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The i1nhibition of JHA nucleotidyltransferase by tissue extrac

by Margery Grace 3urdon (hee kellock) 3.oC. (Glasgow)*

The synthesis of aeoxyribonucleic acid (3NA) is catalyse
by the enzyme 3NA nucleotidyltransferase which requires prime
JSA and i1ncorporates monophosphate residues from the
daoxyribonucleoside 5 "-triphosphates iInto polydeoxyribonuclec
tides. The transferase from ascites tumour cells is
inhibited by extracts of liver and kidney and by calf serum
and the present study was undertaken to determine the mode o:
action of these iInhibitory factors.

ENA nucleotidyltransferase from calf thymus gland was
employed ao the test system and the characteristics of this
enzyme were Tirst determined. It requires magnesium 1ions
and 1ts activity i1s enhanced by 2-mercaptoethanol and
etkylenediaminetetraacetic acid. The optimal concentration
of primer JNA and deoxyribonucleoside triphosphates have
been determined and the time course of i1ncorporation of
m"P-TLP has been examined. The addition of salts such as
sodium chloride i1nhibits the reaction.

It was confirmed that calf serum and extracts of rat
liver ana kidney inhibited the reaction. The i1nhibitory
factor in calf serum was dialysable and heat-stable and the

inhibition of the transferase could be accounted for by

monovalent cations present in the serum. However9 the |
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inhibition of the transferase by extracts of rat liver and
kidney was found to be due to a non-aialysable9 heat-lebile
component*

Fractionation experiments have eliminated hydrolysis of
the deoxyribonucleoside 5 "-triphosphates by phosphatase as
a mode of action of the inhibitor from rat liver, and the
inhibitor has been purified to a point where i1t exhibits
very low levels of hydrolytic activity towards deoxyribo-
nucleoside triphosphates*

The 1nfluence on DNA nucleotidyltransferase of purified
inhibitor preparations was found to be due, at least iIn part,
to the action of a nuclease on the JNA primer® Thus, the
deoxyribonuclease (DNase) and inhibitory activities parallelled
one another very closely during the purification procedure,
and showed a similar sensitivity to heat treatment* Part
of the inhibition of the transferase was found to be due to
the products of the action of the nuclease on the JNA primer,
and not merely to the breakdown of the newly synthesised
portions of DNA chains*

Relatively high concentrations of pancreatic DNase |1
were required to inhibit the transferase reaction, und
concentrations of DNase 1 which produced a release of acid-
soluble products from DNA similar to that produced by the
purified inhibitor caused only slight inhibition* The

addition of a small amount of splenic DNase Il, which



produced only a small amount of acid-soluble products,
inhibited the transferase reaction strongly#

-hile the i1nhibitor preparation caused 35/ inhibition of
JNA nucleotidyltransferase primed with denatured DNA, 105/
stimulation wee observed when native DNA was substituted for
the denatured material#

The nuclease In the purified i1nhibitor preparation has
an optimal pH between 6#5 and 8#5, and a requirement for
either manganese or magnesium lons# Calcium 1ons cannot
activate nor can they act synergistically In the presence of
magnes ium# Any iIncrease In the 1i1onic strength of the mediu
inhibits the liver nuclease# The nuclease hydrolyses
thermally denatured JNA approximately 2#5 times more rapidly
than native DNA and exhibits some ribonuclease activity#
These properties appear to distinguish this enzyme from any
hitherto described nuclease.

The activities of various enzymes hydrolysing DNA were
determined in subcellular fractions of rat liver# The
relative activities of enzymes hydrolysing native and denati
DNA did not differ significantly in the fractions, but the
recovery of enzymes hydrolysing native DNA was appreciably
lo /er than those hydrolysing native D\N<.#

A comparison of the products of digestion of DNA by th
liver nuclease after 1 and 22 hr# indicated an endonucleo-

lytic rather than an exonucleolytic mode of action* Cligo



nucleotides isolated after digestion of DUA for 1 hr*
inhibited the transferase reaction, but those obtained after
22 hr* did not* Removal of the terminal phosphate groups
from the i1nhibitory oligonucleotides with alkaline phosphatac
did not destroy their activity.

A "limit" digest of DNa by the liver nuclease contained
deoxyribonucleosides and no other derivatives* A 24 hr.
digest also contained a small amount of dinucleotides and thi
deoxyribonucleoside monophosphates of adenine, guanine,
cytosine and thymine, in addition to deoxyinosine, thus
indicating the presence of a phosphatase iIn the nuclease
preparation. In the products of a 2 hr. reaction, all four
bases seemed to be present at the phosphoryl terminal end
of the oligonucleotides. Deoxyinosine also seemed to be
present in this position, but no evidence was obtained for
Its occurrence at non-terminal sites. Deoxyadenosine,
deoxyguanosine, deoxycytidine, thymidine and deoxyinosine
51-monophosphate do not inhibit the transferase reaction.

Biochem. J. (1962) 34, 11£B.
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Abbreviations

The following abbreviations will be used in this thesis:

RNA ribonucleio acid

DNA deoxyribonucleic acid

aan deoxyadeno sine

GdR deoxyguano sine

OdR decxycytidine

TdR thymidine

I1dR deoxyinosine

dAMP deoxyadenosine 5 "-monophosphate
dGMP deoxyguanosine 5 "-monophosphate
dOKP deoxyoytidine 5 "-monophosphate
ms thymidine 5 e-monophosphate

dIMP deoxyinosine 5 fmonophosphate
dATP deoxyadenosine 5 e-triphosphate
dGTP deoxyguanosine 5 "-triphosphate
dOTP deoxyoytidine 5 "-triphosphate
TUP thymidine 5 "-triphosphate

dITP deoxyinosine 5'-triphoaphate
AVP adenosine 5 "-monophosphate

anP guano3ine 5 "-monophosphate

OMB, cytidine 5 "-monophosphate

UWP uridine 5'-monophosphate



ADP
GDP
CDP
UDP
ATP
GTP
CTP
UTP
~"P-TMP

32P-TTP

32p_dcMp

H-TdR
CEP
DCC
NADH
NAD>*
P<
DEAE-Cellulose
Cl.-cellulose
tris

3DTA

adenosine 5*-diphosphate

guanosine 51-diphosphate

cytidine 51-diphosphate

uridine 51-diphosphate

adenosine 51-triphosphate

guanosine 5*-triphosphate

cytidine 5»-triphosphate

uridine 51-triphosphate

thymidine 51-monophosphate, labelled v/Ith

a radioactive phosphorus atom.

thymidine 51-triphosphate, labelledwith
radioactive phosphorus in the phosphate
group.

cytidine 5*-monophosphate labelled v/ith
radioactive phosphorus in the phosphate
groupe

thymidine labelled with tritium
2-cyanoethyl phosphate
dicyclohexylcarbodiimide

reduced nicotinamide adenine dinucleotide
nicotinamide adenine dinucleotide
inorganic phosphorus
diethylaminoethylcellulose
carboxymethylcellulose
tris (hydroxymethyl) aminomethano

ethylenediamine tetraacetic acid

Oligonucleotides are represented by the following symbols:

d- denotes the dcoxyribo- compounds



pXT pXpY, pXpYpZ represent mono—, di—9 and trinucleo-
tides with 5 "-phosphoryl terminal groups.

-P1 XpYpT XpYpZp erepresent mono-, di- and trinucleo-

tides with 3 "-phosphoryl terminal groups.

>i1u denotes a purine base,

ly denotes a pyrimidine base.
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S2CI1ION 1



section | Introduction

It is now v/ell established that nucleic acids
are high molecular weight substances found in plant and
animal cells and in viruses where they exist in
association with protein as nucleoprotein# Two distinct

types of nucleic acid are known : RNA and DNA

I. | structure of the nucleic acids.
(a) RNA.

RNA is composed of the nucleoside 5e-monophosphate
of adenine, guanine, cytosine and uracil, which are linked
together by 3f-51 phosphodiester bonds. The mode of
linkage was determined by studies on the alkaline and
enzymic hydrolysis of RNA (Gohn, 1950, 1951; Cohn and > ;
Volkin, 1953; Whitfeld, Heppel and Llerkham, 1955).

Rarly studies on RNA led to the conclusion that it was a
tetranucleotide, since the harsh methods of extraction
employed gave ris e to fragments of this order of molecular
weight, and since the four nucleotides appeared to be
present in approximately equimolar proportions. This
theory had to be abandoned, however, when more precise

methods beoame available for the analysis of the base
composition of the nucleic acids. duch methods indicated

that the molar proportions of bases vary very widely in



RNAb from aifferent sources. Eventually it was
concluded that RNA was a much larger molecule than had
hitherto been suspected, although the exact molecular
weight is still far from clear. This is due partly to
the fact that there are several types of RNA within the
cell, ranging from sRNA, which has a molecular weight of
10,000 to 20,000 (Eamecnlk, dtephenson and Hecht, 1958)
to highly polymerised types with molecular weights of 10r
or more. There are also difficulties associated with
the actual measurement of molecular weight, since the
diffusion constant and sedimentation coefficient vary
considerably with the ionic strength of the solvent
(Jordan, 1962).

The secondary structure of RNA has not yet been
fully elucidated, and probably varies with the aifferent
types of RNA. The larger molecules are thought to have
small helical regions, involving up to half the nucleo-
tides (Doty, 1981). SRNA is thought to be in the form
of a double helix with the chains joined at one end

(jpencer, Fuller, Villeins and Brown, 1962).

(b) DNA.
DNA differs chemically from RNA in containing

thymine instead of uracil and 2-deoxy-D-ribose instead



of D-ribose, and, in addition to the four major bases,
certain others occur, usually in relatively small amounts*
These unusual bases include 5-methylcytosine, which was
first discovered in calf thymus DNA and was later found
iIn small amounts in DNA from mammalian, fish and insect
sources, and in larger quantities in wheat germ DNA
(Wyatt, 1950, 1951)* 5-Hydroxymethylcytosine has been
found in the T-even bacteriophages, where it replaces
cytosine (Wyatt and Gohn, 1952)# 6-N-methylaminopurine
has been discovered in the DNA of certain strains of
L.coli (Dunn and Smith, 1958).

Like RNA, DNA was initially obtained in a
degraded form because of the harsh extraction methods used.
Later, when milder methods were employed, it became
apparent that DNA is a very large molecule, and, vdth the
aid of physical methods, such as light scattering and
ultracentrifugation, it has been possible to determine its
molecular weight. Estimates varying between 2 and
16 x 10™ have been made, and it is possible that even
molecules of this size are portions of a still larger
molecule which has been degraded by mechanical shear or
other processes (Hershey and 3ungit 1980). Values of

over 100 x 10™ have been quoted for the DNA of the T2



bacteriophage (Rubenstein, Thomas and Hershey, 1961),
and it is thought that this represents one DNA molecule
per bacteriophage*

The DNA molecule is built upfrom deoxyribo-
nucleotide units joined together in a manner similar to
that found in RNA* Unlike RNA, however, DNA exhibits
certain regularities In its base composition* JINAs
from widely different sources have been examined, and

the vast majqrity exhibit the following regularities 1

(1) Adenine + Guanine = Cytosine + Thymine
(11) Adenine = Thymine

(i11) Guanine = Cytosine

These relationships were first pointed out by
Chargaff (1950, 1951)* Although unfractionated DNA obeys
these rules, Bendich, Pahl, Eomgold, Rosenkrenz and
fresco (1958) have fractionated DNA chromatographically
and found that the base composition of the fractions
deviates appreciably from these rules*

The secondary structure of DNA has been
investigated and elucidated mainly with the aid of X-ray
diffraction methods and stereochemical models* X-ray

studies were initiated by Astbury and Bell (1938) and



later, Pauling and Corey (1953a and b) proposed a
structure which they considered compatible v/ith their

own and vdth Astbury end Bell's data. This structure
consisted of three intertwined polynucleotide chains#
However, certain features of this structure were untenable,
and iVataon and Crick (1953) suggested that DNA consists of
two helical polynucleotide chains wound round a conmon
axis, with the purine and pyrimidine bases on the inside
and the phosphate groups on the outside. V.ilkins (1957)
in further X-ray studies corroborated the Yatson-Crick
hypothesis, with only minor modifications# The structure
iIs stabilised by hydrogen bonding between the bases on
each of the chains# 7/ren Yatson and Crick constructed
molecular models, they found that stereochemically the
only type of hydrogen bonding which would fit was adenine
bonded to thymine and cytosine to guanine# This fits in
admirably with Chargaff's observations on the base
composition of DNA#

Fig# la shows how the nucleotide units are
linked together to form DNA, and Fig# Ib a three
dimensional representation of the structure of DNA#

DNA in aqueous Solution can undergo structural

alterations usually referred to as denaturation# This



Schematic representation of a portion of a

DNA molecule*






Fig. 1 (b)

Three dimensional representation of a portion of the

fflh molecule*

(after leughelman, MFf Langridge, R*, seeds, Y/2*,
Stokes, A*R., uilson, K*R*, Hooper, C.W., Wilkins, M*H.F.
Barclay, R*K* and Hamilton, L*D* (1955)» Nature, Lond*,

111, 834).






term ie used to denote the collapse of the rigid helical
structure into a random cell# Factors which govern the
denaturation of DNA include temperature, pH, ionic
strength and dielectric constant of the medium, and
denaturation may also be brought about by reagents such
as urea which are known to favour the dissociation of
hydrogen bonds.

The process of denaturation can be followed and
measured by several physical methods,which include the
increase In ultraviolet absorption observed on denaturation
(Thomas, 1954; Lawley, 1956), decrease iIn viscosity
(Rice and Doty, 1957) and alterations in light scattering
(Alexander and Stacey, 1955) £nd sedimentation (Reichmann,
Bunce and Doty, 1953) characteristics.

The exact changes in the DNA molecule produced
by denaturation are a matter of some dispute. It has
been suggested (Doty, Liarmur, Signer and Schildkrsut,
1I960) that denatured DNA consists of single stranded
material, since sedimentation and diffusion measurements
suggested that the molecular weight was halved. The
light scattering data of Rice and Doty (1957) and of
Cavalieri, Deutsch and Rosenberg (1961) indicate,

however, that the molecular weight of DNA is unchanged



on denaturation. Thus, i1t seems that there is some
strand separation on DNA denaturation, hut this may not

be complete. It i1s possible to observe the partial
renaturation of DNA on returning the solution to 1ts
initial state, but the molecule probably does not go back
to 1ts native form, and the degree of renaturation depends

on the conditions used for denaturation.

I. 2 3i1os.vnthesis of the polynucleotides.

(@ synthesis of the ribonucleoside 5e-monophosphates.

The complete pathway for the biosynthesis of the
purines has been elucidated, mainly by the work of
Buchanan and his colleagues, and has recently been
reviewed (Buchanan, 1960). It has been shown that IMP
can be synthesised from simple molecules, and that it
can subsequently undergo reactions which convert i1t to
AVP and GVP. The complete synthesis i1Is summarised in
Fig. 2.

Much 1s also known of the synthesis of the
pyrimidine mononucleotides. This too proceeds from
simple precursors and details can be found iIn the review
by Grosbie (1960). The first pyrimidine to be formed

IS orotidine 5-e-phosphate, which can be decarboxylated
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The enzymic synthesis of i1nosinic acid de novo*

(From Javidson, J.N. , The Biochemistry of the Nucleic Acids,

4th Ad., Llethuen and Go. Ltd., London, 1960).

IRPF 5-pho sphoribosylpyropho sphate.

G.JI glycinamide ribonucleotide.

FGAR formylglycinamide ribonucleotide.

AIR 5-amino-4-imidazole ribonucleotide.

SAICAR 5-amino-4-imidazole (N-succinylocarboxamide)ribo-
nucleotide.

AICAR 5-amino—-4-i1midazole carboxamide ribonucleotide.

FAICAR 5-formamido-4-imidazole carboxamide ribonucleotide.
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Enzymic synthesis of adenylic end guanylic acids from

inosinic acid.

(From Aavidson, J.N., The Biochemistry of the nucleic Acids

4th id* , luethuen and Co.Ltd. f 1960).



xanthosine monophosphate GMP



to give UMV  WMP and OWP are interconvertible through
several systems at the mono-, di-, and triphosphate
levels* Urccil appears to be the precursor of the
thymine ring also, and the conversion has been shown to
take place at the nucleoside and nucleoside monophosphate
levels* The biosynthesis of UW is illustrated in
Fig. 3.
(b) synthesis of the deoxyribonucleoside 5'-monophosphates*
It is now generally believed that the deoxyribo-
nucleotides are synthesised by the reduction of the
corresponding ribonucleotide, without breakage of the
glycosidic linkage* This was su&”™ested by the i]i vivo
experiments of Reichard and Estborn (1951) who found
that cytidine was incorporated into ENA, and was confirmed
by Rose and ~chweigert (1953) who showed that labelled
GW was converted to dClI'l and subsequently incorporated
into ENA These i]i vivo experiments were confirmed by
work on soluble enzymes from avian, mammalian and
bacterial sources* Eeiehard (1961) has recently shown
that extracts of chick embryo form deoxycytidlne phosphates
from cytidine phosphates and deoxyguanosine phosphates
from guanosine phosphates* The reaction is stimulated

by the addition of ATP and is thought to proceed via the



The pathway of de novo synthesis of UKP.

1
(Prom javidson, J*N*, The Biochemistry of the Nucleic Acids,

4th Ed*, llethuen and Go*Ltd. , London, 1960)*
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ribonuoleoside diphosphates as shown by heichurd,
Joldestan and hutberg (1S61) in extracts of -» coUu.
The exact mechanism for the interconversion ie unknown,
although it is suspected that more than one enzyme is>
involved*

Thymidine presents a rather different situation
from the other deoxyribonucleooidesf in that the
corresponding ribonucleoside does not participate in
normal metabolic reactions. It can be produced by the
reactions shown in the following scheme, which illustrates
some of the ways in which the pyrimidine ribonucleotides

can be converted to the deoxyribonucleotides.

clip— —>dix — >dc:.: — >dUhi — > 1k;
n.i —>u,l —>du,l —*dubi*

(Canellakis, 1962)e
(0) synthesis of nucleoside diphosphates and triphosphates*

The known enzyme systems lor the synthesis of
polynucleotiaes require the nucleoside diphosphates or
triphosphates, and thus it is important to consider the
enzymes ,/hich convert the *.ononueleotides to these
compounds* These enzymes are called nucleoside mono-

phosphate kinases and nucleoside diphosphate kinases*



Tnzymes which phosphorylate the ribonucleotides
are known to be present in meny sources, e.g. in yeast
(Lieberman, Lornberg and kimms, 1S55) end liver (~ornberg
Lieberman and Simms, 1S54).

The phosphorylation of the deoxyribonucleotides
Is carried out by enzymes which are known to be widely
distributed. x.aley (125S) has extensively purified an
enzyme from <= vinel™ndi™ which catalyses the phosphoryl-
ation of d@w by ATP* Caneilakis and lants&vinos (1258)
have shown that soluble enzymes of rat liver, in the
presence of ATP, can phosphorylate dAliP, d@.SP, dGUP and
Tlu to the triphosphate level. There appears to be an
iInteresting distinction between the enzymes phosphorylating
T:. and others, since the activity of the latter alters
only slightly under varied conditions of growth (Canellakis,
Jai'fe, l.antsavinos wid .Krakow, 1259)» while the relative
activities of the former vary from very low levels in
normal rat liver to high levels in regenerating rat liver
(lolfflum and ~otter, 1259)* This Bug. ests that the -
appearance of the enzymes converting TUP to TTP might
be responsible for the initiation of DNA synthesis
in liver regeneration, sinoe thymine appears in the

cell mainly in the form of thymidine and requires to



''e phosphorylated before JNA synthesis can take place*
The mechanism of phosphorylation has been
studied by Jianchi, Butlerf Crathom and Jhooter (1951),
who suggested that TP 1s pyrophosphorylated directly to
TTP* However, the investigations of -eissinan, Jmellie
and laul (1960) and Grav and Jmellie (1962) suggest that

TJP 1s an iIntermediate iIn the reaction sequence*
(d) synthesis of ANA*

Three main types of enzyme system that catalyse
the synthesis of polyribonucleotides have been discovered*
The first uses nucleoside 5Il1-diphosphates with the
elimination of i1norganic phosphate; the second, using
ribonucleoside 5-"-triphosphates, auds a limited number of
nucleotides to existing polynucleotide chains; the third,
which also uses 5 "-triphosphates, incorporates nucleotide
residues iInto internucleotides linkage iIn polyribonucleo-
tides™

The fTirst of these enzymes, polynucleotide
phosphorylase, was discovered in 1955 by Grunberg-itaanago
and Ochoa iIn extracts of > vinelandii* On partial
purification it was found that the enzyme catalyses the

formation of high molecular weight polynucleotides* It



has been shown by chemical and enzymic studies that the
synthetic polynucleotides yield products which are
chemically indistinguishable from ENA (linger, Heppel,'
Cchoa and Hii, 1959)* The enzyme seems to be widely
distributed in bacteria (Grunberg-kanago9 Ortiz and
Cchoa, 1956; Littauer and Lornberg, 1957; 3rummond,
Ltaehlin and Cchoa, 1957)* Its occurrence has also been
demonstrated in spinaoh leeves (Drummond, btaeiaLin and
Cchoa, 1957)* The evidence for its presence in animal
tissues is somewhat tenuous* It has been reported to be
present in AsoariS lumbricoides (-ntner and Gonzalez, 1959),
atypical epithelium of the rat (Yagi, Ozawa and Lonogi,
1959) and in nuclei from guinea pig liver (Hilmoe and
Heppel, 1957)* The importance and even the existence of
polynucleotide phosphorylnse in animal cells is in some
doubt, but it would 3eem to have some importance in bacteria,
since it is so widely distributed and since it has been
found that there is a relationship between the activity of
the enzyme and the rate of RNA synthesis in synchronous
cultures of A* a,,ilis (Levin ana Grunberg-kancgo, 1960)*
enzyme systems from many sources are known to
add nucleotide residues on to existing polynucleotide

chains* The initial observation was maae by lieidelberger,



Harbers, Leibman, Takagi and Potter (1956), who showed
that 32p..qQbelled MVP was incorporated into the RNA of

rat liver cytoplasm# Later, liarbers and Heidelberger(1959)
showed that RITA so labelled had a preferential linkage of
the AVP to OW#  several other biological systems have
revealed similar reactions (Paterson and Lepage, 19577
Canellakis, 1957a, 1959? Ldmonds and Abrams, 1957;
Herbert, 1958; Preiss and Berg, 1960; Kurwitz, Bresler
and Kaye, 1959)*" “amecnik and his colleagues (Hoagland,
1960) have shown that such terminal addition reactions

are an obligatory prelude to amino acid attachment in
protein synthesis# Such an addition of a small number of
nucleotide units to the end of an RNA chain cannot be
regarded as polynucleotide biosynthesis, but it is an
allied reaction#

In contrast to these reactions, Canellakis (1957b),
using a rat liver system, showed that a UVP unit oould be
incorporated into a non-terminal position# Such
incorporation would seem to be indicative of more extensive
polynucleotide biosynthesis# Chung and Mahler (1959)
found that preparations from chick embryo promote the
incorporation of AMP, from ATP, into non-terminal positions.

Subsequently it was found that this incorporation could be
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considerably enchanced by GTP, CIP and UTP (Chung, kahler
and Bnrione, 1960). Lnzymes of this type, whioh
incorporate a mononucleotide unit from a ribonucleoside

5 "-triphosphate in the presence of the other three ribo-
nucleoside 5 "-triphosphates, are termed RNA nucleotidyl-
transferases (RNA polymerases). Such enzyme systems have
been found iIn ascites tumour cells (Burdon and Smellie,
1961), pigeon liver microsomes (Straus and Goldwasser,
1961) and IB. lysodeikticus (Nakamoto and eiss, 1962).
Whille these systems show a requirement for added ENA for
incorporation, other systems are dependent on BNA. Such
systems have been found in pea seedlings (Huang, kaheshwari
end Bonner, 1960), KelLa cells and mouse fibroblasts
(Goldberg, 1961), L. arabinosus and vinelaridii (Cchoa,
Burma, Krdger and Weinll, 1961, k. lysodeikticus (titiss

and Nakamoto, 196l1a), rat liver (V/eiss, 1960) and coli
(Sevens, 1961; Hurwitz, Bresler and Biringer, 1960,
Furth, Hurwitz and Goldman, 1961).

BNA seems to play an important part in these
reactions, since the base ratios of the product closely
resemble those of the added BNA (V."eiss and Nakamoto,
1961a), and the nearest neighbour sequences of the added

BNA and the product resemble one another very closely



(Weiss and Nakamoto, 1961Db). The 1mportance of this
system is probably that i1t provides a mechanism for the

transfer of iInformation from DNA to RNA*
(e) synthesis of DNA*

In contrast to the several systems described for
the synthesis of polyribonucleotides, only the reaction
catalysed by the enzyme DNA nucleotidyltransferase (DNA
polymerase) i1s known for the formation of polydeoxyribo-
nucleotides, although Krakow, Coutsogeorgopoulos and
Canellakis (1962) have described an enzyme which catalyses
the i1ncorporation of deoxyribonucleotides or ribonucleotides
into the terminal positions of DNA.

DNA nucleotidyltransferase, which catalyses
the i1ncorporation of deoxyribonucleotides from the 5%
triphosphates of deoxyadenosine, deoxyguanosine, deoxy-
cytidine and thymidine iInto DNA, was fTirst described by
Lehman# Bessmen, Dimmo and Komberg (1958) iIn extracts of
D. coll. They purified the enzyme several thousand-fold
and showed that for activity all four deoxyribonucleoside
triphosphates, highly polymerised DNi* and Lg++ are
required. They also found that the newly synthesised

DNA was produced in amounts that exceeded the amount of
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DNA added by 10-fold# Analysis of the digests of
enzymically synthesised DNA showed that it contained the
315* phosphodiester linkage characteristic of DNA
isolated from natural sources (Bessman, Lehmany Limns and
kornberg, 1958). The synthesis of DNA is accompanied by
the release of pyrophosphate# The synthetic material
cannot be distinguished from native DNA by physical
techniques such as ultracentrifugation, viscosity and
ultraviolet hypochromicity (Lehman, 1959)e The ratio of
the number of adenine-thymine pairs to the number of
guanine-cytosine pairs is the sanme in the synthetic and in
the primer DNA, even when the concentrations of substrates
vary widely, and when the amount of DNA synthesised varies
from 2u to 1,000,." of the primer (Lehman, 1959)* Further
evidence for the similarity between the newly synthesised
DNA and the primer is obtained from studies of the
frequencies of the nearest neighbour base sequences#

Josse, kaiser and Kornberg (1961) have shown that different
DNAs direct the synthesis of products which have unique and
non-random patterns of the 16 nearest neighbour frequencies.
Further, the synthetic DNA has the same nearest neighbour
frequencies whether the primer is native DNA or enzymically

prepared DNA containing only traces of the original native



DNA. The pattern of the nearest neighbour frequencies
in every oase involves both base-pairing of the adenine
to the thymine and of the cytosine to the guanine,
between sister strands of the DNA, and opposite polarity
of the two strands, as proposed by Vatson and Crick.

This evidence clearly indicates that the DNA nucleotidyl-
transferase provides a suitable mechanism for DNA
replication.

Enzyme systems of this type have been found in
other sources. Bollum (1958, 1960) has shown it to be
present in regenerating rat liver and calf thymus extracts.
The enzyme from calf thymus has been purified about 40-fold
and shows a requirement for all four deoxyribonucleoside
triphosphates and for Mg++f which is similar to the E. coli
enzyme. The enzyme has also been purified from ascites
tumour cells (Keir, Binnie and Smellie, 1962} Keir, 1962).

One of the most important aspects of the DNA
nucleotidyltransferase system is the type of primer
required, since this obviously relates to the mechanism
whereby DNA is replicated in vivo. When DNA is heated to
100° for 10 minutes, it becomes twice as effective as a
primer for the L. coli enzyme (Lehman, 1959)* Under

Bollum’s (1960) conditions, unheated DNA is less than 1#



as effective as heated DNM  heir, 3innie and Smellie
(1962) found that thermally denatured JNA ie about seven
times as effective ae primer as ie native DNA# It is
interesting to note that after the infection of J. colj,
with 12 bacteriophage, the DNA nucleotidyltransferase
which is produced has several characteristics which
differ from thoae of the normal ~# coli enzyme# Thus,
denatured DNA primes the 12 transferase 10 times as
effectively as does unheeted DNA (“poshisn end l.omberg,
1962).

Treatment with minute amounts of pancreatic
DNase will also increase the activity of DNA as primer
ior 1* coli and ascites DN* nucl'eotidyltransferases
(Lehman, 1959; heir, Minnie and Jmellie, 1962).

This mechanism for the replication of DNA fits
well with the concept, which is now generally accepted,
that DNA is the carrier of genetic information, since it
provides a means whereby the exact sequence of bases
along the DNA chain can be copied# The two strands of
JNA are complementary and each strand forms a template
on which a structure identical with the initial
complementary strand can be built up# heselson and

Stahl (1958) provided some direct proof for this mechanism
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by labelling the DNA of D# coli with heavy nitrogen to
such an extent that i1t could be differentiated from
non-labelled DNA by ultracentrifugation in a caesium
chloride gradient. They showed that when the labelled
cells //ere allowed to grow for one generation time iIn a
medium containing T only hybrid molecules whose
density was that expected for a half labelled molecule
were produced# Subsequent enerations contained only
hybrid and completely unlabelled molecules. This work 1is
consistent with the hypothesis that single strands of DNA
remain intact but become physically separated during the
replication process, and is Inconsistent with the two
alternatives, 1i#e. that the double helix remains completely
intact throughout the replication process, or that the
strands are fragmented and pieces of the original DNA
dispersed throughout subsequent generations#

Various mechanisms for the unwinding of the
double helix have been postulated (Platt, 1955; Levinthal
and Crane, 1956), but 1t i1s not certain which, 1f any,

IS correct#

I# 3 Catabolism of the nucleic acids#
(@) General.

The enzymes that hydrolyse the internucleotide
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bonds of both DNA and RNA are known as phosphodiesterases,
and this term can equally be applied to enzymes which
hydrolyse DN« or RNn specifically# Most of the enzymes
known to hydrolyse both RNA and DNA are exonucleases,

i1#e# the engine hydrolyses mononucleotide units
successively from one end of the nucleotide chain# These
contrast with DNase and KNase, which ere endonucleases,
i1#e# the enzyme attacks i1ntemucleotide linkages within
the molecule. Laskov/ski (1959) has proposed that
nucleolytic enzymes should be classified on the basis of

four criteriai

I busceptible substrate, 1.e. RNA or DNA or both*

Il Type of attack, i#e# exonuclease or endonuclease#

I1l Products, i.e. 3"-phosphete terminated or
5*-phosphate terminated#

IV Preferential linkage, 1.e. specific purine or

pyrimidine for point of attack.

(b) Pnzymes hydrolysing both RNA and DNA#

Dnzymes which hydrolyse both RNA and DNA are
known to be fairly widely distributed. The fTirst to be
discovered was that i1n snake venom, which was first

demonstrated by Uzawa (1932) and later Gulland and



Jackson (1938) showed that ribonucleoside 5e-phosphates
were produced by the action of this enzyme on RNA#
several methods have been described for the purification
of venom diesterase (Privat de Garilhe and Laskov/ski,
1955; Hurst and Butler, 1951; Loerner and Binsheimer,
1957; Boman and kaletta, 1957; Bjork and Boman, 1959;
Razzell and Khorana, 1959; Laskowski, 1959) &d probably
one of the most reliable is described by Laskov/ski and
his colleagues (Felix, Potter and Laskowski, 1960;
Lilliams, Bung and Laskowski, 1962; Bulkowski and
Laskowski, 1962). 2he enzyme requires Llgt+ or Ca** for
activity and is inhibited by high NaCl and substrate
concentrations (.Villiams, Bung and Laskov/ski, 1962)#
Venom diesterase is capable of acting on a range of
compounds varying from highly polymerised BNP to dinucleo-
tides# Boman and kaletta (1956, 1957) first showed that
the enzyme could hydrolyse thymus BNA, and their
observations were confirmed by Williams, Bung and Laskowski
(1962) who aemonstrated that purified diesterase
quantitatively degrades intact thymus BNA to mononucleo-
tides* At the opposite end of the scale, Razzell and
khorana (1959a) showed that pTpT (for explanation of this

notation see list of abbreviations) was rapidly hyurolysed
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by venom diesterase. The presence in the substrate of

a free 5'-phosphomonoester end group greatly accelerates
the reaction, and the 5'-phosphoryl terminal oligonucleo-
tides are hydrolysed more rapidly than the corresponding
5*-hydroxyl compounds (Privat de Garilhe and Laskowski,
i1956; Razzell and Khorana, 1959a). The enzyme will also
hydrolyse polyribonucleotides and polydeoxyribonucleotides
bearing a 3*phosphate group at a very slow rate, but the
mechanism of this hydrolysis is not clear (Volkin and
Cohn, 1953; Turner and Khorana, 1959)*

Kinetic studies on polyribonucleotides (Linger,
lillmoe and Heppel, 1958) and on synthetic deoxyribooligo-
nucleotides (Razzell and Khorana, 1959b) bearing 3‘-hydroxyl
groups have indicated that hydrolysis begins from the
3'-hydroxyl end and results in the successive release of
5'-phosphate units.

Other phosphodiesterases which hydrolyse RNA and
DNA to their constituent nucleotides are also known.

For instance, Carter (1951) described an enzyme in
extracts of intestinal mucosa that can form deoxyribo-
nucleoside 5'-phosphates from DNA

another t™oup of phosphodiesterases is typified

by the enzyme found in spleen which splits polyribonucleo-



tides and polydeoxyribonucleotides to form nucleoside
3'-phosphates. This enzyme readily attacks 5'-hydroxyl
terminated ribo- and deoxyribooligonucleotides in a
stepwise fashion from the 5'-hydroxyl end and releases
nucleoside 3‘-phosphates (Razzell and Khorana, 1958).
Using the synthetic substrate p-nitrophenyl thymidine
3'-phosphate, Razzell (196lo) has shown that enzymes of
this type are widely distributed in animal tissues.

Snzymes having a predominantly endonucleolytic
action which break down both RNA and UNA are also known.
Lung and Laskowski (1962) have purified a nuclease from
mung bean sprouts which hydrolyses RNA and UNA at the
same rate. This enzyme preferentially attacks the
pA-pX linkage, and the products of the reaction are
terminated in 5'-phosphoryl and 3'-hydroxyl end groups.
It can also hydrolyse some dinucleotides to mononucleo-
tides, d-pApA being the most susceptible. Another enzyme,
from A. a&ilis.which hydrolyses IJNA and RNA to oligo-
nucleotides with 5'-phosphomonoester end groups has been
described by Ltevens and Hilmoe (1960).

A different type of nuclease has been obtained
from 11. pyogenes. This enzyme, known as micrococcal

nuclease, hydrolyses WNA and RNA to 3'-phosphoryl terminal
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oligonucleotides and has been shown by .Villiams, Lung

and Laskowski (1962) and Alexander, lleppel and Hurwitz
(1961) to have a predominantly endonucleolytio action.
However, the relative activities towards RNA and UNA
change during the course of the purification and it is
possible that the preparations contain two different
enzymes (lochon and -rivat de Garilhe, 1960; KkLexander,
Heppel and Hurv/itz, 13SI). It is of particular interest
that this preparation attacks heat denatured UNA much more

rapidly than native UNi (Uirksen and Uekker, 1960).
(c) Unzymes specific for RNA (ribonucleases)e

Unzymes which hydrolyse BNA, but not UNA, have
been shown to be very widely distributed. Host of these
enzymes catalyse the reaction in which the phosphodiester
bond between the 31 and the 5'- positions of the ribose
moieties in the RNA chain are cleaved, with the formation
of oligonucleotides terminating in 21, 3' cyclic phosphate
derivatives. The terminal groups are split off as free
mononucleotide cyclic phosphates which are then hydrolysed
to give the corresponding nucleoside 3'-phosphates (3rown
and Todd, 1955; Lchmidt, 1955; Markham, 1957)* Lnzymes

of this type have been isolated from plant, animal aad
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bacterial sources. Almost all possess a high degree

of heat stability. They vary, however, in their pH
optima and in specificity towards particular internucleo-
tide bonds. Much of the vrork on ribonuclease has been
concerned with those enzymes found in pancreas, which
have been highly purified. These enzymes have a
specificity for those phosphodiester bonds that involve
the nucleosides of cytosine and uracil (Brown and Todd,
1955). The complete amino acid sequence of bovine
pancreatic ribonuclease has been determined (Hirs, Loore

and Ltein, 1960).
(d) Unzymes specific for UNA (deoxyribonucleases).

The UNasesare usually classified into two groups:
the UNase | type of enzyme which has an alkaline pH
optimum and gives rise to 5'-phosphoryl terminal oligo-
nucleotides and the UNase Il type which has an acid
optimal pH and produces 3'-phosphoryl terminal oligo-
nucleotides. Not all the known UNases can be put into
one or other of these classifications, however, and the
two terms are coming to be associated more with the nature
of the products of the reaction and less with pH optimum.

The classical enzyme of the UNase | type is the
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crystalline enzyme from bovine pancreas (Kunitz, 1948).
The pH optimum of this enzyme 13 around 7*0 (Punitz,
1950), 1t has a requirement for a divalent cation, Mg++,
Mn*+ , or Co*+ (Laskowski and Ceidel, 1945? McCarty, 1946;
Greenstein, Carter and Chalkley, 1947) and Ca™* has a
powerful synergistic effect in the presence of Mg*4
(Wibergt 1958)* DNase 1 i1s inhibited by cations which
remove the activating anions, e.g. citrate, arsenate,
fluoride or versene (McCarty, 1946; Gilbert, Overend and
,Vebb, 1951; Feinstein and Green, 1956).

Alterations to the structure of the substrate
DNA make 1t less susceptible to the action of DNase 1.
Thus, heat denaturation reduces the sensitivity of the
DNA to attack, as measured by methyl green binding
(Kurnick, 1954k) or release of protons (Dirksen and
>ekker, 1958). The removal of some of the purine or
pyrimidine bases (Tanm and Chargaff, 1951; Takemura,
1959) also decreases the hydrolytic rate.

The products of the action of pancreatice
DNase 1 are mononucleotides and oligonucleotides varying
in chain length from 2 to 8 units (Ginsheimer and Koerner,

19519 1952a and b; Potter, Drown and Laskowski, 1955;
Ginsheimer, 1954; Privat de Garilhe and Laskowski, 1955)*
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Evidence from many sources points to the fact that the
d-pPu-pPy linkage i1s preferentially attacked, that a
sequence of purines 1iIs resistant to the enzyme and that
the absence of dCKP may hinder hydrolysis (Laskov/ski,
1961).
There is evidence for the presence in many other

tissues of enzymes Vith properties similar to DNase |I.
Thus, Shack (1957) has demonstrated DNase activity at

low salt concentrations and with a Mg'4' requirement iIn

various mouse tissues. However, there is no evidence
and indeed it seems unlikely that all the enzymes with
properties similar to DNase | are identical proteins or
even have a similar mode of action.

An enzyme (streptodornase) resembling pancreatic
DNase | has been obtained from the streptococcal group of
bacteria. It has a very similar Mg=™* requirement and pH
optimum to the pancreatic enzyme (Tillet, Sherry and
Christensen, 1958; McCarty, 1948) and forms oligonucleo-
tides terminated by 5e-monoesterified phosphate. Stone
and Burton (1961) hove shown that streptodornase requires

the synergistic action of two divalent cations, e.g. Ca**

and Llgt+ for optimal activity. Potter and Laskowski

(1959) have tentatively concluded that the enzyme



preferentially attacks the d-pPy-pPu bond# In other
studies, Georgatsos”™Unterholzner and Laskowski (1962)
have shown that deoxyguanosine predominates at the
5*-phosphate terminal end of the oligonucleotides formed
from DNA by streptodornase, whereas at the 3*-hydroxyl
end there i1s a more random distribution of the bases#

The studies of Lehman and his colleagues on the
DNases of colt have made a very important contribution
to the understanding of this group of enzymes# Three
distinct enzymes which degrade DNA have been demonstrated.
The first of these (Lehman, 196D) is an exonucleolytic
phosphodiesterase which hydrolyses heated DNA at a much
more rapid rate than native DNA, and proceeds iIn a
stepwise fashion from the 3 ,-hydroxyl end of the chain,
producing deoxyribonucleoside 5Il-monophosphates until the
terminal dinucleotide is reached, whoa cleavage ceases.
The enzyme cannot hydrolyse free dinucleotides. It has
an optimal pH of 9*2 to 9*8, and requires Mg"7;.

The second enzyme 13 an endonuclease which degrades
native DNA seven times as rapidly as heat denatured DNA.
It gives rice to a limit digest in which the average
chain length of the oligonucleotides i1s seven* In crude

extracts the enzyme Is bound to inhibitory ENA, which 1is
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removed in the process of purification (Lehman, Roussos
and rratt, 1962a). \7hile RNAs from many sources can
inhibit this enzyme, the most potent of those tested was
the sRNA from P. coli. lolynucleotides, synthesised by
polynucleotide phosphorylase do not inhibit. This
enzyme 1iIs readily distinguishable from most other DNases
which are not affected by RNA (Lehman, Roussos and Pratt,
1962b).

The third nuclease from L. coli, which has been
described only briefly (Lehman, 1962), attacks DNA iIn the
presence of RNA and preparations of the enzyme purified
2,000-fold with respect to nuclease activity are enriched
to an equal extent with DNA nucleotidyltransferase activity.
Native DNA i1s hydrolysed at about 5 times the rate of heat
denatured DNA, and the attack on the synthetic dAT
copolymer is exonucleolytic, with a quantitative release
of 5*nucleotides.

The enzyme of the DNase 11 type which has been
studied most extensively 1s that obtained from spleen.

It was fTirst described by Gatcheside and Holmes (1947)
and a similar enzyme was later demonstrated i1n thymus
gland by Haver end Greco (1949)* Many methods have been

described for the purification of the enzyme from spleen,
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but the procedure most commonly employed is that
described by Linsheimer and Koerner (1957)* DNase 11
activity has now been shown to be present in many tissues
(Lhack, 1957) -

It 1s not possible to define the pH optimum of
the DNase 11 type of enzyme with accuracy, since this has
been found to be dependent on the method of estimation,
on the cations present and on the 1onic strength of the
medium (Oth, Fredericq end Hacha, 1958; Kioerner and
Linsheimer, 1957)* Splenic DNase 1l has a very small
requirement for Kg+* (of the order of ImM), and there 1is
usually sufficient Lg++ iIn the substrate to satisfy this
requirement (Laskowski, 1961). For optimal activity a
monovalent cation at the concentration of 0.2 to (*3L.1 is
required (Koerner and Sinsheimer, 1957)* The products of
hydrolysis are terminated iIn diphosphate groups and the
digest contains mono- di- and oligonucleotides (Laurila
and Laskowski, 1957)* It has not yet been determined
unequivocally whether any linkage in DNA i1s preferentially
attacked by DNase 11, but Laurila and Laskowski (1957)
have suggested that the fyp-Pup linkage is particularly
susceptible -

(e) Breakdown of the mononucleotides*

There are many enzymes present in plant, animal



and bacterial sources which are capable of removing
phosphate from the ribo- and deoxyribonucleoside 5"- and
3 "-monophosphates. However, many of these are relatively
non-specific phosphatases which will break down a wide
variety of phosphate esters* Enzymes specific for the
hydrolysis of 5"- and 3"- mononucleotides are also known.
Heis (1934, 1937* 1938) showed that 5 "-nucleotidase was
widespread In mammalian tissues, and the enzyme has been
studied particularly in snake venom and bull semen* In
both cases the enzyme can hydrolyse the ribo- and the
deoxyribonucleotides. A different 5 "-nucleotidese hes
been demonstrated in microsomes which hydrolyses 5'-AMP
10 times more rapidly than 5 *-dAlIP (degal and Brenner,
1960).

Enzymes which specifically dephosphorylate
3 "-ribonucleotides have been found In rye grass, barley
and Taka Jlastase (Ohuster and kaplan, 1955)e These
enzymes show only slight activity towards 3 "-deoxyribo-
nucleotides (Cunningham, 1958).

The breakdown of nucleosides to the constituent
bases and sugar phosphates cr free sugars is catalysed by
enzymes known as nucleosiue phosphorylases or nucleoside

hydrolases. kalckar (1945) first recognised the



32 -

phoophorolytio mechanism of nucleoside cleavage* ~ince
then enzymes have been found In a wide variety of source®
which can catalyse the formation gtBa.ﬁﬁee.baseAand a
sugar phosphate from nuoleoeidee (Priedkin and Lalckur
1S61), and i1t seems certain that purine nucleoside
phoophorylaees differ from the pyrimidine nucleoside
phosphorylases* Kucleosirie hydrolases have so far been
demonstrated in yeast (Heppel andliilmoe, 1952Ff Oerter,
11/51) m i In 1. Dtntomia (Lnmpdenand ang, 1552).

ifurther degradation of the bases and nucleosides
takes place under the iInfluenoe of speoiflc enzymes*
i1idenine and guanine are deaminated by adenaae and guanase
to give hypoxenthine and xanthine respectively*
does not seem to occur very widely in the tissues of
higher animals, although adenosine deaminase does, and it
IS possible that deamination takes place at the nucleoside
level (uchmidt, 1;55)* Guanaee, ho./ever, i1s found 1In the
tissues of many higher animals* 3oth xanthine and
hypoxanthine are degraded by xanthine oxidase to uric acid*
This, according to speoies, tley or may not be converted to
allantoin by the enzyme uric - . ~ome fish, amphibia
and more primitive organisms are capable of degrading
allantoin to allantoic acid which may be further degraded

to ammonia and urea*



Uracil and thymine are broken down to give
alanine and 8-amino isobutyric acid respectively* This
proceeds by reduction of the pyrimidine ring to the
dihydro derivative, ring opening to give the ureido-
acid and removal of ammonia and CO02* (-~chulnan, 1954;

Canellakis, 1957c; Fink, Cline, Henderson and Fink, 1956).

1gJL Skl (Bt 1 .of -

It Is particularly important that the mechanism
of biosynthesis of UNA should be closely controlled, since
the preservation of the genetic material of the cell is
of prime importance in the processes of cellular
proliferation and function* It is well known that there
iIs little or no renewal of UNA except in preparation for
cell division and control of the synthetic mechanism
presumably lies in the availability in the correct form
and at the correct time and place of the various substrates.

Various enzymic differences have been demonstrated
between proliferating and non-proliferating tissues and it
Is possible that at least some of these constitute a means
whereby contxol can be exercised* These differences
have been shown at various stages of the biosynthesis of
UNA from the synthesis of the bases to the final

polymerisation reaction*
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Several feedback mechanisms are known to be
concerned with the reactions involved in the synthesis
of nucleic acids* Both AVP and GM can inhibit the
first specific enzyme in the purine biosynthetic pathway,
phosphoribosylpyrophosphate aminotransferase (*7yngaarden
and Ashton, 1959)* Further, the intracellular pools of
adenine and guanine derivatives are maintained at constant
levels, both in absolute amounts and in relation to one
another, since they can mutually inhibit the inter-
conversion of adenine and guanine derivatives (Llagasanik
and Karibian, 1959)* 1& & similar fashion, COWP has a
controlling influence in pyrimidine nucleotide biosynthesis
by its ability to inhibit aspartic carbamyl transferase,
the first specific enzyme in the pathway for the
biosynthesis of the pyrimidines (Yates and ~ardee, 1956)*

At a higher level, lleichard, Canellakis and
Canellakis (1960) have shown that in chick embryo the
conversion of CDP to dCDP is inhibited by very low
concentrations of dGTP, dATP and TTP* Munch-Petersen
(1960) has reported that dATP inhibits the reduction of
GWP to dGEIP in ascites tumour cells. Potter (1962a)
has shown that TTP exerts a negative feedback on the

TdR Kinase*
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The activity of certain enzymes involved in JNA
biosynthesis differs iIn proliferating and non-proliferating
tissues. The variation In the activity of the kinases
phosphorylating TdR to TTP has already been described
(see section 1.2(c)). deissman, Smellie and Paul (1960)
found that i1n regerating rat liver the kinases associated
with the phosphorylation of TdR to TTP appear sequentially
and suggested that this could be due to enzyme induction
and that the enzymes converting TdR to TTP are specifically
concerned with the processes relating to cell division.

The enzyme dCMP deaminase, which gives rise to
duLIP, from \iizoh TMP is formed by TMP synthetase, has been
widely studied in normal tissues, tumours and cultured
cells. bcarano (1958) and l.laley and Haley (1959) found
that the activity of this enzyme varies from low, but
measurable, amounts in normal tissues to high levels iIn
regenerating rat liver and tissues undergoing active
growth. -otter (1962b) has reviewed the occurrence of
this enzyme i1n normal tissues and iIn various hepatomas,
and has shown that the activity of the enzyme in the
tumours varies from very low levels, comparable to those
found 1n normal tissues, to the very high level found 1in

the Illovikoff hepatoma. It 1s not clear, therefore,



whether or not this enzyme plays an important part in
the regulation of DNA biosynthesis# Malay and | aley
(1960) have also shown that the aotivity of the TVS
synthetase, which oonverts dd.ll to shows variations
onalagous with those found ‘with dCIlJ deaminase.

Control over DIL biosynthesis oould aleo be
exerted by the' iraE)Ii(;I ‘catabolism' of DNA precursors in non-
proliferating tissues* “tevens and btooken (1960) have
shown that foetal rat liver cannot degrade uracil9 but
ae the age of the animal increases the activity of the
degradative enzymes increases* In the Junning and
Novikoff hepatomas the catabolic enzymes are lacking
(-otter, ~itot, Cno and llorris, 1960)*

In spite of these possible control mechanisms,
the final control of DNA biosynthesis must lie in the
presence and activity of the DNA nucleotidyltranaferase*
The activity of the transferase has been shown to be
highest in tissues which are proliferating, such as bone
marrow and thymus, and lowest in non-proliferating tissues
such as liver, brain and kidney (Smellie, 1961)* Cray,
eiseman, llioh&rds, Bell, keir, Smellie and Davidson (1960)

showed that the DNA nucleotidyltransferase of ~hrlich

ascites tumour cells was less effective in the presence



of extracts of liver and kidney and of calf serum, but
that the enzyme was not affected by extracts of tissues
such as muscle and brain*

It was therefore the purpose of the present study
to iInvestigate the factors causing this inhbition, since
It seemed that they could be of importance in the control

of BNA birosynthesis*






section 11. Experimental.
24 1 \W\» nucleotidyltransferase.
(a) Preparation of enzyme from calf thymus glands#

An extract with 2NA nucleotidyltransferase activity
was prepared from calf thymus glands by the method of
Bollum (1960).

Calf thymus glands were obtained immediately after
slaughter and packed in ice for transport to the

laboratory. All subsequent operations were carried out

at 0-4°« "he glands were cut into small pieces end

washed with 0.15M NaCl in a gauze bag. Using a Varing
Blender, portions of the glan ere homogenised with

3 vol. of buffered sucrose medium, for 60 sec. at alter-
nate 15 sec. periods of low and high speed# The homo-
genisation medium consisted of 1 1. of 01011 tris, pH 8#1,
and 24 mi# IP LC1, diluted to 4 1* with water# ..fter the
homogenete had been centrifuged et 15,000 x g in a dervall
refrigerated centrifuge, the supernatant solution was
centrifuged at 105,000 x g in a dpinco Model L ultra-
centrifuge# 2 mi# aliquots of the supernatant solution
were dispensed into small test tubes, and these were stored
at -20° and thawed when required# It was found that only
alittle of the activity was lost on storage of the extract

for a year#



(b) Assay of activity.

IIfA nucleotidyltrensferase was assayed by measuring
the incorporation of from P—P into -ISA by
the method of 3ollum (1959)f modified slightly. The
details of the media used for the assays will be found in
the results section with the individual experiments#
Incubation carried out in 4 x rimless test tubes*
sealed with "parafilm*, in a water bath at 37°e At the
end of the incubation period, the tubes were either stored
in ice, if they ..ere to be assayed at once, or frozen in an

ethanol/solid OC2 mixture and placed in a deep freeze at

-20r', if they were to be stored before assay# 0.05 ml*
portions of the incubation medium were pipetted on to
numbered discs of “hatman No#l filter paper, 1 in. in
diameter# The discs were dropped into a ceaker containing
ice-cold 5 (w/v) trichloracetic acid (13 ml#/diGc), and
10 min# ~fter the last .Use had been added, the IJA was
poured off and replaced by an epuel volume 01" fresh acid#
This washing procedure was carried out three times and the
discs allowed to remain in each batch of TCA for 10 min#
pfter the last acid wash had been decanted, the uiccs were
washed rdth 95/ ethanol and allowed to dry. They were

then counted in a Nuclear Chicago windowlees gas flow
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counter in the Geiger region. Usually each estimation

was carried out in duplicate and 3 discs plated from each

incubation tube.

2. 2 Preparation and fractionation of tissue extracts.

(a) Crude extracts.

Llale albino rats, weighing from 180 to 220 g., from
the departmental colony were used* They were anaes-
thetised with ether and the required tissue removed after
severing the hepatic artery and superior vena cava, and
allowing the blood to drain. Immediately after removal
the tissue was chilled on ice, cut into small pieces with
scissors, weighed and homogenised in 8 vol. oold 0.01M
tris, pH 7.5, in a cooled otter-type homogeniser
(Totter and Ulvehjem, 1936). After the initial suspension
of the tissue, about five passes of the homogeniser pestle
were found to give an extract relatively free from whole
cells, as judged from microscopic examination of wet
smears, stained with 1/ crystal violet in O1l1 citric
acid. The homogenate was centrifuged in a “~ervall
refrigerated centrifuge et 27,000 x g for 1 hr., and the
slightly cloudy supernatant solution decanted. This

constituted the crude extract.



(b) Preparation of fractions from crude extracts.

Crude extracts of liver were fractionated with acid,
ammonium sulphate end acetone, both for the purposes of
purification and for the examination of relative inhibitory
and phosphatase activities.

Acid fractionation was carried out on crude liver
extracts as follows : The pH was adjusted to the required
value with 0.1N acetic acid, at 0° with stirring, and the
solution centrifuged at 7,700 x g for 8 min. The
precipitate was dissolved in 0.01M tris, pH 7.5f end the
procedure repeated with the supernatant solution to give
as many fractions as required. After the final
precipitation, the pH of the supernatant solution was
adjusted to the initial pH with O0.5N ILCH

Amnonium sulphate fractionation was carried out on
the redissolved acid precipitate. Solid ammonium sulphate
was added to the required concentration, and, after
allowing the solution to stand for 20 min. at 0°, it was
centrifuged at 7,700 x g for 7 min. The precipitate vms
redissolved in 0.01M tris, pH 7.5t and dialysed overnight
against 7 '« 0.011 tris, pH 7«5
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(c) procedure adopted for the purification of the

LErfrTtol7 .y U vey.

..11 operations were carried out at 04°. The pH of
the crude liver extract, (prepared as in section 2.l1a)f
which was usually around 7#2, wae measured and adjusted,
with constant, stirring, to 4.5 with 0.1N acetic acid. The
solution was centrifuged at once in the dervall centrifuge
at 7,700 x g for 8 mn#  The precipitate, cream in colour,
was suspended in a volume of O#Oll~ tris, pH 7*5» equal to
the volume of the original crude extract. After stirring
for 1 to 2 hr., a cloudy solution, with no obvious large
particles, was obtained, whose protein concentration was
about 5 mg#/mi#

This solution was fractionated with a saturated
solution of anmonium sulphate adjusted to pH 7*5 with
ammonium hydroxide. A volume of saturated anmmonium
sulphate such that the final concentration of ammonium
sulphate was equivalent to 0.4 saturation was added slowly
with stirring, and the solution allowed to stand for 20 min.

and centrifuged at 7,700 x g for 8 min. in the aervall
centrifuge. The precipitate was discarded and the
supernatant solution taken to 0.6 saturation with saturated

annmonium sulphate (pH 7.5)* ;>fter standing for 20 min.,



the solution was centrifuged at 7f700 x g for 20 mn# 9 and
the supernatant solution decanted* lipitatfe was
dissolved in 30 mlI* 0.01™ tris, pH 7.5» This solution
had a protein concentration of approximately 3.5 mg./ml*
The ammonium sulphate concentration of this solution Y/as
measured using NesGlerfs reagent, and the concentration
adjusted to 80 mg./ml. with solid anmmonium sulphate, so
that the ensuing acetone fractionation v/ould talce place

at a standard salt concentration, since this was found to
affect the precipitation* The ammonium sulphate fraction
was divided into 2 x 15 nil* portions in 50 ml* centrifuge
tubes, previously cooled to -15° in a bath of ethylene
glycol* 2*5 oil. of Il. tris, pH 6*5, anc 10*5 nil* acetone
(36*9™ v/v) were added to eaoh tube* *J.ter stirring, the
solutions were allowed to stand for 5 rin., and were
centrifuged at 700 x g for 15 iin* at -15°. After
centrifugation, the supernatant solutions were decanted

into cooled 50 mlI* tubes, and a further 4*5 sal. acetone

at -15° (45*4, - v/v) added. The solutions were
stirred, allowed to st nd and centrifuged as before.

After oentrifugation the precipitate was present as a thin



layer at the interface of tvo solutions* The layers of
liguid were removed successively by tilting the tube very
carefully, leaving the interfacial protein adhering to the
tube* The protein was dissolved in 10 mlI* of 0.01L1 tris,
pH 7*5* The solution, which usually contained about 2 ng*
protein/ml*™ was uialysed lor 16 hr* against 7 1* of 0*0lix
tris, pH 7*5f at the end of which it was ready for use*
The whole fractionation was carried out on one day. |If the
material was to be stored it was dispensed in 1 ml* portions
in small test tubes and kept at -20°e It was found to be
stable for up to three weeks* After this, the activity
usually started to decline.

The inhibitory activity of the fractions was measured
by adding them to XM nucleotidyltransferase assays* Cne
unit of inhibitory activity was defined as the amount of
protein which, when added to a DIl. nucleotidyltransferase

assay, caused an inhibition of the incorporation of 32

P—T\VP
into JNA of 30/* Usually an amount of inhibitory protein
corresponding to one unit was added to the assays, since

it was found that inhibition of the transferase with
respect to protein concentration was only linear up to
about 40C inhibition, after which the rate of increase of
inhibition, with respect to protein concentration started

to decline.
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3, 3 Nuclei? aoid.Bj.
(a) ?he preparation end denaturation of JNA

Preparations of DNA from both Landschutz ascites
carcinoma cells and calf thymus glands were used during
the course of these investigations* Ascites tumour cell
DNA was used almost exclusively as a primer in the assay
of the DNA nucleotidyltransferase, and, unless stated
otherv/ise, the term "DNA" implies ascites tumour cell DNA#

Dxtracts of Landschutz ascites tumour cells were
prepared by the method of Keir, Binnie and Smellie (1962)
and, from the sediment obtained by the centrifugation of
such extracts at 105f000 x g for 1 hr#, WN. was prepared
by the method of hay, Simmons and Bounce (1952). SNA was
also prepared from calf thymus glands by this method# The
JNA obtained was usually dissolved in water to give a
final concentration of 2 mg./ml.

Thermally denatured DNA was prepared by heating a
solution (containing 2 mg./ml. in water) in a boiling water
bath for 10 min#, and then cooling rapidly by placing in an
ice-bath#

(b) Purifioation of commercial yeast RNA.

Yeast BNA was prepared by a modification of the method
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described by llirby (1S56)* 2 g* commercial ENA (free acid)
v/ere suspended in water and O.IN NaCH added until the pK
was approximately neutral, at which point most of the RNA
had dissolved* The solution (100 ml*) was made 21 with
respect to potassium acetate and 2 vol. absolute ethanol
added* The heavy”flocculent precipitate obtained was
oentrifuged dowmn at 600 x g for 10 min*, and then washed
with 100 ml. 2, potassium acetate and 200 ml* absolute
ethanol* The precipitate was then dissolved in 50 ml*
water, made 2> with respect to potassium acetate and

100 ml* ethanol added. The precipitate was then
centrifuged down at 400 x g for 3 min. This latter
procedure was repeated twice more and the precipitate
washed with ethanol, ethanol/ether (3/1) and ether and
dried in air*

30 ng* of this precipitate were uissolved in 10 mi.
O.0lli tris, pH 7*5f and dialysed overnight against 2 1*
0*011. tris, pH 7*5* The volume ./as adjusted so that the
final concentration was 2 rng./ml* This solution gave
only a very small amount of acid-soluble material when
precipitated with perchloric acid, as measured by the

absorption at 260 nY*
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2* 4 Chemical preparation of nucleotides*

(a) N2P-TTP. (Modified from omith and Khorana (1953))

TTP, labelled with in the proximal phosphate
git)up, was synthesised in three stages
1* Cyanoethylphosphate (32P-CEP) was prepared from 32p_

labelled phosphoric acid and cyanoethanol*
2*  32I-TMP weB prepared from ~2I-CEP and TdR.

3* TTP was prepared from ~2P—FKI and unlabelled
phosphoric acid*
1* Preparation of "P-GEP*

Labelled phosphoric acid was prepared by mixing 50 nC
of radioactive sodium orthophosphate (P3S1, obtained from
the Radiochemical Centre, Amersham) with 1 mmole of
unlabelled phosphoric aoid in dilute aqueous solution* This
solution was then talien to dryness in vacuo at 40° in a
flash evaporator, the labelled phosphoric acid dissolved in
10 mli* of anhydrous pyridine (prepared by storing over
calcium hy-ride) and 1 ml* of cyanoethanol added* The
solution was evaporated to an oil at 40° in vacuo, the
residue redissolved in a further 10 mi* of anhydrous
pyridine and the evaporation repeated.

The residue was dissolved in 5 ml. anhydrous pyridine



and 2*1 g* of dicycloriexyloarbodiinide (DCC) auded. The
reaction flask ?me stoppered securely end left overnight
at room temperature* After adding 5 »!e of water to atop
the reaction, the fl&ek wae heated 1n a boiling water bath
for 30 ain* The fTixture wae taken to dryness at 40° 1n
v.cuo, 1C EHL. water and 10 al* saturated barium hydroxide
led , after 5 min* t room temperature, the pit of

the solution was icted to 7*5 _Tith glacial acetic acid*
The solution was filtered to remove dicyclohexylurea and
barium phosphate, the precipitate waahed with water and
the washing* added to the bulk solution*
was precipitated from the aqueous solution byadding 2 vol
ethanol, stirring and leaving at 0° for 1 hr*
crystals were collected by centrifugation und the ethanol
discarded* The crystals were redissolved in 5 BdUwater
with the old of a minimum volume of -oeticci
solution was reneutrali3ed with barium hydroxide and a
trage of insoluble barium phosphate wae removed by

v.tion* After repreeipitating the CHI with 2 vol
ethanol the crystals were collected in a pre-weighed test
tube and washed with ethanol, cetone and ether and
silowed to dry at room temperature* The weight of CEF

s measured, and the yield calculated* s of

the order of 50-70,.,*



The CEP thus prepared is in the form of the barium
salt, and must be converted to the free acid in order to
dissolve it readily in pyridine for the synthesis of TVP#
This was done by dissolving the crystals in 10 ml. v/ater,
using acetic acid to assist the solution, and passing
through a >owex-50-H+ column (about 10 ml.)* The column
was washed with water until most of the activity was in the
effluent, which contained the free acid of GIP and a little
acetic acid. The solution was taken to drynessat 40° in
vacuo to remove the acetic acid, end the residuewas

dissolved in pyridine.

2# ~P-TMP.

2 mmoles of thymidine were dissolved in anhydrous
pyridine and 1 nnole of O2P was added* The solution
was concentrated to an oil et 40° in vacuo, 10 ml. anhydrous
pyridine added and the solution again token to an oil.
Thi3 process was repeated with a further 10 ml. pyridine
and the residue was finally dissolved in 5 ml. pyridine.
620 ng. DOC were added, the flask was securely stoppered
and left for 18 hr* at room temperature. 5 ml. waterwere
added o stop the reaction and, after 30 min. atroom
temperature, 10 ml. of concentrated ammonium hydroxide

(0.830) were added and the solution heated to 60° for 1 hr.
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The mixture was then taken to dryness in vacuo at 40°f

10 ml. of water added to the residue and the resulting
solution filtered to remove dicyclohexylurea. The
residue was washed carefully, the washings combined with
the original filtrate and a sample was chromatographed on
Jbatman No.l filter paper in the isobutyric acid/ammonia/
EDTA solvent for 18 hr* This chromatogram showed the
presence of thymidine, TLIP-31 *2d T.IP-51» The TMT-31
was not required*

The amount of TIL.IP-51 present was calculated by
eluting the ultraviolet absorbing regions of the paper
chromatogram with water, measuring their extinctions at
267 ™ (pH 1) and estimating the proportion of TLIP-51 to
the total ultraviolet absorption* The percentages of the
total absorption were of the following order:- TdR 607,
TLIP-31 10”, TMP-5' 30,1* This resulted in a yield of
300™umoles of THP-51*

The main part of the TMP was separated from the TdB
by column chromatography* The filtrate was applied to a
Jowex-I-Cl~ column, TdR, \hich was not absorbed, was washed
from the column with water and then TLIT was eluted with
O*O5N HC1* Gince the TLIP-3' was found to have no effect

on the subsequent reaction, no attempt was made to remove it*
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After determination of the amount of TLIP from its
extinction at 267 np, the TLP was taken to dryness at

40° iIn vacuo*
3. 32p_2Tp.

The following reaction mixture was set up

per 100Mumoles "P-TKP (free acid)
1.2 ml. tri-n-butylamine
6.0 ml. pyridine

0.2 ml. 8&M® phosphoric acid
3.0 g. DCO

The reactants were dissolved in the order shown, the
flask stoppered securely and left at room temperature for
48 hr* The reaction was stopped by the addition of 1 vol.
water. The solution was filtered, to remove the precipitate
of dicyclohexylurea, and the flask and the precipitate
thoroughly washed with water. The washings were added to
the filtrate, whioh was then extracted vdth several small
portions of ether to remove pyridine. The ether washes
were in turn washed with a small volume of water and the
water wash added to the main aqueous solution. The ether
extracts were discarded and the aqueous solution, which
contained the TdR nucleotide, was taken to dryness at 40°

iNn vacuo.
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The residue was dissolved in water and passed throu”i
a bowex-50-Na+ column to remove tri-n-butylamine and
traces of pyridine. The column was washed .vith water until
all the material was removed, the effluent and the water
wash combined and absorbed on to a Dowex-1—€l~ column at
pH 6-7* The column was then v/ashed with water until all
traces of ultraviolet absorbing material were removed.
A gradient was applied to the column \/ith 0.2k LiCl in
O0.1IN IIC1 in the reservoir and 0.01H HCl in the mixing vessel.
The volume in the mixing vessel was determined by the amount
of material on the column. For up to 100 }yuaoIeB nucleotide,
1,000 ml. were used, for 500;\imoles, 1,500 ml. and for up
to 1,000 yumoles, 2,000 ml. were used. The flow rate wae
1.5 - 2.0 ml./min., fractions were collected at 10-15 min.
intervals and the extinction at 267 nmii determined. The
largest peak, the third to emerge was the TTP. The tubes
containing the TTP were pooled and the amount of TTP
estimated by its ultraviolet absorption. The TTP was
absorbed on to a charcoal column (for preparation see end
of this section) at pH 1, the charcoal v/ashed with water
until no CI"™ ions were detectable and then with 0.01k

sodium bicarbonate until the ultraviolet absorbing material

began to come off (usually about 10 column volumes).



The column was allowed to drain and was v/ashed with two
separate column volumes of water, the column being allowed
to drain each time. These effluents contained a little
TTP, but, due to the presence of bicarbonate, they were
discarded. hlution of the column was continued with
0.14K anmmonium hydroxide/70/ ethanol, until the extinction
fell below 0.5 units/ml. The amount of TTP in the eluate,
which should be at least 90/ of the amount applied, was
estimated. The TTP, in ethanol/ammonia, was taken to
dryness at 25° in vacuo to remove the ethanol/ammonia.
This was dissolved in water and the TTP was converted to the
Na+ salt by passing throu”~i a column of Dowex-50-Na+* It
was then lyophilised and dissolved in water to give a
concentration of 10)umoles/ml.

The TTP was chromatographed in the isobutyric acid/
ammonia/water solvent, end the chromatogram examined for
the presence of TMP, TDP and inorganic phosphate. The
specific activity of the 32p ™pp prepared by this method
varied between 10 and 20 x 10J counts/min./piole, when
assayed in a windowless gG3 flow counter. The overall
yield was 20 - 30/.

Preparation of charcoal.

Charcoal was prepared from animal charcoal, supplied
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by British Charcoals and LlacDonalds Ltd* It was ground
and sieved to the appropriate mesh size (40 - 60 mesh)

and then left for about 48 hr* in 5N HC1l with occasional
stirring* The HC1 w/as removed by washing with water and
decantation, which also served to remove small particles*
The charcoal was washed extensively with ethanol by
decantation (@bout 100 mB*/100 g*)9 until no coloured
material was removed, and then with water. The charcoal
was packed into a column and washed with 0.14M ammonium
hydroxide/70/ ethanol until the extinction of the effluent
fell below 0*05/ml* at 260 mu* The column was washed Y/ith
v/ater and finally with O0.IN HC1.

(b)) dILP*

dIMP was synthesised by the deamination of dALIP, using
a method described by Birnie (1959) for the deamination of
cytidylic acid, which was adapted from the method described
by Wyatt and Cohn (1953) for Hie deamination of 5-hydroxy-
methyl cytosine*

0*4 ml* of glacial acetic acid was added to a solution
of 50 mg* dALIP in 2 ml* 211 sodium nitrite. The mixture
was ellowed to stand at room temperature for 24 hr. and
then taken to dryness i1n vacuo* 0*4 ml* barium chloride

(350 mg./ml*) was added to the residue dissolved in



distilled v/aterf the mixture Was chilled In i1ice and the
barium salt of dILIP was precipitated by the addition of
14 ml* ethanol* The mixture was centrifuged at 700 x ¢
for 20 min* and the precipitate washed 5 times with 10 ml*
portions of a 5si mixture of ethanol end water* The salt
was Finally washed with ethanol and ether and dried in air*
The barium salt was converted to the sodium celt by
dissolving i1t in a minimum volume of O*1N IICL and adding
one equivalent of sodium sulphate. The precipitate of
barium sulphate was removed by centrifugation and the pH
of the supernatant solution adjusted to 7*0*

The i1dentity of the dIMP was confirmed chromatograph-
ically and by i1ts absorption spectrum at acid and alkaline

pH values*

-a. “timataanf.
(@ ""rotein.
Protein was estimated by the method of Lowryt liose-
brough, Parr and Randall (1951) 9 using bovine serum

albumin as standard*

(b) Phosphate.
Inorganic phosphate was determined by the method of

Allen (1940) or that of Griswold, Humoller and Lclntyre(1951) =
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The choice of ub thod was governed by the amount of phosphate
present* The Griswold method was used for amounts of

phosphorus up to 5 ug* and for larger amounts than this,

the Allen method was used*

(¢ ammonium salts*

Ammonium salts were estimated using a ooranercial
Nessler®s reagent (3*D*H.). The solution to be estimated
was made up to a total volume of 7 ml* with water and 1 ml*
Nessler”™ reagent added* After allowing the material to
stand for a few minutes, the colour iIntensity was
determined in a Unicam S*P* 600 spectrophotometer at 490 my*
This procedure was satisfactory for samples containing

between 0*1 and 0*005 mg* nitrogen*

¢

(d) Opectrophotometrio measurements*

A Beckman B*U* spectrophotometer was used for the
measurement of the ultraviolet absorption of nucleio acid
derivatives* Tor the measurement of the deoxyribonucleo-
sides and deoxyribonucleoside monophosphates the values
shown i1n Table 12 were used* For the estimation of the
oligonucleotide concentration in a digest, or fractionated
digest, of BNA an assumed value of 1 extinction unit at

260 mu*/40 ug* nucleotides was used*



E» 6. ,preparation, pfl.
(@ Splenic DNase II*

This was kindly supplied by Jr* H*M* heir* The
method of preparation was that of koerner and Sinsheimer
(1957)* The final product, after chromatography on
Celite 545, contained 1*1 x 10° units and was completely
free from the phosphodiesterase and phosphomonoesterase

activities described by the authors* e

(b) Bnake venom diesterase*

This was prepared from Qrotalus adamanteus venom by a
combination of methods described by Laskowski and his
colleagues (Felix, Potter and Laskowski, 1960; V.illiams,

uing and Laskowski, 1961; Sulkowski and Laskowski, 1962).

tep 1* /.cetone fractionation*

2 g- venom were dissolved in 120 ml* of cold water,
stirred for 30 min* at 0° and filtered on a Buchner funnel
with __batman No*l filter paper* The clear solution v/as
placed in an ice bath and 80 ml* cold 0*5k acetate buffer,
pH 4.0, and 145 ml. ecetone (-20°) added to give a
concentration of 42/ (v/v). The mixture was stirred for
30 min., centrifuged at 7,700 x g in a Gervall refrigerated

centrifuge for 15 min. and the yellow precipitate discarded*
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The supernatant solution was stirred in a bath at -15°

for 2 hr*, and the precipitate removed by centrifuging

at 600 x g at -15° for 20 min* The supernatant solution
was transferred to the bath at -15° 55 mi# cold
acetone added with stirring* The mixture was stirred for

1 hr* 9 centrifuged at 600 x g for 20 min* at -15°, and the

precipitate dissolved in 20 ml* water*

Step 2* Ithanol fractionation*

Water and Hi acetate buffer, pH 6.0, were added to
give an extinction at 280 wix of 10, and a final molarity
of acetate buffer of 0*1* 0*5 vol* ethanol was added and

the mixture centrifuged at 600 x g for 20 min*, all at 0O°*

The precipitate Was discarded, an additional 1*5 vol* of
ethanol added to the supernatant solution, at -15°, end

the mixture centrifuged at 600 x g for 20 min* at -15°e

dtep 3* Lthanol fractionation*

The precipitate from the previous step was dissolved
in 09111 tris buffer, pH 8*9, and the volume adjusted to
give an extinction at 280 np* of 10* The fractionation

was repeated as in the previous step*

dtep 4* Acetone fractionation*

The precipitate from the previous step was dissolved
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in water to give an extinction at 280 im of 11, and

O*1 vol. 211 sodium acetate buffer, pH 4.0, was added.

The solution was cooled in an ice bath, treated with acetone
at -20° to give a concentration of 44 and transferred to

a -15° bath for 30 min. The mixture was centrifuged at
600 x g for 20 min. at -15° and the precipitate discarded.
The supernatant solution was treated with acetone to give
a total concentration of 50,-. The mixture was allowed to
stand at -15° for 1 hr. and was then centrifuged at 600 x ¢
for 20 min. at -15°» The precipitate was dissolved in a
small volume of 0.05-1 acetate buffer, pH 6.0”and dialysed

overnight against 2 1. of the same buffer.

Step 5 Chromatography on C&l-oellulose.

The solution from the previous step was fractionated
on a oolumn of CM-cellulose, 1 x8 cm., previously adjusted
to the same buffer. The column was v/ashed with 0.05M
acetate buffer, pH 6.0, and then with 0.211 acetate buffer,

pH 6.0, which removed the active fraction.

Step 6. Chromatography on DDAS-cellulose.
The material from the previous step was lyophilised
and dissolved in 1 ml. 00111 tris buffer, pH 9.0, and

dialysed against 1 1. of the same buffer ovemi£jit.



The dialysed solution was placed on a column of DEAE-
cellulose 1x5 column was v/ashed vdth 0.01M
tris buffer, pH 8.9 which removed most of the activity,
without removing the residual phosphomonoesterase activity.
The final yield of the enzer’e"QE(sj.OSS extinction units
at 280 mp, vzhich compares with the quoted yield of 1.04
units from 10 times the amount of enzyme. No assays of
activity during the purification procedure could be carried
out since such small amounts of enzyme were involved, but
the final solution was found to have a very high activity

against the synthetic substrate, p-nitrophenol thymidine

5'-phosphate.;

(a) DNase.

The medium for the DNase assays varied according to
the type of experiment. The volume was usually somewhere
between 0.3 and 0.8 ml. and incubation was carried out in
15 ml. conical centrifuge tubes. The method consists of
measuring the ultraviolet absorption of the acid-soluble
products, and is based on that described by Lehman,
Bessman, bimms and Kbrnberg (1958). At the end of the

incubation time 0.2 ml. 2 ng./ml. bovine serum albumin w/as



added. This was used as a carrier, instead of DNA, since
it was found that the results obtained with both carriers
were identical. 0.5 ml. ice-cold IN 11010 was added

and, after allowing the solutions to stand for 5 min., the
tubes were centrifuged at 600 x g for 5 min. at 0° and the
supernatant solution carefully and thoroughly decanted into
tubes containing 2 ml. water. The extinction of the
solutions at 260 nu was determined in a Beckman D.U.

spectrophotometer.

(b) Phosphatase.

Phosphatase activity was determined by the release of
iInorganic phosphate from the appropriate substrate. The
constituents of the incubation medium varied from experiment
to experiment, but the volume was usually around 0.4 mil*
Incubation was carried out in 15 ml. conical centrifuge
tubes. After incubation, 0.25 ml. 4N HCIO™ was added,
the solutions were allowed to st“*nd for 5 min. at 0° and
the precipitate was removed by centrifuging at 600 x g for
5 min. at 0°. Inorganic phosphate was then determined
either by the method of Allen (1S40) or of Griswold,

Humoller and liclntyre (1951) (see bection 2*57)t according

to the amount of inorganic phosphate present.

Phosphatase activity was occasionally quoted in terms



of units, one unit being equivalent to 1jmole of inorganic

4

phosphate released#

i1 8 IMM. oftraWrtftgajftAg techniques.

Several solvents were used lor the separation of
nucleosides and nucleotides in fractions obtained from
EEA2-oellulose columns#

Solvent (i) 100 ml# isobutyric acid, 55*8 ml. distilled
water, 4#2 ml. 35" (w/v) ammonia solution and 1.6 mi# of
O#lh EETA#  This was originally described by Irebs and
Hems (1S53), but was modified by Eeir and Smellie (1359)
to give a pH of 4#6# The paper was developed for 16 to
18 hr. as a descending chromatogram# This solvent
separates the deoxyribonucleoaides or the deoxyribonucleo-
side monphosphates satisfactorily, but the slowest nucleo-

side overlaps \dth the fastest monophosphate#

dolvent (ii) 60 mi# Il. aamonium acetate, containing 0.01*1
AETA, 140 mi# 90, ethanol (Paladini and Leloir, 1352)#

A 16 hr# descending run was used for this solvent. It
separates completely the deoxyribonucleosides, which have

a high % value, from the deoxyribonuoleoside monophosphates,

which htve a low Rf value.
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solvent (iii) 130 ml. isopropanol, 37 ml* water, 33 mi#
conc. HC1 (Wyatt, 1951)# Descending chromatograms were
run in this solvent for 16 hr. It decomposes the purine
deoxyribonucleosides and deoxyribonucleoside monophosphates
to the free bases, but it was found useful for identifying

the bases present.

solvent (iv) 172 ml. butanol, 13 ml. water, 10 ml. 0.88
ammonia (LlaoNutt, 1952). This was generally employed as
a second solvent, following chromatography in (iii).

This second solvent wae run for 16 hr., in an ascending
fashion, with the solvent in the bottom of the tank. The
combination had the disadvantage of hydrolysing the purine
bases, as described in (iii). However, it was found
useful for separating the pyrimidine deoxyribonuoleosides
from the monophosphates, which do not move in the second

solvent.

Solvent (v) 24 mli# isopropanol, 18 ml. water and 80 ml.
saturated anmmonium sulphate (l.;arkham and Dmithf 1952).
This was used as a second solvent after chromatography in
a slightly modified version of solvent (ii)x- 75 ml. 25"
ethanol and 30 ml. ILi aamonium acetate, adjusted to pH

7.5. This combination of solvents was described by Felix,



64

letter and Laskov/ski (1960) and Lulkowski and LaskowskKi
(1972). Whatman 3 ranf paper was used* doth solvents
were used in the descending direction. The development
time in the first solvent was 18 hr. and in the second

12 hr. This combination ol solvents separated all the
deoxyribonucleosides and deoxyribonucleoside monophosphates.
By increasing the development time, it is also possible to
separate the dinucleotides*

Lpots were located by scanning the paper in a Hanovia
Jnrouatolite. /hen it was desired to examine the
absorption properties of a spot, it was cut out of the paper,
cut into small pieces, and the pieces placed in 2 - 3 ml*
water or 0.01IN HC1* . After allowing the tubes to stand,
usually overnight, the paper was centrifuged down, the
supernatant solution decanted and diluted for examination in

a spectrophotometer*

2* 9 The use of JlLiL-cellulose for the fractionation of
oligonucleotides*

Commercial DEAE-cellulose was separated on wire sieves
to give a preparation of 60 —80 mesh* The cellulose was
then washed using a modification of the. method described by
Ltaef/llin (1961)* It was first washed with O*5N NaCil, and

then .vith water in a Ifarge beaker. The cellulose V/as



allowed to settle partially, and the supernatant liquid
decanted to remove the fine particles. It was washed
three times in this way and was then transferred to a
Buchner funnel and washed with water until the pK of the
effluent solution was neutral. The sediment was then
washed with ethanol and water three times. The
cellulose was resuspended in 0.5N Nadi, and the decantation
and washing with water on the Buchner funnel repeated as
before. Finally, the cellulose was washed with a large
volume of the starting buffer and suspended in it.

After packing the washed cellulose into a column
2 X 40 cm., with a small amount of pressure, it was washed
with a few hundred ml. of the starting buffer. A small
amount of ~lass wool was put on to the top of the column
to prevent the top particles being disturbed and the digest
of BNA applied to the column. After all the digest had
besn applied, a gradient elution was commenced. Two
different buffers were used during the course of the
studies* ammonium bicarbonate and anmmonium formate.
The concentrations of buffer varied from experiment to
experiment and will be described in the results section.
A two ohamber closed system was used. Fractions were

collected at 13 min. intervals and the extinction of these



read at 260 iu in a Beckman spectrophotometer#

At the end of a runf the contents of the tubeB were
pooledf according to the peaks of ultraviolet absorption,
and the fractions lyophilised# It was found that most of
the ammonium bicarbonate oould be removed by lyophilisation,
but that the anmmonium formate was not so easily removed#
The method used for the removal of the ammonium formate was
rapid dialysis, with vigorous stirring# This .vas normally
carried on for about 20 min#, ;nd involved only small losses
of ultraviolet absorbing material, but complete removal of
the anmmonium formate, as judged by the lack of colour
produced v/ith Nessler”™ reagent. Oligonucleotide fractions
containing ammponium bicarbonate were desalted using

charcoal (prepared by the method used in the synthesis of

32p-TTP)# I mi# of solution (containing approx# 2 nt#
oligonucleotide) was ma™e Q#5N with respect to formic acid
end 40 ng. charcoal added# The solution was allowed to
et;nd for about 2 hr. and, at the end of this time, the
extinction of the supernatant solution at 260 njx was
measured, and usually found to be small. The suspension
was centrifuged and the supernatant solution decanted and
discarded# The charcoal was then washed with 10 mi#

solution containing 60y ethanol, concentrated ammonia
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and 3* water. The charcoal wWas centrifuged down and the

volume of the supernatant solution reduced by evaporation.

£» 1P. The treatment of oligonucleotide fractions v/ith

bacterial alkaline “~hoaviu-tase.

Certain oligonucleotide fractions were treated with
bacterial alkaline phosphatase to remove the terminal
phosphate. The oligonucleotide fractions were incubated
together with the bacterial alkaline phosphatase (in the
presence of 0.01L tris# pH 3.0), and, after the incubation
(2 hr.), 2 ml. of chloroform were added and the tubes
shaken for 1 hr. at room temperature. The two layers were

separated by centrifugation, and the upper layer removed

with a Pasteur pipette.

2* ML, N Jite a &ei*
(ICeilin and Hartree, 1S38)

150 ml. calcium chloride solution (132 g. CaCl-.6HoO/1)
were diluted to 1,600 ml. with water and shaken with 150 ml.
trisodium phosphate solution (152g. Na-jPO™N12 H20/1.).

The mixture was brought to pH 7*4 with dilute acetic acid
and the precipitate washed three times by deoantation with
large volumes of water (15 - 20 1.). The precipitate

was finally washed and centrifuged. The yield was 9*1 &e

dry weight. It was suspended in distilled water and



allowed to stand for about a month. After removing the
clear water layer, the gel was well shaken and the dry

weight/ml. determined. It was then ready for use.

g-t-Ig I MF St. _a.0-1.H.ion BA.

Iris In all cases, the term "trie” refers to a buffer made
by adjusting the pH of a solution of 2-umino-2-(Hydroxy-
methy]J-prop&ne-1:3-diol to uhe re. uired v* lue .vith PCI.

ihosnhate Phosphate buffer was prepared by adding M/15
KHrPCN to M/15 Na2KPOMN.2H20 until the desired pH v7as

reached.

Gl.vcine/HaOli 0.1N NaOH w/as added to 0.11. glycine in O.1N

NaCl until the desired pH was reached.

2. H Reparation of oubcellular fractions from rat liver.

Hat liver was fractionated according to the methods
of Appelmans, FT7attiaux and de Duve (1955) and de Duve,
Pressman, ..attiaux and Appelmans (1955)*

Rats were killed by a blow on the head and bled, the
livers taken out quickly and immersed in a beaker containing
ice-cold medium (0.25M sucrose with 0.011. kPTA). After
allowing the tissue to become chilled, it was cut up with

scissors and homogenised in a Potter-type homogeniser,



using one pass of the peBtle, in 3 vol. of medium. The
resulting homogenate was centrifuged in a refrigerated
centrifuge at | fGXO x g for 10 min. The sediment weB
rehomogenised in the same volume of medium and
centrifuged at 600 x g for 10 min. The sediment was
redispersed using the homogeniser and the final volume made
up to 4 times the original weight of the liver. Inis was
the nuclear fraction. The supernatant solutions were
combined and made up to a final volume which was equal to
10 times the weight of liver. dstimutions were carried
out separately on the nuclear and cytoplasmic fractions and
the sum of these values was considered to be equal to the
whole hoEiogen ;te.

The oytoplasmic extract was fractionated further using

the opinco Model Ij&preparatlve ultracentrlfuge with the

- ww/ v Y s & jBf. LA
No. 40 rotor. Two mitochondrial and one mlcrosomal
fractions were prepared. 30 ml. of cytoplasmic extract

v/ere centrifuged at 6,500 x g for 5 cdn., and the
precipitate was collected in two tubes, *nd washed twice
with 2 x 10 ml. medium, at 6,500 x g each time. fter
centrifugation, the pellet consisted of two layers, a light
brown layer, with a cream layer on top. The upper layer

was removed with the supernatant solution. The precipitate
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after washing was suspended to give a final volume of

16 xp¥* This was the mitochondrial fraction# The
combined supernatant fluids end washings from the
mitoohondria were then oentrifuged at:25,000 x g for 10
min. , the precipitate collected in two tubes end v/ashed
twice with 2 x 10 ml. medium. The precipitate ttub
recuspended in a total volume of 3 ml. This was the
lysosomal fraotion, which consisted of a email dark brown
preoipitate, with a pink "fluffy" layer on top. The
latter layer was removed in the ./ashing procedure. The
combined supernatant solutions and washings were centrifuged
at 100,000 x g for 30 min., the precipitates collected in
two tubes ;nd washed twice with 2 x 10 ml. of medium.

The precipitate, which was red and gelatinous, was
dispersed to give a fin *1 volume of 16 ml.

In the first experiment, nuclei, mitochondria,
lysosomes and microsomee were disrupted by ditlysing
against distilled water. 2 ml. of each fr ction were
dialysed ov rnight against distilled water. After
dialysis, the volumes of the solutions were measured, and
the precipitates which had formed were dispersed by means
of a small *otter-type homogeniser. In the second
experiment, the particles were disrupted by subjecting

them to ultrasonic vibration, using a Mullord ultrasonic
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drill (50 : 20 kc) for 2 min.

The protein concentration of these fractions was
determined by a slight modification of the Lowry method.
Aliquots of the suspensions of disrupted particles were
incubated overnight at 37° with the amount of NaCH
normally added in the NaOll/sodium potassium tartrate/
copper sulphate reagent, i.e. 0.5 ml. IN NaCK, in a total
volume of 0.55 ml. The other constituents of the reagent
were then added and the estimation continued in the normal
way. This method was adopted to ensure that the proteins
of the disrupted particles were in solution before the

estimation was carried out.

2* M

Leoxyribonucleosides and deoxyribonucleoside phosphates
were obtained from Bchwarz Bioresearoh Inc.9 the Bigma
Chemical Co. and ~ubst Laboratories. Calf serum was
purchased from Cxoid, Ltd., DBA”-cellulose from Lastman
kodak, CM-oellulose from Vhatman, crystalline pancreatic
DNase and bacterial alkaline phosphatase from Nutritional
Biochemicals Corp., BLAB-sephadex from Pharmacia, Uppsala,
Sweden, yeast 13A from British Brug Houses, Ltd., bovine
serum albumin from Armour Iharmaoeutioal Go*, and Jrotalus

adamanteus venom from the Bigma Chemical Co.



SECTION 111



-ection 111, Results.

it.. A.-£Ek*+*+£tef£lIsSIsiM ., Pig.
gsHin

aome properties of the oalf thymus DNA nucleotidyl-
transferase have been described by Dollum (1960)f but
since his system differed, in some respects, from that
employed in the present experiments, it was important to
characterise the enzyme in crude thymus extracts.

The incorporation of TKP into DNA is linear over
at least 1 hr., as showm in Pig. 4, and in subsequent
experiments incubation was carried out for 1 hr. The
effect of MgCI2 concentration on the reaction is
illustrated in Fig. 5. -vhich shows an optimal MfCA*
concentration of 6.5 ymooles/tal., a value that grees with
Dollum’s (1960) figure of 5 - 8 uaoleo/ol. In later
experiments it was deaided to increase the concentration
of deoxyribonucleoside triphosphates, in an attempt to
minimise the possible effects of phosphatases on the
reaction, and it was found that the KgCl2 concentration had
to be raised to 16 yumoles/ml. vhen the nucleotide concen-
tration was increased to 2 umoles/ml.

The effect of DNA concentration on the incorporation of

3-i-Ti,d residues into DNA is shown in Fig. 6, which indicates

that maximal activity is reached at about 50 - 75



The time course of the incorporation of "2P-T&iP
into JNAby calf thymus JNAnhucleotidyltransferase.

The medium contained 25yumoles tris, pH 7*5,
0.75 nigcenzyme protein, 50 yig. denatured JNA, 1 jxmole
2-mercaptoethanol, 2yimoles LgGIl2, 0.05 yimole JJTA and

50 mjnnoles each of dATP, dGTP, dOTP and 32P-TTP in a
total volume of 0.3 al.
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The effect of LlgClnconcentration on the incor-

poration of into JNA by calf thymus DNA nucleo-
tidyltransferase.

I'ne assay medium contained 25 yumoles trist pH 7»5f
0.75 fdg® enzyme protein, 50 jyug denatured JNAf 1 jumole
2-mercaptoethanol and 50 mpnoles each of dAIPf dGTP,

dCTP and MMP-TTP in a total volume of 0.3 mil« Incubation

was for 1 hr. at 37°e
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The effect of DNA concentration on the incor-
poration of 32P-TK? into DNA by calf thymus DNA nucleo-

tidyltransferase.

The medium contained 10 ~imoles tris, pH 7*5,
0.75 e enzyme protein, lyumole 2-meroaptoethanol,
6 “uncles UgOI™ and 125 cjumoles each of dATP, dGTP, dCTP
and 32P-TTP in a total volume of 0.38 ml* Incubation

was for 1 hr* at 37°e
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Jfddassay* A level of 50 ~g*/ussay wae used for moot of
the subsequent experiments* Pig* 7 demonstrates the
effect of increasing concentrations of deoxyribonucleoBiue
5'-triphosphates on the activity of the DNA nucleotidyl-
transferase* N concentration of 500 i“imoles/assay was
used to give a slight excess, in the event of there being
phosphatase activity present in fractions auded to the
assay*

Thymus DNA nucleotidyltransferase does not have an
absolute requirement Xor 2-mercaptoethanol, but its
inclusion in the reaction medium results in an increase of
over 50, in the incorporation (illustrated in fig* 8)*
2-fiercaptoethanol was therefore added routinely to assays
at the level of 1ylLLmole/asauy* As with 2-uercaptoethanol,
the addition of F3TA enhanced the reaction, and therefore
I2DTA was also uuued routinely to assays at the level of
0*05 yuxsiole/assay (Fig* 9)#

Hence, most of the subsequent assays were carried out
with an assay mixture of the following composition, with
only minor deviations: 6”imoles i.gClIl-, 50 N.g* :
125 Eiuiaolas eacii of <L.2Pt <IGIP, dOTP N21-22P, 0,05
jimole ~.DIA, 1 pinole 2-mercaptoethanol -nd 10 jimoles tris

buffer, pli 7*5*



The effect of deoxyribonucleoside triphosphate
concentration on the incorporation of into DNA by

calf thymus DNA nucleotidyltransferase#

The medium contained 25 ~oles tris, pH 7*5,
O#75 ng* enzyme protein, 1yumole 2-mercaptoethanol,
2 ~uaoles LIgCl2 and 50 "ig* denatured DNA in a total

volume of O#3 mi# Incubation was for 1 hr# at 37°e
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The effect of 2-nercaptoethanol concentration on

the incorporation of “P-TLD? into DNA by calf thymus DNA

nucleotidyltransferase.

The medium contained 10 jumoles of tris# pH 7#5f
0.75 »£e enzyme protein, 6 pinoles HgClg, 50 jig. denatured
DNA9 0.05 yumole BDTA and 125 nyimoles each of dATP, dGTP,
dCTP and "2P-TTP in a total volume of 0.28 ml. Incubation

wae for 1 hr. at 37°e
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The effect of DDIA concentration on the incor-
poration of ~P—MP into DNA by DNA nucleotidyl-

transferase*

The medium contained 25 yumoles tris, pH 7#5,
0*75 mg. enzyme protein, 50 jig. denatured DNA, IMjumole
2-mercaptoethanol, 2 ~unoles L.igCI2 and 50 mpmoles each
of di.TP, dGTP, dCTP and -~P-TTP in a total volume of

0*3 ml* Incubation was for 1 hr* at 37°*
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The effect of Hadl concentration on the
incorporation of ~2r-IThir into >RA by culf thymus JI1A nucleo-

tidyltransferase#

The medium contained 25 ~imolee of tris, pH 7*5, O0#75 mg
ox enzyme protein, 50 yn¥% denatured JR. , 1yumole 2-mercapto-
ethcnol ,0.05 fimole ~~TAT 2yunolee LgClg and 50 1™umoles ench
of d. TPT dCTP, dCli and 32jvrip in a total volume of 0*3 ml#

Incubation was for 1 hr# at 37°*
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3. 2bservations on the effects of het-tin,i and dial’,sis

0Q. .Me.jr™lb.Itlon of tfte DJA nucleoti dyllransi erase
by oalf serum and extracts of rat liver uu kidney.

It was reported by Gray et al* (1960) that calf serum
and extracts of a number of tissues inhibited the DNA
nucleotidyltransferase from Ehrliah ascites tumour cells*
These observations have been confirmed and further
Investigated using crude preparations of calf thymus JNA
nucleo tidyltransferase.

Calf serum was found to inhibit calf thymus DNA
nucleotidyltransferase to an extent similar to that found
by Gray et al* with the enzyme from ascites tumour cells*
This is shown in Table 1 which also demonstrates that
dialysis of calf serum removes about 80" of its inhibitory
activity while, on the other hand, heating the serum to
100° for 5 min* did not alter its ability to inhibit the
DM nucleotidyltransferase* The residual inhibitory
activity after dialysis was not removed by heeting to 100°e
It would seem, therefore, that the inaJor part of the
inhibitory activity of calf serum is due to a dialysable,
heat-stable component*

Extracts of rat liver and kidney were also found to
inhibit the DN nucleotidyltransferase, confirming the

earlier observations of Gray et al* Dialysis of such



'able 1.

The incorporation of “1'J11 into y
auclaotiiyltrjieferace in the presence of normal,
heated and dial/sed o If serum*

1.~ - - _-er cont
.editions i .corpor”t-d/u&s inhibition
protoin
doutrol i*e*no serum 1.45 «
Untreated serum 0.462 58.1
oerua heated to 100° 0*454 53.7
dialysed aerum 1.271 12.3
wialyoed sei'uo
heated to 100° 1.33
The In ined O0*O7/...... .
1 preparation, . rnaolee tris,
e, ppll# 170121 0*75 <« « enzyme ein,
* en”tnred j le# ez‘oh of d/Mm,
dJTf nd TTP in ~ tot -1 volume of 0*2 mi#

laeud tion *t1 for 1 hr* et 37°e



extracts did not alter their ability to inhibit the
incorporation of "PLP into WKA¥ The effect of heating
dialysed extracts of liver and kidney to various temperatures
on their inhibitory activity is illustrated in Fig# 11#

In both cases, the major portion of the inhibition was

found to be due to a heat-labile component (or components),
but a small amount of inhibitory activity remained after
heating and dialysis, and this may be analagous to the
inhibitory activity which remained in calf serum after

heating and dialysis#

Is. 3 i&.y r-yioug ,fr,ucticfa_j3.f rj”
U.ver extyaS.V

One possible mechanism for the action of the
inhibitor of the nucleotidyltrtnsferase found in
extracts of rat liver would be hydrolysis of the deoxyribo-
nucleoside triphosphates in the reaction mediun# uinco
orude liver extracts contain appreciable phosphatase
activity, fractionetion experiments were performed to
determine whether the phosphatase and inhibitory activities
could be correlated# Table 2 shows the inhibitory and
kTlaee activities of fractions obtained from a crude liver
extract by fractionation with acid. ATthough fractionation

failed to give rice to any fraction with a relatively high



Piri. 1l e

The effect of heating dialysed extracts of rat

kidney (a) and liver (b) to various temperatures on
their ebility to inhibit the incorporation of

into JRLe

25 mle kidney or liver extract (17 and 14 mg*protein/
ml. respectively) were dialysed against 2 1* of O*OlLi tris
at pH 7*5* Aliquots of these were heated to the specified
temperature in a water bath for 5 min* and the precipitates

that formed removed by centrifugation*

The JINA nucleotidyltransferase assay contained

25 umoles tris, pH 7*5, 1 ~imole 2-mercapto ethanol, 2 juunoles

50 jag* denatured JNA, 0*05 yunole JDTA, 0*75 ng*
enzyme protein, 0*75 ml* of the appropriate kidney or liver
extract and 50 mpmoles each of dATP, dGTP, dCTP and ~P-TTP

in a total volume of 0*3 mil* Incubation was for 1 hr* at
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Table 2.

The medium for the UNA nucleotidyltransferase assays
contained 10 yunmoles trie, pH 7*5» 1 “imole 2-mercaptoethanol,
6 jumoles LgC”, 50 jxgO denatured DNA, 0*75 Dg* enzyme
protein, 1*35 mg. protein from liver extract or acid
fraotion and 125 n“imoles each of dATP, dOTP, dCTP and "2x-TTP
in a total volume of 0.38 ml. Incubation was for 1 hr. at
37°.

The medium for the ATPase estimations contained 30
yumoles tris, pH 7*5, 3”umoles 2-mercaptoethanol, 0.15 “~umoles
DDTA, 150 ug# denatured DNA, 4#05 nig. protein and 1#5 umoles
ATP in a total volume of 0.74 ml. Incubation was for 1 hr.

at 37°e

Fraction precipitating between

pH values*
AP | 7.1- 6.75
AF 11 6.75- 6.2
AF 111 6.2- 5.5
AF IV 55- 5.1
AF V 5.1- 4.5
AS Supernatant solution after

last precipitation.

Definitions of units are in the Lethods section.
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inhibitory activity and relatively low phosphatase activity,
it can be seen that the removal of the precipitate formed
at pH 4*5 leaver 35/ of the phosphatase units, but only
10/ of the inhibitory units in the supernatant solution*
This indicates that the phosphatase and the inhibitory
activities are not identical, and further evidence for

this was obtained by additional fractionation. The
results in Table 2 show that the recovery of inhibitory
units was greater than 100/, and subsequently this was
observed on almost every occasion when acid precipitation
of a liver extract was carried out. These results suggest
that there may be a factor present in the crude liver
extract which partially masks the activity of the inhibitor.
Acid precipitation seemed to provide a useful initial step
in the purifioation, since some purification is achieved
without loss of activity.

Further fractionation of the inhibitor preparation
was carried out with amnmonium sulphate, and the inhibitory
and phosphatase activities measured in fractions prepared
from the acid preoipitate. From the results shown in
Fig. 12, the distribution of the inhibitory and phosphatase
activities seems to be unrelated, since the phosphatase

activity tends to bo precipitated at low ooncentrations of



Inhibitory and *.TPase activities in fractions of

rat liver extracts*

The media for the DNA nucleotidyltransferase and

ATPase assays were as for Table 2*
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ammonium sulphate, while the inhibitory activity is
preferentially precipitated at higher concentrations of
ammonium sulphate.

To eliminate the possibility that there might be
enzymes present which hydrolysed the deoxyribonucleoside
triphosphates specifically, but did not attack ATP, the
ability of several fractions from rat liver to hydrolyse
the deoxyribonucleoside 5*triphosphates was examined*

The results are shown in Table 3* 2be acetone fraction

was precipitated directly from the amnmonium sulphate
fraction, without the refinements introduced Icter for the
purification of the inhibitory factor* The hydrolysis of
the 4 deoxyribonucleoside triphosphates appears to proceed
at different rates, TIP being the least susceptible to
attack by any of the fractions* The experiments using ATP
as a substrate showed that the phosphatase activity increased
in the fraction precipitated by acid, and decreased in the
ammonium sulphate fraction, and a similar pattern was

found with the deoxyribonucleoside triphosphates. In
addition, the activity towards the deoxyribonucleoside
triphosphates declined still further in the acetone
precipitate, while the inhibitory activity increased* The
final acetone fraction had 2*7 times the inhibitory activity

and 0*4 times the phosphatase activity of the crude liver
extract.



The medium for the inhibitory assays contained
I0yumoles tris, pH 7.5, 1 yumole 2-mercaptoethanol,
0*05 yumoles IDTA, 6 “uaoles 1IgCI2, 50 Jig* denatured JNA,
0*75 mg* enzyme protein and 125 mpmoles each of dATP,
dGTP, dCTP and "2P-TTP and an amount of the appropriate
inhibitory fraction, such that the final inhibition was
about 30, - The total volume was 0*28 ml*, and the
incubation time was for 1 hr. at 37°e

The phosphatase assay medium contained 1*5 yumoles
of the appropriate deoxyribonucleoside triphosphate, or
an e™uimolar mixture of the 4 triphosphates, to a total
amount of 1*5 jumclee, 30 ~imolea tris, pH 7.5Ff 3yumoles
2-mercaptoethanol, 18 nmoles 1.gGI”Y, 150yug. denatured
JNA, 0*15 yumole JDTA and 0*45 nig. protein from the
appropriate fraction In a total volume of 0*84 ml*

Incubation time Was for 1 hr. at 37°e
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3. 4 |Ihe purification of the Inhibitory factor from
e™ r acta of rat jLiver.

Extracts of rat liver were fractionated by the methods
described in Section 2 to purify the inhibitory factor and
the distribution of protein and inhibitory activity in the
course of a typical fractionation is outlined in Table 4»
The total purification usually varied between 8 and 15-fold,
and the procedure resulted in the removal of 95/ of the
phosphatase activity. Further attempts were made to
purify the acetone fraction, using columns of DEAE-
oellulose, calcium phosphate gel and EEAE-dephadex (A50),
but it was found that although good fractionation of the
protein was obtained aid the activity oould be confined to
one or two of these fractions, drastic losses in activity
occurred in all cases. In the experiments with DEAE—
~ephadex, an opaque band appeared at the top of the column
when the protein was absorbed, and this was taken as an
indication of denaturation of the protein. The inhibitory
activity is very sensitive to heat treatment, and also to
surface denaturation, and it may be that absorption on to
gel or cellulose results in extensive inactivation.

The ultraviolet spectra of the fractions are shown in
Fig. 13« These indicate that the final acetone

precipitation results in a shift of the absorption maxinum



g, i?
The _JNA nucleotidyltransferase assay medium contained
10 juaoles trie, pH 7*5Ff 1 jum| -merot?ptoetlunolf 6 ~unoles
G#C5 ™imoles 3WA, 50 jig. denatured GN/f O#75 mg#
enzyme protein snd 125 m™molea each of dATIf dGTl , dCJTP and

in a totr-1 volume of CH28 mi# Incubation w”s for

m x-S f 4

.inh,jcpri]fory .units were as defined in the Methods

deotion#
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The ultraviolet spectra of the fractions obtained

from rat liver extract during the purification procedure.

All protein concentrations were adjusted to 0.6 mg/ml.

extinction at 260 nu

Fraction Extinction at 280 nu
e #Crude liver extract 0.88
O--———————- opH 4*5 precipitate 0.77
s P — m40-60,;; (NH4) 2S04 0.76

d------——-- d 36.9-45*4/ acetone 1.07
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from 260 to 273 mu, and an increase in the ratio of the
extinction at 260 nmu to that at 230 mjy both observations
suggest that the protein is being purified 'tilth the removal
of contaminating nucleic acid#

In view of the difficulties associated with further
purification, it was decided to investigate the mode of
action of the inhibitory factor at the partially purified
stage reached by precipitation with acid, ammonium sulphate

and acetone.

StE. .uctiQtt the ..igjJleq inhibitory factor,

oince it had been demonstrated that the inhibitory
factor did not act by destruction of the substrate deoxy-
ribonucleoside triphosphates, i.e. by phosphatase action,
there remained two possible sites for its action: the ITA
primer and the DNA nucleotidyltransferase itself,
experiments ?/ere therefore carried out to determine whether
prior incubation of either the JNA or the JNA nucleotidyl-
transferase with the purified inhibitor preparation
affected the incorporation of into JNA.

Fig. 14 shows the effect of preincubating the thymus
extract, containing the JNA nucleotidyltransferase, and
the purified inhibitory factor alone and together.

Although ireincub ation of the thymus enzyme or the inhibitory



li/;# 14*

The effect on the incorporation of -~P-TLiP into DNA
of a prior incubation of DNA nucleotidyltransferase with

the purified inhibitor preparation#

DN nucleotidyltraneferase and the purified inhibitor
preparation were incubated separately and together, and at
intervcdLs of Qt 15» 30, 45 and 60 min# aliquots of each,
corresponding to O#75 ng* enzyme protein end O#1 ng#
inhibitor protein were removed and added to tubes which
oontained the following components of the DNA nucleotidyl-
transferase assay: 1C umoles tris, pH 7*5, O#05 pinoles
IUTA, 6 jimoles Kgdigt 50 "wg# denatured DNA, 1 MNrnole

2-mercapto ethanol and 125 iapmoles each of dATP, dGTF, dCTP
and 32t £TP# xn audition, O#75 mg# enzyme protein or

O#1 no# inhibitory protein was added to those tubes which
aid not otherwise contain these. Incubation was for 1 hr

at 37°.

) S *  Thymus extract + inhibitory fraction
preinoubated#
S ® Inhibitory fraction preincubated alone#

e e Thymus extract preincubated alone#
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factor alone led t a slight fall 1n the level of inhibition,
prior incubation of the thymus ensyme and the i1nhibitor
preparation together caused a slight increase In inhibition
over the first 15 min* of preinoubation* This 1s a
relatively small effect, however, and seemed unlikely to
account for the action of the inhibitor on the DNA nucleo-
tidyl tranaferase reaction* The effect of preincubating
the purified inhibitor preparation and the primer DNA
separately and together is shown In Fig* 15e It 1s clear
that the prior incubation of 3HA v&th the inhibitor gives
rise to a progressive increase iIn the inhibition of the
transferase reaction, so that after 60 min* preincubation
the 1ncorporation of TLd? 1s completely inhibited*

The most obvious explanation for this effect would be
the destruction of the primer DNA by a DNase in the
inhibitor preparation* In an experiment to test this
possibility, the DNase activity of the purified inhibitor
preparation was measured under conditions comparable with
those employed in the preliminary i1noubationo iIn the
experiments shown in Figs# 14 and 15* Prom the results
shown in Fig* 16, i1t can be seen that the inhibitor has a

strong DNase activity* The amount of inhibitor

the experiments shown in Figs* 14, 15 €nd ¥ was about

6 times that required to give a 2,- inhibition of the



The effect of prior incubation of DNA with the
purified inhibitor preparation on the INA nucleotidyl-

transferase reaction.

670 jig.- aenatured INr>, 134 “oles tris, pH 7«5,
6.7 umoles 2-mercaptoethanol and 30 umoles hgCl? were
incubated -lone and together with 1.33 of the
purified inhibitor preparation. The volumes for tnese
3 preinoubatione //ere respectively 1.07, 2*07 and 1.0 ml*
,-t intervals of 0, 15, 30, 45 and 60 min., 0.08 ml.
aliquots were removed from the first, 0.155 from the
seoond and 0.075 from the third. These aliquots were
then aaded to JNA nucleotidyltransferase assays and, v/here
necessary, the components not included in the pre-
incubation medium were aaded so that the final concen-
trations .ere: 0.75 nig. thymus JNA nucleotidyltransferase,
50 yug. tured >NA, 6~ L.ioles LIgClg, 1 NnlOle 2-mercapto-
ethanol, 10 Njumoles tris, pH 7.5, C.05 /Zimcle EJTA, 0.1 mg.

inhibitory ~rotein and 125 a/umoles each oi dATI, dGU ,
dCTP and ™M1-TTIl - The total volume was 0.28 ml., and

incubation s for 1 hr. at 37ce

* * Inhibitor preparation + JNA, tris, ;.iCI2F
2-merceptoethanol, JJTA preincubated.
m—————- » Inhibitory preparation preincubated alone.

- iN# tris, cJlo, 2-mercaptoethanol, JOT;.
preincubated.



Percent inhibition of incorporation of "P-TMP into DNA



The DNase activity of the purified inhibitor

preparation.

The incubation medium contained 20 ~umoles tris,
pH 7*4, 2 ”~imoles 2-mercaptoethanol, 12 “uaoles LIgC*,
0.1 Ninmole -JTA, 12 yumoles UgCI9f 100yiig. denatured DNA and
0.2 mg. inhibitor protein in a total volume of 0.56 ml.

Incubation was at 37°e






incorporation into DNA in a normal DNA nucleotidyltrans-
ferase assay.

3inoe the purified inhibitor preparation possessed
DNase activity, experiments were carried out to determine
the DNase activity of the inhibitor during the purification
procedure, and a comparison of the DNase activity with the
inhibitory activity is shown in Fig. 17. The two
activities show similar increases during the purification
and it seems likely that they are closely related.

Previous experiments (Fig. 11) had shown that the
inhibitory activity was very heat-labile, and the
sensitivity of the DNase to heat inactivation was therefore
compared with that of the inhibitor. The results of such
an experiment (Fig. 18)show that after heating to 45° for
5 min., 50£ of the inhibitory and 70,'. of the DNase activity
iIs lost. A small residual DNase ©otivity appears to resist

heating to 60°, while all inhibitory activity is lost at 50°e

Nevertheless, there is a considerable similarity between the
response of the DNase and the inhibitor to heating, and it
may well be that the residual activity is due to a second,
more lieat-stable, nuclease present in the purified
inhibitor preparation.

If the inhibitory activity is due to the presence of

a nuclease in the preparation, the inhibition should be
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The relative inhibitory and DNase activities during

the purification of the inhibitory factor from rat liver*

The DNA nucleotidyltransferase assay medium contained
10 pinoles tris, pH 7«5» 1 yamole 2-mercaptoethanol,6”umoles
kgCl2, 0*05 yimole EDTA, 50 ,ug* denatured DNA, 0*75
enzyme protein, an amount of the protein from each of the
fractions, such that the final inhibition was around 30"
end 125 raunoles eech of dATP, dGTP, dCTP and 32P_TTP.
Tne total volume was 0*28 ml* end incubation was for 1 hr*

at 37°.

The medium for the -jllase assays contained 20 ~umoles
tris, pH 7*5* 2yumoles 2-mercaptoethanol, 12 “umoles MgG~,
0*1 ~unole j-DTA, 100yug* DNA, and tv/ice the amount of
inhibitory protein used for the assays of the inhibition of
the DUA nucleotidyltrans f erase* The total volume w/as

0*31 ml*, and incubation was for 1 hr* at 37°*

The open columns represent the inhibitory activity and

the hatched ones the DNase activity*
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ThO effect of temperature on the inhibitory and DNase

activities of the purified inhibitor preparation*

0*6 ml* portions of the inhibitory preparation (2 ng*
protein/ml*) were heated to the specified temperature in a

water bath for 5 min* and placed in an ioe bath*

0*15 mg* of protein from the purified inhibitor
preparation was used for the DNA nucleotidyltransferase
assays and 0*3 mg. for the DNase assays* The other com-

ponents of the incubation media were as for Fig* 17*

The open columns represent the inhibitory activity

and the hatched ones the DNase activity*
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decreased by increasing the DNA concentration in the DNA
nucleotidyltransferase assay. The results of such an
experiment are shown in Table 5« The inhibitory effect
reaches a maximum at a low concentration of DNAf but the
"protective'* effect of adding additional DNA appears to
reach a maximum at about 200 jig DN../assay, and the
addition of further DNA does not appear to cause any further
lowering of the inhibitory activity. This suggests that
there may be tv*) factors involved in the inhibition: the
DNase activity itself and some additional inhibitor, such
as a product of the action of the nuclease. In order to
investigate the latter possibility, the effect of adding
the products of incubation of DNA with purified inhibitor
preparation to DNA-nucleotidyltransferase assays,
containing various amounts of DNA, were examined. In
Fig. 19, the upper curve illustrates the effect of adding
DNA previously incubated without any inhibitor, while the
lower curve shows the effect of adding DNA previously
treated with the inhibitor for 1 hr. If the products of
the action of the inhibitor preparation did not affect the
DNA nucleo tidyltransferase system, the lower curve should
reach a plateau when about 50 to 75 ~g* DNA are added to
the assay, and this plateau should coincide with the

incorporation in the corresponding controls. In fact,



n 51 -
The effect of DNA concentration on the inhibition of

JN.i nucleotidyltransferase by a purified inhibitor preparation.

U&. JI'., added/iiosay lercent Inhibition
10 52.3
25 6S.8
50 63.0
75 I 55.0
100 51.7
200 21.5
¢30 20.1

The incubation medium contained 10 yniaolec tris, pH 7.5.
1 Nimole 2-mercaptoethanol, 6 ”imoles O#05yuiaole ADTA,
0*75 nt> enzyme protein, 125 mpioles each of dATP, dGTi,
dCTP and TTP and 0*15 mE* inhibitory protein# The
total volume wWas 0#3 ml* and incubation was for 1 hr# at

37°.



The effects of the products of incubation of DNA with
the purified inhibitor preparation on the incorporation of

into DNA at various DNA concentrations*

I.dj ;ib, aenatured jNA9 250 yumoles fcris, pil 7*5,
25 "unoies 2-mercaptoethanol, 1*25 yumoles [iDTA and 150
yumoles LgCI™ were incubated alone together with 3*75
mg* protein from uhe purified inhibitor preparation added*
at the end of 1 hr* incubation, the tubes were placed Iin a
boiling water bath and 3*75 ng* enzyme protein aaded to the
tube which -id not already have this* The tubes were
heated it 100° ior 5 min* /Jiuuotfi from these tubes were
then added to DNA nucleotidyltransferase assays in such a
way that the reaction mixture finally contained 50 ug*
denatured, preincubated (with or without the purified
inhibitor preparation) WNA, lyumole 2-mercaptoethanol,
6yumoles ..gJdl,. f 0*05 ~imole £DTA, 10pinoles tris, pH 7*5,
0*75 ng* enzyme ”~rotein, additional denatured JNA, as
shown in Pig* and 125 i“umoles eaoh of dATP, dGTP, dGTI

and The final volume ./as 0*3 ml* and incubation

was for 1 hr* at 37°e

- e DNA 2-mercaptoethanol, 1 ~l2t ADTA, tris and

purified inhibitor preparation preincubated*

O--mmee- © 2-mercaptoethanol, 1 3DTA and tris

preincubated, purified inhibitor preparation
a *ded while solution was at boiling point*
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jig. UNA added/assay



a plateau is reached at about 80 jig/assay, but the final
level of incorporation is approximately 20;1 lower than

in the control, suggesting that sonme component of the
inhibitor-treated DNA preparation interferes with the DNA
nucleotidyltransferase assay.

Table 6 shows the effect of adding a purified inhibitor
preparation to a normal assay which had been incubated for
1 hr. At this time the system bad synthesised DNA
corresponding to 3*96 mjimoles MI-T1 pf but when the
purified inhibitor was added to this, and the incubation
carried out for a further hour, the level of incorporation
was reduced to 2*85 n”moles, i.e. instead of a further
2.35 mmamol@S TUP being incorporated, 1.11 mjmoles of TP
were removed from DNA already synthesised. This indicates
that the nevdy synthesised INA is susceptible to -the
action of the nuclease in the purified inhibitor prepar-
ation.

In view of the possibility that the inhibition of the
JNA nucleotidyltransferase by the inhibitor preparation
was due entirely to its nucleolytic activity, the effects
of aading pancreatic DNase | and splenic UTase Il to DNA
nucleotidyltransferase assays were determined. As can be

seen from the results in Table 7, very high concentrations



Table 6.
The effect of adding a purified inhibitor preparation

to a JNA nuclootidyltransferase assay after incubation for
1 hr.

Assay conditions _muiioles _ Ecor—
I&r~ted/iag. protein

Normal incubation for 1 hr.

in absence of inhibitor. 3-56
Incubation for 1 hr. in the

presence of 0.1 mg. 1.36
inhibitor.

Normal incubation for 2 hr. 6.31
in absence of inhibitor. -

Normal incubation for 1 hr.,
0.1 sit,, inhibitor protein 2 35

added end inoubntion
continued for 1 hr.

The incubation medium contained 10 ~unoles tris, pH 7*5»
1 Nimole 2-mercaptoethanol, 6 ”~unoles I'.gClot 0.05 “~unole JJTA,

0*75 Jsg. enzyme protein and 125 mpnoles etch of dATI, dGTP,
dOTlI and M2P-TTP in a total volume of 0.28 ml. Incubation

wae at 37°e



Table 7

The JNA nucleotidyltransferase assay system con-
sisted of IO”imoles tris, pH 7*5, 1"imo|e2"mercaptoethanol,
0*05 ~unole DDTA, 50 jxg. denatured DNA, 6juimoles LgCl2t
0.75 nmg. enzyme protein and 125 mpmoles each of dATP,
dGTP, dCTP and "2P-TTP.

The DNase assay consisted of 20 ~unoles tris, pH 7.5f
2 yumoles 2-mercaptoethanol, 0.1 ~unole DDIA 100 ~.g.
denatured DNA, 12 jxnoles ilgCA.

k splenic DNase Il units were as described by ljoerner

and Sinsheimer (1S57).
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The effect of the purified inhibitor preparation,

pancreatic DNase | and splenic DNase 1l on the incorporation

of "2¢X-TL:l into DNA*

lancreatic DNase |

uo. crystalline extinction at 260 xm
‘enzyme/assay of acid-soluble
produots.
525 0.636
105 0.461
52.5 0.331

splenic DNase 11

Aunits/assay L.xtinction at 260 cai
of acid-soluble
products.

6,000 0.522
3,000 0.187

lurified inhibitor preparation#

protein/ Extinction at 260 m

7 assay of cid-soluble 7.
products.
, 140 0.479

70 0.277

_lercent
inhibition.

09.6 |
6.5

~lercent
inhibition.

24.6
66.2

lercent
inhibition.
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of pancreatic DNase were required to produce a significant
inhibition of the reaction. On the other hand, the
system proved to be very sensitive to concentrations of
splenic DNase Il which produced only a small amount of
acid-soluble material.

As will be seen in the following section, the nuclease
of the purified inhibitor preparation attacks heat-denatured
DNA more rapidly than native DNA and, therefore, the effect
of the inhibitor on a DNA nucleotidyltransferase system
primed with native DNA was tested. Table 8 shows a
comparison of the effects of the inhibitor on the DNA
nucleotidyltransferase system with native and denatured
DNAs as primers. The incorporation of -~P-TLIP into
native DNA was only 11, of that obtained with heat-denatured
DNA, but the activity of the transferase primed with
denatured DNA was substantially inhibited by the inhibitor,
whereas that of the transferase primed with native DNA was
greatly enhanced. Pig* 20 illustrates the effeot of
inhibitor concentration on the activity of the DNA nucleo-
tidyltransferase when the system is primed with native
DNA. There is a maximum stimulation at a level of &4
inhibitory protein/50 jig. DNA;, at higher concentrations
of inhibitor the stimulatory effect declines, but at no

point v/ithin the range of protein concentrations tested



The effect of the purified iInhibitor preparation on
the i1ncorporation of ~2-=TNI i1nto DNA9 using native wWd

denatured DNA aB primers*

Dount s/nin#
-rimer incorporated/ I ffeot
mg* protein

Native DNA 5,044

Native DNA 10.335 105/ stimulation

(+ inhibitor) ’ In presence of
inhibitor

—enatured DNA 45,967

denatured DNA 59 653 35*5/ inhibition

(+ inhibitor) ’ In presence of
inhibitor*

The assay medium contained 10 juuoles trie, pH 7*5,
6 jui-oles 1 pinole 2-mercaptoethanol , 0*05 yumole ..DIA,

0*75 mg* enzyme protein, 950 jjg, AIL and 125 i“umoleo each of
dATI, dGTl, dCTI end "2P-IIP* The total volume wae 0*3 ml*

and 1Incubation was for 1 hr* at 37°e



£he effect of concentratioa of the purified inhibitor
ireparation on the activation of the IKA nucleotidyltrans-

ferase, *.en uruenfctured in urea &s “rioier®

he essay nediua C C
} rieole 2—cicreaptoethanol , 6jju..olee ™ 0#05yuncle SDSA
50 pi,* anotured U*A and 125 cauaolee each of dATP, dGTI,
end *2-- : - 0*28 a)U and

incubation .vae for ™ hr# ut 37°e

Concentration of purified inhibitor preparation
vfhich 1nhibit®© the incorporation by 30/ when

denature., r



Percent stimulation of incorporation of

2+ _TMP into DNA
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was any. inhibition of the DNA nucleotidyltransferase
observed# The point marked with an arrow on the figure
represents the concentration of inhibitor/assay which was
found to give an inhibition of 30" when added to a normal

DNA nucleotidyltransferase assay, primed with denatured DNA#

3. 6 SftarapterifltloB of the nuclease ootivilty In the
PHrtfcL 8fl. JWiMitoiir. g «w r.a&p us. "

The properties of the nuclease activity in the purified
iInhibitor preparation were examined to determine whether
this enzyme resembled any of the nucleases whose charac-
teristics have been investigated and defined#

The effect of variations in the MgClg concentration
on the DNase activity is shown in Fig. 21# The optimal
concentration is 1 priOle/1I00 pig denatured DNA, which
corresponds to a molar ratio of LgCl2 to phosphate in the
substrate of 3 to 1. The variation of nuclease activity
with pH at the optimal Mg++ concentration is shown in
Figit 22#  There is a broad pH optimum, extending from
6.5 to BH#H5H

IknCl2 also stimulates the nuclease activity of the
inhibitor preparation, as shown in Fig# 239 and can
replace 22901# at the optimal concentration, which is about

one tenth of that found for ilgOlg. CaCl2 does not



The effect of HgCI2 concentration on the nuclease

activity of the purified inhibitor preparation#

The DNase assay medium contained 20#0jimoles tris,
pH 7*5t 100jig. denatured DNA and 75 /Zig* protein from the
purified inhibitor preparation in a total volume of 0.275

ml. Incubation wWas for 1 hr. at 37°e



Fig. 21.

umoles 1.igCl.p/assay mixture



?i1fic 22,

The effect of variations in pH on the nuclease activity

of the purified inhibitor preparation*

The assey medium contained 1 “~umole LIgC”, 100 ™Mg.
denatured DNA and 75 yug* inhibitor preparation.
6.6 ~1moles phosphate buffer of the appropriate pH were
added to asbays iIn the pH range 5*5 to 7.5f while 10 “~umoles
glycine buffer of the appropriate pH were added to assays

in the pH range 7*5 to 10.0. The total volume was 0.375

0
ml. f and i1ncubation was for 1 hr. at 37 e



p.;.

Vvji

acid soluble nucleotide produced/assay

-fr 00 ro a>



The effect of LINGI9 concentration on the nuclease

activity of the purified inhibitor preparation.

The assay medium consisted of 10 “umoles tris,
pH 7*5] 100~ . denatured JNA and 75 ~g* protein from
*A
the purified inhibitor preparation. The total volume

was 0*325 ml. and incubation was for 1 hr. at 37°*



acid-soluble nucleotide produced/assay
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enhance the nuclease activity (Fig. 24)» and, in fact, in
the presence of an optimal concentration of LgClo it
strongly inhibits the reaction (Fig. 25)e In this system,
therefore, Cat++ ions have no synergistio action in the
presence of LIgClg, as happens with certain other DNases.

The inhibition of the nuclease in the presence of increasing
KaCl concentration is shown in Fig. 26.

Up until this point, the nuclease had been assayed
using thermally denatured DNA as substrate; in further
experiments its activity towards undenatured DNA was tested.
It was found that heat denatured DNA was a better substrate
for the enzyme than native DNA Fig. 27 shows the results
of an experiment in which DNA was heated to various
temperatures, and then tested as a substrate for the nuclease
activity. Denaturation of the DNA was followed by
measuring the increase in extinction at 260 nx (i.e. the
hyperchromic effect). It is clear that the susceptibility
of the DNA to attack by the nuclease increases with heating
and that this curve exactly parallels the curve for the
hyperchromic effect due to the denaturation of the DNA

The HNase activity of the purified inhibitor
preparation was also measured simultaneously with the

DNase activity in some experiments. Doth RNase and DNase



The effect of CaClO concentration on the nuclease

activity of the purified inhibitor preparation*

The assay medium contained 10 ~imoles tris, pH 7*5,
100 denatured DNA and 75 yug* inhibitory protein in
total volume of 0*385 mil# Incubation was for 1 hr* at



aw? "

pmoles C8Cl2/assay



The
activity

presence

The
tris, pH
from the

of 0.325

-lir*, 29

effect of CaC”™ concentration on the nuclease
of the purified inhibitor preparation iIn the

of the optimal concentration of LgCI9.

assay medium contained 1yunole LigCI”, 10 ~jxmoles
7«5] 100 ug# denatured DNA and 75 nigf¢ protein
purified inhibitor preparation in a total volume

ml . Incubation v/as for 1 hr# at 37°*






The effect of NaCl concentration on the nuclease

activity of the purified inhibitor preparation.

The assay medium contained 1.0 jimole LIgClo, 10 pinoles
tris, pH 7#5f 75 protein from the purified inhibitor
preparation and 100 jxg. denatured DNA. Incubation v/as

for 1 hr. at 37°e



nucleotide produced/assay

pCe acid—soluble

0.04 0.08 0.12

Pinal molarity of naCl

0.16 0.20

In assay medium

0.

24
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The effect of the heat denaturation of UNA on its
susceptibility as a substrate for the nuclease of the

purified inhibitor preparation.

jlu (0.8 mg./ml) was heated to the temperature shown
for 5 min* in a water bathf and the extinction at 260 np

measured. © oo 0

Itfase activity was measured in the following medium:-
120 ji&. Mi., heated to the appropriate temperature, 1yumole
L;gCI9t 5 imoles tris, pH 7*5 and 0.15 mg. protein from the
purified inhibitor preparation in ~ total volume of 0.285

ml. Incubation was for 1 hr. at 37°e



EPEOoFf acid-soluble products from heated DNA
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2600 acid-soluble products from unheated DNA
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activities were determined at several substrate concen-
trations* The results of such an experiment are shown
in Table 9* and indicate the presence of UNase activity
to an extent of about 14.- of the DNase activity. These
figures do not indicate whether the HNese aotivity is due
to the presence of a separate DNase in the inhibitory
fractio