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a  b  s  t  r  a  c  t

Twenty-five  commercial  enzyme  preparations  for use  in the  food  industry  were  assayed  for  transfruc-
tosylation  activity.  Three  preparations  showed  high  transfructosylation  activity  from  sucrose  as  well  as
the ratio  of transferase  and  hydrolase  activities.  Short-chain  fructooligosaccharides  (sc-FOS)  were  not
hydrolyzed  by  the  three  enzyme  preparations  after  a  12  h  reaction  time. At a 6 h reaction  time,  yield  and
vailable online 21 December 2011

eywords:
ructooligosaccharide
ransfructosylation activity

volumetric  productivity  were  in the  range  from  58.8  to  62.6%  (g sc-FOS/100  g initial  sucrose)  and  52.5  to
55.9 g  sc-FOS/L  h,  respectively.  One  enzyme  preparation  was  then  evaluated  for sc-FOS  synthesis.  Thus,
environmental  factors  influencing  the  reaction  were  studied  on  products.  Total  sc-FOS  concentration  was
not  affected  by  temperature,  pH  and  enzyme  concentration  at the  studied  levels,  but  high  concentrations
of  sucrose  affected  the  sc-FOS  formation.  The  results  suggest  that these  enzyme  preparations  can  be

ood-g
ructosyltransferase exploited  as a source  of  f

. Introduction

Short-chain fructooligosaccharides (sc-FOS) are a mixture of 1-
estose (GF2), nystose (GF3) and 1F-fructofuranosylnystose (GF4),
hich have been regarded as prebiotics since the mid-1990s. They
ave important physiological functions due to their indigestibility

n the upper gastrointestinal tract, which stimulate the selective
rowth of bifidobacteria in the large intestine [1,2]. Sc-FOS have
eceived GRAS status (generally recognized as safe), which has pro-
oted their use as ingredients for both food and feed in East Asia,
orth America and Europe [3].

Sc-FOS are produced either from sucrose by transfructosyla-
ion with fructosyltransferases (�-fructofuranosidase, EC 3.2.1.26
r �-d-fructosyltransferase, EC 2.4.1.9) or from inulin by controlled
nzymatic hydrolysis. The transfructosylation process has a greater
otential because it is possible to synthesize sc-FOS oligomers of
ither defined chain length [4] or desired composition mixtures
y modulating the reaction time. GF2 has more sweetening power
han other sc-FOS and can be used as a sweetener for diabetics [5],
o the reaction should be stopped at the maximum production of

c-FOS.

A fructosyltransferase is considered efficient if it possesses the
bility to bind the acceptor, fructosyl moiety, and to exclude H2O via

∗ Corresponding author at: School of Biochemical Engineering, Pontificia Univer-
idad Católica de Valparaíso, Avenida Brasil 2147, Valparaíso, Chile.
el.: +56 32 2273650; fax: +56 32 2273803.

E-mail address: mzuniga@ucv.cl (M.E. Zúniga-Hansen).

381-1177/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
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rade  fructosyltransferase,  in  addition  to Pectinex  Ultra  SP-L.
© 2011 Elsevier B.V. All rights reserved.

a double-displacement mechanism, as shown in Fig. 1 [6–9]. This
efficiency is confirmed by the synthesis yield because it depends
on the relative rates of transfructosylation and hydrolysis [10].

The main disadvantage of the sc-FOS synthesis process is the
lack of a reasonably priced and efficient catalyst. Some studies have
described screening microorganisms for transfructosylation activ-
ity [7,11,12], but this approach is complicated and tedious because
a large number of positive hits may  still fail. Only a few of these
enzymes have the level of transfructosylation activity necessary
for industrial applications [10]. Moreover, these isolated enzymes
are not yet commercially available. Another approach is the devel-
opment of heterologous recombinant enzymes that efficiently and
selectively synthesize GF2 [13,14].  These enzymes are not cur-
rently used in industrial production of oligosaccharides in Japan,
according to a report by Taniguchi [15], because manufacturers are
nervous about consumers’ response to their use.

Currently, one of the most common alternatives discussed in the
literature is the immobilization of fructosyltransferases [16–18],
but this process is only justified if the enzyme is expensive or
inactivated under reaction conditions. An alternative is to use low-
cost commercial enzyme preparations designed for use in the food
industry. Many are obtained from filamentous fungi that are con-
sidered good producers of fructosyltransferases [19]. In addition
to the main enzymatic activity, some enzyme preparations have
secondary activities, including transfructosylation, which has been

found in Pectinex Ultra SP-L [20].

On the other hand, compared with previous approaches,
commercial enzyme preparations have economic and technical
advantages, such as low price, versatility and stability of enzymatic

dx.doi.org/10.1016/j.molcatb.2011.12.007
http://www.sciencedirect.com/science/journal/13811177
http://www.elsevier.com/locate/molcatb
mailto:mzuniga@ucv.cl
dx.doi.org/10.1016/j.molcatb.2011.12.007
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Fig. 1. Schematic representation of the double-displacement mechanism for fructo-
syltransferases at an early stage of the reaction in which inhibition by glucose may
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e  negligible. GF: sucrose, E: free enzyme, E·FG: covalent sucrose–enzyme inter-
ediate, E·F: covalent fructosyl–enzyme intermediate, G: glucose, F: fructose, GF2:

-kestose, GF3: nystose and GF4: 1F-fructofuranosylnystose.

ctivity under reaction conditions. Because of advances in biotech-
ology, it is now possible to have more varieties of food-grade
nzymes, which increases their potential application in sc-FOS pro-
uction. More studies are needed to find other preparations with
ransfructosylation activity and thermal stability as Pectinex Ultra
P-L. In the current study, three commercial enzyme preparations
ere selected from twenty-five for the synthesis of sc-FOS from

ucrose because they showed high transfructosylation activity as
ell as the ratio of transferase and hydrolase activities. In addition,

he effect of reaction conditions on the synthesis was  studied by
he action of an enzyme preparation previously selected.

. Materials and methods

.1. Materials

1-Kestose, nystose and 1F-fructofuranosylnystose standards
ere obtained from Wako Chemicals (Richmond, VA, USA).
lucose–oxidase–peroxidase enzymatic kit was purchased from
pinreact (San Esteve de Bas, Spain). Other reagents were pur-
hased from Sigma Chemical (St. Louis, MO,  USA) or Merck
Darmstadt, Germany).

.2. Enzymes

Twenty-five enzyme preparations from fungal strains that are
esigned for use in the food industry were kindly donated by Bio-
atalysts Ltd. (Parc Nantgarw, Wales, UK); Amano Enzyme Co.,
td. (Elgin, IL, USA); DSM Food Specialties, Unltd (Santiago, Chile);
imerco Comercial Ltda, Santiago, Chile (AB Enzymes GmbH) and
lumos SA, Santiago, Chile (Novozymes A/S).

.3. Enzyme assays

Transfructosylation and hydrolysis activities were determined
y the initial reaction rate of glucose and fructose released from
ucrose. Glucose is produced in both cases (transfructosylation and
ydrolysis activities), while fructose is exclusively the result of
he hydrolytic activity. The reaction mixture consisted of 49 mL
f 400 g/L sucrose in 50 mM sodium acetate buffer at pH 5.5,
nd 1 mL  of either the enzyme preparation or diluted enzyme
reparation using the same buffer. The mixture was incubated
t 50 ◦C and stirred at 150 rpm. Samples (4 mL)  were taken from
he reaction mixture at regular intervals for 5 min  and the reac-

ion was stopped by heating in boiling water for 10 min, finally,
ere assayed for glucose (commercial enzymatic kit) and reducing

ugars (Somogy–Nelson method). Fructose was calculated as the
ifference in the concentrations of reducing sugars and glucose.
olecular Catalysis B: Enzymatic 76 (2012) 44– 51 45

Solid-phase enzymes were dissolved in the same buffer at a certain
concentration and tested as described.

The rate of transfructosylation (VT) was calculated from the fol-
lowing mole balances and ratios of stoichiometric coefficients for
chemical species shown in Fig. 1.

– The rate of formation of glucose (G) and covalent fructosyl-
enzyme intermediate (EF) is represented by

VG = VEF

– The rate of formation of fructose (F), GF2, GF3 and GF4 is repre-
sented by (parallel reactions)

−VEF = VF + VGF2 + VGF3 + VGF4

– The mole balance between the two stages of the catalytic mech-
anism is represented by

VG = VEF = −VEF = VF + VGF2 + VGF3 + VGF4
VT = VG − VF

where VT is the sum of the rates of formation of GF2, GF3 and GF4
and represents the rate of formation of transferred fructose.

One unit of transfructosylation activity (UT) was  defined as the
amount of enzyme required to transfer 1 �mol of fructose per min.
One unit of hydrolytic activity (UH) was defined as the amount of
enzyme required to release 1 �mol  of fructose per min.

2.4. Confirmative experiment for sc-FOS synthesis

9 UT/g sucrose was  diluted in the same buffer as in Section 2.3
to a final volume of 0.5 mL  and added to 19.5 mL of 550 g/L sucrose
solution. Other experimental conditions were the same as previ-
ously stated, except for 0.4 mL  aliquot that was withdrawn from
this reaction mixture for analysis of carbohydrates. The experimen-
tal outputs were yield (YP/S) and volumetric productivity (QP). Yield
was defined as sc-FOS grams per 100 g of initial sucrose. Volumet-
ric productivity was  defined as sc-FOS grams per reactor volume
and time (g/L h). Sucrose conversion was defined as the ratio of
transformed sucrose in the reaction relative to the initial sucrose.

In order to compare the yields achieved for each fructooligosac-
charide during synthesis with the theoretical yield, the relative
yield was defined as follows [11]

2GF → GF2 + G Y∗
GF2

= 2c(GF2)
c0S

2GF2 → GF3 + GF Y∗
GF3

= 3c(GF3)
c0S

2GF3 → GF4 + GF2 Y∗
GF4

= 4c(GF4)
c0S

Y∗
sc-FOS = Y∗

GF2
+ Y∗

GF3
+ Y∗

GF4

where c(GF2), c(GF3), c(GF4), c0S are the molar concentrations of
1-kestose, nystose, 1F-fructofuranosylnystose and initial sucrose,
respectively.

2.5. Effect of reaction conditions on the performance of sc-FOS

formation

In order to evaluate the performance of an enzyme prepara-
tion previously selected as a biocatalyst for synthesis of sc-FOS,
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xperiments were conducted by the one-factor-at-a-time method.
hus, reactions were performed in 25 mL  flasks and stirred by a
agnetic stirrer at 150 rpm. 100 �L of suitably diluted enzyme was

dded to 19.9 mL  of sucrose solution in buffer at the correspond-
ng pH of the reaction. Operating parameters such as temperature,
H and concentrations of sucrose and enzyme were designated
s independent variables in the experiments. Experimental yield
YP/S) and volumetric productivity (QP) were reported when the
ucrose conversion in the reaction medium was 0.8 wherein the GF2
oncentration had a maximum value. It was due to the fact that the
otal sc-FOS concentration did not have a maximum concentration
nder the conditions tested (see below).

The effect of temperature on reaction products was  studied in
he range from 45 to 60 ◦C and the remaining variables were main-
ained at pH 5.5, 600 g/L sucrose and 5.4 UT/mL. The influence of
H was tested in the range from 4.5 to 6.5 (50 mM sodium acetate
uffer at pH 4.5, 5.0, 5.5, 6.0 and 50 mM sodium phosphate buffer at
H 6.5) and the other variables were constant as above-mentioned
alues at 50 ◦C. To study the effect of sucrose concentration, the
xperimental conditions were 50 ◦C, pH 5.5, 5.4 UT/mL  and initial
ucrose concentration was varied over the range of 400–800 g/L.
inally, the effect of enzyme concentration on sc-FOS formation
as determined in the range from 4.2 to 15 UT/mL, keeping other

ariables at 50 ◦C, pH 5.5 and 600 g/L sucrose.

.6. Thermal stability of free enzyme

Thermal stability under non-reactive conditions was assayed
n 50 mM sodium acetate buffer at pH 5.5. In order to mimic  the
hermal stability under reactive conditions, sucrose was  replaced
y 600 g/L methyl-�-d-glucopyranoside in the same buffer [21].
.5 mL  aliquots were withdrawn from the reaction mixture at dif-
erent times and residual activity was measured by the initial
eaction rate of reducing sugars using sucrose as substrate.

.7. Analysis of carbohydrates

The samples were analyzed for their carbohydrate composi-
ion by high-performance liquid chromatography (HPLC) using a
erkin-Elmer Series 200 machine with a refractive index detec-
or and autosampler. Chromatography was performed on a Benson
olymeric BP-100 Ag+ column. Column and detector temperatures
ere maintained at 50 ◦C and 45 ◦C, respectively. Samples (10 �L)
ere eluted with Milli-Q water at a flow-rate of 0.4 mL/min. The
ata obtained were analyzed using the TotalChrom software (ver-
ion 6.3.1).

.8. Statistical analysis

All experiments were performed in duplicate, except for kinetic
xperiments of thermal inactivation of free enzyme which were
onducted in triplicate. The average values with standard devia-
ion are reported. Results of the enzymatic activities were analyzed
y one-way analysis of variance (ANOVA) followed by Dunnett’s
ultiple comparison test. Differences were considered significant

t p-values < 0.05. Data were analyzed using Microsoft® Excel 2007
Microsoft Corporation) and Statistica 8.0 (StatSoft, Inc. 2007, USA).

. Results and discussion

.1. Screening of enzyme preparations for transfructosylation

ctivity

The twenty-five enzyme preparations have several known activ-
ties for their use in the food industry, but the current preparations
olecular Catalysis B: Enzymatic 76 (2012) 44– 51

were assayed using sucrose to measure conversion into trans-
fructosylation products. The transfructosylation and hydrolysis
activities of these preparations are shown in Fig. 2a and b.

Enzyme preparations exhibited one or both activities, except
for Pectinex Smash XXL, Cellulase 13L and Depol 692L. In order to
select enzyme preparations for subsequent experiments were per-
formed three Dunnett’s multiple comparison test. Pectinex Ultra
SP-L and Maxinvert L 10000 were used as the control preparations
because these enzymes are known to have efficient transfructosy-
lation and hydrolysis activities, respectively [21,22]. Pectinex Ultra
SP-L is marketed for use in the processing of fruit juice and contains
pectinolytic and cellulolytic enzymes from Aspergillus aculeatus.
Maxinvert L 10000 is marketed in the food industry as an invertase
from a strain of Saccharomyces cerevisiae.

The selection criteria when screening enzymes for fructosyl-
transferases include transfructosylation activity and the ratio of
transferase and hydrolase activities (UT/UH). This ratio expresses
the maximum efficiency for transfructosylation under reaction
conditions such as sucrose concentration, temperature and pH of
the reaction medium because the activities were measured as initial
reaction rates.

According to Dunnett’s test, preparations with greater trans-
fructosylation activity relative to Pectinex Ultra SP-L were in
the following order: Rohapect CM > Maxinvert L 10000 > Protease
M > Protease AD-S > Viscozyme L. The p-value was < 0.001 for all of
them. Pectinex Smash was considered because it showed greater
activity than did Pectinex Ultra SP-L, although this activity was
not significant (p = 0.64). In addition, Pectinex Smash showed
the highest ratio of transferase and hydrolase activities (UT/UH).
The hydrolysis activity of these enzyme preparations relative
to Maxinvert L 10000 were in the following order: Rohapect
CM > Protease M = Protease AD-S > Viscozyme L > Pectinex Smash.
The p-value was  < 0.01 for all of them. In addition, according to
Dunnett’s test, higher ratios of transferase and hydrolase activi-
ties relative to Pectinex Ultra SP-L were in the following order:
Pectinex Smash (p < 0.001) > Rohapect CM (p < 0.001) > Viscozyme
L (p = 0.019) > Depol 40 L (p = 0.049).

These results highlight the need to characterize an enzyme
preparation not only by name but also experimentally because
some of these enzyme preparations exhibited high levels of
transfructosylation activity while others show hydrolytic activity
towards sucrose [3].  This phenomenon could be explained by the
presence of secondary activity (transfructosylation and hydrolysis)
in addition to their primary marketed activity.

Of the twenty-five enzyme preparations, three were selected
for further experiments. The three included Vizcozyme L (from A.
aculeatus), Pectinex Smash (from A. aculeatus/Aspergillus oryzae)
and Rohapect CM (from Trichoderma reesei); two  control enzyme
preparations were also included in the further experiments.

3.2. Confirmation of sc-FOS synthesis

The kinetic of the transfructosylation products for the five
enzyme preparations was  assayed using sucrose as substrate. Fig. 3
shows two HPLC chromatograms obtained from aliquots of the
reaction mixtures catalyzed by Rohapect CM and Maxinvert L
10000. The fructose peak was  very small compared with those
of glucose for the four enzyme preparations (Pectinex Ultra SP-
L, Rohapect CM,  Viscozyme L and Pectinex Smash) and confirmed
transfructosylation activity at high sucrose concentrations.

On the other hand, a large amount of sucrose was  hydrolyzed
by Maxinvert L 10000, as the fructose peak was almost equal to

that of glucose, confirming the selectivity for hydrolysis by this
enzyme. Additionally, the synthesis of oligofructans was  not selec-
tive because two  unidentified disaccharides (peaks 7 and 8, in
Fig. 3) were observed throughout the time course of the reaction.
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Fig. 2. (a) Transfructosylation and hydrolysis activities of commercial food-grade enzyme preparations in liquid phase. Enzyme preparations were from Novozymes (1)–(9),
Biocatalysts (10)–(15), Amano Enzyme (16), AB Enzymes (17)–(19) and DSM Food Specialties (20)–(22). (b) Transfructosylation and hydrolysis activities of commercial
food-grade enzyme preparations in solid phase. Sucrase/Invertase (1), Protease M (2), Protease AD-S (3). Enzyme preparations were from Biocatalysts (1), Amano Enzyme
(2–3).

F
c
F

ig. 3. Carbohydrate profiles obtained by HPLC from reactions catalyzed by Rohapect C
onditions were 536.2 g/L sucrose in 50 mM sodium acetate buffer (pH 5.5), 9 UT/g sucrose
,  (7) and (8) disaccharides.
M and Maxinvert L 10000 at 4 and 3 h reaction times, respectively. Experimental
 at 50 ◦C. The components identified were (1) GF4, (2) GF3, (3) GF2,  (4) GF, (5) G, (6)
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Fig. 4. Time course of the sc-FOS synthesis from sucrose catalyzed by Pectinex Ultra SP-L (a), Rohapect CM (b), Viscozyme L (c), Pectinex Smash (d) and Maxinvert L 10000
(e).  Experimental conditions were 536.2 g/L sucrose in 50 mM sodium acetate buffer (pH 5.5), 9 U /g sucrose at 50 ◦C. Sucrose (�), glucose (�), fructose (�), total sc-FOS (�),
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F2 (©), GF3 (�), GF4 (�) and disaccharide (♦). Remaining sucrose concentration o
ucrose  and the other disaccharide which is not shown in Table 1.

his observation agrees with the two disaccharides identified by
traathof et al. [23] and Farine et al. [24] using an invertase from S.
erevisiae.

Retention times of the standards and oligofructans synthe-
ized by Pectinex Ultra SP-L were taken as references. The results
uggested that oligofructans synthesized by the three enzyme
reparations were sc-FOS. Fig. 4 shows typical batch kinetics for
ucrose conversion into sc-FOS by the five enzyme preparations.
hese profiles, except for the reaction catalyzed by Maxinvert L
0000, were quite similar and are in agreement with previously
eported results for the synthesis of sc-FOS [7,11,25]. The four
nzyme preparations exhibited a high ability to transfer fructosyl

oieties to an acceptor other than H2O, as a plateau of the total

c-FOS concentration was observed from 6 to 12 h of reaction time.
otal sc-FOS concentration for Pectinex Ultra SP-L and Rohapect
M was time-dependent up to 6 h of reaction time when the
T

reaction catalyzed by Maxinvert L 10000 was  equivalent to the sum of remaining

average sucrose conversion was 0.85. For the four enzyme prepa-
rations, GF2 concentration was  decreasing after a 6 h reaction time
with a corresponding linear increase in GF3 and GF4 concentra-
tions. This reaction is independent of the overall kinetic control
mechanism because sc-FOS were not transformed into fructose and
glucose as the reaction time progressed. The reaction time is an
important control parameter with which it is possible to obtain a
specific mixture of sc-FOS.

The estimated yield, volumetric productivity and ratio R (grams
sc-FOS/mL enzyme) for each reaction was  determined after a 6 h
reaction time as shown in Table 1. The outputs of the reaction cat-
alyzed by Maxinvert L 10000 were estimated at the peak of fructans

(1 h reaction time). These results, except for the ratio R, are compa-
rable to that obtained by the action of Pectinex Ultra SP-L, which has
been reported for the synthesis of sc-FOS in free and immobilized
forms with conversion efficiency above 70% based on the amount
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Table 1
Kinetic parameters after a 6 h reaction time for the synthesis of sc-FOS from sucrose catalyzed by commercial enzyme preparations.

Kinetic Parameters Pectinex Ultra SP-L Rohapect CM Viscozyme L Pectinex Smash Maxinvert L 10000a

YP/S sc-FOS 61.1 ± 0.3 62.6 ± 0.5 58.8 ± 1.2 59.1 ± 0.3 10.5 ± 0.1
YP/S sc-FOSb 71.3 ± 0.5 73.6 ± 0.7 72.8 ± 1.9 72.5 ± 0.6 16.9 ± 0.3
YP/S GF2 39.6 ± 0.3 40.1 ± 0.4 44.6 ± 0.9 43.6 ± 0.3 8.2 ± 0.2
YP/S GF3 19.9 ± 0.3 20.2 ± 0.1 13.3 ± 0.3 14.5 ± 0.0 0.04 ± 0.0
YP/S GF4 1.6 ± 0.2 2.3 ± 0.0 0.9 ± 0.1 1.0 ± 0.0 –
YP/S disaccharidec – – – – 2.3 ± 0.1
QP sc-FOS 54.6 ± 0.3 55.9 ± 0.4 52.5 ± 1.1 52.8 ± 0.3 56.3 ± 0.4
R  15.9 ± 0.1 839.0 ± 6.6 65.7 ± 1.3 23.5 ± 0.1 43.3 ± 0.3

YP/S (g/100 g initial sucrose), QP (g/L h) and R (g sc-FOS/mL enzyme preparation).
a Kinetic parameters were estimated at the peak of oligofructans (1 h reaction time).
b YP/S (g/100 g transformed sucrose).
c Concentration was calculated using the calibration curve of sucrose.

Fig. 5. Effect of temperature in the synthesis of sc-FOS from sucrose catalyzed
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throughout the sucrose conversion for the synthesis of sc-FOS.
Yield was  not significantly affected by temperature as presented in
Table 3, but a small increase was  observed for GF3 and GF4 contents
at 55 ◦C (data not shown). The temperature caused an increase in

Table 3
Effect of environmental factors in the reaction system on yield (YP/S) and volumetric
productivity (QP) for the synthesis of sc-FOS from sucrose catalyzed by Rohapect
CM.

Factor Treatment
(level)

YP/S
a (g/g initial

sucrose)
QP

a (g/L h)

Temperature (◦C) 45 54.2 ± 0.3 65.0 ± 0.4
50 56.3 ± 1.7 84.5 ± 2.6
55 57.6 ± 0.3 95.6 ± 3.1
60 57.1 ± 0.1 57.1 ± 0.1

pH 4.5 53.8 ± 0.4 66.0 ± 2.5
5.0 56.9 ± 0.4 83.5 ± 2.0
5.5 56.8 ± 0.5 85.2 ± 0.7
y Rohapect CM.  Experimental conditions were 600 g/L sucrose in 50 mM sodium
cetate buffer (pH 5.5) and 5.4 UT/mL.

f sucrose consumed or 62% (w/w) of total carbohydrates in the
yrup [26–28].  Fructosyltransferases from a variety of microorgan-
sms have been used for sc-FOS synthesis from a sucrose solution
etween 50 and 70% (w/v) in which the yield is in the range from
5 to 60% of the total carbohydrates in the mixture [19,25,29].
ur results are in agreement with literature results, although this
rocess by the application of enzyme preparations is neither opti-
ized nor scaled. The results and the low cost of these enzyme

reparations support their use to scale up sc-FOS production with
romising results.

Table 2 shows that the reaction catalyzed by Pectinex Ultra SP-L
nd Rohapect CM reached approximately 90% of theoretical yield,
hile the reaction catalyzed by Viscozyme L and Pectinex Smash
ere above 80% theoretical yield after a 6 h reaction time. The

esults for the last two  enzyme preparations are consistent with
hat reported for fructosyltransferase of Aureobasidium pullulans
11]. In contrast, the yield achieved in the reaction catalyzed by the
ycelium of Aspergillus sp. N74 was 70% of theoretical yield, which
as then reduced to 57% at the end of the reaction time [30].

able 2
elative yields after a 6 h reaction time in the synthesis of sc-FOS from sucrose
atalyzed by enzyme preparations.

Relative yield Pectinex Ultra
SP-L

Rohapect CM Viscozyme L Pectinex Smash

Y∗
sc-FOS 0.88 ± 0.00 0.89 ± 0.01 0.82 ± 0.02 0.83 ± 0.00

Y∗
GF2 0.54 ± 0.00 0.54 ± 0.00 0.60 ± 0.01 0.59 ± 0.00

Y∗
GF3 0.31 ± 0.00 0.31 ± 0.00 0.20 ± 0.00 0.22 ± 0.00

Y∗
GF4 0.03 ± 0.00 0.04 ± 0.00 0.02 ± 0.00 0.02 ± 0.00
Volumetric productivity is directly dependent on the amount of
enzyme added to the reaction mixture. Using 9 UT/g sucrose, volu-
metric productivity after a 6 h reaction time reached higher values
than the literature results by batch operation (3.25, 6.61 g/L h)
[31,32], solid-state fermentation (10.76 g/L h) [33] and semi-
continuous operation (45 g/L h) [16].

The quality of an enzyme preparation can be quantified in terms
of enzyme concentration which is reflected in levels of transfruc-
tosylation activity by the ratio R. The quality was not referring to
the enzyme efficiency, since the four preparations exhibited high
selectivity for sc-FOS. The smaller volume of enzyme preparation
added to the reaction mixture was  for Rohapect CM.  Further exper-
iments were performed with this enzyme preparation that had
12,000 UT/mL.

3.3. Effect of temperature

Fig. 5 shows that the increase of temperature in the reaction
system had no significant effect on total product concentration
6.0 56.6 ± 0.3 84.9 ± 0.5
6.5 54.7 ± 0.2 82.0 ± 0.3

Sucrose (g/L) 400 57.0 ± 0.8 77.0 ± 1.0
500 56.9 ± 1.5 84.3 ± 3.4
600 56.0 ± 2.2 84.6 ± 3.3
700 56.6 ± 2.1 73.6 ± 6.2
800 54.1 ± 1.1 69.3 ± 4.1

Enzyme (UT/mL) 4.2 60.0 ± 0.2 62.0 ± 0.2
5.4 56.0 ± 2.2 84.6 ± 3.3
6.6 58.6 ± 0.3 100.0 ± 0.5
7.8 57.9 ± 0.6 130.4 ± 6.7

10.8 56.8 ± 0.1 166.5 ± 0.2
15 56.1 ± 1.6 206.7 ± 18.6

a YP/S and QP were calculated as sucrose conversion in the reaction mixture was
0.8.
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Fig. 7. Effect of initial sucrose concentration in the synthesis of sc-FOS catalyzed
by  Rohapect CM.  Experimental conditions were 50 ◦C, sucrose solution in 50 mM
ig. 6. Effect of pH in the synthesis of sc-FOS from sucrose catalyzed by Rohapect
M.  Experimental conditions were 50 ◦C, 600 g/L sucrose in 50 mM sodium acetate
uffer (pH 4.5–6.0) or 50 mM sodium phosphate buffer (pH 6.5) and 5.4 UT/mL.

he reaction rate in the monitored range from 45 to 55 ◦C which was
eflected in the volumetric productivity (Table 3). Similar behavior
as been reported for other fructosyltransferases [11,34]. Volumet-
ic productivity decreased at the temperature of 60 ◦C because the
atalytic activity was slightly lost after a 2 h reaction time due to
hermal inactivation. In contrast, fructosyltransferase of Pectinex
ltra SP-L is most active at 65 ◦C [21,26].

.4. Effect of pH

Fig. 6 illustrates the effect of pH on total product concentration
uring the synthesis of sc-FOS. In the pH range from 5.0 to 6.5, no
ignificant differences were observed in the profiles of total sc-FOS
oncentration and their composition according to the polymer-
zation degree (data not shown) at a same sucrose conversion. In
ddition, the yield was slightly affected by pH in this range as shown
n Table 3. Our results are in agreement with results previously
eported for a fructosyltransferase of A. pullulans [11]. Fructosyl-
ransferase of Rohapect CM was most active at pH 5.0–6.5 which
as shown in the corresponding volumetric productivity of sc-FOS

Table 3). In contrast, invertase from S. cerevisiae exhibits relatively
igh activity on a more acidic pH range (3.5–5.5) [22].

.5. Effect of initial sucrose concentration

Initial sucrose concentration is a key factor influencing sc-FOS
ormation, which increases the availability of fructosyl acceptors
nd decreases the availability of water. Fig. 7 shows that the con-
entrations of total sc-FOS and GF2 increased to the same extent by
ncreasing the initial sucrose concentration in the range from 400 to
00 g/L, but the increase was relatively small for all of sc-FOS at the

evel of 800 g/L sucrose. No significant differences were observed
or yield of sc-FOS in the range from 400 to 700 g/L as shown in
able 3. Our results are in agreement with the ones reported by
ther authors [25,34]. The decrease in volumetric productivity at
he levels of 700 and 800 g/L sucrose (Table 3) can be explained
ccording to the theory that attributes the decline in the rate of
nzymatic reactions to the effect of thermodynamic non-ideality
35], inhibition by sucrose [36], mass transfer limitations [37] or
ow water activity at high concentration of saccharides [38].
.6. Effect of enzyme concentration

As shown in Fig. 8, the total sc-FOS concentration was
ot affected by enzyme concentration throughout the sucrose
sodium acetate buffer (pH 5.5) and 5.4 UT/mL.

conversion during the synthesis of sc-FOS as also reported Balles-
teros et al. [10]. Therefore, the yield was  not significantly affected
by enzyme concentration (Table 3). As expected, the increase in
enzyme concentration only increased the reaction rate which was
reflected in the linear volumetric productivity (Table 3) and a slight
decrease in the GF2 composition when sucrose conversion in the
reaction medium was  0.8 (data not shown).

It is noteworthy that the fructosyltransferase enzyme of
Rohapect CM exhibited high selectivity for the production of sc-FOS
under all conditions tested. Sc-FOS production was proportional
to the sucrose conversion during the synthesis up to about 0.89.
Sucrose remaining in the reaction mixture was due to the fact that
GF2 acts as a donor and acceptor to form GF3 and also due to inhi-
bition by glucose [36].
Fig. 8. Effect of enzyme concentration in the synthesis of sc-FOS from sucrose cat-
alyzed by Rohapect CM.  Experimental conditions were 50 ◦C, 600 g/L sucrose in
50  mM acetate buffer (pH 5.5).
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Fig. 9. Thermal inactivation kinetics of fructosyltransferase of Rohapect CM under
non-reactive conditions (�, 50 mM sodium acetate buffer at pH 5.5) and reactive
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[39] A. Madlová, M.  Antošová, M.  Polakovič, V. Báleš, Chem. Pap. 54 (2000) 339–344.
onditions (©,  600 g/L methyl-�-d-glucopyranoside in the same buffer) at 50 C and
92  UT/mL  of incubation medium.

.7. Thermal stability of free enzyme

For any enzymatic process, long-term stability of the catalyst is
 prerequisite for the success of large-scale operation [39]. Ther-
al  inactivation under non-reactive and reactive conditions of free

nzyme (Rohapect CM)  at 50 ◦C is presented in Fig. 9. Reactive
onditions were mimicked by replacing sucrose with methyl-�-
-glucopyranoside. Results clearly show a stabilizing effect at high
oncentrations of methyl-�-d-glucopyranoside on enzyme activity
fter a 60 h incubation time. In contrast, inactivation rate was  faster
n buffer solution in which the half-life was approximately 10.2 h.
imilar behavior has been reported for Pectinex Ultra SP-L at the
ame concentration of this glycoside during incubation [21]. With
hese results, it is not surprising that high concentrations of sucrose
nd sc-FOS may  cause a protective effect in the same extent as that
xerted by methyl-�-d-glucopyranoside on the transfructosylation
ctivity due to the fact that sucrose has been recognized as one of
he key stabilizers of proteins [39–41].

. Conclusions

Three low-cost enzyme preparations were selected from a
creening for transfructosylation activity. These preparations and
ectinex Ultra SP-L exhibited a high ratio (UT/UH), selectivity for
he synthesis of sc-FOS and did not hydrolyze the produced sc-FOS
fter a 12 h reaction time. Pectinex Ultra SP-L, Rohapect CM,  Vis-
ozyme L and Pectinex Smash could serve as a source of food-grade
ructosyltransferase for the inexpensive and efficient production of
c-FOS.

Sc-FOS synthesis catalyzed by Rohapect CM was not influenced
y operating variables such as temperature, pH, concentrations of

nitial sucrose and enzyme. Yield was not affected by these vari-
bles within the ranges studied, except at the levels of pH 4.5 and
00 g/L sucrose. Operational variables affected the reaction rate
eing reflected in the volumetric productivity, but did not result in
ny change in the sc-FOS formation. In addition, Rohapect CM was
hermally stable at 50 ◦C when sucrose was replaced by methyl-
-d-glucopyranoside. Volumetric productivity of sc-FOS at initial
ucrose concentrations above 700 g/L can be further improved by

esponse surface methodology. This strategy has been successfully
pplied to Rohapect CM and the results will be reported in another
aper.
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