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S1JMr-f..AR Y --

The extracellular glucosyltransferases of streptococcus sanguis 

polymerise the glucosyl moiety of sucrose to form high molecular weight 

complex glucans. The adhesive and agglutinative properties of these 

glucans are important in the formation of dental plaque and, hence, in 

cariogenesis. 

The glucosyltransferases of S. sanguis 804 (NCTC) were 

extensively purified (182-fold) by hollow fibre ultrafiltration (Bio-Fiber 

80) foll:)wed by ammonium sulphate precipitation(0-7Cf}b of saturation). 

The enz~Les were further purified by hydroxylapatite chromatography and 

appeared by this technique to consist of at least three enzymes with 

differing specific activities. It is not known whether these enzymes 

are, in fact, composed of different polypeptides or are modified forms of 

one protein. 

The activity of the glucosyltransferases can be measured as 

the rate of release of fructose from sucrose or as the rate of synthesis 

" 
of ethanol-sodium acetate precipitable polysaccharide (glucan). Using 

the form~r method, K:PP for sucrose~NH4)2S04 purified glucosyltransfer

ases was about 6 mmol/l, and using the latter method, Kapp was about 
m 

20 rnmol/l. 

Glucosyltransferase activity (as rate of glucan synthesis) was 

stimulate1 2 to 4-fold by low concentrations (0.125-0.50 ~ol/l) of T2000 

6 Dextran (Fharmacia; mol.wt. 2 x 10). Glucan synthesis was inhibited 

slightly by nigerose and was inhibited strongly by metrizamide (85% 

inhibition at 170 ~ol/l metrizamide). The rate of release of fructose 

was not affected by either xylitol or hydrogen peroxide. 
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The rate of synthesis of precipitable glucan was strongly 

inhibited by high concentrations of substrate (s"Jcrose); the rate of 

release of fructose was relatively ~4ffected. The proposed mechanism 

for this effect is that sucrose acts as an alte~native glucosyl acceptor 

(as well as donor) and thus inhibits glucosyltransfers to growing glucan 

chains. 

The oral concentrations of suc:r-ose during and after 

consumptions of various sweet foods and beverages were studied and were 

often sufficient to inhibit glucan sJ~thesis. In such cases, the 

sucrose concentrations for maximum rate of glucan synthesis only occurred 

as sucrose was cleared from the mouth, after th!= food or drink was 

finished. Glucan synthesis by s. s~~~i1 is important in plaque 

formation. Thus, these results provide an additional explanation for 

the clinical finding that the incidence of caries is related to the 

frequency of dietary intake of sucrose ar.d not merely the total amount 

of sucrose consumed. 
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TWO ASPECTS OF DENTAL CARIES 

INCIDENCE 

'Caries is a scourge of civilisation; not until the progress of 

civilisation had brought about dietary refinements did this disease 

Occur in human history in such terrifying proportions.' 

EFFECTS 

Prof. J.-G. Helmcke (1971) 

'My curse upon your venom'd stang, 

That shoots my tortur'd gooms alang 

An' thro' my lug gies monie a twang 

Wi' gnawing vengeance; 

Tearing my nerves wi' bitter pang 

Like racking engines.' 

Robert Burns (1795/1796), 

in 'Address to the Toothache.' 
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I INTRODUCTION 

1.1 DK~TAL CARIES 

1.1.1 Epidemiology of dental caries 

Dental caries is the most prevalent human disease in liJestern-

ised countries. This may seem surprising but, certainly, few 

'it/esterners' completely escape this disease. It affects more than 

9~/o of the population and may be considered epidemic. Keene et a1. --
(1971) and Rove1stad (1967) found that, between 1960 and 1969, only 

0.2% of 565,489 and 45,936 u.S. naval recruits, respectively, were 

completely caries-free. Similarly, fron 1,719 Danish Army recruits, 

only 0.17% were caries-free (Antoft, 1974). Moreover, the caries-free 

subjects were not noticeably different in terms of oral hygiene, or in 

dietary intake of sucrose or other carbohydrates. Indeed their teeth 

accumulated 'normal' amounts of dental plaque, which is the aetio1ogica1 

factor in dental caries. 

The higher caries rate in 1,l[estern countries is almost certainly 

caused by extensive dietary intake of refined sucrose. In recent 

years, changes in sucrose consumption have been followed by corresponding 

changes in the incidence of caries (Grenby, 1971). \fuen other sources 

of dietary energy are used, caries is rare. In Hunan province, in 

Chir~, 75% of a sample of 14 to 27 year-old students were totally caries-

free, and most of the remaining 25% had very little caries (Afonsky, 

1951). Here, starch (as rice) was the main carbohydrate source and 

'junk food' and 'snacks' were absent. The Eskimo's principal energy 

source used to be the fat (blubber) of marine m~~als. knongst these 

people, caries was almost ~~nown until the introduction of 'civilised' 
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diets, such as tinned foods, many of which contain sucrose as a sweetener 

or preservative (Helmcke, 1971). 

Patients with hereditary fructose intolerance lack hepatic 

fructo se-bisphospha te aldolase. They cannot metabolise fructose, and, 

if they ingest fructose or fructose-containing sugars, such as sucrose, 

they become severely ill. As a result, they avoid foods containing 

sucrose. - Ne1t/brun (1969) showed that individuals with hereditary 

fructose intolerance had very little dental caries; 45% were completely 

caries-free. This too suggests that there is something distinctive 

about the metabolism of sucrose by dental plaque bacteria which leads to 

caries. 

However, even in ;.opula tions with little or no caries, periodontal 

disease is co~~on (Bibby, 1970; Lunt, 1974) and is the major cause of 

tooth loss, especially in middle-aged and elderly people. Like caries, 

periodontal disease is also caused by microbial plaque, but, unlike caries, 

it may be produced by the plaque formed on a sucrose-free diet. The 

first stage of periodontal disease is marginal gingivitis in which the 

gum margins become inflamed and hypertrophied, and are prone to bleeding 

(Scopp, 1970). The infl~ation spreads t~~ough surrounding bone and 

blood and lymph vezsels. The colla.gen fibres of the periodontal 

membrane can then be attacked by invading bacteria. The gum margins 

recede and 'pockets' fo~.,leading to 'mobility' (looseness) of the teeth. 

In extreme stages, the tissues suppurate and are exfoliated; this is the 

condition commonly termed 'pyorrhoea (alveolaris)' (Cohen, 1976). This 

destruction and necrosis of the supporting tissues results, eventually, 

in loss of the teeth. 



1.1.2 Nature of dental caries 

'Caries' is a latin word meaning 'decay' or 'rottenness'. 

In the clinical sense, it may refer to diseases of teeth or (fornlerly) 

of bone. In dental caries, the bacteria of dental plaque, a soft 

microbial integument on the tooth (see Section 1.2), destroy the 

dental enamel and then infect the underlying dental tissues, dentine 

and pulp, and the surrounding soft tissues of the periodontium (slee 

Section 1.1.3). 

The microbial aetiology of dental caries '-las first sugge!sted 

over one hundred years ago (Erdl, 1843; Ficinus, 1847), although the 

3 

'actual mechanisms of microbial attack of teeth were not studied 

experimentally until about twenty years later (Nagitot, l8G?; Leber & 

Rottenstein,1867; Underwood & Milles, 1881; Miller, 1890). l'Liller 

is often considered the father of modern cariolo~J (study of dental 

caries). He showed that the micro-organisms which he found on the 

teeth fermented dietary carbohydrates, producing acids capable of 

dissolving e~4mel; amongst these, he specifically detected lactic acid. 

His 'chemico-parasitic theory' is the basis of modern ~heories of 

cariogenesis. 

In spite of the amount and surprising sophisticatic'n of early 

work, the detailed mechanisms of cariogenesis are controversial and 

much of the biochemistry is still very ill-defined. 

Theories on the formation of carious lesions 

In the past, many theories have been put forward to explain the 

destruction of tooth structure, the disease now known a.s 'dental caries'. 

The Greek physician, Hippocrates (456 B.C.) proposed that tooth dacay 
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was due partly to phlegms and partly to substances in foods. This 

theory was believed for a long time; Bourdet (1757), for example, 

believed that juices (both from food and body humours) were retained in 

the teeth, where they stagnated and caused decay. Galen (131 A.D.), 

physician to the Roman Emperor, Marcus Aurelius, suggested that 

deficiencies in the diet made teeth 'weak, thin and brittle'. This is 

known to be true, to some extent, if the diet is deficient in calcium 

or phosphorus, but his theory gave the impression that caries arose from 

within the tooth. This misconception also persisted for some time 

(Hunter, 1778). Galen and Hunter also suggested that excessive diets 

(i.e. over-eating) might cause 'inflammation' of the teeth. 

One picturesque suggestion frcm the }liddle Ages was the 'Worm 

Theory' of caries, whereby 'tooth-vlOrms' burrowed into the teeth. 

Methods of treatment were devised and later workers claimed to have seen 

these worms (Pfaff, 1756)! 

The first to describe the colonisation of teeth by micro

organisms was the Dutch pioneer of microscopy, Anthony van Leeuwenhoek. 

He showed that when teeth were scrupulously cleaned, ',Euri et candidi' 

(clean and white), a gummy white matter ('materia c~ba') formed on them. 

He wrote: 

•••• vidi dictae i11i materiae inesse multa adrnodum 

exigua animalcula juc~~dissimo modo se moventia' 

(' .... r saw that there were, in the aforementioned (white) matter, many 

tiny living animalcules moving in a most sprightly manner') (Leeuwenhoek, 

1683). He also gave an idea of the large numbers of these animalcules 

present on the teeth; 

•••• a good thousand of 'em in a quantity of this material 

that was no bigger than a hundredth part of a sand-grain.' 
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(LeeuweIL~oek, 1683) but failed to recognise that they might be involved 

in caries. 

Pfaff (1756) was the first to suggest that tooth decay was due 

to 'remains of food which undergo putrefaction between the teeth'. The 

idea develop-:!d that acids, formed from breakdown of food, attacked the 

teeth. How0ver, fermentation and putrefaction were then believed to 

be chemical processes and the microbial aetiology of caries was not 

proposed mltil much later (Erdl, 1843; Ficinus, 1847). Miller (1890) 

has reviewed these and other theories of cariogenesis popular in the 

nineteenth century and earlier. 

Th~ following are some more recent theories, also disfavoured. 

(1) Proteolytic theory 

Gottlieb (1947) suggested that proteases attacked and weakened 

the enamel matrix. Although bacterial collagenases may attack 

dentine, this is probably not crucial in destruction of enamel. 

(2) Proteolysis-chelation theory 

Schatz and Nartin (1962) suggested that enamel minerals (mainly 

calci~a and phosphate) are removed by chelation with the products 

of bacterial metabolism of the organic matrix of the tooth. 

These products would include those formed by proteolysis (i.e. 

amino acids), as suggested by Gottlieb (1947). 

(3) Phosphatase theory (Phosphoprotein theory) 

This theory (Kreitzm~~ et al., 1969; Kreitzman, 1974) suggests 

that the phosphoric acid produced by the action of bacterial 

phosphatases, attacks the hydroxylapatite of enamel. Such 

enzymes are certainly present in plaque, but there is no evidence 

to SUggBst that they are involved in dissolution of hydro~Jlapatite. 



There is little evidence to support e:ny of these theories and 

other theories are even less well founded. [iliese have been revievred 

by Dreizen (1976)]. The evidence for and against the proteolysis and 

proteolysis-chelation theories has been discussed by Jenkins (1971; 

1978, pp. 427-429). 

The currently accepted theory of cariogenesis is based on 

vT .D. Hiller's (1890) original chemico-parasi tic theory of acid 

destruction of enamel. Indeed, it has been rightly said that , •••• 

his concepts have never been superceded, o~~y amplified' (Burnett & 

6 

Scherp, 1968, p.v). (Acid production by plaque bacteria and its effects 

on dental enamel are discussed, in detail, in Section 1.3.1). 

\~11en plaque is sufficiently thick, hlcterial metabolism, in 

the depths of plaque, is anaerobic and large amounts of acid are 

produced from dietary carbohydrates (see 1.3 and 1.3.1). This produces 

deep lesions of the enamel in which the or~~ic matrix of enamel is 

exposed. The organic material is affected only well after the onset 

of demineralisation and bacteria invade the lesion about the s~~e time 

as changes are observed in this organic material (Darling, 1956a & b, 1959 

and 1970). ,\-li thin carious lesions, the pH is IOvier than on the tooth 

surface, and the pH decreases with increasing depth (Dirksen et al., 

1962 and 1963). This is probably because the depths of these lesions 

are not accessible to rinsing or buffering by saliva; the pH remains 

low long after carbohydrate has been cl~ared from the mouth (Dirksen 

~ al., 1962). At the bottom of the deeper lesions, the pH is often 

below 4.0 (Dirksen et al., 1963). At this pH, streptococci are no 

longer metabolically active but ma."1y la.ctobacilli, :3Uch as L. acidophilus, 

can still produce acid. Lactobacilli predominate at the 'advancing 
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front' of a carious lesion (McKay, 1976; Shovlin & Gillis, 1969) and 

will cause further demineralisation of the enamel within the lesion, 

subject to availability of fermentable carbohydrate. The invading 

bacteria enter the dentinal tubules and the collagenous matrix of the 

dentine may then be attacked by collagenase-like enzymes (and rossib1y 

other " proteases) produced by the plaque micro-organisms (l~~inen, 

1970; Larmas, 1972). Once bacteria have broken down the enamel ~~d 

dentine, they may attack the roots of the teeth and the periodontium. 

These tissues become inflamed and ultimately necrotic. 

An 'abcess' is the inflamed pocket of pus \vhich then 

accumulates at the root apex follo\ving bacterial infection. By this 

stage, the tooth may be non-vital or may even have been lost altogether. 

The periodontal tissues are inflamed and necrotic (see 1.1.1). Thus, 

the consequences of tooth decay are more than just 'toothache' and 

there can be a serious risk of bacterial infection of various other 

tissues if active caries is allowed to proceed unchecked. 



1.2 Dental Plague 

•••• the disintegration begins on the outer surface of the 

enamel, and •••• the one thing necessary to the beginning of caries is 

the formation of •••• a gelatinous microbial plaque in a secluded 

position where its acids may act without too frequent disturbances, as 

in pits, fissures, approximal surfaces, about the gum margins, etc., 

and there give rise to caries'. 

Black (1898) 

1.2.1 Nature of ~laque 

8 

The term 'plaque', to describe the acquired layer of bacteria 

and their surrounding matrix, on the tooth surface, was first used by 

Black, in 1898. Gibbons and Van Haute (1973) defined dental plaque as 

'dense, non-calcified bacterial masses so firmly adherent to the tooth 

surface that they resist wash off by salivary flow.' To the naked eye, 

dental plaque is a thick, adhesive, cream-coloured film on the enamel 

surface. It has a gelatinous appearance, especially in subjects on a 

sucrose-rich diet (Carlsson & Egelberg, 1965). It accumulates mainly 

in the pits, fissures a~d aro~~d the gingivalmargL~ of the tooth. 

The gross appearance of plaque c~~ vary subtly from subject to 

subject. Microscopically, however, plaque is extremely heterogeneous. 

Even within one mouth, different sites may vary in both microbial 

composition (Ikeda & Sandha~, 1971; Bibby, 1938; Critchley, 1969) and 

metabolism (Kleinberg & Jenkins, 1964). 

In spite of this diversity, plaque has many regular feat1lJ:'es. 

For example, the predominant bacteria in human plaque, especially early 



plaque, are certain non-haemolytic streptococci, mainly streptococcus 

mutans, S. sanpuis and S. mi teor, (fro:n various authors, compiled in 

Gibbons & Van Houte, 1973; also Ritz, 1967). Other bacteria, such as 
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S. salivarius, Actinomyces, Lactobaci~ and yeillonella, are commonly 

found. Snirochaetes, Clostridium, IJocardia and yeasts (Candida sPP.) 

may be present in small amou.~ts (Socransky, 1970; Loesche et al., 1972; 

Nolte, 1973). (The microbial ecology of plaque and other oral structures 

and fluids has been extensively revievled by Nol te, 1973.) 

All dental plaques, regardless of composition, can produce acids 

by fermenting dietary ca=bohydrates. This \V'as first shown by Hiller 

(1890) and later by others (e.g. Muntz, 1943; Jeru<ins & Kleinberg, 

1964; Gilmour & Poole, 1967). All plaques have the ability to produce 

extracellular polysaccharides (glucans and fructans) from dietary sucrose 

(Carlsson, 1965). Both of these properties are believed to be essential 

for cariogenesis by plaque bacteria. 

I t is nOvl clear that the concen tra tions of acids, produced by 

fermentation in plaque, exe sufficient to dissolve the hydroxylapatite 

of dental enamel under physiological conditions (Jen..\(ins, 1966; see also 

Section 1.3.1). 

Gibbons et~. (1966) showed that cariogenic strains of oral 

streptococci produced large amour.ts of extracellular polysaccharide from 

sucrose, while strains producing less polysaccharide were non-cariogenic. 

Mutant strains of S. ITIutans, defective in extracellular glucan synthesis, 

are (with respect to parent strains) l'3ss able to form plaque (Sharma 

£1 al., 1975; Dulkacz & Hill, 1977) ru1d less cariogenic (Tanzer et al., 

1974). Greer et ale (1971) found that cariogenic'strains of S. mutans 

and S. salivarius were lysogenic, but that non-cariogenic strains were not. 
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Klein et ale (1975) reported that, when lysogenic strains of S. sanguis 

and S. mutans are 'cured', synthesis of extracellular polysaccharides 

(water soluble and insoluble) and plaque-forming ability both decrease. 

The role of the prophage in maintaining these two activities is not yet 

known but this does suggest that such polysaccharide synthesis is 

important in plaque formation. One apparently anomalous finding from 

this report was that, although the 'cured' mutants of s. sanguis 

produced less plaque and polysaccharide than parental strains, t~ey 

caused more carious lesions in gnotobiotic rats. Klein ~ ale (1975) 

suggested from this that extracellular polysaccharide synthesis is not 

essential for cariogenesis. However, in gnotobiotic rats, mone-infected 

wi th S. sanguis, extracellular polysaccharide formation is probz.bly not 

important for colonisation of the teeth, since S. sanguis can bind to 

pellicle and enamel (see Section 1.2.4). (With the mutants, less 

polysaccharide':. is synthesised, SO there may be more sucrose 'available' 

for acid production.) Under 'normal' conditions other micro-organisms 

(e.g. s. mutans) will be present and extracelltuar polysaccharide 

formation will facilitate colonisation of plaque and cariogenesis, by 

these other species (see 1.2.4 and 1.2.5). 

1.2.2 Formation of pellicle 

When dental enamel is thoroughly cleaned of all extrinsic 

matter (e.g. by pumice abrasion), in~, it is rapidly coated with a 

thin acellular film of organic material, 1-10 ~ thick. This was 

termed 'acquired pellicle' by Dawes et ale (1963). Various w·crkers 

showed that this pellicle is larg8ly composed of salivary proteins 

(TuIner, 1958a & 1958b; Heckel, 1965). 
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The mechanism of pellicle formation is unclear. Ericson (1967) 

found that certain salivary glycoproteins, especially those rich in 

sialic acid residues, were strongly and specifically bound to hydroxyl-

apatite, l£ vitro. Nost of the salivary proteins which were absorbed 

to hydroxylapatite ~~d powdered enamel were rich in proline, glycine and 

dicarboxylic amino acids (Armstrong, 1971; Hay, 1973). The importance 

of the proline content is not clear. " " Sonju and Rolla (1972a & b, 1973) 

showed that the protein of 2 hour-old pellicle was low in sulphur

containing and basic amino acids (including proline) but was rich in 

acidic amino acids. The amino acid composition of the pellicle on 

" " different tooth surfaces varied little (Sonju & Rolla, 1973). From 

these findings it has been proposed that pellicle is formed mainly by 

selective absorption of acidic salivary proteins to enamel, possibly 

assisted by Ca2+ ion bridging (Cole & Eastoe, 1977, p.376; Jenkins, 

1978, p. 368). The absorption appears to be selective, because while 

blood group substances and inhibitors of viral haemagglutinins are 

adsorbed from saliva, a-amylases, the major proteins in saliva, are not 

" (Sonju et al., 1974). 

Neuraminidases from plaque and salivary bacteria can precipitate 

salivary protein by removing sialic acid residues and this may be 

involved in formation of the extracellular matrix of plaque (Leach, 

1963; Fukui et al., 1971). -- vlhite (1976) has proposed that 

this is also involved in pellicle formation. This remains to be proved, 

but it seems unIL~ely since the sialic acid would be more likely to aid 

adsorption of the proteins to the enamel. 

There have been fe\., attempts to identify the protein components 

of pellicle. ¢rstavik and Kraus (1973), using imm1L~ofluorescence, found 

that IgA and lysozyme ,.,rere present in most pellicles; IgG and a-amylase 
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occurred occasionally and fibrinogen and albumin were rare. However, 

" as mentioned above, Son,ju et all (1974), using biochemical and immuno-

lOgical assays, found that blood group substances and haemagglutination 

inhibi tors were present but that lysozyme and a-amylase "vere not. 

\'lhatever the detailed mechanisms of formation, pellicle does 

accumulate ~~iformly on tooth surfaces ~~d is important in the formation 

of dental plaque (see 1.2.4). 

It has.been suggested that the function of pellicle is to 

protect the enamel. In support of this, pellicle does appear to slow 

dOvm solubilisation of enamel by acid (Darling, 1943; I1eckel, 1965). 

However, this qu&stion is still unresolved, and the harmful effects of 

pellicle, in facilitating binding of bacteria to enc~el (see 1.2.4), 

probably out\veigh any such benefits. 

Colonisation of teeth by bacteria 

On a cle~~ or pellicle-coated tooth surface, clumps of bacteria 

appear wi thin a few hours, either by gro\vth from the pre-existing 

microflora or by colonisation from oral fluids (Saxton, 1973; " Bjorn & 

Carlsson, 1964). These clumps eventually grow, coalesce and build up a 

layer of bacteria, polysaccharide and other matter, up to 300 ~ thick. 

This is dental plaque. 

The mecr~nisms of plaque formation are not fully understood. 

Various factors have been implicated in colonisation of teeth by bacteria. 

Low pH and agglutination by ion bridging or by proteins from saliva and 

Spinell, 1970; Jenkins, 1918, po378). All of these probably contribute 

to plaque formation but the importance of extracellular glucans in 
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bacterial adhesion is rapidly becoming apparent (see 1.2.4). 

S. mutans is not abund~~t in saliva and probably colonises tooth 

surfaces by migration and gro\'lth from small plaque deposits remaining in 

tooth pits and fissures and on the gingivae; S. sanguis and S. miteor, 

on the other hand, are more abundant in saliva than S. mutans is. They 

probably colonise the teeth by absorption from saliva (Gibbons & Van 

Houte, 1973). Such differences partly explain ',o;hy thorough removal of 

bacteria from the teeth and gingivae considerably (but only temporarily) 

alters the microbial population of dental plaque. 

Adhesion of micro-organisms to the tooth surface 

In dental plaque, the predominant bacterial species are 

streptococci, mainly S. mutans, S. sanguis and S. miteor, with traces of 

S. salivarius and S. milleri (see 1.2.1). The aggregation and adhesion 

properties of these species differ. 

S. sanguis aJld S. salivarius are aggregated by saliva (Kashket & 

Donaldson, 1972). S. mutans is not, but is specifically agglutinated 

by various glucans, including dextran~ (Gibbons & litzgerald, 1969; 

Guggenheim & Schroeder, 1967) and its own 'mutan1~ (Veld & de Stoppelaar, 

1975) • In vitro, all these species bind poorly to uncoated enamel, but 

So sanguis binds strongly to pellicle-coated enamel (¢rstavik ~ ~., 

1974). Also in vitro, S. srul~uis ~~d S. miteor bi~d to saliva-coated 

(i.e. quasi-pellicle-coated) hydroxylapatite (RA), but not to dextran 

coated HA; S. mutans binds only to dextran-coated ITA (Liljemark & 

Schauer, 1975). In the sane study, the binding abilities of _S_c __ S_~_D~gul~·~S 

~~d So mutans were destroyed by pre-treatDe~t with proteases, suggesting 

that both types of binding site are, or contain, protein. The binding 

of So IDutcms was also sensitive to pre-treatment with dextranase. 

~See Appendix 
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¢rstavik (1978) has recently attempted to identify the pellicle 

components to which s. san~is binds; some of the components were 

isolated and shovm to be proteins. Of these, only lysozyme was clearly 

identified. Lysozyme alone could not promote adhesion so S. s~lguis 

may have to bind simultaneously to several receptors (or proteins?). 

Mukasa and Slade (1973, 1974a & 1974b) showed that adhesion of 

S. mutans to glass required the activity of glucosyltransferases adso~bed 

to the cell surface. This was confirmed by the finding that this 

sucrose-dependent adhesion was inhibited by dextranase, which prevented 

production of cell-surface gluc~~s (Schachtele et al., 1975). However, 

this property is probably independent of the glucan-induced agglutination 

of S. mutans, since soluble dextrans inhibit both the enzyme activity 

(Newbrun et al., 1977) and adsorption to the cell surface (Nuka£a and 

Slade, 1974a) of these glucosyltransferases. Cell-bound gl~cosyl-

transferase activity and dextran-induced agglutination can each be 

abolished without affecting the other (NcCabe & Smith, 1975). NcCabe 

et ale (1977) isolated, from a cariogenic strain of S. mutans, an 

extracellular dextran-binding protein which had no glucosyltransferase 

or dextranase activity; the evidence is, admittedly, circumstantial, 

but this protein may be a receptor involved in dextran-induced 

agglutination and adhesion to the tooth surface. Finally, Kuramitsu 

(1973) sho\V'ed that both live and heat-killed S. mutEms cells bound to 

dextran- coated glass; binding was independent of any glucosyltransferase 

or other heat-labile enzyme activity. 

The L~portance of s. IDutans cell-bo~~d glucosyltr~sferases in 

plaque formation is not clear. Although glucan-ind.uced agglutination 

is important, there are certainly other factors involved. Non-flaque-
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forming mutants of S. m11tans which can still be agglutinated by dextr~~, 

have been isolated (Freedman 8; Tanzer, 1974). Freedman and TEu1zer 

argue froDl these findings that agglutination is not involved inpla~ue 

formation at all. However, they used a model system, in vitro, \.J'i th 

'pla~uet i'(.;.rmation on metal wires, in \vhich even 1dild-type S. mutans 

probably binds ~y other mechanisms anyway. In~, tooth colonisation 

by §. mutans is probably facilitated by the glucans of other bacteria 

such as S. sanguis; moreover, glucan-induced agglutination will, ~ 

viv~,. promote 'clu.rnp' formation, '.-!hich will also accelerate pla~ue 

fornation by S. mutans. 

1~e colonisation of teeth by S. mutans is very dependent on 

die tary sucrose levels, ",hile colonisation by S. sanr;uis is not (de 

Stoppelaar et al., 1970). This suggests that adhesion of S. mut~~s is 

facilitated by an enzyme (or enzymes) using sucrose as substrate and is 

not merel~l due to passive agglutination. 

Less is kno',m about the adhesion, in pla~ue, of other bacterial 

species. Actinomyces viscosus is aggregated by Leuconostoc mesenteroides 

dextran and the extracellular gluca.~s of S. S8.rlfUis a.'1d S. mutans, 8,o'1d 

binds strongly to Sephadex (cross-linked L. mesenteroides dextran gel) 

(HcEride, 1975). Many Actinomyces species synthesise adhesive dextra.~-

like glucans from sucrose, but can also form pla~ue in the absence of 

sucr:::·se (Jordan et al., 1969). -- These extracellular gluc8.-~s may 

facili tate adhesion of Actinomyces to other species 0: bacte:r:ia in pla~ue. 

It has been sho\·m, 1t!ith the scanning electron r.1icroscope, that, in 

pla~lle, cccci co-aggregate with filamentous (Actinomyces-like?) bacteria 

giving a 'corn-on-the-cob' appearance (Gibbons & Van Haute, 1973). 

Veillonella, a fairly common pla~ue bacteriu.~, co-aggregates with 



A. viscosus, in vitro (Gibbons &. Nygaard, 1970). Also, Veillonella 

alone cannot form 'plaque' on metal ivires, but can bind to pre-formed 

'plaques' of A. viscosus (Eladen!!. al., 1970). 
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\'/i ttenberger et a1. (1977) showed that the glucosyl transferases 

of S. salivarius bind very strongly (i.e. not removable by 1.0 mol/l 

NaCl or LiCl) to the surface of V. parvula cells. The effect of this 

(if any), 1£~, is not yet known, but it may enhance adhesion of 

V. parvula to smooth surfaces, ~~d interspecies ageregation. 

Candida spp. (e.g. C. albicans) are occasionally present in 

plaque. They may infect the soft tissues (giving candidiasis) but 

it is not knol:m if they are involved in cariogenesis. Adhesion of 

Candida to dental prostheses ('false teeth') is sucrose-dependent (L.P. 

Samaranayake, personal con~unication) but the mechanism of this is not 

yet kno'Vm. 

In conclusion, the binding of bacteria to en&~el and pellicle 

is important in plaque formation. The abili~J of different species to 

bind to each other is certainly just as important. 

1.2.5 Current mOdel for dental placue formation 

Using the information given above (Section 1.2.4), one can 

construct a model to describe the for:nation of dental plaque. The 

salient points are the follouing. 

(1) Plaque streptococci and other bacteria produce adhesive 

extracellular glucans from dietary sucrose. 

(2) S. muta.~s cells are agglutina.ted by extrinsic dextra."1s or by 

glucans produced by their own cell s\rrface enzymes. 

(3) S. sanguis and S. miteor can bind to enamel or, better, to 

pellicle-coated enanel. 
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(4) The colonisation of teeth or plaque by S. mutans requires the 

presence of sucrose. Colonisation by other species, such as 

S. sanguis and A. viscosus, does not. 

(5) }lany plaque bacteria are aggregated by glucans or by inter-

species adhesion. 

Therefore, when the surface of enamel is cleaned, pellicle 

rapidly forms and S. sanguis, S. miteor, and possibly other species (e.g. 

Actinomyces spp.), bind to it. In the presence of sucrose, these 

bacteria synthesise extracellular glucans which facilitate a-l;tachrnent 

of S. mutans and other bacteria. Glucan synthesis continues and more 

bacteria bind to the surface of the growing plaque. ('1::'1e essentials 

of this scheme are summarised in Fig. 1.1.) 

Some \yorkers, however, doubt the importance of plaque glucar:.s 

as agglutinating, adhesive factors in the formation of dental plaque •. 

Jenkins (1978; pp.386-387) points out that, although Idextr~~s' bind 

to hydroxylapatite, the binding may be inhibited by pellicle fo~ation 

and is certainly inhibited by physiological (i.e. plaque ruld salivary) 

" concentrations of inorganic phosphate (Rolla & Mathiesen, 1970). 

However, this does not take into account the roles of S. sanguis, 

S. miteor and other glucan-producing species. 'l:Iith the scheme 

described above, in the presence of these species, it is not necessary 

for S. mutans to bind directly to the tooth surface, whether glucan-

coated or not. 

Glucan-induced agglutination and glucosyltr~Dsferase-mediated 

adhesion of S. mutans are independent activities (see 1.2.4) and this 

has led to the suggestion that agglut~1ation is not involved in adhesi~n 

(or, hence, in plaque formation) by S. mutans. PreliminarJ \ior}: by 
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McCabe and co-workers (cited by HcCabe, 1976) suggests that the two may 

be distinct properties mediated by a single receptor, possibly the 

'dextran-binding protein' isolated by HcCabe et §l. (1977). They 

propose that agglutination is due to binding of soluble glucan to this 

receptor while adhesion is due to syntheses of complex, insoluble glucans 

bound to the receptor and to other surfaces. These complex glucans 

might be produced by S. mutans cell-bound enzymes or by pellicle-bound 

bacteria of early plaque (e.g. S. sanguis). 

Freedman and Tanzer (1974) isolated mutants of S. mutans, which 

were unable to form 'plaque' in vitro. They concluded that gluc~~-

induced agglutination was not involved in plaque formation by s. mut~~s, 

in vitro. lio\vever, as pointed out in Section 1.2.4, this probably is 

not the case in vivo. Certainly in vitro and in germ-free animals, --
S. mutans (wild-type) probably binds to teeth by other mechanisms, such 

as by synthesis of its ow~ cell-surface glucans, as suggested by Mukasa 

and Slade (1973). 

Finally, in further support of the hypothesis that ~anguis 

and S. miteor bind to pellicle in formation of early plaque, it has been 

shown that S. sanguis and S. miteor are recovered in higher proportions 

from very early plaque than are other species sucn as S. mutans 

(Carlsson, 1965). 
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1.3 Metabolism of Sucrose by Dental Plague 

••• Sweet, sweet, sweet poyson of the age's tooth.' 

William Shakespeare (1596/1597) in 'King John' I, i, 1.213 

Because dental plaque is so heterogeneous, it contains a wide 

range of ffietabolic systems. Our main concern is the metabolism of 

sucrose, which is the single most cariogenic component of the diet. 

Sucrose can be metabolised by plaque bacteria in the following 

ways: 

(i) hydrolysis by inv8rtase to glucose and fructose follo1tled by 

(a) catabolism to CO2 and/or organic acid, 

(b) anabolism to glycogen-like intracellular polysaccharide 

(ii) synthesis of extracellular fructans (with release of glucose), 

(iii) synthesis of extracellular glucans (with release of fructose). 

It has long been known that plaque bacteria can anaerobically 

produce acids which might attack dental enamel (Miller, 1890; Muntz, 

1943 ). Noreover, many of the bacteria isolated from plaque are 

facultatively or obligately anaerobic (Loesche ~ al., 1972; Ritz, 

1967; Socransky, 1970). It used to be thought, and is still widely 

believed (Kleinberg, 1970; Mandel, 1974; Saxton, 1975; Tatevossian 

and Gould, 1976), that dental plaque vIas a barrier to diffusion of 

various ions and. molecules (including oxygen). However, the vlork of 

MoNee et ale (1979) has showr. that oxygen and other small molecules can 

diffuse fre81y through plaque at about half the rate found in water. 

If o~Jgen diffu3es into 100 ~m plaque, the time required to reach half 

the equilibrium concentration (T;,) is only about 1.9s (NcNee at al., 
2" 

(1979). Through 100 ~ of water, T1 is about 0.9s (oalculated from 
z 
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data in Reid and Sherwood, 1958, p.554 and Daniels ~~d Alberty, 1966, 

This makes the presence of anaerobic bacteria, in plaque, 

superficially surprising. However, the most likely explanation for the 

occurrence of anaerobic conditions in plaque is that oxygen is 

metabolised very rapidly by the surface micro-organisms of the plaque. 

Thus, the plaque must be fairly thick and the metabolic rate must be 

high enough to prevent more than superficial penetration of the plaque 

by oxygen. 

(Acid production by plaque is discussed further in Section 1.3.1). 

Sucrose and other soluble di- and mono-saccharides are rapidly 

cleared from the mouth. They can be stored by plaque bacteria as 

extracellular glucan or fructans (see 1.3.2 and 1.3.3) or as intra-

cellular iodophilic polysaccharides. The latter are glycogen-like and 

are synthesised by most plaque bacteria (Gibbons & Socransky, 1962; 

Berman & Gibbons, 1966; van Houte & Jansen, 1968a and 1969). The 

bacteria synthesise this 'glycogen' during periods of high oral sugar 

concentration or even during 'resting' phases. In the absence of other 

nutrients, the 'glycogen' is broken dOwn to form acids. 

The glucans (other than glycogen) and fructans of plaque are 

synthesised, by extracellular or cell-bound enz~mes, fro~ sucrose. 

These are discussed in Sections 1.3.2 and 1.3.3. 

Acid production by dental ulaaue 

Hiller (1890) was the first to show that micro--organisms in 

dental plaque could produce acids by fermenting dietary carbohydrates. 

This has since been verified by numerous workers(e.g. Stephan, 1938; 

" Carlsson, 1965; Nuhlemann and de Boever, 1970). 
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Using antimony electrodes, Stephan (1940) showed that 'the pH 

of undisturbed plaque decreased when the mouth was rinsed with glucose 

or sucrose. The pH dropped rapidly to a minimum (as low as 4.0) \-lithin 

10 minutes and slowly returned to the 'resting' level by 30 to 60 

minutes after rinsing. (The graph of plaque pH against time is now 

kno\-lllas a 'Stephan curve' .) Initial (resting) pH values and pH minima 

were lower in caries-active subjects and only in these subjects did pH 

drop below 5.0 (stephan, 1943; Jenkins and Kleinberg, 1964). 

The pH at which the hydroxylapatite of enamel dissolves (the 

so-called 'critical pH'), is lowered by increased calcium and inorganic 

phosphate concentrations in the surrounding media. Saliva contains 

about 1.5 mmol/l calcium and about 6 mmol/l inorganic phosphate (Gow, 

1965; Tatevossian and Gould, 1976). In this environment, enamel is 

decalcified below pH 5.5 (Jenkins, 1978; p.299). The concentrations 

are somewh~t higher in plaque extracellular fluid (ECF) [calcium, 

6.5 mmol/l, and inorganic phosphate, 14.2 mmol/l; Tatevossian and 

Gould (1976)] but hydro~Jlapatite is still solubilised below pH 5.5, 

even at these concentrations. 

More convincing, perhaps, than sugar rinses, are Stephan curves 

and lactic acid production, in plaque, after in.sestion of carbohydrate

containing foods and drinks (Ludwig and Bibby, 1957). The stephan 

curves resemble those from glucose rinses, although the time-courses 

vary between foods. This technique has been used to assess the relative 

'acidogenicity' of various snack foods (Edgar ~ al., 1975; Rugg-Gunn 

~ al., 1977). This is important because the snack habit probably 

greatly increases the incidence of dental caries. 

However, the pH of plaque depends on more than just the 

fermentability of dietary carbohydrates. Old or mature plaques give 
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lower pH minima. follovling carbohydrate rinses, partly because of the 

greater amount of anaerobic bacteria in deep plaque (de Boever and 

" Hu..l-J.lemann, 197C) .._ .. __ ~_~The amount of .~~~,~d producedal,so 

depends on the availability of fermentable carbohydrate. For example, 

dissolved carbohydrates will be more rapidly metabolised than insoluble 

ones. 

stephan (1940) showed the drop in pH in plaque 't/as, wi thin 

limits, proportional to the concentration of glucose in the rinses. 

Ho'wever, 'salivary sediment' produced slightly less acid \-lith glucose 

above 100 gil (0.555 mmol/l) (Sandham & }Qeinberg, 1969). Similarly, 

at high 0oncentrations of sucrose (above 0.1 mmol/l) plaque produced 

less acid ~~d shallower Stephan curves were obtained (Geddes, 1974 and 

1975; Birkhed & Frostell, 1978). This may be a bacteriostatic 

physical effect (e.g. osmotic) or may be due to excess substrate 

inhibition of bacterial enzymes. Invertase and dextransucrase of other 

micro-org"'....nisms are kno~.m to be inhi bi ted by high sucrose concentrations, 

although probably for different reasons with each enzyme (Nelson & 

Schubert, 1928; Hehre, 1946). This may be a common feature of 

sucrose-metabolising enzymes. 

'llhe lowering of pH in plaque is affected, not only by the 

carbohydrate content of foods, but also by their physical nature and 

textu.re. Some foods are cleared from the oral cavity more rapidly than 

others because of differences in solubility or adhesiveness. Horeover, 

most foods will contain various buffers which will help minL~ise pH 

changes. 

rr:'1e magnitude of the drop in pH due to acid production is also 

affected by the chemical nature of the acids (i.e. their pK'sh by 
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dilution of acids by salivary flow and by buffers in saliva, in plaque 

extracellular fluid (ECF) and in food. ~~e pH drop produced in human 

plaque by sweet foods can be 'buffered' by eatillg non-acidogenic 

savoury foods such as cheese or peanuts iw~ediately afterwards (Rugg-Gunn 

~al., 1975, 1978; Geddes~al., 1977). Such foods stimulate 

salivary flow, which helps dilute the acids produced by plaque. They 

also contain large ~~ounts of protein which may be metabolised by plaque 

bacteria to produce ammonia. Many cheeses (e.g. blue cheese) contain 

ammonia as a product of fungal metabolism. This ~llffionia raises the pH 

of the plaque. Thus, the I,restern custom of eating sweet foods at the 

end of meals is the worst possible one inEofar as dental health is 

concerned. The Chinese eat sweet foods, ad libitum, throughout the 

course of a meal. This seems more desirable. 

As mentioned previously, plaque bacteria can ferment carbo-

hydrates to acids, in vitro (Hiller, 1890; Huntz, 1943). Others have 

since demonstrated this in vivo. Hoore et ale (1956) studied the pH 

and lactate concentrations of huma~ nlaque, in situ. - -- The drop in pH 

following sucrose rinses was paralleled by increases in concentration 

of lactate. Moore and co-workers claimed that the drop in pH was 

fully accounted for by the lactate produced ~~d that lactate was the 

only acid produced. Ho\vever, Str~lfors and Eriksson (1959) have shown 

that other acids in plaque could interfere with the method used for 

assaying total lactate and so lead to ~~ over-estimate of lactate 

concentration. Using the more sensitive technique of gas-liquid 

chromatography, Geddes (1975) showed that plaque produced L(+)-lactate, 

D(-)-lactate and the volatile acids, acetate, propanoate and butanoate. 

The volatile acids predominated in 'restine' plaque, but, after ingestion 

of sucrose, the concentrations of L(+) and D(-) lactate increased rapidly. 
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These t,o/O are the major acid species at, and following the pH minima of 

. stephan curves. The pK of lactate (3.86 at 25°C) is much 10\-rer than 

those of acetate (4.76), propanoate (4.87) and butanoate (4. 82). 'vi th 

Geddes' findings, this suggests that lowering of pH in plaque (and, 

hence, initiation of carious lesions) is mainly due to production of 

lactate. 

Synthesis of ulague fructans 

Fructan synthesis in dental plaque is less well characterised 

than glucan synthesis. The fruct~~s in plaque are often loosely termed 

'levans' (~-2,6-linked fructan with ~-2,1-linked branches; see fig. 1.2) 

and the enzymes which synthesise them have been called 'lev~~sucrases' 

(EC. 2.4.1.10; sucrose: 2,6-~-D-fructan 6-fructosyltr~~sferase). This 

is mainly because many bacteria, such as Aerobacter levanic~~ and 

Bacillus subtilis synthesise levans (Feingold & Gehatia, 1957; Rapoport 

& Dedonder, 1966). Like the terms 'dextran' and 'dextransucrase', 

these may be misnomers when applied to plaque (see Appendix). Methyl-

ation analysis has shown that the fructans of S. mutans Ingbritt A are 
. ," . 

mainly ~-2,1-linked (Baird et al., 1973) and thus are more like inulin 

(see fig. 1.3) than like levan. liowever, the infra-red spectra of 

Actinomyces fructans (Ho\olell & Jordan, 1967) closely resemble that of 

levan, rather than inulin, as demonstrated by Barker and Stephens (1954). 

Plaque fruct~~s are synthesised by fructosyltransferases (FT) 

as follows: 

Sucrose + (Fru)n ---.;;F~T,----:>~ Glc + (Fru)n + 1 

The fructosyltransferases of S. mutans and A. viscosus can also 

use raffinose as fructosyl donor (Carlsson, 1970; Howell & Jord~~, 1967). 

The reaction is e.X'othermic !ACo
= - 8.4 kJ/mole) but is less so 
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than the reaction for glucan synthesis~Go = -116kJ/mole, according to 

Cole & Eastoe, 1977, p.28l). 

Unlike plaque glucans, fructans are not 'sticky' and are 

readily water-soluble. Although fructans are synthesised more rapidly 

than glucans in plaque (Higuchi et ~., 1970), their overall concentrations 

are lower because they are also rapidly degraded by plaque bacteria 
I 

(HcDougall, 1964; Wood, 1964 and 1967a; 1.tTood & Critchley, 1967). Thus 

plaque fructans are probably carbohydrate 'stores' rather than adhesive 

II~atrix material, as is the case with glucan (McDougall, 1964; Da Costa 

& Gibbons, 1968; van Houte & Jansen, 1968a). 

Fructans are synthesised by various plaque micro-organisms, 

such as A. viscosus (Howell & Jordan, 1967), S. mutans (\'loOd & Critchley, 

1967) and S. salivarius (Garszczynski & Edwards, 1973) but not S. sanguis 

(Black, 1975). 

Carlsson (1970) purified the fructosyltransferase activity of 

S. mutans 2~d showed it to have a pH optimum of 6.0, pI of 4.2 and 

temperature optimum of about 40°C. 2+ Ca appeared to increase enzyme 

activity (or at least stabilise the enzyme mOlecule). The fructosyl-

transferase of So salivarius had a pH optimum of 5.6, a pI of 5.2, an 

apparent Km for sucrose of 17 wmol/l, and molecular weight by gel 

filtration (on Bio-Gel P-60) of 34,500 (Garszczynski & Ed.lards, 1973; 

\<lhitaker & Ed\"ards, 1976). The former claim that enzyme activity is 

inhibited by divalent cations, while the latter claim that it is 

stimulated and quote Km for l1i+ as 63 ~llo1/1. The reason for the 

difference in the findings is unclear. Scales !i ale (1975) fO\L~d 

that a 'glycosyltransferase complex' (containing glucosyltransferase 

and fructosyltransferase), from S. rm.:.tans FA1, 'lias strcngly inhibited 

2+ 2+ by some divalent cations but was unaffected by Ca or}'Tg • Tne 
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fructosyltransferases of s. mutans and S. saliv8xius are constitutive 

(Carl~son, 1970; Garszczynski & Edwards, 1973). Those of A. viscosus 

are inducible by sucrose or raffinose (Howell & Jordan, 1967). 

The fth~ction of pl~que fructosyltr~~sferases is to store 

carbohydrate. They are thus important in the production of acid 

after food has been cleared from the mouth. Given the low Km of the 

enzyme from S. salivarius (17 mmol/l; see above), these enzymes are 

probably very active at nOr.TIal dietary and oral concentrations of 

sucrose (see Results, section 3.7). The YJn is similar to values for 

the glucosyltransferases of s. sanguis and s. mutans (see 1.3.4). The 

KID reported by Scales et ale (1975) is unusually high (55 mmol/l) but 

they too fou...~d tha.t the val"..les for fructosyl transferase and glucosyl

transferase were identical. Aksnes (1977) fo~d that the glucosyl

transferase, fructosyltransferase ~~d invertase of S. mutans co-focused 

as one symmetrical peak (at pH 4.6) in liquid column isoelectric 

focusing. He suggested that these different enzymes had a co~on 

apoenzyme. It is perhaps surprising that only one peale of enzyme 

activity was observed since S. mutans produces several glucosyl

transferases (see 1.3.4) and its glucosyltransferases and invertase 

are distinct proteins (Fulcui ~ al., 1974). The findings of Aksnes 

are not conclusive but, in view of this and the similarity of Km's, 

it is reasonable to suppose that the S. mutans enzymes at least possess 

some common sub-units, including, perhaps, the sucrose-binding site. 

structure of plaque glucans 

Extracellular glucans are synthesised, from sucrose, by many 

plaque bacteria, such as Strentococcus spp. (Carlsson, 1965) and 
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Actinomyces spp. (Gibbons & van Houte, 1973). The molecular str'li.ctures 

of the streptococcal glucans have been studied intensively by various 

methods. The results obtained are affected by the methods of ana.lysis 

used, by the conditions and media for bacterial gTo'Nth and by the 

properties of the glucans themselves. The structure of the glucans 

is also affected by the methods of production, whether synthesised. by 

bacteria grown in the presence of sucrose or by purified or partia.lly 

purified glucosyl transferases (Nisizaltla et al., 1977; Ceska et al., -- --
1972). These problems have been reviewed by Black (1975). 

The extracellular glucans of dental plaque are often misleadingly 

referred to as 'dextrans' (see Appendix). It is now clear that their 

structures are much more complex. Hany different structurE'':' haVE' been 

reported for the glucans of S. mutans and S. sanWlis (Long, 1971; Long 

& Edwards, 1972; I3aird et a1., 1973; Sidebotr.cam, 1974; Arnett& Hayer, 

1975; Black, 1975; Krautner & Bra~sted, 1975; Usui et al., 1975; 

Nisizawa et al., 1976; Beeley & Black, 1977; several other sources are 

described by Black, 1975, and Sidebotham, 1974). HO\'lever, in spite of 

these variations in findings, it is clear that the streptococcal gluc~~s 

contain predominantly a-l,6 ~~d a-l,3 linkages, in both branches ~~d 

chains, although the reported proportions of each linkage vary. The 

dextrans of Leuconostoc mesenteriodes contain only a small proportion 

of a-l,3 linkages, generally less than 1~6 of the total number of 

lin..k;:ages (Sidebotham, 1974). Ho\·;ever, the glucans of S. sanguis 

contain up to 48% a-l,3 linkages, and those of S. mutans, up to 84'10 

(Guggenheim, 1970). The latter were ShOi-ffi to be 0:-1,3 linked glucans 

with a-l,6 branches. These 1,3-o:-D-glucans are c2.11ed 'mut-sn' ani, 

unlike dextran, are insoluble in water. 

stoudt and Hollstadt (1974) have reported an unusual plaque 

glucan. This was synthesised from sucrose, in the presence of dextranase, 
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by plaque formed in vitro, using S. mutans. The glucan vias named 

'cariogenan' and contained 75% a-l,3 linkages and 25% a-l,2 linkages in 

a linear (i.e. unbranched) molecule. An uncharacterised Bacillus 

glucanase hydrolysed cariogenaD to glucose and nigerotriose (a-D-glc-

1,3-a-D-g1c-1,3-a-D-g1C]. It may thus be an a-l,3 linked polymer of 

glucosy1-a-1,2-nigerotriose (see fig. 1.4). Cariogenan is very 

insoluble in water and so may be adhesive and important in plaque 

formation. 

Synthesis of plaque glucans - glucosyltransferases 

[ThiS section should be read in conjunction with the Appendix at the end 

of the thesis.J 

Extracellular glucans are synthesised from sucrose by 

glucosyl transferases (GT) , as follows (Eisenberg ec Hestrin, 1963):' 

SUCROSE + [glc]n __ G;;..;T~~) FRUCTOSE + [glc]n + 1 

The growing glucan chain acts as a glucosyl acceptor. other compounds 

(see belm'i) may also do so. The enzyme-catalysed reaction does not 

require synthesis of any high-ener~J precursors (SUCh as UDP-glucose in 

glycogen synthesis) because of the high free ener~J of hydrolysis of 

[ 
0' -1] sucrose AG = -29.3 kJ.mo1 • The free ener~J change is so large 

because the anomeric carbon atoms of the two hexose moieties (C-1 in 

glucose and C-2 in fructose) are both involved in the glycosidic li~~, 

making sucrose a diglycoside. The free energies of formation of the 

various glucal1s in plaque, from sucrose, are not knO\'ffi but their synthesis 

is essentially irreversible so 6Go
t

, like that for synthesis of 

Lo mesenteroides dextrans, is probably greater than 16 kJ.mol -1 

(Herxe, 1946 and 1961). 
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T'.ae glucosyltransferases which synthesise 1::. mesenteroides 

dextrans have been studied more extensively than any other similar 

glucosyltransferase systems. These enzymes have Em for sucrose of 

o 
19-20 mmol/l (Hehre, 1946), and optimum activity at pH 5.0 and 30 C 

(Tsuchiya at al., 1952). They are inducible by sucrose (Sidebotham, 

1974). The enz)~e-catalysed reaction is irreversible (Herxe, 1946) 
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and is stimulated by divalent cations (Itaya & Y&~2~otO, 1975). Until 

recently the mechanism of dextra.TJ. bra..."'lching \012.S uncertain. 'Bailey 

~ ale (1957) and 'Bovey (1959) postula,ted 'branching enzymes' • 'Bailey 

and co-workers found that, after storage, dext=an-sucrase preparations 

synthesised dextra.."'ls ,.,rith progTessively fm.,rer <:.:-1,3 linkages. They 

suggested that a more labile bra.TJ.ching enzyme was being inactivated 

during storage. Although plausible, this is Obviously not conclllsive. 

'Bovey (1959) showed that the molecu12x \{eightsof de:drans, as measured 

by periodate oxidation and light scattering, continued to increase, 

even after sucrose was exhausted from the incubation oedium. He 

proposed that linear 1,6-a-D-glucan molecules were linked by enzyme 

action, giving higher molecular "leight, branched dextran molecules. 

Ho\o/ever, Ebert ~ ale (1966) sho"./ed that the same findings could be 

explained by association of 10\'[ molecular ;'.,reif;ht dextran molecules to 

form non-covalently bound high molecular weight particles. Hahre (1969) 

suggested that enzyme-catalysed branching, by rearr~1geillent of existing 

glucan chains (as with glycogen branching) or by fOrL1ation of glycosidic 

links behreen different chains, would be energetically unfavourable, 

having no obvious high-energ-J substrate to 'drive' the reaction. 

Ho,.,rever, Robyt and Taniguchi (1976) found that 'c.ext::::a.."'lsucrase' 

preparations from L. mesenteroides could tr2~sfer [14c]-labelled dextra.TJ., 

attached to enzyme at the " . reducing (C-l) enrl, to an unlabelled 



'acceptor' dextr~~ with formation of an a-l,3 branch linkage between 

the ~~omeric (C-l) carbon of the labelled dextran and the C-3 carbon 
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of the acceptor dextran. The same phenomenon may also occ~ with the 

glucosyltransferase systems of S. sanguis and S. mutans. Robyt and 

Taniguchi (1976) argued from this that branching is a normal side

reaction of 'dextransucrases' and that it should not be necessary to 

postulate separate branching enzymes. However, in the absence of 

direct evidence that the 'dextransucrase' preparations contain only one 

protein species, the possibility remains that there are (at least) two 

enzymes, one synthesising glucan chains and the other producing branches. 

The possibility that this or other systems might also produce elongated 

branch chains by direct glucosyl transfer from sucrose appears to be 

eliminated by the findings that the glucans of L. mesenteroides and 

S. mutans are elongated by glucosyl transfer to the reducing (C-l) end 

of growing chains (Robyt et al., 1974; Robyt ~~d Corrigan, 1976; 

discussed below). 

The direction of chain growth of dextran and dextran-like glucans 

was until recently, controversial. Ebert and Schenk (1968a & b) first 

proposed that L. mesenteroides dextrans were.elongated by addition of 

glucose from sucrose to the C-l carbon of the reducing end of the molecule. 

This is unusual for glucan-synthesising glucosyltransferases. Hebre 

(1969) studied the action of amylosucrase, a Neisseria perflava enzJ~e 

vlhich catalyses synthesis of an a-l,4 linked glycogen-like glucan from 

sucrose. He fo-~~d, by pulse-labelling, that amylosucrase added glucose, 

from sucrose, to the non-reducing ends of preformed glycogen molecules 

and concluded that other glucosyltransferases, such as dextr~~sucrase, 

probably acted in the same \-lay. The grovlth of dextra."1 chains by 

dextransucrase preparations from L. mesenteroides has been studied by 



31 

Robyt et ale (1974). -- They used [C14]-sucrose pulse and pulse-chase 

labelling and found, by enzymic ~~d acid hydrolysis, that C
14 

was 

released from the reducing end of pulse-labelled dextran but not pulse-

chase labelled dextran. This indicated that newly-incorporated 

glucose residues are added to the reducing end of growing dextran chains. 

Robyt et al. (1974) proposed that the dextran chains grew by an 

insertion mechanism rather than by simple stepwise addition of glucose 

to the end of the chain. 

Walker (1972) also showed that a-l,3 linkages were not synthesised 

until well after synthesis of a-l,6 chains was initiated, since a-l,3 

linkages did not appear until the nascent isomal todextrins \V'ere at least 

six glucose units long. 

The extracellular glucosyltransferases of oral streptococci 

have received more attention in recent years, starting "'lith the ... lork of 

Wood (1967b)on S. mutans and of Cybulska ~~d Pakula (1963a, 1963b) on 

S. sanP,1.1.is. Comparison of studies is complicated by the variety of 

techniques used. The various groups of workers have used many different 

strains of bacteria, in different culture media, grown with or without 

glucose or sucrose, with or without pH control and at different 

temperatuxes. Enzymes have been harvested at various ages of culture, 

from 6 h (Fukui ~ al., 1974) to 36 h (Long, 1971). The work of 

Eeeley and Black (1977) on S. san~~is, showed that the nature of the 

glucosyltransferase activity is greatly affected by the age of cultures. 

After harvesting, the glucosyltransferases have been studied at various 

degrees of purification, \V'i th different yields of enzyme activity from 

these purifications. The structures of the glucans produced are 

affected by the degree of purification of the glucosyltransferases. 
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Highly purified glucosyltransfe:'ase preparations, from both S. sanguis 

and S. mutans, sJ~thesise glucans with larger proportions of a-l,3 

linkages than do crude preparations (Ceska et al., 1972; Nisizawa 

~ al., 1977). 

The results of several studies are summarised in Table 1.1 

(s. mutans) and Table 1.2 (S. sanguis). In spite of the variety of 

experimental techniques outlined above, the findings are reasonably 

similar. However, many .... lorkers regard the glucosyl transferases as a 

single enzyme (often called 'dextransucrase'). Using isoelect~ic 

focusing (IEF), Guggenheim and Ne\.,rbrun (1969) and :Sulkacz and Hill (1977) 

showed that S. mutans produced several glucosyltransferases. The latter 

also showed that the multiple bru1ds were not an artifact of IEF. 

However, the 13 bands which they resolved may not all be different gene 

products. Post-tr~~slational modifications (such as deamidation, 

glycosylation or subsequent deglycosylation) may affect the properties of 

the enzymes; such differences, unresolved by other techniques, may 

often be resolved by IEF. For example, sone of the 'isozymes' of human 

a-amylase, detected by IEF or electrophoresis have been sho~~ to be 

identical polypeptides modified after translation (Kauffman et a1., 1970; 

Keller et al., 1971; Karn ~ al., 1974)". The glucosyltransfe~ases of 

S. mutans appear to be glycoproteins (Hartin & ~ole, 1977) and so may be 

subject to post-translational modification. Nartin and Cole (1977) 

also showed that the Glucosyltr~~sferases of S. mutans could be resolved 

as six bands of protein by SDS-polyacrylamide gel electrophoresis. At 

least two, and possibly more, glucosyltransferases of S. sanguis 804 

could be resolved by IE'l (Ne'~rbrun, 1971) and by SDS-polyacrylamide 

gel electrophoresis (Dart et al., 1974). 
- -- Pre1im.inary 'dork by :Slack 

(1975) sho"'led that the glucosyltre.nsferases of S. s&"1guis were eluted 
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TABLE 1.1 PROPERTIES OF GLUCOSYLTRANSFERASES OF S. mutans 

pI 

4.24 
5.00 
5.65 
6.03 

4.24 
4.58 
5.00 
5.65 
6.03 

pH OPTIMUM 

6.0 

6.0 
7.0 
6.0 
7.0 

3.7 
4.6 

6.4(6.0-6.6) 

5.75 
6.0 

6 

4.0 5.5(4.2-6.0) 

5.8 

13 IEF bands 
from 4.56 to 
~( .19 

4.6 

T OPTIMUM (0 C) Mol. Wt. 

60 

40 

34-42 

70,000 

170,000 

94,000 
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Aksnes (1977) 

LV 
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2(cel1-f'ree) 

3(cell-bound) 

pI 

7.9 

7.9 
6.4 
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~ 
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45 
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- * 

AUTHORS 

Cybulska and Pakula 
(1963) 

Carlsson et al. (1969) 

Newbrun (1971) 

Sharma and Newbrun 
(1973) 

Klein et al. (1976) 

Dart et al. (1974) 

Black (1975) 

*Not stated, but th~re were six 
subunits of' mol.wts. 24000-135000 

LV 
+="" 
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from hydroxylapatite as c.t least four peaks of enzyme activity. As 

seen in Tables 1.1 and 1.2, the glucosyltransferases of S. mutans and 

S. sanguis have broad pH optima around pH 6. The width of the pH 

optimum curves in itself suggests that there may be several enzymes. 

It is only reasonable to suppose that there should be more than one 

type of glucosyltransfera.se present, since at least two types of glucan 

chain (the 'dextran' and 'mutan' types), as well as the branching 

linkages, are sJ~thesised. Schachtele ~ ale (1977) isolated three 

glucosyltransferases from So mutans. One synthesised a water-soluble 

glucan and may be dextrar..sucrase-like. The other tvlO synthesised 

water-insoluble glu·~ans and may be 'mutansucrases'. Beeley and Black 

(1977) found that batch cultures of S. sanguis 804, at const~~t pH, 

vlent through three phases of glucosyl transferase production. Enzyme 

preparations from each phase produced chemically and biochemically 

distinct glucans. The findings from the different techniques used to 

analyse these glucsns were not all mutually consistent. However, the 

results did indicate that enzymes with different activities v!ere 

produced~ ~~d in different proportions in each phase. 

Divalent c~tions (Ca2+ and Mg2+) do not affect the extracellular 

glucosyltransferases of S. sanguis (Cybulska & P~~a, 1936b; Carlsson 

et al., 1969) or So mutans (Chludzinski et al., 1974; Scales ~ al., 

1975). 

Apart from sucrose, various sugars, such as raffinose [a-D-gal-1, 

6-a-D-glc-l,2-p-D-fru] , are fructosyl donors for levansucrases (e.g. 

that of p_erobacter levanicurn). However, the dextransucrases of 

L. mesenteroides can use only sucrose as glucosyl donor (Hehre, 1946; 

Eisenberg & Hestrin, 1963). Similarly, the glucosyltr~~sferases of 

S. sa.'Y1guis 804 can only use sucrose; maltose, lactose, fructose, melibiose 



(a-D-gal-l,6-a-D-glc), galactose, glucose, raffinose, trerilllose (D-glc

l,l-D-glc), cellobiose (~-D-glc-l,4-~-D-glc) and melezitose (a-D-glc-l, 

3-~-D-fru-2,1-a-D-glc) produced no polysaccharide in the presence of 

S. sanguis 804 glucosyltransferases (Carlsson et al., 1969). With the 

same enzyme preparations, no glucose or fructose was released with 

galactose, a-methyl glucoside, lactose, maltose, trehalose, melibiose, 

cellobiose, melezitose or raffinose (Newbrun & Carlsson, 1969). As 

well as sucrose, the glucosyltr~~sferases of S. mut2~s can also use 

leucrose (a-D-glc-l,5-D-fru), palatinose (isomaltulose; a-D-glc-l,6-D

fru) , lactulosucrose (~-D-gal-l,4-~-D-fru-2,1-a-D-glc), a-glucosyl 

II " fluoride and raffinose as glucosyl donors (Taufel &; Taufel, 1970; 

Hehre & Suzuki, 1966; Genghof & Hehre, 1972; Balliet & Cheng, 1974) • 

. Studies on potential inhibitors or glucosyl acceptors for the 

glucosy1transferases are affected by the method used. to assay enzyme 

activity, measuring either glucan synthesis or release of fructose. 

For example, maltose increases the rate of release of f~uctose by 

s. sanguis glucosyl transferases (Nelofbrun 8~ Carlsson, 1969; Klein et al., 

1976) but decreases the rate of gluccn synthesis by both cell-free 

(Newbrun ~ al., 1975) and cel1-bou.~d enzyme (Sharma ~ al., 1974). 

This is because, \-/i th 10'd I!loleC1.1~ar \-/eight acceptors such as r:lal tosa 

and maltotriose, the immediate reaction products are oligosaccharides 

(i,'lalker, 1972; Ne\-/brun et a1., 1974). A similar effect is seen with 

" s. mutans (Knuutila & Nakinen, 1972; Chludzinski ~ a1., 1976). 

Robyt and Halseth (1978) have extended the explanation of the 

effect of maltose. They fou.~d that glucose, fructose a:1.d maltose were 

acceptors for .!;.. mesenteroides clextrac.l.sucrase, £"i vi.ne, respectively, 

isomal tose, leucrose and panose (6 -c:-D-g1ucopyranosj-lmal tose). Glucose 
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~~d maltose also produced the corresponding oligosaccharide series 

(isomaltodextrins ~~d isomaltodextrinylmaltoses) by transfer of oligo

saccharides to the acceptor molecule. At high concentrations, the 

acceptor molecules continuously displaced the bound glucosyl residues 

from the enzyme active sites, preventing their transfer to any nascent 

dextran chain. Thus, these acceptors acted as chain terminators rather 

than slow primers of glucan synthesis as was previously supposed. 

Haltose and raffinose are competitive inhibitors of the 

glucosyltransferases of S. sanguis 804 (Ne\'lbrun ~ al., 1974). A1tho'..lgh 

raffinose will not act as a substrate (glucosy1 donor) for the glucosyl

transferases of S. sanguis (Carlsson et ale, 1969; Ne\·ibrun & Culsson, 

1969), its structure (a galactosy1sucrose) probably sufficiently resembles 

that of sucrose for raffinose molecules to bind to the active sites of 

the enzymes. 

The glucosyltr~~sferases of S. san~~is are inhibited non-

competitively by melezitose and stachyose (marilleotetrose; a-D-g2~-1, 

6-a-D-gal-l,6-~-D-glc-1,2-D-fru), both sucrose derivatives. They are 

inhibited 'w~competitively' by glucose and f~~ctose (Newbrw~ et al., 1974; --
Chludzinski et al., 1976). Lactose and tur~~ose (a-D-glc-1,3-D-fru) 

have no detectable e:fect (Hewbrun et ale, 1974). 

Dextran is an efficient glucosyl acceptor ~~d stimulates the 

glucosyl tr~~sferases of S. sa.~f,Uis (Ne',lbrun & Carlsson, 1969) and 

s. muta.ns (Fukui ~ al., 1974) by acting as a primer for chain elongation. 

Robyt and Corrigan (1977) claim that stL~ulation of glucosyltransferases 

is not by a prL~er mecha.~isr::l.Ho\"ever, their study merely sho'.'red that 

ne',.i glucosyl residues were not added to the non-reducing end of dextr<.::.n 

mOlecules. This should have not been expected anY'tJay, in vie'." of 'their 
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earlier demonstration (Robyt et al., 1974) that L. mesenteroides dextran 

chains grevl by addition to the reducing end of the molecules. Given 

that this is correct, it is reasonable that the reducing ends of dextran 

molecules should act as primers since that is hO'1i the glucan chains 

are elongated, even in the absence of added acceptors. 

Klein ~ ale (1976) reported that the apparent Km (K:PP), for 

sucrose, of the glucosyltransferases of s. san~~is, was not affected by 

the concentration of t primer' dextran vIhen acti vi ty was measured as 

release of fructose. HOvIever, v/hen the activity of S. mutans glucosyl-

tran~ferases was measured as synthesis of precipitable gluca.Yl, Kapp was 
m 

decreased by added dextr~1 (Chludzinski et al., 1976). Although the 

Lineweaver-Burk plots for the S. sanfuis glucosyltransferases did not 

show the complex non-Michaelis-Nenten kinetics of the S. mutans enzymes, 

one would not expect the two systems to behave very differently. 

However, the apparent discrepancy between the two sets of findings can 

be explained. In the absence of added dextra.Yl (or other acceptors), 

sucre,se is the predominant glucosyl acceptor. As an acceptor, 

initiating chain synthesis, sucrose will lead mainly to production of 

oligo3accharides, initially at least; some time ... .rill be required for 

elongation to high molecular weight glucans, as sho\fn by Chludzinski 

et ale (1976). Thus, Kapp for glucan sJ~thesis will be high. m In the 

presence of added dextran, a higher proportion of enzjille-substrate 

complexes will produce precipitable glucan since the acceptor is already 

a high molecular weight glucan; thus, Kapp , for glucan synthesis, vIill 
m 

be reduced. Fructose is released with glucosyl tra.~sfers from sucrose, 

whatever the acceptor or reaction product. Therefore, Kapp for fructose m 

release shculd be little affected by the nat1ll'e and concentration of 

glucosyl acceptors present. 
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Although dextr~~ stimulates synthesis of glucans, it has been 

reported that lo\{ molecular weight dextrans inhibited synthesis of 

insoluble glucans by S. IDutans in batch culture and by S. mutans glucosyl

transferases (Gibbons & Keyes, 1969; Nontville et a1., 1977). The 

former only measured glucan synthesis as increase in turbidity at 350 nm, 

of incubation mixtures. Hontville aIld cO-1,vorkers showed that total 

glucosyltransferase activity was, in fact, stimulated by low molecular 

weight dextran. Therefore, these dextrans may be efficient acceptors 

for synthesis of soluble, dextr~~-like glucans, but not insoluble 

mutan-like glucans or more complex high molecular wei~nt glucans. Nore-

over, Shaw (1972) found that this effect, which was only demonstrated 

in vitro, was not able to reduce the i.ncidence of dental caries in 

laboratory ~~imals. 

Isomaltose and isomaltotriose.are glucosyl acceptors for the 

glucosyltransferases of S. sanp.1is and S. mutans (1/1alker, 1972; Fu..1{ui 

~ a1., 1974). Germaine et ale (1974) reported that isomaltose did not 

affect the activity of the S. IDutans enzymes but used an isomaltose 

concentration of only 20 ~~ol/l. 1tlalker used 35 mmol/l. (Fukui and 

his co-workers did not specify what concentration they used.) 

Trehalose stimulates the activity of S. s~~guis glucosyltrans-

ferases (Klein ~ al., 1976). G Theanderose (6 -a-D-glucopyranosylsucrose, 

see fig. 1.5) stLmulates the glucosyltransferases of strentococcus type 6, 

an S. sanguis-like strain, and is apparently a more efficient glucosyl 

acceptor than sucrose (Halker, 1972). In both of these sugars, the 

anomeric carbon atoms are all involved in glycosidic linkages and it was 

formerly believed that glucan chains wculd €:rQ1.{ frem these acceptors by 

glucosyl transfer to the non-reducing (C-6) end of the molecules. In 

the meche.,nism described for I,. mesenteroidee dextransucras:e by Robyt 
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et a1. (1974), glucosyl residues transferred from sucrose are bou.nd to 

ei ther one of t\.,ro sites as glucosyl-enzyme complexes before they are 

transferred to the nascent glucan or isomal todextrin chain. \Vi th 

trehalose, whose free ener~J of hydrolysis is probably only slightly 

less than that of sucrose (Cabib & Leloir, 1958), the s~~e mecr.anism 

should be feasible. \IIi th theanderose, the glucose-fructose linkage 

might be hydrolysed, just as \<lith sucrose, but an isomaltosyl group 

would be transferred to the enzyme. A glucosyl residue, covalently 

bound to the other site on the enzyme, would be transferred to the 

isomaltosyl group; this is perfectly compatible with Robyt's mechaniRm. 

Another interesting possibility, for which there is yet no evidence, 

is that the 'glucosyltr~~sferases', using theanderose as substrate, 

might also transfer one isomaltosyl group to another by a similar 

mechanism to the one just described but, possibly, with double the rate 

of chain growth. 

Glycogen, amylose, inulin and raffinose do not stimulate the 

glucosyltransferases of S. mutans, with sucrose as substrate (Germaine 

~ al., 1974; Chludzinski et ale, 1976 ). Similarly, raffinose anet 

'levan' (S. salivarius fructan) do not stimulate the glucosyltransfersses 

of S. san,g:uis (lJeHbrun & Carlsson, 1969). 

As described in the preceding paragraphs, there have been many 

enzymological studies of the streptococcal glucosyl transferases. HO\<lev=r, 

the lack of sufficiently purified or well characterised preparations has 

precluded any detailed molecular studies, such as amino acid sequencing 

or studies of the molecular structure of the active sites of the enzymes. 

The S. mutans glucosyltransferases are probably glycoproteins, having 

tie;htly bound carbohydrate moieties (Germaine et a1., 1974; Hartin & 

Cole, 1977). Some of the glucosyltransferases, at least, contain 
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several sub-units. The enzyme activities of the S. sanguis ~~d S. mutans 

glucosyltr~~sferases are destroyed by sodium dodecyl sulphate (S]S) 

(Dart ~ al., 1974; Chludzinski et al., 1974) or by other detergents 

(Jablonski & Hayashi, 1970). Dart et ale (1974) separated the purified --
glucosyltransferases of S. sanguis 804, by SDS-po1yacryalmide gel e1ectro-

phoresis, into six 'sub-units'. Each 'sub-unit' individually lacked 

enzyme activity and they had molecular weights of about 135,000, 92,500, 

75,000, 47,500, 31,500 and 24,500. The values of these molecular weights 

are, however, also consistent with the first, third and fifth 'sub-units' 

representing the tetramer, dimer and monomer of one polypeptide, ~~d the 

second, fourth and sixth representing another. 

Some sulphydryl reagents inhibit the glucosyltransferases of 

S. mutans (Ch1udzinski et al., 1974). The S. sanguis enzymes are not 

affected (or are more resistant) (Carlsson et a1., 1969). 

Using highly purified (770-fo1d) glucosy1transferases of S. sanguis 

804, Callaham and Heitz (1973) showed that, in visible light, the enzymes 

were inactivated by rose bengal, a compound which stimulates photo-

oxidation of histidine and tryptophan. The enzymes were protected from 

this inactivation by pre-incubation with dextran, suggesting that the 

pOint of attack by rose bengal is at or near the binding site for 

glucosyl acceptors. In the same study, eosin (yellowish), \vhich is 

similar to rose bengal, was a reversible, competitive inhibitor with K. 
~ 

(inhibitor, constant) of 379 JlIDol/1. The effect of rose bengal was 

greater at low pH, where histidine is resistant to this photo-oxidation 

effect (Callaham & Heitz, 1974). N-bromosuccinimide and hydroAJ-5-

nitrobenzy1 bromide attack t~Jptophan residues (although the latter is 

not specific in this) and both inactivated the glucosyltr~~sferases. 

N-bromosuccinimide and rose bengal both decreased the normal fluorescence 
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of tryptoph~~ (Call~~am & Heitz, 1974). Unfortunately, there have been 

no other studies on the active sites of these glucosyltransferases. 

However, the data just described do suggest that there is at least one 

tryptophan residue at the active site, essential for enzyme activity, 

and that the substrate (donor and acceptor) binding sites are near this 

residue. 
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1.4 AIMS OF THE STUDY 

Eeeley and Elack (1977) and Black (1975) studied the production 

of extracellular glucosyltransferases by S. san>~lis 804 in batch culture. 

The original aim of this study was to continue this work and to purify 

and characterise these enzymes. S. sanguis was used for various reasons. 

It is one of the first bacteria to bind to the tooth surface in plaque 

formation (see Sections 1.2.3 and 1.2.4). Invertase, which might 

complicate studies of glucosyltransferase activity,Jis constitutive in 

S. mutans but inducible by sucrose in S. saIlguis (NcCabe ~. al., 1973). 

The presence of invertase would preclude the use of glucosyltransferase 

assays based on measurements of release of fructose. ~len with assays 

completely specific for glucosyltransferase activity, hyc.rolysis of 

sucrose by invertase might complicate any kinetic studies of the 

glucosyltransferases. By studying S. sanguis, groHn in the presence of 

glucose, these problems can be avoided. 

Eeeley and Elack (1977) showed that production of glucosyl-

transferase by S. sanguis 804, in batch culture, is triphasic. Phase II 

of glucosyl transferase production "Jas selected for study, for tvlO 

reasons. Of the tr~ee phases, phase II is the most easily identified; 

it occurs at the end of the logari tr..mic growth phase, \-ihen the cuI ture 

medium is depleted of glucose. Moreover, this phase seems to correspond 

closely to that studied by most other , ... orkers. ~nis facilitates 

comparison of the results from this study vIi th those obtained by other 

"'lorkers. 
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2 : NATEaI.ALS Mill I-TETHODS 

2.1 HATEaIALS 

2.1.1 Reagents 

Dextrans TIO and T2000 were obtained from Pharmacia Fine 

Chemicals AB, Uppsala, Sweden. Kojibiose \-las obtained from Koch-Light 

Laboratories Ltd., Colnbrook, England. Nigerodextrins, from nigerose 

to ~ropentaose, prepared by hydrolysis of Aspergillus niger glucan 

(nigeran), were a gift from Dr. I.R. Jo~~ston, Dept. of Biochemistry, 

University College, London. 

IvIetrizamide [2-(3-aceta.:nido-5-H-methylacetamido-2,4, 6-

triiodobenz2!!lido )-2-deoxy-D-glucose ] vIas a gift from Hyegaard and Co., 

AS, Oslo, NOIi.,ray. 

All other reagents were of ana.lytical reagent grade, except 

sucrose for glucosyl transferase assays vlhich \.,ras 'Aristar' grade (BDH 

Chemicals Ltd., Poole Dorset, England). 

2.1.2 Culture Hedia 

(i) Blood Agar 

40 g Blood Agar Ease (Cxoid Ltd., Basingstoke, England) was 

dissol ved in 1 1 dis tilled \-la ter, s teamed over bOiling -vIa ter for 20 min 

and then autoclaved for 20 min at 103.5 kPa. The agar \.J'as cooled to 

430 C and defibrinated horse blood (Uellcome Research Laboratories, 

Beckenha.l1, Kent) \'las added to a final concentration of 5% (v/v). 

(ii) Carlsson's Diffusate NediuJ!l 

This medium, described by CaIsson ~ ale (1969), vias made up 
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as follo\.;s. 25 g Casein Hydrolysate (Acid), 100 g Tryptose and 50 g 

Yeast Extract (all fIo~ Oxoid Ltd.) were dissolved in 500 ml distilled 

water ~~d dialysed in Visking tubing against 1.5 1 distilled water at 

4°C, overnight. The dialysis was repeated tvlice more and the three 

diffusates were pooled. The volume vias made up to 4 1 Hi th distilled 

water and 15 g of anhydrOUSK2HP0
4 

was added and dissolved. This 

solution \o'as autoclaved at 103.5 kPa for 20 min (or longer, depending 

on the volume of liquid to be sterilised). If the medium was not to 

be autoclaved immediately it was stored frozen at -20°C. 

50 gfl (277 mmol/l) D-glucose, in distilled "Tater, was auto-

claved at 103.5 kPa for 20 min and added aseptically to sterile 

Carlsson's Diffusate, as described above, to give a final glucose 

concentration of 10 gil (55.5 mmol/l). 

2.2. MICROOTIG.AJUSHS 

streutococcus sanguis 804 (NCTC 10904), a strain isolated from 

human dental plaque, was a gift from Prof. J. Carlsson, University of 

o Umea, Uppsala, Sweden. Bacteria were stored as freeze-dried cultures 

or as sub-cultures on blood agar (see 2.1.2) slopes gro,m overnight at 

37°C and stored at 4°C with fortnightly transfer. 
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Growth of S. sanguis 804 

S. sanguis 804 vias grovffi in batch culture as described by 

Beeley and Black (1977). Various volumes of culture medium, all in 

conical flasks and from 0.25 to 4 1, were used. 

Bacteria \.,rere gro'm in Carlsson's Diffusate Hediu!Il (see 2.1.2) 

containing 10 gil D-glucose, at 37°C and at a constant pH of 7.0 ! 0.1, 

in the apparatus shown in fig. 2.1. 

Cul tu.res \.,rere inoculated with a 16 h liquid starter culture in 

the same medium, 2% of the cultu.re volume, using a peristaltic pump 

and an automatic time switch. pH was cont.rolled by means of a stea~-

autoclavable combination glass electrode (tctivion Glass Ltd., Leslie, 

Fife, Scotland) and a Radiometer Titrator TTTl (Radiometer A/S, 

Copenhagen, Denmark) which regulated addition of 1.0 mol/l NaOH (10 mol/l 

for 4 1 cultures) by a peristaltic pump. 

Five different parameters were monitored during culture growth. 

(1) Depletion or" glucose from culture f1u~d was measured quantitatively 

by the tGod-Perid' method (see section 2.3.3) and semi-quantitatively, 

for rapid estimations, using 'Clinistix' reagent strips (Ames Co., 

Slough, Eng1~~d). 

(2) Cell number vias measured as turbidity (E
540

) of culture fluid. 

Black (1975) has shown for these cultures that turbidity of culture 

fluid, at 540 nm, is directly proportional to d~J weight of washed 

cells, up to a turbidity of 1.4 (eqUivalent to about 250 ~g dry 

weight of cells/ml). Samples of high cell dens~ty (E540 > 0.8) were 

diluted 1 :10 in O. ~6 w/v (154 mmol/l) NaCl before turbidity vias 

measured. 



Fig. 2.1 BATCH CUVI'UHE APPARATUS 

tim.e 
switch 

magnetic 
stirrer" . 

" pH-stat 

thermostat 

(i) ThE' temperature of the culture vessel was maintained B.t 
o 37 C in a thennostatically controlled circula.ting water 

bath. 
f -. '. '. (ii) The pH of the culture was kept constant at 1-0 - 0·1 by 

addition of NeOH, regulated by a PH-stat, as describ

-ed in the text (p.46). 

(iii) The air in the culture was kept sterile by means of a 

glass fibre or sintered glass filter. 

(i v) Sterility of the culture wa s checked by f'xamining Gram 

staj ns Md by pIa ting out samples on blood agar (Bee 

2.1.2) at regular intervals. 
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(3) Acid nroduction was monitored by a chart recorder (Radiometer 

Ti trigraph SBnlc) connected to the microswi tch relay '·ihich controlled 

addition of NaOH. The chart trace was a measure of cumulative 

pumping time of NaOH solution. The total amount of acid produced 

by the culture, at any given time, could be calculated from this 

trace, knowing the flo, ... rate (pumping rate) and the concentration 

of the NaOH. 

(4) Glucosyltransferase activity in culture supernatants was measured 

by the method of Cybulska and Pru~a (1963a), as described in 

section 2.3.3. 

(5) Protein concentration in culture supernatants was measured by the 

method of Lowry et ale (1951) as described in section 2.3.3. 

Treatment of culture fluid 

Before the concentrations of glucose and protein were assayed, 

samples were chilled on wet crushed ice ~~d bacteria were removed by 

centrifugation at 16005 for 20 min at 4°C in an HSE '4L' centrifuge. 

The essentially cell-free sUI',eI'natant .-lill be referred to, in this thesis, 

as 'culture supernatant'. 

Assay methods 

(i) Glucose 

The e1ucose concentration in culture supernata..'1ts ivas 

determined by the glucose oxidase-Perid method usir.g Blood Sugar test 

ki ts (:Boehringer Man.'Ylheir:l, GmbH, Nannheirn, Hest Germany). 

(ii) Sucrose/Glucose 

Sucrose ~~d glucose concentrations in saliva, foods and drirucs, 

and in the extracellular fluid of dental plaque 'Vlere assayed by an 



48 

enzyme-coupled system using Sucrose/Glucose UV test kits (Boehringer 

Mannheim GmbH, Nannheim, \'!est Germar..y) 'tli th the follo'ding reaction scheme: 

Sucrose + H
2

0 Invertase;. Glucose + Fructose 
Hexokinase 6 Glucose + ATP ) Glucose- -phosphate + ADP 

Glucose-6-phosphate Glucose-6-phosphate)< Gluconate-6-phosphate 
dehydrogenase 

+ NADP 

Production of NADPH was measuxed as increase in E
340

• In the absence 

of invertase, 4E
340 

is proportional to the concentration of glucose in 

the sample. In the presence of invertase, sucrose is broken down to 

glucose and fructose, therefore ~E340 is proportional to the total 

concentration of sucrose ar..d glucose. Thus, the concentration of sucrose 

is proportional to the difference beti-Ieen the values of A'E340 in the 

presence and the absence of invertase. 

(iii) Protein 

Protein concentrations were determined by the method of LovIrY 

et ale (1951) using bovine a-chymotrypsinogen as a standard (':[ilcox 

~ al., 1957). 

0.4 ml of sample (at neutral pH) was added to 0.6 ml of 

1.0 mol/l NaOH. 5 ml of ~opper citrate in sodiu.111 carbonate \I}'as added; 

the solution was then mixed and incubated at room temperature for 10 min. 

0.5 ml of a 1:2 dilution of the Folin-Ciocalteau reagent (in H20) was 

added, mixed rapidly and incubated at room temperature for 30 min. 

Extinctions \'<'ere then read, immediately, at 500 r..m. 

The copper citrate-sodiu.'Il carbonate, reagent was prepared by 

diluting 1 volume of solution of 0.55t w/v CuSO 4 .5H20 in 1.C% w/v sodium 

ci trate with 49 volumes of a 20;6 w/v solution of Na
2
c0

3
• 

Protein concentrations in colUlILT'J. eluates "Jere monitored as E
280

• 

No attempt to standardise these measurements was made. 
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(iv) Carbohydrate 

The carbohydrate concentration in glucan preparations 1tTaS 

estimated as total hexose by the method of Dubois et all (1956), using 

glucose as a standard, as follov.fS. 1 volume of 5% w/v (531 romol/l) 

aqueous phenol was added to 1 volume of sample in a thick-ylalled 1 ~jrex 1 

test-tube. Five volumes of 96% (v/v) H2S0
4 

were added and mixed rapidly. 

The solution was left to stand at room temperature for 10 min and was 

then cooled to 25°C in a circulating water bath for 20 min. Extinctions 

were measured at 490 r~; if the tubes are covered (to prevent dust 

settling on the contents) the colo"ur is stable for over 24 h. 

(v) Glucosyl transferase activi t:r 

Enzyme acti vi ty waE' measured by ti-10 me thods. 

Precipitable glucan r-roduction 

For crude preparations and in some experiments, the method of 

Cybulska and Pakula (1963a), as modified by Eeeley and Elack (1977) was 

used. 

One volume of enzyme prepa=ation was mixed with one volume of 

10% (w/v) 'Aristar' sucrose (292 IIlrJol/l) in 100 mmol/l pH 7.0 sodium 

phosphate buffer containing 0.2 gil penicillin/streptomycin (tissue 

culture preparation; EDH Chemicals Ltd., Poole, Dorset, England). 

The mixture was incubated at 37°C for 24 h (or less, as the experiment 

demanded) • Reactions were stopped by adding 2 volumes of 1096 (w/v 

(1.22 mOl/l) sodium acetate folloHed by 5 volumes of 96% ethanol at 4°C. 

The mixture was sh~~en to precipitate polysaccharide and left for at 

least 4 h at room temperature. The precipitate 1;1as centrifuged at 

1000£: for 20 min at room temperature and was washed tv/ice Hi th a mixture 

of 96% ethanol, 10% (W/Y) sodiulTI acetate a11d distilled 'ltlater (5:2:2 by 



50 

vOlume). The vlashed precipitates were redissolved in 0.1 mol/l NaOH 

and assayed for total hexose by the method of Dubois et ala (1956) as 

described above. Precipi tates \.,rhich were only sparingly soluble were 

redissolved in 1.0 mol/l NaOH (Dr. 11. V. J.1artin, personal communication). 

Control tubes vlere those tubes to which sodium acetate and 

ethanol were added at zero time. 

Determination of release of fructose 

This method was used for partially purified preparations of 

enzyme and for column eluates. (Method of Carlsson et al., 1969). 

One volume of enzyme solution was incubated vIi th one volum.: of 

250 rnmol/l sucrose in 100 mmol/l pH 6.8 sodiwu phosphate buff8r at 37°C. 

At zero time and at a specified incubation time (usually 1 hour), two 
"-

0.2 ml samples were withdrawn and each was added to 0.8 ml of 40 mmol/l 

NaOH solution. The samples were then assayed for reducing sugar (as 

fructose) in alkaline conditions by the method of Somogyi (1945). The 

samples in NaOH were mixed with 2 ml of the Somogyi copper reagent. 

The mixtures were incubated at 1000C in covered test tubes for 10-20 

minutes and then cooled to room temperature (20-25°C) in a water bath. 

Nelson's arsenomolybdate reagent, sufficient to dissolve the cuprous 

oxide precipitate (usually 1 ml), was added and the volume was made up 

to 6 ml (or 25 ml .,ith samples of high enzyme activity). The colo"a 

produced is proportional to the concentration of fructose. Extinction 

(at 520 nm) may be read immediately. The colour is stable for several 

hours but will deteriorate overnight. For greater sensitivity, 

extinction may be read at 540-600 nm. 

(Vi) Hydrogen peroxide 

Hydrogen peroxide solutions were standardised by the method of 
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Vogel (1951; pp.348-349). A sample of '100 volw~e' hydrogen peroxide 

(Herck tPerhydrol t) was diluted 1:5 and 10 ml of the diluted sa.'1lple "'las 

placed in a conical flask. 180 ml of 2 N H
2
S0

4 
\.,ras added and CO2 vIas 

bubbled slowly through the mixture. 20 ml of 10% w/v potassium iodide, 

follo\ved by 3 drops of 2~£ w/v arr'Jlloniu..rn molybdate were then added, and 

the released iodine was titrated "'lith 0.1 N Na
2
S

2
0

3
• 

(vii) ZrOC12 assay for fructose 

The glucosyltransferase assay method involving assay of release 

of fructose from sucrose as reducing sugar in alkaline conditions 

(Carlsson ~ al., 1969) is rapid and convenient but cannot be used to 

assay enzyme activity in crude preparations because of interference by 

other compounds (Black, 1975). 

In the method used by Carlsson et ale (1969), fructose "'las 

assayed by the method of Somogyi (1945). The fructose assay technique 

described by Schlegelov' and Hru~ka (1977) was investigated as a possible 

alternative to the Somogyi method. In this procedure, 500 ~ of the 

sample was mixed with 500 ~u of 40 mmol/l zirconyl chloride (ZrOC12) 

solution. o 
The mixture was heated at 100 C for 30 minutes, cooled in an 

ice bath for 2 minutes, and diluted to a final volw~e of 3-10 m1 with 

distilled vlater. The exti!lction \vas measured at 334 run. Ultraviolet 

spectra of the resulting colour "'lere obtained "lith a Pye-Unicam SO 800 

scanning spectrophotometer. 

2.3.4 Purification of S. sanR\lis 804 glucosyltransferases 

Extracellular glucosyltr~~sferases in culture supernatants were 

purified by the folloioling series of procedures: 

Concentration/Desalting of culture supernatant. 



Ammonium sulphate precipitation. 

Desalting of ~~onium sulphate precipitates. 

Hydroxylapa ti te cr...J:'oma tography • 
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(The desalting steps "lere omitted in earlier preparations.) 

(i) Concentration/Desalting 

CuI ture supernatants ylere concentrated and desalted against 

distilled \vater in a Bio-Fiber 80 rUnipla.'"lt hollo',l fibre ul traiil tration 

device (mol.wt. cut-off 30,000; Bio-Rad Laboratories Ltd., Bromley, 

Kent) in order to: 

(a) reduce large cul ture supe~tant volumes 

(b) remove possible 10\'1 molecula.= weight enzyme inhibitors 

a;r.·Vor denaturing agents 

(c) remove oligopeptides to facilitate further purification. 

Samples of culture supernatant ',lere circulated around the holloyl 

fibre bundle (fig. 2.2) by means of a peristaltic pump connected to the 

ports on the surrounding jacket. \-later and other 10\'1 moleculu ,·[eight 

species \-Jere dra\m through the pores in the fibre \I[alls, and out of the 

fibres, by another peristaltic pUIilp Small samples (less th~~ 1 litre) 

were concentrat.9d 2-fold, and larger samples up to 4-fold. Various flo"l 

rates, of 1-20 ml/r.J.in, ,,,,ere used, depending on the volume of culture 

supernat~~t used. 

Redissolved ~~onium sulphate precipitates were desalted by 

dialysis against the resuspending buffer (see next section) in a Bio-Fiber 

80 beaker. (This is essentially the same device as the Ninipla.~t but 

has a slightly different configu.ra tion and a lo,<;er fluid capacity). The 

whole sample was placed inside the hollo,-l fibres a.Yld dialysed against 

buffer \,rhich was circulated th.rough the surrounding jacket at about 

1 ml/min. 
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o 
All procedures were performed at 4 C in a cold room. 

(ii) Ammonium sulphate preciEitation 

Finely pOl;ldered, dried. al1lIIlonium sulphate was added slo'.-J'ly to 

concentrated culture supernatant, in an ice bath, with stirring. When 

the desired concentration of ammonium sulphate ~as reached (according to 

the nomogram of Dixon (1953) vii th correction for temperature), the 

mixture was kept stirring for at least 30 min and the precipitate was 

removed by centrifugation at 20,000 E for 25 mi~ at 4°C. 

Precipitates vlere dissolved in I romol/l potassium phosphate 

buffer (pH 6.8), using the minimum volume necessary to dissolve the 

precipitate, and the solution was either used i~~ediately or stored 

frozen at _20oC. 

(iii) Hydroxyla~atite chromatogra~hy 

Various volumes and shapes of chromatography column were used. 

The details of these are stated in the results section. All experiments 

o were performed at 4 C. In all experiments, Sigma hydroxylapatite 

(Type I; de-fined suspension), equilibrated '<Ii thl romol/l potassium 

phosphate buffer (pH 6.8) \-las used. Columns were regenerated by washing 

wi th at least 2 column volumes of 1.0 mol/l aqueous NaCl, follovled by at 

least two column volumes of the starting buffer. 

StepHise gTadient elution 

Samples of glucosyltransferase solution (purified by ammonium 

sulphate as described above) vIere applied manually to a hydroxylapatite 

column, ~ a three-way tap. 

Fractions i'lere eluted by increasing cO:lcentrations of buffer 
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(0.001-1.0 mol/l potassium phosphate, pH 6.8) in a step-wise gradient. 

Eluant buffer was p~~ped through the column (descending elution) by means 

of a peristaltic pump, connected to the bottom of the column. Potassium 

phosphate buffer was used because, at 4°C, sodium phosphate buffers are 

not sufficiently soluble at the higher concentrations used (up to 1.0 mOl/l). 

The protein concentrations (as E280) and glucosyltransferase 

activities of fractions were monitored. 

continuous gradient elution 

The procedure was identical to that for step-wise elution except 

that fractions were eluted by continuous gradients progTruTh~ed automatically 

by an 'Ultragrad' electronic gradient mixer (LKB-ProdQ~ter, AE, Sweden). 

(iv) Exne~iments on affinity chromatography of glucosyltre~sferases 

The glucosyltransferases of S. sanguis 804 bind strongly to 

Sephadex (Pharmacia Fine Chemicals; cross-linked dextran gel beads) 

(Carlsson et a1., 1969). The use of Sephadex as a possible medium for 

affinity chromatography of these enzymes was therefore investigated. If 

practicable, this method would be preferable to using a specially p~epared 

column material,e.g. by binding dextrans to epoxy-activated Sepharose. 

Sephadex G-IO was equilibrated in 0.1 mol/l sodium phosphate 

buffer (pH 6.8) and all eluants were made up in the same buffe~. 

Pharmacia K9/15 (diam. 9 mID X height 150 mm) columns \oJere used. Column 

bed volumes \'lere 9.5 m1. Column void volumes ~~d evenness of packing 

of the Sephadex were determined by means of Blue Dextran 2000 (Pharmacia). 

Constant flo\oJ rates we~e maintained by peristaltic pumps (L:rn Perpex) 

and fractions were collected manually. Step;,lise elution gradients viere 

used. Samples were eluted with glucose (0 - 1.0 mol/l) or Dextra~ T2000 
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(Pharmacia; mo1.wt. average 2 x 106) (0 - 1.0 gil, equiv. to 

o - 0.5 f.UIlol/l). Floi-l rates vJere about 0.25 ml/min and fraction sizes 

were about 3.5 ml. 

1.0 ml of ammonium sulphate purified glucosyltransferase 

preparation, containing 1.12 mg of protein and with glucosyltransferase 

activity of 57.1 mg precipitable glucan/24 h, was applied to e~ch column. 

Purification of ni~erodextrins .. 

(1) Eomogeneity of prenarations - paper chromatography 

Samples of nigerodextrin solutions (5 ~ of 2 mg/ml in water) 

were applied to Idha tman 3NM chromatography paper and run by ascending 

chromatography using propan-l-ol:ethyl acetate:H20 (6:1:3, v:v:v) as 

solvent. 

At the end of the rur~s, the chromatograms were dried, sprayed 

with am.lloniacal silver nitrate (50 mmol/l AgN0
3

, 2.5 mol/l ammonia) and 

o 
heated at 105 C for 10 min. Nigerodextrins appeared as dark brovIn spots 

on a pale brovm background. 

Mobility of sample was measured as rrg1c, that is, the ratio of 

distance ~ed by the spot to the distance moved by glucose. 

All preparations appeared to be homogeneous, except nigero-

triose and nigerotetraose which ShO\'led faint spots of lower mobility 

(see Table 2.1). 

(ii) Purification by gel filtration on Bio-Gel P-2 

Those preparations shoim to be heterogeneous by paper chroma-

tography (i.e. nigerotriose and nigerotetraose) were purified by gel 

filtration on Bio-Gel P-2 (100-200 mesh). 



Table 2.1 PAPER CHROM.h.TOGRAPHY OF NIGERO])EXTRINS AN]) STANJ)ARJ)S 

SAMPLE R glc 

EXPERIMENTAL REPORTED BY JOHNSTON (1965) 

Glucose (1.00) (1.00) 

Nigerose 00 81 0.82 

Nigerotriose 0.69; 0.66 (i) 0.67 

Nigerotetraose 0.49 0.5 

. Nigeropentaose 0.34 (ii) 0.42 (ii) 

Lactose 0.65 

Maltose 0.67 

NOTES 

(i) All results are from at least two determinations. Only these 

two showed any variation on different runs. 

(ii) The difference between the result found here, and that reported 

by Johston , is difficult to explain. An RgIC of 0.34. 

corresponds more closely to nigerohexaose. 



56 

A column of Ilio-Gel P-2, 25 ~m (d) x 257 (h) (bed volume = 126 ml), 

equilibrated with 100 ~mol/l pH 7.0 sodium phosphate buffer, was used. 

Samples dissolved in the buffer '.-lere applied to the column and were 

eluted at a flow rate of 1.0 ml/min (fr~ction sizes, 1.0 - 2.1 ml) using 

the srune buffer. 

The column was calibrated for molecular weight with a mixture 

of D-glucose, maltose, T-IO Dextran (Pbarmacia) and Elue Dextran 2COO 

(Pharmacia). 

Fractions \'1ere assayed for total hexose by the method of Ijubois 

Blue Dextran and T-lO Dextran were eluted \-li th the void volume 

(50 m1) (see fig. 2.3). Hal tose \'1as eluted at Ve IVo = 1.81 and glucose 

Vel at vo = 1.98. 

On the same column nigerotriose eluted at velvo = 1.77, vlith 

some minor peaks of lO,-ler molecular weight (see fig. 2.4). Nigero-

tetraose ",as eluted at Ve Ivo = 1.67 as a single, sYlnmetrical carbohydrate 

peak (see fig. 2.5). The minor spots observed in paper crxomatog~aphy 

of the nigerotetraose may have been artifacts or may have been non-

carbohydrate contaminants, since the silver nitrate reagent reacts also 

with reducing compounds other than carbohydrates. 

Fractions containing the desired nigerodextrins were pooled (see 

figs. 2.4 and 2.5), freeze-dried and stored. 

2.3.6 Pycnometry \·Tith organic solvent density g:radients 

(i) Introduction 

To study clearance of sucrose from dental plaque and to determine 
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Fig 2.4 CHRONATCGHAPHY OF lUGE.ltOTRIOSE PBU>ARATION ON BIe-GEL P-2 

NO'l"'ES 

(1). Void Volume= 50 mI. Bed Volume= 126 mI. 

(ii, Flow R.te= 0'16 ml/min. Fr_ction Volume= 0'99 ml 

(iii) Sample Volume= 2'5 ml. Simple Siz~= 145 mg (~5 gluco8e). 

(iv) Frliction~ from the hatched areiil were pooled iilnd freeze-dried. 
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Fig. 2.5 C:HRCNATOGRAPHY OF NIGF.ROTETR..A..OSE PREPARATION 

ON BIO-GEL P-2 
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the concentrations of sucrose in plaque fluid, it is essential to know 

the vo1une of extracellular fluid (ECF) in any given plaque sample. It 

is not feasible to measurE) the volume directly since the volumes involved 

are SO small. For example, the total plaque from an adult human mouth 

is typically about 20 mg; assuming about 31% ECF (Edgar and Tatevossian, 

1971), this gives an ECF volume of about 6 ~l, depending on the density 

of the fluid. 

A method of dete~~ining the density of very small samples of 

liquid was therefore required. Density measurement tec~~iques using 

gradients of organic solvents have been in use for some time (see following 

paragraphs) • If a drop of an aqueous liquid is applied to the top of 

such a gradient, the drop \'lil1 sin..l( until it reaches the point at vIhich 

it has neutral buoyancy (the isopycnic point). By calibrating the 

gradient with drops of solution of knOvffi density one can determine the 

densi ty of uJlknovffi solutions. 

Gradients have been made using CC1
4 

(p20 = 106 x 103 kg.m-3) or 

bromobenzene (p20 = 1.5 x 103 kg.m-3) as the 'heavy' solvent and 

petroleum spirit (petroleum ether) or odour-free kerosene (for both 
20 ~ -'i . 

p = 0.6-0.7 x 10) kg.m -, depending on the hydrocarbon 'cut' or mo1 ..... It. 

fraction selected) as the 'light' one. Various methods of preparing 

gradients have been described. !1i11er and Gasek (1960) fed the gradient 

container from a mixer-reservoir which initially contained the denser 

mixture; as this liquid vias removed, the lighter mixture viaS gradually 

added. 'lne density gradient container had constan.t1y to be lo\'lered to 

keep the inlet tube at the liquid surface of the 6Tadient. The inlet 

tube could not be moved \1i thout changing the flo\/ rate, since liquid was 

fed by gravity. This tec1mique seems cumbersome since mixing rate, 
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flow rate and shifting of gradient container must either be carefully 

synchronised or continuously watched. It is difficult to control the 

shape of the gradient by this method. 

'Nolff (1975) used Pertoft' s (1966) modification in which the 

lighter mixture is added first through a tube to the botton of the 

container. Ey this method, gradient shape and mixing rate are easily 

controlled; the gradient may even be made in steps and allo',-jed to 

diffuse to linearity. Flo'Vl rate is unimportant. The only disadvantage 

is that as the inlet tube is withdrawn, the gradient may be disturbed. 

If a continuous gradient is prepared, it may thus 'flatten out', by 

diffusion, more rapidly. If a step-'Vlise gradient i~ prepe..red, the 

boundaries between the steps may be 'blurred'. The steps in gradients 

of this type, or in ultracentrifuge density BTadients,should be as sharp 

as possible or the final gradient, after diffusion, "Till be sigmoid 

rather than linear (Dr. O.M. Griffiths, personal communication). 

(ii) Drying of solvents 

COTIwercial preparations of CC1
4 

and petroleum ether contain 

traces of 'Vlater and water-soluble compounds. These were removed before 

gradients \·rere prepared by saturating the solvents vii th distilled vrater, 

separa ting the bulk water and finally by drying 'Vii th finely divided 

calcium chloride. 

(iii) Preparation of gradients 

Eecause of the disadvantages of previous methods, as described 

above, t',fO nei'! methods of preparing gradients were devised. All 

gradients 'Vlere prepared. in stoppered measuring cylinc.ers of 500 ml, 1 1 

or 2 1 capacity. (The gradua,tions on the measuring cylind.er provide a 

useful scale for preparing calibration curves.) 
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It is 'VJorth noting that it proved impractical to feed gradients 

by a ~eristaltic pump. The silicone tubing used in the available 

pumps (LICE Perpex and ;;latson-l1arlow HR Flo,;, Inducers) ,-ras attacked by 

CC1
4

; the tubing became opaque and slippery, swelled up and eventually 

ruptured. All gradients were hence prepared by gravity feed, for 

step-wise preparation, or by siphon, for continuous preparation of g~adient. 

l1ixtures of CC1
4 

and petroleum ether of particular densities 

were easily prepared; there was no observable volume loss on mixing 

and hence a plot of measured densities against proportions of either 

component is linear (see fig. 2.6). 

stepwise gradient preparation 

CC1
4

, petroleum .ether, or mixtures of the two, were placed in a 

dropping fUJ.'1nel a.'1d allo\'led to run slOidy do\offi the side of the gradient 

container. The densest mixtures were applied first and gradients were 

made up using five different mixtures (or 'steps') 'Vrith consta.'1t 

differences in density betvleen the st~ps. Various density ranges, 

depending on the samples studied, \Jere used. 

Gradients 'Vlere allol-red to diffuse for at 48 h at room 

temperature before use and remained stable for 2-4 weeks, if undisturbed. 

Continuous gT9.dient pre-oaration 

Continuous gradients were prepared using an LKB 'UltragTad t 

gradient mixer 3..'10.. mixing valve (LK:3 Produkter AB, Svleden) (see fig. 2.7)" 

Teflon (PTFE) tubing, resistant to attack by CC1
4 

or Petrolewu Ether, 

was used throughout. Fl01;i of liquid ,·ras induced by syphoning, using a 

syringe to initiate the flo\·I. The gradient mixer automatically 
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produced continuous gradients, so this process did not re~uire constant 

attention. It "las not necessary to pre-mix solutions of CC14 and 

'petroleum ~ther, since any desired proportions of each component c~~ be 

pre-programmed on the 'Ultragrad'. Finally, since the gradients are 

continuous, they can be used as soon as they are prepared. The 

preparation of one gradient takes less than 2h, even with the largest 

gradients used (2 litres). 

(iv) Density standards 

Four different solutions were used as density standards, 

sucrose, potassium iodide, potassium permanganate and copper sulphate. 

These were chosen for the density ranges available with sollltiors, and 

the last two because they would give coloured drops on the gradient; 

at low densities this colour was negligible, and solutions ,.,rere stained 

with eosin which gives a deep red colour in salt solution and is 

insoluble in organic solvents. The concentration of eosin "las 

insufficient to affect the measured densities of the solutions. 

Solutions were made up in double distilled de-ionised water 

and stored in stoppered test-tubes; they were standardised by accurate 

weighing,on a Mettler H16 balance, of volumes, measured with 

individually calibrated pipettes or volumetric flasks, using double 

distilled deionised water as standard (~20 at 20
0
C and 101.325 kPa = 

-3) 998.203 kg.m • The shapes of the calibration curves were independent 

of the density standard used. 

(v) Applications of this techniaue 

This tecrilli~ue was primarily developed in order to study plaque 

ECF but its applications in oral biology are not limited to this. 

Sublingual saliva is produced in very small amounts (stilliulated flow 
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rate = 0.01-0.1 ml/min; Stephen and Speirs, 1976) and is extremely 

viscous; it is impossible to pipette and has to be measured by weight, 

so the density of this secretion must be kn01tm in order to calculate 

volumes. The density gradient technique was therefore used to 

determine the density of sublingual saliva (Lindsay et al.,1978) and is 

being used to study other body secretions, in particular, the minor 

gland salivas which are also produced in small amounts (Darlington 

et al., manuscript in preparation). 

Clear~~ce of sucrose from saliva 

vJhole mouth saliva was collected by expectoration at various 

times during, and follo',.;ing, ingestion of various sweet foods 8..'1d 

beverages. Saliva 'lias collected in 15 rnl centrifuge tubes in an ice 

bath and was centrifuged at 38,000 ~ for 20 min at 4°C to remove debris. 

Saliva collected while beverages were still in the mouth \'I'as 

removed (by gravity flOW) through a short piece of silicone tubing 

placed under the subject's tong~e. Otherwise, saliva was. collected 

into centrifuge tubes at 30 sec intervals. The detailed procedures 

for each of the various foods and beverages studied are listed belo1;[. 

(i) 'Coca-Cola' 

The subject dr~~~ 250 ml of 'Coca-Cola' ad lib over 0.5-1.0 min. 

SaJIlples taken while the 'Coca-Cola' was in the mouth i-lere shaken to 

remove dissolved CO2• 

(ii) :soiled SHeet (rascall's 'Fruit Drops') 

The subject sucked a SHeet (6.4 g) until it was completely 

dissolved (about 10 min). Saliva was collected in test-tubes during 

and for 10 min after this period. Samples' ",ere diluted as required and 

assayed for sucrose. 
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(iii) Toffee ~C811ard and BOi<Jserj 'Cream-Line Toffee') 

The subject che\'Ied a toffee (8.4 g) until it vIas completely 

dissolved (about 2 min). Saliva was collected as in (ii). The samples 

contained large amounts of fat (from the s\v'eet) and they vrere centrifuged 

at 38,000 £ at 4°C for 25 min to separate this fat. 

(iv) Chocolate (Cadbury; 'Bournville Plain Chocolate') 

Solid chocolate dissolved in the mouth more rapidly than other 

si'Ieets (ii) and (iii) so the subject che1:led 45 g of chocolate in six 

portions of about 7t g each, over a period of 3.5 min. Saliva was 

collected as in (ii) and fat removed as in (iii). 

(v) Sweetened Tea 

The subject drar~{ 150 ml of hot tea, containing milk and eit~er 

1 or 3 teaspoonfuls (6 or 18 g) of 'sugar' ('Analar' sucrose), ad If£ 

Over a period of 3 min. Saliva was collected as described above. 

2.3.8 Clearance of sucrose from dental ulaoue 

(1) Collection of p1aaue 

The subject for these experiments "laS a heal thy adult male 

voltu~teer who received no dental treatment dtrring the course of the 

experiments. Plaque \-las gro~m for 24 h and experiments were performed 

2 h after the last meal (breru:fast). The subject rinsed his mouth for 

30 seconds with 10 ml of a 20]6 w/v (584 mmol/l) solution of sucrose in 

distilled water. At various times after the rinse, plaque was removed, 

as quickly as possible, from all teeth using a nickel scraper and was 

placed in a humid plastic container in an ice bath. 1dhen all the 

plaque needed. was collected, it \-ras placed on a membrane filter [see 

next section (ii)].s.nd weighed. 
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(ii) separation of plaaue extracellulax fluid (ECF) 

In previously published methods, plaque ECF was separated from 

plaque 'solids' by high speed centrifugation in a microhasmatocrit 

centrifuge (Edgar & 'llatevossian, 1971) or by lO'iler speed centrifugation 

(5000 .s:) in '-Tide bore centrifuge tubes (rratevossian & Gould, 1976). 

With both methods, it is difficult to recover the separated fluid 

",i thout contamination by bacterial cells. Various methods of isolating 

ECF were attempted in this study, but all were based on the follovling 

principle. Plaque was placed on a membrane fil ter (1:lhich would retain 

bacterial cells) and the extracellular fluid \{as drmm through the 

membrane by centrifugation. 

Ini tially plaque ,.;as placed in 'Centriflo' molec"i.llar filter 

cones (Amicon Ltd., l"[oking, Surrey, England) and centrifuged, at 4°C, in 

the 'Centriflo' holders. However the volume of the 'Centriflo' apparatus 

was too large to allow convenient handling of the small plaque samples 

(30 mg or less). Horeover, the apparatus could only be used at 10''; 

speeds (2,300 r.p.m., corresponding to 1,600 .s:). As a result, the 

rate of separation of the ECF "'as too 10,.; to be useful in the separation 

of plaque fluid (see fig. 2.8 ) "Thich oust be done very rapidly to avoid 

the risk of conta~in~tion by the contents of autolysed cells. 

~~ apparatus was constructed (see fig. 2.9) to allow plaque 

fluid to be separated through 'Hillipore' cellulose acetate membrane 

filter discs (dia'Tleter 13 rom; pore size 0.45 Il-'TI; IUllipore (U.K.) Ltd., 

Park Royal, London, England). The fitted discs (with plaque ssrnples) 

"Jere held over a collecting centrifuge tube in a 'S\'linnex' filter holder 

(Nillipore). The \'lhole assembly Has centrifuged at 20,000 £:,at 4°C, 

for 15 min. This speed and time removed about 30% of the Height of 

the plaque (see fig. 2.10) ,,.;hich corresponds roug[>~y to the pro};:orticn 

of ECF in plaque reported by Edgar and Tatevossl.8..YJ. (1971). 
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Fig. 2. 9 APPARATUS FQR SEPARATION OF PLAQUE EXTrlACELLULAR FLUID 
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In earlier experiments using the apparatus shown in fig. 2.9, 

the extracellular fluid presumed to have been collected in the 

centrifuge tube was diluted in 0.5-1.0 ml saline because the volumes of 

fluid (10 ~ or less) \·rhich could be collected from l.'Thole mouth plaque 

vlere too small to be conveniently pipetted. However, it l.'TaS found that 

almost no fluid was observed in the collecting tube after centrifugation. 

Any extracellular fluid which passed through the membrane may have been 

retained, dried, on the bottom part of the filter holder. To overcome 

this, the plaque samples on the membrane were overlayed with v~ying 

amounts of O.~b w/v NaCl (154 mmol/l) (0.2-0.5 ml). This was to 

ensure that any extracellular fluid would be thoroughly rinsed from the 

plaque into the centrifuge tube. 

The diluted plaque ECF was then immediately assayed for sucrose 

~~d glucose concent=ations, as described previously (Section 2.3.3). 

From these determinations, the 8mounts of sucrose and glucose in the 

original plaque s~ple could be calculated (expressed as nmoles per mg 

viet l.'Teight of plaque). 

103 ke/m3; see 3.8.2). 

The density of the plaque was determined (1.04 x 

Using this and the value of 31.2% (v/v) 

reported by Edgar ~~d Tatevossi~~ (1971) for the proportion of ECF in 

plaque, tentative values for the concentration of sucrose ~~d glucose, 

in plaque EC}', 1.'lere cal cula ted. 



3. RESULTS 

3.1 Eatch culture of S. sanguis 804 

3.1.1 Production of extracellular glucosyltransferases 

The project described in this thesis was based on the work of 

Eeeley and Black (1977). They showed that, in batch cultures, in the 

absence of sucrose, S. sanguis 804 produces extracellular glucosyl-

transferases in three phases. It was thus initially necessary to 

determine ,,:hether or not this triphasic pattern could be confirmed. 

. + 
Cultures of S. sanguis 804 were grown at constant pH (7.0 - 0.1) 

a.s described by Eeeley and Elack (1977; see 2.3.1). Fig. 3.1 shows 

the results from one such culture. The three phases of enzyme activity, 

correspondirlg to those described by Eeeley and Black, are indicated. 

Pha.se I occurs at the onset of logarithmic grovrth, and phase II at the 

start of stationary phase, when the growth medium was depleted of 

glucose; both were clearly defined. Phase III, which occurs 30-40 

hours into stationary phase, was not examined. 

Rate and extent of cell gTowth, and amounts and specific 

activities of glucosyltransferases produced were all similar to those 

described b~r Elack (1975) and Beeley and Elack (1977). The concen-

traticn of protein in the culture medium, about 2.5 gil as measured by 

the Lovrry method (see Section 2.3.3), did not vary during the course 

of the cultla'e. 

In a similar experiment using the same growth medium, Carlsson 

and :Sland.er (1973) showed that S. sanP.:"l.lis 804 produced optimum amou.Tlts 

of glucosyl transfE)rase activity when the mediu.rn contained 1% ""flv glucose 

(55.5 mmol/l). In batch culture, using similar conditions (pH 7.0, 35°c, 
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EXTRACELLULAR GLUCOSYLTRANSFERASE PRODUCTION 
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40 140 

> 

t 
I-
0_ 
- 0 

~ ~ 
::lw 
1--

20 

30 ,,5 ... /e-. 
r-I \ J' _-:~;-. '-- ... 
,-I 
0 / II_ fl ',0 

e \ 
Q) 08 
en 

-"-I }-.-0 

g 20 
0·6 

r-I 
(II) 

0·4 

10 

o 0·'- L ___ L ___ l-.:W.---...I---:H--::--'" 
o 0 10 15 30 

INClfll{ITlor·1 T II'I I'; (h) 

1:0TBS 

(i) C1;.ltur~ volUlue Wa 5 250 mI. 

, 
-. 
. ,' 
~, 

t· 
tl 
~ I 
C, 

h(l 
r: 

.~ : ., ,-, 
·a 
0) 
() 

t 
::1 

."" 0 
~ 
p, 

1. f, :<~ ,., 
:") 
, I 
I"~ 

f:;1 

l.~ Ii 

~ .. " , , 
1·,1 

] '~: ., 

',1 
,',1 

• l ~ 
] .0 .-\ r.", 

) 

!"; 
~ I; 
". , , 

(). n ;_~ 
;/J 
,~) 

" ;.i 
() •• ) r-' 

o.? 

I) 

(ii) 5 ml g",rr:ples were withdrOiW!'1 :it varioug time int~rvills. 



66 

1% ,·r/v Glucose) to those described in this thesis,. the values of the 

various groi·rth parameters \'lere similar to ttose rE~ported here. Carlsson 

and Elander did not find a triphasic patterr~ of glucosyl transferase 

production but they did not study the early (less than 6 h incubation) 

or late (greater thE:.!"'1 12 h) stages of gro\·lth. Thus, the first and 

third phases of glucosyl transferase l)roduction t.'lould have been overlooked. 

Acid production 

Phase II of glucosyl tra..l1sferase production (as described in 

3.1.1) was studied in this project (see also Section 1.4 - 'Aims of this 

Study'). Phase II reaches a peak w'hen the medium is depleted of glucose 

and cell grOi·lth ceases. Both of these par~eters can be monitored 

fairly easily. HOHever, measurements of cell growth as increases in 

turbidity become less reliable at high cell numbers because the bacteria 

begin to aggre&~te (Black, 1975) and because samples must be diluted 

before turbidity is measured. Glucose concentrations can be estimated 

rapidly and seoi-quantitatively by 'Clinistix' reagent strips (}~es Co., 

Slough, ~ngland) but these are too sensitiv€: to pemit one to monitor 

the earlier stages of cultures. Glucose concentrations can be accurately 

and reliably determined by the glucose oxidase-Perid method (see 2.3.3). 

However, this is tL~e-consuming a..lJ.d, by the time results are obtained, 

the peak of glucosyltra.."'1sferase activity in phase II may have been passed. 

It i'las thus necessary to develop a rapid a..lJ.d reli:;..ble method for 

identifying the pe~~ of phase II, in order to harvest the ~aximwa possible 

~aount of glucosyltransferase activity. 

S. sa..lJ.p,~is 804 produces larGe amO~lJ.ts of acid by£ermenting 

glucose, under the culture conditions used. Addi tion of 11aO£I, necessary 
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to maintain the pH at 7.1 ::!: 0.1, \'las monitored by a chart recorder; 

coupled to the pH-stat apparatus, as described in section 2.3.1. 

3.2 shO\'1s that the rate of acid ~roduction closely follo':Ted the rates of 

cell growth and depletion of glucose from the medilli~. The rate of 

acid production and cell growth decreased sharply when the medium was 

depleted of glucose; this point corresponds to the peale of phase II 

(see Section 3.1.1 and Eeeley & Black, 1977). Beyond this point, the 

rate of further acid production, probably due to release of acid from 

autolysed cells, ,.,ras extremely low. 

In this culture, about two equivalents of titrate.ble acid \·[ere 

produced for every mole of glucose in the culture medilli~ (see Fig 3.2). 

The acids produced have not been identified. If, as in dental plaque 

(see 1.3.1), most of the acid produced is lactate, then this 2:1 ratio 

seems reasonable. HOT"lever, it is possible that other or~;8nic acids and 

some carbon dioxide , ... ere also produced. Usi~G the same tec~~ique, other 

"vlorkers have also found that approximately t....,0 moles of acid are produced 

for every mole of glucose, in these cultures (Lundie, 1978; H. Parton, 

personal communication). 

Thus, monitoring of acid production was useful for determinine 

the peak of phase II of glucosyl transferase production a.."'ld i<laS used for 

this purpose in most cultures. 

This technique has also subsequently been used to meaSUI'e acid 

production by S. sanguis 804 from ~rli tol (Beeley et a1., 1978) and 

otller sug8..I'S (Lundie, 1978). This is all extremely send tive method of 

estimating 'acidog-enicity' of various su{SaI's. ( .\ . ~ " t· f l"l.C~c...oG'eruc~ y ~s one 0 

the principal chc:=acte:.:istics of cariOGenic foodstuffs; see 1.3.1.) 

Other 1Horkers have measured the fall in pH in batch culture (e.G. Hayes 



Figure 3.2 .~48ID ??ODUC·nON BY S.sang:.lis 804 T:! R~.T'::;E CUJc'~'u::i.E 
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& Roberts, 1978) or have titrated the acids produced in cultures grown 

without pH control. These techni'lues have the disadvantage tr~t 

bacterial gTo\'lth and metabolism are self-limited by the 10'N pH produced. 

The value of the final pH in such C'.ll ~1l.l't~S is dep':mdent upon the pK of 

the acids produced a.'1d upon any buffering compouJ."1c.s in the incuD8,tion 

mediU:ll. It is thus difficcl t to relate i;~e Ch8..t."1€,'8 in pH to t~e absolute 

amounts of acid produc2d, and, he~~e, to the amow1t of sUo~ metabolised. 

\fhen acid production is mO!1i tared direo tly, in a culture at cons tant IJli, 

the allo1J..'1t of acid proclucecl will -oe directly proport:..onal to the f'.rr:.01D1t 

0;1.' SUC:ll' metabolised. 
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2.2 Purification of Glucosyltransi'erases 

(All purification procedures were as described in Section 1.3.4) 

~JnmoniUQ sulphate fractionation 

In this study, the volumes of culture supernatant used (up to 

4 1) were often too lar~~ for easy rzndling. Moreover, because the 

bacteria were grO\offi in a diff't;.sate medium, many oligopeptides vlere 

present in culture fluids and these might complicate purification of the 

glucosyltransferases. Ammonium sulphate precipitation was studied to 

determine whether or not the glucosyltransferases in culture fluid could 

be concentrated L~to a small volume and whether or not the olib~peptide 

material could be removed. 

In the experL~ents snown in Tables 3.1 and 3.2, alDost all of 

the enzyme activity recovered (9~5 of total recovery) was precipitated 

Nost of the 'protein' (98-99% of the 

recove~J) remained in the supernatant. Much of the unprecipitated 

rna terial may have been oliG'opeptide. As the two experiments sho\·[, the 

de&ree of purification obtained varied considerably (40-100-fold 

purification). This is probably because s'J.ch a small propo::tion of the 

total protein was actually precipitated. The apparent specific activity 

of the glucosyl transfeI.'ases will thus be sensitive to sli[,ht chan[;8s 

in the amounts of protein preci.pitated. These prelinin?I7 studies 

showed that the glucasyltransfe::ases could not only be concentrated but 

were also extensively purified by this single procedure. 

Ha.."l1y proteins, other tha.~ the glucosyl transi'erases, raay also be 

precipitated by 7Cfib saturated aomoniur.1 sulphate. It ,{as, hOvlever, not 

feaoible to separate these further by selectinG 'cuts' at different 



Table 3.1 AMMONIUM SULPHATE FRACTIONATION OF GLUCOSYLTRANSFERASES 0 - 70% SATURATION 

VOLUME TOTAL PROTEIN TOTAL GLUCOSYLTRANSFERASE ACTIVITY SPECIFIC ACTIVITY 
PREPARATION (ml) (rug) ( % age (mg CRO'" /24h) [ % age (mg CRO+/24/mg 

RECOVERY] RECOVERY] protein) 
[PURIFICATION] 

(1) Culture Supernatant 100 218 [100 ] 66.4 [100 ] 0.341 [1] 

(2) Precipitate (0-70% 
[2.6 ] [89.5] [38.8] saturated ammonium 3.0 4.49 59.4 13.2 

sulphate) 

(3) Dialysed ammonium 
[19. 2 ] [ 1.96] [ 0.091] sulphate supernatant 205 41.8 1.3 0.031 

(4) Diffusate from 
[67.5] [oj [- ] ammonium sulphate 1470 147 0 0 

supernatant 

TO'rAL YIELD (2)+(3)+(4) 193 [89 ] 60.7 [91 ] [- ] 

NOTES 

(i) (3) and (4) together are the material not precipitated by ammonium sulphate. 
material and (4) is the diffusate from this by dialysis in visking tubing. 

(3) is the dialysed 

-(ii) Protein was estimated by the method of Lowry as described in section 2.3.3. 



Table 3.2 AMMONIUM SULPHATE FRACTIONATION OF GLUCOSYLTRANSFERASES - 0 - 70% SATURATION 

VOLUME TOTAL PROTEIN TOTAL GLUCOSYLTRANSFERASE SPECIAL ACTIVITY' 
PREPARATION (ml) (mg) [% age ACTIVITY (mg CHO~/24 h) (mg CHO~/24/mg protein) 

RECOVERY] ~ age RECOVERY] [PURIFICATION] 

(1) Culture supernatant 180 709 [100 ] 594 [100 ] 0.838 [1] 

(2) Precipitate (0-70% 
[0.71] [74.1 [100] saturated ammonium 5.0 5.25 440 83.8 

sulphate) 

(3) Dialysed ammonium 
[28 ] [1.5] [0.044 ] sulphate supernatant 343 202 8.9 0.037 

(4) Diffusate from 
[38] [0 ] [- ] ammonium sulphate 2480 273 0 0 

supernatant 

TOTAL YIELD ( 2) +( 3) +( 4) 480 [68 ] 449 [76 ] [- ] 

NOTES: As Table 3.1. 
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concentrations of ammo~ium sulphate. Glucosy1transferase activity was 

precipi tated over the ItTho1e range of atllTIonium sulphate .concentrations 

(see table 3.3). This broad precipitation range is consistent with 

suggestions tl1at 'g~ucosy1transferasel is a multi-enzyme system. 

However, although the glucosy1transferases can be greatly 

concentrated (30-fo1d or more) by precipitation with arnnonium sulphate, 

for very large culture volumes, this procedure \>!ould be still unwieldy 

(and expensive in purified ammonium sulphate). Therefore, culture 

supernatants were concentrated and partially desalted in a Eio-Fiber 80 

ho110", fibre device (mo1.wt. cut-off 30,000) before alllrnoniurn sulphate 

precipitation. The results of one preparation using this technique 

are presented. in Table 3.4. A considerable amount of 10\'1 molecular 

wei~ht protein and oligopeptides (tocether, 7~~ of the total protein 

present) \-/ere removed by this procedure. Essentially no glucosy1-

transferase activity passed t:1rough the pores of tte ho110iof fibres, so 

the molecular vieiGhiBof the enzymes (or any multi.!jeric forms) are 

probably greater than 30,000. G1ucosy1 transferase vIas purified 182-fo1d 

after subse~uent a~~oni~~ sulphate precipitation. This was even wore 

than the best re~:n.t1 ts Hi thout the ul trafil tration step. The reasen 

for this is not clear. In the example E:hO\'lIl, cul tuxe supernatant ,.,..as 

concen-;;rated 2-fo1d; in other experir.1E:.lts, supernate.nt 'vas easily 

concentrated 4 to 5-fold. 

In all the experiDents deE:cribed above, fairly small volumes of 

cul ture fluid ',/ere used in order to investi~:ate the usefulness of 

ru~~oni~~ precipitation. EO'\'lever, Glucosyl tra...'1si'erase was successfully 

purified, \-/i th si:J.ilar recoveries and c.e::.;:rees of purification, usinG 

much 1arCBr vo1u~2s (up to 4 1). 



Table 3.3 AMl<IONIUM SULPHATE FRACTIONATION OF GLUCOSYLTRANSFERASES -

FRACTION 

PRECIPITATE (0-30% saturated 
ammonium sulphate) 

PRECIPITATE (0-63% saturated 
ammonium sulphate) 

PRECIPITATE (0-7ry~ saturated 
ammonium sulphate) 

UNPRECIPITATED MATERIAL 
(0-703b saturated ammonium 
sulphate) 

NOTES 

SU1IJMARY CHART 

% of Total protein 
recovered 

0.6 

0.9 

1.7 

98 

% of Total glucosyl
transferase recovered 

42 

97 

98 

1.7 

(i) This table is a summary of the results of different experiments. 



Table 3.4 AMMONIUM SULPHATE PRECIPITATION OF GLUCOSYLTRANSFERASES - FOLLOWING HOLLOW-FIBRE ULTRAFILTRATION 

PREPARATION VOLtJlvlE TOTAL PROTEIN TOTAL GLUCOSYLTRANSFERASE ACTIVITY SPECIFIC ACTIVITY 
(ml) (mg) J% age (rug CHO-t./24 h) [% age RECOVERY] (mg CHO~/24h/mgprotein) 

COVERY] [PURIFICATION] 

(1) Culture supernatant 190 531 [100 ] 152 [100 ] 0.287 [1 ] 

(2) Ultrafi1tered culture 
[30.5] [88 ] [2.9 ] supernatant 95 162 134 0.828 

(3) Ultrafi1trate from 
[0. 025 ] cul ture supernatant 160 365 [68.8 ] 2.59 [1. 7] 0.0071 

(4) Precipitate from 
ultrafi1tered culture 

[> 100] [182 ] supernatant (0-70% 5.3 3.67 [0.69 ] 192 52.3 
saturated ammonium 
sulphate) 

(5) Material unprecipitated 
from culture super-

[7. 6] [1.4] 0.0516 [0.180 ] natant (dialysed) 230 40.5 2.09 

(6) Diffusate from 
unprecipitated 

[11.3] [12.2 J [1.0J material 1150 60.0 18.6 0.311 

TOTAL YIELD (3}+(h)+ 
[88 ] [> 100] [- J (5) +( 6) 469 215 
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.3.2.2 HydroX"Jla:pati te chromatop:-aphy 

(i) Introduction 

~e extracellular g1ucosyltransferases of S. sanZQis and 

s. mutans bind stronG1y to hydroX"Jlapatite (r~) and HA chromatogTaphy 

has been used previously to purify the~. Those of S. sansuis 804 have 

been purified usinG step-Hise GTadient elution (0.2 mol/I, pH 6.0, to 

0.5 mol/I, pH 6.8 phosphate buffer) (Carlsson ~ al., 1969; Black, 

1975) • Those of S. mutans were eluted over the s~~e range (0.2-0.5 

Dol/I, pH 6.0) (Guggenheim c~ Ne\'lbrun, 1969) or at even 101N-er ccncen-

trations of phosphate (0.06 mol/I, pH 6.0 phosphate buffer)(Chludzinski 

.£.!. ~., 1974). 

Host proteins are eluted froT:! nydroX",flapatite by about 0.4 mol/l 

phosphate or less. This, a.."1d the stron.s- bincin5 of 8'lucosyl transferases 

to IIA described in the precedinG paraf,"Tapil, su;:;;gested that F..A 

chrooatography \vouldbe useful in further purifyinG the a.rnmoniu.~ sulpr..ate 

preparations described in section 3.2.1. ~erD2rdi et ale (1972) --
::::ho'.ved that binding of proteins to EA could be \veakened by even sliGht 

de·~reases in pEe Tnus, in orcer ~o maxinise bindinc of proteins a.."1d 

perr..aps improve resolution in elution profiles, all chrcmato~aphJ 

bu.ffers Here at pH 6.8. PotassiU;~ phosphate bu.ffers ,.,ere used because 

at 40-::, sodium phosphate bu.ffers are not su.fficiently soluble at the 

hibher concentrations (up to 1.0 mal/I) used. 

(ii) Step-Hise [.'Tadier.t elution 

In a first attempt to purify the glucosyltransferases, protein 

'Ylas eluJcecl from a colurnn of hyc1Io:cylapa ti te by a step\oTise gradient of 

potassium phosphate buffer (pH 6.8) fran 0.001 to 1.0 mol/l (see F'iD 3.3). 



GLUCCSYLT:?Ju·1SFhBASES - ST1;Fw1:SE GRA:nIENT ELUTION 

NOTES 

(i) Sample voluree= 1-0 mI. Tot ... l,s~plepr~t~iTl·~= 1.5 mg. Tot .. l 

sample glucosyltr.nferase activity= 19-8 mg precipit~ble 

glueinj 24 h. 

(ii) Flow r_t~= 36 mljh. Fr.wtion volw'Oe= 3-6 ml. 

(iii) Column bed volume:: 39, ml (13 mm height x 63 mm dhm). 

, . 



~.' 

Fig. 3.3 HY.DROXYLAPATITE CEROhA.TOGRAPhY OF (FH
4

)2S0 4 ptmIFIED 

GLUCOSYLTRANSru.ASES - STEP'vJISE GRADIF1iT :eLUTION 

0.15 

E280 

0-0 

0.10 

o 
50 100 

J I I 

150 350 

FrlACTION NU}'lEER 

0·6 

400 

PHOSPliATE CONCMIT!tA1ION· (:tol/l) 

o 



72 

Fractions eluted at high phosphate concentrations were diluted 10-fold 

before assay for enzyoe activity, to minimise ~~y possible inhibition by 

high ior~c strength. The ste;-wise gradient eluted several, poorly 

resolved peaks of enzyme and protein. The protein (DV-absorbin~; 

material) was still being eluted, even up to 1.0 mol/l phosphate, and 

peaks were not al\.rays coincident with pealcs of glucosyltra.'''l.sferase activity. 

This particular procedure, therefore, is probably not 

practicable for isolation of ~~y individual glucosyltransferases ~~d was 

not investiuated further. 

(iii) Continuous r,radient elution 

Once it is set up, a continuou3 gradient of eluant is more 

easily run tha.'1 a step-vlise gradient and, ul tiI:la tely, resolves peaks more 

clearly. 

In the experiments reported here, samples were eluted vIi th 

continuous gradients of 0.001-1.0 mol/I, pH 6.8, potassiulll phosphate 

buffer. Gradients ',lere produced using ~'1 till tragrad' electronic 

gradient mixer (LKB Produkter, il, Sweden). 1,1i th this device, a:ny 

desired shape of grad.ient could be progra.z::med. 

In earlier experiments, the number of fractions assayed fer 

glucosyltransferase activity was severely limited because the assay nethod 

of Cybuska and Pakula (1963a), measurinG glucan production, was used. 

The assay proeec.t:.re takes 3 days to complete ~~d the assays and zero 

time controls, for each sample, are perfonned in triplicate. This limits 

the number of fractions which c~~ be assayed at anyone time. It is 

also difficult to compare enzyme activities of any fractions which arc 

selected for further assays, vIi th activities of fractions assayed ecrlier, 
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since some activity \\rill be lost during storage. It Has thus not 

possible to distin@lish clearly different peaks of enzyme activity eluted 

from hydroxylapatite. However, the results given in fig 3.4 show that 

the glucosyltr~~sferases constitute only a small proportion of the total 

protein precipitated by ~~onium sulphate. Nost of the protein had no 

glucosyl transferase activity and was eluted ,-lith void volume of the 

column. All of the glucosyltransferase activity ~8cover~d had bO'~d to 

the column and vias eluted bet"leen 0.5 and 0.7 mol/l phosphate. Glucosyl-

transferases were not resolved as peaks of protein or enzyme activity 

mainly because only a very small amount of protein was applied to the 

column. It is possible that the poor resolution vias due also to the 

limitations on nUmbers of fractions assayed for enzyme activity and to 

the very low E280 (near background) of eluted material. However, in 

spite of this, it was clear that continuous Gradient elution would 

satisfactorily separate the glucosyltransferases from the bulk of the 

protein present. 

Fig. 3.5 shows the results of hydroxylapatite chromatography 

with a much larger ~~ount of protein (obtained from a 4 1 culture of 

S. san'":Uis 804) applied to the column. In this experiment, the 

proportion of·unadsorbed protein was smaller with respect to the amount 

of adsorbed protein than in the experiment shovm in fig. 3.4. This is 

because, in this c~se, the redissolved ammonium sulphate precipitate 

\'1as dialysed in a Bio-Fiber 80 device, against the runnin~ buffer, to 

remove any remaining &~oni~~ sulphate. Some 10,,; Dolecular weicht 

(less than 30,000) proteins and residual oliz'opeptides may also h~ve 

been removed by this process althouCh their concentrations in the 

diffusate would have been too lou to measure accurately. Noreover, 



tr<:!!1sfera.ses of S. ~ang'.lis 804 - C:>ntinuou8 L:r:Jdient elution. 

0.6 Void 

0.4 

0.2 

Volume 

1 .. .. .. . , 
" " " , , , , 

'\ r/' 
, . 
\ / 

. _. 

\/' L~--\ /\ 
:' \ . 

V ", 
,i ~ .................. . 

i • -
E • 1. 0 l:c 
~ ... 
o 
:I: 
U 
c::;, 
E -
~ 
> 

0.5 t; 
< 

. . .~.~ ................... -~-
~ .-.............. --....... .--..,,·0 

o 0 100 200 j a 
FRACT I ON No. 

NO'rES 

1.0 

~ 
e::: 
L.I.J 
u.. 
u.. 
::;) 
c::l 

L.I.J 
~ 

0.5 <. 
'T'" 

c::: 
V"l 
0 
:I: 
0.. 

(1) S~rr:ple volume= 3·0 ml. T~t.l s.mple protein= 4·8 ms. Total 

sample gluco~yl:ran3fer~se actlvity= 52 Mg precipitable 

glucan/24 h. 

(ii) Flow rate: 36 ml/h. Fraction volume= 3.6 mI. 
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Fig. 3.5 h'YDROXYLAP.l\.TITE CERQ}!liTOGRAPHY OF (NR4)2S04PURIFIED 

GLUCOSYLTRANSFERASES - CONTINUOUS GRADIENT EI.UTION 

NOTES 

(i) Sample volume=- 40 ml. Total sample protein= 7 ·04 mg. Tota.l 

sample glucosyl tra.nsferase acti vity= 235 mg fructose/ h. (N. B. 

In the experiI'lents shown in figs 3.3 & 3.4. gl!1cosyl transfera.se 

activity was measured as the ra.te of synthesis of precipitable 

glucan; in this experiment, it was measured as the ~ate of re

lease of fructose) 

(ii) Flow rate: 34 0 3 mljh. Fraction volume= 8.02 mI. 

(iii) Column bed volu;ne=114'5 mI. (18 mm height x 90 mm dlam). 

(iv) Recovery of enzyme activity= 3~~ (70 rr.g fru/h)~ 
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because of the 10'iler salt concentration after dialysis, some proteins, 

not previously adsorbed, may have bound to the column. Glucosyl

transferase activity was assayed by the method of Carlsson (1969), 

measuring release of fructose from sucrose. In practical terms, using 

this teclrnique allows one to assay a greater number of fractions. This 

technique is probably also more sensitive in detecting minor peaks of 

enzyme activity. Germaine et ale (1974) shoived that glucan synthesis 

by S. mutans glucosyltransferases became ve~J dependent on added dextran, 

after the enzymes were purified by hydroxylapatite chromatography. Tney 

concluded that acceptors andlor primers for glucan synthesis were re~oved 

by hydroxylapatite chromatofraphy. Thus, enzymes eluted from hydrorJl

apatite would initially synthesise oliG'osaccharides, using sucrose as 

the first glucosyl acceptor (see Section 1.3.4). Ninor peaks mig"ht not 

be detected by assays for precipitable Glucan procuction, but would be 

detected by assays for release of fructose. 

In this experiment, glucosyltransferase activity and adsorbei 

protein 'vlere eluted over the ranLe 0.45 to 0.55 molll phosphate. 

Glucosyltransferases Here eluted as three distinct peaks, tHO minor at 

0.46 and 0.48 molll phosphate and one rrajor at C.5l molll phosphate with 

'shoulders' on either siae of the major peak. Protein was eluted as 

t~ee peaks, 2 minor at about 0.45 and 0.52 001/1 phosphate and 1 broad 

major pe~~ at 0.48 molll phosphate with a 'shoulder' at about 0.50 to 

0.51 molll phosphate. The major peak of protein 'vIas co-eluted with 

the second peak (peak 2 in fig. 3.5) of glucosyltr~~sferase activity. 

T'ne other t'/IO pe~~s were eluted very close to (but not perfectly 

coincident with) peaks 1 and 3 of glucosyltransferase activity. Fractions 

of peak [,'lucosyl transferase activity (peal< 1, fractions 49-53; peak 2, 

57-63; peak 3, 65-73) were pooled, dialysed ac;ainst vrater, and freeze-
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dried, as soon as possible to avoid loss of enzyme activity. As a 

resul t, the concentra~ions of protein in ind.ividual fra.ctions 'vere not 

deter:nined and no exact n:easu:rement of specific activity "laS possible. 

HOHever, a rough idea of specific activity may be calculated as e:'lzyme 

activi~J divided by E280 ; 

Glucosyltr~~sferase 

Peak 

1 

2 

3 

'Specific Activityt 

(mg f~~ctose/h/~/E280) 

2.26 

0.36 

5.69 

The area under the curve of glucosyltr~~sferase activity was 

measured by means of a planimeter. According to this, the recoverJ of 

enzyme activity was about 3Cf;6 of that applied to the column. 

(iv) Qonclusions 

The extracellular Slucosyl tr~'1sferases precipitated by a;nmonitt"ll 

sulphate were further extensively purified by hydroxylapatite 

chror:lat06Taphy. No exact value for the degree of purification ,,'as 

obtained but the restl.lts shown in fi;g-. 3.4 suggest that the enzymes 'vere 

purified at least ~~other 50-fold. The apparent recovery of enzyme 

(about 309&) as shown in fig. 3.5 is perhaps axtifically 10':1 si:lce one 

might expect hydroxylapatite chromatography to remove any glucosyl 

acceptors present in the na terial precipi ta ted by allJmonium sulphate. 

Three different enzyme peaks of differing specific activities 

were detected. There Iray be other ninor peeks present, but these could 

not be rssolved because tile peaks of e:J.zyme activity overlapped 

consic.erably. The pecl(s could be separated by usinS a stallower elution 

gradient or by automatically pro:;rarr:mint3' the b-=adient to level off as 
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soon as UV absorbing material is eluting. In the latter method, the 

LKB 'Level Sensor' is connected between a flovT-through monitor for UV

extinction, such as a 'Uvicord' (LKB), and the LKB 'Ultragrad' 

electronic gradient programmer. Whenever the UV absorption of eluted 

material reached a pre-set level, the Level Sensor would switch the 

gradient programmer to maintain a constant concentration of eluant. 

The concentration would not start to increase again until the peak of 

UV absorbing material was completely eluted. Further separation of the 

peaks would also permit better recovery of individual enzymes. In the 

experiments described here, for example, only a narrow range of fractions 

were pooled for freeze-drying to minimise any cross-contamination due 

to overlapping of the peaks. 

It has been shovffi here that hydroxylapatite chromatography can 

be used to purify individual glucosyltransferases but this was not 

investigated further. A major aim of the project was to determine the 

properties of the glucosyltransferase system as a whole and the ammonium 

sulphate purified material was adequate for this (as well as being more 

convenient in practical terms and probably more relevant with respect to 

the biochemistry of plaque). 

3.2.3 Experiments on affinity chromatography on Sephadex-GlO 

The glucosyltransferases of S. sanguis bind strongly to dextran 

and dextran-like glucans. As a result, the molecular weights of these 

enzymes cannot be determined by gel-filtration, since they bind to 

Sephadex (cross-linked dextr~~) and other gel-filtration media (Carlsson 

~ ~., 1969). However, this s~~e property might be used for 

purification of the enzymes. For example, concanavalin A (Con A) binds 
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to dextran. Agrawal and Goldstein (1967) purified Con A from crude 

preparations of jack bean (Canavalia ensiformis) meal by binding it to 

columns of Sephadex G-50 and subsequently eluting it with 0.10 mmol/l 

glucose in 1.0 mol/l NaCl; Con A was also eluted from Sephadex G-50 

by fructose, mannose, sucrose and methyl ~-D-glucopyranoside. In this 

case, the column support material (Sephadex) was also the ligand for 

affinity chromatography. 

Here, chromatography of ammonium sulphate purified glucosyl

transferases on Sephadex G-IO as described in 2.3.4. (iv) was 

investigated. As can be seen, most of the enzyme activity which was 

applied remained bound to the column and could not be eluted by dextr~~ 

or D-glucose, under the conditions used (see figs 3.6 and 3.7). Some 

enzyme was not bound and eluted with the void volume of the columns. 

It is possible that this was because the column was saturated with 

glucosyltransferase and no more could bind. However, hydroxylapatite 

chromatography (see fig. 3.4) of the same preparation showed that 

glucosyltransferases constitute only a small part of the total protein. 

These experiments show the same since almost all of the total protein 

was not bound to the column but most of the glucosyltransferase activity 

was bound. The total amount (dry weight) of Sephadex G-IO in a 10 ml 

column is about 4 g. The amount of glucosyltransferase is certainly 

much less than 1 mg (not allowing for any carbohydrate residues) since 

the sample contained 1.12 mg protein. Thus, the column was probably 

not saturated with bound protein, and the unbound glucosyltransferase 

activity may represent an enzyme (or enzymes) which car~ot bind strongly 

to dextran. 

This was a preliminary study. Ideally, the experiments should 
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be repeated with larger columns and smaller fraction sizes. However, 

it is unlikely that this technique could be used for purification of 

the enzymes. It would probably not be practical to use more drastic 

elution conditions. If, for example, the ionic strength of the 

eluant was increased, enzyme activity might be adversely affected. 

If eluant dextran concentrations were increased, the background levels 

of precipitable glucan, in zero time controls for enzyme assays, would 

also be increased; even at 1.0 "'gil, dextran gave a high background. 

This would make it more difficult to estimate glucosyltransferase 

activity accurately, especially in fractions of low activity. 

3.2.4. Effects of Metrizamide 

(i) Reasons for investigating metrizamide 

When studying any enzyme system, it is useful to know the 

molecular weights of the component enzymes. However, with the 

glucosyltransferases, there are some unique problems in mol.wt. deter

mination by sedimentation velocity analysis in the ultracentrifuge. 

These enzymes cannot be run on sucrose gradients. The glucosyltrans-

ferases polymerise the glucosyl moiety of sucrose with no known 

requirements for l )-factors. Even if such reactions could be minimised 

by low temperature and short spins, binding of enzyme molecules to 

the gradient medium (i.e. sucrose) would probably give an anomalous 

rate of sedimentation. 

Glycerol gradients might be used but glycerol may inhibit or 

denature the glucosyltransferases of S. sanguis since some activity is 

lost after storage with glycerol at _20
o
C (J.A. Beeley and P.N. Black, 

unpublished observations). 
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There are many other density gradient media available. These 

media have hitherto only been used for equilibrium density gradient 

ultracentrifugation with macromolecules or for separation of cellSor 

their organelles. However no one has yet considered the possibility 

of using these materials for mol.wt. estimation by sedimentation 

analysis: sucrose gradients were usually adequate for this purpose. 

The high ionic strength of the alkali metal salt gradients (such as 

CsCl, Cs
2

S0
4 

or organic salts of sodium or potassi~~) probably denature 

the glucosyltransferases and enzyme activity would be lost. With the 

Various carbohydrates gradient media (Sorbitol, Ficoll) binding of 

enzyme to these compounds may give anomalous results; the glucosyl

transferases of S. sanguis bind to various carbohydrates including 

cross-linked dextran (Sephadex) and agarose (Sepharose) (Carlsson et al., 

1969). The effects(and possible usefulness) of bovine serum albumin 

and 'Ludox' (colloidal silica preparation; Du Pont1 which have been 

used as gradient media, are difficult to predict. 

There are various iodinated compounds (e.g. metrizamide, sodium 

metrizoate, meglumine, urographin) being used, singly or in combinations, 

as ultracentrifuge density gradient media. These were originally used 

as contrast media for' angiography and urography and so are generally 

considered to be biologically inert. Metrizamide [2-(3-acetamidO-5-N

methyacetamido-2,4,6-triiodobenzamido)-2-deoxy-D-glucose; see fig 3.8] 

is a non-ionic medium widely used for equilibrium centrifugation. 

However, metrizamide solutions can reach the same densities and 

viscosities as sucrose solutions (information supplied by Nyegaard and 

Co., A.S., OslO, Norway). Thus, it may be suitable for separation of 

proteins by sedimentation velocity techniques. The effects of 

metrizamide on the various methods of analysis used in this study were 

therefore studied. 
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(ii) Effect of metrizamide on the Lowry method of protein assay 

Various concentrations of metrizamide were added to the 

incubation mixture for the Lowry assay, in the absence of protein, 

and with two different concentrations of bovine a-chymotrypsinogen. 

Metrizamide reacted strongly with the Folin-Ciocalteau reagent giving 

a colour and extinction similar to that produced by equal weights of 

a-chymotrypsinogen (fig. 3.9). Metrizamide did not affect the reaction 

of protein with the reagent, but produced a high background extinction. 

(iii) Effect of metrizamide on the phenol-H2S04 assay for carbohydrate 

Metrizamide is a derivative of 2-deoxy-D-glucose and might be 

expected to interfere with carbohydrate assays, such as the phenol-H2S0
4 

assay used in this study, in estimating glucosyltransferase activity. 

Netrizamide reacted strongly in the phenol-H2S0
4 

assay (see 

fig. 3.10). The colour produced was different from that produced by 

glucose; this is shown by the visible spectra of the two (see fig. 3.11). 

A was 455 nm, as compared with 480-490 nm for many other sugars max 

(Dubois et al., 1956). Even at 455 nm, however, the extinction was less 

than that produced by glucose. 

However, this effect may not be a problem since no metrizamide, 

as measured by extinction at 242 nm (see fig. 3.12) 

was precipitated by sodium acetate and ethanol, even in the presence of 

the glucan and culture supernatant of S. sanguis 804. This confirms 

the finding of Mullock and Hinton (1973) that metrizamide is not 

precipitated by ethanol. Indeed, r-lonahan and Hall (1975) have 

separated chromatin from metrizamide, in fractions from density gradients, 

by precipitating the chromatin with sodium acetate and ethanol. 
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Fig. 3.11 VISIELE SPECTRUM OF COLOu~ PRODUCED IN PHw~OL-H2S04 
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Metrizamide absorbs UV light strongly at 242 nm (see fig. 3.12). 

However, this property could not be used for estimating metrizamide in 

gradient fractions because of interference by protein and nucleic acid 

from the samples used. The method of Dubois et ale (1956) might well 

be useful for measuring concentrations of metrizamide; this would 

permit precise determination of the shapes of ultracentrifuge gradients. 

However, this would have to be studied further and the assay might be 

modified to minimise interference, especially from other carbohydrates. 

(iv) Effect of metrizamide on glucosyltransferase activity 

The enzyme used was culture supernatant from phase III of 

glucosyltransferase activity (32.5 h growth of S. sanguis 804) as 

described by Beeley and Black (1977). 

Glucosyltransferase activity was strongly inhibited by metrizamide, 

reaching almost 8~~ inhibition by a metrizamide concentration of 170 ~ol/l 

(fig. 3.13). Without repeating this experiment at different concen-

trations of substrate (sucrose), one cannot determine the type of 

inhibition or the value of inhibitor constant (K.). 
~ 

It is not known whether or not this effect is reversible. Even 

if this were the case, it would be too time-consuming to remove 

metrizamide (e.g. by dialysis) from each of a large number of fractions 

from an ultracentrifuge gradient. Lengthy dialyses would probably also 

result in considerable losses of enzyme activity. 

(v) Conclusions 

There appear to be too many practical difficulties involved for 

metrizamide to be of use in studying glucosyltransferases. For this 

reason, the use of metrizamide was not investigated further. 



Fig. 3.13 Effect of metrizamide on glucosyltransferase activity 

Enzyme activity was assayed by the method of Cybulska and 

Pakula (1963a) as modified by Beeley and Black (1977). All assays 

contained 0.2 ml of phase III culture supernatant (see text; 17;Ug 

protein/assay) in a total volume of 1.0 mI. Glucans were resuspended 

in 1.0 ml of NaOH solution (0.1 mOl/I) and 0.5 ml was used in each 

carbohydrate assay. 

The graph shows the effect of metrizamide on production of 

precipitable glucan in a 24 h incubation (open squares). The other 

three plots are controls for ~bsence of enzyme, zero incubation, and 

both. 



Fig. 3.13 Effect of metrizamide on glucosyltransferase activity 
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3.3 Properties of Glucosyltransferase Preparations 

3.3.1 Time course of enzyme activity 

Black (1975) showed that production of ethanol-precipitable 

glucan from sucrose, by S. sanguis 804 culture supernatant was linear 

over 24 h. Production of reducing sugar (as fructose) was irregul~~, 

as measured by the method of Somogyi (1945), probably because of 

interference by oxidising and reducing compounds present in the crude 

supernatant. 

In this study, glucan production was linear Over 26 h with both 

crude and partially-purified preparations (figs 3.14 and 3.15). All 

these glucosyltransferase preparations can therefore be satisf~ctorily 

assayed by this method. Release of reducing sugar was linear only for 

(NH4)2S04 purified enzyme (fig. 3.16). The time course with ultra

filtered culture supernatant was slightly curved and that of untreated 

culture supernatant showed the sameirregularity found by Black (1975). 

Assay by release of fructose by the method of Somogyi (1945) is thus 

suitable only for (NH4)2S04 purified preparations. (However, more 

exhaustive dialysis of the ultrafiltered culture supernatant might 

remove any interfering compounds.) An enzyme-linked assay for release 

of fructose might be useful, even for crude preparations. Unlike the 

Somogyi method, this would be much more specific for fructose. Newbrun 

and Carlsson (1969) used an enzyme-linked assay involving hexokinase, 

ATP, phosphoglucoisomerase, glucose-6-phosphate dehydrogenase and NADP. 

Release of fructose was propo~tional to reduction of NADP (measured as 

Glucose would also be detected by this method but this would 

not be a problem because the invertase of s. sanguis 804 is inducible 

by sucrose (McCabe ~ al., 1973) and would not be present in glucose

grown cultures. However, in this study, it did not prove necessary to 
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develop an enzyme-coupled assay. In most experiments, the properties 

of the glucosyltransferases were studied using the ammonium sulphate 

purified preparations. Thus, the method of Carlsson (1969) was 

perfectly adequate. On a practical level, the reagents required for 

the Carlsson method, including those for the Somogyi assay, are cheaper, 

more easily prepared and more stable than the enzymes and other 

reagents for an enzyme-linked assay. 

Hydroxylapatite-purified enzymes may have different time-courses 

because primers or acceptors would be removed by the purification. 

This was. not investigated in this study but Germaine et ale (1974) 

showed that when hydroxylapatite purifiedglucosyltransferases of 

S. mutans were incubated with sucrose there was a lag before precipitable 

(i.e. high molecular weight) glucan was detectable. Sucrose and the 

newly-synthesised oligasaccharides were the only glucosyl acceptors 

present at first; some time was required for long glucan chains to be 

built up. This presumably only affects glucosyltransferase activity 

when measured as gluc~~ synthesis. If enzyme activity is measured as 

release of fructose, the removal of acceptors by hydroxylapatite 

chromatography may have little effect. 

3.3.2 Enzyme activity measured by different techni~ues 

Glucosyltransferase activities were measured as synthesis of 

ethanol/sodium acetate precipitable polysaccharide (Cybulska & Pakula, 

1963a; Beeley & Black, 1977) or as release of reducing sugar (Carlsson 

~ ~., 1969). The former method detects only those products which 

are of a sufficiently high molecular weight to be ethanol-precipitable. 

The smaller isomaltodextrins are not precipitated by ethanol. The 

latter technique, however, detects all glucosyl transfers from sucrose, 

regardless of the molecular weight or structure of the products. 
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Table 3.5 shows the specific activities of glucosyltransferase 

preparations at different stages of purification. In each case, the 

number of moles of fructose released is greater than the number of 

moles of glucose polymerised to precipitable glucan. This difference 

appeared to increase with purification, although, in other experiments, 

the difference found with the ammonium sulphate preparations was not 

always so marked. However, one would expect some difference with more 

purified enzyme since many trace glucosyl acceptors for high molecular 

weight glucan synthesis would be removed by purification; as explained 

already (Section 1.3.4), sucrose would then be the major acceptor and 

would lead to greater amounts of unprecipitable oligosaccharides. 



Table 3.5 

COMPARISON OF GLUCOSYLTRANSFERASE ASSAY TECHNIQUES 

GLUCOSYLTR&~SFERASE ACTIVITY Fructose 
PREPARATION RATIO 

~ol PRODUCT/h/mg protein. Poly-
saccharide 

Precipitable (1) Fructose 
Polysaccharide 

assay assay 

Cul ture Supernatant 0.213 0.285(2) 1.34 

Ul trafi1 tered Cul ture 
1.45(2) Supernatant 0.649 2.24 

0-7016(NH 4) 2S0 4 Enzyme 41.1 117 2.84 

Notes 

1. Amount of polysaccharide is expressed in ~ol of glucose. 

2. Because of the irregular time course with these preparations, 

the figures given are estimates but are only correct to within 

100;6. 

3. Sucrose concentration = 125 mmol/l. pH = 6.8. 
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3.4 Glucosyl Acceptors 

3.4.1 Dextran T2000 

High molecular weight dextrans are known to stimulate synthesis 

of glucans by extracellular glucosyltransferases of plaque streptococci 

(see section 1.3.4). Glucosyltransferase preparations in which high 

molecular weight glucan synthesis is only slightly stimulated by added 

dextran (Newbrun&Carlsson, 1969; Fukui et!!,., 1974; Kuramitsu, 

1975; Klein et al., 1976) are probably not completely purified. --
Preparations free of all trace acceptors should, within limits, have an 

absolute requirement for added dextran (or other glucosyl acceptor). 

These 'limits' are the times required for synthesis of extended glucan 

chains, starting with sucrose as the initial glucosyl acceptor 

(Germaine !!~., 1974). 

The effect of T2000 Dextran (mol.wt. 2 x 106; Pharmacia Fine 

Chemicals) on the activity of glucosyltransferases of S. sanguis 804 

was investigated. Table 3.6 shows the effect of T2000 on different 

preparations of enzyme. Synthesis of precipitable glucan was stimulated 

at all degrees of purification examined. The most highly purified 

preparation studied (ammonium sulphate precipitated enzyme) was not 

stimulated any more than crude preparations (culture supernatant). 

This suggests that the ammonium sulphate preparations still contain 

many glucosy1 acceptors, which may have remained bound to enzyme molecules 

during precipitation by ammonium sulphate. 

G1ucan synthesis by ammonium sulphate-purified glucosyltrans

ferases was stimulated to about the same degree (about 2~-fold) by 

different concentrations of T2000, from 0.125 to 0.50 ~ol/l (see 

fig. 3.17). Thus, these concentrations must be nearly saturating, 



Table 3.6 EFFECT OF T2000 DEXTRAN ON GLUCOSYLTRANSFERASE ACTIVITIES 

ENZYME PREPARATION ENZYME VELOCITY DEGREE OF STIMULATION 
(mg CHot./ h / mg protein) BY DEXTRAN 

(a) CONTROL (b) + DEXTRAN [(b) /(a)] 
(no dextran) 

Culture supernatant 0.037 0.185 5.0 

Ultrafiltered 
culture supernatant 0.112 0.306 2.7 

Ammonium sulphate 
purified enzyme t:..q!i- 23·9 3.4 

NOTES 

(i) Sucrose concentration = 147 mmol/l. pH = 7.0. 

(ii ) Dextran was T2000 (Pharmacia; 6 mol.wt. 2 x 10 ). Dextran concentration was 0.25 ~mol/l 
( O. 5 mg/ml). 

(iii) At the highest level of enzyme activity (ammonium sulphate purified enzyme + Dextran) the 
reaction velocity decreased over 24 h~ possibly due to substrate exhaustion, therefore 
enzyme activities are expressed as initial velocities. 



Fig. 3.17 E·ffect of T2000 Dextran on sLcos;:rl trs.nsfera se acti vi ty 

of S. 88n~)is 804 

(i) pH = 7·0. 

(ii) ASS8Y incubdion volume = 1'0 mI. Total 8ffiount of protein 

per assay = 35'7 pg. Enzyme 11lUS ClI!lL10nium sulphate purified 

pr€par",tion. 

(iii) Dextran wa.s Dextran T2000 (Phannacis; mol. wt. aver.;.~e 2X106). 
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under the conditions used, and the Ka (i.e. Km for a glucosyl acceptor) 

for T2000 must be very much less than 0.125 ~ol/l. Klein ~ 301. 

(1976) found that the glucosyltransferase of s. sanguis had Ka for 

dextran of mo1.wt. 4 x 104 was 200 ~ol/l. The large difference 

between their findings and those reported here may be due to the 

difference in the molecular weights of the dextrans used. Although 

values of K are useful for comparing acceptor specificities of 
a 

different enzymes, they are not necessarily' .. an accurate measure of K • 
m 

Each dextran molecule may have several different enzyme binding sites. 

The number of possible acceptor sites for branching enzymes will be 

proportional to the molecular weight of the dextran. 

No attempt was made to determine the value of K for Dextran 
a 

T2000 with this glucosyltransferase system. Values of K would not be a 

meaningful unless determined for individual glucosyltransferases present 

after they had been isolated and purified free cf trroe acceptors by 

hydroxylapatite chromatography.· Moreover, as explained above, the 

concentration of acceptor sites may be larger, by an unknown factor, 

than the concentration of dextran molecules. In view of this, the 

various oligosaccharide series (e.g. the nigerodextrins and isomalto-

dextrins) appear more attractive as model systems for studying acceptor 

requirements of glucosyltransferases. 

3.4.2 Nigerose 

It has been shOwn (see 1.3.4) that various oligosaccharides 

stimulate the glucosyltransferases of S. sanguis and S. mutans, probably 

by acting as glucosyl acceptors. 

One might expect nigerose (a-D-glc-l,3-a- D-glc ) to be a 
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glucosyl acceptor, especially for 'mutansucrase' (see Appendix) enzymes. 

However, as shown by fig. 3.18, nigerose did not stimulate the synthesis 

of precipitable glucan by ammonium sulphate purified glucosyltransferases 

of S. sanguis 804. Glucan synthesis may have been slightly inhibited 

at the higher concentrations of nigerose, but this is not clear due to 

the scatter in the experimental points. Any inhibition would 

presumably be due to accumulation of short chain oligosaccharides 

arising from nigerose as acceptor. This also occurs when maltose is 

the added acceptor (Newbrun & Carlsson, 1969; Walker, 1972; see also 

1.3.4 for discussion of this). It was not possible to investigate the 

effect of nigerose on glucosyltransferase activity as measured by 

release of fructose. The small amount of nigerose available was a 

gift from Dr. I.R. Johnson (Dept. of Biochemistry, University College, 

London) and most of this was used in the experiments described above. 

No further nigerose was available and the amounts of nigerotriose, 

nigerotetraose and nigeropenta~ obtained were too small for any 

experiments. 



Fig. 3.18 EFFECT OF NIC£ROSE ON GLUCCSYLTRA!;'SFERASE ACTIVI'lTY 

OF S. 8anguis 804 
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3.5 Kinetics of Glucosyltransferases 

3.5.1 Effect of enzyme concentration on glucosyltransferases 

The (NH4)2S04 preparations of glucosyltransferases described 

in section 3.2.1 are not completely purified and may contain trace 

inhibitors or activators of glucosyltransferase c"tivity. Any effects 

of these might be expected to vary with concentration. It was thus 

important to determine how enzyme activity varied with concentration of 

enzyme. 

Fig. 3.19 shows that enzyme velocity, v, varied linearly with 

enzyme concentration, [E]. Therefore, the effects of contaminating 

activators or inhibitors, if present, are negligible. If there had 

been any significant effect, the plot of v against (E] would have been 

curved. The interpretation of other kinetic stUdies would have been 

critically dependent upon the enzyme concentration used in the 

experiments. Since no effect was observed, it would seem that any 

convenient concentration of enzyme within the ranges shown in fig 3.19, 

can be used, depending on the needs of the particular experiment. 

3.5.2 Effect of sucrose concentration on glucosyltransferase activity 

The effect of sucrose concentration on ac~ivity of ammonium 

sulphate purified glucosyltransferases was studied using two assay 

techniques. One measured synthesis of precipitable glucan (Beeley & 

Black, 1977; modified from Cybulska & Pakula, 1963a) and the other 

measured release of fructose as reducing sugar in alkaline conditions 

(Carlsson, 1969). (For full details of both techniques, see 2.3.3.) 

It has already been sho~~ (see Section 3.3.2) that, at a sucrose 

concentration of 125 mmol/l, apparent enzyme activity was greater when 



Fi3'. 3.19 EFF!:CT OF ENZYT-!E CONCENTRATION ON .A.CTIVITY OF 

(~1H4)2S()4 PURITIED GLUCCSYLTR.U;SFERASES 

ENZYNE 
J.CTIVITY 

0·5 

(mg CHQ./24h 
a~52Y) 0.3 

0·1 

o 
o 

• 

5 10 15 20 

ENZYHE CONCD:TRATION <fIg prot~jn/rnl) 
NOTES 

(i) Sucrose concentra,tion= 147 mmol/l. pH= 7·0. 
(li) Assay incubation volume= 1·0 rr-l. 
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measured as release of fructose than as synthesis of glucan. The 

results, shown in fig. 3.20, show that this is also the case at other 

concentrations of sucrose, up to 500 mM and that the ratio of the two 

(i.e. fructose release/glucan synthesis) is greater at higher ccncen-

trations of sucrose. This suggests that, at high concentrations of 

sucrose, a greater proportion of the reaction products are of low 

molecular weight and non-precipitable (i.e. oligosaccharides) rather 

than glucans. 

It was also found (fig 3.20) that at very high concentrations 

of sucrose (up to 500 mmol/l), synthesis of precipitable glucans was' 

substantially inhibited, although release of fructose was hardly affected. 

The rate of glucan synthesis increased with increasing sucrose 

concentration, up to about 80 romol/l. Activity ~as maximal between 

about 70 to 100 romol/l sucrose (although the precise maximum varied 

between preparations) but was inhibited at higher concentrations. At 

500 mmol/l, the rate of glucan synthesis was only about 6% of the 

theoretical uninhibited Vmax, as extrapolated from Lineweaver-Burk plots. 

In fact, at all sucrose concentrations above about 50 mmol/l, the rate 

of glucan synthesis was significantly less than the theoretical 

uninhibited values (see fig 3.21). This inhibition has important 

biological. and clinical implications. The ability of many plaque 

bacteria to bind to the teeth is dependent on the synthesis of extra

cellular glucans from sucrose by s. sanguis and other microorganisms 

(see sections 1.2.3, 1.2.4 and 1.2.5). The rates of glucan synthesis 

in plaque and of plaque formation will thus be related to dietary and 

oral concentrations of sucrose. If these concentration3 were ever 

high enough, glucan synthesis (and hence, plaque formation) might actually 
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be inhibited, ~!i!£. For this reason, the project was extended to 

include studies of the concentrations of sucrose in various sweet foods 

and beverages, and in saliva and dental plaque (see section 3.7). 

The rate of glucan synthesis, ~ ~ and ~ vitro, is also 

affected by the values of K , for sucrose, of the glucosyltransferases. 
m 

The Km for the ammonium sulphate purified enzymes was calculated using 

Lineweaver-Burk double-reciprocal plots (~ against Ii)). This 

proced~'e is now largely disfavoured for determining values of K 
m 

because it weights points at low substrate concentrations. These 

pOints, having low enzyme activities, are usually more prone to 

experimental error. However, in cases of substrate inhibition, the 

low concentrations are the most useful for determining K. This is 
. m 

because plots of ~ againstt~Jdeviate from the linearity of Michaelis-

Menten kinetics at high concentrations of substrate. 

Admittedly, the ammonium sulphate preparations are not 

completely pure. They contain more than one enzyme and, possibly, 

SOme trace glucosyl acceptors. Thus, any values of K , reported in 
m 

this study, are 'apparent Km'( K :pp ) and do not reflect the 

properties of the active site of anyone particular enzyme. However, 

this Kapp for the ammonium sulphate preparations, will be a useful 
m ' 

indication of the behaviour of the glucan-synthesising system, as a 

vlhole. 

used. 

Different values of K were obtained with the two assay methods 
m 

wnen enzyme activity was measured as release of fructose, the 

values of K obtained varied little between experiments. The mean 
m 

value wa~ 5.9 ~ 1.1 (S.D.; n = 4) romol/l. (See fig. 3.21). When 

activity was measured as rate of glucan synthesis, th~ measured values 
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varied greatly (10.4-22.0 mmol/l) but most values were about 20 mmol/l 

(see fig. 3.22). The mean value of K was 17 ± 5 (S.D.; n = 4) m 

mmol/l. It is not surprising that the two assay methods gave 

different values of K , since the ammonium sulphate preparations may m 
contain several enzymes (see section 3.2.2) and, possibly, substantial 

amounts of glucosyl acceptor compounds. Thus, not all of the 

glucosyl transfers catalysed by the enzyme will lead immediately to 

precipitable glucan molecules. This argument leads to the result 

actually found here, that the apparent K for synthesis of precipitable m 

glucan is higher than that for total glucosyl transfer (as measured by 

release of fructose). 

As is shown below (section 3.7) the oral and dietary concen-

trations of sucrose very often exceeded the K for glucan synthesis, m 

suggesting that these glucosyltransferases may often be very active 

~~ (i.e. in dental plaque). 



1/V (m£'CEN 0.6 r 
/24h/rng 
prot.)-1 • 0.5 j!. 

0.2 

0.15 

0.1. 

0.05 

-0.1 o 

- Pi,(;DUCTIClJ OF PRl-_C1PJTA . .BLE GLUCAN 

0.1 

GLUCOSYLTRA.'-;'SFER..-L"ES OF :~guis 804 

Km :: 20.1mM 

0.2 0.3 0.4 0.5 

1/Suc:'ose conen. 

(mmol/I)-1 

(i) pH= 7·0. 

• 

(U) Assay incubati:)n volume= 1· 0 !!ll. Total ar::ount of p:,otein 

per aS9a~r w:)s 35·7 j4S. Enzj111e was arr .. l'Donill.'1l S~.llph;.lte :pu:::ifi~d 

preparation. 

o. '3 



3.6 Inhibitors of Glucosyltransferases 

3.6.1 Introduction 
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Apart from scientific interest, there are important clinical 

reasons for investigating possible inhibitors of the extracellular 

glucosyltransferases of S. sanguis. It is now clear (see Sections 

1.2.4 and 1.2.5) that synthesis of adhesive extracellular gluc~~s by 

S. sanguis is important in early plaque formation and hence, ultimately, 

in cariogenesis. If an effective and reliable method of inhibiting 

the glucosyltransferases could be found, it might be useful in limiting 

plaque formation and might help eliminate dental caries. It would 

however be over-optimistic to expect that this approach alone could 

completely eliminate caries since some weakly cariogenic bacteria 

(e.g. S. sanguis and S. salivarius) can bind to the tooth surface without 

the aid of adhesive extracellular g1ucans (see 1.2.4). 

3.6.2 Xylitol 

Xy1itol (see fig 3.23) is an optically inactive pentitol 

currently being investigated as a possible dietary alternative to 

sucrose as the main sweetener in the diet. 

Many workers have proposed that xylitol is anticariogenic, 

that is, that it actively inhibits dental caries. In particular, 

Knuuttila and ~~inen(1975) found that the glucosyltransferases of 

S. mutans were stimulated by low concentration of xylitol (less than 

400 mmol/l) but were inhibited by higher concentrations reaching about 

35% inhibition by about 890 mmol/l xylitol. 

The glucosyltransferases of S. sanguis are also important in 

cariogenesis so the effect of xylitol on the activity of the (~~4)2S04 
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purified enzymes was investigated. Over a large range of xyli tol 

concentrations (0.01 - 900 mmol/l), ~Jlitol neither stimulated nor 

inhibited enzyme activity (see table 3.7). 

Thus, if xylitol does indeed inhibit cariogenesis or plaque formation, 

it is unlikely that it does so by inhibiting glucan synthesis during 

early plaque formation. 

}.6.3 Hydrogen peroxide 

S. sanguis has no catalase or peroxidase and, when grown 

aerobically, produces auto-inhibitory concentrations of hydrogen 

peroxide (Holmberg & Hallander, 1973; Donoghue, 1974). Beeley et al. --
(1976) found that growth and glucosyltransferase production by s. sanguis 

804 are stimulated in mixed culture with catalase-producing bacteria· 

Such as Staph. aureus. A similar, although less, marked, effect was 

observed when sterile catalase was added to pure broth cultures of 

.§.. sanguis 804. Thus, it appeared that hydrogen peroxide might limit 

glucosyltransferase production. The possibility that hydrogen 

perOXide might have inhibited glucosyltransferase activity directly 

Could not be dismissed, therefore this was investigated in this study. 

The effect of various concentrations of hydrogen peroxide 

on the activity of ammonium sulphate purified glucosyltransferase as 

measured by release of fructose was examined. Fig. 3.24 is a 

Lineweaver-Burk plot of the results obtained. Hydrogen peroxide had 

no discernible effect at any concentration studied up to 1.2 romol/l. 

The concentrations of hydrogen peroxide were much smaller than those 

of the fructose released from sucrose by the glucosyltransferases. 

Thus, it was extremely unlikely that hydrogen peroxide would interfere 



Table 3.7 EFFECT OF XYLITOL ON (NH4)2S04 PURIFIED GLUCOSYLTRJJTSFERASES 

XYLITOL GLUCOSYLTRANSFERASE ACTIVITY 

(mmol/l) (mg fructose/h/mg protein) 

0 5.1 

0.01 5.5 

0.9 5.0 

10 5.5 

100 4.9 

600 5.0 

900 5.1 

NOTES 

(i) Sucrose concentration = 125 mmol/I, pH = 6.8. 
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significantly with the reduction of CU(III) to CU(II) in the redl1cing 

sugar assay (Somogyi, 1945). 

If the lower level of glucosy1transferase activity in pure 

cultures as compared with mixed cultures, is due to the presence of 

hydrogen peroxide, the effect is not due to inhibition of enzyme 

activity. Hydrogen peroxide presumably inhibits synthesis of tIle 

glucosy1transferases. This is probably not a specific effect but due 

to the general cytotoxicity of hydrogen peroxide. 
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3.7 Intra-oral and Dietary Concentrations of Sucrose 

3.7.1 Introduction 

The importance of sucrose metabolism in plaque formation and 

cariogenesis has already been discussed (section 1.2). Production 

of extracellular glucans by S. sanguis is important in early plaque 

formation and the effect of sucrose concentration on synthesis of these 

glucans has been investigated in this study (section 3.5.2). 

Many other workers have investigated the metabolism of sucrose 

by dental plaque and the kinetics of sucrose-metabolising enzymes of 

plaque bacteria. Surprisingly, however, none have yet attempted to 

relate these studies to the concentrations of sucrose which occur in 

cariogenic foods, and in saliva and dental plaque. Hardinge et ~. 

(1965) compiled extensive data on individual carbohydrate components 

(including sucrose) of many foodstuffs. However, these tables are of 

limited value since they include few of the most cariogenic components 

of the diet, such as hard and soft sweets and sweetened soft drinks. 

There have been some limited studies of the concentrations of 'sugar' 

and its clearance from the mouth. These only measured glucose or 

redUcing sugar (tanke, 1957; Adorjan & Stack, 1976). In the latter 

study, measurements were qualitative or, at best, semi-quantitative, 

Using reagent strips (e.g. Ames 'C1inistix'). 

Sucrose is more difficult to assay than other sugars such as 

glUcose and fructose. There is no simple or specific chemical assay 

for sucrose. It must be determined either as total carbohydrate after 

chromatographic separation or by enzyme-linked assay of glucose or 

hexose (i.e. glucose + fructose) after hydrolysis with invertase 

(Bergmeyer & K1otsch, 1963). 
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As shown earlier (3.5.2), partially purified glucosyltransfer-

ases of S. sanguis 804 are inhibited by high concentrations of sucrose. 

Some workers have also reported that acid production from sucrose, by 

salivary bacteria and dental plaque, is inhibited by high sucrose 

concentrations (Geddes, 1975 & 1977; Sandham & Kleinberg, 1969; 

Birkhed & Frostell, 1978). It was thus important to examine oral and 

dietary sucrose concentrations, during and after ingestion of sucrose-

containing foods and drinks in order to get some idea of the activity 

of glucan-producing enzymes in plaque. This study was made much easier 

by a new co~nercial kit for estimation of sucrose (Boehringer Sucrose/ 

Glucose UV Test Kit). 

Concentrations of sucrose in sweet beverages 

The sucrose concentrations in various beverages are listed in 

Table 3.8. Some of the concentrations were assayed directly. Others 

were calculated from the weight of sucrose used (sweetened tea or coffee) 

or calculated from published data. For the latter, water and total 

carbohydrate contents were obtained from 'Documenta Geigy' (Diem & 

Lentner, 1970; pp499-515). The sucrose contents were obtained from 

Hardinge et~. (1965). The concentrations of sucrose were then 

calculated on the assumption that the density of each beverage was 

about 1.0 x 103 kg.m-3• (Even at the comparatively high concentration 

cf 500 mmol/l, the density of a sucrose solution is only 1.07 x 103kg•m-3). 

The Upper values given for 'Cola' drinks (other than 'Coca-Cola' and 

'Pepsi-Cola') and carbonated soft drinks were calculated from 'Documenta 

Geigy' on the basis that all the sugar present is sucrose. The lower 

limits were added because much of the sucrose in proprietary beverages 



Table 3.8 SUCROSE CONCENTRATIONS OF SOME SWEET BEVERAGES 

BEVERAGE SUCROSE CONCENTRATION(i) CALCUIATED GLUCO_(ii) 
SYLTRANSFERASE 

(mmol/l) ACTIVITY (r~ge of 
maximum) 

Sweetened tea or coffee 
(A) 1 teaspoon (6 g)/150 m1 117(1) 94 
(:8) 3 teaspoons (18 g)/150 m1 351(1) 48 

. 'Coca-Cola' 350(2) 48 

'p . eps~-Co1a' ;2;(2) 54 

Other 'Cola' drinks 200-320(3), (5) 55-80 

Carbonated soft drinks 200-400(3),(5) 37-80 

Apple juice (fresh, unsweetened) 12(4) 67 

Citrus juices (fresh, un-
3-15(4) sweetened) 18-75 

li9TE.2 

(i) SUcrose concentrations were determined as follows: 

(1) Calcula ted 

(2) Estimated by sucrose assay procedure (see section 2.3.3) 

(3) Calculated from data in Diem & Lentner (1970) 

(4) Calculated from data in Hardinge et~. (1969) 

(5) Allowance made for occasional addition of saccharin. 

(ii) Interpolated from fig. 3.20. 

(iii) The sucrose contents (as g/lOO g) of many other foods and 

beverages have been compiled by Hardinge ~ al. (1965). 
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may be replaced by saccharin when the market price of sucrose is high 

(information supplied by J. Garvie and Sons Ltd., Milngavie, Glasgow, 

Scotland). 

Table 3.8 also shows the relative (r~ge) activity, at these 

sucrose concentrations, of the ammonium sulphate purified glucosyl

transferases (interpolated from fig 3.20). It is clear that at the 

Sucrose concentrations present in most of these sweet beverages, the 

relative activity of the glucosyltransferases is very high indeed. 

In SOme cases, the sucrose concentrations would be sufficiently high 

to inhibit the enzyme, at least partly, if these concentrations were 

even reached in plaque (see 3.7.3 and 3.7.4). 

Clearance of sucrose from saliva 

The sucrose contents of sweet foods and confections can be 

readily determined by the sucrose assay technique described in section 

2.3.3. However, what is more important in this study is the rate at 

Which the sucrose is dissolved in saliva (for solid foods) and cleared 

from the mouth. This might reasonably be expected to vary, depending 

on the physical nature of the food in question. 

In order to determine these rates, sucrose concentrations in 

the total oral fluid ('whole saliva') were determined, during and 

after consumption of various sucrose-containing sweet foods and drinks. 

The subject for these experiments was a normal healthy adult male 

accustomed to consuming moderately sweet foods and drinks. In order 

that the results might be as 'realistic' as possible, he was 

instructed to eat or drink the sample, ~ libitum, in what he consi~ered 

to be a 'normal' way. The samples were consumed and the saliva sample 
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was collected and centrifuged as described previously (section 2.3.8). 

Sucrose concentrations were then determined as described in section 

Figs 3.25 to 3.28 show the sucrose concentrations in whole 

saliva during, and for 10 mir after, consumption of various foods and 

drinks. The graphs also show the relative enzyme activity, as a 

percentage of maximum velocity, interpolated from fig 3.20, which would 

occur in these concentrations of sucrose. 

While 'Coca-Cola' was in the mouth (fig 3.25), the sucrose 

concentration in saliva was 330-350 mmol/l (cf.Table 3.8). At these 

concentrations, the glucosyltransferases would be about 53% active. 

After the drink was consumed, sucrOse concentration dropped rapidly, 

reaching about 1 mmol/1 after 3 min. During this clearance phase, 

glucosyltransferase activity would reach maximum for a short time but 

enzyme activity would have effectively ceased after about 10 min. 

While a boiled sweet was sucked the salivary sucrose concen-

tration was between 80 and 120 romol/l (fig 3. 26). Thi s would give 

maximum glucosyltransferase activity. The concentration of SUcrose 

varied little over this period. This is probably because the subject 

unconsciously regulated the r~ce of dissolution of the sweet in order 

to maintain the subjectively most 'pleasant' level of sweetness. In 

fact, many individuals, including those with a 'sweet tooth', find very 

high concentrations of sucrose unpleasant or even bitter. [The 

psychology of the pleasantness (hedonics) of sweet materials has been 

revie'Ned by Noskowi tz (1974).] Sucrose was not completely cleared 

from the mouth until about 10 min after the sweet was finished. 

As shown in fig 3.27, soft toffees are dissolved, due to 
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mastication, much more rapidly than boiled sweets. Thus, the maximum 

concentration of sucrose in the saliva (about 600 mmol/l) was much 

higher. Synthesis of high molecular weight glucan would be almost 

completely inhibited at this concentration. Sucrose was cleared after 

about 10 min and high glucosylt~ansferase activity would only occur 

during the clearance phase. 

While chocolate was bei.ng chewed (fig 3.28), the salivary 

sucrose concentration varied greatly, slowly reaching a peak of 531 mmol/l 

after 2 min and decreasing slowly thereafter, even before the sweet was 

finished. This effect was reproducible. The reason for the decrease 

is not clear but it was not due to increased salivary flow since this 

was fairly constant (2.0-2.5 ml/min) throughout the experiment. Some 

of the chocolate may have been inadvertantly swallowed in between saliva 

collections since chocolate is more friable and more readily dispersed 

in saliva than toffee or boiled sweets. After the chocolate was 

finished, sucrose was cleared slowly, taking about 8 min to drop from 

73 mmol/l to about 1 mmol/l. The reason for this is also not clear 

but is presumably due to the physical properties of the chocolate. As 

a result, the calculated glucosyltransferase activity decreasffi 

comparatively slowly. 

While tea containing a (calculated) sucrose concentration of 

117 mmol/l ('one spoonful per cup') was in the mouth, the concentration 

of sucrose in the saliva waS 115-120 romol/l and glucosyltransferase 

activity was almost maximal (see fig 3.29A). It is interesting to 

note that with more heavily sweetened tea, giving a salivary sucrose 

concentration of 353-357 mmol/l, glucosyltransferase activity would be 

only about 5~/o of maximum (see fig 3.29B); moreover, the sucrose was 
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cleared almost as ~apidly as with 'one spoonful'. Thus, while the 

extra sucrose may be dietetically inadvisable, it is not necessarily 

any more cariogenic. 

3.7.4 Clearance of sucrose from dental plaque 

The patterns of clearance of sucrose from whole saliva can 

now be fairly easily determined (see 3.7.3). Studying these has 

provided useful measures of the oral sucrose concentrations produced 

with various sweet foods and drinks. However, the activities of the 

glucosyltransferases and other sucrose-metabolising enzymes found in 

dental plaque are only approximated by this method. They can only 

really be estimated accurately by measuring the sucrose concentrations 

which actually occur in plaque. This is technically much more 

difficult than the salivary studies described in section 3.7.3 because 

only very small amounts of plaque (typically, 20 mg) can be obtained 

from anyone mouth. 

In attempting to study clearance of sucrose from plaque, it 

did not seem advisable to use plaque pooled from several individuals. 

The amount, thickness and macroscopic texture of plaque vary from one 

individual to another. It was thus impossible to predict how much 

rates of clearance would vary between individuals. In all the 

experiments described here, the same subject, a healthy adult male, 

not receiving dental treatment, was used. The subject rinsed his 

mouth for 30 sec with 10 ml of a 2~/o w/v (584 mmol/l) sucrose solution 

in distilled water and then spat out the solution. On the basis of 

diffusion studies, 30 sec should 'be long enough for a typica.l plaque 

100 ~ thick to be 9~~ saturated with the sucrose solution (S.G.McNee, 

personal communication). At various times after the rinse, plaque 
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was removed using a metal scraper and placed in a humid container in 

an ice bath. When all the plaque needed was collected, it was 

weighed and the extracellular fluid separated as described in section 

In preliminary experiments, about half of the whole mouth 

plaque was collected before the rinse (zero-time sample) and about 

half 5 min after the rinse. The contents of the centrifuge tubes 

were diluted to the volumes shown (see Table 3.9) and assayed for 

sucrose. As shown in table 3.9, all the extinctions obtained were 

below the limit of resolutions of the assay (AE of 0.03, equivalent 

to 15 nmol sucrose/assay) •. There are various possible explanations 

for this. As explained in the preceding paragraph, it is unlikely 

that the sucrose did not penetrate the plaque. It is also unlikely 

that the plaque had metabolised all the available sucrose, since, as 

shown in section ;.7.;, there would still be a fairly large reservoir 

of sucrose, even beyond 5 min. The most reasonable explanation of 

the observations is that the fluid which passed through the separating 

filter (see fig 2.9) did not reach the centrifuge tube; it was 

probably caught and dried on the underside of the filter holder. 

Indeed, no fluid was ever visible in the centrifuge tube, to the naked 

eye. Hence, the experimental procedure was modified. 

In order to ~prove the yield of plaque ECF, the plaque 

samples were overlayed with 0.5-1•0 ml of O.~/o w/v (154 mmol/l) NaCl 

solution. When the assembly was centrifuged, the saline solution 

rinsed the plaque and carried any extracellular fluid through to the 

centrifuge tube. 

The standard incubation volume for the sucrose assay is 3.02 ml. 

In order to improve the sensitivity, the assay volumes were scaled 
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Table 3.9 EXPERIMENTS ON SEPARATION OF SUCROSE FROM DENTAL PLAQUE 

Time after Experiment 1 Experiment 2 
sucrose rinse Diluted Wt. of AE Diluted Wt. of AE 

(min) Volume of ECF Plaque sucrose Volume o"f ECF Plaque sucrose 

(ml) (mg) (ml) (mg) 

0 1.0 4.5 0.006 0.5 4.45 0.021 

5 1.0 7.4 0.001 0.5 2.15 0.041 

NOTES 

(i) l\E = 6. Et t 1 - C.Egl , at 340 nm, in the sucrose assay (see section 2.3.3). sucrose 0 a C 

(ii) In both experiments, plaque ECF was separated by centri"fugation and diluted to the volume shown. 
0.1 ml of the diluted ECF was used as the sample in the sucrose assay (inCUbation volume = 3.02 ml). 

(iii) Limit of resolution of the sucrose assay corresponds to E sucrose = 0.030. 

\ 



down to semi-micro (1.71 ml) and micro (0.302 ml) levels. 

incubation mixtures were prepared as shown in Table 3.10. 
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The various 

The assay procedure was not operable at the micro level. 

With standard sucrose solutions, no NADPH was formed and this small 

assay volume appeared to be below the limits of reproducibility of the 

assay. However, the assay operated satisfactorily at the semi-micro 

level and this was used in all subsequent experiments on clearance of 

sucrose from dental plaque. 

Table 3.11 shOWS the results of 4 such experiments. The 

subject rinsed his mouth with 2~~ w/v sucrose for 30 sec and whole 

. mouth plaque was collected at various times after this. Column (1) 

shows when plaque collection was started, expressed as the time after 

the start of the sucrose rinse and column (2) shows when plaque 

collection stopped. Column (3) gives the difference between these, 

the total time required for collection of plaque. Obviously it is 

desirable to keep this time as short as possible and times were 

reduced with practice. col~ (4) shOWS the concentrations of sucrose 

and glucose found, expressed as nmoles per mg wet weight of the whole 

plaque sample. column (5) shOWS the same data, calculated as mmol/l 

in the plaque ECF. The calculations are based on the assumption 

that plaque ECF is 31.~~ of the volume, as determined by Edgar and 

Tatevossian (1971), and that the specific gravity of the plaque is 

1.04 (see section 3.8.2). This also assumes that all the glucose 

and sucrose measured were extracellular and that none was expressed 

from bacterial cells by the centrifugation. 

There are certain difficulties in interpreting the results in 

Table 3.11. The accuracy of the values in column (5) is dependent 

upon the accuracy of the value for the proportion of extracellular 



Table 3.10 COMPOSITION OF SUCROSE ASSAY INCUBATION MIXTURES 

VOLUME (ml) 

MICRO Sl!MI-MICRO 'NORMAL' 

Sample O.OS 0.20 0.10 

Invertase Solution 0.02 0.10 0.20 

NADP, ATP :Buffer 
Solution 0.1 0.5 1.0 

Distilled H2O O.lO-o.lS(i) 0.7-0.9(i) 1.7-l.9(i) 

Hexokinase! 
Glucose-G-

. phosphate de-
hydrogenase 
Solution 0.002 0.010 0.020 

Total Volume 0.302 1.51 3.02 

NOTES 

(i) Depending on the tube. For sucrose estimation, all the 

reagents are present. For the blank, the sample is 

omitted, and for glucose estimation, the invertase. 

H 0 is used to make up the difference in volume. 
2 
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Table 3.11 CLEARANCE OF SUCROSE FROH DENTAL PLAQUE 

(2) (3) 

TIME AT END 
OF COLLI:;cr10N 

(!pin) 

TIME FOR CONCENTRATIONS OF GLUCOSE AND SUCROSE 
COLLECTION OF (4) nmol/mg wet wt of plaque (5) mmol/l ihECF 

PLAQUE 
(min) Glucose Sucrose Glucose Sucrose 

3.20 1.45 12.9 90.2 43.1 301 

3.42 2.42 3.3 12.8 10.6 67.9 

3.92 2.92 8.4 26.3 28.1 88.3 

4.25 3.25 8.2 5.87 27.4 19.6 

7.50 2.25 4.75 1.90 15.8 6.4 

The values in column (3) are the differences between those in (1) and (2). 
(ii) Concentration of sucrose in rinse = 584 mmol/l (20%, w/v). 

(iii) If the plaque ECF is saturated with the 584 mmol/l sucrose solution, the sucrose concentration 
in the plaque will be 190 nmol/mg wet wt. of plaque assuming that the ECF is 31.2% of the -3 
volume of the plaque (Edgar & Tatevossian, 1971) and that the plaque density is 1.04 x 103 kg.m 
(see table 3.12) \ 

(iv) Each time-point and plaque sample represent a different experiment. 
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fluid in plaque. Ideally, one should determine the proportion of 

plaque extracellular fluid for each subject examined but this is not 

feasible. Also, the time required to collect the plaque is a large 

proportion of the duration of the experiment. This makes it difficult 

to plot the results graphically. The clearance of sucrose from 

plaque is an exponential (or more probably, a multiple exponential) 

decay, therefore it is not satisfactory to plot the midpoint between 

the starting and finishing times of the plaque collection. 

The rinsing time used (30 sec) is probably sufficient for the 

sucrose to penetrate most of the plaque. The thickness of plaque 
. 

varies considerably, but plaque 100 ~ thick would, by diffusion, be 

about 9~/o saturated with a sucrose solution (S.G. McNee, personal 

communication). This assumes that the effects of metabolism on 

penetration by sucrose are negligible. Given the comparatively large 

volume of rinse (10 ml) and the very high concentration of sucrose 

(584 mmol/l) used, this assumption is probably justified. The 

experimental findings confirm this. Shortly (15 sec) after the 

sucrose rinse, plaque was collected over a period of 1.45 min. The 

sucrose concentration in this s~~ple was very high (90.2 nmol/mg plaque, 

or about 300 mmol/l in the ECF). The concentration dropped rapidly 

thereafter and sO was probably even higher while the rinsing solution 

was in the mouth. 

This was a preliminary study but it is possible to make some 

conclusions regarding penetration of plaque by sucrose. The findings 

of McNee et ale (1979), along with those reported here, show that this 

penet=ation and subsequent clearance of sucrose are not limited by 

diffusion. From the limited results obtained, it appears that clearance 
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of sucrose from plaque and saliva occur at roughly the "same rates 

(cf. section 3.7.3, especially figs 3.25 and 3.29). Thus even if any 

clearance of sucrose due to bacterial metabolism is very high, the 

concentrations of sucrose in plaque will probably be maintained by 

the large reservoir of sucrose in saliva. 

Finally, it would be wrong to place too much emphasis on the 

values shown in.table 3.11. However, they do suggest that the concen

trations of sucrose which occur in plaque can be sufficient for high 

glucosy1transferase activity. 



105 

3.8 Pycnometry 

3.8.1 Introduction 

It is difficult to measure the vOlume of plaque and plaque 

extracellular fluid directly. However, both of these substances can 

be conveniently weighed on a microbalance. If the densities are 

known, their volumes can then be calculated. These densities were 

therefore determined using the organic solvent density gradient 

technique described in section 2.3.6. 

It is also difficult to measure volumes of various oral fluids, 

either because only tiny amounts are secreted (e.g. minor gland saliva), 

or because 'they are too viscous to be pipetted (e.g. sublingual saliva). 

The study was thus extended to include whole saliva and the technique 

has now been used to determine the density of saliva secreted by 

individual glands (Lindsay ~ !l., 1978). 

Density gradients were calibrated using standardised solutions 

(Other solutions,such as sucrose, NaCl or KI can be used 

but this does not affect the results obtained.) Fig 3.30 shows the 

calibration curve obtained for one gradient. 

In all cases, the sa~ples applied to the column could be 

extremely small (even less than 1 ~) as long as they were visible to 

the naked eye. In fact, because the positions of drops are measured 

through their mid-points, it is easier to read the positions of very 

small drops of samples. 

3.8.2 Densities of plague and saliva 

Dental plaque and whole (unstimulated) saliva were studied. 

Plaque was whole mouth plaque grown for 24 h or 3 h and collected from 
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several subjects 2 h after food or drink by scraping with a nickel 

spatula. The solid (cells and other solid materials) and aqueous 

(extracellular fluid) phases of plaque were separated by centrifugation 

at 15,000 ~ at 4°C for 15 min in 1 ml glass centrifuge tubes. Tubes 

were sealed with cellophane to prevent condensation or evaporation. 

Plaque and separated plaque solids could be placed directly into 

solvent gradients; the samples did not break up and remained stable 

in the gradients for several days. 

iNhole saliva was collected in centrifuge tubes on wet ice and 

o 
centrifuged at 15,000 ~ at 4 C for 30 min to remove debris. Plaque 

and saliva samples applied to gradients were allowed to equilibrate to 

room temperature (20
0

C) in the gradient before positions of the drops 

were noted. For the best possible accuracy, the positions of drops 

of density standards were read simultaneously with the position of 

samples. 

Table 3.12 shows the results obtained. In each case where 

plaque solids were examined, the density was 1.01 times that of the 

corresponding whole plaque sample. The density of the fluid extracted 

from plaque, even unde~ high speed centrifugation (15,000~) may be 

taken as 1.00, which is sufficiently accurate for most practical 

purposes. 

The specific gravity of whole saliva (1.0009) was slightly 

less than that published for parotid saliva (1.0033 ! 0.00115) which 

actually has less total dissolved solids than whole saliva (Mason & 

Chisholm, 1975). 



Table 3.12 DENSITIES OF ORAL FLUIDS AND DENTAL PLAQUE 

SAMPLE MEASURED DENSITY (kg.m -3) 

Dental plaque (24 h) 

Dental plaque (3 h) 

Plaque solids (24 h) 

Plaque extracellular 
fluids (24 h) 

Whole (unstimulated) 
saliva 

Mean = S.D. (n = number of 
samples) 

1039 ± 10 (8) 

1042 (3) 
Range 1040-1043 

1045 (3) 
Range 1042-1047 

995 (2) 
Range 994-996 

995.9 =0.7 (9) 

(i) The absolute density of water at 20°C is app~ox. 998.2 

kg.m-3• It was measured gravimetrically in his study 

+ -3 ( and was found to be 995.0 - 0.2 kg.m S.D.; n = 12). 

(ii) All densities were measured at 20°C. 
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ZrOC1
2 

Assay for Fructose 

The zirconyl chloride assay for fructose· [see Section 2.3.3 

(iX)J was investigated as an attempt to find a rapid and specific 

assay for fructose in measurement of glucosyltransferase activity. 

Samples of fructose, glucose and sucrose were incubated with 

the ZrOC1
2 

reagent, as described in 2.3.3 (ix). The mixture was 

diluted to 3 ml with distilled water and UV spectra obtained. 

As can be seen from fig 3.31, all three sugars reacted with 

the ZrOCl2 reagent. The following were wavelengths which gave 

extinction .... ,:..,; maxima. 

. Fructose 

Sucrose 

Glucose 

281 run, 

282 run, 

285 nm 

332 run 

332 run 

The extinction coefficient with glucose, at 332-334 nm, is 

much lower than that of fructose. In absence of invertases, the 

effect of glucose in estimations of glucosyltransferase activity would 

be negligible. However, sucrose gives a spectrum similar to that of 

fructose. When glucosyltransferase is incubated with sucrose in 

assays for enzyme activity, the sucrose concentration is of necessity 

in great excess of the concentrations of enzyme and product (fructose). 

Thus, any fructose released by glucosyltransferases from sucrose 

would not be detectable because the extinction coefficients with 

fructose and sucrose are similar at all wavelengths studied; the change 

in extinction due to release of fructose would be negligible. Hence, 

this technique would be useless for estimating glucosyltransferase 

activity. 
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4. DISCUSSION AND CONCLUSIONS 

S. sanguis produces adhesive extracellular glucans from sucrose. 

As discussed earlier (Section 1.2.3 - 1.2.5), these glucans are 

important in formation of plaque because they allow other species of 

bacteria (notably S. mutans) to bind to the surface of growing plaque. 

Thus, in order to understand the mechanism of cariogenesis (and 

hopefully to inhibit the process), it will be useful to characterise the 

glucosyltransferases, the enzymes which synthesise these glucans. 

At the beginning of the project, the finding of Eee1ey and E1ack 

(1977), that glucosy1transferase production by S. sanguis 804, in batch 

cul ture, is triphasic, was c·onfirmed. The extracellular glucosy1trans-

ferases of plaque streptococci are considered to be constitutive because 

they are produced in the absence of sucrose. However, the triphasic 

pattern demonstrates that the synthesis, or secretion, of these enzymes 

is regulated by more subtle mechanisms. Eee1ey and Black (1977) showed 

that enzJ~e preparations from each phase produced glucans of differing 

stractures. The mechanisms whereby such different enzyme activities 

are produced at different ages of culture are unknown. However, it is 

clear that caution must be exercised in studying the glucans of S. sanguis. 

Varying conditions,such as age of culture, availability of carbon source 

and pH, may greatly affect the results obtained, whether in batch 

culture, continuous culture, or even in plaque itself. 

~~e original aim of this project was to isolate and characterise 

the glucosy1transferases of S. sanguis 804. Phase II of glucosy1trans

ferase production, which occurs at the end of logarithmic growth phase, 

when the medium was depleted of glucose, was investigated. JvIany workers 

have used the same basic techniques (i.e. ammonium sulphate precipitation 
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followed by hydroxylapatite chromatography) to purify/the glucosyltrans

ferases of s. sanguis and S. mutans. However, most have reported low 

recoveries of enzyme activity after these and/or other procedures. 

Typical recoveries were between 100/0 (Long, 1971) and 15% (Carlsson 

~ ~., 1969) although Kuramitsu (1975) reported 3~/o recovery of activity 

(from s. mutans GS-5) using ammonium sulphate followed by either gel 

filtration (on Bio-Gel A-15) or hydroxylapatite chromatography. The 

considerable purification reported by some workers (e.g. l500-fold with 

13% recovery, by Chludzinski et ~., 1974) might have been much enhanced 

by better recoveries. Such poor recoveries may be acceptable when 

dealing with a homogeneous (i.e. single-enzyme) system. However, the 

glucosyltransferases of s. sanguis and S. mutans are not homogeneous and 

are either multi-enzyme systems or contain several post-translationally 

modified forms of one enzyme (see 1.3.4) •. As a result, part of the 

reason for the low recoveries might be loss of one or more individual 

forms of glucosyltransferase during purification. In support of this 

suggestion, it has been shOwn that the molecular structures of the 

streptococcal glucans vary according to the degree of purification of 

the enzyme preparations used to synthesise them (Nisizawa et al., 1977; 

Ceska ~~., 1972). This may be due to the loss of particular enzyme 

activities during purification. If this is the case, then the synthesis 

and properties of glucans by purified enzyme may differ drastically from 

those of glucans synthesised in ~ (i.e. in plaque) as well as those 

synthesised by crude preparations of enzyme, such as culture fluid. 

Thus, the conclusions which one can draw from studies on highly 

purified glucosyltransferases may be very limited depending upon the 

recovery of the enzyme after purification. 'Even if recovery is 1000/0, 

the structure of the glucans may be affected by the conditions used to 
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synthesise them. For example, recent work by Mohan et ale (1979) 

suggests that the dextransucrase and mutansucrase activities of S. mutans 

may be due to single enzyme. The purified dextransucrase synthesised 

a water-soluble glucan ('dextran') but could be made to synthesise a 

water-insoluble glucan ('mutan') by raising the salt (ammonium sulphate) 

concentration. 

In this study, the recovery of enzyme activity after ammonium 

sulphate precipitation varied between 67% and 10~/o. Some recoveries 

were apparently greater than 10~/o. This may have been because 
-
(unidentified) inhibitors were removed by the purification or because the 

purified enzymes synthesised more easily precipitable (or less water-

soluble) glucans. The recovery of enzyme after hydroxylapatite 

chromatography was about 3~/o of that applied to the column; overall 

yield was thus only about 24%. However, Germaine ~ ale (1974) showed 

that trace acceptors appeared to be removed from preparations of S. mutans 

glucosyltransferases by hydroxylapatite chromatography. It was 

necessary to add acceptors (e.g. dextran) to achieve the maximum rate of 

synthesis of precipitable glucan. In the absence of dextran, sucrose 

would act as a glucosyl acceptor and eluted enzyme activity could still 

clearly be detected by measuring release of fructose, as in this study 

(see fig. 3.5). However, sucrose is an inefficient glucosyl acceptor 

(Chludzinski !!§h., 1976). Hence the rate of glucosyl transfer would 

be less than the maximum, which would occur with, say, saturating 

concentrations of dextran. Apparent recovery would thus be somewhat 

reduced. 

It seems likely, then, that the procedures described here could 

adequately form part of a purification scheme for isolating the 

component enzymes of the glucosyltransferase system, without losing any 
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of the enzymes. However, I would suggest that it may/be useful to 

incorporate, routinely, a good glucosyl acceptor compound (e.g. a 

soluble dextran) into the incubation mixture when assaying enzyme 

activity. With this modification, studies on both crude and purified 

enzyme preparations would not be complicated by uncontrolled variations 

in the concentration of trace acceptors. The stimulating effect of 

the acceptor would increase the sensitivity of assay. Dextran as 

acceptor might also be a useful 'carrier' for ethanol precipitations 

when measuring glucan production although in high concentrations it 

would give a high background if precipitated glucan were estimated 

chemically. 

Hydroxylapatite chromatography (fig. 3.5) showed that s. sanguis 

804 produces atle~1j distinct glucosyltransferases each with different 

specific activities. The differences in specific activity may be 

partly due to differences in specificity and affinity for substrate and 

in type of reaction catalysed. If the enzymes are composed of different 

polypeptides, then the properties of the enzymes (e.g. specific activity, 

K and V ) would be expected to vary. 
m max . 

On the other hand, the enzymes 

may also be the same gene products modified, for example, in bound 

carbohydrate chains, if they are glycoproteins. Whatever the 

expl~~ation, if the enzymes synthesise different products, then the 

differences in specific activity are probably also caused by differences 

in acceptor requirements. For example, in the absence of other glucosyl 

acceptors, sucrose acts as an acceptor for 'dextransucrase-like' enzymes 

(Ebert & Schenk, 1968b; Chludzinski ~ al., 1976). Mutansucrases may not 

1:e able to use sucrose as an acceptor so readily. MlY branching 

enzymes probably have a strict requirement for a glucan, or, at least, 
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a long chain oligosaccharide as acceptor. The findings of Walker 

(1972) suggest that a-l,3 branch linkages cannot be added to sucrose or 

trisaccharide acceptors. The shoulders on the peaks of enzyme activity 
, 

eluted from hydroxylapatite may (if genuine) be attributed to unresolved 

glucosyltransferases. However, they may also represent a 'synergic'tffect 

whereby enzyme, from one of two overlapping peaks, synthesises a 'primer' 

or other substance which stimulates the activity of enzyme from the 

other peak. For example, dextransucrases would synthesise the iso-

maltodextrin chains necessary for action of br~~ching enzymes. 

I have already suggested that some suitable glucosyl acceptor, 

such as dextran, be incorporated into incubation mixtures for the assay 

of enzyme activity, in order that recoveries of enzyme activity after 

hydroxylapatite chromatography might be determined more accurately. 

This modification would also increase the sensitivity of the assay and, 

perhaps, reveal previously undetected minor peaks of enzyme activity 

(especially those with strict acceptor requirements) which might 

otherwise be lost in purification. Any false 'shoulders', due to the 

synergiC effect described above, would disappear since no enzyme should 

require synthesiS of a primer by another. 

The extracellular glucosyltransferase systems of ~~ and 

s. sanguis have been shown to contain several distinguishable enzymes 

(Guggenheim & Newbrun, 1969; Newbrun, 1971). This finding has been 

confirmed, in this study, by hydroxylapatite chromatography. The 

broad range over which the enzymes are precipitated by ammonium 

sulphate was consistent with this. So too was the finding that some 

glucosyltransferase activity appeared to bind 'irreversibly' to 

Sephadex while some did not bind at all. (In order to confirm this 
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reliably, it would of course be necessary to demonstrate that the 

Sephadex contained enzyme activity, rather than merely calculating the 

amount of enzyme 'lost' on the Sephadex column from the apparent 

recovery of eluted enzyme activity.) 

Kuramitsu (1975) and Schachtele ~~. (1977) isolated the 

various glucosyltransferases of S. mutans and were able to identify 

different enzymes which synthesised water-insoluble (a-I,3-linked) or 

water-soluble (a-l,6-linked) glucans. However they did ~ot determine 

whether these enzymes differed in amino acid sequence or were merely 

modified forms of one protein. 

Many workers believe that the glucosyltransferase system is 

composed of one enzyme. This belief is based either on the automatic 

assumption that there is a single 'dextransucrase' or on experimental 

evidence showing a single band of protein or enzyme activity in chromato

graphy, isoelectric focusing or electrophoresis (e.g. Fukui et ~., 

1974; Long, 1971). This appears to conflict with studies which show 

a multiplicity of enzymes. One possible explanation, for which there 

is little direct evidence, is that the various glucosyltransferaseSform 

a multi-enzyme complex; in some purifications, such a complex might 

appear as a single protein species. It is also pOssible, as described 

above, that various observed enzymes are all one protein. This may 

have different conformations produced by changes in salt concentration 

(Mohan et al. 1979)cr may have several specific chemical modifications. 

Feary and Mayo (1978) found that a one-step mutation abolished the 

glucosyltransferase activity of s. sanguis and concluded that the gluco-

syltransferase system was a single protein. However, this is not 

conclusive, because this may have been a regulatory mutation or a 

deletion mutation, either of which could affect several genes. 
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There is some limited evidence to suggest that the glucosyl-

transferase, fructosyltransferase and invertase activities of S. mutans 

form a multi-enzyme complex. The three activities appeared as a 

single peak by isoelectric focusing (Aksnes, 1977) and by gel-filtration 

(Bio-Gel p-300) and ion-exchange chromatography (Scales et al., 1975). 

Scales et §l. (1975) called this a 'glycosyltransferase complex' and 

showed, by gel-filtration, that its molecular weight was 800,000, 41% 

of which was carbohydrate. This large molecular weight suggests an 

aggregate or complex of enzymes, rather than a single protein molecule. 

In this study, the glucosyltransferases of S. sanguis 804 were 

separated as at least three peaks of enzyme activity, by hydroxylapatite 

chromatography. It will be useful to study the characteristics of 

these individual enzymes, such as Km' pI and molecular weight. There 

are no obviOUS problems in studying any of these except molecular 

weight. The molecular weights cannot be determined by gel-filtration 

because the glucosyltransferases of S. sanguis 804 bind strongly to 

Sephadex, Sepharose and Bio-Gel (Carlsson et al., 1969). Similarly, 

sucrose density gradients could not be used for sedimentation velocity 

analysis because sucrose binds strongly to the enzymes, and the 

glucosyl moiety of sucrose is polymerised by them; this would 

probably lead to anomalous results. Other density gradient media were 

considered, but most are probably unsuitable, as discussed already (see 

3.2.5). Metrizamide was found to inhibit the glucosyltransferases 

and to interfere with some of the assay techniques used in this study 

(see 3.2.5) and sO it too is unsuitable. 

One density gradient medium which is unlikely to have a 

deleterious effect on the glucosyltransferases is D20 (deuterium oxide). 
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Gradients of D
2
0 and H20 can be prepared and Trinick and Rowe (1973) 

have used such gradients to separate the filaments of vertebrate 

skeletal muscles by ultracentrifugation. There are various methods 

available to measure the shape of such gradients, such as refractometry 

(Rilbe & Peterson, 1968) or pycnometry (as described in 2.3.6). 

Solutions in D20 have an apparent pH of about 0.4 pH units less than 

the same solutions in H20 and this property has also been used to measure 

the shape of D
2
0 gradients (Glascoe & Long, 1960; Fredriksson, 1975). 

However, although the high molecular weight muscle filaments could be 

separated on D
2
0 gradients, it remains to be seen whether or not the 

techni~ue could be used for separation of smaller, globular proteins, 

such as the'glucosyltransferases. 

Although the individual glucosyltransferases produced by 

S. sanguis 804 were not investigated in this study, the partially 

purified (ammonium sulphate) preparations have yielded useful information 

about the glucosyltransferase system. 

Many other workers have shown that the activities of the gluco

syltransferases of S. sanguiS and S. mutans are stimulated by added 

dextran (see 1.3.4). The same was found in this study (see 3.4.1). 

However, crude and partially purified preparations were all stimulated 

to about the same degree (2-4 fold) by T2000 dextran at what are 

probably saturating concentrations (see fig. 3.17). This agrees with 

the findings of Germaine ~!h. (1974). They showed that glucosyl

transferase activity in cell-free culture fluid was stimulated 2-3 fold 

by dextran of molecular weight 10,000 at a concentration of 17 ~ol/l. 

(K for the dextran was about 3 ~ol/l). After ammonium sulphate 
m 

purification, activity was stimulated only about 1-5 fold. Thus, with 

their preparations ru1d with those used in this study, the degree of 
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stimulation Was small and did not increase with purification. Enzyme 

activity was thus not dependent on acceptors and so the ammonium 

sulphate preparations probably still contained substantial amounts of 

glucosyl acceptor compounds. 

It was, however, surprisi':}.g to find that nigerose did not 

stimulate glucosyltransferase activity (see 3.4.2). One would expect 

nigerose and nigerodextrins to be efficient glucosyl acceptors for 

mutansucrases. There are various possible explanations. s. sanguis 

may not produce a mut~lsucrase activity, or only very small amounts of 

it. This remains to be proved but the extracellular glucans of 

S. sanguis do, in general, seem to resemble dextrans rather than mutans 

(Ceska ~ ~., 1972; Beeley & Black, 1977). It is also possible 

(although unlikely) that any glucosyltransferases present which can use 

nigerose as an acceptor were already saturated with acceptors present in 

the preparations. Sucrose itself may be a more efficient acceptor for 

mutansucrase than nigerose is and, indeed, these enzymes may not be 

able to use nigerose at all. If nigerose is a glucosyl acceptor, then 

it may have a similar effect to maltose. Robyt and Walseth (1976) 

showed that, while maltose was an efficient acceptor, the products formed 

could not be elongated into glucan chains. This would explain why 

maltose inhibits glucan synt!1esis (Sharma et §d.., 1974; Newbrun et &., 

1975). If the same mechanism holds for nigerose, then this would 

explain the slight inhibition of glucan synthesis by nigerose seen in 

fig. 3.18. 

The effect of sucrose concentration on glucosyltransferase 

activity is perhaps the most important single property of these enzymes, 

both biochemically and clinically. It has been shown, in this study, 
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that the observed effects of sucrose concentration depend on the ~ethod 
./ 

used to determine enzyme activity. If enzyme activity is measured as 

release of fructose, all glucosyl transfer will be detected, no matter 

what the product. On the other hand, if activity is measured as 

production of precipitable polysaccharide, the assay technique will 

detect only those products which have a sufficiently high molecular 

weight for them to be precipitated by ethanol. Moreover, even with 

high molecular weight glucan, there are bound to be some losses of 

material during precipitation and subsequent washing; this will reduce 

the efficiency of detection of the glucans. It was not su=prising, 

therefore, that the two assays gave different values of K for sucrose. m 

The apparent K was lower when measured by fr~ctose release (6 mmol/l) 
. m 

than when measured by production of precipitable gluc~~ (abcl1t 20 mmol/l). 

In formation of dental plaque, it is the production of high 

molecular weight glucans which is important. These are the molecules 

which are important in adhesion of bacteria in dental plaque (see 

section 1.2.4). As explained previously (see 1.3.4) increasing 

concentrations of glucosyl acceptors probably have little effect on K 
m 

as measured by fructose but will decrease the K for glucan synthesis. m 

Since dental plaque contains large amounts of glucans (and other possible 

acceptors), the value of the Km for glucan ~ynthesis may well be much 

smaller, ~~, than.that reported here. At saturating concentrations 

of acceptors, the K may approach that for release of fructose. 
m 

synthesis by S. sanguis is important in early plaque formation. 

Glucan 

One 

can consider the Km for this process to be between 6 and 20 mmol/l (i.e. 

between those measured by fructose release a..'1d glucan synthe~is) and 

compare these values with concentrations of sucrose which are found in 

the mouth, and, in particular, in dental plaque. 
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Physiological concentrations of sucrose can affect glucosyl-
~/ 

transferase activity in another, more striking way. Glucan synthesis 

was strongly inhibited by high concentrations of sucrose (aboVe 70-100 

mmol/l) (see 3.5.2). Thus, very high concentrations of sucrose in 

the mouth may actually inhibit plaque formation. The extent of this . 

effect will depend on patterns of diet and this is discussed below 

(see p. 125 et ~.). 

The dextransucrases of L. mesenteroides are also inhibited by 

high sucrose concentrations (Hehre, 1946; stringer & Tsuchiya, 1958; 

Ebert & Patat, 1962). Chludzinski et~. (1976) found that at high 

concentrations of sucrose, the activity of S. mutans was less than 

expected by conventional Michaelis-Menten kinetics, although there was 

no actual decrease in activity with increasing sucrose concentration; 

this effect was eliminated by addition of dextran. The inhibition is 

believed to be due to binding of sucrose molecules to a second site, 

the acceptor site, on the enzyme molecule (Ebert & Patat, 1962; 

Chludzinski ~ ~., 1976). With sucrose as a glucosyl acceptor, there 

will be an apparent decrease in the rate of glucan synthesis because 

oligosaccharides Idill be the immediate products. The proposed 

mechanism of inhibition by sucrose is confirmed by the finding that 

very high concentrations of an acceptor compound (a-methyl glucoside) 

could eliminate the inhibition of the dextransucrase of L. mesenteroides 

by high sucrose concentrations (stringer & Tsuchiya, 1958). The same 

mechanism probably also applies to the glucosyltransferases of s. sanguis 

804 because, although glucan synthesis is inhibited, release of 

fructose is not affected. This suggests that the reaction products 

contain a higher proportion of oligosaccharide when synthesised in 

high concentrations of sucrose. It has been suggested that the 
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inhibition of invertase by high concentrations of sucrose is due to 

reduction in the concentration of water (Nelson & Schubert, 1928). 

The reduction of molecular velocities due to the high viscosity of strong 

sucrose solutiommay also affect rates of reaction. These would 

probably affect all enzyme activity, not merely synthesis of high 

molecular wei~nt glucan, therefore they may not contribute greatly to 

the inhibition. 

As already described, substrate inhibition of L. mesenteroides 

dextransucrase'may be lessened by adding acceptor although high concen-

trations of the acceptor were needed to eliminate it completely (Stringer 

& Tsuchiya, 1958). The glucosyltransferases of S. mutans were only 

sli~~tly ir~ibited; velocity did not actually decrease with increasing 

sucrose concentrations (Chludzinski ~ ~., 1978). This suggests that 

the enzyme preparations may still have contained some glucosyl acceptors. 

There are probably large amounts of glucosyl acceptors present in 

plaque. Therefore, it is difficult to predict the extent, in plaque, 

of any substrate inhibition of the S. sanguis glucosyltransferases. 

The extent to which substrate inhibition occurs in plaque could 

be estimated in two ways. The rates of synthesis of extracellular 

gluc~~ in plaque could be measured directly or one could compare the K 
m 

for various acceptors (K ) with that for sucrose (at the acceptor site a 

rather than the donor site). The former approach presents practical 

difficulties. The isolation of the plaque glucans ~~d variations 

between plaque samples would lead to large variations in experimental 

results. Metabolism of sucrose by other enzymes (e.g. invertase and 

fructosyltransferase) would complicate the kinetics of glucan synthesis. 

The second approach, comparison of Ka values, might help to show how 



120 

strongly sucrose competes with other acceptors. However, although it 
~~ ~ 

is easy to measure the K for an added acceptor like dextran, it is a 

extremely difficult to measure that for sucrose when it is also the 

glucosyl donor. 

It is, in general. difficult to measure the parameters 

describing substrate inhibition because the concentrations of substrate 

and inhibitor cannot be varied indepndently cf each other. The 

inhibitor constant (K.), for inhibition by binding of a second substrate 
J: 

molecule, is described by the following equation: 

K. 
~ = 

[ES}! s] 
(ES2 ] 

-:--- .-

= 

E is enzyme, S is substrate and k03 and k -3 are the rate constants for 

binding and release of the second substrate molecule, as shown below. 

(Product formation is essentially irreversible in this case; see 1.3.4.) 

k2 
E + 8 ES ) E + Product (p) 

+ 
S 

II k3 

ES2 

The rate equation for formation of 'PI is 

Vmax .. [S ] 
v = 

Km + [S] + [8]2 /Ki 

(Cornish-Bowden, 1976; p66). 

The usual method of determining the Ki in cases of substrate inhibition 

is to plot ~ against [81 as shown in fig. 4.1. However, as shown in 

fig. 4.2. the glucosyltransferase of 8. sanguis 804 do not fit this 
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pattern. Enzyme velocity falls much more rapidly with increasing 
/ 

sucrose concentration than is uSlul. It is also possible to consider 

the curves in plots of V against [s] a:3 resulting from two component 

curves, one following Michaelis-l1enten kinetics, and the other a pure 

inhi bi ti on curve, as sh01NIl in fig. 4.3. These curves can usually be 

extracted from sets of experimental data by computer line-fitting 

programmes, and Ki can then be calculated. However, the data obtained 

in this study could not be fitted to a single curve (Dr. I.P. Nimmo, 

personal communication). The S. sanguis sys tem seems tl) more.. (;.oro('\~ tht.'t\ 

others have been shown to be. 

The most obvious complica.tion with the glucosyltransferases is 

that ES
2 

is.a productive complex which can still lead to (oligosaccharide) 

produ9ts, albeit at a slower rata than with other acceptors. stringer 

and Tsubhiya (1958) claimed that the rate equation described above was 

applicable to the dextransucrases of L. mesenteroides. However, the 

reliability of this conclusion is limited by the large variations in their 
i 

experimentally determined values of Ki • 

Ebert and Scher~ (1968b) allowed for the fact that the ES
2 

complex (with dextransucrase and Bucrose) is productive. They found 

that the L. mesenteroides system was best described by the following 

equation; 

v = 

according to the following reaction 

E [GlC] + S k 1.;). ES r GlC]n 
n 'k-l l 

+ 

s 

scheme, 

k2 

k_3 II 
[

) k4 
SES G1Cl

n
----'-7) 
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Plot 3 represents substrate inhibition accordini to the rate 

equation of EbErt and Schenk (196::9), \I{here Kl.' = 10K. 
. m 
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Converted to the form used by Cornish-Bowden (1976), the rate equation 

becomes: 

v = 
K m + [S] 

Vmax [S] 

+ + K • rS]/K. m ~ ~ 

It should be noted that there is little evidence to support the iaea 

of an SES[Glc]n+l complex. It seems more likely that the second 

substrate molecule \'JOuld bind to the acceptor site in pla.ce of the 

acceptor glucan chain, at high sucrose concentrations. Hov;ever, the 

rate eqtlation derived by Ebert and Sche~~ describes the experimental 

results for L. mesenteroides dextransucrase fairly \1e11. 

At the mayjjnum veloci~1 obtained (E£! the Vmax of the 

Hichaelis-Henten equation; see fig. 4.3), dV/d[S] = O. Differentiation 

of both rate equations (Cornish-Bowden, 1976, and Ebert & Schenk, 1968b) 

at this point gives [S]2 = Km.Ki • Using the data obtained in this 

study, values of K. vlere calculated. 
l. 

They varied over a wide r~lge, 

from 160 to 640 mmol. When these values were inserted into ei the,r 

of the two rate equations given above, the calculated curves did not 

fit the experimental data. The calculated enzyme velocities decreased 

more slo'IJ1y with increasing sucrose concentration than the experimental 

values did. The glucosy1transferases of S. sanguis may need to be 

described by a more complex reaction scheme than has previously been 

used. The scheme shown in fig. 4.4 shOltIS the possible path':lays of 

the glucosyltransferase reaction mechanism. The normal reaction 

pathway of free enzyme molecules in glucan synthesis is probably as 

fol1o\olS; 
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E ~,==:::> EA ~,==~' EAS ) E-A-Glc 

This is because the mechanisms proposed by Robyt et ale (1974) and 

Ebert and Schenk (1968b) suggest that glucosyl acceptors (such as 

glucans) are bound to the enzyme molecule before glucosyl donors. It 

is also likely that the grovling glucan chain remains tightly bound to 

the enzyme molecule (Robyt ~ al., 1974; Ebert & Schenk, 1968a); 

in fig. 4.4, kl will be very large compared '"i th k -1 • Therefore, in 

the presence of glucan and non-inhibitory concentrations of sucrose, 

the kinetics of the reaction will be governed by k2, k_2 and k
3

• The 

large difference bet,,,een the behaviour of L. mesenteroides dextran-

sucrase and that of S. sanguis glucosyltransferases may be due to the 

relative magnitudes of the rate constants shown in fig. 4.4. Some of 

the reactions shown may be insignificant with the L. mesenteroides 

enzyme, in which case, the rate equation given by Ebert and Schenk 

(1968b) ",ill be a good approximation. Wi th the S. sanguis enzymes, 

many of the forward reactions sho,m may be much faster, relative to 

the L. mesenteroides enzymes, making the description of the kinetics 

of this mechanism more complex. The effect of this ",ould not 

merely be to reduce the value of Ki ; if this were all that happened, 

the glucosyltransferases would still conform to the rate equation of 

Ebert and Schenk. In fact, a simple K., for binding of sucrose to 
~ 

the acceptor site, may not be sufficient to describe the observed 

substrate inhibition. 

HOHever, although it is useful to consider these theoretical 



Fig. 4.4 postulated reaction mechanism of glucan synthesising 

~lucosyltransferases 
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Notes 

(i) Superscript 'a' or 'd' indicate that the ligand is bound 

to the acceptor or donor site respectively. 

(ii) E is Enzyme, S is Substrate (sucrose), A is Glucosyl 

Acceptor (other than sucrose). 

(iii) A-Glc (or S-Glc) is the reaction product in chain elongation. 

(iv) EAS
2 

is the complex formed when a second substrate molecule 

binds to EAS complex at a third site (as suggested by Ebert 

& Scher~, 1965a & b). 
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explanations of the behaviour of the glucosyltransferases of 

S. sanguis 804, there are other factors 'T,vhich may be important. At 

high (inhibitory) concentrations of sucrose, any glucan chains 

synthesised will be shorter and fewer in number. As a result, the 

efficiency of precipitation by ethanol, in assays for glucan-synthesising 

activity, may be decreased. These lower concentrations ~~d lower 

molecular weight of glucans may mean that there are less s.i tes for 

branching enzyme activity and this too may impair the efficiency of 

precipitation. If this is the case, the decrease in rate of glucan 

synthesis, due to substrate inhibition, will appear to be even greater 

than it really is. This problem might be overcome using carrier 

glucan (such as dextran) to improve the yield of precipitated glucan 

in assays for glucosyltransferase activity. If this method was 

adopted, it might be necessary to use radio-labelled sucrose and to 

measure the synthesis of radio-labelled glucan in order to avoid the 

high background which the carrier would give in chemical assays for 

total precipitated carbohydrate. However, even if the precipitation 

effect is large enough to affect the mathematical descriptions of the 

behaviour of the enzymes, the results lose none of their clinical 

significance. The colonisation of plaque by bacteria is more easily 

promoted when the glucans present are larger (in mol. wt.), more 

complex and less soluble (see sections 1.2.3 - 1.2.5). Any decrease 

in molecular weight or degrees of br~Dching (such as with high sucrose 

concentrations) can only decrease the adhesiveness of the glucans. 
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Thus, it has not been possible to explain fully the kinetics 

of the glucosyltransferases or of the observed substrate inhibition. 

Moreover, it is not yet possible to say how much this inhibition is 

lessened by the presence of natural glucosyl acceptors in dental plaque. 

Nevertheless, it did seem worthwhile to study the oral concentrations 

of sucrose and to relate the activity of the glucosyltransferases to 

these. Given that sucrose is common in the diet, it would be useful 

to know what patterns of sucrose consumption would be least conducive 

to glucan synthesis in the hope that one could minimise plaque formation. 

As shown in section ~.7.3, the salivary concentrations of 

sucrose pro~uced by various foods are not necessarily a simple fur.ction 

of their sucrose contents. By comparing the oral concentration of 

sucrose while different beverages are in the mouth (figs. 3.25 and 3.29) 

with those in the beverages themselves (table 3.8) one can see that 

the beverages were not greatly diluted by saliva. With solid foods, 

however, the concentrations of sucrose in the saliva were affected by 

the physical properties of the foods, especially their rates of 

dissolution. Lanke (1957) found that the rates of oral clearance of 

reducing sugar (from foodstuffs themselves or produced by the action 

of salivary enzymes on them) were similarly dependent upon the physical 

properties of the foods. 

For example, hard boiled sweets dissolved slowly in the mouth 

(fig. 3.26). This produced moderately high concentrations of sucrose 

(80-120 mmol/l) and would provide optimal conditions for glucan 

synthesiS over a considerable period of time. Other than removing 

these sweets from the diet, there seems to be no obvious way of 

minimising their harmful effects. In contrast, chocolate and toffee 
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are soft materials and they dissolved in the mouth fairly rapidly 

(figs. 3.27 and 3.28). As a result, any dental plaque was exposed to 

sucrose for shorter times than with the hard sweets. Moreover, the 

sucrose concentrations thus attained were very high, sufficiently so to 

( ir~ibit glucan synthesis considerably. With these sweets, the 

periods of maximum glucosyltransferase activity would occur only as 

sucrose was cleared from the mouth. These periods could be minimised 

by eating such sweets consecutively. Spasmodic and intermittent 

consumption of these sweets would expose the teeth to sucrose for 

longer and acid would be produced over longer periods. The exposure 

of the plaque to moderate sucrose concentrations for longer,due to the 

increased number of clearance phases,might also enhance glucan synthesis. 

nle rates of clearance of oral sucrose following consumption 

of sweetened drinks such as tea and Coca-Cola (see figs. 3.25 and 3.29) 

do not seem to be affected much by the concentrations of sucrose in the 

drinks. The most sensible course would seem to be to avoid beverages 

which would produce optimal salivary sucrose concentrations for glucan 

synthesis (i.e. around 70-100 mmol/l). Carbonated and sweetened 

'soft' drinks such as Coca-Cola could produce sucrose concentrations 

sufficient for 5~/o inhibition of glucosyltransferase activity. Thus, 

such soft drinks may not be as cariogenic as has previously been 

supposed. In fact there have been clinical or laboratory trials to 

suggest tIlat they are significantly more cariogenic than other sucrose-

containing beverages. 

conjectural. 

The evidence for such beliefs is largely 

Trle preceding paragraphs have attempted to show how the 

effects of sucrose concentration on glucosyltransferase activity might 
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be used to help minimise plaque formation and dental caries. In the 

light of this, it is worth considering other approaches to caries 

prevention. 

There are many methods for prevention of caries which are 

,currently being used or investigated. Fluoridation of public water 

supplies or of domestic 'table salt' certainly reduces the incidence of 

dental caries (Backer Dirks et ~., 1918; Marthaler et al., 1918) but 

in many circles~his is considered to be unacceptable 'mass medication'. 

Fluoride may be applied topically as gels, pastes, mouth rinses or 

tablets; these methods are also successful in inhibiting cariogenesis 

(various reports, reviewed by Brudevold & NaujOks, 1918.) but they are 

all, to different degrees, 'labour intensive' and give no protection to 

unerupted teeth unless treatment is maintained until the full permanent 

dentition is established. The value of fluoride-containing dentifrices 

is, at present, doubtful (von der Ferx & M¢ller, 1918). Sealing of 

tooth fissures with synthetic resins can reduce the incidence by more 

than 95% (Buonocore, 1911; Horowitz ~ ~., 1911) but, again, this 

method does not protect unerupted teeth and is labour-intensive. 

Success with fissure sealants may depend on the skill of the operator in 

applying and 'curing' the resins. 

As well as the approach described in the preceding paragraph, 

there are many caries-preventive illethods specifically designed to 

inhibit formation or metabolism of dental plaque. VariOUS antiseptics 

have been investigated and chlorhexidine, the active ingredient of 

'Hibitane' and 'Savlon', seems to be particularly effective in preventing 

plaque formation, dental caries and periodontitis (Parsons, 1914; 

Loesche, 1915). Unfortunately, chlorhexidine has a particularly 
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unpleasant, lingering taste. In clinical studies, plaque formation 

and cariogenesis were inhibited by some antibiotics (Handelman et ~.t 

1962; Loesche et al., 1971; Frostell, 1972). However, the bacteria 

of dental plaque are widespread and the use of antibiotics could 

, become ineffective, or even dangerous, due to selection of resistant 

strains of bacteria. 

There is an enormous amount of published material (reviewed 

by Prostell & Ericsson, 1978) on attempts to prevent plaque formation 

and caries using enzymes or vaccines. The reports are often conflic~ing 

or, at best, equivocal. Th~s is because they tend to be based on 

simplistic premises. For example, dextranase (EC 3.2.1.11, 1,6-a-D

glucanohydrolase) breaks down 1,6-a-D-g1ucan chainSto glucose and iso-

maltose. This enzyme has been used to inhibit plaque formation but it 

cannot be expected to degrade plaque glucans completely. These 

complex glucans also contain 1,3-a-D-glucans which will not be 

affected by dextranase. Their high degree of branching may produce 

steric hindrance to attack by dextranase or other glucanases, as 

suggested by Beeley and Black (1977). Another approach has been to 

attempt to immunise laboratory animals against caries using vaccines 

raised against heat-killed S. mutans or s. mutans glucosyltransferases. 

However, this ignores the fact that S. mutans is not the only species 

(and not even the only cariogenic species) in dental plaque. 

even doubtful if vaccines against whole plaque would be useful. 

It is 

Bacteria from the mouth are constantly swallowed. It is also likely 

that the bloodstream is exposed to plaque antigens either through 

gingivitic bleeding or through traumatic lesions of the oral epithelia. 

The mouth is capable of resisting infection by oral bacteria. If this 
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same resistance could be extended to immunity to caries, one would 
~. 

expect this to occur naturally, without artificial intervention; this 

is not the case. 

All the anticaries regimes described above fight a losing 

battle. In our society, dental caries is primarily due to excessive 

consumption of refined sucrose (Grenby, 1971). The ideal 'cure' for 

caries is by prevention, that is, by eliminating sucrose and other 

refined carbohydrates from the diet; this would also help to reduce the 

incidence of obesity and lesser degrees of 'overweight'. However, 

established dietary habits and strong commercial pressures (advertising) 

make this possibility unlikely, for the near future at least. 

Various calorific and non-calorific sweeteners have been 

suggested as alternatives to sucrose. If actively anticariogenic, 

these could be incorporated in the diet along with sucrose. If they 

were merely non-cariogenic, they would have to replace sucrose 

completely since even small amounts of sucrose can be cariogenic. This 

would be difficult because many processed foods (especially tinned 

foods) contain 'hidden' sucrose as a preservative or to 'improve' the 

taste. There are many artificial, non-calorific sweeteners, such as 

cyclamate and saccharin. One cannot expect them to help eliminate 

caries unless they completely replace sucrose in the diet. Even this 

is not completely satisfactory. None of the artificial sweeteners 

taste quite the same as sucrose does and, just like alcoholics and 

drug addicts, the sweet-toothed 'sucrose addict' will probably always 

tend to revert to eating sucrose. 

The most widely investigated calorific sweetener is xylitol. 

Xylitol is as sweet as sucrose and has a similar, although slightly 
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drier and cooler taste than sucrose (personal observation). Xylitol 
" 

is not metabolised by dental plaque in rats (Grunberg et al., 1973) or 
" . 

man (Muhlemann & de Boever, 1973; McFadyen et &., 1976) and, in the 

" absence of sucrose, is not cariogenic (Muhlemann ~ al., 1970; Scheinin 

~ &.t 1975a). Various physiological effects on the 'host' have been 

" I attributed to xylitol. Makinen et ale (1976) reported that xylitol 

stimulated the secretion of salivary lactoperoxidase; this may help 

prevent dental caries (Koch ~ al., 1973). Xylitol may stimulate 

salivary flow;. this would increase the electrolyte concentration, pH 

- " and buffering power of saliva (Soderling ~ al., 1970), thus helping to 

counteract acid production by dental plaque. However, the same effect 

could apply with many ptyalog'ogic compounds. " Knuuttila and Makinen 

(1975) reported that the activity of the extracellular glucosyltrans-

ferases of S. mutans was slightly inhibited by high concentrations of 

xylitol. On the basis of this, it has been proposed that xylitol is, 

in fact, actively anti-cariogenic (Scheinin ~ !l.t 1975b). 

However, in this study; the glucosyltransferases of s. sanguiS 

804 were not affected by xylitol over a large concentration range, 

from 0.01 to 900 mmol/l. Moreover, xylitol did not affect growth, 

metabolism or glucosyltransferase production of S. sanguis 804 and did 

not ir~ibit acid production or carbohydrate metabolism of human dental 

plaque (Beeley et &., 1978; Hayes & Roberts, 1978). Xylito1 did not 

" affect growth or metabolism of S. mutans or A. viscosus (Muhlemann et ~., 

1977). Xylitol had no effect on plaque formation by S. mutans, in 

rats, or acid production or formation of 'natural' plaque in man 

" (Muhlemann et al., 1977). All this evidence suggests that xylitol is 

unlikely to be significantly anti-cariogenic. Thus.partial replacement 

of dietary sucrose by xylitol would probably not reduce the incidence of 

caries. 
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To summarise, the various approaches to prevention of caries 

are, at worst, unsuccessful or, at best, only a partial solution to the 

problem. The best methods remain complete avoidance of dietary sucrose 

(difficult even for those without a sweet tooth) ~~d scrupulous and 

regular oral hygiene (e.g. by toothbrushing ~~d dental floss) to remove 

. dental plaque. 

Sucrose is unlikely to disappear from the diet. However, it 

has long been known that the incidence of caries in man and laboratory 

animal is determined by the frequency of sucrose intake ~ the total 

amount of sucrose cons~ed (Gustaffson ~ ~., 1954; Lvndqvist, 1957; 

" Konig ~ al., 1964; Martinson, 1972; Hartles & Leach, 1975). This 

was previously explained in terms of the Stephan curve. With the higher 
- -

frequency of sucrose intake, the dental enamel was exposad to acid 

production by plaque for longer. There are, however, additional 

explanations of this. If the frequency of sucrose intake is decreased 

(e.g. by restricting consumption to set meal-times), then plaque will be 

exposed to sucrose for shorter periods at much higher concentrations. 

Acid production by salivary and plaque bacteria is slightly inhibited by 

high concentrations of sucrose (Sandham & Kleinberg, 1969; Geddes, 

1974; Birkhed & Frostell, 1978). As shown in this s tud.y, the extra-

cellular glucosyltransferases of S. sanguis 804 are strongly inhibited 

by high dietary concentrations of sucrose. Thus if the frequency of 

sucrose consumption is restricted as described above, the resulting high 

concentrations of sucrose should be sufficient to inhibit acid 

production and synthesis of extracellular glucans in dental plaque. 

Inhibition of acid production and glucan synthesis by high 

sucrose concentration helps explain the clinical findings and show how a 

sucrose-rich diet can be arranged to minimise the risk of caries. 
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However, one must be careful not to over-interpret the experimental 

results. Small amounts of acid and glucan production can still lead 

to caries and these processes can be extremely active even at low 

concentrations of sucrose. As shown earlier, the X for the glucosylm 

transferase system of S. sanguis is about 6-20 mmol/l, corresponding 

~to about 0.2-0.7% (w/v) sucrose. This is about the threshold of taste 

for sucrose (Moskowitz, 1974) so the rate of glucan synthesis in plaque 

may be comparatively high even at barely detectable dietary levels of 

sucrose. In view of this, even the low concentrations of sucrose used 

to make processed foods or infants' foods appetising seem dangerous. 

I have already said that it is unlikely that sucrose will be 

completely eliminated from the diet. It is however not impossible. 

The enjoyment of sweet food may be an acquired taste, albeit easily 

acquiredJand infants may be reared with a preference for savoury foods 

and aversion for sweet ones. Coffee, hopped beer and highly spiced 

foods are extremely bitter in comparison to many other components of the 

diet. However, the pressures of advertising and social convention 

encourage people to acquire the taste for these. Once these tastes 

have been acquired, they are every bit as compulsive as the taste for 

sucrose. It should be possible to discourage the taste for sucrose in 

the same manner. However, at the moment, the public has not been given 

the incentive to avoid sucrose. .A programme of dental health education 

based on the dangers of dietary sucrose rather than on the dubious 

advantages of various toothpastes would be a useful start. 

I have attempted to use the studies of oral sucrose described 

in this thesis to predict the patterns of plaque metabolisffi, ~ vivo, 

and to show how the cariogenicity of a sucrose-rich diet might be minimised. 

It is important to bear in mind, however, that all the experiments on 
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salivary sucrose concentrations were conducted with one subject. The 

sucrose concentrations obtained may vary somewhat from subject to 

subject, especially with solid foods. However, the basic pattern 

revealed,that rapid dissolution of sweet foodstuffs produces high 

sucrose concentrations which may inhibit glucosyltransferase activity, 

cprobably varies little. 

Nost of the arguments presented on this subject were based on 

the salivary concentrations of sucrose. It would, of course, be more 

meaningful and reliable to base the arguments on the concentrations of 

sucrose in dental plaque. There are, however, technical difficulties in 

studying these, as discussed in section 3.7.4. Some of these difficulties 

have been overcome and preliminary experiments have been carried out 

(section 3.7.4). The results show that sucrose can penetrate plaque 

very rapidly (see 3.7.4 and table 3.11). This might be expected from 

theoretical considerations, since sucrose can diffuse rapidly through 

plaque (S.G. McNee, personal communication). The sucrose concentration 

in plaque dropped rapidly after sucrose rinses. This rateof clearance 

of sucrose from plaque is determined by the rate of metabolism of sucrose 

by plaque, of diffusion of sucrose from plaque to saliva (and vice versa), 

and of dilution of plaque sucrose (and oral sucrose, in general) by 

sa.li vs:r:y flow. The conclusions which can be drawn from such preliminary 

experiments are obviously limited. However, it appears that the rates 

of clearance of sucrose from saliva and plaque are similar. This may 

be because, although sucrose can diffuse freely and rapidly from plaque, 

its rate of clearance will be limited by the concentrations of sucrose 

remaining in saliva. It is difficult to say how rapidly plaque can 

metabo1ise the sucrose and how much this might affect clearance. However, 
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if the rates of clearance from saliva and plaque are similar, as these 
/' 

experiments suggest, and given the rapid diffusion rates, it is likely 

that the saliva is a large sucrose reservoir, in excess of the amounts 

which can be metabolised by plaque. 

The discussion above shows that the concentrations of sucrose 

, in dental plaque probably closely follow those in saliva. In order for 

these arguments to be more conclusive, further studies will be required. 

In addition to the type of experiments described here (3.7.4), diffusion 

techniques would be useful. Diffusion studies usually involve measure-

ment of the passagA of radioisotope label to or from the sample (e.g. 

McNee et §:1.., 1979). This technique alone could not measure the rate 

of penetratiOn of sucrose through plaque; some of the sucrose would be 

broken down by bacterial metabolism to conlpounds with different diffusion 

coefficients from that of sucrose. This problem could be overcome by 

sampling different depths of a column of plaque (by thin-sectioning) in 

a diffusion experiment, using radio-labelled sucrose. The amounts of 

labelled sucrose, and its metabolic products, could be analysed for 

different depths and diffusion time using thin layer chromatography or 

gel-filtration. Not only would such experiments show how rapidly 

sucrose can penetrate plaque, but they would show how rapidly the plaque 

can metabolise the sucrose. This project is still being investigated. 
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APPENDIX 

To avoid any misunderstandings, I will attempt to clarify the 

nomenclature of the enzymes which synthesise extracellular glucans in 

dental plaque. 

These highly branched glucans contain both a-l,6 and a-l,3 

linkages (see 1.3.3). They comprise water-soluble and insoluble glucans 

resembling the following; 

DEXTRAN 

'MUTAN' 

Soluble 1,6-a-D-glucan with a-l,3 branches (see fig. A.l) 

Insoluble 1,3-a-D-glucan with a-l,6 branches (see fig. A.2). 

There may also be co-polymers. intermediate between these two extremes. 

Unfortunately, many workers refer to these .glucans as 

'dextran' or 'dextran-like glucans' and to the enzymes which synthesise 

them as 'dextransucrase'. However, there is almost certainly more 

than one enzyme involved in glucan synthesis in plaque. 

Dextransucrase is the recommended trivial name for the enzyme 

which synthesises 1,6-a-D-glucan chains from sucrose, i.e. 

EC 2.4.1.5., Sucrose: 1,6-a-D-glucan 6-a-glucosyltransferase. 

Dental plaque almost certainly contains not only this enzyme but also 

the enzyme (or enzymes) which I have called, in this thesis, 'mutan-

, . sucrase , ~.e. 

EC 2.4.l.x, Sucrose: 1,3-a-D-glucan 3-a-glucosyltransferase. 

Robyt and co-workers have suggested that the glucans of 

L. mesenteroides and S. mutans are branched by alternative reactions of 

the 'dextransucrases' (discussed in 1.3.4). If distinct branching 

enzymes exist, they probably act by formation of glycosidic linkages 

between chains rather than by de novo synthesis of branch chains with 
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sucrose as glucosyl donor (see 1.3.4). Thus, these enzymes would be 

glucanotransferases, not glucosyltransferases. 

These enzyme systems are still very ill-defined, so I propose 

to refer to them, in this thesis, merely as 'glucan-synthesising 

enzymes' or 'glucosyltransferases'. 
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