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I 1NTRODUCTION




1.

1. DNA REPLICATTON

DNA is the genetic material of all known cellular
organisms. Some viruses contain only KNA, as well as protein,
but it has come to light recently that they may go through a DNA
intermediate in order to replicate themselves (Baltimore, 1970;
Temin & Mizutani, 1970), In general, for species integrity,
davghter cells have been shown to contain a full complement of

“the parent DNA; whether or not it is necessary Tor the cells
future phenotype is as yet unknown. Therefore prior'to division
the parent cell must have duplicated its DNA, one copy of which
is destined for each daughter cell,

1.2 Gross Structure of Reolicating DNA

Meselson & Stahl (1958) were first to present evidence

for semi-conservative and seguential replication of DHA in

S St

for plant, (Taylor et al., 1957) and animal cells (Djordjevic &
Szybslski, 1960; Simon, 1961; Prescobt & Bender, 196%)., Lark et al.,
(1963) demonstrated that a éiece of DNA is replicated at the same
time during subsequent DNA synthetic vhases confirming the sequential
nature. .

From autoradiographic experiments, Cairns (1963 a,b) revealed

Pulsgses of less than con=
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ceneraticn gove riszc to ¥Y.shaoped conformaticnes with two lege of

egual length generally shorter or longer than the third leg., Longer

pulses permitied visvalisation of the entire chrémésome, which proved
to be a élosed circle 1100 pm, in length. The distribution of labtel

around the Y.conformation confirred semi-conservative replication

and suggested that it occurred wni-directionally. Rarly models of



chromosomal growth differed concerning the symmetry of the process
(Gilbert & Dressler, 1966; Sueoka & Quinn, 1968), Both assymetric
le.eo. the %wo strunds behave differently during partition to the
daughter molecules, and symmetric replication sre Tound at different
developmental stages of the same bacteriophage, or under different
conditions in the same bacterium. (Klein & Bonhoeffer, 1972),

To all cases investigated thgre seems to be one defined origin of
replication for each replicon (Replicon Hypothesis: Jacob, Brenner

& Cuzin, 1963; Dove, Inokuuchi.& Stevens, 1971l; Caro & Berg, 1968,
1969; Masters &.Broda, 1971). The direction of replication from

the origin has proved difficult to clarify. Cairns' (1963a)

original Y-shaped autoradiographs irmediately Suggested & uni--
directional mechanism, but more recent genetical "studies in E.goli,
using density labels, (Caro & Berg, 1968), and transducing phage,
(Masters & Brode, 1971) to calculate genetic marker freguencies,

havé provided stronger evidence in favour of general bi-directional
replication, Cairns' autoradiographic results can be veconciled, if
an assymetric (i.e. the terminus not diametrically opposed %o the
origin in the chromosome) model is asssumed which may be the case.
Similar autoradiographic experiments have shown that the DNA of
mammalian chromosomes is arranged in the forxm of long fibres (Cairns,
1966; Mubcrman & Riggs, 1968). Pulse labelling studies revealed that
the newly replicated regions are present as tandemlf joined sections,
which revplicate scrarately (aach repgion heing similar té the indivi ﬁ:l
replicons of bacteria and phage) (Cairns, 1966). Bi-directionsal
synthesis has alsc been shown for eukaryotic cells (Huberman & Riggs,
1968;,Weintraub, 1972), Turthermore, it was shown that most

replicens are less than 30n long (c.f. 1100pn for B.coli), that



neighbouring replicons can begin replication at different times
and that there ars 2 -~ 10 x 104 replicons per cell,

1.3 Fine Structure of DNA at the Renlicating Point

The enigma of how DNA appears to synthesise both new
strands simultaneously in the same direction, and the existence
of DNA polymerising activities from a variety of sources which
can polymerise nucleotides in one direction only‘(5'~§ 3t), has
given rise to ingaiicus models as to how DNA is actually mads at
the replicating pbinto

Okazaki and his co-workers (Sakabe & Qkazaki, 1966;
Okazaki et al., 1967; Okazaki et al., 1968a) have provided evidence
for a model of discontinuvous DVA replication that allows for
synthesis of both strands in é 5'=» 31" direction. Th;s is
accomplished if one, or both, new sirands are synthesised in short
segments which are subseguently Joined to form bullk DNA. Evidence
for.this derives from the identification of segments (~ 10s) of
single~stranded DNA in growing E. coli cells given very short
pulse labels of 3H-—‘l;hymidine. Purther exberiments uvsing variable
pulse times and selective nuclease degradation, have revealed thét
the ségments are synthesised in a 5'=» 3! direction (Sugino &
Okazaki, 1972). Such short fragments have been found in seversl
systens (Sadowski et al., 1968 Okazaki et al., 1968a,b) for
E, coli and T4 phage; (Ginsburg.& Hurwitz, 1970; Tomizawa & Ogawsa,
1968) for replicating phage; (Schandl & Tavlor, 1969) Tor Clinese
hamster cells; (Sato, et al,, 1970) in Bhrlich ascites tumcur celle;
(Painter & Schaefer, 1969 s,b) in Hela cells in culture. Stronger
evidence for their intermediate role in replication is their

ability to be chased into bulk DNA. Werner (1971) working with
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3

B, coli and H;thymine instead of thymidine as precursor has
produced data to suggest that the short segments only appear
after long pulses of 3H---thymine, and that they are not direct
replicating intermediates but arise later as a result of endo-
nuclease action as part of the unwinding requirements for
replication.

Evidence for a 'knife and fork' model (Richardson, 1969)
i.e, continuous 5'-2 3' synthesis on one strand accompanied
by periodic strand-switching and specific endonucleolytic cuts,
arises from the finding that very short labelled puléesrproduce
_labelle@ fragments capable of rapid re-annealment, suggesting
intra--inolecular sequence complementa?ity (Paﬁling & Hamm, 1969),

Most of the evidence supports the assumption that DNHA
chains are growving discontinuvously., This appears to be the case
for both or only one of the slrands depending on the organism,
If discontinuous growth is accepted, the problen still remains
a8 to how the short segments are initiated. The ‘knife and [ork!
model, which requires no separate initiation step is rapidly
losing support because kinetic studies of the appearance of self-
annealing structures are not con?irmed by experimentsl results
(Klein & Bonhoeffer, 1972)ﬁ Nicked parental DNA as a primer as
postulated by the model of Haskell & Davern (1969) also has weak

evidence in its fovour (Geider % Heffman~Berling, 1971). The

initiation (as yet unable to be achieved in vitro by any isolated
DRA polymerase) or the use of short oligonucleotide primers. The
latter were originally expected to be DNA primers (Schandl, 1972)

but more recently model systems have revealed that RNA may
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be able to prime in vitro DNA cynthesis (Keller, 1972). 'This
has gained overwhelming support by the diséovery that OCkazalci-type
Tragments, if analysed on formamide-denaiuring equilibrium density
gradients, have anomazlous bouyant density values suggestive
of' an RNA-linked DNA moleccule. indeed alkali or ribonuclease
reduces the density to that expected of DNA (Sugine & Okazaki, 1973;
Sugino &t.al., 1972).

These fragments have also been isolated from eukaryotic
systeme, Sato et al.. (1972) from Ehrlich ascites tumour cells;

Wagar & Huberman (1973) from the slime mould Physarum volycevhalums

Tox et al., (1973) from cultured humen lymphocytes; ilagnusson, et
al.ﬂ(l§73) from polyoma infected cells. Turther evidence comes
from the finding that RYA polymerase inhibitors such as rifampicin
inhibit double stranded H 1% phage DNA synthesis, This effect is
not observed in cells containing rifampicin«resistapt REA
polymerase (Brutlag et al., 197l). TLark (1972) demonstrated an
RNA requiring step for initiation of DNA synthesis in B, coli.
This RNA wae not used for synthesis of protein, as the fequirement
for protein synthesis preceded the RNA reguiring step. The recent
discovery of an activity, RNase H, which specifically degrades RHA
from an RNA/DNA hybrid (Keller & Crouth, 1972) adds additional
support for a mechanism of removal of RHNA priming regions,

The finding thai 11 is topologically impossible to
separate the two strands of a closed circle without at least one
nick brings into light the need for a nuclease activity (vhether
specific or not is unknown). Towever, good indica%ions that
initiation of replication can occur without an initial

endonucleolytic cut have recently emerged. Jaenisch et al.
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(1971) for SV40 viral DNA and Kasamatsu et al., (1971) for
mitochondrial DHA have isolated intermediates with short

newly synthesised pieces attached to still covalently cliosed
circles., These short pieces are shown to be attached to one
strand only, the other being displaced as a loop ( D 1o0p) .

This type of intermediate appears to buiid up until some event,
possibly a specific nick, enables it to continue, with subsequent
synthesis of the other stmand and completion of the molecule
(Kasamatsu et al,, 1971). These experiments further weaken the
involvement of parental nicks as priming sites.

The work of Kornberg on DHA repair and replication
implicated the deoxynucleotide 5' +triphosphates as the direct
precursors for DNA synthesis, (Kornberg, 1969; Lehman et al.,
1.958). This has been strengthened by the fact that all DNA
polymerases isolated to date use the 5' dAMIPs as by far their
best substrates. However, Werner (1971) put into doubt this basic
assunption by showing that in E. coli, using 3Hmthymine.as
precursor, incorporation of label into DFNA had reached a steady
state before the levels of thymidine mono-, di-~, or triphosthate
had reached steady state. Rubinqw & Yen (1972) have further
substamiated Werner's conclusions by re-interpreting his data
quantitaétively. No further evidence has been forthcoming and
kinetic evidence derived from recent in vitro systems have

g |

re-established the 5' dNTPs as immediate precursors for DHA
. . / - .
replication {Gefter et al,, 1971; Triedman, 1974).

1.4 Cellular Organisation of DNA Reovlication

A short pulse of 3Hm-thymidine added to an expenentially



growing culture of Bacillus subtilis appeafsfirst.in the DNA

in a membrane fraction and can subsequently he chased into bulk

DNA (Ganesan & Lederberg, 1965; Ganesan, 1968). This supports fhe
theory (Jacob et al., 1963) that newly synthesised DNA at the
replication point is specifically membrane bound. Proteases and
ionic detergents can release the DNA from this binding giving a

clue to the nature of the binding, Similar observations have bheen
shown for E. coli, (Smith & Hanawalt, 1965, 1967) and bacteriophages
(Sinsheimer, 1959a,b; Knippers & Sinsheimer, 1968; Knippers et al.,
1969). Membrane association in bacteria is likely becauvse the
membrane plays an important role in daughter chromosome segregation,
This has never been shown in eukaryotic systems where a complex
segregational appamtus has evolved. However, many investigétors
have produced autoradiographic evidence that DNA is replicated at
the nuclear membrane in eukaryotes (Comings & Xakefuda, 1968; 0O'Brien
et al., 1972). Other supporting evidence is that newly synthesised
DNA, on isolation, behaves as if it attached to membranous material
(Ben*Porfat et al., 1962; Levis et al., 1967; I'riedman & Muellew,
1969; Painter & Schaefer, 1969a; MizunG et al., 1971; Hatfield,
'f1972). More recent work, both autoradiographic and on isolated
pulse--labelled DHA have disputed the earlier work (Habener et sl.,
1969; Williams & Ockey, 1970; Ockey, 1972; Comings & Okada, 1973;
Fakan et al,, 1972). The problem of whether newly synthesised DNA

is single or double stranded was cleaved up by Habener et al,, (1969}
who suggoested that differences observed wers probab1y~due to the

me thod ofisoiation used, and that the ih vivo staté was probably
neither but a destabilised stiructure. Feken et al., (1972) rcsorted

that the association of newly synthesised DHA with membranous matsrial



may also be an ariefact of isolation. They showed that exogenously
added labelled singlerstfanded DNA was recovered in the interphase
of a vhenol extraction behaving as if it was membrane attached.
They argue that newly syntheé%sed DNA is observed in the interphase
because of some single-strandedness. In summary, there is no
ﬁndisputable evidence for the association of DNA rveplication and

the nuclear membrane,

2. ENZYMATIC SYNTHESIS OF DNA

2.1 General

In order to investigate the enzyme ac£ivities involved
in any process, the integrity of the cell has to be broken. Two
ﬁethods can be employed to this end.

e i Agg1xtical. Mild treatmentscan be used, doing as
little damage as possible so as to preserve the in vivo situation,
yet sulTicient to make the system accessible to biochemical analysis.

. iixﬁxgiggiign Particular enzyme activites can be
purified and their role in the prcess under study can be characterised
by trying to reconstitute the in vivo situation,

The two approaches have their drawbacks, no more so than in
the field of DNA replication, where the discovery and purification
of a DNA polymerase from E, coli held back progress as it was
assumed to be the enzyme of DNA replication,.

2.2 Simiiarities between in vitro systems and the in vivo

situation in prokarvotes

For the'study of a limited number of problems, the development
of systems with permeable cells has proven fruitful (Vosberg & Hoffman-
Berling, 197i; lMoses & Richardson, 1970). By using density shift

experiments (Geider & Hoffmen-Rerling, 1971; Burger, 1971) or
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or transformation assays with newly made DNA (Matsushita et al., 1971),
it has been demonstrated that, in cells nade permeable to nucleotides
by either toluene or ether treatmen%, DNA synthesis continues at the
in vivo replication point, The main drawback to these systems is that
-they are not amenable 1o macromolécular exchange, which is necessaryA
in the analysis of the replication problemn. They also exhibit Ckagzaki
fragment formation with conversion of the fragments to bulk DNA

(Geider & Hoffman-Berling, 1971)c The fragments have also been shown
to be RNA-linked in permeabls cells (Sugino & Okazaki, 1973).

Evidence that a specific enzyme activity is needed for
replication can best be obtained by finding a mutation that causes
tenperature~sensitivity in replication owing lo alteration in this
enzyme. Using an in vitro system in which DNA is replicated properly
sgch mutants can help to detect activities involved. Such a system
has been developed by Schaller et al., (1972 ): it is a crude system
and conteins practically all the proteins of the cell at very high
concentration, It is amenable to macromolecular exchange. DNA
synthesis in this system has many chavacteristics typleal of DA
replication., It reflects the %emverature~sensitivity of many thermo-
sensitive DlA-replication-defective mutants. DNA synthesis at restrictive
temperatures in the systems prepared from such mutents can be restored
by adding wild-type extracts (Klein et al., 1973). This complementation
of systems shewing imovaired synthesis can be used as an assay for
proteins which are required for DNA repiication. Complementation assays
of this type ha&e been used recently to purify several gene products
needed for DNA replication in E. coli (Nusslein et al., 31971; Klein

et al., 1972; Wickner et al., 1973 a,b).



2.% DNA_ polymerases in prokaryotes

EBver since the discovery by Kornberg and his co-workers in
the late 1950s of an activity in crude extracts of E, coli capable of
synthesising DNA in vitro, ﬁhere has been a tremendous effort to
elucidate the properties and roles of similar activities from a
‘variety of sources. E. coli DNA polymerase was duly purified and

its ability to synthesise infective %X 174 ﬁiral DRA in vitro was
overwhelming evidence of its role as replicase, despite its inability
to replicate pative DNA in vitre. (Goulian et al., 1967). It was
not until 1969 when de Lucia & Cairns produced a mutant with very much
reduced levels of DNA polymerase activity, yet able to replicate its
DNA essentially normally, that a search for other activities began,

A second unrelated candidate was found and named DNA polymerase 11 .
(Kornberg & Gefter, 1971). Its presence in nembrane fraclions was
gdod evidence in favour of its role as replicase but no further
evidence has appeared, and recently a mutant lacking the enzyme has
been isolated (Campbell et al., 1972). It too replicates its DNA
normally. A third enzyme, again unrelated, termed DNA polymerase IIT
has proved the most successful candidate primarily because of its
temperature-sensitivity in thermosensitive mutants of the dna B type
(Gefter et ai;, 1971). In fact purification of the dna E gene product
by the complementation - assay has shown it to be identical with
purified DA polymerase III {Nusslein et al., 1971).

DHA peolymerase I plays a major role in excision repair of
damaged DNA (Gross, 1972). It also may have & secondary role in
replication with the finding that in mutants with’low levels of the
enzyme,‘newly synthesised short pieces are nmuch slower in joining to

larger DEA, suggestiing a role in gap-filling perhaps after RNA
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primer iemoval (Kuempel & Voemett, 1970; Okazaki et ale, 1971). The
function of DNA polymerase II is at present unknown.

DNA polymerase IIT differs from the other two polymerases
in its low ¥ optimum, stimiation by ethanol and sensitivity to salt
(Kornberg & Gefter, 1972; Otto et al., 1973), None of the enzymes can
achieve the replication of native double stranded DNA, nor can any of
them initiate chains de novo on single stranded, circular or linear,
DNA (Kornberg, 1969; Gefter et al., 1972: Korﬁberg & Gefter, 1972;
Otto et al., 1973). DNA polymerase I is the only one able to use
double-stranded ﬁNA with single-strand scissions by displacement of
the other strand. DHA polymerases II and JTII require a gapped template

" i.e. B coli exonuclease III treated nicked native DNA. Some of the

properties of the three E. coli DNA polymerases are summarhed in Table
1.

A modified version of DNA polymerase III has recently becn
isolated from E, colil(Wickner et al., 19730% This species,;designated
DNA polymerase III stary,is similar in properties to DHA polymerase TII
even in being temperature~sensitive in dna E mutants, but it differs
in being able to use long singlc-sitranded DNA templates with the
aid of a cofactor, copolymerase IILI star. Copol., III star is unable
to aid any of the other three polymerases. DNA Folymerase IIL star
behaves similarly to DNA polymerase III.on glycerol gradients, but
elutes in front cf it on agarose gels suggesting assyumetry. Further
studies have shown that ATP and copolymerase III star are only reguired
for initiation on the single-stranded templates. Once initiated the
reaction is resistant to antibody‘to copol. III star (Wickner &

Kornberg, 1973)-
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TABLE 1. PROPERTIES OF DA POLYMERASES OF B. COLI
I II TIT
Gene Pol A Pol B dna B
Molecular Weight 109,000 90,000-~120,000 | 140,000
Holecules/cell 400 20 10
Rate of DN4 synthesis| 1000 300 15,000
(a19Ps,/min/molecule)
Direction of 51 3t Hta 3! 5t 31
synthesis
Associnted 5= 3! 3t>5¢ 5t 5
nuclease 3t 5
Reference Kornberg (1969) WUickner et Kornberg &
al. (1972) Gefter (1972)
Otto et al.
{(1973)
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2.4 Other factors involved in w»rokaryotic renlication

Genetic studies have revealed many mutations knewn to affect
DNA replication. In bacteriophage T4, the products of three genes
necessary for replication have been identified., Gene 4% has heen
shown to be DNA polymerase (Speyer et al., 1966; Speyer & Rosenberg,
1968). Gene 30 is a T4-induced 1igasé (Pareed & Richardscn, 1967),
and gene 32 is a protein which preferentially binds to single~stranded
DNA and may be involved in strand separation at the growing point
(Alverts & Frey, 1970). A complex of the products of genes 44 and 62
from T4 haS been purified but their function is unknown (Barry &
Albverts, 1972), In E._coli several mutants of DNA replicaticn have
been described. So far only DNA polymerase III and & ribonucleotide
reductase have been characterised (Nusslein et al., 1971; Tuchs et al.;
1972). Other proteins have heen purified by complement assay, but
functions for them are still being scught (Vickaer et al., 197%s,b).
Using a synthetic approach, severai groups have isolated and describad
protein factors capable of sﬁimulating‘nucleotide incorporation in a systen

cortadiingactivities purified from crude extracts of E. celi shown to be

vequired for duplex formetion of single-sirvanded fd DRA. The system
contained DHNA polymerase ILI, RNA Qolymerase, DNA unwinding yprotein,
fd DHA, rNTPs and dNTPs (Wickner et al., 19723 Hurwitz et al., 1973;
Hurwitz & Wickner, 1974). An activity similar to T4 gene %2 protein
has been isoliated from E, coli but it surprisingly stimulates only
nuclecotide incorporation with DNA polymerase II and not III (5igal
et al., 1972). The role of B, coli ligase in replication is still

unclear. Wang (1971) has isolated a protein from K. coli, the &

protein, capable of relaxing supercoiled DNA, an eventual prercquisite
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for étrand separation. .No role for an& known K. coli nucleases in

the procesé of chain elongation has_been established so far. Hewly
isolated mutants deficient in exonuclease I (Kushner et al., 1971)

or exonuclease III (Milcarek & Weiss, 1971) do not appear to be
.affected in their viability. In bacteriophage A, two genetic functians
0 and P are believed to be involved in initiation of DNA replication
(bove et al., 1971). Barlier indications that these two functions
centrol an endonuclease have been confirmed (Shuster & Weissbach,

1969; Freufelderr& Kirschner, 1971). |

2.5 Studies on nuclei isolated from eukaryotes

Incorporation of nucleotides into endogénous DNA by isolated
nuclei has been reported from many eukaryotic sources including cultured
Hela cells (Friedman & Mueller, 1968; Kidwell & Mueller, 1969; Hersﬁey
et al., 1973 a,b.; Bernard & Brent, 1973); cultured mouse fibroblasts
(Kemper et &l., 1969; Kidwell, 1972); isolated rodent tissues (Thomson
& McCarthy, 1968, 1973; Lynch et al., 1970, 1972; Ove et al., 1971;
Wagqar et al., 1971; Kaufman et al., 1972; Probst et al., 1972;

Shimada & Merayama, 1972; Hyodo & Ono, 1970 a,b); Bhrlich ascites tumor
cells (Teng et al., 1970); culiured baby hamster kidney cells L.azarus,
1973): and in polyoma-infected fibroblasts (Winnaker et al., 1972).

2.6 Bffect of isolation proccedures on correlation between

in vivo and in vitro systems in eukaryotes

A - . PR
Hyodo & Ono (1970 &) and XKaufman et al.. (1972) stressed

the danger of introducing artefactual or unschedueled DHA synthesis
into nuclei as a result of maltreatment during isclation. BHEyodo &
Ono (1970a) showed that preparation of nuclei using hypertoric sucrose

solutions (£,2-2,4M) resulted in nuclear DNA synthesis which did no%
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refleét the in vive state of the cells from which they were isolated,
whereas the use of isotonic sucrose (0.25i) did. Also the increased
raete of incorporation was more eVidéntthﬂ?ZO mih dincubation when' the
incorporation by isatonicallywprepared nuclei from regenerating liver
had levelled off. Kaufman et al. (1972) reported autoradiographic
evidence for incorporation of labelled triphbsPhates by 85% of
normal and regenerating nuclei isolated by a hypertcnic sucrose
preparation. In contrast, Lynch et al. (1970) showed only 15% of
regenerating liver nuclei incorporated in vitro which was similax fo
the number incaporating in vivo before isolation., A control
experiment revealed that the same 15% of nuclei were incorporating

in vivo and in vitro. These workers use a hypertonic sucrose

igolation technique but under milder conditions. Several groups
showed that nuclear DHA synthesis did correlate with the DNA

synthetic capacity of 1lhe cell of origin: Lynch et al, (1970), in
regagrating liver; Friedman & Hueller (1968), in amethopterin-
reversed Hela cells; Bernsrd & Brent (197%), in mitotic selectian
syunchronised Hela cells; Lazarus et al, (1973), in BHK cells entering
stationary phase of growth; Shisada & Terayama (1972), in developing
rat brain. Many workers (Lynch et al.,, 1970, 1972; Hershey et al.,
197%a; Kidwell & Mueller, 1969) present further evidence that isolated

nuclei continue in_vivo replication by the finding thét the bulk of

BJ«TTP incorporated in vitro is assuvciated with s bromodeofyuridine
(Bravrd) prelabel prior to isolation,on‘CsCI density gradients.,
Kaufman et al. (1972) show thal only about half of the label is
asgocinted with the dense peak confirming their system is not only

a

to hypertenic sucrose solutions during nuclenr isclation tends to

2 continuation of in vivo DNA synthesis. In general prolonged subjection
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inducé-unscheduled DA synthesis which is not a reflection of the DNA
replicativé ability of the cell of origin. Kidwell (1972) has shown
that nuclei isolated during that part of the S phase when mouse
fibroblast cells are making satellite DNA preferentially incorporate
3H---’I.‘TP into satellite DNA in vitro. OSimilarly those not engaged in
satellite synthesis do not., Isolated nuclei incorporate added
3H—T‘].‘P preferentially into short segments similar to those found

in vivo (Friedman, 1973; Lynch et al., 1972; Kidwell & Mueller, 1969).

2.7 Properties of nuclear systems

Most workers have shown an absolute reguirement for the 4
deoxynucleoside triphosphates and Mg2+. The role of ATP secems to be
variable, the stimulation varying between zero (Kaufman et al., 1972)
and an absoclute requirement (Probst et al., 1972; Bernard and Brent,
1973) but in general a 2 - 5 fold stimulaticn is found. Fricdman
(1973) finds an initial ATP independent step; 2ll label after an
in vivo BrdUrd prelabel being dense. With ATP present 50 - 507 appears
as light material, He interprets this as ATP being necessary for new
strand initiation whereas incorporation in the absence of ATP is a
continuation of chains already growing in vivo. Sulphydryl reagents
generally stimulate incorporation as does EDTA. The pH optimum is
to the alkaline side of neutrality as in most DNA polymerases characlerised.
Salt effects are variable, the majority of workers reporting 200 mM
NaCl as optimum. Lynch et al.; (1972) imprroved their sssay
conditions by showing that EGTA, a calcium ion binder, not only
stimulates the initial rate but prevents DNA brealkdown during incubation
(Hyodo and Ono, 1970b),by presunably inhibiting Ca” ~activatzd
nucleases, Al#o high molecular weight dextrans had a stimulatery effect

by preventing nuclear swelling., Ove et al. (1971) showed that sucrose

&
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at a concentration of 0.8! also prevented nuclear swelling but in
doing.so increased in viﬁgﬂ incorporation of normal liver nuclei to
the level of regenerating nuclei,which does not reflect their

in vivo state before isolation. Cadaverine also increased in wvitro
incorporation (Lynch et al., 1972) its action being to preserve the
" nuclear morphology (McGregor and Mahler, 1967).

The amount and extent of incorporation wvaries from group to
group. lMost workers achieve reasonable rates of incorporation with
initial rates approaching 10 = 50% of in vivo rates under optimal
conditions (Hershey et al., 197%a; Lynch et al., 1972). A falling-
off in rate after 5 - 30 min. is also observed by the majority of
workers although one group (Probet et al., 1972) rgport a linear rsie
for 2 hours. This levelling cannot be attributed to exhaustion of
some added assay requirement as fresh nuclel can use syent assay
mirture as efficiently as fresh mixture (Lynch et al., 1972; Hershey
et al., 1973%; Bernard and Brent, 1973)? It is also not due fo completion
of DNA sites available as the rate change is not delayed when
differing initial rates are induced by altering the incubation
temperature (Lynch et al., 1972), Results of Lazarus (1973), suggest
that availa®ble DNA sites arc exhausted in his nuclel, because
inclusion of all four ribonucleotide triphosphates allows a linear
rate up to two hours suggesting continued priming of new sites by
RNA {sece page é). Tresh assay wmizxture or cytoplasm did not prolong
initial rvatesafter levelling off (Bernard and Brent, 1973), therefore

probanly due to -some limiting nuclear factor.

‘2.8 Effect of cyltovlasm on incornoration by isclated nucled

The use of cell lysates or the mixing of cytoplasm with

nuclei have shown that cytoplasm contains factors canable of
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stimulating incorporation by isolated nuciei (Friedman and lMueller,
1968; Hueller, 1969; Kidwell and HMueller, 1969; Bernard and Brent,
1973). Friedman énd Mueller (1968) showed that the cytoplasmic
factor is sensitive to sulphydryl inhibitors but it does not have a
controlling effect as it failed to stimulate incorporaticn in nuclei
not synthesising DNA in vive., Iater work by the same group (Hershey
et al., 197%a) revealed the factor to be macromolecular () 100,000)
but separable from cytoplasmic DNA polymerase on gel filtration. I%
is heat labile and susceptible to extremes of pH, 2ll pointing to =
protein nature., Purified fractions of DNA polymerase activity failed
to stimulate incorporation in their isolated nuclear system. The
factor binds strongly to DHA cellulose columns not being eluted

until 2M salt. Bernard and Brent (1973) found their cytopiasmic
factor to be heat labile and pronase-sensitive but that it could be
replaced by purified calfl thymus DHA polymerase in contrast to the
findings of Hershey et al. (1973a). By prelabeling the DNA with
BrdUrd at certain selected {imes during S-phase, Hershey et al, (1973a)
showed that the cytoplesmicz factor was notd initiating new sites that

. . . . ' . roe = I
were not active in vivo prior to nuclear isolation, Kidwell (1972)

also showed this with I cell satellite DNA., These experiments

suggest an ordered replication of DNA in vitro s in vivo (Barlow,

1972). Other workers have found & low H.W. heat stable molecule capable
of stimulating in vitro incorporation: Thomson & heCarthy (1968; 1973)
in taper mouse tumour cytoplasm; Shimeda & Terayema (1972) in infant

rat brain cytoplasu; Rrhau el al. (2970) in Hela cells.

28  Controlling effect of cvitonlasm

Reo & Johnson {1970) showed that DA synthesis and mitosis

are induced in multinuclezte Hels cells formed by fusion betwecen



19.

Vcells at different phases of the cell cyclé.. Cells in the G1 phase

of growth initiate DHA synthesis earlier when fused to & cell in the
DA synthetic or S—phaseo This displays a dosage effect i.e. the Gl
nucleus of a tri-nucleate cell with two S-phase nuclel initiates even
eariler, This finding prompted workers to 1lbok for cytoplasmic
controls over initiation and continuation of DNA replication.

Thomson & MeCarthy (1968, 1973) claim to have found a factor in tumour
cytoplasm capable of initiating DNA synthesis in previously dormant
nuclei, lowever most other cytoplasmic factors only stimulate
incorporation at Sites in nuclei already incorporating in vivo. Kumar
& Triedman (1972) provided autoradiographic evidence to suggest that
cytoplasm from late Gl or early 3 is'capablé of inducing late Gl
nuclei to enter § in an in vitro system, The sctivity is heat labile
and partially lost on dialysis, in contrast to that of Thomson &
McCarthy (197%).

2,10  DNA Polymerases from eukaxyotés

2,10 1 Background

Two kinds of deoxynuclectide polymerising activities have
becen isclated from euvkaryotic systems; terminal deoxynucleotidyl trans-
ferase and replicative deoxynucleolidyl transferase (DHA polymerase)o
The terminal transferase from colf thyﬁﬁs glands was characterised
by Kato et al. (1967) and purified to homogeneity (Cheng & Bollum,
1971a). The terminal transferase is a low M.W. enzyme (32,460), is
found only in the thymus gland, and has a developmental cycle in
the thymus during embryonic grewth (Chang, 1971). The reblicative
DIA polymergse vas first observed in 1957 (Bollum & Potter, 1957) and
shown to be present in the cytoolasmicwsoluble fraction of regenersting
rat liver (Bollum & Potter, 1958), A search for a similar activity

from- other sources revealed a surprising enigma. In most cases
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studied, 80% of the total cellular DUA poiymerase was found in the
cytoplasmic fraction, whereas the DNA, the enzyme's template and
product, was known to lie almost wholly in the nucleus. This
finding prompted suggestions of nuclear damage: leading to leakage
and although alternative preparative techniques including inclusion
of calcium ions (Main & Cole, 1964) known to stabilise nuclear
nembrane, and use of non-agueous isolation techniques (Keir et al.
1962) improved the nuclear activity yield, the bulk of the activity
was 8till found in the soluble fraction of the cell, -(For review
of pre—~ 1965 findings, see Keir, 1965). Another general finding,
which was in Tavour of the lack of involvement of this activity, or
at least this form of the enzyme, was its preference for denatured
DHA over native DNA as a template. Thus began the search for an
activity with a more favourable intracellular location and tecuplate
preference, Such an activity wss found by several investigators;
Mantsavinos (1964) for regenerating rat liver; Mazia & Hinegardner
(1963) for sea urchin embryos. The obsession with purification of
an enzyme with such characteristics hampered for some time a true
appraisal of the situation relating DNA polymerase activity to the
DNA replicative state of 1lhe source under study.

2.10 ii HMultiple forms of DHA nolymerases in euvkaryotes

and. the effect of idolation conditions on their

gubeellular location.

In general, the major DNA polymerising activities found in
most eukaryotic sources siudied is a large (D lO0,00Q daltons)
denatured DﬁAnpreferring species found-predominantly in the
cytoplasmic—soluble fraction and first characterised as a distinct

speciss by Yoneda & Bollum (1965), and a small (< 100,000 daltons)
I 3 » .
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native DNA-preferring species found predominantly in nuclear fractions.
A survey of eukaryotic DNA polymerases characterised to date is shown
in Table 2, ost of the groups quoted in Table 2 have atltempted to
characterise all of the activities present in the cell. 'The apnearance
of both species in either the soluble or nuclear fractions has been
reported by several groups (see Table 2)., The smaller species is
found in soluble preparations always as the minor activity and could
be due to nuclear leakage, or to a real physiblogical effect. Baril
et al. (1971) find it attached to a ribosomal fraction in rat liver.,
Brun et al. (1974) find a dimeric form (50,000 daltom) of o
cytoplasmic monomer (25,000) in their nuclei. Chiu & Sung (1972a)
show that its level in the soluble fraction of rat brain cerebral
cortex decreases after birth paralleling the fall in DNA synthetic
capacity of that tissue. Further studies have shown that it becomes
particulate (Chiu & Sung, 1972b), the significance of which is

unknown. The reverse situation, that of finding the large species

in the nucleus may have deeper implications. The obvious explanation
is that it is a result of cytoplasmic contamination, which is the
helief of Chang & Bollum (1972a) who go to great lengths to purify
their nuclei free of it. Other groups, (Weissbach et ale, 1971 ;

Ove et al.; 1973; Sedwick et al., 1972; Wallace et al,, 1971) find
significant levels of it in nuclear fractions, in fact Sedwick et al,
(1972) suggest that the large nuclear species may be different from
the cytoplasnic one in its ability to use a native DNA {template

with large gaps in it. It is interesting to note the correlation of
the similarity of techniques used.to 'vurify' nuvciei to look at their
endogenous DINA synthetic capacity and the DNA polymerases they contain,
Use of hypertonic sucross igolatiuvn media reduces the correlation of

(]
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LARGE LIID

SHATLL DA POLYIGRASED

i BUIARYOTIC CBLLS

SOURCE ESTTIMATED M.V, . HUCLEAR (1) OR
CYPOPLASHIC (¢)
LARGE SIALL LARGE SHALL
Rat liver 2x105 - C C
N . 5 4
Rat liver & 2x10 6x%10 C C
hepatomas
Rat brain 23107 34310 | ¢ Neet — — — — =
Rat liver & 2.5x10° | 2.5x10% | can® | wec®
hepatomas
N 5 4 -
Rabbit tissues 1x10 3-4x10 Cérl &C
Several tissues | 1x10° 4.5%10 C Neg® - — — — -
Hela cells l.5x1O5 SXlO4 C&H H
Rat liver 4x105 6.5x10 C N&C
. .
Rat tissues 23107 1x107 cear Hec® - — — - —
; ; 57 4
FHA stimuvlated 1.5x10 %%10 - -
lymohocytes
. KB cells l.2x105 4}:104 C&N N
4
Chick embryo 1.4210° | 2x10% ¢ - — —
1e, ) - 5 [ 5
Calf thymus 2x10 1.5x10 - -
. 5 Y . X:}
Rot liver & 1.5x10 3-4x10 Céil N&C
hepatomas
5 A —— — S
Human bone 1.5x10 4.5x10 C 1 - —
nmarrow
. D SN e
Chick embryo 1.5z10 5x10 Je C N&C
2.7x10
FATNE a -~ cytoplasmic traces b ~  in repencrating liver
c ~ riboscme bound d -~  nuclear swnecies prefers
B. _eo0li exonuclease IIT
treated cetivated DFA
e -~ nuclear specles is a

ainer of cvionlasmice
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DA THITPTLATE

PRICEIE CR

RETE BHCE

LARGE SHALL
Denatured Native Bellair (1968)
Denatured Native Iwamurz et al. (1968)

— — — — Denatured Native Chiu & Sung (1971, 1972a,b)
Denatured Native Baril et al. (1970, 1971, 1973)
Activated Activated Chang & Bellum (l97lb)

— =~ — —Activated Activated Chang: % Rollum (1972a)

- Activated Activated Weissbach et al., (1971)

Activated hetivated Haines et al. (1971)

— w —Denatured

Activated

Activatedd
-—  — —Denatured
Denatured

Denatured
Hative

Denatured

C
i)

Native

Activated

Activated
Wative
Denatured

Native

Hative

Wallace et al. (1971)

Smith & Gallo (1672)

Sedwick et al., (1972)
Wicha & Stockdale (1972)
Homparler et al. (1975)

Ove et al, (1973)

Coleman & Hutton (1973)

Brun et al. (1974)
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in vitro to in vivo synthesis of the nuclei (see page 14) and also

depletes them of their large DNA polymerase species.

The large and small species are similar in some respects,
They are both replicative i.e. they require all four 4ilTPs and DNA
for maximum activity. Several grouns rewnort that the small species
is capable of significant incorporation (40 ~ 60%)-with less than
four triphosphates. Sedwick et al. (1972) examined this phenomenon
and revealed that it is probably due to the iﬁoorporation of only a
few nucleotides at each point of incorporation. The reason for this
limitation is not clear. It could be due to the inability to displace
the other DWA strand at a nick or inatility to replicate long single-~
stranded regions, é general finding for the small enzyme. The
magnesium and pH optima of the two nsgecies vary but this may be duve
to the template used in the assay rather than a difference of
physiological significance (Chang & Bolium, 1971 . Their response
to salt also varies from source to source, the large species being
.generally more sensitive to high levels of salt in the assay. The
polynucleotide best used as template may give an insight into the
DNA structure used by the enzymes in vivo. The ability of the small
enzyme to copy REA templztes has been reported by several groups
(stavrianopolous et al, 1972a,b; Cﬁang & Bollum, 1972a; Haines et al.,
1972 and Brun et al., 1974). This effect may be due tov a less
stringent demsnd on template sugar recognition by this cnzyme compared
to the larger species, The significence of this 'reverse transcripfﬁse'
type activity may not be valid, especizlly as distinct RNA dependent-
DNA polymerases have been isolated'from normal, uninfected cells,
Furthermore the enzymes do not have any DNA template dependence (Ward

et al., 19725 Bobrow et al., 1972; Fridlender el al., 1972)0 Chang &

- . t
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Bollum.(l972b) have shown in model studies that the large enzyues is
capable of using oligoribonucleotide as well as olipgodeoxyribonucleotide
as primers for incorporation vhereas the smaller enzyme is more
selective, using only deoxy«primeys. This points to a replicative
roie for the large species, being able 4o elongate RNA primed Okazaki
pieces (see page 5).

Apart from size the two spscies have other differences. The
larger species is inhibited more strongly by sulphydryl inhibitors
than is the small species (Baril et al., 1971, 1973; Baines et al.,
1971; Weissbach et al., 1971: Smith & Gallo, 1972). Their
chromatographical behaviour suggests that at physiological pH, the
smaller species is more negatively charged than the larger one, and
in fact several groups have found the larger enzyme to have a low
affinity for DA either in DNA cellulose colwims, (Haines et al.,
1971) cr in sucrose gradients (Yoneda & Bollum, 1965) under s variety
of salt conditions,which may explain the ease with which it may be
washed out of nuclei during more stringent nuclear purification
techniques {DNA polymerase III from B. coli has been shown to have a

low binding affinity for DNA).

o

210 iii Associstion of DHA polvmerase sctivity with

nembranous material

Evidence supporting associlation of DINA vpolymerase with the
nuclear membrane is circumstantial in nature, Yoshida et al. (1971)
isolated & nuclear membrane fraction from calf Thymus conlaining DUA
polymerase aciivity but om washing to remove residual DNA virtuslly
all of the ectivity was lost., A similar preparation was isolated by
Yoshikawa-Iukada & Ebert (1971) who showed that when the membrane..

chromatin complex was allowed to carry cut the polymersing renction

O



witl added precursors the polymerase was released Lrom the complex,
When a éalculation is made of the percentage activity associated with
the membrane (Kasy et al., 1972) it seems to correlate with the
percentage DNA isolated with the membrane.

Baril et al. (1970, 1971) using normal ané regeanerating vrat
liver showed that virtually all of their soluble DNA polymerase
activity (after removal of nuclei, mitochondria and nicrcsomes) was
associated with smooth membrane, as suggested‘by its ability to be
sedimented by prolorged centrifugation and to band in a discontinucus
sucrose gradient at the density of smooth membranes. In contrast,
Poulson et al. (1973) using similar fractionation techniques with ret
intestinal mucosa, showed that most of the soluble activity was not
membrane associated and the little that was, was shown to be of
mitochondrial origin, BurrissmGarret£ & Bollum (1973) show that under
their conditions the soluble activity ffom rat liver was not asmociated
with particles with M.W. greater than 500,000 daltons, and that abiiity
to find it associated with such large partiples may be an artefact of
& concentrative method of preparation. Furthering Baril's work, Novak
and Elford (1973%) have shown that a similar smooth membrare fraction . .
from rat tissues and hepatomas contains a small amount of DHA which
is capable of stimulating the endoéenous synthetic ability of the =mooth
membrane preparation but such DNA can only be isolated from sources

K

active in DNA synthesis. Hore recently Westergaard & Johnson (1973)

Wl

have isolated what they term a reoplication complex from ethidium

bromide trested Tetrahymena pyriformisg, T4 contains a DNA polymerase,

a RNA polymerase, a deOXyribonucléase and & RiNA~linked DNA fragment
similar-in size to the RNA-primed Okazaki pieces in B, coli. (see

page 5).
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2.10 iv Intersrelationshinp hetwsen the larse and snall

DA polymerases

The first suggestion of an inter-relationship between
the two polymerases was put foruvard before they had been properly
characterised as being distinct. Keir (1965) proposed a Theory
besed .on the evidence at the time that the denatured DNA~preferring
activity found in cytoplasm was an 'altered! form of the native~
preferring 'intact! form found increasingly iﬁ rapidly proliferating
tissues. With the discovery of their M.W., difference attemptswere
made tc reduce the large species to an activity resembling the smaller
species. Bellair (1968) demonstrated the presence of two DHA polymerase
activities when he chromatographed & rat liver soluble preparation
on Sephadex G-200 run in 1M NaCl. Thg major activity eluted in the
void volumé (200,000 daltons) and preferred denatured DEA as template;
the minor activity eluting later (100,060 daltons) snd preferring
native DNA. In prevarationsrun withocut salt all of the activity
eluted in the void volume, In contrast, later studies by Furlong &
Gresham (1971), using Walker 256 ral hepstoma, showed thatl the M.W.
of the cytoplasmic enzyme couid not be reduced by 1M MaCl, nor Diase
nor RNase suggesting that it is not association with a small oligo-
nucleotide primer which gives it ifs preference for denatured DU
Furthering this work Holmes & Johnston (1973), using a partially
purified soluble enzyme from rat liver, also showed that i
was not reduced by salt concentraticns up te 1M Nell, They also
shoved no reduction by Brij 58, a non-ionic detergent capuble of
dispersing lipid, ruling out residual menbrance attachment., Glycerol
gradients revenled a smaller M,W. than agarcse gel chromatography

suggestive of assymmétrye (c.f. E. coli polymerase III star, page 11),
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Holmes et .al,, (1973) improved their purification and shcwed that
a band of ﬁ.w, 54,000 was prevalent on sodium dodecyl sulphate (SDS)
gels of their purest fractions. The enzyme would not enter their
gels under non-denaturing conditions.

Recently Hecht (1973a,b) using mouse testes, and Lazarus &
Kitron (1973) using baby hamster kidney cells, have managed to
achieve production pf a small active species.comparable to the
nuclear one from several sources, by treating a large soiuble species

with salt (0.125M NH, Cl by Hecht, 0,5H NaCl by Lazarus & Kitron).

4
Further, Hecht (1973b) has perhaps revealed the in vivo conversion

point by showing that nuclear membranes fractions contain both
activities as well as an intermediate~sized activity. Chang & Bollum
(1972¢c) have shown that the large and small polymerase specics from

a variety of mammalian sources are susgeptible to antibody created
against the large species purified from calf thymus gland. X. coli

DNA polymerases I and II and calf thymus terminel transferase are

not affected. This suggest a relationship not only between the large and
small species but also interspecies similarities. The cross-~reactlon
could be due fo common siteslwhich are important for enzyme acltivily

in all the species rather than an extensive structural relationship.

2.10 v Variation in DNA volvymerase activity with diffTerences in

in vivo DHA synthetic rates.

Before this secfion is embsried upon distinciion mast be
drawn betlween the variation in DNA synthesis due to the existence of
DNA synthetic and non-synthetic phases within the growth cycle cof an
average dividing cell, and the variation dvue to leaving cr entering
this cycle, which manifests itself in many ways including cell

differentiation (developing tissues) and the induction to growth

()
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of quiescgnt systems by chemical ox physical means. Into the latter
category comes regenerating liver, stimulation of lymphocytes by
phytohaemagelutinin (PHA) and dilution of contact-inhibited cells

in culture. Also in this category comes the phenomenon of tumour
formation, which can be either nﬁtural or artificially induced.
Investigations into the synthesis of DNA and its control in such
tissues can be useful in determining what has gone wrong in a cancerous
condition.,

(a) Variation in DNA polymerase with cell differentiation

As cells differentiate they normally reduce their proliferative
ability and therefore DNA synthesis and cell division decline in
importance as the cells concentrate on their differentiated function.
0'Neill & Strohman (1969, 1970} have shown that when chick embryo
muscle cells fuse {o become mature multi~nucleate cells, their DNA
synthetic capacity is reduced. They also showed that they lose 905
of their soluble DNA polymerase activity. Wicha & Stockdale (1972)
have demonstrated that 90 of that activity is the large denatured
DHA~preferring species. Ove et al. (1970), studying the development
of rat liver from 6 days before to 10 days after birth reveal a
correlation between fall in DNA synthetic ability and the large
soluble species. Chiu & Sung (1972a9b) used two different areas of
rat brain which develop at different timés relative to birth. Cerebral
cortex is almost completely developed at birth whereas the cerebellim
grows rapidly until the 6th day after birth and then declines, In
the cerebral cortex the large soluble species which iz high in the
foetus falis to a low level after birth but in the cerebellum it peaks
at 6 dzys then decreases to an almost undeteétable level in the

adult. During these changes the small specics varies only slightly



in bhoth tissues and in fact is shown to become particulate as the
rat develops towards adulthood, the total cellular amount remaining
constant (Chiu and Sung, 1972b).

(b) DNA polyvmerase changes in induced systems and tumours

compared with the cuiescent state

There aré probably many secondary conirol differences between
induced systems such as regenerating liver and tumour cells but for
the purpose of this study they will be grouped under the same category
as having been stimulated into a proliferative state from a previously
quiescent one. MNany investigators have established that when liver is
made to regenerate by partial hepatectonmy, its soluble DNA polymerase
is higher (Bolium & Potter, 1958). Many groups have since shown this
increase to be due to the large species (Iwamura et al., 1968; Ove.
et al.; 1969; Baril et al., 1971, 197%; Chang & Bollum, 1972d; Novak
& Blford, 1973). Workers looking at nuclear activities in regenersting
liver report contrasting results, Where only one activity, the small
species, has been found in nuclei no growth response is detected (Chang
& Bollum, 1972d). However Chiu et al. (1973) have shown a growth-
responsive increase in a small tightly bound species. Association of
the large speciles with the nucleus during regeneration has been reported
(Wallace et al. 1971; Baril et al., 1973), although Wallace et al.
were able to wash their nuclei free of it agreeing with Chang & Bollum
(1972&} that it mav be increassd cytoplasmic contaminatién. Lynch &
Lieberman (1973) do not sige their activities but suggest that an
activity which remains behind after extraction of nuclei by the non-
ionic detergeunt Brij 56 increases during regsneration, and in fact
after éolubilisation thie residusl aptivity is subject to similar

inhibition by araCTP as is the endogenocus DNA synthesising activity



of i=solated regenerating nuclei. In cont%ast fhe Brij-extractable
activity is not. Chang et al. (1973) working with cultured mouse L
cells show that és;the eells erter and leave the stationary phase of
growth, it is the large soluble species snd not the small nuclear

one which fluctuates with DNA synthetic differences. Similar
correlations of large polymsrase enzyme with growth differences are
seen in tumours (Iwamura et al., 1968; Baril et al., 1971, Ove et al.,
1969, 1973; Novak and Elford, 1973); however Ove et al., (1973) in
hepatomas and Chiu et al., (1973) in DAB induced tumours also find

a small tightly bound species which is higher in tumours. Chiu et

al. (1973) also find a large species appearing in the nuclei of their
DAB induced tumours. This enzyme appéalsto prefer a polyribonucleotide
temnplate, An interesting finding by Springgate and Loeb t1973) is
that of a DNA polymerase from leukemic cells which makes more mistakes
during incorporation using a homopolymer template than that from
normal.leucocytes. The implications of this in tumour progression

are profound,.

(c) Cell cycle variastions of DNA polvmerase activity and

intracellular location

~In order to study the variation in any parameter throughout
the cell cycle the population of cellg'undcr study must be
synchronised so that they are all at the same stage at the same
time. Cell synchrony is only vossible where most uncontrollable
" externsl influences have been removed so thatl once they have been
aligned they will not become too asynchronous before they can be
gstudied. Henee the invaluable contribution of cell culture techniques
to this sort of study. Cell culture enables a uniform population of

cells to be manipulated under the control of the investigator.



Disadvantages are the unknown effect of prolonged sub~culturing

on the stébility of the culture and the degree of correlation

which can be made with the {issue of origin. lMethods of inducing
synchrony employed are based on using drugs to inhibit a particular
step i.e. DNA synthesis or cell division,to enable all the cells to
accumulate at the inhibition point. Varying degrees of synchrony
can be obtained with these techniques but the danger is that the
cells develop unbalanced growth and the results gained from such
experiments must be interpreted with caution. A certain degree of
synchrony can be obtained by releasing cells from a quiescent state
but a study of the first cell cycle is complicated by overall growth
increases, Preferred are those techniques which minimally disturb
the system such as selection, by physical means, of cells at a
particular stage such as mitosis (easily'removed by shaking from =
monolayer) or early interphase (separation on susrose gradisnt).

The first cell cycle studies on DNA polymerase were done
using the DNA synthesis inhibitor fluorodeoxyuridine (PaU). Little=-
field & McGovern (1963) and Gold & Helleiner (1964), using thymidine
reversed FdU inhibited mouse I cells, both showed that, as DHA
synthesis was allowed to continue, soluble DNA polymerase activity
fell and particulate (nuclear) activity rose. Lindsay et al., (1970)
confirmed this using sminopterin inhibited mouse L9929 cells, and
also showed that the increasing psriticulate activity had a template
preference similar to the soluble enzyme. They also showed that the
nuclear activity declined after S-phase. A nore recent study by
Furlong et 21, (1973) has =zupported these findings. Phey used hamster
Tibroblast cells in culture, which had been selectively removed at

metaphase following a briel exposure to the mitotic inhibitor,

O
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colcemid. A reproducible fruction (5-105)- of +he DIiA poly.werase asctivity
was found to remzin firmly bound to the nuelesr pellet after repented
cycles of freezing and thaving, which were shown to remove contaminating
cytoplasnic marker enzymes. The specific activity of this firmly bound
nuclear DUA polymerase was found to incresse during S-phase in proportion
to DUHA synthesis, On solubilisation it was found to be large =nd to
prefef a denatured DA template. The initial soluble activity and that
golubilised by freeze-thawing did not incrense during S~phose. Madreiter
et al., (1971) synchronised L cells using the mitotic selectio: metihod and
alsoc found an increase in particulate-associated activity during S-phose,
Their soluble activity results were less conclusive., Schindler et zl.,
(1972) showed little difference in totsnl cell homogenate activity as the
cell cycle progressed in mitotic~lly selected murine mastocyioma cultures,
On. studies using nuclei copable of in vitro Dili synthesis (Friedman and

Mueller, 1968), Friedman (1570) renorted that these nuclei isolated from

Y
[

amgthopterin-inhkibited thymidinc-rele-.sed Holo cells contain o denoturced-
preferring Dla polymercse activity which remained high in S-phase, The
soluble activity remained constent until after S-phase when it rose. Later
kinetic stuiies c¢n the solubilised activity were consistent witl: there
being two polymerase svecies (Friedman, 1969).

The foregoing revorts have suzpested that o denatured DHA-

. . v - \ N N . . - .
preferring soluble-like (p0551bly large) species is asgsociated with nuciei

S S SR IE TP SO R
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durding S-phase, o evidence is wresanted to
preferential synthesis of nuclecr-zssocisted enzyae or transloc~tion of
pre-existing cytoplasmic enzyue. Using the naturally synchronous
divisions ol esrly developing sea urchin embryos,-Loéb and his co-workers

have resolved this point, at lezsst for thelr systen. During



early developmnent, when rapid DNA synthesis is going on, sea urchin
embryos appear to redisfribute their DNA polymerase activity from
cytoéplasm to nucleus (Pansler & Loéb, 1969), Later, Loeb and Fansler
(1970) demonstrated that thére is no preferentisl synthesis of DNA
polymerase compared with total céllular protein of which there is
very little tﬁrnover (Fry & GQross, 1970). As there is also no increase
in total DNA4 polymerase over the periocd, 1t must represent a true
translocation from cytoplasm to nucleus. In a later report Fansler
& Loeb (1972) show a reversible association of DNA polymerase with
the nubleus during the cell cycle, the enzyme associating with
chromosomes as they unfold from mitosis, and remain bound until

after S-phase when it dissociates,

2011 Qther activities imnlicated in eukarvotic L. replication
W, B

The absence of a properly developed system of genetics for
eﬁkaryotes has ruled out an analysis similar to that in prokaryotes
where particular factors are known to be involved in replication.
Recently Jeggo et al. (1973) isolated a temperature-sensitive mutant

of the smut fungus Ustilagco maydis which contained a heat labile DNA

polymerase. Eowever most other enzymes described with activities
similar to those known to be involved in prokaryote replication can

owly be implied to have a role in euvkaryotes, Herrick & Alberts

(1973) have isolated a nucleic acid helix-unwinding protein {from calf
thymus which can stimulate the large calf thymus DNA polyvmerase although
not specifically. Cultured mammalian fibroblasts contain a rrotein
which ig present in greater amounts in.growing compared with resting
cells and has an affinity for single-stranded DNA (Tsai & Green, l973)=
(c.f. éene 32 protein of T4 phage, see page 1%). The evidence for a

mechanicn of discontinuous chain growth for eukaryotes is not so clearly
> o J



defined as in prokaryotes and the role of RNA primers snd gap-filling
is stitl speculative. RWase H and DNA ligase activities have been
demonstrated Wt elucidation of their in vivo role will have to awsit
furtbher bilochemical analysis and a better characterised eukaryotic
genetics - as. will, of course unequivocal proof of which DNA polymerase
species is the DNA replicase.

3. ATHS OF THE PRESENT WORK

The initial aim was 1o determine if there was & relationship
between the two types of DNA polymerising acvivities éhown to be present
in nuclear and supernatant fractions prepared from cultured mouse~L929
cells (Lindsay and Adams, 1968; Ads=ms & Lindsay, 1969; Lindsay et al.,
1970). As the supernatant aétivity preferred denatured DNA as primer
whereas the nuclear one ovreferred native, a comparison wag drawn with
the hypothesis postulated by Keir (1965), that the supernatant activity
was an ‘altered' form of the nuclear one rendered inactiive on a native
DNA template in non~proliferative states. An activity capable of
converting the soluble to the nuclear-one'waa sought in crude cell
fractions. Specific enzymic and physical technigues were cmployed
to investigate the biochemical nature of the supernatant activity
particularly because of its unusually high M.¥W, and the suggestion by
contemporary reports that it may be attached to membrane (Baril et
ale, 1970, 1971).

Another aporosch was to study how the tvo activitiss chonged
their levels and intracellular location in response to DNA synthetic
changes, with a viev to gaining a better understanding cof their role
in DNA replication. To thisg end, an isclated nuclear systew was
developed which incorporated 5' dNTPs into DA in a manner which

correlated with the DNA wreplicative ability of the cells of origin,

6
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The propefties of this nuclear syntheeis and of the DNA polymerases
extractable from these nuclei were compared. To demonstrate which
DNA polymerase species was involved, the effect of specifically
extracting a particular enzyme on the endogenous synthetic ability
of the nuclei was investigated. When extraction was complete i.e.
all assayable nuclear DNA polymerase aclivity had been removed,
attempts were made to reactivate the nuclei by adding back exiracts
containing different DNA polymerase species., The validity of the
reactivated endogenous synthesis was checked by comparison of sucrose

gradient profiles of the products in each case,
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1l. CHEMICALS

N-ethylmaleimide, sodium p-aminosalicylate and ammonium
sulphate (specially low in heavy metals for enzyme work) were products
of British Drug Houses Ltd., Poole, Dorset, England. DMost of the
other inorganic chemicals used in the present work were also obiained
from this source and were AnalaR grade wherever poésible,

Aminopterin, sodium 7-deoxycholate (DOC), Brij 58 (Polyoxy—
ethylene 20 cetyl ether) and Tris (hydroxymethyl) aminonethane
(Trizma base) were obtained f?om the Sigma Chemical Co;, 5t., Louis,
Missouri, U.S5.A.

Hyamine hydroxide (1M in methanol) and 2, 5 diphenyloxazole
(PPO) were purchased from Koch—Light Laboraidries, Colnbrook, Bucks.,
England,

Triten X-100 (polyoxyethylene octyl phenol) was a preduct of

Rohm & Haas (U.X.) Ltd., Croydon, England.
p-Bis (o~methylstyryl) benzene, (bis MSB) was obtained from

Eastman~-Kodak Company, Kirkby, Lancs., England.

26 NUCLEIC ACID PRECURSORS

2.1 Unlabelled

The deovyribonuclecside 5'~friphosphates (AATP, AGTP, ACTP
and ATTP) and the deoxyribonucleoside 5'~diphosphates (AADP, d4GDP,
GCDP and 2YDE) nll an sodium enlts wore purchased from P-L Ricchemiculs
Incorporated, milwsukee, Wisconsin 53205; U.5.A.

The ribonucleoside 5'-triphosphates (rATP, rGIP,  rCTP, and
rUTP) all as sodium salts were obtained {rom the same source as above.

1~ g ~D-arabinefuranosyleytosine 5'-triphosphate (araCTP)

was a.product of the Bigms Chenical Co.,. St. Louis, lissouri, U.0.A.
.1 g 3 ’ 9



38,

2.2 Radiocactive
S o ‘A
[tie~"H1 artP, [Me-"H] arpP and [2-%c] thymidine were all
purchased from the Radiochemical Centre, Amersham, England,

Je BIOLOGICAL MATHRIALS

%.1 HNucleic Acids

Walmon testis DHA was obtained from Worthington Bi.o-chemnical
Corporation, Freehold, New Jersey, U.S.A.

Yeast whole cell RNA was obtained from British Drug Houses
Ltd., Poole, Dorset, England,

3.2 Proteins and Enzvmes

Bovine serum albumin {BSA) and hoemoglobin (Horse heart)
were obtained from the Sigma Chenical Co., 3t, Louis, Miesouri, U.3.A.,
as were the enzymes B, coli alkaline phosvhatase, bovine pancreatic
ribonuclease~i and bee venom phospholipase«i.

E, coli DNA polymerase was purchased from the Boehtinger
Corporation (London) Ltd., England.

Urease from Jack Beans was obtained frqm the Worthington
Biochemical Corporation, Freehold, Wew Jevscy, U.S.A.

Bes  Cell culture

1929 mouse Tibroblast cells (Sanford et al., 1948) were ob%ained
from the American Type Culture Collection (A.T.C,C.). They were
maintained in minimal essential Fagle's medium (with double the original
vitamin content - see Paul, 197C) supplemented with 10% (v/v) calf
serum (i.e. BECL0 médium) in the presence of streptomycin and penicillin
(100 uvnits of each per ml of medium). Materisls for cell culbure vere
suppiied by Flow Laboratories Lid., Irvine, Scotland and DRioc-Gult
Labvoratories Ltd., Paisley, Scotland. Cultures were routinely checked

. . - . - . - . £ s -
for contamination by bacteris and pleuropneumonia-like organisms (PFLO).

1



4. CHROMATOGRATLIC MATERIAL

Wﬁatman CF2 Cellulose powder, Whatman No.l chromatography
paper, No.l and 3¥M filter circles (2.5 cm in diameter) were purchased
from H. Reeve Angel and Co. Ltd., London, England,

Sephadex G-200 and Sepharose 438 were products of Pharmacia
Tine Chemicals, Uppsala, Sweden as was Blue Déxtraﬁ 2000, a high
molecular weight dye for column calibration.

=

Da MISCELLANEOUS

Hiflo Super Cel (Celite) was obtained from Koch-Light
Laboratories Ltd., Colnbrook, Bucks, England,

Cellulose nitrate ultracentrifuge tubes were purchased from
Beckman Ltd., Palo Alto, California, U.S.A.

Minicon B-15 concentrators (15,000 M.W. cut-off, maximum

volume, 5 ml) were supplied by Amicon, High Wycombe, Bucks., ingland,
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1.1 Buffers

Uriless ofherwise stated Tris-bulffer was used throughout the
present work. Solutions were buffered by adding the appropriate volume
of a stock solution of 1M Trizma base in water which had been previously
adjusted to pH 7;5 using HC1 (1l Tris HC1, pH‘7.5). After dilution the
pH was checked and re-adjusted to 7.5 if necessary.

Buffer A consisted of 20mM Trie HC1l, pH 7.5 centaining 5mM
2-mercaptoethanol.

Buffrel-sucrose used for preparation of cell fractions consisted
of BufferlA containing 0.25M sucrose (isotonic buffer).

Standard column buffer, used for gél filtration studies was
comprised of Buffer A with KCL at a concentration of 0.15M.

l.2 Secintillation Fluid

Toluene/PPO scintillater was prepared by digsolving PPO at
0.5% (w/v) in AnalaR toluene.

Triton/Toluene scintillator was prepared by dissolving PPO
at 0.5% (w/v) and bis MSB at O‘Owé(w/v) in a solution containing 35%

(v/v) Triton X~100 and 65¢% (v/v) AnalaR toluene.

2, ESTINATICH O PROTEIN, DNA AND RNA

Protein was determined by the method of Lowry et al. (1951)
using bovine serum albumin as sivendard,

DHA wag estimated by the method of Burton (1956) using salmon
testis DNA as standard.

‘RNé vas measured by the method of Schneider-( 957) using
yeast whole cell RNA es standaxd.

e PREPARNTION OF BIOLOGLCAL ATHRTIAL

Fel Logarilhmicaily grcevinge L92S cells
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1929 cells in the logarithmic étage of growth werc obtained by
setting up Winchester bottles, each containing 20~4Ox106 cells; and ‘
growing the cells as monolayer cultﬁres with constant rotation, for
3-4 days at 37°C, with one change of medium,

3.2 Stationary L9929 cells

Stationﬁry 1929 cells were obtained by setting up Winchester
bettles, as above, and allowing the cells to reach confluence,
Generally cells grown for 7-10 days with two or three changes of
medium were used for the present work.

%e% 1929 cellgs in the DNA-syvnthetic or S-phase

S-phase L929 cells were obtained by one of the two following
methods:-
(i) Winchester bottles, each containing 80—100X106 cells, were set
up using stetionary L929 cells. After 8 h of growth, aminopterin,
adenosine and glycine were added to final concentrations of 2x10"7M,
2210 snd 10~ respectively. After a further 16 h growth, thymidine
was added at a final concentration of 5}:10—61'11° 2 h later the cells
were harvested when it was shown, in = separate experiment, autoradio-
graphically, that 90% of the calls were incorvorating exogenously addad
3H~thymidine into their DNA (Lindsay et al., 1970).
(ii) Cells were set up initially as in (i) and harvested 17-19 h later

when it was shown by the criterion in (i) that 80% of the cells were

making DHA (Lindsay et al., 1970).

%64  Preparation of nuciear and soluble fractions from 1929
cells
Cells, at the reguired growth stage, were rinsed with ice-

(E N

cold balanced salt solution (BSS - see Paul, 1970), scraped off in



BSS and céntrifuged at 600g for 5 min at 400. All subseguent

operations were carried out at 0-4°C. The cells were washed twice

by resuspension in 10-20 volumes of Buffered-sucrose (see Methods,
section 1.1) followed by centrifugation as before. The cells wers

then resuspended in 5 volumes of ﬁuffered~sucrose and disrupted by
homogenisation, using a Potter-Elvehjem homogeniser with a close-fitting
Teflon pestle and glass tube (Made by Sireica, Jamaica, New York,
U.S.A.), After every 3 strokes, the cells were checked for breakage

by phase~contrast microscopy and re-homogenised if necessary. The
homogenate was then centrifuged at 800g for 10 min, Tor preparation

of high-~speed supernatant (82) the low-speed supernatant (S1) from

the previous step was centrifuged at 105,000z for 1 h in a Spinco 40
rotor, The nuclear pellet (N1), obtained by centrifuging the homogenate,
was washed a further twicé, by resuspension in 10-20 volwmes of
Buffered-sucrose and centrifugation at éOOg for 10 min, giving rise

to N2 and N3 nuclear preparations. Tig.l outlines the procedure from
the homogenate stags.

3.5 Allernative method of nuclear isolation from 1929 cells

The steps for the preparation of N2 fraction in the previous
section were followed with the difference that Buffered-sucrose vas
replaced with a solution containiné 10mM Tris HCL pH 7.8, lnll EDTA,
4ml] Mg012 and 6m¥ 2—ﬁercaptoethanol (Hershey et al., 1973a).

L929 cells proved difficult to break by homogenisation in
the above sdlution and the resultant nuclel were contaminated with
cybplasmic granular materisl on examination hy pﬁasemcontrast nicroscopy.

3.6 Concentration of cell fractions

Concentration of samples for column chromatography etc. was
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Tig. 1

Prenaration of nuclesr and susernateont fractions of L9929 cells

Cells homogenised

in Buffered-sucrose

Centrifugation
(800g x 10 min)

S Wl
Centrifugation Resuspend in Buffered-sucrose
(105,000 ¢ % 60 min) Centrifugation as shove
Pellet 52 Bupernatant N2
(Discard) (Discard) Resuspension &nd.
centrifugation
as above

1
Suvernatant N3
(Piscard)

N1, N2 and N3 are successively washed nuclear fractions,.

31 and S2 are low and high sveed supernatant fractions respectively.
& I D ; N
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achieved by one of the following two methods:-

(i) Ammonimlsulphate (5.3 g per 10 ml) was added gently, with
stirring to the sample to be concentrated. After leaving for 15

min after addition of all the (NE4)QSO4, the sample was centrifuged

at 17,000 g for 20 min. The resultant precipitate was dissolved in
standard column buffer to approximately 1/5 of the original volume,
dialysed for two periods of 1 h against 100 volumes of standard column
buffer and centrifuged at 17,000 g for 20 min.

(i1) The sample was dialysed against standard column buffer as in (i)
and added to a compartment of a Minicon B-1% concentrator (volume 5 ml).
It was left in the refrigerator at 400 until the volume was reduced

to approximately 1/5 of the original sample.

3.7 HMethods of nuclear extraction

neveral methods were used to e;tract nuclei depending on
whether the extract,; the extracted nuclei;or both were reguired for
further studies. All of the following procedures were carried out at
0-4°c,

i BExtraction Method I

To the nuclear pellet was added, dropwise with constant
stirring, an equal volume of a solution containing the extracting agent
at twice the extraction concentration. The resulting suspension was
allowed to extract for 10 min, then centrifuged either at 11,500 g for
20 min, when the maximum volume of extract was required, or at 800 g
for 10 min. To obtain extracted nuclei free of extractable material,
they were washed by resuspension in 10 volumes of Buffer A containing
the extracting zgent and centrifuged at 800 g for 10 min, To remove

extracting agent the washing was repeated with Buffer A. The resultant



S
1
-

extracted nuclear pellet was then suspended dn Buffer A as required.

ii. Extraction Hethod IT

Extraction Method II was devised as a milder alternative to I.
It involves dialysis of a suspension of nuclei, for two periods of 1 h
against 100 volumes of Buffer A containing extracting agent. The
method is advantageous as 1t allows extraction to take‘place gradually
and with minimal mechanical damage to nuclei. It was used principally
to study the feasibility of nuclesr reconstitution after extraction.
After the extraction»diélysis, continued dialysis agaiﬁst Buffer A would
allow reconstitution without +the harmful effects of mechanical separation
and resusﬁension.

The extract and exhaustively éxtracted nuciei can'be obtained
after the extraction-dialysis by rewmoval from the dialysis bag, and
'treatment as described under lixtraction Method I.

iii BExtrsction Method IIT

This procedure was devised for rapid and efficient producticn
of exhaustively extracted nuclei free of extracting egent. Nuclei in
a suspersion . of extracting agent, obtained by either of the two previous
methcds, were layered on top of a discontinuous sucrese gradient containing
10 volumes of Buffer A plus extracting ggent and 10% sucrose, and 2
volumes of Buffer A plus 15% sucrose, The nuclei were then centrifuged
at 800 g for 10 min. The extract, which remained on top, was carefully
removed with o Pasteur pipette. The remaining liguld wes removed by
aspiration heing carsful not to contaminate the extracted nuclear pellet
"with solution containing exiracting egent. The exhavstively extracted
nuclel were then resusvended in Buffer A as required.

14
5.8 4C vre-labelline of S—-vhase L9929 cell DNA
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Cells were set up as described in Methods, section 3.3 (ii).
After 16 h ﬁf growth, 1l.5pCi of [2~;4C] thymidine, of specific activity
éZmCi/mmole, was added to the medium (100 ml). After 1 h, the radio-
active medium was replaced with pre-warmed non-radiocactive medium, and
~the cells harvested 1 h later,

%9 Prevaeration of native and denstured DNA scolutions

Most samples tested for DNA polymerase activity were assayed
with both native and denatured DNA. DNA (salmon testis) was dissolved
at 1-2 mg per ml in Q.05M XC1 by gently stirring at 0-400. Denaturation
was achieved by heating at 100°¢ for 10 min, followed by rapid cocling
in an ice-water mixture.

4, ENZYME ASSAYS

4,1 Agsay for DHA polymerase activity, using

deoxvribonucleoside triphosvhates

The basic assay system was that of Shepherd & Keir (1966).
The ssmple was incubated for 1 h at 3700 in a total volume of 0.25 nml

containing 20mM Tris HCL pH 7.5, 6ulM Mg Cl,, 60mM KCl, O.4mk EDTA,

2
12mlf Z-mercavtoethanol, 400pg/m1 salmon testis DNA (either native or
denatured) and 0Q,2ml JATP, 4GTY, dCTP and [Me~3H] dTTP at a specific
activity of 20pUi/mmole.

The reaction was terminated by the addition of 0.05 ml of
2M NeQH and reincubated for at least 1 h at 3700. O,i nl portions
vere svotted ocnto Whatman ZHM filter circles (2.5 e diaméter) and
waghed six times in 5% (w/v) trichloroacetic acid containing 50mH
1\1:14.'920,7 (10 m1 per filter) and then dried with ethanol and ether, The
DNA was. then dissclved by Leating with 0.% nl of 1M Hysmince hydroxide

for 20 min at 60°C in a counting vial., 5 ml of toluene/PFO scintillator

was added to the vial and the radioactivity incorporated estimated by
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counting the vial in a Phillips liquid scintillation counter, pre--:
‘ . . 5. . . e
progranmed for estimating “H in homogeneous solution. DilA polymerase
_ g _
activity is exwressed as d.p.m. (1 Jamup incorporeted per hour.

4.2 Assay for DA nolymerase activity usineg deoxveibonucleoside

divnhosnhates

The assays were conducted in exactly the same way as with
deoxyribonucleoside triphosphates, except that diphosphates were
substituted for the corvesponding itriphosnhates and [MeuSH] dTDP replaced
[Mem3H] dTTP, l.SmH ATP was also present.

4.3 Assay Tor nucleoside diphosphokinase activity

To assay the conversiocn of dTDP into ATTP during DNA polymerase
assays with deoxyribonucleoside diphosphates as precursors in the
presence of ATP, 100pl portions of the polymerase incubation mjxturés
were pipetted into 0.4 ml of ice-cold 5% trichloroacetic acid. 'fhe
samples were centrifuged at 800g for 10 wmin and 50pl samples of the
supernatant (containing acid-soluble material) were spotted onto sheets
of Whatman No‘l paper (46x57 cms), 10 cm from the top. The chrountogram
was develonsd for 20 h by descending chromatography with isobutyric
acid, ammonia (sp. gr. 0.88) 0.1M EDTi and water (100:4.2:1.6:55.8 by
volume) as solvent (Krebs & Hemms, 1953).

After chromatography, the paper was dried and examnined under

ultra-violet light. Spots corresponding to 4TTP and ATDY, as judged by

i
-
ot

2 ~ - Ry LAY P a
cimultanccusly chromatogravhed morkers, were cut ouwt and counmted

+3
=y

[

Toluene/PPO scintillator, as described in Methods, section 4.1
nercentage conversion of dTDP fto dTTP was determined.

P,

ded  Assay for DN synthesis by isolsted nucledl

Assay system A
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Nuclei were assayed at 3700 for varying times by suspension
in a final &olume of 0.2 nl containing 20mi Tris HC1 pH 7.5, 10mli KgClz,
>10mM KC1, O.4nM EDTA, 10mil 2-mercaptoethanol, 2uM ATP, O.2ml dATP, J4GTP
and éCTP and Q.05mli [Me~3H] diTP at a specific activity of 200 pCi/pmole,
The reaction was terminated by addition of 0.05 ml of 5H NaOH and after
incubation for 1 h at 3700, 0.25 ml of 2% SDS solution containing 4mii
EDTA ang 6% p—-aminogalicylate was added, The mixture was heated at
7000 for 30 min to disaggregate the nuclei., 2 ml of ice-cold 5%
trichloroacetic acid containing Fiflo Super Cel (at 20g per litre) was

added followed by 3 ml of 5% TCA containing 50mi Na (1CA/PPi). The

4%2%
samples were kept in an ice-water mixture for 10 min and then centrifuged
at 800 g for 10 min., The pellet was washed once more with 5% TC&/PPi and
transferred with thorough washing to a Whatman No 1 filter circle

(2.5 cm in diameter) in a Millipore microanalysis filter holder (o

¥X10 025 03%3). The filter had been prelined by addition of 2 ml of 59
TCA containing Hiflo Super Cel (20g/l). The pad of Hiflo Buper Cel,
containing the precipitated sample was then washed three times with 15 ml
of 5y TCA/PPi, once with 15 ml of absoclute alcohol and twice with » ml

cf ether. The pad was then scraped from the filter into a counting viel
and the radioactivity incorporated estimated as in kethods, section 4.1l.

Assay system B

The assay ig basically that described by Hershey et al. (1973a).
Nuclel were assayed at 3700 Tor vearying times by susnension in a final
vcolume of 0,2 ml containing 40mid Tris HC1 pH 7.5, 100mi NaCGl, 10mb
MgClz, 0.67mil EDTA, 4ni 2-mercaptoethanol, 5mli ATP, O.lwil ¢ATP, dGTIP,
dCTP and [MGMBH] dTTP at a specific activity of BOpCi/pmolc. The reacticn

was terminated by addition of 1 ml of 50ml NaAP?O followed by 5 ml of

7
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ice~cold 0.5M perchloric acid containing OFQOBM Na4P207. If the amount
of nuclei used was low, 100pg of salmon tedis DNA was added as carrier,
After being left for 10 min in ice, the samples were céntrifuged at 800 g
for 10 min, The resultant pellet was dissolved in 0.5 wl of 1M HaOH
(heating at 3700 if necessary) and the acid-precipitation step repeated.
This procedure was repeated three more times., The (inal pellet was
suspended in 1 ml of O.,5M PCA, heated at TOOC for 30 min, allowed to
cool and centrifuged for 10 min at 800 g, The supernatont was
transferred to a counting vial containing 10 ml of Triton/Toluene
seintillator andkoounted in a Phillips liquid Scintillation counter
pre-~calibrated Tor wesasuring 3II in Triton/Toluene/Aqueous emulsions,

For both systems, the DNA content of the nuclei was measured

and the activity expressed as pmoles THP incorporated/mg DNA,

4.5 Assay for cvtochrome oxidase activity

Cytochrome oxidase activity was measured czactly as described
by Cooperstein & Lazarow (1951). The activity was cxpressed a34&E550
per hour at 37°C,

e—— e il

L, coli DNA polymerase, used as a gel filtration column marker,
was assayed exactly az for 1929 DNA polymerase sctivity described in
Methods, section 4.1 with denatured DNA as primer,

4.7 Assay for E, coli alkaline phosphatase

PEper ) PSP

Alkaline phosphatase from E. coll was assayed busicully as
described by Garen & Levinthal (1960,

5e FRACTICHATICH IHOCEDURES

5.1 Gel Tiltraticrn on Senhadex G200

Sevhadexz G-200 was pre-swollen and equilibrated according to
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the supplier's instructions. The gel was %hen packed into columns

(final dinensions in the range cf 50-57 cm X 0.9 cm). After each

column preparatioﬁ, the void volume and the elution volumes of several
markers were determined using Blue Dextran (BD), E. coli DNA polymerase
(EDP), E. coli alkaline phosphatase {(AP) and haemoglobin (Hb), EDP and

AP vere assayed as described in Methods, sections 4.6 and 4.7 respectively.
BD and Hb were determined by measuring the extinction at 600 nm and

440 nm respectively. The flcw rate was 6.0 - 6.2 ml per hour and 0.9 -
1.1 ml fractions were collected. All procedures were carried out at

0 - 4°.

5.2 Gel filtration on Sevharose 4B

The swelling and equilibratioﬁ were carried out according to
the suppliers instructions and columns packed as described.far Sephadex
G200 (Methods, section 5,1). Urecase was used as a marker and was
measured by extinction at 280nun. Flow rates and fraction collection
were as described for Sephadex G-200,

5.3 DIA-cellulose chromatogravhy

Native DNA-cellulose was prepared using salmon testis DNA by
Litman .

the method of Alberbts—et—eate (1968). The final product was shown to
have 6q43pg DNA bound per mg of cellulose. Samples in Buffer A were
applied to a packed column of DFA-celluvlose (3x1.5 cm) at 400 and allowed
to stand for 10 min to permit binding. The unbound eluate was then
collected and the column washed with 10 volumes of Buffer A. Continuous
gradient elution with increasing KCl concentration was then periormed

and 2 nl fractions collected. The flow rate was 6.0 .~ 6.2 ml per hour.

5.4 Alkaline sucrese sradient centrifugation

Samples were layered onto linear 5-20% sucrose gradientscontaining

- g ey . G,
0.1 NaOH and 1.0 KC1 and centrifuged at 63%,500 g for 16 h at 4 °C in



a SW25 rotor. Gradients were harvcsteq by putting a tube through
the sucrese to the bottom of the tube and withdrawing material at
a2 ralte of 2.5 ml/min into 1,0 —~ 1.2 ml fractions,.

To determine the total radioactivity, samnles were dried
down, golubilised in hyamine and counted in Toluene/PPO scintillation
flvid as descrihed in ilethods, section 4.1.

Acid insoluble radiocactivity was neasured by precinitation
and washing with 5% trichloroacetic acid ueing Hiflo Super Cel as

desgcribed in Methods, section 4.4.
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1. DNA POLYLLRASH ACHIVITY OF 1929 CRLLOS

The presence cf DA polymerase acL1v1ty in cultured mouse
fibroblast L cells has been reporied previcusly by several
in&estigators (Littlefield et al., 1G6%; Gold & Helleiner, 1964
Llnd ay & Adems, 1968). Using similar cell fractionation procedures
as employed in the present work, Lindsay & Adams (1968) showed that
nuclei isolated from logarithmically growing L9929 cells exhibited
a 2-5 fold preference for native DHA as template, whereas a soluble
fraction was %-4 times more active invthe presence of heat--denatured
DNA. A comparison of some of the properties of the two activities
has been documented (Lindsay, J.G., Fh.D. Thesis, University of
Glasgov, 1969)c The activities have similar pH optima and respond
in the same way to changes in magnesium and potassium lon concentration

the assay. Apart from DNA femplrnte preference and cellular

distribution, the two activities differ in their response to cmission

Fh
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one cr more cof the four decxyribvonuclecside 5' {iriphosph
the assay. Nuclear DNA polymerase is able to incorporate at 800

of the control rate with omission of one triphosphate snd at 405

in the presence of only dTTP. Soluble activity, however, bhehnves in
a more replicative manner being reduced to less than 155 of control
rates in the presence of only 4TTP. -

2e DHA POLYLERASK SPECTmL PRESLIT TiT SOLUBLS A NUCLnAR FRACTIONS

Freliminary puritfication studies in this and other laboratories
suégested that there may be more than one DFA polymerase species nresent
in eukaryotic cells., The inter-relationship and iﬁtracellular
distribution of these species has been the subject of much controversy

in recent years {See Table 2 of . Introduction),



2.1 Scluble DFNA wolvmerase activity

- A high~speed éupernatant fraction from logarithmically growing
cells prefers‘heat~denatured DNA confirming previous findings. VWhen
applied to a column of Sephadex G-~200, and eluted with standard
column buffer (0.15M KC1, 20mM Tris HC1, pH‘7,5, 5mli mercaptoethanol),
the bulk of the activity elutes in the wvoid volume, suggesting that
its molecular weight is in excess of 200,000 daltons(Fig.E). Very
little, if any, lower M.¥W. activity is found. The activity still
retains its preference for denatured DA although this is reduced.
This preferential loss of activitly with denatured DNA is probably’
due to dilution on the column, as verified by the results shown in
Fig.%, where the activity of a soluble preparatiqn is measured as a
function of protein concentration in the assay. It is seen that as
the protein concentration decreases, so too does the ratio of the
ébility to use denatured DNA compared with native. 7The reason for
This is unknown but it appears to be reversible i.e. concentration
of supernatant samples for column apwplication results in DNA
polynerase activity with an increased denatured to native ratio.

It may represent a concentration dependent co-operative binding effect
of either the DNA polymerasc enzyme itself or of an unknown factor
responsible for its ability to use a denatured DHA template.

2.2 Nuclear DUA nolynerase activity

L nucliear prepacsation from loguarithmically growing 1LG29
cells exhibits DHA polymerase activity with a slight native DNA
teﬁplate preference. The assayable DﬁA nelymerase activity of such
nuclei is shown to be comdlietely extractable by treatment with 0.4K
KC1 (Table 3). Thisvtreatment was shown by microscopic examination
to leave the nuclei still whole, though somewhat damaged, with some

of their contentsextruding. The DEA polymersse activity is shown to
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Mg, 2

FProctionation of DA polvmerase activity present in a soluble

fraction of L9929 cells by rel Filtration on Sephadex G-200

A high speed supernatant fraction (s2) prepared as described in
Methods, section 3.4 from logarithmically growing cells is
concentrated approx. 5-~fold by ammonium suiphate ﬁrecipitation
(Methods, section 3.6). A 1 ml sample, containing 8.% mg of
protein is then appliéd to a Sephadex G~-200 column and eluted with
standard column buffer (Hetheds, section 1.1), as described in

Methods, section 5.1l. The fractions obtained are then assayed

for DNA polymerase activity as in lethods, section 4.1.

—— DNA polymerase aétivity with native DNA
—O— activity with denatured DHA

R () S denotes coincident points

—_—— concentration of protein

The fraction in which the following markers peak is marked thus (g?).

BD -~  Blue Dextran ' © 200,000
EDP -~ E, coli DHA polymerase 109,000
AP - B, goli allkaline phosmhatase 20,000

‘'Hb -~  Haemoglobin 65,000
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Pipge 3

«

Lffect of protein concentration on the DNA polvmerase activity

present in soluble fractions of L922 cells

The standard DNA polymerase assay is employed and various amounts
of & concentrafed S2 fraction (7.5 mg protein/ml), prepared as

previeusly. described, are added as indicated opposite.

D" activity with native DNA

e @ activity witlh denatured DNA
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Tablc 3

Lxtraction of DNA volymersse activity from nuclei preonred from

legarithnically prowing cells

Bgual aliquots of nuclei prepared from logarithmically growing
cells (N3 -~ prepared as describe in Methods, section 3.4, are
~extracted with 0.4l KCl, salmon testis DHa (400pg/m1) and water

(Bxtraction Method I, Methods, section 3.7). The total Dils
polymerase activity of the resultant extracls and exhaustively
extracted nuclear pellets is then determined after aporopriate
additions to normalise the MC1 and DNA concentration in the

extracts,

Extracting Total DHA polymersse activity
-3 : z .
agent 10 jd.p.m. [’H] SN inoorpor&ted/h
Fuclear pellet - bxtract

native denatured native denatured

DNA DA DA D
Water TTle3 77.0 Zexro Zero
0.4 KC1 Zero ZeTO 208.0 192,4

Dl (400pg/ml) | 72.6 73,2 9%.,5 GO,

Y
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be activated 2;3 fold on extraction. %This effect may be

atributed to the inability of exogenously added DNA to successfully
act as témplateAfor all the available activity within the nucleis
The ability of native DNA (at the concentration present in DHA
polymerase assays) to extract nuclear DNA polymerase is also shown
in Table -3, As suspected the DHA only removes about half of the
activity extractable by 0.4M KC1 but the residual activity is only
glightly reduced,

A 0,41 XC1 extract of nuclei from logarithmically growing
cells, is shown on Sephadex G-200, to exhibit multiple DNA wolymerase
peaks (Fig.4}. By comparison with markers, the approximate molecular
weightsrincﬁluns are as follows: peak I (> 200,000); peak II
(110~200,000) ; peak III (65,000-80,000}; and a shoulder (IV) (< 65,000).
Peak I has a preference for denatured DHA and is similar in this
respect and in moleccular sizc to the scluble species. There is some
evidence (See Discussion, Section 3) that peak I frbm nuclei and the
scluble species are the same enzyme but unequivocal proof will have
to await purification which has proved difficult because of the
enzyme's instability and the small amounts of material available.
Peaks IIL, IIT and IV all show a marked preference for native DNA and
varied in amount in different preparations. Peak III was always the
major peak, the other two often appearing as shoulders., Distribution
and size considerations point to & monomer; dimer, tetramer relation-

ship oot ihis hns yeb ko he Tirmly established,

b

3. ASILITY OF Mid NUCLELR Dl POLYNERASES T0 U,0 DECAYRUCLBOLIDE 5!

DIPHOGCEATLS AS PRECURSORS FOR Din SYNTHESIS

The basic assunntion that 5' diifvs, in the freely soluble
form, as used in in vitro DA vpolymerase assays, are the immediate

in vivo activated form of the 5' ANMP moieties incorvorated during



Fig. 4

Practionation of DIA polvmersse activitv nresent in a 0.4 XC1

exztract of nuclei fron 1929 ¢cells by zel filtration on

Sevhadex G-200

l

A 0.4H KC1 extract of nuclei (W3) from legarithmically growing cells
is prepared as described in Table 3, except thalt the maximum amount
of extrzct is obtained by centrifugatioan at 11,500 g for 25 min,

The extract is then concentrated approx. 5-fold as previously
described, and a 1 ml sample, containing 9.1 mg of pfotein, is

fractionated on a Sephadex G-200 column as described for Fig. 2. .

—_—— DHA polymerase activity with native DHA
Y o SHN activity with denatured DITA

e ) denotes coincident points

— concentration of protein

Markers are as described in the legend teo Fig, 2
I, II, 11T and IV refer to peaks of DHA polymerase activity

as discussed in the text.
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DNA replication, has been questioned by Werner (1971} for B, coli
(See Introduction, Section 1.3). Work with a partially pure DHA
polymerase fraction from the nuclei of 1929 cells also questioned
this bhasic assumption (Hende;son, MeAoLogPn,D, Thesis, University
of Glasgow, 1972). These studies showed that dNDPs, in the
presence of a phesphute donor, ATP or dNTPs, were incorpofatcd in
a manner inconsistent with them passing through the free
deoxytriphosphate pool, However, no conclusion as to the actual
precursor involved could be made because of the presence of
nuclecside diphosphokinase (NDPK) activity in the preparations.
dNDPs in the absence of a phosvhate donor were poor precursors.

The ability of the multiple nuclear DNA polymerase species,
gseparable by gel filtration, to incorporate di¥DPs in the presence
of ATP is shown in Fig.5. Comparigon with the standard trivhosphate
incorporation shows that use of dllbPs plus ATP is resiricted to
the latér fractions of the column peaking at ~70,000 based on
internal markers. Incorporation is only about a third of the
standard dﬁTP assay. When NDPK activity is assayed across the
colvmn it is seen to co-elute with the ability of BHA polymerase
to use dPDPs (Fig.6)9whereas in the first few fracticons which lack
NDPK, but which exhibit extensife peak I DWA polymerase activity,
there is negligible incorvoration with dNDPs. It is possible that
the smaller nuclear nstive DiA-preferring DNA polymerase speciles
have an associated HDPX activity (See Miller & Wells (2971) for
prokaryotic NDPK-associated DNA polymerases) or that the HDPK
activity fortuitously co-elutes with it, imparting an artefactual
activity. It is evident, however, that there is no UDPK activity
associated with peax I nuclear DWA polymerase and that dWDPs cannot

act as precursors fom incorporation by this enzyme.
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Ability of the DA poivmerase swecies present in a 0,43 KC1

nuclear extract to use deoxynucleogide 5' diphosvhates as

precursors in the nresence of ATP

A 0.4 nuclear extract is fractionated on Sephadex G-200 as
described in Tig. 4. The resulting fractions are assayed by
the standard method and with the 5'diTPs being replaced by

5'dNDPs and 1,.5mil AT?. (Methods, section 4.2).

(a) DNA polymerase activity with native DNA
e Iy 51'dNTPs as precursors

e 5'dNDPs as precursors

(b) DA polymerase activity with denatured DA
(O 513NTPs as precursors

- 5'dWDPs a8 precursors

lHarkers are as described in the legend to Fig, 2.
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Fraetionation of nucleoside diphoswhokinase activity vpresent in a

0.4 KC1 mnclear extract by gel filtration on Sephadex G-200

A 0.4 KC1 nuclear extract is fractionated on Sephadex G-200 as
rreviously described and the fractions assayed for nucleoside
divhosphokinase activity () as described in Methods, section

453-

Markers are s described in the legend to Fig. 2.
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To rule out the possibilily of all four ANTPs scting in a
manner more specific than merely as phosphate donors, the effect
of the four dNTPs replacing ATP on dNDP incorperation for the
first part of the Sephadex G-200 column (the region containing peak I
DHA polymerase activity but no WDPK activity) is shown in Fig.7.
Lack of stimulation verifies that dUDP incorporgtion is not
demonstrable in DNA polymerase fractions lacling NDFK activity.

4, EFFECT OF RIBOWUCLLOSIDL Bf TRIPHOSPILATES 0 TIE DNA PCLYMERASE

ACTIVITY OF SCOLUBLE AND NUCLEAR FRACTIONS

One of the princival enigmas of in vitroc DNA polymerase
reactionsis the inability of 211 DIA polymerases, so far isolated,
to incorporate dNTPs in thg absence of pre-—existing 3'0H primed
ends, The nystery of how these 3'0ll ends arise in vivo has resulted
in many hypotheses being put forwafd (see Introduction, Section 1.3).
The most fevourable explanation seems to be that DHA polymersse is
primed in vivo by short pleces of RINA. Whether thesc are synthesisced
by already characterised RNA polymerases (or DEA polymerases under
different conditions); or by an as vet unknown activity is not known.
The effect of adding riTPs to the standard assays carried ovt by
crude soluble and nuclear fractions from 1929 cells is shown in
Table 4. As can be seen, no stimﬁlation is dermonstrated with native
DNA as template which cannot be accounted Tor by increased ANTPR.
With denuiured DA, 28 template, 2 25% stimulation is seen which
is peculiar to rNTPs, As three of the four ri?Ps are effective alone
this does not support a role for them as RHA precursors, but rather
85 effective phosthate donors, the differing abilities beinz due to
differing nucleoside diphosphokinase speciflicities. Therefore it
appears that no RNA synthesising acfivity capable of stimuiating DNA

polymerase by providing 3'CH primed ends is detectable in. these
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Effect of renlacing ATP by all four deoxvnucleoside 5' ftri-

phosprates on the incornoration of divhosphzstes by the high

molecuvlar weight DIA nolvmerase swnecies oresent in a 0,411

KC1l nuclear extract

The procedure is identical te that for Fig. 5., with the exception
that fractions arc also assayed with all four unlahelled 5'dNTPs

(O.21mM each) replacing ATP.

(a) DNA polymerase activity with native DNA

—_—— 5'ANTPs
—A—— 5'dEDPs + ATP
—— 5'dlDPs + unlabelled 5'dNTPs

(b) DHA polymerase activity with denatured DNA
—_ O 5'dNTPs
N 51dWDPs + ATP

— E'dNDPs + unlabelled 5'dNTPs
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EBffect of ribonucleoside 5% trivhosvhates on the DNA volymeranss

actbivity of soluble and nuclear fractions

A high-speed suvernatant fraction (52) and a 0.4k FCl nuclear
extract, obtained as previously described, are assayed fcr
DHA polymerase by the standard rmethod with the appropriate

additions a3 shown helow.

DNA polymerase activity

_'.’ Z
10”7 depem, [JH] ATHP incorporated/h/0.1 ml sample

Ligh speed 0.4 XC1
Supernstent auclear
fraction extract
native aenstured native den. tured
DIIA DA Diih DIA

Contrel Ta5 13,5 4,8 6.3

+ aners (0, 2mi) 9,4 23,73 5.5 Te3

+ »NTPs (0, 2m) 9,5 30.6 5.1 10.5

+ rG7P  (O.2mi) 9.5 21,0 4,5 7.9

+ rATP  {(0,2m%) 10.0 28,8 4.8 9.6

+ rCTP  (0.2mli) 11.8 32.8 4o4 6.9

+ rUTr (0.2mi) 9.9 27.7 4.7 6.6




fractions under the conditions used.

5. RELATICISELP BETV NN TER LARGS AND SuALL DHA POLYITERASTE

SPECTIDS OF 1,929 CELLS

When a nuclear-located, native DNA-preferring, DNA polymerase
activity was discovered the soluble, or cytoplasmic, denatured DIA-
preferring species was considered to be an 'altered' form of t{he
tintact! replicating conformation (Keir, 1965)., This led to
suggestions of a structural relationship between the two types of
activity. On finding that the soluble enzyme was very much larger
than the nuclear native DHA-preferring enzyme, it was considered
possible that the smaller specied may be bound up within the
larger one and in some vay rendered less able to use native DNA
as template, This led to various speculations as to what was
responsible for the size of the lafger species and for its loss of
ability to use native DNA, s the number of actual enzyme molecules
present as each species is not knoway it is realiscd that it is
only speculation that the enzyme loses the ability to use native
DNA and not that it gains the abiiity to.use denatured DNA. liowever,
the ability to produce smaller active fragments, similar in size to
the smaller nuclear species, by treatment of the soluble enzyme would
be good evidence in favour of a'sﬁructwﬁi relationship between the
two types of activity.

Twe approuches were adopted to thias end. Fivotly, asccuming
that the soluble snecies represented a precursor of the nuclear one,
an activity canable of facilitating an in vivo conversion wss sought
in cell fractions. Secondly, other more indiréct nhysical, chenical
and enzymic methods were employcd %to prcbe the bhiochemical nature
of the soluble species. The criterion for conversion was the elution

of DNA polymerase aclivity, on Sephadex G-200, in the region of the
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smaller nuclear species i.e. ~70,000, afier subjection of a high-

speed supernatant preparation to various treatments. Before application
to the column, treated samples were checked for recovery of activity

and a change of template preference. If the column profile of the
treated sample showed other than expected recoveries or appearance of
smaller active fragments, the unircated control sample was tested on

the column,

5.1 Conversion activity in cell fractions

I'ig. 8a shows the Sephadex G-200 profile of & high--speed
supernatant fraction which has heen self-incubated for 1 h at 3700.
There is no significant appearance of DNA polymerase activity in
the fractions eluting after the void volume peak of activity suvggesting
that there is no activity csopable of converting the soluble enzywe
into smaller fragments in the soluble fraction itself, Preferentisl
loss of denatured DHA-primed activity is found., This confirms previous
findings (Henderson, HeALey, FPheD. Thesis, Unive;sgty of Glasgow, 1972)9
that the DNA polymerase activity from nuclei of L§29 cells is more
thermolabile when assayed with denatured DNA than with native DNA.

The BSephadex G-200 profile of a high-speed supernatant
nreparation which has been incubated for 1 h at 370C in the

bresence of a nuclear fraction from logarithmically growing cells
g y @

is shown in Fig 8b. The nuclei were pre—-extracted with 0.4 KC1

.

nolvmerase suecies which michl give riae

to remove all auclear DRA

el

to artefaciual conversion activity. #As Flg 38b shows, no conversion
was detectable ruling out the presence of such an activity in nueclesr
preparations treated this way. It is realised that the activity
sought may have been extrected Trom nuclei by Q.44 KCI, but difficulty
in  reproducing the patsern and amount of the smaller nuclear DNA

polymerases on Sephadex G-200 would detect only a large increase in
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Sephadex G-200 wnrofiles of DEA vnolymerase activity nresent in

soluble fracticns after incubation with certain cell fr:.ctions

Concentrated high speed supernatant fractions (32) from
logarithmically growing cells, prepared as previously described,
are treated as shown below and a 1 ml sample fractionated on
Sephadex G-200 as for Fig. 2. The resultant fractions aré

assayed for DHA polymerase activity.

(a)  Self-incubated for 1 h at 37°C.

(b)  Incubated for 1 h at 37°C with nuclei, obtained from the
same cells as the supernatant fraction, which have been
exhaustively extra;ted with 0.4 KC1 using Extraction
liethod I, HMethods, section 3.7. After incubation the

nuclei were removed by centrifugation at 800 g for 10 min.

——— DNA polymerase activity with native Dia

—D— activity with denatured DNA
Note: (a) and (b) sre different high speed suvernatant preparations

Markers as in Fig. 2.
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such species.- The sitvation is more desirasble where no small
species are detectable initially as with a high-speed supernatant
{raction.

The approach does nol rule out binding of the newly-
generated small species within the nuclei which are sedimented fron
the sample prior to column application. Activity recoveries however
suggest that no great loss in soluble activity is occurring.

5.2 DBiochemical nature of the soluble species ~nd conversion

by indirect means

Ultracentrifugation and agarose gel chromatogravhy studies
in this and other laboratories have suggested that the soluble
spécies in eukaryotic cells is very 1arge_and’may in fact he
agsociated with cellular material such as membrane (Haines et al,,
1971; Holmes & Johnston, 1973: Baril et al., 1970, 1971)° Burriss--
Farret & Bollum (1973) disagree with this and claim that the finding
of the soluble DNA polymerase activity associated ﬁith large
particles is crealed by the concentrative method of izolation used
by the other workers. The apparent association gives the activity a
high H.W. which may be in the range of 0.5 - 1.Ox106 or even higher.

g, 9 shows a Sephadex G-200 profile of the DNA polymerase
activity in a high-speed supernatent fraction from L929 cells which
has been pre-treated with 0.5 KCL and eluted from the column using
standard column bhuffer containing 0.%H KCl, As demonstrated in Fig. 9.
ted by gol Ffilfraticn in the proeonee of 00510 L1,
soluble activity loses its activity completely but no smaller épécies
are genexated{< However, if the salt.concentratioﬁ is reduced without
separation, then more than 70,5 of the activity is rccoverable {Inset,
Fig. 9). Therefore 0.5 KC1 appears to dissociate some necessary
Tactor from the soluble activity. These results agree with the

Tindings of Haoines et al., (1971) who show that the soluble activity
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Fig. 9

Fractionaticn of soluble DIA polvmerase activity on Sephadex G-200

in the presence of 0,5i1 KC1

A 1 ml aliquot of a high speed supernatant fraction (S2), prepared
as before, is dialysed against 100 vols of standard column buffer
with XC1 at a concentration of 0.5H, and thern fractionated on

Sevhadex G-200 as tefore, in the mresence of 0.5 KC1.

As control, a 1 ml sample of the same S2 fraction is treated exactly

as aescribed in Fig. 2.

The resulting fractions from both columns are then assayed for DINA
polymerase activity {with the appropriate additions to ensure that
the final concentration of XC1 in all assays is the same).

i ‘activity with native DNA

—_—A activity with denatured DNA
of fractions from column run iﬁ
0.5 KCL.

The control profile is similar to that in Pig. 2 and so only the
DNA polymerase sctivity of the peak tube with native (@) and

denatured-(()) DHA is showne

The inset opuosite shows the % recovery of DYA polymerase schbivity

after treatment with 0.5d KCL but without fraoctionztion.

Markers are as in Pig. 2,
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from rat liver is severely inhibited by [fractionation on agarose
gels in 2 NaCl., However several investigators using the procedure.
of Bellair (1968) find substantial amounts of activity after gel
Tiltration in the presence of 1k NaCl (Furlong & Gresham, 1971; Ove
et al., 1969).

Figs 10a and 10b show that treatmeﬁt with pancreatic Rllase
or phospholipase for 1 h at 3700 is unable to releass small active
fragmenfs from the soluble enzyme.

Sodium deoxycholate (DOC), 8 detergent knowm to disperse
lipoprotein complexes, has sn inhibitory effect on the soluble enzynme,
more so with a denatured DA template (Fig. 11). Inclusion of DOC,
at slightly inhibitory concentration (0.03%) in the colunn buffer
does not result in production of nuclear-like sfecies (Fig.lQ), _RNase
and DOC both give rise to a shoulder eluting 1 or 2 fractions after
“the wvoid volume peak of soluble activity. Although the signii'icance

of this minor activity remédins to be assessed, 1ls existence does
not affect the conclusiocn that no nuclear-like activity is generated.

Attemnts at better separation of the nuclear species by
Sevhadex 4B gel filtration in order to investigate this intermediate
region proved unsuccessful. However by reference to a urease marker

(480,000 daltons) it was shown that peak I nuclear DNi polymerase
has at least a M.W. of 500,000 daltons (Fig.13).

To deronstrate whethev
with low density llpoprotein (resistant to phuapholipuse} SuCH s
membraneous mzterial, sucrose gradicht density flot:tion studiles
were done. As is showp in Table 5, no DNA polynerase is asscelated
with naterinl of the density of mitochondria or less (e,g. snocth
membrane).

The foregoing results suggest that the soluble snecies probably



Fig, 10

Sephadex G-200 profiles of soluble DNA polymerase activity after

enzviric treatment

Aliquots of a concentrated 32 fraction, prepared ass before, are incubated

for 1 h at 37°C with

(a) 50 pg/ml pancreatic ribonuclease

(b) 50 Pg/ml phospholipase

1 ml samples are then fractionated on Sephadex G-200 as described for

Fig. 2, and the [ractions assayed for DNA polymerase sctivity

—_— with native DNA

—D— with denatured DHA

() and ([:]) show the RFA concentration in the void volume fraction,

before and after ribonucleazse treatment resnectively.

Markere are as in Fig, 2,
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Pig, 11

Effect of sodiwm deoxycholate on the soluble DHA nolymerase activity

The DNA polymerase activity of an S2 fraction, prepared as before,

is assayed with sodium deoxycholate (DOC) present at the concentrations

shown opposite.

— DNA polymerase activity with native DNA

A S activity with denafured DNA
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Fractionation of soluble DNA polvmerase sctivity on Sevhadex (G-200

in the wnresence of sodium deoxyvcholate

A concentrated S2 fraction, prepared as before, is made 0.0%% (w/v)
with respect to sodium deoxycholate (DOC) by the addition of an
appropriate amount of 10% (w/v) DOC solution, A 1 ml sample_is then
fractionated on Sephadex G-200 as before with 0.03% (w/v) DOC present
in the standard coluun buffer., The resulting fractions are assayed

for DHA polymerase activity.
ym V)

S V. with native DNA

N with denatured DHA-
—_——— denctes coincident points

Markers are as hefore.



84.

“}‘} 3

Hb

BD

eTdwes THm H.O\ﬂ\@mpmHOQQOUGH JrLp mme *EIrap OT

MI.
£qTATR0Y esrIswATO ViE

tica Number

~
-

Frac



Fig, 13

Fractionation of DNA polvmerase sctivity nresent in a 0.4M KC1 extract of

nuclei by gel filtration on Sevhaerose 4B

A 0,41 KC1 nuclear extract is obtained as previously described and
Tractionated on Sepharose 4B as described in llethods, section 5.2,

The fractions obtained are assayed for DHA polymerase activity.

SO . S with native DHA

s © with denatured DNA |

e O—— denotes coincident pointé
s concentration of protein

The fraction in which a urease marker (M.W. 480,000 daltons)

elutes is marked thus (). .

~
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Tuble 5

Fractionation of DIiA polvmerase activity wresent in a soluble

fraction by discoc~tinuous sucrose gradicent density flotation

A sample of concentrated S2, obtained as before, is made 60% (w/v)

with respect to sucrose and overlaid carefully and consecutively with
45, 35, 25 and 10% (w/v) sucrose. The total sample is then centrifuged
for 1 h at 100,000 g using a Beckman SW 40 rotor. A 1 ml sample is
carefully removed, using a pasteur pipette, from each sucrose

interface and assayed for DNA poclymerase activitye.

Sucrose Density ) Total DHA polymerase activity
interface (10 @.pom. [3H] . AT

incorporated per hour)

native denatured

DNA DN
10-255 >1.,045< 1,106 Zero Zero
25-35% >1.106< 1,145 zero ZeTo
35450 21,145<1,218 zero ZeTo
60% >1.218 |68 297
Original

O 4 - " S

gample 111 767

A parallel sanvle was run using a low-speed supernatant fraction
(Sl) obtgined as described in Fig. 1. By assaying the corrcsyondirng
sucrose interface fractions for cytochrome oxidase activity (Kethods,
section 4.5) nitochondria vere shown to band at the %5=455 (w/v)'

sucrose interface (i.e. o density »1.145<1.218)
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represents a protein aggregate (salt—dissociable) with perhaps
traces of lipid (DOC results)galthough DOC could also dissociste
hydrophebic protein interactions. The results diminish the
possibility of low Il.W. nuclear DNA polymerase existing as a sub-
unit of the soluble species unless any conversion OCecurring, due
to loss in soluble activity, results in a low M.¥. species of

dramatically reduced activity {i.e. with 0.5H XC1).

6, BFFECT O DINA SYNTHRTIC CHANGIS OI TR DNA POLYIERALSE SPRCIES

Lindsay et al. (1970) have reported changes in the DHA
polymerase activity exhibited by soluble and wmucleer preparations
of L929 cells, as the cells entered the DNA synthetic (8) phase
from a previously quiescent phase where veiy iittle DHA synthesis
was occurring. Their results showed that the DNA polynerase
activity in the soluble fraction fell during S-phase whereas the

-nuclel gained activity during S-phase, more so with a denatured
DA template, confirming previous findings (Littlefield et ale,
196%; Gold & Helleiner, 1964). ' .

Gel filtration showed that only the large denatured DHA~
preferring species was present in the soluble fraction throughout
the growth changes described above,

Comparison of the Sephadex G-200 profiles of O.4M XCI
extractd of nuclei from stationary and S-phase cells demonstrates
that the increased DHA polymerase activity of nuvelei from S-phase
cells,; in the precence of denziured DNA, is duve to incréased

pealk T activity (Figs. 14a,b). In centrast the levels of the smaller
native DHA-»reflerring peaks remain relatively wnaffected by the change
in DA synthetic ability of the cell., Thess results, together with
the previous findings, suggest that soluble DHA polymerase hecomes

associated with the nucleus when cells are synthesising DHA.



89.

Tig, 14

FPraction~tion on Sephadex G-200 of DIA wnolvmerase activity present

in 0.4 KC1 nuclear extracts of stationary and S-phase cells

Nuclei (I‘\T}) were prepared as before from equal numbers of stationary
and S-phase cells, grown as described in Methods, section 3.2 and
3.3 respectively, and the 0.4¥ KC1l extracts obtained the:c;efrom
(Bxtraction Method I, lMethods, section 3.7) fractionated on Sephadex
G-200 ag previously described. The resulting fractions are assayed

for DHA polymerase activity.

(a) S-phase cells

(p) Stationary cells

——— DHA polymerase activity with native DNA
—_—O— with denatured DNA
— D denotes coincident points

Farkers are as before,
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As a check to ensure that the increasel amount of peak T
activity in miclei from S-~phase cells was not simply due to
contamination from the higher level of soluble DHA polymerase
activity present in cytoplasm from S-phase cells, compared to that
in stationary phase cglls (Lindsay et al., 1970), a control cross-
nixing experiment was carried out. Table 6 shows the effect on
eventual nuclear DNA polymerase activity of exchanging the low-speed
supernatant fractions, after the first nuclear sedimentqtion, during
a parallel preparation of nuclei from stationary and logarithmically
growing cells. As can be seen, nuclei from stationary cells do not
exhibit significantly increased DNA polymerase activity vhen their
isolation involved mixing with a low-speed supernatant from
logarithmically growing cells containing substantial DNA polymerase
activity. SBimilarly nuclei from logarithmically growing cells do
not lose activity when mized with suﬁernatant from stationary cells
during dsclation., Therefore the increased peak T activity typical
of nuclei from S-phase cells does not seem to be freely diffusible
from cytoplasm to nucleus or vice versa under the conditions used.
It is realised that contamination could occur before cell breakage,
but the results of Lindsay et al. (1970) would disagree with this.
They show that 24 h after release from stationary phase when the

ability of nuclei to use denatured DNA has declined, the scluble

DNA polymersse sciivity is even higher {bhan during S-phosge,
Te  ABILITY O BCLUBLE DA PCLYIARGoN SCTIVITY Tu FIND TO DA

The possible association of soluble DHA polymerase with
the nucleus has prompted experinments to discover the naturc of the
binding and vhy it increases during the period of DFA synthesis.
One posuibility is that the DﬁA, normally unavailable because of

masking by histones and other nuclear proteins, beocmes umitsked at
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Table 6

Bindine of soluble DA nolynerazse activity to nucled during nremorntion

Cell suspensions from both logarithmically-growing and stationary
cultures, grown as before, are homogenised as usual (Methods, section
%ed). .Duplicate aliquots are centrifuged aé in Fig. 1, and the S1
fractions of one of the duplicates of the differing homogenates
interchenged, After resuspension and 10 min equilibration, the
nuclei are prennred as before. The resulting N3 and 32 fractions are

assayed for DHA polymerasce activity.

Fraction - DH4 polvmernse activity

(10‘3 QeDalis [3H] A'TIP

incorporated/h/o.l ml sample)

native denztured
DHA DA
Stationary 32 < 20 < 20
Log. 52 580 1520
Stationary N3 640 < 20
s . e - -
SFatlonarg N3 prepared 680 120
via log. S1 :
Loge W3 1070 730
Log. N3 pre=ared . .
via stationsry Sl 1220 930




specific regions enabling DNA polymerase to bind and to carry
out its replicative [unction. This woulé predict a strong
binding between ‘naked! DNA and the enzyme.

Table 7 shows that soluble DNA polymerase activity is
unable to bind to native salmon-testis DHA bound to a cellulose
matrix even at very low ionic strength.

The results of further experiments, on the ability to
sediment the soluble DNA polymerase as a DilA-enzyme complez, by
centrifugation in low salt, are shown in Table 8. There is no
increase in the percentage of soluble DHA polymerase activity
sedimented in the presence of native or denatured DNA compared with
a control containing nc DNA, The control samples, however, showed
that 60~70% of the activity was sedimented under the conditions used,
suggesting that the soluble activity is oflconsidorablé sige,

These results agree to scome extent with the findings of
Haines et al., {1971) for a partialiy pure rat liver scluble DHa
polymerase preparation, They find a variable ability of the enzyne

to bind to DNA-cellulose columns, either filhg to bind at all or
eluting at low ionic strength. Yoneda & Bollum (1965) also failed

to detect binding of calf thymus soluble enzyme to native or denétured
DHA, in low salt, on sucrose gradients,

8. EFFECT 0% VARIOUS TREAT.CNING CN Tilw SEDTNENTATICN OF SCLUBLE

AOLYLIDR S

As shown in the previous section, 60-70% of the DNA polymerzse
activity in a high-speed supernatant preparutiog is sedimented by
centrifugation at 105,000 g Tor 7.5 h,

Fig. 1% shows the effect of LCl concentrition on the
percentage DNA polymerase activity sedimented. In the sbsence of

KC1, 9%. of the activity is secdimented whereas at 0.2511 XCL, 7 ﬁ
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Table 7

Binding of scluble DHA polvmerase to DHA cellulose

DA cellulose chromatography (using native saliaon 4estis DNA) is
carried out as described in HMethcds, section 5.3, The sample is

applied at zero KCl.

Fraction Total DNA polymerase activity

-3 5 I
(107 d.p.m. [TH] ATHP incorporated

per hour)

native denatured

DHA DNA
Applied sample (S2) 105.2 463.4
Pooled unkound ' .
eluate 196.2 506.3
Fractions eliuted
with gradient Zer0 2ero
from 0-0,7M KC1
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Iable 8

Yheborry

Sedimentation of soluble DNA wolymerase activity attached to DITA

Native and denatured salmon testis DNA are added to equal aliquots
of an 82 fraction (800 Pg/ml final concentration) and the sample
centrifuged at 105,000 g for 7.5 h to pellet the DNA., The percentage

DRA polymerase sctivity velleted is determined.

Sample % DA % DWA polymersse sctivity
pelleted pelleted
native denatured
| DA DNA

Contxrol 82 - 59.6 703

+ native DNA 100 60.1. 1.5

+ dernatured 93 58.5 57.0

DEA
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Fig. 15

Effect of KCl concentration on the sedimentation of soluble DNA

polvmerzee getivity

Duplicate aliguots of an 32 fraction are. adjusted to the X(C1
concentrations shown opposite. Ond of the duplicates is centrifuged
at 105,000 g for 12 h and the DNA polymerase activities of the
resulting supernatant fractions together with that of the un-
centrifuged control determined. The vercentage DHA polymerase

activity sedimented at each KC1 concentration is calculated .

—— with nat_ive DNA

e [ with denatured DNA
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of the activity rencinse in the supernatant alter centrifugations
suggesting thut it may form part of a salt-dissociable aggregation,
This approach fo the effect of sslt on the size of the soluble
enzyme differs from that in Results, section 5.2 where treatment
with 0,511 KC1 caused almost couxplete loss of enzyme activity. The
nethod used in this sectlon ‘does not involve separation of
dissociable factors,

Baril et al. (1970, 1971) proposed that the soluble DNA
polymerase activity from regenerating rat liver is associated with
a smooth-membrane fraction as demonstrated by its ability to be
sedimented by prolonged centrifugation (78,00ngor 15 h), and to-
band at the density of smooth membranes on discontinuous sucrose
gradients, In a later study they showed that it could be releasged
from this membrane association by trestment with a solution containing
the detergent Triton X-100. However in our hands, Triton X~100 does

ty sedinmented

[N

o
na

s

notl affect the wvercentage DHA polynmerage activ:
high-speed supernatsznt fraction from L929 cells (Table 9). Surprisingly,
when the effedt of Triton £-100 on the activity of DNA polymerase

in high-sveed sunernatant preparstions is measured (Fig°16), it was
found that concentraticns up to 195 {v/v), in the assay, inhibit

only the activity with denatured DNA. Moreover, the degree of

NI . et . < .

inhibition is only to ~5C% which is reached at 1% (v/v)o

A vessibple exnlenction of this of foot could be the

[

-

Tormaiion ol micelles which arce no longer innhibitory to the reaction.
Thus the concentration of free Triton X-100 molecules may never rise
above 1% (v v)o The exritical miceller concentration for Triton X200

was revorted 1o be in the range 0.05-0.15% {v/v) (Helenivs & Simons,

o}

1972).
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Zable 9

Effect of Triton A~100 on the sediment-tion of soluble DIA polynmerase

activity

T b e

An aliquot of 82, prepared as belore, is made 0.15% (v/v) with
respect to Triton Z-100 and together with an untreated aliquot

are centrifuged for 4 h at 105,000 g.

“h DNA polvmerase activity

sedimented
native denatured
DNA : DNA
Untreated S2 . 46 14 77513
82 + 0,15% (v/v) Triton X~100 65 1 14 90 * 6

(Standard deviations are based on the result of two separate

experimnents each done in duplicate)
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Pig, 16

il i e s

Effect of Triton X-100 on the soluble DHA nolvmerase activity

Increasing amounts of Triton X-100 are added to a standard assay of

DHA polymerase activity present in a 52 fraction.

URESUUEEY V- DHA polymerase activity with native DNA

JEY, W with denatured DHNA
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The preferential inhibition by Triton X--100 of DNA
polymerase aclivity with denatured DNA could reflect inhibition of
a factor necessary for synthesis on a single-stranded DNA template
or it could be affecting the assay indirectly merely by inactivating
the denatured DNA template., Iclmes & Johnston (1973) found that
Priton X~100 rapidly inactivated a partially pure DNA polymerase
enzyme from g rat liver supernatant fraction using an activated DHA
template.

9. EPFECT OF KCl EATRACTION OL Tl ABILITY OF NUCLET TG BIND

DNA POLYIERASE ACTIVITY

The failure of DNA polymerase from a high-speed supernatant
fraction to bind to DNA may suggest that anotﬁer factor is necessary
for the obscrved association with nuclei during S-phase, The
synthesis of this factor may trigger the onsel of DNA syn’bhesisn
- The following set of experiments was deéigned to test if nuclei,
after extraction with 0.4 KC1 (shown previously to remove all
assayable DNA polymerase activity) are capable of rebinding the DNA
polymerase activity and, if so, if they are also capable of binding
goluble activity., This latter capacity would reveal whether the
predicted bhinding factor remains in the nucleus after extraction.

9.1 Ability of auclei from S-phase cells to rebind DHA

polvmerase achivity after KC1l extraction

Fipg 179 shows the effect of increasinzg KC1 concentration

on the amount of DHA polymersse activiiy extroctsble From nuclei of

1=

S-phase cellsf Bxtraction is apparently complete by O.44 KC1, as
for nuclei from logarithmically-growing cells (See Table 3).

On reducing the salt concentration to zero by dislysis,
the nuclei arc capable of rebinding 40-6025 of the DNA volymerase

activity extractable by KCL concentrations in the range of 0,1-0.4M
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Pig, 17

Extraction by KCl of DA polvmerase activity from nuclei of S-phase

cells and the ability of the nuclei to rebind the extracted sctivity

Duplicate suspensions of nuclel (NB),prepared from S--phase cells as

beforesare extracted by dialysis (Extraction Methodﬂll, lethods, section
3:'7) with the varying concentrations of KC1 shown opposite. After

dialysis, they are treated as follows:i~

(a) One of the duplicates is centrifuged at 800 g for 10 min and

the DNA polymerase activity in the extract determined.

(b) The other duplicate is further dialysed aéainst 100 volumes of
Buffer A alone (to reduce the salt) for 2x1h, then centrifuged
2s in (a) and the supernatant fraction assaycd foxr DilA polymersse
activity. The percentage DHA polymerase activity rebound by

the nuclei - is then calculated.

R Tt DHA polymerase activity with native DA

BV with denztured DNA
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(Pig. 17b). Above 0.4l KC1 the'nucleohistone complexes begin to
disaggregate and the expanding DilA fibres.destroy the nuclear
integrity, as is seen by phase-contrast microscopic examination.

The ability of the nuclei to rebind DUA polymerase
activity with a similar DNA template preference to that extracted,
suggests that peak I nuclear activity is capable of rebinding, as
well as the smaller nuclear species, which are known to have a
greater binding aiffinity Tor DNA Egg;ﬁg‘(Henderson, M,A,L., Ph.D.
Thesis, University of Glasgow, 1972; Haines et al., 1971).

0.2 Ability of Q.41 KC1 extrocted nuclei from S--phase

cells to bind soluble DNA wolymerase activity

Fig. 18 revéals that nuclei from 5-phase cells which
have been extracted with 0.4 XC1, fail to bind significant DNA
polymerase activity from s high-speed supernatant fraction. This
pinpoints o fundamental difference between the enzyme in nuclear
extract and supernatant preporations, It couvld signify the
presence in extracts of a factor which is involved in the binding
of high M.¥. DNA polymerase to DNA.

9.3 The relative ahility of 0.4 KCl extracted ruclei

from ststionarv and S—--hase cells to bind DHA

polvmerase sctivity from a 0.4M KC1L nuclear

extract of S—nrease cells

Fig. 19 chowe that O.4M XC1 extracted nuclel [roas
stationary and S-phase cells are equally capable of rebinding DHA
polymerase activity from a nuclear extract of S-phase cells,
providing further evidence that the binding reduifemen% resides in
the nuclear extract from S-phase cells, Control exveriments with
nuclei from stationary cells which hove not been extracted show

that unless such nuclei have been previously extracted with KC1
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Tig, 18

Ability of 0.4 XCl extracted nuclei from o=phasgse cells to bind

scluble DilA polvmerase activity

Nuclei (NB) from S-phase cells are exhaustively eitracted with 0.4HM
Kel (Extraction Method II, Methods, section 3.7). Eéual aliguots of
_an 52 fraction, which has been previously dialysed for 2xlh against
100 volumes of Buffer A + 0.4M KCl; are mixed with increasing amounts
of the above nuclei, the highest amount of nuclel being derived from
an eguivalent number of cells as was the aliquot of S2. After 10 min
equilibration, the suspensions are dialysed against Buffer A alone

as above (to reduce the salt) and centrifuged at 800g for 10 min. The
apernatant fracticns are then zssayed for DHNA polymerase éétivity and

the percentage bound in each case calculated.

g with native DNA

Y with denatured DHA
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Pige 19

Binding of DIA wolvmerase sctivity vresent in 0.4M KC1 nuclear extracts

from S-phuase cells %o nuclei from siationary s~nd S-phase cells which

have been vre-extracted with 0.411 KC1

Aligquots of a 0.4i XKC1 extract of nuclel derived from 20x106 S~phase
cells are mixed with increasing amounts of 0.4M KC1 exhaustively
extracted nuclei (Bxtraction Method 11, Methods, sectidn 3.7%
ohtained frou cells either in stationary or S-phase. The samples are
then dialysed agsinst Buffer A as before (to reduce the salt), centri-
fuged at 800 g for 10 nmin and'the supernatant fracticns assayed for

DNA polymerase activity. The vercentage bound in each case was

calculated.

V- DHA polymerase activity with native DNA
hound by extracted ‘

—— S-phase nuclel with denatured DNA

s [—— DFA polymerase activity vith native DNA
bound by extracted

e I stationary nuclei ' with denatured DINA

et S DNA polymerase activity ) with native DNA
bound by unextracted

memirnee e stationary nuclei with denatured DHA
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they will not bind DNA polymerase activity present in S-phase
nuclear extract (Fig. 19). The significaﬁce of this finding is

not clear., ILack of binding to unextracted nuclei from S-phase

cells could merely be a result of saturation of binding sites, but
nuclei from stationary cells contain very low levels of pesk I
nuclesr activity, suggesting that some other factor is blocking
binding, Removal of this factor (as achieved by 0.4i4 XC1 extraction)
could represent ancther pre-requisite before S-phase can be embarked
upon.

10, DHA SYNTHESIS BY ISOLATED 1,929 NUCLET

uclei isolated from S-phase cells have been shown to
continue DNA synthesis for a short time in vitro in the absence of
added DIA (Friedman & Mueller, 1968; Hershey el al., 1973&)‘
Preliminary studies using nuclei {from S-phase 1929 cells prenared
by the standard isolation technigue revealed that nuclear preparations
are able to synihesise DWA in the abseunct ol added template DHA,
The requirements for synthesis, (assay system A, Methods, section
4.4) are similar to those for DNA polymerase assays except that ATP
is present, which was shown for cther systems to be necessary for
full exvression of nuclear DHA synthetic ability.

Table 10 shows that honogenates exhibit 2-3 fold greater
incorporaticn than once or twice washed nuclear pellets, The
second wash does not appreciably reduce bhe incorporolling zbiliily
of the nuclei, alvthough the nuclei appear freer from cytoplasmic
contamination as revealed by vhase-conirast microscenic ezsminaticn.
Possible "exnlanations for the higher incorpofafioﬁ by the homogenate
could be the presence of soluble DA éolymerase activivy utilising
the endogencus DNA tenplate, or other stimulatory factors reported

to be present in the cytovlasm (Frigdman & Hueller, 1668; Hidwell &
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Zable 10

DIIA synthesis in the absence of exogenously added D¥A by nuclear

fractions at various stages of vreparation

Nuclear fractions from S-phase cells are prepared as described
in Fig. 1, and their endogenous DHA synthetic ability is measured

using Assay System A (Methods, section 4:4).

Iraction pmoles ATHMP incornoruted/BO mig/mg DA
Hompgenate 69.0£20,0 »
N2 resuspended in 05,2%3 .5

buffered sucrose

Brrors are a result of duplicate varistion
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Mueller, 196G: Hershey et al,, 197%a). Nuclei from S-—phase cells
have a greater and more prolounged initial rate of DNA synthesis
than do nuclei from stationary cells (Fig. 20). After a short
time the rate of incorporation is reduced to a second rate, which
is variable and does not avpear to be devendent on the DNA
replicative ability of the cells from which the nuclei are derived.
After the initial growth dependent rate, synthesis could be due to
incorporation at nicks in the DHNA introduced during isolation and
subsequent incubation (Kaufman et al., 1972; Hyodo & Ono, 1970a,b).

Et

lividence for this derives from the fact that nuclei frow stationary
L929 cells can be made to increase their endogenous incorporating
capacity by treatment with pancreatic DNase (R.L.P. Adams, personal

communication).

10.1 Alternative assay conditions
Y

While this work was in progress, Hershey et al, (1973&),
using an icolated nuclear system from Hela cclle, clodmed t¢ have:
achieved initial rates of endogenous incorporsiion approxiuating
to the same order of magnitude as tre lﬁ;&i&& rate of DNA synthesis
in these cells. Such high levels had never been seriously approached
by previous eukaryotic in vitro systems.

A comparison of the assay conditions of Hershey et al,

[
m.

(assay system B) with those already described (assay systen A),

}

A
jr
7]

shown in Fig., 22, It is seen that nuclei exhibit much szreater

It
93]

endogenous DHA synthesis using the condaitions of Hershev et al.
& ¥ Y

The main difference between the two systems is the higher ionic
strength and &ATP concentration of assay system B, both shcun by

Hershey et al. o be escential for the high rates of in vitreo DLA

synthesis. Fig. 22 revesls that the ovtimum salt (Kall or KC1)
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Pig, 20

Comnarison of the endogenous DHA synthetic abilities of nuclei from

stationarv and S-phase cells

A suspension in buffered-sucrose of nuclei (N3) isolated, as previously
described, from stationary and S-phase cells is assayed for the ability
to synthesise DA in the absence of exogenously added DNA using Assay

System A,

—— . nuclei from S~-phase cells

e nuclei from stationary cells
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Fig. 21

Comparison of assay systers on the endogenous DNA synthesising ability

of nueiei from S~-phase cells-

The endogenous DNA synthesising capacity of nuclei (NB) from S-phase
cells is determined under the following two differing conditions of

assay:-

S Assay System A (Methods, section 4.4)

—_—O—— Assay System B (Methods, section 4.4)
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- Fig. 22

Bffecl of salt concentration on the endopencus DNA synthetiec aubility of

nuclei from S-vhase cells

Nuolei'(NB) from S-phase cells are assayed for endogenous DNA synthesising
capacity vsing Assay System B in which the salt concentration (NaCl or

KC1) is varied as shown opposite.

varying KC1

varying Na(Cl
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concentration for 1929 nuclel is around 100mM as used by lershey
et al. Incorporztion by L929 nuclei prepared by the method of
Hershey et al. (1973&) showed little difference cowmpared to

the standard isolation procedure (Fig. 23). Therefore it was
decided to adopt assay system B, but to retain the existing
procedure for ﬁuclear isolation, which gafe cleaner nuclei on
microscopic examination. Furthermore adoption of a new nuclear
preparation method would involve characterisation of the DNA
polymerase activities present. Fig. 24 confirms that, using assay
systeﬁ By the nuclei still reflect their in vivo capacity for
DNA synthesis prior to isolation.

10,2 The vroduct of DHA synthesis by isolated nucleid

Characterisation of the product syntheéised'during the
endogenous nuclear incorporation may give a ciue to the nature
of the DNA synthesis taking place within nuclei. Alkaline sucrose
gradient centrifugation reveals that the nroduct of nuclear
incorporation, after 5 nin in vitng’incubation, is in small pieces
sedimenting near the top of the gradien%, whereas the bulk DNA
is larger, sedimenting further down (Fig° 25a). Fig. 25b, which
éhows the pattern obtained from unincubated nuclei, reveals that
the incubation conditions do not reduce the size ol the bulk DUa,
as wag the case for rat liver nuclei after in vitro incubation
(Hyoﬁo & Ono, 1970b), Fig. 25b also shows that the seid-noluble

31 o opnm

material (i.e. “H-TTP present during assay) pesks at the very top
of the gradient, and is completely rémoved by the acid-washing
procedure. The finding of the product as small pieces sugsests
that the nuclear DUA syntresis involves ertension {or comnletion)

of Okazaki-type frogments but nottheir ligation to bulk DHA.

The lack of tritium label in the bulk DHA region of the gradient
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Pig, 23

ILffect of an alternative method of nuclesr onrepsration on the endogenous

Dilt symthetic ability

Nvelei prepared by the established procedure (N3) (Methods, section
3.4) and by the procedure of Hershey et al., (1973a) as outlined in
Methode, section 3.5 are assayed for endcgenous DN synthetic ability
using Assay System B,

e nuclei prepared by established method

et O nuclei prepared by method of Hershey et al.
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Pie, 24

IIndogeaous Diih synthetic ability of nuclei. isolated from cells 2t

various tines after relense from stationary vhase

Nuclei. (i3) are prenared from cells harvested at the tines shown after
release from the stationary phase of growth {see Hethods, section 3.3 ii),
and assayed for endogenous DNA synthesising capacity after 5 and 30 min

incubation using Assay System B,

—}— after 5 min incvbation
—f— after 30 min incubation
—_— % cells synthesising DNA in vivo

reproduced from Lindsay et al.
1970) - see Methods, section 3.3)
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Fig. 25

Char=cterisation of the wroduct of endogenous DNA svnthesis by nuclei

from S-phzase cells on «lkaline sucrose ~sradieéents

Nuclei (¥3) from S-phase cells, pre-labelled with t146] as described in
Hethods, section 3.8, are incubated for 5 min in a final volume of

0.5 ml under the conditions of Assay System B, except that [3H] aTTP

is present at four times the syecific activity. The reaction is
terminsted by addition of 1 volume of a solution containing 2% sodium
dodecyl sulphate (SDS)f 6% p-amino salicylate (PAS), 4mi EDTA and

10% n-butanol and heated at 7000 until the nuclel dissolve and the
sample oppesrs homogenous. The samnle is then analysed on an alkaline

sucrosc gradient as described in Hethods, section 5.4.

AY -, - » 3 . 3
(a) Sample: MNuclel incubated for 5 min

——F Acid-insoluble [BH]—labelled material
e e Acid-insoluble [14C]~labelled material

(b) Sample: Unincubated nucleil

. ,
—_—— Total [“H]-labelled material

—— Acid-insoluble rBH]_labelled material
e[} Acid-insoluble [14 ]"labelled material
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(Pig. 25a) suggests that there is undetectable repair synthesis
going on and that contribution to the product, in the first b min

1

of incubition, by incorporation &t non-specific nicks is regligible.

10.3 TFactors limiting erdorenous nuclear incorporation

One possible explaration {or the rapid fall in the rate
of incorporation by isolated nuclei (Fig. éO) is that Okazaki fragmonts,
begun in vivo before nuclear isclation, are being finished and
initiation of new fragments is not occurring. Another reason could
be the necessary participation of a factor (normally synthesised
afresh) Whiqh is thermolabile or thermodiffusible and is decaying (or
diffusing) as the incubation progresses,

Various additions werc made to thé assay in an attempt to
prevent the rapid fall in rate after 15 min of incubation (Table.ll).
Failure to prevent the fall in rate by addition of fresh assay mixture
" rules out exhauvstion of an assay constituent. The addition of
ribonuclecside trivhosphates, implicated to be involved in the
initiation of Okazaki fragments in brokaryotes (Sugino et al., 1972),
does not delay the change in incorporation rate, sugpesting that
rNTPs are not sufficient for new fragment initiation to cccur ip vitro.

| The addifion of nuclei which had been incubated simultaneously,
but vnder conditions which preclude any synthesis, i.e. absence of
added triphosphate, produced no effcct despite their apparent teuwplate

potential (Tsble 11). It is possible that sufficient Qecxyribonuc1eosiﬂe
triphosphates vere still present in these nuclel to allow complellon

of their Okagzaki fragments, but a more likely explanation is the

presence of ‘a factor essenlial for continued nuélear incorporation,

which is lost during incubation either by denzturatioa or diffusion:

A control experiment revenled that the thermolnbility was

not due to loss of DIA polymerase, as activity with a denatured
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Table 11

Lffect of various additives on the fall-o”f in endosenous incorvoration

rate exhibited by nuclei

from S-phase cells

Nuclei (N%) from S-phase

cells are incubated under standard conditions

(Assay System B). After 15 min incubation, the following additions

are made and the eventual incorporation at 30 min neasured:-

A

[

- water (control)
- rATP, rG1P, rCTP and rUTP (final assay concentration O, iml)
- nuclei from d-phase cells which have been pre-incubated at

3700 for 15 min in the absence of assay mixture
y

- fresh assay mixture

% _of control incorpor~tion level

at 30 min incubation

Nuclel incubated for 15 min 816
Nuclei incubated for 30 nin

with the following additions

at 15 ming~

+ 50ul A 100410
4 50ul B 85110
+ 50ul C 1151520
+ 50ul D 120%10

Standard deviations are duplicate variations.

Footnote:

EBffect of incubation on the DNA pelymerase activity of

. Y . ra - . N e e
nuclei (U above) with denaturea Diia

Before incubation

After incub:stion

: 5 ’
@.p.m, [7H] amp incorporated/ly/

0.1 ml sample)

3560

2920



128,

} e - P “ - .
DNA template was still present at 80, of its pre-incubation
exogenously assayable level (Footnote, Tabhle 11).

11, LEfFLECT O V.RIOUS THIFERITONS O TTUCLIAR Dhis SYLRISSTS

AL O TIE 7ilh POLYIERAGH SPHCTES PRESEWP UTHHIN THE NUCLET

The effect of certain inhibitors on the rate of enrndogenous
DH4 synthesis by nuclei from S-phase cells and their effect on the
separable DNA polymerase activities extractable from such nuclei,
nay give some insight into vhich enzyme is responsible for nuclear
DA synthesis,

Fig. 26 demonstrates that n-ethylmaleimide (NBiZ) snd ara
CTP are inhibitory to the endogencus rezction reducing incorvoration
to a third of control valu@s, Triton X-~100 is less inhibitory reducing
incorporation to approximately 50:3,

The effect of these same inhibitors on the DNA polymerases

shown in Table

.
1]

separable from a 0.4M KC1 extract of S-phase nuclei

12, In this case, REM completely inhibits peak 1 activity but only

inhibits peak III by 25. AraClP also appears to be more inhibitory

tv peak I than to peak III, Triton X—lob has 1little effect on the
activity of either of the activities when assayed with a native DEA
template but reduces peak I activity to 407 when assayed with

denatured DNA, The results suggeét that pecak I enmyme or a reaction
similar to that carried out by peak I enmyme, is involved in endogenous
incorporaticn by isclated S-phase nuclei. This is su
the previous finding of a large amount of peal: 1 activity associated
with nuclei during the DI\ synthetic phase (Results, section 6).

12, LFFECT CF VARTOUS RAURACTING AGKNTS OY IUCLEAR DL SYNTVEGTH

The ability to rewove all of the DL polymerase activity
from nuclei and then to recover endogenous DA synthesising obility

by the addition of a particular nuclear species would be strong
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Fig, 26

Bffect of veorious inhibitors on the endogenous DHNA synthetic ability

of nuclei fromn S-vhase cells

Huclei (N3) from S-phase cells are assayéd-as before (A_ssay System B)

with the following additions:-

e e none
— 0.2% (v/v) Triton X-100
— g 1ml{ NEM

(i} 200pH araCTP
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Table 12

Lffect of wvarious inhibitors on the DEA nolvmerage soecies wros

<
eyl
[
o
<t

in a 0.4 KC1 extract of S—phase cells

A O.4M KC1 extraét of nuclei (N3) from S-phase cells is fracticnated
by gel filtration on Sephadex G-200 as described for Fig. 4. The
fractions representing the major peaks of DNA polymerase activity
(peaks I and III ~ see Results, section 2.2) are assayed with and

without the inhibitors shown below,

Inhibitor % inhibition of DEA polymernse
present activity
Peak T Peak TII
~native ~ denatured native

DITA. DNA DEA
Hone Zero Zero Zero
10mif il 93 100 25
0.2 (v/v) Triton 25 60 Zero
X-100
200 pl araCTP 65 85 Zero
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evidence in favour of a role for that ehzyme in nuclear incorporation
and possibly DNA replication.

Another approach is to use milder extraction techniques,
to specifically extract only one of the species present., A
reduction of endogenous incorvnoration due to loss of one parficular
species may implicate that species in the replication process.

12.1 Effect of 0.4ii K€L extraction on nuclesr DHa synthesis

As expected, extraction of nuclei by 0.4M KCl, which was
shown previously to remove all DNA polymerase activity, results
in complete loss of nuclear DNA synthesising ability (Fig. 27),
Fig, 28 shéws that when nuclei are extracted with 0.4K KC1,

‘and the s2lt removed without separation of the extract from the nuclei,
the resulting nuclei regain 50-605% of their original DHA synthesising
activity. Alkaline sucrose gradient analysis demonstrates that the
product of the nuclei, which have been reconstituted after subjection
to 0.41% XC1 extractlon is in small pleces, suggesting that the type
of DA synthesis talking place in the reconstituted nuclei is similar
to that being carried out by nuclei prior to extraction (Fig., 29).

~Attempts to recover endogenous DHA synthesis, in nuclei
which have been exhsustively exlracted with 0.44 KCl, by mixing
with various fractions containing DNA polymerase activity, proved
disappointing. The treatments to vhich nuclei are subjected to
exhaustively cxiract them i.e. centrifugation and resuspension in
high salt, which is essential for proposed specific reactivation
studies, results in almost complete loss of recoverability of
endogenous DNA synthesis (Fig. 30). A possiblg egplanation could
be the destruction of a fragilk DA replicalion complex involving

the integrity of the nuclear membrane,
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fig. 28

Recovery of endogenous DNA synthetic ability by nuclei fron S-phase

cells after extraction bv 0,41 KC1

Tgual -batches of nuclei (NB) from S~phase cells are treated as follows
and the endogenous DNA synthetic capaciuies are measured as before,

Y S —— dialysed against 100 volumes of Buffer A
for 4x1h - centrifuged at 800g for 10 min -
washed with 10 volumes of Buffer A -
resuspended in 1 volume of Buffer A,

R O dialysed against 100 volwmes of Buffer A
+ 0.4 KC1 for 2xlh -~ centrifuged at 800g
for 10 min -~ washed with 10 volumes of '
Buffer A + 0,4 KC1 - washed with 10 volume
of Buffer A - resuspended in 1 volume of
Buffer A. '

et [ dialysed against 100 volumes of Buffer A
4+ 0.4 KC1 for 2x1h - continued dialysis
against 100 volumes of Buffer A for 2xlh
(to allow rebinding of extracted material)-
centrifuged at 800 g for 10 min -~ washed wi
10 volumes of Buffer A -~ resuspended in
1 volume of Buffer A.

The varistion is a result of 3 separate experiments,
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Fig. 28
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Tig. 29

Characteristion on alkaline sucrose gradients of the product of sndosenous

DEA synthesis recovered by nuclel from S-phase cells after extraction by

e rm g

Nuclei-(N}) from S-phase cells are treated in a similar manner to that
described in the legend to Pig. 28 and the products of endogencus DNA
synthesis analysed on alkaline sucrose gradients as previously described

(see legend to Fig. 25).

—— - as for nuclear preparations treated
as described in_the legend to Fig. 28,
e but represent [JH]-labelled acid-

insoluble material jpresent in gradient
— fractions in each case.
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Fige 30

Liffect of exhaustive 0.4 XCL extraction on the ability of nuclei from

S—phnse cells to recover endogenous DA synthetic cepscity

The procedure described in the legend to Fig. 28 is repeated with the
additional nuclear treatment descrihed below. The endogenous DNA

synthatic abilities are measured as before,.

..._._®___.
o as for Fig. 28
e i rreen dialysed against 100 velumes of Buffer A

+ 0.4 KCL1 for 2xlh - centrifuged at 800 g
for 10 min - washed with 10 volumes of
Buffer A + C.4H XC1 - resuspended in the
original O.414 ECl extract ~ dialysed .
against 100 volumes of Buffer.A for 2xlh

- centrifuged atv 800 g for 10 min -~ washed
with 10 volumes of Buffer A - resuspended
in 1 volume of Buffer A

The varistion is a result of 2 separate experiments
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12.2 Effect of other extracting agents om nuclesr DA

It has been reported by Cve et al, (1373) that exiraction
of nuclei from regenerating rat liver with 0,24 potassium phosphate
‘does not reduce their endogenous DHA synthetic ability, but that it
does result in extraction of excess nuclear DHA polymerase activity
not involved in the endopenous reaction. Extraétion of nuclei fron
S=vhase 1929 cellszwith 0.2l potassium phos»nhate, however,
appreciably reduces their DNA synthetic activity messurable after
5 min incubation (Table 13).

A report by Lynch & Lieberman (1973) dcménstrated that.

Brij 58, a non-ionic detergent, at o concentration of 5%, in the
presence of O,05H magnesiuﬁ acetate buffer pi 7.4 (hereafter

relerred to as‘Brij/Hg) extracts DIA polymerase activify fron

nuclei of nornmal and regenerating rat liver., The DHA polymerase
activity extractable by Brij/ﬂg was considered not to be invoelved

in the endosenous DNA synthesising reaction because the two reactions
shov differing inhibition by ara CTP. The DNA polymerase activity
extractable by high salt after Brij/ﬁg extraction showed sinilar
inhibition by ara CiP as did the endogenous reaction.

Extraction of nuclei from S-phase L929 cells with Brij/Mg
results in retention of 70-90:6 of their endogenous DNA synthetic
ability (Table 13).

Table 173 alsa shows the eifest on the endogencus renciion
of extracticn by 0.1d IT1. As can be seen, the eadcgenous incorroration
is reduced to 60-75, of control level by 0.1 KCL extraction.

Continued extracition by 0.2u {C1 does nol recullt in any further

reduction in endogenous activity.
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Table 13

Effect of extr-ction by vorious arents on the endogenous DA

svutnetic ability of S—phnse cells

Nuclei (I%) from S-phase cells are extracted (Extraction Method III,
Methecds, section 3.7) with the agents shown below and the percentage
1retention of endogenous DHA synthesising ability determined after

5 nin incubation using Assay System B,

Bxtracting Endogenous DNA synthetic
agent ability

% of control

None 100

0.2l potassium 4 (5 - WSS
X phosphate 9 -11 (2 experiments)

5% Brij 58/50mil _ i
magnesiun acetate 10 ~90 (3 experlmenbs)
0,111 XC1. 60 =75 (2 experiments)
5 KCL after 60 =70 (2 experiments)

0.2
0.1 KC1
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13, DA POLYImRASE ACTIVITY ELTRACTED FRO: NUCLEL BY VARICUD

BATRACTING AGENTS

The fact that DNA polymerase is stimulated on extiraction
from nuclei by 0.4M KCL (See Table %) makes it almost impossible
&o compare, with any accuracy, the proportion of the total nﬁclear
DNA polymerase activity extractable by any.of the extracting agents
used in the previous section. However the DNA template preference
of the DNA polymerase activity assayable in the extracts snd the

]

Jl) may

g

extracted nuclear pellets (1ater fully extracted by 0.4M 1}
give a clue to the nature of the DNa polymerasc species present
within the respective extracts.

Table 14 shows the DNA polymerase activity, as assayed
by native and denatured ﬁNA tenplates, extracted frowm nuclei of
ms-phase cells using the various extracting agents employed in
“the previous section. Several interesting facts can be deduced
from the results in Table 14, 0,201 potasdium phosphate appecars
to act in a sinilar way to 0.411 KC1 in thav its inhibitory effect
on endogenous nuclear DNA synthesis (see Table 13) scems to be
a resvlt of complete extraction of DHA polymerase activity from
the nuclei, (o residual activity was detected when the extracted
nuclear pellet was assayed,)

From the template preference (i.e. native DNA) of the

A polymaernnc sobivity extracted by Brijfﬂg, it sugzest

m
by
]

H
O
<
m

of lovw k.s. nuclear enzyme. This is confirmed by fracticnation

of the Brij/Hg extract by gel filtration on Sephadex G-200 (Fig. 31)
which shows the »resence of a major DNA polymerase penk eluting later
than the haemoglobih narker (< 65,000).

Another interesting finding (Table 14) is that 0.1 KC1

removes substantial DHA polymorase activity with a prefercence for



143.

Jeble 14

DA polymerase sctivity extracted from nuclel Trom S-phase cells

by various cxtracting ~rents

Ifuclei (N3) from S-phase cells are extracted (EBxtraction Method III,
ﬁethods, section 3.7) with the agents shown below and the resulting
extracts assayed for DA polymerasc activity after dialysis sgainst

100 volumes of Buffer A Tor 2xlh to remove extracting agent.

Extracting DI _polymercsc_activity in the
agent extract

(ZLO':j d.p.m, EEH] ATHP incorporated/

}_1/ 0.1 nl sample)

native . denatured
DA DA,
A 0.4H KC1 23.7 33542
B 0.2H notassium z
phosphate 23.2 0.1
L Taad " T
C ‘:5/0 bl"lq 58/)0@‘1 10.8 0.5
nagnesium acetate
D 0.1M XC1 544 74
E 0.2 KC1 after
0.1 KC1 1.8 0.2

A, B and C were carried oul using equal aliquots of one batch of
nuclei; D and E using a second different batch of nuclei.
E - nuclel are extracted exhuustively with 0.1 KC1 and

then the extraction reseated with 0.211 XC1,
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ig. 3L

Praction=ticn cn Sephadex G-200 of the Dili polymernse activity vresent

in a 5% Brij SB/SOHK naencesium acetate extract of nuclei from S-phase

Hucleil (N3) from S-phase cells are exiracted with 5% Brij 58/50mM
magnesium acetste (Bxtraction Method I, lethods, section 3.7). The
resulting extract 1s concentrated (Methods, section 3.6 ii) and a 1 ml
samnle fractionated on BSephadex G-200 as previously described. The

fractions ohtrined are assayed for DA polymerase activity

—_—A— with native DIA
 iaurA e with denatured DNA
e eeeee denotes coincident points

Markers are as for TPig. 2.
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denalured DIA, from nucleil of s-phase cells. 0.2M KCL extraction
of the same nuclei, which have been exhsustively exitracted with
0.1 KC1 results in removal of DIA polymerase activity with a
native DNA preference. This suggeststhat the bulk of peak [
huclear activity is being extracted by O.1M XCl. Sucrose gradient
analysis has shown that the activity oxbracted Trom nueclei with 0.1k
¥C1 is predominantly the high molecular weight sbecies i.e. peak T
(1.R. Butt, personal communication).

14, LEXTRACTICH OF Tijh POLYLLDRACK ACYIVITY FRCA HUCLEI OF

STATIOICRY AWD S-DIASE CBLLS BY BRIJ/ g

Lynch & Lieberman (1973) showed that the proportion of
Dl polymerase activity extracted from nuclel by Brij/Mg differed
depending on the source of.the nuclel. A greater proporiion was
extracted from nuclei of normal rat-liver than fron nuclei
isolated from regenerating tissue, This sugrests that the DNA
poiymerase extractable by Brij/Hg vepresents a higher proportion
of the total DHNA polymerase activity of nuclei isclated froa cells
not active in DNA synthesis,

Table 15 shows that 70-8%% of the total 0.4l XCL extractable
DA polymerase activity »resent in ﬁuclei from stationary L929

cells is extractable b} Er'J/ g whereas similar extraclion or

'J

C

nuciel from cells in S-phase results in only 25~50ﬁ of the total
DA polymersse aclivity being extracted.

These observahiong show Lh=1 Drd u].u is having & sinilar
effect on 1929 nuclei in that a sreater proportion of the toial
activity is extractable from nuclei of cells not actively revlicsting
Dih. Taken togetner with the previous observatbions that Brij/ig
specifically extracts low Ii.%W. enzyme and that extraction with Brij/

llg does not spprecizbly reduce the endogencuvs nuclesv DA syanthesis,

s
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Table 15

. . . . ot . ot
Bxtraction of nuclei from stotionary ~nd S-phase cells with 5%

Brij 58/50mH neenesium acetate

Muclei (W3) from stetionary and S—-phase cells arc exhaustively
extracted with 5% Brij 58/50mil magnesium scetate (5% Brij/lg).

using Extraction Method ITI, Hethods, section 3.7. The resulting
nuclear pellets are further extracted with 0.4i KC1 (Bxtraction

Method I, Methods, section 3,7) in the sameAtotal volume as the

first extraction. To the resulting extracts from both extractions

is added 1 volume of the corresponding agent not used for the
extraction snd the samules are dialysed for 2x1lh against 100

volwaes of Buffer A + 0,15i XKC1 (As Brij 58 is not readily disliysable,
it is added to the 0.4l XC1 extracts to ensure an equivalent final
assay concentration in both cases)., The samples arc assayed for
4DNAfpolymerase activity and the total.activity vresent in the extracts
determined. The results are expressed as the parcentage of

DNA polymerase activity extractable from the nuclei by 5% Brij/Mgo

Source of % of total nuclenr DI polvierase
nuclel activity extractable by 5.5 Brij/ﬁg

native denatured

DHA : DIA
Stationary

0 -8 75 ~ 80

cells 7 2 15
S-phase cells 45 - 50 27 - %0

The variation is a result of 3 separate experiments
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it anppears as if this form of DNA polymerase (i.e. Brij/¥eg extractable)
is not the DNA polymerising activity responsible for DNa synthesis
by isolated nuclei from B-phase cells.

15.  DilA POLYLmRASE SPRECTES PRBOSEIT TID HUCLET WITTCH STILL RS TH

ENDCCENCOUs DA DYHTHIESTSING ABILITY AFTRR TATRACTION '

Extraction of nuclei from S-phase cells by Brij/iig is
shown to reduce the endogenous DNA synthesising ability of the
nuclei by only 10-30,5 (Table 13). Purther extraction of these
nucled by 0.417 KCL and fractionation of the reculting extract on
Sephadex G-200 reveals thal some low molecular weighl DHA
polymerase is still present within the nuclei along with peak I
activity (Pig. 32a). HNo conclusions, therefofe, can be made as to
which of tﬁe DNA polymerasc species still present is responsible

for endogenous nuclear DNA synthesis although it appenrs as if

<the low M.VW. enzyme is present in nuclei from S-~phnsge cells in at
least two forms. One of the forms is extractable by Brij/Mg and
represents nearly all of the DA poiymerase activity present in
nuclei from stationary phase cells. The other form is extructable
by 0.41 XC1 and may represent a more tightly bound form of the

low wolecular weight enzyme peculiar to nuclei from Difh synthesising
cells,

Practionation on Sephadex G-200 of the LNA polymerase
activity present in a 0.4i ¥XC1 extract of nuclei from S-phase cells
rreviously eviraected with 0.3l KC1, wavesls {hab bhoth bigh and
Jow moleculap veight enzymes are still present (Fig. %2b). Again
no conclusion could be drawn about the activity iavolved ia nuclear
Din synthesis,

However, when nuclel fromA5~phase cells were cxtracted with

0.2 KC1 and the subsequent 0.4 XCL1 extract froctionated on



149,

Fig, 32

Fraction-tion on Senhadex (~200 of the DilA polvmerase activityv vnresent
L, N

in a 0.4k ¥C) extroct of nuclei Trom S-vhase cells which have previously

been extyr-cted wyith various asents

.

Egusl batcﬁes of nuclei (HB) from S—phase‘cells are exhaustively extracted
with the sgents shown below (Exitraction Method IIY, Methods, section |
3,7)" The resultent nuclear pellets are further extracted with C.4H
KCL (Extraction Method I, Methods, section 3.7) and-the extracts obtained
concentrsoted (Hethods, secticn 3.6 ii) end a 1 ml sample fractionated on
Sevhadex G-200 as before. Thne resvlting fractions are assayed for DHA
polymerase sctivity.

(a) 5% Brij 58/50mlM magnesium acetate

(b) 0.1M XC1

(¢) 0.215 ¥C1

: el DFA =elymerase activity with native DHA

: A g with denatured DHA

Ny
°

Harkers are as for Fig.
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Sephadex G-200, only low molecular weight enzyme was evident (Fig 32¢).
As 0,211 KC1 extracted nuclei still retain appreciable DIHA
synthetic capacity (Table 13), the finding of only low molecular
welght enzyme within these nucleil points to a role in the endogenocus
reaction for this species. '

These resultls, which conflict with the inhibitor comparison
studies (Results, section 11), which support a role for vneak T
activity in trne endogenous reaction, must be interpreted with
cautioﬂ, KC1l, which is capable of dissociating vrotein from
chromatin, can render the DHA liable to damage (e.g. single-strand
breaks) due to harsh treatment, which can lead to artefactusl
nuclear DNA gynthesis° Tt has been shown that 0.31 ICl extracted
nuclei froﬁ statlionary L929 cells, although lacking most of their
original DNA polymerase activity, are capable of substantisl
endogenous incorporation when treated with pancreatic DNase during
incubation (R.L.P.Adams, personal communication). This supg
that any DHA polymerase species vresent within nuclei 18 capable
of using the endogenous DIA teuplate wheh it is sufficiently primed by

natural or artificial means.
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1, ITHTRODUCTION

The purpose of this discussion 1s to correlate the results
‘obtained in the previous chanter with similar work in other systenms,
in an effort to elucidate whether a parficular DVA polynerase
speciles is implicated in the pfocess of DHA replication in L§29
cells.

It is obvious that the process of DHA replication requires,
among many activities, an enzyme capable of polymerising deoxynuclectidy;l
residues in a particular order dictated by a pre~existing DIA template
(DNA polymerase activity).

Such enzymes are widespread in nature, but only one purified
species, DNA. polymerase III from E, coli has been shown to be
involved directly in the replication of DWA, The uneguivocal proofl
of . involvement is derived from bioéhemical and genetical analysis
of mutants deficient in the DNA replication process, an approach
which at present is not applicable to memmalian systens. Other
more‘biochemical approaches have therefore to be adopted.

DA polymerising activity is wnresent in L929 cells and
characterisation of the product synthesised by crude cell fractions,
using added DEA as template, suggesis that the activity present is

g

nogphate

capable of nolymexsing deox*nucleotidyl residues {rom trip
precursors in a manner consistent with a replicative function
(Lind;ay, JeGe, “he.De Thesis, University of Glasgow, 1969). However
the lesson from B, coli, that an enzyme activity demonstrable in
crude extracts uay not be the only one of its ¥ind in the ¢ell,
prompted a search for other DHA polymexsing activities present in
LG29 cells,

2. MULTYPLE Dia POLYERRAoNW BPRECIES O 1929 CRLLS

The first suyusgestion that there may be more than one type
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of DHA polymerase in L1929 cellis resulted from the finding fhat
activity in soluble and nuclear frections differed in the fype of
DA best used ss template (Lindsay & Adsws, 1968), DHA polymerase
activity frowm supernatant preparations preferred DHA which had
been heat-denntured whereas nuclear prevarations exhibited a
preference for native DHA.

It was first thought that differential nuclease contemination
in the crude cell fractions could be responsible for the owbserved
template ypreferences but further fracticnation of the supernatant
preparation and extracts of nuclei revealed that the ability to use
denatured DNA was associated with a species of high H.W. (> 200,000
daltons) found in both supernatant and nuclear fractions, whereas
‘native DNA was the preferred template of a smaller species which
exhibited peaks 6f approximate H.ﬁ, 35,0005 70,0003
140,000 daltons and were found only in nuclear extracts (Rerults,
section 2.1 and 2.2; Adams et al., 1973).

Several groups have shown the existence of at least two
species of DINA polymerase activity, when atfenpts were made to
identify all the species present (excluding the mitochondrial
enzyme), Meclecular weights and DNA template preference, when
looked at, are gimilar to those'fof 1,929 cells (see Table 2,
Intreduction);.

Fossible wxoiani

DA wmolvmerase

At Jesst four explanztions are available which would

explain the observed findings., They are:-

(a) ™he small species is the in vivo. enzyme and the isolation

procedure lezds to aggregsation or asscciation with other cellular
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material creating zn artefactual large -svecies with altered DHRA

template requirements,

(b) The large species is the in vive enzyme and the nuclear extraction
procedure results in release of smaller active fragments not norm=lly

existing in _vivo.

(¢) The enzymes are structumlly related and are readily inter—
converted in vivo in response to changes in DNA metabolism e.ge
replicationyrepair etc. The species distribution that is found on
isolation will depend‘on the reactions being carried out by the
cell vprior to isolation.,

(6) The enzymes are distinct and unrelated species involved in

different aspects of DNA metabolism as in (0),

ﬁg) and (b)

There is some evidence to suggest that the low ionic
strength of the isolation buffer uged leads to aggregation of the
smaller nuclear DNi polymerase specles, Peaks of DNA polymerase
activity elute from Sephadex G-200 a+t positions corresponding to
a mononer—-diner-tetramer association when extracts of nuclei are

S el o e T S e Mlag v -~ ™ o aqm . ~ 0, Cdm 211
fractionnted (Fig- 4—): Thiz was also found hy Wicha & Stockdal

it

(1972) tor the small DNA polymerase species of chick embryo muscle
under lov ionic sbtrength conditions. Further evidence in L9929
cells stems from the finding that when a sample coﬁtaining a lower
protein concentroticon is applied tc Sephadex G200, a different
¢lution pattern is observed, most of the activity eluting at the

=

region of molecular weight 35,000 (Adams et al., 1973).



If the high moleculur weight species is a result of
furtheryaggregation, or the low molecular weight species a result
of artefactual dissocistion of *the larpger speciesg on salt extraction
of nuclei, then it would be expected in both cases that the large
species should release active low molecular welghl enzyme on
treatment with high salt solutions., This is not found in 1929 cells,
where the large species present in suvernatant fraclions drazatic-—
ally loses activity without production of active swunll enmyme, when
fractionated in the presence of 0.,5H KC1 (Fig. 9). Tractionation
in high salt is essential, as simple treatment of the enzyme with
0.5l KCl followed by femoval of salt by dialysis does not cause
loss of activity. This suggests dissociation and separation of a
factor necessary for activity. A search for this putative factor
and elucidation of its role in the activity of high molecular
welght DA polywerase is under investigation,

Haines et al. (1971) renorted that the hiéh moleculer
weight soluble DIA polymerase activity in rat liver is susceptible
to fractionation in high salt concentrations., Wo conversion to
low molecular weight enzyme, which they find to be unalfected by
high salt fractionation, is dctectable, Other workers, althcough
not renorting overall recoveries, find substantial high molecvlar
weight enzyme after high salt frocticnstion (Bellair, 1968; Furlong

& Greshuam, 1971). Recontly iecht (

—
\

87%a,b) in mouse testis and

Cop {
LQAZLOTUT G ARTITON

Y . a0 = - - =
7)) in haby hawmster kiduey cells, sucteeded in

relensing DNA polymernse activiiy similor in size to the low

molecuvlan weieht species, Ly fractionaling suvernat=nt preoarntione
cn sucrose gradients in the »resence of salt (Hecht used 00,1251
(NH4)2804 and Lazarus & Kitron used 0.45i ¥aCl). Lov salt control

sradients revcaled only activity of high meolecular weight prior to

¢
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salt treatment. Thelr resulis could be explained by r<izase of
nuclear-type activity from association with ribosonzl raoterial
(Baril et al., 1971) or nuclear fraguents. In neither nzse was
the soluble fraction centrifuged sufficiently during -renaration
to remove such material, This‘may be the explanaticn #2r the
results of Lazarus & Kitron, who still retain substantizl DNA
polymerase activity of high molecular weight after hirn =zslt
treatment. Hechi's resulks, however, are hérder to reccncile with
this theory, as complete conversion to smaller enzyme iz achieved.

It is possible that the high molecular weight enzyme iz inactivated

due to the high salt fractionation as is found for the L929 enzyme.

(o) |

The high molecular weight enzyme of L9929 cell: may still
contain the smaller ensyme as a sub~ﬁnit, but for some recason not
detectable on dissociation from it by salt. An interaciion involving
lipld however nmay be resistant to salt dissocistion. Treatment of
tre high molecular weight enzyme with phospholipase, sodium deoxycholate
or Triton X-100 does not result in low molecular weight enzyme
being produced (Results, section 5f2 and 8)o Rliase tregtment also
has no eflect. The foregoing résults welgh heavily agoinst specific
assocliation with lipid or RNA. Furthermore, association of DNA
polymerase activity from L92Y nuclei with Dui is not detectable at
the salt concentration of the fractionation buffer used (Henderson;
ilofiele, Ph.D., Thesis, University of Glasgow, 1972).

Jo activity capable of facilitating an in vivo conversion
of the large DA polymerase speciesAto an earyine of lower molecular

£

from rapidly zrowing

weight is detectable in certain cell fraciions

1,929 cells {Results, section 5.1). Byraes et &1.,-(19743) revorted



an ATP=dependent dissociation of & large soluble svecies of DHA
polyrerase frowm rabbit erythroid hypernlastic bone-morrow but the

dissociation product was still of high molecular weight.

(a)
There is no positive evidence that the two species represent
distinct and unrelated enzymes and in fact inmunclogical studies

suggest that they may have antigenic sites in cormon (Chang & Bollun,

Conclusions
Although most of the preceeding evidence shows no positive
evidence for tre low M.VW. enzyme existing as 5 sub-unit of the high

M.W. species, 1t cannct be ruled out that the large snecies contains
a highly activated form of the low ¥.W. enzyme. On dissociation hy
any of the aforementioned treagtuents, detectable Low W, sctivity

would not be found.

3 HIGH MOLECUIAR "THIGHT HUCLEAR Dili POLYIMRASE FROI LY2G CELLS

Nuclei from L929 cells contain a DiA volymersse activity
indistinguishable from the soluble enzyme in size and DNHA template
preference (Fig. 4), There is an increased amount of this activity

associated with nuclei from cells actively synthesising DNA (Fig. 14).

IS

S TNy v a Y o o Tn o n =} eqmnad e
A high M. snecics of DA polywmernne has heen desorid

O

and Ln some cases partially puritied {rom nuclei from & variety of
rapidly growing cells e.g. Hela cells (Weissbach et 1., 1971);

KB cells (Sedwick et al,, 1972); regenerating rat liver (Wallace

|t

=

N
L

et al., 1971L; Baril et al., 1973). t ds sinilar in size and

tenplate preference to the enzyne found in  supernstant Tractions

[

from the same source. The two cnzy:es elute at the some salt
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concentration from ion~exchange colums and are both susceptible

to inhibition by sulphydryl group inhibitors (Adams et al., 1973;

WVeisshach et al,, 1971; Sedwick et al., 1972). It therefore avpe

e

TS
that the large enzyme, on extraction from nuclei, is very similar

to the soluble species and may in fact be identical to it. There

is some evidence that it might be slightlyhmodified with zespect to
DHA template usage. Sedwick et al, (1972) report that the nuclear
species 1s more efficient with a gapped DNA temvlate then the
corresponding enzyme from soluble Tractions. Better use of s

homopolymer mplates (i.e. poly dA:aT as reported for a large.

100 ¥
tightly bound nuclear species from cultured hamster fibroblasts
(Furlong et al., 1973). A large species isolated from nuclei of

DAB induced tumours in rat liver appesrs to havé reverse transcriptase
activity (Chiu et al., 1973)n llowvever this may represcent & species

-+

- peculiar to this systewn.

Possible exnlanstions for the observed intracellular distribution

of high 1.W, DHA nolvmerase in L929 cells

Five explanations which could account for the observed

findings are as follows:i-
(a) Soluble enzyme arises by leakage of hign M.W. enzyme from nuclei,

(b) Hiogh M,'7. nuclear engyme is a result of contanination of nuclei

(c) The soluble enzyme is modified by a factor synthesised in S-phase

cells enablin~ binding to nuclei.

d DMn or chroratin is medified during S-phase enabling soluble
> b 13



enzyme (unmodified) to bind,

(e) The high ii.V. nuclear species represents s distinct and unrelated
enzyme from the soluble enzyme and is synthesised specifically in

response to cell proliferation,

{a)

It is somewhat paradoxical that the high H.W. DUA polymerase,
which scems to demonstrate the correct biological correlation with
nuclear DUA synthesis in vivo, should be consistently recovered in
cytoplasmic fractions., It leaves the method of cell fractionation
open to suspicion. The intracellular integrity and in vivo
nucleocytoplasmic interactions could be completely disrupted on
cell breakage gilving rise to artefaciual distribution of cellular
material, Xt is possible therefome that the presence of DA polyrmeruse
activity in supernatant fractions of cell homogenates nay represent
lezkage from the nucleus especially using agueous isolation
techniques. This was originally théught.to be the case, ana use of
non-agueous solvents and incorporation of nuclear menbrane stapvpilisers
(c.g. Ca2+) into agueous isolation media increased the proportion
of activity retained by nuclear preparations (Xeir, 1965)., However
high losses of activity resulted and no definite conclusions about
intracellular digtribution conld he made.

Byires et al. (1974b) claim that +thc cytoplaomic loca
of DHA polymerase activity is not artefactual or triviasi by revealing
the presence of the enszyme in the rabbit reticulocyte, which is

an anucleate cell,
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()

~ It has been evident for scme year now that incressed levels
of high M.W. soluble DNA polyuerase activity are associated with
cell proliferation (Iwamurs et al., 1968; Ove et al., 1969; Chang
& Bollum, 1972d; Chang et al., 197%). It is vossible that the
high H.W. nuclear species found by several groups, especialiy in
rapidly growing systems, is a result of cytoplasmic contamination.
The results in the present work with L929 c¢cells show that DNA
polymerase activity is not exchangesble between cytoplasmic and
nuclear fractions during the isolation procedure (Table 6).

Several groups find no evidence for a high M.VW. nuclear
species. Whether it is found seems tc depend on the ionic sirength
of the isolation nmedium used and the treatment emvployed Tor further
nuclear purification., Wallace et al. (1971) showed that slight
differences in the contents of isolation media, not accountable by
ioniec strength alone, had a dramatic effect on the amount of hich
H.W. DHA polymerase recovered in nuclear prepurations from
regenerating rat liver. The main differénce appears to be & higher
concentration of volyamines in the isolation media resulting in
loss of high 11.J. engyme. Brewer & Rusch {1966) reporbed that an
S-phase specific increase in DNA pblymerase activity associdted with

the nuclei of the slime moulld Physarum polycenhallm . was not negsurable

with =n added ﬁﬁ& tomnlate unless the pelyamine, srerninc was
preseut. Therelore 10 appearss as il polyamines may release DiA
polymerase from nuclear binding. Treatmeat involving the 3lobel
& Potter (1966) method of nuclear purificution; or o nmodificuation
thercof (i.e. involving hypertonic sucrese), results in nuclei

lacring high K.Y, enzyme.
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Coincidentally, similar nuclear purification procedurcs

1

also lead to losgs of correlation between nuclear DHA synthesis
and the DNA synthetic capacity of the cells of origin (Hyoco & One,
1970a; Kaufman et al., 1972), thereby throwing susvnicion on ihis

method of nuclear preparation when studying the intracelluiar

disgtribution of DNA polynmerase,

(c) and'gggl

There is evidence feor a positive control on the binding of
high H.W. enuyme to nuclei of L9929 cells during S-phase., The
enzyme present in a 0.4I7 KC1 extract of nuclei from S—phase cells
is able to rebind to the extracted nuclei, whereas binding of enzyne
in the suvernatant fraction to extracted nuclei under the same ionic
gtrength conditionsz, is not found (Results, section 9,1 and 9.2).
The enzyme in extracts of S-phase is able to bind equally well ‘o
nuclei from stationary cells, but only after 0.4l KC1 extraction
(Results, section 9.3%). Unextracted nuclel from stationary cells,
wvhich contain low levels of the high M.V, enzyme, are unable to bind
enzyme from S~phase nuclear extracts (¥ig 19),

The foregoing findings suggest that two steps are necessary
before high H.W. enzyme can bind fo nuclei, PFirstly a block which
prevents binding of enzyme to nuclel fron staticnary cells must be
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removed {oehicved experinentally by U.46
inability of =uclei frem stationary cells to tind the high .V,
enzyme may be analogous to the situation in sea urchin eubryvos.

I

Fonsler & Loeb (1972) showed that DHA volymerase activity in early
embryos fluctuates between nucleus aud cytonlasw, belng Cound in

much lowver ~mounts in nuclel isoleated. from mitovic or G-2 ewbryos.

(There is no G--1 phage in sez urchin cembryos) They interpret this
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as being due to the condensation of chromosomal waterial for
mitosis. As the chromosomes begin to unwind after witosis, DNA
polymerase attachment points on the DNA or chromatin become available,
The DNA of stationary L2929 cells may also be present as a conmpacted
structure preventing enzyme altachment. The potential enzyme

binding sites possibly become unmnasked as the chromatin slowly
unwinds during G-1 phase, ©DGecondly, a factor necessary for binding
must be present, as in 0.411 KC1 extracts of S-phase nuclei. It is
not known whether this factor remains associated with the large
nuclear enzyne (implying a modified form of the soluble species)

N

or is nerely present in nuclear extracts of G-phase cells,

121

",

There is little positive evidence to suggest that the high

MW, nuclear DA polymerase species is a distinel enzyue unrelated

e

to the soluble species, A large enzyme isolated ffon nuclei of DiR-.
induced tumour cells in rats, is reported to exhibit substantial
incorzoration with ribchomopolymer tmplates (Chiu et al., 1973). In
contrast, the high I.W. soluble enzyme from call thmnus has negligible

reverse transcriptase activity (Chang & Bollum, 1972a).

Conglusions

pe)
i i st i,

From the cvidence svailable, it zppears as if the high

{

MoW. Don polyumerase enzyme of L9289 celils partitions ilsell between
nucleus and cytoplasn depending on the presence of a bhinding factor
probably ‘synthesised duvring periods of DA syntheéis,

Bvidence {rom other scurces which supports a physiological
role Tor high il.'/. nuclear DA polymerase arc the reports which

reveal differences between the properties of the nuclear-located
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and cytoplasmic enzyme (Sedwick et al., 1972; furlong et al,, 1975

4, THE NAYURE OF DHA SYNTHHSIS I VITRO USING TSOLATED L929 NUCLET

Several reports have demcnstrated that isolated eukarctic
nuclei may be useful in studying the mechanism of DEA replication.
Results, section 10 shows that nuclei {rom L929 cells are
capable of DNA synthesis in the absence of added DHA as template.
The basic reguirements are similar to those fer DHA polyiersse assays
except that the optimum salt concentration is higher and the reuciion
is stimulated by ATP. A grester initial rate of synthesis is
exhibited by nuclei isolated from cells in S-phase compared to
nuclei from stationary cells (¥ig. 24). The product of nuclear DA
aynthesis is demonstrated by alkaline sucrose gradient centrifugation
to be exclusively in sm=2ll pleces compired to bulk nuclear DUA
(Fig. 25). This suggests synthesis of frogments similsr to those
found in vivo in prokaryotic systems i.e. Ckazaki fragments. However,
no evidence for in vitro initistion of svch fragments is found, and

lack of radiocactive label aszociated with bullk DNA suggesis that

L—

ligation of the small fragments to bulk DHA is not occurring ( Pig.
It therefore appears as the L929 nuclear DNA synthesie involves
extension and nossible completion of Okazaldi-type fragnents already
initiated ir vivo.

Similar observztions have been reported by other workers
using isolated nuclear systems from various sources.

Nuclesr DUA synthesis appears tc be S-phase specific
(Friedman & lMueller, 1968; Lynch et al,, 1970), except when nucled
are treated with hypertonic sucrose solutious (Kaufnan et al., 1972;
Hyodo & Ono, 1970a; Ove et al., 1971)., Further studies by the save

workers support the results with 1929 cells, that the vroduct of

. . - [ “ o , .
An _vitro Di4 synthesis by nuclei is at lesst zartly in small
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Tragments (Kidwell & Iucller, 196Q; IPriedman, 197%; Hershey %
Taylor,‘1974)¢ In addition, the letter two reports provide evidence
which suggest that one of the DA strands is synthesised continuously.
The absence of in vitro ligation found for L929 nucleil
may suggest that mammalian ligase is not retoainel by nvclei during
the isolation procedures employed. Iividence for ligation on
addition of cyteoplasm to I'ela cell nuclei has been reported (Kidwell
& Mueller, 1969),
Other evidence to suggest that the in vitro reaction is
a continuation of the vrocess taking nlace in the nuclei prior to
isolation, has been rerorted. When cells are pre-treated with
bromodeoxyuridine immedistely prior to nuclear isolation, then the
‘in vitro »roduct of nuclear DNA synthesis is of hybrid density
(Lynch et al., 1970; Bershey et =l., 1973a), This suggests direct
continuation by nuclei in vitro, at the in vivo sites.

Lynch et

o

35

1., (1970) slso showed by autoradiogranhy that
the same percentage of nuclei from regenerating rat liver are
incorporating in vitro as were actively renlicating in vivo.

Control exzveriments, labelled in vivo and in vitro confirmed that

the same rucled were involved in the two reactions,
Incorporation by isolated nuclei therefore appears to
represent a continuaticn of in vivg replication and therefore they

probably contzin the enzymes, iacluding the DHA polyviersing enzyme

I

necessary for synthesis off Okazeki pleces,.

The inability to maintain the initial rate of nuclear DHA
gynthesis, a finding confirmed by nost investigutors, appears
in L9929 cells to be a result of loss of an es.ontial factor caused
by incubation at 3700 (Toble 11). Hershey =~ et ol {197%a) came

9]

to a similar conclupgion with Hela nuclei based on the fitting of
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experinental time course points to a theoretival cxnomential decey
curve. TFurther work by the same group (Hershey et al., 1973b),
inveshigating the effect of inhibiting cellular syntihesis of Rlih,
DA and protein on the DHA synthetic sctivity of isolated H-phase
nuclei, sugzgested a requirement for an unsiable »rotein necescary
for the maintenance of DNA replicase sites which are cstablished

in S--phase nuclei.

5. RCLY O TiA POLHERADE SPROIEmE Tl DTy GViIiiinsTy, BY Thonanm

L929 HUCLEL
The folloving observations imply a role for the nhigh 15.W,
DHA polynmerase enzyme in nuclear DNA synthesis,

3

(a, Association of high i.VW. enzyme with nuclei shows S-phase

specificity, 28 doos DA synthesis by isolatéd nuclei,

(b} Hypertonic sucrosc treatuent of nuclei vhich leads to loss of
the high H.W. enzyime, also leads to loss of the S-~phnse specificity
of nuclear DEA synthesis,

(¢) Din synthesis by L4929 nuclei is inhibited by 8, a sulphydryl
eroup inhibitor, Triton X-100 ard 2raliP. The high Jd.W. nuclear
enzyme is sinilerly inhibited by these substances wheress the low
7. cnzmyme io only olightly inhibdted oy
- . - . . - s . N .+
Triton a~100 or ara CTP (Results, section 11).

A role for low 1i.W. enzyme in nuclear DIA syathesis is

suggested by the following obscrvations:-—

(a) Brij/lig exteacts virtusily all of the DNA polymerase activity

present in nucleid isglated froa staticnary LY29 cells



{Pable 15)9 However, ,after similar extraction of S-phase nuclei,
which resultsin retention of nuclear D¥A synthesls, a substantial
amouvnt of low M.V. enzyme is retained by the nuclei, suggesting

an S-phase specific form of low MH.W. enzyme (Pig. 32a),

(b) 0.2 XC1 extracted nuclei are still capable of in vitro DrA
synthesis (Table 13). Fractionation of the DNi polymerase activity
remaining in such nuclei reveals only low M.VW. enzyme (Fig. 32¢)
(c) Chiu et al. (1973) find an S-phase specific increase in a

tightly~bound low M.W. DNA polymerase speqieé0

This apparent discrepancy, i.e. both nuclear DNA polyrerase
species being imnlicated in nuclear DNA synthesis, is possibly
explained by the following model which speculates on the vossible
in wvivo torms of DNA polymerase based on evidence presented in the
Results chapter, The model is described in schematic form in Tig. 33.

It is proposed that the low H.W. enzyme is responsible
for the catalytic activity of all the DIA polymerising syecies
identified., It has a high affinity for DNA and is rapidly transported
to the nucleus (after synthesis in-the cytoplasm) where it is
potentially availaile for gap-filling functions requiring DNA
complemenling aclivity e.o. repair, recombination, werhaps even
Ckazaki fragment completion during replication in a similar nmanner
te B. coli Din polymernse I (Okazaki‘et al., 1971). However it is

not involved in the bulk of Didh replication., It is this form which

is extractable froa nuclei by Brij/il hence its alunost comrlete
N /18y

removal from nuclei of staticnary L9029 cells (Table 15).
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vroposed intracellular forms of L9729 cell DEA

polvmerase

Hodifying Low M.VW. DHA
factor polymersse
by
High M.V, DHA
polvmerase
. cytoplasm
nucleus
Binding DA or
factor N chronatin \
- ¥ .
( ? N S
Other Comnlex Complex
replication IT I
factors
&
\ ?
P
Complex
IIT

Complex I -

Conplex Il

Comvlex TTT-

comnlex of DNA or chromatin with low M.W. DHA polymerase -
involved in gap~filling functions e.g. repair etc, -
dissociable by 5y Brij 58/50mi magnesium scetate (see text).

weak com.lex of DHA or chromatin with high l4.,W. DIA
polymerase -~ possibly binding of enzvme Lo reunlicon or
Okazaki {ragment initiation sites when they bec. me available
as S-phase progresses - disscciable by salt (>>001M KC1L)
(see text),

tipght complex of DFA or chromatin with Dilk nolymerase
(nigh or low?) involved in Oknrzaki frogment extension aLd/
or comnletion - Jlissociable by salt (>0.28 KCL (see t:xt).

—
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In sctively dividing cells, a wodifying factor is gresent
which binds to the low li.W. enzyme resulting in production of high
molecular weight enzyme which has a preference for denatured DHA
as in vitro template and a low affinity for DNA, hence its recovery
in cytoplasmic fractions on isblation in agueous nedia. This
predicts that low M.V. enzyme should be dissociéble from its
agsociation with modifying factor. Fractionation in high salt
(0.5 KC1) results in loss of high H.W. activity (Fig. 9) but as
indicated in the inset to Fig. 9, unless fractionated under the high
salt conditions reassoclation occurs on reduction of ionic #strength.,
Only a véry small proportion of the total low M.YW. cnzyme aspocars o
be nresent in this form hence the inability to detect active enzyme
at the expected region on the column profile after {ractionation
of the high M.W. enzyme in 0.5d XKC1 (Fig. 9). This therefore
sugrests that, on association wilh the modifying factor, there is an
enhancenent of the catalytic activity of the low M.W. enzyme as
measured on in vitro Din tewnldes, particularly when denatmed., I%
is this enhanced DHA polymerazse activity which is comparativel
wistable and susceptible to the inhibitors described in Results,
section 1l. The modifying fuctor probably contains a sulvhydryl
group(s) necessary for its function, hence its severe inhibition by
N,

ArslTP probably arifects the enhanced Dis synthesis
reaction carried oul by the high H.V. enzyme rather than directly
inhibiting the modifying factor. Complenentation of long singla-
strandeé regions, the type of syntﬁesis chafacteristic of high H.VW.

DHA polymerasc and probably of the in vitro nuclear DA synthesis, 1

3

more likely to he susceptible to zraClP than the short gap~filling

resction cavried out in vitro by the low M.W. enzyme (see Jedwick

e}



et al., 1972).

Hvidence to sh?port just suech an inhibitory action for
ara CTP has been reported recently by Masker & Hanawslt (1974)‘
They showed that in toluenised-bacterial cells, DNA reolicstion was
strongly inhibited by aralT? whereas uv~v stimulated repair, which
involveé synthesis of short stretches of DﬁA, was relatively un-~
alfected,

Ag the modifying factor stimulates DA polymerase activity
with a denatured DHA temnlate, it could be similar in nature to
the gene 32 protein of T4 phage which stimulates the activity of
T4 DNA polymerase 5-10 fold with a single-stranded DNA
template (Huberman et al., 1971L). This stimulation dis probably a
result of favourable template alignment by gene>32 protein.

Another snalogous situation is the apparent wodification
~of DA polymerase IIIL of B, coli to DNA polymerase III star which
is then able +to use long single-siranded temp}ﬁes(wianer et al,;
1973c). |

Returning to eukaryotic systems, the high M.V, DdA
pelymerase engyme, formed by binding of the modifying factor to
low M.¥W. enzyme, has little affinity for nuclei and thus may
represent a precursor forn of the actual replicating erzyme created

in readiness for DHA replication.

Rinding of the high H.W. cnzyme to the nucleus is S-nhase

specific and anpears to depvend on two pre-requisites:—

(1) availabilifty of nuclear binding (or initi~tion) sites normally

(2) presence of a2 binding factor probably synthesised during S-nhes
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Certain results frow the present work suzgest that
satisfaction of one of the above reguirements is nct sufficient
for binding to occur. S-phase nuclei contain both binding-sites
and binding factor and hence high M.W. enzyme is found aitached to
nuclei, When extracted with 0.,4M XC1, bqth stationary and S-phase
nuclei.are equally capable of binding high H,H..enzyme from 0.4l
KC1 extracts of S-phase nuclei (Fig. 19)., This binding is not found
for high M.¥W. enzyme in a S-phase supernatant fraction (Fig. 18),
suggesting that the binding factor is »resent in the 0,41 KC1
nuclear extracts of S-vhase cells. However binding of Dils polymerase
from such extracts to unextracted nuclel from stotionary cells is
not observed (Fig. 19). This suggests trat such sites are normally
masked in stotionary cells probably becoaing available when cells
are induced to proliferate.

This nuclear binding factor may serve a similar rolc %o
copolymerase II1I stur, a protein fector purified from extracts of
#X 174 infected B. coli. This factor is involved in initiation of
DA synthesis, on long single-stranded DUA termmistes by a modified
form of DNA polymerase III (i.e. DEA volymerase ITI star) (Wickner
& Kornberg, 197%). Copoclymerase III star is nct required to sustuin
synthesis as only initistiion, ahd.not elongation is suscentible to
antibody raised against it.

The bound fornm of high .0, DA polymerase may remaln
associated with binding factor on extraction as differences in
template use between the soluble and the nuclear enzyme have been
reported (Sedwick et al., 1972; Furlons et al., 1973).

High 4.W. DA polyumerase is removed frowm nucleil by, for

examnle, 0.1-0.2H KC1 in the case of L929 cells (Table 14; Fig. 32¢),

and as such nuclei are still cavable of endogenous incornorstion



(Mable 13), a further nore tightly-bound form of DA polymerzse
must be involved in this reaction.

Other enzymes which react with nucleic acids have besen shown
to have wezk and tight binding transitions which zppear to bhe
tempefaturewdependent (may involve helix opening). Gp phage RUA
‘polymerase has becen shown to form a weak salt;dissociable complex
with Qp RNA at D C and a tight non-digsociable complex at 3700
(Silverman & August, 1970)o B. coli RNA polymcrase also forms a
stable holoenzyne-DilA comnlex, which requires incubation to a
tenverazture above 17.5009 to be forned (Hinkel & Chanberlin, 1970;
Zillig =t 2l,., 1970), Rat liver DHA methylase exhibits a sirilar
tennerature-devendent hinding transition (Drnhovsky & lMorrie, 1971).

if the replicating activity representsa tightly bound
form of the nuclear high w.W, enzyne, then tvo deductions can be nade,
Firstly, the proportion of the total low H.W. enzyme bound v in
the tightly bound replicating conplex must be greater than thot in
the high H.V. spécies of supernatant ffaction as low M.\, enzyme
is detectable on galt dissociation (Fig. 32a). Secondly, the modifving
factor ne present in the tightly-bound complex must either be
innctivated or not extractable by 0.411 XC1 otherwise it would give
rise to high 1.V, enzyme in 0.4 ECL extracts of 0,21 ICl cxtracted

" nuclei, which is not observed.

The nodel debpribed in Fig. 23, prososes now certzin ractors
synohesised in reszonse to cell proliferation can alter the size,
crtalytic activity =nd irntracellul=r location of DUA poly.aernse activity,

A serrch Tor the modifying f-etor which con presuntbiy be

separated from the large M.V, DA wolynerase en

uy.oe by frections

in nigh salt, is underwar., The ability to greatly enbance the
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activity of low M., activity particulafly with a denatured DilA
template'would provide an assay for its detection.

The nﬁclear binding factor, which anpears to be present
in S-phase nuclear extracts, could be assayed by its ability to
induce.binding of high M.¥W. supernatant enzyme to extracted nuclei
{or perhaps even DiA).

Purification of such factors and elucidation of their
relationship to DHa polymerase should provide a new approach to

the problem of DA replication and its control in eukaryotic systens,
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SUKIARY

1929 cultured mouse fibroblasts contain multiple species
of DiA polymerase, High-speed supernatant preparations contain
one species as revealed by Sephadex G-200 gel filtration. It
hag a molecular weight in excess of 200,000 daltons and has =
preference for denatured DNA as template, An 0.4M KC1 extract
of nuclei exhibits multiple peaks of DNA polymerase activity on
Sephadex G~200. One of the species (peak I) is similar in size
and DNA template preference to the soluble enzyme. Three other
spacles (peaks 1T, IIT and IV)arG usually found, the major peak
(peak III) having & M.W. of approximately 70,000 with the other
two species cften eluting as shoulders of this central neak,
Size considerations suggest o monomer - dimér-tetramer relation-
ghip but this has not been firmly established. The smaller
nuclear species have a preference for native DNA as template.

Previous studies had suggested that deoxyribonucleoside
5'w.divhosphates may be nearer, than the triphosphates, to the
imnediste substrate fovr the nuclear DWA polymerase. Any
conclusions were always complicated by the presence of nucleoside
diphosnhokinase activity. Practionation of nuclear extracts
shows that for nuclear peak I activity, incorporation of
diphosphates, even in the presence of a phosphate donor, is not
demons krable due to the ahsence of nucleoside diphosphokinase
activity.

. An activity capable of'stimulnting DFA polyumerase by

providing RNA primers with 3'CH ends is not detectable in
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soluble or nuclear fracticns of L9é9'oells.

An activity capable of converting soluble DNA polymerase
into smallér active fraguents typical of the smaller nuclear
species is not detectable in supernatant or extracted nuclei,
However nuclear extracts were not tested as they already contained
substantial nuclear species,

Centrifugation and agarose gel filtration studies
suggested that the soluble enzyme was very large (7 0.5 x 106
daltons), Using chemical and enzymic treatment of the soluble
high M.W. activity, attempts were made to release smaller DNA
poiymerase species resembling the low M.V. nuclear species. The
attenpts were unsuccessiuvl, but do nét rule out prdductién of
a low M,W. species of dramstically reduced activity; The
soluble enzyme is sensitive to salt disscciation and to the ioanic
detergent, sodiwm deaxycholiate susgesting a lipoprotein complex.
Association with low density 1ipoprotein such as smooth membrane
was not demonstrable,

Responses of L92Y cell DNA pclymerases to growth changes,
sugpest that the soluble DNA poulymerase aclivity becowes assoclated

with the nucleus when cells are synthesising DA (S-phase cells),
Attempts to elucidate the nucleéﬁ binding site revealed that the
soluble enzyme is unable to bind to native or denatured DilA.

Peak I nuclear activity present in 0.4H XC1 extracts of nuclei from
Sephase cells is, howcver, able fto rebind to the nuclei after
reconstitution in low saliil. Soluble activity. is unable to bind
vnder the same conditions sugoesting that bS-phase nuclear extract

centains a factor cssential for binding. This was confirmed by

showing that peal T activity in S-phuse extrzctlts was able to
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bind to extracted nuclei rcgardless of the growth state of the
cell of origin,

Isolated nuclel from 1029 cells are capable of Diin
synthesis in the absencé of added DIA. This endogenous
synthesis reflects the gg;xgig DA synthgtic capacity of the

cells of origin. Thne endogenous recction differs froem the DLA

polinerase reaction in having a higher optimun salt concentration

and by being stimulated by ATF. The DA product, as opposed to

the temnlate DA, is in smell pieces similor to those fovnd

in vivo, i.e. Okazaki fragments. This confirms nrevious findings

at nuclei are erxtending Okazali pieces in vitro. n vitro
that ledi tending Okazali ces in vit tro,

S—phase nuclei stop DIA synthesis aiter lO—20'min of incubation
and attempts to discover the cause of this premature cessation,
led to the imvlication of a thermolabile or thermod: ffusihle
factor rather than exhaustion of an added assay constituvent or
completion of awvailable incorporation sites.

Comparison of the effects of warious inhibitlors on
nuclear DA synthesis and on the activity of Dili wolynerases
within the nuclei, imvlies that a reaction similar to that

carried out by peak T is taking place in the iseolated nuclei.

Extraction of all DrA polymerase activity Lrom nucleil
causes complete loss of their ability to make Diln, Abtempts to
reactivate the nuclei were only parti:1ly successful, When the
nuclei are centrifuged and washed in high salt solutiors, their

cavacity for recctivation is dramatically reduced,

Use of alternative extracting agents leads to removel

of specific DNa volynerase species from nuclei. 5» Brij 58 in

4

conjunction with 50 all magnesium acetate
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DNA polymerase from nuclei. A proportionately higher level is
extractable by Brij/Ng from nuclei of stationary phase cells
compared to nuclei from S-phase cells. Brij-extracted S~-phase
nuclei still retain 70-90% of their DNA synthetic capacity
suggesting that the activity removed with Brij is not involved
in nuclear DHA synthesis. DBExtraction with low concentrations
of KC1 (0.1 and 0,2i) has very little effect on endogenous
nuclear DHA synthesis and appear specifically to remove peak I
activity from the nuclei. Investigation of the residual DNA
polymerase specles within nuclei after the afore-mentiocred
extractiohs reveals that nuclei containing only a species
eluting in the region.of 7C,000 on Sephadex G-200, are still
capable of DNA synthesis. This suggests a role for this species

in the extension of Ckazaki fragments.
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