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SUMMARY 
Magne t i c  r e s o n a n c e  t e c h n i q u e s  y i e l d  i m p o r t a n t  i n f o r m a t i o n  on d i f -  

f e r e n t  c o o r d i n a t i o n  b e h a v i o u r  of  M n ( I I )  in  the  p r e s e n c e  of b i o m a c r o -  
m o l e c u l e s .  A p r e l i m i n a r y  s t u d y  on model  sys tems is  n e c e s s a r y  to h a v e  
a d e e p e r  i n s i g h t  on d y n a m i c s  a n d  s t r u c t u r a l  a s p e c t s .  

The EPR t e c h n i q u e  i s  not  a b l e  to i d e n t i f y  a b i n d i n g  i n t e r a c t i o n  
b e tween  Trp a n d  m a n g a n o u s  ion  when  the  m e t a l  i s  b o n d e d  to t he  
I m i d a z o l e .  P ro ton  s h i f t  NMR s t u d i e s  on the  M n ( I I ) - S ' A T P - I m i d  compley  
e v i d e n z i a t e  a t e r n a r y  sys tem f o r m a t i o n  a n d  a s t a c k i n g  i n t e r a c t i o n  
b e tween  the  i m i d a z o l e - r i n g  a n d  the  n u c l e o t i d e  p u r i n e - m o i e t y .  

An EPR a n d  NMR combined  a n a l y s i s  on the  M n ( I I ) - 5 ~  
sys t em p o i n t s  out  a s t a c k i n g  i n t e r a c t i o n  a n d  the  s i m u l t a n e o u s  p r e s e n -  
ce of  a c o v a l e n t  b i n d i n g  be tween  the  me ta l  ion a n d  the  b i o m o l e c u l e s .  
The ro l e  of  the  me ta l  ion  to f a v o u r  t h i s  c o o r d i n a t i o n  i s  s u g g e s t e d .  

INTRODUCTION 
In  the  l a s t  y e a r s ,  the  d e t e c t i o n  of m i x e d - l i g a n d  me ta l  ion  comp-  

p l e x e s  a s s u m e d  p a r t i c u l a r  r e l e v a n c e  s i n c e  the  t e r n a r y  c o o r d i n a t i o n  
p l a y s  a p r e d o m i n a n t  r o l e  in  m a n y  b i o l o g i c a l  r e a c t i o n s  ( ' M e t a l  i ons  in  
b i o l o g i c a l  s y s t e m s " ,  1973-79, B . ] . B u l k i n  e t  a l . , 1 9 7 3 ,  M.Dixon et  a l . ,  
1970). In  t he  n u c l e i c  a c i d - p r o t e i n s  i n t e r a c t i o n s  (C .He lene ,1976 ,  M. 
D u r a n d  et  a l . ,  1975) v a r i o u s  model  s y s t em s  h a v e  been  p r o p o s e d  i n  
o r d e r  to a l l o w  i n i e r e n c e s  on the  " i n  v i v o "  p r o c e s s e s .  
The me ta l  ion b r i d g e d  a d d u c t s  b e t w e e n  two d i f f e r e n t  l i g a n d s  w h i c h  
non-covalently i n t e r a c t  t h r o u g h  t h e i r  a r o m a t i c - m o i e t i e s  h a v e  been  d e -  
m o n s t r a t e d  by  means  of d i f f e r e n t  t e c h n i q u e s  ( C . F . N a u m a n n  et  a 1 . , 1 9 7 4 ,  
H . S i e g e l  e t  a l . ,  1976a, I . M u r o  et  a l . ,  1971, R . B a s o s i  e t  a I . , 1 9 7 9 a ,  
F . L a s c h i  e t  a l . ,  1979a).  The use  of  the  m a g n e t i c  r e s o n a n c e  s p e c t r o s c o -  
p i e s  l e a d  to an  i n t e r e s t i n g  check  on the  c h a r a c t e r i z a t i o n  of  the  s t r u c -  
t u r e  a n d  the  s t a b i l i t y  of b i n a r y  a n d  t e r n a r y  sys tems  in  s o l u t i o n .  

The combined  a n a l y s i s  of  EPR a n d  NMR d a t a  i s  p a r t i c u l a r l y  u s e -  
f u l  w h e n e v e r  a p a r a m a g n e t i c  me ta l  ion  as  M n ( I I )  i s  i n v o l v e d  (H.Siegel 
1980b, F . L a s c h i  et  a l .  1978b).  In  f a c t  t h e  m a n g a n o u s  ion  i s  a s u i t a -  
b l e  p a r a m a g n e t i c  r e l a x a t i o n  p r o b e  a n d  i t  i s  i n v o l v e d  in  some e n z y m a -  
t i c  p r o c e s s e s  (R.A.Dwek,1975,  Y . F . L a m  et  a l . ,  197~). The a im o f  
t h i s  p a p e r  i s  to c l a r i f y  the  e f f e c t i v e n e s s  a n d  the  l i m i t s  of  t he  m a -  
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g n e t i c  r e s o n a n c e  t e c h i n q u e s  in  the  s t u d y  of some t e r n a r y  s y s t e m s .  

EXPERIMENTAL 
I m i d a z o l e ,  T r y p t o p h a n  a n d  5 ' A d e n o s i n e  t r i p h o s p h a t e  d i sod ium 

s a l t  were Merck r e a g e n t  g r a d e .  Mn(C104)2 .6H20 (Alpha  I n o r g a n i c )  
h a s  been  used  in  o r d e r  to min imize  ion ic  c o m p l e x a t i o n .  
EPR s p e c t r a  were  r e c o r d e d  wi th  a B r u k e r  ER 2OOtt s p e c t r o m e t e r  
o p e r a t i n g  a t  X - b a n d ;  t e m p e r a t u r e  was  c o n t r o l l e d  by  means  the  
B r u k e r  B-ST 100/70 u n i t ,  wi th  a c c u r a n c y  of + 1 ~ 

The pH v a l u e s  in  the  EPR s o l u t i o n  was  o b t a i n e d  by  a d d i n g  KOH or  
HC10~ to the  s o l u t i o n  and  c h e c k e d  by  means  of a metrohm model  
E-388 p o t e n t i o m e t e r .  

NMR s p e c t r a  were  o b t a i n e d  by  u s i n g  a Bruke r  WH-90 s p e c t r o -  
me te r  o p e r a t i n g  a t  90 MHz and  22.63 MHz for  1H and13C r e s p e c t i -  
v e l y .  T r a n s v e r s e  r e l a x a t i o n  t imes  were  m e a s u r e d  from h a l f - h e i g h t  
l i n e w i d t h  a s s u m i n g  l o r e n t z i a n  l i n e s h a p e .  L o n g i t u d i n a l  r e l a x a t i o n  
t imes  were  c a l c u l a t e d  from p a r t i a l l y  r e l a x e d  s p e c t r a  by  u s i n g  the  

p u l s e  s e q u e n c e  (180 ~  z - 90 ~ - t)  n .  
The NMR s o l u t i o n  were  p r e p a r e d  by  d i s s o l v i n g  w e i g h t e d  am-  

mounts  of  the  v a r i o u s  l i g a n d s  in  99.75% D20 (Merck) .  pD v a l u e s  
were  m e a s u r e d  by  means  of  a metrohm model  E-388 p o t e n t i o m e t e r  
a f t e r  a d d i n g  of  s u i t a b l e  ammount  of KOD or  DC1 (Merck) .  

RESULTS AND DISCUSSION 
F i g . l  shows the  X - b a n d  EPR i n t e n s i t y  v e r s u s  mola r  r a t i o s  for  the  

M n ( I I ) - I m i d  a n d  M n ( I I ) - I m i d - T r p  s y s t e m s .  The two sys tems  e v i d e n -  
t i a t e  the  same t r e n d ,  in  t h i s  c o n d i t i o n s  the  EPR t e c h n i q u e s  i s  not  
a b l e  to d i s t i n g u i s h  be tween  b i n a r y  a n d  t e r n a r y  c o o r d i n a t i o n .  

@Z 

$ 

= Mn-H20  ( p H = 6 , 2 )  

= Mn- I m i d  

~1 = M n - T r p - l m i d  

X Band T = 298 ~ K 

[Mn ++] = 7.10 .4 Mol.dm -3 

pH = 8 , 5  

'$ , 
' & ~ I ~ .' �9 

Lg(mol ar ra t ios  L/M) 

Fig. 1: X-band EPR intensity vs.molar ratios 
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In fact the Mn(ll)-Trp and Mn(ll)-Imid-Trp EPR spectra are undetec- 
table due to the asimmetry in the molecular structure (F.Laschi et 
at. 1979a). Furthermore the Mn(ll)-Imid EPR spectrum evidenziate 
intensity variations only at highest Trp molar ratios. These findings 
can be confirmed by studying hyperfine coupling constants at dif- 
ferent molar ratios (fig.2). The Mn(ll)-Imid binary and the Mn(ll)- 
-Imid-Trp ternary systems evidenziate again the same trend. 

= Mn- Imid 

~k= Mn-lmid-Trp = 1 : x : 8 . 5  i 
"~ X Band T = 298 ~ K 

- - [ M n  ++] = 7. ZO -4 Mo= ii d ~l,] ~3 

| pH = 8,5 

8 

t, J 

9.1 

SJ 

i 

Molar r a t i o s  L/M 

Fig.2: hyperfine coupling constants vs. molar ratios, for Mn(II)- 
-Imid and Mn(ll)-Imid-Trp systems. 

Therefore it is possible to propose a dynamic model where the 
presence of Trp does not substantially alter the chemical equilibrium 
between Mn(II)-H20 and Mn(ll)-Imid systems: 

k M n (  I I )--H 20 
Mt~i II )-Imid 

Mn(II)-H20 + Imtd M n ( I I ) - , I m i d  + H20 (1) 

F i g . 3  shows (a)  the  1H-NMR s p e c t r a  of the  5 ' A T P - I m i d  sys tem a t  
v a r i o u s  mola r  r a t i o s  a n d  (b)  the  same sys tem i n  the  p r e s e n c e  of 
m a n g a n o u s  i on .  I n  the  p a r t  ( a ) ,  the  H 2 - H 8 (5 'ATP) a n d  H 2 ( Imid )  
p e a k s  a re  s h i f t e d  r e s p e c t  to the H4, 5 ( I m i d ) ,  when the  5 'ATP 
c o n c e n t r a t i o n  is  i n c r e a s e d .  This  effect  i s  due to the  " n o n - c o v a l e n t "  
i n t e r a c t i o n  be tween  the  a r o m a t i c  moie t ies  of the  b iomolecu le s  i n  the  
d i a m a g n e t i c  sys tem ( J .L .Dimico l i  et a l .  1974, F . B r u n  et a l .  1975). 

The a d d i t i o n  of sma l l  amoun t s  of meta l  ion  n o t i c e a b l y  i n c r e a s e  
these  sh i f t  e f fec t s .  
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(~) (b) 
A A 

- E J ~  " L A  

. ___A ^ ~ / L  

_ _ ~  ~ A _ _ _ A / L  k_  
L 

�9 Mn(i l ) -5 'ATP-Imid 
mola r  r a t i o s  

I : 7.5xi02 : 5xl O3 

L I : 103 : 5x103 

I : 2.5xi03 : 5x103 

J~'--- 1 : 5x103 : 5 x103 

/. l ~  J.<_ ~ k _ ~  : 7.s~o3:sxl0 3 

j t  }< J<__  k_M A_,. 
F i g . 3 :  p r o t o n  NMR s p e c t r a .  ( a )  5 ' A T P - I m i d ,  (b)  M n ( I I ) - 5 ' A T P - I m i d .  

T = 298 ~ pH = 7. ( e )  , ( I )  H 8 a n d  H 2 p r o t o n s  of 5 'ATP.  
(A) , (b . )  H2 a n d  H4, 5 p r o t o n s  of I m i d .  ~Mn + + ]  = 10 - 5  . 

These  f i n d i n g s  u n d e r l i n e  the  ro l e  of the  m e t a l  ion  in  the  s t a c k i n g  
i n t e r a c t i o n .  In  f a c t  the  Mn +§ s t r o n g l y  b i n d s  to the  5 'ATP p h o s p h a t e  
g r o u p s  a n d ,  n e u t r a l i z i n g  the  i on i c  c h a r g e s ,  f a v o u r s  non- -cova len t  
s t a c k i n g  i n t e r a c t i o n s .  

F i g u r e  A shows the  EPR l i n e s h a p e  of  M n ( l l ) - T r p  ( a ) ,  M n ( I I ) - 5 ' A T P  
( b ) ,  a n d  M n ( I I ) - T r p - 5 ' A T P  (c)  s y s t e m s  a t  1 :8 .5 ;  1:1;  1 : 8 . 5 : 1  m o l a r  
r a t i o s .  EPR l i n e s h a p e  of s p e c t r u m  (a )  of F i g . ~  i s  c h a r a c t e r i s t i c  for  
t he  M n ( I I ) - H 2 0  s y s t e m ,  s i n c e  t he  M n ( I I ) - T r p  complex  i s  u n d e t e c t a b l e .  
The p r e s e n c e  of M n ( I I ) - T r p  complex  c a n  be  p o i n t e d  ou t  b y  the  i n t e n -  
s i t y  d e c r e a s e ,  o b s e r v e d  a t  h i g h e r  m o l a r  r a t i o s  a n d  p H ' s .  Spec t rum 
(b)  of  F i g . k ,  s t r o n g l y  e v i d e n z i a t e  t he  m e t a l  i o n - n u c l e o t i d e  i n t e r a c t i o n :  
t h e  l i n e s h a p e  s u b s t a n t i a l l y  d i f f e r s  from t h a t  of  M n ( I I ) - H 2 0  s p e c i e s ,  a t  
a n y  m e t a l - l i g a n d  m o l a r  r a t i o s .  The i n t e n s i t y  d e c r e a s e  c o n f i r m s  the  
q u a n t i t a t i v e  f o r m a t i o n  of  t he  b i n a r y  complex  ( R . B a s o s i  e t  a l .  1975b).  
S p e c t r u m  (c)  of  F i g . ~  shows a n  a d d i t i o n a l  i n t e n s i t y  d e c r e a s e  a n d  a n  
h y p e r f i n e  s t r u c t u r e  l o s s  due  to t he  f o r m a t i o n  of m o l e c u l a r  s p e c i e s  
c h a r a c t e r i z e d  b y  l a r g e r  s i ze  a n d  s t r u c t u r a l  as~ffametry a s  the  M n ( I I ) -  
- T r p - S ' A T P  t e r n a r y  c o m p l e x .  

As shown in  F i g . 5  t h e  AHex p of  M n ( I I ) - T r p  s l i g h t l y  i n c r e a s e s  
a t  h i g h e r  m o l a r  r a t i o s ,  w h i l e  t he  A H e x p ' S  of  M n ( I I ) - 5 ' A T P  b i n a r y  
a n d  M n ( I 1 ) - T r p - 5 ' A T P  t e r n a r y  s y s t e m s  i n c r e a s e  even  for  s m a l l  m e t a l -  
- l i g a n d  r a t i o s .  Th i s  i s  due  to t he  p r e s e n c e  of  m o l e c u l a r  s p e c i e s  
w i t h  s t r u c t u r a l  p a r a m e t e r s  d i f f e r e n t  from the  h i g h l y  s y m m e t r i c  
M n ( I I ) - H 2 0  s y s t e m .  

In  t he  t e r n a r y  sy s t em M n ( I I ) - T r p - 5 ' A T P ,  the  i n t e r a c t i o n  be tw e e n  



I = 1 0 0 %  
a 

I = 7.5% 
c 

t h e  n u c l e o t i d e  a n d  the  m e t a l - a m i n o  a c i d  c o m p l e x  i s  p a r t i c u l a r l y  
f a v o u r e d  a s  s u g g e s t e d  b y  the  d r a s t i c  A H e x p  c h a n g e .  
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H 

1 b = 11.8% 

F i g . 4 :  EPR s p e c t r a  of  M n ( I I ) - T r p ,  M n ( I I ) - 5 ' A T P ,  M n ( I I ) - T r p - 5 ' A T P  
s y s t e m s  a t  1 : 8 . 5  ( a ) ;  1:1 ( b ) ;  a_~d 1 : 8 . 5 : 1  (c)  m o l a r  r a t i o s .  
T = 298~ pH = 7. [Mn + + ]  = I0 v 

This  f a c t  i n d i c a t e s  t h a t  t he  c h e m i c a l  e q u i l i b r i u m :  

KMn ( I I ) - T r p  
Mn( I I  ) - T r p - 5 '  ATP 

M n ( l l ) - T r p  + 5 ' - A T P  ~ M n ( I I ) - T r p - 5 ' A T P  (2) 

i s  s t r o n g l y  s h i f t e d  t o w a r d s  t he  f o r m a t i o n  of  t h e  M n ( I I ) - T r p - 5 ' A T P ,  
w ~ i l e  a t  h i g h e r  5 'ATP c o n c e n t r a t i o n s  M n ( I I ) - ( 5 ' A T P )  c o m p l e x e s  w i th  
x > 1 a r e  t he  m a j o r  s p e c i e s  in  s o l u t i o n ,  x 



268 

H exp 
(roT) 

4 0  

�9 

| 

A 

i 
2 

/k = Mn_H20 X Band 

"= Mn-5'ATP [Mn++I = 8.1o -3 

A= Mn-Trp T = 298 ~ K 

~ =  Mn-Trp-S'ATP pH = 7,0 

= 1 : 8 , 5  : x 
. A  A ~ -  

i | I I 0 D 
4 6 8 i 

Molar  r a t i o s  L/M 

Fig .  5: EPR AHex p vs .  mola r  r a t i o s .  

h 13 Table  I s o w s  C T 1 /T2_ r a t i o s  for  the 5 'ATP in  the  b i n a r y  
and  M n ( I I ) - 5 ' A T P - T r p  t e r n P r y  Vsystems. These r a t i o s  c a l c u l a t e d  for  
b i n a r y  and  t e r n a r y  complexes  a re  comple te ly  d i f f e r en t .  These d a t a  
s u g g e s t  a new s p a t i a l  r e a r r a n g e m e n t  when the t h i r d  l i g a n d s  as  
Trp ,  is a d d e d  to the  b i n a r y  complex .  

TABLE 1 

13C 5 'ATP T lp /T2p  r a t i o s ,  in  M n ( I I ) - 5 ' A T P  and  M n ( I I ) - 5 ' A T P -  
Trp sys t ems .  

Mn( I I )_5 ,ATP(  o ) Mn ( I I ) - 5 '  ATP-Trp 

C(2) - 1.O 
C(4) 18.1 9 .0  
C(5) 11.9 5 .4  
C(6) 3 .7  6 .5  
C(8) 3 .7  4.5 

[Mn ++] = 5x10-5;  [ 5 'ATP ] = 5 x l O - I ;  [Trp ] = 5xlO -2" , pH = 7; T=3OO~ 

(o) from Y.F .Lam e t  a l .  1974. 
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