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Enzymatically synthesized exopolysaccharide of a probiotic strain Leuconostoc 
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ABSTRACT
Leuconostoc mesenteroides strain NTM048 produces an exopolysaccharide (EPS; glucose polymers 
94% and fructose polymers 6%) with adjuvanticity for mucosal vaccination. Strain NTM048 includes 
three putative EPS-synthesizing genes, gtf1 and gtf2 for synthesizing glucose polymers, and lvnS for 
synthesizing fructose polymer. To elucidate the key polymer structure for adjuvanticity, two genes, 
gtf1 and gtf2, which were annotated as glycoside hydrolase family 70 enzyme genes, were 
expressed in Escherichia coli. Glycosyl-linkage composition analysis and NMR analysis showed 
that the recombinant enzyme Gtf1 produced a soluble form of α-1,6-glucan, whereas the recombi-
nant enzyme Gtf2 produced glucans with approximately equal percentages of α-1,6- and α- 
1,3-glucose residues both in the supernatant (S-glucan) and as a precipitate (P-glucan). 
Comparison of polysaccharides synthesized by Gtf1, Gtf2, and LvnS revealed that Gtf2-S-glucan, 
which was produced in the supernatant by Gtf2 and formed particles of 7.8 µm, possessed 1.8-fold 
higher ability to stimulate IgA production from murine Peyer’s patch cells than native NTM048 EPS. 
Evaluation of adjuvanticity by intranasal administration of mice with an antigen (ovalbumin) and 
Gtf2-S-glucan or NTM048 EPS showed that Gtf2-S-glucan induced the production of higher antigen- 
specific antibodies in the airway mucosa and plasma, suggesting a pivotal role of Gtf2-S-glucan in 
the adjuvanticity of NTM048 EPS.

ARTICLE HISTORY 
Received 17 April 2021  
Revised 17 June 2021  
Accepted 22 June 2021 

KEYWORDS 
Leuconostoc mesenteroides; 
exopolysaccharide; adjuvant; 
probiotic; 
glucosyltransferase; IgA

Introduction

Exopolysaccharides (EPSs) are polymers synthe-
sized by several bacterial groups during fermenta-
tion, which exhibit physiological properties and 
biological activities. EPS produced by lactic acid 
bacteria have particularly received intensive 
interest,1–3 mainly because lactic acid bacteria are 
“generally recognized as safe (GRAS)” for human 
consumption,4 and their EPSs confer health- 
promoting effects, such as antitumor,5–7 

antioxidant,8–10 cholesterol-lowering,11–13 and 
immunomodulating activities.14–17

The functional effects of EPSs are closely related 
to their chemical structures, but a comprehensive 
understanding of structure-function relationships 

between EPS structure and their counterpart prop-
erties remains elusive because EPSs vary with the 
structure of monosaccharide composition, degree 
of branching from linear molecules, and linkage 
type between monosaccharides.3,18 For effective 
strategies for the industrial application of EPSs, 
the chemical structure must be revealed to elucidate 
their functional properties.

Depending on the composition of their repeating 
units, EPSs can be classified as homopolysaccharides 
or heteropolysaccharides. Heteropolysaccharides are 
synthesized intracellularly via the Wzy-dependent 
pathway involving several types of glycosyltrans-
ferases and have repeating units composed of two 
or more monosaccharides, commonly glucose, 
galactose, rhamnose, mannose, and N-acetyl- 
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galactosamine. In contrast, homopolysaccharides are 
synthesized in the extracellular matrix by only one 
type of extracellular glycosyltransferase and are com-
posed of one monosaccharide: glucose or fructose. 
Therefore, two types of homopolysaccharides are 
synthesized: α-glucans by glucosyltransferase 
belonging to the CAZy19 glycoside hydrolase family 
70 (GH70) and β-fructans by fructosyltransferase 
belonging to the CAZy glycoside hydrolase family 
68 (GH68).3,20–22

We recently demonstrated that the administra-
tion of homopolysaccharide-producing 
Leuconostoc mesenteroides strain NTM048 cells or 
EPS produced by this strain (NTM048 EPS) 
increased intestinal immunoglobulin A (IgA), 
which is a crucial mucosal barrier.15,23 IgA is 
secreted onto mucosal surfaces and makes dietary 
antigens, toxins, and pathogenic microorganisms as 
targets for attack.24,25 In vitro treatment of 
NTM048 EPS to murine Payer’s patch (PP) cells 
also stimulated IgA production, indicating that 
IgA-inducing ability of NTM048 EPS is not caused 
indirectly by prebiotic effects involving intestinal 
microbiota but rather that it is the result of 
a direct stimulant against immune cells.15,26 

Furthermore, nasal administration of NTM048 
EPS induced an antigen-specific antibody response, 
demonstrating the possibility for the use of adju-
vants for mucosal vaccination.16

Approximately 94% of the NTM048 EPS consists 
of α-1,6-glucans containing 4% of 1,3-linked α- 
glucose branches and the remaining consists of β- 
fructans.16 Draft genome sequencing of strain 
NTM048 revealed that it contained two putative 
GH70 genes and a single putative GH68 gene 
(lvnS).27 We already synthesized β-fructans using 
the recombinant LvnS expressed by Escherichia coli. 
However, the IgA-inducing activity of the β- 
fructans was not higher than that of NTM048 
EPS,27 suggesting that α-glucans, which were 
synthesized by GH70 enzymes, contribute greatly 
to the induction of IgA. In general, GH70 enzymes 
catalyze the polymerization of α-glucans, usually 
using sucrose as the glucose donor and transferring 
this glucose residue to the non-reducing end of the 
growing glucan.28,29 Moreover, GH70 enzymes can 
synthesize α-glucans, which vary in terms of size, 
glycosidic linkages, and the degree and arrange-
ment of branching.30 In this study, to ascertain 

the functional chemical structure of NTM048 EPS 
to stimulate IgA production, we cloned GH70 
enzymes from strain NTM048 and synthesized α- 
glucans, which are a major component of NTM048 
EPS. We also cloned GH70 enzymes from 
L. mesenteroides strain JCM6124, which is the 
type strain of L. mesenteroides harboring lower- 
IgA inducing activity than strain NTM048.31 

Moreover, we evaluated the IgA-inducing ability 
of these synthesized glucans in vitro and investi-
gated the adjuvant activity to promote antigen- 
specific IgA responses in vivo. Through these stu-
dies, we attempted to clarify the structure–function 
relationship of NTM048 EPS.

Results

Gene analyses of GH70 enzymes of strain NTM048

The draft genome sequence of strain NTM048 
included two open reading frames annotated to 
glucosyltransferase genes belonging to the GH 70 
enzyme, which catalyzes the synthesis of α-glucans. 
The phylogenetic analysis of the glucosyltransferase 
genes is shown in Figure 1. One gene, designated as 
gtf1, is 4,584 bp in length and encodes a protein of 
1,527 amino acid residues. The amino acid 
sequence of the gtf1 protein, designated as Gtf1, 
had 99% identity with LEUM1747 (GenBank 
ABJ62834.1) derived from the type strain 
L. mesenteroides JCM6124 and 99% identity with 
DsrS derived from L. mesenteroides NRRL B512-F, 
which synthesizes α-1,6-glucan.32 The other gene, 
designated as gtf2, is 4,440 bp in length and encodes 
a protein of 1,479 amino acid residues. The amino 
acid sequence of the gtf2 protein, designated as 
Gtf2, had 96% identity with LEUM1752 (GenBank 
ABJ62839.1) derived from the type strain JCM6124. 
Moreover, Gtf2 shared 95% identity with DsrT5 
derived from L. mesenteroides NRRL B-512 F, 
which synthesizes insoluble α-glucans with 1,6- 
and 1,3-linkages.33 The known enzyme structure 
of GH70 enzymes adopts a “U-shaped” folding 
and is organized into five domains: domains A, B, 
C, IV, and V.29,34 To gain additional insight into the 
structural differences, we predicted the domain 
structures of Gtf1, LEUM1747, Gtf2, and 
LEUM1752 by alignment amino acid sequences 
with DSR-M,34 of which the most complete domain 
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structure was solved (Figure 2). Comparing amino 
acid sequences between Gtf2 and LEUM1752, the 
most different region was domain V, which was 
located at the N-terminal and C-terminal extremity 
and which participates in the lengthening of the 
product by holding growing α-glucan from the 
catalytic domain (domain A).34 In contrast, almost 
no difference between Gtf1 and LEUM1747 was 
found though the sequences of Gtf1 and Gtf2 
were 49% identical. Consistent with the extracellu-
lar location of GH70 enzymes, the protein 

sequences of Gtf1, Gtf2, LEUM1747, and 
LEUM1752 contained a typical gram-positive sig-
nal peptide, which was predicted using the SignalP 
server (http://www.cbs.dtu.dk/services/SignalP-4. 
1/).

Based on the nucleotide sequence information, 
genes encoding glucosyltransferases, Gtf1, Gtf2, 
LEUM1747, and LEUM1752 were cloned and 
expressed in E. coli. Enzymes were purified using 
affinity chromatography and anion-exchange chro-
matography (Figure S1), and their activities were 

Figure 1. Phylogenetic analysis of glucosyltransferases derived from strains NTM048 and JCM1624 and typical glucosyltransferases for 
which the structural features of synthesized α-glucans are available. Each protein is labeled with its GenBank accession number. The 
dendrogram was generated using the neighbor-joining method using MEGA X software. Bootstrap values (expressed as percentages of 
1,000 replications) are given at branching points. Bar 10% sequence divergence. * Enzymes used for this study.

Figure 2. Schematic representation of the domain organization of Gtf1, LEUM1747, Gtf2, and LEUM1752. Numbering after N-terminal 
signal peptide (white) corresponds to residues delimiting the different domains (red, domain V; yellow, domain IV; green, domain B; 
blue, domain A; purple, domain C) predicted by alignment with DSR-M.34 The percentage represents the similarity of amino acid 
sequences between domains or enzymes.
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evaluated (Table 1). The specific activities of pur-
ified Gtf1, LEUM1747, Gtf2, and LEUM1752 were 
16.9, 13.3, 24.1, and 9.3 units/mg, respectively 
(Table 1), showing similar activity reported for 
other GH70 enzymes (13.9 units/mg35 or 29.3 
units/mg36). As shown in Figure 3, glucosyltrans-
ferases (A, Gtf1; B, LEUM1747; C, Gtf2; and D, 
LEUM1752) had similar enzymatic properties, 
showing an optimal pH from 5.0 to 5.5 
(Figure 3a) and an optimal temperature of around 
30°C (Figure 3c). A similar observation was also 
reported for GH70 enzyme: DSRBCB4 from 

L. mesenteroides B1299CB4 at pH 5.2 and 30°C35 

and dextransucrase from L. mesenteroides 
B-512 FM at pH 5.2 and 28°C.37 Furthermore, 
thermal stability was achieved up to 35°C, exhibit-
ing the same profile (Figure 3d). However, although 
the activity of Gtf1 and LEUM1747 decreased 
under pH 5.0 (Figure 3Ab, Bb), Gtf2 and 
LEUM1752 were stable over a wide range of pH 
values (Figure 3Cb, Db).

Production and characterization of glucans

Glucans were synthesized in 50 mM sucrose using 
various concentrations of purified glucosyltrans-
ferases. After centrifugation (8,000 × g, 10 min), 
glucans in the supernatant (S-glucan) and precipi-
tated glucans (P-glucan) were examined. When 
glucans were produced by Gtf1 or LEUM1747 at 
concentrations of 100, 300, and 500 µg/ml, no 

Table 1. Kinetic parameters and specific activities of recombi-
nant glucosyltransferases Gtf1, Gtf2, LEUM1747, and LEUM1752.

Km (mM) kcat/Km (M
−1� 

sec−1)
specific activity (units� 

mg−1)
Gtf1 2.5 × 101 ± 0.2 1.8 × 103 ± 0.2 1.7 × 101 ± 0.2
LEUM1747 2.5 × 101 ± 0.2 1.4 × 103 ± 0.1 1.3 × 101 ± 0.0
Gtf2 2.3 × 101 ± 0.3 2.8 × 103 ± 0.3 2.4 × 101 ± 0.1
LEUM1752 1.9 × 101 ± 0.1 1.3 × 103 ± 0.0 9.3 ± 0.2

Gtf2LEUM1747 LEUM1752Gtf1A B C D
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Figure 3. Enzymatic characterization of Gtf1 (A), LEUM1747 (B), Gtf2 (C), and LEUM1752 (D). Optimal pH (a) and pH stability (b) of these 
enzymes were evaluated in 20 mM sodium citrate (pH 3.0–4.0), 20 mM sodium acetate (pH 4.0–6.5), and 20 mM sodium phosphate (pH 
6.0–8.0) at 28°C. Optimal temperature (c) and thermal stability (d) of these enzymes were assayed at 20–55°C in 20 mM sodium citrate 
buffer (pH 5.5).
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precipitate was observed, and glucan was detected 
in the supernatant (4.3, 5.0, and 5.4 mg/ml, respec-
tively, for Gtf1 or 5.2, 7.2, and 7.7 mg/ml, respec-
tively, for LEUM1747) (Figure 4a,b). The molecular 
masses were 3.1 × 106 for Gtf1 and 4.5 × 106 for 
LEUM1747 (Table 2). When glucan production 
was performed by Gtf2 or LEUM1752, the solubi-
lity of the produced glucans depended on the 
enzyme concentration (Figure 4c,d). When 
100 µg/ml of Gtf2 was used, synthesized glucans 
were precipitated (P-glucan) by centrifugation, and 
the concentration of glucan in the supernatant 
(S-glucan) was less than 0.3 mg/ml. However, 
400 µg/ml of Gtf2 synthesized both S-glucan and 
P-glucan (5.2 and 0.87 mg/ml, respectively), and 
500 µg/ml of Gtf2 synthesized only S-glucan 
(5.8 mg/ml), with a molecular mass of 14.4 × 106 

(Table 2). In addition, LEUM1752 (500 µg/ml) 
synthesized only S-glucans (Figure 4d), but the 
molecular mass was 25.7 × 106, which was higher 
than that of Gtf2 (Table 2).

These purified glucans showed different physico-
chemical properties. S-glucans synthesized by Gtf1 or 
LEUM1747 (100 µg/ml enzymes were used) dissolved 
freely in the water. S-glucans synthesized by 500 µg/ 
ml Gtf2 or LEUM1752 formed small particles and 

dispersed in water, whereas P-glucans synthesized by 
100 µg/ml of Gtf2 or LEUM1752 were deposited at 
the bottom. When the particle size distributions were 
analyzed using NanotracWaveII, two peaks were 
found in the S-glucans of Gtf1 and LEUM1747: 35 
and 294 nm for Gtf1 and 70 and 386 nm for 
LEUM1747 (Figure 5a, Table 2). In contrast, the 
particle sizes of S-glucans from Gtf2 and LEUM1752 
were analyzed using MT3300EX II because the parti-
cles of S-glucans of Gtf2 and LEUM1752 were larger 
than 1.0 µm (Figure 5a). The peak of each glucan was 
found at 7.8 µm for Gtf2 and 12.3 µm for LEUM1752 
(Figure 5b, Table 2).

To elucidate the linkage pattern of glucan sam-
ples, we prepared partially methylated alditol acetate 
derivatives and analyzed them using GC-MS 
(Table 2). S-glucans from Gtf1 and LEUM1747 har-
bored 6-linked glucose units in a polymer backbone 
and exhibited 10–12% branching with 3,6-linked 
residues. On the other hand, 3-linked and 6-linked 
glucose with 3,6-linked branching residues were 
detected in both S- and P-glucans from Gtf2 and 
LEUM1752, but the 3-linkage/6-linkage ratio was 
different. For S-glucan, the ratio of 3-linkage was 
lower than that of 6-linkage, whereas the former 
was higher than the latter in P-glucan. Glucans 

Figure 4. Glucan production using Gtf1 (a), LEM1747 (b), Gtf2 (c), and LEUM1752 (d) in 50 mM sucrose as substrate. After incubation for 
24 h at 28°C, reaction solutions were centrifuged, and glucans in the supernatant (S-glucan) and precipitated glucans (P-glucan) were 
measured.

Table 2. Molecular mass, particle size, and linkage analyses of various glucans produced from sucrose by recombinant glucosyl-
transferases Gtf1, Gtf2, LEUM1747, and LEUM1752.

Glucan Molecular mass(×106) Particle size(µm) Glucopyranose methylation (%)

T-Glcp-(1→ →3-Glcp-(1→ →6-Glcp-(1→ →3,6-Glcp-(1→

Gtf1 (S-glucan)* 3.1 0.035 ± 0.007, 0.294 ± 0.028 9 N/A 81 10
LEUM1747 (S-glucan)* 4.5 0.070 ± 0.027, 0.386 ± 0.065 8 N/A 77 12
Gtf2 (S-glucan)** 14.4 7.8 ± 0.4 8 43 45 4
Gtf2 (P-glucan)* - - 6 44 39 11
LEUM1752 (S-glucan)** 25.7 12.3 ± 1.5 13 32 49 6
LEUM1752 (P-glucan)* - - 8 51 36 5

*Glucan produced using 100 µg/ml enzyme, **Glucan produced using 500 µg/ml enzyme.
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mainly harboring α-1,3-linked glucose are generally 
water-insoluble, whereas glucans consisting of a high 
level of α-1,6-linked glucose are soluble in 
water.36,38,39 A high ratio of 1,3-linked glucose 
might cause precipitation of P-glucans.

The1H NMR and13C NMR spectra of S-glucans 
of Gtf1 and LEUM1747 showed a single set of 
signals (Figure 6). These spectra showed good 
agreement with literature data for long α-1,6--
glucans.32,36 The respective positions of anomeric 
signals at 4.89 and 97.7 ppm for S-glucan of Gtf1 or 
4.88 and 97.7 ppm for S-glucan of LEUM1747 in 
the1H and13C NMR spectra, respectively, are char-
acteristic of α-1,6-glucosidic linkages. The1H NMR 
and13C NMR spectra of S-glucans of Gtf2 and 
LEUM1752 indicated the presence of both α-1,6- 
and α-1,3-glucosidic chains. In the1H NMR spectra 
of S-glucans of Gtf2 and LEUM1752, although the 
anomeric proton signal of the α-1,6-glucosyl unit 
was hidden under the HOD signal, the chemical 
shift of 5.02 ppm can be assigned to anomeric 
protons of α-1,3-glucosyl unit.36 In the13C NMR 
spectra of S-glucans of Gtf2 and LEUM1752, the 
positions of anomeric signals at 101.8 and 98.7 ppm 
are characteristic of α-1,3- and α-1,6-glucosidic 
linkages, respectively.36

In vitro analysis of IgA-inducing activity of glucan 
samples

We previously reported that NTM048 EPS could 
stimulate IgA production from PP cells of 
mice.15,23 To reveal the component of NTM048 

EPS to contribute IgA production, we evaluated 
the IgA-inducing activity of glucans synthesized 
by glucosyltransferases and compared them to 
those of native NTM048 EPS and fructan 
synthesized by LvnS derived from strain 
NTM048.27 Before testing the treatments on PP 
cells with polysaccharides, we investigated any 
cytotoxic effect on the cells by examination of 
the number of viable PP cells. After incubation 
with polysaccharide samples (250 µg/ml) for 
5 days, the number of viable PP cells was 95– 
104% of that after incubation with saline control, 
whereas the number of viable PP cells after 
incubation with lipopolysaccharide (LPS; 5 µg/ 
ml) was 92% of that after incubation with saline 
control. These results suggested that the poly-
saccharide samples almost not exhibit cytotoxi-
city. As shown in Figure 7a, all polysaccharide 
samples possessed IgA-inducing activity, but 
their levels of activity were different. The IgA- 
inducing activities of fructan and S-glucan 
synthesized by Gtf1 were slightly lower than 
that of NTM048 EPS, but the differences were 
not significant. The IgA-inducing activity of 
S-glucan synthesized by Gtf2 was 1.8-fold higher 
than that of NTM048 EPS. The activity of 
P-glucans synthesized by Gtf2 was one-third 
that of NTM048 EPS. Among polysaccharides 
synthesized by enzymes that catalyze NTM048 
EPS synthesis, S-glucan synthesized by Gtf2 
might contribute greatly to the IgA-inducing 
activity of NTM048 EPS. The IgA-inducing 
activity of glucan samples might depend on the 

Figure 5. Particle size distributions of S-glucans. (a) S-glucans from Gtf1, Gtf2, LEUM 1747, and LEUM 1752 were measured using 
NanotracWaveII. (b) S-glucans from Gtf2 and LEUM 1752 were measured using MT3300EX II.
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glucan type and not on the source strains of the 
organisms that synthesize glucans. S-glucan from 
Gtf2 showed higher activity (1.2-fold) than that 
of S-glucan from LEUM1752, but not signifi-
cantly higher. The differences in the molecular 
size, the ratio of 1,3-linkage/1,6-linkage of glu-
cose residues or the particle size (Table 2) of 
glucans might affect the IgA-inducing activity 
(see discussion).

In the previous study, we demonstrated that 
NTM048 EPS stimulated dendritic cells to express 
genes of IL-6 and retinal dehydrogenase 2 
(RALDH2) that promote mucosal IgA production 
(see discussion).26 To evaluate the effect on dendri-
tic cells, murine bone marrow-derived dendritic 
cells (BMDCs) were cultured and stimulated with 
NTM048 EPS or S-glucan from Gtf2 (Gtf2- 
S-glucan); changes in the expression of IL-6 and 

Figure 6. The1H NMR and13C NMR spectra of glucans. S-glucans from Gtf1 and LEUM1747 were analyzed in D2O and S-glucans from 
Gtf2 and LEUM1752 were analyzed in NaOD-D2O. Signals corresponding to α-1,3-linked residues are labeled with *.
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RALDH2 genes as the mediators of mucosal IgA 
expression were analyzed (Figure 7b). Gtf2- 
S-glucan stimulation induced significantly higher 
gene expressions of IL-6 (99-fold) and RALDH2 
(5.7-fold) than those by NTM 048 EPS, suggesting 
that stronger stimulation of dendritic cells by Gtf2- 
S-glucan resulted in a higher IgA production from 
PP cells.

In vivo adjuvant activity of the glucan samples

Next, we investigated whether Gtf2-S-glucan is 
more effective than NTM048 EPS in inducing oval-
bumin (OVA)-specific antibody responses. All ani-
mals used in the experiment were in good health 
throughout the experimental period. No significant 
differences were found in body weight gain among 
the groups. One week after the last immunization, 
plasma, bronchoalveolar lavage fluid (BALF), and 
nasal wash were collected for enzyme-linked 
immunosorbent assay (ELISA) to measure the pro-
duction of OVA-specific antibodies (Figure 8a). 
Figure 8b shows that mice nasally immunized 
with Gtf2-S-glucan induced significantly higher 
OVA-specific plasma IgA and IgG than the control 
mice (P < .01). In addition to the systemic immune 
compartment, mice nasally immunized with Gtf2- 

S-glucan showed higher levels of OVA-specific IgA 
and IgG in the BALF (P < .05) and IgA in the nasal 
washes (P = .08). These findings indicate that OVA- 
specific antibody responses were induced in the 
respiratory tract and systemic immune compart-
ments. Although no statistically significant differ-
ence was found between Gtf2-S-glucan and 
NTM048 EPS, the levels of OVA-specific IgA and 
IgG in plasma and BALF and OVA-specific IgA in 
the nasal wash, which were induced by Gtf2- 
S-glucan, were higher than those induced by 
NTM048 EPS. Gtf2-S-glucan is expected to be 
more effective than NTM048 EPS in enhancing 
the mucosal immune response to antigens.

Discussion

GH70 enzymes produce α-glucans, which have dif-
ferent linkage compositions, branching degrees, 
and size distributions. In this study, the amino 
acid sequences of Gtf1 and LEUM1747 showed 
99% identity with DsrS derived from 
L. mesenteroides NRRL B512-F (Figure 1), which 
synthesizes soluble α-1,6-linked glucans.32 Gtf1 and 
LEUM1747 were found to synthesize soluble α- 
1,6-linked glucans, agreeing with the high similarity 
of amino acid sequence with DsrS. On the other 

Figure 7. Evaluation of IgA-inducing activity in vitro. (a) Comparison of IgA-inducing activities of glucans, fructan, and NTM048 
exopolysaccharide (EPS). Black bar: NTM048 EPS. Gray bar: polysaccharides synthesized by strain NTM048 enzymes (fructan synthesized 
by LvnS and glucans synthesized by Gtf1 and Gtf2). White bar: polysaccharides synthesized by strain JCM6124 enzymes (glucans 
synthesized by LEUM1747 and LEUM1752); lipopolysaccharide (LPS) was used as a positive control. Each value is presented as means ± 
SEM (n = 6). (b) Gene expression analysis of bone marrow-derived DCs (BMDCs) stimulated with NTM048 EPS or S-glucan from Gtf2 
(Gtf2-S-glucan). The values represent the difference between the stimulated cells and the non-stimulated control cells. Each value is 
presented as means ± SEM (n = 3–4). Different letters (a-c) show significant differences (P < .05).
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hand, Gtf2 and LEUM1752 showed 96% and 98% 
identity, respectively, with DsrT5 derived from 
L. mesenteroides NRRL B-512 F, which synthesizes 
insoluble α-glucan with 1,6- and 1,3-linkage.33,40 

Both Gtf2 and LEUM1752 were found to synthesize 
glucans composed of α-1,6- and α-1,3-linked glu-
cose, but their molecular sizes were not identical. 
Glucan produced by LEUM1752 was about twice as 
larger in terms of molecular size than that produced 
by Gtf2. Among the five domains (domains A, B, C, 
IV, and V) forming the GH70 enzyme, domain V is 
called the glucan-binding domain, which contri-
butes to the polymerization of glucan.34 The 
amino acid sequences of domain V were the most 
different in the full amino acid sequences of Gtf2 
and LEUM1752 (Figure 2). The difference in the 
molecular size of glucans produced by both 

enzymes may be attributed to the difference in 
domain V.

Although EPSs have been reported to mod-
ulate the immune system, the results of many 
studies have suggested that the EPS structure 
might affect the immune response. To date, in 
attempts to correlate some physicochemical 
traits of EPS with their immune-modulating 
capacity, two traits have been proposed.2,41 

First, acidic EPSs, which are characterized by 
the presence of phosphate, are good inducers of 
immune responses. For example, Lactobacillus 
delbrueckii subsp. bulgalicus OLL-1073-R1 
synthesized EPS composed of two fractions: 
acidic and neutral EPSs. Both EPSs contained 
glucose and galactose residues, but only acidic 
EPS had 0.1% PO4

− and stimulated the immune 
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system.42 Although the role of PO4
− in immune 

stimulation was also proven by the fact that 
EPS synthesized by L. mesenteroides was chemi-
cally phosphorylated and the resultant EPS aug-
mented cytokine expressions,43 natural 
homopolysaccharide EPSs synthesized by 
L. mesenteroides were not modified with 
phosphate.44 In this study, phosphate was not 
detected in the enzyme-synthesized glucans 
(data not shown). The other trait associated 
with the immune properties of EPS was the 
polymer size.45 EPSs with high molecular 
weight are proposed to reduce the production 
of inflammatory cytokines and induce immune 
homeostasis.41,45 Bleau et al.46 demonstrated 
that high-molecular-weight EPS (5.3 × 105 Da) 
obtained from Lacticaseibacillus rhamnosus 
RW-9595 M could suppress inflammatory cyto-
kine production from macrophages by the 
induction of anti-inflammatory IL-10. 
Furthermore, among EPSs purified from three 
closely related Bifidobacterium animalis subsp. 
lactis strains, only the high-molecular-weight 
EPS (approx. 106 Da) suppressed immune 
response from peripheral blood mononuclear 
cells.47 In our study, glucans with high molecu-
lar weight and large particle size from Gtf2 and 
LEUM1752 (15–25 × 106 Da, 7.8–12.3 µm) eli-
cited stronger IgA induction than glucans with 
low molecular weight and small particle size 
from Gtf1 and LEUN1747 (approximately 
5.0 × 106 Da and 0.5 µm, respectively). This 
result demonstrated the association of molecu-
lar weight and particle size of glucan with its 
expression of immune properties. Some 
approaches must be attempted to elucidate the 

most appropriate molecular weight and particle 
size of glucans.

Phagocytosis is a principal component of the 
body’s innate immune response in which antigen- 
presenting cells internalize large (>0.5 µm) particu-
late targets.48 The cellular internalization of parti-
cles via phagocytosis involves attractive forces, such 
as van der Waals, electrostatic, ionic, hydrophilic, 
and hydrophobic interactions, between the cells 
and particles.49 α-1,3-glucan is known as 
a bacterial cell wall component that contribute to 
cell adhesion by hydrophobic interaction.50,51 The 
α-1,3-linked glucose component of Gtf2-S-glucan 
might play an important role in adhering to anti-
gen-presenting cells. Using murine bone marrow- 
derived dendritic cells, we previously reported that 
NTM048 EPS increased the gene expression levels 
of IL-6, which plays a crucial role in the differentia-
tion of IgA B cells,24–26 and RALDH2, which cata-
lyzes retinal to form retinoic acid and stimulates 
antigen-specific antibody production through thy-
mic stromal lymphopoietin.26,52 Furthermore, in 
this study, we could obtain a suggestion that the 
enhanced interaction by α-1,3-glucan between 
Gtf2-S-glucan and dendritic cells might induce 
stronger adjuvanticity than NTM048 EPS 
(Figure 9).

In summary, we enzymatically synthesized poly-
saccharide with adjuvanticity using EPS- 
synthesizing enzyme derived from the probiotic 
strain NTM048. The synthesized polysaccharide, 
Gtf2-S-glucan, is a high molecular weight particle 
forming α-1,3/1,6-linked glucan. The synthesized 
polysaccharide possessed stronger adjuvanticity 
than NTM048 EPS. The bioactivity of EPS is gen-
erally strain-dependent, and the obscure activity of 

Figure 9. Schematic representation of possible structures to interact with dendritic cells.
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EPS is one of the bottlenecks for its application. In 
this study, we showed a strong association between 
the bioactivity of EPS and EPS-synthesizing 
enzymes. Our enzymatic approach to elucidate the 
structure–function relationships between EPS 
structure and its biological function is expected to 
promote the industrial application of EPS as a novel 
ingredient in functional foods.

Materials and methods

Bacterial strains and culture conditions

The EPS producer, L. mesenteroides subsp. mesen-
teroides strain NTM048 isolated from fresh green 
pea and stored in our laboratory, was used for this 
study.23 L. mesenteroides subsp. mesenteroides 
JCM6124 was obtained from the Japan Collection 
of Microorganisms (Saitama, Japan). Leuconostoc 
strains were grown in MRS broth (Becton, 
Dickinson and Co., Sparks, MD, USA) at 30°C in 
a stationary culture. E. coli strain BL21 (DE3) was 
cultivated in lysogeny broth (LB; Difco 
Laboratories, Detroit, MI, USA).

DNA preparation

Strain NTM048 cells were harvested from the over-
night MRS broth by centrifugation (2 min at 4°C at 
17,000 × g) and washed with a sucrose- 
ethylenediamine-tetraacetic acid (EDTA) buffer 
(450 mM sucrose, 1 mM EDTA in 5 mM Tris- 
HCl [pH 8.0]). The washed cells were resuspended 
in the same buffer containing 5 µg/ml lysozyme 
(Sigma Aldrich Corp., St. Louis, MO, USA) and 
40 U/ml mutanolysin (Sigma Aldrich Corp.). 
After incubation for 1 h at 37°C, total DNA was 
extracted using the Wizard Genomic DNA 
Purification Kit (Promega, Charbonnières, France).

Phylogenetic analysis

The draft genome sequence of the L. mesenteroides 
subsp. mesenteroides strain NTM048 (GenBank 
Accession No. BOPR01000001) was determined 
using the Miseq system (Illumina Inc., San Diego, 
CA, USA) under the auspices of the Dragon 
Genomics Center (Takara Bio Inc., Otsu, Japan). 
The genome sequence was analyzed using in silico 

Molecular Cloning (In Silico Biology, Inc., 
Kanagawa, Japan). The genome included two 
open reading frames (Leu048_16720 and 
Leu048_16680) annotated to the enzyme genes 
belonging to GH70. These GH70 genes were desig-
nated as gtf1 for Leu048_16720 and gtf2 for 
Leu048_16680. The amino acid sequences of 
GH70 enzymes of strain NTM048 were aligned 
with those of various GH70 proteins using 
ClustalW53 and were employed to build 
a phylogenetic tree. Evolutionary analyses were 
conducted in MEGA X.54 The evolutionary history 
was inferred using the neighbor-joining method.55 

Bootstrap analysis56 based on 1,000 replications 
was applied for evaluating the tree topologies.

Gene cloning and enzyme expression of 
glucosyltransferase genes

Gene fragments of gtf1 and gtf2 from strain 
NTM048, and LEUM1747 (GenBank ABJ62834.1) 
and LEUM1752 (GenBank ABJ62839.1) genes from 
strain JCM6124 were amplified from genomic DNA 
by high-fidelity PCR using PrimeSTAR Max 
(Takara Bio Inc.), following genetic removal of the 
signal peptide. The primer pairs used for PCR are 
listed in Table S1. The purified PCR products were 
inserted into NdeI-Not1-digested pET23b (Novagen 
Inc., Madison, WI, USA) using the In-Fusion HD 
PCR Cloning Kit (Clontech Laboratories, Inc., Palo 
Alto, CA, USA) to produce C-terminal His6-tagged 
proteins. Protein-expressing plasmids were trans-
formed into E. coli BL21 (DE3) cells. The transfor-
mants were cultured in LB medium supplemented 
with 100 μg/ml ampicillin. After induction with 
0.1 mM isopropyl-β-D-thiogalactopyranoside 
(IPTG), the transformants were cultured at 20°C 
for 20 h and were harvested by centrifugation 
(30 min at 4°C at 8,000 × g). After the pellet was 
washed with 150 mM NaCl in 20 mM phosphate 
buffer (pH 7.5), the suspension was centrifuged 
again (30 min at 4°C at 8,000 × g). The pelleted 
cells were resuspended in 150 mM NaCl in 20 mM 
phosphate buffer (pH 7.5) and lysed by sonication 
(Qsonica LLC, Newton, CT, USA), followed by cen-
trifugation (15 min at 4°C at 17,000 × g). The clear 
cell lysate of the supernatant was loaded onto a Ni- 
NTA column (HisTrap HP; GE Healthcare, 
Uppsala, Sweden). Binding was achieved using 
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20 mM sodium phosphate buffer (pH 7.5) contain-
ing 0.5 M NaCl and 20 mM imidazole, followed by 
washing with the same buffer. The His-tagged pro-
teins were eluted using 20 mM sodium phosphate 
buffer (pH 7.5) containing 0.5 M NaCl and 500 mM 
imidazole. The eluted fraction was dialyzed against 
20 mM Tris-HCl buffer (pH 8.0) and purified 
further by Hi-Trap Q HP (GE Healthcare) column 
chromatography (0–1.0 M NaCl in 20 mM Tris-HCl 
buffer [pH 8.0]). The protein concentration was 
determined using a BCA Protein Assay Kit 
(Thermo Scientific, Rockford, IL, USA) with bovine 
serum albumin as a standard.

Kinetic analysis and characterization of 
recombinant enzymes

Kinetic analysis of the enzymes was conducted in 
20 mM sodium acetate buffer (pH 5.5) containing 
5–200 mM sucrose and 1 mM CaCl2 at 28°C. The 
enzymatic activity was measured by determining the 
fructose released from 50 mM sucrose in 20 mM 
sodium acetate buffer (pH 5.5) containing 1 mM 
CaCl2 at 28°C using the 3,5-dinitrosalicylic acid 
(DNS) method.35,57 One glucosyltransferase unit was 
defined as the amount of enzyme that produces 1 
µmole of fructose from the substrate sucrose 
per minute. The reaction was terminated by adding 
50 mM NaOH.

The effect of pH on the enzyme activity was 
determined by varying the pH between 3.0 and 
8.0. The buffers used were sodium citrate (pH 
3.0–4.0), sodium acetate (pH 4.0–6.5), and sodium 
phosphate (pH 6.0–8.0). To determine the opti-
mum pH, the enzymes (10–50 µg/ml) were incu-
bated with 50 mM sucrose and 1 mM CaCl2 in 
20 mM buffer at various pH values. The optimal 
temperature was determined by incubating the 
reaction mixture containing 50 mM sucrose and 
1 mM CaCl2 in 20 mM sodium acetate buffer (pH 
5.5) at various temperatures for a short period of 
time (<1 min). The temperature and pH stabilities 
were examined, respectively, by measuring the resi-
dual activity following enzyme incubation (10– 
50 µg/ml) with 50 mM sucrose in 20 mM sodium 
citrate buffer (pH 5.5) for 30 min at various tem-
peratures and overnight incubation of enzymes 
(10–50 µg/ml) in various buffers (20 mM) at 4°C.

Production of glucans by recombinant enzymes and 
molecular weight measurement

Glucans were synthesized using GH70 recombi-
nant enzymes in 50 mM sucrose, 1 mM CaCl2, 
and 100 mM sodium acetate (pH 5.5) at 28°C for 
24 h. After confirming the depletion of sucrose 
using thin-layer chromatography (Silica gel 60; 
Merck, Tokyo, Japan) with chloroform-methanol- 
water (3:3:1 v/v/v), the reaction was terminated 
by incubation at 100°C for 20 min. After centri-
fugation (10 min at 8,000 × g), the molecular 
weight distributions of glucans in the supernatant 
were determined by high-performance size- 
exclusion chromatography with Shodex OHpak 
SB-807 G (Guard), SB-807 HQ, and SB-806 M 
HQ (8.0 mm ID × 300 mm length; Showa Denko 
KK, Tokyo, Japan) at 40°C and estimated using 
dextran standards (150, 270, and 670 kDa from 
Sigma Aldrich Corp., 3,755 kDa from American 
Polymer Standards Corp., Mentor, OH, USA). 
The amounts of synthesized glucans were also 
calculated using dextran 150 kDa as the standard 
(Sigma–Aldrich Corp.). Samples (injected volume: 
20 µl) were eluted using 0.3 M NaNO3 at a flow 
rate of 1 ml/min and were detected using a refrac-
tive index (RI) detector RID10 (Shimadzu Corp., 
Kyoto, Japan). Glucans in the supernatant were 
purified by size-exclusion chromatography using 
Sepharose CL6B (Sigma–Aldrich Corp.) and were 
freeze-dried. Precipitated glucans were purified by 
washing with MilliQ water twice and were dried 
in vacuum. The absence of protein in the glucan 
sample was confirmed by measuring the absor-
bance at 280 nm.

Particle size distribution

Particle sizes were analyzed using laser scattering 
particle size distribution analyzers of Nanotrac 
Wave II (when smaller than 1.0 µm, MicrotracBEL 
Corp., Osaka, Japan) and Microtrac MT3300EXII 
(when larger than 1.0 µm, MicrotracBEL Corp.). 
The distribution was measured based on length dis-
tributions using 1.60 as a relative refractive index. 
The mode size, which is the most common size of 
the particles in the population, was determined for 
each formulation. The data are the averages of three 
measurements for each sample.
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NMR analysis

The NMR spectra (500 MHz, AVANCE III HD; 
Bruker Analytik GmbH, Rheinstetten, Germany) 
were recorded using approximately 5 mg of poly-
saccharide dissolved in D2O (Gtf1 and LEUM1747) 
or in 1 M NaOD in D2O (Gtf2 and LEUM1752). 
Glucans of Gtf2 and LEUM1752 were dissolved by 
sonication at 100 W and 42 kHz for 30 min. 
Moreover, δ 4.70 and δ 4.75 ppm of D2O and 
NaOD1H signals were used as internal references.

Methylation analysis

Glucans were solubilized in dry dimethyl sulfoxide 
(DMSO) by sonication (100 W and 50 kHz for 
30 min) and vortexing and were permethylated 
using methyl iodide and NaOH. After hydrolysis 
with a mixture of HCl-water-acetic acid and micro-
wave heating, the samples were reduced with 
NaBD4 and then acetylated with a mixture of acetic 
anhydride-pyridine. The partially methylated aldi-
tol acetates obtained were analyzed by GC-MS 
(GCMS-QP2010; Shimadzu Corp.) with 
a capillary column (0.25 mm id, 0.25 µm df, 30 m 
length, DB-5 MS; Agilent Technologies Inc., Santa 
Clara, CA, USA) programmed to 80°C (2 min), 
180°C (20°C/min), and 240°C (4°C/min).

Production and purification of NTM048 EPS

As described in our earlier study,16 NTM048 EPS 
was extracted and purified. Briefly, 500 µl of an 
overnight bacterial culture of strain NTM048 was 
used to inoculate 50 ml of EPS production medium 
containing 15% sucrose, 0.5% bacto-peptone, 0.5% 
yeast extract, 1.5% K2HPO4, 0.001% MnCl2·H2O, 
0.001% NaCl, and 0.005% CaCl2, and the culture 
fluid was incubated for 24 h at 30°C. After the 
microorganisms were removed by centrifugation, 
the culture supernatant was precipitated by the 
addition of an equal volume of chilled ethanol, 
shaken vigorously, and centrifuged at 
8,000 × g for 10 min. The supernatant was dec-
anted, and this step was repeated twice. The pre-
cipitated EPS was then moderately sonicated to 
dissolve it in distilled water, followed to purification 
using Sepharose CL6B (Sigma–Aldrich Corp.) and 
freeze-drying. The absence of proteins in the EPS 

sample was confirmed by measuring the absor-
bance at 280 nm.

Production and purification of fructan synthesized 
by LvnS

Fructan, a component of NTM048 EPS, was 
synthesized by recombinant enzyme LvnS 
expressed in E. coli as described in our earlier 
study.27 The reaction was conducted in 50 mM 
sucrose, 1 mM CaCl2, and 100 mM sodium acetate 
(pH 5.0) using the recombinant LvnS at 28°C for 
24 h. The fructan produced was purified using 
Sepharose CL6B (Sigma–Aldrich Corp.), and 
freeze-dried. The absence of proteins in the fructan 
sample was confirmed by measuring the absor-
bance at 280 nm.

In vitro analysis of the IgA-inducing ability on 
Peyer’s patch cells

To evaluate the IgA-inducing ability of polysac-
charides, murine PP cells were prepared as 
described in our earlier study23 and then they 
were re-suspended to reach at 2.5 × 106 cells/ml 
in complete RPMI 1640 medium (RPMI 1640 
[Gibco BRL, Grand Island, NY, USA] containing 
100 U/ml penicillin, 100 µg/ml streptomycin, 
55 µM 2-mercaptoethanol, and 10% fetal bovine 
serum [FBS; Gibco BRL]). Various polysacchar-
ides (250 µg/ml final concentration) were added 
to PP cells (1.25 × 106 cells/ml final concentration) 
and incubated in 96-well T-cell activation plates 
(Becton Dickinson, Franklin Lakes, NJ, USA) at 
37°C in a humidified atmosphere of 5% CO2 in 
air. After 5 days, the IgA levels in the supernatants 
were measured using a mouse IgA ELISA kit 
(Bethyl Laboratories Inc., Montgomery, TX, 
USA). Data are expressed as a fold change for 
each polysaccharide relative to LPS (5 µg/ml), for 
which IgA-inducing activity was normalized to 
a value of 1.

Gene expression analysis in bone marrow-derived 
dendritic cells

BMDCs were generated using murine bone mar-
row cells as described in our earlier study.26 

BMDCs were incubated in a complete RPMI 
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1640 medium at 1.0 × 106 cells/well (3 ml) with 
or without stimulation by polysaccharides 
(300 µg/well). After 12 h of stimulation, total 
RNA was isolated from BMDCs using 
a QuickPrep Total RNA extraction kit (GE 
Healthcare), and cDNA was synthesized from 
the total RNA using a SuperScript III Reverse 
Transcription kit (Invitrogen, Carlsbad, CA, 
USA). Real-time PCR was performed using 
StepOne real-time PCR system (Applied 
Biosystems, Carlsbad, CA, USA) using a Power 
SYBR Green Master Mix (Life Technologies 
Japan, Tokyo, Japan) and primers listed in 
Table S2. The glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH) gene was used as an inter-
nal control.

Vaccination of mice

Eight-week-old female BALB/cA mice (CLEA 
Japan Inc., Tokyo, Japan) were intranasally 
immunized six times, 7 days apart, with 10 µl 
of a solution containing 100 µg of glucans (Gtf2- 
S-glucan or NTM048 EPS) and 5 µg of OVA. 
Seven days after the last immunization, the mice 
were euthanized using a mixed anesthetic agent. 
Plasma, BALF, and nasal wash samples were 
collected to measure the levels of anti-OVA- 
specific antibodies. Nasal wash fluid and BALF 
were collected, respectively, using 200 µl and 
1.2 ml of saline. Microtiter plates (MaxiSorp; 
Nunc, Roskilde, Denmark) were coated with 
OVA (1 mg/ml), and an ELISA assay was per-
formed. A series of 1/2 dilutions of different 
samples was loaded onto microtiter plates, and 
horseradish peroxidase-labeled anti-mouse IgG 
or IgA (Bethyl Laboratories Inc.) was added to 
each well. After washing, the microtiter plates 
were incubated for 15 min with tetramethylben-
zidine substrate (Promega Corp., Madison, WI, 
USA). After the reaction was stopped by adding 
0.5 M HCl, absorbance was measured at 450 nm. 
Animals were handled in accordance with the 
Guidelines for the Proper Conduct of Animal 
Experiments issued by the Science Council of 
Japan (2006). The experimental protocol was 
approved by the Animal Experimentation 
Ethics Committee of Ishikawa Prefectural 
University (approval ID: R2-14-20).

Statistical analysis

Results are expressed as the mean ± SEM. Data 
were analyzed using one-way analysis of variance 
(ANOVA) followed by Tukey–Kramer multiple 
comparison tests.
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