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*1 ABSTRACT

BHK-21 cells infected with Venezuelan equine encephalomyelitis

virus were treated for 5 h with 0 to 300 lig/ml ribavirin and radiolabeled

precursors as required. The following observations were made:

(a) ribavirin (50 to 300 Pg/ml inhibits virus growth by more than 90%;

(b) [3H]uridine-labeled poly-A containing RNA (mRNA) isolated on

oligo-(dT) cellulose columns and subfractionated by SDS polyacrylamide

gel electrophoresis show that viral genome synthesis is not diminished

by ribavirin treatment (100 to 300 Pg/ml); (c) [3 Hguanosine-labeled

mRNA was isolated and treated with ribonuclease. The resulting

polynucleotides chromatographed on DEAE-cellulose yield a radioactive

peak which elutes along with a 7-methylguanosine triphosphate "cap"

standard. The magnitude of this peak is reduced or absent from mRNA

preparations isolated from virus-infected cells treated with ribavirin

(100 to 300 pg/ml); and (d) virus-infected cells treated with ribavirin

show an impaired capacity to synthesize proteins.

These observations suggest that ribavirin does not inhibit viral

transcription, but may interfere with translation of viral messenger by

replacing or inhibiting formation of the 5'-terminal cap structure on

the viral RNA genome.



Ribavirin (l-8-D-ribofuranosyl-l,2,4-triazole-3-carboxamide) is

a nucleoside analogue having broad spectrum antiviral activity against

both DNA and RNA viruses (16). A variety of specific effects on host

cell metabolism have been attributed to ribavirin or its metabolites.

For example, ribavirin is reported to be a strong inhibitor of

thymidine phosphorylation (J. C. Drach, M. A. Thomas, and C. Shipman, Jr.,

Abstr. Annu. Meet. Am. Soc. Microbiol. 1978, p. 7) and its 5'-monophosphate

derivative (RMP) is a potent competitive inhibitor of inosine-5'-phosphate

dehydrogenase (17). Ribavirin is also reported to decrease DNA, RNA and

protein synthesis and reduce the size of the cellular

guanosine-5'-triphosphate pool (4, 10).

Numerous other reports, however, contradict many of the alleged

cellular effects of ribavirin (2, 12, 13, 15). As a result, the

pharmacological mechanism of action of ribavirin remains obscure. It is

not yet clear whether this compound is specifically antiviral or whether

it inhibits virus replication as a result of its effects on host

cellular metabolism.

The study reported here attempts to clarify the mode and

specificity of action of ribavirin. We have examined its effects on

cellular metabolism and on the replication of Venezuelan equine

encephalomyelitis virus (VEE) grown in BHK-21 cells.
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MATERIALS AND METHODS

Virus stock and plaque assay. The live attenuated VEE vaccine,

strain TC-83, was obtained in the lyophilized state from Merrill-National

Laboratories (lot 4, run 2). It was reconstituted with 1.2 ml of

sterile water, and passaged once in primary duck embryo cell cultures

(DEC), concentrated, and purified by rate zonal centrifugation in 10 to

30% sucrose gradients, as described previously (1). Infectious virus

was titrated by counting plaque forming units (PFU) in DEC monolayers
9

grown in 10-cm plastic plates, and maintained in a humidified

atmosphere with 5% CO 2 under medium containing 1% agarose, as described

previously (7).

Cell line and infection. Baby hamster kidney cells (BHK-21, clone

13) were obtained from the American Type Culture Collection, and used at

passage levels varying between 55 and 70. To infect cells, concentrated

TC-83 virus was diluted in Hanks' balanced salt solution (HBSS) to

achieve a multiplicity of inoculum of 2 to 5 PFU per cell. Volumes of

0.2 ml and 10 ml were adsorbed for 1 h at 36°C to cell monolayers grown

in 6-well plates or roller bottles, respectively. Following adsorption,

the inoculum virus was removed by aspiration and replaced with various

maintenance media as detailed below.

Incorporation of labeled precursors. BHK-21 cells were grown in

BHK-21 medium (Flow Labs, Hamden, Conn.) with 10% fetal calf serum (FCS)

to 80 to 90% confluency in 4-well plastic tissue culture plates.

Immediately following infection, both infected and control cultures were

treated with varying concentrations of ribavirin for 5 h at 37=C and

examined for their ability to incorporate labeled precursors into

TCA-soluble and -insoluble pools.
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Labeling of RNA and protein was accomplished by incubating cell

cultures in serum-free medium containing I pCi/ml of [3 Huridine or

[3Hjleucine, respectively, for 30 min. Cultures were then washed three

times with ice-cold HBSS and the radioactive content of TCA-soluble

and -insoluble pools determined by scintillation spectrometry as

described by Minor and Dimmock (9).

RNA synthesis in permeable cells. BHK-21 cells were made permeable

by treatment with lysolecithin at 40C. This procedure as well as the

assay for [3 Huridine 5'-triphosphate incorporation into acid-insoluble

products of permeable cells followed previously published methods (3,

J. J. Castellot, Jr., M. R. Miller, and A. B. Pardee, Abstr. J. Cell

Biol. 79:252a, 1978).

Isolation of RNA. For the preparation of RNA, roller bottle

cultures of infected and control cells were incubated in the presence of

varying concentrations of ribavirin in BHK-21 media containing 2% fetal

calf serum and 10 uCi/ml of tritiated uridine or guanosine. After 5 h,

the cells were narvested, washed free of medium, resuspended at 4*C

in 10 mM Tris, 10 M! NaCI and 1.5 mM MgCl2, pH 7.3 (TNM buffer) and

disrupted by several freeze-thaw cycles. Cellular homogenates were

centrifuged (1400 x 5 for 5 min) and the nuclear pellet washed with TNM

containing 1% Nonidet P-40 and 0.5% deoxycholate. Supernatants were

combined and adju.;ted to final concentrations of 10 mM EDTA, 1% sodium

dodecylsulfate (SDS) and 0.4 N sodium acetate (pH 5.2) then extracted

twice with a mixture of 50% phenol, 49% chloroform and 1% isoamyl

p alcohol. The resulting organic phase and cake were re-extracted first

with equal volumes of 0.1 M Tris (pH 9.0) in 0.5% SDS, then with 0.1 M

Tris (pH 9.0). The alkaline extracts were combined with previous aqueous

extracts and the RNA precipitated overnight at -20*C with two volumes of

ethanol. The precipitate was washed twice with ethanol and dried in vacuo.
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For the mRNA isolation, RNA was dissolved in binding buffer

consisting of 10 mM Tris (pH 7.4), 0.5 M NaCl and 0.02% SDS and applied

to 0.5 g of oligo-dT) cellulose in a disposable column, then washed with

10 ml oi binding buffer. Messenger RNA was eluted with 0.05% SDS in

10 mM Tris (pH 7.4), precipitated with two volumes of ethanol, recovered

by centrifugation at 100,000 x g for 1 h and dried under vacuum.

In some experiments, actinomycin D (1 ug/ml) and [ 3H]uridine were

added to cell cultures 3.5 and 4 h, respectively, after addition of

ribavirin. RNA was isolated after a 2-h incubation.

Polyacrylamide gel electrophoresis (PAGE). One hundred-cm, 2.5%

bis-acrylamide cross-linked gels were prepared as previously reported

(1). The gels were prerun at 5 mA/tube and electrophoresed for 2 to

2.5 h. The RNA sample was suspended in 120 mM Tris, 60 mM sodium

acetate, 3 tnM EDTA (pH 7.4) plus 10% glycerol and 0.1% bromophenol blue.

Following electrophoresis, gels were sliced into 1-mm fractions and

incubated for 18 h at 37°C with 3% Protosol in 10 ml of Econofluor (New

England Nuclear) in tightly capped vials, then counted for radioactivity.

Analysis of 5'-ends of mRNA. [ 3H]Guanosine-labeled mRNA was

dissolved in 0.05 M sodium acetate buffer (pH 4.5) and incubated for

15 h at 370C with 2 to 5 units of ribonuclease T The resulting

hydrolysate was subjected to DEAE-cellulose chromatography as described

by Groner and Hurwitz (6).

Cell-free protein synthesis. A commercial translation assay

provided by New England Nuclear was used. The assay employed

reticulocyte lysate and measured incorporation of [3H]leucine.

Reagents. RNAse T2 was obtained from Sankyo Co., Tokyo, Japan.

Oligo-(dT) cellulose type T-3 was bought from Collaborative Research,
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Waltham, Mass. Reagents for casting of acrylamide gels were purchased

3 3from Bio-Rad, Richmond, Calif. [5- HjUridine, [5- Hluridine

5"-triphosphate, [8- 3H]guanosine and [3,4,5- 3H]leucine were purchased

from New England Nuclear. Ribavirin and its mono- (R1MP), di- (RDP), and

tri- (RTP) phosphorylated derivatives were a gift of ICN Pharmaceuticals,

Irvine, Calif. Cap standards were obtained from P. L. Biochemicals,

Milwaukee, Wis. All other biochemicals were purchased from Sigma, St.

Louis, Mo.

-Nt
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RESULTS

Virus replication. Replication of VEE in BHK-21 cells occurs

rapidly and results in a 3-log increase in virions within 5 h after

infection (Table 1). This increase is inhibited by ribavirin at

concentrations as low as 10 ig/ml by more than 99% when compared to

nontreated infected cultures. Ribavirin, however, does not completely

inhibit VEE virus replication. Rather it appears to reduce the rate

of virus production as evidenced by the increase in virus titers

following longer-term incubation of ribavirin treated infected cells.

RNA synthesis. The effect of ribavirin on uridine uptake and

incorporation into acid-soluble material was assessed in control and

virus-infected cells (Fig. I). Ribavirin inhibits uridine incorporation

by more than 80% at a dose of 8 pg/ml. However, ribavirin also causes a

parallel decrease in the uptake of uridine into the soluble cellular

pool. Hence, the inhibition of RNA synthesis may be an artifact resulting

from a decrease in the specific activity of [ 3H]uridine in the soluble

cellular pool of ribavirin-treated cells. RNA synthesis was also

assessed in infected cells made permeable to low molecular weight

charged molecules by pretreatment with lysolecithin. These cells

incorporated [ 3H]UTP into TCA-insoluble products at a linear rate for at

least 15 min. The amount of [ 3 H]UTP incorporation, in the presence of

actinomycin D at I pg/ml, was not altered by ribavirin or its

phosphorylated derivatives (Fig. 2). These data suggest that neither

ribavirin nor its phosphorylated metabolites inhibit the synthesis of

mRNA in virus-infected cells.

The effects of ribavirin treatment on synthesis of specific mRNA

was also studied. In the first series of experiments, RNA was labeled
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with 3 H]uridine for the first 5 h following virus adsorption in the

presence of 0-200 ug/ml of ribavirin. PAGE subfractionation of

oligo-(dT) cellulose binding RNA revealed a viral specific 42S mRNA at a

relative migration of 0.1 and accounted for about 10 to 11% of the total

mRNA isolated (Fig. 3). Treatment of infected and control cultures with

up to 300 ug/ml of ribavirin did not alter the quantity and size

distribution of the recovered mRNA.

In other experiments, cells were treated with I Wg/ml of

actinomycin D 3.5 h after infection. Thirty minutes later, [ 3Hjuridine

was added for 2 h, labeled with [3 Huridine at hour 4 to 6.

Electrophoretic analysis of RNA in these cells showed two RNA peaks

representing 42S and 26S species. Treatment of infected cells with

100 ug/ml of ribavirin initiated 4 h prior to labeling did not alter

production of either RNA species (Fig. 4).

Effects on protein synthesis. Ribavirin at concentrations ip to

32 ug/ml, inhibited protein synthesis by 50 to 60%, as measured by the

incorporation of [ 3H]leucine into acid-soluble products of control and

infected ceils. Furthermore, this reduction in leucine incorporation

occurred in the presence of nearly constant levels in the soluble

cellular pool of [311]leucine (Fig. 5).

The capacity of mRNA from ribavirin-treated and untreated

virus-infected cells to direct the synthesis of proteins in an in vitro

cell-free translation system was evaluated in order to determine the

mechanism for the inhibition of protein synthesis. Messenger RNA from

infected cells treated with 100 pg/ml of ribavirin for 5 h was no more

than 30% as effective as mRNA from untreated infected cells in its

ability to direct the incorporation of labeled leucine into acid

insoluble material (Fig. 6).
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Effect of ribavirin on mRNA cap structure. Resulting

chromatographs of 3 Higuanosine-labeled mRNA digests are shown in

Figure 7. A radioactive peak corresponding to the elution profile of a

cap standard was found in all chromatographs of mRNA digests from both

control and infected cells. The magnitude of this peak decreased 3- to

10-fold in mRRNA preparations from cells treated with ribavirin at

concentrations of 50 to 300 wg/ml.

DISCUSSION

Uridine incorporation has been used to assess the effect of

ribavirin on RNA synthesis (2, 14). Such studies have led to the

proposal that ribavirin inhibits RNA synthesis. Our current finding,

that the uptake of uridine by BHK-21 cells is inhibited by ribavirin,

raised the possibility that the apparent inhibition of RNA synthesis by

ribavirin is an artifact resulting from a decrease in the specific

activity of isotopic labeling. The experiment with permeable cells, in

fact, demonstrates that ribavirin does not affect actinomycin

D-insensitive RNA synthesis in BHK-21 cells. Furthermore, the quantity

of mRNA isolated by oligo-(dT) cellulose binding showed that ribavirin

has little if any effect on the total amount of mRNA in either control

or virus-infected cells.

The inhibition of protein synthesis in both control and infected

cells exposed to varying concentrations of ribavirin cannot be explained

by reduced levels of mRNA in these cells. The inefficiency in

translation of mRNA from ribavirin-treated cells suggests that treatment

with ribavirin results in synthesis of altered mRNA.

Recently, in vitro studies by Goswami et al. (5) showed that

ribavirin triphosphate is a potent competitive inhibitor of the capping
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guanylation of viral mRNA. This posttranscriptional modification

results in a 7-methylguanosine residue linked from its 5' position via a

triphosphate bridge to a 2'-0-methylribonucleotide of the 5'-terminal

of a large number of viral and eukaryotic mRNA. The 5'-terminal

7-methylguanosine in mRNA is required for efficient translation (11).

The present data show that ribavirin also inhibits the formation of

the 5'-guanosine triphosphate cap on mRNA from normal and virus-infected

BHK-21 cells. Interference with the proper formation of the 5'-cap of

mRNA by ribavirin could lead to accumulation of mRNA in cells which are,

as observed, less efficient in protein synthesis.

The cap structure analysis was performed on digests of mRNA labeled

with guanosine for 5 h following virus adsorption and addition of

varying concentrations of ribavirin. This was done in order to obtain

the largest representation of mRNA species which may have contributed to

the impairment of protein synthesis in ribavirin-treated infected cells.

Under these conditions about 90% of the radiolabeled oligo-(dT) binding

RNA from infected cells is of host cell origin. Hence, host cellular mRNA

must be largely responsible for the 3- to 10-fold reduction in cap

formation of virus-infected cells. It is clear that ribavirin's effect on

cap formation is nonspecific and leads to inhibition of both cellular and

viral protein synthesis. Consistent with previous observations, ribavirin

can be expected, therefore to interfere with virus as well as cellular

growth (14).

Although Goswami et al. (5) proposed that inhibition of cap formation

might account for ribavirin's antiviral potency against DNA and RNA

viruses, it is unclear to what extent other mechanisms may play a role.

It is apparent that ribavirin exerts a myriad of effects on cellular

metabolism and it is conceivable that its antiviral effects may be, in

fact, expressed through an interaction of multiple mechanisms.



12

LITERATURE CITED

1. Bishop, D. H. L., J. R. Claybrook, and S. Spiegelman. 1967.

Electrophoretic separation of viral nucleic acids on

polyacrylamide gels. J. Mol. Biol. 26:373-387.

2. Browne, M. J. 1979. Mechanism and specificity of action of

ribavirin. Antimicrob. Agents Chemother. 15:747-753.

3. Castellot, J. J., Jr., M. R. Miller, and A. B. Pardee. 1978.

Animal cells reversibly permeable to small molecules. Proc.

Natl. Acad. Sci. USA 75:351-355.

4. De Clercq, E., M. Luczak, J. C. Reepmeyer, K. L. Kirk, and L. A.

Cohen. 1975. Fluoroimidazoles as antiviral agents and

inhibitors of polynucleotide biosynthesis. Life Sci. 17:187-194.

5. Goswami, B. B., E. Borek, 0. K. Sharma, J. Fujitaki, and R. A.

Smith. 1979. The broad spectrum antiviral agent ribavirin

inhibits capping of mRNA. Biochem. Biophys. Res. Commun.

89:830-836.

6. Groner, Y., and J. Hurwitz. 1975. Synthesis of 'RNA containing

a methylated blocked 5' terminus by HeLa nuclear homogenates.

Proc. Natl. Acad. Sci. USA 72:2930-2934.

7. Jahrling, P. B., E. Dendy, and G. A. Eddy. 1974. Correlates to

increased lethality of attenuated Venezuelan encephalitis virus

vaccine for immunosuppressed hamsters. Infect. Immun. 9:924-930.

8. Jahriing, P. B., and L. Gorelkin. 1975. Selective clearance of

a benign clone of Venezuelan equine encephalitis virus from

hamster plasma by hepatic reticuloendothelial cells. J. Infect.

Dis. 132:667-676.



13

9. Minor, F. D., and N. J. Dimmock. 1977. Selective inhibition of

influenza virus protein synthesis by inhibitors of DNA function.

Virology 78:393-406.

10. Muller, W. E. B., A. Maidhof, H. Taschner, and R. K. Zahn. 1977.

Virazole (l-B-D-ribofuranosyl-l,2,4-triazole-3-carboxamide), a

cytostatic agent. Biochem. Pharmacol. 26:1071-1075.

11. Muthurishnan, S., B. Moss, J. A. Cooper, and E. S. Maxwell. 1978.

Influence of 5'-terminal cap structure on the initiation of

translation of vaccinia virus mRNA. J. Biol. Chem. 253:1710-

1715.

12. Oxford, J. S. 1975. Effects of 1-8-D-ribofuranosyl-l,2,4-

triazole-3-carboxamide on influenza virus replication and

polypeptide synthesis. J. Antimicrob. Chemother. l(Suppl.):71-76.

13. Oxford, J. S. 1975. Inhibition of the replication of influenza

A and B viruses by a nucleoside analogue (ribavirin). J. Gen.

Virol. 28:409-414.

14. Sarver, N'., and V. Stollar. 1978. Virazole prevents production

of Sindbis virus and virus-induced cytopathic effect in Aedes

albopictus cells. Virology 91:267-282.

15. Scholtissek, C. 1976. Inhibition of influenza RNA synthesis by

Virazole (ribavirin). Arch. Virol. 50:349-352.

16. Sidwell, R. W., J. H. Huffman, G. P. Khare, L. B. Allen, J. T.

Witkowski, and R. K. Robins. 1972. Broad-spectrum antiviral

activity of Virazole: 1-S-D-ribofuranosyl-l,2,4-triazole-3-

carboxamide. Science 177:705-706.



14

17. Streeter, D. G., J. T. Witkowski, G. P. Khare, R. W. Sidwell, R.

J. Bauer, R. K. Robins, and L. N. Simion. 1973. Mechanism of

action of 1-.6-D-ribofuranosy1-1,2 ,4-triazole-3--carboxamideI (Virazole), a new broad spectrum antiviral agent. Proc. Natl.

Acad. Sci. USA 70:1174-1178.



15

TABLE 1. Effect of ribavirin on VEE virus replication in BHK-21 cells

Ribavirin 
LogO PFU/ml

(P g/ml) Hours after virus adsorption

0 3 5 17

0 4.4 4.4 7.2 8.6

10 4.6 4.5 4.8 5.6

25 4.6 4.3 5.0 5.4

50 4.7 4.5 5.2 5.3

100 4.6 4.4 4.8 5.4
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FIGURE LEGENDS

FIG. 1. Effect of ribavirin on uptake and incorporation of

3 Hiuridine in control and infected BHK-21 cells. Results are expressed

as a percentage of the uptake or incorporation of [3 Huridine found for

uninfected, untreated (control) cells. Each point represents the mean

value obtained from three replicate measurements.

FIG. 2. Effect of ribavirin and phosphorylated derivatives on

3H]UTP incorporation in permeable VEE-infecte BHK-21 cells. Cells

were made permeable 5 h after infection for [3 H]UTP incorporation.

Permeable cells were incubated for 12 min in the presence of i /m of

actinomvcin D and 100 jig/ml of ribavirin (R) or its phosphorylated

derivatives. Results are expressed as a percentage of the incorporation

found in the absence of drug.

FIG. 3. Polyacrylamide gel electrophoresis of mRNA. Infected and

control cells were labeled with [3Hiuridine for 5 h; then mRNA was

isolated by binding to oligo-(dT) cellulose as described in Materials

and Methods.

FIG. 4. Polyacrylamide gel electrophoresis of RNA. Infected cells

were pulse-labeled with [3 Hjuridine for 2 h in the presence of

actinomvcin D (1 O/I).
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FIG. 5. Effect of ribavirin on uptake and incorporation of [ 3H]leucine

in control and infected BHK-21 cells. Results are expressed as a

percentage of the uptake or incorporation of [ 3H]leucine found for

untreated, uninfected (control) cells. Each point represents the mean

value obtained from three replicate experiments.

FIG. 6. In vitro translation of mRNA in a reticulocvte system.

Incorporation of [3 Hileucine into TCA-insoluble products was measured

using oligo-(dT) cellulose binding RNA from infected cells treated for

5 h with or without ribavirin.

FIG. 7. DEAE-cellulose chromatography of mRNA hydrolysates.

[3HGuanosine-labeled nucleotides released by RNase T digestion of

oligo-(dT) cellulose binding RNA. The insets in each panel represent

a 1000-fold expansion of the ordinate of the corresponding chromatographs.

The elution peak of a cap standard is indicated by an arrow.

1
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