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ABSTRACT I

ABSTRACT

Biocatalytic strategies for the synthesis of versatile chiral building blocks have gained
increasing interest over the past few decades. Because of the high demand for new
enzymes that are capable of catalysing reactions of biotechnological interest, the aim
of this thesis was to identify new catalysts that facilitate biocatalytic access to
valuable chiral synthons. Using a genome mining approach based on the sequence of
the glycerol dehydrogenase GLD1 from Hypocrea jecorina, three interesting
oxidoreductases were identified. These enzymes were characterised with respect to

their ability to catalyse reactions of biotechnological interest.

Glycerol dehydrogenase from Gluconobacter oxydans (GlyDH): GlyDH
catalyses the enantioselective reduction of aldehydes, as well as the asymmetric
oxidation of different alcohols and sugar alcohols. According to the high
enantioselectivity of GlyDH in the reduction of b-glyceraldehyde, this enzyme can be
applied in the kinetic resolution of rac-glyceraldehyde to produce enantiopure
L-glyceraldehyde on a preparative scale. For this purpose, two different systems
have been constructed and studied comparatively: a cell free-system based on
isolated enzymes (GlyDH and glucose dehydrogenase for cofactor regeneration) and
a constructed recombinant whole-cell catalyst system. In addition, the application of
GlyDH in the regio- and stereoselective oxidation was possible, facilitating the
enantioselective production of different sugars from sugar alcohols.

Moreover, the structure of GlyDH was elucidated by X-ray-crystallography at 2.0 A
resolution. The crystal structure of GlyDH was used to understand the catalytic
mechanism, the enantioselectivity and the substrate preference of GlyDH on a

molecular level.

Carbonyl reductase from Neurospora crassa (NcCR): NcCR catalyses the
reduction of different carbonyl compounds, in particular, a- and p-ketoesters, to
produce the corresponding hydroxyesters. A feasible process using NcCR under
standard conditions was not possible, but by applying methods of reaction
engineering, a feasible process for the production of a- and pB-hydroxyesters was
established.

Enoate reductase from G. oxydans (EnR): EnR catalyses the chemo-, regio- and

stereoselective reduction of C=C double bonds of various activated alkenes. By
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applying EnR, different compounds with biotechnological interest, such as

(S)-citronellal and (R)-levodione, were produced.

In summary, three enzymes that catalyse interesting reactions were identified,
cloned, heterologously expressed and successfully applied in the biocatalytic

synthesis of valuable chiral building blocks.
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ZUSAMMENFASSUNG

Die biokatalytische Synthese wichtiger chiraler Schlisselbausteinen hat in den letzten
Jahren deutlich an Bedeutung gewonnen. Infolgedessen ist der Bedarf an neuen
Enzymen, die die Synthese solcher Bausteine katalysieren hoch. Ziel dieser Doktorarbeit
war es deshalb, neue Biokatalysatoren zu identifizieren und deren Potential in der
Synthese chiraler Synthons aufzuzeigen.

Zu diesem Zweck wurde ein in silico Screening, ausgehend von der Sequenz der
Glycerol-Dehydrogenase aus dem Pilz Hypocrea jecorina, durchgefihrt. Mit Hilfe dieser
Strategie gelang es, drei interessante Oxidoreduktasen zu identifizieren und hinsichtlich

ihrer Anwendung in biotechnologisch relevanten Reaktionen zu untersuchen.

Glycerol Dehydrogenase aus Gluconobacter oxydans (GlyDH): Die GlyDH
katalysiert die enantioselektive Reduktion einer Reihe von Aldehyden, sowie die
asymmetrische Oxidation verschiedener Alkohole besonders Zuckeralkohole. Aufgrund
der hohen Aktivitat und Enantioselektivitat in der Reduktion von D-Glyceraldehyd konnte
die GlyDH erfolgreich in der kinetischen Racematspatlung von racemischen Glyceraldehyd
eingesetzt werden. Darlber hinaus wurden fir die Produktion von L-Glyceraldehyd zwei
alternative Systeme vergleichend untersucht: Ein zellfreies Verfahren basierend auf
isolierten Enzymen (GlyDH und Glucose-Dehydrogenase fiir die Coenzym-Regenerierung)
und ein rekombinantes Ganzzellsystem. Im weiteren Verlauf der Arbeit konnte ebenfalls
aufgezeigt werden, dass neben der Reduktion auch die Oxidation verschiedener
Zuckeralkohole zu enantiomerenreinen Aldosen katalysiert wird.

Dariber hinaus, gelang es die Struktur der GlyDH réntgenkristallographisch mit einer
Auflésung von 2.0 A aufzuklaren. Die resultierende Kristallstruktur ermdglicht Einblicke in
molekulare Mechanismen, die fir den katalytischen Mechanismus, die Enantioselektivitat

sowie die Substratspezifitat der GlyDH verantwortlich sind.

Carbonyl Reduktase aus Neurospora crassa (NcCR): Die NcCR katalysiert die
Reduktion verschiedener Carbonylverbindungen; besonders a- und p-Ketoester werden
mit hohen Aktivitdten umgesetzt. Da jedoch ein geeigneter Prozess unter
“Standardbedingungen” nicht méglich war, gelang es, mit Hilfe einfacher Methoden des
Reaktionsengineering einen addquaten Prozess zur Darstellung von «- und

B-Hydroxyestern zu entwickeln.

Enoatreduktase aus Gluconobacter oxydans (EnR): Die EnR katalysiert die chemo-,
regio- und stereoselektive Reduktion von C=C Doppelbindungen verschiedener aktivierter

Alkene. Mit Hilfe der identifizierten EnR gelang es, verschiedene Verbindungen mit hoher
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biotechnologischer Relevanz wie z.B. (S)-Citronellal und (R)-Levodion selektiv und

enantiomerenrein zu synthetisieren.

Insgesamt ldsst sich festhalten, dass im Rahmen dieser Arbeit, drei Enzyme mit
biotechnologischer Bedeutung identifizieren, klonieren und heterolog exprimiert werden
konnten. Des Weiteren konnten diese Enzyme erfolgreich in der Synthese hochwertiger
Schliisselbausteinen eingesetzt werden und somit deren Potential fiir eine Anwendung in

biotechnologischen Prozessen demonstriert werden.
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ABBREVIATIONS

In the following a summary of all non-standard abbreviations used within this thesis
is given. Standard abbreviations and SI unis are excluded, for amino acids the
common one- or three letter code was used.

Abbreviations for enzymes

ADH Alcohol dehydrogenase

AldDH Aldehyde dehydrogenase

BsLDH LDH from Bacillus subtilis

CR Carbonyl reductase

EnR Enoate reductase

FDH Formate dehydrogenase

FSA D-Fructose-6-phosphate aldolase
G-6-P-DH Glucose-6-phosphate dehydrogenase
GDH Glucose dehydrogenase

GLD1 GlyDH from Hypocrea jecorina
GluDH Glutamate dehydrogenase

GlyDH Glycerol dehydrogenase

GOase Galactose oxidase

GsLDH LDH from Geobacillus stearothermophilus
HLADH ADH from horse liver

LbADH ADH from Lactobacillus brevis

LDH Lactate dehydrogenase

LeuDH Leucine dehydrogenase

NcCR CR from Neurospora crassa

NOX NAD(P)H oxidase

TBADH ADH from Thermoanaerobacter brockii
TtADH ADH from Thermus thermophilus
TtLDH LDH from Thermus thermophilus

BsLDH_V39R

Variant of the BsLDH



Further abbreviations

AKR
C-terminal
CHBE
COBE

DHA

DNA

E.C.

ee

FAD

FMN

GA
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HPLC
IPTG

KIP
LB-medium
N-terminal
NAD(H)
NADP(H)
PDB

PQQ

SDR

TEA
BLAST
NCBI
BRENDA
EMBL

u

Aldo-keto reductase

Carboxy-terminal

Ethyl 4-chloro-3-hydroxybutanoate

Ethyl 4-chloro-3-oxobutanoate
Dihydroxyacetone

Desoxyribonucleic acid

Enzyme commission

Enantiomeric excess

Flavin adenin dinucleotide

Flavin adenin mononucleotide
Glyceraldehyde

Gas chromatography

High performance liquid chromatography
Isopropyl-p-D-thiogaladopyranoside
Ketoisophorone

Lysogen broth

Amino-terminal

Nicotinamide adenine dinucleotide
Nicotinamide adenine phosphate dinucleotide
Protein data bank

Pyrroloquinoline quinone

Short-chain dehydrogenase
Triethanolamine

Basic local alignment search tool
National center for biotechnology information
Braunschweig enzyme database
European molecular biology laboratory
Unit
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1 INTRODUCTION

1.1 CHIRAL BUILDING BLOCKS

Chirality has become a key issue in organic synthesis and biotransformation over the
past few decades. The synthesis of chiral intermediates for the production of fine
chemicals, agrochemicals, natural products and, in particular, pharmaceuticals is
essential.

In the early 1990s, approximately 90% of all pharmaceutical were produced as
racemic mixtures!), Enantiomers possess nearly identical chemical and physical
properties, but their biological effects can differ immensely. Therefore, racemates of
pharmaceutically active compounds must be regarded with suspicion[z]. One
prominent example of unwanted side effects is thalidomide, a pharmaceutical used in
the early 1960s that caused a multiplicity of fetal abnormalities. While the
(R)-enantiomer has a sedative effect, the (S)-enantiomer is highly teratogenic and is
responsible for severe side effects!®!.

Consequently, in 1992, the US Food and Drug Administration (FDA) and the
European Committee for Proprietary Medicinal Products increased the legalisation
pressure for racemic mixtures by claiming a proof that the non-therapeutic isomer is
non-toxic!*, As a result, the production of chiral intermediates has become
increasingly important, and since 1990, the development of chiral technologies has
expanded considerably. In 2000, 35% of the produced intermediates were chiral,
and this number was predicted to increased to 70% by the end of 2010, The
importance of chiral intermediates is circumstantiated by the fact that nine out of 10
of the top selling drugs have a chiral active ingredient[s]. As a result, no hew racemic
drugs have been placed on the market since 200117 8/,

Therefore, methods for asymmetric synthesis are required, including the use of chiral
reagents or the use of naturally occurring chiral compounds (chiral pool) as starting
materials to produce the needed enantiopure building blocks (Fig. 1.1). Due to the
fact that only 10-20% of compounds are available from the chiral pool at an
affordable price[”, enzymatic methods have gained increasing interest in the past
few decades.

Moreover, based on the demand for complex molecules with a number of functional
groups and chiral centres, the chemical synthesis without the use of auxiliaries and
protection groups remains challenging. The high regio-, chemo- and

enantioselectivity of enzymes are the primary reasons that they are utilised as an
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alternative to asymmetric organic synthesis or reactions starting from the chiral

poolt®!,

Chiral pool Prochiral substrates

resolution
synthesis crystallisation kinetic chromatography asyr&r;e)tg:t:?;r;tir;ems
enzymatic chemical

| |

| Enantiopure compounds

Fig. 1.1. Different methods to synthesise enantiopure compounds, according to Ghanem et al. (2005)!*!

These enzymatically derived chiral building blocks are ideally low-molecular
compounds that exhibit several functional groups!*! '3, Enantiopure glyceraldehyde
is an example for a small chiral building block of great interest because of the wide
applicability of its structural motif. Recently, enantiopure glyceraldehyde has been
successfully used in the synthesis of enantiopure 4-(dihydroxyalkyl)-B-lactams
(antibiotic)!*®! and 8a-epi-swainsoine (anticancer drug)**, as well as other

pharmaceuticalst'®> *®1 (Fig. 1.2).

B-lactam

10-epi-bengazole A \ /
OH

HO\A?O

glyceraldehyde

VAN

OH.—oH N
TBSO \ 0
T
T HO ™ on
3,4-substituted pyrrolidine skeleton 8a-epi-swainonine

Fig. 1.2. Application of enantiopure glyceraldehyde. Scheme of the distribution of the structural motif (red) of
glyceraldehyde in the following pharmaceuticals: B -lactams (antibiotic)**!, 8a-epi-swainsoine (anticancer
drug)*¥!, 10-epi-bengazole A (antifungal activity)!**! and 3,5-substituted pyrrolodine skeletons (glycosidase
inhibitor)!*e?,
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Both glyceraldehyde enantiomers have been chemically synthesised by using
different approaches starting from compounds from the chiral pool!*”?2. However,
despite the achieved yields of the individual steps, the step economy and
accumulated waste streams of the existing procedures are not very favourable for
industrial applications. This is due to the synthetic desighs that utilise protecting
groups and requires many synthetic steps and large amounts of organic solvents,
generating stoichiometric waste and toxic reagents. In regard to environmental
improvements and cost reductions, new direct enzymatic routes for the preparation

of enantiopure glyceraldehyde are attractive.

1.2 ENZYMATIC PRODUCTION OF CHIRAL BUILDING BLOCKS

Biocatalysis has become an important tool in organic synthesis for the production of
fine chemicals, pharmaceuticals, agrochemicals and food ingredients. Therefore, the
enzymatic production of chiral building blocks is a highly promising area of research
for the development of sustainable processest! % 23-32],

The first application of enzymes in organic chemistry was the synthesis of
(R)-mandelonitrile using a hydroxynitrile lyase-containing extract by Rosenthaler in
190833, Since then, an increasing number of enzymes have been identified, and
since the mid 1970 s, the reports of applications of enzymes in organic synthesis

have substantially increased!®% 34

. Furthermore, another factor that facilitated the
development of enzymes for synthesis was the progress in recombinant
technologies, in particular, the finding of restriction enzymes that enabled the

s35 361 pue

transfer of genes for large-scale protein expression in suitable organism
to these developments, enzymes became easily accessible for commercialisation,
leading to a reduction of time scales for industrial developments from 5-10 to 1-2
yearst3”: 381,

In general, enzymes can be classified into six categories according to the reaction
they catalyse (Table 1.1).

These different enzymes can be used to catalyse reactions equivalent to almost
every type of chemical reactiont! % 23 28 29 32,391 pyrther, a variety of different
enzymes have already been used in chemoenzymatic synthesist® 26 27, 31, 39-43]

In particular, due to high stereo-, regio- and chemoselectivity of enzymes, their
application is often preferred over traditional chemical methods. Additionally,
enzymes are very efficient catalysts, accelerating reaction rates by a factor of
108-10'? compared to the corresponding non-enzymatic reactions, leading to much

higher acceleration rates than reactions mediated by chemical catalysts!** 4>,
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Table 1.1. Enzyme classes and subclasses and their corresponding catalysed reaction!*!.

Enzyme class Catalysed reaction (examples of subclasses)

1. Oxidoreductases Oxidation and reduction reactions

(e.g. dehydrogenases, reductases, oxidases and monooxygenases)

2. Transferases Transfer of functional groups

(e.g. transketolases, transaminases and acetyltransferases)

3. Hydrolases Hydrolysis and formation of e.g. esters, amides, lactams, lactones,
epoxides, nitriles, anhydrides, glycosides and organohalides.

(e.g. proteases, lipases, esterases, amidases, glycosidases and

amylases)

4. Lyases Addition or elimination of C=C, C=N, or C=0 bonds
(e.g. decarboxylases, carboxy-lyases, aldehyde-lyases and
dehydratases)

5. Isomerases Structural or geometrical rearrangement

(e.g. racemases, epimerases, isomerases, tautomerases and

mutases)

6. Ligases Formation or cleavage of two substrates under simultaneous

triphosphate cleavage (e.g. carboxylases)

Moreover, enzymes exhibit the ability to tolerate a wide range of structurally diverse
substrates. Enzymatic reactions can be performed at ambient temperatures and
atmospheric pressure, avoiding the use of extreme conditions that often cause
problems with side reactions (e.g., isomerisation, racemisation, epimerisation and
rearrangement). Considering environmental aspects, enzymes offer a safer and
greener process in terms of organic solvents and workup procedures. Additionally,
enzymes often reduce the number of individual steps required compared to chemical
synthesis by their ability to catalyse reactions that are not even possible with
conventional chemistry!#®l,

The application of enzymes also has some disadvantages, such as the process
stability of the enzyme and the occurrence of inhibition by the substrate, product or
any other compound in the reaction mixture. Furthermore, some enzymes require a
cofactor, such as nicotinamide cofactors, that serves as carrier of redox equivalents

that are too expensive to be used in stoichiometric amounts. To overcome this
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limitation, a number of systems have been established to regenerate the

cofactor!®’: 48

, which facilitates a sufficient use of cofactor-dependent enzymes in
organic synthesis. Furthermore, methods of protein design can be used for the
optimisation and adaption of the corresponding catalysts. For example, the
requirement of lactate dehydrogenase from Geobacillus stearothermophilus for
fructose 1,6-bisphosphate as an activator was eliminated by methods of directed
evolution[3% 49,

Based on these establishments, a number of chemical routes in the pharmaceutical
industry have already been replaced by biocatalytic steps[zs]. For instance, the
company DSM entirely redesigned the synthesis route for the antibiotic cephalexin.
The traditional route, consisting of one fermentation followed by eight chemical
steps, was replaced by a sequence of three biotransformations in series!*!. Another
example is the chemical synthesis of cortisone, a steroidal drug, which traditionally
consisted of 31 steps. With the introduction of a biocatalytic step, the synthesis was
reduced to five steps. As a result of this decrease in the required reaction steps, the
price of cortisone was reduced from 200$/g to 6$/g°% 31,

Generally, there are two main reactions catalysed by enzymes: kinetic resolutions
and asymmetric syntheses. The majority of kinetic resolutions are catalysed by
hydrolasest! % 29 31, 32,40, 48] "\yhile asymmetric synthesis is predominantly performed
by oxidoreductasest!: & 11,27, 29,30, 32, 52551 o 1y enzymes catalysing the formation of
new carbon-carbon bonds, such as aldolases, hydroxynitrile Iyases and

transketolases!’ >6-58],

1.3 OXIDOREDUCTASES

Oxidoreductases are cofactor-dependent enzymes that are ubiquitously distributed
and catalyse different reactions of biotechnological interest. Twenty-five percent of
all presently known enzymes are members of this enzyme class consisting of
dehydrogenases, oxygenases and oxidasest?.. Among the various groups of
oxidoreductases, dehydrogenases are the most promising in terms of applicability in
organic synthesis.

Dehydrogenases catalyse the NAD(P)H-dependent reduction of carbonyl groups, e.g.,
the reduction of aldehydes and ketones that produces the corresponding alcohol
(Fig. 1.3a). However, there are also enzymes (reductases) that catalyse the
reduction of activated C=C double bonds (Fig. 1.3b). Furthermore, the reverse
reaction starting with the reduced compound is also catalysed by dehydrogenases
(Fig. 1.3c).
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Thus far, dehydrogenases have been successfully used in the reductive production of
chiral hydroxyl acids!®®, amino acids®®®?!, «- and pB-hydroxyesters!®>®® and

especially alcohols*™#3 52, 54 66711 " However, some examples of enzymatic oxidation

in the kinetic resolution of chiral alcohols have also been published!”?83],
(A)
JOJ\ dehydrogenase /(ﬂ_' (;DH
RVCRZ ~ 7 rRIR: 7 RITR
NAD(P)H NAD(P)*

(B)
RJ_A »\Rz dehydrogenase R! R

ok x>

RS R4 ; ; R3 R4

FMNH, FMN
NADP* NADPH
(9
© OH 0
J\ dehydrogenase J\
R’ R?

R2 ~ ~_ R

NAD(P)* NAD(P)H

Fig. 1.3. Catalytic reaction of different dehydrogenases. The asymmetric reduction of carbonyl compounds (A),
the reduction of a C=C double bond (B) and the enzymatic oxidation of an alcohol (C) are displayed.

1.3.1 Enzymatic reduction of carbonyl compounds

The asymmetric reduction of prochiral ketones is one of the most important reactions
in organic synthesis for producing chiral alcohols. Therefore, alcohol dehydrogenases
(ADHs) are of major interest.

A number of chemical methods are well-established for the asymmetric reduction of
ketones by chemical means®. The disadvantage of these methods is the
requirement of chiral catalysts to generate a chiral centre, starting from a prochiral
compound. One of the best asymmetric reducing agents invented by chemists is the
Corey-Bakishi-Shibata (CBS) reagent, which is a chiral borohydrin analogue leading
to enantioselectivities of up to 97% using acetophenone as a substrate.

The drawback of using chemical methods is the fact that high enantioselectivities can
only be obtained when the two substituents are sterically well-differentiated, while
enzymes show high enantioselectivities with even aliphatic ketones such as ethyl
propyl ketonel®®. This ability makes ADHs a versatile tool for the production of
optically active secondary alcohols that are widely used as intermediates for the
introduction of chiral information into compounds (Fig. 1.4)[301. The produced chiral

building blocks can act as key intermediates in the production of pharmaceuticals,
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fine chemicals and natural products!?32% >51. Indeed, optically active 1,3-butanediol is
such a key intermediate for the synthesis of various chiral compounds, much like

azetidinone derivatives, which can be found in antibiotics, pheromones, fragrances

and insecticides (Fig. 1.5)!731,

OH diketones

J e

aromatic ketones

OH

Fig. 1.4. Potential of ADHs in the asymmetric reduction of various ketones for the production of chiral alcohols.

Because the reduction catalysed by ADHs usually leads to the generation of a chiral

centre, new catalysts with a broad substrate spectrum are of primary importance for

various technical applications.

OH
/'\/YOH
o}
hydroxybutanoate
OH
w
sulcatol / recifeiolide
OH
* OH

oH / l N o _OH

/5;(OAC

NH (

o H

azetidinone _E\/L grandisol
H Me

biocyclonane

Fig. 1.5. 1,3-butanediol as a chiral building block for the synthesis of different chiral intermediates. Figure

modified according to Matsuyama et al. (2001)["3!
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In general, biotransformations are performed using either isolated enzymes or whole
cells. A prominent example of a biocatalytic process that was developed to replace
existing chemical routes is the enzymatic production of ethyl-(R)-cyano-3-
hydroxybutanoate (HN). HN is a crucial intermediate for the production of
atorvastatin (Lipitor®, a cholesterol-lowering drug).

The asymmetric reduction of ethyl-4-chloroacetoacetate is enzymatically catalysed
by applying a ketoreductase to obtain ethyl-(S)-4-chloro-3-hydroxybutanoate. In a
second enzymatic step, a halohydrin dehydrogenase is used for the subsequent
conversion to ethyl-(R)-4-cyano-3-hydroxybutanoate. This sequence replaced a
Claisen condensation carried out at -70°C and the application of chiral pool

compounds (Fig. 1.6)1°].

(@] (@] OH O halohydrin OH O
ketoreductase dehydrogenase
e A~ ctase ol A M~ detvdrogenasg ye A I~
ethyl-(S)-4-chloro-3- HCN ethyl-(R)-4-cyano-3-

ethyl-4-chloroacetoacetate F hydroxybutyrate hydroxybutyrate

®

O =

OH

NH

o

Fig. 1.6. Synthesis of atorvastatin. Two dehydrogenases, a ketoreductase and a halohydrin dehydrogenase, are
applied to produce (R)-4-cyano-3-hydroxybutanoate, which is subsequently converted by several chemical
steps to atorvastatin(?®!,

atorvastatin

Another example is the enantioselective synthesis of (R)-2-bromo-1-(4-
benzyloxyphenyl)ethanol and (R)-2-bromo-1-(4-benzyloxy-3-hydroxy-methylphenyl)
ethanol using Rhodotorula rubra cells. The abovementioned compounds are chiral
intermediates in the production of denopamine and salmeterol, two important
B-adrenoreceptor agonists sold as racemates, of which the (R)-enantiomer is the
active component (Fig. 1.7)®%. The enantioselectivity introduced by the enzymatic

step enables a direct route for the production of the enantiopure pharmaceutical.
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OH H
N OMe
0 OH \/\C[

HO OMe

Rhodotorula ruba - - (R)-denopamine

—_—
o Br o Br OH H
R R ~NNN
HO
R = H; CH,OH (R)-salmeterol
O

H

Fig. 1.7. Synthesis of (R)-denopamine and (R)-salmeterol. One key step in the reduction of the
bromacetophenone derivative is stereoselectively catalysed by R. rubra cells!®,

1.3.2 Enzymatic reduction of C=C double bonds

In addition to the enzymatic reduction of carbonyl compounds, reductases are
capable of catalysing the reduction of C=C double bonds. These enzymes are named
enoate reductases based on the catalysed reaction. Enoate reductases are
NAD(P)H-dependent flavoenzymes that catalyse the asymmetric reduction of olefinic
double bonds by creating up to two chiral centres. For the equivalent chemical
synthesis, a high number of alkene reductions are performed using asymmetric
hydrogenation by chiral rhodium or ruthenium phosphines[%]. The major drawback is
the limitation to highly polar functional groups (i.e., amides, acids and alcohols) as
part of the structure. The chemical solutions also use complex ligands that require
high pressure. The high regio- and enantioselectivity at ambient temperatures and
pressure makes the biocatalytic counterpart a suitable alternative for the production
of chiral building blocks.

In another example, Candida macedoniensis cells were applied to reduce the C=C
double bond of 3,5,5-trimethyl-2-cyclohexene-1,4-dione (ketoisophorone, KIP) to
produce (6R)-2,2,6-trimethylcyclohexane-1,4-dione (levidione), which is an
important chiral intermediate for the synthesis of optically active compounds such as

zeaxanthin (Fig. 1.8)187- 881,

0o Candida 0
macedoniensis
—_————— —_——
o) o)

HO
ketoisophorone (6R)-levodione zeaxanthin

Fig. 1.8. Synthesis of zeaxanthin. The reduction of the C=C bond is catalysed by the enoate reductase from
C. macedoniensis using whole cells!®”],
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Furthermore, citronellal, an important intermediate for the food and cosmetic
industry, can be synthesised by the reduction of inexpensive prochiral citral using
enoate reductases from different organisms®°3. Figure 1.9 shows the application of

citronellal as an intermediate in the synthesis of menthol.

X S
O
H™ 0 enoate reductase WH

_—
> OH

citral (trans/cis) citronellal menthol

Fig. 1.9. Synthesis of menthols. Citronellal is synthesised by enoate reductases from different organisms (e.g.,
G. oxidans, Candida parapsilosis, Pichia angusta, Rhodococcus ruber, Rhodococcus sp. and Botrytis cinerea)®?.

1.3.3 Enzymatic alcohol oxidation

Oxidation of alcohols is one of the most fundamental and important reactions in
organic chemistry. However, there are many disadvantages for performing oxidation
reactions using traditional chemical methods. Many catalytic routes are based on
toxic metal catalysts (e.g., chromium), which is unacceptable in terms of
environmental issues, and the chemical methods used often lack chemoselectivity,
leading to a number of side reactions. Moreover, the performance of a regio- and
stereoselective oxidation is extremely difficult, especially when more than one
hydroxyl group is present. This regioselective oxidation of polyols by chemical means
requires a complicated protection and deprotection strategy to obtain the desired
product[l' 72, 94-98]

According to the abovementioned difficulties, enzymatic oxidation has great potential
with respect to environmental compatibility and catalytic efficiency, particularly when

(72,799, 100 ' 14 an overview on the current

regio- and stereoselectivity is required
developments in biotransformation, Faber and Patel (2000) pointed out that novel
catalysts are in great demand for catalysing reactions that are chemically difficult or
impossible to perform by traditional methods (e.g., decarboxylation, stereoselective
oxidation and asymmetric C-C bond formation)%t,

Most dehydrogenases are also capable of catalysing the oxidation of primary and
secondary alcohols. The problem is that these oxidations are thermodynamically
unfavourable. Therefore, the efficient regeneration of the required cofactor is a key

issue for the successful application of dehydrogenases for enzymatic oxidation.



1 INTRODUCTION 11

According to the fact that the oxidation of a secondary alcohol destroys a chiral
centre, oxidations of secondary alcohols are of limited synthetic use. An exception for
this application is when either the corresponding ketone is difficult to prepare or
when there is no available enzyme to prepare the complementary enantiomer by
reduction. A number of kinetic resolutions using ADHs can be found in
literaturel”3: 7679 81, 831,

As an example, racemic 1,3-butanediol was resolved using strains with opposite
enantiopreference (Fig. 1.10). This strategy provides access to both enantiomers
because one enantiomer was reduced preferentially, while the other was

untouched!”3 7¢

. As a second example, the L-leucine dehydrogenase from Bacillus
cereus was successfully applied in the oxidative resolution of the racemic mixture of
DL-tert-leucine for the preparation of enantiopure D-tert-leucine!®3. The major
drawback of kinetic resolutions is that they only lead to a maximum vyield of 50%,
while the production of optically active compounds via asymmetric syntheses can

result in up to a 100% vyield.

OH (0]
rapsiloS /k/\OH * )k/\OH
OH CV (R)-1,3-butanediol 4-hydroxybutane-2-one

OH

rac-1,3-butanediol N OH 0
. /acl‘/;s\ )K/\

(S)-1,3-butanediol 4-hydroxybutane-2-one

Fig. 1.10. Kinetic resolution of rac-1,3-butanediol. Both enantiomers can be prepared using different organisms
with opposite enantiopreferences. C. parapsilosis oxidises the (S)-enantiomer, while the (R)-enantiomer is
oxidised by Kluyveromyces lactis!”> 7¢I,

Therefore, the asymmetric oxidation becomes considerably more interesting,
particularly when complex molecules such as polyols are involved. In the selective
oxidation of polyols, the application of a biocatalyst can significantly decrease the
number of required steps due to the lack of protection and deprotection steps
compared to the chemical synthesis.

Numerous sugars have been selectively oxidised in a single step using corresponding
enzymes or microorganismsl’® 71, The synthesis of -ribulose by Gluconobacter
oxydans is such an example, where ribitol is oxidised with high regio- and
stereoselectivity in a single step (Fig. 1.11). Without the use of protection groups,

this reaction is chemically impossible.
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CH,OH CH,OH
HO H (0]
HO H G. oxydans HO H
HO H HO H
CH,OH CH,OH
ribitol L-ribulose

Fig. 1.11. Regio- and stereoselective microbial oxidation of ribitol to L-ribulose. G. oxydans has been applied to
synthesise L-ribulose, a chiral intermediate!”*!.

A further example of the high regioselectivity of enzymes can be found in the
production of 12-ketochenodeoxycholic acid from cholic acid catalysed by the
12a-hydroxysteroid dehydrogenase from Clostridium group P (Fig. 1.12). The
compound 12-ketochenodeoxycholic acid is an essential intermediate in the synthesis

of chenodeoxycholic acid, a drug with many therapeutic applications.

OH (0]
COOH  12q-hydroxysteroid COOH
dehydrogenase

HO OH HO OH

Fig. 1.12. Regioselective oxidative production of 12-ketochenodeoxycholic acid by 12a-hydroxysteroid
dehydrogenase from Clostridium group P!,

In summary, the application of oxidoreductases, particularly dehydrogenases, is a
promising approach for the synthesis of chiral building blocks. The only drawback in
terms of efficiency is the requirement for the addition of expensive cofactors, which
can only be satisfied by the establishment and adaption of efficient and suitable

regeneration systems for either the reduced or the oxidised cofactor.

1.4 IDENTIFICATION OF NEW OXIDOREDUCTASES

To expand the spectrum of enzymes that are capable of catalysing a variety of
different reactions, the identification of novel biocatalysts is essential. There are two
major routes to identify new enzymes for the application in organic synthesis. One is
the screening of natural sources for new enzymes, and the other is the adaption and

optimisation of enzymes by directed evolution or rational enzyme design.

1.4.1 Screening for new enzymes

The most established method to identify new enzymes is based on the screening of

[30, 35, 102, 103]

soil samples and strain collections by enrichment culturing . Enrichment
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cultures enable the identification of microorganisms that display optimal growth
under the experimental conditions. Often, media with limited nutrients or with the
compound of interest as only carbon source are used. This approach enables the
identification of microorganisms that contain enzymes that are capable of
metabolising the corresponding compound. After selecting the suitable organisms,
the enzymes responsible for the desired activity are identified in a second step. The
advantage of this strategy is that the activity-based nature of the screening
facilitates the identification of enzymes independent from sequence identities.
However, if the gene sequence is required for the recombinant production of the
biocatalyst, this method is rather time-consuming. In addition, this method is limited

to the low number of culturable microorganisms!'¥

. Hence, new strategies have
been applied more recently to include the "“non-culturable” diversity. The
metagenome approach is an example of such a culture-independent method, in
which the entire genomic DNA from a soil sample is directly extracted, cloned,
expressed and screened according to the desired activity?®* 15707 The benefit of
applying this method is that the identified enzymes are already expressed in a
recombinant form, and the DNA sequence can be easily analysed. One impressive
example of the application of such an approach is the discovery of > 130 novel
nitrilases from 600 environmental DNA libraries from different sources!*%®,

Another common method to identify novel catalysts is the so-called database mining
approach[los]. This method is based upon the alignment of amino acid sequences
with known activities and sequences of unknown function from databases using
search tools such as BLAST!%), Named tools can easily be used to identify
sequences that potentially exhibit a similar or related activity. However, care must
be taken because a similar sequence does not guarantee a similar activity.
Therefore, this method can be used to provide first hints to novel enzymes.
However, the biochemical properties and the substrate range must also be

investigated.

1.4.2 Tailor-made enzymes

Rather than screening for an appropriate catalyst, the optimisation of the catalyst is
often more efficient. Therefore, during the past few decades, much effort has been
devoted to the development of capable methods to facilitate the adaption of

g[110-118] " The intention of this

biocatalysts according to the corresponding demand
approach is to improve catalytic properties, including higher catalytic turnover,

altered substrate- or enantioselectivities, cofactor specificity, thermal and pH
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stability and organic solvent tolerance. In principle, a distinction is drawn between
two major strategies: directed evolution and rational protein design. However, both

are used to improve an enzyme on the amino acid level.

Directed evolution

Directed evolution, also known as in vitro or molecular evolution, is a powerful tool,
especially when no structural information for the enzyme is available or if it is
uncertain which part of the catalyst must be changed to gain the desired ability. For
a successful directed evolution approach, two steps are essential: 1) the random
mutagenesis of the gene encoding the corresponding enzyme and 2) a reliable
screening system for the identification of improved variants. Various techniques have
been developed to effectively introduce mutations and screen the created libraries

[35, 110, 112, 114, 119-121]

for the desired activity . Furthermore, this approach has been

successfully applied to adapt the properties of different catalysts, especially for

industrial processes!3> 114 117]

. In addition, directed evolution has been used to
improve oxidoreductases. For example, three rounds of random mutagenesis
eliminated the required use of fructose 1,6-bisphosphate for the lactate

[49]

dehydrogenase from G. stearothermophilus‘™. In a second example, six rounds of

mutagenesis and sorting led to an improvement in catalytic activity and soluble

expression of a phosphite dehydrogenase from Pseudomonas stutzeri'**3!,

Rational protein design

In contrast to directed evolution, rational protein design requires detailed knowledge
of the three-dimensional structure of the protein or at least a homology model.
Furthermore, information regarding the molecular principles, such as the reaction
mechanism, is a prerequisite for identifying the positions for appropriate amino acid
substitutions by site-directed mutagenesis. This technique is especially valuable in
the understanding of structure-function relationships in combination with structural
and biochemical investigations. According to the fact that most NAD(P)"-dependent
dehydrogenases exhibit a strong preference for either one of the cofactors, the
attempt to alter the cofactor specificity of dehydrogenases by applying methods of

rational protein design has become a major focus during the past few decades!!?*

1331 This interest is justified by the extensive knowledge of this enzyme class with
respect to cofactor binding. The crucial amino acids were identified and consist of the
highly conserved Rossmann-fold region GXGXXG;9X, exhibiting a negatively charged
amino acid for NAD* preference, while a positively charged amino acid is responsible

for NADP* binding (red X)[*34-13¢1,
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In general, a combination of different techniques can be used to increase the scope
of the enzyme of interest. A prominent example of such an approach is combinatorial
active site mutagenesis (CAST) established by Reetz et al. (2005), which combines a

single-site saturation mutagenesis and a simultaneous randomisation at multiple
SiteS[lls' 116, 118].

1.4.3 Identification of improved catalysts

The major challenge in enzyme evolution is the identification of improved variants
within mutant libraries. In general, the numbers of generated variants differ
remarkably when the methods of directed evolution and rational enzyme design are
compared. However, if required, suitable screening or selection systems must be
applied. Screening systems commonly use photometric- or fluorimetric-based assays
on a microtitre plate scale or the formation of coloured products on agar plates to

allow high-throughput strategies!'*® 1371401

. One example is an on-plate activity
assay based on the phenazinethosulfate-mediated reduction of nitrotetrazolium blue
accompanied by the formation of a blue dye. This assay was applied to optimise
formate dehydrogenase from Candida boidiniit**'.

Highly efficient screening methods are based on selection strains, but the
development of suitable selection strains is usually very time-consuming. Often,
these strains are built upon complementation processes. This includes strains
adapted for screening purposes by the deletion of essential enzymes or pathways.
Such a strain is only able to grow if the essential metabolite is produced by a variant
with the desired activity and drastically reduces the effort in screening large
libraries!®> 1421,

A variety of different screening and selection systems have been developed over the

past few decades to identify successfully improved enzymesl[t® 121, 143, 144]

1.5 COFACTOR REGENERATION

All redox enzymes require cofactors such as nicotinamide adenine dinucleotide
[NAD(H)] and its respective phosphate [NADP(H)], flavins (FMN, FAD) and
pyrroloquinoline quinone (PQQ), which serve as carrier of redox equivalents. Among
the various cofactors, nicotinamides are the farthest distributed and most required
by the majority of oxidoreductases!!!. These cofactors are not permanently bound to
the enzyme and act as co-substrates. The successful use of dehydrogenases in

synthetic applications requires either stoichiometric amounts of the cofactor or a
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suitable regeneration system. Due to the high costs of the required nicotinamide
cofactors, stoichiometric use is not feasible in terms of economical applicability.
Therefore, the establishment of capable regeneration systems has been extensively
studied over the past decade!®” *®), There are different ways to regenerate either the
reduced or oxidised cofactor, including enzymatic, chemical, photochemical and

electrochemical strategies.

1.5.1 Electro- and photochemical cofactor regeneration

It is possible to regenerate nicotinamide cofactors with traditional chemical methods
by applying reducing agents, such as sodium dithionite. However, due to very slow
reaction rates and the common occurrence of side effects, such as enzyme
inactivation, examples are scarcel**J,

Photochemical cofactor regeneration is an environmentally friendly method that uses
light energy to regenerate NAD(P)H with a photosynthetic biocatalyst such as

[30]

cyanobacterium'>-'. The light energy is converted through the electron transfer

system into chemical energy in the form of NAD(P)H. Subsequently, the reduced
cofactor can be used to enzymatically reduce ketones to chiral alcohols!*#® 1471,

Electrochemical methods are more common and flexible for the regeneration of the
cofactor. One can differentiate between a direct electron transfer from the electrode
and an indirect transfer where a mediator is interconnected, and several examples of

electrochemical regeneration have been published! 85!,

1.5.2 Enzymatic regeneration of the reduced cofactor

Enzymatic regeneration systems have been extensively studied and used in
combination with numerous dehydrogenases for different applicationst® % 27 47: 54 66,
68, 71,152-158] There are two possible strategies to regenerate the cofactor: 1) by the
use of a second substrate and 2) the use of a second enzyme in combination with a

second substrate.

Substrate-coupled cofactor regeneration

In substrate-coupled regeneration, the substrate is reduced by the dehydrogenase,
and the required cofactor is regenerated by the addition of a co-substrate, which is
oxidised by the same dehydrogenase. Requirements for this approach are the
acceptance of high co-substrate and co-product concentrations (often 2-propanol and

acetone) and the capability of the corresponding enzyme to oxidise the co-substrate.
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The application of different dehydrogenases using the substrate-coupled strategy for

cofactor regeneration has been published (Fig. 1.13)!47 159-161]

o O O OH O O

LbADH
R \)WJ\OtBu ; ; R MOI‘BU
B,5-diketoesters NADPH NADP* 3-hydroxy-p-ketoesters
o} OH
)J\ LbADH )\
acetone 2-propanol
R=Cl, H, Me

Fig. 1.13. Reduction of B,0-diketo esters by the ADH from Lacobacillus brevis (LbADH). The same enzyme
catalyses the simultaneous cofactor regeneration that oxidises 2-propanol as a co-substrate!*>%,

Although substrate-coupled regeneration appears elegant at first, there are some
disadvantages encountered with this method. In general, not every dehydrogenase is
able to catalyse the oxidation of the co-substrate, and additionally, inhibition of the
enzyme by the co-substrate or the co-product is possible. Furthermore, due to the
equilibrium reaction of the substrate-coupled mechanism, maximum reaction yields
are not possible. Therefore, further strategies have been developed for the

regeneration of the cofactor.

Enzyme-coupled cofactor regeneration

The second enzymatic strategy to regenerate the reduced cofactor is the use of two
independent enzymes, which is often more advantageous than the substrate-coupled
approach. In this case, two parallel redox reactions are performed simultaneously by

two different enzymes (Fig. 1.14).

o enzyme 1 OH

R1J\R2 ﬁ R1)\R2

NAD(P)H NAD(P)*

co-product <¥—4 co-substrate

enzyme 2

Fig. 1.14. Principle of the substrate-coupled cofactor regeneration approach using a second enzyme and a
co-substrate.

Several enzymes are frequently used for the regeneration of reduced nicotinamide
cofactors, such as formate dehydrogenase (FDH), glucose dehydrogenase (GDH) and

glucose-6-phosphate dehydrogenase (G-6-P-DH).
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Formate dehydrogenases (FDHs)

Based on the irreversible character of formate decarboxylation by the FDH and the
formation of an easily removable product (CO;), this strategy is preferentially used
for the regeneration of NADH (Fig. 1.15).

(o] H o) H
NaO3S N NADH reductase NaO3S N
O — O B. subtilis O S O
N SO;Na N SO;Na
3 3
H o \ Hoo
acid blue NADH NAD* leuco acid blue
\ o
CO
2 FDH A OH
C. boidinii formate

Fig. 1.15. Reduction of the dye acid blue by the NADH reductase from Bacillus subtilis coupled with FDH from
C. boidinii for NADH regeneration™>”],

Therefore, various examples of enzymatic reduction using FDH for cofactor

regeneration are found in literature!t*’ 48 6. 68, 71, 153, 157, 158]

. However, due to the
high cofactor specificity of FDH, its application is restricted to the regeneration of
NADH. Furthermore, the specific activities of FDHs are very low compared to other

enzymes.

Glucose dehydrogenases (GDHs)

GDHs can be used to regenerate NADH and NADPH. They catalyse the
NAD(P)*-dependent conversion of p-D-glucose to D-glucono-1,5-lactone. Due to the
fact that the lactone formed can be quickly converted into the corresponding acid,
this reaction is irreversible.

Thus far, GDHs have been successfully applied in NADH-dependent
biotransformations [16% 1831 and in a number of NADPH-dependent processes!!>? 15>
156, 163—167].

Examples of such applications can be seen in the coupling of GDHs with an
(R)-specific alcohol dehydrogenase in the production of different chiral
alcohols!t®3 1871 or the production of 4-chloro-3-oxobutanoate, where GDH was used
in combination with an aldehyde dehydrogenase!®®!.

Another interesting example is the application of the GDH from Bacillus subtilis in
combination with w -transaminase from Vibrio fluvialis and ADH from Lactobacillus
kefir. These three enzymes were used for the simultaneous synthesis of enantiopure
(R)-1-phenylethanol and (R)-a-methylbenzylamine from rac-a-methylbenzylamine
(Fig. 1.16)!*%%), These examples display the broad applicability of GDH in combination

with various oxidoreductases.
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rac-a-methylbenzylamine acetophenone (R)-1-phenylethanol

NH, o} OH
@)\ o-transaminase ©)k ADH ©/\

"
pyruvate alanine NADPH NADP

glucono -1,5-lactone ‘L—L glucose

GDH

Fig. 1.16. Simultaneous synthesis of (R)-1-phenylethanol and (R)-a-methylbenzylamine from
rac-a-methylbenzylamine, applying w-transaminase from V. fluvialis and ADH from L. kefir in combination with
GDH from B. subtilis for cofactor regeneration!**®!,

1.5.3 Enzymatic regeneration of the oxidised cofactor

The regeneration of the oxidised cofactor is also an essential area of research,
especially in the environmentally benign enantioselective oxidation of alcohols using
ADHs. Due to the fact that the equilibrium of dehydrogenase reactions lies heavily in
favour of the reduction, the regeneration of the oxidised cofactor is more crucial than
that of the reduced cofactor. In contrast to the variety of different regeneration
systems for the reduced cofactor, suitable systems for the oxidised cofactor,
particularly NADP*, are rare.

The most widely used method for oxidised cofactor regeneration is the
enzyme-coupled approach because shifting the equilibrium towards oxidation
represents a serious challenge using the substrate-coupled approach. To apply such
a strategy, the enzyme must be remarkably stable in high co-substrate
concentrations, so the equilibrium can be shifted entirely. For example, Kosjek et al.
(2003) used an acetone concentration of 25% (v/v) to catalyse the oxidation of
sec-alcohols, employing whole cells of R. rubert®®17% Thus, the fact that only a few
dehydrogenases can tolerate such high co-substrate concentrations demonstrates
that the substrate-coupled approach has limitations.

Nevertheless, a number of useful enzyme-coupled regeneration systems exist,
especially with regards to NAD™", applying lactate dehydrogenases (LDHs), glutamate
dehydrogenases (GluDHs) or water- and hydrogen peroxide-forming NAD(P)H
oxidases (NOXs).

Lactate dehydrogenases (LDHs)

L-Lactate dehydrogenases are NAD'-dependent dehydrogenases that catalyse the
reduction of pyruvate to lactate. Based on their extraordinarily high specific activity
and the high stability of the enzyme and substrate, LDHs have become a convenient

system for enzymatic cofactor regeneration. For example, LDHs have been used to



20 1 INTRODUCTION

regenerate  NAD* in the oxidative resolution of 1-phenyl 1,2-ethanediol in
combination with glycerol dehydrogenase (GIyDH)[78] and a number of other
reactions!*’’ 78 1711731 'However, the major drawback of using LDHs is their strict
NAD*-dependence. NADP*-dependent enzymes have not yet been found in nature.
Based on the advantages of LDHs, a NADP*-dependent variant would be an
interesting alternative in terms of economic aspects and the efficiency to facilitate
the regeneration of NADP™.

Therefore, according to the demand of a suitable regeneration system for NADP*,
protein engineering of the LDH from G. stearothermophilus has been investigated,
particularly with the aim of altering its cofactor specificity!*?21?*], Thus far, a number
of LDH wvariants have been reported, and all show a shift in cofactor

specificity!t2% 123, 174]

. However, with regards to activity, these variants were not
significantly improved. Hence, none of the described variants have been used in the

regeneration of the cofactor in combination with a second enzyme.

NAD(P)H oxidases (NOXs)

NOXs are 0,-dependent flavoenzymes that catalyse the NAD(P)H-dependent
oxidation of molecular oxygen. They can be divided into water- and hydrogen
peroxide-forming enzymes (Fig. 1.17). Water-forming enzymes are preferred over
hydrogen peroxide-forming enzymes because the H,0;, produced leads to inactivation
of the enzymes, and a third enzyme (catalase) is therefore required to decompose
the H,0,.

A B
W o o g B oo ot i
R1 R2 ; : R1 R2 R1 R2 ; : R1 R2
NAD(P)* NAD(P)H NAD(P)* NAD(P)H
NOX %5)<
H,O 1/2 0, H,O H,0, (o)
catalase

Fig. 1.17. Schematic diagram of NAD(P)*-regeneration using either a water-forming (A) or a hydrogen
peroxide-forming (B) NOX.

NOXs from different organisms are known and have been frequently used in the
regeneration of NAD*[#7/ 79 83,175,176 "o example, NOX from L. brevis was applied in
the kinetic resolution of DL-tert-leucine coupled with a leucine dehydrogenasel®,

However, the regeneration of NADP* using NOXs still remains challenging because

many enzymes prefer NADH as a cofactor and show little to no activity with NADPH.
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One exception is the water-forming NAD(P)H oxidase from Lactobacillus
sanfranciscensis, which exhibits an adequate activity with NADPH (11 U/mg) in

contrast to other oxidases!'”"!,

Glutamate dehydrogenases (GluDHs)

GluDHs catalyse the synthesis of L-glutamate from ammonium and a-ketoglutarate.
They prefer either NADH or NADPH or use both cofactors!®! 82 177 1781 gnd show high
specific activities. The only drawback for their biotechnological application is the
relatively high price of the co-substrate used. Nevertheless, GluDH was applied in
combination with GlyDH to regenerate NAD* during the oxidative resolution of
1,2-butanediol®. In addition, GIuDH was wused in combination with
12a-hydroxysteroid dehydrogenase from Clostridium group P for the regeneration of

NADP* in the synthesis of ketochenodeoxycholic acid (Fig. 1.12).

1.6 WHOLE-CELL BIOCATALYSTS

Instead of using isolated dehydrogenases that require feasible cofactor recycling,
whole microbial cells can be employed. The major advantage to this approach is that
the addition of a cofactor is not necessary, and no regeneration system is required
because the cofactor is regenerated by the metabolism of the cell. Therefore, whole
wild-type cells are widely used in asymmetric synthesis, and numerous applications

have been reported[ll’ 53, 73, 155, 167, 179-183]

. However, the disadvantages are apparent
concerning the variety of different dehydrogenases that occur in a microbial cell. The
first drawback is that whole-cells often exhibit low stereoselectivities caused by the
presence of multiple dehydrogenases with conflicting specificities. Furthermore, the
produced compound can be metabolised by the cell, which leads to little to no yield.
Aside from these disadvantages, the productivity of whole wild-type cells is generally
low due to poor expression of the responsible enzymes compared to a recombinant
expression system[84),

An alternative solution is the construction of so-called “designer cells” that enable
the simultaneous expression of two or more enzymes in a single cell. This concept is
based on a direct application of cells containing the desired enzymes in a sufficiently
overexpressed form, using only the intracellular amount of the cofactor. The key
benefit of this method is that side reactions can be avoided due to the high amount
of recombinant enzyme. Furthermore, these renewable biocatalysts facilitate a

process that does not require the recovery and purification of the enzymes.
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A major issue for the successful creation of such catalysts is the optimisation of
protein expression because activities of both enzymes are required in a similar
range. Thus, there are different strategies available to generate an efficient
“tailor-made” whole-cell catalyst.

In an indirect strategy, each enzyme is primarily produced in a different strain. Then
for the subsequent biotransformation, cells from each strain are combined in various

(18] The main drawback of

amounts, facilitating an adjustment in terms of activity
this method is the required transfer of the corresponding cofactor between the cells.

However, other strategies that are strongly dependent on recombinant DNA
technologies enable the simultaneous overexpression of the required enzymes in a

single cell (Fig. 1.18).

gluconolactone (0]
J
-
carbonyl
NAD(P)H compound
GDH " { ADH
NAD(P)* OH
chiral
glucose alcohol

Fig. 1.18. Concept of a whole-cell catalyst using one plasmid for the simultaneous expression of the required
ADH for carbonyl reduction and GDH for the regeneration of the cofactor.

In general, one can differentiate between a one- or two-plasmid strategy by
integrating the genes of interest into one or two plasmids. By using such an
approach, there are several options to adjust the activities of the enzymes such, as
the copy number of the plasmids used or the strength of the selected promoters.
According to the benefits offered by designer cells, their construction and application
is very promising, particularly for technical applications. This interest can be seen in

the growing number of processes using whole-cell catalysts [°* 62 66, 166,167, 185-192]

1.7 SCOPE AND OUTLINE OF THIS THESIS

As introduced, the biocatalytic synthesis of chiral building blocks has increasingly
gained interest over the past few decades. The demand for biocatalytic strategies to
produce these chiral synthons is high. Based on this requirement, the general aim of
the thesis was the identification, recombinant expression and characterisation of

novel oxidoreductases that can be applied in the synthesis of different chiral building
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blocks (Chapters 2 and 3). Aside from the identification of oxidoreductases, a
suitable biocatalytic process should be established to facilitate the production of
chiral synthons on a preparative scale.

This goal should be achieved by database mining based on the protein sequences of
enzymes that catalyse reactions related to the one that is desired. Moreover,
recombinant access to the identified enzymes should be enabled. Additionally, the
scope of these oxidoreductases should be examined with respect to reactions of
biotechnological interest (Chapter 2). An application of the novel oxidoreductases
requires a suitable and reliable cofactor regeneration system. Therefore, the
adaption and establishment of cofactor regeneration systems was another focus of
this work (Chapter 4). For this purpose, the cofactor specificity of lactate
dehydrogenase from B. subtilis should be altered by applying methods of
structure-guided saturation mutagenesis to broaden the applicability of lactate
dehydrogenase in the cofactor regeneration.

Subsequently, a combination of the new oxidoreductases and a suitable regeneration
system should facilitate biocatalytic strategies for the synthesis of different chiral
building blocks on a preparative scale. If required, the process should be further
optimised by reaction engineering.

Another aim of this thesis was to optimise and further simplify the established
processes by the application of whole-cell catalysts. Such “designer cells” facilitate
the expression of all required enzymes in a single cell and enable a reduction of
time- and cost-consuming steps, as well as the addition of external cofactors
(Chapter 5).

Finally, based on the newly established enzymatic routes, the production of a few

selected chiral building blocks was demonstrated on preparative scale (Chapter 6).
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2.1 CHARACTERISATION OF A RECOMBINANT NADP-DEPENDENT
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Characterisation of a recombinant NADP-dependent
glycerol dehydrogenase from Gluconobacter oxydans and
its application in the production of L-glyceraldehyde

Nina Richter,”d Markus Neumann,” Andreas Liese, Roland Wohlgemuth,®

Thorsten Eggert, and Werner Hummel™

The acetic acid bacterium Gluconobacter oxydans has a high
potential for oxidoreductases with a variety of different catalytic
abilities. One putative oxidoreductase gene codes for an enzyme
with a high similarity to the NADP'-dependent glycerol
dehydrogenase (GlyDH) from Hypocrea jecorina. Due to this
homology, the GlyDH (Gox1615) has been cloned,
overexpressed in Escherichia coli, purified and characterised.
Gox1615 has shown an apparent native molecular mass of
39 kDa, which corresponds well to the mass of 37.213 kDa
calculated from the primary structure. From HPLC
measurements, a monomeric structure can be deduced. Kinetic

Introduction

Oxidoreductases (E.C.1.1.1.x) are cofactor-dependent enzymes
which are ubiquitously distributed and catalyse different reactions
of biotechnological interest. Alcohol dehydrogenases (ADHs) are
members of this enzyme class. Their ability to catalyse the
chemo-, regio- and stereoselective reduction of ketones make
them versatile tools for the production of chiral building blocks." ?
These chiral building blocks act e.g. as key intermediates in the
production of pharmaceuticals, fine chemicals and natural
products.”® Due to their stereochemical properties, including the
high enantioselectivity, ADHs with a broad substrate spectrum
are of primary importance for various technical applications.

Enantiopure glyceraldehyde is an example for a small chiral
building block of great interest for further synthesis because of
the wide applicability of its structural motive. It has been
successfully used in the synthesis of for example enantiopure
4-(dihydroxyalkyl)-B-lactams (antibiotic)® or 8a-epi-swainsoine
(anticancer drug).”? Although the chemical synthesis of both
glyceraldehyde enantiomers is possible on laboratory scale,®®
the major drawbacks are the extensive and expensive
procedures. The chemical synthesis of D-glyceraldehyde starts
with D-mannitol, whereas the L-enantiomer is derived from
L-arabinose. Up to now, only the synthesis of D-glyceraldehyde
was realized in industrial scale. With regard to environmental
aspects and cost factors new short enzymatic routes for the

parameters and the dependence of the activity on temperature
and pH were determined. The enzyme has shown a broad
substrate spectrum in the reduction of different aliphatic,
branched and aromatic aldehydes. Additionally, the enzyme has
been shown to oxidize a variety of different alcohols. The highest
activities were observed for the conversion of D-glyceraldehyde in
the reductive and for L-arabitol in the oxidative direction. Since
high enantioselectivities were observed for the reduction of
glyceraldehyde, a kinetic resolution of glyceraldehyde has been
investigated yielding in enantiopure L-glyceraldehyde on
preparative scale.

preparation to enantiopure glyceraldehyde are desirable.
Therefore, enzymes catalysing either the selective oxidation of

glycerol or the selective reduction of glyceraldehyde are of great
interest. The «class of enzymes which catalyse the
NADPH-dependent reduction of glyceraldehyde to glycerol are
called NADP* glycerol dehydrogenases (E.C.1.1.1.72) (Fig. 1).
These enzymes are common in moulds and filamentous fungi
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and have been isolated from mammalian tissues."*'" So far
different bacterial GlyDHs are reported to catalyse the reduction
of dihydroxyacetone (DHA) to glycerol which can be classified as
glycerol: NADP" 2-oxidoreductases (E.C. 1.1.1.156) or glycerol:
NAD* 2-oxidoreductases (E.C. 1.1.1.6).'"* Among the GlyDHs
catalysing the reduction of glyceraldehyde only the GlyDH from
H. jecorina™ has been heterologously expressed, purified and
characterised whereas the others have been characterised using
purified enzymes from wildtype stains.

OH OH
HO oH +NADP <¥PH. 1o L _o +NADPH
Glycerol Glyceraldehyde

Figure 1: General reaction scheme of the NADP(H)-dependent oxidation and
reduction catalysed by GlyDHs.

Acetic acid bacteria like G. oxydans show high activities in the
oxidation of a wide range of substrates, such as alcohols, sugar,
sugar acids, and sugar alcohols. For such oxidative reactions
G. oxydans has numerous membrane-bound and cytosolic
oxidoreductases which are of great biotechnological interest, due
to their high stereo- and regioselectivity. G. oxydans is applied for
example in the industrial production of 2-keto-L-gulonic acid, a
vitamin C precursor, 6-amino- L-sorbose, a miglitol precursor and
the production of DHA, an ingredient in tanning agents.”"
Because of this ability we selected G. oxydans for a homology
search to identify oxidoreductases for the enzymatic production of
enantiopure glyceraldehyde. Based on the sequence of GlyDH,
GDL1 from H. jecorina known to catalyse the reduction of
glyceraldehyde and DHA to glycerol, we identified by homology
search an oxidoreductase with the ability to act specifically on
glyceraldehyde.

Herein we report the cloning, heterologous expression and
biochemical characterization of the GlyDH from G. oxydans.
Furthermore, we show its applicability in the kinetic resolution of
glyceraldehyde producing enantiopure L-glyceraldehyde on
preparative scale.

Results
Identification of the alcohol GlyDH gene

The genome of G. oxydans 621H was recently sequenced by
Prust and co-workers.”” 75 genes were annotated to be putative
oxidoreductases of unknown function. Therefore, G. oxydans was
selected for a BLAST search using the sequence of GLD1
(DQ_422037), a NADPH-dependent glycerol dehydrogenase
from the mould H. jecorina'? as template. Named enzyme has
previously been described by Liepins et al. '@ and found to
catalyse the conversion of D- and L-glyceraldehyde to glycerol.
The protein sequence of GLD1 was used to find homologies in
the genome of G. oxydans 621H the putative oxidureductase
Gox1615 (YP_192012), which showed a homology to GLD1
(Fig. 2), could be identified. A pairwise alignment between the
protein sequences of both enzymes showed an identity of 17%
and a similarity of 32% with 14% gaps. The corresponding gene
gox1615 encodes for a protein with a calculated molecular mass
of 37.213 kDa.
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Figure 2: Comparison of amino acid sequences of the GlyDH from the mould
H. jecorina (GDL1) and the a -proteobacterium G. oxydans (Gox1615). The
alignment was created with the GeneDoc Software. Shaded boxes in black
indicate conserved or similar amino acids. The two GlyDHs show a homoloy of
32%.

Cloning and heterologous overexpression of the GlyDH

In order to improve the expression and simplify the purification of
the GlyDH standard cloning techniques were applied to create a
recombinant plasmid containing the glydh gene with a
hexahistidine affinity purification motif (his-tag) fused to the
N-terminal protein. This recombinant plasmid was expressed in
E. coli BL21(DE3) at different temperatures revealing best
activities at 25°C. The protein with the N-terminal his-tag showed
a specific activity of 9.2U/mg in the crude extract for the
reduction of glyceraldehyde. Soluble protein was expressed to a
medium level (Fig.3, lane1). The his-tag allowed the purification
of the protein via immobilized metal affinity chromatography
(IMAC).

Table 1: Purification of the recombinant GlyDH from E. coli BL21(DE3) cells

232
225

281
275

328
325

- Total activity Specific activity Purification ) o
Purification step (Uiml) (UImg) factor Yield (%)

Crude extract 10323 9.0 1 100

Purified GlyDH 6867 36.4 4 66.5

Purification of the GlyDH

The recombinant enzyme with N-terminal his-tag was purified in
one chromatographic step using IMAC with Ni-NTA resin material
as shown in table 1. The purification resulted in a recovery of
67% of the activity measured in the crude extract. The specific
activity of Gox1615 after the purification was 36.4 U/mg
corresponding to a 4-fold improvement in activity compared to the
crude extract. Samples of the crude extract and the target fraction
after the purification were analyzed by SDS-PAGE (figure 3). A
single band with an apparent molecular size of 39 kDa (Fig. 3,
lane 4) corresponds to the enzyme protein confirming the
calculated molecular mass of 37.213 kDa derived from the amino
acid sequence. It has been possible to purify the recombinant
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12 3 4 5

= 66 KkDa

\
- 55kDa

' '“‘ 36 kDa

o — 31 kDa

Figure 3: SDS-PAGE analysis of the purified GlyDH from G. oxydans. Lane 1:
crude extract (25 pg), lane 2: flow through (25 pg), lane 3: purified Gox1615
(12.5 pg), lane 4: purified Gox1615 after desalting (6.25 pg), lane 5: molecular
weight marker (Mark 12, Invitrogen). Lane 3 and 4 show a single major band at
an apparent molecular weight of 39 kDa.

GlyDH almost to homogeneity (> 95%) applying a single
purification step (Fig. 3).

Molecular characteristics of GlyDH

The calculated molecular mass of 37 kDa of one subunit of
GlyDH was confimed by SDS-PAGE (39 kDa, Fig. 3).
Additionally, the native molecular mass was determined using
size-exclusion chromatography. The apparent molecular mass of
the GlyDH has been estimated to be 31 kDa, suggesting a
monomeric structure.

Studies concerning the cofactor dependency have shown that
Gox1615 preferred NADPH over NADH. Using NADPH, a 200-
fold increase in activity was observed compared to the activity
achieved with the same concentration of NADH (Data not shown).

Characterisation of the kinetic parameters

The kinetic properties of GlyDH during reduction and oxidation
have been characterised based on the standard substrates
glyceraldehyde and L-arabitol. Respective kinetic constants for
the reduction of glyceraldehyde and the oxidation of L-arabitol
were determined. Additionally, kinetic parameters for NADPH or
rather NADP® were estimated using the purified enzyme.
Michaelis-Menten constants determined during reduction of
glyceraldehyde were 2.69 mM * 0.35 (Kyv) and 77.86 U/mg + 3.53
(Vmax). For the cofactor NADPH an inhibition at concentrations
above 0.15 mM was observed. Therefore an equation for
substrate-excess inhibition was used (V=Vmax *s / (Ku + s (1 + s/
Ki)) for fitting in the Michaelis Menten equation. The estimated
kinetic constants are a Ky value of 0.04 mM % 0.009, a Vpyax Of
100.76 U/mg +12.8 and a K value of 0.4 mM £ 0.12. For the
substrate L-arabitol the enzyme shows a hyperbolic reaction
velocity versus substrate concentration plot with a Ky value of
192.87 mM + 10.57 and a Vmax Of 8.67 U/mg + 0.2. The oxidised
cofactor NADP" follows a typical Michaelis Menten equation with
a Ky value of 0.02 mM £ 0.001 and a Vmax of 2.1 U/mg + 0.02.
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Dependence of the GlyDH activity on temperature and pH

Since the influence of temperature on the enzyme activity and
stability is often a limiting parameter in technical applications,
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Figure 4: Determination of temperature (a) and pH optima for the reduction (b)
and oxidation (c) of the GlyDH. The effects of temperature and pH on the
enzyme activity were measured by using the standard specto-photometrical
assays for reduction and oxidation. For the determination of the optimum pH in
the reduction of glyceraldehyde two different buffers, (m) citrate phosphate
buffer (pH 3.0 to 7.2) and (e) TEA (pH 6.8 to 10.0) were used. The
determination of the pH optimum was examined using (m) TEA (pH 7.0 to pH
9.2) and (e) potassium carbonate buffer (pH 7.0 to 11.0).

studies concerning temperature optimum and stability were
performed. Figure 4a illustrates that the purified enzyme shows
its maximal activity at 55°C, whereas the activity decreases
significantly to a residual activity of 50% at 57°C and 37°C,
respectively. The pH dependence regarding the activity in the
reduction of glyceraldehyde has been measured in a pH range
from pH 3 to pH 10. As demonstrated in figure 4b the optimal
activity has been found at pH 5.5. The pH dependence of the
enzyme was examined using TEA buffer (pH 6.8 to 10.0) and
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citrate phosphate buffer (pH 3 to 7.2). Best activities at same pH
values (pH 7.0) were observed using citrate phosphate buffer.

For the determination of the pH optimum in the oxidation of
L-arabitol, TEA buffer (pH 7.0 to pH 9.2) and potassium carbonate
buffer (pH 9.2 to pH 11) were used. The optimum of activity is
very broad with a maximum at pH 10.0 (Fig. 4c). At pH 9.2 the
GlyDH shows an activity of 3.1 U/mg in TEA buffer and 3.2 U/mg
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Figure 5: Thermal stability of the Gox1615. The effect of temperature over a
period of 48 h at 4°C,20°C and 30°C (a) and 50°C (b) was investigated. For the
determination of the residual activity the standard spectro-photometrical assay
for reduction was used. (c) For the determination of the midpoint thermal
inactivation T, different temperatures were kept for 10 min before the samples
were withdrawn to measure the residual activity in the soluble protein content.
The standard deviation is shown in the diagram.

in potassium carbonate buffer. These results indicate a similar
activity in both buffers.

Enzyme stability is also a very crucial parameter for technical
applications and processes; hence the temperature-dependent
inactivation over time and pH- and thermostability of GlyDH have
been investigated. Studies concerning the thermostability of the
purified enzyme were performed at different temperatures
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(4°C, 20°C and 30°C) over 48 h, and at 50°C over 8 min. As
shown in figure 5a the enzyme is stable at 4°C, 20°C and 30°C
during the investigated period, but at 50°C a rapid inactivation of
the enzyme was found (Fig. 5b). After an incubation of 4 min only
50% and after 8 min no residual activity was detected. In a
second study the midpoint thermal inactivation (T,) of Gox1615
was determined as 47.2°C (Fig. 5¢).

The pH-stability was investigated at three different
pH-values (pH 5.5, pH 7.0 and pH 9.7) over a period of 43 h
using the standard activity assay for the reduction to determine
the residual activity. At all pH-values the enzyme was stable
showing a residual activity of 93% (pH 7), 84% (pH 5.5) and 82%
(pH 9.7), respectively indicating its applicability at these pH
values.

Substrate specificity of the GlyDH

Substrate specificity of the enzyme was assessed using
spectrophotometrical assays for either the reduction or oxidation
reaction. The specific activities of the purified enzyme in the
reduction of different aliphatic, branched and aromatic aldehydes
and ketones and the oxidation of a variety of different alcohols
were determined. For the reduction reaction the activities were
compared to the standard substrate glyceraldehyde (entry 9) with
a specific activity of 39.1 U/mg, while in the oxidation reaction
L-arabitol (entry 44) was used as standard substrate (2.46 U/mg).
Comparing both, the reduction and the oxidation, it becomes
obvious that the GlyDH favours the reduction reaction; the
observed specific activities are up to 19-fold higher than those
observed for the oxidation. In the reduction the best activity was
obtained with D-glyceraldehyde as substrate; activities towards
other substrates are shown in table 2. In general, aliphatic,
branched and aromatic aldehyde substrates are accepted by the
GlyDH.

Table 2: Substrate spectrum in the reduction catalysed by the GlyDH from
G. oxydans. The activity was obtained using the standard spectro-photometrical
assay.

entry Substrate Spec[:i-fji/cmagc]tivity
Aldehydes
1 ~ AP 0.1
2 AP 1.1
3 DN 233
4 S~~~ 31.9
5 NN N~ 49
6 DN 35.5
7 P P N N 15.9
8 SN 19.3
OH
9 HOWO 39.1
OH
%a HO 0 48.1
OH
® HO A0 2.0

10 )\¢o 6.7
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OH
11 _0 26.8 31 /\)\/OH 0.39
32 AN SN OH 0.87
12 /\)\¢O 25.7 HO
OH
0 33 /\/\)\/ 0.30
13 @J 13.8 HO oH
OH
0 34 @—( 0.77
F / OH
14 19.6 on
F 35 Ho\)\/OH 0.17
Vs OH
36 1.21
15 0 HO/\)\/OH
0 OH
/ 37 /\/\)\/OH 0.45
HO
o]
16 O@J 0.3 oH
/ 38 /\/\/‘\/OH 0.76
Ketones OH
/\/\i/ QH
17 0.02 i oH
39 HO/Y\/ 0.75
OH
] 40 Ho” SO 0
&H
19 0.03 OH
0 4 Ho/\HVOH 0.90
OH
20 0.03 QH OH
0 42 hO OH 0.25
0 OH
21 Ho\)J\/OH 05 QH OH
43 HOMOH 0
In the oxidation the highest activity was achieved using L-arabitol OHOHOH
as substrate. Various other substrates with up to six alcohol s Ho oH 04
groups where oxidised with different specific activities (table 3). 46
OH
OH OH
Table 3: Substrate spectrum in the oxidation catalysed by the GlyDH from H OH
G. oxydans. The activity was obtained using the standard spectro-photometrical 45 HO Y 1.08
assay. OH 6H

entry Substrate Specific activity [U/mg]

22 0.74

OH
23 \/\)\ 0.22

24 7L 0.03

0] OH
25 HO/\OH 0.05
OH
26 )\ 05
OH
/\/\/OH .
27 HO 0.21

H
28 oH 0.66
oH
29 i 0.04

30 HO~_~_~_-OH 0.59

Kinetic resolution of glyceraldehyde

L-Glyceraldehyde is a versatile building block and has been
successfully applied in a broad range of syntheses.® 7 % 29
Enantiopure glyceraldehyde can be obtained by regio- and
stereoselective oxidation of glycerol or the stereoselective
reduction of racemic glyceraldehyde. Thus, preparative-scale
kinetic resolution of glyceraldehyde was performed with
simultaneous regeneration of NADPH using glucose and glucose
dehydrogenase (GDH) (Fig. 6). The conversion and enantiomeric
excess (ee) were determined by means of HPLC and GC.

OH OH OH
HOWO Gox1615 HO A0+ HOWOH
glyceraldehyde L-glyceraldehyde glycerol
NADPH NADP
GDH
D-glucono-1,5-lactone  R-D-glucose

Figure 6: Scheme of the reduction of glyceraldehyde using Gox1615.
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Figure 7 illustrates a typical time curve of the kinetic resolution of
glyceraldehyde by the purified GlyDH from G. oxydans. The
figure shows the development of glyceraldehyde and glycerol
concentration and additionally the ee value of L-glyceraldehyde
measured over a period of 26 h. A conversion of 50% and an ee
> 99% has been achieved using Gox1615 in the kinetic resolution
of glyceraldehyde on preparative scale.
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Figure 8: Kinetic resolution of glyceraldehyde by Gox1615. The figure shows
the development of the glycerol (o) and rac-glyceraldehyde (A) concentration
over a period of 26 h. Concentrations were determined by HPLC. The
determination of the ee for L-glyceraldehyde (®) was done using GC.

Discussion

In the present study, a GlyDH from G. oxydans (Gox1615) was
successfully cloned, expressed, purified, and biochemically
characterised. Gox1615 was annotated as a putative
oxidoreductase and showed 32% homology to the protein
sequence of the GlyDH GLD1 from H. jecorina.'? Both enzymes
favour the reduction of glyceraldehyde compared to DHA.
Therefore, Gox1615 belongs to the glycerol: NADP*
oxidoreductases (EC 1.1.1.72). Other purified and characterised
enzymes belonging to this class are e.g. the GlyDH from
N. crassa'"” and the GlyDH from rabbit skeletal muscle.”® Among
these known members of this enzymes class Gox1615 is the only
GlyDH of bacterial origin.

Moreover, a quarternary structure comparison of the different
GlyDHs showed a considerable difference between Gox1615 and
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the GlyDH from N. crassa in the native conformation of these
enzymes. Our results indicate that Gox1615, much like the GlyDH
from rabbit muscle, has a monomeric structure whereas the
GlyDH from N. crassa is a tetrameric protein. A biochemical
comparison of the described GlyDHs and Gox1615 revealed a
number of similarities with respect to substrate specificity but also
a number of differences concerning selectivity.

Regarding substrate specificity, Gox1615 acts on a broad
substrate range in the reduction as well as in the oxidation
reaction, with the reduction being the favoured reaction as
evident from a 19-fold higher activity for D-glyceraldehyde
compared to L-arabitol, the best substrate in the oxidation.

With respect to the oxidative potential Gox1615 has shown a
broad acceptance of alcohols with up to six alcohol groups. The
best specific activity has been reached in the oxidation of
L-arabitol, where Gox1615 has oxidized the L-enantiomer with a
specific activity of 2.5 U/mg whereas no conversion has been
detected for the D-enantiomer. These results lead to the
suggestion that like in the reduction the enzyme shows a stereo-
and regioselectivity in the oxidation.

This broad substrate range together with the assumed stereo-
and regioselectivity in the oxidation makes Gox1615 a versatile
tool for enzymatic oxidation to produce chiral hydroxy-aldehydes.
The enzymatic oxidation opens an environmentally-friendly
process of great interest®”” ?® in contrast to metal catalysed
chemical oxidations. Additionally, the chemical alternatives often
suffer from the lack of regio- and stereoselectivity in oxidative
processes; a complicated protecting group strategy is neccesary
to obtain the desired products.”**? Therefore, the oxidative
potential of Gox1615 is currently under investigation.

Due to the named preference for the reduction the main focus of
this work was the investigation of the substrate specificity and
selectivity in this reaction. We could show that Gox1615 reduces
different aliphatic aldehydes revealing best activities with a
medium chain length of C4 to Cs (entries 3, 4, 6), similar to the
GlyDH from rabbit skeletal muscle. A comparison of the activity of
the unsaturated aldehyde trans-2-hexen-1-al (entry 5) with
hexenal (entry 4) has shown significant variations in the activity,
indicating the preference for saturated substrates. Branched-
chained and aromatic aldehydes (entries 13+14) have also been
accepted by the enzyme, emphasising the broad substrate range
of Gox1615 in the reduction of different aldehydes.

Table 4: Comparisson of the biochemical properties of Gox1615, GLD1 and the GlyDHs from N. crassa and rabbit skeletal muscle.

Gox1615 GLD1 GlyDH GlyDH
(G. oxydans) (H. jecorina) (N. crassa) (rabbit skeletal muscle)
DHA acceptance . . . .
(0-Ga" : DHA) 100 : 1 100 : 20 100:43 100: 4
Stereopreference e . e
(0-Ga* : 1-Ga®) D-specific no preference D-specific D-specific
’ 100: 4 100: 93 100 : 36 100 : 36
Molecular weight 39,000 43,000 34,000
(monomer) (tetramer) (monomer)

Reduction: 5.5
Oxidation: 10

pH Optimum

Reduction: 6.5

Oxidation: 9.5 Reduction: 5.0 - 7.0

* Ga = glyceraldehyde
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Interestingly, Gox1615 showed almost no activity in the reduction
of ketones. The other GlyDHs so far known from the literature
show an inferior selectivity in the discrimination of ketones and
aldehydes than those observed for Gox1615. All four compared
enzymes show the highest activity in the reduction of
glyceraldehyde (entry 9), but differ in the ability to reduce DHA
(entry 21). The GlyDH from N. crassa reduces DHA with 43%
related to the activity obtained for D-glyceraldehyde, GLD1 with
20%, the GlyDH from rabbit skeletal muscle with 4%, whereas
Gox1615 showed the lowest side activity towards DHA in the
range of 1%, meaning a quite high regioselective reaction and a
good discrimination of aldehydes and ketones among the
compared enzymes.

Comparisons of the enantiopreference of the different GlyDHs
show that, whilst GLD1 showed no enantiopreference in the
reduction of glyceraldehyde, the other GlyDHs showed a
preference for reducing the D-enantiomer. As a result of a lower
activity in the reduction of L-glyceraldehyde compared to the
activity  with the D-enantiomer. Gox1615 reduced
L-glyceraldehyde with only 4% of the activity reached for the
D-enantiomer, compared to a higher activity (36%) obtained for
the GlyDH from N. crassa and rabbit skeletal muscle (Tab. 4).
Therefore, Gox1615 showed the best stereoselectivity as evident
from a 9-fold lower activity with L-glyceraldehyde compared to the
other GlyDHs. The enantiopreference has been proven by GC
analysis, where Gox1615 has shown an ee >99% for
L-glyceraldehyde.

Due to this excellent enantioselectivity a kinetic resolution of
racemic DL-glyceraldehyde has been the primary focus. Kinetic
resolutions using oxidoreductases are not often mentioned in
literature. Only few examples are described, like the kinetic
resolution of  2-substituted 1-propanols to  produce
enantiomerically enriched 2-substituted propanoic acids
(Brevibacterium sp. and Arthrobacter sp.),”® and the kinetic
resolution of racemic bicyclo[3.3.1]nonane-2,6-dione
(Saccharomyces cerevisiae)®® whole wild-type or genetically
engineered cells as the catalyst. More common are kinetic
resolutions with hydrolases®™>® due to their easy applications
without the need for coupled cofactor regeneration systems. The
advantage of using oxidoreductases for kinetic resolutions are the
excellent stereoselectivity of these enzymes for most of the
substrates, compared to hydrolases which often show moderate
stereoselectivity, especially towards primary alcohols.®®
Additionally, L-glyceraldehyde is a valuable chiral building block
which has to be synthesised using expensive L-arabinose as
starting material. Consequently L-glyceraldehyde has not been
easily accessible at industrial scale. Furthermore, our results
show that using Gox1615 in the kinetic resolution of
glyceraldehyde the optimal conversion of 50% was reached with
an ee >99%.° The kinetic resolution was also performed on
preparative scale (4.05 g, 45 mmol) with a high ee value.
Therefore the present direct enzymatic one-step preparation of
enantiopure L-glyceraldehyde represents an important milestone
towards a viable industrial bioprocess.

Experimental Section

General: If not stated otherwise all chemicals were purchased from
Sigma Aldrich. All columns and instruments for chromatography
(FPLC, Akta-Explorer) were purchased from GE Healthcare.
Centrifugations were carried out using the centrifuges RC5BPlus
(Sorvall), Mikro22 and Rotina 35 R (Hettich). For analytical methods
GC-17A and LC-20AHT (both Shimadzu) were used. Restriction
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enzymes were purchased from Fermentas. The studied GlyDH is
commercially available at evocatal (evo-1.1.190).

Molecular cloning of the GlyDH-gene: Genomic DNA from
G. oxydans (DSM 2323) was used as template for the amplification of
the glydh gene. For the following cloning steps primers with
recognition sites for the restriction enzymes Ndel and Sall were used
for the construction of the enzyme with N-terminal his-tag in pET-28a
(5'- ATA TAT ACA TAT GGC ATC CGA CAC CAT CCG CAT CcCC C
-3' and 5'- ATA TGT CGA CTC AGT CCC GTG CCG GGG GC -3").
The PCR product was cloned into pET-28b (Novagen) between the
Ndel and Sall restriction sites using standard techniques.

Heterologous expression of the GlyDH: E. coli BL21(DE3) cells
carrying the recombinant plasmid were cultivated in 5 ml LB medium
2 containing 100 ug/ml ampicillin overnight at 37°C. These cultures
were used to inoculate different amounts of LB medium containing
100 pg/ml ampicillin for expression in shaking flasks at a final
concentration of 0.05 optical density at 600 nm (OD 4q0). The cultures
were grown at 37°C. When the ODsgo reached 0.5 to 0.7 the
production of the recombinant GlyDH was induced by addition of
isopropyl thio-B-D-galactoside (IPTG) to a final concentration of
0.3 mM. For the determination of the optimal growth conditions
cultures were grown at 25, 30 and 37°C (after induction), and
assayed after a period of 20 h.

Purification of the GlyDH: The bacterial culture was harvested by
centrifugation at 17,000 x g for 20 min at 4°C. A cell suspension
(10%) was prepared in 100 mM triethanolamine buffer (TEA) pH 7.
Cells were disrupted by five sonification cycles of 5 min (40% power
output) with cooling periods in-between. The lysed cells were
centrifuged at 17,000 x g for 30 min at 4°C, and the supernatant was
used for further purification steps. The enzyme was purified from the
crude extract using immobilised metal affinity chromatography IMAC
(Ni-NTA (Qiagen)). The column was equilibrated with TEA buffer
(50 mM, pH 7). The GlyDH was eluted using a linear gradient of
imidazole (0 to 500 mM) in TEA buffer. After a desalting step by gel-
filtration on Sephadex G 25 (Pharmacia) the enzyme was stored
freeze dried and kept at -20°C until use.

Activity assay: A continuous assay using UV absorbance at 340 nm
was employed to monitor the NADPH concentration during reduction
or oxidation catalysed by GlyDH. For the enzymatic reduction racemic
glyceraldehyde was used as standard substrate. One unit of activity
was defined as the amount of enzyme which catalyses the oxidation
of 1 ymol NADPH per minute under standard conditions (30°C, pH 7).
The reduction assay mixture contains 970 yl substrate solution
(10 mM substrate in 100 mM TEA buffer pH 7), 20 ul NADPH
(12.5 mM) in A. dest. and 10 pl enzyme solution. For the oxidation the
standard conditions were 37°C and pH 9.7 using L-arabitol as
standard substrate. The assay mixture contains 990 ul assay solution
(1 mM NADP, 30 mM ammonium sulfate and 100 mM substrate in
100 mM potassium carbonate buffer pH 9.7) and 10 ul enzyme
solution. Reactions were started by addition of the enzyme solution
and measured over 1 min.

Protein analysis: Protein concentrations were determined according
to Bradford using BSA as a standard.” SDS-PAGE was performed
using 4-12% Bis-Tris gels in MOPS (3-(N-Morpholino)
propanesulfonic acid) buffer (Invitrogen), Mark 12 Protein Standard
(Invitrogen) was used for molecular weight estimation of proteins. The
molecular mass of the GlyDH was determined using size-exclusion
chromatography. Therefore, a BioSep SEC S2000-HPLC column
(300 x 7.8 mm, Phenomenex) connected to a Shimadzu LC-20AHT
system with 200 mM Tris-HCI buffer pH 7.5 as mobile phase
(1 ml/min) was used. The lyophilized protein and the protein standard
(AQUEOUS SEC 1, Phenomenex) were dissolved in 200 mM Tris-
HCI buffer pH 7.5 and analysed by HPLC.
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Determination of pH and temperature optima: In order to obtain
the temperature optimum of the GlyDH the standard reduction
enzyme assay was performed at different temperatures. The pH
optimum was determined using both standard assays at different pH
values (reduction and oxidation). For the investigation of the pH
optimum of reduction the standard activity buffer TEA (pH 6.8 to 10.0)
as well as citrate-phosphate buffer (pH 3.0 to 7.0) was used. For the
oxidation potassium carbonate buffer (pH 9.2 to 11.0) and TEA buffer
(pH 7.0 to 9.2) were used.

Stability investigations: For the investigation of temperature and pH
stability the enzyme was incubated at different temperatures and pH
values, respectively. At appropriate time intervals samples were taken
and the residual activity was assayed using the standard reduction
assay. For the determination of the midpoint of thermal inactivation
(Tm) each temperature was kept for 10 min before samples were
withdrawn to determine the residual activity.

Determination of kinetic constants: To determine the kinetic
constants (Ky und Vn.x) the standard activity assays of reduction and
oxidation were used. All parameters were kept constant, only the
investigated parameter, cofactor- or substrate concentration was
modified.

Preparative kinetic resolution of glyceraldehyde: The reaction
mixture was prepared by dissolving racemic glyceraldehyde (4.05 g,
0.045 mol, 150 mM), glucose (8.92 g, 0.045 mol, 150 mM),
ammonium sulfate (7.93 g ,0.06 mol, 200 mM) and NADP" (0.12 g,
0.15 mmol, 0.5 mM) in potassium phosphate buffer (250 mL, 100 mM,
pH 7). The reaction was started by addition of GOX1615 crude extract
(50 mL, 700 U) and glucose dehydrogenase from Thermoplasma
acidophilum (300 pL, 460 U, Sigma G5909). Samples (50 uL) were
taken periodically and diluted either with trifluoroacetic acid (300 pL,
0.5 M) for HPLC analysis or with ethyl acetate (300 pL) for GC
analysis. GC samples were derivatized for 30 minutes with acetic
anhydride (100 pL) and pyridine (10 pL). Concentrations of
glyceraldehyde and glycerol were determined by using an Agilent
1100 HPLC equipped with a CS organic acid resin column (300 mm x
8 mm) with 5 mM trifluoroacetic acid (0.7 mL min™) at 5°C. The
enantiomeric ratio for glyceraldehyde was determined by using a
HP 6890 GC with a Varian CP-Chirasil-Dex CB column (25 m x
0.32 mm).
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The scope of glycerol dehydrogenase (GlyDH) from Gluconobacter oxydans in the oxidation of alcohols has been explored. With respect to
substrate range of the enzyme a variety of different alcohols are accepted, whereas the best activity was observed in the oxidation of L-arabitol
(2.5 U/mg). The biotransformation of glycerol revealed that a massive product inhibition was observed, caused by the produced aldehyde.
Interestingly, this inhibition was not observed when sugar alcohols where used as substrate, because the formed straight-chain aldoses are able
to form hemiacetal leading to cyclic pyranoses or furanoses. As case studies the conversions of two sugar alcohols (ribitol and L-arabitol) were
investigated in terms of regio- and stereoselectivity of GlyDH. Because in general, GlyDH exhibits a high regio- as well as stereoselectivity. The
enzyme only catalyses the oxidation of terminal hydroxy group, the only requirement is the L-cofiguration of the adjacent hydroxy group. The
observed results make the GlyDH from G. oxydans a promising catalyst for applications in asymmetric enzymatic oxidation, for example in the
production of rare sugars.

Enzymes which are capable to catalyse the selective oxidation
belonging to the oxidoreductase family, (E.C. 1.X.X.X), most
frequently dehydrogenases or oxidases, have been applied?.
Both are cofactor dependent enzymes, which need either
nicotinamide or molecular oxygen as carrier for redox
equivalents. Oxidases on the one hand do not require a
regeneration of the cofactor, but based on the simultaneous
production of hydrogen peroxide an addition of catalase is
necessary to decompose the formed hydrogen peroxide.
Dehydrogases on the other hand need a suitable regeneration
system for the expensive oxidised cofactor and to shift the
unfavourable equilibrium, but dehydrogenases do not form a
harmful by-product.

Nevertheless, due to their high chemo-, regio- and
stereospecificity dehydrogenases are interesting catalysts, and

Introduction

The oxidation of alcohols is one of the most fundamental and
important reactions in organic chemistry. Conventional chemical
methods are often based on stochiometric amounts of toxic metal
catalysts such as chromium, a major disadvantage in terms of
environmental issues!"®. Therefore, catalytic aerobic methods
have been developed recently, which are environmentally
acceptable!™ ©¥. Major drawbacks of these methods are that they
lack selectivity, especially chemoselectivity leading to a common
occurrence of side reactions. Moreover, a regio- and
stereoselective oxidation is extremely difficult and requires a
complex protection group strategy when more than one hydroxyl
group is present. Therefore, biocatalytic methods offer a great

potential with respect to environmental compatibility and catalytic
efficiency. In addition, enzymes exhibit high chemo-, regio- and
stereoselectivity without the need of protection groups'™'".

have been applied in the oxidation of different alcohols. During
the last decades much work has been devoted to the oxidative
application of dehydrogenases in the kinetic resolution of racemic
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alcohols"®"®. The use of dehydrogenases for the asymmetric
oxidation is much more interesting according to the fact that in
contrast to the kinetic resolution (max. 50%) 100% yield can be
obtained. The selective enzymatic oxidation even becomes
considerable more interesting when complex molecules such as
polyols are used as substrates. Various examples of the oxidation
of sugar alcohols using predominantly whole-cell systems can be
found in literature®'"'*? The majority of the described
processes employ acetic acid bacteria, which are well known for
a long time for their oxidative potential. A prominent example is
Gluconobacter oxydans, which is known to catalyse the oxidation
of a wide range of substrates, such as alcohols, sugars, and
sugar alcohols by numerous membrane-bound and cytosolic
oxidoreductases®™?®. G. oxydans is applied for example, in the
industrial production of 2-keto-L-gulonic acid, a vitamin C
precursor, or of 6-amino-L-sorbose, a miglitol precursor or for the
production of DHA, an ingredient in tanning agents®®.
Furthermore, through the asymmetric enzymatic oxidation the
production of different sugars is possible, especially rare sugars
are of major interest!'®?* 1 According to the fact that they are not
abundant in nature they are one of the most worthy targets for
various applications in the food, pharmaceutical and nutrition
industries®. For instance, unnatural sugars can be applied as
sweeteners to reduce calories or for diabetics. Moreover, they
can be used as bulking agents, precursor compounds and
nucleoside analogues. However, the use of dehydrogenases is
limited by the fact that the unfavourable equilibrium has to be
shifted by coupling of the primary reaction with an efficient
cofactor regeneration system.

Recently, we described the cloning, expression, characterisation
and application of a glycerol dehydrogenase (GlyDH) from
G. oxydans®®. GlyDH is a 39 kDa monomeric NADP*-dependent
dehydrogenase which catalyses the reduction of a variety of
different aldehydes. Highest activity in the range of 46 U/mg was
reached in the stereoselective reduction of D-glyceraldehyde.
Although GlyDH strongly favours the reduction reaction, as
evident from a 19-fold higher specific activity compared to the
oxidation reaction, the oxidation of a variety of alcohols and
polyols is possible with sufficient activity. Furthermore, the
oxidation was presumed to be catalysed in a stereo- and
regioselective manner. Optimal activity in the oxidation was
observed at a pH of 10.0.

Herein, we report the investigation of the biocatalytic potential of
the GlyDH in the oxidation of different alcohols and sugar
alcohols. Furtheron, the regio- and stereoselectivity of the GlyDH
was studied in detail.

Results and Discussion
Substrate specificity of the GlyDH in the oxidation

Preliminary tests revealed that GlyDH catalyses the oxidation of
different alcohols, particularly sugar alcohols, with rather high
activities (in the range of 0.1 — 2.5 U/mg). Table 1 summarises
the substrate range of GlyDH in the oxidation. The comparison of
the oxidation of primary and secondary alcohols revealed that
GlyDH has a preference for primary alcohols. For example,
1-hexanol (1) was accepted with an activity of 0.74 U/mg, while
2-hexanol (2) proved to be a poor substrate, with an activity of
0.22 U/mg. Additionally, 1,2-diols were also reasonably good
substrates, indicating that two adjacent hydroxyl groups at C1
and C2 are required for a good activity of GlyDH. For instance,
1,2-butandiol (7) was converted with an activity of 0.66 U/mg, an
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activity of only 0.21 U/mg was observed for the oxidation of
1,4-butandiol (6), and a very low activity of 0.04 U/mg was
observed for the poor substrate 1,3-butandiol (8). In regards to
the comparison of the different sugar alcohol substrates, GlyDH
showed highest activity with L-arabitol (2.46 U/mg).

Due to the observation that GlyDH primarily acts on sugar
alcohols, kinetic parameters for L-arabitol were determined:
ku=193 =11 mM and Vin.,=8.67 = 0.2U/mg?®". These data indicate
that oxidation is not the favoured reaction, as evident from a
rather high kv value and the 19-fold higher activity in the
reduction of D-glyceraldehyde. However, the observation that only
the terminal hydroxy group is oxidised, as well as the fact that
only the L-enantiomer (arabitol (23) and threitol (20)) is converted
by GlyDH, leads to the suggestion that the enzyme exhibits a
regio- and stereospecificity in the oxidation of sugar alcohols. To
obtain more insight into the oxidative potential of the enzyme, we
investigated the conversion of L-arabitol (23) and ribitol (21) in
detail.

Inhibition of the GlyDH by free aldehyde

To identify a suitable model reaction, different substrates were
tested with simultaneous cofactor regeneration. Interestingly,
product formation was only observed when sugar alcohols were
used as substrate. For instance, when glycerol was used, strong
product inhibition was observed (Fig. 1, -m-). The residual activity
in the presence of 10 mM glyceraldehyde was 35%. In contrast,
the oxidation of ribitol in the presence of 10 mM product (ribose)
resulted in a residual activity of 85% (Fig. 1, -A-). Addition of
glyceraldehyde in the oxidation of ribitol yielded results similar to
those observed with glycerol as the substrate (Fig. 1, -o-). These
results clearly indicated that the presence of a free aldehyde
group led to an inhibition of GlyDH. Otherwise, when a C5 or C6
sugar alcohol was oxidised, no inhibition occurred. This can be
explained by the fact that in aqueous solution, the formation of a
hemiacetal structure occurs, forming cyclic pyranose or furanose
structures.
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Fig. 1. Activity of GlyDH in the presence of different product concentrations.
The residual activities of GlyDH during the oxidation of glycerol in the presence
of glyceraldehyde (-m-) and the oxidation of ribitol in the presence of ribose
(- A-) and glyceraldehyde (-o-) are displayed.

Therefore, the observed inhibition was presumably caused by the
produced free aldehyde. Explanations can be found by either
product inhibition™ or by an introduced modification of, for
example, lysine residues involved in the catalytic mechanism by
the produced aldehyde. The strong inhibition observed at even
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Tab. 1: Substrate spectrum in the oxidation catalysed by the GlyDH from
G. oxydans. The activity was determined using the standard spectrophotometric
assay. 100% corresponds to 2.46 U/mg with L-arabitol.

39
OH
20 Ho/\/k/OH 0.90 36.7
OH
OH  OH
21 HO\/:Y\/OH 0.25 10.13
OH
OH  OH
22 HO\/'\('\/OH 0 0
OH
OH OH
23 HOMOH 2.46 100
OH
OH QH
2 HO/\H\_/:\/OH 1.08 441
OH (E)H

Specific activity Relative
Substrate [U/mg] activity [%]
Alcohols
1 NN NUOH 0.74 30.1
OH
2 \/\)\ 0.22 8.8
3 \%\‘ 0.03 1.1
0 OH
diols
4 o™ NoH 0.05 2.1
OH
5 0.5 21.8
)\OH
6 Ho” N OH 0.21 8.4
OH
7 \)\/o ’ 0.66 26.7
OH
8 Y 0.04 1.66
OH
9 HO_~_~~_-0H 0.59 24.0
OH
10 /\)\/ oH 0.39 15.9
NSO . .
11 Ho 0.87 35.2
OH
12 /A\V/A\v/l\v/OH 0.30 12.39
HO
OH
13 <:>F%(_ 0.77 315
OH
triols
OH
14 Ho\)\/OH 0.17 6.98
OH
15 1.21 49.1
OH
HO/\)\/
OH
16 /A\V/A\v/l\v/OH 0.45 18.5
HO
OH
17 //“\V/~\T/L\V/OH 0.76 30.8
OH
sugar alcohols
OH
~__OH
18 HO/Y\/ 0.75 30.5
OH
OH
19 Ho” N O 0 0
OH

low aldehyde concentrations is rather uncommon for product
inhibition. Therefore, an inactivation caused by a modification by
lysine residues is more realistic. This modification can be caused
by the Schiff base formation of an aldehyde and a lysine residue,
which is common, especially at alkaline pH?*?2. Unfortunately, a
higher pH of approximately 10 is required for a feasible oxidation,
whereas at a pH of 8, only 50% of residual activity is available.
Based on the three dimensional structure®, two crucial lysine
residues (Lys® and Lys?'®) were identified that may be involved in
the observed inactivation. The inactivation seems to be a
pH-dependent process based on the fact that there was no
inhibition of the free aldehyde in the glyceraldehyde reduction at
pH 7. Therefore, the oxidation reactions of substrates such as
sugar alcohols are only possible if little or no free aldehyde is
present. As a model reaction, the oxidation of L-arabitol and ribitol
was performed.

GlyDH-catalysed oxidation of L-arabitol and ribitol

To facilitate a biotransformation of L-arabitol and ribitol, a suitable
regeneration system is of major importance. Because the
equilibrium of the reaction lies heavily in the reduction of
aldehydes, it was essential to have a good regeneration system
in the oxidation reaction to overcome this limitation.

GlyDH
sugar alcohol \~ sugar
NADP NADPH
glutamate ‘\ ketoglutarate/ NH5
GIuDH

Fig. 2. Schematic overview of the oxidation of sugar alcohols by GlyDH with
simultaneous cofactor regeneration of NADP®, using GIuDH and ketoglutarate
as a co-substrate.

NADP’-dependent glutamate dehydrogenase (GIuDH) from
Escherichia coli was applied to regenerate the oxidised cofactor
using ketoglutarate as the co-substrate (Fig. 2). The conversion
of L-arabitol and ribitol was possible by applying this strategy.
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Figure 3 shows the result of the conversion of ribitol by GlyDH.
The development of the ribose concentration over a period of
20 h was required for a full conversion.

In addition, the conversion of L-arabitol was studied (Fig. 4). After
41.5 h, a conversion of 100% was reached with an approximately
50% yield of arabinose.

Interestingly, the results of HPLC analysis revealed the formation
of a second product with a rather similar retention time (Fig.5).
When examining the structure of the substrate L-arabitol, it is
interesting to observe that both terminal hydroxy groups are

Concentration (mM)
e

T T
0 5 10 15 20
Time (h)

Fig. 3: Biotransformation of ribitol (10 mM) by GlyDH. The concentration of
ribose was measured over a period of 20 h via HPLC.

located next to a hydroxy group with a L-configuration, indicating
that an oxidation on both sides is possible. As a result, the
formation of two different sugars, arabinose and lyxose, was
observed (Fig. 6 (2)).

Arabinose concentration (mM)

T T T
0 10 20 30 40
Time (h)

Fig. 4: Biotransformation of 100 mM L-arabitol catalysed by GlyDH. The
conversion was followed over a period of 41.5 h, and concentrations were
determined by HPLC.

®  ®

A

12 14 12 14

Fig. 5: HPLC-Chromatogram of arabinose reference (A) and the result of the
GlyDH-catalysed conversion of L-arabinose (B).
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According to the observed results using GlyDH, a number of
other sugars can be synthesised by the oxidation of their
corresponding sugar alcohols. The configuration of the product is
based on the theoretical predictions, and the D-form is suggested
in the case of ribose, while the L-form is suggested for arabinose
and lyxose (Fig. 6).

sugar alcohol 7@%» sugar
NADP NADPH
glutamate GIuDH ketoglutarate/NH3
substrate product
(sugar alcohols) sugars
1. CH,OH CHO
HO——H HO H
HO——H GlybH HO——H
HO——H HO H
CH,OH CH,OH
ribitol D-ribose
2. CH,OH CHO CHO
H——OH H OH H OH
HO——H GlyDH HO—H + H—OH
HO——H HO H HO H
CH,OH CH,OH CH,OH
L-arabitol L-arabinose L-lyxose

Fig. 6: Overview of the oxidation of ribitol (1) and L-arabitol (2) and the
suggested products formed.

The fact that GlyDH accepts a variety of different sugar alcohols
(Table 1) makes it an interesting catalyst in terms of enzymatic
stereoselective oxidations.

Conclusion

In this paper, we discussed the oxidative potential of the GlyDH
from G. oxydans. Although a massive product inhibition in the
oxidation of different alcohols was observed, the oxidation of
sugar alcohols was possible if the oxidation was coupled to the
formation of a heterocyclic ring. The conversion of L-arabitol and
ribitol were investigated in the case studies. Ribitol was fully
converted to yield ribose, whereas L-arabitol was converted to
arabinose and lyxose, based on the fact that both terminal
hydroxy groups were oxidised by the enzyme. Theoretical
predictions led to the assumption suggestion that the ribose is
formed as the D-enantiomer while arabinose and lyxose are
formed in the L-configuration. These results suggest that GlyDH is
a promising catalyst for the application of a variety of different
sugar alcohols in asymmetric oxidation.

Experimental Section

General: If not stated otherwise all chemicals were purchased from
Sigma Aldich. Centrifugation was carried out using the centrifuges
RC5BPIus (Sorvall), Mikro22 and Rotina 35 R (Hettich). For analytical
methods HPLC equipped with a pumpe (PU-2080 plus) and
autosampler (AS-2057 plus) (all Jasco, GroR-Umstadt, Germany) and
a Rl-detector LCD212 (Techlab GmbH, Erkerode, Germany) was
used.
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Expression and purification of the GlyDH: Glycerol dehydrogenase
from G. oxydans was expressed fused to a N-terminal His-tag in
E. coli BL21(DE3) and purified as described before®.

Activity assay: A continuous assay using UV absorbance at 340 nm
was employed to monitor the formation of NADPH during oxidation
catalysed by GlyDH. One unit of activity was defined as the amount of
enzyme which catalyses the reduction of 1 ymol NADP" per minute
under standard conditions (37°C, pH 9.7). The assay mixture
contained 990 L assay solution (100 mM substrate, 1 mM NADP®,
30 mM ammonium sulphate in 100 mM potassium phosphate buffer
pH 9.7) and enzyme solution (10 uL). Reactions were started by
addition of the enzyme solution and measured over 1 min. All
measurements were carried out at least in triplicate.

Oxidation of glycerol and ribitol in the presence of
glyceraldehyde: In order to investigate the effect of the formed
produced aldehyde the standard activity assay was performed in the
presence of 0 mM to 100 mM of the corresponding aldehyde.

Oxidation of ribitol: For the oxidation of ribitol the reaction mixture
contained: 10 mM L-arabitol, 5 mM NADP”, 1 U GlyDH, 20 U GIuDH,
100 mM ammonium sulfate in 100 potassium carbonate buffer pH 9.7.
The conversion was performed at 25°C under continuous shaking.
Samples were taken periodically and incubated at 85°C for 5 min to
denaturate the proteins followed by a separation via centrifugation
(14,000 rpm, 5 min). The supernatant was analysed by HPLC
equipped with a Nucleodur NH,/NH,-RP (Macherey Nagel, Diren,
Germany) column using a mixture of acetonitril/water (80:20) as
eluent at a flow rate of 0.6 ml/min and a temperature of 25°C.

Oxidation of L-arabitol: For the oxidation of L-arabitol the reaction
mixture contained: 100 mM L-arabitol, 5 mM NADP®, 2 U GlyDH, 10 U
GIluDH, 150 mM ammonium sulfate in 100 potassium carbonate
buffer pH 9.7. The conversion was performed at 25°C under
continuous shaking. Samples were taken periodically and incubated
at 85°C for 5 min to denaturate the proteins followed by a separation
via centrifugation (14,000 rpm, 5 min). The supernatant was analysed
by HPLC equipped with a Rezex 8% Ca column (Phenomenex,
Aschaffenburg) using 0.085 N H,SO, as eluent at a flow rate of
0.6 ml/min and a temperature of 80°C.
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Biochemical characterisation of a NADPH-
dependent Carbonyl Reductase from
Neurospora crassa recucing a- and - Keto

esters

Nina Richter®, Werner Hummel®

A gene encoding an NADPH-dependent carbonyl reductase from
Neurospora crassa (nccr) was cloned and heterologously expressed
in Escherichia coli. The enzyme (NcCR) was purified and
biochemically characterised. NcCR exhibited a restricted substrate
spectrum towards various ketones, and the highest activity
(468 U/mg) was observed with dihydroxyacetone. However, NcCR
proved to be very selective in the reduction of different a- and B-keto
esters. Several compounds were converted to the corresponding
hydroxy ester in high enantiomeric excess (ee) at high conversion

1. Introduction

Oxidoreductases are cofactor-dependent enzymes that are
ubiquitously distributed and known to catalyse a variety of
biotechnologically interesting reactions. Members of this enzyme
family include alcohol dehydrogenases (ADHSs), which are
excellent catalysts because of their ability to reduce prochiral
ketones and a - and 3 -keto esters in a highly stereoselective
manner. The resulting alcohols are often obtained with good
chemo-, regio- and enantioselectivity. These features make them
versatile tools for the production of chiral building blocks, which
can act as key intermediates in the production of fine chemicals,
pharmaceuticals and natural products [1-7].

Enantiomerically pure a - and B -hydroxy esters are of great
interest as such building blocks. Consequently, significant effort
has been devoted to the chemical and enzymatic production of
these compounds [8-11].

One prominent example of a commonly used B-hydroxy ester is
optically pure 4-chloro-3-hydroxybutanoate (CHBE); the
(R)-enantiomer serves as an important precursor for L-carnitine
[12, 13], whereas the (S)-enantiomer is a chiral building block for
various pharmaceuticals [14, 15]. Because of its significance, a
variety of chiral metal complexes have been developed to
catalyse the asymmetric chemical reduction of prochiral ketones
[16-19]. A significant number of processes have been reported
with either isolated enzymes [20, 21], whole cell systems [8, 22-
24] or even two-strain systems [25].

Due to the potential applications of such molecules, specifically in
the field of pharmaceuticals, optical purity is important; the

rates. The enantioselectivity of NcCR for the reduction of ethyl 4-
chloro-3-oxobutanoate showed a strong dependence on temperature.
This effect was studied in detail, revealing that the ee could be
substantially increased by decreasing the temperature from 40 °C
(78.8%) to -3 °C (98.0%). When the experimental conditions were
optimised to improve the optical purity of the product, (S)-4-chloro-3-
hydroxybutanoate (ee 98.0%) was successfully produced on a
300 mg (1.8 mmol) scale using NcCR at -3 °C.

"wrong" enantiomer may be toxic or may have unpredictable side
effects.

Unfortunately, even selective enzymes do not catalyse every
reaction with the required enantioselectivity. The enantio-
selectivity of chemical and enzymatic reactions can be influenced
by various factors [26-30]. Temperature has a significant impact
on the stereochemistry of both chemical and enzymatic reactions
[27, 28, 30, 31]. Phillips and co-workers extensively studied the
effects of temperature on the enantioselectivity of enzymatic
reactions using ADHs from horse liver and Thermoanaerobacter
ethanolicus [27, 28, 31].

In this study, we describe the identification, cloning and
heterologous expression of a novel carbonyl reductase gene from
N. crassa (nccr). This NADPH-dependent carbonyl reductase
reduces various a- and 3 -keto esters. Remarkably high activity
was observed for the reduction of ethyl 4-chloro-3-oxobutanoate
(COBE), but poor enantioselectivity of the corresponding alcohol

[a] Nina Richter
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40225 Diisseldorf (Germany)
[b]  Prof. Dr. W. Hummel
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Diisseldorf,Forschungszentrum Jiilich, Stetternicher Forst
52426 Jiilich (Germany)
Fax: (+49)2461-612490
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was obtained at room temperature with an ee of 89%. Similar
enantioselectivities were observed for the other compounds
under these conditions; therefore, the production of optically pure
compounds was not possible. However, further investigations
revealed a strong correlation between temperature and
enantioselectivity for NcCR. We subsequently succeeded in
establishing a process for the production of (S)-CHBE with an
enantiomeric excess (ee) of 98.0% by adapting the reaction
conditions to the requirements of the enzyme.

2. Materials and methods
2.1 General

If not stated, all chemicals were purchased from Sigma Aldrich,
Buchs, Switzerland. All columns and instruments for
chromatography (FPLC, Akta-Explorer) were purchased from GE
Healthcare, Freiburg, Germany. Centrifugations were carried out
using RC5BPIlus (Sorvall, Waltham, USA), Mikro22 and Rotina
35 R (Hettich, Tuttlingen, Germany) centrifuges. For analytical
methods, GC-17A and LC-20AHT (both Shimadzu, Duisburg,
Germany) and aan HPLC from Gynkotec equipped with a P580
pump and a UVD320S detector was used (Techlab, Erkerode,
Germany). Restriction enzymes were purchased from Fermentas,
St. Leon-Rot, Germany. The studied enzymes, NcCR and
glucose dehydrogenase (GDH), were purchased from evocatal,
Disseldorf, Germany  (evo-1.1.280 and  evo-1.1.190,
respectively).

2.2 Molecular cloning of the nccd-gene

Genomic DNA from N. crassa (DSM 894) was used as a template
for amplification of the carbonyl reductase gene (XM_954278).
For the following cloning steps, primers with recognition sites for
the restriction enzymes Ndel and Nofl were used for the
construction of the gene fused with an N-terminal His-tag in pET-
28a (Novagen (Merk), Darmstadt, Germany)
(5'- ATATATACATATGACTGGATTCACTGCCGCCAACACCAC-
3' and 5- ATATGCGGCCGCTTACTCCTGCTTGAGCTGG-3').
The PCR product was cloned into the expression vector between
the Ndel and Notl restriction sites using standard techniques.

2.3 Heterologous expression of NcCR

E. coli BL21(DE3) cells carrying the recombinant plasmid were
cultivated in 5 mL LB medium [32] containing 50 pg/mL
kanamycin overnight at 37 °C. These cultures were used to
inoculate different amounts of LB medium containing 50 pg/mL
kanamycin for expression in shaking flasks at a final optical
density at 600 nm (ODggo) of 0.05. The cultures were grown at
37 °C. When the ODgg reached 0.5 to 0.7, production of the
recombinant carbonyl reductase was induced by adding
isopropyl thio-B-D-galactoside (IPTG) to a final concentration of
0.5 mM. For optimal enzyme expression cultures were grown at
25 °C (after induction), and assayed after a period of 20 h.

2.4 Purification of NcCR

The bacterial culture was harvested by centrifugation at
17,000 x g for 20 min at 4 °C. A cell suspension (10% w/v) was
prepared in 100 mM triethanolamine buffer (TEA), pH 7. Cells
were disrupted by five sonication cycles of 5 min (40% power
output) with cooling periods in-between cycles. The lysed cells

2 IDENTIFICATION OF NEW OXIDOREDUCTASES

were centrifuged at 17,000 x g for 30 min at 4 °C and the
supernatant was used for further purification steps.

The enzyme was purified from the crude extract using an
immobilised metal affinity chromatography IMAC (Ni-NTA
(Qiagen, Hilden, Germany)). The column was equilibrated with
TEA buffer (50 mM, pH 7). The carbonyl reductase was eluted
using a linear gradient of imidazole (0 to 500 mM) in TEA buffer.
After a desalting step by gelfiliration on Sephadex G 25
(Pharmacia (GE Healthcare), Freiburg, Germany), the enzyme
was stored, freeze-dried at -20 °C until use.

2.5 Activity assay

A continuous assay using UV absorbance at 340 nm was
employed to monitor the NADPH concentration during the
reduction catalysed by carbonyl reductase.

Dihydroxyacetone was used as the standard substrate for the
enzymatic reduction. One unit of activity was defined as the
amount of enzyme that catalysed the oxidation of 1 umol NADPH
per minute under standard conditions (30 °C, pH 7). The
reduction assay mixture contained 970 yL substrate solution
(10 mM substrate in 100 mM TEA buffer, pH 7), 20 yL NADPH
(12.5 mM) in distilled water and 10 pyL enzyme solution. The
reactions were initiated by adding the enzyme solution and were
measured over 1 min.

2.6 Protein analysis

Protein concentrations were determined with a Bradford assay
using BSA as a standard [33]. SDS-PAGE was performed using 4
to 12% Bis-Tris gels in MOPS (3-(N-morpholino)
propanesulphonic acid) buffer (Invitrogen, Darmstadt, Germany).
SeeBlue2 Protein Standard (Invitrogen) was used to estimate the
molecular weight of proteins. The molecular mass of NcCR was
determined using size-exclusion chromatography. A BioSep SEC
S2000-HPLC column (300 x 7.8 mm, Phenomenex,
Aschaffenburg, Germany) connected to a LC-20AHT system
(Shimadzu, Duisburg, Germany) was used with 200 mM Tris-HCI
buffer pH 7.5 as the mobile phase (1 mL/min). The lyophilised
protein and protein standard (AQUEOUS SEC 1, Phenomenex,
Aschaffenburg, Germany) were dissolved in 200 mM Tris-HCI
buffer pH 7.5 and analysed by HPLC.

2.7 Determination of pH and temperature optima

In order to determine the temperature and pH optimum of NcCR,
the standard reduction enzyme assay was performed at different
temperatures as well as different pH values. The TEA (pH 6.8 to
10.0) standard activity buffer and citrate-phosphate buffer (pH 3.0
to 7.0) were used to determine the optimum pH.

2.8 Stability investigations

The enzyme was incubated at different temperatures to
investigate temperature stability. At appropriate time intervals,
samples were tested and the residual activity was assayed using
the standard activity assay.

2.9 Biotransformation of different a- and B-ketoesters
The enantioselectivity of NcCR in the reduction of different a- and

B-keto esters was examined using a simultaneous NADPH
recycling system.
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Hydroxy compound

Methods

Retention time (min)

Ethyl 2-hydroxy-3-methylbutanoate®
Methyl lactate

Ethyl lactate

Ethyl 2-hydroxy-4-phenylbutanoate

HPLC, flow rate 1.0 ml/ min, hexane-isopropanol
=90:10

Ethyl mandelate

Ethyl 4-chloro-3-hydroxybutanoate®
Ethyl 2-chloro-3-hydroxybutanoate
Ethyl 3-hydroxybutanoate®

Ethyl 4,4,4-trifluoro-3-hydroxybutanoate

Ethyl 3-hydroxy-3-phenylpropionate

GC, 60°C 2 min, 1°C/ min 90°C
GC, 40°C 3 min, 5°C/ min 90°C
GC, 40°C 3 min, 5°C/ min 90°C

HPLC, flow rate 0.4 ml/ min, hexane-isopropanol
=80:20

GC, 100°C, 1°C/ min 113

GC, 70°C, 5°C/ min 86°C, 0.1°C/ min 87°C

GC, 60°C 5 min, 5°C/min 195°C

(R): 10.8 (S): 12.4
(R):10.1 (S): 10.9

(R): 12.0 (S): 12.6

(R): 9.4 (S): 8.9

(R): 16.6 (S): 17.9

(R): 9.3 (S): 9.0

GC, 60°C 5 min, 5°C/min 195°C n.d.

(R): 6.7 (S): 6.9

(R): 16.5 (S): 16.8

GC, 60°C 5 min, 5°C/min 195°C n.d.

#Hydroxyl group was acylated to a trifluoroacetate group as described; n.d.: not determined

The general composition was as follows: substrate (10 mM),
D-glucose (100 mM), NADP* (0.5 mM), GDH (10 U) and NcCR (1
U when applicable) (when the activity was too low, an amount not
exceeding 10% (v/v) of 10 mg/mL enzyme solution was used) in
70 mL TEA buffer (100 mM pH 7.0). Variations from the standard
experimental setup are mentioned in the text. The mixture was
stirred and incubated at 4 °C. Samples were tested periodically to
follow product formation. After full conversion was reached, the
mixture was extracted with ethyl acetate. When necessary, the
produced hydroxy ester was purified by column chromatography
on silica gel and analysed with chiral GC or HPLC to determine
the ee. The absolute configuration of the product was identified
by comparing the data with commercially available references.
The corresponding compounds were prepared by reduction with
NaBHj,, followed by identification of the absolute configuration by
determining the specific rotation of the produced alcohol and
comparing to published data.

2.10 Chiral GC and HPLC Analysis

Chiral HPLC analysis was performed using an HPLC from
Gynkotec equipped with a P580 pump, a UVD320S detector
(Techlab, Erkerode, Germany) and a Chirapak IC column (25 cm
x 0.46 cm, Macherey Nagel, Diren, Germany). Chiral GC
analysis was performed using a GC-17A (Shimadzu, Duisburg,
Germany) equipped with a Varian CP-Chirasil-Dex CB column
(25 m x 0.25 mm) using a flow of 200 mL/min and helium as the
carrier gas. The applied methods are summarised in Table 1.
When required, the hydroxyl group was acylated to
trifluoroacetate. The reaction mixture (100 pl) was extracted with
200 pL diethyl ether and the organic solvent was evaporated.
Acylation was performed by adding 10 pL trifluoroacetic
anhydride for 15 min at 25 °C with continuous shaking.
Subsequently, 200 pL ethyl acetate and 300 yL saturated sodium
hydrogencarbonate were added and the organic phase was
subjected to chiral GC.

Results and Discussion

3.1 Identification, cloning and heterologous overexpression
of NcCR

A gene mining approach was performed to identify new
oxidoreductases using the sequence of Gox1615 (YP_192012),
an NADP*-dependent glycerol dehydrogenase from
Gluconobacter oxydans [34], as the template. Through the course
of the in silico screening, a novel oxidoreductase (XM_954278) of
unknown function was identified in the genome of N. crassa. The
two enzymes showed 22% identity, 40% similarity and 27% gaps
in a pairwise alignment between the protein sequences. The
corresponding gene was predicted to be a member of the aldo-
keto-reductase family (AKR), and it is 996 bp in length, contains
no introns and codes for a protein with 331 amino acids.

Genomic DNA was used as the template for a PCR reaction,
which was followed by cloning the amplified gene into the
expression vector pET28a with standard techniques. The
constructed recombinant plasmid contains the nccr gene with a
hexahistidine affinity purification motif (His-tag) that was fused to
the N-terminus of the protein.

2 3 4

1
~

66 kDa

51 kDa

39kDa e = W -

28 kDa

£

Fig. 1: SDS-PAGE analysis of purified NcCR. Lane 1: molecular weight marker
(SeeBlue2, Invitrogen), lane 2: crude extract insoluble fraction (5 pg), lane 3:
crude extract soluble (5 pg), lane 4: purified carbonyl reductase after desalting
(1.25 pg). Lane 4 shows a single band at an apparent molecular weight of
40 kDa.
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Table 2: Purification of recombinant NcCR from E. coli BL21(DE3) cells.
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Purification step Total activity (U/mL) Specific activity (U/mg) Purification factor Yield (%)
Crude extract 513,000 149 1 100
Purified NcCR 180,000 468 3.1 35

This recombinant plasmid was expressed in E. coli BL21(DE3),
and the highest activity was obtained after incubation at 25 °C.
The protein showed a specific activity of 149 U/mg in the
reduction of dihydroxyacetone (1). Soluble protein was expressed
to approximately 82% of the total protein concentration (Fig. 1,
lane 3), indicating that the eukaryotic origin of the gene causes no
expression problems. The N-terminal His-tag allowed the
purification of the protein using immobilised metal affinity
chromatography (IMAC).

3.2 Purification of NcCR

The recombinant enzyme with a fused His-tag was purified in one
chromatographic step using IMAC with Ni-NTA resin as shown in
Table 2. After purification, 35% of the initial activity was
recovered. The resulting specific activity was 468 U/mg, which
was a 3.1-fold improvement in activity as compared to the crude
extract. Samples of the crude extract and the target fraction after
purification were analysed by SDS-PAGE (Fig. 1). A single band
with an apparent molecular size of 40 kDa (Fig. 1, lane 4) was
visible, confirming the calculated molecular mass of 37,533 Da
derived from the amino acid sequence. Purification of the
recombinant NcCR to homogeneity by applying a single
purification step was possible.

3.3 Molecular characteristics of NcCR

In addition to analysing denatured carbonyl reductase, its native
molecular mass was also determined by size-exclusion
chromatography. The apparent molecular mass of NcCR was
estimated to be 33.7 kDa, suggesting a monomeric structure of
the native enzyme.

Investigations of the cofactor preference of NcCR revealed that
the enzyme depended strictly on NADPH; NADH was not
accepted (data not shown).

3.4 Dependence of NcCR activity on temperature and pH

Because the influences of temperature and pH on enzyme activity
and stability are often crucial, investigations concerning the
optimum temperature and pH and temperature stability were
performed.

The optimum temperature for the reduction of dihydroxyacetone
(1) by NcCR was determined to be 40 °C, and the activity
decreased sharply at temperatures higher than 45 °C. The pH
dependence of the enzyme was examined in the pH range
between 3.0 and 10.0, and the optimal enzymatic activity
observed was at pH 7.0.

Additionally, the temperature stability of NcCR under storage
conditions at 30 °C, 4 °C and -20 °C was measured over a period
of 21 days. The observed residual activity was 83% at 4 °C and
92% at -20 °C, indicating sufficient stability of the enzyme under
these conditions. When the enzyme was stored at 30 °C for 21
days, it showed only moderate stability; the residual activity was
25% of the initial activity. Thus, NcCR can be stored at 4 °C and -
20 °C for at least 21 days without a notable loss of activity, but it
can only be stored for a shorter period of time at elevated
temperatures (30 °C).

3.5 Substrate specificity of NcCR

The substrate specificity of NcCR towards a variety of different
substrates was investigated by applying aldehydes, ketones and
a- and B -keto esters (Table 3-5). The enzyme prefers the
reduction of a - and B -keto esters over a range of accepted
substrates.

Among the tested aliphatic and aromatic ketones and aldehydes,
only a few were converted by the enzyme (Table 3). For example,
dihydroxyacetone (1) was found to be the best substrate among
these compounds, whereas hydroxyacetone (2) was reduced with
only 0.2% of the activity achieved with 1.

Table 3: Photometric activities for the reduction of ketones and diketones by NcCR. In addition to the displayed compounds, glyceraldehyde, hexanal,
benzaldehyde, acetophenone, 4’-chloro-acetophenone, 2-chloroacetophenone, 2’-hydroxyacetophenone, 2-octanone, 3-octanone, propiophenone, 2-cyclohexen-1-
one, cyclohexanone, 2-methylcyclohexanone, 2-pentanone, 4-phenyl-2-butanone, cyclopropyl methyl ketone, trans-3-nonen-2-one, 2-butanone, 2-methyl-2-
cyclopenten-1-one, B-ionone were also tested. NcCR showed no detectable activity applying the spectrophotometrical activity assay to these substrates.

Entry Substrate Specific activity [U/mg] Relative activity [%]
1 Q 468 100
Ho._J_oH
(0}
2 1.0 0.2
Ho A
(0]
3 80.9 17.3
(0]
(0]
4 /\H)J\/ 3.5 0.7
(0]

0]

5 )J\”/\/\ 88.0 18.8

[0)
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Table 4: Reduction of a-ketoesters by carbonyl reductase NcCR from N. crassa. The standard spectrophotometrical activity assay was used for the determination of

specific activity. Conversion and ee were determined by chiral GC or HPLC.

Entry Substrate Specific activity [U/mg] Conversion [%] ee [%]
)
6 )\”/U\o/\ 31.9 95 98.3 (R)
o
o}
7 \H)J\o/ 12.9 67 >99,9 (S)
o a
o}
8 \H)J\O/\ 8.0 70 94.6 (S)
o a
o}
9 ©/\)J\H/O\/ 16 100 80 (R)
0
0}
0.3 75 80 (R)

10 o~
(0]

a
Biotransformation was performed at 30 °C

Notably, diketones were also accepted by the enzyme. The
highest activities were obtained with a, B-diketones carrying the
two ketogroups near the end of the aliphatic chain:
2,3-hexandione (3) and 2,3-heptandione (5) were reduced with
high activities of 80 and 89 U/mg, respectively, whereas
3,4-substituted hexandione (4) was converted with low activity
(3.5 U/mg) and 2,5-hexandione was not converted at all.

Because NcCR showed a more pronounced acceptance of a- and
B-keto esters, and because they are important in the synthesis of
fine chemicals and pharmaceuticals [21, 35-37], the reduction of
these compounds was studied in detail.

In order to explore substrate specificity, different substituted
a-keto esters were used as substrates (Table 4). Among the
tested compounds, NcCR showed the highest specific activity for
the reduction of ethyl 3-methyl-2-oxobutanoate (6). However, low
activity was observed with a-keto esters carrying an aromatic side
chain (0.3 U/mg for ethyl 2-oxo-4-phenylbutanoate (9) and
1.6 U/mg for ethyl 2-oxophenylacetate (10)). These observations
led to the hypothesis that NcCR activity increases with increasing
distance between the keto group and the aromatic ring.

Yield and enantioselectivity were determined using GDH from
Bacillus subtilis [38] to regenerate NADPH (Fig. 2). In the
reduction of a -keto esters, NcCR converted all the tested
compounds into their corresponding a -hydroxy esters at high
rates. Concerning stereoselectivity, this carbonyl reductase
displayed high enantioselectivity with all tested aliphatic
compounds (6, 7, 8) and diminished selectivity in the reduction of
aromatic a-keto esters (9, 10). These results, in combination with
the specific activity of NcCR regarding this substrate class,
indicate that an aromatic substitution affects both the activity and
selectivity of NcCR.

In addition to a -keto esters, the biotransformation of various
B-keto esters was also investigated (Table 5). Due to their
applicability as precursors for various chiral building blocks, the
selected substrates are of great interest. The conversion and
enantioselectivity for each  -keto ester were determined as
described previously.

Remarkably high specific activity was observed with COBE as the
substrate (325 U/mg) when compared to the activity of 21 U/mg

with ethyl 2-chloro-3-oxobutanoate (12) and 1.8 U/mg with ethyl
3-oxobutanoate (13).

j\ oxidoreductase OH
R™R! \ R7OR!
NADPH NADP
D-gluconolactone \ D-glucose
GDH

Fig. 2: Schematic diagram of the reduction of carbonyl compounds by NcCR
with a simultaneous regeneration of NADPH by GDH using D-glucose as
substrate.

This experiment indicated the importance of the substitution
pattern. Substrates 11, 12 and 13 were converted efficiently and
high ee values were obtained for 11 and 13. Two additional
substrates were tested, ethyl 4,4,4-trifluoro-3-oxobutanoate (14)
and ethyl 3-oxo-3-phenylpropionate (15), and satisfactory
conversion was difficult to achieve due to low activity;
furthermore, long incubation times were required to produce
appropriate amounts of the corresponding hydroxy ester.

When comparing these low productivities to the results with the
a-keto esters, the low specific activity was not the only reason for
low productivity. In the reduction of 9, which showed a
photometric activity in a similar range, such low productivity did
not occur. Although the incubation time for the conversion of 9
was longer (24 h) than for the other tested a-keto esters, efficient
conversion was possible. Substrate 14 required up to 7 days
(168 h) for full conversion and compound 15 showed insufficient
conversion. In the assay with substrate 14, supplementation with
additional enzyme (NcCR and GDH) was necessary to reach full
conversion. The reason for the insufficient conversion of
substrate 15 can be assumed to be low activity, but other factors
may be involved such as the inhibition of one or both enzymes.
The fluoro substitution in 14 might be the cause of the observed
inhibition occurring in its reduction; therefore, the stabilities of
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Table 5: Reduction of B-ketoesters by NcCR from N. crassa. No activity in the spectrophotometrical test was observed using the following compounds as substrate:
ethyl 3-oxohexanoate, methyl 4,4-dimetoxy-3-oxovalerate, methyl 4,4-dimethyl-3-oxopentanoate, methyl 3-oxopentanoate, ethyl 2-oxocyclohexanecarboxylate, ethyl
2-oxocyclopentanecarboxylate. Chiral GC or HPLC were used to determine ee and conversion.

Entry Substrate Specific activity [U/mg] Conversion [%)] ee [%]
0 (0]
11 cl \)J\/U\O/\ 325 100 96.5 (S)
(0] 0}
12 Mo/\ 20.9 77 n.d
Cl
13 i i 8 91
1. 95 R
0O (0]
14 F CJJ\/U\O/\ 0.8 100 56 (S)
3

15 ©J\j\o/\ 0.1

? The conversion was not sufficient for determining yield or ee; n.d.: not determined

NcCR and GDH in the presence of 14 were investigated
separately. The corresponding studies over 72 h revealed that 14
had no negative effect on the activity of neither GDH nor NcCR.
NcCR exhibited high activity with dihydroxyacetone (1) and with
a,B-diketones such as 3 and 4. A variety of different aliphatic and
aromatic ketones and aldehydes were not converted by this
carbonyl reductase. Additionally, a - and B -keto esters were
converted by the enzyme with high activity and the substitution
pattern had a significant effect. Substrates bearing chlorine (11,
12) were converted much faster than substrates without chlorine
(13).

Notably, other enzymes described in the literature show similarly
limited substrate specificity, such as the carbonyl reductases
PsCR from Pichia stipitis [39] and KaCRI from Kluyeromyces
aestuarri [24]. Both enzymes are members of the SDR
superfamily, whereas NcCR belongs to the AKR superfamily. In
addition to similar substrate acceptance, all three enzymes were
found to prefer the (S)-isomer in the reduction of COBE. This
stereoselectivity does not correlate with the hypothesis by Ye and
co-workers that carbonyl reductases from the AKR family produce
the (R)-isomer, whereas members of the SDR family yield the
(S)-isomer [39] due to differences in conserved residues
responsible for substrate binding. Therefore, the amino acid
residues involved in substrate binding were compared between
NcCR and other members from the SDR- and AKR-superfamilies.
Surprisingly, the alignment revealed that NcCR showed low to
medium identity with carbonyl reductases from the SDR and AKR
families, with maximal identities of 22% with SDRs (PsCR) and
55% with AKRs. The crystal structure of SSCR (carbonyl
reductase from Sporobolomyces salmonicolor), which is a
member of the SDR family, has been solved and the residues
involved in substrate binding are known [11, 40]. A comparison
revealed that NcCR shows no similarity to the relevant residues.
The BLAST alignment tool was used to compare the amino acid
sequence of NcCR with those of several other proteins; NcCR
showed up to 86% identity with glycerol dehydrogenases
belonging to the AKR-superfamily. Apart from similar substrate
profiles, PsCR, KaCRI and NcCR share no common structural
features. Therefore, based on its high homology to glycerol
dehydrogenases and high activity towards dihydroxyacetone, the
classification of NcCR as a glycerol dehydrogenase appears to
be appropriate.

When considering the observed stereoselectivity in the reduction
of a- and B -keto esters, the enzyme appeared to deliver the
hydride ion from the same side of the prochiral keto esters, with
the exception of 7 and 8. This behaviour can be explained by a
model postulating a large and a small pocket in the active site.
The small pocket only accepts small alkyl groups, such as a
methyl group, but an isopropyl side chain results in an inversion
of the orientation of the substrate and an inverted
stereospecificity. This result corresponds to observations from
other enzymes, such as alcohol dehydrogenases from
Thermoanaerobacter ethanolicus (TEADH) [31] and T. brockii
(TBADH) [41] and carbonyl reductase from Sporobolomyces
salmonicolor (SSCR) [11]. TEADH and TBADH reduce small
substrates such as 2-butanone and 3-methyl-2-butanone to the
corresponding (R)-alcohol, whereas ketones with a longer side
chain vyield (S)-alcohols. SSCR catalyses the reduction of
aromatic a -keto esters to give the (S)-enantiomer, and the
reduction of aliphatic a-keto esters yields the (R)-enantiomer.

3.6 Temperature and substrate effect on the selectivity of
NcCR

Initial studies revealed that the enantioselectivity of NcCR in the
reduction of COBE is strongly influenced by temperature and
substrate concentration. Therefore, further studies were
performed to investigate the influences of these two factors on
stereoselectivity. It is well known that temperature is connected to
enantioselectivity in both chemical and enzymatic reactions [26-
28, 30], and this was also confirmed for NcCR in the present
study. In an initial experiment, the reduction of COBE was
performed at different temperatures (Fig. 3). Complete conversion
of COBE to CHBE was possible at all the investigated
temperatures, and the enantioselectivity increased with
decreasing temperature. At 40 °C, the ee of the product was only
78.8%, but the ee could be enhanced to 98.0% by shifting the
reaction temperature to -3 °C. Due to the high specific activity of
the enzyme in the reduction of COBE, the reaction velocity was
still sufficient at this low temperature and full conversion could be
reached after 3 h using 300 mg COBE (10 mM) and 50 mg of
NcCR (corresponding to 1270 U as determined photometrically
with COBE at 4 °C). Another important parameter influencing the
enantioselectivity of the enzyme was the substrate concentration.
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This effect was studied and further enhancements were obtained
at low substrate concentrations. When converting 100 mM COBE,
NcCR showed an ee of 90.2%, whereas the enantioselectivity
could be increased to 97.4% at a concentration of 10 mM (Fig. 3).
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Fig. 3: Influence of temperature and substrate concentration on the

stereoselectivity of NcCR. Development of ee value for the reduction of COBE
in response temperature (-o-) and substrate concentration (-e-) are shown. The
ee was determined by chiral gas chromatography. Temperature dependence
was assessed using a substrate concentration of 10 mM, and investigation of
the influence of substrate concentration was conduced at 1°C.

The influence of physical parameters such as the temperature on
enantio- and stereoselectivity has been described for other
enzymes [41, 42], whereas the effect of different substrate
concentrations has only been observed for cyclohexanone
monooxygenase from Acinetobacter calcoaceticus [43]. For
example, pig liver esterase shows the highest enantioselectivity in
20% aqueous methanol at -10 °C [42]. ADH from
Thermoanaerobium brockii (TBADH) catalyses the reduction of
2-pentanone with the highest enantioselectivity at 7 °C [41].
Keinan and co-workers investigated the correlation between
temperature and the selectivity of TBADH in detail. Their study
revealed that the enzyme showed a strong dependence on
temperature, as demonstrated by a drastic enhancement of its
selectivity by shifting the temperature from 50 °C to 7 °C.

These are examples of correlations between temperature and
enantioselectivity. The enantioselectivity of an enzymatic reaction
is defined by the ratios of the specificity constants, the kea/Km
ratios, for the two enantiomeric products [26, 44]. Using transition
state kinetic theory, the ratio is related to the difference in
activation free energy (AAG) for the enantiomeric products. The
activation free energy can be regarded as a contribution from
enthalpy and entropy, and both are temperature-sensitive terms.
In general, these results demonstrate how simple methods of
reaction engineering may lead to a significant enhancement of
optical purity. In this study, a process for the production of several
interesting chiral building blocks at high enantiomeric purity was
successfully established.

3.7 Bioreduction of COBE

The activity of the enzyme was tested at different temperatures to
assess the use of NcCR at lower temperatures (Figure 4).
Optimal activity was observed at 40 °C, whereas at 4 °C the
activity was significantly reduced to 6.1% of the optimal activity.
Therefore, the amount of enzyme used for bioreduction at -3 °C
was adjusted to account for the reduced activity of NcCR.
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Fig. 4: Temperature dependence on enzyme activity. Enzyme activity was
determined using the standard spectrophotometrical assay at different
temperatures. The standard deviation from triplicates is shown in the diagram.

In order to prove the applicability of the enzyme, a conversion of
COBE was subsequently performed on a 300 mg scale (10 mM
COBE in 200 mL TEA buffer (100 mM, pH 7.0)). At this scale,
1.8 mmol of COBE was completely converted to 1.8 mmol CHBE
at -3°C under constant vigorous stirring and simultaneous
regeneration of the cofactor by GDH (Fig. 2). Freezing of the
aqueous solution was prevented by adding 100 mM buffer salts to
reduce the melting point and by intensive stirring. Figure 5
illustrates the results, concentrations of COBE and CHBE as
monitored over a 4 h period.
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Fig. 5: Conversion of COBE by NcCR. The concentrations of COBE (-e-) and
(S)-CHBE (-o-) were measured over a period of 240 min; concentrations were
determined by chiral GC. The conversion was performed using 40 mg NcCR,
300 mg (10 mM) COBE, 20 mM p-glucose, 800ul GDH (crude extract) and 0.5
mM NADP” in 200 mL 100 mM TEA pH 7.0 at -3°C.

After a 3 h reaction, the complete conversion of COBE to
(S)-CHBE was reached, and the product was obtained at 98.0%
ee. However, numerous processes exist to produce both
enantiomers of CHBE using different enzymatic routes, and they
are far more feasible in terms of selectivity, productivity and
milder reaction conditions [20-25, 45, 46]. In the present study,
we demonstrate that with reaction engineering, it was possible to
establish a suitable process using an enzyme that initially did not
seem feasible. In summary, 300 mg of (S)-CHBE was produced
using a carbonyl reductase from N. crassa.
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4. Conclusion

A novel recombinant carbonyl reductase from N. crassa was
purified and biochemically characterised. NcCR exhibited high
activity, high conversion and pronounced stereoselectivity in the
reduction of several a - and 8 -keto esters, which makes this
enzyme a promising biocatalyst for the production of enantiopure
hydroxy esters. Moreover, the dependence of NcCr's
enantioselectivity on temperature was investigated, and an
efficient process was established that yielded (S)-CHBE on a
300-mg scale.
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2.4 ASYMMETRIC REDUCTION OF ACTIVATED ALKENS USING AN ENOATE
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A recombinant enoate reductase from Gluconobacter oxydans was
heterologously expressed purified, characterised and applied in the
asymmetric reduction of activated alkenes. In addition to the
determination of the kinetic properties the major focus of this work
was to utilise the enzyme in the biotransformation of different
interesting compounds such as 3,5,5-trimethyl-2-cyclohexen-1,4-
dione (ketoisophorone, KIP) and (E/Z)-3,7-dimethyl-2,6-octadienal
(citral). The reaction proceeded with excellent stereoselectivities

Introduction

Enoate reductases [E.C. 1.3.1.31] are members of the “old yellow
enzyme family” (Stuermer et al. 2007; Williams and Bruce 2002).
The name derives from the flavin cofactor of its first
representative, the old vyellow enzyme isolated from
Saccharomyces carlsbergensis by Warburg and Christian in 1932
(Warburg and Christian 1932). Until now many homologous
enzymes of this class of flavoproteins have been found in yeasts,
bacteria and plants (Adalbjoérnsson et al. 2010; Burda et al. 2009;
Hall et al. 2008b; Hirata et al. 2009; Kitzing et al. 2005; Miranda
et al. 1995; Rohdich et al. 2001; Strassner et al. 1999; Yanto et
al. 2010).

In general, enoate reductases are flavin dependent
oxidoreductases which catalyse the asymmetric reduction of
olefinic double bonds by creating up to two stereogenic centres
(Fig. 1). The catalytic mechanism has been solved and studied in
detail (Hult and Berglund 2007; Vaz et al. 1995). A hydride
derived from the flavin cofactor is transferred stereoselectively
onto a carbon atom of the double bond. A tyrosine residue being
part of the active site of the enoate reductase hydrogenates the
other carbon with a solvent-proton from the opposite side. Finally
the oxidised FMN is reduced at the expense of NADPH, whose
regeneration is coupled to another independent redox reaction.
The enzymatic transformation described is a promising alternative
to the respective chemical process, where a high number of
enantioselective alkene reduction reactions are performed using

(> 99% ee) as well as absolute chemo- and regioselectivity, only the
activated C=C bond of citral was reduced by the enoate reductase,
while non-activated C=C bond and carbonyl moiety remained
untouched. The described strategy can be used for the production of
enantiomerically pure building blocks, which are difficult to prepare by
chemical means. In general the results show that the investigated
enoate reductase is a promising catalyst for the use in asymmetric
C=C bond reductions.

asymmetric hydrogenation by chiral rhodium or ruthenium
phosphines (Knowles 2002, Noyori 2002). One major drawback
of the chemical processes is the limitation to highly polar
functional groups (amides, acids and alcohols) as part of the
structure. With less polar groups like aldehydes, ketones, esters
or nitrogroups these methods are less successful, except for few
reported examples (Dobbs et al. 2000; Lipshutz and Servesko
2003; Lipshutz et al. 2004; Ohta et al. 1995). Further issues are
the disposal of complex heavy metal ligands and the requirement
of high pressure. The high regio- and enantioselectivity at
ambient temperature and pressure make the biocatalytic
counterpart a suitable alternative for the production of chiral
building blocks.

In the area of enzymatic hydrogenation, research efforts were
mainly focussed on whole-cell systems with wild-type
microorganisms (e.g. baker’s yeast), due to the instability of the
available isolated enzymes (Fuganti 1990; Hogberg et al. 1994;
Servi 1990). Besides the drawback of high (bio-)catalyst loading
required in these syntheses (due to low expression of the desired
enzymes), this strategy exhibits a further major disadvantage,
namely a high number of side reactions occurring. These side
reactions are leading to the formation of by-products, caused by
various enzymes abundant in the cell. Among these are for
example NAD(P)H-dependent dehydrogenases catalysing the
reduction of the carbonyl moiety.
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Therefore, stable isolated enoate reductases with a broad
substrate range are demanded for technical applications, for
example the reduction of 3,5,5-trimethyl-2-cyclohexen-1,4-dione
(ketoisophorone, KIP) to (R)-3,5,5-trimethyl-2-cyclohexan-1,4-
dione (levodione), an important chiral intermediate for optically
active compounds like zeaxanthin (Kataoka et al. 2002;
Leuenberger et al. 1976b). Another example is (R)-citronellal,
applied in the food and cosmetic industry (Goussevskaia et al.
2007; Scott et al. 2008; Wegner et al. 2008) that can be
synthesised by the reduction of the non-chiral inexpensive
(E/Z)-3,7-dimethyl-2,6-octadienal (citral).

Based on the great potential of this enzyme class, a number of
enzymes have been studied and applied in organic synthesis
during the last decades (Adalbjornsson et al. 2010; Burda et al.
2009; Fuganti 1990; Hall et al. 2006; Hall et al. 2008a; Hall et al.
2008b; Hall et al. 2007; Hirata et al. 2009; Hogberg et al. 1994;
Muller et al. 2006; Mdiller et al. 2007; Servi 1990; Stuermer et al.
2007; Yanto et al. 2010). Among them is an enoate reductase
from Gluconobacter oxydans (Schweiger et al. 2008; Shinagawa
et al. 2008; Yin et al. 2008). Herein we report its application in the
asymmetric reduction of citral and ketoisophorone (KIP) as well
as the impact of an N- or C-terminal hexahistidine tag (His-tag) on
the biological activity.

Experimental Section

General: If not stated otherwise all chemicals were purchased from
Sigma Aldrich (Buchs, Switzerland). All columns and instruments for
chromatography (Akta-Explorer) were purchased from
GE Healthcare, Freiburg, Germany. Centrifugation was carried out
using the centrifuges RC5BPIlus (Sorvall, Waltham, USA), Mikro22
and Rotina 35 R (Hettich, Tuttlingen, Germany). For analytical
methods GC-17A and LC10Ai (both Shimadzu, Duisburg, Germany)
were used. Restriction enzymes were purchased from Fermentas,
St. Leon Roth, Germany.

Molecular cloning of the enoate reductase gene: Genomic DNA
isolated from G. oxydans (DSM: 2343) was used as template for
amplification of the enoate reductase (YP_190936) with the following
primers containing: a) construct with N-terminal His-tag (cloned in
pET28a, Novagen (Merk), Darmstadt, Germany) and without
modification (pET22b, Novagen (Merk), Darmstadt, Germany)
(5'-ATATGTCGACTCAGTTGGGGCCGGAGGTGGCGG-3' and 5'- TA
TCTCGAGGTTGGGGCCGGAGGTGGCGGAC-3"), with recognition
sites for Ndel and Sall respectively. b) construct with C-terminal His-
tag (pET22b) (5 ATATGTCGACTCAGTTGGGGCCGGAGGTGG
CGG-3' and 5- TATCTCGAGGTTGGGGCCGGAGGTGGCGGAC-3")
with recognition sites for the restriction enzymes Ndel and Xhol. The
PCR product was cloned into pET22b and pET28a (Novagen)
between the Ndel and Sall / Xhol restriction sites using standard
techniques.

Heterologous expression of the enoate reductase: For
recombinant protein expression, E. coli BL21(DE3) cells carrying the
recombinant plasmid were cultivated overnight at 37°C in 5 mL LB
medium (Bertani 1951) containing either 100 pg/mL ampicillin or
50 pg/mL kanamycin. For expression in conical flasks, a final
concentration of 0.05 optical density at 600 nm (ODsggo) wWas used to
inoculate different amounts of LB medium containing the
corresponding antibiotic for selection. The cultures were cultivated at
37°C. At an ODggo of 0.5 to 0.7 the production of the recombinant
enoate reductase was induced by addition of isopropyl thio-B-D-
galactoside (IPTG) to a final concentration of 0.5 mM. For the
determination of the optimal conditions cultures were grown after
induction at 25, 30 and 37°C, and assayed after a period of 20 h.
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Purification of the enoate reductase: The bacterial culture was
harvested by centrifugation (17000 x g, 20 min, 4°C). A cell
suspension (10%) was prepared in 100 mM triethanolamine buffer
(TEA) pH 7.0 and disrupted by sonication on ice (5 min (40% power
output), 5 min cooling, 5 cycles in total). After a centrifugation step
(17000 x g, 30 min, 4°C), the cleared crude extract was used for
protein purification using immobilised metal affinity chromatography
IMAC (Ni-NTA (QlAgen, Hilden, Germany). The column was
equilibrated with TEA buffer (50 mM, pH 7.0). After loading, the
sample and elution of non-bound proteins with equilibration buffer a
linear gradient of imidazol (0 to 500 mM, 150 min) in TEA buffer was
performed. The enoate reductase elutes at 130 mM imidazol. After a
desalting step (Sephadex G 25 (Pharmacia), [10 mM TEA buffer
pH 7.0]) the enzyme was stored at -20°C prior to use.

Activity assay: A continuous assay using UV absorbance at 340 nm
was employed to monitor the decrease in NADPH concentration
during reduction catalysed by the enoate reductase. Trans-2-hexenal
was used as standard substrate. One unit of activity was defined as
the amount of enzyme catalysing the oxidation of 1 umol NADPH per
minute under standard conditions (30°C, pH 7.0). The reduction
assay mixture contained 970 uL substrate solution (10 mM substrate
in 100 mM TEA buffer pH 7.0), 20 uL NADPH (12.5 mM) in distilled
water and 10 pL enzyme solution. Reactions were started by addition
of the enzyme solution and measured over 1 min.

Determination of pH and temperature optima: In order to obtain
the pH and temperature optimum of the enoate reductase activity the
standard enzyme assay was performed at different temperatures or
pH values. For the determination of the pH optimum, two buffers with
overlapping pH ranges were applied (TEA (pH 6.6 to 10.0) and
citrate-phosphate buffer (pH 3.5 to 7.0)).

Stability investigations: For investigation of temperature stability the
enzyme was incubated under standard assay conditions at different
temperatures. After different incubation times the residual activity was
assayed.

Determination of kinetic parameters: To determine the kinetic
parameters (Ku und Vin.x) the standard activity assay for reduction
was used. All parameters were kept constant, only the investigated
parameter (cofactor or substrate concentration) was modified. Kinetic
parameters were calculated using a non-linear fitting algorithm (Origin
Software).

Protein analysis: Protein determination was performed according to
Bradford using BSA as a standard (Bradford 1976). SDS-PAGE was
performed using 4-12% Bis-Tris gels running in MOPS buffer,
SeeBlue Plus2 Protein standard (both Invitrogen, Darmstadt,
Germany) was used for molecular weight estimation of proteins.

Determination of the flavin species: The separation of protein
bound flavin species was carried out by HPLC. For the separation
and quantification of flavin adenine dinucleotide (FAD), flavin
mononucleotide (FMN) and riboflavin, a reverse phase Cs- HPLC
column (250/4 Nucleodur, Macherey&Nagel, fitted with an
8/4 pre-column containing the same material) connected to a
Shimadzu LC10Ai HPLC system was used. As mobile phases 50 mM
ammonium acetate buffer pH 6.0 (eluent B) and 70% acetonitrile in B
(eluent A) were used. The enzyme sample was incubated for 10 min
at 99°C to release the cofactor, denatured protein was removed by
centrifugation at 21,900 x g for 20 min. The supernatant was spun
through a Microcon YM3 (Millipore, MWCO 3000 Da) centrifugal
concentrator device (18,900 x g, 20 min) to remove residual protein.
The resulting sample was analysed by HPLC, the protocol used for
the separation is shown in Table 1.

Biotransformation of citral and ketoisophorone (KIP): For the
different biotransformations (1 mL) 10 mM substrate in 100 mM TEA
buffer, pH 7.0,
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Table 1 HPLC protocol used for the separation of different flavin species

Time [min] Flow rate [mL/min] Eluent A [%] Eluent B [%)]
0 0.63 5 95
20 0.63 40 60
22 0.8 40 60
29 0.63 5 95

A: 70% acetonitrile in B, B: 50 mM NH,Ac pH 6.0

3.5 U bacterial glucose dehydrogenase (GDH) (evo-1.1.060, evocatal,
Diisseldorf, Germany), 0.5 mM NADP" and 0.05 U (citral) and 0.16 U
(KIP) enoate reductase, respectively were incubated at 30°C.
Samples (50 pL) were taken periodically and diluted with ethyl acetate
(300 pL) for GC analysis. Concentrations and enantiomeric
excess (ee) were determined using a GC-17A (Shimadzu, Duisburg,
Germany) equipped with a B -cyclodextrin column (CP-Chirasil-Dex
CB column, 25 m x 0.25 mm, Varian, Darmstadt, Germany). For
separation the following method was applied: 100°C; 5°C/min to
150°C; 40°C to 195°C, the corresponding retention times were: KIP
7.8 min, (R)-levidione 8.4 min, neral (citral) 8.1 min, geranial (citral)
8.8 min, cironellal 6.1 min. The ee-value of citronellal was determined
using a modified B-cycolodextrin column (Hydrodex-B-TBDAc, 25 m x
0.25 mm). Temperature program: 80°C hold 2 min, 1 °C/min 95°C;
0.5°C/min 100°C. Retention times: (S)- and (R)-citronellal 19.8 and
20.3, respectively. The absolute configuration of citral was identified
by comparing the data with the commercially available reference. The
determination of the absolute configuration of levodione, which was
synthesised by the reduction of ketoisophorone using the enoate
reductase from G. oxydans, has been done via measurement of the
optical rotation of the purified product and comparison with literature
data (Leuenberger et al. 1976a). For the purification of (R)-levodione
a biotransformation as described was performed on 300 mg scale
(20 ml). After 24 h the reaction mixture was extracted two times
against ethyl acetate and tert-butyl methyl ether, and three times
against tert-butyl methyl ether. The combined organic layer was dried
with MgSO., filtered and concentrated under reduced pressure. Flash

1 2 M

97 kDa

64 kDa

51 kDa
39 kDa

28 kDa

Fig. 1 SDS-PAGE analysis of the purified enoate reductase from G. oxydans.
Lane M, molecular weight marker, lane 1 crude extract, lane 2 purified enoate
reductase.

Table 2 Purification of the enoate reductase from E. coli BL21 (DE3) cells
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column chromatography on silica (Merk silica gel 60; eluent petroleum
ether/ethyl acetate, 90:10) gave the desired (R)-levodione.

Results

Cloning and heterologous overexpression of the enoate
reductase

In order to improve and simplify the expression and the
purification of the enoate reductase, standard cloning techniques
were used to create three different recombinant plasmids. All of
them contain the enoate reductase gene. In two constructs a
hexahistidine affinity purification motif (His-tag) was either fused
to the C- or N-terminus of the protein. The third construct contains
the enoate reductase without any modification (wild-type).
According to the fact that the best activity was observed using the
enoate reductase with the N-terminal His-tag, this variant was
purified and used for all further investigations.

Purification of the enoate reductase

The N-terminal His-tag of the protein enables purification via
IMAC with Ni-NTA resin material. An overview of the protein
purification is shown in Table 2 and Fig. 1. The accomplished
purification achieved a recovery of 58%. The resulting specific
activity of the enoate reductase after the purification was
0.83 U/mg, corresponding to a threefold improvement in specific
activity compared to the crude extract. A single band with an
apparent molecular size of 44 kDa (Fig. 1, lane 2) corresponds to
the enzyme, confirming the calculated molecular mass
(39.24 kDa) derived from the amino acid sequence. In summary,
a purification of the recombinant enoate reductase to
homogeneity (>95%) was achieved by a single purification step

(Fig. 1).

Classification of the enoate reductase

A sequence alignment of the amino acid of three yeast enzymes,
OYE 1 and 2 (Saccharomyces pastorianus (carlsbergensis)/
cerevisiae) (Saito et al. 1991; Stott et al. 1993), KYE1
(Kluyveromyces lactis) (Miranda et al. 1995), one plant enzyme
OPR1 (Lycopersicon esculentum) (Strassner et al. 1999), and
two bacterial enzymes Yqjm (Bacillus subtilis) (Mizuno et al.
1996) and the studied enoate reductase from G. oxydans was
performed using the Clustal W alignment tool (Larkin et al. 2007).
Considerable sequence identity was observed over the entire
sequence with respect to the different origins of the investigated
enzymes. Furthermore, several highly conserved regions like the
catalytic tyrosine, the residues for substrate binding, and FMN
binding are present. Indeed, the enoate reductase from
G. oxydans exhibits 6 out of 10 residues which are crucial for
FMN binding and therefore are highly conserved (Fig. 2)
(Breithaupt et al. 2001; Fox and Karplus 1994).

Purification step Total activity [U] Specific activity [U/mg] Purification factor Yield [%]
Crude extract 293 0.26 1 100
Ni-NTA 239 0.67 2.6 81.5
Gelfiltration 340 0.83 3.2 58
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Fig 2 Amino acid sequence alignment of the enoate reductase from G. oxydans with several published OYE. The sequences of S. pastorianus (carlsbergensis)
OYE1, S. cerevisiae OYE2, K. lactis KYE1, L. esculentum OPR1 and B. subtilis Ygjm are compared with the protein sequence of the enoate reductase from
G. oxydans. The alignment was created using the Clustal W alignment tool. Shaded boxes in black indicate conserved amino acids, grey ones highlight similar
amino acids. The amino acid residues involved in substrate binding (black frames), FMN-binding (*) and the catalytic tyrosine (|) are indicated.

Based on these results the enoate reductase could be classified
as a member of the TIM barrel protein superfamily, showing the
typical characteristics of the “old yellow enzyme-like FMN” family.

Molecular characteristics of enoate reductase

Studies concerning cofactor dependency of the enoate reductase
revealed that both nicotinamide cofactors are accepted by the
enzyme. In comparison to NADH the phosphorylated cofactor
NADPH is preferred, showing an 8-fold higher specific activity
(Data not shown).

In addition the requirement of the enoate reductase for a flavin
coenzyme was investigated. To determine which flavin species is
bound to the protein the coenzyme was extracted from the
enzyme by heat denaturation and analysed by HPLC alongside
with authentic FAD, FMN and riboflavin as standards. Since only
FMN was detected we could demonstrate that the enoate
reductase requires FMN as coenzyme.

Characterisation of the kinetic parameters

The kinetic parameters for the substrate frans-2-hexenal and the
cofactor NADPH were estimated using purified enoate reductase.
For trans-2-hexenal the Michaelis-Menten constant (Kuw) was
determined to be 0.82 +0.02 mM and the maximal specific activity
(Vmax) was 0.95 +0.01 U/mg. For the cofactor NADPH an
inhibition at concentrations above 0.3 mM was observed. This

limits the cofactor concentrations that can be used to estimate the
apparent kinetic constants. Therefore, cofactor concentrations up
to 0.3 mM were used for fitting with the Michaelis-Menten
equation. The estimated kinetic constants were: Ky = 0.16 mM
+0.06 and Vpax = 0.62 U/mg +0.03.

Dependence of the enoate reductase activity on temperature
and pH

The influence of temperature and pH on the enzyme activity and
stability is a crucial parameter especially for technical
applications. Therefore, temperature- and pH-optimum as well as
temperature stability were investigated. The purified enzyme
exhibits an optimum activity at 45°C, while only 25% residual
activity was observed above 53°C or below 30°C (Fig. 3A). The
pH dependency of the enoate reductase was measured in a
range of 3.5 to 10.0 using citrate phosphate buffer (pH 3.5 to 7.0)
and TEA puffer (pH 6.6 to 10.0), respectively. As demonstrated in
Fig. 3B the optimum activity in the reduction of frans-2-hexenal
was measured at a pH of 5.5. Best activities at same pH values
(pH 7.0) were observed in citrate-phosphate buffer.

Enzyme stability is also a crucial parameter for technical
applications and processes. Hence the temperature-dependent
inactivation over time and the thermostability of the enoate
reductase were investigated. Studies concerning the
thermostability were performed at different temperatures (4°C,
20°C and 30°C) over 24 h. The enzyme is stable under these
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Fig 3 Determination of temperature (A) and pH optima (B). The effect of temperature and pH on the enzyme activity of the purified enoate reductase was measured
by using the standard spectrophotometrical assay. For the determination of the optimum pH two different buffers, citrate phosphate buffer (pH 3.5 to 7.0) (-o-) and
TEA (pH 6.6 to 10.0) (-m-) were used. The standard deviation of triplicates is shown in each diagram.

conditions during the investigated period, as evident from an
unchanged activity after 24 h compared to the beginning of the
experiment within this temperature range (data not shown). In a
second study the midpoint thermal inactivation (T.) of enoate
reductase (crude extract) was determined to be 59°C (Fig. 4).
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Fig 4 Midpoint thermal inactivation (T.) of the enoate reductase. For the
determination of the T,, different temperatures were kept for 10 min before the
samples were withdrawn to measure the residual activity in the soluble protein
content.

Substrate specificity of the enoate reductase

The substrate specificity of the enzyme was assessed using the
spectrophotometrical standard assay as described. The specific
activities of the crude extract against different aliphatic and cyclic
olefins were determined comparatively to the standard substrate
trans-2-hexenal (0.24 U/mg). The best activity was obtained in
the reduction of KIP, Table 3 summarises the activities towards
different substrates.

Biotransformation of citral

Due to the presence of multiple C=C and C=0 bonds, the
asymmetric synthesis of citral is a challenging task in terms of

chemo-, regio- and stereoselectivity. Therefore, this reaction was
chosen to investigate the potential of the enoate reductase. Citral,
a mixture of the isomers geranial (trans) and neral (cis), is
converted by the enoate reductase into citronellal, which is an

S S

geranial H™ ~O
enoate reductase

\

NADP*

JV\/;JL
x H

(S)-citronellal
NADPH

GDH

D-glucono-1,5-lactone B-D-glucose

Fig 5 The asymmetric enzymatic reduction of the isomers neral and geranial
(citral) to (S)-citronellal by the enoate reductase from G. oxydans. The reduced
cofactor NADPH was simultaneously regenerated by glucose dehydrogenase
and B-D-glucose as co-substrate.

important chiral building block useful for example for the cosmetic
and food industry (Scott et al. 2008; Trasarti et al. 2004) (Fig. 5).
Preliminary experiments showed that the use of purified enzyme
is essential to obtain chiral citronellal, because the application of
crude extract led to the formation of unidentified side products
(data not shown).

The production of (S)-citronellal using purified enzyme was
monitored over a period of 2 h; the result is shown in Fig. 6. For
the regeneration of the reduced cofactor, glucose dehydrogenase
in combination with glucose as co-substrate was used. The
enoate reductase showed a diastereoselectivity for the reduction
of the cis-isomer neral, because in the first 60 min geranial is
preferentially reduced. When the concentration of neral falls
below 1.25 mM the trans-isomer geranial is converted as well.
Interestingly, the reaction rate of the geranial reduction is
significantly reduced but full conversion was reached.
Nevertheless, the reduction was performed with high regio- and
chemoselectivity, the second double bound and the carbonyl
moiety stayed untouched. Regarding the stereoselectivity of the
product the enzyme produced the (S)-enantiomer with an ee of
>99%.
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Table 3 Relative activity of the enoate reductase towards different substrates. The activity was obtained using the standard spectrophotometrical assay; 100%

corresponds to 0.24 U/mg (crude extract)

Substrate Structure Relative activity [%]
trans-2-hexenal /\/\j 100
X
(0]
2,6.6-trimethyl-2-cyclohexen-1,4-dione 103.0
(KIP)* ’
(0]
(0]
trans-3-nonen-2-one /\/\/\)J\ 61.6
X
(o}
2-cyclohexen-1-one @ 56.7
| 0 "
citral MI 34.0
(0]
2-methyl-cyclopenten-1-one é/ 12.4

* 5 mM of KIP were used in the assay

Biotransformation of ketoisophorone (KIP)

As a further example the chemo- and stereoselective reduction of
KIP to levodione was investigated using the enoate reductase
from G. oxydans. The resulting product (R)-levodione represents
an interesting chiral building block, which is used for the synthesis
of zeaxanthin (Leuenberger et al. 1976b). Thus, a small-scale
reduction of KIP to levodione (1,5 mg, Fig. 7) was performed with
a simultaneous regeneration of NADPH using glucose and

glucose dehydrogenase. The substrate and product
concentrations were measured by chiral GC.
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Fig 6 Citral biotransformation by the purified enoate reductase. The
concentrations of neral (-o-), geranial (-A-) and (S)-citronellal (-m-) were
determined by chiral GC over a period of 240 min. Average values from three
replicates with error bars are given.

Fig. 8 illustrates the time course of the asymmetric reduction of
KIP applying purified enoate reductase. The reaction was
monitored over a period of 2 h. During the first 60 min a linear

KIP (R)-levodione
(0] (0]
enoate reductase :
[o) NADPH NADP* (0]
GDH
D-glucono-1,5-lactone 3-D-glucose

Fig 7 The asymmetric enzymatic reduction of KIP to (R)-levodione by the
enoate reductase from G. oxydans. The reduced cofactor NADPH was
simultaneously regenerated by the glucose dehydrogenase and B-p-glucose as
co-substrate.

decrease of KIP combined with a linear increase of (R)-levodione
was determined. Moreover, the enzyme showed a high
preference for the formation of the (R)-enantiomer yielding an ee
of >99%. The absolute configuration of the product was
determined by optical rotation according to literature
(Leuenberger et al. 1976a).

Discussion

In the present study, the enoate reductase from G. oxydans was
successfully cloned, expressed, purified, biochemically
characterised, and identified to be a member of the “old yellow
enzyme family”. The enzyme and its heterologous expression and
purification has been described previously (Schweiger et al. 2008;
Yin et al. 2008). However, the published data differ especially
concerning cofactor dependency, pH optimum and the selectivity
in the biotransformation of citral (Table 4).

With regard to cofactor specificity, the different studies generally
reveal a NADPH preference of the enzyme, only Yin and
co-workers reported a NADH dependence of the enzyme. The
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Table 4 Comparison of measured kinetic properties of the enoate reductase from G. oxydans with published data

cofactor dependency pH-optimum temperature-optimum biotransformation of citral
’ . diastereoselective
Yin et al. (Yin et al. 2008) NADH - - ey
(cis)-isomer
Shinagawa et al. NADPH 50
(Shinagawa et al. 2008) ' ) i
Schweiger et al.
NADPH 7. RT -
(Schweiger et al. 2008) 0
; o diastereoselective
this study NADPH 55 45°C

(cis)-isomer

pH- and temperature optimum differ significantly from the values
reported by Schweiger et al. while the pH-optimum reported by
Shinagawa et al. could be confirmed in the present study.
According to the fact that the same enzyme was characterised
the deviations of the parameter are remarkable. The different pH
optimum reported by Schweiger et al. might be caused by the use
of different buffers, sodium acetate (pH 4.5-6.5) compared to
citrate phosphate in our study. The significantly different
temperature optimum published by Schweiger et al. remains
questionable.
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Fig 8 Biotransformation of KIP by the enoate reductase over 120 min.
Concentrations of KIP (-m-), (R)-and (S)-levodione (- A-/-o-) were determined by
chiral GC. Error bars of triplicate measurements are given.

Apart from the cofactor specificity, another considerable
difference in comparison to the work of Yin et al. is the reported
observation that only the cis-isomer neral is reduced by the
enzyme. Our study confirmed that indeed neral is the preferred
substrate by the enzyme but geranial, the frans-isomer, is
reduced, too, when the neral concentration is reduced
significantly. This points out that the two cis-trans isomers neral
and geranial isomerize easily which is well known for compounds
with an enal structure. For example, Wolken et al. describe that
such an isomerisation occur catalysed by a common amino acid
(Wolken et al. 2000).

In addition to the biochemical properties of the enoate reductase
the main focus of this study was to investigate its potential for
chemo-, regio- and stereoselective asymmetric reductions of
olefinic double bonds. Therefore, two reductions which lead to
interesting chiral building blocks were chosen as model reactions.
Both substrates were reduced in a stereoselective manner,

producing (S)-citronellal and (R)-levidione. Moreover, in the
reduction of citral the enoate reductase exhibits additionally a
high regio- and chemoselectivity and a high diastereoselectivity
by reducing preferentially the cis-isomer neral. First experiments
using crude extract in the reduction of citral revealed the
formation of side products. Side product formation is a common
problem occurring when whole cells or crude extracts, in
particular in the conversion of compounds with more than one
functional group, are used. These by-products are often the result
of alcohol dehydrogenases (ADH) which catalyse the
NAD(P)H-dependent reduction of the carbonyl moiety (Hall et al.
2006; Miller et al. 2006; Mller et al. 2007; Servi 1990; Stuermer
et al. 2007). Therefore, for some transformations the application
of purified enzyme is required to attain the desired product.
Hall et al. recently reported that the use of commercial formate
dehydrogenase (FDH) for cofactor regeneration led to the
formation of by-products, produced by contaminations of the FDH
preparation by ADHs catalysing reductions at carbonyl moieties
(Hall et al. 2008a). Therefore, an easy access to purified protein
like described here is of major importance to overcome these
limitations.

The asymmetric reduction of citral and KIP has already been
investigated using other enoate reductases for example two
isoenzymes from the plant L. esculentum (OPR1 and OPR3) (Hall
et al. 2008a; Hall et al. 2007), YqiM from B. subtilis (Hall et al.
2008a) and other enoate reductases from bacteria, yeast and
fungi (Mdller et al. 2006) (Table 5). All these enzymes have in
common that they can be applied for a variety of different
substrates. Therefore, and with regard to the excellent stereo-,
regio-, chemo- and diastereoselectivity shown in model reaction
in this work the enoate reductase from G. oxydans is a promising
catalyst and has a great potential to be applied in the preparative
asymmetric reductions of carbonyl double bonds.
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Table 5 Overview of different enoate reductases and their ability in the reduction of ketoisophorone and citral. Applying either whole cells or isolated enzymes from
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pseudethanolicus and Candida macedoniensis.
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x x
H
(0]
ketoisophorone citral
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! 9 [ee] [%] [ee] [%]
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GYE1
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PR
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YqiM
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(YamoN:tz?IQ()m) S. typhimurium (R) 87 12 - no conversion
NCR-EnR
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TOYE ,
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EnR
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The NADP-dependent glycerol dehydrogenase (EC 1.1.1.72) from
Gluconobacter oxydans is a member of family 11 of the aldo-keto
reductase (AKR) enzyme superfamily; according to the systematic
nomenclature within the AKR superfamily the abbreviation AKR11B4
has been assigned to the enzyme. AKR11B4 is a biotechnologically
attractive enzyme because of its broad substrate spectrum combined
with a distinctive regio- and stereoselectivity. These features can be
partially rationalized on the basis of a 2-A-crystal structure of
apo-AKR11B4 which we describe and interprete here against the
background of functional complex structures of other members of the
AKR family 11. The structure of AKR11B4 shows the AKR-typical
(B/a)s TIM-barrel fold with three loops and the C-terminal tail
determining the particular enzymatic properties. In comparison to
AKR11B1 - its closest AKR relative - AKR11B4 has a relatively broad

Introduction

The subject of this study - glycerol dehydrogenase (EC1.1.1.72)
from Gluconobacter oxydans was - discovered in an effort to find
biotechnologically interesting oxidoreductases disposing of a high
regio and stereoselectivity'. The particular objective of that work'
was the identification of an enzyme that can be applied for the
production of enantiopure L-glyceraldeyde which is a valuable
synthon for organic synthesis. In fact, the glycerol dehydrogenase
from G. oxydans catalyzes the following equillibrium between
glycerol and D-glyceraldehyde:

OH AKR11B4 H

L +
HOJV()H + NADP o _o + NADPH + H

substrate and cosubstrate binding cleft. In the crystalline environment
it is completely blocked by the C-terminal segment of a neighbouring
protomer. The structure reveals a conspicuous tryptophane residue
(Trp23) that has to adopt an unconventional and strained side chain
conformation to permit cosubstrate binding. We predict and confirm
by site-directed mutagenesis that Trp23 is an accelerator of
(co-)substrate turnover. Further, we show that simultaneously this
tryptophane residue is a critical determinant for substrate binding by
the enzyme, while the enantio selectivity is probably governed by a
methionine residue within the C-terminal tail. We present structural
reasons for these notions on the basis of ternary complex models of
AKR11B4, NADP® and either octanal, D-glyceraldehyde or
L-glyceraldehyde.

As a consequence the enzyme can be used to kineticly resolve a
racemic mixture of D- and L-glyceraldehyde so that the
L-enantiomer is left.

The glycerol dehydrogenase from G. oxydans is a monomeric
protein of 332 residues and a calculated molecular mass of
37213 g/mole. Its amino acid sequence identifies the enzyme as
a member of the aldo-keto reductases (AKR), a superfamily of
enzymes, catalysing the reversible NADPH-dependent reduction
of carbonyl compounds®®. AKRs are ubiquitously distributed and
can be found in plants, animals and prokaryotes. They are
characterized by a (p/a)s TIM-barrel fold that occurs very
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frequently in enzymes® and by a common reaction mechanism
based on a conserved catalytic tetrad®. As found for the glycerol

Table 1: Sequence identities after pairwise sequence alignments of GlyDH and
all three family 11 AKRs structurally characterized so far. The sequence
alignments were calculated with the program GAP of the GCG package
(Accelrys, Inc., San Diego, USA).

GlyDH AKR11B AKR11A AKR11C

(this work) (1PZ1) (1PZ0) (1YNP)
(ﬂi'yﬁ;k) 100 57.2 33.2 304
A(:(E;)B 57.2 100 37.1 30.7
A(fg;f 33.2 37.1 100 32.9
’?m;‘; 30.4 30.7 32.9 100

dehydrogenase from G. oxydans’ AKR enzymes are typically
monomers with an approximate mass of 35 kDa. The substrate
spectrum of AKRs is very broad: activities with different alcohols,
steroids and also aromatic ketones have been observed®.
According to sequence homology the known AKR sequences
have been clustered into 15 families?, the glycerol dehydrogenase
from G. oxydans belongs to family 11 comprising so far only
bacterial enzymes three of which (AKR11A1, AKA11B1 from
Bacillus subtilis and AKR11C1 from Bacillus halodurans) have
been structurally characterized®’. Pairwise sequence alignment
between the novel glycerol dehydrogenase and those three
AKR11 enzymes (Tab. 1) reveal that its closest relative is
AKR11B1 while the sequence identities to AKR11A1 and to
AKR11C1 are significantly below the 40% identity level which
normally constitutes AKR families>®. Accordingly, after
submission of the sequence of the G. oxydans glycerol
dehydrogenase to the AKR superfamily data base® the
designation “AKR11B4” was assigned that we use from here on.
We report here a crystal structure of AKR11B4; it will supplement
the knowledge about AKR family 11 structures and — since
AKR11B4 is enzymatically better characterized' than the other
enzymes of Tab. 1 — about structure/function relationships.

Results and Discussion
Overview of the AKR11B4 structure

We performed crystallization experiments with AKR11B4 both as
an apo-enzyme and in the presence of NADP' and
D-glyceraldehyde, but in spite of many efforts high-quality crystals
could be obtained only with the apo-enzyme. Our failure to grow
and optimize binary and ternary complex crystals may be caused
by the enzyme’s tendency to block the NADP" binding site in the
crystalline environment by the C-terminal segment of a
neighbouring protomer (Fig. 2b).

The structure of apo-AKR11B4 was solved by molecular
replacement and refined to a resolution of 2 A (Tab. 2). Like all
members of the AKR family AKR11B4 folds into a (B/a)s barrel
motif (Figs. 1 and 2a). In addition to the core a-helices (a1-a8)
and B -strands ($1-B8) the structure of AKR11B4 exhibits three
secondary structure elements that are common to the AKR
superfamily, namely the two a-helices H1 and H2 (magenta in
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Fig. 2a) and a two-stranded antiparallel  -sheet next to the
N-terminus (B1 and B2; black in Fig. 2a). Finally a further
B-hairpin (B3 and B4; blue in Fig. 2a) that is embedded in the
interconnection between strand B3 and helix a3 (loop 3) is
unusual for AKRs in general but a typical feature of the bacterial
enzymes of AKR family 11. As described for AKR11B1 and
AKR11A1® loop 3 takes over a region in space that in AKRs is
normally occupied by the extended loop 4 which consequently in
AKR11B4 (and other AKR11 family members) is reduced to a
short interconnection.

1 10 20 Trp23 30 40

| |
AKR11B4
AKR11B1
sec. struct. <B1> <B2> <B1> <—————— ol-————
|N-terminal hairpin]| |-—loop 1-—|

Asp54 Tyr59 62 70 78 80
| [

Lys84 90

AKR11B4
AKR11B1

50
|

MASDTIRIPG IDTPLSRVAL GTWAIggwmw ggpDDDNGVR TIHAALDEGI
~~MEYTSIAD TGIEASRIGL GTWAIggtmw ggtDEKTSIE TIRAALDQGI

98
|

NLIDTAPVYG FGHSEEIVGR ALAEKPD..K AHVATKLGLH WVGedeknMK
TLIDTAPAYG FGQSEEIVGK AIKEYMKrdQ VILATKTALD WKN.....

148

198

248

296

sec. struct. <-B2> <—————Q2-—=—= > <==p3-><-B3->
|-—-loop 3---
100 110 120 His130 140
| | | i |
AKR11B4 VFRDSRPARI RKEVEDSLRR LRVETIDLEQ IHWPDDKTPI DESARELQKL
AKR11B1 LFRHANRARI VEEVENSLKR LQTDYIDLYQ VHWPDPLVPI EETAEVMKEL
sec. struct.<-B4> <-————- o3——————== > <-B4-> <= ad——==
loop 3|
150 160 170 180 190
| | | | |
AKR11B4 HEDGKIRALG VSNFSPEQMD IFREVAPLAT IQPPLNLFER TIEKDILPYA
AKR11B1 YDAGKIRAIG VSNFSIEQMD TFRAVAPLHT IQPPYNLFER EMEESVLPYA
sec. struct. od-> <-B5-> <====0t5—==> <p6> <———06———
200 210 220 Arg232 240
| | | ! |
AKR11B4 EKHNAVVLAY GALCRGLLTG KMNRDTTFPK DDLRSNDPKF EKPNFEKYLA
AKRI11B1 KDNKITTLLY GSLCRGLLTG KMTEEYTFEG DDLRNHDPKF QKPRFKEYLS
sec. struct. ob-> <-——p7-> <———-0Hl-
| loop 7 |
250 260 270 280 Arg285 290
| | | | 1 | |
AKR11B4 AMDEFEKLAE .KRGKSVMAF AVRWVLDQGP .VIALWGARK PGQVSGVKDV
AKR11B1 AVNQLDKLAK TRYGKSVIHL AVRWILDQPG ADIALWGARK PGQLEALSEI
sec. struct. —--——---—- Hl-———- > <————= o7 —=—==> <-B8-—> <———08——->
300 310 320 Met326 332
| | 4 |
AKR11B4 FGWSLTDEEK KAVDDILARH VPDPIDPTFM Appard~~
AKRI1I1B1 TGWTLNSEDQ KDINTILENT ISDPVGPEFM Apptreei
sec. struct. <—————= Hl-———- >

Fig. 1: Structure-based sequence alignment between AKR11B4 and AKR11B.
AKR11B1 is the nearest relative of AKR11B4 with a known structure®. The two
structures were loaded in BRAGI™ that was used to calculate a 3D-alignment
according to a procedure developed by Lessel & Schomburg”. Important
residues mentioned in the text were highlighted by colours.

The most conspicuous features of the AKR11B4 structure are an
extended C-terminal segment pointing away from the core of the
molecule (Figs. 2a/c) and an open active site cleft best visible in
the centre of Fig. 2d. These two elements are not independent of
each other; rather — as mentioned above - the C-terminal region
is embedded in the active site cleft of a neighbouring symmetry
mate (Fig. 2b).

Structural comparison of AKR11B4 and AKR11B1

It is well established that in the AKR superfamily the structurally
highly conserved TIM barrel core is accompanyied by a large
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(a) ,
C-terminus

(within loop 7)

(c) C-terminal tail (d) AKR11B1 "safety belt" (e) o0p 7,4\};%:’ 1 :31|oop , loop 3 of

C-terminal tail of AKR11B1 " AKR11B4

of AKR11B4 i A oop 1 o
,ﬂ,’ AKR11B4

nicotinamide moiety of
NADP bound to AKR11B1

NADP bound to AKR11B1

NADP bound to AKR11B1

Fig. 2: Overview of the GlyDH structure. (a) View on the (B/a)s TIM-barrel from the top prepared with BOBSCRIPT'® and Raster3D". (b) A chain of four AKR11B4
molecules from the crystal packing illustrating that the C-terminal segment extends into a neighbouring symmetry mate. The figure was drawn with PyMol"". (c-e) A
sequence of three views on a structural overlay of AKR11B4 (this work) and AKR11B1° prepared with BRAGI"™ The NADP" molecule from the AKR11B1/NADP*
complex was drawn in green to illustrate the location of the active site. The black ribbons indicate the backbone course of AKR11B1, the red ones of AKR11B4. In
the parts (c) and (d) of the figure the AKR11B4 molecule was covered with a surface indicating the hydrophobicity in blue (strongly hydrophobic) over white to red

(strongly hydrophilic).

adaptability in the loop regions at the C-terminal side of the
barrel. This is true in the sense of the phylogenetic evolution as
revealed by comparison of different AKR superfamily members
but it is also valid for the conformational plasticity of a specific
AKR with respect to different functional situations. In the case of
AKR11B4 we currently dispose only of an apo-structure, but
AKR11B1, its closest relative in sequence (Tab. 1, Fig. 1),
provides a good supplement since for this enyme only a binary
complex structure with NADP" is available®. In the following we
take the AKR11B1/NADP" structure (PDB 1PZ1°) as a matrix to
derive reasonable models of binary and ternary complexes of
AKR11B4.

The most obvious differences between the two structures concern
the C-terminal segment and the active site cleft. In contrast to the
above-mentioned neighbour-anchoring conformation in AKR11B4
(Fig. 2b) the C-terminus in AKR11B1 adopts a conformation
common for catalytically active AKRs: locked by hydrophobic
interactions, it is swung over the active site cleft like a handle
(black ribbon in Fig. 2c) and is thus prepared to play a role in
substrate binding as demonstrated for the first time for human
aldose reductase®. In additon — and again in contrast to

AKR11B4 - the active site cleft of AKR11B1 is closed from the
other side in a way that is typical for AKRs, too: the two loops 1
and 7 are in direct atomic contact (black ribbons in Fig. 2d) and
thus cross the cleft. This a characteristic arrangement that has
been refered to as “safety belt’ in the AKR literature® since it
contributes to the fixation of NADP”, in particular of the phospho
group (Fig. 3b).

The question arises whether these structural differences are
consequences of the different functional states of the two
enzymes — AKR11B1: binary complex with NADP*; AKR11B4:
apo-enzyme — or whether they are inherent features of the protein
molecules arising from their specific sequences. In the case of
the C-terminal segment of AKR11B4 it is clear that an alternative
conformation must exist. The C-terminal segment has a largely
hydrophobic surface (Fig. 2c) and adopts the extended
conformation only because it is embedded in the NADP" binding
cleft of a crystalline neighbour which is rendered inaccessible in
this way. In solution, however, AKR11B1 is monomeric and
requires — since it is active — an accessible NADP" binding site. It
is possible that under this condition the C-terminal tail swings
over the top of the barrel as found in AKR11B1 (see black coil in



72 3 THE CRYSTAL STRUCTURE OF THE GLYCEROL DEHYDROGENASE FROM G. OXIDANS

()

His130 reactive C4-atom
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Fig. 3: Details of NADP" and
substrate binding to
AKR11B4 (a) Stereo figure to
illustrate the active site and
the role of Trp23: the four
members of the catalytic
tetrad (Tyr59, His130, Lys84,
Asp54) are drawn and
covered with green electron
density. The water molecule
Wat1 (red electron density)
marks the position of the
carbonyl oxygen of a
substrate molecule. Trp23
(blue electron density) is
shown in its  relaxed
conformation as found in
apo-AKR11B4. To illustrate
the strained conformation the
equivalent tryptophane
residue from the
AKR11B1/NADP®  complex
was drawn in black. The
contouring level for the
electron density illustration
was 1.5 0. Atomic distances
are given in A. The figure was
prepared with BOBSCRIPT'
and Raster3D'.(b) Fixation
of the phospho group of
NADP* by components of
loop 7: in the
AKR11B1/NADP* complexs a
“safety belt” of loop 7 and
loop 1 is formed (Fig. 2d)
which correlates with the
fixation of the
NADP*-phospho group by
two arginine, a lysine and a
glutamine side chain from
loop 7. These side chains of
AKR11B1 are illustrated with
black bonds. The equivalents
in apo-AKR11B4 (this work)
are drawn with coloured
bonds and atoms and are
covered by the final electron
density (contouring level 1 o
above the mean). Atomic
distances are given in A. The
figure was prepared with
BOBSCRIPT" and
Raster3D'®. (c) The entrance
channel to the active site
occupied with a modelled
octanal molecule (yellow): the
underlying ternary complex
was modelled as a
combination of the enzyme
part (apo-AKR11B4), NADP"
from the AKR11B1/NADP*
complexs and octanal as a
typical substrate molecule of

AKR11B4. The Trp23 side chain was turned out of the NADP" binding area as illustrated in Fig. 3a. The carbonyl oxygen of octanal was placed at the Wat1 position
shown in Fig. 3a. The hydrocarbon chain of octanal was placed in such a way that it overlapped largely with the cortisone molecule in the AKR1D1/NADP"/cortisone
complex structure (PDB 3CMF)"". Interfering water molecules of the apo-AKR11B4 structure were deleted. Finally the complex was refined with 5 cycles of
REFMAC'® leading to an optimization of the atomic contacts. The parametrization of the octanal molecule was calculated with LIBCHECK™. In the picture the
enzyme part is covered with a molecular surface coloured according to hydrophobicity (red: hydrophobic, blue: hydrophilic). The figure was drawn with BRAGI".
(dle) Stereo pictures of ternary complex models of AKR11B4, NADP" and either p-glyceraldehyde (d) or L-glyceraldehyde (e). The models were built with the
equivalent procedure described above (legend of Fig. 3c) for the AKR11B4/NADP*/octanal complex. Atomic distances are given in A and coloured in three different
ways (magenta: hydrogen bonds; green: hydride ion transfer route between NADPH and the aldehyde substrate; black: smallest interatomic distance between the

substrate and the Trp23 side chain. The figures were prepared with BOBSCRIPT' and Raster3D"®.

Fig. 2c). In general such a conformation is regarded as a  more detail - an AKR11B1-similar conformation of the C-terminal
prerequisite for an AKR enzyme with significant activity (although  segment of AKR11B4 is even very likely because only then and
AKR11C1 is a counter-example’). Further - as explained below in  under inclusion of parts of the C-terminal segment as critical
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determinants a plausible rationalization of the enzyme’s substrate
profile is possible.

With respect to the loops 1 and 7 the comparison with the
AKR11B1/NADP" complex (Fig. 2d) suggests that NADP" binding
to AKR11B4 closes the “safety belt’. However, again AKR11C’
provides a counter-example that NADP® binding to an AKR
enzyme can happen without a closed safety belt of the loops 1
and 7. The notion that in AKR11B4 no safety belt closure occurs
would fit to the observation that the loop 1 is conspicuously
hooked up by the loop 3 (Fig. 2e). As mentioned above this loop
is generally longer in the bacterial AKRs of family 11 than in other
AKRs and contains a non-consensus B -sheet (strands B3 and
B4). In AKR11B4, however, loop 3 is particularly large and
significantly longer than in AKR11B1 (Fig. 1) suggesting that its
intense contact to loop 1 might prevent the latter from
approaching loop 7 and forming the canonical safety belt after
NADP’ binding.

Since so far we have no AKR11B4/NADP* complex structure to
reveal the potential loop1/loop7 safety belt directly we performed
a mutational study with AKR11B4. In AKR11B1 one consequence
of the tight contact of the loops 1 and 7 over the NADP" molecule
is that two positively charged arginine residues (the equivalents of
Arg232 and Arg285 in AKRB4; Fig. 3b) approach the phospho
group of the cosubstrate. To probe the role of the equivalent
residues in AKR11B4 (Arg232 and Arg285) we changed each of
them both to aspartate and to glutamate. The resulting mutants
AKR11B4-A92%2A%  AKR11B4-1923201  AKR11B4-A"98%4%  gnq
AKR11B4-"9%85¢1 \yere inactive, a result that supports the idea of
a saftety belt closure correlated with NADP" binding.

Trp23 is a key residue for NADP*/NADPH and substrate
turnover

A subtle, but functionally important structural difference between
AKR11B1 and AKR11B4 refers to Trp23 in loop 1 which in the
folded enzyme is located close to the catalytic tetrad of Tyr59,
His130, Lys84 and Asp54 (Fig. 3a): in the apo-structure of
AKR11B4 the side chain of this residue adopts a conformation
which is not very frequent (6% according to the rotamer data
base of COOT®) but nevertheless a preferred rotamere of
tryptophane. In this conformation the side chain is packed against
the small and side chain-lacking residue Gly21 (Fig. 3a) and
overlaps with the binding region of the ribose moiety on the
nicotinamide side of NADP® which becomes obvious after an
overlay of the AKR11B1/ NADP* complex structure (Fig. 3a). This
finding means that NADP" binding to AKR11B4 can only happen
after a large conformational change of the Trp23 side chain.

We took this observation into account when we modelled an
AKR11B4/ NADP* complex: we merged the NADP* molecule of
the superimposed AKR11B1/ NADP* complex with the AKR11B4
structure, removed some interfering water molecules, turned the
x-angles of the Trp23 side chain to values found for the
equivalent tryptophane residue in the AKR11B1/ NADP* complex
(black Trp21 residue in Fig. 3a) and finally calculated a few
refinement cycles to optimize the atomic distances. Interestingly
the resulting Trp23 side chain conformation is — like that of Trp21
in AKR11B1 - not a preferred tryptophane rotamere, but has an
unfavourable . angle. Thus, binding of NADP* to AKR11B4 (and
to AKR11B1) leads to local structural tension which supports the
release of the cosubstrate after the reaction and is thus a driving
force of the catalytic cycle.

To test this hypothesis we generated and kinetically characterized
the two point mutations AKR11B4TP?*M¢' and AKR11B4'™#A
(Fig. 4; supplementary Fig. 1). Methionine is present at the

equivalent position in AKR11C1’; yet the primary rationale to
choose this amino acid here was that it disposes like tryptophane
of a large hydrophobic side chain which is, however, more
variable so that a structural tension is less probable. Eventually
the exchange of Trp23 by alanine should completely avoid any
side chain tension at this position. In summary, we expected a
significant reduction of the turnover number for the cosubstrate
and — since NAD(P)-dependent dehydrogenases typically follow a
ternary complex mechanism of compulsory order in which the
converted cosubstrate is only released after liberation of the
product — also of the substrate.
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enzyme variant* | Vmax [U/mg] | Ku [UM] | Keat [s™]
AKR11B4 87.1 4.1 57.2
AKR11B4TPZMet 54.0 6.2 354
AKR11B4TP23A1 4.2 6.2 2.7
D/L-glyceraldehyde
enzyme variant* | Vmax [U/mg] | Km [MM] | Kcat [s"]
AKR11B4 80.5 24 52.8
AKR11B4TP23Met 37.0 49.4 24.2
AKR11B4TP23A 4.9 118.0 3.2

* plus N-terminal (His)g-tag

Trp23Met

Fig. 4: Kinetic characterization of the point mutants AKR11B4 and
AKR11B4™™%**? in comparison to the wildtype enzyme. Two point mutants of
His-tagged AKR11B4 at position 23 were generated following the quick change
PCR strategym. The two mutants were prepared and purified as described
previously for the wildtyp enzyme*. Subsequently the mutants and the wildtype
were kinetically characterized at 30°C and with D/L-glyceraldehyde as a
substrate and NADPH as a cosubstrate. Activities were determined by
measuring the initial absorbance change at 340 nm under variable start
concentrations of either NADPH (a) or p/L-glyceraldehyde (supplementary
Fig.1). One unit of activity was defined as the amount of enzyme that catalyzes
the oxidation of 1 pmol NADPH per minute. The principal composition of the
enzyme assay was 970 pl substrate solution in 100 mM triethanolamine buffer,
pH 7.0, mixed with 20 pl NADPH in distilled water and 10 pl enzyme solution.
The detailed concentrations of p/L-glyceraldehyde, NADPH and the enzyme in
the assay were dependent on the purpose of the specific experiment and on the
results of preliminary tests in which we determined for each of the three
AKR11B4 variants the saturation concentrations of p/L-glyceraldehyde and of
NADPH. For example, to obtain the curves in part (a) we used a
p/L-glyceraldehyde stock solution of 10 mM for assays with the wildtype enzyme
and 250 mM in case of the mutants. Each point in the curves indicates the
average of four independent measurements. The Michaelis-Menten parameters
Kw and vmax Were extracted by curve fitting using the ORIGIN software (version
7G). In all but one cases [(a), lower graph] a significant substrate inhibition was
detectable so that the following variant of the Michaelis-Menten equation was
applied: Vv = vpax * Cs / [Ku + Ccs + cs?K]. In this equation cs is the molar
concentration of either the substrate or the cosubstrate, and K is the
(co-)substrate inhibition constant. The determined values for Ky, Vmax and Keat
are summarized in part (b) of the figure.
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Moreover, we predicted that the Ky value for NADPH should be
largely unaffected because in the AKR11B1/NADP* complex the
critical tryptophane side chain (Trp21; Fig. 3a) does not make any
specific contacts to the bound NADP* molecule and thus does not
contribute to the affinity between enzyme and cosubstrate.

The kinetic data we determined with the two AKR11B4 mutants
and for comparison with the wildtype (Fig. 4) are in full agreement
with the structure-based predictions outlined above. While the
Ku-value of NADPH is nearly the same with all three variants
(Fig. 4b), the turnover number (Kkcat) is significantly reduced from
52.8 s (wildtype) over 35.4 s’ (AKR11B4™™#MeYy o 2.7 &
(AKR11B4%%9) The k.s-value for the substrate is reduced in
the same succession and order of magnitude (Fig. 4b). Hence,
the kinetic data clearly support a critical role of Trp23 for the
reaction turnover. The residue provides an intriguing example
how an enzyme systematically establishes local tension during
(co-)substrate binding and exploits it as a driving force of the
catalytic cycle.

Substrate specitrum of AKR11B4

The data of Fig. 4b further demonstrate that - in contrast to the
Kwu-value for NADPH — the Ky-value for racemic glyceraldehyde is
strongly affected by the mutagenesis. This observation leads over
to the substrate binding and recognition properties of AKR11B4
the principles of which we will try to rationalize on the basis of
ternary complex models of AKR11B4 with NADP" and substrate
molecules. Beforehand, it makes sense to recapitulate shortly
some of the results obtained by the extensive enzymological
studies described by Richter et al.":

(i) AKR11B4 catalyses the reduction of keto compounds much
more effectively than the oxidation of alcohols. Accordingly the
substrate specificity profile is significantly more pronounced in the
reduction direction.

(i) Aldehyds are distinctly better substrates than ketons. Hence, it
can be concluded that the enzyme provides only very limited
space on one side of the carbonyl! group.

(iii) With glyceraldehyde - a standard substrate of AKRs -
AKR11B4 shows a significant enantio selectivity: the D-form of
glyceraldehyde is a more than 20 times better substrate than the
L-form".

(iv) Very short aldehydes like ethanal and propanal are nearly no
substrates of AKR11B4. However, butanal and further aldehydes
with long aliphatic chains up to at least dodecanal
(laurinaldehyde) are well accepted substrates. Richter et al." also
tested trans-2-hexen-1-al with a less flexible carbon chain and
found it to be a much weaker substrate than hexenal.

Ternary complex of AKR11B4 with NADP* and octanal

Among all AKR11B4 substrates tested by Richter et al." octanal
and D-glyceraldehyde have the highest specific activities.
Therefore, we modelled ternary complexes of AKR11B4 and
NADP" together with either of these two compounds as well as
L-glyceraldehyde (Fig. 3b-e), respectively, in order to generate
hypotheses about the structural bases of the enzyme’s enantio
specificity and its preference for aldehydes with long aliphatic
chains.

In this context we did not model the loops 1 and 7 to a safety belt
since this region was not crucial for substrate binding. However,
because of the well-known substrate recognition function of the
C-terminal segment we modelled this region over the (B/a)s
TIM-barrel according to the equivalent region in AKR11B1°
(Fig. 2c).

As many apo- and NADP*-complex structures of AKR enzymes
the AKR11B4 structure contains a water molecule’ (Wat1 in
Fig. 3a) in hydrogen-bonding distance (2.7 A) to the catalytic
tyrosine (Tyr59 in Fig. 3a). This water molecule mimics the
carbonyl oxygen of the keto group to be reduced and thus, it is an
important anchor point for modelling. Accordingly we placed an
octanal molecule in a stretched conformation and orientated it
such that (i) the re-plane of the aldehyde group faces the
pyridinium ring of NADP”, (ii) that the distance between the two
critical partner atoms of the hydride transfer (the C4-atom of the
nicotinamide moiety and the carbonyl C-atom of octanal) is below
3.5 A and (iii) that the aliphatic chain overlaps largely with
cortisone after superimposition of the AKR1D1/NADP"/cortisone
complex structure (PDB 3CMF)"".

The resulting AKR11B4/NADP*/octanal complex is visible in
Fig. 3c in surface representation coloured according to
hydrophobicity. It is plausible both with respect to the orientation
of the reactive carbonyl group to the catalytic key components of
the enzyme and the cosubstrate and with respect to the
environment of the aliphatic hydrocarbon chain. The latter is
embedded in a hydrophobic channel (Fig. 3c) formed by several
side chains among them primarily Trp23 in its
non-apo-conformation. Further Met326 and Pro328 from the
remodelled C-terminal segment contribute to this channel as well
as Val58, Tyr59, Leu87, Val99 and Trp131. The channel is
broader and longer than required for octanal fitting to the
observation' that also  benzaldehyde, dodecanal or
branched-chain aldehydes like 2-methyl-butanal or 2-methyl-
pentanal are good substrates of AKR11B4.

The prominent function of Trp23 for substrate binding coincides
with the similar role of the equivalent residue Met21 in the context
of AKR11C1". Further, it is supported by the kinetic data in Fig. 4b
(lower half) whereupon an exchange of the tryptophane side chain
lowers the affinity of the enzyme even to a smaller substrate than
octanal significantly as reflected in increasing Ku-values for racemic
glyceraldehyde.

A methionine residue of the C-terminal segment is the most
probable candidate to determine enantio selectivity

With the hydrophobic channel visible in Fig. 3b it can be plausibly
explained that aldehydes with long alkyl chains are favourite
substrates of AKR11B4, whereas it is more difficult to understand
the asymmetric induction that leads to the enzyme’s
biotechnologically interesting preference for D-glyceraldehyde
over L-glyceraldehyde'. Glyceraldehyde is a relatively small
substrate suggesting that residues in the direct neighbourhood of
the active site are the critical determinants of the enantio
specificity. For precise inspection we built ternary complex
models of AKR11B4, NADP" and either D- or L-glyceraldehyde in
preferred conformations and optimized atomic distances to the
neighbouring enzyme and NADP* molecules (Fig. 3d/e). In these
models the orientations of the aldehyde moiety, of the C2-H2-
bond and — as a consequence — also of the two other substituents
of the C2-atom were unambiguous.

The two models show the substrate molecules surrounded by the
nicotinamide moiety of NADP* and further by Trp23, Tyr59,
His130, Trp131 and Met326 (Fig. 3d/e). Except the latter all of
these residues are equivalently present in GLD1, ie. in an
alternative glycerol dehydrogenase from Hypocrea jecorina™,
which accepts L- and D-glyceraldehyde as substrates, too, but
does not prefer either of them'. Hence, Met326 - which in GLD1
is exchanged against a valine residue - is the most probable
candidate to cause the asymmetric induction in AKR11B4. In fact,
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the ternary complex with D-glyceraldehyde shows that a hydrogen
bond should be possible between the sulphur atom of Met326
and the oxygen atom of the terminal hydroxy methyl group of
D-glyceraldehyde (Fig. 3d).

With L-glyceraldehyde as a substrate the terminal hydroxy methyl
group is in contact with Trp23, while it is the hydroxy group in
2-position that points towards Met326 (Fig. 3e). Only a weak
hydrogen bond with the sulphur atom of Met326 seems to be
possible in this case. Hence, in coincidence with the
enzymological data’ it is probably the better hydrogen bonding
potential with Met326 that favours D-glyceraldehyde as a
substrate of AKR11B4 compared to its enantiomer without
excluding the latter entirely.

In summary, bearing in mind the limits of structure-based
modelling work we suggest that Met326 is the most important
determinant of the enantiospecificity of AKR11B4 concerning
glyceraldehydes, a hypothesis, that can be easily tested in the
future by site-directed mutagenesis.

Accession code

The atomic coordinates and structure factor amplitudes of the
AKR11B4 structure are available from the PDB under the
accession code 3N2T.

Experimental

AKR11B4 provided with an N-terminal (His)-tag was prepared as
described. The purified protein was concentrated and rebuffered in
10 mM Tris/HCI, pH 8.5. The first crystallization trials with this
preparation led to heavy precipitation problems. Therefore we applied
the enzyme to a gelfiltration column equilibration in 10 mM Tris/HCI,
150 mM NaCl, 0.5 mM EDTA, pH 8.5. A significant amount of
high-molecular aggregates could be separated in this way. The final
AKR11B4 stock solution used for successful crystallization had the
following composition: 10 mg/ml AKR11B4 protein, 10 mM Tris/HCI,
150 mM NaCl, 0.5 mM EDTA, pH 8.5. Crystals of AKR11B4 were
grown with the sitting drop variant of the vapour diffusion method. The
reservoir composition was 35% (w/v) polyethylen glycol 3350 (PEG
3350), 200 mM KNOgs; the crystallization drop contained equal
volumes of the reservoir and the protein stock solution before
equilibration. AKR11B4 crystals were prepared for cryo-
crystallography by exchanging the reservoir against 45% (w/v) PEG
3350, 200 mM KNO3, and subsequent re-equllibration. The crystals
were frozen in liquid nitrogen directly from the resulting drops. X-ray
diffraction data were collected at the beamline X11 of the EMBL
outstation in Hamburg. The wavelength of the X-rays was 0.9537 A.
The data collection temperature was 100 K. All diffraction data were
processed with XDS'™®. The GlyDH structure was determined by
molecular replacement using MOLREP from the CCP4 suite'® and the
structure of AKR11B (PDB file 1PZ16) as a search model. For the
refinement we used PHENIX®. Manual corrections were performed
with COOT?".
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Table 2: X-ray diffraction data collection and refinement statistics.
Diffraction data collection

Temperature [K] 100

Space group P2,

Cell dimensions
a, b, c[A] 41.25, 62.39, 59.82
a, B, y[] 90.00, 90.47, 90.00

Resolution [A] 34.50-2.00 (2.05-2.00)'

Reym 13.3 (69.9)'
Signal to noise ratio (I/a) 10.10 (2.99)'
No. of unique reflections 26999
Completeness [%] 99.8 (99.9)1
Redundancy 5.4 (5.1)"
B-factor from Wilson plot [A?] 29.1
Refinement

Resolution [A] 34.5-2.0
No. of refl. in working set/test set 25746/1253
Ruork / Riree 17.0/23.3
No. of atoms

Protein 5634
Ligand/ion 28

Water 204
B-factors

Protein 41.4
Ligand/ion 46.3

Water 33.2

R.m.s deviations

Bond lengths [A] 0.006
Bond angles [°] 0.885

'values in parentheses are for highest resolution shell

stym = 2hZj|ln -<lev>| / ZnZj Inj, where |y, is the intensity of the jth observation of
unique reflection h, and <I,> is the mean intensity of that reflection. Friedel
mates were merged.
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Supplementary Fig. 1. Michaelis—Menten graphs with respect
to the rac1er121i§\:/| substrate D/L-glyceral egzwe: (a) AKR11B4, (b)
AKR11B4"™#¥ “and (c) AKR11B4'™**? The experimental
approach and data processing were equivalent to the
procedures described in the legend to Fig. 4. The Kn and Vmax
values extracted are summarized in Fig. 4b. It should be noted
that the scales of the three y-axes, as well the scales of the
x-axis of (a) compared to the x-axes of (b) and (c), are different.
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Construction of a NADP*-dependent lactate dehydrogenase

A Single Point Mutation Enables Lactate
Dehydrogenase from Bacillus subtilis to utilize
NAD" and NADP" as Cofactor

Nina Richter,”® Anke Zienert,™ Werner Hummel*™

The NAD’-dependent lactate dehydrogenase from Bacillus subtilis
(BsLDH) catalyzes the enantioselective reduction of pyruvate to
lactate. BsLDH is highly specific to NAD" and exhibits only a low
activity with NADP™ as cofactor. Based on the high activity and good
stability of LDHs, these enzymes have been frequently used for the
regeneration of NAD'. While an application in the regeneration of
NADP" is not sufficient due to the cofactor preference of the BsLDH;
additionally NADP'-dependent LDHs have not yet been found in
nature. Therefore, based on the extensive structural knowledge of
LDHs, particularly in the field of cofactor binding, a structure-based
approach was performed to predict amino acids involved in cofactor
specificity. Methods of site-saturation mutagenesis were applied to
vary these amino acids, with the aim to alter the cofactor specificity of
the BsLDH. Five constructed libraries where screened for improved

1 Introduction

L-Lactate = dehydrogenases (LDH, EC 1.1.1.27) are
NAD"-dependent dehydrogenases which catalyze the reduction of
pyruvate to lactate. LDHs are ubiquitously distributed and have
been isolated from many different prokaryotic [1, 2] and
eukaryotic sources [3]. In general, the different LDHs can be
classified as allosteric enzymes, which are activated by fructose
1,6-bisphosphate (FBP) and FBP-independent enzymes [2].

A common feature of this enzyme class is their high specificity for
NAD" as cofactor, NADP*-dependent LDHs have not yet found in
nature. Among the different LDHs, the LDH from Geobacillus
stearothermophilus (GsLDH) has been studied most extensively
[4-8] and its three-dimensional structure has been solved [9]. In
general, the members of the LDH family show a high degree of
structural similarity, especially the nucleotide binding domain is
highly conserved. They exhibit like numerous NAD(P)"-dependent
dehydrogenases the extensively studied Rossmann-fold motif for
cofactor binding [10].

Detailed studies of LDHs are justified by the considerable
biotechnological potential of this enzyme class. According to their
ability to produce optically pure a-hydroxy acids by reducing the
corresponding pro-chiral a-oxo acids, LDHs can be applied in the
production of pharmaceutically active compounds [8, 11, 12].
Furthermore, due to the extraordinary high specific activity in the
reduction of pyruvate [1] and the high stability of enzyme and
substrate, LDHs have become a convenient system for enzymatic

NADP' acceptance. Within the screening, the mutant V39R was
identified, which showed increased activity with NADP" relative to the
wild-type. Therefore, V39R was purified and biochemically
characterized in comparison to the wild-type BsLDH. V39R showed
excellent kinetic properties with NADP(H) and NAD(H), for instance
the maximal specific activity with NADPH was enhanced 100-fold to
90.8 U/mg. Furthermore, a 249-fold increased catalytic efficiency was
observed. Surprisingly, the activity with NADH was also improved
significantly. Overall, we were able to successfully apply V39R in the
regeneration of NADP® in an enzyme-coupled approach combined
with the NADP*-dependent alcohol dehydrogenase from Lactobacillus
kefir. Thereby, we demonstrated for the first time an application of a
LDH in the regeneration of NADP".

cofactor regeneration. The great interest in enzymatic cofactor
regeneration systems is founded in the growing number of
industrial synthetic applications using NAD(P)’-dependent
oxidoreductases [13-19]. Especially the use of alcohol
dehydrogenases in the environmental benign enantioselective
oxidation of alcohols is of major interest. In contrast to the variety
of different regeneration systems for the reduced cofactor,
suitable systems for the oxidized cofactor, particularly NADP* are
rare.

With regard to NAD", a number of useful enzymatic regeneration
systems exist, applying LDH [16], glutamate dehydrogenase [20]
or water- and hydrogen peroxide-forming  NAD(P)H
oxidase [21, 22]. For example, LDHs have been used to
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regenerate NAD" in the oxidative resolution of 1-phenyl-1,2-
ethandiol in combination with glycerol dehydrogenase [16], and a
number of other reactions [23-27]. However, the regeneration of
NADP* remains challenging, due to the fact that many NAD(P)H
oxidases prefer NADH as cofactor and show no or just a low
activity with NADPH [21, 28, 29]. One exception is the water-
forming NAD(P)H oxidase from Lactobacillus sanfranciscensis
which in contrast to other oxidases exhibits a high activity with
NADPH (11 U/mg) [30]. Compared to for example the specific
activity of LDHs with NAD" the observed activity is still low. Better
activities with  NADPH are observed with glutamate
dehydrogenases which prefer either one cofactor or accept both
[31-33]. For the biotechnological applications of glutamate
dehydrogenase, a drawback is the price of the used co-substrate.
Therefore, a NADP*-dependent LDH would be a good alternative
enzymatic system for the regeneration of the oxidized
phosphorylated cofactor.

Due to the fact that most NAD(P)"-dependent dehydrogenases in
general exhibit a strong preference for either one of the cofactors,
the attempt to alter the cofactor specificity of dehydrogenases
applying methods of directed evolution has become one major
focus during the last decades [5-7, 34-42]. In summary the
studies revealed, that a negatively charged amino acid at the
highly  conserved sequence GXGXXGisD(E) in the
Rossmann-fold region is crucial for NAD® preference of
dehydrogenases [26, 27].

According to the demand of a suitable regeneration system for
NADP®, protein engineering of particularly the LDH from
G. stearothermophilus with the aim of altering the cofactor
specificity has been applied [5-7, 43-45]. Previous attempts have
yielded in LDH variants, which show a shift in cofactor specificity,
whereas this shift toward NADPH was caused by a declined
NADH acceptance, while the catalytic efficiency with NADPH was
only slightly enhanced [5, 7]. Beyond that, none of the described
variants has been used in the regeneration of the cofactor in
combination with a second enzyme.

In the present study, we describe the structure guided alteration
of the cofactor specificity of the LDH from Bacillus subtilis
(BsLDH). BsLDH is an enzyme which has been the topic of a
number of studies [46-48]. Therefore, biochemical features are
already known, and based on the observed homology with the
LDH from G. stearothermophilus the calculation of a structure
model was possible.

With the help of this modeled structure, saturation libraries have
been created and screened for their ability to utilize NADP* as
cofactor. Suitable variants have been purified and biochemically
characterized in terms of applicability for regeneration of NADP".
Furthermore, the oxidation of (R)-1-phenylethanol of
rac-1-phenylethanol using the NADP'-dependent alcohol
dehydrogenase from Lactobacillus kefir (LKADH)  with
simultaneous cofactor regeneration was performed in order to
demonstrate the applicability of new LDH variants.

2 Materials and Methods

2.1 General: If not stated otherwise, all chemicals were purchased
from Sigma Aldrich. Centrifugations were carried out using the
centrifuges RC5BPlus (Sorvall), Mikro22 and Rotina 35 R (Hettich).
For analytical methods GC-17A (Shimadzu) was used. Restriction
enzymes were purchased from Fermentas. The studied BsLDH
(evo-1.1.150), V39R (evo-1.1.151) and LkADH (evo-1.1.220) are
commercially available at evocatal GmbH.

2.2 Molecular modelling: The three dimensional structure of BsLDH
was modelled using the structure of the LDH from
G. stearothermophilus (1LDN) as template. The alignment was done
with tools available in the SwissPdbViewer [49]. Due to the fact that
both enzymes are highly conserved with respect to the cofactor
binding domain no further refinement was necessary.

2.3 Saturation mutagenesis and library creation: The five mutant
libraries Val36, 1le37, Asp38, Val39 and Asn40 were constructed by
Quick change PCR [50] using Pfu DNA polymerase. Preliminary the
wild-type bsldh was cloned into the commercial expression vector
pET21a between the restriction sites Nhel and Hindlll using standard
techniques (pLDH). The created vector contained the wild-type bs/dh
fused to a C-terminal hexahistidine affinity purification motif (his-tag).
The primers used for the introduction of the mutations are shown in
Table 1. The PCR was performed according to standard procedures
using pLDH as template, and applying the following temperature
program: Initial denaturation 95°C, 0.5 min; 20 x (95°C, 0.5; 55°C,
1 min; 68°C 24 min), final elongation 68°C 24 min. After the PCR
reaction, the remaining template was digested by the restriction
enzyme Dpnl (10 U, 37°C, 2 h). The Dpnl digested PCR product was
transformed into E. coli BL21(DE3). The cells were spread onto
auto-induction media plates to accomplish the first round of
screening.

2.4 Screening assay: E. coli BL21(DE3) cells carrying the BsLDH
library were plated onto auto induction agar plates (TB medium
(24 g/L yeast extract, 12 g/L casein hydrolysate, 5 g/L glycerol in
100 mM KP; buffer pH 7), 2 g/L lactose, 0.5 g/L glucose, 15 g/L agar),
supplemented with ampicillin (100 ug/ml). Plates were incubated at
25°C for two days, followed by an on plate activity assay. The
corresponding assay was done as described previously [51], based
on a phenazinethosulfate mediated reduction of nitotetrazolium blue
accompanied by the formation of a blue dye. Positive colonies were
selected by the formation of purple halos. Subsequently the plasmids
were isolated and the sequence was analyzed.

2.5 Activity assays: In order to determine the activity in crude
extracts, a continuous assay using UV absorbance at 340 nm was
employed to monitor the NAD(P)H concentration during either the
reduction or oxidation catalyzed by LDH. For the enzymatic reduction,
pyruvate was used as standard substrate, while lactate was used as
standard substrate monitoring the enzymatic oxidation of the enzyme.
One unit of activity was defined as the amount of enzyme which
catalyses the oxidation of 1 ymol NAD(P)H per minute under standard
conditions (30°C, pH 7). For the determination of the enzyme activity
in the reduction reaction, the assay mixture contained 970 pL
substrate solution (4.5 mM pyruvate in 100 mM triethanolamine buffer
buffer (TEA) pH 7), 20 yL NAD(P)H (12.5 mM) in distilled water and
10 pL enzyme solution. For the determination of the enzyme activity
in the oxidation of L-lactate, the assay mixture contains 970 puL
substrate solution (100 mM L-lactate in 100 mM TEA buffer pH 7),
20 L NAD(P)" (125 mM) in distilled water and 10 uL enzyme
solution. Reactions were started by addition of the enzyme solution
and measured over a period of 1 min.

2.6 Expression and purification of V39R and wild-type BsLDH:
E. coli BL21(DE3) cells carrying the recombinant plasmid were
cultivated in 5 mL LB medium [52] containing 100 p g/mL ampicillin
overnight at 37°C. These cultures were used to inoculate different
amounts of LB medium containing 100 pg/mL ampicillin  for
expression in shaking flasks at a final concentration of 0.05 optical
density at 600 nm (ODgg). The cultures were grown at 37°C. When
the ODgoo reached 0.5 to 0.7, the production of the recombinant LDH
was induced by addition of isopropyl thio-3-D-galactoside (IPTG) to a
final concentration of 0.2 mM. For optimal enzyme expression,
cultures were grown at 25°C (after induction), and assayed after a
period of 20 h.



4 ESTABLISHMENT OF A SUITABLE REGENERATION SYSTEM FOR THE OXIDISED COFACTOR 83

Table 1: Overview over the primers used for the creation of the libraries position 36 to 40. NNS codes for ATGC/ATGC/GC

Primer Sequence (5’-3’)

Val36 GGGATCACAGATGAGCTTGTGNNSATTGATGTAAATAAAGAAAAAAG
Val36_anti CTTTTTCTTTATTTACATCAATSNNCACAAGCTCATCTGTGATCCC

lle37 GGGATCACAGATGAGCTTGTGGTCNNSGATGTAAATAAAGAAAAAAGCAATG
lle37_anti CATTGCTTTTTCTTTATTTACATCSNNGACCACAAGCTCATCTGTGATCCC

Asp38 ATCACAGATGAGCTTGTGGTCATTNNSGTAAATAAAGAAAAAGCAA
Asp38_anti TTGCTTTTTCTTTATTTACSNNAATGACCACAAGCTCATCTGTGAT

Val39 GATGAGCTTGTGGTCATTGATNNSAATAAAGAAAAAGCAATGGGC
Val39_anti GCCCATTGCTTTTTCTTTATTSNNATCAATGACCACAAGCTCATC

Asn40 ATGAGCTTGTGGTCATTGATGTANNSAAAGAAAAAGCAATGGGCGATG
Asn40_anti CATCGCCCATTGCTTTTTCTTTSNNTACATCAATGACCACAAGCTCAT

For the following purification procedure, the bacterial culture was
harvested by centrifugation at 17,000 x g for 20 min at 4°C. A cell
suspension (20%) was prepared in 50 mM TEA pH 7.5. Cells were
disrupted by three sonification cycles of 3 min (40% power output)
with cooling periods in-between. The lysed cells were centrifuged at
17,000 x g for 30 min at 4°C, and the supernatant was used for
further purification steps. First, an initial heat precipitation was
performed by incubating the crude extract for 10 min at a temperature
of 50°C, followed by separation of denaturated protein via
centrifugation. The enzyme was purified from the crude extract using
immobilized metal affinity chromatography IMAC (Ni-NTA (Qiagen)).
The column was equilibrated with TEA buffer (50 mM, pH 7.5), and
the crude extract was applied to the column. Subsequently, the
column was washed using TEA buffer (50 mM, pH 7.5 with 20 mM
imidazole). The LDH was eluted using a concentration of 200 mM
imidazole in 50 mM TEA buffer pH 7.5. After a desalting step using
PD-10 desalting columns (GE Healthcare), the enzyme was stored in
50 mM TEA pH 7.5 at 4°C until use.

2.7 Protein analysis: Protein concentrations were determined
according to Bradford using BSA as a standard [53]. SDS-PAGE was
performed using 4-12% Bis-Tris gels in MOPS (3-(N-Morpholino)
propanesulfonic acid) buffer (Invitrogen), SeeBlue2 Protein Standard
(Invitrogen) was used for molecular weight estimation of proteins.

2.8 Determination of kinetic parameters: For the determination of
the kinetic parameters for both, oxidized and reduced cofactors, the
described standard activity assay for the oxidation or reduction was
used. The resulting kinetic parameters were calculated from multiple
measurements (at least as triplicates) using the Michaelis-Menten
equation for the oxidized cofactor (NAD(P)). While for the reduced
cofactor, due to a strong substrate inhibition a reliable fit using either
Michaelis-Menten or substrate excess inhibition was not possible.
Therefore the kinetic parameters were calculated using the apparent

Vmax-

2.9 Temperature and pH dependence: The temperature and pH
dependency were determined using the standard activity assay for
the reduction and oxidation as described above. All parameters were
kept constant, only the investigated parameter like temperature and
pH were changed. In order to obtain the pH optimum of the LDH
variants the standard activity buffer TEA (pH 6.7 to 10.0) as well as
MES (2-(N-morpholino) ethanesulfonic acid) (pH 5.2 to 7.1) was used.
The resulting values are at least the result of three independent
measurements.

2.10 Application of V39R and wild-type LDH in the regeneration
of NADP': To determine the applicability of V39R in the enzyme
coupled cofactor regeneration, the oxidation of (R)-1-phenylethanol
from rac-1-phenylethanol by the NADP*-dependent LKADH was used
as model reaction. For the determination of the optimal ratio 10 mM
rac-1-phenylethanol, 0.5 mM NADP’, 50 mM pyruvate, 0.5 to 10 U
V39R and 1 U LKADH in 100 mM TEA buffer pH 7 were used. While
for the comparison of the V39R and the wild-type BsLDH the same
amount of enzyme was used (7.4 mg equals, 1 U V39R). In both
cases the reaction mixture was incubated at 30°C under continuous
shaking (800 rpm). Samples (100 uL) were taken periodically and
extracted with ethyl acetate (400 pL) for GC analysis. Concentrations
of acetophenone, (R)- and (S)-1-phenylethanol were determined
using a GC-17A (Shimadzu) equipped with the chiral CP-Chirasil-Dex
CB column (Varian). The used temperature program was as follows:
100°C 3 min, 5°C/min 140°C, 55°C/min 195°C. The retention times
are: 7.1 min acetophenone, 10.4 min (R)-1-phenylethanol and
10.7 min (S)-1-phenylethanol, respectively.

3 Results

3.1 Structure modelling and identification of residues for
mutagenesis

For the identification of the crucial amino acids involved in
cofactor binding, an alignment of different members of the LDH
family from different organisms was performed (Fig. 1). The
alignment revealed that the cofactor binding site is highly
conserved showing the typical GXGXXGsD motif (Fig. 1 grey
box), followed by the strictly conserved negatively charged Asp38
(Fig. 1, star), responsible for the NAD" preference.

In addition to the alignment, a homology model of the LDH from
B. subtilis was constructed based on the three-dimensional
structure of the LDH from G. stearothermophilus. Both enzymes
show an identity of 67% and a similarity of 80% with regard to
their amino acid sequence. Therefore, the calculated model of the
BsLDH was excellent with a root mean square (RMS) between
model and template below 0.005 for all atoms according to WHAT
IF server [54].

Figure 2 demonstrates that the presumable function of Asp38 in
the discrimination of NADP*-binding by either unfavorable
interactions due to charge repulsion or sterical hindrance effects
could be possible. For example, Val39 might also sterical hinder
the NADP” binding (Fig. 2).
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B. subtilis (LDH)

G. stearothermophilus
S. aureus (MDH)

C. sp. (LDH)
S. carnosus

(LDH)

(LDH)

10 GXGXXG 20 30
MMNKHVNKVALIGAGEVGSSYAFALINQGITDELVVIDVNKEKA
MKNDGGTRVVVIGIGEVGASYAFALMNQGITDEIVLIDANESKA
MNKFKGNKVVLIGNGAVGSSYAFSLVNQSIVDELVIIDLDTERV
M*KHDNRKIALIGTGMVGMSYAYSLLNONVCDELVLIDVNKKRA
MKNIKANKVVLVGDGAVGSSYAFAMVAQGVADEFVIVDIAVDKV

* 40

Figure 1. Amino acid sequence alignment of the NAD"-binding region of LDHs from different organisms. Displayed are the LDHs from B. subtilis (BAA08939),
G. stearothermophilus (BAA85589), Clostridium sp. (ZP_05130364) and Staphylococcus carnosus (YP_002634458). Additionally, the sequence from a malate
dehydrogenase (MDH) from Staphylococcus aureus (ZP_05680931) was used. The conserved NAD'-binding motif GXGXXG is marked in grey, the important
negatively charged residue 19 amino acids downstream is indicated by asterisks (*). The numbers correspond to the B. subtilis LDH. The alignment was produced

using the GeneDoc software.

Therefore, in addition to Asp38 the adjacent amino acids (36-40)
were selected for saturation mutagenesis.

3.2 Site saturation mutagenesis at position 36 to 40

Saturation mutagenesis was used due to the ability of this method
to create diversity at certain positions without the screening of
large libraries. The first round of screening was performed using
the describrd agar plate based activity test. Figure 3 shows the
halo formation of a positive variant (A) in comparison to the wild-
type BsLDH (B). Active variants identified within the first round of
screening were sequenced and additionally expressed in shaking
flasks. The crude extract of the variants was tested
spectophotometrically in a second round of screening for activity
using NADP" as cofactor. The initial sreening resulted in one
improved variant (library Val39)

Figure 2. Structure of the wild-type LDH/NAD" complex, modelled using the
LDH from G. stearothermophilus as template (1LDN). The protein backbone is
colored by secondary structure elements: a-helices red, -sheets yellow and
single strands green. The atoms are colored according to type: oxygen red,
nitrogen blue, carbon grey and phosphorus orange. Displayed is the part of the
NAD"-binding region responsible for NADP™ discrimination, including NAD" and
the selected amino acids for mutagenesis. The location of the additional
phosphate group is encircled.

showing an activity of 179 U/mL with NAD* and 35.8 U/mL with
NADP" in the crude extract. Sequence analysis confirmed that the
mutant contained a single point mutation at position Val39 which

was changed to Arg. Based on the observed results the variant
Val39Arg (V39R) was purified and biochemically characterized in
comparison to the wild-type BsLDH.

3.3 Expression and purification of V39R and wild-type LDH

Since the Idh gene is fused with a hexahistidine affinity
purification motif (his-tag) at the C-terminus, a simple purification
procedure was possible.

Preliminary, based on the good thermal stability of the BsLDH an
initial heat treatment was performed (10 min, 50°C).
Subsequently, both V39R and the wild-type BsLDH were purified
in one chromatographic step using IMAC with Ni-NTA resin
material. The results of the V39R purification are shown in
Table 2. The purification yielded in a recovery of 29% of the
primary activity.

(A) (B)

Figure 3. Activity screening assay on agar plates. Displayed is a colony of
V39R (A) and the wild-type BsLDH (B). The mutant V39R clearly shows the
formation of a halo around the colony compared to the wild-type enzyme.

The resulting specific activity of V39R in the oxidation of L-lactate
using NAD" as cofactor after the purification was 7.8 U/mg. A
single band with an apparent molecular size of 39 kDa (Figure 4,
lane 6) is visible confirming the calculated molecular mass of
34.918 kDa derived from the amino acid sequence of one
subunit.

In summary, a purification of the recombinant wild-type BsLDH
(data not shown) and the mutant V39R to homogeneity after a
single chromatographic step was possible.

3.4 Kinetic parameters

For further characterization of the mutant in comparison to the
wild-type BsLDH, the kinetic properties of both enzymes were
determined for the cofactors NAD(H) and NADP(H), using
L-lactate and pyruvate, respectively as substrate.
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Table 1. Purification of the recombinant V39R from E. coli BL21(DE3) cells. Specific activities were determined in the oxidation of L-lactate using NAD" as cofactor.

Purification step Total activity [U mL'ﬂ] Specific activity [U mg'1] Purification factor Yield [%]
Crude extract 1090 8.5 1 100
Heat precipitation 963 10.6 1.2 88
NiNTA 430 13.6 1.6 39
Desalting (Purified GlyDH) 312 7.8 0.9 29

The corresponding kinetic parameters were calculated
according to the Michaelis-Menten equation. Due to a strong
substrate excess inhibition of both variants with the reduced
cofactors (NAD(P)H), a fit with standard Michaelis-Menten

equation and even with the substrate excess inhibition
equation was not possible.
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Figure 4. SDS-PAGE analysis of the purification of V39R. The lanes marked
with M show the molecular weight marker (SeeBlue2, Invitrogen). Lane 1:
crude extract unsoluble (14 pg), lane 2: crude extract soluble (14 ug), lane 3:
crude extract after heat treatment (14 pg), lane 4: flow-through (8 pg) lane 5:
wash fraction (5 pg), lane 6: purified V39R (1.2 pg). Lane 6 shows a single
band at an apparent molecular weight of 39 kDa.

Therefore, we used the apparent vnax for the calculation of the
kinetic parameters (Table 3 and Supporting Information).

This decision was justified by the fact that for a sufficient
cofactor regeneration an approximate concentration of
maximal 0.5 mM cofactor (sum of NAD(P)" and NAD(P)H) is
accessible to the enzyme. Therefore, high cofactor
concentrations were not of major interest.

The results of the kinetic characterization of the wild-type
BsLDH and the mutant V39R are shown in Table 3. V39R
shows a higher affinity to NADP* and NADPH (Ky = 2.3 mM
and 0.11 mM, respectively), whereas the wild-type BsLDH has
only an affinity of 10.4 mM with NADP* and 0.4 mM with
NADPH. The maximal specific activity of the mutant V39R was
improved for all investigated cofactors, particularly a 100-fold
enhancement in the specific activity with NADPH could be
reached. Surprisingly, the activity with NADH was improved as
well (3.6-fold).

Moreover, turnover numbers turnover number (kc) and the
catalytic efficiency (kca/Ku) of the mutant compared to the wild-
type BsLDH could be enhanced significantly (Table 3).
Moreover, the pH optima for the wild-type BsLDH and V39R in
the reduction of pyruvate using the reduced cofactor were
investigated (Figure 5 C/D).

Table 2. Overview of the kinetic constants in the reduction and oxidation using V39R with NAD" or NADP®, respectively, in reduced and oxidized form.

Wild-type BsLDH V39R
Cofactor K Vimax Keat KeaKu K Vimax Keat Keatl K
[mM] [Umg ™ [s™ M s7] [mM] [Umg ] [s™ M7 s
NAD* 3
0.5+0.08 1.6+0.05 3.8 8x10 14£0.2 16.2+05 25.0 0.02
NADP 104 £4.2 0.1+0.02 0.15 0.01x10° 23+04 2.0+£0.1 3.1 0.001
NADH? 0.05 52.8 775 15
(0.05)” (59.6)" ®7.1)" a7 0.06 188.7 291.6 4.9
a)
NADPH 0.14 0.9 1.3 9.4x10° 0.06 90.8 140.4 2.3

2 According to a strong substrate excess inhibition at higher NAD(P)H concentrations the apparent viax Was used to determine the kinetic parameters.

® |n the case of wild-type BsLDH in addition to the apparent kinetic parameters the Michaelis-Menten equation was used for the calculation of the kinetic parameters.
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Figure 6. The pH dependence of the wild-type BsLDH and the mutant V39R using either the oxidized (A and B) or the reduced cofactor (C and D).The optimal
activity of V39R (A) and wild-type BsLDH (B) in the oxidation of L-lactate with NAD" (o) or NADP™ (e), respectively. For a better comparability the measured optimal
activities were set as 100%. The corresponding specific activities were as follows: V39R: NAD" 12.7 U/mg; NADP" 1.0 U/mg; wild-type BsLDH: NAD" 2.0 U/mg;
NADP" 0.02 U/mg. For the determination of the pH optimum 100 mM L-lactate with 2.5 mM cofactor was used and the pH was varied from 5.2 to 10.0. For the pH
values from 5.2 to 7.1 100 mM MES buffer (—) and from 6.7 to 10.0 100 mM TEA buffer (") was used. Additionally displayed are the pH optima of the V39R (C)
and the wild-type BsLDH (D) in the reduction of pyruvate using NADH (o) or NADPH (e). The optimal specific activities of V39R and the wild-type BsLDH were:
163.3 U/mg with NADH and 76.1 U/mg with NADPH for V39R while the determined activities for the wild-type BsLDH were 44.1 U/mg with NADH and 1.8 U/mg with
NADPH. The pH optimum was determined using 4.5 mM pyruvate and 0.25 mM cofactor in 100 mM MES buffer (pH 5.2 to 7.1)("") and 100 mM TEA (pH 6.7 to 10)

(—) were used.

With NADH as cofactor the wild-type BsLDH and V39R showed
pH optima of 7, whereas with NADPH the pH optimum is shifted
to a more acidic pH; pH 6.7 (V39R) and 6.2 (wild-type BsLDH).

OH 0
Lk-ADH
NADP*  NADPH
OH : /0
OH YTy )J\WOH

o wild-type BsLDH o

Figure 6. Scheme of the oxidation of rac-1-phenylethanol to acetophenone
catalyzed by the alcohol dehydrogenase from L. kefir (LkADH). The cofactor
NADP" is simultaneously regenerated using the reduction of pyruvate to
L-lactate applying V39R or the wild-type BsLDH respectively.

In summary, the pH profiles of both enzymes are rather similar
with optimal activities for reduction and oxidation for all cofactors
in a range from 6.2 to 8. The determined biochemical parameters
have been used to develop a suitable application of V39R in the
regeneration of NADP" coupled with a second enzyme.

3.6 Application of V39R in the regeneration of NADP*

According to the fact, that LDHs are often used for the
regeneration of the oxidized cofactor, the biotransformation of
rac-1-phenylethanol to acetophenone was investigated using the
alcohol dehydrogenase from L. kefir (LkADH). This enzyme is a
(R)-selective NADP’-dependent dehydrogenase which has
already been applied in a variety of different biotransformations
[55, 56].

For the investigated biotransformation, the wild-type BsLDH and
the variant V39R were used for the regeneration of NADP*
(Figure 6). A preliminary experiment was performed to find an
optimal ratio of both used enzymes (V39R and LKADH). Different
ratios were used in cell-free biotransformation reactions, starting
from 0.5:1 (V39R:LkADH) up to a 10-fold excess of V39R. The
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results of this experiment are shown in Figure 7, indicating, that
the reaction rate could be slightly enhanced by using V39R in
excess. The figure also illustrates that a full conversion after
120 min could be reached with all chosen enzyme ratios.

100 g
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Figure 7. Determination of the optimal activity ratio of LkADH and V39R for
feasible cofactor regeneration. Investigated were different ratios of V39R to
LkADH: 0.5:1 (m); 1:1 (0); 2:1 (A) and 10:1 (o). Displayed is the acetophenone
concentration over a period of 120 min. The concentration was determined
using gas chromatography. The reaction mixture contained 0.5 to 10 U V39R,
1 U LkADH, 0.5 mM NADP’, 50 mM pyruvate and 10 mM rac-1-phenylethanol
in 100 mM TEA buffer pH 7.

In a second experiment, the oxidation of (R)-1-phenylethanol of
rac-1-phenylethanol by the LKADH with a simultaneous
regeneration of NADP* was investigated using the same amount
(mg) of V39R or the wild-type BsLDH. Figure 8 illustrates that
using V39R for the regeneration of NADP" an efficient conversion
of rac-1-phenylethanol to acetophenone catalyzed by the LkADH
was possible. The study also shows that the wild-type BsLDH has
a slight side-reaction with NADP*. Applying wild-type BsLDH for
NADP*-regeneration, a conversion of 18% was reached after
210 min whereas a similar conversion was reached after a
reaction time of only 5 min using V39R.
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Figure 8. Oxidation of (R)-1-phenylethanol of the racemic mixture to
acetophenone catalyzed by the LkADH using V39R or wild-type LDH for the
regeneration of NADP'. Outlined are the relative acetophenone (__) and
(R)-1-phenylethanol (....) concentrations for V39R (o) and the wild-type LDH (o)
over a period of 210 min. 7.4 mg V39R or wild-type BsLDH, 10 mM
rac-1-phenylethanol, 0.5 mM NADP® and 50 mM pyruvate in 100 mM TEA
buffer pH 7.

In conclusion the observed results emphasize the feasibility of
V39R in the regeneration of NADP".

4 Discussion

The structural basis of dehydrogenases in terms of cofactor
acceptance is an issue of major interest, in particular the tailoring
of enzymes to alter their cofactor specificity has been investigated
extensively [5-7, 34-42].

Based on the demand for suitable cofactor regeneration systems
for either the reduced or the oxidized cofactor a number of
approaches to alter the specificity of enzymes involved in cofactor
regeneration have been published [5-7, 34, 37, 42, 57]. In the
present study, we were able to construct a BsLDH variant with an
altered cofactor specificity as the result of a structure guided
approach using site-saturation mutagenesis. The identified
variant V39R was characterized with respect to its biochemical
properties and applied in the regeneration of NADP".

Examining the introduced mutation of the identified BsLDH
variant in detail, it arises that the amino acid next to the
conserved aspartic acid (Asp38), valine (Val39) was replaced by
an arginine (Arg). This means that a neutral small amino acid was
replaced by a strongly positively charged bulky one. Asp38 is
presumably responsible for the preference for NAD(H) due to the
ability to form hydrogen bonds with the 2’- and 3’-hydroxyl groups
of the adenosine ribose part of the cofactor [45]. Furthermore,
due to its negative charge it is responsible for the repulsion of the
phosphorylated cofactor. While another crucial factor influencing
cofactor specificity are amino acids which sterically avoid the
cofactor binding. In the case of the constructed mutant V39R,
obviously, the sterical effect does not affect the binding of the
cofactor. This statement can be emphasized by the observed
mutation, which introduces a bulkier amino acid at a position
where the additional phosphate group of NADP(H) is located.
Moreover, we could show that a strong positively charged amino
acid (Arg) next to a negatively charged one (Asp) enables the
mutant to accept both cofactors, whereas an introduction of two
positively charged amino acids (D38R:V39R) led to a dramatic
decrease in activity combined with a rejection of NADH (data not
shown).

These observations led to the suggestion that the amino acid
Asp38 might be crucial for cofactor acceptance. Moreover, if a
positively charged amino acid is located near the negatively
charged Asp38 the charge repulsion can be overcome, maybe by
stabilizing interactions between the Arg39 and the negatively
charged phosphate group of NADP".

Besides these interesting structural observations, in our study the
biochemical characterization and application of V39R was from
fundamental interest. Previously, the cofactor specificity of the
LDH from G. stearothermophilus (GsLDH) has been investigated
and the corresponding mutants D38S and 137K:D38S have been
characterized with regard to the acceptance of NADP(H) [5, 7]. In
another study Tomita et al. introduced the loop region of a
NADP’-dependent malate dehydrogenase into the cofactor
binding site of the LDH from Thermus thermophilus (TtLDH) [57].
Although these mutants show a shift towards NADP(H), only
moderate improvements in the catalytic efficiency with NADPH
were observed.

A comparison of the published results with the present study
demonstrates that the improvements with regard to affinity,
specific activity and catalytic efficiency make V39R a promising
candidate for the application in the regeneration of NADP'.
Table 4 summarizes comparatively the kinetic parameters of
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Table 3. Comparison of the biochemical properties of V39R and the wild-type BsLDH with literature data

Alteration compared to

K (mM) Keat (57) Keat 1K (1M s7) wild-ype ®
NADH NADPH NADH NADPH NADH NADPH

Wild-type BsLDH 0.05 0.14 775 1.3 15 9.4x10° -
V39R 0.06 0.06 291.6 140.4 4.9 22 249

BsLDH ["¢ 0.06 - - - - -

G. stearothermophilus D38S 0.04 0.1 145 55 3.63 0.55 1.1
G. stearothermophilus 137K:D38S ! 1.0 0.7 160 160 0.16 0.23 1.6
T. thermophilus Tt27LDH-EX7? 1.19 0.35 11.2 127 0.03 0.11 2.4

 For NADPH compared to the wild-type values published together with the corresponding mutants

V39R, the wild-type BsLDH, literature data of the wild-type
BsLDH [47], and the mutants D38S [5], I37K:D38S [7] of GsLDH
and Tt27LDH-EX7 of TtLDH [57]. With regard to the wild-type
BsLDH the published data could be confirmed [47], while the
three LDH mutants show a number of differences in their kinetic
properties. For instance the affinity for NADPH (Kw), where V39R
and D38S show with 0.1 mM high affinities, while I37K:D38S
shows a 7-fold lower affinity for NADPH. For NADH only D53S
shows a comparable affinity to the wild-type BsLDH, V39R shows
a 3-fold increased Ky -value, and the affinity of 1I37K:D38S is with
1 mM significantly decreased (20-fold).

The highest turnover numbers (kca-values) for NADPH and NADH
were observed with V39R (411.9 s™ and 203.5 s, respectively).
Furthermore, with a 249-fold improved catalytic efficiency with
NADPH compared to the wild-type BsLDH, V39R shows the best
kinetic properties among the different mutants. In comparison the
observed enhancements in catalytic efficiency of the two GsLDH
mutants, were 1.6-fold with 137K:D38S and 1.1-fold with D53S
and 2.4-fold with Tt27LDH-EX7. These observations make V39R
the most promising mutant for a sufficient regeneration of NADP*
among the four variants.

In addition to these three mutants another GsLDH variant has
been published [6]. The Mutant Mut31 (F16Q:C81S: N85:R)
I37K:D38S contains five mutations which lead to an alteration of
the cofactor specificity in the presents of FBP as activator. Under
these conditions the specific activity of the mutant was 36-fold
improved compared to the wild-type BsLDH, while V39R showed
a 100-fold improvement compared to the wild-type BsLDH.
However, the good improvements exhibited by Mut31 137K:D38S
with NADP" as cofactor are strictly dependent on an addition of
FBP, which in terms of feasibility exhibits according to stability
and price a major drawback.

Based on the demand of feasible systems for the regeneration of
the oxidized cofactors, particularly NADP*, a NADP*-dependent
LDH would be very useful. According to this biotechnological
interest and due to the significantly increased performance with
NADP(H), we applied the mutant in the regeneration of NADP".
For this purpose, the oxidation of (R)-1-phenylethanol out of its
racemic mixture catalyzed by the NADP*-dependent LKADH was
performed with a continuous regeneration of NADP* using V39R.
In comparison to the wild-type BsLDH, excellent conversions
were observed. Furthermore, the reaction rate of the process was
significantly increased by applying V39R, a conversion of 18%
was reached after 210 min whereas a similar conversion was

reached already after a reaction time of 5 min using the mutant
enzyme V39R.

A comparison with established NADP* regeneration systems and
the investigated BsLDH variant reveals, that due to a higher
specific activity compared to NAD(P)" oxidases, the use of a
favorable co-substrate in comparison to the glutamate
dehydrogenase and no need for FBP addition, the studied LDH
variant is an attractive alternative for the regeneration of NADP".
In addition to the excellent applicability, the created BsLDH
mutant show comparable properties to the wild-type BsLDH
(temperature and pH-dependency) and even significantly
increased catalytic efficiencies for NADP(H) and NAD(H).

In conclusion, we were able to construct a mutant of the BsLDH,
which is capable to accept NAD(H) and NADP(H), both with
better efficiencies than the wild-type BsLDH.

Moreover, we were able to demonstrate the first NADP®
regeneration system applying a lactate dehydrogenase and
pyruvate as the co-substrate.
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Figure I. Displayed are the measurements of the kinetic parameters for the wild-type BsLDH, for NAD" (A), NADP* (B), NADH
(C) and NADPH (D). The corresponding kinetic parameters are shown in Table 2.
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Abstract. A whole-cell catalyst using E. coli BL21(DE3) as a
host, co-expressing glycerol dehydrogenase (GlyDH) from
Gluconobacter oxydans and glucose dehydrogenase (GDH)
from Bacillus subtilis for cofactor regeneration, has been
successfully constructed and used for the reduction of
aliphatic aldehydes such as hexenal or glyceraldehyde to the
corresponding alcohols. This catalyst was characterized in
terms of growth conditions, temperature and pH dependency
and regarding the influence of external cofactor and
permeabilization. In the case of external cofactor addition we
found a 4.6-fold increase in reaction rate caused by the
addition of 1 mM NADP®. Due to the fact that pH and
temperature are also factors which may affect the reaction
rate, their effect on the whole-cell catalyst was studied as
well. Comparative studies between the whole-cell catalyst
and the cell-free system were investigated.

Furthermore, the successful application of the whole-cell
catalyst in repetitive batch conversions could be
demonstrated in the present study. Since the GlyDH was
recently characterized and successfully applied in the kinetic
resolution of racemic glyceraldehyde we were now able to
transfer and establish the process to a whole-cell system,
which facilitated the access to L-glyceraldehyde in high
enantioselectivity at 54% conversion. All in all, the whole-
cell catalyst shows several advantages over the cell-free
system like a higher thermal, a similar operational stability
and the ability to recycle the catalyst without any loss of
activity. The results obtained making the described whole-
cell catalyst an improved catalyst for a more efficient
production of enantiopure L-glyceraldehyde.

cells,
kinetic

Keywords: whole-cell catalyst, designer
NADP’-dependent  glycerol  dehydrogenase,
resolution, enantioselectivity, L-glyceraldehyde

Introduction

During the last decades much attention has been payed to
the enzymatic production of chiral building blocks, like for
example hydroxy esters, hydroxy acids or chiral alcohols
(Ghisalba et al. 2009). Oxidoreductases are high-potential
biocatalysts because of their use in asymmetric oxidations
as well as their ability to catalyze the stereo- and
regioselective reduction of a variety of carbonyl
compounds. Particularly, these enzymes have been used
successfully in the production of chiral hydroxy acids
(Vasic-Racki et al. 1989), amino acids (Bommarius et al.
1998; Galkin et al. 1997; Menzel et al. 2004), steroids
(Crocq et al. 1997) and alcohols (Goldberg et al. 2007;
Groger et al. 2004; Liese et al. 1998; Pollard et al. 2006;
Roéthig et al. 1990; Schubert et al. 2001; Wills and
Hannedouche 2002). The produced chiral building blocks
can act as key intermediates in the production of

pharmaceuticals, fine chemicals or natural products (Breuer
et al. 2004; Patel 2006; Pesti and DiCosimo 2003; Rouhi
2004).

Enantiopure glyceraldehyde is an example for a small chiral
building block of great interest because of the wide
applicability of its structural motif. Recently, it has been
successfully used in the synthesis of e.g. enantiopure 4-
(dihydroxyalkyl)-B-lactams (antibiotic) (Areces et al. 2007)
or 8a-epi-swainsoine (anticancer drug) (Bi and Aggarwal
2008). Both glyceraldehyde enantiomers have been
synthesised chemically by different approaches starting
from chiral pool compounds (Andrews et al. 1981; Baer and
Fischer 1939; Hubschwerlen 1986; Hubschwerlen et al.
1995; Jurczak et al. 1986; Schmid and Bryant 1995). The
step economy and accumulated waste streams of the
existing procedures are however not very favourable for
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industrial applications despite the achieved yields of the
individual steps. This is due to the synthesis design using
protecting groups which generate stoichiometric waste,
toxic reagents, many synthetic steps and organic solvents.
With regard to environmental improvements and cost
reductions, new direct enzymatic routes for the preparation
of enantiopure glyceraldehyde are attractive. In a previous
paper we could successfully report such an enzymatic
route (Richter et al. 2009) by applying the glycerol
dehydrogenase (GlyDH) from Gluconobacter oxydans in
the kinetic resolution of racemic glyceraldehyde, producing
enantiopure L-glyceraldehyde on preparative scale.
However, in terms of efficiency, the need for isolated
enzymes and as well the requirement for addition of
expensive cofactor NADP" is disadvantageous. Therefore,
a regeneration of the reduced cofactor is necessary by
either a second substrate or a second enzyme together
with a second substrate (Chenault and Whitesides 1987;
Geueke et al. 2003; Hummel 1999; Weckbecker et al.
2010). To overcome the problem of cofactor regeneration
and to improve and simplify the process, a simultaneous
expression of two or more enzymes in a single cell is a
promising approach, which has been shown by numerous
literature known processes using whole-cell catalyst
(Goldberg et al. 2007; Groger et al. 2006a; Groger et al.
2004; Groger et al. 2006b; Kataoka et al. 1999; Kosjek et
al. 2008; Patel et al. 2004; Schroer et al. 2007; Uzura et al.
2009; Weckbecker and Hummel 2004).
Different enzymes have already been applied in the
regeneration of either the reduced or the oxidized cofactor
in cell-free or whole-cell systems (Ernst et al. 2005;
Hummel 1999; Kosjek et al. 2008; Moore et al. 2007;
Weckbecker and Hummel 2004). For the regeneration of
the oxidized cofactor we used glucose dehydrogenase
(GDH) from Bacillus subtilis, an enzyme which can
regenerate both NADH and NADPH (Fujita et al. 1977; Hilt
et al. 1991; Weckbecker and Hummel 2004; Weckbecker
and Hummel 2005). So far, it has been successfully applied
in NADH-dependent biotransformations (Hanson et al.
1999) as well as in a number of NADPH-dependent
processes. Examples are given by coupling with a
(R)-specific alcohol dehydrogenase in the production of
different chiral alcohols (Groger et al. 2006a; Weckbecker
and Hummel 2005), or the production of 4-chloro-3-
oxobutanoate where it was used in combination with an
aldehyde dehydrogenase (Kataoka et al. 1999). These
examples display the broad applicability of the GDH in
combination with various oxidoreductases.
Based on the process established for the cell-free
biotransformation using GlyDH and GDH in the production
of L-glyceraldehyde we constructed a whole-cell catalyst
expressing both enzymes in parallel. Furthermore, we
characterized the catalyst in terms of pH, temperature,
storage and operational stability and other parameters and
compared the whole-cell catalyst to the cell-free system.
We were able to demonstrate that like the cell-free system,
the whole-cell catalyst can also be applied successfully in
the kinetic resolution of racemic glyceraldehyde producing
enantiopure L-glyceraldehyde.

Results

Construction of recombinant E. coli cells
co-expressing GlyDH and GDH

For co-expression of the glydh and gdh genes in E. coli
BL21(DE3) the plasmid pNR-2 has been constructed
(figure 1). The different specific activities of the pure
investigated enzymes (GlyDH 39 U/mg and GDH 295 U/mg
(Richter et al. 2009; Weckbecker and Hummel 2005)) led to
the chosen arrangement of the genes in the commercial
vector pETDuet-1. Based on the fact that no transcription
terminator is located between the two MCS, gdh was
cloned into MCS-1 and glydh into the MCS-2.

Ndel
Notl

Al' ‘ GlyDH Kpnl
F,T7

EcoRl

Figure 1. Structure of the plasmid pNR-2 derived from pETDuet-1
containing the genes for GlyDH and GDH. Additionally the plasmid
contains an amp’ and two T7 promoters.

As next step the efficient co-expression of the whole-cell
catalyst cultivated in LB medium at 25°C (standard
conditions) was investigated in detail using both RT-PCR
and spectrophotometric activity assays. Since it was the
aim to regulate the activity of the GlyDH and GDH by
controlling the transcripts of the corresponding genes,
transcript levels of the glydh and gdh gene were analysed
by RT-PCR. The studies revealed that the amount of glydh
gene transcript is ten-fold higher compared to the gadh
gene. Due to the 7.6-fold higher specific activity of the GDH
on transcript level the difference could be adjusted.
Therefore further experiments concerning the enzyme
activity were performed additionally.

The functional expression of both enzymes was determined
by measuring the activities in cell-free extracts. The GlyDH
activity was found to be 22.3 U/mg of crude protein which
was 3.1-fold higher than the activity determined for the
GDH (7.18 U/mg of crude protein). Accordingly, the results
of transcription levels could be confirmed by the analysis of
the expression level, demonstrating that a co-expression
with activities in a similar range could be successfully
performed expressing pNR-2 in E. coli BL21(DE3). In the
recent study the constructed whole-cell catalyst has been
characterized regarding different parameters
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Biotransformation of hexanal

In order to study the influence of different factors on the
activity of the whole-cell catalyst the reduction of hexanal to
hexanol has been selected as standard reaction (figure 2).
This reaction was selected as model due to a better
applicability and a more reliable GC analysis for hexanal
and hexanol.

/\/\/\éO GlyDH /\/\/\/OH
hexanal hexanol
NADPH NADP*
GDH
D-glucono-1,5-lactone  R-D-glucose

Figure 2. Scheme of the reaction catalyzed by the whole-cell
catalyst. Hexanal is reduced by the GlyDH while the GDH
simultaneously regenerates the cofactor catalyzing the oxidation of
B-D-glucose.

Initial rates have been determined measuring the
production of hexanol over 30 min at 30°C without cofactor
addition. Figure 3 illustrates a typical time course for the
determination of the initial rate under standard conditions.
The slope has been used for the calculation of the activity
of the whole-cell catalyst (U/g). The control (empty vector)
showed no activity at all, whereas the whole-cell catalyst on
the contrary showed an activity of 27.2 + 7.3 U/g (figure 3).
For a better comparison of the whole-cell and the cell-free
systems, initial rates for both systems were determined
using the same amount cell-free extract obtained by
disrupting the whole-cell catalyst by sonification. The
activity of the cell-free system was 1.5-fold higher than
using the whole-cell system, indicating a better access for
substrate and cofactor to the enzymes involved in the
reaction (data not shown).

Using these standard conditions different parameters and
their influence on the whole-cell catalyst have been
investigated.

Effect of growth conditions and media on the
expression level of the GlyDH and GDH

Based on economical reasons an optimal expression and
especially an ideal ratio of the two co-expressed genes is of
major importance. In addition to molecular methods,
variation of growth conditions and media is a way to
influence the expression levels of the corresponding
enzymes. Therefore different growth conditions and a
variety of media have been tested to optimize the
expression levels of the two co-expressed enzymes. The
corresponding results are summarized in table I, showing
that best GlyDH activities were observed expressing the
whole-cell catalyst at 25°C in LB, Al and M9 medium. In
contrast to the GlyDH, the GDH activity increased with
higher incubation temperatures. In general, a retarded
expression caused by suboptimal growth conditions such
as reduced temperature and minimal medium (M9) led to
an increased GlyDH activity whereas better GDH activities
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Figure 3. Determination of the initial rates in the conversion of
20 mM hexanal. The figure shows a typical time curve for the
production of hexanol over a period of 30 min using per mL either
2.5 mg whole-cell catalyst (-m-) or 2.5 mg of cells expressing the
empty vector ("0"). Standard deviations are given in the diagram,
hexanol concentrations were measured by means of gas
chromatoraphy

were reached at optimal growth conditions like 37°C.
instance the best GlyDH activity was reached with cells
cultivated at 25°C in minimal medium (M9). This crude
extract showed a 1.5-fold higher activity in the reduction of
rac-glyceraldehyde compared to LB medium. For the GDH,
the best activity was reached at an expression at 37°C in
LB medium for 4 h, where a 1.5-fold enhancement of
activity, compared to 25°C and 20 h, could be achieved.
Regarding the activity and ratio of both enzymes involved,
LB medium at different temperatures and the HDF showed
best results. Based on the observed spectrophotometrical
results the initial rates of the whole-cell catalyst cultivated
under these four different conditions in the reduction of
hexanal have been comparatively studied.

The results are shown in figure 4 (diamond). Best
conversions were reached with the cells cultivated at 25°C
in LB medium (standard conditions, black) where the
activity ratio of GlyDH and GDH was 3.1. A cultivation at
30°C for 4 h lead to an activity ration of 1.6 and an initial
rate of 58.0% in the reduction of hexanal compared to
standard conditions. The GDH activity of the whole-cell
catalyst cultivated at 37°C is higher than the GlyDH activity
under same condition resulting in a ratio of 0.7. Cells
cultivated under these conditions reached an initial rate of
96.5% compared to the conversion velocity under standard
conditions. A cultivation of the whole-cell catalyst under
high density conditions led to a ratio of 1.3 in activity levels
of GlyDH and GDH. These cells showed an initial rate of
84.1% of the rate determined after an expression at 25°C.
Thus, by the use of different growth conditions and media,
the ratio of the two co-expressed enzymes could be varied
from 0.7 (LB medium, 37°C, 4 h) to 18.1 (TB medium,
25°C, 20 h). However, the total activity of the involved
enzymes is also a crucial parameter. The observed results
regarding total performance of the catalyst in the reduction
of hexanal indicates that a good ratio combined with high
activities of GlyDH and GDH is necessary for the
construction of an efficient catalyst. This point is
emphasized by the fact that a good ratio of 1.3 and a
medium GlyDH activity (HDF) led to a comparable
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Table |. Effect of growth conditions and media on the expression levels of GlyDH and GDH. Activities are given in relation to LB medium at
25°C (100%), 100% equates to 22.3 U/mg crude protein for the GlyDH and 7.18 U/mg crude protein for the GDH. All activities have been
measured with rac-glyceraldehyde (GlyDH) and D-glucose (GDH) as substrates using the described spectrophotometrical assays with cell-
free extract of the whole-cell catalyst.

: Temperature/ : T, . TR Ratio
Medium Incubation time Relative GlyDH activity [%] Relative GDH activity [%] [GlyDH/GDH]
LB medium 25°C/20 h 100 100 3.1*
LB medium 30°C/4h 46.2 91.1 1.6*
30°C/20 h 80.7 105.8 2.4
LB medium 37°Cl/4h 35.0 150.4 0.7*
37°C/20 h 30.9 62.7 1.5
TB medium 25°C/20 h 14.8 2.8 18.1
Autoinduction 25°C/20 h 143.9 66.9 6.7
medium
M9 medium 25°C/20 h 147 1 114.2 4.0
High density
fermentation 25°C/41 h 43.5 105.8 1.3*
(HDF)

* Cells cultivated under these conditions were used for further investigations regarding initial rates in the reduction of hexanal to hexanol
(figure 4).

performance of the whole-cell catalyst that a medium ratio
3.1 and a high GlyDH activity (LB medium, 25°C).

Influence of external cofactor on whole-cell
biotransformation

The cofactor concentration has a major impact on enzyme
activity. By using whole-cell systems, the intracellular
cofactor level can be a limiting factor. Under normal growth
conditions, the NADP" and NADPH level of E. coli is in the
range of 3.62 and 2.42 nmol/mg dry weight (Lilius et al.
1979), meaning that the sum of the intracellular
concentration of NADP® and NADPH is approximately
0.4 mM (Walton and Stewart 2004). In consideration of the
fact that the investigated enzymes show Kq values for
NADPH of 0.04 mM (GlyDH, determined with
rac-glyceraldehyde as substrate (Richter et al. 2009)) and
0.025 mM for NADP* (GDH, determined with D-glucose as
substrate (Weckbecker 2005)) optimal activities should be
obtainable. However, due to differences in growth
conditions and an often noticeable loss of internal cofactor
by permeabilization effects, optimal activities are difficult to
achieve. Therefore, experiments concerning the influence

of the addition of different amounts of NADP* (1 mM and
5 mM) on the initial rates were studied. The results indicate
that the addition of external cofactor led to a considerable
increase in enzyme activity resulting in a faster conversion
of hexanal in comparison to the experiment under standard
conditions without cofactor addition (figure 4). Surprisingly,
the addition of 1 mM NADP® elevated the initial rate by
factor 4.6 whereas the addition of 5 mM NADP” led to a
lower improvement (2.9-fold) under standard conditions.
This inactivation in the presence of higher cofactor
concentrations can be explained by a substrate-excess
inhibition of the GlyDH.

Effect of toluene treatment on whole-cell
biotransformation

As a second parameter the permeabilization of the cells by
toluene has been studied. Therefore, the cells were
incubated with 1% (v/v) toluene for 1 h at 30°C under
shaking at 800 rpm. The treatment was followed by the
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Figure 4. Influence of different parameters on the initial rate in the conversion of hexanal by the whole-cell catalyst. The initial rate under
standard condition has been set to 100% (black). Alterations in initial rates by growth conditions (diamond), addition of external cofactor
(white), variation of temperature (stripped), permeability (grey), pH (plaid) and amount of whole-cell catalyst (light grey) are displayed. All
the data shown are the results of at least three independent measurements with standard deviations (>10%).

determination of initial rates. Figure 4 (grey) illustrates that
a treatment with toluene increases the initial rate by
factor 1.3. This demonstrates that a permeabilization of the
cells results in an improved access of the substrate to the
enzymes leading to an enhanced initial rate in the
biotransformation of hexanal.

Dependence of temperature and pH on the
activity and stability of the whole-cell catalyst

Since the influence of temperature and pH on enzyme
activity and stability is often a limiting parameter in
technical applications, studies concerning the dependence
of temperature and pH on the whole-cell catalyst were
performed. Furthermore, the temperature stability of the
whole-cell catalyst and the cell-free system were examined
comparatively.

Regarding temperature dependence, the whole-cell catalyst
showed optimal activity at 40°C with a 1.6-fold higher initial
rate compared to standard conditions (figure 4). Elevated
temperatures decreased the activity of the whole-cell
catalyst to approximately 80% residual activity at 50°C or
20% residual activity at 60°C, respectively. In addition, the
stability under these elevated temperatures was reduced as
well which can be seen as a result of the measurable
inactivation of the catalyst after 10 min.

The pH dependence was investigated at three different pH
values (pH 5.5, 7.0 and 8.5) and compared to the standard
conditions at pH 6.8 (figure4). At pH 7.0 the catalyst
showed optimal activity (132.1%), whereas at pH 8.5 no
improvement could be detected at all. Under slightly acidic
conditions (pH 5.5) the whole-cell catalyst lost
approximately 70% of its activity. Because of the

importance of catalyst stability in technical applications,
temperature-dependent inactivation over time of the
whole-cell catalyst and the cell-free system were
investigated.
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Figure 5. Thermal and operational stability of the whole-cell
catalyst (e) in comparison with the cell-free system (o). The effect
of temperature on both preparations stored in buffer (solid line) and
under operational conditions (dotted line) over a period of 48 h at
30°C was investigated. Operational stability was measured under
conditions where substrate (rac-glyceraldehyde) was converted by
the catalyst over the investigated period. For the determination of
the residual activity the initial rates were measured under standard
conditions. All the data shown are the results of at least three
independent measurements with standard deviations (<10%).
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Studies were performed incubating both preparations at
30°C and under shaking (800 rpm) in buffer (100 mM TEA,
pH 7) and under conditions where rac-glyceraldehyde was
converted over 48 h. For studies regarding the cell-free
system the same amount cell free extract of the whole-cell
catalyst was used. Residual activities after 4 h, 24 h and
48 h were determined using the standard assay for initial
rates.

As shown in figure 5, after incubation in buffer the
whole-cell catalyst is completely stable over the
investigated period of time, whereas the cell-free system
showed a significant inactivation, revealed by a residual
activity of only 18.9% after 48 h. In contrast to the observed
stabilities in buffer, both preparations show a significant
decrease in activity when incubated under process
conditions. After an incubation of 4 h residual activities of
32.4% using the cell free system and 40.9% with the whole-
cell catalyst were determined. The residual activities further
diminish over the 48 h incubation period. At that time the
cell-free system shows a loss of 73.2% of its activity, while
the whole-cell catalyst loses 83.3% of its activity, indicating
that over time an inactivation in both enzyme preparations
is visible while simultaneously converting
rac-glyceraldehyde.

Comparing the observed results under process and storage
conditions, both systems show a more vigorous decrease
in residual activity under process conditions. Concerning
the cell-free system, similar residual activities were
observed under both investigated conditions while in
contrast the activity of the whole-cell catalyst is drastically
decreased under conditions where rac-glyceraldehyde is
converted.

Nevertheless, after 48 h both systems still show activity,
and due to the fact that enzyme stability is a very crucial
parameter for technical applications and processes, any
improvement in stability is important. Herein we could show
that the whole-cell catalyst is significantly more stable for
long-term applications than the cell-free system incubated
in buffer. But regarding the stability  while
rac-glyceraldehyde is converted, both systems show
residual activities of 26.8% for the cell-free system and
16.7% for the whole-cell catalyst operational stabilities in
the same dimension.

Recycling of the whole-cell catalyst

Recycling of the whole-cell catalyst would generously
facilitate technical applications in terms of efficiency and
cost factors. For this reason we investigated the ability of
using the whole-cell catalyst in repetitive batch
conversions. Studies were performed by measuring the
reduction of hexanal to hexanol as a model system over a
period of 45 min. After this incubation time samples were
withdrawn and the supernatant was discarded. By
suspending the cells in fresh substrate solution the next
cycle was started. In the reduction of hexanal the whole-cell
catalyst showed 100% conversion of hexanal while
simultaneously only 50% of product hexanol was formed.
But due to the fact, that this reaction was chosen as model
reaction the suboptimal product formation of the reaction
was not further investigated.
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First experiments showed that cells which were exposed to
several freezing and unfreezing cycles were not recyclable.
Indicating that this treatment led to a high level of
permeabilization, this thesis was proven by studies where
stored cells were used for recycling experiments. The
results showed that the normal conversion in the first cycle
was followed by a massive loss of activity in the second
cycle and no detectable activity in the third (data not
shown). According to this observation freshly harvested
and washed cells have been used for the experimental
setup to investigate the ability to recycle the whole-cell
catalyst.
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Figure 6. Result of a repetitive conversion of hexanal (15 mM) by
the whole-cell catalyst. The figure shows the development of
hexanal and hexanol concentrations over 225 min where 5 cycles
were performed. After each conversion the samples were
withdrawn, the supernatant was discarded and the whole-cell
catalyst was suspended in fresh substrate solution. Standard
deviations are indicated in the diagram.

Figure 6 illustrates that under these conditions a recycling
of the whole-cell is possible for at least five times without
any loss in activity. In the third cycle the reaction rate even
increased and the maximal conversion was reached after a
reaction time of approximately 30 min compared to the first
cycle where a product formation of 50% was reached after
45 min. Further increase of activity was observed in cycle
four and five where the reaction rate increases even more
and the conversion was completed after only 15 min. The
observed results lead to the suggestion that the increase in
reaction rate is a result of the ongoing permeabilization of
the catalyst caused by compounds in the reaction mixture.
This thesis is emphasized by the observation that cells
which are partially permeabilized by a toluene treatment
showed a faster conversion than non permabilized ones.
Along with the results, regarding the use of frozen cells, it
becomes apparent that permeabilization leads to an
increased reaction rate, but at a certain degree of
permeabilization, a recycling of the whole-cell catalyst is
not feasible anymore.
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Table Il. Comparison of the substrate specificity of the whole-cell catalyst and the purified enzyme. Activities are given in relation to hexanal
(100%) (100% equates to 31.9 U/mg for the purified enzyme and 27.2 U/g). For the whole-cell catalyst initial rates with 20 mM substrate at

30°C were determined by means of gas chromatography.

Relative activity whole-cell

Relative activity purified

Substrate Structure catalyst [%] enzyme [%]
Butanal o~ 17.9 73.0
Hexanal ~o~ Y 100 100

OH
rac-
Glyceraldehyde HO 0 8.8 1226
/O
Benzaldehyde ©_/ 72.2 433

Substrate spectrum

For the purified GlyDH the activity towards a variety of
different substrates was determined (Richter et al. 2009).
From this substrate spectrum two aliphatic, one branched-
chained and one aromatic substrate were chosen for the
comparison of the substrate specificity in the reduction of
purified enzyme and whole-cell catalyst (table 1).

For both preparations, activities were compared to the
standard substrate hexanal (specific activity for the purified
enzyme 31.9 U/mg). All selected substrates were accepted
by the whole-cell catalyst and the purified enzyme, however
revealing different relative activities towards the different
substrates. For example, butanal was converted at a
significantly lower activity by the whole-cell catalyst (17.9%
related to hexanal) than using purified enzymes which
showed an activity of 73.0% compared to hexanal. The
reductions of benzaldehyde and glyceraldehyde were
catalyzed with better activities using the whole-cell catalyst.
These differences can be caused either by a different
access to the enzyme by the diverse substrates due to the
variable catalyst preparations or due to the existence of
interfering enzymes in the crude extract catalysing
unspecific reactions. In general there are some differences
detectable regarding the activities towards the different
substrates, but all in all the same substrates are accepted
by the two different catalyst preparations.

OH OH OH
Ho._A .0 GlyDH HO._A_0 + HO__JA_ oH

glyceraldehyde L-glyceraldehyde glycerol
NADPH NADP*

GDH

D-glucono-1,5-lactone  R-D-glucose

Figure 7. Scheme of the kinetic resolution of glyceraldehyde by the
whole-cell catalyst combining GlyDH and GDH.

Application of the whole-cell catalyst in the
kinetic resolution of glyceraldehyde

Enantiopure glyceraldehyde is an interesting chiral building
block which can be used as starting material for the
synthesis of a variety of different fine chemicals,
pharmaceuticals and natural products (Areces et al. 2007;
Bi and Aggarwal 2008; Bull et al. 2007; Kumar et al. 2007).
Therefore, we tried to transfer results regarding the cell-free
system (Richter et al. 2009) to a whole-cell system
(figure 7). Thus, preparative scale kinetic resolution was
performed using the whole-cell catalyst. Due to the
obtained results regarding the externally added cofactor we
performed the kinetic resolution of racemic glyceraldehyde
in the presence of 0.5 mM NADP".

This concentration was chosen as a result of comparative
conversions with 0.1 mM, 0.5 mM and 1 mM cofactor (data
not shown). The results revealed that with an addition of
0.5 mM the conversion proceeds in reasonable time.

Figure 8 illustrates a typical time curve for the kinetic
resolution of racemic glyceraldehyde using the whole-cell
catalyst. The developments of the glyceraldehyde and
glycerol concentrations are displayed in the diagram.
Additionally the ee value of L-glyceraldehyde was measured
over the investigated period of 60 min. A conversion of 54%
and ee of 98% were achieved by using the whole-cell
catalyst in the kinetic resolution of racemic glyceraldehyde.
The reaction continues after a conversion of 50%.
Therefore the reaction has to be stopped at a conversion of
approximately 54%. Moreover, a conversion without
cofactor addition was possible, resulting in comparable
selectivity. Drawbacks of the cofactor-free application are
the requirement of a higher amount of catalyst and longer
incubation times (data not shown). Nevertheless, we
succeeded in transferring the kinetic resolution of racemic
glyceraldehyde to a whole-cell system.
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Figure 8. Kinetic resolution of racemic glyceraldehyde by the
whole-cell catalyst. The development of glycerol (-o-) and
glyceraldehyde (-A-) concentrations are measured over a period of
60 min; concentrations were determined by HPLC. The ee values
were determined by means of chiral GC (-e-). The kinetic
resolution was done using 2 g catalyst, 0.18 M rac-glyceraldehyde,
0.12 M glucose and 0.5 mM NADP" in 250 mL 100 mM TEA
pH 7.0.

Discussion

In the present study, the successful construction and
characterization of a whole-cell catalyst co-expressing
GlyDH from G. oxydans and GDH from B. subtilis is
presented. Moreover, the successful application of the
whole-cell catalyst in the kinetic resolution of
rac-glyceraldehyde producing enantiopure L-glyceraldehyde
is reported in this paper.

An one plasmid strategy was applied cloning both genes
into one plasmid for simultaneous expression of both
proteins. We succeeded in generating a catalyst which
showed activities in a similar range fulfilling an important
issue regarding an efficient application of the catalyst
(Groger et al. 2006b; Menzel et al. 2004). Apart from the
successful expression of both genes other parameters play
an important role for the applicability of the catalyst. In
terms of efficiency the need of external cofactor and the
ability of catalyst recycling are of primary focus.

We could show that the presented catalyst stored in buffer
is more stable than the cell-free system. Although both
systems show significantly reduced long-time stabilities
under operational conditions, the whole-cell system exhibits
one main advantage over the cell free system. Namely the
ability that the catalyst can be re-used for several
biotransformation reactions without any loss of activity. The
observed improved storage stability and rather similar
operation stability compared to the cell-free system make
the whole-cell catalyst better applicable for industrial
processes than the cell-free system. Explanations for the
faster inactivation of the cell-free system under storage
conditions can be found in the temperature-dependent
inactivation of the GlyDH over time. In former studies the
purified GlyDH showed a loss of 60% of its activity over a
period of 48 h at 30°C (Richter et al. 2009). Comparing
these results to the 80% loss of activity using the crude
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extract in this study under same conditions, the results
clearly show that in a cell-free system the GIlyDH is
responsible for loss of activity over time. Regarding the
operational stability of both enzyme preparations the
aldehyde, especially the investigated glyceraldehyde, might
have a negative effect on both enzyme activity and
permeabilization of the cells. These effects combined are
potentially the reason why both preparations show
comparable inactivation profiles under conditions where
glyceraldehyde is converted to glycerol.

Regarding the use of external cofactor we could show that
the reaction rate could be improved by factor 4.6 by the
addition of a low NADP" concentration of 1 mM. Due to the
fact that intact cells are not able to take up externally added
cofactor efficiently, this effect can be explained by a slight
permeabilization of the cells through the freezing procedure
while storing the catalyst at -20°C. This kind of
permeabilization causes a decrease of the internal cofactor
level which leads to reduced enzyme activities, which can
be counterbalanced by the addition of cofactor. This
statement was underlined by the observed enhancement in
the reaction rate when cofactor was externally added.

But even if the reaction rates are improved by the addition
of external cofactor the conversion still proceeds in
absence of externally added cofactor, indicating that the
amount of intracellular cofactor is sufficient for a
preparative conversion (Groger et al. 2006a; Groger et al.
2006b; Menzel et al. 2004). Therefore, in terms of
applicability one has to decide whether to use high catalyst
concentrations and longer incubation periods without
cofactor addition or lower catalyst concentrations and
shorter reaction times with cofactor addition.

Since pH and temperature are also crucial parameters, the
dependence of the catalyst on pH and temperature has
been investigated to perform conversions under optimal
conditions.

A whole-cell system has many advantages compared to the
cell free system. Groger and co-workers have compared
the economy of isolated enzymes and whole-cells. Due to
the more extensive procedures and the need of adding
expensive cofactor to the isolated enzymes, the
biotransformation with whole-cells is a cost-attractive
alternative (Groger et al. 2006b). Since GlyDH showed
excellent enantioselectivity in the reduction of racemic
glyceraldehyde (Richter et al. 2009) our primary focus was
to transfer the kinetic resolution of racemic glyceraldehyde
to the whole-cell system. There are some kinetic
resolutions with oxidoreductases in whole wild type cells
published (Buisson et al. 2000; Eh and Kalesse 1995; Hioki
et al. 2000; Stewart 2001) whereas the use of a
recombinant whole-cell system is not so common (Kataoka
et al. 2008). Fortunately, the use of the whole-cell system
was possible catalysing the kinetic resolution of racemic
glyceraldehyde with an ee of 98% and a conversion of 54%
on preparative scale (4 g). Compared to the process using
the cell-free system selectivity and conversion are in a
similar range. But in terms of stability, recycling and
addition of external cofactor the whole-cell process is
significantly better than the cell-free process.

In conclusion we could demonstrate that the constructed
whole-cell catalyst makes the valuable chiral building block
L-glyceraldehyde accessible in a direct enzymatic one-step
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transformation, even without the need of adding expensive
cofactor.

Experimental Section

General: If not stated otherwise all chemicals were
purchased from Sigma Aldrich. Centrifugations were
carried out using the centrifuges RC5BPlus (Sorvall),
Mikro22 and Rotina 35 R (Hettich). Restriction enzymes
were purchased from Fermentas. The studied GlyDH and
GDH are commercially available at evocatal GmbH
(evo-1.1.190 and evo-1.1.060).

Construction of the whole-cell catalyst: For cloning of
the glydh gene, the plasmid pNR-1 was used as template
for PCR introducing the restriction sites Ndel and Kpnl (up:
5-GGAATTCCATATGGCATCCGACACCATCCGC-3’
down: 5-GGGGTACCTCAGTCCCGTGCCGGGGG-3').
The amplification was performed using standard PCR
techniques, the created Ndel-Kpnl fragment was subcloned
into the vector pGDH1. This vector is based on the
commercially available pETDuet-1. The gdh gene was
amplified using genomic DNA from B. subtilis as template
and primers with recognition sites for the restriction
enzymes EcoRIl and Notl (up: 5-CCGGAATTCATGTATC
CGGATTTAAAAGGAAAAGTCG-3, down: 5-ATAGTTTA
GCGGCCGCTTAACCGCGGCCTGCCTG-3)). The
resulting construct was named pNR-2 (figure 1).

Cultivation of the whole-cell catalyst in shaking flasks:
E. coli BL21(DE3) cells carrying the recombinant plasmid
(pPNR-2) were cultivated overnight at 37°C in 5 mL LB
medium (Bertani 1951), containing 100 pug/mL ampicillin.
These cultures were used to inoculate different amounts of
LB medium, TB medium (24 g/L yeast extract, 12 g/L
casein hydrolysate, 5 g/L glycerol in 100 mM KP; buffer
pH 7), autoinduction (Al) medium (TB medium, 2 g/L
lactose, 0.5 g/L glucose) and M9 (4 g/l glucose, 0.05 g/L
MgS0O4-7H,0, 0.02 g/L CaCl;:2H,O, 70 g/L
NazHPO4-2H,0, 30 g/L KH2POs4, 5 g/L NaCl, 10 g/L NH4CI
in distilled water) containing 100 pg/mL ampicillin for
expression in shaking flasks at a final concentration of 0.05
optical density at 600 nm (ODego). The cultures were grown
at 37°C. When the ODgqo reached a value between 0.5 and
0.7 the production of the recombinant GlyDH and GDH
were induced by the addition of isopropyl thio-
B-D-galactoside (IPTG) to a final concentration of 0.3 mM.
The cultures were shaken for 4 h or 20 h at 25°C, 30°C or
37°C and harvested by centrifugation. For the detailed
characterization of the whole-cell catalyst cells cultivated in
LB medium at 25°C were used.

High density fermentation (HDF): Fermentation of E. coli
BL21(DE3) cells carrying the recombinant plasmid (pNR-2)
was performed in a 40 | bioreactor (Infors AG) in a 15 L
scale. The components of the batch medium are as follows:
0.2 g/L NH4ClI, 2 g/L (NH4)2S04, 13 g/L KH2PO4, 10 g/L
KoHPO4, 6 g/L NaH2PO4-H20, 3 g/L yeast extract, 2 g/L
glucose, 1 g/L MgSO47H.O, 0.25% vitamin solution
(0.1 g/L riboflavin, 10 g/L thiamine, 0.5 g/L nicotinic acid,
0.5 g/L pyridoxine, 0.5 g/L Ca-phanthotenate, 0.001 g/L
biotin, 0.002 g/L folic acid, 0.01 g/L cyanocabalamine),
0.16% micronutrient solution (10 g/L CaCl,-2H.0O, 0.5 g/L
ZnS04-7H20, 0.25 g/L CuCl2:2H20, 2.5 g/L MnSO4-H20,
1.75 g/L CoCly-6H,0, 0.125 g/L H3BOs3, 2.5 g/L AICI3-6H-0,
0.5 g/L NaxMoO42H,0, 10 g/L FeSO47H20), 0.1g/L
thiamine in distilled water. Additionally, a fed medium was
used which consists of the same components as the batch
medium but differs in the following concentrations: 18 g/L
yeast extract, 600 g/L glucose, 10 g/L MgS0O4-7H20, 1 g/L
thiamine. After sterilization of the reactor including the
batch medium the HDF was started by an inoculation of 1%
(v/v) with pre-culture grown over night at 37°C. For optimal
growth the cells were cultivated under glucose limiting
conditions. The addition of fed medium was done according
to an optimized protocol for E. coli cells at 30°C. H3PO4 was
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used to keep the pH at a constant level (pH 7.0), the
oxygen feed was controlled by increasing agitation speed
and airflow to keep it over 30%. The the protein expression
was induced after 27 h by an IPTG concentration of 2 mM.
After induction, the temperature was shifted from 30°C to
25°C. Temperature, pH and oxygen feed were controlled
automatically by computer. After an incubation time of 41 h,
the cells were harvested by centrifugation.

Preparation of cell-free extracts: The bacterial culture
was harvested by centrifugation at 17,000 x g for 20 min at
4°C. A cell suspension (20%) was prepared in 100 mM
triethanolamine buffer (TEA) pH 7.0. Cells were disrupted
by two sonification cycles of two min (40% power output)
with cooling periods in-between. The lysed cells were
centrifuged at 17,000 x g for 30 min at 4°C, and the
supernatant was used for determination of GlyDH and GDH
activity. Protein concentrations were determined according
to Bradford using BSA as a standard (Bradford 1976).

Real-time PCR: For RT-PCR analysis cells were cultivated
as described; only the point of induction was shifted to an
ODgoo of 0.3 and cells were incubated at 25°C until a final
ODgoo of 0.9 was reached. Total RNA was isolated using
the RNeasy Mini Kit including the optional DNA digestion
step (Qiagen). An additional DNA digestion was performed
with the RQ1 RNase-free DNase Set (Promega). RNA
concentrations were determined using an Eppendorf
BioPhotometer equipped with a Tray Cell 105.810 UVS
(Hellma). 150 ng of total RNA in a reaction volume of 20 uL
were used for reverse transcription and subsequent
RT-PCR using the QuantiTect SYBR Green RT-PCR Kit
(Qiagen). The temperature program was adjusted
according to manufacturers’ instructions (annealing
temperature 58:C, 30 cycles) in a Mastercycler epgradient
S with realplex” module (Eppendorf). For amplification the
following primers were used: glydh (up: 5-CCTGCTG
ACAGGCAAGATGAAC-3' down: 5-GAGGTACTTCTCG
AAATTCGGCTTC-3’), gdh (up: 5-GCTGACCCTAAACAG
AAAGCTGATG-3’ down: 5-GAATAACGTGATGCCTGTGA
CGTAG-3’) and bla as internal standard (up: 5-TAACTACG
ATACGGGAGGGCTTACC-3’' down: 5-GGATAAAGTTGC
AGGACCACTTCTG-3'). The given data are results of at
least three measurements. Spectrophotometrical assays for
the determination of the GDH and GIlyDH activity.
Continuous assays using UV absorbance at 340 nm were
employed to monitor the NADPH concentration during
reduction or oxidation catalyzed by GlyDH or GDH. One
unit of activity was defined as the amount of enzyme which
catalyzes the oxidation of 1 uymol NADPH per minute
(GlyDH) or reduction of 1 umol NADP® (GDH) under
standard conditions (30°C, pH 7). For the determination of
GlyDH activity racemic glyceraldehyde was used as
standard substrate. The assay mixture contains 970 pL
substrate solution (10 mM substrate in 100 mM TEA buffer
pH 7), 20 yL NADPH (12.5 mM) in distilled water and 10 yL
enzyme solution. For the determination of GDH activity
D-glucose was used as substrate, standard conditions were
30°C and pH 7.0. The assay mixture contains 970 uL
substrate solution (100 mM substrate in 100 mM TEA
buffer pH 7), 20 uL NADP™ (100 mM) and 10 L enzyme
solution. Reactions were started by addition of the enzyme
solution and the amount of NADPH was measured over
1 min.

Determination of initial rates of the whole-cell catalyst:
For the use in whole-cell biotransformations 5 mg cells (wet
weight) were suspended per mL buffer (100 mM TEA,
pH 7). 500 pyL/mL of the cell solution and 500 pL/mL of
substrate solution (20-40 mM substrate, 200 mM D-glucose
in 100 mM TEA, pH 7.0) were mixed. Hexanal (40 mM) was
used as standard substrate for determination of initial rates.
Biotransformations were carried out at 30°C and 800 rpm.
Samples of 100 uL were taken periodically and diluted with
100 pL of internal standard (2.3 mM octanol) and 800 pL
ethyl acetate. After mixing and centrifugation the organic
phases were analyzed for the production of hexanol using
the gas chromatograph GC-17A (Shimadzu) equipped with
the column CP-Chirasil-DEX (Varian, 25 m x 0.25 mm ID).
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The temperature program included: 60°C for 2 min,
5°C/min to 105°C and 10°C/min to 130°C. To examine
alterations in initial rates different parameters such as pH,
temperature, cofactor concentration or permeability of the
cells were varied and the initial rates were determined
using standard conditions. The activity of the whole-cell
catalyst was determined by measuring product formation at
different times followed by calculation of the initial product
formation rate per gram wet cells. The activity of whole-cell
catalyst is expressed as U which means pmol product
formed per minute and the cell specific activity is expressed
as U/g cell wet weight.

Recycling of the whole-cell catalyst: For recycling
studies of the whole-cell catalyst transformations with
freshly harvested cells were performed. Cells (60 mg wet
weight) per mL were suspended in substrate solution
(20 mM hexanal, 200 mM D-glucose in 100 mM TEA buffer
pH 7). Conversions were carried out at 30°C and 800 rpm.
After 0 min, 15 min, 30 min and 45 min samples were taken
and analysed by gas chromatography (GC) as described.
After 45 min conversion the cells were separated by
centrifugation and the supernatant was discarded. The cells
were suspended in fresh substrate solution and the
conversion over 45 min was determined again.

Whole-cell biotransformation: For the kinetic resolution of
glyceraldehyde, the reaction mixture contained racemic
glyceraldehyde (4 g, 0.18 M), glucose (5.28 g, 0.12 M),
NADP™ (0.1 g, 0.5 mM) in 250 mL of TEA buffer (100 mM,
pH 7) and the whole-cell catalyst (2 g wet weight). Samples
of 50 yL were taken periodically and diluted either with
trifluoroacetic acid (950 pL) for HPLC analysis to determine
the conversion or with ethyl acetate (75 uL) for GC analysis
to determine the enantiomeric excess (ee). GC samples
were derivatized for 30 min with dioxane (75 pL), acetic
anhydride (50 pyL) and pyridine (5 uL). Concentrations of
glyceraldehyde and glycerol were determined by using an
Agilent 1100 HPLC equipped with a CS organic acid resin
column (300 mm-8 mm) with 5 mM trifluoroacetic acid
(0.7 mL/ min) at room temperature. The enantiomeric ratio
for glyceraldehyde was determined by using a HP 6890 GC
with a Varian CP-Chirasil-Dex CB column (25 m x
0.32 mm). The temperature was kept constant at 108°C
over a period of 20 min.
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A process for the biocatalytical production of L-glyceraldehyde has
been developed. The catalytic system was based on
NADPH-dependent  Glycerol dehydrogenase  Gox1615 from
Gluconobacter oxydans coupled to glucose dehydrogenase for
cofactor regeneration. In gram-scale productivities of 6.2 g L' d" and
product concentrations of 4.3 g L' were reached. For downstream

Introduction

The synthesis of optically active compounds for the chemical or
pharmaceutical industry is usually based on low-molecular
building blocks with several functional groups [1]. Especially chiral
alcohols are versatile intermediates for further transformations to
valuable products. Synthetic routes to these compounds are
usually based on chemical or biocatalytic reactions, like reduction
of carbonyl moieties, oxidation of hydrocarbons or alcohols or
hydrolysis of ester bonds [2].

Ketoses, aldoses or sugar acids are ideal candidates for the
preparation of enantiopure products. Regioselective enzymatic
redox reactions enable the direct conversion of carbonhydrates
without complicated and cost intensive protection steps. For
example, oxidoreductases catalyze stereoselective redox
reactions with high chemo-, regio- and stereoselectivity [3]. The
drawback of expensive nicotinamide cofactors associated with
oxidoreductases in industrial processes can be overcome by
effective regeneration systems [4].

A key chiral sugar molecule is L- and D-glyceraldehyde (GA).
Both D- and L-enantiomers are ideal candidates as starting
material for the preparation of complex structures. The
preparative synthesis of optical pure GA was first published in
1934 [5]. It is based on a three step chemical synthesis starting
from mannitol, which also comprises the chiral information. The

processing the establishment of a separation routine for an aqueous
mixture of glycerol, glyceraldehyde, glucose and gluconic acid was
necessary. Crude product was processed by centrifugation,
preparative column chromatography and evaporation to yield
L-glyceraldehyde with a purity of 86% and an ee of 94%.

oxidative cleavage of the hexose with sodium periodate demands
the application of acetale protecting groups. As only D-mannitol is
available from the chiral pool of nature, only the D-GA can be
produced by this method at large scale. L-mannitol on the other
side has to be synthesized by different multistep synthetic routes.
One route starts from L-arabinose [6], but industrial production of
L-GA by this lengthy route is not an economic and industrially
viable option. A shorter route to L-glyceraldehyde starts from
L-ascorbic acid, but the need to protect adjacenta - and
B-hydroxy-groups despite the use of mild and rather selective
oxidants for the conversion of the primary alcohol group in
mutlifunctionalized alcohols to aldehydes leads to stoichiometric
waste, many synthetic steps and significant organic solvent
usage.

Few biocatalytic routes to enantiopure GA are described in
literature. Most common is the selective oxidation of glycerol with
oxidases or oxidoreductases. The galactose oxidase from
Dactylium dendroides [EC 1.1.3.9] is able to oxidize aliphatic and
aromatic primary alcohols like 1,2-propanediol, glycerol,
dihydroxyacetone, hydroxypyruvate, hydroxyacetone,
glycolaldehyde or hydroxyacetophenone stereoselectively [7].
The enzyme shows a very low activity towards glycerol and is
only available as wild type enzyme. Another example is the use of
methanol dehydrogenase from Methylobacterium organophilum
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Tab. 1. Kinetic parameters.
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GA reduction (Gox1615)

Glucose oxidation (GDH)

Vimax 50.1 £5.2 U/mL
Km,ca 0.45 + 0.37 mM
Km NADPH 1.2+2.4 uM
KieLy 0.69 + 0.83 mM
Kica 738 + 261 mM

Vmax 111 £ 5.8 U/mL
Km,GIucose 8.8+3.0mM
Km,NADP 55+1.8uM

[EC 1.1.99.8] [8]. The isolated enzyme needs an artificial electron
carrier like phenazine methosulfate which can be regenerated by
molecular oxygen. But in analogy to galactose oxidase, methanol
dehydrogenase shows only low activity towards glycerol.
Furthermore, no stereoselectivity is noted in literature. At last
horse liver alcohol dehydrogenase [EC 1.1.1.1] can be applied for
the oxidation of glycerol to GA [9]. In this case, the enzyme is
coupled with an aldehyde dehydrogenase for the direct further
oxidation of GA to glyceric acid.

We recently reported the characterization of a recombinant
NADPH-dependent glycerol dehydrogenase from Gluconobacter
oxydans [EC 1.1.1.72] and the potential of this enzyme for the
production of L-GA [10]. In this contribution we describe the
corresponding development of a biocatalytic process, including
kinetic characterization of the used enzymes, optimization of
reaction conditions and product separation.

Results and Discussion

The glycerol dehydrogenase Gox1615 [EC 1.1.1.72] from
Gluconobacter oxydans is able to produce D-GA with high
stereoselectivity [10]. The NADPH-dependent enzyme was
cloned and overexpressed into Escherichia coli BL21(DE3) and is
therefore available in recombinant form.

Kinetic analysis

The development of biocatalytic processes requires a deep
knowledge of the kinetic properties of the considered enzymes.
Therefore the influence of all reaction compounds on the activity
of the Gox1615 and the cofactor regeneration enzyme glucose
dehydrogenase was determined. The kinetic analysis was
performed in initial rate measurements by monitoring the cofactor
concentration at 340 nm.

1
L 0.8}
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= |
Z 0.6
© |
Q 04y no inhibition
5 | | = — — GA inhibition
g 0.2\
0 ~ — P .
0 0.2 0.4 0.6 0.8 1

Conversion [-]

Fig. 1. Relative rate versus conversion with no inhibition or with inhibition by
GA.

The activity of Gox1615 for the oxidation of glycerol is quite low.
The determined vmax is 0.92 + 0.12 U/mL of crude cell extract
(0.4 g/mL). The affinity constant of the substrate glycerol Kn cLy is
about 1.04 + 0.36 M, for the cofactor NADP* a Ky naop Of 0.035
+ 0.008 mM was found. Unfortunately, the product D-GA shows a
strong impact on the activity of the glycerol oxidation. The
determined inhibition constant Kica was 1.07 £ 0.37 mM. For an
industrial production the ration of K; to K, can be used to decide,
whether a process would be economic on a large scale. At a ratio
of KilKm > 1, a reaction will proceed efficiently [11]. In this case
the value of K;ga/KmcLy is equal to 0.001. For visualization, the
relative rate of the enzyme can be plotted versus the conversion
(fig. 1).

With the assumption of a reaction with 2 M glycerol, 1 mM NADP*
and no inhibition by the product D-GA, the relative rate would
decrease slowly due to reduction of substrate concentration (solid
line). But as a result of strong inhibition by the product, the
relative activity decreases much stronger. At a conversion of
10%, the remaining activity is below 2%.

In comparison to the oxidation of glycerol, Gox1615 shows a
much higher activity for the reverse direction. The reduction of
D-GA is 50 times faster than the oxidation of glycerol. Therefore,
another approach for the production of optical pure GA becomes
beneficial: kinetic resolution of rac-GA to glycerol and L-GA. This
leads to higher cost for the starting material rac-GA and limitation
to a maximal conversion of 50% due to the nature of a kinetic
resolution, but compared to chemical routes this single step
procedure would still be competitive.

The reduction of rac-GA with Gox1615 requires NADPH as
cofactor, so that an effective regeneration protocol is needed. For
this, an enzyme-coupled approach utilizing glucose
dehydrogenase was chosen. The required cosubstrate glucose is
cheap and highly soluble in aqueous buffer systems.
Furthermore, in aqueous solutions the coproduct glucono-y-
lactone is irreversibly hydrolyzed to gluconic acid, leading to a
positive impact on the equilibrium and a maximization of the
conversion. The enzyme is commercially available in recombinant
form (evocatal, evo-1.1.060) and is therefore suitable for
industrial applications.

The reaction system consists of three basic reactions, reduction
of D-GA, oxidation of glycerol (back reaction) and oxidation of
glucose (cofactor regeneration). Kinetic parameters of GA
reduction and glucose oxidation were determined as follows
(Tab. 1):

With this information batch experiments were conducted.
Because of lower costs the oxidized cofactor NADP* was used.
Due to effective cofactor regeneration, NADPH is formed directly
to provide the enzyme with redox equivalents.
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Fig. 2. Time course for conversion and ee (left). Enantiomeric excess as
function of conversion (right).

The oxidation of glucose to gluconic acid leads to a pH shift. In
experiments for the kinetic analysis of the system, buffer was
used to achieve a constant value. On production scale high buffer
salt concentration would be necessary and consequently cause
higher costs and a more complicated product reprocessing. A
technical approach to overcome this problem is the application of
an automatic titration in combination with no or less buffer.
Racemic resolution of GA was accomplished in potassium
phosphate buffer system (100 mM, pH 7) with rac-GA (150 mM),
glucose (200 mM), ammonium sulfate (200 mM) and NADP*
(1 mM). The pH was adjusted by controlled addition of potassium
hydroxide solution (2 M). Conversion was followed by
HPLC-determination of glycerol and GA concentrations. The
enantiomeric excess of remaining L-GA was determined after
derivation by gas chromatography.

In the reaction a conversion of 49% with an enantiomeric excess
of 98% was reached after a reaction time of 25.5 hours (fig. 2).
This corresponds to an E value of > 100 so that the enzyme
shows a very good enantioselectivity. Regarding ee as function of
conversion an almost ideal course was detected (fig. 2). Based
on this feasibility study the reaction parameters were adapted for
large scale application.

Preparative production of L-GA

For the preparative production of L-GA suitable reaction
conditions have to be selected. For a maximal efficiency and
cost-effectiveness the application of starting reagents and
chemicals should be minimized.

The highest substrate concentration is limited by the solubility of
rac-GA in the aqueous reaction medium. In literature a value of
30 g/L (0.33 M) is described [12], but by prolonged stirring higher
values of > 10 M are possible. The reason for this phenomenon is
most likely the high stability of the GA dimer in solid state and
therefore the slow formation of the soluble monomer.
Furthermore, glucose as cosubstrate has a solubility of 470 g/L
(2.6 M), which limits the overall reaction to this value.

Standard reaction mixtures for the operation of glycerol
dehydrogenases usually contain ammonia to increase the activity
and stability of the enzyme. For Gox1615 both parameters were
tested. The addition of up to 200 mM ammonium sulfate leads to
an increase in activity of about 40%. Also the long time stability
(reaction time > one week) can be enhanced significantly. But
higher ammonium contents also lead to the occurence of side
reactions with GA [13] and the formation of an intensive yellow
color of the reaction mixture.

Preparative production of L-GA was accomplished in a batch
reaction with pH regulation. Rac-GA dimer (10.0 g, 111 mmol)
and glucose monohydrate (13.2 g, 66.6 mmol) were dissolved in
triethanolamine buffer (40 mL, 100 mM, pH 7). After 16 hours a
homogenous solution was obtained. The resulting yellowish
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solution was charged with Gox1615 crude cell extract (25 mL,
1.25 kU), glucose dehydrogenase (4 mL, 0.44 U) and NADP*
(32 mg, 43 pmol). During the reaction progress the pH was
constantly adjusted to a value of 7.0 by titration with potassium
hydroxide (2.0 M). After 10 hours a final conversion of 57% with
an ee of 96% was reached, corresponding to 4.3 g L-GA in
solution. Precipitated proteins were centrifuged at 10000 rpm for
30 minutes. Alternatively, microfiltration can be applied for the
separation of the precipitate.

Downstream Processing

For the isolation of the desired product L-GA the separation from
aqueous solutions containing at the same time glycerol, glucose
and gluconic acid is necessary. Due to unfavorable properties like
very high boiling point, high polarity and structural similarity
between the separate compounds suitable methods are limited.
Furthermore, GA in solution is structural unstable. Epimerization
of this simple aldose to the corresponding ketose, the Lobry de
Bruyn-Alberda van Ekenstein transformation [14], may occur
under certain condition forming dihydroxyacetone (DHA) or
leading to racemization.

1
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‘ L-GA solution
E j

@

crude product

solution
E eluent
V1,V2 valves
P1, P2 pumps
W waste
RID refraction index detector

Fig. 3. Scheme of the automated chromatography system.

Different approaches were tested for the separation of L-GA.
Extraction of aqueous media with organic solvents is an
established tool in the biocatalytic production of chemicals and is
easily scaleable. Ethyl acetate, butanone, tetrahydrofurane, tert-
butyl methyl ester, dichloromethane, diethylether, toluene and
isohexane were assayed by contacting with GA, glycerol or
DHA-containing aqueous solutions. The change in concentration
in the aqueous phase was in the range of measurement
precision. An alternative route to the separation of the distinct
compounds is preparative liquid chromatography. Silica gel as
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Fig. 4. RID response during the successive injection of crude L-GA.

stationary phase was tested with different eluents including water,
trifluoro acetic acid, ethanol and 2-propanol in different
compositions. No sufficient separation performance could be
detected, meaning no difference in retention time or low solubility
of crude mixture in the eluent, respectively.

To separate sugar derivatives by liquid chromatography ion
exchange resins are used quite frequently. Based on the material
from the analytical HPLC column, which is able to separate GA
from the other compounds, a similar resin was chosen as the
stationary phase. DOWEX 50WX8 (200-400 mesh) is based on a
polystyrene divinylbenzene copolymer functionalized with sulfonic
acid groups. By applying this resin in preparative column
chromatography a successful separation of GA was
accomplished.

Performing a single chromatography run, only limited amount of
crude GA can be separated. Therefore an automated design of
the downstream processing would be beneficial (fig. 3). A
chromatography glass column (100 cm % 5 cm @) was packed
with 1.5 kg ion exchange resin and 5 mM ftrifluoroacetic acid at a
flow rate of 1.15 L/h was used as mobile phase. Automated
injection and peak collection was accomplished with valves and a
fraction collector. Refractive index detection was applied for the
monitoring of the separation performance.

The obtained supernatant after the biocatalysis step (115 mL)
was subjected to the automated preparative liquid
chromatography. For each run the column was loaded with 5 mL
of the reaction mixture corresponding to 0.2 g L-GA. Under the
established conditions the L-GA peak eluted from 48.5 to 56 min,
but it was collected in the range of 49-54 min because of its
partial overlap with excess glucose and the coproduct gluconic
acid. To reduce purification time injection of the reaction mixture
was done in sequence every 35 min (fig 4).

The collected eluate (2 L) was evaporated (18 mbar, 40°C) and
finally dried in vacuum (0.02 mbar). L-GA product was yielded as
odorless viscous colorless oil (4.24 g, 85%). HPLC-analysis of the
product showed no glycerol and only traces of glucose and
gluconic acid. About 7% of GA was isomerized to DHA, probably
due to the acidic eluent and to high temperatures during
evaporation. As the chromatographic separation is also possible
with water as eluent, this drawback could be circumvented. The
enantiomeric excess was equal to 94% which should also be
optimized by changing the product separation conditions.

Further optimization of the downstream processing and product
recovery part of the process development in the direction of
reducing the crude L-GA to the two components glycerol and
L-GA as a 50/50 mixture and increasing product yield per unit
amount of the stationary phase in chromatography will allow the
use of simulated moving bed chromatography at large scale.

Experimental Section

General. Chemicals were purchased from Sigma-Aldrich Inc., Buchs,
Switzerland. The glycerol dehydrogenase Gox1615 (evo-1.1.190) and
glucose dehydrogenase (GDH) (evo-1.1.060) are commercially
available from evocatal GmbH, Disseldorf, Germany.

Kinetic analysis. The activity assays for the kinetic analysis of
Gox1615 and GDH were performed by photometric monitoring of
NADPH-formation or consumption at 340 nm. The total volume of the
single assays was 1 mL, consisting of potassium phosphate buffer
(0.1 M, pH 7.0), substrate, cofactor and optionally other reaction
compounds like product for inhibition studies. The activity was
calculated from the absorbance change in one minute.

Analytics. The concentrations of GA and glycerol were determined
by using an Agilent 1100 HPLC-system equipped with the organic
acid resin column (300 x 8 mm, CS-Chromatographie Service) with
5 mM trifluoroacetic acid (0.7 mi/min, 25°C) and refractive index
detection (RID). The enantiomeric ratio of GA was determined after
derivatization with acetic anhydride and pyridine (100 pL sample,
300 pL ethyl acetate, 100 ul acetic anhydride, 10 pL pyridine, 15 min
incubation at ambient temperature) by using a HP 6890 GC-system
equipped with a Varian CP-Chirasil.Dex CB column (25 m x 0.32 mm)
and hydrogen as carrier gas.

Batch reactions. Batch reactions were carried out as stirred tank
reactions in flasks with a thermo-jacket. Rac-GA was first dissolved in
water inside the reactor at 35 °C, while the reaction was performed at
25°C. Glucose and NADP* were added in solid form to the rac-GA
solution. The reaction was started by addition of crude cell extracts
containing Gox1615 and GDH. A pH-shift induced by the formation of
the coproduct gluconic acid was regulated by automated addition of
2 M potassium hydroxide with a pH-stat (Metrohm Dosimat 665,
Metrohm Impulsomat 614 and Metrohm pH-meter 632). For the
monitoring of the conversion, samples for HPLC-analysis were taken
periodically or the consumption of potassium hydroxide was
observed, respectively.
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Product separation. The separation of glyceraldehyde from the
reaction mixture was achieved by automated preparative column
chromatography using cation exchange resin DOWEX® 50WX8
(200-400 mesh). This resin is based on a styrene-divinylbenzene
matrix functionalized with sulfonic acid groups. The chromatographic
setup consists of an Amersham Bioscience P-500 pump, a Gilson 231
sample injection system with Gilson Dilutor 401 for automated sample
charging and product collection and a Merck differential refractometer
RI-71 for compound detection. Detector output was monitored with
the software SCPA Chromstar 6.3.
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The application of biocatalytic approaches for the production of valuable chiral

building blocks has gained increasing interest over the past few decades. Therefore,

the demand for novel catalysts is very high, especially in the field of asymmetric

synthesis. Based on this demand, the intention of this thesis was to identify and

characterise novel oxidoreductases that can be applied in the production of chiral

building blocks. A schematic overview of all steps that were performed in this thesis,

from genome mining to process development, is shown in Figure 7.1.

The following chapter outlines a classification of the accomplished work in the

general contents of this thesis and summarises the selected strategy of enzyme

identification.

characterisation (chapter 2)
3D-structure (chapter 3)
cofactor regeneration (chapter 4)
whole-cell catalyst  (chapter 5)
production of L-GA  (chapter 6)

/OEEN

literature and database G
research

| process development |

|
=]

|
-$ —

Fig. 7.1. Schematic overview of the overall strategy of this thesis. The colour code indicates the chapter where

the corresponding results are shown.
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7.1 IDENTIFICATION OF NEW OXIDOREDUCTASES - STRATEGIES AND

CHALLENGES

Oxidoreductases comprise a large class of enzymes that catalyse various reactions of
biotechnological interest, such as the reduction and oxidation of carbonyl and
hydroxy moieties and the reduction of olefinic double bonds. This class of enzymes is
ubiquitously distributed and has been found in approximately 4,170 different
organisms throughout all kingdoms of life (BRENDA, www.brenda-enzymes.org).
Among the oxidoreductases are members of a variety of different structural families.
According to the fact that the asymmetric reduction of prochiral ketones, as well as
the selective oxidation of alcohols, are of major interest within organic synthesis,
these enzyme class has been extensively studied!!' ° 2327 291 Moreover, the demand
for new oxidoreductases that are capable of catalysing asymmetric reactions of
interest is growing tremendously.

There are multiple potential strategies available, as introduced in Section 1.4, to
identify new enzymes. Principally, one can distinguish between sequence-based!!%®!

and activity-based!3% 35 1031

methods. The activity-based approach enables the
identification of new enzymes, independent from the sequence identity to other
enzymes that catalyse the desired reaction. However, due to the use of wild-type
strains, there are also some limitations to this approach, such as the time consuming
subsequent identification of the responsible gene sequence. Even if activity-based
screening is still one of the most powerful tools for identifying new biocatalysts, in
this thesis, sequence-based approaches were mainly applied to identify new
oxidoreductases. The major benefit of this method is the knowledge of the
corresponding gene sequence, which provides easier access to the recombinant
catalyst.

Based on the broad distribution of oxidoreductases, an enormous number of genes
are annotated as putative oxidoreductases in databases, such as GenBank from NCBI
(www.ncbi.nlm.nih.gov) and EMBL (www.ebi.ac.uk/embl). To identify new
oxidoreductases, gene sequences of enzymes that catalyse related reactions are
required as a starting point.

In this thesis, the sequence of GLD1 (DQ_422037), an NADP*-dependent GlyDH
from the mould Hypocrea jecorina, was chosen for DNA sequence analysist!®3l. The
amino acid sequence of GLD1 was used because it has been previously described to

catalyse the conversion of b— and L-glyceraldehyde to glycerol (Fig. 7.2).
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oH GLD1 OH
Ho .0 + NaDPH ———— Ho._L_OH + NADP*
glyceraldehyde glycerol

Fig. 7.2. General reaction scheme of the NADPH-dependent reduction catalysed by GLD1.

The described reaction is of major interest because it enables the production of
glyceraldehyde, and both glyceraldehyde enantiomers are ideal chiral building blocks

for the synthesis of complex compounds (Section 1.1)13"1¢!

. However, GLD1 is able
to convert both enantiomers, as reflected by the similar Ky values (0.9 mM)%3
demonstrating that the reduction is catalysed in a non-stereoselective manner. In an
attempt to identify new oxidoreductases that catalyse the reaction in a
stereoselective manner, in silico screening of sequenced genomes based on the

sequence of GLD1 was performed. The strategy applied is outlined in Figure 7.3.

GLD1
H. jecorina

genome mining approach
genome G. oxydans

7 putative oxidoreductases

(14-49%)
Gox1615 Gox0499/1712
G. oxydans G. oxydans
(27%) (18%)
genome mining sequence alignment: position in the genome
approach genome N. crassa G. oxydans
Pa1 1?7 Ncuo4927 Gox0502
P. aeruginosa N. crassa G. oxvdans
(77%) (33%) XY

Fig. 7.3. Strategy employed to identify new oxidoreductases.

Due to the fact that acetic acid bacteria, such as G. oxydans, display a high
capability to oxidise and reduce a variety of different compounds, the screening was
restricted to the genome of G. oxydans 621 H, which was recently sequenced by
Prust and co-workers!®* in a first approach.

The in silico screening uncovered seven genes that encode putative oxidoreductases
that display considerable amino acid sequence similarities (14-49%) to GLD1. The
corresponding genes were then subsequently cloned. Five of them were successfully

expressed in E. coli and consequently screened for the desired activity. One of the
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most promising enzymes was Gox1615, which exhibited high activity in the reduction
of rac-glyceraldehyde in a preliminary activity screening. More detailed studies
revealed that Gox1615 catalyses the reduction of glyceraldehyde in a stereoselective
way. The reduction of the D-enantiomer is highly preferred by the enzyme (23-fold).
This finding indicated that we successfully indentified a novel prokaryotic enzyme
that catalyses the same reaction in a stereoselective manner, based on only 27%
amino acid sequence identity with the eukaryotic non-selective enzyme. However,
because the oxidation of glycerol is only catalysed with very low activity (0.2 U/mg),
a second round of in silico screening was performed. This time, the amino acid
sequence of Gox1615 was used to further identify similar enantioselective
oxidoreductases that are also capable of catalysing the oxidation. As a result, two
more enzymes were identified in the genome of Neurospora crassa (Ncuo4927) and
Pseudomonas aeruginosa (Pal127). The identified enzymes were then successfully

cloned and expressed in E. coli.

OH AldDH OH
HO\)\¢O * MO+ NADT—— HOV‘YO e
OH
glyceraldehyde glyceric acid

Fig. 7.4. Reaction scheme of the NAD"-dependent oxidation of glyceraldehyde to the corresponding acid as
catalysed by aldehyde dehydrogenases (AldDH).

Another interesting strategy for the identification of new oxidoreductases was based
on the position of the Gox0499 and Gox1712 genes in the G. oxydans genome. Both
enzymes were annotated as aldehyde dehydrogenases (AldDH), which catalyse the
oxidation of glyceraldehyde to the corresponding acid (Fig. 7.4). Due to the fact that
the corresponding aldehyde must be produced by another enzyme whose gene is
potentially located in the same operon, one putative oxidoreductase located in close
proximity to the Gox0499 encoding gene was selected for further studies (Gox0502).
In general, the applied sequence-based approach led to the identification of a large
number of different putative oxidoreductases. The main advantage of this method is
that because gene sequences were available, the cloning of the corresponding genes
into suitable expression vectors could be easily performed. Nevertheless, there were
also limitations, such as the functional expression of the corresponding enzymes and
screening for catalyst activity. However, the identification of a substrate accepted by
the catalyst can be extensive or even impossible because a related protein sequence
is no guarantee of similar or even related activity. Notably, compared to the classical

approach of screening wild-type strains followed by an extensive identification of the
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gene responsible for the desired activity, the in silico-screening strategy applied in
this thesis is superior.

In summary, among all of the putative oxidoreductases identified, Gox1615 (glycerol
dehydrogenase; GlyDH) and Gox0502 (enoate reductase, EnR) from G. oxydans and
Ncuo4923 (carbonyl reductase; NcCR) from N. crassa were the most promising
biocatalysts with respect to the reactions that they catalyse (Fig. 7.3, marked in
red). Therefore, the biochemical characterisations of the three identified
oxidoreductases and the evaluation for their applications were the focus of this
thesis. General information in regard to the origin, catalysed reaction and

classification of the studied oxidoreductases is summarised in Table 7.1.

Table 7.1. Overview of the general properties of the oxidoreductases investigated in this thesis.

Gene name Origin Reaction catalysed Subfamily Structure
Reduction of aldehydes Glycerol
Gox1615"°"  G. oxydans oxidation of sugar dehydrogenase AKR-family
alcohols (GlyDH; EC 1.1.1.72)
105 Reduction of a- and - Carbonyl reductase
Ncuo49231%! N, crassa AKR-family
ketoesters (CR; EC 1.1.1.184)
Reduction of C=C double Enoate reductase TIM barrel

Gox05021*°% G, oxydans
bonds (EnR; EC 1.3.1.31) family

7.2 NEW ENZYMATIC ROUTES TO CHIRAL BUILDING BLOCKS

Aside from the biochemical characterisation of the identified oxidoreductases, an
additional focus of this work was to analyse their potential for applications in the
asymmetric synthesis of chiral building blocks. Based on the isolated enzymes, the
range of enzymatically accessible chiral building blocks should be expanded.
Therefore, the identified oxidoreductases were evaluated according to their ability to
catalyse reactions, which led to valuable chiral synthons of biotechnological interest.

Figure 7.5 summarises the determined reactions catalysed by the identified glycerol
dehydrogenase (GlyDH), enoate reductase (EnR) and carbonyl reductase (CR). In

general, four different reactions can be performed using these three enzymes:

1. Asymmetric reduction of ketones, especially a- and p-ketoesters by CR from
N. crassa (NcCR) (Section 2.3, red box).
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2. Selective reduction of a variety of different activated alkenes by EnR from
G. oxydans (Section 2.4, blue box).

3. Reduction of different aldehydes by GlyDH from G. oxydans (Section 2.1,
yellow box).

4. Chemo-, regio- and enantioselective oxidation of various sugar alcohols by
GlyDH (Section 2.2, purple box).

All types of reactions and biocatalysts have been described in this thesis and will be

discussed in the following chapters.

asymmetric reduction
of a- and p-ketoesters

asymetric reduction of
C=C double bonds

by L E e

R R? R7*"R! - R4 R3 R4
R'#H

(o] OH OH (o]

—_— —_—

. A . .

asymmetric reduction asymmetric oxydation

of aldehydes of sugar alcohols

Fig. 7.5. Different reactions catalysed by carbonyl reductase (CR), enoate reductase (EnR) and glycerol
dehydrogenase (GlyDH).

7.3 SELECTIVE ALDEHYDE REDUCTION USING GLYCEROL DEHYDROGENASE

FROM GLUCONOBACTER OXYDANS

GlyDHs (EC 1.1.1.72) are NADP*-dependent enzymes that catalyse the reduction of
glyceraldehyde to glycerol. GlyDHs are common in moulds and filamentous fungi and
can also be obtained from mammalian tissues!*®® 191%8] GlyDH from G. oxydans is a
monomeric protein consisting of 332 amino acids, with a molecular mass of
37.213 kDa. Its amino acid sequence identifies GlyDH as a member of the aldo-keto
reductase (AKR) family (Section 2.1).



7 DISCUSSION 121

A comparison of the properties of the GlyDH from G. oxydans with other described
GlyDHs from different organisms!®® 1% 198l in regards to physical parameters (e.g.,
molecular weight and quaternary structure) was performed in Section 2.1.

A comparison of the regio- and enantioselectivities of different GlyDHs is given in
Table 7.2. The most interesting feature of the identified GlyDH is its high regio- and
enantioselectivity in contrast to previously described GlyDHs. A comparative analysis
of the ratio between dihydroxyacetone (DHA; ketone) and glyceraldehyde (GA;
aldehyde) reduction revealed that GlyDH from G. oxydans exhibits the highest
regioselectivity. This enzyme prefers the reduction of glyceraldehyde over
dihydroxyacetone, showing only 1% of the activity observed with D-glyceraldehyde

when dihydroxyacetone was used as a substrate.

Table 7.2. Comparison of the regio- and enantioselectivities of the GlyDHs from G. oxydans, H. jecorina,
N. crassa and rabbit skeletal muscle.

GlyDH GDL11! GlyDH!*®®] GlyDH!%®!
(G. oxydans) (H. jecorina) (N. crassa) (rabbit skeletal muscle)
DHA acceptance
100:1 100:20 100:43 100:4
(D-GA/DHA)
Stereopreference D-specific No preference D-specific D-specific
D-GA/L-GA 100:4 100:93 100:36 100:36

Another important parameter is the enantioselectivity, as analysed by the ratio
between the reductions of the D- and L-enantiomers of glyceraldehyde. A high
enantioselectivity is required for the application of GlyDH from G. oxydans in the
production of enantiopure glyceraldehyde. With an activity of only 4%, GlyDH from
G. oxydans displayed a significantly lower activity compared to GlyDHs from
N. crassa and rabbit skeletal muscle, which demonstrated an activity of 36% with
L-glyceraldehyde. Consequently, among the GlyDHs published thus far, the GlyDH
from G. oxydans is the only enzyme that shows the strong enantiopreference
necessarily required for application in asymmetric synthesis, which was the object of

this thesis and is discussed in greater detail in Section 7.4.
7.3.1 Structure of glycerol dehydrogenase from Gluconobacter oxydans
The detailed knowledge of the three-dimensional structure of an enzyme is of major

importance with respect to the folding of the enzyme and its catalytic mechanism,

including specific binding of the cofactor and substrate. Furthermore, the structure of
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an enzyme can be used to obtain additional insight into structure-function
relationships in terms of the substrate range, as well as the enantio- and
regioselectivity of an enzyme. Such information can then be used to further optimise
the catalytic activity of an enzyme via rational protein design. A prominent example
is the structure-based alteration of the cofactor specificity of oxidoreductases, and
various cases of such approaches have been published!?2133 174 1991 " gqr instance,
the cofactor preference of ADH from L. brevis was altered by a structure-based
computational protein engineering approach. A single point mutation (Arg38Pro) was
necessary for a fourfold increase in activity with NAD(H) as a cofactor!*33,

In general, there are various ways to generate the molecular structure of an enzyme.
First, the structure can be modelled based on an available structure that exhibits
high homology at the structural level. This approach is beneficial for reducing lengthy
time-consuming steps. However, one must be aware that the resulting structure is
only a theoretical model. In contrast, there are time-consuming but far more reliable
strategies to resolve the corresponding protein structure with methods such as X-ray
crystallography or NMR spectroscopy.

In this thesis, crystals of GlyDH (AKR11B4) were grown, and data on the well-
defracting crystals were collected via X-ray crystallography and utilised to solve the
structure of GlyDH at a resolution of 2.0 A (Chapter 3). GlyDH displayed the general
structure of the aldo-keto reductase superfamily (AKR), consisting of the AKR-typical
(B/a)s TIM-barrel fold with three loops and a C-terminal tail that affects the protein’s
enzymatic properties. GlyDH belongs to family 11 of AKR superfamily and according
to the systematic nomenclature within this family, the abbreviation AKR11B4 has

been assigned to the enzymel?%%,

Structure-function relationship - insights into the enantioselectivity of
glycerol dehydrogenase

In general, AKR11B4 exhibited all of the typical features of bacterial AKRs2°0202] [ts
close relative is AKR11B1 from B. subtilis'**®!, which has a sequence identity of
57.2%. The main differences between the structures of these two enzymes are found
in the C-terminal segment and the active site cleft. While the C-terminus of AKR11B1
has the common conformation for AKRs that covers the active site and presumably
plays a role in substrate binding®®*, the C-terminus of AKR11B4 demonstrated a
neighbour-anchoring conformation (Fig. 7.6). This difference may either be a result
of the two different functional states (AKR11B1: binary complex with NADP®;
AKR11B4: apo-enzyme) or an inherent feature of the molecules arising from their

specific sequences.
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As mentioned above, the most unique feature of AKR11B4 is its high preference for
reducing the pb-enantiomer of glyceraldehyde. Therefore, based on the now available
structure, the investigation of structure-function relationships was possible. The
ternary complex with the cofactor and both glyceraldehyde enantiomers was
modelled to elucidate the structural basis of the enzyme’s enantiospecificity in the

reduction of glyceraldehyde.

“._C-terminus

(within loop 7)

Fig. 7.6. Overview of the 3D-structure of GlyDH, exhibiting the (B/a)s TIM-barrel fold typical of aldo-keto

reductases (for more details, see Chapter 3).

Figure 7.7 shows the corresponding ternary complex. The substrate is surrounded by
Trp?3, Tyr®, His*®, Trp'*! and Met®*®. A comparison with the sequence of the
non-selective GlyDH from H. jecorina demonstrated that with the exception of

Met326, all residues are present in both enzymes.

(A) Oy 4 (B) P, =

Tyr59

Tyr59
Tyr208 Tyr208

Met323 Met323

. Trp23
Trp23

L-glyceraldehyde

D-glyceraldehyde

Fig. 7.7. Ternary complex model of AKR11B4 with NADP and either D-glyceraldehyde (A) or L-glyceraldehyde
(B).
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Furthermore, our studies revealed that Met®?® is the most probable candidate to
cause the enantiopreference of AKR11B4 via its ability to form a hydrogen bond to
the terminal hydroxy group at the C3 atom of glyceraldehyde. Moreover, this
hydrogen bond is only possible with D-glyceraldehyde as a substrate. This deduced
mechanism confirms the observed biochemical data.

In summary, based on the three-dimensional structure of AKR11B, we were able to

2
t36

assign Me as the most important determinant for the enantiospecificity of GlyDH

from G. oxydans.

7.4 PRODUCTION OF ENANTIOPURE GLYCERALDEHYDE - KINETIC
RESOLUTION OF RAC-GLYCERALDEHYDE USING GLYCERCOL

DEHYDROGENASE FROM GLUCONOBACTER OXYDANS

Because low-molecular chiral building blocks are versatile intermediates for further

transformations into valuable productsitl 12 205

, one aim of this thesis was to
establish a suitable selective route for the production of enantiopure glyceraldehyde.
Due to its highly functionalised nature and asymmetry, glyceraldehyde is a good
example of a chiral building block that can be used as a starting material for the

[13-16] The available chemical

synthesis of various complex structures (Section 1.1)
routes for the synthesis of both glyceraldehyde enantiomers are based on starting
materials from the chiral pool, which comprise the chiral information. The fact that
just D-mannitol is available only enables the synthesis of D-glyceraldehyde by
applying a chemical route consisting of three steps, whereas the production of
L-glyceraldehyde requires the synthesis of L-mannitol by a multi-step synthesis
starting from L-arabinose!!”), Due to this drawback, the L-enantiomer is not easily
accessible. Therefore, the demand for biocatalytic strategies to produce the

L-enantiomer is high and was of major interest throughout this thesis.

7.4.1 Oxidative versus reductive production of enantiopure glyceraldehyde

To determine optimal reaction conditions, GlyDH was characterised with respect to
its stability, as well as its oxidative and reductive potential and substrate range
(Section 2.1).

GlyDH displayed the highest activity in the reduction reaction at a slightly acidic to
neutral pH range, with optimal activity at pH 5.5. For oxidation reactions, GlyDH

displayed a rather broad pH optimum, with the highest activity at pH 10.0.
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However, the ability of GlyDH to catalyse the reduction of rac-glyceraldehyde and the
oxidation of glycerol is far more important. According to the reversible character of

the reaction, there are two possible enzymatic routes in applying GlyDH (Fig. 7.8).

OH ” OH
D-specific GlyDH =
(A) Ho._k_oH + NaDP* HO._~_.O + NADPH

glycerol D-glyceraldehyde
OH D-specifi OH OH
pecific GlyDH
®  Ho_h_o + NADPH ————— no L _o + Ho__L_omn + NaDP*
rac-glyceraldehyde L-glyceraldehyde glycerol

Fig. 7.8. Different enzymatic routes for the production of enantiopure glyceraldehyde via enzymatic oxidation
(A) or kinetic resolution of the racemic mixture (B).

For biotechnological approaches, the favoured strategy is the enzymatic
regioselective oxidation of glycerol because the theoretical yield of this route is
100%, and glycerol is a convenient starting material’?®® 2°7], The second route is the
reduction of an enantiomer of glyceraldehyde that facilitates a resolution of the
racemic mixture. The disadvantage of this reaction is the limited yield of only 50%
and the rather expensive starting material.

To evaluate the optimal strategy, the specific activities of the oxidation of glycerol
(0.17 U/mg) and the reduction of rac-glyceraldehyde (39.1 U/mg) were compared,
the observed results differed remarkably. The reduction was catalysed with a
230-fold higher specific activity than the oxidation reaction, indicating that the
equilibrium lies heavily in favour of the reduction of rac-glyceraldehyde. This
observation is supported by similar results with other published GlyDHs. Indeed, all

published enzymes show a low or absent oxidation activity!*®* 2%

. However, an
exception can be found in GlyDH from N. crassa, which displays a rather high activity
of 20.7 U/mg in the oxidation of glycerol. Unfortunately, the absolute configuration
of the product was not determined. Regardless, it is highly unlikely that this enzyme
is suited for the synthesis of enantiopure glyceraldehyde because the published
biochemical data reveal only a weak stereochemical preference, with only a 2.7-fold
higher activity in the stereoselective reduction of b-glyceraldehyde (Table 7.2)!2%%,

Interestingly, substrates such as sugar alcohols are oxidised by GlyDH with higher
activities compared to glycerol (Section 2.1 and 2.2, and further discussed in Section
7.5). Detailed studies of the observed limitation revealed that the produced aldehyde
has an inhibitory effect on the oxidation reaction. Therefore, the question arises
whether this effect is caused by the formation of a Schiff base of the aldehyde and

an active site lysine residue!®°?'2 or product inhibition!’®). Our results further
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demonstrated that the inhibition is more pronounced when a free aldehyde moiety
(e.g., glyceraldehyde) is formed by the enzyme. While the oxidation of a sugar
alcohol leads to the formation of an aldose coupled with a spontaneous ring closure
of the product (which diminishes the inhibitory effect (Section 2.2)), it is commonly
known that lysine residues can form a Schiff bases in the presence of an aldehyde,
especially at alkaline pH?'%2!21 As a consequence, the lysine residue loses its
positive charge, as well as the ability to form hydrogen bonds and electrostatic
interactions, which can cause enzyme deactivation!?1% 212],

Based on the three-dimensional structure of GlyDH, two conserved lysine residues

(Lys®* and Lys?'®

) were identified that are involved in cofactor binding and the
catalytic mechanism (Chapter 3). Thus, enzyme inactivation based on the formation
of a Schiff base may be a possible explanation for the observed discrepancy between
the reduction and oxidation activities. Furthermore, the fact that a pH value of
approximately 10.0 is required for high oxidative activity supports this hypothesis.
The effect of pH on the enzyme activity is further demonstrated by the fact that no
inactivation of GlyDH by the same aldehyde at pH 7.0 was observed. Based on these
inhibition, GlyDH cannot be used for the oxidation of glycerol. Therefore, the kinetic
resolution of rac-glyceraldehyde was a major topic of this thesis because high
specific activities and no inactivation effects were observed in the reduction of
rac-glyceraldehyde. Moreover, different strategies were developed to establish a
feasible kinetic resolution of rac-glyceraldehyde by GlyDH in combination with a
suitable simultaneous regeneration system for the reduced cofactor. This aspect is

discussed in the next chapter.

7.4.2 Production of L-glyceraldehyde - cell-free system versus whole-cell

system

Oxidoreductases generally require cofactors such as NAD(P)H as donor of redox
equivalents. Therefore, in terms of efficiency and economic issues, a regeneration
system that can be used simultaneously is essential for biotechnological applications.
The different methods to regenerate the reduced cofactor were introduced in Section
1.5. For the application of GlyDH in the kinetic resolution of rac-glyceraldehyde, GDH

[163, 213-215]

from B. subtilis was used for cofactor regeneration with D-glucose as the

co-substrate (Fig. 7.9). GDH was selected because it has already been successfully

applied in the regeneration of both reduced cofactors in cell-free and whole-cell

g[162, 163, 167]

system . Based on this strategy, two different systems for the production
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of L-glyceraldehyde were created: a cell-free system with isolated enzymes

(Section 2.1 and Chapter 6) and a recombinant whole-cell system (Chapter 5).

OH OH OH
HO\/KéO 7GIY_DH§' HO\/kéo + HO\)\/OH
NADPH NADP*
GDH

D-glucono-1,5-lactone  R-D-glucose

Fig. 7.9. Kinetic resolution of rac-glyceraldehyde by GlyDH with simultaneous cofactor regeneration by GDH
and B-D-glucose as the co-substrate.

The general differences of the two used systems are summarised in Figure 7.10.
While both enzymes must be expressed separately in the cell-free system, followed
by disruption and centrifugation steps, the whole-cell catalyst only requires one

fermentation and one separation step (Fig. 7.10)!%8],

process steps isolated enzymes whole-cell catalyst

GlyDH GDH

et

cell disruption
clearification

concentration
biotransformation

Fig. 7.10. Comparison of the application of isolated enzymes versus whole-cell catalysts for asymmetric
synthesis. Figure modified according to Gréger et al. (2006)['%],

ENn
e n

<« + NADP*

N
i—N

Another common advantage of whole-cell catalysts is that by using the intracellular
amount of cofactor, the addition of an external cofactor is not necessarily required.
Furthermore, whole cells can be used for several repetitive applications, while
isolated enzymes can be used for only one reaction if no immobilisation of the
catalyst is performed!?16-218],

Table 7.3 provides an overview of the properties of the two applied systems. Both
biotransformation systems show high activities in the selective reduction of
rac-glyceraldehyde, resulting in efficient conversions with high ee values. However, a
slightly lower selectivity of the whole-cell catalyst was observed compared to the

cell-free system.
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This effect may be caused by undesired side reactions catalysed by naturally
occurring enzymes of the host organism. Indeed, such effects are very common
when using whole-cell catalysts, especially in wild-type cells that only express low
levels of the required enzymes!'®*. According to this lower selectivity, a higher
conversion was required (54%) to reach an appropriate enantiopurity of the

L-glyceraldehyde product (98%).

Table 7.3. Comparison of the cell-free system and the whole cell catalyst.

Activity Conversion  Selectivity Cofactor pH- Temperature-
System Recycling
[U/mg]l/ [%] [ee] addition optimum optimum [°C]
GlyDH 39% GlyDH: 5.5 GlyDH: 55
Cell free 5 50 >99% yes No
GDH 295% GDH: 8.5 GDH: 50
21.4 U/g" yes, but
Whole-cell  GlyDH 22.3Y* 54 98% not Yes 7.0 40
GDH 7.29* required

1) Hexanal was used as substrate; 2 D-glucose was used as substrate; and * measured in crude extract.

Because the selectivity of the whole-cell catalyst and the cell-free system were in a
similar range, a transfer of the kinetic resolution was possible. Thus far, only the
kinetic resolution of oxidoreductases using wild-type cells have been published!® 2%
2211 ‘whereas recombinant whole-cell systems have been used to a minor degree!**%,
Comparing the preparative kinetic resolution of the rac-glyceraldehyde of both
systems, the advantages of the whole-cell catalyst were confirmed. The whole-cell
catalyst can be recycled up to five times without any loss of activity. Furthermore, an
addition of the cofactor was not necessary, though the reaction rate can be
accelerated by cofactor addition.

In addition to the advantages mentioned above, recombinant whole-cell catalysts
also exhibit some limitations that must be overcome to facilitate a suitable
application. The co-expression of the two genes can represent a challenge,
particularly if the required enzymes exhibit large differences in specific activity. For
example, the specific activities of leucine dehydrogenase (~400 U/mg) and formate
dehydrogenase (~6 U/mg) differ by a factor of > 50. Menzel et al. (2004) applied a
two-plasmid strategy using plasmids with different copy numbers to adjust the
activity of the required enzymes. Consequently, the difference in activity was
decreased to only a factor of 6.7 by recombinant DNA techniques!®®. Further
strategies include the use of different promoters, as well as the variation of growth

conditions and media. Both techniques were successfully applied to adjust the
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different specific activities of GlyDH and GDH in the present study (Table 7.3;
Chapter 4). Variations of growth conditions and media led to a GlyDH/GDH ratio in
the range of 0.7 to 18.1. The results demonstrated that the use of different media
had a phenomenal impact on the expression level of the co-expressed GlyDH and
GDH. An optimal conversion was reached with cells cultivated at 25°C in LB-medium
(21.4 U/mag).

In contrast, with the cell-free system, the adjustment of the activity of the required
enzymes was much easier because the application of different amounts of the
catalysts is possible. Further limitations, which can occur with whole-cell catalysts,
deal with the transport of substrate(s) into the cell and product(s) out of the cell. For
a sufficient application, the substrate must be converted in the cytoplasm due to the
localisation of the required enzymes, while for an easy separation, the product
should ideally be located outside the cell.

The observations, based on the performed experiments, commonly approve the

t[62, 167, 188] In

advantages of whole-cell systems compared to their cell-free pendan
the described example, the whole-cell system was superior to the cell-free system,
which is not always the case. However, both systems are promising alternatives to
traditional chemical methods.

In summary, we demonstrated that with whole-cell catalysts, no extensive disruption
and separation procedures and no addition of external cofactors were required for a
feasible reaction, and the catalyst can be recycled. These advantages make
biotransformation with recombinant whole-cells a cost-attractive alternative to

cell-free systems.

7.4.3 Preparative production of L-glyceraldehyde

There are different chemical and biocatalytic routes to synthesise enantiopure
glyceraldehyde. The specific advantages and bottlenecks of the various published

methods are summarised in Table 7.4 and are discussed in the following chapter.

Chemical routes to enantiopure glyceraldehyde

There are two traditional chemical strategies for the synthesis of enantiopure
glyceraldehyde. The D-enantiomer can be easily produced based on a three-step
chemical synthesis, starting with D-mannitol derived from the chiral pool of
naturel”- 181,

In contrast, there are only a few efficient syntheses for the generation of the
corresponding L-enantiomer because L-mannitol is not available from the chiral pool

and must be synthesised by a multi-step method from L-arabinose!”" 222}, Therefore,
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an alternative strategy has been described consisting of a four-step synthesis staring
from L-ascorbic acid!*® 2}, For all chemical strategies, the starting material from the
chiral pool is required, as well as a nhumber of time consuming steps. Due to these
difficulties in producing L-glyceraldehyde, its industrial production is not economically

feasible. As a consequence, new suitable biocatalytic routes are in demand.

Biocatalytic routes to synthesise enantiopure glyceraldehyde

As described above, the chemical synthesis of both glyceraldehyde enantiomers is
possible on a laboratory scale, but the procedures are extensive and expensive.
Therefore, biocatalytic routes for the synthesis of L-glyceraldehyde are interesting
alternatives to traditional chemistry, especially with respect to industrial-scale
production.

Various enzymes have been reported to catalyse the asymmetric synthesis of
enantiopure glyceraldehyde by selective oxidation??32%*1 aldol addition!?*® and
kinetic resolution of rac-glyceraldehyde (Section 2.1 and Chapter 5; 6) (Table 7.4).
Table 7.4. Overview of different chemical and biocatalytic strategies for the production of enantiopure
glyceraldehyde. The applied enzymes were as follows: galactose oxidase from Dactylium dendroides, ADH from

horse liver, ADH from Thermus thermophilus, D-fructose-6-phosphate aldolase from E. coli and GlyDH from
G. oxydans.

Required Time Scale Yield
steps [h] [mmol] [%]

Substrate Product

Chemical routes

Alt7,222] L-arabinose L-GA 5 - - -
Bl 21 L-ascorbic acid L-GA 4 - - -
clt7. 18 D-mannitol D-GA 3 - - -

Biocatalytic routes

Galactose oxidase

Glycerol L-GA 1 48 0.25 17
(D. dendroides)?**
Alcohol dehydrogenase GA
525 Glycerol 2 - 12-14 -
(horse liver)t??! (GA acid)
D-fructose-6-phosphate Formaldehyde +
(2261 L-GA 1 - 0.024 -
aldolase (E. coli) Glycolaldehyde
Alcohol dehydrogenase
223 Glycerol D-GA 1 14 32 mM* -
(T. thermophilus)t?*!
GlyDH
rac-GA L-GA 1 10 111 43

(G. oxydans)

* no reaction volume is given.
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All enzymatic strategies for the production of enantiopure glyceraldehyde require
only a single catalytic step. Among the different routes, the best strategy is the
asymmetric oxidation of glycerol catalysed by galactose oxidase from Dactylium
dendroides (GOase)!?*"!, ADH from horse liver (HLADH)!??*! and the ADH from
Thermus thermophilus (TtADH)!??3), TtADH produces the D-enantiomer, GOase is
described to produce the L-enantiomer, while no configuration is given in the case of
HLADH. Based on the described results, the GOase seems to be a promising catalyst
due to the favourable starting material and the existing enantiopreference. However,
with regard to scale (0.25 mmol), conversion (17%) and reaction time (48 h), the
described example is not industrially feasible. Moreover, H,0, is formed as a
by-product of the enzymatic reaction, making the addition of a second enzyme
(catalase) for the decomposition of H,O, necessary.

A second route to enantiopure glyceraldehyde is the aldol addition catalysed by

D-fructose-6-phosphate aldolase (FSA) from E. colit®?®.,

FSA catalyses the direct
stereoselective cross-aldol addition of formaldehyde and glycolaldehyde, leading to
L-glyceraldehyde formation. The published method is a promising approach but has
only been reported on a 0.024 mmol scale.

Therefore, the strategy used in this thesis is currently the only efficient biocatalytic
method applied on the 111 mmol scale. The production of L-glyceraldehyde was
catalysed by the described GIyDH from G. oxydans. Due to the fact that the
oxidation activity of the enzyme was inhibited by the produced aldehyde, asymmetric
oxidation was not possible. Therefore, L-glyceraldehyde was produced via the kinetic
resolution of rac-glyceraldehyde. As a result, a yield of 43% (111 mmol)

L-glyceraldehyde was achieved by the applied strategy.

Chemical versus biocatalytic synthesis of L-glyceraldehyde

A comparative evaluation of the three chemical routes and five biocatalytic routes for
the production of enantiopure L-glyceraldehyde reveals that with regard to the
required steps, the biocatalytic strategies are favourable. Such a significant reduction
of reaction steps is desirable due to improved production efficiency by a decreased

number of workup and purification steps!®® 227 228]

Furthermore, considering
environmental issues, the biocatalytic route is preferred because toxic metal
catalysts must be used for the chemical syntheses!!”" & 2221 Therefore, with respect
to environmental aspects and cost factors, short enzymatic routes are desirable.

In summary, among the different enzymatic routes, the process of applying GlyDH is
most promising, though all have an immense potential for the production of L-

glyceraldehyde (Chapter 6). Key benefits of the established process are the
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production scale and the yield and the selectivity of the described process in
comparison with the other enzymatic routes. By applying this method, 111 mmol
enantiopure L-glyceraldehyde (ee 96%) was produced.

Apart from the enzymatic production, the downstream processing is also of major
importance for the production of pure building blocks (Section 1.1). Thus, a suitable
purification procedure was established within this thesis (Chapter 6). The separation
of the produced L-glyceraldehyde from glycerol, glucose and gluconic acid was
accomplished by preparative liquid chromatography using an ion exchange resin. The
purification resulted in a vyield of 85% (4.24 g L-glyceraldehyde) with an
enantiopurity of 94%.

7.5 SELECTIVE OXIDATION OF SUGAR ALCOHOLS BY GLYCEROL

DEHYDROGENASE FROM GLUCONOBACTER OXYDANS

As previously discussed in Section 7.4.1, GlyDH from G. oxydans catalyses the
oxidation of various alcohols (Section 2.2). However, due to the appearance of
massive product inhibition in the presence of linear free aldehyde, only the
conversion of sugar alcohols was possible. An explanation can be found in the
subsequent ring closure of the produced aldehyde. Therefore, the oxidation of
L-arabitol and ribitol were investigated in this thesis.

Biotransformations were performed using GlyDH in combination with glutamate
dehydrogenase (GluDH) from E. coli for cofactor regeneration (Section 2.2)
(Fig. 7.11).

GlyDH

sugar alcohol ﬁ» sugar

NADP NADPH

glutamate ketoglutarate/ NH3

GIluDH

Fig. 7.11. General reaction scheme of the oxidation of sugar alcohols by GlyDH from G. oxydans with a
simultaneous regeneration of NADP* using the GIuDH from E. coli with ketoglutarate/NHs as a co-substrate.

In general, both substrates were fully converted by GlyDH. Ribitol was converted to
ribose, and the transformation of L-arabitol yielded lyxose and arabinose. These
results indicated that GlyDH exhibits a high regioselectivity because the primary
hydroxyl group is specifically oxidised. Thus far, only a few dehydrogenases that

catalyse the oxidation of primary hydroxy groups have been described in the

72, 229, 2
el72, 229, 230)

literatur . Membrane-bound dehydrogenases that catalyse the oxidation of

nl72, 229-238]

secondary alcohols are more commo , whereas a number of different

oxidases are known to catalyse the oxidation of primary alcohols!”? 229 239, 2401,
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Furthermore, the configuration of the carbon atom next to the terminal hydroxy
group influenced the activity of GlyDH because only the L-enantiomers of the tested
sugar alcohols were oxidised. For example, L-arabitol and L-threitol were converted
to the corresponding sugars by GlyDH, while the corresponding D-enantiomers were
not, indicating that GlyDH additionally exhibits enantioselectivity.

A further interesting observation was the formation of lyxose and arabinose during
the biocatalytic oxidation of L-arabitol. This result can be explained by the hypothesis
that both terminal hydroxy groups of L-arabitol are oxidised by GlyDH. The only
requirement for this reaction is the L-configuration of the carbon atom next to the
terminal hydroxy group. Therefore, in theory, the L-configuration of the arabinose
and lyxose are synthesised, while during the oxidation of ribitol, the formation of
D-ribose is proposed. Nevertheless, the determination of the absolute configuration
of these molecules is essential to support this hypothesis.

In conclusion, according to its ability to catalyse the selective reduction of
rac-glyceraldehyde, as well as the regio- and stereoselective oxidation of various
sugar alcohols, GlyDH is a versatile catalyst with tremendous biotechnological
potential. Based on its oxidative catalytic activity, a number of valuable sugars such
as L-lyxose can be synthesised via a direct enzymatic route. L-lyxose is an unnatural
sugar and is a versatile synthon for various applications in the food, pharmaceutical
and nutrition industries!?®®), A further example is L-ribose, which can be synthesised
by chemical means from D-ribose (chiral pool) by five synthetic steps with an overall
yield of 50%[%3?), Therefore, a number of studies were performed to establish
suitable enzymatic routes!?3? 233] for L-ribose production. Thus, based on the high
demand of new enzymatic routes, GlyDH is a novel enzyme with very promising

properties for biotechnological applications.

7.5.1 Regeneration of the oxidised cofactor

The regeneration of the oxidised cofactor is of major importance for the efficient use
of dehydrogenases for oxidation reactions because the equilibrium of
dehydrogenases heavily favours the reduction reaction. Strategies that have been
used for the regeneration of the oxidised cofactor are summarised in Section 1.5.3.
Lactate dehydrogenases (LDHs) are enzymes that are frequently applied in the
regeneration of NAD '8 171173, 2411 'Their application is limited to NAD* based on the
cofactor specificity of LDHs, because an NADP*-dependent LDH has not yet been
found in nature. Nevertheless, such a LDH variant would be very useful because it

would facilitate the regeneration of the phosphorylated cofactor.
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Therefore, one of the aims in this thesis was to enable the regeneration of NADP* by

an LDH variant constructed by methods of structure-based protein design.

7.5.2 Alteration of the cofactor specificity of the lactate dehydrogenase from

Bacillus subtilis

The LDH from B. subtilis (BsLDH) has been characterised with regard to its
biochemical properties?*22**] and displays high homology to the LDH from
G. stearothermophilus (GsLDH)M® 1227124, 199, 2451 'Baged on this high homology and
because the three-dimensional structure of GsLDH has been solved, a homology
model of BsLDH was constructed (Chapter 4). This model was used for the prediction
of several essential amino acid residues which might be involved in cofactor binding
(positions 36-40) (Fig. 7.12).

The selected amino acids are located adjacent to Asp>®, which is known to be
responsible for the NAD' preference of the enzyme due to its ability to form
hydrogen bonds with the cofactor and to repulse the phosphorylated cofactor due to
its negative chargel’®**. Using this insight, a variety of groups investigating the
alternation of the cofactor specificity of oxidoreductases have mutated amino acids

located in this conserved fingerprint regiont®3 246-248]

. Most examples focus on the
alteration of NADP*-dependency of dehydrogenases!3! 133 2491 hacause NAD" is more

stable, and its price is five- to tenfold lower compared to NADP™.

Asn 40

Fig. 7.12. Structure of the modelled binary complex of wild-type BsLDH in combination with NAD* using the
structure of GsLDH (1LND) as a template. The protein backbone is coloured by secondary structure elements:
a-helices (red), p-sheets (yellow) and single stands (green). The atoms are coloured according to type: oxygen
(red), nitrogen (blue), carbon (grey) and phosphorus (orange). The NAD*-binding region responsible for NADP*
discrimination is displayed, showing the position of the selected amino acids for mutagenesis. The position of
the additional phosphate group is circled.
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With respect to enzymes applied in cofactor regeneration, the reverse direction has
also been studied extensively to expand the scope of enzymes such as formate
dehydrogenase (FDH)[126, 128,132, 199] 5 | pHL63 246, 2471

In this thesis, a structure-based site-directed saturation mutagenesis approach was
performed, resulting in a BsLDH variant with a single point mutation (BsLDH_V39R).
BsLDH_V39R showed a 100-fold higher specific activity with NADP* as the cofactor in
comparison to the wild-type enzyme but still exhibited activity with NAD®.
Furthermore, BSLDH_V39R displayed a remarkable increase in catalytic efficiency
(249-fold) compared to the wild-type BsLDH.

The alternation in cofactor specificity was caused by the substitution of valine (Val®*®),
a small neutral amino acid, to an arginine (Arg), a strongly positively charged bulky
amino acid. The introduced Arg®® led to a rearrangement in which a positively
charged amino acid is located next to a negatively charged one at this crucial
position. Interestingly, the resulting variant accepted both cofactors as a
consequence. This finding was unpredictable because one would assume that the
introduced mutation may be incompatible with respect to electrostatic repulsion with
the adjacent Asp>8. Furthermore, this arrangement suggests that according to charge
of the two amino acids (Asp>® negative and Arg® positive), both cofactors would be
repulsed. However, BsLDH_V39R exhibited activity with both cofactors, indicating
that neither the negative nor the positive charge at this crucial position causes a
destabilisation of the two cofactors. In contrast, the introduction of two positively
charged amino acids (D38R:V39R) led to dramatically decreased activity with
NADPH, combined with rejection of NADH.

Comparing the observed results with other published LDH variants from
G. stearothermophilus (GsLDH)!*22'1241 and T. thermophilus (TtLDH)!™”*, position 39
(BsLDH Val*?; GsLDH Ala®®, see alignment in Chapter 4) was interestingly never a
target for mutagenesis. Therefore, herein, we showed for the first time the
importance of the amino acids directly adjacent to Asp®® for the cofactor specificity of
BsLDH.

Moreover, the published variants differ in the number of introduced mutations. While
the investigated mutants BsLDH_V39R and GsLDH_D38S!*?* only exhibited a single
point mutation, GsLDH_I37K:D385S[!?2! contains two mutations, and Mut31 required
the introduction of five different mutations (F16Q:C81S:N85R:I137K:D38S)!%3],
Another strategy was the construction of a T. thermophilus (TtLDH) variant where
the complete loop region of an NADP*-dependent malate dehydrogenase was
introduced into the cofactor binding site of TtLDH!'74. However, the necessity for the

introduced mutations remains questionable. In addition, one must keep in mind that
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a higher number of mutations enhances the occurrence of side effects, such as
reduced stability or restricted substrate range, in the corresponding enzyme!?°9-253,
Regardless, the biochemical properties of the LDH variants are comparatively

discussed below.

Biochemical properties of BsLDH_V39R and its application in the
regeneration of the oxidised cofactor

BSLDH_V39R was characterised with respect to its biochemical properties, which are
important for its application in the regeneration of NADP* (Chapter 4). In comparison
to wild-type BsLDH and LDH variants from other sources, BSLDH_V39R displayed
significantly improved kinetic properties. Table 7.5 provides an overview of the
kinetic properties of BsLDH_V39R, two published GsLDH variants (D38S and
137K:D38S)[122 1241 and a variant of TtLDH!*"*., In general, all of these mutants show
a shift towards NADP™", but only moderate improvements in catalytic efficiency were
observed.

Table 7.5. Comparison of the biochemical properties of BsLDH_V39R and wild-type BsLDH with data from the
literature on other LDH variants from B. subtilis, G. stearothermophilus and T. thermophilus.

Alteration
Kyu (MM) Keat (™) Keat /Km (UM s71) compared to
wild-type ¥
NADH NADPH NADH NADPH NADH NADPH
B. subtilis 9.4 x
0.05 0.14 77.5 1.3 1.5 -
Wild-type BsLDH 1073
BsLDH_V39R 0.06 0.06 291.6 140.4 4.9 2.2 249
BSLDHP*! 0.06 - - - - - -
. stearothermophilus
0.04 0.1 145 55 3.63 0.55 1.1
D38s!H?4
. stearothermophilus
1221 1.0 0.7 160 160  0.16  0.23 1.6
I137K:D38S
T. thermophilus
1.19 0.35 11.2 127 0.03 0.11 2.4

Tt27 LDH-EX7Y74

a) NADPH compared to the wild-type values published together with the corresponding mutants.

Based on the mutation, the Ky value of BsLDH_V39R with NADPH was reduced from
0.14 mM to 0.06 mM, which is now in the same range with that observed for NADH
as the cofactor. In comparison, the previously published mutants demonstrate higher
Kwm values in the range of 0.1 mM to 0.7 mM. Further, a main difference was found in
the Kv value for NADH, which was significantly enhanced in the case of GsLDH
(I37K:D38S) and TtLDH (Tt27 LDH-EX7) compared to their respective wild-type
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enzymes, while the Km of BsLDH_V39R was not altered by the introduced mutation.
Therefore, the catalytic efficiency for NADPH in relation to the efficiency of the
corresponding wild-type BsLDH was used as a degree for alteration by the
corresponding mutant. The most significant alteration was observed with
BSLDH_V39R, which displayed a 249-fold enhancement compared to a 1.1- to
2.4-fold enhancement observed with the other mutants (Table 7.5).

In addition to the summarised mutants, another interesting GsLDH mutant, Mut31,
demonstrates a 36-fold improvement (compared to wild-type GsLDH) in cofactor

specificity in the presence of fructose-1,6-bisphosphate as the activator!!?®), 1

n
contrast, with respect to cofactor specificity, BSLDH_V39R displayed 100-fold
improved activity. Furthermore, this enzyme does not require an expensive
activator.

According to the excellent kinetic properties of BsLDH_V39R, the regeneration of
NADP* was possible. In comparison to other established NADP* regeneration
systems, such as glutamate dehydrogenases (GluDHs) (Section 2.2)t47 811771781 g4
NAD(P)H-oxidases (NOXs)47 79 175 176] ' BSIDH_V39R is a promising alternative
enzyme. BSLDH_V39R has higher specific activity than NOXs, as well as an
economically favourable co-substrate and the pH constancy of the reaction mixture
compared to GluDHs.

In conclusion, due to its biochemical properties, BsLDH_V39R is a promising
candidate for biotechnological application in the regeneration of both oxidised
cofactors (NAD" and NADP*). Moreover, BsLDH_V39R was successfully used for the
regeneration of NADP* in combination with LkADH for the oxidation of the
(R)-enantiomer of rac-1-phenylethanol (Chapter 4). Because none of the other
published mutants were applied in the regeneration of either NAD* or NADP*, we
were able to report the regeneration of NADP* using an LDH for the first time in this

thesis.

7.6 SELECTIVE REDUCTION OF o- AND [-KETOESTERS BY CARBONYL

REDUCTASE FROM NEUROSPORA CRASSA

An interesting reaction is the enantioselective reduction of carbonyl groups to
produce chiral hydroxy compounds. Carbonyl reductases (CRs) are capable of
catalysing this type of reaction and have been applied in various biotransformations

5[254]

over the past few decade . Enantiomerically pure a- and p-hydroxyesters are

valuable synthons.
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The enzymatic production of optically pure 4-chloro-3-hydroxybutanoate (CHBE)
derived from pro-chiral ethyl-4-chloro-oxobutanoate (COBE) is a prominent

example[166’ 246, 247, 2552571 poth

isomers are valuable synthons for important
compounds!?>8261 In this thesis, the carbonyl reductase from N. crassa (NcCR) was
cloned, heterologously expressed, purified, biochemically characterised and applied

in the synthesis of various a- and p-hydroxyesters.

7.6.1 Biochemical properties of carbonyl reductase from Neurospora crassa

A comparative analysis of the biochemical properties of NcCR with the published
carbonyl reductases (CR) is presented in Table 7.6. In general, CRs are widely
distributed throughout various protein families. All CRs displayed in the table belong
to either the short chain dehydrogenase family (SDR) or the aldo-keto reductase
family (AKR). The amino acid sequence of NcCR identifies these enzymes, such as

CmAR from Candida magnoliae'®®?! and ARI from Sporobolomyces salmonicolort®®

2631 as members of the AKR family. With the exception of KaCRI from

Kluyveromyces aestuariit*®®!, all summarised enzymes are NADP*-dependent.

Table 7.6. Biochemical properties of various carbonyl reductases. Their microbial sources are S. salmonicolor,
C. magnoliae, K. aestuarii, K. lactis, Pichia stipitis and N. crassa.

ARI S1 KaCRI CmAR KICR PsCR
Enzyme [65, 263] [256] [256] [262] [264] (257, 2657 NCCR
S. C. K. C. K. P. N.

Source
salmonicolor magnoliae aestuarii magnoliae lactis  stipitis crassa

Molecular weight

37 32 32 35 190 35 38
(kDa)
Protein family AKR SDR SDR AKR - SDR AKR
Cofactor NADP* NADP* NAD™ NADP* NADP* NADP* NADP*
pH optimum 7.0 5.5 5.0 7.0 6.5 6.0 7.0
Temperature
60 55 45 40 45 30 45
optimum (°C)
Specific activity
144 270 - 184 - 337 325

COBE (U/mg)
Stereopreference >99% >99% >99% >99% >99% >99% >98%
for COBE (R) (S) (S) (R) (S) (S) (S)
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The temperature optima of the enzymes listed in the table are located between 30
and 60°C, and the pH-optima range between pH 5.0 and 7.0.

With respect to substrate specificity, NcCR, PsCR from Pichia stipitist®®’ %! and
KaCRI from K. aestuarii'®®®! (both members of the SDR superfamily), displayed a
restricted substrate range. All three CRs are active in the reduction of a- and
p-ketoesters, as well as a,p-diketones, whereas aliphatic and aromatic aldehydes and
ketones are either not converted or reduced with low activity.

All displayed enzymes (Table 7.6) exhibit high activities in the selective reduction of
COBE to produce either the (R)- or (S)-enantiomer with high enantiopurity.
Interestingly, NcCR is the only member of the AKR family that produces (S)-CHBE.
All other AKRs produce the (R)-enantiomer, and all of the SDRs produce the
(S)-enantiomer.

Another interesting feature of NcCR is the observed strong correlation between
enantioselectivity and temperature (Section 2.3). Such temperature effects are
commonly known to influence the enantioselectivity of chemical, and in some cases,
also enzymatic reactions!?%627%, Therefore, the conversion of COBE to (S)-CHBE was
studied at different temperatures. At 40°C, a poor ee of 78.8% was detected.
However, the selectivity of NcCR was enhanced to >98% by shifting the temperature
to -3°C (Fig. 7.13). A sufficient reaction at this temperature was only possible by

continued vigorous stirring and the addition of buffer salts (100 mM).

ee (%)
78 80 82 84 8 88 90 92 94 96 98 100

40 o 40

30 \ 30

20 20

A

0 = 0

S

Temperature (°C)
Temperature (°C)

Fig. 7.13. Dependence of the enantioselectivity of NcCR on temperature (-o-).

Influencing the enantioselectivity of enzymes by altering the physical environmental
parameters (e.g., temperature) has also been reported for other enzymes. A
prominent example is the ADH from Thermoanaerobater brockii (TBADH), which was

extensively studied!?6¢ 271 272]

. TBADH catalyses the reduction of 2-pentanone with
the highest enantioselectivity at a temperature of 7°C. Further studies of TBADH

were performed in detail by Keinan and co-workers (1986), who demonstrated a
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drastically enhanced selectivity by shifting the temperature from 50 to 7°C!%73l,
Another example is pig liver esterase, which shows the highest enantioselectivity in
20% aqueous methanol at -100C?74,

In summary, the reported results in this thesis demonstrate that the establishment
of a feasible process for the production of important chiral synthons is possible by
applying simple methods of reaction engineering. Therefore, a preparative

conversion of COBE was performed using NcCR at -3°C.

7.6.2. Preparative biotransformation of Ethyl 4-chloro-oxobutanoate (COBE)

Chiral a- and p- hydroxyesters are valuable synthons as key intermediates in the
production of fine chemicals, pharmaceuticals and natural products!® 2% 27. 30, 52]
Therefore, much attention has been paid to establish chemical and particularly
enzymatic strategies to produce these building blocks!®3%,

One key building block is enantiopure CHBE. Therefore, the preparative reduction of
COBE to yield (S)-CHBE was performed using NcCR. Table 7.7 provides an overview

of different enzymatic approaches to produce enantiopure CHBE.

Table 7.7. Overview of different enzymatic routes for the production of enantiopure CHBE using enzymes from
S. salmonicolor, C. magnoliae, K. aestuarii, P. stipitis and N. crassa.

Cofactor Yield ee Time
Enzyme Origin Scale (g)
regeneration (%) (%) (h)
NcCR N. crassa GDH 0.3 100 (S) >98 3
AldDH(16¢] S. salmonicolor GDH 15 94.1 (R) 91.7 50
S1[2%] C. magnoliae GDH 3.75 87.5 (S) 100 30
menadione )
ductasel?’ C. magnoliae GDH 15 92.2 (S) 91.6 8
reductase
PsCR!257] P. stipitis GDH 0.1 94.0 (S) 99 18
S1x[246] C. magnoliae GDH 15 85 (S) 100 16
KaCRI*!25¢] K. aestuarii GDH/FDH 1 (S) 99 6

* COBE was continuously fed into the reaction mixture.
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In all cases, the coupled enzymatic routes use GDH for the enzymatic regeneration
of NAD(P)H. Comparing NcCR-mediated conversion with the other enzymatic routes,
it becomes obvious that the scale of the reaction using NcCR is considerable smaller
than the previously published data. The best productivity (12.75 g) combined with an
excellent enantioselectivity (100%) was reached using CR S1 from C. magnoliae'®>°!.
Other approaches in the same range lacked in selectivity by exhibiting ee values of
91.7%  (AldDH; S. salmonicolor) and 91.6% (menadione reductase;

C. magnoliae)t1%¢ 275

. Interestingly, despite the fact that a number of (R)-selective
enzymes exist (Table 7.7), the use of (S)-selective enzymes prevails on a
preparative scale.

Although there are better strategies in terms of productivity and efficiency for the
production of enantiopure CHBE, we demonstrated that a sufficient process for the
production of a- and p-hydroxyesters can be established with an enzyme (NcCR) that

did not seems to be feasible at first sight.

7.7 SELECTIVE REDUCTION OF C=C DOUBLE BONDS

A further example of the use of oxidoreductases in asymmetric synthesis is the
reduction of C=C double bonds, which creates up to two chiral centres
(Section 1.3.2). Enoate reductases (EnR) [EC 1.3.1.31] are flavin-dependent
enzymes that largely catalyse C=C double bond reduction in a chemo-, regio- and
stereoselective manner. These flavin-containing enzymes and a growing number of
discovered homologues are valuable tools for the asymmetric reduction of C=C
double bonds. To date, various representatives of such enzymes have been found in

yeast, bacteria and plantsl?76-284]

. In this thesis, the EnR from G. oxydans was
investigated for its ability to catalyse the asymmetric reduction of activated alkenes,
such as ketoisophorone (KIP) and citral, which are valuable synthons for further

Synthesis[87—89, 91, 285] ]

7.7.1 Biochemical properties of enoate reductase from Gluconobacter

oxydans

G. oxydans EnR was cloned, heterologously expressed and assessed for its ability to
catalyse the reduction of activated alkenes (Section 2.4). This enzyme and its
heterologous expression and purification have been previously published!®3 286-288]
However, the reported biochemical data differ, especially in regard to cofactor

dependency, pH optimum and selectivity in the biotransformation of citral. In
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addition, the influence of an N- or C-terminal modification of EnR has also been
studied.

With respect to cofactor specificity, all published data commonly reveal that EnR is
NADPH-dependent, while Yin et al. (2008) reported an NADH-dependency for this
enzyme (Table 7.8)°3), A further difference was found in the pH and temperature
optima, and based on the fact that the same enzyme was characterised, the
deviations in these parameters are remarkable.

Moreover, considerable differences in the biotransformation of citral, compared to
the work of Yin et al. (2008), are present in the literature. Yin et al. report
diastereoselectivity by EnR because it only reduced the cis-isomer neral, while the
trans-isomer geranial was not converted. Our study confirmed a preference for neral,
but geranial was also converted when the neral concentration was significantly
reduced. This effect may either be caused by a moderate diastereoselectivity of the

enzyme or by a common amino acid-catalysed isomerisation of the substrate!?%.

Table 7.8. Comparison of the measured kinetic properties of the enoate reductase from G. oxydans with
published data.

Cofactor Temperature Biotransformation
pH optimum
dependency optimum of citral

. (93] Diastereoselective
Yin et al. NADH - -
(cis)-isomer

Shinagawa et al.

(2861 NADPH 5.0 - -
Schweiger et al.
(2671 NADPH 7.0 RT -
Diastereoselective
This study NADPH 5.5 45°C

(cis)-isomer

In addition, the influence of a N- or C-terminal modification on the activity of EnR
was investigated. Our results revealed that a C- or N-terminal His-tag does not
negatively influence the activity of EnR. Interestingly, the variant with the N-terminal
His-tag showed even higher activity compared to the native enzyme. In general,

such modifications have no influence on biological activity!?°%

[291, 292]

, but some exceptions
have been published . One of the goals of this work was to investigate the
scope of EnR with respect to an application in the asymmetric reduction of C=C
double bonds. Furthermore, the reduction of citral and KIP was studied to investigate

the use of EnR for organic syntheses.
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7.7.2 Biotransformation of citral and ketoisophorone

The field of biocatalytic C=C double bond reductions is still poorly explored. This is
due to the fact that whole cells approaches are plagued with numerous side reactions
(e.g., carbonyl reduction catalysed by competing ADHs) and a limited number of
stable available catalysts in a recombinant form. Therefore, the demand for
additional stable enzymes that are capable of catalysing this important reaction is of
growing interest. Furthermore, non-biological strategies are often limited by their
lack of chemo-, regio- and enantioselectivity!223-2%],

To investigate the biotechnological potential of EnR, citral and KIP (3,3,5-trimethyl-
2-cyclohexen-1,4-dione, ketoisophorone) were chosen as model substrates, yielding
chiral synthons  with biotechnological and pharmaceutical applications
(Section 1.3.2)187-8% 91, 2851 " Mmoreover, citral reduction is a challenging task in terms
of regio- and chemoselectivity based on the existence of three different double
bonds.

Table 7.9 summarises different enoate reductases and their ability to asymmetrically
reduce KIP and citral. In general, different enzymes that catalyse the studied
reactions with different conversions and selectivities are available. Interestingly, all
enzymes preferentially produce (R)-levodione and (S)-citronellal. The trans-fashion
is a more common feature of these enzymes, and thus far, only the EnR from
Nicotiana tabacum catalyses C=C double bond formation in a cis-specific manner?°%,
The selectivity and conversion of EnR are excellent in comparison to the other
enzymes. Furthermore, the chemo-, regio- and stereoselectivity of EnR in the
reduction of citral were also outstanding. Due to the occurrence of side reactions
caused by numerous competing enzymes in the cells (e.g., ADHs depending on the
same nicotinamide cofactors), purified enzyme was required to obtain pure products.
Such side reactions are observed when using the whole cells of wild-type organisms.
Indeed, in the reduction of compounds such as citral, non-chemoselective
side-reactions occur by different enzymes!®?% 300-303],

In conclusion, the EnR from G. oxydans exhibits excellent selectivity in the
asymmetric reduction of KIP and citral. Furthermore, a number of other activated
alkenes are also accepted by EnR. Therefore, the scope of EnR in the asymmetric
bioreduction of additional compounds in a stereoselective manner is currently under

investigation.
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Table 7.9. Overview of different enoate reductases and their ability to reduce ketoisophorone and citral.
Applying either whole cell or isolated enzymes from Aspergillus niger, G. oxydans, Lycopersicon esculentum B.
subtilis, Salmonella typhimurium, Zymomonas mobilis, Thermoanaerobacter pseudoethanolicus and
C. macedoniensis.

0
)\/\/krrji
NS NN H
0
Ketoisophorone Citral
Selectivity Conversion | Selectivity Conversion
Enzyme Origin
[ee] [%] [ee] [%]
Whole cells [%°7] A. niger (R) 6 products - -
GYE1 13 G. oxydans - - n.d. 40
OPR1 [2%8] L. esculentum (R) > 51 > 98 (S) > 95 > 99
OPR3 [2%8] L. esculentum (R) >43 > 85 (S) >95 > 90
YqiM [298] B. subtilis (R) >42 > 95 (S) >95 > 70
No
NRSal [27¢] S. typhimurium (R) 87 12 - _
conversion
NCR-EnR [282] Z. mobilis (R) >95 >99 (S) >95 > 99
T.
TOYE84 pseudethanolicus (R) 26 74 - -
E39
EnR[E®” C. macedoniensis (R) n.d. - -
EnR
] G. oxydans (R) >99 >99 (S) >99 > 99
(this study)

* n.d. = not determined

7.8 CONCLUSIONS

With the identification of three novel oxidoreductases (i.e., the carbonyl reductase
from N. crassa (NcCR), as well as the enoate reductase (EnR) and glycerol
dehydrogenase (GlyDH) from G. oxydans), the syntheses of various versatile chiral
building blocks were facilitated within this thesis. Figure 7.14 summarises the scope

of the investigated enzymes.
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These new catalysts made it possible to produce different chiral alcohols, a- and
p-hydroxyesters and, in particular, enantiopure L-glyceraldehyde. In addition, they
also enabled the regio- and enantioselective oxidation of diverse sugar alcohols.

To facilitate conversions on a preparative scale, different strategies for the
regeneration of either the reduced or the oxidised cofactor were applied.
Furthermore, a NADP*-dependent mutant of a bacterial lactate dehydrogenase was

constructed, which can be applied in the regeneration of both nicotinamide cofactors.

o}
OH O W)L o~
o)
F3c/'\/u\o/\ OH o} \
OH O ~ f
o] o)

oH © )\/ILO/\ OH
CI\/’\/U\O/\ '

Fig. 7.14. Overview of the building blocks that can be produced by the three identified enzymes.

The production of L-glyceraldehyde was performed by using GlyDH in the kinetic
resolution of rac-glyceraldehyde. For this purpose, a cell-free system and a novel
recombinant whole-cell system were compared and successfully utilised for the
synthesis of L-glyceraldehyde. Based on this enzymatic route, the first preparative
scale biocatalytic production of L-glyceraldehyde was established within this thesis.

Moreover, the three-dimensional structure of GlyDH was also successfully solved
during the course of this thesis. Based on this structure, molecular mechanisms that

explain the substrate preference and the enantioselectivity of GlyDH were deduced.

Overall, the scope of biocatalytic routes for the production of chiral building blocks
was expanded by the identification of new oxidoreductases in this thesis. Moreover,
the biocatalytic access to L-glyceraldehyde, a key chiral building block, was

facilitated.
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