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Abstract

A new process based on enzymatic synthesis of a series of raffinose-derived
oligosaccharides or raffinosyl-oligofructosides (RFOS) with degree of polymerization
(DP) from 4 to 8 was developed in the presence of raffinose. This process involves a
transfructosylation reaction catalyzed by an inulosucrase from Lactobacillus gasseri
DSM 20604 (IS). The main synthesized RFOS were structurally characterized by
Nuclear Magnetic Resonance (NMR). According to the elucidated structures, RFOS
consist of B-2,1-linked fructose unit(s) to raffinose: a-D-galactopyranosyl-(1—6)-a-D-
glucopyranosyl-(1«»2)-p-D-fructofuranosyl-((1«<2)-p-D-fructofuranoside)n (where n
refers to the number of transferred fructose moieties). The maximum yield of RFOS
was 33.4% (in weight respect to the initial amount of raffinose) and was obtained at the
time interval of 8-24 h of transfructosylation reaction initiated with 50% (w/v) of
raffinose. Results revealed the high acceptor and donor affinity of IS towards raffinose,
being fairly comparable to that of sucrose for the production of fructooligosaccharides
(FOS), including when both carbohydrates coexisted (sucrose:raffinose mixture, 250 g
L each). The production of RFOS was also attempted in the presence of
sucrose:melibiose mixtures; in this case, the predominant acceptor-product formed was
raffinose followed by a minor production of a series of oligosaccharides with varying
DP. The easiness of RFOS synthesis and the structural similarities with both raffinose
and fructan series of oligosaccharides warrant the further study of the potential bioactive

properties of these unexplored oligosaccharides.

Keywords: raffinose, transfructosylation reaction, a-galactosides, inulosucrase,

bioactive oligosaccharides.
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Introduction

Oligosaccharides belonging to raffinose family (also known as a-galactosides)
and B-fructans are the two most widespread water-soluble carbohydrates in the plant
kingdom (Martinez-Villaluenga et al. 2008; Van den Ende 2013). They can be
enzymatically biosynthesized by transferring successive galactosyl- or fructosyl-
residues, respectively, from donor to acceptor sucrose (Martinez-Villaluenga and Frias,
2014). During the last decades, these types of oligosaccharides have attracted
considerable interest due to their health-promoting effects on gastrointestinal and
immune systems, as well as on mineral absorption, lipid metabolism, oxidative stress or
glucose homeostasis, among others (Di Bartolomeo et al. 2013; Zhang et al. 2013;
Martinez-Villaluenga and Frias, 2014). Based on the link between the molecular
structure and the physiological effects exerted by oligosaccharides, increasing attention
is being paid to longer and branched fructan and raffinose series, since they might
provide healthier effects throughout the whole colon due to their prebiotic properties
(Van den Ende 2013). In this context, the development of novel and/or tailor-made
oligosaccharides through enzymatic processes is of great interest because enzyme
substrate-, regio- and stereospecificity may provide structurally controlled
oligosaccharides with high yields (Diez-Municio et al. 2014; Ortiz-Soto and Seibel,
2014).

Several previous works have described the synthesis of novel raffinose-derived
oligosaccharides through the action of, mainly, transglycosidases by using raffinose (a-
D-galactopyranosyl-(1—6)-a-D-glucopyranosyl-(1<2)-B-D-fructofuranoside) as
acceptor and sucrose as donor. C6té et al. (2009) made use of the advantages of an
alternansucrase [EC 2.4.1.140] from Leuconostoc mesenteroides NRRL B-21297 to

transglucosylate raffinose which led to a series of glucosylated-raffinose
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oligosaccharides with degrees of polymerization (DP) from 4 to 10. Later on, these
raffinose-derived oligosaccharides were shown to exert in vitro prebiotic properties
(Hernéndez-Hernandez et al. 2011). In contrast, raffinose was shown to be a poor
acceptor for microbial dextransucrase [EC 2.4.1.5] (Cété et al. 2009) or pB-
fructofuranosidase (Gimeno-Pérez et al. 2014) given the low yield production of the
corresponding glucosylated or fructosylated tetrasaccharides. Uhm et al. (1999) reported
the limited production of a fructosylated tetrasaccharide (12.9 mol %) and an
unidentified pentasaccharide (1.6 mol %) from raffinose using a fructosyltransferase
from Aspergillus niger. Furthermore, different microbial levansucrases [EC 2.4.1.10]
have been also employed to use raffinose both as donor and acceptor of fructosyl
moieties to synthesize mostly polymers of the levan type, with the absence or with a
minor amount of oligosaccharides (Hestrin et al. 1956; Park et al. 2003; Andersone et
al. 2004; van Hijum et al. 2004). In contrast, Visnapuu et al. (2009; 2011) carried out
the synthesis of oligosaccharides derived from raffinose with DP up to 6 by using
levansucrases from Pseudomonas syringae and Pseudomonas chlororaphis subsp.
aurantiaca, although they were not quantified and the type of glycosidic linkage was
not elucidated. The tetrasaccharide stachyose (galactosyl-raffinose) has been also used
as an efficient precursor to form fructosylated oligosaccharides up to DP 8 using a
commercial enzymatic preparation from Aspergillus aculeatus (Montilla et al. 2009;
2011).

More recently, we have described the ability of a recombinant inulosucrase [EC
2.4.1.9] from Lactobacillus gasseri DSM 20604 to efficiently synthesize novel
oligosaccharides, termed maltosylfructosides, by the transfer of the fructosyl moiety
from sucrose toward maltose (Diez-Municio et al. 2013). The acceptor promiscuity of

this recombinant enzyme is reinforced by its capacity to not only produce
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fructooligosaccharides (FOS) from sucrose, but also to convert raffinose into a range of
oligosaccharides as previously shown by Anwar et al. (2010). Nevertheless, these
raffinose-derived oligosaccharides were neither quantified nor structurally characterized
and the synthesis was carried out at a single concentration of raffinose.

In the present work, the optimization of a novel enzymatic synthesis process of
raffinosyl-oligofructosides (RFOS) by transfructosylation reaction using the
recombinant inulosucrase from Lactobacillus gasseri DSM 20604 (1S) is addressed for
the first time. The comprehensive structural characterization of the main different
products obtained has been performed by nuclear magnetic resonance (NMR).
According to the elucidated structures, the produced raffinose-derived oligosaccharides
could possess potential bioactive properties. Moreover, the optimized synthesis of the

well-known prebiotic FOS is also described for comparison.

Materials and methods
Carbohydrates and chemicals

Fructose, glucose, sucrose, melibiose and raffinose were purchased from Sigma-
Aldrich (Steinheim, Germany) and 1-kestose, nystose and 1 -fructofuranosylnystose
from Wako Pure Chemical Industries (Osaka, Japan). Acetonitrile (HPLC grade) was
obtained from VWR (Barcelona, Spain). All other reagents were of analytical grade and

commercially available.

Production, purification and characterization of recombinant inulosucrase (IS)
A fragment of the recombinant IS protein lacking the cell-anchoring-motif from
L. gasseri DSM 20604 (Anwar et al. 2010) was overproduced in Escherichia coli and

purified as previously described by Diez-Municio et al. (2013).
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The protein concentration of the purified IS was 16.2 mg mL™ according to the
bicinchoninic acid (BCA) assay using as standard a dextransucrase of Leuconostoc
mesenteroides B-512F purchased from CRITT Bio-Industries (Toulouse, France).

The enzyme activities of IS were measured as a function of the amounts of
glucose and fructose released from a solution of sucrose (100 g L™) as described by
Anwar et al. (2010). The total activity of IS was expressed as the amount of free glucose
while the amount of formed fructose was measured for the determination of the
hydrolytic activity. The transfructosylation activity (transferred fructose) was defined as
the difference between the amount of released glucose and fructose. In consequence, the
IS expressed a total activity of 17.4 units per milligram (U mg™), where 1 unit is
defined as the amount of enzyme releasing 1 umol of glucose per minute under the
assayed conditions. The hydrolytic activity was 6.9 U mg™, where 1 unit is defined as
the amount of enzyme releasing 1 umol of fructose per minute under the assayed
conditions. Finally, the transfructosylation activity was 10.5 U mg™, where 1 unit is
defined as the amount of enzyme required to transfer 1 pmol of fructose per minute at
other molecules under the assayed conditions. Enzyme activity measurements were

repeated three times, and the experimental error was < 5%.

Enzymatic synthesis of raffinosyl-oligofructosides (RFOS)

The production of RFOS and fructooligosaccharides (FOS) through
transfructosylation reactions catalyzed by IS was carried out using raffinose and sucrose
as substrates, respectively. The reaction conditions were previously established for the
synthesis of maltosyl-fructosides (Diez-Municio et al. 2013) using an enzyme
concentration of 1.6 U mL™, at pH 5.2 (25 mM sodium acetate buffer, supplemented

with 1 mM CaCl,) and 55°C as reaction temperature. Three different concentrations of
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starting sucrose or raffinose (both donor and acceptor of fructose moieties) were
studied: 25, 50 and 65 g in 100 mL. Moreover, the production of FOS and RFOS was
studied using reaction mixtures consisting in sucrose and raffinose (25:25, expressed in
g 100 mL™Y) or sucrose and melibiose (25:25, expressed in g 100 mL ™). To facilitate
the complete solubilization of the starting substrates, all assayed carbohydrate solutions
were preheated up to 65-70 °C before addition of the enzyme.

Samples were incubated in individual tubes of 1.5 mL in an orbital shaker at
1,000 rpm. The enzymatic reactions were allowed to proceed up to 48 h. Aliquots were
taken from the reaction mixture at suitable time intervals (1, 3, 8, 24, 32 and 48 h). The
enzyme was inactivated by heating at 100 °C for 5 min and inactivated samples were
then diluted with acetonitrile:water (40:60, v/v), filtered using a 0.45 um syringe filter
(Symta, Madrid, Spain), and analyzed by LC-RID. Results are shown as mean + sd of

triplicate assays.

Chromatographic determination of carbohydrates by Liquid Chromatography with
Refractive Index Detector (LC-RID).

Enzymatic reactions were monitored by LC-RID on an Agilent Technologies
1220 Infinity LC System — 1260 RID (Boeblingen, Germany). The separation of the
synthesized oligosaccharides was carried out on a Kromasil (100-NH,) column (250 x
4.6 mm, 5 um particle size) (Akzo Nobel, Brewster, NY, USA) using acetonitrile:water
(70:30, v/v) as the mobile phase and eluted in isocratic mode at a flow rate of 1.0 mL
min™ for 80 min. Injection volume was 50 puL (1 mg of total carbohydrates). Data
acquisition and processing were performed using Agilent ChemStation software

(Agilent Technologies, Boeblingen, Germany).
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Main carbohydrates in the reaction mixtures were initially identified by
comparing the retention times (tg) with those of commercially available standards.
Quantitative analysis was performed by the external standard method, using calibration
curves in the range 0.01 - 10 mg for glucose (quantification of monosaccharides),
sucrose and melibiose (quantification of disaccharides), raffinose (quantification of
trisaccharides),  nystose  (quantification  of  tetrasaccharides) and  1F-
fructofuranosylnystose (quantification of pentasaccharides and acceptor products of
polymerization degree above 5). All analyses were carried out in triplicate.
Determination coefficients obtained from these calibration curves, which were linear
over the range studied, were always R? > 0.999. Reproducibility of the method was
estimated on the basis of the intra-day and inter-day precision, calculated as the relative
standard deviation (RSD) of concentrations of oligosaccharide standards obtained in n >

5 independent measurements, obtaining RSD values below 10% in all cases.

Purification and structural characterization of the raffinosyl-oligofructosides (RFOS)
by nuclear magnetic resonance (NMR)

Given the lack of commercially available standards for RFOS, the main
synthesized oligosaccharides (DP 4-7), obtained after 24 h of transfructosylation
reaction from raffinose at 500 g L™ under the optimized conditions, were isolated and
purified by preparative LC-RID as previously described (Diez-Municio et al. 2014) for
its subsequent characterization.

Structure elucidation of the purified oligosaccharides was accomplished by
nuclear magnetic resonance spectroscopy (NMR). NMR spectra were recorded at 298
K, using D,O as solvent, on a Varian SYSTEM 500 NMR spectrometer (*H 500 MHz,

13C 125 MHz) equipped with a 5-mm HCN cold probe. Chemical shifts of *H (5) and
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B3C (3¢) in parts per million (ppm) were determined relative to an internal standard of
sodium [2,2,3,3->H4]-3-(trimethylsilyl)-propanoate in D,O (8 0.00) and 1,4-dioxane
(8¢ 67.40) in D,0, respectively. One-dimensional (1D) NMR experiments (*H, and **C)
were performed using standard Varian pulse sequences. Two-dimensional (2D) [*H-"H]
NMR experiments (gradient correlation spectroscopy, gCOSY; total correlation
spectroscopy, TOCSY; and rotating-frame Overhauser effect spectroscopy, ROESY)
were carried out with the following parameters: delay time of 1 s, spectral width of
1179.2 Hz in both dimensions, 4096 complex points in t2, 4 transients (16 for ROESY)
for each of 128 time increments, and a linear prediction to 256. The data were zero-
filled to 4096 x 4096 real points. 2D ['H-*C] NMR experiments [gradient
heteronuclear single-quantum coherence (gHSQC) and gradient heteronuclear multiple-
bond correlation (gHMBC)] used the same *H spectral window, a *3C spectral window
of 30165 Hz, 1 s of relaxation delay, 1024 data points, and 128 time increments, with a
linear prediction to 256. The data were zero-filled to 4096 x 4096 real points. Typical

numbers of transients per increment were 4 and 16, respectively.

Results
Synthesis of RFOS by the recombinant inulosucrase from L. gasseri DSM 20604 using
raffinose as starting substrate.

In addition to the reaction conditions, i.e. enzyme concentration, pH and
temperature,  which  were  previously  optimized to increase  the
transfructosylation/hydrolysis ratio of IS (Diez-Municio et al. 2013), the use of high
substrate concentrations is another factor that influences the transferase activity of
transglycosidase enzymes (Canedo et al. 1999; Robyt 1995). Consequently, up to three

different initial concentrations of raffinose, that is 25%, 50% and 65% (w/v), were
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studied for the synthesis of RFOS. However, reliable results could not be obtained at the
highest assayed concentration due to lack of solubility of raffinose (data not shown).

Figure 1 shows the LC-RID profiles corresponding to transfructosylation
reaction after 24 h using 25% (w/v) of raffinose as starting substrate. The detection of
fructose (peak 1) and melibiose (a-D-galactopyranosyl-(1—6)-D-glucose, peak 3)
indicated that raffinose (peak 4) was efficiently cleaved by IS at the bond between
glucose and fructose. In addition, the detection of fructose in low levels could also
indicate its transfer to other raffinose molecules to give a series of oligosaccharides with
DP ranging from 4 to 8 (peaks 5-9 in Figure 1) and whose abundance decreased as the
oligosaccharide chain increased. This behavior is indicative of the capacity of raffinose
to act both as donor and acceptor in the transfructosylation reaction catalyzed by 1S.
Finally, the detection of a minor peak (named 2) identified as inulobiose (B-D-
fructofuranosyl-(2—1)-D-fructose) according to data reported by Diez-Municio et al.
(2013), revealed the capacity of fructose to also act as a minor acceptor in the
transfructosylation reaction. Interestingly, when 50% (w/v) of raffinose was tested as
substrate, the chromatographic profile obtained after 24 h was essentially the same to
that shown in Figure 1, although with different yields.

Tables 1 and 2 summarize the quantitative data of the carbohydrates present in
the reaction mixture throughout the transfructosylation process initiated with 25% (w/v)
and 50% (w/v) of raffinose, respectively. By using a 25% (w/v) concentration of
raffinose, the synthesis of total RFOS was increased during the first 8 h of reaction and
then, achieved a plateau from 8 to 24 h, followed by a decrease until the end of the
reaction (48 h) (Table 1). Under these conditions, the maximum production of RFOS
was 70.7 g L™ found at 24 h, which is equivalent to a yield of 29.6%, in weight with

respect to the initial amount of quantified raffinose (Table 3). Likewise, only 10% of

10
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raffinose remained in the reaction mixture after 24 h of reaction. Notwithstanding, it
should be noted that the production of RFOS found at 8 h was 69.6 g L™*. Thus, from an
economic point of view, it is not feasible to perform the enzymatic reaction for another
16 h in order to obtain just 1.1 g/L more of oligosaccharide production. However, the
composition of the final product in terms of DP differs as a function of the reaction
time. While at 8 h of reaction the major product is the RFOS with DP 4 (representing
58.2% of the composition), at 24 h of reaction RFOS with DP 5-7 reach their maximum
production (Table 1). This change in the composition of the DP fractions and the
decrease in the total content of RFOS from 32 h to the end of the reaction could be
explained by the fact that once raffinose is largely hydrolyzed and also used as acceptor
by IS, the RFOS could serve, in turn, as substrates for the enzyme. When 50% (w/v)
was set as initial concentration of raffinose, the maximum production of RFOS,
achieved at 24 h of reaction, was 2.5-fold higher than that obtained with 25% (w/v) of
raffinose, reaching 172.6 g L™ (Table 2). This value is equivalent to a yield of 33.4% in
weight with respect to the initial amount of quantified raffinose (Table 3). In this case,
RFOS with DP 5-7 reached their maximum production also after 24 h of reaction, while
the maximum production of RFOS with DP 4 was obtained after 8 h of reaction (Table
2). As it could be expected, the higher the raffinose concentration, the higher the
production yield of synthesized RFOS. Despite the high level of initial concentration of
raffinose used for the RFOS synthesis, 82% of raffinose was hydrolyzed or converted
into RFOS after 24 h of reaction and only 13.6% of raffinose remained at the end of the
enzymatic process. Notable levels of the disaccharide melibiose (a-gal-(1—6)-a-glu)
were also obtained as a result from the production of oligosaccharides derived from
raffinose (a-gal-(1—6)-a-glu-(1<2)-p-fru) by the transfructosidase activity of IS.

Although there is no extensive toxicological data available for melibiose, it is supposed

11
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to be safe for oral consumption because it can be found in a wide variety of foods
(Lakio et al. 2013), as well as naturally in plants such as cocoa beans and processed
soybeans (Tomita et al. 2007). Melibiose is a disaccharide consisting of the same two
monosaccharides as lactose, glucose and galactose, but linked by a different glycosidic
bond. It has been described to be resistant to the gastrointestinal digestion (Mineo et al.
2002) and metabolized by the gut microbiota (Van Laere et al. 1999). Therefore, as any
non-digestible carbohydrate, melibiose can be considered as a low calorie ingredient.
Melibiose has been also described to be released when dietary raffinose is metabolized
by gut bacteria, suggesting that various physiological functions of raffinose might make
their contribution in the form of melibiose (Tomita et al. 2007). Nevertheless, to
increase the purity of the synthetized oligosaccharides unreacted substrates and mono-
/disaccharides present after enzymatic oligosaccharide formation could be removed by

physicochemical purification or using different fractionation processes.

Synthesis of FOS derived from sucrose by the recombinant inulosucrase from L. gasseri
DSM 20604. A comparison with the RFOS synthesized from raffinose.

Considering that sucrose is the ordinary substrate for transfructosidase enzymes,
we addressed the synthesis of FOS catalyzed by IS under the same reaction conditions
than those used for the synthesis of RFOS, in order to compare the ability of raffinose
and sucrose to act as substrates for this enzyme. Therefore, initial concentrations of 25%
and 50% (w/v) of sucrose were employed for the synthesis of FOS. In this case,
considering that sucrose is more soluble than raffinose in aqueous solutions, an
additional set of samples with 65% (w/v) of starting sucrose could be also tested.
Overall, FOS from DP 3 (1-kestose) to DP 9, as well as minor amounts of neo-kestose

and inulobiose could be detected by LC-RID (chromatograms not shown). Figure 2

12
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illustrates the concentration of sucrose, glucose, fructose and the total FOS synthesized
during the transfructosylation process from the three assayed concentrations of sucrose.
Similarly to raffinose, the production of FOS increased with the concentration of
sucrose and, consequently, the maximum production of FOS was of 283.45 g L™ after
32 h of transfructosylation reaction starting from 65% of sucrose (Figure 2C).
However, similar values in oligosaccharides production and yields were found for both
carbohydrates when FOS were synthesized from equivalent concentrations of sucrose to
those obtained for the synthesis of RFOS (i.e., 25% and 50% of sucrose). Concretely,
67.3 g L™ and 168.8 g L™ of total FOS with DP from 3 to 9 were produced from 25%
(w/v) and 50% (w/v) of sucrose, respectively, after 3 and 32 h of transfructosylation
reaction (Figures 2A and 2B and Table 3). Therefore, these results highlight the
suitability of raffinose to act as substrate for the synthesis of oligosaccharides catalyzed
by IS, being its ability to produce acceptor products comparable to that of sucrose.
Nevertheless, the productivity and specific productivity values (determined after
the first hour of reaction) corresponding to the synthesis of FOS from 25% and 50%
(w/v) of sucrose were 1.25 and 1.56-fold higher, respectively, than those values
determined for RFOS synthetized from equivalent concentrations of raffinose (Table 3).
Thus, a higher initial velocity of the incorporation of fructose moieties into sucrose than
into raffinose is suggested, which could be attributed to the fact that sucrose has a lower
Michaelis-Menten constant (Km), since it is the predominant donor substrate for

glycansucrases.

Synthesis of RFOS and FOS derived from sucrose:raffinose mixtures by the

recombinant inulosucrase from L. gasseri DSM 20604.
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Taking into account the appropriateness of both series of oligosaccharides, the
production of FOS and RFOS was also explored in the presence of a sucrose:raffinose
mixture (25:25, expressed in g 100 mL ). As it is shown in Figure 3, a decrease of
sucrose and raffinose with a concomitant synthesis of a mixture of FOS (DP from 3 to
8) and RFOS (DP from 4 to 8) was observed from the first hour of reaction, suggesting
the ability of the enzyme to interchangeably use both substrates as acceptor and donor.
Likewise, the levels of fructose were substantially lower than those of melibiose and
glucose, indicating the predominance of the transfructosylation reaction. The maximum
level of production of combined transfer products (considering the sum of FOS and
RFOS) was 180.6 g L™ obtained after 24 hours of reaction, equivalent to a yield of
33.8% (Table 3). These values were fairly similar or slightly higher than those found
for single synthesis of FOS or RFOS from 50% (w/v) of sucrose or raffinose. In
addition, by comparing the quantitative data with those obtained with 25% (w/v) of
either raffinose or sucrose separately (Table 1 and Figure 2A), the highest levels of
RFOS synthesized with the starting reaction mixture of sucrose and raffinose were
fairly similar (74.4 g L") whereas FOS were produced in an even higher yield (106.2 g
L) (Figure 3). Tian and Karboune (2012) also observed a higher production of FOS by
a levansucrase from Bacillus amyloliquefaciens in the presence of raffinose and sucrose
as compared to the use of sucrose alone.

Interestingly, productivity and specific productivity values calculated from the
starting reaction mixture of sucrose and raffinose (25% of each, w/v) were below the
values obtained after the single synthesis of FOS from sucrose at 50% (w/v). However,
these values were above those produced with the individual synthesis of RFOS from
raffinose at 50% (w/v) (Table 3), confirming the previous finding about the velocity of

the incorporation of fructose moieties into sucrose and raffinose.
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Synthesis of raffinose, RFOS and FOS derived from sucrose:melibiose mixtures by the
recombinant inulosucrase from L. gasseri DSM 20604.

The ability of IS to produce raffinose and, specially, RFOS from mixtures of
sucrose (donor) and melibiose (acceptor) (25:25, expressed in g 100 mL™) was also
tested. This study was based on previous findings about the capacity of this enzyme to
specifically transfer fructose moieties of sucrose to either C-1 of the reducing end or C-
6 of the nonreducing end of maltose, to mainly produce the trisaccharide erlose [a-D-
glucopyranosyl-(1—4)-a-D-glucopyranosyl-(1<2)-p-D-fructofuranoside] followed by
neo-erlose [B-D-fructofuranosyl-(2—6)-a-D-glucopyranosyl-(1—4)-a-D-
glucopyranose] and oligosaccharides of higher DP by elongation of the saccharide chain
from both glucose units with successive fructosyl units (Diez-Municio et al. 2013). In
our case, melibiose was a relatively good acceptor-substrate since 59% of the starting
amount was used as acceptor after 8 h of reaction, although the main acceptor-product
was raffinose, whose maximum production was 167.3 g L™ after 8 h. In contrast, the
total RFOS vyield (DP from 4 to 7) was low (42.6 g L™ were obtained after 48 h of
reaction). In addition to RFOS, 69.6 g L™ of total FOS (DP from 3 to 8) were also

produced due to the presence of sucrose.

Structural elucidation of raffinosyl-oligofructosides by nuclear magnetic resonance
(NMR).

The four main unknown chromatographic peaks (5-8, Figure 1) were purified by
preparative LC-RID and successfully characterized by NMR (structures A - D,
respectively, Figure 4) by the combined use of 1D and 2D [*H-*H] and [*H-**C] NMR

experiments (gCOSY, TOCSY, multiplicity-edited gHSQC and gHMBC). Determined
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'H and *C NMR chemical shifts are summarized in Table 4. The full set of spectra is
available in the Supporting Information (Figures S1-S17).

The main synthesized RFOS (peak 5, Figure 1) was the structure A. The 1D *H
NMR spectrum of A showed two resonances in the anomeric region (65.30, and 64.85),
and 1D **C NMR spectrum showed signals corresponding to 24 carbons including four
anomeric carbons (6106.59 , §106.20, 6101.31 and 095.25), indicative of the presence of
a tetrasaccharide with four hexose sugars in the structure. A multiplicity-edited gHSQC
spectrum was used to link the carbon signals to the corresponding proton resonances.
Thus, the anomeric carbon at §101.31 correlated with an alpha anomeric proton at 64.85
(J(H1,H2) = 3.7 Hz) and the anomeric carbon at 695.25 correlated with an alpha
anomeric proton at 65.30 (J(H1,H2) = 3.9 Hz). The anomeric carbons at 6106.59 and
0106.20 were quaternary carbons. In addition, six methylene carbons at 668.65, 665.20,
865.14, 863.97, 563.80 and 863.27 were identified. The 'H-'H COSY and 'H-'H
TOCSY experiments revealed the *H signals of galactopyranose, glucopyranose and
fructofuranose residues (Figure 4). The *H—"H ROESY experiment showed correlations
between the H2 and H1 methylene protons for the two fructose units. From these data it
could be concluded that the tetrasaccharide consisted of a unit of a-galactopyranose, a
unit of a-glucopyranose, and two units of B-fructofuranose.

The position of glycosidic linkages was analyzed as follows: gHMBC showed
correlations between the a-Gal-C1 anomeric carbon (101.31 ppm) and a-Glu-H6
methylene protons (3.90, 3.54 ppm), between the a-Glu-H1 anomeric proton (5.30 ppm)
and one of the B-Fru anomeric carbons (106.20 ppm), and between the B-Fru-H1
methylene protons (83.67 and 63.62) and the other B-Fru anomeric carbon (106.59ppm).
Consequently, the main synthesized RFOS (peak 5, Figure 1) was identified as the

tetrasaccharide a-D-galactopyranosyl-(1—6)-a-D-glucopyranosyl-(1<2)-B-D-
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fructofuranosyl-(1«<2)-B-D-fructofuranoside which can be named as fructosyl-raffinose
(Figure 4A). The remaining structures (peaks 6-8, Figure 1) were identified, following
the same procedure, as fructosylated-raffinose oligosaccharides with DP 5, 6, and 7,
respectively. The same relevant NMR correlations were found for these compounds, in
consequence, the structure of peak 6 (Figure 1) was elucidated as ao-D-
galactopyranosyl-(1—6)-a-D-glucopyranosyl-(1<2)-p-D-fructofuranosyl-(1<2)-p-D-
fructofuranosyl-(1«<2)-B-D-fructofuranoside (Figure 4B). Structures of peaks 7 and 8
(Figure 1) were elucidated as a-D-galactopyranosyl-(1—6)-a-D-glucopyranosyl-
(12)-p-D-fructofuranosyl-(1<2)-p-D-fructofuranosyl-(1«2)-p-D-fructofuranosyl-
(1<2)-p-D-fructofuranoside (Figure 4C) and «a-D-galactopyranosyl-(1—6)-a-D-
glucopyranosyl-(1<2)-p-D-fructofuranosyl-(1«2)-p-D-fructofuranosyl-(1<2)-p-D-
fructofuranosyl-(1«<2)-B-D-fructofuranosyl-(1<2)-B-D-fructofuranoside (Figure 4D).
Taking into account the mechanism of action described for the synthesis of
compounds A - D, these results led us to tentatively determine that peak 9 (Figure 1)
could correspond to the octasaccharide a-D-galactopyranosyl-(1—6)-a-D-
glucopyranosyl-(1«<2)-p-D-fructofuranosyl-(1«<2)-p-D-fructofuranosyl-(1<2)-p-D-
fructofuranosyl-(1«<2)-B-D-fructofuranosyl-(1<2)-p-D-fructofuranosyl-(1<2)-p-D-

fructofuranoside.

Discussion

This work describes a new and feasible synthesis process of a series of raffinose-
derived oligosaccharides, termed raffinosyl-oligofructosides (RFOS) with DP ranging
from 4 to 8. This procedure is based on the efficient transfructoyslation of raffinose
catalyzed by a recombinant inulosucrase from L. gasseri DSM 20604 (IS). Regardless

the starting concentration of raffinose, the predominant RFOS present throughout the
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transfructosylation reaction was that of DP 4; however, as the reaction proceeded, the
presence of DP 4 was proportionately lower (Tables 1 and 2), which could be indicative
of the capacity of RFOS of low DP to act in turn as acceptors for further
transfructosylation to yield oligosaccharides of a higher molecular weight.

Concerning the highest yields obtained for these novel compounds, i.e. 29.6 and
33.4% in weight respect to the respective initial amount of starting raffinose (25 or
50%, respectively, Table 3), they can be considered high compared to other studies that
used raffinose as precursor and/or addressed the synthesis of new fructosylated
oligosaccharides (Uhm et al. 1999; Yamamori et al. 2002; Gimeno-Pérez et al. 2014).
Remarkably, the yields obtained for the synthesis of RFOS in the current work were
higher than those obtained for the synthesis of FOS under the same reaction conditions
but using sucrose instead of raffinose as starting substrate (Table 3). Considering that
sucrose is the preferable substrate for transfructosidase enzymes, this finding highlights
the efficiency of the synthesis of RFOS. Nonetheless, the higher solubility of sucrose as
compared to raffinose allowed that the synthesis of FOS could be carried out from 65%
of sucrose, increasing, thus, the FOS yield up to 43.5%.

As it was elucidated by NMR, the synthesis of RFOS is produced by the
elongation of the raffinose chain from the fructose moiety by adding successive
fructosyl units through p-2,1-linkages to give oligosaccharides with the general
structure a-D-galactopyranosyl-(1—6)-a-D-glucopyranosyl-(1<2)-B-D-
fructofuranosyl-((1<2)-p-D-fructofuranoside),. This study has also revealed the high
acceptor and donor affinity of IS towards raffinose, being fairly comparable to that of
sucrose. This observation remained when both carbohydrates coexisted, as it could be
deduced from the concentration and yields obtained of FOS and/or RFOS. However, the

productivity values of FOS were higher (i.e., 1.25 and 1.56-fold) than those obtained for
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the synthesis of RFOS (Table 3). This fact can be attributed to a higher transfer rate of
fructose moieties into sucrose than into raffinose, supported by a lower Michaelis-
Menten constant (Km) of the former.

Raffinose has shown a different behavior for the synthesis of RFOS compared to
the synthesis of maltosyl-fructosides (Diez-Municio et al. 2013) or lactosyl-
oligofructosides (Diez-Municio et al. 2015) also catalyzed by IS from sucrose:maltose
or sucrose:lactosucrose reaction mixtures, respectively. In this sense, despite the fact
that  lactosucrose  (B-D-galactopyranosyl-(1—4)-a-D-glucopyranosyl-(1<2)-B-D-
fructofuranoside) and raffinose present only a slight structural difference, which is the
type of glycosidic linkage between the galactosyl and glucosyl moieties (i.e. B-1,4 or a-
1,6), lactosucrose did not have the capacity to act as a donor, requiring the presence of
sucrose as a donor to produce fructosyl-derivatives of lactosucrose. On the contrary,
raffinose is able to act also as donor. This finding stresses the different flexibility of 1S
for the donor and acceptor substrate-binding subsites. In this regard, Ozimek et al.
(2006) described the mode of action of bacterial fructosyltransferases, indicating that
the donor substrate, usually sucrose, enters the active site and occupies the -1 and +1
subsites (following the nomenclature proposed by Davies et al. 1997), the glycosidic
bond is cleaved and a covalent fructosyl-enzyme intermediate is formed at -1 whereas
glucose is released. Then, an acceptor substrate may enter the active site, binds to the +1
and +2 subsites and react with the fructosyl-enzyme intermediate at -1, resulting in the
oligosaccharide formation. Therefore, our data indicate the feasibility of raffinose to
occupy the -1 and +1 subsites to act as a donor in contrast to lactosucrose, suggesting
the importance of the type of glycosidic linkage that bonds the galactose unit to the
sucrose moiety to enter the IS donor-substrate subsite. Nevertheless, IS seems to be

more versatile on the acceptor specificity.
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Concerning the glycosidic linkage specificity of this enzyme, our results
demonstrate that IS unambiguously transfers fructose units to melibiose and raffinose
with a 3-2,1-bond to form raffinose (and minor amounts of RFOS) and RFOS from DP
4 to 8, respectively, in a similar way to lactosucrose (Diez-Municio et al. 2015).
However, when maltose is used as acceptor, IS was capable of transferring fructose
moieties through either 3-2,6-linkages to the non-reducing glucose residue or f-2,1-
linkages to the reducing glucose unit of maltose to produce two types of maltosyl-
fructosides (Diez-Municio et al. 2013). Therefore, chemoselectivity and reaction
specificity of the IS could be determined by the type of acceptor, in good agreement
with previous findings observed for other microbial transglycosidases (Ortiz-Soto and
Seibel, 2014).

In conclusion, the RFOS synthesized and characterized in this work are
galactosylated derivatives of FOS. Therefore, they could be considered as hetero-
fructooligosaccharides. This group of oligosaccharides has been described to have
potential applications as bioactive components in the food, pharmaceutical and/or
cosmetic industries (Gimeno-Pérez et al. 2014). In this particular case, the easiness of
RFOS synthesis by using only raffinose as starting substrate, as well as the structural
similarities with both raffinose and fructan series of oligosaccharides, whose health-
beneficial effects have been largely discussed and demonstrated, makes of great interest
the further study of the potential bioactive properties of RFOS. Moreover, to the best of
our knowledge, the combined production of FOS and RFOS in the presence of a

sucrose:raffinose mixture has been explored for the first time in this study.
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Figure captions

Figure 1. LC-RID profile after 24 h of transfructosylation reaction catalyzed by the
recombinant inulosucrase from Lactobacillus gasseri DSM 20604 (IS) (1.6 U mL™) at
55 °C, in 25 mM sodium acetate buffer supplemented with 1 mM CaCl, (pH 5.2) using
250 g L™ of raffinose as starting substrate. Peak identification: 1, fructose; 2,
inulobiose; 3, melibiose; 4, raffinose; 5-9, raffinosyl-oligofructosides (RFOS) with

increasing DP (from 4 to 8).

Figure 2. Concentrations of sucrose, glucose, fructose and total fructooligosaccharides
(FOS) upon transfructosylation reaction catalyzed by the recombinant inulosucrase from
Lactobacillus gasseri DSM 20604 (IS) (1.6 U mL™) at 55 °C, in 25 mM sodium acetate
buffer supplemented with 1 mM CaCl, (pH 5.2) using A) 250 g L™, B) 500 g L™* and C)
650 g L™ of sucrose as starting substrate. Vertical bars represent standard deviations (n

= 3).

Figure 3. Concentrations of sucrose, raffinose, glucose, fructose, melibiose, total
fructooligosaccharides (FOS) and total raffinosyl-oligofructosides (RFOS) upon
transfructosylation reaction catalyzed by the recombinant inulosucrase from
Lactobacillus gasseri DSM 20604 (IS) (1.6 U mL™) at 55 °C, in 25 mM sodium acetate
buffer supplemented with 1 mM CaCl, (pH 5.2) using 250 g L™ of sucrose and 250 g L°

! of raffinose as starting substrates. Vertical bars represent standard deviations (n = 3).
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Figure 4. Structures and *C-NMR spectra of the synthesized raffinosyl-
oligofructosides (RFOS) by inulosucrase from Lactobacillus gasseri DSM 20604 (IS)
upon transfructosylation reaction of the raffinose.

A) RFOS DP4: o-D-Gal-(1—6)-0-D-Glc-(1—2)-B-D-Fru-(1—2)-B-D-Fru; B) RFOS
DP5: a-D-Gal-(1—6)-a-D-Glc-(1—2)-B-D-Fru-(1—2)-p-D-Fru-(1—2)-p-D-Fru; C)
RFOS DP6: o-D-Gal-(1—6)-0-D-Glc-(1—2)-B-D-Fru-(1—2)-B-D-Fru-(1—2)-p-D-Fru-
(1—2)-B-D-Fru; D) RFOS DP7: a-D-Gal-(1—6)-a-D-Glc-(1—2)-B-D-Fru-(1—2)--D-

Fru-(1—2)-B-D-Fru-(1—2)--D-Fru-(1—2)--D-Fru.

29



Table 1. Carbohydrate composition (g L™) determined by LC-RID and produced upon the transfructosylation reaction catalyzed by the
recombinant inulosucrase from Lactobacillus gasseri DSM 20604 using 250 g L™ raffinose as starting substrate. Values shown as mean + sd (n

=3),

Raffinosyl-oligofructosides (RFOS)

Time (h) Fructose Melibiose Raffinose Inulobiose  DP 4 DP 5 DP 6 DP7 DP 8 Total

0 0.0 0.0 238.5+0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
1 11.8+1.2 43.9+2.7 150.5+6.2 1.0+£0.2  29.9+0.7 54406 1.4+0.1 0.2+0.0 0.0 36.9
3 18.8+1.3 64.4+4.1 103.7+0.7 1.4+0.1  38.8+1.4 10.7+0.7 4.5+04 1.1+0.1 0.0 55.1

8 25.3+1.5 90.8+4.5 60.8+0.2 1.6+0.2  40.5+1.2 158+0.9 9.8+0.7 3.3x0.2 0.2+0.0 69.6
24 32.2+0.6 110.6+3.0 23.3%1.5 2.6+0.2  33.6x1.7 19.9+0.8 11.2+0.9 4.9+0.9 1.1+0.1 70.7
32 27.5%+3.7 96.2+12.5 21.9+24 24+04  22.6+1.8 13.6£2.3 8.4+15 3.7+0.9 0.9+0.0 49.2

48 34.0+4.0 111.2+13.9 22.6+2.0 3.0+04  26.2+6.3 16.9+4.4 8.6x1.9 4.2+0.7 1.3+0.2 57.2
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Table 2. Carbohydrate composition (g L™) determined by LC-RID and produced upon the transfructosylation reaction catalyzed by the
recombinant inulosucrase from Lactobacillus gasseri DSM 20604 using 500 g L™ raffinose as starting substrate. Values shown as mean + sd (n

=3),

Raffinosyl-oligofructosides (RFOS)

Time (h) Fructose Melibiose Raffinose Inulobiose  DP 4 DP 5 DP 6 DP 7 DP 8 Total

0 0.0 0.0 517.3+0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
1 9.1+0.3 59.8+1.6 388.0+4.4 1.0+0.0 58.7+0.9 8.8+0.0 1.6+0.1 0.1+0.0 0.0 69.2
3 16.9+0.2 88.2+0.7 290.6+0.8  2.0+0.3  78.2+4.0 19.5+0.2 6.8+0.0 1.3+0.2 0.0 105.8

8 18.2+0.8 120.6+5.5 208.3+5.2 2.3+0.0 91.6+1.9 30.7+1.5 17.3x1.0 5.2+0.3 0.4+0.0 145.2
24 30.9+0.2 170.3x1.5 94.9+1.8 3.1+0.0  85.0+0.5 44.0+0.2 28.8+0.5 12.7+0.2 2.1+0.2 172.6
32 22.7+0.1 153.4+0.2 78.9+1.7 2.8+0.1  76.1+1.9 40.2+0.3 24.6+0.1 12.0+0.4 2.2+0.2 155.1

48 24.2+0.4 156.8+1.9 70.5+0.7 2.7+0.0  66.7+1.6 38.3+0.2 25.3+0.2 13.4+0.2 3.3+0.1 147.0
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Table 3. Yield, productivity and specific productivity of transfer products formed upon the transfructosylation reaction catalyzed by the
recombinant inulosucrase from Lactobacillus gasseri DSM 20604 using sucrose, raffinose or sucrose:raffinose mixture as starting substrates at
different concentrations (250, 500 or 650 g L™ ). Maximum concentration ranges (g L™) of transfer products and the time (h) intervals to which

were reached are also shown.

. Maximum Time (h) intervals
. Concentration (g L™) concentration ranges at the maximum . b o Specific
SIETALTE S of starting substrate (g L) of transfer concentration of viele PO LS Productivity ¢
products transfer products
250 66.6 - 67.3 3-24 24.9 46.3 0.070
Sucrose 500 143.8 - 168.8 8-32 31.2 108.1 0.165
650 232.0 - 283.5 8-32 43.5 123.1 0.187
250 69.6 - 70.7 8-24 29.6 36.9 0.056
Raffinose
500 145.0 - 172.6 8-24 334 69.1 0.105
Sucrose:Raffinose 250:250 164.2 - 180.6 8-24 33.8 86.2 0.131

 Transfer products refers to FOS, RFOS or a mixture of FOS and RFOS depending on whether the starting substrate is sucrose, raffinose or a
mixture of sucrose and raffinose, respectively.
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® Yield (g transfer products / 100 g starting substrate) represents the maximum mass of transfer products obtained during the synthesis per unit
mass of initial substrate. Experimental values for the starting substrate concentration were precisely determined by LC-RID analysis.

® Productivity (g transfer products L™-h™) represents the concentration of transfer products formed per unit of reaction time (determined after the
first hour of reaction).

9 Specific productivity (g transfer products mg enzyme™-h™) represents the mass of transfer products produced per unit mass of inulosucrase
from L.gasseri DSM 20604 added and per unit of reaction time.
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Table 4. *H (500 MHz) and *3C (125 MHz) NMR spectral data for oligosaccharides A-E?.

" Gal Glu Fru-1 Fru-int Fru-term
Structure Position
On dc On dc On Jc On dc OH oc
4.85 5.30 3.60 3.58
A (0) 1 (3.7) 101.31 (3.9) 95.25 | oo 6380 3oq 6327
a-D-galactopyranosyl- 2 369 7135 | 342 73.86 -- 106.20 - 106.59
(1—6)-0-D- 3 375 7207 | 390 7429 | 414 79.37 404 79.46
glucopyranosyl-(1—2)-8-
D-fructofuranosyl- 4 385 7222 | 341 7230 | 391 76.70 394 77.32
(1-2)-p-D- 5 381 7389 | 360 7554 | 3.74 84.07 372 8398
fructofuranoside
3.90 3.67 3.68
6 360 6397 | ., 6865 | S, 6514 364 6520
4.85 5.30 3.68 3.71 3.61
B 1 (3.8) 101.31 (3.9) 9524 | oo 6393 | 7 63.71 3oq 6321
“'D'%al"acé‘;?é’_rg’josy" 2 368 7134 | 341 7388 | -  10615| - 105.89 -~ 10651
glucopyranosyl-(1—2)-B- 3 375 7203 | 390 7430 | 414 7950 | 4.08 80.31 404 7956
D-fructofuranosyl- 4 385 7220 | 341 7229 | 391 76.70 | 3.93 77.29 396  77.16
fructofﬁlr;c%gﬁ-_g;z)-ﬁ- 5 381 7388 | 361 7554 | 373 8407 | 3.72 83.91 372 8391
D-fructofuranoside 3.90 3.68 3.68 3.69
6 360 6397 [ oo 6864 | TP 6514 | S0 65.10 sep 0507
C 485 5.30 3.68 371 361
a-D-galactopyranosyl- 1 (3.8) 101.31 (3.9) 95.19 3.56 63.89 3.57 63.74,63.51 3.54 63.26
(1—6)-0-D- 2 368 7134 | 341 7388 | -  10615| -  10590,105.88 | --  106.52
glucopyranosyl-(1—2)--
D-fructofuranosyl- 3 375 7206 | 390 7430 | 414 7939 | 408  80.29,80.21 | 4.04 7957
(1-2)-p-D- 4 385 7221 | 341 7229 | 391 76.67 | 3.93 77.28,77.15 3.96 77.16
fructofuranosyl-(1—2)-p-
D-fructofuranosyl- 5 381 7388 | 361 7553 | 373 8410 | 372 83928390 | 372 8392
(1—2)-B-D- 3.90 3.68 3.68 3.69
fructofuranoside 6 3.60 6397 3.53 68.66 3.62 65.14 3.62 65.12, 65.04 3.61 65.05
485 5.30 3.60 371  63.70,6357, | 3.61
5 1 (3.8) 101.31 (3.9) 9517 | oo 6387 | 3.7 63.56 3oq 6331
a-D-galactopyranosyl- _ B 105.90, 105.90, _
16y oD 2 368 7134 | 342 7387 106.14 105.90 106.52
glucopyranosyl-(1—2)-3-
D-fructofuranosyl- 3 375 7205 | 390 7430 | 414 7936 | 408 °0Zu8019 1404 7958
(1-2)-p-D- 77 '27
fructofuranosyl-(1—2)-B- 4 385 7220 | 341 7228 | 391 76.66 | 3.93 <l 396  77.17
D-fructofuranosyl- 77.19,77.13
fructofﬁlr;)gg;/l?-—(Dl-—»Z)-B- 5 381 7387 | 360 7554 | 374 8a11 | 372 ORI 395 g3
D-fructofuranoside
3.90 3.67 368  65.12,65.05 | 3.69
6 360 6396 | -, 6866 | 2, 6514 | S 6498 36, 6505
: V| | 5y e |38 e |30 SREE |18 wa
a-D-galactopyranosyl- ' ' ' ' e ’
(1>6)-a-D- 3 _ 105.94,105.94, |
glucopyranosyl (1 +2)-- 2 368 7133 | 341 7387 106.13 105.93.105.92 106.52
D-fructofuranosyl- 80.31. 80.18
(1—2)-p-D- 3 375 7205 | 390 7430 | 414 7936 | 408 gt gyng | 404 79.58
fructofuranosyl-(1—2)-- 393 720, 77.94
D-fructofuranosyl- 4 385 7220 | 341 7228 | 391 7667 | 2T e e 1 396 7719
(1-2)-p-D- 3.95 77.13,77.10
fructofuranosyl-(1—2)- 83.92, 83.92,
B-D-fructofuranosyl- 5 381 7387 | 361 7552 | 375 8407 | 372  gigigygy | 372 83.92
(1-2)-p-D- 3.90 3.68 368  65.11,6507, | 3.69
fructofuranoside 6 3.60 63.95 353 68.66 364 65.14 362 64.97. 64.96 361 65.04

# Chemical shift (5, ppm) and coupling constants (J, in Hz, in parentheses).
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Figure 1. Diez-Municio et al.
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Figure 2. Diez-Municio et al.

4
250 4 A)
\
\
e |
—1 200 '.
&) ]
s\
o \ =<¢—-Sucrose
= 150 1y
= * L d 0N
g \
8 \ —@— Fructose
c
8 —&— Glucose

Reaction time (h)

500

2400

-

AS)

c

© 300 =<—-Sucrose
ISl

= =il FOS

c

8 200 —®— Fructose
c

S

—h— Glucose
100

<~
§~~
-
-~
-~
TP SR

—— @

0 8 16 24 32 40
Reaction time (h)

48

4
600 4 C)
\
\
500 b
<7500
_| \
o\
c 400 %
=) 'Y —-—-Sucrose
©
£ 300 L AN
8 —®— Fructose
c
8 200 —#— Glucose
100

Reaction time (h)

36



Figure 3. Diez-Municio et al.
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Figure 4. Diez-Municio et al.
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