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Abstract

This study explains the action of compounds such as 6-tetrahydrobiopterin, (6BH,) and 6,7-dimethyltetrahydrobiopterin
(6,7-di-CH3BH,) on the monophenolase and diphenolase activities of tyrosinase. These reductants basically act by reducing
the o-quinones, the reaction products, to o-diphenol. In the case of the diphenolase activity a lag period is observed until the
reductant is depleted; then the system reaches the steady-state. In the action of the enzyme on monophenol substrates, when
the reductant concentration is less than that of the o-diphenol necessary for the steady-state to be reached, the system
undergoes an apparent activation since, in this way, the necessary concentration of o-diphenol will be reached more rapidly.
However, when the reductant concentration is greater than that of the o-diphenol necessary for the steady-state to be reached,
the lag period lengthens and is followed by a burst, by means of which the excess o-diphenol is consumed, the steady-state thus
taking longer to be reached. Moreover, in the present kinetic study, we show that tyrosinase is not inhibited by an excess of
monophenol, although, to confirm this, the system must be allowed to pass from the transition state and enter the steady-state,
which is attained when a given amount of o-diphenol has accumulated in the medium.

Keywords: Activation, inhibition, monophenol, o-diphenol, melanogenesis, coenzymes, tyrosinase

Tyrosinase might be included in the group of
hysteretic enzymes, although its slow response with
monophenols has a different kinetic basis: the
accumulation of L-dopa in the reaction medium
from the o-dopaquinone generated by the action of
tyrosinase on L-tyrosine, until the system finally

Introduction

In their catalytic action on substrates, most enzymes
rapidly reach the steady-state after a transition phase
lasting in the order of milliseconds. However, there is a
wide-ranging group of enzymes, the so-called hystere-

tic enzymes, that show a slow response (seconds-
minutes scale) when substrate is added. The origin of
this slow response is diverse, but may include
isomerisation, polymerisation or dissociation pro-
cesses, etc. [1].

Tyrosinase catalyses the hydroxylation of mono-
phenols (M) to o-diphenols (D) and their subsequent
oxidation to o-quinone (Q), in both cases using
molecular oxygen [2,3].

reaches the steady-state. The kinetic behaviour of
tyrosinase is very complex due to the simultaneous
occurrence of the enzymatic oxidation of monophenol
and o-diphenol to o-quinone, on the one hand, and the
coupled non-enzymatic reactions of o-quinone, on the
other [4].

Recently a series of publications has been published
on the regulation of tyrosinase by tetrahydropter-
idines, (6-R)-L-erythro-5,6,7,8-tetrahydro biopterin
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(6BH,) [5-9]. As regards this regulation, particularly
the enzyme’s inhibition by 6BH,, it has been
suggested that this cofactor acts as a non-competitive
inhibitor [5]. Prior to studying the action of 6BH, on
tyrosinase, the authors, quite logically, studied the
enzyme’s action kinetic on L-tyrosine [5,7] and noted
in all cases an inhibition caused by an excess of
substrate, depicted as 1/ Vﬁ‘f‘DC ovs 1/[M]y, where
Vﬁ‘f’DC indicates the apparent steady-state rate of
tyrosinase acting on L-tyrosine (measured from the
formation of dopachrome), and [M], is the initial
concentration of monophenol. However, according to
our model such inhibition through an excess of
monophenol does not occur, despite the fact that it has
been described by several authors [5,7,10—12]
probably because of the difficulties involved in
accurately measuring the rate during the steady-
state. It is therefore necessary to wait until the system
reaches the steady-state because, if this is not reached,
apparent inhibitions by substrate and reductants, such
as 6BH, and by 6,7-(R,S)-dimethyl tetrahydropterine
(6,7-di-CH3BH,), and also with ascorbic acid (AH,),
may appear.

In this paper, we describe the action of tyrosinase on
monophenol and o-diphenol, and demonstrate that
the enzyme does not undergo inhibition by excess of
monophenol. The proposed mechanism, Scheme I,
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Scheme I. Suggested kinetic reaction mechanism of tyrosinase
acting on monophenol and o-diphenol, with the non-enzymatic
reactions corresponding to the evolution of o-quinone (Ros et al.,
1994 [18]). Where M is monophenol, D is o-diphenol, E is enzyme
tyrosinase, Eq is Desoxytyrosinase, E, is Mertyrosinase, E,,M is
Mertyrosinase monophenol binding complex, E,,D is Mertyrosinase
o-diphenol binding complex, E.,x is Oxytyrosinase, E,;M is
Oxytyrosinase monophenol binding complex, E,-M is covalently
bound oxytyrosinase monophenol, E,D 1is covalently bound
oxytyrosinase o-diphenol, Q is o-quinone, DC is dopachrome, and
RH, is reductant.

also explains the action of reductants such as 6-BH,,
6,7-di-CH3;BH, and AH,.

Materials and methods
Reagents

L-Tyrosine, L.-dopa, (6-R)-L-erythro-5,6,7,8-tetrahy-
dro-biopterin dihydrochloride (6BH,), 6,7-(R,S)-
dimethyl 5,6,7,8-tetrahydropterin monohydrochlor-
ide (6,7-di-CH3BH,) and ascorbic acid (AH,) were
purchased from Sigma (Madrid, Spain). Stock
solutions of the phenolic substrate were prepared in
0.15mM phosphoric acid to prevent autoxidation.
6BH, and 6,7-di-CH;BH, were prepared in 0.15 mM
phosphoric acid, eliminating the oxygen by passing a
current of nitrogen. The AH, was prepared in
previously de-aired water to prevent autoxidation.
The monophenol was purified according to [11].

Enzyme source

Mushroom tyrosinase (3000U/mg) was purchased
from Sigma (Madrid, Spain) and purified according to
[13]. The enzyme concentration was calculated taking
the value of M, as 120,000. Protein content was
determined by Bradford’s method [14] using bovine
serum albumin as standard.

Spectrophotomerric assays

Absorption spectra with a 60 nm/s scanning speed
were recorded in an ultraviolet-visible Perkin-Elmer
Lambda-2 spectrophotometer, online interfaced with
a compatible PC 486DX microcomputer and con-
trolled with the Perkin-Elmer UVWINLAB software.
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. Reference cuvettes contained all the com-
ponents except the substrate, with a final volume of
1 ml. All the assays were carried out under conditions
of tyrosinase saturation by molecular oxygen
(0.26 mM in the assay medium) [15]. The reactions
were followed at a wavelength A = 475 nm, (dopa-
chrome maximum), and € = 3600 M~ ! cm ™.

Sitmulation assays

The numerical integration is based on the Runge-
Kutta-Fehlberg algorithm [16], implemented on a
PC-compatible computer program (WES) [17].

Results

As stated above, the object of this work was to show
that tyrosinase is not inhibited by an excess of



monophenol or by reductants such as 6BH,, 6,7 di-
CH3;BH, and AH,, when the experimental measure-
ments are made in the true steady-state. For this
purpose, we carried out a series of experiments to
ensure that enzyme activity was being measured
accurately.

In the case of any enzymatic system, including
tyrosinase, the steady-state rate should be linear with
respect to enzyme concentration, and so, two types of
experiment must be carried out to determine the
following:

(a) The steady-state rate of the enzyme acting on
substrate (V) at different initial concentrations
of enzyme, while other wvariables, such as
substrate concentration [S], pH, temperature
and ionic strength are kept constant. The kinetic
analysis shows that I, will be linear with respect
to [E]o for the mechanism of Scheme IS,
(Supplementary material, Figure S1).

(b) The steady-state rate U, at different initial
concentrations of substrate, while keeping the
other variables constant, [E]y, pH, temperature
and ionic strength, constant. The kinetic analysis
in this case predicts a hyperbolic relation for the
mechanism of Scheme IS, Vi vs [S]o, (Sup-
plementary material, Figure 1S) or a non-
hyperbolic dependence for the mechanism of
Scheme IIS (Supplementary material, Figure 1S
Inset), although the linearity of IV, vs [E], will be
maintained (Supplementary material, Figure 1S
and Figure 18 Inset).

In the case of the tyrosinase enzymatic system, when
the enzyme acts on monophenols, the test which
indicates that the steady-state rates are correct is that
which shows that the steady-state rate is linear with
respect to enzyme concentration (i.e.: Vﬁ\S/I’DC os [E]o
must be a straight line).

Since tyrosinase shows a lag period when it acts on
monophenols, care should be taken to ensure that the
steady-state measurements really correspond to the
steady-state of the system; only in this way will any
conclusions concerning the action of inhibitors/acti-
vators be valid. To ensure this, the following
experiments were carried out.

Effect of initial monophenol and enzyme concentrations on
tyrosinase activity

When the enzyme begins to act on monophenol, (see
Scheme I) dopachrome (DC) originates from the o-
quinone formed and o-diphenol is regenerated in the
reaction medium, so that the enzyme needs time to
reach the steady-state; this is the lag period (1) that is
characteristic of monophenolase activity. As has been
demonstrated experimentally [4] and by simulating
the reactions evolving according to the mechanism of
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Scheme 1 [18], the length of the lag period diminishes
as [E]y increases and [M], is kept constant, while it
lengthens when [M], is increased and [E], is kept
constant. This is reflected in the results of the
experiments depicted in Figure 1.

In Figure 1, curve (a) shows the lag period (7y),
which is calculated when the system reaches the
steady-state with a velocity of VZIVI'DC. When [M], is
increased and [E], is kept constant, the system takes
more time to reach the steady-state (curve b) after a
lag period (15), with (1, > T;) and VIZVI‘DC > VIIVI"DC.
The effect of increasing [E]y while [M], remains
constant is shown in the same figure; in this case, the
system takes less time to reach the steady-state (curve
c), while Véw’DC > VIIW’DC. Similar results were
obtained in a simulation of the mechanism of Scheme
I (Supplementary material, Figure S2).

Variation in the initial concentration of enzyme

Figure 2 shows the rates measured in the tyrosinase
action on monophenol when the enzyme concentration
is varied. Note that if the measurements are made on
the same time scale, determining the increase in
absorbance at a fixed time after the beginning of the
reaction, the apparent values of Vﬁ‘f D€ obtained are not
linear with [E], (curve a). However, if the measure-
ments of VP are made on different time scales and
ensuring that the system has reached the steady-state,
VMDCis linear with [E], (curve b). It should be
emphasised that even if the substrate has caused
inhibition, V, vs [E]o will still be linear. (see Figure S1
Inset). Figure 2 also shows how the lag period
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Figure 1. Spectrophotometric register of dopachrome

accumulation versus action time of tyrosinase on IL-tyrosine.
Curve (a): [M]p=0.36 mM and [E]o=7nM. Curve (b): same
enzyme concentration as (a) and [M]o = 1 mM. Curve (c): same
substrate concentration as (a) and [E]o = 14nM.
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Figure 2. Representation of the values of rate of tyrosinase acting
on L-tyrosine (fo‘DC), and of the lag period with respect to enzyme
concentration. [M]y = 0.25 mM. e Values of Vﬁ‘f‘Dc obtained in the
true steady-state. 4 Rate values obtained considering the increase in
absorbance at a fixed time from beginning of reaction. B Values of
lag period.

decreases as the enzyme concentration increases.
Similar results were obtained by simulation of Scheme
I (Supplementary material, Figure S3).

Variation in substrate concentration

The experiment depicted in Figure 3 shows the
Vﬁ‘f'DC‘vs [M], when the enzyme concentration is kept
constant. If "MPC is measured from the increase in
absorbance at a fixed time from the beginning of the
experiment, curve (a) of Figure 3 is obtained.
However, if the system is allowed to reach the
steady-state, the representation of Vﬁ‘f’DC vs [M]o is
an hyperbola (curve b) for L-tyrosine, (V.. = (0.36
+ 0.03) pMs ™ 15 K, = (0.20 = 0.06) mM). Note that
the lag period, T, increases with the increasing
concentration of substrate (curve c). Similar results
were obtained by simulation of Scheme I (Sup-
plementary material, Figure S4).

In addition, the kinetic analysis of the mechanism of
Scheme 1 provides an analytical expression for

V?X’I"Dcof the type [18]:
VM,DC
_ VALPCIM]o[02]o
KMKO: + KGMDM], + KM[02]) + [M]o[O2]o
(1)
where
ks1k
yMDC — M [E]y= 122 [E], (2)

ks1 + ks
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Figure 3. Representation of the rate of tyrosinase acting on L-
tyrosine (Vﬁ‘f’DC), and of the lag period (7) with different substrate
concentrations. [E]o = 45nM, e Values of Vﬁ_"‘DC obtained in the
true steady-state. A Rate values obtained considering the increase in
absorbance at a fixed time from beginning of reaction, three min. l
Values of lag period.

M

k
KM= kL:f (3)
3kM
Ko = e (4)
k_
K =52 5)
Equations (2-5) show Vx:g, the maximum dopa-

chrome accumulation rate (Equation (2)); k?gz, the
catalytic constant of the enzyme acting on mono-
phenols (Equation (2)); Kﬂf, the Michaelis-Menten
constant for monophenol (Equation (3)); K™, the
Michaelis-Menten constant for the oxygen in the
presence of monophenol (Equation (4)); KSOZ, the
dissociation constant of oxygen from the form E,,
(Equation (5)). Since the [O,], is saturating [4]
Equation (1) can be simplified to:

wpe _ VMl ©
: K+ [Mlo

which fulfils the tests described in Figure S1. Note the
linear dependence of V?S/I‘D C vs [E], and the hyperbolic

dependence of Vﬁ‘f’DC s [M]o.

Action of 6BH, on monophenolase activity

Figure 4 depicts the activity of tyrosinase on
L-tyrosine at different concentrations of 6BH, and
6,7-di-CH;BH,. When the rate is measured as an
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Figure 4. Action of reductants on monophenolase activity of
tyrosinase. Effect of 6BH, and 6,7-di-CH;BH,. Effect of 6BH,.
[L-tyrosine] g = 0.9 mM, [E]o =30nM. The concentrations of
6BH, were (a) 0; (b) 80 uM; (c) 10 M and (d) 25pM.

increase of absorbance at a fixed time, apparent
activations are obtained at low concentrations of
6BH,, (curves c and d) while at high concentrations of
6BH, there is an apparent inhibition (curve b). Note
that the lines are parallel at long times, that is, the rates
are equal when the system has reached the steady-
state. Similar results were obtained by simulation of
the mechanism of Scheme I (Supplementary material,
Figure S5).

Action of 6BH, on diphenolase activity

Figure 5 shows the effect of 6BH, on the diphenolase
activity of tyrosinase. The curve (a) of Figure 5
corresponds to the reaction of L-dopa with tyrosinase;
as can be seen, the system rapidly reaches the steady-
state and the lag period cannot be measured. In (b),
(c¢) and (d), the concentration of 6BH, gradually
increases, giving rise to a lag period due to the
reduction of o-quinone by means of Q + RH,—D + R
(Scheme I), where RH, indicates the presence of a
reductant. Note that, once 6BH, has been consumed,
the straight lines are parallel, data that are in
agreement with those of other authors [6]. Similar
results are obtained using AH, as reductant (data not
shown). Similar results were obtained by simulation of
the mechanism of Scheme I (Supplementary material,
Figure S6).

Effect of 6BH, on the steady-state of monophenolase
activiry

Figure 6 depicts an experiment involving monophe-
nolase activity to which a given quantity of o-diphenol
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Figure 5. Effect of reductants on the diphenolase activity of

tyrosinase. Effect of 6BH,. Spectrophotometric registers of the
accumulation of dopachrome in the action of tyrosinase on L-dopa.
The experimental conditions were: The initial concentration of
o-diphenol [D]o = 1mM, [E]o= 15nM. The values of [6BH,],
were: (a) 0; (b) 10 wM; (c) 20 .M and (d) 60 uM.

is added att = 0. In this case, the system shows no lag
period, curve (a). The addition of increasing
quantities of 6BH, increases the lag phase before
proceeding to the steady-state, as shown by the
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Figure 6. Effect of reductants on the monophenolase activity of
tyrosinase in the steady-state. The steady-state was reached rapidly
adding a quantity of o-diphenol so that [D] = [D]s, = R[M], with
R = (VMDCRD)oyDDERM)  [M]o = 0.9mM, [E], = 62nM,
[D]ss = 45 M. Effect of 6BH,. The concentrations of 6BH,
were: a) 05 (b) 50 uM; (c) 65 M and (d) 75 pM, respectively. Inset:
Effect of AH,. The values of initial concentration of ascorbic acid
[AH,]o were (a) 0; (b) 50 uM and (c) 75 p.M.
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parallel lines. Similar results were obtained in a
simulation of the mechanism of Scheme I (Sup-
plementary material, Figure S7).

Discussion

Effect of initial monophenol and enzyme concentrations on
tyrosinase activity

From the experiments depicted in Figure 1, it can be
concluded, that the lag period (1) diminishes with
increasing [E]o and increases with increasing [M]o,
which implies that Vﬁ‘f’DC cannot be determined
experimentally on the same time scale, as would be the
case with a Michaelian enzyme not showing a lag
period. In the experiments described below, we shall
see how measurements made on the same time scale
lead to error.

The experiments depicted in Figure 2 confirm the
validity of the mechanism (Scheme I) and the need to
make measurements on different time scales when
[E]o or [M], varies.

Equation (6) differs from that proposed by other
authors (Equation (7)) [5] to explain the action of
tyrosinase on monophenols

pM.DC _ VXAEC [Mlo

K2+ [M]o (1 + B

(7)
)

where Kj; is the substrate inhibitor constant. Note the
differences between Equations (6) and (7). Equation
(6) corresponds to a hyperbola, while Equation (7) is
of the type 1:2 with respect to monophenol. Hence,
the former predicts that there is no inhibition caused
by excess of monophenol (Figure 3), which agrees
with the mechanism of Scheme I. Experiments carried
out with tyrosinase from other sources (frog skin [18],
apple [19] and pear [20]) provided similar results).
Equation (7), indicates that inhibition occurs at high
monophenol concentrations. To make quantitative
studies and to fit a given analytical expression,
measurements of the steady-state rate for the enzyme
tyrosinase acting on monophenols must be made
correctly; this means that the system must have
reached its true steady-state and, as mentioned above,
this occurs at different times from the beginning of the
reaction (Figures 1, 2 and 3)

Action of 6BH,

In recent years there has been much discussion
concerning the possible regulation of tyrosinase by
6BH,. The first work [5] in which such regulation was
proposed indicated that 6BH, controls tyrosinase
activity by an uncompetitive mechanism requiring the
presence of L-tyrosine for effective down-regulation.
Furthermore, these authors demonstrated that when
L-dopa is the substrate, 6BH, does not inhibit the

enzyme, which would imply separate binding sites for
L-dopa and L-tyrosine on tyrosinase. In the same
work, experimental data showed that tyrosinase was
inhibited by an excess of monophenol [5].

In a series of works [4,21], our group proposed the
mechanism described in Scheme 1, whereby tyrosinase
is not inhibited by monophenol [21,22]. However, the
inhibition of mushroom tyrosinase by excess of
substrate has been described, but note that the
absorbance is measured at 475nm during the first
three minutes following the start of the reaction,
regardless of the concentration of substrate. This led
the above authors to propose a rate equation in the
absence of inhibitor as in Equation (7) [5].

It is the form of measuring the enzymatic activity in
[5] that is responsible for the error introduced into
Equation (7). Therefore when 6BH, or 7BH, were
used, the measurements were as those depicted in [5],
the authors obtaining an apparent inhibition since the
way of measuring was the same. The difference with
our model (Scheme I) becomes even more evident
when diphenolase activity is measured. According to
[5], neither 6BH,; nor 7BH, inhibits diphenolase
activity, which leads the authors to suggest one active
site for L-tyrosine and another for I.-dopa. In the case
of o-diphenols, the method used in [5] is correct since
this activity is of the Michaelian type. Based on the
above, we conclude that the method used to measure
the monophenolase activity of tyrosinase is critical for
studying the enzyme’s kinetics, both in the presence of
substrate alone and in the presence of possible
inhibitors (see Figures 1-3).

In a subsequent study, it was demonstrated that
6BH, is oxidised by o-quinone [6] and the authors
waited sufficient time for the 6BH, to be consumed,
observing no inhibition of diphenolase or monophe-
nolase. A similar result was obtained working with
ascorbic acid [23]. Although the lag phase was longer,
parallel lines were obtained when all the RH, was
consumed. According to [6], 6BH, inhibits neither of
the tyrosinase activities and, therefore, both L-tyrosine
and L-dopa must bind to the same active site, which
agrees with the mechanism of Scheme I.

In a later work [7], monophenolase activity is again
measured at a fixed time after the beginning of the
reaction: AODy,75,m/2 min. Although the authors
indicate that this is within the linear region, it again
shows inhibition by excess of substrate and, of course,
in the presence of 6BH, the apparent inhibition is even
greater [7]. As indicated for the case of [7], the cause is
the way in which the enzymatic activity is measured,
which is critical for enzymes showing a lag period. The
possible inhibition of tyrosinase by 6BH, and
extrapolation to the possibility of regulating the
route from L-phenylalanine to melanin has been
discussed in two studies published very close in time
[8,9], in which the different explanations for the
action of 6BH, and tyrosinase are defended. We shall



focus our attention on an older study, that of
Pomerantz, 1966 [11], with which the authors of
[8,9] are in agreement. In 1966 Pomerantz demon-
strated that 6,7-di-CH;BH, stimulated the tyrosinase
hydroxylase activity of mammalian tyrosinase, moni-
toring the activity by measuring the release of tritium
from L—tyrosine—3,5—3 H into the solution, in the form
of tritiated water CHOH or TOH) according to [11].
These data are in agreement with the data presented
by [6]. Furthermore, Wood et al., [7], agree with
Pomerantz in that if the initial concentration of 6BH,
([6BH4] o) is low (less than 5 wM), 6BH, activates the
reaction, while concentrations of [6BH,]o = 50 uM,
6BH, inhibit the reaction [5,7—9]. However, Pomer-
antz, 1966, showed that 6,7-di-CH3;BH, at a
concentration of 2.4mM eliminates the lag period,
as seen by measuring the formation of TOH, (see
Supplementary material, Figure S8). The mechanism
proposed in Scheme I can explain these results.

The lag period, 7, is the time taken by tyrosinase,
acting on monophenol, to accumulate in the medium
a concentration of o-diphenol (I.-dopa) that we shall
call [D]ss The reaction by which o-diphenol is
generated is described in Scheme 1 as
2Q — D + DQC, that is, the stoichiometry will be 2
o-quinone/l o-diphenol, and, as a consequence, in the
presence of a reductant (6BH,) the concentration of
D, will be reached earlier (stoichiometry 1 o-
quinone/l o-diphenol). If [6BH,]y < [D],,, the level
of D, is reached earlier and T diminishes. If [6BH,],
> [D]s, then more o-diphenol than necessary is
accumulated and the lag period may grow in length
(see Supplementary material, Figure S9). However, in
the steady-state, the rates will be the same, in the first
case during a lag period and in the second during a lag
period followed by a burst until the steady-state is
reached. Now, if we measure dopachrome at the same
time in both cases, the first may show activation and
the second an inhibition [5,7-9], but if the formation
of TOH is measured, activation is observed and T
decreases [11] (see Supplementary material,
Figure S8). Similar results are obtained in the
presence of AH, [23].

The experiments depicted in Figure 4 confirm what
was said previously, namely that, if the absorbance is
measured two minutes after the beginning of the
reaction, low concentrations of 6BH, (less than [D])
will produce an apparent activation (curves ¢ and d),
compared with what is seen in the absence of 6BH,
(curve c). If the concentration of 6BH, is greater than
[D]ss, the lag period is longer and there is an apparent
inhibition, even though measurements made at long
times will show parallel lines since the true steady-
state will have been reached. In this last case (long
times) V?f’DC are correct and so Vﬁ‘f’DC vs [M]y is a
hyperbola (Figure 3).

The diphenolase experiments (Figure 5) can be
interpreted in the same way: the o-quinone generated
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by the enzyme reacted with the reductant 6BH,, in
accordance with the chemical reaction depicted in
Scheme I (Q + RH, — D + Q); after a lag period,
which increased with increasing concentrations of
6BH,, the system reached its steady-state with parallel
straight lines (traces c—d).

The experiments depicted in Figure 6 also show
how the system tries to reach the steady-state. For
example, Figure 6 curve (a) and Figure 6 Inset curve
(a), show how the system, after the addition of an
initial quantity of o-diphenol equivalent to [D]g;, is in
the steady-state at t = 0. But when 6BH, is added
there is a reaction, Q + RH, — D + R, which
involves the accumulation of more o-diphenol, which
the enzyme eliminates through a burst of activity (see
curves b-d of Figure 6 and b—c of Figure 6 Inset).
Note how the lines are parallel at long times and how it
is once again necessary to measure the rates only after
the steady-state has been reached.

This series of experiments supports the following
conclusions:

Measuring the diphenolase activity of tyrosinase is
not difficult, and the lag period (lasting in the order of
milliseconds) will occur in the dead-time. Measuring
the monophenolase activity, on the other hand, is
more complicated and requires that the system be
allowed to reach the steady-state after a lag period.
This monophenolase activity is not inhibited by an
excess of monophenol. The action of reductants such
as 6BH, and 6,7-di-CH3;BH, reduces o-quinone to o-
diphenol until all the reductant is used up, at which
point the steady-state is reached. Therefore, none of
the activities of tyrosinase (diphenolase or mono-
phenolase) is inhibited by these compounds. These
results may help explain how reductants act on the
melanogenesis pathway.

The experimental behaviour observed is in agree-
ment with the simulation results of Scheme I, which
could be observed in the supplementary material
(Figures S2— S9).
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Supplementary material

The simulation results are in agreement with the
experimental data. Simulation was carried out with
the computer program WES [1]. The rate constants
used for the mechanisms of Schemes SI and SII agree
with those used in the bibliography [2]. In the case of
the mechanism of Scheme SI, the rate constants used
were obtained by our group [3] or fulfil the overall
kinetic constant of the steady-state [4].

In the case of a simple mechanism, such as that
proposed by Michaelis-Menten (Scheme SI).

k k.
E+S 4—_'> ES —2 . E+P
-1

Scheme SI.

The representation of V, the steady-state rate of an
enzyme acting on a substrate is linear with respect to
the enzyme concentration and that of I/ is hyperbolic
with respect to substrate concentration (Figure S1),
although, even in this simple mechanism, it can be
seen that deviations of the typical equilateral
hyperbola (inhibition by excess of substrate) can be
observed when the complex ES binds another
molecule of substrate (Scheme SII) (Figure S1 Inset).

k k
E+S =—>ES—~ »E+P
-1+
S

e

ES,

Scheme II.

Note that the dependence V wvs [E]o is always
linear, regardless of whether V, vs [S], is hyperbolic or
not (Figure S1 Inset).

This simple idea, when transferred to Scheme I
proposed for the enzyme tyrosinase acting on mono-
phenols, can be extrapolated when the steady-state rate
measurements are made correctly, as shown below.

Figure S1. Dependence of steady-state rates of the
mechanism of Scheme SI obtained by simulation, on
substrate and enzyme initial concentrations. The rate
constants were k; =10° M™! s71; k_; =10% s}
k, = 10> s~ 1. Values of V,, obtained by varying the
substrate concentration (0.2mM - 15mM), with an
enzyme concentration of 10nM. B Values of V
obtained by varying the enzyme concentration (1 nM
— 10nM), with a substrate concentration of 1 mM.
Inset. Representation of values of Vg of the
mechanism of Scheme SII, obtained by simulation,
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with respect to substrate and enzyme concentrations.
Values of Vg obtained by varying the substrate
concentration (0.2mM — 15mM), with an enzyme
concentration of 10 nM. B Values of V¢ obtained by
varying the enzyme concentration (I1nM - 10nM),
with a substrate concentration of 1 mM. The values of
ks and k_5 were 10° M ! s! and 5 x 10% s !
respectively.

Figure S2. Product accumulation, obtained by
simulation of Scheme I. The values of the
rate constants were: k;=1.5 X 10° M s7},
k. ;=108s Lk, =38 % 10°M s,k ,=10s""1,
ks =3 X 10°s Lk, =6 X 10*M s L,k ,=10s"",
ks; =30s ', ks, =245 !, kg=4 X 10> M s,
ko¢=10s""', k; =200s}, kg=2.3 x 10" M s,
k_g=1.07 x 10> s!, kg=0.1s"'. Curve (a): the
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concentrations were: [M]o=0.2mM; [E],=
7TnM; [En]o =4.9nM; [E]o=2.1nM. Curve (b):
[M]og = 1mM, [E], same as in (a). Curve (c):
[M]op=0.2mM, [E]p=14 nM; [E,lo=9.8nM
[Eoxlo = 4.2nM; [O,]p = 0.26 mM.

Figure S3. Representation of the values of Vﬁ\f and of
the lag period corresponding to simulation of the

4000
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[E], (nM)

reactions evolving according to the mechanism of
Scheme I at different enzyme concentrations. The rate
constants of the simulation are the same as in Figure S2.
[M]o = 0.2mM. Enzyme concentration varied from
1nM to 300nM, with [En]o=0.7 X [E]y and
[Eoxlo = 0.3 X [E]o. ® Values of Vﬁ‘f obtained in the
true steady-state. A Rate values obtained considering
the increase in absorbance at a fixed time from
beginning of reaction, three min. M Values of lag
period.

Figure S4. Representation of the values of I’ and of
the lag period corresponding to simulation of the
reactions evolving according to Scheme I with different
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substrate concentrations. The rate constants of the
simulation are the same as in Figure S2. The [M],
varied as indicated in the figure and [E],
was 120nM, considering [Ey]o = 0.7 X [E]y and
[Eoxdo = 0.3 X [E]o. ® Values of '™ obtained in the
true steady-state. A Rate values obtained considering
the increase in absorbance at a fixed time from beginning
of reaction, three min. B Values of lag period.

The simulation of the reactions evolving according
to the mechanism of Scheme 1, to which the set of
differentia£ equations corresponding to the reaction
Q + RH,—D + Ris added (Scheme I), explains the
effect demonstrated by Pomerantz [5] in measuring
the formation of TOH from L-tirosine-3,5-°H
(Figure S8). When the release of TOH (governed by
ks,) is simulated in the presence and absence of the
reducer of o-quinone, activation always occurs in the
formation of TOH (Figure S8), as expected and in
agreement with [5]. When the reductant is present in
the simulation, the [D] necessary for the steady-state
to be reached, is accumulated earlier and in this way T
decreases, although the same steady-state rate is always
reached Vﬁ\f’DC. Figure S9 shows the accumulation of
o-diphenol versus time in simulations of the reactions
evolving according to the mechanism of Scheme I, in
the absence of RH, and with [D], = 0, curve (a) and
in the presence of [D], = D], curve (b), with
[RH2]0 < [D]ssa curve (C) and with [RH2]0 > [D] 88
curves (d) — (e) and (f), respectively. Note that, in
curve (c), [D]s is reached before and so the delay in
the lag period for accumulating DC is less (apparent
activation). However, when [RH,], > [D],, the level
of [D] exceeds that of [D]s, and the system must
reduce it; this it does, but DC accumulates with a
longer lag period, curves (d) — (e) and (f) respectively.

Figure S5. Effect of reductants on dopachrome
accumulation in the simulation of the reactions evolving
according to the mechanism of Scheme I. The rate

[DC]uM

200




constants are the same as in Figure S2. The initial
concentrations of monophenol, E and the reductants
(RH,) were: [M]o = 1mM, [E]o= 100nM, [E,]o =
70nM, [EJo =30nM and RH5:(a) 0; (b) 2 uM; (¢)
3.5 pM; (d) 5 M (e) 10 M (f) 20 M (g) 40 M (h)
60 pM; (i) 80 wM, respectively. The Inset represents the
same results at longer time, 800 s.

Figure S6. Effect of reductants (RH,) on product
formation (dopachrome), in the simulation of the
reactions evolving according to Scheme I with
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[M]o = 0. The rate constants are the same as those of
Figure S2. [D]y = 1 mM and [E], = 3 nM. The initial
concentrations of the RH, were: (a) 0; (b) 10 pnM; (c)
20 uM; (d) 30 pM; (e) 40 pM; () 50 uM and (g)
60 wM, respectively.

Figure S7. Effect of reductants on product
formation (dopachrome), in the simulation of the
reactions evolving according to the mechanism of
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Scheme I in the steady-state. The rate constants are
the same as in Figure S2. [M],=0.9mM,
[D]lss = 53.1 pM, [E]o = 120 nM. The initial concen-
trations of RH, were: (a) 0; (b) 25 uwM; (c) 50 puM and
(d) 75 pM.

Figure S8. Effect of reductants on the formation of
TOH in the simulation of the reactions evolving
according to the mechanism of Scheme I. The rate
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constants are the same as those of Figure S2.
[M]p=0.5mM and [E]o=10nM, [E,]o=7nM,
[Eoxlo =3nM. The TOH is formed during the
step governed by ks5;, the concentrations of reductant
were RH,: (a) 0; (b)1 pM; (c) 50 pM; (d) 80 M,
respectively.

Figure S9. Effect of reductants on the accumulation
of o-diphenol in the simulation of the reactions
evolving according to the mechanism of Scheme 1.
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The rate constant are the same as those of Figure S2.
[M]o=0.7mM, and [E]o=10nM, [E_,]o=7nM,
[Eoxlo=3nM, RH, were (a) 0; (b) Oand
[D] = 41,34 uM; (c) 20 uM; (d) 80 wM; (e) 100 pM
and (f) 120 pM.
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