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NUCLEOSIDES & NUCLEOTIDES, 8(5&6), 819-823 (1989) 

PHOSPHORAMIDATE, PHOSPHOROTHIOATE, AND UETHYLPHOSPHONATE ANALOGS 
OF OLIGODEOXYNUCLEOTIDE : INHIBITORS OF REPLICATION OF HUMAN 

IMMUNODEFICIENCY VIRUS 

+ + Sudh i r  Agrawal, John Goodchild,  Maria Civeira , Prem S. Sarin , 
and Paul C .  Zamecnik. 

Worces te r  Foundat iop  f o r  Experimental  Bio logy ,  Maple Avenue, 
Shrewsbury, MA 01545: Labora tory  of Tumor Cel l  Biology, National 

Cancer I n s t i t u t e ,  Bethesda, UD 20892. 

ABSTRACT: Modified o l igodeoxynuc leo t ides  complementary t o  RNA of human 
immunodeficiency v i r u s  ( H I V - 1 )  were t e s t e d  for t h e i r  a b i l i t y  t o  i n h i b i t  
v i r a l l y  induced  syncytium fo rma t ion  and e x p r e s s i o n  of  v i r a l  p24 pro- 
t e i n .  
ester backbone wi th  phosphoro th ioa te ,  methylphosphonate and v a r i o u s  
phosphoramidates.  Cells i n f e c t e d  for four days ,  t h e n  t r e a t e d  wi th  t h e  
a n t i s e n s e  o l igomers  also showed i n h i b i t i o n  o f  v i r a l  expres s ion .  

The m o d i f i c a t i o n  o f  o l igomers  i n c l u d e  rep lacement  o f  phophodi- 

Ol igodeoxynucleo t ides  which are complementary t o  c e r t a i n  messenger 

o r  v i r a l  R N A s ,  r e f f e r e d  t o  as ' a n t i s e n s e '  compounds, have been r e p o r t e d  

t o  have I n h i b i t o r y  effects against Rous sarcoma virus1n2 

HTLV-II13-7 now c a l l e d  H I V - 1 .  However, t h e  s u s c e p t i b i l i t y  of t h e  

phosphod ies t e r  l i n k a g e  i n  o l igodeoxynuc leo t ides  t o  d e g r a d a t i o n  by 

nuc leases8  would be expec ted  t o  reduce  t h e i r  potency and i n  vivo 
p e r s i s t a n c e  a s  a n t i v i r a l  agen t s .  

of o l igodeoxynuc leo t ides  are resistant t o  nuc leases  and have g e n e r a l l y  

i n c r e a s e d  hydrophob ic i ty  which should  g i v e  longe r  s u r v i v a l  time i n  v i v o  

and may i n c r e a s e  ce l l  membrane p e r ~ - e a b i l i t y . ~ * l ~  

and 

Phosphate backbone modi f ied  analogs 

We have i n v e s t i g a t e d  t h r e e  c l a s s e s  of  phosphate backbone modi f ied  

o l igodeoxynuc leo t ides  v i z  . methylphosphonate,  phosphoro th ioa te  and 

v a r i o u s  phosphoramidates for t h e i r  a n t i v i r a l  a c t i v i t y  against  H I V - 1 .  

O l i g o n u c l e o t i d e s  were syn thes i zed  by us ing  an au tomat t  DNA 

s y t h e s i z e r  (B iosea rch  8600). Methylphosphonate ana logs  were assembled 

f rom nuc le  o s i d e  m e  t hy  lpho sphonamidi t es as r epor t ed earlier l. 

Phosphoro th ioa te  and phosphoramidates were syn thes i zed  by o x i d i z i n g  
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FIGURE 1 : M e l t i n g  c u r v e  of o l i g o n u c l e o t i d e  Sequence  1 w i t h  four  
d i f f e r e n t  p h o s p h a t e  backbones  was h y b r i d i z e d  t o  d i e s t e r  comple 
mentary  2 0  mer. (-1 p h o s p h o d i e s t e r ,  (---- 1 m e t h y l p h o s p h o n a t e .  
(......) p h o p h o r o t h i o a t e  and (-.-.-) phosphor-N-butylamidate. 

polymer bound o l  igo n u c l e o s i d e  H-phosphona tes w i t h  a p p r o p r i a t e  

r e a g e n t 6 .  

o t i d e s  were c a r r i e d  o u t  i n  similar way as r e p o r t e d  p r e v i o u s l y 6 .  

The t h e r m a l  s t a b i l i t y  of t h e  oligouiers complexed w i t h  

P u r i f i c a t i o n  and  c h a r a c t e r i z a t i o n  of t h e s e  o l i g o n u c l e -  

complementary d i e s t e r  s e q u e n c e  was a s s e s s e d  by h y p e r c h r o m i c i t y  a t  

260 run from 10' t o  80' a t  a c o n c e n t r a t i o n  of a b o u t  5pM. 

F i g u r e - 1  shows t h e  melting c u r v e  of e a c h  o b t a i n e d  a t  100 mM NaC1.  The 

Tm of d i e s t e r  c o n t r o l  was 5 5 O ,  f o l l o w e d  by m e t h y l p h o s p h o n a t e  

51.5'. p h o s p h o r o t h i o a t e  49' and p h o s p h o r a m i d a t e  ( n - b u t y l )  

45'. A l l  s a m p l e s  showed similar h y p e r c h r o m i c i t y  ( - 2 0 % )  e x c e p t  

p h o s p h o r m i d a t e s  (-16%). 

The i n h i b i t i o n  of H I V - 1  e x p r e s s i o n  in H-9 or MOLT-3 cells  i n  t h e  

p r e s e n c e  of a n t i s e n s e  o l i g o n u c l e o t i d e s  was c a r r i e d  o u t  by i n f e c t i n g  

5 ~ 1 0 ~  cells p e r  m l  w i t h  2 . 5 - 5 ~ 1 0 ~  virus p a r t i c l e s  of H I V - 1  

(HTLV-IIIB or HTLV-111~). I n f e c t i o n  of ce l l s  was c a r r i e d  o u t  by 

s i m u l t a n e o u s  a d d i t i o n  of v i r u s  and  a n t i s e n s e  oligomer t o  c e l l s  i n  c u l -  

t u r e .  After f o u r  d a y s .  t h e  c e l l s  and s u p e r n a t a n t  were examined f o r  t h e  
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FIGURE 2 : The p e r c e n t a g e  of i n h i b i t i o n  of s y n c y t i a  f o r m a t i o n  ( 0 )  

and p17 e x p r e s s i o n  ( 0 )  a s  a f u n c t i o n  of c o n c e n t r a t i o n  for sequence  
1 ,  A - d i e s t e r ,  lj-methylphosphonate. C - p h o s p h o r o t h i o a t e  and Q-phos- 
phor-N-butylamidate .  

level of HIV e x p r e s s i o n  by c o u n t i n g  s y n c y t i a  (MOLT-3 c e l l s )  and d e t e r -  

mining v i r a l  a n t i g e n  (p17  or  p24) e x p r e s s i o n  a s  well as c e l l  v i a b i l i t y .  

The s e q u e n c e  o f  o l i g o n u c l e o t i d e s  t e s t e d  were complementary t o  two 
sites i n  HIV R N A  p r e v i o u s l y  shown t o  be good targets fo r  i n h i b i t i o n  of 

HIV r e p l i c a t i o n 3 .  

5'-end of t h e  R N A  used  t o  a s s e m b l e  s h o r t e r  m R N A s  and a s p l i c e  a c c e p t o r  

s i t e  used  t o  g e n e r a t e  t a t  mRNA. The complementary s e q u e n c e s  p r e p a r e d  

were ACACCCAATTCTGAAAATGG ( s e q u e n c e  1) b i n d i n g  t o  s p l i c e  a c c e p t o r  s i t e  

(5349-5368) l2 and GCCTACTCACCAGTCGCCGC (sequence  2 )  b i n d i n g  t o  

s p l i c e  d o n o r  s i t e  (280-299)12. F igure-2  i l l u s t r a t e s  t h e  result o f  

i n h i b i t i o n  of s y n c y t i a  f o r m a t i o n  and p17 e x p r e s s i o n  a t  d i f f e r e n t  

c o n c e n t r a t i o n  of s e q u e n c e  1, A-phosphodies te r ,  B-methylphosphonate ,  

C-phosphoroth ioa te  and D i s  phosphor-N-butylamidate. The backbone 

m o d i f i e d  o l i g o n u c l e o t i d e s  t y p i c a l l y  are more a c t i v e  t h a n  t h e  d i e s t e r  

series and  80-100% i n h i b i t i o n  of s y n c y t i a  f o r m a t i o n  and p17 e x p r e s s i o n  

a t  a c o n c e n t r a t i o n  of 20pg p e r  m l  (-3pM) of antisense 

o l i g o n u c l e o t i d e .  There was n o  c y t o t o x i c i t y  o b s e r v e d  a t  3-5 p M  

c o n c e n t r a t i o n  of t h e s e  o l i g o n u c l e o t i d e s .  S i m i l a r  r e s u l t s  were o b t a i n e d  

w i t h  s e q u e n c e  2 a lso.  

These s i tes  were, a s p l i c e  donor  s i t e  n e a r  t h e  
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822 AGRAWAL ET AL. 

The random sequence  (20 mer) p h o s p h o r o t h i o a t e  showed no i n h i b i t i o n  

a t  0.6 pM c o n c e n t r a t i o n ,  a t  3 pM c o n c e n t r a t i o n  it was as ac t ive  as 

a n t i s e n s e  s e q u e n c e  and showed more c y t o t o x i c i t y  . The random sequence  

of p h o s p h o r m o r p h o l i d a t e  showed o n l y  15% i n h i b i t i o n  of p17 and syncyt ium 

a t  3 $4 c o n c e n t r a t i o n .  

Sequence 1 a130 showed i n h i b i t i o n  of p24 e x p r e s s i o n  when i t  was 
added t o  c e l l s  which were a l r e a d y  i n f e c t e d  for  f o u r  d a y s .  Al though 

i n h i b i t i o n  was somewhat lower t h a n  when t h e  compound was g i v e n  

s i m u l t a n e o u s l y  w i t h  t h e  v i r u s ,  i t  was still  h i g h .  A t  o l i g o n u c l e o t i d e  

c o n c e n t r a t i o n  of 12.5, 25, 5 0 ,  100 a n d  200 pglml ,  t he  p e r c e n t a g e  of 

i n h i b i t i o n  w e r e ,  r e s p e c t i v e l y ,  4 ,  19, 70, 82, and 86. 

P r e l i m i n a r y  a c u t e  t o x i c i t y  studies i n  mice were per formed w i t h  

s e q u e n c e  1 w i t h  t h r e e  d i f f e r e n t  p h o s p h a t e  backbones ,  a d i e s t e r ,  a 
p h o s p h o r o t h i o a t e  and  a p h o s p h o r m r p h o l i d a t e .  The results show a d o s e  

of 4OmglKg bodyweight  of t h e s e  compounds are tox ic .  

These  s t u d i e s  show t h a t  p h o s p h a t e  backbone  m o d i f i e d  analogs of 

o l i g o d e o x y n u c l e o t i d e s  are p o t e n t  i n h i b i t o r s  of H I V - 1  r e p l i c a t i o n  i n  
c e l l  c u l t u r e  and c o u l d  be  p o t e n t i a l l y  u s e f u l  i n  t h e  t r e a t m e n t  of AIDS. 
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