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Abstract: With the purpose to obtain the more useful tyrosinase assay for the monophenolase ac-
tivity of tyrosinase between the spectrofluorometric and spectrophotometric continuous assays,
simulated assays were made by means of numerical integration of the equations that characterize
the mechanism of monophenolase activity. These assays showed that the rate of disappearance of
monophenol (VieM) is equal to the rate of accumulation of dopachrome (VAP or to the rate of
accumulation of its oxidized adduct, originated by the nucleophilic attack on o-quinone by a nucle-
ophile such as 3-methyl-2-benzothiazolinone (MBTH), (Via~°%), despite the existence of coupled
reactions. It is shown that the spectrophotometric methods that use MBTH are more useful, as they
do not have the restrictions of the L-tyrosine disappearance measurement method, of working at
pH = 8 and not having a linear response from 100 uM of L-tyrosine. It is possible to obtain low
LODM (limit of detection of the monophenolase activity) values with spectrophotometric methods.
The spectrofluorimetric methods had a lower LODM than spectrophotometric methods. In the case
of 4-hydroxyphenil-propionic acid, the LODM obtained by us was 0.25 U/mL. Considering the rela-
tive sensitivities of 4-hydroxyanisole, compared with 4-hydroxyphenil-propionic acid, LODM val-
ues like those obtained by fluorescent methods would be expected.

Keywords: Tyrosinase; polyphenol oxidase; monophenolase activity; fluorimetric method; spectro-
photometric method; LODM

1. Introduction

Tyrosinase (EC 1.14.18.1) is a cuproprotein that catalyses the hydroxylation of mono-
phenols to o-diphenols (monophenolase activity) and the oxidation of o-diphenols to o-
quinones (diphenolase activity), with the help of molecular oxygen [1]. This enzyme is
distributed throughout the phylogenetic scale [2].

The enzyme tyrosinase, in the catalytic cycle, is found in three forms—meta, deoxy
and oxy, which are differentiated by the degree of oxidation of copper: Em: metatyrosi-
nase (Cu? Cu?); Ed: deoxytyrosinase (Cu'* Cu'*); Eox: oxytyrosinase (Cu*Cu?Oz?) [3]. In
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the case of mushroom tyrosinase, at the oxygen concentration existing in the solutions,
the enzyme is saturated [4]. The two enzymatic forms Em and Eox are active on o-diphe-
nols, oxidizing them to o-quinones, Em without oxygen and Eox with the participation of
oxygen. However, with respect to monophenols, the Em form is inactive, forming an EmM
dead-path complex. The Eox form is active on monophenols, carrying out its hydroxyla-
tion to o-diphenols through an electrophilic aromatic substitution [5-7]. This difference in
activities of the Em and Eox forms is the origin of the kinetic complexity of the tyrosinase
monophenolase activity. The EmM complex is inactive and therefore for the enzyme to be
active on monophenols it is necessary for the Em form to be reduced to originate the Ed
form and its binding to the oxygen to form Eox, closing the catalytic cycle (Scheme 1) [5-
7].

EoxM
k.a|hka
ks H*
H 2H* M 2H*
k ks k ke * k k
EmM L———L M+ Em +D ‘—l‘ EmD 7= Ed+0, =—= on+D-f—L‘- EoxD 7-T7 Em
k.1 k_2 k-8 k_s
H*  QH+H,0 3HY  QH+H,O

2QH —> D+DC+H*

Scheme 1. Monophenolase and diphenolase activities of tyrosinase. M is monophenol, D is o-
diphenol, QH is o-dopaquinone protonated and DC is dopahrome. The enzymatic forms are: Em
(metatyrosinase), Ed (deoxytyrosinase) and Eox (oxytyrosinase).

There is no such problem in diphenolase activity as the two forms Em and Eox are
active on o-diphenol (D) (Scheme 2) [5]. In nature, this problem has been solved (between
the Em and Eox forms), as the product of the enzyme when it acts on its physiological
substrates (L-tyrosine (M), L-dopa (D)) is 0-Q that evolves to go through chemical reac-
tions generating D in the medium, this D, L-dopa reduces Em to Ed and thus Eox (Scheme
1) is formed [8].

2H* 2H"
ko k Kg Ke k
Em+D ==2=EmD = Ed+0, =—= on+D~.—‘L‘ EoxD 7T7 Em
k_2 k-B k_6
H*  QH+H,0 3H"  QH+H,O

2QH —> D+DC+H*

Scheme 2. Diphenolase activity of tyrosinase. D is o-diphenol, QH is o-dopaquinone protonated
and DC is dopachrome.

When tyrosinase acts on M, it forms D, and this becomes 0-Q, this through its chem-
ical evolution originates dopachrome (DC) and accumulates D in the medium (Scheme 1).
That is, when the tyrosinase acts on M (monophenolase activity), the enzymatic reaction
belonging to the diphenolase activity will occur but also the chemical reactions that in-
volve evolution from o-Q [5].

This overlap between the activities (monophenolase and diphenolase) has led some
authors to try to separate the monophenolase activity from the rest, in order to obtain the
direct kinetic information of this enzymatic activity [9]. The first work that tried to sepa-
rate the monophenolase activity used hydroxylamine to transform Em to Ed, and borate
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at pH =8 to block the D originated by the enzyme from M. These authors make the exper-
imental measurements of rates at the steady-state, measuring oxygen consumption (Oz)
[9].

Recently, based on the mechanism described above [9], it has been proposed as a
measure of tyrosinase monophenolase activity to follow the disappearance of M directly
[10-12]. According to these authors, thus, interference from the other processes (dipheno-
lase activity and chemical reactions of evolution from o-dopaquinone) would be avoided.
The methods proposed under different approaches are spectrofluorimetric [10-12] and,
therefore, very sensitive. However, they have some limitations as detailed below.

Previously, reliable and sensitive continuous spectrophotometric methods have been
developed [13,14]. The first contribution to establish a spectrophotometric measurement
method for monophenolase activity, measuring the oxidation of the adducts formed be-
tween o-quinones and MBTH, based on the method described by Winder and Harris for
diphenolase activity [13], was developed with mushroom tyrosinase and tyramine [14].

This method showed some advantages over those used up to that time:

(a) Radiometric methods that are more sensitive but are discontinuous and require
about 30 min per activity assay [13,15].

(b) The spectrophotometric method normally used measuring DC [16]. This method is 8
times more sensitive and 6.5 times more sensitive than the proline-coupled assay [17].

(c) Adducts and oxidized adducts caused by the coupling of MBTH with o-quinones
show high molar absorptivity coefficients (see Table S1).

(d) The method has no interferences since the absorbance measurement occurs in the
visible area, where neither the substrates nor the enzyme absorbed.

(e) The adducts are stable at acidic pH and at pH > 5.5 they evolve presenting an isos-
bestic point, this particularity makes it possible to measure different enzymes of
fruits and vegetables that have an optimal pH in the range between 4.0 and 5.0 [18].

Subsequently, this continuous spectrophotometric method was improved by demon-
strating that p-hydroxyphenylpropionic acid was a better substrate for the enzyme and
had a kcat 2.6 higher than tyramine [19]. Furthermore, because it is an acid, it does not
show solubility problems.

Further optimization of the method was achieved using 4-hydroxyanisole as a sub-
strate [18,20], making this substrate the best for a whole series of tyrosinases or polyphe-
nol oxidases of fruits and vegetables such as apple, pear, strawberry, avocado, medlar and
artichoke. The origin of the improvement of the continuous spectrophotometric method
could be due to the higher catalytic constant that this substrate shows, corresponding to
the lower value of chemical displacement of the C-4 carbon of this compound d: = 152.35
(p-p-m.). Subsequently, an extensive study on the substrate specificity of tyrosinase from
mushroom, confirmed the results obtained with the rest of tyrosinases previously men-
tioned [21]. Note in Table 1 how the nature of the substrate affects the limit of detection
(LODM) values. Thus, the importance of the value of the chemical shift (d4), obtained by
C-4 13C NMR, which in turn is related to the nucleophilia of the oxygen of the phenolic
OH- group, is shown to predict the sensitivity of the method of measure.

Table 1. Comparison of different methods to determine monophenolase activity in mush-
room tyrosinase.

Analysis Analysis LODM
Ref
Method Manner Substrate (U/mL) Sr eference
Fluorescence Continuous L-tyrosine 0.0952 [10]
Fluorescence  Real-time L-tyrosine 0.0851 [11]
Fluorescence Continuous L-tyrosine 0.0721 [12]

synchronous
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CI\(/)Il];}")FlI?Id Continuous pi:i?i:;}l;' 0.25 191
onic acid

C&‘é};}ﬁf Continuous  Tyramine - 0.40 [14]

CI\(/)Il];PFII?Id Continuous 4—hyd;(;lx yani- - 2.64 [20,21]

CI\(/)II];PFII?Id Continuous  L-tyrosine - 0.13 [21]

Sr = Relative sensitivity comparing with our reference method with 4-hydroxyphenil propionic
acid. Sg = kM eM/KMOeMO

The pH value used in the fluorometric methods was high (pH = 8) [10-12], to trap the
o-diphenol generated in the reaction through the use of borate, thus it deviates from the
optimum pH of the mushroom enzyme, pH = 6.8. For the same reason, spectrofluorimetric
methods could not be applied to measure monophenolase activities of enzymes of fruits
and vegetables that have their optimum pH between 4.0 and 5.0 (Apple (4.5), Avocado
(4.6), pear (5), medlar (4.4) and strawberry (4.3)), the spectrophotometric method does not
have any pH problem [18].

The sensitivity of the spectrofluorimetric method is shown in Table 1, with the low
value of the LODM (0.0721 U/mL). With spectrophotometric methods, sensitivities in a
range like spectrofluorimetrics could be achieved by varying the nature of the substrate
(from L-tyrosine to 4-hydroxyanisole: see Table 1). Relationships are also obtained be-
tween the LOD values of different fruit and vegetable enzymes, depending on the type of
substrate used, like those described in Table 1. These relationships ( R=
LODPHPPA /1,0D*HA) are: Apple (3.78), artichoke (4.2), pear (3.91), medlar (3.60), avocado
(3.76) and strawberry (3.82) [18].

Recently, related to the study on oculocutaneous albinism I, Isothermal titration cal-
orimetry (ITC) has also been successfully used for the evaluation of kinetics of tyrosinase
[22], and it is possible to extend the method in the presence of MBTH as shown for assay-
ing manganese peroxidase [23].

The main purpose of this work is demonstrated, through simulated assays by nu-
meric integration of the differential equations of the monophenolase activity of tyrosinase,
that despite the coupled reactions that occur in the action of tyrosinase on L-tyrosine, it is
true that Vgg™ = Vgg°© and with respect to oxygen consumption it is true that Vsl\g‘oz =
1.5Vge™ = 1.5VgePC = 1.5Vi¢* ™%, proving the usefulness of spectrophotometric versus
fluorometric methods. Moreover, the fluorometric assays (10-12), are compared with the
spectrophotometric published by our group [14,18-21,24,25].

2. Material and Methods

Experimental results of both, fluorometric [10-12], and spectrophotometric methods
[14,18-21,24,25], shave been taken from the bibliography.

2.1. Materials

Tyrosine, dopa, tyramine hydrochloride, dopamine hydrochloride, 3,4-dihydroxy-
phenylpropionic acid (DHPPA), p-hydroxyphenylpropionic acid (PHPPA), 4-hydroxyan-
isol (HA) and 3-methyl-2-benzothiazolinone hydrazone (MBTH) were purchased from
Sigma (Madrid). Stock solutions of the phenolic substrate were prepared in 0.15 mM phos-
phoric acid to prevent autooxidation. The acid characteristic of MBTH requires the use of
50 mM bulffer in the assay medium [13].



Biomolecules 2021, 11, 1269

5 of 15

2.2. Enzyme Source

Mushroom (Agaricus bisporus) tyrosinase (3900 units/mg) was purchased from
Sigma and purified [26]. Protein content was determined by a modified Lowry method
[27].

2.3. Spectrophotometric Assays

Absorption spectra were recorded in a Perkin-Elmer Lambda-2 spectrophotometer;
online interfered with a PC laptop. Temperature was controlled at 25°C using a Hacke
DIG circulating water bath with a heater/cooler and checked with a precision of + 0.1°C.
We did not add substrate to the reference cuvettes with a final volume of 1 mL. To dissolve
the MBTH-quinone adducts, 2% (by volume) N,N-dimethylformamide (DMF) was added
to assay medium [14].

2.4. Kinetic Data Analysis

The methods used to monitor the monophenolase and diphenolase activities use
MBTH to generate an adduct, which when is oxidized and generates a compound with
high extinction coefficient (Table S1). The precision of the method was checked by repeat-
ing the estimation de V¢ (rate of action on monophenol) 10 times for three levels of [E],
5.1x10% 2.6 x 103 and 5.2 x 10~ unit/mL, the corresponding coefficients of variation being
5, 1.5 and 0.7%. The sensitivity of the method [28] was characterized by determining the
detection limit (LODM= 3 x 10-° unit/mL) and the quantification limit (LOQM= 7.2 x 10-5
unit/mL). In this work, the enzyme unit was defined as the amount that produced 1 pmol
of the adduct/min when DHPPA was assayed [19]. The next step was the transformation
of the monophenolase activity expressed in the activity units described above in the action
of the enzyme on DHPPA, in the unit described in [10], which correspond to the amount
of enzyme that consume 1 nmol of monophenol by minute or that produce 1 nmol of
product by minute. Therefore, LODM = 3 x 105 unit/mL, which is equivalent for propionic
p-hydroxyphenol to 3 x 102 U/mL, where U is the amount of enzyme that produces one
nmol per minute. The relationships between catalytic constants [29] of the diphenol
DHPAA and its monophenol PHPPA is 8.3, which means that one unit on DHPPA is
equivalent to 8.3 of monophenolase units, so LODM, expressed in monophenolase units,
is LODM = 0.25 U/mL. Table 1 shows the relative sensitivities of different substrates (L-
tyrosine, tyramine and 4-hydroxyanisole) with respect to our reference substrate
(PHPPA), it is noteworthy that for 4-hydroxyanisole, values of LODM similar to those ob-
tained with fluorescent methods, would be expected [18,20,21]. Thus, the sensitivity is
related to the nucleophilic potency of the oxygen of the hydroxyl group attached at C-4,
related to the value of the chemical shift (d4) [21].

The initial rates were obtained by linear regression fitting portions of each experi-
mental recording. These values were represented and fitted to the Michaelis-Menten
equation using the Sigma Plot 9.0 program for Windows [30], providing the correspond-
ing maximum rate (Vmax) and the Michaelis constant (Kw) in each case.

2.5. Simulation Assays

The simulation through numerical integration of the differential equations that de-
fine the tyrosinase mechanism, helps to understand the kinetic behaviour of the enzyme
and this help to compare different assay methods, both the fluorometric [10-12], and the
spectrophotometric published by our group [14,18-21,24,25]. The simulated progress
curves were obtained by numerical solution of the nonlinear set of differential equations
corresponding to each kinetic scheme (see Supplementary Material), using arbitrary, but
reasonable, sets of rate constants and initial concentration values and setting in the data
entered, according to the different cases. The simulation assays showed the kinetic behav-
iour of the ligand and enzymatic species involved in the reaction mechanisms described
here for tyrosinase. The numerical integration used a fourth order Range-Kutta method
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and the predictor corrector Adams-Moulton algorithm [31], implemented on a PC-com-
patible computer programme (WES) [32].

3. Results

The enzyme under study, tyrosinase, shows two activities: monophenolase and di-
phenolase.

3.1. Kinetic Analysis. Diphenolase Activity

The mechanism of diphenolase activity on D has been shown in (Scheme 2), and in
its structural form in Scheme S1. In the steady state, it is shown by means of the deduction
of the corresponding analytical expression. Rate of product formation (Vgx>“) and sub-
strate disappearance VSDS‘OZ, Vgz" are the same (see Supplementary Material).

3.2. Kinetic Analysis. Monophenolase Activity

In this case, tyrosinase acts on M (enzymatic stage), generating D, this can be oxidized
to 0-Q (enzymatic stage), or it is released into the medium, subsequently, the 0-Q evolves
towards DC, regenerating D in the medium (enzymatic-enzymatic-chemical mechanism
E-E.C) [16].

The detailed structural mechanism is shown in the Supplementary Material Scheme
52, in a simpler way it is described in Scheme 1 and we can express it as in Scheme 3.

yM.D yD.QH K4
M > D 7_» QH — Q+H+
Eo Eo k
02 02 -1
kC
K
DC L

Scheme 3. Monophenolase and diphenolase activities of tyrosinase. M is monophenol, D is o-
diphenol, QH is o-dopaquinone protonated, Q is o-dopaquinone deprotonated, L is leucodo-
pachrome and DC is dopachrome. VMPis the rate for the D formation from M. This rate is in the
steady-state as VssMP. VPQH s the rate for the QH formation from D. This rate in the steady-state is
VssPQH,

This scheme shows the enzymatic stage of action of tyrosinase on M, its transfor-
mation into D, its oxidation to 0-QH and the evolution of 0-QH.

In the steady state, the quantity of matter entering the system of reactions will be
shared between product and the sum the intermediates.

Considering that the rate of consumption of M in the steady-state is Vgg" and that
the rate of accumulation of DC in the steady state is Vge~C, it can be established if the
system has reached steady state:

Vsg™ = Vg™ (1)
Moreover, the following material balance is fulfilled:
Vg™t = Vgg"Ct = [DC] + [Dlss + [QHss @)

That is, the matter that enters the system is distributed among the different interme-
diaries and the final product. The intermediaries are D and 0-QH, which reach steady-
state with the levels [D]ss and [QH]ss. An analytical expression can be established for the
rate of M consumption and for the accumulation of DC.
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Applying the steady-state approximation for EoxD and EoxM in Scheme 1, and tak-
ing into account the relationship of the velocities between the catalytic stages, as discussed
above [8], it is fulfilled:

_yMDC(, __RMJp 1
[pc] = Vi< ¢ e Zkapp) 3)

with

[Dlss _ kska(k-gtky) _ @)
[Mlss  2kykg(k—4+ks)

DC accumulates in the medium according to the equation of a line Equation (3), the
slope of this line is the steady-state rate Veg"C = Vag™, the cut with the axis of time at a

point t = T, in which [DC] =0, resulting in

_RMJ, 1

-0, =
T vsl\g,DC 2Kapp @)

After the lag period described by Equation (5) has finished, which is when the fulfil-
ment of Equation (4) occurs, the rate has the analytical expression indicated by Equation
(59). Therefore, it is not necessary to measure substrate disappearance to obtain a correct
measure of enzyme activity.

3.3. Simulation under Different Experimental Approximations of the Monophenolase Activity
Mechanism

The systems of differential equations for monophenolase activity are shown in the
Supporting Information. Although the objective of this work is the measurement of tyro-
sinase monophenolase activity, it is convenient to consider the two activities of the en-
zyme (for the diphenolase activity, see Supplementary Material).

Monophenolase Activity

The monophenolase activity of tyrosinase consists of the hydroxylation of monophe-
nols to o-diphenols and the oxidation of these to o-quinones. There are several types of
monophenols [24], and depending on the chemical evolution of the o-quinones generated,
a certain kinetic behaviour of tyrosinase is obtained. In this work, we will focus on mono-
phenols such as L-tyrosine, tyramine, 4-hydroxyphenylpropionic, 4-hydroxyanisole
whose o-quinones either evolve generating D in the medium (L-tyrosine, tyramine) or
they can be attacked by a nucleophilic reagent as MBTH and achieve the same objective
of accumulation of D in the medium and in this way carry out the passage from Em to
Eox, the first inactive on monophenols while the second is.

Through different simulation conditions, it is shown that in the steady state, the rate
of consumption of M (L-tyrosine) (Vsl\g'M) is equal to the rate of formation of DC (VSNé'DC), or
in general a colored derivative that is generated by a nucleophilic attack by a reagent such
as MBTH, followed by an oxidation reduction reaction, A-ox (VSNé'A_OX), in addition, V™02
is related to the other two rates by Vsl\g‘oz = 1.5Vgg" = 1.5Vge"¢ = 1.5Vgg™ ™ in such way
that the correct measurement of monophenolase activity can be done in theory by meas-
uring the consumption of M or Oz, or the formation of DC or A-ox. The simulation of the
kinetic behaviour of the mechanism of monophenolase activity under different ap-
proaches helps us to confirm and establish with adequate experimental design.

(1) Action of tyrosinase on L-tyrosine. No o-diphenol (L-dopa) is added to the medium.

The numerical integration of the set of differential equations that describe the mech-
anism (Scheme 1) (see Supplementary Material), was carried out obtaining the following
results.

(a) Accumulation of dopachrome, o-dopaquinone and o-diphenol in the medium.

In Figure 1A, the DC, 0-Q and D accumulation curves are shown. At short times,
it is shown in Figure S1A.
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(b)

(©

Rates of monophenol consumption (VM™), oxygen consumption (VM©2) and do-
pachrome formation (V™). In Figure 1B, the rates of consumption of M and
Oz and the formation of DC are shown. Figure S1B shows the curves of the ve-
locities obtained in a short time.

Evolution over time of the different enzyme forms: Eox, Em and EmM. Figure
S1C shows the evolution of these enzymatic forms with time.

Variation of the concentration and rate of accumulation of o-diphenol with time.
Figure S1D shows the accumulation of D over time, until it reaches a steady-
state with a constant level. Thus, Figure S1E shows the accumulation of D at
short times, continuously increasing towards the steady state. Figure S1F shows
the rate of D accumulation, it increases at the beginning of the reaction (step of
Eox = Em), to decrease at longer times, until a value of the rate is equal to 0, in
the steady state. At short times, in Figure S1G you can see a burst in the rate of
D accumulation, followed by a lag and then another burst to decrease going to-
wards the steady state.

- 1.6e-6
tes - A B
1.2e-7 - T
8e-5 T = 1.2e-6 _ -
g //’—t . //
= 27 e e
S 6e5 - - B=g0es L™ P
T .~ - 8.0e-7 = 5 5088
- 4 — D =2
O4es5+~" 7 . pe | o ¥ M,DC
a 4e-5 -’/ .......... De 14 T Vs
/ T @ 40e7  40e8 —"
25 ;
0 o ! 1 I ! 1 1 0.0 0.0 | ! | I ! I i

0 200 400 600 800 100012001400

Time (s)

0 200 400 600 800 100012001400

Time (s)

Figure 1. Simulated curves of tyrosinase action on L-tyrosine, o-diphenol is not added to the medium. (A) Accumulation
curves of DC, 0-Q and D in the reaction medium. (B) Evolution of O2 consumption rates (V*92), monophenol (V™M) and
DC formation (VMPC). Conditions: [E]o =50 X 107°M, [Egxlo = 0.3x[Elg, [Emlo =0.7 x [Ely; [M]y =2 X 1073 M,

[0,]o =026 x 1073M; [D], =0 and the rate constants were: k; =5 x 105 M~1s71,

k., =17s71, k, =3.82 x

105 M~1s7t, k_, = 10571, ky = 1074571, ky =3.16 x 10*M~1s7!, k_, =10s7%, ks = 7.5571, kg = 7 X 105 M~1s71,
kg =10s"%, k; = 1073571, kg = 23 x 107 M~1s71, k_g = 1.03 X 103572, kyo = 0.14 571,

(2) Action of tyrosinase on L-tyrosine adding enough o-diphenol to the medium to reach
the steady-state.

(a)

(b)

(d)

Accumulation of dopachrome, o-dopaquinone and o-diphenol in the medium.
The curves shown in Figure 2A show the concentrations of 0-Q, D and DC over
time. In Figure S2A the short-time curves are shown, a small lag can be seen in
the accumulation of DC and a burst in the accumulation of 0-Q.

Rates of consumption of monophenol and oxygen and rate of dopachrome for-
mation. In Figure 2B the consumption rates of O2, M and the rate of DC for-
mation are shown and in Figure S2B, we show the same parameters but at short
times.

Evolution over time of the different enzyme species. Figure S2C shows the evo-
lution of the different species enzymes.

Variation of the concentration and rate of accumulation of o-diphenol with time.
It is shown in the Figure S2D.
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Figure 2. Simulated curves of the action of tyrosinase on L-tyrosine adding to the reaction medium the necessary concen-
tration of o-diphenol to reach steady-state. (A) Accumulation of DC, 0-Q and D in the medium. (B) Relationship between
the rates of M consumption (VM*M), Oz (VM92) and DC formation rate (V™PC). The experimental conditions are the same
than in Figure 1, but in this case, [D], = 2.114 X 107 M.

(3) Action of tyrosinase on L-tyrosine, adding before starting the reaction an amount of
o-diphenol, less than that necessary to reach steady state.

4)

©)

(a)

(b)
(©
(d)

Accumulation of dopachrome, o-dopaquinone and o-diphenol in the reaction
medium. Figures S3A and S6B show the accumulation of DC, 0-Q and D. In Fig-
ure S6B, you can see the detail in short time.

Rates of consumption of monophenol and oxygen and rate of dopachrome for-
mation. Rates are shown in Figure S3C and at short times in Figure S3D.
Evolution over time of the different enzyme species. A graph like that of Figures
S1C and S2C is obtained. The enzyme accumulates mostly as EmM.

Variation of o-diphenol concentration with time. Figure S3E shows D variation.

Action of tyrosinase on L-tyrosine, adding before starting the reaction an amount of
o-diphenol greater than that necessary to reach steady state. The speeds at long and
short times are shown in Figure S4A,B, respectively.

Action of tyrosinase on L-tyrosine in the presence of a nucleophile N.

(a)

(b)

(d)

The curves obtained in this section are like those obtained in Section 1, the only
difference is that the 0-Q evolution constant becomes much larger as the nucle-
ophilic attack of N is more powerful than the cyclization of 0-Q. In the action of
tyrosinase on M in the presence of N, Figure 3A shows the accumulation of 0-Q,
D and A-ox with time. It shows a burst for 0-Q and D and a very small lag for
A-ox.

Rates of consumption of M, Oz and the formation of A-ox. In Figure 3B, the
curves obtained for the rate of consumption of M and O: and that of accumula-
tion of A-ox are shown.

Enzyme species evolve in a similar way to the other cases and the enzyme accu-
mulates fundamentally as EmM, Figure 3C.

Variation of the concentration and rate of accumulation of D over time. It is
shown in Figure 3D.
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Figure 3. Simulated curves of tyrosinase action on L-tyrosine in the presence of a nucleophile (N). (A) Accumulation of o-
Q, D and A-ox over time. (B) Relationship between consumption rates of M (VMM), Oz (VM02) and DC formation (VMPC).
(C) Evolution of enzyme species over time. (D) Variation of the rate of D accumulation with time. The experimental con-
ditions are the same than in Figure 1, but in this case, [D], =0, ky; = 5x105 M~1s™! y [MBTH] =2 x 1073 M.

4. Discussion

The analysis of the mechanism of monophenolase activity of tyrosinase under differ-
ent initial conditions was carried out by simulation by numerical integration of each par-
ticular case.

4.1. Action of Tyrosinase on L-Tyrosine. No o-Diphenol (L-Dopa) Is Added to the Medium

Figure 1A shows that DC accumulates with a lag (t), while the 0-Q and D accumulate
with a burst. When the system reaches the steady state (tg9 = 4.6 1), the slope of the DC
accumulation line corresponds to the steady-state rate (Vog~C). Figure S1A shows the ac-
cumulation of these species at short times increasing to reach the steady state.

Rates of consumption of Oz and M are higher at the beginning of the reaction (Figure
1B), because in the native enzyme there is approximately 30% in the Eox form and this
species consumes M and O:z. The rate of DC accumulation increases with time, in the
steady state: Vsl\g‘M = VSNé’DC. However, the rate of O2 consumption (VSN;'OZ) in the steady-
state is 1.5 times Voa" or Vea €. The explanation for these curves is that at steady-state
the enzyme molecule performs two cycles in the hydroxylase pathway (see Scheme 1)
consuming 2M and 20: and one cycle in the oxidase pathway consuming 2D and 10z. The
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two molecules of M originate 2Q and those of 2D other 2Q, which regenerate between 4Q,
2 of D and 2 of DC, for this reason, as shown in Figure 1B (VSNS['02 = 1.5Vge™ = 1.5Vg¢ ")
[8,33]. Note a less abrupt drop in the rate of consumption of M and O: and an increase in
the rate of formation of DC (Figure S1B), because at t = 0 there is approximately a 30%
enzyme in Eox form that reacts rapidly by consuming M and O: and practically all the
enzyme is found as EmM, that is, inactive, as will be seen later. The appearance of lag in
the rate of DC formation can be observed.

The assays shown in Figure S1C are explained at the beginning of the reaction and
the enzyme is mostly found as: 70% Em and 30% Eox, when adding M, the Eox form reacts
rapidly generating 0-Q and passing to Em (inactive on M) (Figure S1C). The Em form
reacts with M to form the inactive complex EmM, the simulated curves show how the
enzyme is mostly as EmM.

When tyrosinase begins its action on M, a lag period, 1, is originated in the accumu-
lation of DC and at the same time the system accumulates D in the medium, the lag period
is related to the time in which the system reaches the stationary phase and that assumes a
constant value of D. D variation with time is shown in Figure S1D-G.

4.2. Action of Tyrosinase on L-Tyrosine Adding Enough o-Diphenol to the Medium to Reach the
Steady State

This situation assumes that the system does not have to accumulate D in the medium
and thus the steady state is reached earlier at t 2 0. D quantity is given by Equation (S11).

Note that now the DC accumulates without a delay period, the steady state is reached
att > 0 (Figure 2A and Figure S2A). The steady state is reached quickly, M and O2 arrive
before DC, due to the evolution of the 0-Q. In the steady state, Vag" = Var’¢ and Vé\fls'oz =
1.5VSI\g'M = 1.5VS“§'DC (Figure 2B). A similar effect is seen in short-time records (Figure S2B).
The concentration of the enzymatic species EmM, Em and Eox shows that most of the
enzyme is in the complex of dead-path EmM (Figure S2C). The variation of D with time
is very small because practically the system is in the steady-state (Figure S2D).

4.3. Action of Tyrosinase on L-Tyrosine, Adding before Starting the Reaction an Amount of o-
Diphenol, Less than that Necessary to Reach the Steady State

The system will accumulate the D resulting from the difference between the D of the
steady state and the added at the beginning. Thus, the lag in DC accumulation will be less
than in case (4.1) and the steady-state will be reached earlier.

DC is accumulated with a lag that is lower than in the absence of added D and the o-
Q and D accumulate with a burst, until reaching the steady state (Figure S3A). The burst
of the 0-Q moves in time because it must be generated and evolve towards DC (Figure
S6B). In long time, the system reaches the steady state and then it is satisfied that Vgg™' =
VggP¢ and with respect to O2: Vsl\g’oz = 1.5VgeM = 1.5V3g"¢ (Figure S3C). At short times,
no rate has reached the steady state and appreciable differences are seen between VMM
and VMPC (Figure S3D). D concentration reaches the steady state before tan in the case
4.1 (Figure S3E).

These conditions should be of choice to work experimentally with monophenolase
activity. In order to reduce lag, a small amount of o-diphenol should be added before
starting the reaction. When the substrate concentration is varied, the o-diphenol concen-
tration must be varied such that the ratio is constant.

4.4. Action of Tyrosinase on L-Tyrosine, Adding before Starting the Reaction an Amount of o-
Diphenol Greater than that Necessary to Reach Steady-State

The system advances towards the steady state decreasing the concentration of D until
reaching that of the steady-state, and then fulfilling the relationships between the rate:
Vag™ = VeaP¢ and Vs?g'oz = 1.5VeeM = 1.5V2ePC (Figure S4A), and at short times (Figure
S4B). The rest of the parameters follow a behaviour like cases 4.1-4.3.
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4.5. Action of Tyrosinase on L-Tyrosine in the Presence of a Nucleophile N

The measurement of the activity of the enzyme on M in the presence of MBTH has
led to the design of very sensitive measurement methods of the monophenolase and di-
phenolase activities, and this has allowed to characterize especially the monophenolase
activity in fruits and vegetables that was described that many polyphenol oxidases had
no monophenolase activity [13,14,25].

In this case, the arrival to the steady state is advanced and again it is true that the rate
of formation of the coloured adduct, the oxidized form of the adduct (A-ox) is related to
the rate of consumption of M and O: by the relationship Vo™ = VA¥A™°% and Ver? =
1.5VeeM = 1.5VarA7°% (Figure 3A,B). Evolution of D and the enzymatic species is shown
in Figure 3C,D. Figure 3D shows the variation in the rate of accumulation of D over time.
Initially there is a burst in the rate of formation of D, and then at long times decrease the
rate until it vanishes in the steady state.

In all the cases described, it is shown that the measurement of monophenolase activ-
ity in tyrosinase acting on M can be done either by measuring the disappearance of M or
Oz, or by measuring the formation of DC or A-ox, when the system is in steady-state.

4.6. Comparison of the Measurement of Monophenolase Activity of Tyrosinase Obtained by Con-
tinuous Spectrophotometric Methods That Use MBTH as a Nucleophilic Reagent with Continu-
ous Fluorometric Methods that Measure the Disappearance of L-Tyrosine through Quenching L-
Dopa Fluorescence by Borate

Fluorometric methods are normally more sensitive than spectrophotometric ones,
but when it comes to measuring the activity of an enzyme, in this case tyrosinase, one
must consider several variables such as pH, substrate concentration and measurement
interferences. Proposed continuous spectrophotometric methods to measure tyrosinase
monophenolase and diphenolase activity may have some advantages over spectrofluori-
metric:

1. In spectrophotometric methods, product formation is measured in an area where
substrates do not interfere and it is more sensitive to measure product formation than
substrate disappearance [24]. In the proposed spectrofluorimetric methods, the dis-
appearance of substrate L-tyrosine, is measured.

2. In these spectrophotometric methods, product formation is measured. Moreover,
there are no phototube saturation problems. Thus, the substrate concentration can be
increased because it does not interfere. In the spectrofluorimetric methods proposed,
when measuring the disappearance of substrate (L-tyrosine), by increasing its con-
centration, linearity can be lost, whereas in reality, it occurs in such a way that in the
proposed methods [10-12], which follow fluorescence, only the behavior is linear up
to a concentration of 100 uM of L-tyrosine.

3. What is indicated in Section 2 is very important when characterizing the kinetics of
tyrosinase monophenolase activity, as the concentration cannot be increased more
than 100 uM. Indeed, if the initial velocity values are adjusted, with respect to the L-
tyrosine concentration, erroneous kinetic parameters are obtained, because a true hy-
perbolic dependence of the Vgg™ vs.[M], values has not been obtained. Thus, the au-
thors working with mushroom tyrosinase, obtain a value of Km =19.51 uM [10-12],
when the value found for this enzyme is between 0.21 mM [21] and 0.31 mM [34]. At
high pH values, Km values are constants [35]. In general, this problem is encountered
by most of the methods that attempt to measure the disappearance of substrate [24].

4. Thelack of linearity between the fluorescence measurement and the concentration of
L-tyrosine above 100 uM make kinetic studies difficult and especially in the presence
of inhibitors. Thus, when zinc ion is studied as a tyrosinase inhibitor [10], data are
obtained that indicate that it is a competitive inhibitor, so in order to determine the
Kivalue, the concentration of L-tyrosine must be increased by more than 100 uM, like



Biomolecules 2021, 11, 1269

13 of 15

this not possible, abnormal results are obtained. On the other hand, the IC50 value
described is 14.64 uM and the Ki value = 67.60 uM [10], but in the case of a competitive
inhibitor, it can be shown that IC50 > K, specifically IC50 = (n+1)Ki, where n is the
ratio of substrate concentration to Km [36]. This relationship between IC50 and Kt is
well established in the data shown in Tables 1 and 2 in [37] and in Table 1 in [38].

5. The relationship of rates of consumption of M, O: and formation of DC described in
Table S5 of the Supporting Information [10] shows in the monophenolase activity the
equality of rates of consumption of Oz and consumption of M, however the DC for-
mation rate is not comparative; this aspect confirms the validity of the measure meas-
uring Oz consumption that was described previously [9]. The stoichiometry of diphe-
nolase activity predicts that the O2 consumption rate should be equal to the formation
rate of DC, as demonstrated previously [8]. In the first column (substrate + TYR, di-
phenolase) of Table S5 [10], the described relationship is not fulfilled; however, it is
achieved in the last column of Table S5 [10] (Substrate + TYR + hydroxylamine).

6. A feature of spectrofluorimetric methods that measure the disappearance of M could
be the one that reaches the steady-state earlier, as D does not accumulate in the me-
dium under these test conditions. This aspect can be corrected in spectrophotometric
methods by adding a small concentration of D to the medium ([D],ggeq < [D]ss) (Fig-
ure 2A) to decrease the lag period. Furthermore, it is thus achieved that the substrate
concentration varies very little and therefore measured initial rates will correspond
to the steady-state rate.

5. Conclusions

The numerical integrations carried out in this work revealed that to correctly meas-
ure the monophenolase activity of tyrosinase, we can measure the disappearance of sub-
strate M (fluorimetrically) or Oz (oximetrically) in a medium at pH = 8 with borate, or
either by spectrophotometrically measuring the appearance of DC or A-ox product, al-
ways considering that the system is in a steady state. Thus, if the system is in a steady
state, the rate of substrate disappearance is equal to the rate of product formation, if they
are initial steady-state rates. In this sense, the proposed spectrophotometric methods
measuring the formation of oxidized adducts between o-quinones and MBTH, can be con-
sidered more suitable to follow the monophenolase activity of tyrosinase, taking into ac-
count the following aspects: (a) There are no interferences from substrates. (b) There is no
interference from the enzyme. (c) The substrate concentration can be varied. (d) It is pos-
sible to work at different pH values and thus the enzymes of fruits and vegetables can be
characterized. (e) The addition of a small amount of o-diphenol is convenient to decrease
the delay period (t), but not to suppress it.

Supplementary Materials: The following are available online at www.mdpi.com/arti-
cle/10.3390/biom11091269/s1. Scheme S1. Diphenolase pathway. Structural mechanism. Scheme S2.
Monophenolase pathway. Structural mechanism. Scheme S3. Diphenolase activity of tyrosinase in
which the product, o-quinone, is attacked by a nucleophilic reagent such as MBTH. Figure S1. Sim-
ulated curves of the action of tyrosinase on Ltyrosine, o-diphenol is not added to the medium. Fig-
ure S2. Simulated curves of the action of tyrosinase on Ltyrosine, the o-diphenol necessary to reach
the steady-state is added to the medium. Figure S3. Simulated curves of the action of tyrosinase on
Ltyrosine, a concentration of o-diphenol is added to the medium lower than that necessary to reach
steady-state. Figure S4. Simulated curves of the action of tyrosinase on Ltyrosine, a concentration of
o-diphenol is added to the medium greater than that necessary to reach the steady-state. Table S1.
Kinetic characteristics of the action of tyrosinase on different monophenols and spectroscopic prop-
erties of the oxidized adducts formed with MBTH.
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