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The mechanism of enzymic activation of oxygen has engaged the at-
tention of many investigators (Mason, 1957 a). PFerrous iron has been
thought to be esgential to the activity of oxidases containing iron as an
active site. For example, in the case of heme enzymes Mason (1957 b)
has suggested that they may exist in functionally active ferrous forms
which have, like hemoglobin and myoglobin, the property of combining
with molecular o¥ygen and this oxygen may be transferred to substrate,
or be reduced in steps. In this respect Mason's suggestion that peroxi-
dase Compound III has a ferroperoxidase-oxygen structure like oxymyoglo-
bin is of great interest. However, experimental evidence which supports
this idea has not been obtained.

The assumption that Compound III can be formed by reaction between
ferroperoxidase and molecular oxygen has been supported (Mason, 1957 b)
by (1) similarity of absorption spectra between ferroperoxidase-CO and
Compound III, (2) appearance of CO-ferroperoxidase in the DHF-0,-CO-
peroxidase system, and (3) the same effective oxidation level between
oxy-ferroperoxidage and Compound III (probably, Compound II + H202,
George, 1953). Although we have recently presented evidence that
Compound III is formed by addition of a suitable amount of dithionite to
aerobic solutions of peroxidase, this reaction is sensitive to the

amount of dithionite added and the method of the addition (Yamazaki et

249



Vol. 19, No. 2, 1965 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

al, 1963 ; Chance, 1965) and the reproducibility of the reaction is not
so good. In this paper an evidence will be reported which shows that
Compound IIT is formed directly from ferroperoxidase with the introduc-
tion of oxygen.

It was found (Yokota et al, 1965 b) that Compound III accumulates
during the aerobic oxidation of NADH catalyzed by peroxidase, especially
at acidic pH. Compound III disappears immediately after all oxygen has
been consumed and then the peroxidase exists as a mixture of the ferric
and ferrous forms in the presence of excess NADH. The ratio between the
ferrous and ferric forms of the enzyme mainly depends on the pH (Fig. 1)
and on the concentration of NADH. No reaction between peroxidase and
NADH, however, can be detected immediately upon mixing of the two com-
ponents under anaerobic conditions. The reduction has to be induced by
the addition of a small amount of oxygen or H,0,. The reduction of

peroxidase is, thus, demonstrated for the first time under the physio-
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Fig. 1. Time course of the disappearance of Compound III (418 mp)

and the formation of ferroperoxidase (437 mp) at pH 5.2 and 4.25. 1.5 mM
NADH, 10 pM HRP and 0.1 M ascetate. The initial oxygen concentration cor-
responds to air saturated solution (0.24 mM).

The steady absorbancy at 418 mp was found to be due to the forma-
tion of Compound III by scanning the spectra over the visible range.

The peroxidase was prepared from wild horse-radish and the ratio of
E403 to E278 for this enzyme was 3.16.
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logical conditions without CO and this will represent a suitable experi-
mental condition for demonstrating the conversion of ferroperoxidase to
Compound III. When 1.2 mM of NADH is added to aerobic solutions of per-
oxidase at pH 4.1 about 88 per cent of the enzyme exists in the ferrous
form after all of oxygen has been consumed and Compound III has dis-
appeared. The introduction of oxygen to this solution rapidly converts
the enzyme to Compound III again, but two problems obscure the analysis
of the experimental result at this pH. First, Compound III can be also
formed immediately after NADH is added to the aerobic solution of ferric
peroxidase (Fig. 1) ; and second, Compound III thus formed is unstable
under the experimental conditions. At neutral pH, on the other hand,
Compound III accumulates very slowly when NADH is added to the aerobic
solution of peroxidase and Compound III once formed is relatively stable ;

half decay time being several minutes.
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Fig. 2. The direct conversion of ferroperoxidase to Compound III by
the introduction of molecular oxygen. A 3 10 pM peroxidase in 0.02 M
acetate buffer (pH 4.1). B ; 0.04 ml of 0.09 M NADH was added to the
aerobic solution of A (final concentration of NADH was 1.2 mM). There
observed a rapid formation of Compound III, followed by reduction of
the enzyme. The spectrum reached steady state within 20 seconds and was
stable when nitrogen was passed on the surface of the solution.
The enzyme then consisted of 85 % ferrous and 15 % ferric forms.
C 3 0.045 ml of anaerobic solution containing 0.12 M NaZHP04 and 1.5 M
NaOH was added to the anaerobic solution of B (final pH was 7.2).. At
this stage the enzyme consisted of 75 % ferrous and 25 % ferric forms.
D ; Instantaneous change in the spectrum was observed when oxygen was
introduced to the solution of C. The enzyme then consisted of 67 %
Compound III and 33 % ferric form.
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An experiment is now carried out as follows (see Fig. 2). (1) 1.2
mM NADH is added to the aerobic solution of peroxidage at pH 4.1 and
then one can obtain a mixture of 88 per cent ferrous and 12 per cent
ferric peroxidase within about 20 seconds after the addition of NADH ; (2)
the pH of the solution is then converted to neutrality by addition of
mixed solution of sodium phosphate and sodium hydroxide under the anaero-
bic condition. Contamination by a trace amount of oxygen is inevitable
under these conditions and causes a slight conversion of ferrous enzyme
to the ferric form ; (3) the ferroperoxidase changes quantitatively
to Compound III with the introduction of oxygen at neutral pH. The yield
is almost 100 per cent (Table I). A sufficient amount of oxygen has to
be added at once in this step. Otherwise, the yield of Compound III

decreases. This conversion of ferroperoxidase to ferric in the presence

Table 1. Stoicniometric conversion of ferroperoxidase to Compound III
wit:: the introduction of oxygen. Experimental conditions are described
in Fig. 2. Final pH was adjusted by changing tre amount of alkaline
solution added.

per cent * of Final per cent of per cent of per cent of
ferroperoxidase ferroperoxidase Compound III
at pi 4.1 pH at each pH conversion

Step B in Pig. 2 Step C in Fig. 2 | Step D in Fig. 2

85 7.2 75 67 : 89

89 8.2 85 76 89

89 8.5 65 74 114

87 8.6 72 78 108

86 8.8 68 T4 108

89 9.2 58 57 98

* The following values of milimolar extinction coefficient were used
to calculate the amount of ferroperoxidase and Compound III.

3457 mp = 20.5 for ferric and 97 for ferrous enzyme.
E418 ap = 58 for ferric enzyme and 121 for Compound III.
Tne absorbancy for ferric enzyme at these wavelengths varies slightly
from preparation to preparation.
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of a small amount of oxygen which occurs also during step 2, can be
explained by assuming that Compound III is unstable in the presence of
free ferroperoxidase. The reaction between Compound III and ferroper-

oxidase may be as follows

+

Compound TII (Fe§+'02) + Fe§+ + o 2 Fef)'" + H0p

where Fes+ and Fe3+

are ferrous and ferric peroxidase, respectively.
This seems to be the gsame kinetics that oxyhemoglobin and oxymyoglobin
are most unstable at the oxygen concentration where a half of the hemo-
protein exists in the free form (George, 1952). Although H,0, induces
the formation of Compound III at neutral pH its efficiency is very low.
As can be seen in Fig. 3 the molar ratio of Compound III formed to Hy0p
added is legs than 0.16. So there seems to be no possibility of conver-
sion of ferroperoxidase into Compound III through paths which involve

reaction with H,0,. And now it is very likely that the stoichiometric

conversion of ferroperoxidase to Compound III under the experimental
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Fig. 3. Time course of the formation of Compound III and the effect

of Hy0, on the reaction. At each arrow 0.05 ml of 1 mM H,0, was added
(final concentration was 10 pM) in the presence of 1.2 mM NADH. 10 pM
peroxidase and 0.1 M phosphate, pH 7.2. 250,

The initial rise in the absorbancy when NADH was added depended on
ageing of the NADH solution. Sharp increases observed when Hy0s was
added are due to the formation of Compound II. A part of the enzyme
cnanged to Compound III after Compound II disappeared reacting with NADH.
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conditions shown in Fig. 2 is due to the combination of ferroperoxidase
with molecular oxygen. Molecular oxygen thus combined with ferrous
enzyme is activated to some extent and reacts with certain hydrogen
donors which are not capable of reacting directly with molecular oxygen
(Yokota et al, 1965 a). Among these hydrogen donors indoleacetic acid
nas a remarkably high relative affinity for Compound III. It is of
interest to note here that Compound III can also react with oxidizing
agents as well as hydrogen donors. This fact suggests a hybrid structure
for Compound III of ferro-oxygen and ferri-perhydroxyl complex. Free
perhydroxyl radicals act as effective oxidants as well as reductants.
The idea of nybrid structure is supported by the fact that ferro-
peroxidese-CO complex can not easily be derived from Compound III.

In spite of the effective conversion of ferroperoxidase into Com-
pound III, the rapid accumulation of Compound III which occurs in the
oxidation of NADH seems to depend mostly on the reaction of ferriper-
oxidase with perhydroxyl radical. And this radical is an active
intermediate in the peroxidase-oxidase reaction (Yokota et al, 1965 b).

The details will be reported elsewhere.
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