
Acta odont. scand. 1972 30: 555-573 

Keyv ords : 
Dental caries 
Enzymes 
Hydrolases 
Oxidoreductases 
lransferases 

From: 
The Institute of Dentistry, 
University of Turku, 
Finland 

ENZYMES I N  CARIOUS HUMAN DENTINE 
A HISTOCHEMICAL A K D  BIOCHEMICAL STUDY 

Human carious dentine was excavated in situ or obtained from extracted teeth and sound 
dentine samples were prepared from extracted teeth. The dentine samples were cut in a cry- 
ostat for histochemical studies or crushed in a mortar for biochemical analyzes. Hydrolysis of 
ntimerous naphtol deriwtes was histochemically detected in dental plaque and in the tubules 
of carious dentine, indicating the occurrence of the following hydrolases in the structures: 
arylaniinopeptidases (EC 3.4.1.1.-3.4.1.3.). nonspecific esterases (EC 3.1.1.), alkaline phos- 
phatase (EC 3.1.3.1.), acid phosphatase (3.1.3.2.), ATPase (3.6.1.3.), phosphoamidase (EC 
3.9.1.1 .), a-glucosidase (EC 3.2.1.20.), j3-glucosidase (EC 3.2.1.21.), Pgalactosidase (EC 
3.2.1.23.), P-glucuronidase (EC 3.2.1.31.), and arylsulphatase (EC 3.1.6.1.). Aryliminopeptidase 
(EC 3.4.1.4.) was observed only in dental plaque. Chitobiase activity (EC 3.2.1.29.) was not 
denionstrahle in any structures. None of these enzyme activities was histochemically demon- 
strable in sound human dentine, whereas acid and alkaline phosphatase and a-glucosidase 
actibities were additionally observed in the predentine. Histochemical studies further revealed 
the occurrence of the following oxidoreductases in dental plaque and in the tubules of carious 
dentine: lactate dehydrogenase (EC 1.1.1.27.), glucose 6-phosphate dehydrogenase (EC 
1.1.1.49.\, succinate dehydrogenase (EC 1.3.99.1.), glutamate dehydrogenase (EC 1.4.1.2.), 
glutathione reductase (EC 1.6.4.2.), and lipoamide reductase (EC 1.6.4.3.). Cystine reductase 
(EC 1.6.4.1.), alanine (EC 2.6.1.2.) and aspartate aminotransferases (EC 2.6.1.1.) were bio- 
chemically demonstrated in carious human dentine. These observations were thought to map 
a part of the metabolism catalyzed by enzymes in dentine during the propagation of caries. 

The morphological features of dentine have been extensively studied both 
in normal and pathological conditions. These studies are important for 
~intlerstanding the structural changes occurring in the tissue during caries. 
However, little information is available on the normal metabolism of dentine 
or catabolism leading to destruction of the tissue, i.e. the initiation and 
propagation of, for example, dentine caries. 

The iniportance of enzymes as catalysts of molecular interactions in cells 
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3)  f‘iiicl out if certain crisyirie activities are dt:rnori~trnl)le in normal or c a r i o i i s  

clciitint: hy  1)restmt erizyiiir asray inrtliods ; 
2) cletc,rtniiie if the hytlroly.*is of peptitlt: bontls of the organic btroriiii o f  
the cleritiiie ciin occur enzymatically, urid if PO, tlie localizatioii aritl cli;irac-- 
terrzatiou of the enzymes involved ; 
3 )  demonstrate the eventual o(-c~~rrericf: of ester ohpllatast~., p ~ l l ) ~ p l l o -  

ainidases, I))’rc’I)hosIihatascs, sulphatasw, and gl s in carious ilentirif,: 
4) tle~crrriiiie tlie evexitiid enzymic aitiiiiotr r e a i ~ i o i i ~  i n  - ) i i i i i l  

and carious dentine; 
5) ascertain if hydrogen transfer reactions o(:cur in carious clmtiiie, anel 
esptLciidly t o  tletermirie if LDH occiirs in the lesion ; 
6) tleterniine if it. is possilile to distirigtiisli Letweeti iiorrrial tiiriiowr i w t a -  
hlisrt i  and catabolisni of the dentin? tliiring caries h y  estiiriat iiig c w t n i i i  
enzyme activities. 

Tliv final aim of the prrseiit sttitly wa* to map the mc.~al)olis;rti of cxioiis 
dentine. It was hopetl that this iniglit reveal thc licy processes lcacliiig to the 

’ Thc classification and nomenclature of enzymes reconirncnded 1)y the intrrnational Corn- 
mission o n  Enzymes (EC., Florkin & Stotz, 1965) is followed in this trcatiw. althorigli i t  is 
r i d z t d  that 1 ~ y  the methods usrd the enzymes were not thoroughly c.lrara(.tt,rizt~cl ; i t i d  thus 
one partirular enzyme may in fact be a group of enzymrs o r  e\-cn a qiiitr. cliffwcnt cnz\.nic’ 
with :i w-ide sulxtrate specificity. For the simplification of the presentation in  t h i s  trcatiw, 
for example, sdkaline phosphatase-like enzyinese or rnorc correctly uthe N I L \  matic h\ d rd \ -& 
of a phosphate rnonoestcr a t  an alkaline pH valuc~\ bill he mercly termeil aalkaline ~ ) l i i ~ ~ : l ~ l ~ a t a i t ~ u .  



debtruction of dentine so that in tlie future these may he controlled clinically 
by chemical m r a n ~ .  

214TERI4L AYD METHODS 

MATERIAI. 

For the biochemical studies carious tleritinc wa.s excavated either (1) froin 
frcshly extracted permanent and deciduous teeth or (2) from living persons. 
Care was taken to avoid pulp perforation during this procedure. The dentine 
fragments were ground at +4"C in a porcelain mortar arid all the samples 
were weighed (fresh) and the enzymes extracted a+ described in detail else- 
d i e r e  (1'). For the histochemical studies the niaterial was either (I) excavated 
in ~ i t u  or (2) carious and sound dentine samples were cut with a highspeed 
drill uiider a continuous jet of cold water. In both cases the samples were 
cut in a cryostat as described in detail elsewhere (\). 

The possible liberation of the enzymes during the drilling of the samples 
under the continuous jet of cold water was additiotially controlled as follows: 
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Many factors must be considered when analyzing the results of reactions 
on tissue sections (Pearse, 1960; Barka & Anderson, 1963; Lillie, 1965; 
Cha.yen et al., 1969). In order to test some of the variables which may cause 
false results the following parameters were controlled : (1) the substrate, 
coenzyme, diazonium and tetrazolium salt concentrations, (2) incubation 
time, (3)  pH of the medium, (4) the effect of the diazonium and/or tetrazolium 
salts \rithout the substrate, arid (5) the avidity of the end products to certain 
sites of the tissue, as described in detail elsewhere (11, IX). Additionally, 
tests to determine the diffusion of enzymes hydrolyzing N-L alanyl-2-naphthyl- 
amine and N-L leucyl-2-naphthylamine were made. Inactivated sections (hea- 
ting 100°C for 30 min) were incubated at +4"C in buffer solution in contact 
with active sections, and thereafter both sections were incubated separately 
as in the normal arylaminopeptidase assay (I, 11). It was observed that no 
diffusion of enzymes was histochemically demonstrable, whereas the bio- 
chemical enzyme assay (111) from the buffer solution revealed that about 
20 9: of the enzymes were soluble. The diffusion of the end product of the 
arylaminopeptidase assay was controlled as follows : inactivated sections were 
incubated in contact with active sections as in the normal arylaminopeptidase 
assay (I, 11) and both sections were examined separately. It was observed 
that a weak colour reaction occurred in inactivated sections in this case, 
this activity localizing in the tubules of carious but not of normal dentine, 
iritlicnting that the end product diffundated slightly from the site of formation. 

Biochemical methods 

Enzyme assay methods 

The azo-coupling technique (Goldberg & Rutenburg, 1958) was selected 
\%hen possible to estimate the activity of hydrolytic enzymes because of the 
possibility of referring histochemical results to biochemical. The amino- 
tramferase activity was assayed using 2,4-dinitro phenylhydrazine (Reitman 
cE: Frankel, 1957) or an az3 dye (6-denzamido-4-methoxy-m-toluidine &a- 
zoniiim chloride, Babson et al., 1962) as the colour developer. 

Determination of protein, amino acid, sodium, and keto acid concentrations 

The Folin-Ciocalteu method was selected for the determination of protein 
concentration (Layne, 1963) because of its high sensitivity. Bovine serum 
albwnine (Sigma Chemical Company, St. Louis) was used as a standard. 
'rhe amino acids were analyzed with an amino acid analyzer (111), sodium by 
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iiapthylaiiiine could be observed. Hydrolysis of all the snbstrates w-as observed 
in the dental plaque layer and in the superficial infected parts of tlie dentine. 
The enzyme activity occurred as narrow stripes along the dentinal tubules, 
and in some cases a more noticeable hydrolysis could be observed in deeper 
p u t s  of carious dentine than in superficial layers. Even on the borderline 
l)et\\-een tlie liistologically normal and carious dentine the hydrolysis of 
T-L-leucyl, S-L-alanyl arid N-L-arginyl-2-naphthylamine could be observed, 
hut in normal mature dentine and prcdentine no hydrolysis was ever observed 
by  histochernical methods. 

Biocheniical properties of arylarriinopeptidases in dentine (IZZ). The most 
rapidly hydrolyzed aminoacyl 2-naphthylamines were those of L-arginine, 
L-lyaine, L-alanine, L-ornithine, and L-leucine by crude enzyme preparations 
both from carious and sound dentine. Hydrolysis rates calculated per mg 
protein in the samples w-ere at least ten times higher in carious than in sound 
dentine. The pH optimum of the hydrolysis was 7.0 and the enzymes were 
inactive close to about pH 5.0. Various divalent metal cations such as Zn" 
and Fe" ions inhibited totally, and MnZf ,  Ca" and Co2+ ions inhibited 
strongly the hydrolysis of X-L-alanyl- and N-L-arginyl-2-naphthylamines. 
Other esperinients did not reveal the importance of imidazole as a nucleophile 
in the action of any of the enzymes, nor did they reveal the participation of 
an active serine residue. 

Discussion 

Peptidyl hydrolases liave not been fully characterizecl owing to their overlap- 
ping specificities and thus in this treatise a less specific trivial nomenclature 
arylamino- or arylaminopeptidases was selected as suggested by Makinen 
(1969). Histochemically arylaininopeptidases have been observed in odonto- 
blasts in experimental animals during odontogenesis (Burstone, 1960; 
Koriionen & -Ytic?ttinen, 1963) and by biochemical methods it was possible 
to demonstrate weak arylaminopeptidase activity also in sound dentine (111). 
These findings do not exclude the possibility that enzymes in carious dentine 
in mature teeth might be of endogenous origin. However, a primary exoge- 
nous origin seemed to be more probable because: (1) a negative arylamino- 
peptidaee reaction in the odontoblasts of experimental animals has also 
been reported (Quintarelli, 1961; Yoshiki, 1962; Hammarstrom, Toverud 
LP: Hanker, 1971), (2) enzyme activity calculated per mg protein was at least 
ten times higher in carious than in sound dentine, (3) no histochemically 
demonstrable enzyme activity was observed in sound dentine, (4) caries-like 
lesions produced in citro revealed that oral candida and lactobacilli were the 



most potcnt producers of arylatnirio~,eptidases, the tlistrihutiori of eiizyrrie 
activity being similar to that in natural carious lesions (IY). 

Tht:se enzymes were thought to play a role in the enzymatic liydrolpsis of 
Ijepticle linltages of dentine matrix proteins and thus, for example, they may 
he related to tlie I)reiriflanimatory peptide formation as suggested 1)y 11opsu 
ct al. (1966), arid RcLeka,llio and &!tikinen (1967). 

Carboxylic ester hjdrolases (EC 3.1 . I  .) 

T w o  degenerative processes have been reported to occur in dentinal t h u l e s  preceding ~ h c  
decalcification of the caries process: a calcification and a fatty degeneration resciliing in  the 
formation of sclerotic dentine (Berggren, 1965). Willner (1936) reported a special layer of 
fatty degeneration under the formation of the zone of dentinal sclerosis, hut Pilson (1940) 
and Miller (1969) did not find fatty degeneration at  all. Because of the possible rnzynia~ic 
fatty degeneration occurring under and in the carious lesion carboxylic acid e~trrases  wcrp 
studied. 

Results ( Y )  

Tlie d i s t r ih t ion  of the hytlrolysis of 1-~iaphthyl acetate \+-as t h e  same as 
tlescd~ect for ~'-L-leucy1-2-na~~thylamine, and thus no Iiytlroly 
ohierretl histocheniically in nornial driitiiic: (including sclerotic tleiitiiie). 
l3y hiocliernical methods, practically no erizynie activity was ol)taint.tl froni 
soiiiid dcntine. The water extractable fraction of carious dentine rrvealeti 
tlic highest rnzynie activity towards 1- arid 2-riaptithyl acetate, 1-iiaplitliyl 
wltwte, and 1-naphthyl propionate. Fractionation hy DEhF,-cc~lliilos;e 
revc~ilcd tivo enzymes with esterolytic activity. The pH optimini of liotli 
enzyines was 7.4. Hg2+, L-cysteine, and dithiothreitol (9.34 x 10-*21) inhibitctl 
totally the hytlrolysis of 1-naphthyl acetate. 

IIisiu~.ssiori 

Iino \vle(ige on esterases in hiological material is not so coiiiplete and t lw 
rioinenclature varies from o m  author to another SO much t h a t  in this treatisc 
d l  the enzymes with carboxylic esterase activity found in dentine are tctrnie(l 
non~~peeific esterases. The origin of nonspecific esterases in carioiis dentine 
might 1)t; endogenous because esterase activity lias been d e s c r i l d  in odoiito- 

a t  least during odontogenesis ( Ebshiokn et d., 1960~1, fJuintar-cl[i, 
1961, I-oshiXi, 1962). On tlic other Iiaiitl, Bruafonc (1957, 1960) am1 Burstone 
m i l  I G y s  (1957) ohserved 110 activity in tlie otlontohlasts of exl)erimentaI 
ariinials arid thc preseiit fiiidiiigs that practically 110 activity was foiinti in 
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sound dentine would indicate that these enzymes in carious dentine are of 
exogenous origin. 

The natural substrates in dental tissues for these types of enzymes were 
thought to be the membrane lipids and glycolipids of the odontoblast 
processes. 

Phosphoric monoester hydrolases (EC 3.1.3.) 

Many kinds of biologically important phosphate esters occur in mineralized dentine struc- 
tures. In order to obtain information on the possible enzymatic phosphate ester hydrolysis, 
acid and alkaline phosphatase-like enzyme activities were selected as marker enzymes of the 
metabolism involved. 

Results (III, VI)  

The hydrolysis of 1-naphthyl phosphate at acidic pH values was observed to 
occur in the same areas as AT-L-leucyl-2-naphthylamine. Additionally, hydro- 
lysis was observed in the predentine. No hydrolysis of I-naphthyl phosphate 
was observed at alkaline pH values in decalcified zones of carious dentine, 
whereas the predentine layer revealed marked hydrolysis. In the case, 
however, when the carious process had reached the predentine, marked 
alkaline phosphatase activity was found to be spreading from the exposure 
area into the layer of decalcification in dentinal tubules. The rate of hydrolysis 
of 1-naphthyl phosphate by crude enzyme preparation from carious dentine 
was higher at pH 9.2 than at pH 7.0. Mg2+ ions did not cause a higher rate 
of the hydrolysis of 1-naphthylphosphate. 

Discussion 

Though some overlap of alkaline and acid phosphatase can occur, the presence 
and characteristics of each can be distinguished. However, in this treatise 
these enzymes are dealt with together because they catalyze the hydrolysis of 
the same bond. An activation by Mg2+ ions is a general characteristic of 
alkaline phosphatases, and thus the enzyme(s) hydrolyzing 1-naphthylphos- 
phate on the alkaline side were not true ))alkaline phosphatases)). On the 
other hand, more recent studies (Mtikinen, 1970) revealed that 1 mM 
hlgC1, slightly activated most of the catalysis of various phosphates by crude 
enzyme preparations from carious dentine, indicating the possible presence 
of an alkaline phosphatase in the tissue. T ~ U S  the phosphatase spectrum of 
dentine seems to be wide and specific nomenclature especially concerning 
phosphatases in carious dentine cannot be obtained. 



I t  w r r i i s  pro1)alile tliat plios1)iioric tnonoestrr Iiyclrolases in cariou.; dent irtc  

i)rigi~iat(* I ~ o t l i  from the 1xic.tc.riill ijlaqite ancl from the oclontohlasts. 'Thc 
ittiriwic origin is stipliorted l )y  the fac,ts that (1) alkaline phosphatase activity 
w s  tlcriionstra1)lt: in oclontoblasts diiririp ohitogenesis ( N u k i  Ronting, 
1961 ; Nurstonc, 1960, Zcvmi $i Barciticri, 1954; $ynioris, 196%; I h s h i k i  CC 
I<//rahn,shi, 1971), (2)  acitl ~)hosphatasr activity has also heen reported in 
oclontol~laats (QuintarcJlli, 1961 ; Yosh.iki, 1962) antl in predentiiie (Burstone, 
1060; 3-o.shiX.i, I96%), (3) 1il;drolj-sis of I-iiaphtliyl pliosphaie w i ~  ohser\-cd 
i n  the predrntine of mature human tootli and in thc case ~vlien c:arioiir 

reacliefl the l)itlp, iritense hydrolysis was ohserveti to lie spreading 
from tlir .  sitc of eil io~iire (\-I), Or: the other hand, ail erogenous origin also 
~ w ~ i n s  t o  be possihlc, althoiigli the niicrobiological esperiniental stu(ly (lit1 
ncit rcwiil 1ti'toCiir:tiiiCallT; dernoristrable eiizynie activity in nrtificinl r n r i v s  

of ckiitiite (11'). I t  may he f lue to technical difficulties as, for esa~n[ile, t h ~  
mzynies  niight 1)e so eoliil)le that they tire liistoclieniically i u i t l ~ n i o i i ~ t r a l ~ l ~ ~ .  
rlltli~~iigli riegativc pho.;IJiiatase reactions have hcen reported ill o d o r i t o -  
hlssts (.Snsso & Cnstro, 1957; Ten Catc, 1962) this may be due to  differeiit 
assay irir:tliotls (metal salt 1)rucetiitres contra azo dye technique, Ten Crztc , ,  
10612) and inter sliecies variat ioiis, arid thus these eiizynies seem to he hot11 
iiitrinsic. and elitririsic. 

Thc significance of phosplioric monoester hydrolases in deiitiiie !+as 
thoiiglii. to be coiiiircted with (1) catalysis of the clestruction processes of 
phosphate esters in deritirit during caries and (2) catalysis of the rrsponst; 
nieclnanisnis of the tissue against caries (niirieralization and sealing off the 
affccirti rl~.iitinal tul)ulrs, synthetic phenornena in ihe  formation of sec:ontLiry 
cltwfirie proteins etc.). 

'Thc phosphoarnitlc bond in creatine or arginine may store energy, as doc-s the pyropbosphaie 
bond in adenosine triphosphatc. In order to obtain information on enzymes hy-3rolyzing thew 
1)iiiids. which hydrolysis is important in encrgy utilizing proccsses in carious dentine. pho.-. 
phoamidaw antl A'l'Pase acti\ity was stndied. 

XOSN I l  Y (7.71) 

Hytlrolysis of' riaplitli~-l AS-RI I)lios~)liotliari:ide \\-as clistrihutrd in thc (x io i l s  
Icsiori as rlescrihtl earlier for arylatniriopepticlases, i.c. occitrring as disiinct 
strilws dong  the dentinal tuI.)iilt~s in infected and sterile zones of clecalcificy1- 
t ion in (w%)iis drritiiic. No ciizynie activity could be oliservecl i n  s o i i r i d  c l e i i t i t i r z  
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iior in predentine. When p-chloroanilido phosphoric acid was used as sub- 
& trate no differences between actual and control sections could be observed. 
By the lead method possible enzymatic hydrolysis of ATP could be observed 
in infected zones of carious lesion, whereas sterile layers, sound dentine and 
predentine rekealed a very marked non-enzymatic precipitation of lead, and 
thus no differences between actual and control sections could be observed. 

Discussion 

By the histochemical methods some evidence of the hydrolysis of ATP and 
phosphodiainide in carious dentine could be demonstrated and thus the 
histoclieniical findings were in agreement with the biocheniical (&%kinen, 
1970; Larmas, 1972). However, the presence of true ATPase and phospho- 
amidase in the dentine has not yet been establishcd. The intrinsic source of 
these enzyme in carious dentine is supported by the observation that at least 
during the dentinogeriesis ATPase activity has been reported in odontoblasts 
arid in the subodoiitoblast layer (I’ourtois, 1962, a, b ;  Heyden k From, 1969a). 
Recent quantitative bioclierriical observations, howeirer, revealed considerably 
higher enzyme activity in carious than in sound dentine (M&kinen, 1970; Lar- 
mas, 1972) and thus these enzymes were thought to he produced by microor- 
ganisms. Paunio, Mckinen arid Scheinin (1968) and Miikinen and Paunio 
(1969) reported that certain commercial preparations of proteolytic enzymes 
were able to liberate phosphate from eiianiel powder. ICreitzman et al. 
(1969) also reported that enzymes probably with phosphoprotein pliosphatase 
activity catalyze the rapid dernineralization of tooth enamel. This liberation 
of phosphorus was at least partly due to the presence of ammonium snlphate 
in the commercial enzyme preparation (Mtikinert & Paunio, 1970; Paunio c1: 
Mdcinen, 1971). Because the phosphoaniidase may he identical to  phospho- 
protein phosphatase (FEorkin P; Stotz, 1965) and certain proteolytic enzymes 
can also cleave phosphoamide bonds (HoEter & Li, 1950), the possibility 
that the hydrolysis of phosphoaniide bonds may play a role in the degradation 
of dentine structures cannot be excluded. The natural sibstrate might he the 
pliosplioprotcin of dentine matrix (Yeis & Perry, 1967). 

Glycosidases (EC 3.2.1.) arid arylsulphatase (EC 3.1.6.1.) 

Complex polysaccharides, glycoproteins, and glycolipids comprise an important part of 
cellular membranes. The enzymatic hydrolysis of these glycosaminoglycans seenis to be of 
central importance in cell injury, and thus hydrolytic enzymes acting on these compounds 
may also play an important role in cicntine catabolism. 

5 



Disci.ission 

On tlic hasis of their distrihution, gliicosidases and arylsulphata 
dentine were thoiiglit to origiiiate from inicroorganisnis ill tI 
vxpel-irnental microbiological study also revealed that inaiiy 
gntiiFnis ~ e r c  xble to  prodiice arylsulphatase activity. Oral caritlitla, lacto- 
Imcilli and streptococci produced abundantly histocliernicnlly ciernonstraljlc 
:ictivity i i i  dentine (I\ ). However, possible intrinsic sources of glycosidases 
cannot he c.xcluded hecaiise eiizynie activity has Iieen reported iir ocloirto- 
hlwts at lcast diiririg otlontogenesis ( Ibshioka et al., 196013 ; Quintnre2li. 
1961; I'oshiki, 1962) and also in mature predentiiie (1'11). 
The possible fiinctions of these ciizynies were thought to be coiinected T\ itli 
tlir cxtabolisrn of acid niiicopolysaccharides in dentine. Histoclieniically i h ( x  
Ioss of acid rriuc~oIioIysaccharides in hiimaii carious tleiitirie has hc:m dc- 
nioiistrated (Toto, 1966; Ta.kurna et al., 1967), and t h w  the mzpa t i c :  

of thew coin~)ounds can partly cause the propagation of dentinr 
caries. 

TI<.\NSFE;RASES I 3  C 4 R I O t i S  DENTINE 

Aniiriotrarisf~~rases (1;C 2.6.1 .) 

Thc pyridoxal tlrpmtltmt transamination reaction is intiiiialely- associated ~vith amino ac.i(l 
inctalmlism Iioth in its analrolic and catabolic phases. In some lactic acid bactt-ria such rtwtions 
pro\ide the only a ~ d a l ~ l e  mute for synthesis of many Gf the amino acids ( B u J < ~ I ~ ~ s /  & Soe22, 

1940; ffolderi et  nl.,  1951). The participation of transamination in the reverd)le  f~irmation 
of alanine. aspartic and glutamir acids from the corresponding keto a d s  provir1r.s i i i i  im- 
portant link betwern carbohydrate and protein metabolism. The aminotrarisfr 
were stndied in dentine in ortier to ohtain further inforniatiori on the mctaldisrri of tlir t i w i e .  



ENZYMES IN CARIOUS HUMAN DENTINE 567 

Results (VIII)  
It was observed that aspartate aminotransferase activity was higher than 
alanine aminotransferase activity both in  sound and carious dentine. Both 
enzyme activities calculated per weight of the sample were higher in carious 
than in sound dentine. When the enzyme activities were calculated per mg 
protein in the sample, those activities in sound dentine were higher than, or 
equal to, those observed with carious dentine, indicating that only nonstruc- 
tural proteins, such as many enzymes, were water-extractable from sound 
dentine. By DEAE-cellulose chromatography one main enzyme peak repre- 
senting asputate aniinotransferase activity was obtained from carious dentine. 
The pH optimum was 7.4. This enzyme was stable for one hour at temperatures 
from +35" to +50"C. The optimum temperature was +37"C. Hg2+ ions 
(2.0 mM), L(+) cysteirie (2.0 mM), and dithiothreitol (0.2 mhl) inhibited 
totally the enzymatic transamination of aspartate. 

Discussion 
The origin of these enzymes was thought to be both extrinsic and intrinsic. 
Armstrong and Atkinson (1951) reported the occurrence of alanine and 
aspartate aminotransferases in sound human dentine and thus the present 
findings were in agreement with their observation. Possible microbial origin, 
however, cannot be excluded. 

These enzyme activities in carious dentine were connected: (1) with trans- 
deamination processes leading to the degradation of excess structural amino 
acids of dentine, resulting in the formation of corresponding keto acids and 
ammonia, (2) with transreamination, which was thought to provide the only 
available route for the synthesis of many amino acids in some lactic acid 
bacteria in the infected carious dentine. 

OXIDOREDUCTASES IN CARIOUS DENTINE 

Lactate (EC 1.1.1.27.), glucose 6-phosphate (EC 1.1.1.49.) and succinate 
dehydrogenases (EC 1.3.99.1 .) 

These enzymes were selected as marker enzymes of possible lactic acid formation, pentose 
shunt pathway, and citric acid cycle in order to obtain information on the carbohydrate 
metabolism in dentine during caries. 

Results ( I X )  
By histochemical methods lactate, glucose 6-phosphate, and succinate 
dehydrogenase activity was observed in the dental plaque layer and in the 



carious dentine, SUH aciciitioldly in the I)re(tciitine. Noriiial ciciitirie rewaled 
110 cii:iyne activity. HgC1, (10-3 hl )  iiilii1)ited toially all tlie enzymes mentioned, 
1i-t~lilororrrercuri h x z o a t e  (5 x 10PM) atid AgNO, 31) adtlitiorially t h r  
nt.tivity of LDH and G 6-PD and NnF (5 >< JI) the activity of SIIH. 
No activity of LDII could be observed h l o ~ ~  pH 5.5. 
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dentine. The enzyme activity was totally inhibited by Ag+, Hg”, and p-chlo- 
romercuri benzoate ions (all XI). 

Discussion 

The enzyme activity was thought to be linked with the traiisaminases to 
the amino acid metabolism of carious dentine and this would then partly 
explain the rioncorrelated results between arylaminopeptidase activity and 
amino acid analyses in carious dentine (111). The activity in the predentine 
was thought to be linked with the damage of the odontoblasts during the 
carious process. 

Cystine (EC 1.6.4.1.), glutathione (EC 1.6.4.2.), and lipoamide reductase 
(EC 1.6.4.3.) 

Enzymes acting on reduced forms of the coenzymes act in the cells as a part of the hydrogen 
transport chain linking the reduced coenzyme with OP They are comparatively unspecific 
in regard to the other reactant. Because this type of tissue enzyme system is also essential 
for histochemical demonstration of dehydrogenase activity, these enzymes were studied. 

Results (IU, I X )  

By histochemical methods it was observed that reduced forms of NAD arid 
NADP were enzymatically oxidized (1) in the dental plaque layer, (2) in 
carious dentine and (3)  in the predentine layer, but not in the sound dentine. 
By biochemical methods it was also observed that pyridoxal 5-phosphate 
dependent keto acid formation occurred. 

Discussion 

Based on the results mentioned above it seems probable that human carious 
dentine contains enzymes capable of oxidating the reduced NAD or NADP, 
inal&g possible the histochemical tetrazoliuiii procedure for dehydrogenases. 
Biochemical studies also supported the observation of Mukinen (1968) that 
human carious dentine contains an enzyme, disulphide reductase, known to 
convert L-cystine to L-cysteine. Further, these studies gave evidence of the 
existence of desulfhydrase enzymes in carious dentine, which convert L-cys- 
teine to pyruvic acid, ammonia and hydrogen sulphide. 
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