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Abstract

Tyrosinase hydroxylates 3-hydroxyanisole in the 4-position. The reaction product accumulates in the reaction
medium with a lag time (1) which diminishes with increasing concentrations of enzyme and lengthens with increasing
concentrations of substrate, thus fulfilling all the predictions of the mechanism proposed by us for 4-hydroxyphenols.
The kinetic constants obtained, kX, = (46.87 +2.06) s™! and KM =(5.40 + 0.60) mM, are different from those

cat

obtained with 4-hydroxyanisole, kX, =(184.20+6.1) s~! and K =(0.08 + 0.004) mM. The catalytic efficiency,
kM /KM is, therefore, 265.3 times greater with 4-hydroxyanisole. The possible rate-determining steps for the reaction
mechanism of tyrosinase on 3- and 4-hydroxyanisole, based on the NMR spectra of both monophenols, are discussed.
These possible rate-determining steps are the nucleophilic attack of hydroxyl’s oxygen on the copper and the
electrophilic attack of the peroxide on the aromatic ring. Both steps may be of similar magnitude, i.e. take place in

the same time scale. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

The enzyme tyrosinase (monophenol, o-diphe-
nol: oxygen oxidoreductase, EC 1.14.18.1) is of
central importance in vertebrate melanine pig-
mentation. In addition, enzymatic browning in
vegetables and fruits is caused by the activity of
the tyrosinase present in plant tissues. Tyrosinase
plays an important role in fruit and vegetable
processing and during the storage of processed
foods, catalysing the hydroxylation of mono-
phenols (monophenolase activity) and the oxida-
tion of o-diphenols to o-quinones (diphenolase
activity), both reactions depending on molecular
oxygen. The o-quinones evolve non-enzymatically
to yield several unstable intermediates which po-
lymerise to render melanins [1,2]. The active site
of tyrosinase consists of two copper atoms and
three states: met, deoxy and oxy [3—10]. Structural
models for the active site of these three forms of
tyrosinase have been proposed [11-13].

Recently, we studied the reaction of tyrosinase
with 4-hydroxyanisole (4HA) using a continuous
spectrophotometric method with the cromogenic

nucleophile, MBTH [14-19]. This method permit-
ted the kinetic characterisation of 4HA and al-
lowed us to check the fulfilment of the kinetic
tests [20,21] for the mechanism previously pro-
posed by us (Scheme 1). The successful applica-
tion of this method to measure enzymatic activity
encouraged us to attempt the first characterisa-
tion of a meta-hydroxylated substrate such as
3-hydroxyanisole (3HA). The scarcity of informa-
tion on these class of substrates in the bibliogra-
phy is possibly due to the instability of the
quinonic products originating from the enzyme
action on the substrate. Some authors have sug-
gested that tyrosinase shows little enzymatic activ-
ity when acting on these substrates [22].

Scheme 1 corresponds to the kinetic reaction
mechanism of mushroom tyrosinase on mono-
phenols coupled to non-enzymatic reactions from
o-quinone. The mechanism is based on previous
structural and kinetic mechanisms [12,20,21]. In
order to discuss the rate-limiting step in this
mechanism, the hydroxylation reaction governed
by ks was separated into two sub-steps, ks and
ks,, which correspond to the nucleophilic attack
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EpetM M+ Epq + D =—=L= EpD
k-l k—2
Hy,O / k
S ks,
/ ! H*
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Scheme 1. Kinetic reaction mechanism for the monophenolase activity of tyrosinase coupled to non-enzymatic reactions from
o-quinone. All the steps are detailed. Abbreviations: M, monophenol; D, o-diphenol; Q, o-quinone; N, nucleophile (MBTH); and

NQ, MBTH-quinone adduct.
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of the —OH group on the copper and the elec-
trophilic attack of the peroxo unit on the subs-
trate ring, respectively. This division is based on
structural and mechanistic studies [12,23]. Several
kinetic studies on monophenolase activity con-
cluded that monophenol hydroxylation (governed
by ks) is the rate-limiting step in the mechanism
[7,21]. Study of the NMR spectra of 3HA and
4HA may provide useful electron descriptors for
predicting the suitability of these compounds as
enzyme substrates. Based on these kinetic assays
carried out using the above-mentioned method
and the NMR studies, 3HA is kinetically charac-
terised and the possible rate-limiting step of the
hydroxylation mechanism of monophenols by ty-
rosinase is discussed.

2. Materials and methods
2.1. Reagents

4HA, 3HA, MBTH and mushroom tyrosinase
(8300 U mg~') were purchased from Sigma
(USA). All other chemicals were of analytical
grade and supplied by Merck (Germany).
Mushroom tyrosinase was purified by the proce-
dure described by Duckworth and Coleman [24].
Protein concentration was determined by the
Bradford method [25]. The enzyme concentration
was calculated taking a value of M, 120 000. Stock
solutions of the phenolic substrate were prepared
in 0.15 mM phosphoric acid to prevent autoxida-
tion. The assay medium contained 50 mM sodium
phosphate (pH 6.8), the optimum pH value for
mushroom tyrosinase. The acidic character of
MBTH required the use of 50 mM buffer in the
assay medium [16—19]. A combined system using
Milli-RX and Mili-Q Plus (Milipore Corp.) equip-
ment provided type I ultrapure water of 18 M)
cm, which was used throughout this research.

2.2. Spectrophotometric assays

Absorption spectra were recorded in an ultravi-
olet-visible Perkin Elmer Lambda-2 spectropho-
tometer, on-line interfaced with a compatible PC
486DX microcomputer, with a 60-nm /s scanning

speed. Temperature was controlled at 25°C using
a Haake D1G circulating water-bath with a
heater /cooler and checked using a Cole-Parmer
digital thermometer with a precision of +0.1°C.
Kinetic assays were also carried out with the
above instruments by measuring the appearance
of the products in the reaction medium. Refer-
ence cuvettes contained all the components ex-
cept the substrate, with a final volume of 1 ml. All
the assays were carried out under saturating con-
ditions of tyrosinase by molecular oxygen, 0.26
mM in the assay medium [26,27].

2.3. Kinetic data analysis

The values of the Michaelis constant (K}/) and
maximum rate (V¥ ) of the enzyme acting on
4HA and 3HA were calculated from triplicate
measurements of the steady-state rate (V) for
each initial monophenol concentration ([4HA],
and [3HA],). The reciprocals of the variances of
V¥ were used as weighting factors in the non-lin-
ear regression fitting of V24 vs. [4HA], and [3HA],
data to the Michaelis equation [28]. The fitting
was carried out by using a Gauss—Newton algo-
rithm [29] implemented in the Sigma Plot 2.01
program [30].

2.4. NMR assays

3C-NMR spectra of the different monophenols
considered here were obtained in a Varian Unity
spectrometer of 300 MHz. The spectra were ob-
tained at the optimum pH for mushroom tyrosi-
nase (pH 6.8) and using *H,O as solvent for the
substrates. & values were measured relative to
those for tetramethylsilane (8 = 0). The maximum
line width accepted in the NMR spectra was 0.06
Hz. Therefore, the maximum accepted error for
each peak was +0.03 ppm.

3. Results and discussion

3.1. Oxidation of 4HA and 3HA by tyrosinase in the
presence of MBTH

In previous works [14,15], the oxidation of 4HA
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by mushroom tyrosinase at its optimum pH was
studied in the presence of MBTH. The action of
the enzyme gives rise to the corresponding o-
quinone, which is attacked by MBTH to produce
an adduct with N, =492 nm, which subse-
quently evolves to show an isobestic point at
N, =459 nm (Fig. 1a). When 3HA was oxidised, a
spectrum was obtained with the same maximum
and isobestic point (Fig. 1b), confirming that the
enzyme hydroxylates in the C-4 position of the
benzene ring. The product of both 4HA and 3HA
hydroxylation is the same o-diphenol, 3,4-dihy-
droxyanisole. Both monophenols, therefore, pro-
duce the same derivates, the o-quinone and the
adduct, the latter in the presence of MBTH. This
is important since the action of the enzyme and
the oxidation—reduction reactions which take
place [14,15] lead to the accumulation of 3,4-dihy-
droxyanisole in the medium. Bearing this in mind
and also the actuation mechanism of tyrosinase
[20,21], all the catalytic steps on the diphenol are
common to both monophenols, the only differ-
ence being the step in which the respective
monophenols participate. After characterising the
reaction product, the different kinetic behaviours
of the tyrosinase-catalysed oxidation of 3HA were
studied in different experimental conditions.

3.2. Effect of enzyme concentration

The accumulation of product during the tyrosi-
nase-catalysed oxidation of 3HA showed a lag
time (7), as it did during 4HA oxidation (Fig. 2).
An increase in enzyme concentration shortened
and increased the steady-state rate (Vg1 ) (Fig. 2),
the same behaviour as that observed with all the
monophenols studied by this method [16]. This
can be explained by the formation of a greater
amount of o-quinone and the earlier accumula-
tion of the o-diphenol needed to reach the
steady-state (Scheme 1).

3.3. Effect of monophenol concentration

The value of the T and the V& increased when
the substrate concentration was increased (Fig.
3). With increasing monophenol concentration
(and a constant enzyme concentration) there was
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Fig. 1. Spectrophotometric recordings for the oxidation of (a)
4HA and (b) 3HA catalysed by mushroom tyrosinase in the
presence the MBTH. Conditions for (a) were 5 pM 4HA, 2%
DMF, 2.5 mM MBTH and 24 nM mushroom tyrosinase, and
for (b) were 1 mM 3HA, 2% DMF, 2.5 mM MBTH and 2.4
nM mushroom tyrosinase. The assay medium was 50 mM
sodium phosphate buffer (pH 6.8) in both cases. At 60 s the
reaction was acidified by adding HCIO, for 5 min, followed by
addition of NaOH until pH reached 6.8.

more enzyme in the E, M form (Scheme 1).
Thus, the o-diphenol concentration required to
reach the steady-state increased. Since the system
needed more time to reach the steady-state, T
increased. By non-linear regression fitting of V¢
vs. [3HA], data, the kinetic constants which char-
acterise the action of tyrosinase on 3HA, at pH
6.8, were determined (see Table 1). This table
also shows the values obtained with other 4-hy-
droxylated substrates.

We shall now turn to the kinetics of the enzy-
matic oxidation of 3HA in comparison to that of
4HA, by considering the respective NMR spectra.
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Fig. 2. Dependence of Vg and 7 on [E], in the oxidation of 3HA catalysed by mushroom tyrosinase in the presence of MBTH.
Conditions were: 2% DMF; 2.5 mM MBTH; and 5 mM 3HA in 50 mM sodium phosphate buffer (pH 6.8). (8) Experimental values
of Vg vs. [Ely; (—) linear regression fitting of Vg vs. [Ely; and (A ) experimental values of 7 vs. [E],.

The chemical shift (3) in *C for a carbon atom is
a measurement of its electronic density. This gives
information concerning its electrophilic character
and, as a consequence, of the degree of nucle-
ophilicity of the oxygen atom belonging to the
hydroxyl group at that carbon atom. This has
been demonstrated by a number of experimental
studies [31-35]. The electron donor capacity of
the oxygen atom (nucleophilic power) from dif-
ferent monophenols has been correlated with the
experimental § values of *C for the carbon atom
which supports the OH group [33-35]. The $
values in *C have been used to corroborate the
Hammet values (o) obtained or to calculate them
more accurately [32,33]. Moreover, linear correla-
tions have been demonstrated between & values

in *C and o constants, which have been used in
both reaction rate and mechanistic studies [31,36].
A low value of 3 indicates high electron density
of this carbon and so the bound OH will behave
like a strong nucleophilic reagent. From Table 2,
it can be seen that 8} <85 and so the electron
density is greater in C-4 than in C-3. Therefore,
these data indicate a more nucleophilic —~OH in
the para-substituted case, 4HA. The same conclu-
sion is obtained by analysing the o values for
both substrates, 0.12 and —0.27 for substituted
benzylic alcohol with —OCH; in the meta and
para position, respectively [37]. Thus, the nucle-
ophilic attack on the copper atoms of tyrosinase
in its met and oxy forms must be more rapid in
the case of 4HA than in that of 3HA. In addition,

Table 1

Kinetic constants for the monophenolase activity of mushroom tyrosinase®

Monophenol M kM KM KM KM
(uM min~ ") G™H (mM) (mM~'s™h

3HA 1.35+0.06 46.87 + 2.06 5.40 £+ 0.60 8.68 +1.34

4HA 5.30 £ 0.03 184.20 + 6.1 0.08 + 0.004 2303 + 191

L-Tyrosine 0.23 +0.008 7.98 +0.28 0.21 £ 0.01 38.00 + 3.14

*Conditions were as detailed in Fig. 3.
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Fig. 3. Dependence of T and Vg vs. [3HA], in the oxidation of 3HA catalysed by mushroom tyrosinase in the presence of MBTH.
Conditions were: 2% DMF; 2.5 mM MBTH; and 0.48 nM tyrosinase in 50 mM sodium phosphate buffer (pH 6.8). () Experimental
values of Vg vs. [3HA]); (—) non-linear regression fitting of Vg vs. [3HA],; and () experimental values of T vs. [3HA],.

the NMR data were useful for evaluating the
electrophilic character of the carbon atom with
no hydroxyl group (C-3 in 4HA and C-4 in 3HA).
Thus, 87" <84 and so the electron charge density
in the C-4 atom of 3HA is greater than in the C-3
atom of 4HA, meaning that the electrophilic at-
tack step will be more rapid in 3HA than in 4HA.

In a previous paper [38] we studied the tyrosi-
nase-catalysed oxidation of 4-hydroxyphenols with
different substituents in the carbon-1 (C-1). The
difference between the substrates lay in the value
of 8, since the influence of the substituent in C-1

Table 2
Values of 8; and 8, for C-3 and C-4, respectively, of the
benzene ring of monophenols®

Monophenol d; (ppm) 3, (ppm)
3HA 159.49 110.97
4HA 118.90 152.29
L-Tyrosine 118.08 158.86

*Conditions were: saturating substrate concentration in
2H,O0 at pH 7.0; 3 values were measured relative to those for
tetramethylsilane (3 = 0). The maximum value wide line ac-
cepted in the NMR spectra was 0.06 Hz. Therefore, the
maximum error accepted for each peak of the spectrum was
+0.03 ppm.

on the meta position was minimal due to similar
8, values (Table 2; Espin et al. [38]). We pro-
posed that the limiting step might be the nucle-
ophilic attack of the C-4 hydroxyl on the copper
atoms of the active site of the enzyme. If this is
correct, the values shown in Table 2 should reveal
that V2. s V" . However, the values are only
four times greater in the case of 4HA (Table 1).
From these results (Tables 1 and 2), it can be
deduced that the nucleophilic and electrophilic
attack steps are in the same order of magnitude
and, since 3HA favours the electrophilic attack,
the differences obtained for VX are not surpris-
ing. Note (Tables 1 and 2) that substrates that
differed in the same ppm in the value of §, show
a great difference as regards VM since the elec-
trophilic attack step is the same such as L-tyrosine
and 4HA.

On the other hand, the great difference
between K? =80 pM and K, =5.4 mM is dif-
ficult to put down to the effect of any step in
particular due to the kinetic complexity of the
monophenolase mechanism. Nevertheless, the
orientation of the substrate in the active site of
the enzyme is probably critical in the enzyme—
substrate interaction. The R substituent in C-1
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(—OCH,;) is the same for both 3HA and 4HA,
whose spatial orientation has been studied in the
tyrosinase-catalysed oxidation of monophenolic
stereoisomers [39,40]. It has been shown that ty-
rosinase has a greater catalytic affinity (lower
K} towards L-stereoisomers. Thus, the —OCH,
group of 3HA and 4HA must be suitably orien-
tated within the active site. The recently resolved
crystal structure of sweet potato catechol oxidase
[41], which has no mono-oxygenase activity, indi-
cates that Glu 236 acts as a general base/acid
catalyst. However, this residue has no equivalent
in human and Neurospora crassa tyrosinase, where
this amino acid corresponds to glutamine and
leucine, respectively. The determination of the
three-dimensional structure of a tyrosinase should
allow identification of the residue participate as a
base /acid catalyst in this type of enzymes with
mono-oxygenase activity. The relative orientation
of the phenolic —OH with respect to this residue
might be worse in 3HA than in 4HA.

Furthermore, since 8% > 87, the nucleophilic
power is less in 3HA, which might give rise to an
increased K because the dissociation constants
of the enzyme and substrate, K, and K, (K, =
k_,/k, and K, =k_,/k,), would increase as the
values of the second-order rate constants k, and
k, decreased. These results can also be explained
by the analytical expressions for V¥ and K, for
which reason we made the following kinetic anal-
ysis.

3.4. Kinetic analysis

As stated above, the o-diphenol which is
formed, regenerated and accumulated in the re-
action medium (Scheme 1), is the same in the
case of both monophenols, 3,4-dihydroxyanisole.
This encouraged us to carry out a kinetic analysis
for both monophenols since the rate constants of
the diphenolase route are the same, and this
would permit us to compare the hydroxylase cy-
cles of both monophenols [20].

The equation for the velocity of the reaction
mechanism (Scheme 1) is:

by[D]ss[O,],[Elo
¢y +¢,[0,], + ¢, [MI[O, ], + ¢5[Dlss[O, ],

(D

M _
VSS_

where [M], and [O,], are the initial monophenol
and oxygen concentrations, and [D]yq represents
the diphenol accumulated in the steady-state,
with:

by = 2ks kyks K,
co=ks ks KoK, Kq

¢, =ks 3k, K, + k3 KoK,

¢y = 3ks ko K K (1/K) + ky(ks + ks )Kq
¢ = ks (ks + 3k K,

_ [Dlss
R= [Mlo

with,
R=ks K¢/2k;K,
and the equilibrium constants:

K=k _ ki, Ky=k_,/k,, Ky=k_,/k,, K¢
=k_¢/ks

As the oxygen concentration is saturating, Eq. (1)
can be simplified to:

i _ b,[Dlss[Elo
ss ¢+ CZ[M]O + C3[D]ss
_ byRIMy[E]o o)
© ¢y + ey + 3 RIM]y
Thus,
VM =byR[Elo/(c, +c5R) (3)

KM=c,/(c,+c;R) 4)



Table 3
Equations describing the dependencies of the kinetic constants on rate and binding constants of the reaction mechanism of tyrosinase
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Substituting the values of b, ¢, ¢,, ¢; and R in
Egs. (3) and (4) gives:
v 2k3k5|k52k7K1K6[E]0
"X 6ks k2K, K, + 2ksk, (ks + ks VK K,
+ks ks (ks +3k;) K K

M

Q)

p 2ks k,(3k, K, + k3K K K,
" 6ks k3K, K, + 2ksko (ks + ks VK, K,
+ks ks (ks + 3k;) K K

(6

The catalytic efficiency being:
kM /KM = k. Ks/[Gk;K, + kKoK, ] @)

and the relation between the catalytic efficiencies
of a p-hydroxyphenol and its corresponding m-
hydroxyphenol is:

(kY
(kY

KM  kLKY
/K" kKD

kLK™ k]
TN

cat

(®

cat

From the analytical expressions deduced for
VM and KM [Egs. (5) and (6)], their dependence
on the transformation constants and the binding
constants of the monophenolase pathway can be
established (Table 3). Thus, the V¥ value de-
pends hyperbolically on both ks and ks,. How-
ever, the KM value only depends hyperbohcally

on ks but also depends on K.
3.5. Catalytic speed

In light of the these simplified equations it is
possible to understand the data obtained for 4HA
and 3HA (Table 1) with respect to the NMR data
(Table 2). Thus, 4HA has a low 87 value (Table
2), meaning that the strength of the nucleophilic
attack of the oxygen in the hydroxyl at C-4 must
be substantial and so the value of kf and Vnﬁx
must also be high [Eq. (9)]. The Value of 3 is
high (Table 2), so the electron density in C-3 must
be low, and therefore, the constant of the elec-

trophilic attack of the oxygen of the oxy form on

C-3 (k%) will be low. This will carry out a low
yM [Eq (10)]. These considerations suggest a
direct but opposite influence of both reactions
steps in the V;, value of the enzyme in its action
on 4HA.

In the case of 3HA, the value of 85 is high and
so the electron density at C-3 is low. The nucle-
ophilic activity of the hydroxyl oxygen towards the
coppers of the active site is low and k7' falls,
which would bring about a low ' _[Eq. (OY]. The
value of 8] is low (Table 2), which means the
electron density in C-4 is high. Thus, the elec-
trophilic attack of the oxygen of the oxy form
(Scheme 1) must be rapid, increasing k%' and V!

[10]. This means that the fall in VY assoc1ated
with the fall in k%, is matched by the rise in &3
and so the overall fall in V™ is only fourfold
(Table 1). From these data it may be gathered
that the value of ks is not much greater than
that of k5 since the “acceleration of ks, in 3HA

does not influence VM much. In other words, the

two steps must have rate constant values of the
same order of magnitude.

m

3.6. Catalytic affinity

The values of K shown in Table 1 can be
explained by Egs. (11) and (12) and taking in to
account the data of Table 2. Thus, since 8§ > &}
(Table 2), the charge density is greater in C-4 of
3HA than in C-3 of 4HA, the electrophilic attack
is favoured in 3HA and K} increases [Eq. (11)
and Table 1]. Since K depends hyperbolically
on the dissociation constant of the oxy form of
the enzyme with the monophenol (Scheme 1) K
would increase as K, increases [Eq. (12)].

The substrate must bind with the enzyme be-
fore making a nucleophilic attack on the copper
atoms of the active site of tyrosinase (Scheme 1).
We suggest that in this enzyme-—substrate com-
plex the hydrogen of the phenolic OH might bind
with an amino acid of the active site such as a
histidine. It is known that at low pH where the
histidine is protonated K increases, while activ-
ity diminishes [16]. Therefore, the putative hydro-
gen bond between the nitrogen of the histidine
and the hydrogen of the phenolic OH might facil-
itate the nucleophilic attack of the oxygen on the
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copper. The hydrogen bond with the histidine
would be favoured by the nucleophilic power of
the phenolic oxygen in the 4HA. This would imply
a high k? value and low K} value, so that K
would be low [Eq. (11)]. The opposite would occur
in 3HA with a low k}' implying a high K}', with
KM increasing [Eq. (12)]. Thus, in the case of
3HA, ks, and K, would increase, resulting in a
stronger increase in K than in 4HA (Table 1).

3.7. Catalytic efficiency

From Eq. (7) it can be established that the
catalytic efficiency is directly proportional to the
rate constant of the nucleophilic attack (k5 ) and
inversely proportional to the dissociation constant
of the oxy form with the monophenol (K,). The
data shown in Table 1 for the catalytic efficiencies
are in accordance with Eq. (7). Thus, kZ > k3!
and K} < K} and therefore, (kZ./K?) >

cat
(k2. /KM). Note that the catalytic efficiency does
not depend on the rate of the electrophilic attack
and that it is much lower for 3HA (Table 1).
Moreover, the ratio between the catalytic effi-
ciencies of both para and meta monophenols
depend on the rate of the nucleophilic attack
(k3',kf) and the association/dissociation con-
stants (KJ',K}) [Eq. (8)]. From the results
observed in Table 1, the ratio between both cat-
alytic efficiencies was calculated to be 265.3; such
a value agrees with the above discussion.

To summarise, we have Kkinetically charac-
terised a tyrosinase substrate hydroxylated in meta
position, 3HA. A comparison with its hydroxy-
lated isomer in the para position, 4HA, points to
small differences in V¥ and large differences in
KM, The efficiency of the enzyme on 3HA is
much less than on 4HA. These results suggest the
existence of physiological routes, such as melanin
biosynthesis, with good catalytic efficiency arising
from p-hydroxylated rather than m-hydroxylated
phenolic compounds of tyrosinase.

4. Nomenclature

C-1: Carbon atom in the 1-position of the
benzene ring

C-3: Carbon atom in the 3-position of the
benzene ring

C-4: Carbon atom in the 4-position of the
benzene ring

05! Chemical displacement value at C-3

O, Chemical displacement value at C-4

D: o-Diphenol

[Dlgs: o-Diphenol concentration in the

steady-state

DMF: N,N’-dimethylformamide

& Molar absorptivity at \;

[El,: Initial tyrosinase concentration

E,;: desoxytyrosinase

E,.. mettyrosinase (with Cu?*—Cu?" in the

active site)

E, : oxytyrosinase with Cu**-03 -Cu’" in
the active site

3HA: 3-Hydroxyanisole

4HA: 4-Hydroxyanisole

A Wavelength at the isosbestic point

Amax Wavelength at the maximum of absor-
bance

KM: Apparent Michaelis constant of tyrosi-
nase towards monophenols

kM- Catalytic constant of tyrosinase to-
wards monophenols

K;: k_,/k,

K,: k_,/k,

M],: Initial monophenol concentration

MBTH: 3-Methyl-2-benzothiazolinone hydra-
zone

NMR: Nuclear magnetic resonance

PB: Sodium phosphate buffer

[0,],: Initial oxygen concentration

|5 Steady-state rate of tyrosinase towards
monophenols

M. Maximum steady-state rate of tyrosi-

nase towards monophenols
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