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The effect of phosphorylated ribavirin on a vesicular stomatitis virus (VSV) in vitro tanscription reaction
was examined. Viral mRNA synthesized in the presence of the 5' mono-, di-, and triphosphorylated forms of
the drug translated with equal efficiencies under the test conditions. However, all three phosphorylated species
inhibited VSV transcription. The mono- and diphosphorylated forms of the drug possessed approximately two
to three times the inhibitory activity as the triphosphorylated form. Transcripts synthesized in the presence of
drug were full length and were absent of incorporated drug. Inhibition by ribavirin 5'-diphosphate could be
reversed by the addition of UTP, CTP, and GTP, while the addition of GDP to the reaction did not reverse
inhibition. Ribavirin diphosphate was added to a La Crosse virus in vitro transcription assay to determine
whether an inhibitory effect could be established in a viral system that was more sensitive to ribavirin than was
VSV; it led to profound inhibition of RNA synthesis at concentrations as low as 0.1 ,ug/ml. These data suggest
that ribavirin has an effect on the initial steps of transcription by some RNA-dependent RNA polymerases and
that this effect may be mediated by several phosphorylated forms.

Ribavirin (1-0-D-ribofuranosyl-1,2,4-triazole-3-carboxa-
mide) is a broad-spectrum antiviral agent whose molecular
mode of action remains controversial. The drug was ap-
proved by the Food and Drug Administration in 1986 for
aerosol use in infants with serious infection due to respira-
tory syncytial virus. Ribavirin is currently under clinical
investigation against a variety of other viral illnesses, includ-
ing those due to influenza virus and human immunodefi-
ciency virus. However, the drug possesses in vitro activity
against a remarkably broad spectrum of viral pathogens,
including both DNA and RNA viruses (11), suggesting that
its full clinical potential has yet to be realized.

Several theories regarding the molecular mode of action of
ribavirin have been proposed. One hypothesis states that the
drug leads to decreased intracellular pools ofGTP, indirectly
suppressing viral nucleic acid synthesis (9, 15). A more
recent hypothesis proposes that ribavirin therapy of viral-
infected cells results in the synthesis of RNA with abnormal
or absent 5' cap structures, which in turn leads to inefficient
translation of viral transcripts (6). A third hypothesis states
that the drug has a direct suppressive effect on viral poly-
merase activity; however, such activity has been demon-
strated only for influenza virus (4, 17, 18). None of these
hypotheses are mutually exclusive, and indeed, they may
indicate that ribavirin acts in a complex, multiple-site fash-
ion. In previous experiments (16) in which the effect of
ribavirin on vesicular stomatitis virus (VSV) grown in Chi-
nese hamster ovary cells was examined, it was indicated that
the drug leads to the synthesis of inefficiently translated viral
mRNA, with little demonstrable effect on viral polymerase,
lending support to the hypothesis that the drug alters RNA
cap structures. However, results of the experiments re-
ported here, in which the effects of phosphorylated ribavirin
compounds on an in vitro VSV polymerase assay were
examined, indicated that the drug does indeed possess a
significant direct suppressive effect on viral polymerase.
This effect did not involve chain termination and was medi-
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ated to different degrees by the 5' mono-, di-, and triphos-
phorylated forms of the drug. In addition, inhibition was
reversible with UTP, CTP, and GTP. Results of these
experiments, when interpreted in the context of prior data
generated by ourselves and others, suggest that at least some
of the antiviral activity of ribavirin involves interference
with initiating events of viral transcription.

MATERIALS AND METHODS
Virus and materials. VSV (Indiana serotype) was prepared

by sucrose gradient purification after growth in Chinese
hamster ovary cells as described by Stampfer et al. (14).
[a-32P]UTP and [a-32P]ATP (approximately 600 ,u.Ci/mmol)
was obtained from New England Nuclear Corp. (Boston,
Mass.). In vitro translation was performed by using a com-
mercially available rabbit reticulocyte lysate system (New
England Nuclear). Thin-layer chromatography plates (CEL
300 PEI) were purchased from Brinkman Instruments, Inc.,
Westbury, N.Y. Ribavirin monophosphate (RMP), ribavirin
diphosphate (RDP), and ribavirin triphosphate (RTP) were
the kind gift of Roland K. Robins and Daniel Smith (1).
Phosphorylated ribavirin compounds were stored in the
lyophilized form at -20°C and periodically suspended in 0.1
M Tris hydrochloride (pH 8.0); stock solutions were also
stored at -20°C and were discarded after 3 to 6 weeks.
VSV polymerase reaction. VSV in vitro transcription was

performed as described by Banerjee (2). The reaction mix-
ture was composed of 100 mM sodium chloride, 15 mM Tris
hydrochloride (pH 8.0), 5 mM MgCl2, 4 mM dithiothreitol,
0.05% Triton X-100, 10 units of RNase inhibitor (Boeringer
Mannheim Biochemicals, Indianapolis, Ind.), 20 ,uCi of
[a-32P]UTP, and 25 to 50 ,ug of VSV virions (except when
otherwise noted) in a total volume of 0.2 ml. Nucleotide
triphosphate precursors were adjusted to 1 mM ATP and
CTP, 500 ,uM UTP, and 50 ,uM GTP, unless noted differ-
ently. The reaction mixture was incubated at 30°C for 2 h.
La Crosse polymerase reaction. La Crosse virus in vitro

transcription was performed as described by Bellocq et al.
(3). Virus was grown in BHK-21 cells and purified by
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FIG. 1. VSV mRNAs were synthesized in the presence and
absence of RTP (100 ,g/ml), as described in the text. After 2 h of
incubation, the reaction mixtures were purified by centrifugation
through a 20 to 40% CsCl gradient at 200,000 x g for 16 h, and the
single-stranded RNAs were collected by ethanol precipitation in 200
mM KCI. Equal quantities of RNA, as judged by trichloroacetic
acid-insoluble counts, were added to a commercial rabbit reticulo-
cyte lysate in vitro translation kit (80 mM potassium acetate, 1 mM
magnesium acetate). Translation proceeded over 90 min, after which
the products were analyzed by 10%o sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis. Lane 1, VSV protein standards;
lanes 2 and 3, translation of untreated and RTP-treated RNAs,
respectively, at a 1:10 dilution; lanes 4 and 5, translation of
untreated and RTP-treated RNAs, respectively, at a 1:50 dilution.
L, G, M, and N refer to VSV structural proteins.

precipitation in polyethylene glycol and centrifuged through
a 30% glycerol cushion. Virion stocks were stored in 10%
glycerol-0.5% Nonidet P-40-100 mM KCl at -70°C. Poly-
merase reaction mixtures were composed of 30% virion
stock, 40% rabbit reticulocyte lysate, and 1 mM nucleotide
triphosphates. Transcription products were radiolabeled
with 20 ,uCi of [a-32P]UTP over 30 min at 30°C.

RESULTS

In previous experiments (16) in which the effect of ribavi-
rin on VSV intracellular macromolecular synthesis was
examined, it has been indicated that treatment with drug
results in the production of poorly translated viral mRNAs.
In an effort to extend these findings, experiments were
conducted to examine the effects of ribavirin on the transla-
tion of RNA synthesized in an in vitro VSV transcription
reaction. This reaction has been shown to result in the
production of all five full-length, capped, and poly(A)+ viral
mRNAs (2). Viral transcripts were synthesized in the pres-
ence of phosphorylated ribavirin compounds and were ex-
amined for their efficiency of translation relative to those of
controls synthesized in the absence of drug. When VSV
transcripts were produced in the presence of RTP at 100
,ug/ml, however, there was no detectable alteration in their
translational efficiencies (Fig. 1). Similar results were ob-
tained after VSV mRNAs synthesized in the presence of
RDP and RMP were translated with the same concentration
of drug (data not shown). Furthermore, there was no appar-
ent disturbance of translation of VSV transcripts synthe-
sized in the absence of ribavirin when RTP, RDP, and RMP

were added directly to the in vitro translation reaction (data
not shown). Therefore, the alteration of viral macromolecu-
lar synthesis observed in ribavirin-treated, infected cells
could not be reproduced by using a cell-free transcription
system under the test conditions.
Unexpectedly, however, it was noted that the phospho-

rylated ribavirin compounds had an inhibitory effect on VSV
in vitro transcription itself (Table 1). As noted by others (4),
the addition of RTP at 100 j.g/ml to the reaction had little
effect on VSV transcription, with inhibition never exceeding
35%. Surprisingly, however, RDP and RMP were consis-
tently more inhibitory than RTP at the same concentration.
There was considerable variability over time in the degree of
inhibition achievable with each ribavirin compound, and the
degrees of inhibition presented in Table 1 are maximal. In
spite of scrupulous storage conditions, it was noted that even
lyophilized compounds gradually lost activity at an approx-
imate rate of 50% over 12 months. In addition, the degree of
inhibition was found to be sensitive to the concentrations of
other components in the reaction mixture (see below).
However, the effect of ribavirin on the transcription reaction
was always dose dependent, and the inhibition by RMP and
RDP was consistently greater than that of the triphosphory-
lated species. Phosphorylation of ribavirin was necessary to
produce inhibition, since unphosphorylated ribavirin led to
no inhibition of transcription, even at 1,000 ,ug/ml.
When the transcripts synthesized in the presence of riba-

virin were examined by electrophoresis, it appeared that the
RNAs synthesized were full length, indicating no evidence
of premature chain termination. Results of agarose gel
electrophoresis shown in the autoradiograph in Fig. 2A
indicate that radioactive precursors incorporated in the
presence of phosphorylated ribavirin compounds are found
exclusively in large RNAs and are indistinguishable from
controls. Transcripts were further analyzed on a polyacryl-
amide gel (Fig. 2B) to resolve short sequences of nucleic
acid. With long exposures several stops in the transcription
reaction were noted; however, there were no stops that were
peculiar to ribavirin-treated mRNAs. These findings are
consistent with previous data (16) that have indicated that
VSV RNAs synthesized intracellularly in the presence of
ribavirin are also full length. In addition, they are supported
indirectly by the data presented in Fig. 1, which demonstrate
that equal quantities of transcripts synthesized in the pres-
ence or absence of drug produced equal quantities of viral
protein in an in vitro translation reaction.
The transcriptional products made in the presence of

TABLE 1. Effect of ribavirin compounds on VSV
in vitro transcription'

% Trichloroacetic acid-insoluble counts forb:
Concn Nonphos-
(,ug/ml) RTP RDP RMP phorylated

ribavirin

0 100 100 100 100
10 104 64 95 NDC

100 69 42 33 ND
1,000 ND ND ND 101

I VSV in vitro transcription was achieved in a 200-4d reaction mixture
containing 100 mM NaCI, 50 mM Tris hydrochloride (pH 8.0), 5 mM MgCl, 4
mM dithiothreitol, 0.05% Triton X-100, 1 mM ATP, 1 mM CTP, 0.5 mM UTP,
0.05 mM GTP, and 25 to 50 ,ug of virus. Products were radiolabeled with 20
,uCi of [a-32PJUTP over 2 h at 30°C.

b Percent trichloroacetic acid-insoluble counts in comparison with those for
a control sample containing no ribavirin compound.

c ND, Not done.
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phosphorylated ribavirin compounds were further analyzed
to determine whether any of these compounds were incor-
porated into the growing chain. Nearest-neighbor analysis
was performed by using digestion with RNase T2. The
digestion products were separated by thin-layer chromatog-
raphy by use of two different buffer systems (Fig. 3), to
lessen the possibility that identification of a putative incor-
porated ribavirin compound would be obscured by comigra-
tion with other digestion products. Although migration of the
resulting 3'-monophosphates was variable in the volatile
isobutyric acid-ammonium hydroxide system, radioactive
spots could always be indentified by comigration of stan-
dards. Unfortunately, the inability to detect RMP under UV
light precluded prediction of the migration of the 3'-RMP.
Nevertheless, no differences in the digestion products could
be detected when they were compared with control RNA
synthesized in the absence of drug. Taken together, these
data suggest that phosphorylated ribavirin compounds in-
hibit initiation of VSV in vitro transcription to various
degrees, but, once initiated, transcription proceeds without
incorporation of the ribavirin compound.
The inhibitory effect of RDP was of particular interest,

since mediation of antipolymerase activity by a diphos-
phorylated nucleotide analog has not been well described.
Further efforts to characterize the effect of ribavirin on VSV

t03000 i;0 A 3 4~~~ 1~~~23

~4422

-180

--34

FIG. 2. (A) VSV transcription was performed under the condi-
tions described in footnote a to Table 1 The products were purified
by phenol extraction and repeated ethanol precipitations and were
electrophoresed through a denaturing 1% agarose gel. Lanes 1
through 4, mRNA synthesized in the presence of 100 Rg of RMP,
RDP, RTP, and nonphosphorylated ribavirin per ml, respectively;
lane 5, untreated mRNA. (B) VSV RNAs were synthesized and
purified as described above and analyzed on a 12.5% denaturing
polyacrylamide gel Lane 1 RNA synthesized in the absence of
ribavirin; lanes 2 through 4 RNA synthesized in the presence of 100
~ag of RMP, RDP and RTP per ml respectively. Numbers represent
nucleic acid markers.

FIG. 3. VSV RNA was synthesized and purified as described in
the legend to Fig. 2. Samples were heat denatured and subjected to
digestion with repeated additions of 10 units of RNase T2 over 4 h.
Samples were spotted onto thin-layer plates and chromatographed
in two buffer systems. Species were identified by 3'-monophosphate
markers. (A) Chromatography achieved with isobutyric acid-con-
centrated NH40H-water (66:1:33). (B) Chromatography achieved
with 1 M LiCl.

transcription, therefore, concentrated on the effect of this
compound. The inhibition of RDP could be reversed by
increasing the concentration of GTP in the reaction mixture
(Table 2). This finding was not unexpected, as ribavirin has
been shown to be structurally similar to guanine (10), and
other investigators (7, 8, 15) have demonstrated that drug-
related effects are reversed with guanine species. Surpris-
ingly, however, the inhibitory effects of RDP on VSV
transcription could be reversed with other nucleotide tri-
phosphates as well (Table 2). The inhibitory effect ofRDP in
reactions composed of low, but not rate-limiting, concentra-
tions (50 ,M) of CTP and UTP (2) was less than that noted
when the GTP concentration was similarly adjusted; the
percent inhibition under these circumstances resulted in
approximately one-half the inhibition seen with GTP. Nev-
ertheless, readjusting the concentration of the respective
nucleotides to 500 ,uM eliminated any inhibition. In contrast,
inhibition by RDP could not be similarly achieved with ATP
at concentrations that were not rate limiting. The addition of
GDP to the reaction mixture, on the other hand, did not
result in any apparent reversal of inhibition by RDP (Table
3). At 50 ,uM the addition of GDP had no effect on the
transcription reaction at all; at a 10-fold higher concentra-
tion, the presence of GDP itself, similar to the results
obtained with RDP, appeared to be inhibitory to the reac-
tion. These data suggest that ribavirin interacts with a site(s)
on the polymerase that normally recognizes at least three of
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TABLE 2. Reversal of inhibition of RDP on VSV transcription
with GTP, CTP, and UTPa

Nucleotide and RDP concn % Control
concn (,uM) (5ag/ml)

GTPb
50 0 100
50 100 26
500 100 96

CTPc
50 0 100
50 100 63
500 100 102

UTPd
50 0 100
50 100 63
500 100 103

a VSV transcription was performed in a manner identical to that described
in the text, except that nucleotide concentrations were adjusted as noted.
Trichloroacetic acid-insoluble counts were compared with those for a sample
containing no RDP.

b Reaction mixture contained 20 ,Ci of [a-32P]UTP, 0.5 mM UTP, 1.0 mM
CTP, and 1.0 mM ATP.

c Reaction mixture contained 20 ,uCi of [a- 32P]UTP, 0.5 mM UTP, 1.0 mM
GTP, and 1.0 mM ATP.

d Reaction mixture contained 20 RCi of [a-32P]ATP, 0.5 mM ATP, 1.0 mM
CTP, and 1.0 mM GTP.

the triphosphorylated precursors ofRNA synthesis and that
the drug does not irreversibly bind to the enzyme.

Unexpectedly, the inhibitory activity of RDP was also
dependent on the amount of virion added to the reaction
mixture (Table 4). The addition of enzyme and template led
to the expected increase in the velocity of the reaction.
However, at higher concentrations of virion, the degree of
inhibition ofRDP was substantially less. Although the virion
component responsible for this observation has not been
identified, these results emphasize the highly reversible
nature of ribavirin in this system.

In an attempt to both substantiate and generalize the
finding that RDP is inhibitory to viral transcription, the effect
of RDP on a second in vitro viral transcription system, that
of La Crosse virus, was examined. Like VSV, La Crosse
virus is a negative-stranded RNA virus; however, La Crosse
virus is much more sensitive in vitro to ribavirin than VSV
(P. Canonico, personal communication). The addition of
RDP to the La Crosse virus transcription reaction led to
profound inhibition of polymerase activity (Table 5). No
RNA synthesis was detectable at concentrations as low as 1
,ug/ml; there was still 50% inhibition at 0.1 ,ug/ml. Results of
this experiment support the conclusion that in at least some
viral systems, the antiviral effect of ribavirin may be medi-
ated through phosphorylated analogs other than the triphos-

TABLE 3. Effect of GDP on inhibition of VSV transcription
by RDP'

RDP concn GDP concn % Control
(>Lg/ml) (>LM)%Cotl

0 0 100
100 0 57
100 50 55
100 500 26

a VSV transcription was performed in the presence or absence of GDP, as
noted.

TABLE 4. Reversal of inhibition of RDP on VSV transcription
with viriona

Virion (zLg) RDP concn cpm (103) % Inhibition

5 0 50 47
5 150 27

15 0 129 28
15 150 93

30 0 211 7
30 150 197

a VSV transcription was performed as described in the text with various
concentrations of virion and RDP, as noted.

phate form and that the effect is directed against viral
polymerase activity.

DISCUSSION

VSV is a prototypic negative-stranded RNA virus with a
molecular biology that closely resembles that of several
important human pathogens, such as respiratory syncytial
virus, parainfluenza virus, and measles virus. Unlike these
viruses, VSV can be manipulated in the laboratory with
relative ease. In particular, its in vitro transcription reaction
is well defined, and the messages synthesized from this
reaction can be readily and efficiently translated in vitro.
Although it is less sensitive to ribavirin than other viruses, it
has nevertheless served as a convenient model system with
which to probe the molecular activity of this drug, with the
anticipation that the results will be applicable toward the
treatment of the more fastidious pathogens that are respon-
sible for human disease.
Our attempts to synthesize poorly translatable VSV

mRNAs in the presence of ribavirin in the cell-free transcrip-
tion reaction were not successful. The efficiency of transla-
tion of uncapped mRNAs in in vitro translation systems is
influenced by several factors, including salt and mRNA
concentrations and temperature of reaction (la). Adjustment
of some or all of these factors may be required to demon-
strate a difference in translational efficiency between ribavi-
rin-treated and untreated viral mRNAs. We used a rabbit
reticulocyte lysate translation system to ensure comparabil-
ity to previous experiments in which similar conditions were
used (16). However, uncapped messages translate more
inefficiently in wheat germ extracts than in reticulocyte
lysates (la), suggesting that the former system may be the
better one with which to test the translational efficiency of

TABLE 5. Effect of RDP on La Crosse virus
in vitro transcriptiona

RDP concn (,ug/ml) Trichloroacetic acid-
insoluble cpm

0 18,023
o-4 13,667
1-3 15,814
10-2 6,160
10-1 1,501

a La Crosse virus in vitro transcription reactions were performed as
described in the text in the presence of various concentrations of RDP.
Trichloroacetic acid-insoluble radioactivity was assayed after a 30-min incu-
bation.
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viral mRNAs synthesized in the presence of ribavirin. Fi-
nally, transcription was achieved in the absence of a methyl
donor; consequently, alterations of cap methylation by riba-
virin would not be demonstrable under the conditions used
in this study.

Nevertheless, several aspects of the molecular activity of
ribavirin on viral RNA synthesis emerged from examining its
effects on the VSV transcription reaction. First, an inhibi-
tory effect of ribavirin on this viral polymerase activity was
documented. Such inhibition has been described for influ-
enza virus in experiments involving RTP. In most other
reports (4, 12, 13), including our own, in which the effect of
ribavirin on VSV grown intracellularly (16) has been exam-
ined, it has been indicated that there is little or no inhibitory
effect on a wide variety of viral and nonviral polymerase
systems. Eriksson et al. (4) found only minor inhibition by
RTP on cell-free VSV transcription, similar to our results;
however, the inhibitory activity of the other phosphorylated
ribavirin species against VSV polymerase was not exam-
ined. The experiments described in the current report con-
firm that ribavirin can have a direct effect on an RNA-
dependent RNA polymerase. It may be argued that the
observed inhibition of VSV polymerase activity seen here
could actually reflect the instability of mRNA, which was
quickly degraded. However, sizing of the transcripts by gel
electrophoresis suggested no fragmentation of VSV mRNAs
synthesized in the presence of drug. In addition, in experi-
ments (e.g., see Fig. 1) in which ribavirin-treated transcripts
were translated in solution at 37°C for 90 min, there was no
inherent instability of mRNAs in comparison with controls
based on the amount of viral protein that was successfully
synthesized.
There was a considerable decrease in inhibitory activity of

the ribavirin compounds on VSV transcription over the time
course of these experiments. The compounds were noted to
be very hygroscopic and became moist in spite of careful
storage. In addition to adding irrelevant weight, moisture is
known to lead to rapid dephosphorylation of at least the
triphosphate, although it is thought that the other com-
pounds are more stable (R. K. Robins, personal communi-
cation). Consequently, strict definition of inhibitory activity
for a given concentration of drug was impossible. Neverthe-
less, the inhibitory effects were always dose dependent and
were reproducible in experiments performed within short
time frames. In addition, the profound activity of RDP
against La Crosse virus transcription provided support that
the inhibition noted for VSV was both real and relevant.
A second aspect of the antiviral activity of ribavirin which

was elucidated from these experiments was that the inhibi-
tory effects of the drug can be mediated to various degrees
by all three 5'-phosphorylated compounds studied. In previ-
ous reports in which a direct inhibitory effect of the drug on
enzymatic activity has been described, it has been docu-
mented that there is an effect only by the phosphorylated
compounds relevant to the enzyme in question. Thus,
IMPDH, which normally uses IMP as a substrate, is inhib-
ited by RMP (15); influenza polymerase and vaccinia capping
activity, which normally use triphosphorylated nucleotides
as substrate, are inhibited by RTP (4, 17, 18). In the
experiments with VSV, inhibitory activity has been shown
with the mono- and diphosphorylated drug, as well as the
triphosphate. Indeed, in this system, the triphosphate, which
would most closely resemble the natural substrate of the
viral polymerase and, therefore, would be expected to have
the greatest potential inhibitory activity, had the least inhib-
itory activity. Unlike other purine analogs with antiviral

activity, such as acyclovir, ribavirin's dissemblance to nat-
ural nucleotide precursors is at the base rather than the
ribose. In contrast to acyclovir, ribavirin does not induce its
antiviral activity by blocking chain elongation. Conse-
quently, triphosphorylation of the ribose portion of the drug
is probably not essential; rather, the degree of phosphoryla-
tion of ribavirin may be important only in the manner in
which it alters the interaction between the base and the
polymerase.
A third aspect of molecular activity of ribavirin observed

in these experiments was that the inhibition by the diphos-
phate could be reversed by CTP, UTP, and GTP. The
reversibility of the activity of ribavirin by guanine-related
compounds has been documented repeatedly (7, 8, 15) and is
an expected consequence of the structural similarity of
ribavirin to guanine (10). However, reversibility of ribavirin
activity by unrelated nucleotides has not been described
previously. This observed reversibility suggests that ribavi-
rin does not act specifically or exclusively as a guanine
analog, as has generally been believed, but rather may
interest with a site(s) that recognizes multiple RNA nucleo-
tide precursors.

Reversibility was also observed by the addition of virion.
The basis for this observation is unknown. An unlikely
explanation is that ribavirin, like acyclovir, acts as a suicide
inhibitor, forming a reversible complex with polymerase
before becoming irreversibly bound to the enzyme (5). The
addition of more enzyme would therefore be expected to
replenish polymerase activity. However, suicide inhibition
requires that the inhibitor serve as substrate to the enzyme in
question, which is not borne out from our data. Alterna-
tively, the addition of some virion component could interfere
with the activity of ribavirin in some unknown fashion.
Elucidation of this phenomenon would require enzyme ki-
netic studies and the addition of purified virion components
to the reaction. However, a simple identification of the
influence of virion concentration emphasized the influence of
reaction conditions on the degree of inhibition of this drug in
the VSV polymerase system.

Previous attempts to formulate a unifying hypothesis
regarding the molecular action of ribavirin have been frus-
trated by seemingly disparate results generated from the
investigation of its activity in different viral systems. Indeed,
results of our experiments in which a single viral system,
VSV, was used have suggested that there are different
molecular targets, depending on whether the drug is exam-
ined intracellularly or in a cell-free polymerase assay (16).
To date, there have been three proposed mechanisms of
action for ribavirin. The first suggests that ribavirin inhibits
de novo production ofGMP by suppressing IMPDH activity,
thereby denying virus substrate for its transcription (9, 15).
A second hypothesis suggests that ribavirin has a direct
effect on viral polymerase activity (4, 17), and a third states
that the drug interferes with 5' capping of viral messages,
leading to inefficient translation of viral mRNA (6, 16). All
previous data, as well as those presented here, support the
hypothesis that ribavirin reversibly inhibits an initiating step
of transcription. Interference with influenza polymerase
primer generation, inhibition of capping activity by vaccinia
virus, and the suppression of VSV polymerase activity
without production of fragmented RNA all suggest that
early, initiating events in RNA production are altered by this
drug. The inhibition of IMPDH may prove important in
potentiating the activity of ribavirin by decreasing the avail-
ability of a nucleotide competitor. Examination of other viral
systems will help to validate this hypothesis.
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