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We have introduced the concept o f  t e s t i n g  the  dimensional r e s t r i c t i o n s  o f  enzyme-active 

s i t e s  by synthes iz ing  co fac to r  analogues which a re  r e l a t e d  t o  the na tu ra l  co fac tors  by def ined 

dimensional changes i n  the  molecules (Leonard ft g. ,  1976; Scopes 3 a., 1977). Linear- 
benzoadenine nuc leot ides  (L ) ,  de f ined by the  formal i n s e r t i o n  of a benzene r i n g  ( a c t u a l l y  

four carbons) i n t o  the  cen te r  o f  t h e  pu r i ne  r i n g  system, have been synthesized and t h e i r  

chemical i n t e g r i t y  and p u r i t y  have been analyzed by HPLC, paper 

e lec t rophores is ,  and 3 1 ~  NMR spectroscopy. While many analogues 

o f  adenine nuc leot ides  have been made and tes ted f o r  enzyme 

a c t i v a t i o n  and i n h i b i t i o n ,  the  l inear-benzoadenine nuc leot ides  (L )  

H are unique i n  r e t a i n i n g  the te rmina l  py r im id ine  and imidazole r i ngs  
bn 

o f  adenine i n t a c t ,  as we l l  as the a t tached r i b o s y l  phosphate(5) 

.1 We have found t h a t  s t re tched-out  versions o f  adenine nuc leot ides ,  

which are 2.4 Angstroms wider than normal due t o  the  formal i n s e r t i o n  o f  a benzene r i n g  between 

the termina l  r ings ,  e x h i b i t  s t rong enzyme binding, a c t  as cofactors i n  enzyme react ions ,  and 

have spectroscopic p rope r t i es ,  i n c l u d i n g  usefu l  f luorescence, t h a t  he lp  de f i ne  t h e i r  

environments. There was no sure way t o  p r e d i c t  such f i nd ings  a prion. We have recognized 

t h a t  the  heteroaromat ic r i n g  system i n  d i f f e r s  e l e c t r o n i c a l l y  from adenine, which i s  

re f l ec ted ,  fo r  example, i n  b a s i c i t y ,  nuc leoph i l  i c i  t y  , and n-bonding c h a r a c t e r i s t i c s ,  b u t  t h e  

s i m i l a r i t i e s  i n  per iphera l  r i ngs ,  i n  r i n g  locus of p ro tonat ion ,  and i n  r e l a t i v e  p o s i t i o n  and 

conformation o f  r i b o s y l  phosphate attachment emboldens us t o  c a l l  the k - b e n z o a d e n i n e  

nuc leot ides  "dimensional probes". The i r  i n t e r a c t i o n s  w i t h  enzyllp systems can t e l l  us, inter 

a l i a ,  the  e f f e c t  o f  g reater  spacing between N7 and 6-NH2, N9 and N3 o f  adenine. - 
The u - b e n z o a d e n i n e  nuc leot ides  b ind  s t r o n g l y  and have genera l ly  somewhat slower 

enzymatic ra tes  w i t h  a representa t ive  group of kinases, compris ing pyruvate kinase, 

phosphofructokinase, phosphoglycerate kinase, hexokinase, and aceta te  k inase. in-benzo-AMP i s  

a subs t ra te  f o r  AMP deaminase. G-benzo-AOP acts as a subst ra te  for  pr imer independent 

2+ Po lynuc leot ide  phosphorylase (Micrococcus w) i n  the  presence o f  Mn . &-benzo-ATP i s  an 

a c t i v a t o r  of E, coli aspar ta te  transcarbamylase equ iva lent  t o  ATP. 4-benzo-CAMP maximally 

ac t i va tes  p r o t e i n  k inase from b r a i n  o r  muscle. As fo r  adenylate kinase, which cata lyzes t h e  



Tab le  I :  Adeny la te  ~ i n a s e ~  

A T P . M ~ ~ +  + AMP a ADP.M~'+ + ADP 

+ i n - b e n r o - A T P  t AMP 

- Lin-benzo-ATP + a - b e n z o - A M P  

- ATP + E - b e n z o - A M P  

- Lin-benzo-ADP 

+ Lin-benzo-ADP + AOP - 

a+ means r e a c t i o n ,  - means no r e a c t i o n  t o o k  p l a c e .  

t r a n s f e r  o f  phosphate between MgATP and AMP and t h e  r e v e r s e  r e a c t i o n  between MgADP and ADP, 

o u r  r e s u l t s  ( T a b l e  I) s u p p o r t  t h e  t w o - s i t e  model i n  wh ich  t h e  f i r s t  s i t e  i s  s p e c i f i c  f o r  AMP 

o r  ADP and t h e  second, less dernand~ng, 1 s  s p e c i f i c  f o r  ATP o r  ADP. The s t r e t c h e d - o u t  analog,  

l in-benzo-ADP, w i t h  t h e  enzyme a l o n e  remains unchanged, w h i l e  t h e  m i x t u r e  o f  i in-benzo-ADP and ADP - 

comes t o e q u i l i b r i u m  w i t h  f i v e  spec ies  p r e s e n t :  AMP, ADP, ATP, 3 - b e n z o - A D P ,  and D - b e n z o - A T P .  

Thus, i t  i s  c l e a r  t h a t  one o f  t h e  ADP b i n d i n g  s i t e s  i s  h i g h l y  s p e c i f i c  and corresponds t o  t h e  AMP 

b i n d i n g  s i t e .  N e i t h e r  m - b e n z o - A D P  n o r  c - b e n z o - A M P  can r e a c t  a t  t h a t  s i t e .  

The f a i l u r e  o f  some enzymes t o  f u n c t i o n  w i t h  t h e  s t r e t c h e d - o u t  v e r s i o n s  o f  t h e  adenine 

n u c l e o t i d e s  i s  t o  be expected.  Even l a c k  o f  a c t l v i t y  w i l l  p r o v i d e  a  p o s i t i v e  i n d i c a t i o n  o f  t h e  

d i s c r i m i n a t i o n  o f  t h e  p a r t i c u l a r  enzyme w i t h  r e s p e c t  t o  t h e  d imens iona l  requ i rements ,  i n t e r  a l i a ,  

o f  t h e  c o f a c t o r  o r  s u b s t r a t e  b i n d i n g  s i t e  (Leonard eta., 1976) .  As an example, c u r r e n t  

e x p e r i m n t s  c a r r i e d  o u t  on T7 phage DNA-di rected RNA s y n t h e s i s  hn show, n o t  t o o  

s u r p r i s i n g l y ,  t h a t  i n - b e n z o - A T P  does n o t  r e p l a c e  ATP f o r  RNA s y n t h e s i s  and does n o t  i n h i b i t  ATP 

i n c o r p o r a t i o n  i n t o  RNA (D. Nakada, U m v e r s i t y  o f  P i t t s b u r g h ) .  A lso ,  3 - b e n r o - A T P  does n o t  g e t  

i n c o r p o r a t e d  by pr imase ( e G  p r o t e i n ) ,  a  r i f a m p i c i n - r e s i s t a n t  RNA polymerase (Bouch6 gt., 

1975) .  i n t o  a  p o l y n u c l e o t i d e  c h a i n ,  t h e  s y n t h e s i s  o f  wh ich  i s  t e m p l a t e - d i r e c t e d  (Rowen and 

Kornberg,  1978) .  These exper imen ts  i n d i c a t e  t h a t  normal  Watson-Cr ick base p a i r i n g  i s  e x a c t i n g  i n  

t e m p l a t e - d i r e c t e d  p o l y m e r i z a t i o n s .  The 3 - b e n z o a d e n i n e  n u c l e o t i d e s  show u s e f u l  f l u o r e s c e n c e  

p r o p e r t i e s  and s e n s i t i v i t y  t o  e n v i r o n m e n t a l  c o n d i t i o n s ,  and i t  i s  p o s s i b l e  t o  d e s i g n a t e  t h e  cases 

o f  i n t e r a c t i o n  o f  phosphate w i t h  t h e  h e t e r o a r o m a t i c  m o i e t y .  F luo rescence  spec t roscopy  was used 

Z +  2+ 
t o  i n v e s t i g a t e  t h e  i n t e r a c t i o n  o f  E - b e n z o a d e n i n e  n u c l e o t i d e s  w i t h  Mg , ~ n " ,  and Co . The 

a s s o c i a t i o n  c o n s t a n t s  f o r  t h e  f o r m a t i o n  o f  such complexes were o b t a i n e d  f r o m  measurements o f  s t e a d y  

s t a t e  f l uo rescence  quenching.  Phase and m o d u l a t i o n  measurements o f  t h e  f l u o r e s c e n c e  l i f e t i m e s  o f  

5 - b e n z o a d e n i n e  n u c l e o t i d e s  E. Co2+ c o n c e n t r a t i o n  p e r m i t t e d  d e t e r m i n a t i o n  of t h e  s t a t i c  component 

of t h e  quench ing  due t o  i n t r a r m l e c u l a r  complex f o r m a t i o n .  The a s s o c i a t i o n  c o n s t a n t s  o f  t h e  -- 
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benzoadenine nuc leot ides  w ~ t h  a l l  o f  the d i v a l e n t  metal ions  s tud ied were greater  than those 

observed for  the  corresponding adenine nuc leot ides  and were i n  the order:  >-benzo-ATP > 

1 lin-benzo-AOP > k-benzo-AMP.  Fou r i e r  transform H  NMR o f  3-benzo-ATP i n  the  presence o f  Co 2+ - 
showed broadening o f  the  aromat ic pro ton s igna ls ,  the  2-H s igna l  (corresponding t o  the 8-H i n  ATP) 

being the most a f f ec ted .  Models are proposed t o  exp la in  the  phosphate-base i n t e r a c t i o n ,  the 

i n f l uence  o f  metal ions on base pro tonat ion ,  and the in t ramolecu lar  quenching observed i n  the 

2+ 
complexes due t o  paramagnetic i on  (co2+, Mn )  and base i n t e r a c t i o n .  

In  t h e  synthes is  o f  t h e  E - b e n r o i n o s i n e ,  -xanthosine, and -quanosine se r i es ,  i t  has been 

p re fe rab le  t o  incorpora te  the r i bose  u n i t  e a r l i e r  i n  the  process than we d i d  f o r  the G- 

benzoadenosine se r i es  (Leonard e t f i . .  1976) i n  order  t o  enhance the s o l u b i l i t y  c h a r a c t e r i s t i c s  

of the  i n t e r m d i a t e s .  For example, *-benzoinosine (21 was synthesized by r i b o s i d a t i o n  o f  the 

mercur i  s a l t  o f  5-carbethoxy-6-formamidobenzimidazole (&  t o  g ive  a  mix ture  o f  1- and 3 - t r i - 0 -  

acetyl-B-1-ribofuranosyl der i va t i ves  ( 2  and $,, respect ive ly ,  Scheme I ) .  A f te r  separat ion,  the 

I - s u b s t i t u t e d  i n t e r w d i a t e  was r i ng -c losed  t o  2 w i t h  concomitant depro tec t ion  o f  the sugar 

res idue.  Conversion of b - b e n z o - I n o  (2) t o  l in-benro-IMP (k--5'-monophosphate) was accomplished 

chemical ly,  w h i l e  prepara t ive-sca le  enzymatic ox ida t i on  of gave >-benzoxanthosine (@,I i n  86% 

y i e l d .  Xanthine oxidase was a l so  s u r p r i s i n g l y  e f f i c i e n t  i n  conver t ing  in -benzo- IMP t o  &- 
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benzo-XMP (6--5'-monophosphate). The enzyme reac t i ons  o f  t he  5'-mono-, 5 ' - d i - ,  and 5 ' -  

t r iphosphates  o f  k, 6, and o f  l&-benzoguanosine (l) are  o f  p a r t i c u l a r  i n t e r e s t  because these 

are the  f i r s t  dimensional probes f o r  subs t ra tes  and co fac to r s  i n  t he  -NH-CO- se r i es  of  nuc leo t ides .  

This work i s  p a r t  of  a long-range goa l ,  which i s  t o  p rov ide  enough pu r i ne  r i n g  analogues w i t h  

known dimensional a l t e r a t i o n s  t h a t  t he  l i m i t i n g  s i z e  of  an enzyme b ind ing  "pocket" ,  " s l o t " ,  o r  

"surface" f o r  t he  subst ra te  o r  co fac to r  can be accura te ly  def ined. 


