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ABSTRACT: In the minor fraction of HDL3 containingR-tocopherol (RTocOH), selective one-electron
oxidation of Trp and Tyr residues of apolipoproteins A-I and A-II by•Br2

- radical-anions produces the
corresponding semioxidized species, TyrO• and•Trp. Repair of TyrO• by endogenousRTocOH generates
the R-tocopheroxyl radical (RTocO•). Fast spectroscopic studies show that two populations representing
80% of RTocO• initially formed are repaired over several seconds with rate constants of 3.0× 106 and
1.5 × 105 M-1 s-1 by quercetin bound to human serum albumin (HSA) at physiologically relevant
concentration. Formation of HSA-bound quercetin radicals (•Qb) is observed. In the major fraction of
HDL3 particles lackingRTocOH, TyrO• and•Trp are repaired by free and HSA-bound quercetin. In LDL
particles which all containRTocOH,RTocO• radicals are formed in the millisecond time scale by repair
of TyrO• radicals produced in apolipoprotein B. Then, 75% of initialRTocO• are repaired over seconds
by HSA-bound quercetin (rate constant: 2.0× 106 M-1 s-1). HSA-bound quercetin can also repair•Trp
radicals. In O2-saturated solutions, the fraction ofRTocO• radicals (more than 50%) not repaired by
superoxide radical-anions can be repaired by HSA-bound quercetin with formation of•Qb but to a much
lesser extent in LDL than in HDL.

Oxidation of proteins plays a key role in the pathophysi-
ological disturbances observed with some major diseases
such as atherosclerosis (1) and central nervous system
degeneration (2). The two aromatic amino acids, Tyr and
Trp, as well as Cys are known to be the most oxidizable
residues in proteins (3). They are readily modified by various
initiators of oxidative (4) and photo-oxidative (5) stresses
such as activated oxygen species and other free radicals
leading to subsequent loss of protein structure and function.
The consequences of protein oxidation may be particularly
well illustrated by the atherogenic process. Here, the oxidized
apolipoprotein B100 (apoB1) is recognized by the unregulated

scavenger receptor of macrophages, leading to oxidized LDL
accumulation and foam cell formation (6). Additionally, the
integrity of apolipoprotein A-I (apoAI) of HDL3 is required
for reverse cholesterol transport activity, its primary function,
and oxidized HDL3 loses its ability to promote cholesterol
efflux from macrophage foam cells (7) and to inhibit LDL
oxidation (8). It is believed that,in ViVo, HDL3 and LDL
oxidation occurs within lesions of the artery wall where the
NADPH oxidase of the activated phagocytes produces•O2

-

radical-anions and H2O2. These reactive oxygen species can
subsequently react with redox metal ions present in the
locally inflamed area to produce the strongly oxidizing•OH
radical by Fenton-like reactions or are processed by peroxi-
dases of phagocytes such as myeloperoxidase (MPO) (9).
Either pathway may produce semioxidized amino acids
which act as reactive radical intermediates (10). In the case
of HDL, the phenoxyl tyrosyl radical (TyrO•), produced
either by one-electron oxidation of Tyr or by•OH addition
to its phenoxyl ring, has been reported to produce protein
cross-linking through bityrosyl bridges formed by intermo-
lecular radical recombination (11). Additionally, Penget al.
recently reported that mono- and di-hydroxytryptophan, the
end-products of the one-electron oxidation of Trp (•Trp) and
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of •OH addition (12), may be involved in the MPO-induced
loss of apoAI structure and activity (13). In this latter
mechanism, the modification of Tyr residues is not involved.
In the case of LDL, it has been shown that oxidation of Trp
residues of native LDL, induced by Cu2+ or by irradiation
with UVB light, leads to•Trp formation and initiation of
lipid peroxidation as a secondary event (5, 14) and that•Trp
radicals may oxidize Tyr residues of LDL to form the TyrO•

radical (15).
To better understand the roles played by these radicals in

the initial stages of the pathologies discussed above, we have
recently studied the kinetic and spectral behavior of•Trp and
TyrO• radicals generated by the selective•Br2

- oxidation in
the apoAI and apolipoprotein A-II (apoAII) of HDL3, as well
as in the apoB of LDL. These studies were carried out with
pulse radiolysis techniques on a time scale extending from
tens of microseconds to tens of seconds (16). It was observed
that the endogenous antioxidantR-tocopherol (RTocOH) of
native HDL3 and LDL partially repairs apoAI damage by
reduction of TyrO• radicals but not•Trp radicals. Given the
peculiar role attributed to flavonoid-type antioxidants in the
control of atherogenesis (17), and in light of our preceding
work on the repair of apoB radicals of LDL preloaded with
a model flavonoidsthe flavonol, quercetin (Q) (15)sit is
of apparent interest to determine whether QH bound to its
physiological carrier, human serum albumin (HSA) (18), may
counterbalance the incomplete repair by endogenousRTo-
cOH of damage to the apolipoproteins of HDL3 and LDL
and ameliorate its subsequent biological consequences. We
show here that the fraction of QH bound to HSA can indeed
repair the portion of•Trp and TyrO• radicals generated in
apoAI, apoAII, and apoB not repairable byRTocOH. It also
effectively repairs theRTocO• radicals on a time scale
extending over several seconds thereby replenishingRTocOH
consumed within the LDL and HDL3 particles in either the
absence or presence of oxygen. To our knowledge, this is
the first time that the kinetics for the sequence of molecular
mechanisms by which QH acts as an inhibitor of lipoprotein
oxidation has been quantified.

EXPERIMENTAL PROCEDURES

Materials.All chemicals were of analytical grade and were
used as received from the suppliers. Quercetin and fatty acid
free HSA were purchased from Sigma (St. Louis, MO). The
10 mM, pH 7, buffer was prepared with Na and K phosphates
from Merck in pure water obtained with a reverse osmosis/
deionization system from Serv-A-Pure Co.

Preparation of HDL3 and LDL.Lipoproteins from pooled
plasma of fasting healthy normolipidemic human volunteers
were prepared in the presence of 0.5 mM EDTA by
sequential ultracentrifugation at 105000g. HDL3 was taken
as the 1.125-1.210 density fraction while LDL was isolated
in the 1.024-1.060 density fraction (19). The LDL and HDL3
fractions were free of apolipoprotein E. For all pulse
radiolysis experiments, EDTA was removed by two cycles
of dialysis against 2 L of 10 mM, pH 7,phosphate buffer
with 0.1 M KBr at 4 °C beginning 24 h prior to the
experiments. HDL3 concentration was estimated from its
protein content on the basis of an average protein content of
2 apoAI and 1.5 apoAII per HDL3 particle (20), i.e. ∼ 80,-
000 g of protein per mole of HDL3. Absorbance spectra of

lipoprotein solutions were recorded before and after pulse
radiolysis experiments. Sets of measurements were made in
July and again the following March. Freshly isolated
lipoproteins, native HDL3 and LDL, were prepared using
blood samples from the same donors for each set, and
comparable spectral and kinetics data were obtained. The
absence of oxidation during the dialysis of LDL has been
discussed in one of our earlier reports (21), and there is no
reason to believe that this behavior would be different in
HDL.

Determination ofR-Tocopherol andâ-Carotene Contents
of HDL3 and LDL. The simultaneous determination of
RTocOH andâ-carotene was carried out by reverse phase
HPLC using a method derived from several published reports
(22-24). Aliquots of 250µL of LDL ( ∼2 mg of proteins)
or HDL3 (∼1.5 mg of proteins) were added to 1 mL of
methanol, 250µL of distilled water, and 25µL of 1 mM
R-tocopherol acetate as internal standard. Then this mixture
was vigorously shaken for 30 s. After addition of hexane (2
mL), the solution was vortex-mixed for 1 min, then
centrifuged during 10 min at 4,500 rpm. After centrifugation,
1.5 mL of the supernatant was evaporated to dryness under
nitrogen. Before HPLC measurement, the dry extract was
dissolved in 250µL of an ethanol/dichloroethane mixture
(4:1, v/v). Reverse phase HPLC was carried out with a
Bondapak C18/Corasil precolumn (30-50 µm, 2.3 cm×
0.39 cm) and aµBondapak (10µm, 15 cm× 0.39 cm)
provided by Waters. A gradient of two mobile phases (20
min, flow rate: 1 mL/min) was used for elution. Phase A
was a mixture of water/acetonitrile/methanol (30:50:20, v/v/
v) and phase B a mixture of acetonitrile/methanol/ ethanol/
dichloroethane (10:10:50:30, v/v/v/v). Absorbances were
monitored at 292 nm (ε ) 4,070 M-1 cm-1) and at 452 nm
(ε ) 137,400 M-1 cm-1) to detectRTocOH andâ-carotene,
respectively.

Fluorometric Determination of the Fraction of Quercetin
Bound to HSA in the Presence of Lipoproteins.The fraction
of QH bound to HSA after addition of lipoproteins was
determined using the fluorometric method described by
Dufour and Dangles (25). Fluorescence measurements were
carried out with a RF-5301 PC SHIMADZU spectrofluo-
rometer. Optical quartz cells (0.5 cm× 0.5 cm) were used
in order to minimize inner filter effects due to carotenoid
absorbance in the solutions containing both LDL and HSA.
Nevertheless, fluorescence intensities were corrected for inner
filter effects whenever necessary.

Pulse Radiolysis.The pulse radiolysis system used for
kinetic measurements on time scales up to 3-4 ms has been
previously described (26, 27). For longer time scales (up to
1 min) the conventional detection system is replaced by an
OLIS double-beam rapid scan spectrophotometer which
facilitates simultaneous kinetic and spectral measurements
at long times. In all experiments, a Corning O-52 optical
filter, which removes all wavelengths shorter than 330 nm,
was placed in the analyzing light beam preceding the sample
cell to avoid apolipoprotein andRTocOH photo-oxidation
(5). Radical concentrations, calculated from transient absorp-
tion data are referenced to•(SCN)2- dosimetry (28). Radi-
olytic yield is generally expressed by itsG value, i.e., the
number of radicals generated per 100 eV of absorbed energy.
However, such yields, normally expressed in units of grays,
may be recast as radical concentrations per unit radiation
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dose (e.g. a G value of 6.13 corresponds to a concentration
of 0.63µM‚kg/J or 0.63µM/Gy). As a convenience for the
general reader,G values are expressed hereafter in units of
µM/Gy.

Solutions for pulse radiolysis were prepared in 10 mM,
pH 7, phosphate buffer and saturated with pure N2O or O2

as desired. All solutions contained 0.1 M Br-, a concentration
sufficient to ensure that essentially all•OH are converted to
•Br2

-. To avoid lipoprotein denaturation, small volumes (up
to 15 mL) of the buffer were first bubbled for 15 min with
either pure N2O or O2. Aliquots of an equimolar 200µM
HSA-quercetin solution were first added to the buffer, and
then 1-2 mL of dialyzed stock lipoprotein solution was
added under anaerobic conditions to the N2O- or O2-saturated
buffer. The resulting solution was further slowly bubbled
gently with the desired gas during 5 more minutes prior to
pulse radiolysis experiments. Unless otherwise stated, the
lipoprotein concentrations in the pulsed solutions were 18.75
µM and 2.4 µM for HDL3 and LDL, respectively. To
minimize the quantity of lipoproteins consumed in each
experiment, a microcell (optical path, 1 cm; volume, 400
µL) was used for transient recording. This microcell was
emptied and refilled after each shot to ensure that all data
were obtained with un-irradiated lipoprotein solutions. Kinet-
ics and spectral measurements were taken twice, and the
results were reproducible from day to day. Numerical
integrations, for analyses of rate data, were carried out using
Scientist software from Micromath Scientific Software. Rate
constants have been determined from raw data by the
calculations with the above software and show the precision
of curve fitting.

RESULTS AND DISCUSSION

Determination of the Fraction of Quercetin Bound to
Human Serum Albumin.An equilibrium binding constant of
2.6× 105 M-1 for the binding of QH to HSA in plasma has
been reported by Boultonet al. (18). In our experiments
where the concentrations of HDL3 and LDL exceeded that
of HSA, it was necessary to determine the fraction of QH
remaining bound to HSA after lipoprotein addition to an
equimolar HSA-QH solution. In pH 7 buffer, QH is
nonfluorescent. Upon addition of increasing concentration
of HSA, the binding of QH to HSA produces an 82%
fluorescence quenching of the single Trp 214 of HSA (29),
and a progressive red-shift in the absorbance maximum
occurs
(30). Fluorescence is observed in the 490-590 nm range
(emission peak at 528 nm) under excitation at 450 nm (25).

The intensity of this fluorescence reaches a plateau at
high [HSA]/[QHt] ratios, [QHt] being the total concentration
of QH in the solution. The concentration of QH bound to
HSA (QHb) can be estimated at low [HSA]/[QHt] ratio,
knowing the fluorescence intensity at plateau measured with
a [HSA]/[QHt] ratio of 20 where all the QH can be assumed
to be bound to HSA. As can be seen in Table 1, QHb was
found to be 2.0 and 0.65µM respectively for equimolar
HSA-QH solutions of 5 and 2.5µM. The concentrations
stated here, 5 and 2.5µM, are the total concentrations of
each component in solution. Assuming a 1:1 HSA-QH
complex, these values lead to a binding constant of 2.1×
105 M-1, which is consistent with literature values (18, 30).

Interestingly, no fluorescence is observed upon addition
of 5 µM QH to solutions containing only HDL3 (18.75µM)
or LDL (2.4 µM), the concentration conditions routinely used
in the pulse radiolysis experiments described below. As a
result, the concentration of QH remaining bound to HSA in
the presence of the lipoproteins can be fluorometrically
determined, as detailed above. These values are given in
Table 1. In an 18.75µM HDL3 containing 5µM equimolar
HSA and QH, it may be seen that about 50% of QH
originally bound to HSA in the absence of HDL3 remains
bound. Similarly, it is found that about 50% of the originally
HSA bound QH is still bound in the presence of 2.4µM
LDL.

Spectral EVidence for Repair by Quercetin of apoAI,
apoAII, andR-Tocopheroxyl Radicals in NatiVe HDL3. In
pulse radiolysis of N2O-saturated solutions containing 0.1
M Br-, the •Br2

- radical-anion is produced with a yieldG
) 0.64 µM/Gy by the reaction

The rate constant for eq 1 (31) combined with the excess
of Br- as compared to that of LDL assures that less than
0.1% of •OH radicals react directly with LDL.

Recent results from our laboratory (16) demonstrate that
the fast oxidation of apoAI and apoAII by•Br2

- may be
written

Analysis of the TyrO• and•Trp radical yields demonstrates
that Tyr and Trp residues are the only initial targets of HDL3

oxidation by•Br2
- radicals. The transient absorbance spec-

trum (Figure 1A) shows the characteristic absorbance of these
radical species with maxima at 410 nm (ε ) 2,700 M-1 cm-1)

Table 1: Concentrations (µM) of Free Quercetin (QHf), of Quercetin Bound to HSA (QHb), and of Quercetin Bound to HDL3 or LDL (QHb′)
under Various Experimental Conditionsa

[QHt]b ) [HSA] (µM) QHb
b + QHb′ b+ QHf+

no lipo-protein HDL3 LDL HDL 3 LDL HDL 3 LDL

5 2.0 1.0 1.0 (a),
0.45 (b)

2.8 2.8 (a),
4.1 (b)

1.2 1.2 (a),
0.45 (b)

2.5 0.65 0.35 1.35 0.8
a Fluorescence experiments were carried out at room temperature with 18.75µM HDL3 or 2.4µM (a) and 4.8µM (b) LDL in pH 7 phosphate

buffer. Fluorescence measured in 5× 5 mm optical cells was excited with 450 nm light and read at 528 nm, 15 min after addition of the lipoproteins,
but the fluorescence intensity was stabilized after 5 min.b [QHt] is the total quercetin concentration. The QHb values were obtained with the
fluorescence data, and QHf values were calculated using the mass action law. Hence, QHb′ values were calculated as [QHb′] ) [QHt] - [QHf] -
[QHb].

•OH + 2Br- f •Br2
- + OH- (1)

•Br2
- + (apoAI, apoAII)f

•(apoAI, apoAII)+ 2Br- + H+ (2)

Repair of HDL3 and LDL Vitamin E by HSA-Bound Quercetin Biochemistry, Vol. 46, No. 49, 200714307



and 520 nm (ε ) 1,750 M-1 cm-1) for TyrO• and •Trp,
respectively. Most•Trp radicals disappear within 1 ms, but
a small fraction of them, representing one oxidized Trp per
particle, decays over seconds (16).

The oxidation of Trp and Tyr residues by•Br2
- radical-

anions is followed in the millisecond time domain by a slow
and partial intramolecular repair of TyrO• by RTocOH
according to the reaction

with formation of theRTocO• radical (yield: 0.18µM/Gy)
(16) identified in Figure 1A by its characteristic absorbance
maximum at 430 nm (ε ) 7,100 M-1 cm-1) (32). Two
percent ofRTocO• radicals are in turn repaired by HDL3

carotenoids (16). This behavior explains the bleaching shown
in Figure 1A in the 450-500 nm region 0.2 s after the
radiolytic pulse. Data in Table 2 illustrate that a majority of
native HDL3 particles constitutively lackRTocOH and
carotenoids (16). Here, in the two different lipoprotein
preparations used in this study, there is, on average, only
one RToc molecule for each 3 HDL3 particles explaining
why TyrO• and•Trp transient absorbances are still observed
200 ms after HDL3 oxidation by•Br2

-.
Dramatic changes in the transient absorbance spectrum are

observed upon addition of equimolar concentrations of HSA
and QH (5 or 2.5µM) to HDL3 solution. In the presence of
5 µM QH, for example, the characteristic transient absor-
bances of TyrO• andRTocO• radicals at about 410 and 430
nm have almost vanished 30 ms after oxidation by•Br2

- and
appear only as shoulders on a broad transient absorbance
(Figure 1A). A strong bleaching is observed in the 390-
420 nm wavelength region corresponding to the loss of free
and HSA-bound QH ground state absorbance. The spectral
shape of this transient with a maximum appearing at about
575 nm is consistent with the transient spectrum of semi-
oxidized QH species (•Q) in the free form published by
Jovanovicet al. (33) in neutral aqueous solutions or as
reported in Triton X100 micelles and HSA by Filipeet al.
(34). After 700 ms, the absorbance attributed to free•Q
species has clearly evolved into another transient spectrum
with increased absorbance in the red region, disappearance
of the shoulders due to TyrO• and •Trp radicals while
additional QH bleaching has occurred. Figure 1A also
illustrates dependence of spectral evolution on QH concen-
tration since 30 ms after the•Br2

- oxidation characteristic
transient absorbances of the TyrO•, RTocO•, and•Trp radicals
appear more clearly affected by the presence of 5µM QH
than by 2.5µM QH.

Repair of Radicals in NatiVe LDL by Quercetin.Data in
Table 2 show that, for the LDL used in these experiments,
each LDL particle contains 4RTocOH molecules. As a
consequence, there is a much greater intrinsic probability of
reaction (4 to 1) for the repair of TyrO• radicals in LDL as
compared to HDL3 leading to a 10 times faster rate constant
for the reaction

in LDL than in HDL3, theRTocO• yield being 0.12µM/Gy
(16). Thus, the TyrO• radical absorbance at 410 nm is rapidly
replaced by theRTocO• radical transient absorbance with a
maximum at ∼430 nm (Figure 1B). Paradoxically, no
carotenoid bleaching is observed in LDL particles despite a
much more favorable carotenoid concentration than in HDL3

FIGURE 1: A. Absorbance of apolipoprotein and quercetin radicals
in HDL3. (O) Transient absorbance spectra of 12.5µM HDL3 in
N2O-saturated 10 mM, pH 7, phosphate buffer containing 0.1 M
KBr, recorded 200 ms after oxidation with•Br2

- radical-anions.
Radiolytic dose was 5.1 Gy. (0, × in 0, 9) same but solutions
contained 18.75µM HDL3, 2.5 µM HSA, and 2.5µM QH (0) or
18.75µM HDL3, 5 µM HSA and 5µM QH (× in 0, 9). Spectra
were recorded 30 ms (0, × in 0) and 700 ms (9) after oxidation
with •Br2

- radical-anions. Radiolytic dose was 4.6 Gy. B. Absor-
bance of apoB and quercetin radicals in LDL. (O) Transient
absorbance spectra of 1.6µM LDL in N 2O-saturated 10 mM, pH
7, phosphate buffer containing 0.1 M KBr, recorded 16 ms after
oxidation with •Br2

- radical-anions. Radiolytic dose was 6.2 Gy.
(0, × in 0, 9) same but the solutions contained 2.4µM LDL, 5
µM HSA, and 5µM QH. Spectra were recorded 30 ms (0), 350
ms (× in 0), and 1.2 s (9) after oxidation with•Br2

- radical-anions.
Radiolytic dose was 5.1 Gy.

RTocOH+ •apoAI, •apoAII f

RTocO• + apoAI, apoAII (3)

Table 2: Molar Ratio ofR-Tocopherol andâ-Carotene to
Lipoprotein in Several Preparations of Native HDL3 and LDL
Fractions Isolated from Human Plasma of Different Donors by
Sequential Ultracentrifugationa

antioxidant HDL3 LDL

R-tocopherol 0.34, 0.36,b 0.31c 6.22, 5.84, 5.42, 3.78,b 8.75c

â-carotene 0.0024, 0.0043,b 0.0024c 0.28, 0.12, 0.2, 0.11,b 0.5c

a Concentrations were determined by HPLC after extraction as
detailed in Experimental Procedures.â-Carotene is used as an indicator
of total carotenoid content.b Used in pulse radiolysis.c Used in
fluorescence measurements.

RTocOH+ •apoBf RTocO• + apoB (3′)
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(Table 2). It should be noted that direct oxidation ofRTocOH
by •Br2

- is unlikely because of the large excess of apoB
residues (37 Trp, 9 Cys, 151 Tyr) in LDL available to react
with •Br2

- with rate constants comparable to that of the 4
RTocOH molecules present (e.g.,∼108 M-1 s-1 for free
RTocOH).

Upon addition of equimolar (5µM) HSA and QH, initial
transient absorbance changes are observed comparable to
those obtained with HDL3 alone. However, the transient
absorbance of theRTocO• radical progressively vanishes and
is replaced by the transient spectrum of the free•Q radical
whose evolution at longer times (Figure 1B) suggests, again,
complex radical chemistry in these systems over long
durations.

Kinetic EValuation of the Repair of TyrO•, RTocO•, and
•Trp Radicals by Free or Protein-Bound Quercetin in NatiVe
HDL3 and LDL.The HSA and QH concentrations for these
experiments have been chosen to conserve valuable lipo-
proteins while still limiting direct HSA oxidation by the•Br2

-

radical-anions to a level which does not interfere with
analysis of kinetics. The rate constant for reaction of•Br2

-

radicals with HDL3 (16), LDL (15), HSA (34), and QH (34,
35) have been established. Using these values, it may be
shown that direct•Br2

- radical attack on HSA represents only
∼10% ([HSA] ) 5 µM) and ∼5% ([HSA] ) 2.5 µM) of
that on HDL3 ([HDL3] ) 18.75 µM). With LDL, the
corresponding percentages with [HSA]) 5 µM are∼28%
([LDL] ) 2.4 µM) and ∼16% ([LDL] ) 4.8 µM).

The time dependence of the transient absorbance changes
in Figures 1A,B suggests that the formation of•Q is due to
a series of electron transfer reactions leading to the repair
of the TyrO•, RTocO•, and •Trp radicals according to

The mass action law applied to the HDL3 (or LDL), HSA,
and QH equilibria demonstrates that, in addition to unbound
HSA and HDL3 (or LDL) molecules, three different QH
species coexist in these systems: unbound QH molecules
moving freely in the buffer (QHf), QH bound to HSA (QHb),
and QH bound to HDL3 (or LDL) (QHb′). As a result, the
repair of the TyrO•, RTocO•, and •Trp radicals may occur
from these three QH species. Data in Table 1 show that more
than 85% of the HDL3 particles are free of QH but,
depending on the LDL concentration, all the LDL particles
may attach a QH molecule.

It is known from our previous study on the repair of
oxidative damage to small molecules or peptides by HSA-
bound QH (34) and repair of damage to apoB of LDL loaded
with QH (15) that the time scales of the reactions depicted
by eqs 4 differ significantly from one another. The repair of
TyrO• and •Trp in micelles by free QH occurs by fast
diffusion controlled bimolecular reactions with rate constants
of k4a and k4c ∼ 108 M-1 s-1 (34). Consequently, under our
experimental conditions where the concentration of free QH
is ∼1 µM, the half-time for these reactions would be∼5
ms. The intramolecular repair of HSA radicals by HSA-
bound QH is a first-order process taking place within less

than 2 ms after oxidation by•Br2
- radicals (34). The

intramolecular repair of oxidative damage to apoAI and
apoAII by HDL-bound QH and to apoB by LDL-bound QH
is expected to take place on the millisecond time scale by
reference to our previous work on LDL preloaded with QH.
There, the repair of•apoB by QH occurs with a rate constant
of ∼2 × 103 s-1 (15). On the other hand, a slow bimolecular
repair of apoAI, apoAII, or apoB damage by HSA-bound
QH is expected since QH binds to a relatively inaccessible
region of domain IIa of HSA leading to slow rates of reaction
even with small molecules moving freely in buffer (see ref
(34) for examples illustrating such an inaccessibility). As a
result, complex kinetics reflecting these different reactivities
are expected. Such behavior is evident in Figure 2A with
HDL3 and Figure 2B with LDL at the wavelengths of
maximum absorbance for the TyrO•, RTocO•, and •Trp
radicals and at 390 nm where the absorbance change is
mainly due to QH consumption. Consistent with different
reactivities of the TyrO•, RTocO•, and•Trp toward the various
QH species, it is observed that the bleaching of QH exhibits
at least two mechanisms. A fast step occurring on an about
10 ms time scale may be attributed to repair of radicals by
free QH or QH bound to lipoproteins (QHb′ in Table 1)
whereas a much slower consumption is observed over the 3
s time scale (Figures 2A,B). The kinetic data in Figure 2A
suggest different rates of reaction for TyrO•, RTocO•, and
•Trp radicals, the slowest being observed forRTocO•. This
is consistent withRTocOH being less solvent exposed since
it resides predominantly at the water-lipid interface, the
chromanol moiety ofRTocOH interacting with the phos-
pholipid headgroups while the phytyl side chain anchors
RTocOH in the lipid monolayer and reduces its mobility (36).

Figure 2C shows the•Trp transient absorbance change at
520 nm in HDL3 over a 2 speriod with and without added
HSA-QH solution. It can be seen that in the absence of
QH, the •Trp transient absorbance slowly decays over 2 s.
In the presence of 2.5 or 5µM equimolar HSA-QH the
fast initial increase in absorbance at this wavelength can be
attributed to the fast reaction of free QH or lipoprotein-bound
QH with the TyrO•, RTocO•, and•Trp radicals, according to
eq 4(a,b,c). This leads to the formation of the strongly
absorbing free•Q species (ε ∼ 7,000 M-1 cm-1 at 520 nm
(33)) within 10 ms (see above). The subsequent absorbance
decay on the 0.5 s time scale is clearly QH concentration
dependent. Hence, one may reasonably attribute this behavior
to the slow repair of the•Trp radicals by HSA-bound QH. It
can be seen in Figure 2C that the disappearance of transient
absorbance during this step corresponds closely to that of
the •Trp radicals obtained under similar irradiation dose
conditions in the absence of QH. This suggests essentially
full repair of these long-lived•Trp radicals by HSA-bound
QH.

An essential function ofRTocOH is to impede the
initiation and propagation of the harmful radical induced lipid
peroxidation in lipoproteins. Hence, the restoration ofRTo-
cOH that may be consumed by repair of apolipoprotein
damage would bring additional protection to lipoprotein
lipids. In this regard,in Vitro studies have shown (33) that,
at pH 7, QH can restitute vitamin E, as the redox potentials
(E0(•Q,H+/QH) ) 0.33 V), and (E0 (RTocO•,H+/RTocOH)
) 0.48 V) favor the electron transfer involved. The repair
of RTocO• by HSA-bound QH is particularly relevant to

TyrO• + QH98
k4a

Tyr + •Q (4a)

RTocO• + QH98
k4b

RTocOH+ •Q (4b)

•Trp + QH98
k4c

Trp + •Q (4c)
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physiological systems since more than 94% of QH (18) or
its metabolites (30) are bound to HSA in plasma. In humans,
the main conjugates resulting from QH metabolism are
glucuronides, sulfates, and the 3′-O-methyl derivative (37,
38). It has been shown that they retain antioxidant activity
comparable or superior to that of QH (38, 39). Since
thermodynamic data are available only for the HSA-QH
complex formation, it is therefore a good model to study
RTocO• repair attributable to HSA-bound flavonols and to
assess the kinetic parameters of such processes.

In Figures 3A,B the decays of the transient absorbance at
430 nm are shown for theRTocO• radical resulting from
the repair of amino acid radicals of apoAI, apoAII, and B in
the absence or in the presence of a buffered solution of QH
and HSA. It can be seen that in the presence of HSA and
QH the apparent decay of theRTocO• radical continues over
a time scale of several seconds. This increased decay may
be attributed to the participation of reaction 4 which in turn
involves simultaneous bleaching of ground state QH absor-

FIGURE 2: A. Kinetics of radical decays in HDL3. Decay of transient
absorbance at 390 nm (9), 410 nm (0), 430 nm (O), and 520 nm
(× in 0) after pulse radiolysis of 18.75µM HDL3 in N2O-saturated
10 mM, pH 7, phosphate buffer containing 0.1 M KBr, 2.5µM
HSA, and 2.5µM QH. Radiolytic doses was 4.6 Gy. B. Kinetics
of radical decays in LDL. Decay of transient absorbance at 390
nm (9), 430 nm (O), and 520 nm (× in 0) after pulse radiolysis of
2.4 µM LDL in N 2O-saturated 10 mM, pH 7, phosphate buffer
containing 0.1 M KBr, 5µM HSA, and 5µM QH. Radiolytic dose
was 5.1 Gy. In both 2A and 2B, the fit with rate equations given
in the text is shown by a thick solid line for the transient absorbance
change at 390 nm. Starting point for fitting) 0.15 s, coefficient
of determination) 0.903 (2A) and 0.986 (2B). C. Kinetics of
tryptophan radical decay in HDL3. Decay of transient absorbance
at 520 nm after pulse radiolysis of 12.5µM HDL3 in N2O-saturated
10 mM, pH 7, phosphate buffer containing 0.1 M KBr (9)
(radiolytic dose: 5.1 Gy) and of 18.75µM HDL3 in N2O-saturated
10 mM, pH 7, phosphate buffer containing 0.1 M KBr, 2.5µM
HSA, and 2.5µM QH (O) or 5 µM HSA and 5 µM QH (0)
(radiolytic dose: 4.6 Gy).

FIGURE 3: A. Kinetics of R-tocopheroxyl radical decay in LDL.
Decay of transient absorbance at 430 nm after pulse radiolysis of
1.8 µM LDL in N 2O-saturated 10 mM, pH 7, phosphate buffer
containing 0.1 M KBr (O) (dose: 6.2 Gy) or 2.4µM LDL plus 5
µM HSA and 5 µM QH (0) (dose: 5.1 Gy). B. Kinetics of
R-tocopheroxyl radical decay in HDL3. Decay of transient absor-
bance at 430 nm after pulse radiolysis of 12.5µM HDL3 in N2O-
saturated 10 mM, pH 7, phosphate buffer containing 0.1 M KBr
(O) (dose: 5.1 Gy) or 18.75µM HDL3 plus 5µM HSA and 5µM
QH (0) (dose: 4.6 Gy). For both 3A and 3B, the thick solid line
shows the fits of decays using the rate equations given in the text.
Starting point for fitting) 0 s, coefficient of determination) 0.950
(3A, O), 0.983 (3A,0), 0.974 (3B,O), and 0.944 (3B,0).

14310 Biochemistry, Vol. 46, No. 49, 2007 Filipe et al.



bance and formation of the semioxidized QH species. It may
be suggested that such formation of the HSA-bound•Q
radical species (•Qb) via reaction 4b is responsible for the
corresponding changes in the spectral shape of transient
absorbance observed on a long time scale with both HDL3

and LDL (Figures 1A,B). Since the ground state absorbance
of QHb undergoes a large red-shift as compared to free QH,
it is likely that the•Qb radical absorbance will differ from
that of •Q radical species in the free form.

Kinetics measured at 620 nm (Figure 4), where the only
absorbing species are•Q (15, 33) in free form and•Qb,
demonstrate the bimolecular nature of this formation. Dou-
bling the LDL concentration from 2.4 to 4.8µM LDL
reduces the HSA-bound [QHb] from 1.0 to 0.45µM (Table
1) but increases the LDL-bound [QHb′] to 4.1µM. This leads
to a much slower•Qb formation, though same final [•Qb], is
reached under the same initial•Br2

- concentration. Addition-
ally, formation and decay kinetics of the•Q radicals generated
in the HSA-QH complex in the absence of lipoproteins are
included in Figure 4. It is observed that their contribution to
the overall kinetics is insignificant as explained at the
beginning of the kinetic study discussion.

With the assumption that the kinetics of the reactions
observed on a 3 stime scale are solely due to the fraction of
QH bound to HSA, the rate equations that must be taken
into account for analyzing the repair ofRTocO• by HSA-
bound QH include not only eq (4b) but also the decay of
RTocO• radicals alone after repair of apoB or apo-AI, apo-
AII damage by endogenousRTocOH. It has previously been
shown (see Table 2 in ref (16)) that, in N2O-saturated
solutions, a fraction ofRTocO• decays on this time scale by
two parallel first-order reactions, according to

With LDL alone, a fit of data withk5a ) 5.8 s-1 andk5b

) 0.8 s-1 (16) (Figure 3A) shows that about 67% of the

initial RTocO• radicals (populationRTocO•
c) do not disappear

whereas about 25% and 8% of theRTocO• radicals (popula-
tions RTocO•

a andRTocO•
b respectively) reactVia the fast

and the slow reactions 5a and 5b, respectively.
It may be suggested that these three different populations

of RTocO• radicals can be repaired by HSA-bound QH
according to the bimolecular reaction path 4b. However,
reaction 4b will also be in competition with reaction 5a and
5b. Hence, the rate equations can be written as

where RTocO•
a, RTocO•

b, and RTocO•
c are the different

RTocO• populations reacting in parallelVia reactions 5a, 5b,
and 4b. A radiolytic dose of 4.6 Gy produces an initial
RTocO• concentration ([RTocO•]initial) of 0.55 µM. As a
consequence,[RTocO•

a]initial )0.25[RTocO•]initial, [RTocO•
b]initial

) 0.08 [RTocO•]initial, [RTocO•
c]initial ) 0.67 [RTocO•]initial.

The absorbance change at 430 nm is due to the consumption
of RTocO• radicals (ε ) 7,100 M-1 cm-1), to the formation
of •Qb radicals, and to the disappearance of QHb whoseε is
10,200 M-1 cm-1 at 430 nm (measured in our laboratory).
Contributions from other radicals to the absorbance at this
wavelength are negligible since in LDL most TyrO• radicals
are rapidly repaired byRTocOH. The quite small•Trp
concentration and the molar extinction coefficient of 560 M-1

cm-1 ensure that this radical does not interfere with the
kinetic analysis (see Figure 1B in the absence of QH and
Figure 2B). The long-lived•Q radicals in the free form are
only produced within 10 ms of the radiolytic pulse (see
above). At neutral pH, they decay within a few milliseconds
to form a stable product by a simple bimolecular reaction
(34). The excellent fit of the decay (Figure 3A) obtained
with k4b ) 2.0 × 106 M-1 s-1 yields a molar absorbance of
8,800 M-1 cm-1 at 430 nm for the•Qb radicals. It also
suggests negligible contribution of theRTocO•

a population
to the •Qb radical formation probably because the fast
reaction 5a overcomes the repair by QHb (reaction 4b). On
the other hand, the much longer livedRTocO•

b population
can react fully with QHb. Overall, it may be concluded that
about 75% of theRTocO• radicals are repaired by HSA-
bound QH.

If valid, this kinetic scheme must be able to fit data
obtained at other wavelengths of interest. At 620 nm, where
free •Q and•Qb radicals are the only absorbing species, the
slow portion of the absorbance growth is governed by the
rate equation

An excellent fit is obtained with a value ofk4b (2.1× 106

M-1 s-1) similar to that determined above and allows an
estimate of 4,000 M-1 cm-1 for the molar absorbance of
•Qb radicals at this wavelength (Figure 4). Likewise, at 390
nm the overall negative absorbance is due to consumption

FIGURE 4: Kinetics of quercetin radical formation. Transient
absorbance change at 620 nm after pulse radiolysis of 5µM HSA
in N2O-saturated 10 mM, pH 7, phosphate buffer containing 0.1
M KBr and 5µM QH (9) (radiolytic dose: 4.6 Gy) or after pulse
radiolysis of 5µM HSA and 5µM QH in N2O-saturated 10 mM,
pH 7, phosphate buffer containing 0.1 M KBr and 2.4µM LDL
(]) or 4.8µM LDL ( O) (radiolytic dose: 4.6 Gy). The thick solid
line shows the fit of the absorbance change using the rate equation
given in the text. Starting point for fitting) 0.15 s, coefficient of
determination) 0.964.

RTocO•98
k5a, k5b

products (5a,b)

-d[RTocO•
a]/dt ) (k5a + k4b[QHb])[RTocO•

a]

-d[RTocO•
b]/dt ) (k5b + k4b[QHb])[RTocO•

b]

-d[RTocO•
c]/dt ) k4b[QHb][RTocO•

c]

-d[QHb]/dt ) k4b[QHb]([RTocO•
a] +

[RTocO•
b] + [RTocO•

c])

d[•Qb]/dt ) k4b[QHb]([RTocO•
b] + [RTocO•

c])
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of QHb (ε ) 14,400 M-1 cm-1 at 390 nm, unpublished
observation), to the disappearance ofRTocO• (ε ) 2,200
M-1 cm-1 at 390 nm (40)), and to the formation of•Qb. As
above, Trp makes no significant contribution to the kinetic
analysis as the molar extinction coefficient at this wavelength
is only 630 M-1 cm-1. Again an excellent fit is obtained
with k4b ) 2.0× 106 M-1 s-1 yielding an estimate of 4,500
M-1 cm-1 for the molar absorbance of•Qb at 390 nm.

In HDL3 alone, it is observed (Figure 3B) that 19% of the
RTocO• radicals (the so-calledRTocO•

a population by
analogy with LDL) and 26% of theRTocO• radicals (called
theRTocO•

b population) decay with k5a ) 9.5 s-1 and k5b )
1.5 s-1, respectively (16). Furthermore, it may be concluded
that most of the fraction of TyrO• and •Trp radicals non
repairable byRTocOH in HDL3 have reacted with QH in
the free form (see above and Figures 2A,2C). The same rate
equations as those described with LDL were applied to HDL3

for the repair of theRTocO• radicals by HSA-bound QH.
To this end, the resolution of the rate equations was
performed with the same molar absorbance as that deter-
mined at 390, 430, and 620 nm with LDL. Figure 3B and
Figure 2A illustrate the excellent fits obtained at 430 and
390 nm for the case of a solution of 18.75µM HDL3

containing 5µM HSA and 5µM QH (430 nm) or containing
2.5 µM HSA and 2.5µM QH (390 nm). The calculation
suggests that, as in LDL, theRTocO•

a population is also
nonrepairable by QHb probably because the preponderant
reaction path is the fast reaction 5a. The calculation also
indicates that theRTocO•

b andRTocO•
c populations repre-

senting 81% of the initially formedRTocO• are repaired by
QHb with two differing rate constants. Values ofk4b ) 3.0
× 106 M-1 s-1 andk4b′ ) 1.5× 105 M-1 s-1 are determined
for the RTocO•

b and RTocO•
c populations, respectively.

Remarkably enough an excellent fit of the data at 390 nm
(i.e., with 2.5µM HSA and 2.5µM Q) is obtained using a
QHb concentration of 0.45µM instead of the experimentally
found 0.35µM (see Table 1) which strongly supports our
kinetic model. The fact that in HDL3 two reaction paths may
operate in the repair of theRTocO•

b andRTocO•
c populations

by QHb as opposed to a single pathway in LDL is most
probably explainable by the large structural differences
between the LDL and HDL3 particles. All LDL particles
(diameter∼20 nm) are enveloped by a single apoB. By
contrast, the apoprotein content of HDL3 particles (diam-
eter: 9 nm) is not uniform. The majority of them (∼75%)
are wrapped with two apoAI and two apoAII while the rest
only contains two apoAI. This heterogeneity may render the
phospholipid monolayer, where theRTocOH molecules are
located, more or less accessible to the HSA-bound QH.

Effect of•O2
- on the Consumption of Quercetin in Repair

Reactions after OxidatiVe Damage to Apolipoproteins of LDL
and HDL. The processes described above have been char-
acterized under anoxic conditions, precluding any participa-
tion from O2. Because of the obvious relationship toin ViVo
conditions the effects of oxygen on reactions involved in
the sequence of mechanisms discussed above have been
investigated under aerobic conditions. Pulse radiolysis of an
O2-saturated solution containing 0.1 M Br- produces•O2

-

with a radiolytic yieldG ) 0.34 µM/Gy by the following
reactions:

The radiolytic yield of the•Br2
- radicals formed according

to eq 1 is reduced to 0.32µM/Gy. It has been demonstrated
that the•Trp and TyrO• radicals of apoAI, apoAII, and apoB
are insensitive to•O2

- radical-anions (16). In these experi-
ments interference from transition metal ions via Fenton-
like reactions is not an issue as shown by data in Figure 5A
(see below). Although it is known that ferrous ions can
initiate LDL oxidation when incubated with various cells
(e.g., smooth muscle cells), it has been shown that ferrous
ion initiation in isolated LDL is very inefficient (41).
Additionally, Janischet al. have recently shown that HSA,
in the quantities used here, will displace any copper ions
bound to LDL (39). The •O2

- radical-anion does not react
with RTocOH (32) but can directly oxidize QH by hydrogen
abstraction or electron transfer followed by deprotonation
with a rate constantk8 ) 8 × 105 M-1 s-1 (33, 34) according
to

FIGURE 5: A. Kinetics of radical formation and decay in LDL.
Decays of transient absorbance at 390 nm (9), 430 nm (O) and
increase in absorbance at 620 nm (3, 4) after pulse radiolysis of
2.4 µM LDL in O2-saturated 10 mM, pH 7, phosphate buffer
containing 0.1 M KBr, 5µM HSA, and 5µM QH (3) and 5µM
Cu2+ (4). Radiolytic dose was 7.2 Gy. B. Kinetics of radical
formation and decay in HDL3. Decays of transient absorbance at
390 nm (9), 430 nm (O) and increase in absorbance at 620 nm
(]) after pulse radiolysis of 18.75µM HDL3 in O2-saturated 10
mM, pH 7, phosphate buffer containing 0.1 M KBr, 5µM HSA,
and 5µM QH. Radiolytic dose was 6.6 Gy.

eaq + O2 f •O2
- (6)

H• + O2 f •O2
- + H+ (7)
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In the present study, the shapes of transient absorbance
spectra (data not shown) observed 30 ms after•Br2

- oxidation
of the HDL3 and LDL in O2-saturated solutions containing
5 µM QH and HSA are similar to those shown in Figures
1A,B.

Among the three categories ofRTocO• species that have
been identified in the lipoproteins (16), only two of them
react with•O2

- presumably by the repair reaction

leading to partialRTocOH restoration. By contrast the
proportion ofRTocO• species (more than 50%) which, in
the absence of QH, is stable over a 3 stime scale (Figures
3A,B) is hardly affected by the presence of•O2

- radical-
anions (16).

Figures 5A,B demonstrate that the repair reactions leading
to QH oxidation are quite different in HDL3 and LDL under
O2-saturation. The rate of QH bleaching at 390 nm is much
slower in LDL (Figure 5A) than in HDL3 (Figure 5B)
solutions where two distinct steps are clearly observed, as
was also observed under N2O. It is also observed that the
extent of•Qb formationVia reaction 4, followed at 620 nm
on a 3 stime scalesindependent of the presence or absence
of 5 µM Cu2+sis markedly inhibited in LDL but is
substantial in HDL3. It should be noted that although very
similar initial yields of RTocO• are obtained in HDL3 and
LDL (e.g., ∼0.1 µM/Gy), the total apparent yield of QH
bleaching in HDL3 is almost double that observed in LDL.

These observations can be rationalized on the basis of the
differentRTocOH contents of HDL3 and LDL; the repair of
•Trp and TyrO• radicals byRTocOH is not possible in all
particles since a majority of them lackRTocOH (see ref (16)
and Table 2). As a consequence•Trp and TyrO• radicals can
be directly repaired by QH according to reactions 4a and 4c
as previously seen in Figures 1A and 2A while partial repair
of RTocO• by •O2

- observed at 430 nm on Figure 5B is only
effective in the minor fraction of HDL3 particles containing
RTocOH. By analogy with observations made in N2O-
saturated solutions, the rapid QH bleaching observed at 390
nm probably involves direct repair of the more solvent
exposed TyrO• and•Trp formed in apoAI, apoAII by free or
bound QH. However, the population of more than 50% of
RTocO• radicals, insensitive to•O2

-, may be repaired by
HSA-bound QH on the longer 3 s time scale after the•O2

-

radical-anions have disappeared by reaction withRTocO• or
with QH or by dismutation. In this regard, the kinetics of
QH bleaching observed at 390 nm on the second time scale
are similar for the two lipoproteins. This is also consistent
with the repair of that portion ofRTocO• radicals insensitive
to •O2

-. Moreover, the fractions of HSA-bound QH bleached
during this slow repair are rather similar (e.g.,∼0.25 and
0.35µM for HDL3 and LDL, respectively) as estimated from
the level of negative absorbance measured 2.5 s after•Br2

-

oxidation. These values which correspond to about half of
the initial RTocO• concentration support the above consid-
erations.

CONCLUSIONS

Previous studies of LDL as well as recent work on HDL3

(7, 13) have shown that not only oxidation of Lys but also

oxidation of Tyr and Trp residues are involved in the loss
of apoAI and apoB function and in the triggering of lipid
peroxidation (5, 14, 42). In the case of HDL3, the constitutive
lack of RTocOH in a majority of particles (16) and the
presence of only oneRTocOH molecule in the rest may well
be a determining factor in triggering the destructive lipid
peroxidation. The antioxidant potential of flavonoids has been
mostly addressed in terms of lipid peroxidation inhibition
(43), which occurs on a time scale much longer than that of
the present study. For example, Mayeret al. have recently
studied the efficacy of quercetin and rutin as antioxidants to
protect plasma against peroxidation over a period of hours.
They determined that quercetin, in conjunction with vitamin
E, inhibited oxidative damage to lipoproteins while rutin and
vitamin C protected other plasma proteins (44). Here, QH
has been used as model to elucidate the initial kinetics of
two additional mechanisms by which an antiatherogenic
effect of flavonoids may operate. All the repair reactions
involving HSA-bound QH and lipoproteins are summarized
by the scheme given in Figure 6. First, when bound to HSA,
their normal physiological state, flavonoids may partly
restituteRTocOH, making it available for enhanced protec-
tion of HDL3 and LDL particles against lipid peroxidation.
In this regard, it is worthy of note that the HSA-bound QH
concentrations used in this work are relevant to those that
may be normally found in human plasma for major QH
metabolites which retain significant antioxidant activity.
Second, our data suggest that bound flavonoids can repair
amino acid radicals of apolipoproteins, a most important
mechanism with respect to HDL3 where for physiological
reasons a majority of apoAI and apoAII radicals cannot be
repaired byRTocOH. Finally, these studies clearly demon-
strate that the pulse radiolysis technique, properly applied,

QH + •O2
- + H+ 98

k8 •Q + H2O2 (8)

RTocO• + •O2
- + H+ f RTocOH+ O2 (9)

FIGURE 6: Scheme illustrating the sequence of reactions beginning
with the oxidation of Trp and Tyr residues of apolipoproteins
followed by repair of the phenoxyl Tyr radical byR-tocopherol.
Subsequent partial repair of all the radical species by free and HSA-
bound quercetin is shown. For HDL3 in which R-tocopherol is
absent, apolipoprotein radicals can be repaired by free and HSA-
bound quercetin.
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provides an exemplary tool for characterizing the multiplicity
of electron transfer processes involved in lipoprotein oxida-
tion and mechanisms of repair in physiological systems.
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