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SUNMMARY

The Control of DNA Syntheseis in L Cells

by J. Gordon ILindsay

Sunmary of the thesis presented for the degree of Dootor of

Philosophy, University of Glasgow, October 1969,

Regenerating liver, rabbit kidney cortex cells cultured
in vitro and PHA-stimilated lymphooytes have been widely
employea to study the sequence of metabollc events whiéh is

. required for the onset of DNA synthesis and cell division
when iesting cells are stimulated to renewed proliferation.
A parallel resting cell eystem has been established with a
permenent cell line by maintaining cultures of L 929 cells
at high population densitys Such a system is particularly

; suitable for study becausg of the ease of culture manipulations

and the relatively high degree of synchrony obtained,
Released~gtationary cells begln to synthesise DNA after
a lag period of 14 hr. and by 20 hr, 70% of the cells are in
S phase. Increases in cell number are observed by 25 hr.
In contrast to primary resting systems 10 change in the rate
of RNA synthesis is detected after releoase from stationary
phases RNA synthesls during fhe lag phase is required for
subsequent DNA synthesis.
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Changes in the activity of DNA polymerase in nuclear
and supernatant fractlons of L cells have been investigated
following release from stationary phase and particularly
during S phases The results of previous investigators have
been conflrmed and extended.

Nuclear preparations of L 929 cells show a 2=5-fold '
preference for native DNA primer while the supernatant DNA
polymerase activity is correspondingly more active with '
denatured DNAe The general characteristics of the DNA
polymerase{s) in these fraotions have‘been investigated and
methods for releasing the enzyme from isolated nuclei studied.

Preliminary purification of the enzyme was undertaken'
although difficulties were encountered because of the small
amounts of material avallable from tissue cultqre celless A
T=8=fold purification was achieved by pi 5 precipitation
and Sephadex G200 chromatography and 95% of the DNase activity
removed as judged by the relative capacity of the fractions
to hydrolyse native or heat-denaturéd-DNA to acld-soludble
fragmenta; After purification DNA po;ymeraae activity, primed
by denatured DNA, was rapldly 1oet;bﬁ freege/thawing of the
solutione | |

DNA polymerase aotivity in extracts of L 929 cells was
found to be heterogeneous'ﬁy fractionation on Sephgdex G200,

DEAE~cellulose and polyacrylamide gelss As similar results
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have recently been reported for the rat liver enzyme the
possible significance of this result in relation to in vivo

replication is considered. The nuoclear location of a -

- fraction of the DNA polymerase activity and its preference

for native DNA primer makes it a posslble candidate in thia'
respect.

Sephadex—purifled nuclear and supernatant fractions
have been used to synthesigse [?ﬁ] DNA on their preferred
primers and the characteristics of the DNA products examined.
Both products were found to be resistant to degradation by
exonuclease I suggesting that the newly~synthesised DNA was
not present in a single=stranded form. Analysis of the DNA
products on neutral and alkaline suorose gradients reveals
that the [?ﬁ] DNA is not covalently attached to the DNA L
primer., Our findings on the characteristies of the DNA
products are compared to previous data on the DNA produocts

formed by the calf thymus and Escherichia coli DNA polymerases.
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ARBREVIATIONS

These are as laid down in the Biocﬁémioal Journal

Instrucfionstc Authors (revised, 1969) with the following

additions: -
DNA polymerase
Thymidine kinase

Pancreatic DNase (DWase

1)
DNase

poly dA
poly d(AT)

poly dA : 4T

: 4T

poly dA2 :

poly d(ABu)

Deoxyribonucleosidetriphosphate :

DNA nucleotidyltransferase, EC 2.7.7.7
ATP : thymidine 5'-ph05photransferase;
EC 2.711.21_

Deoxyribonuclgate oligonucleotido-
hydrolase, EC 3.1.4.5

Deoxyribonuclease

Single-stranded polymer coataining

dAMP residues only

Double-stranded covolymer, each chain

of which contains dAMP and 4THP residues
Double-stranded polymer with one strand
of pély dA and one of poly 4T
Triﬁle—stranded polymer containing two
strands of poly dA and one of ﬁoly dT
Double=-stranded copolymer, each chain

of which contains dANP and 5-bromodeoxy-

'
uridine 5 -monophosphate residues



poly 4G : 4C

tRNA
BSA
BSS
PPO
POPOP
TEVED

S5C

i’éth 5S8C

FPA

MAK

*tris-sucrose, buffered
sucrose

S~component buffer

BHK 21 (C13) cells
HE =2 cells

Y
RK cells

PPLC

Double-stranded polymer with one
strand of poly 4G and one of poly 4C
transfer RNA

Bovine serum albumin

Balanced salt solution
2,5;diphenyloxazole

1,4 di-2-(5-phenyl oxazolyl)-benzene
N,N,N',N'-Tetramethylethylenewdiamine
Standafd saline-citrate (0.15 M-NaCl,
0.015 M-sodium citrate, oH 7.0)
07015 M~NaCl, 0.0015 M-sodium citrate,
pH 7.0
parafiuorophenylalanine

Methylated albumin kieselguhr

+0.02 M-tris-HCl, pH 7.5 containing

0.25 M-sucroée

0,02 M~tris~HC1l, pH 7.5 containing
0.25 M-sucrose 1 wM-EDTA, 0.15 M-KC1
and 5 mM~2-mer§aptoethanol

Baby hamster kidney cells, cléne 13
Human epitheliod carcinoma, no, 2
Rabbit kidney cells

Pleuropneumonia-like organisms




The terms DNase, endonuclease and exonuclease are used to
dascribe uncharactericed activities in cell extracts which bring

about degradation of added TNA.

Footnote - DNA primer

DNA polymerase activity in L cells functions in & manner

which suggests that added DNA is a template for the enzyme.

The term template is, however, very specific and implies that
polymerisation is proceeding by specific base pairing with form-~
ation of new DVNA strands complementery to the added DNA; it
also imnlies the absence of non-specific addition to the termini
of DNA chains., For this reason ths more general term DNA
primer has been normally adopted in this context to mean simply
an initiator of polymerisation without defining exactly the
.type of polymerisation (non specific and/or template directed)

-which may be occurring.
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CHAPTER I -~ INTRODUCTICN

1. TISSUE CULTURE.

1.1. Historical development

Tissue culture is a technique which has been increasingly
employed in recent years in the study of a wide variety of bio~
chemical preblems. Isolated cell systems have proved particularly
useful in the analysis of problems in carcinogenesis, viral reprod-
uction, morphogenesis and cytogenetic variation and are now generally
used as a basic research tool in many sreas of biology and medicine.

Historically tissue culture developed as a natural extension
to the techniques of embryology employed in the last century. An
experiment by Harrison (1907) in which he explanted tissue from
frog embryonic spinal chord into clots of frog lymph fluid and was
;ubsequently able to show the development of nerve fibres in vitro
is generally aocepted as being the true beginning of tissue culture
as we know it today.

Much of the pioneer investigation ia this figld was carried
out by Carrel and his co=-workers (Carrel, 1912, 1913%a, b, 1924;

Carrel and Ebeling, 1922; Carrel and Baker, 1926) who developed



rigorous aseptic techniques for cell cultivation and, by maintain.-
ing explants in plasma clots fortified with embryo extracts, were
able to propagate cells for long periods of time. Indeed they
were able to keep one strain of chick heart fibroblast cells in
active proliferation for 34 years by these methods.

During this period most of the main animal cell types were
cultured by a number bf investigators (Fischer, 1930, 1946;
Murray and Kopech, 1953; Willmer, 1958, 1960) and much insight
was gained into cell morphology and the characteristics of isolated
cell systems. Unfortunately, owing to the complexity and labc:n:lr-~
iousness of the traditional techniques of tissue culture, it came
to be regarded more as an art than a scientific tool and con-
sequently made little impact on the scienfific world over the
next 30 years. In addition, the complexity of the media and the
Adifficulties of tissue manipulation made tissue culture unsuitable

for quantitative analyses.

1.2. Modern techniques

The classical procedures of plasma clot cultures have now
been superseded by the developmen®t of simpler systems for the
serial propagation of mammalian cells. An important advance was

made by Evans and BEarle (1947) who found that, by growing a series



of tissue culture explants of mouse cells on & solid substrate
such as glass or cellophane, a continuous monolayer of cells
could be formed. These cells could than be scraped off, fesus-
pended, and used to inoculate fresh cultures of the same kind,
The advent of monolayer cultures allowed, for the first time,
accurate determinations of cell numb;r to be made and further
permitted the setting up of duplicate plates for quantitative
estimations.

Dulbecco (1952) and Moscona {1952) found that, by digest-
ing fresh tissues with trypsin (BC 3.4.4.4) to form single cell.
suspensions, primary monolayer cultures could easily be established
on glass surfaces, This technique was adapted by Scherer,
Syverton and Gey (1953) for the routine subculture of all cell
lines and is now widely used in this capacity. Other proteo-
lytic enzymes e.g. elastase (pancreopeptidase E, EC 3.4.4.7) and
;cllagenase (clostridiopeptidase A, EC 3%.4.4.19) have proved
effective in the dispersal of cells as have chelating agents
such as citrate or EDTA (Rinaldini, 1958; Paul, 1960), This
rapid evolution in technology greatly improved the usefuliiess
of cell cultures as systems for experimental study. Drring this
initial period methods for growing cells on defined or simplified
media were &eveloped as well as procedures for the cloning and
long-term storage of cultures, thus dringing tissue culture on a

par with microbiology.

&9



1.3, Cell nutritional requirements

Establishmeﬁt of moneclayer cultures made possible for the
first time accurate analysis of the nutritional factors for a
given cell type. The pfincipal contribution in this field has
been by Eagle and his collaborators in an outstanding series 6f
paperé (Bagle, 1955, a, b, ¢, d, 1956, a, b, 1960 a, b; Bagle,
Agranoff and Snell, 1960; Bagle, Barban, Levy and Schulze,
1958; EHagle, Freeman and Levy, 1958; Hagle, Oyama, Levy and
Freeman, 1956, 1957; Eagle, Oysma, Levy, Horton and Fleischman,
1956; Eagle, Oyama and Piez, 1960; Bagle and Piez, 1960, 1962;
Eagle, Piez and Fleischman, 1957; Eagle, Piez and Qysma, 1961;
Eagle, Washington, Levy.and Cohen, 1966). Their original
observations were that primary cultures of established cell
lines, for example, Hela or L cells would grow on défined media
Pontaining the correct‘amounts of glucose, salts, amino acids
and vitamins provided a small amount of dialysed serum was added.
éince omission of a single essential nutrient caused cessation
bf growth and eventual death of the cells, it was possible to
study the specific growth requirements of a given cell line.

Eagle has shown that strain L mouse cellé require the
presence of 13 amino acids for growth, namely Arg,~His, Leu,
Isoleu, Tyr, Glu, Met, Lys, Phe, Cys, Val, Trp and Thr. Most
of these amino acids exhibit sharply defined optimal concentrations

for growth and only the L-forms are effective (Eegle, 1955, a, b).



The pattern of amino acid regquirements has been found to be
remarkasbly similar for a wide variety of cell lines. While
there may be some variation in the concenﬁrations required for
maximwn response the same 13 amino acids are generally found to
be eséential for growth.

) Initially some differences in amino acid requirements
were noted. Ceils of Valker rat carcinoma and rat leukaemie
L=5178Y were reported to grow only on addition of Le-asparagine
to the culture (MéCoy, Maxwell and Neuman, 1956; Haley, Fischer
and Welch, 1961). Similarly a strain of rabbit fibroblasts was
shovn to need serine for growth (Jaff and Swim, 1957a). The
requirements for certain metabolites e.g. serine,glutanine and
asparagine have been found to be dependent on the population
density of the culture (Eagle and Piez, 1962; Eagle et al.,
1966). This situation arises because in dilute cultures meta-
bolites, synthesised by the cells, are lost into the medium and
becowe limiting for growth. In this respect they resemble the
"leaky" mutants of bacteria which exhibit changing nutritional
reqﬁirements at different cell densities. Thus, in sparsely
populated cultures, the cells often show increzsing require-
ments for accessory growth factors.'

Failure to realise this phenomenon resulted in initial
difficulties in trying t§ establish colonies frém the

growth of single mammalimn cells, L cells



8

were the first to be successfully cloned (Sanford, Earle and Likely,
1948). In this eiperiment individual cells were cultivated in
capillary tubes embedded in plasma olots;'thus nutrients lesking
out of the cells were not diluted out and growth soon cccurred
‘although the cloning efficiencies obtained were low by modern
standards.

Simpler methods of cloning are now commonly employed which
have been adapted from the stéﬂdard te¢hniques of microbiology.
These involve esteblishing the cells in suitable media stiffened
with agar or methyl cellulose which allow “conditioning" of the
media in the micro-environment of the cell (Puck, Marcus and
Cieciura, 1956; Wallace and Hanks, 1958; Sanders znd Burford;
1964; Macpherson and Montagniér, 1964; Stoker, O'Neill, Berryman
and Waxman, 1968).

. The use of '"feeder layers" as a means of improving colony
formation has been especially studied by Puck and his colleagues
(Puck and Marcus, 1955; Puck et al., 1956). This technique
involves subjecting plates of cells to X-irrédiation and using
these as a base for thé proliferation of a few added viable cells,
No regquirement for "feeder layers" has been shown for permanent
cell lines which will grow with high cloning efficiencies without
previous conditicning of the media. This permits the isolation
of specific muténts for genetic analysis, each one of which has

arisen from a single céll,




?

As with the amino acids, Eagle and his workers have demon=-
strated specific vitamin requirements for the continued growth
of cells cultured in vitre (Esgle, 1955d; "Eagle et al., 1960;
Swim and Parker, 1958b), For the majority of cell strains 8
vitamins (pyridoxine, folic acid, choline, inositol, nicotin-
amide, riboflavin, thiamin snd pantoihenic acid) are needed for
ﬁormal growth to proceed. Again exclusion of any vitsamin
ultimately leads to cell death although deficiencies may not
become apparent for several days un%il cell reserves are depleted.
No requirements for the fat-soluble vitamins i.e. vitamins A, D,
E and K have ever been deﬁonstrated in tissue culture populations.
In cartilage organ cultures Fell, Dingle and Webb (1962) have
shown & specific growth inhibition by vitamin A. This effect
appears to be related to the release of proteolytic enzymes from
“the lysosomes of these cells.
) A source of carbohydrate is also essential for the growth
of all isolated cells and glucose, fructose and mannose can all
be ﬁetabolised by chick heart cells or permanent cell strains
(Chang and Geyer, 1957; Morgan and Morton, 1960; Eagle EﬁLiiL-’
1 1958). Other hexose sugars appear to be relatively inert al-
though maltose‘is able to promote growth, apparently because it

is hydrolysed by specific maltases present in the serum or the



cells, Pentoses, gpart from ribose, which can be utilised by
a number of human cell strains (Fagle et al., 1958) are not
effective in promoting growth.

While the roles of carbohydrates, vitamins and amino
acids in the normal propagation of cultured cells have been
clearly established, lipids do not dppear essential for the
groﬁth of most cell lines. Triglycerides snd phospholipids can,
however, be extensively incorporated into cells in dividing
cultures, Specific effects_of lipids on the growth of one
or two cell lines have been noted. Neuman and "Tytell (1960c)
observed that methyl oleate stimulated the growth of Walker 256v
carciﬁoma in serum-free media while an apparent requirement for
albumin during clonal growtﬂ.in Chinese hamster cells can be
eliminated by linoleic acid (Ham, 1963).

Although a number of isolated cell strains can now be
cultivated in protéin-free media, most cells also require the
presence of added serum for normal growth in addition to the
essential nutrients already discussed. The growth-stimulating
properties of serum proteins have-been thé subject of considerable
investigation but despi%e this, no single accepted role-for
.proteins in-cell nutrition has been elucidated. -At the present
time it is thought that serum fractions may serve as direct

substrates, function in the attachment and spreading of cells,



act as carriers of essential nutrients or influence cell per-

mezbility. Recent evidence is reviewed by Harris (1964).

1.4. Primary cultures and established cell strains

One of the principal aims of early investigators was the
establishment of "pure" cell lines which could be propagated
and studied as homogeneous cultures in the same manner as
bacterial cells. The concept of homogeneous cell cultures was
initially oversimplified before cloning procedures became avail-
able, although cells of a single histotype e.g. iris epithelium
had been isolated.

With modern technigues of cytological analysis it has
becoﬁe apparent that most strains which multiply in vitro
indefinitely are in fact modified or variant forms of the
original strain. They are very often markedly aneuploid and
‘exhibit other chromosomal abnormalities. In addition, they
develop distinct morphological patterns and have, in the case
of human diploid cells,for instance, been shown to exhibit
differences in the patterns of RNA synthesis from the original
primary cell line (levine, Burleigh, Boone and Eagle, 1967).
After approximately 20 generations in culture, a new rapidly
labelled RNA species appears (14-20S) and coincidently there is
a marked decrease in the rate of synthesis of ribosomal RNA |

and rapidly labelled 35-45S RNA, RNA synthesis in early



passage cells is also more readily inhibited by high population
densities. |

The early work of Carrel in which he maintained a line of
chick heart fibroblasts by plasma culture for 34 years suggested
that animal cells could proliferate for an indefinite period in
‘IiEEQ in an unmodified form. Carrel himself noted that these
cells were morphologically similer from generztion to generation,
In view of the fact that early cell ;ines were not subjected to
the rigorous techniques of cytological analysis available today,
it becomes difficult to accept that the original cell line was
maintained unaltered throughout this period. Very often thereT
is a great simplification in morpholog& following outgrowth of
primary explants (Kutsky and Harris, 1957) and the cells assume
the morphology of 3 general categories, fibroblasts, epithelisal
cells or leucocytes.
. Harris (1957) and Pérker (1961) have further shown that
monolayer cultures obtained from explants of chick tissue cannot
be cultivated indefinitely in culture. Using chick skeletal
muscle, Harris (1957) found that, after an initial period of
vigorous growth lasting many generations, every culture entered
a stétic phase whgre there was little or no growfh; this was
followed by gradual deterioration of the culturé and eventual

cell death.
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The basis of these-observations on the growth of primary
cell populations is not well understood, although it is possible
that deafh of a cnlture after a defined number of generations,
characteristic of the individual cell line,may be related to the
problems of senesence in vivo. Occasionally, however, during
degeneration of the culture, modified or wvariant forms appear

which become established as permanent cell lines.

1.5. Svecialised characteristics of cells in culture

The specialised characteristics of many animal cell tyves
are often last once the cells beccme adapted to culfivation in
artificial media. For instance, Ebner, Hageman and Larson
(1961) have shown the loss of 3 specialised functions of bovine
mammary cells after growing in primary monolayer cultures. The
ability of the cells to produce lactose was lost within 24 hour;,
while UDP glucose 4-epimerase (BC 5.1.3.2) activity disappeared
T-10 days after expléntation. B-lactoglobulin synthesis declined
slowly and reached a basal level after 2 weeks in culture, Lieber-
man and Ove (1958) examined enzyme patterns in rabbit kidney
cortex célls in primary culture. Some, such as.catalasg (H202:
H,0, oxidoreductase, ZC 1.11.1.6) and alkaline phosphatase
(orthophosphoric moncester phospholydrolase, EC 3.1.3.1), decreased
rapidly after isolation of the cells. Thé levels of acid phos~

phatase (orthophosphoric moncester phosphohydrolase, EC 3.1.3.2)



and g-glucuronidase (ﬁg;D-gluouronide glucuronoﬁydrolase, 20 %.2.1.31),
lon the other hand, Qere unaltered while glgcose-G—phosphate dehydro-
genase activity (D-glucose-6-phosphate: NADP oxidoreductase,
EC 1.1.1.49) actually increased,

Other regressive changes may occur in isclated systems
involving loss of responsiveness of target cells to hormones or
the loss of ability of cells to produce specific products e.g.
pigments or hormones. Reusser, Smith and Smith (1962) were un-
able to detect éomatotroPhin synthesis in human anterior pituitery
cells. Franks and Barton (1960) cultufed mouse venal prostateT
as the intact organ. larked morphological changes were observed in
the outgrowing cell sheetswhich were unaffected by the addition
of testosterone propionate to the medium. Th2 same cells growing
within the central mass, however, were markedly sltered in appear-
gnce by addition of the hormone. Similarly Abbot and Hoitzer
(1966) found that choﬁdrocytes-from embryonic chick vertebrae,
grown as moﬁodiépérse cells,rapidly ceased to make collagen or
chondroitin sulphate and began to synthesise INA and divide, On
reaching a certain density the cells ceased to grow and resumed
synthesis ¢f collagen and chondroitin sulphate, The sauthors
concluded that interaction between associated chondrocytes was

important in maintaining the synthesis of the specific products



of these cells. Collagen synthesis in 376 mouse fibroblasts is
also known to be greatly increased when the culture is at a high
population density (Goldberg and Green, 1967). Thus at present
it is not clear té what extent in vitro studies on many cell types
can be related to their specialised in vivo metabolism; nor do

we yet understand the importance of the environment for the
accurate mediation of hormone action 6n its target cells.

In summary, it thus seems that cell cultures,grown as
monolayers of in dissociated cell systems,often go through a
process of dedifferentiation. By this, it is not implied that
the cells return to their original embryonic state but only that
certain regressive changes occur within the cells resulting in
a loss of specific features of that cell type. It may be that
the eventual loss of the control systems required for normal
replication is one aspect of this process. In many cases,
‘however, antigens, specific for the original organ, cen be
detected after many years in culture (Coombs, 1962; Stulberg,
Simpson and Berman, 1961). |

1.6. Permanent cell lines

Cell lines which have been adapted to permanent passage
in culture are now commonplace. The first of these was strain
L, from mouse subcutaneous tissue (Barle, 1943) which after treat-

ment with 20-methylcholanthrene acquired neoplastic properties



in vitro. Strain L was cloned by Sanford et al. {(1948) and is
now designated L 929 or NdTC 929 after the selected c¢clone., Hela
cells are another familiar strain which ofiginated from a cancer
of the human cervix (Gey, Coffman and Kubicek, 1952). Like
strain L, various sublines have arisen from the recloning of

cell populations in different laboratories. Not all cell lines,
however, have arisen from cancercus tissue or acquired neoplastic
properties in vitro, many strains having arisen directly from
priﬁary cell cultures with no evidence of neoplastic conversion.

. In the United States an American Type Culture Cell Re-~
pository (12301 Parklawn Drive, Rockville Md.) has been established
which supplieé many cell 1inés of certified purity and free of
pleuropneunonia-like organisms (PPLO), ‘Full details on the
history and general properties of each cell type are included.

In Great Britain the British Tissue Culture ASSPCiatibn publishes

a list of all readily available cell strains and a list of mem~

bers from whom they may be obtained.

1.7 Contamination of cultures

Apart from the problems associated with our lack of know=
ledge on the nature of the changes occurring during establish-
ment of a new cell line-involving altered morphology, metabolism
and éhromosomal patterns, careful attention is needed on the

presence of PPLO as contaminants in many cell lines.
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These organisms live intracellularly without killing the
host cells. As they often cause only minimal abnormalities in
cell morphology or growth rate, their presence may go undetected
for_long periods of time.  PPLO have been reported to cause
altered morphology in established monolayer cultures (Pollock,
Treadwell and Kenny, 1963%) and can cause the breakdown of arginine
in cell cultures (Schimke and Barile, 1963). In experiments
involving incorporation of radicactive isotopes into growing
cells, thé results may be meaningless if PPLO are present.

rganisms of the PPLO gfoup-resemble very closely the L.
forms of certain bacteria and there. is disagreement about the
distinction between them., Penicillin is thought to induce
the formatioﬁ'of L forms in some bacteria (Barile, Malizia and
Riggs, 1962) and it is found that freshly.':i,solr;xted cells are
rarely contaminated with PPLO as are cultures maintained with
no antibiotics. In some cases, PPLO can be eliminated by heat
treatment (Hayflick, 1960), or kanamycin (Kenny, Pollock and
Syverton, 1960) but cultivation without antibiotics is prefer-
able (Correll, 1962). . Techniques are now available for detect-
ing PPLO in cell cultures (Rothblat and Morton, 1959; Barile,
Malizia and Riggs, 1961; Bariie and Schimke, 1963; Paul, 1960)
and all cells supplied commercially are routinely tested before

dispatch.
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2. STUDIES ON ISOLATED CELL SYSTEMS

2.1, The cell cycle

Under most conditions DNA synthesis'in bacteria is almost
continuous during interphase (Abbo and Pardee, 1960;‘ Schaechter,

Bentzon and Maalﬁe, 1959) and it has been shown in Escherichia

co0li that completion of a round of DNA replication is a sufficient
condition for the initiation of cell division (Helmstetter and
Pierucci, 1968). This situation does not hold for mammalian
cells @nd it was initially shown by Howard and Pelc (1953),
using radioactively-labelled DNA precursors, that DNA synthesis~
took place during a discrete period of the replication cycle.

It is thus'possible to divide the cycle arbitrarily into 4 phasss:
Gy the period prior to DNA synthesis, S, the time of DNA repli-
cation and Gg, the period before the brief event of mitosis, M.
‘Fig.Ll illustrates this diasgrammatically and shows the times of
each period for L 929 cells.

The duration of the phases of the cell cycle has now been
measured for many cell types (Cleaver, 1967) and certain general
features have been noted.

(a) The length of the corresponding phases of the cell cycle

vary with cell type. Moreover, no phase of the cycle represents

a constant proportion of the total cycle duration.
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(b) There is a greater range of variation for Gl compared to S

and G2 phases. In tissue culture, for instance, Gl can last

between 1.5 and 60 hr ., S between 4.1 and 13.5 hr. and G2 from

1 to 7.5 hr. Corresponding in vivo studies, where the cells
are not dividing at their meximal rate, have found that Gl nay

range from 1 hr. to several days in length, while S and G2 have
similar lengths to their in vitro wvalues.
(¢) No clear and consistent difference has been shown between
the phase durations in normal and malignant cells.

The relative constancy of S and G2 phases as compared to
Gl epplies to & large number of cell types. The DNA content of
most somatic cells corresponds to that of Gl cells and the stimulus
to growth fesults, first-in the initiation of DNA synthesis, which
eventually leads to mitosis and cell division.  Thus the control
of growth may operate through the control of initiation of DNA
replication (Baserga, 1965).

2.2, Cell synchrony

Cell synchrony can be achieved by two basic procedures,
induction or selection. Using tle former method, the cells are
induced to grow in a synchronous manner by the influsnce of soms
external agent e.g. inhibitors, temperature shocks or nutritional
limitations whiie, with selection syﬁchron&, cells at a specific

stage in the cycle are separated from the rest of the culture.



Induction téchniques are subject to the criticism that
artificial methods using external agents may biing about distortions
in the normal metabolig patterns of the cell. A limitation of
selection synchrony is the relatively low yields of cells which
are obtained. The introduction of automated procedures for the
efficient separation of cells at a giﬁem stege 1s, however,
serving to alleviate this problem.

The first cells to be deliberately synchronised in culiure
were Chlorella (Tamiya, Iwamura, Shibata, Hase and Niheij, 1955)?
Amoeba (James, 1954, 1959) and bacteria (Hotehkiss, 1954; haalge
and Lark, 1954; Barner and Cohen, 1955)., Original attempts at
synchrony were aimed at gaining further insight into the events
required for cell division. The advent of radioactive precurscrs
of DNA, RWA and proteins, however, allowed the study of specific

*metabolic events at every stage of the cell cycle. For a review
of preéent teohﬁiques in cell synchrony see Cameron and Padilla
(1966).

One of the techniques commonly employed in tissue culture
is the use of inhibitors of INA Synthesis. These include the
folic acid analogues aminopterin and amethopterin, 5-fluorodeoxy-

uridine, excess thymidine and hydroxyuresa.



Amethopterin hes been gtilised to synchronise Hela cells
at the beginning of S phase (Mueller, Kajiwara, Stubblefield and
Rueckert, 1962; Stubblefield and Mueller,‘1962; Mueller and
Xajiwara, 1965). These investigators have exténsively studied
chromosome labelling during DNA replication as well as the
reéuirements for RNA and protein synthesis during this time for
the normal completion of S phase and eventual cell division.
Kishimoto and Lieberman (1965), using aminopterin-synchronised

‘L cells and rabbit kidney cortex cells cultured in vitro;have
éOmpared changes in the electrophoretic mobilities of the nuclear
membranes during the cell cycle in these 2 systems. Aminopterin
and 5-fluorodeoxyuridine have been employed in studies with L
cells, examining the changes in the activity of DNA polymerase
‘fieoxynugleoside triphosphate: DA nucleotidyltransferase, EC
.2.7.7.7) during S phase (Littlefield, McGovern and Margeson,
1963; Gold and Helleiner, 1964; Adams and Lindsay, 1969).

Bootsma, Budke and Vos (1964), investigating the potential
of high levels of thymidine as a synchronising agent for a line
of human kidney cells, found thst 80-90% of the cells were in S
at 3 hf. after the release of inhibition., A.mitotic peak
occﬁrsﬁ at 8-10 hr. Moreover, microscopié observations and

cloning studies indicated that no cytotoxic effects resulted from

0
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this procedure. The inhibitory action of thymidine on DNA syn-
thesis was previously attributed to a blockage in the synthesis
of - ACTP (Xeros, 1962). High levels of deoxyguancsine similarly
prevent DNA replication (Kajiwara and Mueller, 1962) and addition
of deoxyadenésine to the culture relieves the inhibition.

The temporal relationship of DNA and histone biosynthesis
has been investigated in thymidine~syhchronised Hela cblls
(spalding, Kajiwara and Mueller, 1966; Robbins and Borun, 1967)
and both groups conclude.that a'large fraction of basic nuclear
proteins is synthesised during S5 phase. Simultaneous synthesig

of histone and DNA is also reported in Tetrahymena Pyriformis

(Hardin, Einem and ILindsay, 1967) using cells synchronised by

" heat treatment (Scherbaum and Zeuthen, 1954.) .

Adams (19692) has employed eminopterin and thymidine-

synchronised L cells to examine the phosphorylation of exogen-

‘ously supplied thymidine at different stages of the cell cycle.

Evidence is presented to show thﬁt only cglls in S and early G2
phases carry out this process, It»is believed that this effect
is due, in part, to increased levels of thymidine kinase (ATP:
thymidine 5'-phoSphotransferase; EC 2.7.1.21) during S fhase,
bﬁt primarily tc a feedback mechanism whereby the dTTP which

accunulates in early G2 inhibits this enzyme. Increased levels

of thymidylate may also repress synthesis of thymidine kinsse.

t=d



In similar studies Adams (19699 has examined the effect of
endogenous pools‘of thymidylate on the apparent rate of DNA
synthesis in L 929 cells. Cells synchronised with excess thymidine
show a constant rate of DNA synthesis throughout S phase while
aminopterin-synchronised cells have a slower initial rate of
replication, A 2-3-fold increase in the rate of DNA synthesis
after 2 hr. in S phase using aminoptérin—synchronised Hela cells
has been previously reported (Mueller et.al., 1962).

Hydroxyurea, an antineoplastic agent, inhibits DNA synthesis
and cell division without affecting RNA or protein synthesis (Gale,
1964; Young and Hodas, 1964; Yarbro, Kennedy and Bernum, 1965;
Rosenkranz and Levy, 1965). The drug inhibits the formation
of deoxyrivonucleoside diphosphates from the corresponding ribo-
nucleoside diphosphates, & critical step in DNA synthesis (Turner,
Abrams and Lieberman, 1966; Krakoff, Brown and Reichard, 1968;
‘Elford, 1968). Its potential as a cell-synchronising agent has
been investigated (Lindsay and Adams, 1967).

Terasima and Tolmach (1963a) have developed a purely selec-
tive procedure for obtaining metaphase cells and have shown that
the lengths of the different phases of the cycle are rot signi-

ficantly altered compared to randomly-growing cultures. This
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systém has been employed to investigate changes in the sensitivity
of Hela and L cells to X-irradiation at various stages of the
cycle (Terasima and Tolmach, 1963b, c¢; Djordjevic and Tolmach,
196?; Weiss and Tolmach, 1967). Mitotic cell populations are
period they become more

1

resistant to treatment. Progress through Gl phase is marked

relatively sensitive but early in the G

by an increasing sensitivity to X-irradiation which again dgcreases
during the subsequent S(DNA-synthetic) phase. Thus the region
of maximal interphase sensitivity has been identified at thé Gl ‘
—>» § transition. These results are consistent with other reports
for a number of cell lines, employing various techniques for
obtaining ‘synchronous populations (Sinclair and Morton, 1965;
Erikson and Szybalski, 1963).

Colchicine and colcemid. have been shown to be specific
inhibitors of mitosis in memmelian cells (Puck and Steffen, 1963),
.The accunulation of metaphase cells in the presence of the drug
haé provided the basis for a technique designed to elucidate bio-
chemical events occurring at specific stages in the replication
éycle using randomly-growing cultures (Puck and Steffen, 1963;
Puck, Sanders and Petersen, 1964). In addition, mitétic inhibitors
are important where large amounts of chromosomes are required for

in vitro studies (Maio and Schildkraut, 1967; Mendelsohn, Moore



and Salzman, 1968). Unfortunately, under most conditions the
effects of the drué are irreversible and ip is therefore not
suitable as a synchronising agent. In one case, however,
Stubblefield and Murphree (1967) have been able to follow the
activity of thymidine kinase through an entire division cyclé

*using colcemid-synchronised Chinese hamster cells,

2.3. Resting systems

2.3,1, Regenerating liver

Cell strains in continuous culture are constantly moving .
round the replication cycle, Most tissues, on the other hand,
such as liver or kidney are not actively aividing and consequently
their mitotic index is extremely low.l Furthermore, these tissues
contain only low levels of the enzymes involved in DNA synthesis
and are consequently considered not to be proceeding round the
‘chle but to be in a resting or Go phase. After partial hepatec;
tomy, in which the medium and ieft lateral lobes of the liver are
removed, the reﬁaining portion exhibits the phenomenon known as
regeneration. Within 36 hr, of the operation a large increase
in mitotic index is noted and the liver gradually increases

in weight until at around 28 days it reaches its original size,



" Investigators have closely studied the metabolic changes
occurring immediately after operation with a view to establishing
the sequence of events required for the onset of DNA synthesis
and cell division. Earlier workers had noted that extracts
from regenerating liver contained all the enzymes required for
thé conversion of ribonucleosides and deoxyribonucleosides into
RNA and DNA respectively (Mantsavinos and Canellakis, 19593
Bollum and Potter, 1959; Weissman, Smellie and Paul, 1960),

Evans, Holbrook and Irvin (1962), studying the timing of
histone biosynthesis in reg=nerating rat liver, showed-that a “
peak of mitotic division occurred around 32 hr. after operation,
while incorporation of labelled adenine into DNA wés maximal
at 26 hr. The iﬁitial event following partial hepatectomy
appeared to be increased biosynthesis of RNA (Holbrook, Dvans
,and Irvin; 1962). Fujioka, Koga and Lieberman (1963) found that

~the rate of incorporation of [§4é] orotic acid into rat liver RNA
" begins to rise immediately, reaching a maximum at about twice
the initial rate about 5 hr. post-operatively. Enhancement
of RNA synthesis is related to the amount of liver removed as 104
removal causes little or no alteration in RNA metabolism. . Levels
of p-fluorophenylalanine (FPA) and actinomycin D, which do not

affect normal RNA turnover, prevent the rise in the rate of RNA



synthesis although their effects are readily reversible. DNA

synthesis is correépon&ng&y delayed. No increase in the rate
of DNA synthesis was detected b& this group (Fujioka et al.,
196%) until 16 hr. after operation. Increases (3-10 fold)
in the levels of thymidine kinase and DNA polymerase also
oécurred about the time of INA synthesis (Bollum and Potter,
1959).

The RNA polymerase (nucleosidetriphosphate: RNA nucleo-

tidyltransferase, EC 2.7.7.6) activity and the RNA content of

isclated nuclei and nucleonli. are also elevated during regener-

ation (Psukada and Lieberman, 1965). A 2-fold increase in RNA
polymerase activity occurs over the first 12 hr. Mo signifi-
cant changes in the levels of other enzymes during this early

phase have been described.

2.3.2, Rabbit kidney cortex cells cultured in vitro

Similar studies have been carried out on rabbit kidney
cortex cells cultured in vitro (Lieberman and Ove, 1962;
Lieberman, Abrams and Ove, 1963; Lieberman, Abréms Hunt and
Ove, 1963%; Adams, Abrams and Liebermsn, 1965). These cells
are not rapidly dividing in the rabbit but after removal and
dispersal in culture, there is rapid growth after an initisal

lag period. DNA synthesis is not initiated until about 32 hr.

(]
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after removal but profound changes in RNA metabolism have been
observed before th;s time.

A doubling in the rate of RNA synthesis occurs between
12 and 22 hr, after which BRNA synthesis continues at its new
high level. Addition of low levels of actinomycin D or FPA
before 12 hr. completely abolish this rise and also prevent
subsequent initiation of DNA syhthesis., Normal RNA turnbver
continues at its initial rate in the presence of these inhibitors
(Lieberman et al., 1963). After 22 hr, the cells became
increasingly resistant to the effects of FPA and actinomycin
D. Z2inc ions are also required during the period 12-22 hr,
as these‘overcome inhibition caused by EDTA during this time.
X~irradiation of the cells, however, prevents DNA synthesis if
the cells are treated at any time up to the begiéning of S phase.
Thereafter they become relatively insensitive to its effects |
(Lieberman g§~§;;, 1963). -

The activities of thymidine kinase and DﬁA polymerase

again do not rise in this system until about the time of DNA

synthesis., Other enzymes e.g. lactate dehydrogenase (L-lactate:‘

NAD oxidoreductase. EC 1.1.1.27) and hexokinase (ATP: D-
hexose 6-phospho-transferase. EC 2.7.1.1) bégin to increase
in specific activity immediately when the cells are cultured in

vitro (Lieberman et al., 1963),
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2:%.3, The lvmphocyvte-phytohaemagglutinin system

A~comparablé system to come under intensive study in
recent years is the lymphocytemphytohaemagélutinin system., Al-
though lymphocytes from a wide variety of an;mal specieés such as
human, monkey, rabbit and horse will not normally proliferate in
vitro, addition of phytohaemmzglutinin (PHA), an extract of the

red kidney bean Pheseolus. vulgsris brings aboul a striking

transformation; sbout 905 of the cells in culture enlarge, event-
ually synthesise DNA and divide (Nowell, 1960). Early changes
in the patterns of RVA and protein metabolism as well as in
histone acetylation have been documented (Mueller and Mehieu,
1966; COOper and Rubin, 1965a, b, 1?66; Coover, 1968; Pogo,
Allfrey and Mirsky, 1966)., Recently Loeb, Agarwal and YWood-
side (1968) have shown that the DHA polynerase activity of
‘human lymphocytes increases 30-100-fold in the presence of PHA.
Haximal activity is detected on the third day after stimulation
when DHNA synthesis is also at a peak and there is a closé correl-
ation between the DNA polymerase activity of disrupted cell
preparastions and the ability of the cells to incorporate thy-
midine into DNA.

Lymphocytes in culture can respond to a variety of mito- .

genic agents although to varying extents, These include

specific antigens (Dutton and Eady, 1964; Dutton snd Bulman,



1964), streptolysins O and S. (Birschhorn, Schreibman, Verﬁo and -
Gruskin, 1964) and .various produots of micro-organisms e.g.
tetanus toxoid and pOllO virus (Elves, Roath and Israels, 1963),
yeast extract (Gandini and Gartler, 1964) and endotoxins of Gram
negative orgenisms (Oppenheim and Perry, 1965).  The mechanism
of action of these agents and the nature and function of receptor
sites on the lymphocytes are under acfive investigation but

the picture to date is incomplete. . Several reviews on lympho~
cyte stimulation have appeared in recent years (Robbins, 1964;
Mellman, 1965; Cooper and Awniel, 1965; Gowans, 1966). A
comprehensive survey on the whole field of lymphocyte metabolism

is made by Ling (1966).

2.3.4. Importance of resting systems

Resting systems (Go) which can be stimulated to growth
.and cell division are important in allowing a close study of the
. sequence of events required for renewed proliferation. There
is the added advantage that these systems exhibit a degree of
natural synchrony, free from abnormalities of metabolism ﬁossibly
arising through tﬁe use of artificisl methoas of synchrenisation
with established cell lines, Permanent strains also differ
from resting systems in that the cells are continually prbgressing

round the cycle and consequently never enter G, phase. However,
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the high degrees of synchrony obtainable by artificial agents
and the ease of manipulation of cell lines in culture makes them
useful in defining the series of metabolic.events required for

DNA replication and mitosis.

2.3.5. Differences between Gy and Gy phase

The differences between Go and G. are not well defined.

1
Regenerafing rat liver and primary rabbit kidney cortex cells

are sensitive to X-irradiation in that treatment of these cells

at any time before they enter S phase, results in marked inhibition
of DNA synthesis (Kélly, 1957; Holmes and Mee, 1956; Lieberman
et al.,, 1963), | It is of intereét thet hydroxyurea=-synchronised
rébbit kidney cortex cells are no longer as sensitive to X-irradi-
ation and consequently must have.passed the radiation-sensitive
event which occurs at the onset of S phase (Adams et al., 1966).
In contrast the G

+

liferation is more resistant to X-ray treatment (Adams, personal

1 to 5 transition by cells in continuous prd-

communication).

Analysis of cell proliferation after partial he@atectomy
has led to the idea that the majority of cells are in a state of
"no cell cycle" i.e. Go until stimulated to divide (Lajtha, Oliver
and Gurney,-1962). Post and Hoffmaﬁ (1965) have confirmed this

model in rat liver, showing that there is a massive increase in



the I;roportion of cells in DNA synthesis (the growth fraction)
following partial hepatectomy.

Recently Brown (1968), however, usiﬁg standard auto-
radiographic procedures, concluded that hamster cheek pouch
cells in vivo have a mean cell cycle time of 140 hr. with
approximately 90% of this time occupied by Gl phase. The
growth fraction has also been shown to be equal 1o unity for
the epithelial cells of rat oesophagus and mouse tongue (Leblond
éreulich and Peréira, 1964) and hamster chésk pouch (Brown and
Oliver, 1968). |

Thus, the model of = variable growth fraction to account
for the entrance of Go cells into the cycle after stimulation,
does not appear to be applicable to all tissues, It still
remains to be proved whether there is any absolute difference
between Go and Gl cells in terms of their responses to external

L]

stimuli.

5. DNA REPLICATION

3.1, DNA synthesis in bacterial systems

The twin-stranded helical structure for DNA proposed by

Watson and Crick (1953) has revolutionised present-day research



in molecular bioclogy and provided the basis for many of the spec~
tacular advanceés of'the past 15 yeérs, Indirectly, for instance,
it has led to the development of cell~free protein synthesising
systems (see Davidson, 1969), elud¢idation of thé genetic code

(see Crick, 1963; Woese, 1967) and the in vitro synthesis of
biologically active DN& (Goulian, Kornberz and Sinsheimer, 1967).

One of the most exciting aspects of the proposed DNA
structure was that it immediately suggested a method for its own
replication. Impressive suvport for this scheme was forthe
coming with the classical exgeriments of Meselson and Stahl (1958y
who were able to show conclusively that replication of the Esch.
coli chromésome occurred in a semi-conservative manner, implying
that étrand separation took place during replication with sub-
sequent distribution of one parent and one newly—syntheéised
Ftrand to each daughter cell,

Autoradiographic studies of the replicating Esch. coli
chromosome (Cairns, 1963a, b) showed the presence of Y-shaped
replicating forks and confirmed that the process took place semi-
conservatively and unidirectionally. The average rate of repli-
cation of each strand can be expressed as 12.5 nucleotide units

per sec. per strand, assuming the average length of two nucleotide

!
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units to be 34 g (¥atson and Crick, 195%); as the 2 parent strands

remain attached to the starting point until replication is complete
Cairns also postulated the presence of a syivel méchanism at this
region to allow unwinding of the double-helical, circular DNA
during DNA synthesis (Cairns, 1963b).

Several factors appear to be involved in the initiation
of replication., Models of chromosome replication have postu-
lated that separate processes are required in the attachment of
the chromosome to the cell surface and in the initiation of
replication (Jacob, Brenner and Cuzin, 1963; lark, 1966)., Use
of inhibitors such as chloramphenicol and phsnethyl alcohol )
combined with amino acid starvation sunports the view that more
than one process is required for initiation., Recently Lark and
Renger (1969) have distinguished 3 physiological processes
required for initiating DNA synthesis in Esch. coli. Rapidly-
«growing bacteria are known to initiate new rounds of replication
before the completion of previous rounds (Yoshikawa, O'Sﬁllivan
and Sueoka, 1964; Maalde and Kjeldgeard, 1966; Helmstetter and

Cooper, 1968; Bird and Lark, 1968).

3.2. In vivo studies on DNA replication in higher organisms

In higher organisms the problem is complicated by our lack

of knowledge on the precise details of chromosome structure and



the manner in which DNA is located within this unit.  Although
.much is known aboﬁﬁ the chemical comppnents of the chrom050me

only scant evidence is available on its stfuctural organisation.
Several models of chromosomal structure have been presented
(Freese, 1958; Taylor, 1963; Du Praw, 1965; Pelling, 1966)

and the presence 6f a repeating structural unit has been suggested
by Davies and Small (1968).

Chromosome replioétion in plants and animals has: also
been shown to take place via a semi-conservative mechanism
(Forro and Wertheimer, 1960; Prescott and Bender, 1965; Simion,
1961; Taylor, Woods,and Hughes, 1957). In addition, pulse-
labelling techniques on cultures frcm human peripheral blood
have shown that DNA synthesis is asynchronous in individual
chromosomes and that sex chromosomes are unusual in terminating
replication later than the others (ﬁukhenpe and Sinha, 1965;
Bianchi and Biaﬁchi, 1965; .Iima~de-Faria, 1964). Painter
(1961) has shown that while replication begins almost simul-
taneously in Hela S3 cells, synthesis was terminated at times
varying up to 2 hr.. amongst different chromosomes,

Using synchroniseq cultures of Hela cells Stubblefield :
and Mueller (1962) have obtained evidence for the non~-random

and focalised nature of DNA replication in various chromosomes



and shown that repfoducible patterns of éhro%osome labelling
occurred on segments of a particular chromosome. Pulse-treatment
of these cells during various periods pf S'éhase with 5-~bromodeoxy=-
uridine showed that cells treated during the first 2 hr. were
especiglly sensitive‘and rapidly became non—viéBle, suggesting

that early-replicating DNA is that which is actively transcribed
in the cell. There is now consideragle evidence to suggest

that late~labelled chromosomes contain the heterochromatin

material of interphase nuclei (Lima-de-Faria, 19593 Evans, 196k),

L, IN VITRO STUDIES ON DNA REPLICATICN

4,1, Introduction

Kornberg, Lehman and Simms (1956) were the first to
isolate an enzyme from EZsch. coli capable of catalysing incor-
poration of the b deoxyribonucleoside triphosphates into DNA
Jn the presence of Nga+ and a DNA primer. Since then similar
enzymeé have been reportéd-in a large number of bacterial,
viral (Apéshian and Kornberg, 1962) and mammalian sources

(Bollum and Potter, 1957).

4,2, DNA polymerase activity in vitro

4.2.1. Bacterial DNA polymerases

The most intensively studied DNA polymerase is the Esch.

coll enzymé which has been investigated since 1956 mainly by



[
jin)

Kornﬁerg and his co-workers. Their investigations culminated
recently - with the employment of this enzyme to synthesise bio-
logically active DNA of the virus ¢X 174 (éoulian et al., 1967).

The enzyme can catalyse the polymerisation of deoxy-
~ ribonucleoside triphosphates, in the presence of Mg2+ and DNA
primer, into acid~insoluble material with the stoichiometric
release of PPi (Bessman, Lehman, Simms and Kornberg, 1958b).
Either native or heat-denatured DNA will serve as.p£imer,(Richardw
son, Schildkraut, Aposhian and Kornberg, 1964)., Nearest neigh-
bour frequency analysis of the product suggests that the enzyme.
only incorporates by specific base pairing in a manner determined
by the DNA template (Josse, Kaiser and Kornberg, 1961).  Esch.
coli DNA polymerase is also active to éome extent in the presence-
of an+ ions but under these éonditiéns will incorporate ribo-
nucleoside triphOSPhate§ into DNA (Berg, Fancher and Chamberlain,
‘1963).  This property of the enzyme has been utilised in
determining the structure of thé DNA product (Richardson, Inman
and Kornﬁerg, 1964);

The enzyme has now been purified to homogeneity andlhas
been shown to consist of a single polypeptide chein of mol. wt.
109,000, having an N terminal methionine residue and containing

one SH group and one S.S.bond (Englund. et al., 1968). Physical



and éhemical studies on the homogeneous DNA polymerase have been
recently carried out (Jovin, Englund and Bertsch, 1969; Jovin,
Englund and Kornberg, 1969).

Binding studies using the active Qoiﬁg derivative of
the purified enzyme have shown that there is only one DNA
binding site per meclecule as well as a single site for the
deoxyribonucleoside triphosphates (Englund et al., 1968;
Englund, Huberman, Jovin and Kornberg, 1969). The influence
of DNA structure on the binding of the enzyme has also been
investigated (Englund, Kelly and Kornberg, 1969).  With
single-stranded @X 174 DNA (1.7 x 10° daltons) approximately
20 molecules of enzyme are bound per molecule of DNA under
- conditions promoting meximum binding. No attachment of
DNA polymerase to the circular duplex of plasmid DNA could
be observed, however, uniess the template was nicked either
with DNase I (deoxyribonucleate oligonucleotidohydrﬁlase, EC
3.1.4.5) introducing Bi-hydroxyl groups or migrococcal nuclease
(EC 3.1.4.7) producing 3i-ph05phate groups. In each case the
number of enzyme molecules bound was very close to the number
of nicks produced although only DNase I treatment converted
plasmid DNA into an active template for the enzyme. Linear

double-stranded DNA from T7 phage provided 2 engyme binding
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siteé per molecule indicating the Esch. coli DNA polymerase can
bind at the ends of DNA duplexes.,

Partial degradation of the double-stranded primer by an
endonuclease which produces 51~hydroxyl ends converts the DNA i
into an efficient templete for the enzyme (Kornberg, 1957). Foly
d{AT) is also a most effective primer and, in the absence of added
DNA, the enzyme will initiate de nove synthesis of poly -d(AT)
after a lag period of 2 ~ 5 hr, in the presence of the appropriate
deoxyribonucleoside triphosphates (Schachman, Adler, Radding,
Lehman and Kornberg, 1960). In this respect it is interesting-
that Lezius, Hennig, Menzel and Metz (1967) have separated 2 DNA
poljmeraseé from Esch, coli differing only in their ability to
initiate de novo synthesis of poly a-(AT),

| When the product of the Esch. coli DNA polymerase with
natife DNA as primer is examined by electron microscopy it is
;bund to have a highly branched structure (Schildkraut, Richard-
son and Kornberg, 1964). In addition an abnormal degree of
renaturation occurs after treatments designed tc bring ebout com-
plete strand separation. It appears that this unusual "pleated;
or hairpin structure of the DNA product can be explained by the —
failure of the enzyme in vitro to cétalyse simultansous repii-

cation of both strands.

By contrast, if double-stranded DNA is treated with exo-



k
|

39
nuclease IIL to produce a partially single-stranded molecule by

the release of mononucleotides from the 3‘-hydroxy1 ends of each
chain, the Esch. c&li enzyme can accurately repair the degraded
DNA to form a product which is identical to the original DNA in
denaturability, in appearance by electron microscopy and in bio-
logical activity (Richardson et al., 1964).

The most critical test of fidelity of replication is to
determine whether the enzyme can catalyse the synthesis of biow

logically active DNA, This experiment has recently been per-

formed using the infectious, circular, single-stranded DNA (+

strend) of bacteriophagelﬁx 174 as template (Goulian et al.,
1967). In this manner they were able to synthesise the com-
plementary (-) strand. Bromodeoxyuridine triphosphate was
substituted for d-TTP_in the assay, so that the newly-synthesised
strand could be separated by CsCl centrifugation. This (-) strand
Jwas fully infectious and could be utilised as template to form
(+) strands with the same specific activity as the original

¢X 174 DNA, In both cases the enzyme pﬁlynuoleotide ligase was
required to link the ends of the DNA chain to form closed,
infectious circles., Goulian (1968) has shown that the priming
ability of circular @X 174 DNA is slow and uncertain'unless a

boiled extract from Zsch. coli, which can be shown to contain



oligonucleotides, is added. Thus thare is siil}. considerable
doubt as fo the ability of %the Esch,coli polymerase to initiate
de novo synthesis of DNA strands (Englund et al., 1968).

The purified Esch. coli DNA polymerase has a number of
associatéd activities which remain in constant ratic to the
polynerising abilities of the enzyme fhroughcut the purification
(Englund et al., 1968). Thus the enzyme supports exchange of

the B, ¥ groups of deoxyribonucleoside triphosphates with PPi

and can also catalyse degradation of DNA by hydrolysis or pyro-

phosphorelysis,

Pyrophosphate exchange is identical with the polymsr~
isation reaction in its requirements for a template strand,
strict specificity in base pairing and a 5?-hydroxy1-terminated
primer, In contrast to poljmerisation, however, appreciable
exchange is detected in the absence of a full complement of tri-
phosphates (Deutscher and Kornberg, 1969a).  During pyrephos-
phorolysis the enzyme catalysss an attack by PPi on the 5;-
terminal nucleotide and progressively removes mononuclesotides
from the end of the DNA chain. Since the enzyme can bring
about‘both synthesis and degradation of DNA from the Bi-hydroxyl
end, it is capable of moving along the DNA in both directions.

The presence of exonuclease II activity in purified poly-
merase preparations was shown by Lehman and Richardson (1964).

This activity hydrolyses polydeoxyribonucleotides from the 5'
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as well as the 3'—terminus (Klett, Cerami and Reich, 1968;
Deutecher and Kornberg, 1969b). The rates of hydrclysis from
either end are similar using native DNi as substrate. Beyers-
mann and Schramm (1968), from kinetic data, have provided
evidence foy a common site for hydrolysis and pyrophosphoro-
Iysis.

Association of exonuclease activity with purified T4
phage DNA polymerase (Goulian, Iumcas and Koraberg, 1968) and
the INA polymerases of herpes simplex virus (Paton and Morrison,
1969) and Ehrlich ascites tumour cells (Ro}choudhpry and Bloch,
1969) has also been noted. The relationship of the various
activities of isolated DNA polymersses is clearly important to
a proper understanding of the im vivo role of the enzymes, It

is of interest, however, that the purified 3acillus subtilis DNA

'polymerase, waich exhibits similar properties to the Esch, coli
enzyme has no detectabls associated nuclease activity (Ckazaki
and Kornherg, 1964).

While the Zsch. coli DNA rolymerase has been successfully
employed in the production of infectiogs viral DNA, its in vitro

characteristics do not serve to clarify its role in the semi-con-

servative replication of the bacterial chromoscme. Cairms (1963a)

has shown that replication of the bacterial chromoscme occurs by

Jo



unidirectional, simultaneous synthesis of both DNA strands. The

in vitro Esch. coli enzyme is:only capable of synthesising a

single DNA chain in the 5l - 3' direction; Failure of the enzyme
1o réplicate doublefstranded DNA in a semi-conservative manner

led to speculation that the enzymic gotivity concerned in in

XiXQ DNA synthesis remained undetected in cell extracts. Several
lines of evidence, however, now argue against this point of view:

2+ and the altered specificity of

(a) The mutagenic action of Mn
the fisch. coli DNA polymerase in the presence of Mh2+ argues for
the participation of the enzyme in the replication process

(Berg et _al., 1963).

(b) De Waard, Paul and Lehman (1965) have shown that certain
mutants of T4 and IS phages which are defective in DNA synthesis
also fail to induce normal DNA polymerases.

(c) Subsequent work on temperature-sensitive T4 mutants has shown
~ that the fidelity of replication is»decreased in phages inducing
DNA polymerase with altered characteristics (Speyer, 1965).
Evidence for particéipation by the enzyme in selecting the correct
incoming deoxyribonucleoside triphosphate has also been obtained.
(Speyer, Keram and Lenny, 1966; Freese and Freese, 1967). A
report that Cairns (unpublished resﬁlts) has recently isolated

a mutant of Esch. coli which exhibits no DNA polymerase activity
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in céll extracts awaits further clarification..

A more likely possibility is thatthe enzyme or some part
of the replication machinery is damaged during isolation so
that the enzyme is unable to fulfil its proper catalytic
function in vitro. In this connection, the question of a& multi-
unit structure for the enzyme has been raised, although the
results of Englund gngQﬁ‘ (1968), showing the Esch. coli
DNA polymerase to consist of a single polypeptide chain,would
appear to preclude this idea. Cavalieri and Carroll (1968),
however, have evidence that this enzyme exists as a multiple
molecular species with mol. wts. of 120,000~140,000, 60,000~
78,000 and 24,000-30,000 implying a tetramer-dimer-monomer
relationship. Since the Kornberg enzyme has a mol. wt. of
109,000 a satisfactory explanation for these results;has still
to be obtained. Hori, Fujiki and Takagi (1966) have separated

2 DNA polymeraées from Alcaligenes faecalis which can be dis-

tinguished by their differing preferences for native or heat~
denatured DNA pfimer. The relationship of these activities
to DNA replication is as yet unknown.

Further evidence comes from the Kornberg group {(Jovin et

al., 1969) who have shown that, under certain conditions, active




dimers of purified .DNA polymerase can be formed containing one
Hg atom; thus it may be that during,ﬁurifioation there is break-
down of a more complex replication unit which hes the capucity
to synthesise INA in a semi~-conservative fashion on a native
témplate.

Isolation of the enzyme polynuéleotide ligase from Esch.
coli (Gellert, 1967; Olivera and Lehman, 1967a; Zimmerman,
Little, Oshinsky and Gellert, 1967; Gefter, Becker and Hurwitz,
1967), phage-infected cells (Weiss and Richerdson, 1967a;
Cozzarelli, Melechen, Jovin and Kornberg, 1967; Becker, ILyn,
Gefter and Hurwitz, 1967) and mammalian sources (Lindahl and
Edelman, 1968) has led tQ the extension of o