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A kinetic study of the inhibition of mushroom tyrosinase catecholase activity by 4-substituted
resorcinols has been made. The results obtained show that 4-substituted resorcinols inhibit
tyrosinase in a nonclassical manner and that the inhibition is characterized by a long transient
phase. Progress curves of enzymatic reaction in the presence of inhibitor show a progressive decrease
in initial velocity followed by a constant steady-state rate. Both the initial and the constant rates
decreased with increasing concentrations of inhibitor. Kinetic data obtained correspond to those
for a postulated mechanism involving rapid formation of an enzyme-inhibitor complex that
subsequently undergoes a relatively slow reversible reaction. The kinetic parameters characterizing
this time-dependent inhibition were evaluated by means of nonlinear regression of the product
accumulation curves.
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INTRODUCTION

Browning of raw fruits, vegetables, and beverages is
a major problem in the food industry and is believed to
be one of the main causes of quality loss during
postharvest handling and processing. The mechanism
of browning in food is well characterized and is mainly
enzymatic in origin (McEvily et al., 1992). The forma-
tion of pigments via enzymatic browning is initiated by
the enzyme tyrosinase (EC 1.14.18.1), also known as
polyphenol oxidase (PPO).
Tyrosinase is a copper-containing monooxygenase

widely distributed in nature that is also responsible for
melanization in animals. Chemical and spectroscopic
studies of tyrosinase have shown that its coupled
binuclear copper active site can exist in three different
forms during the mechanism reaction: met, oxy, and
deoxy (Lerch, 1981; Rob, 1981). The enzyme catalyzes
two distinct reactions involving molecular oxygen: the
hydroxylation of monophenols to o-diphenols (cresolase
activity) and the oxidation of the o-diphenols to o-
quinones (catecholase activity). The quinones are highly
reactive compounds and can polymerize spontaneously
to form high molecular weight compounds or brown
pigments (melanins) or can react with amino acids and
proteins that enhance the brown color produced (Vámos-
Vigyázó, 1981).
Browning can cause deleterious changes in the ap-

pearance and organoleptic properties of the food prod-
uct, resulting in shorter shelf life and decreased market
value. Because of the undesirable effects of enzymatic
browning on fruits and vegetables, a considerable
number of inhibitors of tyrosinase are known. A method
widely used in the food and beverage industries to
control browning is the addition of reducing agents
(sulfites, ascorbic acid, etc.) which chemically reduce the
o-quinones to the less reactive colorless diphenols.
However, these compounds can have adverse health

effects and can also react with other components in the
food system, resulting in unwanted effects (McEvily et
al., 1992).
Another important group of browning inhibitors is

constituted by compounds structurally analogous to
phenolic substrates, which generally show competitive
inhibition with respect to these substrates, although this
can vary depending on enzyme source and the substrate
used (Mayer and Harel, 1979; Khan and Andrawis,
1985). Among this group, L-mimosine (Cabanes et al.,
1987b), tropolone (Valero et al., 1991), and kojic acid
(Cabanes et al., 1994) have been described as competi-
tive, slow-binding inhibitors, according to the classifica-
tion of reversible enzyme inhibitors established by
Morrison (1982). Substituted resorcinols, which are also
structurally related to phenolic substrates (Figure 1),
have recently been recognized as polyphenol oxidase
inhibitors. Although resorcinol is a poor PPO inhibitor,
substitutions in the 4-position yield decreased IC50
values, the only kinetic parameter found in the bibli-
ography. Among the 4-substituted resorcinols, the
highest inhibition was obtained with hydrophobic sub-
stituents in the 4-position, such as 4-hexyl- and 4-dodec-
ylresorcinols (McEvily et al., 1992). 4-Hexylresorcinol
is claimed to be the most effective inhibitor for use in
the food industry since it is water soluble, stable,
nontoxic, nonmutagenic, and noncarcinogenic, and it has
been recognized as safe for use in the prevention of
shrimp melanosis (Iyengar et al., 1991; McEvily et al.,
1991) and for browning control of fresh and hot-air-dried
apple slices as well as potatoes, avocados, and apple and
grape juices (Frankos et al., 1991).
Although the great potential of 4-substituted resor-

cinols as PPO inhibitors has been demonstrated, their
kinetic behavior has not been investigated. The aims
of the present paper are, therefore, to carry out a kinetic
study of the inhibition of the catecholase activity of
tyrosinase by 4-substituted resorcinols and to evaluate
the kinetic parameters and constants characterizing the
system.
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MATERIALS AND METHODS

Reagents. Mushroom tyrosinase (3870 units/mg) was
purchased from Sigma Quimica (Madrid, Spain). 4-tert-
Butylcatechol, 4-dodecylresorcinol, and 4-ethylresorcinol were
obtained from Aldrich (Madrid, Spain). All other chemicals
were of analytical grade and supplied by Merck (Barcelona,
Spain). All buffers were prepared with water purified by a
MilliQ water purification system (Millipore Iberica, Madrid,
Spain).
Enzyme Assays. Catecholase activity was followed by

spectrophotometric measurement of 4-tert-butyl-o-benzoqui-
none at 400 nm (ε ) 1682 M-1 cm-1) (Sánchez-Ferrer et al.,
1993) using a Uvikon 940 spectrophotometer. 4-tert-Butyl-o-
benzoquinone was checked in the assay conditions and was
stable for a longer period than those used in the activity
measurements. Temperature was controlled at 25 °C using a
Haake D1G circulating bath with a heater/cooler and checked
using a Cole-Palmer digital thermometer with a precission of
(0.1 °C. Unless otherwise stated, the reaction media (1.0 mL),
at 25 °C, contained 4.95 mM 4-tert-butylcatechol, 50 mM
sodium phosphate buffer (pH 6.5), inhibitor at the indicated
concentration, and mushroom tyrosinase (0.39 µg/mL). One
unit of enzymatic activity is defined as the amount of enzyme
that produces 1 µmol of 4-tert-butyl-o-benzoquinone/min.
The progress curves (product formation as a function of

time) were fitted by nonlinear regression using Marquardt’s
algorithm (Marquardt, 1963), to the integrated form of Frieden’s
equation (Frieden, 1970):

where vo, vs, and kapp represent, respectively, the initial and
the steady-state rates and the apparent first-order rate
constant; the parameter c4 was included to correct any possible
deviation from the initial absorption value.
Other Methods. Protein concentration was determined

according to the dye-binding method of Bradford (Bradford,
1976) using a bovine serum albumin as a standard.

RESULTS AND DISCUSSION

When catecholase activity of mushroom tyrosinase
was assayed by using 4-tert-butylcatechol as substrate,
the reaction immediately reached a steady-state rate
(Figure 2, curve a); the absorbance changes were linear
up to at least 0.3-0.4 absorbance unit. However, when
the reaction was started by addition of the enzyme in
the presence of 4-hexylresorcinol, a biphasic response
was observed, with a progressive decrease in the initial
velocity followed by a constant rate; both the initial and
constant rates decreased as the inhibitor concentration
increased (Figure 2, curves b-d). Similar results were
obtained when 4-ethylresorcinol or 4-dodecylresorcinol
was used as substrates (data not shown).
These results indicate that the inhibition produced

by 4-substituted resorcinols is expressed slowly and that
they behave as slow-binding inhibitors, according to the
classification given by Morrison andWalsh (1989). This
inhibition is not necessarily tight-binding or stoichio-
metric since the inhibitor concentration in the progress
curve experiments was always much higher than the
enzyme concentration (Williams and Morrison, 1979).
This time-dependent inhibition of tyrosinase has also
been found by using structurally analogous compounds,
such as m-coumaric acid, L-mimosine, tropolone, and
kojic acid, and frog epidermis, grape, and mushroom as
sources of enzyme (Cabanes et al., 1984, 1987b, 1994;
Valero et al., 1991).
The progress curves obtained can be described by the

integrated form of Frieden’s equation (Frieden, 1970)
for a first-order process:

where vo, vs, and kapp represent, respectively, the initial
rate, the steady-state rate, and the apparent first-order
rate constant, whose meaning depends on the mecha-
nism under study. The experimentally obtained progress
curves can therefore be analyzed by making an overall
fit of the experimental data to eq 2 by nonlinear
regression (Morrison, 1982).

Figure 1. Structures of a normal o-diphenolic substrate of
polyphenol oxidase (catechols) (I) and 4-substituted resorci-
nols: ethylresorcinol (II), hexylresorcinol (III), and dodecyl-
resorcinol (IV).

P ) vst + (vo - vs)(1 - e-kappt)/kapp + c4 (1)

Figure 2. Progress curves for the inhibition of mushroom
tyrosinase by 4-hexylresorcinol. The reaction medium con-
tained 0.75 mM 4-tert-butylcatechol in 50 mM phosphate
buffer, pH 6.5. The reaction was started by the addition of the
enzyme (0.39 µg/mL). 4-Hexylresorcinol concentrations were
(a) 0, (b) 0.5, (c) 1, and (d) 3.6 µM.

P ) vst + (vo - vs)(1 - e-kappt)/kapp (2)
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To investigate the inhibition of tyrosinase by 4-sub-
stituted resorcinols, experiments were performed in
which the enzyme was preincubated with different
inhibitor concentrations at various times, at the end of
which times the reaction was started by the addition of
the substrate; progress curves similar to those in Figure
2 were obtained (data not shown). This result indicates
that the inhibitor does not bind to the free form of the
enzyme (met form) and can only be interpreted by
taking into account the internal mechanism of the
catecholase activity of tyrosinase (Figure 3) (Galindo et
al., 1983; Cabanes et al., 1987a; Sánchez-Ferrer et al.,
1995). This scheme proposes the successive binding of
two diphenolic substrates to complete the catalytic cycle
with the appearance of an enzymatic oxy form, which
has a greater affinity for the substrate than the met
form. The oxy form is an obligatory intermediate in the
catalytic turnover, and thus, the presence of the sub-
strate (and therefore of the catalytic activity) is neces-
sary for the slow binding of inhibitor to the enzyme to
be observed. For this reason 4-substituted resorcinols
cannot be considered as classical competitive inhibitors
and are also different from other previously described
slow-binding inhibitors (Belda et al., 1983), since 4-sub-
stituted resorcinols require an enzymatic turnover for
their inhibitory effect to be exhibited.
Figure 4 shows the effect of 4-hexylresorcinol on the

initial (A) and steady-state (B) rates, respectively, at
different concentrations of substrate. Initial velocities
(vo) decreased with inhibitor concentration, indicating,
according to Morrison and Walsh (1989), that an
enzyme-inhibitor complex is rapidly formed with an
apparent dissociation constant (KI) for the EoxyI com-
plex of 5 µM. The steady-state rates also decreased as
4-hexylresorcinol concentration rose, and when Dixon
plots were made for the steady-state rates at different
4-tert-butylcatechol concentrations (Figure 4B), a value
of 2.4 µMwas determined for the apparent dissociation
constant (K′I) for the EoxyI* complex. The above results
show that the rapidly formed complex (EoxyI) subse-
quently undergoes a slow reversible isomerization to a
second complex (EoxyI*). The more enzyme drawn into
the second complex, the more pronounced the inhibition
becomes.
All these effects of 4-hexylresorcinol on mushroom

tyrosinase were similar to those obtained for the slow
inhibition of tyrosinase by L-mimosine (Cabanes et al.,
1987b), tropolone (Valero et al., 1991), and kojic acid
(Cabanes et al., 1994). These results can be explained
by the mechanism shown in Figure 3. According to the
equations obtained by kinetic analysis of this mecha-
nism (Cabanes et al., 1987a), the slow transition con-
stant, k-6, can be evaluated as follows:

since vs, kapp, and vo can be obtained experimentally.

Once k-6 and kapp are known, k6 can be evaluated by
means of a double-reciprocal plot of (kapp - k-6) versus
inhibitor concentration according to eq 4:

A series of straight lines intersecting at a point on the
ordinate axis equal to 1/k6 was obtained (Figure 5). A
value of 0.062 s-1 was calculated for k6.
When 4-dodecylresorcinol and 4-ethylresorcinol were

used as inhibitors, similar results to those shown for
4-hexylresorcinol were obtained. When the initial ve-
locities and steady-state rates were plotted according
to the Dixon equation, the values of KI and K′I were
evaluated (Table 1); k6 values were determined by
plotting 1/(kapp - k-6) vs 1/[I], such as has been previ-
ously described for 4-hexylresorcinol. As can be seen
from Table 1, KI values for all the 4-substituted resor-
cinols assayed were always higher than those obtained
for K′I, indicating, according to the behavior of slow-

Figure 3. Mechanism proposed by Cabanes et al. (1987a) for
the slow inhibition of frog epidermis tyrosinase by L-mi-
mosine: Emet, met form of tyrosinase; Eoxy, oxy form of
tyrosinase; D, o-diphenolic substrate; EoxyI*, enzyme-inhibi-
tor complex formed by slow isomerization of EoxyI complex.

vs )
k-6

kapp
vo (3)

B

A

Figure 4. Dixon plots for the effect of 4-hexylresorcinol on
initial (A) and steady-state (B) rates of the catecholase activity
of mushroom tyrosinase. 4-tert-Butylcatechol concentrations
used were (b) 4.95, (O) 3.75, (2) 2.25, (9) 0.975, ([) 0.75, and
(1) 0.5 mM. Enzyme concentration was 0.39 µg/mL.

kapp ) k-6 +
k6[I]

kI(1 + ([D])/KM) + [I]
(4)
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binding inhibitors reported by Morrison and Walsh
(1989), that inhibition of mushroom tyrosinase catecho-
lase activity by 4-substituted resorcinols follows the
scheme shown in Figure 3. Thus, an enzyme-inhibitor
complex (EoxyI) is rapidly formed, which subsequently
undergoes a slow reversible isomerization to a second
complex (EoxyI*). This table also shows the values of
KI, K′I, and k6 for other slow-binding inhibitors such as
mimosine (Cabanes et al., 1987b), tropolone (Valero et
al., 1991), and kojic acid (Cabanes et al., 1994) using
different tyrosinases. Among the 4-substituted resor-
cinols, the lowest value obtained for KI (dissociation
constant at t ) 0) corresponded to 4-hexylresorcinol (5
µM), which was slightly higher than that obtained for
kojic acid (2.75 µM). Thus, at t ) 0, 4-hexylresorcinol
and kojic acid are the two best tyrosinase inhibitors.
However, K′I, the overall dissociation constant, is the
parameter which really indicates the strength of slow-
binding inhibitors, and in this respect, Table 1 clearly
shows that dodecylresorcinol is the best inhibitor among
the 4-substituted resorcinols. This K′I value (0.9 µM)
was only slightly higher than that obtained for kojic acid
(0.62 µM), which is one of the most powerful tyrosinase
inhibitors. Thus, as shown in Table 1, dodecylresorcinol
and kojic acid are the two best slow-binding inhibitors.
The values of k6 were very similar for both inhibitors,
although the k6 value for 4-dodecylresorcinol was slightly
higher than for kojic acid (0.085 and 0.06 s-1, respec-
tively) suggesting that 4-dodecylresorcinol might be a
faster time-dependent inhibitor than kojic acid.

We can conclude, therefore, that of all the 4-substi-
tuted resorcinols, dodecylresorcinol is the best inhibitor,
being even better than kojic acid, since it does not
manifest the antibiotics and insecticide effects shown
by kojic acid (Saruno et al., 1979).
As regards cresolase activity, this hydroxylating

activity of tyrosinase shows a complex kinetic response
with a slow transition phase, which represents the
accumulation of the o-diphenol necessary to maintain
this activity. In agreement with the kinetic mechanism
for tyrosinase (Cabanes et al., 1987a), only the oxy form
of the three different forms of the enzyme acts on
monophenol, by hydroxylating it to o-diphenol. Thus,
the inhibition produced by 4-substituted resorcinols
affects both catecholase and cresolase activity through
the oxy form.
The presence of the lag period in the cresolase activity

of tyrosinase means that it is impossible to quantify the
kinetic constants of the interaction of 4-substituted
resorcinols and the enzyme. However, since the enzy-
matic intermediates, oxy and met, are the same in both
cresolase and catecholase activities, it might reasonably
be assumed that KI, k6, and k-6 are the same for both
activities, since these constants can only reflect the
presence of the oxy form and the inhibitor (Figure 3).
The results obtained in this paper clearly show,

therefore, that 4-substituted resorcinols can be classified
as slow-binding competitive inhibitors of mushroom
tyrosinase when 4-tert-butylcatechol is used as sub-
strate. This is a complex response of tyrosinase to
several compounds structurally analogous to phenolic
substrates and can only be explained by taking into
account the complex internal mechanism of this enzyme.
The above might explain some of the different results
appearing in the literature concerning the inhibition of
tyrosinase by compounds structurally analogous to
phenolic substrates since the expressed activity is not
constant in time in the presence of the inhibitor. Thus,
mistaken rate values and incorrect kinetic parameters
are obtained if the product increase is only followed over
a limited time. Therefore, IC50 is not a valid parameter
for this kind of inhibitor since, due to the complex
nature of this kind of inhibition, a complete kinetic
study must be carried out in order to determine the
kinetic parameters (KI, K′I, and k6) which characterize
the behavior of these inhibitors.

ABBREVIATIONS USED

PPO, polyphenol oxidase; L-mimosine, â-(N-3-hy-
droxy-4-oxopyridin-4-yl)-R-aminopropionic acid.
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