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ABSTRACT

DNA polymerase, thymidine kinase, thymidylate kinase, thymidy-
late synthetase and deoxycytidylate deaminasce have been measured in rat
and human normal livers and hepatomas, in human developing liver, and
in cell-lines derived from human and rat hepatoma tissues. These key
enzymes of DNA gynthesis showed increased levels in a 3'-methyl-4-
dimethylamincazobenzene-induced rat transplantable hepatoma, to a
degree which corregsponded with a rapid tumour growth-rate. The levels
of thymidylate synthetase, thymidylate kinase, deoxyeytidylate dearinage
and DNA polymerase were increased in human hepatoma, suggesting an
increase in the rate of DNA synthecis. The increases in activity of
these enzcymes in human hepatoma were small in comparisen with those in
the rat hepatomas, saggesting that the growth-rate of human liver
tumours is relatively slow. Thymidine kinase levels in human normal
livers and hopatemas were similar. Very high levels of decxycytidylata
deaminase were measurvd in human normal liver. Deoxyeytidylate deami-=
nases frem baoth human and rat normal and cancercus livers were able to
uge S-methyl-desxyoytidylate as a substrate to a similar or greater

extent than deowycoytidylate, suggesting a possible alternative pathway

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

exhibited enzyme levels which were similar to those in human hepatoma
tissue. Gn the other hand, rapidly-growing cell-lines from both the
rat and human hepatomas qgenerally showed higher levels of activity feor
the enzymes assayed than did the corresponding rat and human tissues.
Levels of these enzymes in human feoetal liver appeared to vary as a
function of gestational age, with maximum activity of all five enzymes
occurring between 17 and 19 wecks gestation,

Thymidine kinase was partially purif.ed from human normal liver
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and hepatoma tissues using ilon-exchange chromatography on DEAE-cellulose,
phosphocellulose and CM Sephadex; and gel-filtration on Biogel Al.S5.
Four forms of the enzyme were purified frow each tissue. These were
designated thymidine kinases IA, IB, IIA, and IIB. The relatlive pro-
portions of the curresponding wnzyme forms Erom normal and cancerous
liver were similar, with IIB being the major form.

Some physical and kinectic 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°¢,
all of the enzyme forms chowed activity loss which could be reduced by
the presence of thymidine. The thymidine kinase forms differed with
respect to their Michaelis constants for thymidine. 21 forms of the
enzyme used ATP and CTP, bhut not dATP or 4CTP, as phosphate donors;
and were inhibited by JCTr, 4dTMP, 4TDPp, 4dTTP, and dATP. Phosphate
acceptor studies showed that thymidine, deoxyuridine, deoxveytidine and

S-fluorc-daoxyuridine were effective substrates for human liver thymidine

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

5-bromc-, and S-iodo-ivoxyuridine inhibited phosphorylation of the thymi-
dine kinase forms, with the cxceeption of the IA fraction from human
hepatoma which was activated in the presence of 5-fluoro~deoxyuridine.
The specific activitises ot 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-spocific forms of the enzyme in the human hepatomas

investigated in thig study.
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CHAPTER I
INTRODUCT ION

ENZYMES OF DNA SYNTHESIS IN NORMAL AND CANCERQUS LIVER

HUMAN PRIMARY LIVER CANCER

Nature, Incidence and Aetiology

it e

e

Primary liver cancer (hepatoma) is a carcinoma 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 guantities of
normal and cumour 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 amengst members of the Shangaan tribe from the cast coast area
of Mozambigque, 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-
labourers.

The mean age at which Southern African Black patients present
clinically with hepatomas is about 33 years, whereas in non-endemic areas
primary liver cancer has been found to occur most commonly in the f£ifth
to seventh decades (Geddes and Falkson, 1970; Xew, 1977). Men are more

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

e -
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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
1s 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 pecples of Sub-Saharan Africa and the Far East, occurs primarily
in young adults,and is characterised by acute presentaticn and a rapid
course. The latter tumour is not always associated with cirrhosis. There
is no known genetic predisposition to hepatcma and it has been suggested
that the aetiology of the two types of tumour is different.

Analysis of the possible actiologle 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 Aspergilius jlavus (Oettlé, 1964; Brit.
med.J.Editorial, 1975; Van Rensburg et al., 1974). Ground nuts form a
staple part of the diet in these arcas and there is evidence that the
levels of aflatoxins ingested are within the estimated carcinogenic range
for humans (Alpert et al., 1971; Becker, 1974). It has also been demon-
strated that events related to hepatitis B viral infection, ineluding the

presence of the hepatitis B surface antigen (HBs antigen) and ant!body
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against the hepatitis B core antigen (anti~HBc)}, show a higher freguency

in hepatoma patients than in matched controls (Kew et al., 1977;
Larouzé et al., 1977)y. 1t remains to be shown that the persistence of
the hepatitis B virus in patients with hepatomas 1s 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 not yet been
elucidated. It is, however, possible that an oncogeni¢ virus and afla-
toxin may 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 infection may conceivably result in
the develepment of a hepatema. It has been shown by Lin et ql. (1974)
that marmosets with a low grade hepatitis are more prone to develop
aflatoxin-induced hepatomas.

Of Ffurther interest is the finding of a possible permissive or
promotive role for male hormones. Johnson et al. (1972) have described
the spontanaous 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 al., 1972). The incidence of spontaneous develop-
ment of hépatomas in raie mice is decreased following orchidectomy
(Andervont, 19052). These findings correlate with the higher incidence

of hepatomas in Black males in Southern Africa.

Liver cells are susceptible to the effects of a number of
diverse carcinogens and also to ionising radiation (Farber, 1974a & b).

Many of the hepatocarcinogens require metabolic conversion to more
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reactive forms, which are then capable of binding to various cell
constituents such as DNA, RNA, or protein. Generally it appears that
chemical carcinogens do not 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 by a more prolonged period
of neoplastic development, termed 'promotion', during which a series of
cell populaticns progressively evolves towards a malignant conditien.

The process of initiation probably involves damage to cellular 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
repalr can be effected. The carcinogens themselves may also exert a
direct inhibitory effe:t on the enzymes of DNA repair. It has been

shovn that treatment of human fibroblasts with Aflatoxin B produces DNA
lesions and appears to inhibit excision repair of DNA (Sarasin et «l.,
1977). The chemically modified cells might be rendered non~viable ox
might produce new cell populations with biochemical properties which allow
neoplastic growth. Belective growth of these new cells could be enhanced
if they are capable of procliferation in the presence of the carcinogen,
while the division of normal hepatocytes is inhibited. Farber (1974a)
has suggested that these new proliferating cells might form isolated
thyperplastic' nodules, which could then serve as precursors for the final
series of stages towards the development of a malignant hepatoma.

Biochemical Changos

Blochemical approaches directed towaxds chemotherapy of neoplastic

diseases are essentlally concerned with the late or terminal stages of
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cancer progression. However, the ability to recognise the earlier
biochemical lesions associlated with neoplasia would allow a shift in
the emphasis in ~hemotherapy 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 characteristlic of differen-
tiated liver parenchymal cells {(Morris, 1965), together with a spectrum
of solid tumours of this type which shows different degrees of malig-
nancy, have provided useiul 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 malignancy,and that tumour growth rate is a
readily measurable parameter of malignancy, Weber (1971 and 1972) has
clagsified 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 ratas and are capable of causing host death within
4 to 6 weeks; and the rapldly growing hepatomas which cause death of the
host rat within 1 to 3 weeks. 1In addition three types of ralationship
between biochemical changes and thie deqree of malignancy shown in the
Morris rat hepatomas have been noted (Weber, 1977a and 1977b). Flrstly
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 blochemical parameters are altered to a similar degree,

irrespective of the malignancy of the tumour. Thixdly, there are
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'coincidental changes' in bilochemical parameters which bear no relation
to the degree of malignancy.

In rat hepatomas the key regulatory enzymes of glycolysis {le.
those subject to precise regulation and control) show increased activity
with increasing tumour growth rate, whereas the activity of the key
gluconecgenic enzymes decreases, indicating a progressive predominance
of glycolysis over the pathways of gluconeogenesis in carbohydrate
metabolism (Weber, 1974). Fundementally similar results have been repo.*ed
for enzymes of glycolysis and gluconeogenosis (Balinsky e¢t al., 1973a,b,c)
and for some key enzymes of DNA, RNA, purine, pyrimidine, protein,and
urea synthesis in human hepatomas (Weber ¢t al., 1976b).

In his Molecular Correlation Concept, Weber (1966, and 1977a and
b) has suggested that the specific pattern of biochemical changes occur-
ring in rapidly-dividing c¢ells can be related to ordered alterations in
the regulation of the cell-gencme, BAltered regulation at the metabolic
level is effected by inverse changes in the activity of groups of key
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 exprescion 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 propoused a theory of oncogeny as blocked ontogeny,

which suggests that rat hepatoma cells represent parenchymal cells which
have veen 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 (replicatlon) requires the presence nf
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-methyl-uridine) is specific for DNA synthesis, being

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

thereiore 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 synthesils are normally present in very low c¢oncentra-
tions, being synthesised as required with very little accumulation.
These precursors are probably synthesised during the intermitotic phase
{8 phase) of the well cyecle for direct incorporation into DNA.

The pyrimidine deoxyribonuclectides 4CTP and dATTP are primarily
derived from the ribonucleotide UTP (Henderson and Paterson, 1973,
p.217). From Figure 2 it ¢an 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 transcarbamylase, dihydro-orotase,
dihydro-orotate dehydrogenase, orotate pyrophosphorylase, 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 f-alanine,
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FIGURE 1

MAJOR PURINE AND PYRIMIDINE DEOXYUUCLEOTIDE TRIPHOSPHATES
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FIGURE 2. 11.

METABOLIC PATHWAYS FOR BIOSYNTHESIS DNA
AND DEGRADATION OF FYRIMIOINE NUCLEOTIDES

AND THE BIOSYNTHES!S OF DNA DNA Polymerase
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CO2 and ammonia. UMP for deoxynuclenside-triphosphate synthesis is
phosphorylated by the enzyme UMP kinase to form UDP. This UDP may
either be reduced to AUDF in the presence of ribonucleotide reductase

or it may 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 ACTP or dephosphorylated to dCMP,which can be deaminated in the
presence of the enzyme deoxycytidylate deaminase (dCMP deaminase) to form
duMP, Although dCMP deaminase has been assigned a role in the mador
pathway of 4TTP synthesis (Maley and Maley, 1960; Bresnick, 1974), it
has been suggested by Sneider and Potter {(1969) that this enzyme may also
have a salvage rxole, in that S-methyl-dCMP (from DNA catabolism) may be
deaminated in the presence orX ACMP deaminase, leading to direct produc-
tion of 4TMP.

The de novo pathway of JdTMP synthesis invelves the conversion of
duMp to ATMP in the presence of the enzyme thymidylate synthetase (dTMP
synthetase). The dTMP may be further phogphorylated in the presence of
thymidylate kinase (dTMP kinase) to form dTDP, and this may finally be
converted to ATTP in a reaction catalysed by a non~speclfic nucleoside

diphosphokinase. dIMP may, in addition, be synthesised via a salvage

pathway in which Tdr derived oxogenously or from dI'MP catabolism is

phosphorylated in the presence 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
polymerase) .

The Role of Salvage versus Do 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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CO2 and ammonia. UMP for deoxynucleoside-triphosphate synthesis is
phosphorylated by the enzyme UMP kinase to form UDP. This UDP may
@ither be reduced to QUDP in the presence of ribonucleotide reductase

or it may 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 CDPF which in turn may be reduced to dCDP, agaln via
the enzyme ribonucleotide reductase. dCDP may either be phosihorylated
to form dCTP or dephosphorylated to dCMP,which can be deaminated in the
presenca of the enzyme deoxycytidylate deaminase (dCMP deaminase) to form
dquMP. Although dCMP deaminase has been assigned a role in the major
pathway of dTTP synthesis (Maley and Maley, 1960; Bresnick, 1974), it
has been suggested by Sneider and Potter (1969) that this enzyme may also
have a gsalvage role, in that 5-methyl-dCMP (from DNA catabolism) may be
deaminated in the presence of dCMP deaminase, leading to direct prcduc-
tion of ATMP.

The de novo pathway of dTMP s,nthesis involves the conversion of
duMP to dTMP in the presence of the enzyme thymidylate synthetase (dTMP
synthetase), The dTMP may ke further phosphorylated in the presence of
thymidylate kinase (dTMP kinase) to form QTDP, and this may finally be
cenverted to dTTP in a reaction catalysed by a non-specilfic nucleoside

diphosphokinase., dTMP may, in addition, be synthesised via a salvage

I
pathway in which Tdr derived exogenously orx from dTMP catabolism is
phosphorylated in the presence 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

polymerase) .

The Role of Salvage versus De Nove pPathways in Pyrimidine Synthesis

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

synthesis 15 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 e MOVO 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 de 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 antifolatoe Jdrug methotrexate leads te & 3-fold elevation in Tdr
kinase activity (Chello <¢ al., 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 DNA syntheszis because of the importance of dTMP in DNA anabolism.

DNa 8ynthesis in Foetal, &dult, Reagenerating and Neoplastic Tissues,

and Cells

Rat post-natal developing liver exhibits hich levels of DNA synthesis
which decredse, within about 10 weeks, to the levels found in adult rat
liver (K&hler, 1972), 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 inecrease by seome 23-fold relative to normal rat liver (Hopkins et ai.,

1973).

The opposing pathways of thymidine utilisation in differcentiat. .

regenerating and neoplastic rat liver have buen comparcd by simultaneouss

measuring the incorporation of labelled thymidine into DNA and the degra-

b




N AR 2 sy

v A AT+ T

-

ey

e B - e

e s A S o < i Fmi

o B s o

s b b e

14.

dation of thymidine to carbon dioxide (Ferdinandus ef al., 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 in¢reased, 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 houre before
returning to levels resembling these found in normal adult rat liver., 1In
the Morris spectrum of transplantable rat hepatomas the incorporation of
Tdr into DNA and the degradation of Tdr to coz have been found to be,
respectively, directly and inversely proportional to the tumour qrowth
rate.

The metabolic imbalance in the pathways of DNA synthesis and
deoxynucleotide 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 al., 1976a). Phenotypic evidence for the reprogramming of gene
expression in nucleic acld metabolism ls provided by 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 huwnan tissues have revealed similar correlations
between growth rate, or developmental stage, and DNA synthesis. Patterns

of DNA and RNA synthesls in human foetal liver, kidney, heaxrt, spleen,
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lung and brain, obtained between B to 15 weeks gestation, have been

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

3H—Udr into RNA (Mukherjee and Hasting., 1973). Each of the different

e e it

organs appears to show a unique pericdicity of nucleic acid synthesis

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

between DNA and RNA synthesis.

ot o

studies of DNA synthesis have recently been extended to human
hepatomas. Using samples of biopsied human hepatoma, the patients being %
twe males (aged 43 and 62) and two females (aged 22 and 25), it has been
shown that the tumour cissues falled to exhibit an increase in the net
incorporation of Tdr inte DNA, but that there was a small decrease in Tdr
catabolism (Weber vt al., 1976b). On the basis of these findings and
of studies on the key enzymes of glycolysis, gluconeogenesis, 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 Reductase (2'-deoxyribonucleoside~diphosphate:oxidised-

thioredoxin 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.

|
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ribonucleotide reductase
Base-deoxyribosyl~
diphosphate

Base-ribosyl~diphosphate >

oxidised thioredoxin reduced thioredoxin

RN

thlorndoxxn reductase

Reduced thioredoxin is regenerated by the enzyme thioredoxin reductase
in an NADPH-requiring reaction.

Rat embryonic and hepatoma ribonucleotide reductases are activated
by 4TTP and inhibited by excess dATP (Moore and Hurlbert, 1966; Murphree
et al., 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~cellsAhas been shown to have
a half-life of’2 hours (Turner ¢t @l., 1968).

The levels of rikonuclectide 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 al., 1970).

Deoxycytidylate Deaminase (dCMP aminohydrolase, EC 3.5.4.12)

dCMP deaminase catalyses the deamination of dCMP to form dUMP

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

dCHP + H,0 dcMp_deaminase, > dUMP + NH,

dCMP deaminase uses as substrates dCMP, S5-methyl-dCMp, S5-hydroxy=-

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

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

dCTP serving as an activator,and dTITP as an inhibitor.
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dCcMP 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 al., 1969); hamster
kidney cells (Rolton and Kelr, 1974a); in a variety of human normal and
neoplastic tissues (Giusti et al., 1970);§nd 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). Frerdinandus ¢t al. (1971) have described very high levels
of dCMP deaminase in necnatal rat liver, these being some 28~fold higher
than in adult liver. fThis 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 et al., 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 ¢t al., 1969; Ferdinan-
dus et al., 1971). The more slowly growing tumours have levels of dCMP
deamlnase activity similar to those of adult normal liver, whereas very
high levels of activity are present in rapidly growing Novikoff rat
hepatomas.

It has been suggested that the dCMP deaminase pathway might be
implicated in an alternative route to dTMP synthesis, involving the
deamination of S5-methyl-dcMp, that is, a salvage route which by-passes

the conversion of dAUMP to dATMP catalysed by thymidylate synthetase
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(Sneider and Potter, 1969). In this respect it has been shown that up
to 75% of ATTP in E. coli cells may be produced via the deamination of
S5-methyl-dCMP (Karlstrdém and Larsson, 1967). Maley, G.F. and Maley, F.
(1961) have shown that 32P—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 Kelr 1974a).
This may represent either the induction of a new protein which is encoded
in the viral DNA, or an infection-produced dercpression 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 e% gl., 1970). These were low in
normal human tissues with the exception of liver, which showed high 4dcMp
deaminase actiVity. In benign tumours levels of ACMP deaminase activity
were similar to those in the corresponding normal tissues, whereas
malignant tumours such as melanomas; carcinomas of the skin, breast,
lung and uterus; adenocarcinomas of the ovary, colon and rectum; brain
tumours;and a malignant neuroma ,exhibited very high 4CMP 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).

[
Thymidylate Synthetase (N",NlO—methylene—teLrahydrofolate:2'—deoxy—

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 de novo pathway leading to ATTP. 'The conversion of AUMP to
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dTMP requires the presence of the cofactor NS,N1O—methylene—tetrahydro—
folic acid, which donates a methylene group to the S5-carbon position on
the uracil ring. The methylene group 1s 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
enzyme dihydrofolate reductase. THFA is converted to NS,Nlo—methylene~

THFA by the serine-requiring enzyme serine hydroxymethyl transferase as

shown below:

dTMP synthetase>

dumMpP dTMe
5 10
N”,N" "-methylene THFA DHFA

: . +

glycin NADPH + H

serine hydroxymethyl kf/// ihydrofolate reductase
THFA
transferase
, +
serine NADP

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 (Lerenson et al., 1967), the enzyme from cultured
Chinese hamster cells appears to be weakly inhibited by dTMP (Conrad and
Ruddle, 1972). dTMP gynthetase activity is labile. Increased dTMP
synthetase activity detectable during periods of DNA synthesis and cell
division may be blocked by Actinomyein D or puromyein (Conrad and
Ruddle, 1872), suggesting that inecreased activity of the enzyme is
dependent upon transcription of genetic information and subsequent

protein synthesis.
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The anti-cancer drug 5~fluoro-uracll inhibits dTMP synthetase
via its metabolic derivative 5-fluoro-deoxyuridylate (5-F-dumMp),which
1s an analogue of the normal substrate dUMP. In addition the anti-
cancexr 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 liver and other non-proliferating tissues (Hartmani. and
Heidelberger, 1961). Levels of ATMP synthetase activity have been shown
to be increased in minimal deviation rat transplantable hepatomas, and

there is a very good ctorrelation between enzyme activity and tumour

growth rate in the Morris series of rat transplantable hepatomas (Sneidex

et al., 1969). In rapidly growing Morris hepatomas dTMP synthetase
activity is elevated some 15-fold compared with host rat liver, whersas
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 1s rate~limiting in the pathway of 4TTP synthesis (Weber, 1976a).

Thymidvlate Kinase (ATP:deoxythymidine-monophosphate

phosphotransferase, EC 2.7.4.9).
dTMP kinase catalyses the phosphorylation of ATMP to form dTDP
4
in the presence of ATP and Mg2 as shown below:

dATMP kinaso,

dTMP + ATP 37— dIDP + ADP
Mg

Due to the presence of a very active nucleoside diphosphate

kinasa' dTDP ig rapidly converted to dTTP. This led initially to the
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idea that ATMP might be pyrophosphorylated to form 4TTP directly.
However this was disproved by the finding that isotopic label was not
incorporated into d4TTP when B~32P—ATP was used as a phosphate donor for
Novikoff rat hepatoma dTMP kinase (Grav and Smellie, 1963; Ives, 1965).
arMpP kinase from Chang human liver cells has been shown to be subject to
inhibition kv ATTP and 4TDP (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 (Fker, 1968). In addition
the induction of DNA replication in human lymphocytes by phytohaemagglu=-
tinin stimulation is accompanied by increased dTMP kinase activity
(Loeb et al., 1970). The levels of dATMP 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 al. (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 2d-hour rat regenerating
liver when compared with normal rat liver, and ls 71-fold greatex 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 al. (1969)
have assayed dTMP kinagse 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
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showed increased levels of dTMP kinase in both host liver and spleen
(Shirasaka and Fujii, 1975). Since there was no increase in sexrum 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 substancaes released by the tumour
tissues.

ATMP kinase activity has been shown to be increased, in comparison
with host tissues, in the following human tumours: glandular carcincmas
of the caecum, rectum and breast; squamous cell carcinomas of the tonsil,
tongue, larynx and lung; uterine adenocarcinoma; sarcomas;and kidney
hypernephromas, (Gordon et «l., 1968). 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 tissues.

DNA Polymerase (Deoxynucleoside~triphosphate:DNA deoxynucleotidyl-

transferase,BC 2.7.7.7).

DNA Polymerase catalyses the template~directed incorporation of
purine and pyrimicdine deoxyribionucleoside triphogphates into DNA. The
reaction requires the presence of Mg2+, ATP, an adequate supply of each
of the four deoxynucleoside triphosphates dATP, 4GTP, dCTP, dTTP, and

suitable DNA template,as shown below:

n, aATP | [ anur]
n, dGTP dGHMP
2 H LA se
r 2+DNA polymerase » DNA = t2(n,+n,) pyra-
n, dCTP [ Mg, ATP, DNA template dcMmp phosphate
_ e _J(an o+ 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-
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denatured DNA as a template (Mantsavinos, 1964). The enzyme isolated
from rat liver and transplantable hepatomas exists in multiple mole-~
cular forms with Aifferent 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 properties,and template DNA require-
ments. Weissbach et al. (1975), Weisrtach (1977) and wintersberger
(1977) have proposed the following nomenclature for iLhe major DNA-
replicating forms of eukaryotic DNA polymerase:

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

found largely, if not entirely, in the cytoplasm. During DNA synthesis
high concentrations of this enzyme are associated with the nuclear
fraction,and it has been suggusted that the cytoplasmic localisation of
DNA polymerase represcents an artifact due to cell-fractionation. Alter-
natively it is possible that a-polymerase activity is located in the
cytoplasm of ncn-replicating cells and is actively transported from the
cytoplasm to the nucleus at the onsct of DNA replication. The active
enzyme frocm human KB-cells has a4 molecular welght of about 170 000 and

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

about 87 000 (Sedwick et al., 1975)., DNA polymerase o requires sulphydryl

groups for activity and is strongly inhibited by N-ethylmaleimide and p-
chloromercuribenzeoate. This enzyme form shows increased activity in
dividing cells and is inhibited by cytosine arabinoside triphosphate.
DNA polymerase o reguires a polydeoxyhucleotide chain as a template and
a 3'-hydroxyl group of an oligodeoxynucleotide or an oligoribonueleotide

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 B 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 welght of about 45 000. DNA
polymerase B 1s not inhibited by sulphydryl-group reagents. The enzyme
efficiently coples 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
¢ and B have been shown to be immunologically distinct (Spadari et al.,

1974).

DNA polymerase y has a molecular weight of about 110 000 and is present
in both‘cytoplésmic and nuclear fractiocns. The ensyme requires sulphy-
dryl groups for activity and is characterised by very low Michaelis
constants for the deoxyribonucleoside triphosphiates, which are approxi-
mately an order of magnitude lower than those for the polymerase o and B

forms (Wintersberger, 1977).

Mitochondrial DNA polymerase is restricted to the mitochondrial fraction in

cells and uses endogencus mitochondrial DNA as a template. The active
enzyme from Hela cells appears to be a dimer of polypeptides with
molecular weights of 45 000 and 60 000.

Insight into the roles of the varlous cellular DNA polymerases
in eukaryotes has been gought by analysing the levels of the various
enzyme forms in non-replicating and replicating cells.

DNA polymerase fxrom foetal rat liver has been shown to be 185-fold

higher than .n adult tissue (Ferdinandus et al., 1971). Enzyme activity
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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 f) are similar
before and after birth. The latter becomes the predominant form of the
enzyme in differentiated rat liver (Ove et al., 1969a). Similar findings
have been reported for rat foetal cardiac muscle (Claycomb, 1975) and
cerebellar tissue (Chiu and Sung, 1972). Lt 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 ¢t al., 1970).

Following partial hepatectomy, the leve; of cytosol DNA polymerase
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 - S 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 al. (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
the high molecular weight DNA polymerase are characteristic of only
embryonic and neoplaztic rat liver tissues.

Activity of the high molecular weight form of DNA polymerase has
been shown to increase significantly relative to the levels in corresg-

ponding normal or host tissues, in slow-growing rat renal tumours, in
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human carcinomas of the colon and breast,and in melanomas (Laszlo et

al. (1969). FPurthermore, 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; Ove et al., 1969b). Levels of
the low molecular welght 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

fraction of Human Kb c¢olls, one of which appears to be very similar to
DNA polymerase o,and to show good correlation between levels of activity
and the rate of cellular division (Sedwick et al., 1972; wang et al.,
1975). Elevated activity of a high molecular weight DNA polymerase,
which is restricted to the nuclear fraction of ¢ells from human broncho-
genic sarcoma, mammary adenocarcinoma and caecal carcinoma, has heen
reported by De Philip of zI. (1977). The activity of this tumour-
assoclated 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
welght form of DNA polymarase have been reported in mouse spleen cells
stimulated with erythropoietin (Roodman et al., 1976), cultured ascites
cells (Marujama and Bollum, 1976), and in phytohaemagglutinin~stimulated
human peripheral lymphocytes (Loeb et al., 1970).

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

polymerase activity during DNA synthesis has been assouiated with !ncreased
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levels of DNA polymerase ¢ activity., More recently it has been sug-
gested that the activity of DNA polymerase vy is also increased during

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

B have been shown to remain fairly constant throughout the cell-eycle

and to be comparable in dividing and non-dividing cells. S8light increases
in activity of this form have, however, been reported in some cases, as
discussed on page 25 , and the participation of DNA polymerase £ in the
processes of cellular replicaticn 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 Fujii, 1975). These authors have suggested that the
increased activity in host .iver is due to some serum-medlated stimula-
tory factor.

Thymidine Kinase (ATP:thymiding 5'~phosphotransferase,EC 2,7.1.75)
ym E

Thymidine kinase catalyses the ilrreversible phosphorylation of
thymidine to deoxythymidine 5'-monophosphate in a reaction which requires
2+
ATP as a phosphate donor and the presence of Mg~ ,as shown below:

thymidine kinase
2+
Mg

Tdr + ATP 2> dTMP + ADP

Although Tdr kinase has been assigned a salvage role in DNA
synthesis, it shows marked substrate specificity (only Tdr, Udr and the
5'-halo derivatives of Udr may gerve as substrates), and ls subject to
allosteric regulation and fer lback control,as discussed on pages 51
and 52. Becauge of the importance of dTMP in DNA synthesis,and its
abllity 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 al., 1974), avian (Kit et al., 1975%; smith and Eakin, 1975), and
mammalian (Berk and Clayton, 1973; Eker, 1966; Ohashi and Taguchi,
1976; Adelstein et al., 1971; Hashimoto et al., 1969; Okuda et al.,
1972; Machovich and Greengard, 1972; Bresnick and Thompson, 1965;
Lee and Cheng, 1976 a,b; Salser and Balis, 1974; Taylor et al., 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
Clay£on, 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
obsexrved 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 bean shown to correlate with
a loss of erythreopeoictic function (Machovich and Greengard, 1972).

In mouse liver; partial hepatectemy causes an increase in the activity
of the cytoplasmic form of Tdr kinase which 1s directly proportional

to the rate of incorporation of Tdr into DNA (Adelstein et al., 1971).
About 90% of the in vivo Tdr kinase activity in cultured mouse spleen
cells is associated with a labile cytoplasmic form of the enzyme which
shows increased activity following erythropoictin stimulation, corre-
lating with an increased rate of ilncorporation of Tdr into DNA (Roodman

et al., 1976).
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Foetal Tdr kinase and the enzyme form found in cancerous human

o g i i

cells may represent genetically distinct forms of the enzyme (Stafford
and Jones, 1972), or they may be identical to the cytoplasmic form of
+:2 enzyme. |

The increases in Tdr kinase activity in rat regenerating liver

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

1970), and 1 human Chang liver cells (Eker, 1966), are sencitive to

Actinomycin D inhibitieon, suggesting that these increases are dependent

st

upon the process of transcription and probably involve de nove 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 ocourring at the end of a 'dark' period (Hopkins et ai.,
1973). Following partial hepatecteomy an initial peak of Tdr kinase
activity and DNA synthesis occurred at 20-23 hours after surgery. There-

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

control animals, was notead.

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 high in 19 day
old foetal rat liver and subsequently decreases sharply before term
(Kdhlex, 1972). Following Lirth there iz 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; Sneidex et
al., 1969; and Wober, 1974), and in spontancous or chemilcally induced

transplantable hepatomas in mice (Bresnick ¢t al., 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 adenocarcinoema, than in the corresponding normal or host tissues
(Gordon et al., 1968).

In contrast to the above findings of increased Tdr kinase activity
in rat and mouse regenerating and tumorous liver, the levels of the
enzyme activity in a series of slow-growing transplantable rat renal
tumours were slightly lewer than in rat normal kidney tissue (Laszlo et
al., 1969), This finding correlates with the failure of these renal
tumours to shew increased incorporation of Tdr into DNA. Similarly
levels eof Tdr kinase activity in human carcinomatous lung and hyper-
nephroma tissues have been shown to have, respectively, only 75% and 50%
of the activities measured in the corresponding normal tissues (Gordon
et al., 1968). In human colonic cancer Tdr kinase activity is com-
parable with that in e¢ontrol human colon (Laszlo et «l., 1969).

Rats bearlng solid Yorhida sarcomas show inereased levels of serum
Tdr kinase, Shirasaka and Fujil (1975) have demonstrated that the serum
Tdr kinase resembles that found in the sarcoma. Levels of the Tdr
kinase form found in host rat liver are also increased. These findings
may reprosent a leaking into the bload 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 kinagse levels in tumour-bearing animals (Shirasaka and

Fujii, 1975; Taylor et al., 1976) suggests that serum analysis for Tdr
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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 Znm vitiw 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

entry point for the incorporation of 3A—Tdr inte dTTP. Some forms of

chamotherapy (eg. the cytostatic agunts S-fluoro-uracil or S-fluoro-deoxy-

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

conversion to metabolically active forms.

Control of the Key Enzymes of Pyrimidine and DNA Synthosis

The pathways ifeading to DNA synthosis appear to he subject to
control by the deoxynuclectide dTTP. Levels of dTTP have been shown to
regulate the activities of ribenucleotide reductase (Murphreec et al.,
1968) , dcMp deaminase (Henderson and Paterson, 1973, p.236), 4TMP
kinase (Eker, 12¢8) and Tdr kinase (Klumperqr and Haynes, 1968}, The
activities of these Ffour enzymes have also been shown to be affected
by dACTP, but to a lesser extent., The activity of dCMP deaminase is
elevated prior to JdTMP gynthetase and dTMP kinase in rat regenerating
liver. It has been suggested that the induction of dCMP deaminase leads
to Ilncreased levels of dUMP, whi~h in turn wmay activate and/or induce
dTMP synthetase, leading to increased levels of dTMP, which may induce
dTMP kinase activity (Maley and Maley, 1060).

The smooth membrane fraction isolated from the post-microscmal
supernatant. of rakt regenerating liver and Novikoff hepatoma has been
shown to contaln high molecular weight DNA polymerase, ribonueleotide
reductase, thymidine kinase,and possibly thymidylate synthetase, which
might favour a concerted action by these enzymes in DNA replieation

(Baril et al., 1972). Localisation of these membrane-associated enzymes
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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 et al., 1968; Bar‘l and Laszlo, 1970;
Baril et al., 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 caleium phosphate gel (Bresnirk and Thompson, 1965).
Yields with these techniques ranged from 25-39%,and purification factors
of about 100-fold were obtained. Attempts by Bresnick and Thempson to
purify the enzyme further by ion exchange chromatography on DEAE-cellulose
were unsuccessful, as the enayme lost considerable activity. This
procedure was slightly modified by using heat fractionation at 50°C  for
the purification of Tdr kinage from &. ooll 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-Sephadex 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 hydroxylapatite and DEAE-cellulose (Fujii et al., 1972;
Hashimote ¢ «l., 1972). Two fractions of Tdr kinase were separated
by DEAE chromatography. The lPeak I form which was eluted by 50mM NacCl in
Tris-HCL buffer, oH 8.0, was purified 1 50u-fold, the yield being 124,
The Peak IL form was eluted by doo mM wacl in Tries-Bcl buffer, pi 8.0, and
was purificd at least Z0-rfolda, tne yielld being 4.3%,

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 G~100 (Her and Momparler, 1971).

Human colonic Tdr kinase has been partially purified by means of
high-speed centrifugation, ammonium sulphate precipitation, heating at
50°¢C in the presence of ImM Tdr, negative adsorption on calclum phosphate
gel,and chromatography on Sephadex G-200, Bioyel,and DEAE cellulosec
(Salser and Balls, 1976). The final preparation gave a yield of 6.4%
and an overall purification of 2 200-fold.

Tdr kinase has been partlially purified from human adrenocortical

carcinoma and from normal and hyperplastic adrenal glands (Nawata ¢t al.,
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1976). The techniques used included 0~30% ammonium sulphate fractionation

and chromatography on DEAE c¢ellulose. Two fractions of Tdr kinase activity

were obtained from human adrenocortical carcinomas on DEAE chromatograpy:
Peak I was eluted with 100mM NacCl in Tris-HRCL buffer, pH 7.5, and was
purified about 10-fold; Peak II was eluted with 400mM NaCl in Tris-HCL,
pH 7.5, and was purified about o-fold. The overall yield for Peaks I and
II was 23%. 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 kinase, also corresponding to the tumcur 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 Hel.a and KB cells have been partially purified using centrifugation
at 105 000 x g for 90 minutes, followed Ly precipitation between 0 and 40%
ammonium sulphate saturation (Taylor ¢t ai., 1972; stafford and Jones,
1972). The resuspended precipitates were stored in 50% glycerol at -20%.
About 50-60% of the activity measured in the crude homogenate was
recovered but the purification achieved was not given. These preparations

were used for physical and regqulatory stuiies.

An affinity chromatography purification r. hwed, using the substrate

5'-amino~5'-deoxythymnidinne as a ligand, has been described by Rohde and
Lezius (1971), Using this technigque they achieved a 190-fold purification
of E. coli B Tdr kinase, with a 90% yield, in a single purification step.
When this step 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 %0% yield, w.s obtained.
Recently a 370-fold single-step purification of Tdr kinasw from E. coli,

using affinity chromatography, hag been described (Robde, 1977). The
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efficiency of affinity chromatography as a purdfiecation technigue is
well illustrated by comparison of these results with those of Voytek et
al. (1971) who used preparative polyacrylamide gel electrophoresis to
purify E. col? Tdr kinase. These authors obtained an overall purifi-
cation of 531-fuld but the yield using this method was wnly auout 1%.

The ligand described by Rohde and Lezius was found to be unsuitable
for the purification of Tdr kinase from mouse li0 sarcoma cells (Cheng and
Prusoff, 1974). A thymidine;B'—(p—aminopheuyl phosphate) ligand, developed
by Kowal and Markus (1975), has been used by these authors to achieve a
109~£fold purification of Tdr kinase from mouse gut. Subsegquently affinity
chromatograpny 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 5). The cytoplacsmic form
of the enzyme was purified 2 416-fold, with a 36% yield, while mitochon-
drial Tdr kinase was purified 1 G3d-fold, with a yield of 9%.

Stability

Human normal or neoplastic colon, laryngeal, mammary gland, pul-
monar%_and renal tissues showed no significant loss of Tdr kinase activity
when stored ai -7u°C for longer than 1 year (Gordon ¢t al., 1968).

Similar findings have been reported for rat hepatoma tissue stored at
-17% (Eukovsky and Roth, 1963). The anzyme from animal tissues appears,
however, to be labile during prolonged purification procedures (Bresnick
and Thompson, 1965),

Enzyme activity may be stabliised by the presence of thymidine
(Bresnlck and Thompoon, 1965; Olsen and Harels, 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% glycerol
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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 #. coli Tdr kinase. These authors obtained an overall purifi-
cation of 531-fold but the yield using this method was only about 1%.

The Ligand described by Rohde and Lecius was found to be unsuitable
for the purification of Tdr kinase from mouse 130 sarcoma cells (Cheng and
Prusoff, 1874). A thymidine;s'-(p—aminophenyl phosphate) ligand, developed
by Kowal and Markus (1975), has been used by these authors to achieve a
109~fold purification of Tdr kinase from mouse gut. Subsequently affinity
chromatographny using this ligand has been coupled with fractionation
procedures using streptomycin and amronium 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
¢f the enzyme was purified 2 416-fold, with a 36% yield, while mitochon-
drial Tdr kinase was purified 1 634-fold, with a yield of 9%.

Stauility

Human normal or neoplastic colon, laryngeal, mammary gland, pul-
monary, and renal tissues showed no significant loss of Tdr kinase activity
when stored at -70°C for longer than 1 year (Gordon et al., 1968).

Similar findings have besn reported for rat hepatoma tissue stored at
~17°C (Bukavsky 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 stabilised by the presence of thymidine
(Bresnick and Thompson, 196%5; Olsen and Harrls, 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% glycerol
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at -20°C (Taylor et al., 1972). Thymidine kinase from foetal rat liver
has been stabilised during gel-filtration by the presence of lmM ATP
(Klemperexr 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. S&tabili-
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 (Hcer and Momparlexr, 1971); rat and
human intestines (Salser and Balis, 1973); and frem human adult and fcetal
liver (Taylor et al., 1972). Tdr kinases from Novikoff ascites hepatomas,
MDAR hepatomas and Walker carcinosarcomas are inactivated by sulphy-
dryl group inhibitors such as mercury or p-hydroxymercuribenzoate (Bres-
nick and Thompson, 1965). Similar findings have been reported for rat
Yoshida sarecoma Tdr kinase (Hashimoto et al., 1972). However the
presence of reduced thicls 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 (Cheng and Prusoff, 17374).

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 (670 000 for Tdr kinaves 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 ¢t al. (1970), using sucrose
density gradients. Both of these values are lower than the molecular
welght of 130 (00 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 myeloeytic leukaemia blast cells have been shown to be
70 000 and 90 000 respectively, using gel-filtration (Lee and Cheng,
1976h} .,

Deoxyrironuclectides affect the state of aggregation of Tdr kinase
from E. ¢9l7 (Bresnick et «l., 1970). Using sucrose density gradients,
the enzyme was shown to have a sedimentation constant of 3.68 in the
presence of ATP or the activator dChp., dTTP increased the sedimentation
constant to 6.C5. Simi..ar results have been reported by Voytek ct al.
(1971), who have shown that F. colf cells have a scdimentation constant
of 3.45,which is increased to 5.385 in the presence of dCTP. The sedi-
mentation constant for Tdr kinase from rat regencrating liver is, however,
not affected by the presence of debp, ATP or dT9P (Bresnick ¢t al., 1970).

It may be that F. col? Tdr kinase undergoes polymerisation from a mono-
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meric state to an oligomeric state in the presence of these nucleotide

o iy o g S 7 e

effeccors, whereas the enzyme from rat regenerating liver already exists
as an oligomer.

Aggregated and disaggregated forms of Tdr kinase have been noted

e e A5 4 et 5

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

e i 2y e

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

of 600 000, whereas a molecular weight of 110 000 was obtained at higher

ionic strength (ie. 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 al., 1972).
The possibility that the modifier causing aggragation might be RNA or
might contain RNA is suggosted by the finding that the additioo of RNase
to a crude Tdr kinase preparation led to the appearance of the disaggre—

gated form of the enzyme (Okuda ot al., 1972; Hamazaki, ' .3). This

effect was not observed when DNase was added to the Tdr kirase prepearation.

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

!
sodium dedecyl sulphate, inhibit Tdr kinases from Novikoff ascites and
MDAB rut hepatcmas and rat Walker carcinogarcomas (Bresnick and Thompscn,

1965) .

Temperature Stability

The Tdr kinace form characteristic of human foetal liver is more
labile than that from the adult tissue (Taylor ¢f al., 1972). Foetal Tdr
kinase was found to loce 50% of its activity within 5 minutes when incu~
bated at 4SOC, while the adult form showed only « 10% decrease in activity
when incubated under the same conditions. Furtherxmore, on incubating human
adult and foetal liver forms of Tdr kinase for 5 minutes at inereasing
temperatures, it was found that 50% of the foetal enzyme activity was lost

between 35°C and 45°c, while the same loss of actilvity 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 thermostabilitles similar to
that found in human foetal liver (Taylor ¢t al., 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 foeta® liver or tumour cell Tdr kinase preparations
(Nawata ct al., 1976).

Although the heat-inactivation curves of normal and 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 forms of the enzyme (Salser and Balis, 1974},

In contrast to the relatively labile Tdr kinase ferms in human
foetal and cancerouas tissues, the mitochondrial and cytoplasmic fuorms of
the enzymes from human leukaemic blast cells appear to be stable at
temperatures of 25-40°¢ for 40 minutes (Lee and Cheng, 1976b).

various substrates, products, and inhibitors of Tdr kinase (such
as Tdr, Udr, ATP, d4dATp, JTMP, JTDP and d4d7TTP) can reduce or prevent heat
inactivation of calf thymus Tdr kinase (Her and Momparler, 1971) and the
enzyme from rat regenerating liver (Walboomers and Wanka, 1974). In
HeLa TK cells infected with Herpes simplex viruses types I and II, which
induce nuclear and cytoplasmic .Jdr kinases respectively, Cheng and
Ostrander (1976) have shown that Mg-ATP preferentially stabilises the
induced HeLa twe IT Tdr kinase, whereas the presence of Tdr leads to
preferential stabilisation of the type I-induced form of the enzyme.

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

L e s et o e




3

AT i s e bommemhe - imm & S ko B o s

2E St

I A

43,

optimum with peaks at 7.0 and 8.5 (Taylor et «l., 1972). The pH optima
of human KB and HelLa cells appear to be similar to that of human foetal
liver (Stafford and Jones, 1972). The mitochondrial and cytoplasmic
forms of human leukaemic 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 pi 7.5 to 8.8, with peaks at about pH
7.5 (Nawata et al., 1970).

pH Optima of 8.0 and 9.0 respectively, have been reported for Tdr
kinases from Walker carcinosarcoma (Bresnick and Thompson, 1965) and fromrat
cardiac muscle (Gillette and Claycomb, 1974). Foetal and adult rat liver
and rat regenerating liver Tdr kinases have pH optima of 8.0 (Klemperer
and Haynes, 1968; Ki'»2r and Holman, 1974).

Divalent Metal Ion Redquirements

Thymidine kinase, like other kinases, requires the presence of
divalent metal ions four activity., The enzyme from Walker carcinosarcoma
has been reported to show a speclfic requirement for Mg2+, other divalent
cations producing inhibition of the enzyme (Bresnick and Thompson, 1965).
The reguirement for Mq2+ has been confirmed for Tdr kinase from mouse
sarcoma 180 cells, although the enzyme 1s inhibited if the concentration
of Mg2+ exceads that of ATP (Chenyg and Prusoff, 1974). Similarly both
mitochondrial and cytoplasmie Tdr kinases Frowm human leukagmic blast
cells show optimum activity at Mg:ATP ratiog of 1:1 (Lee and Cheng,
1976¢c). Inhibition wag observed in the presence of excess ATP. In
contrast o the findings noted ahove For mouse sarcoma 180 Tdr kinase,
excess Mg;+‘danﬁnot appear to inhibit the activity of the enzyme forms

from leukaemls blast cells. Lee and Cheng (1976b) 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:
Cytoplasmic Tdr kinase: Mg2+ > Cc2+ > Mn2+ > Cu2+ > Fe2+ > Zn
Mitochondrial Tdr kinase: M92+ > Cu2+ > Mn2+ > Ca2+ > Fe2+ > Zn2+

Using rats with implanted 3'Me~-DAB-lnduced tumours, fed on diets
containing high, normal or low Zn2+~supplements, it has been shown that
both the Zn2+~supplemented and Zn2+—deficient diets produce decreases in both
tumour growth and DNA synthesis relative to the normal diet (Duncan et al.,
1974; Duncan and Drecosti, 1975; Duncan and Dreosti, 1976a,b; Prasad,
1977). Similar effects were observed in rats fed on high or low Zn2+—
containing diets prior to tumour implantation. These effects have been
correlated with dvcreased Tdr kinsse activity (Duncan and Dreostil, 1976a;
Prasad ¢t al., 1974; Prasad, 1977). The precise role played by zinc in

Tdr kinase activity has not yet been establashed.

Effects of Salty

the effects of salts on Tdr kinase have been investigated by
Cheng and Ostrander (197¢), using Tdr kinases induced in HelLa TK cells by
Herpes simplex virus (H3SV) types I and IX. The type I and type II-
induced Tdr kinases were shown bo be cengitive to inhibition by ammonium
sulphate. Sedium sulphate produced similar inhibition, while sodium
chloride had little effect, showing that inhibition is due to the sul-
phate moiety, The cytoplasmic form »f Tdr kinase from human leukaemic
blast cells appears to be more sensitive to inhibition by ammonium sul-
phate than the mitochondrial form of the enzyme (Lee a 1 Cheng, 1976b).

&y maration of Multiple Forms of Thymidine Kinase Activity

Tlectrophoresls

Polyacrylamlde gel electrophoresis of Tdr kinase from E. coli

produced a single band of activity (Voytek et al., 1971), which showed
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more rapid anodal migration than the enzyme from rat regenerating liver
(Bresnick et al., 1970).

Tdr kinase from an 18cm human foetus exhibited 3 bands of
enzyme actlvity on polyacrylamide gel electrophoresis, with mobilities
relative to the marker dye front (Rm) 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 case, 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 gstarch-block
electrophoresis (Taylor ¢t al., 1972).

The mitochondrial Tdr kinase of HeLa BU 25 cells, which lacks the
cytoplasmic form of the enzyme, and of 83 cells showed relative electro-
phoretic mobilities of 0.4 and 0.6 respectively., Under the samne 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 freowm blast cells of patients with myelocytic leukaemia, Lee
and Cheng (1976L) have shown that, under the ¢enditions used, the cyto-
plasmic form of the enzyme has an Rm of 0.1, whereas the mitochondrial
Tdr kinase has an R of 0.6.

Starch-block zone electrophoreusis 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.m
(Hashimoto et al., 1969). A single band of Tdr kinase activity, showing
rapld migration towards the anode, has been observed for the enzyme from
foetal rat liver under the conditions used. On staveh-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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more rapid anodal migration than the enzyme from rat regenerating liver
(Bresnick et al., 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 (Rm) 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 case, however, there was a marked ilncrease 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
humnan adult liver. Similar results were obtained using starch-block
electrophoresis (Tayler v zl., 1972).

The mitochondrial Tdr kinase of HeLa BU 25 cells, which lacks the
cytoplasmic form of the enzyme, and of 53 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 ard Leung, 1974). Using polyacrylamide gel electrophoresis of
Tdr kinases frem blast cells of patients with myelocytic leukaemia, Lee
and Cheng (1976b) have shown that, under the conditions used, the cyto-~
plasmic form of the enzyme has an Rm of 0,1, whereas the mitschondrial
Tdr kinase has an Ry of 0.6.

Starch-block zone elrctrophoresis 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.m
(Hashimoto et al., 1969). A single band of Tdr kinase activity, showing
rapid migration towards the anode, has been observed for the eanzyme from
foetal rat liver under the conditions used., On starch-block electro-
phoresis Tdr kinase from human KB cclls showed two bands of activity:
one remaining at the origin and the other migrating towards the anode

(Hashimoto ¢t al., 1969).
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Ton-exchange Chromatography '

Using DEAE-cellulose ion-~axchange 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 (Okuda et al., 1972;
Hashimoto et ai., 1972; Hamazaki, 1973; Fujii et al., 1972). The first
peak (Peak I) eluted at 5SUmM NaCl concentratlen, whereas elution of the
second peak (Peak II) required a «400mM concentration of NaCl for elution.
Similarly Tdr kinases in mouse spleen cells infected with Friend virus,
and in the livers of rats 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 enayme activity corresponding
to the Peak I form of Tdr kinase (Ohashi and Taguochi, 10976},

On DEAE chromatography Tdr kinascs from rat foetal and regenerating 1
liver tigsues gave single peaks which resemblod the Peak 1 forms of the
enzyme described for Yeshida sarcoma tumours by Fujii et al. (1972).

Two forms of Tdr kinase which are eluted at concentrations ot 100mM
Nacl (Peak I} and 40¢mM NaClL (Peak II) hawvwe been described for human
adrenscortical =arcinema (Nawata o& «l., 1977). In the corresponding
normal adrenal gland only the Peak I form of the vneyme is present.
On injecting rats with the non-carcinogenic haemolytic drug 1-
acetyl-2 phiciylivedrazine, the Peak IT form of Tdr kinase could be detected. f
For this reasen Ohashi and Taguehi (1976) have suggested that the Peak II
form of Tdr kinase may not be an exclusively tumour-specific form, but
may represent a form which is expressed by the cell genome under conditions
of spec.fic ctress such as tumorigenesis and anaemia.

Kinetic an. pequlatorv Properties of Thymidine Kinase

App irent Michaalis constants (Km) for AP and thymidine, for Tdr

kinase preparations, as w 11l as stulies on phosphate donors and acceptors,
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and activation or inhibition by nucleosides and nucleotides, are summarised

in Table 3.

dpparent Michaelis Constants

It can be seen from Table 3 that the Km‘s for thymidine and ATP
reported for Tdr kinase preparations from eukaryotes are in the ranges
1.2 x 107% to 5.7 % 107°M, and 5 x 107> to 2.6 x 10 M, respectively.

The K for thymidine for Tdr kinase from . voll is dependent on
dCDP (Bresniek ¢t «l., 1970). In the prescnce of dChr the E. coli
enzyme showed increased activity a higher Vmax,and a decreased Km for
thymidine which became comparable with that for the enzyme from rat
regenerating liver. In contrast to these findings the Km for rat
regenerating liver Tdr Kinave was found to be independent of either ATP
or dCDP {Bresnick & a.., 1970).

Nen-linear Linuweaver-Burk plots of velocity versus ATP concen-~
tration have been Jescribed for Tir kinases from both &, 20l cells and
from rat regenerating liver (Bresnick ¢ @f., 1970). At ATP concentra-
tions helow 1{:'"3:'1l cha apparent Km for ATP for the enzyme from rat

regonerating Liver was 20mM, whereas this congtant decreased te 2,6mM

-3 . . .
at ATP levels abowve 10 "M, Similar noen-hyperbolic Lineweaver-gurk plots

with regpuect to ATP have been obsexved for Tdr kinases from rat Walker
carcinosareoma tigsue (Bresnick and Thompsen, 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 cyteplasmic form of human leukaemic blast cell

Tdr kinase may be a raesult of either co~operative or mechanistic effects,

or hoth.

Phosphate Acceptors

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 Thompson, 1965); Yoshida sarcoma cells
(Hashimoto et al., 1972} and calf thymus (Her and Momparler, 1971).

The S-haleo derivatives of deoxyuridine, S5~-fluoro-deoxyuridine
(5-F-Udr), 5-chloro-deoxyuridine (5-Cl-Udr), 5-bromo-deoxyuridine (5-Br-
Udr), and 5-iodo-deoxyuridine (5-I-Udr) may act as phosphate acceptors
with Tdr kinases from rat Novikeoff ascites and MDAB hepatomas and Walker
carcinosarcomas (Bregnick and Thompson, 1965). These derivatives of
deoxyuridine have been shown to act as competitive inhibitors of the
natural substrate, Tdr, in Walker carcinosarcomas in rats (Bresnick and
Thompson, 1965). 5-I-Udr and 5-Br-Udr have been shown to be potent
inhibitors, with respect to thymidine, of Tdr kinases from human leukaemic
blast cells (Lee and Chenqg, 1976¢). The mitochondrial £orm of the enzyme
was less susceptible to 5~I-Udr and 5-Br-Udy inhibition than the cyto-
plasmic form. On the other hand 5-F-Udr and deoxyuridine have been shown
by thege authors to be relatively weak inhibitors of the two enzyme forms.
Lee and Cheng obtained inhibitor censtants for 5-I-Udr, 5-Br-Udr, 5-F-Udr,
and deoxyuridine of 2.4uM, [.8uM, 26uM and 273uM respectively for the cyto-
plasmic form of Tdr kinase; and of 8.2uM, 7.0uM, 145yM and 315uM for the
mitochendrial form of the enzyme from human leukaemic blast cells.

Deoxycytidine and the deoxypurines (deoxyadenosine and deoxyguano-
sine) do not act as phosphate acceptors for Tdr kinase from Yoshida sarcoma
tissue (Hashimoto <€ al.. 1972). On the other hand Lee and Cheng (1976c)
have shown that deoxycytidine may be phosphorylated by the mitochondrial
form of Tdr kinase from human leukacemic blast cells.

Phosphate Donors

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

phosphate donors for Tdr kinases from calf thymus (Her and Momparler,1971);
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rat regenerating liver (Bresnick et al., 1970; Walboomers and Wanka,
1974); human adult and foetal liver (Taylor et al.,1972); and HeLa cells
(Taylor e¢ al., 1972; Kit and Leung, 1974).

Other purine and pyrimidine nucleoside or deoxynucleoside tri-
phosphates may in some cases also function «s phosphate donors, although
to a lesser degree than ATP or dATP. Yoshida sarcoma Tdr kinase can
utilise CTP and GTP (Fuiii et «i., 1972), while calt thymus Tdr kinase
can use GTP, UTP, TP, JGTP and 4CTP (Her and Momparler, 1971). Studies
on Tdr kinases from human adult and foetal liver have shown that the
fostal liver and human Hela and KB cell~line forms of the enzyme are
specific for ATP or JdATP, whereas human adult liver Tdr kinase can, in
addition, use CIP, UTP or GIP (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 ¢ells can also use CTP as a phosphate donor
(Lee and Cheng, 1976c¢).

dTTP serves as a feed-back inhibitor of T4r Kinase, and is not
effective a3 a phosphate donor in reactions catalysed by this enzyme.

Inhibitors

Thymidine kinase from all tissue and cell sources studied has been
showrt to be subject to end-product inhibition by 4TIP. The enzyme forxm
from rat foetal liver is more susceptible to inhibition by dTTP than
that from adult liver (Klemperer and tHaynes, 1968). On the other hand

1t has been observed that the Tdr kinase forms from human foetal and

adult liver (Taylor et al., 1972), and from human adrenal gland and adreno-

cortical carcinoma (Nawata «¢ al., 1976) are inhibited by dTTP to
approximately the same extoent.

The inhibition by dTTP has heen shown to be competitive with
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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). 1In the latter case Ki values for
the mitochondrial and cytoplasmic forms of the enzyme of 5.7uM and 0.6uM
respectivaly, were found.

The inhibition by dITP with respect to the phosphate donor (ATP)
has been shown to be complex for calf thymus Tdr kinase (Her and Mompar-—
lex, 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
carcinosarcema {(Bresnick and Thompson, 1965),and &, c¢oli (Okazaki and
Kornberg, 1964), JITP inhibiticn 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 et al., 1966). The inhibition
with respect to thymidine by dITP for the aggregated and disaggregated
forms of the enzyme was found to be, respectively, non-competitive and
competitive,

dTppP and dTMP have also been shown to act as weak inhibitors of
Tdr kinases from rat regenerating liver (Breitman, 1963), calf thymus
(Her and Momparler, 1971), human leukaemic blast cells (Lee and Cheng,
1976¢), and human adult and foetal livers (Taylor ot «l., 1972).

Deoxycytidine nucleotides have variable effects on different Tdr
kinase preparationss HNeither deDP nor dCTP inhibit Tdr kinases from rat
regenerating liver (Brosnick ot ai., 1970; Breitman, 1963). dCTP has

no inhibitory effect on Tdr kinases from foetal, neonatal or adult rat
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cardiac muscle (Gillette and Claycomb, 1974), and shows very little
inhibitory effect on the HelLa cell forms of the enzyme which are specific
for ATP and dATP as a phosphate donor (Kit and Leung, 1974). The less
specific formg of the enzyme from the HeLa cells (Kit and Leung, 1974)
are sensitive to dCTP inhibition.

The cytoplasmic Tdr kinase form from human leukaemic blast cells
is less sensitive to JdCTP inhibition than the mitochondrial form of the
enzyme (Lee and Cheng, 1976¢)., dCTP inhibits Tdr kinase from human adult
liver, but hes no effect on the forms of the enzyme from foetal liver or
human HeLa or KB cells (Taylor et al., 1972). similarly <the Tdr kinase
preparation from human adrenal gland 1s susceptible to dCTP inhibition,
whereas the Peak I preparations from hyperplastic and cancerous human
adrenal glands are not affected by this nucleotide (Nawata et al., 1976).
These findings are in agreemecnt with the suggestion by Roux (1973) that
the sensitivity of Tdr kinase to dCTP inhibitiun appears to correlate
inversely with the cellular growth rate.

Regulation of Thymidine ¥inase Activity

Increased Tir kinase activity in cultured Chang liver cells,in

which the d¢ novo pathway of 4TTp synthesis has been blocked using ametnop-

te;in’ has been shown to reguire de nove synthesis of the enzyme, since
puromycin or Actinemycin D prevents the expected increase in Tdr kinase
activity (Eker, 1968). when Actinomycin D was administered 5 hours after
amethopterin, only » slight inhibition of the increase in Tdr kinase
activity was observed, which suggoests that DNA~directed synthesis of RNA
is necessary for increaced Tdr kinase activity.

The rate of synthesis of Tdr kinaise inecreases some 10-fold during
periods of inercased cell-division (Bello, iO?db and thig increase in

Tdr kinase activity during cell-proliferation mey involve a derepression
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of the gene responsible for Tdr kinase synthesis by a thymidine phos-—
phorylated derivative, possibly dTTP (Fker, 1968).

Tdr kinase appears to be inducible, since gtudies 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 gl.,
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 ¢ytoplasmic and
mitochondrial forms of Tdr kinase from human leukaemic blast cells (Lee
and Cheng, 1976b),or on the in Vit 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 TIHE PRESLENT 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 of
work alrecady carried out by others in this laboratory on the levels of
enzymes of carbohydrate metabolism (Balinsky 2¢ al., 1973a,b,c; Cayanis
and Balinsky, 1975). Bicchemical studies on pyrimidinz and deoxyribonu-
cleic acid synthesis in human primary liver cancer have been restricted
to the very receint measurement of the incorporation of 3H—thymidine into
DNA (Weber, 1976b).

Since thymidine is unicgue to DNA, being replaced by uridine in RNA,
the levels of three key enuyuwes 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
growins 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 alsw assayed for comparative purposes. Oesophageal
cancer is prevalent in Zouth Africa and sawples of the tissue and a
derived cell-line were assayed 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 chemivally-induced rat transplantable
hepatoma were agsayed.

Thymidine kinase has been chown to play an important role in DNA

synthesis in rat foetal, regenerating, and cancerous liver. DiLEferent
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formus of the enzyme have been described for human adult liver, and for
human foetal liver or HelLa and KB cell-lines, and an additional thymidine
kinase 1lsozyme 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 regpect 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.

g e e bt bt 0 1

e o g g e S e e 5 e hon e




S PR

.

e 13 = .

[

[P

P

CHAPTER 2

LEVELS OF SOME KEY ENZYMES OF DNA SYNTHESIS IN RAT
AND HUMAN NORMAL ADULT, HOST, CANCEROUS AND FOETAL
TISSUES, AND CELL-LINES

MATERIALS AND METHODS —meomea—— - e ——————
Materials =—=—————————————— i o e e it s e
Chemicals, Reagents and EQUIPMONTE —ee e e rm—m—

Substrates and TOFUChors = emremt s —————— e e e e

Radiochemicals ——=——mmw———— ———— aaley
Reagents for Scintillation Counting —-—e—- e s e o
Other Chemicals and Reagents Used =————- e et
Equipment and other Materials -we—- e o e e e et e
Tissues and Cells m~m—memmmmm o e e e e e e
Human Hepatoma and Host Liver —~e-- - -
Human Normal Liver -——-—e——me—-- e i e e e
Human Footuses ——e—em—e—e——— e e e s et e e e
Human Normal and Cancerous Qesophageal Tissue ——e——ee—-
Human Meningioma —--—w=—e——-- e st et o b s e
Rats and Rat Hopatomasg =—e—=—e————-- et e e e et e
Rat Hepatoma Cell-lines meesem—e oo mm.- o e e e e e
Human Hepatoma Cell-lings mmememm e e e e e e o o
Human Oesophageal Cancoy Coll=ling memesemcoecmm— e o
Methodg ~=wmwew—— e B et 1 s o e e ———————
Preparation of Enzyme EXLracts emmecmom—eom—omeco—.— o
Tigsury =m=m——— kot 4 Attt et b o e e
Cells =mmmm— ot e e e e e e i i e s
BSDRY S e i o o s 5 e e -
DNA POLlymerase e ettt
Thymidine Kinasg == e ke e o e e e
Thymidylate KAnQue mesee o s s e e e o s e e
Deoxyeytidylate Doaminame —e—ss—msmc o s e e

Spectrophotonatric Agsay for AUMP Deaminase —ewee—e
Thymidylate Synthofase e sesmce e e e e e e

Estimation of Radiocactivity -—=—ee-cecmsama - ot o o ot e

Page
59
59
59
59
59
60
60
60
61
61
62
62
62
62
63
63
64
64

64
64
64
65

66
68
69
71

73
75

'57.

Nt i o gt B g B £ 7T

e e e e et



P

e B

B . A e

A i L

o

e A

A

e T 5

e

Protein Determination ————em e e e e e e
statistical Evaluation of Results ——w—————- e o e s e
RESULTS = ot st e o im0 e e o e e et s e 2 e e e s e e

Comparison of Isotopic and Spectrophotometric
Assays for dCMP Deaminage we——ee—e e om———— —— e

Comparative Studies of Levels of Some Enzymes
of DNA Synthesis --~——mw—new- - e ———— e e e e

Rat Normal and Host Livers, Transplantable
Hepatomas, and Cell-lines Derived from
the Rat Transplantable Hopatoma —=—e—see oo m——

Stability of the Enzymes Studied ~=—e=-=- o e
Enzyme Levels ——w————mw e ot o e e s

Human Adult Normal and Foetal Livers,
Hepatemas, and Cell-lines Derived
from Human Hepatomas —~————-~- ————— s e

Stability of the Ensymes Studied ==——---— o e e e e
Enzyme Levels in Liver TisSSues —mc—m—eeeme s

Levels of Enzymes in Foetal Liver at
Different Gestational Agos e e m o mm—

Enzyme Levals in Human Hepatoma Cell-lines ~——--—

Human Foetal, Host and Cancercus Qesophageal
Tissue, and an Ouoophageal Cancer Cell-line «-——--

Human Metiingioma and Human Foetal Braln ——-—-—wew -=
DISCUSS LGN mm oo oo o oo et e e o o s e e -—
hsgay HMethods e e v e e e v e o, i b s e 1t it ot s B, e

Stability of the Enzymes Assayed from Human Tissues -

Studies of Levels of Some Enzymes of DNA
Synthesis in Human and RBat Tissues
and Cell-lines ~—==—- e et e e e o e e e et e

Rat Normal and Host Livers, Hepatomas, and
Hepatoma Caell=lings e e e o o i e o e e

Human btormal and Host Livers,and Hepatomasg =——me——-
Human Foetal Livers ——mmmeemeceeca—— o 2 ko e
Human Hepatoma Cell-lingg =eeomsmammmmn— e e e

Human Foctal, Host and Cancerous Oesophiageal
Tissue, and an Ocsophac al Carcinoma Cell-line ==

Human Footal Brain and Meningionias —ee——ceesmes mmmn—.
The Role of Deoryeytidylate Deaminase in

arrp Synthesis e By 0 bt B ol e A i Y . st v i i s e . o S ot
CONCLUZTON = e o st im0 e o e s ot ot 5 e i it ot et 1t i o

SUMMBATY i o s am s v s o o i et i it o e ke 1t e Pt o e

Page
76

76

77
77

77

77
77
79

30
90
90

93

96
98

101
101
102

103

103
107
110
112

113
113
114

114
115

58l

A me e e

PP




Tt LT e e

oy

AR A i e

o e Rl e s

PR

N, SR 2 e A s e A e e M. B ek e MR A i e LS R LR BT

A

rag b s v

P AR T T

59.

CHAPTER 2
LEVELS OF SOME KEY ENZYMES OF DNA SYNTHESIS IN RAT
AND HUMAN NORMAL ADULT, HOST, CANCEROUS AND FOLTAL
TISSUES, AND CLLL~LINES

MATERIALS AND METHODS

MATERIALS

Chemicals, Reagents and Equipment

Substrates and Cofactors

Crystallire deoxythymidine (Tdr); disodium deoxythymidine
5'-monophosphate (dTMP); sodium deoxythymidine 5'~diphosphate (dTDP);
sodium deoxythymiding 5'-triphosphate (dTTP); sodium 2'-deoxyuridine
5'-monophogphate (dUMP); sodium 2'-decsy: ytidine 5'-monophosphate (dCMP);
sodium 2'-deoxyeytidine &'-triphosphate (dCTP); scdium 2'-deoxyguancsine
S5'=triphosphate (dgiP); discdiom 2'-deoxyadenosine 5'-triphosphate (daTe);
deoxyribonucleic acid (DNA), type V, sodium salt; d,l-L-tetrahydrofolic
acid (THFA), grade III  were cbhbtained from the Sigma Chemical Company,

St Louig, Missouri, United States of America, Disodium adenosine 5'-
triphosphate (ATP) was obtained from Boehringer Mannheim (SA) (Pty) Ltd.,
Bryanstnn, Johannesbureg, Suuth Africa.  S~Methyl-deoxycytidylic acid
(5-Me-dCMP) was purchased frem Calbiochem A.G., Lucerne, Switzerland.

Radiochemicals

Deoxythymidinu~(methyl«anl %'-triphosphate, ammonium salt,10Ci/mmol,
(3H~dTTP); deoxythymidine~(muthyl-BH), 5CL/mmol, (3H»Tdr); deoxythymidine~
(methyl~3H) St-monophosphate, ammonium salt, 20CL/mmol, (3H~dTMP); deoxy~
cytidine~5—3ﬂ 5'-monophosphate, ammonium salt, 13.4C1/mmol, (3H—dCMP);
and deoxyuridinu~5-3n 5! =monophocphate, ammonium salt, 5Ci/mmol, (BH—dUMP)
were obtained from the Radliochemical Centre, Amersham, Buckinghamshire,
England. These radlochemieals were diluted with delonised water or

unlabelled nucleotide solution on arrival, and were stored at -20°¢, with
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the exception of 3H—-Tdr which was stored at 4°C in accorxdance with
the manufacturer's instructions.

Reagents for Scintillation Counting

2,5~Diphenyloxazole (PPO), scintillation grade; 1,4-bis-2-(4~
methyl-5-phenyloxazolyl)-benzene (dimethyl POPOP),” scintilletion grade;
p~big~ (g-methylstyryl) -benzene (bis-MSB), scintillation grade; and
Instagel were obtained from the Packard Instrument Company, Inc.,
Downers Grove, Illinoils, United Scates of America.

Other Chemicals and Rearngonte Used

Tris- (hydroxymethyl)~aminoncthane (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 Louls, Missouri, United States of America. Crystallised
bovine plasma albumin was cobtained from the Armour Pharmaceutical Company
Ltd., Eastbourne, England. Z-Mercaptoethancl and Folin Clocalteu's
Phenol Reagunt were purchas»l from BOH Biochemicals Ltd., Poole, England.

All other reagunts o.d chemicals used were of analytical grade
and were obtained frem: Hopi.n and Williams, Chadwell 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 nrher Materials

Swinnex filter units and MPF-Millipore f£ilters (13mm, 0.22u) were
purchased from the Millipore Corporation, Bedford, Massachusetts, United
States of America. Whatman DE 81 DEAE Cellulose ion-exchange chromato-
graphy paper and Whatman GF/C glass fibre diges (2.1em diameter) were

obtained from W.& R.Balston Lt .a., England,
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Tissues and Cells

Human Hopatoma and Host Liver (apparently normal tissue from a

site adjacent to the tumour) were obtained at auwtopsy. 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 admininstored
prior to death and many patients presented at such an advanced stage
that no therapy against the tumour was attempted. Autopsies were per-
formed as soon as possible and tissucs were obtained between two and
eight hours after death, The tissues were provided by Dr E.W. Geddes,
and autopaies were performed by pathologlsts of the National Research
Institute for Ocvcupational Diseases. ALl tissues were washed well to
remove bile, and samples were submitted to the Histopathology Department
of The Scuth African Ingtitute for Medical Research for confirmation
that necrosis was less than 153,  Samples showing greater than 15%
necrosis were not assayed. Assays wore performed as soon as possible
after receiving the tissue. In a few instances tumorous and host liver
were stored frozen at -20°C.

On ene otcasion a sample of hepatoma with a small amount of
'host' liver was obtained at a hemi~hepatectomy 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°¢ er -180°C for enzyme stabillity studies,

A single sample of biopsicd human hepatoma was obtained during

an exploratory laparotomy. The patient was a young Shangaan male. BAssays

were performed within three hours of gurgery.
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Samples of human normal liver weore obtained at autopsy from

organ donors with the co-operation of Dr G.M.G. Maler 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 Poetuses were obtained from the Johanneshurg General

Hospital, with the permission of Professor L. van Dongen. Foetuses were
obtained following either spontanvous or, in some cases, therapeutic
abortions. Spontaneously aborted foectuses 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 measurenents (Documenta Gelyy, Scientific Tables, Beventh
Bdition, 1976, page 691),and were found to range from nine weeks to
twenty eight wewvks. Where possible  livers and, in come cases, brain
or oesophageal tissues were removed on cbtaining the foetus, usually
within two hours. The gall bladder was ceparated from the liver by
digsection. Enzyme assays on thoege human fostal tissues were performed
immediatoly.

Human tiorrial and Cancorens ceoepliageal Tissue was obtained at

i
Ees T WP vy

surgical removal of a cancerous section of the oesophagus, oxr by biopsy
during oesophagoseopy. These tissucs were made available by Mr J. Hunt
of Baragwanath Hospital. Tiusue samples were stored on ice during
transport. Enzyme assays were performod within three hours of biopsy
or surgery.

Human Meningioma tissue was obtained at surgery from Mr K. Lewer-

Allen. Tissues wore stored on lece and assayed within three hours of

removal.,
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Rats used were of the Wistar strain. Rat Hepatomas had been

induced by including the hepatocarcinogen 3'-methyl-4-dimethylamino-
azobenzene (3'Me-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 implant@d tumours were maintained on a standard laboratory diet and
were fed ad l4Bitum. The livers of .ats bearing implanted 3 'Me~DAB
tumours were termed 'host!' livers. Rats were sacrificed by cervical
dislocation,between O0%h00 and 11h00. This time schedule was strictly
adhered to,since it has been shown that levels of Tdr kinase are subject
to diurnal variation (Potter ¢f al., 1966; Barbiroli et al., 1972).
Hepatomas and host livers wore agzayed within four hours of removal.
Tissues were also stored at -209C for varying lengths of time to deter-
mine the gtability of the enzymes assaved., Ratgs of the same strain were

used in the studies on endyme levels in normal liver,

Rat Hepatoma Tall-lines wore supplied by Dr L.D. Nourse and

Professor ©.W. Prozesky. These cell-lines were dosignated NEH and PRH
respectively. Both cell«lines wore doveloped from the 3'Me-DAB-induced
transplantable hopatoma of br C.F. Albrecht, The NRH cell-line was

grown at 37°%C in Eagle's Minimum Essential Mediwn containing Hank's base
and L-glutamine, but without sodium blecarbonate, This medium was supple-
mented with 0.25K ascorbic acid;  U.1mM glyeine;  0.1mM serine; 9mM NaHCO ;5
penicillin (S%0units/ml}; streptomyein (50undts/ml) and 5% foetal hovine
sexum albumin (Albrecht et al., 197%). The PRI cells were grown at 36%
with 5% CO2 in a 50/50 mixture of Hagle's Basal Medium and Dulbecco's

Modified Eagle's Medium, supplemented with penicillin ¢ (100units/ml);
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streptomycin (0.1mg/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 NRH cells were cultured was chosen for optimal growth
of this cell-line. In both cases ~ells were harvested Ly tryposinisation i
followed by washing in serum free m. 'ium.

Human Hepatoma Cell-lines were developed and supplied by Professor

0.W., Prozesky and Dr J. Alexander. Thege cell-lines were designated PHH

and AHH respectively. The PHH cells were grown and harvested as described :
above for the PRH ¢well-line, These cells were found to be very rapidly

growing, in contrast to the ABH cell-line which was characterised by very

slow growth.

The AHM cells and a Human Oesophageal Cancer Cell-line, also

provided by Dr J. Alexander and designated AHO, were grown at 37% in

Eagle's Minimum Essential Medinm containing essential amino acids; peni-

cillin (100ng/ml) and streptomyein (100ug/ml);  and supplemented with 102

foetal bovine serunm {(containing 200u-/ml ewch of penicillin and strepto-—

mycin, and 1COug/ml of Mycostatin). Cells were harvested by trypsini-

sation followed by washing with serum-£free wedium,

METHODS !
all procedures were carried out at 4°¢ unless otherwise stated.

all solutions ware prepared using deienised water.

Preparatinon of Enoyme Ixtracts

Tissueas
The same buffer was used to extract all of the enzymes assayed
except dCMP deaminase. The homogenising buffer contained  50mM Tris-

HCL (pH 7.5), 250mM sucrosce, 5mM f-mercaptoethanol and imM EDTA. In

PR
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the case of ACMP deaminase preparations the homogenising buffer contained,
in addition to the above, 0.5mM dCTP which stabilises this enzyme. Mex-
captoethanol and, in the case of dACMP deaminase, JdCTP were added to the
stock buffer immediately prior to homogenisatioun. Homogenising buffer was
used to prepare 20% (weight for volume) homogenates of the normal or
cancerous tissues. Homogenlsation was performed using five strokes in a
Potter-~Elvehjem homogeniser with a moderately tight-fitting ground-glass
pestle, Oesophageal cancer and meningioma tissues were usually rather
fibrous and therefore roquired additional howsgenisation to effect
adequate cellular disruption.

Homogenates were centrifuged at 38 000 x g for sixty minutes at
4%, using a 16 x 15ml rotor in an Mok 18 refrigerated centrifuge. As the
enzymes to ke arsayed wers located in the post-microsomal or soluble
fractions, the clear supornatant of ecach homogenate was retained for
assay.

Cells.

Harvested cells in gerum~free modium  were washed three times in
0.9% sodium chloride. The eoell pellet was then suspended in five to ten
volumes of the same homogenising buffer ac was used for the tissues.
Cells were disruptad by throe ecyeles of freezing and thawing using a
dry—-ice aceton: bath, The extracts wore centyifuged at 38 000 x g for
sixty minutes at 4%, and the superttants were retained for ensyme assays.
Assays

All assays used involved the conversion of radioactively-labuelled
substrate into radicactively-lauelled products.  Bach 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 of the assay

The method used was based on those of Mantsavinos (1964), Shepherd
and Kelr {(1966) and Burr-Purlong (1967). The pri.ciple involved is that
3H*d’I‘TP incorporated into newly-synthesised DNA may be measured by pre-
cipitating the DNA onto a low quenching inert support such as a glass
fibre disc. ‘Inreactoed 3H~dTTP is thon washed off and the 3H—dTTP label
incorporated into DNA and precipitated on the disc is counted using a
suitable scintillant,

Deternination of optimul conditions

The method of Shepherd aud Keir (1960) was used except that the
concentraticn of unlabelled @TTP was decreased to increase the specific
activity of 3H—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's extracted from calf thymus., Denatured DNA was
prepared by heating 1 “mg/ml native DNA preparation in a boiling water
bath for five minutes ang then cooling the preparation rapidly on ice.

Two types of calf tnymus DNA were comnerceially avallable, that from
Boehringoer Mannheim heing highly polynerised with a molecular weight ten-
fold greater than that supplicd by the gigma Coasmical Company. It was
found that the highly-polymerised Boehringer preparation was less effective
as a DNA template whethor in native or denatured form,and it was therefore
decided to use the Sigma type V DNA from calf thymus as template DNA,

The pH optimum of the enzayme from human foctal liver was found
to be 7.5 which is similar to the results of Shepherd and Keir (1966),
who found an optimum pli of 7.2-7.4 For the cnzyme partially purified from

Landschiitz Ascites-tumour cells,
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Pinal assay conditions used

Agsay mixtures contained, in a total volume of 230ul, 20mM Tris-

HCl buffer (pH 7.5); 0.4mM EDTA; 50mM KCl; BmM Mgsoq; 5mM B-mercapto-

3

ethanol; 90uM “H-JTTP (approximately 20pcCi/umole of dTTP); 200uM JdATP;

200uM AGTP; 200uM dCTP; 50ug of native or denatured DNA; and up to lmg

protein. The reaction was started by the addition of the four deoxy-

ribonucleoside triphosphates. A 100ul aliquot was withdrawn immediately

as a zero~time sample. The remaining 150ul of assay mixture was incubated

for 20 minutes at 37°C. Reactions were terminated Ly rapidly freezing
assay mixtures in an acetone dry-ice bath. After thawing, bovine serum
albumin (101 per S0pl assay mixture) was added to the zero and twenty
minute assay tubes to assist in the precipitation of DNA onto the glass
fibre diges. A 50ul aliquet of edch assay mixture was spotted onto a
numbered Whatman GF/C glass-fibre disc which had previously been scaked
in sodium pyrophosphate (10UnM) and allowed to dry. The presence of
pyrophosphate provented any further polymerising activity,

Discs were dried briefly in ailr and then dropped into a beaker
containing ilce-cold 5. TCA, The discs were washed twice on a Buchner
funnel using %% TCR, aud «driled by washing with absolute ethanol and with
anagsthetic ether. Incorporated radicactivity was counted by placing
each disc in a seintillation vial containing 10ml of seintillation cock-
tail and counting as describoed on page 75. A 'total counts control' was
prepared by spotting a L0ul aliquot of the twenty minute reaction mixture
onto a glausg fibre dise, which was Jdried at 60% and counted.

Activities are expressed as mbnits per gram of protein, one Unit
being defined as the incorporation of luymole BH—dTTP into DNA per minute

at 37°%.
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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 lmyg per assay. Specific activities of between 0.5 and
250mUnits per gram of protein could be measured,

Thymidine Einase (Tdr kinagse)

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 ¢t ai. (1970). The principle involved is that, since only
nucleotides or devoxynucleotides (in this case dTMP, dT™p, and 4TTP) biad
to Whatman DE 81 ien-exchange chromatography paper, unconverted 3H~Tdr
may be removed by washing, and the dise may then be counted to determine
the amount of incorporated radiovactivity,

Determination of ortimal assay conditiong

The methods gunerally used for the assay of Tdr kinase include
either a-glycerophosphate (Okuda «¢ al., 1972) or 3-phosphoglyceric acid
(Sneider & we., 1967; Salser aud Balis, 1973) in the assay mixture to
decreacze hydrolysis of ATD due o centaminating phosphatases.  However
in the present study it was found that rat hepatoma Tdr kinase activity
was decreased by 90 and 643% respectively in the presence of u~glycerophos-
phate and 3~-phosphoglyceric acid. For this reason these were excluded
from the Tdr kinase assay. Similac £indings have beon observed by Duncan
and Dreosti for ral hepatoma Tdr kinase (personal communication).

Final assay conditions used

Assay mixtures contained, in a total volume of 200ul, 50mM Tris-
HCL buffer (pH 8.0); SmM MgCl.,;  SmM ATR (adjusted to pH 7 with sodium

bicarbonate); 50uM 3H~Tdr (approximately 20uCi per umole Tdr); and up to

1%

4
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2mg protein. The reaction was initiated by the addition of 3H~Tdr.
The contents of each assay tube was mixed and a zero-time aliquot
of 100ul was immediately withdrawn. The remaining assay mixture was
incubated at 37°C for 20 minutes. Assays were terminated by placing the §
tubes in a boiling water bath for 4 minutes. The tubes containing the |
assay mixtures were centrifuged to spin down precipitated protein,and
25ul aliquots of the zero-tine and twenty minute assay wmixture supexr- Q
natants were spotted onto Zem diameter DE 81 discs.

The dises were dried in air for about one minute and were then
washed on a Buchney funnel using ImM ammonium formate (10ml per dise)
and water. This washing ¢ycle was repeated twice. The disces were dried,
placed in 10ml of scintillation cocktail,and the incorporated radio-
activity was determined as described eon page 75, A total count measure~
ment for each assay was determined by spotting a 25ul aliquot of each
twenty minute assay mixture supernatant onto a DE 81 disc,which was dried
and counted without washing,

Activities are expressed as mUnits por gram of protein, 1 Unit
being defined as the production of lumole of 3H~dTMP per minute at 37%.

Usirg extracts of rapidly dividing tiscue, eg. rat hepatoma, the
rate of reaction for Tdr kinase was fousd to be linear with respect to
time for assay periods of up to 45 minutes using protein concentrations
of up to 2mg per assay, Spesific activities of between 1.0 and 600 mUnits
per gram of protein could be measuren,

Thynirdylabe Kinase (dTMP Rinase)

Principle of the assmay

he assay method was based on those of Gordon et al. (1968) and

Sneider et al. (1969), The principle involved is that the substrate

BH-dTMP, and product 3H-d’I‘DP (and pousibly 3H-—d’l"I‘P) may be seoparated é
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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 50uM dTMP. The

2
enzyme was inhibited by sodium fluoride. This is in agreement with the
results of Gordon ¢t ul. (1988).

Final assay conditions used

Assay mixtures cvontained, in a total volume of 200ul, 50mM Tris-
HCl buffer (pH 7.5); 7.5mM Mgﬁlz; S5mM ATP (adjusted to pH 7 with sodium
bicarbonate); 50uM 3H~dTMP {approximacely 20uCi/umole); and up to 2mg of
protein. The reaction wes initiated by the addition of 3H~dTMP. The
contents of each assay tube was mixed and a 100ul aliquot was withdrawn
immediately as a zero-time sample. The remaining assay mixture was
incubated at 37°C for 20 minutes. The reactions in the 0 and 20 minute
incubation samples 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 cnto a 30 x Zem strip of DE 81 chromatography
paper and allowed to dry.

The chromatographs were developod by ascending chromatography,
using a IN formic acid - O.1IN ammonium formate solvent system, until the
sclvent front had risen at least 2%cm from the origin. The positions
of the lahelled nucleotides were located by markers consisting of 10ul
each of imM JdIMP, 1mM dATDP or lmM dTTP. These nucleotides fluoresce
under light of 2%54nm wavelongth and spots could thus be readily located
using an ultray ot lamp. Rf values fer the thymidine deoxynuclec*?des

were dT™MP-0.6 ITpp~-0. 2; and J1T7TP-0.0.
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The areas corresponding to the dTMP and dTDP-dJITP 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 ATMP spot were used as the total number of counts for each assay.
Results are expressed as mUnits per gram protein, 1 Unit being
defined ag the producticn of lumole of 3H-ATDP or dTTP per minute at
37%%.
Human foetal liver dTMP kinase activity was found to be lincar
with respect to time for periods of up to 45 minutes at protein concen-

trations of up to 1.5mg per ascay. Specific activities of 1.0 to 500

miUnits per gram of protein could be measured.

Deoxyeytidylate Doeaminase (dCMP Deaminase)

Principle of the assay

The assay used was based on that described by Sneider @t al,
(1968) and Maley and Maley (1969). The principle involved is that the
labelled product JdUMP, can he geparated from the labelled substrate
dCMP, by means of ascending chromatography on DE 81 ion-exchange paperx,
using a fermic acid-ammonium formate systent.

Determination of optimal agsay conditions

addition of dCTP to the homogenising medium was found to be

necessary to stabilise human foetal liver and hepatoma dCMP deaminases,

in agreement with the finding of Sneider and Potter (1968 for the rat

hepatoma enzyme, The optimms JdCTP concentration reguired in the homo-

genising mixture was 0.5mM.  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 pHl was used in the assays for dCMPp deaminase from chick embryos

(Maley and Maley, 1969) and rat hepatomas (Sneider ¢t al., 1969).
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Final assay conditions used

Assay mixtures contained, in a final volume of 250ul, 40mM Tris-
HCL buffer (pH 8.0); 6.0mM MgCly; 4OuM dCTP; 30mM NaF; Amd ~H-dCMP
(approximately 250uCi/mmole); and up to 2mg protein. The reaction was
initiated by the addition of 3H~dCMP. A zero~time aliquot of 100yl was
removed immediately and the remainder of the mixturce was incubated at
37°C for 20 minutes. Reactions were tcrminated 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 Zem strips of DE 81 chromato-
graphy paper.

The chromatogram was developed by ascending chrematography, using
a 1IN formic acid-N.1N ammoniuvm formate solvent system, until the sclvent
front had migrated at least 2%cm. The positions of labelled dCMP and
AUMP were located using 10ul spots of appropriaste deoxynucleotide markers,
each at ImM concentration., HNucleotide spots were located by their
fluoresence under ultraviclet light at 254 wavelength. The Rf 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 75. The counts
per minute obtained for the JdCMP spot in zero-time assays were used as
the total counts for each sample.

Activities are expressed asminits per gram protein, one Unit being
defined as the production of iumole of 3H—dUMP per minute at 37%.

Using the assay syastem desceribed, the rate of reaction for dCMP
deaminase was found to be linecar with respect to time for incubation
periods of up to 60 minutes  at protein concentrations of up to 1.5mg
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,
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Spectrophotometric Assay for ACMP Deaminase

Principle of the assay

The method used was that described by Maley and Maley (1969).
The method monitors the decrease in absorption at 290nm oxr 287nm when,
respectively, dCMP ig deaminated to produce dUMP, or 5-meihyl-dCMP isg
deaminated to produce dTMP.

Final assay conditions used

Each assay mixture contained, in a final volume of 0.5ml,
60mM Tris-HCL buffer (piH 8.0); 40uM 4CTP; o6mM MgClz; 2mM dCMP (or
5~Me~dCMP) ; and up to 4dmg of protein. Reaction mixtures were incubated

for 10 minutes at B?OC,and reactions were terminated by the addition of

1.5ml of cold Q.GN perchloric acid. Precipitated protein was centrifuged

down, and aliguots of 0.5ml were removed and diluted to 5.0ml with water.
The decrease in absorbance at 290nm (or 287nm), relative to a zero-time
control, was measured using a Beckman DB spectrophotometer.

Results are expressaed asminits per gram of protein, one Unit
being defined as the conversien of lumole of dCMP to AUMP (or lumole 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 spectrophot rie assay methods for both rat

ard human ACMP deaminases gave comparable results,

Thymicivlate Syntnetase (ATMP Synthetase)

Principle of the ansay

The method used was based on those of Kammen (1966) and Elford
et al. (1970). The principle involved is that, in the cemrse of the
reactlion, the hydrogen atom attached to the carbon-% position of the

duMp pyrimidine ring is released as a proton, with substitution of a
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reduced methylene group at this position to form dTMP, The released
proton equilibrates with the aqueous protons., If 5~3H—dUMP is used,
3H is released during the reaction and will appear in the agqueous phase
of the reaction mixture. On adsorbing all organic constituents of the
reaction mixture onto activated charcoal (Norit A), the residual
specific radiouctivity in the agueous phase will be proportional to the

amount of dUMP converted into JTMP.

Deteérmination of optimal assay conditions

Using an enzyme preparation from human foetal liver it was found
that saturating levels of dUMP were obtalned at concentrations 2.5-fold
lower than those described in the literature., Lower concentrations

(10uM) of duMP were therefore used to ensure a higher specific activity

of 3H—dUMP, and thus allow more accurate determination of the very low

dTMpP synthetase levels in human normal and host liver, or in rat normal
liver.
No dTMP synthetase activity coald be measuresd when using the

natural coenzyrme N ,Nlu—methylmne tetrahydrofolic acid., It was found

5

necesgsary to add tetrahydrofolic acid (THPFA) and formaldelyde,and to

allow N., N, . -methylene tetrahydrofolic acid to be generated 7n situ.

57 710

This may be due to the instability of NS,‘ ~methylene tetrahydrofolic

10
acid. THFA was stabllised by preparing it in 2,1nM R-mercaptoethanol.

In this form THFA was stable Lo storage at -20°¢ for at least 6 months.

Fipal Assay condition nged

The assay mixture contalned,in a total volume of 200ul,
20mM Tris-HCL bufifer (pil 7.9%); 25mM MgCl2; 15.8mM formaldehyde; 1.0mM
EDTA;  300uM THFA;  196uM E«mercuptou&hanol; 10uM 5~3H~dUMP (approximately
250uCi/umole AUMP); and up to 2mg of proltein., Reactions were started

by the addition of 3H—dUMP.
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Assay mixtures for zero-time and 15 minute incubations at 30%¢
were prepared. Reactions were terminated by adding Iml of deionised
water to each tube, mixing,and immediately pouring the contents of each
tube into a corresponding tube containing 200mg Norit A in Iml 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 22p Millipore filter. One ml aliquots of
filtrates were placed in scintillation vials,cach containing 9ml of
Instagel, The contents of wvach vial was mixed well, allowed to egquili~
brate, and the vials were counted to determine radicactivity due to
tritiated water. To determinge the total counts per minubo 3H—dUMP was
appropriately diluted,and aliquots were counted in Instagel.

Enzyme activitics are expressed as mUnits per gram protein, ona
Unit being defined as the conversion of lumole 3H—dUMP per minute at
30°%¢ (as reflected by the appearance of an equimolar quantity of tritium-
labelled water).

Human foetal JIMP synthetase activity was found to be linear with
time for periodsz of up to 20 minutes using protein concentrations of up
to l.5mg per assay. Opecifico activities of betwoen 0.3 and 150 wmUnits
per gram protoin could be measured.

Estimation of Radicactiviby

For all the enzymes assayed, except dTMP synthetase, the scintil-
lation cocktail consinted of g of 2,5«diphenylorazeole (PPO) and 250mg
of 1,4-bls=2~ (4-methyl-S-phoenyloxamelyl) <benzene (dimethyl POPOP) pex
litre of toluene. At a later stage 250mg of p-bilsg-(g-mcthylstyryl)-
benzene (bis-MSB) poer litre of toluene was used in place of the dimethyl
POPOP. This change did not affect the results., Samples woere equilibrated

in the dark at 4°C for at least one hour before counting.
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Incorporated radicactivity was determined using a Packard
Tricarb 3380 ligquid scintillation counter,using a ‘preset! optimum
gain setting for tritium. In order to ensure that gquenching in the
two-phase systems was constant; each sample was simultaneouslv counted
using a 54% gain with 50-200 window setting, and the channel ratio fox
the counts per minute obtained using this setting and the precet
tritium-setting was determined,

Protein Determination

Protein concontrations werce determined by the method of Lowry
et al. (1951). To lml of vach sample (which had been previously diluted
to give a protein concentration of 40-1201qg/ml) was added Sml of a
freshly mixed reagent containing 1 part 1% Cuso4.5H20, 1 part 2.7%
potassium~sodiun tartrate, and <48 parts of 2% sedium carbonate in 0.1N
NaOH. Tubes were mixed well and allowed to stand for at least 10 minutes.
0.5ml of BDH or Merck Folin Cilocalteu's reagent, which had been diluted
with two velunes of water, was added to each tube with rapid mixing,
Solutions werae allewed to stand for at least 30 minutes av room tempera-
ture, and thair absorbarces at 780mm were thep read agalnst a reagent
blanktusirq;‘iauckmun Ly spectrophotonater.

For each bateh of protein doterminations a standard curve was
constructed, vuing bevine serum albumin protein standard,

Statisticral Bvaluaation of Ruasults

The levels of cach enzyme ascayed in tie same types of tissue ox
cells are expressed as a mean * the standard error of the mean (SEM).  When
comparing corresponding enzyme activities in comparable tissues ox cells,
such as normal versus cancerous liver, the significance of differences
between the means * SEM for the two sets of values wan calcoculatod by means
of Studunt's 't! teat, a value of P < 0.01 being considered to indicate

a significant differoence.
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Incorporated radicactivity was determined using a Packard
Tricarb 3380 liquid scintillation counter,using a 'preset'! optimum
gain setting for tritium. In order to ensure that quenching in the
two-phase gystems was constant; each sample was simultaneously counted
using a 54% gain with 50-2U0 window setting, and the channel ratio for
the counts per minute obtained using this setting and the presot
tritium-setting was determined.

Protein Determination

Protein concentrations were determined by the method of Lowry
et al. (1951). To lml of wach sample (which had been previously diluted
to give a protein concentration of 40-120pg/ml) was added Sml of a
freshly mixed reagent contalning 1 part 1% Cusoq.SHQO, 1 part 2,7%
potassium~sodium tartrate,amnd 48 parts of 2% sodium carbonate {in O.1N
NaOH. Tubes were mixed well and allowed to stand for at least 10 minutes.
0.5ml of BDH or Merck Folin Clogalteu's reagent, which had been diluted
with two volumes of water, was added to cach tube with rapid mixing.
Solutions were allowed to stand fer at least 30 minutes at room tempera-
ture, and their abszorbances at 75%0nm were then read against a reagent
blankyusinq‘aagckman DB spectrophotoneter.

For each batch of protein determinations a standard curve was
constructed, using bovine serum albumin protein standard,

Statistical Bvaluation of keaalts

The levels of cach enzyme dassayed in the samoe types of tissue or
cells are expressed as a mean ! the standard error of the mean (GFEM) .  When
comparing corresponding enzyme activities in comparable tissues or cells,
such as normal versus cancerous liver, the significance of differences
between the means & SEM for the two sets of values was ecaleulated by means
of Student's 't! test, a value of P < 0.01 being consildered to indicate

a significant difference.
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RESULTS

COMPARISON OF ISOQTOPIC AND SPECTROPHOTOMETRIC ASSAYS FOR dCMP DEAMINAGE

The dCMP deaminase activities obtained with different tissues,
using the isotopic assay with 3HMdCMP and the spectrophotometric asgay
with either ACMP or bL-methyl-dCMP as substrates, are summarised in Table
4. For rat hepatoma the isotopic and spectrophotomeutric methods showed
similar activities with JdCMP as the substrate. However levoels were
about three-fold higher when H=Me-dCMP was used as the substrate. Fox
human foetal liver comparable levoels of activity were obtained with the
isotopic and spoctrophotomesris wethods for JdCMP deaminase.  Preparations
from human foetal liver and human hepatoma showed similar aetivities with
acMpP and S-Me-dCMP as substrates when using the spectrophotometric assay.

These results guggest that roat hepatoma ACMP deaminase metabolises
5-Me-dCHP more rapidly than dCMP, whereas these two substrates are
deaminated at comparable rates by enzyme preparations from human foetal
liver and hepatoua.

COMPARATIVE STUDIEG OF LEVELD oF ol BNAYYMES OF DNA SYRTHESIS

Rat Normal and Hoot Livers, Transplantable Hepatomas, and Coll-lines

oL

Derived from the Rat Transplantabio Hoewpatoma

Stability of the Enayimes Studied

Stabllity ctudies showed that sterage of rat hepatoma tissue at
—ZOOC for one wuek did not lead to logs of activity of thymidine kinase,
deoxyceytidylate deaminase, or the form of DNA polymerase which preferenti-
ally used native teaplate DNA.  On the other hand  thymidylate kinase,
thymidylate synthetase, and the form of DNA polymerase which preferentially
used denatured template DNA, were found to be labile to storage at -20%

even when stored in 40% glycorol,
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78,
TABLE 4
DEOXYCYTTIDYLATE DEAMINALE ACTIVITIES OF RAT
AND HUMAN MORMAL AMD CANCEROUS LIVER
Activity (mUnits/gram protein)
Tissues Isotopic Asuay Spectrophotonatric Assay
or Cells (submtrate=-JCNP} {substrate-dUCHE) (substrate-
5-Me-dctp)
Rat hepatona 7 40 6 500 20 500
Human footal liver 5 200 5 500 6 500
Human hepatoua - 22 100 1% 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°¢ for one week.

Enzyme Levels

The results obtained for the onzyme levels assayed in extracts of

rat normal liver, rat transplantable hepatomas, and the livers of ratsg

3

bearing the hepatowas  (host livers)  are summarised in Table 5 and

Figures 3 to 9. The figurvs show the activities of the cneymes (expressed
ag mU/gram protein) for cach specimvn assayed. A line is drawn to join
the activity in the canvercus tissue with that in the corresponding host
tissue., Thisg permits comparison of levels in an individual, thus reducing
the effects of biological variatien, eqg. diet. The Table gives the mean
activitivws in ecach tizoue, with caleulation of the standard errors of the
means. This pernits votimation of the significance of differences between
the means.

In rat normal and hest liver tigsues, the predeminant DHA poly-
merase fors was that which preferred native template DNA.  In both cases
it can be seon that the ratics of DHA polymerase activities with denatured
template HHA and native fenplate BN were less than one.  DNA polymerase
from rat hepatoma showoed a preference for denatured template DNA with a
ratio of sotivieies with denatured DNA to native UNA of greater than one.
Rat hepatoma DNA polymerase achtivities with either native or denatured
template UHA  were significantly higher than those of the respective
host livers, as well as those from normal livers.

Tdr kinase activitics in rat normal liver were not significantly
different from those in host rat llver. The mean activities in hepatoma
were, however, about forty-fold higher than those in host rat liver.

Activitivs of dTMP kinase in rat normal liver were low, while
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FIGURE 3
POLYMERASE ACTIVITY (WITH NATIVE DNA TEMPLATE)

81.

IN RAT AND HUMAN NLGOMAL ADULYL, HOOT, CANCEROUS AND

FOETAL TISGURS, AND CELL~LINLS
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A line is drawn to join the activity in cancorous tissue with that
of curresponding hust tissue where applicable,
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DNA POLYMIRASE ACTIVITY (WITH DEMNMATURED DNA TEMPLATE) IN RAT

AND HUMAN NOWMAL ADULT, HOST, CANCEROUS AND FOEYAL TISSUES,

AND CELL-LINES
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See Figure 3.
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Activity with Denatured DNA
Activity with Native DNA

Ratio:

FIGURE 5

RATIO OF DNA POLYMERABRE ACTIVITIES WITH NATIVE AND

DENATURED DNA TEMPLATES IN RAT AND HUMAN TISSUES. AND CELL-LINES
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FIGURE &
THYMIDINE KINASE ACTIVITY IN RAT AND
HUMAN NORMAL ADUL’I‘, HOST, CANCEROUS
AND FOITAL Tlt'.SUI'QSA AND CELL-LINES.
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FIGURE 7. 85. ;
THYMIDYLATE KINASE ACTIVITY IN PAT AND HUMAN NORMAL {
ADULT, fOST, CANCEROUS ANU FOETAL TISSUES, AND ChLL~ ;
LINES }
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FIGURE 8. 86.
THYMIDYLATE SYNTHETASE ACTIVITY TN RAT AND HUMAN NORMAL
ADULT, HOST, CANCEROUS AND FORTAL TISSUES, AND CELL-LINES
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DEOXYCYTIDYLATE DEAMINASE ACTIVITY IN RAT AND HUMAN
NORMAL AL /T, HOGI, CANCEROU: AND FOETAL T1GEUEE, AND
CELL=LINES
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those in host rat liver were undetectable, Levels of activity of this
enzyme were significuantly increased in rat trangplantable hepatomas.

dIMP synthetase activities in normal and host rat liver tissues
were low and did not differ significantly. Levels of this ensyme in
the rat transplantable hepatowas were Cifty-fold greater than those in
host rat liver.

Levels of dCMP deaminase woere about two orders of magnitude
higher than the other eneywmes assayed. It was agaln 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 activitiee of the enaymes of DHA
synthesis assayed wore significantly inereased in tranoplantable rat
hepatomas,when compared with rat normal or host liver. With the exception
of ATMP kinase, the levels of the enoywes assayed appeared to be slightly
elevated in rat host livers in comparicen to those in rat norpal liver,
although the small nuwber of camples ascayed renders these differences

statistically insignificant.

The activitios of UHA polynerace, Tdr kinase, dIMP kinage, diMp

synthetase ,and JCMP dvaminage in the NRH and PRH hepatoma cell-lines

are summarisced in Table b and Pigures 3 to 9.

It can be seen that the levels of DNA polywerase were higher in
the NRH cells than in the PRH c¢ells.  Both cell-lines showed a preference
for depaturcd DNA template, although this was much more marked in the
case of the HRH cells than in the PRE oells,

Levels of Tdr kinase were very low in the PRU 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
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TABLE ©
A COMPARISON OF THE LEVELS OF KEY ENZYMES OF DNA SYNTHESIS
IN THE NRH AND PRII IAT HEPATOMA CELI~LINESG
Enzyme Activity (mUnits/gram protein)®
7 NRH cells PRH cells
DNA Polyncrase

with native DNA template 63.2 * 14.8 (5) 30.1 = 2,6 (4)
with denaturcd DNA template 95.9 % 10.6 (5) 35.1 2 10.9 (4)

Ratio: Activities Sengturcd DHA
native. DHA

1.12 2 0.29 (4)

Thymidine Kinase

241 % 55 (5) 10.0

i+

8.9 (4)

Thymidylate Finace

289 4 85 (5) 274 % 163 (4)

Thymidylate Svnthetase

3

+

4.9 * 10.6  (5) 8.08 2.47 (4)

Deoxycytidylare Deaminnse

et

7 470 #1750 (%) 2890 &1 220 (4)

P

* Results are cxprassoed as a wmean L the standard error of the mean,

with the number of samples assayed shewn in parenthoeses.
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comparable, but levels in both cell-lines showed considerable variability
at different cell harvestings.

The levels of dTMP synthotase and deMP deaminase were higher in
the NRH cell~line.

The levels of activity of the enuymes assayed in the NRH 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 sub-optinal for the growth of these cells can be
correlated with the lower activities of the enaymes of NP2 gynthesis in
these cells.

Human Adult Novmal and Foetal Livers, Hepatomas, and Cell-lines

Derived from Human Hepatenas

Stability of the Euoymes Stalled

Stability stwiies using human foetal liver and hepatoma tissues
showed that Tdr kinase and dCMP deaninase were stable te storage at -70%¢
for pericds of up to five months,  DNA polywmerase, dIMP kinase and
thymidylate cynthotass were unstable to any form of storagoe ard had teo
be assaywd dmmediabely,

Enzyne Levels in Liver Ticunes

g o

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 Flgures 3 to 9. A linc is drawn to join the activity in the cancerous
tissue with that of thoe corresponding host tissue. This permits compari-
son of levels in an individoal, thus reducing to a minimam differences
due to biological variation, dictary states, effects of drugs, and

enhzyme changes oceovrring in the dying patient,
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From the Table it can be seon that levels for the DNA polymerase
forms using native or denatured template DNA preferentially, increased
in the order normal liver < host liver <« hopatoma < foetal liver.
Wherecas DNA polymerases £from human normal and host livers showed a
prefercnce for native template DNA, the forms predominant in hepatoma
and foetal liver showed greater activities with denatured template DNA,
Pligures 3 and 4 show that, althouwgh there was considerable overlap of
values {or hepatomas and host livers, when individuals are considered
there vas an increased level in the hepatomas in nearly every case.

Levels of Tdr kinase in normal, host and cancerous human liver
were comprarable, whereas astivity was about ten-fold greater in hunan
foetal liver.

dIMP Ritase showed a pattern similar to the DNA polymerases  with
the lowest mean lewvels in adult normal liver and the highest in foetal
liver. Figure 7 shows that, as for DA polymerase, desplte overlap of
values for host livers and bepatonas, the level in the bhepatona from a
particular patient was hlqgher than that in the correspouding host liver
in all cages but one.

Activities of ATMP synthetase in novual liver and host liver were

undetectakle or very low. Levels in hepatonas were higher, but still

considerubly luwer than the activities found in feetal liver preparations,

The levels of doMb deaninase in the human liver tissues were found
to be two-to-three orders of wagnitude greater than the other enzymes
assayced.  Similar obocpvations {paege B3 ) wore made in the case of rat
dCMP deaminase.  This is the only enzyne assayed for which luvels were
higher in human hepatoma tissw:s than in foeetal liver.

With tha excoption of Tdr kinase . thoe levels of all of the enzymes

'

agsayed wore significantly elovated in human hepatoma tissue when com
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pared with those in normal and host liver. It is of interxest 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 nunbers of normal livers accayed, only DNA polymerase was
statistically significantly higher.

Levels of Duayvmes in Foetal Livers at Different Gestational Agos

The levals ot human toetal liver Tdr kinagse, d1MP kinase, dTHP
synthetase, dCMP deaminase,and the forms of DRA polymerace preferring
native o Jdenatured DNA templates are plotted in Pigure 10 as a
function of gestational age., It c¢an be seen that the levels of these
enzymes are not conatiant buat increase in activity in three regions: at
twelve, eighteen to twenty, and twenty-five weeks gestation.  Although
all of the enaymes asvayed showed this pericdiecity, they did not all
show the same percentage increase 1ln aotivity.

onan enarong Cell-lines

AT P

Enzyie Loewels in

i
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Table 8 comnparce thoe levels of sone key enegymes of DNA synthesis
in the AHH and PHYH coll-lines,

It can be soen that DHA priynerase levels with both native and
denatured tenplate DNA'G waere two-fold higher in the PHH cell-line than
the AHH cell-line, and that in both cases the predominant form of the
enzyme wias thabt which prolorreed denatured temnlate DNA,

Tde kinase, ATHP Rinmaso and o$UMP synthetaso activities were greates
in the PHH cell-line than in the AHH cell-line.  On the other hand, JdCMP
deaminase levels were four-fold higher in the AH cells than in the PHH
cells,

The levels of the enzymes In the slow-growing Al cell-line were,

on the whole, comparable with the levels measured in human hepatoma tissue,

whereas those in the PHH cell-line correlatod well with the known rapid

growth rate of this cell-line.
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TABLE 8

A COMPARISON OF THE LEVELS OF KEY ENGYMIS OF DNA

SYNTHESTS IN AUH AND PLH HUMAN HEDATOMA CRLL-LINES

95,

Enzyme Activity (mUnits/gram protein)®
AHI colls PHH cells

DNA Polymerase

with native DNA teaplate 9.00 (1) 17.0 + 1.5 (7)
with denatured DNA tomplate 16.6 (1) 30.6 * 3.0 (7)
Ratio: Activitics SURMEHIGL A 1,04 (1) 1.1 + 0.12 (7)

native LUA

Thymiding Kinasc 16.7 (1) 317 + 47 (7)
Thymidylate Finase 144 (1) 462 X 67 (7)
Thymidylate Syntheta e 0.76 (1) 35.2 + 11.9 (5)
Deoxycytidylat: Doaminasy 26 100 (1) |7 1o 980 (7)

* Results are oxpresioe

mean, with the nuarber of

i a wean * the standard crrer of the

samples shown in parentheses,
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Human Foctal, Host and Cancerous Oesophageal Tigsue, and an

Qesophagual Cancer Cell-~line

Table 9 shows a comparison of the levels of DNA polymerase, Tdr
kinase, dTNP kinage, JTMP synthetase and dCMP deaminase in human foetal,
host and cancerous ocvsophageal tissue, and in a human ousophageal cancer
cell-line,

Levels of the DNA polymerase forms proferring both native and
denatured template DNA were cotparable in foetal and host cesophageal
tisgue and were only 2-to 3<fold higher in cancerous sesophageal tissue.
In the AHG cell-line levels were about lU-to 20-f0ld higher than these
in cancercus tiscue. In all cases the form of the eneyne showing a
preference for Jenaturaed template DRA predominated.

The levels of Tdr kinase increased in the ordex foetal < host <
cesophageal cancer < AHS cell-ling,  Activity in the AHO cells was seven-
fold greater than in coosophageal cancer tissue,

In the casa of JdTHP kinusﬁ leveln in foetal and cancerous oeso-
phageal tiszue were lower than in the single specinmen of host tissue
assayed.  High loevels of the enzyme were found in the ANO cell-line.

Levels of JIMP synthetase were undetectable in host oesophageal
tissue, Relatively low levels wore measurcod in feetal and tumorous
oesophaqgeal tissue and the activity in the AHO cells was some two-fold
greater than in the tamour tisgue,

Lavels cf ACMP deaminase ilngreased in the order  host < foeotal <
Ca oesophagus <<< AHO ¢nlln,  The levels of this ensyme in the AHO cells
were amongst the highest measurcd in the present study. As was the case
for human liver tissves, it was found that levels of ACMP deaminase were
generally two- to threc-orders of magnitude highor than these of the

other enzymes assayed.
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The pattern of increased activity of DNA polymerasc, dIMP kinase,
dTMP synthetase and dACMP deaminase in human normal and caicerous liver
tissues was generally not well demonstrated by the mean levels measured
in normal and cancerous oesophageal tissucs, However in the single
matched ¢oesophageal host-tumour pair (Figures 3 to 9) it can be seen
that, with the exception of JdIMP kinase, levels of the enzymes assayed
were elevated in tne cancerous tissue,

Thymidine kinase levels in cancerous ocsophageal tissues were
increased in contrast to the [inding of normal levels for this enzyme in

human hepatoma tissue,

Humon Meningioma and fuman Foetal Brain

Due to the avallability of human weningioma tissue Lt vwas thought
of interest to assay the levels of the 9 ensymes of DNA o nthosis in thig
tissue. Normal meninges were not available.  In addit. o the cnzymes
were assayed in husan foetal brain cortex, although it was realiced that
this was net analogous to the parent tissue freowm which the meningioua
was dexived.

Table 10 chows the levels of DNA polymerase, Tdr kinase, diMe
kinage, JdTMP synthetace and dCMP deaminase in human meningicwa and foetal
brain.

DNA polymerase activities with native and denatured DNA templates
were leower in meninglomas than in the toctal brains.  In both tissues the
form of the enzyme showing a profercnce for denatured DNA template
predominatead.

Levels of Tdr kinase and dTMP kinase were respoctively two- and
ten-~fold higher in foetal brein than in meningioma tissue.

No dTMP synthetase activity was detectable in meningioma tissue,
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TABLE 10

A COMPARISON OF TUE LEVELS OF KEY ENZYMES CF DNA SYNTHRSTS

IN HUMAN FOBTAL BRATIN AND MENTNGIOMA TISSUE

g

Enzyme

Activity (pUnits/gran protein)®

N P —

DNA Polymerass

with native DNa template
with denatuxed DNA template

denatured DNA

Ratio: Activities : -
native DA

Human Poetal brain

15.8

%]
+

taman Meningiona

[P

1.96 {5)

T

1.52 ¢+ G.50 (5) 1.55 + 0,12

3,21 + 0.70
+ 6.01  (5) 4,92 ¢ 1.06

(4)
(4)

(4)

Thymidine Kinase

(4)

Thymidylate rinise

3
jour]
s
T
s
[
pw
—
%2
Al
rS
Lt
.
fo3 ]
T+

- 3.1

Thymidylate gonthetase D.76 % 3,53 (8) N/D (4)

Deoxycytidylats Draminasn

L + 1 590 (5) 4 480 + 1 C30 (4)

* Results are exprecsed as a

mean &

+

with the number of sansles ansaye

N/D = no detactable activity.

the standard ecrror of the mean,

M

d ghown dn parenthosos.

PRI

> a e v




EUPENE 4_“;,1“

(RPN SN

PRI

—— et e

3 e s

Cidess e T

BENRR-RRR Y

100.

Levels of ACMP deaminasc in foetal brain and meningioma were
comparable,

The 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 dOME deaminase were respectively two-
to three-fold, and three- to fuur~fold higher in hugan hepatomas than
in human meningiouas. JdTMP synthetase activity which was present at low

levels in hepatomasn was not detectable in the meningiomas.
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DISCUSSION

It is desirable (o 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 example, 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 associabed with the use of human tissues.
These include limited availability, uncontrolled variability due to age,
sex, diet and pathology, and delays in obtaining tissucs after death. By
comparing apparently uninvelved parent tissue from the same patient from
whom the tumour is Dbtainud’at least some of these variables can be
reducad.

Although a nunbaer of the hepatoma patienvs had recelved 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 treatmont. Death had generally interveneod
in the initial stages of chomothorapy. It was hoped that levels of the
enzymaes of DNA synthecis in bilopsied samples of tissue might be investi-
gated bkefore and during treatment. Howevsr the risks to the patients of
such investigabions could not be dastified.

AESAY METHODS

A L2k,

Asscay methods for DHA polymerase, Tdr kinage, dTMP kinase, dTMP
synthetase and dCMP deaminase were medified go 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 uze of isotopleally-labelled substrates allowed sufficient
gensitivity for the measurcwent of the very low levels of activity of some

of these enzymes (og. UMD synthotase) in human adult normal. liver,
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In the case of DNA polymerase; Ove ¢t al.(1969a) found that the
enzyme forms characteristic of non-dividing adult liver tissue and of
rapidly-dividing foetal, regenerating or neoplastic liver could be
distinguished by thelr preferences 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 ensyme activity was determined from the ratio
of the enzymo activities using the two types of DNA template.

The igotopic and gpectrophotometric 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 rat
liver tissues.

STABILITY OF THE ENSYMES AUSAYED FROM HUMAN TISSURS

DNA polymerases f£rom human foetal, normal and cancerous liver
tissues were unstable to storage at both -20°¢ ana ~7ODC, confirming the
finding of instability of this enayme from rat yegenerating liver by
Mantsavinos (19¢4). Similarly ATMP synthetase was unstable to storage
at these temperatures, a finding which is in agrecment with that for the
enzyme from Ehrlich aseites cells(hartimum and Heidelborger, 1961). The
activity of human liver dTMP Kinase was also found to decrease on storage
at these temperatures, which is in agreemont with the instability on
storage report-d for the enzyme Crom human leukaemic blast cells (Lec
and Cheng, 19377). 0On the other hand; the enzyme from rat liver is stable
to storage (Bukovoky and Roth, 19645). Tdr kinase did not lose activity
on storage of human liver tiscsues al ~20°c, a finding which differs from
that for the rat liver enzyme (Brosnick and Burleson, 19705 Adelstein
et al., 1971). dcMp deaminase activity in the human livoer tissues was

O
stable to storage at ~207°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 (1968) for the enzyme from rat hepatomas.

STUDIES OF LEVELS OF SOME ENZYMES OF DNA SYNTHESTS IN HUMAN

AND RAT TISSUES AND CELL-LINES

The activity of ribonucleotide reductase has been shown to
correlate well with growth-rate in rat transplantable hepatomas (Elford
et al., 1970). It was originally intended that measurcment of the levels
of activity of this cinayme would be included in the present ctudy. How-
ever it was found that ribonuclectide reductase activity was very
unstable and that the assay procedure (as described by Reichard, 1972)
was too time-consuming to allew the assay of this enzyme in parallel with
other enzywmes of DNA synthesis. Assays for thisg enzyme ware therefore
not included in the present study.

Rat Normal and Host Livers, Hepatomas, and Hepatoma Cell-lines

The levels of the key enazymes of DNA synthesis were found to be
low in rat normal liver, as found by others (Ferdinandus et al., 1971;
Snelder <% 2l., 1909;  Weber, 1974).

DNA polymerase activity showed a preference for native DNA as a
template, confirming the roesults for rat liver DNA polymerase of Iwamura
et al. (1968), ove ¢i «i. (1969a & b) and Baril and Loszlo (1970).

Levels of dCMP deaminase were at least an ordex of magnitude
greater than the levels of the other enzymes assayed in the present study.

The activities of the engywes assayed in the livers of rats
bearing trancplantable 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 ecach of the enzymes appeared

to be 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 the enzymes of
DNA synthesis in the host livers of hepatoma-bearing vats, as has also
been proposed by Shirasaka 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 host 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 reagunts or assay conditions  since high
levels of this enzyme were found in the corresponding hepatoma tissues
which were agsayed simultuancously.

The levels of the enzymes assayed in rat transplantable hepatoma
tissue showed statistically significant increases over the levels of
these engymes in rat normal liver.

Levels of the form of DNA polymoras. which prefers denatured
template DNA increased to a greater extent than those of the form using
native template DNA, oo that the former became the predominant form in

the rat hepatomas. This finding is in agreement with those of Iwamura

et al. (1363), ove et al. (1969«) and Baril and Laszlo (1970) for neoplastic

rat liver tissues.

It can be seen trom Table 11 that the activities of these enzymes
of DNZL synthesis in the 37 Me~DABR=-induced rat hepatoma corresponded with
thore rep rted by Welnr (1974) for a rapidly-growing Morris 3683F rat
hepatom-, The rapid growlth rate of the hepatoma usced in the present study
is attruted to by the cbservation that death of the host rats bearing the
3 Me<DAB hepatomas vceurred within three to four wecks after implantation
of the tumour. The elevated levels of these enzymes of DNA synthesis in

the rat hepatomy tismoes suggest that both the de noveo and salvage path-
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RAT HEPATOMAS TO THOSE IN RAT NORMAL LIVER

Enzyme

3' Me-DAB Hepatoma

3683F Hepatoma
(from Webuer, 1974)

DNA polymerasc
(denatured DNA
template)

Tdr kinase

4ATMP kinase

dTMP synthetuse

dCMP deaminase

25

58

100
(approx 71%)
29

8

¥ No value

Howeaever

listed in the same reference

hepatorn.

T Y S
is given Lor aiv

ATy = - o oy oy
1 Kinasuo

in the 3683r hepatoma.

the activity appears to e similar to that
for the rat Novikoff

rRegults for this hepatoma are therefore

listed here in place of the 3683F hepatoma.














































































































































































































































