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A scheme is proposed for  the quali tat ively dif ferent  catalyt ic  effects  of meta l loporphyr ins  in 
reac t ions  involving the oxidation of epinephrine.  A metal locomplex of porphyr in  may a c c e l e r -  
ate the oxidation of some substances and inhibit the oxidation of o thers .  The small  value of the 
constant  of regenera t ion  of the ca ta lys t  gives a s imi l a r  effect,  i .e. ,  the oxidation of a given sub- 
s tance may be acce le ra ted  by one metal locomplex and inhibited by others .  The catalyt ic  oxida- 
tion of epinephrine in the p resence  of the cobalt  complex of porphyr in  at biological pH values 
that we have detected is of undoubted in te res t  for  understanding the regu la to ry  role  of metal lo-  
porphyr ins  in living organisms.  

The modeling of metal-containing biological ob jec t s ,  and also of p roces se s  taking place in living organ-  
i sms with the par t ic ipat ion of metal  ions, with the aid of s imple coordination compounds and organometal l ic  
compounds may be considered as a new modern  level  of the study of the biological ro le  of t race  elements .  In 
this connection the study of the biological  act ivi ty of t e t r apy r ro l e  meta l locomplexes  (TPMSs) ,  the natural  p ro-  
totypes of which a re  heine, hemin, vi tamin B12, and chlorophyll ,  is of in teres t .  

In r ecen t  yea r s ,  the attention of many workers  has been a t t rac ted  by the catalyt ic  p roper t i es  of metal lo-  
complexes  of porphyr ins  in an aqueous medium. This is explained by the fact  that redox react ions  of organic 
compounds in aqueous solutions model biological sys t ems  and an explanation of the mechanism of the catalytic 
act ivi ty of meta l loporphyr ins  in such react ions  would give the key to such understanding enzymatic  p roces se s  
taking place in the living organisms.  The information available on this question is ex t r eme ly  contradic tory.  
Different  meta l loporphyr ins  do not behave in the same way in di f ferent  react ion,  e i ther  inhibiting oxida t ion- re-  
duction o r  acce lera t ing  it. Hitherto,  it  has not been possible to find general  laws controll ing the behavior  of 
meta l loporphyr ins  in such sys tems .  

One of the most  important  aspects  of the problem under  considerat ion is the ca ta lys is  of p roces se s  of 
oxidation by molecu la r  oxygen. It may be assumed that the porphyr in  complexes  of t ransi t ion metals  a re  capa-  
ble of activating molecu la r  oxygen by the t r an s f e r  of e lec t rons  f rom the metal  atom to a 02 molecule.  This 
fo rms  a superoxide anion radical  of O 2 which pos se s se s  s trong oxidizing p roper t i e s  and plays an impor tant  
ro le  in biological p roces se s .  

As a model,  we have selected the autooxidation of epinephrine,  for  which the par t ic ipat ion of a superox-  
ide radical  has been accura te ly  established.  In an alkaline medium, epinephrine is readi ly  oxidized by a tmo-  
spher ic  oxygen at room tempera ture .  The f i r s t  compara t ive ly  stable oxidation product  is adrenoehrome,  which 
is then oxidized to melanin- l ike  products .  The reac t ion  is effect ively inhibited by superoxide dismutase ,  which 
conf i rms the par t ic ipat ion of superoxide.  It may be assumed that the O 2 ion detaches H f rom the epinephrine 
molecule,  forming a f ree  epinephrine radical  which is then conver ted into products  (Fig. 1). 

OH OH 

= ~ products 

OH~. 
Epinephrine Admnochrome 
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Fig.  1. Oxidation of ep inephr ine  in an aqueous medium:  
A) change in the spec t rum;  B) inhibit ion by superoxide  
d i smutase .  1-4) 1, 2, 3, and 4 rain, r e spec t ive ly .  

The k ine t ics  of ep inephr ine  was s tudied by a spee t ropho tome t r i c  method f rom the r a t e  of fo rmat ion  of 
ad renoch rome ,  which has an absorp t ion  max imum at  X 485 nm. The index of the ca ta ly t i c  ac t ion  of the com-  
p lexes  s tudied was the in i t ia l  r a t e  of the r eac t ion  - the s lope of the curve  in plots  of opt ica l  dens i ty  ve r sus  
t ime (AD/ ,~t ) .  

Below is shown the influence of va r ious  porphyr ins  and t h e i r  me ta l locomplexes  and o ther  t e t r a p y r r o l e  
complexes  on the oxidat ion of ep inephr ine .  It can be seen  that  a ca ta ly t i c  ef fec t  is  given only by the cobal t  com-  
p lexes  of the po rphyr ins ,  i .e . ,  both the p r e s e n c e  and na ture  of the meta l  and the na ture  of the l igand a r e  s igni f -  

l ean t  for  c a t a l y s i s .  

Additive 

Cobaloxime dipyridinate 

Co complex of mesoporphyrin IX, disodium salt 
Co complex of tetra(p-sulfophenyt)porphine, 

sodium salt 
Ni complex of tetra(p-sulfopheny.Dporphine " 
Telxa(p-sulfophen]{1)lSorphine, so[iium salt 
Di( a-propoxyethyl)deuteroporphyrin IX, 

disodium salt 
Di(a-methoxyethyl)deuteroporphyrin IX, " 

dipotassium salt 

Coefficient of acceler- 
ation of the oxida-. 
tion of epinephrine 

1.0 

8,57 

8.85 
1,0 
1,3 

1,2 

Io2 

The r e s u l t s  given r e l a t e  to pH ]0: With a lower ing of the pH the autooxidat ion of the epinephr ine  slows 
down sha rp ly ,  and at  pH 8 the r eac t ion  s c a r c e l y  p roceeds .  However,  the addi t ion of ca ta ly t i c  amounts of a co-  
ba l t  complex under  these  condit ions causes  a rap id  oxidat ion with the fo rmat ion  of the same  products  as  in a 
s t rong ly  a lka l ine  medium.  

The change in the abso rp t ion  s p e c t r u m  in the cour se  of the r eac t ion  is  shown in Fig.  2. It can be seen  
t h a t  together  with the fo rmat ion  of the oxidation produc ts  the in tens i ty  of the Sore t  band of the cobal t  po rphyr in  
complex  (X 435 nm) d e c r e a s e s .  However,  the r a t e  of the consumption of the Co-porphyr in  is  subs tan t ia l ly  
l ower  than the r a t e  of fo rmat ion  of oxidat ion produc ts :  F o r  each molecule  of the po rphy r in  complex that  decom-  
poses  about 10 molecu les  of ep inephr ine  a r e  consumed.  S to ieh iomet r ic  ca lcula t ion  give grounds for  r e g a r d -  
ing the cobal t  complex  of po rphyr in  not as  an oxidant but as a c a t a l y s t  of the oxidation of epinephr ine .  In fact,  
the consumpt ion of the po rphy r in  mus t  be r e g a r d e d  as  a s ide  r eac t ion  ( "po i s on i ng"  of the c a t a l y s t ) .  

The accumula t ion  of a d r e n o c h r o m e  in the p r e s e n c e  of the cobal t  complex of porphyr in ,  both a t  pH 10 and 
a t  pH 8.0, is  inhibi ted more  rap id ly .  This inhibit ion may be connected with the pa s s a ge  of ad renoch rome  into 
p roduc t s  of f u r t he r  oxidat ion,  and a l so  with the poisoning of the ca ta lys t .  The addi t ion of a f r e sh  por t ion  of  eo-  
b a l t - p o r p h y r i n  a c c e l e r a t e s  the accumula t ion  of ad renochrome .  The r eac t ion  is a l so  a c c e l e r a t e d  by addi t ions  of 
10 -3 M hydrogen perox ide .  

The kinet ic  c h a r a c t e r i s t i c s  of p r o c e s s e s  a t  the two pH values  a r e  given below. At pH 8, the in i t ia l  r a t e  of 
accumula t ion  of ad r enoch rome  is d i r e c t l y  p ropor t iona l  to the concent ra t ion  of coba l t -po rphy r in  and does not 
depend of the concent ra t ion  of ep inephr ine  in the in te rva l  f rom 10 -4 to 5" 10 -3 M. The same o r d e r s  with r e s p e c t  
to the r eac t an t s  a r e  shown by the decompos i t ion  of the cobal t  complex of porphyr in :  

pH 10 pH8 
Coefficient of acceleration at 
[AAH]/[~CoP] = 10 z 2,85 10~ 

Order with respect to epinephrine 1.0 0 
Order with resvect to catalyst 1.0 1.0 
Number of molecules of AN oxidized 

per molecule of catalyst . . 10 :~ 10-15 
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F i g .  2.  C h a n g e  in  t h e  a b s o r p t i o n  s p e c t r u m  o f  a 2 . 1 0  -3 M 

s o l u t i o n  o f  e p i n e p h r i n e  + 10 -5 M C o - p o r p h y r i n  on  o x i d a -  

t i on .  

In the absence  of a ca ta lys t  a t  pH 10 and  pH 8 d [ A H ] / d t  = 0. 

To explain the obse rved  kinetic laws it is poss ib le  to put fo rward  the following mechan i sm of the p roces s :  

-o7i 'X +o7, 

AH+O~ ~ A@I-tO~, (2) 

AH-FHO~- k--ca ~ ,+0Hq-  O'-H, (3) 

A H + O H -  k----z' :~, q-- H.,O, (4) 
J _  

Mp -[-HO; k:, 

...o:]. 
As a l r eady  mentioned,  the autooxidation of epinephrine  takes place through the par t ic ipa t ion  of a supe r -  

oxide. On the o ther  hand, it  is known that  Co-porphyr in  read i ly  f o r m s  superoxide  complexes  CoP +. . .  0 3. It 
may  be a s sumed  that the s tage of the fo rmat ion  of the epoxide rad ica l  l imi t s  the autooxidation and is a c c e l e r -  
ated in the p r e s e n c e  of the cobalt  porphyr in  through the fo rmat ion  and subsequent  d issoc ia t ion  of the oxygen 
adduct. 

In the p r e sence  of epinephrine,  the poss ib i l i ty  of the fo rmat ion  of the t e rna ry  complexes  A H . . .  C o P . . .  O~ 
is not excluded, e i ther ,  although these complexes  apparen t ly  play no fundamental  ro le  in oxidation, ff they 
par t ic ipa ted  in the fo rmat ion  of the superoxide radica l ,  the reac t ion  would be of the f i r s t  o r d e r  with r e s p e c t  to 
epinephrine,  while expe r imen t  shows zero  order .  

The subsequent  in teract ion of epinephrine with the superoxide  takes  place by a complex scheme  in which 
the f i r s t  s table  product  is ad renoehrome .  It is  natural  to a s s u m e  that the f i r s t  s tage of oxidative convers ions  
is  the de tachment  by the superoxide  of a hydrogen a tom f rom the epinephrine molecule  with the format ion  of a 
f ree  rad ica l  (2). We a s sumed  that the subsequent  t r ans fo rma t ions  of epinephrine take place rapidly and that 
reac t ion  (2) l imi t s  the fo rmat ion  of adrenochrome.  

The peroxide  rad ica l s  HO 2 formed in this reac t ion  pos se s s  oxidizing p rope r t i e s  and it may be a s sumed  
that they a lso  oxidize epinephrine,  in the final account  reducing the superoxide to wa te r  (3 and 4). On the other  
hand, the HO 2 ion also p o s s e s s e s  reducing p rope r t i e s  and in reac t ion  with the s t rong oxidizing agent  CoP + it  
may  r egene ra t e  the ca ta lys t  (5). 
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Fig. 3. Rate of the catalytic oxidation r eac -  
tion [log P] = 2 .10  -6 M at high concentra-  
tions of epinephrine [AH] = 10 -2 M. 

Attention must  be directed to the fact  that in the last  react ion the second superoxide radical  in the cata-  
lytic cycle is formed,  which ensures  s toichiometr ic  relationships.  The regenerated CoP rapidly adds a mole-  
cule of oxygen and begins a new catalytic cycle by react ion (1). 

The calculation of this scheme under the condition that the concentration of all the intermediate products 
(radicals  and ions) a re  quasis ta t ionary gives the following expression for the rate of oxidation 

dial[ l 4~W[MP] [ ~ [AH]' / 
. t  = ~ 7 7 T  il I -  ~IMPI : '  

where 

kl  k3" ~- = ~:-; ,~ = ~-~. 

Let us analyze the express ion obtained. At sufficiently low concentrat ions of epinephrine, [AtI]/[MP] << 
1/fl, the r ight member  in parentheses  can be neglected, and the rate of the react ion is direct ly  proport ional  to 
the concentrat ion of cata lyst  and independent of the concentration of epinephrine, 

d[AH] k~IMP] 
dt -- W o = 4 _ ~ + t ,  

which agrees  with experiment.  At higher concentrat ions of epinephrine, [AH]/[MP ] = l /p ,  the right member  in 
parentheses  ]becomes equal to unity and a kind of cr i t ical  phenomenon must  be observed - a l inear  fall of the 
rate to zero  with an increase  in the concentrat ion of epinephrine 

d[AlIl-- W 0 (1 ~ [AH]~ 
dt - ~ ! h - ~  .1' 

As can be seen f rom Fig. 3, this phenomenon is actually observed experimentally.  The value of the pa rame te r  
/3 was calculated f rom the experimental  resul ts  as 5.2" 10 -5, and the lower l imit  of the rate constant of the 
generat ion of the superoxide anion of cobalt porphyrin was determined as 2 .4 .10  .3 sec -1. 

Thus, the experimental  resul ts  a re  described sat isfactor i ly  by the proposed scheme and confirm the hy- 
pothesis of the capacity of metal locomplexes of porphyrin for catalytically generating a superoxide ion radical .  

F rom the proposed scheme of catalysis  follows the possibili ty of a qualitatively different action of 
metal loporphyrins  in oxidation react ions.  As can be seen f rom the equation obtained, the process  is governed 
by the pa rame te r  p, which is equal to the ratio of the rate constant of the react ion of the substance being oxi- 
dized with the gO~ ion, i.e., with hydrogen peroxide, to the rate constant of the oxidized form of the catalyst  
with the same peroxide. If the substance being oxidized reacts  readily with hydrogen peroxide and /3 is large,  
the r ight-hand member  in parentheses  may prove to be less than unity. Then the expression in parentheses be-  
comes negative, i.e., instead of catalytic accelera t ion catalytic retardat ion of the oxidation process  will be 
observed. Thus, one and the same metallocomplex of porphyrin may accelera te  the oxidation of some and in- 
hibit the oxidation of others.  A s imi lar  effect is given by a small  value of the catalyst  regenerat ion constant 
ks, i.e., the oxidation of a given substance may be accelera ted by some metal complexes and inhibited by others.  
It is possibly just  this c i rcumstance  which explains the contradictory nature of the resul ts  given in the l i te ra-  
ture [ 1-3] on the influence of metal loporphyrins on oxidative p rocesses  in an aqueous medium. 
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The mechanism of the poisoning of cobalt-porphyrin cannot be established unambiguously from the re- 
sults obtained. Apparently, CoP is destroyed on interaction with one of the oxidation products of epinephrine, 
since in the absence of epinephrine it does not decompose. 

EXPERIMENTAL 

The kinetics of the catalytic oxidation of epinephrine was recorded on a Lomo SF-26 spectrophotometer 
and the absorption spectra of a solution of epinephrine on oxidation in the presence of porphyrin on Varian 
(Cary-219) spectrophotometer in ceils 1 cm long at room temperature. 

Sigma epinephrine was used. Its solution was prepared by a method described in the literature [4]. The 
epinephrine buffers and porphyrin solutions were prepared in double-distilled water. SOD was obtained from 
bovine erythrocytes [5, 6]. The enzyme obtained by this method had a spectral index D2~0/D2~ 0 of 25.5. The 
porphyrin and the cobaloxine dipyridinate were synthesized in the Institute of Biophysics of the Ministry of 

Health of the USSR. 

SUMMARY 

A scheme has been proposed to explain the qualitatively different catalytic effects of metalloporphyrins 
in epinephrine oxidation reactions. A metallocomplex of porphyrin may activate the oxidation of some sub- 
stances and inhibit the oxidation of others. 
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