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Abstract A central composite experimental design lead-
ing to a set of 16 experiments with different combinations
of pH and temperature was performed to attain the optimal
activities of xylose reductase (XR) and xylitol dehydroge-
nase (XDH) enzymes from Candida mogii cell extract.
Under optimized conditions (pH 6.5 and 38°C), the XR and
XDH activities were found to be 0.48 U/ml and 0.22 U/ml,
respectively, resulting in an XR to XDH ratio of 2.2.
Stability, cofactor specificity and kinetic parameters of the
enzyme XR were also evaluated. XR activity remained
stable for 3 h under 4 and 38°C and for 4 months of storage
at —18°C. Studies on cofactor specificity showed that only
NADPH-dependent XR was obtained under the cultivation
conditions employed. The XR present in C. mogii extracts
showed a superior K,, value for xylose when compared
with other yeast strains. Besides, this parameter was not
modified after enzyme extraction by aqueous two-phase
system.

Introduction

Xylose reductase (XR) enzyme is responsible for the first
step in the xylose metabolism of yeasts (Chiang and Knight
1960). In a reaction catalyzed by this enzyme, xylose is
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reduced to xylitol that can be oxidized into xylulose by the
xylitol dehydrogenase (XDH) enzyme or released to the
environment, depending on the culture conditions and on
the microorganism utilized (Kern et al. 1997; Ho et al.
1990; Bolen et al. 1986). Xylitol is a sugar—alcohol of
economic interest due to its sweetening power and its
dietetic and anticariogenic properties (Hyvonen and
Koivistoinen 1982). Studies on extraction and purification
of XR from yeast cells are being conducted aimed at either
characterizing the enzyme to improve the fermentative
process or obtaining a purified XR solution for direct use in
enzymatic conversion of xylose into xylitol (Mayerhoff et
al. 2001; Cortez et al. 2001).

Enzymes are sensitive molecules unable to resist a
variety of stresses when released from their natural
protective environment. Once the tissue is disrupted,
intracellular enzymes are released from their safe surround-
ings into a hostile medium in which proteolytic enzymes
are also released, and so they are exposed to threat, which
may lead to loss of activity (Scopes 1994). One of the
problems of enzyme purification is establishing a reliable
and reproducible assay to relate the amounts of enzyme in
different fractions during the process.

Candida mogii has been selected among 31 yeast species
as a good xylitol producer (Mayerhoff et al. 1997). XR
purification using this microorganism has been investi-
gated in our laboratories (Mayerhoff et al. 2004). Although
the enzymes XR and XDH are well characterized for
various species of yeasts, little information for either
enzyme specifically related to C. mogii is available. In the
present work, different values of pH and temperature were
tested to determine the optimal XR and XDH activity
conditions as well as optimal XR to XDH ratio. Experi-
mental design using response surface methodology (RSM)
was used in this stage. The XR stability was also
investigated for temperatures of storage and handling.
Kinetic parameters were determined for the XR present
both in C. mogii extract without purification and in extract
purified by an aqueous two-phase system (ATPS) com-
posed of polyethylene glycol and phosphate salts.
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Table 1 Experimental design for the study of optimal activities of XR and XDH

Assay Levels of real variables Levels of coded variables Volumetric activity (U/ml)
pH Temperature (°C) Xi (pH) X, (temperature) XR NADPH-dependent XDH NAD"-dependent

1 5 20 -1 -1 0.103 0.010
2 8 20 +1 -1 0.165 0.286
3 5 60 -1 +1 0.069 0.010
4 8 60 +1 +1 0.010 0.010
5 6 20 —0.33 -1 0.330 0.010
6 7 20 +0.33 -1 0.203 0.189
7 6 60 —-0.33 +1 0.305 0.010
8 7 60 +0.33 +1 0.036 0.010
9 5 40 -1 0 0.201 0.010
10 8 40 +1 0 0.368 0.324
11 6 40 —0.33 0 0.474 0.010
12 7 40 +0.33 0 0.473 0.291
13 7 40 +0.33 0 0.445 0.366
14 7 40 +0.33 0 0.440 0.242
15 7 40 +0.33 0 0.457 0.311
16 7 40 +0.33 0 0.520 0.328

Materials and methods
Chemicals

D-Xylose, 3-mercaptoethanol and the cofactors NADPH,
NADH and NAD" were purchased from Sigma, St. Louis,
MO, USA. The other reagents were of analytical grade.

Microorganism cultivation

The yeast C. mogii NRRL Y-17032 obtained from the
Northern Regional Research Laboratory (Peoria, IL) was
kept at 4°C on malt-extract agar slants. Cells were
cultivated in medium prepared from rice straw hemicellu-
losic hydrolysate diluted with distilled water to an initial
xylose concentration of 50 g/l (Mayerhoff et al. 2001).
Cultivation was carried out in Erlenmeyer flasks, and the
ratio of flask volume to medium volume was 5:1. The
flasks were incubated in a rotary shaker at 200 rpm and
30°C for 48 h with an initial cell concentration of 1 g of cell
dried weight per litre. At the end of fermentation, the cells
were harvested by centrifugation at 1,100xg, washed with

0.1 M potassium phosphate buffer, centrifuged and
resuspended with the same buffer. The final suspension
(about 15 g dry weight cell per litre) was stored at —18°C.

Obtainment of cell-free extracts

The cell suspension was thawed and disrupted by sonica-
tion in 1-s pulses for a period of 35 min with 1-s intervals
using a disrupter (VC-100; Sonics and Materials, Newton,
CT) at a frequency of 60 Hz. During the disruption, the cell
suspension was kept cooled at 4°C to prevent overheating.
Samples were centrifuged for 10 min under 6,000xg in a
Jouan MR1812 centrifuge. Cell-free extracts were col-
lected and analysed under given conditions.

XR extraction

The enzyme was extracted in an ATPS composed of 19.3%
(w/w) PEG 1000 and 12.4% (w/w) sodium/potassium
phosphate (Mayerhoff et al. 2004). A 10-g system was
prepared by adding 2 ml of cell extract, and the final mass

Table 2 ANOVA for the model predicted for XR and XDH activity by the experimental design employing three levels of temperature and

four levels of pH

Source Sum of squares Degree of freedom Mean square F value Prob>F

XR XDH XR XDH XR XDH XR XDH XR XDH
Model 0.40 0.24 4 3 0.10 8.10x1072  17.67 9.93  <0.0001  0.0014
Residual 0.062 9.80x1072 11 12 5.6 x107°  8.15x107°
Lack of fit  0.058 8.90x10 2 7 8 83x107°  1.10x1072 795 531 0.0316  0.063
Pure error  4.16 x10>  8.42x107> 4 4 1.0x1072  2.10x107°
Total 0.46 0.34 15 15
R? 0.86 0.71
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Fig. 1 Isoresponse contour plot of NADPH-dependent XR activity:
optimization of pH and temperature

was made up with deionized water. The systems were
agitated in magnetic stirrer, and after thorough homogeni-
zation, transferred to graduate centrifuged tubes. Separa-
tion was promoted by centrifugation at 1,600xg for 5 min.
The top phase was collected for the determination of XR
kinetic parameters.

Determination of optimal enzymatic activities
and kinetic parameters

Optimal enzymatic activities were investigated by running
enzymatic analyses according to an experimental design
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Fig. 2 Isoresponse contour plot of NAD"-dependent XDH activity:
optimization of pH and temperature
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with three different temperatures (20, 40 and 60°C) and
four pH values (5.0, 6.0, 7.0 and 8.0). For each temper-
ature, reagents were maintained for 5 min in a water bath.
The pH values were achieved using appropriate phosphate
buffer solutions. In the XR analyses, NADH and NADPH
were used separately as cofactors, so that their specificity
could be determined. To evaluate the XR stability, the
optimum pH value was used and extract samples were kept
at —18, 4 and 38°C. The samples at 4 and 38°C were
analysed at 30- or 60-min intervals for 5 h. The frozen
samples were analysed after 60 and 120 days. Kinetic
parameters were studied by varying the substrate and the
cofactor concentrations in the reaction mixtures of the
analyses.

XR activities were determined by the change of ab-
sorbance at 340 nm due to the oxidation of the coenzyme
(NADPH or NADH). Assays were run in a 1-ml cuvette
containing 50 pl 1 M phosphate buffer, 100 pl 0.1 M
mercaptoethanol, 100 pl 1.2 mM NADPH, 100 1l 0.5 M p-
xylose and 650 p cell-free extract. The reaction was started
up by the addition of p-xylose. The activity of XDH was
determined in a similar manner using 0.5 M xylitol and
1.2 mM NAD" as the substrate and the cofactor, res-
pectively. Total protein concentration was determined ac-
cording to Bradford’s method using bovine serum albumin
as the standard. One unit of XR activity (U) was defined as
the amount of enzyme catalyzing the oxidation of 1 pmol
of NADPH per minute.

Statistical analysis

The results of experimental design were analysed using the
software Design-Expert 5 from Stat-Ease Corporation,
USA. The coefficients were generated by regression
analysis. The fit of the models was evaluated by the
determination coefficients (R?) and the F test (ANOVA).
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Fig. 3 Relative XR activity in extracts maintained at 4°C (—e—)
and 38°C (—m—) along the time. The initial activity was considered
as 100%
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Results
Optimal activity

A central composite experimental design leading to a set of
16 experiments with different combinations of pH and
temperature was performed to attain the optimal conditions
for XR and XDH activities (Table 1). Data for NADH-
dependent XR are not shown since no activity could be

[Xylose]™! (M) 1

polynomial model. Two models expressed by Egs. 1 and 2
were generated, representing the XR and XDH activities as
a function of the pH and temperature. The statistical sig-
nificance of the second-order model was evaluated by the F
test analysis of variance (Table 2). A detailed presentation
of the optimum values predicted from the models using the
isoresponse contour is given in Figs. 1 and 2.
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in which XR and XDH are the enzyme activities (units per
millilitre) and X; and X, are coded values for pH and
temperature, respectively.

The maximum XR and XDH activity values predicted
by the models were 0.48 and 0.34 U/ml, respectively,
corresponding to the point defined by pH 6.5 at 38°C for
XR and pH 8.0 at 36°C for XDH.

Based on the models obtained, a new working region
(pH 6.5 at 38°C) was selected in which it is possible to
reach a higher XR activity (0.48 U/ml) and lower XDH
activity (0.22 U/ml), resulting in an XR to XDH ratio of
2.2. These predicted values were confirmed experimen-
tally, having achieved levels of 0.52 U/ml for XR and
0.24 U/ml for XDH.

XR stability at storage and handling temperatures

Figure 3 shows the results of the XR stability study. For
temperatures of 4 and 38°C, the behaviour of the enzyme
activity was the same, remaining stable for 180 min. A
slight variation within the analytical error (6.6%) can be
observed. The relative XR activity dropped to about 80%
after 240 min and 50% after 300 min. XR activity remained
stable for 4 months of storage at —18°C, and after thawing,
it decreased about 10% after 180 min at 4°C (data not
shown).

Table 3 Characterization of the cell extract and the top and the
bottom phases of the ATPS used for XR extraction

Sample XR activity (U/ml) Total protein (mg/ml)
Cell extract 0.496 1.22

Top phase 0.226 0.294

Bottom phase 0.011 0.338

[Xylose] ™! (M)

Kinetic parameters

The effects of xylose and NADPH concentrations on the
activity of XR enzyme present in C. mogii cell extract are
shown in Figs. 4a and 5a. As can be seen, the NADP
formation rate increases with the increase in the concentra-
tions of both substrates up to a certain point, after which it
tends to be constant. In fact, the rate of catalysis by
enzymes varies with the substrate concentration so that a
maximum value (V) is reached. Linear methods are used
for determining the V., and the Michaelis constant (K,)
in enzymatic catalysis. The Lineweaver—Burk plot was
used to determine XR kinetic constants using xylose and
NADPH as substrate (Figs. 4a and 5a). The V.« and K,
values found for XR of C. mogii cell extract were
0.485 umol NADP/min and 63 mM and 0.390 pumol
NADP/min and 0.032 mM for xylose and NADPH,
respectively.

The effect of the initial substrate concentration on the
activity of the XR present in the top phase of cell extract
purified in an ATPS was also investigated (Fig. 6a). Table 3
shows XR activity and total protein content from C. mogii
extracted by partitioning in an ATPS composed of
polyethyleneglycol (PEG) and phosphate salts. Under this
condition, the purification factor (PF) in the top phase was
about 1.90. The values of K, and V,,,, for xylose calculated
using the Lineweaver—Burk plot (Fig. 6b) were 65 mM and
0.247 pwmol NADP/min, respectively. The dilution of the
enzyme in the ATPS could explain the reduction in V.,
since this parameter is dependent on the enzyme
concentration.

Discussion

In this study, response surface methodology (RSM) was
used as an approach for the maximization of the xylose
reductase (XR) and xylitol dehydrogenase (XDH) activities
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Table 4 Comparison of the K,
values for the enzyme XR from
different yeast strains

Yeast strain K., (mM)

Xylose  Cofactor  Reference
Candida mogii 63 NADPH  This work
Candida mogii (XR extracted in ATPS) 65 NADPH This work
Candida guilliermondii 79 NADPH  Granstrdm and Leisola (2002)
Candida tenuis 78 NADH Nidetzky et al. 2001
Pachysolen tannophilus 162 NADPH  Ditzelmiiller et al. 1984

as a function of pH and temperature. The objective of this
work was also to establish operational conditions that allow
a desirable working region where a high XR to XDH ratio
can be attained. The high XR to XDH ratio is important for
the biotechnological process of xylitol production because
the XDH catalyzes the oxidation of xylitol to xylulose,
leading to the decrease in the overall xylitol yield.

Recently, RSM has been used to determine the kinetic
constants of enzymatic reactions as well as for the
optimization of reactions. Boyaci (2005) used RSM and
the conventional method to determine the kinetic constants
of glucose oxidase as a function of reaction temperature
and pH. The accuracy of the RSM for determining K, and
Vimax Was tested by comparing the results of these two
methods. According to the author, reasonable results in the
range of tested parameters were reached. A quite good
correlation between the kinetic constants of horse liver
alcohol dehydrogenase obtained from conventional meth-
ods and those obtained from RSM was also reported by
Andersson and Adlercreutz (1999).

In the present work, mathematical models to represent
XR and XDH optimal activities as a function of pH and
temperature were obtained. The analysis of variance
(Table 2) shows that the models adjusted for the responses
of XR and XDH activity are adequate since a good
determination coefficient (R*) of 0.86 and 0.71 for XR and
XDH, respectively, was achieved. This indicates that 86
and 71% of the variability in the response could be
explained by the model obtained. In addition, the model did
not show lack of fit, and the F test demonstrates high
statistical significance (p<0.01) at 99% confidence level.
The maximum XR activity value predicted by the model
corresponded to the point defined by pH 6.5 at 38°C,
whereas for XDH, the maximum value was attained at
pH 8.0 and 36°C. Similar optimal pH for both XR and
XDH activities from various yeasts has been related in the
literature (Woodyer et al. 2005; Girio et al. 1996). On the
other hand, the optimum temperature for these enzymes of
C. mogii was shown to be lower than those reported for
other XRs and XDHs. Takamizawa et al. (2000) character-
ized the XDH from Candida tropicalis IFO 0618 and
showed that the optimal pH and temperature values for this
enzyme were pH 8.0 and 50°C, respectively. According to
Neuhauser et al. 1997, the optimum pH and temperature of
aldose (xylose) reductase from the yeast Candida tenuis
were found to be 6.0 and 50°C, respectively.

As can be seen in Fig. 1, the maximum predicted value
for the XR activity (0.48 U/ml) was attained at pH 6.5 and

38°C. Under this condition, the predicted value for XDH
activity is 0.22 U/ml (Fig. 2), resulting in an XR to XDH
ratio of 2.2. This result was experimentally confirmed,
having achieved an XR to XDH ratio of 2.16. Similar
values have been found for xylitol-producing yeasts such
as Candida boidinii (Vandeska et al. 1995) and Debary-
omyces hansenii (Girio et al. 1994). For these microorgan-
isms, XR to XDH ratio varied from 1.10 to 2.10 and from
1.14 to 2.26, respectively.

The kinetic parameters determined in the present work
were compared with results found in the literature for
different yeast strains (Table 4). As can be seen, C. mogii
had a higher specificity for xylose when compared to other
yeasts since its K, values were the lowest (63 and 65 mM).
The effect of the initial substrate concentration on the XR
purified in an ATPS composed of polyethylene glycol and
phosphate salts was also determined. According to our
results, XR enzyme extracted in ATPS presented a similar
specificity for xylose, suggesting that the pre-purification
of the enzyme did not modify this parameter.

This study demonstrated that response surface analysis is
a methodology quite adequate for the maximization of XR
and XDH activities as a function of pH and temperature.
This methodology also makes it possible to determine a
desirable working region where a high XR to XDH ratio
can be attained. XR activity was shown to be exclusively
NADPH-dependent, and the period of time in which XR
can be used or stored without activity loss was also
determined in this work. These data are very useful for the
XR purification experiments. The XR present in C. mogii
extracts showed a superior K, value for xylose when
compared to other yeast strains. Besides, this parameter
was not modified after enzyme extraction by ATPS.
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