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I t  has been shown by CHAIX et al. 1,2,3 that  manganese and copper catalyze the 
oxidation of adrenaline and noradrenaline. In a previous paper, we have demonstrated 
tha t  these metallic ions catalyze the oxidation of catechol, DOPA, N-methyl-DOPA 
3-hydroxytyramine and epinine 4 in slightly alkaline solutions. I t  was also shown that  
the metallic ion catalyzed reaction differs from the tyrosinase reaction in a number  of 
ways. The purpose of this investigation was to determine some of the properties of the 
metallic ion catalyzed reactions. 

METHODS AND MATERIALS 

The convent ional  ~VARBURG technique was  used in this investigation to follow the rate of 
oxidation. All solutions were made wi th  demineralized distilled water.  The MnSOa and CuSO~ 
solutions were made from C.P. grade metallic salts. The o-dihydroxybenzene derivatives were either 
obtained from commercial  houses or were synthesized as were previously described 4. 

In  order  to determine whether  chelates were formed between the metallic ions and the o-di- 
hydroxybenzene  derivat ives two methods  were used. A Beckman spectrophotometer ,  Model D.U., 
was  used to determine the shift  in the ultra-violet  spec t rum due to chelate formation.  The other  
me thod  was  the manomet r ic  method  used by  CHAIX et al3. For  this method a 0.03 N NaHCO 3 
solution was equil ibrated wi th  a 5 % CO~-95 % N~ a tmosphere  forming a bicarbonate  buffer of p H  7.6. 

EXPERIMENTAL 

The effect o/various buffers on the manganese catalyzed oxidation o /DOPA and o/ catechol 

Using a phosphate buffer CHAIX et al. found that  Mn++ catalyzed the oxidation of 
adrenaline only after a lag period of several minutes had elapsed 1. Since no lag period 
was apparent  during the Mn ++ catalyzed oxidation of catechol or DOPA in a veronal 
buffer, the effect of various buffers on the Mn catalyzed reaction was studied. I t  was 
found that  Mn++ had the greatest catalytic effect in either veronal or tris (hydroxymethyl) 
aminomethane buffers. Glycine, phosphate and citrate buffers inhibited the Mn++ 
catalyzed oxidation of DOPA but had little effect on the autoxidation of DOPA (Table I). 

* These studies were aided by  a cont rac t  between the office of Naval  Research, Depar tmen t  ot 
the Navy  and the State Univers i ty  of Iowa, N R  123-327, and by  a g ran t  f rom the Central Scientific 
Fund,  College of Medicine, State Universi ty of Iowa. 
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Consequently,  these buffers p robab ly  form complexes with the manganese,  thereby 
decreasing the effective concent ra t ion  of the catalyst .  When  borate buffers were used 
both  the Mn ++ catalyzed oxidat ion and  the au tox ida t ion  of DOPA were inhibited.  Since 
borate is known to form chelates wi th  ene-diols, it  is likely tha t  the borate inhibi ted 
react ion could be explained at least in par t  by  the formation of the bora te-DOPA 
chelate thereby decreasing the effective concentra t ion  of the substrate .  

The Mn ++ catalyzed oxidat ion of catechol was also inhib i ted  by glycine and 
phosphate buffers. On the other  hand,  when a small amoun t  of threonine ( twenty 
micromoles) was added to the veronal  buffer, the rate of the Mn ++ catalyzed oxidation 
of catechol was increased about  twen ty  percent.  

TABLE 1 

E F F E C T  OF V A R I O U S  B U F F E R S  O N  T H E  ~ { n  + +  C A T A L Y Z E D  O X I D A T I O N  O F  D O P A  

Inhibitvm Mn++ (..~I) O~ ( /d) % t3ufier ptt 

Veronal acetate 7.88 - -  71 
7.88 0.0005 389 

Tris 7.95 - 63 
7.95 o.ooo5 374 

Sodium citrate 7.92 - - 51 
7.92 0.0005 I IO 81 

S o d i u m  p h o s p h a t e  7.88 - 09 
7 .88 o . o o o  5 1 ,t0 70 

Olycine. NaCI 7.9 " 5 I 
7.9 0.0005 28t 28 

Sodium borate 7.88 - -  o 
7.88 O.OOO 5 I8 9~ 

Conditions: o.005 M (io/~M) DOPA; o.o 5 1/4 tiulter; KOH in center well; temperature, 37 ° C; 
time, i h. 

Effect o/ various M n  ++ and Cu ++ concentrations on the rate o[ oxidation o~ 3-hydroxy- 

tyramine  and o~ D O P A  

Both tile rate and  the to ta l  amoun t  of oxygen absorbed were found to be altered 
by  varying  the Mn ++ concentrat ion.  Using ten micromoles of 3-hydroxytyramine  
(5" IO-~ M final concentrat ion) buffered at pH 7.9- the rate of oxygen absorpt ion was 
increased as the manganese  concent ra t ion  was increased to o.5 micromole (2.5" zo 4 M 
final concentrat ion).  The rate of oxidat ion was increased only slightly by  higher man-  
ganese concentra t ions  (Table II). The total  amoun t  of oxygen absorbed was inversely 
propor t ional  to the concent ra t ion  of Mn ++. Similar results were obta ined for the Mn +~ 

catalyzed oxidat ion of DOPA. 
Dur ing  the Cu ++ catalyzed oxidat ion of 3-hydroxytyramine ,  it was found that  the 

the rate  of oxygen uptake  was increased as the Cu ++ concentra t ion  was increased to 
2.5" lO .3 M. Higher  Cu ++ concentra t ions  decreased the total  amoun t  of oxygen absorbed 
dur ing  the course of the reaction. 
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T A B L E  1I 

E F F E C T  OF V A R I O U S  Mn++ AND e l l  ++ C O N C E N T R A T I O N S  ON THE O X I D A T I O N  OF 3 - H Y D R O X Y T Y R A M I N E  

Metal ion O, uptake Metal ion 02 uptake 

Conc. (M) Mn++ ( #l) Cu++ (td) Conc. (M) Mn++ (#l) Cu++ ( ul) 

- -  61 82 5 . O ' I O  "-4 429 i63  
2 .5"IO - s  I35 - -  I .O. IO 3 473 202 
5 . o . i o  5 182 91 2 . 5 . 1 o  2 388 293 
I .O ' IO  -4 251 lO6 5 .o .  Io -2 - 254 
2 .5"1o  -4 363 127 

C o n d i t i o n s :  o . o 7 5 M  ve rona l ,  p H  8 . i ;  o . o o 5 M  ( io~uM) 3 - h y d r o x y t y r a m i n e .  HC1; K O I i  in 
c e n t e r  well ;  a t m o s p h e r e ,  a i r ;  t e m p e r a t u r e ,  3 ° °  C; t ime,  9o ra in .  

The /ormat ion  o/ chelates 

In order to determine if a chelate were formed between DOPA and the metallic 
ions, the ultra-violet  spectrum of a DOPA solution was compared with the ultra-violet  
spectrum of a solution containing DOPA and the metallic ions. The spectrum of the 
DOPA solution containing Mn ++ was identical with the ultra-violet spectrum of a 
DOPA solution alone. On the other hand there was a marked shift in the spectrum of 

t .0  = 
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. 2 -  ~ ,,~..~Dopo + Mn ++ 
Oopb 

O -  I I I - 1 - -  i 7 
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Wave Length (my.) 

Fig .  I. A b s o r p t i o n  s p e c t r a  of D O P A  w i t h  
me ta l l i c  ions. C o n d i t i o n s  : o .oo6  IV/veronal ,  
p H  7-5; I - 6 " i o - 4 M  D O P A ;  1 . 6 . 1 o - 4 M  

me ta l l i c  ions.  

the DOPA solution containing Cu ++ (Fig. I). 
These da ta  indicate that  a chelate was formed 
between Cu ++ and DOPA but that  no chelate 
was formed between DOPA and Mn ++. 

Since the spectrum of a chelate is not neces- 
sarily different from the spectrum of the ligand, 
the manometric method used by CHAIX et al. 2 
was used to corroborate the spectrophotometric 
method. The metallic ions were equilibrated with 
the 0.03 M NaHCO 3 buffer in an atmosphere of 
5% C0~-95% N2. During this phase carbon 
dioxide was evolved due to the formation of the 
metallic hydroxyides and carbonates. Under 
these conditions the amount of carbon dioxide 

evolved on the addition of Mn++ was negligible indicating that  Mn ++ did not form 
hydroxides or carbonates to any appreciable extent. 

A blue-green precipi tate was formed when Cu ++ was added to the bicarbonate 
buffer. If this precipi tate were CuCO 3 the amount of carbon dioxide evolved would be 
one micromole of carbon dioxide for every micromole of Cn ++. Two micromoles of 
carbon dioxide would have been evolved if the precipi tate were Cu(OH)2, while 1.5 
micromoles of carbon dioxide would have been evolved if the precipitate were 
CuC03. Cu(OH)~. CHAIX et al. found that  one micromole of carbon dioxide was evolved 
for every micromole of Cu ++ added. Under the conditions which we used, however, 
1.5 micromoles of carbon dioxide were evolved, indicating that  the precipitate was 
probably CuCO3" Cu(OH) 2. 

When catechol, DOPA, N-methyl  DOPA or 3-hydroxytyramine" HC1 was added to 
the Mn++-biearbonate mixture,  l i t t le or no carbon dioxide was evolved, indicating litt le 
if any chelate formation between Mn 4+ and these o-dihydroxybenzene derivatives 

References p. 57. 
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(Table I I I ) .  Using this  method ,  CHAIX et al. showed tha t  there  was ve ry  l i t t le  chela t ion 
be tween  Mn++ and  adrenal ine .  

T A B L E  I I I  

THE AMOUNT OF CO 2 EVOLVED DUE TO THE FORMATION OF METAL CHELATES 

Ligand Metal Mn++ Co++ Cu++ 
Ligand i~moles #moles Id CO~ Id COt I d CO~ 

C a t e c h o l  4 2 4 3 68 
D O P A  4 4 o 30 122 
N - m e t h y l - D O P A  4 4 i ~ r 13 I 
3 - h y d r o x y t y  r a m i n e  5 5 3 t 3 99 

Conditions: 0.03 M NaHCO a (pH 7.6); Atmosphere. 5 °/ CO2-95% N~; temperature 3 °0 . 
Total vol. 2.o ml. 

On the  o the r  hand,  when catechol  was a d d e d  to CuCOa'Cu(OH)2 the p rec ip i t a te  
d isso lved  and  a large evolut ion of carbon  dioxide  was observed.  S imi lar  results  were 
ob ta ined  when DOPA,  N-me thy l  D O P A  and  3 -hyd roxy ty ramine -HC1  were added  to 
CuCO.-Cu(OH)2 (Table I I I ) .  This  would indica te  t ha t  chelates  were formed be tween  
Cu ++ and  these compounds ,  cor robora t ing  the resul ts  ob ta ined  spee t rophotomet r ica l ly .  

In  order  to  de te rmine  the catechol /Cu ++ ra t io  in the  chela te  the  amoun t  of Cn ++ 
was var ied.  On the add i t ion  of ca techol  to  the  CuCOa'Cu(OH)2 the  amount  of carbon 
dioxide  evolved  due to  the  fo rmat ion  of the  chela te  was increased  as the  CuCO 3. Cu(OH)z 
was increased unt i l  the  eatechol /Cu ++ ra t io  equaled  two (Table IV). When  the catechol  
was a d d e d  to h igher  concent ra t ions  of Cu ~+, the  amoun t  of carbon dioxide  evolved 
due to the  chelate  fo rmat ion  was not  affected. Therefore,  the  chelate  con ta ined  two 
molecules  of catechol  for eve ry  Cu ~÷ ion. In  those vessels conta in ing  twice as much  
catechol  as copper,  the  to ta l  amoun t  of carbon d ioxide  was de te rmined .  Since the  to ta l  
carbon dioxide/Cu ++ ra t io  was about  3.5, the chelate  formed was p r o b a b l y  Cu(eatechol)2- 

When  D O P A  or N-me thy l  D O P A  were a d d e d  to the  CuCO 3. Cu(OH)2 more  carbon 
dioxide was evolved than  when 3 -hyd roxy ty r amine -H C1  was added  to i t  (Table I I I ) .  
This  would indica te  t ha t  Cu ~+ formed a chela te  wi th  D O P A  through  the amino  and  
the ea rboxy l  groups as well as th rough  the phenolic  groups.  

When  3 -hydroxy ty ramine -HC1  was added  to var ious  amount s  of CuCO 3- Cu(OH)2, 
the  carbon dioxide evolved  was s tabi l ized  when the 3 -hydroxy ty ramine -HC1/Cu  ra t io  
was two (Table IV). Since the  catechol /Cu ra t io  was also two, th is  would indica te  t ha t  
Cu ++ cannot  combine with  the  amino  group to any  grea t  ex tent ,  under  these condi t ions.  
On the  o ther  hand,  when D O P A  was added  to var ious  amount s  of CuCOa'Cu(OH)2,  
the  carbon dioxide  was not  s tab i l ized  when the D O PA /Cu  ra t io  was two. This  would 
indica te  t ha t  a chela te  was formed be tween  Cu ++ ion and  the ca rboxy l  groups of DOPA.  

The effect o/manganese dioxide on catechol 

Since ti le manganous  ion p r o b a b l y  changes valence dur ing  the course of the Mn +~ 
ca ta lyzed  oxida t ion  of catechol ,  i t  was considered t ha t  a fa i r ly  s table  chelate  might  be 
formed be tween  catechol  and  Mn ~3 or Mn ~4. In  order  to de te rmine  if such a chelate  
could be formed,  catechol  was a l lowed to react  wi th  manganese  dioxide in the following 
manner .  

lCe/ere~H:cs p 57. 
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T A B L E  IV 

T H E  E F F E C T  O F  V A R I O U S  C u  + +  C O N C E N T R A T I O N S  O N  T H E  

C O  2 E V O L V E D  D U R I N G  C u  + +  C H I ~ L A T E  F O R M A T I O N  

Cu++ con¢~ Catechol DOPA 3-Hydroxytyramine 
2 pmol~  4 Itmoles IO I~moles (# moles) (,ut CO~) (~1 COt) (#l CO,) 

0.5 24 30.7 37 
0.75 33.8 
i .o 33 40.3 
i .5 59 88 
2.0 35 72 
2.5 90 
3.0 lO2 159 
4 .0 35 2Ol 
5.0 133 214 

io.o 197 
20.0 169 

Into vessels containing one micromole of potassium permanganate dissolved in 
o.o3 M sodium bicarbonate buffer under a 5% CO2-95% N2 atmosphere at 300 C., 
various amounts of manganese sulfate were added. A dark precipitate was formed and 
carbon dioxide was evolved. When 1.5 micromoles of manganese sulfate were added the 
amount of carbon dioxide evolved indicated that the precipitate was manganese dioxide. 

a. MnO~ + 1. 5 Mn++ + H20----~ 2. 5 MnO~ + 2H+ 
b. 2 H  + + 2 H C O  3 - - ~ 2 C O ~  + 2H~O 

sum:  MnO~ + 1. 5 Mn++ + 2 HC()~ ~ 2. 5 MnO2 + 2 CO~ + H20 

When more than 1.5 micromoles of manganese sulfate were added, the amount of carbon 
dioxide evolved indicated that the following reactions took place. 

e. 4 MnO~ + I i  Mn++ + 9 H20 ~ 5 MnO2'Mn203 + 18 H + 
d. 18 H + + I8 HCO~--+  18 CO~ + 18 H20  

sum:  4 MnO~ + I i  Mn ++ + i8 HCO~ --+ 5 MnO2.Mn203 + 18 CO2 -}- 9 H20 

When catechol was added to the insoluble man- 
ganese oxides, a rapid absorption of carbon dioxide 
was observed as the oxides dissolved. After about ten 
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minutes a slow evolution of carbon dioxide was ob- 
served and a white precipitate was formed (Fig. 2). 
The color of the solution changes to a faint yellow when 
the catechol is added either to the potassium perman- 
ganate or to the insoluble manganese oxides. 

Although the amount of catechol added was varied 
from 2.5 to IO micromoles, neither the rate of carbon 
dioxide absorbed during the first ten minutes nor the 
subsequent rate of carbon dioxide evolution was af- 
fected. This would indicate that no stable chelate was 
formed between the catechol and Mn+3 or Mn+4. 

After the system came to equilibrium the total 
amount of carbon dioxide evolved was determined. 

~m. Mni04 
, ! 

3 o  ~'o 9'° 
Minutes 

Fig. 2. The effect of KMnO 4 and 
the manganese oxides on catechoL 
Conditions: o.o 3 M NaHCO3; At- 
mosphere.  5 %  CO~-95% N2; pH 
7.6; i /~M. KMnO4; Mn++ as indi- 
cated; 5" lO-3 M (io pM)  catechol; 

t e m p .  3 °0 C. 
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A l t h o u g h  t h i s  q u a n t i t y  of  c a r b o n  d i o x i d e  w a s  i n d e p e n d e n t  o f  t h e  c a t e c h o l  c o n c e n t r a t i o n ,  

i t  w a s  d e p e n d e n t  o n  t h e  M n  +÷ c o n c e n t r a t i o n  a c c o r d i n g  t o  t h e  f o l l o w i n g  r e l a t i o n s h i p .  

3 micr(,m{}h's {'( ),, - t ( ) ta l  CO,,  {~v(}lv(,d 

T(~tnl Mn: - (1] micr(}moles 
= =  I 

I n  t h i s  e q u a t i o n  t h e  t h r e e  m i c r o m o l e s  o f  c a r b o n  d i o x i d e  r e p r e s e n t s  t h e  c a r b o n  

d i o x i d e  a b s o r b e d  d u r i n g  t h e  o x i d a t i o n  o f  c a t e c h o l  b y  e i t h e r  p o t a s s i u m  p e r m a n g a n a t e  

o r  t h e  m a n g a n e s e  o x i d e s ,  a c c o r d i n g  t o  t h e  f o l l o w i n g  e q u a t i o n s .  

e. ,~ln()4@ I. 5 Mn * , ~' lI('()~ -->2. 5 Mn()s 2 ('O~ I-H2(-) 

, .  ~()H .... , .~O 

[- -'-5 MnO2 .... ".5 ! Ji ~ -'.5 Mni~ ".5 I " 5 OH 
" "  ( )H :': ~ ' O  

2- 5 OH i 5 (2()~ :~ 5 1I('()7, 

( ) H  / /  ,, /~0 

s u m :  MnO;  b 2.5 i Ii - 3 CO2 -~-Xln~ i 2.5 [ I t - ~ I I C ( ) a . -  if._,() 

I n  a n o t h e r  e x p e r i m e n t ,  i t  w a s  f o u n d  t h a t  s o d i u m  f l u o r i d e ,  w h i c h  f o r m s  a c o m p l e x  

w i t h  m a n g a n o u s  i o n s ,  m a r k e d l y  i n h i b i t e d  t h e  r a t e  o f  t h e  c a r b o n  d i o x i d e  e v o l u t i o n  

w h i c h  o c c u r r e d  a f t e r  t h e  f i r s t  t e n  m i n u t e s .  I t  d i d  n o t  a f f e c t  t h e  r a t e  o f  c a r b o n  d i o x i d e  

a b s o r b e d  d u r i n g  t h e  f i r s t  t e n  m i n u t e s .  

I n  c o n c l u s i o n ,  i t  c a n  b e  s t a t e d  t h a t  m a n g a n e s e  d i o x i d e  a n d  p r o b a b l y  m a n g a n e s e  

t r i o x i d e  o x i d i z e  c a t e c h o l .  T h e  e v o h l t i o n  o f  c a r b o n  d i o x i d e  w h i c h  f o l l o w s  t h i s  o x i d a t i o n  

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

c h e l a t e  b e t w e e n  t h e  m a n g a n o u s  i o n  a n d  a n  o x i d a t i o n  p r o d u c t  of  c a t e c h o l .  

S U M M A R Y  

The  type  of buffer  used  had  a p ro found  effect on the  Mn ++ ca ta lyzed  ox ida t ion  of the  oYtho- 
d i h y d r o x y b e n z e n e  c o m p o u n d s  used.  Veronal  or t r is  (hydroxy lne thy l )  amino  m e t h a n e  were found 
to be the  mos t  su i tab le  buffers  for the  s t u d y  of these  react ions .  Glycine,  phospha t e ,  c i t ra te  and  
bora te  buffers  inh ib i ted  the  react ion.  

The  o p t i m u m  Mn ++ concen t r a t i on  for tile 3 - h y d r o x y t y r a l n i n c  and  D O P A  oxida t ion  was  
2.5 '  IO -4 iV/. H ighe r  Mn++ concen t r a t i ons  increased the  ra te  of ox ida t ion  only  sl ightly.  The  o p t i m u m  
Cu ++ concen t ra t ion  was  found  to be 2. 5 . IO -a 3I.  

U n d e r  the  condi t ions  of these  e x p e r i m e n t s  che la tes  were formed be tween  Cu ++ and  catechol ,  
DOPA,  N - m e t h y l  D O P A  and  3 - h y d r o x y t y r a m i n e .  No che la t ion  was  de tec ted  be tween  Mn ++ and  
these  compounds .  

Catechol  was  oxidized by  MnO,, and  K M n O p  

]~ J2STTSII:" 

Le type  de t an lpon  employ6  a une  grande  ml po r t ance  dans  l ' o x y d a t i o n  des o r thod iph6nols  
6tudi6s,  ca ta lysde  pa r  le Mn ++. Les  t a m p o n s  v4ronal  ou t r is  (hydroxym6thy l )  a m i n o  m 6 t h a n e  sen t  
les t a m p o n s  les p lus  convenab le s  pour  l 'd tude  de ces r6actions.  Les  t a m p o n s  glycocolle, phospha te ,  
c i t ra te  et  bora te  i nh iben t  la r6action.  

L a  concen t r a t ion  o p t i m u m  en Mn+~ pour  l ' oxyda t ion  de la 3 - h y d r o x y t y r a m i n e  et  de la D O P A  
es t  2.5" lO .4 M des concen t r a t ions  p lus  61ev(,es en Mn++ n ' a u g m e n t e n t  que fa ib lement  la vi tesse 
d ' o x y d a t i o n .  La  concen t ra t ion  o p t i m u m  en Cu *+ est  :;.5" IO 8 M. D a n s  les condi t ions  exp6r imenta les  
employ6es ,  des ch41ates s en t  formds en t re  lc Cu ++ et  le cat6chol,  la DOPA,  la N - m d t h y l  D O P A  et 
la 3 - h y d r o x y t y r a m i n e .  I1 n ' y  a pas  de ch61ation en t re  Mn ++ et  ces corps.  

Le cat6chol est  oxyd6 pa r  MnO 2 et  pa r  K M n O  4. 

Re/ere~ccs p. 57. 
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Z U S A M M E N F A S S U N G  

Die Ar t  des v e r w e n d e t e n  Puffers  bee inf luss t  die von  Mn++ ka ta lys ie r t e  O x y d a t i o n  der b e n u t z t e n  
ortho-Dihydroxybenzol-Verbindungen s tark .  Verona l  oder  T r i s (hyd roxyn le thy l )  a m i n o m e t h a n  e igne ten  
sich a m  bes t en  als Puffer ,  bei  d e m  S t u d i u m  dieser Reak t ionen .  Glykocoll ,  P h o s p h a t ,  Ci t ra t  u n d  
Bora t  Puffer  h e m m t e n  die R eak t i on .  

Das  Mn++ K o n z e n t r a t i o n s o p t i m u m  lag fiir die O x y d a t i o n  von  3 - H y d r o x y t y r a m i n  und  DOPA.  
bei 2.5" IO -4 M.  HOhere Mn ++ K o n z e n t r a t i o n e n  erhOhten die Oxyda t i onsgeschwind igke i t  n u r  wenig,  
Das  K o n z e n t r a t i o n s o p t i m u m  fiir Cu++ wurde  bei 2.5" IO -a 3J gefunden .  Un te r  den  Versuchsbe -  
d i n g u n g e n  b i lde ten  sich zwischen  Cu ++ u n d  Katechol ,  D O P A ,  N - m e t h y l  D O P A  und  3 -Hydroxy -  
t y r a m i n  Chelate .  Ke in  Chela t ion  wurde  e n t d e c k t  zwischen Mn ++ und  diesen Verb indungen .  

Ka t echo l  wurde  oxyd ie r t  du rch  MnO,, und  KMnOa.  
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