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Tyrosinase is a cuproprotein that hydroxylates monophenols to o-diphenols, which
it then oxidises to o-quinones, using molecular oxygen. Based on kinetic studies of
the steady state and measuring product formation during the action of the enzyme
on o-diphenols, we determine the Michaelis constant and the maximum velocity,
respectively. Similarly, we determine these kinetic constants for the enzyme acting on
monophenols. From these constants obtained for a monophenol/o-diphenol pair, it is
possible to calculate a new constant, the Michaelis constant of the enzyme for an
o-diphenol acting on the corresponding monophenol, by means of an equation that
relates the above-mentioned kinetic constants. Furthermore, it is also possible to estab-
lish the relation between the Michaelis constants for the oxygen in the presence of mon-
ophenol and in the presence of o-diphenol from the relation between the maximum
velocities of the monophenol and o-diphenol experimentally determined by measuring
aminochrome. From applying the equations described above to the kinetic data of the
many tyrosinases described in the literature, we find that the Michaelis constant for the
o-diphenol in the presence of monophenol is much lower than that obtained when the
enzyme acts on o-diphenol alone. The Michaelis constant for oxygen in the presence of
monophenol is also much lower than that obtained in the presence of its o-diphenol.

KEY WORDS: biological source, characterisation, kinetic constant, reaction mechanism,
Tyrosinase

1. Introduction

Tyrosinase or polyphenoloxidase (PPO) is a copper enzyme widely dis-
tributed throughout the phylogenetic scale. It catalyses the hydroxylation of
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Scheme 1. Proposed kinetic reaction mechanism of tyrosinase acting on M and D, with the non-
enzymatic reactions corresponding the evolution of Q. E; is converted to Eox by binding oxygen
(03). Eox can either react with a monophenol, M or with an o-diphenol, D. In the case of Fox
reacting with M, this evolves to D and may be oxidised to Q, generating E;, or be released into the
medium, generating, in turn, E,,. If Egx reacts with D, the corresponding Q is generated. E;, can
oxidise D, generating Q and be converted to E4, and E,; may bind to M generating the dead-end
complex, E; M. Spontaneous endocyclization of Q gives rise to dopachrome (Cr) and D (mecha-
nism previously proposed by us) [29].

monophenol (M) to o-diphenols (D) and their subsequent oxidation to o-quinones
(Q), in both cases by molecular oxygen [1, 2]. The catalytic action of tyrosinase on
M is possible because there is a small proportion of oxytyrosinase (Eqx, 2-30%)
in the native enzyme [3].

The kinetic behaviour of tyrosinase is very complex due to the contempo-
raneous occurrence of the enzymatic oxidation of M and D to Q, on the one
hand, and the coupled non-enzymatic reactions of Q, on the other [3, 4]. Taking
the above into account, we proposed a detailed kinetic mechanism and deduced
the analytical expressions for the steady-state rates for the monophenolase and
diphenolase activities of tyrosinase, scheme 1 [5, 6]. The validity of this mecha-
nism has been substantiated for enzymes extracted from a variety of fruits and
vegetables [6-8].

From steady state kinetic studies of the enzyme acting on D, we have deter-
mined vrféf " (maximum velocity for the enzyme acting on o-diphenols) and K P
(the Michaelis constant for D) for a large number of tyrosinases from the whole
phylogenetic scale [6-24]. As regards the enzyme acting on M, we have also
obtained a group of values Vrﬁé’xcr (the maximum velocity in the presence of
monophenol) and K (the Michaelis constant for the enzyme in the presence of
monophenol) [6-26].
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As regards D, the kinetic characterisation was completed by determining
K,,? 2(D) (the Michaelis constant for oxygen in the presence of D), either by using
the initial velocity method or, for small values, the integrated Michaelis equa-
tion [27, 28]. When the enzyme acts on M, the K,32<M) values are usually very
small so that the Michaelis constant for the oxygen cannot be determined experi-
mentally using the integrated Michaelis constant, as has previously been demon-
strated [28], because the steady state breaks down in the sequence of reactions
of the mechanism in scheme 1. In such cases, the only way to determine Kn? 2(M)
is by means of the analytical expression relating the kinetic parameters and con-
stants for monophenol and D [28, 29].

When tyrosinase acts on M, it is known to show a lag phase (r), which,
as we have demonstrated previously [5, 6], is the time needed for the system to
accumulate a given quantity of D in the medium. In the presence of M, there-
fore, the enzyme shows saturation by D different from K P2, and which we shall
refer to as K. (30 (the Michaelis constant for D in the presence of its M); by
estimating this kinetic constant, the kinetics of the system can be completed.

In this contribution, we shall demonstrate how it is possible to amplify
the kinetic characterisation of any tyrosinase from the steady state kinetic con-
stants (ViS", KP, vM.C" KM) taking into account the analytical expres-
sions deduced in the kinetic analysis of this mechanism in previous studies,
[11, 30-32].

More specifically, we }?ropose calculating K5 M) and the ratio between the
Michaelis constants K,QQ(M /K,,?z(D) for oxygen, based on the data published in
the bibliography for tyrosinases from several sources. We shall discuss the values
obtained in order to draw general conclusions concerning the kinetic behaviour
of the enzyme and the fulfilment of scheme 1 across the whole phylogenetic scale.
In addition, in the case of mushroom tyrosinase, for which we know the K,j,‘f 102
and K,f,) ’02, the kinetic characterisation is completed from quantitative relations,
which have a kinetic meaning, which can be used to obtain information on the
system under study.

2. Material and methods

NMR Assays. '3C NMR spectra of the different M and D tested were
obtained in a Varian Unity spectrometer of 300 MHz.

3.  Results and discussion

The action mechanism of tyrosinase on D is that depicted in scheme 1, with
[M]p = 0. The analytical expression for the steady state rate of product accumu-
lation (dopachrome, Cr, is the physiological substrate L-Dopa) [11, 29-31] is:
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yD.Cr _ Vinax " [Dlo[02]y
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KPK? + K™ D)y + K2 [02]y + [Dly [0a]

(1)

Taking into account kinetic considerations developed in previous studies [11,29-31]:

Vil = kb [Ely = k7 [E]y . )
ke = k7, (3)

KD = kq/ ks, 4
KPP = g/ kg, (3)

K9 =k_g/ks. (6)

From the measurements of enzymatic activity in the steady state (VSIS) €y
and by non-linear regression fitting to equation (1), we can determine VH[,)Z;XC " and
K. If the enzymatic activity can be estimated by measuring the consumption of
oxygen (VSIS)’OZ), we can determine VH?Z{XO 2 and K,f ; now, according to the stoi-
chiometry of scheme 1, V2" =v2 2 and so V" =v,2:02 The data for the
tyrosinases from several biological sources are presented in tables 1 and 2.

The action of the enzyme on M corresponds to the mechanism described
in scheme 1. Following the methodology and kinetic considerations expressed
in previous studies [11, 29-31], the analytical expression for the enzyme’s steady
state action rate for the accumulation of product can be obtained.

M,Cr

VM’C’ _ max [M]O [02]0 (7)
s8 T oM 02 0> (M) M
KMK? + Ky, [M]y + K [O2]y + [M]y [O2]o
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Since the ratio, R, between [D]ss (the quantity of D that accumulates in the
medium during the evolution of Q) and [M]g [6, 29-31], can be established in the
steady state:

M,C
[D]SS — R = VmaX rKrfl.) — kégtkCDat — k4 (12)
[M]o 2V DCr M 2kD KM 2k

equation (7) can be expressed as a function of [D]s in the form:

M,C
VM,Cr _ Vmax " [D]ss [02]0 (13)
Ss M
Kn™ + KM Dl + K™ [02]) + [Dls [02]

with

KDWM) _ kC_Agt (14)
" 2ke’

where VmMa’Xcr and K ,f{ 2M) are given by equations (8) and (11), respectively. From
the measurements made of the enzymatic activity in its steady state, v ‘€ and
by fitting these data by non-linear regression according to equation (7), we can
obtain Vn%’xcr and KM. If the enzymatic activity can be estimated by measur-
ing the consumption of oxygen (Vszsu,oz)’ we can determine Vrﬁ’xOZ and KM,
now, according to the stoichiometry of scheme 1, VSISVI or = (2/3)VSI:I’O2 and so
vn’iﬁf’ =2/ 3)VHAI/;’X02. The data for the tyrosinases from several biological sources
are presented in tables 1 and 2.

From the analytical expressions for V,.2:¢", KP, vMCrand KM, equations
(2), (4), (8) and (10), respectively, the following expressions can be established
[27-31]:

M,Cr D
KD(M) — Vmax fm (15)
m D,
2Vmaxr
and
0,(M M,C M,0
K™ 3V Ve 16)
D) — cr,D — ,D,0;"
KPP 2yen v

Or, if oxygen consumption has been measured the following equations result
from Ve 2, KM, vD9 and KP:

M,0
D(M) _ Vimax ZKn?
3Vme{x
Or(M M,0
sz( ) B Vmax 2. (18)

Kﬂ?z(D) v.D. 02

max
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Bearing in mind the data shown in tables 1 and 2 and taking into account
equations (15) and (16), the values of k2™ and the ratio K>k, 2*P) can
be calculated (shown in the same tables). The following conclusions arise from
these values:

(a) According to tables 1 and 2, the values of VH%{XC " are always greater than

the values of Vnﬁxcr. Vn?axc ">V M.CT If we take into account the analyti-

cal expressions of Vmax (equation (2)) and Vnﬁxc " (equation (8)), it can

be seen that the enzyme oxidises the D more easily than the M. In the
first case (D), the critical steps would be (scheme 2): non-covalent bind-
ing of D to Eox, nucleophilic attack of the oxygen from OH of the C-4 on
the copper, simultaneous transfer of the HT to the peroxide, nucleophilic
attack of the oxygen from OH of the C-3 on the copper followed by oxi-
dation/reduction of the D to Q. However, in the case of M, the critical
steps would be: non-covalent binding of M to Ex, nucleophilic attack of
the oxygen from OH of the C-4 on the copper and simultaneous transfer
of the H™ to the peroxide, electrophilic attack of the peroxide in position
C-3 of the M and subsequent oxidation/reduction to Q or the release of
D. From an electronic point of view, in table 3, we show the values of
the chemical displacements of the C-4 of some D and their respective M,
from which values it is concluded that D are better nucleophiles than M,
which means that k > kM (equations (3) and (9), respectively).

cat

(b) In general, for all the tyrosinases studied K” > KM (see tables 1 and 2).
According to their analytical expressions (equations (4) and (10)), the
values of k7 > ks, ks,/ ks, + ks,, although k¢ > k4, according to the val-
ues of §4 for D and M (see table 3). However, the catalytic steps are
much faster in the former case, which influences k.t and the fact that
KP > KM (tables 1 and 2).

c) For all the tyrosinases mentioned in this work K,, ban K, D which is
y

confirmed by the analytical expressions of e?uatlons (3), (4) and (14)
since kM < k2 and the denominator in K, is double that in K.
These two expressions for the Michaelis constants, K2 and K, DD do

Scheme 2. Structural mechanism proposed to explain the kinetic reaction mechanism of tyrosinase
acting on M. E,,, mettyrosinase, Eox, oxytyrosinase, E;, deoxytyrosinase, M, monophenol, D, o-
diphenol, B, acid-base catalyst. Dead-end pathway: E,, M, interaction complex between E, and
M, E,;; M1, nucleophilic attack complex from M to E,,. Oxidase cycle: E,, Dy, interaction complex
between E;; and D, E,, Dy, axial nucleophilic attack complex from OH of C-4 to E,,, E; D;, di-
axial binding complex of D with E,,, Eox Dy, interaction complex of D with Eox, Eox D1, axial
binding complex of D with Eox, Eox Dy diaxial binding complex of D with Eox. Hydroxylase cycle:
Eox My, interaction complex of M with Eox, Eox M|, axial nucleophilic attack complex from M to
Eox, En D3, axial-equatorial hydroxylation complex from M to D, E;, Dy, rearrangement complex
with C-4 bond break.
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not mean that the enzyme has two binding sites for D: in our mecha-
nism, schemes 1 and 2, there is only one site for the binding of substrate
and enzyme for M and D, unlike in [33], where two separate sites are

N : i
N-?UZ;QZ-C}:’-N k. 2 B ? £Ea | N pathway
N "N

© Oxidase N-. & 4T N Hydroxylase N, _gj‘ N

N.. 2+‘9;‘*T_MN ) N Cuy ) mCu Q-Cu
N-ﬁu- Cu-N cycle N N EVELE Lo N -ﬁ "N
E,D, Tl °2\L/°2E l EM
d ox 1

k71 k-71 k_sT kg kﬁlT k51

N

T f] on BE
BH k. 4y BH
HO H- <:L + b + <j -
OH

OH

—
0 - N, 2 T HO
5 9 “H N
N 2. J‘ N kG N-(F -O-CU-N 8 k74 N.. 2+921T
e’ -o-culN N- u-o-cu-N
E,D, D E, M E M
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Values

Table 3
of 83y84 for C-3 and C-4, respectively, of the benzene ring of monophenols
and o-diphenols?.

Monophenol 83 (ppm) 84 (ppm) Diphenol 83 (ppm) 84 (ppm)
Tyramine 118.49 157.28 Dopamine 146.79 145.58
LTyr (D and DL ) 118.08 158.86 LDopa (D and DL) 146.92 146.06
LTyrMeE 118.53 157.75 LDopaMeE 146.90 146.18
LaMeTyr (DL) 118.11 159.10 LaMeDopa(DL) 146.74 146.19
P 118.13 158.15 Cat 146.59 146.59
4HPAA 118.05 156.49 DHPAA 146.43 144.96
4HPPA 118.02 156.13 DHPPA 146.51 144.61
GHBP 120.11 160.58 GDHBP 146.45 143.51

aReference [31].
bReference [34].

(d)

()

proposed. It should be remembered that these kinetic constants are not
binding constants but Michaelis constants with a kinetic meaning. Thus,
the enzyme acting on M is saturated by low concentrations of D [29-
31], and it is this D (Dgs), which accumulates in the medium through
the action of the enzyme on M and, especially, as a result of the evolu-
tion of Q during the lag phase.

Tables 1 and 2 show the values of the KH?Z(M)/K,gz(D) ratio for several
monophenol/diphenol pairs. Note that the values are always < 1, indi-
cating that, although it is always the E; form that binds the O, in the
catalytic cycle, with a fixed constant, K SOZ [33], the Michaelis constants
for oxygen in the presence of M are lower than in the presence of D,
for all the tyrosinases included in the study. The analytical expressions
K22 and k2*™ (equations (5) and (11), respectively) explain this
difference in values since k¥, < k2. From a physiological point of view
this relation is interesting since it indicates that the enzyme at low con-
centrations of oxygen is normally saturated kinetically, which is seen
when the absolute values of K22 and K2 are determined [27, 28,
34]. For example, in the case of mushroom tyrosinase, the values of K ,,? 2(M)
were in the range (0.22 £0.02)—(12.0 £2.5) uM for LTyrMeE and 4HA,
respectively [27]. These values were obtained from equation (16), which

is the only way to obtain K,f,) 2M) when the value is very low [27, 28].

Calculation of constant R. This constant is described analytically
according to equation (12). As seen in tables 1 and 2, the constant can
be obtained from the kinetic parameters and constants of the steady
state and indicates the [D]ss that must accumulate in the system for
the steady state to be reached for a given [M]. For the enzyme’s action
on monophenols to be accurately measured, this concentration of Dgg
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must be added at the beginning of the reaction. Note the low values
of this constant, especially in the case of vegetal enzymes [8, 19]; fur-
thermore, the value is related with the constant K, D(M) , equations (12)
and (14).

3.1. Mushroom tyrosinase

Table 4 represents a complete characterisation of mushroom tyrosinase
acting on three M/D pairs: (i) its physiological substrates y-L-glutaminyl-4-
hydroxybenzene/y -L-glutaminyl-3,4-dihydroxybenzene, (ii) the physiological
mammalian pair L-tyrosine/L-Dopa and (iii) on tyramine/dopamine.

The table shows how it is possible to calculate K,,? (M , R and the ratio
KM Oyg D02 from yMIDCN qnd KM3D | the kinetic constants determined from
steady state data by measuring the product and based on developing the kinetic
analysis of this mechanism (scheme 1) [30, 31, 33], Note that Vrfa{xc o>

Vnﬁxcr KP > kM k, DM « KP and that the dimensionless constants, R and
KM

K, Z/K,I,,) 02, are < 1. If the concentration of enzyme is known, as is the case
with the data of table 4, it is possible to continue with the kinetic characteri-
sation. From the values of Vimax, the ket can be calculated and, as mentioned
above, k2, > kM . In a previous step and according to the analytical expressions,
it is possible to calculate k4 and kg, the constants for monophenol and diphenol
binding to the form Ey; as can be seen, the D bind to the enzyme better than
the monophenols.

By measuring oxygen consumption, it is possible to determine vM.92 and
VD02 (see table 4), from which it can be seen that Vi ? = V2" and Vnﬂéxoz =

1.5VI%Xcr. In the case of D, the determination of VSSO2 or the application of the
integrated equation to the consumption of oxygen makes it possible to obtain
K 0 ?; by applying equation (18), K 92 can be obtained immediately. If we
normahse the Values of VI%(;D 02 with respect to the concentration of enzyme,
the ratios Vmax /Km and Vm1X 0 /K, D02 should be equal according to equations
(2) and (5) and equations (8) and (11), respectively, corresponding to kg (the
binding constant of O, to the form Ey;). The fact that the data shown in table
4 show slight deviations may be due to the fact that the data for the L-tyro-
sine/L-dopa pair were obtained at 20°C, while those for the tyramine/dopamine
were obtained at 14.5°C [27]. The difference is even greater with the data from
Espin et al. [34], which is to be expected because the MBTH method was used,
while DMF was used to solubilise the chromophoric adducts of the Q [34]. As
has been demonstrated during the course of this work, the K,,A{] ’OZ/K,,A{I :02 patio is
low. The value of R (constant for one enzyme acting on one M/D pair) is shown
in table 4 and is low in all cases. Lastly, as regards K; = k_i/k; (the dissoci-
ation constant of the dead-end complex, E,,M), its value, as discussed in [30],
must be lower than Knj‘f since M, as occurs with D, binds better to E,, than to
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Eox (ki > kq), since a base (histidine) helps in the deprotonation of the M and
favours the nucleophilic attack of the oxygen on copper. This constant, K, has
only been determined in transition phase studies of the pairs L-tyrosine/L-dopa,
tyramine/dopamine and L-tyrosine methyl esther/L-dopa methyl esther [30, 35].
Therefore, with the data shown in table 4, the action of a tyrosinase acting on a
monophenol/diphenol pair is characterised.

In summary, from this study it is established that tyrosinases from a vari-
ety of biological sources catalyse the hydroxylation of M and the oxidation of

D through the mechanism described in schemes 1 and 2. In addition, we estab-
lish a method for calculating a new constant, K,,lf (M), from the steady state

N M,C D.C
kinetic parameters and constants, Viyax Kn]f[ , Viax ' and K,g . Moreover, from

the steady state kinetic constants it is possible to determine the ratio between
the Michaelis constants with respect to oxygen. In this way, we extend the
kinetic characterisation of the tyrosinase enzymatic system in different biological
sources.
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