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Abstract  

GTFA, a glucansucrase enzyme of the probiotic bacterium Lactobacillus reuteri 

121, is capable of synthesizing an α-glucan polysaccharide with (1→4) and (1→6) 

linkages from sucrose. With respect to its biosynthesis, the present study has 

shown that the ratio of oligosaccharide versus polysaccharide synthesized was 

directly proportional to the concentration of sucrose. It appears that the size 

distribution of products is kinetically controlled, but the linkage distribution in 

the polysaccharide material is not changed. At high sucrose concentrations the 

sucrose isomers leucrose and trehalulose were synthesized, using the accumulated 

fructose as acceptor, together with 4′- and 6′-α-D-glucosyl-leucrose and 6′-α-D-

glucosyl-trehalulose. The finding of an additional branched hexasaccharide 

demonstrates that the enzyme is able to introduce branch-points already in 

relatively short oligosaccharides.  
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Introduction 

Glucansucrases (glucosyltransferases, GTFs) are extracellular enzymes that 

catalyze the synthesis of α-gluco-oligo/polysaccharides and -glycosides from 

sucrose, as well as the hydrolysis of sucrose, using growing α-glucan chains, 

hydroxyl-group-containing aglycons and water as acceptor substrates, 

respectively. These enzymes have been characterized from lactic acid bacteria, 

such as Lactobacillus, Leuconostoc, Streptococcus and Weissella (28,29), and 

catalyze reactions via a double-displacement mechanism. First, the glycosidic 

(α1↔2β) linkage of sucrose is cleaved resulting in the formation of a β-glucosyl-

enzyme intermediate. Then, the glucosyl moiety is transferred to an acceptor 

substrate with the retention of the α-anomeric configuration (29,100,104,203).  

In the Carbohydate-Active Enzymes (CAZy) database, glucansucrases are 

classified in the glycoside hydrolase 70 family (GH70) based on sequence 

similarity (204). Depending on the specific glucansucrase enzymes, a variety of 

α-glucans, differing in linkage types, size and degree of branching, are 

synthesized, displaying different physico-chemical properties (114). For instance, 

dextran contains mainly (α1→6) linkages, mutan consists of a large amount of 

(α1→3) linkages, alternan is composed of alternating (α1→6) and (α1→3) 

linkages, and reuteran contains (α1→4) and (α1→6) linkages. These α-glucans 

have broad applications in the food and pharmaceutical industries (40,46,205). 

The determinants of product size distribution of glucansucrases have been 

extensively studied (70,88,139,152,153,206,207), however, much remains 

unknown. The amino acid repeats located in the glucansucrase N-terminal 

variable region and C-terminal glucan-binding domain have been shown to play a 

role in product size distribution (88,140). Deletion of these amino acid repeats 

from DSRS resulted in mutant enzyme variants with decreased production of 

high-molar-mass dextran (HMMD) and increased production of low-molar-mass 

dextran (LMMD) (88,140). The degree of polymerization/molar mass of α-glucan 

products may also vary due to reaction conditions, especially the concentration of 

sucrose (139,152,153,206). Already decades ago the molar mass of the 

Leuconostoc mesenteroides strain B512-F dextransucrase α-glucan products was 

studied throughout the reaction process (207). The effects of sucrose 

concentration on product size distribution have been evaluated, showing 
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decreased molar mass of dextran with increasing sucrose concentrations (206). It 

has also been reported that HMMD produced by dextransucrase from L. 

mesenteroides B-512FMCM decreased while LMMD increased with increasing 

sucrose concentrations (152). High yields of controlled molar mass dextran (40 

and 10 kDa) were achieved by combining enzyme engineering and reaction 

condition engineering (including sucrose concentration) using DSRS of L. 

mesenteroides B-512F and its variants (88,140). Other factors influencing product 

properties, including temperature, enzyme concentration and extent of reaction, 

have also been investigated (153,206). Dextrans of different molar masses were 

synthesized at controlled sucrose concentration, enzyme concentration and 

reaction temperature by dextransucrase from L. mesenteroides B-512FMC (153).  

 

Figure 1. Composite model for the (1→4,1→6)-α-D-glucan synthesized by incubation of 
sucrose with GTFA-∆N (73).  

The glucansucrase GTFA of the probiotic bacterium Lactobacillus reuteri 121 

catalyzes the synthesis of the exopolysaccharide (EPS) reuteran from sucrose (70). 

The EPS consists of 58% (α1→4) and 42% (α1→6) linkages with no repeating 

units present (73). It is a built-up from maltose, maltotriose and maltotetraose 

elements with single (α1→6) bridges, showing mainly a glucose backbone with 

alternating (α1→4) and (α1→6) linkages with 4,6-substituted branches. The 

terminal residues are mostly α-D-Glcp-(1→4)- units with a small amount of α-D-

Glcp-(1→6)- units. Based on the various structural analysis data collected, a 

composite model for the (1→4,1→6)-α-D-glucan, that includes all identified 

structural elements, has been presented (Fig. 1) (73). In order to get information 

about the reuteran synthesis process, the oligosaccharides generated in time from 

50 mM sucrose-incubations with 30 nM GTFA-∆N (the recombinantly produced 

N-terminally truncated GTFA enzyme, producing the same EPS) have been 

characterized in a previous study (111). At this relatively low sucrose 
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concentration, the main initially formed oligosaccharides contained sucrose 

elongated with alternating (α1→4)- and (α1→6)-linked D-Glcp residues. 

In the present study, we have explored the mechanism of the glucansucrase-

catalyzed synthesis in more detail. For this purpose, the GTFA-∆N enzyme was 

incubated with (much) higher concentrations of sucrose to compare the synthesis 

of oligosaccharides versus polysaccharides. The linkage distribution and the size 

of the products obtained with different sucrose concentrations were examined. 

Using 1.0 M sucrose concentration, the most abundant  oligosaccharides 

produced by GTFA-∆N were isolated and structurally investigated to give a more 

detailed scheme of the growing oligosaccharides synthesized en route to 

polysaccharides.  

Materials and methods 

Preparation of recombinant GTFA-∆N enzyme 

The recombinant N-terminally truncated GTFA (GTFA-∆N) enzyme was 

expressed and purified as previously described (70). Briefly, GTFA-∆N was 

produced using the pET15b (Novagen, Darmstadt, Germany) vector and E. coli 

BL21 star (DE3) (Invitrogen, Bleiswijk, The Netherlands) as host. Recombinant 

GTFA-∆N was purified by Ni2+-nitrilotriacetic acid (NTA) affinity 

chromatography (Sigma Aldrich, St. Louis, USA).  

Incubation of GTFA-∆N at different sucrose concentrations 

GTFA-∆N (0.8 U/mL) was incubated with different concentrations of sucrose 

(0.1, 0.2, 0.4, 0.6, 0.8 and 1.0 M) in 25 mM sodium acetate/1 mM CaCl2, pH 4.7, 

at 37 °C. The progress of the reactions was followed by analyzing aliquots of the 

incubation mixtures at different time points (from 0 to 72 h) by TLC, high-pH 

anion-exchange chromatography combined with pulsed amperometric detection 

(HPAEC-PAD) and matrix-assisted laser-desorption ionization time-of-flight 

mass spectrometry (MALDI-TOF-MS). Before analysis, all samples from 

different concentrations of sucrose were diluted to 0.1 M sucrose.  
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Thin-layer chromatography 

Samples (1 µL) were spotted on TLC sheets (Merck silica gel 60 F254, 20 ×20 

cm, Darmstadt, Germany). A mixture of glucose and malto-oligosaccharides 

(DP2-DP7) was used as standard. The TLC plates were developed with 2-

butanol:acetic acid:water = 2:1:1 and stained with orcinol/sulfuric acid. 

Isolation and purification of oligosaccharides and polysaccharides 

Product mixtures of oligosaccharides and polysaccharides were first separated on 

a Bio-Gel P-2 column (2.5 × 50 cm; Bio-Rad, Veenendaal, The Netherlands) 

using 10 mM NH4HCO3 as eluent at a flow rate of 48 mL/h. The polysaccharide-

containing void-volume fractions were subjected to 1H NMR and SEC-MALS 

analysis. The oligosaccharide fractions (separated from fructose and glucose) 

were pooled, and each pool was further fractionated by HPAEC-PAD on a 

Dionex DX500 workstation (Dionex, Amsterdam, The Netherlands), equipped 

with a CarboPac PA-1 column (250 × 9 mm; Dionex) and an ED40 pulsed 

amperometric detector, using a linear gradient of 0-500 mM sodium acetate in 

100 mM NaOH (3 mL/min). Collected fractions were immediately neutralized 

with 4 M acetic acid, desalted on CarboGraph SPE columns (Alltech, Breda, The 

Netherlands) using acetonitrile:water = 1:3 as eluent and lyophilized. Impure 

fractions were fractionated again on CarboPac PA-1, now using a slower gradient. 

Determination of the percentages of sucrose used for polysaccharide 

synthesis, oligosaccharide synthesis and hydrolysis 

Different concentrations of sucrose (0.1, 0.2, 0.4, 0.6, 0.8 and 1.0 M) were 

incubated with GTFA-∆N (0.8 U/mL) until the substrate was depleted (TLC 

analysis). Then, the reactions were stopped by heating for 10 min at 100 °C. The 

percentages of sucrose used for hydrolysis and polysaccharide synthesis were 

determined by measuring the amount of released glucose in the incubation 

mixture as previously described (70) and the amount of glucose in the 

polysaccharide (isolated by ethanol precipitation; dry weight determination), 

respectively. The percentage of sucrose used for the synthesis of oligosaccharides 

was calculated by subtracting the summed amount of sucrose for hydrolysis and 

polysaccharide synthesis from the total amount of sucrose added to the incubation 

mixture. The ratio of polysaccharide synthesis, oligosaccharide synthesis and 
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hydrolysis thus can be calculated and expressed as the percentage of sucrose used 

for each reaction. 

Matrix-assisted laser-desorption ionization time-of-flight mass spectrometry 

Molar masses of oligosaccharides were determined on an AximaTM mass 

spectrometer (Shimadzu Kratos Inc., Manchester, UK) equipped with a nitrogen 

laser (337 nm, 3 ns pulse width). Positive-ion mode spectra were recorded using 

the reflector mode at a resolution of 5000 Full Width at Half Maximum (FWHM). 

Mass spectra were generally acquired from 1 to 5000 Da with ion-gate blanking 

at 200 Da. Sample solutions (0.75 µL) were loaded on the target plates and were 

immediately mixed with 0.75 µL aqueous 10% 2,5-dihydroxybenzoic acid as 

matrix solution.  

NMR spectroscopy 

Resolution-enhanced 1D/2D 500-MHz 1H NMR spectra were recorded in D2O on 

a Bruker DRX-500 Spectrometer (Bijvoet Center, Department of NMR 

Spectroscopy, Utrecht University) at a probe temperature of 300 K. Prior to 

analysis, samples were exchanged three times in D2O (99.9 atom% D, Cambridge 

Isotope Laboratories, Inc., Andover, MA) with intermediate lyophilization, and 

then dissolved in 0.6 mL D2O. Suppression of the HOD signal was achieved by 

applying a WEFT (water eliminated Fourier transform) pulse sequence for 1D 

experiments and by a pre-saturation of 1 s during the relaxation delay in 2D 

experiments. The 2D TOCSY spectra were recorded using an MLEV-17 

(composite pulse devised by M. Levitt) mixing sequence with spin-lock times of 

20-150 ms. The 2D ROESY spectra were recorded using the standard Bruker 

XWINNMR software with a mixing time of 200 ms. The carrier frequency was 

set at the downfield edge of the spectrum in order to minimize TOCSY transfer 

during spin-locking. Natural abundance 2D 13C-1H HSQC experiments (1H 

frequency 500.0821 MHz, 13C frequency 125.7552 MHz) were recorded without 

decoupling during acquisition of the 1H Free Induction Decay (FID). Resolution 

enhancement of the spectra was performed by a Lorentzian-to-Gaussian 

transformation for 1D spectra or by multiplication with a squared-bell function 

phase shifted by π/(2.3) for 2D spectra, and when necessary, a fifth-order 

polynomial baseline correction was performed. Chemical shifts (δ) are expressed 

in ppm by reference to internal acetone (δ 2.225 for 1H and δ 31.07 for 13C). 



 Chapter 3 

90 
 

Methylation analysis 

Methylation analyses were performed as previously described (73). Briefly, 

samples of isolated polysaccharides (~5 mg) were permethylated using CH3I and 

solid NaOH in Me2SO. After hydrolysis with 2 M trifluoroacetic acid (2 h, 120 
oC), the mixture of partially methylated monosaccharides, dissolved in H2O, was 

reduced with NaBD4 (2 h at room temperature), followed by neutralization of the 

solution with 4 M acetic acid, removal of boric acid by co-evaporation with 

methanol, and acetylation with pyridine/acetic anhydride = 1:1 (30 min, 120 oC), 

yielding mixtures of partially methylated alditol acetates, which were analyzed by 

GLC-EI-MS. 

Results and discussion 

Synthesis of oligosaccharides and polysaccharides by the GTFA-∆N enzyme 

incubated with different sucrose concentrations  

To get insight into the effect of the molarity of sucrose solutions on the GTFA-

∆N-catalyzed carbohydrate product composition, different concentrations (0.1, 

0.2, 0.4, 0.6, 0.8 and 1.0 M) of sucrose were incubated with the enzyme (0.8 

U/mL), and the reactions were followed in time (0-72 h) by TLC analysis. As 

shown in Fig. 2 for the incubations of the lowest and the highest sucrose 

concentrations, the applied molarity has a strong influence on the course of the 

reaction. In both cases, oligosaccharides and polysaccharides were formed within 

15 min. The yield ratio of oligosaccharides and polysaccharides was positively 

correlated with the sucrose concentration. Use of a high sucrose concentration 

(1.0 M) resulted in the formation of more oligosaccharide and less polysaccharide 

material (Fig. 2). The percentage of sucrose used for the synthesis of 

polysaccharide, oligosaccharide, as well as for hydrolysis, determined at different 

sucrose concentrations, has been visualized in Fig. 3. Clearly, with increasing 

sucrose concentrations, the percentage of sucrose used for polysaccharide 

synthesis and hydrolysis decreased, while the synthesis of oligosaccharides 

increased. In case of 0.1 M sucrose, 68% of sucrose was used for polysaccharide 

synthesis, 18% for oligosaccharide synthesis and 14% for hydrolysis. With 1.0 M 

sucrose, the values for polysaccharide synthesis, oligosaccharide synthesis and 

hydrolysis were 17%, 81% and 2%, respectively. Hydrolysis was suppressed by a 
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factor of 7 at 1.0 M sucrose compared to 0.1 M sucrose. It is evident that GTFA-

∆N switched from polysaccharide synthesis to oligosaccharide synthesis at higher 

sucrose concentrations. This result was consistent with the earlier findings for 

dextransucrase from L. mesenteroides B-512FMCM in the correlation sucrose 

concentration–ratio low/high-molar-mass dextran (152). The oligosaccharides 

prepared under high sucrose concentration using dextransucrase of L. 

mesenteroides B-512FMCM mainly contained sucrose isomers (palatinose and 

leucrose) and their glucosyl products, isomalto-oligosaccharides and fructose 

(208). This oligosaccharide mixture was shown to be thermo- and acid-stable, and 

about 80% as sweet as sucrose, which are promising properties for applications in 

food industry (208). In a similar way, focusing on long chain isomalto-

oligosaccharides, being promising dietary components with prebiotic effects, it 

was shown that in a L. mesenteroides B-512F dextransucrase-catalyzed reaction 

the isomalto-oligosaccharide chain length changed with different ratios of donor 

substrate (sucrose) to acceptor substrate (maltose) and amount of each 

disaccharide (139). 

 

Figure 2. TLC analysis (2-butanol:acetic acid:water = 2:1:1) of products formed from 
incubation of GTFA-∆N (0.8 U/mL) with 0.1 M (A) and 1.0 M (B) sucrose in 25 mM 
sodium acetate/1 mM CaCl2 buffer, pH 4.7, at 37 °C. Aliquots were taken at different 
time points between 0 and 72 h, as indicated. A mixture of glucose (G1) to maltoheptaose 
(G7) was used as standard. 

Our results show that the ratio of the synthesis of oligosaccharide and 

polysaccharide from sucrose by GTFA-∆N can be kinetically controlled by 

changing the sucrose concentration. GTFA-∆N acts processively at low sucrose 

concentrations with a clear preference for finishing the synthesis of high-molar-

mass polysaccharide molecules before initiating synthesis of a new 
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oligosaccharide from sucrose. At higher sucrose concentrations this processivity 

is lost: the abundancy of sucrose molecules available results in a higher frequency 

of oligosaccharide synthesis initiation.  

 

Figure 3. Percentages of sucrose used by GTFA-∆N (0.8 U/mL) for the synthesis of 
oligo- and polysaccharides, and for hydrolysis at different sucrose concentrations.  

Ensemble of oligosaccharides formed by incubation of the GTFA-∆N enzyme 

with 1.0 M sucrose  

Previously, we have investigated the GTFA-∆N-catalyzed pathway for reuteran 

synthesis by characterizing a series of oligosaccharides initially formed from 50 

mM sucrose (111). The main oligosaccharides were linear and composed of 

sucrose elongated with alternating (α1→4)- and (α1→6)-linked Glcp residues. 

Although the HPAEC-PAD profiles on CarboPac PA-1 of the oligosaccharides 

produced with 50 mM, 0.1 M and 1.0 M sucrose are similar (Supplementary Fig. 

S1), the 1.0 M sucrose incubation showed the formation of higher amounts of 

oligosaccharide material, confirming the results in Figs. 2 and 3. The incubation 

of GTFA-∆N with 1.0 M sucrose, followed in time up to 72 h, is shown in the 

HPAEC-PAD chromatogram in Fig. 4A. The fractions 1-20 were isolated and 

characterized by MALDI-TOF-MS (degree of polymerization) and NMR 

spectroscopy (structural details). Besides the oligosaccharide structures identified 

in the previous study, when 50 mM sucrose was used (marked with an asterisk in 

Fig. 4B) (111), several new oligosaccharides could be identified, which will be 
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discussed below. The 1H NMR spectra of fractions 3, 4, 6, 8, 11, 12 and 15 are 

presented in Fig. 5.  

 

Figure 4. HPAEC-PAD (CarboPac PA-1) profiles of the incubation of GTFA-∆N (0.8 
U/mL) with 1.0 M sucrose at different time points (A) and structures of assigned 
oligosaccharides (B). *Structures determined in a previous study (111). ND: not 
determined. 
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Figure 5. 1H NMR spectra (D2O, 300 K) and structures of newly characterized 
compounds (fractions 3, 4, 6, 8, 11, 12 and 15) found in the oligosaccharide mixture after 
incubation of 1.0 M sucrose with GTFA-∆N enzyme after 72 h (pH 4.7, 37 °C). *Fraction 
12 is a mixture of different compounds and only the structure of the branched 
hexasaccharide is included. 

At the disaccharide level, three glucosyl-fructoses are present (Fig. 4): sucrose (S), 

α-D-Glcp-(1↔2)-β-D-Fruf (donor substrate); leucrose (1a), α-D-Glcp-(1→5)-D-

Frup; and trehalulose (2), α-D-Glcp-(1→1)-D-Fru. The 1H NMR data of β-p-

leucrose (tautomeric distribution after 40 min at 20 °C: 1.9% α-D-Frup and 98.1% 

β-D-Frup) (209) and β-p-trehalulose (tautomeric distribution after 60 min at 20 °C: 

5.7% α-D-Fruf, 21.1% β-D-Fruf, 2.3% α-D-Frup and 70.9% β-D-Frup) (209) are 
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included in Table 1, and agree with literature data (210). These sucrose isomers 

are produced by the transfer of a glucosyl residue from sucrose to O-5 [(α1→5)] 

or O-1 [(α1→1)] of fructose, respectively. Their production could be explained 

by the accumulation of a large amount of fructose acting as acceptor substrate 

under high sucrose concentration. Note that only minor amounts of leucrose were 

produced at low sucrose concentration (70,111). Trehalulose was also reported to 

be produced by an alternansucrase from L. mesenteroides NRRL B-1355 (88). 

Subsequently, the GTFA enzyme continues to transfer α-D-Glcp units to 

accumulating leucrose and trehalulose, resulting in the new trisaccharides 6′-α-D-

glucosyl-leucrose (3), 6′-α-D-glucosyl-trehalulose (4) and 4′-α-D-glucosyl-

leucrose (6a) (Fig. 4). Their 1D 1H NMR spectra data are presented in Fig. 5 and 

the chemical shift data in Table 1. 

As an example of the NMR analysis of compounds 3 (MALDI-TOF-MS: m/z 

527.3, [M+Na]+), 4 (MALDI-TOF-MS: m/z 527.2, [M+Na]+) and 6a (MALDI-

TOF-MS: m/z: 527.2, [M+Na]+) the characterization of 4 will be worked out in 

detail. The 1D and 2D (1H, TOCSY, ROESY and HSQC) spectra of α-D-Glcp-

(1→6)-α-D-Glcp-(1→1)-D-Fru (6′-α-D-glucosyl-trehalulose, E-g-f) are shown in 

Fig. 6. Typical chemical shift values for the trehalulose part with Fru in the β-

pyranose form are δ 4.972, stemming from g H-1 and δ 4.06 stemming from f H-

6a. The 1H chemical shift of the anomeric signal of residue E at δ 4.965 indicates 

the presence of an α-D-Glcp-(1→6)- unit (73,111,195). Analysis of the 2D 1H-1H 

TOCSY and 13C-1H HSQC spectra yielded all chemical shifts of the non-

anomeric protons and carbons of the differently substituted Glcp residues (Table 

1). In the TOCSY spectra, two overlapping tracks of residue g and E are present. 

The difference between the two H-1–H-6 sets was clearly observed in the built-up 

series of mixing times [20, 40, and 60 ms (data not shown); 150 ms, Fig. 6]. The 

set of 1H chemical shifts of residue E corresponds with that of a terminal α-D-

Glcp-(1→6)- unit (73,111,195), and that of residue g with a 6-O-substituted α-D-

Glcp unit (111) [-(1→6)-α-D-Glcp-(1→1)-D-Fru]. The TOCSY f H-6a track 

revealed cross-peaks with f H-5, f H-6b, and via the f H-5 track, the cross-peaks 

with f H-1a, f H-3 and f H-4 were found. In the 2D ROESY spectrum, inter-

residual couplings were observed on the vertical track between g H-1 and f H-

1a/b and between E H-1 and g H-6b. The various substitution patterns are 
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confirmed by their 13C NMR data, deduced from the 13C-1H HSQC spectrum: g 

C-6, δ 66.5 and f C-1, δ 70.1. 

Table 1. 1H and 13C chemical shiftsa (D2O, 300 K) of leucrose (1), trehalulose (2), 6′- and 
4′- α-D-glucosyl-leucrose (3 and 6a) and 6′-α-D-glucosyl-trehalulose (4), formed by 
incubation of 1.0 M sucrose with GTFA-∆N 

Compound H-1(a) H-1b H-2 H-3 H-4 H-5 H-6a H-6b 
 C-1  C-2 C-3 C-4 C-5 C-6  

β-p-Leucrose (1a)         

α-D-Glcp g 5.108 
101.2 

 3.54 
72.8 

3.78 
73.7 

3.41 
70.5 

3.91 
72.8b 

3.84 
61.4 

3.75 

β-D-Frup f 3.71 
64.6 

3.55 - 
ndc 

3.90 
68.7b 

3.95 
70.8 

4.02 
79.9 

3.97 
62.9 

 

3.97 

β-p-Trehalulose (2)         
α-D-Glcp g 4.970  3.57 3.78 3.43 3.71 3.86 3.79 
β-D-Frup f 3.93 3.46 - 3.84 3.91 4.01 4.07 3.71 

 

6′-α-D-Glucosyl-leucrose (3)         
α-D-Glcp E 4.948  3.54 3.72 3.43 3.73 3.84 3.76 
α-D-Glcp g 5.114  3.55 3.77 3.48 3.95 4.122 3.75 
β-D-Frup f 3.71 3.56 - 3.92 3.98 4.03 nd nd 

         
6′-α-D-Glucosyl-trehalulose (4)         

α-D-Glcp E 4.965 
98.9 

 3.54 
72.5 

3.75 
74.2 

3.43 
70.5 

3.72 
72.9 

3.84 
61.5 

3.76 

α-D-Glcp g 4.972 
99.5 

 3.59 
72.5 

3.75 
74.2 

3.51 
70.5 

3.88 
71.3 

3.97 
66.5 

3.76 

β-D-Frup f 3.94 
70.1 

3.44 
nd 

- 3.83 
68.9 

3.90 
70.5 

4.00 
70.1 

4.06 
64.5 

3.69 

4′-α-D-Glucosyl-leucrose (6a)         
α-D-Glcp D 5.399  3.57 3.68 3.41 3.71 3.85 3.76 
α-D-Glcp g 5.112  3.57 4.05 3.63 3.82 3.85 3.79 
β-D-Frup f 3.64 3.57 - 3.82 3.94 4.03 3.97 3.91 

aIn ppm relative to the signal of internal acetone (δ 2.225 for 1H and δ 31.07 for 13C). bWhen 
compared with the 13C data in reference (210), these values have been interchanged. cnd, not 
determined. 
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Figure 6. 1D 1H NMR, TOCSY (150 ms), ROESY (200 ms) and HSQC spectra of α-D-
Glcp-(1→6)-α-D-Glcp-(1→1)-D-Fru (6′-α-D-glucosyl-trehalulose, E-g-f) (fraction 4). 

The fractions 8 and 11, formed later in the reaction process, turned out to contain 

α-D-Glcp-(1→6)-elongation products of fractions 7 [α-D-Glcp-(1→4)-α-D-Glcp-

(1↔2)-β-D-Fruf] and 10a [α-D-Glcp-(1→4)-α-D-Glcp-(1→4)-α-D-Glcp-(1↔2)-
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β-D-Fruf], i.e α-D-Glcp-(1→6)-α-D-Glcp-(1→4)-α-D-Glcp-(1↔2)-β-D-Fruf  

(MALDI-TOF-MS: m/z 689.1, [M+Na]+) and α-D-Glcp-(1→6)-α-D-Glcp-(1→4)-

α-D-Glcp-(1→4)-α-D-Glcp-(1↔2)-β-D-Fruf (MALDI-TOF-MS: m/z 851.3, 

[M+Na]+), respectively (Fig. 4). Complete NMR assignments were obtained from 

2D TOCSY, ROESY and HSQC measurements. Comparison of the anomeric 1H 

NMR data of 7 (A-g-f: A H-1, δ 5.402; g H-1, δ 5.402) and 8 (E-A-g-f: A H-1, δ 

5.401; g H-1, δ 5.408; E H-1, δ 4.958) (Fig. 5) showed the additional E H-1 

signal for a terminal α-D-Glcp-(1→6) residue in 8, whereas the substitution of A 

O-6 is reflected  by the A C-6 signal at δ 66.7.  In a similar way, comparison of 

the anomeric 1H NMR data of 10a (F-A-g-f: F H-1, δ 5.402; A H-1, δ 5.402; g H-

1, δ 5.402) and 11 (E-F-A-g-f: F H-1, δ 5.405; A H-1, δ 5.397; g H-1, δ 5.405; E 

H-1, δ 4.956) supports the new terminal α-D-Glcp-(1→6) unit E in 11 (F C-6, δ 

66.7). Fraction 15 (MALDI-TOF-MS: m/z 1175.6, [M+Na]+) was found to 

contain α-D-Glcp-(1→6)-α-D-Glcp-(1→4)-α-D-Glcp-(1→6)-α-D-Glcp-(1→4)-α-

D-Glcp-(1→4)-α-D-Glcp-(1↔2)-β-D-Fruf, and is an α-D-Glcp-(1→6)-α-D-Glcp-

(1→4) elongation of compound 11. 

Fractions 12 and 16 were found to contain branched oligosaccharides as indicated 

by 1H NMR signals at δ 5.34 (Figs. 4 and 5) (73,111). However, they were still 

mixtures after several rounds of purification on CarboPac PA-1 using different 

sodium acetate gradients. As indicated by MALDI-TOF-MS, fraction 12 was an 

oligosaccharide mixture of DP5 (m/z 851.2, [M+Na]+) and DP6 (m/z 1013.4, 

[M+Na]+). While analyzing its 1H NMR spectrum (Supplementary Fig. S2 and 

Table S1), we focused on the set of anomeric signals at δ 5.434 (g H-1), δ 5.349 

(D H-1), δ 5.340 (C H-1), δ 4.963 (B H-1), δ 4.986 (E H-1), and δ 4.225 (f H-3), 

which after integration corresponded with a hexasaccharide [the relatively intense 

H-1 signal at δ 4.963 overlapped with signals from (an)other component(s) in the 

mixture]. The fraction was subjected to 2D TOCSY and ROESY measurements. 

The sucrose unit, substituted at O-6 of the g part, gave typical chemical shift 

values for g and f, and the δ values of residue B corresponded with a -(1→4)-α-

D-Glcp-(1→6)- unit (Supplementary Table S1) [compare with the 1H NMR data 

of tetrasaccharide 9, α-D-Glcp-(1→4)-α-D-Glcp-(1→6)-α-D-Glcp-(1↔2)-β-D-

Fruf/C-B-g-f] (111). The downfield shifts of the H-4 and H-5 signals of residue C, 

found at δ 3.65 and δ 4.04, respectively, indicated the presence of a -(1→4,6)-α-
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D-Glcp-(1→4)- residue [compare with the 1H NMR data of α-D-Glcp-(1→4)-[α-

D-Glcp-(1→6)-]α-D-Glcp-(1→4)-α-D-Glcp-(1→6)-D-Glcp/D-(E-)C-B-R] (73). 

Moreover, the chemical shifts of D H-4 (δ 3.41) and E H-4 (δ 3.43) indicated the 

presence of a terminal α-D-Glcp-(1→4)- and a terminal α-D-Glcp-(1→6)- unit 

(73), respectively. In the 2D ROESY spectrum (data not shown), inter-residual 

couplings were observed between B H-1 and g H-6b, C H-1 and B H-4, D H-1 

and C H-4, E H-1 and C H-6b, in accordance with the structure α-D-Glcp-(1→4)-

[α-D-Glcp-(1→6)-]α-D-Glcp-(1→4)-α-D-Glcp-(1→6)-α-D-Glcp-(1↔2)-β-D-Fruf 

[D1→4(E1→6)C1→4B1→6g1↔2f]. As seen in Fig. 1, the final polysaccharide 

contains 4,6-branching points. The finding of a branched oligosaccharide at high 

sucrose concentration demonstrates that GTFA-∆N is able to introduce branch-

points already in relatively small oligosaccharides.  

Inspection of the HPAEC oligosaccharide profiles of the 1.0 M sucrose 

incubation at different time intervals in Fig. 4, shows that the earlier established 

saccharides (111) corresponding to peaks 5, 7, 9 and 10, being sucrose elongated 

with (α1→6)- and (α1→4)-linked D-Glcp residues were produced first at 15 min. 

Earlier established oligosaccharides (111), being α-D-Glcp elongations of sucrose 

with alternating (α1→6) and (α1→4) linkages (peaks 13, 14, 17, 18, 19 and 20) 

with increasing DP, were formed with increasing incubation time. The 

oligosaccharides corresponding to peaks 8, 11, 12, 15 and 16 were produced later 

in time than the alternating linear oligosaccharides.  

Structural analysis of the polysaccharides formed by GTFA-∆N at different 

sucrose concentrations  

The polysaccharides formed by the GTFA-∆N enzyme, incubated with 0.1 M and 

1.0 M sucrose at different time points (15 min, 6 h and 72 h), were isolated and 

subjected to 1H NMR spectroscopy and methylation analysis. The 1D 1H NMR 

spectra of all isolated exopolysaccharides (Supplementary Fig. S3) were highly 

similar, if not identical, to the spectrum of reuteran (73). The same holds for the 

linkage distributions, established by methylation analysis (Table 2). Also the 1H 

NMR spectra of the polysaccharides formed at 0.2, 0.4, 0.6 and 0.8 M sucrose 

were shown to be identical to the spectrum of reuteran (data not shown). These 

results show that the linkage specificity of GTFA-∆N is not kinetically controlled 
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and only depends on the structure of the GTFA protein, especially on the amino 

acid residues close to the acceptor substrate binding sites, as shown in previous 

studies (28,88,114,151). HPSEC-MALS analysis showed that the size of the 

polysaccharide formed by incubation of GTFA-∆N with 0.1 M sucrose for 15 

min was about 22 MDa, whereas the sizes of polysaccharides formed using 0.1 M 

and 1.0 M  sucrose after 6 h and 72 h were approximately the same, i.e. about 36 

MDa. Thus, the size of the polysaccharide formed using 0.1 M sucrose at 15 min 

was relatively small, indicating that it was still growing at this time point under 

the conditions used. It is worth to note that the sizes of the polysaccharide at both 

sucrose concentrations did not increase in the period 6-72 h anymore, even when 

there was still sucrose available. Summarizing, these results demonstrate that the 

polysaccharides formed by GTFA-∆N at different concentrations of sucrose are 

highly similar. 

Table 2. Methylation analysis of the polysaccharides formed from 0.1 M and 1.0 M 
sucrose with GTFA-∆N (0.8 U/mL) for different incubation times.  

Sucrose 
concentration 

Incubation 
time 

Molar percentages (%) 
Glcp(1→ →4)Glcp(1→ →6)Glcp(1→ →4,6)Glcp(1→ 

0.1 M 15 min 13 43 29 15 
6 h 14 42 28 16 
72 h 13 43 29 15 

1.0 M 6 h 14 43 27 16 
72 h 13 43 29 15 

Reuterana  14 46 26 14 

aData from previous study (73). 

Conclusions 

The recombinant reuteransucrase enzyme GTFA-∆N was incubated with different 

concentrations of sucrose (0.1, 0.2, 0.4, 0.6, 0.8 and 1.0 M). The ratio of 

oligosaccharide synthesis versus polysaccharide synthesis was directly 

proportional to the concentration of sucrose. The linkage distributions in the 

polysaccharides generated at different sucrose concentrations after sucrose 

depletion were identical. Our results provide fundamental information on reaction 

condition engineering for polysaccharide and oligosaccharide synthesis. At high 

sucrose concentration (1.0 M), GTFA-∆N synthesizes various sucrose isomers 

with the accumulation of fructose in the reaction mixture. These sucrose isomers 

were further elongated with (α1→6)- and (α1→4)-linked glucose units, showing 
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structures which were not detected at low sucrose concentration. The structure of 

one branched oligosaccharide was characterized in detail and this result sheds 

further light on the process of synthesis of reuteran, showing that the introduction 

of branching linkages may occur at the oligosaccharide level already. 
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Supplementary Information 

Table S1. 1H chemical shiftsa (D2O, 300 K) of the branched hexasaccharide 
[D1→4(E1→6)C1→4B1→6g1↔2f] (see Fig. S2) present in HPAEC fraction 12, formed 
by incubation of 1.0 M sucrose with GTFA-∆N. 

Residue H-1(a) H-1b H-2 H-3 H-4 H-5 H-6a H-6b 

g 

-(1→6)-α-D-Glcp-(1↔2)-β-D-
Fruf 

 
5.434 

 
 

 
3.58 

 
3.76 

 
3.54 

 
4.07 

 
ndb 

 
3.74 

f  [g→f] 

-(1↔2)-β-D-Fruf 
3.672 nd - 4.225 4.07 3.90 3.85 3.79 

B 

-(1→4)-α-D-Glcp-(1→6)- 
4.963  3.61 4.00 3.67 3.85 3.87 3.82 

C 

-(1→4,6)-α-D-Glcp-(1→4)- 
5.340  3.65 3.99 3.65 4.04 3.96 nd 

D 

α-D-Glcp-(1→4)- 
5.349  3.58 3.76 3.41 3.76 3.85 nd 

E 

α-D-Glcp-(1→6)- 
4.986  3.55 3.73 3.43 3.75 nd 3.78 

aIn ppm relative to the signal of internal acetone (δ 2.225).    bnd, not determined. 

 

 

Figure S1. HPAEC-PAD (CarboPac PA-1) profiles of the incubation of GTFA-∆N (0.8 
U/mL) with 0.05 M (24 h), 0.1M (72 h) and 1.0 M (72 h) sucrose at 37 °C. For an 
explanation of the peak numbers (assigned oligosaccharides), see Fig. 4.  
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Figure S2. The 1D 1H NMR and TOCSY (150 ms) spectra (D2O, 300 K) of HPAEC 
fraction 12 (oligosaccharide mixture of DP5 and DP6) (Fig. 4). Only protons belonging to 
the branched oligosaccharide DP6 have been indicated.  
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Figure S3. 500-MHz 1D 1H NMR spectra of polysaccharides formed from 0.1 M sucrose 
15 min (a); 0.1 M sucrose 6 h (b); 0.1 M sucrose 72 h (c); 1.0 M sucrose 6 h (d); 1.0 M 
sucrose 72 h (e).  


