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SUMMARY 

i. In the system peroxidase + H202 + I -  an equilibrium mixture of I z and 
I a- together with H~O are formed as maior products. In addition one or more minor 
unidentified products are formed. 

2. In the system peroxidase + HzO 2 + I -  + oxalate considerable oxalate 
oxidation occurs. A study of the reaction showed that atomic iodine probably is formed 
as an intermediate, which can dimerize to I~ or react with oxalate. The I -  oxidation 
mechanism is discussed. 

3. In the system peroxidase + Hg.O 2 + I - +  tyrosine, I~ is formed as an 
intermediate, which iodinates tyrosine to 3-monoiodotyrosine. The iodination step 
can occur spontaneously; possibly it is also catalyzed by peroxidase. 3-Monoiodo- 
tyrosine can similarly be iodinated to 3,5-diiodotyrosine. 

4. Under suitable conditions about 50% of the I -  present can be utilized for 
tyrosine iodination. 

INTRODUCTION 

In the preceding paper 1 it was shown that the main pathway for the horseradish 
peroxidase-catalyzed oxidation of I -  can be characterized as 

Compound I + I -  -+  ferriperoxidase-iodine (I) 

Ferriperoxidase-iodine + H20~-+ Compound I + product(s) (2) 

A side pathway identical with the peroxidase mechanism according to CHANCEt, 3 and 
GEORGE 4-6 includes the reaction steps 

* Present address. 
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Ferriperoxidase + H~O2-+ Compound [ (3) 

Compound 1 = 1 > Compound 1I +- product(s) (4) 

CompoundlI ! [ --~ferriperoxidase + product(s) (5) 

In Eqns. I -5  the unmodified enzvme is called ferriperoxidase. Additional evidence 
in favor of the mechanism of Eqns. I and 2 is given in the present paper. 

Atomic iodine (I . )  is probably  the pr imary  product  formed from I - along the 
side pa thway  7, and, as will be shown here, it is also the pr imary  product  of the main 
pa thway ,  in  the presence of excess I -  the final product  is an equilibrium mixture of 
12 and 13- when I is oxidized by horseradish peroxidase and by other  peroxidases 
(for references see ref. I). 

In the system peroxidase ~ Ha() , , - t -I-  ~ tyrosine (or 3-monoiodotyrosine) 
iodination of tile tyrosine or 3-monoiodotyrosine present will occur. Also protein 
tyrosyl  and 3-monoiodotyrosyl  residues are iodinated. Several i ron-porphyrin per- 
oxidases, including chloroperoxidase s, horseradish peroxidase 9-~a,a2 lactoperoxidase'% 14, 
myeloperoxidaseX°,~4, l'~ and thyroid peroxidase 1" ~s, are known to catalyze the re- 
action. I t  is thought  tha t  thyroid  peroxidase catalyzes the physiologically impor tan t  
iodination of thyroglobulin tyrosine residues. The mechanism of the horseradish 
peroxidase-catalyzed reaction was studied in the present investigation. Some of the 
results have heen reported in an abstract  va. 

MATERIALS AND METHODS 

Reagents and equipment 
The reagents and their handling were as described in the preceding paper 1, 

with the addition tha t  a lalI-preparation (Radiochemical Centre) described as "iodide, 
carrier-free, in aqueous solution free from reducing agent" was also used. KI  solutions 
were labeled by  adding some of the laaI . A labeled stock solution containing 6oo/~M I,, 
was prepared immediately  before use by adding under  in termit tent  mixing to a small 
test tube IOO/~1 of diluted 131I- preparation,  IO #1 of  5 ° mM KI,  IO/,1 of 25 ° mM 
H2SQ,  IO/~1 of  IO mM K I O  a and 37 ° #1 of water. 

The equipment  and its handling were as previously described l, with the addit ion 
tha t  a chromatogram strip scanner (Isotope Developments  Ltd.) was used for radio- 
act ivi ty  measurements.  

Oxalate oxidation in the .vvstem peroxidase + H202 ~ I + oxalatc 
Solutions containing oxalate and 12 + I a are sensitive to light and were 

handled only in dim red light. During spec t rophotomet ry  slits and exposure times 
wele kept  minimal. 

I n reacting solutions the limiting factor was the H~O2 concentrat ion.  Absorbance 
readings at 353 nm were taken when 99% of the H202 was calculated to have been 
spent. At least two readings at I-  or 2-rain intervals were taken to ascertain tha t  tile 
reaction had gone to completion. The longest reaction t ime before reading was 15 min. 

Parallel measurements  were always made on four systems, which were identical 
except tbr omissions and replacements as follows: System a, peroxidase -!- H~O2 --I 
I -  -t- oxalate;  System b, peroxidase + I + oxalate;  System e, peroxidase ~ H~O 2 + 
I + acetate;  System d, peroxidase + I + acetate. 

Biochim. Biophys. Acta, 212 (i97 o) 4o7-416 



PEROXlDASE-CATALYZED IODIDE OXIDATION. II  409 

The  concent ra t ion  of  I s-  formed th rough  the enzymic  reac t ion  in the  presence 
of  oxa la te  (/I [I3-]ox ) or ace ta te  (A [I3-]ae ) was ca lcu la ted  from 

Aa--Ab 
A [I8-]o~ - - -  (6) 

EM,12-- 

Ao--Aa 
A EI~-]a~ - - -  (7) 

~M,I 2-  

where Aa, Ab, Ae and Aa are the  final absorbances  of  Sys tems  a, b, c and  d, respect-  
ively,  and  eM,i3- = 2.64 "1o 4 cm -1 "M -1 (ref. 20). 

A reac t ion  be tween oxa la te  and  a tomic  iodine (I .), which a ppa re n t l y  is formed 
as an in te rmedia te ,  can be ignored in the  de r iva t ion  of  Eqns.  8-11, since the  error  
in t roduced  is negligible. The overal l  reac t ion  can then  be descr ibed as 

peroxidase 
H202 + 2 I  + 2 H  + , 13 + 2 H 8 0  (8) 

13- ~- I~ + I-,  K = *.3o mM (ref. 21) (9) 

F r o m  equat ions  (8) and  (9) 

KA [I2-]o~ KA [I~-]ox 
A [I2]o~ (io) 

[ I - ]  [ I - ]o  - -  2 [H202]  0 - - A  [I8-  ] 

KA EI~-]ac KA [Is-]ao 

[ I - ]  [ I - ]0  - -  2 [H202]  0 - - ~  [18-] 

where d [I~]ox a n d / i  [I2]ae are the  12 concentra t ions  formed in the  enzymic  react ion 
in the  presence of  oxa la te  and  aceta te ,  respect ively ,  and  [I-]0 and  [H20~] 0 are the  
in i t ia l  I -  and  H202 concentra t ions .  The concent ra t ion  of  I -  oxidized in the  enzymic  
reac t ion  is ob ta ined  from 

-Ll [ I - ]  -- 2(A[I8- ] + A[I2] ) (12) 

In  Sys tem a less 12 + I a- is formed than  in Sys tem c because of the  reac t ion  
be tween I .  and  oxala te .  The overal l  react ion for the  ox ida t ion  of  oxa la te  can be 
charac te r ized  as e2 

peroxidase + I -  
H202 -t- oxalate + 2 H + - - - -  > 2 CO 2 + 2 H20 

The oxa la t e  concent ra t ion  oxidized (--z] [oxalate]) can be ca lcu la ted  from 

--AI [Oxalate] : LJ [I3-]ac + AI [I,]ae -- LI [I.-]ox -- ~1 [Is]ox 

(i3) 

(i4) 

Chromatography of lalI-labeled reaction products 
To the  solut ion to be ana lyzed  the carr iers  K I ,  3 -monoiodotyros ine  and  3,5- 

d i iodotyros ine  were added  each to  a concent ra t ion  of  IOO/,M. Then 20/A of  the  solut ion 
were appl ied  to  a 4-cm-wide s t r ip  of  W h a t m a n  No. I paper .  Ch roma tog raphy  was 
carr ied out  using an n - b u t a n o l - e t h a n o l - a m m o n i a - w a t e r  solvent  23. 

W h e n  two-dimens ional  c h r o m a t o g r a p h y  in some cases was performed,  5 #1 of  
solut ion were appl ied  to the  W h a t m a n  No. i paper  used. The solvent  a l r eady  ment ioned  
was used in the  first d i rect ion and  a wa te r - fo rmic  acid (5 : I ,  b y  vol.) so lvent  23 in the  
second. Rad ioac t ive  spots  were de tec ted  th rough  au to rad iography .  

Biochim. Biophys. Acta, 212 (i97 o) 4o7-416 
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To d e t e c t  ca r r i e r  c o m p o u n d s ,  papers  were  s p r a y e d  w i t h  a F e C l a - F e ( C N ) .  a 

As()2-  r e agen t  2~. R a d i o a c t i v e  spo t s  were  iden t i f ied  by  c o m p a r i n g  the i r  loca t ions  wi th  
those  of  car r ie r  c o m p o u n d s .  

R E S U L T S  

Products formed from I 

A t o m i c  iod ine  is k n o w n  to ox id ize  t he  o x a l a t e  ion (refs. 22, 25, 26). We  found  

t h a t  o x a l a t e  was  ox id i zed  in t h e  s y s t e m  pe rox idase  + H 2 0  ~ + I -  -1- oxa l a t e  wh ich  

sugges ts  t h a t  I -  m i g h t  be f o r m e d  as t he  p r i m a r y  p r o d u c t  in t he  p e r o x i d a s e - c a t a l y z e d  
o x i d a t i o n  of  I - .  

The  a m o u n t s  of  o x a l a t e  and  l -  ox id i zed  were  no t  a f fec ted  w h e n  the  a d d i t i o n  of  

I-  or p e r o x i d a s e  was  d e l a y e d  t i l l  a f t e r  a p r e i n c u b a t i o n  per iod  (Table  I). Th is  shows  

t h a t  l i t t l e  or  no r eac t i on  t o o k  p lace  in t he  sy s t ems  p e r o x i d a s e  + H202 + o x a l a t e  and  

H202 @ I -  + oxa la t e .  In  t he  f o r m e r  s y s t e m  the  pe rox ida se  wil l  be p r e sen t  as Com-  
p o u n d  I, which  o b v i o u s l y  reac t s  on ly  s lowly  i f  a t  all w i t h  oxa la t e .  

TABLE 1 

O X A L A T E  O X I D A T I O N  IN T H E  SYSTEM P E R O X I D A S E  ~ H 2 0 2  i [ ~ OXALATE 

Reagents were added to a spectrophotometer cell in the order given to the following concen- 
trations: IOO mM potassium oxalate (pH 4.o) or io mM potassium acetate (pH 4.1), t 5/tM 12, 

mM KI, i nM peroxidase and 6o/,M H=O 2. The 12 addition was made in order to eliminate 
12-reducing impurities, and the system was left to stand for 4 min to let these react before the 
enzymic reaction was started with the H=O 2 addition. Where indicated, one of the components 
was not added until io inin after the H=O 2 to allow- for a second preincubation period. The 
concentrations of I -  and oxalate oxidized when the enzymic reaction was permitted to go to 
completion are symbolized by A II-I and --A [oxalate]. 

System Compound added - al !I ] .... ~1 [()xalatel 
after second (pM) (/t3I) 
preincubation 

Peroxidase + H20= + I t oxalate None 71 i6 
Peroxidase + H202 I 1- a oxalate l 7 ° 17 
Peroxidase + H~O 2 i I i oxalate Peroxidase 73 t5 
Peroxidase t- H~O2 " I ~ acetate None io 4 

In  the  e x p e r i m e n t  of  Tab l e  I 3 0 %  of  t h e  H 2 0 ,  was  spen t  for o x a l a t e  o x i d a t i o n .  
T h u s  the  c o m p o n e n t  r eac t i ng  w i t h  o x a l a t e  c a n n o t  be a p r o d u c t  or an i n t e r m e d i a t e  

f o r m e d  a long  a side p a t h w a y  w i t h  slow t u r n o v e r .  A r e a c t i o n  b e t w e e n  o x a l a t e  and  

C o m p o u n d  I1, wh ich  is f o r m e d  a long  such  a p a t h w a y ,  c a n n o t  exp l a in  t he  obse rva t ions .  
To  s t u d y  w h e t h e r  the  f e l r i p e r o x i d a s e - i o d i n e  c o m p l e x  m i g h t  r eac t  w i t h  oxa la t e ,  

f e r r i p e r o x i d a s e - i o d i n e  was  p r o d u c e d  via R e a c t i o n s  3 and  I ,  and  oxa l a t e  was t h e n  

a d d e d  (Fig. IA) .  I f  t h e  o x a l a t e  h a d  r e d u c e d  f e r r i p e r o x i d a s e - i o d i n e  to f e r r ipe rox idase ,  
a d rop  in t h e  a b s o r b a n c e  w o u l d  h a v e  been  seen 1. H o w e v e r ,  no  a b s o r b a n c e  change  and  

the re fo re  no r e a c t i o n  cou ld  be  d e t e c t e d .  
U n d e r  t he  c o n d i t i o n s  used  ne ighe r  13 , H I ( )  nor  I O -  can reac t  w i th  oxa l a t e  to 

an app rec i ab l e  extent22,25, 26. I o d i n i u m  ion  (I ÷) or  p r o t o n a t e d  h y p o i o d o u s  ac id  (H2OI-~) 

cou ld  c o n c e i v a b l v  be f o r m e d  as p r i m a r y  p r o d u c t s  a n d  r eac t  w i t h  oxa la t e .  H o w e v e r ,  

Biochim. Biophvs..4 cta., 12 ( 107 o) 4o7-4 i~ 
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Fig. I. The interconversion of peroxidase species was followed by recording the absorbance at 
4o3 nm as a function of time. In  A the spect rophotometer  cell originally contained 8 mM potass ium 
phospha te  (pH 6.2), 5-3/~M ferriperoxidase and 5o#M KI. In  B there was 3 ° mM potass ium 
phospha te  (pH 6.2) and lO. 4 #M ferriperoxidase. In C there was 3 ° mM potass ium phosphate  
(pH 6.o) and 5.3/*M ferriperoxidase. Other reagents were added as indicated in the figure. The 
addition of oxalate  in A reduced the p H  to 4.8. 

we are unable to account for the kinetics of oxalate oxidation under this assumption 
(F.  BJ~RKSTI~N, unpublished results). 

The most plausible explanation fol the observations is that  I .  is formed as the 
product of Reaction 2 on the main pathway. Atomic iodine dimerizes rapidly to the 
final product 12 . 

When the stoichiometry of the overall reaction was studied, a ratio for added 
HzO 2 to formed 12 + 13- of 1:0.87 was found (Table II). This approaches the I :I ratio 
expected from Eqn. 8 and 9. According to this both electrons for the reduction of 
HzO 2 will in most cases eventually come from I- .  The route for one of these electron 
transfers is apparent  from the above results, while the route for the second remains 
uncertain. I f  ferriperoxidase-iodine is converted to Compound I by adding an equi- 
molar amount of HzO 2 in the absence of I -  (Eqn. 2), only one of the two oxidizing 
equivalents present in ferriperoxidase-iodine can end up in 13. In this situation the 
Compound I formed will decay in a complex manner as judged by the slightly oscillating 
absorbance (Fig. IB). I f  the HzO 2 quanti ty is larger, Compound I will be more stable 
(Fig. IC). 

Iodination of tyrosine and 3-monoiodotyrosine 
In our hands systems containing peroxidase, H202 and I -  readily iodinated 

TABLE I I  

S T O I C H I O M E T R Y  OF T H E  P E R O X l D A S E - C A T A L Y Z E D  O X I D A T I O N  OF l -  

Reagents  were added to a spect rophotometer  cell in the order given to the following concen- 
t ra t ions:  5 ° mM potass ium acetate (pH 5.5), 32.5 nM peroxidase, I mM KI  and HzO 2 as given 
in the table. The absorbance at  353 nm was measured 2 min after the HzO 2 addition, at which 
t ime the enzymic reaction had gone to completion. The sum of the 12 and I s- concentrat ions 
formed was calculated as previously 7. 

Added HzO 2 Formed 12 + 18- Formed 12 + I . - /  
(#M) (l~M) added H~O 2 

21.2 18. 7 0.88 
42.4 36.3 0.86 

Biochim. Biophys. Acta, 212 (197 o) 4o7-416 
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6% 21% 25% 48% 
Origin DIT MIT I- 

Fig. 2. Simultaneous iodination of tyrosine and 3-monoiodotyrosine.  Reagents were added t(~ a 
small test  tube in the order given to the tbllowing final concentrat ions : 3o mM potass ium phospha te  
(pH 6.o), 5.4/tM peroxidase, 5-4/~M KI  labvled with ~all, io .8 / ,M H~()2, z5o t tM  L-tyrosine and 
s imultaneously with it 250 l~M 3-monoiodo-L-tyrosine, 40o/,M Na2S~O 3. A I-rain interval followed 
the H,,() 2 addition and the addition of the tyrosines. The final volume was 0. 5 ml. The solution 
was analyzed for ~3q-containing compounds.  The scanner trace and the percentage of the ~311 
found in different compounds  is shown. 3-Monoiodotyrosine is abbreviated MIT and 3,5-di- 
iodotyrosine l)IT. 

tyrosine to 3-monoiodotyrosine (Table III) and 3-monoiodotyrosine to 3,5-diiodo- 
tyrosine (Fig. 2). The products were identified by one- and two- dimensional paper 
chromatography (see MATERIALS AND METHODS). Some iodine also became bound to 
material remaining at the origin during chromatography (Table III, Fig. 2). The 
nature of this RF o material will be discussed later. Unidentified chromatogram 
spots containing up to 13 % of the total 131I were sometimes seen (Table V). 

Only minimal iodinating activity could be detected in a system to which pre- 
oxidase, I and H20 2 had been added in equimolar proportions (Table III). In such 
a system the ferriperoxidase iodine complex is formed (Eqns. 3 and I). It must be 
concluded that the iodine remains nearly quantitatively bound to the complex, since 
any 12 liberated would readily have iodinated tyrosine (Table I l l ) .  Obviously the 
complex itself did not iodinate tyrosine, except perhaps at a very slow rate. 

In contrast, a highly active iodinating system was formed when equimolar 
amounts  of peroxidase and I - together with a larger amount of H20 ~ were used. The 
system retained its activity for tens of minutes after the I-  oxidation had proceeded 
to completion and all ferriperoxidase iodine and I - had decayed (Table IV). Here Iz 

TABLI'I 111 

I O D I N A T I O N  O F  T Y R O S I N V  B Y  12 A N D  B Y  A P E R O X I D A S E  ~ ~-12()  2 I I S Y S T E M  

All reaction nledia contained 3 ° mM potass imn phospha te  (pH 6.o) and l~ or KI labeled with 
~3~I. L-Tyrosine to a final concentrat ion of 5oo/ tM was added to the l : e o n t a i n i n g  system inl- 
mediately after the I,, and to the peroxidase-containing systems i min after the H2() 2 which had 
s tar ted the reaction. All concentrat ions  have been calculated for volmnes occurring after the 
tyrosine addition, which increased them by i J % and brought  them to 2 ml and o. 5 ml for the 
I~- and peroxidasc-containing systems,  respectively. The reaction was s topped I inin after the 
tyrosine addition by 40o/~M Na2SoO a. The solution was then analyzed for ~aq-containing corn- 
pounds.  

S y  s t e m Dis t r ibu t ion  o f  1~11 (" i , )  

I 3 - 5 f o n o -  NF = o 
iodo- mater ia l  
13'rosi~tc 

3 ° l tM 12 57 t.~ 
5.2/ ,M peroxidase i 

5.2/ ,M KI ~ 5.2/*M H21)2 94 i 
5.2/,M peroxidase [ 

5.2:tM NI i 21//M H.~{)~ 51 4 ° 

t3iochim. B i o p h y s .  Acta .  212 (197o) 4o7-4[6 



PEROXIDASE-EATALYZED IODIDE OXIDATION. i i  413 

TABLE IV 

I O D I N A T I O N  O F  T Y R O S I N E  B Y  A P E R O X I D A S E  -~  H 2 0 2  ~-  I -  S Y S T E M  

From the reaction solution described in the legend of Fig. 2C, 5o-pl aliquotes were withdrawn at 
times given in the table and mixed with 2o/~1 of 1.75 mM L-tyrosine solution. 2 min later the 
iodination reaction was stopped by 5/~1 of 5.6 mM Na2S203 solution. The samples were then 
analyzed for ~81I-containing compounds. 

Time Distribution of  1811 ( % )  
after K I  
addition I -  3-Mono- R v  = o 
(rain) iodo- material 

tyrosine 

0.5 5 ° 43 7 
I 45 49 6 
2 31 62 7 
4 33 57 9 
8 38 51 i i  

m u s t  h a v e  b e e n  f o r m e d  as  a n  i n t e r m e d i a t e .  U n d e r  t h e  p r e s e n t  c o n d i t i o n s  I s wi l l  

r e a d i l y  i o d i n a t e  t y r o s i n e  n o n e n z y m i c a l l y  ( T a b l e  I I I ) .  

W h e n  t y r o s i n e  a n d  3 - m o n o i o d o t y r o s i n e  we re  a d d e d  s i m u l t a n e o u s l y  in  equ i -  

m o l a r  p r o p o r t i o n  to  t h e  e n z y m i c  i o d i n a t i n g  s y s t e m ,  n e a r l y  e q u i m o l a r  q u a n t i t i t e s  o f  

i o d i n a t e d  p r o d u c t s  ( 3 - m o n o i o d o t y r o s i n e  a n d  3 , 5 - d i i o d o t y r o s i n e )  we re  f o r m e d  (Fig. 2). 

T h i s  s h o w s  t h a t  t y r o s i n e  a n d  3 - m o n o i o d o t y r o s i n e  wil l  r e a c t  w i t h  t h e  i o d i n a t i n g  a g e n t  

a t  n e a r l y  e q u a l  r a t e s ,  i f  r a t e s  a re  c a l c u l a t e d  for  t h e  t o t a l  c o n c e n t r a t i o n  o f  p h e n o l  

( p h e n o l a t e  ion  p l u s  u n d i s s o c i a t e d  p h e n o l )  p r e s e n t .  F r o m  t h e  d a t a  of  MAYBERRY 

et a l . ~ ,  2s i t  c a n  be  c a l c u l a t e d  t h a t  t h i s  is w h a t  s h o u l d  b e  o b s e r v e d  a t  p H  6 i f  I s is t h e  

i o d i n a t i n g  a g e n t .  

TABLE V 

E F F E C T  O F  R E A G E N T  A D D I T I O N  O R D E R  A N D  R E D U C I N G  A G E N T S  O N  T Y R O S I N E  I O D I N A T I O N  

To the "basic" system reagents were added in the order given to the following final concen- 
trat ions:  3o mM potassium phosphate (pH 6.o), 5.4 #M peroxidase, 5.4 pM KI labeled with 181I, 
lO.8 pM H2Oz, 500 #M L-tyrosine and 40o/~M Na~S208. The last three reagents were added at 
i -min intervals. To the "tyrosine before HzO2" system reagents were added as to the basic 
system, except t ha t  the order of the HzO~ and tyrosine additions was reversed. Where indicated, 
a io pM concentration of reducing agent was added 3 ° sec after the H~O 2 to a system otherwise 
identical with the basic system. The final volume was always o. 5 ml. 

System Distribution of  1311 (°/o) 

I -  3-Mono- RF = o Unidenti- 
iodo- material fled 
tyrosine 

Basic 52 35 7 6 
Tyrosine before H202 IOO - -  - -  - -  
Ascorbic acid added 83 - -  4 13 
Na~S,O 3 added 86 - -  3 12 
i-Methyl-2-mer- 

captoimidazole added 83 - -  4 13 
2-Thiouracil added 86 - -  4 io 

Biochim. Biophys. Acta, 212 (197 o) 4o7-416 
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Factors affecting tvrosine iodinatiou 
In the iodination experiments of this study, reaction in the peroxidase 

H202 -+- I -  system was permitted to go nearly to completion before the compound to 
be iodinated was added. If  tyrosine or 3-monoiodotyrosine was added earlier in the 
comparatively high (500/~M) concentration normally used, no iodination occurred 
(Table V). This is obviously due to the rapid depletion of the H202 supply t h r o u g h  

tile peroxidase-catalyzed tvrosine or 3-monoiodotyrosine oxidation a°. Coint)etitive 
inhibition of I -  oxidation by tyrosine and 3-monoiodotyrosine might also contribute. 

When tvrosine concentrations lower than 5oo #M were tried, the yield ()f 3- 
monoiodotyrosine was reduced and the amount of lalI in the Rv :-  o material was 
increased (Table VI). 

'I'A BLt'i V[ 

E F F E C T  OF T H E  T Y R O S I N E  C O N C E N T R A T I O N  ON T H E  Y I E L D  OF T H E  I O D I N A T I O N  RI, ;ACTION 

Reagen t s  were added  to a smal l  t e s t  t ube  in the  order g iven to the  following tinal concen t ra t ions  : 
3 ° mM po tas s ium p h o s p h a t e  (pH 6.o}, 4.2 t,M KI  labeled with lsxl, 4 .2 / ,M peroxiduse,  8. 4 / ,M 
Ho()2, the  L-tyrosine concen t ra t ion  given in the t ab le  and  4o0 [,M Na,~S20 a. The ty ros ine  add i t ion  
followed i min  af ter  the  H202 add i t i on  and the  NazS2Oa add i t i on  15 rain af ter  the  ty ros ine  addi t ion .  
The  final vo lume  was o. 5 m]. The solut ions  ob ta ined  were ana lyzed  for l aq - con t a i n i ng  compounds .  

Tyrosine Distribution o/  1311 ( O o )  

L'OnC~L 
(/~M) I 3-Mono-  teF o 

iodo- material 
tyrosiue 

IO 5 1  2 9  2 0  

3 ° 39 45 tO 
IOO 29 57 ~4 
5 0 0  2 3  6 7  () 

IOOO 2 6  6 5  () 

Low concentrations of reducing agents such as tile antithyroid compounds 
I-methyl-2-mercaptoimidazole and 2-thiouracil and also ascorbic acid and Na2S20 a 
will completely inhibit tyrosine iodination if added before tyrosine to the enzymic 
system (Table V). The compounds apparently act by reducing 12. 

D I S C U S S I O N  

The chemical evidence presented here strongly suggests that atomic iodine is 
a primary product formed in the horseradish peroxidase-catalyzed oxidation of l . 
In accordance with this, Eqn. 2 can be reformulated as 

Ferr iperoxidase-- iodine ! H~()~--> Compound  1 + 1 . t ? I IS) 

Eqn. 15 undoubtedly summarizes several still unresolved reaction steps. 
In the course of the reaction cycle (Eqns. I and 15) Compound I is known to 

react with one molar equivalent of I . One of the two electrons needed for the reduction 
of the H202 will come from this I-.  I f  a second equivalent of I -  is available, the second 
electron will also come from I , but the details of this process remain unknown. Tile 
cycle can be completed also in the presence of only one molar equivalent of I . In this 
case the Compound I present at the end will eventually undergo additional complex 
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reactions as judged by the slight oscillations in the changing absorbance (Fig. IB). 
Atomic iodine is a short-lived intermediate, which dimerizes to form the final 

products I z and 13-. In the presence of excess I -  the stoichiometric ratio for added 
H202 to formed I2 + 13- was found to be 1:0.87. This is significantly different from 
the I : I ratio expected if 12, I 3- and H20 were the only products (cf. Eqns. 8 and 9). 
Thus side reactions must  occur. 

I t  has been suggested that  I -  is the iodinating species in peroxidase-catalyzed 
iodinations14,15. We found that  tyrosine iodination occurred even when tyrosine was 
added after all I -  had decayed to 12. Protein sulfenyl iodide (-SI) groups have also 
been considered as a possible iodinating agent 3°,31. We have been unable to detect 
the formation of such groups in the horseradish peroxidase system 1. A third suggestion 
involves tyrosine iodination through a reaction in which tyrosine interacts with a 
peroxidase-iodine complex 9,12. We found that  such a complex is indeed formed in the 
horseradish peroxidase system x, but that  it will not iodinate tyrosine at pH 6. An 
iodination reaction might, however, occur under other conditions and with complexes 
formed by other peroxidases. 

When the products from iodination experiments in which peroxidase had been 
used were analyzed, a minor amount of iodine-containing material (RF --~ o material) 
remaining at the origin during paper chromatography was usually found. Treatment  
with H202 or reducing agents will liberate the iodine from the ferriperoxidase-iodine 
complex (Table I I I  and ref. I), but not the iodine from the Rv = o material (Tables 
I I I  and V). The amount  of RF = o material formed was increased if the amount of 
tyrosine added was decreased (Table VI) or if the tyrosine addition was delayed 
(Table IV). These conditions would be expected to favor the iodination of enzyme 
protein tyrosyl residues at the cost of the iodination of free tyrosine. The observations 
suggest that  the RF = o material may  be peroxidase containing a 3-iodotyrosyl 
residue(s). This iodinated peroxidase is a minor product, which must not be confused 
with the ferriperoxidase-iodine complex. The complex contains an iodine atom 
probably bound to the heme and definitely no iodotyrosyl residue ~. 

Molecular iodine was certainly formed as an intermediate in the iodinating 
peroxidase + H202 + I -  + tyrosine (or 3-monoiodotyrosine) system investigated. 
At the pH of this study (pH 6) nonenzymic iodination by I2 was found to occur readily 
if no I -  was present. 

THOMAS AND HAGER s have shown that  tyrosine iodination in the system chloro- 
peroxidase + H202 + 12 + tyrosine is enzyme-catalyzed at pH 2. 7. From the work 
of COVAL AND TAUROG ls it can be concluded that  iodination in their thyroid per- 
oxidase + HaO 2 + I -  + tyrosine system at pH 7 is not due to a nonenzymic reaction 
between Is and tyrosine. This is based on the observation that  excess I -  does not 
inhibit (cf. ref. 27) and that  3-monoiodotyrosine is iodinated faster than tyrosine (cf. 
refs. 27, 28). In our horseradish peroxidase system tyrosine and 3-monoiodotyrosine 
were iodinated at nearly equal rates, if rates were calculated for the total  phenol 
concentration (phenolate ion plus undissociated phenol). The reaction between the 
Is formed as intermediate and the 12 acceptor could therefore have been spontaneous, 
but horseradish peroxidase catalysis is not ruled out. 

Finally it should be stressed that  only horseradish peroxidase has been used in 
the present and preceding ~ studies and that  the mechanisms described may  not be 
applicable to other peroxidases. 
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