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ABSTRACT 

A transient stimulation in incorporation of thyraidine-raethyl-3H 

(3H-thymidine) into DNA was observed between 0 and 3 hr post-inoculation 

(pi) in high-density contact-inhibited KB monolayer cultures following 

challenge with rhinovirus type 14 (RV14). Deoxyribonuclease treatment 

of the crude DNA lysate obtained from RV14-challenged KB cells at the 

time of maximum stimulation of DNA synthesis rendered 82% of the DNA 

acid-soluble. In approximately 90% of the experiments, the maximum 

increase in the rate of DNA synthesis occurred at 1 to 2 hr pi. A min

imum of 20 PFU/cell was required to induce a statistically significant 

increase in DNA synthesis in RV14-challenged KB cell cultures. The 

statistically significant range for stimulation of DNA synthesis in 

RV14-challenged KB cell cultures was 1.54- to 5.0-fold higher than in 

mock-challenged cells. 

DNA stimulation in RV14-challenged cells was ablated when RV14 

was inactivated by UV light or heat (56°C for 30 min) or treated with 

homologous type-specific antiserum. 

RV14 induced a statistically significant increase in DNA synthe

sis in L-132 cells but not in HeLa cells. Other picornaviruses (mengo-

virus and Coxsackie B3) and reovirus type 3 can induce DNA synthesis in 

KB cells at 0 to 3 hr pi. 

DNA synthesis was induced in RV14-challenged KB cells only at 

the optimal temperature for virus replication (34.5°C). Neither induc

tion of DNA synthesis nor replication of virus occurred at temperatures 

ix 
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nonpermissive for virus replication (37° and 39°C). When RV14-challenged 

KB cells were shifted from a nonpermissive (39°C) to a permissive 

(34.5°C) temperature at 3 hr pi, there was a statistically significant 

increase in DNA synthesis above mock-control levels, and full virus 

yields were obtained. 

DNA inhibitors such as mitomycin C and hydroxyurea prevented the 

RV14-induced stimulation of DNA synthesis and reduced virus yields by 

approximately 50%. Phleomycin had little effect on virus yields or on 

RV14-induced stimulation of DNA synthesis. Actinomycin D permitted in

duction of RV14-induced DNA synthesis but reduced virus yields by 86%. 

Cordycepin and ethidium bromide augmented induction of DNA synthesis in 

RV14-challenged KB cells but reduced virus yields by approximately 50%. 

Newly synthesized DNA induced in KB cells following challenge 

with RV14 is found in the cytoplasm of KB cell cultures, as measured by 

radioactivity in acid-insoluble material and by electron microscope 

radioautography. There was no increase in the amount of newly synthe

sized DNA in the nucleus of RV14-challenged KB cells above that of 

mock-challenged controls. 

The newly synthesized DNA of RV14-challenged KB cells cannot be 

differentiated from DNA obtained from mock-challenged KB cells on the 

basis of buoyant density in either neutral CsCl or ethidium bromide-CsCl 

gradients. 

DNA-DNA reassociation studies of cytoplasmic and nuclear DNA 

showed no clear distinction between the kinetic complexities within cy

toplasmic or nuclear classes of DNA extracted from mock-challenged or 

virus-challenged KB cells. The Cotjj value of cytoplasmic DNA (50 to 
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100), calculated from the reassociation profiles, was about 10-fold less 

complex than the Cot~ value of nuclear DNA (800 to 1000), suggesting 

that cytoplasmic DNA has a complexity different from nuclear DNA, mito

chondrial DNA, or mycoplasmal DNA. These studies rule out the possibil

ity that cytoplasmic DNA arises by random breakage of cell nuclei during 

cell disruption and extraction of DNA. At present, the function of the 

newly synthesized DNA extracted from the cytoplasm of RV14-challenged KB 

cells is not known. 



INTRODUCTION 

Rhinoviruses 

The rhinoviruses contain 89 different serotypes with 17 addi

tional candidate strains (Stott and Killington, 1972). They are classi

fied as a subgroup within the picornaviruses on the basis of small size 

(less than 30 nm diameter), a ribonucleic acid (RNA) genome, and ether 

stability. The rhinoviruses are differentiated from other picornaviruses 

by their acid lability at pH 5, buoyant density of 1.38 to 1.45 g/ml in 

cesium chloride, and a high (33% to 35%) content of adenylic acid in the 

genome (Stott and Killington, 1972). Rhinoviruses are isolated from hu

mans, monkeys, horses, and cattle (Stott and Killington, 1972). 

Replication of Rhinoviruses 

The scheme of replication of rhinoviruses closely resembles that 

of other picornaviruses, the important difference being that human and 

bovine rhinoviruses multiply best at 33°C and not at 37°C, the optimum 

temperature of replication of other picornaviruses (Stott and Killington, 

1972). Replication of picornaviruses has been reported not to involve 

cell deoxyribonucleic acid (DNA) (Baltimore, 1969). Franklin and 

Baltimore (1962) initially reported that mengovirus inhibited DNA syn

thesis in L cells 2 hr post-inoculation (pi). Subsequently, Ensminger 

and Tamm (1970) reported that mengovirus partially inhibited DNA syn

thesis in synchronized L cells within 2 hr after infection and com

pletely suppressed DNA synthesis by 4 hr after infection. However, 

1 
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Plagemann and Swimm (1966) reported that mengovirus replication in 

Novikoff (rat) hepatoma cells had little effect on the DNA synthesis in 

the nucleus of infected cells. To date, there have been no reports of 

the effect of rhinovirus replication on cell DNA synthesis. The replica

tion of many picornaviruses, including several rhinovirus serotypes, is 

not impaired by moderate levels of several DNA inhibitors (Baltimore, 

1969; Hamparin, Ketler, and Hilleman, 1961). Reich and Franklin (1961) 

found that replication of mengovirus was not significantly reduced by 

mitomycin C at 5 to 30 yg/ml, although higher concentration (30 to 50 

yg/ml) reduced yields as much as 80%. By contrast, several other 

nononcogenic viruses (cytocidal RNA viruses) such as reovirus type 3 

and Newcastle disease virus inhibit DNA synthesis after infection 

(Hand and Tamm, 1972). 

Cellular DNA Synthesis 

Cellular DNA Synthesis Induced by Nonviral Agents 

Numerous nonviral agents have been found to induce cellular 

DNA systhesis. The incorporation of thymidine-methyl-3H (3H-thymidine) 

into DNA has been induced by serum (Austin, McCulloch, and Till, 1971; 

Pierson and Temin, 1972; Temin, Pierson, and Dulak, 1972), serum factors 

(Clark et al., 1970; Dieler et al., 1972; Dulbecco, 1970; Temin, 1970; 

Temin, 1971), mucopolysaccharide from Mycobacterium tuberculosis 

(Coelho-Macieira, Hiu, and Garcia-Gualt, 1969), synthetic polysaccharide 

(DEAE) (Coelho-Macieira et al., 1969), insulin (Temin, 1967), trypsin 

(Burger, 1970; Sefton and Rubin, 1970), nerve growth factor (Greene, 

Schooler, and Varon, 1968), and an epidermal growth factor (Attardi, 
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Schlesinger, and Schlesinger, 1967). The induction of DNA synthesis 

occurs within 5 to 8 hr after the addition of serum or other nonviral 

factors. Stoker, Clark, and Thornton (1971) reported that cultures of 

BHK21 cells continuously released materials into a serum-free culture 

medium and that these materials induced the incorporation of 

3H-thymidine into DNA of nonconfluent, but not into DNA of confluent, 

cultures of homotypic cells. In another study, Kumar and Friedman 

(1972) reported initiation of DNA synthesis in nuclei isolated from 

HeLa cells by cytoplasmic extracts from HeLa cells in the S-phase of 

growth. The "initiator" present in the S-phase cytoplasm was dialyzable 

and heat labile. These studies demonstrate that factors isolated from 

uninfected cell cultures can induce other cultures of uninfected cells 

to undergo synthesis of DNA. 

Cellular DNA Synthesis Induced by Viruses 

Evidence for the role of extrachromosomal (cytoplasmic and/or 

mitochondrial) DNA in the replication of animal viruses is very limited. 

Vesco and Bascilico (1971) reported that mitochondrial DNA synthesis was 

stimulated in contact-inhibited 3T3 mouse cells after infection with 

polyoma virus. Challenge of contact-inhibited African green monkey 

kidney cells with SV40 stimulated not only nuclear but also mito

chondrial DNA synthesis by 1.5 to 2.0-fold (Levine, 1971). This result 

was dependent on cell type, as challenge of monkey BSC-1 cells with 

SV40 stimulated neither nuclear nor mitochondrial DNA synthesis 

(Levine, 1971). 
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Cytoplasmic DNA 

In recent years there have been several reports on the presence 

of nonmitochondrial DNA in the cytoplasm of animal cells. Cytoplasmic 

DNA was first reported by Bach (1962) to be associated with microsomes. 

Since then, there have been several other reports of the existence of a 

rapidly labeled microsome-associated DNA (Bach and Johnson, 1967; 

Bond et al., 1969; Schneider and Kuff, 1969). Interest in 

cytoplasmic DNA increased when Bell (1969) announced the discovery of a 

class of DNA molecules (I-DNA) in chick embryo fibroblasts which were 

associated with RNA. He postulated that I-DNA may act as special 

intermediate molecules for carrying information from the nucleus to 

the cytoplasm. Bell (1969) suggested that I-DNA represents multiple 

copies of genes. I-DNA was isolated from the cytoplasm of a variety of 

embryonic cells; some of the DNA was found in particles which he denoted 

I-somes and other DNA was recovered from large structures which con

tained ribosomal subunits and polyribosomes (Bell, 1969). I-DNA 

molecules are not closed circular structures and these molecules have 

sedimentation coefficients in sucrose gradients of 7S. Other investi

gators have presented evidence which suggests that I-DNA is an artifact 

of the techniques used to disrupt cells and does not differ from nuclear 

DNA (Fromson and Nemer, 1970; Muller, Zahn, and Beyer, 1970). 

Williamson (1970) and Williamson et al. (1972) have suggested that 

cytoplasmic DNA arises from nuclear lysis and may be derived either from 

intermediates in DNA synthesis or by action of nucleases on chromo

somes. One of the difficulties in judging the validity of data in 

favor of or against cytoplasmic DNA is that, in most cases, different 
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animal tissues, cell lines,and extraction techniques have been used 

for each study and thus meaningful comparisons are difficult to make. 

This is especially significant where embryonic liver was studied 

(Williamson, 1970; Williamson et al., 1972), as this organ contains a 

larger number of red blood cell precursors that are in the process of 

losing their nuclei. Bell (1971) attempted to eliminate the possibil

ity of nuclear contamination of cytoplasmic DNA by using more refined 

cell fractionation techniques and by use of inhibitors of DNA syn

thesis, including ethidium bromide. I-DNA synthesis was differentiated 

from nuclear DNA synthesis by using hydroxyurea, which perferentially 

depressed I-DNA systhesis compared to synthesis of DNA in the nucleus. 

Bell, Merrill, and Laurence (1972) recently reported recovering 

I-DNA-containing particles of several densities. Particles with buoyant 

densities of 1.42 g/ml in CsCl contained a stabilizing protein. The 

properties of this class of particles led to the suggestion that these 

particles are a transcription complex in which I-DNA serves as template 

for the synthesis of RNA; ribosomes then attach to the nascent strands 

of RNA with the resultant formation of a transcription-translation 

complex (Bell et al., 1972). Recently, a unique class of DNA was 

found in the cytoplasm of human lymphocyte cell line (Hall et al., 

1971). This class of DNA is associated with cytoplasmic membranes 

and appears to be different from the rapidly labeled microsome-associated 

DNA and from I-DNA described in the preceding discussion. The cyto

plasmic membrane-associated DNA is not rapidly labeled with thymidine, 

and synthesis of the DNA can be distinguished from synthesis of the 

bulk of nuclear DNA by the extent and rate of incorporation of labeled 
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thymidine or 5-bromodeoxyuridine in cultures of synchronized lymphocytes 

(Hall et al., 1971). Cytoplasmic DNA represents about 0.5% of the total 

cellular DNA in this particular lymphocyte cell line and can be quan

titatively released from membrane fragments by treatments with pronase, 

sodium dodecyl sulfate, or deoxycholate (Hall et al., 1971). Hall et 

al. (1971) ruled out contamination of cytoplasmic DNA by mitochondrial 

DNA by noting that few circular and no supercoiled molecules were 

detected in DNA released from the membranes. Also, the buoyant den

sity of the membrane-associated DNA in neutral and alkaline CsCl 

gradients differed from the buoyant density of mitochondrial DNA. 

Hall et al. (1971) and Meinke et al. (1973) described some of the 

physical properties of the cytoplasmic DNA isolated from the human 

lymphcyte cell line: The latter DNA consisted of a population of 

linear molecules with an average molecular weight of 3 x106d (daltons) 

and a sedimentation coefficient of 16S. The DNA was synthesized in 

the cell nucleus and then appeared in the cytoplasm after the beginning 

of the S-phase of the cell cycle (Hall et al., 1971). Physical char

acterization studies by Meinke et al. (1973) supported previous studies 

that cytoplasmic DNA represents a unique species of DNA and does not 

result from lysis of nuclei during the extraction procedures. DNA-DNA 

reassociation kinetic studies of cytoplasmic DNA indicated that it is 

less complex than nuclear DNA, and, therefore, cytoplasmic DNA might 

be used to amplify some, as yet undefined, function in the cell 

(Meinke et al., 1973). 
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A cytoplasmic DNA into which labeled thymidine is incorporated 

slowly and which has an average sedimentation coefficient of 16 to 18S 

was recently found in cultured liver cells (Kock and von Pfeil, 1971; 

Koch, 1972; Koch and von Pfeil, 1972) and in normal human lymphocytes 

following stimulation with mitogens (Rodgers et al., 1972). Similari

ties in size of the latter DNA suggest that these DNA species may be 

closely related to the cytoplasmic DNA species described by Lerner, 

Meinke, and Goldstein (1971) and Hall et al. (1971). DNA isolated by 

Koch and von Pfiel (1972) was from the cytoplasm of HeLa cells. DNA was 

not found in the cytoplasm of other cells such as embryonic lung, embry

onic kidney, African green monkey, mouse, or hamster cell lines. 

Radloff, Bauer, and Vinograd (1967) reported the first isolation 

of closed circular DNA molecules from the cytoplasm of HeLa cells; the 

circles ranged in size from 0.2 to 2 y in diameter. Closed circular DNA 

species of heterogeneous size have been reported to occur in the cyto

plasm of three different animal cell lines, including HeLa, BSC-1, and 

3T3 cells (Smith and Vinograd, 1972). The closed circular DNA was not 

found in purified mitochondria or nuclei of these cell lines. The DNA 

ranged in size from 0.1 to 2 y in length and had an average molecular 

weight of 1 x106d. The DNA was found both in exponentially growing 

cells and in cells that were contact-inhibited. At present, the cyto

plasmic DNA isolated by Radloff et al. (1967) and Smith and Vinograd 

(1972) appears to be unrelated to I-DNA or the cytoplasmic DNA isolated 

by Hall et al. (1971), for the former DNA molecules are supercoiled and 

the specific activity of this DNA is identical to that of purified nu

clear DNA isolated from the same cells. 
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Statement of Problem 

It is generally thought that cellular DNA synthesis is not 

appreciably altered following infection of cells by picornaviruses 

until late in the growth cycle (Baltimore, 1969). I have found that 

within 0 to 3 hr after challenge of KB cells with rhinovirus serotype 

14 (RV14), 3H-thymidine incorporation into DNA increases 1.3- to 

5.0-fold. The transient increase in DNA synthesis resulted in an 

accumulation of DNA in the cytoplasm of the infected cell. This 

dissertation describes studies of the induction, origin, properties, 

and possible role of the DNA in replication of RV14. 



MATERIALS AND METHODS 

Cells 

KB cells were obtained from M. Dinovitz, Department of 

Microbiology, Arizona Medical Center, and from Flow Laboratories, 

Rockville, Maryland. HeLa (rhino-HeLa) cells were obtained from Flow 

Laboratories. L-132 cells were obtained from D. Woodall, Arizona 

State Department of Health, Phoenix, Arizona. 

The cell lines were grown in monolayer culture in Blake bottles 

at 37°C in Eagle's minimal essential medium (MEM; Eagle, 1959), con

taining 7 to 10% calf or fetal bovine serum, penicillin (100 units per 

ml), streptomycin (100 yg per ml), glutamine (2 mM per ml), and sodium 

bicarbonate (2.2 g per 1). For experiments, cells were detached from 

the Blake bottles with 0.25% trypsin in phosphate-buffered saline 

(PBS; Dulbecco and Vogt, 1954). Approximately 1.6 to 2.0xl06 cells 

in MEM containing 7 to 10% calf or fetal bovine serum were added to 

60-mm plastic petri dishes (Falcon Plastics, Los Angeles, California) 

and incubated for 16 to 72 hr, depending on the experiment, at 37°C in 

a humidified 5% CO2 atmosphere prior to use. Cell numbers were deter

mined by direct microscopic counting with a hemocytometer. Cell 

viability was determined by exclusion of trypan blue dye. 

Mycoplasma Assay 

Throughout this study, cell cultures were examined for the presence 

of mycoplasma by three procedures and were found to be negative in all tests. 

9 
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(1) Electron microscope observations were performed on thin 

sections of KB cells for the presence of mycoplasma. The procedure used 

is briefly described as follows. The cell cultures were washed three 

times with PBS and the cells were fixed in a 3% solution of cold 

gluteraldehyde in 0.1 M phosphate buffer, pH 7.4, for 30 min. The fixed 

cell pellets were dehydrated in ethanol and propylene oxide and embedded 

in Epon. Sections of 80 to 90 ft thickness were examined for the pres

ence of structures resembling mycoplasma at magnification of 3300X 

to 33,000X. 

(2) Cell cultures were examined for the presence of mycoplasma 

by assessing the extent of conversion of uridine to uracil by uridine 

phosphorylase, an enzyme which is present in high concentrations in 

mycoplasma (Levine, 1972). Approximately 1 x106 cells were washed 

twice with PBS. The cell pellet was taken up in 150 yl of incubation 

buffer (0.05 M sodium phosphate, pH 8.0, 0.001 M uracil, and 0.5% 

Triton X-100). Cell controls consisted of a similar number of cells 

which had been manipulated in an identical manner but heated at 100°C 

for 10 min. Five pCi of uridine-5-H3 (3H-uridine; 28 to 32 Ci/mM) 

were added to both experimental and control cell lysate samples. All 

samples were incubated at 37°C and 5-lambda aliquots were removed 

after 30 and 180 min of incubation and spotted at 2 cm from one end 

of a 1x13 cm strip of Whatman 3MM chromatography paper (Ward R. 

Balston, Ltd., London, England) and dried. The paper strips were placed 

in test tubes containing 3 ml of warm (37°C) chromatography solvent 

[4% boric acid (70 ml), concentrated NHi+OH (1 ml), and N-butanol (430 

ml)]. The paper strips were developed at 37°C until the solvent front 



moved 9 cm. Paper strips were dried and cut into 1-cm pieces and radio

activity was measured in a toluene-based scintillation fluid of 3.78 1 

toluene containing 15.1 g of 2,5-diphenyloxazote (PPO) and 0.378 g of 

l,4-bis[2-(4-methyl-5-phenyloxazolyl)] benzene (dimethyl-POPOP). Radio

activity was measured in a Beckman LSC-250 liquid scintillation spec

trometer. Conversion of uridine to uracil in the 30 and 180 min samples 

was corrected for background uracil measured in the heated cell 

cultures. Cultures were presumed positive if the corrected percent 

conversion of uridine to uracil increased by more than 10% between 

samples incubated for 30 and 180 min. 

(3) Cells were cultured for the presence of mycoplasma accord

ing to the methods of Hayflick (1965), using both broth and agar media. 

Both media were prepared fresh and contained per liter: 20% agamma 

horse serum, 10% yeast extract, 50 g of beef heart infusion, 10 g of 

peptone, 5 g of NaCl, and 10 g of agar (for agar medium). Cultures 

were incubated for up to 3 weeks at 37°C in a 5% CO2 humidified 

incubator. The agar cultures were examined at 40X and 100X using an 

inverted microscope for the presence of typical round colonies with a 

dense center imbedded in the agar and a less dense periphery with a 

diameter of 10 to 100 y. Broth cultures were examined daily 

for turbidity. 

Virus Infected and Uninfected Cell Lysates 

RV14 was obtained from C. J. Gauntt, Department of Micro

biology, Arizona Medical Center, Tucson, Arizona. This virus was 

originally serotyped by V. Hamparian, Department of Microbiology, 
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College of Medicine, University of Ohio, Columbus, Ohio. RV14 stock 

virus and mock-cell fluids were identically prepared in the following 

manner. RV14 and mock-cell lysates were prepared from confluent KB or 

HeLa cell cultures in Blake bottles. The cells were challenged with 

10 to 25 plaque-forming units (PFU) per cell of RV14. For mock-cell 

preparations, cells were incubated with an equivalent volume of MEM 

without virus. After a 2-hr period for adsorption of virus at 34.5°C, 

the inoculum was removed and the cells were incubated in virus growth 

medium (MEM without calf serum); cells were harvested at the completion 

of the growth cycle, i.e., 14 hr for HeLa cells or 12 hr for KB cells, 

with a rubber policeman. The cells were centrifuged at 3000xg for 

10 min and the cell pellets were resuspended in the spent virus growth 

medium to one-third of the original volume. The mixture was then 

subjected to three cycles of rapid freezing (-70°C) and thawing (37°C). 

The disrupted (infected and mock-infected) cell lysates were clarified 

by centrifugation at 3000xg for 15 min. Stock virus preparations had 

titers of 5x108 to 2x109 PFU/ml. Both virus stocks and mock-infected 

cell fluids were stored at -90°C. 

Virus stocks and corresponding mock-cell fluids were prepared 

in a similar manner for the following viruses. Reovirus type 3, Dearing 

strain (reo 3), was obtained from M. Nonoyama, then of the Wistar 

Institute, Philadelphia, Penn. Mengovirus was obtained from C.J. Gauntt 

(Gauntt and Lockart, 1966). Vesicular stomatitus virus (VSV) was ob

tained from T. Sreevalsen, Georgetown University, Medical School, 

Washington, D.C. Coxsackie B type 3 (Cox B3) (Nancy strain) was 
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obtained from R. Crowell, Department of Microbiology, Hahnemann Medical 

College, Philadelphia, Penn. 

Preparation of Purified Labeled Virus 

Twenty-five to 40 Blake bottles containing confluent monolayer 

cultures of KB cells were challenged with 20 to 40 PFU/cell of RV14. 

An identical quantity of KB cells in Blake bottles was mock-infected 

with MEM. After 2 hr for adsorption of virus at 35.5°C, unadsorbed 

virus and mock-cell inoculum were removed and the cells were washed 

2 times with PBS. Cell cultures were overlayed with MEM without calf 

serum. At 0 hr pi, a radioactive-labeled nucleoside was added to each 

cell culture, i.e., either thymidine-2-ll|C (1!tC-thymidine; 0.02 yCi/ml), 

3H-uridine (1.0 yCi/ml) or 3H-thymidine (1.0 yCi/ml) was added to cell 

cultures in different experiments described below. Infected and 

mock-infected cell cultures were harvested at 12 to 16 hr pi and washed 

with PBS. The cells were taken up in 10 volumes of reticulocyte 

standard buffer (RSB; 0.01 M NaCl, 0.003 M MgCl2, and 0.01 M Tris 

(hydroxymethyl) aminomethane (Tris), pH 7.4) and allowed to swell at 

0°C for 10 to 15 min. The cells were then mixed with an equal volume 

of Freon Precision Cleaning Agent (E. I. DuPont de Nemours and Co.) and 

homogenized in an omnimixer (Lourdes Instrument Corporation, Los Angeles, 

California) for five 1-min periods at 0°C, each period followed by a 

1-min period for cooling. The aqueous phase was separated from the 

Freon by centrifugation at 10,000xg. Viruses in the aqueous phase and 

the mock-cell fluids were concentrated by centrifugation at 30,000xg 

for 45 min onto a CsCl cushion of 1.5 g/ml or a 60% sucrose cushion in 



TST buffer (1% tryptose-phosphate broth, 0.1 M NaCI, and 0.01 MTris, 

pH 7.4). The aqueous phase was removed and the band of virus and 

mock-cell lysate just above the cushion was collected and dialyzed 

versus TST buffer overnight at 4°C. Noncell-associated virus (virus 

released into the virus growth medium) was centrifuged at 30,000xg 

for 2 hr onto a 60% (w/v) sucrose cushion. The visible band above 

the cushion which contained virus was removed and purified as pre

viously described for cell-associated virus. Solid CsCl was added to 

the virus and mock-cell fluids to make 1.38 g/ml, and the mixtures were 

centrifuged for 24 hr at 33,000 rev/min in an SW50 rotor in the model 

L ultracentrifuge (Beckman Instruments, Fullerton, California) at 4°C. 

Thirty to 40 fractions were collected by pumping the fluids from the 

bottom of the gradient with a Buchler polystalyic pump (Buchler 

Instrument Corporation, Fort Lee, N.J.). The density of every fourth 

fraction was immediately determined using a Bausch and Lomb Abbe-3L 

refractometer. Fifty lambda of each fraction was spotted to a 2.3-cm 

filter paper disc (Whatman 3MM qualitative discs) which was dried at 

SO^C. Each filter circle was immersed in cold 10% trichloroacetic acid 

(TCA). After 15 to 20 min at 0°C, all filters were washed five times 

with cold 5% TCA and once with cold ethanol, and dried at 80°C. The 

filters were immersed in 10 ml of a toluene-based scintillation fluid 

(described above). Radioactivity was assessed as described in a 

previous section. 
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Inactivation of Virus 

Ultraviolet Light-Inactivated RV14 

RV14-containing and mock-cell fluids were irradiated with 

ultraviolet light (UV) in the following manner. Samples in 1-ml amounts 

were placed in 60-mrn plastic tissue culture dishes and exposed to a 150 

watt General Electric Co. germicidal lamp at a distance of 12 em. The 

dose rate for UV light was 5.40 J • m2 • The contents of each dish were 

redistributed every 15 sec. Virus and mock-cell preparations were ex

posed for 5 min. This procedure inactivated 99% or more of the 

infectivity of all RV14 preparations. 

Heat-Inactivated Virus 

RV14-containing and mock-cell fluids were heat-inactivated by 

incubation at 56°C for 20 min in a waterbath. This was sufficient to 

reduce virus yields by 90%. 

Neutralization of Virus 

Infectivity in RV14 preparation was neutralized by incubation of 

virus fluids for 30 min at 37°C with serotype-specific RV14 antiserum at 

a dilution of 1:100. At this dilution of antiserum, which was provided 

by V. Hamparian, virus infectivity was neutralized by 99.6%. 

Plaque Assay 

The plaque assay procedure for RV14 was that described by 

Gauntt, Sauck, and Carlson (1973). Briefly, the plaque assay for RV14 

was carried out on 16 to 24 hr old confluent monolayer cultures of HeLa 

cells in 60-mm plastic tissue culture dishes. Growth fluids were 



removed and the cells were washed once in PBS, and 0.25 ml of an appro

priate dilution of virus in MEM was inoculated onto duplicate monolayer 

cultures. After a 2-hr period for adsorption, during which time the 

virus inoculum was redistributed every 5 min, 5 ml of a nutrient agar 

overlay was added. The overlay solution contained MEM, 2.2 g/1 of 

NaHC(>3, 1.0% Bacto-agar, 30 mM MgCl2, 1% heat-activated fetal calf 

serum, 100 units/ml of penicillin, and 100 yg/ml of streptomycin. The 

cultures were incubated for 72 hr at 34.5°C under 5% CO2 tension in a 

humidified incubator. Cell monolayers were stained for 2 hr with a 

0.01% neutral red solution to facilitate delineation of plaques. Most 

plaques ranged between 3 and 4 mm in diameter. 

The plaque assay for reo 3 was previously described (Prevec et 

al., 1968). Plaque assays have been described for mengovirus (Gauntt 

and Lockart, 1966), VSV (Stocker, Kiernat, and Gauntt, 1973), and Cox B3 

(Crowell and Sylverton, 1961). 

Measurement of Protein and Ribonucleic Acid (RNA) 
Synthesis in RV14-Infected and Uninfected KB Cell Cultures 

KB cell cultures were challenged with 20 to 25 PFU/cell of RV14 

diluted in PBS containing 0.1% bovine serum albumin, fraction V (PBSA), 

or were incubated with PBSA for 2 hr. The inocula were removed and the 

cultures were washed twice with warm PBSA and given 2 ml of warm MEM 

containing 1% fetal bovine serum. At hourly intervals after infection, 

the cell cultures were incubated for periods of 1 hr with one of the 

appropriate radioactive precursors: 1 yCi/ml of an 3H-amino acid mix

ture or 1 yCi/ml of 3H-uridine. At the end of each 1-hr pulse period 

at 34.5°C, duplicate monolayer cultures were chilled to 0°C, and the 



cells were immediately scraped into the cell fluids. The cells were 

harvested by centrifugation at 350 * g at 4°C and washed twice with cold 

PBSA. Cell pellets were allowed to swell for 15 min in 1 ml of RSB 

at 0°C and were rapidly frozen and thawed three times. One ml of cold 

10% TCA was added to each sample and all samples were held at 0°C for 

10 min. Precipitates were harvested by centrifugation at 350xg at 

0°C. Each sample was washed three times in cold 5% TCA. The TCA was 

removed and 1 ml of 1 N NH4OH was added. The precipitates were sol-

ubilized with the aid of a vibration stirrer (Buchler Instruments, Inc., 

Fort Lee, N.J.). One hundred lambda of each sample was spotted to a 

Whatman 3MM qualitative 2.3-cm filter paper disc, which was dried at 

80°C and immersed in 10 ml of a toluene-based scintillation fluid. 

The radioactivity was measured as previously described. 

Measurement of DNA Synthesis in RV14-Infected 
KB Cell Cultures 

Virus and Mock-Cell Challenge 

Approximately 3 *106 KB, HeLa, or L-132 cells, depending on the 

experiment, were suspended in 5 ml of MEM containing 5% calf serum and 

were seeded to 60-mm plastic tissue culture dishes. The cell cultures 

were then grown to a high-density, contact-inhibited state at 37°C for 

24 to 48 hr in a 5% humidified CO2 incubator. Growth fluids were then 

removed from the cell cultures,and maintenance medium (MEM without calf 

serum) was added to the culture for 24 hr prior to challenge with 

virus or mock-cell lysate fluids. Cell viability was determined by 

trypan blue exclusion prior to challenge,and in every experiment 



approximately 95% or more of the cells were viable. After the 24-hr 

period of incubation of cells without serum, the maintenance medium was 

removed and 0.2 ml of RV14, which contained 50 PRU per cell or fluids 

from uninfected cells (mock-cell lysates), were added to each cell 

culture. It is emphasized that fluids used in the mock preparations 

were prepared in an identical manner and at the same time as the 

virus-containing fluids that were used in each experiment. Duplicate 

cell cultures of both virus-infected and mock-infected cells were 

incubated with 1 yCi/ml of 3H-thymidine for 1 hr at various times pi. 

At the end of the pulse period, the cells were harvested by scraping 

them into the labeled medium and centrifuging the cells at 3000 x g 

for 5 min at 4°C. The cells were then washed three to five times with 

10 volumes of PBS. Each cell pellet was taken up in 1 ml of RSB buffer, 

and sodium dodecyl sulfate (SDS) was added to 0.5% to lyse the cells. 

An equal volume of 10% cold TCA was added, and after 10 min at 0°C the 

TCA-insoluble precipitates were harvested by centrifugation at 3000 x g 

for 10 min at 0°C. Each sample was washed five times with cold 5% TCA 

and the pellets were disrupted with the aid of a vibration stirrer. The 

precipitates were solubilized by addition of 0.5 ml of a tissue sol-

ubilizer solution (NCS Tissue Solubilizer, Amersham/Searle Corp., 

Arlington Heights, 111.). A 100-lambda aliquot of the solubilized TCA 

precipitate was added to 10 ml of a toluene-based scintillation fluid, 

and radioactivity was determined in a Beckman LSC-250 spectrometer as 

previously described. 
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Normalization of Radioactivity 

Two procedures were used to normalize Ĥ-thymidine counts in 

acid-insoluble material. (1) After cells were grown to a high-density, 

confluent state, maintenance medium containing 0.01 yCi/ml of llfC-uridine 

was added to the cell cultures for 24 to 48 hr. For some experiments, 

llfC-uridine was added to the growth medium at the time the cells were 

seeded to the plastic dishes. Cell cultures were washed two times in 

PBS and then used in experiments to be described in the next chapter. 

TCA-insoluble counts in of each sample were taken as an indication 

of the amount of material actually processed per sample and 3H-counts 

in all samples were then corrected relative to the content of ll+C-counts. 

(2) TCA-insoluble counts in 3H-thymidine were normalized to the cell 

count of each individual sample. Both infected and mock-infected cell 

counts were made in duplicate on cells taken from each sample immedi

ately following cell harvest at the end of the pulse period. 

Preparation of Nuclear and Cytoplasmic Fractions 

In experiments in which newly synthesized DNA was measured in 

RV14 and mock-infected nuclear and cytoplasmic cell fractions the 

following procedure was used. The washed cell pellets were suspended 

in RSB and allowed to swell for 10 min at 0°C. The cells were disrupted 

by 10 strokes with a tight-fitting Dounce homogenizer. Under these con

ditions, 95% or more of the cells were broken (Penman, 1966). Nuclei 

and a few whole cells were removed by centrifugation at 350xg for 10 

min. The cytoplasmic fraction was examined under the microscope for the 

presence of nuclei and was found to be negative. Both fractions were 
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treated with TCA, and radioactivity in 3H-thymidine-labeled DNA was 

measured as previously described. 

Extraction and Analysis of DNA 

Nuclear and Cytoplasmic DNA Prepared from RV14-Challenged 
and Mock-Challenged KB Cells 

About 2.5x10® KB cells were harvested from RV14 and 

mock-challenged cells cultured in 60-mm plastic dishes, as previously 

described, and were concentrated by centrifugation at 800xg for 10 min. 

After washing the cells twice with PBS, the cell pellets were taken up 

in 10 volumes of RSB and held for 10 min at 4°C. The cells were lysed 

by addition of NP-40 (Penman, 1966) (Nonidet P-40, Shell Oil Co., New 

York, N.Y.) and the total preparation was mixed on a Vortex mixer (Van 

Waters and Rogers, Phoenix, Ariz.) at maximum setting for 5 sec. This 

treatment lyses cytoplasmic membranes but leaves nuclei morphologically 

intact. These fluids were examined microscopically, and it was found 

that 98% of the nuclei were free of cytoplasmic tabs when examined at 

100X magnification. The nuclei were harvested by centrifugation at 

3000xg for 10 min. The supernatant fluid was removed from the pelleted 

nuclei and again centrifuged at 3000 x g for 5 min to remove any residual 

nuclei. The cytoplasmic fraction was made 0.15 M in NaCl and 0.10 M in 

EDTA, pH 8.0. Nuclei were suspended in five to 10 volumes of 0.15 M 

NaCl and 0.10 M EDTA, pH 8.0. 3H-labeled DNA was extracted from the 

cytoplasmic and nuclear fractions by a modification of the method of 

Marmur (1961). Briefly, each sample was mixed with an equal volume of 

chloroform-isoamyl alcohol (v/v 24:1) and after 10 min at 25°C the 



phases were separated by centrifugation at 6000xg at 4°C for 10 min. 

The upper aqueous phase was repeatedly extracted four to five times with 

chloroform-isoamyl alcohol. The final aqueous layer was mixed with two 

volumes of absolute ethyl alcohol and the DNA was allowed to precipitate 

during storage at -20°C for 16 to 18 hr. The precipitated DNA was dis

solved in 0.1X SSC (0.015 M NaCl, 0.0015 M trisodium citrate). Pancre

atic and Tj ribonucleases were added to the DNA preparations to final 

concentrations of 50 iig/ml and 50 units/ml, respectively, and the mix

tures were incubated 0.01 M at 37°C for 2 hr. An alternative method for 

the removal of RNA was used in some preparations; this consisted of 

incubating the DNA preparations with 50 yg/ml of amylase for 2 hr at 

37°C, followed by treatment with 0.5 N NaOH for 16 to 18 hr at 37°C. 

The latter samples were neutralized with 1 HC1. After treatment of 

each sample with ribonuclease or amylase and NaOH, the samples were then 

incubated for 12 to 18 hr at 37°C with nuclease-free self-digested 

pronase (200 yg/ml). Each sample was then twice extracted with 

chloroform-isoamyl alcohol, and the DNA was precipitated in two volumes 

of absolute ethyl alcohol at -25°C. The DNA samples were taken up in 

distilled water and stored at -20°C. 

The concentration of DNA in all samples was determined by 

optical density (OD) at 260 nm in a Gilford Model 240 spectrophotom

eter. The RNA/protein ratio (OD26o/°D28o) various samples ranged 

between 1.9 and 2.0, whereas the carbohydrate/DNA ratio (OD230/OD260) 

of these samples ranged between 2.0 and 2.1. 

The actual RNA content of each sample of DNA was measured by 

the orcinol test (Habel and Salzman, 1969). Samples that contained 20% 
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or more RNA were digested a second time with 0.5 NaOH, neutralized 

with 1 IN HC1 and again extracted with chloroform-isoamyl alcohol and 

precipitated with absolute ethanol as described above. 

Isopycnic Centrifugation of DNA 

Neutral CsCl Gradient 

The buoyant density of 3H-labeled DNA extracted from 

RV14-challenged or mock-challenged KB cell cultures was determined by 

adding solid CsCl to DNA solutions in 0.001 M EDTA, 0.02 M Tris, pH 8.0, 

and containing 11+C-labeled nuclear DNA marker. The DNA solutions were 

adjusted to a density of 1.700 g/ml in CsCl in a volume of 3 ml. The 

solutions were centrifuged at 35,000 rev/min in a Beckman SW50L rotor 

at 20°C for 60 hr. Fractions of 0.20 ml were collected from the bottom 

of the tube by pumping out the gradient at a flow rate of 1.5 ml/min. 

The density of various fractions was determined with the Bausch and Lomb 

Abbe-3L refractometer. Fifty lambda of each fraction was placed onto a 

Whatman 3MM (2.3-cm) filter paper disc. Each filter circle was immersed 

in cold 10% TCA. After 15 to 20 min at 0°C, all filters were washed 

five times with cold 5% TCA and once with cold ethanol, and dried at 

80°C. Radioactivity measurements were performed as described above. 

CsCl Gradients Containing Ethidium Bromide 

Ethidium bromide was added to solutions of DNA (in 0.001 M EDTA, 

0.02 M Tris, pH 8.0) from challenged and mock-challenged KB cells to a 

final concentration of 150 yg/ml. Solid CsCl was added and the density 

was adjusted to 1.5788 g/ml in a volume of 3 ml. These solutions were 
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centrifuged at 35,000 rev/min for 48 hr at 25°C. Fractions were col

lected, and density and radioactivity measurements were performed as 

described above. 

Electron Microscope Radioautography 

Electron microscope radioautography experiments were performed 

in collaboration with R. Upson and E. Carlson, Department of Anatomy, 

Arizona Medical Center, University of Arizona, Tucson, Ariz., according 

to the following procedure. RV14-challenged and mock-challenged KB cell 

monolayers in 60-mm plastic tissue culture dishes were fixed -in situ for 

1 hr in cold (4°C) cacodylate-buffered (0.2 M sodium cacodylate, pH 7.3) 

paraformaldehyde-gluteraldehyde fixative (Karnovsky, 1965). This was 

followed by post-fixation for 1 hr in cacodylate-buffered 2% OsÔ  and 

then dehydration in absolute ethanol. Embedment was carried out in an 

Epon 812-Araldite 502 combination (Anderson and Ellis, 1965). Thin 

sections showing silver interference color were deposited with a plastic 

loop on glass microscope slides previously coated with 2% celloidin. 

The sections were stained with 2.5% uranyl acetate in 50% ethanol and 

then were coated with a thin layer of evaporated carbon. The slides 

were dipped in Ilford 14 emulsion (40°C) diluted 1:5 with distilled 

water, which resulted in an emission of purple interference color over 

the sections. Exposure was carried out at 4°C in total darkness and 

low humidity for 4 weeks. This was followed by development in Phenidon 

(Lettre and Paweletz, 1966) for 1 min at 15°C. The celloidin membrane 

and applied sections were stripped from each slide by floating onto 

water. Two-hundred-mesh grids were placed over the sections. The 
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membrane and grids were removed from the surface of the water by ad

hesion to wet filter paper. The air-dried grids were detached from the 

membrane and placed in isoamyl acetate for 4 min to a thin celloidin 

supporting layer. These radioautographic preparations were examined 

and photographed in a Philips EM-300 electron microscope. 

Counts of silver grains were carried out on 8 x10 in. photo

graphs of randomly selected cells at magnifications of 3480 or 9570 

diameters. Grains were recorded as being nuclear or cytomplasmic. 

Grain counts were expressed per square centimeter. The area of the 

nucleus and cytoplasm of each cell was measured using a LeRoy planimeter. 

Since nuclei were heavily labeled compared to cytoplasm, it was impor

tant to include in the nuclear count those grains lying just outside 

the nuclear membrane that could be attributed to radioactive spread 

from the nucleus. This was accomplished by determining the 

half-distance, which is the distance from a line source within which 

50% of all grains from the source lie. The half-distance was deter

mined to be approximately 1500 X (Salpeter, Bachmann, and Salpeter, 

1969), and all grains within 2 half-distances external to the nuclear 

membrane were considered nuclear. 

Statistical Methods for Analysis of Grain Counts 

A two-way (factorial) analysis of variance (Sokal and Rohlf, 

1969) in the mean grain counts was performed on nuclear and cytoplasmic 

grain counts in mock-challenged and RV14-challenged KB cell cultures. 

The statistical program was analyzed by a CDC 6400 computer, Computer 

Center, The University of Arizona, Tucson, Arizona. 



Reassociation of DNA 

DNA used in these experiments was extracted from mock-challenged 

and RV14-challenged KB cell cultures which were incubated with 

3H-thymidine for 1-hr periods at different times pi as described in a 

previous section. The DNA was extracted and purified by the modified 

Marmur method as previously described above. All DNA was diluted to 

0.5 mg/ml and sheared by 10 1-min periods of sonification (sonifer, 

Heat Systems—Ultrasonic, Inc., Plainview, N.Y.) with each 1-min period 

followed by a 30-sec period of cooling. The sheared DNA was made 0.15 

M NaCl and precipitated with two volumes of cold absolute ethanol at 

-25°C. The precipitates were collected following centrifugation at 

15,000 xg for 30 min and the pelleted DNA was suspended in 0.5 ml of 

distilled water. The concentration of DNA in each sample was measured 

by absorbancy at A26O prior to DNA-DNA reassociation studies. 

DNA-DNA reassociation reactions were performed according to the 

method of Britten and Kohn (1967, 1968) with the following modifica

tions. The DNA solutions (0.1 ml) were made 0.4 M in phosphate buffer 

(pH 6.8) and 0.5% in SDS and sealed in 5, 15, or 50 yl glass disposable 

microcapillary pipettes (Kimble, Toledo, Ohio). Each sample of DNA was 

heat-denatured by incubation in boiling water for 10 min followed by 

rapid immersion in an ice bath. The solutions of DNA were allowed to 

reassociate at 60°C for different periods of time. Samples were quickly 

frozen at -70°C at the end of the incubation and stored at -20°C. 

The extent of reassociation of the DNA was assessed by measur

ing resistance of 3H-counts in the DNA to degradation by Aspergillus 

oryzae Sj single-stranded-specific nuclease, which was purified from a 
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commercial amylase mixture (a-amylase, Sigma Chemical Co., St. Louis, 

Mo.) as described by Sutton (1971). The Si nuclease used in this study 

was a gift from M. Dinowitz, Arizona Medical Center, Tucson, Ariz. Each 

reaction mixture contained 0.03 M sodium acetate buffer, pH 4.5, 0.01 M 

ZnSOtt, 0.3 M NaCl, and 10 yg/ml of denatured calf thymus DNA. The total 

reassociation mixture of each sample was added to the appropriate vol

ume (vide -infra) of Si reaction mixture, mixed, and divided equally into 

a control and Si treated aliquot. Sufficient Si nuclease (previously 

determined by titrating the activity of the stock Si mixture) was added 

to degrade all single-stranded DNA. Native double-stranded or single-

stranded 3H-labeled control DNA solutions were included in each experi

ment to monitor the extent of Si digestion of native double-stranded 

and single-stranded DNA. The Si nuclease digested less than 2% of the 

double-stranded DNA and 98% to 100% of the single-stranded DNA control. 

The Si nuclease-DNA mixtures were incubated at 50°C for 2 hr, and 

undegraded DNA in each sample was precipitated by addition of four 

volumes of cold 10% TCA in the presence of added calf-thymus carrier 

DNA (50 yg/sample). Samples were held for 20 to 60 min at 4°C and the 

precipitates were collected on Millipore HA filters (Millipore Corp., 

Bedford, Mass.), dried, and counted in 10 ml of toluene-based scintilla

tion fluid as previously described. The results are expressed as the 

percentage of DNA hybridized at a given value of the equivalent Cot, 

computed as described by Britten and Kohn (1968), where Co is the initial 

concentration of DNA and t is time. All calculated Cot values were cor

rected to standard conditions of salt concentration (Britten and Smith, 

1970). 
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Chemicals 

Bacto-agar and trypsin were purchased from Difco, Detroit, Mich. 

Minimum essential medium (Eagle, 1959) was purchased from Grand Island 

Biological Co., Grand Island, N.Y. Calf and fetal bovine serum were 

purchased from Flow Laboratories, Rockville, Md. Mitomycin C, hydroxy

urea, and actinomycin D were purchased from Calbiochem, La Jolla, Calif. 

Phleomycin was a gift from Bristol Laboratories, Syracuse, N.Y. 

Ethidium bromide was a gift from Boots Pure Drug Company, Ltd., London, 

England. Deoxyribonuclease, pancreatic ribonuclease, and ribonuclease 

were purchased from Worthington Biochemical Corporation, Freehold, N.J. 

Uridine-5-3H (28 to 32 Ci/mM) and uridine-2-11+C (50 mCi/mM) were pur

chased from New England Nuclear Corp., San Francisco, Calif. 3H-labeled 

amino acids (1 mCi/mg) were purchased from International Chemical and 

Nuclear Corp., Irvin, Calif. Freon was a gift from R. Z. Lockart, Jr. 

(E. I. DuPont de Nemours and Co., Wilmington, Del.). Cesium chloride 

was purchased from Fisher Scientific Company, Fair Lawn, N.J. Cordy-

cepin was purchased from Sigma Chemical Company, St. Louis, Mo. Chloro

form and isoamyl alcohol were purchased from Mallinkrodt Chemical Works, 

St. Louis, Mo. NP-40 was a gift from Shell Chemical Company, New York, 

N.Y. Triton X-100 was purchased from Beckman Instruments, Fullerton, 

Calif. Dimethyl-P0P0P and PPO were purchased from Amersham/Searle, 

Arlington Heights, 111. Phenidon (l-phenyl-3-pyrazolidone) was pur

chased from K S K Laboratories, Inc., Hollywood, Calif. Ilford L4 

Emulsion was purchased from Ilford Ltd., Ilford, Essex, England. Tris 

was purchased from Sigma Chemical Co., St. Louis, Mo. 



RESULTS 

Time Course of Replication of RV14 in KB Cell Cultures 

It is relevant to the problem outlined in this study to describe 

the replication of RV14 in monolayer cultures of contact-inhibited high 

density KB cells. Monolayer cultures of KB cells were prepared as de

scribed in the previous chapter. The culture fluids were removed, and 

the cell cultures were washed twice with PBSA and challenged with 20 

PFU/cell. After a 2-hr period of adsorption, the cell cultures were 

washed, and 2 ml of warm virus growth medium was added. Duplicate cell 

cultures were harvested at various times pi, and cell samples were as

sayed for content of infectious RV14 by the plaque method described pre

viously. Results of a typical experiment are shown in Table 1. The 

eclipse period has a duration of 6 hr, followed by a rise period of 3 hr, 

Table 1. Replication of RV14 in Contact-Inhibited High Density KB 
Cell Cultures.3 

Time Virus yield 

(hr pi) PFU/cell Max. yield*5 

3 1.1 0.5 

4 1.0 0.5 

5 0.7 0.3 

6 2.5 1.1 

7 12.0 5.5 

Time Virus yield 

(hr pi) PFU/cell Max. yield'5 

8 101.0 46.0 

9 185.0 84.4 

10 190.0 86.5 

12 220.0 100.0 

aCell-associated virus yields are reported. 

bpercent yields at 12 hr pi. 

28 
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and the growth cycle is complete by 10 hr pi. Similar time periods in 

the replication cycle have been reported by Gauntt (1973) and by 

Gauntt et al. (1973) for low density, non-contact-inhibited KB cell 

cultures. (Low density refers to 2 to 3 x106 cells/60-mm petri dish vs 

4 to 6 x106 cells/60-mm petri dish for high density cell cultures.) 

Therefore, allowing cell cultures to reach a high density cell popula

tion did not alter the time course of replication of RV14 in these cells. 

It must be kept in mind throughout the remainder of this study that 

progeny virus particles are not detected in infected cells until after 

the fifth hour of infection. 

Effect of RV14 on Synthesis of Macromolecules 
in KB Cell Cultures 

Protein, RNA, and DNA Synthesis in 
RV14-Infected Cell Cultures 

The effect of RV14 infection on protein, RNA, and DNA synthesis 

in monolayer cultures of high density contact-inhibited KB cells was 

measured by assay for incorporation of 3H-amino acids, 3H-uridine, or 

3H-thymidine into TCA-insoluble products. Contact-inhibited KB cell 

cultures were challenged with 50 PFU/cell of virus or mock-infected cell 

fluids. After adsorption of virus, the inoculum was removed, and 2 ml 

of warm virus growth medium (MEM containing 1% heat-inactivated fetal 

bovine serum) was added to RV14-challenged and mock-challenged KB cell 

cultures. At various times pi, duplicate cell cultures were exposed for 

1 hr to 1 yCi/ml of the appropriate radioactive precursor. The incor

poration of these precursors into TCA-insoluble materials was measured 

as described in the previous chapter. Cell cultures in this experiment 
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responded to virus infection by producing 200 PFU/cell. Data on the 

rates of synthesis of protein and RNA in uninfected and RV14-infected 

cell cultures were plotted as cumulative 3H-counts, and the results of a 

typical experiment are presented in Fig. 1. 

The over-all rate of protein synthesis was only slightly altered 

by infection; no noticeable change in protein synthesis occurred until 6 

to 7 hr pi. By 10 hr pi, the rate of protein synthesis was reduced by 

only 20%. 

RV14-infected KB cell cultures exhibited an inhibition in the 

rate of RNA synthesis by 3 hr pi in comparison to the rate of RNA syn

thesis in infected cell cultures. By 8 hr pi, the rate of RNA synthesis 

in infected cell cultures was less than half the rate in the uninfected 

cell cultures. 

Studies on the effect of RV14 on rates of DNA synthesis in these 

cell cultures provided a surprising result. The results of these exper

iments are shown in Fig. 2. The rates of incorporation of 3H-thymidine 

into TCA-insoluble material of RV14-challenged cell cultures compared 

with mock-challenged cell cultures showed a 3.4-fold increase in DNA 

synthesis at the 1 to 2 hr pi period. Since curves of DNA synthesis in 

infected and mock-infected cell cultures showed parallel rates of incor

poration of 3H-thymidine after the initial increase in DNA synthesis had 

taken place, the data show that further increase in DNA synthesis in 

virus-infected cell cultures did not occur. Turnover in the newly syn

thesized DNA, if it occurred, was at the same rate in both cultures. 



Fig. 1. Protein and RNA Synthesis in Mock-Challenged and RV14-Challenged 
KB Cell Cultures. 

Each point represents the cumulative total of acid-insoluble 
materials synthesized up to that particular time. Left panel, 
protein synthesis: uninfected cell cultures (o) and infected 
cell cultures (•). Right panel, uninfected cell cultures (o) 
and infected cell cultures (•). 
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Fig. 1. Protein and RNA Synthesis in Mock-Challenged and RV14-Challenged KB Cell Cultures. 
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Fig. 2. DNA Synthesis in Mock-Challenged and RVl4-Challenged KB Cell 
Cultures. 

Each point represents the cumulative total of acid-insoluble 
materials synthesized up to that particular time. Curves 
show TCA-insoluble 3H-counts in DNA from mock-challenged 
(• •) and RV14-challenged (o o) KB cell cultures. Ef
ficiency of extraction of DNA from each sample was monitored 
by the recovery of llfC-uridine-labeled KB cell ribosomal RNA: 
uninfected (• •) and RV14-infected (o o) KB cell 
cultures. 
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Conditions for Measuring an Increased Uptake 
of JH-Thymidine into RV14-Challenged KB Cell Cultures 

Effect of Cell Density 

The previous experiments showed that RV14-induced synthesis of 

DNA in high density contact-inhibited KB cells is above the level found 

in ininfected cells. Although this result was reproducible, there were 

a few experiments in which incorporation of 3H-thymidine into both 

virus-challenged and uninfected KB cell cultures occurred at such a high 

level that an increase in incorporation in virus-challenged versus 

mock-challenged cells was not observed. An example of this finding is 

shown in Table 2. KB cells from a single pool were seeded to plastic 

petri dishes in quantities that would yield either low density, 

Table 2. Effect of Cell Density on 3H-Thymidine Incorporation 
into DNA of KB Cells Challenged with RV14. 

CPM per 4 x106 cellsa>̂  

Non-contact-inhibited Contact-inhibited 
Time of pulse Mock RV14 Mock RV14 
(hr pi) challenged challenged challenged challenged 

0-1 22700 18730 2940 4855 

1-2 21050 11647 1904 4462 

2-3 161802 151473 18034 22861 

3-4 166316 128538 36138 18363 

aCounts per minute (CPM) are expressed as CPM of TCA-precipitable 
3H-labeled DNA normalized relative to the TCA-precipitable CPM 
in l̂ C-uridine-labeled RNA extracted in each sample. 

^Noncontact-inhibited cell cultures contained 1.5 to 2.0xio6 

cells per 60-mm petri dish and contact-inhibited cell cultures 
contained 3 to 4 x io6 cells per 60-mm petri dish. 



non-contact-inhibited or high density, contact-inhibited cell cultures 

after 24 hr in culture. These cell cultures were then challenged with 

RV14 or mock-cell fluids and incubated in the presence of 3H-thymidine 

as described in the previous chapter. As shown in Table 2, the rates 

of incorporation of 3H-thymidine into TCA-insoluble material in RV14-

challenged cells showed no increase in 3H-counts above mock-challenged 

control cells when cells were in a non-contact-inhibited state. How

ever, in contact-inhibited cell cultures, an increase in the rates of 

incorporation of 3H-thymidine into TCA-insoluble material was found in 

RV14-challenged cell cultures above mock-challenged cell cultures. In 

the experiments shown, the rates of incorporation of 3H-thymidine into 

TCA-insoluble material from contact-inhibited RV14-challenged cell cul

tures showed an increased rate in DNA synthesis in RV14-challenged KB 

cell cultures within the first hour pi above that observed in 

mock-challenged cell cultures. An increase in the rate of DNA synthe

sis, expressed as a ratio of 3H-counts in RV14-challenged to 

mock-challenged cell cultures, was 2.34. In 52 separate experiments, in 

which an increased rate of synthesis of DNA was observed in KB cells 

challenged by RV14, approximately 90% of the experiments showed that the 

maximum increase in rate of DNA synthesis occurred at 1 to 2 hr pi. It 

is of interest that the time at which maximum stimulation occurred in 

most experiments was 3 hr prior to the time of detection of progeny 

virus in this cell line challenged with RV14 under these conditions (re

fer to Table 1). 

Deoxyribonuclease treatment (25 yg/ml for 30 min at 37°C) of a 

crude DNA lysate from RV14-challenged cells at the maximum time of 



stimulation reduced the TCA-insoluble 3H-counts by 82%. This result 

shows that the incorporation of 3H-thymidine into TCA-insoluble 3H-counts 

in RV14-challenged KB cells is into DNA. 

When high specific activity 3H-thymidine is used in 1-hr 

pulse-labeling experiments in cell cultures, a labeled breakdown product 

could be incorporated into acid-insoluble macromolecules, such as pro

tein and RNA. The methyl group, for example, may be lost by demethyla-

tion; this methyl group can then be used in the synthesis of some amino 

acid and eventually be incorporated into protein (Cleaver, 1967). How

ever, the amount of label incorporated into protein is very small com

pared to the amount incorporated into DNA and is usually only detectable 

when long periods of labeling (24 hr) are used (Cleaver, 1967). If la

beled thymidine is used with the Ĉ or 3H atom at a position other than 

the methyl group, demethylation and phosphorolysis can give rise to la

beled uracil, which is incorporated into RNA (Cleaver, 1967). Labeled 

RNA can also result from conversion of thymidine to ribothymine (Cleaver, 

1967). In general, most of the breakdown products of thymidine are 

acid-soluble compounds that are removed from the cell cultures by wash

ing. Incorporation of these breakdown products into RNA or protein also 

requires a long period of exposure (24 hr) to the 3H-thymidine solution. 

The results presented herein represent labeling periods of 1 hr, and the 

3H-thymidine used in these studies is labeled in the methyl group. 

Numerous nonviral agents have been found to induce cellular DNA 

synthesis. To rule out the possibility that one of these compounds 

(serum, serum factors, insulin, trypsin) may be added with the virus 

preparation at the time of challenge, the virus stocks and mock-cell 



lysates were prepared in cell cultures maintained in MEM without serum. 

Serum was removed from the cells 18 to 24 hr prior to virus and mock 

challenge. Serum induction of DNA synthesis occurs 5 to 8 hr after the 

addition of serum (vide supra)', this event is much later than the 

RV14-induced DNA synthesis event reported here. 

The extent of stimulation of DNA synthesis varied from 1.02- to 

5.0-fold. An analysis of variance of the means of the ratios of 

3H-thymidine incorporation into TCA-insoluble DNA in RV14-challenged to 

mock-challenged cultures applied to all experiments revealed the 

following: 

1. Thirty-five experiments in which CPM in 3H-thymidine per 

sample were normalized to 1JtC-uridine CPM in RNA of that sample showed 

that the grand mean ratios (accumulated means of the ratios of stimula

tion at label times of 0 to 1, 1 to 2, and 2 to 3 hr pi) of DNA stimu

lation in RV14-challenged to mock-challenged cell cultures [transformed 

to logjo(ratio + 1.0)] were significantly greater at the 95% confidence 

limit than a hypothetical mean of zero. The mean of zero, a value rep

resenting the logio of 1.0 (ratio of 1.0) describes the hypothetical 

(untransformed) mean ratio of DNA stimulation in the condition where in

fected cells behave indistinguishably from mock-challenged control cells 

in rates of DNA synthesis. An F-ratio test of the hypothesis that the 

mean ratios were not significantly different from zero (0.00) is rejected 

at the 95% confidence limit. The standard deviation in each random var

iable from the respective grand mean [transformed to logio(ratio + 1.0)] 

for the 35 experiments presented here is 0.094. Two standard deviations 

from the mean in the untransformed scale (antilogy) has an upper limit 



ratio of stimulation of 1.54. Therefore, one would expect that only 

97.5% of the time a single measurement value equal to or greater than 

the ratio of 1.54 would represent a significant increase in DNA synthe

sis in RV14-challenged KB cell cultures compared to mock-challenged KB 

cell cultures. For the 35 experiments normalized to 1J*C-uridine CPM in 

RNA in each sample, there was no significant difference between the mean 

ratios of stimulation in RV14-challenged and mock-challenged cell cul

tures at 0 to 1 or 1 to 2 hr pi. The mean ratio of DNA stimulation in 

cells labeled at 2 to 3 hr pi is significantly lower than the mean ra

tios of DNA stimulation at either 0 to 1 or 1 to 2 hr pi. The mean 

ratio of DNA stimulation at 2 to 3 hr pi by itself was not significantly 

greater than a hypothetical mean ratio of zero at the 95% confidence 

limit. However, the grand mean ratio of DNA synthesis in RV14-challenged 

cells to mock-challenged cells for all labeling periods (0 to 1, 1 to 2, 

and 2 to 3 hr pi) is significantly greater than the proposed hypotheti

cal mean ratio of zero at the 95% confidence limit. 

2. Seventeen experiments in which CPM in 3H-thymidine per sam

ple were normalized to cell counts in that sample showed that the grand 

mean ratios (accumulated means of the ratios of stimulation at label 

times of 0 to 1, 1 to 2, and 2 to 3 hr pi) of DNA stimulation in 

RV-challenged to mock-challenged cell cultures [transformed to 

logjo(ratio + 1.0)] were significantly greater at the 95% confidence 

limit than a hypothetical mean of zero. An F-ratio test of the hypothe

sis that the mean ratios were not significantly different from zero is 

rejected at the 95% confidence limit. The standard deviation in each 

random variable from the respective grand mean [transformed to 
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logjo(ratio + 1.0)] for the 17 experiments presented here is 0.014. Two 

standard deviations from the mean in the untransformed scale (antilogy) 

has an upper limit ratio of stimulation of 1.61. Therefore, one would 

expect that only 97.5% of the time a single measurement value greater 

than or equal to the ratio of 1.61 would represent a significant increase 

in DNA synthesis in RV14-challenged KB cell cultures compared to 

mock-challenged KB cell cultures. For the 17 experiments normalized to 

cell counts in each sample, there was no significant difference between 

the mean ratios of stimulation in RV14-challenged and mock-challenged 

cell cultures at 0 to 1, 1 to 2, and 2 to 3 hr pi. However, the grand 

mean ratio of DNA synthesis in RV14-challenged cells to mock-challenged 

cells for all labeling periods (0 to 1, 1 to 2, and 2 to 3 hr pi) is 

significantly greater than the proposed hypothetical mean ratio of zero 

at the 95% confidence limit. 

Many subsequent experiments empirically established that condi

tions that most easily permitted measurement of enhanced DNA synthesis 

in virus-challenged versus mock-challenged cell cultures were the fol

lowing: KB cells must be grown to a high density, contact-inhibited 

state. After the cells attained this state, the cell growth medium was 

removed, cell cultures were overlayed with MEM without calf serum from 

18 to 24 hr before being challenged with RV14 or uninfected cell lysate 

fluids. These conditions were used in all subsequent experiments. The 

multiplicity of infection is also a critical factor in demonstrating 

RV14-induced stimulation of DNA synthesis in high density, contact 

inhibited KB cell cultures, as shown by data presented in the next 

paragraphs. 



Effect of Multiplicity of Infection of Purified RV14 
on Induction of DNA Synthesis in KB Cell Cultures 

Previous experiments showed that enhanced DNA synthesis occurred 

at RV14 multiplicities of infection (MOI) of 50 PFU/cell. Other experi

ments not shown herein established that MOI of 20 to 50 PFU/cell were 

sufficient to stimulate RV14-induced DNA synthesis. These experiments 

were conducted with virus lysates prepared from infected KB cells. It 

was of obvious importance to demonstrate that DNA synthesis could be in

duced by purified virus rather than cell lysates and to determine the 

range of MOI over which stimulation in DNA synthesis would occur. Puri

fied RV14 was prepared from infected KB cell cultures as described in 

the previous chapter. An identical number of KB cell cultures were 

mock-challenged with MEM, and the cell lysate was processed in the same 

manner as virus in the purification procedure. Purified RV14 was col

lected from three fractions in a CsCl gradient in the density range 

1.400 to 1.415 g/ml. The same regions in a CsCl gradient into which 

mock-cell fluids were centrifuged were collected and designated the 

mock-cell preparation. After dialysis of the two samples to remove Cs+ 

ions, KB cell cultures were challenged with different MOI of virus or 

identical dilutions of purified mock-cell fluids. The results of sev

eral experiments are shown in Table 3. According to the statistical 

analyses performed in this study, which are discussed previously, a stim

ulation in DNA synthesis in RV14-challenged to mock-challenged cells 

greater than or equal to 1.54 (normalized by 1'*C) and greater than or 

equal to 1.61 (normalized by cell count) is significant at the 95% con

fidence limit. The data in Table 3 show that an MOI of at least 20 



Table 3. Effect of Multiplicity of Infection of 
Purified RV14 on Induction of DNA Syn
thesis in KB Cell Cultures. 

RV14-induced DNA synthesis 

/CPM virus-challengeda \ 
\ CPM mock-challenged / 

MOI 0-1 hr pi 1-2 hr pi 2-3 hr pi 

Experiment 1 

20.0 2.11 0.92 0.61 
10.0 0.85 1.94 1.00 
5.0 1.10 0.94 1.22 
0.5 0.78 0.83 0.92 
0.05 0.97 1.00 0.95 
0.005 0.90 0.95 1.04 
0.0005 1.18 0.95 0.90 
0.00005 1.18 0.96 0.91 

Experiment 2 

1000.0 NDb 1.30 1.30 
100.0 ND 1.34 0.98 
10.0 ND 1.18 0.88 
1.0 ND 1.17 1.07 

Experiment 3 

105.0 ND 1.55 1.35 
10.5 ND 1.22 0.93 
1.05 ND 1.15 1.09 
0.105 ND 0.99 0.94 
0.0105 ND 1.11 0.93 
0.00105 ND 0.92 1.12 

aCPM values measured in mock-challenged cells 
ranged from 113 to 9200, 1640 to 18300, and 
4500 to 53500 in Experiments 1, 2, and 3, 
respectively. CPM in TCA-precipitable 
3H-thymidine-labeled DNA in samples in Ex
periment 1 were corrected relative to cell 
counts. CPM in TCA-precipitable 3H-thymidine-
labeled DNA in each sample were corrected 
relative to CPM in TCA-precipitable 
1J*C-uridine-labeled RNA processed per each 
sample in Experiments 2 and 3. 

N̂D = not determined. 



PFU/cell is required to induce DNA synthesis. This result has been 

confirmed with crude virus lysates in three other experiments (data not 

shown). However, in one of the three experiments in which purified 

virus was used (Table 3), a significant increase in the ratio of DNA 

stimulation in RV14-challenged to mock-challenged cells was not observed 

under conditions of challenge with 100 or 1000 PFU/cell (Experiment 2). 

The reason for this latter result is not understood. However, the data 

from Experiment 2 compared to Experiments 1 and 3 showed the same trend 

of stimulation in DNA synthesis in RV14-challenged KB cell cultures. A 

minimum of 20 PFU/cell was required for a definitive demonstration of an 

increase in DNA synthesis. MOI of approximately 10 PFU/cell produced 

only one definitive example of a statistically significant enhancement 

of DNA synthesis (Experiment 1 at 1 to 2 hr pi), whereas cell cultures 

challenged with an MOI of 5 PFU/cell or less showed no statistically sig

nificant stimulation of DNA synthesis. As it has previously been shown 

(Korant et al., 1972) that only one in approximately 6600 particles of 

RV14 is infectious, these data suggest that induction of DNA synthesis 

requires a minimum of 20 PFU/cell and that noninfectious particles do 

not participate in the process of induction of DNA synthesis. Additional 

data bearing on this latter point are presented in the following 

paragraphs. 

Effect of Inactivation and Neutralization of RV14 on 
Stimulation of DNA Synthesis by RV14 in KB Cell Cultures 

The effect of inactivation of RV14 by ultraviolet light (UV) and 

by heating on subsequent induction of incorporation of 3H-thymidine into 

TCA-insoluble DNA in KB cell cultures was measured in the following 
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experiments. The effect of neutralization of RV14 with monospecific 

RV14 antiserum on the ability of RV14 to induce DNA synthesis was also 

measured. Contact-inhibited KB cell cultures were infected with a mul

tiplicity of 50 PFU/cell of RV14 or equivalent numbers of inactivated 

virus particles or with mock-challenged cell fluids and then incubated 

with ^-thymidine for various periods as described previously. RV14 and 

mock-cell lysates were UV- and heat-treated or mixed with homologous 

antiserum as described in the previous chapter. UV-treatment or homolo

gous antibody reduced infectivity in the respective virus samples by 99% 

whereas heat treatment reduced infectivity by 90%. The results of two 

experiments are shown in Table 4. UV or heat inactivation of RV14 re

moved the capacity of the virus to stimulate DNA synthesis in cell cul

tures, compared to virus-infected cell cultures. Incubation of the 

virus lysate with RV14 antiserum prior to challenge also ablated the 

capacity of RV14 to induce stimulation of DNA synthesis. The data in 

Experiment 1 did not show a statistically significant increase in the 

ratio of stimulation (> 1.54) in DNA synthesis under conditions of chal

lenge previously described. However, the data from Experiment 1 showed 

the same trend as Experiment 2, i.e., that the UV- and heat-inactivation 

of RV14 and incubation of crude lysates with RV14 antiserum removed the 

capacity of the virus to induce stimulation of DNA synthesis in cell 

cultures compared to virus-infected cell cultures. These data indicate 

that stimulation of DNA synthesis in KB cell cultures challenged with 

RV14 requires an event(s) that can be initiated only by infectious virus 

particles. 
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Table 4. Effect of Inactivation or Neutralization of RV14 
on Incorporation of 3H-Thymidine into DNA of KB 
Cells. 

RV14-induced DNA synthesis 

/CPM virus-challenged3 \ 
\ CPM mock-challenged / 

Experimental condition Experiment 1 Experiment 2 

Infectious RV14 1.35 2.25 

UV-inactivated RV14^ 0.67 1.10 

Heat-inactivated RV14*5 0.80 1.20 

RV14 + homologous antibody0 0.99 0.89 

aCPM in TCA-precipitable 3H-thymidine-labeled DNA were cor
rected relative to the TCA-precipitable ll+C-labeled RNA 
extracted per sample. Maximum incorporation occurred at 
1 to 2 hr pi, and the virus yields were 95 and 210 PFU/ 
cell from cell cultures challenged with infectious virus 
in Experiments 1 and 2, respectively. CPM/106 cells in 
mock-infected cell cultures were 21616 to 26302 and 3539 
to 7667 in Experiments 1 and 2, respectively. 

^UV-inactivated and heat-inactivated challenge multiplici
ties at same dilution as infectious virus preparation re
sulted in challenge multiplicities of <0.0005 PFU/cell. 

cVirus neutralized by antiserum resulted in a challenge 
multiplicity of 0.025 PFU/cell. 

Induction of DNA Synthesis in Other Cell Lines and a Dif
ferent Strain of KB Cells Following Challenge with RV14 

Several different cell lines were investigated to determine 

whether RV14 could stimulate incorporation of 3H-thymidine into TCA 

insoluble DNA. High density, contact-inhibited HeLa, L-132, and a sec

ond line of KB (obtained from Flow Laboratories, Rockville, Maryland) 
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cell cultures were challenged with 50 PFU/cell of RV14 or uninfected 

cell culture fluids as described in the previous chapter. The results 

of three typical experiments are shown in Table 5. Infected HeLa cell 

cultures challenged with RV14 exhibited no statistically significant 

Table 5. Induction of DNA Synthesis in Different Cell 
Lines Challenged with RV14. 

RV14-induced DNA synthesis^ 

/CPM virus-challengedN 
\ CPM mock-challenged J 

0-1 hr pi 1-2 hr pi 2-3 hr pi 
Virus yield 
(PFU/cell) 

Experiment 1 

HeLa 0.88 0.85 1.22 90 
L-132 0.89 0.72 1.13 100 
KB 1.65 2.34 1.26 120 

Experiment 2 

HeLa 0.98 1.50 0.82 118 
L-132 0.95 1.50 1.66 99 

Experiment 3 

KB (AMC)b 0.98 2.00 1.02 105 
KB (Flow Lab)c 0.79 0.42 1.50 110 

aCPM in TCA-precipitable 3H-thymidine-labeled DNA in each sample 
were corrected relative to CPM in TCA-precipitable li+C-uridine-
labeled RNA processed in each sample for Experiments 1 and 2. 
CPM levels in mock-infected cell cultures ranged from 6278 to 
120209 and 310 to 16718 in Experiments 1 and 2, respectively. 
CPM in TCA-precipitable 3H-thymidine-labeled DNA in samples in 
Experiment 3 were corrected relative to cell counts in the two 
samples. CPM levels in mock-infected cell cultures ranged 
from 7458 to 73000. 

bKB cells obtained from Arizona Medical Center. 

CKB cells obtained from Flow Laboratories, Rockville, Maryland. 
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stimulation in DNA synthesis compared to virus-induced DNA synthesis in 

the line of KB cells used throughout this study (Experiment 1). L-132 

cells exhibited a statistically significant increase in DNA synthesis in 

only one of the two experiments. Virus yields of RV14 in HeLa and L-132 

cells were comparable to yields in KB cell cultures. RV14-induced DNA 

synthesis also occurred in a line of KB cells obtained from Flow 

Laboratories. 

These results show that DNA synthesis induced by RV14 is not 

limited to a single cell line or to a single strain of KB cells. 

Induction of DNA Synthesis in KB Cell Cultures 
Challenged with Viruses Other Than RV14 

KB cell cultures were challenged with several different viruses 

to determine whether other viruses could induce DNA synthesis. High 

density contact-inhibited KB cell cultures were challenged with 50 PFU/ 

cell of RV14, mengovirus, VSV, Cox B3, and reo 3 under conditions previ

ously described. The method of labeling with 3H-thymidine and the assay 

of 3H-counts in TCA-precipitable DNA were carried out as described in 

the preceding chapter. The results of two experiments are shown in 

Table 6. RV14, Cox B3, and reo 3 viruses induced DNA synthesis in KB 

cells in each experiment although the period of induction of maximum DNA 

synthesis pi was different for Cox B3 and reo 3 in the two experiments. 

RV14 induced maximum DNA synthesis (statistically significant) at 1 to 2 

hr pi in both experiments. Mengovirus, reo 3, and Cox B3 virus induced 

a statistically significant increase in DNA synthesis in only one of the 

two experiments. VSV induced no DNA synthesis in either experiment, and 

it must be noted that VSV replicated very poorly in KB cells. The extent 
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of replication of some of these viruses in KB cells may be an important 

factor in stimulation of DNA synthesis even though these data will not 

support such a generalized statement. 

From these data it can be concluded that picornaviruses (m6ngo-

virus and Cox B3) other than RV14 and a virus (reo 3) with a different 

scheme of replication can induce DNA synthesis in KB cells. 

Table 6. Induction of DNA Synthesis in KB Cell Cultures 
Challenged with Several Different Viruses. 

Virus-induced DNA synthesis 

/CPM virus-challengeda \ 
V CPM mock-challenged*3 / Virus yield 

Virus n- * , : 1 - , : 1 i i. (PFU/cell) 0-1 hr pi 1-2 hr pi 2-3 hr pi v * 

Experiment 1 

RV14 1.75 2.00 0.88 107.0 
Mengo 0.79 2.00 1.00 200.0 
VSV 0.75 1.00 1.21 12.5 
Cox B3 0.63 1.50 1.33 2000.0 
Reo 3 1.33 1.65 1.15 56.5 

Experiment 2 

RV14 1.11 1.66 1.35 75.0 
Mengo 0.68 1.12 1.00 48.5 
VSV 0.69 0.77 0.78 < o.o; 
Cox B3 0.89 1.66 4.42 950.0 
Reo 3 1.12 1.42 2.24 20.0 

aCPM in 3H-thymidine incorporated into TCA-precipitable 
DNA per sample were corrected to the number of cells 
per sample. 

^CPM levels in the mock-cell samples ranged from 523 to 
9392 and from 324 to 14625 for Experiments 1 and 2, 
respectively. 
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Effect of Supraoptical Temperatures for Replication of RV14 
on RV14-Induced DNA Synthesis in KB Cell Cultures 

The results of previous experiments showed that the transient 

induction of DNA synthesis in KB cells by RV14 required (1) an MOI of at 

least 20 PFU/cell and (2) that the challenge virus be infectious. Data 

presented in Table 6 suggest the hypothesis: Are the processes of rep

lication and induction of DNA synthesis coupled? Several different kinds 

of experiments were designed to determine whether this is the case. 

Rhinoviruses replicate optimally at temperatures between 33° and 

34.5°C; at 37° and 39°C, virus yields are reduced to between 10% and 50%, 

respectively, or less than 1% of the yield at the optimum temperature 

(Stott and Killington, 1972). The effect of these two supraoptimal tem

peratures on replication of RV14 and induction of DNA synthesis was meas

ured in the following experiments (Table 7). Induction of DNA synthesis 

occurred only at the optimal temperature for virus replication, i.e., 

34.5°C (Experiment 2). Induction of DNA synthesis in Experiment 1 at 

34.5°C was slightly lower than the statistically significant ratio pre

viously established. At 37° and 39°C, neither induction of DNA synthe

sis nor replication of virus occurred in either experiment. 

Additional evidence on this point is shown in the following 

temperature-shift experiments. The effect of a shift in temperature 

from permissive (34.5°C) to nonpermissive (39°C) and vice versa on virus 

yields and induction of incorporation of 3H-thymidine into TCA-insoluble 

DNA in KB cell cultures challenged with RV14 was investigated in the 

following experiment. KB cell cultures that had been cultured at 34.5°C 

were challenged with RV14 or mock-infected with uninfected cell fluids 
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Table 7. Effect of Supraoptical Temperatures on Induction 
of DNA Synthesis by RV14 in KB Cell Cultures. 

RV14-induced DNA synthesis 

/ CPM virus-challenged^ \ 
Tempera- V CPM mock-challengedb / Virus yield 
ture (°C) 77-r-r = : ttt—- (PFU/cell) 

^ ' 0-lhrpi l-2hrpi 2-3hrpi v ' 

Experiment 1 

34.5 1.32 1.50 0.89 400.0 
37.0 1.00 0.66 0.82 0.027 
39.0 0.92 1.00 0.60 0.002 

Experiment 2 

34.5 2.05 0.98 0.85 333.0 
37.0 0.94 0.97 0.92 < 0.33 
39.0 0.94 0.89 0.91 < 0.003 

aCPM of 3H-thymidine-labeled DNA processed for each sample 
was corrected to the number of cells per sample. 

bCPM levels in the mock-cell samples ranged from 1900 to 
33219 and from 46118 to 774827 in Experiments 1 and 2, 
respectively. 

at 34.5° and 39°C. Infected and mock-infected cell cultures incubated 

at 39°C for 3 hr pi were transferred to 34.5°C, and the rates of incor

poration of TCA-insoluble 3H-counts were measured in both RV14-infected 

and mock-infected cell cultures. Virus yields were measured on cultures 

incubated for 18 to 20 hr. The results of these studies are shown in 

Table 8. In this experiment, in which induction of DNA synthesis by 

RV14 was statistically significant, KB cell cultures challenged with 

RV14 and incubated at 34.5°C showed a 5.0-fold increase in TCA-insoluble 

3H-labeled DNA above the value measured in mock-infected cell cultures, 

and extensive virus replication occurred. KB cell cultures infected 

with RV14 and incubated at 39°C showed no increase in the rates of 
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Table 8. Effect of Temperature Shift-Up on RV14-Induced DNA Syn
thesis in KB Cell Cultures. 

«  1  - 1  •  1  •  '  i .  •  i .  .  •  i  - i  i «  •  i .  i  i  •  

RV14-induced DNA synthesis 

/ CPM virus-challenged** \ 
\ CPM mock-challenged'3 / 

Tempera- 0-1 1-2 2-3 3-4 4-5 5-6 Virus yield 
ture (°C) hrpi hr pi hrpi hrpi hrpi hr pi PFU/cell) 

34.5 1.18 5.0 1.56 ND ND ND 171.0 

39.0 0.69 1.0 0.94 ND ND ND 0.018 

39.0 + 34.5 0.69 1.0 0.94 1.1 2.3 1.03 200.0 

aCPM of 3H-thymidine into TCA-precipitable DNA in each sample were 
corrected to number of cells per sample. 

^CPM levels in mock-cell samples ranged from 694 to 15593 and from 
3995 to 10338 at 34.5°C and 39°C, respectively. 

incorporation of 3H-thymidine into DNA above the mock-infected cell cul

tures, and no virus replication occurred. However, when the cultures 

were transferred at 3 hr pi from the nonpermissive temperature for rep

lication of RV14 (39°C) to the permissive temperature (34.5°C), a sta

tistically significant increase (2.3-fold) in RV14-induced DNA synthesis 

above the mock-infected control levels occurred. In the shift-down ex

periment, replication of RV14 reached control levels. The temperature 

shift portion of this experiment showed that restoration of conditions 

for replication of virus also restored the capacity of the virus to stim

ulate DNA synthesis in KB cells. The question of whether the event(s) 

leading to induction of DNA synthesis was (were) coupled to events lead

ing to production of infectious virus remained unanswered. Experiments 

involving the use of several metabolic inhibitors were next performed in 

an attempt to provide information on this latter point. 
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Effect of Metabolic Inhibitors on DNA Synthesis and 
Virus Replication in KB Cells Infected with RV14 

Quantitative measurements of the effect of phleomycin, mitomycin 

C, cordycepin, hydroxyurea, eithidium bromide, and actinomycin D on 

RV14-induced DNA synthesis and virus yields were made to determine if a 

correlation existed between these two parameters of infection. KB cells 

were treated for 2 hr with the inhibitors prior to challenge with RV14 

or uninfected cell lysates. Inhibitors were present at the indicated 

concentrations in the cell cultures throughout the experiments. Cell 

viability was ascertained in uninfected control cells that were treated 

with each respective inhibitor for 24 hr by the trypan blue exclusion 

test. All cell cultures exhibited viability by this criterion for 99% 

of the cells after 24 hr in the presence of each of the different 

compounds. 

Treated and untreated contact-inhibited KB cells were challenged 

with 50 PFU/cell of RV14 or mock-challenged with uninfected cell fluids 

in the presence or absence (control) of the inhibitors. The rates of 

incorporation of 3H-thymidine into TCA-insoluble material of both virus 

and mock-challenged cells in inhibitor-treated and nontreated control 

cells were measured as previously described. The effect of different 

inhibitors on virus yields and RV14-induced DNA synthesis in these KB 

cell cultures is shown in Table 9. The effect of each inhibitor on DNA 

synthesis in uninfected cells at the three time periods is shown in the 

table. Mitomycin C and ethidium bromide inhibited DNA synthesis as ex

pected. Uninfected cells treated with either hydroxyurea or actinomycin 

D showed no statistically significant increase in DNA synthesis over 



Table 9. Effect of Metabolic Inhibitors on Yields of RV14 and on Induction of DNA Synthe
sis by RV14 in KB Cell Cultures. 

RV14-induced DNA syn
thesis0 

I CPM virus-challenged \ 

DNA synthesis in un
infected cellsc 

/CPM mock-challenged^»e \ 
\CPM mock-challengedd,eJ \ CPM mock-challenged* / 

Virus Con
yield trol 0-1 1-2 2-3 0-1 1-2 2-3 

Inhibitor3 (ug/ml) (PFU/cell) (%) hr pi hr pi hr pi hr pi hr pi hr pi 

Control 246 100.0 1.80 2.20 2.00 1.00 1.00 1.00 
Phleomycin (20) 233 94.7 1.11 2.00 1.11 1.50 1.00 1.63 
Mitomycin C (15) 146 59.3 0.92 0.50 0.85 0.33 0.95 0.63 
Cordycepin (25) 97 39.4 1.00 3.00 0.72 1.33 1.00 2.28 
Hydroxyurea (10~3 M) 110 44.7 1.00 1.16 1.00 0.33 1.05 1.36 
Ethidium bromide (1) 111 45.1 1.16 7.00 0.70 1.00 0.60 0.90 
Actinomycin D (5) 35 14.2 1.53 1.56 0.66 0.21 1.00 0.55 

aCell cultures were treated with the metabolic inhibitor for 2 hr pi. 

tyirus yields were measured in cell cultures harvested at 18 hr pi. 

cCPM in 3H-thymidine incorporated into TCA-precipitable DNA per sample were corrected to 
the number of cells per sample. 

dCPM levels in mock-cell samples ranged from 470 to 18442. 

®Mock-infected cells treated with inhibitor. 

^Mock-infected cells not treated with inhibitor. 



52 

untreated cells; in fact, actinomycin D showed an initial inhibition of 

DNA synthesis, a result similar to that previously reported for HeLa 

cells (Clark and Ellen, 1966). Phleomycin and cordycepin enhanced DNA 

synthesis during the 2 to 3 hr period; however, this time is later than 

the observed virus-induced stimulation of DNA synthesis. Phleomycin, a 

water-soluble antibiotic that has been shown to inhibit replication of 

mengovirus in Novikoff rat hepatoma cells at the concentrations used in 

these studies (Korbecki, 1973), had little effect on virus yields or on 

RV14-induced stimulation of DNA synthesis. Cordycepin and ethidium bro-

mode augmented the RV14-induced stimulation of DNA synthesis but reduced 

yields of virus. Mitomycin C and hydroxyurea reduced both the RV14-

induced stimulation of DNA synthesis and yields of virus. Actinomycin D 

permitted some induction of DNA synthesis by RV14 but appreciably reduced 

replication of the virus. The interpretation of these results relative 

to the mode of action of each metabolic inhibitor will be deferred until 

a later section. The results suggest that there may not be a direct cor

relation between a transient induction of DNA synthesis by RV14 and rep

lication of RV14, suggesting that the virus-induced event that leads to 

enhanced DNA synthesis is separate from the sequence of virus replication 

events. 

Location of Newly Synthesized DNA in RV14-Infected 
KB Cell Cultures 

Experiments were performed to determine the location within KB 

cells of the DNA synthesized following induction by RV14. RV14-infected 

and mock-infected KB cells were disrupted and nuclear and cytoplasmic 

fractions were separated as described in the previous chapter. All 
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fractions were treated with TCA and processed as described in the previ

ous chapter. The distribution of TCA-insoluble 3H-counts in DNA in the 

cytoplasmic and nuclear fractions of contact-inhibited mock-challenged 

and RV14-challenged cell cultures is shown in Table 10. The results 

show that newly synthesized DNA that is induced following challenge with 

RV14 is readily detected at a statistically significant level in the cy

toplasm of these cells. There was no increase in the amount of newly 

synthesized DNA in the nucleus of infected cells compared with control 

(mock-infected) cells. The two most likely hypotheses to explain the 

origin of the cytoplasmic DNA are that (1) the DNA is synthesized in the 

nucleus and is transported to the cytoplasm, or (2) the DNA is synthe

sized in the cytoplasm. 

Table 10. Location of Newly Synthesized DNA in RV14-Challenged KB 
Cell Cultures. 

Acid-insoluble CPMa»^ 

Cell culture Total0 
Nuclear Cytoplasmic 
fraction fraction 

/ Cytoplasmic CPM \ 
v Nuclear CPM / 

Mock-fluid 
Experiment 1 

challenged 2775 1740 1035 0.59 

RV14-challenged 4164 1653 2511 1.52 

Mock-fluid 
Experiment 2 

challenged 1181 881 300 0.34 

RV14-challenged 1514 841 673 0.80 

aCPM in 3H-thymidine-labeled TCA-precipitable DNA in each sample 
were corrected relative to the quantity of i^C-uridine processed 
in each cell sample. 

bCPM per 106 cells. 

cMaximum incorporation of TCA-insoluble 3H-thymidine into DNA oc
curred at 1 to 2 hr pi. 
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3H-Thymidine Pool Sizes in Virus and Mock-Fluid 
Challenged Cell Cultures 

The possibility that KB cells that have been challenged with 

RV14 undergo a change in membrane permeability that results in a signif

icant increase in uptake to 3H-thymidine compared to mock-challenged 

cells was examined by measuring 3H-thymidine pool sizes. Acid-soluble 

pools were measured in RV14-infected and mock-infected KB cell cultures. 

The results of one experiment are shown in Table 11. The soluble thy

midine pools shown in this experiment were obtained from the respective 

cell cultures reported in Experiment 1 of Table 10. Compared to the 

amount of 3H-thymidine incorporated into DNA of the respective cell cul

tures (refer to Table 10), the size of the nuclear pool of 3H-thymidine 

in each cell culture is small, and there is very little difference in 

pool sizes between the two cell cultures. Although there appears to be 

a twofold difference between cytoplasmic pool sizes in the two cultures, 

Table 11. 3H-Thymidine-Soluble Pool Sizes in Mock-Challenged and 
RV14-Challenged KB Cell Cultures.a 

Acid-soluble CPM^> 

Cell culture Total 
Nuclear Cytoplasmic /Cytoplasmic CPM \ 
fraction fraction V Nuclear CPM / 

Mock-fluid challenged 352 319 33 0.10 

RV14 challenged 462 379 83 0.21 

aSoluble pools in these cells were obtained from the respective cells 
shown in Experiment 1 of Table 10. 

b3H -counts in TCA-soluble thymidine extracted from cells at 1 to 2 
hr pi, the time at which maximum stimulation occurred in incorpora
tion of 3H-thymidine into DNA in virus-challenged cells. 



the total number of soluble CPM in 3H-thymidine recovered in the cyto

plasm per 106 cells accounts for only 3% of the total CPM recovered. The 

difference in the increased rate of appearance of DNA in the cytoplasm 

of RV14-challenged cell cultures versus mock-fluid challenged cell cul

tures is therefore most likely not due to synthesis of DNA in the cyto

plasm. The small size of the cytoplasmic pools versus the size of the 

nuclear pools does not suggest any appreciable difference between the 

two cell cultures in permeability at the plasma membrane. 

Biochemical techniques established that the newly synthesized 

DNA induced by RV14 could be extracted from the cytoplasm of these cells. 

Electron microscope radioautography was chosen as the technique to de

termine whether direct observation would confirm this finding, and in 

addition to determine whether the newly synthesized DNA was associated 

with any particular cytoplasmic organelle. 

Electron Microscope Radioautography of KB Cells 
Challenged with RV14 

Electron microscope radioautographic studies of thin sections of 

mock-challenged and RV14-challenged KB cells were performed on high den

sity contact-inhibited KB cell cultures challenged with 50 PFU/cell of 

RV14 or mock-challenged with uninfected cell fluids as described in the 

previous chapter. 3H-thymidine was added to 50 yCi/ml to each cell cul

ture during the 1-hr periods. Cells were harvested and processed for 

electron microscope radioautography as described in the previous chap

ter. Biochemical measurements of DNA synthesis in these cell cultures 

showed that the ratio of CPM per cell in RV14-challenged cells to CPM 

per cell in mock-challenged cells did not show a statistically 



significant level of DNA stimulation (ratio of 1.0) at 0 to 1 hr pi. At 

1 to 2 hr pi the stimulation index was 1.83, a statistically significant 

value. Electron radioautographs of RV14-challenged and mock-challenged 

KB cells are shown in Figs. 3 and 4. 

Approximately 95% of the 70 KB cells examined from either 

mock-challenged or RV14-challenged cell cultures exhibited silver grains 

over the nuclear area at either time period. Counts of silver grains 

were performed on 8- by 10-inch photographs of randomly selected cell 

sections at two different magnifications (X3800 and X9500). Nuclear or 

cytoplasmic grains were recorded and expressed per square centimeter. 

All grain counts per cell were corrected for radioactive spread from the 

nucleus and background grains outside the cell as described in the pre-

vius chapter. The grain counts per square centimeter in the nucleus and 

cytoplasm of mock-challenged KB cell cultures ranged from 30 to 175 and 

from 0.15 to 1.31, respectively. The grain counts in the nucleus and 

cytoplasm of RV14-challenged KB cell cultures ranged from 33.9 to 150 

and from 0.52 to 5.26, respectively. At 0 to 1 hr pi (Fig. 3), gross 

grain counts of sections through 27 mock-challenged cells and through 10 

RV14-challenged cells showed a 1.60- to 1.65-fold increase in the number 

of grain counts in the nucleus of RV14-challenged cells compared to 

mock-challenged cells. Since the total TCA-insoluble CPM in both cell 

types were similar, the increased number of grain counts in 

RV14-challenged versus mock-challenged nuclei suggests an increase in 

the number of sites of DNA synthesis. Grain counts of the cytoplasm of 

cells at 0 to 1 hr pi showed a range of 0.57- to 3.0-fold increase in 

the number of grain counts in the RV14-challenged cells compared with 



Fig. 3. Electron Microscope Radioautography of Mock-Challenged and 
RV14-Challenged KB Cell Cultures Incubated with 3H-Thymidine 
at 0 to 1 hr pi (No Stimulation). 

No stimulation of DNA was observed at this time (ratio of 
1.0). Panel A: mock-challenged KB cells, nucleus (N). 
Panel B: RV14-challenged KB cells, nucleus (N). Silver 
grains appear as black dots in the nucleus. Magnification 
5100X. 



Fig. 3. Electron Microscope Radioautography of Mock-Challenged and 
RV14-Challenged KB Cell Cultures Incubated with 3H-Thymidine 
at 0 to 1 hr pi (No Stimulation). 
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Fig. 4. Electron Microscope Radioautography of Mock-Challenged and 
RV14-Challenged KB Cell Cultures Incubated with 3H-Thyraidine 
at 1 to 2 hr pi (Stimulation Index 1.83). 

A stimulation index of 1.83 was observed at this time. 
Panel A: mock-challenged KB cells, nucleus (N). Panel B: 
RV14-challenged KB cells, nucleus (N). Arrows denote grains 
in the cytoplasm. Magnification 5100X. 



Fig. 4. Electron Microscope Radioautography of Mock-Challenged and 
RV14-Challenged KB Cell Cultures Incubated with 3H-Thymidi ne 
at 0 to 1 hr pi (Stimulation Index 1.83). 
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mock-challenged KB cells. At 1 to 2 hr pi (Fig. 4), a 3.5- to 5.0-fold 

increase in the number of silver grains was measured in the cytoplasm of 

RV14-challenged cells (13 sections of different cells were counted), 

compared with mock-challenged (23 sections of different cells were 

counted). A 1.6-fold increase in nuclear grain counts was measured in 

RV14-challenged over mock-challenged KB cells at 1 to 2 hr pi. It is 

important to note that the grains did not appear preferentially over the 

mitochondria or any other specific organelle or structure in the 

cytoplasm. 

A statistical analysis of mean grain counts in nuclear and cyto

plasmic fractions from RV14-challenged and mock-challenged KB cell cul

tures was performed to analyze the data. Grain count data were analyzed 

by a two-way (factoral) analysis of variance design (Sokal and Rohlf, 

1969), and these data are presented in Table 12. After transformation 

Table 12. Transformed Nuclear and Cytoplasmic Mean Grain 
Counts Transformed to the Logio per Unit Area 
+ 1.0 in Mock-Challenged and RV14-Challenged KB 
Cell Cultures. 

Log10(mean grain counts/cm2) + 1.0 

Cell location 0-1 hr pi 1-2 hr pi 

Nuclear 
Mock challenged 1.493 ± 
RV14 challenged 1.483 ± 

Cytoplasmic 
Mock challenged 0.139 ± 
RV14 challenged 0.224 ± 

0.134 1.511 ± 0.146 
0.211 1.722 ± 0.187 

0.058 0.056 ± 0.063a 

0.091 0.300 ± 0.081a 

Statistically significant difference in these two values 
at the 99% confidence limit. 
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of the data to logio(X + 1.0), no statistically significant differences 

were found between nuclear counts in mock-challenged or RV-challenged 

cells harvested after labeling during 0 to 1 or 1 to 2 hr pi periods. 

The mean cytoplasmic grain counts for the two types of cell cultures did 

not differ significantly at the 99% confidence limit for the 0 to 1 hr pi 

period. The analysis of variance showed significant differences at the 

99% confidence limit for mean cytoplasmic grain counts in RV14-challenged 

cells compared to mock-challenged KB cell cultures at 1 to 2 hr pi 

(Table 12). 

Studies to Determine Whether 3H-Thymidine Is 
Incorporated into the Mature Virion of RV14 

Recently, Kingsbury and Lerner (1974) demonstrated that VSV in

corporated DNA of host origin into their nucleoprotein cores of virus

like particles when the virus was propagated in human lymphocytes. 

Cytoplasmic DNA different from nuclear DNA has been isolated from human 

lymphocytes (Meinke et al., 1973). Because of the cytoplasmic origin of 

the DNA induced by RV14 in KB cells, it seemed possible that this DNA 

might be incorporated into RV14, which replicates and matures in the 

cytoplasm of the infected cell (Gauntt et al., 1973; Stott 

and Killington, 1972). To test this possibility, KB cell cultures were 

challenged with 20 PFU/cell of RV14 and then incubated in the presence 

of 1'*C-thymidine (0.02 pCi/ml) and 3H-uridine (1 yCi/ml) from 0 to 16 

hr. Virus was extracted from infected cells and subjected to isopycnic 

banding in CsCl as described in the previous chapter. Fractions of the 

CsCl gradient were assayed for content of TCA-insoluble counts in 3H and 

1'*C and for PFU content. The results are shown in Fig. 5. The 
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Fig. 5. Isopycnic Centrifugation in CsCl of RV14 Extracted from KB 
Cells Incubated in the Presence of 3H-Uridine and -Thymidine 
from 0 to 16 hr pi. 

Details for the extraction of virus particles from infected cell 
cultures and preparation prior to centrifugation are described 
in the text. Fractions were assayed for TCA-insoluble counts in 
3H (• •), lltC (• •), PFU/ml of RV14 (o o), and density 
(A—-A). 
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radioactivity profile in 3H-counts showed a single prominent band of 

radioactivity with an average buoyant density of 1.4 g/ml. No band of 

radioactivity in acid-insoluble 1J*C-counts was found in this region. 

Infectivity assays of each fraction of the gradient revealed one band of 

infectious virus. The major band of infectivity had an average density 

of 1.41 g/ml and corresponded to the band of acid-insoluble counts in 

3H. Virus was also concentrated from cell-free fluids and purified as 

described above. This virus exhibited a buoyant density of 1.41 g/ml in 

CsCl and was also devoid of any counts in 1JtC-thymidine. 

In a separate experiment, contact-inhibited high density KB cell 

cultures were challenged with RV14, and during the 2 hr period for ad

sorption 3H-thymidine was present in the inoculum. At 2 hr pi, the cell 

cultures were incubated an additional 12 hr. Virus was extracted from 

the cells and centrifuged into a CsCl gradient as described in the pre

vious chapter. As in the previous experiment, no 3H-thymidine was found 

to be associated with the band of infectious virus. 

Characterization of Newly Synthesized RV14-Induced DNA 

Buoyant Density in CsCl and Ethidium Bromide-CsCl 
Gradients of DNA Isolated from RV14-Challenged and 
Mock-Challenged KB Cell Cultures 

3H-thymidine-labeled DNA was extracted from total cell cultures 

of RV14-challenged and mock-challenged KB cells at the time of maximum 

induction of DNA synthesis in RV14-challenged KB cells. For this par

ticular experiment, the maximum time of RV14-induced DNA synthesis was 1 

to 2 hr pi and the ratio of CPM in RV14-challenged cells/CPM in 

mock-challenged cells was 3.78. DNA was extracted from mock-challenged 



and RV14-challenged cell cultures and subjected to isopycnic banding in 

neutral or neutral ethidium broraide-CsCl gradients as described in the 

previous chapter. ll+C-labeled KB cell nuclear DNA was added to these 

gradients as a centrifugation marker. The KB cell marker DNA was pre

pared as described in the previous chapter. After equilibrium centrifu

gation, each fraction of the neutral CsCl gradient was assayed for con

tent of TCA-insoluble counts in 3H and llfC. The results of this experi

ment are shown in Fig. 6. At equilibrium, DNA extracted from either 

mock-challenged KB cells or RV14-challenged KB cells banded at identical 

positions in the separate gradients (Fig. 6). The radioactive profile 

of 3H-counts showed a single wide band with a peak at a buoyant density 

of 1.670 g/ml, which was less than the buoyant density of 1.690 g/ml for 

the 1JtC-marker DNA. The buoyant density of 1.690 g/ml for the 1'tC-marker 

DNA agrees with the values reported for human lymphocyte DNA (Clayton 

and Vinograd, 1967), human spleen DNA (Schildkraut, Marmur, and Doty, 

1962); Shapiro and Chargraff, 1963), human liver DNA (Koch and Strokstad, 

1967), and HeLa cell nuclear DNA (Volpe and Eremenko, 1973). 

Equilibrium centrifugation of aliquots of the same preparation 

of 3H-labeled DNA extracted from mock-challenged and RV14-challenged KB 

cells was carried out in CsCl gradients containing ethidium bromide to 

determine whether the DNA was supercoiled (Radloff et al., 1967) and to 

determine whether uninfected and infected cell DNA differed in this re

spect. The results are shown in Fig. 7. At equilibrium, the radioac

tive profiles of 3H-labeled DNA extracted from either mock-challenged 

or RV14-challenged KB cells showed single broad bands at identical posi

tions in the gradients. The buoyant density of the peak fraction was 
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Fig. 6. Isopycnic Centrifugation in Neutral CsCl Gradients of DNA Extracted at 1 to 2 hr pi 
from (A) Mock-Challenged and (B) RV14-Challenged KB Cells. 

Sedimentation is from right to left. 3H-labeled DNA from the respective cell cul
tures was mixed with 14C-labeled KB nuclear marker DNA and layered on neutral CsCl 
gradients. Details for extraction of DNA from infected and mock-infected KB cell 
cultures and preparation prior to centrifugation are described under Materials and 
Methods. Gradient fractions were assayed for TCA-insoluble counts in 3H (•——•), 
llfC (o o), or for density (• •) . 
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Fig. 7. Isopycnic Centrifugation in CsCl Gradients Containing Ethidium Bromide of DNA Ex
tracted at 1 to 2 hr pi from (A) Mock-Challenged and (B) RV14-Challenged KB Cells. 

Sedimentation is from right to left. 3H-labeled DNA from the respective cell 
cultures was mixed with ^C-labeled KB nuclear marker DNA and layered on neutral 
CsCl gradients containing ethidium bromide. Details for extraction of DNA from 
infected and mock-infected KB cell cultures and preparation prior to centrifuga
tion are described under Materials and Methods. Gradient fractions were assayed 
for TCA-insoluble counts in 3H (•——•), ll*C (o o), or for density (• •). 

c* 
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1.550 g/ml. ll*C-labeled nuclear KB cell marker DNA showed a single 

prominent band at a buoyant density of 1.570 g/ml. 3H-labeled DNA ex

tracted from both cell cultures therefore sedimented at approximately 

the positions in the gradients where linear DNA molecules are known to 

band (Radloff et al., 1967; Vesco and Penman, 1969). 

The position of banding of the DNA extracted from mock-challenged 

and RV14-challenged KB cells in these experiments indicates that the DNA 

is not related to the small polydispersed closed circular DNA recently 

found in the cytoplasm of some mammalian cells (Smith and Vinograd, 1972) 

or in mitochondrial DNA (Koch and Strokstad, 1967). Under the conditions 

used in the present experiments, mitochondrial DNA would be expected to 

band at 1.590 g/ml (a value determined for closed circular mitochondrial 

DNA by Radloff et al., 1967, and Vesco and Penman, 1969). Closed circu

lar small polydispersed DNA bands at a slightly slower density than mi

tochondrial DNA (no density value reported—only a position relative to 

mitochondrial DNA, Smith and Vinograd, 1972). Therefore, these latter 

two DNA species (mitochondrial DNA and the small polydispersed closed 

circular DNA) would be found in the lower third of the gradient below 

open circular DNA or linear DNA, and I conclude from the present experi

ments that the cytoplasmic DNA being examined in the present experiment 

includes few, if any, circular molecules. 

DNA-DNA Reassociation 

DNA-DNA reassociation studies were conducted in an attempt to 

determine whether the DNA induced following challenge with RV14 differed 



from DNA extracted from cells not challenged with virus. KB cells were 

challenged with RV14 or mock fluids and incubated with 3H-thymidine as 

described in the previous chapter. The RV14-challenged KB cell cultures 

used in this experiment showed an increase in newly synthesized DNA of 

1.58-fold at 1 to 2 hr pi compared to mock-infected cell cultures 

(slightly less than 1.61, which was previously established as statisti

cally significant). The infected cells of this experiment produced 200 

PFU/cell. DNA was extracted and analyzed by reassociation kinetics as 

described in the previous chapter. Figure 8 shows the reassociation 

profiles for DNA prepared separately from the cytoplasm and from the nu

cleus of either mock-challenged or RV14-challenged KB cell cultures. The 

extent of reassociation of the DNA was determined by measuring the hy

brid fraction resistant to Sj single-stranded specific nuclease. Per

cent DNA reassociated is plotted versus the logio of the equivalent Cot 

value (Britten and Kohn, 1967), where Co is the initial concentration of 

DNA and t is time. The equivalent Cot is the experimentally determined 

Cot value multiplied by an appropriate factor that corrects for the rate 

of reassociation at a given Na+ ion concentration (Britten and Smith, 

1970). The complexity of a given species of DNA is characterized by the 

value at which it is one-half reassociated, Coti^. 

There was no clear distinction between the kinetic complexities 

within either cytoplasmic or nuclear classes of DNA extracted from either 

mock-challenged or virus-challenged cell cultures, i.e., nuclear or 

cytoplasmic DNA extracted for either type of cell culture reassociated 

with similar kinetics. 



Fig. 8. Reassociation of Denatured Sheared Cytoplasmic and Nuclear DNA 
Extracted from Mock-Challenged and RV14-Challenged KB Cell 
Cultures at the Time of Maximum Induction of DNA Synthesis (1 
to 2 hr pi) in RV14-Challenged Cell Cultures. 

Percent reassociation was measured by resistance to SI nucle
ase. DNA extracted from (•) nuclei of mock-challenged KB cell 
cultures, (o) nuclei of RV14-challenged KB cell cultures, 
(•) cytoplasm of mock-challenged KB cell cultures, and (•) cyto
plasm of RV14-challenged KB cell cultures. For experimental 
details, see text and Materials and Methods. The equivalent 
Cot values are for the standard conditions of 0.4 M phosphate 
buffer, pH 6.8, and 60°C. 
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In nuclear DNA, the rapidly reassociating fraction is composed 

of highly reiterated sequences whereas the slowly reassociating fraction 

is composed of unique sequences (Britten and Kohn, 1967, 1968). The re-

association profile (Fig. 8) of nuclear DNA extracted from either cell 

type shows only DNA containing intermediately repeated and unique se

quences. It was not feasible to analyze the reassociation of DNA spe

cies representing highly reiterated sequences owing to the low specific 

activity of the DNA isolated. Approximately 65% to 70% of mammalian nu

clear DNA is comprised of unique sequences, and this fraction has been 

reported to reassociate with a Coti^ of 520 (Meinke et al., 1973) to a 

Cotjj of approximately 1000 (Saunders et al., 1972). In Fig. 8, species 

of nuclear DNA with intermediately repeated and unique sequences that 

were extracted from either mock-challenged or RV14-challenged cells re-

associated with a Cotjj of approximately 800 to 1000. This value is in 

agreement with the value obtained from the reassociation plot for the 

unique sequences contained in human leucocyte nuclear DNA of Cot^ of ap

proximately 1000 (Saunders et al., 1972). Meinke et al. (1973) reported 

that the unique sequences of the nuclear DNA from human lymphocytes re-

associated at a Coti^ of 520. However, when one obtains the Cotj^ of the 

unique sequences in nuclear DNA from the reassociation plot presented in 

the latter paper, a Cotjj of approximately 1000 is obtained. The reasso

ciation data presented in Fig. 8 is therefore in agreement with that re

ported by Meinke et al. (1973) and Saunders et al. (1972). 

As shown in Fig. 8, there is also no clear distinction between 

the kinetic complexity of DNA prepared from the cytoplasm of 

mock-challenged or RV14-challenged KB cell cultures. The cytoplasmic 
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DNA reassociation profiles also show that this class of DNA contains DNA 

of a lower complexity or more highly repeated sequences than that found 

in the nuclei. The reassociation profile (Fig. 8) of cytoplasmic DNA 

shows some ambiguity as to whether there is a plateau in the repeated 

sequences. If the assumption is made that there is no real plateau in 

the reassociation profile, then the major fraction of DNA extracted from 

the cytoplasm of mock-challenged or RV-challenged KB cells reassociated 

with a Cotig of approximately 20. If the assumption is made that the re

peated sequences (20% to 30%) represent a portion of the reassociation 

profile, then the major fraction of DNA extracted from the cytoplasm of 

mock-challenged or RV14-challenged KB cells reassociated with a Cotjg of 

35 to 50. This value is in agreement with the Cotĵ  of 52 reported for 

the slowly reassociating fraction of a cytoplasmic species of DNA ex

tracted from a diploid human lymphocyte cell line (Meinke et al., 1973). 

The reassociation kinetics of DNA isolated from the cytoplasm 

differed considerably from the reassociation kinetics of DNA isolated 

from the nucleus of KB cells, regardless of whether the cells were chal

lenged with RV14 or not. The Cotĵ  values calculated from the reassoci

ation profiles of cytoplasmic DNA compared to nuclear DNA (Fig. 8) are 

about 10-fold less complex. These data clearly indicate that the cyto

plasmic DNA has a kinetic complexity different from nuclear DNA, and 

therefore the data rule out the possibility that cytoplasmic DNA arises 

by random breakage of cell nuclei during cell disruption and extraction 

of DNA. Cytoplasmic DNA represents a specific class of DNA. 

A second reassociation experiment was performed in the presence 

of salmon sperm DNA as a viscosity control to verify the reassociation 
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profile of the DNA isolated from the cytoplasm of mock-challenged and 

RV14-challenged KB cell cultures. The reassociation data for this ex

periment are shown in Fig. 9. The cytoplasmic DNA reassociation profile 

in Fig. 9 shows that this DNA contains about 5% or fewer highly repeated 

sequences. The Cotĵ  of the cytoplasmic DNA extracted from either type 

of cell is approximately 50 to 100. This value is in agreement with the 

value calculated in the previous experiment and is in excellent agree

ment with the Cotjj value (52) reported for the slowly reassociating 

fraction of cytoplasmic DNA of a lymphocyte cell line studied by Meinke 

et al. (1973). 

These studies indicate that the cytoplasmic DNA from 

mock-challenged and RV14-challenged KB cells is not representative of 

the bulk of nuclear DNA but represents a distinct class of DNA. These 

studies suggest that there is no apparent difference between the reasso

ciation profiles and hence kinetic complexity of cytoplasmic DNA ex

tracted from either RV14-challenged or mock-challenged KB cells at the 

time of maximum induction of DNA synthesis in RV14-challenged KB cell 

cultures. Similarly, no apparent differences were observed between nu

clear DNA extracted from either RV14-challenged or mock-challenged KB 

cells at the time of maximum induction of DNA synthesis in 

RV14-challenged KB cell cultures. 



Fig. 9. Reassociation of Denatured Sheared Cytoplasmic DNA Extracted 
from Mock-Challenged and RV14-Challenged KB Cell Cultures at 
the Time of Maximum Induction of DNA Synthesis (1 to 2 hr pi) 
in RV14-Challenged Cell Cultures. 

Percent reassociation was measured by resistance to SI nucle
ase. Cytoplasmic DNA extracted from (•) mock-challenged KB 
cell cultures and (•) RV14-challenged cell cultures. For ex
perimental details, see text and Materials and Methods. The 
equivalent Cot values are for the standard conditions of 0.4 M 
phosphate buffer, pH 6.8, and 60°C in the presence of 6-fold 
excess of salmon sperm DNA. 
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DISCUSSION 

The experiments presented in this study establish that a tran

sient induction of DNA synthesis occurs in high density, contact-inhibited 

KB cell cultures within 3 hr following initial contact of RV14 and cells. 

In approximately 90% of the experiments, the period of increased DNA 

synthesis occurred between 1 and 2 hr pi. This time of induction varies 

for some as-yet-undefined reason. The virus-induced event(s) leading to 

increased DNA synthesis occurs 2 to 3 hr prior to the time of detection 

of viral RNA synthesis at 5 hr pi (Gauntt, 1973) or to detection of viral 

RNA polymerase activity at 5 hr pi in infected KB cell cultures (Grif

fith and Gauntt, unpublished). The induction of cell DNA synthesis by 

RV14 is therefore the earliest measurable effect of virus infection on 

host macromolecular synthesis. The event(s) leading to induction of DNA 

synthesis occur during the period of adsorption and uncoating of infec

tious particles. In the RV14-KB cell culture system, adsorption of par

ticles is linear for up to 2 hr after challenge and approximately half 

of all infectious particles are attached by 1 hr pi, and more than 90% 

of infectious virus at a challenge inocula containing 10 PFU/cell are 

attached by 2 hr pi (Gauntt et al., 1973). Uncoating of 

RV14 particles rapidly occurs following attachment to HeLa cells 

(Lonberg-holm and Korant, 1972) and to KB cells (Gauntt, unpublished), 

suggesting that active viral genomes are immediately available for 

translation, transcription, and influence over all metabolic event(s). 

The hypothesis that induction of DNA synthesis requires infectious 
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genomes is strengthened by the results of several experiments. It was 

shown that inactivation of RV14 by UV light or heat or neutralization of 

the virus by serotype-specific antiserum considerably reduced or abol

ished the capacity of the virus preparation to induce DNA synthesis. 

Moreover, purified preparations of RV14 induced DNA synthesis in KB 

cells, but an MOI of at least 20 PFU/cell was required to effect a con

sistent demonstration of induction of DNA synthesis. Since only one in 

approximately 6600 virus particles of RV14 is infectious (Korant et al., 

1972), it seems highly unlikely that induction of DNA synthesis arises 

merely from membrane perturbation by a large number of inactive virus 

particles. Rather, data from experiments on the effects of temperature 

and the effects of metabolic inhibitors on induction of DNA synthesis by 

RV14 suggest that the event(s) leading to this DNA synthesis induced by 

RV14 result from an active intracellular process initiated by infectious 

virus particles after uncoating has occurred. Supraoptimal (37° and 

39°C) temperatures that inhibit replication of rhinoviruses (Stott and 

Killington, 1972) were nonpermissive for induction of DNA synthesis. 

The nature of the temperature-sensitive event(s) that result in inhibi

tion of replication of several rhinoviruses at 39°C is unknown. How

ever, shift-up and shift-down experiments show that the event(s) occur 

late in infection, i.e., at 4 to 5 hr pi, which is after viral RNA syn

thesis has been initiated (Stott and Heath, 1972). The studies of in

duction of DNA synthesis by RV14 do not distinguish between whether the 

increased DNA synthesis is requisite for virus replication or not. How

ever, these studies do suggest that active functioning of the genome may 

be required. In an attempt to dissociate the RV14-induced event(s) 
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leading to enhanced synthesis of DNA from subsequent events that lead to 

replication of viral components and production of infectious virus, 

studies with metabolic inhibitors were conducted. 

An interpretation of the data from the metabolic inhibitor 

studies is complicated by several factors, including the time required 

for expression of the inhibitory action of each inhibitor, the state of 

the cells at the time of incubation with the inhibitor, and the mode of 

action of each inhibitor on picornavirus processes (largely unknown) 

that may be unrelated to the known major site(s) of action of the inhib

itors. In the inhibitor studies, the cells were incubated with each 

inhibitor for 2 hr prior to challenge to permit entry and expression of 

the inhibitor (Table 9). The known effects of each inhibitor on unin

fected cells are outlined in Table 13. The effects of each inhibitor on 

replication of various picornaviruses are discussed below. At the con

centrations used in the present studies (20 yg/ml), phleomycin reduced 

yields of mengovirus in L cells by 50% or more (Korbecki, 1973). In an 

earlier study, Hecht and Summers (1970) found that, at 100 yg/ml, phleo

mycin completely inhibited synthesis of virus-directed RNA synthesis and 

hence replication of poliovirus type 1 in HeLa cells. As one mechanism 

of action of phleomycin is known to be inhibition of action of DNA poly

merase (refer to Table 13), these results are at variance with the re

ported inhibitory effects of phleomycin on replication of two picorna

viruses. Further work should be carried out with this antibiotic in 

other picornavirus-cell systems, as it is generally believed that repli

cation of picornaviruses does not involve DNA synthesis (Baltimore, 

1969; Ensminger and Tamm, 1970). In the present studies with RV14, 
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Table 13. Mode of Action of Metabolic Inhibitors Used in Treatment of 
KB Cell Cultures Challenged with RV14. 

Compound Mode of action Refs.a 

Phleomycin Inhibits activity of DNA polymerase by bind
ing to primer DNA at regions containing high 
mole fractions of A-T pairs. 

1,2 

Mytomycin C Selectively inhibits synthesis of DNA (and 
secondarily leads to degradation of DNA) by 
binding to DNA template by covalent linkage 
(cross linkage) through susceptible guanine 
residues, resulting in changes in the struc
ture of the DNA that prevent DNA replication. 
The enzymatic synthesis of DNA per se is not 
inhibited. 

3,4,5 

Cordycepin Inhibits mRNA synthesis as a result of in
corporation into and termination of the RNA 
chain. Interferes with posttranscriptional 
addition of poly A to preformed chains of 
mRNA and heterogeneous nuclear RNA. 

6,7 

Hydroxyurea Blocks DNA synthesis by interference with the 
enzyme ribonucleotide diphosphate reductase. 
Blocks DNA synthesis selectively in the nucleus. 

8,9 

Ethidium 
bromide 

The phenantridine dye binds to nucleic acids 
by intercalation. This mode of binding alters 
the tertiary structure of DNA and in particu
lar that of circular DNA. Specific inhibitor 
of mitochondrial DNA synthesis and transcrip
tion in mammalian cells. 

10,11 

RNA replication mediated by circular DNA, such 
as mitochondrial DNA, is specifically inhibited. 

12 

Actinomycin D Binds to double-stranded DNA and interferes 
with the template function of DNA in synthe
sis of RNA. 

13 

aReferences: 

1. Falashi and Kornberg (1964) 9. Vesco and Penman (1969) 
2. Korbecki (1973) 10. Smith and Vinograd (1972) 
3. Reich and Franklin (1961) 11. Nass (1970) 
4. Shatkin et al. (1962) 12. Zylber, Vesco, and Penman 
5. Goldberg and Friedman (1971) (1969) 
6. Penman et al. (1970) 13. Scholtissek (1972) 
7. Darnell et al. (1971) 
8. Skoog and Nordenskjold (1971) 
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phleomycin had no effect on RV14-induced DNA synthesis or on virus rep

lication, suggesting that these processes are different from, respec

tively, DNA synthesis in the uninfected cell and replicative processes 

directed by other picornaviruses in cell environments different from the 

KB cell environment of the present study. Mitomycin C, an antibiotic 

that cross-lines guanine and leads to degradation of DNA in both mam

malian and bacterial cells (Table 13), reportedly has little effect on 

replication of mengovirus in L-cells at concentrations up to 30 yg/ml 

(Reich and Franklin, 1961) or on replication of poliovirus type 1 and a 

foot-and-mouth-disease virus strain in HeLa cells at concentrations up 

to 40 yg/ml (Grado and Ohlbaum, 1973). In the present study, mitomycin 

C at 15 yg/ml reduced virus yields only slightly (by 40%) but completely 

abolished the capacity of the virus to induce DNA synthesis. A similar 

result was obtained with hydroxyurea, which inhibits synthesis of DNA in 

the nucleus, possibly by interfering with an enzyme that synthesizes 

ribonucleotide precursors (Table 13). There are no reports of the ef

fect of hydroxyurea on replication of picornaviruses. In the present 

study, hydroxyurea reduced virus yields slightly (by 56%) and prevented 

the RV14-induced stimulation of synthesis of DNA. The results obtained 

with mitomycin C and hydroxyurea show that these compounds slightly de

press replication of RV14. The results obtained with these two compounds 

also lead to a depression of RV14-induced DNA synthesis and suggest that 

a positive correlation exists between replication and induction of DNA 

synthesis. 

Studies with ethidium bromide, which selectively inhibits syn

thesis of circular DNA and the RNA transcribed from it, suggest that 



virus-induced stimulation of DNA synthesis can be separated from virus 

replication. Ethidium bromide at 1 yg/ml reduced virus yields slightly 

(by 55%) but permitted a substantial increase in RV14-induced DNA syn

thesis. Semmel, Vargus, and Huppert (1973) have reported that ethidium 

bromide at 30 yg/ml inhibits replication of encephalomyocarditis virus 

in L cells and postulated that the inhibitory effect was due to binding 

of the drug to replicative intermediate RNA. The fact that ethidium 

bromide permits enhanced DNA synthesis in RV14-challenged cells tends to 

rule out a mitochondrial origin for the newly synthesized DNA. The 

electron microscope radioautographic and buoyant density studies of the 

DNA also tend to rule out mitochondria as the origin of the newly syn

thesized DNA. Studies with the two inhibitors of RNA synthesis, cordy-

cepin and actinomycin D, also indicate that the event(s) leading to in

duction of DNA synthesis by RV14 and events in the replication of RV14 

can be dissociated. Cordycepin (3'-deoxyadenosine) is inserted into the 

growing RNA chain and, because of a hydrogen atom at the 3' position, 

further addition of ribonucleotides cannot occur (Table 13). This in

hibitor reportedly has little effect on the replication of poliovirus at 

the concentration used in the present studies (25 yg/ml). Recently, 

Nair and Owens (1974) reported that cordycepin (20 yg/ml) inhibited RV14 

yields by approximately 83%. RV14 yields in this study were slightly 

reduced (by 60%) in the presence of cordycepin; however, a statistically 

significant value for RV14-induced DNA synthesis was observed in the 

presence of this compound. Actinomycin D, which has a different mode of 

action (see Table 13), reduced yields of RV14 considerably in this ex

periment. This finding has been reported for other rhinoviruses (Stott 
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and Killington, 1972), for poliovirus (Baltimore, 1969; Grado and Ohl-

baum, 1973), for foot-and-mouth-disease virus (Grado and Ohlbaum, 1973), 

and for mengovirus (Plagemann, 1968). Although the yield of RV14 was 

reduced by actinomycin D, a statistically significant increase in DNA 

synthesis was induced following challenge with RV14. These preliminary 

yet qualitatively reproducible results with the metabolic inhibitors 

suggest that the event(s) induced by RV14 that leads to increased DNA 

synthesis and the viral replicative events can be dissociated. It is 

recognized that the studies carried out with these inhibitors in other 

picornavirus-cell systems are not directly comparable to the studies re

ported herein; however, the disparate findings reported do suggest that 

some differences exist in virus-directed events among the picornaviruses. 

The demonstration that other picornaviruses, i.e., mengovirus 

and Coxsackie B3 virus, could induce DNA synthesis in KB cells and that 

RV14 could induce DNA synthesis in cell lines other than KB cells dis

pelled a concern that the present study was a highly specific process 

that might be due to a contaminating agent in the system. The specific 

concern was that the newly synthesized DNA was related to mycoplasma, 

agents that are present in many established cell lines (Hayflick, 1965; 

Levine, 1972). KB cell cultures were routinely examined for the pres

ence of mycoplasma by three different techniques and found to be nega

tive. Other studies on the buoyant density of the newly synthesized DNA 

and the kinetic complexity of the newly synthesized DNA significantly 

reduced the possibility that this DNA is of mycoplasmal origin. 

The cytoplasmic location of the newly synthesized DNA was con

firmed by analysis of cytoplasmic and nuclear fractions for nascent DNA 
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and by electron microscope radioautography. The question of whether the 

nascent DNA was synthesized in the cytoplasm remains unanswered. Several 

studies have shown that DNA polymerase(s) are present in the cytoplasm 

of mammalian cells (KB and HeLa) (Byrnes, Downey, and So, 1974; Sedwick, 

Wang, and Korn, 1972; Hecht, 1973; Stavrianopolous, Karkas, and Chargaff, 

1972; Keller, 1972; Barker et al., 1973). As the site of replication of 

RV14 is known to be the cytoplasm of KB cells (Gauntt, 1973; Gauntt et 

al., 1973), it is conceivable that the RV14 genome in some manner acti

vates the cytoplasmic DNA polymerase(s) and results in a limited produc

tion of DNA. In view of the kinetic complexity of the RV14-induced DNA 

as measured in the reassociation studies, it is not likely that the RNA 

genome of RV14 serves as a template for transcription of the DNA. Using 

the reference plot of Britten and Kohn (1968), I calculate that the Cotj^ 

for DNA transcribed from a viral genome of 2 x 106 would be approximately 

10"2. An enzyme that can transcribe DNA from RNA is present in many mam

malian cells. DNA polymerases that are RNA-dependent have been isolated 

from mammalian cells (Crippa and Tocchini-Valentini, 1971; Penner, Cohen, 

and Loeb, 1971; Scolnick et al., 1971; Brown and Tocchini-Valentini, 

1972; Mahdavi and Crippa, 1972; Mayer, Smith, and Gallo, 1973; Frid-

lender et al., 1972), and it has been shown that this enzyme(s) is capa

ble of utilizing foreign RNA species as templates (Imaizumi, Diggelmann, 

and Scherrer, 1973). Intermediate structures in the transcription proc

ess, i.e., hydrogen-bonded RNA template-DNA-transcription product com

plexes, have been sought in mammalian cell systems but without success 

by some researchers (Bird, Rogers, and Birnstiel, 1973). An alternative 

hypothesis for which the present study has no data is that a small 
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portion of the viral genomes serves as primer molecules to which nascent 

DNA strands are added. Covalently linked RNA-DNA complexes have been 

found in bacterial, mold, and mammalian cell systems (Magnusson et al., 

1973), including Ehrlich ascites cells (Sato et al., 1972) and HeLa cells 

(Neubort and Bases, 1974). The DNA prepared in the present study was 

treated with either ribonucleases or alkali, and thus any RNA that might 

be present in covalent linkage to DNA would be removed, making detection 

of RNA-DNA hybrid molecules in the CsCl equilibrium configuration exper

iments impossible. If such a process were dependent on concentration of 

primer RNA, then with increasing MOI, increased levels of DNA synthesis 

should have been expected. This was not found (refer to Table 3). 

The buoyant density in CsCl of the RV14-induced nascent DNA (av

erage of 1.670 g/ml) is lower than the buoyant density of DNA isolated 

from a wide variety of sources (refer to Table 14). The conditions used 

in these experiments were identical to those used in Reference 1 of the 

table and therefore direct comparison of buoyant density values is pos

sible. Thus, it is unlikely that the DNA under study arises from any 

known mycoplasmal, bacterial, or viral contamination of the cell cul

tures. The DNA of the present study would appear to contain a high per

centage of adenine-thymidine nucleotide pairs (refer to Table 14) . The 

buoyant density (1.550 g/ml) of the RV14-induced nascent DNA in ethidium 

bromide-CsCl gradients is considerably lower than that reported for mi

tochondrial DNA (1.590 g/ml) and has more helicity than DNA extracted 

from either RV14-challenged or mock-challenged contact-inhibited high 

density KB cells. This study reveals that the DNA possesses a buoyant 

density that differs from any presently known DNA. 



Table 14. Buoyant Density Values for Various DNA Spe
cies in CsCl. 

Buoyant density (g/ml) 

In neutral In CsCl- Refer-
Origin of DNA CsCl eth. br. a ence*" 

Nuclear 
HeLa cells 1.535 1 
HeLa cells 1.689 2 
HeLa cells 1.693 3 
Chang's liver cells 1.699 4 
Leukemic leucocytes 1.695 5 
Mouse L-cells 1.703 5 
Yeast 1.698 5 

Nuclear satellite 5 
Man 1.687 
Mouse liver 1.690 
Guinea pig 1.704 
Ox 1.715 
Sheep 1.714 
Yeast 1.704 

Mitochondrial 
HeLa cells 1.590 1 
S-phase HeLa cells 1.701 2 
G -phase HeLa cells 1.688 2 
Chang's liver cells 1.688 4 
Leukemic leucocytes 1.6996- 1.700 6 
Mouse L-cells 1.689 5 
Yeast 1.684 5 

Cytoplasmic 
Human lymphocyte 1.699 7 
Small closed-circular 1.692 8 

Mycoplasma 1.682 - 1.693 3 

Mycoplasma mycoides 1.685 - 1.679 9 

Micrococcus 1.731 4 
lysodeckicus 

P8eudomona8 1.727 10 
aeruginosa 

Escherichia coli 1.703 - 1.710 10 

Bacillus subtilis 1.703 10 



Table 14. Buoyant Density Values (Continued). 

Buoyant density (g/ml) 

In neutral In CsCl- Refer-
Origin of DNA CsCl eth. br. a enceb 

Adenovirus 1.718 10 

SV40 1.701 10 

Vaccinia 1.695 10 

Epstein-Barr virus 1.718 11 

Drosophila 1 .698 - 1.702 10 

Saraophaga bullota 
(flesh fly) 

1.693 10 

Calf thymus 1 .692 - 1.699 9 

Rabbit kidney cells 1 .692 - 1.699 9 

Human cell line D98 1 .692 - 1.699 9 

d(A-T)*d(A-T) 1 .672 - 1.679 9 

aeth. br. = ethidium bromide 

R̂eferences: 

1. Vesco and Penman (1969) 
2. Volpe and Eremenko (1973) 
3. Harley, Rees, and Cohen (1970) 
4. Koch and Strokstad (1967) 
5. Borst and Kroon (1969) 
6. Clayton, Davis, and Vinograd (1970) 
7. Meinke et al. (1973) 
8. Smith and Vinograd (1972) 
9. Sober (1968) 
10. Laird and McCarthy (1969) 
11. Schulte-Haulthausen and Hausen (1970) 
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The DNA-DNA kinetic reassociation experiments showed that 

the rates of reassociation of DNA isolated from the cytoplasm of 

RV14-challenged and mock-challenged KB cells were indistinguishable, 

as were similar parameters for DNA isolated from nuclear fractions of 

either cell type. These results suggest that challenge of cells by 

RV14 does not result in induction of synthesis of new species of cell 

DNA but that RV14-challenged results in an increase in synthesis of 

existing species of DNA. The data from these studies clearly show that 

the rate of reassociation of cytoplasmic DNA extracted from either cell 

type is at least 10-fold faster than the rate of reassociation of 

nuclear DNA extracted from either cell type. This result is in agree

ment with previous studies reported by Meinke et al. (1973) that cyto

plasmic DNA from mammalian cells represents a class of DNA that is 

unique from the bulk of nuclear DNA. Therefore, cytoplasmic DNA does 

not arise primarily from lysis of nuclei during preparation of cyto

plasmic and nuclear fractions for extraction of DNA and must represent 

either DNA transported to the cytoplasm or synthesis of DNA in the 

cytoplasm. 

A comparison of the complexity of the types of DNA (cytoplasmic 

and nuclear) extracted from KB cells in the present study with com

plexities of DNA extracted from other sources can be made by referring 

to data presented in Tables 15 and 16. The values for the Cotĵ  for 

RV14-induced DNA isolated from the cytoplasm of either virus-challenged 

or mock-challenged KB cell cultures is approximately 0.5 to 1 xio2, 

which is quite different from the Cotjj values expected for either myco

plasma (1.5) or viral DNA (2x10"1 to 2.6 xlO"3). Reference to the plot 



Table 15. Comparison of Coti for Different Sources of DNA. 
"2 

Origin of DNA 
Molecular 
weight Cotî  Referencea 

E. aoliP 2.7 x109 4 1 
E. oolic 2.6 x109 2 2 
Bacillus subt-Llis0 2.0 x109 4 1 
Baoillis globvgiiP — 5 1 

SV40C 4.2 x106 2.6 x 10"3 3 
T2b 1.3 x10® 2.0 x10"1 1 

Drosophi id? 7.0 x1010 80 1 
Saraophaga bullotd* 40.0 xlO10 240 1 

Chicken0 

Fast 1.1x105 1.0 x10-3 2 
Intermediate 2.2 x106 3.2 x10-3 

Slow 5.8 x109 8.5 x10° 
Unique 1.2 x1012 1.1x103 

Human leucocyte 7.6 xlO3 4 

aReferences: 

1. Laird and McCarthy (1969) 
2. DeJimenez et al. (1974) 
3. Gelb, Kohne, and Martin (1971) 
4. Saunders et al. (1972) 

Ĥyperchromicity at 260 mu used to measure extent of 
renaturation. 

CDNA renaturation in 0.12 M phosphate buffer, pH 6.8 
at 66°C. 

of Britten and Kohn (1968) on genome size (number of nucleotide pairs) 

relative to Cot^, shows that the Cot^ of the DNA extracted from 

RV14-challenged and mock-challenged KB cells corresponds to complexity 

of about 107 nucleotides. Therefore, the cytoplasmic DNA from 

virus-challenged and mock-challenged KB cell cultures is over 12-fold 

more complex than a typical mycoplasma genome which is composed of 



Table 16. Comparison of Cotĵ  from Different Sources of DNA Deter
mined by Reference to Plot of DNA-DNA Reassociation of 
Britten and Kohn (1968). 

Origin 
Molecular 
weight 

No. nucleo
tide pairsa Cotjb 

Refer' 
encec 

Mitochondrial DNA 
(average human) 

1 x 107d 1.66 x lo1* 4.5 x10" 2 1 

Mitochondrial 
human 

10- 11 x I06d 1.66 x 101* 4.5 x10" 2 2 

Mitochondrial 1.1 x107d 1.83 x10̂  5.0 x10" 2 3 
guinea pig 

E. ooli 2.5 xio9d 4.16 x106 6 3 

Phage lambda 3.3 xio7d 5.5 x 101* 9 xlO-2 3 

Phage T4 1.3 x108d 2.16 x105 3.5 x10" 1 3 

Yeast 5 x 107d 8.3 x 104* 2 x10"! 3 

Rat ascites tumor 2.5 x1012d 4.16 x109 8 x 103 4 

Calf thymus 
Nonrepetitive 
Intermediate 
Slow 

— 1.5 xlO9 

1.7xlO4 

60 

4 x 103 

3 x 10"2 

1 x l0-*» 

4 
4 
4 

Phage T7 2.5 x107d 4.16 x 101* 9 x 10-2 4 

SV40 3.3 x1066 5.5 x103 1 xlO"2 4 

Mycoplasma — 8.0 x105 1.5 5 

aNumber of nucleotide pairs calculated from molecular weight of 
the DNA (from literature reference) on basis of one nucleotide 
pair = 600d. 

^Cotjj are approximate values calculated from reference plot by 
Britten and Kohn (1968). 

References: 

1. Helinski and Clewell (1971) 
2. Borst and Kroon (1969) 
3. Hollenberg, Borst, and Van Bruggen (1970) 
4. Wetmur and Davidson (1968) 
5. Bak et al. (1969) 



about 8x105 nucleotide pairs (Bak et al., 1969). Similar arguments rule 

out a viral contamination as the origin for cytoplasmic DNA in 

virus-challenged and mock-challenged KB cells. The theoretical Cotî  

value for a nonrepetitious DNA, e.g., virus DNA with a molecular weight 

of 4.2xl06d, is 2.6 xlO"3 (Gelb, Kohne, and Martin, 1971). This value 

is derived from the Cotĵ  value reported for Simian virus 40 (Gelb 

et al., 1971). Therefore, the cytoplasmic DNA from infected and 

mock-infected KB cells reassociates 20,000 times more slowly than 

would be expected for virus DNA of a similar size. 

The values for Cot^ for the slow reassociating fraction of 

nuclear DNA extracted from RV14-challenged and mock-challenged KB cells 

was approximately 800 to 1000, which is in agreement with the slow 

reassociating fraction of nuclear DNA extracted from human lymphocyte 

cultures (Meinke et al., 1973) and human leucocytes (Saunders et al., 

1972). In reference to the plot of Britten and Kohn (1968), which 

relates genome size (nucleotide pairs) to Coti^, one can calculate that 

the Cotjj of the slow reassociating fraction of nuclear DNA from 

RV14-challenged and mock-challenged KB cell cultures corresponds to a 

genome size of approximately 4 to 6x108 nucleotide pairs. Therefore, 

the nuclear DNA from infected and mock-infected KB cells is 66 times 

more complex than the E. col-i genome, which is comprised of 4.5 x 106 

nucleotide pairs (Cairns, 1963) and 375 times more complex than the 

mycoplasma genome. 

The reason(s) for a virus-induced increase in synthesis of cyto

plasmic DNA remain obscure and will require considerable additional 

studies to determine whether this DNA is of benefit or not to either 
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virus or host cell. The present studies have not ruled out the hypoth

esis that the RV14-induced synthesis of DNA that localizes in the cyto

plasm is required for virus replication. Speculation on the role of 

cytoplasmic DNA in the host cell has given rise to several hypotheses, 

among which I include: 

1. Cytoplasmic DNA amplifies some as-yet-undefined host func

tion that is normally used in a regulatory capacity. Challenge of the 

cell by a virus sets into motion a series of defense measures for survi

val, and one of the measures is an increase in the amplification system. 

2. The presence of the foreign viral genome nonspecifically ac

tivates the DNA polymerase(s) in the cytoplasm to stimulate increased 

DNA synthesis, in a manner analogous to the influence of adenosine tri

phosphate on increasing the DNA-synthesizing activity of cytoplasmic DNA 

polymerase in bone marrow cells (Byrnes et al., 1974). 

3. A portion of the viral genomes serves nonspecifically as 

primer molecules to which DNA synthesis is initiated. 

4. Virus infection has stimulated synthesis of a DNA that rep

resents a new class of infectious agents for mammalian cells, e.g., 

viroidlike agents, which are not parasitic contaminants of established 

cell lines. 

Continued study in this project may lead to acceptance of one of 

these hypotheses or rejection of all hypotheses and stimulate a new area 

of study. 
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