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ABSTRACT: The reaction of mushroom (Agaricus bisporus)tyrosinase with dioxygen in the presence of
severalo-diphenolic substrates has been studied by steady-state and transient-phase kinetics in order to
elucidate the rate-limiting step and to provide new insights into the mechanism of oxidation of these
substrates. A kinetic analysis has allowed for the first time the determination of individual rate constants
for several of the partial reactions that comprise the catalytic cycle. Mushroom tyrosinase rapidly reacts
with dioxygen with a second-order rate constantk+8 ) 2.3× 107 M-1 s-1, which is similar to that reported
for hemocyanins [(1.3× 106)-(5.7 × 107) M-1 s-1]. Deoxytyrosinase binds dioxygen reversibly at the
binuclear Cu(I) site with a dissociation constantKD

O2 ) 46.6µM, which is similar to the value (KD
O2 )

90 µM) reported for the binding of dioxygen toOctopusVulgarisdeoxyhemocyanin [Salvato et al. (1998)
Biochemistry 37, 14065-14077]. Transient and steady-state kinetics showed thato-diphenols such as
4-tert-butylcatechol react significantly faster with mettyrosinase (k+2 ) 9.02× 106 M-1 s-1) than with
oxytyrosinase (k+6 ) 5.4× 105 M-1 s-1). This difference is interpreted in terms of differential steric and
polar effects that modulate the access ofo-diphenols to the active site for these two forms of the enzyme.
The values ofkcat for severalo-diphenols are also consistent with steric and polar factors controlling the
mobility, orientation, and thence the reactivity of substrates at the active site of tyrosinase.

Tyrosinase (monophenol,o-diphenol:oxygen oxidoreduc-
tase, EC 1.14.18.1) is a copper-containing enzyme that is
widely distributed throughout microorganisms, plants, and
animals. It is of central importance in such processes as
vertebrate pigmentation and the browning of fruits and
vegetables (1, 2). However, tyrosinases isolated from several
different sources have similar structural and functional
characteristics (3). Tyrosinases catalyze theo-hydroxylation
of monophenols (monophenolase reaction) and the oxidation
by molecular oxygen ofo-diphenols too-quinones (diphe-
nolase reaction) (4-6). The catalytic cycles for the monophe-
nolase and diphenolase activities are coupled not only to each
other but also to nonenzymic reactions involving theo-
quinone products (7, 8).

Mushroom (Agaricus bisporus) tyrosinase (Mr 11.2× 104)
comprises two H subunits (Mr 4.3× 104) and two L subunits

(Mr 1.3 × 104) and contains two binuclear copper sites per
tetramer (9). The copper, which is essential for the enzymatic
activity, is present as “type 3” Cu(II) in the resting enzyme
but is electron paramagnetic resonance (EPR) undetectable
(10), suggesting antiferromagnetic spin coupling between the
two Cu(II) ions in each center (11). Type 3 Cu(II) centers
are ubiquitous, being present in proteins with diverse
biological functions such as hemocyanin, laccase, cerulo-
plasmin, and ascorbate oxidase (12, 13). Met, deoxy, and
oxy forms of tyrosinase have been identified during the
catalytic cycle (5, 14, 15). Oxytyrosinase has electronic and
vibrational spectral features which are very similar to those
of oxyhemocyanin, the oxygen transport protein found in
some molluscs and arthropods (16). The structure of oxy-
hemocyanin from the arthropodLimulus polyphemushas
been determined by X-ray diffraction (17). The oxygen is
coordinated to the binuclear site in a side-on (µ-η2‚η2)
peroxide geometry, as first reported for a model compound
(18). The relationship of this structure to the spectroscopic
characteristics of oxytyrosinase and the reactivity of the
coordinated peroxide have been discussed by Baldwin et al.
(19) and Solomon et al. (20).

Ingraham (21) showed that theKm for O2 for French-prune
tyrosinase depends on the structure of theo-diphenol
hydrogen donor. A similar variation in theKm for O2 was
observed by Duckworth and Coleman (22) working with
mushroom tyrosinase. Several reaction mechanism have been
proposed to explain this dependence (21-23); however, none
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* To whom correspondence should be addressed: fax 00-34-968-
363963 or 00-34-968-364147; e-mail canovasf@fcu.um.es.

‡ Facultad de Biologı´a, Universidad de Murcia.
§ Facultad de Quı´mica, Universidad de Murcia.
| Universidad de Castilla-La Mancha.
⊥ John Innes Centre.

10497Biochemistry2000,39, 10497-10506

10.1021/bi000539+ CCC: $19.00 © 2000 American Chemical Society
Published on Web 08/03/2000



of these studies took into consideration the presence of three
forms of tyrosinase (oxy, deoxy, and met). We have previ-
ously proposed a mechanism for mushroom tyrosinase (8,
24) in which o-diphenol binds to the met and oxy forms but
not to the deoxy form. Oxygen can only bind to the free
deoxy form, which does not bindo-diphenol (Scheme 1).
Although there have been several detailed steady-state kinetic
investigations of tyrosinase (e.g. refs8 and22), there have
been few transient kinetic studies. In early studies, the reac-
tivity of tyrosinase towardL-dopa and monophenolic sub-
strates was investigated by stopped-flow spectrophotometry
(25, 26). However, there are to our knowledge no recent tran-
sient kinetic data on the reaction of tyrosinase witho-di-
phenols. The paucity of stopped-flow experiments with this
enzyme is probably related to technical difficulties in data
acquisition and analysis. Only small changes in the UV/vis-
ible absorption spectrum occur when the enzyme is mixed
with oxygen or with oxidizable substrates. Moreover, the
oxidation of substrates often yields highly colored products,
which interfere with the small changes due to the type 3
copper centers.

In the present paper we report a detailed transient kinetic
analysis for tyrosinase using the reaction sequence shown
in Scheme 1. This has allowed us to calculate the second-
order rate constants for the reaction of mettyrosinase with
o-diphenols. The ability of ascorbic acid in the reaction
medium to rapidly reduce theo-quinone products has been
exploited to allow the measurement of the small absorption
changes associated with the interconversion of tyrosinase
transient species. Ascorbate also provides a convenient
method for maintaining pseudo-first-order conditions at low
substrate concentrations. In addition, we show how a method
originally developed to determine rate constants for rapid
peroxidase catalyzed reactions (27) can be usefully applied
to the study of tyrosinase.

MATERIALS AND METHODS

Reagents. Mushroom tyrosinase (3300 units/mg),L-dopa,
dopamine hydrochloride, 4-methylcatecol,L-dopa methyl
ester andL-R-methyldopa were purchased from Sigma
(Madrid, Spain), pyrogallol and 4-tert-butylcatechol were
from Aldrich (Madrid, Spain), and catechol was from Fluka
(Madrid, Spain).L-Ascorbic acid was obtained from Sigma
and its concentration was determined by the lag period
induced in the diphenolase activity of tyrosinase withL-dopa
as substrate (28). Stock solutions of reducing substrates were

prepared in 0.15 mM phosphoric acid in order to prevent
autoxidation. All other chemicals were of analytical grade
and supplied by Merck (Germany). Milli-Q system (Millipore
Corp.) ultrapure water was used throughout this research.

Purification of Enzyme. Commercial mushroom tyrosinase
was purified by the procedure of Duckworth and Coleman
(22) but with two additional chromatographic steps. Enzyme
solution was passed through a column (2.0× 30 cm) of
Sephadex G-100 (Pharmacia) equilibrated on 0.01 M sodium
phosphate, pH 7.0. Samples showing tyrosinase activity were
further purified by FPLC anion-exchange chromatography
on a Mono-Q HR 5/5 column (Pharmacia) equilibrated with
0.01 M sodium phosphate buffer (pH 7.0) and eluted with
sodium chloride (0-0.5 M gradient). Purified enzyme was
desalted with Sephadex G-25 (Pharmacia) into ultrapure
water and stored in liquid nitrogen. Tyrosinase concentration
was determined by measuring the copper content of intact
protein samples. Total enzyme copper was determined by
atomic absorption analysis (external contract, Southern
Science, Sussex, U.K.) with a diluted reference copper
solution as a standard. Protein concentrations were deter-
mined by the method of Bradford (29) with bovine serum
albumin as a standard.

Polarographic Assays. O2 evolution was measured with a
Hansatech DW oxymeter comprising a Teflon membrane-
covered Clark-type electrode together with an Amel 863
digital X/Y recorder. The electrode was calibrated by the
4-tert-butylcatechol/tyrosinase method (30). The chamber of
the polarograph (3.0 mL) contained 10 mM sodium phos-
phate buffer, pH 7.0, as the assay medium. Assays were car-
ried out in the presence of a 5-fold excess of ascorbic acid
over reducing substrate to avoid oxygen consumption by non-
enzymatic reactions coupled to further oxidation of theo-qui-
none products. Different O2 concentrations were obtained
by mixing saturated aerobic and O2-free solutions. O2-free
solutions were prepared by sparging with nitrogen gas. Ther-
mostating at 25°C was with a Haake D1G circulating water
bath fitted with a heater/cooler and checked with a Cole-
Parmer digital thermometer with a precision of(0.1 °C.

Spectrophotometric Assays. Ultraviolet/visible absorption
spectra of oxytyrosinase were recorded in quartz cuvettes
(1 cm) on a Shimadzu UV-2101PC spectrophotometer with
a spectral bandwidth of 1 nm at a scan speed of 120 nm/
min. Oxytyrosinase concentrations were determined at 345
nm (ε ) 18 mM-1 cm-1). The assay medium was as used
for polarographic assays. Reference cuvettes contained all
the components except the substrate in a final volume of
1.0 mL.

Pre-Steady-State Kinetics. Absorbance changes of oxyty-
rosinase in the presence of different concentrations of 4-tert-
butylcatechol were monitored in a stopped-flow spectropho-
tometer (model SF-51, Hi Tech Scientific, Salisbury, U.K.).
Data were recorded through an RS232 interface with a
microcomputer. The wavelength was set at 345 nm, the
maximum for the absorption spectrum of oxytyrosinase.
Oxytyrosinase reactions with 4-tert-butylcatechol were car-
ried out in the presence of a 10-fold molar excess of ascorbic
acid over reducing substrate. The reduction of the radical
products by the excess ascorbate ensured a constant substrate
concentration (pseudo-first-order conditions), as well as
preventing the formation of colored products such as 4-tert-
butyl-o-benzoquinone (27). Temperature was controlled at

Scheme 1: Kinetic Reaction Mechanism for the Diphenolase
Activity of Mushroom Tyrosinasea

a Abbreviations: D,o-diphenol; Q,o-quinone; Emet, mettyrosinase
or oxidized form of tyrosinase with Cu2+Cu2+ in the active site; Edeoxy,
deoxytyrosinase or reduced form of tyrosinase with Cu+Cu+ in the
active site; Eoxy, oxytyrosinase or oxidized form of tyrosinase with
peroxide. The numeric notation of the rate constants is an extension of
that previously used in Rodrı´guez-López et al. (8).
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25 °C in a Techne C-400 circulating bath with a heater/
cooler. Maximal oxytyrosinase formation was achieved by
adding hydroxylamine in 3-fold molar excess over the copper
content of the enzyme (31).

Kinetic Data Analysis. Pre-steady-state kinetic data were
analyzed by fitting the absorbance-time curves to exponen-
tial functions with a least-squares minimization program
supplied by Hi Tech Scientific Ltd. To determine the kinetic
constants foro-diphenols and oxygen, two different proce-
dures and analyses were used, depending on the nature of
the reducing substrates. The Michaelis constant of tyrosinase
for oxygen (Km

O2) depends of the chemical nature of the
o-diphenol reducing substrate (21). An initial rate method
was used to determine steady-state kinetic constants for
dopamine, catechol, 4-tert-butylcatechol, pyrogallol, and
4-methylcatechol oxidation at various concentrations of
oxygen from triplicate polarographic measurements ofV0.
Primary plots of 1/V0 versus 1/[O2]0, at differento-diphenol
concentrations, gave straight lines according to eq 8. The
kinetic constants were determined from the secondary plots
of the slope andy-axis intercept versus 1/[D]0 (eqs 13 and
14, respectively). However, an integrated rate equation
method had to be used for substrates with a very lowKm

O2

value (i.e.L-dopa,L-dopa methyl ester, andL-R-methyldopa).
The values ofVmax

app (the apparent maximum steady-state
rate) andKm

app,O2 (apparent Michaelis constant of tyrosinase
toward oxygen) at different concentrations ofo-diphenol
were determined from the curvature evident in plots of
oxygen consumption versus time (10 determinations). A
constant concentration ofo-diphenol was maintained during
each time course by adding a 5-fold excess of ascorbic acid
to the assay medium. Data were fitted by nonlinear regression
to the integrated form (32) of the Michaelis equation (eq
18). The dependence ofVmax

app andKm
app,O2 versus [D]0 was

fitted by nonlinear regression to eqs 16 and 17, respectively,
and the absolute kinetic constants calculated. The fitting was
performed by using Marquart’s algorithm (33) implemented
in the SigmaPlot 2.01 program for Windows (34).

Kinetic Simulations. The kinetics of the reaction mecha-
nism described in Scheme 1 is defined by a set of differential
equations, whose numerical integration was carried out with
a computer program designed by Garcı´a-Sevilla et al. (35).
Experimentally determined values of the equilibrium and rate
constants were assigned to the partial reactions defined in
Scheme 1.

RESULTS

Steady-state Kinetics

Kinetic Analysis. Mushroom tyrosinase is known to exhibit
wide substrate specificity and to oxidize a number of
o-diphenolic compounds. The enzyme requires one molecule
of oxygen to oxidize two molecules ofo-diphenol to two
molecules ofo-quinone. The diphenolase mechanism of
tyrosinase is a linear system (Scheme 1) involving several
rate constants. By applying a steady-state approach to
Scheme 1, an analytical expression for the initial rate of
oxygen consumption can be obtained:

where the coefficientsR1 andâ0-â3 are

Equation 1 can be rewritten as

An earlier steady-state kinetic study of tyrosinases from
different biological sources indicates the absence of fast pre-
equilibria for the binding ofo-diphenols to the met and oxy
forms of these enzymes (36). Therefore, assuming thatk+3

. k-2 and k+7 . k-6, the analytical expressions forVmax

(maximum steady-state rate),W (concentration-independent
term),Km

O2 (Michaelis constant of tyrosinase toward oxygen),
andKm

D (Michaelis constant of tyrosinase towardo-diphenol)
are

Determination of Tyrosinase Kinetic Constants by the
Initial Rate Method. The Km

O2 with dopamine, catechol,
4-tert-butylcatechol, pyrogallol, and 4-methylcatechol as
reducing substrates ranged from 20 to 60µM (Table 1). An
initial-rate method was used to determine the kinetic
constants for these substrates. The initial rate of oxygen
uptake exhibited a hyperbolic dependence on oxygen con-
centration at eacho-diphenol concentration as predicted by
eq 3 (data not shown). These data when plotted in a
reciprocal form give a series of straight lines, which intersect
to the left of the ordinate and above the abscissa axes when
4-tert-butylcatechol (Figure 1A), dopamine, catechol, and
4-methylcatechol were used as substrates of tyrosinase.
However, with pyrogallol, the intersection was below the
abscissa axis (Figure 1B). This dependence of the intersection
point on the nature of theo-diphenolic substrate was also
reported for apple tyrosinase by Janovitz-Klapp et al. (23).

The expression for the reciprocal plot of 1/V0 versus 1/[O2]0

is

Primary plots of 1/V0 versus 1/[O2]0 predict a series of

R1 ) k+2k+3k+6k+7k+8

â0 ) k+2k+3k-8(k-6 + k+7)

â1 ) k+2k+3k+6k+7

â2 ) k+8[k+2k+3(k-6 + k+7) + k+6k+7(k-2 + k+3)]

â3 ) k+2k+6k+8(k+3 + k+7) (2)

V0 )
Vmax[D]0[O2]0

W + Km
O2[D]0 + Km

D[O2]0 + [D]0[O2]0

(3)

Vmax ) R1[E]0/â3 ) k+3k+7[E]0/(k+3 + k7) ) kcat[E]0 (4)

W ) â0/â3 ) k+3k+7k-8/[k+6k+8(k+3 + k+7)] )

kcatKD
O2/k+6 (5)

Km
O2 ) â1/â3 ) k+3k+7/[k+8(k+3 + k+7)] ) kcat/k+8 (6)

Km
D ) â2/â3 ) [k+3k+7(k+2 + k+6)]/[k+2k+6(k+3 + k+7)] )

[kcat(k+2 + k+6)]/k+2k+6 (7)

1
V0

) ( W
Vmax

1
[D]0

+
Km

O2

Vmax
) 1

[O2]0

+
Km

D

Vmax

1
[D]0

+ 1
Vmax

(8)

V0 )
R1[D]0[O2]0[E]0

â0 + â1[D]0 + â2[O2]0 + â3[D]0[O2]0

(1)
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convergent lines, the intersects of which have the following
x,y coordinates:

From these two equations, several interesting conclusions

can be reached. Thex-coordinate of the intercept (eq 9) is
the product of two terms: the first includes the rate constants
for the binding ofo-diphenol to met- (k+2) and oxytyrosinase
(k+6), and the second is the oxygen dissociation constant from
free tyrosinase. Table 1 shows that thex-coordinate of the
intercept is independent of the chemical nature of the
o-diphenol with an average value of-21.4 mM-1. This
independence of the x-coordinate from the nature of the
reducing substrate can be explained by assuming thatk+2 .
k+6. Thus, eq 9 can be simplified to

The values ofKD
O2 determined for the differento-diphenols

are given in Table 1.
A positive or negativey-coordinate value for the intercept

can be rationalized by considering eq 12, which is an
alternative form of eq 10:

Thus, if kcat < k-8 a positivey-coordinate for the intercept
results and withkcat > k-8 a negative coordinate, while if
kcat ) k-8 the intercept would lie on the abscissa withy ) 0.

Secondary plots of the slope andy-axis ordinate obtained
from the primary plots versus 1/[D]0 are described by eqs
13 and 14. The kinetic constants calculated from this analysis
for all the o-diphenols used are given in Table 1.

Determination of Kinetic Constants by an Integrated Rate
Expression. When saturating concentrations ofL-dopa,
L-dopa methyl ester, orL-R-methyldopa (4, 10, and 20 mM,
respectively) were oxidized in the presence of a high
concentration of tyrosinase (0.2µM), all the O2 (0.26 mM)
was consumed within the first seconds of the reaction. The
time courses were linear for 70%, 82%, and 90% of oxygen
consumption forL-dopa,L-R-methyldopa, orL-dopa methyl
ester, respectively (data not shown) indicating a lowKm

O2

value (<10 µM). Because of the lowKm
O2 value for these

substrates, the integrated Michaelis equation was used for
the kinetic analysis. At a given concentration ofo-diphenol,

Table 1: Kinetic Parameters and Rate Constants of Mushroom Tyrosinase for Several Phenolic Substrates

o-diphenol (x,y)-intersecta (mM-1, s mM-1) KD
O2 (µM) kcat (s-1) Km

O2 (µM) Km
D (mM) k+6 (M-1 s-1)

pyrogallol (-21.8,-145) (46.0( 2.0) (1263( 60) (56.5( 4.3) (2.16( 0.30) (5.84( 1.0)× 105

catechol (-21.2, 205) (47.2( 2.1) (878( 50) (40.5( 4.0) (0.10( 0.01) (8.78( 1.2)× 106

4-methylcatechol (-21.3, 253) (47.0( 1.8) (842( 25) (35.8( 3.2) (0.12( 0.021) (7.02( 1.5)× 106

4-tert-butylcatechol (-21.7, 626) (46.1( 2.0) (641( 20) (28.0( 3.1) (1.41( 0.20) (4.55( 0.8)× 105

dopamine (-21.0, 1345) (47.7( 2.0) (439( 25) (21.5( 3.1) (0.72( 0.10) (6.10( 1.1)× 105

L-dopa (46.7( 3.0) (108( 9.1) (6.5( 3.0) (0.38( 0.04) (2.82( 0.5)× 105

L-R-methyldopa (45.0( 3.0) (44.3( 4.2) (2.2( 0.5) (2.12( 0.19) (2.10( 0.3)× 104

L-dopa methyl ester (47.0( 3.0) (35.5( 4.0) (1.1( 0.3) (0.91( 0.10) (3.9( 0.6)× 104

a The (x,y)-intersects correspond to the intersection points of the straight lines from reciprocal plots at a concentration of 1 nM tyrosinase.

FIGURE 1: Lineweaver-Burk plots of the reaction of mushroom
tyrosinase witho-diphenols and oxygen at pH 7.0 and 25°C. (A)
Effect of 4-tert-butylcatechol and oxygen concentration on the initial
activity of tyrosinase (2.0 nM). The different 4-tert-butylcatechol
concentrations were (0) 0.2, (b) 0.5, (O) 1.0, (9) 2.0, and (4) 3.0
mM. (B) Oxidation of pyrogallol with tyrosinase (1.5 nM). The
pyrogallol concentrations were (b) 0.5, (O) 1.0, (9) 3.0, and (0)
5.0 mM. Each point represents the mean of five separate experi-
ments.

x ) -
(k+2 + k+6)

k+2

k+8

k-8
) -

(k+2 + k+6)

k+2

1

KD
O2

(9)

y ) 1
Vmax

[1 -
kcat(k+2 + k+6)

k-8k2
] (10)

x ) -
k+8

k-8
) - 1

KD
O2

(11)

y ) 1
Vmax

(1 -
kcat

k-8
) ) 1

[E]0
(k-8 - kcat

k-8kcat
) (12)

slope) W
Vmax

1
[D]0

+
Km

O2

Vmax
(13)

y - axis)
Km

D

Vmax

1
[D]0

+ 1
Vmax

(14)
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the Michaelis equation with respect to oxygen is

where the analytical expressions forVmax
app andKm

app,O2 are
given by

At a constanto-diphenol concentration (maintained by a
5-fold excess of ascorbic acid), eq 15 can be integrated
between times 0 ([O2]0) and t ([O2] t) to yield

The values ofVmax
appandKm

app,O2 at different concentrations
of o-diphenols were fitted by nonlinear regression to eqs 16
and 17, respectively (Figure 2), and the absolute values for
Vmax andKm

O2 were calculated (Table 1).
Determination of Elementary Rate Constants. From the

kinetic constants listed in Table 1, several elementary rate
constants can be calculated. Figure 3 shows a linear
dependence ofKm

O2 versuskcat. According to eq 6, the inverse

of the slope of this plot gives the value of the second-order
rate constant for the binding of oxygen to Edeoxy [k+8 ) (2.3
( 0.4) × 107 M-1 s-1]. KD

O2 was found to be independent
of the nature of theo-diphenol (Table 1) with an average
value of 46.6( 2.4µM. This allows a value fork-8 ) (1.07
( 0.2) × 103 s-1 to be calculated. Pyrogallol is the only
substrate with akcat value higher thank-8 (Table 1), which
explains why they-intercept of the series of lines obtained
from the reciprocal plot has a negative value (eq 12). In
addition, since we have deduced above thatk+2 . k+6, we
can determine the value of the second-order rate constant
for the binding of theo-diphenol to the Eoxy form of
tyrosinase (k+6). Thus, eq 7 can be simplified to

The values ofk+6 for the differento-diphenols studied are
listed in Table 1.

Transient-phase Kinetics

Kinetic Analysis. The kinetic mechanism for the reaction
of oxytyrosinase witho-diphenols is shown in Scheme 1.
The time course of the concentration of oxytyrosinase is
given for

whereλ1, λ2, λ3, andλ4 are the square of the polynomialλ4

- G1λ3 + G2λ2 - G3λ + G4 and the analytical expressions
for [Eoxy]∞ andAh are

The coefficientsGi (i ) 1-4) andgi (i ) 1-4) are functions
of the rate constants and of the initial concentrations of O2

FIGURE 2: Dependence of (A)Vmax
app and (B) Km

app,O2 on the
concentration ofL-R-methyldopa for its oxidation by tyrosinase (1
nM) at pH 7.0 and 25°C. Each point represents the mean of 10
separate experiments.

FIGURE 3: Dependence ofKm
O2 on the kcat values for different

o-diphenolic substrates. Data are summarized in Table 1.

V0 )
Vmax

app[O2]0

Km
app,O2 + [O2]0

(15)

Vmax
app)

Vmax[D]0

Km
D + [D]0

(16)

Km
app,O2 )

W + Km
O2[D]0

Km
D + [D]0

(17)

2.3
t

log
[O2]0

[O2]t

) - 1

Km
app,O2

[O2]0 - [O2]t

t
+

Vmax
app

Km
app,O2

(18)

Km
D ) kcat/k+6 (19)

[Eoxy] ) [Eoxy]∞ + ∑
h)1

4

Ahe
-λht (20)

[Eoxy]∞ )
g4[E]0

G4
(21)

Ah ) [E0]
λh

4 - g1λh
3 + g2λh

2 - g3λh + g4

λh ∏
p)1
p*h

4

(λh - λp)

(h ) 1-4)

(22)
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ando-diphenol. They are defined by the expressions shown
in the Appendix.

Under the conditions used for the transient kinetic experi-
ments at low [D]0 (5-20 µM), the following relationship is
fulfilled:

and, moreover,k+3, k+7, k+8[O2]0, andk-8 are of the some
order of magnitude. Under these conditions eq 20 can be
simplified to

where

Reaction between Oxytyrosinase and 4-tert-Butylcatechol.
Stopped-flow experiments are most easily performed and the
data evaluated under pseudo-first-order conditions. Generally,
a 10-fold excess of the substrate over the enzyme suffices.
However, the use of substrate concentrations that ensure
pseudo-first-order conditions can increase the rate of the
reaction to beyond the stopped-flow range (kobs > 500 s-1).
We have therefore used ascorbic acid to maintain a constant
concentration of 4-tert-butylcatechol during reactions studied
by stopped-flow spectrophotometry (27). Ascorbic acid
reduces many radicals ando-quinones at high rates. When
present with oxytyrosinase and 4-tert-butylcatechol, the
o-quinone product is rapidly reduced to maintain a constant,
steady-state concentration of substrate close to the initial
concentration. Thus, pseudo-first-order conditions are main-
tained even though the concentration of the substrate may
be very low. Moreover, ascorbic acid is also useful because
it minimizes the accumulation of 4-tert-butyl-o-benzoquinone
which has an intense absorption band in the visible region
that compromises direct observation of the spectral changes
associated with the copper centers of the tyrosinase.

Oxytyrosinase has a relatively intense band at 345 nm,
and the time dependence of the absorbance changes at this
wavelength (Figure 4) can be fitted to a simple exponential
function (eq 23). Under pseudo-first-order conditions, a plot
of λ1 versus the concentration of 4-tert-butylcatechol was
linear and passed through the origin (Figure 5). However,
the term [Eoxy]∞ was independent of the concentration of
4-tert-butylcatechol (Figure 5). These dependencies can be
explained by the kinetic analysis described above with eqs
26 and 24, respectively. [Eoxy]∞ had a value of 0.95µM,
which corresponded to 95% of the initial oxytyrosinase
present in the assay ([Eoxy]0 ) 1.0µM). Figure 6 shows two
simulations of the change in Eoxy concentration with time
based on Scheme 1, assumingk+2 . k+6 (case A) andk+2

, k+6 (case B). Since Eoxy is the only species absorbing at

345 nm, the small change in absorbance observed in these
transient kinetic experiments means thatk+2 . k+6 ([Eoxy]∞
) 0.9514µM). Therefore eq 26 can be simplified to

which explains the linear dependence ofλ1 on the concentra-
tion of 4-tert-butylcatechol passing through the origin (Figure
5). The slope of this straight line gives the second-order rate
constant for the reaction of mettyrosinase with 4-tert-
butylcatechol [k+2 ) (9.02( 0.5)× 106 M-1 s-1], which is
approximately 20-fold higher than the value for the binding
of this substrate to oxytyrosinase [k+6 ) (4.5 ( 0.8) × 105

M-1 s-1] (Table 1).

DISCUSSION
Binding of o-Diphenols to Tyrosinase. The binding of

o-diphenols to tyrosinase most likely involves several mo-
lecular processes that include diffusion to the active site and
orientation of the substrate followed by coordination of a
phenolic oxygen atom to one of the type 3 copper ions.
Clearly such reactions may be facilitated or retarded by

FIGURE 4: Stopped-flow time courses at 345 nm for the reaction
of oxytyrosinase (1.0µM) with 4-tert-butylcatechol in 10 mM
phosphate buffer at pH 7.0 and 25°C. Concentrations of 4-tert-
butylcatechol concentrations were (a) 5, (b) 10, (c) 15, and (d) 20
µM. Each point represents the mean of 10 separate experiments.

FIGURE 5: Dependence of apparent-first-order rate constant,λ1, and
[Eoxy]∞ for the reaction of mushroom tyrosinase with 4-tert-
butylcatechol as a function of substrate concentration at pH 7.0.

λ1 ) k+2[D]0 (27)

k+3, k+7, k+8[O2]0, k-8 . k+2[D]0, k+6[D]0, k-2, k-6

[Eoxy] ) [Eoxy]∞ + A1e
-λ1t (23)

[Eoxy]∞ )
k+2[O2]0[E]0

k+2KD
O2 + (k+2 + k+6)[O2]0

(24)

A1 )
(k+2KD

O2 + k+6[O2]0)[E]0

k+2KD
O2 + (k+2 + k+6)[O2]0

(25)

λ1 )
[k+2KD

O2 + (k+2 + k+6)[O2]0][D] 0

KD
O2 + [O2]0

(26)
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interactions with amino acid side chains present in the
vicinity of the binuclear copper center (Schemes 2 and 3).
Diffusion and orientation are most likely to involve steric
factors while coordination to the copper is more likely to
involve acid/base catalysis. Steric constraints on access of
o-diphenols to the active site of oxytyrosinase are clearly
shown by the range in the values ofk+6 listed in Table 1.
o-Diphenols with small substituent side chains (e.g., 4-me-
thylcatechol,k+6 ) 7 × 106 M-1 s-1) bind to oxytyrosinase
at similar rates to catechol (k+6 ) 9 × 106 M-1 s-1), which
has no substituent side chain. The absence of steric hindrance
on these substrates binding is reflected in a second-order rate
constant close to 107 M-1 s-1, which is typical for small
molecules binding to “relatively open” active sites in proteins
[e.g., oxygen binding to both tyrosinase and hemocyanin (see
below)].o-Diphenols with larger and/or charged side chains
bind up to 200-fold slower than catechol (e.g.,L-dopa methyl
ester,k+6 ) 3.9 × 104 M-1 s-1, Table 1). Although the
trihydroxylated compound pyrogallol has no side chain, the
presence of an additional hydroxyl group causes it to bind
to oxytyrosinase with a 15-fold lower rate constant than

catechol (Table 1). This may also be a steric effect of the
additional hydroxyl group in pyrogallol or reflect the
difference in pKa of the hydroxyl that is proposed to
coordinate to the copper.

The steady-state and transient kinetic data show that
o-diphenols bind much faster to met- than to oxytyrosinase
(k+2 . k+6). In the absence of a three-dimensional structure
for any tyrosinase in either state, explanations in terms of
protein conformation changes must be highly speculative.
However, a related enzyme, potato catechol oxidase, showed
no significant conformational changes between reduced and
oxidized states (37). Most of the mechanisms proposed to
describe the binding ofo-diphenols to tyrosinase involve the
initial coordination of the reducing substrate to one of the
two copper ions (15, 38). This implies that a deprotonation
of the hydroxy group occurs at some stage during the binding
sequence, most likely catalyzed by a basic protein side chain
residue as shown in Schemes 2 and 3. This idea is supported
by kinetic data for tyrosinase and the X-ray crystal structure
of the related enzyme catechol oxidase. The pH dependence
of the lag phase for monophenolase activity of mushroom
tyrosinase is associated with a pKa of 6.8 in the met form

FIGURE 6: Simulation results of the reaction of tyrosinase with
4-tert-butylcatechol and oxygen according to Scheme 1. The initial
concentrations of the enzymatic species were [Emet]0 ) 0, [Edeoxy]0
) 0.179µM, and [Eoxy]0 ) 1.0 µM. Initial concentration of Edeoxy,
at 1.0 µM of Eoxy, was calculated according to the equilibrium.
The experimentally calculated value ofKD

O2 ) 46.6µM was used
for enzyme concentration calculations. The [O2]0 ) 0.26 mM and
[D]0 ) 10 µM were assumed constant throughout the simulated
time course. For both cases illustrated in this figure, the following
rate constants were used:k-2 ) 0.1 s-1, k+3 ) 103 s-1, k-6 ) 0.1
s-1, k+7 ) 103 s-1, k+8 ) 2.3× 107 M-1 s-1 andk-8 ) 1.07× 103

s-1. The values for the second-order rate constantsk+2 andk+6 were,
for case A,k+2 ) 9.02× 106 M-1 s-1 andk+6 ) 4.55× 105 M-1

s-1, and for case B,k+2 ) 4.55× 105 M-1 s-1 andk+6 ) 9.02×
106 M-1 s-1.

Scheme 2: Proposed Structural Changes Occurring during
the Reaction of Mettyrosinase witho-Diphenolsa

a This scheme is similar to the mechanism proposed by Solomon
and Lowery (45) and reviewed in Solomon et al. (20), with the inclusion
of a basic group (B) to catalyze proton transfer from the coordinating
hydroxyl. The reaction designatedk+3 has been separated into two
substeps,k+3,1 andk+3,2, in order to aid the discussion of the rate-limiting
step in the oxidation ofo-diphenols by mushroom tyrosinase. The two
copper ions of the binuclear site and the six histidines coordinated to
the copper atoms are shown, but coordinated waters are omitted for
clarity. In the diphenolase activity, theo-diphenol binds to the axial
position of one of the coppers of the met site, perhaps CuA. Coordination
of theo-diphenol is accompanied by proton transfer to a protein residue
represented by B. Bidentate coordination of theo-diphenol is ac-
companied by a second proton transfer, probably by displacement of
an axial histidine coordinated to CuB. Electron transfer from the catechol
substrate results in the formation of theo-quinone and the deoxy form
of the binuclear copper site. The value ofk+3,1 is proposed to be
dependent on the size and polarity of the side chain of theo-diphenol
substrate, thus explaining the variation inkcat.
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(36, 39). The protonated mettyrosinase has a lower affinity
toward monophenol resulting in a lower concentration of the
dead-end, inactive Emet-monophenol species. Thus, lowering
the pH decreases the time required to reach a steady state,
resulting in a shorter lag phase (15, 36). In addition, the
recently resolved crystal structure of sweet potato catechol
oxidase (37) indicates that Glu-236 acts as a general acid/
base catalyst for substrate binding. However, sequence data
suggest that the equivalent residue in human andNeurospora
crassa tyrosinase, where it is replaced by glutamine and
leucine, respectively, has no equivalent functionality. The
differences in the rates of binding ofo-diphenols to the met
and oxy forms of tyrosinase can be explained if the bound
peroxide is the proton acceptor from the reducing substrate
as suggested by Conrad et al. (40) and shown in Scheme 3.
In support of this, extended Huckel theory calculations on a
model of the oxyhemocyanin active center comprising six
imidazoles, two coppers, and a dioxygen molecule gave
molecular electrostatic potential maps predictive of proto-
nation at bound dioxygen (41). Masuda et al. (42) have
shown by X-crystallography that in a modelL-tyrosyl-L-
histidine-copper II complex, the protonated phenolsnot the
phenolatesform of tyrosine is coordinated to the Cu(II).
They suggested that this type of coordination of substrates
occurs at the active site of tyrosinase before facile proton
transfer either to solvent or to an adjacent basic residue.

Binding of Oxygen to Tyrosinase. The proposed mecha-
nism for the oxidation ofo-diphenols (Scheme 1) and
associated kinetic analysis explains the variation inKm

O2 with
the nature of theo-diphenol observed by others (21-23).
From the relationship between the catalytic constant (kcat)
andKm

O2 for the o-diphenols used in the present study, the
value of the second-order rate constant for the reaction of
oxygen with Edeoxy (k+8) can be determined. This constant
is, as expected, independent of the nature of theo-diphenol
and has a value of 2.3× 107 M-1 s-1. This value is very
similar to that reported for oxygen binding to hemocyanins
[(1.3 × 106) - (5.7 × 107) M-1 s-1 (43)] and to horse
myoglobin (1.4× 107 M-1 s-1) and suggest that the access
to the active site for oxygen is probably similar for tyrosinase
and hemocyanins. The first-order rate constant for the
dissociation of oxygen (k-8) also has a high value of ca. 1.07
× 103 s-1. These kinetic rate constants ensure the rapid
binding of dioxygen to tyrosinase, thereby competing ef-
fectively witho-diphenol binding to deoxytyrosinase, which
would otherwise lead to enzyme inhibition (15). The presence
of a protonated base in deoxytyrosinase (Scheme 4) could
facilitate oxygen binding and hinder the binding of the
reducing substrate to this form of the enzyme. In the present
study, theKD

O2 of tyrosinase (KD
O2 ) 46.6µM) is shown to

be of the same order as that ofOctopusVulgarishemocyanin
(KD

O2 ) 90 µM) (13). Assuming similar structures and
reactivities for the binuclear cupric peroxide species present
in both proteins, the differences in activities observed toward
o-diphenols (11) can be explained by severe steric constraints
for the binding of phenolic substrates to hemocyanin (13).

Oxidation of o-Diphenols by Tyrosinase: Rate-Limiting
Step. After binding, tyrosinase oxidizeso-diphenols to
o-quinones. It has been proposed that theo-diphenol sub-
strates are coordinated as phenolates to an axial position at
a tetragonal cupric site, probably by displacement of a water
molecule. The fact thato-diphenols but notm- or p-diphenols
are oxidized by tyrosinase supports the idea of bridging,
bidentate coordination of the diphenol between two coppers
as shown in Schemes 2 and 3. However, bidentate coordina-
tion to a single copper is also a possibility (20). In either
case, coordination of the second hydroxyl would involve
displacement of a histidine residue from that copper (Scheme
2 and 3). Recently, a1H NMR study of Streptomyces
antibioticustyrosinase revealed that the hydrogen exchange
behavior of one of the NH peaks from the six histidines
bound to copper differs from that of the other five (44).

In our mechanism, two electrons would need to be
transferred from the substrate to the binuclear copper II center

Scheme 3: Proposed Structural Reaction Mechanism for the
Reaction of Oxytyrosinase witho-Diphenolsa

a This mechanism is based on the geometry and electronic structure
of the oxyhemocyanin active site (17). The reaction designatedk+7 has
been separated into two substeps,k+7,1 and k+7,2, in order to discuss
the rate-limiting step in the oxidation ofo-diphenols by mushroom
tyrosinase. Coordination of theo-diphenol to one copper of the binuclear
site is accompanied by proton transfer to the bound peroxide. Bidentate
coordination of the catechol substrate is accompanied by a second
proton transfer. Electron transfer from theo-diphenol to the peroxide
induces cleavage of the oxygen-oxygen bond to yield a water molecule
and the quinone product while regenerating mettyrosinase. In this last
step, the protein residue B acts as an acid, providing a proton for water
release. As in Scheme 2, the value ofk+7,1 could be modulated by the
steric and/or polar nature of the substrate.

Scheme 4: Proposed Structural Changes Occurring When
Oxygen Binds to Deoxytyrosinasea

a The neutral environment provided by the protonated acid-base
catalyst (BH) could favor the rapid binding of oxygen to deoxytyro-
sinase. In oxytyrosinase, the oxygen is proposed to bind in a side-on
µ-η2‚η2 peroxide fashion.
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in mettyrosinase or to the bound peroxide in oxytyrosinase.
The dependence ofkcat on the nature of theo-diphenol gives
some insight into the nature of the rate-limiting step in the
catalytic cycles of tyrosinase. It has been suggested that, for
good reducing substrate activity, theo-diphenol should have
increased electron density in the vicinity of the hydroxyl
groups at position 3 and 4 (22). However, as can be observed
in Table 1, substrates with similar redox potentials, such as
catechol andL-dopa, are oxidized by tyrosinase at quite
different rates. Thus, the highestkcat is observed for substrates
with no side chain (e.g., pyrogallol and catechol), followed
by those with a hydrophobic side chain. The substrates most
slowly oxidized are those with a polar side chain. Thekcat

of tyrosinase is therefore modulated by the steric and polar
characterics of the reducing substrate as was discussed by
Solomon et al. (20). These results suggest that diphenol
oxidation rates depend strongly on orientation and steric
mobility within the hydrophobic pocket of tyrosinase.

APPENDIX

The coefficientsGi (i ) 1-4) andgi (i ) 1-4) in the
Kinetic analysis subsection of the Transient-Phase Kinetics
section of the main paper have the following expressions:

REFERENCES

1. Prota, G. (1988)Med. Res. ReV. 8, 525-556.
2. Zawistowski, J., Biliaderis, C. G., and Eskin, N. A. M. (1991)

in OxidatiVe Enzymes in Foods(Robinson, D. S., Eskin, N.
A. M., Eds.) pp 217-273, Elsevier Science, London.

3. Robb, D. A. (1984) inCopper Proteins and Copper Enzymes
(Lontie, R., Ed.) pp 207-241, CRC Press, Boca Raton, FL.

4. Mason, H. S. (1956)Nature 177, 79-81.
5. Lerch, K. (1981) inMetal Ions in Biological Systems.(Sigel,

H., Ed.) pp 143-186, Marcel Dekker, New York.
6. Sánchez-Ferrer, A., Rodrı´guez-López, J. N., Garcı´a-Cánovas,
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