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Abstract Tyrosinase has two types of enzymatic activities: the hydroxylation of
monophenols to o-diphenols (monophenolase activity) and oxidation of o-diphenols
to o-quinones (diphenolase activity). The action on o-diphenols involves two sub-
strates: oxygen and o-diphenol, while the mechanism proposed is a Uni Uni Bi Bi
ping-pong. In this contribution, we demonstrate experimentally that there is a kinet-
ically preferred pathway, which translates into the appearance of curves of initial
velocity vs. initial diphenol concentration shows inhibition by an excess of substrate,
while sigmoid curves are obtained when the initial velocity vs. initial oxygen concen-
tration are graphed. However, the action mechanism of the enzyme on monophenols,
which is more complex because it involves three substrates (monophenol, oxygen and
o-diphenol), does behave differently from the hyperbolic behaviour as regards the
initial velocity vs. initial monophenol concentration, results that can be explained if
the limiting step in the action of tyrosinase is the hydroxylation of monophenol to
o-diphenol.
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1 Introduction

It has long been known that cooperativity is not an exclusive characteristic of olig-
omeric enzymes, and two models have been proposed to explain the phenomenon:
binding equilibrium models and kinetic models [1–3]. The simplest models are kinetic
since, in them, a monomer with only one active site is capable of deviating from hyper-
bolic behaviour and showing sigmoidal behaviour when the concentration of substrate
is varied [3]. Among enzymes which have been seen to deviate from the hyperbolic
are: phosphofructokinase [4], isocitrate dehydrogenase of yeast [5] and heart malic
dehydrogenase [6].

Tyrosinase (TYR: monophenol, o-diphenol; oxygen-oxidoreductase; EC 1.14.18.1)
has two copper atoms in its active site and is ubiquitously present in biological systems
[7]. It catalyzes the oxidation of o-diphenols (o-diphenolase or catecholase activity)
to the corresponding o-quinones, through the consumption of molecular oxygen. It
may also catalyze the regioselective ortho-hydroxylation of monophenols to cate-
chols (monophenolase or cresolase activity) and their subsequent oxidation to o-qui-
nones. The catalytic centre of tyrosinase possesses a binuclear copper similar to that
of hemocyanin and catechol oxidase [7]. The catalytic cycle of tyrosinase has three
enzymatic forms: Em (met-tyrosinase), with the copper as Cu2+Cu2+, Ed (deoxy-
tyrosinase), with the copper as Cu+Cu+ and Eox (oxy-tyrosinase) with copper in
the form Cu2+Cu2+O2−

2 [8]. In the structure of tyrosinase from Streptomyces casta-
neoglobisporus [9], each copper ion is coordinated by three histidines (2 histidines in
equatorial position and one in axial position) [9–11].

The action mechanism of tyrosinase on o-diphenols and monophenols has been
widely studied [7,12]. The mechanism is complex since the enzyme exists in three
forms in the catalytic cycle (met-tyrosinase, deoxy-tyrosinase and oxy-tyrosinase),
while the reaction product, o-quinone, is unstable. The development of suitable meth-
ods to measure each of these activities [13] and the characterisation of the kinetic
mechanism of the enzyme acting on diphenols and monophenols [7,14] has increased
our understanding of the melanin biosynthesis pathway [15,16].

This work uses kinetic studies of the steady-state of both activities (monophenolase
and diphenolase), to (1) detect the limiting step of the process, (2) explain the inhi-
bition by an excess of o-diphenol in diphenolase activity, (3) explain the generation
of a sigmoid curve when the oxygen concentration in diphenolase activity is varied,
(4) interpret the absence of inhibition by excess monophenol in the monophenolase
activity when the concentration of monophenol is varied and (5) explain the absence
of a sigmoid curve when the oxygen concentration in monophenolase activity is
varied.

1.1 Abbreviation

For clarity and for the sake of brevity, the following additional notations will be used
in the text.
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1.1.1 Species and concentrations

D Diphenol (l- and d-dopa)
M Monophenol (l- and d-tyrosine)
E Enzyme (tyrosinase)
[E]0 Initial concentration of enzyme

1.1.2 Kinetic parameters

V D
0 Initial rate of tyrosinase acting on D

V M
0 Initial rate of tyrosinase acting on M

V D
max Maximal rate of tyrosinase for D

V M
max Maximal rate of tyrosinase for M

k D
cat Catalytic constant of tyrosinase acting on D

k M
cat Catalytic constant of tyrosinase acting on M

K D(P)
m Apparent Michaelis constant of tyrosinase for D in the kinetically

preferred pathway

K M(P)
m Apparent Michaelis constant of tyrosinase for M in the kinetically

preferred pathway

K O2(P)
m,D Apparent Michaelis constant for O2 in the diphenolase activity in the

kinetically preferred pathway

K O2(S)
m,D Apparent Michaelis constant for O2 in the diphenolase activity in the slow

pathway

K O2(P)
m,M Apparent Michaelis constant for O2 in the monophenolase activity on the

kinetically preferred pathway

K O2(S)
m,M Apparent Michaelis constant for O2 in the monophenolase activity on the

slow pathway

2 Experimental

2.1 Reagents

Commercial mushroom tyrosinase (TYR) and the substrates used in this work
(l- and d-dopa and l- and d-tyrosine) were purchased by Sigma (Madrid). Other chem-
icals were of analytical grade and supplied by Merck (Darmstadt, Germany). Stock
solutions of the diphenolic and monophenolic substrates were prepared in 0.15 mM
phosphoric acid to prevent autooxidation. Milli-Q system (Millipore corp.) ultrapure
water was used throughout.
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Fig. 1 Representation of the
initial velocity values obtained
for action of TYR on different
initial concentration of
o-diphenol, at different
concentrations of oxygen. The
experimental conditions were:
30 mM sodium phosphate buffer
(pH 7.0), 25 ◦C, [E]0 = 6 nM
and the initial oxygen
concentrations were (µM):
(filled circle) 260, (open circle)
100, (filled square) 30 and
(open square) 20. The l-dopa
concentrations (mM) were
varied as indicated in the figure.
Inset Representation of the
initial velocity vs. initial
concentration of O2, at l-dopa
concentration of 4 mM and
[E]0 = 6 nM [L-Dopa]0   (mM)
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2.2 Enzyme source

Mushroom tyrosinase was purified by Duckworth and Coleman’s procedure but with
two additional chromatographic steps [17]. The enzyme solution was passed through a
column (2.0×30 cm) of Sephadex G-100 (Pharmacia) equilibrated on 0.01 M sodium
phosphate buffer (pH 7). Samples showing tyrosinase activity were further purified by
FPLC anion-exchange chromatography on a Mono-Q HR 5/5 column (2.0 × 30 cm)
(Pharmacia) equilibrated with 0.01 M sodium phosphate (pH 7) and eluted with sodium
chloride (0–0.5 M gradient). Purified enzyme was desalted with Sephadex G-25 (Phar-
macia) into ultrapure water and stored in liquid nitrogen. Protein concentration was
determined by Bradford’s method [18], using bovine serum albumin as standard.

2.3 Spectrophotometric assays

These assays were carried out with a Perkin-Elmer Lambda-35 spectrophotometer, on
line interfaced to a PC-computer, where the kinetic data were recorded, stored and later
analyzed. The product of the enzyme reaction, the o-quinone, is not suitable for exper-
imental detection at long assay times due to the instability of the o-quinones [19,20],
and so the experimental assays were made at short times. The reaction was followed
by measuring: (a) the disappearance of NADH at 340 nm with ε = 6, 230 M−1 cm−1,
(l- and d-dopa) [13] and (b) the appearance dopachrome accumulation at 475 nm with
ε = 3600 M−1 cm−1 (l- and d-tyrosine) [21]. The cuvette (final volume 1 ml) con-
tained [NADH]0 = 0.2 mM for the measurement with o-diphenols and 30 mM sodium
phosphate buffer (pH 7.0) (monophenols and o-diphenols). The initial substrate (mon-
ophenol and o-diphenol) and oxygen concentrations were varied as indicated in the
legends of Figs. 1 and 3. The reaction was started with the addition of enzyme.
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Fig. 2 Representation of the
initial velocity values obtained
for action of TYR on a fixed
concentration of l-dopa
(2.8 mM), varying the initial
concentration of oxygen. The
experimental conditions were:
30 mM sodium phosphate buffer
(pH 7.0), 25 ◦C and
[E]0 = 6 nM. The O2
concentrations (µM) were
varied as indicated in the figure
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2.4 Oxymetric assays

Measurements of dissolved oxygen concentration were made with a Hansatech (Kings
Lynn, Cambs, UK) oxygraph unit controlled by a PC. The oxygraph used a Clark-type
silver/platinum electrode with a 12.5 μm Teflon membrane. The sample was contin-
uously stirred during the experiments and its temperature was maintained at 25 ◦C.
The zero oxygen level for calibration and experiments was obtained by bubbling
oxygen-free nitrogen through the sample for at least 10 min [22]. The cuvette (final
volume 2 ml) contained 30 mM sodium phosphate buffer (pH 7.0) and monophenol
and o-diphenol at a concentration at which tyrosinase is saturated by them. The initial
oxygen concentration was varied as is indicated in the legends of Figs. 2 and 4.

2.5 Kinetic data analysis

V0-values were calculated from triplicate measurements at each reducing substrate
concentration. The fitting was carried out using the Sigma Plot 9.0 program for Win-
dows [23], obtaining Vmax and K S

m by non-linear regression to the Michaelis-Menten
equation.

3 Results and discussion

Mushroom tyrosinase (EC 1.14.18.1) is an enzyme that contains copper in its active
centre and which catalyzes the hydroxylation of monophenols to o-diphenols (mono-
phenolase activity) and the oxidation of o-diphenols to their corresponding o-quinones
(diphenolase activity) in a reaction in which molecular oxygen intervenes [7]. We shall
first look at diphenolase activity.
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Fig. 3 Representation of the initial velocity values obtained for action of TYR on different initial con-
centrations of l-tyrosine at different initial concentrations of oxygen. The experimental conditions were:
30 mM sodium phosphate buffer (pH 7.0), 25 ◦C, [E]0 = 145 nM and the initial oxygen concentrations
(μM) were: (filled circle) 260, (open circle) 200, (filled square) 100, (open square) 50 and (open triangle)
20. The l-tyrosine concentrations (mM) were varied as indicated in the figure. Inset Representation of
the initial velocity at an initial l-tyrosine concentration of 1.1 mM and different initial concentrations of
oxygen. The experimental conditions were the same as in Fig. 3

Fig. 4 Representation of the
initial velocity values obtained
for TYR acting on l-tyrosine
(0.54 mM), varying the initial
oxygen concentration. The
experimental conditions were:
30 mM sodium phosphate buffer
(pH 7.0), 25 ◦C and
[E]0 = 145 nM. The O2
concentrations (µM) were
varied as indicated in the figure
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3.1 Diphenolase activity

The mechanism proposed to explain diphenolase activity is described in Scheme 1.
Enzyme turnover begins with met-tyrosinase, which reacts with o-diphenol (D) to
form the complex met-tyrosinase/diphenol. The o-diphenol is oxidised to o-quinone
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Em + D EmD Ed

+
D

+
O2

EdD + O2

EdO2 + D

EoxD Em + Q
k2

k-2
k3

k9

k-9

k8

k-8

k10

k-10

k6

k-6

k7

Q

(Pathway 1, kinetically preferred)

(Pathway 2, slow)

Scheme 1 Kinetic mechanism proposed to explain the action of tyrosinase on o-diphenols. Em , met-tyros-
inase; Ed , deoxy-tyrosinase; Eox , oxy-tyrosinase; D, o-diphenol; Q, o-quinone; Em D, met-tyrosinase/
o-diphenol complex; Ed D, deoxy-tyrosinase/o-diphenol complex; Ed O2; deoxy-tyrosinase/oxygen com-
plex; Eox D, oxy-tyrosinase/o-diphenol complex

and the form deoxy-tyrosinase is generated. This form, with Cu+Cu+, can react with
O2 to give oxy-tyrosinase, which, when it reacts with the o-diphenol, forms oxy-tyros-
inase/diphenol, which, in turn, is transformed into met-tyrosinase and o-quinone. The
pathway described (pathway 1) in the mechanism of Scheme 1 is the normal pathway
followed by the enzyme. However, at high concentrations of o-diphenol, the deoxy-
tyrosinase form can bind to it before the oxygen to form a deoxy-tyrosinase/o-diphenol
complex, which subsequently binds to the O2, giving rise to a new form, oxy-tyrosi-
nase/o-diphenol, which is transformed into met-tyrosinase and o-quinone (pathway 2,
slow).

The experimental data for the initial velocity vs. initial o-diphenol (substrate) con-
centration, Fig. 1, shows that the pathways described above differ kinetically, so that
pathway 1 should be kinetically preferred and pathway 2 slow. Note that inhibition
by excess of substrate occurs earlier at low O2 concentrations, that is, at the lowest
concentrations of o-diphenol. Figure 1 Inset shows the initial velocity obtained at a
fixed initial concentration of o-diphenol (high) and varying the initial concentration
of oxygen.

A kinetic study of the kinetically preferred pathway gives the values of K D(P)
m , the

apparent Michaelis constant for the o-diphenol in the kinetically preferred pathway,
and k D

cat, the catalytic constant. The analytical expressions according to [14] are:

K D(P)
m = k D

cat/k6 (1)

and

k D
cat = k3k7

k3 + k7
(2)

The Michaelis constant for oxygen is:

K O2(P)
m,D = k D

cat/k8 (3)

Figure 1 Inset shows the initial velocity obtained at a high concentration of o-diphe-
nol (and different concentrations of oxygen). From these data, the apparent Michaelis
constant for oxygen in the slow pathway can be obtained:
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K O2(S)
m,D = k D

cat/k10 (4)

The data showed in Table 1 and Fig. 1 indicate that the mechanism is depen-
dent of the oxygen concentration because the apparent Michaelis constant for oxygen
increased from the Eq. (3)-value to the Eq. (4)-value (see Table 1).

Figure 2 shows the values of the initial velocity obtained at a fixed concentration of
o-diphenol and increasing initial concentrations of oxygen. The sigmoid shape is sim-
ilar to that obtained with the enzyme phosphofructokinase [24], behaviour which can
be explained, according to Scheme 1, if two pathways exist to reach the intermediate
oxy-tyrosinase/o-diphenol, Eox D, starting from deoxy-tyrosinase, Ed . As indicated
by Ferdinand [3], an indicative test for kinetically preferred pathway, in a bisubstrate
reaction, includes inhibition by excess of substrate (o-diphenol in this case) and sig-
moicidity with respect to the other substrate (oxygen in this case).

Therefore, at fixed concentration of oxygen, the velocity increases as the initial con-
centration of o-diphenol increases until it binds to the form deoxy-tyrosinase, entering
the slow pathway and inhibition through excess substrate occurs (Fig. 1). In the case
described in Fig. 2, at low initial concentrations of oxygen and high concentrations of
o-diphenol, the enzyme follows pathway 2 and, as oxygen is added, it takes the kinet-
ically preferred pathway and a sigmoid curve is obtained. From these experimental
results, it can be deduced that the mechanism described in Scheme 1 does not reach
rapid equilibrium but passes through a steady-state, since the velocity expression with
respect to initial o-diphenol concentration and in the case of rapid equilibrium is a
hyperbola, Eq. 5 (expressions α1 − α4 are given in Appendix), is:

V0

[E]0
= α1[D]0[O2]0

α2 + α3[O2]0 + α4[D]0 + [D]0[O2]0
(5)

which does not agree with the experimental results. This leads us to conclude that
the mechanism reaches a steady-state so that the velocity equation of the mechanism
would correspond to Eq. (6). Expressions β1 − β11 are given in the Appendix.

V0

[E]0

= β1[D]0[O2]0 + β2[D]0[O2]2
0 + β3[D]2

0[O2]0

β4 + β5[O2]0 + β6[D]0 + β7[O2]2
0 + β8[D]0[O2]0 + β9[D]2

0 + β10[D]0[O2]2
0 + β11[D]2

0[O2]0

(6)

3.2 Monophenolase activity

The mechanism that describes the monophenolase activity of tyrosinase is described
in Scheme 2. In this case, too, the binding of monophenol to deoxy-tyrosinase was
considered, and the pathway was seen to be slow. However, since the steady-state con-
centration of o-diphenol is low, so that [D]0/[M]0 = R = 0.046 [25], it is assumed
that, in this case, D does not bind to the deoxy-tyrosinase. The velocity equation for the

123



J Math Chem (2010) 48:347–362 355

Ta
bl

e
1

K
in

et
ic

co
ns

ta
nt

s
an

d
pa

ra
m

et
er

s
ob

ta
in

ed
fo

r
ac

tio
n

of
T

Y
R

on
is

om
er

s
of

do
pa

an
d

ty
ro

si
ne

Su
bs

tr
at

e
K

S(
P

)
m

(m
M

)
K

O
2
(
P

)
m

(µ
M

)

K
O

2
(S

)
m

(µ
M

)

k c
at

(s
−1

)

k 6
×

10
−5

(M
−1

s−
1
)

k 4
×

10
−3

(M
−1

s−
1
)

k 8
×

10
−7

(M
−1

s−
1
)

k 1
0
×1

0−
6

(M
−1

s−
1
)

l-
do

pa
0.

50
±

0.
06

4.
78

±
0.

72
28

±
4

11
0.

0
±

10
.2

2.
20

±
0.

32
–

2.
3

±
0.

4
3.

93
±

0.
88

d
-d

op
a

2.
15

±
0.

28
4.

57
±

0.
68

31
±

2
10

5.
3

±
10

.4
0.

48
±

0.
08

–
2.

3
±

0.
4

3.
39

±
0.

66

l-
ty

ro
si

ne
0.

27
±

0.
03

0.
53

±
0.

07
37

±
2

8.
1

±
1.

4
–

30
.0

±
4.

1
2.

3
±

0.
4

–

d
-t

yr
os

in
e

1.
21

±
0.

16
0.

52
±

0.
08

40
±

4
7.

9
±

1.
9

–
6.

5
±

1.
2

2.
3

±
0.

4
–

123



356 J Math Chem (2010) 48:347–362

EmM M + Em + D EmD

Ed + M

Q

EdM

+
O2

EoxMD + Eox + M

+
O2

EoxD

Q

k1

k-1

k2

k-2

k3

k4

k-4

k6

k-6

k8 k-8

k7

k11

k-11

k12 k-12

k5

2Q D + DC

Scheme 2 Kinetic mechanism proposed to explain the action of tyrosinase on monophenols. Em , met-tyrosi-
nase; Ed , deoxy-tyrosinase; Eox , oxy-tyrosinase; D, o-diphenol; Q, o-quinone; M, monophenol; Em M , met-
tyrosinase/monophenol complex; Em D, met-tyrosinase/o-diphenol complex; Ed M , deoxy-tyrosinase/mon-
ophenol complex; Eox M , oxy-tyrosinase/monophenol complex; Eox D, oxy-tyrosinase/o-diphenol complex

mechanism of Scheme 2, accepting that the steady-state is reached, is Eq. (7), where a
3:3 ratio exists for the monophenol between the numerator and the denominator. The
analytical expressions for γ1 − γ21 are given in the Appendix.

V0

[E]0
=

γ1[O2]0[M]2
0 + γ2[O2]0[D]0[M]0 + γ3[O2]0[M]3

0+ γ4[O2]2
0[M]2

0 + γ5[D]0[O2]0[M]2
0 + γ6[D]0[O2]2

0[M]
γ7[M]0 + γ8[M]2

0 + γ9[O2]0[M]0 + γ10[D]0[M]0

+ γ11[D]0[O2]0 + γ12[M]3
0 + γ13[O2]0[M]2

0 + γ14[O2]2
0[M]0

+ γ15[D]0[M]2
0 + γ16[D]0[O2]0[M]0 + γ17[D]0[O2]2

0 + γ18[O2]0[M]3
0+ γ19[O2]2

0[M]2
0 + γ20[D]0[O2]0[M]2

0 + γ21[D]0[O2]2
0[M]0

(7)

Furthermore, the experimental data for the initial velocity vs. substrate concentra-
tion (monophenol), Fig. 3, point to a hyperbolic behaviour. From these data, it can be
deduced that the mechanism does not follow the steady-state model, but must follow
the rapid equilibrium model, meaning that the equation is simpler. If we consider the
step governed by k5 (hydroxylation reaction) as the slow step of the turnover, the
velocity equation takes a hyperbolic form, Eq. (8). The expressions for ϕ1 − ϕ9 are
given in the Appendix.
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V0

[E]0
= ϕ1[D]0[O2]0[M]0 + ϕ2[D]2

0[O2]0

ϕ3[D]0 + ϕ4[O2]0[M]0 + ϕ5[D]0[M]0 + ϕ6[D]0[O2]0

+ϕ7[O2]0[M]2
0 + ϕ8[D]0[O2]0[M]0 + ϕ9[D]2

0[O2]0

(8)

Since [D]0/[M]0 = R [25], [D]0 in Eq. (8) can be substituted by R[M]0 so that
the equation simplifies to Eq. (9):

V0

[E]0

=
[
ϕ1 R[O2]0 + ϕ2 R2[O2]0

] [M]0

ϕ3 R + ϕ4[O2]0 + ϕ6[O2]0 + [
ϕ5 R + ϕ7[O2]0 + ϕ8 R[O2]0 + ϕ9 R2[O2]0

][M]0

(9)

The results of the kinetic study with monophenols are shown in Table 1. When the
initial concentration of oxygen is saturating, so that only the rapid pathway is followed,
the apparent Michaelis constant for the monophenol can be obtained (see Table 1):

K M(P)
m = k M

cat/k4 (10)

and

k M
cat = k5 (11)

The apparent Michaelis constant for oxygen is:

K O2(P)
m,M = 3

2
k M

cat/k8 (12)

The data showed in Table 1 and Fig. 3 shows that the mechanism is dependent of the
oxygen concentration because the apparent Michaelis constant for oxygen increased
from the Eq. (12)-value to a more complex expression, which is shown in Eq. (A47)
(see Appendix).

Figure 3 Inset shows the values of the initial velocity vs. oxygen concentration at
very high monophenol concentrations, and from this hyperbola the K O2(S)

m,M can be
obtained. When the initial concentration of oxygen is varied and the monophenol
concentration is maintained constant, no sigmoid shape is obtained for velocity vs.
oxygen concentration (Fig. 4). The data for Figs. 3 and 4 agreed with Eqs. (8) and (9)
which are obtained taking into account the rapid equilibrium. These results agreed with
other isotopic effect studies demonstrated that the limiting step of the monophenolase
activity corresponded to the transference of the hydroxyl proton of the monophenol
(position 4) to the peroxide of oxy-tyrosinase, which correspond to the step controlled
by k5 (Scheme 2) [26,27].

As can be seen in Fig. 1 Inset and Fig. 3 Inset, representing the initial velocity vs.
initial oxygen concentration provides the Michaelis constant for oxygen in the slow
pathway. In the case of monophenols, we obtain K O2(S)

m,M , a very complex expression
(A47): note the increasing values of the apparent Michaelis constant for oxygen in
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the slow pathway compared with that obtained in the kinetically preferred pathway
(Table 1).

As regards the stereochemistry, according to the results depicted in Table 1, the
values for K S

m are much higher in the D isomers compared with L, both in o-diphenols

and monophenols. However, K O2(P)
m does not vary since kcat is the same, the values

of δ3 and δ4 being the same for both isomers. The data in Table 1 shows that the values
of K O2(S)

m are practically the same for both isomers, although much higher than those
of K O2(P)

m . This difference is due to the oxygen binding constant: in the kinetically
preferred pathway oxygen binds to deoxy-tyrosinase and in the slow pathway it binds
to the intermediate deoxy-tyrosinase/o-diphenol or deoxy-tyrosinase/monophenol.

The experimental results show that tyrosinase expresses kinetic cooperativity when
it acts on o-diphenols, which can be explained if only one active centre exists. Fur-
thermore, these results indicate that, in the monophenolase activity, the limiting step
in the turnover is the hydroxylation of monophenols to o-diphenols.

Acknowledgments This paper was partially supported by grants from the Ministerio de Educación y
Ciencia (Madrid, Spain) Project BIO2009-12956, from the Fundación Séneca (CARM, Murcia, Spain)
Projects 08856/PI/08 and 08595/PI/08, from the Consejería de Educación (CARM, Murcia, Spain) BIO-
BMC 06/01-0004 and from FISCAM PI-2007/53 from the Consejería de Salud y Bienestar Social de la
Junta de Comunidades de Castilla La Mancha. J.L.M.M. has a fellowship from the Ministerio de Educación
y Ciencia (Madrid, Spain) Reference AP2005-4721. F.G.M has a fellowship from Fundación Caja Murcia
(Murcia, Spain).

Appendix: Analytical expressions for the equations described in the main text

The expressions of the parameters αi (i = 1, 2, 3, 4) involved in Eq. (5) are:

α1 = 2k3k7

k3 + k7
(A1)

α2 = k3 K9 K10

k3 + k7
(A2)

α3 = k−2k7 + k3k7 + k2k3 K6

k2(k3 + k7)
(A3)

α4 = k3 K10

k3 + k7
(A4)

The expressions of the parameters βi (i = 1, 2, 3, . . . , 11) involved in Eq. (6) are:

β1 = k2k3k8k6k7k−9 + k2k3k9k−8k7k10 + k2k3k8k6k7k−9 + k2k3k9k−8k7k10 (A5)

β2 = k2k3k8k6k7k10 + k2k3k8k6k7k10 (A6)

β3 = k2k3k9k6k7k10 + k2k3k9k6k7k10 (A7)

β4 = k2k3k−8k7k−9 + k2k3k−8k−6k−9 + k2k3k−8k−10k−9 (A8)

β5 = k−2k8k6k7k−9 + k−2k9k−8k7k10 + k3k8k6k7k−9 + k3k9k−8k7k10

+ k2k3k−8k7k10 + k2k3k−8k−6k10 + k2k3k8k7k−9 + k2k3k8k−6k−9

+ k2k3k8k−10k−9 (A9)
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β6 = k2k3k6k7k−9 + k2k3k6k−10k−9 + k2k3k9k−8k7 + k2k3k9k−8k−6

+ k2k3k9k−8k−10 (A10)

β7 = k−2k8k6k7k10 + k3k8k6k7k10 + k2k3k8k7k10 + k2k3k8k−6k10 (A11)

β8 = k−2k9k6k7k10 + k3k9k6k7k10 + k2k8k6k7k−9 + k2k9k−8k7k10 + k2k3k6k7k10

+ k2k3k9k−6k10 + k2k3k8k6k−9 + k2k3k9k−8k10 + k2k3k8k6k−10 (A12)

β9 = k2k3k9k6k7 + k2k3k9k6k−10 (A13)

β10 = k2k8k6k7k10 + k2k3k8k6k10 (A14)

β11 = k2k9k6k7k10 + k2k3k9k6k10 (A15)

The expressions of the parameters γi (i = 1, 2, 3, . . ., 20, 21) involved in Eq. (7)
are:

γ1 = k−1k2k3k8k4k5k7k−11 + k−1k2k3k8k4k5k−6k−11 + k−1k2k3k11k−8k5k7k12

+ k−1k2k3k11k−8k5k−6k12 (A16)

γ2 = k−1k2k3k8k6k5k7k−11 + k−1k2k3k8k6k−4k7k−11 + k−1k2k3k8k6k−12k7k−11

+ k−1k2k3k8k6k5k7k−11 + k−1k2k3k8k6k−4k7k−11

+ k−1k2k3k8k6k−12k7k−11 (A17)

γ3 = k−1k2k3k11k4k5k7k12 + k−1k2k3k11k4k5k−6k12 (A18)

γ4 = k−1k2k3k8k4k5k7k12 + k−1k2k3k8k4k5k−6k12 (A19)

γ5 = k−1k2k3k11k6k5k7k12 + k−1k2k3k11k6k−4k7k12

+ k−1k2k3k11k6k−4k7k12 (A20)

γ6 = k−1k2k3k8k6k5k7k12 + k−1k2k3k8k6k−4k7k12 + k−1k2k3k8k6k5k7k12

+ k−1k2k3k8k6k−4k7k12 (A21)

γ7 = k−1k2k3k−8k5k7k−11 + k−1k2k3k−8k5k−6k−11 + k−1k2k3k−8k−4k7k−11

+ k−1k2k3k−8k−4k−6k−11 + k−1k2k3k−8k−12k7k−11

+ k−1k2k3k−8k−12k−6k−11 (A22)

γ8 = k−1k2k3k4k5k7k−11 + k−1k2k3k4k5k−6k−11 + k−1k2k3k4k−12k7k−11

+ k−1k2k3k4k−12k−6k−11 + k−1k2k3k11k−8k5k7 + k−1k2k3k11k−8k5k−6

+ k−1k2k3k11k−8k−4k7 + k−1k2k3k11k−8k−4k−6 + k−1k2k3k11k−8k−12k7

+ k−1k2k3k11k−8k−12k−6 (A23)

γ9 = k−1k−2k8k4k5k7k−11 + k−1k−2k8k4k5k−6k−11 + k−1k−2k11k−8k5k7k12

+ k−1k−2k11k−8k5k−6k12 + k−1k−2k3k−8k5k7k12 + k−1k2k3k−8k5k−6k12

+ k−1k2k3k−8k−4k7k12 + k−1k2k3k−8k−4k−6k12 + k−1k2k3k8k5k7k−11

+ k−1k2k3k8k5k−6k−11 + k−1k2k3k8k−4k7k−11 + k−1k2k3k8k−4k−6k−11

+ k−1k2k3k8k−12k7k−11 + k−1k2k3k8k−12k−6k−11 (A24)

γ10 = k−1k2k3k6k5k7k−11 + k−1k2k3k6k−4k7k−11 + k−1k2k3k6k−12k7k−11 (A25)
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γ11 = k−1k−2k8k6k5k7k−11 + k−1k−2k8k6k−4k7k−11 + k−1k−2k8k6k−12k7k−11

+ k−1k3k8k6k5k7k−11 + k−1k3k8k6k−4k7k−11 + k−1k3k8k6k−12k7k−11

(A26)

γ12 = k−1k2k3k11k4k5k7 + k−1k2k3k11k4k5k−6 + k−1k2k3k11k4k−12k7

+ k−1k2k3k11k4k−12k−6 (A27)

γ13 = k1k−2k8k4k5k7k−11 + k1k−2k8k4k5k−6k−11 + k1k−2k11k−8k5k7k12

+ k1k−2k11k−8k5k−6k12 + k−1k−2k11k4k5k7k12 + k−1k−2k11k4k5k−6k12

+ k−1k2k8k4k5k7k−11 + k−1k2k8k4k5k−6k−11 + k−1k2k11k−8k5k7k12

+ k−1k2k11k−8k5k−6k12 + k−1k2k3k4k5k7k12 + k−1k2k3k4k5k−6k12

+ k−1k2k3k11k−4k7k12 + k−1k2k3k11k−4k−6k12 + k−1k2k3k8k4k7k−11

+ k−1k2k3k8k4k−6k−11 + k−1k2k3k11k−8k7k12 + k−1k2k3k11k−8k−6k12

+ k−1k2k3k8k4k−12k7 + k−1k2k3k8k4k−12k−6 (A28)

γ14 = k−1k−2k8k4k5k7k12 + k−1k−2k8k4k5k−6k12 + k−1k2k3k8k5k7k12

+ k−1k2k3k8k5k−6k12 + k−1k2k3k8k−4k7k12 + k−1k2k3k8k−4k−6k12

(A29)

γ15 = k−1k2k3k11k6k5k7 + k−1k2k3k11k6k−4k7 + k−1k2k3k11k6k−12k7 (A30)

γ16 = k1k−2k8k6k5k7k−11 + k1k−2k8k6k−4k7k−11

+ k1k−2k8k6k−12k7k−11 + k1k3k8k6k5k7k−11 + k1k3k8k6k−4k7k−11

+ k1k3k8k6k−12k7k−11 + k−1k−2k11k6k5k7k12 + k−1k−2k11k6k−4k7k12

+ k−1k3k11k6k−4k7k−12 + k−1k2k8k6k5k7k−11 + k−1k2k8k6k−4k7k−11

+ k−1k2k8k6k−12k7k−11 + k−1k2k3k6k5k7k12 + k−1k2k3k6k−4k7k12

+ k−1k2k3k8k6k5k−11 + k−1k2k3k8k6k−4k−11

+ k−1k2k3k8k6k−12k−11 (A31)

γ17 = k−1k−2k8k6k5k7k12 + k−1k−2k8k6k−4k7k12 + k−1k3k8k6k5k7k12

+ k−1k3k8k6k−4k7k12 (A32)

γ18 = k1k−2k11k4k5k7k12 + k1k−2k11k4k5k−6k12 + k−1k2k11k4k5k7k12

+ k−1k2k11k4k5k−6k12 + k−1k2k3k11k4k7k12 + k−1k2k3k11k4k−6k12

(A33)

γ19 = k1k−2k8k4k5k7k12 + k1k−2k8k4k5k−6k12 + k−1k2k8k4k5k7k12

+ k−1k2k8k4k5k−6k12 + k−1k2k3k8k4k7k12 + k−1k2k3k8k4k−6k12 (A34)

γ20 = k1k−2k11k6k5k7k12 + k1k−2k11k6k−4k7k12 + k1k3k11k6k−4k7k12

+ k−1k2k11k6k5k7k12 + k−1k2k11k6k−4k7k12 + k−1k2k3k11k6k7k12

+ k−1k2k3k11k6k−4k12 (A35)

γ21 = k1k−2k8k6k5k7k12 + k1k−2k8k6k−4k7k12 + k1k3k8k6k5k7k12

+ k1k3k8k6k−4k7k12 + k−1k2k8k6k5k7k12 + k−1k2k8k6k−4k7k12

+ k−1k2k3k8k6k5k12 + k−1k2k3k8k6k−4k12 (A36)
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The expressions of the parameters ϕi (i = 1, 2, 3. . .9) involved in Eq. (8) are:

ϕ1 = K1k2k3k5k7 + K1k2k3k5k−6 (A37)

ϕ2 = K1k2k3k6 K4k7 + K1k2k3k6 K4k7 (A38)

ϕ3 = K1k2k3 K8 K4k7 + K1k2k3 K8 K4k−6 (A39)

ϕ4 = K1k−2k5k7 + K1k−2k5k−6 (A40)

ϕ5 = K1k2k3 K12k7 + K1k2k3 K12k−6 (A41)

ϕ6 = K1k−2k6 K4k7 + K1k3k6 K4k7 + K1k2k3 K4k7 + K1k2k3 K4k−6 (A42)

ϕ7 = k−2k5k7 + k−2k5k−6 (A43)

ϕ8 = k−2k6 K4k7 + k3k6 K4k7 + K1k2k5k7 + K1k2k5k−6

+K1k2k3k7 + K1k2k3k−6 (A44)

ϕ9 = K1k2k6 K4k7 + K1k2k3k6 K4 (A45)

The analytical expression for R is:

R = k M
cat K

D(P)
m

2k D
cat K

M(P)
m

= k4

2k6
(A46)

Taking into account the Eqs. (A46) and Eqs. (A41), (A43), (A44) and (A45), K O2(S)
m

in the monophenolase activity, is:

K O2(S)
m = ϕ5 R

ϕ7 + ϕ8 R + ϕ9 R2 (A47)
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