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ABSTRACT

DNA polymerase, thymidine kxnase, thymidylate kinase, thymidy- 

late synthetase and deoxycytidylate deaminase have been measured in rat. 

and human normal liver:; and hepatomas, in human developing liver, and 

in cell-lines derived from human and rat hepatoma tissues. These key 

enzymes of DNA synthesis showed increased levels in a 3'-methy1-4- 

diraethylaminoaaobenscmo-induced rat transplantable hepatoma, to a 

degree which corresponded with a tapid tumour growth-rate. The levels 

of thymidylate synthetase, thymidylate kinase, deoxycytidylate dearinase 

and DNA polymerase were increased in human hepatoma, suggesting an 

increase in the rate of DNA synthesis. The increases in activity of 

these en2jTr.es in human hepatoma were small in comparison with those in 

the rat hepatomas, auqgesting that the growth-rate of human liver 

tumours is relatively slew. Thymidine kinase levels in human normal 

livers and hepatomas were similar. Very high levels of deoxycytidylate 

deaminase were measured in human normal liver. Deoxycytidylate deami­

nases from both human and rat normal and cancerous livers were able to 

use 5-methyl-du''5xycy tidy late as a substrate to a similar or greater 

extent than deoxycytidylate, suggesting a possible alternative pathway 

of deoxythymidylate production. A  slow-growing human hepatoma cell-line 

exhibited enzyme levels which were similar to those in human hepatoma 

tissue. On the other hand, rapidly-growing cell-lines from both the 

rat and human hepat&mas generally showed higher levels of activity for 

the enzymes assayed than did the corresponding rat and human tissues. 

Levels of these enzymes in human foetal liver appeared to vary as a 

function of gestational age, with maximum activity of all five enzymes 

occurring between 17 and 19 weeks gestation.

Thymidine kinase was partially purif.ed from human normal liver



and hepatoma tissues using ion-exchange chromatography on DEAE-cellulose, 

phosphocellulose and CM Sephadex; and gel-filtration on Biogel AI.5.

Four forms of the enayme were purified from each tissue. These were 

designated thymidine kinases IA, IB, IIA, and IIB. The relative p ro­

portions of the corresponding bnzyme forms from normal and cancerous 

liver were similar, with IIB being the major form.

Some physical and kinetic properties of the thymidine kinase 

enzyme forms were studied. The molecular weights and pH optima of each 

of the four thymidine kinase .forms were different. On heating at 55°C, 

all of the enzyme forms showed activity loss which could be reduced by 

the presence of t h y m i d i n e . The thymidine kinase forms differed with 

respect to their Michaelis constants for thymidine. All forms of the 

enzyme used ATP and CTP, but not dATP or dCTP, as phosphate donors; 

and were inhibited by dCTP, dTMP, d T D p , dTTP, and dATP. phosphate 

acceptor studies showed that thymidine, d e o x y u r i d i n e , deoxvcytidine and 

5-fluoro-deoxyuridine were effective substrates for human liver thymidine 

kinases. The presence of the thymidine analogues deoxycytidine, 5-fluoro- 

5-bromo- and 5-iodo— iooxyuridine inhibited phosphorylation of the thymi­

dine kinase forms, with the exception of the IA fraction from human 

hepatoma which was activated in the presence of 5-fluoro-deoxyuridine.

The specific activities at thymidine kinases in human hepatoma resembled 

those in human normal liver, and there was little difference between the 

physical and kinetic properties of the corresponding thymidine kinase 

forms present in human normal and cancerous liver, suggesting that there 

are no tumour-specific forms of the enzyme in the human hepatomas 

investigated in this study.
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3.

CHAPTER I 

INTRODUCTION

ENZYMES OF DMA SYNTHESIS IN NORMAL AND CANCEROUS L1VBR 

HUMAN PRIMARY LIVER CANCER 

Nature, Incidence and Aetiology

Primary liver cancer (hepatoma) is a carcxi.oma of the parenchymal 

cells of the liver. It is of particular interest in the area of human 

oncology since,unlike most other cancerous tissues, the quantities of 

normal and tumour material available from each patient in endemic areas 

are sufficient to allow detailed biochemical investigation. Studies on 

human hepatoma tissue have included the role of naturally occurring 

carcinogens, the relationship between liver tumours and embryonic liver 

tissues,and aspects of liver physiology and biochemistry related to the 

disease (Becker, 1974) .

A  very high incidence of primary liver cancer (98,2 per 100 000) 

is found amongst members of the Shangaan tribe from the east coast area 

of Mozambique, in East Africa (Kew, 1977). At the time of the present 

study, extensive use was made of migratory labour from this area by the 

gold mining industry in South Africa. Amongst these recruits, the inci­

dence of hepatoma in Shangaan mine labourers out-numbered that of total 

Black recruits from South Africa by 6,6:1 (Geddes and Falkson, 1970), 

although the Shangaan group constituted only about 50% of the Black mine- 

l abourers.

The mean age at which Southern African Black patients present 

clinically with hepatomas is about 33 years, whereas in non~endemie areas 

primary liver cancer has been found to occur most commonly in the fifth 

to seventh decades (Geddes and Falkson, 1970; Kew, 1977). Men are more 

often affected than women, the ratio for African Black patients being



5 or 6:1 (Kew, 1977). The onset of the disease in Black patients is 

very rapid with a history of symptoms of only 4 to 6 weeks. The disease 

is usually at an advanced stage at the time of presentation and the 

prognosis is extremely grave, mortality being almost 100%, with survival 

times of only 4 to 6 months from the onset of symptoms (Geddes and 

Falkson, 1970; Kew, 1977), Because of metastases and gross liver involve­

ment by these carcinomas, surgical intervention is seldom contemplated 

(Terblanche, 1977). Disappointing results have been obtained during 

chemotherapeutic trials (Falkson, 1975; World Health Organisation, 1977),

It appears that hepatocellular carcinoma occurs in two forms (Kew, 

1977). In most parts of the world the tumour is rare, predominantly 

occurs in elderly people,, and is generally associated with chronic cirrhosis 

of the liver. On the other hand the tumour is common amongst the 

indigenous peoples of Sub-Saharan Africa and the Far East, occurs primarily 

in young adults, and is characterised by acute presentation and a rapid 

course. The latter tumour is not always associated with cirrhosis. There 

is no known genetic predisposition to hepatoma and it has been suggested 

that the aetiology of the two types of tumour is different.

Analysis of the possible aetiologic factors responsible "or the 

exceptionally high incidence of hepatoma amongst the Blacks of East 

Africa has implicated the contamination of ground nuts by aflatoxins 

which are produced by the fungus Aapovg'tltUG flavus (OettlS, 1964? Brit. 

med.J.Editorial, 1975; Van Rensburij ot at., 1974). Ground nuts form a 

staple part of the diet in these areas and there is evidence that the 

levels of aflatoxins ingested are within the estimated carcinogenic range 

for humans (Alpert et at., 1971; Becker, 1974). It has also been demon­

strated that events related to hepatitis B viral infection, including the 

presence of the hepatitis B surface antigen (HBs antigen) and antibody



against the hepatitis B core antigen (anti-HBc), show a higher frequency 

in hepatoma patients than in matched controls (Kew et dl., 1977;

Larouzg et ol., 1977). It remains to be shown that the persistence of 

the hepatitis B virus in patients with hepatomas is not merely attribu­

table to the presence of the tumour, and that both the viral infection 

and the tumour are not manifestations of an underlying disturbance in the 

immune mechanism. The modes of action of these possible causative or 

predisposing factors in the development of hepatomas have n ot yet been 

elucidated. It is, however, possible that an oncogenic virus and afla- 

fccxin m a y  act together in the production of primary liver cancer.

Repeated exposure to a dietary carcinogen in patients with low grade 

hepatitis,due to hepatitis B viral i n f e c t i o ^ m a y  conceivably result in 

the development of a hepatoma. It has been shown by Lin et at. (1974) 

that marmosets with a low grade hepatitis are more prone to develop 

aflatoxin-induced hepatomas.

Of further interest is the finding o f  a possible permissive or 

promotive role for male hormones. Johnson et al. (1972) have described 

the spontaneous development of hepatomas in patients with aplastic 

anaemia on treatment with androgenic-anabolic steroids. Similarly, 

development of spontaneous hepatomas in mice is higher in males than in 

females (Johnson et at,, 1972). The incidence of spontaneous develop­

ment of hepatomas In i.aie mice is decreased following orchidectoiny 

(findervont, 1052). These findings correlate with the higher incidence 

of hepatomas in Black males in Southern Africa.

Pathogenesis

Liver culls are susceptible to the effects of a number of 

diverse carcinogens and also to ionising radiation (Parber, 1974a & b ) . 

Many of the hepatoearcinogens require metabolic conversion to more



reactive forms, which are then capable of binding to various cell 

constituents such as DNA, RNAf or protein. Generally it appears that 

chemical carcinogens do n ot induce hepatomas directly, but rather that 

they trigger off a chain reaction leading ultimately to a malignant 

neoplastic condition. Farber (1974a) has postulated that this process 

involves a rapid 'initiation' step followed b y  a more prolonged period 

of neoplastic development, termed 'promotion', during which a series of 

cell populations progressively evolves towards a malignant condition.

The process of initiation probably involves damage to eelJular DNA by 

the carcinogen. This damage would normally be subject to repair.

However, if the affected cells are simultaneously in a state of prolife­

ration or regeneration, as might occur during a viral hepatitis infection, 

damage to cellular DNA may be rendered permanent by replication before 

repair can be effected. The carcinogens themselves may also exert a 

direct inhibitory effect on the enzymes of DNA repair. It has been 

shown that treatment of human fibroblasts with Aflatoxin B produces DNA 

.lesions and appears to inhibit excision repair of DNA (Sarasin et at., 

1977). The chemically modified cells might be rendered non-viable or 

might produce new cell populations with biochemical properties which allow 

neoplastic g r o w t h . Selective growth of these new cells could be enhanced 

if they are capable of proliferation in the presence of the carcinogen, 

while the division of normal hepatocytes is inhibited. Farber (1974a) 

has suggested that these now proliferating cells might form isolated 

'hyperplastic' nodules, which could then serve as precursors for the final 

series of stages towards the development of a malignant hepatoma. 

Biochemical Changes

Biochemical approaches directed towards chemotherapy of neoplastic 

diseases are essentially concerned with the late or terminal stages of



cancer progression. However, the ability to recognise the earlier 

biochemical lesions associated with neoplasia would allow a shift in 

the emphasis in ihemotherapy towards an approach directed at the 

initial stages of carcinogenesis.

The development of a rat transplantable hepatoma which shows 

normal or near normal levels of the enzymes characteristic of differen­

tiated liver parenchymal cells (Morris, 1965), together with a spectrum 

of solid tumours of this type which shows different degrees of m a l i g ­

nancy, have provided useful models for the study of biochemical differen­

ces between normal and cancerous liver tissues. These tumours were 

induced by feeding low doses of hepatocarcinogens to inbred strains of 

rats. On the assumption that the rate of cellular proliferation is 

indicative of the degree of m a l i g n a n c y ,and that tumour growth rate is a 

readily measurable parameter of malignancy, Weber (1971 and 1972) has 

classified the Morris series of rat transplantable hepatomas into three 

broad groups, namely: hepatomas with slow growth rates, which are 

capable of producing host death within 3 to 12 months; those which show 

intermediate growth rates and are capable of causing host death within

4 to 6 weeks; and the rapidly growing hepatomas which cause death of the 

host rat within 1 to 3 weeks. In addition three types of relationship 

between biochemical changes and the degree of malignancy shown in the 

Morris rat hepatomas have been noted (Weber, 1977a and 1977b). Firstly 

there are those biochemical parameters which exhibit changes paralleling 

the degree of malignancy of each tumour, these being termed 'progression- 

linked' alterations. Secondly, there are ’transformation-linked' alter­

ations in which biochemical parameters are altered to a similar degree, 

irrespective of the malignancy of the tumour. T h i r d l y ; there are
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'coincidental changes' in biochemical parameters which bear no relation 

to the degree of malignancy.

In rat hepatomas the key regulatory enzymes of glycolysis (ie. 

those subject to precise regulation and control) show increased activity 

with increasing tumour growth rate, whereas the activity of the key 

gluconeogenic enzymes decreases, indicating a progressive predominance 

of glycolysis over the pathways of gluconeogenesis in carbohydrate 

metabolism (Weber, 1974) , Fundamentally similar results have been r e p o s e d  

for enzymes of glycolysis and gluconeogenosis (Balinsky at al., 1973a,b,c) 

and for some k ey enzymes of DNA, RNA, purine, pyrimidine, protein,and 

urea synthesis in human hepatomas (Weber et al., 1976b).

In his Molecular Correlation Concept, Weber (1966, and 1977a and 

b) has suggested that the specific pattern of biochemical changes oc c u r ­

ring in rapidly-dividing cells can be related to ordered alterations in 

the regulation of the cell-genome. Altered regulation at the metabolic 

level is effected by inverse changes in the activity of groups of k e y  

enzymes of the synthetic and catabolic pathways. The Molecular Correlation 

Concept proposes that the synthesis of these groups of key enzymes is 

controlled by functional gene units,and that the control of expression of 

these gene units directly regulates the metabolic state of a given cell.

In hepatoma cells the changes in the balance of metabolic pathways are 

thus ascribed to an altered expression of these functional gene units.

Potter (1965) has proposed a theory of oncogony as blocked ontogeny, 

which suggests that rat hepatoma cells represent parenchymal cells which 

have oeen blocked at various stages of differentiation. Thus the minimal 

deviation rat hepatomas would represent a state of differentiation very 

close to that found in differentiated adult rat liver, whereas the rapidly-
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growing hepatomas would more closely resemble undifferentiated 

parenchymal stem-cells.

PATHWAYS OF PYRIMIDINE METABOLISM IN DNA SYNTHESIS

The biosynthesis of DNA (replication) requires the presence of 

four deoxynucleoside-triphosphates, each consisting of a purine (adenine 

or guanine) or pyrimidine (cytosine or thymine) base, attached to a 

deoxyribose-triphosphate moeity (Figure 1).

Major De Novo and Salvage Pathways in Eukaryotes

Thymidine (5-methy1-uridine) is specific for DNA synthesis, being 

replaced by uridine in RNA. Studies on the metabolism of this base are 

t'nereiore of particular relevance in studies concerned with DNA synthesis. 

Since DNA synthesis is template directed, a shortage or absence of a 

single base may adversely affect replication. The deoxyribonucleotide 

precursors of DNA synthesis are normally present in very low concentra­

tions, being synthesised as required with very little accumulation.

These precursors are probably synthesised during the intermitotic phase 

(S phase) of the cell cycle for direct incorporation into DNA.

The pyrimidine deoxyribonucleotides dCTP and dTTP are primarily 

derived from the ribonucleotide tJTP (Henderson and Paterson, 1973, 

p . 217). From Figure 2 it can be seen that UMP is synthesised from 

aspartate and carbamylphosphate, which are converted to ureido-succinate, 

dihydro-orotate, orotate, ornithine-monophosphate and finally uridine- 

monophosphate,by the enzymes aspartate t r a n s carbamylase, dihydro-orotase, 

dihydro-orotate dehydrogenase, orotate p y r o p h o s p h o r y l a s e , and orotidylate 

decarboxylase, respectively. UMP may also be synthesised via a salvage 

pathway, by the conversion of uridine to UMP in the presence of the 

enzyme uridine kinase which catalyses the phosphorylation of uridine.

The opposing catabolic pathways allow UMP to be degraded to (3-alanine,
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CQ^ and ammonia. UMP for deoxynucleoside-triphosphate synthesis is 

phosphorylated by the enzyme UMP kinase to form UDP. This UDP may 

either be reduced to dUDP in the presence of ribonucleotide reductase 

or it m a y  be further phosphorylated to UTP and then converted to CTP via 

the enzyme CTP synthetase. CTP may be dephosphorylated in the presence 

of CTPase to form CDP^ which in turn may be reduced to dCDP, again via 

the enzyme ribonucleotide reductase. dCDP may either be phosphorylated 

to form dCTP or dephosphorylated to dCMP,which can be deaminated in the 

presence of the enzyme deoxyeytidylate deaminase (dCMP deaminase) to form 

dUMP. Although dCMP deaminase has been assigned a role in the major 

pathway of dTTF synthesis (Maley and Maley, I960,* Bresnick, 1974) , it 

has been suggested by Sneidcr and Potter (1969) that this enzyme may also 

have a salvage role, in that 5-methyl-dCMP (from DNA catabolism) may be 

deaminated in the presence 01 dCMP deaminase, leading to direct produc­

tion of dTMP.

The de novo pathway of dTMP synthesis involves the conversion of 

dUMP to dTMP in the presence of the enzyme thymidylate synthetase (dTMP 

synthetase). The dTMP m ay be further phosphorylated in the presence of 

thymidylate kinaso (dTMP kinase) to form dTDP, and this may finally be 

converted to dTTP in a reaction catalysed by a non-specific nucleoside 

diphosphokinase. dTMP may, in a d d i t i o n ( be synthesised via a salvage 

pathway in which Tdr derived exogenously or from dTMP catabolism is 

phosphorylated in the prusenee of the enzyme thymidine kinase (Tdr kinase)

The final incorporation of the nucleoside-triphosphate bases into 

DNA is catalysed by the enzyme deoxyribonucleic acid polymerase (DNA 

p o l y m e r a s e ) .

The Role of Salvage versus De Novo Pathways in Pyrimidine Synthesis

It has been noted by Roux (1973) that the major pathway of dTTP 

synthesis is generally similar in all normal cells, whereas the salvage
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pathways show greater diversity in both their nature and distribution.

The relative contributions of the de novo or major pathway and the 

salvage pathways depend on the organism and on the requirements of the 

cells concerned at a given time (Sneider and Potter, 1969). it has been 

noted by these authors and by Goodman and Potter (1973) that the effective­

ness of a chemotherapeutic agent may depend upon the existence of alter­

native metabolic pathways (whether tie novo or salvage) in corresponding 

normal and cancerous tissues. They concluded that the ultimate fate of a 

given metabolite varies both in different tissues, and within the same 

tissue under varying conditions. For example,bLocking the major pathway 

to dTTP in human lymphoblasts by inhibiting thymidylate synthetase activity 

with the antifolate drug methotrexate leads to 3-fold elevation in Tdr 

kinase activity (Chello ct ell., 1976).

Although Tdr kinase has been assigned a salvage role in DNA 

synthesis, Weber (1977b) has suggested that this enzyme is a key enzyme 

of D N A  synthesis because of the importance of dTMP in D N A  anabolism.

DMA Synthesis in E-petal, Adult, Regenerating and Neoplastic T i s s u e s , 

and Cells

Rat post-natal developing liver exhibits hioh levels of DNA synthesis 

which decrease, within about 10 weeks, to the levels found in adult rat 

liver (Kohler, 1-372). Following partial hepatectomy adult rat liver can 

regain 80% of its weight, protein and DNA within 4 days. During this 

period the incorporation of labelled Tdr into liver tissue has been shown 

to increase by some 23-fold relative to normal rat liver (Hopkins et 0.1. ,

1973) .

The opposing pathways of thymidine utilisation in differentiat. ,. 

regenerating and neoplastic rat liver have been compared by simultaneous! 

measuring the incorporation of labelled thymidine into DNA arid the degra-
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elation of thymidine to carbon dioxide (Ferdinandus et a l * , 1971).

Liver tissue from neonatal rats shows a very high incorporation of Tdr 

into DNA as well as high activity for the pathway of thymidine cata­

bolism. As the adult stage of liver development is approached^ the 

anabolic pathways of thymidine are decreased and catabolism of thymidine 

is increased. Partial hepatectomy produces an increase in the incor­

poration of thymidine into DNA with a simultaneous decrease in thymidine 

breakdown. Both metabolic changes last for about 96 hour:- before 

returning to levels resembling those found in normal adult rat liver. In 

the Morris spectrum of transplantable rat hepatomas the incorporation of 

Tdr into DNA and the degradation of Tdr to CO.^ have boon found to be, 

respectively, directly and inversely proportional to the tumour growth 

rate.

The metabolic imbalance in the pathways of DNA synthesis and 

deoxynucleotida catabolism suggests a pattern in these malignancy-linked 

phenotypic expressions of neoplasia, in that it appears that enzymes 

having the lowest activities in resting, differentiated liver show the 

greatest increase in rapidly growing hepatoma tissue. Conversely, those 

enzymes with, high levels of activity in normal adult tissue show little 

or no alteration in the corresponding neoplastic tissue (Weber, 1974? 

Weber et a l . , 1976a). Phenotypic evidence for the reprogramming of gene 

expression in nucleic acid metabolism is provided b y  increases in the key 

enzymes of UMP, dTTP and DNA synthesis, and decreases in the enzymes of 

UMP and Tdr catabolism, both of which parallel increasing tumour growth 

rate.

Studies using human tissues have revealed similar correlations 

between growth rate, or developmental stage, and DNA synthesis. Patterns 

of DNA and RNA synthesis in human foetal liver, kidney, heart, spleen,
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lung and brain, obtained between 8 to 15 weeks gestation, have been

3
investigated by measuring the incorporation of H-Tdr into DNA and 

^H-Udr into RNA (Mukherjee and Hastings, 1973). Each of the different 

organs appears to show a unique periodicity of nucleic acid synthesis 

over the period 8 to 15 weeks gestation, with an inverse relationship 

between DNA and RNA synthesis.

Studies of DNA synthesis have recently been extended to human 

hepatomas. Using samples of biopsied human hepatoma, the patients being 

two males (aged 43 and 62) and two females (agad 22 and 25), it has been 

shown that the tumour tissues failed to exhibit an increase in the net 

incorporation of Tdr into DNA,but that there was a small decrease in Tdr 

catabolism (Weber t't a l . , 1976b). On the basis of these findings and 

of studies on the key enzymes of glycolysis, gluconeo g e n e s i s , purine 

synthesis and the urea cycle, these authors concluded that human primary 

hepatomas show a low to medium growth rate and malignancy.

Key Enzymes of DNA Synthesis in Mammalian Foetal, Adult, Regenerating 

and Tumorous Tissues and Cell-lines

Pyrimidine and DNA metabolism are closely correlated with cellular 

replication and growth rate. Studies have been undertaken to determine 

the relationship between key enzymes of pyrimidine and DNA synthesis and 

the degree of neoplastic transformation.

Ribonucleotide Roductane (21-deoxyribonucleoside-diphosphate:oxidised-

thloredoxin 2 '-oxidoreductase, EC 1.17.4.1) 

Ribonucleotide reductase is an allosteric, rate-limiting enzyme 

which catalyses the reduction of ribosyl groups of the nucleoside diphos­

phates CDP, UDP, ADP and GDP, in the presence of reduced-thioredoxin, as 

shown on page 16.



ribonucleotide reductase

Reduced thioredoxin is regenerated by the enzyme thioredoxin reductase 

in an NADPH-requiring reaction.

Rat embryonic and hepatoma ribonucleotide reductases are activated 

by dTTP and inhibited by excess dATP (Moore and Hurlbert, 1966; Murphree 

et at. , 1968). These nucleotides are believed to regulate enzyme activity 

allosterically. Specificity for substrates (ADP, GDP, CDP, UDP) is also 

determined by nucleoside triphosphate allosteric effectors (Brown and 

Reichard, 1969). The enzyme from mouse L-cells has been shown to have 

a half-life of 2 hours (Turner et at., 1968),

The levels of ribonucleotide reductase activity are very low in 

rat normal liver as well as in the host liver of rats bearing transplant­

able rat hepatomas. However the activity of this enzyme is very high in 

foetal rat liver and in the Morris series of transplantable hepatomas.

In the latter case the enzyme activity shows a very close correlation 

with the growth rate of the tumours (Elford et at., 1970).

Deoxyeytidylate Deaminase (dCMP arainohydrolase, EC 3.5.4.12)

dCMP deaminase catalyses the deamination of dCMP to form dUMP

(Maley, F. and Maley, G.F, 1961), as shown below:

« dCMP deaminase, 
dCMP + 11,̂ 0 — — — — — ----- > dUMP +

dCMP deaminase uses as substrates dCMP, 5-raethyl-dCMP, 5-hydroxy-

methyl-dCMP,and the 5-halo derivatives of dCMP. The enuyme is subject to

allosteric regulation by dCTP and dUMP (Henderson and Paterson, 1973, p . 236),

dCTP serving as an activator,and dTTP as an inhibitor.



dCMP deaminase has been demonstrated in a number of animal 

tissues and cells such as chick embryo, and monkey and rabbit liver 

(Maley, 1967); rat liver and hepatomas (Sneider et a t . , 1969); hamster 

kidney cells (Rolton and Keir, 1 974a); in a variety of human normal and 

neoplastic tissues (Giusti et a t ., 1970)? and in human Chang liver cells 

(Eker, 1968).

In adult rat tissues the enzyme is present in rate-limiting 

amounts (Bresnick, 1974). The levels of the enzyme have been shown to 

increase during periods of increased cell division (Maley, F, and Maley, 

G.F, 1961). Ferdinandus et at. (1971) have described very high levels 

of dCMP deaminase in neonatal rat liver, these be i n g  some 28-fold higher 

than in adult liver. This activity decreases rapidly within 2 weeks 

after birth and reaches adult levels within 8 weeks. The decrease is 

considered to represent a repression of the genes responsible for the 

synthesis of dCMP deaminase. dCMP deaminase activity increases in rat 

liver following partial hepatectomy (Maley at at., 1965). If this post- 

hepatectomy increase is blocked with Actinomycin D, the subsequent onset 

of DNA synthesis and cell division is also delayed. There is a corre­

lation between enzyme activity and tumour growth rate in the Morris 

series of rat transplantable hepatomas (Sneider ct a t . , 1969? Ferdinan­

dus et al. , 1971). The more slowly growing tumours have levels of dCMP 

deaminase activity similar to those of adult normal liver, whereas very 

high levels of activity are present in rapidly growing Novikoff rat 

h e patomas.

It has been suggested that the dCMP deaminase pathway might be 

implicated in an alternative route to dTMP synthesis,involving the 

deamination of 5-mothyl-dCMP, that i s ( a salvage route which by-passes 

the conversion of dUMP to dTMP catalysed by thymidylate synthetase



(Sneider and Potter, 1969). In this respect it has been shown that up 

to 75% of dTTP in E. aot't cells may be produced v ia the deamination of

5-methyl-dCMP (Karlstrom and Larsson, 1967). Maley, G.F. and Maley, F.
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(1961) have shown that P-dCMP is incorporated into both cytidine and 

thymidine of DNA in chick embryo extracts.

Infection of baby hamster kidney cells with Herpes simplex virus 

leads to the appearance of a new dCMP deaminase which shows properties 

different from those of the host cell enzyme (Rolton and Kair 1 974a).

This may represent either the induction of a new protein which is encoded 

in the viral DNA, or an infection-produced derepression of a host cell 

form of the enzyme which is not normally expressed.

Levels of dCMP deaminase activity have been measured in human 

normal and neoplastic tissues (Giusti et a t . , 1970). These were low in 

normal human tissues with the exception of liver, which showed high dCMP 

deaminase activity. In benign tumours levels of dCMP deaminase activity 

were similar to those in the corresponding normal tissues, whereas 

malignant tumours such as m e l a n o m a s ; carcinomas of the skin, breast, 

lung and uterus; adenocarcinomas of the ovary, colon and rectum; brain 

tumours*and a malignant neuroma,exhibited very h i g h  dCMP deaminase 

activities.

Serum dCMP deaminase levels have been found to be raised in all 

acute pathological conditions of the liver, during the course of acute

infections, and following surgery (Miller and Ressler, 1969).

* 10
Thymidylate Synthetase ( N " - m e t h y l e n e - t e L r a h y d r o f o l a t e : 2 ' - d e o x y“

uridylate C-methyltransferase, EC 2.1.1.-.).

dTMP synthetase plays an important role in DNA synthesis, since 

it catalyses the conversion of dUMP to dTMP which is the first committed 

step in the do novo pathway leading to dTTP. The conversion of dUMP to



dTMP requires the presence of the cofactor N ,N -raethylene-tetrahyd.ro-

folic acid, which donates a methylene group to the 5-carbon position on

the uracil ring. T he methylene group is then reduced to form a methyl

group. Dihydrofolic acid (DHFA) formed in this reaction is subsequently

reduced to tetrahydrofolic acid (THFA) in the presence of NADPH and the

5 10
enzyme dihydrofolate reductase. THFA is converted to N ,N -methylene- 

THFA by the serine-requiring enzyme serine hydroxymethyl transferase as 

shown below:

5 10

Although mono-, di-,and triphosphate derivatives of adenosine, 

cytidine, guanosine,and uridine ,and the corresponding deoxynucleoside 

forms have been reported to have no effect on dTMP synthetase activity 

from chick embryos (Lorenson et a l ., 1967), the enzyme from cultured 

Chinese hamster cells appears to be weakly inhibited by dTMP (Conrad and 

Ruddle, 1972). dTMP synthetase activity is labile. Increased dTMP 

synthetase activity detectable during periods of DNA synthesis and cell 

division may be blocked by Actinomycin 0 or puromycin (Conrad and 

Ruddle, 1972), suggesting that increased activity of the enzyme is 

dependent upon transcription of genetic information and subsequent 

protein synthesis.



The anti-cancer drug 5-fluoro-urac.il inhibits dTMP synthetase 

via its metabolic derivative 5-fluoro-deoxyuridylate (5-F-dUMP), which 

is an analogue of the normal substrate dUMP. In addition the anti­

cancer drug methotrexate inhibits dihydrofolate reductase and therefore 

blocks dTMP synthetase activity by preventing the regeneration of tetra- 

hydrofolic acid.

dTMP synthetase activity is very low or undetectable in adult 

normal rat U v e r  and other non-proliferating tissues (Hartmann- and 

Heidelberger, 1961). Levels of dTMP synthetase activity have been shown 

to be increased in minimal deviation rat transplantable hepatomas, and 

there is a very good correlation between enzyme activity and tumour 

growth rate in the M o r n s  series of rat transplantable hepatomas (Sneider 

et at.i 1969). In rapidly growing Morris hepatomas dTMP synthetase 

activity is elevated some 15-fold compared with host rat liver, whereas 

the activity of the enzyme in Novikoff hepatoma tissue is 25-fold higher 

than in rat normal liver (Weber, 1974). It has been calculated that 

levels of dTMP synthetase increase approximately 5-fold in 24-hour rat 

regenerating liver (Weber, 1974). Because of the low levels of dTMP 

synthetase, even in dividing cells, it has been suggested that this 

enzyme is rate-limiting in the pathway of dTTP synthesis (Weber, 1 9 7 6 a ) .

Thymidylate Kinase (ATP:deoxythymidine-monophosphate

phosphotransferase, EC 2.7.4.9).

dTMP kinase catalyses the phosphorylation of dTMP to form dTDP

24­
in the presence of ATP and Mg as shown below:

dTMP + ATP •— M-- k y ^ S.°.> dTDP + ADP 

Mg

Due to the presence of a very active nucleoside diphosphate 

kinase^ dTDP is rapidly converted to dTTP. This led initially to the



idea that dTMP might be pyrophosphorylated to form dTTP directly.

However this was disproved by the finding that isotopic label was not
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incorporated into dTTP when 3- P-ATP was used as a phosphate donor for 

Novikoff rat hepatoma dTMP kinase (Grav and Smellie. 1963; Ives, 1965). 

dTMP kinase from Chang human liver cells has been shown to be subject to 

inhibition b y  dTTP and dTDP (Eker, 1968), although it does not appear to 

be allosterically regulated (Kielley, 1970).

The activity of dTMP kinase in cultured Chang human liver cells 

appears to correlate with the cellular growth phase, being highest 

during periods of rapid cell proliferation (Eker, 1968). In addition 

the induction of DNA replication in human lymphocytes b y  phytohaemagglu- 

tinin stimulation is accompanied by increased dTMP kinase activity 

(Loeb et a t . , 1970). The levels of dTMP kinase activity in non-dividing 

rat liver are low (Nakamura and Sugino, 1966). Levels of enzyme activity 

in neonatal rat liver have been found to be high up to the fifth day 

after birth, with a subsequent decline to low adult levels within about

8 weeks (Sneider and Potter, 1968). Ferdinandus et at. (1971) have 

observed that, these results indicate that levels of activity of dTMP 

kinase in neonatal rat liver are about 131-fold higher than in adult rat 

liver. Enzyme activity is increased 16-fold in 24-hour rat regenerating 

liver when compared with normal rat liver, and is 71-fold greater in 

Novikoff rat hepatoma tissue than in adult rat liver (Weber, 1974).

Using rat transplantable hepatomas of different growth rates, Bukovsky 

and Roth (1963) reported that dTMP kinase activity did not appear to 

correlate with growth rate. On the other hand Sneider et at. (1969) 

have assayed dTMP kinase activity in the Morris spectrum of transplant­

able rat hepatomas and have observed some degree of correlation with 

malignancy. Rats bearing implanted Yoshida sarcomas or AH 130 tumours



showed increased levels of dTMP kinase in both, host liver and spleen 

(Shirasaka and Fujii, 1975) . Since there was no increase in serum dTMP 

kinase levels these authors suggested that the observed changes in 

liver and splenic tissues represented a de novo synthesis of the enzyme 

in these host tissues,in response to substances released by the tumour 

tissues.

dTMP kinase activity has been shown to be increased, in comparison 

with host tissues, in the following human tumours: glandular carcinomas 

of the caecum, rectum and breast; squamous cell carcinomas of the tonsil, 

tongue, larynx and lung; uterine adenocarcinoma? sarcomas;and kidney 

h y p e r n e p h r o m a s , (Gordon et at., 1960). Although limited sample numbers of 

each tissue were assayed and relatively low incre .ses in enzyme activity 

were measured (1.2 to 8.0-fold), the activity of dTMP kinase appeared to 

be consistently increased in all of these tumours when compared with 

appropriate normal t i s s u e s .

DNA Polymerase (Deoxynueleoside-triphosphate:DNA deoxynucleotidyl- 

transferase,EC 2.7.7.7).

DNA Polymerase catalyses the template-directed incorporation of

purine and pyrimidine deoxyzibonuult.-osido triphosphates into DNA. The

2+
reaction requires the presence of Mg , ATP, an adequate supply of each 

of the four duoxynucleoside triphosphates d A T P , d G T P , dCTP, dTTP, and 

suitable DNA template, as shown below:

n x dATP 

n 2 dGTP 

n 2 dCTP 

^  dTTP

DNA polymerase

M g 2 + , ATP, DNA template
■> DNA

dAMP

dGMP

dCMP

dTMP

+ 2 (n1+ n 2 ) p y r o ­

phosphate

(2n1 + 2n2 )

DNA polymerase from rat regenerating liver has been found to have 

a pH optimum of 8.0 and to be capable of using both native or heat-



denatured DNA as a template (Mantsavinos, 1964). The enzyme isolated 

from rat liver and transplantable hepatomas exists in multiple mole­

cular forms with different subcellular localisation, molecular weights, 

and template DNA requirements. The higher molecular weight form 

requires denatured template DNA while the lower molecular weight form 

is more active with native template DNA (Baril and Laszlo, 1970),

Considerable confusion exists in the literature concerning the 

nomenclature of the various forms of DNA polymerase as defined by their 

subcellular localisation,physical p r o p e r t i e s ,and template DNA require­

ments. Weissbach et at. (1975) , Weisrv.ach (1977) and Wintersberger 

(1977) have proposed the following nomenclature for tne major DNA- 

replicating forms of eukaryotic DNA polymerase:

DNA polymerase a , the major fraction of DNA polymerase activity, is 

found largely( if not ontirely/ in the cytoplasm. During DNA synthesis 

high concentrations of this enzyme are associated with the nuclear 

fraction,and it has been suggested that the cytoplasmic localisation of 

DNA polymerase represents an artifact due to cell-fractionation. Alter­

natively it is possible that a-polymerase activity is located in the 

cytoplasm of ncn-replicating colls and is actively transported from the 

cytoplasm to the nucleus at the onset of DNA replication. The active 

enzyme from human KB-cells has a molecular weight of about 170 000 and 

appears to exist as a dimer, each monomer having a molecular weight of 

about 87 000 (Sedwiek. et a l . , 1975) , DNA polymerase a requires sulphydryl 

groups for activity and is strongly inhibited by N-ethylmaleimide and p- 

chloromercuribenzoate. This enzyme form shows increased activity in 

dividing cells and is inhibited by cytosine arabinoside triphosphate.

DNA polymerase tx requires a polydeoxynucleohide chain as a template and 

a 3'-hydroxyl group of an oligodeoxynucleotide or an oligoribonucleotide 

chain as a primer.
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This enzyme form appears to correspond to the high molecular 

weight DNA polymerase described by Baril and Laszlo (1970).

DNA polymerase g is a low molecular weight form of the enzyme which is 

found primarily in the nuclear fraction. The enzyme consists of a 

single polypeptide chain with a molecular weight of about 45 000. DNA 

polymerase 3 is not inhibited by s-ulphydryl-group reagents. The enzyme 

efficiently copies deoxyribohomopolymers and, to a lesser extent, ribo- 

homopolymers. The cellular function of this form of DNA polymerase may 

involve repair rather than replication of DNA (Chang and Bollum, 1972).

DNA polymerase B pr „ably corresponds to the low molecular weight form 

of DNA polymerase described by Baril and Laszlo (1970). DNA polymerases 

a and P have been shown to be immunologically distinct (Spadari et a l . ,

1974).

DMA polymerase y has a molecular weight of about 110 000 and is present 

in both cytoplasmic and nuclear fractions. The enzyme requires sulphy- 

dryl groups for activity and is characterised by very low Michaelis 

constants for the deoxyrifcoriucleoside triphosphates, which are approxi­

mately an order of magnitude lower than those for the polymerase a and 3 

forms (Wintersberger, 1977).

Mitochondrial DNA polymerase is restricted to the mitochondrial fraction in 

cells and uses endogenous mitochondrial DNA as a template. The active 

enzyme from HeLa cells appears to bo a dimer of polypeptides with 

molecular weights of 45 000 and 60 000.

Insight into the rales of the various cellular DNA polymerases 

in eukaryotes has been sought by analysing the levels of the various 

enzyme forms in non-replicating and replicating cells.

DNA polymerase from foetal rat liver has been shown to be 15-fold 

higher than „n adult tissue (Perdinandus et at., 1971). Enzyme activity



decreases after birth, with adult levels being attained within eight 

weeks (Yeoh and Oliver, 1972.) . The elevated DNA polymerase activity in 

foetal liver has been shown to be due to increased levels of the higher 

molecular weight (polymerase a) form of the enzyme. The levels of the 

lower molecular weight form of DNA polymerase (polymerase 0) are similar 

before and after birth. The latter becomes the predominant form of the 

enzyme in differentiated rat livur (Ove et at. , 1 9 69a). Similar finding 

have been reported for rat foetal cardiac muscle (Claycomb, 1975) and 

cerebellar tissue (Chiu and Sung, 1972). it appears that synthesis of 

the high molecular weight form of DNA polymerase may be repressed in 

adult rat liver, only the low molecular weight form of the enzyme being 

synthesised in this differentiated tissue (Ove et at., 1970).

Following partial hepatectomy, the level of cytosol DNA polymeras 

activity shows a good correlation with replicative DNA synthesis during 

the first 24 hours of rat liver regeneration (Bollum and Potter, 1953). 

This increased DNA polymerase activity is due mainly to an approximately 

14-fold increase in the high molecular weight form of the enzyme, which 

has been shown to have peak activity 48 hours after partial hepatectomy 

(Iwamura ' , 1968). Levels of activity of the low molecular weight 

form of ..-NA polymerase only increased about 4-fold in rat regenerating 

liver. On the other hand Ove et al. (1969a) and Ove et at. (1970) have 

claimed that in rat regenerating liver( only the- low molecular weight 

form of the enzyme shows increased activity, and that elevated levels of 

tho high molecular weight DMA polymerase are characteristic of only 

embryonic and neoplantic rat liver tissues.

Activity of the high molecular weight form of D NA polymerase has 

been shown to increase significantly relative to the levels in corres­

ponding normal or host tissues, in slow-growing rat renal tumours, in



human carcinomas of the colon and breast,and in melanomas (Laszlo et 

al. (1969). Furthermore, this form of the enzyme shows increases which 

correlate with tumour growth rate in the Morris series of transplantable 

rat hepatomas (Baril and Laszlo, 1970; Ova et a l . , 1969b). Levels of 

the low molecular weight form of DNA polymerase also appear to be 

Increased in these rat hepatomas and human carcinomas and melanomas, 

although the increases are small relative to those of the high molecular 

weight form of the enzyme.

There appear to be multiple forms of DNA polymerase in the nuclear 

frdction of Human KB colls, one of which appears to be very similar to 

DNA polymerase «:xtand to show good correlation between levels of activity 

and the rate of cellular division (Sedwick ct al., 1972; Wang at al.,

1975) . Elevated activity of a high molecular weight DNA polymerase, 

which is restricted to the nuclear fraction of cells from human broncho­

genic sarcoma, maiis.ary adenocarcinoma and caecal carcinoma, has been 

reported by De Philip ct al. (1977). The activity of this tumour- 

associated form of nuclear DNA polymerase is inhibited by cytosine- 

arabinoside triphosphate (Ara-CTP) and it appears to be the form of the 

enzyme responsible for DNA replication. In the corresponding normal 

tissue there appears to be only a low molecular weight form of the 

enzyme which is not affected by inhibitors of DNA replication.

Increases in activity which are unique to the high molecular 

weight form of DNA polymerase have been reported in mouse spleen cells 

stimulated with erythropoietin (Roodman ct a l . , 197G ), cultured ascites 

cells (Marujama and Bollum, 1976), and in phytahaemagglutinin-stimulated 

human peripheral lymphocytes (Loeb et al., 1970).

In general, in all sells and tissues studied, the increased DNA 

polymerase activity during DNA synthesis has been associated with increased
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levels of DNA polymerase a activity. More recently it has been sug­

gested that the activity of DNA polymerase y is also increased during 

the replication process (Wintersberger, 1977). Levels of DNA polymerase

3 have been shown to remain fairly constant throughout the cell-cycle 

and to be comparable In dividing and non-dividing cells. Slight increases 

in activity of this form have,h o w e v e r , boon reported in some cases, as 

discussed on page 25 , and the participation of DMA polymerase B in the 

processes of cellular replication may not, at this stage, be excluded 

(Wintersberger, 1977).

DNA polymerase activity i:. the serum, and increased activity in 

host liver,have been reported for rats bearing Yoshida sarcoma tumours 

(Shirasaka and Fuji!, 1975). These authors have suggested that the 

increased activity in host *.iver is due to some serum-mediated stimula­

tory factor.

Thymidine Kinase (ATP: thymidine 5'-phosphotransferase, EC 2,7.1.75)

Thymidine kinase catalyses the irreversible phosphorylation of

thymidine to deoxythymidine 5 1-monophosphate in a reaction which requires

2+
ATP as a phosphate donor and the presence of Mg , as shown below:

m-. , thymidine kinase
Tdr + ATP — JL— ---- T - d T M P  + ADP

Mg

Although Tdr kinane has been assigned a salvage role in DNA 

synthesis, it shows marked substrate specificity (only Tdr, Udr and the 

5 '-halo derivatives of Udr m ay serve as substrates), and is subject to 

allosteric regulation and £e< ihack control,as discussed on pages 51 

and 52. Because of the importance of dTMP in D NA synthesis,and its 

ability to recycle Tdr towards DNA synthesis^ Weber (1977a)has suggested 

that Tdr kinase is a key enzyme of DNA synthesis.

Multiple forms of thymidine kinase with differing properties have
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been reported from various sources: viral (Cheng and Ostrander, 1976;

Kit et at., 1974), avian (Kit et al., 1975; Smith and Eakin, 1975), and 

mammalian (Berk and Clayton, 1973; Eker, 1966; Ohashi and Taguchi,

1976; Adelstein et at., 1971; Hashimoto et at., 1969; Okuda et at., 

1972; Machovich and Greengard, 1972; Bresnick and Thompson, 1965;

Lee and Cheng, 1976 a,b; Salser and Balis, 1974; Taylor et at., 1972; 

Gordon et al., 1968; Stafford and Jones, 1972).

There is evidence in favour of separate cytoplasmic and mitochon­

drial forms of Tdr kinase activity in eukaryotic cells.

A mitochondrial form of Tdr kinase which is specific for the 

synthesis of mitochondrial DNA,and shows fairly constant activity through­

out the life of the cell,has been described in mouse L cells (Berk and 

Clayton, 1973),and mouse liver tissue (Adelstein et al., 1971).

The cytoplasmic forms of Tdr kinase show decreasing activity 

with increasing cellular differentiation,and are responsible for the 

observed differences in enzyme activity between normal and regenerating 

or tumorous liver tissues. Levels of cytoplasmic Tdr kinase are high 

at birth but have been shown to decrease subsequently (Kohler, 1972).

This decrease in activity after birth has been shown to correlate with 

a loss of erythropoietic function (Machovich and Greengard, 1972).

In mouse liver, partial hepatectcmy causes an increase in the activity 

of the cytoplasmic form of Tdr kinase which is directly proportional 

to the rate of incorporation of Tdr into DNA (Adelstein et at., 1971). 

About 90% of the in vivo Tdr kinase activity in cultured mouse spleen 

cells is associated v/ith a labile cytoplasmic form of the enzyme which 

shows Increased activity following erythropoietin stimulation, corre­

lating with an increased rate of incorporation o f  Tdr into DNA (Roodman 

et al. , 1976).



Foetal Tdr kinase and the enzyme form found in cancerous human 

cells may represent genetically distinct forms of the enzyme (Stafford 

and Jones, 1972), or they may be identical to the cytoplasmic form of 

the. enzyme.

The increases in Tdr kinase activity in rat regenerating liver 

(Adelstein tit at. , 1971) , in transformed human lymphocytes (Loeb et at., 

1970) , and .in human Chang liver cells (Eker, 1966), are sensitive to 

Actinomycin D inhibition, suggesting that these increases are dependent 

upon the process of transcription and probably involve de novo protein 

synthesis.

Tdr kinase activity from rat liver has been shown to exhibit marked 

daily oscillations under controlled light and feeding conditions with 

maximum activity occurring at the end of a 'dark' period (Hopkins et al.,

1973). Following partial hepattetcmy an initial peak of Tdr kinase 

activity and DNA synthesis occurred at 20-23 hours after surgery. There­

after a regular light-dark oscillatory pattern, resembling that found in 

control animals, was noted.

Thymidine kinase generally shows correlation of activity with 

cellular growth-rate or proliferative capacity (Kit, 1976). This 

is supported by the finding that Tdr kinase activity is hig h  in 19 day 

old foetal rat liver and subsequently decreases sharply before term 

(Kohler, 1972). Following birth there is a more gradual decrease in 

activity over a period of about 5 weeks, until the low levels characteris­

tic of differentiated adult rat liver are reached (Klemperer and Haynes, 

1968). The activity of Tdr kinase shows a correlation with growth-rate 

in rat transplantable hepatomas (Bukovsky and Roth, 1963; Sneide^ at 

a l . , 1969? and Wubur, 1974), and in spontaneous or chemically induced 

transplantable hepatomas in mice (Bresnick et at., 1971). Tdr kinase in
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rapidly-growing Morris transplantable rat hepatomas and Novikoff rat 

hepatomas is respectively 100-fold and 140-fold higher than in normal 

rat liver (Weber, 1974). Activities of Tdr kinase have been shown to 

be relatively higher in human glandular carcinomas of the caecum, rectum, 

breast; squamous cell carcinomas of the tonsil, larynx and tongue,-and in 

a uterine adenocarcinoma, than in the corresponding normal or host tissues 

(Gordon et at., 1968).

In contrast to the above findings of increased Tdr kinase activity 

in rat and mouse regenerating arid turaorous liver, the levels of the 

enzyme activity in a aeries of slow-growing transplantable rat renal 

.tumours were slightly lower than in rat normal kidney tissue (Laszlo et 

at., 19b9). This finding correlates with the failure of these renal 

tumours to shew increased incorporation of Tdr into DNA. Similarly 

levels of Tdr kinase activity in human carcinomatous lung and hyper­

nephroma tissues have been shown to have, respectively, only 75% and 50% 

of the activities measurei in the corresponding normal tissues (Gordon 

et at., 1968). In human colonic cancer Tdr kinase activity is com­

parable with that in control human colon (Laszlo et at., 1969).

Rats bearing solid Yonhida sarcomas show increased levels of serum 

Tdr kinase, Shirasaka and Fujii (1U75) have demonstrated that the serum 

Tdr kinase resembles than found in the sarcoma. Levels of the Tdr 

kinase form found in host rat liver are also increased. These findings 

may represent a leaking into the blood stream of the tumour form of 

Tdr kinase and, in addition, the release by the tumour of some factor, 

transported in the serum, which causes increased levels of activity of 

the form of the enzyme characteristic of host rat livers. Recent work 

on serum Tdr kinase levels in tumour-bearing animals (Shirasaka and 

Fujii, 1975; Taylor ek at., 1976) suggests that serum analysis for Tdr



31.

kinases characteristic of tumours may serve as a useful technique in 

the detection of cancer and in the monitoring of response to therapy.

Thymidine kinase serves as a useful tool in in vitro studies for 

the comparison of the rate of DNA synthesis in normal and cancerous 

cells, and in the investigation of therapeuti; regimes, by acting as an

3
entry point for the incorporation of H-Tdr into dTTP, Gome forms of 

chemotherapy (eg. the cytostatic agents 5-fluoro-uracil or 5-fluoro-deoxy- 

uridine) may depend on the presence of Tdr kinase activity for their 

conversion to metahalically active forms.

Control of the Key Enzynor; of Pyrnu 1-line and DNA Bynthesis

The pathways heading to DNA synthesis appear to be subject to 

control by the deoxynucleotidu dTTP. Levels of dTTP have been shown to 

regulate the activities of ribonucleotide reductase (Murphree et at. ,

1968), dCMP deaminase (Henderson and Paterson, 1973, p . 236), dTMP 

kinase (Eker, 1968) and Tdr kinase (Klemperer and Haynes, 1968). The 

activities of these four enzymes have also been shown to be affected 

by dCTP, but to a lesser extent. The activity of dCMP deaminase is 

elevated prior to dTMP synthetase and dTMP kinase in rat regenerating 

liver. It has been suggested that the induction of dCMP deaminase leads 

to increased levels of dUMP, Wti^h in turn may activate and/or induce 

dTMP synthetase, leading to increased levels of dTMP, which may induce 

dTMP kinase activity (Maley and Maley, I960).

The smooth membrane fraction isolated from the post-microsomal 

supernatant of rat regenerating liver and Novikoff hepatoma has been 

shown to contain high molecular weight DNA polymerase, ribonucleotide 

reductase, thymidine kinase,and possibly thymidylato synthetase, which 

might favour a concerted action by these enzymes in DNA replication 

(Baril ct at., 1972). Localisation of these membrane-associated enzymes



of DNA synthesis on or near the nuclear membrane would allow control of 

DNA synthesis due to cellular compartmentation, with possible migration 

of the replicative form of DNA polymerase into the nucleus during 

periods of DNA synthesis (Iwamura St al, , 1968; B a r J.l and Laszlo, 1970; 

Baril et a l . , 1972).

PURIFICATION AND PROPERTIES OF THYMIDINE KINASE 

Studies on the Purification and Stability of Thymidine Kinase 

Purification

The purification and stabilisation of Tdr kinases from various 

sources are summarised in Table 1. Thymidine kinases from most sources 

studied are generally unstable,and this has limited the extent to which 

the enzyme has been purified.

Tdr kinase has been partially purified from animal tumours such as 

Novikoff ascites hepatoma, McCoy MDAB hepatoma and Walker carcinosarcoma 

using techniques which include high-speed centrifugation, ammonium sul­

phate precipitation (0-30%) , heating at 60°C for 5 minutes, and negative 

adsorption onto calcium phosphate gel (Bresni'-k and Thompson, 1965) .

Yields with these techniques ranged from 25-35%,and purification factors 

of about 100-fold were obtained. Attempts by Bresnick and Thompson to 

purify the enzyme further by ion exchange chromatography on DEAE-celluloso 

were unsuccessful, as the enzyme lost considerable activity. This 

procedure was slightly modified by using heat fractionation at 50°C for 

the purification of Tdr kinase from E, ooli cells and rat regenerating 

liver (Bresnick et al., 1970). A purification of 300-fold was achieved 

for the enzyme from rat regenerating liver, with a yield of 30%,

The purification procedure of Bresnick and Thompson (1970) for rat 

regenerating liver Tdr kinase has been further developed by Kizer and Holman 

(1974). Partially purified Tdr kinase was found to adsorb to hydroxy-
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apatite in the presence of ATP and was subsequently eluted using an 

ionic gradient. A DEAE-Sepliadex step was also included in the purifi­

cation procedure. Using these additional purification steps they 

obtained a 2 600-fold purified enzyme preparation, with a yield of 5 ^.

Rat regenerating liver Tdr kinase has also been purified by 

Walboomers and Wanka (1974). These authors observed that the loss of 

enzyme activity during gel-filtration could be reduced in the presence 

of ATP. They obtained a 14% yield with an 80-fold purification.

Tdr kinases from rat Yoshida sarcoma have been purified by 

fractionation using streptomycin and ammonium sulphate,and by chromato­

graphy on hydroxylapatitu and DEAE-cellulose (Fujii et a l . , 1972;

Hashimoto ct a l . , 1972). Two fractions of Tdr kinase were separated 

by DEAE chromatography. The Peak I form which was eluted by SOraM i„'aCl in 

Tris-HCl buffer, pH 6.0, was purified 1 500-fold, the yiu3d being ISi.

The Peak II form was eluted by 4o«> nM w a d  in Tria-HCl buffer, pii 8.0, and 

was purified at least 20-f^lu, tne yiuli being y. 3'ft.

Calf thymus Tdr kinase has been purified 130-fold with a 50% 

yield, using techniques which included fractionations with streptomycin 

sulphate, ammonium sulphate and protamine sulphate, followed by gel- 

filtration on Sephadex (3-100 (Her and Moinparlor, 1071).

Human colonic: Tdr kinase has been partially purified by me^ns of 

high-speed centrifugation, ammonium sulphate precipitation, heating at 

50°C in the presence of ImM Tdr, negative adsorption on calcium phosphate 

gel,and chromatography on Sephadex G-200, Bloi,el,and DEAE cellulose 

(Salser and Balls, 1076). The final preparation gave a yield of 6,4% 

and an overall purification of 2 i;0 G~fold.

Tdr kinase has been partially purified from human adrenocortical 

carcinoma and from normal and hyperplastic adrenal glands (Nawata oi at.,



1976). The techniques used included 0-30% ammonium sulphate fractionation 

and chromatography on DEAE cellulose. Two fractions of Tdr kinase activity 

were obtained from human adrenocortical carcinomas on DEAE chromatograpy: 

Peak I was eluted with lOOmM NaCl in Tris-EJCl buffer, pH 7.5, and was 

purified about 10-fold; Peak IX was eluted with 400mM NaCl in Tris-HCl, 

pH 7.5, and was purified about b-fold. Thu overall yield for Peaks I and

II was 2 3 A  single Tdr kinase form from hyperplastic adrenal gland, 

corresponding to a Peak I fraction, was purified 18-fold, the yield being 

22%. A single form of Tdr kina.;e, also corresponding to the tumour Peak 

I fraction, was purified about 10-fold from human normal adrenal gland.

The yield was 18%.

Tdr kinases from human foetal and adult liver tissues, and from 

human HeLa and KB cells have been partially purified using centrifugation 

at 105 000 x g for 90 minuter,, followed by precipitation between 0 and 40% 

ammonium sulphate saturation (Taylor et at., 1972; Stafford and Jones,

1972). The resuspended precipitates were stored in 50% glycerol at -20°C. 

About 59-GQt. of the activity measured in the crude homogenate was 

recovered but the purification achieved was not given. These preparations 

were used for physical and regulatory studies.

Aii affinity chromatography purification r Hcd, using the substrate 

5'-amino-5 '-deoxythymidine as a ligand, has been described by Rohde and 

Lezius (1971), Using this technique they achieved a 190-fold purification 

of E. coVt B Tdr kinase, with a 90% yield, in a single purification step. 

When this stop was combined with streptomycin and ammonium sulphate 

precipitation and heating of the enzyme preparation for 5 minutes at 

70°C, an overall purification 1 220-fold, with a '50% yield, wus obtained. 

Recently a 370-fold single-stop purification of Tdr kinase from E. ooli, 

using affinity chromatography, has been described (Rohde, 1977). The
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efficiency of affinity chromatography as a purification technique is 

well illustrated by comparison of these results with those of Voytek et 

al. (1971) who used preparative polyacrylamide gel electrophoresis to 

purify E. aoli Tdr kinase. These authors obtained an overall purifi­

cation of 531-fold but the yield using this method was only about J%.

The ligand described by Rohde and Lezius was found to be unsuitable 

for the purification of Tdr kinase from mouse ldO sarcoma cells (Cheng and 

Prusoff, 1974). A th y m i d i n e - 3 1- (p-aminopheuyl phosphate) ligand, developed 

by Kowal and Markus (1975) , has been used b y  these authors to achieve a 

109-fold purification of Tdr kinase from mouse gut. Subsequently affinity 

chromatography using this ligand has been coupled with fractionation 

procedures using streptomycin and ammonium sulphate to purify and 

separate two Tdr kinase forms from blast cells of human patients with acute 

myelocytic leukaemia (Lee and Cheng, 1976a and b ) . The cytoplasmic form 

of the enzyme was purified 2 416-fold, with a 36% yield, while mitochon­

drial Tdr kinase was purified 1 G34-fold, with a yield of 9%.

Stability

Human normal or neoplastic colon, laryngeal, mammary gland, p u l ­

monary^ and renal tissues showed no significant loss of Tdr kinase activity 

when stored at ~7u°C for longer than 1 year (Gordon et al., 1968).

Similar findings have been reported for rat hepatoma tissue stored at 

-17°C (tukovsky and Roth, 1963). The enzyme from animal tissues appears, 

however, to be labile during prolonged purification procedures (Bresnick 

and Thompson, 1965),

Enzyme activity may be stabixised by the presence of thymidine 

(Bresnick and Thompson, 1965; Olsen and Harris, 1975; Cheng and Prusoff,

1974); in the presence of 20-30% glycerol (Her and Momparler, 1971); or 

when purified or partially-purified extracts are stored in 50% glycoral
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when purified or partially-purified extracts are stored in 50% glycerol



at -20°C (Taylor et al. , 1972). Thymidine kinase from foetal rat liver 

has been stabilised during gel-filtration by the presence of ImM ATP 

(Klemperer and Haynes, 1968). In the absence of ATP 75% of the activity 

of the enzyme was lost during filtration on a Sephadex G-25 column, 

whereas this loss was reduced to 10-20% in the presence of ATP. Stabili­

sation of Tdr kinase in the presence of ATP has also been reported by 

Walboomers and Wanka (1974) and by Cheng and Prusoff (1974). The finding 

that Tdr kinase would only adsorb onto calcium phosphate gel in the 

presence of ATP (Kizer and Holman, 1974) suggests that the presence of 

ATP may lead to a conformational change.

in addition to ATP or Tdr, the enzyme forms from human leukaemic 

blast cells required the presence of dithiothreitol for stability (Lee 

and Cheng, 1976b). g-mercaptoethanol has been used to stabilise Tdr 

kinase preparations from calf thymus (Her and Momparler, 1971); rat and 

human intestines (Salser and Balis, 1973); and frcm human adult and foetal 

liver (Taylor et a l . , 1972). Tdr kinases from Novikoff ascites hepatomas, 

MDAB hepatomas and Walker carcinosarcomas are inactivated by sulphy- 

dryl group inhibitors such as mercury or p-hydroxymercuribenzoate (Bres­

nick and Thompson, 1963). Similar findings have been reported for rat 

Yoshida sarcoma Tdr kinase (Hashimoto et al., 1972). However the 

presence of reduced thiols is not always advantageous for the stabili­

sation of Tdr kinases, since mercaptoethanol has been reported to increase 

the rate of inactivation of a Tdr kinase preparation from mouse 180 

sarcoma cells (Chung and Prusoff, 1974).

Physical Properties of Thymidine Kinase

Studies of the physical properties of Tdr kinases are summarised 

in Table 2,
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Molecular Weight

A molecular weight of G70 000 for Tdr kinases from Novikoff 

ascites and MDAB hepatomas and Walker carcinosarcomas has been estimated 

using gel-filtration on Sephadex G-200 (Bresnick and Thompson, 1965).

The molecular weight of the enzyme from calf thymus appears to be 55 000, 

using both gel-filtration and sucrose density gradient determinations 

(Her and Momparler, 1971). Molecular weights of 69 000 and 81 000 for 

rat regenerating liver Tdr kinase have been obtained by, respectively, 

Kizer and Holman (1974) and Bresnick ct al. (1970), using sucrose 

density gradients. Both of these values are lower than the molecular 

weight of 130 000 obtained by Walboomers and Wanka (1974) for the enzyme 

from rat regenerating liver using gel-filtration on Sephadex G-200, but 

are similar to the molecular weight of 69 000 determined for rat cardiac 

muscle Tdr kinase using a density gradient (Gillette and Claycomb, 1974). 

The molecular weights of the mitochondrial and cytoplasmic forms of Tdr 

kinase from human myelocytic leukaemia blast cells have been shown to be 

70 000 and 90 000 respectively/ using gel-filtration (Lee and Cheng,

1976b).

Deoxyribonueleotides affect the state of aggregation of Tdr kinase 

from E, aoli- (Bresnick ct al. , 1970). Using sucrose density gradients, 

the enzyme was shown to have a sedimentation constant of 3.6S in the 

presence of ATP or the activator dCDP. dTTP increased the sedimentation 

constant to 6.0G. 3imi..ar results have been reported by Voytek at al. 

(1971), who have shown that PI. ooli cells have a sedimentation constant 

of 3.4c,which is increased to 'S.3£» in the presence of dCTP. The sedi­

mentation constant for Tdr kinase from rat regenerating liver is, however, 

not affected by the presence of dCDP, ATP or dTTP (Bresnick ct al. t 1970). 

It may be that E. aoli Tdr kinase undergoes polymerisation from a mono­



meric state to an oligomeric state in the presence of these nucleotide 

effeccors, whereas the enzyme from rat regenerating liver already exists 

as an oligomer.

Aggregated and disaggregated forms of Tdr kinase have been noted 

for the Walker carcinosarcoma enzyme (Bresnick et al., 1966). At low 

ionic strength the aggregated form was found to have a molecular weight 

of 600 000, whereas a molecular weight of 1 1 0 000 was obtained at higher 

ionic strength (io. for the disaggregated form). These molecular weights 

were determined using gel-filtration on Sephadex G-200. Similar results 

have been reported for Yoshida sarcoma Tdr kinase (Fujii et at., 1972).

The possibility that the modifier causing aggregation might be RNA or 

might contain RNA is suggested by the finding that the addition of RNase 

to a crude Tdr kinase preparation led to the appearance of the disaggre­

gated form of the enzyme (Oku.la et al., 1972; Hamazaki, ? .3). This 

effect was not observed when DNase was added to the Tdr kinase preparation. 

In addition^reagents which affect protein quaternary structure, such as 

sodium dodecyl sulphate, inhibit Tdr kinases from Novikoff ascites and 

MDAB rat hepatc;nas ,md rat Walker carcinosarcomas (Bresnick and Thompson, 

1965).

Temperature St \), i 1 i t.y

The Tdr kinase form characteristic of human foetal liver is more 

labile than that from the adult tissue (Taylor et at. , 1972). Foetal Tdr 

kinase was found to loco 5G'o of its activity within 5 minutes when incu­

bated at 45°C, while the adult form showed only a 10% decrease in activity 

when incubated under the same conditions. Furthermore, on incubating human 

adult and foetal liver forms of Tdr kinase for 5 minutes at increasing 

temperatures, it was found that 5Q'i of the foetal enzyme activity was lost 

between 35°C and 4!i°c, while the same loss of activity of the adult form
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of the enzyme required incubation at 45-50°C. Tdr kinases from HeLa and 

human KB cell-lines have been shown to have thermostabilities similar to 

that found in human foetal liver (Taylor at at. , 1972). Tdr kinases 

from human normal adrenal gland and adrenocortical carcinomas show 

temperature stability differences which are analogous to those shown by 

adult human liver and foeta1 liver or tumour cell Tdr kinase preparations 

(Nawata ct at., 197G).

Although the heat-inactivation curves of normal ana cancerous 

human colon Tdr kinases differed, both were found to be biphasic, sugges­

ting that normal and cancerous colon tissues each contain different forms 

of the enzyme, or that there is a heat-labile effector present in both 

the normal and tumorous torras of the enzyme (Salser and Balis, 1974),

In contrast to the relatively labile Tdr kinase forms in human 

foetal and cancerous tiasues/tie mitochondrial and cytoplasmic forms of 

the enzymes from human leukaemic blast cells appear to be stable at 

temperatures of 25-40°C for 40 minutes (Lee and Cheng, 1976b).

Various substrates, products, and inhibitors of Tdr kinase (such 

as Tdr, Udr, ATP, dATP, dTMP, dTDP and dTTP) can reduce or prevent heat 

inactivation of calf thymus Tdr kinase (Her and Motnparler, 1971) and the 

enzyme from rat regenerating liver (Walboorners and Wanka, 1974). In 

HeLa TK cells infected with Herpes simplex viruses typos I ^nd II, which 

induce nuclear and cytoplasmic u r  kinases respectively, Cheng and 

Ostrander (1976) have shown that Mg-ATP preferentially stabilises the 

induced HeLa ty»>e II Tdr kinase, whereas the presence of Tdr leads to 

preferential stabilisation of the type I-induced form of the enzyme, 

pH Optimum

Thymidine kinase from human foetal liver shows optimum activity 

at pH 7.0-7,2 whereas the adult form of the enzyme has a bimodal pH
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optimum with peaks at 7.0 and 8,5 (Taylor et al., 1972). The pH optima

of human KB and I-JeLa cells appear to be similar to that of human foetal

liver (Stafford and Jones, 1972). The mitochondrial and cytoplasmic

forms of human leukaemia blast cell Tdr kinase have pH optima of 7.4-7.8

and 7.6-7,8 respectively (Lee and Cheng, 1976b). The Tdr kinases in

human adrenal glands and human adrenocortical carcinomas show similar

broad pH optima in the range of pH 7.5 to 8 .8 , with peaks at about pH

7.5 (Nawata et al. , 1976).

pH Optima of 8.0 and 9.0 respectively, have been reported for Tdr

kinases from Walker carcinojsareoma (Bresnick and Thompson, 1965) and from rat

cardiac muscle (Gillette and Claycomb, 1974) , Foetal and adult rat liver

and rat regenerating ltver Tdr kinases have pH optima of 8.0 (Klemperer

and Haynes, 1968; Kj ■ *?r and Holman, 1974).

Divalent Metal Ion Requirements

Thymidine kinase, like other kinases, requires the presence of

divalent metal ions for activity. The enzyme from Walker carcinosarcoma

2+
has been reported to show a specific requirement for Mg , other divalent

cations producing inhibition of the enzyme (Bresnick and Thompson, 1965).

The requirement for Mg has been confirmed for Tdr kinase from mouse

sarcoma 180 cells, although the enzyme is inhibited if the concentration 

2+
of Mg exceeds that of ATP (Cheng and Prusoff, 1974). Similarly both 

mitochondrial and cytoplasmic Tdr kinases from human leukaemic blast 

cells show optimum activity at Mg:ATP ratios of 1:1 (Lee and Cheng,

1976c). inhibition was observed in the presence of excess ATP, In 

contrast to the finding;; noted above for mouse sarcoma 180 Tdr kinase, 

excess Mg'" dens not appear to inhibit the activity of the enzyme forms 

from leukaemic blast cells, Lee and Cheng (197Gb) have shown that the 

leukaemic blast cell forms of Tdr kinase also show activity in the
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presence of other divalent metal ions, the preferences of the two forms

of the enzyme being as listed below:

2+ 2+ 2+ 2+ 2+ 2+
Cytoplasmic Tdr kinase: Mg > Cc > Mn > Cu > Fe ' > Zn

o 4. 2*4* 2-1* 2*f ?+ 2+
Mitochondrial Tdr kinase: Mg > Cu > Mn > Ca > Fe‘ > 3n

Using rats with implanted 3 'Me-DAB-induced tumours, fed on diets

2+
containing high, normal or low Zn -supplements, it has been shown that

24. 0.\-
both the Zn -supplemented and Zn" -deficient diets produce decreases in both

tumour growth and DNA synthesis relative to the normal diet (Duncan et at. ,

1974; Duncan and Dreosti, 1975; Duncan and Dreosti, 1976a,b; Prasad,

2+
1977). Similar effects were observed in rats fed on high or low Zn - 

containing diets prior to tumour implantation. These affects have been 

correlated with decreased Tdr kinase activity (Duncan and Dreosti, 1976a; 

Prasad et at., 1974; Prasad, 1977). The precise role played by zinc in 

Tdr kinase activity has not yet been established.

Effects of Salts

The effects of salts on Tdr kinase have been investigated by 

Cheng and Ostrander (1976), using Tdr kinases induced in HeLa TK cells by 

Herpes simplex virus (HSV) types 1 and II. The type I and typo II- 

induced Tdr kinases were shown to be sensitive to inhibition by ammonium 

sulphate. Sodium sulphate produced similar inhibition, while sodium 

chloride had little effect, showing that inhibition is due to the sul­

phate moiety* The cytoplasmic form of Tdr kinase from human leukaemia 

blast cells apx^ears to be more sensitive to inhibition by ammonium sul­

phate than the mitochondrial form of the enzyme (Lee a »1 Cheng, 1976b) . 

hi paration of Multiple Forms of Thymidine Kinase Activity 

'Ilectrophoresls

Polyacrylamide gel electrophoresis of Tdr kinase from E. ooli 

produced a single band of activity (Voytek Ct al., 1971), which showed



more rapid anodal migration than the enzyme from rat regenerating liver 

(Bresnick et at., 1970).

Tdr kinase from an 18cm human foetus exhibited 3 bands of 

enzyme activity on polyacrylamide gel electrophoresis, with mobilities 

relative to the marker dye front (R ) of approximately 0.02, 0.20 and 0.50 

(Taylor et al., 1972). These three bands were also observed in a 28cm 

human foetus. In the latter caso, however, there was a marked increase in 

the relative proportion of the rapidly migrating form of the enzyme. The 

rapidly migrating Tdr kinase was the only form of the enzyme present in 

human adult liver. Similar results were obtained using starch-block 

electrophoresis (Taylor ct al,, 1972).

The mitochondrial Tdr kinase of HeLa BU 25 cells, which lacks the 

cytoplasmic form of the enzyme, and of S3 cells showed relative electro­

phoretic mobilities of 0.4 and 0.6 respectively. Under the same con­

ditions the R of the cytoplasmic form of the enzyme from S3 cells was 

0.25 (Kit and Leung, 1974), Using polyacrylamide gel electrophoresis of 

Tdr kinases from blast cells of patients with myelocytic leukaemia, Lee 

and Cheng (1976b) have shown that, under the ccMitions used, the cyto­

plasmic form of the enzyme has an Rffl of 0 .1 , whereas the mitochondrial

Tdr kinase has an R of 0,6,
m

Starch-block zone electrophoresis of Tdr kinases from rat bone 

marrow, spleen and regenerating liver suggests that the enzymes from 

these tissues are electrophoretically similar, having a very low R^ 

(Hashlmoto at al., 1969). A single band of Tdr kinase activity, showing 

rapid migration towards the anode, has been observed for the enzyme from 

foetal rat liver under the conditions used, on starch-block electro­

phoresis Tdr kinase from human KB cells showed two bands of activity: 

one remaining at the origin and the other migrating towards the anode 

(Hashimoto et al. , 1969).
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one remaining at the origin and the other migrating towards the anode 

(Hashimoto (it al., 1969).
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Ion-exchange Chromatography

Using DEAE-cellulose ion-exchange chromatography and gradient 

elution at pH 8.0, two peaks of Tdr kinase activity have been separated 

from Yoshida sarcoma and human KB cell-lines (Qkuda et al. , 1972?

Hashimoto et at., 1972? Hamazaki, 1973? Fujii et al. , 1972). The first 

peak (Peak I) eluted at 5UmM NaCl concentration, whereas elution of the 

second pea); (Peak XI) required a 4Q0mM concentration of NaCl for elution. 

Similarly Tdr kinases in mouse spleen cells infected with Friend virus, 

and in the livers of rat?; hosting Yoshida sarcoma tumours, gave 2 peaks of 

enzyme activity on DEAE cellulose chromatography, whereas the corresponding 

normal tissues showed only a single peak of enzyme activity corresponding 

to the Peak I form of Tdr kinase (Ohaahi and Taguchi, 1976).

On DEAE chromatography Tdr kinases from rat foetal and regenerating 

liver tissues gave single peaks which resembled the Peak I forms of the 

enzyme described for Yoshida sarcoma tumours by Fujii et al. (1972).

Two forms of Tdr kinase whi*;h are eluted at concentrations oi lQOmM 

NaCl (Peak I) and 400mM NaCl (Peak II) have been described for human 

adrenocortical carcinoma (Nawata <?i al., 1977). in the corresponding 

normal adrenal gland only the Peak I form of the enzyme is piesent.

On injecting rats with the non-earcinogenic haemolytic drug 1- 

acetyi-2 phuuylhydra.une, the Peak II form of Tdr kinase could be detected. 

For this ieason Ohashi and Taguchi (1976) have suggested that the Peak II 

form of Tdr kinase may n-.it be an exclusively tumour-specific form, but 

may represent a font, which is expressed by the cell genome under conditions 

of specific r.tress such as tuiuoricjenesis and anaemia.

Kinetic an*. Regulatory Proper tit*;; of Thymidine Kinase

Ap| irent Miehaelit; constants (K ) for ATP and thymidine, for Tdr 

kinase preparations, as v  1 1  as studies on phosphate donors and acceptors,



and activation or inhibition by nucleosides and nucleotides, are summarised 

in Table 3.

Apparent Michaells Constants

It can be seen from Table 3 that the Km 's for thymidine and ATP 

reported for Tdr kinabu preparations from eukaryotes are in the ranges 

1.2 x 10~ 6 to 5.7 x 10 JM, and 5 x 10 J to 2.6 x 10 ^M, respectively.

The K for thymidine for Tdr kinase from E. eoli is dependent on 

dCDP (Bresnick ct al. , 1970). In the presence of dCDP the E. aoli 

enzyme showed increased activity a higher vmux>, and a decreased Km for 

thymidine which bucutn* comparable with that for the enzyme from rat 

regenerating liver. In contract to these findings the K for rat 

regenerating liver Tdr kina.;c- was found to be independent of either ATP 

or dCDP (Bresnick ct al., 1970),

Non-linear Linoweaver-Burk plots of velocity versus ATP concen­

tration have been described for Tdr kinases from both E, aoVi cells and

from rat regenerating liver (Bresnick ct at,, 1970). At ATP concentra- 

~3
tions below 10 M, thft apparent k for ATP for the enzyme from rat 

regenerating liver was 20&M, whurean this constant decreased tc 2,6t#M

-3
at ATP levels above 10 M. Similar non-hyperbolic Linuweaver-Burk plots 

with respect to ATP have been observed for Tdr kinases from rat Walker 

carcinosarcoma fissue (Bresnick and Thompson, 1965), and for the cyto­

plasmic form of the enzyme from human leukaemic blast cells (Lee and 

Cheng, 1976c). The latter authors have noted that the sigmoidal kinetic 

behaviour of ATP with the cytoplasmic form of human leukaemic blast cell 

Tdr kinase may be a result, of either co-operative or mechanistic effects, 

or both.

Phosphate Acceptor;;

Both thymidine and deoxyuridine have been shown to act as phosphate
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acceptors in the reactions catalysed by Tdr kinases from rat hepatomas 

and sarcomas (Bresnick and Thominson, 1965); Yoshida sarcoma cells 

(Hashimoto et al. , 1972) and calf thymus (Her and Momparler, 1971),

The 5-halo derivatives of deoxyuridir.e, 5-fluoro-deoxyuridine 

(5-F-Udr), 5-chloro-deoxyuridino (5-Cl-Udr), 5-bromo-deoxyuridine (5-Br- 

Udr), and 5-iodo-deoxyuridine (b-X-Udr) may act as phosphate acceptors 

with Tdr kinases from rat Novikoff ascites and MDAB hepatomas and Walker 

carcinosarcomas (Bresnick and Thompson, 1965). These derivatives of 

deoxyuridine have bean shown to act as competitive inhibitors of the 

natural substrate, Tdr, in Walker carcinosarcomas in rats (Bresnick and 

Thompson, 1965). 5-l-Udr and 5-Br-Udr have been shown to be potent 

inhibitors, with respect to thymidine, of Tdr kinases from human leukaemia 

blast cells (Leo and Cheng, 1976c). The mitochondrial form of the enzyme 

was less susceptible to 5-I-Udr and 5-Br-Udr inhibition than the cyto­

plasmic form. On the other hand 5-F-Udr and deoxyuridine have been shown 

by these authors to be relatively weak inhibitors of the two enzyme forms. 

Lee and Cheng obtained inhibitor constants for 5-I-Udr, 5-Br-Udr, S-F-Udr, 

and deoxyuridine of 2.4yM, 1.8yM, 26pM and 273yM respectively for the cyto­

plasmic form of Tdr kinase; and of 8.2uM, 7.0uM, 145pM and 315uM for the 

mitochondrial form of the enzyme from human leukaomic blast cells.

Deoxycytidine and the dooxypurinos (deoxyadenosine and deoxyguano- 

sine) do not act as phosphate acceptors for Tdr kinase from, Yoshida sarcoma 

tissue (Hashimoto et al. . 1972). On the other hand Lee and Cheng (1976c) 

have shown that dooxyeytidine may be phouphorylated by the mitochondrial 

form of Tdr kinase from human leukaomic blast cells.

Phosphate Donors

In general ATP and dATP have been shown to be the most effective 

phosphate donors for Tdr kinaner, from calf thymus (Her and Momparler, 1971);



rat regenerating liver (Bresnick et at., 1970; Walboomers and Wanka,

1974); human adult and foetal liver (Taylor et at.,1972),- and HeLa cells 

(Taylor et at., 1972; Kit and Leung, 1974).

Other purine and pyrimidine nucleoside or deoxynucleoside tri­

phosphates may in some cases also function as phosphate donors, although 

to a lesser degree than ATP or dATP. Yoshida sarcoma Tdr kinase can 

utilise CTP and GTP (Fujii et at., 1972), while calf thymus Tdr kinase 

can use GTP, UTP, CTP, dGTP and dCTP (Her and Momparler, 1971). Studies 

on Tdr kinases from human adult and foetal liver have shown that the 

foatal liver and human HeLa and KB cell-line forms of the enzyme are 

specific for ATp or dATP, whereas human adult liver Tdr kinase can, in 

addition, use CTP, UTP or GTP (Taylor et al., 1972). The cytoplasmic 

form of Tdr kinase from human leukaemic blast cells similarly shows a 

specificity for ATp and dATP, whereas the mitochondrial form of the 

enzyme from leukaemic blast cells can also use CTP as a phosphate donor 

(Lee and Cheng, 1976c).

dTTP serves as a feed-baak inhibitor of Tdr kinase, and is not 

effective as a phosphate donor in reactions catalysed by this enzyme.

Inhibitors

Thymidine kinase from all tissue and cell sources studied has been 

shown to be subject to end-product inhibition by dTTP. The enzyme form 

from rat foetal liver is more susceptible to inhibition by dTTP than 

that from adult liver (Klemperer and Haynes, 1968). On the other hand 

it has been observed that the Tdr kinase forms from human foetal and 

adult liver (Taylor et at., 1972), and from human adrenal gland and adreno­

cortical carcinoma (Nuwata et al. , 1976) are inhibited by dTTP to 

approximately the name extent.

The inhibition by dTTP has been shown to be competitive with



respect to thymidine for Tdr kinases from calf thymus (Her and Mompar- 

ler, 1971), rat regenerating liver (Breitman, 1963), and human leukaemic 

blast cells (Lee and Cheng, 1976c). in the latter case values for 

the mitochondrial and cytoplasmic forms of the enzyme of 5,7yM and 0.6yM 

respectively, were found. .

The inhibition by dTTP with respect to the phosphate donor (ATP) 

has been shown to be complex for calf thymus Tdr kinase (Her and Mompar- 

ler, 1971). At low ATP levels the inhibition is non~competitive, but 

this becomes competitive at high concentrations of ATP. in the case of 

Tdr kinases from rat regenerating liver (Kizer and Holman, 1974), Walker 

carcinosarcoma (Bresnick and Thompson, 1965) ,and E. coti (Okazaki and 

Kornberg, 1964), dTTP inhibition with respect to ATP is non-competitive 

at high levels of thymidine, but interactions between ATP and dTTP have 

been found to be complex at low thymidine concentrations.

Tdr kinase from Walker carcinosarcoma tissue in rats has been 

shown to exist as aggregated and disaggregated forms at, respectively, 

low and high ionic strengths (Bresnick at at., 1966). The inhibition 

with respect to thymidine by dTTP for the aggregated and disaggregated 

forms of the enzyme was found to be, re;?pectively, non-competitive and 

competitive.

dTDP and dTMP have also been shown to act as weak inhibitors of 

Tdr kinasea from rat regenerating liver (Breitman, 1963) , calf thymus 

(Her and Momparler, 1971), human leukaemic blast cells (Leo and Cheng, 

1976c), and human adult and foetal livers (Taylor ct al., 1972).

Deoxycytidi.no nucleotides have variable effuctu on different Tdr 

kinase preparations; Neither dCDP nor dCTP inhibit Tdr kinases from rat 

regenerating liver (Bresnick at at., 1970; Breitman, 1963). dCTP has 

no inhibitory effect on Tdr kinar.er, from foetal, neonatal or adult rat



cardiac muscle (Gillette and Claycomb, 1974), and shows very little 

inhibitory effect on tho HeLa cell forms of the enzyme which are specific 

for ATP and dATP as a phosphate donor (Kit and Leung, 1974), The less 

specific forms of tho enzyme from the HeLa ceils (Kit and Leung, 1974) 

are sensitive to dCTp inhibition.

The cytoplasmic Tdr kinase form from human leukaemic blast cells 

is less sensitive to dCTP inhibition than the mitochondrial form of the 

enzyme iLee and Cheng, 1976c). dCTP inhibits Tdr kinase from human adult 

livor, but has no effect on the forms of the enzyme from foetal liver or 

human HeLa or KB cells (Taylor ct at., 1972). similarly the Tdr kinase 

preparation from human adrenal gland is susceptible to dCTP inhibition, 

whereas the Peak I preparations from hyperplastic and cancerous human 

adrenal glands are not affected by this nucleotide (Nawata et at., 1976). 

These findings are in agreement with the suggestion by Roux (1973) that 

the sensitivity of Tdr kinase to dCTP inhibition appears to correlate 

inversely with the cellular growth rate.

Regulation of Thymidine K inar,̂  Ac Li vity

Increased Tir kinase activity in cultured Chang liver cells^in 

which the dc novo pathway of dTTP synthesis has been blocked using ametnop- 

teiin# has beer, shown to require ac novo synthesis of the enzyme, since 

puromycin or Actinomycin 0 proventn the expected increase in Tdr kinase 

activity (Eker, 19t>8). When Actinomycin D was administered 5 hours after 

amethopterin, only o slight inhibition of the incroasri in Tdr kinase 

activity was observed, which uugguQbe? that; DNA-directed synthesis of RNA 

is necessary for incre;ao<;d Tdr kinase activity.

The rate of synthesis of Tdr kims.o increases some 10-fold during 

periods of increased cell-divisian (Bello, 1974) and this increase in 

Tdr kinase activity during coll-proliforatian m«?y involve a derepression
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of the gene responsible for Tdr kinase synthesis by a thymidine phos- 

phorylated derivative, possibly dTTP (Eker, 1968).

Tdr kinase appears to be inducible, since studies on levels of 

activity of the enzyme from the livers of 10 day old developing mice 

showed that premature termination of nursing led to a decrease of up to 

56% of the soluble form of the enzyme within 6 hours (Adelstein et at., 

1971) . Glucocorticoids have been shown to induce Tdr kinase activity 

in perfused livers or spleens of rats bearing solid Yoshida sarcoma 

tumours (Sakata, 1975).

Cyclic-AMP has no effect on the activity of the cytoplasmic and 

mitochondrial forms of Tdr kinase from human leukaemic blast cells (Lee 

and Cheng, 197&b), or on the in Vitro activity of the enzyme from rat 

cardiac muscle (Gillette and Claycomb, 1974). Activities of the Peak I 

and Peak II forms of Tdr kinase from ascites sarcoma cells have been 

shown to be affected differently by the presence of c-AMP (Hamazaki, 

1973); the activity of the Peak I fraction decreases, whereas that 

of the tumour-associated Peak II fraction increases.
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AIMS OF Tilli PRESENT STUDY 

The relatively unique supply of human hepatoma tissue available 

in Southern Africa prompted an investigation of the levels of activity 

of the key enzymes of DNA synthesis in this tissue, as an extension af 

work already carried out by others in this laboratory on the levels of 

enzymes of carbohydrate metabolism (Balinsky et al,, 1973a,b,c; Cayanls 

and Balinsky, 1975). Bicchemical studies on pyrimidina and deoxyribonu­

cleic acid synthesis in human primary liver cancer have been restricted

3
to the very reccnt measurement of the incorporation of H-thymidine into 

DNA (Weber, 1976b).

Since thymidine is unique to DNA, being replaced by uridine in RNA, 

the levels of three key enzymes of thymidine metabolism, namely thymidine 

kinase, thymidylate kinase, and thymidylate synthetase; in addition to DNA 

polymerase and deoxyeytidylate deaminase, were measured in human hepatoma 

tissue and compared with the levels in the corresponding host liver tissue 

and in human normal liver. Foetal liver, unlike adult liver, represents 

growing liver tissue, hence the levels of the above enzymes were also 

studied in this tissue. Two cell-lines derived from human hepatomas were 

available and were also assayed for comparative purposes. Oesophageal 

cancer is prevalent in South Africa and samples of the tissue and a 

derived cell-line were asyayod as available.

In order to test the assay methods used, and to confirm that assay 

results were comparable with published values for rat hepatomas, levels 

of these enzymes in a 3'Me-DAB chemically-induced rat transplantable 

hepatoma were assayed.

Thymidine kinase has been £?hown to play an important role in DNA 

synthesis in rat foetal, regenerating, and cancerous liver. Different

55.



forms of the enzyme have been described for human adult liver, and for 

human foetal liver or HeLa and KB cell-lines, and an additional thymidine 

kinase isozyme has been described in rat transplantable hepatomas. 

Furthermore it has been shown that the isozymes of thymidine kinase in 

these human or rat tissues differ with respect to their physical and 

kinetic properties. It was therefore decided to purify the thymidine 

kinase forms from human normal liver and from hepatoma, and to compare 

some of their physical and kinetic properties.
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CHAPTER 2 

LEVELS OP SQMH KEY ENZYM-S OF DNA SYNTHESIS IN RAT 

AND HUMAN NORMAL ADULT, HOST, CANCEROUS AND FOETAL 

TISSUES, AND CELL-LINE3

MATERIALS AND METHODS

MATERIALS

Chemicals, Reagents; ami Equipment 

Substrates and Cofactors

Crystalline deoxythymidine (Tdr) ? disodiura deoxythymidine 

5'-monophosphate (dTMP); sodium deoxythymidine 5 1-diphosphate (dTDP)? 

sodium deoxythymidine 5'-triphosphate (dTTP)? sodium 2 '-deoxyuridine 

5• -monophosphate (dUMP) ? sodium 2'- d e c y t i d i n e  5 1-monophosphate (dCMP) j 

sodium 2'-Jeoxycytidine 5'-triphosphate (dCTP); sodium 2 '-deoxyguanosine 

5'-triphosphate (dGTP)? disodi^m 2 '-deoxyadenosine 5'-triphosphate (dATP)? 

deoxyribonucleic acid (DNA), type V, sodium salt; d ,1-L-tetrahydrofolic 

acid (THFA) , grade III were obtained from the Sigma Chemical Company,

St Louis, Missouri, United States of America, Disodium adenosine 5'- 

triphosphate (ATP) was obtained from Boehringer Mannheim (SA) (Pty) Ltd., 

Bryanston, Johannesburg, liuuth Africa. S-Methyl-deoxyeytidylic acid 

(5-Me-dCMF) was purchased from Calbiochem A.G,, Lucerne, Switzerland. 

Radiochemical:;

3
Deoxythymidirie- (methyl-' H) 5 "-triphosphate, ammonium salt, lOCi/mmol

(■̂ H-dTTP) ; deoxythymidine- (tuethyl-^H) , 5Ci/mmol, (^H-Tdr); deoxythymidine

3 3
(methyl- H) S'-monopho^phato, ammonium salt, 20Ci/mmol, ( H-dTMP); deoxy-

3 3
cytidine-5- H 5'-monopho.'ipliate, ammonium salt, 13.4Ci/mmol, ( H-dCMP);

3 3
and deoxyuridinu-5- H 5•-monophosphate, ammonium salt, 5Ci/mmol, ( H-dlJMP)

were obtained from the Radiochemical Centre, Amernham, Buckinghamshire,

England. These radiochetnicals were diluted with deionised water or

unlabelled nucleotide solution on arrival, and were stored at -20°C, with



the exception of ^H-Tdr which was stored at 4°C in accordance with 

the manufacturer's instructions.

Reagents for Scintillation Counting

2,5~Diphenyloxazole (PPO), scintillation grade? 1,4-bis-2- (4- 

methyl*-5*-phenyloxazolyl)-benaene (dimethyl POPOP) / scintillation grade? 

p-bis-(tr-methylstyryl)-benzene (bis-MSB), scintillation grade; and 

Instagel were obtained from the Packard Instrument Company, Inc.,

Downers Grove, Illinois, United Seates of America.

Other Chemicals and Reagents Used

Tris- (hydroxytnathyl)~a:runorae thane (Tris); toluene and formalde­

hyde (both of guaranteed analytical grade), and Folin-Ciocalteu's 

Phenol Reagent were obtained from E, Merck, Darmstadt, Germany.

Norit A (activated charcoal) was purchased from the Sigma Chemical 

Company, St Louis, Missouri, United States of Amcrica. Crystallised 

bovine plasma albumin was obtained from the Armour Pharmaceutical Company 

Ltd., Eastbourne, England. 2-Mercaptoethanol and Folin Ciocalteu’s 

Phenol Reagent were purchar.'-*;! from BDH Biochemicals Ltd. , Poole, England.

All other reagents .J chemicals used were of analytical grade 

and were obtained from: Hopi n and Williams, Chadwoll Heath, Essex, 

England; British Drug Houses, BDH Laboratory Chemicals Division, Poole, 

England; E. Merck, Darmstadt, Germany; Mallinkrodt, Inc., St Louis, 

Missouri, United States of America,

Equipment and nt*her Materials

Swinnex filter units and MF-Millipore filters (13mm, 0.22y) were 

purchased from the Milliporo Corporation, Bedford, Massachusetts, United 

States of America. Whatman DE 01 DEAE Cellulose ion-exchange chromato­

graphy paper and Whatman GF/C glass fibre discs (2.1cm diameter) were 

obtained from W.& R.Balaton L<*a., England.
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Tissues and Calls

Human Hepatoma and Host Liver (apparently normal tissue from a 

site adjacent to the tumour) were obtained at autopsy. Patients were 

male Blacks, usually of the Shangaan tribe. Some patients had received 

chemotherapy in the form of adriamycin, 5-fluorouracil, methotrexate or 

urea, although often less than three doses of a drug were admininsterod 

prior to death and many patients presented at such an advanced stage 

that no therapy against the tumour way attempted. Autopsies were per­

formed as soon as possible and tissues were obtained between two and 

eight hours after death. The tissues were provided by Dr E.W. Geddes, 

and autopsies were per formed by pathologists of the National Research 

Institute for Occupational Diseases. All tissues were washed well to 

remove bile, and samples were submitted to the Histopathology Department 

of The South African Institute for Medical Research for confirmation 

that necrosis was less than 15%. Samples showing greater than 15% 

necrosis were not assayed. Assays wore performed ao soon as possible 

affcfsr receiving the tissue. In a few instances tumorous and host liver 

were stored frozen at -2G°C.

On one occasion a sample of hepatoma with a small amount of 

'host' liver was obtained at a herai-hopatectomy performed by Mr B. 

Rabinowitz of Baragwanath Hospital. The patient was a middle aged Black 

female with a primary carcinoma of the liver. The tissues were placed 

on ice immediately after removal and assayed within three hours. Some 

tissue was stored at -20°C or -180°C for enzyme stability studies.

A single sample of biopsied human hepatoma was obtained during 

an exploratory laparotomy. The patient was a young Shangaan male. Assays 

were performed within three hours of surgery.



Samples of human normal liver wore obtained at autopsy from 

organ donors with the co-operation of Dr G.M.G. Maier of the Tissue Bank 

of The South African institute for Medical Research. In all cases it 

was confirmed that there was no liver pathology. Enzyme assays were 

performed immediately.

Human Foetuses were obtained from the Johannesburg General 

Hospital, with the permission of Professor L. van Dongen. Foetuses were 

obtained following either spontaneous or, in some cases, therapeutic 

abortions. Spontaneously aborted foetuses were rejected if they did 

not appear to have been viable immediately prior to abortion. The 

gestational ages of the foetuses were estimated by total weight and 

crown-rump measurements (Docur.ienta Geigy, Scientific Tables, Seventh 

Edition, 1976, page ti01),and were found to range from nine weeks to 

twenty eight weeks. Where possible livers and, in some cases, brain 

or oesophageal tissues were remove-J on obtaining the foetus, usually 

within two hours. The gall bladder was separated from the liver by 

dissection. Enzyme assays on these human foetal tissues were performed 

immediately.

Human Norrul and Canf^rons '̂ esophageal T issue was obtained at 

surgical removal of a cancerous section of the oesophagus, or by biopsy 

during oesophagoocopy. Those tissues were made available by Mr J. Hunt 

of Baragwanath Hospital. Tissue samples were stored on ice during 

transport. Enzyme assays were performed within three hours of biopsy 

or surgery.

Human Men1n<? i.oma tissue was obtained at surgery from Mr K. Lewer- 

Allen. Tissues were stored on ice and assayed within three hours of 

removal.
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Rats used were of the Wistar strain. Rat Hepatomas had be&n 

induced by including the hepatocarcinogen 3'-methyl-4-dimethylamino- 

azobenzene (3'Mg-DAB) in the rat diet (Albrecht et al. , 1972). These 

hepatomas were subsequently serially transplanted into the hind legs 

of rats. Tumours normally required about two weeks to attain a suitable 

size, with considerable necrosis developing beyond this period. Rats 

with implanted tumours were maintained on a standard laboratory diet and 

were fed ad libitum. The livers of *.ats bearing implanted 3'Me-DAB 

tumours were termed 'host 1 1Ivors. Rats were sacrificed by cervical 

dislocation,between 09h00 and llhOO. This time schedules was strictly 

adhered to,since it haa been shown that levels of Tdr kinase are subject 

to diurnal variation (Potter at al., 1966; Barbiroli et al,, 1972). 

Hepatomas and host livers ware assayed within four hours of removal. 

Tissues were also stored at -20°C for varying lengths of time to deter­

mine the stability of the onzyinoa assayed. Rats of the same strain were 

used in the studies on enzyme levels m  normal liver.

Rat Hepator.ig f - l i n e s  were supplied by Dr L.D. Nourse and 

Professor o.W. Prozesky. These cell-linen were designated NRH and PRH 

respectively. Both cell-line::; were developed from the 3 'Me-DAB-induced 

transplantable ho;;atwn.a of Dr C.F. Albrecht. The NRI1 cell-line was 

grown at 37°C in Eagle’s Minimum Essential Medium containing Hank's base 

and L-glutamine, but without sodium bicarbonate. This medium was supple­

mented with 0. 28M ascorbic acid; O.linM glycine; O.lmM serine; 9mM NaHCO^; 

penicillin (SOurti to/ml); streptomycin (5Guriits/ml) and 5% foetal bovine 

serum albumin (Albrecht: et al., 1975). The PR11 cells were grown at 36°C 

with 5% CO^ in a 50/50 mixture of Eagle's Basal Medium and Dulbecco's 

Modified Eagle's Medium, supplemented with penicillin G (lOOunits/ml);
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streptomycin (O.lmg/ml) and 10% foetal calf serum (Prozesky et al., 1973). 

The culture medium used was one chosen for optimal growth conditions of 

a human hepatoma cell-line, with the result that growth conditions for 

these PRH cells were found to be sub-optimal. On the other hand the 

medium in which the NRB cells were cultured was chosen for optimal growth 

of this cell-lino. In both cases ■•'ells wore harvested by trypuinitiation 

followed by washing in serum free mi.. Hum.

Human Hepatoma Cell-lines were developed and supplied by Professor 

O.W. Prozesky and Dr J. Alexander. These cell-linos were designated PHH 

and AHH respectively. The PHH cells were grown and harvested as described 

above for the PRH cell-line. These cells were found to be very rapidly 

growing, in contrast to the AHH cell-line which was characterised by very 

slow growth.

The AHH colls and a Human Oe;sc?phageal Cancer Cell-line, also

o
provided by Dr J. Alexander and designated AHO, were grown at 37 G in 

Eagle's Minimum Essential Medium containing essential amino acids,- peni­

cillin (ICOwg/ml) and streptomycin (lQOng/ml); and supplemented with 1 0 % 

foetal bovine sGrura (containing iiOOu j/ml each of penicillin and strepto­

mycin , and iOOug/ml of Mycostatin)« Cells were harvested by trypsini- 

sation followed by washing with serum-free medium.

METHODS

All procedures were carried out at 4°C unless otherwise stated.

All solutions wore prepared using deionised water.

Preparation of Enzyme Extracta 

Tissues

The same buffer was used to extract all of the enzymes assayed 

except dCMP deaminase. The homogenising buffer contained 5QmM Tris- 

HCl (pH 7.5), 250mM sucrose, 5mM 0~mercaptoethanol and ImM EDTA. In



the case of dCMP deaminase preparations the homogenising buffer contained, 

in addition to the above, 0.5mM dCTP which stabilises this enzyme. Mer- 

captoethanol and, in the case of dCMP deaminase, dCTP were* added to the 

stock buffer immediately prior to homogonisatiou. Homogenising buffer was 

used to prepare (weight for volume) homogenateu of the normal or 

cancerous tissues. Elomogenisation was performed using five strokes in a 

Potter-Elvehjom homogeniser with a moderately tight-fitting grcund-glass 

pestle, Oesophageal cancer and tuuniiujioma tissues wore usually rather 

fibrous and therefore required additional homogenisation to effect 

adequate cellular disruption.

Homogenates were centrifuged at 38 000 x g for sixty minutes at 

4°C, using a 16 x 15ml rotor in an M3K IB refrigerated centrifuge. As the 

enzymes to be assayed were located in the post-microsomal or soluble 

fractions, the clear supernatant of each homoyonate was retained for 

assay.

Cells.

Harvested cells in serum-free medium were washed three times in 

0.9% sodium chloride. The cell pellet was then suspended in five to ten 

volumes of the same homogenising buffer as was used for the tissues.

Cells were disrupted by three cycles of freezing and thawing using a 

dry-ice acetone bath. The extracts were centrifuged at 38 000 x g for 

sixty minutes at 4°C, and the superuatants wore retained for ensyme assays. 

Assays

All assays used involved the conversion of radioactively-labelled 

substrate into radioactively-laLolled products. Each assay was checked 

to ensure that the reaction rate was linear over the time period assayed 

and that not more than 10-20% of the labelled substrate was converted to 

product during the assay period. All assays were performed in duplicate.
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DNA Polymerase 

Principle o£ the assay

The method used was based on those of Mantsavinos (1964), Shepherd 

and Keir (1966) and Burr-Furlong (1967). The principle involved is that

3
H-dTTP incorporated into newly-synthesised DNA may bo measured by pre­

cipitating the DNA onto a low quenching inert support such as a glass 

fibre disc. Hnreaeted ^H-dTTP is then washed off and the ^H-dTTP label 

incorporated into DNA and precipitated on the disc is counted using a 

suitable seintillant,

Deternlnation of o; ti;naL conditions

The method of Shepherd and Keir (196b) was used except that the 

concentration of unlabelled dTTp was decreased to increase the specific 

activity of "H-dTTP. This was necessary because the activity of the 

enzyme was found to be very low in human or rat normal adult livers.

The* activity of the enayme was assayed using both heat-denatured 

and native template DNA'a extracted from calf thymus. Denatured DNA was 

prepared by heating „i "’mg/mi native DNA preparation in a boiling water 

bath for five minutes ana then cooling the preparation rapidly on ice.

Two types of calf tnymus DNA were eomti.ercially available, that from 

Boehringer Mannheim being highly polymerised with a molecular weight ten­

fold greater than that supplied by the Sigma C.iemical Company. It was 

found that the highly-polymerised Boehringer preparation was less effective 

as a DNA template whether in native or denatured form,and it was therefore 

decided to use the Sigma typo V DNA from salf thymus as template DNA,

The pH optimum of the enzyme from human foetal liver was found 

to be 7.5 which is similar to the results of Shepherd and Keir (1966), 

who found an optimum pH of 7.2-7.4 for the onayme partially purified from 

Landschutz Ascites-tumour cells.
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Final assay conditions used

Assay mixtures contained, in a total volume of 250j.il, 20mM Tris- 

HCl buffer (pH 7.5); 0.4mM EDTA; 50mM KC1? 8mM MgSQ^; 5mM 3-mercapto- 

ethanol; 90yM ^H-dTTP (approximately 20)jCi/[jmole of dTTP) ? 200pM dATP; 

200)iM dGTP; 200iiM dCTP; 50|ag of native or denatured DNA; and up to lmg 

protein. The reaction was started by the addition of the four deoxy- 

ribonucleouide triphosphates. A lOOul aliquot was withdrawn immediately 

as a sero-time sample. Thu remaining 150yl of assay mixture was incubated 

for 20 minutes at 3"? C. Reaction:;; were terminated by rapidly freezing 

assay mixtures in an acetone dry-ice bath. After thawing bovine serum 

albumin (lOul per SOul assay mixture1) was added to the zero and twenty 

minute assay tube-i to assist in the precipitation of DNA onto the glass 

fibre discs. A SOpl aliquot of each as.’say mixture was spotted onto a 

numbered Whatman Gt’/C glaaa-fibre disc which had previously been soaked 

in sodium pyrophosphate (iOUnuM) and allowed to dry. The presence of 

pyrophosphate prevented any further polymerising activity.

Discs were dried briefly in air and then dropped into a beaker 

containing ice-cold 5'-.. TCA. The discs wore washed twice on a Buchner 

funnel using 5% TCA, and dried by washing with absolute ethanol and with 

anaesthetic ether. Incorporated radioactivity was counted by placing 

each disc in a scintillation vial containing 10ml of scintillation cock­

tail and counting as duscribed on page 75. A ‘total counts control1 was 

prepared by spotting a SOul aliquot of the twenty minute reaction mixture 

onto a glaas fibre disc, which was dried at G0aC and counted.

Activities are expressed as raUnits per gram of protein, one Unit

3
being defined as the incorporation of lumole U-dTTp into DNA per minute 

at 37°c.
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Using the assay procedure described DNA polymerase activities from 

rapidly dividing human foetal liver or rat hepatoma tissues were found 

to be linear with respect to time for up to 45 minutes at protein concen­

trations of up to ling per assay. Specific activities of between 0.5 and 

250mUnits per gram of protein could be measured.

Thymidine Kinase (Tdr kinase)

Principle of the assay

Tdr kinase catalyses the phosphorylation of Tdr to dTMP by ATP.

The assay method used was that of Burr-Furlong (1963) as modified by 

Elford ei al. (1970). The principle involved is that, since only 

nucleotides or dooxynueleotides (in this catse dTMP, dTr)p, and dTTP) bind

3
to Whatman PE 81 ion-exchange chromatography paper, unconverted H-Tdr 

may be removed by washing, and the disc may then be counted to determine 

the amount of incorporated radioactivity.

Determination of orti:;:al i:?say conditions

The methods generally uaed for the assay of Tdr kinase include 

either a-glycerophocphate (Qkuda * t al., 1072) or 3-phosphoglyceric acid 

(Sneider et al., I960; Sals«;r and Balls, 1973) in the assay mixture to 

decrease hydrolysis of ATP dv.e to cantrasinatihg phosphatases. However 

in the present study it was found that rat hepatoma Tdr kinase activity 

was decreased by 91 and 64% respectively in the presence of a-glycerophos- 

phate and 3-phosphoglyceric acid. For this reason these were excluded 

from the Tdr kinase assay. Similar findings have been observed by Duncan 

and Dreosti for rat hepatoma Tdr kinase (personal communication).

Final assay eondihions used

Assay mixtures contained, in a total volume of 200j.il, 50mM Tris- 

HCl buffer (pH 0.0) ; 5mM Mg CL,; fimM ATP (adjusted to pH 7 with sodium

3
bicarbonate); 50pM H-Tdr (approximately 20uCi per ymole Tdr); and up to
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2mg protein. The reaction was initiated by the addition of H~Tdr.

The contents of each assay tube was mixed and a zero-time aliquot 

of lOOyl was immediately withdrawn. The remaining assay mixture was 

incubated at 37°C for 20 minutes. Assays wore terminated by placing the 

tubes in a boiling water bath for 4 minut&y. The tubes containing the 

assay mixtures were centrifuged to spin down precipitated protein,and 

25yl aliquots of the aero-time and twenty minute assay mixture super- 

natants were spotted onto 2cm diameter DE 81 discs.

The discs wore dried in air for about one minute and were then 

washed on a Buchner funnel using ImM ammonium formate (10ml per disc) 

and water. This washing cycle was repeated twice. The discs wore dried, 

placed in 10ml of scintillation cocktail,and the incorporated radio­

activity was determined as described on page 7S . A total count measure­

ment for each assay was determined by spotting a 25m1 aliquot of each 

twenty minute assay mixture supernatant onto a DE 01 disc,which was dried 

and counted without washing.

Activities are expressed as mUnits pot gram of protein, 1 Unit

3 o
being defined as the production of l.nnole of H-dTMP per minute at 37 C.

Usirg extracts of rapidly dividing tissue, eg. rat hepatoma, the 

rate of reaction for Tdr kinase was fo>„ >d to be linear with respect to 

time for assay periods of up to 45 minutes using protein concentrations 

of up to 2mg per assay. Specific activities of between 1.0 and 600 mUnits 

per gram of protein could Le measures.

Thymidyl.d e _Kinase (dTMP Kinase)

Principle of the asnay

The assay method was based on those of Gordon ct al* (1968) and 

Sneider et al* (1009). The principle involved is that the substrate 

^H-dTMP, and product ^EI-dTDP (and possibly ^H-dTTP) may be separated

3



by ascending chromatography on DE 81 ion-exchange chromatography paper 

using a formic acid-ammonium formate solvent.

Determination of optimal assay conditions

Optimum activity for dTMP kinase from human foetal liver was 

obtained at pH 7.5 in the presence of 7.5mM MgCl^ and 50yM dTMP. The 

enzyme was inhibited by sodium fluoride. This is in agreement with the 

results of Gordon C~t t-C I. (1968) - 

Final assay conditions used

Assay mixtures contained, in a total volume of 200pl, 5GmM Tris- 

HCl buffer (pH 7.5); 7.5tuM MgCl,,; 5mM ATP (adjusted to pH 7 with sodium
■u

bicarbonate) ? 50nM ^H~dTMP (approximately 20jjCi/ymole); and up to 2mg of

3
protein. The. reaction w?.3 initiated by the addition of H-dTMP. The 

contents of each assay tube waa mixed and a lOQyl aliquot was withdrawn 

immediately as a aero-time sample. The remaining assay mixture was 

incubated at 37°C for 20 minutes. The reactions in the 0 and 20 minute 

incubation samples wore terminated by heating for 4 minutes in a boiling 

water bath. Denatured protein was spun down,and 25pl aliquots of each 

supernatant wore spotted onto a 30 x 2cm strip of DE 81 chromatography 

paper and allowed to dry.

The chromatographs were developed by ascending chromatography, 

using a IK formic acid - 0.1N ammonium formate solvent system, until the 

solvent front had risen at least 25cm from the origin. The positions 

of the labelled nucleotides were located by markers consisting of lOyl 

each of ImM dTMP, ImM dTDP or ImM dTTP. Those nucleotides fluoresce 

under light of 254nm wavelength and spots could thus be readily located 

using an ultrav i't lamp. values for the thymidine dooxynuclecM des 

were dTMP-0.6 2TDP-0.2; and dTTP-0.0.



The areas corresponding to the dTMP and dTDP-dTTP nucleotide 

spots were cut out and counted in 10ml of scintillation cocktail as 

described on page 75. The counts per minute corresponding to the zero­

time dTMP spot were used as the total number of counts for each assay.

Results are expressed as mUnits per gram protein, 1 Unit being 

defined as the production of lymole of ^H-dTDP or dTTP per minute at 

37°C.

Human foetal liver dTMP kinase activity was found to be linear 

with respect to time for periods of up to 45 minutes at protein concen­

trations of up to 1. 5mg per as^ay. Specific activities of 1.0 to 500 

mUnits per gram of protein could be measured.

Deoxycytidylate Duaminase (dCMP Deaminase) 

principle of the assay

The assay used was basod on that described by sneider et al,

(1969) and Maley and Maley (1969). The principle involved is that the 

labelled product JUMP, can bo separated from the labelled substrate 

dCMP, by means of ascending chromatography on DE 81 ion-exchange paper, 

using a formic acid-ammonium formate system.

Determination of optimal ar,:-;ay conditions

Addition of dCTP to the homogenising medium was found to be 

necessary to stabilise human foetal liver and hepatoma dCMP deaminases, 

irt agreement with the finding of Sneider and Potter U9G8) for the rat 

hepatoma enzyme. The optimum dCTP concentration required in the homo­

genising mixture was Q.SmM. The pH optimum of the enzyme from human 

foetal liver was 7,5 to 8.5, hence a buffer of pH 8.0 was used. The 

same assay pH was used in the assays for dCMP deaminase from chick embryos 

(Maley and Maley, 1909) and rat hepatomas (Sneider et al. , 1969) .
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Final assay conditions used

Assay mixtures contained, in a final volume of 250^1, 40mM Tris- 

HC1 buffer (pH 8.0); 6.0mMMgCl2 ; 40uM dCTP; 30mM NaF; 4mM 3 H-dCMP 

(approximately 250pCi/mmole); and up to 2mg protein. The reaction was

3
initiated by the addition of 'H-UCMP. A zero-time aliquot of lOOyl was 

removed immediately and the remainder of the mixture was incubated at 

37°C for 20 minutes. Reactions were terminated by heating for 4 minutes 

in a boiling water bath. Denatured protein was spun down,and 25pl aliquots 

of each supernatant were spotted onto 30 x 2cm strips of DEI 81 chromato­

graphy paper.

The chromatogram war. developed by ascending chromatography( using 

a IN formic acid-0.IN ammonium formate solvent system, until the solvent 

front had migrated at least 25cm. The positions of labelled dCMP and 

dUMP were located using 10j.il spots of appropriate deoxynucleotide markers, 

each at ImM concentration. Nucleotide spots were located by their 

fluoresence under ultraviolet light at 254nn: wavelength. The value for 

dUMP was 0.4, that for dCMP was 0.8.

The areas corresponding to dUMP and dCMP were cut out and counted 

in 10ml of scintillation cocktail as described on page 7 5* The counts 

per minute obtained for the dCMP spot in aero-time assays were used as 

the total counts for each sample.

Activities are expressed as mUnits per gram protein, one Unit being 

defined as the production of inmole of ^H-dUMP per minute at 37°C.

Using the assay system described, the rate of reaction for dCMP 

deaminase was found to be linear with respect to time for incubation 

periods of up to 60 minutes at protein concentrations of up to l.Smg 

per assay, for a preparation from human hepatoma. Enzyme activities of 

between 100 mUnits and 25 000 mUnits per gram of protein could be measured.



Speetrophotometrie Assay for dCMP Deaminase 

principle of the assay

The method used was that described by Maley and Malay (1969).

The method monitors the decrease in absorption at 290nm or 287nm when, 

respectively, dCMP is deaininated to produce dUMP, or 5-methyl-dCMP is 

deaminated to produce dTMP.

Final assay conditions used

Each assay mixture contained, in a final volumes of 0.5ml,

60mM Tris-HCl buffer (pH 8.0); 40pM dCTP; 6mM MgCJ^j 2mM dCMP (or 

5-Me-dCMP); and up to 4mg of protein. Reaction mixtures were incubated 

for 10 minutes at 37°C, and reactions were terminated by the addition of 

1,5ml of cold Q.6N perchloric acid, precipitated protein was centrifuged 

down, and aliquots of 0.5ml were removed and diluted to 5.0ml with water. 

The decrease in absorbance at 290nm (or 287nra), relative to a zero-time 

control, was measured using a Beckman DB spectrophotometer.

Results are expressed as raLinits per gram of protein, one Unit 

being defined as the conversion of lpmole of dCMP to dUMP (or ljjmole of 

5-Me-dCMP to dTMP) per minute at 37°C.

Enzyme activity for a human hepatoma preparation was linear for 

up to 20 minutes at protein concentrations of up to 3mg per assay.

The isotopic and speetrophot ric assay methods for both rat 

and human dCMP deaminases gave comparable results,

Thymiavl ate Cynbriefcase (dTMP Synthetase)

Principle of the I'./.ay

The method used was based on those of Kammcn (1906) and Elford 

al. (1970), The principle involved is that, in the murse of the 

reaction, the hydrogen atom attached to the carbon-5 position of the 

dUMP pyrimidine ring is released as a proton, with substitution of a



I>

74.

r

reduced methylene group at this position to form dTMP, The released

3
proton equilibrates with the aqueous protons. If 5- H-dUMP is used,

3
H is released during the reaction and will appear in the aqueous phase 

of the reaction mixture. On adsorbing all organic constituents of the 

reaction mixture onto activated charcoal (Norit A), the residual 

specific radioactivity in the aqueous phase will be proportional to the 

amount of dUMP converted into dTMP.

Determination of optimal assay conditions

Using an enzyme preparation from human foetal liver it was found 

that saturating levels of dUMP were obtained at concentrations 2.5-fold 

lower than those described in the literature. Lower concentrations 

(IOjiM) of dUMP were therefore used to ensure a higher specific activity

3
of H-dUMP, and thus allow more accurate determination of the very low 

dTMP synthetase levels in human normal and host liver, or in rat normal 

liver.

No dTMP synthetase activity coald be measured when using the 

natural coenzyno 'Nj g-nethylene tetrahydrofolic acid, It was found 

necessary to add tetrahydrofolic acid (THFA) and formaldehyde,and to 

allow Kg, Njg-mothyleoo tetrahydrofolic acid to be generated in Q-iin. 

This may be due to the instability of , N^-methylene tetrahydrofolic 

acid. THFA was stabilised by preparing it in 2,lmM (3-murcaptoethanol.

In this form THFA was stable to storage at -20°C for at least 6 months.

Final Ari»ay. conditionn used

The assay mixture contained,in a total volume of 200yl,

20mM Tris-HCl buffer (pll 7.5); 25mM 2 ' 15,OmM formaldehide? 1.OmM 

. 3,EDTA; 300uM TUFA; 196uM (i-meraaptoethanol j lOyM 5- H-dUMP (approximately 

250yGi/pmolc* dUMP); and up to 2mg of protein. Reactions were started 

by the addition of "^H-dUMP.



75.

Assay mixtures for zero-time and 15 minute incubations at 30°C 

were prepared. Reactions were terminated by adding 1ml of deionised 

water to each tube, mixing,and immediately pouring the contents of each 

tube into a corresponding tube containing 20Gmg Norit A in 1ml of water. 

The contents was well mixed and allowed to stand for 5 minutes. The 

tubes were then centrifuged to spin down the Norit A,and the superna­

tant was filtered using a 22is Millipore filter. One ml aliquots of 

filtrates were placed in scintillation vials,each containing 9ml of 

Instage1. The contents of each vial was mixed well, allowed to equili­

brate, and the via]s were counted to determine radioactivity due to

3
tritiated water. To determine the total counts per minute H-dUMP was 

appropriately diluted,and aliquots were counted in Instagel.

Enzyme activities ate expressed as mUnita per gram protein, one

3
Unit being defined as tne conversion of lyraalo H-dUMP per minute at 

30°C (as reflected by the appearance of an equimolar quantity of tritium- 

labelled water).

Human foetal dTMP synthetase activity was found to be linear with 

time for periods of up to 20 minutes using protein concentrations of up 

to l.Srag per assay. Specific activities of between 0.3 and 150 tnUnits 

per gram protein could be measured.

Estimation of Radioactivity

For all the enzymes assayed, except dTMP synthetase, the scintil­

lation cocktail consisted of 5g of 2,5~diphenyloxaaolc (PPO) and 250mg 

of 1,4-bio-2-(4-mothyl~li"phenyloxa;*.olyl)-benzene (dimethyl P O P O P ) per 

litre of toluene. At a later stage 250mg of p-bis-(a-methylstyryl)- 

benzene (bis-MSB) per litre of toluene war. used in place of the dimethyl 

POPOP. This change did not affect the results. Samples wore equilibrated 

in the dark at 4°c for at least one hour before counting.



Incorporated radioactivity was determined using a Packard 

l’ricarb 3380 liquid scintillation counter, using a 'preset' optimum 

gain setting for tritium. In order to ensure that quenching in the 

two-phase systems was constant, each sample was simultaneously/ counted 

using a 54% gain with 50-200 window setting, and the channel ratio for 

the counts per minute obtained using this setting and the preset 

tritium-setting was determined.

Protein Determination

Protein concjntrutioin.! were determined by the method of Lowry 

et al. (1951). To 1ml of each sample (which had been previously diluted 

to give a protein concentration of 40-120yg/ml) was added 5ml of a 

freshly mixed reagent containing 1 part 1% CuSO^.SH^O, 1 part 2.7% 

potassium-sodium tartrate,and 48 parti; of 2% sodium carbonate in 0.1N 

NaOH. Tubes were mixed well and allowed to stand for at least 10 minutes. 

0.5ml of BBH or Merck Folia Ciocalteu'a reagent, which had been diluted 

with two volumes of water, was added to each tube with rapid mixing, 

Solutions were allowed to stand for at least 30 minutes at room tempera­

ture, and their absorbar ces at 75Onm were then read against a reagent 

blankjUsLv;; a Beckman KB «£-'Uctrophc.taue tor.

For each batch of protein do te * ruinations a standard curve was 

constructed^using bovine serum albumin protein standard.

Statistical Evaluation of Resnl ts

The levels of each enaywo assayed in t.io same typos of tissue or 

cells are expressed an a mean A the standard error of the mean (SEM). When 

comparing corresponding enzyme activities in comparable tissues or cells, 

such as normal versus cancerous liver, the significance of differences 

between the moans + DEM for the two sets of values was calculated by means 

of Student's 't' test, a value of P < 0.01 being considered to indicate 

a significant difference.
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RESULTS

COMPARISON OP ISOTOPIC AND SPF.CTROPHOTOMK'i'RtC ASSAYS FOR dCMP DEAMINASE

The dCMP duaminase activities obtained with different tissues,

3
using tho inotopic assay with H-dCMP and the spectrophotoraatrie assay 

with either dCMP or b-methyl~dCMP as; substrates, are summarised in Table 

4. For rat hepatoma the isotonic and ypuctrophotomeuric methods showed 

similar activities with dCMP as tho substrate. However levels were 

about three-fold higher when rj-Me~dCMP was used as the substrate. For 

human foetal liver comparable4 lewis of activity wore obtained with the 

isotopic and spcctrophotometri ;• methods for dCMP deaminase. Preparations 

from human foetal liver and human hepatoma showed similar activities with 

dCMP and 5-Me-dCMP as substrates when using the spectrophotometric assay.

These results' suggest that rat hepatoma dCMP deaminase metabolises 

5-Me-dCMP more rapidly than di/MP, whereas these two substrates are 

deaminated at comparable rate:; by en;;yme preparations from human foetal 

liver and hepatoma.

COMPARATIVE CTUDII-S OF LEVELS nv ivijjtK. OF i'Yt.TllEHIS

Rat Normal and Host lav-a r,, Transplantable Ilepatomas, and Cell-lines 

Derived froir; the Rat Tranf;plantabie Hepatoma 

Stability of the Kmv/ii.e;mai' ii tKi

Stability studies showed that storage of rat hepatoma tissue at 

-20°C for one wuuk did not lead to loss of activity of thymidine kinase, 

deoxycytidylate deaminase, or the form of DNA polymerase which preferenti­

ally used native tempi ate DMA. On the other hand thymidylate kinase, 

thymidylate synthetase, and the form of DNA polymerase which preferential1 ly 

used denatured template DNA, were found to be labile to storage at -20°C 

even when stored in 40% glycerol.
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Tissues 
or Cells

Rat hopatci.ia

Human foetal

Hun.an hepatoa

DEOXYCYTIDYLATE DKAMH.ABR ACTIVITIES OF RAT 

AND HUMAN NOR M A L AND_ CANCKHOUS LIVER

TABLE 4

Activity (mllai t;:/ijram pro L<jin)

Isotopic Ar;r,ay Spectrophotomutric Ass ay
(s ub:; t rat * (- iC' ir) (subotrate~dCKP) (substrata-

5-MG-dGf!P)

7 4U0 6 500 20 500

liver 5 200 5 500 6 500

;a - 2 2 100 lb 700
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Results similar to those on page 77 were also obtained when rat 

liver and hepatoma tissues were stored at -70°C for one week.

Enzyme Levels

The results obtained for the enzyme levels assayed in extracts of 

rat normal liver, rat transplantable hepatomas,arid the livers of rats 

bearing the hepatomas (host1 liveis) are summarised in Table 5 and 

Figures 3 to 9. The figures shew the activities ot' the ornsymes (expressed 

as raU/gram protein) for each specimen assayed. A line is drawn to join 

the activity in the cancerous tissue* with that in the corresponding host 

tissue. This permits comparison of levels in an individual, thus reducing 

the effects o t  biological variation, e g .  diet. The Table gives the mean 

activities in each tissue, with calculation of the standard errors of the 

means. This permits estimation of t h e  significance of differences between 

the means.

In rat normal and host liver tissues, the predominant DNA poly­

merase fora was that which prefer*ed native template DNA. In both cases 

it can be setn that the ratios uf DNA polymerase activities with denatured 

template DNA and native template DNA were less than one. DNA polymerase 

from rat hepatoma showed a preference for denatured template DNA jWith a 

ratio of activities with denatured I)NA to native DNA of greater than one. 

Rat hepatoma DNA polymetase activities with either native or denatured 

template DNA were significantly higher than those of the respective 

host livers, as well as those from normal livers.

Tdr kinase activities in rat normal liver were not. significantly 

different from those in host rat liver. The mean activities in hepatoma 

were, however, about forty-fold higher than those in host rat liver.

Activities of dTMP kinase In rat normal liver were low, while
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DNA POLYMERASE ACTIVITY (WITH NATIVE DMA TEMPLATE) 
IN RAT AND HUMAN ?.Q. MAL ADULT, liOCT, CANCEROUS AMD 

B'OETAL TISSUES, AND CELL-LINES ’

FIGURE 3

c
'55
o
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£
o
I-
cn
<n
'c

A lino is drawn to join the; activity in cancerous tiutme with that 
of corrospondiny horst tif.Buu where; applicable.

Key: «
A

x -

.iutopoy tiuiiUH 
suryica 11 y r>anovtsi 
human hepatoma & ho:;t 
liver
suryic ‘1 l.y biopuied 
human hepatoma

N - normal 
tl - hoot 
F - foetal
Ca - cancerous
PtI - Proaojjky hepatoma cells
Ntl - Nourue hepatoma cells
AH - Alexander hepatoma cells
AO - Alexander oer.ophageal Ca cells



m
U

ni
ts

/g
ra

m
 

pr
ot

ei
n

DNA POLYMERASE ACTIVITY (WITH DENATURED DNA TEMPLATE) IN RAT 
AND HUMAN NORMAL ADULT, HOST, CANCEROUS AND FOETAL TISSUES,

AND CELL-LINES"

FIGURE 4. g2 _

K e y : Sea Figure 3*
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FIGURE S

RATIO OF DNA POLYMERASE ACTIVITIES WITH NATIVE AND 
DENATURED DNA TEMPLATES IN RAT AND HUMAN TISSUES,. AND CBLL-LINiSS

Key: Si.u Figure i.
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500r

400-

300J-

275f

250-

PIGURE 6

THYMIDINE KINASE ACTIVITY IN RAT AND 
HUMAN NORMAL ADULt T H U S T C A N C E R O U S  
AND FOETAL TÎ '.BUKLy AND CELL-LIUES. "

200 -

150-

100

50

q L*S* JfL t .................' ■“ I  11

N H Ca PH NH N H Co F PH AH F H Cd AO
t

Rat Liver Human Liver 1— Human- 1 
Oesophagus

• *
• •
• I

F Qa 
Human 
Brain

See Figure 3.
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THYMIDYLATR kinase activity in rat and human normal j
ADULT, HOUT, CANCEROUS AND FUETAL TISSUES, AND CELL- j

LINES 1
{i

FIGURE 7. 05. *,

Keyi Soc Figure 3.
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FIGURE 8. 86.
THYMIDYLATE SYNTHETASE ACTIVITY IN RAT AND HUMAN NORMAL 
ADULT, ~HOST, CANCEROUS AND FOKTAl7 TISSUES, AND CELL-LINES

* •

“T-'—T -

Human human 
Oesophagus Brain

Key; see Figure? 3.
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DEOX YCyTIDYLATE DEAMINASE ACTIVITY IN RAT_ AND HUMAN
NORMAL AD /f,.HOf;'1T7"~CAIKIF,r’cJIUf‘ aVJij i<YjKTAL fuU-flJÊ i, AMD

~CELL-LINES~~

FIGURE 9. 8 7.

Key: See F'.yir-o 3,
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those in host rat livor were undetoetable, Levels of activity of this 

enzyme were significantly increased in rat transplantable hepatomas,

dl’MP synthetase activities in normal and host rat livor tissues 

were low and did not differ significantly. Levels of this enzyme in 

the rat transplantable hepatomas were fifty-fold greater than those in 

host rat liver.

Levels of dCMP deaminase were about two orders of magnitude 

higher than the other etu-’yrnes assayed. It was again found that activities 

in the rat hepatomas were .‘significantly greater than those in normal or 

host rat liver tissues.

It is thus clear that the activities of the enzymes of DMA 

synthesis assayed were significantly increased in transplantable rat 

hepatomas,when compared with rat normal or host liver. With the exception 

of dTMP kinase, the levels of the enzymes assayed appeared to be slightly 

elevated in rat host livers in comparison to those in rat norr.al liver, 

although the small number of samples assayed renders these differences 

statistically insignificant.

The activities of DKA polymerase, Tdr kinase, dTMP kinase, dTMP 

synthetase,and dCMP deaminase in the NRH and PRH hepatoma cell-lines 

are summarised in Table h and figures 3 to 9.

It can be seen that, the levels of DNA polymerase were higher in 

the NRH cells than in the PHH cells. Both cell-lines showed a preference 

for denatured DNA template, although this was much more marked in the 

case of the NKH cells than in the PRII cells.

Levels of Tdr kinase were very low in the PRO cells, being some 

24-fold lower than those, in the NRH cell-line.

The mean activities for dTMP kinase in the two cell-lines were



89.

TABLE 6

A COMPARISON OF THE LEVELS OF KEY ENZYMES OF DNA SYNTHESIS 
IN THE NRH AND FKH KAT HEPATOMA CELL-LIMES

Enzyme Activity (mUniti /gram protein)*
NRH cel It;

63.2 ± 14.8 (5) 

95.9 + 10.6 (5)

1.71 ± 0.22 (5) 

241 + 55 (5)

PRH cells

DNA Polvmorase

with native DNA template

with denatured DNA template'

_ . . . , . . t . denatured DTIARatio: Activities --- :---native DMA

30.1 i 2,6 (4)

35.1 ± 10.9 (4)

1.12 i 0.29 (4)

Thymidine Kinase 10.0 ± 8.9 (4)

Thymidylat'*' Kinar.e 289 ±5 5  (5) 274 ± 163 (4)

Thymidy 1 a t e Syntho t. i no 34.9 + 10.6 (5) 8.08 + 2.47 (4)

Deoxycy tidy late Doam i xinjsn 7 470 -+ 750 (5) 2 890 ± 1 220 (4)

Results are expressed an a rrman i the standard error of the mean, 
with tho number of samples ar.uayod uhown in parentheses.



comparable, but levels in both cell-lines showed considerable variability 

at different cell harvestings.

The levels of dTMP synthetase and dCMP deaminase wore higher in 

the NRH cell-line.

The levels of activity of the enzyme;; assayed in the NKH rat 

hepatoma cell-lines were consistently higher than those in the hepatoma 

tissue from which they were derived. These findings are in keeping with 

the very rapid growth rate of this cell-line. On the other hand the 

fact that the PRH rat hepatoma cell-line was grown under conditions 

which were known to be fmb-optiwal fur the growth of these cells can be 

correlated with the lower activities of the enzymes or **HA, synthesis in 

these cells.

Human Adult Normal and Foetal Livers, Hep:?t-.:’iias, and Cell-lines 

Derived from Human Hi-patcra.:!

Stab ill ty o f the EnsyrmM ytu. iied

Stability studies using human foetal liver and hepatoma tissues 

showed that Tdr kinase and dCMP deaminase were stable to storage at -?0°C 

for periods of up to five* month-;. DNA polymerase, dTMP kinase and 

thymidylate r.ynthota:.:« were unstable to any form of storage ar.d ha3 to 

be assayed immediately.

Enzyme Levels in l iver Tissues

The results obtained for levels of these enzymes in human normal 

adult liver# host liver, hepatoma and foetal liver are shown in Table 7 

and Figures 3 to 9. A line is drawn to join the activity in the cancerous 

tissue with that of the corresponding host tissue. This permits compari­

son of levels in an individual, thus reducing to a minimum differences 

due to biological variation, dietary states, effects of drugs, and 

enzyme changes occurring in the dying patient.
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Prom the Table it can bo seen that 1ovals for tho DNA polymerase 

forms using native* or denatured template DNA preferentially, increased 

in tho order normal livor < boat liver < hopatoma < foetal liver.

Whereas DNA polymerases from human normal, and host livers showed a 

preference for native template PNA, tho forma predominant in hepatoma 

and foetal livor showed greater activitier, with denatured template DNA, 

Figures 3 and 4 jhow that, although there was conaiderablo overlap of 

values for hepatomas and hoot livens, when individuals arc* considered 

there vras an increased level in the hepatomas in nearly every case.

Levels of Tdr kinar.e in normal, Lost and cancerous hu»<an liver 

were comparably, whereas activity was about ten-fold greater in human 

foetal liver.

dTMP kinaae ;.;:u>we.;l a pattern similar to the DNA polymerases with 

the lowest mean levels in adult normal liver and the*highest in foetal 

liver. Figure 7 whows that, at; for PNA polymerase, despite overlap of 

values far host liver;.; and hepaU.-uut), tho level in the hepatoma from a 

particular patient wa:; higher than that in the corresponding host liver 

in all cases but one.

Activities of d’J'MI* synthetase in noit.ial liver and host liver were 

undetectable or very low. Levels in hepatomas were higher, but still 

considerably lower than the activities found in foetal liver preparations.

The levels of dCMi1 deaminase in the human liver tissues were found 

to bo two-to-three orders of magnitude greater than the other enzymes 

assayed. Similar observation;; (page b$ ) were made in the case of rat 

dCMP deaminase. This is the only onayme assayed for which levels were 

higher in human hepatoma tir-tmes than in foetal liver.

With the exception of Tdr kinase^ the levels of all of the enzymes 

assayed were significantly elevated in human hepatoma tissue when com-



pared with those in normal and host liver. It is of interest that the 

levels of DNA polymerase, dTMP kinase and dCMP deaminase were higher 

in host liver than in normal liver( although, possibly due to the 

small numbers of normal livers assayed, only DNA polymurase was 

statistically significantly higher.

Levels 3f L'n^ym^s in Foot.il Live*rs nt_ Differ en t Gi -s ta t i ot j a 1 Ages 

The levels 01 human loetal liver Tdr kinase, dTMP kinase, dTMP 

synthetase, dCMP deaminase*, and the forms of DNA polymerase preferring 

native or denatured DNA templates are plotted in Figure 10 as a 

function of gestational age. It can be seen that the levels of these 

enzymes are not constant but increase in activity in three regions: at 

twelve, eighteen to twenty, and twenty-five weeks gestation. Although 

all of the enzymes assayed showed t.lus periodicity, they did not all 

show the same percentage increase in activity.

Enzyt/.Q Love Ic in tlj.m'trv̂ I M ’it :, 1 c»_-l 1-1 ines

Table b comparer the levels of some key enzymes; of DNA synthesis 

in the AHEi and PHH cell-lines.

It can be seen that DNA polymerase levels with both native and 

denatured template LUA’o were two-fold higher in the PHH cell-line than 

the AHH cell-line, and that in buth ca^es the predominant form of tht 

enzyme was that which preferred denatured template DNA.

Tdr kinase, dTMP kinase and dTMP synthetase activities were greater 

in the PHH coll-line than in the AHH cell-line. On the other hand, dCMP 

deaminase levels were four-fold higher m  the AHH cells than in the PHH 

cells.

The levels of the enzymes in the slow-growing AHH cell-line were, 

on the whole, comparable with the levels measured in human hepatoma tissue 

whereas those in the PHH cell-line correlated well with the known rapid 

growth rate of this coll-line.



Pe
rc

en
ta

ge
 

A
ct

iv
it

y

FIGURE 10

key Gestational Age (weeks)
■“0— °~ DNA Polymerase (Nat t*mplate)

DNA Polym erase (D enat template)
-* ----- dTMP Synthetase
—A— A— Tdr Kinase
■ -A" • "A"— dTMP Kinase

tjCMP Le.iminase

A':T IVIT I tO.i OF KEY ENZYMES OF DNA SYNTHESIS IN THE LIVERS 
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TABLE 0

A COMPARISON OF THE LEVELS OF KEY ENZYMES OF DNA 

SYNTHESIS IN AilH AND PtiH HUMAN HEPATOMA CKLL-LINES

Enzyme Activity (tnUiiita/yraw protein)‘'u
AHII Ci111H

9.00 (1) 
1G.0 (1)

1.U4 (1)

PHH cells

DNA po 1 y:r.e r a s e
with native DNA template
with denatured DNA template

i • . ... denatured r.N'A Ratio: Activitifi; — —  nativu DMA

17.0 + 1.5 (7) 
30.6 +. 3.0 (7)

1.81 + 0.12 (7)

Thymidine Kin.ift- 10.7 (1) 317 i 47 (7)

Thym icly 1 a t u K1 n a r. e 149 (1) 4t>2 ± 67 (7)

Thymidyla tu Synthe t.r:u 0.76 (1) 35.2 + 11.9 (5)

Dooxycyti iy 1 v • Dean; 11;. 2G 100 (1) 7 10U * 980 (7)

* Results ace expr>n;,;t,*d a-; a mean ‘ the standard errer of the
mean, with the number uf sampler: tihown in parentheses.



Human Foetal, Host and Cancerous Oesophageal Tissue, and an 

Oesophageal Cancer Cel 1-11 tie

Table 9 shown a comparison of the levels of DNA polymerase, Tdr 

kinase, dTMP kinaoe, dTMP synthetase and dCMP deaminase in human foetal, 

host and cancerous ot'Hophagoal tissue, and in a human ouuophagoal cancer 

cell-lino.

Levels of the DNA polymerase fv-nus preferring both native and 

denatured template DNA were o  >;■,parable in foetal and host oesophageal 

tissue and were only 2-to 3-fold higher in cancerous-; oesophageal tissue. 

In the AHO cell-line levels were about 10-to 20-fold higher than those 

in cancerous tifuue. In all cases*, the form of the: enzyme showing a 

preference for denatured tump] ate DNA predominated.

The level;; cf Tdr kina.-x» increased in the ordej, foetal < host < 

oesophageal cancer < AHO cell-line. Activity in the AHQ cells was seven­

fold greater than in tioyuphaguvil cancer tinnuo,

in the casn of dTKP kina..?u level:; in foetal and cancerous oeso­

phageal tissue wore lower than in the single Hpecimen of host tissue 

assayed. High level:.; of the unsryriiU wore found in the AHO cell-line.

Levels of dTMP synthetase* wore undetectable in host oesophageal 

tissue. Relatively low level:; were measured in foetal and tumorous 

oesophageal tissue and the activity in the AHO cells wan some two-fold 

greater than in the tumour tissue.

Levels cf dCMP deaminase increased in the order host < footal < 

Ca oesophagus «*« AHO cnllt,. Tho levels of this en;.yme in the AHO colls 

were amongst the highest; measured in the present study. As was the case 

for human liver tissue, it wat; found that level:; of dCMT deaminase were 

generally two- to three-orders of magnitude higher than those of the 

other enzymes assayed.
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The pattern of increased activity of DNA polymerase, dTMP Kinase, 

dTMP synthetase and dCMP deaminase in human normal and cancerous liver 

tissues was generally not well demonstrated by the moan levels measured 

in normal and cancerous oonophageal tissues. However in the single 

matched oesophageal host-tumour pair (Figures 3 to 9) it can bo seen 

that, with the exception of 4TMP kinase, levels of the enzymes assayed 

were elevated in trie cancerous tissue.

Thymidine kinase levels in cancerous oesophageal tissues were 

increased in contrast to the finding of normal levels; for this enzyme in 

human hepatoma tissue.

Human Meningioma .and Human * t 11 Drain

Due to the availability of human meningioma tissue it was thought 

of interest to assay the lovt?ls of thv. ‘j om'ymes of DNA v' nthusis in this 

tissue. Normal meninges were not available. In addit, the ensymes 

were assayed in hu::.an foetal brain cortex, although it was realised that 

this was not analogous to the parent tissue from which the meningioma 

was derived.

Table 10 yhuws the levels of DNA polymerase, Tdr kinase, dTMP 

kinase, dTMP synthetase and dCMP deaminase in human meningioma and foetal 

brain.

DNA polymerase activities with native and denatured DNA templates 

were lower in meningiomas than in the foetal brains. In both tissues the 

form of the enzyme showing a preferenre for denatured DNA template 

predominated.

Levels of Tdr kinase and dTMP kinase were respectively two- and 

ten-fold higher in foetal br.'in than in meningioma tissue.

No dTMP synthetase activity was detectable in meningioma tissue.
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A COMPARISON OF THE LEVELS OF KEY ENZYMES OF DNA SYNTHESIS 

IN HUMAN FOETAL UFAIN AND MENINGIOMA TISSUE

TABLE 10

Enzyme Act.i vj ty <nCJiti t:;/'frar.< protein) *
Human Fui:tal hi a m Human Menin jioiuu

DNA Polymerase
with native DNA template 15.8 + 1.96 (5) 3,21 + 0.70 (4)
with denatured DNA template 22.5 + 6.01 (5) 4,M2 + 1.06 (4)
„ .. „ ., .,, denatured DNARatio: Act1 vities ---native DNA 1.52 4 0.50 (5) 1.55 .t 0.12 (4)

Thymidine Kinase * > r. j 4 6 . B (f>) 10.3 * 3.4 (4)

Thymidylate t. inane 201 t 40 (5) 23.6 ±3.1 (41

Thymidylate ;:.ynthetaae '). 76 4 3.53 (5) N/D (4)

Deoxyeytidylate Dearainat-ie 3 ;:t.n 4 1 590 (5 j 4 480 * 1 030 (4)
. . . , ... ... , , ,i...j .* -»• . -1_L — ___ ______________.. ,-mm-j

* Results arc* expressed ac-s a mean .* tho fttantlatd error of the mean, 
with the uumber of sar.pU-n .i.'-sayoi shown in parentheses.

N/D = no detectable activity.



Levels of dCMP deaminase in foetal brain and meningioma were 

comparable,

Tho levels of DNA polymerases and Tdr kinase in human meningiomas 

were similar to the levels of the corresponding enzymes in human hepa­

tomas. Levels of dTMP kinase and dCMP deaminase wore respectively two- 

to three-fold, and three-* to t'uur-foUl higher in human hepatomas than 

in human meningiomas. dTMP synt.hetasi* activity which was present at low 

levels in hepatomas was not cU*t**otablc* in the meningiomas.



It is desirable to undertake studies on human tissue in order to 

check the validity of the extrapolation of results using other animals 

(eg. the rat) to the human situation. For exaraple( drug regimens are 

frequently based on the blocking of enzymes which catalyse key metabolic 

steps in DNA synthesis in animal tissues or tumours. There are, however, 

difficulties and disadvantages associated with the use of human tissues. 

These include limited availability, uncontrolled variability duo to age, 

sex, diet and pathology, and delays in obtaining tissues after death. By 

comparing apparently uninvolved parent tissue from the same patient from 

whom the tumour is obtained, at least some of these variables can be 

reduced.

Although a number of the hepatoma patients had received chemo­

therapy aimed at blocking DNA synthesis, levels of the enzymes assayed in 

hepatomas of these patients were found to be in a range similar to those 

in patients who had received no treatment. Death had generally intervened 

i" the initial stages of chemotherapy. It was hoped that levels of the 

enzymes of DNA synthesis in biopsiea samples of tissue might be investi­

gated before and during treatment. Hewever the risks to the patients of 

such investigations could not be *usiti£ied.

ASSAY METHODS

Assay mothods for DNA polymerase, Tdr kinase, dTMP kinase, dTMP 

synthetase and dCMP deaminase were modified so that assay conditions were 

optimal for human foetal and hepatoma tissues. Saturating levels of sub­

strates were used and reaction rates were linear during the. assay incubation 

periods. The use of isotopically*-labelled substrates allowed sufficient 

sensitivity for the measurement of the very low levels of activity of some 

of these enzymes (eg. dTMP synthetase) in human ndult norma), liver.

DISCUSSION
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In the case of DNA polymerase, Ove et al. (1969a) found that the 

enssyme forms characteristic of non-dividing adult liver tissue and of 

rapidly-dividing foetal, regenerating or neoplastic liver could be 

distinguished by their preference's for, respectively, native and 

denatured template DNA. In the present study DNA polymerase levels of 

each tissue preparation were measured using both types of template DNA, 

and the major form of the enzyme activity was determined from the ratio 

of the enzyme activities using the two types of DNA template.

The isotopie and spectrophotomutric methods for the measurement 

of dCMP deaminase activity gave comparable results when used to measure 

the levels of activity in extracts from rapidly dividing human or tat 

liver tissues.

STABILITY- OF THE KNSYMKS A:VAV?-.I> FROM HUMAN TISSUES

DNA polymerases from human foetal, normal and cancerous liver 

tissues were unstable to storage at both -20°C and *-70°C, confirming the 

finding of instability of tills enaymo from rat regenerating liver by 

Mantsavinos (1904). Similarly dTMP synthetase was unstable to storage 

at these temperatures, a finding which is in agreement with that for the 

enzyme from Khrlieh a:3cit<-s cells (hartmami and Heidolberger, 1901). The 

activity of human liver dTMP kinase was also found to decrease on storage 

at these temperatures, which in in agreement with the instability on 

storage report *d for the en?,yme from human leukaemia blast cells (Lee 

and Cheng, 1977). On the other hand, the enzyme from rat liver is stable 

to storage (Bukovsky and Ruth, l'J(i'i). Tdr kinase; did not lose activity 

on storage of human liver tissues a< -20°C, a finding which differs from 

that for the rat liver en/.yme (Bresniek and Burleson, 1970; Adelstein 

et at., 1971) . dCMP de.imina.se activity in the human liver tissues was 

stable to storage at -20°C for several months. However it was necessary
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to extract the enzyme activity using homogenising medium containing

0.5mM dCTP. The latter finding is in agreement with that of Sneider 

and Potter (I960) for the enzyme from rat hepatomas.

STUDIES OF LEVELS OF SOME ENZYMES OF DNA SYNTHESIS IN HUMAN 

AND RAT TISSUES AND CELL-LINES

The activity of ribonucleotide reductase has been shown to 

correlate well with growth-rate in rat transplaxitable hepatomas (Elford 

et at. , 1970). It was originally intended that measurement of the levels 

of activity of this enzyme would be included in the present study. How­

ever it was found that ribonucleotide reductase activity wars very 

unstable and that the assay procedure (as described by Reichard, 1972) 

was too time-consuming to allow the assay of this enzyme in parallel with 

other enzymes of DNA synthesis. Assays for this enzyme wore therefore 

not included in the present study.

Rat Normal and Host Livers, Hepatomas, and Hepatoma Cell-lines

The levels of the key enzymes of DNA synthesis were found to be 

low in rat normal liver, ao found by others (Ferdinandus et at., 197If 

Sneider ti al., 1909; Weber, 1974).

DNA polymerase activity showed a preference for native DNA as a 

template, confirming the results for rat liver DNA polymerase of Iwamura 

et at. (1968), Ove et at. (l'.iGOa & b) and Baril and Laszlo (1970).

Levels of dCMP deaminase were at least an order of magnitude 

greater than the levels of the other enzymes assayed in the present study.

The activities of the enzymes assayed in the livers of rats 

bearing transplantable hepatomas (host livers) were also found to be 

low. However^ with the exception of dTMP kinase activity, which could 

not be detected, the ranges of activity for each of the enzymeo appeared 

to bo slightly elevated in comparison with the levels of the corresponding
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enzymes in rat normal liver (Table 5). This suggests that there may be 

some tumour-induced, possibly serum-mediated, effect on tho enzymes of 

DNA synthesis in the host livers of hepatoma-boaring rats, as has also 

been proposed by fihirasaka and Fujii (1975). The absence of dTMP 

kinase activity in rat host livers differs from the findings of these 

authors,however, since they observed that levels of this enzyme were 

increased in the hast livers of rats bearing Yoshida sarcoma tumours.

Failure to measure dTMP kinase activity in rat host liver in the present 

study was not due to faulty reagents or assay conditions since high 

levels of this enzyme were found in the corresponding hepatoma tissues 

which were assayed simultaneously.

The levels of tho fnaymufs assayed in rat transplantable hepatoma 

tissue showed statistically significant increases over the levels of 

these enzymes in rat normal liver.

Levels of the form of DNA polymera: ■ • which prefers denatured 

template DNA increased to a greater extent than those of the form using 

native template DNA, so that fclu? former became the predominant form in 

the rat hepatomas. This finding is in agreement with those of iwamura 

et al. (t'JGd) , Ove ct al. (196'Ju) and Haril and Laszlo (1970) for neoplastic 

rat liver tissues.

It can be seen from Table 11 that the activities of these enzymes 

of DN/. synthesis in the 3 ’ M^-DAB-induced rat hepatoma corresponded with 

thor'* rt*| -rted by Weber (1'j7<3) for a rapidly-growing Morris 3683P rat 

hepatoin u The rapid growth rate of the hepatoma used in tho present study 

is attested to by the reservation that death of the host rats bearing the 

3’ Mo-DAB hepatomas occurred within three to four weeks after implantation 

of tne tumour. The elevated levels of these enzymes of DNA synthesis in 

tho rat hepatoma tissues suggest that both tho dc novo and salvage path-*
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TABLE 11

RATIOS OF ACTIVITlKy OF DNA SYNTilBlJlU IN 
RAT HEPATOMAS TO T!i< K'h IN RAT NORMAL LIVKR

Enzyme 3' Mo-DAB Hepatoma 3683F Hepatoma 
(from Webur, 1974)

DNA polymerase 
(denatured DNA 
template)

2b 58

Tdr kinase 50 100

dTMP kinase 105 (approx 71*)

dTMP synthetase 70 29

dCMP deaminase 70 8

 ̂ No value; iij ijiv*.u for dTMI' k i H i  the 3633F hepatoma. 

However the activity appear:: to be similar to that 

listed in the same reference for the rat Novikoff 

hepatoma. Rooultn for this hepatoma are therefore 

listed here in place of the* 3683F hepatoma.



ways leading to dTTP and DNA synthesis are markedly elevated in this 

rapidly-growing tissue.

The activities obtained for levels of the enzymes of DNA 

synthesis in the rat hepatoma coll-1ines sht.;.ea scatter over a wide 

range. It can however be seen that, with the exception of dTMP syn­

thetase, levels of those enaymus in the NRH coll-line were higher than 

in the tumour tissue from which the cell-line was derived. These cells 

had a doubling time of 22 hours and were dedifferentiated (Albrecht et al. 

1972); the high level« of the enzymes of DNA aynthosia thus correlate 

well with the rapid-growth rate of these cells. The very high levels of 

dTMP kinase measured in the NRH colls are in agreement with the corre­

lation between growth rate and dTMP kinase activity in Chang liver cells 

(Eker, 1968).

The PRH cell-line was cultured under conditions which were 

optimal for the growth of the Pfltl human hepatoma cell-line. It was found 

that these conditions were not optimal for t;.e growth of the PRH cell- 

line and that the growth rate of these cells was slower than that of the 

NRH cell-line. Ceils wore harvested at upptuxi. mutely the tunc of 

confluency,and it was found that the levels of the enzymes assayed showed 

a wide variation at different eell-harvestings, Generally the range of 

levels of the enzymes assayed war; similar to those found for rat hepatoma 

tissue, with the notable exception of Tdr kinase. Tho very low levels 

measured for this enzyme suggest that the salvage of thymidine plays a 

relatively insignificant role in DMA metabolism in the PHI! colls.

A possible explanatIon for the wide ranges of enayme levels 

obtained for both the NRH and PRH cr’ll-lines in that,despite attempts to 

harvest cells just bofure the time of confluency,the actual growth rates 

of the cells at the time of harvesting may have varied. In this respect
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it has been shown that cellular DNA synthesis and the levels of key 

enzymes involved in the production of DNA in human HeLa and Chang cell- 

lines vary according to the growth stage of the cells (Brent et al.,

1965 and Eker, 1968).

Human Normal and Host Livera, and Hepatomas

The levels of the enzymes DNA polymerase and dTMP synthetase in 

human normal liver wore low or, at times, undetectable,, suggesting that, 

as in rat liver, there is little or no DNA synthesis in differentiated 

human normal liver. DNA polymerase activity was greatest when native 

template DNA was used. It is of interest that the levels of Tdr kinase 

and dCMP deaminase were notably higher in adult human liver tissue than 

in the corresponding rat tissue. High levels of dCMP deaminase in human 

adult normal liver have been described by Giusti et al. (1970). These 

workers reported levels which were four-fold greater than those measured 

in the present study, but it should be noted that they used an assay 

based on the measurement of ammonia released, which would be less specific 

than the iaotopic assay used in the present study. The metabolic signi­

ficance of the elevated Tdr kinase and dCMP deaminase activities in human 

normal liver is at present not clear.

In human host liver DNA polymerases, using either native or 

denatured template DNA's, showed statistically significant increases in 

activity. The ratios of the enzyme activities using the two types of 

template DNA suggest that the DMA polymerase using native template DNA 

preferentially is still the dominant form of the enzyme in this tissue.

Levels of Tdr kinase activity in human host livers were in the 

same range as those for the enzyme from normal livers. The range of values 

for Tdr kinase activity in human host liver was comparable wi ’„h that
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measured in human kidney tissue adjacent to hypernephromas by Gordon 

et al. (1968).

The activities of dTMP kinase in human host livers were about 

three-fold higher than the levels of this enzyme in human normal adult 

liver. The levels of dTMP kinase were again comparable with those 

measured in kidney tissue adjacent to hypernephromas by Gordon et al. 

(1968).

The levels of dCMP deaminase in human host livers appeared to be 

elevated in comparison with human normal livers, although the differences 

were not statistically significant.

The finding of increased DNA polymerase and dTMP kinase activities 

in human host liver is similar to the increases in these enzymes reported 

by Shirasaka and Fujii (1975) for livers in rats bearing Yoshida sarcomas. 

The elevated DNA polymerase, dTMP kinase and dCMP deaminase activities in 

human host liver may also reflect regeneration or repair of damaged cells 

in this tissue. In this respect it has been shown that dCMP deaminase is 

elevated in most acute liver conditions in humans (Miller and Ressler, 

1969). If this is the case tin.- absence of dTMP synthci ase in human host 

liver suggests that, during the regeneration or repair processes, dTMP is 

produced primarily via tun Tdr kinase salvage pathway or possibly via a 

dCMP deaminase-catalysed conversion of D-~methyl~dCMP to dTMP, as is 

discussed on page 114.

Levels of DNA polymerase in human hepatomas were significantly 

higher than those in normal or host liver. DNA polymerase activities 

showed a preference for denatured template DNA, a finding which is in 

agreement with that for rat transplantable hepatomas in the present study.

Tdr kinase levels showed no significant difference from those in 

human normal or host liver. These results are in agreement with those of
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Gordon et al. (1968) for human lung carcinomas, and Laszlo et at. (1969) 

human colonic canecr. The absence of any increase in Tdr kinase 

activity in human neoplastic liver is the most striking difference 

between human hepatoma tissues and the rnt transplantable hepatoma.

Failure to show increased Tdr kinase activity Is not a property of all 

human cancerous tissues, since the levels of this enzyme have been shown 

to increase in human carcinomas of the caecum, rectum, tonsil, tongue, 

larynx, manjnary gland, and in bone sarcomas; and to decrease in hyper­

nephromas, relative to the corresponding host tissues (Gordon et al.,

1968).

Levels of dTMP kinase were aignilicantly increased in human hepa­

toma i;j uv,:.;..arison with normal or host livers. Similar increases in dTMP 

kinase activity have been reported tor hu.i.an carcinomas of the caecum, 

rectum, uterus, tonsil, tongue, larynx, mammary gland and lung, and for 

bone sarcoraas and hypernephromas (Gordon et al. , 1968) .

Measurable dTMP synthetase acii/ity wos present in human hepatoma 

tissue, confirming that the do w?VC pathway of dTMP synthesis is operative 

in human cancerous liver. Levels of the enzyme were however very low in 

comparison with those in rat hepatoma.

Signifi'v .“-.ly higher levels of dCMP deaninase were found in human 

hepatoma compared with human normal or host livers. This finding is in 

agreement with those of Giusti ei al. (1970) who found that dCMP deaminase 

activity was increased, relative to the corresponding non-malig. .at 

tissues, an human epidermoid and basal cell carcinomas of the skin, and 

in carcinomas of the uterus and ovary. These authors also reported high 

levels of dCMP deaminase in human malignant, melanomas, breast and lung 

carcinomas, adenocarcinomas of the colon and rectum, and in a malignant 

neuroma.
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As can be seen from Figures 3 to 9 the levels of the enzymes 

in surgically-removed or biopsiod human hepatoma tissues were in the 

same range as the enzymes assayed in tissues obtained at autopsy.

These findings confirm that, although some of the enzymes are unstable 

to storage (page 102), the rapid removal of tho autopay tissues and 

rapid preparation of the tissues for assay permitted reliable estimates 

of enzyme activity in the autopsiud liver tissues.

The levels of these key enzymes of DNA synthesis in human hepa­

tomas were, with the exception of Tdr kinase, increased relative to 

human normal or host liver tissues. On the other handj tho relatively 

slight increases in the levels of these enzymes in comparison with those 

in the rat hepatoma suggest that the human hepatomas arc characterised 

by a slower growth rate. This observation is in agreement with the 

recent findings that the incorporation of Tdr into DNA in human hepatoma 

tissue was not increased,in comparison with human normal liver, whereas 

the catabolism of Tdr was slightly decreased (Weber cl at., 1976b).

These workers concluded that human hepatoma tissues showed a 'low to 

medium' malignancy and growth rate. The finding by Weber et at. (1976b) 

that the incorporation of Tdr into DNA in human hepatomas is comparable 

with that in normal livvr tissue may be explained by the finding of 

the present study that Tdr kinase activity is not increased in human 

cancerous liver.

Human Foetal Liver;;

Differences in the enzyme levels assayed in human hepatoma tissue 

suggested that the pattern of DMA metabolism in this tissue was altered 

in comparison with host or normal, liver. Since Potter (1%8) has sug­

gested that the metabolic pattern of hepatomas may resemble that, of foetal 

liver cells in a state of blocked maturation, the levels of key enzymes of
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levels of all of the enzymes, with the exception of dCMP deaminase, were 

found to be significantly higher than those in human hepatoma tissue. 

Activities of dCMP deaminase were significantly lower in human foetal 

liver than in cancerous liver. Tho finding of very high levels of Tdr 

kinase in foetal liver suggest:.: that the salvage pathway is active in 

human foetal liver. The levels of Tdr kinase were much lower in human 

hepatoma tissue when compared to human foetal liver and this would 

suggest, according to P o t t e r t h e o r y  of oncogony as blocked ontogeny 

(Potter, 1962), that the human hepatoma cells more elocely resemble 

differentiated adult liver cells rather than human foetal liver cells.

It is however important to note that foetal livor is primarily a haerao- 

poietic organ and that the relative proportions of haemopoietic to 

parenchymal cells at the different stages of flotation are not known.

The present study does not distinguish between the contributions of 

these two cell types.

The levels of the key enzymes of DNA synthesis were, not constant 

at all stages of foetal development, but appeared to show consistent 

alterations in activity at different gestational ages (Figure 10). This 

variation suggests that specific peak periods of DNA synthesis occur in 

foetal liver during gestation. Periodic DNA synthesis has been reported 

during the development of rat foetal brain (Winick, I960; Fish and 

Winioc, I960) and during the erythropoietin-stimulated transformation of 

cultured mouse spleen cells (koodrnun at al. , 1076) . Mukherjee and 

Hastings (1973) have shown that in human foetal liver, during the period 

of eight to fifteen weeks gestation, there is a decrease in Tdr incor­

poration into DNA at twelve weeks followed by an increase to the eight- 

week levels of Tdr incorporation by fifteen weeks gestation. In contrast
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to these findings j the observations of the present study suggest that 

the activities of the key enzymes of DMA synthesis increased at twelve 

weeks gestation, with decreases at fou.teen to fifteen weeks ,and sub­

sequent increases between weeks eighteen to twenty. Studios of DNA 

synthesis In developing human foetal liver would need to bo concurrently 

undertaken with assays for the levels of the key enzymes of DNA 

synthesis to clarify the rclationshi r> between the enzyme levels and 

synthesis of DNA.

Human Hepatoma Coll-I lit - • s

Levels of the ensymes assayed in the AUH coll-line were in the 

same range ar. those in human hepatoma tissues. The cell-line is 

characterised by a very slow growth rate, this in fact being the reason 

why adequate material for the assay of the enssymes of DNA synthesis 

could only bo obtained on a single occasion. Of particular interest are 

the findings in the AKH cell-line of low Tdr kinase and high dCMP 

deaminase activities which are also characteristic of human hepatoma 

tissues.

In contrast to the slow growth rate of the AHH cell-line, the 

PHH cells showed a very rapid growth rate. This was also reflected by 

the levels of the enzymes of DNA synthesis. Although these showed a 

wide scatter, they were {with the exception of dCMP deaminase) higher 

than the corresponding ranges of activity in human hepatoma tissues.

In general the pna cell-line appeara to represent a selection for a 

rapidly-growing cell, population which is not truly representative, in 

terms of DNA metabolism, of human cancerous liver tissues.

The ri''-ults of studies on the levels of these emsymos in human 

hepatoma coll-lines suggest that care should be taken in interpreting 

results obtained with these coll-linen, since it appears possible that
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rapidly growing cull types which are not representative of the parent 

tissue may be selected during the establishment of the line.

Human Foetal, Host and Cancerous Oesophageal Tissues,and an 

Oesophageal Carcinoma Cell-lino.

Levels of the enzymes assayed in human foetal oesophageal tissue 

were relatively low in comparison with Lhasa in human foetal liver. With 

the exception of dTMP kinase, higher levels of activity were found in the 

cancerous oesophageal tissue than in a segment of apparently normal 

oesophagus biopsied from a site adjacent to the cancer. Enzyme levels in 

the tumour tissue wore, with the exception of dCMP deaminase, in a similar 

range to those in human hepatoma tissue, suggesting that tumour specific 

alterations in DNA synthesis also occur in oesophageal cancer.

DNA polymerase activities assayed in host oesophageal tissue 

showed a marked preference for denatured template DNA. This may be due 

to the fact that the basal cells in this tissues are constantly dividing 

to replace cells lost at the mucosal surface.

The levels of the enzymes assayed in the AHO cell-line were very 

high, particularly in the case of dCMP deaminase. Enzyme activities in 

these cells showe 1 little similarity to those in the human cancerous 

tissue from which the cell-line had been derived. This suggests that 

selection for a very rapidly growing cell-type has occurred during the. 

development of the AHO cell-line.

Human Foetal Brain ;nri in- j 1 anas

Relatively high levels of the en/.vmes of DNA synthesis were 

measured in human foetal brain (cortex) and meningioma tissues, the only 

exception being that no dTMP synthetase activity could be detected in the 

meningioma tissue:;. It may be argued Uut, because of the absence of 

dTMP synthetase, salvage pathways loading to DNA synthesis are of
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The results obtained in the present study correlate with a slow tumour 

growth rate and a Low or absent maligraney. This is in agreement with 

the clinical finding that meningiomas are benign tumour:;.

The Role of Deoxycytidylate Deaminase in dTTP Synthesis

dCMP deaminase.' in generally accepted to be responsible for the 

conversion of deoxycytidylate to deoxyuridylate. Howeverf the obligatory 

role of dCMP deaminase in dUMP synthoais hau boon questioned by Sneider 

and Potter (1969) with the suggestion that the enzyme might provide a 

direct route to dTMP via the deamination of 5-mothyl-dCMP. The work of 

other groups (eg. Tosi. ct at., 1972) suggests that a small percentage 

of the thyinine residues in the DNA of sea urchin embryos is derived from 

the deamination of 5~iuethylcytosim‘ residues in DNA. In the present 

study (Table 4) a rat hepatoma preparation was found to deaminate 5- 

methyl-dCMP three tLues faster than dCMP. In human liver and hepatoma 

preparations comparable rates; of deamination were measured using either 

substrate. It would be of interest to study the role of dCMP deaminase 

in DNA metabolism in hur.,an liver tissue, in order to ascertain the signi­

ficance of the very high levels of the enzyme in this tissue. The 

possibility of an alternative pathway of dTMP synthesis via this enzyme 

remains open, but levels of thy Icy t idine in human cells, or the 

presence of enzymes capable of producing this substrate, remain to be 

investigated.

CQNCbOiiroNs

Of che five enzymes of DNA synthesir, studied, the activities of 

four we re. found to be elevated both in human and rat hepatomas, relative 

to the corresponding host liver a. The increased activities in the, 

rapidly growing, poorly-differentiated rat hepatomas were considerably
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greater than in the numan hepatomas, suggesting that the latter tumours 

have a slower growth-rate, at least at the stage at; which material used 

in the present study was obtained.

The finding that levels of Tdr kinane in human normal and 

cancerous liver are comparable, r.uggustn that DNA synthesis in the 

hepatoma cells may not be selectively blocked with the antimetabolite 

drug 5-fluoro-uracil.

Tho very high leveln of dCMP deaminaue in human liver are of 

interest, especially in the- light of the tact that 5-nk.thyl-dCMP is a 

good substrate for the enzyme. If sufficient amounts of this substrate 

were available thin enzyme could represent a by-pass of dTMP synthesis 

via dTMP synthetase, one of the pathways- of DNA synthesis at whicn 

chemotherapy is moot frequently directed, Further studios of dCMP 

deaminase ain.-ed at identifying drug;:; capable of blocking this enzyme 

should be considered in tho future.

Further aUtJie*a on Tdr krnauen from human liver and hepatoma 

tissues are described in Chapter ‘3.
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SUMMARY

1. The levels of the enzymes DNA polymerase, thymidine kinase, 

thymidylate kinase, thymidylate synthetase, and deoxycytidylate 

deaminase have been measured in rat and human normal and neoplastic 

liver, in human foetal liver, in cell-lines derived from human 

hepatomas, and in a rat transplar'table hepatoma.

2. The levels of all five enzymes were increased in the rat tranD- 

plantable hepatoma relative to rat normal or host liver, to a degree 

which corresponded to the rapid growth-rate of this tumour.

3. With the exception of thymidine kinase, which did not change, 

the levels of these ui.ayraus were increased in human hepatoma relative 

to human normal or host liver. The increases were small in comparison 

with those found in the raj idly-growing rat transplantable hepatoma, 

suggesting that the human liver tumours have a relatively slow growtn- 

rate.

4. Levels of deoxycytidylate deaminase in both human and rat liver 

tissues were two to three orders of magnitude higher than the other 

enzymes assayed.

5. Deoxycytidylate deaminase from human and rat livers and hepatomas 

could use S-methyl~deoxycytidylate as a substrate to a similar or 

greater degree than tho natural substrate deoxycytidylate, suggesting a 

possible alternative pathway of deoxyth;midylate production.

6. The activities of these key enzymes of DI-’A synthesis appeared 

to vary consistently as a function of yuFt.ational age in human foetal 

liver, suggesting th't peaks of DNA synthesis occur at certain fixed 

periods.
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7. The levels of these enzymes in a slow-growing coll-line derived

from a human hepatoma were similar to those in human hepatoma tisr ..

In the case of rapidly growing cell-lines derived from rat and human 

hepatomas, enzyme levels were generally considerably higher than those 

in the tissues from which the cell-lines were derived.
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CHAPTER 5

PURIFICATION AND QIARACTKlUvSATIQN OF TllYMlDlNli KINASliS 
FROivi 1 R M N  NORMAL IJViiR ANJJ lliiPATOMA

MATERIALS AND METHODS

MATERIALS

Chemical Reagents and Chromatographic Materials 

Chemicals

In addition to chemicals already listed in Chapter 2 the 

following reagents wore obtained from the Sigma Chemical Company, St 

Louis, USA: sodium guanosim* b '-triphosphate (GTP); crystalline 

uridine; crystalline 5-fluoro--2'-deoxyuridine (5-F-Udr); crystalline 

5-bromo-2'-deoxyuridine (5-Br-Udr); crystalline 5-iodo-2 '-deoxyuridine 

(5-I-Udr); sodium uridine 5 1-triphosphate (UTP); crystalline cytidine 

and crystalline 2 '-deoxycytidine (Cdr) . Crystalline thymine and uracil 

were purchased from British Drug Houses Ltd., Poole, England.

Radiocher.iica Is

The following radiochemicals were purchased from tho Radiochemical
3 .Centre, Amershatn, Buckinghamshire, England: thymidine- (methyl- II) , in

3 310% aqueous-ethanol solution, ( H-Tdr, S.OCi/mmol); thymidine-(methyl- H)
35 '-monophosphate, as the ammonium r.alt in SOI aqueous- ethanol, ( H-dTflP,

3220Ci/mi4iol); adonoaim_— 5 ' (y- P)-triphosphate, sodium salt in 50%
32aqueous-ethanol, (y- 'F-ATP, 2. OmCi/mul) .

Other Chemicals and R>‘aq>‘nt

All other reagent,:; used were of Analar grade and ware supplied by 

the Sigma, Merck, BDH, and tialinkrodt chemical companies.

Chromato< j rapt 11 c M< > t rj’’ia 1:;

Whatman microgranular DE 52 (pre-swollen DKAE-cellulose) and Whatman 

cellulose phouphate I'll were obtained from W* in R, Balaton (Modified Cellulose) 

Ltd., Kent, England. CM Sephadex C50 and Sephadex g25 (medium particle si/.e) wn:
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obtained from Pharmacia Ltd., Uppsala, Sweden. Biogel Al.5 (100-200 mesh) 

was purchased from Bio-Rad Laboratories, California, USA.

The anion exchangers were prepared and packed according to the 

method of Himmelhoch (1971).

DE 52 cellulose was suspended in 20mM HCl and degassed using a 

vacuum pump. Tris diydroxymethyl) -aiuinomethane (Tris) was added until the 

pH was 8.0. The cellulose was washed several times with 20mM Tris-HCl 

buffer, (pH 8.0), containing 20’i glycerol and IOiuM {5-mercaptoethanol, and 

was packed in a vertical column and washed with the same buffer until the 

pH and conductivity of the effluent were the same as those of the 

equilibrating buffer.

PhosphoceIlulQi-;e Pi 1 was washed using O.bN HCl, water, 0.5N NaOH, 

water, 0.5N HCl, and water. It was then degassed, and washed several 

times with lOmM imidazole-HCl buffer' at pH O.b, containing 20Z glycerol 

and lOraM g-mercaptoethanol. The cellulose was packed in a vertical column 

and equilibrated with the same buffer until the pH and conductivity of the 

effluent were the same as those of the equilibrating buffer.

CM Sephadex Cf>0 (cation exchanger) was swollen in deionised water, 

washed in Q.5N NaOH, water, O.BN HCl, water, O.BN NaOH, and water; degassed, 

and equilibrated in lUmM potassium phosphate buffer (pH 6.0), containing 

20% glycerol arid lOraM tVmorcaptoethunol• The gel was packed in a vertical 

column, and washed with the same buffer until the pH and conductivity of 

the effluent were the same as those of the equilibrating buffer.

Sephadex G20 and Bio'tel A1. ‘j gels were pro-swollen in the appro­

priate equilibrating buffers for the required periods of time, and wore 

packed in vertical columns and equilibrated as described by Roiland, (1971).
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Human Tissues

Human Adult Livor was obtained from tho Tissue Bank of The South 

African institute £*>* Medical Research. The donors were an elderly 

White female who had died of congestive cardiac failure,and a sixty- 

threo year old White male who had died of a coronary thrombosis. (in 

the latter canu there was.; no evidence of uecoudary liver damage).

Human Hepatomas were obtained at autopny on primary liver car­

cinoma patients. Most of the studies on hepatoma Tdr kinases wore 

carried out using tissue fiuiu a twenty-seven year old male of the Shan- 

gaan tribe who had received a single dose (l‘>g) of urea chemotherapy.

Both normal and cancerous human liver tissues were obtained 

within 6-B hours of death and were stored frozen at -20°C until used. 

Normal liver tissue from a healthy y* ung Black male would have served 

as the most appropriate control in these comparative studies. Obtaining 

such tissue in under 36 hours after death proved, however, to be a 

practical i np-.isnibility»

METHODS

Initial Assay Procciuv>-i;

Thymidine^ Kinas»> (Tdr kinase)

Tdr kinase was assayed as described in Chapter 2 (page 68 ).

Thymidylate Kina: (dTMP kinase)

The amount of this enzyme remaining at various stages of the Tdr 

kinase purification procedure was; assayed. The. assay conditions for 

dTMP kinase thus differed from those described in Chapter 2 in that the 

concentrations of ATP md MgCl., used were those: which wore found to be 

optimal for Tdr kinase activity. Each assay mixture contained SOmM Tris- 

HC1, pH 8.0 t 'jtiiM ATp (adjusted to pH 7 with sodium bicarbonate) ; 5mM
3MgCl^; £iG».iM El-dTMP (approximately lOOmCi/mmol) ; and en/.yme preparation,
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in a final volume of 200ul. The assay procedure was as doscribud in 

Chapter 2 (page 70 ).

Thymlriylat e IdioMphatar.e (<1TMP,u;e)

Activities of upecif j.c or uon-npeoific enzyme!*. capable of 

depho«phoryluting d'A'Ml’ were estimated ur.ing an annay mixture containing: 

SQraM 'i'riH-HCl, pH b.ui LnaM Mgc'l,,; U-*dTMP (approxi.tiutti-dy

lQQmCi/miuol) ; and eiu'-yme preparation, in a final volume of 200jil. Incu­

bations were* performed at, .r/°c fur 0 and 2U minuter,.uid unsays were 

terminated by heating tub'*:- in a boiling water bath for 5 minutes. 

Denatured protein war. rpun di.'Wn, and a aliquot of ea*. n aunay mixture

supernatant wass spotted onto a 2 x 2cm :>♦ rip of Whatzuan DE HI cellulose
3 ^paper. II-dTMP and “£I-i'h were i'.eparatud by ascending chromatography 

using 0 ammonium formate-115 formic acid an the solvent, ay described 

on page* 70 . Marker ypotr, for Tdr and dTMP were located under ultra­

violet light of .:54na wavelength. ilegtrtents corresponding to the positions 

of Tdr and dTMP were cut frum each dried .strip and counted in a scintil­

lation cocktail a:5 deucrlbed in chapter 2 (page 75 ). The counts 

corresponding to the dTMP spot;; iu the i*.on>-tiniU Llanku were used as 

tho 'total count;;’ fur each enxyme preparation assayed. The assays for 

dTMP ki.na.uo and d'lMPase were fiubn**que»Lly modified as de.scribed on 

page 128 .

Adtmor-ine Trir>ho"t•h-.itu**<• {ATf’ar.e)

Initially the color Imet.ri e method described by Lowry (1957) was 

used. The methud measures ] i.be*rated phosphate by reaction with molybdato 

at pH 4, ur.ing ascorbic acid as a reducing agent. This method was found 

to be imiunsitivrj and it wars thoreinre decided to use an isotopia assay 

for ATPasu determinations.
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Each assay mixture contained: 50mM Tris-HCl, pi! 8.0; 5mM MgClgJ

5mM y- P-ATP (contaird ng 0. ri to 3.OmCi/mmol) ; and suitable dilutions

of enzyme preparation, in a final volume of 200|jl. Incubations wore

performed at 37°C for 0 and 20 minuter.. Annays woro turminatod by tho

addition of ono vo.lumo of ice~rt:.iJ 10';. trichloroacetic acid. Denatured

protein wan apun down and the P-ATP and 'P-inorganic pho:-:phato in 2apl

aliquots of each av-c-ay mixture r.upernotant were aoparatod chromatographi-

cally,in the uame manner at* for the dTMPane auoay (page 124)* Inorganic

phosphate way found to have an K - value of Q.B, while that of ATP was

0.2. Stagnant1-; corresponding to thr-;-.t* Kpotr. were cut out of each MS B1

strip and counted in 10ml uf r.cintillation cocktail a« described in
32Chapter 2 ipagu v,.) , ur-ing optima:;*, go in and window t.ettingb for P.

Tho counts correyponding to the ATP ypotn in the soro-tina blanku wore

used as the 'total count*.-1 for each eru;yi;;e preparation assayed.

Thymidine Anahv ;u>; ■' l •; i i >

The abillt.y of various; thynidi no analogues to serve an substrates

for Tdr kinase was investigated ur.irg a preparation from human norwal
32liver. Kinar.e activity waj monitored by the formation of " P-labolled

nucleoside or donxynucleof;ide tnonopho;;ph.'ite;s whon the ter.t substrate was
32incubated in the presence of uw.yiije preparation and ‘'P-ATP. Assay

32raixtureu contained r;UthM TriB-HOl buffer, pH H.u? IOOmM P-ATP (con­

taining 20mCi/mmol.) ; 0.4mM MgCl^j 20uM teat yubiitratej and suitably 

diluted enzyme preparat ion, in an ar;r;ay volume of 200nl. Assays were 

initiated by addition of ^^P-ATP. A lOOu.l aero-time aliquot was removed 

immediately and the remaining as:-,ay mixture wan incubated at 37°C for 20 

minuter;, Aonayti were terminated by the addition of one volume of cold 

10% trichloroacetic; acid.

32
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Denatured protein was spun down, and 2Sjil of each protein-free

supernatant was spotted onto a 2 x 2Sera atrip of DE 81 ion-exchange paper.

Nucleotides were separated by ascending chromatography uoing the IN

formic acid-0. IN ammtmium format*.* system described on page 70 . Appro-
32priate marker spots wtuo used to locate tin? P-labelled nutdeoside or 

deoxymioleouide product;;. Thi* count;; corret.pundiny to the ATP spots in 

the zero-time blank a were used uu Use ' total counts:1 for each enzyme

preparation ansayod. OampU-:; v.vre counted as described on page 75 ,
. 32using optimum gain aim window settingr; for ' P.

Protein V>j t erainal i-jn

Proteins were deU.*mintd by the- method of Lowry at a i . (1951)

as described on pa<./«.» ?(., u; ing buviiu? siuiuiu albunan at; a referc.iee

protein.

Units of ' Ivi

All mizyu:o activity tv. an* expressed asmUnits of activity per 

assay or per gram protein, cm- Unit being d«.*finwd aa the .amount of • 

enzyme catalysing thu fortsation of l,;r.oh' of product par minute* at 37°C. 

Methods Adopt: e-j to pfdnw ATp-i.r,>- Activity ut_ Thyraidin** K i nam? A^sayn

Since 33 fji;0 x g supernatant.;', of norma1, liver and hepatoma were 

found to have vory high ATI'ase activity, attempts were nude to reduce 

this contamination. The results of thei;o investigations are summarised 

in Table 12. it can bn seen that, the presence of 20% glycerol in the. 

homogenising buffer (“jUmM Tr i: yci ne-ciitrody la tu buffer, pH 6.5, con­

taining lGmM ti-mercaptoothanul) ptoduced great(>r ATPase contamination in 

an extract of Tdr kinase iruin human normal liver. The absence

of glycerol at the initial homogonination ntage did not adversely affect 

Tdr kinase stability.

Use of a Waring blundor inst ead of a hand-operated Potter homo-
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geniser to homogenise: human normal liver produced a Blight increase 

in ATPase contamination of the Tdr kinase preparations (Table 12) .

It was, however, decided to urn*, the Waring blendor as this afforded a 

more rapid, reproducible and convenient mean:! of homogenising the large 

quantities of tissue required for the purification procedure.

Prom Table 12 it is clear that centrifugation at 1U5 000 x g 

did not alter the total Tdr kinase activity extracted when compared 

with centrifugation at. 33 0U0 x but reduced ATPase contamination by 

some 3 !i %.

The assay conditions fcr Tdr kinase were also modified. Ac can 

be seen from Table 12 AiTase activity w.u! 51.10-times higher than that 

of Tdr kinase when Tris-HCl buffet at pH H.O was used. By using a lower 

pH assay buffer, imidazole— HCl, pH e.‘j, the activity of the contaminating 

ATPate wa..: reduce:! by 40 i. without any effect on Tdr kina:jo activity.

ATPase activity could be further reduced by assaying in the 

presence of 37.SkM solium fiu>-ride, v;ithou I any adverse effect on Tdr 

kinase activity (Tab j 12) . {todixuu arsenate (7rn:iM) and ouabain (50;;M) 

did not inhibit the ATPase activity.

In order to reduce the effect of ATi’ase contamination of Tdr 

kinase preparations: (1) 10'j UDU x <j supe mutants we,u prepared, 

allowing a 40 - absolute reduction in ATPase activity and (2) assay 

conditions were chosen so -ts t,o be less favourable for ATPase, without 

affecting Tdr kinase activity. The assay procedures for Tdr kinase, dTMP 

kinase, and dTMP phosphatase (page 123) were accordingly modified by the 

use of 50mM imida/.ole-licl buffer, pH f<.’j, and the addition of 37.5mM 

sodium fluoride to all assay mixtures.

The assay procedure described on page 124 for ATPase was similarly 

modified.
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Partial Purification of Thymidine Kinases from Human Adult Liver 

and Hepatoma - Preliminary Stud11?f;

Ammonium Sulphate Fracti onati nn

lOg of human normal 1.xver war, hoinogeniucd in four volumes of 

50mM Tris-HCl, pH 7.5, containing 2r)UmM sucrose and lOmM fi-inercapto- 

ethanol, using a Pottor-Elvehjem homogeniser. The homoyenate was 

centrifuged for JO minutes at 38 000 x g in a refrigerated MSE lb centri­

fuge, Solid ammonium sulphate via-' addea slowly, with gentle stirring, to 

the supernatant, at 4°C until 2b\. saturation was reached. A concentration 

of 70 grama per luunil was accepted a:,; being equivalent to 100;, saturation 

at 4°C. The solution was stirred for a further 10 minutes and then 

centrifuged at 3H 000 x g. The ammonium sulphate concentration in the 

supernatant was increased by increments of 5r;., until 60'.'- saturation was 

reached. Tho protein precipitate obtained after each increase in ammonium 

sulphate saturation was rediss-jlved in bUiaM Tris-HCl, pH 7.5 containing 

25QmM sucrose and lorst-i i--mer captor-tuanol, and assayed for Tdr kinase 

activity.

Tdr kinase activity from human normal liver tissue war precipi­

tated at ammonium sulphate concentrations of between M". and 60:. This 

fractionation step resui ted in a ?j (j Z  lol .g  of Tdr kinase activity which 

could not be recovered by desalting tin.-* eiur/me preparation. In addition 

ammonium sulphate fractionation did not reduce the ATPasu contamination 

and it was therefore decal" 1 not to include this step in the Tdr kinase 

purification procedure.

Preparation of a Hjbih^pf. fiiniernat ant Fraction

As has been described . ve ({.age 12t0 , preparation of a 105 000 

X g supernatant nignii\> cantly re.. J the levels, of contaminating ATPase 

activity.
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Stabillsation of Thymidine Kinase Activity

Both 3-mercaptoothanol and 20';. glycerol were necessary to 

stabilise Tdr kinases during the purification procedures, (i-raercapto- 

ethanol (lOmM) war. included in all buffers used in the purification 

procedure. Glycerol could not bo added to tho homogenising buffer, 

since it led to increased ATI'aso contamination of the Tdr kinase 

preparations (page 126). Glycerol was therefore added to the high-speed 

supernatant preparations; to achieve a ^ 0 ’■ (v/v) concentration, and 20«, 

glycerol was present in ail buffers used in subsequent purification steps. 

Final Purificat i n Proeedv.rc_ for Purification of Thytiddiiie Kinases 

from Human Adult, I.iyor ana II*'j_.tyi..a

All purification ru.-j.v- wore carried out at 0-4°C unJe.:s otherwise 

indicated. Where necessary or.syiue preparation:7; were stored at -20°C 

between purification step.*-.. The procedure used in the Tdr kinase puri­

fications is sursraarised in Figure- 11.

Extract i of Thymidine Kinase Activitŷ

Liver or hepaton.a tissues were thawed, and dissected free of 

cirrhotic or nocrutie tissue. Approximately 20Qvj of the tissue was cut 

into small pieces and homogenised in a Waring blender with four volumes 

of 20mM Tris-HCl buffer, pH y.u, containing 2£>uinM sucrose and 20niM if- 

mcrcaptoethanol. '"hree hoiuogenir.ing periods, each of 45 seconds, were 

used. Ihe homoynate was centrifuged for 'JO minutes at 105 000 x g using 

a Bookman L5-G0 ultracentrifuge and a t;w 27 rotor. The supernatant 

fraction was filtered through glass wool, and brought to 20\. saturation 

with glycerol. This is referred to as the crude fraction.

PEAK-cellulose chromatography

The crude fraction was applied to a DR 52 column (20 x 6cm) 

equilibrated with 20mM Tris-HCl, pH B.0, containing 20't glycerol and
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FIGURK 11

FLOW DIAGRAM OF PURIFICATION STAGES USED IN THE PARTIAL 
PURIFICATION OF THyMIDINE ~K 17.’Ao'Hfl FROM HUMAN NORMAL LIVER

" AND HEPATOMA

20% (w/v) HOMOGENATE

105 000 x g centrifugation

Crude fraction

DE 52 CELLULOSE

Elute, desalt, equilibrate

PHOSPHOCKLLULOSE P-l 1

Cf'Unbound

Tdr KthI J,

BOund, eluted 

Tdr Kimao II

Unbound

To p  Xz’fiw o  IA

BIOGEL A l.'i

CM SEPHADEX C!j0 
\
Bound, eluted

V
BIOGEL A1.5

-— higher v—  lower 
MW \  MW

Tdv Kinaac IIA Tdr Kinaoa III

v
Tdr Kinaac IA

MW - molecular weight.

\I



lOmM (3-mcrcaptoethanol. Tho column was washed with the equilibrating 

buffer until all unbound protein, which contained no Tdr kinase activity, 

had been eluted. The protein bound to the column way then eluted with 

one litre of a linear gradient of 0 to 1M KCl in equilibrating buffer. 

Fractions of 0.5ml were collected and auuuyed for Tdr kinaso activity.

The elution profile;.; for human liver and hepatoma Tdr kinase:; are uhown 

in Figures 12 and 13 respectively. The active fraction:; were pooled, and 

concentrated uwing an Amicon ult.rafiltration cell with a PM 10 membrane.

The concentrated piepantion wan desalted on a Sophadox G25 

column previously equilibrated with lOmM imidazolo-HCl buffer, pH G.5, 

containing 20;. qlycerol and 1 OmM ^-morcaptoot hanol. Protein was eluted 

using the same buffer. The pH and conductivity of the eluted protein 

were checked to ensure that they corresponded to thost.- of the imidazole- 

HCl buffer.

Pho, .t!/ êllul <-■ Pljt_ Chr■■‘t:..--*.trai hy

The enzyme pr-.-paration v;.:s applied to a phor.phocc llulose Pll 

column (G x Gum) equilibrated with 1-.W-1 imidcu'olo buffer, pH 6.5, 

containing 20“ glycerol and lOmM ,.,-metcaptoethanol. The column was washed 

with the t-rany buifor V: remove unbound protein. Fractions of C.5ml 

were collected, and assayed for Tdr kinaso activity, v-tive fractions 

were pooled arid cMicent rated i.n an Am icon ultrafiltration cell using a 

PM 10 membrane, and designated ‘I1-\r K I. Prot ein bound to the column was 

eluted with 500ml of a linear 0 to 2M KCl, gradient in lOUmM imidazole- 

HCl buffer, pH G.5, containing ,!th!. glycerol and lOmM p-mereaptoethanol. 

Fraction:; of O.Oml were collected and assayed for Tdr kii.aso activity.

The elut.ion profile:-, for hum..in liver and hepatoma Tdr kinases arc shown 

in Figure 14. Active fraction.*', were pooled, concentrated in an Amicon 

ultrafiltration cell using a PM 10 membrane, and designated Tdr K IX.
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FIGURE 14
135,

THYMIDINE KINASE.
F O R  HUMAN LIVER AND HEPATOMA 

ON I ’ E i 1J j U LO£ j fi I'll COLUMNS
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The shadud areas reproHent: Tdr kin.ma Activity. Thr dimensions of the 
columns wine 6 x Ocm. Unbound Tdr kinase activity wan washnd off.' urging 
lOmM imidaaolf.— IIC3 buffer, pH b.b, containing 20:, glycerol and lOmM 
0-morenptaothanol. Hound Tdr kinasu activity was olutod using a 0~2M 
KC1 gradient in lOOniM imida/olo-HCl buffer, pH fa.5, containing 20% 
glycerol and lOmM [i-tnoruaptoi'thanol.



Further Fractionation of Tdr K II Using Gel Filtration 

on Biogol A l .5

The. Tdr K II preparation was applied to a Biogel Al.5 column 

(66x2cra) which had been equilibrated with 20mM Trifi-HCl buffer, pH 8.0, 

containing 20% glycerol and lOmM t-s-iuercaptGOthanQl. Protein was eluted 

using the same buffer. Fraction::, of 3 ml were colluded and assayed for 

Tdr kinase activity. The elution profiles for human liver and hepatoma 

Tdr kinaser> are shown in Figures 15 and 1G respectively. As two p u 2ks 

of activity were obtained there were pooled separately. The peak 

eluting first (ie. of higher molecular weight) wan designated Tdr K. ITA, 

and the second wa^ designated Tdr K TIB.

Furtnor Purificat ion of Tdr K I H: i ng CM-Sephadex 050 Chronatograp^y

The Tdr K I preparation was applied to a Sephadex G25 column 

equilibrated with lOrcM potassium phosphate buffer, pH 6.0, containing 20i 

glyccrol and 3 OnJ-i ^-tuercapt.oothanol. The protein was eluted with the 

sanie buffer, and the pH and conductivity of the eluted protein were 

measured to ensure, that they were oiiuilar to thor.e of the phosphate buffer.

This preparation was then applied to a CM-Gothadex C50 column (1*2 x 

4cm) equilibrated with lOniM potassium phosphate buffer, pH 6 .0 , containing 

20% glycerol and lUiuM jj-jM.rcapfcoethanol. The column was washed with this 

buffer to remove unbound protein. Fraction;; of G.Bml wore collected 

and assayed for Tdr kinase activity. The unbound active fractions were 

pooled, concentrated usi.n*-f an Ami eon ultrafiltrat ion cell with a PM 10 

membrane, and designated T>ir_K _1A.

Bound protein w h s then eluted with 500ml of a linear gradient of 0 

to 1M KCl in IOiuM potassium phosphate' buffer, pH 6.0, containing 20$ glycerol 

and lOmM B-mercaptoethanol. Fraction;, of 6.5ml were collected and assayed
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FIGURE 15

L iv e r

THE ELUTION PROFILE FOR THE HUMAN LIVER THYMIDINE
KINASE II PREPARATION ON BIOGEL Al.5

The shaded areas represent Tdr kinase activity.
The dimensions of the column were 2 x bbcw/ and the eluting buffer was 20mM Tris-HCl, 
pH 8.0, containing 20'i- glycerol and lOraM tf-mercaptoothanol.
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FIGURE 16

THE ELUTION PROFILE FOR THE HUMAN HEPATOMA THYMIDINE
KINASE II PREPARATION ON BIOGEL Al.5

H e p a to m a

£
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Elution volume (ml)
The shaded areas represent Tdr kinase activity.
The dimensions of the colm.m wore 2 x uu.n.i, and the oluting buffer was 
20mM Tris-HCl, pH 0.0, containing 20'i. glycerol and lOraM 0-mercaptoetheiiiol.
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FIGURE 17

THE ELUTION PROFILES FOR HUMAN LIVKR AND HEPATOMA

THYMIDINE KINASES ON CM-SEPIIADEX C50 COLUMNS
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for Tdr kinase activity. Active fractions were pooled, ;ncentrated 

in an Amicon ultrafiltration cell using a PM 10 membrane, and designated 

Tdr K IB. The elution profiles for human liver and hepatoma Tdr kinases 

are shown in Figure 17.

Further Purifi cation of Tdr IC IA using Gel filtration on Biogel A l . 5 

The Tdr K IA preparation was applied to a Biogol Al.5 column 

which had boon equilibrated with 20niM Tris-HCl buffer, pH 8.0, containing 

204 glycerol and lOraM fi-meruaptoothanol. Fractions of 3rul each were 

collected and assayed for Tdr kinase activity. The elution profiles -for 

human liver and hepatoma Tdr kinases arc; shewn in Figure 18. Active 

fractions were pooled, and concentrated using an Amicon ultrafiltration 

cell with a PM 10 membrane.

Estimation of the Molecular Weight of Thymidine Kinases Using a Calibrated 

Biogel A t .5 Column

A Biogel Al.5 column was packed and equilibrated as described on 

page 122, using 20mM Tris-HCl buffer (pH 8.0) , containing lOmM p-mercapto- 

ethanol, 20". glycerol and lQOmM KCl. The dimensions of the column were 

2 x 56cm. The column Was calibrated using 2ml samples (containing between 

2 and 5Gmg/:nl of protein) of the following proteins of known molecular 

weight: glutamate dehydrogenase (300 000); pyruvate kinase U J  / OuOj / 

aldolase (180 000); hexokinase (JO 000); enolane (82 000J; carboxypep- 

tidase B (3r> 000); and cytochrome C (12 7r>0) . Samp It.* £5 of Tdr kinases IA, 

IB, 11A, and IIB from human normal and eancoroua liver tissue were then 

alutcd from the column anti, in ouch cam', the volume required to elute the 

protein fraction giving th»* highest absorbance at 254nm war. noted. Using 

the modified method of Andrews (1007) the elution volume of each of the 

standard protein preparations was plotted against the logarithm of its



FIGURE IB

THE ELUTION PROFILKf. FOR HUMAN LIVER AND HEPATOMA 
THYMIDINE KIMASK 'lA PREPARATIONS ON BIOGELAl.S

141.

Li ver

Tho shaded artvu; eorror.pond t.u Tdr kinanu activity.
Thu dim^nfsiont-i of th<; column w»>r^ 2 x ()Gcmfand tho unitimj buffer was 
20mM Triu-HClj pH 8.0 , cuiitainiruj 20?, ylycrr-rol and lOmM H-mureaptot.'thanol.
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molecular weight,and the molecular weights for the Tdr kinase 

preparations were read off the resulting graph.

Determination of Ki.ne.tic Parametors

Kinetic data were plotted uh reciprocal velocity versus recipro­

cal substrate concentrations at a fixed concentration of the second 

substrate. Data giving linear plotH were fitted to the equation

v ,  y,_A
K4A

where v is the observed \olocily, V the maximum velocity, A the Tdr or 

ATP concentration, and K the Michael!;; constant for Tdr or ATP. Data 

were analysed using tho ear. put ur programme of Cleland which is

based on a leaut-equarcs fit of the data points to the equation and 

gives values for the constants and their standard errors.
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PURIFICATION AND CH ARAC'TE RI SAT ION OF THYMIDINE KINASES FROM HUMAN 

NORMAL LIVER AND HEPATOMA

Purification of Human Liver ana Hepatoma Thymidine Kinases

The results obtained using the purification procedure described 

for human normal liver and hepatoma Tdr kinases are summarised in Tables 

13 and 14 respectively. The* elution profile:; obtained on ion exchange 

and Biogol chromatography are nhown in the Methods section (Figures 

12 to 18).

It can be seen from Table 13 that the partial purification 

procedure for human liver Tdr kinase gave four fractions of Tdr kinase 

activity: Tdr K's IA, IB, IIA,and IIB. The purification factors of 

these Tdr kinaso preparat ionr, express>>J as the ratio of the specific 

activity of each Tdr kin,me preparat,ion relative to the specific activity 

of Tdr kinase in the supernatant fraction, were 2.8, 6.4, 10.6, and 146 

respectively. These represu-nt minimum purification factors for each of 

the Tdr kinaae preparations}, aince the activity of each is expressed 

relative to the activity of the four enzyme forms present in the crude 

fraction. Thu overall yield,-, for the four eiutyme forms were 5:., 1%, 2'i, 

and 22'i respectively.

The partial purification procedure for Tdr kinase from human 

hepatoma tissue again g a v e  four form:; of the oiu’.yme: Tdr K'r, IA, IB,

IIA,and IIB (Table 14). The minimum purification factor;; obtained for 

these forms were 2.1, 26.1, 31,and 4H.8 respectively, while the yields 

wore 7%, 1%, 4’a, and 31!'*..

The relative proportions of the four forms of Tdr kinase from 

both normal liver and hepatoma are shown in Table 15, from which it is 

clear that the distribution of the* Tdr kinase forms was similar in

RESULTS



TABLE 13

PARTIAL PURIFICATION OF HUMAN NORMAL LIVER THYMIDINE KINASES

Purification Stage Total
Activity
(mUnits)

Total
Protein

fmg)

Specific 
Activity 

mUnits/g protoin

Yield

(">

Overall
Purification

Factor*

105 000 x g Supernatant 256 IB 100 14.1 100 1 .0

DE 52 Cellulose Chromatography 144 J 2no 43 .B 56 3.1

phosphocellulose P 11 chromatography 

Unadsorbed (Tdr K I) 24 2 bbO 9.2 9 0.65

Adsorbed (Tdr K II) 75 190 395 29 28

CM Sephadex Chromatography of Tdr K I. 

Unadsorbed (Tdr K IA) 25 2 210 11.3 10 0 .8

Adsorbed (Tdr K 13) 2.7 30 90 1 6.4

Biogel A 1.5 Gel Filtration of Tdr K IA 12.9 330 39.1 5 2 .8

Biogel A 1.5 Gel Filtration of Tdr K II
(Tdr K IIA) 
(Tdr K I Hi)

4.5
56

■ .......

30
21

150 
2 074

2

2?
10.6

146

The overall purification factor compares tho specific activity of th;.? Vdr kinase fraction or fractions 
at each stage of the purification procedure with the specific activity of the mixture of Tdr kinases 
in the crude fraction. This therefore* represents; a minimum purification factor for each of the Tdr 
kinase forms.
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TABLE 14

PARTIAL PURIFICATION OP HUMAN HEPATOMA THYMIDINE KINASES

Purification Stage Total Total Specific Yield Overall
Activity Protein Activity (v.) Purification
(mUnits) (mg) mUnits/g proteir Factor*

105 000 x g Supernatant 184 14 b20 12 .6 100 1 .0

DE 52 Cellulose Chromatography 175 3 3 GO ,‘,2.1 U5 4.1

Phosphocellulose P 11 Chromatography

Unadsorbed (Tdr K I) 32.4 2 350 1 3.8 18 1.1

Adsorbed (Tdr K 11) 152 410 371 H3 29.4

CM Sephadex Chromatography of Tdr K I

Unadsorbed (Tdr K IA) 20 1 700 10.5 15 1.3

Adsorbed (Tdr K IB) 2.3 7 329 1 26.1

Biogel A 1.5 Gel Fil 'tion of Tdr K IA 13 4‘30 26.5 7 2.1

Biogel A 1.5 Gel Filf ion of Tdr K II
(Tdr K I1A) 7.4 19 3yu 4 31

(Tdr K IIB) 59 91. 615 32 48.8

i'he overall purification factor compares the specific activity of the Tdr kinase fraction or fractions 
at each stage of the verification procedure with the specific activity of the mixture of Tdr kinases 
in the crude fraction. T M «  therefore represents a minimum purification factor for each of the Tdr 

kinase forms.
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I

THK RKLATIVK_ PROPomOlIH WJCIU^THYMIDINE KINASE 

FORMS IN HUMAN NORMAL LTVKR AND IJKPATOMA

TABLE 15

146.

Tdr Kinase Form Normal Liver Hepatoma

IA m 16'-fe

IB 3% 2%

IIA 7% 9%

IIB 731, 73%



147

human normal liver and hepatoma. Tdr kinase 1JB was the major form of 

the enzyme, accounting for 73" of human normal liver and hepatoma Tdr 

kinase activities. Tdr kinase IA accounted for about 1G— 17" of the 

activity in human normal and cancerous liver, and the remaining 

approximately 10;. of tin? total activity wan due to the Tdr kinase IB 

and IIA forms of tin; i in’yint1.

The activities of the cuninminat ing t n/.yman thymidylate kinaoe, 

thymidylate pho.:phata.se, and adenosine triphosphatase in the crude 

fraction and at the final purificat.ion ntage for each of the Tdr kinase 

preparations, are summarised in Tables 16 and 17, for human normal liver 

and hepatoma respectively. Thyividylate kinase activity was absent 

from all of the Tdr kinase preparations.. There was some contamination 

of Tdr K IA preparations by thytiidylato phosphatase. ATPase activity, 

although substantially reduced, showed relatively high activity in moot 

of the purified T.ir kin v;»> pr*-j arat ions, from human normal and cancerous 

liver, being part ic.il arly high in the Tdr kinase IA preparations. 

Character isat i •- n cf Hur.an Liver and Hepatoma Thymidine Kinases

Certain physical Uid kinetic proportion of the Tdr kinase 

preparation:; from human normal liver and hepatoma were investigated to 

determine difTeioncfs between the different ens.ymo forms in each tissue, 

and between the corre ipynding eiur/me forms from normal and cancerous 

human liver.

Molecular W'dai*' s.

The calibration curve for the estimation of the molecular weights 

of the different Tdr kinase forms, is shewn in Figure 10. The moleculas 

weights for the Tdr kinase preparation;.! from human adult liver and 

hepatoma tissues, were: Tdr K IA - 1 K) 000; Tdr K IB - 105 000; Tdr
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ACTXVTTTKS OF THYMI j A I - ^ ,  THYMIDYLATE HiOoFHATASE 

AND AHKNOSJNK TRIPHOSPHATASE OhTAIHKD IN THK CRUDK FRACTION 

AND AT THE FINAL PUKIFICATION STAGE OF THE l'dr KINASE FORMS 

FROM HUMAN NORMAL LIVER

TABLE 16

Contaminating
Enzyme

Activities', of Normal Liver 
Tdr kinase Forms/"

Crude Fraction IA IB IIA I IB

Thyrnidylat t> kinase 0 0 0 0 0

......

Thymidy 1 ate phossphatar.> - 4',m. 73% 0 22%

'

0

>- -

Adenonine tripho;;phata^o 26 bM'r- 2 281)'.’. 0 0 249-

Activities .ire exptoiscu'd an a j'um.nt.wjc of the 
thymidine: k i n n : activity at the corresponding 
stage.



TABLE 17

ACTIVITIES OF THYMIDVLATK KINA.'IK, THYMIDYLATE PilOf.PHATAiJE 

AND A1?KN< V.11MK TRI PHOSPHATASE OBTAINED TN THE CPUPK 

FRACTION AND AT THE FINAL IMIIUFICATIOM STAGES OF 

TI1F, Tdr KtNAtiE I-’OHMt> FI<< <M [iUMAtf HEPATOMA

Con t ami nating 
Enzyme

Activities: of Hopatoma Tdr kinane* Forms*

Crude- Fraction IA IB IIA IIB

Thymidylate kinase 0 0 0 0 0

Thymidyla to pi)c spli at a e 3467, 469 V, 0 0 4Z

Adononino triphosphatase 30 203; 4 808". 798:, 190 u 07 Z

* Activitior; aro uxprf^Jnnj an a pc-reuntage of the; 
thyniidinu kiruu.» activity at tne corresponding 
staye.
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K IIA - greater than 1 500 000; Tdr K IIB - 80 000. In the case of 

Tdr K IIA, the enzyme preparation elutod in the void volume of the 

Biogel column.

Magnesiurn Requi rementa

To determine* the ratio of magnesium to ATP required for optimum 

Tdr kinase activity, the activity of a partially-purified Tdr kinasu 

preparation from human adult. liver was estimated an a function of 

magnesium chloride concentrat i on ,i.n the presence of various constant ATP 

levels. All experiments were carried out. uaing 50mM Tria-HCl buffer at 

pH 8.0. The results-; obtained suggested that the Mg:ATP ratio is dependent 

on the ATP concentration. At ATP levels of between 0,1 and l.OmM an 

optimal Kg:ATP ratio of 1:1 war. obtained; at ATP levels below O.QEnnM 

the optimal Mg:ATP ratio incieaaed to 5:1. Since the ATP concentrations 

used in the present study were generally equal to or- greater than 0 .lmM, 

a Mg:ATP ratio of 1:1 was used. 

pH Optimum studies

From plots of initial velocity verr.ua pll (Figure 20) it can be 

seen that each of the liver or hepatoma Tdr kinase forma exhibited a 

characteristic pH optimum. The normal liver and hepatoma Tdr K IIS 

preparations gave Liphaaic pH optima, whereaa those for the other forms 

of the enzyme were monophasic. The pH optima for the different Tar 

kinase forma are summarised in Table 1 fi/ from which it can be seen that 

the values for the correspondin<j forma of Tdr kinase in normal liver and 

hepatoma wore similar.

ThermoHtab.i l i t.y n t>id i ea

Each of the Tdr kinuae preparation:; wan diluted two-fold with 

20mM Trio-HCl buffer, pH 8.0, containing 2()•.'. glycerol and lOmM fl-mercap-
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TABLE 18

pH OPTIMA FOR Tdr KINASKG IN Hi IMAM NORMAL LIVER AND HKPATOMA

Tdr kin a so. form

XA 

IB 

IIA 

IIB

Normal Jiver

6.5

7.5

7.5 - 8.0 

B.O & 9.0

Hepatoma

6.0

8.0

7.5

6.5 - 7.5 &
9.0
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tocthanol, or with the name, buffer containing, in addition, lOOuM 

thymidine. The enayme preparations were incubated at 35°C for varying 

periods of time up to 20 minuter., after which aliq ’ota were withdrawn 

and assayed for Tdr kinase activity. Figures 21 and 22 show, respectively, 

the resulta obtained for the normal liver and hepatoma Tdr kinase 

preparation.,. It can be; seen that the Tdr kinase forma from human normal 

and cancerous liver were generally unstable to heating at 55°C. The most 

stable of the Tdr kinase forms war. the normal liver IIA preparation( which 

retained about 40,', of its original activity after incubation at 55°C for 

10 minutes. Each of the other forms lost at least 75';, of its initial 

activity after heating at 5r>°C for 10 minutes. The presence of Tdr 

(lOOpM) during the 5bue incubation partially protected the normal liver 

and hepatoma Tdr kin u?e forms from inactivation.

Aimaonium :-nl. h t: e Inhibition

Figure 23 illustrates the effect of ammonium sulphate at concen­

trations? in the range of 10-lr-»0ruM on the activity of Tdr kinases from 

human normal liver and hepatoma. In general all Tdr kinase forms were 

inhibited to a similar extent by the presence of ammonium sulphate.

Michae lis Const an t: ? for Thytnid i ne

The apparet.L Mi.chaelis cn • tanUi for thymidine for liver and 

hepatoma thymidine kinase preparations were obtained from Lineweaver- 

Burk plots of reciprocal initial velocity versus reciprocal Tdr levels, 

at constant '100)tM) Mg-ATP concentrations*. (Figures 24 to 27). Table 19 

summarises the apparent K values obtained using the computer analysis 

described under the Methods section. It can be seen that the constants 

were similar for the corresponding Tdr kinase forms from normal, liver 

and hepatoma. The apparent value for Tdr K IA was found to be



FIGURE 21 155.

THE KFFK'T OF HEATING NORMAL LTVKR Tdr KIMAf’E KNJ5YMI3 FOftMS
at 550c r'or vaFious time nfriaiv7rT,:TTH"’;ri;,rpRKSKijcirMnj

" ' a b s I'INc k ' tit'* 'nr/M id In ;-; ' ’

Key: 0 - Tdr, K IA; V - Tdr K IB; A -Tdr K 1IA; fI -Tdr K IIB.

Enzyme preparation;; were incubated without- Tdr (fl) or in the presence of lOOuM 
Tdr (0 ). Eaoh a;;:.ay mixture contained: ‘utmM imidar.ol <:~UCl buffet, pH lOOuM
ATP; lOOuM M.'jtuM Map; Hl-Vdr (t 1 >1 l a i m  n.j *!00im:i/mmol) J and lUOul ti
the incub.it.ed <>n;f.ynw; preparation, in a final voiuniu of i’UOul. in t.lu' i-a:;o of T.:r 
kinase forum pre-inoub.it'>d with lOuuM Tdr only '’Il-Tdr (final, concentration of 
200mCi/uunol) wafi added t.u the a;.say mixture. Ronulti; are expressed ,1:! a 
percentage of the. activity of each miwymc* prop.irat.ion prior to incubation at.



FIGURE 22
156.

THE EFFECT OF HEATING HEPATOMA Tdr KINASE ENZYME FQKM3 AT 55°C FOR 
VARIOUS TlSri^fl'EIWAlir l¥ THE* Pm TsiW C fT )\¥lf ABSENCE’ OF THYFlDINE

Key: 0 - Tdr K IA? □ -Tdr K IB; V - Tdr K IIA; a - Tdr K IIB.

Enzyme preparat innr, wore incubated without: Tdr (0) or in the pnw'nct! of 
100|jM Tdr (0) , Detaxlr; of tiio anaay mixture uued arc dojieribed in Fiqurt? 
2 1. Ri.'suIfcfj an; I’Xprnr.nfd an a pi>iijt-riLacjn of th» activity of each enzyme 
preparation prior to incubation at iiVV.
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FIGURE 24
158.

L1NEWEAVEU-BURK PI/'/TS OF KKCri’lii 'OAL VKtOClT/ VKRKUH RKCIPPOC'AL 
Tdr CONCIeF i’PATJoFn^ilPl'dr £rWAV;i7 1 a T kU H T iTiMAN NuluSiL LiVER’a n d  

..... ' ~ ’ H B i w m m  ‘ *’' ' '

Liver

1
V

-0.2 0 0.2

[ f d r i ^ M 1

0.4
„ JL_ 
0.6 0.8

Each ar.n.iy mixt.urn etmt.tim*d! ‘iOmM ImidaaoU'-UCl buffer, pH 0.5,* lOOuM 
ATP; lOOuM Mc/Clt>; NaF; varying concnnt .rations of Hi- Tdr; and
suitable? dilution.*! of etisxymu preparation, in a final volurao of *'0CHil*



FIGURE 25 159.

LINKWKAVKH- m m K  PLOTiJ OF HT'ICTPRQCAI. VKLOC1TV VHRfH.U; RKCIWTCAI, Td£ 
CONCENTP^TION VOR'Mr KINAnl?~JB l-'iiOMlfuMAlf NOlilAL'^WlTAnD'HKPATOMA

30

Liver

30r
H e p a t o m a

20

1

“V

10

- 0.2 Q2
.i _ 

0M 0.6

Assay condi tioriM wt?rn ao tfcncrihcd in Flyura 24,



FIGURE 25 159,

LINKWKAVKR-lumK PLOTS OF RKClPRorAL VKhQCITY VMVMSmWXllPttX:ALjr<}r
coNCi'fNTliYr rt'iii for 'tTit kinai:]; ib fromhTimaV NcmS\i.r li v i H l ^

30r
Liver

30r
H e p a t o m a

A;u;ay con<ii t ium; won* a:s di-'seribi.'d in Figure 24.



FIGURE 2G
160.

^NtiWKAVKR-MIPK J'LOTil (£ RECIPROCAL VELOCITY VKK?jUn m'Xnin^OCAL Tdr 
cbNc¥imiAfi(iN T o Y i i M A n l f  7iiTFkoM‘ mfMAFTiopmL u W R T m n i t i p A T O M A

[ Tdr ]^M
-1

Atifiay condiI-inns w r e  an d<\'U'rib«d in Figure 24.



FIGURE 27 161.

LINEWF.AVKU-P.URK PLOTJ OF KKCIPROCAt. VELOCITY VERSUS RKCIPROCAI, Tdr 
CONCKNTlVvTtbN"FOR 'IVfr"* K .1 N<\fJ10** IIB FROM HUMAN NORMAL' LIVER AMD HKPATOMA

Liver

J
V

r

1.0

0.5

-0.4 -Q2 0

i
0.2 0.4 0.6

-1

Assay conditions wen- ar. described in Fiyurt* 24.
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TABLE la

SUMMARY OF THE APPARENT K VALUES FOR THYMIDINE FOR Tdr
m

KINASES FROM HUMAN NORMAL AND CAN1 'ERQNS LIVER

Apparent. Michael J r. Conntants (;iM)

Tdr Kinase Form CATP] inM Normal Liver Hopatonn

IA 0 . 1 15.b * 1.9 17.3 + 2.3

IB 0 . 1 «. 4 > 3.1 6.9 j. 0.9

IIA 0 .1 4.8 * 0.5 4.0 + 0.4

I1B 0 .1 4.9 + 0 . r» 4.5 * 0.4

IA o.fj 11.7 1 1,2

K values an.l utanJ--ml vrrf.r:; for each dt> termination 
m

are listed.
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approximately twice that of Tdr K IB, and four times thoae of Tdr K's 

IIA and XXB, which wore similar. Since the Tdr kinase IA preparations 

showed high contamination by ATPane, tho K for Tdr was also evaluated 

in the presence of a higher (biHHiM) concentration of My-ATP. It can be 

seen from Table ll) that thi:; produced only a Blight decrease in the 

apparent K for Tdr of tho Tdr kina.-.': IA preparation.

Michael 1 con:’tant;:__ f or M j-A'IT

Since romo of the fraction ; won? contaminated with ATI»a.-;c, reliable 

Michaelis eoiiC.tant:: for Mg-ATP • •. u !• i not bo obtained.

Nucleoside and LVvxyi.U'd« do Triphr.nphater a:: Phosphate Donors 

Table I’U yhov.v. tho percentage activity obtaint-J with human normal 

liver and hoiatoia.i Tdr kin r on replacing ATP v/ith oquivalent concen­

trations of dATP, CTP, dCTP, GXP, dGTP, dTTP, ur UTP. It can be soon that 

the corresponding \ i v- -r anti hi.patoma Tdr kina.v-o preparations used

a particular nuclei;-.Ldo or Jeoxynucl".'ci do triphosphate to a similar 

extent. dTTP did not „v.orve ua a p-h> .î ph \t o d_-nor. On the other hand CTP 

was found to bo equally of fee? ive a:-, if not more effective than , ATP as 

a phosphate donor. dATP, df.'TP, UTP, tRTiP, arid UTP were utilised to a 

lesser extent.

Nuc-leot.i h- an i I> • Inhibi tor:.;

The rooulto of ar.caying human normal liver and hepatoma Tdr 

kinano preparation.'? in the presence of lOUuM ATI’ together with equimolar 

amounts of CTP, drip, d'i'Ml*, dTPP, d'HT, dATP, dUMP, dGTP, or UTP are 

summariaed in Table .II. Tho inhibitory effect of a particular nucleotide 

or deoxynuclootid*' war; i:imi jar whojj eomparing i ho cejrrcsipundiny forma 

of thymidine kinauo in normal 1ivor and hepatoma, and when comparing 

the enzyme form:; within a given ti:,:,uo. dTTP and dTMP were potent, 

inhibitors, giving 82-', H'4. inhibit iuii. dATP gave somewhat. lower inhibition
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(57-04") and dTMP still less (29-63») . The least inhibitory analogues 

were CTP, UTP, dGTP, and dUMP, with 0-21 « inhibition.

Thymidine Analogue iHnd u t ,

The ability of variouu thymidine analogues to servo as substrates 

for Tdr kinase- was investsg a t e d  using a crude supernatant preparation 

from human normal liver lie. predominantly Tdr kinase IIU). Activity 

was determined as described on page 1.?'•. Thu results obtained are sum­

marised in Table 22. Thymine and uracil (which lack deoxyribose moieties) 

and uridine were not effect. I w  a;- aubst rater.. On the other hand d&oxy- 

uridine was a more efficient, substrate than thymidine. 5-Fluoro-uridine 

and cytidine wei:o relaC ively pout substrat.os, whereas 5-fluoro-deoxy- 

uridine and deoxyuytidino were comparable with thymidine. In contrast to 

5-fluoro-dooxyuridine, D-br o : * 1 eoxyui idinu and 5>-iodo-dooxyuridine were 

utilised to a looser extent, than thymidine.

The effects of these thyvddirie analogues on the activities of the 

Tdr kinase forms from hu.iu.t liver and hepatoma when assayed in the 

presence of thymidine, are summarised in Table 23. In each assay tho 

concentration of the analogue was fiv< — fold higher than that of Tdr. 

Thymidine produced little or no inhibitory effect on the Tdr K. IB, IIA, 

or IIB preparations, but Jed to 4 V-l.’);, inhibition of the Tdr K IA prepa­

rations. Uracil produced a smaller inhibitory effect on the Tdr K IA 

preparations, with little or no effect on the other Tdr kinase, forms.

The presence of uridine an 1 deoxyuridine had little or no inhibitory 

effect on the human liver or hepatoma Tdr kinase activities. 5-Fluoro-, 

5-bromo-, and 5-iodo-deoxyi»r i dino prodw;ed 3r)~7H. inhibition of each of 

the Tdr kinase forms, with the exception of the Tdr K IA forms of the 

enzyme. In the latter case, enzyme activity of the form from liver was 

inhibited by only ltn, while activity of the hepatoma form was increased
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TIffi ABILITY OF THYMIDINE ANALOGUE'S TO F.KRVE AS 

SUBKTRATKS IN THE Tdr KINASE CATALYSED REACTION

TABLK 2?.

Substrate Percentage Activity

Thymidine 100

Thymine 5

Uraci1 5

Uridine 0

Deoxyuridine 200

5-Fluoro-uriuine 15

5-Fluaro“deoxyuriline 111

b~Iodo-d£:oxyura dinn 46

5-Bron.o-a u oxyu r i d i n a 47

Cytidinu 38

Deaxycyfcidinu 94

Each anpay mixture- containe-i: SOjiM Tri:;-IJCl buffer, pH 8,0; 
lOOliM 32P-ATP (containing UUmCiMiol) j 4UUyM M«jCl;,;? ~OuM tout 

substrate at-: indicated; and enzynw? preparation, in a final 
volume of 200111.

Reaults art* oxprcusod a:; percentage activity relative to tho 
activity tauanutud with Tdr \n the nnbntratc.
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in the presence of the analogue, Cytidi.ne had little or no effect on 

the activities of any of the Tdr kinasu preparations, whereas the 

presence of deoxyeytidine resultotl in G0-86'i. inhibition of the liver 

and hepatoma Tdr kinar.e formn.



DISCUSSION

PURIFICATION AND CUARACTOKirATlON OF THYMIDINE KINASE FORMS FROM 

HUMAN LIVER AND HEPATOMA TISSUES

Duo to tho advanced and dir,Humiliated stage of livur carcinoma 

development in tho majority of Black patients presenting with this 

disease surgery is seldom undertaken and ic was not peso j ble to obtain 

any surgically removed hepatoma material during the course of those 

purification studies. The normal and cancerous liver tissues used wo re, 

however# obtained within ar. short a period of time as possible after 

death.

Pilot purification Studies

The purification procedure described by Taylor ai al. (1972) for 

human adult and foetal liver Tdr kinawes was initially attempted using 

human normal liver and hepatoma tissues. Pilot studies showed that not 

all of the Tdr kirase activity in the:;e tissues could bo precipitated at 

ammoni’ja* sulphate saturati«.«n of between 0 and 40", as described by these 

authors. It was found that ammonium sulphate saturations of between 30 

and 60"i were necessary to precipitate Tdr kinane activities from human 

normal arid cancerous liver tissue;-;, and that thi s fiaetionation procedure 

resulted in a DO", lost? of Tdz kinase activity and did not sign if icantly 

reduce coufaminating A'iTai.e or UTMr.ise activities. This fractionation 

procedure wan therefore not included in the purification procedures used 

in the present study.

Using 3B 000 x y supernala' t.s from human normal liver and hepatoma, 

a single peak of Tdr kinase activity was.: obtained on DK 52 cellulose chro­

matography. The finding of a single peak of Tdr kina;;o activity in human 

hepatoma differs from the finding oi; two peaks of enzyme activity in 

Morris rat hepatoma 77D3 (Fujii et al , , 1U72) atui in human adreno-

170.
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cort’cal carcinoma (H.iwata at al. , 1970).

On assaying the human hepatoma preparation for dTMP kinase, 

dTMPasc, and ATPase contamination [in the latter cane using the colori­

metric method of Lowry (19b7) ] only dTMPauu contamination was detectable. 

This contamination could be substant tally reduced by passing the enzyme 

preparation through a Biognl Al.5 gel-fiItration column, since dTMPase 

activity eluted ahead of the fract.ioi r, containing Tdr kinase activity.

The finding that considerable Tdr kinase activity was ]ost during the 

gel-filtration purificwt ion step is in agreement with the findings for 

Tdr kinase preparation?, from rat W.dker carcinosarcomas (Bresnick and 

Thompson, 19bF>) .

32
In the course of thywiuine analogue studies using y-~ P-labolled

32
ATP, as described on page 125, it war, observed that high P-inorganic 

phosphate was present in blanks from which the phosphate acceptors wore 

ommitted. This suggested the presence of ATP-hydrolysing activity in 

the enzyme preparation, although negative results for the presence of 

ATPase had been obtained using the uolorituetric assay described by 

Lowry (10c-?), On a;v. lying for ATPase activity with y-32P-ATP as the 

substrate it war. found that, although (J0'i of the contaminating activity 

present in a 30 000 x g supernatant had been removed during DKAE-cellulose 

chromatography, the sped fit; activity of the residual, ATPase was 2b0~ 

fold greater than that of Tdr kina.;e in the preparation. it ifi therefore 

apparent that the use of the colorimetric assay of Lowry (1957) for the 

determination of ATPase contamlti.it ion in Tdr kinase preparations is not 

sufficiently sensitive. This finding suggests that the Tdr kinase 

preparation.'? of other workers who have estimated ATPase contamination by 

the method of Lowry (l'J[>7) may also have been contaminated by this 

enzyme.



Attempts to Reduce ATPase Contamination

In an attempt to reduce ATPase contamination, further purifi­

cation of tho human liver Tdr kinase preparation was carried out. It 

was found that centrifuging at 10,') 000 x g greatly reduced ATPaso 

contamination of the Tdr kinaso preparations. This probably roprenaats 

the removal of ATPase activity associated with a microsomal fraction.

Tho ATPane contamination wan further reduced by ion-exchange 

chromatography on Phayphocellulor.e i’ll and CM-Ocphadox. It was found 

that multiple forms of Tdr kinase esuld be separated using these 

procedures.

In addition to the above, modifications, changes? wore made to the 

assay conditions for Tdr kinaso to further reduce contaminating ATPaso 

activity. These included the use of a lower pH buffer (6.5) and the 

addition of 37. eJinM sodium fluoride to all assay mixtures. These changes 

did not affect tho Tdr kinase activity.

The presence of 37.binM sodium fluoride did not completely inhibit 

ATPaso activity, a finding which differs from that reported for rat 

regenerating liver Tdr kinase preparations, whore total inhibition of con­

taminating ATPase activity by 2<jhuM sodium fluoride was obtained (Kir.or and 

Holman, 1974). Levels of sodium fluoride higher than 37.5mM produced 

slight inhibition of h u m m  liver Tdr kinase activity,and it was therefore 

decided not to exceed this cone,’titration. Although ouabain (SOyM) has 

been reported to inhibit the nodiutu~polat:r.iurn-activated form of ATPase 

from rabbit brain (Hunting e? a l . , l'Ji.4) , this inhibitor had no effect 

on contaminating ATPase in the present study. This suggests that contami­

nation may have been due to the calcium-magner. i um-dppnndont form of the 

enzyme.



Attempts to Reduce ATPar.e Contamination

In an attempt to reduce ATPaoe contamination, further purifi­

cation of the human liver Tdr kina;;*1 preparation was carried out. It 

was found that centrifuging at 10!> UOU x g greatly reduced ATPaso 

contamination of the Tdr kinane preparation:;. This probably represents 

the removal of ATPace activity a, un:idi:i/d with a luicroaomal fraction.

The ATPasse contamination wa:> further reduced by ion-exchange 

chromatography on P h o s p h a c e l i u l P i  1 and CM-Sephadex. It was found 

that multiple forma of Tdr kinar.e cuuld be t;eparated using these 

procedures.

In addition to the above m:‘difieationc, changes were made to the 

assay conditions for Tar kinase to further reduce contaminating ATPat-e 

activity. The.v.e included the us-.e of a lower pH buffer (6 .5) and the 

addition of 37. 5raM ssudiur,. fluoride to all asuay mixtures. These changes 

did not affect the Tdr kinur.e activity.

The presence of 37. ‘jusM sodium fluoride did not completely inhibit 

ATPasu activity, a finding which differc from that reported for rat 

regenerating liver Tdr kinaue preparations-,where total inhibition of con­

taminating ATP-aue activity by L'OmM oMiura fluoride war, obtained (Kixer and 

Holman, 1374). Level a of l;odium fluoride higher than 37. !«mll produced 

slight inhibition of human liver Tar kinaye activity,and i wats therefore 

decided not to exceed thus concentration. Although ouabain (50mM) bar, 

been reported to inhibit t.hn idiuin-j ofu::.r;ium-act ivated form of ATPase 

from rabbit brain (Boating et ill., lMi.4) , this? inhibitor had no effect 

on contaminating ATPa^e in the press-mt study. Thiu suggosstr. that contami­

nation may have been due to the euleium-magneniuro-dependont form of the 

enzyme.
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Although tho modifications to the purification and assay proce­

dures for Tdr kinasoo from human normal and cancerous liver tissues did 

not eliminate RTPauo activity, they considerably reduced contamination 

due to this enzyme, and simultaneously led to tho separation of multiple 

forms of Tdr kinase activity from bo'J tissue:;.

Purification of Tdr Kitu»s<_e-j J~rom Hdiuan JjJormal Liver and Hepatoma

The finding of at loatit four forms of Tdr kinase in human adult 

liver represents the tiriit report of the existence of multiple Tdr 

kinase forma in this tissue*. Taylor et al. (1972) , who used only ammonium 

sulphate fractionation to partially purify their onayn.e, have reported 

a single form of Tdr kinase in human adult liver. This probab1 corres­

ponds to the single peak of em'yrne activity eluted from a DKAE-cellulose 

column in the present study. The elution of only a single peak of Tdr 

kinase activity from Dt:AL’-oo 1 lulot-'e for hui:.a« hepatoma preparations 

differs from the finding of two peaks of enzyp.e activity in human foetal 

liver and human ccd.l-lii.t-s (Taylor u L , , 1072) and in rat hepatomas 

(Fujii et ul., 1*372). lio tumour*'specific form of Tdr kinase was isolated 

from human hepatoma ti^r.ue, as has been found fur huuian bladder adenocar­

cinoma, rhaLdomyos’iri.sr:; i/ uterine fibroma, and HoLa and KB cell-line Tdr 

kinases (Stafford and Jones, 1‘17<‘) ,

The relative proportion.'; of the four Tdr kinane forms purified 

from human normal liver and hepatoma were similar in both tissues. In 

both normal and cancerous human liver Tdr kInane U B ,  which accounted for 

about 75'J. of the total Tdr kinase activity, was the major ensymo form.

The similar Tdr kinase farms in human normal liver and hepatoma 

tissues suggest that, the number of ens’.ymo forms isolated from each tissue 

is not a result of proteolytic alterations. At this stage it is not 

clear whether the multiple forms of Tdr kinase activity in human normal
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and cancerous liver tissues represent separate gune products (ie. 

isozymes) or are merely a result of post-translational modifications.

The pattern of contamination duo to both ATl’ase and dTMPase in 

human liver Tir kinases differed from that in human hepatoma Tdr 

kinases. The activity of ATPase assayed in tho hepatoma 105 000 jc g 

supernatant was approximately *10 higher than in tin,* corresponding super­

natant from human normal liver. This,; may explain why ATpase contamination 

was present in all of tho hepatoma Tdr kinase preparations, but only in 

the IA and I1B fraction:- from nurinal liver. In addition tho liver and 

hepatoma Tdr K IA prvparacion?. contained contaminating dTMPase activity.

No dTMP kinase activity was present in any of tho Tdr kinase preparations 

from normal or cancerous hunan liver. This is probably due to the fact 

that human liver dTKP kinase is 1 ibilo to storage at -2Q°C (page 90). 

Charact.erir.it j on of tl.o Tdr Kit.aoo !• unux from Human Normal 

Liver and Hejxttona

Mo 1.ecu 1,, vr Wei r.As

The molecular weigats of 130 000 and lUr> COi- for, respectively, 

the Tdr kinase la and Tdr kinane IB preparations i om both human normal 

and cancerous liver are similar to those of U ’0 000 j  130 000 reported 

for the enzyme from rat regenerating liver (Walboomers and Wanka, 1974) 

and for the peak II {tumour specific) form of tho onssyme from rat Yoshida 

sarcoma tissue (Fujii ei- u.1. , 1072 ; Hashimoto et a t . , 1972). The lower 

molecular weight of 80 for the human liver and hepatoma Tdr kinase 

IIB preparation:; io.:ei;iblo:; those of t»9 CK>0 for rat regenerating liver Tdr 

kinase (Kizer and Holman, 1074) , 70 U0U for the peak I form of the 

enzyme from rat Yoshida sarcoma t isono (Fujii et a l . , 1972 ; Hashimoto 

et at. , 1972) and 70 00b and "'.itl 000 respect j voly for the mitochondrial 

and cytoplasmic forms of the enzyme from human leukaer *.c blast cells



(Lee and Cheng, 1076b). Thu human livor and hepatoma Tdr kinase XIA

preparations eluted in the void volume of tho Diogel A l «5 column used,

suggesting that thoso preparation:; have a molecular weight in excess of 

6
1.5 x 10 . This high molecular weight may represent protein aggregation 

or may bo due to aueocjation at this form of Tdr kinase with a non­

protein high ••mleeular weight, compound. The latter potability appears 

more likely, since B resin iek and Thompson (1<1C5) have deinoriHtratod the 

presence of a ribonucleic acid modifier ar.aoeiat. e<l with Tdr kinases from 

rat Walker carcinosarcoma:! and MDAB hepatemau.

Maqnoainn Requirement I-

Studios of the optimum ratio., oj mugnenium to ATP wore performed 

using a human liver preparal cozdaiuLng all four Tdr kinase forma.

The finding that, at ATI’ concentrations of 1 OOviM or higher, the optimum 

enr.yuic- activity wac obt a in* .t at Mg: ATI' ratios of 1:1 is in agreement with 

the finding:.; fur hu:\a;. leuka^.nic blai.t cells (Lee and Cheng, 1976c) and 

for Tdr kin.-ir.tii-. induce.! in Heba TK** cell:-: by Herpes simplex viruses 

Types 1 and 11 (Cheng, 1076).

At iowei concenti '.ilIj:... of Alt' ^!0-L>G^.M) it was foutid that tho 

optimum Mg:ATP ratio fr.r the human liver Tdr kinase preparaticn increased 

to 5:1. Morrit.on <nd Hey;i.- (1-j7L) have calculated that for equimolar 

coficentrationa of Mg arid ATP (ImM) at pH B.0, some 90" of the total ATP 

would be in the form of Mg-*ATP. It can, however, be shown that at lower 

conoeulraii.uti:; (eg. 20|iM) of Mg and ATp only about 40". of the total ATP 

may be in the form of Mg-ATt*. The total concentration of the Mg-ATP 

complex may Unus be lower than the Michael! <■; constant for this substrate 

complex, or al tentatively the higher level:; of free ATP^- may bo 

inhibitory. Calculation:'; .show that inorea.iizvj the Mg:ATP ratio to 3:1 

at the lower ATP concc-ritr.ition may lead to about HO?, of the total ATP
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being complexed ay Mg-ATP, thus avoiding the possibility of low substrata 

levels or inhibition duo to large quantities of free ATP. This siny 

exp.1 ai.n the increased Mg j ATP ratio at low ATP levels. Since most of the 

studies described weru performt-d using ATP levels of 1QQ-2G0jjM, a Mg:ATP 

ratio of 1:1 was cornsistent!y used. 

pH Optimum tJUuh î s

The four Tdr kinar*.- forws from both human normal liver and hepatoma 

tissues displayed unique pH optima. The bimod.il pH activity curves for 

liver and hepatoma Tdr kinase I IB preparations, which showed optimum 

activity at p H’n 7.'>-3.0 ana 0,0, are in agreement with the bimodal pH 

optima of 7.0 and 8 , S reported for human adult liver by Taylor ti al. 

(1972), On the other hand *h»' values fo r the hepatoi-kt I IB preparation 

differ from the utuphasic pH optimum of pil 7.0 reported for human HeLa 

and KB cells , and human foetal. liver iTaylor <'t- a l. , 1972) and for 

human adrenal .ilmds and a Ircm>cortic. il carcinoma:; (Nawata et a l . , 1976) . 

In the latter cu^e the author*, reported that the pH optima in normal 

and cancerous adrenal tissue:• were similar.

The existence in hum in normal liver of four Tdr kinases with pH 

optima ranging from pH 5. to 10.0 u-xy explain tin? very bread pH optimum, 

in this range, found in the present, study for a heterogeneous Tdr kinase 

preparation -artially purified from adul.l human normal liver. Exami­

nation of Fig\ i;u 20 reveal:; that the contribution of the individual Tdr 

kinaso forms ma/ account for the apparently broad pH optimum of this 

enzyme preparat ion.

The kinetie and stability studies described for the Tdr kinase 

forms from human normal liver and liepat.oma tissues were performed at pH

6 .S to reduce the effect,1; of cont.utni.nut.ing ATPase activity. It can be 

seen from Figure; 20 that at least 60'f. of tho optimum activity of each



Tdr kinase form was measurable at this pH. The stability constant for 

Mg-ATP decreases markedly at lower £i!I1 s thus decreasing levels of My-ATP. 

This effect may account for the decreasi-s in Tdr kinase activity at pH's 

below 5.5.

Thermostabil i tv atjHli o k

Kith the exception of V h  kincu.m 11A tho cvrreajL-omii»g lormu of 

the enzyme from hunnn notmal and cancerous liver tir.suos showed similar 

heat stability. Those finding:', differ from tho findings that the htunan 

foetal liver and tumour evil form of Tdr kinase in more labile than the 

enzyme form from huraan adult liver (Taylor vt al., I'J'fi; Stafford ana 

Jont*«, 1972) and that Tdr kinase frem human adrenal carcinouas is more 

labile to heat treatment than is the ei from notmal adrenal gland 

(Nawata cl <zl,, 107t<) . The Tdr kinasv IIA preparation from human normal 

liver way the; most stable of the ennymo forms from human normal and 

cancerous 1iver.

All of the Tdr kinane form.1; £ro;:> huraan normal liver and hepatoma 

tissues were ctabilined a-jainr.t. heat inactivation by the preaonce of 

thymidine CIGOvM). Similar results have been obtained for Tdr kinasos 

from calf thymuo (Her and Homparlvr, 1 *713 , rat t^generating liver 

(Walboonjfsru and War.ka, 1974) , Walker rat. f.ircinosarcutna (Bresnick and 

Thompson/ lOCt>) , and viral 1 y-t ran;-;formed HeI.a cel Ik (Cheng and Ostrander, 

1976).

Ammoniurn :' ; 1 r i. s* >.* 1 nhibi t i on

Tho inhibition by ammonium sulphate ol‘ human normal 1 Ivor and 

hepatoma Tdr kinases is similar to that reported for vi rally-induced Tdr 

kinases in HeLa cells (Cheng and Ostrander, l')7t>) and that for mitochon­

drial and cytoplarani u form:; of the enzyme from human leukaemic blast 

cells (Lee and Cheng, l'J7C*b) . Those worker:; have shown that the marked
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