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Abstract 17 

Efficient enzymatic synthesis of lactosyl-oligofructosides (LFOS) with degree of 18 

polymerization from 4 to 8 was achieved in the presence of sucrose:lactosucrose and 19 

sucrose:lactose mixtures by transfructosylation reaction. The main synthesized LFOS 20 

which consist of β-2,1-linked fructose to lactosucrose: β-D-galactopyranosyl-(1→4)-α-21 

D-glucopyranosyl-[(1→2)-β-D-fructofuranosyl]n-(1→2)-β-D-fructofuranoside (where n 22 

refers to the number of transferred fructose moieties) were structurally characterized by 23 

nuclear magnetic resonance (NMR). The maximum formation of LFOS was 81% (in 24 

weight respect to the initial amount of lactosucrose) and was obtained after 24 h of 25 

transfructosylation reaction based on sucrose:lactosucrose (250 g L-1 each) catalyzed by 26 

an inulosucrase from Lactobacillus gasseri DSM 20604 (IS). The production of LFOS 27 

in the presence of sucrose:lactose mixtures required a previous high-yield lactosucrose 28 

synthesis step catalyzed by using a levansucrase from Bacillus subtilis CECT 39 (LS) 29 

before the inulosucrase-catalyzed reaction. This novel one-pot bi-enzymatic system led 30 

to the synthesis of about 22% LFOS in weight, with respect to the initial amount of 31 

lactose (250 g L-1). The results revealed a high specificity for the substrate involved in 32 

the inulosucrase-catalyzed reaction given that, although lactosucrose (O-β-D-33 

galactopyranosyl-(1→4)-O-α-D-glucopyranosyl-(1→2)-β-D-fructofuranoside)  acted as 34 

a strong acceptor of β-2,1-linked fructose, lactose (β-D-galactopyranosyl-(1→4)-α-D-35 

glucose) was found to be an extremely weak acceptor. 36 

 37 

Keywords: lactosyl-oligofructosides; lactosucrose; inulosucrase; levansucrase; 38 

bi-enzymatic system; prebiotic; transfructosylation. 39 
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Lactose (O-β-D-galactopyranosyl-(1→4)-D-glucopyranose) and sucrose (O-α-42 

D-glucopyranosyl-(1→2)-β-D-fructofuranoside) are widely recognized as suitable 43 

cheap sources for the production of bioactive carbohydrates and derivatives through 44 

enzymatic processes (Díez-Municio, Herrero, Olano, & Moreno, 2014). The most 45 

important product obtained as a result of an enzymatic transfer reaction between both 46 

disaccharides is the trisaccharide lactosucrose (O-β-D-galactopyranosyl-(1→4)-O-α-D-47 

glucopyranosyl-(1→2)-β-D-fructofuranoside), also named lactosylfructoside suggesting 48 

that lactose acts as acceptor of the fructosyl moiety of sucrose (transfructosylation) or 49 

galactosylsucrose remarking that galactose moiety of lactose (donor) is transferred to 50 

sucrose through transgalactosylation by β-galactosidase (EC 3.2.1.23) from Bacillus 51 

circulans (Li et al., 2009). Transfructosylation reaction may occur either by β-52 

fructofuranosidase (EC 3.2.1.26) from Arthrobacter sp. K-1 (Fujita, Hara, Hashimoto, 53 

& Kitahata, 1990; Pilgrim et al., 2001) or levansucrases (EC 2.4.1.10) from various 54 

bacteria strains, among which Bacillus subtilis enzyme exhibits an effective 55 

lactosucrose-producing ability (Park, Choi, & Oh, 2005). In the way of finding the most 56 

ideal enzyme for industrial lactosucrose production, the use of recombinant 57 

levansucrases has also been explored (Han et al., 2009; Seibel et al., 2006) which 58 

ensures an adequate enzymatic supply and contributes to improved product quality.  59 

Since the advent of lactosucrose industrial production in the 1990’s (Fujita, 60 

Hara, Hashimoto, & Kitahata, 1992), different potential beneficial effects have been 61 

associated to this carbohydrate, reported mainly by Japanese researchers (Mu, Chen, 62 

Wang, Zhang, & Jiang, 2013). The most-notable potential effects of lactosucrose 63 

include: prebiotic properties to modulate the intestinal microbiota due to its ability to 64 

enhance the growth of beneficial bifidobacteria (Fujita, Ito, & Kishino, 2009; Ohkusa, 65 

Ozaki, Sato, Mikuni, & Ikeda, 1995); calcium absorption-promoting activity (Fujita et 66 
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al., 2006; Teramoto et al., 2006); and, potential use as a low-calorie sweetener because 67 

of being poorly digested in the human small intestine (Côté, 2007). This non-digestible 68 

trisaccharide might gain further worldwide recognition as a prebiotic ingredient if its 69 

ingestion is linked to lactosucrose-derived oligosaccharides with higher degree of 70 

polymerization, such as the well-known prebiotic fructo-oligosaccharides (FOS), since 71 

longer carbohydrate chains normally possess slower fermentation rates (Perrin, 72 

Fougnies, Grill, Jacobs, & Schneider, 2002). 73 

However, to the best of our knowledge, there is only one method described in 74 

the literature for the preparation of fructosyl oligosaccharides derived from 75 

lactosucrose; Yamamori, Onodera, Kikuchi, & Shiomi (2002) reported the enzymatic 76 

production of mono and difructosyl-lactosucrose by a purified enzyme obtained from 77 

asparagus roots (Asparagus officinalis L.). In that approach, trisaccharides kestose and 78 

lactosucrose were employed as substrates. This method has the main disadvantage of a 79 

low production efficiency (11%, in weight respect to the initial amount of the donor 80 

saccharide, after 48 h of process reaction). In addition, the obtained oligosaccharides are 81 

not synthesized with high purity due to the large amount of substrates that remain 82 

unhydrolyzed (kestose and lactosucrose), as well as due to the formation of other 83 

derived products such as sucrose and nystose. Moreover, the use of expensive and not 84 

readily available raw materials makes its industrial production hardly feasible. Finally, a 85 

small amount of toluene, a highly toxic reactive incompatible with human consumption, 86 

is required. In this context, the present work addresses the high-yield production and 87 

subsequent nuclear magnetic resonance (NMR)-based structural characterization of 88 

potentially bioactive fructosyl oligosaccharides derived from lactosucrose (lactosyl-89 

oligofructosides, LFOS) by the straightforward transfructosylation of lactosucrose 90 

catalyzed by an inulosucrase (IS) from Lactobacillus gasseri DSM 20604. Furthermore, 91 
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the production of LFOS from readily available and inexpensive sources such as sucrose 92 

and lactose through a bi-enzymatic system requiring a previous high-yield lactosucrose 93 

synthesis step catalyzed by a levansucrase from Bacillus subtilis CECT 39 is also 94 

reported.  95 

 96 

2. Materials and methods 97 

2.1. Chemicals, reagents and carbohydrates.  98 

All chemicals and reagents used were of analytical grade and purchased from 99 

Sigma–Aldrich (Steinheim, Germany), VWR (Barcelona, Spain) and Merck 100 

(Darmstadt, Germany). Fructose, glucose, sucrose and lactose were purchased from 101 

Sigma–Aldrich (Steinheim, Germany) and lactosylfructoside, nystose and 1F-102 

fructofuranosylnystose from Wako Pure Chemical Industries (Osaka, Japan).  103 

 104 

2.2. Production and purification of recombinant inulosucrase and 105 

levansucrase enzymes.  106 

A fragment of the recombinant inulosucrase (IS) protein lacking the cell-107 

anchoring-motif from Lactobacillus gasseri DSM 20604 (Anwar et al., 2010) was 108 

overproduced in Escherichia coli and purified as described by Díez-Municio et al. 109 

(2013). Levansucrase (LS) (accession YP_003867730) from Bacillus subtilis CECT 39 110 

(ATCC 6051) was overproduced in Escherichia coli and purified. Briefly, a 1.3 kb sacB 111 

DNA fragment, lacking the 29 N-terminal amino acids corresponding to the signal 112 

peptide, was PCR-amplified by HS Primer Start DNA polymerase (Takara) using the 113 

primers 1088 (5´-TAACTTTAAGAAGGAGATATACATatggaaacgaaccaaaagccgtata) 114 

and 1089 (5´-GCTATTAATGATGATGATGATGATGtttgttaattgttaattgtccttg) (the 115 

nucleotides pairing the sacB gene sequence are written in lowercase letters; the start and 116 
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stop codons are indicated in bold; the nucleotides coding the His6 tag are written in 117 

italics). The 1.3 kb purified PCR product was inserted into the pURI3-Cter vector using 118 

a restriction enzyme-free and ligation-free cloning strategy (Curiel, de las Rivas, 119 

Mancheño, & Muñoz, 2011). The cloning of a protein into the pURI3-Cter expression 120 

vector introduced a His6-tag on the C-terminus of the recombinant protein produced. 121 

Thus, the final recombinant His6-tagged LS protein consisted of 450 amino acid 122 

residues with a molecular weight of 50 kDa. E. coli DH10B cells were transformed and 123 

recombinant plasmids containing the correct insert (pURI3-Cter-LS) were isolated. For 124 

protein production, cells carrying pURI3-Cter-LS plasmid were grown at 37 ºC until 125 

they reached an optical density of 0.4 at 600 nm, and induced by adding IPTG (0.4 mM 126 

final concentration). After induction, the cells were grown at 22 ºC during 20 h and 127 

collected by centrifugation. Cells were resuspended in phosphate buffer (50 mM, pH 7.0 128 

containing 300 mM NaCl). Crude extracts were prepared by French press lysis of the 129 

cell suspension (three times at 1100 psi). The insoluble fraction of the lysate was 130 

removed by centrifugation at 47,000 g for 30 min at 4 ºC. The supernatant was filtered 131 

through a 0.45 μm filter and applied to a TALON®Superflow™ histidine affinity resin 132 

equilibrated with 50 mM sodium phosphate pH 7.0, 300 mM NaCl and 10 mM 133 

imidazole to improve the interaction specificity in the affinity chromatography step. The 134 

bound LS enzyme was eluted using 150 mM imidazole in the same buffer. The eluted 135 

protein was dialyzed against 50 mM sodium phosphate, pH 7.0 containing 300 mM 136 

NaCl for 20 h at 4ºC. The purity of the LS protein was determined by 12.5% (w/v) 137 

SDS-PAGE at the various stages of the purification process and is shown in Fig. S1 138 

(supplemental material).  139 

 140 
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2.3. Enzyme characterization: inulosucrase (IS) and levansucrase (LS) activity 141 

assay.  142 

The protein concentration of the purified IS and LS was 16.2 and 8.7 mg mL-1, 143 

respectively, according to the bicinchoninic acid (BCA) assay using as standard a 144 

dextransucrase of Leuconostoc mesenteroides B-512F purchased from CRITT Bio-145 

Industries (Toulouse, France). Fructosidase and fructosyltransferase activities of IS and 146 

LS were measured as a function of the amounts of glucose and fructose released from a 147 

solution of sucrose (100 g L-1) according to Díez-Municio et al. (2013). IS expressed a 148 

specific fructosidase activity of 17.4 units per milligram (U mg-1), where 1 unit is 149 

defined as the amount of enzyme releasing 1 μmol of glucose per minute per milliliter 150 

under the assayed conditions. The fructosyltransferase activity was 10.5 U mg-1, where 151 

1 unit is defined as the amount of enzyme required to transfer 1 μmol of fructose per 152 

minute at other molecules under the assayed conditions. Meanwhile, LS expressed a 153 

specific fructosidase activity of 2.9 U mg-1 and the fructosyltransferase activity was 1.9 154 

U mg-1. 155 

 156 

2.4. Enzymatic synthesis of lactosyl-oligofructosides (LFOS). The production 157 

of LFOS in the presence of sucrose (fructosyl donor) and lactosucrose (acceptor) (250 g 158 

L-1 each) through transfructosylation reaction catalyzed by the L. gasseri IS was carried 159 

out under the reaction conditions (IS concentration, pH, temperature) previously 160 

established for the synthesis of fructo-oligosaccharides (FOS) and maltosyl-fructosides 161 

(MFOS) (Díez-Municio et al., 2013): 1.6 U of IS per mL, pH 5.2 (25 mM sodium 162 

acetate buffer, supplemented with 1 mM CaCl2) and 55ºC. Samples were incubated in 163 

individual tubes of 1.5 mL in an orbital shaker at 1000 rpm. The reactions were allowed 164 

to proceed up to 48 h. Aliquots were taken from the reaction mixture at suitable time 165 
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intervals (1, 3, 8, 24, 32 and 48 h). The enzyme was inactivated by heating at 100 ºC for 166 

5 min and inactivated samples were then diluted with acetonitrile:water (40:60, v:v), 167 

filtered using a 0.45 µm syringe filter (Symta, Madrid, Spain), and analyzed by LC-168 

RID. Results are shown as mean ± sd of triplicate assays. 169 

Furthermore, the production of LFOS was studied using sucrose and lactose as 170 

acceptor (250 g L-1 each) by a patented bi-enzymatic system (Moreno et al., 2014) 171 

requiring a lactosucrose synthesis step catalyzed by a B. subtilis LS prior to the 172 

inulosucrase-catalyzed reaction. Lactosucrose production was optimized in 50 mM 173 

potassium phosphate buffer (pH 5.0, 6.0 and 7.0) at four assayed working temperatures 174 

(30, 37, 45 and 55°C) and two enzyme concentrations (0.25 and 0.5 U mL-1). Aliquots 175 

were taken at suitable time intervals (0, 1, 2, 3, 8 and 24 h). The reaction was stopped 176 

by heating at 100 ºC for 5 min and inactivated samples were then prepared to LC-RID 177 

analysis. Results are shown as mean ± sd of triplicate assays. Once reaction conditions 178 

for lactosucrose synthesis were optimized, the subsequent transfructosylation reaction 179 

catalyzed by the L. gasseri IS was allowed to proceed up to 24 h, taking also aliquots at 180 

3 and 18 h.  181 

 182 

2.5. Chromatographic determination of carbohydrates by liquid 183 

chromatography with refractive index detector (LC-RID).  184 

Enzymatic reactions were monitorized by LC-RID on an Agilent Technologies 185 

1220 Infinity LC System – 1260 RID (Boeblingen, Germany) as indicated by Díez-186 

Municio et al. (2013). Quantitative analysis was performed by the external standard 187 

method, using calibration curves in the range 0.01 - 10 mg for glucose (quantification of 188 

monosaccharides), sucrose and lactose (quantification of disaccharides), lactosucrose 189 

(quantification of trisaccharides), nystose (quantification of tetrasaccharides) and 1F-190 
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fructofuranosylnystose (quantification of pentasaccharides and acceptor products of 191 

polymerization degree above 5). All analyses were carried out in triplicate.  192 

 193 

2.6. Purification and structural characterization of lactosyl-oligofructosides 194 

(LFOS) by nuclear magnetic resonance (NMR).  195 

Considering the lack of commercially available standard for LFOS, the main 196 

oligosaccharides (DP 4-6) synthesized after 24 h of transfructosylation reaction based 197 

on sucrose:lactosucrose mixture catalyzed by IS under the optimized conditions 198 

described above were isolated and purified by preparative LC-RID on an Agilent 199 

Technologies 1260 Infinity LC System (Boeblingen, Germany) using a Zorbax NH2 200 

PrepHT preparative column (250 × 21.2 mm, 7 µm particle size) (Agilent Technologies, 201 

Madrid, Spain). Two mL of reaction mixtures (200 mg of total carbohydrates) were 202 

eluted with acetonitrile:water (65:35, v:v) as the mobile phase at a flow rate of 21.0 mL 203 

min-1 for 30 min. The separated LFOS were collected using an Agilent Technologies 204 

1260 Infinity preparative-scale fraction collector (Boeblingen, Germany), and the 205 

fractions were pooled, evaporated in a rotatory evaporator R-200 (Büchi Labortechnik 206 

AG, Flawil, Switzerland) below 25 ºC and freeze-dried. Structure elucidation of the 207 

purified oligosaccharides was accomplished by NMR. NMR spectra were recorded at 208 

298 K, using D2O as solvent, on a Varian SYSTEM 500 NMR spectrometer (1H 500 209 

MHz, 13C 125 MHz) equipped with a 5-mm HCN cold probe. Chemical shifts of 1H (δH) 210 

and 13C (δC) in parts per millon were determined relative to an internal standard of 211 

sodium [2, 2, 3, 3-2H4]-3-(trimethylsilyl)-propanoate in D2O (δH 0.00) and 1,4-dioxane 212 

(δC 67.40) in D2O, respectively. One-dimensional (1D) NMR experiments (1H, and 13C) 213 

were performed using standard Varian pulse sequences. Two-dimensional (2D) [1H, 1H] 214 

NMR experiments [gradient correlation spectroscopy (gCOSY), total correlation 215 
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spectroscopy (TOCSY), and rotating-frame Overhauser effect spectroscopy (ROESY)] 216 

were carried out with the following parameters: delay time of 1 s, spectral width of 217 

1179.2 Hz in both dimensions, 4096 complex points in t2, 4 transients (16 for ROESY) 218 

for each of 128 time increments, and linear prediction to 256. The data were zero-filled 219 

to 4096 × 4096 real points. 2D [1H−13C] NMR experiments [gradient heteronuclear 220 

single-quantum coherence (gHSQC) and gradient heteronuclear multiple-bond 221 

correlation (gHMBC)] used the same 1H spectral window, a 13C spectral window of 222 

30165 Hz, 1 s of relaxation delay, 1024 data points, and 128 time increments, with a 223 

linear prediction to 256. The data were zero-filled to 4096 × 4096 real points. Typical 224 

numbers of transients per increment were 4 and 16, respectively. 225 

 226 

3. Results and discussion 227 

3.1. Enzymatic synthesis of lactosyl-oligofructosides (LFOS) derived from 228 

sucrose:lactosucrose mixtures by L. gasseri DSM 20604 inulosucrase (IS). 229 

Assays conducted to production of lactosyl-oligofructosides (LFOS) were 230 

initially carried out in the presence of sucrose:lactose mixtures (250 g L-1 each 231 

substrate) by using the purified L. gasseri DSM 20604 inulosucrase (IS). This was 232 

based on the results previously obtained for the enzymatic synthesis of 233 

fructooligosaccharides (FOS) and maltosyl-fructosides (MFOS) derived from sucrose 234 

and sucrose:maltose mixtures (Díez-Municio et al., 2013). In analogy to these previous 235 

experiments, the reaction was allowed to proceed up 48 h by incubating 1.6 U of IS per 236 

mL at 55 ºC in 25 mM sodium acetate buffer with 1 mM CaCl2 (pH 5.2) (established as 237 

optimum reaction conditions). Nevertheless, in this case, the capacity of IS to transfer 238 

fructose units (from sucrose) to lactose (acting as acceptor) was very limited, even when 239 

a higher enzyme charge was tested (3.2 U mL-1). Sucrose was gradually consumed (the 240 
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more enzyme charge, the faster) producing a mixture of inulin-type FOS with various 241 

degrees of polymerization (DP) comprised of β-2,1-linked fructose to sucrose (thus, 242 

acting both as donor and acceptor). As we previously inferred (Díez-Municio et al., 243 

2013), by comparing the retention times (tR) with those of available commercial 244 

standards, the trisaccharide 1-kestose (GF2) was the main FOS formed, followed by 245 

nystose (GF3) and fructosylnystose (GF4).  However, it can be observed that lactose 246 

remained almost constant (Fig. 1A) resulting in a reaction product mixture extremely 247 

poor in lactose-derived oligosaccharides. 248 

Nonetheless, in an effort to obtain LFOS by IS, similar experiments were 249 

performed using the trisaccharide lactosucrose (β-D-Gal-(1→4)-α-D-Glc-(1→2)-β-D-250 

Fru) instead of lactose (β-D-Gal-(1→4)-D-Glc). When lactosucrose was present along 251 

with sucrose in the reaction mixture, a series of new oligosaccharides suspected to be 252 

composed of a lactosucrose molecule linked to fructosyl residues (termed as LFOS) 253 

appeared as the reaction proceeded (Fig. 1B). A substantial reduction of the previously 254 

identified synthesized FOS was observed. A significant decrease of lactosucrose, i.e. up 255 

to a 44% after 24 h of reaction, was also indicative of the formation of these new 256 

oligosaccharides based on the transfer of fructose moieties (from the donor saccharide, 257 

sucrose) to lactosucrose (acceptor).  258 

Fig. 2 shows a representative LC-RID profile of the synthesized 259 

oligosaccharides from a 25:25 sucrose:lactosucrose mixture after 24 h of reaction. 260 

Whereas glucose (peak 2) derived from the hydrolysis of sucrose (peak 3) was released, 261 

fructose (peak 1) moieties were transferred either to other sucrose molecules, producing 262 

FOS of various DP (peaks 6, 8, 10, 12, 14, and 16) or, specially, to lactosucrose (peak 263 

7) leading to a series of new peaks termed as LFOS (peaks 9, 11, 13, 15, and 17). As 264 

can be clearly appreciated in Fig. 2, the efficiency of the acceptor reaction decreased as 265 
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the size of the LFOS chain increased. Table 1 shows the highest content in LFOS from 266 

DP4 to DP7 attained after 24 h of reaction, i.e. 202.7 mg mL-1 of total LFOS (81% in 267 

weight respect to the initial amount of lactosucrose), clearly favored against the 268 

formation of FOS (49.1 mg mL-1). The productivity determined after the first hour of 269 

reaction was 98 g L-1 h-1. 270 

Following the same pattern than that found for the synthesis of FOS, it could be 271 

expected that LFOS were mainly comprised of β-2,1-linked fructose to lactosucrose. 272 

These results indicated the capacity of IS to transfer fructosyl residues from sucrose to 273 

the fructose unit of the trisaccharide lactosucrose but not to the glucose moiety of 274 

lactose. Taking into account that the orientation of the incoming acceptor substrate 275 

determines the type of glycosidic bond of the product (Pijning, Vujičić-Žagar, Kralj, 276 

Dijkhuizen, & Dijkstra, 2012), it is suggested that lactosucrose could enter the IS 277 

acceptor site by its sucrose moiety, considering that sucrose is the preferred donor and 278 

acceptor of inulosucrase-type enzymes.  279 

Since lactosucrose , as its own name suggest, is a derivative from lactose and 280 

sucrose, the possibility that this substrate was acting both as donor and as acceptor in 281 

the inulosucrase-catalyzed reaction, was also studied. However, when lactosucrose was 282 

the only starting saccharide present in the reaction mixture, neither FOS nor LFOS 283 

synthesis was found (data not shown). This indicates that although IS has the capacity to 284 

hydrolyze sucrose, this ability is not present when the sucrose molecule is bound to a 285 

galactose residue by a β-(1→4) linkage.  In this sense, Ozimek, Kralj, van der Maarel, 286 

& Dijkhuizen (2006) described the mode of action of fructansucrases based on the 287 

double-displacement reaction mechanism. Firstly, sucrose enters the active centre of the 288 

enzyme between the amino acid residues located at the subsites −1 and +1 (according to 289 

the nomenclature proposed by Davies, Wilson, & Henrissat, 1997) and the glycosidic 290 
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linkage of sucrose is cleaved to give a covalent fructosyl-enzyme intermediate formed at 291 

−1 whereas glucose is released. In the second step, another acceptor substrate may enter 292 

the active site and bind to the +1 and +2 subsites and react with the fructosyl-enzyme 293 

intermediate at −1, resulting in the oligosaccharide formation. These authors explained 294 

that the fructosyltransferase −1 subsite is highly specific for accommodating fructose 295 

units, whereas the +1 subsite seems to be more flexible, exhibiting affinity for both 296 

glucose and fructose. Our results seem to confirm this finding which could explain the 297 

fact that lactosucrose acts as an effective acceptor for oligosaccharide formation in 298 

inulosucrase-catalyzed reactions but not as a donor substrate. 299 

Finally, due to the lack of available standards of LFOS, an exhaustive NMR 300 

characterization of the most abundant LFOS (peaks 9, 11, and 13, Fig. 2) was further 301 

carried out to fully elucidate their structures as it will be shown below.  302 

 303 

3.2. Enzymatic synthesis of lactosyl-oligofructosides (LFOS) derived from 304 

sucrose:lactose mixtures through a new bi-enzymatic system with B. subtilis CECT 39 305 

levansucrase (LS) and L. gasseri DSM 20604 inulosucrase (IS).  306 

Once known that LFOS production was feasible from sucrose:lactosucrose 307 

mixtures by using the purified IS, we studied the possibility of producing LFOS from 308 

sucrose:lactose mixtures. This new approach included a first step which involved the 309 

synthesis of lactosucrose with a levansucrase from Bacillus subtilis CECT 39 (LS) in 310 

order to make the synthesis of LFOS much more cost-effective. Thus, first assays for 311 

the production of LFOS using the disaccharides sucrose and lactose as substrates (250 g 312 

L-1 each) were aimed towards the efficient synthesis of lactosucrose. Initial conditions 313 

were based on those used by Canedo et al. (1999) (i.e., 37ºC, pH 6.0, potassium 314 

phosphate buffer 50 mM) for the production of the trisaccharide erlose also with a 315 
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levansucrase from Bacillus subtilis. Further optimization was performed following an 316 

univariate method with the aim to study first the influence of different enzymes charges 317 

(0.25 and 0.5 U mL-1), then pH values (5.0, 6.0 and 7.0) and finally the temperature of 318 

incubation (30, 37, 45 and 55°C) (Fig. 3A, B, and C, respectively). From all these 319 

experiments, it could be concluded that the most favorable conditions included the use 320 

of 0.5 U mL-1 of LS, pH 6.0 and 37ºC. Under these optimum reaction conditions a 321 

production of 208 g L-1 equivalent to a yield of 82% of lactosucrose (in weight respect 322 

to the initial amount of lactose) was achieved after 90 min of reaction leading to a 323 

productivity value of 139 g L-1 h-1. The yield and productivity of lactosucrose reported 324 

in this work is particularly high in comparison to most of the values described in the 325 

literature and which were recently reviewed by Mu, Chen, Wang, Zhang, & Jiang 326 

(2013). Park, Choi, & Oh (2005), who tested various bacteria containing levansucrase 327 

activity to synthetize lactosucrose, reported a similar yield by using a strain from 328 

Bacillus subtilis, although it was necessary to keep the enzymatic reaction for 10 h 329 

which remarkably impaired lactosucrose productivity as compared to the results 330 

reported here. 331 

Once lactosucrose production by LS was optimized, we proceeded to add the IS 332 

enzyme to the reaction mixture with the objective of synthesizing LFOS through a bi-333 

enzymatic system LS-IS. The carbohydrate composition after the incubation with the 334 

LS (inactivated by heating at 100ºC for 5 min) was comprised of 208 mg mL-1 of 335 

lactosucrose, 154 mg mL-1 of lactose, 135 mg mL-1 of sucrose, 67 mg mL-1 of glucose 336 

and 3 mg mL-1 of fructose. After 18 h of incubation with the IS, the synthesis of 22% 337 

LFOS (in weight respect to the initial amount of lactose) was attained. Quantitative data 338 

of the synthesized LFOS and FOS are summarized in Table 1. Since, it is well known 339 

that an increase in the concentration of substrates normally leads to higher acceptor 340 
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reaction efficiency (Côté, 2007), additional synthesis studies adding extra sucrose (7 341 

and 12% w/v) (keeping the lactosucrose concentration at 20% w/v) were performed in 342 

order to increase LFOS yield. However, a higher concentration of sucrose mainly 343 

favored the formation of FOS (data not shown) and, consequently the LFOS purity was 344 

reduced. 345 

An interesting benefit of applying the bi-enzymatic system LS-IS (Fig. 4A) is 346 

the generation of potential prebiotic LFOS with relatively high yield and purity from 347 

readily available and inexpensive sources such as sucrose and lactose. Moreover, this 348 

method could allow the reuse of food-related by-products, since both raw materials are 349 

present in high amounts in important agro-industrial residues, such as cheese whey 350 

permeate and beet or cane molasses (Vandamme, 2009). Furthermore, although the 351 

efficiency of the acceptor reaction is clearly favored when lactosucrose is present as 352 

starting material, the proportion of synthesized LFOS and FOS obtained with lactose as 353 

substrate was even slightly leaned towards the formation of LFOS (Table 1). 354 

Since these synthesized LFOS can be considered both lactosucrose and FOS 355 

derivatives, they might provide a good opportunity for a range of potential applications 356 

in the food industry. Focusing on bioactive properties, lactosucrose and its fructosyl 357 

derivatives could potentially be employed as prebiotic oligosaccharides that could 358 

effectively combine the healthy benefits attributed to lactosucrose and the possibility to 359 

possess lower fermentation rates as they share structural features with the β-2,1-linked 360 

FOS. Nonetheless, it would be necessary to address further in vitro and in vivo 361 

bioactivity studies, especially those related to explore if the molecular size may affect 362 

the digestion rate, as well as the fermentation speed and the metabolites produced in the 363 

gut. In this context, it has been reported that oligosaccharides of longer chains, resisting 364 

at least partially the gastrointestinal digestion, are generally fermented slowly increasing 365 
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its capacity to reach the distal regions of the colon (Harmsen, Raangs, Franks, 366 

Wildeboer-Veloo, & Welling, 2002; Tuohy, Finlay, Wynne, & Gibson, 2001) where the 367 

incidence of chronic gut disorders is higher (Gibson, Probert, Loo, Rastall, & 368 

Roberfroid, 2004).  369 

 370 

3.3. Structural elucidation of novel lactosyl-oligofructosides (LFOS) by 371 

nuclear magnetic resonance (NMR). 372 

Three chromatographic peaks (9, 11 and 13, Fig. 2) were purified by preparative 373 

LC-RID and subsequently successfully characterized by NMR (structures B, C, D, 374 

respectively, Fig. 5). Fig. 5B-5D show the structures elucidated by the combined use of 375 

1D and 2D [1H, 1H] and [1H, 13C] NMR experiments (gCOSY, TOCSY, multiplicity-376 

edited gHSQC and gHMBC). 1H and 13C NMR chemical shifts observed are 377 

summarized in Table 2. Full set of spectra are available in the supplemental material 378 

(Fig. S2-S16). The 1D 1H NMR spectrum of B showed two resonances in the anomeric 379 

region (δ5.28 and δ4.33), and besides 1D 13C NMR spectrum showed signals 380 

corresponding to 24 carbons including four anomeric carbons (δ106.49, δ106.04, 381 

δ105.67 and δ94.99), indicative of the presence of a tetrasaccharide with four hexose 382 

sugars in the structure. A multiplicity-edited gHSQC spectrum was used to link the 383 

carbon signals to the corresponding proton resonances. So, the anomeric carbon at 384 

δ105.67 correlated with a beta anomeric proton at δ4.33 (J(H1,H2)=7.9 Hz) and the 385 

anomeric carbon at δ94.99 correlated with an alpha anomeric proton at δ5.29 386 

(J(H1,H2)=3.9 Hz). The anomeric carbons at δ106.49 and 106.04 were quaternary 387 

carbons. In addition, six methylene carbons at δ65.07, δ64.91, δ63.80, δ63.58, δ63.19 388 

and δ62.26 were identified. The 1H-1H COSY and 1H-1H TOCSY experiments revealed 389 

the 1H signals of galactopyranose, glucopyranose and fructofuranose residues (Fig. 5). 390 
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The 1H-1H ROESY experiment showed correlations between the H2 and H1 methylene 391 

protons for the two fructose units. From these data we determined that the 392 

tetrasaccharide consisted of a unit of β-galactopyranose, a unit of α-glucopyranose, and 393 

two units of β-fructofuranose.  394 

The position of glycosidic linkages was analyzed as follows. gHMBC showed 395 

correlations between the β-Gal-C1 anomeric carbon (105.67 ppm) and α-Glu-H4 proton 396 

(3.57 ppm), between the α-Glu-H1 anomeric proton (5.28 ppm) and one of the β-Fru 397 

anomeric carbons (106.04 ppm), and between the β-Fru-H1 methylene protons (δ3.64, 398 

and δ3.56) and the other β-Fru anomeric carbon (106.49ppm). So, the main synthesized 399 

LFOS (peak 9, Fig. 2) was identified as the tetrasaccharide β-D-galactopyranosyl-400 

(1→4)-α-D-glucopyranosyl-(1→2)-β-D-fructofuranosyl-(1→2)-β-D-fructofuranoside 401 

which can be denominated as fructosyl-lactosucrose (Fig. 5B).  402 

1D 1H NMR spectra of C and D showed also two doublets in the anomeric 403 

region. The corresponding 1D 13C NMR spectra showed five (δ106.42, δ106.00, 404 

δ105.80, δ105.67, and δ95.00) anomeric carbons for C, and six (δ106.45, δ106.00, 405 

δ105.81, δ105.79, δ105.67, and δ95.00) anomeric carbons for D, consistent with the 406 

presence of a penta- and a hexasaccharide respectively. From these data we determined 407 

that the pentasaccharide consisted of a unit of β-galactopyranose, a unit of α-408 

glucopyranose, and three units of β-fructofuranose. The hexasaccharide consisted of a 409 

unit of β-galactopyranose, a unit of α-glucopyranose, and four units of β-fructofuranose. 410 

Following the same procedure, as for compound B, the position of glycosidic linkages 411 

was analyzed from the gHMBC spectra. For C and D the same relevant correlations 412 

than in compound B were observed. In addition, one and two additional correlations 413 

between β-Fru-H1 methylene protons and the anomeric carbon of the following β-Fru 414 

unit were observed for C and D respectively. So the second most abundant LFOS (peak 415 
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11, Fig. 2) was identified as the pentasaccharide β-D-galactopyranosyl-(1→4)-α-D-416 

glucopyranosyl-(1→2)-β-D-fructofuranosyl-(1→2)-β-D-fructofuranosyl-(1→2)-β-D-417 

fructofuranoside (Fig. 5C). Finally, the structure of peak 13 (Fig. 2) was unequivocally 418 

elucidated as β-D-galactopyranosyl-(1→4)-α-D-glucopyranosyl-(1→2)-β-D-419 

fructofuranosyl-(1→2)-β-D-fructofuranosyl-(1→2)-β-D-fructofuranosyl-(1→2)-β-D-420 

fructofuranoside (Fig. 5D). To the best of our knowledge, these data provide the first 421 

evidence of 1H and 13C NMR full assignments for this hexasaccharide.  422 

Taking into account the enzyme´s mechanism of action described for the 423 

synthesis of compounds B, C, and D, these results led us to tentatively determine that 424 

peaks 15 and 17 (Fig. 2) correspond with structures E and F (Fig. 5), established as β-425 

D-galactopyranosyl-(1→4)-α-D-glucopyranosyl-(1→2)-β-D-fructofuranosyl-(1→2)-β-426 

D-fructofuranosyl-(1→2)-β-D-fructofuranosyl-(1→2)-β-D-fructofuranosyl-(1→2)-β-D-427 

fructofuranoside and β-D-galactopyranosyl-(1→4)-α-D-glucopyranosyl-(1→2)-β-D-428 

fructofuranosyl-(1→2)-β-D-fructofuranosyl-(1→2)-β-D-fructofuranosyl-(1→2)-β-D-429 

fructofuranosyl-(1→2)-β-D-fructofuranosyl-(1→2)-β-D-fructofuranoside, respectively.  430 

 431 

4. Conclusions 432 

This work describes a novel bi-enzymatic system catalyzed by the levansucrase 433 

from Bacillus subtilis CECT 39 (LS) along with the inulosucrase enzyme from 434 

Lactobacillus gasseri DSM 20604 (IS) for the efficient synthesis of lactosyl-435 

oligofructosides (LFOS) using the disaccharides sucrose and lactose as substrates. 436 

LFOS consist of a lactosucrose moiety that is elongated by a linear chain of fructosyl 437 

residues bound by β-(2→1) linkages. The main formed LFOS were those of DP 4 to 6 438 

(mono-, di-, and trifructosyl-lactosucrose) although other LFOS with higher DP (up to 439 

DP 8) were also synthesized. To the best of our knowledge, LFOS of DP 6-8 are 440 
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described for the first time in this work. The synthesis of LFOS can also be 441 

straightforwardly addressed from sucrose:lactosucrose mixtures catalyzed by IS 442 

reaching yields of up to 81% (in weight, respect to the initial amount of lactosucrose).  443 
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Figure captions 548 

 549 

Figure 1. Concentrations of sucrose, lactose, total fructo-oligosaccharides (FOS) 550 

lactosucrose and other fructosylated oligosaccharides derived from lactose (LFOS), 551 

upon transfructosylation reaction catalyzed by inulosucrase from Lactobacillus gasseri 552 

DSM 20604 (IS) (1.6 U mL-1) in the presence of sucrose:lactose (A) or 553 

sucrose:lactosucrose (B) mixtures (250 g L-1 each subtrate) in 25 mM sodium acetate 554 

buffer with 1 mM CaCl2 (pH 5.2) at a temperature of 55 ºC. Vertical bars represent 555 

standard deviations (n = 3). 556 

 557 

Figure 2. LC-RID profile after 24 h of transfructosylation reaction based on 558 

sucrose:lactosucrose (250 g L-1 each) catalyzed by inulosucrase from Lactobacillus 559 

gasseri DSM 20604 (IS) (1.6 U mL-1) at 55 °C, in 25 mM sodium acetate buffer 560 

supplemented with 1 mM CaCl2 (pH 5.2), where lactosyl-oligofructosides (LFOS) 561 

synthesis is observed in high yield and percent purity. Peak identification: 1, fructose; 2, 562 

glucose; 3, sucrose; 4, inulobiose; 5, lactose; 6, 1-kestose; 7, lactosucrose; 8, nystose 563 

(GF3); 9, 11, 13, 15, 17, LFOS DP 4 - 8; 10, 12, 14, 16, fructo-oligosaccharides DP 5 - 564 

8 (GF4-7).  565 

 566 

Figure 3. Effect of enzyme charge, pH and temperature on the concentration of 567 

lactosucrose formed by transfructosylation reaction catalyzed by levansucrase from 568 

Bacillus subtilis CECT 39 in 50 mM potassium phosphate buffer. A) Effect of enzyme 569 

charge (0.25 and 0.5 U mL-1) at 37ºC and pH 6. B) Effect of pH (5.0, 6.0 and 7.0) at 570 

37ºC using 0.5 U mL-1 of enzyme. C) Effect of temperature (30, 37, 45 and 55°C) at pH 571 

6 using 0.5 U mL-1 of enzyme. Vertical bars represent standard deviations (n = 3). 572 
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 573 

Figure 4. Process scheme for the synthesis of lactosyl-oligofructosides (LFOS) by 574 

enzymatic transfructosylation of lactosucrose catalyzed by an inulosucrase from 575 

Lactobacillus gasseri DSM 20604 using the disaccharides sucrose and lactose as 576 

substrates previous synthesis of lactosucrose with a levansucrase from Bacillus subtilis 577 

CECT 39 through a bi-enzymatic system (A) or by using sucrose and lactosucrose as 578 

starting materials (B). 579 

 580 

Figure 5. Structure of lactosucrose (A) and the synthesized lactosyl-oligofructosides 581 

(LFOS) products (B - F) based on sucrose:lactose catalyzed by inulosucrase from 582 

Lactobacillus gasseri DSM 20604 (IS) upon transfructosylation reaction.  583 

A) Lactosucrose: β-D-Gal-(1→4)-α-D-Glc-(1→2)-β-D-Fru; B) LFOS DP4: β-D-Gal-584 

(1→4)-α-D-Glc-(1→2)-β-D-Fru-(1→2)-β-D-Fru; C) LFOS DP5: β-D-Gal-(1→4)-α-D-585 

Glc-(1→2)-β-D-Fru-(1→2)-β-D-Fru-(1→2)-β-D-Fru; D) LFOS DP6: β-D-Gal-(1→4)-586 

α-D-Glc-(1→2)-β-D-Fru-(1→2)-β-D-Fru-(1→2)-β-D-Fru-(1→2)-β-D-Fru; E) LFOS 587 

DP7: β-D-Gal-(1→4)-α-D-Glc-(1→2)-β-D-Fru-(1→2)-β-D-Fru-(1→2)-β-D-Fru-588 

(1→2)-β-D-Fru-(1→2)-β-D-Fru; F) LFOS DP8: β-D-Gal-(1→4)-α-D-Glc-(1→2)-β-D-589 

Fru-(1→2)-β-D-Fru-(1→2)-β-D-Fru-(1→2)-β-D-Fru-(1→2)-β-D-Fru-(1→2)-β-D-Fru. 590 
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Table 1. Concentration and relative percentages of the most-abundant synthesized lactosyl-591 

oligofructosides (LFOS) from DP4 to DP7 and fructo-oligosaccharides (FOS) from DP3 to 592 

DP6 upon transfructosylation reaction in the presence of sucrose:lactosucrose or 593 

sucrose:lactose mixtures (250 g L-1 each substrate) under the optimum reaction conditions. 594 

Data shown as mean ± sd (n = 3). 595 

 
596 

(a) Reaction catalyzed by  inulosucrase from Lactobacillus gasseri DSM 20604 (IS) under 597 

optimized conditions described in section 2.4.  598 

(b) Applying a new bi-enzymatic system based on Bacillus subtilis CECT 39 levansucrase 599 

(LS) -Lactobacillus gasseri DSM 20604 inulosucrase (IS) . Optimized reaction conditions 600 

are described in section 3.2. 601 

(c) Relative percentages (%) data were calculated with respect to the total synthesized 602 

compounds values shown in the entries in the bottom row of the table. 603 

 Sucrose:Lactosucrosea  Sucrose:Lactoseb 

Synthesized 
compounds 

Concentration 
(mg mL-1) 

Relative Perc.c

(%) 
Concentration 

(mg mL-1) 
Relative Perc.c

(%)  
     
LFOS 202.7 80.5 54.2 83.0 

DP4 
(Peak 9, Fig. 2)  

97.6 ±4.64 38.8 37.9 ±0.97 58.0 

DP5 
(Peak 11, Fig. 2) 

66.0 ±3.44 26.2 12.4 ±1.12 19.0 

DP6 
(Peak 13, Fig. 2)  30.8 ±1.76 12.2 3.9 ±0.05 6.0 

DP7 
(Peak 15, Fig. 2)  8.3 ±0.49 3.3   

FOS 49.1 19.5 11.1 17.0 

DP3 
(Peak 8, Fig. 2) 

18.7 ±0.86 7.4 8.9 ±0.22 13.6 

DP4 
(Peak 10, Fig. 2) 

17.0 ±1.06 6.8 2.2 ±0.14 3.4 

DP5 
(Peak 12, Fig. 2)  

8.3 ±0.43 3.3   

DP6 
(Peak 14, Fig. 2) 5.1 ±0.11 2.0   

TOTAL 251.8  65.3  
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Table 2. 1H (500 MHz) and 13C (125 MHz) NMR spectral data for oligosaccharides B-D. Chemical shift (δ, ppm) and coupling constants (J in Hz, in 604 

parentheses). 605 

Structure Position 
Gal Glc Fru 1 Fru 2 Fru 3 Fru 4 

δH δC δH δH δH δC δH δC δH δC δH δC 

B 
β-D-galactopyranosyl-(1→4)-
α-D-glucopyranosyl-(1→2)-β-
D-fructofuranosyl-(1→2)-β-

D-fructofuranoside 

1 
4.33 
(7.9) 

105.67 
5.28 
(3.9) 

94.99 
3.69 
3.60 

63.58 
3.59 
3.53 

63.19     

2 3.41 73.75 3.45 73.57 -- 106.04 -- 106.49     
3 3.53 75.30 3.74 73.98 4.13 79.33 4.04 79.38     
4 3.78 71.33 3.56 80.81 3.89 76.59 3.94 77.22     
5 3.59 78.13 3.84 73.84 3.73 84.00 3.72 83.88     

6 
3.67 
3.62 

63.80 
3.76 
3.70 

62.26 
3.66 
3.62 

64.91 
3.69 
3.63 

65.07     

C 
β-D-galactopyranosyl-(1→4)-
α-D-glucopyranosyl-(1→2)-β-
D-fructofuranosyl-(1→2)-β-
D-fructofuranosyl-(1→2)-β-

D-fructofuranoside 

1 
4.33 
(7.8) 

105.67 
5.28 
(3.9) 

95.00 
3.70 
3.60 

63.75 
3.72 
3.59 

63.64 
3.61 
3.54 

63.12   

2 3.41 73.75 3.45 73.60 -- 106.00 -- 105.80 -- 106.42   
3 3.53 75.30 3.74 73.99 4.13 79.50 4.08 80.24 4.04 79.47   
4 3.78 71.33 3.56 80.81 3.89 76.60 3.93 77.19 3.96 77.07   
5 3.59 78.13 3.84 73.85 3.73 84.00 3.71 83.82 3.72 83.82   

6 
3.67 
3.62 

63.80 
3.75 
3.72 

62.27 
3.68 
3.65 

64.92 
3.70 
3.67 

64.99 
3.71 
3.69 

64.99   

D 
β-D-galactopyranosyl-(1→4)-
α-D-glucopyranosyl-(1→2)-β-
D-fructofuranosyl-(1→2)-β-
D-fructofuranosyl-(1→2)-β-
D-fructofuranosyl-(1→2)-β-

D-fructofuranoside 

1 
4.33 
(7.8) 

105.67 
5.29 
(3.9) 

95.00 
3.70 
3.59 

63.71 
3.72 
3.59 

63.40 
3.72 
3.59 

63.68 
3.61 
3.54 

63.20 

2 3.41 73.75 3.45 73.62 -- 106.00 -- 105.81 -- 105.79 -- 106.45 
3 3.53 75.30 3.74 73.99 4.13 79.48 4.09 80.08 4.07 80.28 4.04 79.48 
4 3.78 71.33 3.57 80.81 3.89 76.60 3.95 77.03 3.93 77.07 3.96 77.20 
5 3.59 78.13 3.84 73.86 3.73 84.02 3.72 83.83 3.71 83.83 3.71 83.83 

6 
3.67 
3.62 

63.80 
3.75 
3.72 

62.28 
3.67 
3.64 

64.94 
3.67 
3.60 

64.94 
3.67 
3.62 

64.94 
3.69 
3.62 

65.02 
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Figure 1. Díez-Municio et al. 606 
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Figure 2. Díez-Municio et al. 611 
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Figure 3. Díez-Municio et al. 613 
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Figure 4. Díez-Municio et al.  617 
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Figure 5. Díez-Municio et al. 626 
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