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Adenoviruses inst igate characteris t ic  al terat ions in nuclei of infected cells 
(1-3). 

Most striking of the changes are the development of prominent, central, basophilic 
masses and formation of basophilic crystals composed of a lattice array of viral 
particles (4-6). Cytochemical studies demonstrated that  both of the newly formed 
basophflic structures contained deoxyribonucleic acid (DNA), and suggested that  the 
deoxyribonucleic acid (DNA) content of the infected nuclei was increased (2). Bio- 
chemical investigation of the effect of adenovirus infection on the constituents of 
infected cells supported the contention that infection increased the DNA content 
(7). The DNA from infected cells was found to contain 2 different molecular species: 
one, extracted as a nucleoprotein, was soluble in water or 2 ~ NaCl but  not in 0.15 
M NaCI (termed water-soluble DNA); the second (termed saline-soluble DNA), when 
associated with protein was soluble in 0.15 ~ NaC1 as well as water or 2 M NaC1 (7). 
I t  was the so called saline-soluble DNA fraction which was markedly increased in 
virus-infected cells, whereas only very small quantities of DNA from uninfected cells 
could be extracted in 0.15 ~ NaC1. The most striking difference between the saline- 
soluble DNA and the water-soluble DNA was the significant difference in base compo- 
sitions: whereas the water-soluble DNA had classical base pairing (adenine equal to 
thymine; guanine equal to cytosine), a similar structure did not obtain for the saline- 
solub]e DNA in which adenine and thymine were not equal in amount, and guanine 
was strikingly increased (7). 

Studying the biochemical changes in type 2 adenovirus-infected cells, Green con- 
firmed the increase in DNA content of infected cells and reported that  incorporation 
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of P~ into deoxyguanylic acid and deoxycytidylic acid was increased (8). The finding 
of an increase in specific activity of the guanine and cytosine nucleotides of DNA 
from infected cells further supports the data previously published which suggested 
that  adenovims infection stimulates synthesis of a specialized molecular species of 
DNA (the saline-soluble DNA), and that this DNA has an increased quant i ty  of 
guanine (7). 

The  s tudy  repor ted  in  this communica t ion  had  as i ts  object ive the invest i -  
ga t ion  of the  synthesis  of the  "sal ine-soluble"  a n d  "water -so luble"  deoxy- 

r ibonucleic  acids, as well as r ibonucleic acid (RNA) ,  in  type  4 adenov i ru s -  
infected H e L a  cells employing  radioisotope techniques.  The  findings to be 

described indicate  t ha t  synthesis  of the  saline-soluble, b u t  no t  the  water-  
soluble D N A ,  is increased in  v i rus- infected cells; t ha t  the  saline-soluble D N A  
is newly  synthes ized an d  derives i ts  componen ts  f rom precursor  pools of the  

cell as well as f rom the  m e d i u m ;  t ha t  the  synthesis  of saline-soluble D N A  
begins  before newly  formed, infectious v i rus ;  and  tha t  synthesis  of R N A  is 
also increased, a l though n o t  as marked ly  as the  saline-soluble D N A .  

Materials and Methods 

Tissue Culture.--AU experiments were done with HeLa cells propagated in continuous 
serial cultures using Eagle's basal medium supplemented with 10 per cent human serum. For 
infectivity titrations, cultures were prepared in screw-capped 14 X 150 ram. test tubes utiliz- 
ing 40 per cent human serum in Hanks's balanced salt solution (BSS) for cell propagation. 
The tissue culture methods used were identical with those described previously (9, 10). 

Viruses and Viral Infeetion.--Types 4 and 5 adenovimses employed in earlier studies 
(2, 3, 7, 9, I0) were used. To prepare pools of virus, growth fluid containing human serum was 
removed from the cultures, the monolayers were washed twice with Hanks's BSS, a main- 
tenance mixture composed of 67.5 per cent Scherer's amino acid-vitamin mixture, 25 per cent 
tryptose phosphate broth (Difco), and 7.5 per cent chicken serum was added, and approxi- 
mately 1.2 X 10 ~ tissue culture doses (TCDs0) of virus was inoculated into each culture (11). 
Infected cultures were incubated until cytopathic changes were complete (3 to 5 days). Cells 
and fluid were frozen and thawed 6 times to liberate virus (10), and then centrifuged to remove 
cell debris. Superuatant fluid containing virus was stored in flasks at - 28°C. in an electrically 
operated deep freeze or in sealed glass ampules at -70°C. in a chest containing solid carbon 
dioxide. Infectivity titers were determined in tube cultures using 1:3.2 (i.e., 10 -°-5) serial 
dilutions (10). The endpoint was considered to be the highest dilution of virus effecting cyto- 
pathic changes in at least i of the 2 cultures inoculated per dilution after 10 to 12 days' incuba- 
tion at 36°C. Maintenance mixture was not changed during the incubation period. 

To obtain infection of all cells in the experiments to be described it was necessary to use 
relatively large volumes of undiluted virus or concentrated, partially purified virus. When a 
large volume of undiluted virus was employed, a cytotoxic effect, caused by the adenovirus- 
soluble "toxin" (2, 12-14) was observed. Virus heated at 56°C. for 15 minutes to inactivate 
viral infectivity but not cytopathic effect was employed as a control in some experiments (15). 
In other experiments, the viral suspension was incubated at 37°C. for 60 minutes with trypsin 
(0.12 rag. per ml. final concentration) to inactivate "toxin" (12-14). An equal quantity of 
purified soy bean trypsin inhibitor was added to neutralize trypsin activity before cultures 
were inoculated. Virus heated at 56°C. for 15 minutes and then treated successively with 
trypsin and soy bean trypsin inhibitor was used for controls. Experiments proved that com- 
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parable differences in nucleic acid content and isotope incorporation between control and in- 
fected cultures were observed with both types of experiments. 

Extraction and Separation of Nucleic Acid Components.--Cells from infected and control 
cultures were scraped from the glass into the culture fluid, mixed thoroughly, and an aliquot 
removed from each for virai infectivity titration and cell count by enumeration of nuclei (16). 
Cell suspensions were centrifuged at 750 a.P.m, for 30 minutes at 4°C. in a refrigerated Inter- 
national centrifuge. The supernatant fluid was discarded and the cells washed once with 200 
ml. of 0.15 M NaCI buffered at pH 7.2 with 0.01 m phosphate. Cells were next extracted 
serially with 10 ml. of 0.15 M NaC1 for 24 hours at 4°C. followed by 10 ml. of 2 M NaC1 or 
water at 4°C. for 2 days on a mechanical shaker as previously described. A modified Schmidt- 
Thannhauser fractionation (17) was carried out on each extract as detailed in a previous com- 
munication (7). 

Chemical Determination.--The techniques previously employed were utilized in the experi- 
ments to be described (7). DNA was determined by the Burton modification of the diphenyl- 
amine reaction (18). RNA by the orcinol reaction (19), protein by the method described by 
Lowry et al. (20), and total phosphorous by a modification of the technique of Fiske and 
SubbaRow (21). 

Radioisotopes and Techniques for Measurement.--Carrier-free P~-inorganic phosphate of 
high specific activity (Oak Ridge National Laboratory) and sodium formate-C 14 with specific 
activity of 2 me./raM (New England Nuclear Corporation) were employed in individual ex- 
periments. Samples dried at infinite thinness were counted in a gas-flow counter (Chicago 
Nuclear) with window in place for P~ or windowless for C 14 determinations. The number of 
disintegrations counted per sample was adjusted so that less than a 5 per cent error might 
occur. 

EXPERIMENTAL 

Incorporation of P~-Inorganic Phosphate into Saline-Soluble and Water- 
Soluble DNA.--Previous studies  ind ica ted  t h a t  D N A  f rom H e L a  cells was n o t  

homogenous ,  and  t h a t  wi th  type  4 adenov i rus  infec t ion  a m a r k e d  increase 

occur red  in D N A  ex t r ac t ed  in 0.15 ~ NaCI ,  b u t  on ly  a m in ima l  increase was 

de tec tab le  in D N A  ex t rac ted  in wa t e r  or  2 M N a C I  (7). T h e  significance of the  

re l a t ive ly  small  increase in q u a n t i t y  of D N A  ex t rac ted  in wa te r  or  hype r ton ic  

NaC1 was no t  clear. W i t h  the  use of r ad ioac t ive  isotopes exper iments  were 

p lanned  to de t e rmine  whe the r  an  increased  synthesis  of b o t h  or  on ly  one of the  

D N A  frac t ions  occur red  in adenovi rus - in fec ted  cells. 

Two ~c. P~-labeled inorganic phosphate was introduced into each of 6 cultures containing 
6 to 8 X 106 cells. Three of the cultures were infected with 5 ml. of undiluted type 4 adeno- 
virus, so that an average of 3.5 TCD60 of virus per celt was present. An equal volume of heat- 
inactivated virus was added to each of the 3 remaining cultures which served as uninfected 
controls. Cultures were incubated at 36°C. for 36 hours, after which cell suspensions from 
each group of 3 cultures were made. Cell counts were done on each cell suspension, and infec- 
tivity titration carried out on the suspension of infected cells. Uninfected and infected cells 
were then extracted; chemical determinations and isotope content of each fraction were done 
as previously described. 

T h e  resul ts  of a r ep resen ta t ive  exper iment ,  summar i zed  in Tab l e  I,  demon-  

s t r a t e  t h a t  the  specific a c t i v i t y  of the  sal ine-soluble D N A  was 2.7 t imes  grea te r  
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than that in uninfected cells. In striking contrast, the isotope incorporation 
was similar in the water-soluble DNA fraction from uninfected and infected 
cells. These data confirm findings previously reported and indicate that the 
major increase in DNA synthesis in adenovirus-infected ceils occurred in the 
relatively small fraction soluble in 0.15 ~ NaC1; no significant increased syn- 
thesis of DNA extracted by 2 ~ NaC1 or water could be measured (7). It  is 
also important to note that the specific activity of saline-soluble DNA from 
infected cells was not only greater than that of the saline-soluble fraction from 
uninfected cells, but also that it was more than 2 times greater than the specific 
activity of the so called water-soluble DNA. These results lend strong support 
to the hypothesis that adenovirus infection of HeLa cells induces increased 

TABLE I 
Effect of Type 4 Adenovirus Infection on Quantity of Deoxyribonucleic Acid ( DN A ) 

and P32-Inorganic Phosphate Incorporation into DNA Fractions from IteLa 
Cdls 

Uninfected 

Fraction tested DNA Specific 

Izg./lO~ cells 

0.15 M NaCI . . . . . . . . . . . . .  1.8 3.36 
2~NaC1 . . . . . . . . . . . . . . . .  I 23.8 I 4.90 

Infected* 

DNA 
content$ 

lag./ lO e cells 

4.86 
34.80 

Per cent increase in 

infected cells~t 
Specific 

activity§ DNA Sp. activity 

9.15 170 172 
4.10 46 0 

* Cultures infected with average of 3.1 TCD60 of virus per cell. 
Determined 36 hours after viral inoculation. 

§ c.1,.•./#g. DNA/ml. 2 #c. pa2 added to each culture at time of infection. 

synthesis of only a small, perhaps specialized and unique fraction of the cellular 
DNA, and that the saline-soluble DNA is synthesized de novo and is not merely 
a degradation product of the host cell DNA (the water-soluble DNA) (7). The 
finding has been consistent that the increase in quantity of water-soluble DNA 
from infected cells was actually relatively slight, and that there was no in- 
crease in specific activity. Therefore, in presentation of data from subsequent 
experiments, only results obtained with so called saline-soluble DNA will be 
tabulated and discussed. 

Effect of Time Isotope Was Added to Cultures on Incorporation into Saline- 
Soluble D N A  of Infected Cells.--Quesfions were next posed concerning the 
origin and mode of synthesis of the saline-soluble DNA which increases in 
adenovirus-infected cells. 

The basic design of the experiments done to investigate this question deviated from those 
already described only in the time at which radioisotope was added to the cultures and the 
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period of time during which isotope was present in the culture fluids. In one series of cultures, 
50 to 100/zc. of Pn-inorganic phosphate was added to the culture growth fluid 24 or48 hours 
before viral infection. Immediately before inoculation of type 4 adenovirus, fluid containing 
Pn was removed and cultures were washed 4 times, each wash consisting of approximately 
50 ml. of Hanks's BSS containing an excess of unlabeled phosphate ions. Virus and main- 
tenance mixture were then added to one-half the cultures and heat-inactivated virus and 
maintenance mixture to the others. With another set of 3 cultures, 100 or 200 /zc. Pn was 
added at time of viral infection; 3 cultures received radioisotope and heat-inactivated virus 
and served as controls. Another set of 6 cultures was divided into 3 infected and 3 control cul- 
tures and both groups incubated at 36°C. for 23 hours, at which time 100 or 200 #c. Pn was 
added to each culture. 24 hours after viral infection (1 hour after addition of isotope), all 
cultures were harvested, cultures from each group were pooled, aliquots removed for infec- 

TABLE II 

Effect of Type 4 Adenovirus Infection on Specific Actlvity of Saline-Soluble DNA When HeLa 
Cells Were Labeled witk P82-1norganiv Phosphate or Sodium Formate-C i 4 24 or 48 

Hours Before Infection 

Isotope 

p320,§ 

Cl4-formatel] 

Time isotope 
added before 

infection* 

]lr$. 

24 
48 
48 
48 

Specific activity$ DNA 

Uninfected 

c.P.~./Izg. DNA 

785.0 
4100.0 

64.5 
157.0 

Infected 

C.P.M./lag. DNA 

675.0 
3340.0 

51.7 
138.0 

Decrease DNA 
specific activity of 

infected cells 

per cent 

14 
21 
20 
12 

* At time of infection isotope removed, cells washed, and maintenance mixture without 
isotope added with virus. 

:~ Determined 24 to 26 hours after infection with 3.0 to 4.5 TCDs0 of virus per cell. 
§ 200 #c. P32-inorganic phosphate per culture. 
II 2 #c. sodium formate-C 14 per culture. 
** 4 #c. sodium formate-C t4 per culture. 

tivity titrations and cell counts, and extractions carried out, followed by chemical and isotope 
content determinations. Other experiments were done exactly as described above except that 
2 or 4 #c. of Ci4-1abeled sodium formate was substituted for P=. When sodium formate-C 1. 
was used after viral infection, 4 #c. was added 21 hours after virus. 

T h e  de t e rmina t ions  of sal ine-soluble D N A  f rom represen ta t ive  exper iments  

in which  cells were pre labe led  wi th  p82 o r thophospha t e  or  C14-formate for 24 

or  48 hours  before v i ra l  infect ion are  summar i zed  in Tab le  I I .  I t  is no t ed  f rom 

these  d a t a  t h a t  no increase in specific a c t i v i t y  of sal ine-soluble D N A  occurred  

under  these  c i rcumstances .  Indeed ,  a consis tent ,  a lbei t  small,  decrease in 

specific a c t i v i t y  of D N A  f rom infec ted  cells was measured .  Th is  is in sharp  

con t ras t  to  the  resul ts  observed  when  isotope was added  21 or  23 hours  a f te r  
infect ion,  jus t  1 to 3 hours  before  t e rmina t ion  of the  exper iment  (Tab le  I I I ) ,  

unde r  which condi t ions  a mos t  impress ive  increase in p32 or  C 14 incorpora t ion  
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into saline-soluble DNA was obtained. A marked increase in specific activity 
of this DNA fraction was likewise demonstrated when isotope was added at 
the time of viral infection (these data are not presented in tabular form, as 
similar results are adequately shown in Tables I, IV, and V, and Fig. 1). 

24 hours after viral infection saline-soluble DNA was increased approxi- 
mately 100 per cent in infected cells (Fig. 1) (7). I t  should be emphasized again 
that  when cells were labeled with isotope 24 to 48 hours before infection, and 
infected in the presence of media devoid of p3~ or C 14, there was no increase in 
specific activity of saline-soluble DNA from infected cells; rather, a small but 
consistent decrease (12 to 21 per cent) in specific activity was noted. These 

TABLE III  
Incorporation of P32-1norganic Phosphate or Sodium Formate--C 14 into Saline-Soluble DNA 

from Type 4 Adenovirus-lnfected IIeLa Ceils to Which Isotope Was Added 21 or 
23 flours after Infection 

Isotope 

p320 d 
" § 

CI 4-formatell 
" [l 

Time isotope 
added after 
infection 

hy$. 

23 
23 
21 
21 

SpecLfic activity* DNA 

Uninfected 

c.P.M./Izg. DNA 

5.00 
1.55 
1.10 
0,98 

Infected 

c.p.~./#g. DNA 

35.00 
9.40 
6.75 
8.00 

Inercaso DNA 
specific activity 
of infected ceils 

per c~n.I 

6OO 
5O6 
514 
715 

* Determined 24 hours after infection with 3.0 to 4.5 TCDs0 of virus per cell, 
~; 200 #c. PS2-inorganic phosphate per culture. 
§ 100/zc. P32-inorganic phosphate per culture. 
I] 4 #c. sodium formate-C 14 per culture. 

results suggest that  the major portion of the rapidly synthesized DNA which 
accumulated in infected cells was built from isotope-labeled materials in the 
host cell and was present before viral infection. That  de novo synthesis of the 
saline-soluble DNA occurred and that  some of the building blocks of the DNA 
were obtained from unlabeled precursors derived from the medium are indi- 
cated by the consistent decrease in specific activity of DNA from infected 
cells as a result of incorporation of unlabeled precursors from the medium 
which had diluted the host cell pool. 

The addition of isotope to infected cultures during the incremental period 
of viral multiplication, 21 or 23 hours after infection (10), resulted in a marked 
increase in specific activity of saline-soluble DNA as compared to control 
cultures (Table l I I ) .  This was striking despite the presence of isotope for only 
1 or 3 hours before termination of the experiment. I t  may be concluded from 
these results that in infected cells saline-soluble DNA is being very rapidly 
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synthesized during the period in which virus is also being most rapidly propa- 

gated (10). 
Temporal Relationships of Increased Specific Activity, Accumulation of Saline- 

Soluble DNA, and Multiplication of Type 4 Adenovirus.--To estimate the 
significance of the finding that  in type 4 adenovirus-infected cells a particular 

species of D N A  was rapidly synthesized and accumulated in the cells, experi- 
ments  were carried out to investigate the temporal relationship of the synthesis 
of the saline-soluble DNA to propagation of infectious virus. 

Experiments were done exactly as described previously except that 18 or 24 cultures were 
employed so that 3 or 4 time intervals could be studied in each experiment (3 uninfected and 
3 infected cultures per period). Eight separate experiments were carried out to determine 
DNA and RNA content and P~ or C 14 incorporation into the nucleic acid fractions as well as 
the acid-soluble pool. With Pa, 200 #c. of labeled inorganic phosphate was added to each 
culture 1 hour before cells were harvested so that isotope incorporation occurred during the 
same period for all cultures, regardless of the period of total incubation. Experiments utilizing 
sodium formate-C ~* were carried out in a manner similar to those with P= orthophosphate 
except for the following modifications which were made to increase isotope incorporation: 
(a) 6 hours after viral infection monolayers were washed 2 times with Hanks's BSS and a 
maintenance mixture consisting of Eagle's basal medium (22) supplemented with 2 per cent 
calf serum was employed so that no purines and pyrimidines were present in the medium; 
and (b) 4 #c. per culture was added 6 hours after viral infection and was present throughout 
the remainder of the experimental period. 

Two separate experiments were done to determine the rate of viral multiplication, and the 
geometric mean of the 2 infectivity fitrations for each interval was calculated. Each of 20 cul- 
tures was infected with 2.6 X 10 * TCD60 of trypsin-treated virus (4 TCDs0 per cell) and 
incubated for 6 hours at 36°C. Infected fluid was removed from each culture, the cell sheet 
washed 3 times with 50 ml. Hanks's BSS containing 2 per cent chicken serum, and 10 ml. of 
fresh maintenance mixture added. At varying intervals after infection ranging from 6 to 24 
hours, cells and fluid from 2 cultures were pooled, frozen, and thawed 6 times to disrupt cells 
(10), debris removed by centrifugation, and the supernatant fluid stored at -28°C. for infec- 
tivity fitrations when all cultures had been harvested. 

The results, presented as the geometric means of the individual experiments, 
are summarized graphically in Fig. 1. In  confirmation of previous studies 
(10), the la tent  period of the multiplication cycle was 14 hours, followed by  a 
rapid incremental  phase of viral multiplication. Concomitant  with the ap- 
pearance of infectious virus, a gradual increase in saline-soluble D N A  was 
detected. I t  is striking that  approximately 4 hours before the increased DNA 
content  of infected HeLa cells could be demonstrated, a significant increase in 

the specific activity of the saline-soluble DNA from infected cells was measured. 
Incorporation of P~ or C14-formate into saline-soluble D N A  continued to 
increase rapidly during the experimental period, and at  a rate somewhat 
faster than  the accumulation of saline-soluble D N A  as measured by chemical 
techniques. 

Measurement  of an increase in specific activity of saline-soluble D N A  
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significantly earlier than  detect ion of an increased quan t i ty  of this D N A  by 
chemical means suggests tha t  the former technique is the more sensitive of the 
2 methods for determinat ion of increased synthesis of D N A  or tha t  a very  
rapid  turnover  of this I ) N A  fraction occurs. The  observation tha t  saline- 
soluble D N A  began to accumulate in adenovirus-infected cells a t  approxi-  
mate ly  the same t ime tha t  newly propagated  virus first could be detected 
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Fro. 1. Temporal relationships of type 4 adenovirus multiplication, increased content of 
saline-soluble DNA, and increased incorporation of P~-inorganic phosphate or sodium 
formate-C 14 into saline-soluble DNA of infected cells. Cells were infected with 2.7 to 4.5 
TCD~0 per cell: 200 #c. of P~ was added 1 hour before cells were harvested or 4#c. C 14 was 
added 6 hours after viral infection. Each endpoint represents the geometric mean of at least 4 
individual experiments for DNA content and isotope incorporation and 2 individual experi- 
ments for viral multiplication. The shaded area indicates the period of time between increased 
synthesis of saline-soluble DNA and detection of infectious virus. 

suggests a relationship between the synthesis of virus and this par t icular  D N A  
fraction. Tha t  synthesis of saline-soluble D N A  as measured by  p32 or C 14- 
formate incorporat ion commenced before formation of infectious virus could 
be detected, suggests tha t  this D N A  fragment may  be a precursor of virus 
and tha t  i t  may  be incorporated into the mature  viral  part icle during its final 
fabrication. I t  must  be recognized tha t  the temporal  relationship between 
synthesis of saline-soluble D N A  and infectious virus suggested by  these da ta  
could be fortuitous, but  recognition of the possible relationship merits  further  

exploration. 



H .  S. G I N S B E R G  A N D  NL K.  D I X O N  291 

Incorporation of P3LInorganic Phosphate into Ribonucleic Acid (RNA) of 
Type 4 Adenovirus-Infected HeLa Cells.--Previous studies indicated that type 
4 adenovirus infection did not affect RNA synthesis in HeLa cells to the same 
striking extent as DNA production (7). To determine whether viral infection 
might affect only a small fraction of RNA, as with certain bacteriophages 
(23), P~ incorporation into this nucleic acid was investigated. 

Experiments similar to those described previously were carried out. Cultures were infected 
with 3 to 5 TCD60 of virus, and 200/zc. Pn-inorganic phosphate was added to each culture 1 
hour before termination of the experiment. Intervals of 6 to 36 hours after viral infection were 
studied. 

TABLE IV 
Effect of Type 4 Adenovirus Infection on Content of and P82-Inorganio Phosphate Incorporation 

into Nucleic Acids of HeLa Cells 

Uninfected Infected* Increase in infected cells 

Nucleic acid 

RNA§ . . . . . . . . . . . .  
DNA . . . . . . . . . . . . .  

.. Specific 
Content activity:[: , 

e.P.~./ I Izg./lO 6 cells lag./ral. I 

4.55 43.00 ] 
2.98 3.86 [ 

Specific 
Content activity:~ 

#g./lO 6 cells ¢.P.~l./ I.tg./ml. 

6.35 59.0 
10.50 20.8 

Nucleic Specific 
acid activity 

per cent per cent 

39.6 37.2 
252.0 438.0 

* Cultures inoculated with 4.5 TCD~0 of virus per cell. 
:~ 200/zc P~z added 23 hours after viral infection and 1 hour before experiment was termi- 

nated. 
§ Expressed as ribose. 

The evidence obtained showed the specific activity of RNA from infected 
cultures to be 28 per cent greater than RNA from uninfected controls at 24 to 
36 hours after infection (geometric mean of 11 experiments). The results of a 
representative experiment in which specific activity of the RNA was deter- 
mined 24 hours after viral infection are presented in Table IV. For comparative 
purposes the data for the saline-soluble DNA are also summarized. In the 
experiment illustrated, the increase in RNA per cell and specific activity of 
RNA from infected cells as compared to controls were of the same order of 
magnitude, and were markedly less than values obtained for increase in DNA. 
I t  should be emphasized that no large increase in specific activity of RNA 
from infected cells was measured at any time from 6 to 36 hours after viral 
inoculation. These data confirm the findings previously reported, that type 4 
adenovirus infection has no marked effect upon RNA synthesis (7). 

Effect of Type 5 Adenovirus Infection on Synthesis of RNA and Saline-Soluble 
DNA in tteLa Cells.--A study of the biological and immunological character- 
istics of adenoviruses types 1 to 7 has indicated that these agents may be 
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classified into 2 subgroups (2, 3, 10, 24-27). Types 1, 2, 5, and 6 have been 
shown to be very similar in the properties studied and to comprise one sub- 
group, whereas types 3, 4, and 7 are closely related and belong to the second 
subgroup. The consistent differences in the viruses in the two subgroups 
suggested that the effect on nucleic acid synthesis by an adenovirus other than 
a type closely related to type 4 should also be studied. Type 5 adenovirus was 
selected for this purpose, and experiments similar to those already described 
in detail were carried out using P32-inorganic phosphate. 

The results of a representative experiment summarized in Table V show a 
clear-cut difference from those obtained with type 4 infection (Table IV). As 
demonstrated by these data, although the quantity of RNA per infected cell 

TABLE V 
Effect of Type 5 A denovirus Infection on Content of and 3~ "c o P - Inorgam Ph sphate Incorporation 

into Nucleic Acids of HeLa Cells 

Uninfected Infected* 

Nucleic acid 
Content 

~g./ lO* cells 

RNA§ . . . . . . . . . . . .  3.73 
DNA . . . . . . . . . . . . .  1.16 

Specific 
activity$ 

C.P,M,/ 
Izg.lmI. 

55.5 
9.9 

Specific 
Content activity~ 

pg./lO 6 ceils C.P.~./ 
pg.lml.  

5.2 136.0 
3.8 45.0 

* Cultures inoculated with 8 TCDs0 of virus per cell. 

Increase in infected cells 

Nucleic Specific 
acid activity 

per cent per cenL 
q 
i 39.4 145 

228.0 354 

:~ 200/zc. p32 was added 23 hours after viral infection and 1 hour before experiment was 
terminated. 

§ Expressed as ribose. 

increased only 39 per cent, the specific activity of RNA increased 145 per cent, 
almost 2.5-fold. In other experiments an increase in RNA per cell of 75 to 100 
per cent was occasionally seen with the increase in specific activity of the same 
order as that shown in Table V. The increase in saline-soluble DNA in type 5- 
infected HeLa cells was similar to that obtained with type 4 infection (Tables 
I, III, and IV). 

I t  is not clear at present why the marked increase in specific activity of 
RNA is associated with type 5 but not type 4 adenovirus infections. A recent 
report of studies with type 2 adenovirus (8) showed similar findings which 
present further evidence of major differences of type 4 from types 2 and 5 
adenoviruses. I t  should be noted that it is adenovirus types 1, 2, 5, and 6 which 
produce the greatest quantity of the toxin-like material associated with viral 
infection but separable from the viral particle (12-14). I t  is a possibility that 
the increased synthesis of RNA shown to be associated with types 2 and 5 
infections may be intimately related to the production of the toxin-like sub- 
stance which is largely protein in composition. 
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Incorporation of P3~-inorganic Pkospkate or Sodium Formate--O 4 into Add- 
Soluble Pool of Uninfected and Type 4 Infected Cells.--As part of the experi- 
ments previously described in which the incorporation of p82 orthophosphate 
or sodium formate--C ~4 into RNA (Table IV) and saline-soluble DNA (Table 
I I I  and Fig. 1) was determined, incorporation of these isotopes into the acid- 
soluble pool was also studied. Radioactivity of the acid-soluble pool was 
determined by direct plating of 0.1 mi. of the supernate of the mixture from 
which the nucleic acids and protein had been precipitated by trichloracetic 
acid. Samples were dried with an infrared lamp. For convenience in the C 14 
experiments, the results (Tables VI and VII) are presented as the c.P.M, per 
10 6 cells rather than as true specific activity (c.P.~. per #g. P) as in P~ experi- 

TABLE VI 
Incorporation of t~8~Inorgani¢ Phosphate and Sodium Formale-C 14 inlo the" Acid-Soluble 

Pool of Uninfected and Type 4 Adenovirus-Infected IIeLa Cells 

Isotope 

P3~04~ 
gc 

C 14.formate § 
c~ 

Specific activity 

Uninfected cells 

c.p.m./lOt ulls e.P.m/~&. P 

30,200 11,450 
24,700 7,030 
12,500 
14,400 

Infected cells* 

c.P.m./lO* ~lls c.e.m/~g. P 

38,200 11,900 
33,900 8,370 
28,000 
38,200 

Inct'easc in 
C.P.M./IOe 

infected cells 

per cent 

3 
37 

124 
165 

* Infected with 3.5 to 5.0 TCD~0 virus per cell. 
200/~c. P3~inorganic phosphate per culture added at time of viral infection. Experi- 

ment terminated 35 hours after infection. 
§ 60 #c. sodium formate-C 14 per culture added 6 hours after infection. Experiment termi- 

nated 40 hours after infection. 

ments. When P~2-inorganic phosphate was utilized, no effect of viral infection 
on incorporation of isotope could be detected. However, when sodium formate- 
C 14 was employed, the isotope content of the acid-soluble pool of infected cells 
was increased more than 2-fold. I t  is striking (Table VII) that the increased 
incorporation of C 14 into the acid-soluble pool commenced at approximately 
12 hours after viral infection, the same interval at which the specific activity 
of the saline-soluble DNA began to increase (Fig. 1). I t  should be pointed out 
that the specific activity of the acid-soluble pool, when studied with P~-in- 
organic phosphate, did not increase at any time from 6 to 35 hours after in- 
fection. 

The basis for the differences encountered with the use of P~ and C~4-formate 
is not readily apparent. I t  may be considered possible that with P~-inorganic 
phosphate the components of the acid-soluble pool are so generally labeled that 
one could not detect an increase in specific activity of a minor segment. On 
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the other hand, not only is C14-formate incorporated into molecules more 
specifically, but also the formate not incorporated into larger molecules is 
volatilized and lost during drying. Therefore, an increased incorporation into a 
minor portion of the pool could be measured with sodium formate-C 14. The 
increased incorporation of sodium formate-C 14 into the acid-soluble pool 
probably reflects incorporation of this precursor into amino acids such as 
serine and methionine as well as into nucleic acid bases, nucleosides and 
nucleotides. 

T A B L E  VII  

Time of Increased Incorporation of Sodium Formate-C 14 into the Acid-Soluble Pool of Type 4 
Adenovirus Infected HeLa Cells 

Incubation period 

]~r$. 

10 
12 
14 
16 
24 

"Specific activity"* acid-soluble pool 

Uninfected Infected$ 

c.P.m/lO~ cells§ 

10.0 
23.2 
38.7 
26.1 
58.2 

c.P.~./ I06 cells§ 

13.7 
12.3 
13.3 
11.0 
16.7 

Per cent increase 

0 
89 

191 
137 
249 

* 4 ~c. sodium formate -C  14 per culture at t ime of viral infection. 
:~ Infected with 2.8 T C Ds0  per cell. 
§ Each value is the  geometric mean  of 2 identical experiments.  

DISCUSSION 

Experimental data presented in this communication demonstrate that type 
4 adenovirus infection of HeLa cells induces an increased synthesis of DNA. 
The DNA that was synthesized preceding and accompanying viral synthesis is a 
fraction of nucleic acid which as a nucleoprotein is extracted from the infected 
cell with 0.15 ~ NaC1 (termed the saline-soluble DNA). In contrast, the bulk 
of DNA, which is considered the normal host cell DNA, as a nucleoprotein 
complex is soluble in water or 2 ~r NaC1 but not in 0.15 ~ NaC1, and is not 
increased in its synthesis during viral infection. Experiments utilizing p32_ 
inorganic phosphate or sodium formate-C 14 confirmed the evidence previously 
reported that adenovirus-infected cells contained an increased quantity of 
DNA, and that viral infection effected increased production of the unusual 
molecular species of DNA, the saline-soluble DNA (7). 

The discovery that saline-soluble DNA was the nucleic acid which accu- 
mulated in virus-infected cells implied that this DNA was synthesized de novo 

as an important stage in viral synthesis, produced concomitantly with viral 
synthesis but not directly related to it, or formed by a degradation of poly- 
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merized host-cell DNA. Two lines of evidence obtained in this investigation 
bear directly upon these possibilities: 

1. Studies in which host cell DNA was labeled before viral infection with 
either P32-inorganic phosphate or sodium formate-C 14 clearly indicate that 
saline-soluble DNA was synthesized from precursors in the medium as well as 
from materials in the cells before viral infection (Table II). 

2. The specific activity of saline-soluble DNA was greatly increased over 
that which is probably normal host-cell DNA; i.e., the water-soluble DNA, 
from uninfected or infected cells (Table I). Were the saline-soluble DNA 
derived directly from water-soluble DNA, the specific activity of both mo- 
lecular species would be similar. 

I t  may be concluded from these data that saline-soluble DNA is not formed 
merely by a breakdown of normal host-cell DNA, but rather is synthesized 
from small molecular building blocks derived from the host-cell pools and the 
nutrients of the medium. The experiments described do not distinguish between 
the hypotheses that saline-soluble DNA is synthesized as an essential step in 
viral propagation or that it occurs as a result of a non-specific stimulus. 

The finding that synthesis of saline-soluble DNA precedes the first detectable 
production of infectious virus, however, and then accompanies viral synthesis 
at a similar rate, suggests that this DNA may be a precursor of virus and is 
incorporated with other substances to produce mature viral particles. I t  should 
be noted also that increased incorporation of sodium formate-C 14 into the 
acid-soluble pool of infected cells occurs at the same time as the increased 
synthesis of saline-soluble DNA. 

The alterations in DNA synthesis described are to date unique for an animal 
virus-infected cell. However, an increased synthesis of DNA has been reported 
to occur in cells infected with herpes simplex (28), vacciuia (29), equine abor- 
tion virus (30), or pseudorabies virus (31). With T2 bacteriophage, as with 
adenoviruses, increased DNA synthesis commenced before newly synthesized 
infectious virus could be detected (32-34). The comparison of DNA synthesis 
in adenovirus-infected cells to that in E. coli infected with T2 bacteriophage 
can be carried further with the similarity in production of an excess of DNA 
which then accumulates in infected cells and may be referred to as "surplus 
DNA" (34). 

To clarify the picture completely as to the role of the saline-soluble DNA, 
it must be determined directly whether or not the DNA of the viral particle is 
identical with that which accumulates in infected cells. This approach will be 
aided by the finding that the saline-soluble DNA has a unique base composi- 
tion: neither adenine and thymine nor guanine and cytosine are paired quantita- 
tively, and guanine is markedly increased in amount (9). Experiments utilizing 
P32-inorganic phosphate, sodium formate-C ~4, or adenine-8-C 14 all clearly 
demonstrate that synthesis of guanine in the saline-soluble DNA molecule is 
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increased as compared to the other bases (35, 36). It remains to be determined 
whether the DNA of highly purified type 4 adenovirus has a base composition 
similar to that of the saline-soluble DNA. The relationships of the DNA of 
the virus and that which increased in infected cells can be tested further by 
determining whether the specific activity of the two are similar when syn- 
thesized in the presence of a radioisotope. 

Total RNA was also shown to be increased in type 4 or 5 adenovirus-infected 
cells, but the increment was not nearly so great as for the saline-soluble DNA 
(7). RNA in type 4-infected cells was only approximately 28 per cent greater 
than the amount in control HeLa ceils. RNA synthesis was increased to a 
greater extent in type 5 as well as in type 2 infection (8). It  is the type 2 and 
5 adenoviruses which have been shown to be chiefly associated with production 
of a soluble toxin (12-14), in addition to at least 2 soluble complement-fixing 
antigens and infectious virus (37, 38). The 3 newly synthesized soluble antigens 
are principally protein in nature (39). Although a similar toxin is synthesized 
in type 4--infected cells, it is found in much smaller quantities than in type 2 
or 5 virus-infected cells (38). These data suggest that the increased RNA 
synthesis is associated with the marked increase in protein manufacture in 
adenovirus-infected cells. Furthermore, there are some findings which imply 
that propagation of a DNA-containing virus is dependent upon RNA synthesis 
(40). 

One may conclude from the evidence described that adenoviruses have a 
profound effect upon the synthetic and metabolic apparatus of infected cells. 
The infected cell is stimulated to produce DNA and protein for fabrication of 
viral particles. RNA synthesis is probably increased in association with marked 
increase in viral sub-units. Not only do infected cells synthesize DNA and 
protein for formation of infectious viral particles, but the synthetic processes 
appear to manufacture specific viral precursors in great excess of that required 
for viral particles. Thus, large amounts of toxin and soluble complement-fixing 
antigens accumulate in infected cells free from viral particles. The saline-soluble 
DNA, which is postulated to be the precursor of viral DNA, also is made in 
great surplus and accumulates in nuclei of infected cells. The accumulations of 
DNA and protein form the distinctive and characteristic intranuclear inclusion 
bodies characteristic of adenovirus-infected cells (1-3). Thus, from the in- 
vestigations described emerges a picture of some of the biochemical changes 
in nucleic acid and protein synthesis which are related to viral multiplication 
and form the basis for cell injury by a viral infection. 

S ~ R Y  

Type 4 adenovirus infection of HeLa cells effected a marked increase in 
synthesis of the saline-soluble DNA fraction, but not the host-cell DNA (the 
water-soluble fraction). This was demonstrated by the marked increase in 
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specific activity of saline-soluble DNA but not water-soluble DNA when 
P~-inorganic phosphate or sodium formate-C 14 was employed. When these 
isotopes were used to label cells before viral infection rather than during the 
process of viral propagation, the saline-soluble DNA from infected cells had a 
specific activity of 10 to 20 per cent less than that of uninfected cells, indicating 
that the saline-soluble DNA was synthesized both from prelabeled precursors 
of the cell pools and unlabeled materials from the medium. Saline-soluble 
DNA began to increase between 10 to 12 hours after viral infection and 3 to 
4 hours before appearance of newly propagated infectious virus. The specific 
activity of the acid-soluble pool of infected cells also increased between 10 to 
12 hours after viral inoculation when sodium formate--C 1. was used as a radio- 
isotope. When P~-inorganic phosphate was utilized, the specific activity of 
infected-cell RNA was increased approximately the same relative amount as 
when total RNA was determined chemically; i.e., 30 to 40 per cent. With type 
5 adenovirus, not only did a 3- to 5-fold increase in saline-soluble DNA occur, 
but also an increase was measured in specific activity of RNA when p3~_ 
inorganic phosphate was used. 
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