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The effects of caps, dlnucleotldes, ohgonucleotldes and polynucleotldes on influenza virus RN ~, 
polymerase activity have been mvestlgated. The results show that both methyl groups in a cap are 
necessary for optimal stimulation of polymerase acnvlty. Both mTG(5')ppp(5 ') A m and ApG stimulat- 
ed the Influenza RNA polymerase actmty and seemed to interact at different sites Out of the 16 
homopolynucleoUdes tested, seven inhibited influenza RNA polymerase by 50% at 2-10 ~g/ml 
Poly(G) gave a 90% reduchon of influenza virus plaque formation at 10 ~tg/ml An ohgodeoxynbo- 
nucleotade complementary to the 12 terminal nucleotldes of the 3' end of Influenza virus RNA was 
synthesized. This ohgonucleotlde did not selectively inhibit influenza RNA polymerase 

influenza virus RNA polymerase mhlbmon antwlral activity caps ohgonucleotldes polynucleotldes 

INTRODUCTION 

The molecular mechanism of  influenza mRNA synthesis has recently been analyzed 

in great detail and found to be different from what is known for other mRNA's  [3 -7 ,9 ,  

1 1 - 1 4 , 1 6 - 2 0 ] .  The virion contains a RNA polymerase responsible for the synthesis of  

a polyadenylated influenza mRNA. In the infected cell, cap structures and 6 - 1 4  further 

nucleotides are cleaved off  from cellular mRNA and incorporated as a primer at the 

5' end of  the influenza mRNA [7,9,13]. Since this can also take place in a cell-free assay 

with purified vlrlons [3 -5 ,16 ,19 ] ,  the nuclease activity found m the vlnons [1] could be 

responsible for the cleavage o f  the cap-containing primer from cellular mRNA. The se- 

quence o f  some primers as well as the rest o f  the 5' end o f  influenza mRNA have been 

determined [ 7 - 9 , 1 9 ] .  It has also been shown that dinucleotides can imtiate RNA syn- 

thesis by the varion polymerase [14,17,18]. This detailed knowledge of  the influenza 

mRNA synthesis has made it possible to search for inhibitors o f  the different steps o f  

initiation. In this paper, we describe attempts to interfere with influenza mRNA synthesis 
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at the cap binding site, at the primer cleavage stage, and by using d~fferent initiating 
nucleotides and an oligonucleotide complementary to the 3' end of  the virion RNA. 

MATt;RIALS AND MFTHODS 

Virus 
Influenza A Victona 3/75 X-47 and influenza B Hongkong 8/73 were purchased from 

Orion OY Helsinkl, Finland. 

Polymerase assay 
The cell-free influenza RNA polymerase assay was carried out as previously described 

[22]. The incorporations of guanosine monophosphate (GMP) are given for 60 mln in- 
corporation at 30°C if not otherwise indicated. The polymerase reactions were linear 

for at least 60 ram. In all assays, 6 mM MgCI: was used. The values given xn the tables 
are corrected for zero time incorporation. 

Plaque assay 
Plaque assay on MDCK cells using influenza A Victoria 3/75 X-47 has been described 

[22]. A clone of influenza A Victoria 3/75 X-47 was used which did not need trypsin m 
the overlay in order to form plaques. 

Chemicals 
[aH]Guanosme tnphosphate (GTP) (13.3 C1/mmol) was from New England Nuclear. 

Poly(G), poly(A), poly(C) and poly(U) were obtained from Calbiochem, all other homo- 
polynucleotldes as well as cap structures were from P.-L. Blochemicals. The dinucleotldes 
(3'~5')  ApG, (3'~5')  GpG, and (2'~5') ApG were from Sigma, and the other dinucleo- 
tides from Collaborative Research. 

Ohgonucleo tides 

The dodecamer DNA segment, d(AGCAAAAGCAGG), complementary to the 3' end 
of influenza vlrion RNA [15] was synthesized on a solid support, and the methodology of 
its synthesis has been reported elsewhere [ 10]. The tetradecamer, d(GCCCATTTTTGGAA), 
the nonamer, d(GCCACTTT), and the undecamer, d(GCTTCTTTCAT) were synthesized 
according to the phosphotriester approach [2], using 9-phenylxanthen-9-yl for 5'-hydroxy 
protection. The 3 'end was protected by a phosphotriester containing 3,3,3"tribromoethyl 
group. The ohgonucleotlde T12-~a was obtained from P.-L. Blochemicals. The dinucleo- 
tides 2'-d-GpG, 2'-d-pGp, 2'-d-pGpG, 2-d-ApG, 2'-d-pApG, used for oligonucleotide 
synthesis, were chemically synthesized using the phosphotriester approach [2]. 

Globin mRNA 
Globin mRNA was punfied from rabbit reticulocytes [5]. 
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RFSULTS 

Effects o f  cap structures on the influenza RNA polymerase acttvtty 

The ef fec ts  o f  cap s t ruc tures  on  the cell-free inf luenza  RNA polymerase  reac t ion  is 

s h o w n  m Table 1. None  o f  the s t ruc tures  inhib i ted  the po lymerase  in the absence o f  

globin m R N A .  The s t tmula t lon  observed was d e p e n d e n t  on  the degree o f  m e t h y l a t l o n  o f  

the  cap. Caps conta in ing  two  m e t h y l  groups  were more  s t imula tory  than  those  conta in ing  

one  and those  lacking b o t h  m e t h y l  groups  The mos t  active caps were m 7 G ( 5 ' ) p p p ( 5 ' ) G  m 

and m T G ( 5 ' ) p p p ( 5 ' ) A  rn . In the presence  o f  globin m R N A ,  added  as a pruner ,  an inhibi- 

t ion  o f  inf luenza  A RNA polymerase  activity was observed for the caps,  which  gave the  

highest  s t imula t ion  in the  absence o f  globin m R N A .  

TABLE 1 

Effects of cap structures on influenza RNA polymerase activity 

Compound % Inhibition of RNA synthesis wxth (+) or without (-) globm 
mRNA in the assay 

Influenza A Influenza B 

- + + 

G(5')ppp(5')G - 18 13 -32 16 
G(5')pppp(5')G -56 -5 -9  20 
m7 G(5')ppp(5')G - 102 28 -38 11 
G(5')ppp(5')G m -77 6 -54 18 

m ~ G(5')ppp(5')G m - 155 42 -54 - 10 
G(5')ppp(5')A -7 13 -6 0 

mTG(5')ppp(5')A -75 8 -4 0 
G (5')ppp (5 ')A m -38 14 - 12 9 
m 7G (5')ppp(5')A m - 159 37 - 18 -4  
m 7G(5')ppp(5')N 6 mA m -95 0 - 12 -2  

A(5')pp(5')C -58 -8  8 8 
A(5')pp(5')G -16 0 -12 -1 
G(5')ppp(5')C -9 17 -4 5 
G (5 ')ppp (5')U - 7 12 - 13 6 
mTG(5')ppp(5')C m -30 19 -6 4 
mTG(5')ppp(5 ') U m -70 19 - 19 0 

The compounds were tested at a concentration of 65 /~M apart from G(5')pppp(5')G, which was 
used at 110 ~t~M. Globm mRNA was added to 1 2 ~tg/100 ~1 for influenza A and 1 9 ~g/100 ~1 for 
mfluenza B At a concentration of 32 /JM these compounds did not cause any plaque reducUon using 
influenza A Victoria The incorporation of GMP was, m the absence of mRNA, 3 7 - 6 4  pmol/50 gl 
and, m the presence of mRNA, 150-204 pmol/50 ~1 in the different influenza A assays. In the 
mfluenza B assays the mcorporauon of GMP was, m the absence of mRNA, 13-25 pmol/50 ~1 and, 
m the presence of mRNA, 39-144 pmol/50 ul 
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Inhibition of  influenza RNA polymerase activity by polynucleotides 

The effect of  polynucleotides on influenza RNA polymerase activity was first deter- 

mined m the absence o f  any primer. As shown in Table 2, poly(X) was an efficient 

inhibitor and a 50% inhibaion was seen at a concentration o f  2/ lg/ml .  A 50% inhibition 

was observed with poly(U), poly(s 4U), poly(dU), poly(dT), poly(dC) and poly(dI) at 

concentrations ranging from 5 to 10/~g/ml. Poly(G) was the only polynucleotide giving 

a plaque reduction in cell culture at 10/ag/ml, but poly(X) and poly(I) gave a reduction 

in the size o f  plaques. 

The influence o f  different primers on the ability o f  polynucleotides to inhibit lnflueoza 

RNA polymerase activity is shown in Table 3. Addition o f  mTG(5')ppp(5 ' )N6mA m or 

ApG did not significantly alter the inhibition caused by poly(U), poly(dU), poly(s 4 U) or 

poly(G). When globin mRNA was added as a primer, all the polynucleotides became less 

inhibitory to influenza RNA polymerase activity. 

TABLE 2 

Effects of polynucleotldes on influenza A RNA polymerase activity in the absence of prtmer, and 
plaque formation 

Compound Concentration giving 
50% inhibition of 
RNA synthesis (~g/ml) 

% lnhIbmon 
of plaque formation 
at 10 ug/ml 

Poly(A) > 100 -6 
Poly(dA) > 100 -46 
Poly(1-N ~ -etheno A) > 100 - 16 
Poly(2'-O-methyl A) 50 -4 
Poly(G) 29 90 
Poly(dG) > 100 - 14 
Poly(1) 10 37 a 
Poly(dl) > 100 - 16 
Poly(X) 2 4 a 
Poly(C) > 100 - 14 
Poly(dC) 6 0 
Poly(2'-O-methyl C) > 100 -41 
Poly(U) 5 - 14 
Poly(dU) 9 -27 
Poly(dT) 8 2 
Poly(s 4 U) 5 -32 

The uninhibited polymerase reactions incorporated GMP In the range from 38 pmol/50 ul to 71 pmol/ 
50 ul 
a Small plaques 
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TABLE 3 

Effects of polynucleotldes on influenza A RNA polymerase activity 

Compound Primer Concentration giving 
50% inhibition of RNA 
synthesis (~g/ml) 

Incorporation of GMP 
(pmol/40 t~l m the 
absence of homopolymer) 

Poly(G) None 29 50 
Poly(G) m 7G(5')ppp(5')N 6 mAm 20 117 
Poly(G) ApG 36 338 
Poly(G) Globm mRNA 65 192 

Poly(U) None 5 56 
Poly(U) mTG(5')ppp(5')N ~ mA m 8 117 
Poly(U) ApG 8 405 
Poly(U) Globm mRNA 20 207 

Poly(dU) None 9 46 
Poly(dU) m 7G(5')ppp(5')N6 mA m 9 118 
Poly(dU) ApG 9 360 
Poly(dU) Globin mRNA > 50 187 

Poly(s 4 U) None 5 43 
Poly(s 4 U) mTG(5')ppp(5')N 6 mAm 4 112 
Poly(s 4 U) ApG 6 316 
Poly(s4 U) Globm mRNA 13 163 

Poly(dC) None 6 48 
Poly(dC) m~G(5')ppp(5')N 6 mAm 7 113 
Poly(dC) ApG 13 331 
Poly(dC) Globm mRNA 40 218 

The concentraUon of added ApG was 500 ~M, of mTG(5')ppp(5')N6mA m, 65 gM, and of globm 
rnRNA, 1.2 ~g/100 ul. 

Effects o f  dinucleotides on influenza RNA polymerase activity 

In Table 4 is shown that GpG and ApG stimulated the non-primed influenza A and B 

RNA polymerase activities. ApG(2 '~5 ' )  was also stimulatory but not 2'-d-ApG. Both 

2 '-d-GpG and 2'-d-GpG 1 were found to inhibit influenza A RNA polymerase. None of the 

compounds at a concentration of  100/~M caused any reduction in the plaque formation 

by influenza A Victoria. 

Combined effects o f ApG and m T G(5')ppp( 5')A m on influenza RNA polymerase activity 

The dose-response curves for the stimulation of influenza RNA polymerase activity 

by ApG and mTG(5')ppp(5')A m are shown in Fig. 1. In the presence of both ApG 

and the cap, an additive effect was observed at a saturating concentration of ApG. 
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fABLI 4 

[ ffects of  dmucleot ides  on influenza RNA polymerase activity 

C o m p o u n d  ~ lnhnbltlon of  RNA synthesis  at 500/aM 

Influenza A Inf luenza B 

GpG - 7 2 4  -1194  

2 ' -d-GpG 47 15 

2 ' -d-pGpG 42 8 

2 ' -d-pGpG 3 56 7 

n p G  (3 '~5 ' )  - 8 0 6  - 2 0 3 8  

ApG (2 '~5 ' )  - 6 3 0  -1074 

2 ' -d-ApG 4 0 

2 ' -d-pApG 26 3 

2'-d-pApG-] 40 - 3 1  

At a concentra t ion o f  100 #M these compounds  did not  cause any plaque reduct ion using influenza 

A Victoria Without  any compound  added an incorporat ion of  42 pmol /50  /al GMP was observed 

for influenza A and 10 pmol /50/a l  for influenza B The incubat ion tune was 45 m m  

% 

1 0 0 0  

800  - 

600  - 

400  

200  

Stnmu la tnon  

:~ 1() 2'0 1(~0 2(~0 500 p a  ApG or 
mTG(5")ppp(5')A m 

l-lg 1 St imulat ion ot influenza & RN& polymerase activity by ApG and m ' G ( 5 ' ) p p p ( 5 ' ) A  m The 

s tmlulat ion o f  the polymerase a~tiv~ty ~as  determined at increasing concen t ra tmns  ot ApG and 

mVG(5')ppp(5'),X m and for various combmatnons of  these compounds  c~------O, 65/aM m~G(5 ' )ppp  - 
(5 ')A m and mtrea~mg concentra t ion o f  ApG n------o, ApG ~----O, mVG(5 ' )ppp(5 ' )A m 
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Inhibition of influenza RNA polymerase activity by oligodeoxyribonucleotides 

The possibility to inhibit  influenza RNA polymerase actwity by hybridizat ion of  a 

DNA sequence complementary to the 3' end o f  influenza viral RNA was investigated 

by comparing the effects o f  complementary  and non-complementary  ohgonucleotides.  The 

results shown in Table 5 indicate that  the complementary  sequence d(AGC AAAAGC AGG) 

was not  a bet ter  inhibitor than four other  non-related sequences. The inhibition observed 

was reduced by adding globin mRNA to the assay. 

DISCUSSION 

The transfer o f  a capped oligonucleotide from a cellular mRNA to influenza mRNA 

offers several unique events statable for inhibit ion.  The importance of  the methyl  groups 

in the cap o f  an active primer has been reported earlier [4], and it was recently shown 

[6] that  removal of  either the 7-methyl  or 2 ' -O-methyl  groups decreased the priming 

abili ty o f  brome mosaic virus RNA in an influenza A RNA polymerase reaction. The 

present results (Table 1) confirm the observation that both  methyl  groups on the cap 

are necessary for opt imal  activity. It ts thus hkely that  the polymerase can recognize 

both the 7-methyl  and the 2 ' -O-methyl  group. In the presence of  globm mRNA, the 

dtmethylated caps showed a shght inhibition o f  the polymerase activity, indicating a 

compet i t ion with globin mRNA. The influenza B polymerase activity was less stimulat- 

ed by cap structures, but  both  the 7-methyl  and the 2 ' -O-methyl  groups seemed to be 

TABLE 5 

Inhibition of influenza A RNA polymerase actwlty by ohgodeoxyrlbonucleondes 

Compound Concentration (taM) Primer % lnhtbltlon 
of RNA synthesis 

d(AGCAAAAGC AGG) 22 None 32 
22 Globm mRNA 8 

d(GCCC ATTTTTGGA A) 9 None 79 
22 Globm mRNA 12 

d(GCCCACTTT) 26 None -13 
26 Globm mRNA -3 

d(T) 12 - la 20 None 22 
20 Globm mRNA 24 

d(GCTTCTTTC AT) 22 None - 14 
22 Globm mRNA -3 

The concentration of globm mRNA m the assay was 0 6 tag/50 tal. The molar concentration of 
d(T) 12- la was calculated assuming an average of 15 nucleotldes. The control reaction without globm 
mRNA incorporated 76 pmol/40 tal GMP and the globln mRNA prtmed reaction 385 pmol/40 tal 
GMP 
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recogmzed. In contrast to the influenza A polymerase, influenza B polymerase seemed 
to prefer caps with two guanosmes. 

It is not clear if the cleavage of  the primer from the cellular mRNA is mediated by a 

virus enzyme. However, a vinon-associated ribonuclease has been reported [1] and the 
interaction of  ribopolymers with this cleavage has been suggested [12]. Poly(X) seemed 

to be one of  the most effective mhibitors of  the non-primed influenza RNA polymerase 

activity (Table 2) and also reduced the size of  influenza plaque in cell culture; this was 

also observed for poly(l). Poly(G) caused a 90% plaque reduction at a concentration 
of  10 /lg/ml but, since it only inhibited the polymerase at ~ high concentration, it is 
doubtful that its effect m cell culture was primarily due to an inhibition of  the viral 

polymerase. The nbopolymers, poly(I), poly(G), and poly(U) were more active as in- 
hibitors than the corresponding 2'-deoxyribopolymers. The reverse was observed for 
poly(C). Inhibitions caused by homopolynucleotides were not affected by addition 
of caps or ApG but were reduced by globin mRNA (Table 3), indicating that this in- 
hibition was not caused by interaction at the cap-binding site or at the initiating site 
where ApG binds [17, 18]. The inhibitions observed for poly(s*U), poly(U), and poly(G) 
correspond well with the results from Smith et al. [21] and Krug et al. [13]. A correla- 
tion between polymerase inhibition and plaque inhibition nught be affected by differ- 
ences in degradation of  the polynucleotldes by cellular nucleases. 

In contrast to the stimulation of influenza RNA polymerase activity by GpG and ApG, 

an inhibition was observed if the corresponding 2'-deoxydinucleotldes were used (Table 
4). A change from a (3 '~5 ' )  to a (2 '~5 ' )  phosphodiester bend in the dinucleotide ApG 
did not, however, suppress the priming ability. When the combined effects of  mVG(5') - 
ppp(5')A m and ApG were investigated as shown in Fig. 1, the results indicated an additive 
effect, which might mean that the cap and ApG interact with different sites on the 

polymerase. 
A further posslbthty of  inhibiting polymerase actlwty has been suggested by Zamecmk 

and Stephenson [23], who found that a deoxy-tridecamer complementary to the 3' end 
of  Rous sarcoma virus RNA inhibited Rous sarcoma virus replication. One explanation 
to this result could be that the oligonucleotlde by hybridization to viral RNA prevented 
the polymerase from using its template. This approach was also used for influenza virus 
by synthesizing a deoxy-dodecamer [I0] complementary to the 3' end of influenza 

virus RNA. When tested for its ability to inhibit influenza RNA polymerase activity, it 
was not more active than a few of the non-complementary DNA sequences tested (Table 
5). This indicates that the 3' end of influenza virus RNA is shielded from base pairing, 
possibly by proteins not removed by the complementary ohgonucleotide. This result 
supports an earlier observation that base pairmg to vmon RNA was not necessary for the 
primer sequence [ 12 ]. 

These results indicate that there are different functional sites, suitable as targets for 
inhlbitors, on the influenza RNA polymerase complex; one which recogmzes the two 
methyl groups in the cap, one for the cleavage of  the primer and another for the initia- 
tion at the end of the primer. Our results also show that influenza RNA polymerase 
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can  n o t  be  i n h i b i t e d  b y  an  o l igonuc leo t ide  c o m p l e m e n t a r y  to the  3 '  end  o f  i n f luenza  

v i r ion  RNA.  
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