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Studies on the engymio avntheaia of DMA in soluble systems .derived

fnat mammalian gellsy,

by
James Bell Shepherd* B.So.

The main feature of this work was the characterisation of synthesis
of DNA by cell-free preparations derived from the Landschuts ascites
carcinoma of the mouse. DNA synthesis was measured by the incorporation
of ("P)-dTMP from (ot ~ . Q polydeosyribonucleotide material
in the presence of dLATP, dGTP, dCTP and DNA-primer. This enzymic
reaction was termed replicative DNA. synthesis. The incorporation of
(?2P)—dTMP from (*3—32P)—dTTP on to the ends of prixaer DNA molecules
in the absenoe of the other three deoxyribonucleoside 5*triphosphates
was also investigated. Th"s was termed the terminal addition reaotion.

DNA nucleotidyltransferase (E.C. 2.7*7.7*)» the enzyme that catalyses
the replicative reaction was readily obtained in soluble form, from the
tumour oells. It was purified 12-fold by conventional enzyme fraction-
ation techniques and freed from deoa”ribonuclease by subsequent
chromatography on bydroixylapatite. The enzyme fractions studied exhibited
negligible phosphatase aotivity under conditions optimal for DNA
nucleotidyltransferase activity, and anoillaxy techniques have shown an
absolute requirement for primer DNA, heat-denatured DNA being 5-10 times
more effective than native DNA* The presence of a bivalent cation was

_ _ . + .
also found to be essential for enzymic aotivity; M92 1ons were greatly
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superior to anaﬁons in this respect, while Caz}ions did not support
enzyme activity. Optimal enzyme activity was observed in the pH range,
7*2 - 7*5* and the univalent oations, K* and Na*fwere shown to stimulate
incorporation of nucleotide to vai able degrees*

The presence of EDTA at 0.2mM In the assay system markedly stimulated
er zymio activity, and preparation of the enzyme in 0.001M-KDTA-0.005M-

2-meroaptoethanol allowed storage for two months at O° without loss of
activity. It would appear that these substances might play some role
in maintenance of the integrity of the enzyme.

Optimal activity was attained in the presence of equal amounts of
all four deoxyribonucleoside 5fetriphosphates, (dATP, d&TP, dCTP and
dTTP)* Replacement of one, two or three of these, by the corresponding
mono-or diphosphates, the fourthbeing (<A»”™P)-dTTP, gave a reduction
of synthesis; the residual level of iIncorporation iIs suggested to be
attributable to the action of enzymes capable of catalysing trans-
phosphorylation reactions*

The product of enzymic activity wa3 shown to be high molecular
weight polynucleotide material, and studies on the incorporation of
(N-"P)—dTTP, - dGTP and - dATP suggest that the pattern of base
incorporation into product DNA depends on the base ratios of the DNA*
primer. In addition, the rate of DNA synthesis in these preparations
appears to be commensurate with the in vivo DNA synthetic rate calculated
from data cited in the literature. Therefore, i1t would seem probable that

the enzyme studied iIn this work is well qualified to fulfil the function



of DNA replication in vivo*

Concurrent studies were conducted with DNA nucleotidyltransferase
preparations from calf thymus gland for purposes of comparison with the
enzyme derived from the tumour cells* The thymus enzyme, when subjected
to the same fractionation techniques behaved in a maimer similar to the
Landschutz enzyme; it also exhibited similar requirements for optimal
DNA nucleotidyltransferase activity* However, a survey of the replicative
DNA nucleotidyltransferase and terminal addition activities from several
mammalian tissues revealed that calf thymus exhibited nuoh more terminal
activity relative to replicative act"vity than did the following rodent
tissues, rabbit spleen, liver, thymus and appendix, and rat spleen and
liver. Preparations of DNA nucleotidyltransferase from Landschutz ascites-
tumour cells displayed very low levels of terminal addition activity.

Aotinonycin D was shown to inhibit DNA nucleotidyltransferase from
Landschutz ascites-tumour cells iIn a competitive manner and it was found
that replicative activity was much more sensitive to thi3 inhibition than
was terminal addition.

The i1nhibition of DNA nuoleotidyltransferase from Landschutz ascites-
tumour cells by i1odoacetamide, iodoacetate, p—hydrozymcrouribenzoate and
sarkoayoin obeyed non-oompetitive kinetic3. Inhibition by iodoacct&mide
and 1odoacetate was irreversible and that by p—hydro”ymerouribensoate was
reversed ty glutathione or 2-meroaptoethanol, while inhibition by
sarkonycin was only partially released by the same procedures. The

terminal addition reaction catalysed by the Landschutz enzyme preparations



was also inhibited by these compounds, but to a lesser extent.

Studies on the heat activation of the cnsyme by prior incubation at

o]
45 » preliminary kinetic studies involving two types of double reciprocal

igation of the i1onic requirements of the enzyme were carried out.

Colleotively, these studies offer some support for the concept, formed

during this work, that in vivo DNA. nucleotidyltransferase may be a

highly organised entity containing two or more independently active,

easily dissociable subunits.

Abbreviations
DNA
dATP
dGTP
dCTP
dTTP

("P)-dTMP

EDTA

References.

Deoxyribonucleic acid

Deoxyadenosine 5*-triphosphate
Deoxyguanosine 5#-triphosphate
Deoxycytidine 5JI-triphosphate
Deoxythymidine 5"-triphosphate

Deoxythynddine 5 "-monophosphate labelled
with a radioactive phosphorus atom

Deoxythymidine 5*-triphosphate labelled with
a radioactive phosphorus atom in the position,

similarly fbrthe other deoayribonuoleoside triphos-
phates.

Kthylenediamine tetraacetic aoid
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ABBREVIATIONS

The following abbreviations will be used iIn this thesis™e

DNA Deoxyribonucleic acid

RICA Ribonuoleio aoid

SRKA "Soluble™ or "transfer" ribonucleic aoid
UMP Uridine 5*-monophosphate

UDP Uridine 51-diphosphate

OTP Uridine 51-triphosphate

CMP Cytidine 5 "-monophosphate

CDP Cytidine 51-diphosphate

CTP Cytidine 5*-triphosphate

AMP Adenosine 5*-monophosphate
ADP Adenosine 5"-diphosphate

ATP Adenosine 5*triphosphate

CMP Cuanosine 5*-monophosphate
CDP Cuanosine 5T-diphosphate

CTP Cuanosine 5 "-triphosphate

IMP Inosine 5"-monophosphate

dUMP Deo”™yuridine 5 "-monophosphate
duDP Deoxyuridine 5*diphosphate
doTP Deoxyuridine 5 "-triphosphate
dCMP Deoxyoytidine 5JIl-monophosphate
dCDP Deoxyoytidine 5T-diphosphate

dCTP Deoxyoytidine 5 "-triphosphate



dAUP Deoxyadcnosine 5f-nonophosphate

dADP DeoxyodenoslIno 51-diphosphate

dATP Deoxyadenosinc 51-triphosphate

dGMP Deo”ycuanoaine 5J1-nonophosphate

d&DP Dcoayguanosine 51-diphosphate

dGTP Deoxycuanosine 5 >-triphosphate

dIHP Deo”rtbynddine 51-monophosphate

dTDP Dcooythymidine 5Jlediphosphate

dCTP Deojythymidine 59-triphosphate

dBrOTP Deo”~rbroaouridine 51-triphosphate

dAaCTP cVasadeoayguanine-59-triphosphate

PRPP S-phoaphoriboayWL-pyrophoaphate

mA 5-phoaphoribosylaaine

A1CAR Vamino-S-i1aidaaole carboxamide ribonucleotide
PA1CAR 5Mormaminc>-4"~1Qidasole carboxamide ribonucleotide
GAR Glyoinamlde ribonucleotide

PGAR Fercylgly©inamide ribonucleotide

AIR 5-ooinoimidaaole ribonucleotide

32p)-dTmP Deoxythymidinc 59-monophosphate labelled with a

radioactive phosphorus atom

(N"-"Pj-dWP Deaxythynddlne 59-triphosphate labelled with a
radioactive phosphorus atom in the position;
similarly for the other radioeotlvely labelled
deoxyribonucleoside 3f-di-an& triphosphates

CER 2-cyanoctfcylphosphatc

( P)«CEP 2 —cyanocthylphosphate labelled with a radioaotive
phosphorus atom



DEAE-

CM-

GSH

SSC

DNasel

DNasel |

ATPase

A-T etc.

Dioyo lohexyloarbodiimide

Dioyclohexylurea
2-amino-2-hydroxynethylpropane-1, 3-diol
Bthylenediaminc tetraacetic aoid

Methylated serum albumin ooated on kieselguhr
Diethylaminoethyl

Carboxymethyl

Glutathione

Standard saline citrate (0. 15*M*aC:U0.015M-
trisodium citrate)

Deoxyribonuclease 1 (E.C, 3-1.4#5)
Deoxyribonuclease Il (E.C.3.1.4.6)

Adenosine triphosphatase (E.C.3*6.1.4)

An adenine residue linked to a thymine residue by
hydrogen bonds; similarly for the other base pairs.
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INTRODUCTION

I General Considerations

During the last deoade biochemical research has elucidated the
mechanisms by which the oell synthesises three of its major oomponent
macromoleoules, DNA, RNA and protein. Although the simpler aspects
of their structures were desoribed earlier, knowledge of the mode of
synthesis of these molecules can be said to have originated only iIn
the middle 1950*s (Komberg, Lehman A Simms, 1956; Grunberg-Manago,
Ortiz A Ochoa, 1956; Hoagland, 1960).

Sinoe these early discoveries, progress iIn uncovering the modes
of synthesis and the oellular functions of nucleic aoids has continued
at an ever-inoreasing rate. As in many fields of biological researoh,
the First understanding of the biosynthesis of DNA was obtained from
work with baoteria. In 1956, Kornberg isolated an enzyme, whioh
catalysed the synthesis of DNA, and characterised the requirements of
the synthetic reaction in vitro* Sinoe then, the existence of the
enzyme has been demonstrated in several mammalian tissues, among the
earliest of which were regenerating rat liver (Bollum, 1958a;
Mantsavinos A Canellakis, 1958), calf tbymus gland (Bollum, 1958b) and
Ehrlich ascites-tumour cells (Davidson, Smellie, Keir A UoArdle, 1958;
Smellie, Keir A Davidson, 1959). However, subsequent reports have
included many other systems, several of which are concerned with virus-

infected cells (see Introduction, section V). Thus there has emerged a



general pattern of DNA biosynthesis whioh encompasses mammalian,
bacterial and virus-infected cells and whioh offers attractive
hypotheses regarding the replication of the DNA molecule in vivo.
but many problems remain concerning the precise mechanism and the
control of the ensymio process. It is proposed to consider some of
these aspects in the succeeding sections of this Introduction.
1 Structure of the Nucleic Aoids

A. Deoxyribonucleic Aoid

DNA i1s a high molecular weight polymerio substance, which 1is
synthesised by all living systems. Fundamentally it consists of
three components, an organic base, a sugar moiety end phosphoric
acid. The sugar oomponent 1is ft -2- deoxy D-ribose, and there are
four oommonly occurring bases, two purines (adenine and guanine)
and two pyrimidines (thymine and oytosine). The repeating unit is
a nucleotide which is made up of the 5"-phosphoric acid ester of the
sugar covalently linked to the base through the oarbon atom in
position 1 of the fur&nose ring. Polymerisation occurs by the
formation of 5,-phosphodiester bonds between the phosphate of
one nucleotide and the sugar of the next, (Fig. 1). Bases other
than the four common ones have been found to occur in certain DNA
molecules, usually in very small quantities. Dunn and Smith (1958)
found trace amounts of 6-methylaminopurine in bacterial DNA. In the
T-even series of bacteriophages cytosine is replaoed by

5 -hydroxymethylcytosine (vfyatt A Cohen, 1953)* often with one or
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A section of the polynucleotide chain in the DNA molecule.

(Fron Davidson, J.N., "The Biochemistry of the Nucleic Acids," 4th Ed.,

Methuen A Co., Ltd., London, 1960).
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more glucose residues attaohed to its fydroxymethyl group (Sinsheimer,
1954; Volkin, 1954; Lehman A Pratt, 1960). 5-methyleytosine also
replaces certain cytosine residues in DNA from higher animals and
plants (Ytyatt, 1951; Chargaff, 1955)* and i1t has been shown that
hydroxymethyluracil and uracil respectively replace thymine in the
DNAs of SP8 and FB3P2 bacteriophages (Marmur A Cordes, 1963).
Analytical evidence (Chargaff, 1955) has shown that, in almost
all DNA. samples investigated, the number of adenine residues equals
that of the thymine residues and the number of guanine residues equals
that of the cytosine residues. X-ray diffraction studies of fibres
of DNA indicate that the molecule has a helical conformation and
give information on the orientation of the bases within the moleoule
(Y/ilkina, Stokes A Wilson, 1953; Franklin A Gosling 1955). These
observations led Watson and Crick (1953) to propose a model for DNA,
in which each molecule consisted of two polynucleotide ehadns held
together by hydrogen bonds between the bases, adenine bonding with
thymine and guanine with cytosine. The hydrogen bonding aocounts for
the equivalence of the purine and the pyrimidine bases (Fig. 2). A
space-filling molecular model of DNA (Fig. 3) shows that the two chains
are twisted together in a double-helical structure whioh has the bases
towards the centre and the sugar phosphate backbones on the outside.
Eaoh turn of the double-helix accommodates ten nucleotide pairs and
the component chains are arranged in an anti-parallel manner. The

three-dimensional model (Fig. 3) also illustrates the two types of



FIGURE 2
The pairing of adenine and thymine and of guanine and cytosine.

Dotted lines indicate the hydrogen bonds.

(From Davidson, J. N., "The Biochemistry of the Nucleic Acids," 4th Ed.

Methuen A Co., Ltd., London, 1960).
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FIGURE 3

A model of the stmoture of DNA.

(After Feughelman, M., Langridge, R., Seeds, W.E., Stokes, A.R.,
Wilson, HJR., Hooper, C.W., Wilkins, M.H.F., Barclay, R.K. A Hamilton,

L.B., (1955). Bature, Lend., 1™, 83k).
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groove arranged helically along the molecule, iIn such a manner that
a narrow groove alternates with a deep groove# Direct evidence for
the anti-parallel arrangement has been obtained from nearest
neighbour frequency analysis of bases in the chains (Josse, Kaiser A
Komberg, 1961). An important consequence of this structure is that
the order of bases in one chain automatically decides the order in
the other.

The molecular weight of DHAs i1solated from bacteria and higher
organisms, by conventional methods, is of the order of 5-10 million.
Molecular weights as high as 50 million have been reported for
molecules obtained from the T-even bacteriophages (Levinthal, 1956;
Thomas 1959)# but more recently Levinthal A Davidson (1961) have
suggested that the true molecular weight of the T2 DNA particle is
of the order of 100 million and it is thought that this may represent
the total DNA of the bacteriophage (Rubenstein, Thomas A Hershcy, 1961).
Molecular weights of 1.7 million for bacteriophage $X174 (Sinsheimer,
1959b), 50 million for herpes simplex virus (Russell A Crawford, 1963)
and 33 million for bacteriophage lambda (MacHattie A Thomas, 1964)#
have also been reported.

Further, i1t appears that the DNAs of several bacteriophages are
circular (Fiers A Sinsheimer, 1962; Dulbecco A Vogt, 1963;

Crawford, 1964; Thomas A MacHattie, 1964).
Collapse of the helical structure of DNA can be caused by changes

in temperature, pH, I1onic strength and dielectric constant. This 1is



due to disruption of hydrogen bonds along the helix and partial or
complete separation of the two component strands (Marmur, Rownd A Sohildkrau
1963). This loss of double-helioal structure induced by these faotors is
called denaturatioru The collapse of the double-helix has been studied
using several physical methods including spectrophotometry (Zimm A
Kallenb&oh, 1962), sedimentation and viscosity analyses (Doty,
Boedtker, Fresco, Haaelk.m A Litt, 1959), optical rotation (Levedahl,
1959; Fresoo, 1961) and electron microscopy (Hall A Litt, 1958; Doty,
Marmur, Eigner A Sohildkraut, 1960). If heatt-den&turcd DNA is allowed
to cool slowly i1t may reform its original double-helix; 1f however,
the cooling i1s rapid the DNA may remain denatured (Doty ey, a*. ,1960).
Separation of native and denatured DNA has been attained by
chromatography on MAK oolumns (Mandell A tfershey, 1960; Sueoka A
Cheng, 1962)# by countercurrent distribution in aqueous polymer
systems (Albertason, 1962) and by eleotrophoresis (Shack A Bynum,
1964).
One exception to the double-helical structure of DNA has so far
been established. The DNA isolated from the small bacteriophage
jfal74 has been shown to be single-stranded (Sinsheimer, 1959*#b).
Determination of the sequence of bases in DNA has proved a
very difficult problem. The nearest neighbour frequency analysis of
Josse et al. , (1961) gives an estimate of the frequencies of
individual dinucleotides. Chemical methods have been developed for

studying the frequenoiea of sequences of pyrimidine nucleotides occurring



between two purine nucleotides (Burton A Peterson, 1960; Burton
A Lunt, Peterson A Siebke, 1963)*

Under certain iIn vitro conditions of enzymic synthesis by the
bacterial system, a polymer composed of perfectly alternating
sequences of deoxyadcrylate and deoxythymidylate, poly d A*T), is
formed. Under slightly different oonditions, another polymer,
poly (d&) : (dC), is formed (Shhohman, Adler, Raiding, Lehman A
Komberg, 1960; Raiding, Jo33e A nrnberg, 1960). Both molecules
have the properties of high molecular weight double-helices. The
poly d(A-T) 1s a double helical molecule composed of two anti-parallel
strands, eaoh of which contains deoxyaderylate and deoxytfayaidylate,
apparently in perfectly alternating sequence. On the other hand the
double-helical poly (dG) : (dC) is made up of one strand, whioh is a
homopolymer of deosyguarylate and one strand, which is a homopolymer
of deoxycytidylate and contains no heterogeneous oovalent linkages.

A polymer similar to the poly d(A-/F) copolymer, but containing about
2/3 d(G,C), has been detected as a minor component of the DNA of various
tissues of the marine crab (Cheng A Sueoka, 1964; Smith, 1964).

B. Ribonucleic Acid

RNA is a polymer similar to DNA, but differing iIn several
important respects. The monomer unit consists of a base, a sugar and
phosphoric aoid linked as in DNA (Fig. 1). In this case the sugar 1is
IS -D- ribose and the common bases are adenine, guanine, cytosine and

uracil. Like the bases of DNA those of RNA occasionally number among



themselves trace amounts of modified bases. SRNA, for example,

contains significant amounts of 5-ribofuranosyluraoil

(pseudouridine) (Davis A Allen, 1957# Cohn, 1960). Among other

minor bases found in RNA are thymine, 5-methyloytosine, 1l-methyladenine,
2-metbyladenine, 6-methylaminopurine, 6-dimethylaininopurine,
1-methylguanine, 6-hydroay-2-methylaminopurine and 6-1\ydroxy-2-
dimethylarainopurine (Adler, Weissman A Gutman, 1958; Dunn, 3mith A
Spahr, 1960; Dum, 1959; Dunn, 1961).

RNA also differs from pNA In 1ts secondary struoture which is

much less rigid and well-defined (Rioh A Watson, 1954). SR\A. from

yeast has been shown 10 have regular DNA-like double-helioal regions
(Spencer, Fuller, Wilkins A 3rown, 1962; Luborsfcy A Cantoni, 1962;
Brown, 1963). Double-stranded RNA with the appropriate base ratios
has been desoribed In mature reovirua (Gomatos A Tamm, 1963)* Further,
during the replication of certain viruses, whioh apparently contain
single-stranded RNA, the I1INA passes through a double-stranded phase
(Uontagnier A Saunders, 1963; Baltimore, Becker A Darnell, 1964;
Weissman, Borst, Burdon, Billeter A Ochoa, 1964; Langridge, BiUeter,
Borst, Burdon A Weissman, 1964). However, it 10uld appear that, with
these exceptions, RNA is for the most part composed of long single-
stranded polynucleotide Ohains, ax. any secondary structure whioh may
exist arises from intramolecular hydrogen bonding between adenine and

uraoil on the one hand, and guanine and oytosine on the other.



I H Function of DNA

The role of DNA, as the moleoule whioh determines and maintains
genetio characteristics, has been well established by experiments whioh
demonstrate its transforming ability (Avery, MacLeod A McCarty, 1944;
Hershey, 1953; Hotohkiss, 1957). 1In order to fulfil this role the
DNA moleoule must perform two funotions. Firstly, it must be able,
through the medium of a chemical oode, to direct the development of
the oell according to its inheritance, and secondly, it must have the
ability to reproduce itself exactly, within the oell, for the
transmission of this iInheritance to future generations (Komberg, 1961).

The fulfilment of the first of these roles, through DK/Wdireoted
synthesis of RNA and of protein, 1is becoming more fully understood
(Hurwitz A August, 1963; Lipmann, 1963). It is now well established
that the chemical code resides in the order of the bases in the DNA
molecule (Crick, 1963)

The structure of DNA is particularly suited for its second role,
since the order of the bases in one chain automatically determines the
order in the complementary chain. Thi3 has led to various theories for
the mechanism of replication of DNA in vitro, all of whioh are based on
the complementarity rule (Riohardson et al., 1963a; Baldwin A
Shooter, 1963; Cav&lieri A Rosenberg, 1963; Cavalicri, 1963).

Within the cell the problem of DNA replication mechanisms becomes more
complex bcoause of the association of protein with DNA. Nevertheless,
the work of Cairns (1963a,b) and Nagata (1963) “aa created much under-

standing of the in vivo replication of the bacterial chromosome. The



mammal 1an chromosome i1s even more complex, and with the techniques at
present available i1t is almost impossible to distinguish the fine
structure of the DNA during mitosis.

The constancy of the amount of DNA in, e.g., all the somatic
diploid cells of a given mammalian speoie3, and the remarkable
metabolic stability of DNA are properties whioh are consistent with
its role within the living coll. (Davidson A Leslie, 1950)-
TV Biosynthesis of the Component iiucleotidca of DKA

The biosynthesis of the dexyribonucleoside triphosphates whioh
are polymerised in the DNA synthetic reaction involves three stages,
which can be conveniently described in the following order A) Biosynthesis
of ribonuoleotides, B) Reduction of the ribonucleotides to
deoxyribonucleotides and C) Phosphorylation of the deoyribonucleotides
to the triphosphate level.

A. Uosynthesis of the Riboauple.osldc 5*-monophosphates

Purine and pyrimidine bases are synthesised from their component
parts i1n oovalent attachment to a ribose 5™monophosphate unit and the
end product of the synthetic pathway in both cases i1s the ribonuoleoside
5~monophosphate and not the free base.

1) Bioarnthe.8is .gf thg_J&>i1ae Kibonuolcoslda 5Vaonoahosphatefl

Be novo biosynthesis of purine ribonucleotides has been reviewed
by Buchanan (i960). The mode of synthesis of these molecules has been
elucidated by investigation in many biological systems, but the

greatest contributing factor to the full characterisation of the pathway



was that all the enzymes of purine synthesis oan be obtained In a
soluble fora and in relatively high activity from avian liver. The
pathway is desoribed in detail in Fig. 4, IMP, the first complete
purine nuoleotide formed iIn the reaotion sequenoe, Is the precursor
of both purine ribonucleotides commonly found in RNA, namely AMP and
GMP (Buchanan, 1960).
2) Blogyntheaia of tho .gyrladdlne Rlbonuoleoalde S ’-Ponophosohat
The mechanisms of formation of pyrimidine ribonucleotides within
the oell have been investigated more extensively in bacterial systems
than in mammalian systems. Fig. 5 outlines the pathway of pyrimidine
nuoleotide synthesis, whioh has been reviewed by Reiohard (1959) and
Crosbie (i1960). The final product of the synthetio sequence is UMP,
whioh has been shown to be a precursor of both CMP and dTMP (Crosbie, 1960).
Uridine ia converted to cytidine at the level of the nucleoside di - or
triphosphate (Lieberman, 19567 Kammen A Hurlbert, 1959). The conversion
of UMP to dTMP is desoribed in section IV B of the Introduction.
B. Rgduptfgn of JjI\>.onuoXcQtidc3 to Deoxyrlbomw.leotldea
Although enzymic reactions catalysing the condensation of
glyoeraldehyde 3’-phosphate to produce 2-deoxyribose 51-phosphate have
been observed in KsohericMft Qoli (Racker, 1951? Raoker, 1952), and
in rat liver (Boxer A Shonk, 1958), most evidence favours the mechanism
by whioh deoxyribonuoleotides are formed by reduction of riboae at the
ribonucleotide level. Kornbcrg (1957a) oould find no evidenoe for the

existence of a 5f-phosphodeoxyribosyl pyrophosphate derivative, whioh



The ensymic synthesis of inosinio sold de novo.

(After Davidson, J. N. "The Biochemistry of the Nucleio Aoids'™, 4th Ed.

Methuen A Co*, Ltd., London (i960).



o 0o

W.lXVA Xw
N <™

X o
<7

>>
ac

> |
3 N N
N~ A
- - X3
X I
7~
D N
>/ N X
N Ob>
o) ©
I
N
@ Ld N <
=
X ~
S X o OO
~7 N\ |
N o> '™ D)
T
-
< X:
X o Oo



FIGURE 5

The ensymio synthesis of uridylio aoid de novo.

(After Birnie, G.D. (1959) ~ Thesis, The University, Glasgow).
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night correspond with the role played by F3RPP in purine and pyrimidine
nucleotide synthesis (See Figs. 4 A 5* Besides* there is a great deal
of evidenoe that the reduction of the ribose moiety ooours when the
sugar is covalently bound to the base (Rose A Schweigert, 1953; Roll,
Weinfeld A Carroll, 1956; Reilohard, 1958). Enzymes, whioh catalyse the
reduction of cytidine and uridine at the nucleoside diphosphate level
have been demonstrated in B. coli B and Pseudomonas saooharophlla
(Rei1ohard, Baldesten A Rutberg, 1961; Bertani, Haggmark A Reiohard,
1961> Bertani, Haggmark A Reilohard, 1963; Fossit A Bernstein, 1963)#
Apparently, the purine ribonucleotides are reduced to the corresponding
deosyribonucleotides in a similar manner at the nucleotide diphosphate
level (Reiohard, 1960; Larsson, 1963)*

Early work indicated that UMP was also a precursor of dTMP
(Reiohard, 1949; Green A Cohen, 1957)* and the most important problems
became those of the origin of the 5 -methyl group iIn thymine, and the
levels of nuoleotide phosphorylation and roduotion at which the
methylation takes place. It was shown that the conversion of both
dUMP and dCMP to dTMP ooours at the nucleotide level (Reiohard A
Eatborn, 1951; Rose A Schweigert, 1953; Amos A Magasanik, 1957)* and
that the ~-carbon of serine and the ll—carbon of glyoine are incorporated
into the 5*-methyl group of thymine (Elwyn A Sprinson, 1950). Tokter
(1954) demonstrated that formate and formaldehyde could also provide the
one-carbon unit, N5, nl10 - methylenetetrahydrofolio aoid being the active

intermediate in the transfer, whioh also iInvolved the action of the



enzyme serine hydroxyxaethylase on serine (Jaenicke, 1956). A
deoxyuridine derivative was shown to be the one-oarbon unit aooeptor

in rat liver (Reiohard, 1955)* iIn coll (Friedkin A Kornberg, 1957)>
and in calf thymus (Greenberg, Nath A Humphreys, 1961; Whittaker A
Blakley, 1961; Jenny A Greenberg, 1963).

Finally, the whole pathway in the formation of dTMP from UMP was
elucidated by the discovery of enzymes whioh catalyse the reduotion of
CDP to dCDP (Reiohard A Rutberg, i1960), and of deaminases which convert
dCMP to dUMP (Scarano, 1958; Haley A Haley, 1959). Recently a phosphatase
specific for dfTIP has been discovered in E. coll 3, The products of the
cleavage are dUMP and pyrophosphate and this may be the mechanism by whioh
dUPP 1s excluded from the DNA polymerisation reaotion, the remaining
dUMP being used for dTMP formation (Bertani et al., 1961; Reilohard, 1962;
Bertani et al.. 1963)» (see Fig. 6).

C. Phosphorylation of Deoxyribonucleotidea

The i1nitial products of the deoxyribonucleoside biosynthetic
pathways are the deoxyribonuoleoside monophosphates (see Figs. 4 A 5)*
However, as the Immediate precursors of DNA synthesis in all oh&raoterised
biological systems are the deoayribonuoleoside triphosphates (see
Introduction, section V A3), a description of the phosphorylation of
deoxyribonuoleotides to the triphosphate level is required.

Enzymes have been demonstrated which catalyse the formation of
deoxyribonuoleoside triphosphates from deoa”ribonucleoside monophosphates
before i1ncorporation into DNA in E. coli (Bessman, Lehman, Simms, A

Korriberg, 1958; Lehman, Bessman, Simms A Korriberg, 1958), iIn ascites-



FIGURE 6

The formation of the four deoagrribonuoleoside 5'-triphosphates from their

ribonuoleoside 5*monophosphate precursors.
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tumour oella (Keir A Smellie, 1959* Coddington A Bagger-Sorensen, 1963)
and 1n rat liver (Hecht, Potter A Herbert, 1954; Canellakia A
Hantsavinos, 1958; Bollum, 1958a). At present, evidence strongly
suggests that there are kinase systems specific for eaoh of the
deoxyribonucleoside monophosphates (Lehman et gl. 1958; Bessman,

1963), although the ability of these enayme systems to distinguish
between ribonucleotides and deoaorribonucleotidea is still a matter of
doubt.

Detection of deoxyribonuoleoside diphosphates as intermediates in
the phosphorylation sequence has proved a more difficult problem.
However, in rabbit kidney oortex mitochondria and muscle, enzymes have
been found whioh are capable of forming both dADP and dATP from dAMP
(Sable, Wilber, Cohen A Kane, 1954) and the aono-,di- and triphosphates
of deoxythymidine and deoxyoytidine have been demonstrated iIn acid
extracts of calf thymus tissue (Potter, Schlcsinger, Buettner-Januseh
A Thomson, 1957)e

The role which dTTP and dTMP may play in the control of DNA
biosynthesis has led to extensive investigations into the mechanisms of
the phosphorylation reactions involved (Weissman, Smellie A Paul, i960;
Gray et, al., i960). As a result it is now well established that, in
ascites-tumour cells, the phosphorylation of dTMP to dTTP proceeds via
the intermediate stage of dTDP (Smellie, 1963; Grav A Smellie, 1964).
It therefore seems probable that the formation of all four of the

deoxyribonucleoside triphosphates involves the intermediate formation of



the appropriate deoxyribonucleoside diphosphate,

Deoxythymidine kinase, whioh catalyses the phosphorylation of
deoxythymidine to dTMP has been widely reported (Weissman et 1960;
Wanka, Vasil A Stern, 1964; Okasaki A Komberg, 1964a, b). Fig, 6
summarises the formation, from the ribonuoleoside monophosphate stage,
of the four deoxyribonuoleoside triphosphates commonly involved in
DNA. biosynthesis*

\Y Biosynthesis of£ DNA

A. General Considerations

1) History

The demonstration that DNA synthesis IS a necessary prerequisite
of oell division was accomplished twenty or so years ago by the use of
oytologioal and histological teohniques* There then followed a period
of stagnation in the field of DNA biosyntheses, until more became known
about the structure of DNA itself* The necessary information was
accumulated over an interval of years and culminated in the publication
of a proposed structure for DNA (see Introduction, section Il), This
not only provided a satisfactory moleoular explanation for heredity,
but also furnished ensymologists with a working hypothesis as a basis
for investigation of the enzymic synthesis of DNA. Komberg and his co-
workers, using extracts of E. ooli. were the first group to demonstrate
the existence of a DNA-synthesising enzyme. This disoevery was the
oulmination of several years spent In the investigation of the biosynthesis

of purine and pyrimidine nucleotides and of nuoleotide ooeruymes, suoh as



flavin adenine dinucleotide and niootinamide adenine dinucleotide,
where the mechanism of the formation of the internucleotide bond
helped i1n the understanding of polynucleotide synthesis (Komberg,
1957a,b; Komberg, 1959). During this time it was concluded that
deoxyribonucleotides, probably deoxyribonucleoside triphosphates,
were the immediate precursors of DNA. The first full paper on the
subject was published in 1958 (Lehman et al.?1958). although earlier
preliminary reports were available (Komberg, Lehman A Simms, 1956;
Komberg, Let iIn, Bessman A Simms, 1956; Bessman, Lehman, Simms A
Komberg, 1958a) The enzyme was termed DNA polymerase (Lehman ££ al.
1958), but will be referred to hem as DNA nucleotidyltransferase
(EC 2.7-7.7* deoxynucleoside triphosphate-DNA deoxynucleotidyltransferase).

2) Distribution of the Emmae

DNA nucleotidyltransferase, the enzyme whioh catalyses the
synthesis of DNA from deo”rribonuoleotide precursors, has been observed
in mazy biological systems. [In bacteria i1t has been most extensively
investigated in E. ooli and Baolllus subtilis (Richardson et al.,
1964a; Okazaki A Komberg, 1964). The work with E. ooli was quickly
followed by reports of the enzyme iIn several mammalian tissues (Harford
A Komberg, 1958), among the earliest of whioh were regenerating rat
liver (Bollum A Potter, 1957; Bollum, 1958a, b; Mantsavinos A
Canellakis, 1958), calf thymus (Bollum, i960) and Ehrlioh ascites-tumour
cells (Davidson, Smellie, Keir A McArdle, 1958; Smellie, Keir A

Davidson, 1959; Smellie al..i960). More recently, the enzyme has



also been studied In oell free extracts of, or partially purified
preparations from rat thymus gland, sea urchin embryos, mouse
fibroblast L cells, cultured rabbit kidney cortex oells and Walker
oaroinoma. DNA nucleotidyltransferase has also been widely
investigated in virus-infected cells. T2 bacteriophage infection
of S. ooli has been shown to promote the synthesis of a new DNA
nucleotidyltransferase different from that of the host cells
(Aposhian A Komberg, 1972). On the other hand K. ooli oells, whioh
have been lysogenioally induced to form bacteriophage do not, on the
basis of several criteria, elaborate a new enzyme (Prioer A
Woissbaoh, 1964). The DNA nucleotidyltransferase activities of cells
infected by several mammalian viruses have also been investigated (see
Introduction, section V B20 ).
) The eactifln
Komberg and his oollegues were the first group to specify the

requirements for, and possible meohanism of, the reaction catalysed by
DNA nucleotidyltransferase. However, all the enzymes mentioned in the
previous section, iIn so far as they have been characterised, seem to be
analogous to the E. ooli enzyme (Kornberg, 1961). Briefly, the reaction
can be desoribed by the equation shown in Fig. 7. The oourse of the
reaction may be followed by incorporation of radioactive label from a

-labelled precursor deoxyribonucleoside triphosphate or an d-"2P
deoxyribonucleoaide triphosphate into an acid-insoluble product.

For net synthesis of DNA the enzyme requires all four of the
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Th* chemical representation cf DNA biosynthesis,

(After Lehman, |I.E., Bessman, Jt.J., Simms, E.S. A Kornberg, A. (1958),

bid.Chem., 233. 163).
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deoxyribonucleotides which form adenine-thymine and guanine-oytosine
base pairs In DNA.* The clLeoxyribonuoleoside triphosphates alone are
active, only the deoxy sugar compounds being incorporated into DNA.
However, purified preparations of the enayme can also catalyse the
incorporation of ribonucleoside monophosphates into DNA In the presence
of Mn2* and primer DNA (Berg, Faneher A Chamberlin, 1963). RNA must
be present and there is an absolute requirement for a bivalent cation.
DNA from plant, bacterial, viral and animal sources serves equally well
in the synthetic reaction, provided that its molecular weight i1s high.
The product of the reaction is high moleoular weight double-stranded
DNA, and inorganic pyrophosphate is released in quantities equimolar
to the deo”rribonuoleotide iIncorporated. In the E. coll system native
and denatured DNA serve equally as primer in synthesis.

IT one of the four deoxyribonucleotide substrates is omitted, the
magnitude of the synthetic reaotion is decreased more than one hundred-
fold. However, under these conditions there still remains addition of

a small number of deoxyribonucleotide residues to the 3f-hy&roaQr-terminal

positions of the DNA chains.

The standard reaction does not prooeed at all in the absence of
DNA primer, and the role which it plays would appear to be that of a
template directing the synthesis of exact replicas of itself, rather
than that of a simple primer or initiator of polymerisation. The means
by which synthesis i1s directed is the formation of hydrogen-bonded base

pairs. . Evidence that the product of the reaotion is a high moleoular



weight, double-stranded copy of the DnA template is both varied and
abundant (Shachman et al. * 1958# Komberg, 1961). Substitution in
the product of analogues of the common bases, e.g., by replacing
dCTP with dBrEPFP or dGTP with dAaGT? iIn the reaction mixture, can
only be accomplished if these analogues fulfil the hydrogen-bonding
oonditions of the natural base (Bessman et al.. 1958a). The product
of the enzymic reaotion has equivalence of adenine to thymine and of
guanine to cytosine, and the ohemioal composition of the product
reflects that of the template DNA (Lehman et, &1., 1958a; Josae et al..
(1961). The technique used by Josse et M,, (1961) for determining the
nearest neighbour frequency analysis of bases in DNA demonstrated oon-
olusively the mechanism of replication by ba3e pairing and antipolarity of
the component strands of the product. Thus, from i1ts In vitro properties,
it would seem that DNA nucleotidyltransferase from E* ooli would have the
ability to replicate the DNA molecule faithfully, in vivo.

In his description of the probable mechanism of the formation of
the phosphodiester bond, Komberg (1961) draws an analogy with the
formation of the dinuoleotide coenzymes. He suggests that the <« -
phosphate of the nucleoside triphosphate i1s subjected to nucleophilic
attack by the 3*-hydroxyl group at the growing end of the polydeoxy-
ribonucleotide chain together with the elimination of pyrophosphate
as Is shown iIn Fig. 8. Evidence which shows that the introduction of

3"-hydroxyl groups into DNA stimulates DNA nucleotidyltransferase ao-

tivity, while introduction of 3T-phosphoryl



FIGURE 8

Postulated mechanism for extending & UNA chain.

(After Komberg, A., "Enzymatic Synthesis of DNA,"” John Wiley A Sons

Inc., Nee York - London, 1961).
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groups 1nhibits aotivity, to some degree lends support to this
mechanism (Richardson et , 1963a; Richardson, Sohildkraut A
Komberg, 1963b). The presenoe in E. ooli of a DNA phosphatase-
exonuclease whiohcleaves the 3,*phosphoxyl linkage of mono - or
diesterified phosphate residues of a DNA ohain, suggests also that
the produet 31-hydroxyl groups may have an important role to play
in the initiation of DNA synthesis (Richardson A Komberg, 1964).

B. DNA jfaoleotldyltransf,craves, of Mammalian Tissue.

1) General Conolderatlons

Although, 1n time, reports of mammalian DNA nucleotidyltransferases
suoceeded those of the K. ooli ensyme by only two years, both their
early and subsequent characterisation has been much less comprehensive.
The main reasons for this would seem to be the facts that the mammalian
enzymes are much less stable than their bacterial counterparts, and that
large amounts of logarithmic phase bacterial cells are much more readily
obtainable than are comparable mammalian cells. Thus, when iInvestigating
the problem of DNA biosynthesis in mammalian cells, one tends to favour
a tissue whioh i1s reasonably easily obtained, and whioh has appreciable
DNA nucleotidyltransferase activity. It must also be emphasised that the
description of the general reaotion in the previous section applies
in toto only to the E. ooli enzyme characterised by Kornberg and his
colleagues. However, almost all of the mammalian enzymes, so far

investigated, appear to resemble the bacterial enzyme In most respects.



2) Distribution aad Properties of. DMA Nuoleotidyltranafcr&fla
In Uftreftl4an Tlaar™>»

This subject can be conveniently reviewed in four sections, namely,
the distribution of DNA nucleotidyltransferase in (a) normal oells
(b) tumour cells (0) virus-infected cells and (d) other systems.

a) Normal Celia

Regenerating rat liver was one of the first mammalian tissues in
whioh DNA nucleotidyltransferase activity was observed (Bollum, 1958a, b;
Mantsavinos A Canellakis, 1958). Since then investigation of the
properties of this enzyme has lagged behind that of other tissues.
However, reoent work of M&ntsavinos (1964) reported & substantial pur-
ification of the regenerating rat liver enzyme, whioh was shown to
have an absolute requirement for a bivalent cation and to be primed
equally well by native and by denatured DNA. On the other hand it
has also been found that denatured DNA is a somewhat better primer,
than native DNA, of oell free extracts of regenerating rat liver
(De Reoondo, Frayssinet A Le Breton, 1964; De Recondo 1964)*

The best characterised of the mammalian DNA nucleotidyl transferases
iIs that of calf thymus gland, whioh has been purified over the crude
preparations some fiftyfold (Bollum, 1960). The enzyme has an absolute
requirement for a bivalent cation and denatured DNA primes the reaction
to a much greater degree than native DNA (Bollum, 1959). It i1s iIn faot
claimed that native DNA iIs incapable of priming the activity of calf
thymus DNA nuoleotityltransferase (Bollum, 1963a).

Walwiok A Main (1962) have shown that DNA nucleotidyltransferase



from rat thymus gland expresses a preference for denatured DNA and also
a requirement for a univalent cation.

DNA nucleotidyltransferase has also been demonstrated in partially
synchronized cultures of mouse fibroblast cells - L cells, (Gold A
Helleiner, 1963), and in cultured rabbit kidney cortex oells
(Lieberoan, Abrams, Hunt A Ove, 1963)¢ The L cell enzyme, whioh has
been purified fifteenfold, requires a bivalent cation and DNA primer,
denatured DNA priming the reaction ten times more effectively than
native DNA.

b) Tumqur

The DNA nucleotidyltransferase of Khrlieh and Landschutz ascites-
tumour oells has been systematically iInvestigated over the last seven
years (Davidson et , 1958; Smellie et al , 1959; Smellie al , 1960).
Like those of normal tissues this enzyme requires a bivalent cation and
iIs primed to a greater extent by denatured DNA than by native DNA
(Keir, Binnie A Smellie, 1962). A sixfold purification of the enzyme has
been achieved (Keir, 1962). The enzyme from Walker 236 carcinoma appears
to be similar to the Landschutz enzyme in all respects (Furlong, 1965).

0 vky sotsft cej™a

DNA nucleotidyltransferase activity has been studied in KB oells
infected with vaocinia virus or with adenovirus (Green A Pina, 1962;
Green, Pina A Chagoya, 1964), in L cells infected with vaocinia virus
(Hanafusa, 1961), in Hela cells infected with v&coinia virus (Magee, 1962)

and in baby hamster kidney cells infected with herpes simplex virus



(Keir A Gold, 1963). In vaccinia - and herpes-infeoted cells there is
an increase in both DNA nucleotidyltransferase and DNasel 1.etivities
after infection. However, in adenovirus-infected cells there iIs no
increase in the activity of either of these enzymes. Vacoinia virus
replicates in the cytoplasm (Sm&del A Illoagland, 1942), whereas both
adenovirus and herpes simplex virus replicate in the oell nucleus
(Green A Pina, 1963; Morgan, Ellison, Rose A Moore, 1954). It would
be interesting to determine to what extent, i1f any, the site of
replication of the animal virus within the cell relates to the
mechanism by which 1ts DNA is replicated. Unlike the situation in
T2 bacteriophage-infected E. ooli system, in whioh a new DNA
nucleotidyltransferase has been clearly demonstrated (Aposhian A
Komberg, 1962), there is as yet only limited evidenoe for the
elaboration of a physically distinct enzyme in mammalian cells infected
with a DNA-virus (Keir A Gold, 1963; Keir, 1965).

d sXbasdulam,

DNA nucleotidyltransferase has also been demonstrated in sea
urchin embryos, whole nuclei from whioh are primed equally well by
native and denatured DNA, and show an absolute requirement for a bivalent
o&tion (Masla A Hinegardner, 1963).

3 Requirements of the Reaotion

The reaction catalysed by all the mammalian enzyme systems mentioned
above i1s very similar to that described iIn Fig. 7 for the E, ooli enzyme.

The presence of all four deoxyribonucleoside triphosphates is required



for optimal aotivity. The optimum pH seems to lie in the range 7.2 to
7.5 and there is an absolute requirement for a bivalent cation.

There is no synthesis if primer DNA is omitted, but the nature of

the primer requirement is still a matter of some uncertainty, for
although 1t would seem valid to claim that most mammalian enzymes show
a preference for denatured DNA, all of them use native DNA to some
extent and the regenerating rat liver enzyme uses native DNA quite
efficiently. There appears to be two types of primer activation, the
first involving the action of denaturing agents suoh as heat, aoid or
alkaline treatment, all of whioh destroy the seoondary and tertiaxy
structures of the DNA moleoule. This activation may be attributed to
production of single-stranded regions in the primer (Bollum, 1959;
Keir ef£ &L*» 1962). The second type of primer activation, whioh
involves the enzymic modification of the primer molecule, was
investigated ty Bollum (1962) and Keir (1962), who found that DNA
partially treated with DNasel was a more effioient primer than
untreated DNA. This oan be interpreted as due to the production of a
greater number of 31-hydroxy-terminal groups on the primer, for these
groups are apparently required for the initiation of DNA rep i1oation
(Richardson et al., 1963a). That these effects of nuclease in the

in vitro system may not have physiological significance has been

suggested by thr work of Bollum (963a) with an enzyme preparation which

is free of DNasel activity.



U) Tho Nature of the Proé&iot

The product of mammalian DNA nucleotidyltransferase aotivity,
although not as well defined as that of the E. coli enzyme, appears to
be double-stranded DNA of high moleoular weight* In the Landschutz
oell system i1t has been shown that the deo”ribonuo leoside monophosphate t
residues are located in non-terminal regions of the product DNA
(Smellie et ~ , 1960). Using the DNase - free DNA nucleotidyltransferase
from calf thymus Bollum (963a, b) has shown by nearest neighbour
frequency analysis that the base composition of the product is
determined by that of the primer. By separation of primer and product
moleoules using ohrornatography on H¥K columns and oounterourrent
distribution in aqueous polymer systems, he has also shown that the
product of the single-stranded DKA-primed calf thymus enzyme is double-
stranded native DNA and that the reaction does not proceed beyond a
doubling of the amount of primer originally present.

Mazia A Hinegardner (1963) have demonstrated that, in their sea
urohin embryo system, the base composition of the product is very similar
to that of the primer and that the product DNA has the same sedimentation
properties as the primer.

c. Teralnal Addition Reaction

In the early reports on DNA nucleotidyltransferase from both
bacterial and mammalian sources, 3mall amounts of incorporation of
deoxyribonuc leotide were observed when only one of the four

deoxyribonucleoside triphosphates was present in the reaction mixture



(Adler, Lehman, Bessman, Simms A Kornberg, 1959# Bollum, 1960a).

This was thought to be due to residual aotivity of DNA
nucleotidyltransferase iIn the absence of its complementary substrates.
However, the work of Krakow, Coutsogeorgopoulos A Canellakis (1962)

showed that incorporation of this type in calf thymu3 nuclei was due

to an enzyme separable from the well characterised DNA nucleotidyltransferase
This enzyme requires only one deooyribonuoleoside triphosphate,

Hg2*ions, cysteine and primer DNA for optimal activity, and if the
complementary deoxyribonucleoside triphosphates are added to the

reaction mixture, inhibition of the enzyme i1s observed. DNasel

treatment of the product and stimulation of incorporation on the

addition of more primer DNA after the attainment of maximal activity,

suggest that the enzyme acts by the addition of one or a few
deoxyribonucleotides to the ends of primer ohains. (In this seotion

and i1n subsequent sections where both types of activity are being

discussed together, the enzyme whioh requires only one deoxyribonucleoside
triphosphate will be termed the terminal DNA nucleotidyltransferase and

the one whioh catalyses the incorporation of all four deosyribonuoleoside
monophosphates into DNA will be termed the replicative DNA
nucleotidyltransferase). The terminal enzyme of Krakow et , (1962),
which has been shown to catalyse the addition of either dCMP or dTMP
residues to the ends of primer molecules, also has the ability to add
terminally one ribonucleotide unit to a potydeoxyribonucleotide molecule,

and both types of addition are strongly inhibited by pyrophosphate.



However, the terminal ensyme will add neither a ribonuoleotide nor a
deoxyribonuc leotide unit to the ends of polyribonucleotide primer
moleoulcs. A DIndependent ribonucleotide terminal addition system,
similar in this respect to the oalf thymus terminal ensyme, has been
observed in E. ooli (Hurwits, 1959)* Krakow e& , (1972) achieved
the separation of the terminal and replicative ensymes fron oalf
thymus by chromatography on i1on exchange celluloses.

Terminal DNA nucleotidyltransferase has also been detected In
oalf thymus nuclei prepared by a non-aqueous isolation technique,
separation of the terminal and replicative ensymes in this case being
achieved by ammonium sulphate fractionation (Keir < Smith, 1963).

The terminal enzyme has the same nuoleotide requirements as those of

the ensyme of Krakow et al., (19&2) i1n relation to the iIncorporation

of dTMP residues. The iIncorporation of the other deoxyribonucleotides

and of ribonucleotides has not been investigated. Cysteine, Mgz+ions

and primer DNA are also required for optimal aotivity of this terminal
enzyme, whioh is most probably the same as that desoribed by Krakow et al.,
1962).

A terminal DNA nucleotidyltransferase has also been isolated by
column chromatography on hydroxylapatite and by gel filtration on
Sephadex Crl100 of partially purified preparations of the replioative DNA
nucleotidyltransferase from oalf thymus tissue (Bollum, G-roeniger &
Yoneda, 19&0* This enzyme i1a specific for deoxyribonucleoside

triphosphates and oligodeoxyribonuoleotide initiators and polymerises



dAMP fifty times more efficiently than dTMP, dCMP or d&VP.
Homopolymers of deoxyadenylate have been prepared using this ensyme.

These three sources provide ample evidenoe for the existence 1in
oalt thymus of a terminal DNA nucleotidyltransferase physically
separable from replicative DNA nucleotidyltransferase. Differences In
experimental procedure do not permit a Firm decision on whether the same
terminal ensyme has been studied in each oase, although the general
observations indicate that thl3 may be so. Up to the present there
have been no reports of a separable terminal addition enzyme iIn other
mammalian tissues.

Location of DNA Nucleotidyltransferase within the Mammalian Cell

The Tirst reports of DNA nuoleotidyltransferase in mammalian oells
(Davidson gt aX., 1958; Bollum A Potter, 1958; Mantsavinos A
Canellakis, 1959; Furlong, 1960) indicated that the enzyme was readily
obtained from soluble supernatant fractions after high speed centrifugation
of disrupted cell preparations. The apparent anomaly of the occurrence of
DNA nuoleotidylt ansferase iIn a part of the cell other than the nucleus,
where DNA is located and where its synthesis takes place, has led to
further investigation of the intracellular location of the enzyme.

The work of the Glasgow group with non-aqueous nuclei, prepared by
the method of Kay, Smellie.Humphrey A Davidson (1936), has direot bearing
on the subject. Preparation of extracts in a non-aqueous medium ensures
that the risk of passage of water-soluble oellular components across the

nuclear membrane is minimised or eliminated. Smellie A Eason (1961)



failed to detect DNA. nucleotidyltransferase in variously prepared
nuolear samples, but subsequent work with regenerating rat liver

(Keir, Smellie A Siebert, 1962) and oalf thymus (Smith A Keir, 1963)
non-aqueous preparations demonstrated that the enzyme is located iIn

both the nuolear and cytoplasmic fractions. Previous failure to detect
DNA nucleotidyltransferase activity in certain nuolear preparations was
attributed, a) to interference by DNasel and triphosphatase activities
in the disrupted nuclei, and b) to probable leaching of the DNA
nucleotidyltransferase from the nuolei during isolation in aqueous media
(Smith A Keir, 1963).

It has also been shown that, iIn sea urchin embryo oells, the enzyme
is found only in the nucler if the nucleil are prepared in an agueous
medium containing Mgz+ions and iso-osmolar sucrose (Masia A Hinegardner,
1963; Masia, 1963)* The requirement of a bivalent oation for promoting
retention of DNA nucleotidyltransferase in the nucleus during aqueous
preparative procedures was clearly demonstrated by Main A Cole (19%*.),
who showed that the proportion of ensyme retained in rat thymus nuolei
prepared in Tris-HC1 buffer is dependent on the Ca2+ion concentration of
the extraction medium.

The distribution of DNA nucleotidyltransferase inL oells, the
growth of whioh was partially synchronised with 5-fluorodeoaQruridime, has
been studied by Littlefield, McGovern A Margeson (1963) and. by Gold A

Helleiner (96k)= Their results indicated that DNA nucleotidyltransferase

IS present in both the sediment and supernatant fractions derived from



centrifugation of disrupted oells, and that the aotivity of the

ensyme increases in the sediment fraction and decreases in the
supernatant fraotion during the period of DNA. synthesis. They suggest
that the ensyme enters the nucleus iIn the early stages of DNA synthesis
and becomes associated with DNA to form a particulate complex, whioh

Is not easily solubilised and which is difficult to assay for DNA
nucleotidyltransferase activity. This seems to be an acceptable con-
clusion, for a DNA-DNA nucleotidyltransferase complex has been
identified in K. ooli oells (Billen, 1962; Kadoya al,, 1964)*

Finally, the work of Keir A Gold (1963) with baby hamster kidney
oells infected with herpes simplex virus, which replicates in the
nucleus, has shown that there i1s a substantial increase iIn the amounts
of DNA nucleotidyltransferase and DNasel in the nuolear fraction of
the cell. This supports the concept of Littlefield et, al., (@963) in
so far as there may be a localisation of the enayme at the site of DNA
synthesis when there is a stimulus for the cells to engage iIn this
operation.

The apparent diversity among these various observations may not be
as great as i1t seems on the first examination. It would be consistent
with these results to postulate that the ensyme is firmly bound, in
p&rtioulate form, within the nucleus during DNA synthesis and is
distributed, in soluble form, throughout the cell at other times. The
non-aqueous experiments substantiate this theory sinoe, in oalf thymus
and regenerating rat liver, only a small proportion of the cells are

synthesising DNA at any one instant, and one might reasonably expect the



enzyme to be predominantly located at non-chromosomal sites. This iIs an
argument whioh oan also be used in support of the theoxy concerning the
observations on the aqueous extraction of rat thymus tissue. The work
on partially synchronised L oells, of which a sufficiently large
proportion are simultaneously synthesising DNA to allow the detection
of a shi t of DNA nucleotidyltransferase into the nucleus from the
cytoplasm, lends positive support to this theory. Total location of
the enayme iIn the nuclei of sea urohin embryos is also consistent with
this hypothesis, sinoe the cells iIn this system are dividing so rapidly
that they can be regarded as being almost continually engaged in DNA
synthesis and, as a result, DNA nucleotidyltransferase would never
leave the sites of synthesis.

The reoent detection of small amounts of DNA in chioken embryo
mitochondria (Nass A Nasi&ﬁ3963a; Nass & Hass, 1963b) .nd in bovine heart,
rat liver and rat kidney”(Schatz, Haselhrunner & Tuppy, 1964) nay account
for a small fraction of the cytoplasmic DNA nucleotidyltransferase, but
probably oannot account for many of the above findings, whioh show that
very often the greater part of the celll3 total complement of DNA
nucleotidyltransferase is located In the cytoplasm.

Vi Replication of the Chromosome

It is intended in this section to diaouss current knowledge on
DNA replication at the level of the chromosome, rather than replication
of simple priaer molecules iIn an iIn vitro DNA"synthesising system. By

virtue of i1ts simpler structure, the bacterial chromosome has provided



more information on the in vivo replication of DNA. than the more
complex mammalian ohromosome. For this reason it iIs convenient to
disouss this problem tinder two headings A) Replication of the
bacterial chromosome and B) Replioation of the mammalian ohromosome.
A) Replioation of the Baoterlal Chromosome
By labelling the E. colir cell with ( )thymidine, it has been

shown by autoradiography and electron micrography that the ohromosome

a* Is oiroular, and measurements suggest that it oonsists of
a single double-helix of DNA (Calms, 1963a, b). Further isolation of
a population of intaot chromosomes from an asynchronous oulture suggested
that DNA replioation Is initiated at a well-defined point on the
circular ohromosome, proceeds along the double-helix and culminates iIn
the production of two oiroular daughter chromosomes (Cairns, 1963a, b).
Similar work on the detection of the growing point and dtreotlon of
synthesis has been reported iIn thymine-requiring mutants of E. coli
(Hanawalt A Ray, 1964). Confirmation of the idea that DNA synthesis in
the bacterial ohromosome is sequential and unidirectional from a fixed
point, has been obtained from the work of Nagata (1963) with E. coli,
and Yoshik&wa A Sueoka (1963) with B, subtills. These workers, using
synchronized cells have shown that the appearance of genetic markers on
newly synthesised DNA follows a fixed pattern during the period of
replication. These findings are supported by studies on the effeot of
tiymine ana amino acid deprivation on subsequent DNA replioation in

thymine and amino aoid auxotrophs of B. ooli (Maalée A Hanawalt, 196172



Hanawalt, Maal/Je, Cummings A Sohaechter, 1961; Lark, Repko A
Hoffman, 1963)*

In considering the meohanisms of DNA replication, one oan divide
them into three classes, a) conservative b) semi-conservative and
0) dispersive, according to the distribution of the parental molecule
within the replica duplexes. Conservati e DNA replication mechanisms
are those which maintain the integrity of the entire parental DNA
moleoule so that of the two daughter double-helioes, one is entirely
parental DNA while the other is entirely new. The process of DNA
replication Is said to be semi-conservative when the parental molecule
consists of two complementary strands eaoh of which, on the first
replioation, becomes part of one of the two daughter duplexes so that,
after an arbitrary number of replications, there are only two double-
helitodswhioh are composed of part of the parental molecule. Finally,
dispersive replication meohanisms are those iIn which the integrity of
the parental ohalns is not oons jrved and, after several replications,
the parental double-helix has been distributed in small pieces among
several of the daughter duplexes. All three types of replication are
desoribed di&gr&m&tio&lly in Fig. 9 That the mechanism of DNA
replication in the baoterlal ohromosome iIs semi-conservative, a single
strand of the parental duplex being the conserved unit, 1iIs strongly
supported by ultracentrifugal evidence (Meselsan A Stahl, 1958).
Confirmation of this mechanism comes from in vivo and iIn vitro studies

of bacterial (Sueoka 1960; Baldwin A Shooter, 1963; Cairns, 1963a# b)
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Il1lustration of conservative, seal-conservative and dispersive
meohanisms of DNA replioation by distribution of parental material between

tho daughter duplexes*

(After Delbruok, M_.A Stent, G. S. (1957). In "The Chemical Basis of
Heredity'™, p-709- Ed. by MoElroy, W. D. A Class, B. Baltimore: Johns

Hopkins Press.

A* Conservative: One daughter duplex old* one new.

B. Semi—conservative: In each daughter duplex one chain is old
and one 1S new.

C. Dispersive: The distribution of parental material is uniform
through the four chains of the two daughter duplexes*






and viral systems (Kaplan A Ben-Porat, 1964)9 * different

interpretation has been given by Cavalier! and his co-workers to

these, and to their own findings (Cavalier! A Rosenberg, 196la, b,o0j}

Cavalieri A Rosenberg, 1963). They propose that DNA replioation is
semi-oonservatlve but that the conserved unit i1s a double-helix*

This latter interpretation will be discussed later (see Discussion, section IIA
in relation to the mechanism of action of DNA nucleotidyltransferase*
Replioation of the DNA of the T-even bacteriophages has been shown

to be dispersive (Kosinski, 1961: KoslInskl A Kosinski, 1963)9 but

the fragmented parts themselves seem to be replicated semi-oonservatively*

In vivo work of Naal”e (1963) and vitro work of Gogol A
Rosenberg (1964) indicate that there may be an inhibitor of DNA
synthesis In extracts of non-dividing oells* Maalrfe (1963) has also
observed that the length of the DNA synthetic period 1a ouch less
dependent on the nutritional oontent of the growth medium than is the
generation tine, and that £& novo protein synthesis iIs required to
Initiate a new round of replication*

In conclusion, 1t oan be said that the replioation of DNA iIn the
baoterlal chromosome 10 a continuous process beginning at a fixed point
and proceeding unidireotionally through the whole bacterial genome and
recent evidenoe has strengthened the concept that the initiation and
the termination of replioation are unique and widely separated e rents

in the division cycle (Pritchard A Lark, 1964$ Lark A Lark, 1964).



B) Replication of the Mawagian ChrpmgAQge

The mode of DNA synthesis within the mammalian ohromosome is more
difficult to iInvestigate than that of its bacterial counterpart for
two main reasons. The Tirst difficulty is that DNA synthesis in
mammalian cells occurs during a very short part of a relatively long
generation time, whereas DNA synthesis in rapidly-growing bacteria
occupies a considerable, though variable, portion of a vexy shox*t
generation time Maal/fe, 1963). There are four well recognised stages
in the life cyole of a mammalian oell between two successive mitotic
sequences. These, 1In order of occurrence after telophase, are
interphase, S and &2 phases. In only one of these phases, the
S phase, does DNA synthesis take pl&oe, the provision of a complete
complement of DNA belxig required before the oell enters and
subsequent proph&se, and it has been shown in Hela oells that synthesis
of RNA and protein in addition to that of DNA are prerequisites of oell
division (Meuller, 1963). The seoond oomplioation in the mammalian
ohromosome is the association of large amounts of histones and acidic
proteins with DNA in the nucleus, whioh makes the study of chromosomal
replioation more difficult, beoause the structuxe of the ohromosome
ItselTt is not well defined. Various models for mammalian chromosome
structure have been proposed (Taylor, 1963a; Hsu, 1963; Bounce A
HHgax*tner, 1964)» but no generally accepted structure has yet been

established.

Radio&utographio studies have shown that large ohromosomes have



multiple growing points for DNA. replication (Taylor, 1963b; Plaut, 1963)9
whioh together with the discovery of early and late replioating
chromosomes (Hsu, 1964)9 suggests that there may be sequential
replioation of subunits within individual chromosomes. Using the
techniques of radioisotope (Taylor, Woods A Hughes, 1958; Prescott A
Bender, 1963) and heavy base analogue (Simon, 1961; Simon, 1963)
labelling of ohromosom&l DNA during synthesis, i1t has been established
hat replioation takes place iIn a semi-conservative manner.

Honod, Jaoob A Gros (1962) have proposed the theory that histone-
blading of DNA within the ohromosome is responsible for repression of
messenger RNA synthesis and hence of protein synthesis. It is thought
that histone may fulfil this role by binding to the DNA at seleoted
regions along the ohromosome. For this reason, the inhibition of DNA~
primed RNA nucleotidyltransferase (E C 2.7*7*6) by histones has been
extensively investigated (Huang A Bonner, 1962; Allfrey, Littau A
Mirsky, 1963? Barr A Butler, 1963). 3imilar studies with DNA
nucleotidyltransferase preparations from regenerating rat liver (Gurley,
Irvin A Holbrook, 1964# Dehnert, 1963) and calf thymus nuolei (Bazill A
Philpot, 1963) have demonstrated that free histone inhibits DNA
nucleotidyltransferase. However, intact nuoleohistone (DNA-histone complex)
does not inhibit the activity of the ensyme when added to a standard
DNA-primed assay. Gurley et, a*. , (1964) have also shown that the lysine-
rich histone fraotion inhibits the ensyme to a greater degree than does

the arginine-rioh histone fraction, but neither fraction inhibits DNA



nucleotidyltransferase to as great an extent as i1t inhibits DNA-primed
RNA nucleotidyltransferase. Therefore, although histones appear to
have a proaounoed effeot on transcription from DNA via RNA to protein,
tlmy may additionally have a function as regulators of DNA synthesis.
VX1 Degradation of DNA and Deoxyxibonuoleotides

In consideration of DNA biosynthesis, it was shown that the
biosynthetic pathway oould be divided into well defined stages (see
Introduction, sections 1V and V). Clearly, competing ensyme systems
must also be taken iInto account e.g., hydrolysis of phosphodiestcr bonds
in DNA (i.e., exo-and endonuoleolytio action), and dephosphorylation of
precursor nuoleotides can interfere seriously in an in vitro DNA-
synthesising system which measures the incorporation of deoxyribonuoleoside
triphosphates iInto DNA. Enzymes capable of carrying out these degradative
operations are widely distributed in nature, and merit some consideration
at this stage.

a) Jf j teaaaSIMaakaM™M

Phosphatases, whioh are specific for nucleoside monophosphates, are
widely distributed among animals, plants, and baotcria (Schmidt A
Lask wski, 1961; Heppel, 1961). They appear to be specific for either
nucleoside 5*-monophosphates or nucleoside 31-monophosphates; they
express no preference betv/een ribonucleotides and deoxyribonucleotides,
and hydrolyse the substrate to the nucleoside and phosphorio aoid.

Enzymes involved in the hydrolysis of the anhydride bonds of

nucleoside di- and triphosphates are less well characterised. The



enzyme best known for hydrolysis of nucleoside triphosphates is
nyosin ATFase from muscle, whioh acts by hydrolysis of the bond
between the and ™ phosphates of the nucleotide to form ADP and
orthophosphate (Kielly, 196la,b). Moreover, partially purified
ATP~sea from other sources have shown hydrolytic activity towards
the other ribonucleoside and deoxyribonucleoside triphosphates.

Tho existence of two different ATPiaes has been demonstrated iIn
pig kidney cortex nuolei, canoer cell nuolei and regenerating rat liver
nuolei (Siebert, 1960, 1963)* Whether this is due to heterogeneity of
the enzyme preparations or to low enzymic specificity has not so far been
determined. Nucleoside diphos hates appear to be less susoeptible to
the action of these enzymes.

An enzyme whioh i1s specific for dCTP has been demonstrated in
E. coli infected with T2 bacteriophage (Kornberg, Zimmerman, Korriberg
A Josse, 1959). The products of its action are dCMP and pyrophosphate;
it has no effeot on the other nucleoside triphosphates and has a much
reduoed activity towards dCDP.

Inorganic pyrophosphatases are widely distributed in living systems
(Kunitz A Robbins, 1961). It is iInteresting to consider the possible
role which these enzymes may play iIn ensuring the irreversibilty of
DNA synthesis by removal of one of the products of the synthetic reaction
(see Fig. 7). An obvious role for the other enzymes mentioned in this
section would be i1n the control of DNA synthesis by regulating the

concentrations of the deoxyribonucleotide precursor pools.



A phosphoxyiytic enzyme, whioh is a useful biochemical tool, is
alkaline phosphatase from E. oolit (Heppel, Harkness A Hilmoe, 1972) As
the name suggests this enzyme has an alkaline optimum (pH of 9*5); it
exhibits low specificity towards monoesterified hydroxyl groups and
has been used to remove 3’-and 39-phosphate3 from the terminal positions
of primer DNA molecules in an in vitro DNA synthetic system (Keir, 1962).

B) P.e&rftoatiftnjgf DMA

The sources and nature of ensyme which catalyse the hydrolysis of
DNA have been reviewed by Laskowski (961). These enzymes are sometimes
called phosphodiesterases because they hydrolyse the phosphodiester
bonds of the nuoleio aoids. DNases appear to be distributed among all
subcellul&r compartments and are divided into two classes based on their
site of attaok on the substrate molecule. The first class Is the
exoxZuoleases, which aot by removal of mononucleotide units sequentially
from one end of the DNA molecule. The second class is the endonucleases,
whioh hydrolyse phosphodiester bonds situated at non-terminal sites iIn the
polymer.

Two well characterised exonuoleases, whioh are useful ancillary tools
in nuoleio aoid research, are those of snake venom and calf spleen
(Khorana, 1961). These enzymes hydrolyse the terminal phosphodiester
bond of either a polyribonucleotide or a polydeoxyribonucleotide. The
snake venom enzyme, a 5f-phosphodiesterase, starts at the 3t*ydroxyl end
of the polynucleotide and proceeds along the polymer oh&in, splitting the

terminal phosphodiester bond, sequentially producing nuoleotide



5 I-monophosphates. In contrast, the spleen ensyme, a 31-phosphodiesterase,
starts at the 51-hydroxyl end of the polynucleotide and sequentiallyforms
3f-phosphoryl nucleosides as i1t moves along the chain. Phosphodiesterases
with similar properties have been desoribed In certain mammalian tissues
(Hassell, 1961).

The endonuoleases oan be classified as S,-phosphoryl ester
oligonucleotide formers and as 3*-phosphoryl ester oligonucleotide formers.
An endonuclease oan also be classified as a DNasel or a DNasell. This
classification is based on oomparlson of the DNases distributed in
different tissues with pancreatic DNasel (Kunlts, 1948; Xunitz, 1950),
and thymic and spleen DNasell (Haver A Greco, 1949? Koerner A
Sinsheimer, 1957a, b), iIn regard to their pH optima and activating and
inhibiting agents. A generalisation often made is that the 5f-ester formers
are synonomous with type 1 DNases and the 3*-ester formers are aynonomous
with type Il DNases. One exception to this rule is miorocoodal nuclease
which produces 3f-phosphoiyl nucleotides and has an alkaline pH optimum
(Alexander, Heppel A Hurwltz, 1964)* Very little is known about the
spcoifioity of endonuoleases with regard to the bases on either side of
the hydr lysed bond. The DNases of one biological system, the £. ooli
oell, have been most comprehensive3dy studied by Lehman (963).

The wide distribution and high activity of DNases in\ariOu3 oells
has led to much speculation on their function. A role which they may play
is to convert DNA within the somatio ohromosome to an active form whioh

will prime for DNA replication. A role more often assigned to them is



the destruction of foreign DNA within the oell; thus they may serve
a protective function e.g., against viral iInfeetion.

A point whioh must always be remembered when attributing
biological function to these enaymes, which degrade DNA and its
precursors, is that they My not be permitted to oomc into coataot
with their substrates in vivo. DNA synthesis is very probably localised,
at least in most instances, within the nucleus of the mammalian oell,
and the various DNA-degrading enzymes appear to be widely distributed
among the sub-cellular oomponents. Therefore, many of these enaymes
may Ffulfil no speoifio function in vivo until the death of the oell
initiates hydrolytic aotion by this great battery of degrading enaymes.

VHX Current Problem, of DNA Btoayntheala

Within reoent years, bioohemioal rcsearoh has indicated more and
more clearly that DNA nucleotidyltransferases have the ability to
catalyse the synthesis of a DNA moleoule, whioh is either the complement
or the oopy of the DNA template, depending upon whether single-stranded or
double-stranded DNA is used to prime the reaction. These DNA
nucleotidyltransferases have been shown to be widely distributed among
animal and bacterial cells. A great deal of effort has been expanded
in the establishment of this biological mechanism, whioh furnishes the
biologist with the answer to the problem central In his mind for several
deoades, namely the moleoular explanation for heredity. However, now
that the flush of success has passed and time for reflection has beoome

available, one realises that several aspects of DNA replioation are still



unexplained. Furthermore, the inherent challenge of these problems is
intensified by the probability that their solution will yield great
benefit to mankind in the field of medicine.

In vitro studies have demonstrated DNA-primed direction of the
enzymio product and one might think that, in so doing, their function
has been fulfilled. However, If DNA biosynthesis is considered from
the enzymic point of view, it can be seen that much knowledge may yet
be derived from in vitro studies. The ultimate aim Is to paint the
picture of DNA synthesis iIn vivo, but to do this we must Ffirst be able,
in the words of Lord Kelvin, 'to measure that of whioh we speak, and
express i1t In numbersil This will be done only by exploiting the in
vitro system to the limit of i1ts potential. It seems probable that the
in vitro system will, from this point forward, be used to its fullest
advantage 1f 1t 1s employed in the elucidation of the nature of the
enzyme, and of the mechanisms by which it performs its task, rather than
to concentrate the experimental effort on primer studies.

A role has been established for the replicative enzyme; one must
now ask the question, "what is the function of the terminal enzyme and
how is 1t related to the replicative enzyme?" The DNA nucleotidyltrans-
ferases of mammalian systems have been found, almost without exception,
to display a preference for denatured DNA as primer. How can this faot
be reconciled with the failure of many attempts to demonstrate the

existence of single-stranded DNA in vivo? The nature of the in vitro

reaotion has so far suggested that the assembly of the oomplementaxy



bases on the template may be a random process. This seems to be slow
wasteful and uncharacteristic of a phenomenon, which, within the cell
appears to be rapid and well controlled. Perhap3 elucidation of
enayme structure and specificity will account for various ;spects of
in vivo DNA synthesis, suoh as the constancy of the 3 phase. Lastly,
in vitro studies on the effeot of substances known to be present in
olose contact with the ohromosome during replication may go part of
the way 1n elucidating their biological significanoe.

The work described in this thesis was undertaken in an attempt

to solve 3ome of these problems.
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i BioiQsioaj, -.rfofeariat

A) Landschutg Asoitgs - Tumour CeUfi

The Landschutz ascites-carcinoma, originally supplied by Dr.
L. V. Crawford, Institute of Virology, University of Clasgow, was
maintained by serial transplantation in 8 to 10 weeks-old albino
raice, (Porton strain), reared in the departmental animal house.
Tumour fluid was withdrawn by syringe, aseptically, under ether
anaesthesia, from mice whioh had been inoculated seven to nine days
previously, and 0.2 ml of this fluid was inoculated intraperitoneally
into eaoh mouse.

»)

Calf thymus glands, whioh were stored in ice or blast-frozen to
-70° immediately after their removal from the animal, were routinely
obtained from the city seat-market. 7/i1thin sevoral hours those stored

Iin 10e were either frozen to -70° or first lyophilised and then stored

at -70° until required.

) WIFfFIJAMMFI

Thymus, spleen, appendix and bone marrow were obtained fron young
rabbits, whioh were 2 to 3 months old and weighed approximately 1 Kg.
The animals were killed by cervical dislocation and these tissues quickly
removed from the carcase, shorn of contaminating material and lyophilised,
care being taken at all stages to maintain the temperature at 0°. The

tissues were stored at -70° until required for tho preparation of soluble



extracts. lyophilised rat liver and spleen preparations were obtained
in a similar manner.
1 Preparation of Enzyme Extracts

A) Landschutz Asoites-Tumour Cells

Soluble extracts of oells of the Landschutz ascites-carcinoma were
prepared according to the method of Keir (19&2) with some important
modifioations. All operations desoribed in this seotion were carried
out at 0°.

The ascitic fluid was withdrawn ascptioally from mioe six to eight
days after inoculation, and transferred to a O. (w/v) NaCl solution.
The oells were washed several times with NaCl solution by sedimentation
at 200-300 g and deoantation. After the final wash, the cells were
tightly packed by sedimentation at 700-800 g for 5 min. The resultant
sediment was taken up in 12-15 volumes of 0.001 U-KDTA-0.005M -
2-meroaptoethanol, pH 7*5» and the oells were disrupted in a Potter-
Elvchjelm homogeniser (Potter A Elvehjelm, 1936), V5 passes of the
pestle being sufficient to effeot complete lysis of the osmotioally
swollen cells without appreciable nuclear breakdown. Microscopic
examination with the aid of crystal violet staining (I56 (w/v) in O.1M-
citrio aoid) was used to confirm that complete disruption had been
obtained. The oell homogenate was immediately made O.O0W with respeot
to potassium phosphate buffer, pH 725 and 0.15M with respeot to KC1 by

the addition of 0.5M-potassium phosphate bui*fer, pH 7*5 and solid KC1.

The enzymio&Uy active soluble extract used in this work was the supernatant



fluid obtained ty centrifuging the disrup ed cell suspension at
105,000 g for 30-60 min. @n a Spinco Model L ultracentrifuge.

For the purpose of determining the DNA nucleotidyltransferase
aotivity in the 105,000 g sediment, this fraotion was on occasion,
taken up in a small volume of 0.001*“M-EDTA-0.005~M-2-merca)toethanol,
sonicated in a M.S_.E. Ultrasonic sonioator for 2 min. , then made 0.01M
with respeot to potassium phosphate buffer, pH 7*5* 0.15M with respect
to KC1 and centrifuged at 105,000 g as before. The supernatant
fraotion, which was termed the nuclear extract, was then assayed for
DNA nucleotidyltransferase activity (see Experimental section, IVA).

In the earlier stages of this work EDTA and 2-meroaptoethanol
were omitted from the preparation at the cell disruption step.
Occasionally, for reasons that will become clear later, these preparative
procedures were modified.

B) Calf Thymus G-land

Enzymioally active soluble extraots from calf thymus tissue were
prepared in a manner essentially similar to that described above for
ascites-tumour cells with slight modification. The medium in which the
tissue was homogenised was 0.25M-suorose-0. OOIM-EDTA™-0.005M-2-
mercaptoetlianol, pH 7*5» and. the disrupted oell suspension was centrifuged
for 90 min. at 105.000 g in the ultracentrifuge. In the earlier thymus
preparations, EDTA and 2-meroaptoethanol were omitted from the

disruption medium.



6)) Other Tissues

Soluble extracts were prepared from thymus, spleen, bone marrow and
appendix from young rabbits and from rat liver and spleen, as described
before for asoites-tumour cells except that neither 2-meroaptoethanol
nor EDTA was used in the preparative procedure.

d) Non-aQueoua Preparations

In order to compare results obtained in this work with those of
Smith A Keir (1963) and Keir A Smith (1963) soluble extracts of some
tissues were prepared by incorporating a modification of the non-aqueous
preparative procedure of Kay et al., (1956). The tissue was removed from
the animal, minced finely with soissors and immediately frozen in a solid
CO02-ethanol mixture in preparation for lyophilisation. After complete
drying, the tissue was weighed and ground to a powder in a mortar.

The powder (3-5 s) was disintegrated in 30-60 ml. petroleum ether
(b.p. 40-60°) iIn a Potter-type homogeniser, and centrifuged at 1000 g
for 10 min. at -15°* After repeating this procedure twice, the final
petroleum ether sediment was suspended in 30-60 ml. of a mixture of
cyclohexane-CCI™ (1 j 1, v/v), homogenised as before and centrifuged at
1000 g for 20 min. at -15 e« At this stage the sediment, which contained
the wat r soluble components of both cytoplasm and nucleus, was examined
mbroscopioal3y to oheok that maximum cell disruption had taken place,
and finally dried iIn ether.

The dried powder was then taken up in 0.01M -potassium phosphate

buffer, pH 7-5-0- 15M-KC1 (10 mg, dry powder/ml.), homogenised as above



and sonicated for 1 min. before centrifuging at 105,00X) g In the
Spenco Model L ultracentrifuge for 30 min. The 105,000 g supernatant
fraotion was used as the ensymically active soluble extract.
1l Engye Fractionation Techniques

The techniques desoribed iIn this seotion were used for fractionation
of most soluble extracts, irrespective of their origins. As in the
preparation of soluble extracts, during the earlier stages of this
work KDTA and 2-meroaptoethanol were omitted from the preparative buffer
systems employed. All operations were carried out at 0°.

A) Aoid Precipitation

A portion of a soluble extraot preparation was taken to pH 5*0
by the addition of 0.2N~aoetio aoid (Keir, 19&2). The solution was
stirred with a magnetic follower throughout this operation, and the
acetic/was added in a slow dropwlse manner to avoid formation of small
pockets of low pH within the ensyme preparation. During this prooedure
the pH wa3 continually observed at a pH meter (Model 23A E. I.L) previously
adjusted to operate over the range pH 4.5-7*3- The resultant precipitate
was sedimented without delay by centrifuging at 1000 g for 10 min. , and
was Immediately dissolved by stirring for several hours in 0.001J4-EDTA-
0.005M-2-meroaptoethanol-0.2M~potassium phosphate buffer, pH 7.5 The
volume of potassium phosphate buffer used to dissolve the precipitate was
0.25*0.33 times that of the soluble extraot initially taken. On occasions

when a less concentrated buffer e.g. 0.0IM-potassium phosphate buffer,

pH 7*5, was used to dissolve the precipitate, tie resultant solution was



adjusted to pH 7*5 with O.1IN-KOH, i1f required. After about 12 hr. a
small precipitate usually formed and was removed by centrifuging.
The final supernatant fraction, termed pH5 precipitate fraction, was
stored at 0°.

*) Ammonium Sulphate Fractionation

Saturated (NHNJg 30”™ used in the prooedure was prepared by
dissolving Analar (NHM)2 SO™ to saturation level in HgO at 75° and
allowing the solution to come to room temperature. The pH of the
resulting solution was adjusted to 7.3 by the addition of I0N-NH"OH
and made 0.005M with respect to 2-meroaptoethanol and 0.00211 with
respeot to EDTA. EDTA at this concentration was sufficient to ohelate
the known cationic impurities in the (NHj”™ SON.

The following operations were carried out at 0°. To a measured
portion of pH5 precipitate fraction was added (in a controlled dropwise
fashion to avoid localised concentration) the volume of saturated
(NH;)2 30”™ required to bring the (KH"Jg SON saturation to 20& After
stirring for 10 min., the preparation was centrifuged at 12,000 g for
10 min. in the SS-34 rotor of the Servall oentrifuge. Tho sediment was
discarded and to the supernatant fraction was added, slowly, with
stirring, the volume of saturated (NHNJgSO™ required to bring the
saturation to 45/1 This fraotion was allowed to stand for 10 min. before
centrifuging exactly as described for the previous step. The precipitate
was dissolved 1n 0.005M-2-mercaptoethanol - 0.001 M-EDTA-0 OOIM-potassium

phosphate buffer, pH 7*5 (10 of the volume of the pH5 precipitate fraction



originally taken) and stored at 0° until required.

6)) Chromatography on DEAE-oel-luloag

The purpose of this fractionation step was to remove nuoleio aoid
from the enayme preparations. The 20-45/S saturated (NHANSCN preparations
were used at this stage, whioh is a modification of the method used by
Bollum (1960).

DEAE-cellulose (Whatman DKII) was washed by repeated dcoantation
to remove fine particles and stored In 2tS-NaCl. A column 6 cm. x 2 cm.
of DEAK-oellulosc was then prepared under slight pressure (15 cn. Hg) to
ensure uniform packing. After packing the column was washed under
gravity flow with 2M-NaCl until the extinction of the column eluate at
260 and 280 mu.was sero (at least 21.), after whioh the column was washed
with 21. of distilled H20 and finally with approximately 21. of 0.15M-
potassium phosphate buffer, pH 7*5 containing 0.001&UEDTA and 0.005M-2-
mercaptoethanol. The column was then allowed to equilibrate at 40-
Potassium phosphate buffer at 0.15M (ionic strength 0.45) prevents
retention of the ensyme on the DKAK-oellulose while allowing the
adsorption of DMA and the various forms of RNA.

A 20-45% saturation (NLI™MSGN fraotion, containing approximately
35 mg. of protein was made 0.15H with respeot to potassium phosphate
buffer, pH 7*5 and applied to the DFAE-oellulose column. Protein was
eluted with 0.005"-2-mercaptocthanol-0.001U-EDTA-0.151Wpotassiuin phosphate
buffer, pH 7*5» and oolleeted i1In measured volumes, eaoh frac i1on being

assayed for protein oontent and ensymic activity (see Experimental.



sections IX B and IV A). The renewal of nucleic aoid from the
ensyme fraction was followed by observing the increase in the ratio
$280,E260 a» ’ea8ur*d the Cary #@pectrophc

D) Gel Filtration

Dry Sephadex powder (&200, particle sise 40-120u) was allowed to
swell in 0.00IM-potassium phosphate buffer, pH 7*5 for 43 hr* during which
time stirring and decantation was regularly carried out to remove fine
slowly-sedimenting gel particles*

Columns ranging in sise fron 60 cm. x 1*5 cm* to 130 cm. x 1*5 cm*
were packed carefully under gravity flow in 0.00IM-potassium phosphate
buffer, pH 7*5# ensuring even distribution of gel particles and absence
of air bubbles* Paoking was done at room temperature, but the columns
were equilibrated at 4° in the cold roan and washed with several column
volumes of 0 .00IM-potasslum phosphate buffer, pH 7*5 before use* The
column surface was covered with a disc of glass-fibre paper to protect
it against mechanical disturbance during application of the sample* The
flow rate of these columns was in the region of 6 ml/Hr* The void volume
(Vo) of eaoh column was determined by measuring the volume of eluate
emerging in advance of a band of native DNA*

20-4-5% saturation (NHY) fractions, containing 8-16 mg* of
protein were applied to these columns in 0.00IM-potassium phosphate buffer,
pH 7*5 (N.B. 2-mercaptoethanol and EDTA were absent during almost all
experiments whioh employed the gel filtration technique) * The volumes

of the applied fractions never exceeded 3 ml* and were preferably no greater



than 2 al. The sample was layered with great car®© on the bed surface
with a Pasteur pipette after the removal of the supernatant buffer.
The outlet tap was then opened and the sample allowed to enter the
column bed until the sample surface had just disappeared below the

bed level, when a small amount of eluting buffer (0,001M-potassium
phosphate buffer, pH 7,5) was added to the bed surface to wash in the
sample. This haring been done, a larger volume of buffer was added to
start elution and the column eluate was collected in measured volumes
and assayed for protein content and ensymic activity (see Experimental,
sections XX B and IV A and B),

Because cf changes i1n void volume and flow rate due to tight
packing on standing, colums were freshly prepared and characterised
before eaoh fractionation,

E) Chromatography oo HydroaorXapatlte

Hydraxylapatite, a modified form of calcium phosphate gel (Tiselius,
Iljerten & Levin, 1936), was used In the present investigations far the
purpose of ensyme fractionation,

Hydraxylapatite (Hypatite-C) was supplied in a form equilibrated in
0.00IM-potassium phosphate buffer, pH 6,8, The pH was raised to 7*5
by the addition of very dilute KOH accompanied by vigorous stirring.

On standing for several days the pH gradually fell below 7,3# because of
the release of phosphate groups from the crystalline lattice. On each

occasion before use the pH of the stock hydraxylapatite was adjusted to



A 10 om. x 1 on. column of hydroxylapatite equilibrated in 0.001M -
EDTA-0.005 M-2-mercaptoethanol - O0.00IM-potassium phosphate buffer,
pH 7.5 was packed at room temperature under a pressure of 20-25 cn. of
mercury from an air pump, car a being taken to ensure that the packing
of the column was uniform. The column was removed to the cold room (4°)
for overnight equilibration and subsequent operation. While packing and
applying the sample to hydroxylapatite columns, the same precautions
as observed while using G-200 Sephadex were taken to ensure the best
possible fractionation.

A 20-45/6 saturation (NHMNINSOMN fraotion containing approximately
30 mg. of protein was applied under pressure to the column. Protein was
eluted from the column under pressure either by batohwise washings with
increasing concentrations of potassium phosphate buffers, pH 7*5, or by
a gradient elution technique similar to that desoribed by Richardson
et al.. (1964a). In the gradient elution method the buffer quantities
and strengths used were as follows.

1) Mixing Vessel -

120 or 150 ml. 0.005 M-2-meroaptoethanol-0.001M-EDTA-0.051Upotassium
phosphate buffer, pH 7.5*

2) Reservoir Vessel

120 or 150 ml. 0.005M-2-mercaptoethanol-0.001 M-EDTA-0.35M-potassium
phosphate buffer, pH 7*5*

The meohanios of the system were suoh that the levels iIn the mixing

and reservoir vessels equilibrated without application of pressure. This



system gave a linear gradient from 0.05M to 0.30U»potassium phosphate
and the flow rate under a pressure of approximately 25 om. of mercury was
8-10 ml./hr.

The column eluate was oolleoted in 2 ml. fractions whioh were assayed
for protein content and enzymic activity (see Experimental sections XXtB
&1VA&B) . In an effort to stabilise the enzyme on elution 300 |ig
heat-denatured DNA was present in eaoh collection tube.

IV TftygVe AFIFIftU

A) DMA NuoleotlIflyltransfcraae

DNA nucleotidyltransferase was assayed according to the method of
Keir et al. , (1962) with certain modifications.

1 Incubation Condltiona

)] Replioative DMA Nuoleotldvltranaferase

Replicative DNA nucleotidyltransferase assays were carried out iIn
3 ml. stoppered test tubes in a total volume of 0.25 al. at 37° for
variable time intervals. The standard assay oonditions are listed below.

Departure from these conditions, for specific purposes, will be desoribed

in the Results section.

tris-HCl buffer, pH 7.5 20mM
KC1 60mMm
EDTA 0. /MM
MgSO™ or MgCl2 4mM
2-raercaptoethanol 5mM

DNA 50 .



dATP 0.20-0.30 pH

dGTP 0.20-0.30 pH
dGTP 0.20-0.30 JUIM
dTTP 0.20-0.30 pH

DNA nucleotidyltrasferase
fraotion 15-150 fig. of protein

In almost all asscys at least one of the deoxyribonuoleosig&e
triphosphates, usually dTTP was labelled with (™2P) in the phosphate
group. In a few assays the radioactive deoxyribonucleoside triphosphate
was (8-14%)dATP. The nature of the DNA used to prime the reaction
varied according to the purpose of the assay.

In earlier stages of the work 2-meroaptoethanol was not included in
the i1noubation mixture and EDTA was present at a concentration of 0.32m\.
In assays designed to investigate the effect of varying the amount of
one of the constituents of the reaction mixture, the oonoetrations of the
others were kept oonstant, usually at the levels indicated above. In all
assays relevant control tubes were iInoubated to measure non-enzymio
incorporation levels of radioactivity.

In certain experiments the reaction mixture containing the enzyme,
DNA, KCl1, EDTA, tris-HCI buffer, pH 7*5* *6~0”" and 2-mercaptoethanol,
but lacking the deoxyribonuoleoside triphosphates, was submitted to a
prior inoubation at temjratures ranging between 37° and 50°, before
add tion of the four deo”ribonuoleoside triphosphates and inoubation at
37°. Occasionally the procedure was modified so that preinoubation of

the enzyme was carried out in the presence of 75 pg, heat-denatured



DNA, pH 7.0, before addition of the standard assay components,
including more DNA, and subsequent inoubation at 37°.

After incubation the enzymic reaction was stopped by freezing the
tubes iIn solid COg-ethanol mixture and storing at —100 until required,

11) Terminal DNA Nucleotidyltransferase

The oonditions for assay of terminal DNA nucleotidyltransferase were
the same as those for the replicative enzyme with one major exception.
Only one (SZP%—Iabelled deoxyribonucleoside triphosphate, usually
CQTSZP)—dTTP, was present, the three complementary deoxyribonucleoside
triphosphates being omitted. Occasionally in terminal DNA nucleotidyl-
transferase assays the concentrations of K* and My™ i1ons were altered to
40mM and I0mM respectively.

2) Analytical Techniques

Both replicative and terminal DNA nucleotidyltransferase activites
were assayed by the measurement of incorporation of a (“2P)-or-
deoxyribonucleoside monophosphate from an (d—i%P)—or(8—14C)—deoxyriboA“

fincleoside triphosphate into acid-insoluble polydeoiyribonuc leotide material

using the disc assay technique desoribed below.

The frozen inoubation mixtures were thawed and 50 pi. of a solution
of bovine serum albumin (2 mg./ml. in H™0) were added to eaoh tube as a
oo-preoipitant. After mixing thoroughly a 50 pi. portion from each tube waa
pippttcd on to a diso of Whatman No. 1 (2.5 on. diam.) filter paper.
The paper discs were immediately plunged into a measured volume of 5;» (w/v)

trichloroacetic acid (15 ml./disc). Eaoh set of discs was washed k to 6



times with 5 (w/v) trichloroacetic acid depending on the speoifio
activity of the radioaotive substrate, the duration of each wash being
approximately 10 min. After the triohloroacetio acid washes the disos
were dried by rinsing successively in ethanol and ether, whioh was
evaporated under oompressed air. The discs were placed on stainless
steel planchettes and oounted in a Nuolear Chicago gas flow counter

(see Experimental, section Tt F). The aotivity of the enayme iIs expressed

A
as op moles ( P)-deoxyribonucleoside monophosphate incorporated/mg. of

protein/unit time.

*) DNasel

1D Inoubation Conditions

Although the primary purpose of this work was to investigate the
properties of DNA nuoleotidyltransferase from several mammallan tissues,
it was often found necessary to measure the aotivity of DNastl in order to
interpret many of the results obtained during the fractionation of DNA
nuoleotidyltr&nsferase. However, no attempt was made to measure DNasel
aotivity under optimal oonditions 3ince only the nature and the magnitude
of this aotivity in the environment of DNA nucleotidyltransferase assays
were relevant to the problem. Therefore, all DNasel assays were carried
out under conditions similar In most respects to DNA nucleotidyltransferase
assays.-

The total reaotion volume for DNasel assays was scaled up 5 times to
1.25 ml. and the concentrations of MgSO”™, KC1, tris-HClI buffer, pH 7.5,

EDTA and 2-mcroaptoethanol were exactly tho same as those in the DNA



nucleotidyltransferase asray. Deoxyribonuoleoside triphosphates,

however, were omitted from the reaction mixture, beo&use they would have
interfered with the analytical procedures used in the assay.
Approximately 300 pg. of heat-denatured DNA was present aa substrate

in eaoh assay. In the early stages of the work the protein content of
eaoh assay was often as high as 300 pg,, hut latterly i1t was confined

to the range of 20-200 pg./assay. Incubations were carried out at 37°
for varying time intervals, and after inoubation the assay tubes were
frozen in a solid CO2-ethanol mixture and stored at -10° until required.

2) Analytical Procedures

DNasel aotivity was measured by the quantity of deoxyribonucleotide
rendered acid-soluble by a given amount of protein. Thus the purpose of
the analytical techniques was to remove by precipitation any aoid-
insoluble polydeoxyribonucleotide material and estimate the extinction
at 260 mp. of the remaining aoid-soluble material.

The assay tubes were thawed and 0.25 ml. of a solution of bovine
serum albumin (@ mg./ml. i1n HgO) was added to eaoh tube as a co-preoipitant,
followed by 1.5 ml* of 2.1 N-perchlorio aoid. After shaking vigorously to
ensure even distribution of aoid, the tubes were allowed to stand for 10
min. before being centrifuged at 700 g for 15 min. to sediment preoipit&ted
DNA and protein. The supernatant fractions were decanted into fresh tubes,
and their extinctions at 260 mp. measured in a Unicam SF-500 spectro-
photometer (see Experimental, seotion IX A). All operations before the

deoantation stage were carried out at 0° to prevent aoid Hydrolysis of



undigested DNA and of protein. Control tubes, with enzyme alone in
the absence of DNA, were run in parallel to compensate for E260
extinction oontent of the enzyme preparations, and control tubes
containing DNA but no enzyme were assayed to compensate for acid-
soluble ultraviolet-light absorbing material arising non-enzymically
from the substrate DNA. Where practicable, all assays and controls
were done in duplioate.

Extinction at 260 mp. was related to acid-soluble nuoleotide
oontent by the use of the average molar extinction ooeffioient at
260 mp. of the four dco”ribonuc leotidea commonly found in DNA (10.5 x 10M).
Enzymlo aotivity was expressed as pmoles or pg. of deoxyribonucleotide
rendered aoid-soluble/mg. of proteiVunit time,

c) Fhosphataae Aaswa

1) Inoubation Conditions

For the reasons given above regarding the measurement of DNasel
aotivity, phosphatase activity in enzyme fractions was estimated only
under oonditions optimal for the assay of DNA nucleotidyltransferase
activity. Thus, the inoubation conditions for phosphatase assays were
the same as those for DNasel asscys with respect to tris-HCI buffer,
pH 7.5> KC1, MgSOj”~, EDTA and 2-ocroaptoethanol, the reaotion volume also
being 1.25 ml. DNA was omitted from tho reaction mixture and dATP, dGTP.
dCTP or dTTP was present at a ooneentration of 500 mpmoles/assay. Protein
oontent of the assays was in the range, 20-200 pg. Inoubation was

o]
carried out at 37 for varying time intervals, and the reaotion was



stopped by freezing the tubes iIn a solid CO2-ethanol mixture. The
tubes were stored at -10° until required.

2) Analytical Prooedurea

Phosphatase activity was measured by the quantity of inorganio
orthophosphate released from & deoxyribonucleoside triphosphate during
the period of inoubation with a given amount of protein. The protein was
precipitated from the assay mixtures by addition of bovine serum
albumin and 2. IN perchloric aoid exactly in the manner described for
DNasel assays, and the supernatant fraction was taken for measurement
of inorganic orthophosphate by a modification of the method of Allen
(see Experimental, section IX C). All operations before the phosphate

assay were carried out at 0° to prevent aoid hydrolysis of phosphate

from the deoxyribonucleotides and from protein. Control tubes were run

in parallel to compensate for the inorganio orthophosphate oontent of the
enzyme preparations and of the substrate deoxyribonucleoside triphosphate
solutions. Enzymio aotivity was expressed as pinoles 1norganio orthophosphate

released/assay/unit time.

(*-"2P)-deoxythymidine 5"-triphosphate ((K-"2P)dTTP) was prepared
from éBZPX;orthophosphoric aoid using modifications of the methods of
Tener (1961) and Smith A Khorana (195S), whioh involved the iIntermediate
synthesis of (“P)-2-oyanoe;, ylphosphate ((®2P)-CEP) and (=2P)-
deoxythymidine 5*-monophosphate (("2P)-dTMP). 2-oyanoethylphosphate

was either obtained commercially or prepared in the laboratory from



oarrier-free (32P)-orthophosphoric acid and 2-oyanoethanol in the
presence of dioyclohexyloarbodiimide (DCC). The whole reaotion sequence
i1s outlined iIn Pig. 10, stages 1, Il and 11l describing the synthesis of
(B2P)-CKP, (32P)-dTMP and ( P)-dTTP respectively.

A) Preparation of (@G"™PI-CE?

A solution containing 100 mC. of carrier-free (@2P)-orthophosphate
was added to 1 m mole of(3"P)-orthophosphorio aoid in dilute aoid
solution to permit randomisation of (32P). Traces of HC1l were removed
by evaporation to dryness in vaouo in a rotary evaporator at Pg°. 10 ml.
of anhydrous pyridine (freshly distilled and stored over oaloium
hydride) and 1 ml. of 2-oyanoethanol were added to the resultant (ZOP)—
orthophosphate residue, and the mixture was evaporated to an oil In vaouo
at 40°. A further 10 ml. portion of anhydrous pyridine was added to the
oil and removed by evaporation at 40°. This prooedure was repeated once
more, and the resultant oil was dried In a rotary evaporator for at least
30 min. after theremovalcfpyridine to ensure the complete absence of
water from the reaction mixture.

The oil from the final evaporation was dissolved in 5 ml. of
anhydrous pyridine with the subsequent addition of 2.1 g. of DCC. The
mixture was oarefully shaken to permit uniform distribution of the
reactants and allowed to stand overnight at 25° in a securely stoppered
reaction flask. The reaotion waa terminated by the addition of 5 ml. of

distilled water, and the resultant mixture was heated in a boiling water

bath for 30 min., before being evaporated to dryness in vaouo at 40°.



FIGUKK 10

Outline of the chemical synthesis of deoxyribonucleoside 5#-polyphosphates.

(After Cray ,H. J. (1964) Fh. D. Thesis, The University, Glasgow).

3**gg. | The formation of 2-oyanoethylphoaphate from 2-oyanoethanol

and orthophosphate.

Stage 11 The synthesis of deoxyribonucleoside 5*-monophosphates by
phosphorylation of deoxyribonucleosides with 2-oyanoethyl-

phosphate.

sStefie 111 The formation of deoxyribonucleoside 51-triphosphates from the

corresponding 5r-monophosphates and orthophosphate.

The symbols ¢ and ) illustrate the nomenclature employed in describing

radioactive isomers of deoxyribonucleoside 5I1-polyphosphates.
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10 ml. portions of water and saturated barium hydroxide were added

to the residue, whioh was then allowed to stand for 10 min. at room
temperature before adjusting the pH of the solution to 7*5 with

glacial acetio aoid. The precipitated dioyoloheaylurea (DCU) and

barium phosphate were removed from the mixture by filtration. The
filtered precipitate was liberally washed with distilled water, the
washings being added to the bulk of the solution. Two volumes of 93/5
(v/v) ethanol were added to the resultant solution to precipitate the
(ip?)—barium 2-oyanoethylphosphatc. The solution was swirled vigorously
and allowed to crystallise for 1 hr. at 0°. After precipitation the

CEP crystals were collected by centrifugation at 700 g , the ethanol
supernatant fraotion being discarded. The crystals were redissolved

in 5 ml. of distilled water, a few drops of dilute acetio acid being
added to facilitate their solution. The resultant solution was
neutralised with saturated barium hydroxide and any undissolved material
was removed by oentrifugation. The supernatant fraction containing the
barium-CEP in solution was transferred to a ready-weighed centrifuge
tube in whioh the CKP was repreoipit&ted by the addition of 2 volumes of
%®/0 (v/v) ethanol. The CEP was then sedimcnted by oentrifugation and
washed sucessively in ethanol, acetone and ether before drying at room
temperature. The centrifuge tube was then reweighed and the amount of
CEP (barium salt, monohydrate) obtained wa3 usually of the order of 400 mg.
which represents a yield of 65/1i The reaction sequence for the formation

of (B2P)-B*CEP 1is outlined in Fig. 10 stage X.



The barium salt cf CEP was converted to the free aoid before use
in the synthesis cf dTMP, This was done by dissolving the crystals in
a small volume (10 ml.) of distilled water with the help of a little dilute
acetio aoid. The solution was then passed through a 10 cm, x 1 om,
Dowex-50-H* column (see Experimental* section V B), elution with water
being continued until most of the radioactivity appealed in the effluer.t.
The effluent* which ocmtained the free aoid of CEP* was finally evaporated
to dryness in vacuo at 40° to remove contaminating acetic aoid* and
dissolved 1n pyridine,

8) Preparation of (32P)-dTMP

The following reaotion mixture was set up for the preparation of
(B2p) -dTMP from 1 mmole of (32P)-CEP prepared as described above or
obtained commercially (see Fig, 10* stage 11),

Deoaythymidine was dissolved in pyridine and 1 mmole of (32P)-CEP*
also dissolved in pyridine* was added, (In all preparations the molar
proportion of thymidine : CEP was 2 t 1), The mixture was concentrated
to an oil iIn vacuo at 40°* and 10 ml, anhydrous pyridine was added. The
solution was again concentrated to an oil at 40°* this prooedure being
repeated once more when the evaporation process was continued for at
least 30 min, to ensure the oomplete removal of water. The final residue
was dissolved in 10 ml, of anhydrous pyridine to which was added 620 mg,
of DCC, The flask was shaken to dissolve all the DCC* then securely
stoppered and allowed to stand for 12-15 hr, at 25°,

To terminate the reaction* 5 ml* of distilled water was added to the



reaotion mixture, and, after allowing it to stand for 30 min. at room
temperature, 10 ml. of concentrated NHJ”OH (specific gravity 0.880) was
added. The solution was then heated at 60O for 1 hr., after which it
was evaporated to dryness iIn vaouo at 40° and subjected to a 10 min.
hydrolysis at 100° in 0.1IN-HC1l to split aiy deoDythyoidine dinucleotides
formed during the reaotion. The acid-hydrolysed solution was evaporated
to dryness in vaouo at 40°. The residue was then extracted with 20 ml.
distilled water and the precipitated DCU removed by filtration, and
washed liberally with distilled water. The DCU washings were oombined
with the original filtrate.

At this point a sample of the filtrate waa taken for descending
chromatography on paper as described in Experimental, section EC E, to
determine approximately the relative proportion of dTMP formed. This
was done by elution of all the ultraviolet-light absorbing spots by
capill&xy Flow in water and measuring their respective extinctions at
267 mp. (pH2). The percentage of dTMP relative to the total extinction
could thus be determined.

The combined filtrate and washings were then applied to a 20 om.

X 2 cn. oolumn of Dow jx-1-Cf* (see Experimental, section V E).
Unreacted deoxythymidine was eluted from the column by washing with
water until the extinction at 267 mp. in the effluent approached zero.
The dTMP was eluted from the oolumn by gradient elution with 11. of
distilled water in the mixing vessel and 0.10N-HC1 in the reservoir,
fractions of 12-15 ml. being collected at a rate of approximately

1.5 mbl./min. The gradient employed was non-linear and similar to that



desoribed by Hurlbert, Sehmits, Brumm & Potter (1954-)= Two completely
separated radioactive peaks containing extinction at 26/ mu.were obtained
by thia procedure. The first peak contains dTMP, and it is believed that
the second peak contains deoxythymidine 3f-monophosphate (Toner, 1961)
together with residual deoxythymidine dinucleotides whioh are at present
unidentified (T, P. Abbisa personal communication). The dTMP peak was
pooled and evaporated to dryness at 40°_in vacuo . The amount (2 2TMP at.
this stage was of the order of 300 pinoles which represenis a yield of
approximately 30$, The purity of the preparation was checked by paper
chromatography in the ammonium isobutyrate solvent system, end the
location of free orthophosphate and bound phosphate on the chromatogram
‘wgs geﬁﬁgmiped (see Experimgnta[ﬂwfecsion*Iﬁ‘g)- Jhg spegifigwactivity
of the product ("2P)-dTI4P, whioh was determined in a Nuclear Chicago gas-
flow counter, was of the order of 10 counts/ndn./pmole.
C) Preparation of (PC-32p)-dTTP
The formation of (K-~Pj-dTTP from (3 p)-dTMP and arthophosphorio
acid is outlined iIn Pig, 10, stage 11l. The method used was essentially
that cf Smith st Khorana (1958) with minor, but important modifications.
((*_32P)aTTP .as prepared by condensation of (32P)«dTMP with (31P)-
orthophosphoric acid in the presence of DCC. The following reactants:
1.2 nl. of tri-n-butyl&mine,
6.0 ml. of pyridine, (non-anhydrous),
0.2 nl. of 8% (vw/V) orthophosphoric acid,

3.0 g. of DCC



were added to the flask oontdning the dTMP residue in the order shown,

thorough mixing being performed on eaoh addition, (These proportions

relate to 100 pmoles of dTMP). The flask was then seourely stoppered
0

and allowed tostand at 25 for S hr,, during whioh time a thiok

precipitate ofDCU formed. The reaotion was finally terminated by the
addition of anequal volumeof distilled water, with shaking to disperse
the aggregated DCU precipitate. After 1 hr. at OO, the precipitate was
filtered off and liberally washed several times with distilled water,
the washings being combined with the original filtrate. Ilyridine was
removed from the combined filtrates by repeated extraction with small
volumes of ether. The combined ether extracts were iIn turn extraoted
with a small volume of distilled water to recover ary nuoleotide material
which may have passed into the ether phase. This final water fraotion
was combined with the ether-extracted filtrate. The ether extracts were
discarded, and the aqueous solution was evaporated to dryness iIn vaouo
at 10°.

The residue was dissolved in a small volume of distilled water and
passed through a 10 om. x 2 om. oolumn of Dowex-50-Nah (see Experimental,
section V E) whioh removed tri-n-butylamine and pyridine, and oonverted
the produot deoxyribonucleotides from the pyridinium to the sodium
salts. The column was washed with water until the effluent contained
almost negligible ultraviolet-light absorbing material and veiy little

radioactivity. The total extinction at 267 mfi. of the oombined oolumn

eluate was estimated at this point and usually accounted for the reooveiy



of around 90% of the deoxythymidine nuoleotidea originally present
in the reaotion mixture.

This solution wa9 then applied to a Dowex-1-Cl-column
(5 on. x 2 om.) whioh was washed with distilled water to remove
contaminating deoxyribonucleoside material. A linear gradient was
constructed using 21.0.01N-HC1 in the mixing vessel and 21.0.01N-
HC1-0.5M-L1C1 in the reservoir. The oolumn effluent was oolleoted in
10 ml. fractions at a rate of approximately 7 min./fraotion. The
first few tubes oolleoted were tested for CI'"with silver nitrate in
concentrated aoid in order to establish the position of the gradient
front. This system gave good resolution of the applied sample into
dTMP, dTDP and dTTP whioh were eluted from the oolumn at 0.09# 0.22 and
0.34M»Li1Cl respectively. All the tubes iIn the (FI(-"P)-dTTP peak were
combined and the amount of the triphosphate estimated from the extinction
at 267 mp.

In order to remove contaminating inorganic polyphosphates from the
produot, the dTTP fraotion was applied to a 10 cm. x 1 cm. charooal
oolumn (see Experimental, section V E), whioh was washed with a large
volume of distilled water until the effluent was free of chloride 1i1ons.
Inorganio ortho- and pyrophosphates were then removed by washing the
oolumn with 0.01M-NaHCO” for about 10 oolumn volumes or until ultra-
violet-light absorbing material appeared iIn the effluent. On termination
of bioarbon&te elution the oolumn was allowed to drain and was then washed

with two separate oolumn volumes of distilled water. After each wash the



oolumn was allowed to drain to ensure the removal of the last traces of
bicarbonate. Elution of the dTTP with O-LTW@$H4OH in 708 (W/V) ethanol
was then commenced and continued until the extinction at 267 mp. of the

effluent fell below 0.5 units/ml. A recovery of 90-95% of the absorbed
dTTP was routinely aohieved by this method.

The combined charcoal column eluate ms taken to dryness in vaouo
at 25°. The dTTP residue, which was in the form of the ammonium salt,
was then converted to the sodium salt by solution in a small volume
of water and passage through a 5 om. x 2 on. Dowex-50-Na* oolumn. The
elui.te was evaporated to dryness at 25ﬂ:and the (0{—TOP)—dTTP
(sodium salt) was dissolved in a suitable volume of water and stored at

- 10°.

A sample of the final preparation was chromatographed in the
ammonium Isobutyrate solvent system (see Experimental section IX E) and
showed a single ultraviolet-light absorbing spot corresponding to dTTP.
Subsequent scanning of the chromatogram for radioactivity and staining
for free and bound phosphate (see Experimental section IX E) revealed
that all the radioactivity and phosphate present in the preparation
were assooiated with the dTTP spot. The final yield of dTTP was of the
order of 240 pmoles when starting with 400 pmoles of (“2P)-dTMP, which
represents a yield of the order of 60$, The specific radioactivity of
(O(* P)-dTTP prepared over a period of 2 weeks from commercially
prepared (§2P)—CEP was of the order of 6 X 107 oounts/min./pmole, when

measured In a Nuclear Chioago gas-flow counter (see Experimental, seotion IX F



Starting fron (32P)—orthophosphate the final apecifio radioactivity of
the (J\#32P)—dTTP was of the order of 2.5-3*0 x 10'7 oounts/min./ymole.

D) Preparation of (ft-32P)-dTDP fron (Ol1-~-aTTP

10 pmoles of (D(—BOP)—dTTP and 0,04 nl. of 5*-HCI 1n a total volume
of 1 ml. were inoubated at 500 for 45 n&a., the inoubation being terminated
by cooling in ice. Part of this reaction mixture was then chromatographed,
with several applications, on Whatman 3" paper in the ammonium
isobutyrate solvent system (see Experimental, section IX E) along with
dTTP and dTDP markers. This resulted in the resolution of P)-dTMP,
-dTDP and -dTTP as the major products of hydrolysis. The (-~)-dTDP
spots were out out and eluted by capillary flow in water (0.5 nl* water
for eaoh spot), and the dombined eluates estimated for dTDP by measurement
of the extinction at 26%1gﬁ? The total yield of (<~~"”"P)-dTDP ©stained
was 2.02 pinoles of specifio aotivity 1.71 x 10 oounts/min./pmole. A
sample of the final combined eluate was rechromatographed in the same
solvent system and found to be free of both dTMP and dTTP contamination.

E) Pre.trcatmpqt JMg.arb™nts ,uafid In Radioactive Preparations

1) Preparation of Charcoal Adsorbent

Animal ch&rooal (20-60 mesh) was obtained commercially, sieved to
40-60 mesh, suspended in 2 volumes 5*HCl and allowed to stand overnight.
The HC1 was decanted and the oharooal was washed with distilled water until
the pH of the supernatant fluid became neutral. Ultraviolet-light absorbing

and coloured materials were then removed from the charcoal ty washing

liberally with large volumes of spectrophotometrically pure ethanol.



The oharooal was then resuspended in distilled water and washed until
free of ethanol.

At this stage the oharooal was ready to be packed into a column
and all subsequent treatment was direoted towards its use in the
preparation of dTTP (see Experimental section VC). The charcoal
was packed into a 10 cn. x 1 on. oolumn and washed with 10-12 oolumn
volumes of 1.0N-HC1l, followed by distilled water until the effluent
pH was 7.0. The oolumn was then washed with 0.01M-NaHCO3 until the
effluent was completely free of ultraviolet-light absorbing material,
after whioh the pH of the effluent was brought back to neutrality by
washing with distilled water. The oolumn was then washed with O. lifH-
NHMOH in 70/ (v/V) ethanol until the extinction at 220, 260 and 290 op.
approached zero? in whioh condition it was used for the adsorption of
the dTTP peak of the dTTP synthetic reaotion. After use the oolumn
was regenerated by further washing with the ethanol-ammonia solvent
until all the residual adsorbed material had been removed. The column
was then treated, iIn turn, iIn a manner exactly similar to that desoribed
above with water, 1.0N-HC1, water, O.OIMNaHCO”, water and ethanol-ammonia
before i1t was again ready for use.

2) Prctrcatmont of Dowex-1-Crfor Column Chromatography

Dowex AG-1-X8 (chloride form) of 100-200 mesh was suspended in 2N-HC1,
allowed to stand overnight and packed into a Quickfit and Quartz oolumn,
fitted at the bottom with a sintered glass disc. The i1on-exchange resin

was then washed with distilled water until the pH of the effluent was 7.0,



after which it was ready for use. The resin oould. be regenerated by
washing the oolumn with approximately 10 column volumes of O”M-kiCl-
0.1IN-HC1 to remove all the residual adsorbed material, followed by
washing with distilled water until the pH of the effluent returned to 7.0.

3) Pretreatment of Dowex-50-Na* for Column Chromatography

Dowex A&50W-X8 (hydrogen form) of 100-200 mesh was suspended over-
night 1n 2.0N-NaOH and then packed iInto a oolumn. This treatment
converted the resin from the hydrogen form to the sodium form. Before
use the oolumn was vashed with distilled water until the pH of the eluate
was neutral. When required in the hydrogen form the resin was suspended
in 2.0N-HC1 before packing and subsequent washing to remove acid. The
columns were regenerated by washing with approximately 10 column volumes
of 2.0N-HC1, followed by water to neutral pH. Reconversion to the sodium
form was achieved by washing the column with 10 volumes of 2.0N-NaOH and
then with distilled water until the pH was 7.0.
Vi Preparation and Characterisation of DNA

A) Preparation of DNA

DNA was prepared from Landschuts ascites-tumour cells by the method
of Kay, Simmons <€ Dounee (1952). The prooedure described below is
suitable for 5 x 10" oells, but may be soaled up or down according to
the oell number.

About 5 x 10ggells were harvested and washed in 0.9)S (w/v) NaCl

(see Experimental, section 11 A) before being disrupted osmotically by

the addition of 10 volumes of ice-cold water followed by homogenisation
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in a Potter-type homogeniser. The cell lysate was then centrifuged at
1,000 g for 15 min. at 0? the supernatant fluid being disoarded while

the sediment was homogenised in 0.9/ (w/v) NaCl-0.0IM-trisodium citrate,
made up to 200 ml. with the same solution, and centrifuged at 900 g for
10 min. The supernatant fluid was discarded and the sediment was treated
twice more iIn the same fashion with 0.9/ (w/v) NaCl1l-0 OIM-trisodium
citrate. The final sediment was homogenised in 200 ml. 0.9/ (w/v) NaCl
and 18 ml. 0.% (w/v) sodium dodecyl sulphate in 45 (v/v) aqueous ethanol
were added, after whioh the preparation was stirred for 2 hr. at room
temperature. Solid NaCl was added with stirring to 1.0M and the
preparation was then centrifuged at. 20,000 g for 30-60 min. in the

6 x 100 ml. angle head No. 9610 rotor of the M. S.E. Major oentrifuge.

The opalescent supernatant fluid was decanted and to it were added 2
volumes of redistilled ethanol to precipitate the DNA, whioh was collected
on a glass rod, washed three times with redistilled ethanol, three times
with acetone and allowed to dry.

The DNA thus obtained was purified by solution in 200 ml. distilled
water at room temperature, adding 18 ml. 0.5/ (W/v) sodium dodecyl
sulphate in 45 (v/v) aqueous ethanol aid stirring the preparation for a
further 60 min. NaCl was then added to 1.0M and the solution centrifuged
at 20,000 g as before. The DNA was precipitated from the 20,000 g
supernatant fluid, washed and dried as desoribed previously. A final
purification step was carried out by dissolving the DNA in 200 ml.

distilled water and adding 18 ml 0.5/ (W/v) sodium dodecyl sulphate in



45/ (v/v) aqueous ethanol ae before. NaCl was added to 1.0M and, in
the absence of a precipitate the oentrifugation step was omitted. The
DNA was finally precipitated and oolleoted as desoribed above.

DNA prepared in this way was dissolved in distilled water ata
concentration cf 2 mg./ml., whioh using the conversion factor, 40 pg.
DNA/mI. s 1 extinction unit/ml. at 260 mp., represented an absolute DNA
ooneentration of 1.5 mg./ml. DNA in this form was denatured for routine
use in DNA nucleotidyltransferase assays by heating in a boiling water
bath for 10 min. at 100°, followed by rapid oooling. When it was necessary
to specify the DNA ooneentration more accurately, DNA was measured and
expressed 1n terms of DNA phosphorus (see Experimental, section IX C & D3) =
Calf thymus DNA was prepared In a similar fashion.

B) DNasel Treatment of DNA

In order to stimulate DNA nucleotidyltransferaso activity incertain
ensyme preparations DNA partially hydrolysed by commercially prepared bovine
pancreatic DNase was used as primer in the DNA nucleotidyltransferase assay
system. This treatment creates more 3*-hydroxyl groups in the primer which
therefore has more sites available for the initiation of DNA synthesis
(Keir et al ., 1962).

Native Landschutz or oalf thymus DNA (4 ml. of approximately 1.3-1.5 mg./
ml.) was incubated at 37 for 60 min. with 45 pmoles of MgCI2# 400 pmoles
of tris-HCI buffer, pH 7.5 and 40 mjig, cf crystalline DNase in a total
volume of 10 ml. After incubation the DNA was thermally denatured as

desoribed above and used in DNA nucleotidyltransferase assays when required.



C) Characterisation of DNA

1 Methylated Albumin - Kieselguhr (MAK) Column Chromatography

DNA, prepared and purified as desoribed in the previous section, was
characterised by chromatography on MAK columns (Mandell st Hershey, 1960;
Sueoka & Cheng, 1962). Methylated albumin and protein coated kieselguhr
were prepared according to the method of Mandell & Hershey (1960) =

To 180 pg. of a stock (1.5 mg./ml.) Landschutz DNA solution, prepared
as described above waB added, 0.2 ml. 10 x BSC and the volume was made up
to 2 ml. with distilled water making the solution standard with respeot to
saline citrate. This solution was applied to a 3 cm. x 1 cm. MAK oolumn
(capacity 200 pg. DNA), which had been thoroughly washed with 0.4M-NaCl-0.0$M~

potassium phosphate buffer, pH 6.8,

The applied DNA was eluted from the oolumn with the following

gradient:

Mixing Vessel: 200 ml. of 0.5M-NaCl-0.05M-potassium phosphate
buffer, pH 6.8.

Reservolir: 200 ml. of 2.0 M-NaCl1l-0.05M-potaaslum phosphate
buffer, pH 6.8.

The gradient was passed through the column under pressure from a
snall peristaltic pump. The column effluent was oolleoted in 2 ml. fractions
whose extinctions at 260 zgp. were measured in order to deteot the elution
of DNA from the oolumn. The elution pattern obtained from suoh an
experiment is shown in Fig. 11, which gives the expected picture for MAK
oolumn chromatography of native DNA. A peak of DNA was observed in the
region 0.63-0.73 M-NaCl, whioh is native DNA, while there was no peak in

the region of 0.9 M-NaCl, where denatured DNA would be expected to come off



FIGURE 11

Chromatography of native DNA from Landsohutz asoites-tumour oells on

methylated albumin-kieselguhr.

See test for details.
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(Sueoka A Cheng, 1972). Therefore the DNA preparations obtained as
desoribed iIn section A above, by the criterion of MAK oolumn
chromatography were free of single-stranded material.

2) Analytical Ultraoentrifuge Studies

Solutions of stook preparations of both Landsohuts and oalf thymus
DNA in 3SC were centrifuged in the Spinoo Model E analytical
Ultracentrifuge equipped with both Schlieren and ultraviolet optical
systems. Sedimentation ooeffioients of these preparations were found
to be iIn the range 18-253 using both types of optical system for their
determination.
V11  Preparation of Buffer Solution*

A) Bataac

Tris-HCI buffer was prepared by adjusting the pH of 0.4 and 0.8M
solutions of 2-amino-2- (bydro”~rmethyl)-propane-1, 3 diol to the desired
level with concentrated HCl. The buffer was generally used at pH values
in the range 6.8-7.5* Tris-HCIl buffers of lower ionic strength were
prepared by dilution of the concentrated buffer, with distilled water.
Crystalline tris-HCI mixtures, whioh gave a speoific pH and ionic strength
on the addition of a defined volume of distilled water, were obtained
commercially.

B) Phosphate Buffers

Phosphate buffers were prepared by adding 0.5M-KH2PO”™ to O.SM-KgHPO™.
2HgO until the required pH was obtained. The buffer was almost exclusively

used at pH 7*5*
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Sedimentation analyses of DNA. preparations in cse slum chloride
density gradients were performed according to the method of Meselson, Stahl
& Vino-rad (1957).

Dilute Analar o&eslum chloride was purified by passage through a
oharooal column and reoxystallised by evaporating to dryness vaouo.

Solid purified oaesium chloride (approx., 2.7 g) was added to 2 ml.
portions of DNA solutions containing 40-80 ug. of DNA, in SSC to give a
density of 1.75 g./ral* in a total volume of 3*4 ml. The density was
determined by refractroraetry using an Abbe refraotometer. This
preparation was transferred to a 5 ml. cellulose centrifuge tube, which
was filled to the top by carefully layering 1 ml. of liquid paraffin on
the caesium chloride solution, to prevent oollapse of the tube during
oentrifugation.

Ultracentrifugation was carried out In the SW39 rotor of the Spinoo
Model K ultracentrifuge at 33.000 rev./min. at 24° for 60 hr. Fractions
were oolleoted from the resultant gradient foy puncturing the base of the
tube with a hypodermic needle (size 12) and allowing the oontents to drop
out into oolleoting tubes under slight pressure. Three drops were
oolleoted in eaoh tube, diluted by the addition of 1 ml. of distilled
water and measured for extinction at 260 mp. using micro-cells (see

Experimental, section IX A) and for radioactivity (see Experimental,

section IX F).



IX general Analvtloal Procedures

A) Speotrophotonetrlo Analyala

Extinction measurementa in visible and ultraviolet light, wore
taken 1n Unioam SP-600, Unioam SP-500 and Beckman DB spec trophotometers.
Where the volume of DNA. fractions from MAK columns or caesium chloride
density gradients was less than 3 ml.> the extinction was determined
using micro-cells in a Unicam SF-500 spectrophotometer fitted with a
micro-cell attachment.

B) Estimation of Protein

Estimation of protein was carried out by the method of Lowiy,
Rosebrough, Parr A Randall (1931)*

The reagents were:

) Reagent A :© 2» (W/V) N%?ng in IN-NaOH.

i) Reagent B 20.3/ (w/v) CuSO™. 570 in /S (W/v) sodium or
potassium tartrate.

-
-
-
o/

Reagent C * Alkaline oopper solution (I ml. of reagent B
in 50 ml. reagent A).

iv) Reagent E : Folin-Ciocalteau phenol reagent, IN in acid.

To 1 ml. of:%rotein solution was added 5 ml. of reagent C, and, after
10 min.; 015 ml. of reagent E was added, rapidly with vigorous shaking.
The mixture was allowed to stand for 30 min. , and the extinction at
750 mp. was read in a Unioam SP-600 spectrophotometer. The assay was
calibrated using a standard solution of bovine serum albumin.

6)) Estimation of Phosphorus

Phosphorus was measured by the method of Allen (1940) which i1nvolves

the conversion of all phosphorus to iInorganic orthophosphate by digestion



with sulphuric acid and hydrogen peroxide, followed by the formation of
a phosphomolybdate complex by reaotion with ammonium molybdate, and
reduotion of this oomplex to a blue pigment with amidol (:4- di&minophenol
hydrochloride).

A sanple of the solution to be assayed, containing between 20 and
130 pg- phosphorus, was pipetted into a miorokjeldahl digestion flask
together with 1.2 ml. 10N-HOoSO . A glass bead was then added to the
flask which was transferred to a digestion rack and heated over a small
flame until the contents were dark brown. At this point the flask was
removed from the rack and two drops of hydrogen peroxide added, after
which, digestion of the oontents was continued until they beoame clear
and fuming. The neck of the flask was then washed down with a small
volume of distilled water and the oontents once again digested to the
fuming stage to remove any traces of hydrogen peroxide, which might have
interfered with the reduction stage. The flask was then cooled and 21.63
ml. of water added, followed by 1 ml. 8.3f0 (W/v) ammonium molybdate and
2 ml. of 1/ (Ww/v) amidol in 20# (W/v) potassium (or sodium) metabisulphate
to a total volume of 23 ml* The mixture was then allowed to stand for
10 min. (but not longer than 30 min. ) before measuring the extinction at
639 mp in a Unioam SP-600 spectrophotometer against a reagent blank.
When estimating the inorganio orthophosphate oontent of a solution, no
digestion was required and, for small amounts of phosphorus, the
estimations were occasionally performed using quantities scaled down to

one fTifth of those described above. A standard phosphate solution containing



1-130 pg. phosphorus was used for the construction of a calibration

ourve.

D) Estimation of Nuclgotl4e Material

1) Estimation of DI1A Sgeotrophotoaetrioalj

DNA. was estimated by measuring the extinction of a preparation at
260 mp. as described in the Experimental, section Il A. The conversion
factor used waa, 40 pg. DNA/ml. 3 1 extinction unit at 260 mp. This was
based on total phosphorus estimations of samples of the DNA.

2) Estimation fry Pet*rialjmtlorLJ3f 1™nto”e”Content,

a)

DNA was estimated by the Ccrotti method (Ceriotti, 1952, 1955)* To
2 ml. of a DNA solution (containing from 2.5 to 15 pg. DNA/ml.) was added
1 ml. of 0.04/ (Ww/v) indole and 1 ml. of concentrated HCl1l. The tube was
immersed in a boiling water bath for 10 min. , and then cooled under
running water. The cooled solution was then extraoted three times with
4.0 ml. of chloroform, the chloroform layer being discarded eaoh time.
On the final extraction the tubes were centrifuged at 700 g for 10 min.
to ensure complete removal of the chloroform. The extinction of the
yellow oolour remaining in the aqueous phase was measured at 460 mp. in
a Unioam 3P-600 spectrophotometer against a reagent blank and the quantity
of DNA in the sample was read from a standard calibration curve«

b ) Estimation QFf Klbos.e

Ribose was estimated by the crcinol method (Kerr A Seraidari&n,1945).

3.0 ml. of ribose-oont&inlng solution was mixed with 3-0 ml. ordinol reagent



(60 mg. of orcinol dissolved in 10 ml. 0.02# FeCI~. BHgO, (wW/Vv) in
concentrated HC1), and heated in a boiling water bath for 30 min. The
oolour developed was measured in a Unlearn 3P-600 spectrophotometer at
665 mp. A standard ribose solution containing 1-10 pg. ribose/ml. was
used for calibration.

3) Estimation of DNA Phosphorus

DNA phosphorus was estimated by the Allen procedure for the
determination of organically bound phosphorus (see Experimental, section IXC ]

E) P»per ChroioatQKraphy

Acid-soluble nuoleotide material was routinely characterised by
chromatography on paper. Neutralised solutions containing nucleo ide
material (0.03-2 pmoles) were applied to sheets of Whatman No. 1
chromatography paper which were subjected to decending chromatography in
the ammonium isobutyrate solvent system (66 ml. isobutyrio acid, 33 ml.
water and 1.0 ml. ammonia) for 18 hr. at 25°. The paper was dried and the
nucleotides located by virtue of their ability to absorb ultraviolet-
light emitted at 254 mp- from a low pressure mercury lamp. This procedure
provided satisfactory resolution of the mono-.,di-and triphosphates of each
of the four deoxyribonuoleo3ide3. The various deoxyribonucleotides were
Identified either by their position relative to markers of known composition
or by their RFf values.

During the preparation of ( —-"P)—dTTP it was found desirable, 1in
order to establish the purity of the product, to locate inorganio ortho-
and pyrophosphate and ester-linked phosphate in the ohromatograms of the

product ( P)-dTMP and (O(-"P)-dTTP (see Experimental sections V B st C).



This was achieved by dipping the dried chromatogram in a solution of the
following composition; 1.0 g. of ammonium molybdate dissolved in 8 ml.

of distilled water to whioh were added 3 nl* 70# (v/v) perohloric acid,

3 ml. concentrated HC1 and 86 ml. acetone. The paper was dried In air
and spots of inorganic phosphate oould be detected as light green coloured
areas. If the paper was then exposed for 30 min. to ultraviolet-light
emitted from a low pressure mercury lamp phosphorus containing areas
showed up as blue spots. Therefore, i1t was possible in this way to
distinguish between inorganio and ester-linked phosphate on paper
chromatograms. The blue oolour so obtained tended to fade rather quickly,
but could be made to rea ipear by exposing the paper to ammonia vapour.

?) Radloao ive Counting Procedures

The emission of p-particles from the radloaotive phosphorus used 1in
this work was recorded In a Nuolear Chicago windowles3 gas-flow counter.
Occasionally the counting prooedure was modified by fitting a thin end-
window into the oounter. The efficiency of these counters with (“P) was
approximately 50#, the introduction of an end-window only fractionally
reducing this figure.

Paper discs, previously treated as described in the Experimental,
section 111 A, were put on to stainless steil pianohettes and counted for
("2P) radioactivity under conditions whioh approached infinite thinness,
no correction for self absorption being neoessaiy. Liquid samples whioh
required to be assayed for (“2P) radioactivity were pipetted on to stainless
steel planohettea together with several drops of ethanol to ensure even
spreading of the fluid. The samples were then evaporated to dryness under

an infra-red lamp and counted in the standard way. The specific radioactivity



/ 32 _ a n
of P)~dTTP samples and the radioactive content of caesium

chloride density g adient fractions were determined in this manner.
When calculating the activities of DM nucleotidyltransferase
preparations, allowance was always made for the radioaotive decay of
the ("P)-dTMP incorporated during the enzymic reaction.

Radioactivity on paper chromatograms was assayed by scanning 2.5 oa.
strips cut from them, in a Nuolear Chicago Actigraph, coupled to a chart
recorder which moved synchronously with the paper strip.

< Materials

("P)-CE? and carrier-free (* P)-orthophosphorio aoid were purchased
from the Radiochemical Centre, Amersham, Bucks, England. Deoxythymidine
and the deoxyribonucleoaide mono-di-and triphosphates of thymine,
guanine, cytosine and adenine were purchased from Pabst Laboratories,
Milwaukee, Wisconsin, U.S.A, the Sigma Chemical Company, St. Louis,
Missouri, U.S.A and Schwarz Bioresearch Incorporated, Mount Vernon,

New York, U.S.A. ( -labelled dATP and dGTP were purchased from the
International Chemical and Nuclear Corporation, Yorktown, California, U.S.A.
Commercial preparations of oalf thymus DNA. were obtained from Seravac
Laboratories Ltd., Bucks, England and crystalline bovine pancrcatio DNase
was purchased from the Sigma Chemioal Company.

%droxylapatite was purchased from the Clarkson Chemical Company,
Williamsport, Pennsylvania, U.S.A. and Sephadex G200 from Pharmaoia Ltd.,
Uppsala, Sweden. Dowex ion-exchange resins were purchased from Bio-Had

Laboratories, Richmond, California, U.S.A, Whatman DEAE-oellulose from
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W. A R. Dal3ton, England and oharooal from British Charooals, McDonalds
Ltd., Grangemouth, Scotland.

DCC was purchased from the Aldrich Chemical Company, Milwaukee,
Wisconsin, U.S.A, 2 cyanoethanol, i1odoaoetamide and GSH from British
Drug Houses Ltd., Poole, Dorset, England, oaesium chloride from Hopkins
A Williams Ltd., Chadvw/ell Heath, Essex, England and 2-mercaptoethanol from
<. Light A Company Ltd., Bucks, England. The sodium salt of sarkonycin
(2-methylene-3-cxo-cyolopentane oarboxylic acid, - Hooper et al, 1955)
was kindly gifted by the Baryu Pharmaceutical Company, Tokyo, Japan and
sodium p-hydroxymercuribensoate and tri3-HCl buffer preparations were
obtained from the Sigma Chemical Company. Actinonycin D was a gift from

Merck, Sharp and Dohme Inc., Rahway, New Jersey, U.3.A.



RESULTS

Z Enzyme Jtsaunm

A) General Considerations

The results contained in parts B) and C) of this section have been
obtained with ensyme fractions prepared by a routine fractionation
procedure. Indeed, fractionation of both Londsohuts and thymus enzymes
by the soluble extraction, pH 5 precipitation and ammonium sulphate
steps has been repeated many times. As oan be readily appreciated,
enzyme activities of initial extracts of both tissues varied within
relatively wide limits depending on suoh factors as the condition of
the cells at the time of preparation and the duration of the fractionation
prooedure. Therefore, the activities and purification factors quoted
for both enzymes were chosen because they give a good representation of
the average fractionation. As far ae possible throughout this work, it
was attempted to standardisepreparative procedures but, on occasion, they
were modified for particular purposes,

B) DNA Nucleotidyltransferase from Landschutz Agcites-Tuinour Cells

1) Routine Fractionetlan Eroe”urt

The purification and activities achieved for DNA nucleotidyltransferase
from Landsohuts cells after a typioal fractionation by soluble extract
preparation, pH 5 precipitation, ammonium sulphate fractionation and
hydroxylapatite chromatography (see Experimental, sections Il A IIl) are
given in Table 1.

On occasions, a pH 5*9 precipitate fraotion was initiallyremoved from



TABLE 1

Routine fractionation prooedure for UNA nucleotidyltransferase from

Landschuts asoirtes-tumour oells*

The reaotion mixture contained: 5 pinolesof tris-HCI buffer, pH7*5;
15 pmoles of KC1; 0*10 pole of EDTA; 1 piole of MgSO™; 1*25 poles of
2 meroaptoethanal) 50 pg* of heat-denatured DNA; 50 opoles each of dATP;
dGTP, dCTP and -dTTP (5 x 10~ counts/min./pole) and the indicated

enayme fraotion, in a total volume of 0*25 ml*

Protein concentration/assay for all fractions except the hydroxy lapatite
eluate was in the region,100-150 pg* Protein conoentratioVassay for the
hydraxylapatite fraotion was iIn the range, 20-50 pg* Inoubation was carried

out at 57° for 60 odn*



Fraction

Soluble Extraot
pH 5 Precipitate

20 - we& (H,) SO

Fraction * 2 +
hydroxy lapatite
Fraction

TABLE 1

(32?)-dTMP
incorporated
(mpmoles/mg-

of protein/hr.)

4.43

11*18

18.72

48.03

% Reoovexy
of Enzyme

76

Purification
(over Soluble
Extraot)

2.6

4.2

10.8



the soluble eortract before preparation of a pH 59 - 5*0 precipitate
fraction* However, as this procedure removed very little protein and
effected negligible purification, i1t was discontinued. On standing for
10-12 hr. a precipitate formed in the solubilised pH 5 precipitate
fraotion; although i1t usually contained some DNA nucleotidyltransferase
activity, 1t was removed by oentrifugation as i1t was desirable to work
with a completely soluble fraction.

Ammonium sulphate fractionation was originally carried out with
calt thymus DNA nucleotidyltransferase preparations. In these experiments
It was found that the best purification achieved with various permutations
of ammonium sulphate saturation bends was of the order of 3-fold iIn the 40-
50% saturation fraction, whereas the bulk of the ensyme precipitated in the 2
45% fraction with a purification of the order of 1,7-fold. It was therefore,
decided on this basis to take an ammonium sulphate out of 20-45", thus
compromising to obtain a fraction, which was less pure but contained a
greater amount of ensyme. In later stages of the work the same procedure
was used with the Landsohuts enzyme and yielded a purification of the
same order. The value of the ammonium sulphate fraction seems to lie more
In 1ts much greater solubility when compared to the pH 5 precipitate
fraction, than iIn its purification properties.

The data 1n Table 1 for hydroocylapatire chromatography were calculated
far the fraction with the highest activity and do not represent pooled
fractions of the enzyme.

The hydroxylapatite column work yielded results whioh were primarily



of aoademic iInterest, although It unquestionably offers a firm basis

for future provision of DNA nucleotidyltransferase in large quantities.
An almost total separation of DNA nucleotidyltransferase from DNasel

was achieved by the hydroocylapatite chromatographic prooedure (see
Experimental, section IlIl & Fig., 12). 35.5 sg. of protein, approximately
50% of whioh waa recovered, was added to suoh a 10 om. x 1 om. collumn.
The orders of recovery of DNA nucleotidyltransferase and DNasel from the
column were 50% and 90% respectively. The enzymes recovered were dis-
tributed among several fractions of varying activity and, for this reason,
no overall yield of ensyme for the hydroocylapatite chromatography step

is given in Table 1.

By means of exploratory experiments with standard hydraxylapatite
columns, a linear phosphate gradient was constructed (see Experimental,
section IX C). In the analytical hydroxylapatite column the DNasel was
eluted In the region 0.02-0.UK phosphate and the DNA nucleotidyltransferase
in the region 0.05-0.18M phosphate. Two approaches were adopted to scale
up the process in order to obtain enough DNasel-free DNA nucleotidyltrans-
ferase for experimental purposes. In the First of these, the column size
was increased to 10 cm. x 2 cm,, but 1t was found that on application of
protein under pressure to suoh a oolumn, the hydroxylapatite bed cracked
farming channels through which the eluting fluid percolated in a non-
uniform fashion. The second method investigated was a stepwise fractionation
of the 20-45% ammonium sulphate fraction on hydroxylapatite. The enzyme

was adsorbed to a measured quantity of hydroocylapatite equilibrated in



FIGURE 12

Hydroxylapatite chromatography of DNA. nucleotidyltransferase extracts

of Landschutz ascites-tumour cells.

For experimental details see Experimental, section IH and Results
section 1 B. The conditions for DNA nucleotidyltransferase assays were as
desoribed 1n Fig. 16, and those for DNasel assays as described in Fig, 14

Inoubation was carried out at 37° for 60 min.

DNA nucleotidyltransferase activity
DNasel aotivity
Protein

Phosphate gradient
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0.001M-EDTA-0 ,005M-2H»ercaptoethanol-0 .0O0OIM-potassium phosphate buffer;
pH 7.5, by stirring for 10 min. at 0°. The supernatant fraotion was
removed by oentrifugation and the hydroxylapatit® was sequentially
eluted with phosphate buffers of increasing ionic strength In an attempt
to separate.the enzyﬁes- 'However, although a separatié?'wég achie&éd,
this method yielded neither significant purification nor good recovery
of enzymes.

The overall purification achieved for the whole fractionation
prooedure was of the order of 10-12 fold.

The following calculation expresses the amount of DNA synthesised by
the 20-45?" ammonium sulphate fraction (see Table 1) as a percentage of
the primer DNA:

Aotivity of the 20-45% ammonium sulphate fraction »

a 18.72 mpmoles of (~P~A-dTMP incocrporated/mg* of protein/hr.

Amount of proteiVa~say 3 150 pg.

o o Synthesis/assay « 18.72 x 0.15

assay/hr.

s 2.81 x 4 mpmoles of all 4 deoxyribon-
ucleotides incorporated/assay/hr.

s 11.24 numoles of deoxyribonucleotide
incorporated/assay/hr.
Amount of primer/assay * 50 yg.

m 50/329 juwoles (329 is the average molecular
weight of the 4 deoxyribonuc-
leotides)

ibonucleotide

e e > a 7*1$/hr9&BBay
152



2) DEAE-Cellulose Chromatography

While the quantities of both DNA and RNA in the 20-49% ammonium
sulphate fractions, as determined by the Ceriotti and orcinol methods
(see Experimental, section I1X D,2), were only of the order of 4 UE./®E* of
protein, for the purpose of obtaining ensyme preparations completely free
of nucleic acid, chromatography of these fractions on PEAE-cellulose was
employed.

This technique described in Experimental, section 11l C, was
essentially that employed by Bollum (1960). The enzyme was applied to the
oolumn in a solution of 1onic strength 0.45# which allowed retention of
most species of cellular nucleic aoids while the enzyme passed through
unadsorbed. Removal of nucleic acid from the preparation was followed by
the iIncrease in the ratio of the extinction at 280 ¢jl. to that at 260 mp
in the fractions obtained from the column. The column eluate was collected
in measured volumes, whose absorption spectra were read in the Cary
Recording spectrophotometer and compared with the spectrum of the
preparation applied to the oolumn. Pig. 13 shows the effect of DEAE.
Oellulose chromatography on a 20-45% ammonium sulphate preparation of
Landschuts DNA nucleotidyltransferase. The rati® s 1increased
on chrggﬁﬁﬁgraphy from 0.57 to 1.50, which indicates that almost all the
nucleic/hasbeen removed from the preparation. The oolumn eluates were
then dialysed, assayed for protein content, DM nucleotidyltransferase and
DNasel activities and the fraotion containing the highest DKA
nucleotidyltransferase activity used In experiments designed to demonstrate

a requirement for primer DNA. As only 25% of the applied protein and
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Spectra of the 20 - 45% ammonium sulphate fraction from Landschutz
asoites-tumour oells before and after DEAE-eellulose chromatography,

measured between 240 and 320 np.
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20%$ of the applied DNA nucleotidyltransferase were recovered from
the column and negligible purification obtained, this technique was
not routinely employed In ensyme fractionation.

3) Nuclease Content of the "olublc Kxtract. pH5 Precipitate
and 20-45,; Ammonium Sulphate Fractions

DNasel assays were routinely oarried out on the fractions obtained
at the various stages of DNA nucleotidyltransferase fractionation
described in seotion 1 above. These assays were performed under
conditions optimal for DNA nucleotidyltransferase aotivity (see
Experimental, seotion 1V B). The DNasel activities of the soluble
extraot, pH5 precipitate and 20-45% ammonium sulphate fractions, shown in
Table 2, are expressed as pjaoles of deoxyribonuoleotide rendered acid-
soluble/mg. of proteiiy™hr. During this fractionation prooedure the
aotivity tends to diminish at eaoh succeeding stage iIndicating that
DNasel is being removed.

Fig. 14 shows a plot of DNasel aotivity against protein concentration
for a Landschuts 20-45$% ammonium sulphate fraction. There is a very short
lag phase at low protein concentrations, where the quantity of enzyme may
not be sufficient to produce an amount of acid-soluble nucleotide material
proportional to that produced by higher concentrations of protein during
the same i1noubation period. Above 150 pg. of proteiiy™assay the slope of
the activity curve becomes muoh less steep iIndicating a decrease iIn the
reaction rate. Therefore, all DNasel measurements were carried out, whenever

possible, with approximately 100 pg. of proteiiv/assay.



TABLE 2

DKaael activities of the fractions obtained during the purification of

DNA nucleotidyltransferase from Landsohuti ascites-tumour cells*

The reaction mixture contained: 25 pmoles of tris-HCl buffer, pR7*5;
75 pmoles of KC1; 0*50 pmoles of EDTA; 5 pinoles of 7*25 pnoles of
2-cneroaptoethanol; 300 pg* of heat-denatured DNA and the indicated ensy me
fraction, in a total volume of 1*25 ml* Protein concentratiof\Vassay for all
fractions was in the region,80-120 pg* Inoubation was carried out at 37°

for 60 min*



Fraction

Soluble Extract

pH 5 Precipitate

20-49% (NHM2S°4 Fraction

TABLE 2

Deoxyribonucleotidc
Rendered Acid-Soluble
(pnoles/mg. of protein/hr.)

0*284
0*254

0.217



FICHIRE 14

DNasel activity of extracts of Landschutz ascites-tumour cells as a

function of protein concentration of the fraction in the assay*

The reaction mixture for the DNasel assay contained: 25 pnoles of
tris-HCIl buffer, pH 7.5: 5 pnoles of MgSO.; 75 pn les of KC1; 0.5 pmole
of EDTA; 725 pmoles of 2-mercaptoethanol and 300 pg, of heat-denatured
DNA. The protein concentratioi”/assay was as iIndicated and incubation was

oarried out at 37° for 60 nin.
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Th© following calculation quantitates the effeot of DNasel activity
in the DNA nucleotidyltransferase assay system in terms of the percentage
of primer rendered aoid-soluble. #

A iount of DNA/assay » 300 pg.

» 910 mpmoles (average molecular weight of w
dcoxyribonucleotides * 329)

Average aotivity of DNasel activity (Table 2)

a 250 mpmoles of acid-soluble deoxyribonucleotide/
mg. of proteiVhr.

m 25 mpmolcs of deoxyribonucleotide acid-soluble/
100 pg. of protein/hr.

% Primer rendered aoid-soluble/hr./assay « 25/910 * 2.75/

At this 3tage it seems appropriate to point out that there may well
be a divergence between the DNA nucleotidyltransferase assay and the
DNasel assay with respect to the length of the deoxyribonucleotide molecule
whioh is aoid-soluble. Sinoe, in the DNA nucleotidyltransferase assay,
precipitation takes place in the cellulose matrix of the paper disc,
whereas in the DNasel assay aoid-preclpit&tion takes place in free
solution, it is possible that short moleoules whioh are not precipitated
in the DNasel assay will tend to be precipitated when they are caught up
in the cellulose fibres of the paper disc iIn the DNA nucleotidyltrans-
ferase assay. Therefore, i1t msy well be that the figure of 2.75/ of the
primer DNA rendered soluble by DNasel aotivity during assay may not be as
great when considered in the context of the DNA nucleotidyltransferase

assay.



V) Deoxyribonuc leoside Triphosphatase Activities of the Soluble
Extract, pH 5 Precipitate and 20-45% Amnonlun Sulphate mmractiana

Soluble extraot, pH 5 preoipitate and 20-45" ammonium sulphate
fractions were assayed for deoxyribonucleoside triphosphatase activity
under oonditions optimal for DNA nucleotidyltransferase activity as
desoribed in Experimental, seotion IV G. Triphosphatase aotivity iowar s
all four deoxyribonucleoside triphosphates, dATP, dGTP, dCTP and dTTP
was Investigated. In all four cases and for all enzyme fractions there
was found to be little or no triphosphatase activity as measured by the
production of inorganio orthophosphate over a 2 hr. period of Inoubation
(see Experimental, seotion IX C for phosphate estimation method).

5) Time Course of DNA Nucleotidyltransferase Preparations

Time courses, oovering a period of 120 min., for DNA nucleotidyl-
transferase activities of soluble extract, pH 5 precipitate and 20-45/
ammonium sulphate fractions are shown in Pig. 15. Both the soluble
extract and pH 5 preoipitate activities were linear over the whole 2 hr.
period, the 20-45/ ammonium sulphate fraotion, however, was linear only
for 60 min., levelling off during the second half of the iInoubation
period. In other experiments, linearity over a 90 min. incubation period
was observed for the 20-45/ ammonium sulphate fraction, before aotivity
began to fall off. For uniformity 60 min. was routinely employed a3 the
inoubation period for DNA nuoleotidyltransferase assays for all ensyme
fractions, except where practioal or experimental considerations

determined the use of different i1noubation times.



FISURK 15
Tim courses of DNA nucleotidyltransferase activities of extracts of

Landsohuts asoites-tumour oells.

The reaotion mixture for DNA nucleotidyltransferase containedj
5 pmoles of tris-HCI buffer, pH 7*5# 0.1 prole of EOTA; 1 prole of MgSO™;
15 pmoles of 2-meroaptoethanol; 50 pg. of heat-denatured DNA; 50 mpmoles each
of d&TP,dATP, dCTP and (x-"P) - dTTP (11.2 x 10" oounta/min./pmole) and
ensyme in a total volume of 0.25 ml. The protein content/assay for the

soluble extraot, pH 5 preoipitate and 20 - ammonium sulphate fractions

were 102, 107 end 15k pg, respectively,

Inoubation was carried out at 37° for the indicated time interval.

o- soluble extract

pH 5 preoipitate

A+ 20 - ammonium sulphate fraction
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6) The Bffe ot of Engywe Concentration on DNA NuoleotUvl-
tran ferase Preparations

The effect of iIncreasing the protein content in DNA nucleotidyl-
transferase assays of soluble extraot, pH 5 preoipitate and 20-45/ ammonium
sulphate fractions i1s shown in Fig. 16, whioh indicates that the assay
system is linear for protein ooneentrations up to 120 pg./assay and
deviates only very slightly from linearity between 120 and 200 pg./assay.
Other experiments have indicated that linearity oan extend as far as
240 pg. of proteig/assay (Keir, 1962). Therefore, where ever possible,
ensyme aotivity was measured in the region of 100-150 pg. of protein/assay.

C) pm Wuoleotldyltranaferase from Calf Thymus Gland

d) Routine Fraotionation Prooedure

Soluble exti?act;pH 5 preoipitate and 20-45/ ammonium sulphate
fractions were prepared from cell-free preparations of oalf thymus tissue
as described iIn Experimental, seotion Ill and in the Results seotion whioh
describes a similar fractionation of Landschutz extracts. The quantitative
aspects of the fraotionation are given In Table 3. Fractionation of DNA
nucleotidyltransferase from oalf thymus gland through the stages of pH 5
precipitation and 20-45/ ammonium sulphate precipitation led to enzyme
yields and purifications similar to those obtained for the DNA
nucleotidyltransferase from Landschutz oells. The yield of enzyme at the
20-45/ ammonium sulphate fraotion stage was approximately 50/ with a
purification of 5-6-fold.

Experiments involving chromatography of a 20-45/ ammonium sulphate

fraotion from oalf thymus on hydroxylapatite columns, using a batohwise



PIGBBE 16

Incorporation of ("P)-dTMP into product in the BRA nucleotidyltransforaae

assay system at various protein concentrations cf the ensyme fraction by

extracts of Landschnts ascites-tumour cells.

The reaction mixtures contained: 5 pmoles of tris-HCI buffer pH 7.5:
15 pmoles of KC1; O.l1 pmole of EDTA; 1.0 pmole of MgSO™; 1.25 pmoles of
2HBeroaptoethandlf 50 pg. cf heat-denatured DMA; 50 mpmoles each of dATP,
dGTP, dCTP and ( -~P) - dTTP (2.8 x 10" counta/min./pnole) and the iIndicated
amount of protein in a total volume of 0.25 ml. Inoubation was carried out

at 37° for 60 min.

=0 soluble extraot

¢

pH 5 precipitate

L3, 20 - Kjfo ammonium aulphate fraotion
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Routine fractionation prooedure for DNA nuoleotidyltransferase from

oalf thymus tissue.

The reaotion mixture contained: 5 pmoles of tris-HCI buffer, pH 7.5;
15 pmoles of KC1) 0.10 pmole of KDTA; 1 pmole of MgSO™J 1.25 pmoles of
2-meroaptoethanol; 50 pg. of heat-denatured DNA; 50 mpmoles c™-ch of dATP,
dGTP, dCTP, and (p(-"P)-dTTP (6.2 x 10 oounts/min./pnole) and the iIndicated
ensyme fraction, in a total Yolume of 0.25 ml. Protein concentration for all

fTaotions ms i1n the region of 100 - 150 pg. [Incubation was carried out at

57° tor 60 min.



Fraction

Soluble Extract

pH 5 Precipitate

20 - 45% (NHv)2304
Fraotion

("P)-dTMP
Incorporated

(mpmolea/xag* of
protein/hr.)

730

17.71

38.78

# Recovery of Purification
Ensyme orar Solublo
jctraot
L0 -
79 2.5

53 I 5.5



elution technique iIndicated that DNasel and DNA nuoleotidyltransferase
activities were eluted at 0.1/5M and 0.225M-phosphate respectively.
During this prooedure, a purification of 2 . old was achieved for DNA
nucleotidyltransferase.

2) CGel. Filtration on Sephadex 02,00

Chromatography of a 20-45% ammonium sulphate fraotion fron oalf
thymus was carried out on Sephadex G-200 as desoribed in Experimental,
seotion H1 D. Eaoh fraotion was assayed for protein oontent, DNA
nuo leotidyltransferase and DNasel activities, the results of whioh are
shown in Fig. 17. A partial separation of DNA nucleotidyltransferase and
DNasel activities was achieved, the DNasel accompanying the bulk of the
protein with the DNA nucleotidyltransferase following slightly behind.
Thi3 resulted in a 1.5-fold purification of DM nucleotidyltransferase.
Collection of fractions began 2 al. before the void volume of eluting
buffer had passed through the oolumn. Elution of DNA nucleotidyltransferase
Was First detected at 1.4 void volumes of the oolumn and the peak of
enzymic activity Was located at 1.75 - 1.90 void volumes. Recoveries
of protein, DNA nucleotidyl4ranaferase and DNasel were 68%, 41% and 83%
respeoti/ely.

3) Other Properties of Calf Tir/mua Enayme Fractions

As the main object of this work was the investigation of DNA synthesis
in Landschuta ascites-tumour oells, the characteristics of the thymus
enaymic preparations were not thoroughly investigated. Preliminary

experiments indicated that suoh properties as DNasel activity, time course



FIGURE 17
Sephadax G-200 chromatography af DNA nucleotidyltransferase extracts

af calf thymus.

The dimensions of the oolumn were 60 cm. X 1.5 cn.; the volume of
each fraction was 3 nl*; the void volume of the column9 as determined by
the elution volume of native DNA was 28 ml. and the quantity of protein

applied to the oolumn was 12.4 mg. in a total volume of 1.5 ml.

The oonditions for the DNA nucleotidyltransferase assays were as
desoribed iIn Fig. 16 and those for the DNasel assays as desoribed iIn Fig.

14* Inoubation was carried out at 37° for 90 min.

protein content
DNA nucleotidyltransferase activity

DNasel aotivity
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and DNA nucleotidyltransferase aotivity versus protein concentration
relationship were very similar to those i1n the corresponding Undsohut*
preparations. Therefore, whenever possible assay oonditions with respect
to these variables were made the same as those chosen as optimal for the
Landschutz enzyme (see Results, section I A)

D) DNA Nucleotidyltransferase Activity in Other Magasa.

Evidenoe for DNA nucleotidyltransferase in certain tissues of the
young rabbit (bone marrow, thymus, spleen and appendix) and in two
tissues of the rat (liver and spleen) has been obtained under oonditions
optimal for the Landsohutz enzyme. The activities of pH 5.0 precipitate
fractions obtained from these tissues are shown in Table 4-

The figure for rabbit bone marrow was much lower than that quoted
by Gray et al. (i960) for a less purified fraction and that for rabbit
spleen i1s much lower than the figure for rat spleen. These figures were
so unusual that several attempts were made to detect greater activity In
rabbit bone marrow and spleen. However, they did not meet with success
and 1t may be that some difference in the fraotionation prooedure or
assay conditions inactivates the enzyme iIn some way.
1| Requirements for DNA Nuoleotidyltranaferase Activity.

A) DNA. Nuoleotidvitranaferase from Landschutz Ascitos-Tumour Celia

1) Scnerqg Conaiaeratioaa.

The sub-sections which follow describe the investigation of the
various requirements of DNA nucleotidyltransferase. The enzyme has been

shown to require primer DNA, a bivalent cation, four deoayriborrucleoside



TAHE A

BRA nuoleotidyltranaferase activities of various rodent tissues.

The reaotion mixture contained: 10 pnoles of tris-HCl buffer, pH 7*51
15 pmoles of KCIT 0.06 pinole of TOTAJ 1 pmole of HgClgi 50 \ig. of heat-
denatured DNA; 50 rapmoles eaoh of dATP, dGTP, dCTP and (c™M-~T)-dTTP (20.5 #
8.4 x 10g eounta/min./pzaole) and 90 - 160 pg. of protein tram the appropriate
pH 5 precipitate fraotion, in a total volume of 0.25 ml. Inoubation was carried

out at 37° for 60 min.



Tissue

Rabbit Bone Marrow
Rabbit Thymus
Rabbit Appendix
Rabbit Spleen

Rat Liver

Rat Spleen

TABLE 4

32
(mfuaoleg/ns. of protein/hr.)

0.56
6.96

8.96
0.81

0.68

3.39



triphosphates, dATP, dGIP, dCTP and dTTP for activity at pH 7*5# and
to be stimulated by a univalent cation and by EDTA.

2) The Effeot of pH on DNA Nucleotidyltransferase Activity

The effect of pH on the DNA nucleotidyl transferase activity of 20 -
43"~ ammonium sulphate fractions is shown in Fig. 18. The pH of these
buffers was measured both at 25° and 37°. The optimal pH far the ensyme
during incubation (i.e., at 37°) lies In the range 7«2 - 7.4* As the pH
of these commercially prepared tris-HClI buffers was shown to fall
approximately 0.2 pH units on heating from 25° to 37° the enzyme was
routinely assayed with 5-10 pinoles of tris-HCl buffer, pH 7.5, prepared
in the laboratory as described in Experimental VII A.

3) Requirement far Primer DNA

The fraotion from the DEAE-oellulose column (see Results, section | B2)
whioh contained the highest aotivity of DNA nucleotidyl transferase was
assayed for DNA nucleotidyltransferase with increasing concentrations of
DNA-primer. The results are shown in Fig. 19# whioh indicates that the
enzyme has an absolute requirement for primer DNA, and in its absence no
Incorporation of radioactivity into aoid-insoluble product can be detected.

The information in Fig. 19 suggests that for the 20 - 45~ ammonium
sulphate fraotion 50 pg. of DRA/assay lies on the plateau of enzymic activity
under standard assay conditions. Fig. 20 shows that the same property
applies to the soluble extract and pH 5 precipitate fractions. Therefore,
50 pg. of heat-denatured DNA were routinely included in assay of DNA

nucleotidyltransferase under optimal conditions.



FIGURE 18

The effect of pH on DNA nucleotidyltransferaso aotivity of extracts of

Landschutz ascites-tumour oells.

The reaction mixture containedi 10 pmoles of tris-HCl buffer at the

indicated pH; 1 pmole of MgSO”™; 15 pmoles of KC1; 0.10 pmole of EDTA;

1.25 pmoles cf 2-nereaptoethanol; 50 pg. of heat-denatured DNA; TjOmpmoles

esob of dATP, dSTP, dCTP aad (a(-32P)-dTTP (4.4 x 10" counts/min./pnole) and

0.05 mI* of a 20 - 4f$ ammonium sulphate fraction (125 pg. of protein) in a

total volume of 0.25 ml. [Inoubation was carried out at 37° for 60 min.
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FIGURE 19
The effeot of primer-DNA. concentration on the DNA nudeotidy!transferase
activity of a 20 - 45 ammonium sulphate fraction from Landschutz ascites*

tumour oells previously chromatographed on BRAE-celluloBe.

The reaotion mixture contained: 5 pmoles of tris-HCl buffer, pH 7*5}
15 )i»oles of KClj 0.10 “ole of BETA, 1 ynolo of M*O0™jJ 1 .9ptotf
2-meroaptoethanol; the iIndicated amount of heat-denatured DNA; 50 mynoles
eaoh of dATP, dGT , dCTP and ((**™P)-dTTP (2.4 x 10" counts/min./pmole) and
0.10 mbl. (&L pg. of protein} of the DEAE-cellulose oolumn eluate in a total

(o) }
volume of 0.25 ml. Inoubation was carried out at 37 for 60 min.
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FIGURE 20

The effect of primer-ENA concentration on the DNA nucleotidyltransferase

activity of extracts of Landsohuts ascites-tumour cells*

The reaction mixture contained: 5 pmoles of tris-HCl buffer, pH 7.5J
15 pmoles of 10C1; 0*10 pmole of EDTA) 1 pmole of HglO™) 1.25 pmoles of
2«aercaptoethanol) the indicated amount of heat-denatured UNA) 50npmoles
each of dATP, dGTP, dCTF and (oC-~Pj-dTTP (9.6 x 10" counts/min«/pmole) and
0*05 ml* of enzyme preparation in a total volume of 0*25 .n]<l"j Incubation was

carried cut at 57° for 60 min*

The protein concentrations were 126 and 149 pg. of protein/assay

respectively for the soluble extraot and pH 5 precipitate fractions*

soluble extract

pH 5 precipitate
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Heat-denatured DNA has been shown previously (Keir ef jji., 1962)
to prime the Landschutz enzyme to a greater extent than does native DNA.
The priming ratios, denatured DNA : native DNA and the priming capacity
of RNA, for soluble extraot, pH 5 precipitate and 20 - 45/S ammonium
sulphate fractions are shown in Table 5 For comparison, the ability
of native DNA, heat-denatured DNA and RNA to prime the activity of DNA
nucleotidyltransferase in 20 - 45% ammonium sulphate fraotions from
oalt thymus are also included*

4) Requirement for a Bivalent Cation

The effeot of varying concentrations of Mg Mn and Ca 1ons on
the DNA nucleotidyltransferase activity of 20 - 45% ammonium sulphate
fractions i1s shown In Fig* 21* In the absence of a bivalent cation no
enzymic activity can be deteoted. Mgzoions support aotivity to a much
greater degree than do Mn94}ons, while Caz*ions are completely inactive.
zZzn 1ons have been shown to inhibit the enzyme in the presence of standard
amounts of MgZ+ions* Optimal activity of the enzyme is achieved in the
range 3 - 8 mM M924ions therefore in DNA nucleotidyltransferase assays
1 pmole of M924ions was routinely included in the reaotion mixture.

5) Requirement for a Univalent Cation

Certain univalent cations were found to stimulate DNA nuoleotidyl-
transferase from rat thymus gland (Walwiok €Main, 1962). The results of
investigation of the effects of K* and Nations on the DNA nucleotidyltrans-
ferase activity of 20 - 45% ammonium sulphate fractions from Landschutz oells
are shown in Fig. 22. K 1ions over the range 0-60 ml! appear to stimulate
enzymic aotivity up to twofold, while Nations only stimulate by about 30%$

within this range. The K*lon optimum is at 50 mM and the Na” optimum is at



TABLE 5

Relative abilities of various polynucleotide preparations to prime DNA
nucleotidyltransferase activities iIn Landschutz ascites-tumour cell and calf

thymus enzyme fractions.

The reaction mixture contained! 5 pnoles tris-HCIl buffer, pH 7.5,
15 pmoles ofKC1? 0.08 pinole of EDTA; 1 pmole of or MgClg; 50 pg.-
of primer as indicated; 50 mpnoles each of dATP, d~T~,dCTP and (oC«”P)-
dTTP (40 or 2.8 x 10 counta/nin./pnole) and ensyme asindicated (90-170 pg.
of protein), in a total volume of 0.25 nl* Inoubation was carried out at 37°
for time intervals between 60 and 90 min. Enzyme aotivity is expressed as

percentage of the activity with denatured DNA as primer.



TABUS 5

. . (32P)-dTKP
Fraotion Primer Incorporated
(b of that obtained
with Denatured DNA)
Landschutz Cells .- N
Soluble Extract Native DNA 35.9 j
pH 5 Precipitate Native DNA 25.3
20 - 45% (\H, )9S0.
Fraotion N N Native DNA 9.6
Yeast SNA 2.7
Krebs 11 RNA 1.5

Calf Thymus

20 -45% (NH4)2S04
Fraotion Native DNA 11.3

Yeast RNA 1.5

Krebs 11 RNA 0.9



FICTUKE 21
Differential effects of bivalent cations on the DNA. nucleotidyltrans-

ferase activity of extracts of Landschut* asoites-tumour cells*

The reaction mixture contained! 5 pmoles of tris-HCI buffer, pH 7.5?

. 2+
15 pmoles of RC1l; 0*10 pmolo of EDTA; the indioated amounts of Mg ,

24 3+
Mn or Ca 1ions; 1*25 pmoles of 2«Oerca.ptoethanol; 50 juy. of heat-
denatured DNA; 50 xnpmolsa each of dATP, dGTP, dCTP and (o(.-32P)-dPPP

C
(1.1 x 10 oounts/ndn./pmole) and 0.01 ml. of a 20 - 45% ammonium sulphate

fraotion (148 pg. of protein) in a total volume of 0.25 ml. [Incubation was

carried out at 37° for 60 min.

______ 0————— Mg2*ion concentration
______ o Mn2*ion ooneentration
24

&———— Ca 1on concentration
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FIGURE 22
The effect of X* and Nation concentration on DNA nucleotidyltrans-

ferase activity of extracts of Landschuts asoites-tumour cells*

The reaotion mixture contained: 5 pmoles of tris-HCl buffer;pH 7-5>
the indicated amount of K+ or Nations; 0*08 pmole of EDTA; 1 pmole of
HAL 23 50 pg* of heat-denatured DNA; 50 mpm&es each of dATP, dGTP, 6CTP,
and (oN-"Pj-dTTP (15#7 x 10~ counts/ndn./pmole) and 0*01 ml* of a 20 - 49%
ammonium sulphate fraction (94 pg# of protein) in a total volume of 0*25 ml*

Inoubation Was carried out at 57° for 45 min#

—————— o—————- K*ion concentration

—————— D Nation concentration
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240mM.  For this reason and from results obtained using DNA.
nucleotidyltransferase preparations from oalf thymus (see Results,
seotion VIl C), 15 juwoles of K*1ons were routinely included in DNA
nucleotidyltransferase assays*

6) EDTA Requirement

The ensyme has been shown to have a requirement for EDTA for
optimal activity* In some oases this requirement was absolute. The
effect of EDTA concentration on the DNA nucleotidyltransferase activity
of a 20 - 1*5% ammonium sulphate fraction is shown in Fig. 23* In this
case no activity was observed when EDTA was absent from the reaotion
mixture and a broad peak of enzymic aotivity was found In the region
0.3 « 0.6 mM, beyond which activity declined rapidly. Therefore, 0.08 =
0.12 pmoles of EDTA were routinely included in DNA nucleotidyltransferase
assays.

7 Oeoxyriboauc leoaide TriphosphatedlequlreffigJit

Enzymic aotivity of 20 1*5% ammonium sulphate fractions was
investigated using deoxyribonucleoside mon- and diphosphates in place
of the deo”ribonucleoside triphosphates. The results of these experiments
whioh involve the incorporation of (“2P)~dTMP from three precursor molecules
(0(-32p).dTTP, (& 32r)-dT¥>aad (B2P)-dJmP, are shown in Table 6. The
enzyme activities under the various conditions are expressed as percentages
of the aotivity under standard assay oonditions. The results indicate
that the best incorporation of (“2P)-dTMP is attained when all four
deoxyribonucleoside triphosphates are present. In other

experiments where dGTP was replaced by dGMP, or dCTP by dCMP, or dATP by



USWJI

The effeot of EDTA ooneentration on the DNA nudeotidyltrjisferase

aotivity of extracts of Landsohutz ascites-tumour oells*

The reaction mixture contained: 5 pmoles of tris-HCl buffer, pH 7*5;
15 pmoles of KiCl; the indicated amount of EDTA; 1 pmole of MgCI?; 50 pg*
of heat-denatured DNA; 50 zspmoles each of dATP, dGTP, dCTP and (
dTTP (8*8 x 107 counts/min*/pmole) and 0*02 ml* of a 20 - 45% ammonium
sulphate fraction (141 pg* of protein) in a total volume of 0*25 ml*

Inoubation was carried out at 57° for 60 min*
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WM J

The aotivity of DNA nucleotidyltransferase from Landschutz ascites*
tumour oells towards substrate deoxyribonuoleosides at all levels of

phosphorylation.

All reaotion mixtures contained: 5 pmoles of tris-HCI buffer, pH 7*5;
15 pmoles of KC1; 0.06 - 0.10 pmole of EDTA; 1 pmole of MgSO™ or 50 pg-
of heat-denatured DNA; 50 mpmoles eaoh of the iIndicated deoxyribonucleoside
51-mono-, dl-or triphosphates and 20 - k5?* ammonium sulphate fraction, in a
total volume of 0.25 ml. The specific radioactivites of (“2P)-dTMP, - dTDP
and - dTTP were respectively 15-4» 1-7 and 6.2x 10”counts/m*in/pmoleJThe assays
involving deoxyribonuc leoside 51-monophosphates contained no 2-mercaptoethanol;
their protein oontent was 94 pg- and their inoubation was carried out at 57°
for 90 min. The assays involving deoxyribonucleo3ide 51-di-and triphosphates
contained 1.25 pmoles of 2-meroaptoethanol and 154 Pg- of protein, incubation
being carried out at 57° for 60 min. Enzyme activity iIs expressed as a

percentage of the activity when all four deoxyribonuoleoside 51-triphosphates

ware present.



TABLE 6

@ p)-amp
Substrates Incorporated
(% of that obtained

with Standard Assay)

dAMP, dGHP, dCMP, (~-32P)-dTHP 0
dADP, dGDP, aCDP, (tX-32P)-dTDP 9.2
dAMP, dGMP, dCMP, (P(.-’ p)-dTTP 247
dADP, dfiDP, dCDP, ((X-"Pj-dTTP 41.6

({~3"P) -dTTP 1.8



cLAWP, op (o(—32P)—dTTP by (32P)—dTMP, incorporations, expressed as
percentage of standard assay, were 45.8, 50*4, 28*3 and 0.3$
respectively.

DNA nucleotidyltransferase activity as a function of deoxyribon-
uc leoside triphosphate concentration is plotted in Pig, 24. All four
deoxyribonuoleoside triphosphates were present in equal amounts, the
total nucleotide range covered being 0-1,20) pM. The activity levels
off in the region of 600pM, therefore, 50 - 75 mpmoles of each of the
fourdeoxyribonuc leoside triphosphates were used in a standard assay of
DNA nucleotidyltransferase activity.

8) StorageProperties, and 2-Mcrcaptoethanol Requirement

In the early stages of this work attempts were made to demonstrate
stimulation of DNA nucleotidyltransferase with iIncreasing concentrations
of 2-mercaptoethanol, but little or no increase iIn activity was initially
aohieved by the addition of 2-mercaptoethanol to the reaotion mixture.
At this point pH 3 precipitate fractions prepared iIn the standard fashion,
but in the absence of 2-meroaptoethanol, could only be stored for 10-14
days at 0°, during which time they lost two thirds of their aotivity. A
typical storage-inaotivation curve iIs shown in Pig. 25 for a pH 5.0
precipitate fraction prepared from Landschutz oells. This experiment
suggested that stability might be conferred upon the enzyme i1f 2-
mercaptoethanol were present during preparation and storage. Prom this
point all enzyme fractionation procedures and all enzyme assays were

carried out in solutions whioh were 0.005M with respect to 2-mcrcaptoethanol



PIGUBE 24
The effeot of deaxyribonuoleoeide triphosphate ooneentration on the
DNA nuoleotidtyltramferase aotivity of extracts of Landschutz ascites-

tumour cells*

The reaction mixture contained: 5 pnoles of tris-BCl buffer,pH 7.55
15 pmoles of KClIj 0*08 pmole of EOTA] 1 pmole of 1£C12; 50 pg* of heat-
denatured DNA| the indicated amount of eaoh of the deaxyribonucleoside
triphosphates, dATP, dGTP, dCTP end ((X”2?)-dTTP (3*8 x 10 oounts/mlrw/
pmole) and 0*02 ml* of a 20 - 45% ammonium sulphate fraction (142 pg* of
protein) in a total volume of 0*25 ml* Inoubation was carried out at 37°

for 60 min*
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FIGURE 25
The effect of storage at 0° in the absence of ETTA and 2-meroaptoethanol
on the DNA nucleotidyltransferase aotivity of extracts of Landsehuts ascites-

tumour cells.

The reaction mixture contained: 5 pmoles of tris-HCl buffer pH 7*5*
15 pmoles of KClj 0.08 pmole of KITA; 1 pmole of 50 pg- of heat-
denatured DNA] 50 mpmoles each of dATPF dGIP, dCTP and (o™-"Pj-dTTP (
ranging from 26.0 - 11.4 x 10" coimts/ndn./pmole) end Q1. of a pH 5
preoipitate fraction (150 pg. of protein) in a total volume of Q5.

Incubation was carried out at 57° for 120 ndn.

The ensyme fraotion was assayed in an identical manner at 2 to 3 day

intervals for a period of 16 days.
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This resulted iIn two great improvements with regard to DNA nucleotidyl-
transferase activities obtained from Landschutz cells. The first of these
was that ensyme preparations extraoted in a 5-oomponent buffer (0.005&-2-
meroaptoethanol-0.001M-EDTA-0.15M-KD1-0. CWF1-MgSO™-0.02M-tris-HCl buffer,
pH 7*5) oould be stored for two months at 0° without detectable loss of
aotivity. The storage properties of enzyme fractions prepared exactly
as before (see Experimental, sections Il & 111) but with 2-mercaptoethanol
at 0.005H and EDTA at 0.00114 present at all stages, were enhanced iIn a
similar manner. The second consequence of introducing 2-mercaptoethanol
and EDTA into all enzyme preparative procedures was that the activities
of the various intermediate fractions in the purification were increased
nearly threefold in some oases. Table 7 compares the activities of
various fraotions prepared in the presenoe and absence of 2-mercaptoethanol
and EDTA. This explains some of the low activities of 20 - 45% ammonium
sulphate fractions iIn some of the sub-sections of this set of results,
as these experiments were done before the introduction of 2-meroaptoethanol
and EDTA during fractionation.

B) DNA Nucleotidyltransferase from Calf Thymus Gland

ThO fractionation prooedure employed for the purification of DNA
nucleotidyltransferase from both oalf thymus gland and Landschutz ascites-
tumour cells ia a modification of the method used ty Bollum (i960) for the
purification of oalf thymus DNA nucleotidyltransferase. Therefore, it
seems not unreasonable to conclude that the enzymic aotivity in these

various oalf thymus fractions is the same as that investigated and



TABLE 7
Comparison of the DNA nucleotidyltransferase activities of

extracts of Landschutz ascites-tumour cells prepared In the presence and

absence of 0.00511-2-nercaptoethanol and O0.0011UKDTA.

The reaotion mixtures were those routinely used for the assay of
DNA nucleotidyl transferase aotivity In the presence and absence of 2-
oeroaptoethanol. The ranges of data quoted were gathered in eaoh case

froa 5 to 10 experiments*



Fraotion

Soluble Extract
Soluble Extract
pH 5 Preoipitate

pH 5 Precipitate
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characterised by Bollum (i960, 1963a). It would be possible to
reproduce in detail results concerning primer, Mgz+ion, EDTA,
deoxyribonuoleoside triphosphate requirement etc. Instead sufficient
information will be selected to establish the identity of the enzyme
aotivity of these fractions with that of Bollum (1960), and the
similarity of its requirements with those of the Landschutz DNA
nucleotidyltransferase.

Table 8 describes the loss of enzyme activity when Mg”~ions, EDTA,
and dATP, dGTP and dCTP were, iIn turn, omitted from the reaction mixture.
The effect of replacing various components of the standard reaction mixture
by other similar molecules e.g., native DNA for denatured DNA, is shown
in Table 9 Together with similarity of the preparative procedure, the
results shown in Tables 8 A 9, obtained from calf thymus 20 - 455
ammonium sulphate fractions, iIndicate that the nature of the enzymic
aotivity being iInvestigated was the same as that characterised by
Bollum (1960).

In addition, using the conditions optimal for the Landschutz DNA
nucleotidyltransferase with respect to primer DNA, protein content,
Mgz+ions, K#Eons,EDTA, tris-HCl buffer, pH 7*5> deoxyribonucleoside
triphosphates and 2-mercaptoethanol, linearity of enzymic aotivity with
time up to 60 min. at least has been obtained for soluble extract, pH 5
preoipitate and 20 - 45% ammonium sulphate fractions. This is shown in
Fig. 26 which is very similar to the corresponding figure for the Landschutz

enzyme fractions (Fig. 15). It has been shown that 0.4 mM EDTA and



TABLE 8
Loss of DNA nucleotidyltransferase aotivity by extracts of oalf ttymus

tissue on omission of certain compounds from the reaotion mixture.

Ensyme activities are expressed as percentages of the aotivity obtained
with the complete reaotion mixture whioh contained: 5 pmoles of tris-HCI
buffer™pH 7»5s 15 ymoles of KCl; 0.08 pmole of EDTA; 1 pinole of UgCI™;

50 pg. of heat-denatured DNA; 50 m>inoles eaoh of dATP, dGTP, dCTP and
(D(-32P)-dTTP (2.0 - 3.0 x 106 counts/nin./(uaole) snd 0.05 al. (100 - 150 ]Jig.
of protein) of a 20 - 45% ammonium sulphate fraotion, in a total volume of

o
0.25 ml. Inoubation was carried out at 37 for 45 or 90 min.



TARLR

(MJ-arMP Incorporated
($ of Standard Assay)

Reaotion Mixture

f \Est v v >
Complete 100
N 2+ _
Minus Mg 1ons 0
Mims EDTA 0*08
Minus DNA 0
- *

Minus <3BATPF dffilP, and dCTP 39.2



TABLE 9
The effect of substitution of various components of the reaotion
mixture on the DNA nucleotidyl ransferase activity of extracts of oalf

tfym s tissue.

Ensymic activities are expressed, as percentages of the aotivity
obtained under standard assay oonditions which were: 5 pmoles of tris-
HCl buffer, pH 7*5» 15 pmoles of KCl1; 0.08 pmole of EDTA; 1 pnole of
Mecig, 50 pg. of heat-denatured DNA; 50 mpmoles eaoh of dATP, dGTP,
dGTP and (O(-"P)-dTTP (4-0 - 6.2 x 10™ oounts/min./pmole) and 0.01 ml.
(114 - 171 pg* of protein), in a total volume of 0.25 ml. [Inoubation

was carried out at 37 for 90 min.



Substitution

Standard Reaotion Mixture

cLAW, d&MP, dCMP and (32PV-dTMP for
dATP, dGTP, dCTP and (c<J*P)-dTTP

dAMP, dGUP and dCMP for dATP, dGTP
and dCTP

dAlIP for dATP

dCMP for dGTP

dCMP for dCTP

(32P)-d3MP for (<K.-32P)-dTTP
Native DNA for boat-denatured DNA

Yeast RNA for heat-denatured DNA

("2p)-dTMP Incorporated
& of Standard Assay)

100

12.0

24.5

73.0

37.3

11.5

1.0



FIGURE 26
Tine courses of DNA nucleotidyltransferase activity of extracts of

oalft thymus tissue.

The reaotion mixtures oontained: 5 pnoles of tris-HCI buffer, pH 7.5;
15 pmoles of KC1; 0.10 pmole of EDTA, 1.0 pmole of HgSO™; 1.25 pmoles of
2-meroaptoethanol; 50 pg, of heat-denatured DNA; 50 mpaoles eaoh of dATP,
dGTP, dCTP and ((\-"P)-dTTP &,3 x 10"~ oounts/min./pmole) and varying
volumes of soluble extract, pH 5 preoipitate or 20 - 43/° ammonium sulphate
fractions i1n a total volume of 0,25 ml. The protein content/assay was 82,
100 and 121 pg. respectively for soluble extract, pH 5 preoipitate and 20 -
45% ammonium sulphate fraotions, Inoubation was carried out at 37° for the

indicated time interval.

o—————- soluble extraot
- pH 5 preoipitate

20 - 45% ammonium sulphate fraotion
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IV Ug2+ions were also optimal for the oalf thymus enzyme and that
30 pg. of heat-denatured DNA. and 30 mumoles each of the four
deoxyribonucleoside triphosphates sufficient to maintain activity over
a 2 hr. 1noubation period. As has been shown for the Landschutz
enzyme preparations, oalf thymus DNA nucleotidyltransferase oould be
stored for longer periods in 2-meroaptoethanol at 0.005M and EDTA at
0.00111 and had higher activities than i1ts counterparts prepared in
the absence of these compounds.
HI1 Nature of the Product of DNA Nuoleotidvltrans erase Activita

In this seotion it is proposed to report only investigations into
the nature of the product of Landschutz DNA nucleotidyltransferase since
the product of the calf tlymus enzyme has been well characterised by
Qollum (1963a, b).

A) Preolpitability of the Product

The (32P§—Iabelled product was shown to be acid-precipitable, a
property common to all high molecular weight polynucleotide material.
Advantage was taken of this properly in the assay method by precipitation
of the product on paper discs. The product of the enzyme aotivity was
also precipitated by the addition of two volumes of ethanol and was shown
to be non-dialysable (see Experimental, section VIII), both factors
indicating the macromolecular nature of the product molecule.

B) Ultracentrifuflation Studies of the Produot

The eaqjeriment, whose description follows, was set up to investigate

the sedimentation properties of the product using the caesium chloride



density gradient technique (Meselson, Stahl A Vindgrad, 1957) The plan
of the experiment was to run three oae sium chloride gradients under
the same oentrifugation oonditions, one containing native DNA, another
heat-denatured DNA and the third (~P)-labelled product DNA, and then
compare their sedimentation patterns*

The reaotion mixture (see legend Pig. 27) was incubated at 37° for
30 min. and the DNA was precipitated from i1t by the addition of two
volumes of redistilled ethanol, washed several times with 70;* (v/Vv)
ethanol and then dissolved with sttiring in a suitable volume of 1/10
SSC. After solution of the DNA, the product was made standard with
respect to saline citrate and dialysed for several hours against 21. SSC.
Part of the preparation was then diluted with SSC to give an extinction
of 1.0 at 260 mp. 2 ml. of this solution (i.e., approximately 80 pg. of
DNA) were centrifuged in a caesium chloride gradient as described in
Experimental, section VIII. Native and heat-denatured calf thymus DNA
preparations were also subjected to centrifugation in caesium ohlorid]f
under the same conditions. In these oases however, 2 ml. portions of
the respective preparations in SSC contained 0.5 extinction unit/ml. (i.e.
approximately 40 pg. of DNA). Therefore, the product tube contained twice
as much DNA as did the native and denatured DNA tubes. The gradients
were collected, diluted and assayed for extinction at 260 np and
radioactivity as desoribed in Experimental section VIII.

The results of this experiment are shown in graphical form iIn Pig. 27

As expected from preliminary calculations the native and denatured DNA



PBBft 2.

Caesium ohlorlde density gradient patterns of native and heat-
denatured oalf thymus DNA, and of the product of a heat-denatured oalf
thymus DNA-primed reaction of a Landschutz asoites-tumour cell DNA

nucleotidyltransferase fraction*

A 5 nl. reaction mixture vas set up containing: 100 pmoles of tris-
HC1 buffer, pH 7*3; 300 pmoles of KC1; 1.6 pmoles of EDTA; 20 pmoles of
MgSO™J 25 pmoles of 2-meroaptoethanol; 1,000 pg. of heat-denatured DNA;
1,000 maoles each of (p(-32P)-dATP, (K.-32p)-dGTP, (K-~Pj-dTTP and dCTP
and 0*2 ml (1*5 mg* of protein) of a 20-45A ammonium sulphate fraotion.

Inoubation vas carried out at 57° for 30 min.

For other details see text.

o—————-— native DNA
_____ - heat-denatured DNA
o—————- product DNA

—————— e oounts/min./ml .



COUNTS /min./ml.

09¢3

FIGURE 27



preparations band in the middle of the gradient, the denatured form,
because of its higher density, being slightly nearer the bottom of
the tube. Both the product DMA and the radioaotivity peak at the same
point as does the denatured DNA but, it is important to note that the
radioaotivity curve also shows a shoulder at the density of native
DNA, The product peak is much smaller than the native or denatured
DNA peaks, although there was originally twice as much ultraviolet*
light absorbing material applied to the product gradient. This oan
only be accounted for as partial loss of the product DNA macromolecular
structure due to degradation by DNasel during inoubation. The
relatively high baokground level of radioactivity in the test sanple
suggests that the gradient may contain a series of 2P)-labelled
polydeoayribonuo leotide molecules of varying lengths and conformation
(arising from DNasel action), some of whioh may be small enough to
diffuse freely.

C) DIfferentUl I”Qrporatlon Studies

In on attempt to characterise the ensymio product further, ( -"P)-
labelled dATP and dGTP were obtained commercially in order to investigate,
simultaneously, the relative incorporation of dAMP, d&VP and dTMP into
acid-insoluble product. However, paper chromatography of the P)-
dATP and (Q(-"2P)-dGTP preparations (see Experimental, seotion IX),
revealed that the dGTP contained a high proportion of dGDP (about 30/5)
and traces of another unidentified radioaotive component. The dATP

however appeared to be reasonably free of contaminants. Table 10 shows



TABISJ2
Relative incorporation of dAMP, d&MP and dTMP in product DNA by extracts

of Landschuts asoites-tumour oells.

The reaotion mixture contained: 5 pmoles of tris-HCI buffer, pH 7*5#
15 pmoles of KClj 0.10 pmole of EDTA; 1 pmole of HgSONj 1.25 pmoles of
2-meroaptoethanol; 50 pg. of heat-denatured DNA (from Landschuts asoites-
tumour oells); 50 mpmoles eaoh of dATP, dGTP, dCTP and dTTP and 0.05 ml
(150 pc. of protein ) of a pH 5 preoipitate fraction, in a total volume of

0.25 ml. Inoubation was carried out at 37° for 30 min.

The deoocyribonuoleoside 5’-triphosphates had specific radioactivities
of 79 $ 6.7 end 1.3 x 10~ counts/min./pmole respectively for dATP, dGTP

and dTTP.



("2P)-Labelled Substrate

dATP
dGTP

dTTP

TABLE 10

( P)-Decays*ibonucleotide
Incorporated
(rafimolea/mg. of protein)

5.10
3.02

4.73



the relative incorporation of dAMP, dGMP and dTMP in the DNA
nucleotidyltransferase assay system, using a pH 5 preoipitate ensyme
fraotion from landschuts cells. Heat-denatured DNA from Landschuts
oells was used as primer In the assay. This DNA has an adenine + thymine
guanine + cytosine ratio of 1.33 (H. M. Keir personal communication).
Assuming that the i1ncorporation of dCMP was equivalent to that of dGMP
in the above experiment, the adenine + thymine: guanine + cytosine
ratio for the radioactive bases incorporated into product DNA was 1.63.
Allowing for the faot that the (fl<~ P)-dGTP preparation used in the
experiment oontained a considerable amount of dGDP, whioh might
inhibit (32p)_aGMP incorporation thus increasing the ratio, it would
seem valid to conclude that the ratio of adenine + thymine: guanine +
cytosine incorporation catalysed by the ensyme approaches that
previously determined by base analysis for the primer DNA. Therefore
the nature of the product of DNA nucleotidyltransferase aotivity In
preparations from Landschutz asoites-tumour oells used in this work
appears to depend on the base ratios of the primer DNA.

TF Correlation of In Vivo and In Vitro Rates of DMA Synthesis tor
DMA _ffag&leotidyltran3fera8e_f5>a laMaohatg Aaoites-Tumour Cells

For the purpose of comparing ihe ability of the end/me fractions
used In this work to synthesise DNA in vitro with the role of the enzyme
within the oell during the S phase of the oell oyole, it was deoided to
compare the in vivo and in vitro rates of DNA synthesis.

A) In Vivo Rate of DNA Synthesis

DNA centent/tumour oell m L.i*2 x 10 jwg. of phosphorus (Goldberg,

Klein A Klein, 1950). Length of S phase * 10 hr. (Baserga A Lisoo, 19&3)



llean Generat™Time 6 days after inoculation with 10 - 20 x 10 oells =
approximately 40 hr. (Klein A Revesi, 1953)

Ascitic fluid was withdrawn from 16 six-day-inooulated mice and
tho cells pooled in ice-cold O. w/v) NaCl.

Volume of saline cell suspension m 220 ml.

A small fraction of the suspension was diluted 1 in 50 and counted
in the Coulter cell oounter.

No. of oells in the 1 in 50 diluted sample * 0.53 x 10 /ml.

Therefore total No. ofcells in suspension # 0.53 x 10C X 50 x 220

- 5.33 x 109 oells.
Therefore the in vivo rate of DNA synthesis in these cells was

calculated as follows, assuming that all the oells were viable:

Rate of DNA synthesis » 1.42 x 10 ~ x 5*83 x 107ig. of DNA
phoaphorus/10 hr.

* 26.7 pmoles deoryribonucleotide incorporated/
hr. /total oell number.

However this assumes that all the cells are in the process of
division, which will not be the case iIn an asynchronous population.
Ifthe mean generation time is approximately 40 hr. and the DNA
synthetic phase is 10 hr. then approximately 10/40 or £ of the
population will be iIn the process of DNA synthesis at any one time.

Therefore, the iIn vivo rate of DNA synthesis in the whole oell
population should be of the order of

i X 26.7 * 6.7 pmoles deoxyribonucleotide incorporated into DNA/hr.

NB. This assumes a oonstant rate of DNA synthesis throughout
the S phase.



B) In Vitro Rate of DNA 3rothcalfl

The above population of oells was fractionated iIn the standard
fashion to produce soluble extraot, pH 5 preoipitate and 20 -
ammonium sulphate fractions. Each fraction was assayed for protein
oontent and DNA nucleotidyltransferase aotivity in order to estimate
the in vitro rate of DNA synthesis. For the measurement of the rate
of DNA synthesis the figure obtained for (™2P)-dTMP i1ncorporation must
be multiplied by 4 to allow for the iIncorporation of non-radioactive
&AMP, dCMP and dGMP. The results of this fractionation are shown in
Table 11, which also includes the total DNA synthesised/hr./fraction.

From the results given in Table 11 it would seem, superficially
at least, that the rate of DNA synthesis iIn the 1lq.vitro system is at
least as great if not greater than the iIn vivo rate of synthesis,
irrespective of the fraction used in the iIn vitro system,

\% The "enfoial nzyac

A) thgnejgq”™ Congidgratlicm?,

A terminal DNA nucleotidyltransferase whioh adds deoayribonuo leotides
to the ends of primer DNA molecules has been identified in oalf thymus
preparations by several groups of workers (Kradow et a*. , 1962; Keir A
Smith, 1963; Bollum et al.. 1964) (see Introduction, seotionV C). In
this work separation of the replicative and terminal forms of DNA
nucleotidyltransferase in oalf thymus has not been attempted since the
primary aim of the project was to investigate the distribution of the

terminal enzyme in ot er tissues, especially the Landschutz ascites-tumour



TABLE 11

In vitro rates of DNA synthesis in extracts of Londsohutz ascites-

tumour oells*

The reaotion mixture contained* 5 pmoles of tris-HCl buffer” pH*7*5j
15 pmoles of KC1] 0*10 pmole of EDTA) 1 pmole of MA0”j 1*25 pmoles of
2 meroaptoethonol; 50 pg* of heat-denatured DNAj 50 mpmoles each of dATP,
dGTP, dCTP end (dr”P) -dTTP (11*2 x 10~ counts/ndn./pmole); 0*05 or O0*Olml*
of enzyme preparation, in a total volume of 0*25 ml* The protein oontent/
assay was 102, 107 and 95 pg* respectively for soluble extraot, pH5
preoipitate and 20-45% ammonium sulphate fractions* Inoubation was carried

out at 37° for 60 min*



Fraction

Soluble Extraot

pH 5 Precipitate

20-43? (\H, )o30

Fraotion * *

TABIE 11

Protein
Content (ng.)

514

258

89

Total
fﬁiﬁ?;gzgied Deoxyribonucleotide
lea/ma. of Incorporated
(;?212:;/h?%) (pmoleas/fraotioaashr.

KM 9*12

31.18 11.92

18*72 6.60



oell. The enzymic activities were differentiated by their method

of assay, the replicative assay containing 50 ngimoles eaoh of

dATP, dGTP, dCTP and (Q(—"p)—dTTP and the terminal assay containing
50 to 100 nfitaoles of (p(-32r) -dTTP alone. Occasionally, for reasons
given in Results, section VIl, terminal aotivity vas measured at

40mMK* 1ons and I0mM HYg+ions instead of fiOmVKlLions and 4 »iM Mg2* ions
whioh were routinely used for the assay of replicative ENA nucleotidyl-
transferase.

B) In the Calf Thymus Gland

Pig. 28 shows the relationship between the duration of incubation
and (”P)-dTMP incorporation for both the replicative and terminal DNA
nucleotidyltransferases from a pH 5 precipitate fraction prepared from
oalf thymus. As might be expected the replieative activity is almost
linear over 180 min. whereas the terminal activity reaches a maximum
level after 120 min. presumably when all the available primer termini
have been saturated with (”P)-dTMP residues.

The effect of using DNA treated with pancreatic DNasel to a limited
extent (see Experimental, seotion VI B) and then heat-denatured, to prime
the terminal DNA nucleotidyltransferase assay iIs shown in Pig. 29. This
treatment, which involves the production of 3"-hydroxy-terminal groups
in the primer moleoule, appears to stimulate terminal activity a little
more than twofold. Therefore, since there are more 3f-hydroxyl termini
available in the primer DNA the attainment of a greater level of terminal

addition by the enzyme is expected during a defined period of incubation.



FIGURE 28
Tine ooursea of replloatlye and terminal DNA. nucleotidyltransferase

activities of extracts of calf thymus tissue*

The replicative assay reaotion mixture contained: 5 pmoles of tris-
HCI buffer, pH 7.5; 15 pnoles of KCI; 0.08 pnole of EDTA; 1 pmole of
NgCI”™; 50 pg. of heat-denaturedDNA; 75 mpmoles eaoh of dATP, dGTP,
dCTP and (0(-"2P}-dTTP (4.6 x 10 oounta/min./pmole) and 0.05 ml. (138 pg-

of protein) of a pH 5 preoipitate fraotion in a total volume of 0.25 ml.

The terminal assay reaotion mixture contained: 5 pmoles of tris-HCI
buffer pH;7.5;10 pmoles of KCI; 0.08 pmole of EDTA; 2.5 pmoles of
MgClg; 50 pg. of heat-denaturedDNA; 75 mpmoles of (O(-"2P)-dYTP (4.6 x
10£ counts/min./pmole) and 0.05 ml. (138 pg. of protein) of the same ensyme

fraotion in a total volume of 0.25 ml.

o)
Incubation was carried out at 57 for the indicated time interval.

. replicative DNA nucleotidyltransferase aotivity

——————— terminal DNA nucleotidyltransferase aotivity
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FIGURE 29
Stimulation of terminal DNA nucleotidyltransferase aotivity of extracts

of oalf thymus tissue by prior treatnent of the primer with pancreatic DNasel*

The reaotion mixture contained: 5 pmoles of tris-1iCl buffer, pH 7.5;
10 pmoles of KCI; 0.08 pmole of EDTA; 2*5 pmoles of MgC]”; 50 pg* of
heat-denatured DNA or 50 pg. of DNase-treated, heat-denatured DNA; 75 mpmoles
of (ft-32P)-dTTP (7«1 x 106 oounts/min./pmole) and 0.05 ml. (188 pg. of
protein) of a pH 5 preoipitate fraotion in a total volume of 0*25 ml.

Inoubation was carried out at 57° for the indicated time interval.

o- heat-denatured primer

DNase-treated, heat-denatured primer
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It has also been shown in this laboratory# by snake venom
phosphodiesterase digestion of the product of terminal DNA nucleotidyl-
transferase activity# that the incorporated (~P)-dTMP units are located
at terminal positions on the product DNA (H. M. Keir# J. Hay A
J. B. Shepherd - collaborative experiments) , The results of such an
experiment are shown in Fig. 30# whioh demonstrates that the exonuclease
(Adler et al., 1958) renders acid-soluble the product of terminal DNA
nucleotidyltransferase activity much more readily than it does the
product of replicative aotivity. This sqgggests that the terminal assay
conditions allow only addition to the ends of the primer whereas during
replloative assays formation of new complementary strands of DNA is
apparently talcing place.

A highly active calf thymus enzyme preparation kindly supplied by
Dr. M. G- Burdon was assayed under both replicative and terminal oonditions
for DNA nucleotidyltransferase aotivity in turn with (pC-"Tj-dATP#
(<X-32P)-dGTP and (p<-32P)-dTTP (see Results section Ill C). This fraction
corresponded to fraction D of the purification procedure of Bollum (i960).
The relative i1ncorporation of the three deoxyribonucleotides for both
replicative and terminal conditions are shown in Table 12. The replicative
figures are roughly equivalent suggesting true synthesis of complementary
DNA. The terminal figures# however# although showing the greatest activity
towards dATP appear to contradict the work of Bollum et al. (1964) which
claims that the terminal enzyme in calf thymus is highly speoific for dATP.

Nevertheless# there would seem to be little doubt that the assay method



FIOURE S0

Action of 5*-phosphodiesterase on the products synthesised by the

replicative and terminal DNA nucleotidyltransferase from calf thymus tissue.

2 ms- of DNA produot mere isolated from each of two reaction mixtures
(2.5 ml.) representing terminal and replicative DNA nucleotidyltransferase
as desoribed in Fig. 28. Incubation time for the terminal ensyme was 90 min. ,
and for the replicative ensyme, 120 min. The produot was precipitated from
the gynthetio reaction mixture by 2.5 ml. of N-HCI04 81 wa* freed from aoid-
soluble radioaotivity by four cycles of solution in 0. IN-NaOH and reprecip-
itation in N-HCIOM. The product was finally dissolved in 1 ml. of O.IN-NaOH
and adjusted to pH 8.5 with IiCl. A reaction mixture was set up (5 ml.)
containing 200 pnoles of tris-HCI buffer pH 8.5, 50 ponies of %C12 and 1.7
units of 5,-phosphodiesterase, and was incubated at 37°. 0.5 ml- samples
were withdrawn at intervals, added to 0.15 ml. of oalf thymus DNA solution
(260 pg. of DNA) and 0.5 ml. of N—HClOW was added; precipitated material
was removed by centrifuging. 0.2 ml. portions of the supernatant fluid were
plated for measurement of radioactivity, and the extinction of the remainder

of the fluid was measured at 260 mp.

-0 terminal DNA nucleotidyltransferase product

replicative DNA nucleotidyltransferase product

~60
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TABLE 12
Relative incorporation of dAMP, d&VP and dTMP iInto product BRA under
replicative and terminal assay conditions by a highly active DNA

nucleotidyltransferase preparation from calf thymus tissue*

The replicative reaction mixture contained: 5 pmoles of tris-HCI buffer,
pH 7.5; 15 pmoles of KCI; 0*10 pmole of KBTAj 1 pmole of MgSO™j 1.25 pmoles
of 2-oercaptoethanol; 50 pg* of heat-denatured BRA (from Landschutz asoites-
tumour cells); so0 mpmoles each of dATP, dGTP, dCTP and dTTP and 0*02 ml*

(20 pg* of protein) of enzyme, in a total volume of 0*25 ml*

Terminal reaction mixtures were the same as their replicative counter-
parts except that only one of the (K- r)-labelled deoxyribonucleoside 51-
triphosphates, dATP, d&TP or dTTP was present at a concentration of 100

npmolea/assay.

The ( P)-labelled deoxyribonucleoside 51-triphosphates had specific
radioactivities of 7.9%# 6,7 an& 1*5x 10" counts/(min#/pmole respectively, for

dATP, dGTP and dTTP* Inoubation was carried out at 37° for 30 min.



«

TABUS 12

(" T) -Beaxyribonuclootide Incorporated

("2?)-Labelled Substrate (nfinoles/ae. of protein)
Replicative Terminal
dATP 28.51 ! 8.67
dGTP 34.35 4.34
dTTP 32.13 5.70



employed in this work for the measurement of terminal DNA
nucleotidyltransferase aotivity does in faot measure the terminal
addition enzymic aotivity reported in oalf thymus by Kraknw et al.. (1962)
and Keir A Smith (1963)*

6)) In Landschuts Ascites-Tumour Cells

Terminal DNA nucleotidyltransferase activity was investigated iIn
pH 5 preoipitate fractions prepared from Landschutz oells using the
criteria established in section B) for the measurement of terminal
activity. Actinomycin D has been shown to be a much more potent
inhibitor of replicative DNA nucleotidyltransferase, activity than of
terminal DNA nucleotidyltransferase activity obtained from both the
cytoplasmic and nuolear fractions of non-aqueous oalf thymus preparations
(H. M. Keir, J. Hay A J. B# Shepherd - collaborative experiments) . This
IS, perhaps, not unexpected, sinoe the binding of the antibiotic at
guanine residues (Reich, Goldberg A Rabinowitz, 1962; Goldberg,
Rablnowitz A Reich, 1962) along the DNA-primer molecules would certainly
be expected to interfere seriously with incorporation of the replicative
type, whereas terminal incorporation would be expected to be less susceptible
to inhibition since direct interference would arise only In primer
molecules bearing deoxyruonylyl residues at or near 3*-hydroxy-terminal
positions. The terminal and replicative DNA nucleotidyltransferase

activities ofpH 5 precipitate fractions from Landschutz cells in the presence

and absence of Actinomycin D are shewn in Pig. 31* 25 I’g. of primer

DNA and 5 jwWg of Actinomycin D were used in eaoh assay, since these were



FIGURE 31
Replicative and terminal DNA nucleotidyltransferase activities of

extracts of Landsohuts asoites-tumour oells in the presence and absence of

Aotinonycin D.

The replicative assay mixtures contained: 10 pmoles of tris-HCl buffer,
pH 7.5; 15 pmoles of KCI; 0.08 pmole of EDTA; 1 pmole of 25 pE*
of heat-denatured DNA; 50 mpmoles eaoh of dATP, dGTP ,dCTP and (c(-"2P)_dTTP
(10.8 x 10 oounts/nin./umole) aad 0.05 nl. (150 pg. of protein) of a pH 5

preoipitate fraotion in a total volume of 0.25 ml.

The terminal assay mixtures contained: 10 pmoles of tris-HCI buffer,
pH 751 15 pmoles of KCI; 0.08 pmole of EDTA; 1 pmole of MgCI®; 1 pmole
of 2-meroaptoethanol; 25 pg. of heat-denatured DNA; 50 mpmoles of (E(-2P)-
dTTP (10.8 x 10" counts/min./pmole) and 0.05 ml. (150 pg. of protein) of a
pH 5 precipitate fraotion in a total volume of 0.25 ml. Incubation was

- (0] - - - -
carried out at 37 for the indicated time interval.

The i1ncorporation scale for the two terminal aotivity plots is given
on the right of the figure. (N.B. this scale is tenfold smaller than that

for the replicative assay)

_______ O—-———— replicative activity

——————— e—————— replicative aotivity in the presence of 5 pg. of
Actinonyoin D

——————— “a c t 1 v 1 ty

——————— a---—--—— terminal aotivity in the presence of 5 pg* of
Aotinonycin D
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oonditions suitable for demonstration of inhibition of replioative DNA
nucleotidyltransferase from oalf tliynus tissue* The results obtained
corroborate those obtained with the oalf thymus ensyme since the
replicative aotivity is almost abolished by Actinomycin D# while the
terminal activity remains unchanged* However# the relative amount of
terminal activity in Landschuts oells appears to be much less than that
found In thymus tissue (see section D).

D) In Other Tissues

Terminal DNA nucleotidyltransferase aotivity was also investigated iIn
certain tissues of the rabbit (appendix, liver, spleen and thymus) and of
the rat (spleen and liver)* pH 5 preoipitate fractions of all of these
tissues together with pH 5 preoipitate fractions from Landschutz oells
and fVom non-aqueous nuolear and non-aqueous cytoplasmic fractions (
prepared by the method of Kay et al*f 1956) from calf thymus were assayed
for replicative and terminal DNA nucleotidyltransferase activity. The
results of these assays are recorded in Table 13 whioh shows that the oalf
thymus gland is the tissue whioh has the highest proportion of terminal
DNA nucleotidyltransferase relative to the replioative activity of the
tissuef while Landschutz ascites-tumour has little or no terminal DNA
nucleotidyltransferase activity when compared to i1ts replioative DNA
nucleotidyltransferase activity and to the terminal activities of other
tiniUes.

VI on PPA ft-ya "gasph”
Ascites-TunaUr Cells

A) Thiol Group Inhibitors

DNA nucleotidyltransferase aotivity iIn pH 5 precipitate fractions



TABLE 13
Replicative and terminal WA nucleotidyltransferase activities of

various mammalian tissues.

The replicative reaction mixture containedi 10 pinoles of tris-1ICI
buffer;pH 7.51 15 pnoles cf KCI; 0.08 pmole of EDTA; 1 pnole of MgClgJ
35 pg* of heat-denatured DNA; 50 mpmoles each of dATP, dGTP, dCTP end
(0(-"2P)-dTTP (107 count*/min./pmole) and 100 - 150 pg. of protein from the

indicated pH 5 preoipitate fraction, in a total volume of 0.25 ml*

The terminal reaotion cdxture contained: 10 pnoles of tris-HCI buffer,
pH 7*5; 10 pmoles of KCI; 0.08 pmole of EDTA; 2.5 pmoles of MgCI™; 35 pg*
of heat-denatured ERA; 50 mpmolo3 of ( -~P)-dTTP (107 counts/rain./pmole)
and 100 = 150 pg. of protein from the indicated pH 5 precipitate fraction,

in a total volume of 0.25 ml.

Inoubation time at 37° was 2.5 hr. with the mouse end rabbit

preparations, 2 hr. with the calf thymus and rat spleen preparations and

1.5 far. with the rat liver preparation.



TABIE 13

(B2P)-dPBP Incorporated (mpmoles/og. of protein)

Tissue
Terminal

Rabbit

Appendix 10.31 1.32

Liver 0.34 0.38

Spleen 2.64 0.63

Thymus 17.40 2.04
Rat

Spleen 6.27 1.62

Liver 0.68 0.61
Mouse

Landschutz Ascites-

Tumour Cells 9.34 0.17
Calf

Thymus Non-Aqueous

Nuolei 155 ] 9.90

Thymus Non-Agueous
Cytoplasm 6.9 6.40



was inhibited by several compounds known to react with thiol groups,

and in this way to modify the action of enzymes which oantain thiol
groups. Pigs. 32 & 33 show the affect of increasing amounts of
serkoixyein (2-methylene~3-axooyclopentane carboxylic aoid), i1odoaoetamide
and p-Jydrcnymercuribenzoate cm the activity of DNA nucleotidyltransferase.
The complete reaction mixtures were allowed to stand for 30 min. at 0°
prior to inoubation proper for 60 min. at 37°, in order to allow reaotion
of the enzyme with the inhibitor. It iIs recognised that complete
equilibration may not have been achieved but prior inoubation at 25° for
20 min. or at 37° far 15 min. in the absence of deoxyribonucleoside
triphosphates did not alter the pattern of results significantly.
Prolonged prior incubation was not desirable because of the relative
lability of the enayme.

The effect of iIncreasing amounts of 2-mercaptoethanol and GSH on
the activity of DNA nucleotidyltransferase is shown in Pig, 3k. Neither
2-meroaptoethanol nor glutathione stimulates DNA nucleotidyltransferase
activity under standard assay conditions, but both compounds begin to
inhibit enzymic aotivity above 20 mM, GrSH being the more potent iIn this
respeot.

Inhibition by p-hydroacyraercuribenzoate could be prevented if 2-
mercaptoethanol at 30 nM was added to the assay mixture immediately prior
to the 37° incubation period. Inhibition by sarkonyoin could only be
partially prevented by this procedure, while inhibition by 1odoaoetamide

was In no way reversed. Indeed when these concentrations of 2-



Inhibition of DNA. nucleotidyltransferase aotivity of extracts of

Landschuts asoites-tumour oells by sarkonycin.

The reaotion mixture contained: 5 pmoles of tris-HCI buffer, pH 7.57?
15 pmoles of KCI? 0.1 pmole of EDTA; 1.2 pmoles of BgSO j 50 pg, of heat-
denatured DNA; 50 SMmoles eaoh of dATP, dGTP, dCTP and (K-32P)-dXTP
(0.8 x 10 oounte/min, /pmole) j 0,02 nl. (156 pg. of protein) of a pH 5
preoipitate fraotion and the indicated amount of sarkoiyoin in a total
volume 0.25 ml. The complete reaotion mixture was allowed to stand for

30 min* at 0° before incubation for 60 min. at 37°*
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Inhibition of DKA nucleotidyltransferase activity of extracts of
Landschuts asoites-tumour oells by i1odoacctani&e and p-hydroxymerouri-

benzoate.

The reaction mixture contained: 5 pmoles of tris-HCI buffer, pH 7.5;
15 pnoles of KCI; 0.1 pmole of EDTA; 1.2 pmoles of MgSO™; 50 pg- of heat-
denatured OKA; 50 ipaoles eaoh of dATP, dCTF, dGTP and (<*-327?)-dTTP (1 X
10 oouuta/min./nmole); 0.05 ml- (110 fig. of protein) of a pH 5 precipitate
fraotion and the indicated amount of iodoaocetamide or p-hydroxymerouribenzoate
in a total volume of 0.25 nl. The complete reaotion mixture was allowed to

stand for 30 min. at 0° before inoubation at 37° for 60 min.

0————— iodoaoetamide

————— p- ydroxymerouribensoate
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FIGURE

Effects of GSH or 2-meroaptoethanol on DUA nucleotidyltransferase

activity of extraots of Landsohutz asoites-tumour cells*

The reaotion mixture contained: 5 pmoles of tris-HCl buffer, pH 7.5;
15 pnoles of KCI; 0.10 pmole of EDTA; 1.2 pmoles of MgSO™; 50 pg. of
heat-denatured DMA; 50 mpmoles eaoh of dGTP, dCTP, dTTP and (8-~C)-dATP
(6.2 x 10" counta/min./pmole); 0.05 ml. (110 pg. of protein) of a pH 5
preoipitate fraotion and the indicated amount of 2-mercaptoethanol and

0 ,
GSH. Inoubation was oarried out at 57 for 60 min.

o] 2 -mercaptoethanol
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meroaptoethanol and &SH were added to i1odoaoetamide or i1odoacetate
inhibited assays the residual incorporation of ("2P)-dTMP was virtually
abolished; evidenoe suggests that the DNA nucleotidyltransferase,
along with most of the other proteins iIn the ensyme preparation, was
precipitated and rendered inactive, when 2-meroaptoethanol or G3H plus
1odoaoetate or i1odoaoetamide were present in the assay mixure. These
results of i1nhibition and release of inhibition are summarised in
Table 12*

Similar experiments investigating the inhibition of the terminal
addition reaotion by i1odoaocetamide and p-hydroxymerouribenzoate were
performed (see Table 15). These compounds inhibited the terminal
addition reaotion in a manner essentially similar to their inhibition
of the replioative reaction; however, levels of iInhibition imposed on
the replicative reaction required 2.5-fold higher concentrations of
these iInhibitors to be achieved in the terminal addition reaction*

The phenomenon of 100/o0 inhibition exerted by i1odoaoetamide plus GSil
was observed also in the terminal addition assay*

The effects on the DNA nucleotidyltransferase reaotion of varying
the ooneentration of DNA-primer were determined at constant concentrations
of inhibitors* The results for 1odoaocetamide, p-bydroa”ynerouribensoatc
and sarkonycin are presented in Fig. 35 as double reoiprooal plots
(Lineweaver A Burk , 1934). The results for* eaoh inhibitor gave a linear
plot intersecting at the base line with the oorresponding control plot,

whioh suggests that the inhibition exerted iIn eaoh case conforms to non-



TABLE 14
Inhibition of DNA nucleotidyltransferase aotivity of extracts of
Landsohuts asoites-tumour cells by p-hydroxyaercuribenzoate, i1odoaoetamide

and sarkooycin*

Enzymic activities are expressed as percentages of the activity
obtained under standard assay oonditions whioh were: 5 pmoles of tris-
HCI buffer,pH 7.53 15 pnoles of KCI; 0*10 pmole of EDTA; 1#2 pmole of
MgSO™J 50 pg* of heat-denatured DNA; 50 mpmoles eaoh of dATP, dCTP,
dCTP and (~"-"Pj-dTTP (0*8 x 10" counts/rain*/pride;) 110 pg* of protein
from a pH 5 precipitate fraction and the indicated concentrations of

inhibitor and reversal agent, in a total volume of 0*25 ml*

Reaction mixtures were kept at 0° far 30 min. with inhibitor and enzyme
present* CSH or 2«4Baroa?toethan6l was then added as indicated, and inoubation
carried out at 37° for 60 min. The standard assay representing 100" activity

gave an incorporation of 38*4 mpmoles of ("P)«dTMP/mg* of protein/hr.



TABLE 14

Additions to standard assay

N1l

lodoaoetamide at 8mM

lodoaoetamide at 20nM

lodoaoetamide at 8Solf# GSH at 20nIf

lodoaoetamide at 20mM, GSH at 20sM

lodoaoetamide at 8nKf 2-mercaptoethanol

at 300M

lodoaoetamide at 20nM# 2-meroaptoethanol

at 30mM
p-hydraxymercuribenzoate
p-hydroagnaereuribenzoate

p-hydraxymerouribenzoate
at 20mMm

p-hydroxynercuribenzoate
at 20mM

p-hydroocyxaercuribenzoate
mercaptoethanol at 30nM

p-hydroxymercuribenzoate
meroaptoethanol at 30mM

Sarkomyoin at 12mM

at

at

at

at

at

at

6,6 yM

16,6 yM

6,6 yMT GrH
16,6 yM, G-SH

6,6 yM, 2-

16,6 yM, 2-

Sarkomyoin at 12nl!, GSH at 2QmM

Sarkomycin at 12aM, 2-meroaptoethanol at 30mir

32P)-«ntP Incorporated
(m of standard assay)

100

50

27

92

98

100

108

19
59

56



TABLE 15
Inhibition of the terminal addition reaction of extracts of Landschutz

asoites-tumour cells by i1odoaocetamide and p-hydroxyaercuribenzoate.

Enzymic activities are expressed as percentages of the activity
obtained under standard assay conditions whioh were: 5 pnoles of tris-
HCI buffer pH 7*5; 15 pmoles of KClj 0,10 ymole of EDTA; 1,2 pmoles of
VgS0”™; 50 pg, of heat-denatured DHAfT 80 mpmoles cf (oN-"Pj-dTTP (10N
counts/min,/ymole) and 100 pg, of protein from a pH 5 precipitate fraction,

in a total volume of 0,25 ml.

The complete reaction mixtures were kept at 0° for 30 min, IN the
presence of i1odoaoetamide or p-hydrazymercuribenzoate before assaying.
The appropriate assays received G3H Immediately before inoubation at 37°

for 60 min.



TABLE 15

("P)-dTMP incorporated

(% of standard assay)

Additions to Standard Assay

Nil 100
lodoaoetamide at 20sdf 46
p-hydroxymercuribenzoate at 16.6 pM 25
GSR at 20 mM 97
lodoaoetamide at 20nM plus GSH at 20nM 0

p-hydroxymerouribenzoate at 16,6 pM plus
GSU at 2DvM 95



FIGURE 35
Inhibition of DNA nucleotidyltransferase activity of extracts of
Landschuts asoites-tumour oells by i1odoaocetamide, p-hydroacymcrouribenzoate

and sarkooyoln.

The reaotion mixture contained! 5 pmoles of tris-HCI buffer, pH 7.5;

15 pmoles of KCI; 0,1 pmole of EDTA; 1.2 pmoles of MgSOy, 50 pg. of heat-
denatured DNA; 50 mpmoles eaoh of dGTP, dCTP, dTTP and (8-~C)-dATP (6.2 x
10" counts/min./pmole); 0.05 ml. (110 pg. of protein) of a pH 5 precipitate
fraction and the indicated concentrations of iodoaoetamide, p-bydroxymcrcuri-
bensoate or sarkoiyoin in a total volume of 0.25 ml. The complete reaction
mixture vas alloved to stand at 0° for 30 min. before inoubation at 37° for
60 min. Tho results are expressed as double reciprocal plots (I/v versus 1/s)

v @ mpmoles of (8-"*C)dAHP iIncorporated/mg. of proteii”/hr.

s * pg- of DHA/as3ay

A m sarkocycin at 12 mM

B m p-hydroxyraerouribenzoate at 6.6 pM

C m iodoaoetamide at 8mM ( e——) and at 20 MM & a— )

o] uninhibited standard assay

\Y; N inhibitor present
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competitive Kinetics, the values of being 6.1 x 10 M, 2.5 1 10 M

and 7.1 x 10_6M for i1odoaocetamide, sarkomycin and p-hydroxymerouriben-
soate respectively.

B) Inhibition by Aotinomyoin D

Studies on the i1nhibition of DNA nucleotidyltransferase by
Actinomycin D were performed in collaboration with Dr. H. M. Keir and
Dr. H. Omura.

Pig. 36 shows inhibition of the enzyme activity by increasing

amounts of Actinonyoin D. The inhibitory effect exerted by a constant

amount of Aotinonycin D in the presence of varying amounts of primer-

DNA is presented in Pig. 37 as a double reciprocal plot (dneweaver A
Burk , 1934). These plots of 1/v against 1/s result in lines whioh

have an upward curve in both the iInhibited and non-inhibited cases.
This deviation from the standard Linewcaver-kirk relationship will be
examined 1n more detail later (see Results section VIl). However, the
1/v against 1/s plots intersect on the vertical axis indicating that
Aotinonycin D inhibits the enzyme iIn a competitive manner. Actinomycin

D inhibition of DNA—primed RNA synthesis has been shown to be due to its
ability to bind to guanine residues of the DNA primer (Reich et , 1962;
Goldberg et al., 1962). Kirk (i960) showed that Aotinomyoin D inhibited
DNA nuoleotidyltransferase from E. ooli. and it has been shown that the
antibiotic inhibits highly purified DNA and RNA nucleotidyltransferases
from E. ooli iIn a manner which obeys competitive kinetics with respect to

DNA-primer. Therefore, it is not unexpected that Actinonycin D should



Inhibition of DNA nucleotidyltransferase activity of extracts of

landsohuts asoites-tumour oells by Actinonycin D.

The reaotion mixture contained: 10 pmoles of tris-HClI buffer, pH 7,5;
9 pmoles of XCl; 0.08 pmole of EDTA; 1 pmole of MgC”; 0.5 pmole of

potassium phosphate buffer, pH 7.5? 50 pg. of heat-denatured DNA; 50
gqMolos eaoh of dATP, dGTP, dCTP aad (oC,-52P)-dTTP (1.6 * 106 oouato/nin./
pmole); 0.05 ml. (80 pg. of protein) of a pH 5 precipitate fraotion and the
indicated amounts of Actinomycin D in a total volume of 0.25 ml. Inoubation

vas carried out at 57° for 120 min.
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FiaURE 37
Competitive inhibition of DNA nucleotidyltransferase aotivity of

extraots of Landsohuts ascites-tumour oells by Aotlnanyoin D.

The reaotion mixture contained: 10 pmoles of tris-HCl buffer pH 7*5)
9 pMolos of KCIj 0*08 pmole of EDTAj] 1 pmole of MgCI2J 0*5 pmole of
potassium phosphate buffer pH 7*5) Heat denatured DMNA as indie&ted (pg.);
50 apaoles eaoh of dATP, dGTP, dCTP aad (rt-"Pj-dTTP (16 x 106 oouats/
min./pmole) and 0.05 ml. of a pH 5 preoipitate fraotion (209 pg* of protein)

in a total volume of 0.25 el* Inoubation was married out at 37° for 120

"he reaulta ara expressed aa double reolprooal plots (Lineweaver A

Burk, 193A).

_______ 0-—-————— (no addition) control

------- e——————— 2 pg.- of Aotinomyoin D added.
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behave in a similar manner towards a mammalian DNA nucleotidyltransferase.

VI A Possible Approaoh to Charaotorlsation of the Moleoular
Conformation of DNA Nucleotldviltraneferase

A) General Considerations

During this work atteupts to purify DNA nucleotidyltransferase
preparations from Landsohuts asoites-tumour oells and oalf thymus
tissue were repeatedly frustrated by iInactivation of the ensyme during
fractionation, in gpite of the faot that the utmost care was taken to
prevent suoh a result. In addition, i1t was found that different ensyme
fractions prepared in exactly the same manner could vary enormously in
total activity and in their optimal i1onic requirements. This apparent
extreme fragility and wide variability in properties of the ensyme
preparations led to the concept that, in vivo, the enayme is possibly
a highly organised, well-defined structure, perhaps a "DNA-synthesising
particle, but, that in the present iIn vitro studies a substantial
proportion of the enzyme molecules being investigated readily undergo
some sort of molecular modification or fragmentation. It was with a
view to testing this concept that experiments of the type desoribed 1in
this section were undertaken.

B) Studies on the Iteat-Stablllty QF the Ensyme

Assuming the validity of the enayme fragmentation concept, one would
expect that the greater the degree of fraotionation or purification of
a particular enzyme preparation the greater would be the extent of

fragmentation or degradation. A technique designed to exploit and

\



Investigate this idea was that of prior heating of tho ensyme
(preincubation) followed by inoubation proper at 37° (see Experimental,
seotion IV A, |). The results of preinoubation of soluble extraot,
pH 3 preoipitate, 20 - 45/° anmonium sulphate fraotion and nuclear
extraot at 45° over a period of 25 min. are shown in Fig. 38. The
aotivity of all four fractions is stimulated over the first 2 min.
period of preinoubation. However, the soluble extract fraction is
stimulated by 41# of the initial aotivity and the nuolear extraot by
18/S, while the pH 5 preoipitate and the 20 - 4%° anmonium sulphate
fractions show stimulation of the order of only and 2/s respectively.
The extreme lability of the ensyme is demonstrated by the facts that
prior inoubation at 500 under the same conditions completely abolishes
the aotivity of all four fractions within 2 min. and prior inoubation at
45° in the absence of DNA results in complete inactivation of the enzyme

within a similar time interval.

c) Variation in lonic Requirements

During investigations designed to establish the optimal ionic
conditions for D\Anucleotidzlt[ansfera}se activity in both Landsohuts
ascites-tumour cell and calf thymus fractions, it was noted on occasion
that the optimal requirements for K‘, I\Ia+ and M92+ions differed
significantly from those desoribed previously in section 11 A of the
Results. At first this was interpreted as the expression of different
ionic optima by the replicative and terminal DNA nucleotidyltransferases

and led to the assay, on occasion, of the terminal enzyme at IOTM MgCI2



FIGURE 38
Heat-stability of DNA nucleotidyltransferase activity of extracts of

Landschuts ascites-tumour cells.

The assay mixture contained: 5 umoles of tris-HCI buffer™pH 7,5;
15 umoles cf KCI; 0.15 prade of EDTA; 1,2 umoles of MgSC™j 1.25 pmoles
of 2-mercaptoethanol; 150 PG* of heat-denatured DNA; 75 mpmoles eaoh of
dATP, dGTP, dCTP and (ON-~P)-~TTP (1,9 x 10N counts/oin./pmolo) and 0.05 ml.
of the appropriate enzyme fraction in a total volume of 0.25 ml. Prior
incubation was carried out for the indicated time with enzyme and 75 pg. of
heat-denatured DIT" , pH 7,0 before the addition of the remainder of the assay
mixture containing i further 75 of heat-denatured DNA plus the other
constituents mentioned above, Inoubation then proceeded at 37° for 60 min.
Soluble extract, nuclear extract, pH 5 precipitate and 20 - USFi ammonium
sulphate fractions contained respectively 112, 135, 99 end 161 pg. of protein/

assay,

_______ 0 Soluble extract
___________ . pH 5 precipitate
——————— a 20 - 45f? ammonium sulphate fraction

—————— *————— nuolearextract
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and 40mMKCI. However, as more information became available. It seemed
reasonable to suggest, among other possibilities, that these preparations
contained DNA nucleotidyltransferase moleoulcs differing iIn structure
from those molecules which displayed standard ionic requirements. An
example of this phenomenon is shown in Fig. 39 which consists of Mg2+ion
concentration curves for two such anomalous 20 - 45/* ammonium sulphate
fractions, one from calf ttymus and the other from Landschuts ascites-
tumour cells. The form of Fig. 39 differs very much from the relatively
sharp optimum at 4mM % 2‘ions usually obtained for the Landschutz enzyme
(see Fig. 21) and the calf thymus ensyme (3ee Results, seotion Il B).
This phenomenon of irregular response to i1onio conditions was also
observed on several occasions with respect to K* and Nations. In order
to i1nvestigate this problem further, the i1onic characteristics of
preparations from both calf thymus and Landschutz tissues were examined
simultaneously. This approach had the advantage that i1t brought a third
variable, namethe difference in source of the enzyme fractions, into
play iIn addition to the M92+ion variability and the physical separateness
of the two <nzyme preparations. It was hoped iIn this way to show that
there can be variabilities iIn the optimal i1onic requirements of different
DNA nucleotidyltransferase preparations depending on such factors as
method of extraction, duration of extraction and source of enayme.

The results of two such oo-ordinated experiments are shown in Figs. 40
€41. Fig. 40 represents the ratio of the DNA nucleotidyltransferase

aotivity of a oalf thymus 20 - 45/* ammonium sulphate fraction to that



FIGPRE 39
_ _ +_ _
An ex/nple of an anocaialoua relationship between M92 10N conoentration
and the DM nucleotidyltransferase activities of 20450 anmoniumsulphata

fractions prepared from oalf thymus tissue and Landschuts ascites*tumour

oells*™

The reaotion mixture contained: 5 pnoles of tris-41Cl buffer, pJ17*5;
15 umoles of KCI) 0*08 pmole of EDTAj the indicated amount of MAO/;
50 pg* of heat-denatured DNAj 50 mpmoles eaoh of dATP, dCTP, dCTP and
((A-"NJ-dTTP (7*2 z 10" oounts/min/pmole) and 0*01 ml* of oalf thymus ens“yme
fraotion (114 pg* of protein) or 0*02 ml* of Landschuts ensyme fraction

(94 Pg* ofprotein) 1in atotal volume of 0*25 ml*
Inoubation waacarried out at 37° for 45 min*

© oalf thymus preparation

————— e Landschuts ascites - tumour preparation*
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FIGURE 40
DNA nucleotidyltransferase activity of extraots cf oalf tfymus tissue

and Landschuts ascites-tumour oells as functions of Mgza}on concentration™®

The fractions sere obtained by i1dentical extraction and purification
tt A A AV E v A kJKc" it

f n \ i VL*
procedures (see Results, section 1)9 and the results arc expressed as the

ratio of thymus aotivity to Landschuts activity*

The reaction mixture contained! 5 pmoles of tris-HClI buffer;pH 7.5;
15 pmoles of KCI; 0*08 uaole of EDTA; the indicated amount of KMNO™;
50 pg* cf heat-denatured DNA; 50 mpmoles each of dATP, dGTP, dCTP and
(Ne"PJ-dTTP (8*8 x 10" counta/ndn*/prnole) arL 0*01 ml* (171 pg. of
protein) of a oalf thymus ammonium sulphate fraction or 0*02 ml* (142 pg*
of protein) of a Landschuts ammonium sulphate fraction in a total volume of
0*25 ml* Incubation was carried out at 37° for 90 min.

K .. 'v* - e Foel & MV 00 R L Y -* v . jSt ) RN AT § ~ a*' c*'v.

Optimallenzymic aotivity at 4 mM MA50™ was™

1) calf thymus; 21*8 mpmoles of (32p)
-dTTP inoorporated/mge of protein/
90 min*

2) Landschuts; 11*5 mpmoles of (32p)
-dTMP i1ncorporated/mg* of protein/
90 min*
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FISURK 41
MIA nucleotidyltransferase activities of extraots of oalf thymus
tissue snd Lendsohuts asoites-tumour oells as functions of K* end Nation

oonocntrations™

The results are expressed as peroent stimulation or percent
inhibition of the ensymio ao}ivity in fhe ?bgggpe of Na* and K*;gns*i
The latter aotivity was 5*75 and 2*99 mpmoles of (32p) -dTMP incorporated/
mg* of protein/45 min* respectively for the oalf thymus and the Landschuts

ensymes*

The reaotion mixture containedi 5 pmoles of tris-H61 buffer™pH 7*5;
the indioated amount of KCI er NaCl; 0*06 pmole of EDTA; 1 pmole of
MgClpj 50 pg* of heat-denatured ERA; 50npmoles each of dATP, dCTP,
dCTP end (/~2P)-dTTP (15*7 x 10" ooimts/min*/pmolc) and 0*01 ml*

(114 pg* of protein) of a oalf thymus 20-45% ammonium sulphate fraotion or
0*02 mbi* (94 pg* of protein) of a Landsohuts 20-45% ammonium sulphate

fraction in a total volume of 0*25 ml* Inoubation was carried out at

37® tor 45 *In.

A; °> oalf thymus preparation
a, e, Landsohuts preparation
————————— K*lon ooneentration

Nation ooneentration™
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of a similar fraotion from Landsohuts cells at various Mg ion
concentrations. Pig. 41 is the result of a similarly designed
experiment investigating simultaneously the Na* and K*i1on requirements
of 20 - 45/ ammonium sulphate fractions from oalf thymus tissue and
Landsohuts cells. To permit a better correlation of the various
activities the results are expressed as percent stimulation of the
enzymic activity in the absence of Na‘ or Klions-

These two sets of results together with those shown in Figs. 21
A 39 iIndicate that there oan be variability of fonic requirements among
enzyme fractions prepared at different times or from different sources,
whioh msy be due to differences in the maoromolecular integrity of
the DNA nucleotidyltransferase molecules In these preparations.

D) Kinetic Studies

Preliminary kinetic studies involving the effect of DNA
concentration on the rate of the reaction for ensyme preparations from
Landschutz oells were undertaken. Fig. 42 shows a typical double
reciprocal plot (I/v against 1/a) plot over the range, 0-15 pg. of
DNA phosphorus/assay for a pH 5 preoipitate fraction. The sigmoid
curve 1Is representative of many results obtained with soluble extract
pH 5 preoipitate and 20 - 45/ ammonium sulphate fractions. The
reciprocal of the square of the substrate concentration was then plotted
against the reciprocal of the velooity (i.e., 1/v against 1/s2) for the
range 0.9-15 pc* of DNA phosphorus/assay (Fig. M). When points at

n . ) .2
the higher substrate concentrations are presented as 1/v against I/s,



FIGEStS 42
Double reciprocal plots (I/v against 1/a) for DNA nucleotidyltransferase

aotivity of extracts of Landsohuts asoites-tumoftr cells.

The reaction mixture contained: 5 proles of tris-HCl buffer, pH 7*5;
15 pnoles af KCI) 0,08 pmole of EDTA) 1 pmole of MgSO™j 1,25 pmole of 2-
neroaptoethanol) 0-0,15 PG* of DNA phosphorus (heat-denatured) as indicated)
50 nprooles each of dATP, dGTP, dCTP and (~e"2p)-dTTP (9*6 x 10~ counts/min,/
pmole) and 0,05 nl* (149 PG* of protein)of a pH 5 preoipitate fraction in a

total volume of 0,25 ml. Incubation was carried out at 57° for 60 min,

v « enzyme velocity is expressed asmpmoles (***?)-dTMP i1ncorporated/
mg, OF proteixy“hr.
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FKrURB 43
Double iboiprooal plots (1/r against 1/7a2) for IXfA nucleotidyl™*

transferase aotirity of extracts of Landsohuts asoites*tumour oells.

This figure is composed of the information In Fig. 42 presented in

another manner (see text).
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the plot is apparently linear but i1t deviates from linearity vhen
the lover substrate concentrations are presented In a similar manner
(see Figs. 42 & 43)* This might possibly be explained by assuming
that at higher DNA ooneentrations eaoh moleoule of ensyme binds two
molecules of single-stranded DNA., but only one at low DNA concentrations
(Webb, 1963; Frieden, 1964)* In this context it is iInteresting that
the rate of DNA. nuoleotidyltransferase activity would seem to be
greater for a given <$iantity of DNA at the lower DNA concentrations.
Also Fig. 379 which consists of 1/v against I/s curves for control
and Aotinonyoin D inhibited assays, shows non-linear relationships for
the i1nhibited and non-inhibited enzyme. However, when 1/v Is plotted
against I/oA for the results iIn Fig. 37 a relationship whioh approaches
linearity is obtained (Fig. 44). This kinetic evidenoe suggests that
at higher concentrations of substrate the enzyme may bind simultaneously
two molecules of DNA (Reiner, 1939; Frieden, 19&4; Webb, 19&3).

B Exgre JmsSiSUtiVI

It is apparent from the rapid loss of ensymio aotivity on storage
at 0° in the absence of EDTA and 2-meroaptoethanol that DNA nucleotidyl-
transferase from Landsohuts asoites-tumour oells is an ensyme whioh
is very easily Inaotivated and consequently must be handled with great
oare. Before 2-meroaptoethanol and EDTA were routinely included in all
enzyme fractionation and storage operations, the enzyme very rapidly

lost aotivity even when the utmost oaution was observed during manip-

ulation. During this "pre-raeroaptoethanol phase', many other ensyme



FIGURE U.
Double reciprocal, plots (I/v against I/s for oontrol and Aotinonyoin
D inhibited DNA nucleotidyltransferase activities of Landschutz ascites-

tumour oells.

This Ffigure is oonposed of the information in Fig. 37 presented in

another manner (see text).

-0 (no addition) oontrol

a————— 2 pg. of Aotinonyoin D added
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fractionation techniques were investigated with a view to purifying

the enzyme, both from Landschuts oells and calf tlymus tissue* These
included acetone fractionation and oolumn chromatography try ion-
exchange (DEAE-cellulose, DKAE-Sephadex and CM-Seph&dex) under
oonditions whioh allowed the adsorption of the enzyme on to the

column* The protein recovered during these procedures was completely
lacking in DNA nucleotidyltransferase activity* Indeed, gel fTiltration
was the only technique which achieved any measure of success during
this period* Whether these techniques will meet with greater suooess
when they are employed in the presence of 2-mercaptoethanol remains to
be seen, but their earlier failure only serves to emphasise the
fragility of the DNA nucleotidyltransferase molecule from both sources*
It 1s indeed significant that later and successful experiments involv-
ing chromatography on hydroxylapatite have iIncorporated 2-meroaptoethanol
and EDTA*

During enzyme fraotionation, dialysis was rdutinely employed as
the method for the removal of unwanted ions which might inhibit DNA
nucleotidyltransferase aotivity e*g., (NHM)ions after ammonium sulphate
fractionation, or excess K*ions in the pH 5 precipitate or soluble
extract fractions. Loss of activity was often observed after dialysis
and an example of this is shown in Fig* 45 for both calf thymus and
Landschutz enzymes* Thus prolonged periods of dialysis have been shown
tc 1nactivate DNA nucleotidyltransferase from both souroes. Whenever

possible dialysis was restricted to periods of 2 - 3 hr. Sinoe there



FIGURE 45

The effeot of dialysis on the DItA nucleotidyltransferase activity of

extracts of oalf thymus tissue and Landschuts asoites-tumour cells*

The reaotion mixture contained: 5 umoles of tria-HCI buffer, pH 7,5j
15 Unolos of KCI; 0.06 uoole of EDTA; 50 ug. of heat-denatured DMVA; 50
mpmoles eaoh of dAfP# dCTP, dGTP and (o(-"p)-dTTP (2.4 x 10™ oonnts/min./
finole) and 0,02 ml, of the indicated 20 - 45% anmonium sulphate fraction in

a total volume of 0.25 ml. Incubation was carried out at 57° far 60 min.

Dialysis was performed on a 1 ml, portion of ensyme in a 71, volume of
0O.00IM-potassium phosphate buffer?pH 7,5. The protein content of eaoh fraction
was assayed before and after eaoh dialysis, and was in the range 140 - 180 US*/

assay for all ensyme assays.

. calf thymus preparation

—————————— o------Landschuts preparation



40

30

io

(N13L08d 4O ‘bu/szjow )
3LYHOQYOONI dWL P-(d,.]

20

DIALYSIS (HR)

FIGURE 45 .



is little or no change in the environment of the enzyme during the
experiment desoribed in Fig. 45 i1t would seem fair to conclude that
the i1nactivation observed is simply an acceleration of the deoay
process encountered during storage at 0° (see Fig. 25)*

The results reported in this seotion serve to emphasise the

extreme fragility of the enzymes which are engaged in DM biosynthesis

within mammalian cells.






DISCUSSION

| Studies on Mamaalian DNA Nuoleotldyltranaferaaea
A Landachutt Aaoitca-Tunour Cell Bngyne Fractionation

1 CoBparlaon with Previous Work on Igndaohutz DNA
Nuoleotldyltranaferase

The results shown in Table 1 for the soluble extraot and pH 5
preoipitate fraotions are essentially the same as those of Keir (1962)
who used the same fractionation procedures. However, the purification
IS not as great as that previously obtained, because the inclusion of
2-meroaptoethanol and EDTA during extraction has almost doubled the
aotivity of the soluble extract, whioh results in a fall iIn the
overall purification (see Disoussion, seotion I B 6 A 7).

The ammonium sulphate step also aohleves a significant purification,
but i1ts greatest merit lies iIn the faot that the 20 - 4%/ fraotion 1is
muoh more readily soluble than the pH 5 precipitate fraction. Thus,
it Is possible to prepare oonoentré&ted solutions (up to 30 mg. of protein/
ml.) of the 20 - 45/* ammonium sulphate fraotion, whioh are satisfactory
for application of the ensyme to columns for further fractionation, when
It Is neoessary to add as small a volume as possible. Deviation from
linearity with respeot to inoubation time for the ammonium sulphate
fraction (see Fig. 15) after 60 - 90 min. 1s unexpected, when compared
to the linearity of the aotlvitlew of the soluble extraot and pH 5
preoipitate fractions, as it seems unlikely that it will be caused by

such factors as exhaustion of substrate or excessive nuclease aotivity.



It may be that the ammonium sulphate step in some way makes the ensyme more
susceptible to inactivation so that on inoubation at 37° for long periods
It 1s more readily denatured than the other fractions (see Discussion,
section I T

The hydroocylapatite step is an important advance in the fraction-
ation process and promises to make large amounts of nuclease-free DNA
nucleotidyltransferase readily available, sinoe column chromatography on
a large scale under gravity flow (i.e., without artificially applied
pressure) has been shown to be efficient for the separation of the two
enzymes in E. coll DNA nucleotidyltransferase preparations, (H.V. Aposhian
personal communication).

2) Evaluation of Nuolease Activity

2.75?" of the DNA-primer is rendered acid-soluble during a 60 min.
inoubation period by an average DNA nucleotidyltransferase preparation,
while DNA amounting to 7*4” of the primer is synthesised. Far reasons
given in the Results, section I B 3# it may be that even less of the
primer-DNA is lost in the acid-soluble fraction in the DNA nucleotidyl-
transferase assay. Therefore, from the point of view of investigating at
least some of the properties of the ensyme, the present system is fairly
satisfactory. However, for definitiveexperiments Investigating the role
of primer and the nature of the product in the reaction it will be
necessary to use DNA nucleotidyltransferase preparations free from nuclease
contamination, for, although only a small fraction of the primer becomes
acid-soluble, there are almost certainly many nuolease breaks in the

remaining aoid-precipitable primer and product. A good example of this



problem was encountered in the oourse of caesium chloride density gradient
analyses of the product of the reaotion (see Results, section 11l B) e~
The i1nformation which oould have been gained from the same experiment
using a nuclease-free ensyme would have been of muoh greater value than that
obtained iIn this work, and therefore, efforts to rid large amounts of the
ensyme of nuolease contamination must be continued. This oould dearly be
achieved by hydroxylapatite chromatography (see Fig. 12), but additionally,
it would be advisable to check that the DNA nucleotidyltransferase peak is
completely free of nuclease, using an assay which iIs more sensitive than
the spectrophotomstrio one employed In this work, e.g., retention of
transforming aotivity of bacterial DNA or of infeotivity of viral DNA
woulld offer an exoellent criterion of absence of nuclease (Nester, Schafer
A Lederberg, 19631 Weil, 1961).

3 Evaluation of Phosphatase Activity

The deoxyribonucleoside triphosphatase aotivity of the various
Landsohuts enzyme preparations is negligible under the conditions of the
DNA nucleotidyltransferase assay. This iIs perhaps not surprising, since,
for cellular economy, it would be unsuitable to have within the oell
enzymes which destroy optimally the precursors of DNA, under the oonditions
most favourable for DNA. synthesis. However, these phosphatases may be
chromosomal ly bound and not released into the DNA nucleotidyltransferase
fractions used here (Siebert, 1963) « Therefore, problems which would have
arisen in this work, if there had been appreciable triphosphatase activity

can be discounted. However, Gold A Helleiner (1964) using ("2P)-labelled



substrates have found that their L oell DNA. nucleotidyltransferase
preparations contain appreciable triphosphatase activity. Therefore,
It 1s possible that different cell systems may give different degrees of
contamination with triphosphatase.

4) Nuaaal™ n

DNA nucleotidyltransferases from three other mammalian tissues,
calt thymus (Bollum, 1960), L cells (Gold & Helleiner, 1964) and Walker
carcinoma (Furlong, 1965) have been purified In a manner very similar to
that desoribed here for the purification of the Landschuts ensyme.

With the oalf thymus enzyme a purification of some 50-fold has been
achieved iIn a preparation whioh has undergone aoid precipitation,
ammonium sullphate fractionation, BEAE-celluloae chromatography and
refractionation with ammonium sulphate. The activity of this fraotion was
38 mpmoles of (*')-deoxyribonucleoside 5*-monophosphate incorporated/mg.
of protein/hr# The L cell system has been purified 15-fold iIn exactly the
same manner except that the aoid precipitation step was omitted, resulting
in a fraction with an aotivity of the order of 23 mpmoles of ("P)-
deoxyribonucleoside 5*-monophosphate incorporated/mg. of protein/hr. The
Walker carcinoma enzyme has been purified by a method closely similar to
that described here to give a fraction with an activity of 6-7 mpmoles of
(") -deoxyzdbonuoleoside-59-monophosphate incorporated/mg. of protein/hr.,
resulting In a purification of approximately 20-fold. The higher
purification figures, when compared to those obtained in this work for the
Landsohuts ensyme, oan BZ accounted for by the faot that all three enzymes
have a very low aotivity iIn the fraction which corresponds with the

Landschutz soluble extract, the activities being respectively 0.7* 1.6 and



0.3 mpaolea af (“P)-deaxyribanuclooside 5" -tnooophoophate incorparateVnc.
of progein/hr., whereas with the Landschutz enzyme an activify of at Jeast
4 -5 nm oles has been achieved routinely iIn the soluble extracts (see
Discussion, section | B 6 A 7) -

Therefore, i1t would seem either that the extraction oonditions
employed iIn this work were superior or that tho enzyme from Landschutz cells
is more soluble or more active than the others. In other respects the
purification procedures for all four DNA. nucleotidyltransferases and for
the DNA nucleotidyltransferase from regenerating rat liver (Mantsavinos,
1964) ere very similar, suggesting very probably that DNA nucleotidyltrans-
ferases from these sources are basically alike,

5 Comparison with Bacterial Systems

Investigation of DNA nucleotidyltransferases from bacterial sources
has been pursued most extensively by Komborfc and his colleagues with the
E, coli and B. subtills systems (see Introduction, sectionV A 3)e

Using techniques very similar to those used for the fractionation of
several mammalian DNA nucleotidyltransferases (see section 4 above) a
purification of DNA nucleotidyltransferase from E, coli of approximately
5,000-fold has been achieved. The B, subtilis enzyme, using the same
procedure of soluble extraction, followed by phase separation in Dextran
500 and polyethylene glycol to remove nucleic acid, ammonium sulphate
fractionation, DBAE-oellulose chromatography, phosphocellulose
chromatography and finally hydraxylapatite chromatography, has been

purified 400-fold, These bacterial enzymes ore apparently much more stable



than their mammalian counterparts, and can therefore withstand more
rigorous treatment. This appears to be a general rule, when comparing
bacterial and mammalian enzymes, and in this respeot DNA nucleotidyltrans-
ferase is no exception.

These two bacterial DNA nucleotidyltransferases appear to be very
similar in their purification patterns and properties except for the faot
that 1t has been impossible, so for, to obtain from E, ooli an enzyme
preparation, which is completely free of nuclease (Richardson, Schildkraut,
Aposhian & Komberg, 1964a), whereas this has been achieved in prepara-
tions of the JJ, subtills enzyme (Okazaki & Romberg# 1964)* It has been
shown that the nuolease aotivity (exonuclease 1l1), which accompanies the
E. coli DNA nucleotidyltransferase throughout the purification procedure,
acts by sequentially releasing deoxyribonucleoside 5*-monophosphates from
the J"-hydroxy-temini of the primer molecules (Lehman & Richardson, 1964) -
Whether this final (liydroxylapatite) fraction of E, coli DNA nucleotidyl-
transferase consists of one protein with two enzyme activities or of two
separable enzymes i1s a gquestion which has not yet been settled. Certain
observations, ~jowever, suggest that the two enzyme activities of the
fraction may be due to the presence of two proteins. These include the
facts tiiat there are different pH optima for the two enzyme activities,
7*4 for DNA nucleotidyltransferase and 9*2 far exonuclease 11, that while
y -phosphoryl nucleotides are not attacked by the nuclease they do not
inhibit it as they do the DNA nucleotidyltransferase, and that the

preparation has not been crystallised.



Therefore, when comparing the purification of the Landschutz enzyme
with those obtained for bacterial DNA nucleotidyltransferases one readily
appreciates the greater advances, which have been made iIn the enzyxnology
of the baoterlal cell. Nevertheless, the similarity of the fractionation
procedures suggests that mammalian and bacterial DNA nucleotidyltransferases
probably have a similar structure. In fact, from the likeness of the
respective hydroocylapatite chromatographic patterns it might be contended
that the nuclease-DNA nucleotidyltransferase complement of Landschutz cells
has much in common with those of E, ooli and B, subtills cells. However,
suoh ccnc uaions await a more comprehensive purification and characterisation
of both the DNA nucleotidyltransferase and nuolease activities of the
Landschutz asoites-tumour cell,

6) Location of DNA Nucleotidyltransferase Within the Cell

Current knowledge of the location of DMA nucleotidyltransferase
within the mammalian cell has been reviewed (see Introduction, sectionV D),
This problem was not extensively investigated during this work, but It seems
appropriate to mention, at this point, impressions tamed as a result of
observations on nuclear extract preparations and on fractions isolated by
a modifies 1on of the non-aqueous extraction procedure of Kay et al, , (1956)
(see Experimental, seotion 11 D). The information given in Fig, 38 shows
that the soluble extract is approximately 6 times as active as the nuclear
extract, which i1s typical of the distribution of DNA nucleotidyltransferase
aotivity between the 105,000 g supernatant and sediment fractions. Also

prior treatment of the cells with non-aqueous solvents did not yield



fractions with appreciably higher activity, as might have been

expected 1T the non-aqueous treatment had removed lipid-soluble components
Tfro® the nuclear membrane and other intracellular structures, thereby
facilitating the release of more DNA nucleotidyltransferase from these
various structures during the subsequent aqueous extraction procedure,
These results serve to substantiate previous evidence from this laboratory,
whioh suggests that the DMA nucleotidyltransferase of Landschutz cells may
be predominantly located in the initially soluble material of the cell
(Smellie et al.. 1959% Smellie & Eason, 196c), However, a definitive ntudy
of the intracellular location of the enzyme in Landschutz cells has not yet
been undertaken owing to the relative resistance of the cells to disruption
by the traditional methods.

A further complication arises from the fact that a large proportion
of the cell3, from which enzyme fractions Were prepared, may not have been
actually ©imaged in DMA synthesis at the time of removal from the mioe, for
1t 1s loioan that most of the cells present iIn the tumour fluid at the 8th
and 9th days after inoculation are necrotic (Siogler & Koprowaka, 1962),
During tliis work a practice was made of collecting ascites-tumour fluid
5 -7 days after inoculation, but even at these earlier times variations in
the activity of the extracted DNA nucleotidyltransferase have been observed
suggesting that a variable proportion of the oells contain active enzyme at
the time of enzyme preparation. Thus, these observations do not contradict
the more objeotive work of Keir et al,, (1962), Smith A Keir (1963)#
Masia & Hinegardaar (1963)# Main & Cole (1964)# Littlefield et al,, (1963)

Keir & Gold (1963)# and Gold & Helleiner (1964) with various mammalian



tissues, which has led to the conclusion that the enzyme may he bound
in particulate farm, within the nucleus during EITTA synthesis end is
distributed, in soluble fora, throughout the cell et other times (see
Introduction, section V D).

B Optimal Assay Conditions

1 Protein Concentration and Incubation Time

Fig, 16 shows that DNA nucleotidyltransferas®O activity was linear
for protein concentrations up to 120 fig./assay. Deviation from linearity
in the range 120 - 200 jJg, was minimal; i1ndeed, in several soluble czrtract
and pH 5 precipitate fractions linearity up to 240 jg. of protei’™/a*say
has been observed. Loss of the linear relationship at high protein
concentrations was possibly due to interferenceof a steric nature with the
polymerisation reaction or chelation of the Mg 1on requirement by the other
proteins present iIn the enzyme preparation. This explanation would seem more
probable ihan the postulates that substrate exhaustion and product destruction
are the responsible factors, since i1t has been shown that there is very
little, if any, triphosphatase activity In the assay (see Results, section
I B 4) and that the DNasel activity of the enzyme preparation also falls off
with iIncreasing protein coneantration (see Fig. 14).

-ig. 15 shows that the enzyme activity waslinear over a 120 min,
inoubation period at 37° for soluble extract and pH 5 precipitate fractions.
However, 20 - 45~ ammonium sulphate fractions tended to lose activity
after 60-90 min. of incubation at 37°. Beyond the 120 min. period loss

of proportionality with incubation time was very variable and tended to



depend very largely on the individual ensyme preparation. On occasion
linearity beyond 180 min. was observed. The most probable reason
for loss of aotivity on prolonged inoubation would seem to be heat
inaotivation at 37°* Fig. 36 shows that all enzyme fractions have lost
more than 50% of their initial activity after prior incubation at 45°
for 25 min. Prior incubation at 50° has been shown to abolish almost
all enzyme activity within a few minutes, while prior incubation at 40° for
25 min. has been shown to inhibit a soluble extract fraction by more than
20/) Therefore, heat-in&ctivation of the enzyme would soem to account for
loss of activity on prolonged incubation more reasonably than exhaustion of
substrate or destruction of product. However, where an actual fall of
activity was observed on prolonged incubation (see Fig. 29) it seems
probable that this was due to destruction of product by nuclease after
heat-aotivation of DNA nucleotidyltransferase. The earlier i1naotivation
of the 20 - 45/5 ammonium sulphate fraction suggests that it may be more
labile than the soluble extract or pH 5 precipitate fractions (see
Discussion, sections 1 A H 1 H),

2) Primer Requirement

DNA nucleotidyltransferase has been shown to have an absolute
requirement for primer DNA (see Fig. 19); 50 pig. of heat-denatured DNA
appears to be sufficient to support maximal aotivity over an incubation
period of 60 min. (see Figs. 19 & 20). Table 5 presents data which indicates
that heat-denatured DNA primds the reaction to a greater extent than native

DNA for soluble extract, pH 5 preoipitate and 20-40/ ammonium sulphate fractkn



Thia presents a conceptual problem since, these results suggest that
denatured DNA iIs a more suitable substrate than native DNA for DNA
nucleotidyltransferase. However, substantial regions of single-stranded
DNA hare not been detected iIn the chromosomes cf mammalian systems and one
wonders how these two facts can be reconciled. This question will be
discussed more fully iIn the Discussion, seotion I H. Highly polymerised
RNA from two sources has been shown to be unabfeto prime the reaotion

(see Table 5). This faot agrees with the experience encountered iIn all
other iIn vitro DNA synthesising systems,

3) Bivalent Cation Requirement

DNA nucleotidyltransferase has been shown to have an absolute
requirement for a bivalent cation (see Fig. 21). Ng 1ons are by far
the most efficient far stimulation cf ensymic activity. Un24ions will
support synthesis but only to about one fifth of the activity at optimal
concentrations of Nngions, CaZLions on the other hand fail entirely to
support synthesis. The role played by Ng2*ions In promoting the activity
of DNA nucleotidyltransferase i1s probably an i1onic binding effeot by whioh
It maintains the ensyme primer complex In the configuration required for
efficient polymerisation of deoxyribonucleoside 59-triphosphates
(lowenstein, 1958; Dixon A Webb, 1960).

Zn2+ions have been found to inhibit DNA nucleotidyltransferase in
the presence of both Ngz+ions and EDTA. This fact is important because
Lleberman A Ove (1962) have shown that there i1s a requirement for Zno-ions
for the development of the ability by certain cells iIn tissue culture to

enter DNA synthesis. The increase in DNA nucleotidyltransferase activity,



whioh appeared In oells engaged in DNA synthesis, was prevented by haring
EDTA in tho oulture medium throughout the experiment; the effect was
abolished by Zn 1ions (Liebesrman et al*, 1963) « The nature of the Zn 1ion
requirement, whioh disappears after the initial phases of preparation for
oell division have been completed, is unknown* However, It seems that iIn
the Landsohuts iIn vitro system a simple cofactor function of free Zn 1ons
In the reaction can be ruled out*

4 pH Optimums Univalent Cation and EDTA Requirements

DNA nucleotidyltransferase exhibited a pH optimum in the region
pH 7*2 e 7*4 (see Fig* 18), which represents the upper range of the pH
environment of most mammalian cells* The intracellular pH of the
Landsohuts cell i1n vivo may, however, be slightly on the aoid side as
the metabolic processes of the oells within the peritoneum are almost
totally anaerobic*

DNA nucleotidyltransferase aotivity did not show an absolute
requirement for K* or Nations, but i1t was stimulated by both of them,
the farmer being by far the mere effective (see Fig* 22)* The optimal
concentration for stimulation by eaoh ion was in the region of 50 - 60nM,
tf? and iona, stimulating activity by 120" and 25f? respectively*
Therefore, i1t Is olear that K+ions have a greater capacity than Na*ions
to stimulate SNA nuoleotidyltransferase* The biological significance
of this finding, which agrees with that of Walwiok & Main (1962), who
used rat thymus DNA nucleotidyltransferase, will remain obscure until the

nature, site of action and location within the cell of DNA



nucleotidyltransferase become more fully established, but it
presumably is closely related to the size of the hydrated ion and its
participation along with Mgz*ions in catalysis %Lowenstein, 1960) .
Finally, 1t must be emphasised in this content that the enzyme was newer
assayed In conditions completely free from a univalent cation because
of the presence of tris-fICl buffer iIn the assay system*

The EDTA requirement of DNA nucleotidyltransferase as shown in
Fig. 23 was absolute. However, iIn many cases there was substantial
activity in the absence of ETTA, and this was optimally stimulated by
the addition of ETTA to the assay mixture at concentrations in the range
0.32 - 0.48eK. These observations together with those concerning the
preparation and storage of the enzyme in the presence of 2-mercaptoethanol
and EDTA (see Table 7) indicated that the EDTA effect in the assay was
due to 1ts chelation of inhibitory cations like Ca2t and Zn2+ which might
be present as impurities in chemicals or iIn the water supply used in the
assay system. The enhancement of storage properties of enzyme fractions
prepared In a medium containing EDTA woQld appear to be due to these
same chelation properties which would prevent slow inactivation of the
enzyme by trace amounts of inhibitory cations. In support of this theory
of the mechanism of KDTA activation is the evidence of Williams (1959),
whioh shows that oations suoh as Zn and Ca , whioh inhibit DNA
nucleotidyltransferase, are oomplexed in preference to Mgz+ions by EDTA.
Therefore, it would appear that those preparations, which displayed an

absolute requirement far EDTA, did so because they or their assay mixtures



contained abnormally high quantities of inhibitory bivalent cations.

5 Deoxyribonucleoside Triphosphate Requirement

The relationship between deoxyribonucleoside 5*-triphosphate
concentration and enzyme activity is presented in Fig. 2¢, from which it
would appear that 50 mjunoles each of dATP, dGTP, dCTP and dTTP/assay were
sufficient for maximal DNA nucleotidyltransferase activity during a
60 min. @Incubation period, the other components of the reaction mixture
being at optimal concentrations.

Table 6 indicates that the reaction required all four deoxyribon-
ucleoside 51Mtriphosphates far optimal aotivity. Figures quoted in the
Results, section Il A 7# for cases in which each of the four deoayrlbon-
uoleoside 5*-triphosphates was In turn replaced by the corresponding
deoxyribonucleoside 5*-monophosphate substantiate the requirement for four
deoxyribonucleoside 5f-triphosphates. “".Tren the four deoagrribonucleoside
5" -monophosphates cr (~-"Pj-aTTP alone were present in the assay mixture
no significant incorporation could be detected. However, figures for the
four deoxyribonucleoside 5f-diphosphates, and especially those for
(<<= P)-dTTP plus the three complementary deoxyribonucleoside 5f-
monophosphates and those for (d-7~P) -dTTP plus the three complementary
51-diphosphates seem to be rather high for an enzyme, which is thought to
require all four deoxyribonucleoside 5fetriphosphates for BKA synthesis.
This can be most readily explained by the presence of an enzyme or enzymes
in the 20 - ammonium sulphate fractions, which catalyse transphoa-

phorylation reactions. Thus, significant amounts of the four deaxyrlbon-



uclooside 5*-triphosphates would be formed and DNA synthesis catalysed
by DNA nucleotidyltransferase would follow. This theory Is supported
by two further observations from Table 6:-

)] V/hero (<*- P)-dTTP was present, this unexpected incorporation
was greatest. This might be expected, since transphospharylation is mare
likely to take place when nuoleoside triphosphates, which have a high
energy oontent, are present (Strorainger, Heppel & Maxwell, 19591 Heppel,
Strominger & Maxwell, 1959) -

1)) TChere (0™-"P)-dTTP was present together with the three
complementary deoxyribonucleoside 51-diphosphates incorporation was
higher than when it was prosent together with the three deoxyribonucleoside
5* -monophosphates. Since, In the first case a lesser degree of trans-
phosphorylation would have to take place before a sufficient amount of the
four deoxyribonucleoside 5’°-triphosphates became available far DNA
synthesis, this result might also bo expected.

Therefore, it may be concluded from the data presently available
that DNA nucleotidyltransferase from Landschutz ascites-tumour cells is
specific in 1ts requirement for the four complementary deoxyribonucleoside
5f-triphosphates and that the enzyme preparations used in this work
appeared to be contaminated with an enzyme or enzymes, which were capable
of catalysing transphospharylation reactions among the four deoxyriban-
ucleotides at all levels of phosphorylation,

6) 2-morcaptoetlianol Requirement

Prom observations made during this work it was apparent (see Pig, 54)

that 2-mercaptoethanol was neither an absolute requirement nor a stimulant



far DNA nucleotidyltransferase activity, Nevertheless, i1t became clear
that thiol groups played an important role in the maintenance of enzymic
activity (see Figs, 32 & 33)» and it was established that 2-oarcaptoethanol
greatly enhanced the activity and storage properties of fractions prepared
in 1t3 presence (see Table 7) = Therefore, 2-mercaptoethanol at 0,005M

was included In the assay medium to help maintain tho integrity of the
enzyme molecules during incubation rather than to stimulate enzyme activity
(see Discussion, section I H),

1)) Comparison with Other Mammalian Systems

Y/hen the characteristics of DNA nucleotidyltransferase from Landschutz
ascites-tumour cells are compared with DNA nucleotidyltransferases from
other mammalian tissues with a view to detecting sane significant difference
between the DNA-synthesising machinery of the malignant cell and that of
the normal cell, 1t is found, on the contrary, that the Landschutz enzyme
resembles DNA. nucleotidyltransferases from other mammalian sources iIn most
respects.

All the mammalian DNA nucleotidyltransferase systems so far investi-
gated have demonstrated an absolute requirement for primer-DNA, These
include DNA nucleotidyltransferase from calf thymus (Bollum, i960), rat
thymus (v/olwick & Main, 1962), regenerating rat liver (Bollum, 1958a;
Mantsavinos, 1964) $L oells (cold & Helleiner, 1964) and T.alker carcinoma
(Furlong, 1965) « 1In all of these systems except the partially purified
preparation from regenerating rat liver (Mantsavinos, 1964)# i1t has been

shown that denatured DNA primes to a much greater extent than native DNA



(Bollum, 1959# 1960; Walwick A Main, 1962; Skidmore, Main A Cole,
1963; Gold & Helleiner, 1964; Furlong, 1965). However, ether workers
have found that the soluble extract fraa regenerating rat liver is
primed more efficiently by denatured DNA (De kecomdo ct nl,, 1964) =
Bollum (1963&) states categorically that native# double-stranded DNA
IS Inactive iIn priming the calf thymus enzyme, .heroas in this work it
has been shorn that a similar enzyme fraction from calf thymus is primed
one tenth as effectively by native DNA compared with denatured DNA (see
Table 5)« Most other DNA nucleotidyltransferases fttm mammalian sources
have been found to be primed to a limited extent by native DNA, Bollum
(1962) has shown that a 3f-hydroxy-terminal trinucleotide i1s the smallest
molecule which can serve as primer for the calf thymus DNA nucleotidyl-
transferase*, (The nature and role of the primer will be discussed In more
detail in the Discussion, sections ID~1H),

A bivalent cation seems to be required for the activity of all the
DNA nucleotidyltransferases mentioned above. As 13 generally the oase#
(sec Discussion, section I H) far the Landschutz enzyme it would appear
that all the DNA nucleotidyltransferases listed above display optimal
activity in the region 4 - 8mM % 2*ions, Zn2+ions have been shown to be
essential for synthesis of DNA by some mammalian cells (Lieberraan & Ove,
1962; Fujioka & Liebernon, 1961*), The possibility that this may be due
to a direct cofactor relationship with DNA nucleotidyltransferase has
been considered (see Discussion, section I B 3)*

The pH optimum of DNA nucleotidyltransferase from Landschutz cells



is very similar to those of the mannalian DNA nucleotidyltransferases
so far characterised, falling to show a divergence from the general
pattern, in spite of the unusual environment of the oells within the
peritoneum of the mouse.

Stimulation of enzymic activity by a univalent cation has not
been investigated for many DNA. nucleotidyltransferases, but the results
with respect to K* and lia*ions (see Fig, 22) for the Landschutz enzyme
are very similar to those obtained by Walwiok & Main (1962) for the
rat thymus enzyme. It has also been shown iIn this work that the oalf
thymus enzyme is stimulated by Kx and Kaxions in a manner closely
similar to that observed for the Landschuts ensyme (see Results, sections
Il A5& VIl C and Fig, 41), Bollum (1960) failed to deteot stimulation
of oalf thymus DNA nucleotidyltransferase on the addition of several
univalent cations but as pointed out by Walwiok & Main (1962), during
these experiments the reaotion mixture oontained potassium phosphate
buffer, pH 7.0 at 40 mM (60 ions at pH 7*0), which would conceal
true levels of stimulation and inhibition by the cations tested,

KDTA has not been routinely included in the assay systems used by
o ther laboratories engaged in the investigation of DNA synthesis iIn
mammal 1an tissues. As discussed earlier (see Discussion, seotion | B 4)
EDTA i1s thought to stimulate by removal of inhibitory cations, and iIs not
necessary for enzyme activity* Therefore, it may be that in the Lendschutz
system there iIs more contamination by suoh ions and that the high aotivity

in the soluble extraot fraction is due to the chelation of these cations



at an early stage, while they are not removed from the enzyme
preparation until later stages (pH 5 precipitation or annonium sulphate
fractionation) i1n other fractionation procedures,

2-meroaptoethanol has been shown to enhance the activity of moat
mammal 1an DNA. nucleotidyltransferases, and since results of this work
(see Results, section VI A and Discussion, sections 1 B6 & 1 G )
indicate that DNA nucleotidyltransferase from Landschutz cells contains
thiol groups, i1t would seem valid to conclude that all mammalian DNA.
nucleotidyltransferases probably contain thiol groups readily susceptible
to oxidation.

All the DNA nucleotidyltransferases mentioned above show optimal
activity In the presence of all four deoxyribonucleoside 5*-triphosphates;
1T any one of them is omitted from the reaction mixture incorporation is
greatly reduced. Therefore, the DNA nucleotidyltransferase from Landsohuts
ascites-tumour cells, which shows similar deoxyribonucleoside 59-triphosphate
requirements oan be classified along with the DNA nucleotidyltransferases
of calf thymus tissue, regenerating rat liver, L cells and Walker carcinoma,
as being capable of replicative DNA nucleotidyltransferase aotivity (see
Discussion, section I C),

The nuclear DNA nucleotidyltransferase from an invertebrate system
(sea urchin embryo - Masia <& Hinegardner, 1963) appears to be very like
the Landschuts enzyme in almost all respects, but there are two important
exceptions, for the former system appears to display a preference for

Mn 1ons rather than for Hg 1ons, and for native DNA rather than far



heat-denatured DNA. Whether these are features of iInvertebrate systems
or whether they are due to the faot that the ensyme activity was measured
in whole nuclel is a question whioh must await further experimentation
before an answer will be forthcoming.

8) Comparison with Bacterial Systems

The highly purified bacterial DNA nucleotidyltransferase preparations
from K. coli and B. subtilis (Richardson ef , 1964a; Okazaki &
Komberg, 1964) appear to have properties very similar to those described
for Landsohuts and other mammalian cell DNA nucleotidyltransferases in the
preceding sections.

The bacterial enzymes express an absolute requirement for a bivalent
cation, Mg 1ions being optimal at 4 - BmM and Un24ions at 0.0aM. Optimal
pH ranges from 7-4 to 8.5 depending on the buffer employed. The evaluation
of the optimal pH s obviously complicated by the possible stimulatory
effects of univalent cations, whioh have not been systematically iInvestigated
for bacterial ensymes. DNA-primer is essential for the activity of the
bacterial ensymes, (with the important exception of the unprimed synthesis
of poly d(A-T) and poly (d&) : (dC)- see Introduction, section Il A)j native
and heat-denatured DNA are almost equivalent in theilr priming capacities
over short incubation periods. Stimulation of DNA nucleotidyltransferase
activity by E~TA ha3 not been iInvestigated for bacterial enzyme
preparations, but 2-mercaptoethanol has been routinely included in the
DNA nucleotidyltransferase assays during these investigations.

For optimal activity all four of the complementary deoxyribonucleoside

triphosphates are required, incorporation being greatly reduced



on the emission of one of them, or on the replacement of one of them
by an analogue which does not conform to the hydrogen-bonding pattern
of the original base.

The ERA nucleotidyltransferase newly synthesised within the
bacterial oell on the infection of £, coli with bacteriophage has
been shown in vitro to resemble the Landschuts enzyme inasmuch as it
iIs primed ten times more effectively by denatured ERA than by native
DNA and is more susceptible to p-chloromerouribenzoate inhibition
(Aposhian & Komberg, 1962), It has also been shown that ENA from
vegetative T2 bacteriophage oust be heat-denatured to act as an effective
primer of ENA nucleotidyltransforase (Masamune, Hori & Takagi, 1964)«

These observations suggest that the Landschuts ensyme has much iIn
common with the ENA nucleotidyltransferases from E, coli and ji, subtills
with respeot to structure and mode of action, At first It seems strange
that there are not greater divergencies among the properties of enzymes
whose origins are so disparate, but, on reflection, i1t might be expected
that enzymes whioh perform the same fundamental, biological function,
should have essentially similar properties regardless of their sources.
The small differences, whioh do become apparent, may be attributable to
the probability that baoterlal enzymes are less delicate entities and
withstand the various manipulations of i1solation and purification (see
Discussion, section 1 H),

6)) Calft Thymus DNA Nucleotidyltransferase

As mentioned iIn the Results, section Il B the investigation of calf



Jifl-

thymus DNA nucleotidyltransferase in this work was undertaken largely
for comparative purposes. The information given in Tables 5> 8, A 9
Indicate that the ensyme aotivity of the fractions used iIn this work
corresponds to that desoribed by Bollum (i960) for DNA nucleotidyl-
transferase from calf thymus. The figures i1n Table 9 for the oases 1In
whioh one of the four deo”™ribonuoleoside 5*-triphosphates was
replaced by the corresponding monophosphate iIn the assay mixture,
suggest that in these oases there 1is partial replication of DNA. This
might well be expected If there are stretches of the primer, which lack
the complement of the base which iIs present as the 5"-niono )hosphate,
or if the enzyme preparation retains the ability to oatalyse transphos-
phorylation re&otions (see Discussion, seotion I B 5}

One Important result obtained from the ancillary work with the calf
tlymus enzyme was a partial separation of DNasel and DNA nucleotidyltrans-
ferase by gel filtration on Sephadex G-200 (see Fig. 17). The faot that
the DNA nucleotidyltransferase peak was retarded to the region 1.75 -

1.90 void volumes indicates that the molecular weight of the ensyme is
certainly below 200,000 and possibly more than 100,000 ( see Bollum, 1963a).

D Nature of the Product

Since i1t was established in this laboratory that soluble extracts
prepared from Ehrlioh asoites-tumour oells catalysed the random
incorporation of thymidine, dCMP and dTMP into central regions of newly
synthesised polydeoxyribonucleotide chains, and that net synthesis of DNA

was aehieved during this prooess, (Smellie et a”n., i960) further



investigation of this problem with Landschutz cells has been concentrated
on the purification of DNA. nucleotidyltransferase to remove nuclease from
the enzyme preparation. Consequently, the nature of the product has not
been comprehensively investigated. |Indeed, the worth of suoh experiments
until an enzyme preparation completely free of nuolease has become
available is a matter of some debate (see Discussion, seotion 1 A 2).

Nevertheless several points concerning the nature of the product
of the aotivity of DNA nucleotidyltransferase from Landsohuts ascites-
tumour cells ought to be considered at this point.

Firstly the preoipitability of the product in 3% (w/v) trichloroacetic
acid and from 675? (v/v) ethanol, and the non-dialysable nature of the
product, establish its maoromolecular nature.

Secondly, the caesium ohlorlde density gradient oentrifugation of
the product (see Fig. 27) shows that the peak of radioactivity oocurs in
molecules whioh band at the same density as native and denatured primer
moleoules. Sinoe considerably more DNA (about twice the amount of
ultraviolet-light absorbing material) was applied to the Hproduct" gradient
than to either of the "marker™ gradients, i1t might have been expected that
the ultraviolet-light absorbing peak of the product coincident with the
radioaotive peak, would have been greater than the native and denatured
DNA "marker™ peaks. Fig. 27 shows how essential i1t is, in product studies
of this nature, to obtain nuclease-free preparations. Sinoe only about
1.3/0 of the primer was rendered acid-soluble according to the standard

DNasel assay, one might have expected the degradation to have been almost
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negligible, but, clearly, the produot has been degraded sufficiently

to produce a spectrum of pieces of DNA, such that the sedimentation
band has a greater spread and there is a background distribution
throughout the gradient. Nevertheless, taken into aooount with the
data of Smellie et, al., (i1960) and the precipitable, non dialysable
properties of the produot, this ultracentrifugal evidenoe confirms that
the produot of Landsohuts DNA nucleotidyltransferase aotivity is high
molecular weight newly-synthesised polydeoxyribonucleotide material.

The requirement for all four deos”ribonucleoside 5r-triphosphates
for optimal activity, and the substantial activities in oonditions
favourable for the formation of the four deoxyribonucleoside 5*-
triphosphates (see Table 6 and Duscucsion, section I B 5), have implied
throughout this work that the ensyme was capable of catalysing the
synthesis of DNA aocording to the pattern of the primer or template
DNA 1n a manner dictated by the Watson-Crick hydrogen-bonding rules (see
Introduction, seotion V A 3). The results presented in Table 10 measuring
the i1ncorporation of (“"P)-dAMP, - dGMP, and - dTMP suggest that, assuming
dGMP i1ncorporation to be the same as that for dGMP, the pattern of
nuoleotide iIncorporation into produot DNA is determined by the base
composition of the primer. Although on some counts, this experiment may
be open to question (see Results, section 111 C), from the results
presented in Tables 6 & 10 and the evidenoe of Smellie et, al.,(i90) it
seems justifiable to conclude that the nature of the produot DNA is

dictated by the template or primer DNA. Previously the term "templatel



has been avoided where possible iIn relation to the Landschuts ensyme,
but, hereafter, it shall be contended that the various Landsohuts
DNA nucleotidyltransferase fractions employed in this work were capable
of catalysing the complementary synthesis (or oomplement&tion - see
Discussion, section | E I) of a copy of the template DNA, and that they
are identical with or derived from the ensyme, whioh, iIn vivo. catalyses
the replioation or duplication of oellular DNA during the S phase prior
to cell division (see Discussion, seotion I H).

It would be pointless to draw any further conclusions from the
nature of the product of Landschutz DNA nucleotidyltransferase action until
further purification is achieved. However, in the DNA nucleotidyltransferase
systems whioh have bee most highly purified, those of E. coli iIn the
bacterial sphere and of calf thymus iIn the mammalian sphere, great
difficulty has been encountered in correlating the produot of in vitro
DNA synthesis with DNA as it occurs within the cell. Bollum (963a, b) has
shown that the calf thymus enzyme catalyses complementary synthesis on the
single-stranded template to produce a double-stranded produot, after which
synthesis is terminated. On separation of primer from product molecules,
which have been complemented to form double-stranded DNA, it has been
found that the product of oalf thymus DNA nucleotidyltransferase action will
not undergo strand separation iIn a manner analogous to natural DNA (see
Introduction, seotion Il A).It was proposed that there are two faotors
in vivo which are lacking in the in vitro system. The function of the

first is to convert the iInterphase ohromosome to "priming” DNA (presumably



with some single-stranded regions), whioh serves as template for DNA
nucleotidyltransferase during the 3 phase; the role of the second faotor
is to convert the product of DNA nucleotidyltransferase action from the
initial, anomalous, enzymic product to natural DNA. Like the product
of the calf thymus ensyme that of the DNA nucleotidyltransferase from
fe °°H bas been shown to be much more difficult to denature than the
natural 5 ooli double-stranded DNA used as primer in the system. Also,
electron micrographs of the produot DNA show that there i1s a 10 to 20-
fold synthesis of primer and that the produot consists of branched
structures (Schildkraut, Richardson A Komberg, 19&4; Inman, Sohildkraut
A Komberg, 1965). K fbe other hand the repair of a primer partially
degraded by E. ooli exonuclease HI, whioh renders the DNA molecule
single-stranded (Richardson, Lehman A Komberg, 196i1*b), proceeds more
rapidly than the reaction primed by native DNA, and the initial produot
iIs covalently linked to the primer and resembles natural DNA, even
retaining genetic activity (Richardson, Inman A Komberg, 196/*0). The
fact that the calf thymus enayme (Bollum, i960) is primed only by denatured
DNA is consistent with the termination of synthesis after one cycle of
replioation sinoe the double-stranded produot would not be expected to
prime the reaction. However, the E. ooli system might be expected to
perform multiple synthesis as the enayme is primed by native DNA.
Therefore, the unusual properties of both products suggest that there
may well be some factor within the oell, absent from the in vitro system,

which can convert the DNA nucleotidyltransferase product into natural DNA.



However, the evidence with the partially degraded primer in the E. coli
system indicates that the anomaly in the product may be due to
complications in the structure and orientation of the template.
Nevertheless, this does not apply to the mammalian system and these anomalies
in the product DNA may well be the consequence of the disruption of the
natural environment in which DNA replication takes place. Therefore,
these anomalies may possibly be attributed to modification of the DNA
nucleotidyltransferase molecule during extraction or to the loss or
destruction of factors which control the degree and manner of replioation
(see, Discussion section | H)

E Quantitative Assessment of Synthesis

1 Relationship Between Synthesis and Degradation

Proa the Results section | B 3 it has been 3hown that DNA equivalent
to 7.1% of the primer oan be synthesised by preparations of Landschuts
DNA nucleotidyltransferase used in this work, and during the same 60 min.
inoubation period a maximum of 2.75/S of the primer DNA is rendered acid-
soluble. Sinoe it has been demonstrated that (”~P)-incorporation measures
the synthesis of long chain poly&eosyribonuoleotide material, the fate of
the components of the assay mixture can be described in the following
manner. The primer DNA i1s hydrolysed by endonucleolytic activity
producing large acid-preoipitable polynucleotides and also smaller acid-
soluble oligo-and mononucleotides. (Exonuoleolytic activity may contribute
to this process). The DNA nucleotidyltransferase molecules iIn the enzyme

preparation appear to catalyse the synthesis of the polynucleotide chain



complementary to the single-stranded primer molecules and to the
polynucleotide products of endonuoleolytic action. Sinoe the heat-
denatured template of the in vitro system contains both complementary
chains of the original DNA molecule, during complementation by DNA
nucleotidyltransferase DNA with base ratios dictated by the primer is
synthesised.

At this point it seems appropriate to define more fully the terms
complementation and replication in the context of DNA synthesis.
Complementation is the synthesis of the DNA strand complementary to a
single-stranded template to give a double-helical product. Replication
IS the synthesis of an exact copy of a double-stranded template to give
two i1dentical double helioes. Consequently replication resembles much more
closely than complementation the mechanism of DNA duplication jyn vivo.
Also, 1t is apparent that in vitro DNA synthesising systems which utilise
only denatured DNA as primer are capable of complementation but not of
replioation of template DNA, whereas a system like that from coli. which
is primed by both native and denatured DNA is superficially capable of
performing both functions. In the long term, of course, complementation
in vitro is equivalent to replioation because heat-denaturation
followed by complementary synthesis of both single-strands results in the
formation of two i1dentical double helioes (see Discussion, seotions I H A
11 A).

Stimulation of enzymic activity by the U3e of an in vitro tenplate

partially treated with DNase is well documented for both mammalian and



bacterial systems (Keir, 1962; Richardson et al.. 1963a; Richardson
et al., 1963b; Richardson et al., 1964a; Okazaki A Kornberg, 1964)
This stimulation appears to be due to the production of 3*-hydroxy-
terminal groups resulting from the nucleolytic activity (Bollum, 1962).
The products of DRasell action (which bear 3#-phosphoryl terminal groups),
inhibit DNA nucleotidyltransferase from both mammalian and bacterial
sources. Therefore, it seems that the stimulation of DNA nucleotidyl-
transferase activity by DNase-treated primers results from the provision
of more 3f-hydroxy-tcrmini in the primer, whioh iIn turn act as new sites
for the initiation of DNA synthesis (see Fig. 8). Nuolease may have a
function to play In the initiation or control of DNA synthesis, but it
seems more likety that this phenomenon is simply an artifact of the in
vitro system. However, the persistence of nuolease activity in the most
highly purified fraction of IS coli DNA nucleotidyltransferase
(Richardson et al., 1964a) and the proposed conversion factors of Bollum
(1963a, b) for the production of "primer"™ DNA and "natural' product DNA,
influence one to keep an open mind on this question.
2) iasteand Xl ntro Rates of 3ynthc3i3
From the Results, section 17 and Table 11 it appears that the rate

of DNA synthesis In the Landschutz 1£ vitro system iIs commensurate with
the in vivo DNA synthetic rate of ascites-tumour oells. However, th%3
calculation is subject to certain restrictions. Although these restrictions
preclude an accurate evaluation of the respective rates of DNA synthesis,

they do not invalidate the general conclusion that, subject to the various



situations which might arise within the oell during replication,

the DNA-synthesising capacity of the In vitro system is sufficient for
it to perform the replioation of the DNA. complement of ascites-tumour
cells in vivo.

The first restriction is that the iIn vitro system measures DNA
nucleotidyltransferase from all cells, whether they are dead or alive,
whether they are iIn the Sphase or otherwise. Therefore, for accurate
comparison of the in vitro and vivo rates of DNA synthesis an
estimation of tho proportion of the ensyme actively engaged in DNA
synthesis would have to be determined. This leads on to the second
possible restriction, whioh concerns the problem of location of the
DNA nuclootidyltransferase within the mammalian cell and the possible
migration of enzyme froa nucleus to cytoplasm and vice /craa during the
cell cycle (see Introduction, seotion V D and Discussion, sections |1 A 6
<« Il B). The great doubt which enshrouds this problem makes i1t impossible
to calculate figures to compensate for errors due to variable location and
activity of the enzyme. Finally, the probability that, in vivo, the true
template of DNA nucleotidyltransferase is native DNA (see Discussion,
section 1 H) further complicates the matter of comparison of the DNA
synthetic rates.

Nevertheless the value of this type of calculation lies not in its
a curacy but rather i1n its general implication that the enzyme fractions
studied i1n this work have the quantitative capaoity to perform their

function i1In vivo.



F TeroincJL DNA Nucleotidyltransferase
1) Properties of the Terminal Addition Reaction

From the data presented i1n Figs. 28, 29 A 30 for oalf thymus
preparations, there is little doubt that the incorporation measured under
the conditions of terminal assay was that of addition of (®P)-dTMP to
the ends of primer molecules corresponding to the action of the terminal
OTA nucleotidyltransferase, which has been separated from the replioative
DNA nucleotidyltransferase in oalf thymus tissue by Krakowjgjb al. r (1962)
and by Keir A Smith (1963), (see Introduction, section VC),

The time oourse of calf thymus terminal DNA nucleotidyltransferase
(see Figs, 28 A 29) indicates that maximum activity is attained after a
60 min, inoubation period. This implies that the addition of (~P)-dTMP
to the ends of primer molecules is limited to a certain level. This may
be due to lower affinity of terminal DNA nuoleotidyltransferase for long
stretches of poly-dTHP than for DNA because, if this is the case, as the
terminal homopolymer of dTMP lengthens, a point will be reached when the
ensyme must bind to a portion of polynucleotide composed largely or perhaps
entirely of dTMP residues, and under such circumstances the ensyme-substrate
complex may no longer associate in a satisfactory manner and synthesis will
be terminated.

In experiments with ("*P)-dATP,-dGTP and-dTTP under terminal DNA
nuoleotidyl transferase assay eonditions i1t was shown (see Table 12) that
there is a slight preference, but certainly not a complete specificity,

for the i1ncorporation of dAHP by a highly purified fraotion of calf thymus



DNA. nucleotidyltransferase (see Results, seotion V B), This appears to
contradict the results of Bollum et al,, (1964-)8 who found, in calf
thymus extracts, a terminal DNA nucleotidyltransferase, whioh was specific
far dATP, However, these workers used calf thymus fractions, which had
been further purified either by hydrcaylapatite chromatography or by gel
filtration on Sephadex G-100, and they may have separated by these means
a factor responsible for the specific terminal addition of dAMP residues.
Pig, 31 shows that there is very little terminal addition aotivity
In extracts from Landschuts asoites-tumour cells. Since no evidenoe has
been obtained that this terminal addition aotivity was physically separable
or distinﬁ% from the replicative DNA nucleotidyltransferase, the
alternative remained that the reaotion was catalysed by replicative DNA
nucleotidyltransferase. |In deference to this possibility thi§ activity

In Landsohuts preparations will be termed the terminal addition reaotion.

It has been shown that Actinonycin D inhibits the action of
replioative DNA nuoleotidyltransferase to a much greater extent than it
innibits terminal DNA nuoleotidyltransferase aotivity in calf thymus
tissue (see Results, seotion V B). Similar results are presented in
Pig. 31 for the terminal and replicative activities of landschuts
enzyme preparations. It might be expected that terminal addition would
would be less affected by the presence of Actinomycin D, since interruptions
along the strands of the DNA-primer would not interfere with terminal
addition. As this appears to be the oase i1t must be concluded that

the Actinonycin D-primer complex (see Results, section VI B A Discussion



seotion | G 2) does not prevent the binding of the terminal DNA
nucleotidyltransferase to the extremities of the primer molecules.

Table 13 describes the inhibition of the terminal addition
reaction in DNA nucleotidyltransferase preparations from Landschuts
ascites-tumour cells by the thiol group inhibitors, i1odoaoetamide and
p-hydroxymerouribenzoate. The terminal addition reaction ia muoh less
sensitive to these i1nhibitors than the replioative reaotion (see Table
14). 1t would seem from these observations that oertain susceptible
groups which are essential for normal functioning of replioative DNA
nucleotidyltransferase, may not be so intimately involved in the
enzyme catalysis during the terminal addition reaction. It must be
emphasised that this interpretation assumes that both types of
reaotion are catalysed by the same enzyme.

At earlier stages in this work variation in the response of
replicative DNA nucleotidyltransferase preparations to concentretions
of Mg and K 1ons (see Results, seotion VIl C) suggested that the
terminal enzyme might be responsible for irregularities of activity at
IOMM Mg2+ions and 40mM K*ions. Thus terminal DNA nuoleotidyltransferase
activity was for a period measured at these conoentrations. However,
subsequent obcervations have led to a different interpretation of
these findings (see Discussion, section | H), and latterly terminal
DNA nuoleotidyltransferase was measured under conditions standard for
the replicative enzyme except that (”~-y2P)-dTTP was the only deoxy-

ribonuoleoside 5*-triphosphate present in the assay mixture.



2) Distribution of the Terminal Enzyme

The results presented in Table 13 show that rabbit appendix and
thymus are more efficient with respect to the terminal incorporation
reaotion than rabbit liver or spleen. The enzyme preparation froa
Landschutz ascites-tumour cells had a particularly low level of
terminal addition activity, while those froa calf thymus, non-aquous
nucleil and calf thymus non-aqueous cytoplasm had by far the highest
levels relative to their replioative DNA. nucleot“dyltransferase
activities. Rat spleen had greater terminal addition aotivity than
rat liver or rabbit spleen, but it had also greater replioative DNA
nucleotidyltransferase activity than had rabbit spleen, in proportion
to 1ts excess of terminal activity. Further experimentation is of oourse
required to determine whether the terminal addition activity of these
tissues can be ascribed to a separable terminal DNA nucleotidyltransferase

3) Possible Role of the Terminal Enzyme

After the work of Krakow et al., (19*2) and Keir A Smith (19&3)
on the terminal DNA nucleotidyltransferase from calf thymus, the immediate
reaotion was to assign a function to the new enzyme. This was one of
the reasons for undertaking the survey of the DNA nucleotidyltransferases
of several mammalian tissues (see Tables 4 A 13). The results failed to
demonstrate terminal DNA nucleotidyltransferase activity of the order of
that observed in calf thymus in any of these normal tissues and iIn the
malignant tissue, the Landschut* ascites-tumour oell.

One possible conclusion i1s that the existence of terminal DNA



nuoleotidyltransferase i1s peculiar to thymus tissue, (among other
figures iIn Table 13 rabbit thymus has the highest terminal DNA
nuoleotidyltransferase aotivity). The modem view of the role of the
thymus In Immunity suggests that thymus tissue mi™“it reasonably be
expected to play a part in the synthesis of antibody by providing
Immunologlcal ly-competent oells (Miller, 1962, 1963a, b). Therefore,
terminal DNA nuoleotidyltransferase from thymus may be involved iIn

the synthesis of modified DNA molecules, which have a specialised

role 1In the direction of antibody synthesis, and i1t would be interesting
to investigate the levels of terminal addition aotivity In suoh tissues
as spleen, lymph node and appendix after antigenio stimulation of, say,
rabbits*

Another possibility is that the terminal ensyme may represent
detachment of some ensymically active protein from the parent replioative
DNA nucleotidyltransferase during synthesis or extraction of the latter
(see Discussion, seotion 1 H),

C) Eaggme Inhibit!on

1) Thiol Group Inhibitors

a)

The results presented in Figs* 32 A 33 and in Table 14- indicate
that all three of the traditional thiol group inhibitors investigated,
(iodoaoetamide, iodoacetate and p-*ydronyoercuribensoate) and also
sarkonyoiln, are capable of inhibiting the activity of DNA nucleotidyl-
transferase from Landsohuts ascites-tumour oells* These experiments

v/ere carried out on ensyme preparations looking 2-meroaptoethanol, but



if this compound was present much hi$ier concentrations of inhibitors
were required to effect the seme inhibition*

The modes of action of i1odoaoetamide, i1odoacetate and p-—
lydracKyfliercurlbenzoate as inhibitors of thiol group enzymes are well-
documented (Boyer, 1959)* Sorkocycin is produced by Streutomvoes
orvtliroohromogsnes and displays antitumour and weak antibacterial activity
(Dtaezawa et al*, 1954)* Sung A Ouastel (1963) have desoribed its
inhibitory notion on the incorporation of (“ff)-thymidine into DNA by cell
free extracts of Ehrlioh asoites-tumour cells*

The actions of 1odoaocetamide, i1odoacetate, p-tydrooymercuribensoate
and sarkonyoin in this experimental system do not reveal the precise
mechanism of Inhibition, but it seems reasonable to conclude that thiol
group(s) in the DNA nucleotidyltransferase molecule are at least the
piimaly site(s) of action of these inhibitors* lodoaoetamide, i1odoacetate
and sarkonyoin probably act in this system by elkylation of the thiol
group(s) in the enzyme, while p-hydroxymercuribenzoate probably inhibits
by mercaptide formation vdth the same group(s)* The failure of 2-
mercaptoethanol and GSH to reverse iInhibition by i1odoacetate and -
1odoaoetamide, while they are able to reverse inhibition by p-hydroxy-
mercuribenscate are observations to be Tlxpected from knowledge of their
alkylating or mercaptide farming potentials (Boyer, 1959)* With sarkooycin
it is probable that electron displacement induced by the 3-oxo-group gives
rise to a positive tendency on the 2*0ethylene carbon, thus promoting

reactivity towards thiol groups*



The double reciprocal plots shown in Fig* 35 indicate that these
compounds inhibit in & non-competitive fashion as would be expected
from the mechanism by -which they exert their inhibition*

The inhibition by these compounds of the terminal addition reaction
in Landschuts oells (see Table 15) has been discussed (see Discussion,
section I F 1)* These inhibitors may have important uses in the
elucidation of the structure and mechanism of action of more purified
preparations of BNA nucleotidyltransferase*

b) Protection

The effects of 2«eercaptoethanol and GSH on DM nucleotidyltransferase
aotivity of extraots of Landsohuts asoites-tumour oells are shown in Fig* 34*
Very high concentrations of either compound arc required to produce
apparent inhibition* GSH has a greater tendency to inhibit end this 1is
due probably to chelation of the K92+ions in tho assay mixture* Similar
effects were observed in the same DNA nucleotidyltransferase assay system
when oysteine Was included in the reaction medium (Keir & Smith, 1963)*

The ability of these compounds to protect against the inhibition of
thiol group inhibitors (see section a above) is an example of & property
which has been well known for many years* The reason for the inclusion
of 2-mercaptoethanol and EDTA in all buffers employed in preparation and
storage of DNA nucleotidyltransferase fractions is discussed In sections
I B if, 6 & 7 of ths Discussion*

2) Action of Aotinomyoin p

The evidence presented in Figs* 31$ 36 & 37 demonstrates that DNA



nuolootityltransferase from Landschutz ascites—tumour cells is strongly
inhibited by Actinonycin D# Double reciprocal plots of reaction velooity
against substrate oonoentration (see Fig* 57) indicate that the inhibition
obeys competitive kinetics* Actinocycin D is known to inhibit DM-primed
ENA synthesis because of its ability to bind guanine residues in the
primer (see Results, section VI B)* In the experiment described in Fig*
36,50 jig* of HIA-pxdaer was used, i*e*, 153 gmdles of total deoay-
ribonuoleotido or 32 mpmoles of guanine deaxyribonucleotide as indicated
by base analysis (see Results, section IH C)* Since the lowest amount
of Actinonycin D giving 100$ inhibition was about 45 (approximately
36 mpmoles), it would appear that complete inhibition was effected when
the molar ratio of Aotinomyoin D to guanine in the primer approaches
unity* These results suggest that Actinomycin D inhibition of DNA
nucleotidyltransferase from Landschutz asoites-tumour cells occurs by

the binding of the antibiotio to guanine residues on the primer* Similar
observations have been reported for DNA nuoleotidyltransferase from

R* coli (Kirk, 1960 Hurwits, Furth, Italasoy A Alexander, 1962; Elliot,
1963)* Therefore, 1t would seem that In this respect at least the
bacterial and mammalian DNA nucleotidyltransferases are similar In their

requirements for formation of ensyme-substrate complex and for template

Other evidenoe (see Discussion, section I 7 1 and Fig. 31) indicates
that the terminal addition reaction is much less sensitive than the

replicative reaction to inhibition by Actinocycin D* This suggests that



Actinonycin D nay well be a useful tool for distinguishing the two
forms of the enzyme. Finally, the binding of Aotinonyoin D to the
primer-DNA may modify oonditions within the assay mixture so that
possible features of the structure of the enzyme can be inferred from
studies of Actinonyoin D inhibition (see Results, section VH D and Dis-
cussion seotion 1 H).
H) Some Thoughts on the Conformation of DNA Nucleotidyltransferase
The data presented iIn section VIl of the Results were obtained in
order to acquire information on the possible conformation of DNA
nucleotidyltransferase from Lan schutz cells and other mammalian tissues.
As mentioned iIn the introductory remarks to section VII of the Results,
a conceptual image has been formed during this work that DNA nucleotidyl-
transferase in vivo might be a highly organised, well defined structure
whioh, 1In vitro, may be modified to variable extents by suoh factors as
extraction and purification methods* In this section it is proposed to
desoribe the possible nature of DNA nucleotidyltransferase molecules whioh
within the oell, are capable of carrying out complete replication of the
ohromosome i1n preparation for oell division, and to compare this with
the "'struoturally-altered”™ DNA nucleotidyltransferase molecules which
possibly exist in all In vitrp systems. Having established the concept
of variation between the DNA nucleotidyltransferase molecules of Vivo
Systems and those of iIn vitro, systems the results of experiments designed
to substantiate this theory will be considered (see Results, section VII )
The first observation relevant to thi3 concept was that DNA
nucleotidyltransferase preparations from Landschutz cells and oalf thymus

tissue were very readily inactivated by the mildest of fractionation



procedures (see Results, sectionVIll E)* The discovery that the ensyme f

Landsohuts cells contained thiol groups which appeared to be activein
preserving the integrity of the moleoule suggested that these groups

mey well play a part in determining the tertiary structure of the

enayme* The variable responses (see Fig* 39) of different enayme
preparations from calf thymus tissue and Landsohuts oells to ionic
conditions of the vitro assay lent support to the i1dea that the
enayme fractions iIn the jfa vitro systems were composed of molecules
differing considerably from each other and differing from the enayme as

it ooours iIn vivo* Tha exlstenoe in calf thymus gland ef a terminal D\A.
nucleotidyltransferase, which catalyses the addition of deoayribonuoleoside
59-triphosphates to the ends of polydeoxyribonucleotides, at first implied
that this may be an enayme with a specialised function, which was found
only in that tissue* However, detection of similar, thou™i proportionally
much less, activity in other tissues later suggested that this mi™it be
simply a breakdown product of the replicative DNA nuoleotidyltransferase*
Inhibition, by thiol group inhibitors, of the relatively small fraotion
of terminal addition aotivity found in Landsohuts asoirtes-tumour cells
confirmed that this aotivity was enzymic, and waa consistent with the
concept that the terminal addition reaotion might be due to a breakdown
produot of the replioative DNA nuoleotidyltransferase moleoule (N*B* this
reasoning assumes that the two types of eiuymlo aotivity are due to two
separable proteins - see Discussion, seotion I F D*

Thus, the idea gradually formed that DNA nuoleotidyltransferase



extracts from oalf thymus and Landsohuts cells used in this work

contained a variable proportion of collapsed enzyme molecules whioh
retained residual activity* The bulk of the evidenoe froa mammalian

DNA nucleotidyltransferase £& vitro systems indicates that they are

primed to a much greater degree by denatured DNA than by native DNA

(see Discussion, sections IB 2& 1 D )= However, this seems to be

an anomaly since, so far it has been found impossible to demonstrate

the existence of substantial areas of singLe-str® nded DNA along the
chromosome Therefore, 1t seems probable :hat DNA nuoleotidyl-
transferase £n vivo must replioate native DNA (see Discussion, seotion

Il A)* The appropriate conclusion to be drawn from these observations is
that the DNA nuoleotidyltransferase molecules in in vitro preparations
must be 1In some way modified so that they have lost the ability to accept
native DNA as template, but have retained the ability to execute
complementary synthesis along single-stranded DNA* The fact that bacterial
DNA nucleotidyltransferases appear to be primed by native DNA may simply >e
a reflection of their greater stabilities during extraction and purification*
However, in vitro DNA-eynthesising systems from both bacterial and
mammal1an sources ere apparently unable to synthesise a produot whioh has
the same physioal properties as DNA extracted from the oell of origin of
the DNA nucleotidyltransferase (see Discussion, seotion ID)* This may,

in part, be due to modification of the template end loss of factors con-
trolling synthesis (see Discussion, section Il B) in the In vitro system,

but it may also be due to modification of the ensyme during its removal



from the oell end subsequent purification - a factor which, dearly,
has not been taken into consideration in the past*

Having considered these observations the following pictures of
DNA. nucleotidyltransfterase within the cell (intaot form) and of modified
DNA nucleotidyltransferase in cell extracts (altered form) were drawn
up purely as working hypotheses for the purpose of investigation of the
conformation of DNA nude otidyltronaferase=~

It is proposed that the intaot form of DNA nucleotidyltransferase
might be a dimeric molecule, whioh has the capability of simdtaneous
complementation of both strands of DNA (see Discussion, seotion HA) *
This molecule Digit consist of two identical or mirror image subunits
held together by intermdeoular bonds* This would explain its ability
to replicate native DNA* On meohanical stress these subunits would tend
to dissooiate, and individually they would retain only the ability to
utilise single-stranded DNA* As it appears that at the site of DNA
Replication (see Discussion, seotion Il A) a nucleus of single-stranded
DNA Is neoessazy (perhaps only a few nudeotides long) i1t might also be
expected that the intact fora of the enzyme would be required to initiate
synthesis on a wholly double-stranded primer*

Furthermore this concept oan be extended to account for the terminal.
DNA nucleotidyltransferase from oalf thymus tissue* The two subunits
postulated above may themselves be oomposed of four subunits, eaoh of which
is specific for binding one of the four deoayxibonuoleoside 59~

triphosphates prior to polymerisation according to the base sequence of



fhe template DNA: Therefore, in a manner analogous to that proposed
for the separation of the first two subunits (template subunits) these
four (base subunits) may be, in turn, split by more extensive fractionation
into single fragments capable of performing the function of terminal
addition. The fractionation procedure of Bollum et al*. (1964), for
example, may be selective in the purification of a “ragaent specific

e _Jox *
for the polymerisation of dAMP residues. Further support for ;his
proposal is obtained from the fact that the terminal enzyme from oalf
thymus, demonstrated by these workers, was eluted well after the
replicative DNA nucleotidyltransferase from a Sephadex £-100 column,
indicating that it had a much lower moleoular wet$it and that it miit
well be a subunit of the parent replicative enzyme.

It must be emphasised that all the proposed forms of DNA nuoleotidyl*¥
transferase, intact and altered (subunits), may be present in oell free
enzyme preparations, their relative proportions perhaps depending upon
the degree of mechanical stress to which the extracts has been subjected.
The faot that the ability of native DNA to prime synthesis by these fractions
decreases as enzyme fractionation proceeds (see Table 5) supports this
concept. Finally, it should be borne iIn mind that these models of the DBA
nucleotidyltransferase moleoule represent a purely hypothetical attempt
to rationalise the results of many workers in the field of DNA biosynthesis.

It 1s now appropriate to discuss the results of some experiments

performed in an attempt to substantiate this theoiy.

Studies on the heat stability of DNA nucleotidyltransferase preparations



preparations from Landschuts asoites-tumour oells indicate that prior
inoubation of the enzyme at 45° initially stimulates the aotivity of
all four enzyme fractions investlgated (see Fig. 38 and Results section
VIl B). As purification proceeds the degree of stimulation due to prior
incubation tends to fall off. These results may be interpreted in the
folloving manner. Prior thermal activation of the enzyme moleoule might
be expected to modify its tertiaxy structure. Puoh modification nt#vt
initially favour access of substrate to tte active site of the enzyme
causing the stimulation of activity observed in Fig. 38* This nd"rt
be correlated with the conversion of DRA nucleotidyltransferase from
the iIntact to an altered form. The fact that this effect diminishea as
purification proceeds supports this concept as the more purified
preparations may already be largely in an altered form of some Kind.
The fall-off In activity on prior incubation for periods longer than
3-4 min. oan be attributed to progressive heat-inactivation and eventual
total denaturation. These characteristics were exhibited by almost all
Landsohuts DNA nucleotidyltransferase preparations investigated, and it
may be concluded that they demonstrate the initial activation of a hi*ily
organised, three-dimensional structure followed by its progressive
denaturation.

More detailed studies on the i1onic responses of DNA nucleotidyl-
transferase were performed In order to investigate their possible inter-
pretation with respect to ensyme conformation (see Results, section VII C).

The results presented iIn Figs. 40 & 41 show the responses of similar DNA



nucleotidyltransferase preparations from calf thymus tissue and

Landschutz asoites-tumour cells to Mgz¢; K and Naﬂ}ons- The salient
feature of these figures iIs that neither enzyme shows an even response to the
ionic variable, ©11 ourves showing irregular shoulders of activity. Fig.
40 shows the ratio of the activity of the oalf thymus preparation to that
of the Landschutz preparation over a range of MgZ4ion concentration.

Above 8mM there is a peak of thymus enzyme activity over that of the
Landsohuts enzyme. Allowing for the fact that the peak of DNA
nucleotidyltransferase activity for both preparations lies iIn the region
4- - 6mE, it might be suggested that the excess of thymus activity over
Landschutz activity at 8mM oould be due to the presence of a greater
amount of a certain form of the enzyme in the former preparation. (This
subsidiary peak of activity iIn thymus extracts was very marked and was

at one time regarded as being due to terminal enzyme aotivity. Indeed,

as desoribed above the concept of intact and altered forms may be modified
to TOnconcile this view). Fig. 41 indicates that as before (see Fig. 22 and
Results, section 1l B) both enzymes are stimulated by a univalent oatlon.
However, the responses are not uniform nor do the peaks of activity
correspond e.g., the K*ion responses for both enzymes have shoulders of
aotivity but they occur on opposite sides of their respective peaks, which
themselves are not coincident. These variations have been found to occur
widely 1n the DNA nucleotidyltransferase extracts used iIn this work, and
they may be regarded as evidence in support of the concept that there may

be more than one form of the enzyme in oell free extracts. The faot that



variation in 1onic conditions In the assay system may itself hasten
conversion of the enzyme from the iIntaot to altered forms during
incubation iIs suggested by the evidence of Kirshner A Tanford (1964),
whioh shows that haemoglobin i1s dissociated into two subunits by
Increasing concentrations of sodium chloride, cel 1um chloride,
magnesium chloride and ammonium sulphate. The last of these compounds
may well account for the low stimulation of activity on prior incubation of
the Landschutz 20 - 45% ammonium sulphate frac .ion (see Fig. 38) and for
the loss of activity on prolonged incubation by the same enzyme fraction
(see Fig. 15).

~ho iInterpretation of the results of preliminary kinetic studies
presented iIn Figs. U2 d 43 i1s described in the Results section VH D.
DNA. nucleotidyltransferase from Landschuts ascites-tumour cells appears to
bind two molecules of single-stranded DNA-prlmer, when there are hz$i
concentrations of DNA. in the assay medium. At low DNA concentrations the
possibility is that only one TKA strand is bound by the enzyme. In the
context of the theory of introt end altered forms of DNA nucleotidyltrrnsfteras
these results have two implications. The first is that they may lend support
to the suggestion that the intact from is made up of two subunits which oan
replicate DNA efficiently. The second implication iIs that the two subunits
m?y not have undergone complete separation in the altered form, whioh
predominates In the pH 5 precipitate fractions used in these assays because,
althou™i 1t cannot utilise native DNA as it nd™it be expected to do in the

intaot form, tho altered form appears to retain the ability to bind



simultaneously two single -stranded primer molecules*

Actinonycin D inhibition of DNA nucleotidyltransferase also
exhibits a non-linear relationship when presented in the 1/t against
1/s plots (see Fig* 37)* As 1is the oase for non-inhibited preparations
(see Fig. 43) a linear relationship was obtained when the reciprocal
of the velocity was plotted against the reciprocal of the square of
the substrate ooneentration for the same results (see Fig. 44).

Indeed, some physical studies on DNA have suggested that Aotinocyoin D,
when bound to single-stranded DNA, has tho ability to attract laterally
another strand of DNA (Cavalieri & Nemohin, 1964). Therefore, it may
be that Aotinomyoin D favours the binding of two strands of DNA to

the enzyme moleoule although the resultant complex does not lead to

DNA synthesis* This iInterpretation reinforces the concept that both
the intaot form and the predominant altered form of DNA nuoleotidyl-
transferase present in these preparations are capable of binding two
strands of DNA per molecule*

The observations presented above in support of the concept of
intact and altered forms of DNA nuoleotidyltransferase are all open to
the one serious objeotion that the fractions employed were contaminated
with nuolease* While this possibility must be considered, it is very
simple to overestimate the effect of interference exeroised by this
enzyme in these studies* For example, the prior inoubation technique
although carried out In tho presence of DNA, was most often performed iIn

the absenoe of the other components of the reaotion mixture (see



Experimental, section 1V A). This means that MgZ+ions, vhioh are
essential for DNasel aotivity, were absent from the prior Inoubation
medium. Therefore, negligible formation of 51-hydroxy-terminal groups
would occur in the primer during a 2 - 6 min. prior incubation period,
and little stimulation of DNA nucleotidyltransferase from this source
could be expected. Modification of DNA nucleotidyltransferase aotivity
as a result of the production of 3*hydroxy-terminal groups in the primer
hy DNasel aotivity at certain concentrations of Mg2* or K* or Nations 1is
perhaps a more serious objection In view of the small magnitude of the
changes of activity involved* The kinetio studies, however, are less
open to these criticisms, since during inoubation, provided that at

low substrate concentrations all the DNA i1s not digested, the production
of 3’-hydroxy-terminal groups in the primer DNA and consequent
stimulation of DNA nuoleotidyltransferase aotivity will be constant for
all assays.

Thus, 1n conclusion, 1t can be said that these results, taken iInto
aooount with the observations, which led to the formulation of the
concept of the intaot and altered forms of DNA nucleotidyltransferase,
suggest that in its broadest form this theory may well contain the seeds
of truth. It would certainly be unwise at this stage to talk with con-
viction about "template subunit altered form™ and '‘base subunit altered
form”, but with a view to developing new techniques to iInvestigate this

concept i1t remains very useful to propose such moleoular models.



Il General Dlacuasign of FKft Bloaynthaala

In this seotion it is proposed to discuss sods of the oanoeptual
problems which currently face the research worker employed in the
investigation of DNA biosynthesis* As the mechanism of DNA synthesis has
been characterised most extensively in baoteriaf more reference will be
made to these systems* However, evidenoe will also be included from
mammaltan and viral systems In a general survey of the present state of
knowledge of the mechani ¢ of ohromosome replioation* Throughout this
discussion 1t is assumed that the replioative DNA nucleotidyltransferase
from the various systems previously mentioned is the ensyme responsible
in vivo for DNA replication*

A The mechanism of DNA Replioation

The results of the ultraeentrifugal studies of Meselson & Stahl (1953)
indicated that DNA replioation in g ooli was accomplished by a semi-
conservative mechanism (see Introduction, seotion VIl A and Pig* 9). Initially
it was assumed that the oonserved unit was the single strand of the model of
Watson & Crick (1953) = However, work with intaot cells and In vitro work
with B, ooli DNA nucleotidyltransferase (Cavalieri X Rosenberg, 196la, b A c;
Cavalieri, 19631 Cavalieri & Rosenberg, 1963) ms interpreted to mean that
the conserved unit in DNA replication was the double-helix* The proposal
was reconciled with the earlier proof of the semi-conservative nature of
replication by evidenoe which suggests that the DNA of bacteria, iIn the
process of DNA synthesis, was four-stranded, i1*e*, consisted of two laterally-

bound, crosslinked double helioes. Semi-conservative replication, according



to this view, proceeds by the formation of two new double-helices on the
four-stranded template, followed by segregation of the resulting four
double-helices Into two sets of two double-helices, one of which Is newly
synthesised and the other is derived from the parental template* Therefore,
the overall replioation is semi-conservative and the double-helix i1s the
conserved unit* However, evidenoe trm an experiment, which was an
extension of the ultracentrifugal studies of Meselsan A Stahl (1936), has
tended to favour the former interpretation (Baldwin A Shooter, 1963) e
Thymine-requiring E. coli mutants were grown synchronously in the presence
of thymine or 5-broraouraocil# Growth of the bacteria was controlled in suoh
a manner that DNA molecules containing variable quantities of thymine and
5-bromouracil were obtained. Thus, DNA molecules in whioh the conserved
units both contained thymine or 5-bromouracil or in which one of the
conserved units contained thymine end the other 5-braaouraocil were obtained*
The hybrid molecule was shown, using ultracentrifugal techniques, to
dissociate at a temperature iIntermediate between the melting temperatures of
DNA molecules whose conserved units both contained thymine or 5-bromouracil™
These results would seem to indicate conclusively that the conserved unit

In DNA biosynthesis is probably the single-strand of a double-helix. Other
evidenoe iIn support of this mechanism includes the radioautographic studies
of chromosome replication in E* ooli (Cairns, 1963a, b) using a tritium
label* Xt has been found that the amount of tritium per unit length of
newly synthesised DNA is consistent with the presence of only one newly synth-

esised strand 1In a daughter ohromosome* Rolfe (1962) has also shown that the



subunits 1n a hybrid molecule are not separated after sonic breakage
indicating that they are hot linked end to end* Nevertheler , a firm
conclusion on this controversy awaits more experimental data on the
nature of the ohromosome iIn vivo, ;

Assuming the single-strand to be the conserved unit in DNA replica-
tion, the problem of how the ensyme carries out the synthetic process now
presents ltself* The terms complementation and replication have already
been defined (see Discussion, section I E 1)* Xt can be seen that for
the production of an exact replica of a double-helical DNA molecule in
preparation for cell division DNA replication must take place* However,
replication can be regarded as two separate operations involving the com-
plementation of eaoh of the two strands* After the elucidation of the
double-helical structure of DNA (Watson A Crick, 1953) proposals for the
mechanism of seml-conservative replication were advanced by Delbruck A
Stent (1957) = One of those involved the passage of the ensyme along the
chromosome with complementation of both strands of the DNA taking place
simultaneously at the site of synthesis* Thus a Y -shaped model was drawn
up In an attempt to describe this operation* The arms of the Y represented
the newly complemented strands of the parent molecule, while the trunk
represented that part of the parent molecule still to be replicated*
Synthesis was pictured as taking place at the junction of the anas and the
trunk* As synthesis proceeded the junction moved down the trunk until
complementation of both strands of the parent molecule was complete, result-

ing in semi-conservative replioation of the parent moleoule* However, this



concept fell out of favour because 1t requires two mechanisms for
polymerisation due to the antipolar nature of the strands of the double-
helix* The iIn vitro work of Komberg indicated that the mechanism of
polymerisation was that of the addition of deoxyribonucleoside 51-
triphosphates to the 3lehydroxyl ends of primer chains (see Fig* 8)* The
corresponding mechanism for the complementation of tho other strand would
involve the addition of deoxyribonucleoside 3f-triphosphates to its 5fe
hydroxyl end* Failure to detect deoxyribonucleoside 39-triphosphates in
cell extracts seemed to eliminate this mechanism®* An alternative mechanism
for the simultaneous complementation of the second chain would be the
addition of the 3,-hydroa™l group af a deoxyribonucleoside 5fetriphosphate
on to a 51-triphosphate group at the growing point. However, the apparent
conceptual difficulties in envisaging an ensyme simultaneously catalysing
two polymerisation reactions with different mechanisms caused this theory
to be discarded* It was then proposed that synthesis began at both 31-
hydroxyl ends of the double-helix, eaoh strand being complemented iIn-
dividually* Conceptual difficulties are also encountered with this theory,
since the problem of control of replioation at two separate points on the
chromosome becomes much more complex (see Discussion, section Il &)= The
Y -model of Delbruck A Stent (1957) was revived by the work of Cairns
(1963a, b), Nagata (1963) and Yoshikawa A Sueofca (1963)# whioh showed that
the replication of the circular chromosomes of E* coli and B. aubtilis was
sequential and unidirectional from a fixed point* Therefore, it became

apparent that, in the bacterial system at least, both strands of the



ohromosome oust be complemented simultaneously, thus ruling out

initiation of synthesis at mare than one point. This revelation has
brought the nature of the DNA nucleotidyltransferase molecule back into
prouinenee. Results of this work have indicated that the DNA nucleotidyl-
transferase from Landsohuts asoites-tumour cells may well have two active
centres, and other evidence from both mammalian and bacterial systems
suggests that the DNA nucleotidyltransferase molecule studied in in vitro
Systems may be considerably modified from the structure of the ensyme
within the cell. Finally there has been a recent and extremely important
report of the existence in B. 3ubtills cf an ensyme, which catalyses the
phosphorylation of deoxythymidine 3*-diphosphate to deoocythyraidine 31-
triphosphate, ATP being required for the reaotion; the enxysae does not
catalyse the corresponding reaction with sf-phosphates (Canellakis, Kammen
A Morales, 1965) = This may be the first positive evidenoe In support of
the theory that deaxyribonucleoside 3f-triphosphates hove a function in
DNA biosynthesis.

Thus, current evidence show3 that DNA nucleotidyltransferase must
complement both strands of DNA simultaneously from a fixed point in vivo.
This almost certainly involves a very complex operation, whioh may include
the simultaneous complementation of two strands by different mechanisms.
The complementation process it.self involves the interplay of the template,
the ensyme and one of the four bases, the last of which may be accepted or
rejected by the template. Therefore, the enzyme may also have a specific

binding site for each of the base substrates (base altered form subunit).



Indeed, i1t seems very reasonable to expeot that an ensyme with such a
function must have a very complex structure, which when removed from its
natural environment may very readily undergo collapse. The conclusions
concerning the structure and mode of action of DNA. nucleotidyltransferase
obtain some support from the theoretical considerations of Butler (1963),
Sibatani A Hiai (964) and Sibatani (964 Butler suggests that the
DNA nucleotidyltransferase molecule has two active sites, while Sibatani
A Hiail favour the controlled simultaneous replication of both strands by
two separate enzyme molecules.

The observations of Cavalieri and his co-workers that DNA nucleotidyl-
transferase and RNA nucleotidyltransferase from B. coli are the same molecule
or are derived from a single parent moleoule (Cavalieri A Rosenberg, 1963;
Lec-Hu&ng A Cavalieri 1963, 1964) are interesting in view of the complex
structure, which has been proposed for the DNA nucleotidyltransferase
molecule in this work. However, work in this laboratory suggests that iIn
Landschutz and Krebs 11 ascites-tumour cells the RNA nuoleotidyltransferase
appears to be totally located in the nuolear fraotion (Eason A Smellie, 1965)
indicating that the enzymes may be two distinct molecules. However, the
possibility still remains that during oell disruption a hybrid DNA - RNA
nucleotidyltransferase is dissociated into two component molecules, one of
which (the DNA nucleotidyltransferase) becomes soluble, while the other
(the RNA nucleotidyltransferase) memains particulate within the nucleus.

B) Control of DNA Bioaynthesls

The problem of cellular organisation iIs one which has inoreasirgly

employed the energies of biologists over the last fifteen years or so, as



mare detailed knowledge af individual biological reactions has become
available. Because of i1ts central role in the life cycle of the cell,

the problem of the control of cellular DNA biosyntliesis is probably one

of the best examples of this trend. Maty pages of discussion oould be
devoted to this subject, whioh has bean reviewed in some detail by Lark
(1963)# but 1t will be limited to a brief description af the possible sites
along the DNA biosynthetic pathway at which control might be exerted.

Lark (1963) subdivides the various mechanisms of control into two types -
one quantitative, the other temporal m because tho amount of DM synthesised
i1s always equal to that initially present, and the time of synthesis and the
duration of synthesis are always restricted to a defined period during tio
growth oyole (see Introduction, section VI) . The various possible mechanisms
of control discussed in this section will also be considered within this
type of classification.

The first region in which a control mechanism may exert an influence is
on the supply of the four decoyribonucleoside 51-triphosphate precursors af
DNA (Lark, 1963) = Control may be effected by modification of the activity
or supply of the enzymes which catalyse the reactions leading to the
formation of these precursor molecules. The mare canpliK biosynthetic
pathway involved in tho formation of dTTP (see Fig. 6) makes the supply
of this precursor more readily amenable to control of the type proposed above.
Thus, dTTP would appear to occupy a unique position in the synthesis
of the precursor molecules and afford scope far effective control of DNA

biosynthesis (Davidson, 1962; drav, 1964). However, control of the



formation of the other three deoxyribonucleoside 51-triphosphates is
probably also exerted as a means of controlling DNA synthesis (Reiohard,
Canellakia A Canellokis, 1960; Davidson, 1962) . These effects would
appear to be mainly temporal in their control, as they might be expected
to trigger off DNA synthesis when, and ohly when, the intracellular
concentration of deoxyribonucleoside 51-triphosphate precursors, which was
sufficient to complete replication of the chromosome, was achieved, These
changes of enzymic activity might be due to stimulation or inhibition of
specific protein synthesis through gene repression or activation (XTonod,
Jacob A Gros, 1962), or to simple positive or negative feedback oontrol by
terminal products of the reaction sequence (Potter A Auerbach, 1959J
Potter, 1962).

The second site et which control of DNA synthesis may occur is at the
initiation of the process. This operation has been shown by several groups
of workers to require prior protein synthesis iIn bacterial system at least
(Maal™e, 1963; Lark et al., 1963; Pritchard A Lark, 1964; Lark A Lark,
1964) = Their work also indicates that the initiation and termination of
synthesis are widely separated events in the division cycle, and that once
initiated, synthesis will continue until completion of the chromosome even
although protein synthesis is inhibited. Much of this work is very elegant
and has led to several hypotheses oh the nature and control of DNA.
replication in the bacterial coll. These hypotheses involve the action
of protein molecules to initiate and control the process of replication

along the strand (Jacob A Brenner, 1963; Jacob, Brenner A Cuzin, 1963;



Sibatani A Hiai, 1964). These molecular models of the replication of
the chromosome will be useful fcr the design of future experiments.
Maal”™e (1963) showed that variation in growth oonditions, whioh
altered the mean generation time of bacterial cultures, failed to
alter the length of the DNA synthetic phase, suggesting that once

the synthetic process has been initiated neither the DNA nucleotidyl-
transfterase moleoule nor the intracellular environment oan influenoe
the rate of replication. However, the work of Lark et gl., (1963)t
whioh showed that amino aoid deprivation of some amino acid requiring
bacterial mutants reduces the rate of replioation initiated before
deprivation, suggests that the replioation process, onoe initiated,
iIs not entirely independent of the intracellular environment.

The DNA template in the DNA synthetic system of a oell has the
potential to exert oontrol over DNA synthesis in both a quantitative
and a temporal manner. There is massive evidence indicating that the
DNA template is probably the sole determinant of the total amount of
DNA synthesised during the DNA synthetic period. [Indeed, this would
necessarily be the oase i1f an exact replica of the template i1s to be
formed. Evidenoe that the nature of the template itself may play some
role Iin the initiation of replioation is obtained from work, whioh suggests
that there may be iIn vivo metastable forma of DNA, whioh readily prime
in vitro synthesis of DNA (Frankel, 1963? Rolfe. 1963? Sampson, Katoh,
Hotta A Stern, 1963? Rosenberg A Cavalieri, 1964). Another factor whioh

may determine the iInitiation of DNA synthesis is the nature of the



association of the DNA. with the histone content of the ohromosome in
mammal1an systems. Association or dissociation of histoncs with DNA

may determine the ability of the DNA to initiate and maintain replioation
(see Introduction, section VIB). These factors may also play some role
in the direction of the synthesis of the proteins responsible for the
initiation and control of DNA synthesis, If they exist In mammalian
systems.

Another factor which may oontrol the DNA synthetic prooess of the
mammalian cell i1s the location of DNA nucleotidyltransferase within the
oell. Current views on the possibility that DNA nuoleotidyltransferase
moves to and fro between nucleus and cytoplasm depending on whether or not
DNA synthesis Is taking place have been discussed in the Introduction,
section V D. The suggestion of Littlefield ef gi,, (1963) that the enzyme
is particulate while i1n the nucleus performing the function of DNA
synthesis, and iIs soluble while i1nactive in the oytoplasm, may indicate
that some form of modification of the enzyme occurs at or near the
termination of synthesis. Perhaps the moleoule may be split into two
subunits (template subunits) on completion of replioation, and as such be
able to pass through the nuolear membrane into the oytoplasm. Before re-
initiation of synthesis can take place return of the subunits and their
reassembly into active DNA nucleotidyltransferase molecules must occur,
and these operations may well offer sites at whioh oontrol is effected.
However, whether or not this meohanism is operative with the oell, the

general principle still holds that the location of the ensyme within the



complexity of the nucleus may well furnish a means by whioh oontrol of
the synthetio process could be exercised.

The observations in this seotion indicate the salient points
along the DNA synthetic pathway at whioh cellular control of replioation
may be most readily exerted. The processes of DNA replioation and
subsequent oell division are necessarily the resultant of all these

factors, which are themselves products of the cellular environment.






SUMMARY

1) DNA nucleotidyltransferase (E.G. 2.7«7*7*) was extracted in soluble
form, from Landsohuts ascites-tumour oells and purified approximately
12-fold by conventional fractionation procedures.

2) Small quantities of the DNA nucleotidyltransferase were obtained
free from deoxyribonuclease by chromatography of the 12-fold purified
fraction on a column of hydroxylapatite.

3) The various ensyme fractions investigated exhibited negligible
phosphatase aotivity under the conditions optimal for DNA nucleotidyl-
transferase activity.

4) DNA nucleotidyltransferase from Landsohuts cells exhibited an
absolute requirement for DNA as primer, heat-denatured DNA being 5-10
times more effective than native DNA in this respeot.

5) The presenoe of a bivalent cation in the iIn vitro assay system was
also found to be essential for enaymio activity, the ensyme being ouch

f

. - 2-f_ n 2+
more active iIn the presence of Mg ions than iIn the presence of Mh " jons.

The univalent cations, K and Na+, were shown to stimulate the reaction.
6) The pH for optimal enzymic activity was in the range 7.2 - 7»5*

7) The presenoe of EDTA at 0.4mM iIn the assay system markedly
stimulated enzymio activity and preparation of the ensyme in 0.001M
EDTA-0.005M-2-meroaptoethanol allowed storage for two months at 0°.

8) Optimal aotivity was attained in the presenoe of equal amounts of

all four deoxyribonucleoside 5#triphosphates, (dATP, dGTP, dCTP and dTTP).



Replacement of one, two or three of these by the corresponding mono-

or diphosphates, the fourth being (*-"2P)-dTTP, gave a reduction of
synthesis; the residual level of incorporation Is suggested to be
attributable to the action of enzymes capable of catalysing trans-
phosphorylation reactions.

92 The product of enzymic activity was shown to be high moleoular
weight polynucleotide material, and studies on the iIncorporation of

( 3°P)—dTTP, - dGTP, and - dATP suggest that the pattern of base
incorporation into product DNA depends on the base ratios of the
DNA-primer. In addition, the rate of DNA synthesis in these preparations
appears to be commensurate with the in vivo DNA synthetic rate calculated
from data cited in the literature. Therefore, i1t would seem probable
that the enzyme studied in this work is well qualified to fulfil the
function of DNA replioation VIVO.

10) Concurrent studies were oonducted with DNA nucleotidyltransferase
preparations from oalf thymus gland for purposes of comparison with

the enayme derived from the tumour oells. The thymus enzyme, when
subjected to the same fractionation techniques behaved in a manner similar
to the Landsohuts enzyme; 1t also exhibited similar requirements for
optimal DNA nucleotidyltransferase activity.

11) A survey of the replioative DNA nucleotidyltran sferasc and terminal
addition activities from several mammalian tissues revealed that oalf
thymus exhibited much more terminal addition activity relative to

replioative aotivity than did the following rodent tissues, rabbit spleen;



liver, thymus and appendix, and rat spleen and liver. Preparations of
DNA nucleotidyltransferase froa Landschutz ascites-tumour cells

displayed very low levels of terminal addition aotivity.

12) Actinonycin D was shown to inhibit the action of DNA nucleotidyl-
transferase from Landsohuts asoites-tumour oells in a competitive

manner. Replioative activity was much more sensitive iIn this respect
than was terminal addition

13) The inhibition exerted on DNA nucleotidyltransferase from Landschutz
asoites-tumour cells by lodoacetamide, iodoacetate, p-hydroxymercuriben-
zoate and sarkonycin was found to be non-competitive. Inhibition by
1odoaoetamide and i1odoacetate was irreversible and that by p-hydroxy-
mercuribenzoate was reversed by glutathione or 2-meroaptoethanol, while
inhibition by sarkoaycin was only partially released by the same procedures.
14) The terminal addition reaotion catalysed by the Landschutz enzyme
preparations was somewhat less sensitive to the inhibition effeot of these
oompounds.

15) Other studies were undertaken In an attempt to characterise the

DNA nucleotidyltransferase moleoule.

a) Prior inoubation of the enzyme for Or2 min. at 45° stimulated
aotivity. Longer periods of prior incubation led to progressive dena-
turation of the enzyme.

b) Preliminary Kinetic studies showed that the enzyme did not exhibit

a linear 1/v against 1/s relationship, when assayed in the presenoe of

varying amounts of primer DNA. However, i1t 1/v was plotted against 1/02



for the same experiments a linear relationship was demonstrated. This
is iInterpreted to mean that the ensyme may contain two active sites,
0) More detailed investigation of the i1onio requirements of different
DNA. nucleotidyltransferase preparations indicated that there oould be
a wide variation in response of the enzyme to Mg2*, K* and Nations,
depending on suoh factors as method and duration of the preparation and
souroe of the ensyme.

Collectively, these studies offer some support for the concept,
formed during this work, that in vivo DNA nucleotidyltransferase may be
a highly organised entity oontaining two or more independently active,

easily dissociable subunits.
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