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The production of prebiotic galactooligosaccharides (GOS) from lactose has been widely studied whereas
the synthesis of new prebiotic oligosaccharides with improved properties as those derived from lac-
tulose is receiving an increasing interest. Understanding the mechanism of enzymatic oligosaccharides
synthesis from lactulose would help to improve the quality of the products in a rational way as well as
to increase the production efficiency by optimally selecting the operating conditions. A detailed kinetic
model describing the enzymatic transgalactosylation reaction during lactulose hydrolysis is presented
inetic models
actulose
ransgalactosylation
odel selection

arameter estimation
dentifiability analysis

here for the first time. The model was calibrated with the experimental data obtained in batch assays
with two different �-galactosidases at various temperatures and concentrations of substrate. A complete
system identification loop, including model selection, robust estimation of the parameters by means
of a global optimization method and computation of confidence intervals was performed. The kinetic
model showed a good agreement between experimental data and predictions for lactulose conversion
and provided important insights into the mechanism of formation of new oligosaccharides with potential

prebiotic properties.

. Introduction

The increased awareness about the relationship between the
ctivity of colon bacteria and health has lead to the enrichment
f some food with prebiotics, defined as “selectively fermented
ngredients that allow specific changes, both in the composition
nd/or activity in the gastrointestinal microflora that confer ben-
fits upon host well-being and health” (Roberfroid, 2007). The
eneficial properties of galactooligosaccharides (GOS) on the gut
icroflora, particularly as prebiotics, are well-known and a num-

er of studies about their enzymatic production by the conversion
f lactose catalyzed by �-galactosidases from different origin have
een addressed (Iwasaki et al., 1994; Chen et al., 2003; Kim et al.,
004). The hydrolysis process and the transgalactosylation reaction

f lactose take place simultaneously making the mechanism very
omplicated. Effective models for GOS synthesis are of great inter-
st since they would allow GOS production to be optimized (Gosling
t al., 2010), thus, different authors have developed kinetic models
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el.: +34 986 231 930.

E-mail address: mrodriguez@iim.csic.es (M. Rodriguez-Fernandez).
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to explain the formation of these interesting compounds (Mahoney,
1998; Boon et al., 1999; Kim et al., 2004). However, data fitting for
this type of models can be very challenging and the identifiability of
candidate models should be checked in parallel to model calibra-
tion. Further, the standard use of local optimization methods for
parameter estimation, such as Levenberg–Marquardt, can result in
convergence to local solutions. Therefore, a proper derivation of
kinetic models for this type of systems requires the analysis of pos-
sible correlations among parameters and the utilization of robust
and efficient methods for model calibration.

Prebiotic carbohydrates escape digestion in the upper gastroin-
testinal tract and are fermented by bacteria in the colon, leading
to the proliferation of bacteria that are beneficial for health in
humans. Because the place where fermentation mainly occurs
(proximal or distal colon) is an important factor influencing the
extent of the prebiotic effect (Delzenne, 2003), the development
of new types of functional carbohydrates with specific fermenta-
tion properties seems to be of interest. Lactulose is a well known
disaccharide with excellent prebiotic activity that it is mainly
consumed by the bacteria of the proximal colon (Tuohy et al.,

2002). Therefore, it is reasonable to assume that lactulose-derived
oligosaccharides originated during enzymatic hydrolysis of lac-
tulose might be bioactive carbohydrates slowly fermented and,
therefore, with higher colonic persistence than lactulose (Cardelle-
Cobas et al., 2008). Thus, recently, in our research group, enzymatic
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ransgalactosylation of lactulose with �-galactosidases from the
ommercial preparations Lactozym 3000L HP-G and Pectinex Ultra
P-L was studied and new structures such as 6′-galactosyl-lactulose
nd 1-galactosyl-lactulose were characterized for the first time
Martinez-Villaluenga et al., 2008; Cardelle-Cobas et al., 2008). In
pite of these studies, no systematic investigation has been done
n the kinetic of formation of these compounds. Therefore, we
ocused the present study on the development of a mathematical

odel to describe the kinetics of oligosaccharide synthesis and lac-
ulose hydrolysis with the �-galactosidases from Lactozym 3000L
P G and Pectinex Ultra SP-L at various temperatures and substrate
oncentrations.

. Materials and methods

.1. Batch reactions

Time–course reactions for hydrolysis and transgalactosylation
f lactulose with the �-galactosidase from Pectinex Ultra SP-L
roduced by Aspergillus aculeatus were carried out at 333 K for
4 h with initial lactulose concentrations of 0.73, 1.33 and 1.93 M,

n 0.1 M sodium phosphate buffer, pH 6.5 and 16 U/mL of �-
alactosidase. The influence of temperature was studied at 313,
23 and 333 K with 1.33 M as initial concentration of lactulose
Cardelle-Cobas et al., 2008).

For the �-galactosidase of Lactozym 3000L HP-G produced by
luyveromyces lactis, the assays were carried out with an initial con-
entration of lactulose of 0.73, 1.33 and 1.93 M in 0.05 M potassium
hosphate buffer and 1 mM of MgCl2, pH 6.5, 3 U/mL of enzyme,
23 K and 24 h of reaction (Martinez-Villaluenga et al., 2008). The

nfluence of temperature was also studied with 0.73 M of initial
actulose at 313 and 323 K.

Lactulose solutions were heated before the enzyme was added
nd maintained at the required temperature throughout all of the
xperiments. Reactions were performed in individual Eppendorf
ubes incubated in an orbital shaker at 300 rpm. Samples were
aken at different time intervals and the enzyme was inactivated
y heating the sample in water bath at 100 ◦C for 5 min. The sam-
les were stored at−18 ◦C for subsequent analysis. All assays were
erformed in duplicate.

The carbohydrate composition of the reaction mixtures was
etermined by High Performance Liquid Chromatography with
ulsed Amperometric Detection (HPAEC-PAD) on an ICS2500
ionex system. Acquisition and processing of data were achieved
ith Chromeleon software version 6.7 (Dionex Corp., Sunnyvale,
A). Separations were performed at room temperature, following
he method of Splechtna et al. (2006). Detection time and voltage
arameters were set according to waveform A (Dionex. Technical
ote 21).

.2. Kinetic modeling and estimation of model parameters

Given a kinetic model and a set of experimental data, the aim
f parameter estimation is to calibrate the model so as to repro-
uce the experimental data in the best possible way. Calibration
f nonlinear models is usually a very challenging task due to non-
onvexity that may be overcome by the use of global optimization
echniques. However, the key question when trying to identify
he parameters of a model is not only whether the model fits the
xperimental data but also whether the computed parameters are

niquely determined (Schittkowski, 2002, 2007). This question is
ften neglected leading to models that are able to accurately fit the
ata but with meaningless parameters due to their huge confidence

ntervals that are not always computed. In order to develop a proper
echanistic model, a complete system identification loop has to be
performed (Ljung, 1999). This includes collecting the experimental
data, choosing the model structure(s), defining a quality criterion
(cost function), optimizing the parameters with respect to the cho-
sen fitting criterion, evaluating the uncertainty of the estimated
parameters and validating the results questioning each of the steps
in case the model is proven to be inadequate.

2.2.1. Model selection
The model was selected on the basis of the existent literature

about the lactose hydrolysis and transgalactosylation. Moreover,
the principle of parsimony, stating that “entities must not be mul-
tiplied beyond necessity” was also taken into account (Posada and
Buckley, 2004). In order to select the most adequate among nested
models, the Akaike information criterion (Akaike, 1974), contain-
ing a penalty function for increase in the number of parameters,
was used in this work. On the other hand, sometimes there is
prior knowledge indicating a more complex phenomenological
model than statistical criteria allows. Thus, simplifying the model
structure may lead to arbitrary values for the phenomenological
parameters with unrealistic optimistic evaluation of their uncer-
tainty. In these cases, it is advisable to fix the nonidentifiable
parameters to some nominal values coming from the literature or
other reliable sources and fit the rest of them.

In conclusion, the discrimination between competing models is
a delicate task where a compromise between the goodness of the
fit, the mechanistic significance and the quality of the estimated
parameters in terms of confidence intervals should be achieved.

2.2.2. Cost function for model calibration
Once the characterization of the model has been performed,

the identification problem is stated as the optimization of a scalar
cost function J(p) with respect to the model parameters, p. The cost
function is usually a certain weighted distance measure between
the experimental values corresponding to the measured variables,
represented by the vector ỹ, and the predicted values for those vari-
ables, represented by the vector y. Therefore, the optimal value of p
will depend on the cost function chosen. The most widely used cost
function (Walter and Pronzato, 1997), the weighted least squares
criterion, was considered here:

J(p) =
NE∑
i=1

NV∑
j=1

NMij∑
k=1

(ỹijk − yijk(p))2

�2
ijk

(1)

where �ijk corresponds to the standard deviation of the exper-
imental data, NE is the number of experiments, NV the number
of variables and NMij the number of sampling points per variable
and experiment. In this way, data with high standard deviation
will have less impact on the solution than those determined more
accurately. The weighting factors can be chosen iteratively. If the
minimization of the initially chosen cost function leads to a model
with an unsatisfactory behavior in some region, the weighting
factors associated with this zone could be increased in order to
improve it (at the cost of deteriorating the fit somewhere else).

In this study, the experimental data were fitted to the pro-
posed model using the SSm GO toolbox, a global optimization
metaheuristic based on Scatter Search developed for parameter
estimation in nonlinear dynamic biochemical systems (Egea et al.,
2007; Rodriguez-Fernandez et al., 2006a).

2.2.3. Identifiability analysis

In order to guarantee the quality of the estimated parameters,

a practical identifiability analysis should be performed. This study
aims to answer the question: given a model structure, would the
parameters of the model be uniquely identified from the available
(limited and noisy) data? (Jacquez and Greif, 1985; Audoly et al.,
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001). There are mainly two aspects to be checked on a detailed
dentifiability analysis: sensitivity analysis and parameter correla-
ion.

The sensitivity analysis indicates which parameters are the most
mportant and most likely to affect the predictions of the model.
or the sake of simplicity, in this work, we applied a linear sensi-
ivity analysis which consists of calculating a linear approximation
f how much a variable changes due to a given change in a param-
ter. In order to make these measures comparable for parameters
nd states of different order of magnitude, relative measures were
sed where the sensitivity function is normalized by the value of
he parameter and the state:

�,j =
p�

yj

∂yj

∂p�
(2)

For very simple cases, the visual analysis of the relative sensi-
ivity plots can be enough to determine the relative importance of
he parameters. However, that becomes intractable when the size
f the problem increases and a quantitative justification is needed
or establishing a parameter ranking. Brun et al. (2001) recommend
he use of the measure ımsqr

�
as a ranking criterion in the context of

eighted least squares estimation:

msqr
�
=

√√√√ NE∑
i=1

NV∑
j=1

NMij∑
k=1

S2
�,ijk

(3)

A large value of the sensitivity index means that a change in the
arameter p� has an important effect on the model outcome. This
akes the parameter p� identifiable with the data available if all the

ther parameters are fixed and the larger the sensitivity the more
ccurately a single parameter can be identified. Therefore, values of
ritical parameters can be refined while parameters having a little
ffect can be simplified or even ignored (Karnavas et al., 1993).

Although necessary, high parameter sensitivity is not enough to
nsure the identifiability of the model. In the case of several param-
ters, the sensitivity functions of the parameters have to be linearly
ndependent. In this study, the degree of linear dependence among
he sensitivity functions was measured by means of a correlation
nalysis based on the Fisher Information Matrix (FIM) as described
n Rodriguez-Fernandez et al. (2006b). Correlations among parame-
ers close to +1 or−1, mean that the parameters are not individually
dentifiable because a change in one parameter can be compensated
y changes in the other parameters. In that case, an infinite num-
er of parameter sets fitting the experimental data with the same
ccuracy would exist, thus the confidence intervals would be very
arge. For this reason, the model should be reduced by fixing some
f the parameters to their nominal values or by properly grouping
ome sets.

.2.4. Confidence intervals
After fitting the parameters p to the experimental data, it is

mportant to obtain a measure of the quality of the estimators.
n principle, the objective is to obtain the probability distribution
f the estimated parameters or an adequate characterization of it,
or instance, by computing different percentiles of the distribu-
ion. However, in most of the cases this distribution is unknown,
herefore, it is necessary to obtain an approximation of it.
A widely used method for describing the confidence intervals of
he estimated parameters is the one based on the FIM. Neverthe-
ess, this method presents important disadvantages due to its linear
ature; therefore in this work, the bootstrap method (Joshi et al.,
006), which provides a more robust approximation, was used.
3. Results and discussion

3.1. Establishment of the kinetic model

Since no previous studies exist on the mechanism of formation
of oligosaccharides derived from lactulose, we first hypothe-
sized that it is similar to the synthesis of GOS from lactose.
Thus, according to the models available in the literature (Boon
et al., 1999; Kim et al., 2004), lactulose (Lu) would act as both,
substrate and glycosyl acceptor being mainly acceptor to form
trisaccharides (Tri) when the concentration is high. Moreover,
galactose (Gal) would be bound to the free enzyme to form the
galactosyl-enzyme complex (EGal) for further transgalactosylation
reactions with galactose or fructose (Fru) as acceptors to produce
galactosyl-galactose disaccharides (GalGal) and galactosyl-fructose
disaccharides (GalFru). In addition, the synthesis of disaccha-
rides and trisaccharides was assumed to be reversible. Unlike
other models, mutarotation of galactose (Bakken et al., 1992) and
separate production of tri- and tetrasaccharides (Iwasaki et al.,
1994) were not taken into account since this would increase the
number of parameters leading to identifiability problems. The for-
mation of monosaccharide–enzyme complexes (EI) avoiding the
advance of the transgalactosylation reaction was subject to further
investigation.

Moreover, the experimental results obtained with the �-
galactosidase from Pectinex Ultra SP-L, showed that the compound
6′-galactosyl-lactulose was the main trisaccharide formed, while
6-galactobiose was the disaccharide formed in the highest propor-
tion. Therefore, only the formation of galactosyl-galactose (GalGal)
disaccharides was taken into account. In addition, the inhibition
assays showed that only galactose caused competitive inhibition
on the formation of trisaccharides when the lowest concentration
of lactulose was used in the experiments.

On the basis of these theoretical considerations and our experi-
mental data, the following scheme was proposed for the reactions
with the �-galactosidases from Pectinex Ultra SP-L:

E+ Lu
k1←→

k−1

ELu
k2−→EGal+ Fru Formation of E-Gal complex

EGal+ Lu
k3←→

k−3

E+ Tri Formation of trisaccharides

EGal+ Gal
k4←→

k−4

E+ GalGal Formation of Gal-Gal disaccharides

EGal
k6←→

k−6

E+ Gal Hydrolysis

E+ Gal
k7←→

k−7

EI Inhibition by galactose

Once the enzymatic reactions were proposed, and before start-
ing the estimation of parameters, the experimental results were
checked based on the sugar residue balance. Thus, it can be
determined that, the materials, in each experiment, were con-
served for the galactose (Gal) and fructose (Fru) moiety with
an error lower than 10% based on the following conservation
equations:

Galactose moiety : [Lu]0 − [Lu] ≈ [Gal]+ 2[GalGal]+ 2[Tri]
Fructose moiety : [Lu]0 − [Lu] ≈ [Fru]+ [Tri]
The balance equation for the enzyme is [E] = [E]0 − [EI]
−[ELu]− [EGal]

where [Lu] is the initial mole concentration of substrate.
0
Thus, the differential equations for the reactions showed above

are:

d[Lu]
dt
= −k1[Lu][E]+ k−1[ELu]− k3[EGal][Lu]+ k−3[Tri][E] (4)
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cients (k−3, k−4 and k−6, respectively) are very high. In order to
minimize this identifiability problem, the reverse constants (k−3,
k−4 and k−6) were set to a nominal value and only the direct ones
were estimated. As a result, almost the same fit was achieved
(only 3% worse) and the identifiability and confidence intervals
d[Gal]
dt

= −k4[EGal][Gal]+ k−4[GalGal][E]+ k6[EGal]− k−6[Gal][E]

−k7[Gal][E]+ k−7[EI] (5)

d[Fru]
dt

= k2[ELu] (6)

d[Tri]
dt

= k3[EGal][Lu]− k−3[Tri][E] (7)

d[GalGal]
dt

= k4[EGal][Gal]− k−4[GalGal][E] (8)

d[E]
dt
= −k1[Lu][E]+ k−1[ELu]+ k3[EGal][Lu]− k−3[Tri][E]

+k4[EGal][Gal]− k−4[E][GalGal]+ k6[EGal]− k−6[E][Gal]

+k7[E][Gal]− k−7[EI] (9)

d[ELu]
dt

= k1 [Lu] [E]− k−1[ELu]− k2[ELu] (10)

d[EGal]
dt

= k2[ELu]− k3[EGal][Lu]+ k−3[Tri][E]− k4[EGal][Gal]

+k−4[E][GalGal]− k6[EGal]+ k−6[E][Gal] (11)

d[EI]
dt
= k7[Gal][E]− k−7[EI] (12)

n order to validate the proposed model, Eqs. (4)–(12) were fitted to
he available data from the experiments with the �-galactosidase
f Pectinex Ultra SP-L at different lactulose concentrations (0.73,
.33 and 1.93 M), temperature being constant (333 K), aiming to
nd the best set of parameters able to describe the oligosaccha-
ides synthesis at any initial concentration of lactulose among the
onsidered range.

Some of the studies found in the literature (Chen et al., 2003)
onsider the quasi-steady-state approach for the intermediate
omplexes (in this work EGal and ELu). Therefore, in this pre-
iminary screening, it was also assumed that d[EGal]/dt≈0 and
[ELu]/dt≈0. The fit obtained following these considerations pre-
ented some deficiencies, in particular for the prediction of fructose
nd galactose concentration so, unlike other authors, the quasi-
teady-state approximation was not taken into account. In addition,
t can be observed that, the enzyme–lactulose (ELu) complex was

inimally formed in the reaction mixture in comparison with the
Gal complex. Since the ELu almost did not participate in the reac-
ion, it was removed from the model as well as the parameters
orresponding to the coefficients for the formation and hydrolysis
k1 and k−1) of ELu.

The relevance of the inhibition by galactose is not clear in the
iterature. While authors as Mozaffar et al. (1984) and Bakken et al.
1992) claim its importance, others as Boon et al. (1999) consider
t negligible under their experimental conditions. In this work, the

odel without inhibition was considered as a submodel of the one
ith inhibition and the Akaike’s criterion was computed for both
odels making use of the experimental data. The value of the cri-
erion for the model including inhibition is higher than the one of
he model without it, so it can be said that the fit of the data is
ot significantly better than that obtained with the model with-
ut inhibition. Therefore, the inhibition was not considered on the
odel and the reactions were consequently simplified.
Fig. 1. Local relative sensitivity of the eight parameters involved on the model
describing the lactulose conversion with �-galactosidase of Pectinex Ultra SP-L at
constant temperature.

3.2. Model calibration for the Pectinex experiments

Once the mechanistic model was selected, the resulting equa-
tions were fitted to the data of three experiments with the
�-galactosidase of Pectinex Ultra SP-L at the different lactulose con-
centrations (0.73, 1.33 and 1.93 M) at 333 K. The measured species
were lactulose, fructose, trisaccharides, galactose and galactosyl-
galactose disaccharides at six sampling times (0, 1, 3, 5, 7 and 24 h).
The kinetic coefficients (k1, k3, k−3, k4, k−4, k6 and k−6) and the ini-
tial concentration of the enzyme were optimized by means of the
SSm GO toolbox, using the weighted least squares criterion as cost
function. The data predicted with the estimated set are in good
agreement with the experimental data for the five species mea-
sured, so it was used to analyze the practical model identifiability.

The sensitivity analysis (see Fig. 1) shows that the model is
influenced by changes on each of the eight estimated parameters.
However, the correlation matrix presented in Fig. 2 indicates that
the correlations between k3, k4 and k6 and their reverse coeffi-
Fig. 2. Correlation matrix of the eight parameters involved on the model describing
the lactulose conversion with �-galactosidase of Pectinex Ultra SP-L at constant
temperature.



Table 1
Optimal parameter for the hydrolysis of lactulose and synthesis of oligosaccharides by the �-galactosidase from Pectinex Ultra SP-L (Aspergillus aculeatus) and Lactozym
3000L HP G (Kluyveromyces lactis).

Parameter Estimated values Estimated values

A. Aculeatus (Pectinex Ultra SP-L) K. Lactis (Lactozym 3000L HP G)

k1 3.6×100 ±7.8×10−1 M−1 h−1 2.2×102 ±5.9×101 M−1 h−1

k3 8.8×100 ±1.6×100 M−1 h−1 3.4×10−1 ±8.4×10−2 M−1 h−1

k−3 1.0×102 M−1 h−1 1.0×102 M−1 h−1

k4 1.8×100 ±3.4×10−1 M−1 h−1 2.9×10−1 ±7.7×10−2 M−1 h−1

2 −1 −1 1.0×102 M−1 h−1

4.4×10−1 ±1.0×10−1 M−1 h−1

1.0×102 M−1 h−1

1.0×10−1 ±1.9×10−2 M
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Lu
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Tri
Gal
GalGal
k−4 1.0×10 M h
k6 3.3×100 ±6.3×10−1 M−1 h−1

k−6 1.0×102 M−1 h−1

E0 1.5×10−1 ±1.5×10−2 M

ere strongly improved. Since no relevant values for the inverse
onstants were found in the literature, the assigned ones were
omehow arbitrary. The value of the estimated constants and
heir confidence intervals for the best fit are shown in Table 1.
s can be observed in Fig. 3, the fits for this enzyme for differ-
nt initial concentrations of lactulose (0.73 M (A), 1.33 M (B) and
.93 M (C)), showed a good agreement between the predicted and
he experimental data. Moreover, the mathematical model is able
o accurately predict the higher production of disaccharides and
risaccharides when the initial concentration of lactulose increases.

.3. Model calibration for the Lactozym experiments

Since the developed model was able to fit the experimental
ata corresponding to the synthesis of lactulose-derived oligosac-
harides with the �-galactosidase from Pectinex Ultra SP-L, it was
nteresting to analyze if the same model could describe the syn-
hesis of oligosaccharides with the �-galactosidase of Lactozym
000L HP G used in previous studies about the formation of
ew compounds using lactulose as substrate (Martinez-Villaluenga
t al., 2008). For this enzyme, experimental data at different con-
entrations of lactulose (0.73–1.93 M) and different temperatures
313 and 323 K) were also available. The chromatographic pro-
le obtained with this enzyme was quite similar to that obtained

or the synthesis of oligosaccharides with Pectinex Ultra SP-L but
he amount of compounds was different. Thus, in these assays,
wo trisaccharides were obtained in a major proportion, the 6′-
alactosyl-lactulose and the 1-galactosyl-lactulose. In this way, the
ame kinetic model with the same assumptions (absence of inhibi-
ion at high concentrations of Lu, formation of galactosyl-galactose
ype disaccharides, etc.) was fitted to the data corresponding to
hree experiments at the same temperature (323 K) and different
nitial concentrations of lactulose (0.73, 1.33 and 1.93 M).

The production of disaccharides was small and it increased with
ncreasing time of reaction for both enzymes at all temperatures.
his production showed a pretty linear trend for Pectinex Ultra SP-L
ut for Lactozym 3000L HP G the concentration seemed to be zero
r at least non-measurable during the first 4–6 h at high concen-
rations of enzyme, presenting sudden increases afterwards. This

ade the fitting of the disaccharides very difficult with the avail-
ble model and, at the same time, they strongly influence the value
f the objective function due to the small standard deviation of
hese points (despite the fact that at this low concentration the
xperimental errors are known to be quite high). That makes the
stimation to neglect other species that are more important for this
tudy, so the weights of the objective function were manually tuned
n order to avoid this bias.
The sensitivity analysis for the best set of parameters obtained
ith these data and the tuned objective function showed a sig-
ificantly smaller sensitivity of the model output to the reverse
arameters (k−3, k−4 and k−6) than to the direct ones and a
ery high sensitivity to the initial concentration of the enzyme.

Fig. 3. Time–course reactions for lactulose conversion with �-galactosidase of
Pectinex Ultra SP-L with three different initial concentrations of lactulose (A) 0.73 M,
(B) 1.33 M and (C) 1.93 M and temperature of 333 K. Symbols are the points of exper-
imental data and lines are the predicted values for the best fit of the quasi-steady
state model.



M
s
r
v

i
i
t
t
a
a
m
c
U
l
t
f
f
t

3

d
m
a

k

w
f
(
i
e

w
r
i
p
t
d
c
t
s
a

p
c
E
i
o
h
t
i
d

c
d
t
w
p
g
e

0 5 10 15 20
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

Time (h)

a

b

c

C
on

ce
nt

ra
tio

n 
(M

)

 

 
Lu
Fru
Tri
Gal
GalGal

0 5 10 15 20
0

0.2

0.4

0.6

0.8

1

1.2

Time (h)
C

on
ce

nt
ra

tio
n 

(M
)

 

 
Lu
Fru
Tri
Gal
GalGal

0 5 10 15 20
0

0.5

1

1.5

Time (h)

C
on

ce
nt

ra
tio

n 
(M

)

 

 
Lu
Fru
Tri
Gal
GalGal

Fig. 4. Time–course reactions for lactulose conversion with �-galactosidase of Lac-
oreover the correlation between k1 and the reverse con-
tants is equal to one so, following the previous scheme, the
everse constants (k−3, k−4 and k−6) were set to a nominal
alue.

The value of the best set of parameters and their confidence
ntervals are shown in Table 1. As expected, the value found for k1
s higher than that estimated for Pectinex Ultra SP-L at 333 K since
he decrease in the concentration of lactulose and the increase in
he concentration of fructose are faster for Lactozym 3000L HP G
t 323 K. The values found for the formation of trisaccharides (k3)
nd disaccharides (k4) were in the same order of magnitude, which
eans that, in this case, both galactose and lactulose are good gly-

osyl acceptors to form these compounds. In contrast, for Pectinex
ltra SP-L at 333 K, the value of k3 was higher than k4 indicating that

actulose acts as a better acceptor than galactose, which explains
he fact that, under the assayed conditions, more trisaccharides are
ormed at a faster reaction rate. Fig. 4 shows the good agreement
ound between the experimental data and the predicted values for
he best fit, supporting the goodness of the model.

.4. Modeling the temperature dependence

To complete this study, a more complex scheme allowing han-
ling experiments at different temperatures was included into the
odel. As a first approach, the rate constants (k1, k3, k−3, k4, k−4, k6

nd k−6) were assumed to follow the Arrhenius equation:

= K0 e−Ea/RT (13)

here Ea is the activation energy (J/mol), K0 the pre-exponential
actor, R the ideal gas constant (8.3 J/mol K) and T is the temperature
K). The expression of the Arrhenius equation for the direct and
nverse reactions was employed in the model as in the following
xample:

Formation of trisaccharides : k3 = K03 e−Ea3/RT

Hydrolysis of trisaccharides : k−3 = K03i e−Ea3i/RT

The rate expressions for the proposed model, above mentioned,
ere fitted simultaneously for the five different experiments car-

ied out with the �-galactosidase of Pectinex Ultra SP-L at various
nitial concentrations of substrate (0.73, 1.33 and 1.93 M) and tem-
eratures (313, 323 and 333 K). The concentration of enzyme and
he pH remained constant in all the experiments. Each experiment
escribed the lactulose, fructose, galactose, trisaccharide and disac-
haride evolution in time. Fig. 5 shows the experimental data and
he model prediction for the three batch experiments. As can be
een, a good agreement was obtained between the experimental
nd simulated values.

The final concentration of trisaccharides increases as the tem-
erature increases being maximum at 333 K. This phenomenon is
aptured by the model and reflected on the value of the parameters,
a3 is greater than Ea3i, meaning that the formation of trisaccharides
s favored by the temperature. In the case of the disaccharides, the
pposite effect is observed; the final concentration is smaller for
igher temperatures. Accordingly, Ea4i is larger than Ea4 meaning
hat the inverse reaction is favored by the temperature more than
t is the direct reaction. Therefore, the production of disaccharides
ecreases at high temperatures.

The same procedure was followed for the synthesis of oligosac-
harides by the �-galactosidase of Lactozym 3000L HP G. Thus, the
ata coming from four experiments at different lactulose concen-

rations (0.73, 1.33 and 1.93 M) and temperatures (313 and 323 K)
ere fitted using the same kinetic model. Simulated values were
lotted as continuous lines in Fig. 6, while experimental results are
iven as symbols, showing the good agreement obtained for this
nzyme. In this case the available temperatures were only two,
tozym 3000L HP G with three different initial concentrations of lactulose (A) 0.73 M,
(B) 1.33 M and (C) 1.93 M and temperature of 323 K.

therefore, the fitting of the model was more challenging and the
decreasing of disaccharides formation with the temperature was
not captured properly. That explains why Ea4 is larger than Ea4i
even if the final concentration of disaccharides is slightly smaller
at 323 K than at 313 K. Regarding the trisaccharides, their behavior
is properly captured. The data show that lactulose is a better accep-
tor of glycosyl at 313 K than at 323 K and the estimated parameters
point out in the same direction, Ea3i is larger than Ea3. Since the
constant of the inverse reaction increases with the temperature,
the amount of trisaccharides will decrease.

The numeric values obtained for the best fit in the temperature-
dependent model for the two enzymes used in this work are shown

in Table 2. It is worth noting that, the correlation found between
the different parameters, especially between the pre-exponential
factors and their corresponding activation energy for the Arrhenius
equations are very close to 1, so it cannot be stated that these sets
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much higher than that obtained for the �-galactosidase of Pectinex
Ultra SP-L, indicating a higher rate of formation and, therefore, a
faster decrease in lactulose concentration in the reaction medium
when Lactozym 3000L HP G is used as source of �-galactosidase.
For Pectinex Ultra SP-L, the fitted reaction rate coefficient for the

Table 2
Optimal parameter for the hydrolysis of lactulose and synthesis of oligosaccharides
by the �-galactosidase from Pectinex Ultra SP-L (Aspergillus aculeatus) and Lactozym
3000L HP G (Kluyveromyces lactis).

Parameter Estimated value Estimated value

A. aculeatus (Pectinex Ultra SP-L) K. lactis (Lactozym
3000L HP G)

k01 3.8×102 M−1 h−1 4.8×103 M−1 h−1

k03 1.9×104 M−1 h−1 1.4×101 M−1 h−1

k−03i 1.5×102 M−1 h−1 1.1×106 M−1 h−1

k04 3.2×100 M−1 h−1 2.6×100 M−1 h−1

k−04 5.3×105 M−1 h−1 1.2×102 M−1 h−1

k06 1.9×102 M−1 h−1 2.1×101 M−1 h−1

k−06 1.1×105 M−1 h−1 1.4×103 M−1 h−1

Ea1 1.3×104 J/M 9.7×103 J/M
Ea3 2.2×104 J/M 9.0×103 J/M
E 1.0×103 J/M 2.8×104 J/M
ig. 5. Time–course reactions for lactulose conversion with �-galactosidase of
ectinex Ultra SP-L with initial concentration of lactulose of 1.93 M and different
emperatures (A) 313 K, (B) 323 K and (C) 333 K.

f parameters are the only ones providing a good fit to the experi-
ental data. This is due to the difficulties inherent to the Arrhenius

quation structure already reported by other authors as Pritchard
nd Bacon (1978). Moreover, the limited amount of experimental
ata (i.e. for the �-galactosidase only data at two different temper-
tures and with a difference of only 10 ◦C) made the identification
ven harder.

Table 3 shows the reaction rate coefficients calculated from the
est parameters obtained for the proposed model at a fixed temper-
ture. The temperatures selected were those for which a maximum
ormation of trisaccharides was obtained, i.e., 333 K for the Pectinex

ltra SP-L and 313 K for the Lactozym 3000L HP G. Although iden-

ifiability results indicate a strong dependence of the direct and
everse constants, we can indicate for all calculated parameters at
he most favorable temperature among the range of this study for
he formation of trisaccharides, a set of parameters that give an
Fig. 6. Time–course reactions for lactulose conversion with �-galactosidase of Lac-
tozym 3000L HP G with initial concentration of lactulose of 0.73 M and different
temperatures (A) 313 K and (B) 323 K.

approximation of the behavior of both enzymes in the formation
of oligosaccharides derived from lactulose. As can be seen in the
table, for the �-galactosidase of Lactozym 3000L HP G the fitted
reaction rate coefficient for the formation of the EGal complex was
a3i

Ea4 1.0×103 J/M 4.1×103 J/M
Ea4i 2.3×104 J/M 3.0×102 J/M
Ea6 1.4×104 J/M 8.4×103 J/M
Ea6i 2.2×104 J/M 6.4×103 J/M
E0 2.0×10−1 M 6.6×10−2 M



Table 3
Reaction rate coefficients for the optimal temperature of formation of trisaccharides
by the �-galactosidases from Pectinex Ultra SP-L (333K) and Lactozym 3000L HP G
(313 K).

Reaction rate constants Rate coefficients values

A. aculeatus (Pectinex
Ultra SP-L)

K. lactis (Lactozym
3000 L HP-G)

k1 2.8×100 M−1 h−1 1.1×102 M−1 h−1

k3 6.4×100 M−1 h−1 4.4×10−1 M−1 h−1

k−3 1.1×102 M−1 h−1 2.3×101 M−1 h−1

k4 2.3×100 M−1 h−1 5.4×10−1 M−1 h−1

k−4 1.3×102 M−1 h−1 1.1×102 M−1 h−1

k6 1.3×100 M−1 h−1 8.3×10−1 M−1 h−1
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Rodriguez-Fernandez, M., Egea, J.A., Banga, J.R., 2006a. Novel metaheuristic for
k−6 4.0×10 M h 1.2×10 M h

ormation of trisaccharides (k3) was found to be higher than that
or disaccharides (k4) and the values found for the reverse reac-
ions (k−3 and k−4) were similar. Therefore, for the �-galactosidase
f Pectinex Ultra SP-L at 333 K, it is possible to establish that lac-
ulose acts as a better glycosyl acceptor to form trisaccharides but
hese are more easily broken down; galactose is a poorer accep-
or than lactulose but has more chances to form disaccharides at
ower concentrations of lactulose and the disaccharides originated
re much more stable. On the contrary, in the case of Lactozym
000L HP G, the fitted reaction rate coefficient for trisaccharide
ormation (k3) was similar to that found for disaccharides (k4)
eing the values obtained for the reverse reactions (k−3, k−4) strik-

ngly different. Thus, for the �-galactosidase of Lactozym 3000L
P G, both lactulose and galactose are good glycosyl acceptors to

orm trisaccharides and disaccharides, being the latter more rapidly
ydrolyzed and, therefore, less stable.

. Conclusions

The proposed model can describe the oligosaccharide synthesis
sing the �-galactosidases from Pectinex Ultra SP-L (A. aculea-
us) and Lactozym 3000L HP-G (K. lactis) at several temperatures
nd initial concentrations of lactulose. The experimental data are
n good agreement with the predictions of the developed model.
n accordance with the experimental data, the kinetic parameters
escribing the reversible oligosaccharide synthesis are of different
agnitude for both �-galactosidases, since they produce different

mounts and types of oligosaccharides. The formation of trisaccha-
ide was favored in the synthesis of oligosaccharides using lactulose
s substrate and Pectinex Ultra SP-L, whereas the formation of dis-
ccharides was higher when the �-galactosidase from Lactozym
000L HP G was used as enzyme. Moreover, the formation of trisac-
harides is larger at high temperatures when using Pectinex Ultra
P-L (maximum at 333 K) even though the formation of disaccha-
ides is larger at lower temperatures. In the case of the Lactozym
000L HP-G, the production of both di- and trisaccharides is higher
t 313 K (the minimum temperature used for the experiments). This
s the first time that a complete system identification loop, includ-
ng model selection using the Akaike criterion, robust estimation of
he parameters by means of a global optimization method and com-
utation of confidence intervals is performed for the kinetic study
n the formation of new oligosaccharides with potential prebiotic
roperties. Important insights into the mechanism of formation
f new oligosaccharides with potential prebiotic properties were

btained from the developed model that could ultimately be used
o select the optimal operating conditions for increasing the effi-
iency of the production or for the selective formation of a target
i- or trisaccharide.
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