
Peroxidases catalyze the oxidation of various elec�

tron donors by hydrogen peroxide according to the fol�

lowing scheme:

E + H2O2 → EI + H2O,

EI + S → EII + P•,

EII + S → E + P•,

Scheme 1

where E is the native enzyme, EI and EII are its oxidized

forms that are called compound I and compound II, and

S and P• are the substrate and its radical product, respec�

tively. In addition to the peroxidase reaction, peroxidases

have been shown to oxidize various substrates without

hydrogen peroxide with the consumption of oxygen, i.e.,

to catalyze the peroxidase�oxidase reaction. A classic

subject for investigation of peroxidases is horseradish per�

oxidase. It is capable of oxidizing without hydrogen per�

oxide such substrates as dihydroxyfumarate, indole�3�

acetic acid, NADH, NADPH, and naphthohydro�

quinones, being activated by Mn(II) and phenols [1�3].

The suggested mechanism implies the formation of traces

of hydrogen peroxide due to the autooxidation of the sub�

strates, this triggering the usual peroxidase reaction with

the oxidation of the substrates. The products of the oxi�

dation reduce oxygen to yield hydrogen peroxide and O2
–

[4]. In fact, the reaction is the usual peroxidase reaction

and can be called the “oxidase�like” reaction. During the

reaction, a catalytically inactive peroxidase is formed

(compound III) that plays a regulatory role in the oxi�

dase�peroxidase reaction [5].

Mn�peroxidase is an extracellular peroxidase

involved in the degradation of lignin and is produced by

lignin�degrading fungi. This enzyme possesses a unique

feature: it is capable of catalyzing the oxidation of Mn(II)

by hydrogen peroxide yielding Mn(III), which can subse�

quently oxidize various compounds [6]. The catalytic

cycle of the enzyme is analogous to that of other peroxi�

dases except that compound II of MnP can be reduced to

the native form only in the presence of Mn(II) [7]. In the

case of so�called hybrid Mn�peroxidases (hMnP), com�
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tive oxidized form (compound III), and the latter was inactivated with bleaching of the heme. The substrate of the hybrid Mn�
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assumed that the hybrid Mn�peroxidase used the formed hydrogen peroxide in the usual peroxidase reaction to produce
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pound II can be reduced by Mn(II) as well as by some

organic substrates [8, 9]. Peroxidase of the fungus Panus

tigrinus 8/18 is a hybrid Mn�peroxidase [10].

Like horseradish peroxidase, hMnP is capable of

oxidizing some substrates, such as glyoxylate, quinones,

NADH, and glutathione, without hydrogen peroxide and

with the consumption of oxygen and the subsequent for�

mation of hydrogen peroxide [6, 11�14]. The oxidase�

peroxidase reaction catalyzed by hMnP completely

depends on the presence of Mn(II). The mechanism of

the reaction was investigated only for the oxidation of gly�

oxylate [11]. In this case, as well as in the case of horse�

radish peroxidase, the usual peroxidase reaction proceeds

with the use of the hydrogen peroxide formed during the

autooxidation of glyoxylate. The role of different inter�

mediates of the catalytic cycle of either classic or hybrid

Mn�peroxidase in the oxidase reaction has not been

investigated.

The goal of this work was to investigate the mecha�

nism of the oxidase reaction using the reaction of NADH

oxidation by hybrid Mn�peroxidase and elucidation of

the role of different intermediates of the catalytic cycle of

the enzyme in this reaction.

MATERIALS AND METHODS

Cultivation of the fungus and purification of the
enzyme. Cultivation of the fungus P. tigrinus 8/18 and

purification of the enzyme was performed as described

previously [10]. The purity number of the enzyme Rz

(A406/A280) was 4.9.

Spectrophotometric measurements. The rate of oxi�

dation of the substrate and the absorption spectra were

recorded using a Shimadzu UV�2501PC spectropho�

tometer (Japan) in 20 mM sodium�tartrate buffer, pH 4.0.

Oxidation of NADH was monitored by a decrease in the

absorption of the reaction mixture at 340 nm. The con�

centration of the enzyme was calculated from the absorp�

tion at 406 nm, using ε406 = 131 mM–1·cm–1 (determined

by the pyridine�hemochrome method) [15].

Measurement of oxygen consumption. Oxygen con�

sumption was measured at 30°C using a Clark electrode

and a YSI 5300 oxygen monitor (USA). The electrode was

calibrated using a buffer solution saturated with oxygen

(the concentration of oxygen was taken as 225 µM after

15 min of stirring without the electrode) and a solution

without oxygen (containing an excess of sodium dithio�

nite). Manganese(III)acetate was dissolved in methanol,

undissolved particles were removed by centrifugation, and

then the concentration of Mn(III) was determined by the

oxidation of ferricyanide using ε420 = 1.02 mM–1·cm–1

[16].

Chemicals. The following chemicals were used:

NADH (Fluka, Germany); superoxide dismutase (SOD)

from bovine erythrocytes (Sigma, USA); catalase (Cat)

from bovine liver (Serva, Germany); and manga�

nese(III)acetate (Aldrich, USA). Other chemicals were

from Reakhim (Russia).

RESULTS

Oxidation of NADH. hMnP of the fungus P. tigrinus

8/18 oxidized NADH in the absence of H2O2. The oxida�

tion was preceded by a period of induction that can be

removed by the addition of a low concentration (10 µM)

of hydrogen peroxide (data not shown). The induction

time decreased with increasing starting concentration of

NADH (Fig. 1a). The induction time also depended on

the amount of hMnP (Fig. 1b), the rate of the reaction

increasing with increase in concentration of hMnP. The

rate of the reaction increased with increasing Mn(II)

concentration, but the induction time was constant in the

presence of different concentrations of Mn(II). NADH

was not oxidized in the absence of Mn(II) (Fig. 1c).

Oxygen consumption during NADH oxidation and
effect of catalase and SOD on NADH�dependent activity.
To elucidate the role of oxygen in the oxidation of

NADH, oxygen consumption during the reaction was

studied. Incubation of reaction mixture containing

NADH and Mn(II) did not result in the consumption of

oxygen. The addition of hMnP into the reaction mixture

resulted in the consumption of oxygen after some period

of induction (Fig. 2a). The addition of catalase resulted

in the release of oxygen, this indicating the formation of

hydrogen peroxide during the reaction (Fig. 2a). The

addition of catalase into the reaction mixture before the

addition of hMnP completely prevented the consump�

tion of oxygen. Mn(III) is a product of the reaction cat�

alyzed by hMnP, so we checked its influence on the con�

sumption of oxygen. The presence of Mn(III) in the

reaction mixture did not result in oxygen consumption,

the reaction starting instantly after the addition of

NADH. As in the case of hMnP, the addition of catalase

into the reaction mixture resulted in the release of oxygen

(Fig. 2b).

The formation on hydrogen peroxide indicates the

involvement of reactive oxygen species in the reaction, so

we investigated the effect of SOD on the oxygen con�

sumption. Figure 2 demonstrates that the addition of

SOD into the reaction mixture decreased the oxygen con�

sumption both in the case of hMnP (c), and in the case of

Mn(III) (d). The addition of SOD before the enzyme or

before Mn(III) did not prevent the oxygen consumption,

but decreased it (result not shown).

Considering the formation of hydrogen peroxide and

O2
– during the oxidation of NADH, we investigated the

effect of catalase and SOD on the oxidation of NADH. As

in the case of oxygen consumption, catalase completely

inhibited NADH oxidation. SOD only decreased the rate

of NADH oxidation, this indicating the interaction of
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NADH with O2
–, but did not affect the induction time of

the reaction.

Participation of intermediates of the catalytic cycle of
the enzyme in oxidation of NADH. To elucidate the role of

different forms of the enzyme in the oxidation of NADH,

we studied the changes in the absorption spectra of hMnP

in the presence of NADH. The addition of NADH result�

ed in the formation of the oxidized form of the enzyme

(compound III), as seen from the appearance of the

absorption maxima at 419, 548, and 580 nm (Fig. 3).

These spectral characteristics are close to those of usual

Mn�peroxidase of the fungus Phanerochaete chrysospori�

um [7]. Destruction of the heme group of peroxidases by

excess of hydrogen peroxide results in the inactivation of

the enzyme with the disappearance of the absorption

maxima in the visible region of the spectrum (heme

bleaching) [16]. As seen from Fig. 3, the enzyme was

inactivated quickly with the heme bleaching, the maxima

of compound III at 548 and 580 nm being shifted to 530

and 558 nm, i.e., compound III was transformed into an

Fig. 1. Oxidation of NADH. The reaction mixture contained: a)

0.3 mM NADH, 100 µM MnSO4, and 0.75 (1), 1.5 (2), 3 (3), 5

(4), or 7 nM hMnP (5); b) 100 µM MnSO4, 3 nM hMnP, and

0.061 (1), 0.075 (2), 0.22 (3), 0.3 (4), or 0.5 mM NADH (5); c)

3 nM hMnP, 0.3 mM NADH, and 0 (curve 1 coincides with the

abscissa), 10 (2), 40 (3), 70 (4), 100 (5), or 130 µM MnSO4 (6)

in 20 mM sodium�tartrate buffer, pH 4.0. The reaction was start�

ed by the addition of the enzyme.
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intermediate of the catalytic cycle of hMnP, compound II

[10]. Similarly, the enzyme was inactivated through com�

pound III in the presence of excess of hydrogen peroxide

(500 equivalents), but compound II was not formed. The

addition of 600 U/ml of catalase did not prevent the for�

mation of compound III of the enzyme in the presence of

NADH, but compound III existed for 6 min and then was

transformed into the native enzyme (Fig. 4). Compound

III also can be formed due to the interaction of the native

peroxidase with O2
– [17], so we tested the effect of SOD

on the change in the absorption spectrum of the enzyme

after the addition of NADH. In the presence of SOD, the

enzyme was inactivated through compound III, but the

inactivation was slower and without the formation of

compound II (Fig. 5). As seen from Fig. 6, the addition of

Mn(II) as the substrate of hMnP to compound III

obtained in the reaction of the native enzyme with

NADH returned hMnP to its native state. Consequently,

Mn(II) prevented the inactivation of the enzyme. In the

case of the addition of Mn(II) to the enzyme before

NADH, compound III was not formed.

DISCUSSION

Mechanism of the oxidase oxidation of NADH.
NADH was oxidized by hMnP in the presence of Mn

without hydrogen peroxide, the oxidation starting after an

induction period. On the addition of NADH, the enzyme

was inactivated through compound III that could be

reversed back to the native enzyme in the presence of

Mn(II). It can be assumed that the induction period was

due to the conversion of the enzyme to compound III and

its gradual reactivation into the native enzyme. However,

the latter assumption is unlikely, since Mn(II) prevented

the formation of compound III and the induction time

decreased with increase in NADH concentration (Fig.

1b).

NADH can be oxidized in the presence of oxygen

yielding hydrogen peroxide [18], so we assumed that sim�

Fig. 3. Change in the absorption spectrum of hMnP after the

addition of NADH. The reaction mixture (1 ml) contained

20 mM sodium�tartrate buffer, pH 4.0, 2.29 µM hMnP, and

3 mM NADH. The spectrum of the native enzyme is shown

bold. The insert shows the region from 420 to 700 nm with 9�

fold magnification. Arrows indicate the direction of the

decrease in the absorption. The spectra were taken with an

interval of 2 min.
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ilarly to NADH oxidation by horseradish peroxidase [2,

4], the induction can be due to the accumulation of

hydrogen peroxide. This is supported by the following

facts: 1) the reaction is completely inhibited by catalase,

and 2) the reaction proceeds only in the presence of

Mn(II) (Fig. 1c) that is necessary for the normal peroxi�

dase catalytic cycle of hMnP [7]. However, unlike horse�

radish peroxidase, hMnP used this hydrogen peroxide to

catalyze the formation of Mn(III) from Mn(II).

Oxidation of NADH to NAD+ usually proceeds by two�

electron transfer, but the coenzyme can also exist as the

one�electron oxidized derivative NAD• that is formed

during the interaction of NADH with the one�electron

oxidants O2
– and •OH [19]. Mn(III) formed in the reac�

tion of hMnP with hydrogen peroxide and Mn(II) is a

strong one�electron oxidant (E0′ ~ 1500 mV [6]), so in its

presence NADH is oxidized yielding NAD• (E0′ = 282 mV

[20]):

Mn(III) + NADH → Mn(II) + NAD• + H+.  (1)

NAD• can react with O2 [21] according to the equa�

tion:

NAD• + O2 → NAD+ + O2
–.                  (2)

O2
– reacts with NADH [19] yielding hydrogen perox�

ide. The formed hydrogen peroxide can be used by hMnP

to regenerate Mn(III), which continues the reaction

chain. Thus, unlike classic peroxidases such as horserad�

ish peroxidase, the main role in the formation of hydro�

gen peroxide during the oxidation of NADH by hMnP

and in the maintenance of the reaction is played by

Mn(III). The formation of hydrogen peroxide during

NADH oxidation in the presence of the enzyme and

Mn(III) coupled with the oxygen consumption is shown

in Fig. 2. The oxidation of NADH is accompanied by for�

mation of O2
– (Fig. 2) that then interacts with NADH,

this being concluded from the inhibition of the NADH

oxidation by SOD. The fact that SOD does not affect the

induction time of the reaction is in agreement with the

described mechanism, since the reaction of O2
– with SOD

yields hydrogen peroxide. Besides, hydrogen peroxide

can be formed from O2
– in the superoxide dismutase reac�

tion of the complexes of Mn(II) with organic acids [22]:

Mn(II) + O2
– + 2H+ → Mn(III) + H2O2.        (3)

Formation of different enzyme forms. It is considered

that the heme iron in the native peroxidase exists as Fe3+.

During the reaction of hMnP with NADH, the enzyme

was converted into its oxidized derivative, compound III

with oxidation level 6+. Compound III of peroxidases

can be formed in three ways: 1) on the interaction of the

native enzyme with O2
– [1, 17]; 2) due to the reaction of

intermediate compound II with excess of hydrogen per�

oxide [23]; and 3) due to the interaction of the reduced

form of peroxidase with oxygen [24, 25]. In our case com�

pound III could not be formed in the second way, since

there was no excess of hydrogen peroxide. The interaction

of O2
– with the native enzyme can partially explain the

formation of compound III since SOD decreased the rate

of heme bleaching, but it did not prevent this reaction.

The most probable way is the formation of compound III

by oxidation with oxygen of the enzyme reduced by

NADH. The reduction of peroxidases with NAD• or

hydroquinone radicals is known from the literature [4,

25]. It is more difficult to explain the formation of com�

pound II during the bleaching of the heme. As it was

shown [4], compound III of horseradish peroxidase

decomposes yielding compound II.

Compound III → Compound II + H2O2

Scheme 2

Compound II of hMnP is converted into the native

enzyme only in the presence of Mn(II). Therefore, accu�

mulation of compound II will result in its reaction with

hydrogen peroxide yielding compound III with subse�

quent inactivation. The experiments with catalase indi�

rectly support this hypothesis, since catalase, removing

hydrogen peroxide, is capable of shifting the equilibrium

indicated in Scheme 2 to the right, and compound II of

hMnP from the fungus P. tigrinus can spontaneously

revert to the native enzyme [10]. But hMnP from P. tigri�

nus is the hybrid peroxidase, i.e., its compound II can be

reduced with both Mn(II) and some organic compounds.

Fig. 6. Restoration of the spectrum of the native enzyme in the

presence of Mn(II). The reaction mixture (1 ml) contained

20 mM sodium�tartrate buffer, pH 4.0, 2.1 µM hMnP, 3 mM

NADH, and 100 µM MnSO4. The spectrum of the native

enzyme is shown bold. The insert shows the region 420�700 nm

with 9�fold magnification. 1) Compound III formed after the

addition of NADH; 2) the spectrum of the enzyme taken direct�

ly after the addition of MnSO4.
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It is complex to reveal whether NADH can reduce com�

pound II, since in the presence of NADH the enzyme is

converted into compound III. SOD did not prevent the

bleaching of the heme, but the formation of compound II

was not observed (Fig. 5). This is likely due to the fact that

SOD yields additional amounts of hydrogen peroxide,

this shifting the equilibrium between compound II and

compound III to compound III.

Compound III plays a regulatory role in NADH oxi�

dation by horseradish peroxidase, its decomposition lead�

ing to the fast oxidation of the substrate [5]. However,

active formation of compound III during NADH oxida�

tion by hMnP is unlikely because Mn(II) converts it into

the native enzyme (Fig. 6), so compound III is likely a

inactive side product and does not play any role in the

oxidase reaction of hMnP.

Thus, the reaction of NADH oxidation in the

absence of hydrogen peroxide, as in the case of horserad�

ish peroxidase, is the peroxidase reaction, but the main

role in the formation of hydrogen peroxide and in the

maintenance of the reaction is played by Mn(III).

Oxygen consumption is due to its interaction with the

products of the reaction of Mn(III) with NADH with

subsequent formation of the reactive oxygen species.

Mn(II) plays a role of substrate of hMnP in the peroxi�

dase reaction and prevents the inactivation of the enzyme.

This work was supported by INTAS YSF 2002�0162.
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