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Ribavirin 5'-triphosphate (RTP), derived from the broad-spectrum antiviral
compound ribavirin (Virazole), can selectively inhibit influenza virus ribonucleic acid polymerase in a cell-free assay. Ribavirin and its 5'-monophosphate
have no effect on the polymerase. The inhibition is competitive with respect to
adenosine 5'-triphosphate and guanosine 5'-triphosphate. RTP also inhibits
ApG- and GpC-stimulated influenza virus ribonucleic acid polymerase. Since
ribavirin is phosphorylated in the cell, the inhibition of influenza multiplication
in the cell may also be caused by RTP.
was not treated with ribonuclease. Purified virus, 2
to 3 mg/ml, was kept frozen in aliquots at -70°C.
The Indiana serotype of vesicular stomatitis virus
ide) has been shown to inhibit the multiplication of several animal viruses (la, 17). It can (VSV) was grownandin HeLa cells and purified as
by Roy
Bishop (16).
obviously be phosphorylated to the mono-, di-, described
Enzymes. Calf thymus RNA polymerase A and B
and triphosphate within mammalian cells (11). (EC 2.7.7.6) were prepared according to Kedinger et
The monophosphate inhibits a cellular inosine al. (7), calf thymus deoxyribonucleic acid (DNA)
5'-monophosphate (IMP) dehydrogenase (EC polymerase a (EC 2.7.7.7) was purchased from
2.1.1.14) (19). This effect has been assumed to Worthington, Freehold, N.J., and Escherichia coli
be the basis for the antiviral activity of ribavi- RNA polymerase type II (EC 2.7.7.6) and Micrococcus luteus DNA polymerase (EC 2.7.7.7) were obrin (11).
On the other hand, it has been demonstrated tained from Sigma, St. Louis, Mo.
Chemicals and isotopes. Activated calf thymus
that the synthesis of influenza virus proteins is DNA
for the M. luteus and the calf thymus DNA
inhibited at concentrations of ribavirin that do polymerase
was prepared according to Fannot suppress cellular protein synthesis (12). sler and Loebassays
(4). E. coli Q-13 DNA for the E. coli
This could be explained if influenza virus ribo- RNA polymerase assay was prepared according to
nucleic acid (RNA) polymerase was selectively Marmur (10). Calf thymus DNA for the calf thymus
affected, resulting in a decrease in influenza RNA polymerase A and B assays was from Worthvirus messenger RNA. It has recently been re- ington. Adenosine 5'-triphosphate (ATP), cytidine
ported that the synthesis of both virion RNA 5'-triphosphate. (CTP), guanosine 5'-triphosphate
and complementary RNA (cRNA) is suppressed (GTP), uridine 5'-triphosphate (UTP), deoxy ATP,
at ribavirin concentrations that do not block deoxy CTP, deoxy GTP, deoxythymidine 5'-triphosphate, ApG, and GpC were from Sigma. Tritiated
cellular RNA synthesis (18).
[3H]GTP (5.6 Ci/mmol), [3H]CTP
The present study describes experiments triphosphates,
(26.2 Ci/mmol), and [3H]deoxythymidine 5'-triphoswhich reveal a selective inhibition of influenza phate (40 Ci/mmol) were from New England Nuvirus RNA polymerase by ribavirin 5'-triphos- clear Corp., Boston, Mass. Samples of ribavirin,
phate (RTP). An analysis of the kinetics of ribavirin 5'-monophosphate (RMP), and RTP were
inhibition and inhibition in the presence of di- kindly supplied by R. Sidwell, ICN Pharmaceuticals
Inc., Irvine, Calif.
nucleotides has been carried out.
Assay conditions. The methods for assaying different polymerase activities were essentially as deMATERIALS AND METHODS
scribed by the following: by Bishop et al. (2) for
Viruses. Influenza virus type A2 strain Aichi 2/68 influenza virus polymerase, by Baltimore et al. (1)
was obtained as infected allantoic fluid from Statens for VSV RNA polymerase, by Kedinger et al. (7) for
Bakteriologiska Laboratorium, Stockholm, Sweden, calf thymus RNA polymerase A and B, by Holmes et
and the virus was purified according to the method al. (6) for calf thymus DNA polymerase a, by Harof Pons and Hirst (15), except that the purified virus wood et al. (5) for M. luteus DNA polymerase, and
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The antiviral compound ribavirin (Virazole,

1-,3-D-ribofuranosyl-1,2,4-triazole-3-carboxam-
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coli RNA polymerase, 880 U/mg, 1.5 ,ug/125 ,ul;

M.

luteus DNA polymerase, 85 U/mg, 8.9 ,ug/125 ul;

thymus DNA polymerase a, 2.5 U/200 ,ul; VSV RNA
polymerase, 37 U/mg, 10 ,ug/125 ,l.
Chromatographic procedures. Two chromatographic systems were used. In system A, silica gel
thin-layer plates (Merck) were chromatographed in
2-propanol-concentrated aqueous ammonia-water
(7:1:2). The eluted plates were sprayed with methanol containing 10% sulfuric acid and 2% p-methoxybenzaldehyde followed by heating at about 1100C.
In system B, PEI-cel 200 thin-layer plates (Macherey-Nagel, 20 by 20 cm) were chromatographed in
1.4 M lithium chloride and then sprayed with a mixture of 5 ml of 60% (wt/wt) perchloric acid, 10 ml of
0.1 M hydrochloric acid, 25 ml of 4% (wt/vol) ammonium molybdate, and 60 ml of water.
RESULTS

Purity of the tested inhibitors. Ribavirin
(mp, 166 to 168°C, literature mp, 166 to 1680C
[20]; system A, Rf = 0.41) and RMP (system B,
Rf = 0.70) were chromatographically pure. The
sample of RTP contained some minor impurities.
A 1.1-mg (by weight) sample of RTP was
purified by chromatography (system B, one
plate). The appropriate band (Rf = 0.20) was
cut out from the developed and dried plate and
was washed with methanol (250 ml). Eluting
the band with water and evaporation of the
solvent gave a sample containing 0.6 mg of RTP

(recovery of 55%, the amount determined by
the ultraviolet light absorbance, Xmax[H20] at
206 nm, e = 8 x 103) which was chromatographically pure (system B). Some lingering lithium
chloride was washed away from the dry sample
with methanol.
No significant difference was found between
the inhibitory activities of the crude and the
purified samples of RTP. The experiments described below are pertinent to the crude sample.
Selective inhibition of influenza virus RNA
polymerase. The polymerase activity of several
DNA and RNA polymerases was tested in the
presence of ribavirin, RMP, and RTP as shown
in Table 2. Influenza virus RNA polymerase
was selectively inhibited by the triphosphate.
No inhibition was observed with ribavirin or its
monophosphate. The triphosphate did not show
any significant inhibition of calf thymus RNA
polymerase A and B. VSV RNA polymerase,
M. luteus DNA polymerase, and E. coli RNA
polymerase were slightly inhibited by 500 ,uM
RTP. Ribavirin and RMP had no inhibitory
activity on any ofthe enzymes tested. A concentration of 100 ,M RTP was required to obtain
50% inhibition of influenza virus RNA polymerase. No significant inhibition of any ofthe other
enzymes was observed at this concentration
(Table 2). Figure 1 shows the dose-response
curve for inhibition of influenza virus RNA
polymerase with RTP.
Competitive effect of purine triphosphates.
The mechanism of inhibition of influenza virus
RNA polymerase by RTP was studied by varying the concentration of nucleoside triphosphates in the polymerase assay system. The
Lineweaver-Burk plots obtained for ATP, GTP,
CTP, and UTP are presented in Fig. 2. RTP
shows a competitive type of inhibition with
varying concentrations of the purine triphosphates ATP and GTP (Fig. 2A and B). No competitive inhibition was found when the concentrations of the pyrimidine triphosphates CTP
and UTP were varied (Fig. 2C and D).

TABLE 1. Nucleotide concentrations in the polymerase assays
Nucleotide concn (mM)

Polymerase assay
ATP

0.50
Influenza virus RNA
0.50
Thymus A RNA
0.50
Thymus B RNA
E. coli RNA
0.40
M. luteus DNA
Thymus a DNA
VSV RNA
1.0
a
dATP, Deoxy ATP; dGTP, deoxy

GTP

CTP

0.11
0.11
0.11
0.40

0.10
0.10
0.10
0.40

0.07

0.50

UTP
0.10

dATPa

dGTPG

dCTPa

dTTPa

0.05
0.10

0.05
0.10

0.05
0.10

0.05
0.10

0.10
0.10
0.40

0.50

GTP; dCTP, deoxy CTP;

dTTP, deoxythymidine 5'-triphosphate.
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by Burgess (3) for E. coli RNA polymerase, with
minor modifications. Where not otherwise noted,
the nucleotide concentrations in the different assays
were as indicated in Table 1.
Samples from the assay mixtures were precipitated with trichloroacetic acid on filter paper,
washed, and counted in a toluene scintillation solution (Permablend III, Packard). One unit of enzyme
activity corresponds to 1 nmol of [3H]GMP, [3H]CMP, or [3H]dTMP incorporated per h. Zero time
incorporation was subtracted.
The specific activities of the enzymes and the
amounts used in the assays were: influenza RNA
polymerase, 3 U/mg, 100 Ag/125 1lI; thymus RNA
polymerase A, 2.5 U/mg, 100 ,g/125 Al; thymus
RNA polymerase B, 30.6 U/mg, 100 ,Ag/125 IlI; E.
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TABLsz 2. Effects of ribavirin, RMP, and RTP on different polymerases
Inhibition (%)a
Polymerase

RMP

Ribavirin

100ooM
-10
2
3
4
0

500 FM

100o ,M
-9
-15
9, 8
-1,3
1

RTP

500 1AM

100 M

500 UM

without affecting normal cellular functions is a
highly desired property of an antiviral compound. Ribavirin has been considered to be a
broad-spectrum antiviral substance with activ70/ity
against several animal DNA and RNA viW.
/ruses
(la, 17). Earlier reports about the funcwtion
of
ribavirin have indicated that the drug is
40metabolized to RMP, which inhibits cellular
IMP dehydrogenase (10, 11). This inhibition
230°
/
has been shown to result in a decreased GTP
0
pool in leukemic cells (13).
250
A selective effect on the synthesis of influ10
50
50 MMRP
U)0
25
virus proteins was observed by Oxford
..of influenzavirenza
FIG.
Inhibition
1
Inhibition
virus RNA
(12). Scholtissek (18) reported that the synthe. Iniitoof influenza
erseb RTP.
of inlezvrsRA
Si of influenza virus RNA was inhibited at
polymerase at different concentrations of RTP was
determined as described in Materials and Methods. concentrations of ribavirin that did not inhibit
All samples were in duplicate, and mean values are cellular RNA synthesis. These findings suggest
shown. The incubation time was 1 h, and more than a mechanism of inhibition that is distinct from
104 cpm was counted in each sample with [3H]GTP as the effect on IMP dehydrogenase. It has been
reported that ribavirin is phosphorylated intralabeled precursor.
cellularly not only to its monophosphate, but
also to the di- and triphosphates (11), and that
Inhibition of influenza virus RNA polymerInhibition
the intracellular concentration of RTP is of the
ase stimulated with dinucleotides. The activ- same magnitude as that of ribavirin (11).
ity of influenza virus RNA polymerase could be
Our results (Table 2) demonstrate that RTP
stimulated by ApG or GpC as demonstrated by
a selective inhibitor of influenza virus RNA
iS
Plotch and Krug (14) and as also shown in Fig
Fig.
in .timulated polymerase in a cell-free system. Ribavirin and
anaslohw
PoTche andyKru(1
system wasaly s inhibited by RTP. Theinhibim RMP, on the other hand, do not inhibit the
virus RNA polymerase. From Fig. 2
tion att 11 hh of
incubation was more than 80% influenza
oinar
it is evident that RTP shows a competitive inhition
on watsmo RTan8
bition only with ATP and GTP but not with
when eruimoare nen
o.
or
To TP and AT Th to U or
The mechanism of inhibition in this system
was examined by varying the concentration of cloPely related to GTP and ATP than to UTP or
It has been suggested that the influenza
result is shown in Fig. 4.
ApG
ApG and dRTP.
cRNA initiates with adenosine and guanosine
Rt. The
The tresu own
in. Fi. 4. CTPPercw4 Wbifim

100

Fra.

whenater

weaver-uk,
and

.ns

tra for
lt the'lin

inta Le-

cobtaned we ren

curved,
no nclusion
cerning

(8). McGeoch and Kitron (9) showed

a

stimula-

tion of influenza virus RNA polymerase by GpG
and GpC, and Plotch and Krug have recently
(14) that the in vitro initiation of influ-

thetypofinhbitreported
enza virus cRNA can be stimulated by the dinu-

DISCUSSION
The selective inhibition of viral enzymes

cleotides ApG and GpG, which are incorporated

at the 5' end of the cRNA. The enhancement of
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90, 82
50, 40
2, -4
0, -8
Influenza RNA
-16
-12
5, 3
-4
Thymus A RNA
7, 13
15,9
5, 5
15, 20,1
Thymus B RNA
5
20,17
1,0
-4
E.coliRNA
2
-4
28, 38
13
M. luteus DNA
22
Thymus a DNA
36
VSV RNA
a The different polymerases were assayed as described in Materials and Methods, and the inhibition of
polymerase activity is expressed in percent relative to a control without added substance. A negative value
refers to the percentage of enhancement observed in the assay. The figures are averages from duplicate
incubations. Results from. different experiments are given for some enzymes.

A

25I

I/enzyme activity,

*

Control

a

4OpM RTP

*

10OPM RTP

7

C

I/mM GTP 10

D

I/enzyme activity, U/m
2.41

2.2

*

A

2.0

Control
40AM R ITP
80 IAM RITP

*
A

1.8

Control
100 vM RTP
250pM RTP

1.6
1.4

.A
1.2-

1.0-

//
0.80.6

0.4-

0.2-

-16

-12

-8

-4

0

4

8

12

I/mM CTP 10

-20

-16

-12

-8

-4

0

4

8
12
I/mM UTP 10

FIG. 2. Effect of nucleoside triphosphates on the inhibitory activity of RTP. The activity of influenza virus
RNA polymerase in the presence ofRTP was determined at different concentrations ofATP, GTP, CTP, and
UTP. The incorporation of [3H]GTP was measured when the concentration ofATP, CTP, or UTP was varied,
and the incorporation of [3HJCTP was determined when the GTP concentration was varied. The data are
presented as double reciprocal plots, utilizing a computerized least-squares method for regression analysis.
The time of incubation was 1 h, and the nucleotide concentrations were the same as given in Table 1, apart
from the one varied. (A) Incorporation at different ATP concentrations with 0, 40, and 80 pM RTP. (B)
Incorporation at different GTP concentrations with 0, 40, and 100 pM RTP. (C) Incorporation at different
CTP concentrations with 0, 40, and 80 pM RTP. (D) Incorporation at different UTP concentrations with
0, 100, and 250 pM RTP.
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10-3

cpm* 10-3

Control

100 AM RTP

9
87-

/

/

/

250 FM RTP

FIG. 4. Inhibition of ApG-stimulated influenza
virus RNA polymerase by RTP. The inhibition of
influenza virus RNA polymerase was determined
with varying concentrations of both RTP and ApG.
The time of incubation was 15 min and [3H]GTP was
used to label the product.

both influenza virus RNA and protein synthesis are selectively inhibited by ribavirin (12,
18), it is entirely possible that the prevention of
45
75
90 min.
0 5 1015202530
60
influenza
virus multiplication depends on a seFIG. 3. Inhibition of influenza virus RNA polymerase stimulated with ApG and GpC. Additions to lective inhibition of the RNA polymerase by the
the standard influenza virus RNA polymerase assay ribavirin metabolite RTP.
The suggested mechaniism for inhibition of
at 15 min of incubation with [3H]GTP as labeled
precursor were: (I) control, no addition; (II) 500 puM influenza virus RNA polymerase does not exRTP; (III) 500 puM ApG; (IV) 500 uM GpC; (V) 500 clude concomitant effects by inhibition of IMP
M RTP and 500 pM ApG; (VI) 500 AM RTP and dehydrogenase.
500 pM GpC.

polymerase activity by ApG and GpC can be
abolished with RTP (Fig. 4). It could not be
established whether the inhibition is competitive with respect to the dinucleotide. This may
be due to the fact that the lag period before
RNA synthesis assumes a linear rate varies
with the concentration of the dinucleotide. It
has not yet been determined whether RTP also
inhibits the cytoplasmic influenza RNA polymerase synthesizing virion RNA, nor is it known
whether the diphosphate has any inhibitory
activity.
The lack of inhibition of calf thymus DNA
polymerase a and RNA polymerase I and II by
RTP has also recently been observed by Muller
et al. (13).
It remains to be established whether the inhibition of influenza virus RNA polymerase by
RTP also controls influenza virus replication in
the infected cell. Considering the facts that
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