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ABSTRACT. Tyrosinase is a copper monooxygenase containing a coupled dinuclear copper active site (type-3
copper), which catalyzes oxygenation of phenols (phenolase activity) as well as dehydrogenation of
catechols (catecholase activity) using & the oxidant. In this study, catalase activity (conversion of
H.0, to (1/2)& and HO) and peroxygenase activity {8,-dependent oxygenation of substrates) of
mushroom tyrosinase have been examined kinetically by using amperomgtaitd®$O, sensors. The
catalase activity has been examined by monitoring the initial rate.gfr@uction from HO; in the
presence of a catalytic amount of tyrosinase in 0.1 M phosphate buffer (pH 7.0y @t @&der initially
anaerobic conditions. It has been found that the catalase activity of mushroom tyrosinase is three-order of
magnitude greater than that of mollusk hemocyanin. The higher catalase activity of tyrosinase could be
attributed to easier accessibility o8, to the dinuclear copper site of tyrosinase. Mushroom tyrosinase
has also been demonstrated for the first time to catalyze oxygenation reaction of phenols,@4th H
(peroxygenase activity). The reaction has been investigated kinetically by monitoring@aedhsumption

rate in 0.5 M borate buffer (pH 7.0) under aerobic conditions. Similarity of the substituent effects of a
series ofp-substituted phenols in the peroxygenase reaction with, b those in the phenolase reaction

with O, as well as the absence of kinetic deuterium isotope effect with a perdeuterated supsBate (
CsD4OH vs p-CI-CgH4OH) clearly demonstrated that the oxygenation mechanisms of phenols in both
systems are the same, that is, the electrophilic aromatic substitution reactiongdsy?a%peroxo)-
dicopper(ll) intermediate of oxy-tyrosinase.

Tyrosinase (EC 1.14.18.1) is a copper monooxygenaseregenerated by the reaction with @mpleting the catalytic
widely distributed throughout bacteria, fungi, plants, and cycle (1—7). Catechol oxidase, on the other hand, exhibits
animals. The enzyme catalyzes oxygenation of phenols toonly the catecholase activity (catechol dehydrogenation),
catechols by @ (so-called phenolase activity) as well as presumably due to the limited space for substrate binding.
dehydrogenation of catechols to the correspondhagliino- Namely, the substrate-binding site of catechol oxidase may
nes (catecholase activity),(2). Theo-quinone products thus  not be suited for binding of phenols in the proper orientation
produced are spontaneously converted into melanin pigmentsequired for the oxygen atom transfer process (phenolase
via nonenzymatic reaction pathway®).(Tyrosinase has a  activity) (8—10). In contrast to the case of tyrosinase and
coupled dinuclear copper active site (classified as type-3) catechol oxidase, hemocyanin possesses only a reversible
like catechol oxidase (EC 1.10.3.1), ubiquitous plant enzyme dioxygen binding ability. The lack of redox reactivity of
catalyzing the oxidation of a broad range of catechols to the hemocyanin toward external substrates has been attributed
correspondingo-quinones, and hemocyanin acting as an to the absence of substrate-binding site around the dinuclear
oxygen carrier and storage protein in mollusks and arthropodscopper site 11).

(4). The oxy-forms of these enzymes (proteins) involve  Thus, tyrosinase exhibits a unique function, oxygen atom
similar side-on g-1%n? peroxo dicopper(ll) species, but transfer from the peroxo intermediate of oxy-tyrosinase to
exhibit different chemical reactivity and functions. the phenol substrates, which is the most attractive process

In tyrosinase, the peroxo intermediate has been suggestedmong the catalytic mechanism of tyrosinase from the
to perform the previous oxidation reactions (phenol oxygen- viewpoint of dioxygen activation chemistry. Although the
ation and catechol dehydrogenation), generating an hydroxo-crystal structure of tyrosinase has yet to be obtained,
bridged dicopper(ll) species (met-form) as the resting state geometric discussion based on the X-ray structures of
of enzyme {). Met-tyrosinase also reacts with catechols to catechol oxidase and hemocyanin has provided profound
give the corresponding-quinone products and deoxy- insights into the catalytic mechanism of tyrosina8e 11).
tyrosinase (dicopper(l) form), from which oxy-tyrosinase is Spectroscopic studies of tyrosinase have also provided
important information on the catalytic intermediates of the

t Supported by Grants-in-Aid for Scientific Research from the €nzymatic reactionsl( 12—14). However, detailed mecha-
Ministry of Education, Science, Sports, and Culture of Japan (15350105) nistic study on the oxygen atom transfer process (phenolase

and Research Fellowships of Japan Society for the Promotion of SCienceactivity) had not been accomplished until recently due to
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Scheme 1: Electrophilic Aromatic Substitution Mechanism
for the Oxygen Atom Transfer Process from a
(u-n%n?-Peroxo)dicopper(ll) Species to a Phenol Substrate
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production 2, 3, 15-17). In this regard, we have recently

Biochemistry, Vol. 43, No. 36, 2004.1547

oxidation of p-phenylendiamine by kD, very briefly 23).
However, detailed study of the peroxidase activity has not
been carried out either. The lack of mechanistic studies of
the catalase and peroxidase activity of tyrosinase may be
due to difficulties in quantitative monitoring of 4,
consumption and/or Ogeneration during the enzymatic
reactions. The peroxidase activity could be evaluated by
monitoring the time course of the substrate consumption and/
or product formation. However, this is also quite difficult
due to the interference by the inherent phenolase activity
and catecholase activity.

We report herein quantitative evaluation of catalase and
peroxygenase activityof mushroom tyrosinase using am-
perometric methods to overcome the previously mentioned
problems. Detailed steady-state kinetic analysis on the
catalase activity has been performed by monitoring the O
formation rate using a Clark-type oxygen electrode connected
to a closed cell. Furthermore, the phenol oxygenation by
H,0, (peroxygenase activity) has been quantitatively ana-
lyzed for the first time by using a bioelectrochemicald
sensor, with which we can determine thgd4d consumption

succeeded to develop a very simple enzymatic reactionrate accurately even in the presence of a large excess of
system using a borate buffer as a trapping agent of catecholghenols (substrate) and catechols (produsf) @2). The

and hydroxylamine as an external reductant. The Slmp“fled peroxygenase activity was examined in a borate buffer, in

catalytic reaction system allowed us to examine the phenolaseyhich the catechol products are trapped by the complex

activity of tyrosinase without interference of the catecholase
activity and the melanin formation reaction8). Direct
comparison of the electronic effects pfsubstituents of a
series of phenol substrates in the simplified enzymatic
reaction to those in our tyrosinase model reactib®) has
clearly demonstrated that electrophilic aromatic substitution

formation with borate ion32, 33), preventing the interfer-
ence by the catecholase activity (over oxidation of phenols)
as in the case of our previous study on the phenolase activity
(oxygenation of phenols with £(18). Quantitative analysis
on the substituent effects of a serieedubstituted phenols
in the peroxygenase activity has demonstrated that the

reaction is the most plausible mechanism for the oxygenationreaction mechanism is the same to that of the phenolase

of phenols by theu-r%n?-peroxo)dicopper(ll) intermediate

reaction, that is, the electrophilic aromatic substitution

(Scheme 1) as previously suggested by others using a relategnechanism (Scheme 1.4 19).

model reaction (an aromatic ligand hydroxylation in a
dicopper(l) complex with ¢ (20, 21).

In the native enzymatic reaction, thg-%n?-peroxo)-
dicopper(ll) active species (oxy form) is generated by the
reaction of Q and deoxy-tyrosinase (dicopper (I) form),
which is generated by the reduction of met-tyrosinase
(dicopper (1) form) with catechol products. In the absence
of substrates, theufr?n?-peroxo)dicopper(ll) species can
be also generated by the reaction of met-tyrosinase a@gl H
the so-called shunt pati?2Z—24). For the spectroscopic
characterization of the peroxo intermediate of oxy-tyrosinase,
the later method, oxidation of met-tyrosinase byOp has
been generally employe@Z—25). However, little attention
has so far been paid on the mechanistic aspect of He H
oxidation of met-tyrosinase.

On the other hand, catalase activity (conversion gdH
to (1/2)& and HO) of hemocyanin has been investigated
to add some insights into the biological functions of
hemocyanin 26—29). Krebs and co-workers recently re-
ported a catalase-like activity of the isozymes of catechol
oxidase and proposed a® degradation mechanism based
on the X-ray structure of catechol oxidag®) The catalase
activity of tyrosinase was also reported by Mason and co-
workers a long time ag®@), but quantitative measurements

EXPERIMENTAL PROCEDURES

Materials. All chemical reagents used in this study, exceyil-
CsD4OH, were commercial products of the highest available purity
and were used as received. MollusBoficholepas concholepas
hemocyanin was purchased from Sigma and was used as received.
The deuterated phengs;Cl-CsD,OH, was prepared according to
the reported procedur@&4), and its purity (more than 99%) was
confirmed by!H NMR and MS analyses using a JEOL FT-NMR
Lambda 300WB and a JEOL JMS-700T Tandem MS-station mass
spectrometer, respectively.

Purification of Tyrosinase from Cell-Free Extract of Mushroom.
A cell-free extract of mushroonA@aricus bisporouswas prepared
by the procedure described in the Supporting Information of our
previous paper1@), except for a little modification, in which an
ice-cold borate buffer solution (0.5 M, pH 9.0) was used for the
extraction of proteins in place of ice-cold water to prevent
polymerization of endogenous phenols. Purification of tyrosinase
and preparation of oxy-tyrosinase were also performed by the same
methods described in the Supporting Information of our previous
paper (8). The concentration of tyrosinase was determined by using
the adsorption change at 345 nem= 18000 M1 cm™, for (u-
nZn?-peroxo)dicopper(ll) form] Z3) of the difference spectrum

1The term peroxygenase activity is used instead of peroxidase
activity since the present reaction involves a peroxidg®gidependent

and detailed mechanistic studies on the catalase activity ofoxygenation reaction (cf. Ozaki, S., Roach, M. P., Matsui, T., and

tyrosinase has yet to be performed. With regard to the
peroxidase activity of tyrosinase {8,-dependent oxidation

Watanabe, Y. (2001) Investigations of the roles of the distal heme
environment and the proximal heme iron ligand in peroxide activation
by heme enzymes via molecular engineering of myoglobat, Chem.

of substrates), Mason and co-workers also reported theRes. 34818-825).
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Ficure 2: Time course of @generation due to the catalase activity
Ficure 1: Difference spectrum obtained by subtracting a spectrum of tyrosinase. The measurement was performed in 0.1 M phosphate
of met-tyrosinase from that of oxy-tyrosinase generated by the buffer (pH 7.0) containing tyrosinase (0i8M) at 25 °C. The
addition of 9.2uM H,0, to met-tyrosinase in 0.1 M phosphate concentrations of added,&, were 0.61 and 1.51 mM, respectively.
(pH 7.0) under air-saturated conditions at Z&
monitoring the @-production rate using a Clark-type oxygen
obtained under the &saturated conditions. Concentration of the electrode.
purified tyrosinase was also determined by Lowry method. The  Tq simplify the catalytic reaction of catalase activity, we
cr(])ncentratlons estimated by the two independent ways were rothlyperformed the kinetic analysis under initially anaerobic
t eDZZr:tiétion of Tyrosinase Deactivation of tyrosinase was conditions by using a closed cell equipped with the oxygen
performed by incubating a tyrosinase solution at’80for 5 min eIectrpde. Thus, a O'.l M phosphate buffer solution (pH 7.0)
containing met-tyrosinase (0:6M) was deaerated by flush-

before use.
Monitoring of O, ConcentrationTime courses of @concentra- ing N gas until the @ concentration became virtually zero

tion change were monitored by an ALS 630A electrochemical @s shown in Figure 2. Then, an aliquot of a deaeratgo,H
analyzer using a Clark-type oxygen electrode connected to a closedstock solution of the same buffer was added into the
cell (Central Kagaku Co. Ltd.). Applied potential wa®.6 V versus tyrosinase solution ([fD2]aq = 0.61 mM), where @
Ag/AgCI/KCI (1.0 M). The electrochemical measurements were concentration increased with time and reached a constant
performed at 25C in 0.1 M phosphate butfer (pH 7.0). value of 0.38 mM. The concentration of generatedw@s

Monitoring of HO, ConcentrationThe amperometric monitor- ; : indimat
ing of H,O, was performed using an ALS 630A electrochemical appr?hXITatFIy h?If (I)If the ad(ée()jdzdﬁz_c?nctehntratloln{_Indlcat
analyzer equipped with a bioelectrochemicalO4 sensor, which ing that aimost a RO added Into the solution was
consists of horseradish peroxidase entrapped on a carbon pastéd€composed into 0.5 equiv) and KO as indicated in eq

electrode surface with cellulose ester dialysis membrane. The carbonl. Since no @generation was detected with a heat-treated
paste electrode was made by embedding ferrocene into the carbortyrosinase (denatured enzyme), thep@oduction shown in
paste. The detailed fabrication procedure of th®Hsensor was  Figure 2 was attributed to the catalase activity of tyrosinase
ieigntc):?/nglﬂ(qf (')'t"?\; ?tﬁﬁ‘})é@%‘éﬁgﬁ:ﬁgﬁ'% ‘é"::u(r)élm \ér‘]’tesrsvtj:re itself but not to HO, degradation by impurities such as metal
pgrfo?med at 25°C in 0.5 M borate buffer (pH 7.0) under,© ions released from the enzyme active site.
saturated conditions.

Product AnalysisCatechol products of the phenol oxygenation
reaction with HO, were analyzed by an HPLC system consisting
of a Shimadzu LC-6A chromatographic pump, a Shimadzu-UV After the G generation was completed; jas was flushed
vis spectrophotometric detector SPD-6AV, and an ODS column again to make the solution deaerated, to which another
(Prodigi 250 x 4.6 mm, Phenomenex) with a mobile phase of gliquot of the HO, solution ([HOs]ass = 1.51 mM) was
acetonitrile/water= 65:35, contaln!ng 0.1% trifluoroacetic acid at added to cause the ,Qyeneration again (Figure 2). The
a constant flow rate of 0.3 mL min. L .

apparent rate of catalase activity*)(was then determined
RESULTS AND DISCUSSION frpm the.ir_1iltial slope of each_@enere}tion curve at a
different initial H,O, concentration. In Figure 3 is shown

Catalase Actiity of Mushroom TyrosinaseMost of the plot ofv© versus initial HO, concentration, where a linear
tyrosinase purified from mushroom exists as the met-form correlation was observed in the wide rage of,QHl
(22, from which oxy-tyrosinase, theu{n?n?-peroxo)- examined.
dicopper(ll) form, can be generated by the treatment with A plausible mechanism of the catalase activity is shown
H,O, under aerobic condition22—24). A typical example in Scheme 2. Reaction of met-tyrosinase wit®Oklgenerates
of the UV—vis spectrum of oxy-tyrosinase thus generated oxy-tyrosinase, ((-n?%n?-peroxo)dicopper(ll) species, from
is shown in Figure 1. The spectrum of oxy-tyrosinase, which O, is released to give deoxy-tyrosinase (dicopper(l)
however, slowly decayed even in the presence of an excesgorm) under the low [@ conditions. The generated deoxy-
amount of HO, as previously reported by Mason et 28J. tyrosinase is then oxidized by another molecule gdfito
This may be due to consumption of®k in the solution by produce HO and met-tyrosinase completing the catalytic
the catalase activity of tyrosinase as proposed by the authorgycle. The first two processes, formation of oxy-tyrosinase
(23). However, there has been no report of detailed analysisfrom met-tyrosinase by the reaction with®} and Q release
on the catalase activity of tyrosinase. Thus, we first tried to from oxy-tyrosinase to give deoxy-tyrosinase, are well-
evaluate the catalase activity of mushroom tyrosinase by documented in the literatur@3). Although the third process,

H,0, — (1/2)0, + H,0 (1)
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Ficure 3: Plot of »¢ (O,-production rate) against @, concentra-

tion for the catalase activity of mushroom tyrosinase (IM§. The
reaction conditions are those described in Figure 2.

Scheme 2: Proposed Catalytic Mechanism of Catalase
Activity of Tyrosinase
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oxidation of deoxy-tyrosinase to met-tyrosinase bk has
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Ficure 4: Plot of v¢ (O,-production rate) againstJ®, concentra-
tion for the catalase activity of mollusk hemocyanin (/). The
reaction conditions are similar to those described in Figure 2.

Km. In addition, if the Q-dissociation process from oxy-
tyrosinase i) is sufficiently faster than the other processes
(ky and k-, for the reversible KO,-binding process anks

for the oxidation process of deoxy-tyrosinase byOp), eq

2 can be further simplified as eq 3

= Vmax[H 202] _ k1k3 r
Ky k, + ks

H,O,][E] ®3)

Thus, the apparent bimolecular rate constant betwe€h H
and tyrosinase was determined as &610° M~! s by
dividing the slope of linear line in Figure 3 by the
concentration of tyrosinase [E].

Comparison of Catalase Actty between Tyrosinase and
HemocyaninCatalase activity of mollusk hemocyanin has
been already examined, even though the reaction was carried
out at higher HO, concentrations26, 27). In this study,

yet to be reported, a similar reaction (conversion of deoxy-
form to met-form by HO,) has recently been demonstrated
with hemocyanin Z9). In our model study, reaction of a
copper(l) complex with KD, also gave ay-1%n?-peroxo)-

dicopper(ll) complex, also supporting accuracy of the L
mechanism shown in Scheme35). Therefore, the spectrum dependence of the .catalase activity of hemocyam)w'c(n
tthe HO, concentration was also observed, from which the

shown in Figure 1 can be ascribed to the peroxo species thaa arent bimolecular rate constant was calculated as 8'0 M
existed as a steady-state intermediate of the catalytic reaction PP :

A S
of catalase activity, and the peroxo intermediate gradually iataltlr]a;geaifil\r/?te \c')\;a?’ lrgsr?r?a;eeSl(Jg% iga&xlmsﬂ():ai;et;?:; the
disappears when #; is consumed by the catalase reaction. orders of mal ni};ude)flﬂ her than that of mollusk hemocyanin
The kinetic equation derived based on Scheme 2 is shown 9 Y y

-1 o1 i

in eq 2, where the @binding process to deoxy-tyrosinase (rr81e? r':/é m(?cy)z.ar:Ji[nWZr? dsdl‘gg?st\e/gr;hzfot\xe gzﬁfgt'otﬂebf;ﬁeen
1 1 H - 2 L -
(k-; process) was neglected since the reaction was CarrleclIimiting step of the catalase activity27). In this context,

out under initially anaerobic conditions (o~ 0; thek_, . f
process becomes important when the reaction is carried out%he reaction between 3, an_d met-tyrosmasg may be ml.JCh
aster than the hemocyanin case, resulting in the higher

under aerobic conditions as described next). O ;
catalase activity of tyrosinase.

o The spectral information supported this notion as follows.

C Vmax[HZ 2] . s

V= (2 In the case of hemocyanin, the addition of an excess amount
[H,0,] + Ky of H,O, into met-hemocyanin decreases the absorption band

of oxy-hemocyaninZ7), which is due to acceleration of the

we have reexamined the catalase activity of mollusk hemocy-
anin by using our present method to compare the catalase
activity between tyrosinase and hemocyanin under the same
experimental conditions. As shown in Figure 4, linear

Vinax = Ko[E] ks process (oxidation of deoxy-hemocyanin to met-hemocya-
nin by H0,). Namely, the oxy-hemocyanin, generated by
. ko(ky + Kg3) +g the slow reaction between met-hemocyanin an®iis
M kiks Kk, consumed readily in the presence of a large excess©f H

due to acceleration of tHg process. In the case of tyrosinase,

on the other hand, even in the presence of an excess amount
of H,O,, the spectrum of oxy-tyrosinase is still observed
(Figure 1). This could be attributed to the fast regeneration

The linear correlation betweefi versus [HO,] shown in
Figure 3 strongly indicates that th&, value is sufficiently
larger than [HO,], simplifying eq 2 ase® = (Vma{H202])/
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] Scheme 3: Proposed Catalytic Mechanism of Peroxygenase
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Ficure 5: Time course of KD, concentration change observed in Mer-C Oxy-P

the peroxygenase reaction of mushroom tyrosinase. [Tyrosinase]
= 0.135uM, [p-F-CeH4sOH] = 91.4uM in 0.5 M borate buffer

(pH 7.0) under @saturated conditions at 2% O, consumption was detected during the catalytic reaction

(confirmed by following with the @ sensor).

In Figure 5 is shown the time course of®} concentration
change in the reaction. When,®, was added into an £
jsaturated borate buffer solution, the cathodic current im-
mediately increased to reach a constant value (line a).
EAddition of a borate buffer of tyrosinase into the:®4
solution caused a rapid decrease of the cathodic current that
was followed by the slow decrease of® concentration

of oxy-tyrosinase from met-tyrosinase by the efficient
reaction with HO,. Although the crystal structure of tyro-
sinase has yet to be obtained, comparison of the crysta
structures between hemocyan®(37) and catechol oxidase
(8.9 has indicated that catechol oxidase has a larger spac
around the dicopper active site for the substrate binding,
while the active site of hemocyanin is blocked by the amino 7' L . ; .
acid side chain such as Leu 2830 to prevent the access of "€ b). The initial rapid decrease of the cathodic current is
the external substrate. Thus, the difference in catalase activitydue to dilution of the_ KO, solution by Fhe addition of
between tyrosinase and hemocyanin could be attributed tolyrosinase stock solution, and the following slow decrease

the difference of accessibility of 48, into the dicopper active is at;ributed to the catalase activi.ty. of tyrosin_ase described
site of met-protein previously. Thus, the catalase activity of tyrosinase has been

. . confirmed not only by the increase of,@oncentration
Peroxygenase Acity of Mushroom Tyrosinaselason (Figure 2) but also the decrease ot®4 concentration

and co-workers reported a peroxidase activity of mushroom (rijgyre 5, line b). Then, the phenol substrate was added into

tyrosinase (oxidation gi-phenylendiamine with bO,) very the HO, solution containing tyrosinase to cause an accelera-

briefly (23). In the present study, we have also investigated tjon of H,0, consumption rate (line c) due to the peroxy-

tyrosinase—catalyzed_oxygenation ofa seriegx—sﬁbstituted genase activity. The rate of peroxygenase reactiéywas

phenols by HO,. In this case, the products will be catechols, getermined by subtracting the initiab, consumption rate

so that the reaction can be referred to peroxygenase activity. of jine b due to the catalase activity from the initiab®4

In principle, tyrosinase will be able to catalyze the oxygen- consumption rate of line c. Since the response rate of the

ation of phenols by bD; since the reaction of met-tyrosinase H,0, sensor (ca. 4M s~1) was two orders of magnitude

and HO, produces theu-n%n>-peroxo)dicopper(ll) inter- larger than the rate of peroxygenase reactiodQ2 uM

mediatg, the ac;ive species for the native phenolase activitys—l) under the present experimental conditions, the response

of tyrosinase (vide ante). time of the HO, sensor has virtually no effect on the analysis
When p-chlorophenol (282«M) was treated with KO, of the peroxygenase activity.

(263uM) in 1.0 M borate buffer (pH 7.0) in the presence of ~ The reaction was analyzed by using kinetic eq 4 derived

a catalytic amount of mushroom tyrosinase (0:88) for by steady-state approximation on each intermediate shown

30 min under aerobic conditions, 4-chlorocatechol was in Scheme 3.

produced in 86% based on the initiab® concentration

(detected by HPLC). The result unambiguously demonstrated P Vinax

that tyrosinase exhibits peroxygenase activity as we expected. © — 1 2 1, 3

Then, the reaction was investigated kinetically using the 1+ Ky 7PT+ Ky H:0,] + Ky Ky /IHO1[P]

H,O,-sensor (see Experimental Procedures) under the ex- 4)

perimental conditions described in Figure 5. Contrary to the K .4k K K

case of catalase activity, the peroxygenase activity was v — kIE] K, = —2—2 K 2= — K,,3 = —

examined under ©saturated conditions to diminish the-O max TS M ky M kM

dissociation process from oxy-tyrosinase to deoxy-tyrosinase;

k_2[O2] > ko (see Scheme 2). Furthermore, the borate buffer where [P] and [E] denote the concentrations of phenol and

was employed instead of the phosphate buffer to prevent thetyrosinase, respectively. Under the present experimental

catecholase activity as in the case of our previous study of conditions with the high borate buffer concentration (0.5 M),

phenolase activityl®). Under these experimental conditions, dissociation of the catechol product from the enzyme active

the phenolase activity of tyrosinase was negligible since no site may be much faster than the other process as in the case
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Ficure 6: (A) Plot of v vs [H,0;] of the oxygenation op-fluorophenol (P) (114M) catalyzed by mushroom tyrosinase (0.184) in
0.5 M borate buffer (pH 7.0) under 3aturated conditions and (B) plot of vs [P] of the same reaction at a limited concentration of

[H20:] = 49.6uM.

7500 Table 1: Kinetic Parameteinax andKy? for the Peroxygenase
Activity of Mushroom Tyrosinase
p-substituent Kwm? («M) Vimax (UM s7%)
Me 1.8x 107 0.052
o 2000T F 1.4x 10 0.027
~ Cl 1.7x 10 0.021
3 Br 1.4x 10 0.011
E COOMe a— 0.0022

2500 | a2Too small to be determined accurately.

0 L 1
0 50 100
[P]/ uM
Ficure 7: Hanes-Woolf plot for the oxidation ofp-fluorophenol.

150

of the previous study of phenolase activiyg). In Figure 6

is shown the rate dependences on(Qk] and [P] in the
oxygenation ofp-fluorophenol (P) as a typical example. As
expected from eq 4, the observed rafeincreases with
increasing [HO;] at a fixed concentration of [P 117 uM

and gradually saturates to reach a constant value at the higher
concentration of KO, (Figure 6A). Similarly,.® increases YT Y
with increasing [P] at a fixed concentration offB] = 49.6 ) ’ .
uM and gradually saturates to reach a constant value at the

109(Vinax/ uM s7")

0.4 0.6
(s}

higher concentration of P (Figure 6B). Then, the reactivity EE;;Z?:G girgnmfit)trﬁlc_g&ret%.peroxygenase activity of tyrosinase

of a series ofp-substituted phenols has been examined in
the presence of the large excess ofOx Under such
conditions,Ku?%/[H>0,] and Ky*KyY/[H2O,][P] terms of eq

4 can be negligible to make the kinetic equation much
simpler as eq 5.

processVmax = K[E]). Thus,Vmaxcan be used as an indicator
of the peroxygenase activity of tyrosinase. As seen in Table
1, theVnax Value increases as the electron donor ability of
the p-substituent increases, and the Hammett plot {agk
vs o) gave a straight line with a negative slope-61.7
vV (Figure 8). This value (Hammetgt value) is fairly close to
max (5) that of the phenolase activity of mushroom tyrosinase=(
—2.4) (18 and nearly identical to the value of our
tyrosinase model reactiop = —1.8) (19). Moreover, the
From the HanesWoolf plot shown in Figure 7 is obtained negativep values are indicative of an electrophilic ionic
Vmax = 0.027 uM s7! and Ky! = 1.4 x 10 uM for mechanism and are nearly the same to ghealue of the
p-fluorophenol, and the kinetic parameters for other sub- aromatic ligand hydroxylation reaction with -5
strates were determined similarly as summarized in Table peroxo)dicopper(ll) complex via an electrophilic aromatic

Up:—l
1+ Ky, Y[P]

1

Since the reaction was carried out at the fixed higOH
concentration, theVmax value might reflect simply the
reactivity of the phenol substrate in the oxygen atom transfer as in the case of phenolase reactid8)( In other words,

substitution mechanisnp(= —2.1) 0). Thus, it can be
concluded that the peroxygenase activity of tyrosinase
involves the electrophilic aromatic substitution mechanism
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Ficure 9: (A) Plot of v? vs [P] for the oxygenation op-CI-CeH,OH (O) and p-CI-CsD4,OH (A) with H,O, (46.9 uM) catalyzed by
mushroom tyrosinase (0.138M) in 0.5 M borate buffer (pH 7.0) under £3aturated conditions and (B) their Haré¥oolf plots.

the (u-n%n?peroxo)dicopper(ll) species is the common REFERENCES

active intermediate in both the phenolase reaction and the
peroxygenase reaction as indicated in Schemes 1 and 3,
respectively. In support of this mechanism, no kinetic

deuterium isotope effect was obtainédh§!/VmaP = 1.0) 2.

when perdeuterategtchlorophenolp-CIl-CsD,OH was em-
ployed instead op-CI-CsH,OH (Figure 9). In the electro- 3
philic aromatic substitution mechanism (Scheme 1), proton
migration from the G-O adduct intermediate would be much
faster than the €0 bond formation between the aromatic
ring of the substrate and the peroxo species.

In summary, the catalase and peroxygenase activities of

mushroom tyrosinase have been explored in detail by using 5.

amperometric @and HO, sensors. Both activities can be
explained by assuming the existence pfrf:n?-peroxo)-
dicopper(ll) species as the common reactive intermediate.
In the catalase activity, theu{n?n?-peroxo)dicopper(ll)

species is formed from met-tyrosinase by the reaction with 7

H»O,. Then, the dicopper(ll)-peroxo complex releasgedd
give deoxy-tyrosinase, with which another molecule gDk
reacts to give met-tyrosinase and.®§ completing the

catalytic cycle (Scheme 2). When the phenol substrate is °:

added into the system, the:-§2%n?-peroxo)dicopper(ll)
species attacks the substrate to induce theOCbond
formation (oxygen atom transfer reaction). The kinetic results
(the Hammett plot and the absence of kinetic deuterium
isotope effect) have clearly indicated that the reaction
involves the electrophilic aromatic substitution mechanism
as in the case of phenolase reaction of tyrosina8e Direct
comparison of the catalase activity between mushroom
tyrosinase and mollusk hemocyanin has also suggested that

the accessibility of substrates to the enzyme active site is 13.

critical to control the reactivity of the dinuclear copper site
of proteins (L1). Further studies on the catalase and peroxy-

genase activities of tyrosinase are currently undertaken to 14.

gain more insights into the mechanistic details of the
enzymatic reactions.
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