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ABSTRACT: A whole-cell catalyst using Escherichia coli
BL21(DE3) as a host, co-expressing glycerol dehydrogenase
(GlyDH) from Gluconobacter oxydans and glucose dehydro-
genase (GDH) from Bacillus subtilis for cofactor regenera-
tion, has been successfully constructed and used for the
reduction of aliphatic aldehydes, such as hexanal or glycer-
aldehyde 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 cofac-
tor addition we found a 4.6-fold increase in reaction rate
caused by the addition of 1mM NADPþ. 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. Further-
more, 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.
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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; Gröger et al., 2004; Liese et al., 1998;
Pollard et al., 2006; Röthig 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).
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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, for example,
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 synthesized 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
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 enantio-
pure 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 NADPþ 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; Gröger et al., 2004, 2006a,b; 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, 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 (Gröger et al.,
2006a; Weckbecker and Hummel, 2005), or the production
of 4-chloro-3-oxobutanoate where it was used in combina-
tion with an aldehyde dehydrogenase (Kataoka et al., 1999).
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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 produc-
tion 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.
Materials and Methods

General

If not stated otherwise all chemicals were purchased from
Sigma–Aldrich, Buchs, Switzerland. Centrifugations were
carried out using the centrifuges RC5BPlus (Sorvall,
Waltham, USA), Mikro22, and Rotina 35 R (Hettich,
Tuttlingen, Germany). Restriction enzymes were purchased
from Fermentas, St. Leon-Rot, Germany. 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 NdeI and
KpnI (up: 50-GGAATTCCATATGGCATCCGACACCAT-
CCGC-30 down: 50-GGGGTACCTCAGTCCCGTGCCGG-
GGG-30). The amplification was performed using standard
PCR techniques, the created NdeI–KpnI 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 EcoRI and NotI (up: 50-CCGGAATTCATGTATC-
CGGATTTAAAAGGAAAAGTCG-30, down: 50-ATAGTTT-
AGCGGCCGCTTAACCGCGGCCTGCCTG-30). The result-
ing construct was named pNR-2 (Fig. 1).
Cultivation of the Whole-Cell Catalyst in Shaking Flasks

Escherichia coli BL21(DE3) cells carrying the recombinant
plasmid (pNR-2) were cultivated overnight at 378C in 5mL
LB medium (Bertani, 1951), containing 100mg/mL ampi-
cillin. 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 100mM KPi
buffer pH 7), autoinduction (AI) medium (TBmedium, 2 g/
L lactose, 0.5 g/L glucose), and M9 (4 g/L glucose, 0.05 g/L
MgSO4�7H2O, 0.02 g/L CaCl2�2H2O, 70 g/L Na2HPO4�



2H2O, 30 g/L KH2PO4, 5 g/L NaCl, 10 g/L NH4Cl in distilled
water) containing 100mg/mL ampicillin for expression in
shaking flasks at a final concentration of 0.05 optical density
at 600 nm (OD600). The cultures were grown at 378C. When
the OD600 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 0.3mM. The cultures
were shaken for 4 or 20 h at 25, 30, or 378C, and harvested by
centrifugation. For the detailed characterization of the
whole-cell catalyst cells cultivated in LB medium at 258C
were used.
High-Density Fermentation (HDF)

Fermentation of E. coli BL21(DE3) cells carrying the
recombinant plasmid (pNR-2) was performed in a 40 l
bioreactor (Infors AG, Einsbach, Germany) in a 15 L scale.

The components of the batch medium are as follows:
0.2 g/L NH4Cl, 2 g/L (NH4)2SO4, 13 g/L KH2PO4, 10 g/
L K2HPO4, 6 g/L NaH2PO4�H2O, 3 g/L yeast extract, 2 g/L
glucose, 1 g/L MgSO4�7H2O, 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 CaCl2�2H2O, 0.5 g/L
ZnSO4�7H2O, 0.25 g/L CuCl2�2H2O, 2.5 g/L MnSO4�H2O,
1.75 g/L CoCl2�6H2O, 0.125 g/L H3BO3, 2.5 g/L AlCl3�
6H2O, 0.5 g/L Na2MoO4�2H2O, 10 g/L FeSO4�7H2O),
0.1 g/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 concentra-
tions: 18 g/L yeast extract, 600 g/L glucose, 10 g/L MgSO4�
7H2O, 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 overnight at 378C. For optimal
growth, the cells were cultivated under glucose limiting
conditions. The addition of fed mediumwas done according
to an optimized protocol for E. coli cells at 308C. H3PO4 was
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%. Then, the protein expression was
induced after 27 h by an IPTG concentration of 2mM. After
induction, the temperature was shifted from 30 to 258C.
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
17,000g for 20min at 48C. A cell suspension (20%) was
prepared in 100mM triethanolamine buffer (TEA) pH 7.0.
Cells were disrupted by two sonification cycles of 2min (40%
power output) with cooling periods in-between. The lysed
cells were centrifuged at 17,000g for 30min at 48C, 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 OD600 of 0.3 and
cells were incubated at 258C until a final OD600 of 0.9 was
reached. Total RNA was isolated using the RNeasy Mini Kit
including the optional DNA digestion step (Qiagen, Hilden,
Germany). An additional DNA digestion was performed
with the RQ1 RNase-free DNase Set (Promega, Madison,
USA). RNA concentrations were determined using an
Eppendorf BioPhotometer equipped with a Tray Cell
105.810 UVS (Hellma, Jena, Germany). A 150 ng of total
RNA in a reaction volume of 20mL 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’ instruc-
tions (annealing temperature 588C, 30 cycles) in a
Mastercycler epgradient S with realplex4 module
(Eppendorf). For amplification, the following primers were
used: glydh (up: 50-CCTGCTG ACAGGCAAGATGAAC-30,
down: 50-GAGGTACTTCTCGAAATTCGGCTTC-30), gdh
(up: 50-GCTGACCCTAAACAGAAAGCTGATG-30, down:
50-GAATAACGTGATGCCTGTGACGTAG-30) and bla as
internal standard (up: 50-TAACTACGATACGGGAGGG-
CTTACC-30, down: 50-GGA TAAAGTTGCAGGACCA-
CTTCTG-30). The given data are results of at least three
measurements.
Spectrophotometrical Assays for the Determination of
the GDH and GlyDH 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 1mmol NADPH per minute
(GlyDH) or reduction of 1mmol NADPþ (GDH) under
standard conditions (308C, pH 7). For the determination of
GlyDH activity, racemic glyceraldehyde was used as
standard substrate. The assay mixture contains 970mL
substrate solution (10mM substrate in 100mM TEA
buffer pH 7), 20mL NADPH (12.5mM) in distilled water,
and 10mL enzyme solution. For the determination of GDH
activity D-glucose was used as substrate, standard conditions
were 308C and pH 7.0. The assay mixture contains 970mL
substrate solution (100mM substrate in 100mM TEA
buffer pH 7), 20mL NADPþ (100mM), and 10mL enzyme
solution. Reactions were started by addition of the enzyme
solution and the amount of NADPH was measured over
1min.
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Determination of Initial Rates of the
Whole-Cell Catalyst

For the use in whole-cell biotransformations 5mg cells (wet
weight) were suspended per mL buffer (100mM TEA, pH
7). A total of 500mL/mL of the cell solution and 500mL/mL
of substrate solution (20-40mM substrate, 200mM
D-glucose in 100mM TEA, pH 7.0) were mixed. Hexanal
(40mM) was used as standard substrate for determination
of initial rates. Biotransformations were carried out at 308C
and 800 rpm. Samples of 100mL were taken periodically and
diluted with 100mL of internal standard (2.3mM octanol)
and 800mL ethyl acetate. After mixing and centrifugation,
the organic phases were analyzed for the production
of hexanol using the gas chromatograph (GC-17A;
Shimadzu, Duisburg, Germany) equipped with the column
CP-Chirasil-DEX (Varian, 25m� 0.25mm ID). The tem-
perature program included: 608C for 2min, 58C/min to
1058C, and 108C/min to 1308C. 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 mmol 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 transforma-
tions with freshly harvested cells were performed. Cells
(60mg wet weight) per mL were suspended in substrate
solution (20mM hexanal, 200mM D-glucose in 100mM
TEA buffer pH 7). Conversions were carried out at 308C and
800 rpm. After 0, 15, 30, and 45min samples were taken and
analyzed by GC as described. After 45min conversion, the
cells were separated by centrifugation and the supernatant
was discarded. The cells were suspended in fresh substrate
solution and the conversion over 45min was determined
again.
Figure 1. Structure of the plasmid pNR-2 derived from pETDuet-1 containing the

genes for GlyDH and GDH. Additionally the plasmid contains an ampr and two T7

promoters.
Whole-Cell Biotransformation

For the kinetic resolution of glyceraldehyde, the reaction
mixture contained racemic glyceraldehyde (4 g, 0.18M),
glucose (5.28 g, 0.12M), NADPþ (0.1 g, 0.5mM) in 250mL
of TEA buffer (100mM, pH 7) and the whole-cell catalyst
(2 g wet weight). Samples of 50mL were taken periodically
and diluted either with trifluoroacetic acid (950mL) for
HPLC analysis to determine the conversion or with ethyl
acetate (75mL) for GC analysis to determine the enantio-
meric excess (EE). GC samples were derivatized for 30min
with dioxane (75mL), acetic anhydride (50mL), and
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pyridine (5mL). Concentrations of glyceraldehyde and
glycerol were determined by using an Agilent 1100 HPLC
equipped with a CS organic acid resin column (300mm�
8mm) with 5mM trifluoroacetic acid (0.7mL/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 (25m� 0.32mm). The
temperature was kept constant at 1088C over a period of
20min.
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
(Fig. 1). The different specific activities of the pure
investigated enzymes (GlyDH 39U/mg and GDH 295U/
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.

As next step the efficient co-expression of the whole-cell
catalyser cultivated in LB medium at 258C (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 analyzed by
RT-PCR. The studies revealed that the amount of glydh gene
transcript is 10-fold higher compared to the gdh 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 deter-
mined 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 (7.18U/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.
Figure 3. Determination of the initial rates in the conversion of 20mM hexanal.

The figure shows a typical time curve for the production of hexanol over a period of

30min using per mL either 2.5 mg whole-cell catalyst (&) or 2.5 mg of cells expressing

the empty vector (‘‘&’’). Standard deviations are given in the diagram, hexanol

concentrations were measured by means of gas chromatography.
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 (Fig. 2). This
reaction was selected as model due to a better applicability
and a more reliable GC analysis for hexanal and hexanol.

Initial rates have been determined measuring the
production of hexanol over 30min at 308C 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 (Fig. 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.
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.
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 258C in LB, AI, andM9medium. 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
were reached at optimal growth conditions like 378C. For
instance the best GlyDH activity was reached with cells
cultivated at 258C 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 378C in LB
medium for 4 h, where a 1.5-fold enhancement of activity,
compared to 258C 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.
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Table I. Effect of growth conditions and media on the expression levels of GlyDH and GDH.

Medium Temperature/incubation time Relative GlyDH activity (%) Relative GDH activity (%) Ratio (GlyDH/GDH)

LB medium 258C/20 h 100 100 3.1�

LB medium 308C/4 h 46.2 91.1 1.6�

308C/20 h 80.7 105.8 2.4

LB medium 378C/4 h 35.0 150.4 0.7�

378C/20 h 30.9 62.7 1.5

TB medium 258C/20 h 14.8 2.8 18.1

Autoinduction medium 258C/20 h 143.9 66.9 6.7

M9 medium 258C/20 h 147.1 114.2 4.0

High-density fermentation 258C/41 h 43.5 105.8 1.3�

Activities are given in relation to LB medium at 258C (100%), 100% equates to 22.3U/mg crude protein for the GlyDH and 7.18U/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

�Cells cultivated under these conditions were used for further investigations regarding initial rates in the reduction of hexanal to hexanol (Fig. 4).
The results are shown in Figure 4 (diamond). Best
conversions were reached with the cells cultivated at 258C in
LB medium (standard conditions, black) where the activity
ratio of GlyDH and GDH was 3.1. A cultivation at 308C 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 378C 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
Figure 4. Influence of different parameters on the initial rate in the conversion of hexa

100% (black). Alterations in initial rates by growth conditions (diamond), addition of external

amount of whole-cell catalyst (light gray) are displayed. All the data shown are the resu
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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 258C.

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, 378C, 4 h) to 18.1 (TB
medium, 258C, 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
nal by the whole-cell catalyst. The initial rate under standard condition has been set to

cofactor (white), variation of temperature (stripped), permeability (gray), pH (plaid), and

lts of at least three independent measurements with standard deviations (>10%).



emphasized by the fact that a good ratio of 1.3 and amedium
GlyDH activity (HDF) led to a comparable performance of
the whole-cell catalyst that a medium ratio 3.1 and a high-
GlyDH activity (LB medium, 258C).
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 NADPþ 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 NADPþ and NADPH is approximately
0.4mM (Walton and Stewart, 2004). In consideration of
the fact that the investigated enzymes show Km values
for NADPH of 0.04mM (GlyDH, determined with rac-
glyceraldehyde as substrate; Richter et al., 2009) and
0.025mM for NADPþ (GDH, determined with D-glucose
as substrate; Weckbecker, 2005) optimal activities should be
obtainable. However, due to differences in growth condi-
tions 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 NADPþ (1 and 5mM)
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 (Fig. 4). Surprisingly, the addition
of 1mM NADPþ elevated the initial rate by factor 4.6
whereas the addition of 5mM NADPþ led to a lower
improvement (2.9-fold) under standard conditions. This
inactivation in the presence of higher cofactor concentra-
tions 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 308C under shaking at
800 rpm. The treatment was followed by the determination
of initial rates. Figure 4 (gray) 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 408C with a 1.6-fold
higher initial rate compared to standard conditions (Fig. 4).
Elevated temperatures decreased the activity of the whole-
cell catalyst to approximately 80% residual activity at 508C
or 20% residual activity at 608C, 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 10min.

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 (Fig. 4). At pH 7.0 the catalyst showed
optimal activity (132.1%), whereas at pH 8.5 no improve-
ment could be detected at all. Under slightly acidic
conditions (pH 5.5), the whole-cell catalyst lost approxi-
mately 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. Studies were
performed incubating both preparations at 308C and under
shaking (800 rpm) in buffer (100mMTEA, 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, 24, 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
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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 225min where 5 cycles were performed. After each conversion the samples were

withdrawn, the supernatant was discarded and the whole-cell catalyst was sus-

pended in fresh substrate solution. Standard deviations are indicated in the diagram.

Figure 5. Thermal and operational stability of the whole-cell catalyst (*) in

comparison with the cell-free system (*). 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 308Cwas 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%).
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
45min. 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.

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
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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.

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 30min compared to the first
cycle where a product formation of 50% was reached after
45min. Further increase of activity was observed in cycles 4
and 5 where the reaction rate increases even more and the
conversion was completed after only 15min. 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-permeabilized 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.
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-



Table II. Comparison of the substrate specificity of the whole-cell catalyst and the purified enzyme.

Substrate Structure Relative activity whole-cell catalyst (%) Relative activity purified enzyme (%)

Butanal 17.9 73.0

Hexanal 100 100

rac-Glyceraldehyde 78.8 122.6

Benzaldehyde 72.2 43.3

Activities are given in relation to hexanal (100%) (100% equates to 31.9U/mg for the purified enzyme and 27.2U/g). For the whole-cell catalyst initial rates
with 20mM substrate at 308C were determined by means of gas chromatography.
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 II).

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 catalyzing 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 (Table II).
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 (Fig. 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 0.5mM NADPþ.
This concentration was chosen as a result of comparative
conversions with 0.1, 0.5, and 1mM cofactor (data not
shown). The results revealed that with an addition of
0.5mM 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 60min. 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.
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-
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Figure 8. Kinetic resolution of racemic glyceraldehyde by the whole-cell cat-

alyst. The development of glycerol (&) and glyceraldehyde (~) concentrations are

measured over a period of 60min; concentrations were determined by HPLC. The EE

values were determined by means of chiral GC (*). The kinetic resolution was done

using 2 g catalyst, 0.18M rac-glyceraldehyde, 0.12M glucose, and 0.5mM NADPþ in

250mL 100mM TEA pH 7.0.
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
(Gröger 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 308C (Richter et al., 2009). Comparing
these results to the 80% loss-of-activity using the crude
extract in this study under same conditions, the results
clearly show that in a cell-free system the GlyDH is
responsible for loss-of-activity over time. Regarding the
operational stability of both enzyme preparations, the
aldehyde, especially the investigated glyceraldehyde, might
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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 NADPþ concentration of 1mM. 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 �208C. 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 conver-
sion (Gröger et al., 2006a,b; 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. Gröger et al. 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 (Gröger 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 oxidor-
eductases 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
transformation, even without the need of adding expensive
cofactor.
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