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REACTION MECHANISM OF ENZYME STUDIED BY
PULSE RADIOLYSIS

KOICHIRO HAYASHI and KAZUO KOBAYASHI

The Institute of Scientific and Industrial Research
Osaka University
Mihogaoka 8-1, Ibaraki, Osaka 567, Japan

ABSTRACT

By virtue of its ability to generate hydrated electrons (e,4") and various
radicals as reductants, the pulse radiolysis technique has been employed
for investigating the mechanism of action of peroxidase, cytochrome
P-450, and cytochrome oxidase. The oxy forms of hemoproteins, such
as myoglobin, peroxidase, and cytochrome P-450, were reduced by hy-
drated electrons to form the higher oxidation states of these hemopro-
teins. From these results, the reactive oxygen intermediate of cytochrome
chrome P-450 is discussed. The reduction of cytochrome oxidase by the
1-methylnicotinamide radical was investigated. A decrease of the 830-
nm band was detected due to the reduction of “visible” copper. After
the first phase of the reduction of copper, the return of the 830-nm band
corresponding to oxidation of copper was observed. Concomitantly, the
absorption at 605 and 445 nm due to the reduction of heme a increased.
This suggests that 1-methylnicotinamide radical reacts with the “visible”
copper and subsequently flows to heme 2 by intramolecular migration,

INTRODUCTION
The steady-state kinetics for electron transfer reaction in biochemical sys-

tems have been studied extensively, but such studies supply only a limited
amount of information concerning the mechanism of action of the enzyme.
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A more appropriate way to clarify the individual steps of the reaction is to
study transient kinetics, Among such studies, the rapid-mixing technique is
widely used. The applicability of this method, however, is limited by mixing
times of milliseconds. Such time is often too long for an accurate description
of the events in biochemical redox processes.

On the other hand, by virtue of its ability to generate hydrated electrons
(eaq ), pulse radiolysis is well suited to investigate a number of biochemical
redox processes [1-3]. The e,q~ reduces the redox proteins rapidly within
the microsecond time scale. Thus, one might expect to observe the unstable
intermediates after reduction and the subsequent reaction steps. This tech-
nique is also useful for investigating electron-transfer reactions in proteins
containing multiple electron-accepting sites per molecule. In this system it
can be anticipated that e, reacts with the primary redox site and subsequent-
ly moves to other electron-accepting sites by intramolecular migration until
equilibrium is reached.

Typical examples are presented in this paper. As our first example, we de-
scribe the reaction of e,q~ with the oxy form of hemoproteins such as oxy-
myoglobin, oxyperoxidase, and oxycytochrome P-450 in Reaction (1):

Fe?*-0, tegq —— (1)

As a second example, the reaction of 1-methylnicotinamide radical with
cytochrome oxidase has been investigated. This enzyme contains four elec-
tron-accepting sites, two heme a and two copper atoms. One of the interest-
ing questions to be answered is how the electrons are transferred within the
enzyme during the catalytic cycle.

PRINCIPLE AND METHOD

Since the experiments in biochemical systems are carried out in aqueous
solution, high-energy electrons interact exclusively with the water molecuie.
In these systems we observe the reaction of solute with the intermediates
formed by the water molecule. These are e,4", the hydroxyl radical, and
the hydrogen atom. Among these species, the reaction of an individual free
radical and a solute can be isolated under appropriate conditions. For ex-
ample, in order to investigate the reaction of e,q~ with a solute, we add 0.1
mol/L r-butyl alcohol to the solution. The OH radical reacts with s-butyl
alcohol within 1 us under the experimental conditions and yields an un-
reactive radical.
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CH, C|H3
{
-OH + CH;—C—OH —= H,0 + -CH,-C—OH. ()
I {
CH, CH,

The production of hydrogen atoms is small compared with that of e;q”. The
€aq has a broad absorption with a peak near 700 nm and is the most potent
reductant known (E°® <2.67 V) [14]. Therefore, the kinetics of €aq asthe
reductant with a solute can be measured directly by optical absorption methods.

The e,q", however, is nonspecific in its reaction, whereas various radicals,
such as pyridinum radicals [5, 6] and CO, <", are sometimes more selective in
their reactions. In the presence of 1 mmol/L pyridinum compounds, all the
primary radicals of water radiolysis are converted, within less than 1 us, into
pyridinum radicals via Reaction (3).

+
€q + f/ _N} -CH; ——— ¢ N-CH, 3)
CONH, . CONH;,

One-Electron Reduction in Oxy Form of Hemoproteins

Horseradish peroxidase (HRP), which contains iron(1I1) protoporphyrin,
catalyzes the oxidation of a wide variety of hydrogen donors by H,O,. The
widely accepted mechanism of HRP reaction in Eqs. (4)-(6) was derived prin-
cipally from the work of Chance [8].

HRP + H, 0, —— Compound I, (C))
Compound 1+ AH; ~— Compound I + AH- )
Compound II + AH, — HRP + AH- (6)
2AH- —= A+ AH,. (M

The AH, is a hydrogen donor, such as ascorbate, phenol, or aromatic amines.
HRP is a unique enzyme in that it possesses five oxidation-reduction states of
HRP. Figure 1 shows the relationships among the five oxidation-reduction
states of HRP, In this scheme it has been thought that oxyperoxidase is at
one equivalent oxidized state above Compound I [9]. The one-electron
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FIG. 1. The relationship of the five oxidation-reduction states of HRP.

reduction of oxiperoxidase to Compound I presumably occurs according
to

Fe?**—-0, ——= Compound I, t3)]

where it has been proposed that Compound III is an oxy form structure like
oxymyogiobin [10, 11} and Compound I is a ferryl 7 cation radical [12, 13].
Reaction (8), however, has not yet been observed directly. This difficulty
stems from the fact that the reaction products, Compounds I and II, further
react with the reducing agents and oxyperoxidase [9].

On the other hand, cytochrome P-450 is unique among oxygenases in its
ability to cleave dioxygen into water and a single oxygen atom which can sub-
sequently insert into hydrocarbon bonds. Among this enzyme’s complexes,
the reactive oxygen intermediate which is formed by one-electron reduction
of the ferrous oxy form has received considerable attention. This intermedi-
ate can be written formally as a loss of water to yield (FeO)>*, which is analo-
gous in terms of redox stoichiometry to Compound I of HRP. This can be
supported by the fact that organic hydroperoxide can replace NADPH and
molecular oxygen in hydroxylation of various substrates [14, 15]. However,
the structures which have been written for this intermediate are largely specu-
lative, and the one-electron reduction of the ferrous oxy form of cytochrome
P-450 has not yet been observed directly.
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In this report we focus our attention on the reaction of e,q with the oxy
form of hemoproteins such as myoglobin, HRP, and cytochrome P-450 in an
attempt to observe the one-electron-reduced state of the oxy form of hemo-
proteins. In the case of HRP and cytochrome P-450, the oxy form of artifi-
cial enzymes, in which the 2,4-diacetyldeuteroheme replaced the protohemin
IX of native HRP and cytochrome P-450, were employed in these experiments.
The oxy form of this enzyme is very stable and can be kept at room temper-
ature.

We found that the oxy form of HRP was reduced by €54 to form Com-
pound I, which was demonstrated by the kinetic difference spectra. Similar-
ly, oxymyoglobin was reduced by e,4 to form the hydrogen peroxide-induced
compound, so-called “ferryl” myoglobin, not deoxy myoglobin or metmyo-
globin, which in turn was established by the kinetic difference spectra. Both
reactions were found to follow second-order kinetics with a rate constant of
4 X 10" L-mol™' »s™! at pH 7.4, without detection of intermediates. That
is to say, eyq apparently reduces the redox site of oxyheme in a direct reac-
tion. These reactions, however, can be interpreted in terms of the following
sequence events:

eaq + Fe?*~0; — Fe’*~0,” — product. )

An initial step is the formation of Fe?**—0,". followed by an intramolecular
electron transfer from heme iron to the ligand forming Fe*—0,%". Subsequent
rapid association of H* and loss of water would then lead to the observed final
product. The rate constant kop, would be greater than 107 s™'. Thus the re-
action of e,q with oxyheme is the rate-limiting step in the overall process.

The oxy form of cytochrome P-450 was reduced by e,q” to form a product
which exhibits absorption maximum at 470 and 370 nm. This product is con-
sidered to be a higher oxidation state of this enzyme, as observed in the case
of HRP and myoglobin. However, the higher oxidation state of cytochrome
P-450 has been difficult to observe. The reaction of peracid with purified
liver microsomal cytochrome P-450 gives an intermediate with an absorption
maximum at 421 nm [16] . The difference spectra obtained in our experi-
ments are quite different in that absorption maxima are observed at 470 and
370 nm. Moreover, the spectrum is quite dissimilar from that observed in the
spectra of Compound I of HRP or of chloroperoxidase {17] . Both of these
peroxidases show a marked decrease in the Soret band with a broad absorbance
band.

On the other hand, the spectrum of Compound II of chloroperoxidase ex-
hibits an absorption band at 440 nm and a broad absorption shoulder with a
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FIG. 2. Schematic presentation of one-electron reduction of the oxy form
of hemoproteins.

maximum at about 380 nm [17]. This compares quite favorably to the differ-
ence spectrum observed for the one-electron reduced oxy form of diacetyl-
deutero cytochrome P-450 when one takes into account the fact that the Soret
band of this modified hemoprotein is expected to shift to a longer wavelength
due to the electron-withdrawing effects of the acetyl groups. This finding is of
interest in that chloroperoxidase, unlike other peroxidases, has other similarities
to cytochrome P-450. For example, the absorption spectrum of the CO complex
of ferrous chloroperoxidase exhibits a Soret band near 450 nm, a characteristic
which is attributed to the evidence that chloroperoxidase has a sulfhydryl axial
ligand, as does cytochrome P-450 [18]. The spectral similarity of the one-
electron reduced form of the oxy form of cytochrome P-450 to that of Com-
pound II of chloroperoxidase suggests that the active oxidizing form of cyto-
chrome P-450 is a Compound II-like structure of chloroperoxidase.

From these results, the possible reaction mechanism for the formation of the
higher oxidation states is considered as follows (Fig. 2). An initial step is the
formation of Fe**—0,", followed by an intramolecular electron transfer from
heme iron to the ligand, forming Fe**—0,”. Subsequently, two reaction mech-
anisms can be considered. A heterolytic cleavage of the O—O bond occurs to
form two equivalent oxidized states above the ferric form and H, 0. Alterna-
tively, a homolytic cleavage of the O—O bond occurs to form one equivalent
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oxidized state above the ferric enzyme and OH-. The oxidation states in the
former and latter mechanisms correspond to Compounds I and II of HRP,
respectively. In the case of myoglobin, the oxidation state which corresponds
to Compound I of HRP was not detected. In the oxidation of ferric myoglo-
bin by H, 04, the production of OH+, which is similar to the ferrous Fenton-
like reaction, was suggested by George and Irvine [19]. We can propose that
homolytic cleavage of the O—O bond occurs to form one equivalent oxidized
state above metmyoglobin and OH+, unlike HRP. On the other hand, an im-
portant finding of the present work is that the active oxidizing form produced
by the pulse radiolysis method is a Compound II-like structure of chloroper-
oxidase, not Compound 1. This suggestion is compatible with a homolytic
mechanism of the O—-0 bond cleavage, not with the heterolytic formation.

Cytochrome Oxidase

Figure 3 shows the time course of absorption change in the reaction of 1-
methylnicotinamide radical with fully oxidized cytochrome oxidase. The ab-
sorption at 445 and 605 nm, a characteristic to ferrous heme a, increased.
These absorption changes deviated from first-order kinetics and consisted of

.t

200 Ms
A 445 nm

( «> 1 20 *h

2ms

/-——-_-M
«, 310 %

Absorption Increase

200 us
HS " 605nm
—
Fme 310%

FIG. 3. Oscilloscope traces of the transmittance change in the reaction of
cytochrome oxidase with the [-methylnicotinamide radical.
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FIG. 4. (A) Kinetic difference spectrum of pulse radiolysis of cytochrome
oxidase. The spectrum was taken 1 ms after pulse radiolysis. (B) Difference
spectrum of fully oxidized minus fully reduced cytochrome oxidase.

fast and slow phases. Figure 4 shows the fully reduced minus fully oxidized
cytochrome oxidase. This spectrum was obtained in reduction of fully oxi-
dized cytochrome oxidase by dithionite. The kinetic difference spectrum has
an absorption maximum at 605 nm and a broad peak around 540 nm and is
similar to the difference spectrum of fully oxidized minus fully reduced cyto-
chrome oxidase. Therefore, it is concluded that the 1-methylnicotinamide radi-
cal transfers an electron to ferric heme a of cytochrome oxidase.

At high cytochrome oxidase concentration (>>100 umol/L), the absorption
at 830 nm decreased with a half time of 5 us after pulse radiolysis, as shown in
Fig. 5. The difference spectrum 10 us after pulse is similar to the difference
spectrum of fully oxidized minus fully reduced cytochrome oxidase in the in-
frared region of the spectrum. The infrared band at 830 nm is thought to be
due to both copper and heme @ {20]. In this time scale, however, the reduc-
tion of heme a at 445 and 605 nm was not observed. This suggests that rapid
bleaching of the 830 nm band is due to the reduction of ““visible” copper. This
absorption change obeys pseudo-first-order kinetics, which is to be expected
since the concentration ratio [cyt oxidase]/[1-methylnicotinamide radical] is
greater than 10. The pseudo-first order of the decay of the 830-nm band in-
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FIG. 5. Oscilloscope traces of the transmittance change in the reaction of
a high concentration of cytochrome oxidase with the 1-methylnicotinamide
radical,

creases with increasing concentration of cytochrome oxidase (Fig. 6). This
suggests that the absorption change of Fig. 5 is followed by bimolecular reac-
tion between copper of this enzyme and 1-methylnicotinamide radical. From
the slope of Fig. 7(A), the second-order rate constant is 1.2 X 10° L-mol ™ +s7".
After the first phase of the reduction of copper, the return of the 830-nm band
corresponding to oxidation of copper was observed with a half time of 100 us.
Concomitantly, the absorption at 445 and 605 nm characteristic to the reduc-
tion of heme a increased, as shown in Fig. 5. Figure 7(B) shows the enzyme
concentration dependence of the first-order rate constant obtained at 445, 605,
and 830 nm. The rate constants are almost constant within experimental error.
Therefore, it is concluded that the slow process is due to the intramolecular elec-
tron transfer from copper to heme g within the enzyme.
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FIG. 6. (A) Kinetic difference spectrum of pulse radiolysis of cytochrome
oxidase. The spectrum was taken 10 us after pulse radiolysis. (B) Difference
spectrum of fully oxidized minus fully reduced cytochrome oxidase.

The rapid absorption change with a rate of 1.4 X 10* s™* observed at 830
nm and in the visible region is due to electron transfer from copper to heme a
and can be summarized as in Fig. 8. In this scheme the absorption change in
the heme region might be due to the reduction of heme 4, not heme a;. This
is supported by the difference spectrum of Fig. 4, where heme a absorbs by
605 nm in the visible region [21]. In addition, it has been reported that the
rate of reduction of heme a3, which proceeds by intramolecular electron
transfer from heme a, is very slow (0.3-0.6 s™1) [22-24]. Therefore, 10 ms
after pulse, the reduction of heme @3 may not take place.

In the reaction of the reduced cytochrome C with cytochrome oxidase,
heme g and copper are reduced simultaneously [22]. In this case it has been
believed that all electrons enter the oxidase molecule heme 4, and heme a
rapidly hands on electrons to copper. However, in the present experiments
we may discount the possibility that electrons are being transferred directly
from the 1-methylnicotinamide radical to the heme 4, as the rates measured
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FIG. 7. (A) Concentration dependence of the first-order rate constants ob-
tained at 830 nm. (B) Concentration dependence of the first-order rate con-
stants obtained at 445 nm (@), 605 nm (©), and 830 nm (@).
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FIG. 8. Schematic presentation of one-electron reduction of cytochrome
oxidase.

at 605 and 445 nm were independent of cytochrome oxidase concentration.
Here, the present findings are incompatible with the proposal that the primary
event in the cytochrome oxidase reaction is the transfer of an electron from
reduced cytochrome C to heme a. The alternative is that the first acceptor of
copper on the oxidase reacts with reduced cytochrome C at the rate measured
for the cytochrome oxidation and subsequently passes on the electron to heme
a at a much faster rate. Indeed, the rate of intramolecular electron transfer
(1.4 X 10% s7) is much faster than the rate measured for cytochrome C oxi-
dation. In this case, an electron apparently transfers from cytochrome C to
heme a.
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