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Abstract: The catalytic properties of Seqenzym® FT, a fungal fructosyltransferase heterologously
expressed in yeasts, were investigated at a temperature of 55 ◦C and pH 5.5. The initial rate mea-
surements showed that the transfructosylation rate was only slightly inhibited by sucrose above the
concentration of 1.5 M. A rather low level of hydrolytic side activity was observed even at sucrose con-
centrations as low as 0.25 M. In progress curve experiments, the mass yield of fructooligosaccharides
(FOS) reached a maximum value of 57% at this sucrose concentration, although it dropped to about
35% later on. At high initial sucrose concentrations up to 2 M, the FOS yield reached a maximum
value of approximately 63% at a sucrose conversion of approximately 90%. Although neither the yield
nor the conversion changed much later on, the progress of the reaction was manifested by the gradual
depletion of shorter chain FOS, 1-kestose and nystose, and the accumulation of 1-β-fructofuranosyl
nystose. At initial sucrose concentrations of 2 M, the degree of polymerization expressed through the
number of fructosyl units grew from 2.3 at a conversion degree of 87% to 3.1 at a conversion degree
of 94%. Compared to other commercial preparations, Seqenzym® FT can better produce FOS with a
higher degree of polymerization.

Keywords: fructooligosaccharides; fructosyl transferase; heterologous expression; Aspergillus sp.;
degree of polymerization

1. Introduction

Short inulin-type fructooligosaccharides (FOS) are described as fructans, commonly
containing from two to ten fructose units bound together via β(1,2)-glycosidic bonds and
terminated with a glucose residue. FOS have a strong bifidogenic effect on intestinal
health; for this reason, they are classified as prebiotics and have gained a large amount
of interest [1]. The stimulation of the growth of beneficial bacteria in the large intestine
confers a variety of health benefits, such as immunomodulatory effects, improved mineral
absorption, and reduced total cholesterol levels. FOS are present in nature (in onions,
bananas, and Jerusalem artichokes) and can also be synthesized by microorganisms, such
as Aspergillus sp., Aureobasidium sp., Penicillium sp., Arthrobacter sp., etc. [2].

Microbial synthesis allows their mass production and guarantees year-round access to
FOS. Due to their positive impact on human well-being, their production is in persistent
global demand from food and pharmaceutical industries. They are commonly included in
infant formulas or digestive aid tablets to influence the intestines’ metabolic activity [3].
FOS have also been used as a low-calorie alternative in several dairy and bakery products.
Due to their characteristics, they can improve the organoleptic properties of products and
their self-life [4]. It has been reported that 1-kestose is responsible for the prebiotic effect
of commercial FOS mixtures [5,6]. On the other hand, higher FOS oligomers can provide
other benefits for their application in food products, such as lower sweetness or higher
viscosity levels [7].
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The preparation of the most common FOS, 1-kestose (GF2), nystose (GF3), and
1-β-fructofuranosyl nystose (GF4), is generally carried out using sucrose mainly by the
action of fructosyltransferases (FTases) or β-fructosidases that possess transfructosylating
activity [8]. The transfructosylation of sucrose starts with the cleavage of fructose, which is
subsequently transferred to a saccharide acceptor, such as sucrose or fructooligosaccharide.
The production of FOS is a complex process involving several simultaneous reactions,
whereas the synthesized FOS acts as both a donor and an acceptor in the synthesis of FOS
with a higher number of fructose moieties [7].

In recent years, different biotechnological approaches have been investigated for the
synthesis of FOS. The composition of the FOS mixture produced depends on the enzyme
source, substrate concentration, reaction time, temperature, and pH [9]. The key to efficient
FOS production is the high fructosyltransferase activity level of the microbial enzyme.
This is determined by the type of microbial source itself, but it can also be affected by
the reaction conditions. Most isolated enzymes exhibit transferase and some hydrolytic
activity. The correct ratio of these two activities is important for the efficiency of sucrose
conversion in FOS and is mainly determined by the concentration of sucrose in the reaction
medium [10]. Transfructosylation activity is greatly enhanced at sucrose concentrations
above 300 g/L [4,11].

The studies published thus far usually agree on the following optimal FOS production
conditions: a temperature in the range from 50 ◦C to 60 ◦C, pH values of 4.5–6.5, and
sucrose concentration above 50% (w/v). Under the latter conditions, the maximum FOS
yield was between 50% and 60% (g FOS/g sucrose) [7,8,12,13]. The highest values reported
are slightly above 60% at approximately 90% sucrose conversion. It should be emphasized
that the theoretical yields for the complete sucrose conversion are 73.6% for 1-kestose, 64.9%
for nystose, and 60.5% for 1-β-fructofuranosyl nystose. Thus, the FOS yield decreases with
the progress of the reaction.

Generally, fructosyltransferases from filamentous fungi, Aspergillus sp. or Aureobasidium sp.,
are among the most efficient industrial FOS producers. Fructosyltransferases from these
microorganisms can be used in the form of a whole-cell catalyst under controlled cultivation
or as purified enzyme preparations. The latter ones facilitate the biocatalytic process by
excluding the tedious cultivation and purification step to obtain FTases with sufficient
transfructosylation activity [14,15]. Many commercial enzyme preparations (pectinases,
polygalacturonases, and glucanases) also have the potential to produce FOS because of
their FTase side activity [15–17].

Several authors have observed that industrially relevant wild-type strains often do
not provide a single enzyme, but there are several that transform sucrose either via trans-
fructosylation or via hydrolysis [18–20]. For example, Yoshikawa et al. isolated four
fructofuranosidases with high transferase activity and one form with higher hydrolytic
activity from an Aureobasidium pullulans strain [19]. It was also demonstrated that the
expression of favorable fructofuranosidases in Aspergillus sp. can be induced by the cultiva-
tion medium composition [18,20]. Much progress in the optimization of FTase-producing
strains was made by genetic engineering techniques [21].

Kurakake et al. were probably the first people to identify the gene encoding FTase [20].
Several authors have recently focused on the production of recombinant FTases mainly from
Aspergillus niger overproduced in Pichia pastoris [22–25]. The overproduction of recombinant
FTase can significantly decrease the cost of the enzyme. For example, two different works
declared about a 1000 times higher productivity level of the cultivation bioreactor for the
recombinant strain compared to that of the wild-type strain [24,25]. The development of
bioinformatics tools have provided a better understanding of the catalytic mechanism of
different FTases and enabled their in silico evaluation as efficient FOS producers [23,26,27].
Very recently, some authors combined the results of molecular modeling with site-directed
mutagenesis and enzyme overproduction [23,28]. Xia et al. developed an FTase with
an about six times higher specific activity level than that of the wild-type enzyme and
improved affinity as well as thermal stability [23].
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It is not surprising that the optimization of FTases via genetic engineering techniques
has attracted not only the academia, but also industry. The French company, Protéus
by Seqens, developed Seqenzym® FT, a high-performance enzyme preparation used for
FOS synthesis [29]. The microbial source of Seqenzym® FT is a wild-type filamentous
fungus of Aspergillus sp. The gene encoding this fungal fructosyltransferase has been
sequenced, synthesized without modification, and heterologously expressed in a host cell.
The expression system has been genetically modified mainly by the deletion of genes that
encode the secretion of enzymes that compete with fructosyltransferase by altering the
yield of sucrose conversion to FOS.

In this work, Seqenzym® FT has been studied for its catalytic properties in FOS
production. Initial rate and progress curve methods were used to investigate the effect
of sucrose concentration on the transfructosylation and hydrolysis rates and the yield of
FOS. Furthermore, the kinetics of the formation of FOS was investigated using different
enzyme concentrations. The composition of the FOS mixture during the reaction progress
was analyzed, and the degree of polymerization was evaluated. From this aspect, the
performance of Seqenzym® FT was compared with other enzyme preparations.

2. Results and Discussion
2.1. Effect of Sucrose Concentration—Initial Rate Measurements

Sucrose concentrations in the range from 85 g/L (250 mM) to 685 g/L (2000 mM) were
used to establish its effect on the rate of transfructosylation and yield in FOS production
mediated by Seqenzym® FT. Other operating conditions such as pH and temperature
were selected based on the literature overview presented in the Introduction Section. The
effect of sucrose concentration was investigated using the initial rate method and progress
curve measurements.

Figure 1 presents the results of the initial rate method. It is evident from this plot that
the hydrolytic activity level of Seqenzym® FT was rather low throughout the concentration
range and that the total activity was almost identical to the transfructosylation activity. To
be more accurate, no detectable hydrolytic activity was observed at the highest sucrose
concentrations (1.5 M and 2.0 M).
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The ratio of transfructosylation and hydrolytic activity at 250 mM was about nine. This re-
sult is very similar to those observed by other authors for enzymes from Aspergillus sp. [30] or
Aureobasidium sp. [19]. On the other hand, commercial preparations from other species with
fructosyltransferase side activity (Rohapect CM, Viscozyme L, and Pectinex Ultra SP-L) had
several times higher levels of hydrolytic side activity at 1000 mM sucrose [15]. It is clearly
legible from the dependence shown in Figure 1 that the initial rate of the transfructosylation
reaction follows Michaelis–Menten kinetics up to a substrate concentration of 1500 mM. At
2000 mM sucrose, a slight decrease in the reaction rate was observed, which is common
due to the thermodynamic properties of highly concentrated sucrose solutions [31].

The difference between the maximum rate and the rate at 2000 mM was only 5%.
A similar result was obtained by L’Hocine et al. for a highly purified FTase from wild-
type A. niger [18]. These authors used four chromatographic steps to separate FTase from
invertase. On the other hand, wild-type enzyme preparations with a lower degree of
purification had a greater difference between the rates at maximum and at 2.0 M sucrose.
For example, this difference was about 15% in the work by Antošová et al. [11]. Thus,
Seqenzym® FT has an advantageous substrate concentration effect.

2.2. Effect of Sucrose Concentration—Progress Curve Measurements
2.2.1. Saccharide Concentration Courses

The influence of initial sucrose concentrations was also investigated in progress curve
experiments. The same concentrations were used as for the initial rate measurements.
Figure 2 illustrates the courses of individual saccharide concentrations for two initial
concentrations: 250 mM (Figure 2a) and 2000 mM (Figure 2b). Progress curves for the
remaining concentrations are included in the Supporting Information (Figures S1–S4).
Figure 2a,b shows the difference between the effects of the lowest and highest initial
sucrose concentrations. As was concluded above, sucrose hydrolysis takes place to a certain
degree at 250 mM. Figure 2a confirms this conclusion when hydrolysis is manifested by the
formation of fructose during the entire reaction time. After 6 h, fructose made up 14% of
the total sugar content in the reaction medium.
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However, Figure 2a also confirms that consecutive transfructosylation reactions pre-
vailed even at this low sucrose concentration. The very fast formation of 1-kestose, pro-
duced in the first step from two sucrose molecules, occurred when its maximum was
reached at around 15–20 min. After this time, 1-kestose primarily acted as a fructosyl
acceptor in the synthesis of nystose, an FOS oligomer with a higher degree of polymeriza-
tion. This reaction was exhibited by a decelerated decrease in 1-kestose concentration until
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the end of the experiment. The same reaction pattern was repeated for the synthesis of
1-β-fructofuranosyl nystose from nystose, which caused a gradual conversion of FOS with
a lower degree of polymerization to higher forms [4]. Nystose also reached a maximum at
90 min, which was followed by a slow decline. Only the GF4 concentration grew during
the whole process.

Figure 2b shows that similar shapes of the FOS progress curves were observed at the
highest sucrose concentration of 2000 mM, although they lasted for three times longer.
The positions of maxima of GF2 and GF3 were also shifted by a time factor of three.
Approximately 300 g/L of GF2 was obtained in 1 h, and about 200 g/L of GF3 was obtained
in 4–5 h. The amount of GF4 grew again until the end of the experiment, and it reached
approximately 120 g/L after 19 h. In this experiment, the formation of a higher oligomer,
GF5, was observed. It appeared in measurable amounts at about 4 h, and its concentration
increased to 42 g/L.

The reaction mixture also contained approximately 225 g/L of the main by-product,
glucose, and approximately 40 g/L of the residual substrate, sucrose. Although the initial
rate measurements indicated a zero rate of sucrose hydrolysis to fructose, a small amount of
fructose, 10 g/L, was found in the reaction mixture at the end of the experiment. However,
the phenomenon of fructose formation cannot be interpreted unequivocally via sucrose
hydrolysis in this case. At high initial sucrose concentrations, fructose can be released
primarily from FOS, which are hydrolyzed much more easily than sucrose is [11,30]. The
tendency of FOS to hydrolyze increases with the degree of polymerization [30].

As was mentioned in the Introduction Section, high initial sucrose concentrations are
applied in the industrial FOS production. In the experiment presented in Figure 2b, the
final concentration of FOS was 340 g/L, but the highest value of 420 g/L was achieved after
about 2 h. Thus, shorter reaction times for the enzyme concentration used in this series of
experiments were more relevant from the point of view of the maximization of FOS yield.

2.2.2. Courses of FOS Yield and Degree of Polymerization

Figure 3 presents the FOS yield courses for all initial sucrose concentrations. These
results demonstrate the strong ability of Seqenzym® FT to transform sucrose into fruc-
tooligosaccharides. It is interesting that the FOS yield reached a maximum close to 60% also
at the lowest initial sucrose concentration of 250 mM, where a higher level of hydrolytic
activity of this enzyme was expected. However, after reaching the maximum yield of 57%
at 20 min, a rapid decrease to 35% was observed. Of course, a part of this decline must be
associated with the increase in higher oligomeric forms, but the crucial part was caused by
the hydrolysis of sucrose and FOS.

At initial sucrose concentrations greater than 250 mM, the maximum FOS yields
reached approximately the same value of 63%. This value means that Seqenzym® FT is
assigned to the commercial enzyme preparations with the highest FOS yield [15]. It means
that the concentration of the FOS formed proportionally increased with the initial sucrose
concentration. However, the later decline in FOS yield had some correlation with the initial
sucrose concentration. It was evidently still quite fast at 500 mM and was slightly faster at
1000 mM than it was at three higher concentrations, at which no significant differences in
the yield course were observed. This outcome is another piece of evidence of the significant
suppression of hydrolytic activity of Seqenzym® FT at high sucrose concentrations. This
is also indicated by the final amounts of fructose, which represented 1–3% of the total
saccharides (Figures S1–S4).

The FOS yields for the three highest sucrose concentrations presented in Figure 3
decreased to 57% after 6 h. Figure 4 shows the course of the FOS yield for the initial sucrose
concentration of 2 M for the extended period of 19 h. It shows a further drop in FOS yield
to 50%. This figure also shows the sucrose conversion and DP of FOS (Equation (1)). The
three curves were evaluated using the saccharide progress curves presented in Figure 2b. In
fact, the course of sucrose conversion was very typical for all initial sucrose concentrations
(Figure S5). Conversion occurred very quickly in the initial phase, during which the GF2
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concentration reached a maximum. The conversion degree reached about 75% after 1 h.
During the following 1 to 2 h, the conversion degree approached 90%.
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The period of the fast increase was stopped at this conversion value. The course of
sucrose conversion gives an impression of the existence of apparent pseudo-equilibrium
at 92%, which is similar to those in our earlier papers [11,16]. However, this longer
experiment showed that the sucrose conversion degree grew slowly to 94% during the
period of the subsequent transformation of lower FOS oligomers into higher ones. This
very small change in sucrose concentration means that the rate of consumption of sucrose
as a donor of fructosyl moieties and the rate of sucrose formation by 1-kestose hydrolysis
are approximately equal.

The progress curve of DP presented in Figure 4 quantifies the increase in the mean
size of the FOS oligomers during the reaction. The DP starts at the value of two at zero
time. The rate of increase in DP was much slower than those of sucrose conversion or FOS
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yield were. The DP was about 2.3 at the time when the conversion approached 90% and the
yield was 60%. In the period of more-or-less constant conversion and yield, which lasted
until about 6 h, the DP increased to a value of about 2.7. Until the end of the experiment,
at the 19th hour, the DP increased to 3.1. These results show that the reaction time can be
used to control the optimal composition of the FOS mixture with regard to its application.

Table 1 compares the DP values of the FOS mixtures achieved using Seqenzym®

FT, fructosyltransferase from Aerobasidium pullulans [11] and three commercial enzyme
preparations [15]. The DP values were compared for the products obtained at three different
sucrose conversions: 85%, 90%, and 92%. Table 1 shows that the DP value at 85% sucrose
conversion was around 2.3 for Seqenzym® FT, Rohapect CM, and Pectinex SP-L. Two other
enzymes, Viscozyme L and A. pullulans, synthesized FOS with a slightly lower DP: about
2.25. At higher substrate conversions, the mixtures produced via Seqenzym® FT had higher
values of DP than those prepared using other FOS-producing biocatalysts did. At the
conversion of 92%, this difference was approximately 0.2–0.3. This result indicates that
Seqenzym® FT possesses a good capability to generate longer-chain FOS.

Table 1. Average degree of polymerization of FOS produced by various enzyme preparations.

Biocatalyst Initial Sucrose
Concentration (g/L)

Sucrose
Conversion (%) DP Reference

85 2.29
Seqenzym® FT 599 90 2.50 This work

92 2.73
85 2.23

A. pullulans FTase 600 90 2.36 [11]
92 2.43
85 2.29

Pectinex Ultra SP-L 536.2 90 2.41 [15]
92 2.50
85 2.31

Rohapect CM 536.2 90 2.46 [15]
92 2.55

Viscozyme L 536.2
85 2.25

[15]90 2.35

2.3. Effect of Enzyme Concentration

The essential parameters of the economics of biocatalytic production processes are the
cost of the biocatalyst and the total turnover number of biocatalysts. These two quantities
are closely interrelated. In general, cheaper biocatalysts have a less specific activity and,
therefore, a lower turnover number. Therefore, larger amounts of biocatalysts are needed
per unit amount of product. In contrast, highly active biocatalysts can be very expensive
due to numerous advanced separation techniques used for their preparation. This is often
the case with novel biocatalysts presented in scientific papers.

The specific activity of industrial preparations is typically the result of the trade-off
between performance and cost. For that reason, it is reasonable to compare the specific
activity of Seqenzym® FT with the specific activity of preparations that can be used on
a large scale. However, comparison with the data from other authors is complicated by
the lack of unified methods of activity determination. However, the specific activity of
around 2000 U/mL Seqenzym® FT implies that this biocatalyst is very efficient, and its
consumption per unit amount of FOS product will be low.

Its specific activity can be directly compared with those of the preparations examined
in the paper by Hollá et al., since the same activity determination method was used [16].
Seqenzym® FT has an about 30 times higher specific activity level than Pectinex Ultra SP-L
does and an about 70 times higher level than that of Viscozyme L. The only commercial
preparation that could have had the specific activity of the same order of magnitude as
Seqenzym® FT is Rohapect CM [15].
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When a particular biocatalyst is applied in the production process, its concentration
determines the volumetric productivity of the bioreactor. Overly low concentrations
result in very long reaction times, which is not effective. On the other hand, overly high
concentrations complicate the control of achieving the required product composition. For
this reason, the effect of the concentration of Seqenzym® FT on the course of the reaction
was investigated. In addition to the enzyme activity of 5 U/mL presented in previous parts,
three other enzyme concentrations in the range from 1.7 to 12 U/mL were applied.

Figure 5 shows the progress curves of the FOS yields using these different enzyme
concentrations. The results correspond to the theoretical assumption that the time when
the same conversion is reached is inversely proportional to the enzyme concentration if
the enzyme inactivation is negligible. Figure 5 also confirms that the concentration of
about 5 U/mL is optimal for producing short-chain FOS with a relatively low DP. At the
concentration of 1.7 U/mL, the conversion degree was still only 89% after 6 h. In contrast,
at 12 U/mL, the decline in FOS yield already started after 45 min. Of course, the enzyme
concentration can be customized if an FOS product with a higher DP is preferred.
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3. Materials and Methods
3.1. Materials
3.1.1. Enzyme

Seqenzym® FT, a liquid form enzyme preparation [29], was kindly donated by Protéus
by Seqens (Ecully, France). The fructosyltransferase gene originating from an Aspergillus sp.
was sequenced and produced without any genetic adjustments. The yeasts, Pichia pastoris,
Saccharomyces cerevisiae, or Yarrowia lipolytica, were selected as host cells for the heterologous
expression of the fungal enzyme. Microbial expression systems were modified to be
free of genes that encode enzymes with hydrolytic activity. These yeasts are expression
systems for metabolites that ensure a high level of food safety without the co-expression
of toxic compounds. The cultivation of these yeasts in a controlled environment allows
the expression of the enzyme secreted into the culture medium. Enzyme purification steps
involve centrifugation and filtration techniques. The activity of this enzyme preparation
determined by the method described in Section 3.2.1 was 2009 U/mL, with a standard
deviation of 38 U/mL.
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3.1.2. Chemicals

Chemical reagents purchased from Sigma-Aldrich Produktions (Steinheim, Germany)
were sucrose, glucose, and fructose. Buffer components and methanol used for purity
pro analysis were purchased from Centralchem (Bratislava, Slovakia). BioLaTest Glu
500 was obtained from Erba Lachema (Brno, Czech Republic). HPLC-grade acetonitrile
was purchased from Merck (Darmstadt, Germany). Carbohydrate standards including
1-kestose, nystose, and 1-β-fructofuranosyl nystose were purchased from Wako Pure
Chemical (Osaka, Japan).

3.2. Analytical Methods
3.2.1. Enzyme Activity Assay

The total activity of Seqenzym® FT was determined using 146 mM sucrose in 0.1 M
citrate-phosphate buffer with pH 5.5. The reaction mixture consisted of 1.0 mL of the
substrate solution and 0.1 mL of the enzyme preparation diluted suitably. The assay was
carried out at 40 ◦C. Samples (100 µL) were taken at regular intervals, and the reaction was
stopped by adding 100% methanol (300 µL). Released glucose was determined by taking
a spectrophotometric measurement at 500 nm using the Bio-La-Test Glu colorimetric test.
One unit of total enzyme activity was defined as the amount of enzyme that catalyzes the
formation of 1 µmol of glucose per minute under the described assay conditions. The assay
was carried out in triplicate. Results presented are the averages of the replicates.

3.2.2. HPLC Analysis

HPLC analyses were performed using an Agilent 1260 system equipped with an
Asahipak NH2P-50 4E column (250 × 4.6 mm, 5 µm; Shodex, Tokyo, Japan) and an NH2P-
50G 4A guard column (4.6 × 10 mm, 5 µm; Shodex, Japan) at a temperature that was
maintained at 35 ◦C. The HPLC system was coupled to an Agilent 1110 refractive index (RI)
detector operated at 35 ◦C and used for the determination of saccharides. The composition
of the eluent was fixed at 68% acetonitrile/water (v/v). Samples withdrawn from the
reaction medium were diluted to a final concentration of 68% (v/v) acetonitrile, filtered
through 0.22 µm syringe filters, and analyzed at a flow rate of 1.0 mL/min. FOS and the
other saccharides were quantified by the external standard method using the peak areas.

3.3. Biocatalytic Experiments
3.3.1. Initial Rate Measurements

Initial rate measurements were determined at different sucrose concentrations in the
range from 250 mM to 2000 mM. Reactions were carried out at 55 ◦C in a 0.1 M citrate-
phosphate buffer with pH 5.5. The enzyme concentration in the reaction mixture was
1.25 U/mL. For 20 min, seven aliquots of 100 µL were taken from a reaction mixture and
mixed with 300 µL of 100% methanol to stop the reaction. The initial rate of transfruc-
tosylation was calculated from the slope of the linear region of 1-kestose formation over
time. In the same way, but from the formations of fructose and glucose, respectively, the
initial rate of hydrolysis and the total initial rate of the reaction were evaluated. The molar
concentrations of the products in the samples were quantified by the HPLC analytical
methods described in Section 3.2.2. All initial rate measurements were duplicated.

3.3.2. Progress Curve Measurements of Fructooligosaccharide Production
Effect of Initial Sucrose Concentration

The production of FOS was examined at six sucrose concentrations ranging from
250 mM to 2000 mM. The reaction conditions were 55 ◦C, 0.1 M citrate-phosphate buffer
with pH 5.5, and an enzyme concentration of 5 U/mL. The final reaction volume was 4 mL.
Aliquots of 100 µL were withdrawn at regular intervals and mixed with 300 µL of 100%
methanol to terminate the reaction. Before HPLC analysis, the samples were diluted in
the solution of acetonitrile/water (in % v/v: 68:32). All progress curve measurements
were duplicated.
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The total mass yield of FOS was calculated as a ratio of the sum of the mass concen-
trations of the produced FOS to the initial mass concentration of sucrose. The degree of
polymerization (DP) of a mixture containing various FOS oligomers represents the average
number of fructose units and is given by the following equation:

DP =
∑5

i=2 ixGFi

∑5
i=2 xGFi

(1)

where xGFi is the mole fractions of FOS.

Effect of Enzyme Concentration

The synthesis of FOS by Seqenzym® FT in 2 M sucrose was monitored, except for
5 U/mL, at three additional initial enzyme concentrations: 1.7 U/mL, 4 U/mL, and
12 U/mL. All other reaction conditions were the same as those given in Effect of Initial
Sucrose Concentration. All progress curve measurements were duplicated.

4. Conclusions

Seqenzym® FT, a commercial enzyme preparation with a high specific transfructo-
sylating activity, successfully synthesized short-chain inulin-type FOS. The initial rate
measurements showed that the hydrolytic activity level of this enzyme was quite low even
at the lowest sucrose concentration used (250 mM) and was not detectable at concentra-
tions greater than 1 M. The level of substrate inhibition, common for this type of enzyme,
was low.

A high transfructosylating activity level was demonstrated in progress curve exper-
iments for different initial sucrose concentrations. The same maximum FOS yield, 63%,
was reached for initial sucrose concentrations in the range from about 300 to 680 g/L.
The levels of residual fructose formed by hydrolysis of sucrose, were less than 3% of the
total saccharides. It was observed that the amount of 1-kestose formed in the very early
phase quickly reached a maximum. It was transformed into nystose, which also reached
a maximum content later on. Only the concentrations of higher FOS oligomers, GF4 and
GF5, increased with time during the entire course of the reaction.

All FOS oligomers were subject to hydrolysis, and thus, contributed to the formation
of fructose. The degree of polymerization of FOS produced by Seqenzym® FT achieved
a value of about 2.3 for a product with a high 1-kestose content, but it increased to 3.1
when GF4 became the prevailing FOS oligomer. Seqenzym® FT provided FOS mixtures
with a higher DP that is better than those of other industrial enzyme preparations. The
investigation of the effect of enzyme concentration provided useful information about the
optimal loading of Seqenzym® FT in practical applications. Taking into account all of these
results, Seqenzym® FT is an excellent candidate for the industrial production of FOS.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/catal13050843/s1, Figure S1: Courses of individual saccharide
concentrations for the FOS synthesis using 5 U/mL of Seqenzym® FT in 500 mM sucrose solution at
pH 5.5 and 55 ◦C; Figure S2: Courses of individual saccharide concentrations for the FOS synthesis
using 5 U/mL of Seqenzym® FT in 1000 mM sucrose solution at pH 5.5 and 55 ◦C; Figure S3:
Courses of individual saccharide concentrations for the FOS synthesis using 5 U/mL of Seqenzym®

FT in 1500 mM sucrose solution at pH 5.5 and 55 ◦C; Figure S4: Courses of individual saccharide
concentrations for the FOS synthesis using 5 U/mL of Seqenzym® FT in 1750 mM sucrose solution at
pH 5.5 and 55 ◦C; Figure S5: Conversion of sucrose at different initial concentrations of sucrose using
5 U/mL of Seqenzym® FT at pH 5.5 and 55 ◦C.
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