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The effects of quercetin on the activity of mushroom tyrosinase were studied. The equilibrium constants
for this inhibitor binding with the enzyme molecule were established. The inhibition mechanism obtained
from Lineweaver-Burk plots show that quercetin is a competitive inhibitor. In the time course of the
oxidation of L-3,4-dihydroxyphenylalanine (L-DOPA) catalyzed by the enzyme in the presence of
different concentrations of quercetin, the rate decreased with increasing time until a straight line was
approached. The inhibition of tyrosinase by quercetin is a slow and reversible reaction with residual
enzyme activity. The microscopic rate constants were determined for the reaction of quercetin with
the enzyme.
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INTRODUCTION

Tyrosinase (EC 1.14.18.1), also known as polyphenol oxidase
(PPO) (1-4), is a copper containing mixed-function oxidase
widely distributed in microorganisms, animals, and plants. This
oxidase catalyzes two distinct reactions of melanin synthesis,
the hydroxylation of a monophenol (monophenolase activity)
and the conversion of ano-diphenol to the corresponding
o-quinone (diphenolase activity), and is involved in the forma-
tion of pigments such as melanins (5). The hydroxylation of
L-tyrosine, the initial step in melanin synthesis, is also the initial
step in catecholamine synthesis. The enzymatic oxidation of
L-tyrosine to melanin is of considerable importance because
melanin has many functions, and alterations in melanin synthesis
occur in many disease states. For example, melanoma-specific
anticarcinogenic activity is linked with tyrosinase activity (6).
Melanin pigments are also found in the mammalian brain.
Tyrosinase may play a role in neuromelanin formation in the
human brain, particularly in the substantia nigra. This mixed-
function oxidase could be central to dopamine neurotoxicity and
may contribute to the neurodegeneration associated with Par-
kinson’s disease (7). Tyrosinase inhibitors have become increas-
ingly important in medicinal (8) and cosmetic (9) products,
primarily in relation to hyperpigmentation.

In our previous paper, the characterization of quercetin (1)
(seeFigure 1 for structures) was shown to be the principal
tyrosinase inhibitor present in the dried flower ofHeterotheca
inuloidesCASS (Compositae), and the fresh flower ofTrixis
michuacanavar longifolia (D. Dow) C. Anderson (Compositae).
Both are known as “arnica” in Mexico and are used as medicinal
plants. Quercetin was shown to inhibit the enzymatic oxidation

of L-DOPA by chelating copper in the enzyme. The chelation
mechanism seems to be specific to flavonols as long as the
3-hydroxyl group is free (10, 11). From a practical point of
view, copper chelators are currently targeted because they
possess no oxidizable hydroxyl group, and, more importantly,
the binuclear copper active site is common in all the tyrosinase,
regardless of their sources. Comparing IC50 values, quercetin
is the most potent tyrosinase inhibitor among the flavonoids
characterized (10, 11). Although the great potential of flavonols
as tyrosinase inhibitors has been demonstrated, their kinetic
behavior has been little explored. The aim of the present
experiment is, therefore, to carry out a kinetic study of the
inhibition of theo-diphenolase (catecholase) activity of mush-
room tyrosinase by flavonols and to evaluate the kinetic param-
eters and constants characterizing the system. Hence, the kinetics
of tyrosinase inhibition by quercetin was studied in detail.

MATERIALS AND METHODS

Chemicals.Quercetin, kaempferol, and morin were available from
our previous work (10, 11). Dimethyl sulfoxide (DMSO) andL-DOPA
were purchased from Sigma Chemical Co. (St. Louis, MO).
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Figure 1. Chemical structure of quercetin and related compounds.
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Enzyme Assay.The mushroom tyrosinase (EC 1.14.18.1) used for
the bioassay was purchased from Sigma. The following conditions were
used for the present experiment. First, mushroom tyrosinase differs from
other sources to some degree (12), but this fungal source was used
because of its ready availability. Second, mode of inhibition is known
to depend on the structure of both the substrate and inhibitor, so
L-DOPA was used as the substrate, unless otherwise specified.
Therefore, the activity studied is with respect too-diphenolase inhibitory
activity of mushroom tyrosinase. Third, tyrosinase is known to catalyze
a reaction between two substrates, a phenolic compound (L-DOPA)
and oxygen, but the assay was carried out in air-saturated aqueous
solutions. Therefore, Michaelis constant (Km) and maximum velocity
(Vm) values determined in these conditions were only apparent, and
the effect of oxygen concentration on these parameters is unknown.

Enzyme activity was determined at 30°C by following the increase
in absorbance at 475 nm (ε ) 3700 M-1 cm-1) accompanying the
oxidation of the substrate (L-DOPA). One unit (U) of enzymatic activity
was defined as the amount of enzyme increasing 0.001 absorbance at
475 nm in this condition. The progress-of-substrate-reaction theory
previously described (13) was applied to the current study of the
inhibition kinetics of mushroom tyrosinase by quercetin. In this method,
the mushroom tyrosinase (1.0 mg/mL in 0.1 M phosphate buffer pH
6.8) was first diluted with water at 50 times, and then 50µL of the
solution was added to 200µL of an assay substrate solution with 25
µL DMSO containing different concentrations of quercetin. The
substrate reaction progress curve was analyzed to obtain the reaction
rate constants. The reaction was carried out under a constant temperature
of 30 °C. Absorption measurements were recorded using a Spectra
MAX plus Microplate spectrophotometer. The kinetic and inhibition
constants were obtained by the method previously described (14-17).

RESULTS AND DISCUSSION

Effect of Quercetin on the Activity of Mushroom Tyro-
sinase.The effect of quercetin on the oxidation ofL-DOPA by
mushroom tyrosinase was studied first. Inhibition of the enzyme
by quercetin was concentration-dependent as shown inFigure
2. As the concentrations of quercetin increased, the residual
enzyme activity was rapidly decreased, but it was not completely
suppressed. The inhibitor concentration leading to 50% activity
lost (IC50) was estimated to be 0.13 mM.

Figure 3 shows that in the presence of different concentra-
tions of quercetin the enzyme activity was dependent on the
enzyme concentration. The plots of the residual enzyme activity
versus the concentrations of enzyme at different concentrations
of quercetin gave a family of straight lines (Figure 3) which
passed through the origin, indicating that the inhibition of the
enzyme by quercetin was reversible. Increasing the quercetin
concentration resulted in the descending of the slopes of the
lines.

Determination of the Inhibition Type of Quercetin on
Mushroom Tyrosinase. The kinetic behavior of mushroom
tyrosinase during the oxidation ofL-DOPA was studied. Under
the condition employed in the present investigation, the oxida-
tion reaction of L-DOPA by mushroom tyrosinase follows
Michaelis-Menten kinetics. The kinetic parameters for mush-
room tyrosinase obtained from a Lineweaver-Burk plot (Figure
4, line 1) show thatKm is equal to 0.84 mM andVmax is equal
to 122 U/min (33.0µM/min). The results illustrated inFigure
4 show that quercetin is a competitive inhibitor because
increasing the quercetin concentration resulted in a family of
lines with a common intercept on the 1/V axis but with different
slopes. The equilibrium constant for inhibitor binding,KI, was
obtained from a plot of the apparent Michaelis-Menten constant
(Kmapp) versus the concentration of quercetin, which is linear
as shown in the inset. The obtained constant is 0.0386 mM, as
summarized inTable 1.

Kinetics of the Substrate Reaction in the Presence of
Different Concentrations of Quercetin. The time course of
the oxidation of L-DOPA catalyzed by the enzyme in the
presence of different quercetin concentrations is shown in
Figure 5a. At each concentration of quercetin, the rate decreased
with increasing time until a straight line was approached, the
slope of which decreased with increasing quercetin concentra-

Figure 2. Effects of quercetin on the activity of mushroom tyrosinase for
the catalysis of L-DOPA (enzyme concentration 4.0 µg/mL).

Figure 3. Relationship of the catalytic activity of mushroom tyrosinase
with the enzyme concentrations at different concentrations of quercetin.
Concentrations of quercetin for curves 0−4 were 0, 10, 20, 30, and 40
µM, respectively.

Figure 4. Lineweaver−Burk plots for inhibition of quercetin on mushroom
tyrosinase for the catalysis of DOPA at 30 °C, pH 6.8. Concentrations of
quercetin for curves 1−5 were 0, 20, 40, 60, and 80 µM, respectively;
the enzyme concentration was 4.0 µg/mL. The inset represents the plot
of Kmapp versus the quercetin concentration for determining the inhibition
constants KI.
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tion. The above results, as analyzed by Tsou’s method (13),
suggest that the formation of the inactiveEoxyI complex is a
slow and reversible reaction. This can be written as follows:

whereE (Emet, Edeoxy, andEoxy), S, I, andP denote enzyme (three
forms of the enzyme), substrate, inhibitor (quercetin), and
product, respectively; EI and ES are the respective compounds.
As it is usually the case that [S].[E0] and [I].[E0], the product
formation can be written as follows (14, 15):

where [P]t is the concentration of the product formed at timet,
which is the reaction time;A and B are the apparent rate
constants for the forward and reverse reactions of inhibition,
respectively; [S] and [I] are the concentrations of the substrate
and inhibitor, respectively;V is the initial rate of reaction in the
absence of the inhibitor, whereV ) Vm[S]/(Km + [S]). When t
is sufficiently large, the curves become straight lines and the
product concentration is written as [P]calc:

Combining eqs 1 and 4 yields

where [P]calc is the product concentration to be expected from
the straight-line portions of the curves as calculated from eq 4,
and [P]t is the product concentration actually observed at time
t. Plots of ln([P]calc - [P]t) versus reaction time (t) give a series
of straight lines at different concentrations of inhibitor ([I]) with
slopes of-(A[I] + B). A secondary plot of the slopes versus
[I] gives a straight line. The apparent forward and reverse rate
constants,A andB, can be obtained from the slope and intercept

of this straight line. The value ofB directly gives the
microscopic rate constantk-0.

From eq 2, we can get

A plot of 1/A versus [S] gives a straight line with 1/(k+0 ×
Km) as the slope of the straight line and 1/k+0 as the intercept
on they-axis.

Combining eq 2 and the Michaelis-Menten equation gives

A plot of A/V versus 1/[S] gives a straight line withKm k+0/
Vmax as the slope of the straight line, which passes through the
origin, indicating that the quercetin is a competitive inhibitor
of the enzyme (15, 17). As Km andVmax are known quantities
from measurements of the substrate reaction in the absence of
the modifier at different substrate concentrations, the rate
constantk+0 can be easily determined. Plots of ln([P]calc - [P]t)
versust give a family of straight lines at different concentrations
of quercetin with slopes of-(A[I] + B), Figure 5b.

Kinetics of the Reaction at Different Substrate Concentra-
tions in the Presence of Quercetin. Figure 6ashows the kinetic
courses of the reaction at differentL-DOPA concentrations in
the presence of 60µM of quercetin. It can be seen fromFigure
6a that whent is sufficiently large, both the initial rate and the
slope of the asymptote increase with increasing substrate
concentration. Similarly, plots of ln([P]calc - [P]t) versust give
a family of straight lines at different concentrations of the
substrate with slopes of-(A[I] + B) as shown inFigure 6b.
The apparent forward and reverse rate constants,A andB, can
be obtained through suitable plots.

Determination of the Microscopic Rate Constants of
Inhibition of Quercetin on the Enzyme. A plot of the slopes
of the straight lines inFigure 5b versus quercetin concentration
[I] gives the straight line, curve 5 inFigure 7. Similarly, data

Table 1. Kinetics Parameters and Microscopic Inhibition Rate
Constants of Mushroom Tyrosinase by Quercetina,b

IC50 0.13 mM
Km 0.84 mM
Vm 122 U/min
inhibition reversible
inhibition type competitive
KI 0.0386 mM
k+0 0.0216 (mM-1 sec-1)a

0.0219 (mM-1 sec-1)b

k-0 0.832 × 10-3 (sec-1)a

a From plot of 1/A against [S]. b From plot A/v against 1/[S].

Figure 5. Course of the substrate reaction in the presence of different
concentrations of quercetin. The final assay conditions: 250 µL system
containing 0.05 M phosphate sodium buffer pH 6.8, 2.0 mM L-DOPA as
substrate, and different concentrations of quercetin, 4.0 µg/mL mushroom
tyrosinase, at 30 °C. (a) The time course of the substrate oxidation
reaction. The concentrations of quercetin for curves 0−7 were 0, 20, 40,
60, 80, 100, 120, and 140 µg/mL, respectively. (b) Plots of ln([P]calc −
[P]t) vs time. Data were taken from curves 1−7 in Figure 1.
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collected for other concentrations give the other straight lines
in Figure 7. All the straight lines have a common intercept on
the ordinate. The apparent reverse rate constantB can be
obtained from the ordinate intercept. The value ofB is then
equal to the microscopic rate constantk-0 given in Table 1.

Figure 8 shows that the plot of 1/A versus [S] gives a straight
line with 1/(k+0 × Km) as the slope of the line and 1/k+0 as the
intercept on they-axis. According to eq 6, from the slope and
intercept, we can determine the microscopic rate constantk+0.
Figure 9 shows that the plot ofA/V versus 1/[S] gives a straight
line that passes through the origin. According to eq 7, the slope
of the straight line gives the value ofKmk+0/Vmax. The
microscopic rate constantk+0 was then obtained from the slope
(Table 1).

In summery, the results obtained by the current kinetic study
are consistent with those of the previous reports. Noticeably,
the tyrosinase inhibitory activity of flavonols such as quercetin,
kaempferol (2), and morin (3) was previously described as

coming from their ability to chelate one copper in the binuclear
active center of the enzyme (18-20). Hence, flavonols inhibit
the enzyme competitively, and hence, the inhibition mechanism
is a classical competitive type. The inhibition of tyrosinase by
flavonols is common as a slow and reversible reaction with
remaining enzyme activity. As far as the inhibitory activity of
tyrosinase is concerned, the pyrone moiety is responsible
because the pyrone moiety preferentially chelates copper in the
enzyme even if other moieties exist in the same molecule. This,
however, does not rule out the possibility that the catechol
moiety in quercetin is associated in part with this mechanism
of inhibition. In this regard, quercetin showed the most potent
inhibitory activity among the flavonols tested but the reason
for this difference is still largely unknown. There still seems to
be a lack of important knowledge for designing effective
tyrosinase inhibitors.

Quercetin is characterized from many edible plants. Tyrosi-
nase inhibitors isolated from the edible plants may be superior
to nonnatural products. Despite this advantage, the biological
significance of quercetin as a tyrosinase inhibitor in living
systems is still largely unknown. The results so far obtained
indicate that their further evaluation is needed, from not only
one aspect, but from a whole and dynamic perspective.
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Figure 6. Course of the substrate reaction at different substrate
concentrations in the presence of quercetin. Experimental conditions were
the same as those for Figure 4 except the L-DOPA concentrations were
different. (a) The time course of the substrate oxidation reaction. The
concentrations of L-DOPA for curves 1−5 were 2.0, 1.5, 1.0, 0.80, and
0.67 mM, respectively. (b) Plots of ln([P]calc − [P]t) vs time. Data were
taken from curves 1−5 in (a).

Figure 7. Secondary plots of the slopes versus the concentrations of
quercetin ([I]) for a series of fixed substrate concentrations. Experimental
conditions were the same as those for Figure 4 except for the L-DOPA
concentrations. The substrate concentrations for curves 1−5 were 0.67,
0.80, 1.0, 1.5, and 2.0 mM, respectively.

Figure 8. Plot of 1/A versus [S]. The values of A were obtained from the
substrate reaction in the presence of quercetin.

Figure 9. Plot of A/v vs 1/[S]. The values of v and A were obtained from
the substrate reaction in the absence of quercetin and from Figure 6.
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