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SYNTHETIC TEMPLATES AND THE RNA POLYMERASE 
OF INFLUENZA A V I R U S  

Za inub  Khan, Mario Ariatt i  and  A r t h u r  Hawtrey 

Depar tment  of B i o c h e m i s t r y  - U n i v e r s i t y  of Durban-Wes tv i l l e  
P r i v a t e  Bag X54001 - Durban - S o u t h  Africa 

Abstract  - P o l y a d e n y l i c  a c id  ( p o l y  A )  a n d  p o l y g u a n y l i c  a c i d  ( p o l y  
C) h a v e  b e e n  m o d i f i e d  t o  g i v e  p o l y m e r s  c o n t a i n i n  CpC and  Gpm5C 
t e r m i n i .  
i n a c t i v e  a s  t e m p l a t e s  for t h e  R N A  - d e p e n d e n t  R N A  p o l y m e r a s e  of 
I n f l u e n z a  A v i r u s .  

P o l y m e r s  c o n t a i n i n g  m e t h y l a t e d  (Gpm f C )  t e r m i n i  are  

I n  a p r e v i o u s  c o m m u n i c a t i o n 1 ,  i t  was shown t h a t  t h e  m e t h y l a t e d  
d i n u c l e o s i d e  monophosphate (GpmSC) d i d  n o t  f u n c t i o n  as a p r i m e r  f o r  
t h e  i n i t i a t i o n  of R N A  s y n t h e s i s  u s i n g  t h e  I n f l u e n z a  A v i r a l  R N A  

p o l y m e r a s e  w i t h  v i r a l  R N A  t e m p l a t e s .  A l l  e i g h t  R N A  m o l e c u l e s  

c o m p r i s i n g  t h e  I n f l u e n z a  v i r u s  genome e n d  i n  a -GpCpU t e r m i n u s  
(3 ' )* ,3 ,4 ,  t h u s  a l l o w i n g  o n e  t o  u s e  a n  i n  v i t r o  a s s a y  s y s t e m  f o r  

s t u d i e s  on the  i n i t i a t i o n  of R N A  s y n t h e s i s  as d e p i c t e d  i n  Scheme 1 .  
-- 

v i r a l  t e m p l a t e  
5 '  GpC pU3 ' 

3 ' 4  cpc5  ' 
s y n t  hes  i s 

pr  i mer 

5 '  GpC pU3 ' 

3 ' P m5~pc5  ' 
no s y n t h e s i s  

m e t h y l a t e d  primer 

SCHEME 1 
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544 KHAN, ARIATTI, AND HAWTREY 

and 

SCHEME 2 

I n  t h e  p r e s e n t  work i t  was c o n s i d e r e d  o f  i n t e r e s t  t o  a s c e r t a i n  
whether  ( i )  t h e  R N A  template  componen t  of t h e  s y s t e m  (Scheme 1 )  

c o u l d  b e  m o d i f i e d  t o  c o n t a i n  a 5 - m e t h y l c y t i d i n e  r e s i d u e  a t  i t s  

3 '  t e rminus  and ( i i )  whether such  a mod i f i ed  RNA would f u n c t i o n  a s  a 

t e m p l a t e  w i t h  t h e  v i r a l  polymerase.  For t h i s  purpose we made u s e  o f  

p o l y ( A )  and p o l y ( C )  which were m o d i f i e d  t h r o u g h  e n z y m a t i c  a n d  

c h e m i c a l  me thods  t o  g i v e  (A),pCpC, (A)n~Gpm5C, (G),pC and (C),pmk. 

Wi th  p o l y ( A ) - c o n t a i n i n g  t e m p l a t e s ,  t h e  a s s a y  s y s t e m  c o n t a i n e d  

d e t e r g e n t  d i s r u p t e d  v i r u s  ( R N A  po lymerase ) ,  CpC primer and [3H] UTP. 

T h i s  a s s a y  system is shown i n  Scheme 2. 

W i t h  (A)npApCpm5C a s  t h e  t e m p l a t e ,  r e a c t i o n  c o n d i t i o n s  were as 
above .  I n  t h e  c a s e  of p o l y ( G ) - m o d i f i e d  t e m p l a t e s ,  o n  t h e  o t h e r  

h a n d ,  t h e  a s s a y  was s imi la r  b u t  w i t h  pH] C T P  a s  t h e  l a b e l l e d  
p recu r so r .  The p r e p a r a t i o n  of m o d i f i e d  templates  (Scheme 3 )  a n d  
t h e i r  u s e  w i t h  i n f l u e n z a  A v i r a l  R N A  polymerase are  r e p o r t e d  i n  t h i s  

communication. 

MATERIALS AND METHODS 

A l l  enzymes were o b t a i n e d  from P-L Biochemicals .  

S y n t h e s i s  of  poly(A)pCpC 

The s y n t h e s i s  o f  p o l y ( A )  c o n t a i n i n g  a CpC group a t  its 3 '  end 
was carried o u t  u s i n g  enzymatic  methods (Scheme 3 ) .  
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MODIFIED SYNTHETIC TEMPLATES 

phosphor y l a s e  

p a n c r e a t i c  RNase 
a 1  k a l  i n e  phospha ta se  

545 

m5CDP 
p o l y n u c l e o t i d e  
phosphor y l a s e  

SCHEME 3 

P o l y ( A 1  (Gin: Each r e a c t i o n  m i x t u r e  c o n t a i n e d  l O m M  Mg(OAc)Z, O . 1 M  

CuSO4, 200 mM t r i s - H C 1  (pH 8.01, 0 . 1 2  M NaC1, 1 0 0  p g  ( 1  n m o l e )  

p o l y  A ,  300 p g  ( 6 7 0  n m o l e )  G D P ,  5 p C i  [3H] GDP ( s p e c i f i c  a c t i v i t y ,  
15.4 Ci/mmole) and 10 p g  p o l y n u c l e o t i d e  p h o s p h o r y l a s e  ( M i c r o c o c c u s  
l y s o d e i c t i c u s )  i n  a t o t a l  volume of 0.5 m l .  I n c u b a t i o n  was carried 

o u t  a t  37OC f o r  3 . 5  h o u r s .  A l i q u o t s  (25  p l )  were t aken  a t  v a r i o u s  
times t o  monitor  t h e  r e a c t i o n .  To e a c h  a l i q u o t  was added 1 0 0  p g  o f  

t R N A  ( c a r r i e r )  a n d  t h e  m i x t u r e  p r e c i p i t a t e d  w i t h  c o l d  10% T C A  

( t r i c h o l o r o a c e t i c  a c i d ) .  P r e c i p i t a t e s  were c o l l e c t e d  o n  Whatman 
GF/C f i l t e r s  a n d  washed w i t h  25 m l  of c o l d  5% TCA fol lowed by 10 m l  

o f  96% e t h a n o l .  Fil ters were d r i e d  and r a d i o a c t i v i t y  d e t e r m i n e d  by 
s c i n t i l l a t i o n  c o u n t i n g  u s i n g  a toluene-based c o u n t i n g  f l u i d .  To t h e  

r e m a i n i n g  r e a c t i o n  m i x t u r e  ( 0 . 3 5  m l )  was a d d e d  0 . 1 8  m l  water  
f o l l o w e d  by 0.6 m l  of  90% phenol .  The aqueous phase from the  phenol 
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546 KHAN, ARIATTI , AND HAWTREY 

e x t r a c t i o n  was recovered and t o  i t  was added 0 .1  v o l u m e  of 20% K O A c  

a n d  2 . 5  v o l u m e s  o f  c o l d  e t h a n o l .  The p r e c i p a t e d  p o l y m e r  was 

c o l l e c t e d  b y  c e n t r i f u g a t i o n ,  d i s s o l v e d  i n  d i s t i l l e d  w a t e r  a n d  
e x h a u s t i v e l y  d i a l y s e d  a g a i n s t  d i s t i l l e d  water. RNA po lymers  were 

s t o r e d  i n  s o l u t i o n  a t  - 1 5 O C  o r  as  l y o p h i l i z e d  p o w d e r s .  F u r t h e r  
p u r i f i c a t i o n  o f  m o d i f i e d  R N A  p o l y m e r s  was a l so  carr ied o u t  by g e l  

f i l t r a t i o n  o n  columns o f  Sephadex  C25 or C200 ( 1  x 45  cm) u s i n g  0 . 7 5  

M NH4HC03 (pH 7 . 5 )  a s  e l u e n t .  

P o l y ( A ) p C :  To 300 pg of  [3k$~ p o l y ( A ) ( C ) ,  i n  0 .5  m l  of 0.05M 

t r i s - H C 1  (pH7.6) c o n t a i n i n g  1mM MgC12 was added 20 u n i t s  o f  T1 RNase 

a n d  t h e  r e s u l t i n g  m i x t u r e  i n c u b a t e d  a t  37OC for 3 h o u r s .  Loss of 

[3H] g u a n o s i n e  r e s i d u e s  was m o n i t o r e d  b y  a c i d - p r e c i p i t a b l e  
r a d i o a c t i v i t y  a s  d e s c r i b e d  a b o v e .  After t h e  T1 RNase t r e a t m e n t ,  

a l k a l i n e  p h o s p h a t a s e  (5. c o l i )  was a d d e d  a n d  t h e  i n c u b a t i o n  

c o n t i n u e d  a t  37OC f o r  1 h o u r .  The modified p o l y n u c l e o t i d e  was then 

e x t r a c t e d  w i t h  pheno l  and  e t h a n o l  p r e c i p i t a t e d .  The p r e c i p i t a t e d  

R N A  was t a k e n  u p  i n  a small v o l u m e  o f  d i s t i l l e d  water, heated a t  
6OoC f o r  5-7 m i n u t e s  t o  d e s t r o y  a n y  t r a c e s  of a l k a l i n e  p h o s p h a t a s e  

a n d  t h e n  d i a l y s e d  a g a i n s t  water. The f i n a l  s o l u t i o n  was s t o r e d  a t  

-15OC. 

P o l y ( A ) p C p C :  C y t i d i n e  r e s i d u e s  were i n c o r p o r a t e d  i n t o  poly(A)pG 
u s i n g  p o l y n u c l e o t i d e  p h o s p h o r y l a s e  ( M i c r o c o c c u s )  a n d  a m i x t u r e  o f  

C D P  a n d  CDP u n d e r  t h e  same r e a c t i o n  c o n d i t i o n s  as used  f o r  t h e  

a d d i t i o n  of g u a n o s i n e  r e s i d u e s  t o  p o l y ( A 1 .  The f i n a l  p r o d u c t  was 
pheno l  e x t r a c t e d ,  e t h a n o l  p r e c i p i t a t e d  a n d  d i a l y s e d  a g a i n s t  water.  
P a n c r e a t i c  RNase t r e a t m e n t  o f  t h e  p o l y m e r  was c a r r i e d  o u t  a s  
follows: t h e  r e a c t i o n  m i x t u r e  i n  a f i n a l  volume of 1.5 m l  c o n t a i n e d  
170mM t r i s - H C 1  ( p H  8 . 0 1 ,  66mM CuSO4, 70  mM MgC12, 90mM NaC1, 

poly(A)pCp(CIn ,  and bov ine  p a n c r e a t i c  RNase ( 2 0  u n i t s ) .  I n c u b a t i o n  

w a s  a t  37OC f o r  4 5  m i n u t e s ,  t h e  c o u r s e  o f  t h e  r e a c t i o n  b e i n g  
m o n i t o r e d  by  l o s s  of T C A - p r e c i p i t a b l e  r a d i o a c t i v i t y .  F o l l o w i n g  
p a n c r e a t i c  RNase t r e a t m e n t ,  t h e  m i x t u r e  was t reated w i t h  a l k a l i n e  

p h o s p h a t a s e  ( 3  u n i t s )  a t  37OC f o r  4 5  m i n u t e s .  E x t r a c t i o n  w i t h  

[3~] 
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MODIFIED SYNTHETIC TEMPLATES 547 

p h e n o l ,  e t h a n o l  p r e c i p i t a t i o n  a n d  d i a l y s i s  a g a i n s t  water was as 
d e s c r i b e d  p r e v i o u s l y .  

S y n t h e s i s  of Po ly  (A)pCpm5C 

5-Methylcytidine-5'-diphosphate (m5CDP) :  A s u s p e n s i o n  o f  

5 -me thy lcy t id ine  (91 mg, 0.31 mmole) i n  1 .O m l  o f  t r i e t h y l p h o s p h a t e  

was c o o l e d  i n  i c e  a n d  t o  i t  was added  0 . 6  m l  of  P O C l 3  ( 0 . 4  mmole). 

The r e s u l t i n g  m i x t u r e  was a l l o w e d  t o  s t a n d  a t  4 O C  f o r  3 h o u r s .  A 

s l u r r y  o f  20 m l  o f  i c e - w a t e r - p y r i d i n e  ( l : l ; l ,  v / v / v )  was t h e n  added 

and t h e  r e s u l t i n g  s o l u t i o n  c o n c e n t r a t e d  t o  a p p r o x i m a t e l y  5 m l  by 
e v a p o r a t i o n  under reduced p r e s s u r e .  Water (10  m l )  was added and t h e  

e v a p o r a t i o n  r e p e a t e d .  T h e  r e s u l t i n g  c o n c e n t r a t e d  s o l u t i o n  was 

e x t r a c t e d  t h r e e  times w i t h  CHC13 and t h e  aqueous phase t h e n  a d j u s t e d  

t o  pH 1 0  w i t h  1 M  L i O H .  A p r e c i p i t a t e  was removed by c e n t r i f u g a t i o n  

a n d  t h e  s u p e r n a t a n t  t aken  t o  d r y n e s s  t o  g i v e  a g l a s s y  r e s i d u e .  T h i s  

was t a k e n  up i n  1.0 m l  of water and a p p l i e d  t o  a D E A E -  5 2  c e l l u l o s e  

co lumn ( 1  x 45 cm). E l u t i o n  was carr ied o u t  w i t h  a l i n e a r  g r a d i e n t  
of 0-0.35M t r i e t h y l a m i n e  b i c a r b o n a t e  (pH 7 . 5 ) .  F o u r  m a i n  f r a c t i o n s  
were e l u t e d  f r o m  t h e  co lumn i n  t h e  o r d e r ,  1 and 2 ( u n r e a c t e d  m5C), 

f r a c t i o n  3 (m5CMP) a n d  f r a c t i o n  4 (m5CDP).  T h e  m e t h o d  o f  

p r e p a r a t i o n  u s e d  u s u a l  1 y g i  v e s  t h e  n u c  1 e o s i d e - 5  '-monophosphate i n  

good y i e l d s .  I n  o u r  h a n d s ,  we a l s o  o b s e r v e d  f o r m a t i o n  o f  t h e  

5 ' - d i p h o s p h a t e  (m5CDP) i n  a y i e l d  (10%) which was s a t i s f a c t o r y  for  

o u r  p u r p o s e .  m5CDP was i d e n t i f i e d  by ( a )  TLC chromography on s i l i c a  

ge l  6OF254 plates  u s i n g  s o l v e n t  A (isopropanol-ammonia-water , 7 : 1 : 2 

v / v / v ) ,  s o l v e n t  B ( 9 6 %  e t h a n o l - 1 M  ammonium acetate ,  5:2,  v / v )  and 
s o l v e n t  D ( 9 6 %  e t h a n o l - 1 M  t r i e t h y l a m i n e  H C 1 ,  5 : 2 ,  v / v ) ,  a n d  

c h r o m a t o g r a p h y  o n  p o l y e t h y l e n e i m i n e  ( P E I )  c e l l u l o s e  w i t h  s o l v e n t  C 

( 1 . O M  LiC1)6; ( b )  u/v s p e c t r a  and ( c )  d e t e r m i n a t i o n n  o f  a c i d - l a b i l e  

t o  t o t a l  phospha te  which gave a r a t i o  o f  1 :1 .9 .  

P o l y ( A ) p C p m 5 C :  T h i s  was p r e p a r e d  f r o m  p o l y ( A ) p C  a n d  

5-methylcytidine-5'-diphosphate (m5CDP) i n  t h e  p r e s e n c e  o f  

p o l y n u c l e o t i d e  p h o s p h o r y l a s e  a n d  s u b s e q u e n t  t r e a t m e n t  w i t h  
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548 KHAN, ARIATTI ,  AND HAWTREY 

p a n c r e a t i c  RNase and  a l k a l i n e  p h o s p h a t a s e .  A r e a c t i o n  m i x t u r e  

c o n t a i n i n g  p o l y ( A ) p G  ( 1 0 0  pg), 0 . 6  mM m5CDP ( s o d i u m  s a l t ) ,  0.2M 

t r i s - H C 1  (PH 8.01, 10  mM Mg(OAcI2, 100 mM CuS04, 120 mM N a C l  and 0.1 
u n i t s  E. - c o l i  p o l y n u c l e o t i d e  phosphory la se  i n  a f i n a l  volume o f  8 0 p l  

was incuba ted  a t  37OC for  4.5 hours .  The m i x t u r e  was e x t r a c t e d  w i t h  

p h e n o l ,  e t h a n o l  p r e c i p i t a t e d  and then  d i a l y s e d  e x h a u s t i v e l y  a g a i n s t  
d i s t i l l e d  water .  T r e a t m e n t  w i t h  p a n c r e a t i c  RNase a n d  a l k a l i n e  
p h o s p h a t a s e  was c a r r i e d  o u t  a s  descr ibed above f o r  t h e  p r e p a r a t i o n  

o f  poly(A)pC. Poly(A)pCpm5C af te r  d i a l y s i s  was stored a t  -15OC.  

De te rmina t ion  of 5 -me thy lcy t id ine  i n  R N A  polymers:  

A s  r a d i o a c t i v e  m5CDP was no t  a v a i l a b l e ,  a n  i n d i r e c t  method was 

used t o  de te rmine  5 - m e t h y l c y t i d i n e  a t  t h e  3 '  t e r m i n u s  of m o d i f i e d  
R N A  p o l y m e r s  (Scheme 4 ) .  B r i e f l y ,  p o l y m e r s  such as  poly(A)pGpmSC 

and poly(C)pCpm% were t r e a t e d  wi th  p e r i o d a t e  a n d  t h e n  r e d u c e d  w i t h  

[3H] N a B H 4 .  The labe l led  polymer was f i n a l l y  d i g e s t e d  w i t h  TI  RNase 

r e l e a s i n g  m5C a s  a labe l led  2 ' 3 ' - d i a l c o h o l  which cou ld  be i d e n t i f i e d  
b y  T L C  and  au to rad iog raphy  u s i n g  a t a n d a r d s 7 .  Expe r imen ta l ly  t h i s  was 

carried o u t  as  f o l l o w s :  Poly(A)pCpm5C or poly(G)pCpm5C ( 2 8  p g )  i n  

50 ~1 o f  water was a d d e d  t o  1 5  1-18 o f  9mM N a I O 4  a n d  t h e  r e a c t i o n  

al lowed t o  proceed i n  t h e  dark a t  2 5 O C  f o r  2 h o u r s .  T h e  r e a c t i o n  
m i x t u r e  was t h e n  c o o l e d  b r i e f l y  o n  i c e  and t o  i t  was added  1p1 of 

1 M  K 2 H P O 4  fo l lowed  immediately by 10 p l  of pd NaBH4 ( 0 . 1 M ) .  After 

s t a n d i n g  i n  t h e  da rk  a t  25oC for 2 h o u r s ,  200 p1 o f  1 M  a c e t i c  a c i d  

was added  t o  d e s t r o y  excess  u n r e a c t e d  b o r o h y d r i d e .  The r e a c t i o n  
m i x t u r e  was f i n a l l y  evapora t ed  t o  d ryness  under a stream o f  n i t r o g e n  

a t  room t e m p e r a t u r e .  The r e s u l t i n g  [3H]- l a b e l l e d  RNA-diol was 
d i s s o l v e d  i n  50 p1 of d i s t i l l e d  water t o  which was added 50  p1 o f  50 

mM sod ium b i c i n e  b u f f e r  (pH 8 . 0 ) .  T1 RNase (2-4 u n i t s )  was added  

and t h e  m i x t u r e  i ncuba ted  a t  37oC f o r  2 h o u r s .  I t  was t h e n  h e a t e d  

a t  1 0 0 ° C  f o r  t w o  m i n u t e s  a n d  p l a c e d  o n  i c e .  T h i n  l a y e r  
chromatography of T1 RNase d i g e s t s  was carried o u t  o n  ( i  c e l l u l o s e  
p l a t e s  ( 2 0  x 20 cm o r  1 0  x 1 0  cm) u s i n g  i n  t he  f i r s t  dimension 1% 

f o r m i c  ac id  and i n  t h e  s e c o n d  d i m e n s i o n ,  t - b u t a n o l - 1 %  f o r m i c  a c i d  
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MODIFIED SYNTHETIC TENPLATES 549 

SCHEME 4 

( 1  : 1 ,  v / v ) ,  a n d  ( i i  po lye thy lene imine  (PEI)  c e l l u l o s e  p l a t e s  u s i n g  

a s c e n d i n g  c h r o m a t o g r a p h y  w i t h  1 .O M a c e t i c  a c i d  f o l l o w e d  by 0.3M 

L i C 1 .  U n l a b e l l e d  5 -  m e t h y l c y t i d i n e  d i o l  ( f o r  use as marke r s )  was 

p repa red  from 5-me thy lcy t id ine  through p e r i o d a t e  o x i d a t i o n  a n d  N a B H 4  

r e d u c t i o n .  A u t o r a d i o g r a p h y  was c a r r i e d  o u t  w i t h  Kodak X - O m a t  A R  

medical  X-ray f i l m .  

I n f l u e n z a  A v i r u s :  

I n f l u e n z a  A v i r u s  ( B r a z i l / 7 8 / H I N I )  was grown i n  embryonated 

eggs.  Isolat ion of t h e  v i r u s  from a l l a n t o i c  f l u i d  was c a r r i e d  o u t  

as desc r ibed8 .  

System f o r  R N A  S y n t h e s i s  by I n f l u e n z a  A v i r u s :  

I n  s t u d i e s  c o n c e r n i n g  t h e  u s e  of d i f f e r e n t  RNA t e m p l a t e s  t h e  

i n c u b a t i o n  m i x t u r e s  c o n t a i n e d  50mM t r i s - H C 1  (pH 8.2), 1 5 0  mM K C 1 ,  

7 m M  MnC12, 2mM MgC12, 15 mM mercap toe thano l ,  0.5% t r i t o n  X-100, 0.10 

mM UTP or 0.10 mM CTP (depending on w h e t h e r  t h e  t e m p l a t e  c o n t a i n e d  

p o l y ( A )  o r  p o l y ( C ) ) ,  1 0 . 0  pCi [3H] UTP ( 4 6  C i / n m o l e )  or 1 O . O p C i  

[3H] C T P  ( 2 0  C i /mmole ) ,  0.5 mM s y n t h e t i c  t e m p l a t e ,  5.0 mM p r i m e r  

(CpC) a n d  I n f l u e n z a  A v i r u s  ( 1 8 p g  p r o t e i n )  i n  a f i n a l  volume of 200 

1.11. I n c u b a t i o n s  were a t  30°C. A l i q u o t 3  ( 2 0  p l )  were t a k e n  a t  
v a r i o u s  t imes,  and  carrier t R N A  (100 p g )  added,  fo l lowed  by c o l d  10% 
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550 KHAN, ARIATTI, AND HAWTREY 

TCA. S a m p l e s  were co l lec ted  o n  W h a t m a n  GF/C f i l t e r s ,  washed  

t h o r o u g h l y  w i t h  c o l d  5% TCA fo l lowed by e t h a n o l ,  d r i e d  a n d  t h e n  
c o u n t e d  i n  s c i n t i l l a t i o n  f l u i d  w i t h  a p p r o p r i a t e  b l a n k s  a n d  

c o r r e c t i o n s .  

RESULTS AND DISCUSSION 

S y n t h e s i s  of  R N A  c o m p l e m e n t a r y  c o p i e s  o f  a l l  e i g h t  RNA genome 

m o l e c u l e s  of t h e  I n f l u e n z a  A v i r u s  c a n  be i n v e s t i g a t e d  i n  v i t r o  

t h r o u g h  u s e  o f  d e t e r g e n t  d i s r u p t e d  v i r u s  p r e p a r a t i o n s .  The v i r a l  

a s s o c i a t e d  RNA-dependent R N A  p o l y m e r a s e  i s  a b l e  t o  f u n c t i o n  u n d e r  
t h e s e  c o n d i t i o n s  a n d  s y n t h e s i s  o f  R N A  is s t i m u l a t e d  by t h e  a d d i t i o n  
o f  t h e  d i n u c l e o s i d e  monophosphates ApC, CpG and  GpC w h i c h  a p p e a r  t o  

a c t  a s  p r i m e r s  (Scheme I ) .  P r e v i o u s l y  we h a v e  shown  t h a t  t h e  

m e t h y l a t e d  d i n u c l e o s i d e  m o n o p h o s p h a t e  (GpmSC)  is n o t  a b l e  t o  
f u n c t i o n  a s  a pr imer  for RNA s y n t h e s i s  i n  t h i s  sys t em ' .  The r e s u l t s  
w i t h  modified p r i m e r s  e n c o u r a g e d  u s  t o  i n v e s t i g a t e  t h e  e f f e c t s  o f  

m e t h y l a t i o n  on  t h e  R N A  t e m p l a t e  component of t h e  r e p l i c a t i o n  sys t em.  
R e a c t i o n s  d e p i c t e d  i n  Scheme 2 o u t l i n e  t h e  u s e  of s y n t h e t i c  R N A  

t e m p l a t e s  c o n t a i n i n g  3 ' -  CpC a n d  Cpm5C t e r m i n i  ( 3 '  e n d )  i n  t h e  

I n f l u e n z a  A v i r u s  s y s t e m .  We p r e p a r e d  p o l y ( A ) p A p C p C ,  
poly(A)pApCpm5C and t h e  c o r r e s p o n d i n g  po ly (C)  d e r i v a t i v e s ,  a n d  u s e d  
t h e s e  t e m p l a t e s  t o  a s c e r t a i n  w h e t h e r :  ( i )  the  I n f l u e n z a  A v i r u s  

polymerase  can  u s e  a s y n t h e t i c  R N A  t e m p l a t e ,  ( i i )  whe the r  a 3 '  
- t e r m i n a l  GpC g r o u p  i s  n e c e s s a r y  t o  i n i t i a t e  s y n t h e s i s  and ,  ( i i i )  

i f  t h e  t e m p l a t e s  are f u n c t i o n a l ,  wou ld  a s y n t h e t i c  t e m p l a t e  e n d i n g  

i n  5 - m e t h y l c y t i d i n e  (Scheme 2 )  s t i l l  p r i m e  s y n t h e s i s  of  new R N A  

c h a i n s ?  

S y n t h e s i s  o f  m o d i f i e d  p o l y ( A )  a n d  p o l y ( C )  t e m p l a t e s  was 
accompl i shed  t h r o u g h  e n z y m a t i c  methods. I t  s h o u l d  b e  m e n t i o n e d  t h a t  

t h e  s t a r t i n g  mater ia l s  were h e t e r o g e n e o u s  w i t h  regard  t o  c h a i n  

l e n g t h  and  therefore t h e  modified RNA t e m p l a t e s  o b t a i n e d  were a l s o  

h e t e r o g e n e o u s  w i t h  regard t o  c h a i n  l e n g t h .  
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MODIFIED SYNTHETIC TEMPLATES 551 

S t u d i e s  o n  t h e  i n c o r p o r a t i o n  of [3~]  UTP i n t o  R N A  u s i n g  a 

sys t em of t r i t o n  X-1 00 d i s r u p t e d  v i r a l  p r e p a r a t i o n s  a n d  s y n t h e t i c  

R N A  t e m p l a t e s  were c a r r i e d  o u t  i n  t h e  p r e s e n c e  o r  a b s e n c e  o f  a 
d i n u c l e o s i d e  m o n o p h o s p h a t e  ( C p C )  p r i m e r .  R e s u l t s  of t h e s e  
e x p e r i m e n t s  a r e  s h o w n  i n  F i g .  1 ( c )  w h i c h  i n d i c a t e  t h a t  t h e  

I n f l u e n z a  A v i r u s  p o l y m e r a s e  c a n  u s e  po ly (A)pApCpC a s  a t e m p l a t e  

w i t h  GpC a s  a p r i m e r .  I n  t h e  a b s e n c e  o f  added p r i m e r ,  s y n t h e s i s  was 

c o n s i d e r a b l y  slower and w i t h  p o l y ( A ) ,  s y n t h e s i s  was n o t  o b s e r v e d .  
On t h e  o t h e r  h a n d  when poly(A)pApCprn5C was used  as a t e m p l a t e  w i t h  

o r  w i t h o u t  CpC p r i m e r ,  s y n t h e s i s  o f  R N A  was v e r y  much slower ( F i g .  

I d )  t h u s  i n d i c a t i n g  t h a t  t h e  3 '  - t e r m i n a l  5 - m e t h y l c y t i d i n e  r e s i d u e  
was i n t e r f e r i n g  w i t h  t h e  i n i t i a t i o n  of RNA s y n t h e s i s  i n  t h i s  s y s t e m .  

A s i m i l a r  s e r i e s  o f  r e s u l t s  was o b t a i n e d  w i t h  p o l y ( G ) p C p C  a n d  
poly(C)pCpm5C t e m p l a t e s  w i t h  or w i t h o u t  CpC pr imer  ( F i g .  1 ,  a and b ) .  

T h e  r e s u l t s  o f  t h e  p r e s e n t  e x p e r i m e n t s  show t h a t :  ( i )  

s y n t h e s i s  o f  R N A  t h r o u g h  c o m p l e m e n t a r y  c o p y i n g  o f  a s y n t h e t i c  
p o l y ( A )  o r  p o l y ( G )  R N A  t e m p l a t e  o c c u r s  i f  t h e  t e m p l a t e  has at tached 

a t e r m i n u s  e n d i n g  i n  CpC and  a CpC p r i m e r  is  p r e s e n t ,  ( i i )  i f  t h e  

s y n t h e t i c  t e m p l a t e  e n d s  i n  Cpm5C, s y n t h e s i s  of complementary  R N A  is 
s t r o n g l y  i n h i b i t e d  w i t h  or w i t h o u t  a CpC p r imer  and  ( i i i )  a c e r t a i n  
a m o u n t  of R N A  s y n t h e s i s  o c c u r s  w i t h  C p C - t e r m i n a t e d  s y n t h e t i c  R N A  

t e m p l a t e s  i n  t h e  a b s e n c e  of a GpC p r i m e r .  No s y n t h e s i s  i s  f o u n d  
w i t h  u n m o d i f i e d  p o l y ( A )  a n d  p o l y ( G )  t e m p l a t e s .  I t  is of i n t e r e s t  
here to  n o t e  t h a t  o u r  p r e v i o u s  w o r k  showed t h a t  t h e  d i n u c l e o s i d e  

m o n o p h o s p h a t e  Gpm5C was u n a b l e  t o  f u n c t i o n  as  a primer f o r  v i r a l  R N A  

r e p l i c a t i o n .  A t  p r e s e n t ,  we a r e  n o t  a b l e  t o  o f f e r  a r e a s o n a b l e  

e x p l a n a t i o n  a s  t o  why t h e  5 - m e t h y l c y t i d i n e  r e s i d u e  a t  t h e  3 '  
- t e r m i n u s  of a s y n t h e t i c  R N A  t e m p l a t e  p r e v e n t s  i n i t i a t i o n  o f  
s y n t h e s i s  o f  new R N A  c h a i n s .  I t  is p o s s i b l e  t h a t  Gpm5C i n t e r f e r e s  
w i t h  t h e  i n t e r a c t i o n  and  movement  of t h e  p o l y m e r a s e  c o m p l e x  a l o n g  
t h e  t e m p l a t e .  

Our o b s e r v a t i o n s  are  n e v e r t h e l e s s  i n t e r e s t i n g  and  s u g g e s t  t h a t  

m o d i f i e d  d i n u c l e o s i d e  m o n o p h o s p h a t e s  a n d  s h o r t  m o d i f i e d  
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552 KHAN, ARIATTI, AND HAWTREY 

0 30 60 90 0 30 60 90 
Time (minutes) 

F i g .  1 .  Synthesis o f  RNA w i t h  s y n t h e t i c  RNA templates.  
(a )  (GInpGpC, (b) (G)"pGpm 5 C, (c )  (AInpGpC, (d) (A),,pGpm5C w i t h  

(0) and wi thout  (0) a GpC pr imer .  
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5 '  v i r a l  RNA . .  .. . 

s y n t h e s i s  ' ...' 1 .. 
Enzyme complex 

SCHEME 5 

o l i g o n u c l e o t i d e s  a r e  worthy o f  f u r t h e r  s t u d y  a s  p o s s i b l e  i n h i b i t o r s  

o f  RNA s y n t h e s i s  i n  t h e  I n f l u e n z a  A v i r u s  system. I t  is o f  i n t e r e s t  
t o  n o t e  t h a t  s y n t h e s i s  of R N A  by t h e  I n f l u e n z a  A v i r a l  R N A  

polymerase can be i n i t i a t e d  i n  one of two ways. The  s y s t e m  u s e d  i n  

t h e  w o r k  p r e s e n t e d  he re  and  wh ich  i n v o l v e s  d i n u c l e o s i d e  mono- 

phosphate  p r imers  (Schemes 1 and 2 )  is t h e  non-phys io log ica l  one 
I n t e r e s t i n g l y ,  a h i g h l y  p u r i f i e d  r i b o n u c l e o p r o t e i n  c o m p l e x  

c o n s i s t i n g  of three p r o t e i n  s u b u n i t s  a s s o c i a t e d  w i t h  v i r a l  R N A  h a s  

been  r e c e n t l y  o b t a i n e d  f r o m  I n f l u e n z a  A v i r u s  which is c a p a b l e  o f  
r e p l i c a t i n g  v i r a l  RNA i n  t he  p r e s e n c e  of complemen ta ry  d i n u c l e o s i d e  

m o n o p h o s p h a t e s  l o .  The a l t e r n a t i v e  a n d  a p p a r e n t l y  p h y s i o l o g i c a l  
mechan i sm f o r  i n i t i a t i o n  o f  R N A  s y n t h e s i s  is c o m p l i c a t e d  a n d  

c o n s i s t s  o f  a number o f  s t e p s .  C e l l u l a r  capped mRNA molecu le s  are 
c l eaved  by t h e  RNA p o l y m e r a s e - a s s o c i a t e d  e n d o n u c l e a s e  a t  a p u r i n e  

r e s i d u e  10-13 n u c l e o t i d e s  from t h e  c a p  t o  g i v e  f r agmen t s  which serve 
a s  p r i m e r s  f o r  v i r a l  R N A  s y n t h e s i s  1 1 , 1 2 , 1 3 , 1 4 .  T h i s  mode  o f  

i n i t i a t i o n  is shown i n  Scheme 5. 

A t  p r e s e n t  we d o  n o t  know what effect  s y n t h e t i c  RNA mo lecu le s  

w i t h  e i ther  GpC o r  Gpm5C group ings  a t  t h i e r  3 '  t e r m i n i  h a v e  o n  t h i s  

p a r t i c u l a r  mode o f  i n i t i a t i o n .  F u r t h e r  e x p e r i m e n t a l  work s h o u l d  
y i e l d  i n f o r m a t i o n  on these problems. 
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