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2’5’01igo( A) Polymerase Activity and Inhibition of Viral RNA 
Synthesis in Interferon-Treated HeLa Cells? 
Corrado Baglioni,* Patricia A. Maroney, and Deborah K. West 

ABSTRACT: A quantitative assay for 2’5’oligo(A) polymerase, 
based on the adsorption of cell extract to poly(I).poly(C)- 
agarose and incubation with [’HIATP, has been developed. 
The [3H]2’5’oligo(A) synthesized is resolved from ATP by 
chromatography on DEAE-cellulose. The 2’5’oligo(A) po- 
lymerase activity has been measured in extracts of control 
HeLa cells and cells incubated with different concentrations 
of human fibroblast interferon or for different lengths of time 
with 100 units/mL of interferon. An increased enzymatic 
activity can be detected in cells treated with 12.5 units/mL 
or higher concentrations for 17 h and in cells treated with 100 
units/mL longer than 3 h. The synthesis of encephalomyo- 
carditis virus (EMC) RNA is inhibited in these cells in parallel 
with the increase in polymerase activity. Treatment of HeLa 
cells with interferon followed 2 h later by actinomycin D 
prevents the increase in 2’5’oligo(A) polymerase and the 
inhibition of viral RNA synthesis. After 4-h treatment with 
interferon, actinomycin D does not show this effect, whereas 

H o v a n e s s i a n  et al. (1977) have recently reported that, when 
double-stranded RNA (dsRNA)’ is added to extracts of 
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cycloheximide prevents the increase in polymerase activity. 
Active RNA synthesis 2 h after the start of interferon 
treatment and active protein synthesis 4 h afterward is nec- 
essary for the increase in 2’5’oligo(A) polymerase activity. 
Another enzymatic activity, previously reported to be increased 
in interferon-treated cells, is a double-stranded RNA activated 
protein kinase, which phosphorylates two polypeptides as- 
sociated with ribosomes. Assays of this protein kinase have 
shown an increase in activity in cells treated with 12.5 un- 
its/mL or higher interferon concentrations. However, the 
increase in kinase activity can only be detected in cells treated 
for at least 10 h. In particular, HeLa cells treated for 7 h with 
100 units/mL of interferon do not show increased protein 
kinase activity; upon such treatment, EMC RNA synthesis 
is already significantly inhibited. Therefore, an increased 
protein kinase activity may not be required for an inhibition 
of EMC RNA synthesis. 

interferon-treated L cells, an enzymatic activity forms an 
inhibitor of protein synthesis from ATP. The inhibitor has 
been characterized by Kerr & Brown (1978) as pppA- 
(2’p5’A)1-42’p5’AoH or 2’5’oligo(A). Cell extracts adsorbed 

’ Abbreviations used: ds, double stranded; pfu, plaque-forming units. 
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We have measured 2’5’oligo(A) polymerase activity and 
synthesis of viral RNA in HeLa cells exposed to different doses 
of interferon or at  different times after exposure to a standard 
dose. An increase in 2’5’oligo(A) polymerase activity has been 
demonstrated after an initial 3-h lag. This increase is strikingly 
correlated with an inhibition of encephalomyocarditis virus 
(EMC) RNA synthesis. Treatment of the cells with acti- 
nomycin D prevents the increase in 2’5’oligo(A) polymerase 
activity and the inhibition of viral RNA synthesis. The activity 
of the ribosome-bound dsRNA-activated protein kinase has 
also been determined under the same experimental conditions. 
The increase in this protein kinase activity is delayed relative 
to that of 2’5’oligo(A) polymerase but is elicited by the same 
interferon concentrations which are effective in inducing the 
polymerase. However, the increase in protein kinase activity 
follows by several hours the inhibition of viral RNA synthesis, 
suggesting that an increased protein kinase activity may not 
be necessary for this inhibition. 

to poly( I).poly(C)-agarose have been shown to polymerize 
ATP into 2’5’oligo(A), with the predominant product being 
the trinucleotide (Kerr & Brown, 1978). We  designate the 
corresponding enzymatic activity to 2’5’oligo(A) polymerase. 
Its presence in other cell types has been shown by Ball & 
White ( 1  978) in interferon-treated chick embryo cells, by 
Hovanessian & Kerr (1978) in rabbit reticulocytes, and by 
Baglioni et al. (1978) in interferon-treated and untreated HeLa 
cells. The picture emerging from these studies is that 
2’5’oligo(A) polymerase is present at some basal level in cells 
not treated with interferon and also in cells not susceptible to 
the antiviral effect of interferon-like reticulocytes. However, 
a greatly increased 2’5’oligo(A) polymerase activity is found 
in interferon-treated cells. 

The 2’.5’oligo(A) inhibits protein synthesis. Kerr & Brown 
(1978) first suggested that 2’5’oligo(A) may not be directly 
inhibitory for protein synthesis but that it may regulate an 
inhibitory event. This was subsequently shown by Clemens 
& Williams ( 1  978), who demonstrated that 2’5’oligo(A) 
activates a nuclease, which prevents mRNA from being 
utilized for protein synthesis. Similar conclusions were reached 
by Baglioni et al. (1978). The nuclease activated by 
2’5’oligo(A) is present in extracts of interferon-treated and 
control cells. It is an endoribonuclease since it cleaves mRNA 
bound to ribosomes which are blocked by inhibitors of ri- 
bosome movement (Clemens & Williams, 1978: Baglioni et 
al., 1978) and does not cleave DNA (Nilsen and Baglioni, 
unpublished observations). 

Relatively little is known about the substrate specificity of 
the nuclease activated by 2’5’oligo(A). Baglioni et al. (1978) 
reported that both cellular and viral mRNAs are cleaved by 
this enzyme and that free and polysome-bound mRNAs are 
cleaved equally well. Clemens & Williams ( 1  978) found that 
globin mRNA was cleaved by the 2’5’oligo(A)-activated 
nuclease. However, Ratner et al. (1977) had previously re- 
ported that a nuclease activated by dsRNA and ATP- 
presumably the same enzyme-cleaves different mRNAs at  
different rates. Whether the nuclease attacks viral templates 
in interferon-treated virus-infected cells and participates in 
the inhibition of virus replication in this way has not yet been 
est a blis hed. 

A protein kinase activity is also activated by dsRNA and 
ATP in extracts of interferon-treated L cells (Lebleu et al., 
1976; Roberts et al., 1976; Zilberstein et al., 1976). A similar 
protein kinase activity is also present in rabbit reticulocytes 
(Farrell et al., 1977) and in HeLa and L cells not treated with 
interferon (Lenz & Baglioni, 1978). The dsRNA-activated 
protein kinase may therefore be present at  a basal level in these 
cells, but its activity is increased several-fold by treatment with 
interferon. The dsRNA-activated protein kinase is associated 
with ribosomes and phosphorylates two polypeptides, one of 
M ,  about 38000 and the other of M ,  70000 to 80000 in 
different cells (Farrell et al., 1977; Shaila et al., 1977; Lenz 
& Baglioni, 1978). The smaller polypeptide has been identified 
with a subunit of the initiation factor eIF-2; phosphorylation 
of this polypepetide leads to loss of Met-tRNAf binding to 40s 
ribosomal subunits and to inhibition of protein synthesis 
(Farrell et al., 1977). This observation explains why initiation 
of protein synthesis is markedly inhibited by dsRNA in extracts 
prepared from interferon-treated cells (Cooper & Farrell, 
1977). However, the role of the dsRNA-activated protein 
kinase in the inhibition of virus replication and its relationship, 
if any, to the Z’S’oligo(A) polymerase and the endonuclease 
are not yet understood. 

Experimental Procedures 

Cell Growth, Treatment, and Preparation of Cell Extracts. 
HeLa cells were grown in suspension cultures in minimum 
Eagle’s medium with 5% horse serum. The cells were treated 
with human fibroblast interferon (3 X lo5 N I H  units/mg; 
obtained from the Interferon Working Group of the National 
Cancer Institute. NIH)  while in logarithmic growth a t  a 
density of about 3 X I O5 cells/mL. The cells were harvested 
by centrifugation and washed with spinner salts for the 
preparation of cell extracts as described by Weber et al. (1975). 
One volume of packed cells was resuspended in 2 vol of 
homogenization buffer in this procedure. This resulted in a 
rather uniform concentration of cellular components, as de- 
termined by measurements of protein concentration and 
of the cell extracts. 

2!7’Oligo(A) Pol13merase Assay. The assay is a modification 
of the method used by Hovanessian et al. ( 1  977) to prepare 
2’5’oligo(A). Poly( 1)-poly(C)-agarose was purchased from 
P-L Biochemicals or prepared according to the procedure of 
Wagner et al. (1971). by covalently binding poly(1) to 
cyanogen bromide activated Sepharose 4B and then annealing 
poly(C). Poly(I).poly(C)-agarose (0.25 mL) was dispensed 
in  a 0.5-cm diameter column and washed with I O  mL of 1 M 
KCl and 10 mL of 0.1 M KOAc, 5 mM Mg(OAc),, 2 mM 
dithiothreitol, 20% glycerol, and 20 mM Hepes-KOH, pH 7.4 
(buffer K). Cell extract (20--75 pL) was diluted with 0.2 mL 
of buffer K and passed through the column, which was then 
washed with 10 mL of buffer K. Three I-mL aliquots of 1 
mM ATP in buffer K were then passed through the column, 
followed by three 0.1-mL aliquots of the same solution 
containing 2 pCi/mL of [3H]ATP. This solution was allowed 
to pass through the column until no liquid was left above the 
top of the agarose. The column was then sealed at the bottom 
and incubated in a water bath at  30 O C .  The column was 
eluted with two 0.5-mL aliquots of buffer K. The columns 
can be reused a few times by washing with 10 mL of water, 
I O  mL of 0.5% sodium dodecyl sulfate in 1 M LiCI, 10 mL 
of water, and again with 1 M KCl and buffer K.  

The column eluate is applied to a 0.5-cm column containing 
1 cm3 of swollen DEAE-cellulose equilibrated with 90 m M  
KCI. 20 m M  Hepes-KOH, pH 7.4. The column is washed 
with 25 mL of this solution and then eluted with 2 mL of 0.35 
M KCI, 20 mM Hepes-KOH, pH 7.4. Calibration of this 
chromatographic procedure with AMP, ADP, and ATP 
showed these nucleotides to be eluted in this order from 
DEAE-cellulose with the first 25 mL of eluant. It was verified 
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FIGURE 1: Assay for 2’5’oligo(A) polymerase with extracts of control 
and interferon-treated cells. The preparation of cell extracts is 
described under Experimental Procedures. Twenty microliters of 
extract from control cells (0)  or from cells treated with 100 units/mL 
of human fibroblast interferon (X) was a plied to a column of 

as described under Experimental Procedures. Panel A shows the time 
course of 2’5’oligo(A) synthesis. The [”]ATP was incubated with 
column-bound 2’5’oligo(A) polymerase for the times indicated and 
[’HI 2’5’oligo(A) measured by chromatography on DEAE-cellulose. 
Panel B shows the relationship between amount of extract from 
interferon-treated cells applied to the poly(I).poly(C)-agarose columns 
and amount of [3H]2’5’oligo(A) synthesized in a 17-h incubation. To 
each column was applied 20 pL of cell extract containing either control 
cell extract only or increasing amounts of extract from interferon- 
treated cells. The abscissa indicates the microliters of interferon-treated 
cell extract used for each determination. The conditions of incubation 
were the same as for panel A. 

that no 2’5’oligo(A) eluted from DEAE-cellulose with 90 mM 
KCl buffer by analyzing this fraction on DEAE-cellulose in 
the presence of 7 M urea as described by Kerr & Brown 
(1978) and Ball & White (1978). Rechromatography of the 
material eluted with 0.35 M KCl showed that it was com- 
pletely retained on the column during the elution with the first 
25 mL of 90 m M  KCl and again quantitatively eluted when 
the KCl concentration was raised to 0.35 M.  

Encephalomyocarditis Virus RNA Synthesis. A large stock 
of EMC virus was prepared in mouse ascites cells as previously 
described (Shafritz et al., 1976). This stock of EMC virus 
containing about lo9 pfu/mL was used for all the experiments. 
EMC RNA synthesis was assayed in HeLa cells by measuring 
RNA-dependent R N A  synthesis (Baltimore, 1969). The cells 
were collected by centrifugation and washed once with MEM 
minus serum and resuspended a t  4.4 X lo6 cells/mL in the 
same medium with additional 2 mM glutamine. The pH was 
adjusted by incubation in 5% COz, and 0.13 mL of the virus 
stock was added to 1 m L  of cells for 30 min a t  room tem- 
perature; 1.1 mL of minimum Eagle’s medium containing 10% 
fetal calf serum and 2 m M  glutamine were then added and 
the cultures were incubated a t  37 O C .  Duplicate 0.2-mL 
aliquots were taken a t  the indicated times from the infected 
cultures, and 0.8 mL of minimum Eagle’s medium containing 
5% fetal calf serum and enough actinomycin D to have a final 
concentration of 5 Mg/mL were added. After 10 min, 0.1 mL 
of the same medium containing 10 pCi of [3H]uridine was 
added and the incubation continued for 30 min. The incu- 
bation was stopped by the addition of 10 mL of cold spinner 
salts, and the cells were collected by centrifugation. The pellet 
was resuspended in 0.5 mL of 0.5% sodium dodecyl sulfate 
and precipitated with 0.5 mL of 20% trichloroacetic acid onto 
glass fiber filters for counting. 

Double-Stranded RNA-Dependent Protein Kinase Assay. 
Ribosomes were prepared from HeLa cell extracts and in- 
cubated with 0.5 pg/mL poly(I).poly(C) and [-p3*P]ATP as 
previously described by Lenz & Baglioni (1978). Samples 
were fractionated on 8.5-cm polyacrylamide slab gels which 
were made with 1oOh acrylamide and 0.1% bisacrylamide and 

poly(I).poly(C)-agarose and incubated with [ P HIATP (200000 cpm) 

Units/mt Hours 

FIGURE 2: 2’5’01igo(A) polymerase activity and inhibition of en- 
cephalomyocarditis virus R N A  synthesis in interferon-treated HeLa 
cells. (A) Effect of treatment with increasing interferon concentrations 
and (B) effect of the time of treatment with interferon on 2’5’oligo(A) 
polymerase activity (X) and on EMC virus RNA synthesis (0). TWO 
hundred milliliters of cells was treated with the indicated interferon 
concentration for 17 h or for the indicated time with 100 units/mL 
of interferon. A IO-mL aliquot was infected with EMC virus and 
viral RNA synthesis assayed after 5 h, while the rest of the culture 
was used for the preparation of cell extract as described under 
Experimental Procedures. Cell extracts (40 pL) were applied to 
poly(I).poly(C)-agarose columns and incubated for 17 h with 
[3H]ATP as described in Figure 1. The cpm of [3H]2’5’oligo(A) 
synthesized are indicated. EMC R N A  synthesis was assayed (A) 
by infecting the cells at the end of the 17-h treatment with interferon 
and (B) by infecting an aliquot of the cells 5 h prior to harvesting 
the rest of the culture. EMC RNA synthesis is expressed as cpm 
incorporated by 0.2 mL of cell culture in a 30-min incubation (see 
Experimental Procedures); the incorporation in 0.2 mL of a cell culture 
treated in the same way but uninfected was 1600 cpm. 

run and autoradiographed as described by Lenz & Baglioni 
(1978). 

Results 

The procedure devised by Hovanessian et al. (1977) to 
synthesize 2’5’oligo(A) on poly(I).poly(C)-agarose has been 
adapted to a quantitative assay for 2’5’oligo(A) polymerase 
(see Experimental Procedures). Figure 1A shows that, upon 
addition of [3H]ATP to columns containing polymerase ad- 
sorbed from extracts of interferon-treated HeLa cells, 
2’5’oligo(A) is synthesized for a t  least 8 h. Upon a 17-h 
incubation, an approximately equal amount of 2’5’oligo(A) 
is recovered as upon an 8-h incubation. The efficiency of 
conversion of ATP into 2’5’oligo(A) is extremely high; Figure 
1A shows that about 15% of the input radioactivity is recovered 
as 2’5’oligo(A). This 2’5’oligo(A) behaved identically with 
oligonucleotides synthesized with interferon-treated L cell or 
chicken fibroblast extracts when analyzed according to Kerr 
& Brown (1978) and Ball & White (1978) by chromatography 
before and after digestion with nucleolytic enzymes (Minks 
et al., 1979). 

Figure 1A shows that a column containing control cell 
extract synthesizes a very small amount of 2’5’oligo(A), in this 
experiment about 1/40 of the amount synthesized with in- 
terferon-treated cell extract. However, the presence of control 
cell extract does not interfere with the synthesis of 2’5’oligo(A). 
Figure 1B shows that, when mixtures of control and inter- 
feron-treated cell extract are applied to poly(I).poly(C)- 
agarose, the synthesis of 2’5’oligo(A) is directly proportional 
to the microliters of interferon-treated cell extract used. This 
observation allowed us to measure 2’5’oligo(A) polymerase 
when this activity progressively increased upon treatment with 
graduated interferon concentrations or with the time of ex- 
posure of cell cultures to interferon. 

Figure 2A shows that treatment of HeLa cells with con- 
centrations of interferon higher than 6.25 units/mL causes a 
progressive increase of the activity of 2’5’oligo(A) polymerase. 
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Table I :  Effect of Actinomycin D and Cycloheximide on the Induction of 2‘5’0ligo(A) Polymerase Activity and on the Synthesis of EMC 
Virus RNA in Cells Treated with Interferonu 

EMC RNA synthesis (cprn) 
2’ 5 ’ oligo(A) 
synthesized % 

I none 16780 54030 38640 31 
Act. D after 2 h 3550 45 820 39410 5 
Act. D after 4 h 13 880 57 950 39410 32 
cycloheximide after 4 h 3810 

2 none 21520 5 6 7 9 0  27 230 52 
Act. D after 2 h 5 060 26 660 21810 18 
Act. D after 4 h 14600 37 635 16720 56 

expt cell treatment (cpm) -interferon +interferon inhibition 

In experiment 1, the cells were treated for 7 h and in experiment 2 for 8 h with 100 units/mL of interferon. Cell extracts were prepared 
and assayed for 2’5’oligo(A) polymerase activity as described in Figure 1. Aliquots of these cells and of cells not treated with interferon but 
incubated under the same conditions with 5 Ng/mL of actinomycin D were tested for EMC virus RNA synthesis as described under Experi- 
mental Procedures. The cpm of [’H]2’5’oligo(A) eluted with 0.35 M KC1 are reported. The [’Hluridine incorporated in a 30-min incuba- 
tion 5 h after EMC virus infection is also indicated. An extract from cells not treated with interferon synthesized 2020 cpm of 2’5‘oligo(A). 

This increase seems to be directly proportional to the interferon 
concentration between 6.25 and 25 units/mL, whereas it 
becomes relatively smaller with higher concentrations of 
interferon. Treatment with 3 units/mL or lower concentrations 
of interferon has no effect on 2’5’oligo(A) polymerase activity 
or on viral RNA synthesis (data not shown). Figure 2B shows 
the time course of the increase of 2’5’oligo(A) polymerase 
activity upon cell treatment with 100 units/mL of interferon. 
N o  increase was detected up to 3 h. Afterward, a rapid 
increase was observed, which was followed up to 17 h. 

The increase in 2’5’oligo(A) polymerase activity was cor- 
related with an inhibition of viral R N A  synthesis in inter- 
feron-treated cells infected with EMC virus. Figure 2A shows 
that EMC R N A  synthesis was not inhibited in cells exposed 
to interferon concentrations which did not result in increased 
2’5’oligo(A) polymerase activity. As the polymerase activity 
increased upon treatment with higher interferon concentra- 
tions, viral R N A  synthesis was inhibited. Similarly, in the 
experiments shown in Figure 2B, as the polymerase activity 
increased with the duration of interferon treatment, viral RNA 
synthesis was inhibited. For a few hours after addition of 
interferon, the synthesis of EMC RNA was not impaired. 
After about 10 h of treatment with interferon, viral RNA 
synthesis was almost completely inhibited. 

In these experiments, EMC RNA synthesis was measured 
by a 30-min pulse with [)H]uridine in the presence of acti- 
nomycin D at  5 pg/mL. This assay of RNA-dependent viral 
RNA synthesis offered several advantages. The main one was 
that the assay could be carried out within a few hours of virus 
infection. It is relevant to point out that, in cells treated with 
40 units/mL or higher interferon concentrations and infected 
with E M C  virus, the time course of viral R N A  synthesis is 
not appreciably changed (Figure 3 and data not shown). This 
allowed us to measure viral RNA synthesis 5 h after infection 
in both control and interferon-treated cells. However, when 
the effect of short incubations with interferon on viral R N A  
synthesis was determined, it was necessary to add interferon 
after virus infection. Since EMC virus shuts off host protein 
synthesis (Baltimore, 1969), expression of the antiviral state, 
which requires active protein synthesis (Friedman, 1977), may 
be prevented by this phenomenon. However, the experiment 
of Figure 2B Fhows that, even after 1 h exposure to interferon, 
cells washed and infected with EMC virus manifest after 5 
h inhibition of viral R N A  synthesis. Therefore, even under 
these conditions, the increase in 2’5’oligo(A) polymerase 
activity parallels the inhibition of viral RNA synthesis. 

A further correlation between increase in 2’5’oligo(A) 
polymerase activity and inhibition of viral RNA synthesis was 

2 4 6 8  
t b , r c  

FIGURE 3: Encephalomyocarditis virus RNA synthesis in control cells 
and in interferon-treated cells. The cells were not treated with in- 
terferon (0) or treated with 20 and 40 units/mL for 17 h. The cultures 
were infected with E M C  virus as described under Experimental 
Procedures. At the indicated times, aliquots of the cultures were 
incubated for 10 min with 5 pg/mL of actinomycin D and for 30 min 
with [’Hjuridine. The cpm incorporated in each assay are indicated. 
The procedures for lysing the cells and for counting are described under 
Experimental Procedures. On the abscissa are indicated the hours 
after infection with EMC virus. 

provided by experiments with actinomycin D. When added 
2 h after the beginning of interferon treatment, actinomycin 
D prevented a subsequent increase in polymerase activity to 
a large extent; however, after 4 h, actinomycin D had relatively 
less effect on the increase in polymerase activity (Table I). 
These results suggest that the increase in 2’5’oligo(A) po- 
lymerase requires RNA synthesis from 2 to 4 h after interferon 
addition. It seems possible that during this time period cells 
treated with interferon begin to synthesize an R N A  required 
for the increase in 2’5’oligo(A) polymerase. That the increased 
activity is due to de novo protein synthesis is suggested by an 
experiment utilizing cycloheximide to block protein synthesis 
4 h after addition of interferon. In this case very little increase 
in 2’5’oligo(A) polymerase activity was observed (Table I). 

Viral R N A  synthesis was measured in cells treated with 
interferon and actinomycin D or in parallel in cells treated with 
actinomycin D only. Prolonged treatment with actinomycin 
D reduced viral R N A  synthesis in control cells. Therefore, 
the inhibition of EMC R N A  synthesis due to interferon 
treatment was calculated with respect to control cells incubated 
with actinomycin D only (Table I). Addition of the antibiotic 
2 h after interferon resulted in little or no inhibition of viral 
R N A  synthesis. However, when added after 4 h actinomycin 
D had no effect on the inhibition of viral R N A  synthesis. 
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FIGURE 4 Correlation between Z‘Soligo(A) polymerase activity and 
inhibition of viral RNA synthesis. Each symbol represents the result 
of an experiment measuring 2’5’oligo(A) plymerase and viral RNA 
synthesis. The data are taken from Figures 2A (X) and ZB (0 )  and 
Table I (m). The Z’Soligo(A) polymerase activity is expressed as 
percent of the maximal activity obtained with the highest interferon 
concentration tested (see Figure 2A) after 17-h treatment with in- 
terferon (Figure 28) or relative to cells treated for 17 h with interferon 
(Table I). The inhibition of viral RNA synthesis is measured relative 
to control cells not incubated with interferon but infected with EMC 
virus and pulsed with [”]uridine under the same conditions. 

These results and those of Figure 2 demonstate a striking 
correlation between 2‘5’oligo(A) polymerase activity in cell 
extracts and inhibition of viral RNA synthesis in intact cells 
(Figure 4). 

Increase in dsRNA-Activated Protein Kinase in Inferfer- 
on-Treated Cells. The assay for dsRNA-activated protein 
kinase described by Farrell et al. (1977) and by Lenz & 
Baglioni (1978) has been used to follow the increase in this 
enzymatic activity upon cell treatment with interferon. This 
assay is based on the incubation of isolated reticulocyte or 
HeLa cell ribosomes with [y-’*P]ATP and dsRNA and 
analysis of the phosphorylated products by electrophoresis and 
autoradiography. Several polypeptides are  phosphorylated 
during an incubation without added dsRNA, but two poly- 
peptides become markedly phosphorylated upon addition of 
dsRNA to the incubations (Farrell et al., 1977). The smaller 
polypeptide (M,  = 38000) has been identified with a subunit 
of the initiation factor eIF-2, whereas the larger polypeptide 
has not yet been unequivocally identified (Farrell et al., 1977). 
It has been suggested, however, that this polypeptide may 
correspond to the dsRNA-activated protein kinase (Farrell et 
al., 1977). 

Phosphorylation of the larger polypeptide is easily detected 
when HeLa cell ribosomes (Lenz & Baglioni, 1978) or extracts 
(Shaila et al., 1977) are  incubated with dsRNA. We have 
confirmed the large increase in the phosphorylation of this 
polypeptide in HeLa cells treated with interferon (Shaila et 
al., 1977). Ribosomes from cells treated with 100 units/mL 
of interferon for 6 or 10 h and from cells not treated with 
interferon were incubated with or without poly(I).poly(C). 
Figure 5 shows that a markedly phosphorylated band of M, 
about 75 OOO was detected only in cells treated with interferon 
for IO h. The phosphorylation of the 38 000-M, polypeptide 
was much less evident in the present experiments, because only 
one-half the amount of ribosomes was used relative to previous 
experiments (Lentz & Baglioni, 1978). Addition of purified 
eIF-2 (a gift of William C. Merrick of N I H )  resulted in an 
enhanced phosphorylation of the 38 00044, band (data not 
shown). However, addition of poly(I).poly(C) decreased the 
phosphorylation of a polypeptide of M, about 110000. The 
reason for this effect of dsRNA is not clear. Figure 5 also 
shows the results of a second experiment assaying the 
phosphorylation in the presence of poly(I).poly(C) of ribosomes 
obtained from cells treated for various times with interferon. 
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FIGURE 5: Phosphorylation of ribosome-associated proteins of cells 
treated with interferon for different lengths of time. Approximately 
30 pg of ribosomes was incubated at 30 OC for 7 min with 0.1 mM 
ATP and 4 pCi of [y-I*P]ATP (2690 Ci/mmol) in the absence ( I .  
3, 5) or presence (2.4, 6-10) of 0.5 pg/mL poly(I).poly(C) as de- 
scribed by Lenz & Baglioni (1978). The reactions were stopped by 
the addition of electrophoresis buffer and then analyzed as described 
under Experimental Procedures. Ribosomes are from control cells 
(1 and 2) or from cells treated with 100 units/mL interferon for I 
(7). 3 (8). 6 (3 and 4). 7 (9). or IO h (5 ,  6, IO). Arrows indicate 
phosphorylated proteins of 110000 (a), 75000 (b), and 38000 M ,  
(4. 
Phosphorylation of the larger polypeptide is only evident with 
ribosomes of cells treated for 10 h with interferon. 

The dsRNA-activated protein kinase was also assayed with 
ribosomes from cells treated for 17 h with different interferon 
concentrations. Phosphorylation of the larger polypeptide was 
only detected after treatment with 12.5 units/mL or higher 
interferon concentrations (data not shown). The lowest in- 
terferon concentration shown to inhibit viral RNA synthesis 
and to increase 2’5’oligo(A) polymerase activity was 12.5 
units/mL (Figure 2). Therefore, the same interferon con- 
centrations are effective in promoting an increase in these 
enzymatic activities and the inhibition of viral RNA synthesis. 
However, the increase in protein kinase activity is clearly 
detected only in cells incubated with interferon for at least 10 
h, whereas inhibition of viral R N A  synthesis can be shown 
in cells treated for 6 h (Figures 2 and 5). In particular, in 
cells treated with interferon for 7 h there is significant in- 
hibition of viral RNA synthesis, whereas no increase in protein 
kinase activity can be detected. A significant increase in 
dsRNA-dependent protein kinase activity does not seem to be 
required for the inhibition of EMC R N A  synthesis under the 
conditions of our experiments. 

Discussion 
The 2’5’oligo(A) polymerase activity can be determined by 

adsorbing cell extracts on poly(I).poly(C)-agarose and 
measuring the labeled 2’5’oligo(A) formed upon incubation 
with [”]ATP (Hovanessian et al., 1977; Figure 1). The level 
of this enzymatic activity is determined by the treatment of 
the cells with interferon. Exposure of HeLa cells to low 
concentrations, below 6 units/mL of interferon, does not result 
either in increased 2‘5’oligo(A) polymerase activity or in an 
inhibition of E M C  virus RNA synthesis (Figure 2 and data 
not shown). Similarly, treatment with 100 units/mL of in- 
terferon for 3 h or less does not result in increased enzymatic 
activity or inhibition of viral RNA synthesis. Therefore, these 
two phenomena are  concomitantly manifested after exposure 
of cells to interferon. 

Experiments utilizing actinomycin D and cycloheximide 
suggest that the increase in 2’5’oligo(A) polymerase activity 
requires both R N A  and protein synthesis. When R N A  
synthesis is inhibited within 2 h of interferon addition, only 
a small increase in polymerase activity and no inhibition of 
viral RNA synthesis are subsequently observed. Inhibition 
of R N A  synthesis after 4 h of interferon treatment does not 
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by EMC virus. Further work is necessary to establish whether 
the polymerase is in fact activated by double-stranded rep- 
licative intermediates of RNA viruses and whether this ac- 
tivation results in cleavage of viral templates. The increase 
in 2’5’oligo(A) polymerase activity and the activation of an 
endonuclease by the product of this enzyme may represent one 
of the mechanisms which prevent virus replication in  inter- 
feron-treated cells. 

References 
Baglioni, C., Minks, M. A., & Maroney, P. A. (1978) Nature 

Ball, L. A., & White, C. N .  (1978) Proc. Natl. Acad. Sci. 

Baltimore, D. (1969) The Replication of Picornaciruses in 
Biochemistry of Viruses (Levy, H. B., Ed.) pp 101-176, 
Marcel Dekker, New York. 

Bishop, J .  M., & Levintow, L. (1971) Prog. Med. Virol. 13, 

Clemens, M. J., & Williams, B. R. G. (1978) Cell 13, 

Colby, C., & Duesberg, P. H. (1969) Nature (London) 222, 

Cooper, J .  A,, & Farrell, P. J.  (1977) Biochem. Biophys. Res. 

Duesberg, P. H., & Colby, C.  (1969) Proc. Natl. Acad. Sci. 

Farrell, P. J., Balkow, K., Hunt, T., & Jackson, R. (1977) Cell 

Friedman, R. M. (1977) Bacteriol. Rec. 41, 543-567. 
Hovanessian, A. G., & Kerr, I .  M. (1978) Eur. J .  Biochem. 

Hovanessian, A. G.,  Brown, R. E., & Kerr, I. M. (1977) 

Kerr, I. M., & Brown, R. E. (1978) Proc. Natl. Acad. Sci. 

L,ebleu, B., Sen, G. C.,  Shaila, S., Cabrer, B., & Lengyel, P. 
(1976) Proc. Natl. Acad.Sci .  U.S.A. 73, 3107-3111. 

Lenz, J .  R., & Baglioni, C. (1978) J .  Biol. Chem. 253, 

Minks, M. A,, Benvin, S., Maroney, P. A., & Baglioni, C. 
( 1979) Nucleic Acids Res. 6 ,  767-780. 

Ratner. L. ,  Sen, G C.,  Brown, G. E., Lebleu, B., Kawakita, 
M..  Cabrer. B., Slattery, E., & Lengyel, P. (1977) Eur. 
J .  Biochem. 79,  565-577. 

Roberts, W. K., Hovanessian, A., Brown, R.  E., Clemens, M. 
J., & Kerr, I .  M. (1976) Nature (London) 264, 477-480. 

Shafritz, D. A,, Weinstein, J. A., Safer, B., Merrick, W.  C., 
Weber. L. A., Hickey, E. D., & Baglioni, C. (1976) Nature 
(London) 261, 29 1-294. 

Shaila, S., Lebleu, B., Brown, G. E., Sen, G. C., & Lengyel, 
P. (1977) J .  Gen. Virol. 37, 535-546. 

Wagner, A. F., Bugianesi, R. L., & Shen, T. Y. (1971) 
Biochem. Biophys. Res. Commun. 45, 184-189. 

Weber, L. A,, Feman, E., & Baglioni, C. (1975) Biochemistry 

Zilberstein, A., Federman, P., Shulman, L., & Revel, M. 

(London) 273, 684-687. 

U.S.A. 75, 1167-1 171. 

1-82. 

565-572. 

940-944. 

Commun. 77, 124-131. 

U.S.A. 64, 396-403. 

11,  187-200. 

81, 149-159. 

,Yature (London) 268, 537-540. 

U.S.A. 75, 256-260. 

4219-4223. 

14, 5315-5321. 

(1 976) FEBS Lett. 68, 1 19-1 24. 

prevent the expression of these two phenomena. The most 
significant observation is that inhibition of R N A  synthesis 
prevents the increase in 2’5’oligo(A) polymerase activity since 
several investigators have previously reported that RNA 
synthesis is required for the establishment of the antiviral state 
(see Friedman, 1977). We have also shown that inhibition 
of protein synthesis by cycloheximide after a 4-h treatment 
with interferon prevents the increase in polymerase activity. 
Unfortunately, viral RNA synthesis cannot be measured in 
cells treated with cycloheximide since translation is required 
for the synthesis of viral replicase. In any case, this experiment 
suggests that synthesis of 2’5’oligo(A) polymerase or of another 
protein necessary for the increase in this enzymatic activity 
is initiated in HeLa cells approximately 4 h after exposure to 
interferon. 

The striking parallelism between increase in 2’5’oligo(A) 
polymerase and inhibition of viral R N A  synthesis suggests a 
relationship between these phenomena, but it is not possible 
to establish a cause--effect relationship with the present data, 
since we do not yet know whether 2’5’oligo(A) interferes with 
viral RNA synthesis in intact cells. Baglioni et al. (1978) have 
previously suggested that 2’5’oligo(A) polymerase may be 
activated in interferon-treated virus-infected cells by dsRNA 
of viral origin. However, dsRNA is not an intermediate in 
R N A  virus replication, though partially double-stranded 
structures called replicative intermediates are involved in 
replication of picornaviruses (Bishop & Levintow, 197 1). 

The role of the dsRNA-activated protein kinase in the 
establishment of the antiviral state is obscure. An increase 
in the activity of this enzyme is detected only after 10 h of 
interferon treatment in HeLa cells. At this time EMC virus 
R N A  synthesis is already markedly inhibited in interferon- 
treated virus-infected cells (Figure 2B). This may suggest that 
an increased protein kinase activity is not necessary for the 
inhibition of EMC RNA synthesis. However, the failure to 
detect enhanced protein kinase activity earlier than 10 h after 
interferon addition does not exclude a role for this enzyme in 
the early antiviral effects of interferon. Since no information 
is available on the level of kinase activity required for a bi- 
ological effect (whatever this may be in intact cells). it is 
possible that the phosphorylation observed in vitro may be in 
excess of that effective in vivo. Thus, phosphorylation of the 
38 000-M, polypeptide may contribute, along with synthesis 
of 2’5’oligo(A), to the inhibition of protein synthesis in in- 
terferon-treated, virus-infccted cells. 

I t  must be pointed out that our understanding of the 
mechanism of interferon action is rather limited. The in-  
volvement of dsRNA in the activation of the 2’5’oligo(A) 
polymerase and protein kinase, for example, is somewhat 
puzzling. Interferon prevents replication of DNA as well as 
RNA viruses (Friedman, 1977), and even though there are 
reports that some DNA viruses, like vaccinia, synthesize a 
small amount of dsRNA (Colby & Duesberg, 1969; Duesberg 
& Colby, 1969), this is not necessarily a characteristic feature 
of DNA viruses replication. 

In conclusion, we have established a correlation between an 
increase in 2’5’oligo(A) polymerase in interferon-treated cells 
and the inhibition of viral RNA synthesis in these cells infected 


