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a  b  s  t  r  a  c  t

The  structure  of  an  extracellular  polysaccharide  EPS159  produced  from  sucrose  by  Streptococcus  mutans
UA159  was  investigated  through  the main  oligosaccharides  obtained  from  partial  acid  hydrolysis,
monosaccharide/methylation  analysis,  and  1D/2D 1H  NMR  spectroscopy.  The  results  showed  that  EPS159
contained  terminal,  3-substituted,  6-substituted,  and  3,6-disubstituted  �-d-glucopyranose  residues  in a
molar  percentage  of  14, 18,  54, and  14%.  The  backbone  of  EPS159  was  composed  of  →6)Glcp(1→  residues,
and about  20%  of  the →6)Glcp(1→  residues  was  substituted  at 3-OH  by  →3)Glcp(1→  and/or  Glcp(1→
residues  to  form  side  chains.  A  composite  model  of EPS159,  that includes  all  identified  structural  features,
was formulated:

-Glcp-(16)-α-D -Glcp-(16)-α-D -Glcp-(16)-α-D -Glcp-(16)-α-D
3

1

n~ 2
α- -GlcpD
~ 0-4

α- -GlcpD

3

1

. Introduction

Oral diseases related to dental biofilms afflict the majority
f the world’s population, and dental caries is still the single
ost prevalent and costly oral infectious disease, next to chronic

nflammatory periodontal disease (Beikler & Flemmig, 2011; Jeon,
osalen, Falsetta, & Koo, 2011). Streptococcus mutans is a key con-
ributor to the formation of the extracellular polysaccharide (EPS)

atrix in dental biofilms (Koo, Xiao, Klein, & Jeon, 2010; Loesche,
986; Nicolas & Lavoie, 2011). Glucans, synthesized from dietary
ucrose by the glucosyltransferases (GTFs) of S. mutans, have been

ecognized as virulence factors in the etiology and pathogenesis
f dental caries (Koo et al., 2010). Glucans promote the adherence
nd accumulation of cariogenic streptococci on the tooth surface

∗ Corresponding author at: School of Food Science, Henan Institute of Science and
echnology, Hualan Road, 453003 Xinxiang City, Henan Province, China.
el.:  +86 373 3040777; fax: +86 373 3040777.
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and play an essential role in the development of pathogenic den-
tal plaque related to caries-forming activity (Bowen & Koo, 2011).
S. mutans produces at least three GTFs, acting together: GTF B,
which synthesizes a polymer of mostly insoluble (�1→3)-linked
glucan; GTF C, which synthesizes a mixture of insoluble (�1→3)-
linked glucan and soluble (�1→6)-linked glucan; and GTF D,  which
synthesizes soluble (�1→6)-linked glucan (Hanada & Kuramitsu,
1989). Structural analyses of EPS, formed by incubating strepto-
cocci culture filtrates with sucrose, have typically shown that they
contain glucose residues with (�1→6) and (�1→3) linkages and
have a comb-like, highly branched form. In general, the insoluble
glucans are predominantly (�1→3) linked, whereas the soluble glu-
cans are comprised basically of (�1→6)-linked glucose residues.
Although there have been many studies on the linkage analyses
of both soluble and insoluble glucans produced by different S.
mutans strains, their structures remain unclear (Aires, Koo, Sassaki,

Iacomini, & Cury, 2010; Colson, Jarrell, Lamberts, & Smith, 1979;
Davis, Boyko, & Edwards, 1986; Davis, Hines, & Edwards, 1986; Hig-
ton & Weigel 1980; Kopec, Vacca-Smith, & Bowen, 1997; Shibata,
Goldstein, & Kirkland, 1983; Trautner, Birkhed, & Svensson, 1982;

dx.doi.org/10.1016/j.carbpol.2012.05.095
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:libowuxi@yahoo.com.cn
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iater, Choma, & Szczodrak, 1999). The genome of S. mutans
A159, a serotype c strain, has been completely sequenced and is
omposed of 2,030,936 bp (Ajdić et al., 2002). This strain has been
sed to study the influences of starch and sucrose on S. mutans
iofilms (Duarte et al., 2008). The purpose of this study was to inves-
igate the structure of an exoglucan produced by S. mutans UA159
ncubated with sucrose.

. Materials and methods

.1. Preparation of exopolysaccharide

EPS159, an exopolysaccharide produced by S. mutans UA159,
as prepared as followed: S. mutans UA159 (ATCC 700610) was

ncubated overnight on BHI broth, containing 20% sucrose, under
naerobic conditions (10% H2, 10% CO2 in N2) at 37 ◦C. Bacterial
ells were removed by centrifugation for 10 min  at 11,000 × g. The
upernatant was collected and proteins and other media compo-
ents were removed by TCA precipitation (4% TCA, 2–3 h, at 4 ◦C),

ollowed by a centrifugation step (2500 × g, 20 min  at 4 ◦C). The
PS was precipitated overnight at 4 ◦C by adding 2 volumes of ice-
old ethanol (96%) to 1 volume of supernatant. After centrifugation
2500 × g, 20 min  at 4 ◦C) and dissolving the pellet in distilled water
25 mL)  by extensive sonication (3 h), the solution was  dialyzed
12–14 kDa cutoff) against distilled water for 48 h. Subsequently,
PS was precipitated again overnight at 4 ◦C by adding 2 volumes
f ethanol (96%) to 1 volume of supernatant. After centrifugation
2500 × g, 20 min  at 4 ◦C) and washing the pellet twice with distilled
ater, dry material of EPS159 was obtained by lyophilization. The

otal amount of carbohydrate was determined by a phenol–sulfuric
cid method (Dubois, Gilles, Hamilton, Rebers, & Smith, 1956).

.2. Monosaccharide composition

EPS159 was subjected to methanolysis (1 M methanolic HCl,
4 h, 85 ◦C), including Internal Standard (mannitol). After neu-
ralization and evaporation, the sample was trimethylsilylated
hexamethyldisilazane–trimethylchlorosilane–pyridine 1:1:5,
0 min, room temperature), and qualitatively/quantitatively ana-

yzed by GLC on an EC-1 column (30 m × 0.32 mm,  Alltech), using
 Chrompack CP9002 gas chromatograph with flame-ionization
etector (temperature program 140–240 ◦C, 4 ◦C/min) (Kamerling

 Vliegenthart, 1989). The absolute configuration of the monosac-
harides was determined by the method of Gerwig, Kamerling,
nd Vliegenthart (1978).

.3. Partial acid hydrolysis and fractionation

EPS159 (119 mg)  was hydrolyzed in 3 mL  of 0.5 M TFA for 3 h
t 90 ◦C. The hydrolysate was centrifugated (1500 × g, 5 min), and
he supernatant was taken out. The precipitation was cleaned twice
ith 2 mL  of water with intermediate centrifugation. The combined

upernatant was  evaporated to dryness using a Rotavap. After dis-
olving in water, the product was fractionated on a Bio-Gel P-2
olumn (48 cm × 1.1 cm), eluted with 10 mM ammonium bicarbon-
te at a flow rate of 10 mL/h. Fractions of 10 min  were collected and
hecked by MALDI-TOF-MS for oligosaccharide mass distribution.

.4. High-pH anion-exchange chromatographic fractionation

High-pH anion-exchange chromatography (HPAEC) was per-
ormed on a Dionex DX500 workstation, equipped with an

D40 PAD system. Pooled Bio-Gel P-2 fractions of partial
ydrolyzed EPS159 were fractionated on a CarboPac PA-1 col-
mn  (250 mm × 9 mm,  Dionex), using different linear gradients
f 0–300 mM NaOAc in 100 mM NaOH (3 mL/min), depending
ers 90 (2012) 675– 682

on the sample (see Section 3). Collected fractions were immedi-
ately neutralized with 4 M NaOAc, desalted on CarboGraph SPE
columns (150 mg  graphitized carbon, Alltech) eluted with 1:3
acetonitrile:H2O, and lyophilized.

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

Molecular masses of products in the Bio-Gel P-2 fractions
from EPS159 partial hydrolysate were determined by MALDI-TOF-
MS,  using an AximaTM mass spectrometer (Shimadzu Kratos Inc.,
Manchester, UK) equipped with a nitrogen laser (337 nm,  3 ns pulse
width). Samples were prepared by mixing on the target 0.5 �L of
sample solution with 0.5 �L of 2,5-dihydroxybenzoic acid (DHB)
(10 mg/mL) as matrix solution.

2.6. Linkage analysis

EPS159 samples were permethylated using CH3I and solid NaOH
in DMSO (Ciucanu & Kerek, 1984; Needs & Selvendran, 1993). After
hydrolysis with 2 M TFA (2 h, 120 ◦C), the partially methylated
monosaccharides were reduced with NaBD4 (2 h, room tempera-
ture). Then, after neutralization with HOAc and removal of boric
acid by co-evaporation with methanol, followed by acetylation
with 1:1 acetic anhydride:pyridine (30 min, 120 ◦C), the mixture of
partially methylated alditol acetates was  analyzed by GLC–EI-MS
on an EC-1 column (30 m × 0.25 mm)  using a GCMS-QP2010Plus
instrument (Shimadzu, Japan) and a temperature program of
140–250 ◦C at 8 ◦C/min (Kamerling & Vliegenthart, 1989).

2.7. Nuclear magnetic resonance spectroscopic analysis

Resolution-enhanced 1D/2D 500-MHz 1H NMR  spectra (includ-
ing TOCSY, ROESY, HSQC) of intact EPS159 and its oligosaccharides
obtained by partial acid hydrolysis were recorded in D2O on a Var-
ian Inova Spectrometer at a probe temperature of 300 K. Before
analysis, samples were exchanged twice in D2O (99.9 atom% D,
Cambridge Isotope Laboratories, Inc., Andover, MA)  with interme-
diate lyophilization, and then dissolved in 0.6 mL  D2O. Chemical
shifts are expressed in ppm by reference to internal acetone (ı 2.225
for 1H and ı 31.08 for 13C).

3. Results

3.1. General

EPS159, an exopolysaccharide produced from sucrose by S.
mutans UA159, was obtained by ethanol precipitation. After
centrifugation, the pellet was redissolved in distilled water by
extensive sonication (3 h) and non-dissolved material was removed
by centrifugation. The solution was dialyzed (12–14 kDa cut-
off) against distilled water. Subsequently, EPS was  precipitated
again with ethanol. After centrifugation, the pellet was  intensively
washed with distilled water to remove all water-soluble mate-
rial. Then, dry EPS was obtained by lyophilization. Thereafter, the
obtained EPS159 (MW  > 14 kDa) was only soluble, in low concen-
tration, in water after extensive ultrasonication.

Monosaccharide (including d/l) analysis of EPS159 revealed
only the presence of d-glucose as carbohydrate constituent
(96%, w/w), indicating a glucan polymer. Methylation analysis of
EPS159 (Table 1) showed the presence of terminal, 3-substituted,
6-substituted, and 3,6-disubstituted glucopyranose in a molar per-

centage of 14, 18, 54, and 14%, respectively, indicating a branched
glucan.

1D/2D 1H NMR  spectroscopy of EPS159 (Fig. 1, included HSQC
spectrum) demonstrated �-anomeric configuration for the glucose
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Table 1
Methylation analysis results of EPS159 and some fractions isolated after partial hydrolysis of EPS159.

PMAA Rt Linkage type EPS159 PII9 PII10a PII10b PII11a PII12a PII13a PII14b PIV22

2,3,4,6-Me4-Glc-ol 1.00 Glcp(1→ 14 22 69 18 53 34 35 23 12
2,4,6-Me3-Glc-ol 1.16 →3)Glcp(1→ 18 – – – – – 34 77 –
2,3,4-Me3-Glc-ol 1.21 →6)Glcp(1→ 54 78 – 82 25 51 31 – 88

31

R tempe

r
i
l
d

2,4-Me2-Glc-ol 1.37 →3,6)Glcp(1→ 14 – 

t, GLC relative retention time to 2,3,4,6-Me4-1,5-Ac2-Glc-ol on EC-1 column with 
esidues (coupling constants 3J1,2 < 3.0 Hz). Of these residues, 79%
s involved in (�1→6) linkages (ıH-1 ∼ 4.98) and 21% in (�1→3)
inkages (ıH-1 ∼ 5.32), which is in agreement with the linkage
istribution found by methylation analysis. TOCSY experiments

Fig. 1. 1D 1H NMR and HSQC spectrum o
 – 22 15 – – –

rature program of 140–250 ◦C at 8 ◦C/min.
(20–200 ms,  spectra not shown) indicated overlap of two sig-
nals at ıH-1 ∼ 4.98, stemming from two Glc residues, denoted B
[→3,6)Glcp(1→6]  and C [→6)Glcp(1→6]. The signal at ıH-1 ∼ 5.32
also comprises two anomeric signals stemming from a terminal

f EPS159, recorded in D2O at 300 K.
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Table  2
The 1H and 13C NMR  chemical shiftsa of glucose residues in EPS159 and derived oligosaccharides, compared to free Glcp �/�, recorded in D2O at 300 K.

Residue H-1C-1 H-2C-2 H-3C-3 H-4C-4 H-5C-5 H-6aC-6 H-6b

Free Glcp � 5.22 3.54 3.72 3.43 3.84 3.85 3.76
93.1  72.5 73.8 70.7 72.4 61.8

Free  Glcp � 4.63 3.23 3.50 3.43 3.46 3.91 3.73
96.8  75.2 76.8 70.7 76.8 61.8

A  �-d-Glcp-(1–3)- 5.33 3.59 3.75 3.46 3.98 3.86 3.79
100.0  72.7 73.9 70.6 72.8 61.5

B  -(1–3,6)-�-d-Glcp-(1–6)- 4.98 3.68 3.87 3.78 3.91 3.98 3.75
99.0  71.0 81.7 70.8 71.2 66.7

C  -(1–6)-�-d-Glcp-(1–6)- 4.98 3.58 3.73 3.53 3.92 3.99 3.76
98.9  72.6 74.5 70.7 71.4 66.8

D  �-d-Glcp-(1–6)- 4.96 3.57 3.73 3.43 3.74 3.85 3.76
98.8  72.4 74.1 70.6 72.5 61.6

E  -(1–3)-�-d-Glcp-(1–3)- 5.33 3.69 3.91 3.69 4.00 3.86 3.78
100.1  71.3 81.3 70.7 72.6 61.5

F  -(1–3)-�-d-Glcp-(1–6)- 4.97 3.67 3.88 3.69 3.75 3.84 3.77
98.9  71.0 81.5 70.8 72.5 61.5

R� -(1–6)-Glcp  � 5.24 3.55 3.71 3.52 4.01 3.97 3.75
93.1  72.4 74.0 70.7 70.9 67.1

R�  -(1–6)-Glcp � 4.68 3.25 3.50 3.51 3.65 4.00 3.85
76.7 
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a In ppm relative to the signal of internal acetone (ı 2.225 for 1H and ı 31.07 for

lcp(1→3  residue A and a →3)Glcp(1→3  residue E. All 1H and
3C NMR  chemical shifts of the glucose residues (Table 2) were
etermined by TOCSY and HSQC (Fig. 1) experiments and use was
ade of an earlier developed structural-reporter-group concept

or the analysis of �-d-glucans (van Leeuwen, Leeflang, Gerwig, &
amerling, 2008).

.2. Partial acid hydrolysis and fractionation

For homopolysaccharides, products of partial acid hydrolysis
an provide relevant structural information. Thus, EPS159 was sub-
ected to a partial acid hydrolysis using 0.5 M TFA (3 h, 90 ◦C). The
ydrolysate was fractionated on a Bio-Gel P-2 column, and the
olecular masses of the products in the fractions were determined

y MALDI-TOF-MS. The Bio-Gel P-2 fractions were divided into
our pools based on their fragment sizes. Pool I contained Glc2–3
[M+Na]+ pseudomolecular ions at m/z  365 and 527), Pool II con-
ained Glc4–6 ([M+Na]+ pseudomolecular ions at m/z  689, 851, and
013), Pool III contained Glc7–10 ([M+Na]+ pseudomolecular ions at
/z 1175, 1337, 1499, and 1661), and Pool IV contained Glc>10.

Pool I was subfractionated by HPAEC on CarboPac PA-1, using
 linear gradient of 10–100 mM NaOAc in 100 mM NaOH, yield-
ng free glucose and four extra peaks (profile not shown). 1H
MR spectroscopy (spectra not shown) of two isolated compounds

both [M+Na]+ m/z 365 by MALDI-TOF-MS) showed them to be
lc(�1→6)Glc (isomaltose) and Glc(�1→3)Glc (nigerose), in accor-
ance to literature spectra (van Leeuwen, Leeflang, et al., 2008). The
hird peak (PI4) contained Glc3 ([M+Na]+ m/z 527 by MALDI-TOF-

S). The 1H NMR  spectrum (Fig. 2A) demonstrated the structure as:
lc(�1→6)Glc(�1→6)Glc (isomaltotriose) (Dobruchowska et al.,
011; van Leeuwen, Kralj, et al., 2008). The fourth peak (PI5) con-
ained also a Glc3 ([M+Na]+ m/z 527 by MALDI-TOF-MS) but the 1H
MR spectrum revealed the structure as Glc(�1→3)Glc(�1→3)Glc

Fig. 2B).
Pools II, III, and IV were also subfractionated by HPAEC on Car-

oPac PA-1, but using a linear gradient of 0–250 mM NaOAc in
00 mM NaOH (Fig. 3A, C, and D). Nine fractions from Pool II,
enoted PII6–PII14, five fractions from Pool III, denoted PIII15–PIII19,
nd five fractions from Pool IV, denoted PIV20–PIV24 were isolated

or structural characterization.

Some of the fractions from Pool II turned out to be mixtures and
ere further separated by HPAEC on CarboPac PA-1, using adequate

inear solvent gradients; 50–110 mM NaOAc in 100 mM NaOH for
70.6 75.8 69.6

PII10, yielding two fractions denoted PII10a and PII10b; 50–150 mM
for PII11, yielding PII11a and PII11b; 60–180 mM for PII12, yielding
PII12a and PII12b; 50–250 mM for PII13, yielding PII13a and PII13b;
and 100–300 mM for PII14, yielding PII14a and PII14b (Fig. 3B).

3.3. Structural analysis of fractions

All obtained fractions were analyzed by MALDI-TOF-MS and
NMR spectroscopy. Some fractions were also subjected to methy-
lation analysis (MA) when the 1D 1H NMR  spectrum was not
straightforward. The structures of the oligosaccharides which could
be elucidated are depicted in Table 3.

As a typical example of the structural analysis of an oligosaccha-
ride, the analysis of a hexasaccharide in fraction PII12a is described
in detail. MALDI-TOF-MS analysis of PII12a showed an [M+Na]+

pseudomolecular ion at m/z 1013, corresponding with Hex6.
The 1H NMR  spectrum of PII12a (Fig. 4) revealed the anomeric

signals of five distinctive glucose residues, respectively at ı 5.34
(A� H-1), 5.32 (A� H-1), 5.24 (R� H-1), 4.98 (B H-1, C H-1, and D H-
1), and 4.68 (R� H-1). All proton and carbon signals were assigned
by TOCSY, HSQC, and ROESY experiments (Dobruchowska et al.,
2011; van Leeuwen, Kralj, et al., 2008). Residue A is a terminal
�-d-Glcp-(1–3)- unit, according to its set of chemical shifts (van
Leeuwen, Leeflang, et al., 2008). The splitting of the A H-1 (A� 5.34,
and A� 5.32) was  due to the influence of the �/� configuration
of the reducing Glcp residue R. Although there was  strong over-
lap at ı 4.98, build-up TOCSY experiments (20, 50, 100, 200 ms)
revealed the differences in chemical shift of the ring protons. The
set of chemical shifts of D H-2, H-3, H-4, H-5, and H-6a/b at ı 3.57,
3.73, 3.43, 3.73, and 3.86/3.77, respectively, corresponds with that
of a terminal �-d-Glcp-(1→6)- unit. The set of chemical shifts of C
H-2, H-3, H-4, and H-5 at ı 3.59, 3.73, 3.54, and 3.90, respectively,
corresponds with that of an internal -(1→6)-�-d-Glcp-(1→6)- unit,
whereas the set of chemical shifts of B H-2, H-3, H-4, and H-5 at ı
3.69, 3.88, 3.75, and 3.92, respectively, corresponds with that of an
internal →3,6)-disubstituted �-d-Glcp unit.

The substitutions at positions 3 and 6 of residue B were sup-
ported by the downfield 13C chemical shifts (deduced from HSQC):
B C-3 at ı 81.7 and B C-6 at ı 66.8. The substitution of residue C at

position 6 was  also supported by a downfield chemical shift of C
C-6 at ı 66.9 (Dobruchowska et al., 2011). In the ROESY spectrum,
inter-residual cross peaks were observed indicating the link-
ages B(1–6)R, C(1–6)B, D(1–6)C, and A(1–3)B. Considering
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ig. 2. (A) 1D 1H NMR  spectrum of HPAEC fraction PI4 (isomaltotriose), recorded in
2O at 300 K.

ll analytical data, fraction PII12a was identified as
1→6C1→6C1→6[A1→3]B1→6R, i.e.,  �-d-Glcp-(1→6)-�-d-Glcp-

1→6)-�-d-Glcp-(1→6)-[�-d-Glcp-(1→3)]-�-d-Glcp-(1→6)-d-
lcp (Fig. 4).

.4. Structure of EPS159

The analysis of oligosaccharide fragments produced by par-
ial acid hydrolysis of EPS159 revealed eleven fractions with only
�1→6) linkages, three fractions with only (�1→3) linkages and
our fractions with (�1→6) and (�1→3) linkages. 1H NMR  spectro-
copic analysis revealed no indications for linear [→3)Glc(�1→6]
equences (van Leeuwen, Leeflang, et al., 2008). Combining the elu-
idated oligosaccharides with the linkage analysis data and the
MR  data of intact EPS159, a composite model of EPS159, that

ncludes all identified structural features can be formulated, how-
ver, not showing the definite structure. It indicates that EPS159

ontains a long backbone of →6)Glcp(1→ residues and about 1/5
f →6)Glcp(1→ residues are substituted at 3-OH. The side chains
re composed of Glcp(1→ or →3)Glcp(1→,  whose length may  vary
rom 1 to 5 Glcp residues. Because (�1→3) linkages are more
t 300 K. (B) 1D 1H NMR  spectrum of HPAEC fraction PI5 (nigerotriose), recorded in

susceptible to acid hydrolysis with TFA than (�1→6) linkages, the
polymer degree of the (�1→3) linked glucose fragments could be
higher than five glucose residues.

α- -GlcpD

-Glcp-(16)-α-D -Glcp-(16)-α-D -Glcp-(16)-α-D -Glcp-(16)-α-D
3

1

n

~ 0-4

~ 2

α- -Glc pD

3

1
A

E

BC

4. Discussion

Most published data on the structure of glucans produced by

S. mutans showed that the water-insoluble glucans contain pre-
dominantly (�1→3) linkages, whereas the soluble glucans are
comprised basically of (�1→6) linkages (Davis, Boyko, et al., 1986;
Duarte et al., 2008; Higton & Weigel, 1980; Shibata et al., 1983;
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Fig. 3. HPAEC profiles of EPS159 Bio-Gel P-2 Pool II (A), III (C), and IV (D). (B) Subfractionation by HPAEC of fractions PII10, PII11, PII12, PII13, and PII14.

Table  3
Derived oligosaccharides from partially hydrolyzed EPS159.

Fraction Sub-fraction MALDI-TOF-MS [M+Na]+ m/z MA NMR  Oligosaccharide structure

PI4 527 (Hex3) + G(�1→6)G(�1→6)G
PI5 527 (Hex3) + G(�1→3)G(�1→3)G
PII6 n.d. n.d.
PII7 527 (Hex3) + G(�1→6)G(�1→6)G
PII8 689 (Hex4) + G(�1→6)[G(�1→6)]2G
PII9 851 (Hex5) + + G(�1→6)[G(�1→6)]3G
PII10 PII10a 689 (Hex4) + + G(�1→6)G(�1→6)G G(�1→3)/

PII10b 1013 (Hex6) + + G(�1→6)[G(�1→6)]4G
PII11 PII11a 851 (Hex5) + + G(�1→6)[G(�1→6)]2G G(�1→3)/

PII11b 1175 (Hex7) + G(�1→6)[G(�1→6)]5G
PII12 PII12a 1013 (Hex6) + + G(�1→6)[G(�1→6)]2G(�1→6)G G(�1→3)/

PII12b n.d. n.d.
PII13 PII13a 527 (Hex3) + + G(�1→3)G(�1→6)G

PII13b 689 (Hex4) + G(�1→3)[G(�1→3)]2G
PII14 PII14a 689 (Hex4) n.d.

PII14b 851 (Hex5) + + G(�1→3)[G(�1→3)]3G
PIII15 851 (Hex5) + G(�1→6)[G(�1→6)]3G
PIII16 1013 (Hex6) + + n.d.
PIII17 1175 (Hex7) + G(�1→6)[G(�1→6)]5G
PIII18 n.d. n.d.
PIII19 n.d. n.d.
PIV20 1499 (Hex9) + G(�1→6)[G(�1→6)]7G
PIV21 1661 (Hex10) + G(�1→6)[G(�1→6)]8G
PIV22 1823 (Hex11) + + G(�1→6)[G(�1→6)]9G
PIV23 n.d. n.d.
PIV24 n.d. n.d.

n.d., not determined, due to too less material or too complex mixture.



B. Li et al. / Carbohydrate Polymers 90 (2012) 675– 682 681

)  spec

W
w
c
T
w
a
t

Fig. 4. 1D 1H NMR  and 2D 1H–1H TOCSY (100 ms

iater et al., 1999). In our case, EPS159 is not easily soluble in
ater and DMSO, only after extensive sonication. However, EPS159

ontains 54% of (�1→6) linkages and 18% of (�1→3) linkages.

herefore, the solubility of glucans not only has some connection
ith the proportion of linkage types but also has to do with the

rray of these linkages, degree of branching, molecular size, and
he overall quaternary structure of the polymer.
trum of fraction PII12a, recorded in D2O at 300 K.

Methylation analysis is a primary method to investigate link-
age types of polysaccharides. Because EPS159 is difficult to dissolve
in DMSO, it increases the complexity of methylation procedure.

In our methylation procedure, EPS159 was  methylated by adding
twice CH3I (30 min  for each time) after extensively sonicating the
sample in DMSO for 1 h. Complete methylation was achieved by this
treatment based on the equimolar ratio of terminal units to those of
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ranch points. 1D 1H NMR  spectroscopy of EPS159 confirmed the
ethylation result.
Interestingly, the EPS159 composition is similar to that of a

ater-insoluble glucan produced by S. mutans 6715 (Davis, Boyko,
t al., 1986; Davis, Hines, et al., 1986). However, we conclude a
ifferent structure, containing a (1–6) instead of a (1–3) backbone,
imilar to EPS from S. mutans GS-5 (Aires et al., 2010, 2011; Higton &

eigel, 1980). The chemical compositions and detailed structures
f EPS can provide more insight into their in situ physical proper-
ies and acidogenicity of S. mutans as part of the biofilms known
s dental plaque and its cariogenicity (Flemming & Wingender,
010). The degree of branching could contribute to specific physical
haracteristics of the biofilms.

It has to be noted that dietary combinations of starch and sucrose
ay  be associated with biochemical and structural changes, as
ell as the total biomass in the biofilms (Duarte et al., 2008). Fur-

hermore, many biological enzymatic interactions occurring within
ental plaque including dextranase and mutanase produced by oral
icroorganisms, and the simultaneous involvement of several pro-

eins play a role in the formation of S. mutans biofilm (Hayacibara
t al., 2004; Khan, Islam, Khan, & Akram, 2011; Kuramitsu & Wang,
011). However, knowledge of the detailed structure of exopolysac-
harides can contribute to the elucidation of the exact mechanism
nd interactions that may  occur during the formation and mat-
ration of dental plaque, possibly leading to the development of
pecific inhibitors of glucan formation.
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