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Preface

Eukaryotic cells replicate their DNA during a defined time
period in the interphase between mitoses. Non-proliferating cells
are generally found to be blocked in interphase prior to the DNA-
synthetic period. It therefore appears that the control of cellular
proliferation may be intimately related to regulation of DNA synthe-
sis., Defining the mechanism for the regulation of DNA replication
is a central problem in the biology of higher animal cells. The
introductory section of this thesis attempts to bring together the

currently available evidence into a coherent model for in vivo

regulated DNA replication.

Animal viruses can be used - as tools to study cellular DNA
replication. Certain RNA viruses which multiply in the cytoplasm
of host cells inhibit cellular DNA synthesis. The work described
in this thesis represents an effort to locate the step in cellular
DNA synthesis which is primarily affected in consequence of the
multiplication of three cytoplasmic RNA viruses, mengovirus,
Newcastle disease virus, and reovirus type 3. The general method
of analysis used and the results obtained are discussed within the

framework of the model presented in the Introduction.
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SUMMARY

Previous studies have shown that the replication of DNA is a
regulated process within the life cycle of the cell. DNA replication
generally requires pre-existing DNA, the four deoxyribonucleotide
triphosphate precursors, DNA polymerase, and polynucleotide ligase.
Moreover, evidence from bacterial and mammalian systems suggests that
in vivo DNA replication involves another factor which is necessary for
the initiation of DNA synthesis. A model has been constructed which
relates the replication sections of mammalian chromosomes to the
bacterial chromosome. Using this model, a hypothesis is developed
to explain the requirement for protein synthesis in the replication of
DNA in vivo under conditions where all currently measurable factors
involved in DNA synthesis are adequately represented. It is proposed
that the initiation of DNA synthesis on individual replication
sections may stoichiometrically require an initiator protein synthe-

sized in the cytoplasm.

Animal virus infection can lead to an inhibition of cellular
DNA synthesis. According to the replication scheme above, this
inhibition could be effected in any of three ways: 1) degradation of
cellular template DNA, 2) interference with the synthesis or polymeri-
zation of precursor deoxyribonucleotides, or 3) interference with the
regulatory system, particularly initiation. Using this outline, an
attempt has been made to locate the step in cellular DNA replication
which is primarily affected during the multiplication of three cyto-
plasmic RNA viruses, mengovirus, Newcastle disease virus, and reovirus

type 3. All studies were performed in the L line of mouse fibroblasts.

Mengovirus and Newcastle disease virus (NDV) infection leads
to inhibition of L cell DNA synthesis concurrently with inhibition of
cellular protein synthesis; both inhibitions become evident about 2
hours after infection. Reovirus inhibits cellular DNA synthesis in

the absence of a detectable effect on protein synthesis.



Rate zonal sucrose density gradient analysis was performed on
phencl-extracted double-stranded DNA and on alkali-denatured single-
stranded DNA from cells infected with mengovirus, NDV, and reovirus.
In no case was there detectable breakdown in the high molecular
weight cellular DNA (100-200 million daltons) even late in infection
when cellular DNA synthesis was 80% inhibited.

There is no apparent change in the enzymatic capability of
infected cells to synthesize or polymerize deoxyribonucleotides as
measured by in vitro enzyme assays. DNA polymerase, dCMP-deaminase,
TdR-kinase, TMP-kinase, and TDP-kinase activities are unchanged by

mengovirus, Newcastle disease virus, and reovirus infection.

Measurements were made of the growth of daughter DNA chains
in vivo using rate zonal gradient analysis of pulse-labeled DNA
chains after alkaline denaturation of total DNA into single strands.
Pulse-~labeled daughter chains were found to undergo a progressive,
100-fold increase in size during a chase of several hours. This
chain growth was shown to depend upon polymerization of precursor
nucleotides. Thus it can be assumed that precursor depletion or
polymerase inactivation during viral inhibition would be revealed in
a decreased rate of chain elongation. However, a normal rate of
elongation is maintained during the inhibition of DNA synthesis in
mengovirus, Newcastle disease virus, and reovirus infections. This
finding is in agreement with the resulfs of measurements of the

activities of selected enzymes essential to DNA synthesis.

The evidence suggests that virus-induced inhibition of DNA
synthesis reflects a reduction in the number of active replication
sections in infected cells as compared to uninfected control cells.,
This in turn makes it highly likely that the initiation process is
primarily affected during each of the three virus infections herein

investigated.
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DNA synthesis and protein synthesis are inhibited concurrently
during mengovirus and Newcastle disease virus infection. Comparative
studies with chemical inhibitors of protein synthesis show that the
maintenance of DNA synthesis requires continual protein synthesis,
Gradient analysis of DNA chain growth after chemically-induced inhi-
bition of protein synthesis demonstrates that daughter chain elonga-

tion in vivo does not require concurrent protein synthesis.

These findings, considered in conjunction with the model for
in vivo regulation of DNA synthesis, suggest that the inhibition of
cellular DNA synthesis in mengovirus and Newcastle disease virus
infection may result from inhibition of initiator protein synthesis.
Reovirus infection may lead to a selective inhibition of initiator
protein synthesis without detectable effect on overall protein syn-
thesis, or it may in some way interfere with the normal transport of

initiator protein from cytoplasm to nucleus.
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I, INTRODUCTION



A, The Enzymatic Mechanism of DNA Replication

Considerable experimental evidence bearing on the enzymatic
mechanism of DNA replication has accumulated during the past decade.
The enzymes of polymerization, the DNA polymerases, appear to func-
tion in essentially the same manner whether they originate from
bacterial or animal sources (Mitra and Kornberg, 1966). Although
our primary interest concerns DNA synthesis in animal cells, evidence
obtained from bacterial systems will frequently be utilized in out-

lining the enzymatic mechanism of DNA replication.

DNA polymerase activity has been recognized in extracts from
thymus (Smith and Keir, 1963; Bollum, 1959), kidney (Ledinko, 1968;
Kit et al., 1969), liver (Keir et al., 1962), and other tissues
(Smellie, 1961). Polymerase activity has also been demonstrated in
extracts from mouse (Littlefield et al., 1963), hamster (Keir et al.,
1966), and human (Jungwirth and Joklik, 1965; Hopper et al., 1966)
cell lines grown in continuous culture., DNA polymerase has been
purified 15-fold from a continuous line of mouse cells (Gold and
Helleiner, 1964), 100-fold from calf thymus (Bollum, 1966), and
75-fold from rat liver (Meyer and Simpson, 1968).

The DNA polymerase level in a cell-free extract tends to re-
flect the proliferative activity of the source material. Specific
activities per mg. protein are 7- to 10-fold higher in crude
extracts from regenerating rat liver than in extracts from normal
rat liver (Bollum and Potter, 1959; Smellie, 1961). When stationary
phase cells in the rabbit kidney cortex are excised and cultured in
growth medium, DNA polymerase activity increases 4- to 6-fold coinci-

dent with onset of DNA synthesis (Lieberman et al., 1963).

In vitro studies have attempted to define the enzymatic
mechanism whereby DNA polymerase replicates DNA. Studies of bacter-
ial (Lehman et al., 1958; Richardson et al., 1963; Mitra and Kornberg,
1966; Kornberg, 1969) and mammalian (Bollum, 1960, 1963) DNA polymer-
ase show that the enzyme catalyzes polymerization in the 5' to 3'

direction. The 3'-(deoxyribose) hydroxyl on the growing end of a



template-bound, daughter DNA strand makes a nucleophilic attack on
the O{-nucleotidyl phosphorus of an incoming deoxyribonucleoside

5 '=triphosphate, and inorganic pyrophosphate is eliminated. There
is an absolute requirement for the parental template strand of DNA;
monomer nucleotides are incorporated into the daughter strand as
determined by Watson-Crick base pairing. The replication fidelity
of this biosynthetic mechanism has been demonstrated by in vitro
production of new, infectious DNA using single—stranded.¢Xl74 phage
DNA and a defined DNA polymerase system from bacterial cells

(Goulian and Kornberg, 1967; Goulian et al,, 1967).

Since DNA polymerase catalyzes chain growth in a 5' to 3'
direction (Mitra and Kornberg, 1966), simultaneous replication of
the antiparallel parental strands of native DNA should involve
growth of the two daughter chains in opposing directions. However,

autoradiographic studies of the in vivo duplication of E. coli

chromosomal DNA (Cairns, 1963) and Chinese hamster cell chromosomal
DNA (Huberman and Riggs, 1968) indicate growth of both daughter
chains in the same direction. Genetic evidence, to be discussed
later, supports the autoradiographic analysis of E. coli chromosomal
replication. Both daughter strands, in bacterial and mammalian DNA,
appear to be synthesized simultaneously, one strand growing in the
5' to 3' direction and the other seemingly in the 3' to 5' direction.
Hence, there seems to be a contradiction between the enzymatic
capabilities of DNA polymerase and 13 2122 DNA synthesis. This
dilemma can be resolved in a manner suggested by Okazaki and
coworkers (Okazaki et al., 1968). The autoradiographic, macroscopic
picture (Figure 1, left side) implies a 5' to 3' growth of one
daughter chain at the growing fork, and a 3' to 5' growth of the
other. The Okazaki model (Figure 1, right side) suggests that DNA
polymerase replicates DNA in a 5' to 3' direction, producing short

1

chains of "nascent' daughter DNA in the region of the growing fork.
These newly synthesized short chains are then rapidly joined to the
two longer daughter chains by a different enzyme, a ligase. Attach-
ment of short chains to longer daughter chains would not be discerni-

ble by autoradiography, as it occurs below the level of autoradio-

graphic resolution.,



Figure 1. Scheme for discontinuous synthesis of high molecular weight DNA,
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The Okazaki model predicts that it should be possible to iso-
late small pieces of newly synthesized DNA after denaturation of total
DNA to single strands. Radioactively labeled precursor nucleotides
should be first incorporated into nascent short segments. These seg-
ments should then be rapidly integrated into the longer daughter chains,
Examination of E. 2211 DNA in pulse-chase experiments revealed daughter
DNA chains possessing these properties (Okazaki et al., 1968). Further
studies using T4 phage mutants have provided -additional support for the
Okazaki model (Newman and Hanawalt, 1968; Hosoda and Mathews, 1968;

Masamune and Richardson, 1968; Sugimoto et al., 1968).

Recent reports indicate that short, nascent DNA segments are
intermediates in DNA synthesis in higher cells also. With Chinese
hamster cells a brief pulse of radioactive thymidine labels pieces of
DNA sedimenting at less than 10 S (Taylor et al., 1968; Schandl and
Taylor, 1969). These short pieces are integrated into much larger
70 S pieces during a chase of several hours with unlabeled thymidine.
Similar results have been obtained with Hela cells (Painter, 1968)

and rat liver cells (Tsukada et al., 1968).

The joining of smaller daughter chains into larger chains may
be effected by a polynucleotide ligase, Such ligase enzymes have
been purified from bacterial (Zimmerman et al., 1967; Weiss and
Richardson, 1967; Weiss et al., 1968) and mammalian (Lindahl and
Edelman, 1968) sources. Purified polynucleotide ligases catalyze
the formation of a phosphodiester bond between adjacent (nascent-
daughter) DNA chains when such chains are bound to a complementary
(parental) strand of DNA. Some polynucleotide ligases use the energy
of ATP and others the energy of nicotinamide adenine dinucleotide to

form the phosphodiester linkage which joins the adjacent DNA chains.

To summarize, current evidence supports the Okazaki model.
Short pieces of newly synthesized DNA are rapidly attached to larger
daughter chains. This joining appears to be effected by polynucleo-
tide ligases. Thus, normal in vivo DNA replication may require the
presence, in close proximity, of both DNA polymerase and polynucleo-=

tide ligase.
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Finally, it should be pointed out that in vivo DNA replication
is a regulated event occurring under cellular control. In the next
section we will discuss what is known about controlled DNA replica-

tion, especially as applicable to nucleated, eukaryotic cells,

B. Cellular Control of DNA Synthesis

In higher, eukaryotic cells, chromosomal DNA is duplicated in
‘interphase before cell division (Howard and Pelc, 1953). DNA repli-
cation is temporally constrained to a period of synthesis, S, located
in interphase. Cellular proliferation thus involves DNA synthesis
followed by division, DNA synthesis, division, etc. When conjoined
with the intermediate time gaps, this pattern describes a cyclic
sequence known as the cell cycle (Fig. 2). Cell cycle studies can
be readily carried out with continuous cell lines (Puck, 1964; Puck
and Steffen, 1963; Puck et al., 1964; Clever, 1967). Gl, S, G2 and M
phases vary in duration from cell type to cell type, but are constant
for any one cell type under specified growth conditions (Clever, 1967).
Figure 2 depicts the phase durations for the L cell (Stanners and Till,

1960; Clever, 1967).

Finer levels of control are apparent within the synthetic
period, S. Autoradiographic analysis reveals multiple foci of inde-
pendent syntheses on each chromosome (Taylor, 1960). Activation of
these sites occurs in a defined temporal sequence within S phase
(Hsu, 1964). Temporal control over activation operates on a sub-
chromosomal level. Translocation of a segment of an early replicating,
autosomal chromosome to a late replicating, sex chromosome does not
change the early replication pattern of the translocated segment
(Stubblefield, 1966). Finally, it has been demonstrated biochemically
that DNA replicated early (or late) in one S phase is replicated early
(or late) in the next S phase (Mueller and Kajiwara, 1966).

By what mechanism is the enzymatic machinery of DNA replication
so precisely regulated? Available evidence suggests that the cytoplasm
plays a role. Nuclear transplantation and cell fusion studies, as well
as in vitro experiments with cell fractions, demonstrate the presence

of cytoplasmic regulatory factors.
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Figure 2. The cell cycle.



1. Evidence for Cytoplasmic Control

Prescott and Goldstein (1967) have examined the regulation of
DNA synthesis using nuclear transplantations among amoebae., DNA
synthesis can be induced in a G2-phase nucleus by transplanting it
into an S-phase cell. Conversely, DNA synthesis in an S-phase nucleus
ceases upon transplantation into a G2-phase cell., Control experiments
show that transplantation of S-phase nuclei into S-phase cells does
not inhibit nuclear DNA synthesis; and, transplantation of G2-phase

nuclei into G2-phase cells does not initiate nuclear DNA synthesis.

Transplantation experiments utilizing the large ciliate,

Stentor coeruleus, have yielded similar findings (de Terra, 1967),

Transplantation of Gl-phase nuclei into S-=phase cells initiates DNA
pyoduction in the transplanted nuclei. Synthesis ceases in S-phase
nuclei upon transplantation into Gl-phase cells, Control experiments
show that transplantation of Gl-phase nuclei into Gl=phase cells

does not initiate synthesis, and, that transplantation of S-phase

nuclei into S-phase cells does not inhibit ongoing synthesis.,

In summary, transplantation experiments suggest that DNA
synthesis is controlled by the presence of factors residing in the
cytoplasm of cells, DNA synthesis could be positively controlled by
a cytoplasmic stimulatory factor present in S~phase, but not in Gl=-
or G2-phase cells, Alternatively, DNA synthesis could be negatively
controlled by the presence of a cytoplasmic inhibitory factor present
in Gl- and G2-, but not in S-phase cells. Additional findings tend
to support the positive control hypothesis and rule out inhibitory
cytoplaémic substances. When S-phase cells of stentor are grafted
to Gl-phase cells of equal size, DNA synthesis is initiated in the
nucleus of the Gl-phase cell, not inhibited in the nucleus of the
S-phase cell (de Terra, 1967). Similarly, fusion of animal cells
active in DNA synthesis with inactive cells can stimulate the inactive
cells to undergo synthesis (Harris, 1965)., Hen erythrocytes, rat
lymphocytes, and rabbit macrophages do not replicate DNA when cultured

separately or when fused with themselves., When these cells are fused
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with HeLa cells, the presence of HeLa cell cytoplasm can initiate DNA
synthesis in their inactive nuclei. Since DNA synthesis in HeLa cell
nuclei is not inhibited in heterokaryons, the presence of an inhibitor
in the cytoplasm of inactive cells is unlikely. Thus it appears that
nuclear DNA synthesis can be initiated in the nuclei of normally

inactive cells by admixture with the cytoplasm of proliferating cells.

When supplied with deoxyribonucleotide triphosphates, isolated
nuclei can produce small amounts of DNA without the addition of
exogenous, denatured, template DNA. Under these conditions, hen
erythrocyte nuclei do not make much DNA (Thompson and McCarthy, 1968).
Addition of cytoplasm from rapidly proliferating mouse L cells causes
a 25-fold increase in synthetic rate. Cytoplasm from normal, station-
ary phase mouse liver does not stimulate., The cytoplasmic factor

causing this increase is not DNA polymerase.

In conclusion, several lines of evidence point to a positive
control over DNA synthesis. The cytoplasm seems to contain factors
which are necessary, and perhaps sufficient, to cause initiation of
nuclear DNA synthesis at appropriate times in the cell cycle. It is
appropriate then to consider in more detail a regulatory mechanism

which uses positive effectors or initiators.

2, Control in Bacteria

In 1963, Jacob and coworkers proposed a model for the control
of DNA synthesis in bacterial systems. They concluded that the evi-
dence then available indicated the necessity for definite units of DNA
replication; units over which positive control was exerted by the
presence or absence of a diffusible initiator substance, In their
model the unit of replication, the replicon, carries two specific
determinants. One determinant is a structural gene controlling the
synthesis of a specific initiator. A second determinant is a specific
DNA site, a replicator, with which the initiator interacts to instigate

replication of DNA,

Autoradiographic and genetic evidence indicates that the bac-

terial chromosome replicates as a single unit. The elegant
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autoradiographic studies of Cairns (1963) demonstrate that the E. coli
chromosome consists of a single, circular piece of double-stranded DNA.
Chromosome replication involves the progressive, sequential duplication
of the circular DNA molecule at a single growing fork as depicted in
Figure 3(a)., Genetic analysis of the bacterial chromosome indicates
that replication occurs sequentially from a definite point of origin

to a point of termination. The duplication of an integrated E. coli
prophage takes place abruptly at a definite time in the replication
cycle of cell DNA (Nagata, 1963). This time relates directly to where
the prophage is integrated into the circular genetic map of the

bacterium.

Another genetic approach using B. subtilis confirms this result
(Yoshikawa and Sueoka, 1963). Frequencies of various genetic markers
were compared in the exponential and in the stationary phases of
growth using a transformation assay. The frequency of each marker in
exponential growth was directly correlated with its position on the
chromosomal genetic map. Markers nearer the point of origin of
chromosome replication were present at higher frequencies than markers

located toward the point of termination of replication.

There is evidence that replication of the bacterial chromosome
requires the presence of an initiator, a special protein, Maalde and

Hanawalt conducted experiments utilizing a mutant of E. coli that

required thymine, arginine, and uracil (Maalde and Hanawalt, 1961;
Hanawalt et al., 1961). They concluded that the need for protein
and/or RNA synthesis was only expressed at a particular stage in
chromosome replication. Protein and/or RNA synthesis was necessary
to initiate, but not to sustain, ongoing chromosomal replication.
More recently, it has been shown that amino acid deprivation, in par-
ticular, causes replication to stop at a particular point on the

bacterial chromosome (Lark et al., 1963).

Treatment of E. coli with phenethyl alcohol can selectively
stop DNA synthesis without affecting overall RNA and protein syntheses
(Lark and Lark, 1966). Chromosomal duplication continues until a

particular region of the chromosome is reached. Replication ceases



11

(O) origin (site of initiation)

(T) terminus

Figure 3a. Replication of the E. coli chromosome in the normal circular
form and in a hypothetical linear form.
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at the same region at which it ceases when protein synthesis is
inhibited. The location of this region is an inherited property and
can be considered as the initiation point (origin) for chromosomal
duplication. Results of phenethyl alcohol studies indicate that two
kinds of proteins are involved in the initiation process. The
synthesis of one kind is blocked by chloramphenicol, but not by
phenethyl alcohol. This protein accumulates in cells treated with
phenethyl alcohol and supplied with amino acids to support protein
synthesis. After removal of phenethyl alcohol, this protein manifests
itself by allowing several cycles of réplication to occur in the
presence of otherwise inhibitory concentrations of chloramphenicol.
The second kind of protein involved in initiation does not accumulate
in the presence of phenethyl alcohol since amino acids must be present
for DNA synthesis to begin after removal of phenethyl alcohol. The
synthesis of this second protein appears to be sensitive to phenethyl

alcohol, but resistant to chloramphenicol treatment.

We can draw the following conclusions concerning the replication

of the bacterial chromosome:
a, The bacterial chromosome replicates as a unit.

b. Replication is sequential, starting from a particular region

of the chromosome, the origin.

c. Initiation of replication requires the synthesis and

presence of initiator protein.

3. Model for Control in Mammalian Cells

Autoradiographic studies on animal cell chromosomes demonstrate
that DNA duplication involves the regulated replication of units much
smaller than complete chromosomes. What are these controi units like,

and what properties do they have in common with the bacterial chromosome?

Studies of structural units of mammalian DNA replication can be
performed on pulse-labeled DNA isolated for autoradiography. The
chromosomal DNA of Chinese hamster cells is found to be replicated in

many tandemly-joined sections (Huberman and Riggs, 1968). Within each
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active "replication section', two growing forks diverge from a single
median point of origin and move toward the two termini of the section.
The independently replicated sections have average lengths of 30 p

(60 x 108 daltons), but lengths may range up to 100 u. A recent

study on the phenol extractability of units of newly synthesized DNA
tends to confirm this size estimate based on autoradiography (Friedman
and Mueller, 1969). An average mammalian cell nucleus contains 3 x
106 p of DNA (DuPraw, 1968). Therefore, the chromosomal DNA comple-
ment of a single cell would be equivalent to ca. 100,000 replication

sections.

HeLa cell DNA is also replicated in sections on long, continu-
ous DNA strands (Cairns, 1966). A consideratibn of the time required
for in vivo chromosome replication withbthe linear rate of DNA repli-
capion leads to this implication: the mammalian chromosome,. of
necessity, averages about 100 simultaneouély active réplication
sections throughout S phase. Mofe'indirect, double-label, density
gradient studies confirm the autoradiographic findings (Painter et al.,
1966; Taylor, 1968a; Taylor and Miner, 1968). From these indirect.
approaches one can conclude that, on the average, 25-250 simultaneously

active replication sections must exist per chromosome during S phase.

Figure 3(c) diagrammatically shows the progressive activation
of a small number of replication sections during the replication of
a region of chromosomal DNA,  As shown in Figure 3(b), ;a ‘repli~
cation section can be visualized to be the result of an origin to
origin fusion of two small "bacterial-like'" chromosomes. The product
of such a fusion would be repiicated by two growing forks diverging
from a common origin and would present an autoradiographic picture

similar to that of a single réplication section.

Enzymatic digestion studies and patterns of chromosome breakage
and segregation are most easily explained if the backbone of the
chromatin fiber, and in turn of the chromosome, is taken to be a very
long piece of DNA (MacGregor and Callan, 1962; Sasaki and Norman,
1966; DuPraw, 1965; Taylor, 1963; Huberman and Riggs, 1966; Terasima
and Tsuboi, 1969; Taylor et al., 1957). If such is the case, then
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Figure 32. Model for the formation of a replication section from two
linear chromosomes fused origin to origin.
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Replication of a region of mammalian chromosomal DNA through

activation of replication sections.

Figure 3c.
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the multi-focal initiation of DNA synthesis on an intact chromosome
indicates multiple regions of simultaneous DNA replication on a long
piece of chromosomal DNA., Each region of synthesis could represent
the replication of a group of coordinately controlled replication
sections., In fact, the autoradiographic evidence obtained from
studies of isolated DNA indicates -that groups of adjacent replica-
tion sections do undergo simultaneous replication (Huberman and Riggs,
1968). Perhaps a group of adjacent replication sections, such as

the group of three with origins O’ in Figure 3(c), makes up a larger

regulatory unit.

The asynchronous pattern of replication of these groups of
replication sections (chromosomal regions) can be explained in
several ways. One initiation factor may be responsible for all
initiations, A declining series of site-determined affinities for
this factor could result in the progressive, ordered replication of
all of the chromosomal DNA. On the other hand, different initiation
factors might be sequentially produced during S phase. These would
then initiate synthesis at specific receptor sites. Both possibili-
ties would demand identifiable differences among groups of coordinated
replication sections representing chromosomal regions of DNA synthesis.
Such differences might reflect regional differences in the macromole-
cular configuration of chromatin or in the specific base sequences

defining the origins of replication sections.

As mentioned above, the initiation factors involved in bacter-
ial DNA replication appear to be proteins (Maalde and Hanawalt, 1961;
Lark and Lark, 1966). Furthermore, the bacterial initiator proteins
appear to be sufficiently unstable so that concurrent protein synthe-
sis is generally required to initiate replication at the chromosome
origin (Fig. 3a). If the mammalian chromosome is functionally
related to the bacterial chromosome, as indicated by previous discus-
sion, then initiation at the origins of replication sections (Fig. 3c)
may require the presence of initiator proteins. Furthermore, continual

protein synthesis may be required if these initiator proteins are in

any way unstable,
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Puromycin and cycloheximide are potent inhibitors of protein
synthesis characterized by defined modes of interaction with the
translational machinery (Williamson and Schweet, 1965; Columbo et al.,
1966; Felicetti EE 31., 1966). Treatment of mammalian cells with
these drugs does not affect the cellular levels of deoxyribonucleotide
precursor enzymes or of DNA polymerase for several hours (Bennett
et al., 1964; Powell, 1962a,b; Littlefield and Jacobs, 1965; Kit et
al,, 1969). Yet cellular DNA synthesis is rapidly inhibited upon
addition of these inhibitors of protein synthesi<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>