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SUMMARY 

I. The peroxidase-oxidase reaction has been studied, using an electron-para- 
magnetic-resonance spectrometer and a recording spectrophotometer, in order to 
adduce additional evidence to support a mechanism involving the formation of 
free radicals. 

2. I t  has been found that  peroxidase catalyzes the formation of free radicals 
of hydrogen donors in the presence of H202. 

3. The free radicals derived from dihydroxyfumarate,  triose reductone and 
indoleacetic acid can reduce molecular oxygen and peroxidase itself. 

4. One equivalent reduced molecular oxygen, perhydroxyl radical, is supposed 
to be the active intermediate in the peroxidase-oxidase reaction. 

5. Compound I I I  and oxygenated ferroperoxidase are one and the same peroxi- 
dase derivative which can be produced from the three different systems, ferroper- 
oxidase + Oi, ferriperoxidase + perhydroxyl radical, and Compound I I  + H~02. 
Compound I I I  is not an active intermediate for dihydroxyfumarate  oxidation. 

INTRODUCTION 

Since SWEDIN AND THEORELL 1 found that  H R P  catalyzes the aerobic oxidation of 
DHF,  the mechanism of the reaction has been investigated by many  workers. 
Several substances have been found which are oxidized by the peroxidase oxidase 
system and Table I summarizes the cases in which peroxidases act as oxidases. The 
properties of the peroxidase-oxidase reaction are not always the same for each 
hydrogen donor but typical features of the reaction can be summarized as follows. 

H2-02 necessity 

The reactions listed in Table I proceed without the addition of HzO2, but are 
strongly inhibited by catalase (EC 1.11.1.6). Therefore, it may be concluded that  a 

Abbreviat ions:  HRP,  horse-radish peroxidase; DHF,  d ihydroxyfumara te ;  IAA, indole 
acetic acid; EPR,  electron paramagnet ic  resonance; DKS, diketosuceinate. 

* Present  address. 
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T A B L E  I 

P E R O X I D A S E  O X I D A S E  R E A C T I O N S  

Substrates Sources References 

D H F  Horse  rad ish  I, i8 
D H F  T urn ip  9 
D H F  Japanese  radish  34 
IAA Horse  rad ish  32, 35 
IAA Omphalia f lavida 36, 37 
IAA Turn ip  4 
I AA W h e a t - g e r m  38 
lndole  propionate ,  

indole b u t y r a t e  Horse  radish  39 
Oxala te ,  oxalace ta te ,  keto-  

malona te ,  d i h y d r o x y t a r t r a t e  Horse  rad ish  4 ° 
Phe ny l ace t a l dehyde  Horse  rad ish  4 I 
P h e n y l p y r u v a t e  Lup ine  seedlings 42 
Triose reduc tone  Turn ip  9 
D P N H ,  T P N H  Horse  rad ish  8 

t race  a m o u n t  of  HIO 2, which has  been accumula ted  b y  the au tox ida t ion  of hydrogen  
donors,  is necessary to  cause the  reac t ion  to proceed since H20 ~ is formed as a con- 
sequence of  the  reduct ion  of  oxygen.  Some con t r ad i c to ry  cases have  been repor ted  
in the  ox ida t ion  of  IAA.  WAYGOOD,  OAKS AND MACLACHLAN 2 repor ted  t ha t  cata lase  
ca ta lyzes  the  ox ida t ion  of  I A A  in the  presence of  manganese  and  resorcinol  or 2,4- 
dichlorophenol .  On the  o ther  hand,  KENTEN AND MANN repor ted  t ha t  cata lase  
inhib i t s  the  react ion comple te ly  a t  p H  6 . 5 ~ ,  bu t  causes only a shor t  lag per iod 
a t  p H  6, af ter  which the  ox ida t ion  proceeds wi th  increasing ve loc i ty  and  finally 
reaches  a ve loc i ty  s l ight ly  g rea te r  t han  t h a t  of  the  control  from which cata lase  is 
omi t ted .  

Inhibition by CO 

P r o b a b l y  the  most  cont rovers ia l  resul ts  have  been repor ted  on the  effect of CO. 
SWEDIN AND THEORELL 1 repor ted  t ha t  the  H R P - o x y g e n - D H F  sys tem is inhibi ted  
b y  CO and  t ha t  the  inhibi t ion  is re leased b y  light.  A l though  CHANCE observed a 
smal l  inhibi t ion  by  CO in the  same system,  he concluded t ha t  CO has essent ia l ly  no 
effect on the  react ion since he was unable  to observe the  CO-complex of ferroperoxi-  
dase. is The same nega t ive  resul t  was repor ted  b y  MASON AND ANAN 3. YAMAZAKI AND 
SOUZU 4 also could not  confirm inhibi t ion  b y  CO in the  t u rn ip  peroxidase  oxygen 
I A A  system.  However ,  RAY 5 has  recen t ly  observed  the l ight-sensi t ive  inhibi t ion  
b y  CO in the  Omphaliaflavida e n z y m e - o x y g e n  I A A  sys tem ; the  inhibi t ion  is affected 
b y  oxygen  concentra t ion .  MORITA AND KAMEDA 6 and  NICHOLLS 7 also have inde- 
penden t ly  observed the inhibi t ion  b y  CO in the  ox ida t ion  of  D H F  b y  peroxidase ;  
the  inhib i t ion  is affected b y  the concent ra t ion  of  oxygen and depends  upon the t ype  
of  enzyme prepara t ion .  

Effects of metals 

Promot ive  effects of  manganese  on the pe rox idase -ox idase  react ion have  been 
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observed by several people and there appears to be an optimum concentration of 
manganese of about io - ioo / ,M which is necessary in order to observe the maximum 
enhancement. A strongly activating effect has been shown in the cases of DHF, 
DPNH and IAA, and a slight one in the case of triose reductone. Only Co 2÷ has been 
found to substitute to some extent for manganese in the oxidation of DPNH (see 
ref. 8) and of triose reductone 9. Cu z+ is a highly efficient inhibitor when DHF, 
DPNH and triose reductone are used as hydrogen donors. 

Effects of other peroxidase substrates 

Strongly promotive effects by monophenols and resorcinol have been observed 
in the peroxidase-oxidase reaction, while the other peroxidase substrates, !la~cdro- 
quinone and ascorbic acid are efficient inhibitors. According to the oxido-reductive 
characteristics of the intermediates formed in the peroxidase reaction, YAMAZAK, I a° 
proposed the tentative division of the peroxidase substrates into redogenic :and 
oxidogenic groups. Oxidogenic substances all activate the reaction, while redogenic 
substances are invariably inhibitory. 

Effects of cyanide 

The compounds such as KCN and hydroxylamine, which are known to affect 
enzymes containing iron, are generally inhibitory although NICHOLLS n observed 
a stimulating effect of HCN in the H R P - o x y g e n - D H F  system under certain condi- 
tions. Some irregular effect of cyanide was also reported by MORITA AND KAMEDA 6. 
SWEDIN AND THEORELL 1 observed the formation of a Compound III-like substance 
during DHF oxidation by HRP.  This has been confirmed by many others, but only 
in the peroxidase-oxygen-DHF system. 

Several mechanisms have already been proposed to explain the above properties 
of the peroxidase-oxidase reactions, which will be discussed later. We have also 
proposed a free-radical mechanism for the reaction4, l°,lz and we shall report some 
additional evidence to support such a mechanism in this paper. 

EXPERIMENTAL 

H R P  (R.Z.,E403/E2~ 8 = 3.0) was purified and crystallized by the method of KENTEN 
AND MANN TM. A Varian E P R  spectrometer and a Cary recording spectrometer were 
used throughout this experiment. The flow apparatus which is attached to the EPR 
spectrometer and the estimation of free radical concentrations have been described 
elsewhere 15. 

RESULTS 

E P R  spectra of free radicals have been observed during the peroxidatic reaction of 
redogenic substrates with the exception of IAA, but not of the oxidogenic substrates 
such as resorcinol and phenol. These are listed in Table I I  with additional informa- 
tion about the intermediates formed during the peroxidatic reaction. The free 
radicals derived from oxidogenic substrates seem to be very unstable and react 
with each other instantaneously to form dimerized or further complicated oxidation 
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T A B L E  I ] [  

V A R I O U S  F E A T U R E S  O F  P E R O X I D A S E  S U B S T R A T E S  

02 

R e d o g e n i c  subs tra tes  ( Y H 2 )  

Triose reductone  + + 

D H F  + + 

I A A  -+- - -  

A s c o r b i c  acid - -  - -  

Reduet ic  acid : E  - -  

H y d r o q u i n o n e  - -  - -  

P y r o g a l l o l  - -  + 

p-Pheny lened iamine  - -  - -  

Catechol  - -  - -  

Reducing activity of the intermediates formed in 
peroxidase reaction 

Effects on the EPR signal at 
steady state 

H-acceptor aerobic of the 
oxidation** reaction*** Methylene Cytochrome 

blue* c Fe a~ Peroxidase 

+ + / + (3) 
+ + [ S u b s t r a t e s  + (I) 
+ + + 

+ - .  i + (2) 
+ i + (5) 
+ i q -  ( 5 )  

+ i 

-- i + 
-- si - -  (9) 

O x i d o g e n i c  subs t ra tes  ( X H 2 )  

p-Cresol . . . .  a 

m - C r e s o l  - -  - -  a 

Guaiacol  - -  - -  a 

l~esorcinol - -  a 

m-Pheny lened iamine  - -  - -  a 

Anil ine - -  a 

Phenol  - -  a 

Uric acid - -  - -  a 

* I n  the  case of  m e t h y l e n e  b l u e  a negat ive  result  does no t  mean  t h a t  the  in termediates  
can not  reduce m e t h y l e n e  blue, since reduced m e t h y l e n e  blue is very  easi ly reoxidized by  the  
same peroxidase system.  

** i ,  inhib i tory;  si, s l ight ly  inhib i tory;  a, act ivat ing.  There is usual ly  an opt imal  concentra-  
t ion to give m a x i m u m  s t imula t ion  by oxidogenic  substrates .  

*** T h e  line numbers  of  the  E P R  signal of  the  free radical  are s h o w n  in parentheses.  

products.  It  might  be expected  that these free radicals are strong one-electron 
oxidizing agents. As can be seen in Fig. I, ~:n addition of resorcinol greatly accelerates 
the oxidation of  ascorbic acid by the H R P - H 2 Q  sys t em and also increases the 
concentration of the ascorbic acid free-radical in tim steady state by about four 
t imes  that of the control  wi thout  resorcinol. The same acceleration can be observed 
when phenol is added. The increased free radical signal is identified as ascorbic acid 
free radical from its typical  two-l ine hyperfine pattern at g =: 2.0043. No signals are 
observed around g = 2 in the absence of  ascorbic acid. 

As reported in the previous paper 1<1~, the D H F  free radical cannot be observed 
under the aerobic conditions.  Fig. 2 shows this phenomenon in more detail. During 
the peroxidatic  oxidation of D H F ,  o.15 #M of free radical is generated and observed 
under anaerobic conditions.  Although very rapid oxidation of D H F  must  take 
place in the initial stages of the reaction when oxygen  is present, one cannot observe 
an E P R  signal around g = 2 during this t ime.  An E P R  signal corresponding to 
o.15/~M of free radical of D H F  suddenly  appears when almost  all of the oxygen  
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Fig. I. Effect of resorcinol on the rate of disappearance of ascorbate and on the free radical of 
ascorbate in the steady state during the peroxidatic oxidation of ascorbate. Ascorbate (2 mM) ; 
H,O~ (I mM) ; HRP (o.I/~M) ; acetate buffer (o.i M, pH 4.8). The upper and lower diagrams show the 
disappearance of ascorbate and its free radical, respectively. In tile experiment with the free 
radical, the magnetic field was adjusted so as to obtain the maximum of the derivative curve .4. 
Acetate-buffered solutions of HRP and aseorbate (with or without resorcinol), and of H20,, were 
forced by compressed N~ into the two respective arms of the mixing chamber. The time of reaction 
during steady flow in the lower diagram is about o.I sec at the centre of the cavity and the time 
at stopping the flow is almost simultaneous with that of the start of the reaction in the upper 
diagram. The concentrations of ascorbate free radical at the steady state were calculated from 
their whole signal and were o.88/~M and o.23/~M in the presence and absence of resorcinol, 

respectively. In the latter case, o.23 #M free radical persisted for a long time. 

in the cuve t t e  has been consumed and at  a t ime in which slow oxidat ion,  which is 

observed under  anaerobic  conditions,  sets in again. This is reasonable since the 

amount s  of  D H F  and H~O 2 consumed during the aerobic condit ions are ex t remely  
small  compared  with  the ini t ial  concent ra t ions  of these substances. No appreciable 

change in the signal is observed in the presence, or absence, of oxygen when triose 

reductone  is used as the hydrogen  donor. 
As ment ioned  previously,  the most  ambiguous results which have  been repor ted  

in this oxidase react ion are those dealing with  inhibi t ion by  CO and the format ion  of 

a CO-fer roperoxidase  complex .~n  spite of  the observat ion of SWEDIN AND THEORELL 

tha t  the p e r o x i d a s e - o x y g e n - D H F  system is inhibi ted by  CO and tha t  the inhibi t ion 
is released by light, m a n y  people have  been unable to confirm these observations.  

However ,  RAY s, MORITA AND KAMEDA 6 and NICHOLLS 7 have  recent ly  confirmed the 
inhibi t ion by  CO again, so it appears  t ha t  perhaps this cont roversy  over  the effect of 
CO m a y  be due merely  to differences in the react ion sys tem studied. We have  been 
able to ver i fy  this dependence upon exper imenta l  condit ions in the following reac- 
tions. We have  found tha t  reproducible  format ion  of  the CO-ferroperoxidase  com- 
plex is obta ined  when H202 is added, l i t t le by little, th rough  a capil lary wi th  the 

cont inuous  passage of CO into the solution conta ining H R P  and a hydrogen de, nor, 
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aerobic 
_ _  

8 S e ~  
40 

Flow 

Fig. 2. Free radical of DHF during the peroxidatic reaction. DHF (io mM) ; HzO z (io raM); 
HRP (o.2/zM) ;acetate buffer (o.i M, pH 4.8). In the upper diagram, the disappearance of DHF 
was observed spectrophotometrically at 342 m#. The anaerobic reaction started from a Ne- 
saturated solution, and the aerobic from an ()z-saturated solution. Aerobic reaction changes to 
anaerobic after rapid oxidation of about 2 mM of DHF. The lower diagram shows the fluctuation 
of the free radical of DHF during the oxidation of DHF. Flow experiments were carried out by 
passing the aerobic solution of DHF and H202 into one arm of the mixing chamber and the 
aerobic solution of HRP into the other arm. The time at stopping the flow is almost simultaneous 
with that of the start of the reaction in the upper diagram. The magnetic field was adjusted so 

as to obtain the maximum of the derivative curve of the free radical of DHF. 

such as IAA, D H F  and triose reductone,  but  not  hydroquinone  or ascorbic acid. 

Wi thou t  the addi t ion of  HeO~, the complex hardly  appears, while the rapid addi- 

t ion of  H202 seems to inhibit  the format ion of complex.  The order of effectiveness 

of hydrogen donors to reduce peroxidase is IAA, D H F  and triose reductone.  Pero- 
xidase is inac t iva ted  and precipi tates  in the presence of IAA and H20~. and so the 
spec t rum of the CO ferroperoxidase complex der ived from the IAA system can be 

observed only in the init ial  stage of the reaction and becomes obscure several  minutes  

after  the addi t ion of H202. There is no impor t an t  change in the absorpt ion spect rum 
for Io min in the presence of IAA wi thout  H202 addi t ion (see Fig. 3)- When  CO is 

gassed through a solution of  H R P  and D H F ,  a very  small amount  of H R P  changes 
to the CO-ferroperoxidase  complex wi thout  the addi t ion of H202 but  a small addi t ion 
of  H202 great ly  increases the rate  of  format ion of the complex.  The sluggish forma- 
t ion of  the complex in the absence of added H202 is possibly due to the au toxida t ion  
of D H F  which occurs in the presence of  a t race amount  of oxygen (see Fig. 4). 

Another  interest ing feature of the react ion is the appearance of a Compound 
I I I - t y p e  spectrum, especially in the oxidat ion  of D H F .  Compound I I I  has been 
known as the peroxidase-H202 complex which forms in the presence of high con- 
centra t ions  of H202. Al though one would expect  the H20 ~ concentra t ion during 
D H F  oxidat ion to be too low to produce this compound,  it is bel ieved tha t  a Corn- 
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. ' / i/  
J i ¢/!/ 

0 . 2  i!\ ~,.,. 

500 600 700 
Wavelength (rnp) 

Fig .  3. F o r m a t i o n  o f  t h e  C O - f e r r o u s  H R P  c o m p l e x .  I A A  (2 m g / 3  ml)  ; H R P  (7/~M) ; a c e t a t e  bu f f e r  
(o.I  M, p H  4.8). H , O  , (o . i  M) w a s  a d d e d  c o n t i n u o u s l y  t h r o u g h  a c a p i l l a r y  a t  t h e  r a t e  o f  o .07 ml  
p e r  m i n  w h i l e  g a s s i n g  w i t h  CO. , H R P  o n l y ;  - - - - - - ,  2 m i n  w i t h  H=O2; . . . . . . .  i o  m i n  

w i t h o u t  HzO 2. 

0 .8 -  

0.6 - I~  
I I : ,  

g 
~0.4 ! 
o ~ .~ 

0.2 

0 i 
400 50O 60O 700 

Wavelength ( m~ ) 

F ig .  4. F o r m a t i o n  o f  C O - f e r r o u s  H R P  c o m p l e x .  D H F  (o .o i  M) ; H R P  (7/~M) ; a c e t a t e  bu f fe r  (o . i  M, 
p H  4.8). HzO = (o . i  M) w a s  a d d e d  a t  t h e  r a t e  of  0 .07 m l / m i n  w h i l e  g a s s i n g  w i t h  CO a n d  t h e  a b -  
s o r p t i o n  s p e c t r u m  w a s  r e c o r d e d  3 m i n  a f t e r  t h e  a d d i t i o n  o f  H202  h a d  s t a r t e d .  , H R P  

o n l y ;  - - ,  w i t h  H=Os; . . . . . .  , w i t h  HzO 2 a n d  I m M  Mn 2+ a d d e d .  
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pound III-like substance does appear during the oxidation of DHF and that it is 
the same compound as that formed at high concentrations of H~Oz. No experiments 
have been done to elucidate the mechanism of Compound I I I  formation during the 

O. lO 

009 

0.08 

> ,  
u 

_~ 0.07 
t -  
O 
u~ 

,~ 0.06 

0O5 

004 

0.03 

• i | 

\ , : 
0 i t ~  \ !  , , ,  

• i i I t 
i , I i M t ~  ° , 

• I t 

t t 

, • t 

! ! 

I 
\ 
\ 

\ 
\ 

5;0 5~0 5;0 
Wevelen9th (mp)  

i 

l 

t 

r 

620 

Fig. 5. Absorp t ion  spec t ra  of  H R P  ( . . . .  ), C o m p o u n d  II  ( 
( . . . . .  ). 

) and  C o m p o u n d  I I I  

oxidation of DHF. Figs. 6 and 7 show the effects of H~O2 on the formation of Com- 
pound I I I  in the H R P - o x y g e n - D H F  system. As can be seen in Fig. 6, sluggish 
formation of Compound I I I  occurs without the add:.tion of H20 ~. Direct trans- 

0.09~ lO~u.~M H20.~ a 

j 
0.03 

...... / 

0 i 2 3 4 5 

Time (rain) 

Fig. 6. Effect o f  concentrat ion o f  H202 on the format ion o f  Compound I I I  dunng the aerobic 
oxida t ion  of  D H F .  D H F  (250/~M); H R P  (io/~M); ace ta te  buffer  (0.05 M, p H  4-75); aerobic 

( sa tu ra t ed  wi th  air). condi t ion  
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formation of H R P  to Compound I n  can be confirmed by the successive observa- 
tions of spectra between 500 and 600 In# with a Cary recording spectrometer. The 
typical spectra of free HRP,  Compound I I  and Compound I I I  are shown in Fig. 5- 
Compound I l i s  not present in appreciable amount during the course of the reaction. 
When an equimolar amount of H~O~ is added to HRP,  almost all of the H R P  changes 
instantly into Compound I I I  which then persists for a long time. I f  ten times more 
H20,  is added at once, one can see the slower formation of Compound I I I  after the 
initial formation of Compound II .  A slightly higher concentration of H202 than of 
D H F  changes H R P  to Compound I I  but  not to Compound I I I .  The stoichiometric 
relationship between the disappearance of D H F  and H202 and the formation of 
Compound I I I  is shown in Fig. 7 .4 / ,moles  of H~O2 consumes IO/,moles of D H F  and 
forms 6.3/,moles of Compound I I I .  One can see another interesting finding in Fig. 7, 
namely, that  the oxygen-consuming oxidation of D H F  is almost inhibited during 

0.9 II[ formolion 

0.8 (580my) 

0.7 
oo 
oJ 

0.6 

u>' ! ~DHF disoppeoronce 

L u M C0mp II[ 
o o.4 
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o .3  

0 2  i J i i i i i 
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T i m e ( r n i n )  
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0 . 0 7  ~ -  
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0 . 0 4  

( 1 0 3  

(102 

Fig. 7- S to ichiometr ic  re la t ionship  be tween  the  d i sappea rance  of  D H F  and  H20  ~ and  the  fo rma-  
t ion  of  C o m p o u n d  I I I .  H~O 2 (4/*M) was  added  to H R P  (io/~M) in t he  presence of  D H F  (65/*M) 

unde r  aerobic condi t ions .  Ace ta te  buffer  (0.05 M, p H  4-75). 

the formation of Compound I I I  and suddenly appears after the concentration of 
Compound I n  reaches its maximum. This might be consistent with the additional 
observation that  the initial rate of D H F  oxidation is much slower in the presence of 
a high concentration of  enzyme (above 5/*M). In other words, the higher enzymic 
concentration elongates the lag phase of the reaction, which corresponds to the 
period of formation of Compound I I I .  

According to the result of HARBURY 16, the autoxidation of ferroperoxidase was 
so fast tha t  an oxygenated intermediate could not be detected spectrophotometrieally. 
I f  it is true, the subsequent intermediate product may  be the HO2 radical and this 
is not consistent with our results that  the HOz radical has a strong affinity for 
ferriperoxidase. In our experiment, as can be seen in Fig. 8, an intermediate is ob- 
served during the autoxidation of ferroperoxidase which is reduced by sodium 
hydrosulphite. The absorption spectrum of the intermediate has maxima at 546 and 
582 m/z and is indistinguishable from that  of oxymyoglobin, oxyhemoglobin and 
Compound I I I  of peroxidase. The intermediate decomposes to free peroxidase 
spontaneously with a half-life of several minutes. The rate of the autoxidation of 
ferroperoxidase is influenced by the experimental conditions. The intermediate 
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Fig. 8. Format ion  of an intermediate compound during the autoxidat ion of ferroperoxidase. The 
absorpt ion  spec t rum was taken (in this exper iment  only) with a Hitachi recording spectrophoto-  
meter  and scanning from 5oo to 68o m/~ in about  2o sec. The t ime when scanning s tar ted at  5oo m~ 
was recorded after the addition of 2 or 3 small pieces of solid Na~S204 and shown in the figure. 
H R P  (33/~M), R.Z. -- 2.o (only in this experiment) ;  acetate buffer (o.oi M, p H  4.7). Similar 

results were also obtained at  p H  3.7 and 7.0. 

which is formed by the second addition of sodium hydrosulphite is very unstable 
and one half of it decays within a minute. When an excess amount of sodium hydro- 
sulphite is added, reduced peroxidase is reoxidized instantaneously as soon as 
oxygen is introduced to the solution of the enzyme and then one can hardly observe 
the intermediate. 

DISCUSSION 

According to the findings of SWEDIN ANI) THEORELL based on the inhibition of the 
enzyme by CO which is released by light, and on the necessity of H202, LEMBERG 
AND LEGGE 17 proposed the mechanism by which ferroperoxidase was considered to 
act as the oxygen-binding oxidase and H20 ~ was involved in the formation of ferro- 
peroxidase, the first phase of the reaction. CHANCE is, however, was unable to con- 
firm the formation of a CO-ferroperoxidase complex and proposed an alternative 
mechanism in which the activation of oxygen is brought about by a manganese- 
enzyme-substrate complex. From the observation that peroxidase is rapidly trans- 
formed into Compound I I I  or a substance spectroscopically like it, MASON AND 
ANAN a suggested that this Compound I I I  might be the active intermediate compound 
in the peroxidase-oxidase reaction. 

Another series of experiments has been made on the aerobic oxidation of IAA 
by peroxidase. For the reaction, MACLACHLAN AND WAYGOOD 19 proposed a free- 
radical mechanism in which peroxidase catalyzes the oxidation of the manganese 
and the manganic ions in turn initiate the chain-oxidation of IAA. KENTEN AND 
MANN 2° have shown that manganese is oxidized by peroxidase in the presence of 
resorcinol or monophenols, and MACLACHLAN AND WAYGOOD 19 have shown that 
manganic ions act catalytically in IAA oxidation. This hypothesis offers a reasonable 
explanation for the features of the oxidation of IAA in the presence of manganese 
and monophenols, but it does not account for the peroxidase-oxidase reaction in the 
absence of such activators. 
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Another type of free-radical mechanism was proposed by YAMAZAKI 1° who 
concluded that peroxidase catalyzes the formation of free radicals of hydrogen 
donors in the presence of H~O 2, and that  these free radicals derived from redogenic 
substrates, can reduce cytochrome c, ferric ion, methylene blue, or molecular oxygen. 
The possibility of forming such free radicals has been suggested by GEORGE 21,22, 

who found that the peroxidase-H20 2 intermediate, Compound II, is in a one-electron 
oxidized state compared with free peroxidase. CHANCE 23 has also observed one- 
electron reduction from the primary intermediate of peroxidase-H20 2, Compound I 
to Compound II. This assumption of one equivalent oxidation and reduction has 
recently been confirmed by the observation of EPR signals during the peroxidase 
reaction14,15,24. The stoichiometric reduction of ferric ion 4 and methylene blue 12 
by peroxidase-generated free radicals has been observed, while chain reactions 
might be expected when molecular oxygen is used as electron acceptor for free 
radicals, as is shown in Fig. 9. 

YH~ 
,/XH' -,, 

t , 

(t) i 
t 

"XHz I Pe~.(o') 
Per 

(H202)- _~__j 
'/2(YH2+Y), (d l -  ' H . ~ o z - - ~ ' ~ H 2 0 2  I I 

Y HO~ YH2 I 
L --t(e) I 

i/2 (H2 0~* 02) 

Fig. 9. Tenta t ive  scheme for O2-consuming oxidation of Y H  2 ttriose reductone, D H F  and IAA) 
catalyzed by  peroxidase. Reaction a is confirmed by the observat ion of E P R  signals during 
peroxidatic reactionX4, 24. Reaction b is assumed from the observat ion t ha t  the free radical of  
D H F  disappears  in the presence of oxygen (Fig. 2). We have no direct evidence to confirm 
Reaction c bu t  it is suppor ted  f rom m a n y  indirect results. Reaction d is the main decay reaction 
of the free radical of Y H  in the simple peroxidatic reaction 24. Reaction e is the d ismuta t ion  
reaction of the perhydroxyl  radical and supposed to be very fast. Reactions a' and f represent  
another  possible p a t h w a y  for the format ion of  free radicals of Y H  when resorcinol or phenol is 

added (Fig. I). Broken line shows chain reaction. 

Now, it is worthwhile to discuss the reaction between these substrate free 
radicals and molecular oxygen or peroxidase from the stand point of their redox 
potential. According to MICI-IAELIS 25, if one distinguishes three oxidation levels, the 
reduced from ( R ) ,  the semi-oxidized form ( S )  and the totally oxidized form ( T )  
in a bivalent reversible system, which is not disturbed by any complications such as 
dimerization of any of the molecular species concerned, or by any subsequent irre- 
versible process, the potentials of the three systems, T = R, S = R and T = S 
are, E = E m  + R T / 2  F In. t/r, E = E 1 + R T / F  In. s/r, E = E 2 + R T / F  ln. t/s, 
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where r, s and t des ignate  the  molar  concent ra t ion  of R ,  S and  T. Since there  is an 
equi l ibr ium,  there  can be only one common value of E. Then, 

El + E2 
En] - -  __ 

2 

This mean  normal  po ten t ia l ,  Era, has been de t e rmined  for m a n y  b iva len t  sys tems 
and  E 1 and  E 2 can be e s t ima ted  when the cons tan t  for semiquinone format ion,  k = 
s~/rt, is known. Then,  the  following equat ions  can be der ived :  

E 1 ~ Em -- RT/2 F In. k 
E2 = E m  + RT/2  F ln. k 

The  order  of the  three  no rma l  po ten t ia l s  is the  " n a t u r a l  sequence",  E 1 < E m  < E2 
when k > I and  is the  " reversed  order" ,  E 1 > Em > E2 when k < I .  As can be 
seen from the above  equat ions,  the  smal ler  the  k value,  the  larger  the  difference 
be tween E 1 and E 2 in the  " reversed-order"  system. Since the  cons tan t  for semi- 
quinone fo rmat ion  of redogenic subs t ra tes  l is ted in Table  I I  is usual ly  smal ler  than  
uni ty ,  the  po ten t i a l  Es is lower than  the mean normal  potent ia l s  of  b iva len t  redox 
sys tems (these are genera l ly  be tween + 0.2 and  + 0. 4 V in the  case of  ascorbic  
acid, D H F ,  tr iose reductone  or hydroqu inone  at  p H  5 7) and  somet imes  as low as 
- -0 .3  V which has been repor ted  b y  HARBURY 16 as the  normal  po ten t ia l  of  peroxidase.  
Thus,  i t  might  be possible t h a t  the  free radicals  of  D H F ,  IAA and triose reductone  
can reduce H R P  to the  ferrous form. Al though  the free radica l  i tself  seems to be in 
an ac t i va t ed  s ta te ,  i t  is not  a lways  t rue t ha t  the free radical  can reduce sys tems 
which have  a higher  redox po ten t i a l  than  t ha t  of the  free radical .  In  o ther  words,  
the  fact  t ha t  the  free radicals  of  ascorbic acid and hydroqu inone  are unable  to reduce 
H R P  can be a t t r i b u t e d  to two main  reasons;  the  first is the  simple bar r ie r  of the  
redox po ten t i a l  of the  react ion,  and  the second is the  steric h indrance  of  the  react ion 
be tween the free radicals  and  the ac t ive  centre  of the  enzyme.  

According  to the  review b y  GEORGE AND GRIFFITH 2~, the  most  rel iable value  
of  the  po ten t i a l  of  the  first one-equiva len t  reduct ion  of molecular  oxygen is - -0 .  9 V 
which does not  change over  at  p H  4.0 because HO2- is supposed to be a s t rong acid. 
The d i sappearance  of  the  free radical  of D H F  under  aerobic condi t ions s t rongly  
suggests  the  exis tence of an in te rac t ion  be tween the free radical  and  molecular  
oxygen.  This might  mean  t ha t  the  po ten t i a l  of the  D H F - / D K S  sys tem is comparab le  
to, or less than ,  - -0 .  9 V, p rov ided  tha t  the  value  of  - -0 .  9 V is correct  for the  sys tem 
Q/HO2.  Since the  mean  normal  po ten t i a l  of D H F  is a round  + 0 . 2  to + 0 . 3  V, E ,  
must ,  therefore,  be 1.4-1. 5 V in order  to give an E 2 value of  - -o .  9, and  s imi lar ly  the  
fo rmat ion  cons tant ,  k, for the  free radica l  mus t  be of the  order  of 10 _40 at  3 o°. These 
are very  unl ike ly  values since Compound  I I  can easi ly oxidize D H F  b y  one equi-  
va len t ;  Compound  I I  + D H F - ~  H R P  + D H F .  and the po ten t ia l  of Compound I I /  
H R P  is a round  + I . 0  V (see ref. 22). This means  t ha t  the  p o t e n t i a l o f  D H F . / D H F  
mus t  be lower than  + I . 0  V. This is p robab ly  the  most  uncer ta in  aspect  of  th is  
f ree-radical  mechanism and should be reconsidered af ter  more rel iable values of  
the  potent iMs of the systems,  O2/HO 2. and  Compound I I / H R P  are known. This 
inconsis tency is also borne out  in HARBURV'S findings tha t  fer roperoxidase  can be 
easily oxidized b y  molecular  oxygen as well as some cy tochrome b, the  redox po ten t i a l  
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of which is around o. These inconsistencies would not exist if the potential of O2/HO2~ 
turned out to be between o and --o.3 V instead of --o. 9 V. 

H Q -  acts as a strong, one-equivalent oxidant in the presence of suitable re- 
ducing substances and a chain reaction may proceed in so far as it reacts with DHF 
to produce a free radical of DHF as shown in Fig. 9. The dismutation of the HOe 
radical, however, is extraordinarily fast so that the concentration of the free radical 
in the steady state is below the sensitivity of the E P R  spectrometer. Reaction e, 
chain-termination, is usually dominant over Reaction c, chain-maintenance, es- 
pecially when formation of the HO~ radical is very fast. The activating effect of 
manganese seems to depend on the elimination of the dismutation Reaction e, which 
is schematized in Fig. IO. The essential point of the mechanism is the transfer of 
the one-electron oxidizing ability from a HO 2 radical to a manganic ion which will 
efficiently oxidize DHF and produce the free radical of DHF. In the presence of 
monophenols, an alternative path of manganese oxidation may be expected as was 
suggested by KENTEN AND MANN 2° a n d  MACLACHLAN AND WAYGOOD TM. 

YH'~~02 

Y H 0a" .X~ M n~+ y YH. 

2 '  
H202" ~ Mr, 3+" \gi-12 

Fig. io. Promotive effec~ of manganese on tile peroxidase-oxidase reaction. The presence of 
manganese  promotes the chain reaction in Fig. 9 by reducing Reaction e. 

The results in Figs. 3 and 4 clearly shows that peroxidase is reduced by the free 
radicals of DHF and IAA. It  is very important to note that slow addition of H202 
is necessary to produce ferroperoxidase under anaerobic conditions and rapid addition 
is inhibitory to the ferroperoxidase formation. Since the species necessary to ' form 
ferroperoxidase are the free radicals of DHF and IAA and free peroxidase, high 
H202 concentration must be inhibitory since Compound II  is now dominant instead 
of free peroxidase in the solution. Under aerobic conditions, most of the free radicals 
of DHF react with oxygen and only a small portion of them reduce peroxidase to 
the ferro form. When CO exists in this system in the dark, ferroperoxidase is con- 
verted to the CO-complex and thus removed from the reaction system. Now, the 
controversy of inhibition by CO can be explained in two ways, the difference in the 
experimental conditions and the nature of the peroxidases. The most critical con- 
dition is the-amount of H202 in the reaction-solution required to produce the free 
radicals of hydrogen donors while still keeping most of the ,mzyme in the free state. 
The reduction of peroxidase by the free radical under anaerobic conditions is in- 
fluenced slightly by manganese as shown in Fig. 4, but manganese completely removes 
the effect of CO under aerobic conditions by increasing the production of H202 
which in turn increases the formation of Compound I I  during the reaction. The 
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Comp. I 

H202~ 
, + e  Ferroperoxjdase ~ Peroxidase -+ e Comp. II 

Comp. III 

Fig. i i .  Tentative scheme for the relationship between peroxidase derivatives which appear 
during peroxidase-oxidase reaction. 

presence of  a high level of oxygen makes  i t  difficult to p roduce  CO-fer roperoxidase  
complex  because fer roperoxidase  has a s t rong aff ini ty toward  oxygen which competes  
wi th  the  CO for ferroperoxidase.  Recent ly ,  MORITA AND KAMEDA 6 poin ted  out  the  
poss ib i l i ty  t ha t  H R P  I and  Japanese  radish  peroxidase  c might  have higher  redox 
po ten t ia l s  than  H R P  I I  (normal  HRP)  and  Japanese  radish  peroxidase  a and  might  
therefore  be more easi ly reduced b y  the free radical .  They  also suggested an a l te rna-  
t ive  mechan i sm of the  aerobic oxidase ac t i v i t y  of  peroxidase  which involves ferro- 
peroxidase  in the  react ion of H R P  I and  Japanese  radish  peroxidase  c. I t  mus t  be 
not iced  here, however,  t ha t  inhibi t ion  b y  CO does not  a lways  suggest  the mecha-  
nism which involves  ferroenzyme as an ac t i va to r  of oxygen in the  oxidase react ion.  
Fig. I2 shows t ha t  inhibi t ion  b y  CO does occur in the  oxidase mechanism of  perox-  
idase where ferro-species are not  act ive.  

~tCO, c° Fe" ---- 
(inactive) ~. 

Fe'*-O, 
(inactive) 

Fe~,tive~ 

- - ~ A H .  AH,+ H,O, 

- O, 1 

,o} 
(active intermediate) 

Fig. 12. A possible scheme for the inhibition by CO in the peroxidase-oxidase reaction. Refer 
to Figs. 9 and I i. 

A s imilar  mechan i sm for fer roperoxidase  a c t i v i t y  has  been suggested b y  
TANAKA AND KNOX 27 in thei r  t r y p t o p h a n e  pe rox idase -ox idase  react ion and t hey  
rename this  enzyme as t r y p t o p h a n e  pyr ro lase  because this  enzyme remains  as the  
ferro-form dur ing  the react ion and acts  as an oxygen- t rans fe r r ing  enzyme.  I t  is 
in te res t ing  to note  t ha t  H20 2 is essential  to  reduce this enzyme in the  first s tage of 
the  reaction.  The necess i ty  of  He0  2 to  reduce the  enzyme seems to be possi t ive 
evidence to suppor t  the  pa r t i c ipa t ion  of  a free radica l  in the  reduct ion  of  haem 
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iron, but  it still remains to be shown whether the ferro-form of the enzyme can be 
reoxidized by oxygen or whether it acts as an 02-transferring catalyst  in the reaction 
of Japanese radish peroxidase c and t ryptophane pyrolase. 

In the presence of more than I #M of HRP,  there appears to be a distinct lag 
period which becomes longer as the concentration of H R P  increases. This lag phase 
stops as soon as Compound I I I  reaches its maximum concentration. This sharp 
change in the oxidation of D H F  can be explained easily by assuming that  the active 
intermediate species, the H02 radical, is effectively trapped by free peroxidase. 
H202 is also essential in the production of Compound I I I  and the stoichiometry of 
the reaction is consistent with the following mechanism: 

H R P  
2 D H F  + H202 > 2 DHF" + 2 H20 

DHF" + 02 > DKS + HO 2" 
HOo" + H R P  > Compound  I I I  

and the overall reaction would be: 

2 D H F  + H20 a + 2 0 a  + 2 H R P - - +  2 DKS + 2 Compound  I I I  + 2 H,O 

The actual ratio of D H F : H 2 0 2 : H R P  found experimentally is 2.5:1.o:1.57. The 
loss of the small excess of D H F  may  be due to Reaction c in Fig. 9- 

Peroxidase Compound I I I  was sometimes supposed to be a ferroperoxidase-O 2 
complex and to be an active intermediate in the peroxidase-oxidase reaction. 
Although the discrepancy between HARBURY'S experiments and ours has not been 
elucidated, it is very likely that  oxygenated ferroperoxidase is an intermediate during 
the autoxidation of ferroperoxidase. Judging from the similarity of the absorption 
spectra and oxidation levels, the peroxidase derivatives which are called Compound 
III,  or oxygenated ferroperoxidase, might be the same as MASON 2s has suggested 
already; and they might be produced from the three different systems, ferroperoxi- 
dase + 02, ferriperoxidase + perhydroxyl radical, and Compound I I  + excess 
H202, as schematized in Fig. I I .  There are two paths of formation of Compound I I I  
during the peroxidase-oxidase reaction. Firstly, peroxidase is reduced by  the free 
radicals of hydrogen donors and then it combines with 02; secondly, oxygen receives 
one electron from the free radicals of hydrogen donors and reacts with ferriperoxi- 
dase. The latter must be dominant in the DHF-O2-peroxidase system because the 
formation of Compound I I I  in the DHF-H202-O2-peroxidase system is much 
faster (Fig. 6) than the reduction of peroxidase in the DHF-H202-CO-peroxidase  
system (Fig. 4)- 

From these and other observations, peroxidase Compound I t i  is characterized 
by the following features: (a) According to the strong electron-donating capacity 
of the ferroperoxidase iron, the electronic localization of the ferroperoxidase-02 
complex must be slightly different from that  of myoglobin and haemoglobin com- 
plexes with 02 and it can be easily split into ferriperoxidase and perhydroxyl radical 
rather than into ferroperoxidase and 02. This might be the reason why the ferroper- 
oxidase-CO complex has not been observed after gassing CO into the solution of 
Compound I I I  formed in the presence of a high level of H202, (CHANCE 28 and by  
us (unpublished observation)). (b) In spite of its ferroperoxidase-O2 type of structure, 
Compound I I I  is not an active intermediate at least for D H F  oxidation. For, as 
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shown in Fig.  7, the  oxygen-consuming  oxida t ion  of D H F  scarcely  occurs dur ing  
the  fo rmat ion  of  Compound  I I I  and  sudden ly  appears  af ter  the  concent ra t ion  of 
Compound  I I I  reaches i ts m a x i m u m .  The oxygen in the  Compound  I I I  m a y  become 
an effective ox idan t  af ter  i t  t akes  one electron from ferroperoxidase  and is reduced 
to  the  p e r h y d r o x y l  radical .  The sluggish H202 des t ruc t ion  b y  peroxidase  which was 
repor ted  b y  MORITA AND KAMEDA 29 can be also expla ined  b y  the mechanism shown 
in Fig. I I .  

The ac t iva t ing  effect of  cyanide  at  low concent ra t ion  seems to be re la ted  to the  
a b n o r m a l  dependency  of the  ra te  of  reac t ion  upon the peroxidase  concent ra t ion  and 
i t  is sugges ted  t h a t  r ap id  revers ib i l i ty  of combina t ion  of  fer r iperoxidase  wi th  cyanide  
keeps the  ac t ive  ferr i -enzyme at  a sui table  concent ra t ion  for the  cons tan t  product ion  
of  the  free radica l  of  D H F ,  and  preven ts  the  react ion of  t-m HO 2 radical  with ferri- 
peroxidase .  

Al though  the  oxygen-consuming  ox ida t ion  of  tr iose reductone,  D H F  and I A A  
b y  peroxidase  is l ikely to happen  according to the same mechanism as shown in 
Fig.  9, the  fea tures  of the  reac t ion  are not  a lways  the  same for each subs t ra te .  These 
are summar ized  in Table  I I I .  When  Reac t ion  a is slow as in the  case of D H F  and 
IAA,  the  add i t ion  of the  oxidogenic group (XH2) enhances the  overal l  oxidase  
reac t ion  b y  raising the concent ra t ion  of the  Y H  free radical  th rough  the mechanism 

TABLE III  

R E A C T I O N  T Y P E S  O F  O X I D A T I O N  O F  DHF,  IAA A N D  T R I O S E  R E D U C T O N E  

D H F I A A Triose 
reductone 

Reaction a in Fig. 9 slow slow fast 

Activity of free radicals 
02- reduction (Reaction b) fast fast (?) slow 
Reduction of peroxidase fast very fast slow 

Activation by 
Mn 2+ + + + + + + + + 
Oxidogenic substrates + + + + -- 

Main termination of the chain- Reaction e Reaction e Reaction d 
reaction, in Fig. 9 

shown in Fig. 9. When  Reac t ion  b is fast,  the  main  t e rmina t ion  of the  chain react ion 
is Reac t ion  e and Mn 2+ will accelerate  the  overal l  react ion th rough  the mechanism 
shown in Fig. IO. Oxida t ion  of I A A  shows a pa r t i cu la r  feature  compared  with  t ha t  
of  D H F  because  of  the  s t rong ac t i v i t y  of the  free radica l  of  I A A  which inac t iva tes  
peroxidase  in the  absence of a sui table  hydrogen-acceptor .  In  the  case of tr iose 
reduc tone  oxida t ion ,  ac t iva t ion  b y  oxidogenic group and Mn 2+ is not  significant 
since Reac t ion  a is ve ry  fast  and  Reac t ion  b is slow. Here the  main  t e rmina t ion  of  
the  chain- reac t ion  is Reac t ion  d. 

I r r egu la r i ty  of the  effect of cata lase  on the pe rox idase -ox idase  react ion might  
be due also to the  compl ica t ion  of the  chain mechanism as shown in Fig. 9- I t  is 
t rue  t ha t  ca ta lase  is i nva r i ab ly  a s t rong inh ib i tor  when it  is incuba ted  from the 
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time at which the reaction commences  and sometimes the reaction occurs after a 
long lag phase. This is explained by the fact that catalase has a strong affinity 
towards H,0~ tending to form Compound I (see ref. 3o) but it may  not be so effective 
on the decomposition of H20 , at extremely low concentrations of H,02. Furthermore 
the affinity of H R P  toward H20 ~ is also strong enough to compete with the decom- 
position of H20 2 by catalase. 

Now, it is worthwhile to summarize the assumed features of  the H 0 ,  radical. 
(I) It has a strong affinity for free HRP.  The resultant compound has the same 
absorption spectrum and is in the same oxidation level as that formed in the presence 
of an excess amount of H,O 2 alone (Per 4+ + H,O2). (2) It effectively oxidizes Mn ~+ 
to Mn 3+, Reaction g. So Mn 2+ inhibits the formation of Compound III and hydroxyl-  
ation (see 5). (3) Its dominant decay is by dismutation in the absence of excess H R P  
or Mn 2+, Reaction e. (4) It oxidizes DHF,  IAA and triose-reductone to produce their 
free radicals, Reaction c. (5) It forms oxygenated compounds with certain aromatic 
substances. 

HO,"  + R H - +  RO" + H 2 0  

This is our postulated mechanism for the hydroxylating activity of  peroxidase 
which was found by MASON et al.31, 33. (6) The redox potential of  O2/H0 ~ • must be 
between o and --o .3  V. 

ACKNOWLEDGEMENT 

This work was supported by a grant, AM-971, from the United States Public Health 
Service to Dr. H. S. MASON. 

REFERENCES 

1 B.  SWEDIN AND H.  THEORELL, Nature, 145 (194o) 71. 
2 E .  R.  W'AYGOOD, A. OAKS AND G. A. MACLACHLAN, Can. J.  Botany, 34 (1956) 9o5. 
3 H.  S. MASON AND F. K.  ANAN, Proc. 4th. Intern. Congr. Biochem., Vienna, 1958, Vol.  13, 

P e r g a m o n  Press, London,  1959, p. 194. 
4 I .  YAMAZAKI AND H. S o u z u ,  Arch. Biochem. Biophys., 86 (196o) 294. 
5 p .  M. RAY, Arch. Biochem. Biophys., 87 (196o) 19. 
s y .  MORITA AND K. KAMEDA, Mere. Res. Inst. Food Sci.~ Kyoto Univ., 23 (1961) i .  
7 p .  NICHOLLS, private  communica t ion .  
8 T. AKAZAWA AND E.  E .  CONN, J. Biol. Chem., 232 (1958) 403 . 
9 I. YAMAZAKI, K. FUJINAGA, I.  TAKEHARA AND H. TAKAHASHI, J. Biochem., 43 (1956) 377. 

10 I .  YAMAZAKI, Proc. Intern. Syrup. Enzyme Chem. (Tohyo-Kyoto), 1957, p. 224. 
11 p .  NICHOLLS, Federation Proc., 2o (1961) 5 o. 
12 I .  YAMAZAKI, J. Biochem., 44 (1957) 425 • 
13 R.  H.  KENTEN AND P. J.  G. MANN, Biochem. J., 57 (1954) 347. 
14 I .  YAMAZAKI, H.  S. MASON AND L. H.  PIETTE, Biochem. Biophys. Res. Commun., I (1959) 336. 
15 I. YAMAZAKI, H.  S. MASON AND L. H.  PIETTE, J. Biol. Chem., 235 (196o) 2444. 
is I-[. A. HARBURY, J. Biol. Chem., 225 (1957) lOO9. 
17 R.  LEMBERG AND J.  W.  LEGGE, Haematin Compounds and Bile Pigments, Interscience,  N e w  

Y o r k ,  1949. 
is B. CHANCE, J. Biol. Chem., 197 (1952) 577. 
19 G. A. MACLACHLAN AND E .  R.  WAYGOOD, Can. J. Biochem. Physiol., 34 (1956) 1233. 
2o R.  H.  KENTEN AND P. J.  G. MANN, Biochem. J., 46 (195o) 67. 
21 p.  GEORGE, Nature, 169 (1952) 612. 
22 p .  GEORGE, Biochem. J., 54 (1953) 267. 
28 E .  CHANCE, Arch. Biochem. Biophys., 41 (1952) 416. 
24 I .  YAMAZAKI AND L. H.  PIETTE, Biochim. Biophys. Acta, 5 ° (1961) 62. 
2s L. MICHAELIS, i n  J .  B. SUMNER AND K. MYRBACK, The Enzymes, Vol. II, P a r t  I ,  1951, p. I .  
is p.  GEORGE AND J.  S. GRIFFITH, i n  P. D. BOYER, H.  LARDY AND K. MYRBACK, The Enzymes, 

Vol.  I, 1959, p. 347- 

Biochim. Biophys. Acta, 77 (1963) 4 7 - 6 4  



64 I. Y A M A Z A K I ,  L.  H,  P I E T T E  

2~ T. TANAKA AND W .  E .  KNOX, J. Biol. Chem., 234  (1958) 1162.  
28 H .  S. MASON, Proc. Intern. Sump. Enzyme Chem. (Tokyo-Kyoto), 1957,  p .  223.  
29 y .  MORITA AND K .  KAMEDA, Mem. Res. Inst. Food. Sci., Kyoto Univ., 24 (1962) i .  
30 B .  CHANCE, Advan. Enzymol., 12 (1951)  153. 
al D .  19,. BUHLER AND H .  S. MASON, Arch. Biochem. Biophys., 92  (1961) 424  . 
32 A.  ~V. GALSTON, J .  BONNER AND R .  BAKER, Arch. Biochem. Biophys., 42 (1953) 456  
33 H .  S. MASON, I .  ONOPRIENKO ANn D.  R .  BUHLER, Biochem. Biophys. Acta, 24 (1957) 225.  
34 y .  MORITA AND K .  ]~AMEDA, J. Agr. Chem. Soc. Japan, 34 (196°)  36.  
35 R .  H .  KENTEN, Biochem. J., 59 (1955)  I iO .  
86 p .  M. RAY, Plant Physiol., 31 (1956) x x v i .  
37 p .  M. RAY" AND K ,  V.  THIMANN, Arch. Biochem. Biophys., 64 (1956) 175- 
38 M. SHIN AND W .  ]~TAKAMURA, J. Biochem., 52 (1962) 444-  
a, R .  H .  I'~ENTEN, Biochem. J.,  61 (1955) 353- 
40 R .  H .  KENTEN AND P .  J .  C*. MANN, Biochem. J., 53 (1953) 498 .  
41 t'~. H .  KENTEN, Biochem. J., 55 (1953) 35 TM 

42 E.  E .  CONN AND S. SEKI, Federation Proc., 16 (1957) 167. 

Biochim. Biophys. Acta, 77 (1963)  47 64 


