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ABSTRACT 

Two glucosyltransferases from Streptococcus mutans 67 15 were purified and 

separated. One of the glucosyltransferases synthesized an insoluble glucan, and the 

other, a soluble glucan. The enzymes were immobilized on Bio-Gel P-2 beads, and 

the mechanism of glucan synthesis was studied by pulse and chase techniques with 

14C-sucrose. Label was associated with the immobilized enzymes. The label could be 

quantitatively released by heating at pH 2. Analysis of the labeled products from the 

pulse experiment showed labeled glucose and labeled glucan; the chase experiment 

showed labeled glucan and a significant decrease in labeled glucose. The glucans 

from the pulse and the chase experiments were separated from glucose by chromato- 

graphy on Bio-Gel P-6. They were reduced with sodium borohydride, and the products 

hydrolyzed with acid. Analysis of thelabeledproducts from the reduced and hydrolyzed, 

pulsed glucans showed labeled glucose and labeled glucitol; label in the glucitol was 

greatly decreased in the chase experiment. These experiments showed that glucose 

and glucan were covalently attached to the active site of the enzymes during synthesis, 

and that the glucose was being transferred to the reducing end of the glucan chain. 

A mechanism for the synthesis of the glucans is proposed in which there are two 

catalytic groups on each enzyme that holds glucosyl and glucanosyl units. During 

synthesis, the glucosyl and glucanosyl units alternate between the two sites, giving 

elongation of the glucans from the reducing end. 
The addition of increasing amounts of B-51 2F dextran to the insoluble-glucan- 

forming glucosyltransferase produced a decrease in the proportion of insoluble 

glucan formed and a concomitant increase in a soluble glucan. The total amount of 

glucan synthesized (soluble plus insoluble) was increased 1.6 times over the amount 

of insoluble glucan formed when no exogenous dextran was added. It is shown that 

the addition of B-512F dextran affects the solubility of the synthesized a-(1 +3)- 

glucan by accepting cr-(l-3)-glucan chains at various positions along the dextran 

chain, to give a soluble, graft polymer. 
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Stre/~tocomw tuutum 6715 produces two types of extracellular polysaccharides 

from sucrose, namely. a water-soluble sc-I>-giucan and a water-tnsoiuhie X-D-giucan. 

The soluble glucan contains ha’“,, of x-( 126) linhagss and 3h”,, of y-(,1 -+3) branch 

linkages, and is dextran-lthc’. The insoluble glucan contains 93 I’<) of 1-t 143) linkages 

and 7”,, of r-(1 46) branch-ltnkages”. 

Many reports on the purtfication of the gluco~yltransfcr~ls~s (glucansucr:tses) 

that synthesize S. /~rlr/o/~.s giucans have appeared” t”. Of these, three’,‘.” II 11:i\ e 

clearly shown that one type ofglucosyltransfcrasc synthestzes the ~;c~iubie giucan, and 

another type synthesizes the tnsoluble glucan. WC have combined t\vo of these 

methods”,” tn order to obtain two distinct glucosyitransfurases. one that ~ynthcsi~s 

the soluble glucan exclusivclq’. and the other that synthesizes the inhoiuble giucan 

exclusively. We attached these purified enzymes covaiently to Rio-<icl P-2 beads. 

and studied the mechanism of biosynthesis of the giucans b> using pulse and chase 

techniques wtth “C-labeled cucrose, as we had previously done”’ wtth the dextran- 

sucrase of Le~rcor~~~toc t,lc,,si,irteloiLlt’s H-5 1 ?I-. 

We found that, during synthesis of glucan. these cnrymcs form glucosyi and 

glucanosyl covalent complexes with the active site. and that the synthesis of the 

giucan occurs by the tran4er of the glucosyl unit to the reducing end of the growing 

glucan chain, which rematns attached to the active atte. 

We also found that the addition of increasing amounta of H-SIF dektran to 

the insoiubie-glucan-forming giucosyltransferase stimulates it\ action, but decreaccs 

the amount of insoluble glttcan synthesized and products, tnstcad. sc~lublc glucan. 

We have found that the X-( 1 &3)-giucan chains synthesized b.; the giucnayitr3nsferas~ 

are transferred to various positions alongthe dcxtran chain. togivea soluble, hrnnched. 

graft polymer. 

EXPEKIMENTAL 

Pur$crrtion of ~~ILrc~os~~ltmn~f~rnses. -~~~ S. mutans 67 I5 was groivn on a liquid 

medium, as described by Ciardi et N/.’ ‘. A Microfertn laboratory lkmentator (Nev, 

Brunswick Scientific Co.) was used to obtain four IO-L batches (10 L). Growth was 

allowed to proceed for 12 h at 37 frotn a IO”,, inoculum, with I%-r.p.m. stirring 

and no aeration. The cells were centrifuged off, and the 40 L 01‘ fermentation broth 

was concentrated to 350 mL. with a Bio-Fiber X0 miniplant (BIo-Rad Luboratot-trb. 

Richmond, CA). The purification scheme of Ciardi ef ~rl.” wah used. up to the stage 

of obtaining the unfractionatcd enzyme (UFE). A modilied procctiurc of Walhct 

and Hare’+ was then used to obtain the ~~4.o purified glucosyitransferases by adding 

II g of hydroxylapatitc (Bto-Gel HTP. Bio-Rad Laboratories) to IIt~‘E (25 mL j. 

This mixture was stirred for IS min at -I”, centrifuged. the supernatant liquor de- 

canted, and the HTP washed with 15 mL of !OmM imidazole HCI hufftr pH 6.5. 

The soluble-giucan-productng giucosyltransf’crasc (GTF-S) w:ih c+taincd by elution 
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from the HTP with 25 mL of 0.07M K,HPO, buffer, pH 6.5; the HTP was centri- 

fuged, the GTF-S supernatant liquor removed, and the HTP washed twice with 1OmM 

imidazole * HCI buffer. The insoluble-glucan-producing glucosyltransferase (GTF-I) 

was eluted from the HTP with 25 mL of 0.4M K,HPO, buffer, pH 6.5. The enzymes 

were concentrated in dialysis bags with poly(ethylene glycol) 20,000. 

Glucosyltransferase activity was measured by the method of Germaine et d2’. 

One unit of enzyme produced 1 ,umol of glucose incorporated into glucan per min 

at pH 6.5 and 37”. 

Protein was determined by the Lowry procedurez2. Carbohydrate was deter- 

mined by the phenol-sulfuric acid methodz3. Poly(acrylamide)-gel electrophoresis 

was conducted as previously described2”. 

Preparation and characterization of the glucansformed by thepurijed enzymes. - 

The soluble glucan was prepared by adding 2 mL of GTF-S (0.1 UjmL) to 100 mL 

of lOhIM sucrose buffered at pH 6.5 with 1OmM imidazole . HCl, and allowing the 

reaction to proceed for 24 h at 37 ‘. The polysaccharide was precipitated with ethanol 

(3 vol.), centrifuged off, and dried in vacua for 12 h at 40”. The insoluble glucan was 

prepared similarly by using GTF-I, with omission of the ethanol-precipitation step. 

The insoluble glucan was centrifuged off, washed with water, and dried. 

The polysaccharides (10 mg) were dissolved in M sodium hydroxide (10 mL), 

the solutions diluted to 250 pg/mL, and made neutral. The insoluble glucan will 

remain in solution as long as the concentration is 2.50 pg/mL, or less. 

The glucans (loo-250 pg) in 4 mL of 50mM acetate buffer, pH 4, were oxidized 

with 3.5mM sodium periodate. The periodate consumed was determined25 at 290 nm. 

Immobilization of the enzymes. - The enzymes were covalently linked to Bio- 

Gel P-2 beads. Bio-Gel P-2 (100-200 mesh: 1 g) was heated in ethylenediamine 

(20 mL), with stirring, for 7 h at 90”. The gel was filtered off, and washed with water 

(1 L). It was then treated with 20 mL of 2.5 :i glutaraldehyde for 30 min at 1 O, 

filtered off, and washed with water at 4”. The enzymes were coupled to the activated 

Bio-Gel by the addition of gel (1 g) to 4 mL of enzyme (7.5 U GTF-I/mL and 10.7 

U GTF-S/mL) which was stirred for 12 h at 4 ‘. The gel was removed by decantation, 

and washed with water (6 x 10 mL). The gel was then incubated for 1 h at 22” 

in 50mM r_-lysine (4 mL). The supernatant liquor was decanted and the gel was washed 

with water (6 x IO mL). The resulting GTF-I gel had an activity of 40 mU/lOO mg 

of gel, and the GTF-S gel had an activity of 80 mU/lOO mg of gel. 

Pulsing and chasing of the immobilized enzymes with 14C-sucrose. - The two 

immobilized enzymes were first charged by incubating 1 g of gel in 2 mL of mM 

sucrose (pH 6.5) for 30 min. The gel was washed by decantation with water (6 x 

10 mL). It was pulsed by incubating in 2 mL of buffer containing 1 &i of [14C- 

(U)]sucrose (3 PM) for 12 h at 20”, and then washed with water (6 x 10 mL). The 

radioactivity in the last wash was reduced to background. The gel was divided into 

halves. One half was chased by incubating with mM sucrose for 10 min, after which 

the gel was washed with water (6 x 10 mL). 

Quantitative release of the labeled products from the pulsed and chased gels 
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was obtained by adjusting the pH to 7, and heating for I5 min at 9X Aliquots of 

the labeled products were chromatographed on Whatman No. 3 MM paper by three 

ascending irrigations \vith 35 : 3.5 : IX (v,‘v,‘v) 95 ‘I,, cthai7ol-nitronleth~tlle~~wat~r. The 

rest was chromatographcd on a column (I :: -t7 cm) 01~ Bio-Gel P-6 (SC Fig. 3). 

The glucsn fractions were pooled, and concentrated to I mL. 

Rechrctiorl qf the plwcl utd chrsctl ~~hccn~~.v. NII~ arid h~~irol_~~.~i~r. - The pulsed 

and chased giucan\, which were separated from giucosc (see Fig. 3) Lberc reduced by 

adding IO mg of sodium horohytiride!rnL and heating for IS m111 at w The glucans 

were hydrolyzed with -!\I trifluaroacetic acid in scaled ampouies for 7 h at 121 

The samples were evaporated with methanol (5 x 1 mL) to rcmo\‘c borate. and 

dissolved in water (250 /IL). and aiiquots (I00 /lL.) were added to Whatman No. 3 

MM paper (30 x 50 cm) for descending chromatograph) for 17 II with S: I : 1 : 1 

(vkjv!‘v) nitrnmethane-acetic acid-cth:lnc~i-~wnter saturated \\ith borrc acid”’ at 37 

Labeled glucose and glucitol, located with standard\. were cut (2 * 2 cm) from the 

paper. and counted by liquid scintillation with a tolucne cochtal12”.’ __ 

Additiotl of’ B-5l2F d>.\-twtl to CiTF-I dicye.str. ~~ Scwral reaction-mixtures 

conststing of 100 /IL of IOOmkl [“C-(U)Jsucrose (I )tCl), I inL, of \;;triouy amounts 

(O-20 mg;‘mL) of B-51 ?I: Sigma dextran (mol. wt. 3 \i IO”). and 0.4 mL of GTF-1 

(0.3 U,‘mL) were incubated at 37 ; O.-LmI_ aliquots \cerc tahcn at IO. 20. and 30 min. 

The aiiquots were filtered through Whatman No. 3 MM paper. to rcmovc insoluble 

glucan formod, and the paper5 were washed with methanol (3 x I ml_). Soluble 

glucan was precipitated from the original filtrate \iith cthanc-rl ( I ..S ml_) The prcclpl- 

tates were centrifuged OK and dissolved in water (0 5 mL); 50 j/l.. \v’its added to 

Whatman No 3 MM papers ( I .5 i I .5 cm). which \vcrc M’,l\hcd with methanol 

(3 x 100 mL), dried, and counted in a toluenc cocktail’-. The radioactivity of the 

giucan I’S, time of reaction \\as plotted, and the slope ofthc resulting line \\as plotted 

against the amount of B-51 2F dextran added to the reaction ml’itiwc. 

The same reaction5 were repcatecl with [.‘H-( II )]. \ucro\c ( I jCi/ctlgest) and 

[“C-(U)]B-512F dextran (45 ncii’digcst). in this expcrlment. the rcactlon \!a\ 

allowed to proceed to equilibrium ( .. I_3 11). The suspension of insoluble giucan was 

centrifuged, and the nupcrnatant liquor decanted. The insoluble pluc;~n was washed 

three times with water, an aiiquot was filtered on Whatman No, 3 MM paper, and 

3H and “C were counted. The soluble glucan was precipitated from the supernatant 

liquor with ethanol (3 \oi. ). the suspension centrifuged. and the \olid washed with 

methanol (3 x II ml_). and dissolved in natrr (0.5 mL): 25/tL allquot\ wcrc added to 

Whatman No. 3 MM paper\ ( 1.5 Y 1.5 cm), anti ‘t-1 and “C L\CIT counted. l’wi- 
ci/hrnz jzu~itdosw~z cndodeutranase (Sigma Chem. Co.: I unit) LW‘; :ddcci to 200 pi_ 

of the ethanol-precipitated glucan obtained I‘rom the GTF-I digests containing I). 3, 

and 20 mg of “C-dextran,‘m L and to “C-dextran alone: 25-jrL ;Iilquc,ts \tcr’e removed 

at various times (Gh30 min) from each de\tranahe digest. and placed 011 Whatman 

NO. 3 MM papers (1.5 x I 5 cm), The papers were F\ashcd uith methanol (3 K 200 

mL), and dried, and the -‘t-I and lJC were counted in ;I toiucnc i:clch tarl Mitt] a ilquld 

scintillation spectrometer, 
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A % 

Fig. 1. Appearance of productsiproduced by the action of GTF-I (A} and GTF-S SUC 1 ‘ose* 

Fig. 2. Po~y(acry~amide)-gel e~ectrophoresis of separated and puri~ed ~iucosyltransferase from 
Strep~ococe~as twu~ts 6715. [(A) Purified GTF-S, protein stain; (B) purified GTF-I, protein stain; 
(Cl purified GTF-S, incubated with sucrose; (Dl purified GTF-I, incubated with sucrose; (E) crude, 
unfractionated enzyme (UFE).] 
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RESULTS 

Cl~arartcr’ix4lron of the p4rifid pl~4c~a~~~lt,mi.~frra,ve~. Two t’n rymcs. GTF- I 

and GTF-S, were obtalncd. They respectively synthesiycd an insolubic and :I soluble 

glucnn (see Fig. I ). The rnrc>luble glucan formed hq CTF-I was rcmo\cd bj filtration. 

and 3 volumes of ethanol were added to the filtrate. No prcclpifatc \\a\ formed. 

indicating that GTF-I euclusibely aynthcsized an insoluble glwxn. Thr GTF-S dqc\t 

was completely clear. \rith no observable glucan (see Fig I 1. tnclicating that GTF-S 

cxclusivcly synthe\lzed a soluble glucan. which could he prcclpltatcd 1~) adding 2 

volumes of ethanol. 

Poly(acrylamide)-gel electrophoresls of the enzymes (XL Fig. 2) 4ioweJ a 

single. protein band for GTF-S. When the gel was Incubated ulth sucrose. ;I CICUI 

band having an index of refraction diffcrcnt from that of the gel N\;I) ohtatncd. In 

many experiments, this hand expanded. to gi\e a bulge lo the gel (SCC Fig. XI). Tno 

closely migrating. protein bands, diffcrcnt from GTF-S. \icrc obtained for GTF-J. 

and, on incubation with bucrosc. thcsc gave lvhitc prccipitatcs (WC Fig. 2D). (iTI--l 

appears to bc composed of t\\o 1sn7ymcb McCahc anal Smith’ ’ ;!nd F~gurcs and 

Edwards’ ’ separated, from S. t1111~~1t7.s. two glucosvltrnn~fcra~c~ that \! nthcsircd in- 

solubleglucans. Both groups found that clnc ofthc gluco,~ ltr:lnsferascs u:;I~ htlmulatcd 

by exogenous. soluble B-5 I2F dextran. and the other \vab not. I’crhap the &lTcrrncc 

between these two @IucosyItranFferascs IS that the one nc~ \trmulatcd h> rolublc 

dextran is already snturatcd bvith glucan. uhereas the one thar i\ ~ttmulateri is not 

saturated with glucan. 

Cllcrrcrc~tcri-_aril,n 01 tlw ,~h~crns .~~~ntJwsi~cd hi GTF-S wrdi (i 77-i. The t\io 

glucans synthesized by GTF-S and GTF-r rcspcctively consumed I X and 0. I5 nit>1 

of periodate per mol of glucosyl rehiduc. This Indicates that the boluhlc glucan ha5 

a dextran-like structure, with spprcciable. contiguous X-( I -+6 I linhagcs The ~nsol- 

TABLE 1 

CHRoMATCKiRAPHlC 4Nhl.YSIS 01 THk I IHI I.tl> PKOI>I ‘l:IS REL IXSFI) i+RW.i WI Sf I) t\vi, (‘H \SI II HIO-(.tI 

GTF-I ANI) GTF-S 

_ ._ 

col?IpollnlJ 

GTF-I 
Glucose 
Glucan 

G‘TF-S 
Glucose 
Glucan 

~‘\I, mol fraction tc.p.ni (II‘ the c~~rnpol~nd)~ttota1 c‘pm J. 
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uble glucan consumed much less periodate per mol of glucosyl residue, indicative of 

a glucan having appreciable, contiguous cc-(1 -+3) linkages. 

Analysis of the labeled products released from the immobilized enzymes when 

pulsed with 14C-sucrose and chased. - The labeled products attached to the immo- 

bilized enzymes could be released by heating at pH 2. The products released from the 

pulse and chase cxperimcnts were analyzed by paper chromatography, and are given 

in Table 1. In the pulse experiments, for both CTF-I and GTF-S, only two labeled 

products were observed, namely, glucose and glucan. In the chase experiments, 

labeled glucan was observed, and there was a decrease in the label in glucose from 

34 to 15 mol percent for GTF-I, and from 26 to I2 mol percent for GTF-S. 

The labeled products were tightly attached to the immobilized enzyme-gel, 

and were not released when the system was extensively washed with buffer. The 

products were, however, quantitatively released when the system was heated at pH 2 

for 15 min at 98”. Other treatments, e.g., pH 10.5, 5M urea, and 2 % sodium dodecyl 

4- 

3- 

10 14 16 22 26 30 34 36 42 

Fraction No. (1 mLea.1 

Fig. 3. Separation of labeled glucan from!glucose by gel filtration on Bio-Gel P-6. IA typical cxPeri- 
ment: separation of lQZ-glucose and 1V-&can that were released from pulsed, Bio-Gel P-CL-inmo- 
bilized GTF-I.] 
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TABLE II 

“R ratio ol’n-glucose to r~-glucttol ‘jhlj mol fraction (c.p.m. cjfrhc compound) (total c.p.m.1. 

sulfate, failed to release a significant amount of label. The latter conditions indicate 

that multiple hydrogen-bonding or hydrophobic interactions art’ probably not the 

cause of the association of glucan and glucose ~\iith the immobilized enzyme. The 

quantitative release of glucose and glucan at pH 2 and 98 \Llggests. however. a 

labile, covalent linhage with the enzyme. 

These experiment:, shod that, during synthcsih. two types of carbohydrate. 

glucose and glucan, are covalently attached to the enzymes. and that these product5 

may be released from the enzymes by heating at pH 2. The dccrcasc 01‘ the Iabcl rn 

glucose in the chase experiment further shows that thr: gl~~cssc. MIIICII I\ cwalentl~ 

linked to the cnzymc, is being incorporated (chased) Into the glucan fraction. 

.4nul~xis of’ the pw!w nmf cIm~~~ frhrl itI tlw GTb-I trmi GTf-S ,~~luc~rm. The 

released glucans from the p~dsc and chase experiments \tere xvpnraled from the 

released glucose by gel filtration on a column of Bio-Gel P-h (SW Fig. .? ). The isolated 

glucans were reduced with sodium borohydride. the products hydrol~~7ed \P Ith awi. 

and the products analyzed by paper chromatograp~~y, The I.L’~LI/I~ arc given in Table TI. 

In the pulse experiment\. the ratlo of labclcd glucose to labeled glucltol was 6.6: I 

for GTF-1, and 3.9: I for GTF-4. and, for the chasm experiments. 40. I lmor- GTF-I. 

and 31 : I for GTF-S. These results show that the gtucitol LV;IS I:tbcl& III the pulse 

cxperlments and, in the chase experiments, has signiiic:tntl~ decrcssed. to onc- 

seventh for GTF-I, and nnc-fifih for CiTF-S. Hccauxc glucitol is prc>duced b?, the 

reduction of the (reducing) glucose residue of the glucans. the tbr ination of‘ labeled 

glucitol from the pulsed glucans, and the decrease of label in glucltol from the chased 

glucans, demonstrate that both 01’ the glucan~ are synthesrzed 1~ the tranfcr ol 

covalently IinLed glucose to the reducing end of the glucan. I-furthermore. ~K;ILISC’ 

the glucans that were analyzed Lverc released from tmmobilizcd cnzqmc. the synthehl$ 

occurs while both the glucose and the gl~~an arc covalenllv sttach~~i tc> the ewyme. 
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Fig. 4. Reaction of GTF-I with 1OOmM lGsucrose in the presence of various amounts of B-512F 
dextran. [Key: -a--, insoluble glucan; -@-, soluble glucan.] 

Analysis of 14C-glucans from GTF-I in the presence of various concentrations of 

B-512F dextran. - GTF-I was incubated with r4C-sucrose and various concentra- 

tions of B-512F dextran. The i4C-labeled, insoluble and solubleglucans were measured 

as a function of the amount of added B-512F dextran. The results are given in Fig. 4. 

As the amount of dextran is increased, there is a concomitant increase in the soluble 

glucan formed, and a decrease in the insoluble glucan formed. When the concentra- 

tion of dextran was 1.7 mg/mL, the amount of soluble glucan equaled the amount of 

insoluble glucan formed, and the total amount of glucan formed (soluble plus in- 

soluble) was 1.6 times the initial amount of insoluble glucan formed when no B-51 2F 

dextran was added. Furthermore, this increase is relatively constant within the range 

of added dextran studied, indicating that B-512F dextran activates GTF-I at relatively 

low concentrations, as well as affecting the ratio of insoluble and soluble glucans 

formed. 

Distribution of 3H and 14C in insoluble and soluble glucans formed by GTF-I 

.from 3H-sucrose and “C-B-.512F dextran. - GTF-T was incubated with [3H]sucrose 

and various concentrations of B-512F [r4C]dextran. After reaction for 12 h, the 

insoluble glucan formed was centrifuged off, and 3H and 14C were counted. Soluble 

glucan was precipitated with ethanol, the precipitate was dissolved in water, and 

3H and “C were counted. The results are given in Table III. As in Fig. 4, there is a 

decrease in the amount of insoluble glucan formed, and an increase in the amount 

of soluble glucan formed, as the concentration of dextran is increased, as seen by the 

incorporation of 3H into the two glucans. A relatively small proportion (15 ‘YO) of 
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Fig. 5. Endodextranasc hydrulyw of IH- and I’(‘-glucans. (Key: --’ -- . ,H-label: - -@--- ’ ‘C‘-ktbel . ‘ 
A is ‘H-labeled glucan ~ynthcwetf by CiTF -1 in the abww of de\tran. B 1s B-5 I?Fl lC-dewm 

C’ and D are, respectively. ,‘H and I ‘C‘ released from the soluble gluean synthewcd Iv GTF-I f’rom 

[ ‘H]hucro\c and 2 mg of [’ ‘(‘]tle*tran per ml-.) 
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soluble [3H]glucan was observed in this experiment when no dextran was added. 

This glucan was totally resistant to dextranase hydrolysis (see Fig. 5), and most 

probably constitutes a precursor of insoluble glucan. It was also observed that a 

small proportion (3 o/,) of “C-dextran is initially incorporated into insoluble glucan, 

and that the amount of incorporation decreases as the concentration of the added 

dextran is increased. At relatively high concentrations (30 mg) of added dextran, the 

insoluble glucan formed is lessened to a very low proportion (0.5 “4). 

The glucan synthesized by GTF-I from [3H]sucrose is completely resistant to 

endodextranase hydrolysis. The B-512F [‘sC]dextran. however, is rapidly hydrolyzed 

(see Fig. 5). When the soluble glucan obtained from the GTF-T digest with [3H]- 

sucrose and [14C]dextran (2 mg/mL) was treated with dextranase, the [‘“Cldextran 

was much less susceptible to hydrolysis (49 vs. 88 ?g conversion into methanol-soluble 

products), whereas the [3H]glucan went from totally resistant to 40% converted 

into methanol-soluble, dextranase products. A similar type of result was obtained 

when the soluble glucan obtained from CTF-I, [“H]sucrose, and [14C]dextran 

(20 mg/mL) was treated with dextranase (data not shown). 

The decrease in the endodextranase susceptibility of the 14C-label, and the 

increase in the susceptibility of the 3H-label, in the soluble glucans obtained when 

[14C]dextran is added to GTF-I and [3H]sucrose indicate that the GTF-I synthe- 

sized a-(1 +3)-[3H]glucan chains are added to [13C]dextran at various positions 

along the dextran chain. Had the c(-( 1+3)-glucan chains been exclusively added to 

the nonreducing ends of the [‘“Cldextran, the dextranase susceptibility of the 14C- 

and 3H-labels would not have been affected, and would have been identical to those 

of the [14C]dextran and [3H]glucan controls, i.e., 14C would have been converted into 

88% methanol-soluble products, and 3H would not have been converted into any 

methanol-soluble products. 

The attachment of the a-(l-+3)-glucan chains at multiple positions along the 

dextran chain must be by branch linkages. This attachment is most probably an 

m-(1-+3) branch-linkage, which is the type of branch linkage found in B-51 2F dextran. 

DISCUSSION 

We have isolated from Streptococcus nutam 67 15 the two glucosyltransferases, 

GTF-I and GTF-S, that respectively synthesize an cr-(1+3)-linked insoluble, and 

an a-( 1+6)-linked soluble, glucan. These enzymes were immobilized on Bio-Gel P-2 

beads, and the mechanism of glucan synthesis was studied by pulse and chase techni- 

ques with “C-sucrose. We found that glucose and glucan were covalently attached 

to the active site of the enzymes, and that synthesis occurred by the transfer of a 

glucosyl group to the reducing end of the glucanosyl chain, which remained covalently 

attached to the active site. This is identical to what was found” for the synthesis of 

dextran by dextransucrase from Leuconostoc mesenteroides B-5 12F. 

The mechanism of synthesis that we proposed” for dextransucrase involved 

two equivalent, nucleophilic, catalytic groups at the active site to which a glucosyl 
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group and a dextranosyl unit were covalently linked. During synthesis, the Frimar) 

hydroxyl group of the glucosyl group m&es a nucleophilic attacl\ on C-l of the 

reducing-end glucnsqt unit of the dcxtranosyl chain, t’ormlng ~111 Y-( I -LO) bond 

This releases the nuclcophi!e that was attached to the dcxtr;in. and it subsrqucntl~ 

attacks C-l of the wgluco~yl group of sucrose. forming a Ilt’U II-$tlcos) I Tl?;l\ 1111’ 

complex. The primary hydro\yl group of this ne\4 v-glucoses! unit then ;~ttacl,s. C-l 

of the rcduclne ~lucosvl unit of the dcutranosyl chain, forming :nn~~ther Y-( I --Cl) c c 
bond. This process continu-x. with the t\\o atalytic nuclcophilc~ ,tltornatrly forming 

covalent intcrmedlates with II-glucose and with dextran. The grcwth 01’ the: chain I> 

termlncttcd when it is rsleascr: frow the ;tctiw \ltt‘ bq acceptor reaction\‘S “’ Thi:, 

mechanism has been +own-“’ to be stcrrochcmicaily feasible b\ :i tilrce-:llmenslon::l 

study M Ith models. 

A 111ecl1a1~1sm for the qnthws of the soluble x-i 1 -6)-glucnn \!nthesiKd b> 

GT‘F-S may be oFwed that is identical to the mechanism MC proposed for R-5I2F 

dextran synthcsls. ,A similar mechanism maq’ be suggest& for t!ie syllthcsls of the 

~naoluble I-( I -,3)-gltrc:.n s)nthwized by GTF-I, but. rnstead of‘ the primary h- 

hydroxyl group of‘ the giucosyl unit, in stcrcochcmical pwtlon to mahc the nwlco- 

phillc attach on C-l of the glucosyl unit of the grooving glucan, the 3-h)dro~~ I group 

is positioned to make the atts~L, and thus for-m an 1-t I -3 ). ln\tcad nl’ an %-( I-6). 

bond. 

WC have also found that the addition of increasing amounts of’ B-512F dextran 

produces a decrease in the amount of insoluble glucan formed. and :I concomitant 

increase in the amount of >olublc glucnn formed. Morco\cr. the total amount of 

glucnn synthesized (soluble plus inwlublc) is incrcahed I .6 Umcx over the amount of 

Insoluble glucan formed when no exogenous dcxtran IS added. Thus stlmulatlon tn 

dextran haI prcwousl~~ been ohaervcd’ ‘.” “. 

Gci-maine and Schachtcle’ ’ and Figures and Eduardx ! ” \tudieJ thi5 stimulation 

by using two dextrans ofdlfrercnt molecular weights. IO’ and 2 7 IO”. They argued 

that the activation of the ~lucolyltl-ansfer~l~e~ by equal bveight-percent solutions of the 

two dcxtrans ahoulcl d]lYcr 1~1 a factor equal to the ratio of tlkr rnol~‘cul:~r ~aghr:, 

(I.c., ZOO-fold) if the synthesis were from the reducing end. but. ;II thq ~hscrwd that 

the activation wa:, identical for the the de\trans. they co~~cluded that the synthesis 

could not be from the reducing end, and hence must be from the nonred wing 

end. This line of rcawning is based on the prcmisc that the activation by exogen- 

ous dextran muat bc by ;I prima- mechanism in which the tr-ansfcr of the II-glu- 

cosyl group from sucrose 15 to the iionrcdiicing end. or to the rcditcing end 01 

the exogenous. dcxtran mo!ccules. Our data indicate, ho\~~~‘~er. that. during synthesis. 

both glucose and glucan ;ir:.: c,~\alciitlq attached to the enzyme. and that t hc glucose IS 

traisft‘rred to the reducing end of the grooving. co\,nlcntly attached gluca11, and IS not 

transfcrrrd either tc> the I-cd~~cing end or nonrcducinp end of‘ ~UO~LVIOUS glucan 

Exogenous primer. thcrcforc, i5 not iiivol~xx~, and the glucan chain can only grw 

linearly \vhcn it IS attached to the actiw site of the enzyme: once it 14 rclca~cd. clonga- 

tion is terminated-?“. The mechanisms that [XC‘ propoccd’” for the xyntliesi\ ofdcltran, 
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and now for the synthesis of S. mutans insoluble and soluble glucans, are consistent 

with these facts. 

The enzymes studied by Germaine and Schachtele3’ and Figures and Edwards’ 9 

synthesized glucan without the addition of dextran, and, hence, also do not require 

a primer for action. Mayer et aZ.33 specifically addressed the question as to whether 

S. sanguis dextransucrase required added dextran, for synthesis of glucan, by treating 

enzyme and substrate with dextranase and a-o-glucosidase. They found that there 

was no effect on the ability of dextransucrase to synthesize glucan from sucrose under 

these conditions, and, hence, that there was no requirement for a primer. 

Robyt and Corrigan3 2 showed that the activation by exogenous dextran cannot 

be by a nonreducing-end, primer mechanism. They chemically modified 607; of 

the nonreducing ends of dextran by attaching tripsyl groups to the (nonreducing) 

primary 6-hydroxyl groups, which would be the required sites for the addition of 

glucose units to the nonreducing ends. At the lowest concentration of modified, 

exogenous dextran (300 pg/mL), well below the maximum stimulating concentration, 

there should have been a 60% diminution in the amount of stimulation, if the exo- 

genous dextran were acting as a nonreducing-end primer, but they found essentially 

no lessening in the amount of stimulation. Robyt and Corrigan3’ suggested two 

alternative possibilities for the stimulation by exogenous dextran: (a) an allosteric 

effect on the enzyme, and (6) an acceptor action whereby the exogenous dextran 

displaces the glucosyl units, or the glucanosyl chains, or both, from the active sites 

of the enzymes. 

In the present study, we found that the mechanism of decreasing the formation 

of insoluble glucan and the concomitant formation of soluble glucan, by the addition 

of exogenous dextran to GTF-I-sucrose digests, is by an acceptor reaction in which 

a-(l-+3)-glucanosyl chains are transferred to the exogenous, soluble dextran, and 

are attached by branch linkages at various positions along the dextran chain. 

Montville et ~1.~~ commented that the application of Leuconostoc models to 

S. mutans must be qualified. They stated that the Leuconostoc model for branching28 

suggests that the addition of increasing amounts of soluble dextran would produce 

an increased amount of a-(1+3) branching, and, hence, the addition of dextran to 

the S. mutans enzyme system should produce more, instead of less, insoluble glucan, 

as is observed. However, Montville et al. 34 clearly misinterpreted the role of the 

cc-(1 +3) linkage in producing insoluble glucan. The formation of a-(1+3) branch- 

linkages will not impart insolubility as they implied, but rather, will actually produce 

an increased solubility, as observed. The insoluble character of the S. mutans glucan, 

synthesized by GTF-I, is imparted by the contiguous sequences of cl-(1 -+3) linkages, 

and not by a-(1-+3) branch-linkages35. As the Leuconostoc mode128,32 would predict, 

an increase in the concentration of soluble dextran would facilitate the transfer of 

shorter and shorter segments of a-(l-+3)-glucan from the GTF-I by the formation 

of c(-(I-3) branch-linkages to the soluble dextran. The formation of this graft 

polymer thus makes the insoluble glucan soluble. 

In summary, the mechanism of action of the two glucosyltransferases from 
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