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S U M M A R Y  

Iodinated peptides or proteins ( l z 5 I ,  13’1) are used as tracers for  ra- 
dioinomcno assays and f o r  detection i n  biological systems. The label l ing 

takes place on the aromatic side chains. 
However, when d isu t f ide  bridges are present, iodination must be carAed 
out under conditions preventing t h e i r  degradation. The m t e  o f  iodination 

o f  L-tyrosine, L-histidine and L-histidine containing peptides by iod i -  
ne monochloride (ICI)  are studied by spectroscopy. Free h i t id ine  incre- 
ases the hydrolysis rate  o f  aqueous solution of  ICI. The interact ions 

between ICI and some simple d isu l f ide  are investigated by circular di- 
chroism measurements. These reactions are presented as  models f o r  degra- 
dation o f  d i su l f ide  bridges i n  peptide o r  protein during the iodination 
process. 

I N T R O D U C T I O N  

The l a b e l l i n g  of p e p t i d e s  and p r o t e i n s  h a s  b e e n  e x t e n s i -  

v e l y  s t u d i e d .  One a p p r o a c h  c o n s i s t s  i n  b i n d i n g  i o d i n e  a t o m ( s )  o n t o  

t h e  a r o m a t i c  s i d e  c h a i n s .  The i o d i n a t e d  m a t e r i a l  i s  t h e n  e i t h e r  

u s e d  as such ,  the iodine is the labe l led ,  as  i n  the case f o r  

i n s t a n c e  Of rad io immunoassays  ( 1 ) .  o r  i s  f u r t h e r  p r o c e s s e d ,  

a l l o w i n g  c a t a l y t i c  r e p l a c e m e n t  o f  t h e  carbon-bound i o d i n e  by 
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t r i t i u m .  This  sequence of r e a c t i o n  pe rmi t t ed  the  p repa ra t ion  of 

a v a r i e t y  of t r i t i u m  l a b e l l e d ,  b i o l o g i c a l y  a c t i v e ,  pep t ides .  ( 2 )  

( 3 )  ( 4 )  (5) ( 6 )  (7) ( 8 )  (9) 

The r e a c t i o n  of i o d i n e  or I C 1  w i t h  pep t ides  c o n t a i n i n g  f r e e  

and a c c e s s i b l e  t h i c l  groups l e a d s  c e r t a i n l y  t o  t h e i r  oxidation 

( 1  0 )  ( 1  1 ) ( 1  2). When on ly  d i s u l f  i d e  b r i d g e s  a r e  p re sen t ,  s i d e  

r e a c t i o n s  might a l s o  be observed, s i n c e  i o d i n e  can o x i d i z e  d i s u l -  

f i d e  b r idges ,  a s  reviewed by Ramachandran ( 1 3 ) ,  and a l t e r  a t ruc -  

t u r a l  c h a r a c t e r i s t i c 8  of pep t ides  and p r o t e i n s  i n  t h e  cour se  of 

t h e i r  l a b e l l i n g .  The f i r s t  d i r e c t  s t e p  of i o d i n e  r e a c t i o n  wi th  

d i s u l f i d e  b r i d g e s  seems t o  l e a d  t o  a charge  t r a n s f e r  complex a s  

sugges ted  by c r y s t a l l o g r a p h i c  s t u d i e s  on d ibenzyl  s u l f i d e  iod ine  

complex c a r r i e d  ou t  by Hasse l  (14 )  a s  wel l  a s  by c o n s i d e r a t i o n s  on 

molecular  o r b i t a l s  made bp Mc. Glynn e t  a 1  (15).  Subsequent Xydro- 

l y s i s  of t h e  s u l f e n y l  i o d i d e  d e r i v a t i v e s  produces s u l f e n i c  a c i d  

(-%OH) then  s u l f i n i c  a c i d  (-SOZH) and the  d i s u l f i d e  b r idge  i s  

s p l i t .  

It is very  l i k e l y  t h a t  t h e  p o s i t i v e  iod ine  ion, I+, i s s u e d  

from i o d i n e  monochloride,  might behave l i k e  iod ine .  Neve r the l e s s ,  

in p r a c t i c e ,  I C 1  appeared l e s s  harmful than  iod ine  towards pep t i -  

d i c  d i s u l f i d e  b r idges  aa  shown by Koshland e t  a l .  ( 1 6 )  and by our 

own exper ience  wi th  d i f f e r e n t  d i s u l f i d e  ponta in ing  p e p t i d e s  l i k e  

ocy toc in  ( 3 ) ,  l y s i n e  vasopres s in  ( 5 )  or a tox in  of n a j a  n i g r i -  

C O l l i S  (7). 

In o r d e r  t o  unders tand  t h i s  behavior  and t o  s e l e c t  optimal 

i o d i n a t i o n  c o n d i t i o n s  f o r  l a b e l l i n g  purposes ,  w e  i n v e s t i g a t e d  t h e  

r e a c t i o n  of I C 1  w i th  L- tyros ine ,  L -h i s t id ine  and some model pep- 

t i d e s ,  on one hand and i t s  r e a c t i o n  with some d i s u l f i d e s ,  on t h e  
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o t h e r  hand. In  both c a s e s ,  we used spec t rophotometr ic  techniques ,  

t o  moni tor  t h e  parameters  w e  were i n t e r e s t e d  i n ,  namely t h e  f o r -  

mation of f r e e  iod ine  or i odo ty ros ine ,  and t h e  a l t e r a t i o n  o f  t h e  

d i s u l f i d e  b r idges .  

M A T E R I A L  AND METHODS 

L-alanine,  L-phenyl a l a n i n e ,  L -h i s t id ine , ’L- ty ros ine  and i t s  

monoiodo and d i iodo  d e r i v a t i v e s  were purchased from Pluka. 

His-gly ; His-glu ; His-pro-phe ; Val-his-pro-phe ; Ile-hls-pro- 

phe, were g i f t  from Dr. R. Smeby. Cleveland C l i n i c ,  Cleveland 

(Ohio) ; Pyro-glu-hip-pro-amide was a g i f t  from D r .  R. Stude r ,  

Hofmann-Laroche, (Base l ) .  These compounds were d i s s o l v e d  in 0.11 

b u f f e r  a t  a concen t r a t ion  4 mM, except  L-tyrosine which was 1 mY1. 

Sodium formate ,  sodium phosphate,  and ammonium formate  r e s p e c t i -  

ve ly ,  were used f o r  p repa r ing  t h e  b u f f e r s  a t  pH 4 .  7.4 and 9.5. 

Iod ine  monochloride (Nerck) s tock  s o l u t i o n  was 2 mM in anhydrous 

methanol. 

The k i n e t i c  measurements were performed in 1 cm q u a r t s  c e l l  

equipped wi th  a magnetic s t i r r e r .  To 2 m l  of bu f fe red  s o l u t i o n ,  

a l i q u o t s  of I C 1  s o l u t i o n  were r a p i d l y  added. The molar r a t i o  of 

amino acid or pep t ide  t o  I C 1  was 4 : 1 .  The iod ine  formed wae 

monitored a t  288 nm a s  a f u n c t i o n  of t ime wi th  a Beckman-Kintrao 

VII spec t rophotometer .  

I o d i n a t i o n  of L-tyros ine ,  of L -h i s t id ine  and of Pyro-glu- 

his-pro-amide was fo l lowed by spec t roscopy and by ohrora tography 

r e s p e c t i v e l y .  

Buty l  d i s u l f i d e  (Eas t r an  Organic Chemioals), ram dlsmolrod 

in anhydrous methanol. The 2 mX s tock  s o l u t i o n  wam d l l u t o d  t o n 2 o l l  
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w i t h  a n h y d r o u s  m e t h a n o l  j u s t  b e f o r e  u s e .  

L - c y s t i n e  (Hoffmann-La Roche)  was k e p t  a s  1 mM s o l u t i o n  i n  

1 0  mM H C 1 .  The s o l u t i o n  was mixed w i t h  a n  e q u a l  volume of b u f f e r  

b e f o r e  r u n n i n g  t h e  s p e c t r a .  

L - c y s t i n e  d i s u l f o x y d e  (Calb iochem)  was made I mM i n  HC1. 

L-homocyat ine (Calb iochem)  w a s  d i s s o l v e d  i n t o  1 0  mW N a O H ,  t o  

t h e  c o n c e n t r a t i o n  o f  13 mM. The s o l u t i o n  was d l . l u t e d  t o  2 mN i n  

Homocyet ine w i t h  b u f f e r s  b e f o r e  u s e .  

O x i d i e e d  g l u t a t h i o n e  ( C a l b i o c h e m )  was d i s s o l v e d  i n  10 mM HCl to 

t h e  c o n c e n t r a t i o n  of 2 0  mM and d i l u t e d  t e n f o l d  w i t h  b u f f e r s  b e f o r e  

u s e .  

I o d i n e  m c n o c h l o r i d e  (Merck)  2 mM i n  a n h y d r o u s  m e t h a n o l  was 

d i l u t e d  f i v e  f o l d  w i t h  t h e  same s o l v e n t  b e f o r e  use .  Sodium c i t r a t e  

H C 1  0.1 M, pH 2,  sodium p h o s p h a t e  0.1 M ,  pB 7. and sodium b o r a t e  

0.1 M ,  pN 8.5  were u s e d  t o  b r i n g  t h e  s t o c k  s o l u t i o n s  t o  t h e  d e s i -  

r e d  pH. 

C i r c u l a r  D i c h r o i s m  s p e c t r a  w e r e o b t a i n e d  w i t h  t h e  R o u s s e l -  

J o u a n  1 8 5  Model I1 d i c h r o g r s p h ,  r u n  a t  room t e m p e r a t u r e .  Base 

l i n e s  were r u n  e i t h e r  w i t h  t h e  compound a l o n e ,  or w i t h  t h e  s o l v e n t  

mixed w i t h  t h e  r e l e v a n t  amount of I C 1 .  

The maximum w a v e l e n g t h  o f  t h e  s p e c t r a  were r e c o r d e d  15  minu- 

t e s  a f t e r  a d d i t i o n  o f  I C 1 .  R e s u l t s  were g i v e n  a s  m o l a r  e l l i p t i c i -  

t i e e ,  [el. From t h e  d i c h r o i c  o p t i c a l  d e n s i t y  A L  - A R ,  t h e  m o l a r  

c i r c u l a r  d i c h r o i s m  A h ,  and t h e r e f o r e  t h e  m o l a r  e l l i p t i c i t y  [el ,  
c a n  be  c a l c u l a t e d  a c c o r d i n g  to the  re la t ions  
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where -C i s  t h e  molar  c o n c e n t r a t i o n  and d t h e  o p t i c a l  p a t h  

l e n g t h .  

RESULTS 

I - I C 1  r e a c t i o n  of L - t y r o s i n e .  L - h i s t i d i n e  and some s i m p l e  

L - h i s t i d i n e  D e u t i d e s  i n  a a u e o u s  s o l u t i o n s .  

When I C 1  i s  added t o  an  aqueous  b u f f e r ,  f i n a l  c o n c e n t r a t i o n  

1 mM, t h e  o n s e t  and t h e  r a t e  of h y d r o l y s i s  i n t o  i o d i n e  depends  

f rom t h e  pH. The a b s o r b a n c e  a t  288  nm was u s e d  t o  m o n i t o r  t h e  f o r -  

t i o n  of i o d i n e  as  s u g g e s t e d  by Awtrey e t  a l .  (17). A t  pH 4 and 

2 j o C  n o  i o d i n e  i s  d e t e c t a b l e  b e f o r e  96 s e c o n d s ,  t h e n  i t  a p p e a r e d  

a d  r e a c h e d  i t s  maximum c o n c e n t r a t i o n  i n  t h e  f o l l o w i n g  4-5 m i n u t e s  

{ F i g u r e  1 ) .  The amount of i o d i n e  p r e s e n t  a t  t h e  maximum w a s  a r b i -  

t r a r i l y  t a k e n  a s  100 7:. Then i o d i n e  r e a c t e d  w i t h  w a t e r  and f o r m i c  

a c i d  : t h e  h a l f  l i f e  o f  t h e  r e a c t i o n  was a b o u t  22 m i n u t e s  a t  21OC 

u n d e r  t h e  c o n d i t i o n s  used .  I t  might  c o r r e s p o n d  t o  t h e  f o r m a t i o n  of  

h y p o i o d i a e  1 0 -  and of a c o l o u r l e s s  compound, i o d i n e  f o r m a t e  

(H-COO)j I ,a~  s u g g e s t e d  s i n c e  1861 by S c h u t z e n b e r g e r  i n  t h e  prepa-  

r a t i . o n  of i o d i n e  a c e t a t e  ( 1 8 ) .  When L - t y r o s i n e  was present ( 1 mM ) 

i t d r e a c t e d  v e r y  r a p i d l y  t o  g i v e  monoiodo t y r o s i n e  as  checked  by  

s p e c t r o s c o p y  and by chromatography.  The r e a c t i o n  was comple ted  i n  

12  s e c .  and no f r e e  I C 1  was l e f t .  Under s u c h  c o n d i t i o n s ,  i t  i s  

v e r y  l i k e l y  t h a t  d i s u l f i d e  b r i d g e s  would remain  undegraded ,  as 

f a c i n g  v a n i s h i n g  c o n c e n t r a t i o n  of i o d i n e ,  i t s  h y d r o l y s i s  p r o d u c t 8  

or t h o s e  of  I C 1 .  D i r e c t  p roof  was a f f o r d e d  by m i x i n g  L - t i r o s i n e  

and o x i d i e e d  g l u t a t h i o n e  b e f o r e  a d d i t i o n  of an e q u i m o l a r  amount of 

I C 1 .  A f t e r  monoiodo-L-tyrosine f o r m a t i o n ,  t h e  g l u t a t h i o n e  u a e  

r e c o v e r e d  i n t a c t .  

I n  t h e  p r e s e n c e  of 4 8l4 L-alan ine  o r  L-phenyln lan ine .  t h e  
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a p p e a r a n c e  of f r e e  i o d i n e  f rom I C 1  t o o k  p l a c e  a f t e r  70-80 s e c . ,  

somewhat e a r l i e r  t h a n  i n  t h e  c o n t r o l .  The maximum o f  i o d i n e  l i b e -  

r a t e d  remained  i d e n t i c a l  and i t s  r a t e  of  f o r m a t i o n  was s i m i l a r  

( F i g u r e  1 ) .  

By c o n t r a s t  f r e e  L - h i s t i d i n e  c a t a l y s e d  h y d r o l y s i s  of  I C 1  a s  

showed t h e  immedia te  l i b e r a t i o n  o f  i o d i n e .  However t h e  t o t a l  

amount of i o d i n e  s e t  f r e e  was t h e  same as i n  t h e  c o n t r o l ,  i n d i c a -  

t i n g  t h a t  n e i t h e r  I C 1 ,  n o r  i t s  h y d r o l y s i s  p r o d u c t s  r e a c t e d  a p p r e -  

c i a b l y  w i t h  L - h i s t i d i n e  d u r i n g  t h e  f i r s t  2 m i n u t e s  a t  pH 4. Then 

i o d i n e  d i s a p p e a r e d  w i t h  a h a l f  life of  9 m i n u t e s  s u g g e s t i n g  a s low 

r e a c t i o n  o f  i o d i n e  w i t h  t h e  p r o t o n a t e d  form of  L - h i s t i d i n e .  T h i s  

influence of f r e e  L - h i s t i d i n e  on t h e  r a t e  of h y d r o l y s i s  o f  I C 1  

prompted a n  e x a m i n a t i o n  of L - h i s t i d i n e  c o n t a i n i n g  p e p t i d e s .  H i s -  

pro-phe a c t e d  l i k e  L - h i s t i d i n e  i n  e v e r y  r e s p e c t s .  H i s - g l y  and 

His -g lu  on t h e  o t h e r  hand d i f f e r e d  f rom His-pro-phe i n  t h e i r  

e f f e c t s  on I C 1  h y d r o l y s i s ,  s t i l l  a l l o w i n g  t h e  o b s e r v a t i o n  of a lag 

t i m e  (30 s e c . )  b e f o r e  t h e  f o r m a t i o n  of f r e e  i o d i n e ,  a s  shown i:] 

F i e u r e  1 - H v d r o l v s i s  r a t e  of I C 1  a n d  its r e a c t i o n  r a t e  w i t h  

L-amino a c i d 8  and  some L - h i s t i d i n e  ueutid-t DH 4 ( I C l / a . a  o r  

I C l / u e u t i d e  : 1/41. 

The r e a c t i o n  r a t e  i s  m o n i t o r e d  a s  O . Y .  a t  288 nm f u n c t i o n  

of  t i m e  on Beckman K i n t r a c  V I I  s p e c t r o p h o t o m e t e r  : t o p  - I C 1  and 

L - t y r o s i n e  w i t h  I C 1  ; m i d d l e  - I C 1  and  L-amino a c i d s  ( A l a ,  Phe,  

H i s ) ,  L - h i a t i d i n e  p e p t i d e s  (1-His-pro-phe, 2-Val-his-?ro-phe, 

3- I le -h is -pro-phet  4-His-gly,  5-His-g1u, 6-Pyro-glu-his-pro-  

amid. or T.B.F.) w i t h  IC1 ; b o t t o m  t I C 1  and L - h i s t i d i n e .  

L - h i s t i d i n e  p e p t i d e s  s e r i e  (no i s  i d e n t i c a l  as i n  t h e  m i d d l e  Of 

t h e  f i g u r e )  w i t h  I C 1 .  



Peptide and p m t e i n  l a b e l l i n g  with iod ine  9 

f i g u r e  1 .  Moreover t h e  t o t a l  amount o f  i o d i n e  l i b e r a t e d  waa found 

l e s s  than in the  c o n t r o l ,  s u g g e s t i n g  a r e a c t i o n  of the  p e p t i d e  

e i t h e r  w i t h  IC1 o r  w i t h  i t s  primary products  of  h y d r o l y s i a .  Their  

r e a c t i o n  r a t e  with  free i o d i n e  remained i n  t h e  same range aa  

observed w i t h  L - h i s t i d i n e  o r  His-pro-phe, s i n c e  t h e  h a l f  l i f e  of 
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F i g u r e  2 - C D  s p e c t r a  i n  t h e  230-320 nm r e g i o n  of L - c u s t i n e  and  

L - c v s t i n e  w i t h  I C 1  a t  v a r  i o u s  DH : l e f t - ( - r - * - )  L - c y s t i n e ,  ( - 0 - 0 - )  

L - c y s t i n e  w i t h  I C 1  and (..A...A..) L - c y s t i n e  d i s u l f o x i d e  a t  pH P 2; 

middle-(-a-*-) L - c y s t i n e  and  ( - 0 - 0 - )  L - c y s t i n e  w i t h  I C 1  a t  pH 7 ; 

r ight-(-*-*-)  L - c y s t i n e  and  ( - 0 - 0 - )  L - c y s t i n e  w i t h  I C 1  a t  pH P 8.5 

( R a t i o  I/-S-S- = 2 ) .  

i o d i n e  d i s a p p e a r a n c e  was a l s o  10 m i n u t e s .  Val-his-pro-phe or 

I le -h is -pro-phe  l e d  t o  a s imilar  p r o f i l e  a s  His -g ly .  But  most  

s t r i k i n g  i s  t h e  e f f e c t  of  t h e  hormone Pyro-glu-his-pro-amide ; i t  

d i d  n o t  promote t h e  f o r m a t i o n  o f  f r e e  i o d i n e  and r e a c t e d  w i t h  I C 1  

as shown by t h e  c u r v e  of  f i g u r e  1 and  b y  t h e  i s o l a t i o n  of  t h e  i o d o  

d e r i v a t i v e  ( 6 )  ; t h e s e  f i n d i n g s  i n d i c a t e d  t h a t  t h e  c o n f o r m a t i o n  i n  

s o l u t i o n  of  t h e  p e p t i d e  m e n t i o n e d ,  and more s p e c i a l l y  t h e  surround- 

i n g s  and t h e  d e g r e e  o f  f reedom of  t h e  L - h i s t i d i n e  s i d e  c h a i n  p l a y e d  

a r o l e  i n  t h e  c a t a l y t i c  i n f l u e n o s  o f  t h e  i m i d a z o l e  r i n g  on  I C 1  

h y d r o l y s i s .  T h a t  Pyro-glu-his-pro-amide,  t h e  h y p o t h a l a m i c  t h y r o t r o -  

p i n  r e l e a s i n g  f a c t o r  (THF) ,  p r e s e n t e d  i n  s o l u t i o n  a s p e c i f i c  c o n f i -  

g u r a t i o n ,  h a s  a l r e a d y  b e e n  e s t a b l i s h e d  ( 1 9 )  and is s u p p o r t e d  by t h e  

p r e s e n t  d a t a .  The r e m a r k s  we wished  t o  make h e r e  c o n c e r n e d  t h e  

p o s s i b l e  s i d e  r e a c t i o n s  f o l l o w i n g  i o d i n a t i o n  w i t h  I C 1  a t  pH 4 .  A s  a 

f u n c t i o n  of  t h e  p e p t i d e  s t r u c t u r e  a t  hand ,  I C 1  e i t h e r  r e a c t e d  dir- 

t l y  w i t h  t h e  a r o m a t i c  s i d e  c h a i n  o r  w a s  h y d r o l y s e d  l e a d i n g  t o  t h e  

f o r m a t i o n  of f r e e  i o d i n e .  

A t  pli 7 .4 ,  t h e  r a t e s  of t h e  p r i m a r y  r e a c t i o n s  t a k i n g  p l a c e  

a f t e r  a d d i t i o n  of  I C 1  i n  a n  a q u e o u s  b u f f e r  were i n c r e a s e d ,  l e a d i n g  

t o  t h e  u n d e l a y e d  a p p e a r a n c e  o f  f r e e  i o d i n e .  I t s  r a t e  of  f o r m a t i o n ,  

however  is t h e  same t h a n  a t  pH 4. h t  pH 7.4 L - t y r o s i n e  r e a c t e d  i n  

loss t h a n  10 s e c .  w i t h  I C 1 ,  and  a l l o w e d  no  d e t e c t i o n  of f r e e  i o d i n e .  
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F i g u r e  2 - CD s p e c t r a  i n  t h e  230-320 nm r e a i o n  of L-homocuatine I 

( - b e - )  L-homocystine and (-0-0-1 L-homocystine w i t h  I C 1  a t  

v a r i o u s  pH ( l e f t  : pH = 2 ; m i d d l e  pH = 7 ; r i g h t  pH = 8.5). 

( R a t i o  I/-S-S- = 2). 

Uy c o n t r a s t  w i t h  pH 4 ,  L - h i s t i d i n e  W R S  i o d i n a t e d  as r a p i d l y  a s  

L - t y r o s i n e  a t  pH 7.4 and no f r e e  i o d i n e  c o u l d  be d e t e c t e d .  A t  pH 

9 . 5 ,  as e x p e c t e d ,  I C 1  and f r e e  i o d i n e  d i d  r e a c t  so r a p i d l y  w i t h  

.rrtt,’. t h a t  i o d i n e  d i d  n o t  accumula te .  F r e e  L - t y r o s i n e  and L - h i s t i -  

d - n e  were i o d i n a t e d  i n  l ess  than 10 seconds. 

In view of t h e s e  r e s u l t s  showing a n  i n c r e a s e d  r e a c t i v i t y  of 

I C 1  t o w a r d s  L - h i s t i d i n e  b u t  n o t  t o w a r d s  L - t y r o s i n e  when t h e  pH i a  

r a i s e d  f rom 4 t o  7.4,  we were l e d  t o  c o n s i d e r  t h e  f a t e  of d i s u l f i -  

de  l i n k a g e s .  

I1 - U f e c t s  of I C 1  and I o d i n e  on d i s u l f i d e  b r i d e e l .  

D i s u l f i d e  l i n k a g e s  p r e s e n t  e l e c t r o n i c  t r a n s i t i o n s  of t h e  

n - 6” t y p e  and p o s s e s s  i n  g e n e r a l  two c h a r a c t e r i s t i c  a b s o r p t i o n  

b a n d s ,  f o r  i n s t a n c e  a t  194 nm and 250 nm, i n  t h e  case of e t h y l  

d i c u l f i d e  ( 2 0 ) .  For t h i s  r e a s o n ,  we c a r r i e d  o u t  CD measurements  

a round 250 nm ; t h e  C D  s p e c t r a  o b t a i n e d  a t  v a r i o u s  pH for 

L - c y s t i n e ,  L-homocystine and o x i d i z e d  g l u t a t h i o n e  are  r e p o r t e d  i n  

f i g u r e  2-4. A minimum is o b s e r v e d  between 250-270 nm, t h e  amall- 

p i a u r e  4 - 9D s D e c t r a  i n  t h e  230-320 nm r ee ion  and 165-240 III re- 

of  O x i d i z e d  a l u t a t h i o n q  : ( -0-. - )  O x i d i s e d  g l u t a t h i o n e  and 

( - 0 - 0 - )  O x i d i z e d  g l u t a t h i o n e  w i t h  IC1 a t  r a r i o u m  pH ( l e f t  t 

pH = 2 ; m i d d l e  pH = 7 ; r i g h t  pH = 8.5). (Ratio I/-S-9- I 2). 
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e s t  n e g a t i v e  e l l i p t i c i t y  b e i n g  a f f o r d e d  by L-homocyst ine,  i n  

agreement  w i t h  Beychok ' s  r e p o r t  ( 2 1 ) .  B u t y l  d i s u l f i d e  spec t rum 

p r e s e n t e d  no minimum i n  t h e  w a v e l e n g t h  r a n g e  s t u d i e d  ( F i g u r e  5 ) .  

The molar  e l l i p t i c i t i e e  i n  t h e  r e g i o n  of  h max of  t h e  

s p e c t r a  o b t a i n e d  15 m i n u t e s  a f t e r  a d d i t i o n  of  I C 1  were a l w a y s  

d i f f e r e n t  f rom t h e  r e f e r e n c e  s p e c t r u m ,  when t h e  e x p e r i m e n t s  were 

run a t  pH = 8.5. A r e d u c t i o n  i n  e l l i p t i c i t y  was o b s e r v e d ,  l n d i c a -  

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

a toms.  A t  n e u t r a l  pH, L - c y s t i n e  a p p e a r e d  t o  b e  u n a f f e c t e d  by I C l  

u n d e r  t h e  c o n d i t i o n  u s e d .  By c o n t r a s t  o x i d i z e d  g l u t a t h i o n e ,  pre-  

s e n t e d  a r e d u c t i o n  of e l l i p t i c i t y  between 250-290 nm and L- 

homocys t ine  a r e l a t i v e l y  much l a r g e r  a l t e r a t i o n .  A t  a c i d i c  pH, 

L - c y s t i n e ,  o x i d i z e d  g l u t a t h i o n e  and L-homocystine were a l t e r e d ,  

and t h e  l a t t e r  t o  a l a r g e  e x t e n t .  I t  s h o u l d  be n o t s a  t h a t  a t  
pH 7 and below, t h e  i o d i n e  formed by h y d r o l y s i s  of  IC1 remained  

p r e s e n t  d u r i n g  t h e  c o u r s e  of t h e  e x p e r i m e n t ,  e x c e p t  i n  t h e  pre-  

s e n c e  of L-homocystine. The s t o e c h i o m e t r y  I/S-S was 2 ,  t h e  

d i s a p p e a r a n c e  of t h e  y e l l o w  c o l o r a t i o n  due t o  i o d i n e  s u g g e s t e d  an  

e x t e n s i v e  r e a c t i o n  of I w i t h  t h e  d i s u l f i d e  of  L-homocystine. 

F i n a l l y ,  b u t y l  d i s u l f i d e  C D  s p e c t r u m  was q u i t e  e x t e n s i v e l y  modi- 

f i e d  by a d d i t i o n  of  IC1, i n  t h e  s i n g l e  e x p e r i m e n t a l  c o n d i t i o n  

u s e d ,  a s o l u t i o n  i n  methanol  ( F i g u r e  5 ) .  

The r e d u c t i o n  i n  e l l i p t i c i t y  o b s e r v e d  c o r r e s p o n d e d  v a r y  

l i k e l y  t o  b i n d i n g  of i o d i n e  t o  t h e  s u l f u r  by c h a r g e  t r a n s f e r .  This 

b i n d i n g  i s  e x p e c t e d  t o  r e d u c e  t h e  d e g r e e  of  freedom of t h e  p dou- 

b l e t s  of t h e  s u l f u r ,  and t h u s  a l t e r  t h e  n-u* t r a n s i t i o n  of t h o  

S-S l i n k a g e .  A s imi la r  e f f e c t  i s  produced  when oxygen a toms aro 

bound t o  a d i s u l f i d e  as f o r  i n s t a n c e  In L-cys t ine  disu l fox ido .  

F i g u r e  1 shows t h a t  t h e  e l l i p t i c i t y  If c y w t l n e  d i a u l f o x i d o  i 8  
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u u r e  2 - CD suec t ra  i n  t h e  250-370 nm re- of B u t v l  

d i s u l f i d e  : (-.-.-) B u t y l  d i s u l f i d e  i n  anhydrous  methanol  and 

('o-o-) Butgl d i s u l f i d e  w i t h  I C 1  i n  t h e  same s o l v e n t .  ( R a t i o  

I/-s-s- = 2) .  

230 250 270 290 310 
Xnm 

r e d u c e d  compared t o  t h a t  o f  L - c y s t i n e ,  i n  t h e  r a n g e  o f  w a v e l e n g t h s  

s t u d i e d .  

A compar ison  of t h e  a l t e r a t i o n s  provoked b y  IC1 and i t s  

h y d r o l y s i s  p r o d u c t s  i s  made p o s s i b l e  by t h e  d i f f e r e n c e  ( 8 ) c o n t r o l  

- ( @ ) + I C l  , p l o t t e d  as p e r c e n t  if (6) c o n t r o l  i n  t h e  r e g i o n  250 - 
270 nm ( t a b l e  1 ) .  I t  a p p e a r s  t h u s  t h a t  b u t y l  d i s u l f i d e  and 

L-homocyst ine were more r e a c t i v e  t o w a r d s  IC1 t h a n  L - c y s t i n e  and 

o x i d i z e d  g l u t a t h i o n e .  T h i s  b e h a v i o r  m i g h t  r e f l e c t  s t r u c t u r a l  cha-  

r a c t e r i s t i c s .  The e n e r g y  b a r r i e r  a s s o c i a t e d  w i t h  a r o t a t i o n  of a 

C-C l i n k a g e s  i s  of t h e  o r d e r  of  2 - 3 Cal/bond whereas  i t  r e a c h e s  
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10-12 Cal/bond for a S-S l i nkage  ( 2 2 ) .  Rota t ion  is t hue  r e s t r i c t e d  

f o r  t h e  l a t t e r ,  which, i n  the  absence of t h e  o t h e r  o o n s t r a i n t a ,  as 

TABLE 1 

A L T E R A T I O N  OF THE MOLAR ELLIPTICITY OF VARIOUS DISULFIDES 

IN THE PRESENCE OF IODINE MONOCHLORIDE (RATIO IA-s- = a 

E$ 
e 
control 

61 

1 2  

5 

1 3  

6 0  

57 

126  

16  

1 5  

47 

17 

pH = 2 

L-cystine pH = 7 

pH = 8.5 

pH = 2 

L-homocystine pH = 7 

pH = 8.5 

Product 

250 (255 nm) 

1 2 0  (260 nm) 

300 (260 nm) 

120 (270 nm) 

220 (265 nm) 

380 ( 2 6 0  nm) 

- (el - ( 0 )  
2 deg x cm /mole c o n t r o l  +IC1 I 

pu = 2 

pH = 7 

pH s 8.5 

0 xi d i - u  

C lu ta th ione  

L u t y l  d i s u l f i d e  I 25 000 (250 nm) 

160 ( 2 6 0  nm) 

2 0 0  ( 2 6 2  nm) 

730 ( 2 6 2  nm) 

in e t h y l  d i s u l f i d e  l e a d s  t o  a p r e f e r r e d  d i h e d r a l  ang le  C1-S-S, 

S-S-C2 of about 90" ( 2 3 ) .  

I n  t h e  amino a c i d s  d i s u l f i d e  however, i n t r a m o l e c u l a r  bonding 

by hydrogen o r  e l e c t r o e t a t i c  bonds a r e  s t a b i l i z i n g  one r o t a m r ,  

bu t  t o  a d i f f e r e n t  e x t e n t  acco rd ing  t o  t h e  molecule oon8idored. 

C e r t a i n l y  L-homocystine, i n  t h i s  r e s p e c t ,  is nor. f l o x i b l o  t h u  

L-cys t ine ,  as t h e  s q u e l e t t c n  of t h e  former  c o n t a i n  on. moro 
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c a r b o n  atom i n  e a c h  m o i e t y .  

The r e a c t i v i t y  of  t h e  s u l f u r  seems t h u s  t o  be i n  r e l a t i o n  

w i t h  t h e  d e g r e e  of  s t a b i l i z a t i o n  of a g i v e n  r o t a m e r .  Another  

exemple i s  a f f o r d e d  by t h e  r e a c t i o n  r a t e  of s i l v e r  n i t r a t e ,  which 

a a  shown by C e c i l  e t  a l .  (24), d e c r e a s e d  as 2400, 28, 9 when t h e  

d i s u l f i d e  was L-homocyst ine,  o x i d i z e d  g l u t a t h i o n e  and L - c y s t i n e  

r e s p e c t i v e l y .  It i s  i n t e r e s t i n g  t o  note that  the 

e x t e n t  of r e d u c t i o n  o f  t h e  e l l i p t i c i t y  a f t e r  I C 1  a d d i t i o n  f o l l o w -  

e d  t h e  aame o r d e r .  

B u t y l  d i e u l f i d e ,  which l a c k s  i n t r a m o l e c u l a r  s t a b i l i z i n g  bonds 

r e a c t e d  e x t e n s i v e l y  w i t h  I C 1 ,  r e s s e m b l i n g  L-homocystine. The pH 

e f f e c t  n o t e d  i n  t a b l e  1 might  t h u s  be a c o m b i n a t i o n  of i t s  i n f l u -  

e n c e  on t h e  s t a b i l i t y  of i n t r a m o l e c u l a r  l i n k a g e s  as w e l l  as  on t h e  

r a t e  of  r e e c t i o n  of  I C 1  and i o d i n e .  

CONCLUSION 

The l a b e l l i n g  of peptides o r  p r o t e i n s  w i t h  i o d i n e  a t  

t h e  a r o m a t i c  s i d e  c h a i n s  of L - t y r o s i n e  and L - h i s t i d i n e  might  

e n c o u n t e r  d i f f i c u l t i e s  when t h e  m o l e c u l e  c o n t a i n s  o x i d i z a b l e  com- 

p o n e n t s .  I n  v iew of t h e  f a c t  t h a t  t h e  i o d i n a t i n g  r e a g e n t  i s  f a c i n g  

two p a r t n e r s ,  t h e  a r o m a t i c  r i n g s  and t h e  d i s u l f i d e  b r i d g e s ,  one h a s  

t o  s e l e c t  t h e  c o n d i t i o n s  which c o n f e r s  a f a s t e r  r e a c t i o n  r a t e  t o  

t h e  a r o m a t i c  r i n g s .  I n  t h i s  r e s p e c t ,  I C 1  h a s  been  shown t o  r e a c t  

v e r y  r a p i d l y  w i t h  L - t y r o s i n e  a t  pH = 4 and w i t h  L - t y r o s i n e  or 

L - h i s t i d i n e  a t  n e u t r a l  pH, a l l o w i n $  i o d i n a t i o n  i n  a m a t t e r  O f  

seconds .  I t  t h u s  a p p e a r s  f a v o r a b l e  p r a t i c a l l y  t o  carry.  > u t  i o d i -  

n a t i o n  by s u c c e s s i v e  a d d i t i o n  o f  s m a l l  a l i q u o t 8  or' I C 1 .  The second 
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: o n c l u s i o n  r e f e r s  t o  t h e  i n f l u e n c e  of  t h e  s t r u c t u r e  b o t h  on t h e  

-ate of IC1 h y d r o l y s i s  and on t h e  r e a c t i v i t y  of  t h e  d i s u l f i d e  

) r i d g e s .  

In b o t h  c a s e s  d i f f e r e n t  s u r r o u n d i n g  s t r u c t u r e s  c o n f e r r e d  

l i f f e r e n t  b e h a v i o r s  t o  t h e  same g r o u p ,  t h e  i m i d a z o l e  r i n g  or 

the d i s u l f i d e .  I t  m i g h t  be  i n f e r r e d  t h a t  i n  p e p t i d e s  or i n  pro-  

t e i n s  s i m i l a r  a l t e r a t i o n  i n  r e a c t i v i t y  o u g h t  t o  be e n c o u n t e r e d ,  

2nd more s p e c i f i c a l l y  t h a t  i n  c e r t a i n  c a s e s ,  d i s u l f i d e  b r i d g e s  

n i g h t  show enhanced  s u s c e p t i b i l i t i e s .  M o d i f i c a t i o n s  of  t h e  

F a c t o r s  which c o n t r i b u t e  t o  c o n t r o l  t h e  s t r u c t u r e  of  t h e  m o l e c u l e  

i n d e r  i n v e s t i g a t i o n ,  as  t e m p e r a t u r e ,  pH, and s o l v e n t ,  associated 

*,if'. CD m e a s u r e v e n t s  r e p r e s e n t  a c o n v e n i e n t  way t o  se lec t  t h e  

o p t i m a l  i o d i n a t i o n  c o n d i t i o n s .  In t h i s  r e s p e c t ,  t o  improve  t h e  

a p p a r e n t  s p e c i f i c i t y  of t h e  i o d i n a t i n g  r e a g e n t  t o w a r d s  a r o m a t i c  

r e s i d u e s ,  one c a n  c o n s i d e r  u s i n g  a d i s u l f i d e  as  p r o t e c t i n g  a g e n t .  

From t a b l e  1 ,  L-homocyst ine a p p e a r s  t o  be  a good c a n d i d a t e .  
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