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a b s t r a c t

Xylose reductase (XR) from Debaryomyces hansenii was extracted by partitioning in aqueous two-phase
systems (ATPS) composed of polyethylene glycol (PEG) 4000 in the presence of different salts, specifi-
cally sodium sulfate, lithium sulfate and potassium phosphate. Batch extractions were carried out under
different conditions of temperature (25–45 ◦C) and tie-line length (TLL) for each system, according to
a central composite design face-centered of 36 tests, and the response surface methodology was used
to evaluate the results. Quadratic polynomial models were adjusted to the data to predict the behavior
nzyme extraction
ylose reductase
artition
queous two-phase system
esponse surface methodology

of four responses, namely the XR partition coefficient (KXR), the selectivity (S), the purification factor
(PFT) and the activity yield (YT) in the top phase. The optimal extraction conditions were found using the
PEG 4000/sodium sulfate system at 45 ◦C and TLL = 25.1, which ensured PFT = 3.1 and YT = 131%. The ATPS
proved effective for partial purification of D. hansenii xylose reductase in cell-free crude extract, and the
response surface methodology revealed to be an appropriate and powerful tool to determine the best

and
dominion of temperature

. Introduction

Xylose-fermenting yeasts and moulds were found to follow the
xido–reductive route via xylitol in xylose conversion [1]. An alter-
ative enzymatic approach for xylitol production is proposed that
mploys isolated xylose reductase (XR, EC 1.1.1.21) [2,3], the enzyme
hat catalyzes the first step of d-xylose metabolic pathway, i.e. the
AD(P)H-dependent reduction of d-xylose to xylitol [4,5]. In this
ase, however, the enzyme must be readily available and inexpen-
ive.

Optimization of enzyme recovery and purification is very impor-
ant for the scale-up of enzymatic processes; therefore, there is
ncreased interest in developing efficient and cost-effective down-
tream operations to perform high yield-enzyme separation [6].

Aqueous two-phase systems (ATPSs) have been employed as an
fficient tool in several biotechnological processes for the partition

f proteins, among which �- and �-lactoalbumins [7], proteases [8]
nd �-toxin [9], nucleic acids, microorganisms, animal and plants
ells [10,11], and even phenolic compounds present in hemicel-
ulosic hydrolyzates [12]. Also, ATPSs were successfully used to

∗ Corresponding author. Tel.: +55 31 3899 1617; fax: +55 31 3899 2208.
E-mail address: lminim@ufv.br (L.A. Minim).

570-0232/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jchromb.2009.07.023
ATPS composition.
© 2009 Elsevier B.V. All rights reserved.

purify �-galactosidase [6], glucose oxidase, �-galactosidase [13],
�-amylase [14], xylanolytic complex [15] and chymosin [16].

These techniques, which are very cheap and ease to scale-up,
have the advantages of ensuring high values of the purification
parameters, preserving the targeted biomolecules, yielding satis-
factory separation performance, and performing, by only one step,
their clarification, concentration [17,18] and even partial purifi-
cation. An ATPS forms when two incompatible polymers or one
polymer and an inorganic salt are mixed in low concentrations
so that two immiscible phases coexist [17]. In batch process some
operating parameters need to be controlled, typically temperature,
pH, size and concentration of the targeted biomolecule, and type of
polymers and salts employed [19].

The classical method of optimization varying the level of one
parameter at a time over a certain range, while holding the rest of
the variables constant, is generally time-consuming and requires
a large number of experiments to be carried out [20]. These
restrictions can be overcome by the use of statistical experimen-
tal factorial designs, combined with response surface methodology

(RSM).

RSM is a collection of mathematical and statistical techniques
that are useful for modeling and analyzing systems where a
response of interest is simultaneously influenced by several vari-
ables. Therefore, RSM aims at identifying a region of the factor space

http://www.sciencedirect.com/science/journal/15700232
http://www.elsevier.com/locate/chromb
mailto:lminim@ufv.br
dx.doi.org/10.1016/j.jchromb.2009.07.023
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hat is believed to include the optimum desired responses for a
ystem under investigation [21].

In this work, to identify the most suitable operating conditions
or purification of Debaryomyces hansenii UFV-170 XR, a 22 central
omposite design face-centered was used, varying temperature and
ie-line length as the independent variables. The results collected
or four response variables, specifically the XR partition coefficient,
urification factor in the top phase, activity yield and selectivity,
ere analyzed by RSM.

. Experimental

Since the results from the present study did not allow establish-
ng whether the enzyme is an aldehyde or an aldose reductase, the
erm “xylose reductase” or “XR” was used.

.1. Microorganism and maintenance

The new strain D. hansenii UFV-170, isolated from samples col-
ected in a dairy industry located in Zona da Mata-MG, Brazil, and
elonging to the Collection of the Federal University of Viçosa (UFV),
as selected among others as a good xylitol producer. The stock cul-

ure was maintained at −80 ◦C on YPD medium (10 g/l yeast extract;
0 g/l peptone and 20 g/l d-glucose) containing 40% glycerol. Before
ach experiment, cells were transferred and grown for 48 h at 30 ◦C
n Petri plates containing the above YPD medium supplemented
ith 15 g/l agar.

.2. Growth conditions and preparation of crude enzyme extract

Loopfuls of cells from the plates were transferred to 125 ml
rlenmeyer flasks containing 25 ml of the growth medium con-
isting of 50 g/l d-xylose, 0.62 g/l KH2PO4, 2.0 g/l K2HPO4, 1.0 g/l
NH4)2SO4, 1.1 g/l MgSO4 and 5.0 g/l yeast extract, pH 6.0. Solutions
f d-xylose, yeast extract, MgSO4 and the rest of salts were steril-

zed separately by autoclaving at 121 ◦C for 20 min. The flasks were
aintained at 30 ◦C under agitation at 200 rpm for 24 h after inoc-

lation with an initial cell concentration of 1.0 g/l (dry cell weight).
ells from a preceding fermentation were harvested by centrifuga-
ion (4 ◦C, 4000 × g, 5 min) and washed twice with 0.1 M potassium
hosphate buffer, pH 7.2. The final pellet, having a cell mass con-
entration of about 7–8 g/l (dry cell weight), was resuspended in
ml 0.1 M potassium phosphate, pH 7.2. Cells were disrupted pass-

ng the suspension three times through a French Pressure Mini-cell
Urbana, IL, USA) at 19,000 psi and 5 ◦C. During this operation, the
uspension was kept cooled at 4 ◦C to prevent overheating. Cells
ebris was removed by 30 min centrifugation at 17,000 × g. The
nzyme activities and protein concentration were determined in
he supernatant.

.3. ATPS preparation

Aqueous two-phase systems were prepared using different tie-
ine lengths (TLL) according to the phase diagram presented by
arvalho et al. [22]. Stock solutions of PEG with 4000 g/mol molec-
lar weight (PEG 4000) (60%, w/w), sodium sulfate (25%, w/w),

ithium sulfate (25%, w/w) and potassium phosphate (25%, w/w)
ere prepared. The pH values of sodium and lithium sulfate solu-

ions were very close to 7.0, so they did not need any adjustment,
hereas the pH of mixtures containing potassium phosphate was

djusted to 7.0 by adding mono and dibasic potassium phosphate

n the proportion of 1:1.82, respectively. Aliquots of the salt stock,

ater, and PEG stock were mixed in 50 mL graduated centrifuge
ubes and weighed, to achieve the desired composition of the sys-
em. The total mass of the system was kept at 40 g. The resulting

ixtures were centrifuged at 2000 × g for 20 min to speed up the
B 877 (2009) 3031–3037

phase separation and maintained at different temperatures for 24 h
to allow equilibration. After this period, 5.0 ml of each phase were
collected to prepare the new 10 ml systems.

2.4. Partitioning of XR in ATPS

Aliquots of 100 �l of crude enzyme extract were added to
the ATPS. After homogenization, the mixtures were centrifuged
at 1800 × g for 5 min to allow equilibration. In accordance with
the central composite design face-centered (CCF), they were then
exposed to different temperatures in a thermostated bath for 8 h
to allow separation. After measurement of their volumes, top and
bottom phases were separated and analyzed for determinations of
enzyme activities and protein concentration.

2.5. Partition parameters

The XR partition coefficient (KXR) was defined as the ratio of XR
(E.C. 1.1.1.21) volumetric activity in the top phase ([U]T) to that in
the bottom phase ([U]B) (see Section 2.7):

KXR = [U]T

[U]B
(1)

The protein partition coefficient (Kptn) was calculated as ratio of
the protein concentration in the top phase, [ptn]T, and to that in the
botton phase ([ptn]B):

Kptn = [ptn]T

[ptn]B
(2)

The selectivity (S) was defined, according to Mayerhoff et al. [23],
as the ratio of KXR to Kptn:

S = KXR

Kptn
(3)

The purification factor in the top phase (PFT) was calculated as
the ratio of the specific activity in the top phase ([U]T/[ptn]T) to that
in the crude extract ([U]CE/[ptn]CE):

FPT = [U]T /[ptn]T

[U]CE/[ptn]CE
(4)

where [ptn]CE is the protein concentration in the crude extract.
The activity yield (YT) was calculated as the ratio of total activ-

ity in the top phase to that in the crude extract and expressed as
percentage:

YT = [U]T VT

[U]CEVCE
× 100 (5)

where VT and VCE are the volumes of the top phase and the crude
extract, respectively.

2.6. Experimental design

The response surface methodology (RSM) combined with a
22 CCF was used to optimize the XR partition in three different
ATPSs (PEG 4000/sodium sulfate, PEG 4000/lithium sulfate and PEG
4000/potassium phosphate). Four central points were added to cal-
culate the experimental error and to investigate the suitability of
the proposed model. The two independent variables investigated in
this study, the temperature and TLL (Table 1), were chosen on the
basis of our knowledge about their important effects on XR partition
[23].
In particular, the TLL was defined as:

TLL = {([S]T − [S]B)2 + ([P]T − [P]B)2}1/2
(6)

where [S]T, [S]B, [P]T, and [P]B are the salt and PEG mass fractions in
the top and the bottom phases, respectively. So, the TLL, expressed
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Table 1
Factors and levels investigated for D. hansenii XR partitioning by different ATPSs according to the CCF.

Coded values Independent variable Range and level

−1 0 +1

x1 Temperature (◦C) 25 35 45
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1

2 TLL (mass fraction)
(i) PEG4000/sodium sulfate
(ii) PEG4000/lithium sulfate
(iii) PEG4000/potassium phosphate

n mass fraction (dimensionless), is directly related to both the total
olymer mass fractions and the interactions between the two poly-
ers.

Salt and PEG mass fractions in the top and bottom phases were
btained from the phase diagram presented by Carvalho et al. [22].

KXR, FPT, YT and S were chosen as the dependent variables or
esponses, whose actual values are listed in Table 2. The behav-
or of the system can be described by the following second-order
olynomial:

= ˇo +
∑

ˇixi +
∑

ˇiix
2
i +

∑
ˇijxixj (7)

here Y is the predicted response, ˇo is the interception coefficient,
i are the linear terms, ˇii are the quadratic terms, ˇij are the inter-
ction terms, and xi and xj are the coded levels of the independent
ariables.

The Student’s t-test permitted us to check the statistical signifi-
ance of the regression coefficients. The Fisher’s test for analysis of
ariance (ANOVA) was performed on experimental data to evaluate
he statistical significance of the model. The “Statistica” software
trial version 6.0, StatSoft, Tulsa, OK) and the “Design Expert”
oftware (trial version 6.0.10, Stat-Ease, Minneapolis, MN) were
mployed for the regression analysis and the graphical optimiza-
ion, respectively.

The models of the two responses were expressed in terms
f coded variables, without taking into account the statistically

nsignificant terms.

.7. Analytical methods

The volumetric activity of XR was assayed by following the oxida-
ion of the coenzyme NADPH at 340 nm with a spectrophotometer,
eries 600 (Beckman, Fullerton, CA). To this purpose, the methodol-
gy described by Cortez et al. [24] was employed with modification,

nd the activity was expressed as U/ml of cell free extract. The
eagents were maintained in a water bath for 10 min at 39 ◦C [25].
ssays were carried out in 1.30 ml-cuvettes containing 570 �l of
istilled water, 80 �l of 1.0 M phosphate buffer, 150 �l of 0.1 M mer-
aptoethanol, 100 �l of 1.3 mM NADPH, 200 �l of cell-free extract

able 2
esign matrix and results of D. hansenii XR partitioning by PEG/lithium sulfate, PEG/lithiu

un T TLL PEG/sodium sulfate PEG/lith

x1 x2 KXR S PFT YT (%) KXR

1 −1 −1 0.54 0.61 0.30 53.0 1.0
2 −1 0 1.1 0.92 0.25 60.1 1.3
3 −1 +1 0.65 0.52 0.23 49.0 2.0
4 0 −1 0.87 0.93 0.79 79.5 0.64
5 0 0 1.1 1.2 0.52 70.0 1.8
6 0 0 0.80 0.72 0.48 70.7 2.6
7 0 0 1.0 1.2 0.51 67.8 1.7
8 0 0 0.59 0.53 0.42 61.4 2.9
9 0 +1 1.4 1.1 0.43 78.2 2.4

10 +1 −1 4.4 6.0 3.1 124 1.2
11 +1 0 3.1 1.7 1.3 147 0.78
2 +1 +1 1.9 1.7 0.68 123 1.2
22.0 34.0 46.0
33.0 43.0 53.0
34.0 43.5 53.0

and 200 �l of 0.5 M xylose. The reaction was started by the addition
of xylose.

The protein content was determined by the method of Bradford
[26]. One enzyme unit was defined as the amount of XR that trans-
forms 1 �mol NADPH per minute under the assay conditions. All
reaction rates were proportional to the amount of enzymes added
in the assay.

The specific activity was expressed as U/mg of total proteins.
All tests were performed in quadruplicate and expressed as mean
values. The central point was repeated four times to estimate the
experimental error as well as to investigate the suitability of the
proposed models. All experimental data differed from the mean by
less than 5%.

3. Results and discussion

Table 2 shows the experimental results obtained for the
PEG 4000/sodium sulfate, PEG 4000/lithium sulfate and PEG
4000/potassium phosphate systems at different levels of the above
independent variables, the tie-line length (TLL) and the tempera-
ture (T), according to the 22 central composite design face-centered
(CCF) depicted in Table 1.

Depending on the conditions, the values of the XR partition
coefficient (KXR), selectivity (S), purification factor in the top phase
(PFT) and activity yield (YT) varied in the ranges 0.54–4.4, 0.52–6.0,
0.23–3.1 and 49.0–147%, respectively, in the PEG 4000/sodium sul-
fate system; 0.64–2.9, 0.55–2.5, 0.27–1.9 and 63.5–223% in the
PEG 4000/lithium sulfate system; and 0.24–1.3, 0.35–3.0, 0.28–1.1
and 58.3–159% in the PEG 4000/potassium phosphate one. As sug-
gested by Mayerhoff et al. [23], yields higher than 100% are the
likely result of elimination of inhibitors from the systems, which
enhances the enzymatic activity. Values of KXR greater than unity
indicate effective partitioning in the aqueous two-phase system.

Besides, negatively charged proteins usually prefer the top phase
in PEG/salt systems, and the partition coefficient consequently
increases [17,27]. Although the isoelectric point (pI) of D. hansenii
XR is unknown, those produced by similar microorganisms have pI
around 4.1 [28]. So, to ensure always a negative net charge in XR

m sulfate and PEG/potassium phosphate ATPSs according to the CCF.

ium sulfate PEG/potassium phosphate

S PFT YT (%) KXR S PFT YT (%)

1.3 0.56 63.5 0.32 0.60 0.52 61.9
1.3 0.73 78.0 0.24 0.35 0.28 58.3
1.4 0.27 81.2 0.36 0.58 0.35 72.9
0.78 1.4 89.5 0.35 0.49 1.1 80.9
1.6 1.6 195 0.70 1.2 0.78 148
2.2 1.9 223 0.64 1.7 1.0 133
1.5 1.6 193 0.67 1.1 0.78 148
2.5 1.9 219 0.67 1.7 1.1 147
1.4 1.2 217 1.3 3.0 0.89 159
0.75 1.2 112 0.26 0.66 0.73 81.1
0.55 0.67 96.8 0.22 0.40 0.37 68.7
0.78 0.56 107 0.36 0.76 0.37 72.4
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uring partitioning, the pH was maintained in this work at 7.0.
The development of a purification procedure using ATPS

equires the variation of several factors to get the optimum enzyme
eparation. In this study, we utilized the Response Surface Method-
logy as a tool to identify the ATPS composition and temperature
ble to maximize XR partitioning.

A regression analysis was carried out to fit mathematical models
o the experimental data aiming at identifying an optimal region for
given response. Such models, describing the relationships among

elected independent variables and responses, took into account
nly the statistically significant (quadratic) terms. The regression
as accepted when the F-value of the model was higher than the

orresponding critical F-value or when the P-value was lower than
he significance level (<0.01). However, if none of theses conditions
as fulfilled by a given model, it was only accepted when the coef-
cient of determination (R2) was higher than 0.90, which means

hat more than 90% of the data were explained by it.
According to these criteria, only the PFT and YT models resulted

o be significant for all the three systems under consideration. The
nalysis of variance (ANOVA) indicated no significance of linear and
uadratic models for S at 90% confidence level and lack of fit in both
ases; therefore, its statistical evaluation was omitted. Since the
ame took place for the KXR models, except for the sodium sulfate
ystem (data not shown), they were not taken into consideration as
ell.

.1. PEG 4000/sodium sulfate system

The statistical significance of the two models for the PEG
000/sodium sulfate system was evaluated by the F-test, which
evealed that this regression was statistically significant (P-value
0.01) at a confidence level of 99% (Table 3). Moreover, the fit of the
odels was checked by R2, which was found to be 0.918 and 0.940

or PFT and YT, respectively.
The Student’s t-test was used to assess the significance of the

egression coefficients. The quadratic and linear contributions of
emperature were significant for both responses, while the linear
ontribution of TLL and the interaction between TLL and tempera-
ure were significant only for PFT .

After elimination of statistically insignificant terms (P-value
0.01), the coefficients were adjusted, and the models resulted to
e:

FT = 0.55 + 1.02x1 − 0.50x2 − 0.57x1x2 + 0.74x2
1 (8)

T = 71.26 + 38.57x1 + 21.34x2
1 (9)

here x1 and x2 are the coded values of temperature and TLL,
espectively.

Fig. 1 illustrates the combined effects of these independent vari-
bles on PFT (A) and YT (B) as surface plots. It should be noticed
hat, whereas PFT increased with simultaneously increasing tem-
erature and decreasing TLL, YT only increased with temperature
eyond 30–35 ◦C.

.2. PEG 4000/lithium sulfate system

The ANOVA summarized in Table 3 for the PEG 4000/lithium
ulfate system shows that the models calculated for PFT and YT

ere significant. F-values of 17.05 and 10.74 and P-values of 0.0009
nd 0.0041, respectively, did in fact demonstrate that the regres-
ions performed by these equations were statistically significant at

9% confidence level. Moreover, the values of R2 (0.791 and 0.705,
espectively) demonstrate that the models explained 79.1% and
0.5% of the total variations in the responses.

The Student’s t-test evidenced that both PFT and YT were
nfluenced only by the linear and quadratic contributions of temper- Ta
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Fig. 1. Response surfaces of the purification factor in the top phase (A) and the
a
T

a
>
b

P

Y

b
w
d
T
Y
t
N
T

ctivity yield (B) for the PEG/sodium sulfate system, as simultaneous functions of
LL (mass fraction) and temperature (◦C).

ture. After elimination of statistically insignificant terms (P-value
0.01), the coefficients were adjusted and the models resulted to
e:

FT = 1.59 + 0.15x1 − 0.931x2
1 (10)

T = 189.4 + 15.54x1 − 99.63x2
1 (11)

Fig. 2 shows the response surfaces for PFT (A) and YT (B) obtained

y these models. Within the factor space investigated in this study,
hen temperature was higher than 35 ◦C an increase in TLL led to a

ecrease in PFT, whereas below 35 ◦C it led to a decrease in PFT for
LL ≥ 44 and an increase for TLL ≤ 44. On the other hand, whereas
T always rose with TLL, for a given value of TLL it increased with
emperature up to a temperature threshold and then decreased.
evertheless, such a temperature threshold was about 35 ◦C for
LL ≥ 42 and progressively increased at lower TLL values.
Fig. 2. Response surfaces of the purification factor in the top phase (A) and the
activity yield (B) for the PEG/lithium sulfate system, as simultaneous functions of
TLL (mass fraction) and temperature (◦C).

3.3. PEG 4000/potassium phosphate system

The ANOVA presented in Table 3 for the PEG 4000/potassium
phosphate system showed that also in this case the models for PFT

and YT were significant. F-values of 15.41 for PFT and 14.54 for YT as
well as their corresponding P-values (0.0012 and 0.0015) and deter-
mination coefficients (R2 = 0.774 and 0.764) demonstrate that the
regressions were statistically significant at 77.4% and 76.4% confi-
dence levels.

The Student’s t-test showed that both PFT and YT were influenced
only by the linear and quadratic contributions of temperature. After
elimination of statistically insignificant terms (P-value >0.01), the
coefficients were adjusted, and the models became:

PFT = 0.95 + 0.053x1 − 0.51x2
1 (12)

YT = 135.99 + 4.84x1 − 66.77x2
1 (13)
A detailed presentation of the optimum values predicted by
the models using the isoresponse contour is given in Fig. 3.
Within the factor space investigated in this study, both PFT and YT

reached their maximum values at about 35 ◦C and decreased either
below or beyond this temperature threshold. However, apart some
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Table 4
Optimal values of temperature and TLL estimated by overlaying plots of the response
surfaces of the purification factor (PFT) and activity yield (YT) in the top phase in three
different ATPSs.

System T (◦C) TLL (mass fraction) PFT (−) YT (%)

[

ig. 3. Response surfaces of the purification factor in the top phase (A) and the activ-
ty yield (B) for the PEG/potassium phosphate system, as simultaneous functions of
LL (mass fraction) and temperature (◦C).

oints below 27 ◦C, PFT increased with decreasing TLL, whereas YT

ecreased.

.4. Numerical optimization

With the aim of definitively pointing out the optimal conditions
or XR partial purification, a numerical optimization was carried out
sing the “Design Expert” software. Such a methodology essentially
onsists of overlaying the curves of the four models, obtained from
he CCF, according to the specific criteria imposed.

The optimal working conditions are presented in Table 4 for
he three systems. It should be noticed that the best results were
btained with the PEG/sodium sulfate system, for which the follow-

ng constraints were imposed PFT = 3.1 and YT = 131%. On the other

and, the values PFT and YT were for the PEG/lithium sulfate system
.6 and 190%, respectively, and for the PEG/potassium phosphate
ne only 0.95 and 136%, respectively. In fact, although the overall
erformance of a partitioning system should be established on the
asis of the results of all the selected responses, in the first system
PEG/sodium sulfate 45 25.1 3.1 131
PEG/lithium sulfate 36 42.1 1.6 190
PEG/potassium phosphate 35 43.4 0.95 136

the purification factor in the top phase, which is well accepted as
the most important one, was about twice that of the second and
more than 3-fold that of the third.

To confirm that the optimum operating conditions established
for the PEG/sodium sulfate system can indeed provide desired out-
come in larger scale, one confirmation experiment was performed
in duplicate using 2 ml cell free extract, which yielded results prac-
tically coincident to those obtained with smaller volume (200 �l).
In similar study, using overlay plot of response surface, Mayerhoff
et al. [23], found that the best conditions for ATPS partition of XR
from Candida mogii (PFT = 1.89 and YT = 103.5%) were obtained with
PEG 1000 and Na/K phosphate at TLL = 34.

4. Conclusions

This study showed that aqueous two-phase systems were effi-
cient for partial purification for D. hansenii xylose reductase in cell
free crude extract, showing the possibility of pre-purification by the
removal of some contaminants. The response surface methodology
combined to an adequate factorial experimental design proved to be
an appropriate and powerful tool to determine the best dominion
of temperature and ATPS composition. After numerical optimiza-
tion, it was possible to conclude that PEG 4000/sodium sulfate was
the most adequate system to perform XR partition at T = 45 ◦C and
TLL = 25.1. Under these experimental conditions, the predicted val-
ues of XR purification factor in the top phase and activity yield were
3.1 and 131%, respectively, and these results were confirmed using
a 10-fold crude extract volume.
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