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ABSTRACT: The accumulation of plagues of β-amyloid (Aβ) peptides in the brain is a
hallmark of Alzheimer’s disease (AD). The redox-active Cu and Fe complexes of Aβ can cause
damage to the neurons potentially via reactive oxygen species (ROS). The significant metal-
mediated oxidative activity of CuAβ suggests that its presence can be chemically devastating
regardless whether it is a cause or a result of AD. Flavonoids exhibit various benefits to human
health, attributable to their metal-binding and antioxidation activities to certain extents.
Despite broad interests and extensive studies of their metal-binding properties and anti/pro-
oxidation activities, these properties and the mechanisms of the activities toward metal-
centered oxidation reactions have not been fully revealed and concluded. We report herein
distinctive antioxidation mechanisms between two flavonoid families toward the oxidation
reactions by CuAβ1−20, wherein the flavonols quercetin (Qr) and myricetin (Mr)
competitively inhibit the oxidation of catechol by CuAβ1−20 with Ki of 11.2 and 32.6 μM,
respectively, whereas the flavanols catechin (Ct) and epicatechin (Et) are substrates with kcat =
1.01 × 10−2 and 1.55 × 10−3 s−1 and Km = 0.94 and 0.55 mM, respectively. Qr has a nearly 10-fold higher antioxidative efficacy
than Ct against the oxidation activity of CuAβ, while Ct is effectively oxidized, which further decreases its antioxidant capacity.
Similar inhibition patterns are observed toward oxidation of the catecholamine neurotransmitter dopamine by CuAβ1−20. Metal
ions and CuAβ bind Qr with a 1:1 ratio under our experimental conditions through the α-ketoenolate moiety as determined by
the use of Co2+ and Yb3+ as paramagnetic NMR probes. Unlike flavanols, which are merely suicide antioxidative substrates,
flavonols bind to the metal center and prevent metal-mediated redox reactions. We suggest flavonols may serve as leads for drug
discovery and/or as agents toward preventing metal-mediated oxidative stress due to AD and other disorders. Moreover, CuAβ
shows 8.6- and 4.2-fold higher kinetic regioselectivity in terms of kcat and kcat/Km, respectively, toward the peroxidation of Ct than
that of the enantiomer Et, suggesting potential development of metallo-catalysts in regioselective catalysis by the use of
metallopeptides as templates.

■ INTRODUCTION

Aggregated beta-amyloid (Aβ) peptides of 40−42 amino acids
(DAEFR HDSGY EVHHQ KLVFF AEDVG SNKGA IIGLM
VGGVV IA) found in plaques in the hippocampus and
neocortical regions of the human brain are considered a
hallmark of the neuropathology of the neurodegenerative
Alzheimer’s disease (AD),1 despite continuous debates about
their roles in AD.2 Aβ is a proteolytic product of a membrane-
spanning amyloid precursor protein upon sequential cleavage
by β and γ secretases.3,4 The amphipathic nature of Aβ renders
its interaction with anionic and hydrophobic components of
cell membranes5,6 and induces cytotoxicity.7 Furthermore, α-
and β-secretases8 and insulin degrading enzyme9 can produce
Aβ1−16 and Aβ1−20 fragments that contain three histidine
residues reported to be the metal coordinating residues in
Aβ.10,11 Metal binding to Aβ can affect the structure and
reactivity of this peptide.12 Zn2+, Cu2+, and Fe3+ are found in
high concentrations in Aβ plaques13 and have been shown to
induce Aβ aggregation in vitro.14 The interaction of Cu2+ with
His side chains of Aβ has been demonstrated by NMR and EPR
spectroscopic methods.10,11 Redox-active metal complexes of
Aβ such as Cu2+ and Fe3+ complexes can generate reactive

oxygen species (ROS) and contribute to neurotoxicity through
ROS-mediated oxidative stress in AD.1,15,16 We have recently
shown that Cu2+ complexes of Aβ and their fragments exhibited
metal-mediated oxidation/hydroxylation of catechol and
phenol and their biological derivatives such as neuro-
transmitters,11,17 corroborating the role of metallo-Aβ in
causing oxidative stress and contributing to the neuropathology
in AD.1,8,9 Consequently, natural antioxidants that can cross the
blood-brain barrier18 and also bind metal ion(s) would be good
candidates as drug leads and/or protective agents against
imbalance of redox reactions and metal metabolism in AD.
Flavonoids found in fruits and vegetables fit the criteria19 that
can serve as the leads for drug discovery and for further
improvement of their bioavailability and function.20

Flavonoids are ubiquitously distributed in plants, and some
display antimicrobial and antifungal properties that largely
contribute toward growth and development of plants.21

Flavonoids show various beneficial properties toward human
health such as antihepatotoxic, antiinflammatory, antiathero-
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genic, antiallergenic, antiosteoporotic, antibiotic, antiviral,
anticancer, and neuroprotective properties,22 despite their
potential toxicity at pharmaceutical concentrations.23 Their
structural versatility affords wide biological activities, including
signaling,24 interactions with enzymes,25 free radical scaveng-
ing,26 and metal binding.27 The prototypical flavonoids (Figure
1) catechin (Ct) and quercetin (Qr) are abundant in tea, red

wine, cocoa, and various fruits and vegetables, and more
significantly are able to cross the blood-brain barrier.18 They
exhibit significant biological activities that may be related to
their health benefits, such as antioxidation toward plasma,28

low-density lipoprotein,29 and DNA,30 prevention of amyloid-
induced apoptosis,31 neuroprotective properties,32 and increase
in the lifespan of Caenorhabditis elegans.33 A short-term dietary
Qr treatment can increase its level in the brain of mice, yet has
no effect on mRNA levels for expression of genes related to
antioxidants and AD.34 Qr can also protect the striatum in the
rat model of Parkinson’s disease against oxidative stress and
reduce dopaminergic neuronal loss.35 In addition to providing
protection against Aβ-induced oxidative cellular toxicity,36

flavonoids and polyphenols can also prevent Aβ fibril
formation,37 thus may serve a dual role against Cu2+−Aβ
toxicity.
Bifunctional ligands comprised of a metal-chelating and an

Aβ-interacting moieties have been exploited for the purpose of
better recognition and potential detoxification of Aβ, and for
further revealing the roles of metallo-Aβ complexes in AD.12

For example, flavonol analogues with a substituent 4′-
dimethylamin “FL3” or 4′-2-pyridyl group “FL4” could chelate
Cu2+ and Zn2+ and remove them from metallo−Aβ yet could
not prevent metal-mediated aggregation of Aβ; 38 whereas the
chelating agent clioquinol can disrupt the aggregation and/or
oxidation chemistry of metallo−Aβ and reduce neurotoxicity39

(however, its use is controversial40). Only FL3 exhibits a
significant free radical quenching activity, which however is less
than the activity of the flavonol myricetin. In order to better
understand the structure−activity relationship and the health
benefits of natural and synthetic flavonoids, their physical and
chemical properties must be clearly outlined. Although the
metal bindings and antioxidant activities of flavonoids have
been widely investigated,26,27 the relationship between these
two properties remains unclear. In this report, we present
results about the very different antioxidative mechanisms of the
two structurally diverse flavonol and flavanol families toward
the metal-centered oxidative activity of Cu−Aβ1−20, which is
attributable to their different metal-binding properties

determined by the use of paramagnetic metal ions as electronic
and NMR spectroscopic probes.

■ EXPERIMENTAL SECTION
Materials. The amide form of the N-terminal icosapeptide

amyloid-β (Aβ1−20) was synthesized at the University of South Florida
Peptide Synthesis and Mass Spectrometry Center, and the accuracy
and purity verified with MALDI-TOF and HPLC. The flavonoids
(Figure 1) quercetin (Qr), myricetin (Mr), 3-hydroxyflavone (3Hf), 5-
hydroxyflavone (5Hf), (+)-catechin (Ct), and (−)-epicatechin (Et),
catechol, and dopamine and other chemicals of the highest purity were
acquired from commercial sources and were used as received (Sigma-
Aldrich, St. Louis, MO). Metal chloride salts or metal atomic
absorption standards were used for the preparation of metal complexes
of the peptide and flavonoids (Fisher Scientific, Pittsburgh, PA).
Deionized water (18 MΩ) was obtained from a Millipore Milli-Q
system. Plastic ware and glassware were demetallized with EDTA and
extensively rinsed. All solutions were freshly prepared just prior to the
experiments. Triethylamine (TEA) was added in some cases to
deprotonate the ligands for metal binding. In a typical metal-binding
study monitored by NMR, TEA was titrated into a 1:1 metal-to-
flavonoid sample in 0.1 equivalent increments until the integrations of
diamagnetic and paramagnetically shifted proton signals become
approximately equal for performing optimal saturation-transfer
experiments. Such titration can also selects for a preferential metal-
binding site of the flavonoid.

Kinetic Studies. The CuAβ1−20 complex was prepared as
previously described.11,17 The oxidation of a substrate by CuAβ1−20
in the presence or absence of H2O2 was monitored in 100 mM HEPES
at pH 7.0 and 25 °C with the o-quinone indicator MBTH present in
equal amounts as the substrate during the assay.41 Formation of the
quinone product was tracked photometrically (ε = 27,200 M−1 cm−1

for dopamine,42 32,500 M−1 cm−1 for catechol,42 and 10,040 M−1 cm−1

for Ct and Et43 at 500 nm) with a Varian CARY 50 spectrophotometer
(Varian, Palo Alto, CA) equipped with a Water Peltier PCB-150
thermostable cell. The molar absorptivity values of oxidized flavonoids
were determined by means of the tyrosinase assay,44 wherein the
flavonoids with known concentration were subjected to oxidation by
tyrosinase in the presence of 100 mM H2O2, and the formation of the
corresponding o-quinones were monitored by the use of MBTH until
the reactions reach completion. The rate constants kcat and Km = (kcat
+ k−1)/k1 in pre-equilibrium kinetics analogous to the Michaelis−
Menten kinetics are determined by fitting the data to eq 1,

β= +k S K Srate [CuA ] [ ] /( [ ] )cat o o m o (1)

where S is the substrate and Km is the Michaelis constant. Inhibition of
the reaction was performed under similar conditions, with various
concentrations of an inhibitor to reveal the inhibition pattern and
determine the inhibition constant KI. The effect of Ca

2+ (or Yb3+) on
Qr inhibition against CuAβ activity was performed similarly with
various amounts of Ca2+ and the rates of oxidation determined in the
presence of a certain amount of Qr. All the kinetic constants were
obtained via nonlinear fittings, whereas some results are plotted in
linear manner for clarity.

Spectroscopic Studies. The electronic spectra were obtained with
the Cary 50 spectrophotometer. For metal-binding studies, 20 μM of
Qr was titrated with a metal ion solution in DMSO, and the
absorptions corresponding to metal−Qr complex formation were
monitored. DMSO is a convenient solution to the low solubility of
flavonoids, allowing for more accurate and less noisy data in
spectroscopic studies. The electronic spectra of the complexes in
DMSO and buffer solutions are the same, indicating the validity of
using DMSO as a convenient solvent in the studies. Moreover, the lack
of exchangeable protons in DMSO also allows clear detection of
solvent exchangeable paramagnetically shifted hydroxyl proton NMR
signals in the Co2+ and Yb3+ complexes (see below). An optical Job
plot45 can be utilized for revealing the metal-to-ligand stoichiometry
and has previously been demonstrated useful for the determination of
complex metal-drug binding stoichiometry.46 In the plot, the

Figure 1. Structure of quercetin (Qr; I) of the flavonol family and
(+)-catechin (Ct; II) of the flavanol family. Three possible metal-
binding sites are available in Qr: β-ketophenolate (at positions 4 and
5), α-ketoenolate (at 3 and 4), and catechol moiety (at 3′ and 4′). The
stereochemistry at 3-OH in (−)-epicatechin (Et) is opposite to that of
Ct. Myricetin (Mr) is a flavonol with OH groups at position 3′, 4′, and
5′, while the flavonol morin has OH substituents at 2′ and 4′. The
simple flavonoids 3- and 5-hydroxyflavone (3Hf and 5Hf) have only
one OH group at positions 3 and 5, respectively.
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absorption of the complex as a function of metal mole fraction (XM) or
ligand mole fraction (XL) was obtained with a constant total
concentration of metal and ligand ([M] + [L]), in which the ratio
of XM:XL at the maximum absorption in the plot reflects the
stoichiometry of the M−L complex in solution.
1D and 2D 1H NMR spectra of samples at ∼2−5 mM in deuterated

DMSO were acquired on a Varian INOVA500 spectrometer (at 500
MHz 1H resonance) with a 5 mm biotriple resonance probe. A 90°
pulse (∼6.0 μs) was used for the acquisition of 1D 1H NMR spectra
with 8 K data points, whereas 1024 × 512 data points were used for
2D EXSY (EXchanged SpectroscopY) experiments, with a presatura-
tion pulse for solvent suppression. The superWEFT solvent
suppression technique47 was used in 1D spectral acquisition of
paramagnetic metal−Qr complexes to suppress signals from the
solvent and diamagnetic protons of relatively longer relaxation times.
In a 1D 1H NMR saturation transfer experiment, a selected
paramagnetic proton signal was saturated with a presaturation pulse
and the diamagnetic exchange counterpart was revealed by the
difference spectrum between the irradiated and the reference spectra
obtained by irradiating at a signal-free region near the signal of interest
using identical experimental parameters. A line-broadening of 40 Hz
was applied to improve the signal-to-noise ratio of the paramagneti-
cally shifted signals. The spin−lattice relaxation times (T1) for the
paramagnetically shifted signals were determined by the use of the
inversion−recovery method (D1−180°−τ−90°), with a D1 delay
sufficiently long for paramagnetically shifted signals to fully relax but
short for diamagnetic signals in order to reduce the total recycle time.
Different experiments with various D1 values may be needed to cover
the wide range of relaxation times of paramagnetic signals. The peak
intensities versus the delay τ values were fitted with a three-parameter
fitting program on the spectrometer to afford the T1 values.

■ RESULTS
Oxidative Activity of CuAβ Toward Flavanols. Copper-

(II) complexes of Aβ1−40 and their 1−16 and 1−20 fragments
exhibit similar and significant oxidative activities, effectively
catalyzing oxidation of catechol, the hydroxylation of phenols,
and similar reactions of several catecholamine neurotransmit-
ters at pH 7.0 and 25 °C.11,17 Many flavonoids contain a
catechol moiety (Figure 1) and are thus expected to be oxidized
by CuAβ1−20. Indeed, both Ct and Et are effectively oxidized by
CuAβ1−20 aerobically to yield o-quinone, with rate constants kcat
= 1.01 × 10−2 and 1.55 × 10−3 s−1, Km = 0.94 and 0.55 mM,
and catalytic efficiency kcat/Km = 10.7 and 2.82 M−1 s−1,
respectively, at pH 7.0 and 25 °C (Figure 2A and Table 1). The
oxidations of catechol and derivatives by CuAβ1−20 follow a
dinuclear metal-centered chemistry presumably through a
(CuAβ)2 dimer.11,17 In this mechanism, a di-Cu2+ center
catalyzes two-electron oxidation of catechol and is reduced to
di-Cu+ in the process, which can bind O2 in the air to form one
of the several different isoelectronic forms of the highly active
dicopper−oxygen intermediates (i.e., a di-Cu+−oxy, di-Cu2+−
peroxy, or di-Cu3+−oxo center) similar to that in type 3 copper
oxidases like tyrosinase and its model compounds, which can
also be formed from binding and deprotonation of H2O2 to the
di-Cu2+ center. The intermediate can then proceed to oxidize a
second substrate. The prooxidant activity of flavonoids thus can
be attributed to their capability to yield a mono/di-Cu+ center,
which upon O2 binding can produce the active a mono-Cu-
superoxo center, a di-Cu2+-peroxo, or an isoelectronic metal-
oxo/peroxo/superoxo center as observed in chemical model
systems.48

CuAβ1−20 also exhibits peroxidation activity in the presence
of H2O2.

17 The rates of Ct and Et oxidation by CuAβ1−20 are
significantly enhanced in the presence of H2O2, affording kcat =
4.48 × 10−2 s−1 (4.4-fold higher than without H2O2) and Km =

1.21 mM (kcat/Km = 37.0 M−1 s−1 and 3.5-fold higher) for Ct
and kcat = 5.19 × 10−3 s−1 (3.3-fold higher) and Km = 0.59 mM
(kcat/Km = 8.80 M−1 s−1 and 3.12-fold higher) for Et in the
presence of 30 mM H2O2 (Solid symbols; Figure 2A). The
analysis of the reactions at different concentrations of H2O2 by
the use of the Hanes method49 (Figure 2B and C) reveals the
intrinsic dissociation constants to be Ki(H2O2) = 6.80 mM for
H2O2−CuAβ and Ki(S) = 0.91 mM for Ct−CuAβ and apparent
dissociation constants Ka(H2O2) = 10.1 mM for H2O2−[Ct−
CuAβ] and Ka(S) = 1.17 mM for Ct−[H2O2−CuAβ].
Corresponding values of 4.63 mM, 0.39 mM, 6.62 mM, and
0.69 mM, respectively, are obtained for Et.

Inhibition of the Oxidative Activity of CuAβ by
Flavonols. As opposed to the flavanols Ct and Et, the
flavonols Qr and Mr (Figure 1) are not oxidized by CuAβ1−20
under the same conditions, despite the presence of the
catechol/polyphenol moieties accessible to oxidation. Instead,
they are effective inhibitors against aerobic oxidation of
catechol and dopamine by CuAβ1−20, with a low IC50 of ∼15
μM for Qr. Further kinetic analysis49 reveals that Qr is a
competitive inhibitor toward oxidation of catechol and

Figure 2. (A) Oxidation of Ct (square) and Et (circle) by 4.95 μM
CuAβ1−20 with (solid symbols) and without (open symbols) 30 mM
H2O2 and Hanes plot representation of the oxidation of Ct (B) and Et
(C) by 4.95 μM CuAβ1−20 in the presence of (●) 2.5 mM, (○) 5.0
mM, (▼) 10.0 mM, (∇) 20.0 mM, and (■) 30.0 mM H2O2 in 100.0
mM HEPES at pH 7.0 and 25 °C.

Table 1. Kinetic Parameters for the Oxidation of Flavanols

S kcat (s
−1) Km(S) (mM)

kcat/Km(S)
(M−1 s−1)

K(H2O2)

(mM)

Ct/air 10.1 × 10−3 0.94 (0.91)a 10.7 (6.80)a

Ct/H2O2
b 44.8 × 10−3 1.21 (1.17)c 37.0 (10.1)c

Et/air 1.55 × 10−3 0.55 (0.39)a 2.82 (4.63)a

Et/H2O2
b 5.19 × 10−3 0.59 (0.69)c 8.80 (6.62)c

aThe values in parentheses are the intrinsic dissociation constants KiS

and KiH2O2
obtained from the Hanes plots. bObtained in the presence

of 30 mM H2O2 with varying amounts of Ct or Et. cThe values in
parentheses are the apparent dissociation constants KaS and KaH2O2

obtained from the Hanes plots.
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dopamine by CuAβ1−20 with KI values of 11 and 9.5 μM,
respectively (Figure 3A and C). Similarly, Mr exhibits a

competitive inhibition pattern toward catechol oxidation with
KI = 33 μM (Figure 3D). This competitive inhibition pattern
can be attributed to their binding to the redox-active metal
center of CuAβ1−20. The metal-binding site in flavonols has to
be a site other than the catechol moiety as catechol binding
would result in its oxidation, which was not observed under our
experimental conditions. The simple flavonol 3-hydroxyflavone
(3Hf) has only one hydroxyl group at position 3 to form a
potential metal-binding α-ketoenolate moiety (Figure 1), which
inhibits catechol oxidation by CuAβ1−20 in a mixed-type
inhibition with a competitive KI = 16 μM for binding to
CuAβ and a less significant noncompetitive inhibition constant
of 57 μM for binding to the complex [catechol−CuAβ]. The
mechanism of inhibition was further explored with the pyrone
kojic acid (KA; 5-hydroxy-2-hydroxymethy1-γ-pyrone, shown
in Figure 3B) that contains an α-ketoenolate moiety as in Qr
and is a specific inhibitor toward the di-Cu oxidase/hydroxylase
tyrosinase.50 KA inhibits dopamine oxidation by CuAβ1−20 with
KI = 23 μM (Figure 3B). The inhibition constants of the α-
ketoenolate-containing compounds are not drastically different
from each other, suggesting that the inhibitory site is the α-
ketoenolate moiety.
Ca2+Influence. Soluble intermediate aggregates of Aβ such

as protofibrils or oligomers have been proposed to destabilize
cellular membranes that can contribute to a significant increase
in local Ca2+ concentration.51 If Qr inhibits catechol oxidation
by binding to the metal center of CuAβ, the excess Ca2+ ions
may compete for binding to these flavonols and can potentially
reduce the inhibition capability of these flavonoids. Following
this hypothesis, the influence of Ca2+ on Qr inhibition against
oxidation of catechol-containing substrates was investigated.
The rate of catechol oxidation by CuAβ1−20 inhibited by a fixed
concentration of Qr increases with increasing concentration of
Ca2+, and a linear plot of the pre-equilibrium kinetics at various

Ca2+ concentrations shows a competitive pattern (Figure 4A).
The results indicate that the inhibitory action of Qr toward

oxidation of a catechol substrate is lessened by Ca2+ due to Qr
binding to Ca2+ in competition with binding to CuAβ1−20. This
competition can be described by the equilibria in eq 2, from
which the rate law eq 3 can be obtained, where KI is the
inhibition constant of Qr, Km is the Michaelis constant, and KCa
is the apparent dissociation constant of the Ca−Qr complex
determined to be 16 ± 3 mM by fitting the rate as a function of
initial Ca2+ concentration [Ca]o in eq 3.

ν =
+ ++

⎡
⎣⎢

⎤
⎦⎥( )

V S

K K S

[ ]

1 / [ ]m
K I

K I

max

[ ]
[Ca]o

Ca o

Ca (3)

Quercetin Binding to Metal Ions and Cu-β-Amyloid.
Because the oxidations of catechol and dopamine by CuAβ are
inhibited by flavonols and the presence of Ca2+ reduces this
inhibition effect, Qr may compete with catechol in binding to
the CuAβ center. Qr has three possible metal-binding sites: β-
ketophenolate, α-ketoenolate, and catecholate moieties (Figure
1). Many examples are known for metal binding to one or more
of these moieties,52 such as the preferred binding of flaviolin to
the active-site metal in cytochrome P450 via the ketophenolate
moiety (rather than the ketoenolate moiety)53 and the
spectroscopically characterized metal-binding to the ketophe-
nolate site(s) of the anthracycline anticancer drugs.46,54

Because Qr and Mr are not oxidized by CuAβ, it is possible
that the catechol or the polyphenol ring B in these two
flavonols does not interact with the metal center. The
interactions between Qr and several metal ions were further
analyzed to investigate the metal-binding possibilities. Qr shows
a characteristic absorption at 383 nm in DMSO (trace a, Figure
5A) that shifts to 450 nm upon addition of Cu2+ (trace d,
Figure 5A), as previously observed in ethanol.55 The change in
the absorption at 450 nm Δλ450 as a function of [Cu2+] can be
fitted to 1:1 metal-to-ligand stoichiometry to obtain an affinity
constant Kf(Cu) = (9.2 ± 6.6) × 105 M−1 (Figure 5B, ●).
Furthermore, the optical Job plot for the formation of Cu2+−Qr

Figure 3. (A) Qr (0, 12.5, 25.0, and 35.0 μM from bottom) and (B)
kojic acid (0, 10, 20, 30 mM) inhibition toward dopamine oxidation
and (C) Qr (0, 25.0, 50.0, and 100.0 μM) and (D) Mr (0, 25.0, 50.0,
and 100.0 μM) toward catechol oxidation by 4.95 μM Cu−Aβ1−20 in
100.0 mM HEPES at pH 7.0 and 25 °C.

Figure 4. (A) Ca2+ (0, 5.0, 10.0, 20.0, and 40.0 mM from top) and (B)
Yb3+ (0, 0.1, 0.2, 0.4, and 0.8 mM from top) influence on Qr (5.0 μM)
inhibition of catechol oxidation by 3.0 μM CuAβ1−20 in 100 mM
HEPES pH 7.0 and 25 °C.
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shows a maximum at XCu = 0.5 and can be fitted to 1:1 metal-
to-ligand stoichiometry (Figure 6A, ■), indicating the
formation of Cu2+−Qr complex. Similarly, Co2+ binding to
Qr in DMSO shows a λmax at 450 nm, analogous to previously
reported under various conditions56 and Cu2+ binding

described above, yielding the affinity constant Kf(Co) = (4.5 ±
1.7) × 105 M−1 for Co2+-to-Qr stoichiometry of 1:1 (trace c,
Figure 5A; ○, B) which is also confirmed by the optical Job
plot (Figure 6A, ●). The flavonoid 5-hydroxyflavone (5-Hf)
has only a β-keto-phenolate metal-binding moiety, while Ct
possesses only the catechol moiety for possible interaction with
metal ions. The binding of Co2+ with 5-Hf (410 nm, Figure 5A,
trace g) or with Ct (313 nm, Figure 5A, trace h) does not show
the characteristic absorption at 450 nm in the Co2+−Qr
complex (Figure 5A, trace c), indicating the Co2+ binding site in
Qr cannot be β-ketophenolate (as in 5-Hf) nor catecholate (as
in Ct). These results indicate that the α-ketoenolate moiety is
the most likely metal-binding site on Qr, which is further
confirmed with NMR discussed below.
Upon addition of Qr to CuAβ1−20 in buffer at pH 7.0, an

absorption band at 450 nm appears, consistent with those of
the metal−Qr complexes described above (Figures 5A, trace f,
and 6B). The absorption reaches a plateau after 1.0 equivalent
of Qr (Figure 6B, inset), which can be fitted to a 1:1 complex of
Qr−CuAβ1−20 with a significant affinity constant Kf(CuAβ) = (1.3
± 0.2) × 107 M−1, larger than that for Qr binding to Cu2+ ions
that may be attributed to Qr interaction with Aβ peptide57 in
addition to the metal. The optical features also indicate Qr
binds to the metal in Cu−Aβ via its α-ketoenolate moiety. The
appearance of the absorption at 450 nm in DMSO, a pH 7.0
buffer, and ethanol55 indicates the same metal-binding mode of
Qr in the different solvents.
Because Ca2+ influences the inhibition properties of Qr

toward catechol oxidation, the interaction of Ca2+ with Qr was
further investigated. Addition of Ca2+ to Qr results in a new
absorption at 450 nm, analogous to the transition metal
complexes of Qr (Figure 5A, trace e). Fitting of the absorption
as a function of Ca2+ concentration gives an affinity constant
Kf(Ca) = 580 M−1 (i.e., Kd = 1.7 mM). This value is much
smaller than the values for other metal ions (Figure 5C), yet
comparable to the reported value of 821 M−1 obtained by
potentiometric methods.58 Note that the normal total serum
Ca2+ concentration is about 2 mM, and approximately 1 mM of
this is free Ca2+,59 comparable to the measured Kd value.
However, the dissociation constant of 1.7 mM is 10-fold lower
than that obtained from the kinetic measurement (KCa = 16
mM), suggesting that the latter might be an apparent
dissociation constant of more than one equilibrium, such as a
solvation effect from conducting the kinetic measurements in
aqueous buffer. This relatively high Kd also suggests that serum
Ca2+ cannot successfully compete with Cu−Aβ in binding to
Qr and decreases the efficacy of Qr inhibition of the oxidation
chemistry in vivo.
The lanthanides have similar radii and ligand binding

preferences as Ca2+ and have served as spectroscopic probes
to gain structural and mechanistic information about Ca2+ in
biological systems.60 Under this premise, Yb3+ was used as a
probe for the investigation of Ca2+ binding to Qr. Titrating
Yb3+ to a Qr solution shows an absorption at 440 nm (Figure
5A, trace b) analogous to other metal binding herein described
and can be fitted to 1:1 metal-to-Qr stoichiometry with a
formation constant Kf(Yb) = (4.6 ± 0.7) × 105 M−1 (Figure 5B,
▼). This value is comparable to La3+ binding (8.3 × 105 M−1,
which was suggested to form a 1:3 complex61) yet much higher
than that for Ca2+ binding (Figure 5C) presumably due to its
higher charge. The formation of a predominant 1:1 metal-to-
ligand complex is confirmed with an optical Job plot by
showing a maximum at Xmetal ∼ 0.5 under the experimental

Figure 5. (A) Electronic spectra of different metal-flavonoid
complexes (a, Qr; b, Yb3+−Qr; c Co2+−Qr; d, Cu2+−Qr; e, Ca2+−
Qr; f, (Cu2+−Aβ1−20)−Qr; g, Co2+−5Hf; h, Co2+−Ct). With the
exception of the spectrum of (Cu2+−Aβ1−20)−Qr acquired in 100 mM
HEPES pH 7.0 buffer, the rest were obtained in DMSO with
appropriate amount of triethylamine added as explained in the
Materials section. (B) The change in absorption was fitted to 1:1
metal-to-ligand binding to obtain corresponding affinity constant for
Cu2+ (●), Co2+ (O), and Yb3+ (▼) and for Ca2+ (C) in a semilog plot.

Figure 6. (A) Optical Job plots of Cu2+ (■), Co2+ (●), and Yb3+ (O)
binding to Qr in DMSO and fitted to a 1:1 metal−Qr species. (B)
Electronic spectra of Qr binding to Cu2+−Aβ1−20 in 100 mM HEPES
pH 7.0 at 25 °C and fitted to 1:1 Qr−(Cu2+−Aβ1−20) complex to
afford KAffinity = (1.3 ± 0.2) × 107 M−1.
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conditions (Figure 6A, ○), despite the preferred high
coordination number of ≥7 for lanthanide ions.60 Depending
on the solution conditions, low ratios of ligand-binding
stoichiometry were observed for lanthanide binding to
anthracycline drugs.46 Like Ca2+, Yb3+ can also significantly
influence Qr inhibition, showing a competitive pattern at low
concentrations but noncompetitive pattern at higher concen-
trations probably attributed to nonspecific interactions with the
Aβ peptide and/or the substrate at higher concentrations. A
much lower dissociation constant KYb = 0.11 ± 0.01 mM is
obtained compared to that of Ca2+ (Kca = 16 ± 3 mM in eqs 2
and 3) from kinetic studies. The intrinsic Yb3+ dissociation
constant 1/Kf(Yb) = 2.2 × 10−6 M of Yb−Qr is much smaller
than the kinetic dissociation constant, once again suggesting the
presence of more than one equilibrium for Yb3+ binding in
kinetic measurements.

1H NMR of Paramagnetic Co2+− and Yb3+−Qr
Complexes. The slow electronic relaxation of Cu2+ can
broaden NMR signals of nearby protons beyond detection,
whereas high-spin Co2+ with fast-relaxing electrons has been
used as a paramagnetic probe for the study of the metal
coordination environments in metalloproteins and complexes.62

The 1H NMR spectrum of Co2+−Qr acquired in d6-DMSO
displays 8 (out of 10 protons on Qr) hyperfine-shifted signals
within a region between 60 to −80 ppm, including OH signals
that are not in exchange with DMSO (Figure 7A). A recently
reported 1H NMR spectrum of a Co2+−Qr complex concluded
to have all signals corresponding to the complex in the
diamagnetic region.56 This observation is not consistent with

the paramagnetism of Co2+ and can be attributed to
dissociation of the complex or the complex became diamagnetic
with a Co3+ center under the conditions the study was
performed. Likewise, the 1H NMR spectrum of a Cu2+−Qr
complex was reported to have clear signals in the diamagnetic
region.63 This is inconsistent with the significant paramagnetic
relaxation of Cu2+, which would render the NMR signals too
broad to be clearly detected/assigned.62 In another study, a (3-
Hf)-bound ternary complex of Co2+ shows well-resolved
hyperfine-shifted signals;64 however, the signals due to 3-Hf
were not assigned in order to compare with the corresponding
signals in Co2+−Qr.
A complete assignment of the hyperfine-shifted 1H NMR

signals of the Co2+−Qr complex can be accomplished by the
use of 1D and 2D EXSY saturation transfer NMR techniques,
owing to the presence of fast exchange between the bound and
free forms of Qr under the equilibrium Co2+ + Qr⇌ Co2+−Qr.
Solvent exchangeable OH signals are identified at 17.0, 16.3,
and −75.1 ppm, which disappear upon addition of a few drops
of D2O to the DMSO solution. The five less-shifted signals of
the complex are connected to their counterparts of the free
ligand in the EXSY spectrum (Figure 8 and Table 2), in which

signals at 17.0 and 16.3 ppm can be assigned to the 3′-OH and
4′-OH protons, respectively, of the catechol moiety, while the
remaining three signals are due to 6-H, 8-H, and 5′-H protons.
The three farthest shifted signals with short relaxation times
<10 ms are assigned with 1D saturation transfer experiments.
Irradiation of the signal at −75.1 ppm reveals saturation transfer
to the signal at 12.5 ppm assigned to 5-OH, and the signals at
56.4 and 49.8 ppm are associated with 6′-H and 2′-H protons,
respectively (Figure 9, Table 2).
Yb3+ was also used as a paramagnetic probe62 to gain metal

binding of Qr via a complete assignment of the hyperfine-
shifted 1H NMR signals of the Yb3+−Qr complex. The 1H
NMR spectrum of the complex displays eight paramagnetically
shifted signals in the range of 20 to −40 ppm (Figure 10), of
which the signals at 19.2, 8.8, and 2.1 ppm are solvent
exchangeable OH signals. From the EXSY spectrum, seven
hyperfine-shifted signals of the complex can be correlated to
their diamagnetic counterparts of metal-free Qr and assigned

Figure 7. 1H NMR spectrum of Co(II)−Qr complex (A) in the
presence of 1.5 equivalent of triethylamine in d6-DMSO. In the
absence of TEA, only weak Co(II) binding by Qr was observed and
Yb(III)−Qr complex (B) in the presence of 0.7 equivalent of TEA in
d6-DMSO acquired as in (A). The different signal intensities and
phases are attributable to their very different relaxation times, wherein
the slowly relaxing protons are significantly suppressed by the super-
WEFT pulse sequence.

Figure 8. The 2D 1H EXSY spectrum of the 1:1 Co2+−Qr complex in
d6-DMSO, acquired with a mixing time of 89.3 ms. The paramagnetic
signals of the complex are correlated to their diamagnetic counterparts,
and the numbers next to the crosspeaks represent the protons
according to figure 1. The few far-shifted fast-relaxing signals are
correlated with 1D saturation transfer techniques shown in Figure 9.
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(Table 2). The remaining hyperfine-shifted signal at 6.0 ppm is
assigned by 1D saturation transfer to the 6-H proton at 6.2
ppm.

■ DISCUSSION
Flavonoids are very effective antioxidants, presumably attrib-
uted to their readily oxidizable (poly)phenol moieties.20−22 As a
result, they serve as suicide antioxidants and compete with and
protect oxidation-sensitive biomolecules by binding/interacting
with oxidizing agents. In the process, they are oxidized in place
of biomolecules, thus serving a protective role. Conversely, pro-
oxidant activities of flavonoids have been reported.23 The
results presented here indicate that the antioxidation
mechanism of flavonols (Qr and Mr) against the oxidative
activity of CuAβ is different from that of flavanols (Ct and Et).
The flavanols are simply substrates (Figure 2A) whereas the
flavonols are competitive inhibitors (Figure3A, C, and D),
despite the presence of easily oxidized catechol or polyphenol
moieties. Although flavonoids are generally recognized to
exhibit broad health benefits as antioxidants20−22 and potential
signaling molecules,24 their antioxidation mechanisms toward

Table 2. Assignment of the Hyperfine-Shifted 1H NMR signals of the 1:1 Co2+−Qr and Yb3+−Qr complexes in DMSO and Their
Corresponding T1 Relaxation Times and Calculated Distances from the Paramagnetic Center (rM−H)

Co2+−Qr Yb3+−Qr

σd
a ppm σp

a ppm rM−H
b Å T1 (rCo−H)

c ms (Å) σp ppm T1 (rYb−H)
c ms (Å)

6′-H 7.5 56.4 6.60 (6.49; 6.44)d 5.4 (4.19) −32.2 24 (4.44)
2′-H 7.6 49.8 4.10 (3.65; 4.24)d 6.2 (4.28) −24.6 32 (4.66)
5′-H 6.9 19.1 8.07 (7.86; 8.20/5.92)e 89 (6.68) −3.5 339 (6.90)

3′−OH 9.3 17.0 NA (6.19; 7.18/9.50)e,f 213 (7.72) 2.1 638 (7.67)
4′−OH 9.6 16.3 NA (8.67; 9.30)f 408 (8.61) 4.1 ND
8-H 6.4 13.0 7.24 (7.64; 7.38) 158 (7.35) −1.1 554 (7.49)
6-H 6.2 −4.3 7.04 (8.16; 7.15)g 134 (7.15)g 6.0 420 (7.15)g

5-OH 12.5 −75.1 NA (6.20; 4.78)f 4.0 (3.98) 19.2 8.3 (3.71)
7-OH 10.9 ND NA (9.93; 9.32)f ND 8.8 832 (8.01)
3-OH 9.4 ND ND

aChemical shifts of paramagnetically shifted signals (σp) of the complexes and free ligand (σd)
bThe values are metal−proton distances from the

crystal structure of a Co−flavonol complex.64 The first values in parentheses are those from the crystal structure of a metal-bound Qr in Qr-2,3-
dioxygenase via the α-ketoenol moiety,74 and the second values in the parentheses are the distances with the metal manually moved to the position
to be chelated by the α-ketoenolate moiety coplanar with Qr and with a torsion angle of 26° between rings B and C as seen in the Co−flavonol
complex. cMetal−H distances in parentheses are derived from relaxation times. dThe values are from the conformation in the crystal structure,
wherein the positions of 2′ and 6′ protons are switchable with each other with a free rotating 2C−1′C bond determined by NMR herein. eThe two
values are the maximal and minimal values due to a free rotating 2C−1′C bond. fAn estimated average value due to a free-rotating C−O bond. gThis
proton is used as the reference for M−H distances.

Figure 9. Typical 1D 1H saturation−transfer difference spectra of the
1:1 Co2+−Qr complex show saturation transfer from irradiated
hyperfine-shifted signals at −75.1, 49.8, and 56.4 ppm to their
corresponding diamagnetic protons at 12.5 (A), 7.6 (B), and 7.5 (C)
ppm. The broadness in the difference spectra A−C is due to the
application of a line-broadening window function of 30 Hz.

Figure 10. (A) 2D 1H EXSY spectra of 1:1 Yb3+−Qr complex in d6-
DMSO, acquired with a short mixing time of 8.3 ms that enables
detection of all exchange pairs in the spectral window of ∼55 ppm. (B)
Enlarged near-diamagnetic region of the spectrum in (A).
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metal-mediated redox chemistry have not been well correlated
to metal-binding or interaction. Understanding how they
interaction with metal ions and correlating how they react as
antioxidants is important for better design of metal-binding
antioxidants for medicinal purposes.
Quantitative Analyses of Different Types of Antiox-

idation of Flavonoids Against Cu−Aβ. The antioxidation
mechanism observed for Ct and Et can be described by eq 4
with two parallel reactions, one for the substrate and the other
for the flavanols that serve as suicide substrates to compete for
binding to the redox-active metallo−Aβ. The rate law can be
derived on the basis of steady-state approximation (eq 5),
wherein K′ = (k′cat + k′−1)/k′1, which describes the initial rate
of the oxidation of the substrate S1 (such as a catecholamine
neurotransmitter) in the presence of an antioxidant S2 (such as
Ct). Thus, the smaller the K′ value of an antioxidant, the better
it can serve as an inhibitor against the oxidative activity of
CuAβ. If S2 is not oxidized, as the case of Qr (i.e., k′cat = 0), a
standard competitive inhibition rate law is applicable with K′
being the inhibition constant Ki.

β
=

+ +′( )
k

K
rate

[CuA ] [S1]

1 [S1]
K

cat 0

m
[S2]

(5)

Because of the fast oxidation rates of Ct and Et, their
“inhibitions” against catechol or dopamine oxidation by acting
as suicide substrates cannot be evaluated in the same way as
regular inhibitors such as Qr and Mr. Nevertheless, their
antioxidation efficacies can be quantitatively evaluated once
their rate constants as substrates are obtained. For example, the
presence of 112 μM Qr, 10-fold higher than its Ki, would
decrease the rate of dopamine oxidation (rateo − ratei)/rateo by
90% at [dopamine] ≪ Km (0.90 mM17). However, under the
same conditions, 112 μM Ct with Km = 0.94 mM would
decrease the rate of dopamine oxidation by only ∼6%.
Moreover, Ct and Et are oxidized at the same time serving as
antioxidants which further decreases their effective concen-
trations with time.
Regioselective Oxidation. Although both Ct and its

stereo isomer Et are effectively oxidized by Cu−Aβ1−20,
different reaction rates and specificities are observed. Their
relative aerobic oxidation turnover rates and catalytic
efficiencies are kcat(Et)/kcat(Ct) = 15% and (kcat/Km)Et/(kcat/
Km)Ct = 27% respectively, Et is also more resistant to
peroxidation by 30 mM H2O2 relative to Ct, i.e., 11.6% and
23.8%, respectively. Owing to its lower Km values than those of
its isomeric counterpart Ct in the presence and absence of
H2O2, Et is a better antioxidant than Ct in terms of kinetics, cf.
eq 5. Moreover, the much higher kcat/Km value for Ct oxidation
makes it a better substrate for oxidation reactions and thus is
more effectively consumed and becoming less inhibitory than
Et with time. The resistance to oxidation and the competitive
inhibition pattern of Qr and Mr indicate that neither of these
two flavonoids binds to the active metal center of CuAβ
through the catechol/polyphenol C ring nor do they remove
the metal from CuAβ, which would result in noncompetitive
inhibition pattern49 due to the decrease in the concentration of
the catalytic center.

Interactions with Cu−Aβ. A few flavonoids have been
demonstrated to inhibit formation of amyloid fibrils.37 A recent
study showed that Mr at 50 μM can decrease metal-mediated
aggregation and protect neuroblastoma cells against neuro-
toxicity of Aβ at 25 μM.65 Because Mr and Qr bind to but do
not remove the metal from Cu−amyloid on the basis of the
kinetic studies shown here, other interactions and/or molecular
properties of the flavonol−metallo−Aβ ternary complex have to
be involved in the above observations. Binding of flavonol to
the metal center of CuAβ would introduces polyphenol
hydroxyl groups to the peptide for potential hydrophilic
interactions. Direct comparison of our kinetic studies with
the above observation cannot be made at this stage owing to
the different experimental conditions, e.g., the lower concen-
trations and shorter experimental time period in the kinetic
studies. Future investigation about the effects of flavonoids and
polyphenols toward the structure and chemistry of metallo−Aβ
can be expected to provide clues for design of specific
molecules against this neurotoxic metallopeptide.

Metal Binding to Flavonols. Qr has three possible metal-
binding sites (Figure 1): (a) the β-ketophenolate on ring A, (b)
the α-ketoenolate on ring C, and (c) the catechol moiety on
ring B. The catechol and the β-keto-phenolate moieties have
pKa values in the range of 9.4−13.4 and 11−12, respectively;
whereas the pKa value of the α-ketoenolate moiety is estimated
to be 13−15.5.66On the basis of their pKa values, the metal can
be expected to successfully compete with proton and bind
preferably at either the catechol or the β-ketophenolate site
which loses proton(s) more easily, consistent with the Al(Qr)2
complex based on solid-state 13C NMR study.67 The crystal
structures of metal−3Hf complexes68 and a few ternary metal
complexes64,69 of 3Hf revealed a metal-bound 3Hf via the α-
ketoenolate moiety. However, the α-ketoenolate moiety in 3Hf
is the only metal-binding group in these complexes, thus the
metal-binding preference cannot be revealed in these
complexes. Moreover, the natural product flaviolin (4,5,7-
trihydroxynaphthalene-1,2-dione) binds to the active-site metal
in cytochrome P450 A158A2 via the ketophenolate moiety
rather than the enolate moiety,70 reflecting potentially
complicated binding of Qr with metal ions and metallo−Aβ
owing to the three different metal-binding sites.
Metal complexes of flavonols exhibit various metal-to-ligand

ratios of 1-to-1, 1-to-2, 1-to-3, and 2-to-1 under various
conditions.55,61,63,71 Our results show that Co2+ binding to Ct
or 5-Hf has different electronic absorptions from its binding to
Qr (Figure 5A), suggesting different metal binding modes
among these flavonoids, and that the α-ketoenolate site is the
preferred metal-binding site on Qr. A few flavonols including
Qr are competitive inhibitors toward di-Cu tyrosinase,72 in
which they are proposed to bind to the di-Cu active site via the
α-ketoenolate moiety. This is probably the site for Qr binding
to CuAβ, which has been suggested to follow a dinuclear
oxidation pathway11,17 analogous to catechol oxidase and
tyrosinase mechanisms.

Paramagnetic NMR for Structure Determination. For
better understanding of the beneficial effects of flavonoids
toward AD and oxidative-stress-related disorders, their detailed
molecular properties and interactions with redox-active metal
centers must be clearly revealed. The 5-OH proton in the Co2+

and Yb3+ complexes with large NMR hyperfine shifts and short
relaxation times (Table 2) reflects its proximity to the bound
paramagnetic metal ion,62 consistent with metal binding to the
α-ketoenolate moiety. Conversely, the small hyperfine shifts
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and long relaxation times of the 3′-OH and 4′-OH protons on
the B-ring exclude the catechol moiety from metal binding
observed previously at alkaline conditions.73 Because of high
Lewis acidity of the metal ions, these catechol hydroxyl groups
should deprotonate and lose paramagnetically shifted 1H NMR
signals if Co2+ or Yb3+ would bind to the catechol moiety. In
addition, the large chemical shifts and short T1 values of the 2′-
H, and 6′-H protons reflect their close proximity to the
paramagnetic center, consistent with the α-ketoenolate moiety
being the metal-binding site. The similar T1 values of 2′-H and
6′-H protons reflect that ring B is either in free rotation with
respect to ring C or is near perpendicular to ring C. Moreover,
the signal for 3-OH has remained unaccounted for after all the
paramagnetically shifted signals for the Co2+− and Yb3+−Qr
complexes are assigned, which indicates that 3-O− is involved in
metal-binding.
In paramagnetic systems, the T1 relaxation time of a

hyperfine-shifted signal is proportional to the sixth power of
the distance between the corresponding proton and the
paramagnetic center rM−H

6.62 Thus, relative distances of protons
from the metal center can be determined with respect to a rigid
proton whose distance can be better estimated such as 6-H.
The bound Qr in quercetin 2,3-dioxygenase (QD)74 is
coordinated to the metal with two very different Cu−O bond
lengths (i.e., 2.28 Å to O-keto and 3.39 Å to O-enolate) and has
off-planar Cu-binding (by ∼55°), and a planar structure;
whereas the metal−flavonol complexes have about equal (∼2.0
Å) metal−O bond lengths, in-plane Cu binding, and ∼25°
rotation of ring B which afford a shorter Cu−6H than Cu−8H
distance. The structures of metal−Qr complexes are expected
to be closer to that of the simple metal−flavonone complexes,
which can serve as models along with the bound Qr in the Qr−
QD structure to afford metal−H distances (Table 2, footnote
b). Taking the Cu−(6-H) distance of 7.15 Å from the modified
structure and the measured T1 values of 134 and 420 ms of 6-H
in the Co2+ and Yb3+ complexes, respectively, as the references,
distances of all other protons to the metal center can be
determined as 7.15 × (T1/134)

1/6 in Co−Qr and 7.15 × (T1/
420)1/6 in Yb−Qr (Table 2). The results are consistent with
metal binding through the α-ketoenolate site as far as the rigid
8-H is concerned. The short distances to the metal center for
the 6′-H and 2′-H protons reflect a fast free rotation between
rings B and C. The structures of the Co/Yb−Qr complexes in
solution are more analogous to those of the simple metal−
flavonol complexes than the metal−Qr moiety in Qr−QD. A
theoretical study of the structure and electronic spectroscopic
features of Cu−Qr by means of density functional theory
(DFT) also suggested the α-ketoenolate site to be the preferred
Cu-binding site.75

Implication in Ca2+ Regulation. A common occurrence
among neurodegenerative diseases is the dysfunction of
mitochondria, which affects its function in Ca2+ modulation
and leads to influx of intracellular Ca2+ ions.76 Apart from
oxidative stress, interference in cellular Ca2+ homeostasis by Aβ
was also suggested to contribute to AD pathology.77 Aβ can
span the cell membrane that creates ion channels78 and causes
membrane depolarization and impair Na+/K+-ATPase,79

leading to an increase in Ca2+ influx.80 The rise in the Ca2+

level may defect neurons and synapses, deter long-term
potentiation in certain brain regions, and lead to impairments
in learning and memory.81 Thus, maintaining Ca2+ homeostasis
in the brain is also essential toward the treatment of AD.82 Qr
and/or Mr can participate in many Ca2+-associated biological

processes and activities, including (a) maintaining the Ca2+

homeostasis in the brain of D-galactose-treated mice,83 (b)
reducing Glu-induced Ca2+ overload that causes neuronal cell
death by caspase-3,84 (c) protecting cells from ionophore-
induced intracellular Ca2+ overload and delaying Ca2+-depend-
ent cell death,85 (d) serving as an effective mast cell inhibitor
for allergic and inflammatory diseases more effectively than
cromolyn by decreasing interleukin-6 and cytosolic Ca2+ level
and inhibiting NF-κ B activation,86 and (e) exhibiting
concentration-dependent relaxation of human bronchial rings
contracted by acetylcholine or histamine and also inhibition of
K+ and Ca2+-dependent contraction.87 Whether or not Ca2+-
binding of flavonols and analogous compounds implies a
possible role in buffering Ca2+ dysregulation and signaling in
AD and other disorders may be worth further exploration.

■ CONCLUDING REMARKS

Flavonoids have been shown to exhibit therapeutic benefits
toward age-related neurodegenerative diseases such as
Parkinson’s and Alzheimer’s disease (AD).22g,32 A broad
investigation involving different ethnic groups of 23 countries
suggests higher dietary consumption of flavonoids, particularly
flavonols, is correlated with lower population rates of
dementia.88 The results presented in this report regarding the
metal-binding capability and the inhibitory effect (rather than
simply serving as antioxidants and being oxidized) of the
flavonols Qr and Mr toward the oxidative chemistry of CuAβ
support their further use as molecular templates for drug design
and finding strategies for potential prevention/treatment of
oxidative stress in AD and other disorders. Because Qr can
widely distribute in the body19 (yet to a smaller extent in the
brain) and exhibit positive beneficiary effects in animal models
with neuronal disorders,32,33 such as cerebrovascular insults,
design of flavonols capable of passing through the blood-brain
barrier in a tunable manner may lead to new directions for
combating AD and other neurodegenerative disorders. The
results herein conclusively reveal that Qr can form primarily a
1:1 complex with Co2+, Cu2+, Ca2+, or Yb3+ ions and Cu−Aβ in
solutions through the α-ketoenolate moiety. This moiety plays
the key role in the flavonol family to exhibit competitive
antioxidation activity against metal-mediated oxidative reac-
tions, in sharp contrast to the suicide antioxidative flavanols Ct
and Et that are easily oxidized and lose efficacy with time.
Oxidative stress was found to precede fibril deposition of
Aβ1−42 in transgenic animal models C. elegans89 and mice90 and
also occurs early in AD progression prior to the development of
the pathologic hallmarks Aβ plaques and tau tangles in the
brains of Down’s syndrome, sporadic AD, and familial AD
patients.2,91 Thereby, inhibition of the oxidation chemistry of
metallo−amyloid and other potential redox centers by dietary
flavonoids and analogous compounds may be a useful strategy
for AD prevention. The metal-binding capability of the
flavonols Qr and Mr may play a dual role in preventing further
damages resulted from oxidative stress by acting as an inhibitor
toward the oxidation reaction and as a regulator for biological
buffering of metal ions. Moreover, Cu−Aβ shows 8.6- and 4.2-
fold regioselective peroxidation of Ct over Et in terms of first-
and second-order rate constants kcat and kcat/Km, respectively,
suggesting potential future developments and applications in
regioselective catalyzes by metallopeptides.
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