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Biochemical Changes i n  HeLa Ce l l s  Associated with Infection by 
T y p e  2 Adenovirus.  (23592) 

HILTON B. LEVY, WALLACE P. ROWE, LEROY F. SNELLBAKER AND JANET W. HARTLEY 
c'. S .  DcpartniPnt of  Health, .V.I.H., Xat.  I i i s t .  oi .4llergy and Infectious Diseases,* Bethesda, M d .  

Infection of tissue culture cells with polio- 
myelitis virus has been shown to result in a 
rapid alteration of cellular metabolism, with 
temporary increased production of lactic acid 
and suppression of uptake of radioactive gly- 
cine( 1 ) .  In their overall effects on HeLa 
cells, adenoviruses present a marked contrast 
to the poliovirus system previously studied : 
whereas poliovirus appears to suppress cellu- 
lar metabolism with overall inhibition of acid 
production (2) ! adenoviruses stimulate acid 
production by infected HeLa cells (3.4) and 
do not interfere with the incorporation of 
vital stains for long periods after complete 
cytopathic effects ( 5 ) .  Consequently, experi- 
ments were conducted to determine some of 
the biochemical changes accompanying adeno- 
virus infection of HeLa cells. .4 high multi- 
plicity of virus to cells was employed in 
order to obtain as nearly synchronous infec- 
tion as possible. Experiments were designed 
to survey a broad area of biochemical activity. 
with more detailed observations to follow 
upon any positive observations. This report 
will deal with the effect of the time course 
of the infection on the production of lactic 
acid by HeLa cells, and on the rate of their 
uptake of P32 and g ly~ ine -2 -C~~ ,  as well as 
with the distribution of these isotopes among 
several biochemical fractions after 5 hours of 
infection. 

Materials and methods. HeLa cell cul- 
tures. HeLa cellst were grown in 2 oz. or 
32 02. prescription bottles, in a medium con- 

*Lab. of Infect. Dis. 
t Seed cultures were obtained from Microbiological 

Associates, Bethesda, Md. 

sisting of 10% human serum in Eagle's basaI 
medium (BME) (6).  In the majority of ex- 
periments, all cultures were prepared from a 
single pool of cells, the tissues were re-fed 
at  2 or 3 days, and the cultures used after 
an additional 2 days; only cultures with con- 
fluent cell sheets were used. Immediately 
before virus inoculation, the growth medium 
was removed and the cultures were rinsed 
with BME or 3 : l  Hanks-Simms solution(7, 
8 ) .  The 2 oz. bottle cultures were washed 
3 times with 5 ml, and the 32 02 .  cultures 2 
or 3 times with 20 ml. Maintenance medium 
was 5% chicken serum in Eagle's basaI 
medium, in a volume of 5 ml for the 2 02. 

bottles and 40 or 50 ml for the 32 02.  bottles. 
--ill media contained penicillin, 250 u/ml, and 
streptomycin, 250 pg/ml. Virus. The Ad. 
6 strain of adenovirus type 2,  was used 
throughout. Virus pools were prepared in 
HeLa or KB ceIl(9) cultures: 4 pools were 
used, each of which had an infectivity titer 
for HeLa cells of lo8.." TCIDSo per ml. The 
2 oz. bottle cultures received 0.2 ml, and the 
Ixge bottle cultures 1.6 ml of the und.iluted 
virus suspension. This dose of virus pro- 
duced complete cytopathogenic effects with 
beginning loss of cells into the culture medium 
within 18 to 24 hours after inoculation of 
the HeLa cell cultures. Control cultures were 
inoculated with an equal volume of medium 
from uninfected cultures of the same type as 
were used for production of the virus. Both 
virus and control inocula were clarified by 
centrifugation a t  2,000 rpm for 10 minutes. 
Radioactivity. Radioactive inorganic phos- 
phate was received from the Atomic Energy 
Commission, Oak Ridge, Tenn. Glycine-2- 
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C14 was purchased from Tracerlab, Inc., Bos- 
ton, Mass. The amino acid generally had a 
specific activity of 200 pc in about 14 mg 
of compound. Aliquots of the material to be 
counted were deposited into weighed stain- 
less steel planchets, dried, reweighed and 
counted. Where necessary, corrections were 
made for self absorption of the C14. In some 
experiments both P32 and g ly~ine-2-C~~ were 
added to the same tissue culture. In  such 
cases, the combined P32 counts and C14 counts 
of the sample were determined first and then 
the counts capable of penetrating an absorber 
of 24.2 mg/cm2 were measured. This latter 
absorber permitted about 80% of the beta 
particles from P32 to come through with 
virtually none of the beta particles from C14 
penetrating. By suitable calculation, the 
counts per minute for Pq2 and C14 were 
obtained. Lactic acid was determined by 
the method of Barker and Summerson( 10). 
NucZeic acids were determined by the 
Schneider method ( 1 1 ) using diphenylamine 
as the chromogenic agent for DNA( 12), and 
phloroglucinol( 13) for RNA. Phosphorus: 
The method of Gomori( 14) was used. Two 
basic types of experiment were performed. 
In the first type, the effect of infection of 
HeLa cells with type 2 adenovirus on the 
uptake of glycine-2-C14$, on the uptake of 
P32 and on the production of lactic acid was 
studied at  selected times after infection. In 
the second type the incorporation of the iso- 
topes into several biochemical fractions of 
infected and control cells was compared after 
5 hours of infection. Four experiments of the 
first type were performed, and 3 of the second. 
The results of all experiments were essentially 
in agreement, with the three fractionation ex- 
periments furnishing additional confirmatory 
evidence for the experiments dealing with 
isotope uptake by whole cells. One experi- 
ment of each type will be described in de- 
tail. In order to indicate the extent of varia- 
tion from one experiment to the next, data 
of another experiment, similar except for 
minor details, will also be presented. 

$ “The uptake of glycine-Z-,C14’’ in the text, means 
uptake of the radioactivity of glycine-2-C14 and not 
necessarily the uptake of the intact compound. 

Results. Effect of type 2 adenovirus on 
metabolic activities of HeLa cells during 96 
hours of infection. The medium was poured 
off from one hundred twenty 2 oz. prescrip- 
tion bottles containing a fairly heavy con- 
tinuous sheet of HeLa cells. The cells were 
washed 3 times with 2 ml of medium and then 
fed with 5 ml of maintenance medium. To 
half the flasks was added 0.2 ml of virus, 
representing about 1 0 7 a 8  TCIDso. The ratio 
of virus to cells was about 70. To the other 
flasks, which served as controls, was added 
0.2 ml of medium of the type in which the 
virus was suspended. This medium had 
served as nutrient for HeLa cells for a few 
days in order to have i t  comparable to the 
virus inoculum. The bottles were placed a t  
37OC and allowed to incubate. Groups of 
8 infected bottles and 8 control bottles were 
preselected for removal after increasing 
periods of time. Thirty minutes before a 
given group of infected and control bottles 
were scheduled to be removed, they received 
0.2 ml of a solution containing 0.1 pc of 
g l ~ c i n e - 2 - C ~ ~  and 0.1 pc of inorganic P32 in 
saline. When these bottles were taken for 
analysis, the growth medium was poured off, 
the cells were scraped into the medium with 
a rubber tipped policeman, like suspensions 
were pooled, the cells centrifuged out and 
washed 4 times with 40 ml each time of 
0.85% NaCl in the cold. The medium was 
frozen and later used for lactic acid analysis. 
The packed cells were suspended in 0.5 ml 
of saline and transferred to stainless steel 
planchets, dried for 2 hours a t  130°C, and 
weighed. The observed weight was corrected 
for the weight of NaCl arising from the saline 
to give the net weight of cells. The amount 
of radioactivity, as C14 and as P32 was deter- 
mined as described under methods, and the 
data expressed as cpm/mg dry weight of 
tissue. The data for the uptake of the radio- 
activity of glycine are summarized in Fig. 1 
and for the uptake of P32 in Fig. 2. 

Since in all cases the radioactive solutions 
were in contact with the cells only for the 
30 minute period just priorto their removal, 
what is shown in Fig. 1 and 2 is the effect 
of time of infection on the rate of uptake of 
the isotope, not on the cumulative uptake. 
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I t  will be seen that early in the infection. 
and before the time when new adenovirus is 
thought to be produced(j . l j ) ,  there was a 
definite increase in the uptake of and 
CI4. This stimulative effect of the virus 
was still manifest after 48 hours and pos- 
sibly longer. 

The effect of virus infection on the glyco- 
Iysis of the cells was determined in the fol- 
lowing way. The amount of lactic acid 
present in the Auid immediately after ad- 
dition of virus (zero time) was found b\. 
taking 8 infected and 8 control bottles at  
the time of infection and removing cells as 
described above. Lactic acid content was 
determined in these fluids. This was used 
as a blank figure to subtract from the amount 
of lactic acid found in the samples taken off 
after varying periods of infection. The net 
amount of lactic acid so calculated represents 
the amount of lactic acid accumulated in the 
fluids in the period of time subsequent to 
the initiation of the experiment. The data 
from the experiment described here as well 
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FIG.  2. Effect of type 2 adenovirus on uptake of 
radioactive inorganic phosphate by HeLa cells. 

as those of another experiment are repre- 
sented in Fig. 3, where the accumulated 
lactic acid per mg of cells is plotted against 
time after addition of the inoculum. 

An increased lactic acid accumulation was 
always found in the infected cells as com- 
pared with controls. In the experiments 
shown in Fig. 3, this rise was apparent after 
20-24 hours, but in other experiments i t  was 
seen as early as 8 hours after infection. It 
will be noted that in Exp. 3 there was a 
marked rise in lactic acid accumulation after 
24 hours of incubation, while such rise was 
not seen in Exp. 1 .  Since the glucose of the 
original medium is probably used up by 24- 
36 hours, one possible interpretation of the 
difference between the two experiments is 
that the cells used in Exp. 3 had the capacity 
to produce lactic acid from some other sub- 
strate. while those of Exp. 1 either did not 
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containing 5% chick serum were then added. 
To half of the bottles were added 1.6 ml of 
virus and to the other half 1.6 ml of used 
growth medium similar in composition to that 
of virus inoculum. The virus/cell ratio was 
about 50. The bottles were placed a t  37°C 
for 4 5  hours, a t  which time half of the in- 
fected and half the control bottles received 
2 pc of g ly~ine-2-C~~ and the other half re- 
ceived 8 pc of P2. The 20 Blake bottles 
were thus divided as follows: 5-infected cells + P32; S-control cells + P2; 5-infected 
cells + gly~ine-2-C~~;  S-control cells + gly- 
~ i n e - 2 - C ~ ~ .  At the end of an additional 30 min- 
utes the fluid was poured off and the cells were 
scraped into 20 ml of 0.85% NaCl. Com- 
parable cells were combined and centrifuged 
lightly in the cold. The cells were washed 
by centrifugation 3 additional times with 40 
ml each time of cold 0.85% NaCl. The 
packed cells were made up in 0.85% NaCl 
to 10 ml, 1 ml was plated into weighed stain- 
less steel planchets, while another 1 ml was 
taken off and stored in a freezer for the 
determination of total phosphorus. To the 
remaining 8 ml of cells was added 0.8 ml 
of 100% trichloracetic acid solution, and the 
flasks were allowed to stay overnight in the 
refrigerator. This and subsequent treatment 
of the cells is described qualitatively in the 

accompanying flow sheet, along with the 
analyses performed on the indicated fraction. 

The data from 2 experiments are sum- 
marized in Tables I, I1 and 111. In  Table I 
are given the data relevant to phosphorus 
quantitation and to P32 uptake; in Table I1 
those relevant to uptake of the radioactivity 
of g ly~ine-2-C~~;  in Table 111, the individual 
and averaged values of RNA and DNA con- 
cent ra tion. 

In all 3 experiments, uptake of P32 into 
all fractions (with the occasional exception 
of lipid) was stimulated by the virus. On 
the other hand, the stimulatory effect of virus 
on the uptake of g l ~ c i n e - 2 - C ~ ~  by the cells 
was actually a reflection of the increased 
radioactivity in the acid soluble fraction, and 
the other 3 fractions were affected not at all 
or inhibited slightly. No reproducible effect 
of the virus on the concentration of P in any 
of the fractions was found, nor was any effect 
found on the concentration of RNA and DNA 
as determined by colorimetric methods for 
their specific sugars. 

Discussion. The appearance of metabolic 
changes within 2 to 4 hours after inoculation 
is somewhat surprising in view of the re- 
portedly slow rate of absorption of adeno- 
virus and the 19 to 2 1  hour latent period 
before increase in intracellular virus (5,15). 

Washed cells : aliquots for  radioactivity, total phosphorus, and dry weight 

Remainder made to 10% TCA and homogenized in Teflon homogenizer 

I 
.1 

--I 
I 
.1 

+ Cold TCA extract: aliquots for radioactivity 

1 
I 

Residue-Washed with cold 10% TCA 

aiid total phosphorus 

Residue-Ex t rac ted successively with al- 
cohol, hot alcohol-ether ( 3  : l), and 
ether. 

+ Supernatant = Lipid fraction: aliquots for i radioactivity, total phosphorus 
.1 

Residue-Extracted with hot 5v0 TCA 
aiicl washed with 5 %  TCA. 

+ Supernatant - Nucleic acid fraction: ali- 
quots for RNA determination, DNA cle- 
termination, radioactivity, total phos- I ph o rii s 

Residue x Protein fraction: dissolved in 
1 1  XAOH-aliquots for radioactivity 
niicl total phosphorus. 
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TABLE I.  Effect of Type 2 Adenovirus on Phosphorus Uptake by Fractions from HeLa Cells 
after 5 Hours of Infection. 

Ratio 
Inf. 

c y w m g  Cont. d v m g  cpm/mg p 
Fraction Exp. IV V I V  v I V  v I V  V 

Whole cells Infected 
Control 

Cold TCA Infcctcd 
Control 

Lipid Infected 
Coiit rol 

Sucleic acid Infcctcd 
Control 

Residue Infected 
Control 

545 1114 15.9 17.0 34,270 

461 708 14.4 17.6 32,010 

320 '710 3.6 3.1 88,880 

273 451 3.1 3.2 88,060 

5.2 12.7 2.7 3.6 1,962 

5.2 9.; 2.9 3.5 1,793 

8ti i-4 5.2 6.9 16,538 

ti8 44 5.9 5.3 11,525 

25.1 38 6.6 .Y 3,803 

14.1 20 5.0 .7 2,802 

1 . J H  1.57 

1.17 1 .5 i  

1.m 1.30 

1 . 3 ;  1.m 

1,;x 1.90 

65,500 

40,200 

22,900 

14,090 

3,520 

2,770 

10,700 

8,300 

42,200 

28,500 

However, since large doses of adenovirus com- 
parable to those used in the present study 
can produce specific cytopathic effects within 
2 to 4 hours after inoculation( 16), it is ap- 
parent that adenoviruses can produce pro- 
found effects long before the appearance of 
infectious virus. That the observed meta- 

TARTX 11. Effect of Tylw 2 Adcnorirus 011 Up- 
take of (;1yciiw-2-C1' by Fractions from IIeIla 

Cklls after 5 IIours of Infection. 

,--ExP. IV- ~ E X P .  V y  
Ratio Rati o 

cpn1 h f .  CPlll Inf. 
I.' r;ic t i o i i  n1g C'Ollt. 1ng COllt. 

- - - -  

\YI io l t>  ccill\ J i i f . '  130..5 227 
c 93.0 142 

Cold TCA Iiif. 18.0 40 

(2 10.5 24 

I .4u 1.60 

1.il 1.67 

T-;i)i 1 I 1 n f .  8.6 10 
1 .OCi .9 

(' 8.1 I 1  

S i : c . l t 4 c .  :ic.i(l Lnf. 4 . i  3. Cj 

c 5.9 4.1 
.hU .81 

Residuc Inf. 54.0 82 
c 51.2 97 

1.05 .84 

* Inf. Infected: C Y Control. 

TABLE 111. Effect of Type 2 Atlonovirus Infcc- 
tion on Nucleic Acid Concentration of IIeLa Cells ; 
3 Experiments. Figures expressed as 7i, of dry wt. 

RNA,cr/o Arg,OJc T)XA,% Avg,% 

Infected 6.1,4.7, 5.2 5.3 3.9, 3.7,4.5 4.0 
Control 5.5,4.7,5.9 5.3 3.5,3.5,4.8 3.9 

bolic changes were not simply the result of 
permeability changes is indicated by the 
markedly different patterns observed with 
phosphorus and glycine. 

A difficulty in relating the observed results 
to the growth cycle of the virus is the prob- 
lem of obtaining synchronous infection of 
most of the cells in the culture. Although a 
high multiplicity of virus to cells was used, 
results of studies by other workers indicate 
that synchronous infection probably was not 
obtained; thus, Harford et aZ.( 17), using the 
electron microscope, found virus particles in 
only 5 to 20% of HeLa cells infected with 
adenovirus. Droz and Chany,Q using auto- 
radiographic technics, observed increased iso- 
tope uptake in only a small proportion of 
HeLa cells infected with a large dose of 
adenovirus. If only a small proportion of 
cells are affected metabolically, the degree 
of metabolic change is all the more striking, 
since the data obtained here show the net 
effect on the culture as a whole. It should 
be emphasized that the biochemical fractiona- 
tions were performed only at  5 hours; i t  is 
quite possible that a different pattern would 
have been observed at  a later time when in- 
fectious virus is being liberated. 

The observed metabolic effects possibly 
could be associated with the early cytopathic 
changes seen when large doses of adenovirus 
are used, and both might, in turn, be attribu- 

0 Personal communication. 
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table to the presence in the fluids of soluble 
antigens or other byproducts of virus multi- 
plication. However, 3 preliminary pieces of 
evidence suggest that the early metabolic 
effects are the result of infection. First, 
stimulation of uptake of P3* was prevented 
by antiserum to type 2 adenovirus and not 
by normal rabbit serum. Second, a prepara- 
tion of type 2 adenovirus whose infectivity 
had been destroyed by a combination of ultra- 
violet light irradiation and heating, but which 
still produced the early cytopathic changes, 
did not cause metabolic stimulation, whereas 
the untreated preparation produced the usual 
increase in turnover in the same test. Third, 
experiments w.ith type 2 adenovirus in 
monkey kidney tissue culture, in which early 
cytopathic changes are not produced, gave 
metabolic results similar to those obtained in 
HeLa cells. 

Some points of similarity and some points 
of difference might be pointed out in com- 
pariny the effects reported here with those 
found with type 3 poliovirus in monkey 
kidney tissue culture( 1 ) .  In the latter sys- 
tem, an increased lactic acid production was 
manifest in the infected cultures within 1-2 
hours after addition of the virus, which 
phenomenon was not seen with the adeno- 
virus-HeLa cells until 8-24 hours. One 
might be inclined to associate this difference 
with the slower rate of absorption of adeno- 
virus (5,18), but the effects of adenovirus on 
uptake of radiophosphate and radioglycine 
were seen within 2-3 hours. 

Insofar as the uptake of radioglycine in 
the 2 virus-cell systems is concerned, some 
marked differences were noted. In the polio- 
kidney system, the uptake of radioglycine 
was strongly inhibited in all the fractions, 
and, consequently, in the whole cells. With 
the adenovirus-HeLa system, the uptake of 
radioglycine by the whole cells was stimu- 
lated, but this effect was restricted to the acid 
soluble subfraction, with the other fractions 
showing no effect or a slight inhibition. Ex- 
periments in these laboratories to determine 
the effects of poliovirus on the uptake of P2 
by monkey kidney tissue culture cells have 
not given reproducible results, so no com- 
parison can be made with such effects in 

the adenovirus-HeLa system. Preliminary 
experiments with poliovirus in HeLa cells 
suggest that its behavior there is similar to 
its behavior in kidney cells." 

This group of experiments was designed 
to survey a broad area of metabolic activities 
to see if any effects of adenovirus could be 
found. Currently, investigations are under 
way to examine in more detail those effects 
that have been noted. 

Infection of HeLa cel,ls with 
a large inoculum of adenovirus type 2 pro- 
duced a rapid and prolonged stimulation of 
cellular uptake of the radioactivity of inor- 
ganic Pq2 and glycine-2-C14, with no change 
in concentration of P, RNA, or DNA. In 
fractions taken 5 hours after inoculation, the 
increased rate of p32 uptake was observed 
in each of the biochemical fractions tested, 
minimally in lipid. Glycine uptake was in- 
creased only in the acid-soluble fraction. In 
contrast to the early alteration of radio- 
isotope uptake, increased production of lactic 
acid was not observed until 8 to 24 hours 
after infection. 

Summary. 

7 Unpublished data. 
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Incorporation of C1' of Acetate-l-CI4 and P y r ~ v a t e - 2 - C ~ ~  into Brain 
Cholesterol in the Intact Rat. (23593) 

P. J.  M C ~ I I L L A N ,  G. \V. DOUGLAS AND R. A. MORTENSEN (Introduced by V. C. Bohr) 
Dapnrtweiit o f  RiochPnlistr-v, School o f  JlcdicinP, C O ~ ~ P R P  o f  Medical Evangdis ts ,  Lorna Linda, Cal. 

Srere et al.( 1)  found that slices prepared 
from newborn rat brain were able to convert 
acetate to cholesterol. With slices from 
adult animals, however. no formation of cho- 
lesterol from acetate could be detected. I n  
the present work. the incorporation of labeled 
acetate and pyruvate into brain cholesterol 
was studied in the intact rat by injecting 
the labeled compounds into the cisterna 
magna. Cnder these conditions. appreciable 
incorporation of both acetate and pyruvate 
was observed in rats up to 1 year of age. 

Mrthods. Nale Sprague-Dawley rats were 
injected with sodium acetate-l-CI4 (Tracer- 
lab) and sodium acetate-l-C14 (Xuclear In- 
strument and Chemical Corp.) in isotonic 
saline by a technic previously described ( 2  ) . 
Both compounds had a specific activity of 
1 mc per millimole. Lynless otherwise in- 
dicated, all injections were made under 
Sembutal anesthesia. A stock laboratory 
diet was provided ad libitum throughout the 
experiments. At stated intervals after injec- 
tion. the animals were killed by decapitation. 
The brains were removed and saponified in 
alcoholic KOH for 4 hours. The saponifiable 
and unsaponifiable fractions were separated 
by extracting the mixture with petroleum 
ether, evaporating the extract to dryness. and 
then extracting the residue with hot ethanol. 
the procedure being similar to that described 
by \'an Bruggen ct d ( 3 ) .  Each ethanol 
extract was made to a volume of 25  ml, and 
aliquots were used for the determination and 
isolation of cholesterol. The cholesterol was 
precipitated from the ethanol extract as the 
dibromide, regenerated by debromination 

with zinc dust, and recrystallized from cold 
methanol, as described by Schwenk and 
Werthessen (4 ) .  Suspensions of the purified 
product in a 4 : l  methanol-water mixture 
were then deposited for counting on 5 sq. cm 
aluminum disks by centrifuging the suspen- 
sions in a special plating assembly(5). Or- 
dinarily a deposit of about 5 to 10 mg was 
obtained. Some loss occurred in the plating 
process. owing to the small but appreciable 
solubility of cholesterol in the methanol- 
water mixture and to the tendency of some 
of the solid to cling to the surface of the 
supernatant fluid. The actual amount of 
cholesterol plated was determined in each 
case by weighing. All determinations of 
radioactivity were carried out in a window- 
less gas flow counter. Corrections for the 
self-absorption of cholesterol were made ac- 
cording to the data for wax(6). The cho- 
lesterol content of the ethanol extracts was 
found by the method of Sperry and Webb( 7 ) .  
Nost of the results are expressed as the % 
incorporation of C14 into cholesterol, calcu- 
lated as the total activity of the cholesterol 
found in the ethanol extract divided by 1% 
of the administered activity. Since some de- 
gradation of brain cholesterol is known to 
occur during saponification(8), the % in- 
corporation figures thus obtained must be 
somewhat lower than the actual values. 

Results. Comparison of intracisternal and 
intraperitoneal injections of acetate-1-C'" 
After preliminary experiments had indicated 
that adult brain cholesterol could be labeled 
in vivo with acetate-l-C14, an experiment 
was performed in which different routes of 


