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ABSTRACT 

Both cu-isomaltosyl @-D-fructoside and ff-D-XylOSyl #3-n-fructoside show strong 
inhibition of the synthesis of water-insoluble and water-solubie D-glucans from 
sucrose by a partially purified preparation of a D-glucosyltransferase (GTase) from 
Streptococcus mutuns 6715; however, the inhibitory modes differ substantially. In 
the presence of cu-isomaltosyl @-D-fructoside, the production of reducing sugars and 
the consumption of sucrose are remarkably enhanced, compared with a control of 
sucrose alane. Under these conditions, a large proportion of low-molecular-weight 
giycan (lmwg) and a series of noureducing oligosaccharides (both containing 
u-fructosyl groups or residues) are produced. In contrast, in the presence of ~J-D- 
xylosylj3-D-fructoside, the production of reducing sugars and the sucrose consump- 
tion are strikingly suppressed, and no lmwg or oligosaccharides are produced. 
Thus, it may be concluded that tu-isomaltosyl P-D-fructoside acts as an alternative 
acceptor for the D-glucosyl andfor D-gluca~osyl transfer reactions of the enzyme, 
and serves to lessen the formation of insoluble and soluble D-glucan, although it 
stimulates the transferring activity of the enzyme. On the other hand, cu-D-xylosyl 
~“~-fructoside competitively inhibits the sucrose-spIi~ting activity of the enzyme as 
an analog to sucrose, and thereby diminishes the synthesis of D-glucan. 

Sucrose 6-glucosyltransferase (GTase: EC 2.4.1.5) of Streptococccus mutans is 
one of the main, causative factors involved in the occurrence of dental caries as the 
synthesis of water-insoluble D-glucan from sucrose by the enzyme causes bacterial 
~. 
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adherence to, and plaque accumulation on, tooth surface’-“. This sucrose- 

dependent, insoluble D-glucan synthesis by streptococcal GTase is remarkably 

inhibited by D-fructose. maltose, isomaltose, and many other saccharides, including 

methyl sugars and amino sugars-lo. Recently, we reported” that cy-isomaltosyl /I- 

D-fructoside and CU-D-xylosyl P-D-fructoside also strongly inhibit the synthesis of 

D-glucan from sucrose by a crude preparation of the extracellular GTase of S. 

mutans 6715. 

We now describe the inhibitory action of a-isomaltosyl P-D-fructoside and 

a-D-xylosyl P-D-fructoside against the in vitro synthesis of D-glucan by a partially 

purified GTase preparation, and shall discuss the difference between the modes of 

their inhibition. 

MATERIALS AND METHODS 

Sugars. - cu-D-Xylopyranosyl p-D-fructofuranoside [a-D-Xylp p-D-Fruf3 was 

synthesized by the method of Avigad et al. II, using purified levansucrase of Bacillus 

subtilis var. saccharolyticus as described previously”. Briefly, an aqueous solution 

containing 2% of sucrose and 10% of D-xylose was incubated with the enzyme for 

48 h at 40”. cw-D-Xylosyl p-D-fructoside was isolated from the mixture by charcoal- 

column chromatography, with 2:23 (v/v) ethanol-water as the eluate. The yield 

was 14.3%. cY-Isomaltosyl /3-D-fructoside [O-a-D-Glcp-( 1+6)-cu-D-Glcp /3-D-Frufl 

was synthesized by essentially the same method, except that isomaltose was used as 

the acceptor. The trisaccharide was isolated by charcoal-column chromatography 

with 3: 1 (v/v) ethanol-water. The yield was 18%. The synthetic sugars, identified 

by optical rotation and by enzymic hydrolysis using yeast p-D-fructofuranosidase 

(Boehringer-Mannheim-Yamanouchi, Tokyo) as described previously”, each gave 

a single spot on paper chromatograms. 
Preparation of glucosyltransferase (G Tase). - The partially purified GTase 

preparation was obtained from a brain-heart infusion-broth (Difco Laboratories. 

Detroit, MI) culture of Streptococcus mutans strain 6715 by a modification of the 

procedure’” of Smith et nl. A crude GTase fraction was prepared by precipitating it 

from the culture supernatant liquor with a 50% saturation of ammonium sulfate, 

followed by dialysis against 0.05~ sodium phosphate buffer, pH 6.8, containing 

0.02% of sodium azide, and the enzyme was incubated with 10% sucrose for 16 h 

at 37”. The product, insoluble D-glucan-GTase complex, was washed twice with 

the aforementioned buffer and agitated for 24 h at 4” in 10~ lithium chloride solu- 

tion to remove the weakly bound contaminating proteins. The GTase was not re- 

leased from the D-ghCan by this treatment. The lithium chloride was removed from 

the complex by washing with the buffer, and the GTase was dissociated from the 

D-glucan with 6~ guanidine hydrochloride for 1 h at room temperature. The 

guanidine solution was then extensively dialyzed against 0.01~ sodium phosphate 

buffer, pH 6.8, containing 0.02% of sodium azide, and the partially purified 

preparation was used as the enzyme. One unit of GTase is defined as that amount 
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which will liberate 1.0 ~mol of reducing-sugar equivalent, as D-glucose, per min 
under the standard assay conditions; 1 mL of the GTase preparation contained 50 
pg of proteins and 0.02 unit of GTase. The specific activity (units/mg of proteins) 
of the enzyme preparation relative to that of the crude GTase fraction was 451.9 
and the yield of the enzyme was 41.5%. This GTase preparation did not contain 
any D-fructosyltransferase and could not release any detectable reducing sugar from 
dextran T2000 (substrates for dextranase), inulin (for inulinase), raffinose (for 
invertase and D-fructosyltransferase), cr-isomaltosyl P-D-fructoside, or CY-D-xylosyl 
/3-D-fructoside even after incubation for 20 h at 37” (data not shown), but it still 
contained two active GTase proteins synthesizing insoluble D-glucan and soluble 
D-glucani3-15. 

Enzyme assay. - The reaction mixture contained 50mM sodium phosphate 
buffer (pH 6.8) 5mM sucrose, 3mM sodium azide, and 0.004 unit of the GTase in 
a final volume of 4 mL. After incubation for an appropriate period at 37”, in the 
presence or absence of maltose, a-D-xylosyl P-D-fructoside, or tu-isomaltosyl P_D- 
fructoside, in a small glass test-tube, insoluble D-glucan (IG) produced in the 
reaction mixture was separated by centrifugation at 7,200g for 20 min. The 
precipitated IG and the IG that adhered to the test tube were washed twice with 
the buffer, and dissolved in 0.5~ sodium hydroxide (1 mL). To the supernatant 
liquor from the reaction mixture was added 9:ll ethanol-water, and the mixture 
was kept for 18 h at 4”, to precipitate16 soluble D-glucan (SG). Low-molecular- 
weight D-&m (lmwg) in the supernatant liquor from the last ethanol fractionation 
was precipitated by addition of ethanol up to 75%, and the mixture was kept 
for 18 h at 4”. Sugars still dissolved in the supernatant liquor from this ethanol 
fractionation were analyzed by paper chromatography, or were further fractionated 
into mono-, di-, and oligo-saccharides by charcoal-column chromatography, or 
both. 

~eter~~nati~~ of the values of Km and ICE. - The standard reaction-mixtures 
containing various concentrations (2.5-5OmM) of sucrose were incubated for 120 
min at 37” with or without 1OmM rr-D-xylosyl /3-D-fructoside. The reaction mixtures 
were then assayed for reducing power. The velocity of the reaction was expressed 
as the amounts (E.cg) of reducing sugars (as D-glucose) per mL of the reaction 
mixture, and the data were plotted by the method of Lineweaver and Burk. 

Analytical methods. - Gas-liquid chromatography was conducted in a 
Shimadzu gas Chromatograph GC-7AG. Separations were made at a nitrogen flow- 
rate of 40 mL per min on a column (3 mm by 250 cm) containing 3% (w/w) of 
ECNSS-M on Gaschrom Q (100-120 mesh), the temperature in the oven being 
increased from 230 to 270” in 15 min, and the sample injected at 300”. 

Charcoal-column chromatography was performed in a column (6 mm by 8 
cm) containing activated charcoal (4 g). The column was eluted stepwise with 
O:lOO, 1:19, 1:9, and 1:4 ethanol-water. 

Paper chromatography was carried out as described previously’~. Reducing 
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sugars on the chr~mat~grams were detected with the acetone-silver nitrate reagent. 
and ketoses with the phioroglucinoi reagent”. 

The amounts of LG, SG, Imwg, and ohgosaccharides were determined 
col~rimetrically by the phen~i-sulfuric acid methodiX. Each sugar in the mono- and 
di-saccharide fractions was identified, and simult~n~ousiy quantified, as the 
trimethy~silyl derivativeslv or alditol acetate derivative’” by gas-liquid chromato- 
graphy. The amounts of D-glucose and fructose were also respectively detcrrn~Iled 
by the ~-glucose oxidase method (Blood Sugar GOD Perid Test: Bochringer- 
~~a~nh~irn} and the anthr~~e-sulfuric acid rneth#d~l at 411”. ~cducing sugar was 
analyzed by the coiorimetric method of Somogyi-Nelson’“, Protein was determined 
by the method of Lowry et al.“‘. 

RESULTS 

The partially purified CTase preparation was incubated with SAM Sucrose 
(1.7 mg/mL~ for 16 h at 37” in the absence or presence of various c~~cetltrat~~~~s of 
a-D-xylosyl @-n-fructoside or maltose. The amounts of products produced in the 
reaction mixture were determined, and these are plotted in Fig. I. During the 16-h 
incubation. -2.8 mg of sucrose was consumed in the absence of the xylosyl 

Sugar concentratian (rnhi) Sugar cancentratlnn irnkl) 

Fig. 1, Effects of Vanoub c~~centratioos of makose i----f or LU-u-xylosyl @-D-fructos$de (---) on the 
amounts of products from the CTase-sucrose reactions. A: 0, IG (insoluble II-glucanf; 0, SG (soluble 
D-~I~lcan); and A, lmwg (low-molecular-weighr &can). B: +. o-fructose. Cl. ~-glucose: Lz. &go- 
saccharides; and F_ residual sucrose 
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fructoside or maltose (control), and an almost equivalent amount of products was 

obtained from the sucrose in the reaction mixture (4 mL): -540 pg of IG, 100 pg 

of SG, 720 pg of D-glucose and 1,480 pg of D-fructose. Almost negligible amounts 

of lmwg and oligosaccharides were produced, and -4.0 mg of residual sucrose was 

recovered from the mixture. 

The incubation of the enzyme preparation with sucrose and maltose resulted 

in an increase in the amounts of lmwg, oligosaccharides, D-fructose and consumed 

sucrose in the reaction mixture with increasing concentrations of maltose, but the 

amounts of IG, SG, and D-glucose decreased. A decrease in the amounts of IG, 

SG, and glucose was also observed on addition of xylosyl fructoside instead of 

maltose. However, in this case, the production of D-fructose and the consumption 

of sucrose in the reaction mixture fell with its increase in concentration (in contrast 

to maltose), and no significant amount of lmwg and oligosaccharides was detected. 

Fig. 2 shows the time courses of the amounts of IG, SG, lmwg, and residual 

sucrose in the reaction mixture. The production of IG and SG was remarkably 

diminished by the presence of maltose, isomaltosyl fructoside, or xylosyl fructoside, 

150r A 

‘0 4 8 12 16 

lncubatlon tlme (h) Incubation time (h) 

Fig. 2. Time courses of the production of IG (A), SG (B), or lmwg (C) from SmM sucrose by the GTase 
preparation, and of amount of residual sucrose (D), in the absence (0) or presence of 1OmM maltose 

(W), cx-isomaltosyl /3-o-fructoside (a) or cy-D-xyIosyI p-D-fructoside (A). 
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Incubation time (h) 

Fig. 3. Time course of the production of reducing sugars from 5mhA sucrose by the GTase preparation 
in the absence (0) and presence of 1OmM a-isomaltosyl @-n-fructoside (e) or o-D-xylosyl &D-fructoside 
(A). 

whereas the amounts of lmwg increased with time when maltose or isomaltosyl 
fructoside was added. Regardless of the presence or absence of xylosyl fructoside, 
the lmwg was not significantIy produced from sucrose. The lmwg formed in the 
presence of isomaltosyl fructoside contained a detectable amount of fructosyl 
residues (examination by the anthrone-sulfuric acid method at 40’7, but that 
produced in the presence of maltose did not (data not shown). The consumption of 
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Fig. 4. Diagrammatic representation of the paper chromatogram of oligosaccharides in the 75% ethanol 
supematant liquor from the mixture resulting from 16-h incubation with sucrose alone (lane 2), sucrose 
and maltose (3), sucrose and ff-~somaltosy1 /Q+fructosrde (4). or sucrose and ff-D-XyiOSyl P-D-fructoside 
(5). Lanes I and 6 are those of authentrc standards. Sugars were detected with the silver nitrate reagent 
(0) or the phloroglucinol reagent (0). @: sugars visibilized with both reagents. +: spot containing 
traces of glucose vrslbilized with the silver mtrate reagent. 
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sucrose was accelerated in the presence of maltose or isomaltosyl fructoside as 

compared with the control. In contrast, only a small amount of sucrose was 

consumed in the presence of xylosyl fructoside. In addition, it is clear (see Fig. 3) 

that the production of reducing sugar from sucrose by the GTase preparation in the 

reaction mixture was also accelerated by the presence of isomaltosyl fructoside, but 

suppressed by xylosyl fructoside. 

In Fig. 4, the paper chromatograms of the sugars in the supernatant liquor 

from the 75%-ethanol fraction obtained from the 16-h incubation mixture are 

shown diagrammatically. Almost no oligosaccharide was found in the reaction 

mixture when sucrose alone (control) is, or sucrose and xylosyl fructoside are, 

present. Whereas, in the presence of maltose plus sucrose, several reducing oligo- 

saccharides, such as a considerable amount of panose (isomaltosyl-D-glucose) [O-o+ 

~-Glcp-(l-+6)-O-cu-~-Glcp-(l-+4)-~-Glc] and a trace of nigerosyl-D-glucose [O-a- 

~-Glcp-(l-+3)-O-a-~-Glcp-(l-+4)-~-Glc], are produced in the reaction mixture, 

judging from their mobilities. In the presence of isomaltosyl fructoside instead of 

maltose, some oligosaccharides were also detected; however, these were not 

colored by the silver nitrate reagent, but only by the phloroglucinol reagent, 

suggesting the formation of nonreducing saccharides containing fructose. 

Various increasing amounts of sucrose were incubated with the GTase 

preparation for 120 min at 37” in the absence or presence of 1OmM xylosyl fructo- 

side, in order to measure the K, and K, values. The reaction mixtures were then 

assayed for reducing power. The results and Lineweaver-Burk plot of the data are 

Sucrose concentration (mM) 

Fig. 5. Effect of substrate concentration on reaction velocity of the GTase in the absence (0) or pre- 
sence (A) of 1OmM n-D-xylosyl P-D-fructoside. Inset: Lmeweaver-Burk plot of the data. Vertical line 
represents the rectprocal of the maximum velocity of the enzyme reactions, expressed as the total 
amount of reducing sugars released from sucrose. Horizontal line represents the reciprocal of the 
sucrose concentratton. 
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shown in Fig. 5. The production of reducing sugars by the enzyme preparation was 

competitively inhibited by xylosyl fructoside, and the apparent K, and K, values 

were calculated to be 4.4 and 2.8mM, respectively. 

DISCUSSION 

It is well documented that, when used at relatively high concentrations, such 

sugars as maltose, isomaltose, maltotriose, and isomaltotriose can effectively in- 

hibit the synthesis of insoluble D-glucan from sucrose by streptococcal GTaseJ-8,t’. 

These sugars also act as alternative acceptors for the D-glucosyl groups generated 

in the GTase-sucrose reaction to change into the corresponding oligosaccharides, 

in which chain elongation occurs by attachment of the D-glucosyl groups through 

cr-D-(l-+6)-glucosidic linkages at the nonreducing end of the acceptors’“-‘h. Such 

monosaccharides as D-glucose, D-fructose, and methyl cr-D-glucoside, known to be 

inhibitors of the synthesis of insoluble D-glucan. also act as alternative acceptors 

for D-glucosyl or glucanosyl transfer reactions, or both. of the enzymeY.“‘. Thus, 

Robyt and co-workers9.‘7 proposed that the acceptor reactions of such disaccharides 

as maltose serve to terminate polymerization of D-glucan by displacing the growing 

D-glucan chain from the active site of the enzyme and thereby lessen the formation 

of insoluble D-glucan. 

In the present work, we used maltose as a reference inhibitor of the synthesis 

of IG and SG from sucrose by the GTase (see Figs. 1 and 2). The utility of maltose 

as an acceptor was revealed by the facts that large amounts of lmwg (see Figs. 1 and 

2) and several reducing oligosaccharides, such as panose and nigerosyl-D-glucose 

(see Fig. 4), were produced from sucrose in the presence of maltose, and neither 

of them contained any detectable amount of fructose. In the absence of maltose 

(sucrose alone), almost no lmwg and oligosaccharides were produced (see Figs. 1, 

2, and 4). Interestingly, a detectable trace of reducing compound, seemingly 

nigerosyl-D-glucose, was produced from sucrose in the presence of maltose (see 

Fig. 4). Although definite identification of this compound will be necessary in order 

to draw a concrete conclusion, the fact suggests that the GTase preparation used 

may be capable of transferring the D-glucosyl group of sucrose to O-3 of the D- 

glucosyl group (nonreducing) of maltose, even if it results from minor or 

mistransfer reactions of the enzymes under the present experimental conditions. 

With regard to this possibility, WalkePJX reported that the oligosaccharides 
produced from the maltose or isomaltose acceptor-reactions by S. smguis GTase 

contain no a-D-(l--+3)-glucosidic linkages, whereas S. nzutclns OMZ 176 GTase 

could introduce a D-glucosyl branch with an a-n-(1-+3) linkage into isomaltosc 

saccharides containing more than 4 D-glucosyl residues. 

Isomaltosyl fructoside, a theoretically appropriate intermediate or acceptor, 

or both, in dextran synthesis’J~‘9J0, inhibits the formation of IG and SG by the 

mode described for maltose, because large amounts of lmwg and nonreducing 

oligosaccharides (both containing D-fructosyl residues) were produced in the reac- 



INHIBITION OF D-GLUCOSYLTRANSFERASE BY DISACCHARIDE 143 

tion mixture (see Figs. 2 and 3). In addition, the stimulation of sucrose-splitting 
activity or of D-glucosyl-transferring activity, or both, of the GTase, suggested by 
the increase in the amounts of D-fructose from sucrose with increasing concentra- 
tion of maltose (see Fig. I), was also observed in the presence of isom~tosyl 
fructoside instead of maltose (see Fig. 3). Thus, it is clear that the consumption of 
sucrose by the enzyme was remarkably accelerated in the presence of isomaltosyl 
fructoside, as well as maltose (see Fig. 2). 

Xylvsyl fructoside also inhibited the syntheses of IG and SG (see Figs. 1 and 
2). Hiowever the mode of inhibition is considered to differ substanti~ly from that 
of the other sugars, as the production of lmwg and oligosacch~ides from sucrose 
was almost negli~ble in this case (see Figs. 1, 2, and 4); this suggests that xyiosyl 
fructoside could not act as an acceptor for the D-glucosyl or n-glucanosyl units, or 
both, generated in the GTase-sucrose reactions, in contrast to other sugars so far 
reported to be inhibitors of the synthesis of insoluble o-glucan by GTase. Xylosyl 
fructoside probably inhibits the sucrose-splitting activity of the enzyme com- 
petitively, as an analog of sucrose, and thereby lessens the synthesis of D-glucan, 
because the generation of D-fructose or other reducing sugars by the enzyme- 
sucrose reactions, and consumption of sucrose are positively suppressed by the 
addition of this disaccharide (see Figs. l-3). The result from the Lineweaver-Burk 
plot (see Fig 5) also supports this conclusion, although the K, and K, values 
obtained are only apparent values for the cooperative activities of two kinds of 
GTase in the enzyme preparation. 

Lnzio and Mayer3’ reported that GTase catalyzes the hydrolysis of sucrose to 
D-glucose and n-fructose, a reaction in which water may act as an acceptor for the 
D-glucosyl-transferring activity of the enzyme. The GTase preparation used herein 
contained no dextranase, inulinase, invertase, or D-fructosyltransferase activity 
(see Materials and Methods). Thus, the production of free D-glucose in the reaction 
mixture (see Fig. 1) may be due to hydrolytic activity of the GTases. For the 
hydrolysis of sucrose by GTase, according to the insertion mechanism32, coopera- 
tion of the both sucrose-splitting and n-glucosyi-transferring activities to water must 
be necessary. Xylosyl fructoside may therefore diminish the production of free D- 

glucose by inhibition of the sucrose-splitting activity of the GTase (see Fig. 1). In 
contrast, the lessening of the production of free D-glucose observed in the presence 
of maltose (see Fig. 1) may be caused by the acceptor-reaction of the disaccharide, 
which probably stimulates the n-glucosyl-transferring activity of the enzyme. 
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