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Microbial oxidoreductive systems have been widely used
in asymmetric syntheses of optically active alcohols. However,
when reused in multi-batch reaction, the catalytic efficiency
and sustainability of non-growing cells usually decreased
because of continuous consumption of required cofactors
during the reaction process. A novel method for NADPH
regeneration in cells was proposed by using pentose metabolism
in microorganisms. Addition of p-xylose, L-arabinose, or
p-ribose to the reaction significantly improved the conversion
efficiency of deracemization of racemic 1-phenyl-1,2-ethanediol
to (S)-isomer by Candida parapsilosis cells already used once,
which afforded the product with high optical purity over
97%e.e. in high yield over 85% under an increased
substrate concentration of 15 g/l. Compared with reactions
without xylose, xylose added to multi-batch reactions had
no influence on the activity of the enzyme catalyzing the key
step in deracemization, but performed a promoting effect on
the recovery of the metabolic activity of the non-growing
cells with its consumption in each batch. The detection of
activities of xylose reductase and xylitol dehydrogenase
from cell-free extract of C. parapsilosis made xylose metabolism
feasible in cells, and the depression of the pentose phosphate
pathway inhibitor to this reaction further indicated that
xylose facilitated the NADPH-required deracemization through
the pentose phosphate pathway in C. parapsilosis. moreover,
by investigating the cofactor pool, the xylose addition in
reaction batches giving more NADPH, compared with those
without xylose, suggested that the higher catalytic efficiency
and sustainability of C. parapsilosis non-growing cells had
resulted from xylose metabolism recycling NADPH for
the deracemization.
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Microbial redox systems involving stereospecific oxidoreductases
have gained increasing relevance in catalyzing reactions of
commercial interest and have many applications, for instance,
in the preparation of chiral compounds for pharmaceutical
and fine chemical industries [14, 17, 26, 28, 29]. As known,
microbial cells are readily and inexpensively prepared, and
have been most commonly used for applied purposes
thanks to their diversity and ease of handling [7]. However,
the practical applications of microbial oxidoreductive systems
usually require necessary electron-donating cofactors, NAD(H)-
or NADP(H), and the insufficiency of required cofactors,
due to continuous consumption during the reaction process,
is generally a bottleneck to limiting the reaction efficiency and
decreasing the sustainability of biocatalyst for reuse [35].
The need to provide cofactors for oxidoreductases-involving
systems is a critical problem to the efficiency and the
reusability of whole-cell catalysts in either single or multiple
batches reactions. Cofactor regeneration is, therefore, an
important consideration when reaction processes involving
cofactor-dependent oxidoreductases are to be applied in a
commercial setting, and the development of efficient and
economical regeneration approaches is of great necessity
[16, 34, 35].

It should be noticed that, of the cofactor-dependent
oxidoreductases, NADP(H)-dependent enzymes are less
common than their NAD(H)-dependent counterparts and
NADPH is more expensive and less stable than other
coenzymes, so NADPH regeneration is best carried out in
whole cells [35]. As a hot topic to whole-cell catalysts, in
addtion, NADPH is generally involved as the reduction equivalent
in deracemization, by which valuable enantiomerically pure
products can be obtained in 100% yield and with 100%
enantiomeric excess (e.e.) from a cheap racemic substrate
[21, 30, 36]. Although in vitro enzyme-coupled strategies
for NADPH regeneration have been developed by NADP'-
accepting enzymes, such as engineered formate dehydrogenase
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[33], hydrogenase from Pyrococcus furiosis [22], and soluble
pyridine nucleotide transhydrogenase [1, 6], these methods
are usually conducted with cell-free or purified enzyme
systems but are not suitable to whole-cell systems. Therefore,
it is necessary to explore an efficient and economic
cofactor regeneration system for whole-cell catalysts and
make native cells more available.

For microbial cells, construction of a cofactor regeneration
system by directly adding an inexpensive cosubstrate in
whole-cell systems is widely adopted, avoiding additional
regeneration enzymes and keeping biocatalysts more stable
as native type [28]. Various sugars and alcohols, such as
glucose, fructose, ethanol, 2-propanol, and 2-hexanol, have
been used as sacrificial cosubstrates to supply redox
equivalents [3, 5, 15, 23]. Of these cosubstrates, alcohols
of high concentration unfortunately tend to inactivate the
involved functional enzymes [8, 38], whereas sugars can
regenerate reduction equivalents internally in the form of
nicotinamide cofactors by the metabolism of non-growing
cells [5, 37]. When using glucose as cosubstrate, however,
it is generally converted into gluconic acid and then enters
the pentose phosphate pathway to generate NADPH,
which would make a pH shift, and additional adjustment of
the pH value is necessary to maintain the catalytic activity
of cells [3, 5]. It is well known that the metabolism of
available pentose and its catabolic pathway (i.e., the pentose
phosphate pathway) are pertinent to NADPH generation in
virtually all cellular organisms [10, 11, 27]. Thus, there is
potential to regenerate NADPH from exogenously added
available pentose. Although several sugars have been
utilized as cosubstrates for cofactor regeneration in cells,
few examples have been reported using pentose to drive
the internal cofactor regeneration cycles in cells, and
further to improve the sustainability of whole-cell systems
for repetitive utilization.

In our previous study, Candida parapsilosis CCTCC
M203011 was selected for efficiently catalyzing the
deracemization of racemic 1-phenyl-1,2-ethanediol (PED)
to (S)-enantiomer [24], which is a versatile chiral building
block for the synthesis of pharmaceuticals, agrochemicals,
and liquid crystals [9], and the key enzyme, NADPH-dependent
CPADH, was discovered catalyzing the irreversible reduction
from the intermediate of 2-hydroxyacetophenone to (S)-
PED [25]. Recently, in a preliminary research, we found
that xylose actually enhanced the efficiency of C. parapsilosis
catalyzing deracemization, but only assumed that xylose
provided the reducing equivalents without further proof
and investigation [20]. Therefore, we attempted here to
evaluate the activities of key enzymes involved in deracemization
and the whole cells in multi-batch reactions, investigate the
effect of pentose on the enzyme activity and the metabolic
activity of non-growing cells, respectively, and explore the
coupling relationship between pentose uptake in C. parapsilosis
and required cofactor regeneration from the viewpoint of

cell metabolism to improve the catalytic efficiency of whole
cells.

MATERIALS AND METHODS

Enzymes and Chemicals

(R)-PED, (S)-PED, (R,S)-PED, coenzymes including NAD(P)H and
NAD(P)', glucose-6-phosphate, and glucose-6-phosphate dehydrogenase
were purchased from Sigma-Aldrich Chemical (U.S.A.). 2-
Hydroxyacetophenone was prepared as per the method described by
Liese et al. [18]. All other chemicals used in this work were of
analytical grade and commercially available.

Microorganism and Cultivation

C. parapsilosis was deposited in the China Center for Type Culture
Collection (CCTCC, Wuhan, China) under Accession No. CCTCC
M203011. The growth medium contained 4% (w/v) glucose, 0.3%
(w/v) yeast extract, 1.3% (w/v) (NH,),HPO,, 0.7% (w/v) KH,PO,,
0.08% (w/v) MgSO,7H,0, and 0.01% (w/v) NaCl (pH 7.0). After
cultivation in a 5-1 fermentor containing 3 1 of medium at 30°C for
48 h, C. parapsilosis cells were harvested by centrifugation and
stored at —20°C for further use.

Preparation of Cell-Free Extract and CPADH

All purification procedures were done at the temperature of 4°C, and
20 mM potassium phosphate buffer (pH 6.5) was used as the buffer.
The collected cells suspended in buffer were disrupted by sonication,
at 250 W for 15min at 0°C, with an ultrasonic oscillator (Sonic
Materials Co., U.S.A.). The cell debris was removed by centrifugation
(15,000 xg, 20 min) at 4°C, and the supernatant was used as the
cell-free extract. CPADH was purified according to a procedure
described previously [25].

Enzyme and Protein Assays

The standard assay mixture for 2-hydroxyacetophenone reductase
activity comprised 0.1 M potassium phosphate buffer (pH 6.5),
0.5 mM NADPH, 5mM 2-hydroxyacetophenone, and appropriate
enzyme in a total volume of 250 pl. The assay mixture for xylose
reductase activity comprised 0.05M potassium phosphate buffer
(pH 7.0), 02 mM NADPH, 50 mM b-xylose, and appropriate
enzyme in a total volume of 250 pl. The assay mixture for xylitol
dehydrogenase activity comprised 0.05 M Tris-HCI buffer (pH 9.0),
0.2 mM NAD", 50 mM xylitol, and appropriate enzyme in a total
volume of 250 ul. The decrease or increase in the amount of the
coenzyme was measured spectrophotometrically at 340 nm. One unit
of enzyme activity was defined as the amount of enzyme catalyzing
the oxidation/reduction of 1 umol NADPH/NAD" per minute under
the assay conditions.

The activity of p-xylose isomerase was determined in a reaction
mixture containing 50 mM Tris-HCI buffer (pH 7.5), 1 mM MnSO,,
0.5mM DTT, 2 mM p-xylose, and an appropriate amount of the
enzyme in a final volume of 1 ml. The reaction was initiated by the
addition of p-xylose. After incubation at 30°C for 60 min, the reaction
was terminated by the addition of 0.05 ml of 10% trichloroacetic
acid. One unit of p-xylose isomerase is defined as the amount of
enzyme converting 1 pmol of p-xylose to p-xylulose in 1 min [31].

The protein concentration was determined using Bradford reagents
(Bio-Rad) with bovine serum albumin as a standard [2].



Evaluation of Metabolic Activity

After catalyzing asymmetric reactions, the harvested cells were
added to the glucose solution (20 g/l) to a final cell concentration of
50 g/l for 4 h, and then the residual concentration of glucose was
measured. The metabolic activity retention of the cells after reaction
was used here to express the cell activity in the reaction mixture [12].
The metabolic activity retention is defined as: R%=(C1/C2)*x100%.
R: metabolic activity retention (%);

Cl1: the amount of consumed glucose after 4 h culture in glucose
solution by the cells already used in the reaction;

C2: the amount of consumed glucose after 4 h culture in glucose
solution by the intact cells not used in the reaction.

Biotransformation Procedure

For the reactions with purified enzymes, the reaction mixture in
1 ml comprised 0.1 M potassium phosphate buffer (pH 6.5), 0.5 mg
2-hydroxyacetophenone, NADPH (10 umol), and appropriate amount
of the purified enzyme. To investigate the effect of xylose on
conversion by enzyme, glucose-6-phosphate (3.5 mM) and glucose-
6-phosphate dehydrogenase (10 U) and/or NADPH (10 pmol) were
added to the reaction mixture with or without xylose. The reactions
were carried out at 30°C for 8 h with shaking.

For the reactions with C. parapsilosis cells, the reaction mixture
in 20 ml comprised 0.1 M potassium phosphate buffer (pH 6.5),
100 g/l wet cells, and 105 mM (1.5%) (R S)-PED. Reactions were
carried out at 30°C for 48 h with shaking. For cofactor regeneration,
various sugars of 52 mM were separately added to the reaction mixture
containing whole cells already used once. For reuse of cells, free
cells were centrifuged at the end of each batch and resuspended in fresh
reaction mixture containing raw material and pentose. To investigate
the effect of a pentose phosphate pathway inhibitor, 6-aminonicotinamide
of different concentration was added in the second batch reaction.

Analytic Methods

Xylose was measured by HPLC analysis using an Aminex HPX-
87H column. The column was kept at 65°C and eluted with 5 mM
H,SO, at a flow rate of 0.5 ml/min. The compound was detected
refractometrically (Waters 410 Differential Refractometer).

Pyridine nucleotides were measured using a single extract as per
the method described by Zhang er al. [39]. Cells were suspended with
0.15ml of extraction buffer containing 0.1 M Tris-HCI (pH 8.0),
0.01 M EDTA, and 0.05% (v/v) Triton X-100, and disrupted on ice
using an ultrasonic oscillator (Sonic Materials Co., U.S.A.) for 8 min
with a 30-s interval. Then, the solution was centrifuged at 12,000 xg for
5min and the supernatant was immediately analyzed for NADP* and
NADPH. NADP" and NADPH were assayed spectrophotometrically
based on the measurement of the absorbance of the reduced coenzyme
at 340 nm. In both assay systems, reaction buffers without NADPH
were measured to correct for a low level of background absorbance.

The reaction products were extracted with ethyl acetate and
analyzed by HPLC on a Chiralcel OB-H column [24].

RESULTS AND DISCUSSION

Effects of Various Sugars on Reaction Efficiency of
Single Batch

In our previous research, it has been found that adding
xylose to the reaction mixture significantly increased the
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efficiency of C. parapsilosis catalyzing deracemization of
racemic PED for the second time, resulting in an optically
active product with high e.e. value and yield under a higher
substrate concentration of 15 g/l, which is almost 2-folds
of the initial level [20]. Encouraged by this consequence,
various sugar cosubstrates, especially including p-xylose,
L-arabinose, and p-ribose, the most widely used pentoses,
were added to the reaction mixture, respectively. The whole
cells already used once were collected and resuspended in
the fresh reaction solution. As shown in Fig. 1, addition of
p-xylose, 1.-arabinose, or D-ribose significantly improved
the reaction efficiency of deracemization of (R,S)-PED to
(S)-isomer by C. parapsilosis. From the above results,
when xylose was added to the reaction, the optical purity
and yield of the product were increased to 97.7%e.e. and
85.3%, respectively, with a higher substrate concentration
of 15 g/l. The fact that p-xylose, 1.-arabinose, and p-ribose,
which are all available pentoses for cellular organisms,
facilitated C. parapsilosis cells-mediated deracemization
involving NADPH-dependent alcohol dehydrogenase indicated
that pentose uptake in cells could be associated with the
proceeding of this reaction process and affords great benefit
in driving the reaction to the desired product [3, 10]. In this
study, glucose addition to the reaction did not significantly
enhance the formation of product, which might result from
the reason that glucose metabolism in a certain degree
trends the flux from glucose-6-phosphate to fructose-6-
phosphate and enters the route of the lower glycolysis with
the citric acid cycle and the pyruvate branch-point, but not
the pentose phosphate pathway for NADPH generation
[27]. As the most abundant pentose and second only to
glucose in natural abundance, xylose was thus selected for
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Fig. 1. Effects of various sugars on C. parapsilosis catalyzing
deracemization of racemic PED in the second batch.
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Table 1. Effect of xylose on the enzyme activity of NADPH-
dependent alcohol dehydrogenase in the cell-free extract from C.
parapsilosis and reaction catalyzed by the cells in each batch.

Reaction Xylose Specific activity Optical purity  Yield
batch® (Ulg) (%e.e.) (%)
1 472 97.5 88.2

2 - 42.0 87.2 78.1

2 + 42.6 97.1 85.3

3 - 38.1 76.2 68.3

3 + 39.0 85.3 77.8

4 - 30.9 40.8 58.1

4 31.3 76.6 65.4

5 - 18.6 242 48.7

5 + 17.8 46.3 60.4

*The specific activity of the enzyme and the optical purity and yield of the
product were measured after whole cells catalyzing each batch reaction for
48 h with and without xylose, respectively.

further research as the suitable cosubstrate in C.
parapsilosis catalyzing deracemization.

Effect of Xylose on Catalytic Activity of Key Enzyme

As known, sugars can play a role to maintain the activity
and stability of enzymes by holding protein in the right
structure [32]. To demonstrate the actual function of xylose
to this reaction, the effect of xylose on the enzyme activity
of NADPH-dependent CPADH, catalyzing the key step of
asymmetric reduction from 2-hydroxyacetophenone to (S)-
PED in deracemization, was investigated using the cell-
free extract from cells in each batch. As shown in Table 1, the
profile change of the enzyme activity after catalyzing each
batch reaction showed a descending trend, which might
result from the long-period enzyme inactivation for existing
in the reaction mixture. Compared with the systems without
xylose, addition of xylose in each batch reaction exhibited
no significant promotion to the enzyme activity, but improved
the optical purity and yield of the product. To further
demonstrate the effect of xylose on CPADH, the asymmetric
reduction of 2-hydroxyacetophenone by CPADH was carried
out with xylose and/or an NADPH-recycling system involving
glucose-6-phosphate and glucose-6-phosphate dehydrogenase.

From the results in Table 2, there was no obvious
difference between the trials with and without xylose,
indicating that xylose had no notable influence on the
catalytic activity of the enzyme.

Associating the fact that xylose added to each batch was
consumed during each reaction process, it was indicated
that xylose did not act as a protein protector saccharide to
the involved key enzyme, and its positive effect on this
whole-cell catalyzing reaction was mainly realized through
xylose utilization by non-growing cells.

Effect of Xylose on Metabolic Activity of Non-Growing
Cells

By using whole cells for cofactor-requiring oxidoreductions,
the metabolic activity of the employed cells would influence
not only the catalytic activity and stability of cells soaked
in the reaction mixture, but also the incellular regeneration
of desired cofactor through metabolism cycles in vivo [37].
However, organism cells generally lose their metabolic activity
to some extent when used in organic synthesis, which leads
to limited availability only fit for somewhat low substrate
concentrations in single-batch reactions and low sustainability
of free cells not meeting well the requirement of repetitive
utilization [12]. In this study, the change of metabolic
activity of C. parapsilosis cells during the multi-batch
conversion was investigated with and without xylose,
respectively, and the reaction results in the same conversion
process were also monitored (Fig. 2). The declining trend
of the metabolic activity of cells was suggested to
correspond to the decrease of optical purity and yield of
product in the multi-batch reaction process; that is, the less
the metabolic activity of cells, the lower the reaction
efficiency. The metabolic activity of cells was recovered to
a certain degree by adding xylose to the reaction, and
accordingly, the reaction efficiency was improved compared
with the reactions without xylose. Especially in the third
batch, this promoting effect was more obvious. Simultaneously,
the added xylose was consumed in each batch. Thus, it was
proposed that when whole cells were reused for several
times, their activity decreased as a result of to long-term
exposure to non-cultured conditions, resulting in deficient

Table 2. Effect of xylose on reduction of 2-hydroxyacetophenone to (S)-PED catalyzed by NADPH-dependent alcohol dehydrogenase,

and the enzyme activity”.

Xylose Without xylose
NADPH NADPH+Glu+GDH NADPH NADPH+Glu+GDH
Optical purity (%e.e.) 98.1 97.6 - 97.9 97.3 -
Yield (%) 50.9 85.4 - 51.2 84.7 -
Specific activity (U/mg) - - 38.6 - - 38.0

*The reaction mixture in 1 ml comprised 0.1 M potassium phosphate buffer (pH 6.5), 0.5 mg of 2-hydroxyacetophenone, and appropriate amount of the
purified enzyme. To investigate the effect of xylose on conversion by enzyme, NADPH (10 pmol) or NADPH (10 pumol) with its regeneration system
involving glucose-6-phosphate (Glu) (3.5 mM) and glucose-6-phosphate dehydrogenase (GDH) (10 U) was added to the reaction mixture with or without xylose.

The reactions were carried out at 30°C for 8 h with shaking.
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supply of required cofactor from metablism, whereas xylose
uptake promoted the cell activity and the biocatalytic
efficiency was consequently developed.

Feasibility of Xylose Metabolism in C. parapsilosis
Xylose in all cellular organisms virtually enters the pentose
phosphate pathway through xylulose. The conversion of
xylose to xylulose goes by way of xylose isomerase in
bacteria, whereas in fungi and other eukaryotes, this proceeds
via a two-step reduction and oxidation mediated by
NAD(P)H-dependent xylose reductase and NAD'-dependent
xylitol dehydrogenase, respectively [13, 19]. To confirm
the feasibility of xylose metabolism in C. parapsilosis, the
general enzymes, xylose reductase and xylitol dehydrogenase,
responsible for xylose uptake in yeast were further assayed.
The activities of xylose reductase and xylitol dehydrogenase
were measured as 0.56 U/mg and 0.68 U/mg, respectively.
The result that the activities of xylose reductase and xylitol
dehydrogenase were both obviously detected in cell-free
extract of C. parapsilosis suggested that these two enzymes
both existed in the C. parapsilosis cell, which made xylose
metabolism more feasible in the catalytic whole cells, so
that xylose can be transformed to xylulose by xylose
reductase and xylitol dehydrogenase to enter the pentose
phosphate pathway for NADPH generation [10].

To further prove xylose metabolism through the pentose
phosphate pathway in C. parapsilosis, based on the above
result, 6-aminonicotinamide, the reported inhibitor of the
pentose phosphate pathway [4], was added in the reaction
systems with cells already used onces and xylose. As seen
from the results in Fig. 3, the inhibitor indeed showed

significantly negative effect on this reaction, giving product
with much lower optical purity and yield than that from the
trial only with xylose, and even inferior to that without
xylose. Thus, when the inhibitor was used, the addition of
xylose to the reaction was unable to perform a promoting
effect on this reaction. This result suggested that the
pentose phosphate pathway was of great importance to the
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Fig. 3. Effect of a pentose phosphate pathway inhibitor on C.
parapsilosis catalyzing deracemization of racemic PED with
xylose in the second batch. In the control trial, neither xylose nor
the inhibitor 6-aminonicotinamide was added in the reaction
system.
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proceeding of NADPH-requiring oxidoreduction, which
recycles NADPH in organism cells, and the contribution of
xylose to this reaction would be achieved by its metabolism
through the pentose phosphate pathway in C. parapsilosis
cells.

Effect of Xylose on Regeneration of Required Cofactor
in Cell

Based on the above results, direst quantitation of the
cofactor pool was further attempted to support our assumption
of xylose metabolism affording NADPH regeneration in
C. parapsilosis. As shown in Table 3, addition of xylose to
reaction batches really offered much more NADPH for the
reaction process compared with those without xylose. As
expected, there was a correspondence between the quantity
of the required cofactor and the efficiency of asymmetric
reaction by cofactor-dependent oxidoreductase.

It is well known that most of the cytosolic NADPH is
generated in the reactions from glucose-6-phosphate to
ribulose-5-phosphate, a route known as the oxidative
branch of the pentose phosphate pathway [27], in which
glucose-6-phosphate was sequentially oxidized through
glucose-6-phosphate dehydrogenase and 6-phosphogluconate
dehydrogenase, thus generating 2 mol of NADPH per mol of
glucose-6-phosphate [10, 35]. Associating xylose metabolism
with NADPH regeneration in C. parapsilosis cells, it was
proposed that the higher catalytic efficiency and sustainability
of C. parapsilosis non-growing cells resulted from xylose
metabolism providing more NADPH for the deracemization
process, in which the asymmetric reduction from 2-
hydroxyacetophenone to (S)-PED was the key step driving
the reaction equilibrium to the target product catalyzed by
NADPH-dependent CPADH in cells.

In this study, widespread pentoses, including xylose,
arabinose, and ribose, were applied as feedstocks for NADPH-
required asymmetric oxidoreduction by taking advantage
of cellular machinery. Based on the evidence from different
aspects, the effect of pentose on this asymmetric oxidoreduction
could be explained in that in vivo xylose metabolism took
place through the pentose phosphate pathway, and NADPH
was simultaneously generated from NADP" via this route

Table 3. Effect of xylose addition to in the reaction on the
regeneration of NADPH in C. parapsilosis cells for multi-batch
conversion.

Reaction Reaction NADPH/ Optical purity Yield

Xylose

batch  time (h) NADP* (Yoe.e.) (%)
2 48 - 0.095 88.2 78.6
2 48 + 0.125 97.8 86.1
3 24 - 0.466 58.3 60.8
3 24 + 0.538 72.5 65.6
3 48 - 0.278 76.4 67.6
3 48 + 0.416 85.6 78.2

and used for NADPH-dependent CPADH catalyzing asymmetric
reduction, the key step in the deracemization of racemic
PED. Apart from the scientific interest in the mechanism of
manipulating cofactor regeneration by pentose addition,
there is also interest from an application perspective. This
“metabolism-coupled” cofactor regeneration using pentose
would make the redox involving NADPH-dependent
oxidoreductases more efficient and provide a fertile ground
for further improvements.
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