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ction by coupling of NADH
oxidase and L-arabinitol dehydrogenase†

Hui Gao,ab Tae-Su Kim,a Primata Mardina,a Pengji Zhou,b Fei Wen*b

and Jung-Kul Lee*a

An efficient biocatalytic cell-free system containing L-arabinitol dehydrogenase (LAD) for L-arabinitol

oxidation and NADH oxidase (Nox) for cofactor regeneration was successfully constructed and used for

L-rare sugar production. The recombinant LAD (HjLAD) from Hypocrea jecorina suffered from NADH

inhibition. Applying Nox to the cell-free HjLAD system drove the thermodynamically unfavorable

equilibrium from L-arabinitol to L-xylulose, along with the regeneration of the oxidized cofactor NAD+.

Response surface methodology was used to optimize the conditions for L-xylulose production. The

optimal conditions for biocatalytic production of L-xylulose were found to be 4.9 U mL�1 HjLAD, 8.2 mM

NAD+ at pH 8.0, and 30.9 �C; a high conversion rate of 78.4% was achieved under these conditions. We

demonstrate a cell-free enzyme coupling system enabling efficient cofactor recycling and providing high

yields of L-xylulose. The results indicate that this coupling system provides a new biocatalytic method for

L-rare sugar production.
1. Introduction

Rare sugars and their derivatives, specically monosaccharides,
rarely occur in nature. They have various applications in the
pharmaceutical, nutrition, and food industries as nucleoside
analogs, precursors, no-calorie sweeteners, and bulk agents,
despite their low natural abundance.1,2 Nucleoside analogs of L-
sugars are used as antiviral drugs in the treatment of hepatitis B
and HIV, and they also show promise as anticancer and car-
dioprotective agents.3–5 L-Xylulose, one of the rare sugars, is
a ketopentose that exists in very low concentrations in nature. It
is an intermediate in many prokaryotic and eukaryotic meta-
bolic pathways6–8 and has been used as an inhibitor of glycosi-
dases and as a reliable marker for acute or chronic hepatitis or
liver cirrhosis.5,9 Therefore, it is important to synthesize suffi-
cient amounts of L-xylulose efficiently and economically to meet
its application needs.

NAD(P)+-dependent polyol dehydrogenases are important
catalysts that have revolutionized the conversion and utilization
of biorenewable feedstocks for the production of value-added
chemicals, fuels, and pharmaceutical intermediates.5,10

L-Sugars can be produced using polyol NAD(P)+-dehydroge-
nases, but a major challenge for the practical application is the
need for a stoichiometric amount of the expensive nicotinamide
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cofactor NAD(P)H or NAD(P)+ involved in enzyme-catalyzed
oxidoreductions. Cofactors are mediators carrying electrons
and are consumed stoichiometrically during the redox reaction.
Owing to the relatively high cost of NAD(P)H or NAD(P)+, they
have to be regenerated and reused to reduce the overall
production cost. Cofactor regeneration is an important solution
to the problem of implementing complex cofactor requiring
enzymatic reactions at the industrial scale. A number of
chemical, electrochemical, photochemical, and enzymatic
methods for regenerating the nicotinamide cofactors NAD(P)H
or NAD(P)+ have been established and recently reviewed.11–14

Among them, the enzymatic methods seem to be the most
convenient and useful.11

Biological production of L-xylulose from xylitol has been
established using resting cells of bacteria such as Pantoea
ananatis,15,16 Alcaligenes sp. 701B,17 and Bacillus pallidus.5,9

Cloning of xylitol 4-dehydrogenase (XDH) genes from P. ana-
natis and B. pallidus was also reported and the recombinant
strains were used to produce L-xylulose. However, the thermo-
dynamic equilibrium of XDH between xylulose and xylitol has
been shown to be strongly on the side of xylitol.15 Over 100 mM
xylitol present in the reaction will inhibit the reaction toward L-
xylulose production.15 Previous reports showed that the highest
L-xylulose yield from xylitol was 85% at an initial low substrate
concentration of 2% (�131 mM) at 50 �C.9 The low L-xylulose
yields from xylitol 4-dehydrogenase catalyzed reactions may
also be due to NADH inhibition, which was indicated in xylitol
4-dehydrogenase kinetic mechanism studies.18–20 Nidetzky et al.
performed a detailed steady-state kinetic analysis of xylitol
dehydrogenase using sorbitol as substrate and found that
RSC Adv., 2016, 6, 66609–66616 | 66609
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Fig. 1 A schematic illustration of biocatalytic L-xylulose production by
HjLAD coupled with SpNox, a cofactor regeneration enzyme.

RSC Advances Paper

Pu
bl

is
he

d 
on

 0
4 

Ju
ly

 2
01

6.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
M

ic
hi

ga
n 

L
ib

ra
ry

 o
n 

16
/1

0/
20

16
 1

7:
05

:3
3.

 
View Article Online
dissociation of NADH appears to be the main rate-limiting step
under substrate-saturated reaction conditions.20 NADH showed
a competitive inhibition pattern at both non-saturating and
saturating concentrations of substrate with a Ki value of 10
mM.20 Polyol dehydrogenase, like D-sorbitol dehydrogenase,19,21

L-glutamate dehydrogenase,22 and mannitol dehydrogenase,23,24

may share the property of NADH inhibition. However, this
property has not been described as a limitation factor in the
application of polyol dehydrogenase as a biocatalyst for L-xylu-
lose production.

In the present study, we demonstrate a simple, highly effi-
cient, and economical cell-free system comprising L-arabinitol
dehydrogenase from Hypocrea jecorina (HjLAD) coupled with an
NADH oxidase from Streptococcus pyogenes (SpNox) for regen-
eration of the cofactor NAD+ fromNADH (Fig. 1 and S1†). HjLAD
and SpNox were chosen for this study due to their high activity
and stability. This system not only drives the thermodynami-
cally unfavourable equilibrium of the reaction from L-arabinitol
to L-xylulose, but also reduces the NADH inhibition present in
the LAD reaction. In addition, the system offered high produc-
tion yield at an initial substrate concentration of 250 mM by
optimization of production parameters using response surface
methodology (RSM).
2. Materials and methods
2.1. Materials

Reagents for PCR and Ex-Taq DNA polymerase were
purchased from Takara (Takara Shuzo Co., Japan). Restric-
tion enzymes were obtained from New England Biolabs
(Ipswich, MA, USA). pET-28a expression vector and plasmid
isolation kit were from Qiagen (Hilden, Germany). Oligonu-
cleotide primers were obtained from Bioneer (Daejeon, South
Korea). L-Arabinitol, NADH, and NAD+ were obtained from
Sigma-Aldrich (St. Louis, MO, USA). Electrophoresis reagents
were provided by Bio-Rad (Hercules, CA, USA). Unless
otherwise indicated, all chemicals were purchased from
Sigma (St. Louis, MO, USA).
66610 | RSC Adv., 2016, 6, 66609–66616
2.2. Bacterial strains and culture conditions

The plasmids containing the wild-type SpNox gene25 and HjLAD
gene26,27 were used for the production of SpNox and HjLAD
proteins. The recombinant plasmids were transformed into
Escherichia coli BL21 (DE3) for protein expression. E. coli strains
harboring SpNox or HjLAD genes for protein expression were
cultured at 37 �C in Luria–Bertani medium supplemented with
kanamycin (50 mg mL�1). Isopropyl-b-D-thiogalactopyranoside
(IPTG) was then added to the culture medium at a nal
concentration of 0.1 mM, and incubation continued with
shaking at 25 �C. The induced cells were harvested by centri-
fugation at 4 �C for 15min at 10 000� g, rinsed with phosphate-
buffered saline, and stored at �20 �C.
2.3. Preparation of cell-free extracts and protein purication
and quantication

Cell pellets of SpNox were suspended in 50 mM potassium
phosphate buffer (pH 7.0). Cell pellets of HjLAD were sus-
pended in 100 mM Tris–HCl buffer (pH 8.0). The cell suspen-
sion was incubated on ice for 30 min in the presence of 1.0 mg
mL�1 lysozyme. Cell disruption was carried out by sonication at
4 �C for 5 min, and the lysate was centrifuged at 14 000 � g for
20 min at 4 �C to remove cell debris, and the supernatant was
used as the cell-free extract. Protein purication was processed
as described elsewhere.25 The recombinant and puried
proteins were analyzed by 12% sodium dodecyl sulfate–poly-
acrylamide gel electrophoresis (SDS–PAGE) and visualized by
staining with Coomassie Blue R-250. Protein concentration was
determined by the Bradford method using bovine serum
albumin as a standard protein.28
2.4. Enzyme assay

Cell-free extracts of the recombinant strains were used for
enzymatic activity assays. The activity of Nox and dehydroge-
nase were determined spectrophotometrically by monitoring
the change in absorbance at 340 nm (A340) upon oxidation or
reduction of NADH. The Nox assay mixture consisted of 200 mM
NADH, 50 mM potassium phosphate buffer (pH 7.0), and
enzyme in limiting amounts. The assay was carried out at room
temperature. The HjLAD assay mixture for oxidation consisted
of 0.5 mM NAD+, 200 mM L-arabinitol, and enzyme in 100 mM
Tris–glycine–NaOH (pH 9.5). One unit corresponds to the
oxidation of 1 mmol NADH or producing 1 mmol NADH per
minute. All assays were performed in triplicate at least two
separate times. The data represent the average of all statistically
relevant data with a standard deviation of less than 10%.
2.5. L-Sugar production assay

Activity of SpNox in cofactor regeneration was assayed with L-
arabinitol dehydrogenase (LAD).26 All the reactions were run at
room temperature with the standard buffer 100 mM Tris–HCl
buffer, pH 8.0, in a total volume of 1 mL. The initial concen-
trations of L-arabinitol and NAD+ were 100 mM and 2 mM,
respectively. Enzyme levels in the reaction solution were 0.1 mg
SpNox variants and 0.36 mg LAD. A control reaction mixture
This journal is © The Royal Society of Chemistry 2016

http://dx.doi.org/10.1039/c6ra11614k


Paper RSC Advances

Pu
bl

is
he

d 
on

 0
4 

Ju
ly

 2
01

6.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
M

ic
hi

ga
n 

L
ib

ra
ry

 o
n 

16
/1

0/
20

16
 1

7:
05

:3
3.

 
View Article Online
containing only 0.36 mg LAD was processed similarly to those
described above. One hundred-microliter samples were taken
periodically to check the concentration of generated L-xylulose.
The samples were analyzed by high-pressure liquid chroma-
tography (HPLC) Ultimate 3000 (Dionex, CA, USA) equipped
with a Shodex sugar SP0810 column (Showa Denko, K. K.,
Kawasaki, Japan) and an evaporation light scattering detector
(ESA6700, MA). The elution buffer was water at a rate of 1 mL
min�1 and the elution temperature was 80 �C (column
temperature), while the evaporation and nebulizer tempera-
tures were 50 �C and 65 �C, respectively. The retention times of
L-arabinitol and L-xylulose were 9.8 and 16.4 min at the opera-
tion conditions, respectively. Quantication of L-xylulose
derived from the reaction was done using external calibration
standards with ve different concentrations of L-xylulose. Each
reaction was performed and analyzed at least twice and reported
values are the average of the two measurements with the asso-
ciated standard deviation.
2.6. NADH inhibition

By using different concentrations of NADH as inhibitor, a series
of kinetic measurements was performed at saturating constant
concentrations of L-arabinitol with varying concentrations of
the cofactor NAD+. The effect of NADH accumulation on L-ara-
binitol dehydrogenase kinetics was evaluated at initial NADH
concentrations of 0, 50, 100 and 200 mM (duplicate experiments
at each concentration). Identication of the type of inhibition
was done by double-reciprocal analysis. The corresponding
inhibition constants were derived from a non-linear tting
procedure using SigmaPlot 5.0 (Systat Soware, San Jose, CA).
2.7. Measurement of pyridine nucleotides in the reaction

Nucleotides were separated and analyzed by HPLC with a ZOR-
BAX SB-C18 reverse-phase column (3.0 � 150 mm, 3.5 mm)
(Agilent Technologies, Palo Alto, CA) with a UV detector (Waters
model 486). NAD+ and NADH separated in isocratic conditions
at 2.5% methanol in 0.1 M sodium phosphate buffer (pH 7.0).
Standard curves were generated with authentic NAD+ and
NADH so as to correlate peak area with cofactor amount. The
ow rate was 1 mL min�1 at room temperature, and detection
was at 254 nm.
2.8. Response surface methodology

Factorial, central composite rotary design (CCRD) was used for
four factors, with replicates at the center point and star points.
The variables were HjLAD amount, NAD+ concentration, pH and
temperature at each of 5 coded levels (�N, �1, 0, +1, +N). The
actual levels of variables for the CCRD experiments were
selected based on initial levels at the center points. A total of 30
experimental trials that included 16 trials for factorial design, 8
trials for axial points (2 for each variable), and 6 trials for
replication of the central points were performed. The response
value, which is the conversion (Y), was dened as the average of
triplicates. Data were analyzed using Design-Expert soware
(Stat-Ease, Inc., Minneapolis, USA), including analysis of
This journal is © The Royal Society of Chemistry 2016
variance (ANOVA) to determine interactions between variables
and responses.
3. Results and discussion
3.1. L-Xylulose production by HjLAD in a cell-free system

Biocatalytic oxidoreductions are important in asymmetric
synthesis, and have been receiving increasing attention in the
enantiopure chemicals and pharmaceuticals industry. HjLAD,
belonging to the polyol dehydrogenases (PDH), has been re-
ported to catalyze the conversion of L-arabinitol to L-xylulose
with concomitant NAD+ reduction in fungal L-arabinose catab-
olism. The turnover number (kcat) and the catalytic efficiency
(kcat/Km) were 4200 min�1 and 290 mM�1 min�1, respec-
tively.29,30 It is an important enzyme in the development of
recombinant organisms that convert L-arabinitol to fuels and
chemicals. We compared the biotransformation yield of L-ara-
binitol into L-xylulose using cell-free crude HjLAD and puried
HjLAD. The conversion yield obtained with puried HjLAD and
cell-free HjLAD using 20 mM L-arabinitol and 1 mM NAD+ were
3.1% and 53.1% in one hour, respectively. Compared to the
conversion of the reaction using puried HjLAD, the same
protein amount of cell-free HjLAD exhibited a signicantly
higher production of L-xylulose. In addition to HjLAD, it is likely
that there are other enzymes present in the cell-free system
involved in NAD+ regeneration that help facilitate the reaction
towards L-xylulose production. In vitro biocatalytic cell-free
systems have been studied well and utilized in many applica-
tions like the production of (3R)-acetoin from glycerol,31

production of dihydrogen from xylose,32 and transformation of
nonfood biomass to starch.33 It shows advantages in higher
product yields, faster reaction rates, and elimination of cell-
associated process barriers compared to in vivo biocatalytic
systems.34,35 It also exhibits economic benets as there is no
need to purify proteins. These observations motivated us to
proceed with the production of L-xylulose using cell-free crude
enzymes instead of puried enzymes.
3.2. LAD inhibition by NADH

Several studies showed that PDHs suffer from NADH inhibi-
tion.19,24 In an attempt to gain insight into the inhibitory effects
by the product NADH, the inhibition constant (Ki) of NADH for
HjLAD was determined. Double reciprocal plots demonstrated
a competitive inhibition of HjLAD by NADH (Fig. 2). The Ki value
of NADH was determined to be 98.3 mM. SpNox catalyzes the
oxidation of NADH by reducing molecular O2 to H2O with a Km

of 27.0 mM and kcat/Km of 1.1 � 107 s�1 M�1. Not all the tested
metals could enhance Nox activity, suggesting that the enzyme
does not require a metal as cofactor for its activity.25 In order to
address the inhibitory effect of NADH, the concentration prole
of NADH in the reactions using puried HjLAD coupled or
uncoupled with SpNox was determined. While 0.5 mM NADH
was obtained in the reaction using cell-free HjLAD alone
(Fig. 3A), NADH was not detected in the reactions using HjLAD
coupled with SpNox (Fig. 3B). These results demonstrate that
the decline in reaction velocity during biotransformation of L-
RSC Adv., 2016, 6, 66609–66616 | 66611
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Fig. 2 Graphical analysis of the inhibition of HjLAD by NADH. Analysis
of these data by double-reciprocal plots indicated that NADH inhibited
HjLAD competitively. NADH concentrations were 0 (circles), 50 mM
(triangles), 100 mM (squares) and 200 mM (diamonds). Data are for
reactions in 100 mM Tris–HCl buffer, pH 9.5, 200 mM L-arabinitol.
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arabinitol into L-xylulose is a result of the inhibition by the
reaction product NADH. Therefore, it is vital to eliminate the
NADH inhibition for efficient L-xylulose production.
Fig. 3 The time course of L-xylulose production (filled circle), NADH
(opened triangle) and NAD+ (filled triangle) concentration in the
reaction by using the cell extract of HjLAD uncoupled (A) or coupled
(B) with SpNox. The reaction mixture contained 100 mM L-arabinitol,
1.5 mM NAD+, 1.4 U mL�1 HjLAD and 3.2 U mL�1 SpNox in 100 mM
Tris–HCl buffer, pH 8.0.

Fig. 4 Effects of L-arabinitol on the reaction conversion. Reaction
conditions were as follows: 3.0 mM NAD+, 5.0 U mL�1 SpNox, 1.4 U
mL�1 HjLAD, 30 �C, 0.1 M Tris–glycine–NaOH buffer (pH 8.0) with
varying L-arabinitol concentration.
3.3. L-Xylulose production by coupling HjLAD and SpNox

HjLAD catalyzes strict NAD+-dependent interconversion
between L-arabinitol and L-xylulose and exhibits NADH product
inhibition. In order to make such a reaction more efficient and
economical, it is necessary to regenerate the cofactor NAD+ from
NADH. In the present work, we used the highly active SpNox for
regeneration of NAD+. In the coupled system, SpNox was used to
remove the reduced cofactor NADH from the reaction mixture
and to recycle it to the oxidized cofactor NAD+. The cell-free
HjLAD coupled with SpNox yielded 79.8% conversion of 20
mM L-arabinitol into L-xylulose in one hour. SpNox coupling
with HjLAD in the reaction prevented HjLAD product inhibition
by NADH, and shied the reaction equilibrium towards the L-
rare sugar product, and thereby could obtain a higher conver-
sion compared to using cell-free HjLAD alone (53.1%).

To explore the applications of the HjLAD–SpNox coupled
enzyme system at higher concentrations of L-arabinitol, the
effect of different concentrations of L-arabinitol on the conver-
sion was further studied. When L-arabinitol conversion cata-
lyzed by HjLAD was investigated at various concentrations of L-
arabinitol and 3mMNAD+ (Fig. 4), 90.7% and 71.6% yields were
obtained aer 8 hours with 150 mM and 200 mM L-arabinitol,
respectively (Fig. 4). Biotechnological production of L-xylulose
from previous studies mostly used the resting cell as bio-
catalyst.5,9,15–17 This is a higher yield of L-xylulose production
compared to the previous reports at higher concentration of
substrate.

In our previous study, the E. coliwhole-cell biocatalysts could
not achieve a high yield at higher (>150 mM) L-arabinitol
concentrations.36 It might be due to the difficulty of substrate
diffusion and the high communication barrier between two E.
66612 | RSC Adv., 2016, 6, 66609–66616
coli cells. However, a cell-free system, which leaves out the cell
and removes cell-wall associated diffusion limitation, per-
formed better in L-xylulose production at higher substrate
This journal is © The Royal Society of Chemistry 2016
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concentration. In this study, 59.3% conversion was obtained
when 250 mM L-arabinitol was used in the cell-free reaction
system without any optimization step. Therefore, RSM was
performed next to optimize the reaction conditions for L-xylu-
lose production using 250 mM L-arabinitol.
3.4. RSM optimization of production conditions

To enhance the production of L-xylulose using 250 mM L-ara-
binitol, RSM optimization was performed. RSM has advantages
over conventional statistical techniques by virtue of the fact that
it investigates the effects of all variable parameters simulta-
neously. On the basis of initial L-xylulose production results,
a statistical experimental design CCRD was employed to
investigate the effect of four independent variables (HjLAD
Table 1 Variables and their levels for the central composite experi-
mental design

Variable Symbol

Coded level

�a �1 0 +1 +a

HjLAD (U mL�1) A 1.37 2.74 4.12 5.49 6.86
NAD+ (mM) B 2.5 5.0 7.5 10.0 12.5
pH C 6 7 8 9 10
Temperature (�C) D 20 25 30 35 40

Table 2 Experimental design of the central composite design

Run HjLAD (U mL�1) NAD+ (mM) pH Tem

1 4.12 7.5 8 30
2 5.49 5 9 25
3 4.12 12.5 8 30
4 2.75 5 7 25
5 2.75 10 7 25
6 2.75 5 9 35
7 5.49 10 9 25
8 5.49 10 7 35
9 4.12 7.5 8 30
10 2.75 5 7 35
11 5.49 10 9 35
12 5.49 10 7 25
13 2.75 10 9 25
14 4.12 7.5 8 30
15 4.12 7.5 8 30
16 4.12 7.5 6 30
17 2.75 10 7 35
18 2.75 5 9 25
19 4.12 7.5 8 30
20 5.49 5 9 35
21 2.75 10 9 35
22 4.12 7.5 8 30
23 4.12 2.5 8 30
24 4.12 7.5 8 40
25 5.49 5 7 35
26 4.12 7.5 8 20
27 1.37 7.5 8 30
28 6.86 7.5 8 30
29 5.49 5 7 25
30 4.12 7.5 10 30

This journal is © The Royal Society of Chemistry 2016
amount, NAD+ amount, pH, and temperature) on the produc-
tion of L-xylulose using an excess amount of SpNox (6.25 U
mL�1) (Table 1). Thirty experiments were performed to optimize
these parameters as shown in Table 2. Among them, ve
replications were at center points (n ¼ 5). The application of
RSM yielded a regression equation, which was the empirical
relationship between L-xylulose production and the test vari-
ables in coded units. The statistical signicance of the model
equation was evaluated by the F-test for analysis of variance
(ANOVA), which showed that the regression was statistically
signicant. The ‘Prob > F’ value for the model was <0.0001,
which indicated that the model was statistically signicant with
a condence interval of 99.99%.

The ‘Model F-value’ of 43.2 also implied that the model was
signicant and that there was only a 0.01% chance that the
‘Model F-value’ could occur because of noise. Fig. 5 shows the
isoresponse contour and surface plots for the optimized
conditions of L-xylulose production. The effect of enzyme and
NAD+ concentrations on L-xylulose production is shown in
Fig. 5A. The production of L-xylulose increased with increasing
NAD+ concentration. A high HjLAD concentration (4.9 U mL�1)
with an NAD+ concentration of 8.5 mM resulted in improved
conversion of L-xylulose. Fig. 5B shows the relationship between
pH and enzyme concentration. At a xed amount of SpNox
present in the reaction, the conversion of L-xylulose increases up
to around 76% as pH increases from 7.0 to 8.0 and HjLAD
perature (�C) Conversion (%) Predicted conversion (%)

76.94 76.94
63.71 65.87
70.74 73.07
61.39 61.01
70.36 71.04
50.00 50.52
72.04 69.33
68.87 68.53
76.94 76.94
63.33 65.03
69.07 70.02
62.16 62.22
64.29 64.07
76.94 76.94
76.94 76.94
67.52 66.37
73.62 72.04
52.80 52.12
76.94 76.94
71.26 69.57
61.39 59.46
76.94 76.94
64.48 62.59
60.00 60.57
69.19 70
56.00 55.87
63.32 64.04
74.56 74.27
59.77 60.68
57.38 58.97

RSC Adv., 2016, 6, 66609–66616 | 66613
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Fig. 5 Response surface plots showing interactions between variables
in the conversion of L-arabinitol. (A) Interaction between HjLAD (U
mL�1) and NAD+ (mM); (B) interaction between the enzyme (U mL�1)
and pH; and (C) interaction between HjLAD (U mL�1) and temperature.

Table 3 Results of regression analysis of the design

Source Mean square F-Value Prob > F

Model 119.8443 43.19861 <0.0001
A – HjLAD 156.962 56.57791 <0.0001
B – NAD+ 164.6702 59.35638 <0.0001
C – pH 82.19612 29.6281 <0.0001
D – temperature 33.1914 11.96405 0.0035
AB 72.004 25.95428 0.0001
AC 198.1065 71.4087 <0.0001
AD 28.14073 10.1435 0.0062
BC 3.681817 1.327134 0.2673
BD 9.03061 3.255139 0.0913
CD 31.53984 11.36873 0.0042
A2 103.9643 37.47456 <0.0001
B2 142.3502 51.31101 <0.0001
C2 349.379 125.9358 <0.0001
D2 601.1807 216.6993 <0.0001
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concentration increases from 2.74 U mL�1 to 4.6 U mL�1. Then
the conversion of L-xylulose drops as both factors increase. The
optimal pH for HjLAD and SpNox is 9.5 and 7.0, respectively.25,26

Reaction pH is a critical factor for both enzymes functioning
well in the cell-free coupling system. Fig. 5C shows the effect of
temperature and enzyme concentration on conversion. The
66614 | RSC Adv., 2016, 6, 66609–66616
lower temperature in the reactionmight slow reaction, resulting
in lower conversion, but higher temperature will disable
enzyme function. Stability studies show that SpNox and HjLAD
have a half-life (t1/2) of 5.8 h and 165 h at 30 �C, respectively.37,38

At higher temperatures, SpNox activity may be disabled and the
overall reaction conversion reduced.
3.5. Validation and conrmation of the model

Generally, it is important to validate the tted model to ensure
that it sufficiently approximates the results obtained in the eld
conditions. An unt model is very likely to give poor and
misleading results. The coefficient of multiple regression, R2, is
a global statistic for assessing the t of a model. In the present
model, the coefficient of determination R2 was 0.9758, which
further indicated that the model was suitable for adequately
representing the real relationships among the selected reaction
variables. For further validation of the model, adjusted R2 was
used for conrming model adequacy. The adjusted R2 was
calculated to be 0.9532, which indicates a reasonably good
model for the eld conditions (Table 3). Numerical optimiza-
tion using the CCRD was employed to predict the optimal levels
of HjLAD concentration, NAD+ amount, pH, and temperature
for maximal production of L-xylulose. Based on this method,
a maximum conversion yield of 78.2% was predicted with an
HjLAD level of 4.9 U mL�1, 8.2 mM of NAD+, pH 8.0, and
temperature of 30.9 �C. The results using the optimized
conditions were veried by carrying out experiments that
incorporated the optimized variables. A maximum conversion
efficiency of 78.4% was obtained, which was in close agreement
with the model prediction. Fig. 6 shows the time course of the
production of L-xylulose using 250 mM L-arabinitol.

Several previous studies on L-xylulose production have been
conducted using resting cells as biocatalysts. However, low
conversion efficiency was noted when high substrate concen-
tration was used in the production reactions. Poonperm et al.
reported an L-xylulose yield of 85% aer 12 h of reaction with B.
pallidus Y25 using 2% (�131 mM) xylitol.9 A yield of approxi-
mately 53%was reported when resting E. coli cells harboring the
This journal is © The Royal Society of Chemistry 2016
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Fig. 6 Time course of L-xylulose formation from L-arabinitol catalyzed
by SpNox/HjLAD (filled circles) and HjLAD (open circles). Reaction
conditions were as follows: 250mM L-arabinitol, 8.2 mMNAD+, 6.25 U
mL�1 SpNox, 4.9 U mL�1 HjLAD, 30 �C, 0.1 M Tris–glycine–NaOH
buffer (pH 8.0).
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recombinant xylitol dehydrogenase gene from B. pallidus were
used to produce L-xylulose from 2% xylitol within 24–48 h.5 In
the present study, a high conversion rate was obtained using
250 mM L-arabinitol within 8 h. This showed that cell-free
systems can convert the substrate into product more effi-
ciently than resting cells. Currently, we are working on the
immobilization of crude SpNox and HjLAD for reuse as
biocatalysts.
4. Conclusions

In conclusion, we successfully applied HjLAD coupled with
SpNox for the regeneration of NAD+ to obtain a high L-xylulose
yield from L-arabinitol. The present study clearly demonstrates
that it is important to eliminate the reduced form of the pyri-
dine nucleotide NADH, and to provide a sufficient amount of
the oxidized form of pyridine nucleotide cofactors for NAD+-
dependent dehydrogenation of L-arabinitol to L-xylulose.
Coupling SpNox with polyol dehydrogenases including HjLAD
in a biocatalytic cell-free system provides an efficient system for
the production of various L-rare sugars including L-xylulose. In
the future, protein engineering could be applied to improve the
properties of SpNox and HjLAD to obtain more ideal bio-
catalysts for use in a cell-free enzyme system.
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