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Abstract

The complex reaction mechanism of tyrosinase involves three enzymatic forms, two overlapping catalytic cycles and a dead-end complex.
Thedeoxytyrosinase form binds oxygen with a high degree of affinity,KO2

s = 46.6 ± 2.4�M. Themettyrosinase andoxytyrosinase forms
bind monophenols ando-diphenols, although the former is inactive on monophenols. Analytical expressions for the catalytic and Michaelis
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onstants of tyrosinase towards phenols ando-diphenols have been derived. Thus, the Michaelis constant of tyrosinase towards mono
KM

m ) ando-diphenols (KD
m) are related with the catalytic constants for monophenols (kM

cat) ando-diphenols (kD
cat), respectively, and with th

inding rate constants of theoxytyrosinase form with these substrates (k+4 andk+6, respectively), by means of the expressionsKM
m = kM

cat/k+4

ndKD
m = kD

cat/k+6. From these expressions, we calculate the values of the binding rate constant ofoxytyrosinase to the substrates (monophe
ndo-diphenols) for tyrosinases from different biological sources, and reveal that theo-diphenols bind more rapidly tooxytyrosinase than th
onophenols. In addition, a new kinetic constantKD(M)

m = kM
cat/2k6 (the Michaelis constant foro-diphenol in the monophenolase activity)

erived and determined. Thus, it has been shown that tyrosinase has apparently higher affinity towardso-diphenols in its monophenolase th
n its diphenolase activity.

2004 Elsevier B.V. All rights reserved.

eywords:Monophenol ando-diphenol;Oxytyrosinase; Dead-end complex

. Introduction

Tyrosinase (monophenol,o-diphenol:oxygen oxidoreduc-
ase, EC 1.14.18.1) is a copper enzyme that is widely dis-
ributed throughout micro-organisms, plants and animals. It
s of central importance in such processes as vertebrate pig-

entation and the browning of fruits and vegetables[1]. Dif-
erent tyrosinases obtained from several biological sources
ave similar structural and functional characteristics[2].

The active site of tyrosinase consists of two copper atoms
nd three states: “met”, “ deoxy” and “oxy” [3]. Structural

∗ Corresponding author. Present address: Biochemistry, University of
urcia, Apartado 4201, E30100 Murcia, Spain.

el.: +34 968364782; fax: +34 968364147.
E-mail address:canovasf@um.es (F. Garcı́a-Ćanovas).
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models for the active site of these three forms have been
posed[4]. This enzyme catalyses theortho-hydroxylation
of monophenols (monophenolase activity) and the ox
tion ofo-diphenols too-quinone (diphenolase activity)[3,4].
The monophenolase activity is coupled to its dipheno
activity and to the non-enzymatic reactions from the co
spondingo-quinones[5–7]. The kinetic characterisation
tyrosinase from different sources with respect to diffe
monophenols ando-diphenols has been carried out, exha
tively studying its behaviour with the enzyme ofStrepto-
myces glaucescens[8]. Data are also available for tyrosina
fromNeurospora crassa[9], Streptomyces antibioticus[10],
Agaricus bisporus[11–16],Tubermelanosporum[17], mam-
malian[18], melanoma B16 mouse tyrosinase[19] and Gerbi
eye tyrosinase[20].

Furthermore, the stereospecificity of different tyro
nases has been studied in their action on several c

381-1177/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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monophenolic ando-diphenolic substrates[8,21,22]. A
spectrophotometric method that uses the chromogenic
nucleophile 3-methyl-2-benzothiazolinone hydrazone
(MBTH) has provided quantitative data concerning the
action of different animal and vegetal tyrosinases[22–32].
NMR studies of different substrates have revealed the
chemical displacements,δ3 and δ4, which are related with
the nucleophilic power of the oxygens of the phenolic OH in
C-3 and C-4, values that have been used as predictors of their
catalytic efficiency with tyrosinase. The results obtained
for the enzymatic activity were compared with the NMR
predictions[12–16,21,22].

Based on a detailed kinetic study and considering the ki-
netic information available[15], analytical expressions for
the Michaelis constants of the enzyme towards monophenols
(KM

m) ando-diphenols (KD
m) were obtained, along with the

respective catalytic constants,kM
cat andkD

cat. Information con-
cerning the values of these kinetic constants for tyrosinases
from different biological sources is available[8–22,26–33].

The object of the study described here is to determine the
binding rate constants of monophenols ando-diphenols to the
oxytyrosinase form of the tyrosinases from different sources,
using the analytical expressions of the kinetic constantsKm
andkcat. At the same time, the kinetic analysis carried out
here provide a new kinetic constant,K

D(M)
m (the Michaelis

c We
c wer
o and
C
o pro-
p the
w

2. Results and discussion

The melanin biosynthesis pathway begins with the
hydroxylation ofl-tyrosine by tyrosinase using molecular
oxygen to givel-dopa. In a subsequent step, thel-dopa is
oxidised with molecular oxygen too-dopaquinone, which
undergoes a series of chemical reactions to dopachrome
[1,5] (Scheme 1).

2.1. Diphenolase activity

The reaction of tyrosinase ono-diphenols is known as
diphenolase activity, the mechanism of which involves the ox-
idase cycle and non-enzymatic coupling reactions (Scheme 2,
considering M = 0). Applying the steady-state approach, the
expression for dopachrome formation rate is obtained[14]:

VD,Cr
ss = α[D]0[O2]0[E]0

β0 + β1[D]0 + β2[O2]0 + β3[D]0[O2]0
(1)

This rate is equal to the oxygen consumption rate
V

D,O2
ss (VD,Cr

ss = V
D,O2
ss ) with:

α1 = k+2k+3k+6k+7k+8 (2)

β

β

β

β

pathwa
onstant for ao-diphenol in the monophenolase activity).
orrelate the NMR data obtained with the nucleophilic po
f the oxygens of the phenolic OH’s of the carbons C-3
-4, which, in turn, are related with theδ3 and δ4 values
btained by NMR. Lastly, we attempt to generalise the
osed kinetic reaction mechanism to tyrosinases from
hole phylogenetic scale.

Scheme 1. Melanogenesis
0 = k+2k+3k−8(k−6 + k+7) (3)

1 = k+2k+3k+6k+7 (4)

2 = k+8[k+2k+3(k−6 + k+7)] + k+6k+7(k−2 + k+3) (5)

3 = k+2k+6k+8(k+3 + k+7) (6)

y froml-tyrosine to dopachrome.
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Scheme 2. Reaction mechanism of PPO acting on M and D with chemical
reactions corresponding to Q evolution.Ed is converted toEox by binding
O2.Eox can react either with M or with D. In the first case, theEoxM complex
is transformed intoEox–M, with a rate constant ofk+51, where M is bound
to the copper of the active centre. Then, by means of the electrophilic attack
controlled byk+52, M evolves to D which may be oxidised to Q, generating
Ed or be released into the medium, generating, in turn,Em. If Eox reacts with
D, the corresponding Q is generated.Em can oxidise D, generating Q, and be
converted toEd, whileEm may bind to M, generating the dead-end complex
EmM. Spontaneous endocyclisation of Q gives rise to Cr and D.

Hence, Eq.(1) can be written as

VD,Cr
ss = V

D,Cr
max [D]0[O2]0

W + K
O2(D)
m [D]0 + KD

m[O2]0 + [D]0[O2]0
(7)

whereV
D,Cr
max is the maximum rate of dopachrome forma-

tion from ano-diphenol;KD
m the Michaelis constant foro-

diphenol andKO2(D)
m the Michaelis constant for O2 in pres-

ence ofo-diphenol, with

VD,Cr
max = kD

cat[E]0 (8)

W = k+3(k−6 + k+7)

k+6(k+3 + k+7)
KO2

s (9)

KO2(D)
m = k+3k+7

(k+3 + k+7)k+8
(10)

KD
m = k+2k+3(k−6 + k+7) + k+6k+7(k−2 + k+3)

k+2k+6(k+3 + k+7)
(11)

kD
cat =

k+3k+7

k+3 + k+7
(12)

From the kinetic studies carried out to date using mushroom
tyrosinase, it is known that:

( b-

(

In other words,k+2 � k+6.
(c) As deduced from studies of the isotopic effect, the step

controlled byk+7 is the limiting step[34,35].
(d) The binding of O2 to Ed form occurs by rapid equi-

librium with a value ofKO2
s = 46.6 ± 2.4�M, being

k+8 = (2.3± 0.4)× 107 M−1 s−1 [14].
(e) The Michaelis constant for O2 in the diphenolase activity

is very low, in order of�M. Kinetically, this means that
the enzyme at an O2 concentration of 0.26 mM (solubility
of O2 in air-saturated solutions) is saturated[36].

Taking into consideration (a)–(e), Eq.(7)can be simplified
to:

VD,Cr
ss = V

D,Cr
max [D]0

KD
m + [D]0

(13)

with

kcat = k+7 (14)

KD
m = kD

cat

k+6
= k+7

k+6
(15)

KO2(D)
m = kcat

k+8
= k+7

k+8
(16)

H D,Cr D
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a) There is no rapid equilibrium in the binding with su
strate D[11], which, kinetically, means thatk+3 ≥ k−2
andk+7 ≥ k−6.

b) The binding rate constant of substrate D to theEm form
is faster than the binding rate constant toEox form [14].
ence, from kinetic studies of the steady-stateVmax andKm
an be determined. Once [E]0 is known,kD

cat can be obtained
aking into consideration Eq.(15), it is possible to determin
he binding rate constant of the substrate toEox, k+6. When

O2(D)
m andk+7 is known, the binding rate constant of O2 to
d form k+8, can be determined[14].

.2. Monophenolase activity

The reaction of tyrosinase activity on monophenols
s known as monophenolase activity, whose mechanis
escribed inScheme 2 [12]. Using the steady-state approa

he expression for the dopachrome formation rate is

M,Cr
ss

= b0[D]0[O2]0[E]0
c0 + c1[D]0 + c2[O2]0 + c3[M]0[O2]0 + c4[D]0[O2]0

(17)

he O2 consumption rate, (VM,O2
ss ), is related with th

opachrome formation rate (V
M,Cr
ss ) according toVM,O2

ss =
.5V

M,Cr
ss [7]. Accordingly:

0 = 2k+2k+3k+52k+6k+7k+8(k−4 + k+51) (18)

0 = k+2k+3k+52k+8(k−4 + k+51)(k−6 + k+7) (19)

1 = 3k+2k+3k+52k+6k+7(k−4 + k+51) (20)

2 = k+5, k+8[k+6k+7(3k−2 + k+3)

+ k+2k+3(k−6 + k+7)](k−4 + k+51) (21)
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c3 = k+52k+6k+7k+8(3k−2 + k+3)(k−4 + k+51)

(
1

K1

)

+ k+2k+3k+4k+8(k+51 + k+52)(k−6 + k+7) (22)

c4 = k+2k+52k+6k+8(3k+7 + k+3)(k−4 + k+51) (23)

K1 = k−1

k+1
(24)

R = [D]ss

[M] ss
= k+4k+51(k−6 + k+7)

2k+6k+7(k−4 + k+51)
(25)

where [D]ss and [M]ss are the steady-state concentrations of
D and M. Hence, Eq.(17)can be written as

VM,Cr
ss = V

M,Cr
max [M] 0[O2]0

W ′ + K
O2(M)
m [M] 0+KM

m[O2]0+[M] 0[O2]0
(26)

whereV
M,Cr
max is the maximum rate of dopachrome forma-

tion from a monophenol;KM
m the Michaelis constant for

monophenol andKO2(M)
m the Michaelis constant for O2 in

presence of monophenol, with

VM,Cr
max = b0R[E]0

c3 + c4R
= kM

cat[E]0 (27)
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Michaelis constant,KD(M)
m (Eq. (33)). This new kinetic con-

stant, described here for the first time in the literature, differs
from the Michaelis constant of tyrosinase foro-diphenols in
its diphenolase activity,KD

m (Eq. (15)). Later, we shall see
the usefulness of both analytical expressions for establishing
whether the same enzyme (tyrosinase) can show two different
affinities for the same substrate (o-diphenol), in two distinct
catalytic activities (monophenolase and diphenolase).

There is wide body of kinetic information based
on transient phase data[14–16], steady-state studies
[7,11–13,21,22,25–33]and isotopic effect experiments
[34,35]. These experimental results (not assumptions) can
be summarised as follows:

(a) The limiting step of the monophenolase activity corre-
sponds to the nucleophilic attack of the phenolic OH on
the copper inEox, so that the step controlled byk+51 is
the slowest[12,13,34,35].

(b) The electrophilic step of the peroxide on the benzene ring
controlled byk+52 must be equal or faster than the step
controlled byk+51 [12,13].

(c) As already mentioned, there is no rapid equilibrium in
the diphenolase activity rate or in the monophenolase
activity, since the rate equation is not of the form seen in
Eq.(17). Therefore,k+51 ≥ k−4 [11].

(d) Since monophenols are poorer nucleophiles thano-
te
te

sults
(

V

a

V

w

k

K

K

a

K

T
p
k

′ = c0

c3 + c4R
(28)

O2(M)
m = c1R

c3 + c4R
(29)

M
m = c2

c3 + c4R
(30)

r, taking into account Eq.(25), Eq.(17)can be written as

M,Cr
ss = V

M,Cr
max [D]0[O2]0

W ′′ + K
O2(M)
m [D]0 + K

D(M)
m [O2]0 + [D]0[O2]0

(31)

hereVM
max is given by Eq.(27), KO2(M)

m is given by Eq.(29)
nd where the following expressions apply

′′ = c0R

c3 + c4R
(32)

nd

D(M)
m = c2R

c3 + c4R
(33)

he reaction mechanism of the monophenolase activi
yrosinase (Scheme 2) includes the hydroxylase and o
ase cycles, the dead-end branch and the group of co
nzymatic reactions until dopachrome (Cr) is formed.
ffinity of tyrosinase for monophenols is inversely rela
ith the respective Michaelis constant,KM

m (Eq.(30)). In the
onophenolase activity, tyrosinase also shows an affinit

-diphenols that is inversely related with the correspon
diphenols (Table 4) [12], the value of their binding ra
constant withk+4 should be lower than the binding ra
constant witho-diphenol,k+6.

Taking into consideration the above experimental re
a)–(d), Eq.(26)can be simplified to:

M,Cr
ss = V

M,Cr
max [M] 0

KM
m + [M] 0

(34)

nd Eq.(31)can be simplified to

M,Cr
ss = V

M,Cr
max [D]0

K
D(M)
m + [D]0

(35)

ith

M
cat =

k+51k+52

k+51 + k+52

(36)

M
m = kM

cat

k+4
(37)

D(M)
m = kM

cat

2k+6
(38)

nd

O2(M)
m = 3kM

cat

2k+8
(39)

herefore, knowingKM
m and kM

cat and using Eq.(37), it is
ossible to determine the binding rate constant of M toEox,
+4.
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2.3. Experimental design

The kinetic analysis led us to propose an experimental
design which would permit a more rigorous characterisation
of the kinetic reaction mechanism of tyrosinase. The experi-
mental design consists of

(a) Diphenolase activity: to studyVD,Cr
ss versus [D]0 to give

V
D,Cr
max andKD

m.
(b) Monophenolase activity: to studyVM,Cr

ss versus [M]0 to
giveV

M,Cr
max andKM

m.
(c) Knowing the concentration of the enzyme, [E]0, and using

Eqs.(8) and (27)to give the catalytic constants:

kD
cat =

V
D,Cr
max

[E]0
(40)

and

kM
cat =

V
M,Cr
max

[E]0
(41)

(d) From Eqs.(15) and (37), k+6 andk+4, respectively, can be
obtained:

k+6 = kD
cat

KD
m

(42)

and

k+4 = kM
cat

KM
m

(43)

(e) With the information obtained,KD(M)
m can be calculated

from Eq.(38).
(f) Knowing kD

cat for differento-diphenols, a study of differ-

ento-diphenols with respect of oxygen will giveKO2(D)
m

and, according to Eq.(16), we can obtaink+8, the binding
rate constant of oxygen to theEd form [14].

(g) Lastly, the Michaelis constant of tyrosinase with respect
to oxygen in the monophenolase activity can be deter-
mined analytically according to Eq.(39).
If the concentration of the enzyme is not known (it is not
completely purified) the kinetic study should follow steps
(a) and (b). With the information obtained (V

D,Cr
max , KD

m,

Table 1
K rent bio

T K

S

1

1
1

N

A

t
d
d

inetic constants characterising the reaction of tyrosinases from diffe

yrosinase from o-Diphenol kD
cat (s

−1)

. glaucescens[8] tBuCat 3320.0
DHPPA 1830.0
4MeCat 2340.0
CGA 785.0
lDopa 1445.0
DHPAA 142.0
dlDopa 1542.0
Cat 395.0
Dopamine 875.0
dDopa 184.0

. crassa[9] Dopamine 1350.0
lDopa 1070.0
dDopa 340.0
DHPAA 850.0

. bisporus[12,13,22] Cat 877.6
Pirogallol 1263.0
Dopamine 439.0
LDopa 107.4
4MeCat 841.6
DHPPA 553.5
4tBuCat 641.8
DHPAA 631.6
dlDopa 107.0

lDopaMeE 35.5
dDopa 107.4
l�MeDopa 44.3
dl�MeDopa 44.3
lIsoprot 29.4
dlIsoprot 29.4
dIsoprot 29.8 1

BuCat: tert-butylcatechol; DHPPA: 3,4-dihydroxyphenyl propionic acid; 4M
ihydroxyphenyl acetic acid;lDopaMeE: l-dopamethylester;l�MeDopa: l-�-
lIsoprot:dl-isoproterenol. These data were obtained from references.
logical sources ono-diphenols

D
m (mM) k+6 (M−1 s−1) K

D(M)
m = kM

cat/2k+6 (�M)

0.91 3.6× 106

1.05 1.7× 106 39.4
1.90 1.2× 106

0.74 1.0× 106

5.77 2.5× 105 26.4
1.16 1.2× 105 203.0
2.55 1.2× 105

4.50 8.7× 104

1.90 7.3× 104

5.02 1.2× 104

0.28 4.8× 106 17.0
1.04 1.0× 106 160.0
0.38 8.9× 105 90.0
4.40 1.9× 105 658.0

0.30 2.9× 106 2.2
2.16 5.8× 105

2.2 2.0× 105 64.7
0.8 1.3× 105 30.4
2.36 3.5× 105

1.89 2.9× 105 115.0
2.80 2.2× 105

5.10 1.2× 105 184.6
1.40 7.6× 104 53.3

0.57 6.2× 104 27.4
4.50 2.3× 104 174.0
6.80 6.5× 103 46.1
8.00 5.5× 103 54.5
7.10 4.2× 103

9.70 3.0× 103

8.10 1.6× 103

eCat, 4-methylcatechol; CGA: chlorogenic acid; cat: catechol; DHPAA: 3,4-
methyldopa;dl�MeDopa: dl-�-methyldopa;lIsoprot: l-isoproterenol;
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Table 2
Kinetic constants characterising the reaction of tyrosinases from different biological sources on monophenols

Tyrosinase from Monophenol kM
cat (s

−1) KM
m (mM) k+4(M−1 s−1) k+6/k+4

S. glaucescens[8] 4HPPA 134.0 0.48 2.7× 105 6.3
lTyrMeE 235.0 1.66 1.4× 105

4HPAA 48.8 1.16 4.1× 104 2.9
lTyr 13.2 0.41 3.2× 104 7.8

N. crassa[9] 4HPAA 250.0 0.18 1.3× 106 0.2
lTyr 320.0 0.59 5.4× 105 1.8
dTyr 160.0 0.32 5.0× 105 1.8
Tyramine 160.0 0.67 2.3× 105 20.8

S. antibioticus[10] 4FP 10.5 2.90 3.6× 103

3FP 3.0 6.90 4.0× 102

A. bisporus[12,13,22] 4MeOP 184.0 0.08 2.3× 106

4EtOP 132.0 0.17 7.7× 105

4HPPA 66.7 0.44 1.5× 105 1.9
4HBA 88.2 1.10 8.0× 104

Tyramine 25.9 0.51 5.0× 104 4.0
lTyr 7.9 0.21 3.7× 104 3.5
4HPAA 44.3 1.91 2.3× 104 5.2
P 12.7 0.70 1.8× 104

dlTyr 8.1 0.90 9.0× 103 8.4
lTyrMeE 3.4 0.38 8.9× 103 7.0
3MeOP 46.8 5.40 8.6× 103

dTyr 8.0 1.86 4.3× 103 5.3
3HBA 12.1 10.10 1.2× 103

l�MeTyr 0.6 1.20 5.0× 102 13.0
dl�MeTyr 0.6 1.45 4.1× 102 13.4

4HPPA: 4-hydroxyphenyl propionic acid; 4HPAA: 4-hydroxyphenyl acetic acid;lTyrMeE: l-tyrosinemethyl ester;lTyr: l-tyrosine;dTyr: d-tyrosine; 4FP:
4-fluorophenol; 3-FP: 3-fluorophenol; 4MeOP: 4-methoxyphenol; 4EtOP: 4-ethoxyphenol; 4HBA: 4-hydroxybenzyl alcohol; P: phenol;dlTyr: dl-tyrosine;
3MeOP: 3-methoxyphenol; 3HBA: 3-hydroxybenzyl alcohol;l�MeTyr: l-�-methyltyrosine;dl�MeTyr: dl-�-methyltyrosine. These data were obtained from
references.

V
M,Cr
max andKM

m), the following kinetic constants can be
calculated:

(h) Thek+6/k+4 ratio, according to:

k+6

k+4
= V

D,Cr
max KM

m

V
M,Cr
max KD

m

(44)

(i) TheK
D(M)
m , according to the equation:

KD(M)
m = V

M,Cr
max KD

m

V
D,Cr
max

(45)

(j) The value ofKO2(M)
m can be determined from the kinetic

information for the action of tyrosinase ono-diphenol
(VD,Cr

max andK
O2(D)
m ) and on its corresponding monophenol

V
M,Cr
max . Taking into consideration Eqs.(14), (16), (36) and

(39), the value ofKO2(D)
m can be determined according to:

KO2(M)
m = 2

3

V
M,Cr
max

V
D,Cr
max

KO2(D)
m (46)

Therefore, based on the kinetic analysis developed in this
work, it is possible to obtain new kinetic information from
the steady-state kinetic parameters described in the bibliog-
raphy since, in principle, the tyrosinase mechanism functions
t

To obtain the kinetic constants (kD
cat, KD

m, kM
cat andKM

m)
described inTables 1 and 2and (VD

max, K
D
m, VM

maxandKM
m) de-

scribed inTable 3, experimental measurements of the steady-
state rate (Vss) at different concentrations of D or M must be
made. Such measurements are difficult to make because the
products of the enzymatic reaction areo-quinones, which are
unstable and which evolve non-enzymatically to polymers
[1]. The difficulty increases when the substrate is M since,
for the system to reach the steady state, a given quantity of
D must have accumulated in the medium[7]. The scarcity
of reliable quantitative data on the monophenolase activity
of tyrosinase has been described by Solomon et al.[4]. The
problem can be partially solved by optimising a spectropho-
tometric method based on the nucleophilic attack of MBTH
on theo-quinones generated by the enzyme[23,24].

Furthermore, from an NMR study of the different
monophenols ando-diphenols, it is possible to correlate the
values obtained for the binding rate constants of the different
substrates to theEox form (k+4 andk+6, respectively) and the
kinetic constantskcat andKm. In general, the oxygens of the
OH groups bound to carbons of lowδ are good nucleophiles
and vice versa (Table 4). This means that, in the first case, the
binding rate constant and the catalytic constant are high. The
contrary is true when theδ4 is high (Tables 1, 2 and 4). The ki-
netic analysis provides us with a new kinetic constant,K

D(M)
m ,

t se
hroughout the phylogenetic scale[25–33].
 he Michaelis constant foro-diphenol in the monophenola
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Table 3
Relation between the kinetic binding rate constants ofo-diphenols (k+6)
and monophenols (k+4) in different monophenol/o-diphenol pairs binding to
oxytyrosinase for enzymes from different biological sources

Tirosinase from Monophenol/diphenol k+6/k+4
a

Tuber melanosporum[17] lTyr/lDopa 13.2
Mouse-wild type[18] lTyr/lDopa 7.4
Mouse-H389L[18] lTyr/lDopa 2.6
Mouse-Q378H[18] lTyr/lDopa 0.1
B16 Mouse Melanoma-Hb [37] lTyr/lDopa 14.2
B16 Mouse Melanoma-Lc lTyr/lDopa 17.3
Gerbil eye[20] lTyr/lDopa 8.0
B16 mouse Melanoma[19] 4-s-CAP/4-s-CAC 12.6
Apple cv.verdedoncella[27] Tyramine/dopamine 205.1

4HPAA/DHPAA 219.0
4HPPA/DHPPA 160.1

Pear cvblanquilla [27] Tyramine/dopamine 265.5
4HPAA/DHPAA 54.6
4HPPA/DHPPA 20.8

Strawberry cvtioga [32] 4HPPA/DHPPA 27.5
Avocado cvHaas[31] 4HPPA/DHPPA 4.4

4-s-CAP: 4-cysteaminylphenol; 4-s-CAC: 4-cysteaminylcatechol.
a k+6/k+4 = V

D,Cr
max KM

m/V
M,Cr
max KD

m.
b High electrophoretic mobility.
c Low electrophoretic mobility.

activity (Table 1). Table 1shows the kinetic parameters de-
termined for different tyrosinases, from which the values of
k+6, the binding rate constant of D toEox form, can be ob-
tained. An analogous study was carried out for monophenols
(Table 2). Using the information of both tables,K

D(M)
m (see

Table 1) andk+6/k+4 can be calculated (seeTable 2).
Table 3shows thek+6/k+4 ratios, which can be obtained

from the kinetic constantsVD,Cr
max , KD

m andV
M,Cr
max , KM

m, for
non-purified enzymes. Note that thek+6/k+4 ratio for the
different monophenol/o-diphenol pairs studied and for en-
zymes from different sources (Table 3) is lowest in the case
of mouse tyrosinase, in which there has been a mutation in
the active centre involving H389L and Q378H, which cor-
respond to aminoacids of the active site in the region of
CuB [18]. Kinetic studies carried out with wild tyrosinase
and the above-mentioned mutant tyrosinase species indicate
that mutation changes the enzyme’s affinity foro-diphenols
(KD

m increases) but hardly affects the affinity for monophe-

nols. Furthermore, the maximum rates are hardly modified
[18]. These results have led to a mechanism being sug-
gested in which monophenols bind to the CuA, while the
o-diphenols begin the binding process to the CuB[18], the
unchanging maximum rates being in accordance with stud-
ies on stereoisomers from different tyrosinases and indicating
that the rate-limiting step is governed by the nucleophilia of
the oxygen of the phenolic OH[12,13,22]. Table 4shows
the values ofδ3 andδ4 obtained for the different monophe-
nols ando-diphenols studied. These parameters are related
with the charge density of the carbon atom which supports
the OH and is an indicator of the nucleophilic power of the
OH oxygen.

3. Conclusions

• The binding rate constants ofo-diphenols toEox (k+6) are
higher than those of the respective monophenols (k+4).
That is,k+6 >k+4 (Tables 2 and 3). The exceptions, which
are listed inTable 3, are mutants[18].

• In general, the value ofk+4 in monophenols (Table 2) de-
creases with increasing values ofδ4 (Table 4). The presence
of electron-donating (lowδ4) or electron-withdrawing
(highδ4) groups in C-1 (Table 4) influences the electronic
richness of the benzene ring and, in turn, helps or hinders

• ,

up R
etics

•

tiv-
s of

ower
l

Table 4
Values ofδ3 andδ4 for carbons C-3 and C-4, respectively, of the benzene ring

Monophenol δ3 (ppm) δ4 (ppm)

4MeOP 118.9 152.29 3
4EtOP 119.01 152.39 9
4HBA 116.54 156.63 6
4HPPA 118.02 156.13 6
3 1
4
T 8
P
3
l
l
l

MeOP 159.49 110.97
HPAA 118.05 156.49
yramine 118.49 157.28

118.13 158.15
HBA 158.44 117.41
Tyr (d anddl) 118.08 158.86
TyrMeE 118.53 157.75
�MeTyr (dl) 118.11 159.10
the binding of the substrate (Table 2).
In o-diphenols, the effect is similar (Table 1), except that
since all the values ofδ3 andδ4 are similar (Table 4). The
steric hindrance resulting from the presence of a gro
in C-1 and/or the presence of charges affects the kin
of all tyrosinases (Table 1).
The new kinetic constant determined,K

D(M)
m = kM

cat/2k+6,
has a kinetic significance parallel toKM

m = kM
cat/k+4 and

K
O2,M
m = 3kM

cat/2k+8. Thus, in the monophenolase ac
ity tyrosinase becomes saturated with small quantitie
o-diphenol[7], and soKD(M)

m is at the�M level (Table 1). In
the diphenolase activity, however, tyrosinase shows l
affinity for o-diphenols, and soKD

m is at the mM leve
(Table 1). There is the same parallelism betweenKD

m, Eq.
(15), and K

D(M)
m Eq. (38), as there is betweenKO2(D)

m ,

of monophenols ando-diphenols

Diphenol δ3 (ppm) δ4 (ppm)

Pirogallol 148.07 135.0
Cat 146.59 146.5
4-MeCat 146.43 144.0
DHPAA 146.43 144.9
DHPPA 146.51 144.6

tBuCat 146.24 144.09
Dopamine 146.79 145.5

lDopa (d anddl) 146.92 146.06
lDopaMeE 146.90 146.18
l�MeDopa(dl) 146.74 146.19
lIsoprot (d anddl) 146.87 146.82

CGA 146.41 149.29
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Eq. (16), andK
O2(M)
m , Eq.(39), and soKD(M)

m � KD
m and

K
O2(M)
m � K

O2(D)
m , since these expressions have a kinetic

significance and arise because the mechanism of tyrosinase
ono-diphenols is linear, while that on monophenols con-
sists of two cycles with common intermediates. Although
it might be thought that two binding sites exist with dif-
ferent affinities for O2 and D, it must be emphasised that
this is not the case since the explication is kinetic and not
related with the binding.

• The data shown inTables 1–3point to a similar behaviour
for all tyrosinases from the whole phylogenetic scale and
therefore confirm the validity of the kinetic reaction mech-
anism proposed (Scheme 2).

Acknowledgements

This work was supported in part by CICYT, Spain,
project AGL 2002-01255 ALI and from the Fundación
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