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ABSTRACT 

Two a-o-glucans, produced from amylopectin by an oral isolate Streptococcus sanguis 1 MC 204, 
were shown to contain both (1+4) and (1+6) linkages. The first a-o-glucan (amyloglucan) was adherent 
and highly insoluble, and methylation analysis, i.r. spectroscopy, and enzymic analyses showed it to be 
similar to amylopectin but less branched with longer interior and exterior chains. The second polymer was a 
non-adherent soluble a-o-glucan that was similar to amyloglucan but with long exterior chains. These 
a-o-glucans were not synthesised de nouo, but were the products of the modification of amylopectin. 

INTRODUCTION 

Coogan and co-workers’ showed that amylopectin is metabolised by oral strepto- 
cocci, to give a polymer designated amyloglucan that adheres readily to glass and is 
insoluble in all the solvents tested. Recently, a second polymer, which is similar to 
amyloglucan but is soluble and non-adherent, has been isolated. The structures of these 
polysaccharides are now reported. 

Various applications of methylation analysis24, i.r. spectroscopy’, degradation 
by enzyme@, and staining with iodine’* to amylopectins have not yielded a consensus 
on the fine structure. Nevertheless, the above methods have been applied, because the 
amyloglucan and the soluble glucan are derived from amylopectin. 

RESULTS AND DISCUSSION 

Two a-D-glucans were produced from amylopectin by the starch-hydrolysing 
enzymes. The first dissolved in all of the test solvents and did not adhere to glass, 
whereas the second (amyloglucan) was adherent and insoluble. In this respect, the latter 
glucan may be similar to mutan, which accumulates in plaque and enables S. mufuns to 
attach to teeth’. Furthermore, amyloglucan is less soluble than mutan, which suggests 
that it would accumulate more readily. 

* To whom correspondence should be addressed. 

000%6215/91/$03.50 @ 1991 - Elsevier Science Publishers B.V. All rights reserved. 
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Amyloglucan may be insoluble for the same reasons that amylose and mutan do 
not dissolve readily. For example, amylose is a uniform linear molecule that forms 
strong intermolecular hydrogen bonds, has an extended ribbon-like structure, and 
contains a few branches”. Mutan has similar characteristics, because it is a (1+3)-a-~- 
glucan that has ribbon-like molecules that are nearly fully extended. The chains pack 
readily into dense, completely water-insoluble microfilms with extensive intra- and 
inter-sheet hydrogen bonding ” Elongation of the chains in amyloglucan may have . 
enabled the formation of ribbon-like structures with strong intermolecular hydrogen 
bonding. 

The amyloglucan-iodine complex gave a purple stain with an El % of 1 (i.e., the 
theoretical absorbance of a 1% solution of amyloglucan) and had I,,, 550 nm, which 
indicated that amyloglucan is similar to amylopectin but binds iodine poorly. In 
contrast, the soluble glucan stained blue with iodine (A,,,,, 570 nm, El% 17.8), with a 
value intermediate of those for amylopectin (A,,, 540 nm, El % 14.5) and amylose (A,,, 
620 nm, El% 99.7), which suggests more branching than in amylose and less than in 
amylopectin. 

The i.r. spectra of amylopectin, amyloglucan, and the soluble glucan were similar, 
especially in the “fingerprint region” for sugars (1000-650 cm-‘)“. Amyloglucan and 
the soluble glucan each had a band at 844 cm-’ but not at 891 cm-‘, consistent with c( 
linkages. The band for (l-4) linkages at 930 cm-’ was similar for amylopectin and the 
soluble glucan, but slightly larger for amyloglucan. The second band for (1+4) linkages 
at 758 cm-’ was more marked for the soluble glucan than for amyloglucan and 
amylopectin. The bands for (1’6) linkages at 917 and 768 cm-’ were present in 
amyloglucan and the soluble glucan but were difficult to interpret because they were 
close to those for (1+4) linkages. There were no marked peaks at 793 cm-‘, character- 
istic of (l-+3) linkages (Fig. 1). 

Methylation analysis of amylopectin, glycogen, amyloglucan, and the soluble 
glucan (Table I) gave 1,5-di-O-acetyl-2,3,4,6-tetra-O-methyl-D-glucitol (end groups), 
1,4,5-tri-O-acetyl-2,3,6-tri-0-methyl-D-glucitol [( 1+4)-linked units], 1,4,5,6-tetra-O- 
acetyl-2,3-di-0-methyl-D-glucitol (branched units), and 1,3,4,5-tetra-0-acetyl-2,6-di- 
0-methyl-D-glucitol [(l-+3)-linked units] (Fig. 2). More 1,5-di-0-acetyl-2,3,4,6-tetra- 

TABLE I 

Methylation analysis data (see Experimental) 

Glucan 2,3,4,6-G& 2,3,6-Gfc 2.6-Gfc 2,3-Glc 

Amylopectin 3.9 82.6 7.7 5.8 
Amyloglucan 2.8 89.7 2.6 4.9 
Soluble glucan 2.9 84.6 4.8 7.7 
P 0.887 0.932 0.957 0.969 

” 2,3,4,6-Glc = 1,5-di-O-acetyl-2,3,4,6-tetra-O-methyl-~-g~ucitol; 2,3,6-Glc = 1,4,5-tri-0-acetyl-2,3,6-tri- 
0-methyl-D-glucitol; 2,6-Glc = l,3,4,5-tetra-O-acetyl-2,6-di-O-methyl-~-glucitol; 2,3-Glc = 1,4,5,6-tetra- 
0-acetyl-2,3-di-0-methyl-o-glucitol. * Retention time relative to that of myo-inositol hexa-acetate. 
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Fig. I. 1.r. spectra of amylopectin, amyloglucan, soluble glucan, the dextran produced from sucrose by S. 
sanguis 1 MC 204, and the mutan produced from sucrose by S. mufans ATCC 25175. 
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Fig. 2. Gas chromatographs of the alditol acetates formed by the methylation of amyloglucan and the 
soluble polysaccharide produced from amylopectin: (1) 1,5-di-O-acetyl-2,3,4,6-tetra-O-methyl-~-glucitol; 
(2) 1,4,5-tri-O-acetyl-2,3,6-tri-O-methyl-D-glucitol; (3) 1,3,4,5-tetra-O-acetyl-2,6-di-O-methyl-~-glucitol; 
(4) l,4,5,6-tetra-O-acetyl-2,3-di-O-methyl-~-glucitol; (5) myo-inositol hexa-acetate (internal standard). 
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TABLE II 

Data on amylose, amylopectin”, the soluble glucan, and amyloglucan produced from amylopectin by S. 
sanguis 1 MC 204 

Property Amylose Amylopectin Soluble Amyloghcan 

General structure Essentially Branched Less branched Less branched 
unbranched 

Average chain length - 10’ 26(24) 35 36 
Exterior chain length 17(15) 23 21 
Interior chain length g(9) 11 14 
% Conversion into maltose 
with beta-amylase -70 55(56) 59 52 

” The figures in brackets are from previous studies’4.26. 

O-methyl-D-glucitol and 1,4,5-tri-O-acetyl-2,3,6-tri-O-methyl-~glucitol were obtained 
from the amyloglucan and the soluble glucan than from amylopectin. 1,3,4,5-Tetra-0- 
acetyl-2,6-di-O-methyl-D-glucitol, usually indicative of (1’3) linkages, was formed in 
small proportion from each polymer and probably reflected incomplete methylation. 

The chain length (26) calculated for amylopectin was intermediate of those 
reported8%‘3*‘4. The chain lengths of the soluble glucan and amyloglucan were calculated 
as 35 and 36, respectively (Table II). The value for amyloglucan may be an under- 
estimate because some of the polysaccharide did not dissolve. The insoluble material 
may have had long chains with a structure similar to those of mutan” and amylose”. 

Three kinds of chains (A-C) are found in amylopectin. A-chains are unbranched, 
whereas B-chains have one or more A- and B-chains attached to positions 6, and the 
single C-chain includes the reducing end unit’3.‘5. Isoamylase is specific for inter-chain 
(1+6) linkages and will release all the A and B chainr?. 

The chain profile, obtained by gel-permeation chromatography after debranch- 
ing with isoamylase, showed a bimodal distribution. The two majorpeaks corresponded 
to chain lengths of -20 and -40. Chains of 20 glucose residues had a partition 
coefficient (Ka) of 0.75 and presumably consisted of A-chains and short B-chains, 
whereas the longer chains had a Ka of - 0.3 and represented long B-chains (Fig. 3). The 
chain profiles for amylopectin, amyloglucan, and the soluble glucan were similar, but 
the second peak which corresponded to chain lengths of 40 was larger for amyloglucan 
and the soluble glucan than for amylopectin. This result suggested that the glucans 
contained longer B-chains than the parent polysaccharide. 

The lengths of the exterior (e.c.1.) and interior (i.c.1.) chains were determined from 
the results obtained from the beta-amylase analysis: 

e.c.1. = (c.1. x beta-limit) + 2 
i.c.1. = cl. - e.c.1. - 1. 

Both the exterior and interior chains in amyloglucan and the soluble glucan were almost 
a third longer than those in amylopectin (Table II). 
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Fig. 3. Fractionation on Sephadex G-50 of the products obtained by the debranching of amylopectin, 
amyloglucan, and the soluble glucan with isoamylase. 

Thus, the amyloglucan is a branched polymer with exterior and interior chains 
that are longer than those of amylopectin. In contrast, the length of the interior chains in 
the soluble glucan is similar to those in amylopectin and the exterior chains are similar to 
those in amyloglucan. If the randomly branched structure suggested by Meyer and 
Bemfeld” is considered, these changes could be caused by the removal of A-chains from 
amylopectin. The formation of the soluble glucan could be the first stage in this process 
whereby exterior A-chains are removed, which would increase the length of the remain- 
ing chains. Thereafter, further A-chains could be removed from the interior part of the 
molecule. The formation of oligosaccharides with chain lengths of 10-12 supports this 
suggestion. Their removal would increase the length of interior and exterior chains and 
yield the amyloglucan. 

The formation of amyloglucan could also be based on the cluster model of 
amylopectin’s~‘9, which considers amylopectin to be composed of compact clusters of 
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chains that are randomly branched. These clusters are linked by long B-chains which 
extend into two or more clusters. A-chains are unbranched, whereas B-chains carry A- 
or other B-chains. Hizukuri’4 has shown a tetramodal distribution of chains in potato 
amylopectin. The first fraction consisted of short A- and B,-chains which formed a 
single cluster, the second and third fractions contained B,- and B,-chains that extended 
into two and three clusters, and a further fraction (B4) contained B-chains that stretched 
across more than four clusters. 

The increased chain length of the soluble glucan (Table II), the presence of 
short-chain oligosaccharides, and an increase in the number of B,- and B,-chains, as 
shown by debranching and fractionation (Fig. 3), suggest that some of the A-chains and 
short B,-chains had been removed to form this polysaccharide. This process would 
result in a proportionate increase in the number of the longer B,- and B,-chains. 
Further, limited debranching of the soluble glucan followed by inter-chain association 
of the longer B,- and B,-chains could yield the insoluble amyloglucan. This mechanism 
may be similar to the association process which leads to the formation of amylopectin”. 

The amyloglucan and the soluble glucan could either be synthesised from the 
degradation products of amylopectin or by modification of amylopectin. There are 
several reasons to support the latter possibility. Thus, the i.r. spectra for amyloglucan 
and the soluble glucan were similar to that of amylopectin and not those of the dextran 
produced from sucrose and the mutan produced by S. mutans. Moreover, each polymer 
contained a-n-glucose residues (Fig. 1) that were variously (1+4)- and (1+4,6)-linked 
(Table II), and digestion by isoamylase yielded similar chain profiles (Fig. 3). 

EXPERIMENTAL 

Producrion of ppolysaccharide. - S. sanguis 1 MC 204 was inoculated into a 
chemically defined broth2’ (500 mL), which was incubated at 37” for 48 h, then 
centrifuged at 12,OOOg. The supernatant solution, which contained extracellular en- 
zymes, was passed through a sterile filter (0.2 pm) in order to remove any remaining 
cells. The suspension was mixed with phosphate-buffered saline (pH 7.2,500 mL) that 
contained 1% ofpotato amylopectin (Sigma, No. A-851 5). The mixture was distributed 
in lOO-mL portions in sterile Boston round bottles and incubated at 37” for 5 days. The 
broth was then decanted into sterile bottles, the material which adhered to the glass was 
removed, and the suspension was centrifuged at 12,OOOg for 20 min. The polysaccharide 
pellet (amyloglucan) was washed 4 times with distilled water and dried over phosphorus 
pentaoxide. This procedure was repeated 6 times on the same litre of broth. 

Amylopectin was precipitated by adding 50 mL of ethanol to 100 mL of broth, 
The broth was centrifuged at 12,000g for 20 min and 20 mL of ethanol was added to the 
supernatant solution. The suspension was centrifuged at 12,OOOg for 20 min, the 
supernatant solution was discarded, and the precipitate was washed with several 
changes of aqueous 70% ethanol and dried over phosphorus pentaoxide to give the 
soluble glucan. The molecular weight of this material may be variable. This polymer was 
soluble in M acetic acid, M potassium hydroxide, and methyl sulfoxide in which the 
amyloglucan did not dissolve. 
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The above supernatant solution (25 mL) was freeze-dried, and a solution of the 
residue in distilled water (1 mL) was passed through a millipore filter (0.45 ,um). The 
oligosaccharides were then fractionated by h.p.1.c. with a Waters Sugar-pak column, 
using degassed reagent-quality water as the mobile phase. The sugars were detected with 
a Waters 401 refractometer. 

Characteristics of thepolysaccharides. - (a) Iodine staining. The iodine-staining 
characteristics of amyloglucan and the soluble glucan were determined and compared 
with those of amylopectin and amylose, using the method of McCready and Hassid22. 

(b) Z.r. spectra. The i.r. spectra (KBr discs) of dried samples of the amyloglucan, 
the soluble glucan, the water-insoluble dextran produced from sucrose by S. sanguis 1 
MC 204, and the mutan produced by S. mutans ATCC 25175 (prepared using the 
method of Nisizawa et al.‘2) were recorded with a Jasco A-202 Spectrophotometer. 

(c) MethyZation analysis. Samples were dried for 24 h over phosphorus pentaox- 
ide, transferred to McCartney bottles, then methylated, hydrolysed, reduced, and 
acetylated using the method of Harris et aZ.4. The insoluble polysaccharide was ground 
to a fine powder in an effort to improve the solubility, and the method for the 
methylation of insoluble samples was used. The preliminary methylation step was 
repeated 3 times and the sample was heated to 60” for 60 min before proceeding with the 
methylation; myo-inositol was used as the internal standard. The alditol acetates were 
analysed by g.l.c.-m.s. with a Carlo Erba Fractovap Series 4200 gas chromatograph 
fitted with an SE 30 column, with hydrogen as the carrier gas, and the temperature 
program 40” for 3 min, 4”/min to loo”, and S”/min to 250”. The identity ofeach peak was 
confirmed with a Micromas 16F mass spectrometer (ion source at 220”; energy, 70 eV). 
The mass spectra were identified by comparison with those in the NBS Library Search. 
The molar percentages of the glucitol acetates were based on the areas of the peaks in 
g.1.c. 

(d) Enzymic analysis. Each sample (25 mg) was moistened with ethanol (0.3 mL), 
then stirred with aqueous 10% potassium hydroxide (1 mL). The amyloglucan, which 
did not dissolve, was ground to a fine powder, suspended in the ethanol-alkali mixture, 
heated to 60” for 1 h, then stirred at room temperature for 1 week. Some (12%) of the 
amyloglucan did not dissolve. 

The pH of each solution was adjusted to 3.6 with 18~ acetic acid and the volume 
was made up to 5 mL with acetate buffer (pH 3.6). Isoamylase (1.5 U) from Pseudomo- 
nas amyloderamosa ATCC 2 1262 (Hayashibara Biochemical Laboratories) was added 
and each mixture was incubated for 18 h at 37”. The products were eluted from a column 
(100 x 1.5 cm) of Sephadex G-50 with degassed distilled water. Fractions were analysed 
for reducing sugars, using the phenol-sulphuric acid method23. 

The pH of suspensions of samples (10 mg) of the polysaccharide in 50mM acetate 
buffer (pH 4.8) were adjusted to pH 4.8 with 18~ acetic acid made up to 3 mL with 5OmM 
acetate buffer (pH 4.8). Beta-amylase (60 U) from Zpomoea batatas (sweet potato) 
(Boehringer Mannheim GmbH) was added and each mixture was incubated at 37” for 
18 h. The action of the enzyme was stopped by heating in boiling water for 1 min. The 
undigested suspensions and the digests were tested for reducing sugars with the Folin 
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and WU*~ modification of Fehlings test, as described by Dawson et a1.25. The concentra- 
tion of copper sulphate in solution A was decreased ten-fold. Absorbance was read at 
420 nm. The undigested suspensions were also tested for total carbohydrate, using the 
phenol-sulphuric acid method23. 
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