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NUCLEOSIDES & NUCLEOTIDES, 4 ( 1 & 2 ) ,  165-167 (1985) 

I S O P O L A R  _ _  v s  I S O S T E R I C  P H O S P H O N A T E  A N A L O G U E S  OF N U C L E O T I D E S  

G.Michae1 Blackburn,"  F r i t z  Eckstein, '  David E.Kent, and Timothy D.Perr6e 

(Department o f  Chemistry,  The U n i v e r s i t y ,  S h e f f i e l d  S 3  7HF,  U.K., and ' 
hax-P lanck- I ns t i t u t  fur Exper i men t e  1 l e  Med i z i  n , Abt .Chemi e , Gat t i ngen) 

Swmnary A range o f  6,y-br idged phosphonate analogues o f  ATP and o f  
@,R ' -b r idged analogues o f  Ap4A has been syn thes ised.  Some o f  t h e i r  
meta l  b i n d i n g  c h a r a c t e r i s t i c s  and i n h i b i t i o n  o f  enzymat ic phosphoryl  
t r a n s f e r  processes can be descr ibed i n  terms o f  t he  r e l a t i v e  impor t -  
ance o f  s t e r i c  and e l e c t r o n i c  fea tu res  of the  n u c l e o t i d e  analogues. 

The use o f  phosphonate analogues o f  b i o l o g i c a l  phosphate monoesters 

has been governed p r i m a r i l y  by the  genera l  s t a b i l i t y  o f  the P-C bond 

and by the  adequate s te reochemica l  correspondence between a d i v a l e n t  

CH group i n  the  phosphonate and the e s t e r  oxygen o f  the  pa ren t  phos- 

phate .1 '2  

analogue has b a r e l y  been j u s t i f i e d  by q u a n t i t a t i v e  e v a l u a t i o n s  o f  t h e i r  

b i o l o g i c a l  a c t i v i t y .  For example, haemoglobin b inds  D-2,3-bisphospho- 

g l y c e r i c  a c i d  ( I )  t en  t imes b e t t e r  than e i t h e r  D-  or L- isomers o f  the  

analogue Z-carboxybutane- l ,4-b isphosphonate ( 2 )  .' 
argued t h a t  i s o s t e r i c i  t y  may be less impor tan t  than isopoZar 

charac te r  and, t o  t h a t  end, have dev ised a v a r i e t y  o f  rou tes  f o r  the  

p r e p a r a t i o n  o f  a - f luorophosphon ic  a c i d s  as analogues o f  phosphate mono- 

es t e r s  . p 4  

2 
The r e s u l t i n g  emphasis on the  i sns t e r i c  charac te r  o f  the 

We have t h e r e f o r e  

The ready a v a i l a b i l i t y  o f  ha lo -  and dihalo-methylenebisphosphonic 

5 
a c i d s  ( 3 )  has enabled us t o  prepare B,y-bridged analogues o f  ATP (4a) 

and GTP us ing  the  Mof fa t t -Khorana phosphornorpholidate coup l i ng  rou te .  

We have a l s o  prepared the  a,B-br dqed ADP analogues by D C C D  condensat ion 

o f  ( 3 )  w i t h  i s o p r m y l i d e n e  adenos ne.b The p h y s i c a l  p r o p e r t i e s  o f  

these isosteric ATP analogues (4b e)  show an inc reas ing  correspondence 

t o  those o f  ATP (4a) i n  the sequence CH2<CHF=CC12<CF2=NH<0 f o r  t he  

165 
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166 BLACKBURN ET AL. 

13, y - b r  i dged fur ic  t 

expec Led. These 

~'.:oL L,P ~rorz !'(* r e  1 

F O O H  

C H - O P O  H 

CH20P0 H 
I 3 2  

3 2  

( 1 )  

or and they  b i n d  c a l c i u n i  and magnesiunr i o n 5  a s  

coirrpounds thus d e s c r i b e  a s e r i e s  o f  i ncreas  i n q  

t i o n s h i p  t o  ATP. 

( 4 )  a , X = O ;  b ,  X = C H  ; c ,  X = C F H ;  
2 

d , X = C C 1 2 ;  e , X = C F 2 ;  f , X = C I C ;  

g ,X=CH=CH; t h , X = O - 0 .  

The c o n d e n s a t i o n  o f  a c e t y l e n e b i s p h o s p h o n i c  a c i d  and o f  r - e t h y l e n e -  

1,2-b isphosphonic  a c i d  w i t h  adenos ine  5 ' -monophosphomorphol ida te  q i v e s  

analogues o f  ATP ( 4 f , g )  wh ich  a r e  n o t  i s o s t e r i c  a l t h o u g h  t h e i r  31P NMR 

s p e c t r a  and g e n e r a l  i o n i s a t i o n  b e h a v i o u r  suggests  t h a t  they  a r e  qood 

i s o p o l a r  analogues o f  ATP. An a d d i t i o n a l  example o f  a more f l e x i b l e ,  

i s o e l e c t r o n i c  b u t  n o n - i s o s t e r i c  ATP ana logue has been p r o v i d e d  hy 

Leonard'" t h r o u g h  the i n c o r p o r a t i o n  o f  t h e  l a b i  l e  p e r o x i d e  1 i nkage i n t o  

t h e  B,y -br idqe ( 4 h ) .  

These ATP analogues a r e  s u b s t r a t e s  f o r  a d e n y l a t e  enzymes such as 

a d e n y l a t e  c y c l a s e  and RNA po lymerase 

f o r  s i z e  f a c t o r s  over  e l e c t r o n e g a t i v  

o f  k i n a s e s ,  where hexok inase shows a 

khen t h e  condensa t i  on r e a c t i o n  

The l a t t e r  shows a p r e f e r e n c e  

t y .  The analogues a r e  i n h i b i t o r s  

p r e f e r e n c e  f o r  i s o p o l a r i  t y .  

o r  t h e  s y n t h e s i s  o f  (4b-g) i s  

c a r r i e d  o u t  w i t h  an excess o f  adenos ine  5 ' - m ~ n o ~ h u s p h o m o r p h o 1  i d a t e ,  

t h e  m a j o r  p r o d u c t s  a r e  t h e  B , B ' - b r i d q e d  phosphonate ana logues o f  Ap4A 

(5a) .  The c e n t r o s y m m e t r i c  c h a r a c t e r  o f  these compounds (5b- f )  i s  

r e a d i l y  seen i n  t h e i r  31P NMR s p e c t r a .  

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

myokinase (EC 2.7.4.3) .  I n  t h e  l o n g e r  term,  however, t h e s e  ana logues 

may be expec ted  t o  show more p o t e n t i a l  f o r  i n v e s t i g a t i o n  of t h e  range 

o f  c e l l u l a r  c o n t r o l  f u n c t i o n s  r e g u l a t e d  by Ap4A, such as  DNA s y n t h e s i s *  

and c e l l  p r o 1  i f e r a t i o n . '  

T h i s  p r o p e r t y  makes them 
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PHOSPHONATE ANALOGUES OF NUCLEOTIDES 1 6 7  

(5) a ,  X=O; b ,  X = C H 2 ;  c ,  X = C C 1 2 ;  

x=cEc; f ,  X=CH=CH, t d ,  X=CF2;  e ,  

5 
6 
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