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Mushroom tyrosinase exhibits catalase activity with hydrogen peroxide (H2O2) as substrate. In the
absence of a one-electron donor substrate, H2O2 is able to act as both oxidizing and reducing
substrate. The kinetic parameters Vmax and Km that characterize the reaction were determined from
the initial rates of oxygen gas production (V0

O2) under anaerobic conditions. The reaction can start
from either of the two enzyme species present under anaerobic conditions: met-tyrosinase (Em) and
deoxy-tyrosinase (Ed). Thus, a molecule of H2O2 can reduce Em to Ed via the formation of
oxy-tyrosinase (Eox) (Em + H2O2 h Eox), Eox releases oxygen into the medium and is transformed
into Ed, which upon binding another molecule of H2O2 is oxidized to Em. The effect of pH and the
action of inhibitors have also been studied. Catalase activity is favored by increased pH, with an
optimum at pH ) 6.4. Inhibitors that are analogues of o-diphenol, binding to the active site coppers
diaxially, do not inhibit catalase activity but do reduce diphenolase activity. However, chloride, which
binds in the equatorial orientation to the protonated enzyme (EmH), inhibits both catalase and
diphenolase activities. Suicide inactivation of the enzyme by H2O2 has been demonstrated. A kinetic
mechanism that is supported by the experimental results is presented and discussed.
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INTRODUCTION

Tyrosinase (EC 1.14.18.1), often also referred to as poly-
phenol oxidase (PPO), is a copper-containing mono-oxygenase,
present in a diverse range of organisms, that is responsible for
melanization in animals and the enzymatic browning of fruit.
The enzyme catalyzes two distinct reactions involving molecular
oxygen: the hydroxylation of monophenols too-diphenols and
the oxidation of the latter too-quinones (1-3).

Chemical and spectroscopic studies of tyrosinase have shown
that its binuclear copper active site can be prepared in several
forms: met,deoxy, andoxy (4-6). The oxygenated form,oxy-
tyrosinase (Eox), is capable of acting on both monophenols and
o-diphenols.met-tyrosinase (Em) does not act on monophenols
but can be converted to Eox by the addition of hydrogen peroxide
(H2O2) (4-6). deoxy-Tyrosinase (Ed) will bind molecular
oxygen (O2) to form Eox (6). Most of the enzyme in a freshly
prepared sample (resting tyrosinase) is in theEm form unable
to bind O2; only a small fraction is present as Eox, this being
necessary to initiate catalysis with monophenols (7).

Recently, a mechanism has been published for the catalase
activity of a catechol oxidase (CAO) isoenzyme fromIpomoea
batatas(sweet potato) (8). These ubiquitous plant enzymes lack
monooxygenase activity in contrast to tyrosinase (9). CAO and
tyrosinase, together with hemocyanin, the O2 transport protein
of many arthropods, possess an antiferromagnetically coupled
dinuclear copper center in themet and oxy states. These so-
called type-3 copper centers bind and/or activate O2 (10, 11)
and share similar spectroscopic features (12). Catalase activity
has been described in several hemocyanins (13-15). In this case,
the proposed mechanism is initiated by the binding of the first
H2O2 molecule to the reduced (Cu+Cu+) deoxystate of the
copper oxidizing it to Cu2+Cu2+ (met-hemocyanin). The second
H2O2 now enters the active site and forms theoxy state with
the dinuclear copper. The H2O2 is then oxidized to O2, and the
copper returns to the Cu+Cu+ state. The catalase cycle has not
been described in the case of tyrosinase, although the following
reaction was described some time ago (4-6).

In the case of CAO, catalase activity has been described in one
isoenzyme (8). The proposed mechanism involves binding of
the first H2O2 to themetform, displacing a hydroxo group bound
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Em + H2O2 h Eox h Ed + O2 (1)
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to the coppers, to form theoxy state with the peroxide bound
in the tetragonal planarµ-η2: η2 mode. The carboxyl group of
Glu236 is oriented in such a way that it facilitates the mono-
dentate union of a second H2O2 to theoxyenzyme. This H2O2

then deprotonates and rearranges to a cis-µ-η1: η1 binding
mode to the copper centers. Finally, the second peroxide
(cis-µ-η1: η1) is oxidized to O2 and the first (µ-η2: η2) is reduced
to water and a hydroxo group, regenerating themetform. Note
that in this mechanism two molecules of H2O2 must bind the
met form before O2 release.

Catalase activity has also been described in another group of
enzymes, the peroxidases (16). Heme peroxidases have been
classified in three classes (17). The classification is based on
sequence comparisons and enzyme localization rather than on
function. In a series of papers, we studied catalase activity in
peroxidases from each of the classes. From class I, recombinant
pea cytosolic ascorbate peroxidase was studied and was found
to not exhibit catalase activity, but it was inactivated by H2O2

(18). In the case of class II, lignin peroxidase (Phanerochaete
chrysosporium) andArthromyces ramosusperoxidase were
examined. Both enzymes exhibited catalase activity with
hyperbolic H2O2 concentration dependence and also underwent
suicide inactivation with H2O2 (19). The class III enzymes
horseradish peroxidase C (HRP-C) (20, 21), horseradish per-
oxidase isoenzyme A2 (22), and isoperoxidase-B2 fromLupinus
Albus hypocotyls (23) all demonstrated catalase activity and
suicide inactivation with H2O2.

Others have described catalase activity in chloroperoxidase
(24) and bacterial catalase-peroxidase (class I) (25, 26). Ad-
ditionally, focusing on possible biotechnological applications
(e.g., biosensors, bioreactors, or assays), a comparative study
de la inactivation by H2O2 of commercially available horseradish
peroxidase isoenzymes A and C has been performed (27).

Physiological explanations have been sorted to explain
catalase activity in noncatalase enzymes. Situations can arise
in the apoplast in which there is an imbalance between oxidants
and reducing compounds either through an increase in H2O2

levels (oxidative burst) and the generation of other hydro-
peroxides (28-30) or through a fall in the concentrations of
reductants (such as ascorbate or phenols (31, 32)). In such
situations, peroxidases may suffer an irreversible inactivation
process, and catalase activity may partially protect them.
Bacterial and fungal infections in plants lead to a burst of H2O2

formation. Although, as mentioned above, peroxidases may be
inactivated, tyrosinase can use part of this H2O2 to generate
o-quinones that also form part of the defense mechanism against
infection (2). Mushroom tyrosinase can also be taken as a model
and reference enzyme for tyrosinase activity in tumor cells
(melanomas) in which increased levels of tyrosinase induced
by H2O2 have been described (33).

This paper describes the kinetic characterization of the
catalase activity of tyrosinase measured by O2 production. The
actions of different types of inhibitors and suicide inactivation
of the enzyme are discussed. A mechanism consistent with the
kinetic data is proposed and compared and contrasted to the
equivalent process in hemocyanin, CAO, and peroxidase.
Possible physiological implications are discussed.

MATERIALS AND METHODS

Reagents.Mushroom tyrosinase (3300 units/mg), bovine erythrocyte
superoxide dismutate (SOD) (4200 units/mg), 4-tert-butylcatechol
(TBC), mannitol, tropolone, and salicylhydroxamic acid were from
Sigma/Aldrich (Madrid, Spain). H2O2 (30% v/v) (analytical reagent
grade) was obtained from Merck. Stock solutions of reducing substrate

were prepared in 0.15 mM phosphoric acid to prevent autoxidation.
Milli-Q System (Millipore Corp.) ultrapure water was used throughout
this research.

Enzyme Purification. Commercial mushroom tyrosinase was puri-
fied by Duckworth and Coleman’s procedure (34) but with two
additional chromatographic steps (35). Protein concentrations were
determined by Bradford’s method (36) using bovine serum albumin as
standard.

Tyrosinase Activity. The diphenolase acitivity of tyrosinase was
determined spectrophotometrically by measuring 4-tert-butyl-o-benzo-
quinone accumulation at 400 nm (ε ) 1150 M-1 s-1) (37) during 4-tert-
butylcatechol oxidation, using a Perkin-Elmer Lambda-35 spectro-
photometer. Assay conditions are given in the figure legends.

Oxygen Production.Oxygen production was measured with a Clark-
type electrode coupled to a Hansatech Oxygraph (King’s Lynn, Norfolk,
UK). The equipment was calibrated using the tyrosinase 4-tert-
butylcatechol method (38). Nitrogen was bubbled through the stirred
reaction medium to remove oxygen. The reaction medium (2 mL)
contained H2O2 at different concentrations (see figures) in the following
buffers: 45 mM sodium acetate (pH 3.63, 4.05, 4.51, 5.10, 5.40, and
5.76), 45 mM sodium phosphate (pH 6.15, 6.54, 7.00, 7.39, 7.70, and
8.00). The reactions were started by the addition of tyrosinase in water.
Two types of experiments were performed with the system described.

Determination of the Initial Rate of H 2O2-Descomposing Activity
(V0

O2). Values of V0
O2 were determined at short reaction times from

triplicate measurements at each [H2O2]. From experiments studying
the dependence on [H2O2], Vmax

O2 andKm
H2O2 were obtained by nonlinear

regression to a plot ofV0
O2 against [H2O2] by using the program

SigmaPlot for Windows (version 2; Jandel Scientific Software, San
Rafael, CA) (39).

Determination of the Oxygen Produced at the End of the
Reaction ([O2]∞). In this case, the end of reaction was reached when
no further O2 production was observed. From these measurements, the
stoichiometry of the reaction at limiting [H2O2] was determined.

Suicide Inactivation of Tyrosinase by H2O2. The inactivation of
tyrosinase was performed at 25°C in 2 mL incubations at pH 7.0
(45 mM sodium phosphate buffer). The experiment was done in both
anaerobic (continuous N2 bubbling) and aerobic conditions. The reaction
medium contained 0.6µM enzyme and 5 mM or 30 mM H2O2. At the
times indicated, aliquots were removed and the catalase activity was
measured (pH) 7.0, [H2O2] ) 5 mM). Experiments were performed
in triplicate at each [H2O2].

RESULTS AND DISCUSSION

Oxygen Production.Tyrosinase is able to produce molecular
oxygen when it is incubated with H2O2 as the sole substrate.
The time-course plots for oxygen production are shown in
Figure 1, allowing calculation of the initial rates of oxygen
production (V0

O2). TheV0
O2 values exhibited a linear dependence

on enzyme concentration (Figure 1A, inset). In addition, the
hyperbolic dependence ofV0

O2 on the H2O2 concentration
revealed that saturation kinetics were being observed under
steady-state conditions; thus, values forKm

H2O2 andkcat
O2 could

be obtained from the data (Figure 1, inset). InTable 1, the
values obtained are shown in comparison to those for hemo-
cyanin, CAO, and various peroxidases (8,19-26).

The efficiency of tyrosinase (kcat
O2/Km

H2O2 ) (5.5 ( 1.1) ×
102 M-1 s-1) was lower than those of chloroperoxidase (24)
and catalase-peroxidase (26).

Addition of Superoxide Dismutase and Mannitol.The O2

that is made as a result of the catalase activity of HRPC was at
one time proposed to originate from the dismutation of O2•; we
showed that this is a minority route (21). To study if free radicals
are implicated in the formation of O2 from H2O2 by tyrosinase,
that is, if it is a radical mechanism, superoxide dismutase (SOD)
was added to the medium.Figure 2 shows the data for the
formation of O2 in the presence and absence of SOD, and it is
clear that there is no difference in the rates of O2 generation. A
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similar effect was obtained after the addition of mannitol to
the reaction medium (Figure 2). These data suggest that free
radicals are not involved in the mechanism.

Participation of Ed in Turnover of Tyrosinase Catalase
Activity. It is known that native tyrosinase is mainly in the Em

form with around 10-30% present as Eox (9). Ed was formed
by passing N2 through the sample to induce anaerobicity and
adding catalytic quantities of TBC, which through the reaction
Em + D h EmD f Ed + Q produces Ed. In Figure 2, inset, it
can be seen that the addition of Ed, made under anaerobic
conditions (curveb), initiates enzyme turnover at the same
velocity as native enzyme (curvea). From these experiments,
it is clear that the three enzymatic forms, Em, Ed, and Eox, that

participate in diphenolase activity also take part as intermediates
in the catalase activity of tyrosinase (35).

Effect of pH. The pH profile for the catalase-like reaction
of tyrosinase is shown inFigure 3. The rate of O2 production
increased at higher pH, indicating that acid media are unfavor-
able for the catalase cycle. The large pH dependence of the
catalase activity of tyrosinase and the enzyme’s saturation
kinetics with H2O2 are analogous to peroxidase (20) but are
different from catalase, whose activity is essentially pH
independent in the pH range 4.7-10.5 (40). The activity curve

Figure 1. Dependence of oxygen production on time, and H2O2 and
enzyme concentrations. Time courses of oxygen production in a catalase-
like reaction between tyrosinase and H2O2. The reactions were started
by the addition of different concentrations of enzyme, as shown to 2 mL
reaction medium containing 6 mM H2O2 in 45 mM sodium phospate buffer,
pH 7.0 at 25 °C. [E]0 (a) 10 nM; (b) 25 nM; (c) 50 nM; (d) 100 nM;
(e) 175 nM. Inset: Plots of initial rate of oxygen production (V0

O2) against
tyrosinase concentration ([H2O2] ) 5 mM) and V0

O2 against H2O2

concentrations ([E]0 ) 15 nM).

Table 1. Kinetic Data of Catalase Activity in Mushroom Tyrosinase,
Catechol Oxidase, Hemocyanin, and Peroxidasea

kcat
O2 (s-1) Km

H2O2 (mM)
efficiency:

kcat
O2/Km

H2O2 (M-1 s-1) ref

AbTyr 16.4 ± 1.1 29.7 ± 4.2 (5.5 ± 1.1) × 102 this paper
IbCAO (6.3 ± 1.8) × 10-2 1.18 ± 0.05 53 ± 17 8
LpHC (11.5 ± 1.8) × 10-2 0.50 ± 0.03 (2.3 ± 0.53) × 102 8
McHC (20.7 ± 2.5) × 10-2 1.20 ± 0.06 (1.72 ± 0.3) × 102 8
HRPC 1.78 ± 0.12 4.0 ± 0.6 (4.45 ± 0.93) × 102 20
HRPC-A2 2.2 23 95 22
ARP 1.15 ± 0.09 10.2 ± 2.3 (1.12 ± 0.32) × 102 19
Li P 2.87 ± 0.21 8.6 ± 0.4 (3.33 ± 0.39) × 102 19
CPO (9 ± 1) × 102 3.3 ± 0.4 (2.72 ± 0.62) × 105 24
LaIB2 6.7 5 1.34 × 103 23
E.C HPI 16.3 × 103 3.9 4.17 × 106 26

a AbTyr, tyrosinase from Agaricus bisporus (mushroom); IbCAO, catechol oxidase
from Ipomea batatas (sweet potato); LpHC, hemocyanin from Limulus polyphemus;
McHC, hemocyanin from Megathura crenulata; HRPC, horseradish peroxidase
isoenzyme C; HRP-A2, horseradish peroxidase isoenzyme A2; ARP, peroxidase
from Arthromyces ramosus; LiP, lignin peroxidase from Phanerochaete chryso-
sporium; CPO, chloroperoxidase from Caldariomyces fumago; LaIB2, isoperoxidase
B2 from Lupinus albus hypocotyls; EcHPI, Escherichia coli hydroperoxidase I
(catalase-peroxidase).

Figure 2. Action of different effectors on the catalase activity of tyrosinase.
The reactions were carried out in 45 mM sodium phospate buffer pH 7.0
at 25 °C. Oxygen formation in an assay containing 0.12 µM tyrosinase
and 6 mM H2O2. On addition (arrows) of SOD (0.5 µM) or mannitol
(3 mM), no rate changes were observed. Inset: Generation of Ed. (a)
Oxygen production in an assay containing 0.12 µM tyrosinase and 6 mM
H2O2 in 45 mM sodium phosphate buffer, pH 7.0 at 25 °C. (b) In the
same conditions, but the enzyme has previously been bubbled with N2,
and at 5 min a catalytic quantity of TBC was added (Em f Ed). After
15 min, the enzyme sample (0.12 µM) was added to the oxygraph.

Figure 3. Catalase activity: pH-dependence of V0
O2. The reactions were

started by the addition of enzyme (63 nM) to reaction media containing
H2O2 (9 mM) in 45 mM buffer (O) sodium phosphate, (4) sodium acetate.
Inset: Diphenolase activity, pH-dependence of the initial rate of diphenol
oxidation (λ ) 400 nm). The reactions were started by the addition of
enzyme (8.5 nM) to reaction media containing TBC (2 mM) in 45 mM
sodium phosphate (b) or sodium acetate (2).
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(V0
O2 vs pH) inFigure 3 is analogous to that for the catechol-

oxidase activity of tyrosinase (Figure 3, inset), in which the
participation of active site histidine residues in catalysis has
been recognized (41). Therefore, the pH effect tends to indicate
that the same active site residues are involved in the oxidation
of o-diphenol (diphenolase activity) and the liberation of O2

(catalase activity). Additionally, the similarity of the curves
(Figure 3, inset) suggests the presence of the same critical pK
in both types of activity, as is discussed later.

Action of Inhibitors. (a) Inhibition by Chloride.Halides are
known to bind to the oxidized and reduced forms of tyrosinase
(Em and Ed) (42) inhibiting diphenolase activity. Also, in a recent
stopped-flow fluorescence study of inhibitor binding to tyro-
sinase fromStreptomyces antibioticus(43), it was shown that
the inhibitor, fluoride ion, bound to the protonated enzyme
(E + H + h EH + F- h EHF), in the equatorial plane of the
active site coppers. In the present study, we have examined the
effects of chloride ion on tyrosinase’s catalase and diphenolase
activity (Figure 4 andFigure 4, inset, respectively). Halide only
binds to the acidic form of the ezyme, resulting in stronger
inhibition with decreasing pH (43). Figure 4 shows catalase
activity in the absence of chloride at pH) 5.0 (curve a) and its
presence (curveb). Similar behavior is also observed during
diphenolase catalysis (Figure 4, inset, curvesa and b). At
pH ) 7.0, neither reaction is affected by chloride (Figure 4,
curvesc and d, and Figure 4, inset, curvesc and d). The
explanation of inhibition is discussed later.

(b) Inhibition by Tropolone and Salicylhydroxamic Acid.The
slow inhibition of different tyrosinases by tropolone has been
widely described (44-46). It has been proposed that the inhibitor
binds to Eox as it is accumulates during turnover (35). The
affinity of Eox for tropolone is very high withKI* ) 1.4 µM
(46). The effect of tropolone on the catalase activity of tyrosinase
was assayed.Figure 5 shows that the addition of 2µM tropolone
had no effect on catalase activity, but the same concentration
clearly produced time dependence inhibition of diphenolase
activity (Figure 5, inset, curvec). This result shows that
tropolone did not affect the reaction of tyrosinase with H2O2.
As will be discussed later, during diphenolase activity practically

all of the enzyme will be present as Eox. However, it may be
that during catalase activity the rate-limiting step leads to the
accumulation under steady-state conditions of another enzymatic
form with lower affinity for tropolone. Furthermore, tropolone
binds to the active site coppers diaxially, whereas H2O2 binds
equatorially and thus the two do not compete. A similar effect
is seen with salicylhydroxamic acid, which is a potent inhibitor
of tyrosinase (47, 48): a concentration of 2µM had no effect
on catalase activity (Figure 5) but strongly inhibited diphenolase
activity (Figure 5, inset, curvec). When diphenolase activity
was measured as the consumption of O2, rather than product
formation, inhibition was equally evident (results not shown).

Suicide Inactivation of Tyrosinase by H2O2. The inactiva-
tion of tyrosinase by H2O2 was described some time ago (4, 6,
49), but changes of enzyme activity with time have not
previously been followed using catalase activity. In the present
work, the suicide inactivation of tyrosinase was observed by
measuring catalase activity under both aerobic (Figure 6, curves
a and b) and anaerobic conditions (Figure 6, curve c). The
results indicated that inactivation was much more rapid when
the incubation was performed anaerobically as compared to
aerobically. The presence of O2 reduces catalase activity, and
thus the enzyme’s turnover rate is lower resulting in protection
from suicide inactivation.

Proposed Mechanism of Catalase Activity.From our
previous work on the monophenolase and diphenolase activity
of tyrosinase and the data presented in this study, we have
proposed a kinetic and structural mechanism for the catalase
activity of the enzyme (Scheme 1) (note the assignment of
numbers to the rate constants has been done in such a way as
to be consistent with the tyrosinase mechanism with mono-
phenols and diphenols (35,41, 50).) The catalytic cycle starts
with the union of a molecule of H2O2 to form Em (step 1). As
was previously suggested in the diphenolase mechanism
(35, 41), Em contains a base, probably histidine, that at
pH ) 7.0 is deprotonated; this facilitates the interaction by
forming a hydrogen bond to H2O2 and increases the possibility
of a nucleophilic attack on the active site copper (Cu2+) by

Figure 4. Effect of pH on the inhibition of catalase and diphenolase activity
by chloride. (a) Catalase activity of tyrosinase at pH ) 5 in 45 mM sodium
acetate at 25 °C in the absence of chloride, [H2O2]0 ) 9 mM and [E]0 )
0.1 µM. (b) As (a) but with [Cl-]0 ) 10 mM. (c) Catalase activity at
pH ) 7.0 in 45 mM sodium phosphate buffer at 25 °C in the absence of
chloride. (d) As (c) but with [Cl-]0 ) 10 mM. Inset: (a−d) As before but
measuring diphenolase activity, [TBC]0 ) 2 mM and [E]0 ) 4.4 nM.

Figure 5. Inhibition of catalase and diphenolase activity by tropolone and
salicylhydroxamic acid. The reaction medium contained 45 mM sodium
phosphate, pH ) 6.5, [H2O2]0 ) 9 mM; tyrosinase (0.1 µM), tropolone
(2 µM), and salicylhydroxamic acid (2 µM) were added at the times
indicated. Inset: (a) TBC (2 mM) and tyrosinase (4.4 nM) in 1 mL of
reaction medium. (b) As (a) but with tropolone (2 µM). (c) As (a) but with
salicylhydroxamic acid (2 µM).
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oxygen (step 2), and the subsequent loss of the other proton
from the peroxide completes the union to the coppers to give
Eox.

In HRP-C, the distal histidine (His42) is also thought to be
involved in catalase activity (21) from studies on the pH effect
(20), acting as an acid/base catalyst. Studies using site-directed
mutants of this residue (His42Glu) and also the reactive site
arginine (Arg38Lys) showed that they are very important for
HRP-C’s catalase activity:V0

O2 falls from 14.8µM min-1 for

HRP-C* (recombinant wild-type) to 2.2 and 2.9µM min-1 for
the respective mutants (21). In contrast, mutation of a residue
of importance for phenolic substrate binding (Phe179Ser) or a
surface residue (Ala140Gly), which has higher activity with
ABTS than the wild-type, had little or no effect on catalase
activity. Studies of the effect of pH on the catalase and
diphenolase activities of tyrosinase (Figure 2) support this
hypothesis. O2 release is favored under anaerobic conditions
(step 3) generating Ed. In this enzyme species, the base is
protonated and does not aid the deprotonation of H2O2, which
would imply that the binding rate constant (k11) (step 4) will be
lower than that for the union with Em (k9) (step 1). The formation
of a hydrogen bond between the protonated base and one of
the peroxide oxygen atoms leads to the polarization of the O-O
bond, facilitating the concerted oxidation of the two copper
centers (step 5), and the subsequent liberation of a water
molecule and formation of Em. The pH dependence of catalase
activity (Figure 3) supports the existence of a critical pK of
the enzyme and at the same time explains why activity is
reduced at lower pH; as is seen for diphenolase activity, the
protonated enzyme is inactive. The mechanism predicts the
stoichiometry: 2H2O2 f O2 + 2H2O. This was confirmed
experimentally, working at low H2O2 and high enzyme con-
centrations, giving 2H2O2:1O2.

Over longer times in assays of catalase activity, a loss of
activity is observed (Figure 6, curvesa andb under aerobic,
and c under anaerobic conditions). At a mechanistic level
(Scheme 1), the inactivation of tyrosinase may be explained
by step 7. If oxidation of the two coppers is not concerted, an
inactive enzyme species may form, possibly via a radical
mechanism accompanied by formation of hydroxyl radicals
(HO•) that attack histidines in the active site and could cause
the coppers to be lost as has been described in the suicide
inactivation of tyrosinase during turnover with monophenols
and diphenols (52). Note that the suicide inactivation of the
monophenolase and diphenolase activity of mushroom tyrosinase
has previously been kinetically analyzed by us (53).

The proposed mechanism (Scheme 1) also explains the
behavior of the different inhibitors tested. Chloride binds
equatorially to the active site coppers in the enzyme at acid pH
(EmH) reducing the enzyme available for both activities (catalase
and diphenolase) (Figure 4). Thus, at pH) 7.0, when the
enzyme is deprotonated, chloride does not inhibit either catalase
(Figure 4) or diphenolase (Figure 4, inset) activity. However,
at pH ) 5.0, when the enzyme is mainly present as EmH,
chloride binds to this form and inhibits both activities to the
same extent (Figure 4 and Figure 4, inset). In the case of
tropolone and salicylhydroxamic acid, shown inFigure 5 and
Figure 5, inset, for catalase and diphenolase activities, respec-
tively, the differences in behavior observed can be explained
by the kinetics on the mechanism as discussed in the following
section.

Kinetic Analysis. The mechanism shown inScheme 1can
be redrawn as shown inScheme 2where S is H2O2, Em, Eox,
and Ed are the enzymatic species involved in turnover, and Ei

is inactive tyrosinase. At short reaction times, the concentration
of Ei is negligible (given thatk14 is small) and the system reaches
a pseudo-steady state. The analytical expression for the initial

Figure 6. Suicide inactivation of the catalase activity of tyrosinase. The
experimental conditions were as follows: incubation, 45 mM sodium
phosphate buffer pH ) 7.0, tyrosinase (0.6 µM). Aerobic conditions:
(a) 5 mM H2O2, (b) 30 mM H2O2. Anaerobic conditions: (c) 30 mM H2O2

with continuous N2 bubbling. At the times indicated, 100 µL aliquots were
taken and then assayed for catalase activity (5 mM H2O2).

Scheme 1. Structural Mechanism Proposed To Explain the
Tyrosinase Catalase Cyclea

a Em, met-tyrosinase; Eox, oxy-tyrosinase; Ed, deoxy-tyrosinase; B, acid−
base catalyst; S, H2O2; EmS, complex between Em and S; EdS, complex
between Ed and S; Ei, inactive enzyme.

Scheme 2
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velocity of O2 formation is:

where

and

The binding of S to Em controlled byk9 (helped by the base,
seeScheme 1) is faster than its binding to Ed (governed by
k11), that is,k9 > k11. In an exhaustive study of mushroomoxy-
tyrosinase Mason et al. (6) determined the binding and dis-
sociation rate constants of H2O2 and Em giving (Scheme 1)k9

) 675 M-1 s-1 andk-9 ) 8.0× 10-4 s-1; thus, Em has a high
affinity for H2O2 andKS ) k-9/k9 ) 1.1× 10-6 M. It is unlikely,
therefore, that Em is responsible for the value ofKm

H2O2

(29.7( 4.2) mM and much more probable that it is due to the
form Ed. With respect to the relative values ofk-11 andk-9, it
is clear thatk-11 > k-9 because there is no nucleophilic attack
in the binding of H2O2 to Ed and dissociation is favorable in
this case.

The rate of O2 release controlled byk-8 is (1.07( 0.2) ×
103 s-1 (35), and, therefore, given thatkcat is (16.4( 1.1) s-1,
it follows that k-8 > k12. From this, if the release of H2O
controlled byk13 is fast, then from eq 2, the expression ofV0

O2

is given in eq 5.

This givesKm
H2O2 = k-11 + k12/k11 and using a rapid equilibrium

approximation,Km
H2O2 = k-11/k11. This relationship can result

in low affinity (29.7( 4.2) mM and control the catalase activity
of tyrosinase. Note that from the instability of Eox, weak catalase
activity (low k12) has previously been proposed with an optimum
at pH ) 6.5 (6), which is in agreement withFigure 3.

In the mechanism of tyrosinase witho-diphenols (35), the
binding of substrate to Em is faster than to Eox, meaning that
the steady-state concentration of Eox is high and it undergoes
slow inhibition by tropolone and salicylhydroxamic acid (Figure
5 andFigure 5, inset). However, in the case of the mechanism
of tyrosinase with H2O2, substrate binding is faster with Em than
with Ed, and, because the rate constant of O2 release from Eox

(k-8) is very high, in the steady state the concentration of Eox

is negligible. Thus, tropolone and salicylhydroxamic acid cannot
inhibit Eox, and it is Ed that most accumulates in the medium.
The Cu-Cu distance in the active site has been calculated for
sweet potato catechol oxidase, in the reduced, Ed (Cu1+Cu1+),
and the oxidized forms, Em (Cu2+Cu2+), yielding 4.4 versus
2.9 Å, respectively (54). Possibly due to this difference, Ed has
lower affinity for o-diphenol analogues, such as tropolone and

salicylhydroxamic acid, and at the concentrations assayed
(Figure 5) they do not inhibit the enzyme. On the other hand,
because these inhibitors bind diaxially Ed can still bind H2O2

in the equatorial plane of the coppers.
Similarities to and Differences from Other Mechanisms.

The proposed mechanism presents similarities to that previously
described for the catalase activity of hemocyanines (13-15). It
should be noted that, in tyrosinase, the presence of a base (i.e.,
histidine) has been postulated that forms a hydrogen bond to
the H2O2 (seeScheme 1).

With respect to the proposed mechanism of CAO (8), the
fundamental difference is that it has been suggested that two
molecules of H2O2 bind to Em before O2 is released. This would
yield a quadratic analytical rate equation forV0

O2; such
dependence is not supported by the experimental data for
tyrosinase. Furthermore, the binding and activation of the second
H2O2 molecule is facilitated by the orientation of the Glu236
residue whose carboxy group permits monodentate binding of
this peroxide molecule to Cu B. Thus, the catalase activity of
a 39 kDa isoenzyme ofIpomea batatas(sweet potato) catechol
oxidase could be explained by the substitution of Thr243
(40 kDa isoenzyme) by Ile241 (39 kDa isoenzyme), affecting
the orientation of the Glu238/236 residue. It is noteworthy that,
working with tyrosinase fromStreptomyces glaucescens(55),
the substitution of Asp208, a residue in the region of Cu B, for
Glu resulted in the stabilization of Eox in the equilibrium Eox

h Em + O2
2-, revealing the influence of the structure for the

stability of the intermediates. Studies on the catalase activity
of Cu2+ complexes have demonstrated that free coordination
sites must be available to enable the formation of the ternary
Cu2+-peroxo ligand compexes required for catalysis (56).
Additional evidence supporting our mechanism comes from the
reaction of Cu2+ complexes with H2O2: in all of the cases
described, the first molecule of H2O2 must be deprotonated to
nucleophilically attack the Cu2+: H2O2 h HOO - + H+ (56).
This nucleophilic attack must be the limiting step because the
concerted release of the proton is required to increase oxygen’s
nucleophilicity. In our mechanism, this same step, controlled
by k9 (Scheme 1), is not limiting because base B (Scheme 1)
favors the deprotonation of H2O2 and the nucleophilic attack
on the copper. The other proton transfers to the bridge between
the two copper centers and water is released. The liberation of
O2 (Step 3) is rapid with a previously determined constant,
k-8 ) (1.07 ( 0.2) × 103 s-1 (35).

The binding of H2O2 to Ed (controlled byk11) is not facilitated
by the base because it is protonated and in consequence must
be slow. Additionally, the transformation constants,k12 (Scheme
1), must be smaller thank-8, given that in this step various
concerted reactions must occur, such as polarization of the
peroxide O-O bond, due to the formation of a hydrogen bond
between the protonated base and an oxygen in the peroxide,
followed by concerted oxidation of the two coppers.

Possible Physiological Implications.Tyrosine catalyzes the
first steps of melanogenesis (1). However, other activities have
been described because of its low substrate specificity: pseudo-
catalase (6), pseudoperoxidase (57-59), and ascorbate oxidase
activity (60). In this study, the kinetics and mechanism of
catalase activity have been examined in depth, and it is worth
considering if a physiological function for this activity exists.
Large amounts of H2O2 are produced in human tumor cells (61)
and also in plants during the oxidation of catechin (62). An
effect of H2O2 on the induction of tyrosinase biosynthesis has
also been described (33). In the final steps of melanogenesis,
the formation of H2O2 has been demonstrated (63), and, although

V0
O2 )

R[S]0[E]0

â + [S]0
(2)

R ) (k-8k+9k+10k+11k+12k+13) / (k+9k-10k+11k+12k+13 +
k+9k-8k+11k+12k+13 + k+9k+10k+11k+12k+13 +

k+9k+10k-8k+11k+13 + k+9k+10k-8k+11k+12) (3)

â ) (k-9k-10k+11k+12k+13 + k-9k-8k+11k+12k+13 +
k+10k-8k+11k+12k+13 + k+9k+10k-8k-11k+13 +
k+9k+10k-8k+12k+13) / (k+9k-10k+11k+12k+13 +
k+9k-8k+11k+12k+13 + k+9k+10k+11k+12k+13 +

k+9k+10k-8k+11k+13 + k+9k+10k-8k+11k+12) (4)

V0
O2 )

k12[S]0[E]0

k12 + k-11

k11
+ [S]0

(5)
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abundant tyrosinase and catalase is observed in melanomas, only
low levels of catalase are detected in patients with vitiligo (64).
Thus, the catalase activity of tyrosinase could possibly be
important (a) to reduce H2O2 concentrations, (b) in anaerobic
conditions, to hydroxylate monophenols and oxidize diphenols
because H2O2 forms Eox, (c) to reduce anaerobiosis by generat-
ing O2 from H2O2, and (d) to produceo-quinones as a defense
against pathogens.

In conclusion, the catalase activity of mushroom tyrosinase
has been kinetically characterized. A kinetic and structural
mechanism consistent with the experimental results has been
proposed. The action of different types of inhibitors has been
discussed, and the suicide inactivation of tyrosinase by H2O2

in the absence of reducing substrates has been described.

ABBREVIATIONS USED

ABTS, 2,2′-azino-bis-(3-ethylbenzthialzoline-6-sulfonic acid;
CAO, catechol oxidase; HRP, horseradish peroxidase; H2O2,
hydrogen peroxide; O2•-, superoxide radical anion; SOD,
superoxide dismutase.
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F.; Acostar, M.; Arnao, M. A. Characterization of isoperoxidase-
B2 inactivation in etiolatedLupinus albushypocotyls.Biochim.
Biophys. Acta2000,1478, 78-88.

(24) Sun, W.; Kadima, T. A.; Rickard, M. A.; Dunford, H. B. Catalase
activity of chloroperoxidase and its interaction with peroxidase
activity. Biochem. Cell Biol.1994,72, 321-331.

(25) Hochman, A.; Golberg I. Purification and characterization of a
catalase-peroxidase and a typical catalase from the bacterium
Klebsiella pneumoniae. Biochim. Biophys. Acta1991, 1077,
299-307.

(26) Obinger, C.; Regelsberger, G.; Pircher, A.; Sevcik-Klöckler, A.;
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