Bioprocess and Biosystems Engineering (2023) 46:237-249
https://doi.org/10.1007/500449-022-02828-3

RESEARCH PAPER q

Check for
updates

Medium engineering of phenylethanoid transfructosylation catalysed
by yeast B-fructofuranosidase

Klaudia Karkeszova' - Monika Anto3ova’ - Elena Karni$ova Potocka? - Vladimir Mastihuba? - Milan Polakovi¢'

Received: 30 September 2022 / Accepted: 30 November 2022 / Published online: 4 December 2022
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2022

Abstract

Tyrosol and hydroxytyrosol, by-products of olive oil production, are valuable substrates for enzymatic transglycosyla-
tion that can provide products with pharmaceutical potential. Phenylethanoid fructosides are produced from sucrose and
phenylethanoids by the catalytic action of fS-fructofuranosidases. This work dealt with the potential of the most abundant
p-fructofuranosidase, baker's yeast invertase, for this bioconversion. The effects of sucrose and phenylethanoid concentra-
tions were investigated with a focus on the selectivity of phenylethanoid transfructosylation and fructoside yields. For this
purpose, initial rate and progress curve experiments were carried out for the initial (hydroxy)tyrosol and sucrose concentra-
tions of 0.072-0.3 M and 1-2 M, respectively. Reaction courses exhibited either a maximum or plateau of fructoside yield
in the range of about 10-18%. The addition of deep eutectic solvents was applied in the concentration range from 5 to 70%
(v/v) to investigate the possibility of shifting the reaction equilibrium towards fructoside synthesis.
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Introduction

The significant antioxidant activity of tyrosol and hydroxyty-
rosol appears to have a potential in the prevention of various
diseases associated with oxidative stress. Among various
04 Milan Polakovi¢ age-related diseases, pharmacological studies indicate their
milan. polakovic @stuba.sk ability to increase central nervous system activity, cardiovas-
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mill wastewater [4]. Glycosylated forms of phenyletanoids
have improved solubility, stability, bioavailability, and even,
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in some cases, pharmacological activity [5, 6]. The coupling
of various glycones also provides glycosides with improved
properties for their use as functional food supplements.

Most papers deal with the glycosylation of tyrosol
simply due to its much lower cost than that of hydroxy-
tyrosol. Protocols for the enzymatic synthesis of tyrosol
B-D-glucopyranoside (salidroside), a laboriously isolated
natural glycophenolic, have been published by several
authors [7-10]. Salidroside is known to be a major car-
rier of the therapeutic effect in Rhodiola sp. [11]. Also, a
variety of new-to-nature tyrosol glycoside derivatives have
been prepared. Synthetic procedures have been developed
for the preparation of f-D-galactopyranoside [8, 12, 13]
p-D-fructofuranoside [14, 15] and rutinoside [16] tyrosol
derivatives.

Since hydroxytyrosol g-D-fructofuranoside (hydroxytyro-
sol fructoside, HT-Fru) is one of the most effective antioxi-
dants, the search for new and improved processes for its syn-
thesis is of high interest [6]. Enzymatic fructosylation is a
useful option for this biosynthesis. In general, different fruc-
tosyltransferases (EC 2.4.1.9) and f-fructofuranosidases (EC
3.2.1.26) can be used for this purpose [17]. Fructosyltrans-
ferases have a more dominant transfructosylating activity,
while the main catalytic mechanism of f-fructofuranosidases
comprises sucrose hydrolysis into its individual components,
fructose, and glucose. Depending on their microbial origin,
a high transfructosylating ability of f-fructofuranosidases
towards various fructosyl acceptors was observed [18]. The
nature of these enzymes plays an important role in their
acceptor specificity.

The selection of a suitable biocatalyst for the desired pro-
cess is performed on a case-by-case basis. Efficient enzy-
matic synthesis of tyrosol fg-D-fructofuranoside (tyrosol
fructoside, Tyr-Fru) has been reported using an industrial
B-galactosidase preparation with a high S-fructofuranosidase
side activity [14]. Holl4 et al. [15] pointed out the differ-
ences in the ability to transfer fructosyl moieties to tyro-
sol among 32 industrial enzyme preparations investigated
mainly originating from filamentous fungi. The most effi-
cient preparation, which produced fructooligosaccharides as
the dominant product, originated from an Aspergillus niger
strain. The Tyr-Fru yield reached a maximum of 6%. In con-
trast, our latest work concluded that enzymes with high fruc-
tosyltransferase activity towards sucrose appear to be less
likely to succeed in tyrosol transfructosylation [13]. Higher
yields, 27.6%, were obtained for yeast enzyme preparations.
The highest Tyr-Fru yield was achieved with a Kluyvero-
myces lactis preparation possessing a f-fructofuranosidase
side activity.

A drawback of industrial preparations with the
p-fructofuranosidase side activity is that this side activ-
ity can be significantly reduced or eliminated if the
preparations are replaced by an innovated product by the
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manufacturer. Therefore, it is worth considering prepara-
tions that have g-fructofuranosidase as the main enzyme
component. The best-known enzyme of this kind is
p-fructofuranosidase from Saccharomyces cerevisiae, also
called invertase. It is widely used in the food and beverage
industries to produce invert sugar by sucrose hydrolysis.
Baker’s yeast invertase exhibits low oligosaccharide syn-
thesis rates in aqueous sucrose solutions [19-23]. It, how-
ever, performs much better if other substrates are used as
fructosyl moiety acceptors. Its transfructosylation capacity
was investigated for various aliphatic and aromatic alco-
hols a long time ago [24, 25]. Later, the effect of various
reaction parameters such as sucrose and alcohol concentra-
tion, enzyme loading, pH, and the temperature was studied
[26-28].

The course of reactions catalysed by glycosidases can be
manipulated using high acceptor concentrations or cosol-
vent addition that lowers hydrolysis [29]. Among others,
deep eutectic solvents (DESs) represent an interesting,
new type of cosolvents. DESs are formed by the interac-
tion of a hydrogen bond donor (HBD; such as a quaternary
ammonium salt) and a hydrogen bond acceptor (HBA; such
as sugar, polyol, amine, or carboxylic acid) in a eutectic
molar ratio at which the mixture has a liquid state at ambient
temperature. The range of low-cost precursors, ease of syn-
thesis, sustainability, non-volatility, non-flammability, and
low toxicity are advantages that lead scientists to implement
these solvents in various processes as a more environmen-
tally friendly option compared to organic solvents or ionic
liquids [30, 31].

Uhoraningoga et al. [32] reported an improved synthesis
of alkyl glucosides by reverse hydrolysis in DES contain-
ing 40% (v/v) choline chloride and glycerol [32]. In another
study, p-glucosidase from almonds was implemented for
alkyl glucoside synthesis in a two-in-one DES system,
in which the substrate is part of DES. However, the yield
achieved was relatively low [33]. Factors that influence the
activity and stability of enzymes in the DES systems include
the type of HBA and HBD, their molar ratio, and concentra-
tion in the reaction medium [34, 35]. However, from the data
obtained so far, no general conclusion was obtained for the
prediction of enzyme behaviour in the DES environment.

This work deals with the performance of an industrial
enzyme preparation of S-fructofuranosidase from Saccha-
romyces cerevisiae, Invertase (Novozymes), in the synthesis
of tyrosol and hydroxytyrosol fructosides from sucrose. The
effect of sucrose and phenylethanoid concentrations on the
enzyme acceptor specificity was investigated using initial
rate measurements. Progress curve measurements provided
the effect of these concentrations on the yields of phenyle-
thanoid fructosides and fructooligosaccharide by-products.
The potential of DES addition to influence the thermody-
namics of the reaction network was studied for 12 different
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DESs. They were screened by evaluating enzyme activity
and tyrosol transfructosylation efficacy.

Materials and methods
Materials

The chemical reagents purchased from Sigma-Aldrich Pro-
ductions GmbH (Steinheim, Germany) were tyrosol, sucrose,
glucose, and fructose. Buffer components and methanol
in purity pro analysis were purchased from Centralchem
(Bratislava, Slovakia). Hydroxytyrosol was purchased from
Biosynth (Compton, Berkshire, UK). The enzymatic assay
kit Bio-La-Test Glu 500 was obtained from Erba Lachema
s.r.o. (Brno, Czech Republic). Acetonitrile and methanol for
HPLC were purchased from Merck (Darmstadt, Germany).
Tyrosol p-D-fructofuranoside, used as an HPLC calibration
standard, was prepared following the procedure described
by KarniSova Potocka et al. [14]. Carbohydrate standards
including 1-kestose and nystose were purchased from Wako
Pure Chemical (Osaka, Japan). Choline chloride (99%) and
betaine were purchased from Carbosynth (Compton, Berk-
shire, UK). Choline acetate was obtained from Abcr GmbH
(Karlsruhe, Germany).

Enzyme

Invertase, an industrial enzymatic preparation of
p-fructofuranosidase from Saccharomyces cerevisiae, was
supplied by Novozymes A/S (Bagsvared, Denmark). The
specific activity of Invertase, determined as described below
in the part “p-Fructofuranosidase activity assay”, was 245
U/mg (per solid weight).

Synthesis of deep eutectic solvents

Components of DESs, hydrogen bond acceptors, choline
chloride (ChCl), choline acetate (ChAc), or betaine (Bet)
were mixed with hydrogen bond donors such as urea, glyc-
erol (Gly) and ethylene glycol (EtGly) in specific molar
ratios given in Table 1. The components were stirred and
heated up in a water bath up to 80 °C, until a clear homoge-
neous liquid was formed. DES—buffer solutions were pre-
pared by dissolving a DES in sodium acetate buffer to the
required volume fraction.

B-Fructofuranosidase activity assay

p-Fructofuranosidase activity was determined using a
146 mM sucrose solution in 0.1 M acetate buffer with pH 6.
The concentration of the enzyme stock solution was 2.6 mg/
mL. The reaction was started by adding 100 pL of 20 times

Table 1 DESs used and their composition

Code Components Molar ratio
DES 1 ChCIL:Gly 1:2
DES 2 ChCLEtGly 1:2
DES 3 ChCl:urea 1:1
DES 4 ChCl:urea 1:2
DES 5 ChAc:Gly 1:2
DES 6 ChAc:EtGly 1:2
DES 7 ChAc:urea 1:2
DES 8 Bet:Gly 1:2
DES 9 Bet:EtGly 1:2
DES 10 Bet:urea:Gly 1:2:3
DES 11 Bet:EtGly:Gly 1:2:2
DES 12 Urea:Gly 1:9

diluted enzyme stock solution in the identical buffer to
1 mL of the substrate solution preheated to 40 °C. Samples
(100 pL) were taken at regular intervals and the reaction
was stopped by the addition of 100% methanol (300 uL).
The release of glucose was measured through a glucose
oxidase colorimetric assay. 10 uL of the sample was mixed
with 1000 pL of the Bio-La-Test Glu 500 solution under the
specified conditions and concentration of the released glu-
cose was determined by spectrophotometric measurement at
500 nm. One unit was defined as the amount of enzyme that
produces 1 umol of glucose per minute under the test condi-
tions. The assay was carried out in triplicate. The activity
of the stock solution was 638 +25 U/mL (mean + standard
deviation).

Activity assay using a 96-well microtiter plate

The effect of DES type on p-fructofuranosidase activity
was evaluated using a glucose assay kit adapted to a 96-well
microtiter plate. The screening was based on the intensity
of the colour response, which is directly proportional to the
activity of the enzyme. Invertase was dissolved in sodium
acetate buffer with pH 5 at a concentration of 0.13 mg/mL.
250 pL of 146 mM sucrose solution in a mixture of the iden-
tical buffer and the relevant DES were mixed with 25 pL of
enzyme at 40 °C for 40 min. The reaction was terminated
by transferring 20 uL of the sample to a new 96-well plate
with 360 pL of 100% methanol. 10 uL of this mixture was
then added to 370 uL of the Bio-La-Test Glu 500 solution.

Enzymatic production of tyrosol fructoside
and hydroxytyrosol fructoside

The transfructosylation of tyrosol and hydroxytyrosol

in the absence of DES was carried out in a reaction mix-
ture (4.5 mL) consisting of sucrose and either tyrosol or
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hydroxytyrosol in 0.1 M sodium acetate buffer with pH 6.
The concentration intervals examined for these substrates
were 1.0 to 2.0 M for sucrose, 0.072 M to 0.3 M for tyrosol,
and 0.072 M to 0.13 M for hydroxytyrosol, respectively. The
reactions were carried out at 50 °C (for tyrosol) or 40 °C (for
hydroxytyrosol) with the enzyme concentration adjusted to
3.5 U/mL. Both phenylethanoids are sufficiently stable at
these temperatures [36, 37]. In the presence of DES in the
reaction mixture, the process conditions were slightly modi-
fied. The transfructosylation reaction was carried out at pH
5 and 1.5 M sucrose and 0.072 M tyrosol. Aliquots (100 uL)
were collected at the appropriate time intervals and diluted
with 400 uL of 100% methanol to inactivate the enzyme. The
tyrosol and hydroxytyrosol fructoside yields were calculated
as the ratio of the molar concentration of the particular prod-
uct to the initial concentration of the respective acceptor.

Initial reaction rates of transfructosylation reactions
and sucrose hydrolysis under reaction conditions

Initial reaction rates for the hydrolytic activity and trans-
ferase activity were determined with respect to both sucrose
and tyrosol. Samples were taken from the reaction mixture
at regular intervals of 20 min to obtain at least six experi-
mental points. The reaction conditions, substrate concentra-
tions, and sample treatment were identical to those described
above. The rate of fructose formation was used to represent
the rate of sucrose hydrolysis. The time course of the con-
centration of 6-kestose and tyrosol fructoside was monitored
to determine the transfer rates to sucrose and tyrosol, respec-
tively. Initial reaction rates were calculated from the slope of
the linear region of a product formation curve over time. The
molar concentrations of 6-kestose, tyrosol fructoside, and
fructose were quantified by HPLC analysis described below.

HPLC analyses

HPLC analyses were performed using an Agilent 1260
system equipped with an Asahipak NH2P-50 4E column
(250 x 4.6 mm, 5 um; Shodex, Japan) and an NH2P-50G
4A guard column (4.6 X 10 mm, 5 um; Shodex, Japan) with
a flow rate of 1.0 mL/min and a temperature maintained at
35 °C. Tyrosol and tyrosol glycosides were detected by a
diode array detector (DAD) at 275 nm. The HPLC system
was coupled to an Agilent 1110 refractive index (RI) detec-
tor operated at 35 °C, used for the determination of sac-
charides. The composition of the eluent was fixed at 68%
acetonitrile/water (v/v). Samples withdrawn from the reac-
tion medium were diluted 45-fold to avoid precipitation in
further analysis steps. They were mixed with acetonitrile
to match its concentration in the mobile phase. All com-
pounds were quantified by the external standard method on
the basis of peak area. Due to the absence of a 6-kestose
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standard, it was identified as the peak with the retention time
of 10.1 min. The molar refractivity of 1-kestose was used
for its quantification. The formation of a trisaccharide was
also verified by the mass balance of saccharide moieties.
Hydroxytyrosol and hydroxytyrosol fructoside were ana-
lysed on a Zorbax Eclipse C8 column (Merck, Germany)
and detected by a DAD detector at 275 nm. The column
temperature was maintained at 35 °C. The samples were
diluted with redistilled water to adjust their concentration
to 30% v/v. Analytes were eluted with 30% methanol/water
(v/v) at a flow rate of 1.0 mL/min.

Results

Effect of tyrosol and sucrose concentrations
on the reaction network

Tyr-Fru formation is accompanied by other parallel pro-
cesses in the reaction system such as sucrose hydrolysis
and transfructosylation and secondary hydrolysis of the
synthesized products. Tyrosol thus competes as an acceptor
of fructosyl residues with water and sucrose. The reaction
network is shown in Fig. 1. As mentioned above, the extent
of individual reactions depends on the reaction conditions.

Therefore, in addition to Tyr-Fru, monosaccharides, glu-
cose and fructose and fructooligosaccharides are formed
during the reaction. A typical composition of the reaction
mixture is illustrated in the supplementary material (Fig.
S1). Trisaccharide, 6-kestose, was the main product among
the synthesized oligosaccharides. At later reaction times
(after 2—4 h), very small peaks corresponding to 1-kes-
tose and an uncharacterized disaccharide were observed
(Fig. S2). According to the previously studied profile of
oligosaccharides produced by Saccharomyces cerevisiae
p-fructofuranosidase the unidentified peak may belong to
inulobiose or 6-p-fructofuranosylglucose [38]. The amount
of 6-kestose formed was used to determine the initial reac-
tion rate of fructosyl transfer to sucrose.

The initial rate method was applied to investigate the
effect of sucrose and tyrosol concentrations on the reac-
tion network. Sucrose concentrations (from 1 to 2 M) were
chosen to promote transfer reactions and suppress sucrose
hydrolysis. The range of investigated concentrations of
tyrosol, from 0.072 M to 0.3 M, was limited by its solubil-
ity limit. Figure 2A—C presents three measured initial rates
of parallel reactions. The initial rates of sucrose hydrolysis
(Fig. 2A), tyrosol transfructosylation (Fig. 2B), and sucrose
transfructosylation (Fig. 2C) are presented as a function of
sucrose concentration with the tyrosol concentration as a
parameter. These three rates were used to calculate the ratio
of the total transfructosylation rate to the sucrose hydrolysis
rate presented in Fig. 2D.
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The first elementary step of the reaction mechanism is
the release of glucose from sucrose accompanied by the for-
mation of an activated enzyme complex with the fructosyl
moiety. The rate of this first step is essentially rate deter-
mining for the subsequent parallel reactions of the activated
complex with fructosyl acceptors. It is well known that the
kinetics of the enzymatic hydrolysis of sucrose by Saccha-
romyces cerevisiae p-fructofuranosidase complies with the
substrate-inhibition equation [39, 40]. The reason for the
deviation from the classic Michaelis—Menten kinetics is
attributed mainly to the thermodynamic nonideality of con-
centrated sucrose solutions caused by sucrose aggregation
[41]. The unfavourable influence of high sucrose concen-
trations is apparent for both sucrose hydrolysis (Fig. 2A)
and tyrosol transfructosylation (Fig. 2B) rates. This trend is
independent of tyrosol concentration.

Figure 2A, B demonstrates that the rates of these reac-
tions were approximately twice higher for 1 M sucrose than
for 2 M sucrose, except for the sucrose hydrolysis rate for the
highest tyrosol concentration of 0.3 M, where the effect of a
high sucrose concentration was somewhat weaker. Figure 2B
clearly shows the role of tyrosol as the second substrate
competing for fructosyl moieties. The rate of tyrosol trans-
fructosylation increased with its concentration to a degree
that did not depend much on the sucrose concentration.
On the contrary, the rate of sucrose hydrolysis decreased
with the concentration of tyrosol in an analogous manner.
For 0.3 M tyrosol, the tyrosol transfructosylation rate was
approximately 50-60% of the corresponding sucrose hydrol-
ysis rate, while it was only 10-15% for the lowest tyrosol
concentration.

Figure 2C shows that the sucrose transfructosylation rates
were much lower than the tyrosol transfructosylation rates.
It means that sucrose was a poorer acceptor of fructosyl
moieties than tyrosol. At the highest tyrosol concentration
(0.3 M), tyrosol transfructosylation rates were approximately
15 times higher than sucrose transfructosylation rates. These
initial reaction rates were nearly equal at the lowest tyrosol
concentration (0.072 M). The sucrose transfructosylation
rates were up to 10 times higher at 0.072 M tyrosol com-
pared to 0.3 M tyrosol. In contrast to the trends presented
in Fig. 2A, B, sucrose concentration had a minimal effect
on the sucrose transfructosylation rate. An explanation is
that the inhibitory effect of high sucrose concentrations is
counteracted by its function as the fructosyl moiety acceptor.
This hypothesis is compatible with the conclusions of the
studies focused on the kinetics of sucrose transfructosylation
[19, 42]. In the sucrose concentration range of 1-2 M, the
substrate only slightly inhibited the formation of 6-kestose.

The ratio of transfructosylation and hydrolytic activi-
ties is a useful parameter that characterizes the selectiv-
ity of p-fructofuranosidases. The total transfructosyla-
tion rate was obtained as a sum of the tyrosol and sucrose
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transfructosylation rates presented in Fig. 2B, C. It was
related to the sucrose hydrolysis rate (Fig. 2A) and is plotted
in Fig. 2D. It is evident from this figure that this ratio was
only minimally affected by the sucrose concentration, and it
increased with the tyrosol concentration. These conclusions
are analogous to the ones explained above for tyrosol fruc-
tosylation. It is easily comprehensible, since tyrosol trans-
fructosylation is the dominant transfructosylation reaction.

Influence of reaction conditions on the course
of tyrosol fructoside production

Previous studies on the effect of pH on the hydrolytic activ-
ity of Saccharomyces cerevisiae p-fructofuranosidase indi-
cated only a slight change in reaction rate with pH in the
region close to the optimal pH of 46 [43, 44]. However,
according to our present results, pH affected the rate of tyro-
sol transglycosylation. Tyrosol fructoside yield was approxi-
mately 15% higher at pH 6 compared to the yield obtained
at pH 4 (data not shown here).

The competition of water, saccharides, and tyrosol react-
ing with fructosyl moieties released from sucrose at the
reaction start was discussed in the previous section. But the
overall picture of the competition changes during the pro-
gress of the reaction. The synthesis of tyrosol fructoside is
kinetically controlled; therefore, the transfructosylation pro-
duction process should be stopped before the hydrolysis of
the product prevails over the rate of its synthesis. Therefore,
it was reasonable to study the effect of sucrose and tyrosol
concentrations on the time course of tyrosol fructoside pro-
duction (Fig. 3). The same combinations of initial tyrosol
and sucrose concentrations were used as in the experiments
presented in the previous section.

The results obtained are somewhat surprising when con-
sidering the conclusions observed for the initial rate meas-
urements. The effect of tyrosol concentration on the yield of
tyrosol fructoside (Fig. 3) is completely opposite to that of
the initial transfructosylation rate (Fig. 2). The highest yield
of 16-18% was achieved for the lowest concentration of
0.072 M tyrosol (Fig. 3A), while it was only 12-13% for the
highest concentration of 0.3 M (Fig. 3C). For the medium
tyrosol concentration of 0.181 M, the yield was 14-15.5%.
Figure 3 also shows that the process dynamics were fastest at
the lowest tyrosol concentration. Furthermore, the progress
curves have different shapes for the chosen total reaction
time of 8§ h.

A sharp maximum of Tyr-Fru yield was observed at the
lowest tyrosol concentration of 0.072 M (Fig. 3A). It means
that the rate of reverse Tyr-Fru hydrolysis overcame the rate
of its formation by transfructosylation. The Tyr-Fru maxi-
mum was most pronounced at the lowest sucrose concentra-
tion of 1.0 M. Figure 3A shows that the increase in the initial
sucrose concentration slowed the backward hydrolysis of
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tyrosol fructoside. Consequently, somewhat higher yields
of Tyr-Fru were achieved. Higher sucrose concentrations
also caused a gradual increase in the time in which the maxi-
mum yield was obtained. The highest yields were reached
for sucrose concentrations of 1.5-1.75 M after 2—-3 h of reac-
tion time.

Figure 3B, C demonstrates that backward hydrolysis of
Tyr-Fru was also suppressed by higher tyrosol concentra-
tions. We suppose that this was caused by lower water activ-
ity at higher both tyrosol and sucrose concentrations. All
but one progress curve asymptotically approached a yield
value without exhibiting a maximum. The only exception
was the experiment for 0.181 M tyrosol and 1.5 M sucrose.
Here, the yield reached a maximum in 3—4 h and decreased
slightly afterwards.

Although the decrease in maximal Tyr-Fru yield with the
initial concentration of tyrosol represents important informa-
tion about the course of reactions, the influence of high tyro-
sol concentration cannot be negatively interpreted from the
process point of view. Figure 4 demonstrates the advantage
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tyrosol, and C 0.300 M tyrosol. The symbols correspond to the fol-
lowing initial sucrose concentrations: 1.0 M (blue square), 1.5 M
(orange diamond), 1.75 M (grey triangle), and 2.0 M (yellow circle)

of a higher tyrosol concentration. The Tyr-Fru concentration
in the final product increased almost proportionally with the
initial tyrosol concentration. It reached maximal values close
to 40 mM for 0.3 M tyrosol. As follows from Figs. 3 and 4,
the effect of the sucrose concentration was weak at this tyro-
sol concentration. A higher Tyr-Fru concentration is advan-
tageous for downstream processing, whereas a somewhat
lower yield does not essentially change the requirements for
tyrosol recycling. However, it is necessary to mention that
a higher concentration of tyrosol prolongs the time to reach
the maximum amount of tyrosol fructoside.

Figure 4 also shows that the rate of sucrose conver-
sion decreased significantly with increasing sucrose and
tyrosol concentrations. For example, Fig. 4D shows that,
at an initial sucrose concentration of 2 M, sucrose conver-
sion after 8 h of reaction was reduced from about 46% in
the absence of tyrosol to 18% at 0.3 M tyrosol. The molar
concentration of released fructose decreased in about the
same proportion (data not shown). Hydrolytic activity of
the enzyme was thus significantly suppressed by tyrosol.
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Fig.4 Final sucrose conversion and optimal tyrosol fructoside con-
centration obtained by a transfructosylation reaction catalysed by
P-fructofuranosidase from Saccharomyces cerevisiae at pH 6.0 and
50 °C and at different initial concentrations of tyrosol and sucrose.
A 1 M sucrose, B 1.5 M sucrose, C 1.75 M, and D 2 M sucrose. The

Consequently, tyrosol transfructosylation was more pro-
nounced. The shift in the transfructosylation selectivity
with tyrosol concentration is demonstrated by 3—4 times
higher optimal Tyr-Fru concentrations at the highest initial
tyrosol concentration in Fig. 4. This relative increase of
the optimal Tyr-Fru concentrations is about twice higher
than the increase in the ratio of initial transfructosylation
and hydrolysis rates.

Figure 2 shows that the transfer of fructosyl residues to
sucrose was slower compared to the transfer to tyrosol and
this behaviour was exacerbated at higher tyrosol concentra-
tions. It also resulted in low 6-kestose yields shown in the
supplementary material (Fig. S3). These findings indicate
a weak enzyme affinity towards the sucrose acceptor. The
maximum molar yield of 6-kestose (6.7%, 0.0514 M) was
obtained at concentrations of 1.5 M sucrose and 0.072 M
tyrosol.
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white bars represent the percentage of converted sucrose after 8 h
of reaction time. The black bars represent the molar concentration
of tyrosol fructoside after 4 h for 0.072 M tyrosol and after 8 h for
0.181 M and 0.300 M tyrosol

It should be emphasized that the 6-kestose and Tyr-Fru
yields refer to very different initial concentrations of sucrose
and tyrosol, respectively. For that reason, the final molar
concentrations of 6-kestose were in most cases higher than
those of Tyr-Fru. Only, the application of a 0.30 M concen-
tration of the phenylethanoid acceptor suppressed fructosyl
transfer to sucrose in such a measure that the Tyr-Fru molar
concentrations became higher. The sucrose transformation
process into 6-kestose was independent of the overall kineti-
cally controlled mechanism. There was no indication of the
onset of 6-kestose hydrolysis during the reaction timeframe.

Production of tyrosol B-fructoside in deep eutectic
solvent solutions

The type of solvent system is crucial in biocatalytic reac-
tions. In terms of improving the Tyr-Fru yield, a potential



Bioprocess and Biosystems Engineering (2023) 46:237-249

245

Fig.5 Screening of DES
p-fructofuranosidase activity
in DES solutions by glucose 70
assay kit after 40 min of

reaction. DESs: 1—choline
chloride:glycerol 1:2, 2— 50
choline chloride:ethylene

glycol 1:2, 3 —choline 40
chloride:urea 1:1, 4—choline

chloride:urea 1:2, 5—choline
acetate:glycerol 1:2, 6—cho- 30
line acetate:ethylene glycol
1:2, 7—choline acetate:urea
1:2, 8—betaine:glycerol 1:2,
9—betaine: ethylene glycol,
10—betaine:urea:glycerol 15
1:2:3, 11—betaine:ethylene

glycol:glycerol 1:2:2, 12—

urea:glycerol 1:9, Ref.—refer- 10
ence sample not containing

DES 5

20

shift of the reaction equilibrium towards glycoside synthe-
sis by the addition of DES was investigated. Following the
existing information on the behaviour of glycosidases in
these solvents presented in the Introduction, 12 conveni-
ent DESs were selected for the investigation in this work.
The DESs used and their molar compositions are listed in
Table 1. A wide range of DES concentrations in the reaction
mixture, from 5 to 70% v/v, was used. To rapidly examine
the effect of both the type and the concentration of DES
on the p-fructofuranosidase activity, a qualitative activity
assay was designed using a 96-well microtiter plate. Figure 5
presents the results for 12 types of DES and 8 different con-
centrations of DES when the coloration intensity is directly
proportional to enzyme activity.

Figure 5 does not show any enhancement of enzyme
activity by adding DES. Only for low concentrations of DES
11, the enzyme activity appeared to be close to that in a
DES-free medium. On the contrary, the lighter coloration of
most samples compared to the reference (three wells in the
upper right corner in Fig. 5) implies the negative effect of
these cosolvents on the formation of glucose, which repre-
sents a combined effect of hydrolytic and transfructosylation
reactions. The assay showed that DES 5 and DES 7 based
on choline acetate gave the worst results in this assay. At
30% and higher concentrations of these eutectics, no enzyme
activity was observed under the given test conditions. There
were relatively low differences among the performance of
other DESs tested.

DES 2, DES 3, DES 6, DES 9 and DES 11 were selected
for a subsequent set of experiments as the best-performing
solvents and DES 7 as the worst-performing solvent. Tyro-
sol fructoside (Tyr-Fru) production was monitored at DES
concentrations of 5% (v/v) to 40% (v/v). In the presence of
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40% DES, the transfructosylation of tyrosol was completely
stopped in all cases. Therefore, the results of transfructosyla-
tion in DES solution systems are presented in Fig. 6 with
20% DES as an upper limit. (Full progress curves are given
in the supplementary material, Fig. S4 and Fig. S5). The
Tyr-Fru yields are plotted as relative values with the cor-
responding yield in DES-free conditions as reference.

Figure 6 documents that Tyr-Fru synthesis was sup-
pressed by DESs when there was not much difference
between the DESs identified as the best and the worst in
the screening experiments. All DESs caused a significant
decline in Tyr-Fru yield with the DES concentration. The
lowest tested concentration of DES 11, 5% (v/v), resulted in
a26% reduction in the Tyr-Fru yield. When the DES content
was 10% (v/v), the Tyr-Fru yields dropped by 33-55% and
in 20% DES (v/v) the yield was typically only 30-35% com-
pared to the DES-free conditions. Even worse results were
obtained for DES 2 consisting of ChCl and EtGly, where the
Tyr-Fru yield decreased by 80%. The reported negative effect
of DES on tyrosol transfructosylation was much greater
compared to the previously examined S-fructofuranosidase
from Kluyveromyces lactis [13].

Figure 6 offers several interesting comparisons. For exam-
ple, there was a notable difference between Tyr-Fru yields
in ChCL:EtGly (DES 2) and ChCl:Urea (DES 3). Despite
the same hydrogen bond acceptor (ChCl), the Tyr-Fru yield
was 14% higher in DES 3 although its hydrogen bond donor,
urea, is known for its denaturing effects. An explanation can
be found in the presence of ethylene glycol as a more reac-
tive fructosyl acceptor than tyrosol. In aqueous solutions, the
DES components are no longer linked by hydrogen bonds
[46]. In this case, the DES components based on polyols
(glycerol, ethylene glycol) become available in reaction
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Fig.6 Effect of the DES
content on the production of
tyrosol fructoside catalysed

by Saccharomyces cerevisiae
p-fructofuranosidase at pH 5.0
and 50 °C. The initial sucrose
concentration was 1.5 M. The
Tyr-Fru yield for DES-free con-
ditions was taken as a reference
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Relative Tyr-Fru Yield [%]

T

20

DES concentration [v/v %]

10% 5%

110% =20%

Reference DES 2

media for fructosylation. Their competition for fructosyl
residues can be enhanced by their high concentration in the
reaction medium.

The same pattern was also observed for another hydro-
gen acceptor, choline acetate (ChAc). The Tyr-Fru yield was
better in case of DES 7 (urea hydrogen donor) than DES
6 (ethylene glycol hydrogen donor). Choline acetate and
urea (DES 7) represented the best combination of hydrogen
acceptor and donor for Tyr-Fru production among all tested
DESs. This is quite surprising since DES 7 was identified
as the worst environment in the first set of screening experi-
ments (Fig. 5). The product progress curves shown in the
supplementary material (Fig. S4 and Fig. S5) confirm that
both observations are correct. Although the initial Tyr-Fru
production rate was the lowest for DES 7, the final Tyr-Fru
yield was the highest. On the contrary, the highest initial
rates were obtained for betaine-based DESs (DES 9 and DES
11), but the yields were among the poorest. Since all these
DESs were shown to stabilize f-fructofuranosidase against
denaturation [13], the lower product yields in DESs were
the effect of reaction inhibition and interference of the DES
components with the Tyr-Fru synthesis.

Production of hydroxytyrosol fructoside

Due to an additional hydroxy group, hydroxytyrosol (HT)
has remarkably attractive biochemical properties that
increase its market demand [6, 45]. Therefore, after success-
ful transfructosylation of tyrosol by f-fructofuranosidase
from Saccharomyces cerevisiae, this enzyme was applied
for the production of hydroxytyrosol fructoside (HT-Fru).
Due to the higher sensitivity of HT to elevated tempera-
tures, the reaction temperature was reduced to 40 °C. HT-Fru

@ Springer
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formation was examined in 1 M and 1.5 M sucrose with an
initial HT concentration of 0.072 M (11 g/L) and 0.130 M
(20 g/L). The 1 M concentration was selected based on the
HT transfructosylation reaction conditions used in the pre-
vious studies [14, 47] and 1.5 M sucrose is our optimized
concentration for Tyr-Fru formation using baker's yeast
p-fructofuranosidase. The course of HT-Fru synthesis is
shown in Fig. 7.

Similarly to Tyr-Fru formation, higher sucrose concen-
trations suppressed the secondary hydrolysis of HT-Fru and
increased the product molar yield (Fig. 7). The highest HT-Fru
yield, 16.4%, was obtained for 1.5 M sucrose and 0.072 M
HT. Likewise as for Tyr-Fru, the higher concentration of the
alcohol acceptor increased the product concentration, but
decreased its yield. The transfructosylation rate and the over-
all yield of fructoside were slightly lower for the reaction with
HT compared to tyrosol.

The synthesis of HT-Fru by Saccharomyces cerevisiae
p-fructofuranosidase reported in this work is quite attractive
compared to the results published so far. Although KarniSova
Potocka et al. achieved a higher molar yield (around 33%), the
enzyme preparation used in their work is no longer on the mar-
ket [14]. Compared to HT fructosylation reported by Miguez
et al., who reached approximately 23% molar yield of HT-Fru
with a genetically modified enzyme [47], the advantage of the
synthesis described here is that it uses one of the most avail-
able, inexpensive, and easily produced enzymes.
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Fig.7 Progress curves of yields of hydroxytyrosol fructo-

side obtained by a transfructosylation reaction catalysed by
p-tructofuranosidase from Saccharomyces cerevisiae at pH 6.0 and

Conclusions

This work demonstrates that baker's yeast f-fructofuranosidase
is a very suitable biocatalyst for the synthesis of fructosides of
tyrosol and hydroxytyrosol. Higher initial sucrose concentra-
tions (above 1.5 M) were found to be beneficial for the bio-
catalyst transfructosylation selectivity. Higher phenylethanoid
concentrations (0.3 M) also suppressed the secondary product
hydrolysis, although they slowed all reactions. Inhibition of all
reaction rates was also observed when deep eutectic solvents
were added to the substrates solutions. An expected positive
effect of the shift of reaction equilibrium towards transglyco-
sylation reactions was thus not achieved in this way.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00449-022-02828-3.
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