ihre Wiederverwendung erhoht.

Hierflr wurden permeabilisierte Zellen, die einfach aus der Syntheselésung abzentrifugiert
werden konnen, genutzt. Auflerdem konnten der Rohextrakt und die Zellen nach ihrem
Einschluss in unl6sliches Calciumalginat in Form von kleinen Kugelchen aus der Synthese
abfiltriert und wiederverwendet werden. Die Bedingungen fiir die Zellpermeabilisierung
wurden hinsichtlich Triton X-100-Konzentration und Zelldichte, und fir die Immobilisierung
in Bezug auf die Natriumalginat-, Calciumchloridkonzentration, sowie Aushartungszeit

optimiert.



AnschlieBend wurden permeabilisierte Zellen und Immobilisate, wiederholt fiir die Reduktion
von Acetophenon zu 1-Phenylethanol eingesetzt, wobei immobilisierter Rohextrakt und
Zellen fur drei bis maximal sechs Synthesezyklen verwendet werden konnten. Immobilisierte
und permeabilisierte Zellen sind wesentlich stabiler. Sie koénnen ohne erhebliche
Aktivitatsverluste 14 (LbADH-BpG6PDH), 29 (RrADH-BmMGDH) bzw. mehr als 50 Mal
(LbADH-BmGDH) wiederholt zur Acetophenon-Reduktion eingesetzt werden.

Auf ihrer Grundlage wurde ein erster Reaktor fiir die semi-kontinuierliche Synthese von 1-
(R)-Phenylethanol im Labormafstab konstruiert und in Betrieb genommen. Es konnten 206
mol 1-(R)-Phenylethanol pro Mol NADP" und 12,78 g 1-(R)-Phenylethanol mit einem ee von
100 % und einer Raum-Zeit-Ausbeute von 9,74 g L™ d™ oder 406 g kg™ dcw d* erhalten
werden.

Weitere Optimierungen der Hefestimme, Reaktionsbedingungen und Reaktionsfiihrung sind
zur Erhéhung der Ausbeute und zum Erreichen vergleichbarer Produktivitdt mit derzeitigen
Syntheseprozessen fur 1-Phenylethanol nétig. Der ee ist bereits optimal.

Zusammenfassend ist A. adeninivorans ein hervorragender Wirt zur Herstellung von ADHs
fir die Synthese enantiomerenreiner Alkohole wie 1-(S)- und 1-(R)-Phenylethanol. Nach
Extraktion liegt das Produkt rein und mit optimalen ee vor. Durch die in dieser Arbeit
gezeigten Untersuchungen konnen bisher chemische Synthesen durch enzymatische
Reaktionen unter Einsatz von ADHs, deren Produktion in A. adeninivorans erfolgte, ersetzt

werden, was Kosten und natirlichen Ressourcen spart.

Parallel wurde im Rahmen der Arbeit eine bisher unbekannte ADH aus A. adeninivorans
selbst hinsichtlich ihrer Eignung zur Synthese von enantiomerenreinen Alkoholen analysiert.
Hierfiir wurde das entsprechende ADH-Gen aus der Hefe Uber Sequenzvergleiche mit S.
cerevisiae ADH-Genen identifiziert, isoliert und in A. adeninivorans tberexprimiert.

Das erhaltene gereinigte Enzym, AADH2, reduziert ausschlieBlich Aldehyde zu priméren
Alkoholen und ist demnach nicht fir die Produktion von sekundéren Alkoholen geeignet.
AADH?2 ist das erste charakterisierte Genprodukt von 19 annotierten ADH-Genen in A,
adeninivorans. Die Induktion oder Derepression des Gens konnte auf nicht-fermentierbaren
Kohlenstoffquellen nachgewiesen werden und die Uberexpression oder Deletion des Gens
beeintrachtigt die Fahigkeit der Hefe auf 1-Butanol als einzige Kohlenstoffquelle zu wachsen.

Demnach steht der AADH2 eine entscheidende Rolle im 1-Butanol-Abbauweg zu.



Summary

The introduction of stereoinformation in some compounds is essential for their physiological
effects and explains the application of enantiomerically pure alcohols in the industrial fine
chemistry and their use as synthetic building block for pharmaceuticals.

Its chemical synthesis does not produce stereospecifically pure compounds and offers low
yields of less than 50 %. In contrast, the biocatalytic reduction of ketones to secondary
optically active alcohols using alcohol dehydrogenases (ADH) and the cofactor NAD(P)H
proceeds stereospecifically. Yields can be up to 100 %, however the efficient production,
activity, stability and specificity of the ADHs and the economical regeneration of the
cofactor, NAD(P)H, is necessary.

In this thesis ADHs were produced for the first time using the Xplor2® expression system
containing Rhodococcus ruber (Rr) and Lactobacillus brevis (Lb) ADH-genes cloned into
Arxula adeninivorans to produce enantiomerically pure 1-phenylethanol. The genes were
located between the strong constitutive TEF1 promotor and the PHOS5 terminator in the yeast.
The transformants had activities between 21 and 320 U g* dcw for the reduction of
acetophenone to 1-phenylethanol when grown in shake flasks.

Before enzymes were used for the synthesis of 1-phenylethanol they were biochemically
characterized and their substrate spectrum was analyzed. RrADH and LbADH are suitable for
the reduction of acetophenone and acetophenone derivatives, a-ketoesters and aliphatic
ketones. RrADH synthesizes (S)-configured alcohols and is NAD*/NADH dependent,
whereas LbADH catalyzes the reduction of acetophenone to 1-(R)-phenylethanol with the
cofactor NADPH.

Crude extract of the RrADH-producing yeast strain was used successfully for the synthesis of
enantiomerically pure 1-(S)-phenylethanol with a yield of 90 % and an enantiomeric excess
(ee) of >99 % by substrate-coupled regeneration with isopropanol.

An increase in yield to 100 % was possible by using enzyme-coupled regeneration of the
cofactor NADH with GDH from B. megaterium (Bm) for RrADH or NADPH with BmGDH
and G6PDH from B. pumilus (Bp) for LbADH catalyzed reactions.

ADHs and cofactor regenerating enzymes were produced simultaneously in A. adeninivorans
for the production of enantiomerically pure 1-phenylethanol by constitutive coexpression of
the correspondent genes.

Crude extracts of the RrADH-BmGDH, LbADH-BmGDH and LbADH-BpG6PDH producing



strains synthesize the respective enantiomer of 1-phenylethanol with ee >99 % and yields of
100 % for substrate concentrations up to 40 mM. 1-Phenylethanol was chemically pure after
extraction, so that laborious purification steps were not required.

GDH is suitable for NADH and NADPH regeneration and G6PDH for NADPH recycling.
Therefore 40 mol 1-phenylethanol per mol NAD" or NADP" were reached by default. The
decrease of NADP™ concentration by a factor of 10 increased the catalytic productivity per
mol NADP" to 400 without decreasing the yield in the BpG6PDH-LbADH and BmGDH-
LbADH producing A. adeninivorans strains. The latter is obviously preferred because it is
still 50 % active when NADP™ concentration is reduced from 1 mM to 0.1 mM. In
comparison the activity of the BmGDH-LbADH strain is only 28 % under these conditions.

In addition to crude extract, whole intact yeast cells of the recombinant ADH and BmGDH or
BpG6PDH producing yeast strains were tested for the synthesis of enantiomerically pure 1-
(S)- or 1-(R)-phenylethanol. Cells showed comparable activities to crude extracts after
permeabilization with Triton X-100. The RrADH-BmGDH producing strain synthesized 1-
(S)-phenylethanol with an activity of 20 U g™ dcw, whereas LbADH-BmGDH and LbADH-
BpG6PDH strains had activities of up to 45.6 and 87.9 U g™ dcw. Yields and ee were only
slightly lower compared to crude extract catalyzed reactions.

The increase of the substrate concentration acetophenone reduced the yield which was
independent from the enzymes that were used. Catalytic productivity of the biocatalysts was
increased by its recycling.

Enzyme recycling was realized either by reusing permeabilized cells which can be centrifuged
from the reaction, or entrapment of crude extract and permeabilized cells in insoluble calcium
alginate spheres, which allowed their removal from the reaction by filtration. The conditions
for cell permeabilization i.e. Triton X-100 concentration and cell density were optimized. In
addition immobilization conditions including sodium alginate and calcium chloride
concentrations and curing time were also optimized.

Permeabilized cells and immobilisates were used repeatedly for the reduction of acetophenone
to 1-phenylethanol. Immobilized crude extract and permeabilized cells could be reused for
three to six synthesis cycles. Immobilized permeabilized cells could be used for acetophenone
reduction without significant loss of activity 14 times for LbADH-BpG6PDH, 29 times for
RrADH-BmGDH and more than 50 times for LbADH-BmGDH.

The first reactor for the semi-continous synthesis of 1-(R)-phenylethanol in laboratory scale

was constructed on their basis and was put into operation. 206 mol 1-(R)-phenylethanol per



mol NADP™ and 12.78 g 1-(R)-phenylethanol with an ee of 100 % and a space-time yield of
9.74 g L™ d™ or 406 g kg™ dcw d™* were synthesized.

Additional modification of the yeast strains, reaction conditions and operating conditions are
necessary to increase the yield and result in productivity comparable to those of existing
synthetic processes for 1-phenylethanol. The ee is already excellent.

In summary A. adeninivorans is an excellent host for the production of ADHs for the
synthesis of the enantiomerically pure alcohols, 1-(S)- or 1-(R)-phenylethanol. After
extraction, the product is very pure without by-products with an optimal ee. This work shows
that a biocatalytic synthesis using A. adeninivorans strains expressing ADHs can replace
chemical synthesis. This would reduce the use of natural resources and be more cost efficient.

In addition, this work characterized a previously unknown ADH from A. adeninivorans for
the synthesis of enantiomerically pure alcohols. The ADH-gene from the yeast was identified
by sequence alignments with S. cerevisiae ADH-genes, isolated and overexpressed in the
yeast itself. The resulting purified enzyme, AADH2, only reduces aldehydes to primary
alcohols and thus is not suitable for the production of secondary alcohols.

AADH? is the first characterized gene-product of 19 ADH-genes of A. adeninivorans. The
induction or derepression of the gene on non-fermentable carbon sources was shown and
overexpression or deletion of the gene affects the capability of the yeast to grow on 1-butanol

as sole carbon-source. Thus, AADH2 has an important role in 1-butanol degradation pathway.
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1. Einleitung

1.1 Chirale Alkohole

In den letzten Jahrzehnten ist der Bedarf an optisch aktiven Alkoholen in der chemischen,
pharmazeutischen und agrotechnischen Industrie enorm gestiegen, da die Bedeutung der
Chiralitat auf die Aktivitat und Eigenschaften der (R)- und (S)-Enantiomere vielseitig bekannt
ist.

Ein Enantiomerenpaar einer chiralen Verbindung hat die gleichen strukturellen, sowie
physikalischen und chemischen Eigenschaften. Sie verhalten sich wie Bild und Spiegelbild
und differieren lediglich in ihrer Fahigkeit die Ebene des linear polarisierten Lichtes in
unterschiedliche Richtungen zu drehen. Die unterschiedliche Wechselwirkung der einzelnen
Enantiomere einer chiralen Verbindung mit Rezeptoren fihrt zu sehr groRen Unterschieden in
der physiologischen Wirkung.

Optisch aktive sekundare Alkohole werden besonders haufig als Intermediate zur Einflihrung
von Stereoinformationen in chemische Molekdle verwendet. Sie sind bedeutende Bausteine in
der industriellen Feinchemie, sowie wichtige Intermediate fir Arzneimittel gegen
Bluthochdruck, Arthritis, Muskelschmerzen, Asthma u. v. a. m.

Die Herstellung und Reinigung enantiomerer Verbindungen ist aufgrund der groRen
Ahnlichkeit sehr schwierig und aufwendig. Chemische Synthesen erfolgen nicht
stereoselektiv, sodass die Enantiomere anschliefend (ber chirale Chromatographie bzw.
Racematspaltung voneinander getrennt werden missen. Die Ausbeute liegt mit maximal 50 %
in Bezug auf die eingesetzte Ausgangskonzentration des Substrats sehr niedrig. Zwar
existieren bereits optisch aktive Katalysatoren, wie z.B. BINAP, diese verwenden jedoch
teure und physiologisch problematische Edel- oder Ubergangsmetalle (1).

Inzwischen werden erste Biokatalysatoren z. B. Alkoholdehydrogenasen, die bei milden
Reaktionsbedingungen, also Raumtemperatur, atmospharischem Druck und neutralem pH-
Wert arbeiten, als umweltfreundliche Alternative zur traditionellen chemischen Synthese
genutzt. Die sogenannte Biokatalyse, die auch den Einsatz von Mikroorganismen einschlief3t,
zeichnet sich durch die Nutzung erneuerbarer, biologisch abbaubarer, nicht-toxischer Quellen
aus und aufgrund der hohen Chemo-, Regio- und Enantioselektivitat der Enzyme entstehen

enantiomerenreine Produkte (2; 3; 4).



1.2 Alkoholdehydrogenasen

Alkoholdehydrogenasen (ADHs) gehoren zur Klasse der Oxidoreduktasen und katalysieren

sowohl die Oxidation von Alkoholen zu den entsprechenden Aldehyden und Ketonen unter
Nutzung von NAD" oder NADP" als Coenzyme (Abb. 1) als auch deren Riickreaktion: Die

Reduktion von Aldehyden bzw. Ketonen zu den entsprechenden Alkoholen. Die Reaktionen

werden durch ADHs chemo-, regio- und stereospezifisch katalysiert.

Rl I:Ql

ADH
OH + NAD(P)* O + NAD(P)H + H*

) RZ

Abb. 1: ADH katalysierte NAD(P)*-abhéngige Oxidation von Alkoholen bzw. NADPH-abhingige Reduktion
von Aldehyden oder Ketonen.

ADHs katalysieren die Oxidation eines primiren bzw. sekundiren Alkohols mithilfe des Cofaktors NAD(P)*
zum Aldehyd bzw. Keton, sowie die Reduktion vom Aldehyd bzw. Keton mit NADP(H) zum entsprechenden
Alkohol.

ADHs sind ubiquitér verbreitete Enzyme: Im menschlichen Korper ist ihre bedeutendste
Funktion die Katalyse der Ethanol-Oxidation zu Acetaldehyd, der den ersten Schritt im
Ethanol-Metabolismus der Leber darstellt (5; 6). Des Weiteren sind ADHs auch am
Metabolismus von Retinol (7; 8; 9; 10), Steroiden (11), Xenobiotika (12) sowie
Neuromediatoren (13; 14; 15) beteiligt.

In Bakterien und Hefen spielen ADHs eine entscheidende Rolle im Zucker-Metabolismus zur
Regenerierung von glykolytischen NAD" und somit Aufrechterhaltung der Redoxbalance
durch die Reduktion von Acetaldehyd in Ethanol (16; 17).

ADHs konnen hinsichtlich ihrer Struktur und proteinchemischen Daten in drei Subfamilien
eingeteilt werden (18; 19).

Typ | sind die ,,medium chain“ Zn®*-abhangigen ADHs, wie die ADH aus der Pferdeleber
oder ADH Isozyme | — Ill aus S. cerevisiae (20; 21; 22). Sie bestehen aus etwa 370
Aminoséuren pro Untereinheit und bilden Dimere oder Tetramere.

Typ I sind die ,.short chain“ Zn**-unabhangigen ADHs, wie die aus D. melanogaster mit 250
Aminosduren pro Untereinheit (23). Die Bindung der Nukleotide erfolgt dabei am N-
Terminus des Molekils mit der Sequenz: Gly-X-X-X-Gly-X-Gly. Das aktive Zentrum
befindet sich am C-Terminus und verfigt tber ein konserviertes Tyr-X-X-X-Lys-Motiv (24;
25; 26).

Typ Il umfasst die ,,long chain* Fe**-aktivierten ADHs wie die aus Z. mobilis oder ADH IV
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aus S. cerevisiae bestehend aus 385 bis 900 Aminoséuren pro Untereinheit (27).

1.2.1. ADHs zur biokatalytischen Synthese enantiomerenreiner Alkohole

Enantiomerenreine Alkohole kdnnen prinzipiell auf zwei Wegen synthetisiert werden:
(1) Reduktion eines prochiralen Ketons zum enantiomerenreinen Alkohol mit einer
theoretischen Ausbeute von 100 %,
(2) selektive Oxidation eines Enantiomers in einem racemischen Gemisch der optisch
aktiven Alkohole und anschlieBende Trennung des entstandenen Ketons vom nicht

umgesetzten enantiomerenreinen Alkohol mit einer Ausbeute von maximal 50 %.

Unter dem Gesichtspunkt der hohen Ausbeute ist natirlich das erste Verfahren zu
favorisieren. Letzteres hat jedoch Vorteile, wenn das betreffende Keton nicht verfiighar oder

die Selektivitat der ADH entgegengesetzt zur gewiinschten Produktkonfiguration ist.

Es existiert eine Vielzahl natirlicher und veranderter ADHs, die fir die Produktion einer
Reihe enantiomerenreiner Alkohole als isolierte Enzyme oder in Form von

Ganzzellbiokatalysatoren eingesetzt werden konnten.

1.2.2. ADHs aus Lactobacillus und Rhodococcus Spezies

Eine herausragende Rolle spielen die ADHs aus Lactobacillus und Rhodococcus Spezies, da
sie ein sehr breites Substratspektrum und eine hohe Stabilitat aufweisen (Tab. 1). Sie wurden
bereits fir eine groRe Anzahl von biotechnologischen Anwendungen verwendet (28).

In sieben von 20 Lactobacillus Spezies konnte eine (R)-spezifische ADH-AKktivitat
nachgewiesen werden, wobei L. brevis (LbADH) und L. kefir (LKADH) Zellen besonders
aktiv waren (29; 30). Diese beiden ADHs gehtren zur SDR-Superfamilie, sind (R)-spezifisch
und nur in Anwesenheit von Mg?* katalytisch aktiv (29; 31; 32).

Grundsétzlich entspricht der Katalyse-Mechanismus dem der SDRs (33). Jedes einzelne
LbADH-Monomer faltet sich in eine ,,Rossmann fold“ Doméine, die aus einem zentralen
parallelen B-Faltblatt mit acht B-Strdngen besteht (Abb. 2.a). Das aktive Zentrum liegt am C-
terminus in einer hydrophoben Spalte zwischen oG und der Schleife zwischen BE und oF die
von einem Substratbindungsschleife (aFG1 und oFG2) bedeckt wird. Der Katalyse-
Mechanismus schlief3t eine katalytische Tetrade ein, hier am Beispiel der LbADH erklért:
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Tyr 155 stellt die katalytische Sdure dar, welche ihr Proton direkt auf das O-Atom der
Substrat-Carbonyl-Gruppe tbertragt. Daraufhin erfolgt der Hydrid-Transfer von NADPH auf
das C-Atom der Carbonyl-Gruppe von Acetophenon und ein Proton wird Gber ein
Wassermolekul, Lys 159 und die 2’OH-Gruppe der Ribose zurlick auf Tyr 155 Ubertragen.
Die Fixierung des Substrates erfolgt Gber Ser 142, bevor das Proton tber das Wassermolekill,
welches gleichzeitig mit Lys159 und Asn113 verknlpft ist auf das Substrat Gbertragen wird
(33; 34; 35). Die Voraussetzung von Mg®* zur Erhaltung eines Katalytisch aktiven Enzyms ist

strukturell und nicht katalytisch bedingt (34).

Tab. 1: ADHs aus Lactobacillus und Rhodococcus Spezies zur Produktion enantiomerenreiner Alkohole.

ADH aus Substratklasse/n Produktbeispiele Ausgangsstoff flr Quelle
L. kefir aromatische Ketone 1-(R)-Phenylethanol Duftstoffe (36)
lineare, aliphatische 2-(R)-Oktanol Flussigkristalle (37)
Ketone
1,2-Diketone 2,5-(2R),(5R)-Hexandiol =~ Chemokatalysatoren (31; 38; 39)
B-Ketoester Ethyl 4-chloro- Feinchemikalien, (37)
hydroxybutyrat Pharmazeutika
L. brevis aromatische Ketone 1-(R)-Phenylethanol Duftstoffe (40)
lineare, aliphatische 2-(R)-Butanol, Pharmazeutika (41)
Ketone 2-(R)-Nonanol Flussigkristalle (42; 43)
1,2-Diketone 2,5-(2R),(5R)-Hexandiol =~ Chemokatalysatoren (44)
B-Ketoester Ethyl 4-(R)-chloro- Feinchemikalien, (45)
hydroxybutyrat Pharmazeutika
R. ruber aromatische Ketone 1-(S)-Phenylethanol Duftstoffe (46)
DSM44541  lineare, aliphatische 4-(p-Hydroxyphenyl) Duftstoffe (46)
Ketone butan-2-on,
2-(S)-Nonanol Flussigkristalle (47)
R. aromatische Ketone 1-(S)-Phenylethanol Duftstoffe (29)
erythropolis  lineare, aliphatische 2-(S)-Heptanol Pharmazeutika (47; 48)
DSM43297  Ketone
B-Ketoester Ethyl 3-(S)- Pharmazeutika 47
a-Ketoester hydroxybutyrat
Ethyl 2-(S)- Pharmazeutika (48)
hydroxybutyrat

Die Methylgruppe des Substrats ist in allen Richtungen von Seitenketten umgeben, was die
sehr hohe Enantiospezifitat des Enzyms erklart. Im Gegensatz dazu ist der Phenylring nicht
vollstandig von den bereits erwadhnten hydrophoben Seitenketten umgeben, sondern hat
Zugang zum Losungsmittel, was die Fahigkeit des Enzyms zur Transformation prochiraler

Ketone mit grol3en Seitenketten begriindet (35).
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a.

aFG2
[
Acetophenon

NADPH aFGl

C-Terminus
,\ﬁ\ 4 ;

katalytisches Zn2*

strukturelles Zn2*

1,4-Butandiol

Abb. 2: Tertidrstruktur von LbADH nach pdblzk4 (a.) und RrADH nach pdb2xaa (b.) in der Cartoon-
Darstellung mit a-Helices in magenta und p-Strangen in gelb.

a. Strukturelle Ansicht eines LbADH-Monomers. Die Substrate Acetophenon und das Coenzym NADPH sind
im Kugel-Stab-Model gezeigt und wurden manuell im aktiven Zentrum positioniert (34). b. Strukturelle Ansicht
eines RrADH-Dimers mit freiem und 1,4-Butandiol gebundenem aktivem Zentrum, strukturellem und
katalytischem Zn?*, sowie dem Coenzym NAD* im Kugel-Stab-Model (49).
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(S)-spezifische ADHs wie die aus R. erythropolis oder R. ruber zeigen Homologien zur MDR
Superfamilie und nutzen NAD*/NADH als Coenzym (29; 36), (PDB-Eintrag: pdb2xaa). Sie
liegen als Homotetramere vor. Jede Untereinheit der R. ruber ADH ist mit einem strukturellen
Zn** Uber ein 4-Cystein-Cluster koordiniert (Abb. 2.b). Ein weiteres Zn** befindet sich im
aktiven Zentrum und bindet das Carbonyl-O-Atom. Damit liegen das Carbonyl-C-Atom und
das C4-Atom des Cofaktors direkt nebeneinander, wodurch das Hydrid-lon Ubertragen
werden kann und ein (S)-konfigurierter Alkohol entsteht (49).

Das Enzym zeichnet sich durch seine hohe Losungsmittelstabilitat aus, welche nicht zuletzt
auf die Verbindung der Hauptdimere tiber 10 Salzbriicken zurlckzufiihren ist (49). In Tab. 2
sind die wichtigsten Charakteristika der Lactobacillus und Rhodococcus ADHs noch einmal
zusammengefasst. Insbesondere das breite Substratspektrum macht beide Enzyme industriell

sehr interessant.

Tab. 2: Ubersicht unterschiedlicher Charakteristika der ADHs aus Lactobacillus und Rhodococcus Spezies.

Lactobacillus Rhodococcus
Klassifizierung SDR MDR
Spezifitat R S
Coenzym NADP*/NADPH NAD/NADH
Molekulare Masse 105 kDa, Homotetramer 160 kDa, Homotetramer
erforderliche Metall-lonen Mg®* oder Mn?* Zn*

Acetophenon und

Acetophenonderivate, a- und - Acetophenon und

Substrate Ketoester, zyklische Ketone, Acetophen?ggzré;z;tre, o-und p-
aliphatische offenkettige Ketone
Literatur (31; 32; 50; 51) (36; 49; 52)

Bisher erfolgte die Herstellung der bakteriellen ADHs vorwiegend in E. coli. In der
vorliegenden Promotion wurden die ADH-Gene erstmals im alternativen Wirtssystem A.
adeninivorans exprimiert. Nach Expression des LbADH- bzw. RrADH-Gens in der Hefe und
Selektion der Transformanden erfolgte die Reinigung und Charakterisierung der Enzyme
hinsichtlich Puffer und pH-Wert, Temperatur, sowie Einfluss von L&sungsmitteln.

Stabilitatsuntersuchungen wurden durchgefiihrt und das Substratspektrum bestimmt (Tab. 3).

Generell weisen die in A. adeninivorans produzierten ADHs ahnliche Charakteristika wie die
isolierten Enzyme aus den Wildtyp Organismen R. ruber und L. brevis auf. Die Cofaktor-
Préferenz und das pH-Maximum bleiben unabhéngig vom verwendeten Expressionssystem A.
adeninivorans erhalten. Das Temperatur-Maximum der in A. adeninivorans produzierten
RrADH liegt mit 39 °C etwa 10 °C niedriger als fiir das Enzym aus R. ruber, wahrend die
rekombinante LbADH und das Enzym aus dem Wildtyp L. brevis um 50 °C liegt.
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Das niedrigere Temperatur-Maximum der in A. adeninivorans produzierten RrADH kann

auch auf die Einfiuihrung des C-terminalen His-tags zurlickzufihren sein.

Tab. 3: Vergleich der biochemischen Parameter der ADHs aus L. brevis und R. ruber mit den rekombinanten

ADHs aus A. adeninivorans.

Parameter A. adeninivorans RrADH RrADH nach (36)
Coenzym NAD*/NADH NAD*/NADH
Reinigung Hitzeféllung, Ni-NTA-Agarose: 61,4 DEAE-Cellulose, Phenylsepharose,

pH-Wert-Maximum

Temperatur-Maximum
Einfluss von
Losungsmitteln
pH-Stabilitat
Temperaturstabilitat

Losungsmittelstabilitat im
Zweiphasensystem

% Ausbeute, 154-fache Anreicherung

Oxidation: pH 9,0, 80 % Aktivitat von
8,0-9,0

Reduktion®: pH 6,0, 80 % Aktivitat
von 5,8 - 6,6

39 °C, 80 % Aktivitt von 34 - 42 °CY
80 % Aktivitat bis 10 % ACN, 20 %
Methanol, 5 % THF

6,0 - 8,0 fiir min. 60 min

Bis 60 °C fiir min. 60 min

Bis 40 °C fir 72 h

Stabil in Toluol, n-Hexan, n-Heptan,
MTBE (ber min. 24 h

UnoQ6, Blue-Sepharose,
Superdex200: 8 % Ausbeute, 875-
fache Anreicherung

Oxidation: pH 9,0, 80 % Aktivitat von
9,0-11,0

Reduktion: pH 6,5, 80 % Aktivitat von
6,5-8,0

55 °C, 80 % Aktivitat von 50 - 65 °C
k. A.

k. A
50 °Cfur35h

k. A.

Parameter A. adeninivorans LbADH LbADH nach (29)
Coenzym NADP*/NADPH NADP*/NADPH
Reinigung UnoQ: 81,6 % Ausbeute, 5,7-fache Phenyl-, Oktylsepharose, MonoQ,

pH-Wert-Maximum

Temperatur-Maximum
Einfluss von
Losungsmitteln
pH-Stabilitat
Temperaturstabilitat

Losungsmittelstabilitat im
Zweiphasensystem

Anreicherung

Oxidation: pH 8,5, 80 % Aktivitat von
75-9,0

Reduktion: pH 7,0, 80 % Aktivitat von
6,0-7,5

50 °C, 80 % Aktivitat von 33 - 53 °C
80 % Aktivitat bis 15 % ACN, 5 %
Dioxan

6,0 - 6,5 fur min. 60 min

Bis 30 °C fir min. 24 h

Bis 40 °C fir min. 10 min

Stabil in Toluol, n-Hexan, n-Heptan,
MTBE uber min. 60 min

2" 5"-AMP-Sepharose: 9,6 %
Ausbeute, 10,2-fache Anreicherung
Oxidation: k. A.

Reduktion: pH 7,0

55 °C
k. A

k. A.
Bis 65 °C fur min. 30 min

k. A.

k. A.: keine Angaben
Y Daten aus (53)

Vergleichbare Aussagen hinsichtlich der Stabilitat der Enzyme konnen aufgrund der sehr

starken Abweichungen in der Reaktionsfiihrung nicht getroffen werden. Grundséatzlich

erfolgte die Testung in dieser Arbeit durch Inkubation der Rohextrakte in Puffer. Hinsichtlich

Temperaturstabilitat unter diesen Bedingungen ist die RrADH bis 60 °C fur 1 h und 40 °C
uber 72 h, hingegen die LbADH nur bis 30 °C fir 24 h stabil. Die RrADH aus R. ruber

konnte sogar tber 35 h bei 50 °C aufbewahrt werden, was sich durchaus mit den hier

vorgestellten Ergebnissen in Ubereinstimmung bringen lasst. Hingegen ist die LbADH aus L.
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brevis bis 65 °C fir 30 min stabil, was deutlich Gber den Werten der in A. adeninivorans
exprimierten ADH liegt, die lediglich bis 40 °C (iber 10 min aktiv ist.

Insgesamt unterscheiden sich die ADHs durch ihre Synthese in A. adeninivorans nur
geringfugig von den Enzymen aus den Wildtypen L. brevis und R. ruber. Demnach war die
Herstellung der Enzyme im alternativen Expressionssystem A. adeninivorans erfolgreich. Es
wurden funktionelle Enzyme rekombinant synthetisiert, die fur die Synthese

enantiomerenreiner Alkohole bereitgestellt wurden.
1.2.3. Neue ADHs

Neben den vielfaltig genutzten ADHs aus Lactobacillus und Rhodococcus Spezies, lauft die
Suche nach neuen ADHs fur spezielle Anwendung weiter. Einige neu gefundene ADHs und

ihre Applikationen sind im Folgenden beschrieben.

Fur die Synthese von dizyklischem R-(-)-3-Quinuclidinol, ein chiraler Baustein zur Synthese
verschiedener Pharmazeutika gegen Asthma und Harninkontinenz, wurden zwei ADHs aus
M. luteolum JCM9174 verwendet (54). Sie wurden in Kombination mit der Leifsonia sp.
ADH zur Cofaktor-Regenerierung Uber Isopropanol in E. coli coproduziert und die ganzen
Zellen auch immoblisiert durch Zelloberflachenbeschichtung mit Polyethylenimin oder
Glutaraldehyd eingesetzt. Dabei war es zur Erhaltung der Enzymaktivitaten entscheidend,
dass die Isopropanol/Aceton-Konzentration 10 % nicht tberschreitet. Die diskontinuierliche
Zugabe von Substrat und Isopropanol in Kombination mit einem offenen Reaktionssystem
zum Abdampfen des Acetons fiihrte letztendlich zur vollstandigen Reduktion von 939 mM 3-
Quinuclidinon (150 mg mI™) in 48 h durch immobilisierte Zellen.

E. cloacae ssp. dissolvens SDM ADH, ermdglichte erstmals die Synthese von 2,3-(2S,3S)-
Butandiol in einer héheren Konzentration von bis zu 26,8 g L™ und mit hoher Produktreinheit
von >99 % (55). Das entsprechende Gen wurde hierflr in E. coli exprimiert und der erhaltene
Stamm im Batch und Fed-batch mit Glukose zur Cofaktor-Regenerierung kultiviert. Reines
2,3-(2S,3S)-Butandiol konnte so mit einer Produktivitat von 2,7 g L™ h™ bzw. 1,9 g L™ h*
und einem Enantiomereniiberschuss’ (ee) von >99 % gewonnen werden.

Aus A denitrificans DSMZ 14773 wurde eine bifunktionale
Hydratase/Alkoholdehydrogenase isoliert, die Wasser an a,-ungeséttigte

! ee beschreibt den Uberschuss eines Enantiomers in einem Enantiomerengemisch:
_ le((R)—Enantiomer)—c((S)—Enantiomer)| 100 %
- c((R)—Enantiomer)+c((S)—Enantiomer) 0
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Carbonylverbindungen addiert und die anschlieende Oxidation zum Alkohol katalysiert. Die
beiden Funktionen eines Enzyms wurden erstmals entdeckt und sind aul’ergewdhnlich. Dieser
Enzym-Typ erméglicht eine neue Route zur Synthese von B-Hydroxycarbonyl-Verbindungen
(56; 57).

Eine neue ADH fiir Ketone mit zwei sperrigen Seitenketten (bulky-bulky Ketone) wurde erst
kirzlich aus N. globerula isoliert (58). Neben 3-, 4- oder 5-Dekanon ist auch die Reduktion
von Ethyl 8-chloro-6-oxooktanoat, einem Vorlaufer fur Liponsdure und sperrige Thioester
mdglich. Die Anwendung des Enzyms in der Biokatalyse muss noch erfolgen.

Auch aus Ralstonia sp. DSM 6428 konnte eine ADH zur Reduktion von bulky-bulky Ketonen
isoliert werden, die zudem bulky-Aryl-Alkyl-Ketone mit einem ee von >99 % Kkatalysiert,
welches bisher die hochste optische Reinheit in der biokatalytischen Reduktion dieser
Produkte ist. Auch bulky-bulky Ketoester und kleine bulky-Ketone, wie enantiomerenreines 2-
Chloro-1-phenylethanol, welches als Ausgangsstoff flir Pharmazeutika zur Synthese von (R)-
Salmeterol, Fluoxetin und Nisoxetin dient, konnten reduziert werden (59).

ADHs aus thermo- oder halophilen Organismen kommt aufgrund ihrer hohen Stabilitat auch
gegenlber organischen Ldsungsmitteln eine besondere Bedeutung zu. Thermo- und
Halophilie ist unter Bakterien und Archaeen weit verbreitet. Die ADH aus T. brockii wurde
bereits 1981 entdeckt und ist bereits kommerziell erhaltlich. In den letzten Jahren wurden eine
Vielzahl weiterer ADHSs aus diesen Organismen identifiziert und charakterisiert (Tab. 4).

Die teilweise unvollstdndige Testung des Substratspektrums macht es schwer eine Aussage
uber ihre industrielle Nutzung zur Synthese enantiomerenreiner Alkohole zu treffen. Aufféllig
ist ihre hohe Stabilitat in Anwesenheit organischer Losungsmittel, wodurch diese Enzyme bei

Nutzung von Cosolventien oder der Substrat-gekoppelten Regeneration favorisiert werden.

Der in der Dissertation verwendete Wirtsstamm A. adeninivorans verfugt selbst tber eine
groBe Anzahl an putativen ADHs. Uber Sequenzalignements konnten bisher 19 potentielle
ADHs annotiert werden. lhre Funktion und Rolle im Organismus sind bisher noch ungeklart.
Im Verlauf dieser Arbeit wurde deshalb ein ADH-Gen aus dieser Hefe isoliert, amplifiziert,
Uberexprimiert und das daraus resultierende Protein charakterisiert. AuBerdem wurde das
Substratspektrum des Enzyms bestimmt und erste Untersuchungen hinsichtlich dessen Rolle
in der Hefe durchgefihrt.

Die hochste ADH-AKktivitat wurde hierbei mit 1-Butanol und anderen primaren Alkoholen als
Substrat erhalten. Sekundére Alkohole hingegen wurden nur sehr langsam oder gar nicht
oxidiert. Die Reduktion erfolgt ausschlieBlich mit Aldehyden, nicht jedoch mit Ketonen.
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Demzufolge ist das Enzym zur Synthese von enantiomerenreinen Alkoholen, jedenfalls fur
die hier getesteten Ketone, nicht geeignet.

Tab. 4: ADHs aus thermophilen und halophilen Organismen und deren Substrate, sowie einige Charakteristika.

Organismus Charakter- Substrate Co- Aktivitat in Quelle
istika faktor Losungsmitteln
T. brockii thermophiles Lineare und verzweigte NADP*/ 100 % in 10 % (60)
Bakterium primare Alkohole, NADPH  Isopropanol
lineare und zyklische
Ketone
Halobacterium sp.  halophiles Mittellange und aroma- NADP*/ 91 % in 10 % DMSO (61)
NRC-1 Bakterium tische, primére und NADPH 90 % in 10 % ACN
sekundére Alkohole
C. thermophiles  Aliphatische und NAD?/ 50 % in 10 % DMSO (62)
hydrogenoformans  Bakterium aromatische Ketone, NADH 70 % in 10 % Aceton
Cycloalkanone, Keto-
ester
T. maritima thermophiles Aldehyde, zyklische NAD/ 108 % in 10 % ACN (63)
Bakterium und aromatische NADH, 119 % in 10 % Ethanol
Ketone, a- und B- NADP*/
Ketoester NADPH
H. marismortui extrem Kurze bis mittellange NADP*/ 78 % in 10 % DMSO (64)
halophiles primare und sekundare  NADPH 69 % in 10 % ACN
Archaeon Alkohole
A. pernix thermophiles primare und sekundare  NAD'/ >50 % in 60 % ACN (65)
Archaeon (Optimum C4-C5), NADH > 50 % in 60 % Di-
grofRe zyklische (C7- oxan
C8) Alkohole
T. sibiricus hyper- Kurze bis mittellange NADP*/ 98 % in 50 % DMSO (66)
thermophiles primdre und sekunddre  NADPH 95 % in 50 % DMSO
Archaeon Alkohole, Pentosen

1.3 Voraussetzung der industriellen Nutzung von ADHs

Die ADHSs aus Lactobacillus und Rhodococcus Spezies sind besonders wegen ihrer hohen
Aktivitat, Stabilitat und Selektivitat zur Biokatalyse enantiomerenreiner Alkohole geeignet (4;
29). Das heildt, das entsprechende Substrat wird moglichst schnell und Uber einen langen
Zeitraum ausschlieflich in ein enantiomerenreines Produkt ohne Nebenprodukte
umgewandelt.

Die Nutzung von ganzen Zellen ist dahingehend problematisch, da hier oft Nebenreaktionen
durch andere in der Zelle vorhandene Enzyme auftreten kdnnen.

So konnten zwar Uber die fermentative Reduktion mit S. cerevisiae (S)-konfigurierte 1-
Arylethanole gewonnen werden, die Ausbeuten hierbei sind allerdings niedrig bis moderat mit
ee von 82 bis 96 % (67; 68). Aullerdem ist die Substratspezifitat und Stabilitat der Hefe-ADH

sehr gering (69; 70).
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Auch die Nutzung ganzer E. coli Zellen, die die Butandioldehydrogenase von E. cloacae
exprimieren und zur Synthese von 2,3-(2S, 3S)-Butandiol genutzt wurden, fuhrte zur Bildung
von Nebenprodukten, wie Essig- und Milchsdure (55). Die optische Reinheit hingegen war
sehr hoch (>99 %).

In dieser Hinsicht ist es einfacher isolierte gereinigte Enzyme zu nutzen.

Die Stabilitat der Biokatalysatoren ist nicht nur fir die Durchfiihrung ber einen moglichst
langen Zeitraum, sondern auch hinsichtlich der Toleranz gegeniiber mdglichen Substraten und
Losungsmitteln entscheidend. Die Verwendung der Enzyme im nicht-wéassrigen Medium ist
oft n6tig um vom Wasser beeinflusste Nebenreaktionen zu inhibieren oder die Gewinnung der
Produkte zu erleichtern. AulRerdem sind viele Substrate wasserunldslich, was mindestens die

Zugabe organischer Losungsmittel zum Reaktionsmedium erfordert (71; 72).

Die in A. adeninivorans produzierten ADHSs aus R. ruber und L. brevis zeigen gegenuber dem
hier verwendeten Standardsubstrat Acetophenon eine ausreichend hohe Aktivitat. Rohextrakte
und ganze, Triton X-100 permeabilisierte Zellen der Hefestdmme A. adeninivorans
MS1006/YRC104-BpG6PDH — YIC102-2LbADH, MS1006/YRC104-BmGDH — YRC102-
2LbADH und MS1006/YRC104-BmGDH - YIC102-RrADH-6H konnten bei einer
Ausgangskonzentration von 40 mM Acetophenon mit Ausbeuten von jeweils >99 % zur
Synthese von enantiomerenreinem 1-(R)- bzw. 1-(S)-Phenylethanol in max. 90 min durch 32
g dew L (LbADH) bzw. 76 g dew L™ (RrADH) verwendet werden (V1-3). Die ee lagen
aullerdem bei >99 %, was fur die ausgezeichnete Selektivitdt der Enzyme spricht und die
Reduktion von Acetophenon durch A. adeninivorans eigene ADHSs ausschlief3t. Die Isolation
des Produktes verlief einfach und problemlos durch Extraktion und es wurden keine

Nebenprodukte nachgewiesen.

Haufig sinkt die Aktivitdt und Stabilitit von Enzymen nach Zugabe organischer
Losungsmittel, wie fir die ADH 11G aus P. putida HK5, welche zwar in DMSO bis 25 %
stabil ist, allerdings im Medium mit nur 1 % 1,4-Dioxan 90 % ihrer Aktivitét verliert (73). H.
volcanii ADH2 verliert 50 % der Aktivitat nach 24 h in Methanol bzw. DMSO (74).

Die Erh6hung der Losungsmitteltoleranz kann u. a. tber Immobilisierung der Enzyme oder
ihren Einschluss in Micellen gesteigert werden (75; 76).

So ist Pferdeleber-ADH immobilisiert an Glyoxyl-Agarose 16 Mal stabiler als das an CNBr-
Agarose immobilisierte Enzym, welches gegeniber dem l6slichen Biokatalysator bereits
stabilisiert ist (77).
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Als Microemulsionen werden optisch transparente, thermodynamisch stabile Mixturen
bezeichnet, was so viel wie kleine Wassertropfchen in Ol oder revers Oltropfchen in Wasser
bedeutet. In der reversen Micelle liegen also Enzyme und Cofaktor in der wassrigen Phase als
Tropfchen Uber eine Tensid-Einfachschicht vom organischen Lésungsmittel getrennt vor und
geringe Mengen der Substrate treten in die Micelle ein, werden umgewandelt und verlassen
diese wieder. So war die Pferdeleber-ADH bei der Reduktion von 2-Butanon zu 2-(S)-
Butanol im Semi-batch Reaktor tiber mehrere Wochen stabil, wéhrend sonst die Aktivitat nur
uber Minuten bis Stunden erhalten blieb (78).

Die in A. adeninivorans hergestellte ADH aus R. ruber ist wesentlich stabiler, als die in der
gleichen Hefe produzierte ADH aus L. brevis (Tab. 3): wahrend die RrADH fir min. 60 min
bei 60 °C und von pH 6,0 bis 8,0 stabil ist, toleriert die LbADH einen wesentlich engeren
Temperaturbereich bis 30 °C (ber min. 60 min und einen pH-Bereich von 6,5 bis 7,5.
Organische Losungsmittel zur Loslichkeitsvermittlung wie Acetonitril, Methanol, THF,
Dioxan und tert. Butanol beeinflussen beide Enzyme bereits in geringen Konzentrationen. Die
RrADH toleriert bis zu 30 % Methanol, 10 % Acetonitril und 5 % THF, wahrend die LbADH
noch in Anwesenheit von 15 % ACN und 5 % Dioxan aktiv ist. Im Zwei-Phasensystem sind
beide Enzyme in Toluol, n-Hexan, n-Heptan und MTBE stabil.

Die Erhohung der Ldsungsmitteltoleranz erfolgte in der vorliegenden Arbeit durch
Immobilisierung der Biokatalysatoren als Rohextrakte bzw. der permeabilisierten Zellen mit
Calciumalginat. Wahrend die LbADH bei 25 % Acetonitril nur 53 % und die BmGDH
keinerlei Aktivitat aufweisen, konnten noch 75 % der Syntheseaktivitdt mit immobilisierten
permeabilisierten Zellen des Stamms A. adeninivorans MS1006/YRC104-BmGDH -
YRC102-2LbADH erhalten werden (Daten nicht gezeigt).

Statt organischer Losungsmittel konnen zur Loslichkeitsvermittlung auch ionische
Flissigkeiten verwendet werden. Dabei handelt es sich um organische Salze, die unter einer
Temperatur von 100 °C flussig sind (79). In einem wassrigen Zweiphasensystem mit einer
ionischen Flissigkeit konnte z. B die Stabilitat der L. brevis ADH und der ADH eines nicht
néher spezifizierten thermophilen Bakteriums um den Faktor zwei bzw. vier erhoht werden
(80). L. kefir katalysiert die Reduktion von 600 mM 4-Chloroacetophenon im
Zweiphasensystem bestehend aus Wasser und einer ionischen Flissigkeit. Verglichen dazu
wurden 22 Mal geringere Ausbeuten bei der Durchfuhrung der Reaktion in n-Dekan erhalten
(81).
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Fur fluchtige, schlecht wasserlosliche Substrate bestent zudem die Mdoglichkeit die
enzymatische Reaktion in der Gasphase ablaufen zu lassen. Dabei wird das gasférmige
Substrat in gasformiges Produkt mithilfe eines getrockneten Enzyms mit kontrolliertem
Wassergehalt umgesetzt. Die Isolation des Produkts kann dann ganz einfach tber fraktionierte
Kondensation erfolgen. Exzellente Raum-Zeit-Ausbeuten von 1000 g L™ d™* und 700 g L™ d*
konnten mit der mesophilen ADH aus L. brevis und thermophilen ADH aus
Thermoanaerobacter sp. erreicht werden (82).

Weist ein Enzym nicht die erforderlichen Voraussetzungen zur industriellen Nutzung auf, so
bleibt noch die Mdglichkeit des Engineerings, welches die Mdglichkeit bietet, die Enzyme
hinsichtlich Prozessstabilitit 0. A. zu erhéhen (83; 84; 85).

Insgesamt sind die in A. adeninivorans produzierten Enzyme ausreichend aktiv, selektiv und
stabil, um sie fir die Synthesen enantiomerenreiner Alkohole nutzen zu kénnen. Auch die
Nutzung von Zellen bringt keine Nachteile mit sich. Die Stabilitdt der Enzyme gegenuber
organischer Ldsungsmittel konnte durch die Immobilisierung der Zellen mit Calciumalginat

gesteigert werden.

1.4 Identifikation und Bereitstellung von ADHs

Trotz der groBen Anzahl an bereits identifizierten ADHSs, erfolgt weiterhin die Identifikation
neuer Biokatalysatoren um optimale Enzyme mit der erforderlichen Substrat- und
Stereospezifitat zu erhalten.

Eine Variante hierflr stellt das Screening von verschiedenen Mikroorganismen hinsichtlich
der Reduktion prochiraler Ketone dar.

So konnte Uber Screening-Prozeduren aus 42 Bakterien- und Hefestdmmen u. a. eine ADH
aus L. kefir gefunden werden (31). Nach Isolation des Gens aus dem Bakteriengenom stellt sie
heute eine der meist genutzten ADHs dar, was nicht zuletzt auf ihr besonders breites
Substratspektrum zurtickzufiihren ist.

R. glutinis var. dairenensis IFO415 konnte aus 430 Hefestdmmen als Kandidat zur Reduktion
von 3-Chlorophenyl- und Phenylacylbromiden, welche wichtige Intermediate zur Herstellung
von Styrenoxidderivaten fir viele Pharmazeutika sind, mit hoher Stereospezifitat selektiert
werden (86).

Aufgrund der vorliegenden Sequenzierungsdaten der Genome verschiedenster Organismen
wird es immer einfacher ADHs zu identifizieren. So werden (ber bekannte Sequenzmotive

putative ADHs identifiziert, isoliert, Uberexprimiert und letztlich hinsichtlich der
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gewilinschten Aktivitat getestet (87). Besonders S. cerevisiae ADHs wurden so ,,gescreent™
(88; 87; 89).

Kaluzna (88) exprimierte 18 putative und teilweise bekannte ADH-Gene aus S. cerevisiae in
E. coli und konnte die Transformanden anschlieBend fir die Reduktion von o-Chloro-p-
ketoestern nutzen, wobei die Reaktion stereoselektiver als mit Hefezellen erfolgte und statt
eines Stereoisomers sogar zwei von vier Mdglichen synthetisiert werden konnten.

Auch Hammond (89) gelang die Isolation von vier S. cerevisiae ADHSs aus 20 zur Synthese
von 3-Hydroxy-3-phenylpropannitril, einem Vorlaufer zur Synthese von Antidepressiva, aus
dem zugehorigen Keton, die zudem unterschiedliche Selektivitaten aufwiesen. Kompetierende
Alkylierungsmechanismen traten nach der Expression der ADH-Gene in E. coli nicht mehr
auf.

Uber genomisches Mining wurde auch ein neues Gen-Cluster im Genom von C. parapsilosis
identifiziert, wobei drei Carbonyl-Reduktasen und eine ADH identifiziert wurden. Alle
Enzyme sind fur die Synthese unterschiedlicher chiraler Alkohole geeignet (90).
Enzymscreenings von Metagenomen ermdglichen zudem auch die Isolation der DNA aus
einer Umweltprobe, was die Kultivierung der Organismen unndtig macht. Itoh (91)
identifizierte so aus 240 putativen ADHSs einer Bodenprobe zwei Kandidaten zur Synthese
von chiralen Alkoholen wie Ethyl-(R)-3-hydroxybutanoat und Methyl-(R)-mandelat.

Neben der Suche nach neuen ADHs tritt die Verdnderung bereits bekannter Enzyme durch
gezieltes Engineering immer mehr in den Vordergrund. Ein Biokatalysator kann somit dem
jeweiligen Substrat und Reaktionsbedingungen angepasst werden.

So konnte das geringe Reduktionsvermdégen fiir methylsubstituierte Cyclohexanone der sonst
vielseitig genutzten Carbonyl-Reduktase aus C. parapsilosis durch Verénderung einer
Aminosdure um das 7-fache gesteigert werden (92). Auch die Erhéhung der Enzymaktivitét, -
stabilitat und thermischen Resistenz wurde durch Austausch von zwei Aminosauren uber
Sattigungsmutagenese um das 1,5-fache gesteigert bzw. um 2,5 °C erhéht (93).

Die ADH-AKtivitat der Rhodococcus sp. ST-10 im polar-organischen Wasser-Ldsungsmittel-
System blieb nach Einflihrung von Mutationen bis 20 % LoAsungsmittel erhalten, wahrend das
Wildtyp-Enzym nur bis 10 % aktiv war. Somit wurde eine bis zu 10 Mal hohere Produktivitat
fur chirale Alkohole und ein Anstieg der optischen Reinheit von 96 auf >99,9 % erhalten (94).
Ebenso kann die Cofaktor-Préferenz liber ortsgerichtete Mutagenese fir NADP*-abhangige
Enzyme verindert werden. Lerchner (95) generierte eine 4-fach Mutante, die NAD" akzeptiert
und eine sehr viel geringere katalytische Effizienz hinsichtlich NADP™ aufweist, sodass die
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NADH/NADPH Spezifitat um einen Faktor von 3,6 Millionen verandert wurde.

Hingegen war der Austausch einer Aminosdure ausreichend um die LbADH-AKktivitat mit
Acetophenon und NADH statt NADPH um das 4-fache im Vergleich zur ADH aus dem
Wildtyp Stamm L. brevis zu steigern (96).

Das Engineering der ADHs fiir die Synthese von enantiomerenreinen Alkoholen war nicht
Gegenstand der vorliegenden Arbeit. Vielmehr sollte getestet werden, ob A. adeninivorans
uberhaupt als Wirt flr die Synthesereaktionen in Frage kommt. AulRerdem sollte mithilfe der
erhaltenen Enzymaktivitaten eine moglichst hohe Produktmenge produziert werden kdnnen.
Naturlich sind fir die industrielle Nutzung eine noch héhere Stabilitat der Enzyme und die

Herstellung von Industriestdammen erforderlich.

Die Bereitstellung von Biokatalysatoren zur Synthese von enantiomerenreinen Alkoholen
kann zum einen Uber die Verwendung von mehr oder weniger gereinigten isolierten Enzymen
erfolgen oder unter Einsatz von ganzen Zellen stattfinden.

Die einfachste und &lteste Variante zur Bereitstellung von Alkoholdehydrogenasen besteht in
der Nutzung ganzer Zellen eines Organismus*, der diese von Haus aus produziert. Das erspart
die Erfullung von gentechnischen Richtlinien im Produktionsprozess, ist aber haufig durch
geringe Aktivitaten der Enzyme oder unzureichende Substratumsatze nicht effizient genug.
Neben S. cerevisiae (67; 68) wurden auch viele Candida-Stamme zur Synthese
verschiedenster chiraler Alkohole von Banerjee und Mitarbeitern getestet (97; 98; 99; 100).
Im préparativen Ansatz konnten dabei Umsatze von 43 % fur 1-(S)-Phenylethanol (97), 85 %
fir (S)-a-(3-pyridyl)ethanol (99), 84 bis 88 % fir (S)-N,N-Dimethyl-3-hydroxy-3-(2-thienyl)-
1-propanamin (98) bzw. 97 % fir (S)-1-(1°-Naphthyl)ethanol (100) mit ee von >99 %
erhalten werden.

Bakterienstdamme wie Bacillus sp. ICB-7 und Pseudomonas sp. reduzieren ortho-substituierte
Acetophenone mit ee >99 % und Ausbeuten von 90 bzw. 80 % in sechs Tagen. Die
filamentdsen Pilze A. niger EBK-9 und D. igniaria dienten bereits zur Synthese von 1-
Phenylethanolen mit Ausbeuten von 100 bzw. 70 % (101; 102).

Hohere Ausbeuten und Effizienzen werden oft mit isolierten Enzymen bzw. Organismen, die
die entsprechenden Gene Uberexprimieren, erhalten. Dafur bedient man sich haufig ihrer

rekombinanten Produktion in Wirtsorganismen.

In der vorliegenden Arbeit wurden neben den gewonnenen Rohextrakten aus den
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produzierenden Hefestdmmen auch ganze Hefezellen eingesetzt. Da letztere nur eine relativ
geringe synthetische Aktivitat aufwies, erfolgte ihre Permeabilisierung mit Triton X-100,
womit schliellich vergleichbare Aktivitaten erhalten wurden.

Rohextrakte und  permeabilisierte  Zellen der Hefestaimme A. adeninivorans
MS1006/YRC104-BmGDH — YIC102/RrADH-6H, MS1006/YRC104-BmGDH — YRC102-
2LbADH und MS1006/YRC104-BpG6PDH — YIC102-2LbADH lieferten bei der Reduktion
von 40 mM Acetophenon Ausbeuten von 100 %. Nebenprodukte wurden in den Extrakten
nicht nachgewiesen (V1-3), sodass auch die Reinigung der Enzyme unndtig ist. Rohextrakte

und Zellen konnen gleichermalien eingesetzt werden.

Die Produktion bakterieller Enzyme erfolgt meistens in E. coli unter dem T7-Promotor (54;
55; 62). Daflr existiert eine Vielzahl verschiedener Expressionsplasmide, die die Herstellung
der Proteine in sehr groRen Mengen, in kurzer Zeit und mit geringen Kosten ermdglichen.
Aullerdem weist E. coli als Ganzzellbiokatalysator fir Biotransformationen nur sehr geringe
Aktivitdten endogener ADHs auf. Das bedeutet, dass ausschlieBlich die exogenen ADH-Gene
exprimiert und keine anderen endogenen ADHs produziert werden. Ungewollte
Nebenprodukte werden vermieden, Ausbeuten und ee gesteigert (103).

Die Expression der ADH-Gene in E. coli fiihrt zu 10 bis 500-fachen Aktivitatssteigerungen im
Vergleich zum Wildtyp: Die ADH-Aktivitat aus L. kefir konnte von 10 auf bis zu 110 U mg™
flr das Substrat Acetophenon mit NADPH gesteigert werden (29; 104).

P. stipitis produziert eine ADH mit einer Aktivitat von 1,7 U mg™* zum Substrat Ethyl-4-
chlorooxobutanoat, was um das 16-fache erhoht wird, wenn E. coli als Wirtsorganismus
verwendet wird. AulRerdem wurde die molare Ausbeute an Ethyl 4-(S)-chlorohydroxybutyrat
bei Verwendung der ganzen Zellen von <20 % auf >90 % gesteigert und der ee von >70 %
auf >99 9% (105).

Der Extrakt aus C. parapsilosis weist 0,15 U mg™ 2-Hydroxyacetophenon-reduzierende
Aktivitat auf und nach der Expression des entsprechenden Gens in E. coli konnten sogar bis
zu 2,58 U mg™ der gleichen Aktivitat nachgewiesen werden (106).

Eine Aktivitatssteigerung von Uber 500 der ADH aus N. globerula konnte durch die
Produktion in E. coli von 0,54 U mg™ im Wildtyp auf 280 U mg™ erreicht werden (58).

Seltener werden Hefen als Wirtsorganismen fir die Herstellung bakterieller Proteine

verwendet. Dabei sind Hefen sehr anspruchslos, d. h. sie wachsen sehr schnell zu hohen

24



Zelldichten auf einfachen Medien heran. Auch die Genetik ist bereits gut erforscht, sodass
bereits viele Moglichkeiten zur Expression verschiedenster Gene zur Verfugung stehen (107).
Die nicht-pathogene, nicht konventionelle Hefe A. adeninivorans konnte bereits fur die
Produktion einer Vielzahl von Proteinen eingesetzt werden, wie Interleukin-6 (108), humanes
Serum-Albumin (109; 110; 111) und Enzyme, wie das Futtermitteladditiv Phosphatase mit
Phytase-Aktivitat (112), Tannase (113), Lipase (114) und ADH aus R. ruber (53) was nicht
zuletzt auf ihre exzellenten Wachstumsparameter zurlickzufiihren ist. Ihr umfangreiches
Kohlenstoff- und Stickstoff-Quellen-Spektrum bedingt u.a. eine hohe Toleranz gegeniber
verschiedensten Substanzen (115).

A. adeninivorans gehort zu den thermotoleranten Hefen und weist einen Temperatur-
abhangigen Dimorphismus mit Hyphenbildung bei erhohten Temperaturen auf. Das A.
adeninivorans-Genom wurde bereits vollstandig sequenziert. Dadurch wurden Proteine
verschiedener Stoffwechselwege zur Nutzung von C- und N-Quellen identifiziert, die bereits
auch in anderen Hefen detektiert wurden (116). Demzufolge eignet sich dieser Organismus als
Gendonor fir ADHs. Eine weitere Grundlage zur Nutzung von A. adeninivorans als
Expressionssystem setzt eine effiziente Transformationsmethode verschiedener Gene voraus.
Die Uberexpression fremder Gene ist mithilfe der Xplor®2-Transformations-
/Expressionsplattform zur Konstruktion transgener Stamme aussichtsreich (117; 118; 119).
Sie gewabhrleistet eine hohe Transformationsfrequenz und hohe mitotische Stabilitat der
erhaltenen Transformanden und basiert auf dem E. coli Basisplasmid Xplor2 mit zwei tber
eine MCS voneinander getrennten rDNA-Targetsequenzen (Abb. 3.a). In die MCS wurden
neben dem Hefe-Selektionsmarkermodul mit dem AADE2- oder ATRP1m-Gen bis zu zwei
Expressionsmodule bestehend aus dem starken konstitutiven TEF1-Promotor, dem
entsprechenden Gen und dem PHO5-Terminator, integriert (Abb. 3.b). Nach der Plasmid-
Konstruktion in E. coli wird nur die mit rDNA-Fragmenten flankierte Yeast rDNA Integrative
Cassette (YRC) bzw. ohne rDNA-Fragment Yeast Integrative Cassette (YIC) in A.

adeninivorans transformiert.
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Abb. 3: Basis-Vektor Xplor2 und Méglichkeiten der Integration eines Gens in das Hefegenom.

a. Das E. coli-Basisplasmid Xplor2. b. Integrationen eines GOI in das Hefegenom als YRC (mit 25S-rDNA
flankiert) bzw. YIC (ohne 25S-rDNA flankiert) tber homologe bzw. nicht-homologe Rekombination mit
unterschiedlichen Selektionsmarker-Modulen.

In der vorliegenden Arbeit wurden das LbADH-, RrADH-, BmGDH- und BpG6PDH-Gen in
A. adeninivorans Uberexprimiert, die Transformanden selektiert und hinsichtlich ihrer ADH-
bzw. GDH- oder G6PDH-AKktivitat getestet (V1, V3, Tab. 3). Gemessen am Gesamtprotein

wurden zwar nur sehr geringe spezifische Aktivitaten von maximal 0,7 U mg™ Protein
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erhalten, pro Liter Kultur hingegen scheint die Expressionsleistung vergleichbar mit einigen
in E. coli produzierten ADHs. Die Expression des RrADH-Gens lieferte Aktivitdten bis zu
290 + 26 U L™ in der Schiittelkultur fiir die Reduktion von Acetophenon (V1). Das entspricht
der Aktivitat des C. acetobutylicum ADH produzierenden E. coli Stamms, welcher 290 U L™
fur die Reduktion von Benzaldehyd aufweist (120). Die aus A. adeninivorans erhaltene
LbADH-AKktivitat (Schiittelkultur) ist mit 3700 + 320 U L™ 1,3 bis 1,5-Mal so hoch (V3) im
Vergleich zur Uberexpression des entsprechenden Gens in E. coli, wobei 2700 U L™ fur die
Acetophenon-Reduktion erhalten wurden (121). In Bezug auf die Anzahl der in das
Hefegenom integrierten Expressionskassetten liegt die Zahl fiir die LbADH mit vier doppelt
so hoch, wie fir die RrADH. In den BmGDH- bzw. BpG6PDH exprimierenden Hefestdimmen
wurden ebenfalls zwei bzw. eine Kassette integriert, was 1400 + 81 bzw. 390 + 38 U L™
Kultur lieferte.

Aullerdem wurden ADH und Regenerierungsenzym coproduzierende Stdimme generiert (V1,
V3, Tab. 5). Dabei liegen die ADH-Aktivitaten der LbADH produzierenden Stdmme mit bis
zu 5215 + 101 U L bis 20-fach hoher als der RrADH-BmGDH produzierende Stamm mit
183 U L™, was mit der Anzahl an integrierten Expressionskassetten in das Hefegenom
korreliert. Die Aktivitat der regenerierenden Enzyme liegt deutlich darunter mit 170 bis 464 U
L. Die synthetischen Aktivitaten bezogen auf die 1-(R)- bzw. 1-(S)-Phenylethanol-Synthese
korrelieren mit den gemessenen Aktivitdten. Der Stamm A. adeninivorans MS1006/YRC104-
BpG6PDH — Y1C102-2LbADH ist mit 87,9 U g dcw doppelt so aktiv wie der LbADH-
BmGDH-Stamm mit 45,6 U g™ dcw. Vier Mal geringer ist die Aktivitat zur Synthese von 1-
(S)-Phenylethanol mit 20,2 U g* dew fiir MS1006/YRC104-BmGDH — YIC102-RrADH,
obwohl die Aktivitaten 20-fach unter denen der anderen Stdimme liegen, was moglicherweise
auf die produktivere Regeneration des Cofaktors NADH durch BmGDH zurlckzufiihren ist.

Tab. 5: Zusammenfassung zu den konstruierten transgenen A. adeninivorans ADH- und GDH- bzw. G6PDH-
Expressionsstdmmen.

Transformande Aktivitaten in HVM Synthetische Integrierte Ex-
inUL™? (Ug*dcw) Aktivitat pressionskassetten

G1212/Y1C102-2RrADH 290+ 26( 21+ 3 ) - 2
G1212/YRC102-LbADH 3700 £320 (320 + 25 ) 4
G1216/YRC104-BmGDH 1400+ 81(140% 8 ) - 2
G1216/Y1C104-BpG6PDH 390+ 38( 42+ 4 ) - 1
MS1006/YRC104-BmGDH — 464+ 17( 25+ 1 ) 20,2 U g™ dew 1
YI1C102-RrADH 183+ 8( 10x 04) 2
MS1006/YRC104-BmGDH — 165+ 4( 16 0,5) 45,6 U g dew 2
YRC102-2LLbADH 2760 £ 177 (271+ 8 ) 3
MS1006/YRC104-BpG6PDH — 367+ 9(31% 08) 87,9 U g" dew 1
Y1C102-2LbADH 5215+ 101 (445 9 ) 4
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Nach Selektion der erhaltenen Transformanden hinsichtlich ihrer Enzymaktivitét, erfolgt die
Optimierung der Kultivierungsbedingungen mittels Fermentation zur weiteren Steigerung der
Aktivitaten in Bezug auf das Trockengewicht und das Kulturvolumen.

Die Produktion von Tannase in A. adeninivorans, welche Ester von Gallotanninen und
Gallsdureestern hydrolysiert, konnte zudem durch Fed-batch Fermentation um das 31-fache
im Vergleich zur Schittelkultur gesteigert werden. Letztlich konnten bis zu 51900 U L™
erhalten werden, was einer Ausbeute von 320 U g™ dcw entspricht (122).

Verschiedene ~ Wachstumscharakteristika ~und  Kultivierungsbedingungen  fir  die
reproduzierbare rekombinante Proteinproduktion in A. adeninivorans wurden erst kirzlich
hinsichtlich Sauerstoff- und Phosphorvorrat, sowie pH-Wert erforscht, was die Nutzung des

Organismus® in der industriellen Produktion rekombinanter Enzyme vereinfacht (123).

Bisher wurden durch Fermentation von A. adeninivorans G1212/YI1C102-2RrADH-6H die
Aktivitaten von 290 auf 12600 U L™ um das Vierzigfache erhéht bzw. die Ausbeute auf 198
U g™ dew verzehnfacht. Die Fermentation des RrADH-BmGDH-produzierenden Hefestamms
erbrachte im Vergleich zur Schittelkultur eine Verdopplung der synthetischen Aktivitat von
20,2 auf 38 U g™ dcw (Daten nicht gezeigt). Die weitere Optimierung von pH-, pO,-Wert o.
A. konnte die Ausbeute noch weiter erhohen.

Alles in allem steht A. adeninivorans eine herausragende Rolle zur Herstellung rekombinanter
Enzyme zu und die Konstruktion von ADH-produzierenden Hefestdammen war &uRerst
erfolgreich, was dessen Nutzung zur Synthese von enantiomerenreinen Alkoholen in der

vorliegenden Arbeit begriindet.

15 Regenerierung der Cofaktoren NADH und NADPH

Cofaktoren wie NADH oder NADPH sind fur die enzymatische Reduktion von Ketonen
durch ADHs essentielle niedermolekulare Substanzen. Sie sind nur schwach gebunden und
agieren als Transferagenz fir Wasserstoff-lonen und Elektronen, was ihr Vorhandensein in
stochiometrischen Mengen erfordert. Allerdings sind sie auch sehr teuer, sodass ihre
Regeneration fiir einen 6konomischen Prozess unabdingbar ist (124).

Eine optimale Regeneration erfordert eine mdglichst hohe ,total turnover number<? (TTN),
die in Abhéangigkeit vom Reaktionsprodukt meist ausreichend hoch ist, wenn sie zwischen 10°

und 10° liegt (125). Der Regenerationsschritt sollte kinetisch, als auch thermodynamisch

2 Die Gesamtzahl der Mole des Produktes, die pro Mol Cofaktor wahrend der vollstandigen Reaktion
synthetisiert werden.
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favorisiert sein und fir die Regeneration erforderliche Reagenzien sowie entstehende
Nebenprodukte  sollten die eigentliche  Synthesereaktion, sowie anschlie3ende
Produktisolation nicht stéren (124; 126).

Der in der Losung befindliche Cofaktor wird zunéchst durch die ADH ,,verbraucht®, die damit
Carbonylverbindungen reduziert (Abb. 4.a). Nach Oxidation des NAD(P)H zu NAD(P)" wird
letzteres in einer zweiten gekoppelten Reaktion wieder reduziert (127).

Das kann elektrochemisch (ber organische Elektronenshuttle basierend auf grof3en
konjugierten Systemen (128; 129; 130) sowie chemisch mit anorganischen Salzen wie
Na,S;04 (131; 132) durchgefiihrt werden. Photochemisch erfolgt die Regeneration Uber
Lichtsensibilisatoren wie Zink- oder Ruthenium-Komplexe (131).

Optimal ist eine moglichst tber einen langen Zeitraum stabile Regeneration, die zudem
kostengiinstig und kommerziell erhdltliche Reagenzien nutzt. Demnach sind vor allem
enzymatische Verfahren die Methode der Wahl, welche Substrat- und Enzym-gekoppelte

Regeneration einschliefl3t (133).
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Abb. 4: Enzymatische Regeneration der Cofaktoren NADH und NADPH.
a. allgemein, b. Beispiele flir Regenerationsenzyme und die von ihnen katalysierte Reaktion.
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Konzeptionell am vorteilhaftesten ist die Substrat-gekoppelte Regeneration (Abb. 4.b (1)). Sie
nutzt das produzierende Enzym selbst unter Zugabe eines gunstigen Cosubstrats wie
Isopropanol, welches zum Coprodukt Aceton oxidiert wird. Dabei erfolgt die Oxidation und
Reduktion des Cofaktors an der selben Stelle. Der Cofaktor verbleibt also im aktiven Zentrum
und agiert ahnlich einer prosthetischen Gruppe mit abwechselnden Oxidations- und
Reduktionszyklen (134).

Der Syntheseprozess wird damit nur von einem Biokatalysator abhéngig, ist aber
thermodynamisch kontrolliert, da die Bindung des Substrats, Produkts, sowie Cosubstrats und
Coprodukts an die ADH konkurrieren. Das Gleichgewicht der Reaktion kann durch die
Verwendung relativ hoher Cosubstrat-Konzentrationen oder der in situ Coprodukt-
Abtrennung, in Richtung Produkt verschoben werden (135). Isopropanol wird héaufig als
kostengtinstiges Cosubstrat eingesetzt, da es von vielen ADHSs oxidiert wird und bei héheren

Konzentrationen die Loslichkeit hydrophober Substanzen erhoht.

Auch in der vorliegenden Arbeit wurde Isopropanol zur Regenerierung von NADH zur
Synthese von 1-(S)-Phenylethanol Uber die RrADH verwendet (V1). Trotz stark
unterschiedlicher pH-Wert-Maxima flr die Oxidation und Reduktion war die synthetische
Aktivitat bei Verwendung von 1 M Isopropanol konstant. Es konnten 20 mM Acetophenon zu
90 % in 60 min effizient reduziert werden. Durch das Ausgasen des Coprodukts Aceton
konnte reines 1-(S)-Phenylethanol gewonnen werden, was jedoch mit dem Entfernen von
Acetophenon aus der Reaktionslésung verbunden war und somit die isolierte Ausbeute stark

herabsetzte.

Die Enzym-gekoppelte Regeneration schliel3t den Einsatz eines zweiten Biokatalysators ein.
Diese Methode ist besonders vorteilhaft, wenn die Regenerierungsreaktion irreversibel oder
nahzu irreversibel ist, wie flr die Formiatdehydrogenase (FDH) oder Glukosedehydrogenase
(GDH). Die FDH (Abb. 4.b (2)) aus C. boidinii ist bisher die &lteste und einzige Variante, die
auch im industriellen MaRstab verwendet wird (136; 137; 138; 139; 140). Formiat wird dabei
in CO, oxidiert, was den Prozess irreversibel macht und die Reaktion in Richtung der NADH
Regeneration treibt. Allerdings sprechen die niedrige spezifische Aktivitat der FDH mit 6 U
mg™ (141) und die hohen Produktionskosten, sowie die Sensitivitat des Enzyms gegeniiber
organischen  LoOsungsmitteln  oft gegen die  Verwendung der FDH als
Cofaktorregenerierungsenzym (142).

Die FDH aus M. vaccae N10 und die Keto-Reduktase aus Synechococcus sp. PCC 7942
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wurde bereits als Fusionsprotein in E. coli fur die Ketonreduktion generiert und erbrachte 100
und 80 % Aktivitat im Vergleich zu den nicht-fusionierten Enzymen. (S)-1-
(Pentafluorophenyl)ethanol konnte mit einer doppelten Startgeschwindigkeit erhalten werden,
wenn anstelle der separaten Produktion in E. coli das Fusionsprotein synthetisiert wurde
(143).

Glukose- bzw. Glukose 6-phosphatdehydrogenase (Abb 4.b (3-4)) reduzieren NAD(P)" unter
Oxidation der Cosubstrate Glukose bzw. Glukose 6-phosphat (144; 145). Das dabei
entstehende Coprodukt (6-Phospho)-Glukono 1,5-lakton hydrolysiert in wéssriger Ldsung
spontan zu (6-Phospho)-Glukonat, was zum einen die Reaktion irreversibel macht und zum
anderen den pH-Wert herabsetzt (127; 145). Letzteres kann somit zur Enzyminaktivierung
oder spontanen Oxidation von NAD(P)H fuhren (146). Deshalb ist die Pufferung der
Reaktion entscheidend, die durch Verwendung eines hochmolaren Puffers oder durch Zugabe
einer Base zur Reaktionsldsung wie NaOH erfolgen kann (144). Haufig werden hier Enzyme
aus verschiedenen Bacillus-Arten verwendet, wie die GDH von B. megaterium und B. cereus
oder G6PDH von L. mesenteroides und B. pumilus (147; 148; 149; 150; 151). Sie weisen
hohe Stabilitdten und Aktivitaten auf (127). Der groRte Vorteil der GDH sind die geringen
Kosten fiir das Cosubstrat Glukose, wahrend G6PDH das teure Glukose 6-phosphat benétigt.
In Abhéngigkeit vom Enzym kann dieses durch das billigere Substrat Glukose 6-sulfat ersetzt
werden (152; 153).

Effizientes Recycling von NADPH wurde bereits von Zhang (151; 154; 155) zur
enantioselektiven Bioreduktion von Ketonen mit permeabilisierten Mikroorganismen erreicht.
Permeabilisierte B. pumilus Phe-C3 Zellen mit NADPH-abhéngiger Ketoreduktase und
G6PDH konnten mit einer TTN von bis zu 4220 mol (R)-Ethyl 3-hydroxy-4,4,4-
trifluorobutanoat pro Mol NADPH verwendet werden. Jedoch sinkt die Aktivitat auf 10 %
und die Raum-Zeit-Ausbeute (RZA)* auf 18 %, wahrend die TTN von 59 auf 4220 steigt
(151).

Gleiche Zellen, jedoch ohne G6PDH wurden auch in Kombination mit GDH exprimierenden
B. subtilis BGSC 1Al bzw. E. coli Stimmen verwendet, wobei mit dem E. coli Stamm
wesentlich hohere TTN von 3100 statt 1600 erreicht wurden. Grundsétzlich ist das auf die in
B. subtilis vorhandene NADH-Oxidase zuriickzufiihren, welche mit der NADP*-Reduktion

konkurriert.

¥ RZA: Die Raum-Zeit-Ausbeute gibt die synthetisierte Produktmenge pro Zeit und Reaktorvolumen an.
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Die weitere Steigerung der TTN auf 4200 wurde durch Erh6hung der Ketoreduktase-Aktivitat
erreicht (154; 155).

In der vorliegenden Arbeit wurde neben der Substrat-gekoppelten Regeneration mit
Isopropanol als Cosubstrat GDH und G6PDH-gekoppelt NADH regeneriert. Erste Versuche
nutzten die Rohextrakte von LbADH bzw. RrADH- und GDH/G6PDH produzierenden
Hefestdmmen unter Einsatz von 1 mM Cofaktor, was beim vollstdndigen Umsatz von 40 mM
Acetophenon einer TTN von 40 entspricht. Die Erhéhung der Substratkonzentration ist
aufgrund der Absenkung des pH-Werts durch spontane Hydrolyse des Coprodukts nicht ohne
on-line Pufferung maglich.

Aullerdem erfolgte die Coexpression beider Gene in A. adeninivorans, sodass lediglich die
Fermentation eines Hefestamms fiir die Synthese von enantiomerenreinen Alkoholen
ausreicht. 1-(R)-Phenylethanol konnte mit Calciumalginat-immobilisierten permeabilisierten
Zellen bis 0,1 bzw. 0,2 mM NADP" fir den LbADH-BmGDH bzw. LbADH-BpG6PDH
produzierenden Stamm ohne Aktivitatsverluste synthetisiert werden, was einer TTN von 400
bzw. 200 entspricht. Eine weitere Steigerung der TTN ist mit AktivitatseinbulRen moglich, aus
Sicht der RZA jedoch nicht anzuraten.

Es existieren noch eine Vielzahl weiterer NADH und NADPH regenerierende Enzyme, wie
die Hydrogenase, eine zweite ADH oder die Phosphitdehydrogenase, die in anderen
Veroffentlichungen beschrieben sind (124; 127).

Alternativ konnen auch zwei Cofaktor-abhangige Produktionsprozesse zusammengeschaltet
werden, die dann als unabhé&ngige geschlossene Recyclingsysteme fungieren (126). So gelang
Zhang et al. (156) die Kopplung der Xylosereduktase und Glyceroldehydrogenase: Xylose
wird mit NADH zu Xylitol reduziert, welches in der Nahrungsmittelindustrie und chemischen
Industrie benotigt wird (157). Das dabei entstehende NAD™ dient der Oxidation von Glycerol
zu Dihydroxyaceton, eine profitable Chemikalie u. a. fur organische Synthesen mittels
Aldolreaktion (158). Danach stent NADH wieder fiir den ersten Prozess bereit.

Auf P(MMA-EDMA-MAA) Nanopartikel immobilisiert erbrachte das Multi-Enzymsystem
eine TTN von 82 fiir die Cofaktor-Regenerierung und 160 g g* immobilisierte
Glyceroldehydrogenase fiir die Dihydroxyaceton-Produktion.

Auch Oberleitner koppelte zwei NADP*- und NADPH-abhéngigen Prozesse, wobei zunichst
2-Cyclohexenol von ADHs aus L. kefir und R. ruber oxidiert und anschlieRend tber eine

Enoatreduktase zu Cyclohexanol reduziert wird. In einem dritten Schritt katalysiert dann die
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Baeyer—Villiger Monooxygenase die Umsetzung zum e-Caprolakton unter NADPH-
Verbrauch, welches durch eine G6PDH wieder regeneriert wird. Auch 2-Cyclohexenol-
Derivate wurden wie beschrieben umgesetzt, was funktionalisierte chirale Substanzen mit
Ausbeuten von >99 % lieferte (159).

Die Entkopplung einer NADP*-abhingigen ADH und einem NAD™-abhingigen
Regenerationsenzym kann Uber die Verwendung der loslichen Pyridinnukleotid-
transhydrogenase aus P. fluorescens erfolgen, welche das reduzierende Aquivalent zwischen
NAD(P)* und NAD(P)H transferiert (160; 161):

NADH + NADP* —— NAD" + NADPH

Damit gelang Boonstra et al. (162) die zweistufige Synthese von Hydromorphon ausgehend
von Morphin zu Morphinon iiber die NADP*-abhingige Morphindehydrogenase und von
Morphinon zu Hydromorphon lber die NADH-abhéngige Morphinonreduktase.

Hummel & Weckbecker coexprimierten zwei Pyridinnukleotidtranshydrogenase-kodierende
Gene aus E. coli mit dem ADH-Gen aus L. kefir und FDH-Gen aus C. boidinii. Die
Ganzzellkatalysatoren erbrachten 66 % 1-(R)-Phenylethanol in 12 h, wahrend nur 19 % ohne
Transhydrogenase reduziert wurden, was auf die Nebenaktivitit der NADP*-abhingigen
ADH mit NAD" als Cofaktor zurtickzufiihren ist (161).

In der Biotransformation mit P. pastoris konnte die Engstelle fur eine effiziente NADH-
Regeneration Uber die Veranderung des Stoffwechselwegs zur Methanol-Oxidation behoben
werden: Schroer et al. (163) untersuchte hierflr die kinetischen Eigenschaften der beteiligten
Enzyme zur Kinetischen Simulation der NADH-Bildung. Die Uberexpression der
Formaldehyddehydrogenase- und Butandioldehydrogenase-kodierenden Gene in P. pastoris
fahrte schlieBlich zur erheblichen Verbesserung der 2,3-Butandiol-Produktionsraten in der
Ganzzellbiotransformation.

Die Biosynthese von natirlichen Produkten wie Leucocyanidin und (+)-Catechin durch E.
coli konnte (iber metabolisches Engineering erreicht werden. Das Ausschalten der Glukose 6-
phosphatisomerase, Phosphoenolpyruvatdehydrogenase und Phospholipase A zur
Verbesserung der NADPH-Erreichbarkeit fuhrte zur 4- und 2-fachen Steigerung der
Produktkonzentration verglichen mit dem Wildtyp (164).

1.6 Reaktionsfuihrung zur biokatalytischen Synthese enantiomerenreiner Alkohole

Die Ubertragung eines Prozesses vom Labor- zum Industriemafstab erfordert die Wahl eines

geeigneten Reaktors und Verfahrens, welche von zahlreichen Faktoren abhéngt. Entscheidend

sind u.a. die Art des Katalysators, d.h. ob ganze Zellen mit intrazelluldr befindlichen
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Enzymen oder isolierte Enzyme verwendet werden, ob Zellen bzw. Enzyme eventuell
immobilisiert oder frei vorliegen, als auch die Wahl des Reaktionssystems, also ob einphasig
in Wasser oder zweiphasig in Wasser und anderen organischen Losungsmitteln gearbeitet
wird.

Generell kann in diskontinuierlichen Satzreaktoren oder kontinuierlichen Reaktoren gearbeitet
werden. An Reaktortypen unterscheidet man den gerthrten Satzreaktor, das Strdmungsrohr
und den kontinuierlich betriebenen Satzreaktor.

Anhand der Synthese von 1-Phenylethanol sollen im Folgenden einige Reaktionsfiihrungen

aufgezeigt und verglichen werden.

1.6.1. Synthese von enantiomerenreinem 1-Phenylethanol mittels ADHs

Die Uberpriifung des Potentials einer ADH oder Optimierung eines Reaktionsverfahrens
wurde haufig mit Acetophenon als Standardsubstrat durchgefuhrt, welches in Abhangigkeit
von der ADH zu 1-(R)- oder 1-(S)-Phenylethanol reduziert wird (Tab. 6). Enantiomerenreines
1-(R/S)-Phenylethanol selbst dient als Intermediat in der Pharmaindustrie oder als Duftstoff.
Die ADHs aus Lactobacillus wurden vielféltig zur Synthese des (R)-Enantiomers eingesetzt.
Hildebrand & Ltz (40) nutzten hierfir das gereinigte Enzym immobilisiert an Amino-epoxy
Sepabeads, was nach Blockierung der nach der Immobilisierung verbleibenden funktionellen
Gruppen zur vierfachen Stabilitdt bzw. nach Quervernetzung Uber Glutardialdehyd sogar zu
60-facher Stabilitatserhéhung im Vergleich zum gereinigten Enzym fihrte.

Die Prozessstabilitit wurde im Stréomungsrohr bestimmt (Abb. 5.a). Dabei wird das
Reaktionsgemisch tber eine Pumpe in das mit den Enzym-Immobilisaten gepackte Rohr
gepumpt. Die Immobilisate werden Uber einen Filter zurlickgehalten. Nach der
Quervernetzung und dem Abséttigen der Uberschissigen funktionellen Gruppen war die
Stabilitdt mit 70 Tagen ohne Aktivitatsverlust Uberwéltigend. Dabei wurde eine 60 %ige
Umsetzung mit einer Produktivitat von 30 g L™ d™ erreicht. Eine fast finf Mal hohere
Produktivitat von 144 g L™ d* wird bei Verwendung der ausschlieRlich blockierten
Immobilisate erhalten. Die Umsetzung lag hier bei 98 %. Da keine kovalenten Bindungen
zwischen Support und Enzym hergestellt wurden, erfolgte die Desorption des Biokatalysators

bereits nach 20 Residenzzeiten von je 15 min.
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Abb. 5: Setup verschiedener Reaktoren zur Synthese von 1-Phenylethanol.

a. Stromungsrohr nach (40); b. kontinuierlicher Membranreaktor mit Membranextraktion nach (165); c.
kontinuierlicher Membranreaktor mit Coprodukt-Abtrennung nach (166).

Eine ahnliche Halbwertszeit wurde mit freier C. parapsilosis Carbonylreduktase erhalten
(165). Die Synthese erfolgt hier im kontinuierlichen Membranreaktor (Abb. 5.b):
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Acetophenon wird im Reaktor reduziert und die wassrige Phase kontinuierlich durch eine
hydrophile Ultrafiltrationsmembran zur Ruckhaltung der Enzyme abgepumpt, um im
Gegenstrom (ber eine hydrophobe Membran das Produkt zu extrahieren. Die extrahierte
wassrige Phase wird dem Reaktor anschliefend nach Zugabe von neuem Substrat und Séure
zur Konstanthaltung des pH-Werts erneut zugefiihrt. Die RZA liegt mit 88 g L™ d* etwa drei
Mal hoher, als bei Verwendung der immobilisierten LbADH mit &hnlicher Halbwertszeit des
Katalysators. Die Substratumsetzung pro Enzym liegt 100-fach héher. Demnach wird trotz
des Verzichts auf Immobilisierung insgesamt wesentlich mehr Produkt synthetisiert, sodass
dieser Prozess mit den genannten Enzymen Klar zu favorisieren ist.

Freie R. ruber ADH in Kombination mit Isopropanol-gekoppelter Regeneration lieferte im
kontinuierlichen Membranreaktor mit in situ Coprodukt-Abtrennung Uber Ausgasen eine
RZA von 26,4 g L™ d* nach 11 d mit einer TTN zwischen den beiden Strémungsrohr-
Varianten von 2,8 - 10° (166). Hierbei wird Acetophenon im Reaktor reduziert und die
Syntheselosung Uber eine Membran zur Retention des Biokatalysators von oben in eine
Blasensédule gepumpt (Abb. 5.c). Von unten stromt Isopropanol gesattigte Luft durch eben
diese Saule, sodass Aceton ausgegast und Isopropanol nachgeldst wird. VVon der Blasensaule
aus stromt die Reaktionslésung wieder in den Reaktor, wo ein Teil kontinuierlich abgepumpt
wird. Gleichzeitig wird neue Substratlosung zugepumpt. Das Enzym verweilt dabei die ganze
Zeit im Reaktor, was eine Ultrafiltrationsmembran gewahrleistet.

Auch  Gas-Phasen-Katalyse ~ wurde zur Synthese von  1-Phenylethanol  mit
Thermoanaerobacter sp. ADH durchgefihrt. Hierfur erfolgte zundchst die Immobilisierung
des Enzyms an Glaskugeln, wobei hinsichtlich Puffer, pH-Wert und Konzentration optimiert
wurde. Optimal erwies sich 50 mM Phosphatpuffer pH 7. Zusétzlich konnte die Halbwertszeit
durch Zuftigen der 5-fachen Saccharosemenge im Vergleich zur Enzymmenge wéhrend der
Trocknung der Immobilisate verdoppelt werden, wobei letztlich Halbwertszeiten von 20 d
erhalten wurden. Insgesamt ist die Gasphasenreaktion deutlich am Produktivsten mit 200 g L
L d™. In wassriger Lésung wird die Thermoanaerobacter sp. ADH durch Acetophenon und
Isopropanol, sowie den entsprechenden Produkten inhibiert, was auch durch die Veranderung
des Reaktor-Typs (Batch, repetitiver Batch oder kontinuierlicher Reaktor) nicht Gberwunden
werden kann (167).

Eine wesentlich geringere optische Reinheit des Produkts mit 94,8 % wird in der

Biotransformation mit C. utilis im semi-fed Batch erreicht (168).
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Weitere neue Entwicklungen gehen in die Richtung der effektiven Immobilisierung von
ganzen Zellen oder Enzymen zur Erhohung ihrer Stabilitdt und Wiederverwendung nach
einem Reaktionszyklus.

Die physikalische Adsorption an Glaskugeln flhrte z.B. zur Hyperaktivierung der LbADH
auf 300 % Aktivitat des I6slichen Enzyms (169).

Findeisen (170) testete fur die Immobilisierung von C. parapsilosis ADH exprimierende E.
coli Zellen verschiedene kommerziell erhéltliche Materialien und erreichte mit Amberlite
FPC3500 eine etwas hohere katalytische Aktivitat fur die Synthese von 1-Phenylethanol
bezogen auf das Zellmaterial, als die freien Zellen in den puren Substraten (70 % (v/v)
Isopropanol, 30 % (v/v) Acetophenon). In wassriger Losung hingegen betrug die Aktivitat nur
5 % im Vergleich zu den nicht-immobilisierten Zellen. Die zusatzliche Umlagerung der
Immobilisate mit hydrophoben oder hydrophilisierten Silikon (silCoat, HYsilCoat)
verhinderte zudem das Auswaschen der Enzyme. SilCoat umlagerte Zellen zeigten eine
erhohte katalytische Aktivitat in den puren Substraten.

Superadsorbierendes Polymer der Firma Favor, Evonik Stockhausen konnte zur
Immobilisierung von Enzym, NADP*, Puffer und anderer Cofaktoren genutzt werden (171).
Dieser alles-inklusive Katalysator erbrachte mit L. brevis und Thermoanaerobacter ADH in
48 h eine 97 bzw. 98 %-ige Ausbeute fur die Reduktion von 100 mM Acetophenon mit ee
>99 %. Vergleiche zu den Aktivitaten der freien Enzyme bleiben jedoch in der Publikation
ungenannt. Die superadsorbierte ADH konnte min. vier Mal wiederverwendet werden.
Biokatalytische Prozesse von Feinchemikalien wie enantiomerenreinen Alkoholen werden
industriell mit volumetrischen Produktivitaten von 2,4 bis 180 g L™ d* beschrieben (172). Die

Ausbeute liegt dabei bei min. 80, aber meist tber 90 %.

In der vorliegenden Dissertation wurden RrADH-BmGDH, LbADH-BmGDH und LbADH-
BpG6PDH produzierende Hefestamme fur erste industrielle Anwendungen getestet. Dafr
war die Steigerung der katalytischen Produktivitat der Biokatalysatoren erforderlich, was
nicht nur durch dessen Wiederverwendung als ganze Zellen, sondern auch durch
Immobilisierung von Rohextrakt und ganzen Zellen erreicht werden konnte (Tab. 7). Die
Immobilisierung fir die LbADH-BmGDH bzw. LbADH-BpG6PDH produzierenden
Hefestamme lieferte mehr als doppelt so hohe Aktivitdten im Vergleich zum RrADH-
BmGDH produzierenden Stamm (V2-3).
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Immobilisierter Rohextrakt und permeabilisierte Zellen kdnnen unabhéngig vom Hefestamm
nur zwischen 3- und 6-Mal wiederverwendet werden, bevor die Aktivitat auf unter 80 % der
zu Beginn gemessenen Aktivitdt sinkt. Permeabilisierte Zellen sind hingegen wesentlich
stabiler und katalysieren die Acetophenon-Reduktion fur 14 bis tber 50 Zyklen. Die hochste
Stabilitdt mit Uber 50 katalysierten Synthesezyklen wurde fir den LbADH und BmGDH

exprimierenden Hefestamm erreicht (\V2-3).

Die permeabilisierten immobilisierten Zellen sind demnach unabhéngig vom Hefestamm

besonders stabil.

Tab. 7: Zusammenfassung zu Aktivitaten und Stabilitten verschiedener ADH-GDH/G6PDH-Praparationen.

Die Aktivitaten sind in M g™ dcw h™ angegeben und beziehen sich auf die Synthese von 1-(S)- bzw. 1-(R)-
Phenylethanol. Die Angabe der Zyklen bezieht sich auf die Zyklenzahl, die mit den Enzympréaparaten mit einer
Aktivitat bis zu 80 % verglichen zur Aktivitat zu Beginn des Experiments durchgefuhrt werden konnten.

RrADH-BmGDH LbADH-BmGDH LbADH-BpG6PDH
Aktivitat Zyklen Aktivitat Zyklen Aktivitét Zyklen
Rohextrakt 2.14 - 4.40 - 6.43 -
Immobilisierter Rohextrakt 1.25 4 3.23 4 4.70 3
Permeabilisierte Zellen 3.35 5 3.93 6 5.91 3
Permeabilisierte 1.74 29 4.12 > 50 2.43 14

immobilisierte Zellen

Neben den Rohextrakten aus den Hefen wurden auch ganze mit TritonX-100 permeabilisierte
Zellen, sowie Calciumalginat-immobilisierter Rohextrakt und Calciumalginat-immobilisierte
Zellen zur Synthese von enantiomerenreinem 1-Phenylethanol verwendet und hinsichtlich
Stabilitat getestet. Zusétzlich ist ein Up-Scaling der Synthesen erfolgt. 1-(S)-Phenylethanol
wurde hierbei in finf Wiederholungen im Batch-Verfahren mit permeabilisierten
immobilisierten Zellen des RrADH-BmGDH produzierenden Stamms gewonnen.

Fur die Synthese von 1-(R)-Phenylethanol wurde ein Reaktor mit semi-kontinuierlicher
Reaktionsfiihrung entwickelt, der bis zu 9,74 g L™ d™* bzw. 406 g kg™ dcw d™* und eine TTN
von 206 mol 1-(R)-Phenylethanol pro Mol NADP® lieferte. Der ee war mit 100 %

uberwéltigend.
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2. Zielstellung und Motivation

Bisher erfolgt die Produktion von bakteriellen ADHs bevorzugt in E. coli und die
produzierten isolierten Enzyme bzw. die ganzen Zellen werden zur Synthese
enantiomerenreiner Alkohole eingesetzt. Ein neuer Ansatz stellt die Nutzung der Hefe A.
adeninivorans dar, welche bei Eignung vor allem flr die Herstellung von eukaryotischen
Enzymen, die maRig bis schlecht in E. coli produziert werden kdnnen, eine Alternative bieten
konnten.

In der vorliegenden Dissertation soll erstmals die rekombinante Herstellung von
Alkoholdehydrogenasen (ADHSs) unter Nutzung des Wirtssystems A. adeninivorans und ihre
anschlieRende Verwendung fur die Synthese enantiomerenreiner Alkohole wie 1-(S)- bzw. 1-
(R)-Phenylethanol erfolgen (Abb. 6).

Hierfir sollen die kodierenden Gene fiir die (S)-spezifische ADH aus R. ruber (RrADH) und
(R)-spezifische ADH aus L. brevis (LbADH) in A. adeninivorans exprimiert werden. Ein
Expressionsstamm zur Herstellung von RrADH lag bereits vor (53).

Nach der Konstruktion der transgenen Hefestdmme, sind die erhaltenen gereinigten Enzyme
zundchst hinsichtlich ihrer optimalen biochemischen Parameter, wie Temperatur, pH-Wert
und Stabilitat zu charakterisieren und das Substratspektrum zu bestimmen. Im Anschluss
sollen sie die Reduktion von Carbonylen wie Acetophenon enantioselektiv zu den jeweiligen
sekundéren Alkoholen wie 1-(R)- und 1-(S)-Phenylethanol katalysieren.

Die Optimierung der Reaktionsbedingungen zur Ketonreduktion schlieBt den Einsatz
unterschiedlicher Cofaktor-Regenerationssysteme (Isopropanol-, GDH- oder G6PDH-
gekoppelt) ein. Fur die Nutzung der Enzym-gekoppelten Regeneration ist die Coproduktion
der ADHs mit den entsprechenden regenerierenden Enzymen angedacht. Die Immobilisierung
der Enzyme, sowie der Einsatz von Ganzzellkatalysatoren fur ihre Wiederverwendung zur
Steigerung ihrer katalytischen Produktivitat wird fur weitere Untersuchungen in den Fokus
gestellt.

Auf Basis der erhaltenen Ergebnisse soll ein Reaktor modelliert und im Labormalistab zur
Synthese von enantiomerenreinem 1-(S)- bzw. 1-(R)-Phenylethanol in Betrieb genommen
werden.

Ziel der Arbeit ist eine Aussage darlber zu treffen, inwiefern die in A. adeninivorans
produzierten ADHs fur die industrielle Produktion verschiedener enantiomerenreiner

Alkohole eingesetzt und welche Ausbeuten unter optimierten Bedingungen erreicht werden
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konnen. Aufllerdem ist ein Up-scaling der Synthesen geplant. Bei Erfolg wéren chemische
Synthesen durch enzymatische Reaktionen unter Einsatz von ADHSs ersetzbar, was sowohl zu

Einsparungen von Kosten als auch von natirlichen Ressourcen fiihren wirde.

Im zweiten Teil der Arbeit soll ein ADH-Gen aus A. adeninivorans im homologen
Wirtssystem uberexprimiert, die rekombinante ADH charakterisiert und hinsichtlich Aktivitat
und Substratspezifitat getestet werden, um deren Eignung zur Synthese enantiomerenreiner
Alkohole beurteilen zu kénnen. AulRerdem soll die Rolle der ADH im Organismus durch

dessen Beteiligung in diversen Stoffwechselwegen der Hefe A. adeninivorans gezeigt werden.

Nutzung von
Regenerationssystemen

- Isopropanol
- GDH bzw. G6PDH

. Nutzung ganzer Zellen
Expression von e enantioselektive
ADH in o Reduktion von
A. adeninivorans - permeabilisiert Ketonen

- immobilisiert

Aufbau eines Reaktors

Nutzung von Enzymen
- Extrakt
- immobilisiert

Abb. 6: FlieBschema zum Ziel der Arbeit.
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3. Ergebnisse

3.1. Zusammenfassung zu Verdffentlichung 1 (V1): ADH from Rhodococcus ruber

expressed in Arxula adeninivorans for the synthesis of 1-(S)-phenylethanol

In dieser Arbeit wurde die Hefe A. adeninivorans erstmals zur Synthese von
enantiomerenreinen Verbindungen wie dem Alkohol 1-(S)-Phenylethanol verwendet. A.
adeninivorans dient dabei selbst als Wirtssystem zur Produktion der rekombinanten
bakteriellen ADH aus R. ruber.

Das RrADH-Gen wurde konstitutiv in der Hefe exprimiert. Der erhaltene Hefestamm
reduziert 20 mM Acetophenon zu 90 % Uber Isopropanol gekoppelte NADH-Regeneration
uber 60 min.

Die Ausbeute konnte durch Nutzung der Enzym-gekoppelten Regeneration mittels eines
RrADH und B. megaterium GDH coexprimierenden Hefestamms auf 99,6 % beim Einsatz
von bis zu 40 mM Acetophenon in nur 90 min erhéht werden. Insgesamt konnten dadurch
93,2 % 1-(S)-Phenylethanol isoliert werden.

Die intrazellulér lokalisierten, I6slichen Fraktionen der konstruierten Hefestdmme konnen
demnach ohne weitere Reinigung direkt fur die Synthese von 1-(S)-Phenylethanol eingesetzt
werden. Dabei entsteht enantiomerenreines 1-(S)-Phenylethanol mit einem ee von 100 %

ohne Nebenprodukte.

3.2.  Zusammenfassung zu Veroffentlichung 2 (V2): Reusability of ADH and GDH

producing Arxula adeninivorans cells and cell extract for the production of 1-(S)-

phenylethanol

In Veroffentlichung 1 wurde ein neu konstruierter A. adeninivorans Stamm, der RrADH und
BmGDH coproduziert, zur Synthese von enantiomerenreinem 1-(S)-Phenylethanol aus
Acetophenon vorgestellt.

Die weiterfihrenden Untersuchungen in Veroffentlichung 2 beschaftigen sich mit der
Anwendung des RrADH und BmGDH produzierenden A. adeninivorans Stamms fir seine
spatere industrielle Nutzung. Im Mittelpunkt dabei stand die Steigerung der Produktivitat des
Syntheseprozesses von 1-(S)-Phenylethanol.

Die geringe Loslichkeit des Substrats Acetophenon, als auch die Herabsetzung des pH-Werts

wahrend der Reaktion durch spontane Hydrolyse des Coprodukts Glukono &-lakton konnten
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durch entwickelte Verfahren zum Recycling des Biokatalysators behoben werden. Hierfir
wurden statt des bisher verwendeten Enzymrohextraktes Calciumalginat immobilisierter
Rohextrakt verwendet. Auch Triton-X100 permeabilisierte Ganzzellkatalysatoren und

Calciumalginat immobilisierte, permeabilisierte Zellen kamen zur Anwendung.

3.3.  Zusammenfassung zu Verdffentlichung 3 (V3): Co-expression of Lactobacillus
brevis ADH with GDH or G6PDH in Arxula adeninivorans for the synthesis of 1-(R)-

phenylethanol

Neben der (S)-spezifischen NAD(H)-abhangigen ADH aus R. ruber, wurde auch eine (R)-
spezifische NADP(H)-abhéngige ADH aus L. brevis in der Hefe A. adeninivorans produziert
und fur die Synthese des entgegengesetzt konfigurierten 1-(R)-Phenylethanols eingesetzt.
Rohextrakt, Calciumalginat immobilisierter Rohextrakt, Triton-X100 permeabilisierte
Ganzzellkatalysatoren und Calciumalginat immobilisierte permeabilisierte Zellen von ADH
und Bacillus megaterium GDH bzw. B. pumilus G6PDH coexprimierenden Hefestammen
reduzieren 40 mM Acetophenon zu 98 %. Die Regeneration mit G6PDH fuhrt zwar zur
schnelleren Synthese von 1-(R)-Phenylethanol, doch ist der entsprechende Katalysator
deutlich instabiler und wesentlich hdhere Cofaktor-Konzentrationen sind notwendig, sodass
BmGDH als Cofaktor-regenerierendes Enzym préferiert wird.

Permeabilisierte immobilisierte Zellen des ADH-GDH coproduzierenden Stamms wurden
abschlieBend  erstmals in  einem  semi-kontinuierlichen  Prozess zur 1-(R)-
Phenylethanolsynthese verwendet und lieferten 9.74 g L™ d™* oder 406 g kg™ dcw d™ mit einer
TTN von 206.
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4. Fazit und Ausblick

In der vorliegenden Arbeit konnte A. adeninivorans erstmals erfolgreich als Wirtssystem zur
Herstellung rekombinanter ADHSs aus den Organismen L. brevis und R. ruber genutzt und fur
die Synthese von enantiomerenreinem 1-(S)- bzw. 1-(R)-Phenylethanol verwendet werden.
Die produzierten ADHs weisen im Vergleich zu den Wildtyp-Enzymen gleiche
Cofaktorpraferenz und Stereoselektivitit auf und haben &hnliche biochemische Eigenschaften.
Die Rohextrakte der RrADH-BmGDH, LbADH-BmGDH und LbADH-BpG6PDH
produzierenden transgenen Hefestdamme konnten direkt fur die vollstandige Reduktion von 40
mM Acetophenon eingesetzt werden. Dabei wurde nach der Extraktion der Ansétze 1-
Phenylethanol ohne Nebenprodukte mit ee von >99 % synthetisiert. Auch weitere prochirale
Ketone wie Ethyl 4-chloroacetoacetat und 2-Nonanon sollen zukinftig mithilfe dieser ADHs
enzymatisch reduziert werden.

Die generierten Hefestimme zeigen fiir die LbADH Aktivititen von bis zu 450 U g™ dew mit
Acetophenon als Substrat, was im Up-scaling-Prozess zur Herstellung von sekunddren
Alkoholen sehr gut genutzt werden konnte. Die Expression des RrADH-Gens lieferte maximal
10 U g* dew. Das firr Up-scaling-Prozesse fermentierte Rohenzymmaterial aus den
Hefestammen muss fir eine endglltige Aussage zur industriellen Nutzung hinsichtlich pH-
Wert, Temperatur, Nahrstoffzusammensetzung und Begasung noch weiter optimiert werden.
Erste Fermentationen steigerten bereits die Aktivitat und Ausbeute des Zellmaterials.

Die Verwendung von permeabilisierten Zellen, immobilisierten Rohextrakt und
immobilisierten permeabilisierten Zellen ermdglichte die Wiederverwendung der Enzyme fir
eine Vielzahl von Synthesezyklen. Immobilisierte permeabilisierte Zellen kénnen mit mehr
als 50 Zyklen am hdufigsten wiederverwendet werden und sind fur eine industrielle Synthese
besonders geeignet.

Die TTN der Cofaktoren liegt unabhangig vom regenerierenden Enzym bei den
Standardversuchen bei 40 mol 1-Phenylethanol pro Mol NAD" bzw. NADP®, konnte aber
durch Herabsetzung der Cofaktor-Konzentration auf 0,2 bis 0,1 mM auch auf 200 bis 400 fir
die LbADH-BpG6PDH und LbADH-BmGDH produzierenden Hefestimme gesteigert
werden. Die Katalyse durch LbADH und BmGDH ist aufgrund der mehr als drei Mal so
hohen Stabilitat von uber 50 Synthesezyklen fur permeabilisierte immobilisierte Zellen des
konstruierten Hefestamms fur die Synthese von 1-(R)-Phenylethanol zu favorisieren. Im

Stromungsrohr wurde damit eine TTN von 206 erreicht, die Uberpriifung der Stabilitat des
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Cofaktors NADP™ (iber einen langeren Zeitraum blieb bisher unbeachtet. Die Minimierung
der Cofaktor-Zugabe aufgrund dessen Instabilitdt durch Konzentrationsmessung ist
notwendig.

Die Anwendung im Strémungsrohr und anschlieender Extraktion durch Dichlormethan
erzielte nicht-optimiert eine RZA von 9.74 g L™ d* bzw. 406 g kg™ dew d™ fir 1-(R)-
Phenylethanol mittels LobADH-BmGDH produzierenden Hefestamm und liegt knapp unter
anderen veroffentlichten Syntheseprozessen fir 1-(R)-Phenylethanol. Auch hier ist die
Anwendung der Immobilisate und des Reaktors fur die Synthese weiterer sekundéarer
Alkohole geplant. Wichtig ist die Steigerung des Umsatzes, was eine on-line Analytik, sowie
die Einstellung der FlieBgeschwindigkeit unter Beriicksichtigung der Enzymaktivitat
erfordert. Die genaue Simulation des kontinuierlichen Prozesses zur in-silico Optimierung
kann die erzielten Produktmengen noch weiter steigern.

Insgesamt ist A. adeninivorans ein hervorragender Wirt zur Produktion von rekombinanten
ADHs und stellt tatsdchlich eine echte Alternative zum Wirtssystem E. coli dar. Die
entsprechenden Hefestdimme synthetisieren enantiomerenreines 1-Phenylethanol, was den
Ersatz chemischer Synthesen durch enzymatische Reaktionen méglich macht und Kosten und

naturliche Ressourcen spart.
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6. Veroffentlichungen

6.1. Darstellung der Eigenanteile an den Ver6ffentlichungen 1-3

Die in Veroffentlichung 1 beschriebenen Experimente wurden mit folgenden Ausnahmen von

mir selbststandig geplant und durchgefihrt:

1. Charakterisierung und Reinigung der BmGDH wurden von I. Lemke (TA) unter meiner

Anleitung durchgefihrt.

2. Die massenspektrometrische Analyse der Proteinbande aus der Reinigung der BmGDH
erfolgte von A. Wolf (TA) unter Leitung von Dr. A. Matros und Dr. H.-P. Mock.

3. Nach Entwicklung des Analyseverfahrens von 1-(S)-Phenylethanol mittels GC-FID fihrte
S. Conrad (Mitarbeiter in der Analytik) die entsprechenden Analysen der von mir
bereitgestellten Proben durch.

Die in Veroffentlichung 2 beschriebenen Experimente wurden mit folgenden Ausnahmen von

mir selbststandig geplant und durchgefihrt:

1. Die Fermentation und Bereitstellung des verwendeten Materials des Hefestamms
MS1006/YRC104-BmGDH — YIC102-RrADH-6H erfolgte von S. Denter (Projektmanager
bei ARTES Biotechnology).

Die in Veroffentlichung 3 beschriebenen Experimente wurden mit folgenden Ausnahmen von

mir selbststandig geplant und durchgefihrt:

1. Die Transformation der Expressionskassetten YIC102-LbADH und YRC102-LbADH in
den auxotrophen Mutantenstamm A. adeninivorans G1212 (atrpl) sowie die Konstruktion
und Transformation der Expressionskassetten YIC102-2LbADH und YRC102-2LbADH in
den auxotrophen Mutantenstamm A. adeninivorans MS1006 (atrpl, aade2) und das
Screening der erhaltenen Transformanden erfolgte von A. Prokoph (Praktikantin) unter

meiner Leitung.
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2. Die Konstruktion und Transformation der Expressionskassetten YRC104-BpG6PDH und
Y1C104-BpG6PDH erfolgte von I. Lemke unter meiner Leitung.

3. Die Transformation der Expressionskassetten YIC102-(2)LbADH und YRC102-
(2)LbADH, sowie YRC104-BpG6PDH und YIC104-BpG6PDH in die Doppelmutante
MS1006 (atrpl, aade2), sowie das Screening der erhaltenen Transformanden erfolgten von I.
Lemke und A. Prokoph unter meiner Leitung.

4. Nach Entwicklung des Analyseverfahrens von 1-(R)-Phenylethanol mittels GC-FID fiihrte
D. Sjaba (Mitarbeiter in der Analytik) die entsprechenden Analysen der von mir

bereitgestellten Proben durch.

Alle Verdffentlichungen wurden von mir selbststdndig verfasst und von den Co-Autoren

korrigiert.

Marion Rauter Prof. Dr. Frieder Schauer

Dr. Hans-Matthias VVorbrodt

Greifswald, 02.02.2015
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6.2. Veroffentlichung 1 (V1): ADH from Rhodococcus ruber expressed in Arxula

adeninivorans for the synthesis of 1-(S)-phenylethanol
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The RrADH gene of Rhodococcus ruber coding for (S)-specific alcohol dehydrogenase (RrADH) was over-
expressed in the yeast Arxula adeninivorans and used for the synthesis of enantiomerically pure alcohols.

The substrates acetophenone, 2,5-hexandione and 2-nonanon used for this synthesis, were reduced
by RrADH to produce S-configured alcohols. Regeneration of the cofactor, NADH, was required for the
reaction and this was provided by using isopropanol as a second ADH substrate to reduce NAD* or by
cloning the glucose dehydrogenase gene from Bacillus megaterium (BmGDH) into the yeast which regener-
ated NADH by oxidizing glucose. Expressing both RrADH and BmGDH in the yeast provided a strain that
could synthesize 1-(S)-phenylethanol from acetophenone with NADH being regenerated by the oxidation
of glucose.

Both bioreduction systems led to the synthesis of pure (S) enantiomer of 1-phenylethanol, but only
the enzyme coupled approach reduced 40 mM acetophenone completely in 150 min. 75 mg of 98% pure
product could be isolated from 20 ml.

In conclusion the synthesis potential of the RrADH expressed in A. adeninivorans is very promising for
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1-(S)-phenylethanol synthesis.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

A couple of enantiomers of chiral alcohols have the same phys-
ical and chemical properties, but they have different biological
activities depending on their stereochemistry, which makes the use
of enantiomerically pure alcohols necessary [1,2] for the synthe-
sis in the fine chemical and pharmaceutical industries. However
they cannot be easily produced by chemical synthesis, because
it results in both enantiomers and elaborate chiral chromatogra-
phy or racemate separations with diastereomers are necessary for
their separation. These reactions have theoretical maximum yields
of 50%. Enantiomerically pure alcohols such as S-configured 1-
arylethanols can be synthesized by fermentative reductions with
Saccharomyces cereviseae, but the yields are low to moderate

* Corresponding author at: Leibniz Institute of Plant Genetics and Crop Plant
Research (IPK), Corrensstr. 3, D-06466 Gatersleben, Saxony-Anhalt, Germany.
Tel.: +49 39482 5247; fax: +49 39482 5366.
E-mail address: kunzeg@ipk-gatersleben.de (G. Kunze).

http://dx.doi.org/10.1016/j.molcatb.2014.02.015
1381-1177/© 2014 Elsevier B.V. All rights reserved.
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with an enantiomeric excess (ee) of 82-96% [3-6]. Higher yields
and product purities were obtained using isolated enzymes such
as alcohol dehydrogenases (ADH), which react stereospecifically
[12-16] and simplify the process.

ADHs (EC 1.1.1.1) reduce carbonyl compounds stereoselectively
by oxidizing the cofactor NADH. Because this cofactor is expensive,
a number of different regeneration processes have been proposed
(Fig. 1).

One possibility is the use of the ADH itself in substrate-coupled
cofactor regeneration (Fig. 1a) using a second ADH substrate such
as isopropanol to reduce NAD* with acetone as a by-product. The
advantage with this process is the elimination of a second enzyme
for the production of the desirable compound [7,8]. However, the
maximum conversion of the reaction is limited, because there is a
competition between the substrate, isopropanol, the product, and
acetone [9]. Moreover the enzyme needs a high chemotolerance to
withstand high isopropanol and acetone concentrations [9].

A second approach is enzyme coupled cofactor regeneration
which uses a second enzyme such as glucose dehydrogenase (GDH),
(Fig. 1b), [10]. GDH reduces NAD* using glucose as substrate and



M. Rauter et al. / Journal of Molecular Catalysis B: Enzymatic 104 (2014) 8-16 9

()

OH
isopropanol
(0]
acetone
OH
(b)
0
HO
HO OH
OH
glucose
OH
O,
HO
HO o
OH
gluconolacton

)OH\
R? R,

NAD+
chiral alcohol
0]
NADH )J\
R R
? ketone !
OH
NAD+* Rz)\Rl

chiral alcohol

NADH

)CL
R R
% ketone

Fig. 1. Cofactor regeneration systems. Regeneration of NADH from NAD* can be done by substrate-coupled cofactor regeneration with isopropanol (a) or enzyme-coupled

cofactor regeneration by GDH (b).

produces glucono delta-lactone, which is then hydrolysed to glu-
conic acid by an almost irreversible reaction [9]. However gluconic
acid causes a drop in the pH of the reaction mixture, which inacti-
vates the enzyme if the buffering capacity is exceeded [11].

Two of the most studied ADHs are from Lactobacillus brevis
and Lactobacillus kefir. They have been used for the synthesis of
broad-spectrum R-configured alcohols with the use of various
regeneration systems [12-16].

ADH from Rhodococcus ruber (RtADH) has high chemo- and
thermo-tolerance. It tolerates acetone concentrations of 50% (v/v)
and 2-propanol concentrations of 80% (v/v) and is thus ideal for
substrate-coupled cofactor regeneration [17]. Giersberg et al. [18]
expressed the RrADH gene in different yeasts including Saccha-
romyces cerevisiae, Hansenula polymorpha and Arxula adeninivorans.
Of these species A. adeninivorans (syn. Blastobotrys adeninivorans)
had the highest expression levels and its ADH had the highest sta-
bility in organic solvents such as ethanol and acetone.

In the present work, RrADH expressed in A. adeninivo-
rans by the Xplor®2 transformation and expression platform
[19-21], was used for the synthesis of enantiomerically pure
1-(S)-phenylethanol for use in fragrance preparations or as
intermediates in the pharmaceutical industry. Both substrate (iso-
propanol) and GDH-coupled regeneration were investigated with

the latter involving co-expression of RrADH with GDH from Bacillus
megaterium.

2. Materials and methods
2.1. Chemicals

1-phenylethanol, 1-(S)-phenylethanol, 1-(R)-phenylethanol, 2-
phenylethanol, 1-nonanol, 2-nonanon, 2-nonanol, 2-(R)-nonanol,
2-(S)-nonanol, 1,2-butandiol, 2,5-hexandiol, (2R, 5R)-hexandiol,
(2S, 5S)-hexandiol, ethyl-(R)-4-chlorohydroxybutyrate, ethyl-(S)-
4-chlorohydroxybutyrate, ethanol and butanal were purchased
from Acros (Germany). Acetophenone, pentanal, hexanol, hex-
anal, phenylacetaldehyd and 4-hydroxy-3-butanone were from
Sigma (Germany). Methanol, ethanol, isopropanol, 2-butanone
were purchased from Roth (Germany). 1-butanol and 1-pentanol
were from Applichem (Germany) and 2,5-hexandione and ethyl
4-chloroacetoacetate from Merck (Germany).

2.2. Strains and culture conditions

Escherichia coli XL1 blue [recAl, endAl, gyrA96, thi-1, hsdR17,
supE44, relAl, lac] [F'proABlacl q Z DM15 Tn10 (Tetr)] obtained from
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Invitrogen (USA), served as the host strain for bacterial transfor-
mation and plasmid isolation. The strain was grown on LB medium
(Sigma, USA) supplemented with 75 mg/l ampicillin (Applichem,
Germany) or 75 mg/l kanamycin (Roth, Germany) for selection.

In this study, the auxotrophic mutants A. adeninivorans G1212
(aleu2 ALEU2::atrp1 - [22]), G1216 (aleu2 ALEU2::aade2 - [23]),
and MS1006 (aleu2 ALEU2::aade2 - aleu2 ALEUZ2:atrpl - [24])
were used. Wild type strain LS3 was originally isolated from wood
hydrolysate in Siberia and deposited as A. adeninivorans SBUG 724
into the strain collection of the Department of Biology of the Uni-
versity of Greifswald [25]. All strains were grown in 100 ml shake
flasks at 30°C, 180 rpm under either non-selective conditions in a
complex medium (YEPD) or selective conditions in yeast minimal
medium supplemented with 20g/l glucose as carbon source and
43 mM NaNO3 (YMM-glucose-NaNOs) as nitrogen source [26,27].

Agar plates were prepared by adding 16 g/l agar to the liquid
medium.

2.3. Transformation procedures, recovery of stable A.
adeninivorans strains, and isolation of nucleic acids

E. coli and A. adeninivorans cells were transformed according to
Boer et al. [19]. Stable yeast transformants were obtained after pas-
saging on selective and non-selective media [28]. MS1006/BmGDH
- (2)RrADH-6H transformants were stabilized twice, once after
transformation of the BmGDH gene and then after integration of
RrADH-6H into the yeast genome.

Isolation of plasmid DNA and DNA restriction were carried out
as described previously [29].

2.4. Construction of BnGDH expression plasmids

The BmGDH gene was expressed in A. adeninivorans G1216.
The open reading frame (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.
PCR was done with gene specific primers on the GeneArt
template to get the ORF of BmGDH gene without His-tag
(primer 1, 5'-ATTAGAATTCATGTACAAGGACCTTGAGGGAAAGGTC -
3, nucleotide positions 1-37, EcoRI restriction site in bold type;
and primer 2,5'-GCCGGATCCCTATCCTCGTCCAGCCTGGAACGA-3/,
nucleotide positions 791-823, BamHI restriction site in bold type).

The EcoRI-BamHI BmGDH gene fragment, which corresponds
to the complete ORF was inserted into the plasmid pBS-TEF1-
PHO5-SS (flanked by Spel-Sacll restriction sites) between the A.
adeninivorans-derived TEF1 promoter and the S. cerevisiae-derived
PHO5 terminator [20].

Construction of plasmids with BmGDH expression module,
required the insertion of TEF1 promoter - BmGDH gene - PHO5
terminator flanked by Spel-Sacll restriction sites into the Xplor2.4
plasmid to generate Xplor2.4-TEF1-BmGDH-PHO5. The 25S ribo-
somal DNA (rDNA) target sequences were interrupted by the
selection marker module (AADE2) and Eco4711l, Spel, Sacll, Sall, Apal
multicloning restriction sites for insertion [23].

The  Xplor2.4-TEF1-BmGDH-PHO5 and  Xplor2.2-TEF1-
(2)RrADH-6H-PHO5 plasmids were used to co-express BmGDH
and RrADH-6H gene in A. adeninivorans MS1006 [18].

2.5. Screening of RrADH and BmGDH expressing transformants

After stabilization, transformants expressing RrADH-6H and/or
BmGDH were cultivated for 48 h in 750 .l YMM-glucose-NaNOs at
30°C and 200 rpm. 400 .l culture was harvested (4600 x g, 5 min),
pellet was washed with water and cells were disrupted in 100 mM
sodium phosphate buffer pH 6.5 by silica beads using Mixer Mill

MM400 (RETSCH, Germany) for 3 min, 30s~'. After elimination of
cell debris by centrifugation (10 min, 16,000 x g) soluble intracellu-
lar proteins were tested for ADH and/or GDH activity as described
in2.7.

2.6. Production of RrADH and BmGDH extracts

The production of RrADH and BmGDH was achieved by cul-
turing G1212/YIC102-2RrADH-6H, G1216/YRC104-BmGDH and
MS1006/YRC104-BmGDH - YIC102-RrADH-6H in 100ml YEPD
shake flasks for 48 h at 30°C, 180rpm. Cells were harvested by
centrifugation (5 min, 5000 x g) and washed with water. The cells
were resuspended in 1/10 of the culture volume of 100 mM sodium
phosphate buffer pH 6.5 and mechanically disrupted using silica
beads and a Mixer Mill MM400 (RETSCH, Germany) operated for
3 min, 30s~'. Cell debris was eliminated by centrifugation (10 min,
16,000 x g) and the supernatant precipitated by heating for 10 min
(RrADH, 60°C, BmGDH +0.1 M NaCl 45 °C) and then centrifuged for
10 min, 16,000 x g for partial purification.

2.7. Assay for determination of ADH and GDH activity

The assay for the determination of the ADH activity was per-
formed in 50mM sodium phosphate buffer pH 6.5 containing
the substrate acetophenone (10 mM, Sigma, Germany) and NADH
(0.4 mM, Roth, Germany).

The reactions were started by the addition of the substrate
to the cell extract and were measured for 2.5min at 340nm,
40°C. The control was NADH (in buffer) added to the treated
extract to exclude NADH oxidation by other compounds. The
change in absorbance of the control reaction was subtracted
from that of the experimental reaction giving dA, which was
then transformed to the oxidized NADH concentration by the
enzyme via Beer-Lambert equation (A = ecd, where A= absorbance,
b=path length (cm), c=concentration (M) and £=6200M~! cm~!
for NADH).

To establish GDH activity, 100mM glucose (Applichem,
Germany) and 1 mM NAD* (Roth, Germany) were used in 50 mM
sodium phosphate buffer pH 6.5 unless stated otherwise. The con-
trol was NAD* in buffer. Reactions were started and measured as
for ADH activity.

One Unit (1U) of enzyme activity was defined as the amount
of enzyme required to oxidize or reduce 1 umol NADH to NAD* or
NAD* to NADH per min at 40°C, pH 6.5.

2.8. Screening of ADH substrates

Ni-NTA purified RrADH was used for determination of substrate
spectra.

Determination of ADH reduction activity was performed as
described in 2.7 using different ketones and aldehydes as sub-
strates at a concentration of 10 mM. The activity was compared
to acetophenone reduction, which was designated as 100%.

Various alcohols (see Table 1) were used as substrates for ADH
oxidation activity. The assay was performed in 50 mM TRIS-HCI
pH 9 containing the alcohol (10 mM, Sigma, Germany) and NAD*
(1 mM, Roth, Germany). Reactions were started by addition of the
enzyme and were monitored at 340 nm for 2.5 min at 40°C. As a
control reaction, enzyme was added to the reaction mixture with-
out substrate. The change in absorbance of the control reaction
was subtracted from that of the experimental reaction giving dA,
which was then transformed to the reduced NAD* concentration
via Beer-Lambert equation as described in 2.7. The activity to 1-
phenylethanol was designated as 100%.
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Table 1
Substrate specificity of RrADH synthesized in A. adeninivorans G1212]YRC102-
2RrADH-GH,

Substrate Relative enzyme activity (%)

NADH-dependent reduction:
Ethanal 28+0.6
Butanal 88135
Pentanal 156 £2.2
Hexanal 164£3.5
Phenylacetaldehyd 135+1.2
Acetone 40+1.4
2-Butanone 62+0.6
2,5-Hexandion 178 £0.9
2-Nonanon* 75+1.7
Acetophenon 100+1.1
4-Hydroxy-3-butanone 34+22
Ethyl 4-chloroacetoacetate 121+1.2

NAD*-dependent oxidation:
Methanol 0
Ethanol 0
1-Butanol 0
1-Pentanol 4+0.1
1-Hexanol 8+0.1
1-Nonanol* 0
2-Phenylethanol 0
Isopropanol 24+06
2-Butanol 0
1,2-Butandiol 0
2,5-Hexandiol 27011
(2R, 5R)-Hexandiol 0
(2S, 55)-Hexandiol 386+ 14
2-Nonanol® 221+£5.6
2-(R)-Nonanol” 0
2-(S)-Nonanol* 244+59
1-Phenylethanol 10044
1-(R)-Phenylethanol 0
1-(S)-Phenylethanol 171+5.7
Ethyl-(R)-4-chlorhydroxybutyrat 0
Ethyl-(S)-4-chlorhydroxybutyrat 0

4 Reaction was done with 37.5% methanol, because of the low substrate solubility.
Under these conditions the activity to 1-phenylethanol decreased to 55.92% or to
acetophenone to 84%. Measurements were done in triplicate.

2.9. Purification of BmGDH and protein analysis

The crude extract was desalted using HiTrap Desalting column
(5ml, GE Healthcare, Germany). The sample, in 50 mM sodium
phosphate pH 7+0.15M NaCl, was then loaded onto an anion
exchange chromatography column (BIO-RAD, USA) and run with
100 mM sodium phosphate buffer pH 7 to purify BmGDH. Elution
was done with a NaCl gradient with increasing 100 mM sodium
phosphate buffer pH 6.5+1M NaCl from 0 to 100% over 52 min
(flow: 1 ml/min). Fractions of 1 ml were collected.

SDS-PAGE was performed as described in [30] and the
dye-binding method of Bradford [31] was used for protein quan-
tification (BIO-RAD, USA), using bovine serum albumin as the
standard.

2.10. Enzymatic synthesis of 1-(S)-phenylethanol

The enzymatic synthesis of 1-(S)-phenylethanol was done at
40°C in 500 wl of 50 mM sodium phosphate buffer pH 6.5. 20 mM
acetophenone, 1 mM NAD" and 0.5 M isopropanol was used for the
substrate-coupled regeneration of NADH and 100 mM glucose for
regeneration with BmGDH. Reactions were started by the addition
of RrADH at 1U/ml.

At intervals, substrate and product were extracted from 500 .l
with 1/5 volume ethyl acetate. The phases were separated by
centrifugation for 5 min at 16,000 x g and the upper phase was ana-
lyzed by GC-FID (Supelco B-DEX™ 110L x I.D. 30m x 0.25 mm, d¢
0.25 pm, Sigma, Germany). After 1 min at 110°C, the temperature

was ramped to 160°C at 5°C/min with a detection temperature
of 220°C. The content of 1-(S)-phenylethanol in % was calculated
from the ratio of acetophenone to 1-(S)-phenylethanol recov-
ered. The S-configuration assessment of the enzymatically obtained
phenylethanol was made by comparison with 1-(S)-phenylethanol
and 1-(R)-phenylethanol from Acros (Germany), which had reten-
tion times of 8.8 and 8.6 min.

In situ co-product elimination was done by flowing air through
water/isopropanol, 1:1 [32] and flowing the effluent gas through
the reaction mixture to remove acetone. Additionally acetone was
removed by low pressure conditions (350 mbar) at rotary evapora-
tor.

As control, 20 mM acetophenone and 1-(S)-phenylethanol were
incubated in the same way but without enzyme. Acetophenone
and 1-(S)-phenylethanol content was measured via GC using 1-
heptanol as internal standard.

Large scale synthesis of 1-(S)-phenylethanol with BmGDH
regeneration was done with 40mM acetophenone and 200 mM
glucose in 200 mM sodium phosphate buffer pH 6.5 to increase
buffering capacity.

Isolation of the product was achieved by extracting with an
equal volume of dichloromethane. Both phases were then cen-
trifuged for 30 min at 7000 x g. The dichloromethane phase was
collected and a second extraction step was performed with the
aqueous phase.

Dichloromethane was distilled and analysis was done as
described above using n-heptanol (MERCK, Germany) as the inter-
nal standard.

3. Results
3.1. Screening of RrADH substrates

The activity of RrADH was tested with different substrates
(10 mM) for NADH dependent reduction and NAD* dependent oxi-
dation. Acetophenone and 1-phenylethanol were assigned 100%
activity. The highest relative enzyme activities of around 200% were
found for carbonyl compounds with a chain length of five or six and
it was independent of the presence of other groups. Decreasing the
chain length to four, resulted in the activity dropping to 88% for
butanal and 34% for 4-hydroxy-3-butanone.

Highest oxidation activities were found for the secondary alco-
hols 2,5-hexandiol (270%), 2-nonanol (221%) and 1-phenylethanol
(Table 1). To get some information about the enantioselectivity,
enantiomerically pure alcohols were tested. There was no reaction
with the R-configured alcohols, but for the S-configured substrates
(28, 55)-hexandiol, 1-(S)-phenylethanol and 2-(S)-nonanol, the rel-
ative enzyme activity was almost double that of the enantiomeric
mixtures, with activities of 386, 171 and 244% respectively. The
enzyme did not show any activity with primary alcohols except
for very low activities with 1-pentanol and 1-hexanol. Secondary
alcohols as racemic 2-butanol, 1,2-butandiol and S- or R-ethyl-4-
chlorohydroxybutyrate were not oxidized.

3.2. Synthesis of 1-(S)-phenylethanol by substrate-coupled
cofactor regeneration

The synthesis of 1-(S)-phenylethanol by substrate-coupled
cofactor regeneration used isopropanol as a second ADH-substrate
where isopropanol is oxidized by NAD* to acetone.

The RrADH catalyzed oxidation and reduction reactions had dif-
ferent pH optima with oxidation being favored at around pH 9 and
reduction around pH 6 and the optimal pH for alcohol synthesis
and cofactor regeneration between 6.5 and 7.5.
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The reaction rate for acetophenone reduction was nearly con-
stant at pH values between 6.5 and 7.5, whereas isopropanol
oxidation doubled from pH 6.5 to 7.5 (data not shown). The
difference in the reaction rate of the two enzymes was com-
pensated for by increasing the concentration of isopropanol
(Fig. 2).

While the product yield was almost constant at pH 7.5 it did
increase slowly with isopropanol increasing from 100 to 500 mM at
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pH 6.5 and then remained constant with additional isopropanol. In
summary, both pH values tested here can be used with isopropanol
concentrations from 500 to 1000 mM with no observable difference
in activity.

Next step was the synthesis of 1-(S)-phenylethanol in small
scale at both pH values. Ideally 20 mM acetophenone should be
reduced completely to avoid laborious purification of the product
from the substrate (data not shown). At the pH values studied, 90%
acetophenone was reduced after 60 min and a longer incubation
did not increase the yield, possibly due to the reduction of acetone
by NADH.

Acetone was removed from the reaction mixture in situ by
aerating with isopropanol-saturated air [32]. After 120 min only
1-(S)-phenylethanol was found in the reaction mixture (data
not shown), however the yield was only 40%, which is low.
This was because any unreacted acetophenone and some 1-(S)-
phenylethanol were also evaporated during the removal of acetone
(data not shown).

Acetone removal at reduced pressure at rotary evaporater
(350 mbar) needed 16h to reduce 40 mM acetophenone com-
pletely, but yield was 51.4%.

3.3. Synthesis of 1-(S)-phenylethanol by GDH-coupled cofactor
regeneration

Glucose dehydrogenase from B. megaterium was tested as a sec-
ond cofactor regeneration system.

B =)
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pro.

e iy

AADE2 d25S

rDNA-2

TEF1
pro.

RrADH-6H TEF1 ALEU2 ATRP1m

pro.

-

TEF1 ALEU2 ATRP1m d25S

pro. rDNA-2

TEF1 ALEU2 ATRP1m
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RrADH-6H TEF1PHO5 RrADH-6H TEF1 ALEU2 ATRP1m d25S

pro. rDNA-2

Fig. 3. Physical maps of the YRC and YIC used for transformation of A. adeninivorans MS1006. Cassettes contain the selection marker ATRP1 m fused to the ALEU2 promoter
(YIC102-(2)RrADH-6H, YRC102-(2)RrADH-6H) together with one or two copies of the expression module TEFI promoter - RrADH-6H gene - PHO5 terminator or AADE2
(YIC104-BmGDH, YRC104-BmGDH) with TEF1 promoter - BnGDH gene - PHO5. In addition, YRCs (Ascl fragments) are flanked by 25S rDNA sequences for targeting, whereas

YICs (Shfl fragments) contain only the selection marker and expression modules.
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Fig. 4. Purification of BmGDH with UnoQ. Coomassie-stained SDS-PA gel of BmGDH
purification of crude extract of A. adeninivorans. Eluate was concentrated 13 times
by precipitation with 90% ethanol.

3.3.1. Expression of GDH from B. megaterium in A. adeninivorans

The Xplor®2 transformation/expression platform was used for
the generation of yeast strains producing BmGDH because it allows
the construction of resistance marker free transformants [19]. The
system is based on a bacterial vector backbone, with yeast selec-
tion markers and expression modules inserted between two 255
rDNA segments. After the construction of the plasmids in E. coli, all
bacterial sequences are removed by Ascl and Sbfl restriction. The
choice of the restriction enzyme determined whether the rDNA
fragment flanks the expression cassette (Ascl) or not (Shfl), so that
the BmGDH gene can be integrated in the yeast genome as Yeast
rDNA Integrative Cassette (YRC) or Yeast Integrative Cassette (YIC).

The first step in producing a BmGDH producing yeast strain
was to ligate the BmGDH gene with AADE2 selection marker mod-
ule. Linearized DNA containing BmGDH expression module and the
AADE2 selection marker module without (YIC104-BmGDH) or with
rDNA sequences (YRC104-BmGDH) were integrated in the genome
of the aade2 auxotrophic mutant strain A. adeninivorans G1216
(Fig. 3, YIC104-BmGDH and YRC104-BmGDH).

Both cassettes were successfully transformed into the yeast
strain. After stabilizing the transgenic yeast strains by passaging
(see Materials and methods), no loss of YRCs or YICs was observed
after cultivation on non-selective medium for a period of 30 days.

The transgenic yeast strains carrying BmGDH expression
module and the control strain G1216/YRC104 were grown in
YMM-glucose-NaNO3 at 30°C for 48 h. Approximately 560 U GDH-
activity/l of culture was detected in the soluble extract of the
BmGDH expressing strains but not in that of the G1216/YRC104
cells.
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Fig. 5. Stability of BmGDH crude extract. Enzyme activity of the crude extract with
and without 0.1 M Nacl in 50 mM sodium phosphate buffer pH 6-8 for 10 min, 1 and
24 h at 40°C. The activity of the extract in the different buffers without incubation
was set to 100%.

3.3.2. Purification of BnGDH

The desalted BmGDH extract was purified by anion exchange
chromatography (UnoQ, BIO-RAD, USA) with 100 mM sodium
phosphate buffer pH 7.0. The gradient elution was performed with
100 mM sodium phosphate buffer pH 7.0, 1 M NacCl.

Of the total 5.8 U GDH activity found in the crude extract, 2.8 U
could be purified, giving a yield of 48.3% (Table 2). The eluate had
an activity of 7U/mg protein which was an increase of 6.4U/mg
compared to the crude extract.

Analysis via Coomassie-stained SDS-PA gel (Fig. 4) showed a
protein band of approximately 28 kDa and a molecular mass of
28.194 kDa calculated from mass spectrometry and confirmed that
the protein is BmGDH.

3.3.3. Determination of the optimum pH and temperature

The optimum temperature and pH for BmGDH were investi-
gated using enzyme purified by UnoQ. The pH values were tested
using buffers of a constant ionic strength (0.3 M with NaCl): pH
3-6 (50 mM sodium acetate), pH 3.5-6.5 (50 mM sodium citrate),
pH5.5-8(50 mM sodium phosphate)and pH 7-9 (50 mM TRIS-HCI)
to determine the optimal pH. Highest activity was detected at pH 8
for the oxidation of glucose with NAD" in sodium phosphate buffer,
with 80% activity occurring between 7.5 and 9. In all further exper-
iments GDH-activity was determined in sodium phosphate pH 6.5
unless otherwise stated.

The optimum temperature was found to be 45 °C, with 80% of
maximum activity occurring between 42 and 48 °C.

3.34. Stability of BnGDH

The stability of BmGDH was tested at different pH values (Fig. 5),
with and without 0.1 M NaCl at 40 °C over 24 h. BmGDH was stable
for 1h at pH 6.5 without NaCl, but was almost inactive at 24h.
At pH 6 the activity decreased to 30% after 24 h. With NaCl the
enzyme at pH 7.5 was stable up to 1h and at pH 7.0 for up to 24 h.
All subsequent synthesis reactions were performed in 0.1 M NaCl to
stabilize BmGDH. This, however, caused a small decrease in RrADH
activity to 98% of maximal activity (data not shown).

3.3.5. Co-expression of RrADH-6H and BmGDH in A.
adeninivorans
For industrial use RrADH-6H and BmGDH were co-transformed
so that there is only one fermentation and disruption step required.
The double mutant A. adeninivorans MS1006 [atrp1, aade2] was
co-transformed with YRC104-BmGDH and YRC102-(2)RrADH-6H
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Fig. 6. Time-courses of ADH and GDH-activity by transgenic A. adeninivorans strains MS1006/YRC104-BmGDH - YIC102-RrADH-6H grown in various media. The transformant
was cultured in shake-flasks for 96 h in YMM-glucose-NaNOs; at 30°C, 180rpm (a, b) and YEPD at 30°C, 180rpm (c, d). At the indicated times, 2 ml aliquots of the culture
were used to determine biomass (dcw in g/l) and to assay the intracellular ADH and GDH activity (U/I culture) and to calculate ADH or GDH production, Y(P/X) (U/g dcw).
Dcw and GDH-activities are shown (a) and (¢), GDH to ADH activity ratio and ADH activities are shown in (b) and (d).

or YIC-(2)RrADH-6H (Fig. 3, [18]) to create recombinant yeast
strains containing one or two copies of the RrADH-6H and one
BmGDH expression module.

Crude extracts from stabilized transformants were screened by
determination of ADH and GDH activity. Transformants synthesiz-
ing both enzymes had an average activity of 49 U/l ADH and 355 U/l
GDH activity. The ADH activity was similar to cells containing two
RrADH-6H genes (around 57 U/l ADH activity) i.e. the expression of
two RrADH-6H copies did not increase ADH activity. Control cells,
MS1006/YRC104 - YRC102, transformed with empty plasmids did
not produce ADH or GDH.

One promising RrADH-6H - BmGDH transformant was grown
in YMM-glucose-NaNO3 and YEPD at 30°C for 96 h and the dry cell
weight (dcw), ADH and GDH activity as the yield Y(P/X) and the
ratio of ADH to GDH activities were determined each day (Fig. 6).

In YMM-glucose-NaNO3 GDH activity and dcw developed in
parallel with the maximum GDH activity (260 U/I) being reached
after 48 h, which then remained relatively constant until the end

of the experiment (Fig. 6a and b). The yield of 29 U/g dcw (Y(P/X))
was maximal after 24 h and remained constant after that. The ADH
activity was, however, very low with 40 U/l synthesized and a yield
of 5U/g dcw. The ratio of GDH to ADH activity was almost constant
over the duration of the experiment (4 days).

In YEPD (Fig. 6¢c and d) dcw was maximal at 24h and then
decreased slowly. The GDH activity (464 U/l, 25U/g dcw) was
almost twice the activity seen in cells grown in YMM-glucose-
NaNOs3. ADH activity was very low in the first day, but rose to
183U/l and 10U/g dcw after two days. This was approximately 5
times higher than the activity seen in cells grown in YMM-glucose-
NaNOs. The GDH to ADH ratio changed from 14 on day 1 to 2.5 on
day 2.

3.3.6. Synthesis of 1-(S)-phenylethanol by co-expressed
RrADH-6H and BmnGDH

To determine whether the yeast strain co-expressing RrADH-6H
and BmGDH works in the synthesis reaction, a culture was grown

Table 2
Summary of BmGDH purification.
Step Protein in mg Agoral inU Yield in % Asp in U/mg of protein Fold purified
Crude extract 52 5.8 100 1.1 1
Desalted crude extract 4.2 5.1 88.0 1.2 1.1
Eluate 0.4 2.8 48.3 7 6.4
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Fig. 7. Synthesis of 1-(S)-phenylethanol, regeneration by BmGDH with crude extract
from MS1006/YRC104-BmGDH - YIC102-2RrADH. The concentration of 1-(S)-
phenylethanol is given in % as portion from acetophenone and 1-(S)-phenylethanol
content. Synthesis was done in sodium phosphate buffer at different pH values with
20 mM acetophenone for 10min at 40 °C.

in YEPD at 30°C for 2 days, harvested and disrupted. 0.1 M NacCl
was added to the crude extract, which was then purified by pre-
cipitation at 45 °C for 10 min. The synthesis reaction was done with
20 mM acetophenone in sodium phosphate buffer pH 5.5-8 at 40°C
(Fig. 7a). The concentration of synthesized 1-(S)-phenylethanol
increased from 66 to 72% as pH was increased from 5.5 to 6.5,
with a decrease of the yield above pH 7.5. pH 6.5 was used for all
subsequent experiments. Synthesis of 1-(S)-phenylethanol was not
detected in the control strain MS1006/YRC104 - YRC102 or strains
expressing only BnGDH (G1216/YRC104-BmGDH) or RrADH-6H
(G1212/YIC102-2RrADH) (data not shown).

The reduction of acetophenone (96.1 mg) was performed in
20ml volumes. In the first 60 min around 81% of the substrate
was reduced, then the reaction slowed and required further
90 min to achieve an almost complete reduction of acetophenone
(99.6%). 75.0 mg of product was isolated after the reaction of which
98.3 +£0.76% was 1-(S)-phenylethanol (73.7 0.6 mg). Impurities
were low and could be from dichloromethane soluble components
of the crude extract. This is a yield of 75.4% based on acetophe-
none. The second extraction step yielded 19.3 mg product but of
lower chemical purity (90.1%). Both extractions brought a yield of
93.2%. No 1-(R)-phenylethanol was detected.

4. Discussion

Kosjek et al. [17] purified and characterized ADH from R. ruber
for the first time and suggested its potential for use in the synthesis
of secondary alcohols. Later Giersberget al.[ 18] expressed the same
gene in several yeasts including A. adeninivorans.

In this work ADH expression in A. adeninivorans was assessed
using different substrates and it was used for the synthesis of
enantiomerically pure 1-(S)-phenylethanol. The efficiencies of
substrate-coupled and enzyme-coupled regeneration using GDH
were compared. The highest enzyme activity and (S)-specificity
was found for secondary alcohols as described by Kosjek [17].
(2S, 5S)-hexandiol, 2-(S)-nonanol and 1-(S)-phenylethanol and
the corresponding ketones, acetophenone, 2-nonanone and 2,5-
hexandione were the favored substrates. Lower activities were
found for isopropanol or acetone. However isopropanol could
be used for substrate-coupled regeneration of NADH in 1-(S)-
phenylethanol synthesis, and providing the concentration was not
more than 1M, the yield was not reduced as previously described
in [17]. Additionally 1-(R)-phenylethanol was not detectable.

Comparable yields were obtained if 0.5U/ml ADH from L.
kefir was used. 8 mM 1-(R)-phenylethanol was synthesized from
10 mM acetophenone in 60 min [12]. Interestingly, Stillger et al. [8]
achieved a 15% lower yield for the reduction of 5-oxohexanoate,

which however could be increased to 95 or 97% by removal of
acetone.

The aeration of the reaction mixture with air for in situ co-
product removal led to the complete elimination of acetophenone
from the reaction mixture, but this was due to its volatilization and
not to its reduction and resulted in a very low product yield.

Enzyme-coupled regeneration of NADH was catalyzed by GDH
from B. megaterium. The BmGDH gene was expressed in A.
adeninivorans and the pH and temperature were optimized for
BmGDH and its pH stability was established. The enzyme was very
unstable and lost activity almost completely with 10 min incuba-
tion at 40°C, pH 7 to 8 which was due to the dissociation of the
tetramer into inactive monomers [33]. This has been explained by
less hydrophobic interactions and the absence of ion pair inter-
actions between the subunits compared with other short chain
reductase/dehydrogenases [34]. However, sodium chloride sta-
bilizes the tetrameric enzyme structure and gave increased pH
stability with no activity loss from pH 6 to 7 over 24 h.

The synthesis of enantiomerically pure alcohols was also
achieved by GDH coupled regeneration. To avoid the need for two
fermentation and disruption steps, BmGDH and RrADH-6H genes
were co-expressed. One clone grown on YEPD medium was tested
for ADH and GDH activities. 183U/l (10U/g dcw) for ADH and
464 U/1(25 U/g dcw) for GDH were measured respectively after two
days incubation in shake flasks.

These expression levels need to be improved for industrial pro-
duction. However, the production could be improved many fold
as shown for tannase production in A. adeninivorans [21] where a
31.6-fold increase in the production of an over-expressed gene on
transfer from shake flask to bioreactor was demonstrated. Com-
bined with Arxula’s capacity to use a broad range of substrates, this
strain should offer an inexpensive method to produce the enzyme.

Extract of transformants co-expressing RrADH-6H and BmGDH
was used for the synthesis of 1-(S)-phenylethanol. 40 mM ace-
tophenone was completely reduced within 150min producing
75.0mg 1-(S)-phenylethanol, which is a yield of 76%, with a
chemical purity of 98.3+0.76% which compares favorably with
commercially available 1-(S)-phenylethanol (99%). Yield was
increased in a second extraction step to 93.2%. This level of yield
suggests that the substrate was exclusively reduced to 1-(S)-
phenylethanol by RrADH. Cross reactivities of enzymes from the
crude extract with acetophenone can be excluded because, if this
were the case, the yields would be lower.

Hummel [12] used ADH from L. brevis in combination with
commercially available GDH, 0.5 U/ml of both enzymes, to com-
pletely reduce 8.6mM of 10mM acetophenone to produce
1-(S)-phenylethanol which is comparable to our results. However
a higher product concentration of 16.8 g/l and a space time yield of
2.8 g/l/h were reached for the reduction of diacetyl in batch conver-
sions with whole E. coli cells expressing ADH and GDH [35] with a
yield of 85.4%. To reduce higher substrate concentrations, a titration
system is needed to neutralize accumulating gluconic acid from
hydrolysis of glucono delta-lactone. Otherwise the pH drops and
the enzymes become inactivated.

5. Conclusion

RrADH expressed in A. adeninivorans was used for the synthe-
sis of enantiomerically pure 1-(S)-phenylethanol using isopropanol
for substrate coupled regeneration of NADH. RrADH was also co-
transformed with BmGDH to give coupled regeneration of NADH
so that it was possible to cultivate a single strain to perform the
conversion of acetophenone to 1-(S)-phenylethanol.

Acetophenone reduction by substrate regeneration was 90%
incomplete, whereas the co-transformed cell-coupled regeneration
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led to the complete reduction of acetophenone producing 1-(S)-
phenylethanol with 98.3% purity, which could be isolated in one
extraction step with a 76% yield. A second extraction step increased
yield to 93%.
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An Arxula adeninivorans strain co-expressing ADH of Rhodococcus ruber and GDH of Bacillus megaterium,
coding for (S)-specific alcohol dehydrogenase (ADH) and glucose dehydrogenase (GDH) respectively, was
used for the synthesis of enantiomerically pure 1-(S)-phenylethanol as permeabilized yeast cells (PC),
permeabilized immobilized cells (PIC) or immobilized crude extract (IE). Permeabilization was achieved
with Triton X-100 and resulted in cells that had the same activity as crude extract.

Calcium alginate immobilization allowed the entrapment of enzymes and PIC, which resulted in a gain
of 60 and 82% activity respectively compared to crude extract.

All enzyme preparations were used in successive reaction cycles. PC and IE lost activity after 10 reac-
tions whereas PIC were active with over 80% activity for 28 cycles. After 5 PIC catalyzed reactions, 94.8%
chemically pure 1-(S)-phenylethanol with ee of =99% was isolated, which is a conversion of 79.6% of the
substrate, acetophenone. Furthermore the reaction medium containing BIS-TRIS buffer could be regen-
erated by the addition of Ca(OH),, which precipitated calcium gluconate and restored full buffering
capacity.

Stability is a key factor for the cost-effective use of an enzyme system in industry and these results
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indicate that A. adeninivorans PIC will be useful for the synthesis enantiomerically pure alcohols.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

The two enantiomers of a chiral compound have the same
structure, and physical and chemical properties, but have differ-
ent biological activities depending on their stereochemistry, which
makes the use of enantiomerically pure alcohols necessary for spe-
cific reactions [1,2]. The production of chiral alcohols catalyzed by
alcohol dehydrogenases is thus preferable because the reaction is
usually highly enantioselective. Carbonyl compounds are reduced
stereoselectively by NADH, which can then be regenerated by glu-
cose dehydrogenase (GDH) [3,4] to give a self-sustaining process.

The advantage of the GDH coupled synthesis is the irreversible
regeneration reaction: NAD"* is reduced to NADH and glucose is

* Corresponding author at: Leibniz Institute of Plant Genetics and Crop Plant
Research (IPK), Corrensstr. 3, D-06466 Gatersleben, Saxony-Anhalt, Germany.
Tel.: +49 39482 5247; fax: +49 39482 5366.
E-mail address: kunzeg@ipk-gatersleben.de (G. Kunze).
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oxidized to glucono delta-lactone, which hydrolyzes spontaneously
to gluconic acid [5]. Gluconic acid, however, lowers the pH [3],
which leads to inactivation of the enzymes and oxidation of NADH
|6], requiring the use of low substrate concentrations of 5 to 20 mM
in synthesis using isolated enzymes. Control of pH e.g. with sodium
hydroxide [3] or the use of high molar buffers can increase the prod-
uct concentrations, but it requires enzymes that are salt-tolerant.

Immobilization of the enzymes on insoluble supports to reduce
costs and improve enzyme stability, is common e.g. covalent
immobilization on agarose or sepabeads [7,8], adsorption on sil-
ica, polyamide, celite or glass beads [9,10] and encapsulation of
enzymes or cells in alginate [11,12]. Alternatively cells, either
intact or permeabilized, can be used instead of isolated enzymes
[3,13-16], which avoids enzyme extraction, purification and immo-
bilization.

In this work Rhodococcus ruber alcohol dehydrogenase and
Bacillus megaterium glucose dehydrogenase synthesized in a
recombinant Arxula adeninivorans strain were used to synthe-
size enantiomerically pure 1-(S)-phenylethanol. The synthesis was
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done with isolated and immobilized enzymes, permeabilized cells
and permeabilized cells immobilized in calcium alginate. The
longevity of each of the catalysts was monitored to determine the
method that would be most suitable for use in industrial produc-
tion.

2. Materials and methods
2.1. Chemicals

Chemicals were purchased as follows: 1-(S)-phenylethanol, 1-
(R)-phenylethanol were from Acros (Germany). Acetophenone was
from Sigma (Germany) and NADH and NAD* from Roth (Germany).

2.2. Strains and culture conditions

A. adeninivorans MS1006/YRC104-BmGDH - YIC102-RrADH-6H
derived from the wild type strain A. adeninivorans LS3 [17] was used
for the synthesis of recombinant alcohol dehydrogenase (ADH) and
glucose dehydrogenase (GDH) [18].

Shake flask cultivation was done in 100mL YEPD (Sigma,
Germany) flasks at 30°C for 48 h, 180rpm. Cells were harvested
by centrifugation (5 min, 5000 x g) and washed with water.

In order to permit precise control of cultivation conditions and
to optimize recombinant RrADH and BmGDH production, fed batch
fermentation was carried out in 2 L volumes (2.5 L bioreactor Lab-
fors, Infors, Germany). Fermentations were performed in 2 x YP 3%
glucose media at 30°C, pH 7. The initial aeration rate was adjusted
to 1.1-1.25vvm (2.5Lmin~! compressed dry air), Oxygen partial
pressure in the medium was held at 40% pO, by a stirrer cascade
(two Rushton 6-Blade Impellers). During the entire process, the
temperature and the pH were kept constant at 30°C and pH 7.0.
The pH was controlled using 40% phosphoric acid and 12.5% ammo-
nium stock solution. An antifoam agent (Struktol ]670, Schleicher
& Schuell, Germany) was added manually as required. Fermenta-
tion was started by inoculation with a seed culture [100 mL culture
grown in a 500-mL shake flask for 24 h at 30°C, and 180rpm in
YP 2% glucose]. After 19 h growth the glucose initially present in
the bioreactor medium was completely consumed. At this point,
continuous carbon source feeding was started by injecting glucose
(2.0g glucose L' h~1) from a 70% (w/v) glucose stock solution and
cultivation continued for 53 h.

2.3. Disruption of yeast cells for crude extract production

The cells were resuspended in 1/4 of the culture volume of
100 mM sodium phosphate buffer pH 6.5 unless otherwise stated
and mechanically disrupted using silica beads and a Mixer Mill
MM400 (RETSCH, Germany) operated for 3min at a vibrational
frequency of 30s~!. Cell debris was removed by centrifugation
(10min, 16,000 x g).

2.4. Permeabilization of yeast cells by Triton X-100

Yeast cell permeabilization by Triton X-100 was a modification
of Miozzari et al. [19]. Cells were harvested (5 min, 5000 x g) and
the washed cell pellet was resuspended at ODgpg =20 in 100 mM
sodium phosphate buffer pH 7.5 +0.025% Triton X-100. The suspen-
sion was frozen in liquid nitrogen and stored at —20°C over night.
Before use, the cells were thawed at room temperature, centrifuged
(5min, 5000 x g) and washed once with water.

2.5. Immobilization in calcium alginate

Immobilization of crude extract and permeabilized cells used
a procedure that is a modification of the method described in

Jobanputra et al. [20], Talekar and Chavare [21] and Anwar et al.
[22]. Permeabilized cells were mixed 1:1 with 3% (w/v) sodium
alginate and dropped in 50 L volumes into cold stirred 1% (w/v)
calcium chloride. Curing time was 60min for crude extract and
150 min for permeabilized cells. The beads were collected in a suc-
tion filter and washed three times with distilled water. Immobilized
crude extract was prepared in the same manner.

2.6. Determination of synthetic activity

The synthetic activity of enzyme preparations was determined
by measuring synthesized 1-(S)-phenylethanol concentration. This
was done in 500 L at 40°Cin 50 mM sodium phosphate buffer, pH
6.5, for the enzyme extract and PC or in 50 mM TRIS-HCl pH 7 for
PIC and IE. 20 mM acetophenone, 1 mM NAD* and 100 mM glucose
were used as substrates for regeneration by BmGDH. The reaction
was started by the addition of enzymes and incubated at 40 °C with
shaking.

A volume of 400 p.L was taken directly from supernatant (PC
were centrifuged at 16,000 x g, 2min) for extraction with 100 j.L
ethyl acetate. Phases were separated by centrifugation for 5 min,
16,000 x g and the upper phase was analyzed by GC-FID (Supelco 3-
DEX™ 110Lx LD. 30 m x 0.25 mum, dy 0.25 um, Sigma, Germany).
After 1min at 110°C, the temperature was ramped to 160°C at
5°Cmin~!, Detection temperature was 220°C, The % content of 1-
(S)-phenylethanol was calculated from the ratio of acetophenone
to 1-(S)-phenylethanol recovered. 1-(S)-phenylethanol and 1-(R)-
phenylethanol from Acros (Germany), which had retention times
of 8.8 and 8.6 min, were used as controls.

2.7. Time-course of 1-(S)-phenylethanol synthesis by crude
extract, PC, PIC and IE

Crude extract was produced by disrupting a cell pellet from
12.3mL of bioreactor culture in 2.7mL 0.1 M NaCl as described
in Section 2.3. Crude extract, diluted 1:2, was immobilized as
described in Section 2.5.

A cell pellet from 12.3mL culture was permeabilized as
described in Section 2.4 (in 72mL 100mM sodium phosphate
buffer pH7.5 +0.025% Triton X-100). PC were centrifuged (5000 x g,
5min), adjusted to 6 mL with water and mixed with 3g 3% (w/v)
sodium alginate solution for immobilization as described in Section
2.5.

250 L crude extract, 250 pL PCor 10 PIC or IE beads, which are
equivalent to 511 L culture (38.3 mgdcw) were used for 500 wL
synthesis reactions. Synthesis of 1-(S)-phenylethanol was with
40 mM acetophenone, 200 mM glucose, 200 mM BIS-TRIS pH 7 and
1mM NAD*. At various time intervals, soluble fractions of the
reactions were prepared for 1-(S)-phenylethanol determination as
described in Section 2.6.

2.8. Determination of process stability

PC, IE and PIC were used repeatedly for the synthesis of 1-(S)-
phenylethanol for 2 h.

After each reaction cycle immobilisates were collected in a suc-
tion filter and washed with distilled water.

PCs were washed once with 1mL water and centrifuged
(5000 x g, 5min). The activity of the enzyme preparations were
determined and compared with the activity observed in the first
cycle and expressed as a % of the initial synthetic activity.

2.9. Synthesis of 1-(S)-phenylethanol over 5 reaction cycles

PICs were prepared as described in Sections 2.4 and 2.5 using
20.44mL (1.53 gdcw) culture for 20 mL reaction. Synthesis was
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done in 200 mM BIS-TRIS buffer pH 7 with 200 mM glucose, 1 mM
NAD* and 1% CaCl; with 40mM acetophenone at 40°C for 2h
with shaking. Progress of the reaction was monitored by TLC (Poly-
gram SIL G/UV3s54) using heptane-ethyl acetate (7:3) as the mobile
phase and 1% 4-methoxybenzaldehyde, 4% sulphuric acid, and 93%
ethanol for development. The reaction mixture was filtered using a
60 mL syringe cartridge to remove PICs. The product was extracted
from the filtrate with 20mL dichloromethane and centrifuged
(7000 x g, 15 min). The aqueous phase (20 mL) was incubated at
room temperature until dichloromethane was volatilized and a sec-
ond reaction cycle was initiated by the addition of 180 mg glucose,
29.4mg calcium hydroxide, 13 mg NAD*, 96.1 pL acetophenone
and PICs to the aqueous phase. This procedure was repeated 4
times. Analysis was performed by GC-FID as described in Section
2.6 and product purity was determined by comparison with a 1-
(S)-phenylethanol standard.

3. Results

3.1. Optimization of cell permeabilization and calcium alginate
entrapment of crude extract and permeabilized cells

A. adeninivorans MS1006/YRC104-BmGDH - YIC102-RrADH-6H
cells were permeabilized with 0.025% Triton X-100. The synthetic
activity of the permeabilized cells was 113% of the activity of the
crude extract.

Freezing cells in buffer led to a relative activity of 80% and live
cells which were not treated with Triton X-100 had an activity of
26% of the activity of the crude extract (data not shown).

Entrapment of crude extract and permeabilized cells in calcium
alginate resulted in around 60% of the synthetic activity of the crude
extract and 80% for PIC respectively.

3.2. pH optimization of the synthesis reaction

Synthesis of 1-(S)-phenylethanol was evaluated at different pH
values (Fig. 1). Sodium phosphate buffer was used for the free
enzymes and PC, and BIS-TRIS or TRIS-HCl for the immobilisates for
testing the pH range of 6-8. In all cases the pH optimum was found
to be 7 with a decrease of 22% for the non-immobilized enzymes
and cells at pH 8 and decreases of 37% for IE and 51% for the PIC at
the same pH.

3.3. Time-course of 1-(S)-phenylethanol synthesis

Synthesis of 1-(S)-phenylethanol catalyzed by crude cell extract,
PC, IE and PIC prepared from 38.3 mgdcw of MS1006/YRC104-
BmGDH - YIC102-RrADH-6H was monitored over time (Fig. 2). The
most rapid acetophenone reduction was 53.4% in 10 min, observed
when PC were used for synthesis whereas only 34.1 and 27.7% 1-
(S)-phenylethanol was synthesized by the crude extract and PIC in
the same period. This is a decrease in synthetic activity of 63.9 and
51.9%, respectively compared with PC synthesis. The activity of IE
was lower with only 20% 1-(S)-phenylethanol being produced in
10 min.

All reactions were nearly completed after 60 min, except for IE
which needed a further 60 min to achieve synthesis of 95% 1-(S)-
phenylethanol.

3.4. Stability during synthesis

The process stability was tested for IE, PC and PIC by determin-
ing synthetic activity at 2 h intervals (Fig. 3). Immobilisates were
stabilized by the addition of 1% CaCl, which had only minor effects
on synthetic activity.
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by A. adeninivorans MS1006/YRC104-BmGDH - YIC102-RrADH-6H crude extract
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IE and PC were stable for 4 reaction cycles with an activity of
~89% which then decreased linearly so that after 10 cycles only
20% activity remained. In comparison, activity increased from 100
to 160% for PIC after the first reaction cycle and then decreased
slowly to 30% activity after 53 reaction cycles. The stability of PIC
was thus around 5 times higher than for IE and PC.

3.5. Synthesis of 1-(S)-phenylethanol in 5 reaction cycles

Five reaction cycles, as described in Section 2.9, were performed
with 40 mM acetophenone in 20mL. pH decreases after 120 min
reaction was corrected by the addition Ca(OH);. The next reaction
cycle was started by adding glucose, NAD* and acetophenone.

After 5 cycles 410.7 mg product was isolated using a single
extraction step. Purity of 1-(S)-phenylethanol was 94.8 + 0.07% and
an ee of =99% which is a yield of 79.6%.

4. Discussion

In our previous work A. adeninvorans strain MS1006/YRC104-
BmGDH - YIC102-RrADH-6H co-expressing R. ruber ADH and B.
megaterium GDH was used for the synthesis of enantiomerically
pure 1-(S)-phenylethanol [18]. Up to now crude extract was only
used for one synthesis reaction of 40 mM acetophenone. To increase
the productivity enzyme preparations have to be used, e.g. as
immobilized enzymes or cells which can be isolated after the reac-
tion by centrifugation or filtration and can then be used for further
synthesis.

Cell permeabilization was done with Triton X-100 described by
Miozzari et al. [19] and yielded 13% higher synthetic activity than
crude extract, which is consistent with Miozzari et al. [19], who
reported that for several differentenzymes, up to 170% higher activ-
ity was achieved with permeabilized Saccharomyces cerevisiae cells.
Freezing and thawing cells resulted in 80% activity compared to
crude extract, which was in contrast to Miozzari et al. [19], who
achieved only 17-19% activity.

A yield of 60% for the crude extract was found, which was
attributed to insufficient retention of the enzymes. This is how-
ever an improvement over immobilization crude extract which
only gave 45% activity reported by Anwar et al. [22] but not as good
as the 100% activity reported by Talekar and Chavare [21]. Crude
extract activity decreased with increasing concentration because
of the lower capacity for the enzyme to become soluble.

Calcium alginate entrapped cells had an activity of 80% com-
pared to PC. However, increasing cell density in the beads decreased
activity to 52 or 81% compared to PC respectively and was (proba-
bly) due to the higher cell density decreasing diffusion velocity.

Entrapped crude extract or PC beads can be charged either pos-
itively or negatively which changes the microenvironment around
the active site [23] resulting in a shift of the pH optimum, however
the pH optimum did not change with immobilization, which agrees
with Anwar et al. [22]. Others have reported a slight pH optimum
increase on immobilization [20,21].

PC and IE were reused, after recovery by centrifugation or fil-
tration, over 10 reaction cycles. Activity decreased slowly to 20
and 15% respectively, which was comparable with immobilized a-
amylase [21], but better than rifamycin oxidase and proteases from
Bacillus subtilis KIBGE-HAS, which were not reusable after 3 cycles
[20,22]. Considerably higher stability was found for PIC. As for IE
there was an initial increase in activity, perhaps due to overcom-
ing a diffusion barrier. The activity decreased over 53 cycles to 20%,
which was 5 times more stable than permeabilized cells.

Other authors reported the synthesis of up to 144gL-1d~!1-
(R)-phenylethanol with Lactobacillus brevis ADH in combination
with electrochemical regeneration of NADPH mediated by a

rhodium complex [24] or 88 gL~ d~! 1-(S)-phenylethanol with by
Rhodococcus erythropolis ADH coupled with FDH [25]. [f we extrapo-
late the productivity for 1-(S)-phenylethanol a theoretical yield of
58.64gL ' d~1 1-(S)-phenylethanol can be achieved within 1 day
by 1L culture, which is comparable.

The reaction mixture could be reused by adding Ca(OH); to the
mixture to restore pH allowing the repeated synthesis of enan-
tiomerically pure 1-(S)-phenylethanol with a chemical purity of
94.8% and an ee of =99%. This is a yield of 79.6% of the initial
acetophenone concentration.

In addition other substrates such as ethyl 4-chloroacetoacetate,
2-octanone, 2-fluoro-acetophenone or 6-methyl-5-heptene-2-on
have already been synthesized by RrADH, making the procedure
described here suitable for further ketone reductions [18,26-28].

5. Conclusion

A. adeninivorans MS1006/YRC104-BmGDH - YIC102-RrADH-6H
strain can be used for the complete reduction of more than 40 mM
acetophenone, if it is used as permeabilized cells, calcium alginate
immobilized crude extract or permeabilized cells. The latter had the
highest stability and can be used for 20 cycles without activity loss,
which would result in 800 mM 1-(S)-phenylethanol in 40 h, Cal-
cium alginate embedded permeabilized yeast cells are 5 times more
stable than PC and IE. The expensive reaction medium containing
BIS-TRIS buffer can be regenerated by the addition of Ca(OH); to
precipitate calcium gluconate which results in reinstatement of full
buffering capacity.

The application of A. adeninivorans MS1006/YRC104-BmGDH -
YIC102-RrADH-6H PIC in bioreactor or continuous reaction systems
can now be realized. The fact that the enzymes in permeabilized,
immobilized A. adeninivorans cells have high stability suggests the
system may be adapted for use with other enzymes.
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Abstract The yeast Arxula adeninivorans was used for the
overexpression of an ADH gene of Lactobacillus brevis cod-
ing for (R)-specific alcohol dehydrogenase (LbADH) to syn-
thesise enantiomerically pure 1-(R)-phenylethanol. Glucose
dehydrogenase gene from Bacillus megaterium (BmGDH) or
glucose 6-phosphate dehydrogenase of Bacillus pumilus
(BpG6PDH) were coexpressed in Arxula to regenerate the
cofactor NADPH by oxidising glucose or glucose 6-phosphate.
The yeast strain expressing LbADH and BpG6PDH produced
5200 U I'" ADH and 370 U I'" G6PDH activity, whereas the
strain expressing LbADH and BmGDH produced 2700 U 1!
ADHand 170 UT"' GDH activity. However, the crude extract of
both strains reduced 40 mM acetophenone to pure 1-(R)-
phenylethanol with an enantiomeric excess (ee) of >99 % in
60 min without detectable by-products. An increase in yield was
achieved using immobilised crude extracts (IEs), Triton X-100
permeabilised cells (PCs) and permeabilised immobilised cells
(PICs) with PICs being most stable with GDH regeneration over
52 cycles. Even though the activity and synthesis rate of 1-(R)-
phenylethanol with the BpG6PDH and LbADH coexpressing
strain was higher, the BmGDH-LbADH strain was more stable
over successive reaction cycles. This, combined with its higher
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total turnover number (TTN) of 391 mol product per mole
NADP™, makes it the preferred strain for continuous reaction
systems. The initial non-optimised semi-continuous reaction
produced 9.74 ¢ 17" day " or 406 g kg dry cell weight (dew)
day " isolated 1-(R)-phenylethanol with an ee of 100 % and a
TTN of 206 mol product per mole NADP". In conclusion,
A. adeninivorans is a promising host for LbADH and
BpG6PDH or BmGDH production and offers a simple method
for the production of enantiomerically pure alcohols.

Keywords 1-(R)-Phenylethanol - Lactobacillus brevis ADH -
Bacillus megaterium GDH - Bacillus pumilus BpG6PDH -
Arxula adeninivorans - Cell permeabilisation - Calcium
alginate immobilisation

Introduction

Although two enantiomers of a chiral compound have the
same structure and physical and chemical properties, they
have different biological activities depending on their stereo-
chemistry, which makes the use of enantiomerically pure
alcohols necessary for use in the fine chemical and pharma-
ceutical industries (Meyer 2010; Wohlgemuth 2011).
Enantiomerically pure alcohols, which cannot be produced
by chemical synthesis, can be synthesized by biocatalysts such
as alcohol dehydrogenases (ADH), which react stereospecif-
ically (Hummel 1990; Leuchs and Greiner 2011; Wolberg
et al. 2000; DauBmann et al. 2006; Rosen et al. 2004). The
easiest and oldest method for producing ADHs is through the
use of wild-type cells of an organism producing it innately.
This avoids compliance with the regulations governing the use
of genetically modified organisms but has the problem of low
yields. (S)-configured I-arylethanols can be synthesized by
fermentative reductions by Saccharomyces cerevisiae, but the
yields are only low to moderate with an enantiomeric excess
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(ee) of 82 to 96 % (Csuk and Glanzer 1991; Aragozzini et al.
1968; Meese 1980).

Higher yields and product purities have been obtained
using genetically modified organisms overexpressing an
ADH gene or enzymes isolated from those organisms.
Bacterial ADHs are most often produced in Escherichia coli
(Isotani et al. 2012; Zhou et al. 2013; Li et al. 2012) due to its
capability to produce proteins in high concentrations, in a
short time and at low cost. In addition, endogenous ADHs
have low activities so that modified £. coli can be easily used
as whole-cell catalysts with high yields and ee without the
problem of by-products (Hildebrandt et al. 2002).

Rarely are yeasts used as a host system for bacterial proteins,
because they need more complex media and grow more slowly.
However, the non-conventional yeast Arxula adeninivorans is
an excellent host for the production of a variety of proteins,
which is attributed to its excellent growth characteristics and its
ability to use a wide spectrum of carbon and nitrogen sources.

A. adeninivorans has already been used for the expression
of the ADH gene of Rhodococcus ruber and a recombinant
strain coexpressing RrADH and Bacillus megaterium GDH
was used for the synthesis of enantiomerically pure 1-(S)-
phenylethanol (Giersberg et al. 2012; Rauter et al. 2014a).

In the present work, the (R)-selective ADH of Lactobacillus
brevis was expressed in Arxula for the synthesis of
enantiomerically pure 1-(R)-phenylethanol. ADH from
L. brevis is a versatile enzyme, which catalyzes the reduction
of carbonyl compounds stereoselectively by oxidising the co-
factor NADPH. 1t is currently used for the synthesis of methyl
(R)-3-hydroxybutanoate, tert-butyl (S)-6-chloro-5-hydroxy-3-
ketohexanoate and fluorinated hydrins (Wolberg et al. 2001,
2008; Borzecka et al. 2013). It has a broad substrate spectrum
which includes aromatic ketones and keto-esters and is the
reason for the growing interest in the ADH of L. brevis as a
catalyst for other redox reactions (Leuchs and Greiner 2011).

Different cofactor regeneration systems such as GDH of
B. megaterium and G6PDH of Bacillus pumilus, which recycle
NADPH using glucose or glucose 6-phosphate as substrates
(Kizaki et al. 2001; Weckbecker and Hummel 2005a) were used
by coexpressing these genes with LbADH in A. adeninivorans.
The resulting crude extract (CE), immobilised crude extract
(ICE), permeabilised cells (PCs) and permeabilised
immobilised cell (PIC) of the yeast strains were analysed for
stability to establish their suitability for industrial application
and a semi-continuous reactor system was tested.

Materials and methods
Chemicals

1-Phenylethanol, 1-(S)-phenylethanol and 1-(R)-
phenylethanol were purchased from Acros (Germany).
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Acetophenone was from Sigma (Germany). NADP',
NADPH, calcium alginate, calcium hydroxide and glucose
6-phosphate were purchased from Roth (Germany). Glucose
and calcium chloride (water-free) was from Applichem
(Germany). 1-Heptanol was purchased from Merck
(Germany).

Strains and culture conditions

E. coli XL1 blue [recAl, endAl, gyrA96, thi-1, hsdR17,
supE44, reldl, lac [F’proABlacl q Z DMI15 Tnl0 (Tetr)],
obtained from Invitrogen (USA), served as the host strain
for bacterial transformation and plasmid isolation. The strain
was grown on LB medium (Sigma, USA) supplemented with
75 mg 1" ampicillin (Applichem, Germany) or 75 mg 1!
kanamycin (Roth, Germany) for selection.

The wild-type Arxula strain, LS3, was originally isolated
from wood hydrolysate in Siberia and deposited as
A. adeninivorans SBUG 724 into the strain collection of the
Department of Biology of the University of Greifswald
(Kunze and Kunze 1994). Auxotrophic mutants
A. adeninivorans G1212 [aleu2 ALEU2::atrpl] (Steinborn
et al. 2007), G1216 [aleu? ALEU2::aade2?] (Alvaro-Benito
et al. 2012) and MS1006 [aleu2 ALEU2::atrpl
ALEU2::aade2] (Rauter et al. 2013) were used as host cells.
All strains were grown in 100 ml of broth in 500-ml shake
flasks at 30 °C, 180 rpm, either under non-selective conditions
in a complex medium (YEPD) or selective conditions in yeast
minimal medium supplemented with 20 g 1" glucose as car-
bon source and 43 mM NaNO; (YMM-—glucose-NaNQO,) as
nitrogen source (Tanaka et al. 1967; Rose et al. 1990). Agar
plates were prepared by adding 16 g I'' agar to the liquid
medium.

Transformation procedures, recovery of stable
A. adeninivorans strains and isolation of nucleic acids

E. coli and A. adeninivorans cells were transformed according
to Boer et al. (2009a). Stable yeast transformants were obtain-
ed after passaging on selective and non-selective media
(Klabunde et al. 2003). MS1006/YRC104-BmGDH-
YRC102-2LbADH (strain A) and MS1006/YRC104-
BpG6PDH-YIC102-2LbADH (strain B) transformants were
stabilised twice, once after transformation with the gene of the
regenerating enzyme and then after integration of LbADH into
the yeast genome. Isolation of plasmid DNA and DNA re-
striction were carried out as described previously (Wartmann
et al. 2003).

Construction of LbADH and BpG6PDH expression plasmids

Plasmids were constructed to enable the expression of LbADH
(accession no. LK055285) and BpG6PDH (accession no.
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LK055287) genes in 4. adeninivorans G1212 or G1216. The
open reading frame (ORF) (using optimized codon usage for
A. adeninivorans), fused with a His-tag encoding sequence at
the 3" end and £coRI and BamHI restriction sites at the 5’ and
3" ends, respectively, was purchased from GeneArt. PCR was
done with gene-specific primers on the GeneArt template to
produce the ORF of LbADH gene and BpG6PDH gene with-
out a His-tag (LbADH: primer 1, 5-GCCGAATTCATGTCT
AACCGACTG-3', nucleotide positions 1-15, EcoRI restric-
tion site i bold type, and primer 2, 5'-GCCGGATCCCTAC
TGAGCAGTG-3", nucleotide positions 756777, BamHI re-
striction site in bold type; BpG6PDH: primer 1, 5'-
GCCGAATTCATGAACACCGAGACT-3', nucleotide posi-
tions 1-15, EcoRI restriction site in bold type, and primer 2,
5-GCCGGATCCCTAGATGTTCCACC-3', nucleotide po-
sitions 1472-1494, BamHI restriction site in bold type).

The EcoRI-BamHI gene fragments, which correspond to the
complete ORF, were inserted into the plasmid pBS-TEF1-
PHOS3-SS (flanked by Spel-Sacll restriction sites) and in the case
of LbADH also into pBS-TEF1-PHO5-SA (flanked by Apal-
Sall restriction sites) between the A. adeninivorans-derived
TEFI promoter and the S. cerevisiae-derived PHOS terminator
(Boer et al. 2009b).

Construction of plasmids with the different expression
modules, required the insertion of TEFI promoter—gene—
PHOS terminator flanked by Spel-Sacll and in LbADH,
Apal-Sall restriction sites, into the Xplor2.2 or 2.4 plasmid
to generate Xplor2.2-TEF1-(2)LbADH-PHOS and Xplor2.4-
TEF1-BpG6PDH(—6H)-PHOS. The 25S ribosomal DNA
(rDNA) target sequences were interrupted by the selection
marker modules (ATRPIm for Xplor2.2 and AADE?2 for
Xplor2.4) and Eco4 711, Spel, Sacll, Sall, Apal multicloning
restriction sites for insertion (Alvaro-Benito et al. 2012).
Xplor2.2-2TEF1-LbADH-PHOS was constructed by
inserting the LbADH expression module flanked by 4pal-
Sall into Xplor2.2-TEF1-LbADH-PHOS.

Xplor2.2-TEF1-(2)LbADH-PHOS5 and Xplor2.4-TEF1-
BpG6PDH-PHOS5 or Xplor2.4-TEF1-BmGDH-PHOS
(Rauter et al. 2014a) were used to coexpress LbADH and
BmGDH (accession no. LK055286) or BpG6PDH gene in
A. adeninivorans MS1006.

Screening of LbADH, BpG6PDH and BmGDH expressing
transformants

After stabilization, transformants were cultivated for 48 h in
1.5 ml YMM-glucose-NaNO; at 30 °C and 200 rpm. One
milliliter of culture was harvested (4600xg, 5 min), and the
pellet was washed with water. The cells were disrupted in
100 mM sodium phosphate buffer pH 7.5 by silica beads using
Mixer Mill MM400 (RETSCH) for 3 min, vibrational frequen-
cy of 30 s . After elimination of cell debris (10 min, 16000xg),
soluble intracellular proteins in the supernatant were tested for
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ADH and GDH or G6PDH activity as described in “Assay for
determination of ADH, GDH and G6PDH activity”.

Production of crude extracts

The production of LbADH, BpG6PDH and BmGDH
was achieved by culturing strains A, B, C (G1212/
YRC102-LbADH) and D (G1216/YRC104-BpG6PDH),
in 100-ml YEPD shake flasks for 48 h at 30 °C,
180 rpm. Cells were harvested by centrifugation
(5 min, 5000%g) and washed with water and were
mechanically disrupted in 10 ml (1/10 of the culture
volume) of 20 mM sodium phosphate buffer pH 6.5 as
described in "Screening of LbhADH, BpG6PDH and
BmGDH expressing transformants".

Assay for determination of ADH, GDH and G6PDH activity

The assay for the determination of the ADH oxidation
activity was performed in 50 mM sodium phosphate
buffer pH 7.5 containing the substrate 1-phenylethanol
(10 mM) and NADP" (1 mM). The activity of the best-
performing transformants (see “Coexpression of LbADH
with BmGDH or BpG6PDH in A. adeninivorans™) over
different incubation periods was determined for the re-
duction reaction with acetophenone (10 mM) and
NADPH (0.4 mM) in sodium phosphate buffer pH 6.5.
The reaction was monitored for 2.5 min at 340 nm,
30 °C. The change in absorbance was then converted
to reduced NADP" or oxidised NADPH concentration
using the Beer-Lambert equation (6=6200 M~' cm™'
for NADPH).

To establish GDH and G6PDH activity, 100 mM glu-
cose or 100 mM glucose 6-phosphate and 1 mM NADP"
in 50 mM sodium phosphate buffer pH 7.5 were used
unless stated otherwise. Reactions were started and mea-
sured as for ADH activity. Coexpression activity was
determined in 50 mM sodium phosphate buffer pH 6.5.
One unit of enzyme activity was defined as the amount of
enzyme required to reduce 1 pmol NADP' or oxidise
NADPH per minute at 30 °C.

Enzymatic synthesis of 1-(R)-phenylethanol

The enzymatic synthesis of 1-(R)-phenylethanol was done at
30°C in 500 pl of 50 mM Tris—HCI pH 8. Twenty millimolar
acetophenone, 1 mM NADP', | mM MgCl,, and 100 mM
glucose or glucose 6-phosphate were added to permit regen-
eration with BmGDH or BpG6PDH. Reactions were started
by the addition of enzymes, and at intervals, substrate and
product were extracted from 400 pl reaction mixture with 1/5
volume ethyl acetate. The phases were separated by centrifu-
gation for 5 min at 16,000xg, and the upper phase was
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analysed by GC-FID (Gas chromatography- Flame ionisation
detector, colum:Supelco 3-DEX™ 110 LxI.D. 30 mx
0.25 mm, dr 0.25 pum, Sigma, Germany). After 1 min at
110 °C, the temperature was ramped to 160 °C at
5°Cmin ', Detection temperature was 220 °C. The % content
of 1-(R)-phenylethanol was calculated from the ratio of
acetophenone to 1-(R)-phenylethanol recovered. The R-
configuration assessment of the enzymatically obtained 1-
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.

Cell permeabilisation and immobilisation

Yeast cell permeabilisation by Triton X-100 was a modifica-
tion of the method used by Miozzari et al. (1978). Cells were
harvested (5 min, 5000xg), and the washed cell pellet was
resuspended at an ODggp 0f 20 in 100 mM sodium phosphate
buffer pH 7.5+0.05 % Triton X-100 concentrations. The
suspension was frozen in liquid nitrogen and stored at
—20 °C overnight. Before use, the cells were thawed at room
temperature, centrifuged (5 min, 5000xg) and washed once
with water.

Immobilisation of CE and PCs used a procedure that
is a modification of the method described by Jobanputra
et al. (2011), Talekar and Chavare (2012) and Anwar
et al. (2009). CE or PCs were mixed 1:1 with 3 % (w/
v) sodium alginate and dropped in 50-pl volumes into
cold stirred 1 % CaCl,. Curing time was 60 min for
crude extract and 150 min for PCs. The drops were
collected in a suction filter.

Time course analysis of 1-(R)-phenylethanol synthesis by CE,
ICE, PCs and PICs

All synthesis of 1-(R)-phenylethanol was done in a
500 ul reaction volume. Crude extract was prepared
by disrupting 256 mg dry cell weight (dew) in 4 ml
20 mM sodium phosphate pH 6.5 as described in
“Production of crude extracts”, and 2 ml of the crude
extract was used for immobilisation. A cell pellet of
256 mg dew was permeabilised and resuspended in
4 ml water, and 2 ml of the suspension was
immobilised as described in “Cell permeabilisation and
immobilisation™.

Two-hundred-microliter crude extract, 250 pl PCs or 10
beads of PICs and IE (which are all equivalent to 16 mg dew
cells) were used for synthesis reactions with 40 mM
acetophenone, 200 mM glucose or 200 mM glucose 6-phos-
phate, 200 mM BIS-TRIS pH 7, 1 mM MgCl; and 1 mM
NADP™ as substrates. At various time intervals, soluble frac-
tions of the reactions were prepared for 1-(R)-phenylethanol
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determination as described in “Enzymatic synthesis of 1-(R)-
phenylethanol”.

Determination of process stability

PCs, PICs and IEs were prepared as described in “Time course
analysis of 1-(R)-phenylethanol synthesis” and used repeat-
edly over 1.5 h for the synthesis of 1-(R)-phenylethanol.

After each reaction cycle, immobilisates were collect-
ed in a suction filter and washed with distilled water.
PCs were washed once with 1 ml water and centrifuged
(5000%g, 5 min).

The synthetic activity of the enzyme preparations
were determined by taking 200 pl of the 700 ul of
the reaction solution after 15 min if regeneration was
done by BpG6PDH or after 20 min with BmGDH
regeneration and acetophenone and 1-(R)-phenylethanol
content was measured by GC-FID analysis as described
in “Enzymatic synthesis of 1-(R)-phenylethanol”. The
percentage of 1-(R)-phenylethanol produced in the time
interval was compared with that of the first cycle and
expressed as a % of the initial synthetic activity.

Semi-continuous synthesis of 1-(R)-phenylethanol

Semi-continuous synthesis of 1-(R)-phenylethanol was
done using PICs of strain A (see “Cell permeabilisation
and immobilisation”). PCs-sodium-alginate mixture at an
ODgoo nm 0f 100 was dropped through an aperture with
25 funnels, each of 1.2-mm diameter, into a stirred 1 %
CaCl, solution. The beads were washed and mixed with
the reaction solution containing 40 mM acetophenone,
200 mM glucose, 200 mM BIS-TRIS pH 7, 1 %
CaCly, 1 mM MgCl, and 0.25 mM NADP', The beads
and reaction solution was poured, avoiding air bubbles,
into a column and incubated for 60 min at room tem-
perature. Additional reaction mixture (700 ml) was then
pumped through the column at a flow of 0.55 ml min'
using a peristaltic pump. Exhausted reaction mixture
exited the column through a tube at its lower end and entered
the bottom of a second column filled with dichloromethane.
This arrangement allowed the product and not reduced
acetophenone to be extracted (Fig. 1). The exhausted reaction
mixture was distilled with a rotary evaporator to eliminate
dissolved dichloromethane and was recycled by the addition
of acetophenone and glucose at the concentration of synthe-
sized 1-(R)-phenylethanol and calcium hydroxide at half the
concentration of formed product for pH stabilization, before
using it for next reaction cycle.

After 300 h, dichloromethane from the second col-
umn was distilled and product was analyzed via GC-
FID as described in “Enzymatic synthesis of 1-(R)-
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Fig. 1 Reactor design for semi-
continous synthesis of 1-(R)-
phenylethanol
substrate
solution

phenylethanol”. Quantification was performed with 1-
heptanol as an internal standard.

Results
Expression of LbADH and BpG6PDH in A. adeninivorans

The Xplor®2 transformation/expression platform was used for
the generation of yeast strains producing LbADH, BmGDH
and BpG6PDH because it allows the construction of resis-
tance marker-free transformants (Boer et al. 2009a).

BpG6PDH and LbADH producing yeast strains were pro-
duced as described by Rauter et al. (2014a). This process
involves the ligation of the LbADH gene and ATRP1m or
BpG6PDH gene and AADE2 selection marker module.
Linearized DNA containing the expression and selection
marker module without rDNA sequences
(YIC102-(2)LbADH, YIC104-BpG6PDH(—6H)) or with
rDNA sequences (YRC102-(2)LbADH, YRC104-
BpG6PDH(—6H)) were integrated into the genome of the
auxotrophic mutant strains A. adeninivorans G1212 (atrpl)
or G1216 (aade?) (Fig. 2).

Both cassettes were successfully transformed into the par-
ent yeast strains and stabilized by passaging (see
“Transformation procedures, recovery of stable
A. adeninivorans strains and isolation of nucleic acids™ and
“Construction of LbADH and BpG6PDH expression
plasmids™).

———
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All yeast strains were grown in YMM-—glucose-NaNQO; at
30 °C for 48 h. Up to 1100 U I"' culture (0.7 U mg ™' protein)
ADH activity was detected in the soluble extract of strain C
but not in that of the G1212/YRC102 cells. Activity of crude
extract from BpGOPDH expressing strains was up to
1200 U T'! culture (1.6 U mg™! protein) irrespective of the
presence of a His-tag on C-terminus. This was three times
higher than the activity seen in the soluble extract from the
control strain G1216/YRC104 (430 U ! culture).

Synthesis of 1-(R)-phenylethanol

Glucose dehydrogenase from B. megaterium and glucose 6-
phosphate dehydrogenase from B. pumilus were tested as
NADPH regeneration systems.

Coexpression of LbADH with BmGDH or BpG6PDH
in A. adeninivorans

Cell-based production of 1-(R)-phenylethanol is less complex
if both LbADH and a gene for a regenerating enzyme
(BmGDH or BpG6PDH) are coexpressed in one cell so that
only one growth and disruption step is required.

The double-mutant A. adeninivorans MS1006 [atrpl,
aade?] was cotransformed with YRC104-BmGDH or
YRC104-BpG6PDH and YIC/YRC102-2LbADH or YIC/
YRC102-LbADH (Fig. 2, Rauter et al. 2013) to create recom-
binant yeast strains containing one or two copies of the
LbADH and either a BmGDH or BpG6PDH expression
module.
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Yic102 p
-2LbADH D\ ‘\l
PHOS5 LbADH  TEFIPHO5  LbADH TEF1 ALEU2 ATRPIm
ter. pro. ter. pro.
YRC102 . - N——
-2LbADH ! ' 4
d258 pHO5  LbADH TEF1 PHO5 LbADH  TEF1 ALEU2 ATRPIm  d25S
ONA-1 ter. pro.  ter. pro. rDNA-2
Yic104
-BmGDH or
-BpG6PDH PHO5 BmGDH or TEF1 AADE2
ter. BpG6PDH pro.
YRC104 r ‘
-BmGDH or m
-BpG6PDH d258 PHOS5 BmGDH or TEF1 AADE2 d25S
rDNA-1  ter. BpG6PDH pro. rDNA-2

Fig. 2 Physical maps of the YRC and YIC used for transformation of
A. adeninivorans MS1006. Cassettes contain the selection marker
ATRPIm fused to the ALEU2 promoter together with one or two copies
of the expression module (YIC102-2LbADH, YRC102-2LbADH) TEF1
promoter-LbADH gene—PHQOS5 terminator or AADE2 (YIC104-

Crude extracts from stabilised transformants were screened
for ADH and GDH or G6PDH activity. Transformants syn-
thesising both enzymes were able to oxidise 1-phenylethanol
and glucose or glucose 6-phosphate with NADP". The activity
of the control cells, MS1006/YRC104 — YRC102, trans-
formed with empty plasmids showed either no activity or in
the case of GOPDH, two to three times lower activity.

Strains A and B which had 2.2 and 3.67 U mg '
LbADH activity in their crude extracts were grown on
YEPD at 30 °C for 96 h and the dew, ADH, GDH or
G6PDH activity and the yield Y(P/X) were determined
each day (Fig. 3).

BmGDH/BpG6PDH, YRC104-BmGDH/BpG6PDH) with TEFI
promoter—-BmGDH/BpG6PDH gene—PHOS5. YRCs (A4scl fragments) are
flanked by 25S rDNA sequences for targeting, whereas YICs (Sbyl
fragments) contain only the selection marker and expression modules

ADH and BpG6PDH activities for strain B were twice the
level in strain A. The latter achieved a maximum 2700 U 1!
culture (330 U g ' dew) for ADH at 24 h of incubation,
whereas the activity of strain B continued to increase to a
maximum of 5200 U 1! (450 U ¢! dew) at 48 h and then
remained constant until the end of the experiment (Fig. 3a, c).
Dry cell weight increased slightly from the first to the second
day and then remained constant (Fig. 3b, d). The activity of
the regenerating enzymes was considerably lower than that of
ADH with 170 U I'" culture (16 U g ' dew) for GDH and
370 U1 (31 U g ! dew) for G6PDH activity. The GDH and
G6PDH to ADH ratios were 1 to 16 and 1 to 14, respectively.

(a) (b)
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Fig. 3 Time course plots of ADH and GDH or G6PDH activities of
transgenic A. adeninivorans strains, The transformants were cultured in
shake flasks for 96 h in YEPD at 30 °C, 180 rpm. At the indicated times,
2 ml aliquots of the culture were used for determination of biomass (dew
in g I'"), assay the intracellular soluble ADH and GDH or G6PDH
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activity (U I"' culture) and to calculate ADH and GDH or G6PDH
production, Y (P/X) (U g 'dew). ADH activity and Y (P/X) for strain
A are shown in a and for strain B in ¢; dew and GDH activity of strain A
are shown in b and dew and G6PDH activity of strain B d



Appl Microbiol Biotechnol

1-(R)-Phenylethanol synthesis with different enzyme
preparations

Acetophenone reduction is limited by its low solubility in
water, so reusability of the enzymes is necessary to gain higher
product yields in a one-phase water system. CE, IE, PCs and
PICs of the two yeast strains A and B were tested for the
synthesis of 1 -(R)-phenylethanol. A dew of 16 mg was used in
500 pl reactions, and the reaction was monitored over time
(Fig. 4).

CE, PCs and PICs of strain A reduced acetophenone more
rapidly than IE (4.4, 3.9 and 4.1 M product g ' dew h™! and
3.2 Mg " dew h™', respectively), i.e. a 52-58 % and a 43 %
conversion in a 20 min incubation (Fig. 4a).

Acetophenone reduction by CE and PCs from strain B had
similar efficiencies with 6.4 and 5.9 M 1-(R)-
phenylethanol g ' dew h™' with over 90 % of the substrate
being converted to 1-(R)-phenylethanol in 20 min. [E
catalysed the reduction of 4.7 M acetophenone g ' dew h™'
(80 % conversion), whereas PICs were slowest with 2.4 M g_'

—_
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Fig. 4 Synthesis of 1-(R)-phenylethanol by reduction of 40 mM
acetophenone. Enzyme preparations of a strain A and b strain B. CE
(black circles, solid line), 1Es (white circles, dashed line), PCs (black
squares, solid line) and PICs (white squares, dashed line)

dew h ™' (50 % conversion) in 20 min (Fig. 4b). After 60 min,
98 % of the substrate was converted to 1-(R)-phenylethanol
(ee >99 %) by all preparations.

Strain B, using G6PDH-coupled regeneration, had on av-
erage 1.5 times higher activity compared to strain A
coexpressing GDH. Maximum activities of 6.4 M g
dew h™! for strain B and 4.4 M g~ dew h™' for strain A were
obtained. The stability of the different enzyme combinations
was assessed (Fig. 5).

All immobilisates were stabilized by the addition of 1 %
CaCl,. Highest stability was found for strain A as PICs which
had an activity of over 80 % for 52 cycles, whereas strain B
catalyzed reactions could only be repeated 14 times. PCs of
strain A could be used 30 times, whereas activity ceased
within 14 cycles for IE of the strain A (Fig. 5a). IE and PCs
of strain B were 4.6 times less stable with an initial activity of
more than 80 % for three reactions (Fig. 5b) but decreasing
slowly over the next 8 or 16 cycles, respectively, until 1-(R)-
phenylethanol was no longer synthesised. PICs showed an
activity increase from 100 to 220 % after the first reaction,

()
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Fig. 5 Process stability of different enzyme preparations of strain A (a)
and strain B (b). Synthetic activity after each cycle of synthesis was
determined; 1Es (white circles, dashed line), PCs (black squares, solid
line) and PICs (white squares, dashed line). The synthetic activity before
starting synthesis reactions was set to 100 %
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which remained constant for 3 cycles and decreased within
12 cycles to 100 %. After 22 cycles, all immaobilisates were
practically inactive.

Efficiency of cofactor regeneration by GDH and G6PDH

Synthesis of 1-(R)-phenylethanol was done with different
activities of ADH and GDH or G6PDH in crude extracts from
strain C and G1216/YRC104-BmGDH or strain D (Fig. 6).
Regeneration by BpG6PDH is more efficient with up to 90 %
1-(R)-phenylethanol formed in 10 min. BmGDH regeneration
yield was 66 % in the same time.

Acetophenone reduction increased with the increase of
ADH or BmGDH/BpG6PDH activity. This increase is more
rapid with BpG6PDH than BmGDH, although product for-
mation is nearly the same in the saturation phase.

PICs of strain A and B were used for synthesis of 1-(R)-
phenylethanol with different cofactor concentrations (Tables 1
and 2). The NADP" cofactor concentration was 1 mM; how-
ever, this could decrease to 0.2 or 0.1 mM with activity
lowered to 71 and 47 % or 48 and 29 % in strain A and B,
respectively. Simultaneously TTN increases from 39 to 391 or
388 in strain A and B, respectively, because same product
concentration is formed after 24 h with less cofactor. An even
lower NADP" concentration of 0.01 mM increases TTN fur-
ther with up to 871 and 2066 for strain A and B, but the
activity is lower with 10 or 5 %, respectively.

In conclusion, product formation is faster if BpG6PDH is
used as regeneration system. However, strain A reduces
NADP" more efficiently at low concentrations (0.1 mM)
whereas strain B needs double cofactor concentrations to
achieve the same synthetic activity. The use of 0.1 mM
NADP" increases the TTN of around 40 to 400.

[
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W B U N ] 0D
(=) (=)
1

o
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[w=}
o
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—
o o

51 31 21 1:1 12 1:3 15
LbADH:BmGDH/BpG6PDH
Fig. 6 Efficiency of BnGDH and BpG6PDH regeneration, Synthesis of
1-(R)-phenylethanol by different ADH and BmGDH (black circles) or
BpG6PDH (black squares) concentrations of crude extract in 10 min.

Activities of 0.5 U BmGDH or BpG6PDH and 0.5 U LbADH were used
as 1:1 and were increased in 0.5 U steps
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Table 1  Activity, conversion and TTN of acetophenone reduction by
PICs of strain A

NADP®  Activity Activity 1-(R)-Phenylethanol ~ TTN
(mM) (Ug'dew) (%) (mM)

1 49.6 100.0 39.3:02 39
0.2 35.4 71.3 39.1+£02 196
0.1 237 47.7 39.1+0.1 391
0.05 16.0 323 16.5+0.3 329
0.01 4.8 9.7 8.7+0.1 871

Semi-continuous synthesis of 1-(R)-phenylethanol by PICs
of strain A

Synthesis of 1-(R)-phenylethanol was performed semi-
continuously by PICs of strain A as described in “Materials
and methods”. Cofactor concentration was reduced from 1 to
0.25 mM.

Conversion of acetophenone was 98 % after 60 min pre-
incubation of the immobilisates with substrate solution.
Continuous flow was then initiated, and samples were taken
daily from the dichloromethane column to track product en-
richment. After 300 h, 38.5 g product was isolated from
dichloromethane of which 12.78 g was 1-(R)-phenylethanol
(33.2 %). The space-time yield (STY) was 9.74 g I'* day ™" or
406 gkg ' dew day ! and a TTN of 206 mol product per mole
NADP" was achieved. The ee value was 100 %.

Discussion

The potential of L. brevis ADH for the synthesis of secondary
alcohols was discovered by Riebel (1996) and has been used
for a variety of industrial applications including biotranstor-
mations (Hummel and Riebel 1997; Hildebrand and Liitz
2006; Wolberg et al. 2000; Hummel 1997) reviewed by
Leuchs and Greiner (2011). However, the capacity of an
enzyme to synthesise is only one factor for its application,
with productivity and low costs being the determining factors.

Table 2 Activity, conversion and TTN of acetophenone reduction by
PICs of strain B

NADP" Activity Activity 1-(R)-Phenylethanol TTN
(mM) (Ug™dew) (%) (mM)

1 87.2 100.0 38.8+0.2 39
0.2 41.1 47.1 38.9+0.1 195
0.1 25.0 28.7 38.8+0.1 388
0.05 17.0 19.5 29.2+5.5 585
0.01 4.4 5.1 20.7+0.3 2066
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In this work LbADH was expressed in the yeast
A. adeninivorans and used for the synthesis of
enantiomerically pure 1-(R)-phenylethanol.

Highest activity in cells that coexpress BmGDH or
BpG6PDH for NADPH regeneration at pH 6.5 were
5200 U I'' (450 U g ' dew) for ADH and 370 U I'!
31U gf1 dew) for G6PDH activity. In contrast, ADH and
GDH activities of strain A were only 2700 U T 330 U g
dew) and 170 U 17! (16 U g™' dew), respectively. ADH
activity was around 15 times higher than that of GDH or
G6PDH. Weckbecker (2005) obtained the best yields of
ADH from Lactobacillus kefir, which also had between 3
and 10 times higher activity than GDH from Bacillus subtilis.

The ADH activities attained by transgenic
A. adeninivorans strains were 2 to 4 times higher than wild-
type L. kefir (1200 U 1" ADH) (Hummel 1997) and 15 to 28
times higher than RrADH producing A. adeninivorans strain
(183U 171) (Rauter et al. 2014a). Regenerating enzyme activ-
ity was 2.7 to 1.3 times lower with 170 or 370 U1 ', respec-
tively (Rauter et al. 2014a). Functionality of the different
enzymes was not only determined by observing NADH oxi-
dation assays, but also by product analysis with GC-FID.
Acetophenone was reduced completely and enantiomerically
pure 1-(R)-phenylethanol was detected.

There are no cross-reactions of the substrate acetophenone
with A. adeninivorans wild-type ADHs. In addition NADP"
reduction with G6PDH is supported by the yeast native en-
zymes, increasing G6PDH activity and regenerative capacity.

1-(R)-Phenylethanol synthesis by G6PDH-coupled regen-
eration was twice as fast as GDH-coupled regeneration be-
cause ADH and G6PDH activities in strain B were twice that
of crude extract from strain A, which agrees with Hummel’s
findings (Hummel 1990), who obtained three times more 1-
phenylethanol if NADP™ was reduced by glucose 6-phosphate
dehydrogenase than by glucose dehydrogenase.

In addition to the processes involved in the synthesis of 1-
phenylethanol, the economics of the process must be consid-
ered. Enzymes and the cofactor NADP" used for LbADH
conversions are expensive. A constraining factor in efficiency
of production is the limitation imposed by the relative insol-
ubility of l-phenylethanol in aqueous solution, which is
around 40 mM. Reactions in a water/organic solvent two-
phase system could be an alternative to the water system,
but often stability of cells is limited as observed by
Weckbecker and Hummel (2005b).

So, CE, IE, PCs and IPCs were reused by centrifugation or
filtration from the water system after one reaction cycle. The
recycled catalysts were active and could be used for the
reduction of 40 mM acetophenone with a yield of 98 % and
an ee of >99 %, PICs were most stable with over 52 cycles for
strain A and 14 cycles for strain B, which is in agreement with
Rauter et al. (2014b), who used BmGDH and R. ruber ADH
coexpressing yeast strain for up to 53 reaction cycles. The
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significantly lower stability of PCs and IEs compared to PICs
seems to be due to the elution of enzymes with repeated use.
PICs in contrast contain cells embedded in calcium alginate,
so enzymes have to overcome two elution barriers, elution
from cells and from calcium alginate.

The lower stability of the GGPDH-coupled regeneration was
perhaps due to swelling of the immobilisates in GGPDH reaction
mixture, which made them fragile and may have led to leaching
of enzyme and instability of the regenerating enzyme. However,
this was not observed in the GDH-coupled regeneration.

Both cofactor regeneration systems work well for NADPH
recycling. BpG6PDH-coupled regeneration was more effi-
cient than that of BmGDH. External NADP" is necessary for
efficient synthesis, if PICs are used, which was also observed
by Zhang et al. (2006). The lowering of the cofactor concen-
tration from 1 to 0.2 for strain B and to 0.1 for strain A
decreased activity to 47 and 48 %, respectively, with simulta-
neous increase of TTN from 39 to 195 and 391 and almost full
conversion of acetophenone, respectively. Cell internal con-
sumption of the cofactor could be decreased by knocking out
other NADP'-dependent enzymes meaning that lower
NADP" concentrations could be used for synthesis. E. coli
glucose 6-phosphate isomerase, glutamate dehydrogenase and
phosphoenolpyruvate carboxylase, which require NADP" as a
cofactor, were knocked out resulting in an increase in produc-
tivity by twofold to fourfold (Chemler et al. 2010).

Synthesis of 1-(R)-phenylethanol is faster with BpG6PDH
as regeneration system, but twice the concentration of NADP"
is needed for efficient regeneration. Due to the high cost of the
cofactor, use of the cosubstrate glucose 6-phosphate and lower
stability of PICs, strain A is favoured for industrial applica-
tions. Zhang et al. (2006) increased TTN from 59 to 402 by
decreasing cofactor concentration with BpG6PDH regenera-
tion, which is in the same range as our results. A further
increase of TTN to more than 4000 was demonstrated by
further decreasing the cofactor concentration and simulta-
neously increasing the cell density, but this led to a loss of
activity of 90 %. In this work, a maximum TTN of 871 for
strain A and 2066 for strain B was reached with activities of
10 and 5 % compared to higher cofactor concentrations.
Zhang et al. (2009) obtained TTNs of up to 4200 with an
initial addition of 0.005 mM NADP"; however, the influence
of cofactor concentration on synthetic activity was not
discussed. Both authors used up to 60 mM substrate; however,
acetophenone is not soluble at this concentration and the
addition of organic solvents or the use of two-phase systems
would be necessary to increase substrate concentration.

Alternative regeneration systems for NADH recycling are
possible, however. Examples include changing the cofactor
from the more expensive NADP' to NAD" is achievable
through protein engineering (Machielsen et al. 2009) and the
coexpression of pyridine nucleotide transhydrogenase, which
reduces NADP' to NADH (Weckbecker and Hummel 2004).
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The initial semi-continuous reaction process used 0.25 mM
NADP" at the beginning to attain full ADH activity
and achieved a TTN of 206. TTNs of 10° to 10°> would be
sufficient for a production process (Zhao and van der Donk
2003), which is five times more than for the process reported
here. Additionally a STY of 9.74 g "' day™" or 406 g kg™
dew day " was reached in this non-optimized semi-continuous
process. Rissom et al. (1999) reported that Rhodococcus
erythropolis ADH coupled with FDH yielded 88 g I”' day™'
1-(S)-phenylethanol, which is nine times higher than our
productivity, and Hildebrand and Liitz (2006) obtained an
even higher STY of 144 g 1! day ' 1-(R)-phenylethanol with
L. brevis ADH.

However, improvement of the process is necessary for
application in industrial production. Automated reverse flow
extraction of the product and addition of new substrate to the
reactor, with automated pH control is necessary to optimize
the fermentation process. Expression levels in the yeast strain
could be improved by the integration of more expression
cassettes.

However, A. adeninivorans as presented here is an excel-
lent host for the production of ADHs and 1-(R)-phenylethanol
synthesis. An ee of 100 % was found for the isolated product,
and no by-products were formed.
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7. Anhang

Aadh2p — an Arxula adeninivorans alcohol dehydrogenase involved in the first step of the 1-

butanol degradation pathway

Eine ADH aus A. adeninivorans wurde Uber Sequenzvergleiche mit den S. cerevisiae ADH-
Genen identifiziert, isoliert und charakterisiert.

Die als AADH2 bezeichnete ADH oxidiert vor allem primare Alkohole bzw. reduziert
ausschliel}lich Aldehyde, sodass von ihrer Nutzung zur Synthese von enantiomerenreinen
Alkoholen abgesehen wird.

Die Affinitatskonstante zum Substrat 1-Butanol ist wesentlich hdher verglichen zu Ethanol
und l&sst auf eine Beteiligung der ADH am Abbau von n-Butanol schliefen. Die
Uberexpression, als auch die Deletion des Gens verhindern das Wachstum von A.
adeninivorans auf 1-Butanol. Buttersdure reichert sich im Vergleich zum Kontrollstamm
G1212/YRC102 an und das Wachstum der Stdmme wird inhibiert. Das lasst auf die
Beteiligung des AADH2-Gens an der Balancierung der 1-Butanol-Oxidation und Butanal-

Reduktion im 1-Butanol-Abbauweg schliel3en.

Aadh2p — an Arxula adeninivorans alcohol dehydrogenase involved in the first step of the 1-

butanol degradation pathway
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Abstract

The non-conventional yeast Arxula adeninivorans uses 1-butanol as unusual carbon-source
and has recently been gaining interest as promising host for 1-butanol production. Alcohol
dehydrogenases are important catalysts in these pathways, but up to now nothing has been
known about the roles of different Aadhp’s and none have been characterized. In this study,
we identified and characterized the first Aadhp from this yeast, named Aadh2p. It has 40 %
identity with S. cerevisiae Adh1p and Adh2p, is localized in the cytoplasm and uses NAD™ as
cofactor. The enzyme has its highest activity with medium-chain length alcohols and
maximum activity with 1-butanol.

Butanal and 1-butanol are the favored substrates with the catalytic efficiency of the purified
enzyme being 42 and 43,000 times higher than with ethanol and acetaldehyde respectively.
Arxula adeninivorans G1233, a Aaadh2 mutant and G1212/YRC102-AADH2 containing the
strong constitutive TEF1 promoter were constructed. The latter produced up to 8000 U L™
and 500 U g™* dcw, whereas no difference in ADH-activity was found for the mutant.

Gene expression analysis provided AADH2 derepression or induction using non-fermentable
carbon-sources as ethanol, pyruvate, glycerol or 1-butanol.

Both transgenic strains do not grow on 1-butanol as sole carbon-source and accumulate
butanoate in the medium, whereas control strain grows in the medium after 72 h.

Taken together, our results confirm that Aadh2p plays a major role in 1-butanol degradation
and a special Aadh2p level is necessary for 1-butanol consumption. If enzyme level decreases
or increases too much the system is not working anymore. Further investigation is required to
find the reason for the repression of cell growth.

Keywords: Alcohol dehydrogenase, Aadh2p, Arxula adeninivorans, 1-butanol
1. Introduction

The 1-butanol degradation pathway in the non-conventional and non-pathogenic yeast Arxula
adeninivorans was described by Kunze et al. (2014). Genome mining suggests that 1-butanol
is oxidized by alcohol dehydrogenase and aldehyde dehydrogenases to butanoate, ligated with
CoA to form butyryl CoA and carnitine O-acetyltransferase to form butyryl-carnitine. The
latter is then transported from the cytoplasm to the peroxisomes or mitochondria for (-
oxidation. A special feature is the irreversible reaction from butanal to butyryl-CoA by
aldehyde dehydrogenase and acyl-CoA ligase (Fig. 1).

Up to now only suggestions were made which gene products are involved in this pathway.
The first step is catalyzed by alcohol dehydrogenases, which are annotated in up to 19 genes,
making it particulary challenging to identify which participates in 1-butanol degradation.
Recently, increasing demand for 1-butanol as replacement for gasoline or fuel additive
renewed interest in the production of 1-butanol by fermentation (Lee et al. 2008). Clostridium
acetobutylicum (Lee et al. 2008, 2011), metabolically engineered S. cerevisiae (Steen et al.
2008) or E. coli (Atsumi et al. 2008) and A. adeninivorans have been used for its production
(Patent: EP 2 508 597 Al).
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1-Butanol

alcohol NAD*
dehydrogenase NADH
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Butyryl-CoA
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Fig. 1. Schematic overview of proposed 1-butanol degradation pathway in A. adeninivorans.
Strategy for 1-butanol production in A. adeninivorans is shown in red.

The C. acetobutylicum ADHE?2 gene coding for butanal dehydrogenase has to be expressed in
A. adeninivorans to overcome the irreversible step in the 1-butanol degradation pathway.
Simultaneously the knock-out of two aldehyde dehydrogenase genes is necessary to prevent
degradation of the newly formed 1-butanol. In addition the equilibrium of butanal reduction
has to be in favour of butanol, which results in Aadhp catalyzing the reduction of butanal to 1-
butanol much faster than 1-butanol. It is thus necessary to improve the understanding of the
Aadhp’s of A. adeninivorans, to which this paper makes a contribution.

In the present work, the first Arxula ADH gene, AADH2, was identified, isolated and
constitutively expressed in A. adeninivorans by the Xplor2® transformation and expression
platform allowing the introduction of the AADH2 expression module either as Yeast rDNA
Integrative Expression Cassette (YRC) or a Yeast Integrative Expression Cassette (YIC) into
the yeast genome. The resulting transgenic yeast strains accumulate recombinant Aadh2p.
The enzyme was purified, biochemically characterized and substrate spectrum was analyzed.
The growth of an AADH2 expressing yeast strain in media with 1-butanol and a Aaadh2 gene
disruption mutant strain were studied to elucidate the genes role in A. adeninivorans.

2. Materials and methods
2.1 Strains and culture conditions

Escherichia coli XL1 blue [recAl, endAl, gyrA96, thi-1, hsdR17, supE44, relAl, lac
[F'proABlacl g Z DM15 Tnl0 (Tetr)] obtained from Invitrogen (USA), served as the host
strain for bacterial transformation and plasmid isolation. The strain was grown on LB medium
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(Sigma, USA) supplemented with 75 mg L™ ampicillin (Applichem, Germany) or 75 mg L™
kanamycin (Roth, Germany) for selection.

In this study, the auxotrophic mutants A. adeninivorans G1212 (aleu2 ALEUZ2::atrpl —
Steinborn et al. 2007) and the wild-type A. adeninivorans strain LS3 were used. LS3 was
originally isolated from wood hydrolysates in Siberia and deposited as A. adeninivorans
SBUG 724 into the strain collection of the Department of Biology of the University of
Greifswald (Kunze & Kunze, 1994). All strains were grown at 30 °C under non-selective
conditions in a complex medium (YEPD) or under selective conditions in yeast minimal
medium supplemented with 2 % (w/v) glucose as a carbon source and 43 mM NaNOs; as a
nitrogen source unless stated otherwise (YMM-glucose-NaNOs) (Tanaka et al. 1967; Rose et
al. 1990).

Agar plates were prepared by adding 1.6 % (w/v) agar to the liquid medium.

2.2 Transformation procedures and isolation of nucleic acids

Transformation of E. coli was performed according to Hanahan (1983) and A. adeninivorans
cells were transformed according to Boer et al. (2009a).
Isolation of plasmid and chromosomal DNA and DNA restriction were carried out as

previously described (Wartmann et al. 2002).

2.3 Construction of AADH2 expression plasmids and generation of transgenic A.

adeninivorans strains

For AADH2 overexpression, the AADH2 ORF (ARAD1D05368g) without His-tag and with
His-tag encoding region at the 5’-end (6H-AADH2) were amplified from a chromosomal
DNA template in a PCR reaction using primers that incorporate flanking EcoRI and BamHI|
cleavage sites (primer AADH2-1-6H - 5’-
GCCGAATTCATGCACCATCATCACCACCACGTTCCATCCCCCGATATT-3’; primer
AADH2-1 - 5"-GCCGAATTCATGGTTCCATCCCCCGATATT-3’, nucleotide positions 1-
21, EcoRI restriction site underlined in bold type; primer AADH2-2 - 5°-
GCGGGATCCTTATTCAAGATCAATGACTGCAC-3’, nucleotide positions 1046-1068,
BamHI restriction site underlined in bold type). The resulting EcoRI-BamHI flanked (6H)-
AADH2 ORF were inserted into the plasmid pBS-TEF1-PHO5-SS between the A.
adeninivorans derived TEF1 promoter and the S. cerevisiae-derived PHO5 terminator (Boer
et al. 2009b). The TEF1 promoter — (6H)-AADH2 ORF — PHO5 terminator flanked by Spel-
Sacll restriction sites expression modules were inserted into the plasmid Xplor2.2 to generate
Xplor2.2-TEF1-(6H)-AADH2-PHOS5. Both resulting plasmids contain fragments of 25S
rDNA, which are interrupted by the selection marker module (ALEU2 promoter - ATRP1m
gene - ATRP1 terminator — Steinborn et al. 2007), the respective expression module and an E.
coli selection encoding resistance marker. To prepare the cassettes for yeast transformation,
Xplor2.2-TEF1-(6H)-AADH2-PHO5 and the control plasmid Xplor2.2 lacking AADH2

94



expression module were digested with Ascl (YRC) and/or Sbfl (YIC) to remove the E. coli
sequences including the resistance marker. The resulting restriction products YRC102-6H-
AADH2, YIC102-6H-AADH2, YRC102-AADH2, YIC102-AADH2 and YRC102 (control)
were used to transform A. adeninivorans G1212.

Yeast transformants were selected by tryptophan auxotrophy in YMM-glucose-NaNQOs. The
yeast cells were then stabilized by passaging on selective (YMM-glucose-NaNO3) and non-
selective (YEPD) agar plates to attain a high level of protein production (Klabunde et al.
2003).

2.4 Construction of A. adeninivorans Aaadh2 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
template. The primer combinations, AADH2-3 (5’- CTCAGCTCTATCTCTGCCT-3’,
position numbers -1291 - -1273) and AADH2-4 (5°-
GAGTCCGGACTATACTTGTTTGGAGCGC-3’, position numbers -344 — -326, Kpn2l
restriction site in bold underlined type) were used for amplification of the 5 -region and
AADH2-5 (5’-GCGTCCGGAATCGTCACTGTCATATCACA-3’, position numbers 1158-
1177, Kpn2l restriction site in  bold wunderlined type) and AADH2-6 (5’-
CAATTCAATGTTGCGATT-3’, position numbers 2227-2244) were used amplification of
the 3"-region. After ligation to combine the 5 -region with the 3"-region separated by Kpn2l
restriction site, the 2,058-bp fragment was inserted into the E. coli vector pCR4 (Invitrogen,
USA). Subsequently the Kpn2l flanked selection marker module with ATRP1m gene was
inserted in the Kpn2l restriction site between 5°and 3"-region in front and behind the AADH2
gene. Finally, the complete construct with 1000-bp in front of the AADH2 gene — ATRP1m
selection marker module - 1000-bp behind the AADH2 gene was amplified using the primers
AADH2-3 and AADH2-6 and the 3196-bp product was used to transform A. adeninivorans
G1212 (Wartmann et al. 2002).

2.5 Assay for determination of ADH-activity

The assay for the determination of the ADH-activity was performed in 50 mM sodium
phosphate buffer pH 7.5 containing butanal (10 mM, Sigma-Aldrich) and NADH (0.4 mM,
Roth) for reduction or 50 mM TRIS-HCI pH 9.0 with 1-butanol (10 mM, Sigma-Aldrich) and
NAD" (1 mM, Roth) for oxidation. The reaction was started by the addition of the enzyme
solution and monitored for minimum 2.5 min at 340 nm, 30 °C. The change in absorbance
was then converted to oxidized NADH or reduced NAD" concentration using the Beer-
Lambert equation (g = 6200 M*cm™ for NADH).

One Unit (1 U) of enzyme activity was defined as the amount of enzyme required to oxidize 1
umol NADH to NAD" or reduce 1 umol NAD* to NADH per min at 30 °C, pH 7.5.
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2.6 Determination of molecular mass and Ky of Aadh2p

The determination of the Aadh2p molecular mass was done by gel filtration using Superdex™
200 (Amersham Biosciences, UK). The flow rate was 1 ml min™ and fractions of about 1 ml
were collected for 152 min (buffer: 50 mM sodium phosphate pH 6.5 + 0.15 M NaCl). A
calibration curve was constructed using bovine serum albumin, ovalbumin, catalase and
alcohol dehydrogenase from S. cerevisiae as standards.

The Ky value for the substrates ethanol, 1-butanol, NAD", acetaldehyde, butanal and NADH
were determined as described in Assay for determination of ADH-activity. Michaelis-Menten
and Hanes plots were drawn. Determinations were done in triplicate.

The Aadh2p concentration was determined using a Coomassie stained SDS-PAA gel for the
calculation of ke (Kunze et al. 1998).

2.7 Protein analysis

SDS-PAGE and Western analysis were performed as described by Kunze et al. (1998).
Western blots were treated with an anti-His-tag specific primary antibody produced in mice
(Sigma-Aldrich, Germany) and a rabbit anti-mouse IgG alkaline phosphatase conjugate
(Sigma-Aldrich, USA), and subsequently stained by incubation with NBT/BCIP substrate
(Roche Diagnostics, Switzerland).

The dye-binding method of Bradford (1976) was used for protein quantification (BIO-RAD,
USA), with bovine serum albumin as the standard.

2.8 Quantitative reverse transcriptase PCR analysis

A. adeninivorans LS3 cells were grown in YMM-2 % glucose-NaNOj3 for 24 h at 30 °C and
180 rpm. Cells were harvested (3,220 x g at 4 °C), washed with YMM-NaNO; and washed
cells were resuspended in YMM-NaNO; with different carbon sources (2 % glucose, 2 %
ethanol, 0.125 % 1-butanol, 2 % glycerol, 2 % pyruvate, 2 % xylose) at an OD (600 nm) of 3.
After 1, 4, 8 and 12 h, 2 ml of culture was harvested (2,300 x g, 4 °C) and RNA was isolated
using RNeasy Mini Kit (Qiagen) as described by the manufacturer followed by analysis via
denaturating agarose gel electrophoresis. A first strand cDNA was synthesized using
RevertAid H Minus First Strand cDNA Synthesis Kit (Fermentas) with Oligo(dT)15V-RTA
primer. First PCR was made with cDNA-template (10 cycles) using gene-specific primer 1
and RTAL primer. The PCR product was amplified in the presence of SYBR Green
fluorophore (Power SYBR® Green PCR Master Mix, Applied Biosystems, Foster City, CA,
USA) using ABI PRISM 7700 Sequence Detection System (Applied Biosystems) with gene-
specific primer 2 and RTA primer. Primers are listed in Tab. 1. TFIID, ALG9 and TFCI were
used as reference (housekeeping) genes (Huisinga et al. 2004; Teste et al. 2009). Primer
efficiencies were > 1.98 and calculations were done using AAc-method (Livak & Schmittgen
2001).
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Tab. 1. Sequences of primers used for analysis of AADH2 expression levels.

Primername Sequence (5‘2>3%)
Oligo(dT)15V-RTA TGACAGGATACCATACAGACACTATTTTTTTTTTTTTTTV-wobbles
RTA-1 TGACAGGATACCATACAGACAC
RTA TGACAGGATACCATACAGACACTA
ADH2-1 TATGCAGGCCGGTGATCT
ADH2-2 GGACGTGCAGTCATTGATC
ALG9-1 CATGGGCCAAGGTATACTG
ALG9-2 GAAAAAGTGCCCAAACGA
TFIID-1 IACGAGCGGTACTCACAATG
TFIID-2 ATGGACTCAATGTCAAACGAC
TFC1-1 TGAAGAAGAGCACCAAGCA
TFC1-2 ACAACAAGATGAAAACGC

2.9 Analysis of supernatant from strains growing on YMM-glucose-1-butanol (0.5%)-NaNO3

A. adeninivorans culture was centrifuged for 5 min, 16,000 x g and 1 pl of the supernatant
was directly measured by GC-MS (Clarus SQ 8 GC Mass Spectrometers; Column: Elite-624,
Length: 30 m, 1.D: 0.25 mm, Film Thickness: 1.40 um, Perkin Elmer, Germany). After 10
min at 60 °C, the temperature was ramped up to 230 °C at 15 °C/min and remained at this
temperature for 3 min.

3. Results

3.1 Identification of the putative AADH2 gene of A. adeninivorans encoding Aadh2p involved

in the 1-butanol degradation pathway

Nineteen genes were annotated as putative AADH genes in A. adeninivorans, from which nine
were identified by sequence alignments with S. cerevisiae ADH1 and ADH2 genes with a
score higher than 50. One of them had an open reading frame of 1068 bp coding for a 356
amino acid long protein named Aadh2p (identity: 40 %, score: 204 and 208). The calculated
molecular mass is 38.9 kDa, which is in the same range as other ScCAdhp monomers. It can be
assigned to the cinnamyl alcohol dehydrogenases of the medium chain
reductase/dehydrogenases family (MDR). Moreover NAD* binding site, as well as Zn**-
binding domain for structural and catalytic Zn** can be found by alignment with NCBI Blast
(Fig. 2a). So it seems that Aadh2p is a Zn**-binding NAD-dependent alcohol dehydrogenase.
A mitochondrial targeting sequence is absent, so it was presumed that the enzyme is localized
in the cytoplasm. This hypothesis was confirmed by cell fractionation with sucrose gradient
centrifugation (data not shown).
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AaADH2 1 MVS-IPKVQKAVVVDKFGDDFKVKVVADYPVPEP-GQGEVLVRLTSSGVCHSDLAVAKN-YLGONATTKILGHEGSGY IVKHGEGVDAETHPIGEKVGVP 97
ScADH1 1 M--SIPETQKGVIFYESHGKLEYK---DIPVPKP-KANELLINVKYSGVCHTDLHAWHGDWPLPVKLPLVGGHEGAGVVVGMGENVKG--WKIGDYAGIK 92
ScADH2 1 M--SIPETQKAIIFYESNGKLEHK---DIPVPKP-KPNELLINVKYSGVCHTDLHAWHGDWPLPTKLPLVGGHEGAGVVVGMGENVKG--WKIGDYAGIK 92
ScADH3 1 MLSAIPKTQKGVIFYENKGKLHYK---DIPVPEP-KPNEILINVKYSGVCHTDLHAWHGDWPLPVKLPLVGGHEGAGVVVKLGSNVKG--WKVGDLAGIK 94
ScADHS5 1 M-SVIPEKQKAIVEFYETDGKLEYK---DVTVPEP-KPNEILVHVKYSGVCHSDLHAWHGDWPFQLKFPLIGGHEGAGVVVKLGSNVKG-—WKVGDFAGIK 93
ScADH6 1 MS--YPEKFEGIAIQSHEDWKNPKKT--KYDPKPfYDHDIDIKIEACGVCGSDIHCAAGHW-GNMKMPLVVGHE IVGKVVKLGPKSNSG-LKVGQRVGVG 94
ScADH7 1 ML--YPEKFQGIGISNAKDWKHPKLV--SFDPKPfGDHDVDVEIEACGICGSDFHIAVGNW-GPVPENQILGHEI IGRVVKVGSKCHTG-VKIGDRVGVG 94
AaADH2 98 LISGACHOCENCE-HDEVYCKN NKGFYGSYIDGTWQQYIIVRANMIVRVPEGADTTIVGPILCGGVTVYKALKRAGLTAGSWVVITGAGGGLGSL 191
ScADH1 93 WLNGSCMACEY[CELGNESNCFP HADLSGYTHDGSFQQYATADAVQAAHIPQGTDLAQVAPILCAGITVYKALKSANLMAGHWVAISGAAGGLGSL 186
ScADH2 93 WLNGSICMACEYICELGNESNCIP HADLSGYTHDGSFQEYATADAVQAAHIPQGTDLAEVAPILCAGITVYKALKSANLRAGHWAAISGAAGGLGSL 186
ScADH3 95 WLNGSCMTCEE[ GHESNC|-P DADLSGYTHDGSFQQFATADAIQAAKIQQGTDLAEVAPILCAGVTVYKALKEADLKAGDWVAISGAAGGLGSL 188
ScADH5 94 WLNGTCMSCEY[CEVGNESQCHP YLDGTGFTHDGTFQEYATADAVQAAHIPPNVNLAEVAPILCAGITVYKALKRANVIPGOWVTISGACGGLGSL 187
ScADH6 95 AQVFSCLECPRCKNDNEPY[CTK [6] QPYEDGYVSQGGYANYVRVHEHFVVPIPENIPSHLAAPLLCGGLTVYSPLVRNGCGPGKKVGIVGL-GGIGSM 194
ScADH7 95 QALACFECERCKSDNEQY[CITN [7] TPYKDGYISQGGFASHVRLHEHFAIQIPENIPSPLAAPLLCGGITVFSPLLRNGCGPGKRVGIVGI-GGIGHM 195

AaADH2 192 AIQYATAMGLRPIAIDTGADKEKLVKKLGAEVFVDFAKD-NIIEKINEVTGGG---AHGAIMIAPVVQVYSMSVAYVRNHGTIVCVGLPKAGQKMEFEPA 287
ScADH1 187 AVQYAKAMGYRVLGIDGGEGKEELFRSIGGEVFIDFTKEKDIVGAVLKATDGG---AHGVINVSVSEAATIEASTRYVRANGTTVLVGMP-AGAKCCSDVE 282
ScADH2 187 AVQYAKAMGYRVLGIDGGPGKEELFTSLGGEVFIDFTKEKDIVSAVVKATNGG---AHGIINVSVSEAAIEASTRYCRANGTVVLVGLP-AGAKCSSDVF 282
ScADH3 189 AVQYATAMGYRVLGIDAGEEKEKLFKKLGGEVFIDFTKTKNMVSDIQEATKGG---PHGVINVSVSEAAISLSTEYVRPCGTVVLVGLP-ANAYVKSEVF 284
ScADH5 188 AIQYALAMGYRVIGIDGGNAKRKLFEQLGGEIFIDFTEEKDIVGAIIKATNGG---SHGVINVSVSEAAIEASTRYCRPNGTVVLVGMP-AHAYCNSDVE 283

ScADH6 195 GTLISKAMGAETYVISRSSRKREDAMKMGADHYIATLEEGDWGEKYFDTFD----- LIVVCASSLTDIDFNIMPKAMKVGGRIVSISIP--EQHEMLSLK 292
ScADH7 196 GILLAKAMGAEVYAFSRGHSKREDSMKLGADHYIAMLEDKGWTEQYSNALD----- LLVVCSSSLSKVNFDSIVKIMKIGGSIVSIAAP--EVNEKLVLK 293
AaADH2 288 AFIFKALKLVGTLVGNRQDCREALDFMARGKVTPAVEK--HKMEDIQEILNRMQAGDLPGRAVI DLE*- 356
ScADH1 283 NQVVKSISIVGSYVGNRADTREALDFFARGLVKSPIKV--VGLSTLPEIYEKMEKGQIVGRYVV DTSK* 349
ScADH2 283 NHVVKSISIVGSYVGNRADTREALDFFARGLVKSPIKV--VGLSSLPEIYEKMEKGQIAGRYVV DTSK* 349
ScADH3 290 SHVVKSINIKGSYVGNRADTREALDFFSRGLIKSPIKI--VGLSELPKVYDLMEKGKILGRYVV DTSK* 352
ScCADH5 289 NQVVKSISIVGSCVGNRADTREALDFFARGLIKSPIHL--AGLSDVPEIFAKMEKGEIVGRYVV ETSK* 351

ScADH6 293 PYGLKAVSISYSALGSIKELNQLLKLVSEKDIKIWVETLPVGEAGVHEAFERMEKGDVRYRFTL [5] EFSD* 361
ScADH7 294 PLGLMGVSISSSAIGSRKEIEQLLKLVSEKNVKIWVEKLPISEEGVSHAFTRMESGDVKYRFTL [5] KFHK* 362

{ ADH1_Sc
- ADH2_Sc

ADH3_Sc

(b)

ADH4_Sc

ADH6_Sc

ADH7_Sc

ADH2_Aa

ADH5_Sc

Fig. 2. Alignement of Aadh2p sequence with the seven Adhp sequences from S. cerevisiae (SCAdhp’s).

(a) Structural Zn?* binding sites are shown framed (Auld & Bergman, 2008; Auld, 2001; Ramaswamy et al.,
1994), catalytic Zn** binding site in grey (Auld & Bergman, 2008; Auld, 2001) and NAD" binding site is
underlined (Ramaswamy et al., 1994, Persson et al., 2008; Levin et al., 2004). (b) Phylogenetic tree by neighbor
joining method between Aadh2p from A. adeninivorans (Aa) and Adhps from S. cerevisiae (Sc).

A phylogenetic tree between Aadh2p and ScAdhp’s from S. cerevisiae was developed using
the neighbor joining method. It demonstrated that Aadh2p and ScAdhlp, 2p, 3p and 5p
originate from the same ancestral node, whereas ScAdh6p and 7p form another branch (Fig.
2b). The total scores are between 244 and 258 and the query coverage is 97 to 98 %.

3.2 Generation of an Aadh2p producing yeast strain

The AADH2 gene, without and with a polyhistidine-tag encoding sequence fused to the 5’-end
of the ORF under the control of the strong constitutive TEF1 promoter, was expressed in the
auxotrophic mutant strain A. adeninivorans G1212 [Aatrpl]. Cassettes with the AADH2
expression module (YRC102-6H-AADH2, YIC102-6H-AADH2, YRC102-AADH2, YIC102-
AADH?2 - Fig. 3) and control (YRC102) were prepared as described in Material and methods.
After integration of the cassettes into the genome, a number of selected clones (YICs and
YRCs) were passaged to establish high plasmid stability. The transformants were then
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cultivated in YMM-glucose-NaNOs at 30 °C for 48 h. Cells were harvested and screened for
ADH-activity in the intracellular soluble fraction after cell disruption. ADH-activity was
detected in the AADH2 and 6H-AADH?2 expressing strains and was up to 2.5 times higher than
in the control strain A. adeninivorans G1212/YRC102 using butanal as the substrate.

 — o L

PHOS (6H)-AADH2 TEF1 ALEU2 ATRPIm
ter. pro.  pro.

YIC102-(6H)-AADH2

4
Sa—
d258 PHO5 (6H)-4ADH2 TEF] ALEU2 ATRPIm d258
DNA-1 ter. pro. pro. DNA-2

YRC102-(6H)-AADH2

Fig. 3. Physical maps of the YRC102-(6H)-AADH2 and Y1C102-(6H)-AADH2 used 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 — (6H)-AADH2 gene — PHO5 terminator. In
addition YRCs (Ascl fragments) are flanked by 25S rDNA sequences for targeting, whereas YICs (Sbfl
fragments) contain only the selection marker and expression modules.

AADH2 expression and control strain were grown on YMM-glucose-NaNO3 and YEPD at 30
°C for 96 h and dry cell weight (dcw), ADH-activity (A) to butanal as substrate and yield
(Y (P/X)) were determined each day (Fig. 4).

In both media the maximal dcw was reached after 24 h and then remained constant until the
end of the experiment. The activity found for A. adeninivorans G1212/YRC102-AADH2 was
in all cases higher than for the control strain A. adeninivorans G1212/YRC102. In YMM-
glucose-NaNOj3 (Fig. 4b), maximum ADH-activity was reached between 24 and 72 h with
200 U g™ dew and 1300 U L™ However, the activity for the control strain was consistently
low for the whole experiment (Fig. 4a). In contrast, the ADH-activity of A. adeninivorans
G1212/YRC102-AADH?2 increased up to 2000 U L™ and 120 U g™ dcw after 48 to 72 h in
YEPD medium (Fig. 4c). In this medium the Aadhp activity of the AADH2 expressing yeast
strain was highest after 48 h with 500 U g* dcw and 8000 U L™ in YEPD and decreased to
150 U g dew and 2000 U L™ 24 h later (Fig. 4d). Highest Aadhp activity was found after 48
h cultivation in YEPD at 30 °C.
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Fig. 4. Time-courses of ADH-activity by transgenic A. adeninivorans strains G1212/YRC102 and
G1212/YRC102-AADH2 grown in various media. Transformants G1212/YRC102 (a, c) and G1212/YRC102-
AADH2 (b, d) were cultured in shake-flasks for 96 h in YMM-glucose-NaNO; at 30 °C (a, b) and YEPD at 30
°C (c, d). At the indicated times, 2 mL aliquots of the culture were used to determine biomass (dcw — in g L™- o)
and to assay the intracellular Aadhp activity (U L™ culture - ) using butanal as substrate, and to calculate the
Aadhp output Y (P/X) (U g™ dew - A). For the determination of the dcw, 2 ml yeast culture was centrifuged and
the pellet was washed with 1 ml water. The pellet was lyophilized and the tube with dried cells was weighted.

3.3 Purification of 6h-Aadh2p

A. adeninivorans G1212/YRC102-6H-AADH2 was selected as the preferred yeast strain for
the isolation and purification of recombinant 6h-Aadh2p. This construct has a N-terminal His-
tag and was purified by Ni-NTA (Novagen, Darmstadt, Germany) under native conditions
with imidazole for elution as described by the manufacturer. Two elution steps were done
each with 2.5 ml of elution buffer. After elution these fractions were desalted by PD10
columns (GE Healthcare, Freiburg, Germany) to remove imidazole.

Activity of 6h-Aadh2p in crude extract was 21 U of which 2.5 U did not bind to the column.
A further 12.5 U were removed from the Ni-NTA by washing steps. This activity is explained
by other Aadhp’s present in the crude extract, because A. adeninivorans has up to 19
predicted Aadhp’s. Approximately 8 U total (38 %) could be purified in two elution steps
(Fig. 5a). In elution step one, 6.8 U were measured, which is a yield of 32.4 % with a 3.03
fold concentration. The specific activity increased from 0.75 to 2.27 U mg™ protein (Tab. 2).
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Fig. 5. Purification of 6H-Aadh2p by Ni-NTA.

Coomassie-stained SDS-PAA gel (a) and Western Blot (b) 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 1gG alkaline phosphatase.

Analysis via Western Blot showed a band around 39.3 kDa in the crude extract and elution
step 1 (Fig. 5b), with the latter also visible in a Coomassie-stained SDS-PAA gel. The
calculated molecular mass of 6h-Aadh2p is around 38.9 kDa.

Tab. 2. Summary of 6h-Aadh2p purification.

Intracellular soluble fraction of disrupted yeast cells from strain G1212/YRC102-AADH2-6H was named ‘Crude
extract’, proteins that did not bind to Ni-NTA were called ‘Flow-through’, proteins that were washed from the
material was named ‘Wash’ and proteins that were eluted called ‘Eluate 1 and ‘Eluate 2’. Activity (A) was
determined as described in Assay for determination of ADH-activity.

Fraction Crude extract | Flow-through Wash Eluate 1 Eluate 2
A (total) [U] 21.0 2.5 5.2 6.8 0.7

A (total) [%0] 100.0 12.0 24.9 32.3 3.4
Fraction Protein [mg] Avotal [U] Aspeciic [U/mg] Yield [%0] Fold purified
Crude extract 27.9 21 0.8 100 1
Eluate 1 3.0 6.8 2.3 32.4 3.0

3.4 Properties of the recombinant 6h-Aadh2p

The optimum temperature and pH for ADH-activity were investigated using purified Adh2p.
The following buffers were tested at a constant ionic strength of 0.3 M with NaCl: 50 mM
sodium acetate (pH 3 to 6), 50 mM sodium citrate (pH 3.5 to 6.5), 50 mM sodium phosphate
(pH 5.5 to 8), 50 mM TRIS-HCI (pH 7 to 9) to determine the optimal pH. Highest activity
was detected at pH 7 to 8 for the reduction of butanal to 1-butanol in sodium phosphate buffer
and at pH 9 in TRIS-HCI for the oxidation of 1-butanol to butanal. In all subsequent
experiments ADH-activity was determined in sodium phosphate pH 7.5 for reduction and
TRIS-HCI pH 9 for oxidation. The optimum temperature at pH 7.5 is 45 °C with 80 % of
activity present from 38 °C to 48 °C.

Phosphate and acetate with a monovalent cation are frequently used to buffer enzyme
reactions e.g. sodium acetate, sodium phosphate and potassium phosphate. Here sodium
phosphate gave the highest enzyme activity. lons such as Ca**, Co?*, Cu**, Fe**, Mg*", Mn*",
Ni?*, Zn®* as chlorides were added in a concentration of 1 mM to the sodium acetate/enzyme
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solution (precipitation of the salts were observed for sodium phosphate) and reacted with
butanal and NADH to determine the effect of additional ions. Cu®* inhibited the enzyme
completely whereas Co®" increased the relative activity up to 115 %. All other ions that were
tested had no influence on the enzyme activity.

The approximate molecular mass of the native 6h-Aadh2p was detected by gel filtration on a
Superdex™ 200 column. Recombinant maximum enzyme activity was confined to a peak
with a M, of 88 kDa. These results suggest that the most active form of 6h-Aadh2p is dimeric.
The kinetic constants of the purified protein were determined photometrically for NAD,
NADH, ethanol, 1-butanol, acetaldehyde and butanal as described in Material and methods.
The enzyme concentration for determination of apparent Kc.; and Kea/ Ky Was estimated from a
coomassie-stained SDS-PAA gel of the protein. These constants are summarized in Tab. 3.

Tab. 3. Kinetic constants of 6h-Aadh2p synthesized in A. adeninivorans G1212/Y1C102-6H-AADH2 for
different substrates.

Substrate Kpin mM Keat in 5™ Keat/ Ky in mM st
Ethanol* 14.2 1419 99.9
Acetaldehyde? 26.5 15.2 0.57
1-Butanol* 0.3 1312 4373
Butanal® 0.5 11872 23744

1 NAD" was used in a concentration of 1 mM
2NADH was used in a concentration of 0.8 mM
®NADH was used in a concentration of 0.4 mM

The Ky of the enzyme to the substrates ethanol and acetaldehyde is 46 or 53 times higher
respectively compared to 1-butanol and butanal. Turnover, Ke, is for both alcohols in the
same range around 1500 s, whereas it is lower for acetaldehyde and higher for butanal. The
outcome of this are relatively low catalytic efficiencies of 0.57 and 99.9 mM™s™ for substrates
with two carbons and much higher efficiencies for 1-butanol and butanal (4373 and 23744
mM s respectively).

The activity of 6h-Aadh2p was tested with different substrates for NAD" dependent oxidation
and NADH dependent reduction (Tab. 4). The highest oxidation activity found was for 1-
butanol and was designated 100 %. The activity increased with the chain length from ethanol
to 1-butanol around 70 % and then decreased to 84 % for pentanol and hexanol and 33 % for
1-nonanol. Aromatic and primary alcohols are also oxidized by 6h-Aadh2p. There was close
to no reaction with methanol and all tested secondary alcohols except 2-butanol which had a
relative activity of 23 %.
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Tab. 4: Substrate specificity of 6h-Aadh2p synthesized in A. adeninivorans G1212/Y1C102-6H-AADH2.

Substrates were use at a concentration of 10 mM.

Substrate Relative enzyme activity [%0]
NAD"-dependent oxidation:
Methanol 0.1
Ethanol 32
1-Butanol 100
1-Pentanol 84
1-Hexanol 84
Isopropanol 7
2-Butanol 23
1,2-Butandiol 2
Hexandiol 4
1-Phenylethanol 0
2-Phenylethanol 44
1-Nonanol* 33
2-Nonanol* 4
NADH-dependent reduction:
Butanal 83
Pentanal 100
Hexanal 100
Acetone 0
2-Butanone 0
4-Hydroxy-3-butanone 0
5-Chlorpentanone 0
2,5-Hexandion 0
Ethyl 4-chloro-acetate 0
Phenylacetaldehyde 83
Acetophenon 0
2-Nonanon* 0

Substrates were used in a concentration of 1 mM

However the conversion of aldehydes to alcohols by NADH showed the opposite tendency.
The highest activity was found with pentanal and hexanal as substrates and decreased to 83 %
with butanal. Aromatic aldehydes are oxidized with a relative activity of 83 % but there is no
reaction with ketones.

3.5 Expression analysis of AADH2 on various carbon sources

Quantitative RT-PCR analysis was used to determine relative expression level of AADH2 of
A. adeninivorans LS3 grown on different carbon sources (Fig. 6).

Cells cultured in ethanol, 1-butanol, glycerol or pyruvate showed much higher expression
levels 4 and 8 h after induction. After 4 h, RNA level of AADH2 on 1-butanol increased 53
times and decreased thereafter. Relative expression level on pyruvate is compared to glucose
64 times higher 4 to 24 h after induction, whereas similar AADH2-transcript levels were
found on ethanol 8 h after induction. Glycerol induced or derepressed AADH2 expression up
to 32 times, whereas xylose had no effect on AADH2 expression.

Confirmation of the results by repetition with further gene-specific primers is planned.
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Fig. 6. Expression levels of AADH2 in A. adeninivorans LS3 on different carbon sources.

A. adeninivorans LS3 was cultivated on different carbon sources. At intervals, 2 ml culture was harvested, RNA
isolated and expression analysis done by quantitative reverse transcriptase PCR analysis. Measurements were
done in triplicate.

3.6 1-Butanol degradation by A. adeninivorans G1212/YRC102, G1233 and G1212/YRC102-
AADH2

A. adeninivorans strains G1212/YRC102, G1233 (daadh2) and G1212/YRC102-AADH2
were grown on YMM-glucose-NaNO;3 for 24 h and shifted to YMM-1-butanol (0.5 %)-
NaNOs;. A. adeninivorans G1212/YRC102 started to grow after 24 h on 1-butanol and
consumed it completely after 48 h (Fig. 7a, b). Maximum OD (600 nm) of 12.5 was achieved
after 56 h. There was no butanoate found in the medium at any time (Fig. 7c).

In contrast A. adeninivorans G1233 (daadh2) and G1212/YRC102-AADH2 expressing the
AADH2 gene controlled by the strong constitutive TEF1 promoter did not grow with 1-
butanol as sole carbon source until 72 h. 1-Butanol concentration decreases slowly in the
medium, which is explained by the evaporation of 1-butanol from the flasks and its reduction
to butanoate. Butanoate increases to maximum 0.7 or 0.4 g L™ after 52 h and decreases pH
from 6.5 to 5.0.
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Fig. 7. Analysis of G1212/YRC102, daadh2 mutant G1233 and G1212/YRC102-AADH2 cultured on YMM- 1-
butanol (0.5 %)-NaNOs.

(a) Time-courses of optical density at 600 nm, (b) 1-butanol concentration in the culture medium, (c) butanoate
concentration in the culture medium of transgenic A. adeninivorans strains G1212/YRC102 (circles, solid line),
G1233 (squares, dashed line) and G1212/YRC102-AADH2 (triangles, dotted line). Grey line in (b) shows the 1-
butanol concentration in flask containing only YMM-0.5 (w/v) % 1-butanol-NaNO; without any yeast strain.
Measurements were done in triplicate.

4. Discussion

Seven ADH genes have been identified in S. cerevisiae (SCADH), five code for enzymes
involved in ethanol metabolism. ScAdhlp, ScAdh3p, ScAdh4p and ScAdh5p reduce
acetaldehyde to ethanol, whereas ScAdh2p catalyzes the reverse reaction (Bennetzen & Hall
1982; Russell et al. 1983; Young & Pilgrim 1985; Drewke & Ciriacy 1988; Smith et al.
2004). All SCADH genes, and ADHs from other yeasts are very similar, so that regulation and
physiological function is not predictable. However, knowledge about the function of the
different Aadhps would provide useful insight into the 1-butanol degradation pathway and
contribute information necessary to understand 1-butanol synthesis by genetically
manipulated A. adeninivorans strains (Kunze et al., 2014).

In this study AADH2-gene of A. adeninivorans was overexpressed in the host cell and
optimum reaction conditions, molecular mass, kinetic characteristics, and substrates were
characterized.

The AADH2 gene shares 40 % identity with S. cerevisiae SCADH1 and SCADH2 genes (de
Smidt et al. 2008). The protein Aadh2p is localized in the cytoplasm, uses NAD(H) as a
cofactor, possesses Zn** binding domains and belongs to the group of medium-chain Adhp’s.
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AADH2 gene overexpressed in A. adeninivorans gave Aadhp activities of up to 8000 U L™
culture (500 U g™ dew) in YEPD after 48 h, which is 4 times higher than for the control
strain, A. adeninivorans G1212/YRC102. Growth in YMM-glucose-NaNO3; was restricted
and resulted in low levels of recombinant Aadh2p.

Purified 6h-Aadh2p catalyzed the reduction of aldehydes at pH 7.5 and oxidation of alcohols
at pH 9.0 and 45 °C. Verduyn et al., (1988) also found that ADH oxidation activity was best
at a pH around 9.0 in Candida utilis, Hansenula polymorpha and S. cerevisiae.

Primary alcohols are preferred as substrates with highest activity to 1-butanol. The enzyme
was less reactive with longer and shorter alcohols.

The Aadh2p Michaelis-Menten constant to ethanol and acetaldehyde is higher compared to 1-
butanol and butanal in opposite to ScAdhlp. The catalytic efficiency of 25978 mM™ s for
butanal exceeds 1-butanol constant six times and is even 208 times higher than that of
ScAdhlp (125 mM™ s™). Aadh2p kea/Kwm for 1-butanol exceeds that of ScAdhlp yet 5606-
fold (Dickinson & Monger, 1973).

Kw of 14.2 mM for ethanol is in the same range as for ScAdhlp (17 or 21.7 mM) and quite
higher than that of ScAdh2p (0.81 mM). The Ky to acetaldehyde is with 26.5 mM nearly
twice as high and in contrast to ScAdhlp and ScAdh2p, which have a quite lower constant
around 1 mM. Turnover number of ethanol oxidation is 11 or 4 times higher than that for
ScAdhlp or ScAdh2p and the catalytic efficiency of 99.9 mM™ s is in the same range as for
the ScAdh2p (1700 s, 1540 mM™ s™). However, key and kea/ K for acetaldehyde with 17.8
s* and 0.7 mM™ s are much lower compared to ScAdhlp (1700 s, 1540 mM™ s) and
ScAdh2p (1040 s, 11550 mM™ s™), (Ganzhorn et al., 1987; Dickinson & Monger, 1973).
Expression analysis of AADH2 revealed its induction or derepression on the non-fermentable
carbon-sources 1-butanol, ethanol, glycerol and pyruvate by 63 %, whereas there were no
differences in expression level for cultivation on the fermentable carbon-source xylose.
Aadh2p could participate in aerobic alcoholic fermentation (Crabtree effect), because high
intracellular pyruvate concentrations involve pyruvate decarboxylase in its dissimilation and
thus trigger alcoholic fermentation (Holzer, 1961, Petrick et al. 1983). Furthermore Aadh2p is
positively regulated by glycerol as found for ADH | of A. nidulans (Hondmann et al. 1991).
Aadh2p is involved in ethanol degradation, but knock-out or overexpression did not change
cell growth on ethanol (data not shown). Thus there are other ADH isozymes, which fully
take the place of Aadh2p, as it is for P. stipitis and H. polymorpha growing on ethanol despite
ADH disruption (Cho & Jeffries, 1998; Suwannarangsee et al., 2010).

After deletion of the AADH2 gene A. adeninivorans did not grow on medium with 0.5 %
(w/v) 1-butanol as sole carbon source. This combined with the expression analysis
demonstrates its induction or derepression by 1-butanol in the culture as found for
Clostridium acetobutylicum ATCC824 1-butanol dehydrogenase (Walter et al. 1992).
Surprisingly knock-out strain G1233 and overexpression-strain G1212/YRC102-AADH?2
grown on 1-butanol accumulated butanoate in the medium and thus pH in the medium
decreased from 6.5 to 5.0.

Altogether knock-out of AADH2 gene or its constitutive expression alone is not helpful for 1-
butanol production in A. adeninivorans. The velocities of the butanoate oxidation have to be
increased in that case or butanol reduction has to be prevented completely.
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Further studies are necessary to explain why knock-out strain G1233 and overexpression-
strain G1212/YRC102-AADH2 did not grow on medium with 0.5 % (w/v) 1-butanol as sole
carbon source.

5. Conclusion

Here, we report the overexpression of an AADH gene from A. adeninivorans (AADH2). The
enzyme Aadh2p has high affinities and catalytic activities for butanal and 1-butanol compared
to those for acetaldehyde and ethanol. Gene expression is upregulated by non-fermentable
carbon sources as ethanol, pyruvate, glycerol and 1-butanol. If the latter is used as sole carbon
source the AADH2 overexpressing transformant and the Adaadh2 strain G1233 did not grow,
which can be explained by the accumulation of butanal and confirms its role in balancing 1-
butanol oxidation. However the knock-out of AADH2 gene is not enough for 1-butanol
production by A. adeninivorans, because 1-butanol will be converted to butanoate.
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