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Let it be made clear at the outset that few examples are known in which 
a nucleic acid or its protein complex exerts a direct effect on an enzymic 
step or metabolic pathway in a tissue homogenate, or in an isolated enzyme 
system. It follows that to justify the inclusion of a chapter on polynucleo
tides and nucleoproteins in a book dedicated to a discussion of metabolic 
inhibitors requires a broadening of the usual biochemical concept of a 
metabolic inhibitor. There are, as we shall see, many situations in which 
nucleic acids or nucleoproteins affect the metabolic activities of mam
malian cells and of microorganisms. However, they do so in a rather 
indirect fashion. They usually require an intact, functioning cell for their 
expression. The effects of these macromolecules are seen at the higher 
levels of biochemical organization: at the level of the synthesis of pro
teins, enzymic and structural; at the level of replication of the nucleic 
acids themselves; and at the level of control and coordination of the 
manifold anabolic and catabolic sequences of the integrated machinery of 
the cell. Investigations of these integrated cellular functions have only 
recently entered the realm of respectable biochemistry (1). 
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A discussion of the activities of this group of complex macromolecules 
as metabolic inhibitors (metabolic regulators might be a more appropriate 
term) involves a survey of rapidly expanding fields of investigation. 
Metabolic alterations to a cell as a consequence of viral infection and 
embryonic induction, or as a result of alterations of the cellular hereditary 
elements by mutation, rearrangement, transduction, transformation, and 
other parasexual processes, involve changes at the informational level of 
cellular control. Some aspects of control at the level of function—as in 
enzyme induction and repression—are also attributable to substances 
belonging to the general class of nucleic acids and nucleoproteins. 

Although the tenor of this volume is toward a discussion of inhibition 
and inhibitors of metabolism, we have been forced to consider certain 
aspects of the biological effects of the nucleic acids and nucleoproteins 
which illustrate their ability to evoke a positive response. Thus, in the 
fields to be mentioned (embryonic induction, differentiation, protein 
synthesis, viral infection), the emphasis will be on the role of these macro-
molecules in the acquisition of new biochemical functions or the stimula
tion of old ones, rather than on the inhibition of some phase of cellular 
metabolism. In justification of this approach, we would point to the 
paucity of information regarding the inhibition of metabolic processes by 
nucleic acids or nucleoproteins. Moreover, when acquisition or stimulation 
of metabolic activity is observed, inhibition may be surmised to be an im
portant aspect of the change due to the discarding of certain metabolic 
sequences when their physiological or ontogenetic role is superseded. 

II. THE NUCLEIC ACIDS: THEIR ROLE IN THE CONTROL OF CELLULAR 
METABOLISM 

A. Deoxyribonucleic Acid (DNA) 

1. GENERAL CONSIDERATIONS 

In the last 10-15 years, the nucleic acids and their protein complexes 
have been recognized to be of profound importance for cellular and sub
cellular organisms with respect to their genetic continuity, since they are 
believed to constitute the determinants of heredity. In 1945, Beadle (#) 
first enunciated the hypothesis that genes control the chemical and, as a 
consequence, the biological properties of protein molecules, thus providing 
a theory which explained how genes could exercise control over cellular 
metabolism. Although this theory (the "one gene-one enzyme" hypothesis) 
has been shown to be something of an oversimplification, it is generally 
held to be true that the genes control, qualitatively at least, the metabolic 
activities of the cell. 
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Perhaps no discovery has given this theory more substance than the 
elucidation of the structure of D N A by Watson and Crick (8). The demon
stration that D N A is composed of two linear polymers, consisting of 
nucleotide units, entwined in a helix, has had a strong influence on making 
acceptable the idea that D N A is the basic genetic currency. At the same 
time, it has provided a model which explains how the genetic material of 
the cell can be duplicated and exactly copied; and it has resolved the 
problem of equal division of genome between daughter cells. The authors, 
having no desire to become involved in a discussion of the mechanism of 
information transfer, refer the reader to recent discussions of this topic by 
Brenner (4·), and by Sinsheimer (δ). 

By means of equilibrium centrifugation in a cesium chloride density 
gradient, Meselson and Stahl (6) demonstrated that the nitrogen of a D N A 
molecule in Escherichia coli is divided equally between two physically 
continuous subunits which are distributed to each daughter molecule of 
D N A following duplication. These subunits, presumably the single poly
nucleotide strands of the D N A helix, are conserved through many dupli
cations occurring during successive generations of the bacterium. This 
has provided strong evidence for the concept of semiconservative replica
tion of D N A in this organism (7). Further information regarding the 
chemistry of genetic factors is available in recent reviews by Fincham 
(8), Stent (9), and Sinsheimer (δ). 

2. TRANSFORMATION 

The first direct demonstration of the genetic importance of D N A was 
the discovery that bacterial D N A could transmit a specific biological 
property possessed by the donor strain to a susceptible strain not possessing 
that property. This phenomenon of transformation was first described by 
Avery et al. (10), who were able to effect the transformation of a significant 
fraction of cells of a culture of Streptococcus pneumoniae which were ge
netically incapable of secreting a polysaccharide capsule, into cells which 
could encapsulate themselves, by exposing them to D N A isolated from 
an encapsulated pneumococcal strain. There is no need to dwell upon the 
subject here, since excellent reviews on transformation (11, 12) and on the 
chemical and physical properties of the transforming deoxyribonucleates 
(18) have been published in recent years. Suffice it to say that many 
examples of the introduction of both biosynthetic and degradative enzymes 
into bacterial cells have been documented; and to recall that once these 
biological properties are introduced, they are there to stay. They are 
transmitted to the progeny of the transformed cells, and remain a charac
teristic of the members of succeeding generations. 
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3. V I R A L GENETICS 

The elegant experiments of Hershey and Chase (1JÇ) provided the first 
demonstration of the unique importance of bacteriophage D N A in the 
reproduction and genetic continuity of these viruses. More recently, the 
investigations of Spizizen (16) and of Fraser et al. (16) have served to re
inforce the conviction that phage D N A carries all the genetic information 
necessary for virus replication. These investigators produced subviral 
particles from suspensions of T2 bacteriophage which, though nonin
fectious for intact E. coli, were able to infect E. coli protoplasts produced 
by lysozyme and to direct the protoplasts to produce mature T2 bacterio
phage particles. 

During the past year, biologically active DNA has been isolated from 
two viruses: the bacteriophage φΧ174, which has been shown by Sinsheimer 
to contain single-stranded D N A (17), and the polyoma virus, an agent 
which produces multiple tumors in mice and hamsters. It was shown that 
φΧ174 DNA infected E. coli protoplasts (but not intact E. coli) (18) and 
that polyoma DNA infected cultures of mouse embryo fibroblast cells 
(19, 20). In each case, the end product of the interaction was intact virus 
identical to that from which the DNA had been isolated. 

B. Ribonucleic Acid(RNA) 

1. I N PROTEIN SYNTHESIS AND I N P L A N T AND ANIMAL VIRUSES 

The second broad class of nucleic acids, the ribonucleic acids, contains 
molecules of at least two types, with different physical as well as bio
logical properties. Large R N A polymers, with molecular weights of the 
order of 2 Χ 10

6
, have been found to play a role in certain plant and 

animal viruses, analogous to that of DNA in higher organisms. Gierer and 
Schramm (21) showed conclusively that purified R N A extracted from 
tobacco mosaic virus was itself infectious, and thus contained all the 
information necessary to direct the plant cell to replicate more of the 
same R N A and to synthesize the specific protein subunits of the viral 
coat. Colter et al. (22, 28) extended this basic knowledge to a number of 
animal*viruses. Subsequently, infectious R N A has been isolated from a 
rather imposing list of plant and animal viruses. Progress in this area has 
been summarized in several recent reviews (2^-26). 

Smaller R N A molecules, the so-called soluble R N A (sRNA) fraction, of 
molecular weight 2-4 Χ 10

4
 play a vital role in protein synthesis. It has 

been found that amino acids can be enzymically activated by conversion 
into adenylates (27-30) and, thus activated, can be transferred to sRNA 
(81-84)' The amino acids bound to sRNA can be transferred further, by 
a mechanism not yet clear, into protein in the presence of microsomal 
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ribonucleoprotein. sRNA appears to serve as a vehicle, and perhaps a 
specific marker, for the attached amino acid. The nucleotides which 
comprise the sRNA fraction contain a specific nucleotide end-grouping 
consisting of two cytosine nucleotides with a terminal adenylic acid residue 
(85-87), and evidence is accumulating that, for each amino acid, there 
exists a specific sRNA molecule (32, 36, 88-42). Recent reviews on this 
subject have been provided by Hoagland (43), Chantrenne (44), and by 
Cohen and Gros (45). 

In cells, and in in vitro systems, maximal synthesis of protein takes place 
in the microsomes (46~49). Fractionation of the microsomes using deoxy
cholate has shown that the ribonucleoprotein particles are the principal 
functioning elements, together with certain soluble enzymes, eofactors, 
and substrates. It has been shown that in an in vitro system, ribonucleo
protein particles can effect a net increase in protein (50). Webster (51), 
using a partially purified system from cell-free extracts of peas, not only 
demonstrated net protein synthesis, but showed that the microsomal 
ribonucleoprotein particles were able to produce soluble proteins which 
exhibited the enzymic activity of adenosinetriphosphatase (ATPase). The 
increase of soluble protein and of ATPase activity required the presence 
of ATP, GTP, Mn+ +, sRNA, a mixture of 18 amino acids, and the ribo
nucleoprotein particulates. Schweet et al. (52) and Bates and Simpson 
(53) have also provided convincing evidence of net protein synthesis in 
subcellular fractions by demonstrating the in vitro formation of hemoglobin 
and cytochrome c, respectively. 

The integrity of the ribonucleoprotein particles appears to be essential 
for their biosynthetic activity. Abdul-Nour and Webster (54) have shown 
that dissociation of the ribosomes with Versene inhibits amino acid in
corporation and protein synthesis in their in vitro system. Reaggregation 
of the particles by the addition of Mg+ + regenerated their functional 
capacity. 

It may be a presumptuously simple idea to consider an analogy between 
microsomal ribonucleoprotein particles and the R N A viruses, but their 
similarity in size, structure, composition, and correlation with the deter
mination of specific protein synthesis make it tempting to suggest such an 
analogy (55). However, no one has yet demonstrated that viral ribo
nucleoprotein or R N A can function, as does microsomal ribonucleoprotein, 
in cell-free protein synthesis, and the question of the genetic continuity of 
the microsomal elements has not yet been answered conclusively. 

2. EMBRYOLOGICAL INDUCTION AND CELLULAR DIFFERENTIATION 

Very little is known of the manifold events which must take place at the 
biochemical level during the process of cell and tissue differentiation. It is 
self-evident, for example, that enormous metabolic differences must exist 
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between cells of the squamous epithelium of the skin and those of the 
cerebral cortex; yet both are derived from the same ectodermal layer of 
the early embryo. An example of biochemical maturation is provided by 
the work of Shen (56), who demonstrated the correlation between the 
cytological differentiation of synapses in a particular area of the nervous 
system and the accumulation of cholinesterase in that area. 

Markert (57) has investigated the ontogeny of the family of esterases 
concerned with the hydrolysis of carboxylic acid esters of phenol. He 
showed that during embryonic and postnatal development in the mouse, 
the esterases appeared one after the other in a tissue as it reached new 
stages of differentiation until the full complement was attained when the 
tissue reached maturity. Individual adult tissues possess a distinctive 
pattern of these esterases. Such a chain of events may be thought of in 
terms of sequential gene activation and inhibition or, at the molecular 
level, as the shuttling of control processes between R N A and D N A in 
the cell. 

A considerable body of experimental evidence has accumulated regard
ing the role of R N A and ribonucleoprotein in the induction of embryonic 
differentiation. In toto, the evidence implies that the ribonucleoprotein 
fraction of a variety of adult tissues is the source of the inductive ability 
of homogenates of these tissues. In a series of papers, Hayashi (58-62) has 
described the induction of archencephalic and deuterencephalic structures 
in the isolated presumptive ectoderm of Triturus gastrulae by partially 
purified ribonucleoprotein from guinea-pig liver. Ribonucleoprotein from 
guinea-pig kidney was found to induce predominantly spinocaudal struc
tures. On the basis of alteration or loss of biological activity of the nucleo
proteins after treatment with proteolytic enzymes and ribonuclease, he 
concluded that the principal activity resided in the protein moiety. 

Niu (63) has adduced experimental observations in support of a specific 
determinant role of adult tissue R N A for presumptive ectoderm. He has 
reported that some RNA-treated implants differentiated into structures 
which resembled, embryologically, the tissue from which the R N A had 
been isolated (64). The treatment of calf-thymus ribonucleoprotein with 
proteolytic and nucleolytic enzymes gave inconclusive results regarding 
the identity of the inducing agent, although calf thymus RNA, extracted 
by phenol deproteinization, induced differentiation of ectoderm from 
Amblystoma gastrulae. Unfortunately, the specificity of the response was 
not tested by examining R N A derived from a number of sources, and the 
effects of RNAse on the activity of the nucleic acid were not determined. 

The validity of the enzymic digestion procedure for the identification of 
the moiety of the ribonucleoprotein complex responsible for induction 
should be questioned. The investigations of Siekevitz and Palade (65) and 
of Roth (66) suggest strongly that the nucleic acid and protein components 
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of ribonucleoprotein particles exert a mutually stabilizing effect on one 
another. Digestion of either the protein or the nucleic acid by the ap
propriate specific enzyme may lead to the breakdown of the other con
stituent of the complex. It may also be pointed out that if the inducing 
material were analogous to the RNA-containing viruses, inactivation by 
proteolytic enzymes might be expected, while no effect of RNAase would 
be anticipated; yet the unique importance of the R N A of these viruses 
has been convincingly demonstrated (24). Even if the nucleic acid is the 
actual determinant for induction, the mechanism of its action remains a 
matter for speculation. It could act by stimulating or inhibiting the right 
system at the right time, or by adding a new piece of information to the 
cell directory. 

Several examples of biochemical and morphological cell differentiation, 
apparently determined by ribonucleoproteins, may also be cited. 

LeClerc (6*7) employed glucose-6-phosphatase (G-6-Pase), an enzyme 
located exclusively in the microsomal fraction of the cell, as a marker in 
investigating the possible autonomy of these subcellular particles. Micro
somes isolated from embryonic liver were deposited on chick chorioallantoic 
membrane (CAM). At first, the G-6-Pase activity of the added microsomes 
decreased in a manner reminiscent of the eclipse phase of viral replication, 
as Brachet (65) has pointed out. After 24 hours, a 2-6-fold increase in the 
G-6-Pase activity occurred. Control membranes onto which no microsomes 
were deposited showed only a steady decline in enzymic activity. RNAase-
treated microsomes failed to elicit any response when deposited on the 
CAM. 

Ebert (68) has also used the CAM in studying the biological activity of 
microsomes. He observed that cardiac microsomes alone produced either 
no reaction or occasionally some keratogenic metaplasia when inoculated 
onto the CAM. However, when they were extracted in the presence of 
Rous sarcoma virus, they gave rise to some morphologically recognizable 
muscle elements in the resulting tumor masses. No myocytes were found 
if the virus and microsomes were mised just prior to inoculation. Ebert 
has interpreted his observations as an indication that muscle microsomes 
may have a determinant potential if properly introduced into a multi-
potent tissue. He suggests that the virus particles may become closely 
associated with the microsomes during the extraction procedure and then 
act either as a vector to introduce the microsomes into the CAM cells 
thus permitting them a phenotypic expression, or by modifying the C A M 
cells in some way which makes them more responsive to the dictates of 
the muscle determinant. Biochemically, this may mean that the cardiac 
microsomes directed the synthesis of actomyosin, the muscle-specific 
protein complex, and perhaps other structural and functional proteins 
specific to muscle as well. 
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Recently, Wilde (69) has found that substances excreted by certain cells 
(included in the fluid called "extracellular material") can stimulate the 
differentiation of single amphibian embryonic cells. In some cases the di
rection was toward the synthesis of melanin granules, while in others it 
was toward the formation of striated myofibrils. Occasionally, "confused 
cells" were observed which showed intense perinuclear melanin synthesis 
with unequivocal striated muscle fiber development in their extended 
peripheral processes. The extracellular material contained RNA, but 
evidence identifying the nucleic acid as the active component has not been 
obtained. The similarities between this and the two previously cited ex
amples of cell differentiation, and the principle of viral infection and 
conversion need no emphasis. 

3. ENZYME EXPRESSION AND REPRESSION IN MICROORGANISMS 

a. Expression. There are in the literature a number of reports which 
indicate that R N A may be directly concerned in the synthesis of specific 
proteins or, expressing it somewhat differently, that for every protein 
there is a specific RNA. This concept is widely accepted, but supporting 
experimental evidence is meager. The examples to be discussed here in
volve the stimulated synthesis of specific enzymes in microorganisms by 
R N A or ribonucleoprotein preparations. 

In 1948, Reiner and Spiegelman (70) reported the isolation of an "adap
tation-stimulating" principle from brewer's yeast (Saccharomyces carls-
bergensis) which had been induced to ferment galactose. The properties of 
the active material suggested that it was a ribonucleoprotein. Similar 
findings were reported by Oda (71) using Pseudomonas sp. 

Reiner and Goodman (72) investigated the induction of gluconokinase 
in E. coli. They showed that the rate of formation of the enzyme in cells 
growing in the presence of gluconate could be increased by adding to the 
system an extract prepared from cells in which the enzyme had already 
been induced. They found further that the extract, which resembled R N A 
in absorption spectra and chemical composition, could elicit enzyme 
formation in noninduced cells in the absence of the inducer (gluconate). 

Hunter and Butler (78) extracted R N A from a culture of Bacillus 
megaterium grown in the presence of lactose to increase the level of the 
inducible enzyme, β-galactosidase. The addition of this R N A to cells 
growing exponentially on glucose was found to stimulate the formation 
of β-galactosidase to a level some 2.5 times that found in cultures grown, 
except for the RNA, under identical conditions. 

Kramer and Straub (74, 75) extracted a strain of Bacillus cereus which 
contained a constitutive penicillinase with hot one molar saline, and 
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found that the extract elicited the formation of penicillinase in an in
ducible strain of the bacterium in the absence of the inducer. The active 
principle was nondialyzable and was destroyed by RNAase. The factor 
initiated immediate protein synthesis in the receptor strain, but its effect 
was transient, lasting only about 20 minutes. 

The stimulation of amylase formation in washed Bacillus subtilis cells 
by R N A isolated from B. subtilis grown in starch to induce the formation 
of amylase has been reported by Nomura and Yoshikawa (76, 77). 

The conclusion implicit in all these studies is that a specific R N A mole
cule is directly involved in the synthesis of each particular enzyme and 
that the capacity to produce a particular enzyme can be transmitted to a 
receptor strain by R N A isolated from a strain in which the enzyme has 
been induced or in which it is constitutive. It should be emphasized that 
this RNA-induced capability is not permanent. There is no evidence to 
suggest that the biological function so transferred is passed from altered 
to daughter cells, thus clearly distinguishing the phenomenon from that 
of transformation. The findings in no way violate the concept that genetic 
information resides in the D N A and that such information finds pheno-
typic expression through the intervention of R N A molecules which serve 
as intermediate templates between D N A and protein. 

b. Repression. The recent studies of Pardee et al. have suggested that 
R N A may be cast in still another role in the over-all picture of enzyme 
induction in particular and protein synthesis in general. Pardee and co
workers (78) studied the genetic control and cytoplasmic expression of 
inducibility of β-galactosidase in E. coli, and concluded that the induci-
bility or constitutivity of this enzyme is under the control of i, a regulatory 
gene. From a study of the kinetics of expression of the inducible character 
(denoted by i+) they suggested that the i-gene controls the synthesis of a 
specific substance which represses the synthesis of β-galactosidase. The 
constitutive state (i~) results from the loss of the capacity to synthesize 
active repressor, with the result that the enzyme is made continuously in 
the absence of any inducer. 

This example of repression effects finds many parallels in other organisms 
and in other systems. It seems a general rule in bacteria for example, that 
the formation of sequential enzyme systems involved in the synthesis of 
essential metabolites is inhibited by their end product; this is to be clearly 
distinguished from the phenomenon in which the control of an enzyme 
activity is effected by the products of that enzyme's action (79). 

Pardee and Prestidge (80) subsequently examined the nature of the 
repressor in the 0-galaetosidase-i£. coli system. Zygotes were produced by 
sexual recombination so that the i

+
 (inducible) gene was introduced into 

bacteria which were genetically capable of synthesizing the enzyme con-
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stitutively. Inhibition of protein synthesis in the zygotes by 5-methyl
tryptophan from the moment of mating until reversal by tryptophan 75 
minutes later did not block the conversion of the zygotes from the consti
tutive to the inducible condition. Similar results were obtained using 
chloramphenicol to inhibit protein synthesis; that is, under conditions in 
which protein synthesis is inhibited, the repressor is formed, suggesting of 
course that it is not a protein. However, subjecting the zygotes to carbon 
starvation for 30-70 minutes following mating prevented the conversion 
from the constitutive to the inducible state. This suggests that the develop
ment of inducibility requires some organic synthesis. Since the repressor 
is probably made directly by the gene, rather than by an enzyme which 
is itself formed under the control of the gene, R N A seems a likely candi
date for the role of repressor. 

Szilard has published two interesting papers in which he considers the 
theoretical implications of the repressor mechanism and generalizes it as a 
fundamental phenomenon in the control of protein synthesis in bacteria 
and higher forms (81), including the special case of antibody forma
tion (82). 

4. INHIBITION OF ENZYME ACTIVITY BY R N A 

There are a few cases in which nucleic acids have been shown to inhibit 
enzyme-catalyzed reactions in vitro. They are listed in the following 
paragraphs, which constitute perhaps the only section of this chapter 
written in the true spirit of this book. 

Rendi et al. (83) found that yeast R N A inhibited the formation of 
methionine hydroxamate by the methionine-activating enzyme of rat 
liver, and Lipmann (84) reported that a "polynucleotide factor" isolated 
from the pancreas inhibited the incorporation of tryptophan into the 
nucleotide bound to the tryptophan-activating enzyme. 

Rendi and Campbell (85) found that while sRNA prepared from the 
pH 5.0 precipitate of liver cell sap stimulated the incorporation of C

1 4
-

labeled leucine into liver microsomes in the presence of liver soluble pro
tein, sRNA isolated from spleen cell sap inhibited the incorporation. They 
considered that their data indicated that spleen pH 5.0 R N A had a paucity 
of leucine-binding sites compared to the corresponding material from 
liver or, less probably, that some tissue specificity was involved. 

It has been shown by Kozloff (86) that a specific fraction of the R N A of 
E. coli acts as an inhibitor of DNAase in that organism. Following infec
tion of E. coli with bacteriophage (a subject dealt with in some detail in 
the following section) there is a 2-3-fold increase in DNAase activity, 
and this can be correlated with a decrease of 50% in the inhibitor content 
of the cells. This inhibitor R N A was shown to possess a degree of speci
ficity in that it was without effect on the activity of pancreatic RNAase. 
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Bernheimer and Ruffier (87) demonstrated the existence of a substance 
elaborated by streptococci of several Lancefield groups which inhibited the 
DNAase of group A streptococci. It was not inhibitory to the DNAases 
of group Β or C streptococci, nor to those of yeast, barley, or pancreatic 
origin. These workers concluded that this relatively specific inhibitor was 
an R N A since the activity of partially purified preparations was destroyed 
by RNAase but not by proteolytic enzymes. Specificity was further 
emphasized by the fact that yeast R N A did not inhibit group A strepto
coccal DNAse, although Bernheimer (88) subsequently isolated an E. coli 
strain Β R N A which did. 

III. VIRUS INFECTION 

Perhaps the most dramatic examples of nucleic acid-mediated altera
tions in cellular metabolism are provided by virus-cell systems.. Although 
precise details of the alterations are, in most cases, not clear (an exception 
is the T-even bacteriophage-i?. coli system discussed in the following sec
tion), the fact that following infection the cell begins to manufacture at 
least two new macromolecules, the viral nucleic acid and the serologically 
specific viral protein, is itself a clear indication that the cellular biosyn-
thetic pathways are drastically altered 

A few words should be written in defense of our position that viruses 
may be considered as nucleic acids or nucleoproteins. First of all, it is a 
fact that many of the smaller plant and animal viruses (tobacco mosaic 
virus, polio virus, and foot-and-mouth disease virus may be cited as 
examples) consist of a single R N A molecule with a protein coat only. It is 
true that the larger viruses are chemically more complex. Many of them 
contain lipid as an integral part of the infectious particle; polysaccharide 
has been detected in some (the influenza viruses for example); and the 
T-even coliphages and the influenza viruses contain enzymes. Vaccinia 
virus contains lipid, traces of copper and biotin, and flavine adenine di-
nucleotide. 

The nonnucleoprotein components of the more complex viruses function, 
in some cases, as a mechanism for the introduction of the viral genome 
into the host cell. The studies of Hershey and Chase (14) with T2 bacterio
phage labeled with radiosulfur (protein) and radiophosphorus (DNA) 
showed that, during infection of E. coli with this agent, only the phage 
DNA together with a small amount of non-DNA material enters the cell. 
Most of the phage protein remains extracellular. The conclusions of these 
investigators have been supported by electron micrographs (89). Experi
ments with P

32
-labeled T5 phage have shown that the D N A of this virus 

also is injected during infection (90). In the mammalian virus field, Hoyle 
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and Finter (91) have reported on experiments which suggest that some 
or all of the protein of influenza virus remains at the cell surface and that 
only the ribonucleoprotein portion passes into the cell. 

The fact that RNAase has been shown to inhibit the replication of the 
RNA-containing influenza virus when applied to the infected cells during 
the eclipse phase of the infectious cycle (92, 93) further emphasizes the 
key role played by the viral nucleic acid. Even more direct evidence has 
been provided by the demonstrations (described earlier) that in many 
cases the viral nucleic acid alone is sufficient to initiate an infection leading 
to the formation of complete virus particles. 

The role, if any, of many of the nonnucleoprotein components found in 
viruses is not at all clear. Their presence in the virus particle may be 
fortuitous. Franklin (94) has suggested that the lipid found in many viruses 
reflects the mode of exit of the particles from the infected cell and may, 
in fact, be cellular lipid rather than a newly synthesized, virus-specific 
material. The reports of Frommhagen et al. (95, 96) that the composition 
of lipid and polysaccharide of highly purified influenza virus is remarkably 
like that of the same fractions isolated from the host cells lends some 
credence to this theory. At any rate, it is becoming increasingly clear that 
the viral nucleic acid alone (be it R N A or D N A ) is responsible for the 
genetic continuity of the virus, for the initiation of the infectious process, 
and thus for the redirection of the metabolic machinery of the host cell. 

A. T-Even Bacteriophage-Ε. coli System 

1. NUCLEIC ACID AND PROTEIN METABOLISM 

It has become almost automatic to think that, in viral infection, cell 
metabolites are directed away from the synthesis of normal cellular com
ponents and into the production of the macromolecules which comprise 
the virus particles. Clear-cut evidence that this actually does occur, and 
information as to the mechanisms involved, is documented in only a few 
cases, the most impressive array of information having been gathered 
from studies of the T-even (T2, T4, T6) bacteriophage-i?. coli system. 

The enzymic machinery of E> coli is radically altered upon infection 
with the T-even phages. In general terms, one can say that those pathways 
leading to the formation of normal cell constituents are inhibited and that 
the biosynthetic activities of the infected cell are directed entirely toward 
the production of viral components. In this sense, the T-even phage-
E. coli system provides an excellent example of metabolic inhibition pro
duced by a nucleoprotein. The elucidation of the manner in which the 
bacteriophage effects these sweeping changes has been made easier by the 
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presence of a unique pyrimidine, 5-hydroxymethylcytosine (HMC) in the 
phage DNA, a fact discovered by Wyatt and Cohen (97, 98). 

D N A synthesis ceases at the moment of infection, and when it resumes 
some 6-7 minutes later, it is entirely viral, containing HMC and lacking 
cytosine (99, 100). There is no net synthesis of R N A after infection, al
though there is some incorporation of P

32
 into this fraction. Although this 

observation was first made by Cohen in 1947 (101), it remained for Volkin 
and co-workers (102-105) to demonstrate that this incorporation was due 
to a rapid turnover of a small fraction of the host RNA. It is significant 
that the ratios of the specific activity of the mononucleotides of the newly 
synthesized R N A bear a striking resemblance to the base ratios of the 
phage DNA. Although a specific role has yet to be assigned to this R N A 
fraction, it has been shown that the early steps of phage multiplication 
require pyrimidines and adenine, presumably for R N A (106, 107). Its 
similarity in composition to that of phage D N A is in line with the concept 
that R N A occupies an intermediate position in the transfer of information 
from D N A to protein, and also with Stent's hypothesis (9) that it may 
act as an intermediary in D N A synthesis. 

During the printing of this volume, much experimental work has been 
published with furthers the concept that the fraction of R N A with a high 
turnover rate which is found in phage-infected cells is, in fact, the messenger 
between the informational reserve of the viral D N A and the factories of 
protein synthesis, the host ribosomes. The 26th Cold Spring Harbor Sym
posia Quant. Biol. (1961), contains much pertinent material. This so-called 
"messenger" R N A has been identified in all cell types whether bacterial or 
mammalian, normal or virus-infected, and is believed to be the functionary 
for transmitting information from the base sequence of the D N A of the 
gene to the presumed template determining amino acid sequence in the 
genetically determined proteins of the cells. 

In contrast to the situation with R N A and DNA, protein synthesis con
tinues without interruption (101). However, very little of the protein 
formed during the first few minutes of infection appears in the virus which 
is eventually liberated, a finding first reported by Hershey et al. (108) 
and confirmed by Watanabe (109). The question as to whether or not this 
synthesis represented merely a continuing formation of bacterial protein 
was answered by Cohen and Fowler (110), who showed, by means of the 
specific analogue 5-methyltryptophan, that the early synthesis of protein 
is essential to the synthesis of viral DNA. This observation has been 
amply confirmed by other investigators (111-118) using both 5-methyl
tryptophan and chloramphenicol to inhibit protein synthesis. It is now 
clear that the first few minutes following infection may be regarded as a 
period of "retooling" during which the infected cell is geared to the all-out 
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production of viral components. To date, some 16 reactions have been 
shown to be affected, by the stimulation of existing enzymes, the activa
tion of latent ones, and by the formation of enzymes not present in the 
uninfected cell. 

One of the early changes in the infected cell is an increase in the DNAase 
activity (86, 1 1 4 ) . The resulting degradation of host D N A provides an 
adequate source of mononucleotides for the synthesis of phage D N A and 
of deoxycytidine-ô'-phosphate (dCMP) for the formation of the unique 
viral pyrimidine HMC. Evidence for this conversion has been provided 
by Kozloff et al. (115) and by Weed and Cohen (116). Kozloff has sug
gested that the change in DNAase activity may be due to the removal 
of an inhibitor. It has been shown by Crawford (117), that in the Tb-E. coli 
system, where a similar stimulation of DNAase activity is seen, the reac
tion can be blocked by chloramphenicol. This implies that a new enzyme 
is formed, possibly for the purpose of removing a DNAase inhibitor. 

The next step in the sequence of events which completely inhibits the 
formation of bacterial D N A is the appearance of an enzyme, deoxycytidine 
hydroxymethylase, which converts dCMP to dHMC-5-P. The appear
ance of the enzyme within 3 minutes after infection was reported by Flaks 
and Cohen (118) and Flaks et al. (119) and confirmed by Kornberg et al. 
(120). All the evidence presented by these investigators points to the fact 
that this new activity is due to the formation of a new enzyme. It is inter
esting to note that infection of E. coli with phages which do not contain 
HMC does not invoke the formation of this enzyme (119, 120). In vitro, 
the enzyme can be assayed conveniently by measuring the fixation of 
C

14
-labeled formate to dCMP in the presence of tetrahydrofolic acid (118). 

In vivo, the hydroxymethyl group is derived from the β-carbon of serine 
(121). 

The appearance after infection of another new enzyme, a pyrophospha
tase which splits dCTP to dCMP, described by Kornberg et al. (120), by 
Koerner et al. (122), and by Somerville et al. (123), contributes further 
to the pool of dCMP, the precursor of the phage-specific base. Also, by 
effectively removing dCTP from the cell, it blocks the normal biosynthetic 
pathway leading to bacterial DNA. 

Friedkin and Kornberg (124) found an enzyme, thymidylate synthetase, 
in extracts of E. coli, which formed thymidine monophosphate (dTMP) 
from deoxyuridylic acid (dUMP), formaldehyde, and tetrahydrofolic acid. 
The activity of this enzyme increases 6-7-fold following infection of the 
bacterium with T2 (125, 126). This increased activity is presumably 
effected by increased synthesis of the enzyme, since it can be blocked by 
inhibitors of protein synthesis (126). The concept of a viral-directed 
enzyme synthesis has been strengthened by the observation of Barner 
and Cohen (127) that thymine-requiring strains of E. coli synthesize 
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thymine after infection with T2. A similar observation has been made 
with thymine-requiring strains infected with T5 phage (117). It has been 
shown by Barner and Cohen (128) that the synthetase, which is absent 
from extracts of thymine-requiring E. coli strains, is produced extensively 
after infection with T2 or T5 phage. The substrate requirements of the 
synthetase are fulfilled, in part at least, by yet another viral-induced 
enzyme, dCMP deaminase (129, 180). In the infected cell, the methyl 
group of thymine is not derived from methionine (181), but from the 
0-carbon of serine (121). 

A kinase, which converts dHMC-5-P to the corresponding triphosphate 
(dHMC-TP) has been detected in infected cells by Kornberg et al. (120) 
and by Somerville et al. (128). Since this enzyme cannot be detected in 
uninfected cells, it is presumed to be a new enzyme produced under the 
direction of the injected T2 DNA. The enzyme is not found in E. coli 
infected with T5 phage, which does not contain the unnatural base which 
characterizes the T-even phages. 

Kornberg et al. (120) have shown that of the three remaining kinases, 
all of which are present in normal E. coli cells, two are increased in ac
tivity by a factor of 10-20 as a result of T2 infection. These are the kinases 
which convert deoxythymidine-5'-phosphate (dTMP) and deoxyguanosine-
5'-phosphate (dGMP) to the corresponding triphosphate compounds 
(dTTP and dGTP). Whether these increased activities are caused by a 
rise in the amount of the normal enzymes or by the formation of new 
enzymes is not clear; although the report of Bessman and Van Bibber 
(182) indicates that the "extra" dGMP kinase and the preinfection enzyme 
may differ in ion requirements. There is no elevation in the activity of 
dAMP kinase, which appears to be present in excess in uninfected cells 
(120,188). 

The assembly of the phage D N A from dHMC-TP and the three normal 
triphosphates is catalyzed by a deoxynucleotide polymerase, and it has 
been demonstrated that the activity of this enzyme increases some tenfold 
after infection with T2 (120, 122). The purified enzyme of both infected 
and uninfected cells is able to utilize dCTP as well as dHMC-TP for 
polynucleotide synthesis. 

The final step in making the synthesis of phage D N A a "one way street" 
is a process in which the viral nucleic acid is made resistant to the 
high level of DNAase which is present in the infected cell. Cohen (184) 
first showed that polynucleotides containing HMC were resistant to de-
polymerization by DNAase. Several investigators (185-187) found that, 
in viral DNA, HMC is glucosylated at the hydroxymethyl group, and 
this appears to be the main reason for the survival of the viral D N A in 
the infected cell. 
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Although the HMC viruses (T2, T4, T6) are essentially identical in 
base composition (98), they differ considerably in glucose content. Jesaitis 
(187) has shown that the HMC of T6 D N A is present mainly as the di-
glucosyl derivative, that the T4 D N A contains only monoglucosyl HMC, 
and that T2 D N A contains both monoglucosylated and nonglucosylated 
HMC. The enzymes responsible for the glucosylation steps are newly 
formed after infection, are determined by the genome of the infecting 
virus, and apparently act on the HMC bound in D N A rather than on 
HMC itself. 

Koerner et al. (122) have shown that monoglucosylated dHMC-TP will 
not participate in the reaction with D N A polymerase. However, Korn
berg and co-workers (120) have shown that D N A containing HMC can 
be monoglucosylated in part by uridine diphosphate glucose (UDPG) in 
the presence of a new enzyme formed in T2-infected E. coli. Kornberg 
has extended these observations, and, in a communication to Cohen 
(188), has reported that two separable glucosylating enzymes are present 
in both T4- and T6-infected bacteria. One of the enzymes in the T4-in-
fected cells adds a small amount of glucose to T2 DNA, while the second 
converts T2 DNA to a form in which all the HMC is monoglucosylated. 
In addition to an enzyme which resembles the glucosylating enzyme of 
T2-infected cells, T6-infected E. coli contain a second enzyme which does 
not monoglucosylate, but which adds a second glucose residue to already 
monoglucosylated HMC. 

Those changes, induced in E. coli by the introduction of T-even bac
teriophage DNA, which are responsible for the complete inhibition of 
bacterial DNA synthesis and for the greatly accelerated and preferential 
production of viral DNA, are now fairly well understood. A number of 
new enzymes are formed, and the activity of existing ones is stimulated. 
However, the mechanism by which infection initiates these changes is not 
clear. It is not unreasonable to assume that the early R N A synthesis is 
related to the formation of the new enzymes and to the synthesis of the 
bacteriophage proteins, but proof is lacking. 

Of the viral proteins, only the internal protein described by Levine 
and co-workers (189) appears at the time when the enzymes concerned 
with viral D N A synthesis are formed. Murakami et al. (140) have shown 
by immunological techniques that this protein appears 2 or 3 minutes 
after infection. The synthesis of this protein and of the viral D N A appear 
to be closely linked. If protein synthesis is inhibited by chloramphenicol 
10 minutes postinfection, the rate of D N A synthesis remains high until 
the ratio of DNA/internal protein approaches that found in the intact 
phage (140). 

Little is known about the sequence in which the other proteins of the 
virus head and tail are formed. Of the tail proteins, at least two are enzymes 
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involved in the injection of phage D N A into host cells—the lysozyme re
ported by Koch and Dreyer (141) and an ATPase described by Dukes 
and Kozloff (142). It has not been determined at what point these enzymes 
appear. Kellenberger et al. (14$) have shown that, 10 minutes after in
fection, the viral D N A condenses to form head-shaped particles and have 
suggested that the condensation is stimulated by a specific substance, 
"the condensation principle." Shortly thereafter, the appearance of a 
membrane around the D N A can be seen, and it is logical to suppose that 
the virus is then completed by the assembly of the tail structure. The 
T-even phage-S. coli system has not yielded all its secrets. 

The amount of information packed into the phage D N A is impressive. 
We have not undertaken to document in the foregoing paragraphs all of 
the more than 20 proteins whose production is controlled by the insertion 
of the phage DNA. For more information the reader is referred to the 
very excellent and comprehensive review of this subject by Cohen (138). 
Since these proteins are formed in E. coli only upon the introduction of 
the viral genome, it might be concluded that there are more than 20 
nucleotide sequences (bacteriophage genes) within the DNA, each con
taining the information necessary to direct the elaboration of a specific 
protein molecule. Evidence that this is so may be derived from the studies 
of Flaks et al. (119) and of Murakami and co-workers (140), who showed 
that infection of E. coli with ultraviolet-irradiated phage, which is no 
longer capable of inducing viral D N A synthesis, results in the formation 
of the hydroxymethylase and of the internal protein of the phage head. 
Although Cohen (138) has suggested that the E. coli-T-even phage system 
is too complicated to permit one to relate a twentieth of the genome in 
chemical terms to one of the new proteins, molecular biologists will no 
doubt continue to respond to its siren song. 

2. CARBOHYDRATE METABOLISM 

The pathways of glucose metabolism in E. coli are altered by infection 
with the T-even phages. The relative importance of these pathways may 
be estimated by examining the fate of the C-l carbon of glucose. It is 
selectively oxidized to CO2 by the phosphogluconate pathway, but ap
pears in the methyl carbon of pyruvate and lactate when glucose is oxidized 
via the Embden-Parnas-Myerhof scheme (144, 14$)- In normal, growing 
E. coli, 22% of the total carbon of glucose-l-C

14
 appears as C02, whereas 

38% of the C
14
 is oxidized to C02. Following infection, total C02 produc

tion remains unchanged, while formation of C
l 4

02 is sharply reduced 
(146), indicating that there has been a shift away from the phospho
gluconate pathway. 

In normal E. coli, ribose arises predominantly from the phosphogluconate 
pathway (147). In infected E. coli, net ribose synthesis is sharply reduced, 
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and that which is formed arises from some pathway other than phospho-
gluconate (I48). Cohen's group have checked each of the enzymes of the 
phosphogluconate pathway and have found that each is capable of func
tioning in infected cells when compelled to by the proper choice of sub
strate. They concluded that the inhibition of this pathway by phage 
infection involves control of other levels of metabolism. 

B. Mammalian Viruses 

Too little is known of the biochemical events precipitated by the infec
tion of animal cells with viruses to make profitable a comparison with the 
details of bacteriophage replication. A number of cases are known, how
ever, in which infection results in the elaboration of materials which are 
new to the cell, specific to viral infection, and which do not constitute 
part of the structural equipment of the virus particle. 

The replication of adenoviruses is accompanied by the production of a 
protein-like material which is responsible for the early cytopathic effects 
of these agents. The material causes the rounding up and detachment 
from glass of HeLa cells, and is separable from the virus particles by 
differential centrifugation (149). Following the infection of a number of 
different cell types and tissues with a variety of mammalian viruses, 
protein factors are elaborated which interfere with the intracellular multi
plication not only of the viruses which evoked their production, but of 
other virus agents as well (160). The factors, known collectively as inter
feron, exhibit some specificity in their activity in that, in some cases at 
least, they interfere with virus growth most efficiently in the same cell 
type in which they are formed. Their mechanism of action is unknown. 
The formation of interferon was first described by Isaacs (151), who de
tected the presence of the material in chorioallantoic membranes infected 
with influenza virus. It has been shown that similar substances are pro
duced in the vesicular stomatitis virus-chick embryo cell (152), type I I 
polio virus-human kidney cell (153), and adenovirus-HeLa cell (154) 
systems. The multiplication of members of the pox and psittacosis groups 
of viruses is accompanied by the formation of hemagglutinins which can 
be separated from the infectious virus particles (155). 

Rogers (156) has reported that infection of rabbits with the Shope 
papilloma virus results in the appearance in the papilloma epithelium of 
arginase activity, which is absent in normal and hyperplastic skin. This, 
to our knowledge, is the only case in which infection of a cell with an 
animal virus results in the acquisition of a new metabolic function. The 
appearance of neuraminidase in cells infected with influenza virus (157) 
is more akin to the synthesis of lysozyme (141) and ATPase (142) in 
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E. coli infected with T2 phage, since, like these two enzymes, it is in
corporated into the mature influenza virus particle. It has no demonstrable 
function in the intracellular events of viral replication, but is believed to 
be important in the release of the agent from—and possibly its attachment 
to—the cell. 

Investigations of the mechanisms involved in the synthesis of mam
malian virus nucleic acids have been neither very extensive nor definitive. 
In part, this is explicable on the grounds that the nucleic acids (DNA or 
R N A ) of these agents appear to contain the same four bases which occur 
in the corresponding macromolecules of the host cell. There is no known 
marker—like the HMC of T-even phage DNA—which would facilitate 
such studies. In addition, workers in the area of virus-host interrelation
ships have been faced until recent years with serious problems of meth
odology. Definitive work demands that homogeneous cell populations, 
uniformly susceptible to infection with the virus under investigation, be 
available. It is also necessary that the number of infectious units in the 
virus preparations be readily and precisely estimated and that, upon 
mixing virus and cells, essentially all the cells become infected. Systems 
with these characteristics have become available to investigators of animal 
viruses only in relatively recent years with the development of tissue 
culture methods. The rapid advances in this field have largely eliminated 
the problems of supply and have permitted the precise titration of viruses 
by the plaque technique introduced by Dulbecco (158). 

Considerable effort has been expended in the past in a search for effects 
of viral infection on the activities of specific enzymes in the host cell. 
Much of the work has utilized tissues of animals that had previously been 
infected, or such crude systems as minced tissues infected in vitro. Inter
pretation of the results of such experiments were difficult because they 
involved observations in mixtures of normal and infected cells and be
cause the effects of secondary inflammatory changes cannot be evaluated. 
Since the net result of any effort to detail the results of such work here 
would be to enlarge the bibliography, we have chosen not to do so. The 
most common observation has been that the respiration of the host tissue 
is unaltered by virus infection. 

Two examples of the hazards inherent in studies designed to correlate 
metabolic changes and viral replication may be cited. It has been reported 
that xanthine oxidase activity is stimulated in virus-infected tissues 
(169-161), and a classification of neurotropic viruses based on the degree 
of stimulation they cause has been proposed (160). However, Sellers 
(162) has demonstrated that the xanthine oxidase activity of mouse lung 
can be elevated not only by influenza virus infection, but by infection 
with Klebsiella pneumoniae and by the intrapleural injection of turpentine 
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The increase in the level of this enzyme does not appear to be a specific 
response to viral infection. Fisher and Ginsberg (163, 164) showed that 
the glycolysis of guinea-pig polymorphonuclear leucocytes is inhibited by 
influenza virus when glucose or glucose-6-phosphate is employed as sub
strate, but not when fructose-6-phosphate or fructose-1,6-diphosphate is 
used. The evidence suggests that the virus affects phosphohexoisomerase. 
These workers went on to demonstrate that the same effects can be pro
duced by the receptor-destroying enzyme (RDE) of Vibrio cholerae, an 
enzyme very similar if not identical to the neuraminidase of the influenza 
virus. Thus, this effect on leucocyte metabolism might be considered 
almost accidental. It is not related to viral replication, and cannot be 
correlated with the introduction of viral ribonucleoprotein into the host 
cell. 

Studies in well-controlled tissue culture systems of the biochemical 
changes produced in cells by viral infection have been initiated in recent 
years. Attention has been focused in large measure on the changes in 
cellular nucleic acids attending replication of the virus and on broad 
metabolic pathways, such as glycolysis. In the latter category, a common 
observation has been that glycolysis is stimulated following infection of 
the host cells. Fisher and Ginsberg {166) have reported an increased 
utilization of glucose and an accumulation of organic acids in HeLa cells 
infected with type 4 adenovirus. Pozee (166) found an increased lactate 
production and glucose utilization in HeLa cells infected with type 7 
adenovirus. Similar observations have been made by Fisher and Fisher in 
the HeLa cell-herpes simplex virus system {167), by Becker et al. in polio-
virus-infected human amnion cell cultures (168), and by Levy and Baron 
in monkey-kidney tissue cultures infected with poliomyelitis virus (169). 
Polatnick and Bachrach (170) showed that while the respiration of pri
mary bovine cultures is unaltered by infection with foot-and-mouth dis
ease virus, glucose utilization and lactate production are markedly stimu
lated from 90 minutes postinfection onward. They suggested that their 
data indicate an essential requirement for glycolysis rather than oxidative 
processes during growth of this agent, and it appears that this may be 
true for a great many mammalian viruses. 

The HeLa cell-polio virus system has been exploited more extensively 
than any other for studies of viral induced alterations in nucleic acid 
metabolism. However, there is no unanimity regarding the alterations 
produced. Ackermann and co-workers reported that, by one hour after 
infection, there is an increased incorporation of P

32
 into nuclear D N A 

and into nuclear and cytoplasmic R N A (171-173). Incorporation into 
nuclear D N A declines after 2 hours, that into nuclear R N A falls off abruptly 
after 4 hours, while the rate of incorporation into cytoplasmic R N A in-
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creases for 6 hours, at which time it is 2-3 times greater than in uninfected 
cells. These workers believe that the increased P

32
 incorporation reflects 

the net synthesis of RNA. They report a gradual increase in cytoplasmic 
RNA, to a level twice that of control cells, during the interval 1-6 hours 
postinfection. Salzman and co-workers (174) have made quite different 
observations. They found that net synthesis of RNA, DNA, and protein 
in HeLa cells ceased abruptly when infected with type 1 polio virus and 
that no measurable increases in these components could be demonstrated 
for 6 hours. A progressive loss of cellular materials into the medium began 
at that time. By 12 hours postinfection, 60-70% of the R N A had been 
released without a detectable loss of DNA. These investigators also found 
that a progressive increase in the acid-soluble nucleotide pool occurred 
from 3 to 9 hours after infection and that in cells labeled with uridine-
2-C

14
 prior to infection there was a flow of label into the nucleotide pool 

beginning 4-5 hours postinfection. They suggest that an early effect of 
virus infection may be the release of a cellular RNAase. These observa
tions (particularly the abrupt halt in the synthesis of'.host materials and 
the possible activation of a cellular nuclease) are reminiscent of the well-
established changes that occur in E. coli upon infection with T2 phage. 

The observations of both groups have been supported by other investi
gators. Becker et al. (168) found an increased incorporation of P

32
 into 

polio virus-infected human amnion cells, and Miroff and co-workers (176) 
reported that there was a stimulated incorporation of P

32
 into the total 

nucleic acids of infected HeLa Cells. However, Goldfine et al. (176) found 
that the incorporation of labeled cytidine into R N A and D N A of HeLa 
cells was inhibited by infection with polio virus, and Rothstein and Man-
son, in the same system, found neither increased P

32
 incorporation nor 

increased quantities of R N A (177). There is no obvious way to reconcile 
the positions of the two schools of thought, though an explanation may 
reside in the differences in experimental design. Ackermann and his group 
used cells held in a maintenance medium which did not permit cell growth, 
while Salzman et al. used cells in the logarithmic phase of growth in a 
complete growth medium. The profound effect that the physiological 
state of the cells can have on their response to virus infection has been 
clearly demonstrated by Kaplan and Ben-Porat (178). These investigators 
showed that when 9-day-old primary cultures of rabbit-kidney cells were 
infected with pseudorabies virus, incorporation of thymidine-C

14
 was in

creased 20-fold over that observed with uninfected controls, whereas 
infected 5-day-old cultures incorporated less of this compound than did 
the control cells. 

Ginsberg and Dixon (179) have presented convincing evidence that a 
single cycle of multiplication of the DNA-containing adenovirus in HeLa 
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cells results in a twofold increase in cellular DNA. Recently, Ginsberg 
(180) has summarized the data collected by his group from studies of this 
system. They indicate that much of the newly formed DNA is viral, that 
its base ratios are significantly different from those of cellular DNA, and 
that it has unusual solubility properties, which, considered with other 
data, suggest that the viral DNA may be single-stranded. Marked in
creases in cellular DNA have also been described by Newton and Stoker 
in herpes virus-infected HeLa cells (181), but Joklik and Rodrick failed 
to find any increase in DNA in HeLa cells infected with vaccinia, a third 
DNA-containing virus (182). 

Evidence of a key role for RNA in the replication of D N A viruses may 
be found in the recent studies of Joklik and Rodrick (182, 188) and Tamm 
et al. (184, 186). Joklik and Rodrick showed that an early effect of the 
infection of HeLa cells with vaccinia virus is a stimulated incorporation of 
adenine-8-C

14
 into microsomal RNA. Tamm and his colleagues found that 

the multiplication of adenovirus is inhibited by 5,6-dichloro-l-jS-D-ribo-
furanosylbenzimidazole (DRB), a compound which blocks R N A syn
thesis, and that RNAase inhibits the multiplication of vaccinia and herpes 
simplex viruses in chorioallantoic membranes removed from embryonated 
eggs, although it has no effect on the viruses themselves. 

The brilliant and rewarding investigations of the chemical mechanisms 
of bacteriophage replication have provided a stimulus for the initiation of 
much work in the area of animal virus-cell interactions. The meager body 
of data reported above indicates the paucity of our knowledge. Many of 
the difficulties which have complicated this field are now being circum
vented by the use of isolated pure cell lines, and we can expect a burgeoning 
mass of information to confront the intrepid reviewer of the next decade. 
Information regarding the mechanism of replication of viral components 
and of attendant nonhost materials may well be the key which unlocks 
the gates to many avenues leading to an understanding of the control 
processes of the normal cell. ["Why rush the discords in but that the 
harmony be prized" (186).] The minutiae of the machinery by which 
nucleoproteins and nucleic acids control—by inhibition, stimulation, and 
de novo synthesis—the cellular economy of metabolic processes should 
then be matters of canon and liturgy. 
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