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Oxidation products of quercetin catalyzed by mushroom tyrosinase
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Abstract—Quercetin was oxidized as a substrate catalyzed by mushroom tyrosinase to the corresponding o-quinone and subsequent
isomerization to p-quinone methide type intermediate; followed by the addition of water on C-2 yielding a relatively stable inter-
mediate, 2-(3,4-dihydroxybenzoyl)-2,4,6-trihydroxy-3(2H)-benzofuranone. In the presence of a catalytic amount of L-DOPA as a
cofactor, the rate of this oxidation was enhanced. Fisetin, which lacks the C-5 hydroxyl group, was also oxidized but the rate of
oxidation was faster than that of quercetin, indicating that the C-5 hydroxyl group is not essential but is associated with the activity.

© 2004 Elsevier Ltd. All rights reserved.

1. Introduction

In previous papers, a common flavonol, quercetin (1)
was reported to inhibit the oxidation of L-DOPA cata-
lyzed by mushroom tyrosinase.'~> This inhibitory activ-
ity was described to come from its ability to chelate
copper in the enzyme since y-pyrone moiety preferen-
tially chelates copper.* As expected, the inhibition kinet-
ics of quercetin was reported to be a competitive
inhibitor analyzed by Lineweaver—Burk plots.> The chel-
ation mechanism seems to be specific to flavonols as
long as the 3-hydroxyl group is free. On the other hand,
quercetin can be classified as a catechol derivative be-
cause of its B-ring structure. The catechols generally
act as substrates on the tyrosinase reaction. Quercetin
has recently been reported to be oxidized by polyphenol
oxidase (PPO) from the chloroplast membranes of
broad bean as well as mushroom tyrosinase through a
complex mechanism caused by its y-pyrone moiety.%’

Although tyrosinase (EC 1.14.18.1) is known to catalyze
a reaction between two substrates, a phenolic compound
and oxygen, the discussion previously described was
based on the experiment using mainly L-DOPA as a sub-
strate. As the need arises, L-tyrosine was also assayed to
see if the inhibitors characterized were effective on
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monophenolase activity. In both cases, the enzyme
activity was monitored by dopachrome formation at
475nm. The assay was carried out in air-saturated aque-
ous solution and as a result, oxygen, which was the other
substrate, was disregarded. Hence, we examined tyrosin-
ase action on flavonols with catechol moiety on the
B-ring, particularly quercetin and fisetin (2), by combin-
ation techniques with spectrophotometry (dopachrome
formation), polarography (oxygen consumption) and
HPLC analysis.

2. Results and discussion

The oxygen consumption of quercetin (1) (see Fig. 1 for
structures) was measured in the presence of tyrosinase
(1.0ug/mL). The reaction mixture consisting 50 or
100 uM of quercetin was incubated and oxygen consump-
tion was measured up to 20 min. The results obtained are
illustrated in Figure 2. The rate of oxygen consumption
was dependent on quercetin concentrations. For
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Figure 1. Structures of quercetin (1) and fisetin (2).
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Figure 2. Oxygen consumption of quercetin (1) in the presence of
tyrosinase. The concentration was selected at S0uM (line 1) and
100uM (line 2). Line 3 represents oxygen consumption by 100pM
L-DOPA as a control.

example, when 50 or 100 uM of quercetin was used, 14 or
25 uM of oxygen was absorbed, respectively. Supposedly,
quercetin has a catechol moiety in its B-ring, which may
be affected by tyrosinase. Figure 3 represents the consec-
utive spectra of quercetin (50 uM) under the same condi-
tions of the oxygen uptake experiment. Interestingly, the
original yellow color was noted to fade within 10 min.
This oxidation was evidently characterized by a new peak
with the maxima at 342 nm. More specifically, the UV/vis
absorption spectrum changed rapidly and the character-
istic shift to short wave lengths (378 — 342nm) was
observed.® These observations were not contradicted by
the previous report’ and the hypsochromic shift likely
indicates that quercetin was oxidized. Absorbance at
378 nm mainly comes from n — 1" transition, and hence,
the shift may be caused by structural changes including
ketone moiety, aside from the change of catechol on the
B-ring to corresponding o-quinone. The analysis of tyros-
inase oxidation products was performed by HPLC as
illustrated in Figure 4. Quercetin [retention time (fRr)
10.1min] started being decreased and a new peak b (g
4.7min) was gradually increased. The peak b was rela-
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Figure 3. Consecutive spectra obtained in the oxidation of 50pM of
quercetin (1) by mushroom tyrosinase for 20min. Scan speed was at
2min intervals for 30s. The arrows (T) designate the evolution of the
peak.
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Figure 4. HPLC analysis of the reaction medium with 100uM of
quercetin (1) and tyrosinase. Sampling time was chosen at Omin
(upper), 20min (middle), and 40min (lower), respectively. The HPLC
operating conditions were as follows: column; Capcell Pak C-18,
solvent; 30% MeCN/H,O containing 0.1% TFA, flow rate; 0.8 mL/min,
detection; UV at 254nm, injected amount; 20puL from 3-mL assay
system.

tively stable but it seemed to be a small amount for deter-
mining the structure. On the other hand, quercetin was
previously reported to be oxidized by Cu”* to 2-(3,4-
dihydroxybenzoyl)-2,4,6-trihydroxy-3(2 H)-benzofura-
none (3) in aqueous conditions.® The UV spectrum of 3
previously reported was similar to Figure 3 and hence,
the peak b was expected to come from 3.3 In
order to identify the peak b, the synthesis of 3 was first at-
tempted to oxidize quercetin directly using NalOy. By the
HPLC experiment, the peak b was identical to that of the
enzymatic oxidation product of quercetin in the reaction
mixture. However, 3 was hardly purified enough for
structural characterization because of the coexistence of
many by-products. On the other hand, it was found that
CuCl, oxidation of quercetin was run effectively and
allowed to produce 3.%° Accordingly, the peak b was
consistent with 3 by chromatographic comparison using
HPLC.

Proposed mechanism for the oxidative degradation of
quercetin catalyzed by mushroom tyrosinase was illus-
trated in Scheme 1. Quercetin was rapidly oxidized to
the corresponding o-quinone after the abstraction of
2¢” and 2H" from the hydroxyl groups at C-3’ and -4’
and subsequent isomerization to p-quinone methide type
intermediate (4),'%!' followed by the addition of water
on C-2 yielding the dione intermediate. This dione was
tautomerized to the relatively stable protocatechuate
intermediate (3) in aqueous solution via trione interme-
diate (5). In continuing spectrophotometrical experi-
ment for 1h, the changes in its UV/vis absorption
spectrum started decreasing in absorbance at 342nm
but increasing at 270 and 400-550nm (data not illus-
trated). Although the protocatechuate intermediate (3)
was relatively stable, it was further oxidized, presumably
to the corresponding o-quinone (6) at a slow rate.

Fisetin has a catechol moiety in its B-ring and also con-
sumed oxygen as quercetin in the presence of tyrosinase,
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Scheme 1. Proposed mechanism for the oxidative degradation of quercetin (1) catalyzed by mushroom tyrosinase.

but the uptake was faster than that of quercetin (Fig. 5).
When 50 or 100 uM of fisetin was used, 17 or 31 uM of
oxygen was consumed for 20 min, respectively. By spect-
roscopic experiments, hypochromic effect was observed
at 375nm that indicates the specific absorption by fisetin
and this maximum absorption was shifted to 358 nm like
quercetin (Fig. 6). Hence, fisetin can also be oxidized by
mushroom tyrosinase. HPLC analysis was performed
using reaction mixture with fisetin and tyrosinase under
the same conditions of spectroscopic experiments (Fig.
7). It shows that peak a (6.2min) which came from fise-
tin, was rapidly decreased and peak b (5.1min) was
mainly increased. It should be noted that by comparison
with Figure 4, the decomposition of fisetin occurred
intensively. The y-pyrone is essential to show potent
inhibitory activity on tyrosinase oxidation because it
acts as a copper chelater. Also, as seen in the structure
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Figure 5. Oxygen consumption of fisetin (2) in the presence of
tyrosinase. The concentration was selected at 50uM (line 1) and

100uM (line 2). Line 3 represents oxygen consumption by 100uM
L-DOPA as a control.
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Figure 6. Consecutive spectra obtained in the oxidation of 50puM of
fisetin (2) by mushroom tyrosinase for 20min. Scan speed was at 2min
intervals for 30s. The arrows (T) designate the evolution of the peak.

of hexylresorcinol and cardol, the resorcinol moiety is
important for a tyrosinase inhibitor. Although quercetin
has both y-pyrone and resorcinol moieties in its struc-
ture, it is still easily oxidized. In contrast, fisetin is cate-
gorized in flavonols, which possesses y-pyrone moiety
on A-ring as only one significant function as copper che-
later. It has also been reported that polyphenol oxidase
from the chloroplast membranes of broad bean cata-
lyzed the oxidation of fisetin.!> The quick oxidation of
fisetin could be explained in part by the absence of
resorcinol moiety on its A-ring, although a diminished
hydrogen bond between H-5 and ketone possibly af-
fected the y-pyrone coordination with copper on the
tyrosinase active site.

Interestingly, the oxidation of quercetin catalyzed by
tyrosinase was accelerated by the addition of the catalytic
amount (10uM) of L-DOPA. It has also been reported
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Figure 7. HPLC analysis of the reaction medium with 100 uM of fisetin
(2) and tyrosinase. Sampling time was chosen at Omin (upper), 10min
(middle), and 20min (lower), respectively. The HPLC operating
conditions were same as Figure 4.

that quercetin acts as cofactor.* Hence, L-DOPA en-
hanced the oxidation of quercetin except by the accumu-
lation of oxy-form tyrosinase in the reaction mixture. To
clarify how L-DOPA affected oxidation, HPLC analysis
was performed in the presence of 0.5 mM of L-DOPA
(Fig. 8). Remarkably, the decomposition rate of quercetin
with L-DOPA was faster than the experiment without L-
DOPA (Fig. 4). Moreover, some polar peaks around tg
5.0min emerged beside the peak of 3 whereas these peaks
were not observed on L-DOPA oxidation. Recently,
glutathionyl adducts were identified in the incubation
experiment with quercetin and glutathione in the presence
of tyrosinase by LC/MS analysis.!? Although the detail is
still largely unknown, it could be explained that quercetin
was oxidized and subsequent formation of adducts with
L-DOPA or its oxidized products.

As far as the cell-free experiment using mushroom tyros-
inase is concerned, the inhibition kinetics reported did
not exceed 30s.° In the current experiment, quercetin
was found to be rapidly oxidized to 3, followed by fur-
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Figure 8. HPLC analysis of the reaction medium with 100pM of
quercetin (1) and tyrosinase in presence of 0.5mM L-DOPA. Sampling
time was chosen at Omin (upper), 5Smin (middle), and 20min (lower),
respectively. The HPLC operating conditions were same as Figure 4.

ther oxidation presumably to the corresponding o-qui-
none. As long as the enzyme activity was monitored
by dopachrome formation at 475nm, this peak was
not detectable up to 20min. Even if L-DOPA was oxi-
dized, the oxidized intermediates form adducts with
quercetin. The amount of L-DOPA oxidized within
30s is negligible. Hence, the inhibition kinetics previ-
ously reported with respect to the oxidation of L-DOPA
is still seemingly accurate, but it is not. Apparently,
quercetin acts as a tyrosinase substrate and forms ad-
ducts in part with L-DOPA or its oxidation products.
Hence, the inhibition mechanism could not follow sim-
ple Michaelis—Menten kinetics.

3. Experimental
3.1. General

Quercetin'2H,O and mushroom tyrosinase were pur-
chased from Sigma (St. Louis, MO). CuCl,-2H,0 was
obtained from Mallinckrodt Chemicals (Phillipsburg,
NJ). Acetonitrile (MeCN) was purchased from Alfa
Aesar (Ward Hill, MA). Trifluoroacetic acid, dimethyl-
sulfoxide (DMSO), and NalO, were purchased
from Aldrich (Milwaukee, WI). Fisetin was obtained
from INDOFINE Chemical Co. (Hillsborough, NJ).
Distilled water was purified by NANOpure (Barnstead
International, Dubuque, 10).

3.2. Enzyme assay

The assay was performed as previously reported with
some modifications.'*!> Tyrosinase was purified by a
method as previously described.'® Oxygen consumption
was measured on a Clark style electrode and an oxy-
graph equipped (YSI-53) with a water-jacketed chamber
(Yellow Springs Instrument Co., Yellow Springs, OH)
maintained at 30°C. Calibration of an oxygen electrode
was performed by using 4-tert-butylcatechol and excess
tyrosinase according to the previous report.!” Absorp-
tion measurements were recorded on a Spectra MAX
plus spectrophotometer (Molecular device, Sunnyvale,
CA) at 30°C. For obtaining data of absorbance incre-
ment at 475nm and oxygen consumption, 0.1mL of a
DMSO solution of flavonoid was mixed with 0.6mL of
0.25M sodium phosphate buffer (pH 6.8) and 2.2mL of
water. Then, 0.1mL of the 0.05M sodium phosphate
buffer solution (pH6.8) of tyrosinase (1.0pug/mL) was
added. When 1r-tyrosine was used as monophenol sub-
strate, instead of 2.2mL of water, 0.3mL of 1.25mM
L-tyrosine solution and 1.9mL of water were added. In
the experiment by using cofactor, 6 uL. of 5SmM L-DOPA
solution was added at 5min after enzymatic reaction
started. Scan speed was selected for 2min with 30s inter-
vals for obtaining consecutive spectra (220-500nm).

3.3. HPLC analysis

HPLC analysis was performed on a LPG-1000 with an
UV-7000 detector (Tokyo Rikakikai, Tokyo, Japan)
and a 4.6mm x 250 mm i.d., 5 um, Capcell Pak C-18 col-
umn (Shiseido, Tokyo, Japan) as previously reported
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with some modifications.!® The operating conditions
were as follows: solvent; 30% MeCN/H,O containing
0.1% TFA, flow rate; 0.8mlL/min, detection; UV at
254 nm, injected amount; 20 pL from 3-mL assay system
containing 100 uM flavonoid. The retention time (¢g) of
1 and 3 was identified as 10.1 and 4.7min, respectively,
by the coinjection with standard compounds.

3.4. Preparation of 2-(3,4-dihydroxybenzoyl)-2,4,6-tri-
hydroxy-3(2H)-benzofuranone (3)

The preparation of 3 was performed as previously re-
ported with slight modification.° Quercetin-2H,O
(25.0mg, 73.8 pmol) was dissolved with 22.5mL of aque-
ous 0.24M HCI-MeCN (1:3) at 40°C. Then, CuCly
2H,0 (38.0mg, 0.22mmol) was added and the resultant
mixture was stirred overnight at room temperature.
After the most MeCN was removed in vacuo, the resi-
due was partitioned between aqueous 1 M HCI solution
and EtOAc. EtOAc layer was washed with brine and
dried over Na,SO,. The filtrate was concentrated
invacuo and the residue was subjected to Maxi-Clean
C-18 Cartridge (Alltech, Deerfield, IL) eluted with
20% MeCN/H,O containing 0.1% TFA. The eluate was
directly subjected to preparative HPLC (solvent: 15%
MeCN/H,O containing 0.1% TFA, flow rate: SmL/
min) equipped with a 10mm x 250mm, 10 um, Econosil
C-18 column (Alltech) to give 3 (16 mg, 68%) as a white
powder. Data for 3; '"H NMR (400MHz, CD;CN) §
6.01 (s, 1H), 6.08 (s, 1H), 6.82 (d, J = 8.8Hz, 1H), 7.38
(d, J=8.8Hz, 1H), 7.39 (s, 1H); '*C NMR (100 MHz,
CD;CN) 6 92.8, 98.7, 101.7, 103.6, 116.0, 117.1, 125.0,
125.6, 145.2, 152.1, 159.2, 169.9, 172.8, 190.1, 191.9;
FAB-MS (M+H") 319. All spectra are consisted with
those as previously reported.’?
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