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THE PROBLEM

Since the genesis of virology, which began with the demon-
stration of the filterability of the infectious agents of tobaccé
mosaic diseases, attention has been directed to characterizing the
viruses and investigating the epidemiologic aspects of their associated
diseaée states. Early in the history of this field the need for intact
host cells for virus reproduction was recognized and considerable in-
formation has accumulated regarding the fundamental relationships be-
tween virﬁses and cells, but generally these studies have largely centered
around the virus rather than the cell, In recent years new impetus was
given to studies of virus-host cell interrrelationships by the development
of tissue culture techniques. This has allowed for more exacting observa-
tions on virus multiplication, especially with respect to the nature of
the infected cell. |

It is generally accepted on the basis of present knowledge that
viral infection of a cell may be divided into four states: 1. adsorption;
2. penetration; 3. intracellular multiplication; 4, release of virus
particles. The time required to complete a single cycle of virus growth
depends on the properties of both the virus and the host cell, and on
the environmental conditions.,

Least is known concerning the third stage of the infectious
process, that is, intracellular virus multiplication. One characteristic
feature of this stage of feplication by small viruses is the "etlipse

period" during which it is impossible to recover infectious viral particles



by breaking open the infected cells. This suggests that actively
multiplyihg vegetative virus is structurally different from mature
virus particles. A virus, once within its host cell, seems to behave
as a component of an integrated functional‘cell system, yet it retains
its genetic and biochemical individuality.

Since viruses have been found to be essentially nucleoprotein
in composition, it is reasoned, largely by analogy with bacteriophage,
that the viral nucleic acid separates from the viral protein, and hence
the viral nucleic acid, ribonucleic acid or deoxyribonucleic écid,-forms
the initiating element for viral multiplication. Once the viral nucleic
acid is within the cell, there exists a new unit for consideration, not
the virus nor the cell, but the infected cell.

This unit will function to produce in all cases, in addition
to other variable viral materials, viral nucleic acid. Thus nucleic
acid metabolism of the infected cell is an absolute requirement for
viral production and will be the major subject of the present investi-
gation.

To investigate this, cultures undergoing single cycles of
infection have been used allowing interpretations in terms of a single
infected cell. Further, so that the biochemical processes under study
were meaningful, they were rélafed in time to parameters such as the
appearance, accumulation and release of infectious virus.

In planning this investigation consideration was given to
the following questions. Are the biochemical reacﬁions of the infected
cell unique in synthesizing viral materials, or do they occur in the

uninfected cell? In which morphologic component of the cell does this
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"synthesis" occur? In the synthesis of virus are there intermediate
levels of organization of precursor materials which in a step-wise
fashion become more and more virus-like? The data in the present in-
vestigation indicate that after infection of cells by poliovirus, a
considerable synthesis continues of materials which do not constitute

virus and might not be destined to be virus.



HISTORICAL REVIEW

Introduction:

The process of viral multiplication within the host cell is
the central problem of academic virology. There is already a large
volume of information bearing on the changes that take place in infected
cells particularly with respect to morphology. Only.,within the last
decade has advancement begun in the study of the biochemistry of intra-
cellular viral replication. Both aspects have progressed through im-
provement of virological and biochemical techniques.

The behavior of viruses within their host cells can be studied
most ideally under conditions where a known number of suscéptible cells
can be exposed simultaneously to a known number of fully infectious
virus particles, and the resulting events followed quantitatively. For
a long time these conditions have been fulfilled most easily in the case
- of bacterial viruses, which consequently became a model system for the
study of virus multiplication. However, with the advent of the tissue
culture technique, many of the same experimental conditions could be
established with viruses of animal cells. Virus-host cell interactions
can now be studied at the cellular level. The tissue culture system is
also advantegeous in that it eliminates secondary responses, such as,
inflammation, which may obscure the measurement of changes that the
infected cell may be undergoing.

The life pistory of a virus can be divided formally intoc a
numbér of phases. First, there is the attachment of the virus to the

surface of its host cell, followed by penetration. There follows a

-
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period during which the virus can no longer be detected by infectivity
measurements, and during which the intracellular developmeﬁt and matura-
tion of the virus occur. In & later phase viral release from the host
cell occurs. Numerous investigations have been conducted on all these
phases, but in this review only the literature pertinent to the phpse

of intfacellular development and maturation will be discussed. The
information will be derived chiefly from experimental data obtained

from representative animel virus and bacteriophage systems, This review
will attempt to relate the available biochemicael information concerning
the intracellular development of viruses to that obtained through morpho-
logical, cytochemical and immunologic means. Effort will be made to |
describe these pafticular observat;ons recorded in the literature without
prejudice as to their ultimate validity.

(a) Fate of the Infecting Particle: One of the most signifi-

cant accomplishments of modern virus research has been the elucidation

of the fate of thé infecting virus pafticle. Non-recoverability or the
"eclipse phase" of ﬁhe infecting virus inoculum has’ been reportedlfor

the influenza virus system by‘Henle and Henle (1949), and Ackermenn and
‘Mpassab (1954); the psittacosis virus system by Sigel, et al,, (1951),

and Giraerdi, et al., (1952); vaccinia virus system by Crawford and Sanders
(1952); Western equine encephalitis virus system by Dulbecco and Vogt (1954);
poliovirus system by Ackermann, et al., (l95h),‘and Howes and Melnick,
(1957); herpes simplex virus system by Kaplan (1957), and Gostling (1956);
and phage systems by Putnam and Kozloff (1950), and Doerman (1952), and
appears to be a general phenomenon. However, the underlying mechanisms

for each of the above systems may be different,
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At present little or no information, concerning the fate of
the virus particle, can be derived from electron microscopical, cytological
or immunological studies. However, these studies do confirm the disappear-
ance of the virus particle, for virus or virus-like particles are not
observed until late in the intracellular phase of the multiplication
process (Wyckoff, 1948; Morgan, et al., 1956; Buckley, 1956; and
Breitenfeld and Schgfer, 1957).

Through chemical and isotopic means, Hershey and Chase (1952)
ard French (1954), have shown that intra-bacterial growth of T2 is
initiated, ﬁét by the penetration into the bacterium of the phage particle
as a whole, but by injection of some "priming materisl"”. The primer con-
sisted of all the DNA and only about 4 per cent of the protein of one
phage particle (Hershey, 1955). Analyses of the protein material in
the primer reveals two distinct polypeptide components (Hershey, 1957).
However, both are not transferred together with the DNA from parental
to offspring phage.

Among animal virus systems, Hoyle and Frisch-Niggemeyer (1955),
employing P52-labeled influenza virus, found that on entry into the host
cell (choriocallantoic membrane), the virus particle disintegrates, and
the isotope derived from virus phospholipid can be recovered from the
infected membranes in the form of small molecular weight compounds, which
are not precipitated by protein precipitants or seflimentable at high
speeds. Although a small fraction of labeled nucleic acid is recover-
able from the infected membrane with physiological saline, a larger
part of it can only be recovered if the cell nuclear material is dis-

solved in molar sodium chloride. This latter fraction is present partly



as a nucleoprotein and partly as free nucleic acid. The authors
suggested that on entry into the cell, the virus particle is broken
down, the phospholipid destroyed, and the nucleoprotein disintegrated
with the release of free nucleic acid, which enters into a close rela-
tionship with the cell nuclear material. |

Indications that the virus after entrance into the cell has now
assumed a new identity, have been shown by its greater resistance to
irradiation as compared to the free virus. This has been seen in
several viral systems and using different radiation sources (Latarjet,
1953; Dulbecco and Vogt, 1955; and Franklin, 1958). Benzer (’1952) has
suggested that changes in radiation sensitivity of the virus~host cell
complex may represent a progression from one step to another in the
development of new virus.

Several lines of indirect evidence empiloying various appnoaches
indicate the possible existence of a '"naked nucleic acid phase" at the
beginning of the growth cycle of the virus. The intracellular multipli-
cation of both influenza and tobacco mosaic viruses has been shd@n by
Le Clerc (1956) and Hamers-Castermann. and Jeener (1957) respectively,
to be suppressed by ribonuclease if the latter is given up to two hours
after infection. The free virus is resistant to the action of this enzyme.

With the use of anion-exchange chromatography, Cochran and
‘Chidester (1958) have been able to differentiate an infectious component
containing RNA from the mature nucleoprotein particle where both are
present in homogenates of leaves infected with tobacco mosaic virus.

The relative contribution to the total infectivity of these two components
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appears to vary with the age of the infection. ZIEarly in the infectious
sequence a maJjor portion of the total infectious activity is sensitive
to ribonuclease, but not so later.

Since the initial study of Grierer and Schramm (1956) on the
isolation of infectious ribonucleic acid from tobacco mosaic virus,
the infectivity of ribonucleic acid preparations from different animal
viruses has been reported by Colter, Bird and Brown (1957) for Mengo
encephalitis virus; Wecker and Schafer (1957) for Eastern equine ence-
phalitis virus; Colter, et al., (1958) and Alexander, et al., (1958) for
poliovirus; and Cheng (1958) for Semliki Forest virus. That the ribo-
nucleic acid preparation is the unit responsible for infectivity and
genetic cohtinuity was clearly demonstrated by Fraenkel-Conrat and
Singer (1957) with the use of two strains of tobacco mosaic virus.
They combined the nucleic acid from strain HR with the pirotein shell
of a different strain, and observed after infection of tobacco leaves
with the recombined unit, the production of virus possessing only the
serological and chemical properties peculiar to the HR strain. However,
it must be remembered that in the case of the animal viruses, there is
yet no clear evidence that RNA is the only material which enters the cell.

Preparations of deoxyribonucleic acid from T2 bacteriophage,
infectious for protoplasts, have been reported independently by Spizizen
(1957) and Fraser, et al., (1957). However, a certain degree of protein
has been found to be associated with the infectious DNA preparation.
Removal of this protein material appears to render the preparation non-

infectious.
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Other lines of indirect evidence indicating the formation of a
new entity after the entrance of the virus particle into a cell have been
obtained through the genetic approach, for example, the recombination
studies in phage and influenza virus systems (Visconti and Delbr&ck,
1953; and Burnet and Lind, 1954); and transformation studies on fibroma
and myxoma viruses (Berry and Dedrick, 1936).

(b) The Infected Cell: Despite the loss of infectivity and

structurally visible components which occurs with the entrance of the
virus particle into the host cell, one can observe certain morphological
and chemical changes occurring in the cell before the appearance of new
viral progenies.

It may well be impossible to provide any general statement about
the influence of viruses on the cells in which they multiply. We have to
deal on one hand with viruses of very different size, morphology and
chemical composition which may well multiply by different methods and,
on the other, with the host cells of very different quality. Neverthe-
less, in attempting a general discussion of virus-infected cells, the
only practical approach would seem to be to choose a few well studied
examples and comment on biochemical, morphological and histochemical
observations, as well as the distribution and development of virus
particles and viral related and nonrelated structures.

Earlier investigations of changes in host cell metabolism during
viral infection was at first limited to the observation of respiratory
activity. Measurements involved complex biological systems such as,
embryonated eggs (Parodi, et al., 1948; McLimans, et al., 1950; and
Pinkerton, et al., 1950), and thus the results cannot be readily inter-

preted.
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The respiration of several mammalian tissues, such.as, the
chorioallantoic membranes infected with either influenza, myxoma or
vaccinia viruses (Ackermann and Francis, 1954; Kun and Smith, 1950; and
Overmann and Tamm 1957), and Hela cells with poliovirus.(Ackermann and
Francis, 1954), has been measured and was found to remain fixed at the
preinfection rate throughout the period of viral development and release.

This was also found to be true for Escherichia coli infected with either

the T2 or T4 coliphages (Cohen and Anderson, 1946).

A dependence on aercbic respiration of host cells for synthesis
of new virus has been shown for several animal virus-cell systems. Under
anaerobic conditions, virus production was markedly reduced or abolished
in cultures of influenza virus and chorioallantoic membranes (Ackermann,
1951), and feline ppeumonitis virus and yolk sac (Moulder, et al., 1953).
However, working with poliovirus and Hela or monkey kidney cells, Gifford
and Syverton (1957) found that even under anaerobic conditions the yield
of poliovirus per destroyed cell was essentially unaltered, though the
rate of production was reduced.

So far, all the results on the study of energy réquirements for
synthesis of Viruséé, have been interpreted in terms of well-known metabolic
pathways., The implication of the Krebs cycle as a possible source of the
energy for virus multiplication has been demonstrated by several investi-
gators through the use of metabolic antagonists. Ackermann and Johnson
(1953), and Eaton and Perry (1953), have shown that 2,L4-dinitrophenocl
inhibits the growth of influenza virus in the chorioallantoic membrane.
The action of this substance appears to be due to an uncoupling of phos-

phorylation from oxidation.,
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It has been shown by Ackermann (1951 a, b) that administration
of fluoroacetate or malonate, which inhibits the oxidation of citrate,
and dehydrogenation of succinate, respectively, prevents viral sypthesis.
Using the same inhibitors, Moulder, et al., (1953) and Zahler and Moulder
(1953), obtained similar results with the pneumonitis virus, and concluded
that the energy for the synthesis of pneumonitis virus is probably supplied
by high energy phosphate bonds generated by the aerobic oxidation of endo-
genous substrates.

Ackermann (1951) has shown that an energy source such as glucose
is necessary for synthesis of certain strains of influenza type A virus
in choriocallantoic membranes suspended in a synthetic medium. Levine and
Rouse (1957), using a non-neurotropic (WS) and a neurotropic (NWS) strains
of influenza type A virus, confirmed Ackermann's findings. However, they
found that pyruvate could serve as a sole source of energy for only the
WS strain. The strain NWS when grown in pyruvate appeared to form a
latent type of infection, for when glucose was added later, virus multi-
plication occurred. When other types of influenza viruses and some strains
of Newcastle disease virus were tested for their ability to multiply in the
presence of pyruvate, they all gave various rates of multiplication. The
need for glucose as an energy source for poliovirus multiplication in Hela
or human amnion cells has been shown by Eagle and Habel (1956) and Becker,
et al., (1958). The latter authors also found that inhibitors of the
oxidative pathways of glucose metabolism such as, potassium cyanide or
sodium azide, did not effect either cell maintenance nor viral reproducs
tion, and assumed that glycolytic rather than oxidative processes are

important for reproduction of poliovirus.
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Although glucose utilization via the oxidative pathway is

sharply curtailed in phage-infected Escherichia coli, the energy for
phage synthesis also appears to be a product of host enzyme activity
ghunted from use in bacterial synthesis (Cohen and Roth, 1953; Cohen

and Weed, 1954; and Lanning and Cohen, 1955). The rate of glucose uptake
is not altered, but less of the metabolized glucose is degraded by the
oxidative pathway in the infected cell than in the normal cell. There

is a predominent switch to the anaerobic pathway in the infected cell
(Cohen, 1951). Inhibitors that block the energy-yielding process of
bacteria were found to prevent phage reproduction.

In the animal virus-cell system, the exogenous requirements
for viral synthesis appear to be very simple. Nearly all the require-
ments for viral synthesis are supplied by intracellular sources. For
example, Eagle (1955) and Eagle and Habel (1956) showed that the amount
of poliovirus produced by Hela cells was quantitatively unaffected by
the omission of serum protein, amino acids, or vitamins from a basal
medium. In such a deficient medium the protein components of the virus
are necessarily built up entirely at the expense either of the host cell
protein or of its aminc acid and peptide pool; and if cofactors are
required for that synthesis, those already in the cell, or their pre-
cursors, suffice. On the other hand the omission of both glucose and
glutamine from the medium resulted in a marked decrease in virus pro-
duction. The omission of each singly either had no effect or caused
only partial reduction., Fagle and Habel (1956) postulated that glucose

and glutamine are used elther, as sources of energy, as precursors for
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the synthesis of viral nucleic acid, or both. Ackermann (1951) has
shown that maximal yields of influenza virus can be obtained from in-
fected chorioallantoic membranes maintained only in the presence of
inorganic salts and glucose.

The exogenous nutritional requirements for phage reproduction
are also quite simple. Phage reproduction can be obtained from bacteria
maintained only in the presence of inorganic salts and glucose zCohen,
1949; and Luria, 1953). However, in bacteria that require for growth
a supply of some essential building block such as an amino acid, phage
synthesis requires the same supplement (Raff and Cohen, 1950; and Burton,
1955) .

Many investigators have unsuccessfully sought for some change
in the enzymatic activity of the infected cell that might give a clue
toward explaining the influence of the virus on cell metabolism. The
search for specifically altered enzymatic activities or appearance of
new enzymes upon infection with animal viruses, has so far not been very
suceessful. The early investigations involved the use of whole animals,
and the changes observed were probably complicated by secondary processes,
such asklJ inflammation. Bauer (1955) has summarized a variety of studies
of the changes produced in animal tissues following virus infection.
Changes in the activities of certain enzymes have been observed in
poliovirus-infected Hela or monkey kidney cell cultures (Matzeit, et al.,
1958; and Kovacs, 1956), and also in chorioallantoic membranes infected
by a variety of animal viruses (Kun and Smith, 1954). However, whether
these changes in enzymatic activity upon infection are specifically and
directly involved in the synthesis of the viral particle awaits further

development .
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So far changes in enzymatic activity wholly ascribable to virus

infection have been found only in the Escherichia coli bacteriophage systems.

In the phage system one might anticipate both qualitative and quantitative
alterations in the activity of enzymes involved in nucleic acid metabolism,
for host DNA is degraded for transfer to virus progeny"(Putnam, 1953;
Evans, 1954), and DNA containing a new kind of pyrimidine is being formed
(Wyatt and Cohen, 1953).

While investigating the activity of nine bacterial enzymes in

phage-infected Escherichia coli, Pardee, et al., (1953) found that only

deoxyribonuclease aétivity was enhanced. Kozloff (1953) independently
also discovered this increase in deoxyribonuclease activity, and traced
this to destruction of a specific deoxyribonuclease inhibitor., The in-
hibitor was identified as a particular kind of RNA in the host cell.
Recently, Flaks and Cohen (1958) have isolated from phage-infected
bacteria an enzyme that will hydroxymethylate deoxycytidine-5-phosphate
in an in vitro system. Thus the major quantitative and qualitative
change in enzymatic activity upon phage infection is ascribable to
release of an inhibitor and the enzymatic pathway for synthesis of
hydroxymethylcytosine, respectively,

Both Monod and Wollman (1947) and Benzer (1953) have shown
that adaptive enzyme formation of p-galactosidase in phage-infected

Escherichia coli B wcells, grown in the presence of lactose, is inhibited

within a few minutes after addition of phage, that is, after allowance
of time for adsdrption. All further production of this enzyme is blocked.
This holds true regardless of the level of activity before infection. The

enzyme level is "frogen", neither increasing nor decreasing during the
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subsequent growth of phage. This effect is not characteristic of all

phages, for Jacob (1952) showed that infection of Pseudomonas pyocynea

by a temperate phage fails to block completely bacterial growth or
synthesis of glucozymase. Siminovitch and Jacob (1952) also observed

the Escherichia coli K12 could still synthesize p-galactosidase during

the induced development of phage A. Although the adaptation towards
oxidation of acetate, alanine and lactose was completely inhibited by
infection with T2 coliphage, in marked contrast, the formic hydrogen
lyase system was greatly stimulated (Joklik, 1952). The induction of
the latter system occurred more rapidly in infected than uninfected
cells.

Profound chemical alterations in protein, nucleic acid and
carbohydrate metabolism have been observed to occur in the infected
bacteria during the course of phage multipliéation. Although a search
for similar biochemical changes accompanying the multiplication of
animal and plant viruses has not been as fruitful, certain chemical,
isotopic and cytochemical changes have been reported to occur. Most
attention has been focused on nucleic acid and protein synthesis and on
amino acid, phosphorus and nucleotide metabolism. In most of these
studies, isotopic techniques have proved to be a valuable tool.

Increase incorporation of the isctope P52 into the various
nucleic acids of the cell has been observed in several animal and plant
viral systems such as, the feline pneumonitis virus-yolk sac system
(Moulder, 195k4); encephalomyocarditis virus-Erhlich ascites tumor cell

system (Levy, et al., 1956); poliovirus-HeLa or human amnion cell systems



~16-

(Miroff, et al., '1957; Becker, et al., 1957; and Rothstein, et al.,
1958); and in the turnip yellow mosaic virus-Chinese cabbage leaf
system‘(Matthews, 1958). 1In most of these studies no increases in the
concentrations of the nucleic acids were observed. Both Miroff, et al.,
(1957) and Becker, et al., (1957) did not determine the concentrations
of the nucleic acids, However, Matthews (1958) found an increase in
total RNA of the infected leaves, which is entirely accounted for by
the amount of virel RNA that can be isolated in combination with the
virus protein antigen. Also analyses of the bases showed that when the
values: for the healthy leaf are subtracted from those for the virus-
infected material, the ratios obtained resemble that of the virus. A

similar study with tobacco mosaic virus in Nicotiana glutinosa leaves

by Basler and Commoner (1956) indicates that the excess RNA which
accumulated in the infected leaves before the appearance of mature
virus particles, is quite similar in composition to that found in
viral RNA.

In all the above studies, the infective agents used were
those which belong to the RNA-containing group of viruses. Recently,
Newton and Stoker (1958) observed a progressive accumulation of DNA
in Hela cells infected with herpes virus. No further characterization
of the excess DNA was done, but the authors suggested that it might
represent either viral nucleic acid which was not incorporated into
particles, or that it was Hela cell DNA, normal or abnormal, which
was produced as an indirect manifestation of virus multiplication.

Increased incorporation of radioactive phosphorus into the
various nucleotide components of the acid-soluble fraction of chorio-

allantoic membranes infected with influenza virus (Johnson and
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Ackermann, 1958), and also into the phospholipid fractions of the same
virus-tissue system (Cohn, 1952), has been observed. The increased
incorporation of the isotope into the phospholipid fractions of Hela
cells infected with poliovirus, was also described by Miroff, et al.,
(1957) -

Cytochemical evidence appears to lend further support to the
chemical and iéoiopic observations, that alterations in nucleic acid
metabolism are occurring in the virus-infected cell. Changes in the
various nucleic acids of the infected cell have been suggested in
several animal vifﬁs—cell systems through the use of a variety of
basophilic stains. Increasing cytoplasmic basophilia, together with
nuclear chromatin changes and pyknosis, have been observed in several
types of tissues infected with poliovirus (Ackermann, et al., 1954;
Harding, et al., 1956; Reissig, et al., 1956; and Howes and Melnick, 1957).
These changes begin before the appearance of mature particles intra-
cellularly. With the use of the methyl green-pyronin stain, Burnet
(1955) observed a déepening in pyronin staining (RNA) with time, in
allantoic membrane cells infected with influenza virus. The increase
in bNA content in the nuclei of Hela cells infected with the adenovirus
has been detected by Boyer, et al., (1957) by means of Feulgen microspectro-
photometry., Whethér the higher DNA quantities observed were due to viral
DNA or due to an unusual and irregular synthesis of nuclear DNA induced
by the presence of the virus could not be decided with certainty from
the data available.

Changes in the free amino acid balance have been reported by

Johnson, et al., (1956) in chorioallantpic membranes infected with
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influenza virus, and by Commoner and Nehari (1953) in Nicotiana glutinosa

leaf infected with tobacco mosaic virus. With the use of two amino acid
analogues, fluorophenylalanine and methoxinine, Ackermann and Maassab

(1954) and Maassab (1955), have been able to differentiate two separate

and distinct stages of influenza virus development in chorioallantoic
membranes, which appear to require phenylalanine and methionine respectively,
as normal metabolites. Increases in protein content have been observed by
Matzelt, gE‘gl., (1958) in Hela cells infected with poliovirus, and by
Nossel and de Burgh (1953) in mouse liver cells infected with ectromelia
virus,

As soon as phage DNA has been injected into the bacteria, several
metabolic activities occur. There is almost immediate protein synthesis,
This initial requirement for protein synthesis in the step-wise development
of the T-even phage was clearly demonstrated through the use of chloramphen-
icol, which stops both induced enzyme biosynthesis and net protein synthesis

in Escherichia coli., It was found by Crawford (1957), Tomizawa , et al.,

(1956) and Rosenbaum and Preston (1958), that treatment of bacterial
cells with chloramphenicol before T2 infection results in an inhibition
of DNA synthesis. If, however, protein was allowed to be synthesized for
& few minutes and then halted by use of chloramphenicol, the infected
cells can still form phage DNA. Crawford (1957) in a further extension
of his studies observed a difference in the effect of chloramphenicol

on DNA syntheses between T-even and T-odd infected cells. Pre-treatment
with chloramphenicol in T-even infected systems inhibited DNA synthesis,
whereas with the T-odd systems it did.not. Thus prior protein synthesis

seems to be necessary for synthesis of DNA of T-even phages but not for
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others. This difference the author feels can be connected to the occurrence
of 5-hydroxymethylcytosine (5-HMC), which is only found in T-even phages,
and the metabolism of this compound might involve formation of new enzymes.
However, the same author (1958) récently found that one of the T-odd phages,
T5, does require prior protein synthesis, even though it does not contain

5-HMC. Throﬁgh the use of amino acid-requiring mutants of Escherichia coli,

Burton (1955) has endeavored to study the separate aspects of protein and
nucleic acid synthesis, and has shown that the synthesis of phage DNA is
dependent on the initial synthesis of proteins,

Cohen (1948 a,b) made the striking observation that in infected
cells, RNA production "ceases" abruptly, whereas DNA synthesis is stimu-
lated about threefold. The phosphorus that would normally enter host ribose
nucleic acid and host deoxyribonucleic acid, is diverted to the rgpid
synthesis of viral nucleic acid, that is solely of the deoxyribose type.
The same author (1951), studying the metabolism of glucoseml-Clu in normal
and phage-infected bacterial cells, observed that considerably less glucose
was metabolized by the oxidative phosphogluconate pathway and more by the
Embden-Meyerhof pathway. This result was consistent with the observed
decrease in synthesis of ribose and the marked increase in synthesis of
deoxyribose that was found in viral DNA. However, Cohen and Roth (1953)
have shown that the depression in-utilization of the oxidative phospho-
gluconate pathway as a result of infection is not caused by an inhibition
of the enzymes of this pathway, for substrates such as, gluconate, arabi-
nose and ribulose, can still be used by infected cells for the synthesis
of viral DNA. It was concluded that control of glucose utilization is
determined at some level apart from the enzymes that exist in the pathway

themselves,
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In contrast to the dynamic state of DNA metabolism within

Escherichia coli infected with virulent phage, is the equiescent state

of RNA. Cohen (1948) first observed the lack of turnover of RNA-phosphorus,

an observation confirmed several times by Koch, et al., (1952); Manson,

(1953); and Kozloff, et. al., (1951). In contradiction, Hershey (1953) has

reported, end it has been confirmed by Volkin and Astrachen (1956), that

there is a short burst of strong metabolic activity in the host RNA

immediately after infection. This increased incorporation of P32 into

a specific RNA fraction lasts o few minutes only. This phenomenon might

be connected with the synthesis of the protein, which is required for the

synthesis of phage DNA. Nothing is yet known about the nature of this

protein, which might possibly be the hydroxymethylating enzyme of Flaks

and Cohen (1957), or a series of ehzymes connected with DNA synthesié.

Experiments by Jeener (see Brachet, 1957) on lysogenic bacteria treated

with ultraviolet light tends to implicate the RNA in the initial phases

of phage multiplication. He found that in the presence of ribonuclease,

phage multiplication is inhibited. In a similar system, Hamers (1956)

found that the addition of thiocuracil, which 1s incorporated into the

RNA o the bacteria,}inhibited phage multipliCation° The inhibition

could be reversed by the addition of uracil. Recently Fraser, et al,,

(1957) have shown that removal of RNA from pre-infected T2 or T3 pro-

toplasts with ribonuclease resulted in the inhibition of phage reproduction,
Several instances of the acquisition of new metasbolic capabilities

upon phage infection have been reported for lysogenic systems, for example,

transduction (Zinder and Lederberg, l952), and the conversion of non-

toxigenic Corynebacterium diptherise to a strain producing toxin (Groman,
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1955). There is still only one known instance of the induction of a new
metabolic capability in systems wherein infection leads to the inhibition
of cell multiplication, and where virus synthesis becomes the dominant
metabolic activity; namely, the induction of an active net synthesis of
thymine and of 5-hydroxymethylcytosine (5-HMC) upon T2 infection of a

thymine-requiring mutant of Escherichia coli (Barner and Cohen, 1954).

Neither pyrimidine is synthesized appreciably in uninfected, thymineless
organisms. The mode of synthesis of the virus specific DNA which contains
5-HMC is of great interest. This unique viral pyrimidine is present in
the DNA of the T-even bacteriophages (Wyatt and Cohen, 1953), and is

absent from the nucleic acids of the host bacterium Escherichia coli,

which contain cytosine. It has been shown by Cohen and Weed (1954)
that the pyrimidine ring of viral HMC can be derived from the cytosine
of host bacterium DNA, The same authors have shown that the hydroxy-
methyl substituent of HMC, as well as the methyl group of thymine can
be derived from the p-carbon of serine, but not from the methyl group
of methionine (Green and Cohen, 1957). Cohen, et al., (1958) have shown
that the formation of HMC does not occur in infected cells at the level
of the free pyrimidines or their nucleosides. The formation of HMC has
now been found to take place at the level of the nucleotide by Flaks
and Cohen (1957). These authors have been able to isolate from phage-
infected bacteria, an enzyme that will hydroxymethylate deoxycytidine-
5'-phosphate (deoxy-CMP) in an in vitro system in the presence of
tetrahydroxyfolic-acid and Clumlabeled formaldehyde. Although extracts
of normal cells displayed such activity, it was in lesser amounts, and

the authors were not certain that the very slight uptake of labeled



-00.

formaldehyde with deoxy-CMP in extracts of normal cells led to the
formation of hydroxymethyldeoxy-CMP.

The cytological evidence of phage development appears to support
the changes observed with chemical methods (Iuria and Human, 1950; Murray,
et al., 1950; and Murray and Whitfield, 1953). One of the first changes
noticed in a bacterium after phage infection was an alteration of the
morphology of the bacterial nuclei, the DNA-containing bodies. In fixed
and stained preparations of bacteria infected with phages like T2, the
nuclel were seen to disrupt into chromatin blocks, which move to the
periphery of the cell. The nuclear disruption is followed several minutes
later by appearance of new granular chromatin, which stains Feulgen posi-
tive (Beutner, et al., 1953). With phage T5 similar changes were observed,
but the time interval between nuclear breakdown and the appearance of new
chrometin is prolonged. During this period even though no DNA was oObserved
through cytochemical methods, it was detectable by chemical techniques
(Murray and Whitfield, 1953).

As the viral infection progresses, some antigenic particles which
may be viral or non-viral in serologic character appear in the cell either
before or together with the fully infectious virus particles. This has
been observed to occur in the animal, plant and bacterial virus systems.
These particles in the majority of instances are non-infectious and may
represent intermediate products of virus synthesis, or products that were
never destined to be incorporated into infective particles, or irrelevant
products.

Although strong evidence for the occurrence of developmental
stages of viruses in any cell has not yet been obtained, there is evidence

in the case of animal viruses of the occurrence of a variety of antigens
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which differ in their reaction with complement-fixing and neutralizing
antibodies in immune sera. Antigens other than those in the virus part-
icles themselves are demonstrable by complement-fixation in many virus-
infected tissue suspensions. These are called soluble antigens and are
obtained from infected tissues,

Several antigenic products smaller than the virus particles are
seen in vaccinia-infected tissues. These include the soluble LS antigen
of Craigie (1932), extensively investigated by Smadel and Hoagland (1942);
the hemagglutinin investigated by Nagler (1942), Burnet (1946), and Chu
(1948); and the NP antigen reported by Smadel and Hoagland (1942). These
antigens are distinct from the virus, and are antigenic and the antibodies
produced to them are unrelated to the neutralizing antibodies. There is
evidence that both the LS and NP antigens are surface constituents of the
virus, The LS antigen, which has been crystallized, is a protein of
molecular weight about 240,000 and does not contain nucleic acid. It is
capable of stimulating formation of antibodies which not only precipitate
soluble antigen, but will agglutinate elementary body suspensions. The
NP antigen is a nucleoprotein obtained from elementary bodies by extrac-
tion with dilute alkali, and antibodies made to this antigen will aggluti-
nate elementary bodies. The hemagglutinin is associated with particles
65 mu in diameter according to Chu (1948). Indirect evidence suggests
strongly that it is a lipid-protein complex, and the hemagglutinin action
is due to a phospholipid (Burnet and Stone, 1946). They suggested that
since the hemagglutinin is found in lesgs sbundance relative to virus in
necrotic material of skin or choriocallantoic membranes than the deeper
non-necrotic tissue, its formation may be an early phase in vaccinia virus

multiplication.
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Tissues infected with influenza virus have been found to be
rich in soluble antigen (S antigen)., Depending upon the strain of virus,
relatively little of the S antigen is released along with virus from the
infected cells. The S antigen is serologically distinct from the strain
specific V antigen of the mature virus particle (Henle and Wiener, 19kkL;
and Hoyle, 1945). The S antigen producedniﬁwtissues is type-specific in
that it is identical in all strains of the same type; for example, the
S antigen of influenza A virus is distinct from that of influenza B virus
(Henle and Wiener, 1944; Hoyle, 1945; and Kirber and Henle, 1950). It is
also serologically similar to the soluble antigen which is obtained through
ether disintegration of the influenza virus particle (Hoyle, 1950, 1952).
Both soluble antigens are smaller (12 to 15 mu in diameter) in size than
the mature particle (Hoyle, et al., 1953). Although both were found to
be nucleoproteins (Hoyle, 1952, 1954; and Ada and Perry, 1954), Ada (1957)
reported that the RNA associated with that isolated from cellular debris
differs both in amount and character from that present in the nucleoprotein
isolated from the virus.

Although it is clearly a sub-unit of the virus, the role of the
S antigen in the infectious process is still obscure. Hoyle (1950, 1952,
1953) suggested that the S antigen represents the fundamental multiplying
unit during intracellular synthesis, the repository of biological contin-
uity; however, it cannot initiate the infectious process. His view is
based upon the results of treatment of elementary bodies with ether, their
appearance during the growth cycle of the virus, and electron micrographs

of the S antigen. This concept seems to be supported by the evidence
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obtained through breakdown of seed virus labeled with P52 (Hoyle and
Frisch-Niggemeyer, 1955) and S°° (Hoyle, 1957). It is also supported
by the work of Hoyle (1948, 1952) and Henle and Henle (1949) on the
appearance of S antigen in the infected tissue prior to the development
of V antigen and hemagglutinin activity.

Particles similar to those found in the influenza virus system
have been found in the fowl plague system. Disruption of the fowl plague
virus by ether has been reported by Schgfer and Zillig (1954). The
appearance of the soluble antigen in infected tissues has been demon-
strated by‘Schgfer and Munk (1952) and by Breitenfeld and Schafer (1957).
The soluble antigen obtained through ether disintegration of the elemen=
tary body of fowl plague has been called the "gebundenes antigen" (g anti-
gen) by Schafer and Zillig (1954). As proved by physicochemical, chemical
and serological methods, the S antigen found in infected tissues has many
properties in common with the g antigen from elementary particles (Schgfer,
1957). The evidence obtained here, like that from the influenza virus
system, suggests that the S antigen in fowl plague virus is the RNA-
containing unit of the virus, which is released during infection and
is replicated after infection in the host cell (Schgfer, 1957). In the
same report, the author offers evidence of a serological cross relation-
ship between the g antigen of fowl plague and the S antigen of a strain
of influenza virus (FM/1 strain A', type A).

Two distinct viral antigens present in tissue culture fluid
from monkey kidney cells infected with poliovirus, and which may be
separated by ultracentrifugation, have been repofted by Mayer, et al.,

- (1957). These antigens were named C and D, and differ in physicochemical
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characteristics, in addition to the difference in regard to immunologic
specificity. Particle C is noninfectious, in complement-fixation tests

it reacts predominantly with acute sera, its sedimentation constant is
lower than that of the infectious particle, and it lacks nucleic acid.
Particle D.or fraction D reacts predominantly with convalescent sera,
comprises both infectious and noninfectious particles, and has a sedi-
mentation constant of 160 Svedberg units. In a recent paper Roizman,

et al., (1958) studied the kinetics of the formation and release of

C and D antigens, and mature infectious particles in three lines of

cells. In all three lines of cells both antigens were found to accumulate
intracellularly together with infectious virus before release into the ex-
tracellular fluid.

The production of soluble antigen has been encountered in
several other animal virus systems. Wildy and Holden (1954) have
demonstrated the occurrence of soluble antigen in association with
herpes virus. Bradish, et al., (1952) have shown that there are two
specific components in extracts of tissues infected with foot and mouth
disease virus. The larger has a sedimentation constant equivalent to
the infective virus and the other corresponds to the complement-fixing
antigen. Kipp, et al., (1957) have studied the soluble antigens of
poliovirus and rabies viruses.

Von Magnus (1951) has shown that upon serial passage of undiluted
allanteic fluid, containing high titers of influenza virus inoculum, hema-
gglutinins are produced to high titers, while the infectivity does not
develop to a corresponding extent, and may not even increase; he called

the particle which also has a lower sedimentation constant an "incomplete"
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virus. The evidence of production of incomplete virus in the allantoic
membrane is supported by Schlesinger's (1950) work in the central nervous
system of mice after injection ¢f large doses of non-neurotropic influenza
virus. Cairns et al., (1952) demonstrated that multiple infection is not
a prerequisite for production of incomplete virus and suggested "incomplete"
virus was produced as a result of a shortage of some factor responsible
for conversion of it to fully active virus. In determining the amount

of ribonucleic acid in the influenza virus, Ada and Perry (1956) found
that a reduction in the ratio of infectivity to hemagglutination (I/HA)

is accompanied by a decrease in nucleic acid content. From their data,
they postulated the possibility of various degrees of "incompleteness"
depending upon the nucleic acid content of the particle.

Various other hypotheses have been advanced to account for the
formation of the "incomplete" virus. Although many of these interpreta-
tions appear very plausible, especially the concept of the "incomplete"
virus as an immature stage of the fully active virus, it should be noted
that conclusive proof is still lacking (von Magnus, 1954; Henle, 1956).

There is apparently a series of phage-related particles which

appear during infection of Escherichia coli with the T-series of bacterio-

phages. De Mars et al., (1953) employing proflavine to inhibit production
of mature T2 phage particles, found particles resembling empty phage heads
("doughnuts"). These particles, although antigenically (C-F test) re-
lated to the complete T2 particle, do not contain the phage antigen that
combine with and give rise to phage-neutralizing antibodies. The "dough-
nuts'" contain essentially no deoxyribonucleic acid. In a fecent study

the same author (1955), utilizing the same system and inhibitor, obtained
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through ultrafiltration or high speed centrifugation from normal and
premature lysates of T2-infected cells, noninfectious materials that
can block phage-neutralizing antibodies. In normal lysates one-twentieth
to one-fifth of the serum-blocking activity is in the form of non-infect-
ious materials smaller than phage. Premature lysis of the infected cell
during the latent period reveals that the noninfectious, serum-blocking
materials appear several minutes before infectious phage, and accumulate
in the cell. Bacteria infected with T2 in the presence of proflavine,
which on lysis liberates no active phage, produce about as much serum-
blocking activity as they would in the absence of proflavine. There is
some evidence that the doughnut shaped antigen, and the serum-blocking
antigen are similar to the head and tail respeétively of the mature phage
(Lanni and Lanni, 1953). Lanni (1954), demonstrated through use of com-
plement-fixation, the appearance of a new phage-related antigen during
infection of E. coli, strain B cells with T5 phage. The new phage anti-
gen appears before infectious phage, and continues until lysis to in-
crease at a faster rate than infectious phage. Normal phage lysates
contain at least one-half of their phage antigen in noninfectious form.
The non-nucleic acid proteins that appear during plant virus
infection, such as tobacco mosaic and turnip yellow mosaic viruses, have
been studied extensively by Takahashi and Ishii (1952), Takahashi (1955),
Commoner et al., (1953), Commoner and Yamada (1955), Jeener and Lemoine
(1953) Jeener et al., (1954), Consentino et al., (1956), and Markham and
Smith (1949). These authors have found that these different proteins

are identifiable because they differ from one another either by size,
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weight or electrophoretic mobility, and when separated from one another
they have been found to differ in their infectivity and chemical consti-
tution, Jeener et al., (1954).showed that the two crystallizable, non-
infectious forms of TMV are immunologically related to the virus, but
lackx RNA, These are thought to be identical with components B, and Bg

of Commoner and Yamada (1955). From work using radioactive isotopes,

Van Rysselberger and Jeener (1955) suggested that the small, noninfective
particles in plants infected with TMV are precursors of larger particles,
but as the ratio of small to large particles can be changed in fully in-
Tected leaves by altering the conditions under which they are kept, Bawden
and Pirie (1956) feel that they can be produced by the degradation of
larger particles. Bawden (1957) feels that there is no reason to conclude
that all specific particles that are noninfective are necessary precursors
or breakdown products of large particles; some may well be concomitant
products of protein synthesis that were never destined to be incorporated
into infective particles.

Markham and Smith (1949, 1953) found that the protein wiich
accompanies TYM infections is of the same general size, appearance and
immunologically related to the virus itself. The protein could not be
separated from the mature particles electrophoretically, but could be
differentiated by the use of the ultracentrifuge. The protein remaining
in the supernatant, while the mature particle is sedimented. Fraser and
Consentino (1957) found that the amino acid composition of both particles
to be similar in composition. Matthews (1958) reported that the ratio of
numbers of virus nucleoprotein to protein particles remained close to 2:1
under a wide range of growing conditions. This ratio did not change signi-

ficantly from the earliest stage of infection at which crystalline virus
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could be isolated to the time when plants contained maximal amounts of
virus, and were approaching senescence.

Characteristic intracellular inclusions appearing either in
the cytoplasm or the nuclei of infected cells have been observed in
several different viral systems.

It has been generally accepted that the formation of intra-
cytoplasmic inclusions is & part of the virus multiplication process.
The formation of this type of inclusion has been observed among the
large particle viruses such as vaccinia (Himmelweit, 1938; Bland and
Robinow, 1939; and Crawford and Sanders, 1952), and the psittacosis-
lymphogranulome group of viruses (Bland and Certi, 1935; Yanamura and
Meyer, 1941; and Sigel, et al., 1951). Both Himmelweit (1938) and Bland
and Robinow (1939) have shown that the inclusion body of the vaccinia,
developed out of a condensation of basophilic material in the perinuclear
region and that in its mature form it represented an accumulation of elemen-
tary bodies in a "structureless' matrix. Elementary bodies appeared once
again after a period of several hours especially around the matrices. The
reappearance of elementary bodies has been confirmed through the electron-
microscopical studies of Gaylord and Melnick (1953 a, b) and Morgan, et al.,
(1954). The particles around the matrix were found to consist of a central
body enclosed by a single membrane, but those which were found near the
surface of the host cell and in the extracellular spaces possessed a
double membrane. The initial sites of development were confined to the
cytoplasm of the host cell.

The nature of intranuclear inclusions is not as well understood

as that of the cytoplasmic inclusions. Herpes simplex virus may be taken
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as a good representative of this group of viruses. The development and
formation of this type of inclusion in the infected cell has been followed
by several investigators (Crouse, et al., 1950; Scott, et al., 1953; and
Lebrun, 1956). First there is an enlargement of the nucleolus which dis-
appears and is replaced with a great increase in basophilic material
(Feulgen positive) which fills the nucleus. Graduslly the basophilia
dlsappears until finally there remains only an eosinophilic mass within

the nucleus, which is devoid of nucleic acid (Feulgen negative). These
observations have been further substantiated by Lebrun (1956) through

the use of cytochemical and fluocrescent antibogy techniques. Antigen
characteristic of the infection, probably viral antigen, was first detected
as a tiny round spot well within the nucleus followed by development of in-
creasing numbers of such spherical areas. Gradually a network of antigenic
material appearedvinside the nucleus until the nucleus contained a large
homogenous area of viral antigen. This large area was‘basophilic and
Feulgen positive. Later, specific antigenic materials appeared diffusely
in the cytoplasm, increasing in amount, whereas the antigenic material in
the nucleus decreased until it became small or absent. Cells at this stage
of the process showed a typical esoinophilic intranuclear inclusion (Feulgen
negative). On the basis of this evidence, Lebrun (1956) postulated that
viral synthesis occurs in the nucleus and that the inclusion formed repre-
sented an "intranuclear scar". The electron microscopical evidence of
Morgan, et al., (1954) appear to support this contention. Only particles
with a single membrane were seen in the nuclei, while particles with double
membranes were restricted to the cytoplasm and the extracellular environ-

ment.
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Crystalline formations presumably of virus particles, have
been observed in the nuclei of Hela cells infected with adenoviruses
(Harford, et al., 1956; Morgan, et al., 1956; and Tousimis and ﬁilleman,
1957). No evidence was found to suggest that the development of the virus
occurred within the cytoplasm, In cytochemical studies these crystals
have been demonstrafed to be strongly Feulgen positive. However, in cells
infected with type 5 adenovirus, Morgan, et al., (1957) have observed in
the nuclei'large crystals, readily seen with the light microscope, which-
are Feulgen negative. The significance and nature of this protein is yet
to be determined, although the authors have likened it to the noninfectious
protein of plant viruses,

Characteristic intracellular inclusions have been observed to
appear among the various insect viral diseases studied thus far (Bergold,
1953%). Most of the studies on the crystalline inclusions resulting from
insect viral infections have been conducted with the polyhedral disease
virus. The polyhedral disease virus, besides being enclosed within a
crystalline matrix, is surrounded by two membranes (Bergold, 1953 a,b;
and Morgan, et al., 1955). Bergold (1954) on the bases of chemical
evidence has demonstrated that the membranes are different from the
virus. The membranes lack deoxyribonucleic acld but possess a higher
content of lipids and nonprotein components than the virus., The amino
acid analyses of polyhedral protein, virus and membranes, showed that
each is significantly different from the other. The virus and membranes
are more similar to one anpther than either is to the polyhedral protein.
From this the author suggests that the polyhedral protein is not a build-
ing block or precursor of the virus particles, but rather a metabolic by-

product of the host induced by the virus infection. Bergold and



Friedrich-Freksa (1947) have shown also that the protein of the
crystalline polyhedral matrix is not serologically related to the

virus particles.

The Virus Progeny:

Most of our information concerning the origin of the molecular
precursors of the virus particle have been derived from the bacteriophage
system. It~ié in this aspect that the isotopic technique has proved most
valuable and has only recently been applied to other viral systems,

The incorporation of radiocactive phosphorus from the medium into
certain animal viruses has been reported by Graham and MclLelland (1949);
Hoyle, Jolles and Mitchell, (1954); and Hoyle and Frisch-Niggemeyer, (1956)
for influenza virus, and Franklin, et al., (1957) for the Newcastle disease
virus, In both virus systems the isotope is incorporated into the nuclelic
acid and phospholipid fractions. These studies have not attempted to dis-
tinguish quantitatively the contributions of the host cell and medium
toward the formation of the new particle. However, 1t is known from
investigations on the growth requirements of influenze virus snd polio-
virus, that nearly all precursors are of endogenous origin, that is,
contributed by tﬁe host cell and not from the medium (Ackermann and .
Francls, 1954; and Eagle and Habel, 1956).

In a series of experiments with p? (Kozloff, 1953; Kozloff
and Putnam, 1950; Putnam, et al., 1952; and Putnam, 1952), with N%?
(Putnam, et al., 1952; Putnam, 1952; and Siddigi, et al., 1952) with
oLk purines (Koch, et al., 1952; Koch, 1953), and with cl¥ lysine
(siddiqi, et al., 1952), it'was shown that sbout one-third of the P

of T6 phage and about one-quarter of the N originates in components of
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the host cell laid down prior to infection, whereas three-fourths of the

P and N of the small virus T7 originates from the same source. These
observations were confirmed by Labaw (1951) for the P of other T viruses.
Through the use of bacterial cells doubly labeled with N*” and PO,
Kozloff, (1953); Putnam (1953); and Evans (1954), have reported the
conversion of bacterial DNA to viral DNA. The data indicated that most

of the bacterial DNA was transferred to the virus, but it appeared that
prior to the synthesis of the phage DNA, host DNA was degraded to fragments
such as deoxyribonucleotides., This was further confirmed from the quantita=
tive similarity in the transfer of P, nucleotide bases and deoxyribose
(Lanning and Cohen, 1954). With regard to the synthesis of viral 5-
hydroxymethylcytosine (5-HMC) Cohen and Weed (1954) found that the

cytosine of host DNA is converted to 5-HMC and thymine of virus DNA,
whereas the thymine of host DNA is used to make viral thymine, but not
5~HMC< The complete details of this conversion are not yet known, but
recently Flaks and Cohen (1957) have been able to demonstrate the presence
of an enzyme in extracts of phage-infected bacteria which will hydroxy-
methylate deoxy-cytidylicmonophosphate in an in vitro system.

A series of kinetic studies have established that there is no
specific obligate transfer of a moiety of host DNA to each virus particle.
Weed and Cohen (1951) have infected bacteria in which the pyrimidines of
the nucieic acld were labeled with Clu, with phage T6. They analyzed
the progeny obtained after normal lysis as well as phage obtained by
premature lysis of the infected cells with sodium cyanide. From compari-
son of the specific activity of the thymidylic and deoxcytidylic acids of

the virus derived from premature lysis of the cells, with that in which
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lysis was normal, Weed and Cohen (1951) deduced that the early virus
particles formed contained all the pyrimidines transferred from the host.
Through studies on the kinetics of P32 assimilation in T4 phage, Stent
and Maalge (1953) concluded that the earlier formed virus particles re-
‘ceived a greater proportion of their P from the host than do the later
IOnes. These studies, while they confirm transfer of host cell material
tb the virus, disaffirm the concept of a specific maﬁerial host contribu-
tion to each virus particle., In other words all individual phages do not
receive an equal measure of P or nitrogenous bases from the host cells,

The extensive studies on the synthesis of viral DNA have no
counterpart in the formetion of phage protein. Most of the protein of
T6 is synthesized de novo from the components of the medium. Experiments
with N (Kozloff et al., 1951) and with C** lysine (Siddiqi et al., 1952),
have shown that only about 10 peruceﬁt of the viral protein N of T6 is
derived from host protein. The results with labeled lysine indicated
that a small contribution to the new viral mass 6riginates from the
bacteriﬁl protein, while the major part is derived from the péol of free
amino acids., Nor does bacterial protein significantly contribute N for
synthesis of viral nucleic acid (Koch et al., 1952). Unlike the case
with T6, almost half of the protein N of the small phage T7 is derived
from host sources (Putnam et al., 1952).

In studying the nature of the parental contribution to the pro-
geny, the isotopic marker incorporated into the virus particle has once
again proved valuable. Work along these lines has been most extensive
ﬁithin the phage system. Research along similar lines among animal viruses
has hardly been initiated. Quantitative studies of the parental contribu-

tion in phage systems have shown that from 10 to 50 per cent of the infecting
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viral nucleic acid N, C, and P is contributed to progeny, but less of

the N and none of the S appears in the progeny protein (Putnam and Kozloff,
1950). Maalge and Watson (1951), French, et al., (1952), and Hershey,
(1953) all have reported a transfer of about 35 per cent of the parental

P to the progeny. About the same extent of CllL labeled adenine transfer
has also been reported by Watson and Maal¢e (1953). However, the values
for P transfer appear to be lower for the small phage T7 (Mackal and
Kozloff, 1954). All these transfers alone indicate an extensive chemical
rearrangement and excludes a transfer via intact virus.

The question whether the parental nucleic acid contribution has
any genetic significance or not is yet to be fully resolved. Although
the subject will not be discussed in this review, mention must be made
of the work of Levinthal (1956). The author through autoradiography
showed that the viral DNA is made up of two fractions that differ in
particle size; one consists of uniform pieces of about 50 million mole-
cular weight units, the other of smaller pieces of undetermined size.

The large pieces, each containing 40 per cent of the P from one phage
particle, number one per particle., According to the author its singu-
larity and uniformity suggest that the large piece is either germinal
substance or chromosome. The fact that the DNA of T2 is composed of
two fractions is further supported by the investigation of Brown and
Martin (1956), who through chromatography successfully separated out
two fractions, each differing slightly in purine-pyrimidine composition.

In conclusion it can be said that much of our current concept
of animal virus reproduction has been drawn by analogy from what is known

of the bacteriophage system. Although advances in our knowledge of phage
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multiplication have acted as a definite stimulus in presenting new
approaches to the problems of mammalian virus-cell interaction, the
greatest caution should be exercised in accepting & priori the above
mentioned analogies., Our knowledge of animal viruses is now in its
"logarithmic phase of development' and as the results of the present
investigation as well as other current literature would indicate -

animal viruses may show marked differences from bacteriophage and even

among themselves.



MATERTALS AND METHODS

Many of the methods adopted during this. work are well estab-
lished biochemical and virological techniques, and therefore do not

necessitate detalled description.

The Virus:

The virus selected for these studies was the Mahoney strain
of Type I poliovirus, originally isolated in this laboratory. It has
been passaged serially in HéLa cells,

Virus pools were made by introducing a massive inoculum of
virus into a 500 ml Blake bottle containing about 20 to 25 million
HeLa cells grown as a monolayer. The multiplicity of exposure was
about 100 to 150 plaque~forming units (PFU) per cell, thus permitting
‘a single cycle growth of the virus. Previous to the introduction of
virus, the growth medium of the cultures had been changed to mainten-
ance solution 90 per cent and horse serum 10 per cent (MS90EGS10).
After two hours of incubation at 37°C, the media of the infected
cultures were removed and the cells washed three times with 20 ml Hank's
balanced salt solution to reduce the residual virus to a minimum. The
cultures were then overlayed with 40 ml of fresh MS90EqS10 and re-
incubated for another 12 to 18 hours at which time their fluids were
withdrawn and centrifuged at 581 x g for 15 minutes to remove cellular
debris. The supernatants were pooled and distributed in 2 ml aliquots
to screw-capped lustroid tubes, then stored frozen at minus 45°C.

Upon thawing, a virus pool prepared in this manner had an infectivity
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titer of 2 to 3 108

PFU per ml. Aseptic techniques were used through-
out, and the pools were tested for bacterial contamination by inocula-
tion into thioglycolate broth and beef heart infusion.

The virus pools used during the investigations of the radio-
active phosphorus-labeled Hela cells, were prepared in the same manner
as above except that all viral titrations were made in tube cultures of
Hela cells. The titers were expressed as the number of tissue culture
infectious doses (TCIDSO) per ml of sample. A virus pool prepared in

6.5 7.5

this manner had an infectivity titer of 10’ tissue culture

to 10
infectious cCoses. The virus pool was stored and tested for bacterial

contamination in the same manner as described sbove,

The Cell: Line:

An epithelial cell line of carcinomatous origin, strain Hela,
Obtained from Dr. J. T. Syverton, was used in all the studies. It has
been kept in continuous passage in the laboratory since 1953. It was
grown essentially according to the method of Syverton, Scherer and
Elwood (1954) in LO per cent human serum (HS40), and 60 per cent Hank's
balanced salt solution (BSS66). Only five day old;pmltures prepared by
the method described in detail by the above authors were used.

For the labeling of Hela cells, the cultures were grown for
five days at 37°C in the presence of growth medium containing 125 to 150
microcuries of radiocactive phosphorus.

In order to facilitate the comparison of results between each
experiment and also permit the quantitation of these results, all data

were placed on a per cell basis.
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The number of cells in each preparation was determined by
counting a suspension of it in a hemacytometer. To obtain the quantity
of any component present on a per cell basis, the total amount of that
component is divided by the number of cells present in the same prepara-

tion.

Growth and Maintenance Media:

For the growth of the cells, a medium composed of 60 per cent
Hank's balanced salt solution (BSSE0)(Hank, et al., 1949), and 40 per
cent human serum (HS40), was used according to the method described by
Syverton, Scherer and Elwood (1954).

For the propagation of virus and the study of the metabolic
changes of the infected cell, a medium composing of 10 per cent equine
serum (EqS10), and 90 per cent Scherer's maintenance solution (PB90)

(Scherer, 1953) was used.

Procedure Qf Infection:

The procedure used for studies of the metabolism of Hela

- cells infected with poliovirus was as follows: Before introduction
of the virus, the maintenance medium which had been introduced 24
hours previously was removed, and the cell cultures were rinsed with
5 ml BSS100 twice, and replaced with 4 ml of MSQOEqS10. Since a one-
step growth curve of the virus was desirable, the cultures were given
a massive inoculum of virus permitting the maximum number of cells to
be infected simultaneously. The multiplicity of exposure is about

100 PFU per cell. The completeness of infection was verified by
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- maximal yields of virus obtained at 7 hours, and also by supporting
studies in which the spread of infection was restricted by the use
of immune serum (Payne, Kurtz and Ackermann, 1958).

After introduction of the virus, the cultures were incubated
at 37°C for one hour, at which time the residual virus was removed and
the cultures washed three times with 10 ml of BSS100. Seven ml of new
MS9OEqS10 were introduced, and the cultures were replaced in the incu-
bator until the desired period of infection was attained.

The control cultures were treated in the same manner, but
instead of the virus, they received a like quantity of M890EqS10 medium.

Before introduction of the virus into the radioactive phosphorus
labeled Hela cells, the cultures were washed twice with BSS100, then in-
cubated with maintenance solution at 37°C for a half hour. This latter
treatment was repeated one more time. When such a procedure is followed,
the same or nearly the same level of activity in the medium is re-
established, If the incubation is carried on further, this loss of
radiocactivity soon levels off (6 to 7 hours), and an equilibrium appears
to be éstablished between the cells and the bathing medium.

After the washing sequence, fresh medium consisting of MS90EqS10
is added, and the cultures are then ready for infection.

The control cultures underwent the same treatment, but in place

of the virus, they received an equal amount of MS90EgS10 medium.

Radioactive Phosphorus:

Sterile solutions of P20, in dilute HC1 (specific activity

60 to 90 x lO5 millicuries per gram) were obtained from the Oak Ridge



National Laboratories, Tennessee. The concentration of P22 introduced
into each bottle was 125 microcuries (puc). The radioactive sample was
neutralized with 0.1l N NaOH before addition to the culture. |

In experiments where P2 yas used, the isotope was introduced
at the last half hour of any infectious period under study in both con~
trol and infected cultures. Radioactive samples were plated on aluminum
dishes with depressions 3/4" in diameter and 1/8" in depth and dried
under a heat lamp. The amount of radioactivity was determined with a
Geiger tube (Tracer Laboratory, Model TGC-1), which was situated in a
lead-shielded chamber (Technical Associates, Model LS6) and connected
to a scaler (Nuclear Instrument and Chemical Corporation Model D181).

The amount of pie incorporated into the various cellular
fractions was expressed on a per cell basis.

For the determinations of the amount of radioactivity released
from infected and normal cultures into the media, samples of the media
from the respective cultures were plated on aluminum dishes, dried .and

counted according to the method described above.

Separation of Cytoplasm and Nucleus:

Both the control and infected cultures were treated in the
same manner for the separation of cytoplasm and nucleus. All the work
was carried out at O to 4°C.

At the end of any period of study the cultures were examined
for any changes in cellular morphology due to infection. In certain
experiments where the appearance of extracellular virus was determined,
samples of the media were saved. In other instances the media were

discarded.
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The cultures were then washed three times with 15 ml of buffered
saline at room temperature. The washings were intended to reduce to a
minimum the contaminating P52, virus an& maintenance mediﬁm. The cells
were then removed with a rubber policeman into an icemcold saline-
citrate mixture and homogenized three times with a Potter-Elvehjem
homogenizer (Teflon pestle).

The homogenates were centrifuged in the refrigerated Inter-
national centrifuge at 581 x g for 10 minutes, and the supernatants
after each centfifugation were pooled. The pooled supernatants repre-
sented the cytoplasmic fraction and the sediment the nuclei, A sample
of the nuclei was stained with methyl green and examined under high
power for the completeness of the separation. Only 10 to 20 per cent

of the cells were still intact.

Differentiation Into Sub-cellular Components:

In certain experiments the cytoplasmic fraction was further
differentiated into its sub-cellular components by high speed differ-
ential centrifugation in a refrigerated Spinco Model L centrifuge
using rotor S40. The speeds employed were those recommended by
Hogeboom and Schneider (1955) and were as follows: 6590 x g for 20
minutes for Fraction I (mitochondrion), 41,190 x g for one hour for
Fraction IT (microsome); the resulting supernatant from the latter
centrifugation being Fraction III (cell sap). No further efforts

were made to determine the efficiency of such a fractionation.
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Virus Assays:

Virus aSsays were made to determine the efficiency of the
infection and the appearance and distribution of intracellular virus.

The plague technique of Dulbecco and Vogt (1954), modified .. -
for use with the HeLa cell system by Payne, Kurtz and Ackermann (1958),
was used. All the tifers determined in this manner are expressed as
plagpémforming units (PFU) of virus per cell.

In the series of experiments using Hela cells labeled with
radiocactive phosphorus, the amount of virus was estimated by determin-
ing thé final 1limiting dilution which wquld initiate infection in 50
per cent of the tube cultures of Hela cells inoculated. The method
is essentially that described by Ackermann, Rabson and Kurtz (1954).
The titers are expressed as the number of tissue culture infectious
doses (TCID5O) per ml of sample. The 50 per cent endpoints were

calculated by the method of Reed and Muench (1938).

Extraction of Nucleic Acids:

The isolation of cytoplasmic ribonucleic acid (cRNA) and the
ribonﬁcleic acid (nRNA) and deoxyribonucleic acid (nDNA) of the nucleus
was accomplished by using a combinatidon of several published methods.

The method of Schneider (1945) employing cold and hot 5 per cent tri-
chloroacetic acid was used to obtain the cRNA fraction. The nRNA and
nDNA of the nucleus were separated and determined according to the
method of Schmidt and Thannhauser (1945).

To determine the efficiency of the separation into cytoplasmic
and nuclear nucleic acids, the cytoplasmic fractions after RNA extraction

from both infected and normal cultures, were tested for the presence of
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DNA by the diphenylamine reagent as described by Dische (1955). No
contamination of the cytoplasmic fraction with DNA was observed in any

of the experiments.

Phosphorus Determinstion:

The phosphorus content of the nucleic acid fractions was
determined according to the method of Fiske and Subbarow (1925). The

data are expressed on a per cell basis.

Protein-Nitrogen Determination:

The nitrogen content of the washed protein residue obtained
after acid precipitation and extraction of lipid and nucleic acid, was
determined according to the method of Koch and MecMeekin (1924). The

results are expressed on a per cell basis.

Base Analyses of RNA Preparations:

Base analyses were made in certain experiments on the isolated
cytoplasmic ribonucleic acids from infected and ﬁormal Hela cell gultures.
The.nucleic acids were hydrolyzed to a mixture of mononucleotides accord-
ing to the method of Volkin and Carter (1951), and separated by anion-
exchange chromatography on Dowex-1 (formate) columns according to the
method of Hurlbert, et al., (1956).

The eluate, containing the nucleotides, was collected in 5 ml
fractions by a G, M. E. Volumetric Fraction Collector (Gilson Medical
Electronics, Madison, Wisconsin), and the 260 mu optimal density of
each of the fractions was measured in a Beckman Spectrophotometer,

Model DU.
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From the specific extinctions of the nucleotides, the amount
6f each nucleotide was calculated. The extinction coefficients used
here were: at pH 2 Adenylic acid Epgqy = 14.2; Cytidylic acid E26O.; 6.2;
Uridylic acid Epgy = 10; Guanylic acid Epgy = 11.8 (Beaven, Holiday
and Johnson, 1955).

In order to facilitate the comparison of the composition of
different RNA preparations, the results are expressed as the molar

ratios of the nucleotides relative to adenine as 10.

Immune Serum:

Type specific hyperimmune monkey sera, prepared against Hela
cell propagated poliovirus Type I, (Mahoney strain) was obtained from
Dr., F. E. Payne of our laboratory. It was titrated in stationary tube
cultures of Hela cells and neutralized 100 TCID5O of virus at dilutions
from 1:3202 to 1:6400., The serum was pre-heated at 56°C for 30 minutes
before use,

In all neutralization experiments, the serum-virus mixture
and the virus controls were pre-incubated for one hour at 37°C before

inoculation into the Hela cell cultures.

Reagent Solutions:

(a) Phosphate-Buffered Saline (PBS): The 0.01M phosphate-
buffered physiological saline was taken from the general laboratory
supply. The pH was adjusted to T.2.

(b) Citrate-Saline Solution: This extraction medium is

neutral with regard to hydrogen ion concentration and is made up of
0.1M sodium chloride containing 0.05M sodium citrate as described by

Crampton, Lipshitz and Chargaff, (1954).



EXPERIMENTS AND RESULTS
I. METABOLISM OF PHOSPHORUS-BEARING COMPOUNDS FROM NQRMAL AND
INFECTED HELA CELLS LABELED WITH RADIOACTIVE PHOSPHORUS (P32)

Radioactive phosphate is readily taken up by Hela cells and
contributes to the endogenous pool of phosphate where it is available
for incorporation intc a number of compounds of varying complexities;
for example, the phosphorproteins, phospholipids, nucleic acids ... etc.
Thus it 1s possible to pre-label many of the phosphorus-containing struc-
tures of the cell prior to infection, and to follow the fate of these com-
pounds after infection, and during the synthesis of virus and its sub-
sequent release. The stability and integrity of the cell structure can
thus be followed during the period of interest. This is accomplished
simply by determining the loss or transfer of labeled structures from
the cell to the extracellular medium.

If Hela cells are grown in growth medium (BSS6OHSMO) contain-
ing radioactive inorganic phosphate, the isotope is readily incorporated
into the various phosphorus-bearing compounds of the cell. The procedure
for labeling cells and the preparation of them for infection is described

in detail in the previous section under Materials and Methods.

(a) The Release of P°_Labeled Compounds from Normal Cells:

A five-day monolayer culture containing approximately 4 to 5
x 100 cells labeled with P 2 and containing 8 ml of unlabeled maintenance
medium (MS90EQS10), was allowed to incubate at 37°C for a period of 12
hours. At hourly intervals 1.5 ml aliquots of the medium were removed
and their amount of radiocactivity determined. The aliquots Weré replaced

each time with the same volume of fresh maintenance medium.
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The data which were obtained by this experiment are recorded
as the concentration of radiocactivity found in the medium at various
times, and are expressed as counts per minute per ml (Figure 1). The
data have been corrected for the concentration of radicactivity contained
in thoée samples removed at the various times, and replaced with fresh
unlabeled maintenance medium.

It will be noted that there was an appearance of radioactivity
within the first hour and that the concentration increased with time at
a decreasing rate as the cells carried on their normal metabolic activities,
and adjusted to the changed medium. Ultimately, by the sixth or eighth
hour, the rate of accumulation approached zero and the concentration of
radiocactivity remained constant.

It is clear since the only source of radioactivity is the cell,
that these data indicate an initial release or loss of cellular material
to the medium which in time approaches zero. This is probably due to the
introduction of fresh medium, which causes the cells to undergo a period
of reconditioning, during which an equilibrium is being attained between
the endogenous supply of P52.and that of the medium. However, the
specific activities of the medium at termination of this release and
that of the endogenous pool of phosphate were not measured.

(b) The Release of P32-Labeled Compounds from Hela Cells

Infected with Poliovirus: A five-day old monolayer culture which con-

tained approximately 4 to 5 x 106 cells labeled with P52 was prepared

for experimentation (Cf. section on Materials and Methods). The growth

medium had been replaced with 7.2 ml of unlabeled maintenance medium and

a sufficient amount of poliovirus (0.8 ml) was introduced to produce a
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Figure 1.
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Release of Radiocactivity from Uninfected Hela Cells
Labeled with Radiocative Phosphorus: The cells were
grown in the presence of growth medium containing
125 pc of P52, Then the culture was washed and re-
incubated at 37°C in fresh isotope-free MS9QOEQS10
and reincubated at 37°C. At hourly intervals samples
were taken and the amount of radiocactivity released
into the medium was determined. The results are ex-
pressed as counts per minute per ml,
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6.5

final concentration of 107 "7 tissue culture infectious doses per ml.
In a similar manner a replicate culture without poliovirus was prepared
as a control. Both cultures were incubated at 37°C for a period of 12
hours. At hourly intervals 1.5 ml aliquots of medium were removed for
determination of radioactivity. The aliquots were replaced each time
with an equal volume of fresh medium. During the terminal hours of the
incubation period, the samples were centrifuged lightly to remove any
intact cells or large cellular debris, which may have been separated
from the cell layer.

The data obtained are recorded in Figure 2 where the concen-
tration of radioactivity found in the extracellular fluid is plotted as
a function of time. Since the volume of the culture is essentially con-
stant, the curve obtained represents the rate of the release. The rates
for both the control and infected cultures are initially quite similar
and by the sixth hour both approach zero. However, after the sixth hour,
they diverge sharply as the release by the infected culture begins to
accelerate, The curve is concave upward indicating a continuous increaee
in the rate even until the twelfth hour when the experiment was terminated.

(c) The Releese of P2 Labeled Compounds from Hela Cells In-

fected with Varying Concentrations of Poliovirus: In order to establish

whether the release of coppounds from the cell into the medium is due to
viral action, the following experiments were formulated.

It has been shown that in a given culture of Hela cells in-
fected with poliovirus, the number of cells undergoing cytopathology

is related to the exposure multiplicity of infection (Payhe, Kurtz and
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Figure 2. The Release of Radioactivity from Uninfected and
Infected Hela Cells Labeled with Radioactive Phos-
phorus: The amount of poliovirus introduced was
sufficient to produce a final coneentration of 106‘5
TCID5y per ml. At hourly intervals, samples were
taken from each culture, and the amount of radio-
activity released determined. The results are ex-
pressed as counts per minute per ml.



Ackermann, 1958). One might, therefore, expect that the release of
labeled compounds from the infected cells would bear a relationship
to the multiplicity of exposure. The next experiment was principally
designed to determine this relationship.

Comparable cultures of Hela cells, prepared as detailed in
the previous section, were exposed to a range of viral concenﬁrations.
Various cultures were infected with virus ranging in concentration from
2.5 x lO5 to 30 x lO5 tissue culture Infectious doses per ml for each
bottle culture. To another comparable culture, which served as the
control, an equivalent amount of maintenance medium was added. All of
these cultures were incubated at 37°C for a period of 12 hours. The
procedures for collecting samples and determining the radioactivity
were the same as described in the previous section.

The results of this experiment can be seen in Figure 3 where
the radioactivity released from the sixth to the twelfth hour follow-
ing infection by the various virus concentrations is plotted against
time. These values have been corrected for the dilution factor caused
by the replacement of the samples taken with unlabeled medium and also
for the. .uwormal release of radioactivity by the uninfected culture. The
latter correction is made by subtracting the amount of radiocactivity
released at any time by uninfected cultures from that by infected ones.
Along the abscissa is plotted the varioué viral concentrations. The
largest concentration of virus used is assigned the valte of 100, the next con-
centration 50, the next 25, then 12.5, and lastly, the smallest concen-

tration 8.3.
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Figure 3. The Release of Radioactivity in Response to Graded
Doses of Virus: The concentrations employed were
30 x 107, 15 x 10°, 8 x 10”2, 4 x 102 and 2.5 x 10°
TCID5O per ml of culture medium. The largest con-
centration of virus is assigned the value of 100,
the next 50, then 25, 12.5 and lastly 8.3. At ‘
hourly intervals samples were taken from each cultures,
and the amount of radioactivity released determined.
The results are expressed as counts per minute per ml.
These values have been corrected for the release of
radiocactivity from uninfected cells,
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The results show that with increasing virus concentrations,
there is an increase in the rate of P52-labeled compounds released.
However, the rate of release does not have a proportional relationship
with the viral concentration. There are a number of possible explana-
tions for this phenomenon. It may be due to the fact that when a small
concentration of virus is used, only a few cells become infected, and
only these cells are producing virus and releasing labeled cellular
constituents., However, even with a massive concentration of virus,
not all of the cells become infected, for in a line of heterogenous
cells their susceptibility to virus infection, their metabolic and
physiologic activities are notréll uniform. There élso exists a con-
stant fraction of cells which remains resistant to the virus (Ackermann,
1957). Thus the efficiency of infection decreases with high concentra-
tions of virus to a greater degree than might be expected by a multi-
plicity of infection which obeyed a Poisson distribution.

Alsc the production of virus is affected by the size of the
viral concentration used. With small multiplicities of virus the latent
period, that is the time from adsorption to intracellular appearance of
new virus, is prolonged; whereas with larger multiplicities this period
is considerably shortened (Dulbecco and Vogt, 1954; Dunnebacke, 1956;
and Darnell, 1958). On the basis of the preceding observation one can
then suggest that if there exists more than one site of viral replica-
tion in these cells, then in a singly infected cell, the virus would only
activate a single site before other sites become activated; while in the
case of a multiply infected cell several sites would be activated simult-

aneously. If this is so then the cells that are multiply infected will
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be releasing larger amounts of labeled constituents at certain times
than those that are singly infected.

(d) The Action of Virus Neutralized with Antiviral Serum on

the Release of P52-Labeled Compounds from Hela Cells: To further

establish this relationship between release of cellular compounds and
virus action, an experiment was designed to study the effect of virus
neutralized with antiviral serum on the release of compounds labeled
with P52 from Hela cells.

A viral inoculum containing 107'5 tissue culture infectious
doses was neutrélized by the addition of specific hyperimmune monkey
serum and the mixture was incubated for one hour at 37°C. The neutral-
ized mixturer(O.S ml) was added to a culture of Hela cells which con-
tained 7.2 ml of unlsbeled maintenance medium. The bottle culture
contained approximately 4 to 5 x 100 cells iabeled with radioactive
phosphorus, and was prepared for experimentation as described in the
preceding sections.

To one of two other cultures prepared in a similar manner,
an equivalent amount of maintenance medium was added, and to the other,
an equal amount ofvvirus. All these cultures were incubated at 37°C
for a period of 12 hours. The procedures for collecting samples and
determination of radiocactivity were the same as those described in the
preceding sections.

The data obtained are plotted in Figure 4., It will be noted
that the pattern of release displayed by the cultures inoculated with
the neutralized mixture is similar to that of the uninfected control.

The patterns of release of radioactivity by the three cultures are quite
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The Action of Virus Neutralized with Antiviral Serum
on the Release of Radiocactivity From Hela Cells
Labeled With Radiocactive Phosphorus: A viral inoc-
ulum containing 107-5> TCID o was neutralized with an
equal amount of undiluted antiviral serum, and the
mixture incubated for one hour at 37°C. The neutral-
ized mixture was then added to a culture of Hela Cells.
To a second culture an equal amount of unneutralized
poliovirus was introduced. The uninfected control
received an equivalent amount of maintenance medium.
At hourly intervals samples were taken from each
culture and the amount of radiocactivity released
determined. The results are expressed as counts

per minute per ml.
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similar during the early hours (1 to 5 hours), However, after 6 to 8
hours, and even up to the twelfth hour when the experiment was'tefmihated,
increasingly greater radioactivity is released by'the'infected.culture;
whereas, that released by the culture which received the neutralized
viral mixture is as low as that of the uninfected control.

The experiments up to the present suggest that the increased
rate of release of labeled compounds from infected cells is a direct
result of viral action. This conclusion is based upon the following
observations:

a. the increase in rate of release is seen only in

virﬁs-infected cultures;

b. the response to graded concentrations of viral inocula

is varied; and

¢, the increase in rate of release is not seen when a

neutralized mixture of virus and specific immune serum

is added.

While each of these experiments in themselves may not be
regarded as absolutely conclusive; together they strongly suggest
that this phenomenon is due to viral action.

(e) The Relation of Release of Radioactivitz to Virus

Production: ;Since the increase in release of labeled compounds has been

observed to accompany viral action, an obvious question arises as to its

relative position in the virus multiplication process. With that purpose
in mind the following experiment was set up to determine the temporal

relation of virus production to the release of labeled compounds.
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Of three replicate cultures of Hela cells, two were inoculated
6.5

with virus to give a final concentration of 107 "7 tissue culture‘infecti—
ous doses per ml,‘and one was inoculated with an equivalent amount of
maintenance medium as a control. One of the infected cultﬁres was used
to measure virus production. After an hour exposure to the virus at

| 37°C, the residual inoculum was removed from this bottle, and the culture
washed three times with balanced salt solution. The washing procedure
was to reduce the: amount of residual virus that might otherwise have
masked the beginning of viral release. After washing, the culture re-
ceived fresh maintenance medium. All cultures were then incubated at
37°C for a period of 12 hours. At two hour intervals, samples for

virus determination were taken and titered in tube cultures of Hela

cells (Cf. section on Materials and Mbthqu). The procedures for

collecting samples and determination of radioactivity were the same as
those described in the previous sections.

The results can be seen in Figure 5. The amount of radioactivity
released and the amount of virus released into the extracellular fluid
phase are plotted against time. The values portray only that radioa;tivity
wnich is in excess to that released from normal cells. After a constant
period of approximately 5 to 6 hours, during which the release of radio-
activity is similar to that of the control, there is in the. infected
culture an increase in release of radioactivity. The beginning of this
release appears to accompany the release of the virus, which occurs at
about 5 to 7 hours.

Comparable cultures were examined for morphologic changes

through time-lapse cinematography by Dr. W. W. Ackermann of the laboratory.
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Figure 5. The Relation of Release of Radioactive Phosphorus to
Virus Production: The amount of poliovirus introduce%
was sufficient to produce a final concentration of 10 W
TCID5O per ml. Extracellular virus samples were taken
at two hour intervals, and titered in tube cultures of
Hela cells. The titers were expressed as the number
of TCIDsy per ml of sample. At hourly intervals, samples
were tagen from each culture, and the amount of radio-
activity released determined. The results are expressed
as counts per minute per ml, These values. have been
corrected for the release of radiocactivity from unin-
fected cells.
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When release of radiocactivity from infected cells 1s compared with the
morphological changes that are seen in time-lapse cinematography, one
Observes a retraction of the cytoplasm, which appears to accompany the
beginning of release of labeled compounds and also of virus. Similar
morphologic changes have been observed through time-lapse cinematography
techniques by Barski, et al.,(1955) and also by Harding et al,, (1956)
in multicellular cultures, and in single cell cultures by Lwoff, et al,
(1955). 1In all instances cytoplasmic retraction is observed to begin
at about the time virus is released.

Lwoff, et al,, (1955) had observed in single monkey kidney
cell cultures infected with poliovirus a release pattern which together
with the morphologic data suggested that viral release occurred through
partial lysis of the cell. They found that the bulk of the virus is
released within thirty minutes, and practically all the virus is re-
~eased in.leéss than one hour. However, in interpreting their results
on single cells, the fragility of isclated cells cannot be disregarded.
Also the présent evidence and that which will follow later appears to
indicate otherwise. Furthermore, evidence presented by other investi-
gators using multicellular systems (Howes and Melnick, 1957; and Roizman,
et al., 1958) appear contrary to Lwoff's suggestion. However, in multi-
cellular systems, only the average release pattern is observed, for it
is diffdcult to know if the infection is synchronized.,

In spite of the limitations of the present technique, some
Justifiable conclusions can be derived. It can be said that two pro-
cesses appear to accompany the release of new virus particles into the

extracellular medium. The two processes are: (1) cytoplasmic retraction,
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and (2) increased release of labeled cellular constituents into the
‘extracellular medium. Further, these data appear mandatory to defining
the period during which a chemical study of virus synthesis is feasible.
II. THE NUCLEIC ACID METABOLISM OF HELA CELLS DURING
VIRAL DEVELOPMENT

In the previous series of experiments it was shown that when
radioactive phosphorus labeled Hela cells were infected with poliovirus,
increased release of labeled cellular material into the extracellular
medium occurred at about the time of viral release. However, it did
not reveal the early changes that might occur during the process of
viral multiplication.

It has been found by cytochemical and histological methods
that infection of a cell‘with poliovirus produces clearly discernible
changes in the cytoplasm and nucleus of the cell. Chief among these
detectable by fixation and staining are the early altérations of the
chromatin pattern of the nucleus, nuclear pyknosis, and the progressive-
ly increased basophilia of the cytoplasm (Ackermann, et al., 1954;
Reissig, et al., 1956; Howes and Melnick, 1956; and Harding, gzbgl.,
1956). Thus an examination of the various chemical constituents,
particularly the nucleic acids, of the cell early during infection may
prove to be fruitful, The previous series of experiments have shown, that
if such a biochemical study is to be made, the period studied should not
extend further than seven hours, for after this period the infected cell

.undergoes chemical and morphologiéal disintegration. The next phase in

the present investigation is an examination of the changes in nucleic acid
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metabolism of the infected cell through chemical and isotopic methods.
Nucleic acids of the various morphologic components of the cell were
isolated and determined throughout the growth cycle of the virus.

All the data presented in the next series of studies were
derived through the same experimental design described in detail in

the section under Materials and Methods. Briefly the design was as

follows: 1In a typical experiment a series of bottle cultures con-
taining 4 to 6 x 106 cells in a monolayer, previously incubated for
18 hours with maintenance medium, were rinsed twice with 5 ml of
balanced salt solution and 4 ml of maintenance medium were added.

Two ml of undiluted tissue culture fluid (MS90EqS10) containing polio-
virus were introduced to give a final concentration of 1 x 108 PFU
per ml. The cultures were incubated at 37°C for one hour; washed
three times with 10 ml of BSS to remove the residual virus, and
overlayed with 7 ml of MS9Q0EqS10. The cells were then replaced in
the incubator until the desired pefiod of infection was achieved.

In certain experiments where radioactive phosphorus was used, the
isotope was introduced at the last half hour of any infectious period
under study. The amount of P32 introduced into each bottle was 125
microcuries.

At the.end of any particular period of infection, the cultures
were washed three times with 15 ml buffered saline at room temperature
and well drained. The cells were then removed with the aid of a rubber
policeman into an ice-cold citrate-saline solution. Cell fractionation,
isolation of sub-cellular components and subsequent chemical analyses

were carried out as described in the section under Materials agnd MEthods.
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During the pericd of exposure to virus nearly all cells were
infected. The completeness of infection was verified by maximal yields
of virus obtained by seven hours, and also by corollary experiments of
Payne and his collaborators (1958) in which the spread of infection
was restricted by the use of antiviral immune serum. Further, there
is a pronounced intracellular phase in the virus development, as will
be seen later in this study, wherein extracellular virus does not
appear until the seventh hour. Thus, in these biochemical studies
which are limited to the first seven hours of infection, the opportun-
ity of successive cycles of infection being produced by secondary spread
of infection to any cells not initially involved is improbable. The
observations recorded in the following experiments concern a single

cycle of infection.

" (a) The Nucleic Acids and Radioactive Phosphorus Incorporation

of Normal Hela Cells: When ordinary Hela cells, kept in MSQOEqS10, were

ffactionated into cytoplasm and nucleus and analysed, the total RNA was
found to be approximately 2.5 times greater than the DNA. Although the
amount of nuclear RNA is similar to the‘cytoplasmic RNA, both are larger
than the nuclear DNA., The high content of RNA is in agreement with the
view that actively growing tissues, such as tumor cells, or embryonic
cells, and those possessing high metabolic activities, such as organ
tissues, are rich in RNA content (Smellie, 1955).

In the second column of Table I, the actual amounts of the
nucleic acids per cell fraction are given. They are expressed as

milligrams of nucleic acid phosphorus per cell.
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TABLE I

THE PHOSPHORUS AND P52 DISTRIBUTION IN THE Hela CELL

} CONTROL
Fractions* | |
| Phosp?orus | Coggts+ Relative Specific
| mgm x 10710/ce11 | x 10719/celr Activity
v counts/cell
mgm P/cell
I | | | N | l
| cRNA-P | 2Lk.11 + 1.85 |  2.65 +1.17 109.91
I |
| nRNA-P | 27.37 + 3.90 40.75 + 1.93 1488.85
| l |
| nDNA-P | 19.81 + 1.00 1.28 + 0.43 6k .61
| |
1 |

¥ The amount of nucleic acid is expressed as milligrams of phoéphorus
in each fraction. The cRNA-P, nRNA-P and nDNA-P fractions correspond
respectively to cytoplasmic ribonucleic acid phosphorus, nuclear ribo-
nucleic acid phosphorus, and nuclear deoxyribonucleic acid phosphorus.
The values recorded here are averages from ten experiments.

+ The rate of uptake of radicactive phosphorus (PBE) was determined
over a half hour period. The P2 added contained a total of 125 pc of
activity.

Thé uptake of P52 into the various nucleic acid fractions is
tabulated in the third column of the same Table. Hela cell cultures
were exposed to P52 as inorganic phosphate in the fluid medium during
the last half hour of a 6 hours incubation period, and the uptake is
expressed as counts per three minutes per fraction of a single cell.
The pattern of uptake generally follows that of cells from several

species as studied by other investigators (Marshak, 1948; Jeener and



Szafarz, 1950; and Smellie, et al., 1953). The highest rate of in-
corporation of P52 is seen in the nuclear RNA, followed by the cytoplas-
mic RNA and nuclear DNA. The amount of P52 incorporated into the total
RNA is about 34 times greater than that in the DNA fraction. This
phenomenon has generally been found true for resting cells (Smeliie,
1955), for the ratio of the amount of P32 in RNA to that in DNA is
smaller only in tissues, such gs regenerating liver or embrycnic
tissues, where the metabolic activity of the DNA is gremtly increased.
Although the amounts of RNA are similar in the cytoplasm and the nucleus,
the latter fraction displays the highest incorporation of P52 within a
definite period of exposure.

In column 4 is given the specific activity of each fraction
calculated by dividing the number of counts per cell fraction by the
milligrams of nucleic acid phosphorus in that fraction. The relative
incorporation is seen to be greatest in the nuclear RNA and least in
nuglear DNA,

Since the experimental period studied extended from zero to
7 hours, normal Hela cell cultures, which underwent the same preparative
procedures as the infected ones, but only received maintenance medium,
were incubated at 37°C. At various intervals of time these cultures
were taken out and analysed for the nucleic acids of the various
fractions. These results can be seen in Table II, which contains
data from four representative experiments wherein the cell number,
composition with regard to DNA and RNA, and radioactive phosphorus
incorporation into each of the nucleic acid fractions were determined

at two time intervals of the 7 hour experimental period. The amounts
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32

of nucleic acids and P”~ incorporated by the various fractions did not
vary significahtly within the experimental period studied. The invari-
ance of the normal cultures allows for the use of a single control
culture at any pericd in an experiment. It is also of interest to
note that alfhougp there was no net increase in the:various nucleic
acid fractions, thé respective fractions readily incorporated the
isotope. The incorporation of exogenous inorganic radioactive phosphorus
into the different nucleic acid fractions of resting cells of animals
and in tissue culture_systemslm& been demonstrated by several investi=-
gators (Brown and.Roll,.l955; Smellie, 1955; Miroff, et al., 1957;
Rothstein, et al., 1958; and Becker, et al., 1958).

(b) Incorporation of po2 Into Nucleic Acids of Infected Hela

Cells: The data of Figure 6 show the amount of radioactive phbsphorus
incorporated into the various nucleic acid fractions of the infected
cell. These data represent the uétake of PBE over a short period of
time at various intervals of the infectious cycle, and hence they are
an expression of rate. Since the pattern of incorporation of the
isotope of the uninfected contfols did not vary significantly through-
out the period studied, the experimental values are recorded as per
cent changes relative to the control.

By the first hour after infection, the rate of incorporation
of P52 into the two nuclear fractions was from 150 to 160 per cent of
the control. This enhanced rate continued for the next 3 hours, after
which there was an abrupt decline in this nuclear activity. Nuclear
morphologic changes have been observed by Reissig, et al., (1956);

Harding, et al., (1956); and Howes and Melnick, (1957), as early as
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Figure 6. The rate of P52 Incorporation Per Helf-Hour in Nucleic
Acids: The ceéls were exposed to a final concentra-
tion of 1 x 107 PFU per ml of virus for a period of
one hour. Then the culture was washed three times
with BSS, replaced with fresh maintenance medium and
incubated at 37°C. The additions of P32 contained a
total of 125 uc per culture. The amount of P2 in-
corporated is expressed as the per cent change relative
to the control.
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3 to 4 hours after infection with poliovirus. There is alteration

of the chromatin pattern and appearance of Type B acidophilic‘intram
nuclear inclusions followed later by the occurrence of'nucléar‘pyknosis.
Tenenbaum (1957) by means of fluorescence microscopy found in poliovirus
infected monkey kidney cells a modification in the staining pattern of
nuclear DNA. This change appeared to be an early consequence of the
infection. Changes in cytoplasmic RNA appeared a little later.

The uptake of P72 into the cytoplasmic RNA was also enhanced
by the first hour, and the rate increased until it was maximal at the
- sixth hour. This maximal rate might be 250 toc 300 per cent greater
than that of the uninfected cell. After the sixth hour the activity
of the cytoplasmic fraction declined sharply.

The increased incorporation of exogenous inorganic radio-
active phosphorus into the ribonucleic acids of cells infected with
poliovirus, has been observed by several investigators (Miroff, et al.,
1957; Becker, et al., 1958; and Rothstein, et al., 1958). However,
they have not reported on the later decline in the incorporation of
the isotope. This may be due to the fact that these investigators
have in some instances utilized a different cell line, a different
“type of poliovirus or a different set of experimental conditions;
but it is more likely that these results were obtained because an
incomplete sequence of infection was studied.

(c) Changes in Nucleic Acids Following Infection: When

cultures of Hela cells were analysed for nucleic acids after various

- periods of exposure to poliovirus, they were found to undergo progressive
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changes during a 7 hour period. ©Since the nucleic acids of ordinary
cells were found no£ to differ significantly during the T hour period
studied, the resulting data seen in Figure T, were recorded as the

per cent change'in the infected cell relative to the uninfected con-
trol. By the first hour after infection, there appeared a small in-
crease in nuclear RNA and DNA, These increases remained somewhat con-
stant until the fourth hour, after which they declined. This pattern
appears to be related to the increased incorporation of P52 into these
two fractions, and as will be seen later, to the appearance of intra-
cellular virus which occurs at the end of the fourth hour. It indicates
an enhanced metabolic activity rather than net synthesis of nucleic
acids. Farly changes occurring in the nuclei of poliovirus-infected
cells, as observed by several investigators, have been mentioned in
the previous section.

Usually by the first hour after infection, an increase in
cytoplasmic RNA was detectable. The actual increase varied from one
experiment to another. It might be from 110 to 150 per cent of the
control. The increase in cytoplasmic RNA continues progressively
until the sixth hour at which time the RNA might have increased by
250 per cent. However, between the sixth and seventh hour no further
accumulation occurred.

This accumulation, when taken together with the increased
incorporation of P32, undoubtedly reflects an actual synthesis of
nucleic acid. It is suggestive that virus material most probably is

being synthesized in the cytoplasm. Buckley (1956), using the fluore-

scent antibody technique, has been able to detect traces of antigen in
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Changes in the Nucleic Acid-Phosphorus of Cell Fractions
Consequent Upon Infection: ge cells were exposed to a
final concentration of 1 x 10~ PFU per ml of virus for
a period of one hour, Then the culture was washed three
times with BSS, replaced with fresh maintenance medium
and incubated at 37°C. Nucleic acid was determined as
nucleic acid~ phogphorus, and expressed as the per cent
change relastive to the control,



the cytoplasm as early as 3 to 5 hours following inoculation of polio-
virus. The changes observed here are congruous to those obtained by
tinctorial methods as reported by other iﬁvestigafors (Ackermann, et; al,
1954; Reissig, et al., 1956; Howes and Melnick, 1957). They observed
an increase in cytoplasmic basophilia, which progressed further with
advancement of the infection, Harding, et al., (1956) with the use of
ribonuclease and cytological techniques, showed that the surrounding
cytoplasm of infected cells appeared to be rich in ribonucleic acid.

(d) Intracellular Appearance of Viral Activity: When polio-

virus-infected Hela cells at various periods of infection are homogenized
and separated into their nuclear and cytoplasmic fractions, the prepon-
derance of virus was found in the latter fraction. The intracellular
appearance of the virus can be seen in Figure 8. The results are pre-
sented as the number of plaque-forming units (PFU) of virus per cell.
The first increase in viral activity was not detectable until the third
hour after infection. The virus continues to increase and accumulate
in the cytoplasm until the seventh hour. Extracellular virus does not
appear until the sixth to seventh hour after infection. It must be
noted that at the seventh hour, when 99 per cent of the total viral
yield had been formed, only 1 per cent of the new virus is in the
extracellular state. These data clearly indicate an intracellular
phase in the development of poliovirus as has been reported by other
investigators (Reissig, et al., 1956; Buckley, 1956; Howes and Melnick,
1957; Roizman, et al., 1958; and Darnell, 1958). They have observed
that at no time during the period of infection studied did the free

virus constitute more than a small proportion of the total virus
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Increase in the Cytoplasmic RNA-Phosphorus in Relation
to the Appearance of Virus: The cells were exposed to
a final concentration of 1 x 108 PFU per ml of virus
for a period of one hour., Then the cultures were washed
three times with BSS, repluced with fresh maintenance
medium and incubated at 37°C. Both intracellular and
extracellular virus samples were taken at hourly inter-
vals, and titered according to the plaque technique.
Virus titers are expressed as PFU per cell, - The amount
of cytoplasmic RNA~phosphorus is expressed as the per
cent change relative to the control.
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(less than 20 per cent). That a prolonged delay in release may occur,
has been shown by Girardi, et al., (1956) for Hela cells in suspension,
especially when held at 25°C (Larson, et al., 1957). This delay in
release of poliovirus from cells suggests a possible fundamental differ-
ence between the growth cycle of this virus in Hela cells, and that of
such viruses as Western equine encephalomyelitis virus in chick fibro-
blasts or vesicular stomatitis in monkey kidney or chick embryo cells,
where release is very rapid (about one minute)(Rubin, et al., 1955; and
Franklin, 1958).

Howes and Melnick (1957) have postulated that the delay in virsl
release might lie in a physicochemical barrier to release associated with
a structure normally present in the cell but perhaps under these conditions
modified by infection, or with abnormal structures present only in the
infected cell (Reissig, et al., 1956). Such a barrier may permit release
at a restricted rate so that mature virus accumulates in the cell during
maturation.

As has been discussed in the previous section, the release of
virus appears to be accompanied by a release of P52-labeled compounds into
the medium; this process occurring in a continuous progressive manner for
a period of several hours.

The results obtained above show that in this and similar virus
systems, it is necessary to assay total virus (free virus plus intra-
cellular virus) in order to obtain an accurate picture of virus matura-
tion. In studies concerned with the temporal relationship between virus
synthesis and biochemical activities or morphological changes in the cells,

assay of only the free virus may be misleading.
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In the same Figure 8 the increase in cytoplasmic RNA synthesis
during the same period of infection is also illustrated. It can be seen
that virus appears in the cytoplasm after the synthesis of RNA has: begun.
The virus increases concomitantly with the RNA synthesis and continues
for some time (between the sixth and seventh hour) after the maximal
synthesis of RNA has been reached.

When the changes in cytoplasmic RNA are correlated with the
intracellular growth pattern of the virus, they appear to agree with
the cytological data found by other investigators (Ackermann, et al.,
1954; Harding, et al., 1956; and Reissig, et al., 1956). They observed
an early increase in cytoplasmic basophilia which progressed further with
advancement of the infection. Initiation of all such changes in the in-
fected cell appears to precede the appearance of virus with the cytoplasm.

The evidence obtained here is once again suggestive that virus
material is most probably being synthesized in the cytoplasm. Buckley
(1956) using the fluorescent antibody technique, observed traces of polio-
virus antigen in the cytoplasm as early as 3 to 5 hours following inocula-
tion of the virus, and concluded the possibility of virus antigen being
synthesized in the cytoplasm.

Thus far the investigation has revealed, among the biochemical
changes that occur during the course of poliovirus infection in the Hela
cell, an increase in cytoplasmic RNA synthesis. It is apparent that the
next phase of this investigation would be: a) a substantiation of the
results utilizing another method for the determination of the increase
in cytoplasmic RNA; and b) a characterization of the incremental cytoplasmic

RNA.
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(e) Amounts of Nucleotides in Cytoplasmic RNA of Normal and

Infected Hela Cells: To substantiate the increase seen in cytoplasmic RNA,
as determined by the Schneider method and phosphorous analysis, the cyto-
plasmic ribonucleic acids obtained from both infected (6 hours after in-
fection) and normal Hela cells were hydrolyzed to a mixture of nucleo-
tides and chromatographically separated. The methods employed are des-

cribed in the previous section under Msterials and Methods.

Upon chromatographic separation of the hydrolyzed nucleic acids,
only the usual four nucleotides of RNA were obtained (Table III). The
number of micromoles of each nucleotide was determined. When infected
and normal cells were compared, the former was found to contain approxi-
mately 150 per cent more of each of the nucleotides.

(f) Nucleotide Composition of Nogmal and Infected Hela Cells:

In order to facilitate the comparison of the composition of
normal and infected RNA preparations, the results were expressed as the
molar ratios of the nucleotides relative to adenine as 10. It is in
this manner that the composition of RNA preparations from normal and
infected cultures is presented in Table IV, These values likely represent
the average composition of several species of molecules of RNA which com-
prise the cytoplasmic fraction.

The nucleotide composition of the RNA isolated from the cyto-
plasmic fraction of normal Hela cells is very similar to that reported
for RNA isolated from other mammalian tissues, in that 1t is rich in
guanylic and cytidylic acids and poor in adenylic and uridylic acids.

The ratio of purines to pyrimidines is generally not far from unity.

However, the molar ratio of the bases of the cytoplasmic RNA does appear
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TABLE III

AMOUNT OF EACH NUCLEQTIDE IN CYTOPLASMIC RNA‘(QRNA) OF
NORMAL AND INFECTED HeLa CELLS

Nucleotide uM of Nucleotide x 10”7/cell

Norﬁal Infected ANﬁcleotide*
Cytidylic acid 11.26 + 3.4 28.75 + 8.6 17.49
Adenylic acid T.4 + 1.9 19.05 + 6.1 11.65
Guanylic acid 16.05 + 3.1 38.49 + 8.8 22,4k
Uridylic acid 8,41 + 1.7 21.03 + T.54 12.62

NOTE: Samples for asnalysis were obtained from Hela cells 6 hours after
initiation of infection with poliovirus and from normal Hela cells
treated in the same manner without exposure to virus. Values recorded
here are ‘dverages of data from five experiments.

*¥A Nucleotides = the difference between normal and infected cells in
the amount of each nucleotide in the cRNA,

to be different from those of other animals and from that of a variety
of human tissues (Smellie, 1953; Chargaff, 1955).

The nucleotide composition of the RNA isolated from purified
poliovirus (Meshoney strain) Type I is recorded in column 5 (Schwerdt,
1957)_ The viral RNA is quite different in composition from that of
the uninfected Hela cell. The values for the virus are lower, especially
for cytidylic and guanylic acids. If a minimal value of 120 per cent is

taken for the increase in cytoplasmic RNA which results from infection,
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TABLE TV

NUCLEOTIDE COMPOSITION OF CYTOPLASMIC RNA (cRNA) IN NORMAL AND
INFECTED HeLa CELLS

‘ Infected Virus**
Nucleotide Normal - :
Observed Calculated*
Cytidylic acid 15.4 + 0.4 15.3 + 1.1k 9.2 6.3
Adenytic acid 10.00 10,00 10.00 10.0
Guanylic acid 20.2 + 1.14 19.8 + 1.13 12.0 8.4
Uridylic acid 10.2 + 0.95 10.9 + 0.51 8.8 8.1

NOTE: Relative values for the amounts of nucleotides in the cRNA of
normal and infected cells were derived from data presented in Table ITT.
These values are for cells 6 hours after initiation of infection.

% The nucleotide composition of cRNA of infected cells was calculated
assuming that a conservative minimal increase of 120 per cent above
normal would be attributable to the RNA of poliovirus.

*¥% Data on the nucleotide composition of poliovirus type 1 (Mahoney) is
from Schwerdt (1957).

and if the incremental RNA is assumed to be viral RNA, the ratio of
bases that would be obtained from such a mixture of 120 parté of virsl
RNA and 100 parts of ordinary cytoplasmic RNA can be calculated. The
calculated ratio of bases in such a theoretical composite is given in
column 4 of Table IV. The hypothetical composite is shown to differ

significantly from that of the normsl cell and also that of the virus.
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However,‘when the nucleotide composition of the RNA from the
cytoplasm of the infected cell which contains the increment of newly
formed RNA was determined experimentally, it was fbund to differ sign-
ificantly from the hypothetical composite, but not from that of the
normal celi (column 3, Table IV). While viral RNA must be synthesized
in the infected cell, the major portion of the newly formed RNA induced
by virus infection is not of the virus type, resembling more closely
that of the ordinary cell cytoplasm.

(¢) Analysis of the Sub-Cellular Components of Normal and

Infected Hela Cell Cytoplasms: Since the cytoplasmic RNA is a composite.

of several sﬁecies of ribonucleic acids existing in the cytoplasm (Smellie,
1955), fractionation by differential centrifugation procedures of the
cytoplasmic RNA into its sub~cellular componéntsvwould thus indicate whére
such an increase exists in the infected cytoplasm. Further, the elimina-
tion of excess normal RNA would facilitate detection of viral nucleic acid,
if it were localized, and also indicate the distribution of viral activity
among the various sub=-cellular components, If the chemically detectable
protein and RNA constitutes virus, then their distribution among the various
sub~-cellular elements of the cytoplasm should parallel that of viral activ-
ity. The cytoplasmic fraction from infected (sixth hour after infection)
and ordinary Hela cells were obtained and then further fractionated into
three sub-cellular components according to‘the methods described in the

section under Materials and Methods., The amount of P32, RNA-P, protein-N

and virus present in each fraction was determined and recorded in Table V.



TABIE V

DISTRIBUTION OF PROTEIN-N AND RNA-P IN THE CYTOPLASMIC COMPONENTS- OF
NORMAL AND INFECTED Hela CELLS

Cytoplasmicl Norma; - | Infected “‘Virus
Fraction | RNA-P | RNA-P 'PFU

Counts* mgm mem N Counti , mgm ‘mgm N|

x 10~ x 1070 x 10710 |x 10” x 10710  x 10-10
l

I 1.45 1.95 59.7h4 2.73 3.21 91.52 15.5
II 1.25 4,55 54,37 2.88 13.26 73.05 313.5
IIT bo45 20.38 248.19 6.54 25.51 379.87 54.5

NOTE: Cytoplasm for ultracentrifugal fractionation was obtained from Hela
cells 6 hours after initiation of infection with poliovirus and from normal
Hela cells treated in the same manner without exposure to virus. All data

are on a per cell basis.

¥ Cultures containing approximately 6 x 106 cells were exposed to 125
microcuries of P77 during the last 30 minutes of incubation.

The rate of incorporation of radioactive‘isotope (P52) for a
half hour period of exposure varied with the individual sub-cellular
components of the normal cytoplasm (Table V). There is no significant
difference in the amount of p32 incorporated into the ribonucleic acids
of the two particulate fractions. However, the activity of the RNA of
Fraction ITI was considerably higher than that of the particulate frac-
tions. This was found also by Barnum and Huseby (1950, 1955)’for the
cytoplasmic fractions of mouse mammary carcinoma, mouse liver tissues

and for cells of other species by Jeener and Szafarz (1950) and Smellie,

et al., (1953). 1In general, the activity of the microsomal RNA proved
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to be higher than that of the mitochondria, although in certain instances
such as, normal, regenerating and weanling rat. liver, normal and embryonic
mouse liver, and mouse mammary carcinoms, no significant differences in

32

uptake of P”° between the two particulate fractions were observed (Barnum
and Huseby, 1950, 1953; and Smellie, 1955).

After infection the incorporation of P32 into all fractions in-
crease with that of Fraction II (130.4 per cent) being somewhat greater
than Fractions I (88.3 per cent) and III (46.9 per cent). It should be
noted that while the rate of incorporation of pie by the infected cell
is about twice that of the normal, the net synthesis of RNA is consider-
able, whereas in the instance of the normal it is not detectable.

The distribution of total RNA—E'follows the same pattern as
seen with the radioactivity data. In general tumor cells have been
reported to have a relatively high percentage of their total cellular
RNA in the cell sap fraction, which is represented here in these expgri-
ments by Fraction IIT (Stevens, et al., 1953; Howatson and Hamm, 1955;
and Jardetsky and,Barnum, 1957). After infection there is an increase
in all fractions, but by the sixth hour the greatest percentage accumula-
tion is in Fraction II (191.4 per cent), followed by Fractions I (6k4.6
per cent) and III (25.1 per cent):respectively. Likewise, all fractions
show an increase in protein content. The largest accumulation of protein
is in Fraction III, although the per cent increases in Fractions I and
I1I are the same and greater than in Fraction II. The virus activity
is found predominantly in Fraction II,

These data are more easily interpretecd if it 1is assumed that

there is essentially no degradation of the original components of the
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cell after infection, and that the increment of RNA-P and protein
measured represents all of the newly formed material. The data for
each fraction are expressed in this form in Table VI under the headings
RNA-P and protein-N which represent the amounts of newly formed materials.
It will be noted that the virus distribution only approximately parallels
the RNA-P and does not correspond at all to the protein-N. Only 10 per
cent of the incremental protein is in Fraction II, while 81 per cent of
the virus and 57.7 per cent of the RNA-P are there,

Further, there is a characteristic ratio of protein-N to RNA-P
for each of the components of the uninfected cell cytoplasm and also for
the purified virus. (The latter is taken from data of Schaffer, 1957.)
Such a ratio can also be calculated for the material in each fraction
newly formed after infection. A comparison of these values allows one
to determine if the newly formed materials resemble the composition of
the normal component with which it is associated, that of the virus, or
if it is anomalous. Only in Fraction II are these minimal restrictions
of composition such that they do not rule out the possibility that the
incremental material is all virus. Only in this case does it not re-
semble the composition of the normal material of Fractioh II. The in-
cremental materials of Fractions I and III more closely resemble the
normal components . than the virus. However, the variation between the
increment of Fraction IIT, and the normal component is beypnd the error
of the analytical method.

(h) Kinetics of Net Synthesis of RNA, Protein and Virus: In

the previous sections the biochemical situation in the cell at the sixth

hour of infection has been described. The following is concerned with
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the temporal sequence by which the situation developed. In attempting
to characterize the pattern of increase of cytoplasmic RNA, protein-N
of Fraction III and virus, replicate cultures of cells were analysed af
various times in the intervel from the initiation of infection to the
seventh hour. So that the characteristics of development of these mater-
ials which differ in absolute amount may be compared, the amount of each
at the seventh hour was assigned the value of 100 and the amount at other
times some proportion of 100. In this form, data concerning the newly
formed protein of Fraction III of the cytoplasm, the total cytoplasmic
RNA and virus infectivity are plotted in Figure 9. The synthesis of pro-
tein appears to proceed at a constant linear rate from the first hour until
the seventh., It must begin almost immediately since the curve extrapolates
to zero time. The synthesis of cytoplasmic RNA also begins close upon
initiation of infection and appears to be a composite of two phases. The
earlier phase, occurring between zero and the fourth hour, closely parallels
that of the protein, but proceeds at a slightly slower rate than the second.
The latter phase begins at the fourth hour and plateaus after the sixth
hour. It is also of interest to note that 50 per cent of the protein and
RNA are formed before the appearance of any viral activity. Further, 50
per cent of the virus appears after the synthesis of RNA has halted. With
the appearance of virus at the fourth hour, there is an increase in the
rate of synthesis of cytoplasmic RNA, and a marked decline in the rate of
p>2 incorporation in the nuclear RNA, which has been described in the
previous section (see Figure 6).

It is possible that the increasqd rate of RNA synthesis which
occurs between the fourth and sixth hour of infection represents the

synthesis of viral RNA which is superimposed upon the synthesis of
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non-viral RNA, which began by the first hour and continues through the
sixth hour. Goldfine, et al., (1958) on the basis of incorporation of
Clu—labeled cytidine into Hela cells infected with poliovirus, have
suggested that the synthesis of viral nucleic acid may occur at about
the fifth hour after infection.

The incremental soluble protein fraction may correspond in
part to the C and D antigens obtained after ultracentrifugation, and
found by Mayer, et al., (1957) and Roizman, et al., (1958) to appear
in the soluble fraction of homogenates of poliovirus-infected Hela
cells. Matzelt, et al., (1958) have also found a significant increase
in protein content of Hela cells infected with poliovirus. They have
also demonstrated, in a study of six glycolytic enzymes of the cell,
that there was a significant increase in enzymic activity of these
enzymes in infected cells. This increase in glycolytic activity of
cells infected with poliovirus has also been observed by Becker, et al.,
(1958) in infected human amnion cells. It is a well recognized fact
that a major portion of these glycolytic enzymes normally reside in
the cell sap or soluble fraction of the cell cytoplasm (Hogeboom and

Schneider, 1955).



DISCUSSION

The following picture of the intracellular changes that occur
during poliovirus Type I infection of Hela cells has now emerged from
an interpretation of the results of these studies. In Figure 10 is
presented a schematic summary of the infection of the Hela cell with
poliovirus. In this diagram the synthesis of large molecules (RNA,

DNA, protein and virus) is related in space to the morphologic sub-units
of the cell, and in time to the developing infectious sequence and to
the gross cytopathogenic effects.

After attachment and penetration of the virus into the cell,
there begins almost immediately an accumulation of protein and ribo-
nucleic acid in the cytoplasm. Rapid incorporation of radioactive in-
organic phosphate into the nuclear RNA and DNA also occurs, but there
is no detectable net increase exhibited by these two fractions. During
this phase which lasts for several hours and is generally known as the
"eclipse period”, no virus is detectable. However, the sequence of
events as shown by phase-contrast cinematography in & single cell show
the following changes: increased activity of the peripheral undulating
membranes and movement of granules to the nuclear area (Barski, et al.,
1955; Harding, et al., 1956; and Ackermann, 1957).

By four hours the fate of synthesis of cytoplasmic RNA increases,
virus appears in the intracellular state, and incorporation of PBQ into the
nuclear RNA and DNA fractions ceases abruptly. Progressively the rate of

accumulation of virus increases. By six hours, synthesis of cytoplasmic
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RNA ceases and the incorporation of P32 begins to decline, while protein
and virus continue to increase. At the seventh hour release of virus
begins accompanied by a release of other cellular material.

During this period the changes observed by phase-contrast
cinematography are as follows: a violent boiling-like movement of the
cytoplasm occurring about the fourth hour, and at the sixth hour a
retraction of the cellular processes and a rapid and drampatic loss of
cytoplasmic area with retention of the cytoplasmic granules about =z
highly refracting nuclear residue.

It appears from these results that Hela cells producing polio-
virus are also synthesizing cytoplasmic RNA and protein in excess of what
is normally present in the cell cytoplasm. This synthesis represents a
doubling of the cytoplasmic material. in a few hours. What is the nature
of this material: is it virus, is it material destined to be virus, is
it normal or anomalous cellular material? There are several.lines .of
vevidence which may be meaningful to consider in this connection.

Firstly, the yield of virus seldom exceeds a thousand plaque-
forming units per cell. According to Schwerdt and Fogh (1957) the numver
of characteristic particles in a preparation which are countable with the
electfon microscope is approximately 30 per plague-forming unit under the
best plating conditions. They estimated the number of particles produced
per monkey kidney cell to be in the range of 50 to 300 thousand, which
they claim actually constitutes only a small fraction (1 to 5 per cent)
of the total solid mass of a spherical epithelial cell of 10 p diameter.
In the present investigation the increases in cell mass actually found

are of a different order of magnitude. The amount of virus which could
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be produced by a single cell, can be calculated from the information that
poliovirus is composed'of 30 per cent RNA, 7O per cent protein and has a

mass of 1 x 16i7 grams, If the incremental RNA and protein were all

destined to be virus, then the calculated yleld would be about one million
per cell based upon the surplus RNA, and about ten million from the proﬁein.
Under the present experimental conditions the greatest number of particles
produced by a cell was found to be 30 thousand. This would suggest, either
that most of the excess RNA was viral nucleic acid which was not incorporated
into particles, or that it was Hela cell RNA, normal or abnormal, which was
produced as an indirect manifestation of virus multiplication.

Secondly, when the base ratios of cytoplasmic RNA from normal
and infected Hela cells were compared, no significant difference in their
composition was observed. The characteristic base ratios of Type I
(Mehoney strain) poliovirus have been reported already by Schwerdt (1957).
These values are qulte different from that of the cytoplasmic RNA from
infééted and normal Hela cells, being relatively low in cytidylic and
guanylic acids. Unfortunately, it is not possible at present to separate
the incremental RNA of infected cells from the normal RNA component
originelly present,

However, assuming that all of the incremental RNA in the
infected cell is attributable to viral nucleic acid, the nucleotide
composition of the infected cells cytoplasmic RNA was calculated and
found to show no similarity to the composition of the ribonucleic acids
from either the infected or normal Hela cells, nor to the virus (Table

IV). Thus the major portion of the incremental RNA must be of a com-

position different from that of poliovirus.
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In addition, when the cytoplasm is separated into its various
subcellular components (Table VI), 80 per cent of the virus activity was
found in Fraction II, along with 58 per cent of the incremental RNA and
10 per cent of the incremental protein. Fraction III with 70 per cent
of the incremental protein contained only about 14 per cent of the virus.
Throughout, the distribution of incremental protein, RNA and virus activity
amongst thevvarious fractions does not correspond one to another as they
would if all represented the same particle. The ratio of the protein
nitrogen to RNA-phosphorus in the virus particle is about'2.5. Only in
Fraction IT does the ratio of the incremental protein and RNA approach
this with a value of 2.25. The characteristic value for Fraction II ob-
tained from normal cells is 11.9.

From these considerations of the nucleotide composition of the
RNA, the distribution of incremental RNA, protein and virus activity
amongst the cytoplasmic fractions and the amount of material involved,
one is led to conclude that the accumulated protein and RNA does not
constitute poliovirus and at least in the case of RNA does not represent
naterial of the viral type.

It is possible that a small portion of the incremental RNA may
represent viral nucleic acid, which thus far is not separéble and there-
fore not detectable. The soluble protein fraction may also correspond in
part to the viral C and D antigens which were found in the soluble frac-
tions of poliovirué-infected Hela cell homogenates after ultracentriinga-
tion (Mayer, et al., 1957; and Roizman, et al., 1958). However, the
amount of C and D antigens produced would represent a small fraction

of the incremental protein found here. On the basis of the amounts of
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soluble antigens produced, Roizman, et al., (1958) have estimated that
approximately one hundred thousand to five hundred thousand virus part-
i@iéé can be formed. However, the calculated yield of virus from the
incremental protein was found to be approximately ten million. In addi-
tion, at least a part of the incremental protein must be normal since
there is found an increased activity of a series of glycolytic enzymes
in Hela cells infected with‘poliovirus (Matzelt, et al., 1958), If
the above statements are true, then they would lend further support
to the suggestion that viral nucleic acid and viral protein are pro-
duced separately in different areas of the cell, and then later combine
(Luria, 1953; Bawden, 1957; Breitenfeld and Schafer, 1957).

So far each of the sub-cellular fractions of the cytoplasm
examined show increases in protein and RNA. The data suggests that
a hyperdevelopment of the cytoplasm without corresponding nuclear
development isioccurring. Perhaps it is this unbalanced development
which precipitates the cellular instability. An analogous situation
can be seen in the studies of Barner and Cohen (1954) of the "unbalanced
growth" phenomenon seen in thymidine-requiring mutants of Escherichia
coli. This effect is ascribed to a cqntinuing cell synthesis in the
absence of a balanced synthesis of normal DNA. The same authors have
obtained evidences that suggest that many types of bactericidal.treat-
ments produce their effects in this way (Barmer and Cohen, 1956) and
more particularly have demonstrated that some lethal effects of ultra-
violet irradiations are consequences of unbalanced growth (Cohen and
Barner, 1954). More recently Ackermann, et al., (1958) have demonstrated

the occurrence of an unbalanced development in Hela cell cultures grown
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in the presence of 5-fluorouracil, an antagonist of thymine synthesis.
Chemical analyses of these cells grown in the presence of the fluorinated
pyrimidine analogue indicate that while cellular DNA synthesis ig in-
hibited, protein and RNA syntheses are continuing. However, the inhibi-
tion of multiplication can be prevented by the early addition of thymi-
dylic acid, but once unbalanced cellular growth has occurred, the effect
of the inhibitor is not reversed and the inhibited cell proceeds to form
giant cells and ultimately dies.

Thus, .one can propose that the virus, after having entered the
cell, has in some way the ability to condition certain areas of the cell
to synthetic activity., Different viruses such as those containing RNA
or DNA would condition different structural and metabolic areas. This
proposed generality was supported in part recently by Newton and Stoker
(1958) who have shown an increase in DNA synthesis occurring in herpes
virus-infected Hela cells. No increase in RNA synthesis was detected,
and unfortunately no protein determinations were made. It is generally
accepted that the herpes virus belong to the DNA group of viruses.

The findings here are also not consistent with the concept
which proposes that in viral reproduction, all of the synthetic powers
of the cell are redirected to produce a single new product. Rather, it
is proposed that if the conditions in any certain area of the cell are
suitable, then all specific templates including that of the virus present
may be expected to function. Thus one can expect as a result of infection
many large molecules to be formed which were never destined to be virus or

to function secondarily in virus production.
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Since the cell may respond in a limited number of ways, the
virus might trigger or initiate some one of the step-wise phases that
constitute the normal life cycle of the cell. The cell now appears to
be out of phase in certain of the critical areas involved in the normal
growth process, and thus cellular death or unceasingly stimulated mitosis
as in malignancy results.

This hypothesis is of particular interest in that it provides
a single explanation of the development of cytopathology by animal viruses.
Its general validity awaits further experimental observations on other

mammalian host cell-virus systems.



SUMMARY

A biochemical and a biological investigation of poliovirus
multiplication in Hela cells has been made. When Hela cellé labeled
with radioactive phosphorus are exposed to poliovirus, there occurs
after several hours an enhanced release of labeled materials into the
extracellular fluid.  This transudation begins at about the sixth hour
following infection, and appears to coincide with the first release of
virus and the first morphological changes as observed through time lapse
cinematography. The enhanced release of radioactivity is related to the
size of the viral inoculum and is not seen when virus, pre-neutralized
with antiviral serum, is used., These data emphasize the importance of
defining the period during which a chemical study of wvirus Synthesis is
feasible.

A chemical and isotopic analysis of sub-cellular fractions
of Hela cells at various times during a single sequence of infection
revealed the following changes: Within one hour after the initiation
of infection, there is a detectable accumulation in the cytoplasm of
newly synthesized protein and RNA (ribonucleic acid). Also at this
time there is an enhanced incorporation of P52 by nuclear RNA and DNA
(deoxyribonucleic acid) without a net increase in either nuclear nucleic
acid. The synthesis of cytoplasmic protein continues at a constant rate
until the seventh hour of infection. RNA of the cytoplasm is formed at
a constant rate untll the fourth hour, at which time the rate is markedly
enhanced., The fourth hour is also marked by a sharp decline in the in-

32

corporation of P”~ into both the nuclear RNA and DNA, and the appearance
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of the iirst virus, as infectious activity, in the cytoplasm. The accum-
ulation of cytoplasmic RNA ceases at the sixth hour, but virus accumulates
at an increasing rate in the cytoplasm from the fourth to the seventh
hour, when 99 per cent of the virus formed is present in the intracellular
state, From the amounts of nucleic acid and protein produced, their dis-
tribution relative to virus among various sub-cellular fractiqns,‘and from
the necleotide composition of the RNA, it was concluded that the major
portion of the newly formed materials was not virus and at least in the
case of the RNA was not destined to be virus. From consideration of

these observations, a hypothesis is presented, which suggests that "un-

balanced growth" is responsible for cytopathology.
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