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ABSTRACT. Selective oxidative damage to apolipoprotein B in LDL can be effected radiolyticatigray
radicals. Twenty-seven Trp residues constitute major primary sites of oxidation, but two-thirds of oxidized
Trps €Trp) that are formed are repaired by intramolecular electron transfer from Tyr residues with formation
of phenoxyl radicals (Tyr€). Analysis of*Trp and TyrO transient absorbance changes suggests that
other apolipoprotein B residues, probably Cys, are oxidized. LDL-bound quercetin can efficiently repair
this damage. Absorption studies show that a LDL particle has the capacity te-bihduercetin molecules
through interaction with apolipoprotein B. The repair occurs by intramolecular electron transfer characterized
by a rate constant of 2 10° s™1. In contrast, rutin, a related flavonoid which does not bind to LDL,
cannot repair oxidized apolipoprotein B. Urate is a hydrophilic plasma antioxidant which displays synergistic
antioxidant properties with flavonoids. Urate radicals producecBoy can also be repaired by LDL-
bound quercetin. This repair occurs with a reaction rate constant of 8@ M1 s~1. Comparison with
previous studies conducted with human serum albumin-bound quercetin suggests that quercetin analogues
tailored to be carried preferentially by lipoproteins might be more powerful plasma antioxidants than
natural quercetin carried by serum albumin.

Epidemiological studies have correlated a low incidence gers of*OH, O, peroxyl, and alkoxyl radicals4}. The
of cardiovascular diseases in Mediterranean cultures with oxy radical scavenging capacity and hydrophobicity of the
diets rich in fruits and vegetables and with consumption of most active derivatives such as the flavone quercetift (Q)
red wines (). This protection is believed to be related to have motivated numerous investigations of their ability to
the various antioxidants found in such diets. These include protect against lipid peroxidation (for a review, see 5gf
not only vitamins E and C but also carotenoids and In recent studies, we have shown that Q and rutin (R),
polyphenols, such as the flavonoids. Flavonoids, a group of incorporated in micelles or bound to human serum albumin,
naturally occurring benzg-pyrone derivatives, are found can repair the amino acid radicalgp and TyrO resulting
in almost every plant, and they have long been known to be from the one-electron oxidation of Trp and Tyr. It was
potent antioxidants? 3). The antioxidant activity of these  demonstrated that the efficiency of and rate constant for
polyphenolic compounds has been attributed to their hydro- repair of amino acid radicals by the electron transfer from
gen donating properties which make them efficient scaven- Q and R strongly depend on microenvironmental factors such
as electrostatic interaction, local pH, and the nature of the
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poprotein B100 (Apo-B) residues is thought to be a key

Filipe et al.

ultracentrifugation at 1050@0 The LDL fraction was taken

process of atherogenesis since it has been known for a longo be the 1.0241.050 density fraction1). This fraction,

time that modification of some of the positively charged Lys

free of apolipoprotein E, was protected by 0.5 mM EDTA

residues prevents their interaction with the finely regulated which was removed prior to experiments by dialysis for 24

Apo-B/E receptor responsible for native LDL endocytosis
(20). Such oxidized LDL is, in turn, recognized by the

h at 4°C agains 4 L of 10 mM phosphate buffer (pH 7)
containing 0.1 M KBr. Before pulse radiolysis, dialyzed LDL

unregulated scavenger receptor of macrophages, leading tsolutions were diluted to a concentration of 800 nM (0.4

oxidized LDL accumulation and foam cell formatioh0j.

Until the beginning of the past decade, it was usually
assumed that alterations of Apo-B in oxidized LDL were

mg/mL) with the same buffer.
Loading LDL Solutions with Fleonoids In the case of
Q, 1% (v/v) of a 10 mM solution of Q in ethanol was added

the consequence of lipid peroxidation. For example, the to the dialysis bag containing a stock LDL solution-e5
modification of Lys residues was shown to occur by reaction mg/mL Apo-B. The LDL solution loaded with Q was

of their e-amino groups with end products of LDL lipid
peroxidation 8). However, in addition to its 356 Lys

immediately transferred to the dialysis buffer at°@.
Because of the very low solubility of Q in the buffer, a small

residues, Apo-B contains 9 free Cys, 37 Trp, and 151 Tyr portion was immediately adsorbed on the dialysis bag. After
residues, and it was subsequently demonstrated that residue@vernight dialysis again L of buffer, the dialysis buffer

other than Lys can be oxidized without requiring LDL lipid

was changed and dialysis resumed for an additional 12 h.

peroxidation. The Cys residues and the two aromatic amino Subsequently, an LDL stock solution loaded with Q was
acids are known to be the most oxidizable residues in otherdiluted to a concentration of 800 nM, an economically

proteins (1), and are readily modified by various sources
of oxidative and photooxidative stres42(-14). Most
importantly, it was shown that oxidation of Trp residues of
native LDL, induced by C# or by irradiation with UVB
light, may initiate lipid peroxidation 13, 14). It may be
anticipated, therefore, that providing antioxidant protection

acceptable concentration of 0.4 mg/mL Apo-B, and was
ready for pulse radiolysis as well as for absorption spectro-
photometry carried out with a UVIKON 943 spectropho-
tometer.

In the case of R, two procedures were used. The first one
was identical to that used for Q. However, the solubility of

to the most oxidizable residues of Apo-B should at least R in buffer was high enough to allow complete removal of

partly inhibit LDL lipid oxidation and its subsequent biologi-

R from the LDL solution during dialysis. In the second

cal consequences. Given the peculiar role attributed to procedure, no dialysis was carried out. Instead, a suspension

flavonoid-type antioxidants in the control of atherogenesis,

of 200uM R prepared in the dialysis buffer was sonicated

we have undertaken a pulse radiolysis study of the mecha-for 2 min. Then, 5% (v/v) of this solution was added to the

nisms through which aromatic amino acid radicals of Apo-B

800 nM LDL solution prepared for pulse radiolysis experi-

may be formed and subsequently repaired by the flavonoidsments.

Q and R. TheTrp and TyrO and to a lesser extent cysteinyl

Pulse RadiolysisPulse radiolysis measurements were

(RS) radicals have been generated in deaerated solutions otaken with the Notre Dame Radiation Laboratory 8 MeV

native LDL by one-electron oxidation, using the selective
reactivity of *Br,~ radicals.

One LDL particle can tightly bind~10 hydrophobic Q

linear accelerator, which provides 5 ns pulses of up to 30
Gy. The principles of the detection system have been
previously describedl(, 18). It allows one to monitor

molecules. On the other hand, no binding is observed with transient kinetics with a single shot on multiple time scales

the more hydrophilic R molecules. It is shown that repair of
long-lived amino acid radicals occurs only by electron
transfer from Q, with the corresponding formation of thre Q
radical. In view of previous studies on the inhibition of LDL
lipid peroxidation by flavonoids, it can be suggested that
flavonoids with structural characteristics favoring binding
to plasma LDL could be very effective antioxidants against
oxidative modification of all LDL constituents. LDL-bound
Q can also repainUH™ radicals produced in LDL solutions
in the presence of a large excess of urate {UHan
important antioxidant that can repairp and TyrO with

the corresponding formation of thelH™ radical (L5).

EXPERIMENTAL PROCEDURES

Chemicals All chemicals were analytical grade and were

used as received from the suppliers. Quercetin, rutin, Trp,

and uric acid were purchased from Sigma (St. Louis, MO).

from O to 8 ms after the pulse. To avoid photolysis of LDL
solutions, a Corning O-51 optical filter, which removes all
wavelengths shorter than 350 nm, was placed in the analyzing
light beam before the sample cell, whenever possible. Radical
concentrations calculated from transient absorption data are
referenced toq(SCN),~ dosimetry. The extinction coefficient

for *(SCN)," is taken to be 7588 60 Mt cm™tat 472 nm,

and theG value for*OH in an NO-saturated solution has
been measured to be 6.#30.09 (19). The G value is the
number of radicals generated per 100 eV of absorbed energy,
and such numbers may be recast as radical concentrations
per unit of radiation (e.g., & value of 6.1 corresponds to a
concentration of 0.63M/Gy or 0.63uM J* kg).

To conserve costly LDL preparations, a microcell (optical
path of 1 cm, volume of 12@L) fed by 2 mm internal
diameter Teflon tubing was used to record kinetics and
transient spectra. Doses ef15—20 Gy per pulse were
delivered to limit the number of shots required for adequate

The 10 mM phosphate buffer (pH 7) was prepared in pure averaging. To avoid LDL denaturation, small volumes (25
water obtained with a reverse osmosis/deionization systemmL) of the LDL solution were gently bubbled with pure®,
from Serv-A-Pure Co. Solutions were saturated with pure just prior to pulse radiolysis experiments. Where necessary

N2O.
Preparation of LDL Lipoproteins from serum of fasting

for calculation, differences in radicé values, arising from
the dependence of spur scavenging on Boncentration,

healthy human volunteers were prepared by sequentialare taken into account2(). Numerical integrations for
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analyses of rate data were carried out using Scientist software

from Micromath Scientific Software.

RESULTS AND DISCUSSION

One-Electron Oxidation of Apo-B byBr,~. The one-
electron oxidation of Apo-B residues was carried out
according to the following reaction sequence

H,0 ~ €, H', "OH, H,0,
€q T N;O—"OH+ N, + OH" Q)
‘OH+ 2Br —'Br, + OH" (2)
"Br,” + Apo-B + H,0 — ‘Apo-B + 2Br~ + H,0" (3)
‘Br, + ‘Br, — products 4)

In pulse radiolysis of BO-saturated solutionsBr,™ is
produced with a yield @) of 6.2. Because of its redox
potential,*Br,~ reacts selectively with certain amino acids
(21). At neutral pH, it oxidizes free Trp according to the
reaction

Trp+Br, +H,0—"Trp+2Br +H,0" (5)
with a rate constarks of 8.0 x 10 M~ s (data not shown).

The Apo-B of human LDL (molecular mass of 513 000
Da) contains 4560 amino acids of which 37 Trp, 9 free Cys
(12), 151 Tyr, 114 His, and 78 Met residueX?) are potential
targets of theBr,~ oxidation. However, at pH 7, the inherent
reactivity of Trp is 4 times that of Cys, 50 times that of Tyr,
and ~2 orders of magnitude greater than that of His and
Met (21). The transient absorption spectra of proteins in the
near-UV and visible regions after oxidation witBr,~ at
pH 7 are due to the TyrCand deprotonatedirp radicals
(21, 23, 24). These radicals in proteins have transient
absorptions in the visible region with maxima at 410 ram (
~ 2700 Mt cm™1) and 520 nm{ ~ 1750 Mt cm™?) for
TyrO* and *Trp, respectively Z3). There is a negligible
contribution of the TyrOradical absorption at 520 nm. The
*Trp radical contribution at 410 nm only amounts to 280'M
cmt (23).

When*Br,~ reacts with 30uM Trp in the free form in
buffer, i.e., a concentration equal to that of the 37 Trp
residues in the LDL solutionTrp radicals characterized by
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Ficure 1: Transient absorbance changes at 520 and 410 nm. (a)
Growth and decay of the transient absorption at 520 nm obtained
after pulse radiolysis of anJ®-saturated 10 mM buffered solution

(pH 7) containing 100 mM KBr and 800 nM LDL. The temperature
was 18°C. The dose was 8.0 Gy. (b) Same solutions and dose
conditions as in panel a but transient absorbance decay was observed
at 410 nm. The solid lines show the fit of transient absorbance
changes computed from rate equations 7, 9, and1#i(see the
text).

Table 1: Radiolytic Yields ofTrp and TyrO Radicals after the
Reaction of'Br,~ with LDL?

G(*Trp) G(TyrOr)
conditions initial final initial final
native LDL 15 0.5 ~0 1.0
Trp alone b ne

a Experiments were carried out at 28 in 10 mM N,O-saturated
phosphate buffer (pH 7) with 100 mM Br[LDL] = 800 nM, and
[Trp] = 30 uM. The radiolytic dose was 8.0 GY.The G(*Trp) in the
solution containing Trp alone was measured at the maximal transient
absorbance of thdrp radicals at 520 nm (see the teXtNonapplicable.

transient absorbance change immediately after the radiolytic
pulse. Figure la demonstrates that the 520 nm transient
absorbance ofTrp radicals in LDL decays by complex
kinetics in contrast to the behavior of these radicals in the
free form (see above). The maximum transient absorbance
of “Trp radicals is reached after100us. Then, a decay of

a first-order nature with a rate constant-eb x 10° s tis
observed before a stable population*dfp radicals corre-
sponding to aG(*Trp) of 0.5 remains after~800 us (see
Table 1). This kinetic behavior is independent of radiolytic
dose and LDL concentration (data not shown). This is
consistent with the occurrence of emtramolecular reaction.

their maximum absorbance at 520 nm are produced with aOn the basis of results obtained with many other proteins

G(‘Trp) of 2. They decay via simple second-order recom- (23, 24), it can be suggested that the large number of Tyr
bination kinetics with a bimolecular reaction rate constant residues in LDL favors efficient electron transfer reactions

(2k) of 8.0 x 1 M1 s7L. It should be noted that@(*Trp)
much below the potential value of 6.2 is expected at low

Trp concentrations because of the important contribution of

the very fast decay oBr,~ (reaction 4) which under these
experimental conditions occurs with a rate constdatct
4.3 x 10° M1 st as measured from the decay of tBe,™

from an intact Tyr residue to drp radical:

Tyr +"Trp— TyrO’ + Trp (6)

Figure 1b shows the decay of the transient absorbance at
410 nm under the same dose conditions as in Figure l1a. At

transient absorbance at 360 nm (data not shown; see alsdhis wavelength, the main component of the large transient

Figure 3b).

absorbance observed immediately after the pulse is undoubt-

The time evolution of the 520 nm transient absorbance edly due to*Br,~ whose molar absorptivity at 410 nm is

obtained byBr,~ oxidation of 800 nM native LDL is shown

4900 Mt cm. Thus, the transient absorbance at 410 nm

in Figure la. It must be noted that at this wavelength, besideswithin the first ~600 us is theoretically a combination of

“Trp, *Bra™ (¢ ~ 280 M™* cm™?) also contributes to the

the *Br,~ decay and growth of the TyrQadical produced



11060 Biochemistry, Vol. 41, No. 36, 2002

by the electron transfer to thérp radicals from Tyr residues
and the direct reaction of Tyr residues of Apo-B wit,~.
After this time, the remaining 410 nm transient absorption
can be unequivocally attributed to the Tyn@dicals. Under

Filipe et al.

reaction with intact Tyr residues with rate constaktsand
ke'. Hence, rate equations 8 and 10 become

d['Trpgl/dt = ad¢ks[Apo-B]['Br, | — Ks[Trpgy] (12)

the same dose conditions as in FigureG@,yrO*) measured
1.6 ms after the pulse is 1. Thus, at that ting;Trp) +
G(TyrO") = 1.5.

The above phenomenological study of the transient
behavior and reaction sequence at 410 and 520 nm provides —— I —
the basis for the determination of the kinetic parameters fully d[TyrO)/dt = fks[Apo-B]["Br, ] +
describing the oxidation of Apo-B b3Br,~. It should be Ke['Trpry + ke [Trpgy (14)
noted that any pertinent set of rate equations must be able
to simultaneously depict the time dependence changes of theSolving the simultaneous differential equations 7, 9, and 11
transient absorbances at 410 and 520 nm. The following 14 can be carried out knowing the initt&r,~ concentration
reactions are to be taken into account. from dosimetry, the molar absorbances'Bf,, *Trp, and

(i) The first is bimolecular decay oBr,~ via reaction 4. TyrOr at 520 and 410 nm (see above), ahg\2Zalues of 4.3

(i) The second is selective reaction*8f,~ with reactive x 10 M~1 s71 from experiments performed in the absence
residues of Apo-B, mainly Trp, Cys (RSH), and possibly of LDL (see above). The excellent fit of the transient
Tyr and His residues via reaction 3. Lipids and antioxidants absorbance at 520 nm (solid line in Figure 1a) and at 410
such as carotenoids, vitamin E, and retinoids whose nativenm (solid line in Figure 1b) demonstrates the validity of this
LDLs are natural carriers are deeply buried in the lipidic kinetic model. The calculation indicates negligible reactivity
core and are thus inaccessible to reaction w&h~. This of *Br,™ with Tyr residues/f§ ~ 0), maximum reactivity with
contention is supported by the lack of bleaching of the strong *Trp radicals ¢ = 0.55), and moderate reactivity & 0.45)
characteristic carotenoid absorbance at 450 nm duing with other Apo-B targets, most probably free Cys residues,
oxidation (data not shown). The polyunsaturated glycero- since the latter are fairly reactive wittBr,~ (21). The
phospholipids located in a monolayer at the surface of the oxidation of the numerous His residues By, is less likely
LDL could be accessible teBr,~. However, it has been as discussed earlier in this section. The apparent reaction
shown that polyunsaturated fatty acids such as linolenic acidrate constant for the reaction @r,~ with Apo-B (ks) has

d[Trpgl/dt = ad(1 — ¢)ks[Apo-B][*Br, | — Ke.["Trprs]
(13)

react sluggishly withBr,~ with a rate constant o4 x 10°
M~1s1(25).

(iii) The third is a monomolecular electron transfer reaction
from intact Tyr to part of theTrp radicals.

Bimolecular reactions such as Apo4BApo-B — products
can be neglected sinc&rp and TyrO are fairly stable on
the time scale of Figure 1.

These complex kinetics can be explained by the following
set of simultaneous rate equations:

d['Br, J/dt= —2k4['Br2_]2 — ks[Apo-B]['Br, ] (7)

d["Trpgl/dt = adks[Apo-B]['Br, ] — ki['Trpg] (8)

d['Trpygl/dt = a(1 — d)k;[Apo-B][Br, ] C)]

d[TyrO’)/dt = Sks[Apo-B]['Br, 1+ kg["Trps] (10)

d[X"]/dt = yk;[Apo-B]['Br, ] (11)
whereaq, 3, andy are the proportions 0Br,~ reacting with
Trp, Tyr, and other residues X of Apo-B, respectively, not
absorbing light at 410 and 520 nm. ¢ g + v = 1) and
where*Trpgr (proportion,d) and*Trpnr (proportion, 1— 6)
are the reparable and nonreparalg radicals, respectively.

been determined to be 14 10'°° M~! sL. This apparent
rate constant takes into account all possible targets and their
electrostatic environment in a single molecule of Apo-B.
Hence, it is much higher than that of Trp in the free form
(see above).

The proportion ofTrp radicals susceptible to repair by
intact Tyr is 66% §), of which 70% are repaired with a rate
constantks of 1.5 x 10* s, whereas the remaining 30%
are repaired with a rate constdat of 5.0 x 10° s'1. The
nonreparable fraction offrp radicals represents 18%(fL
— 0)] of the overall Apo-B damage leading to the final
G(*Trp) of 0.5 given in Table 1. As a result, the init@(*Trp)
is ~1.5 since the initialG(*Trp) = G(*Trpnr) + G(*Trpr).
Furthermore, fromy = 0.45, it can be estimated th@{Apo-

B) is 1.2, leading to an overalG value for the Apo-B
oxidation of 2.7. The overall value @ remains constant
from the initial reaction withBr,~, though electron transfer
changes the relative contributions @fTyrO*) andG(*Trp)

to that value wheres(*Trpr) = G(TyrO*) (see Table 1).
Moreover, the comparison of th&(*Trp) of 1.5 obtained
with native Apo-B to the5(*Trp) of 2 measured with Trp in
the free form suggests that in native LDL, only 27 Trp
residues of Apo-B are accessible'By,~ attack. Two-thirds

of these oxidized residues can be repaired by intramolecular
electron transfer from Tyr residues. This apparent oxidiz-
ability of only 8 or 9 of the 37 Trp residues of Apo-B by

Furthermore, the calculation suggests that two populations*Br;~ is reminiscent of the work of Giessauf et al. showing

of reparable*Trp radicals are formed. The existence of
concurrent reactions for the electron transfer from Tyr to

that the same number of Trp residues of Apo-B were
oxidized at the initial stage of the €uinduced LDL

*Trp radicals is well-documented in proteins with numerous oxidation @6). It may be thought that a similar repair of

Tyr and Trp residues (see several examples i24fThese
two independent populations of reparafilep radicals; Trpr;
and *Trpg in proportions such asTrpri] = ¢[*Trpg] and
[Trpra = (1 — ¢)['Trpr], can react byintramolecular

oxidized Trp by intact Tyr residues may also occur in this
system.

Repair of Oxidatie Damage by Quercetin and Rutin:
Interaction of Quercetin and Rutin with LDQuercetin and
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Wavelength (nm) Ficure 3: Repair of Apo-B radicals by quercetin. (a, right ordinate)
Ton B — : on Growth of the transient absorption at 620 nm obtained after pulse
B radiolysis of an NO-saturated 10 mM buffered solution (pH 7)
006 | {000 containing 100 mM KBr and 800 nM LDL loaded with/8M Q.
0.3 = The solid line is a fit of the growth assuming a first-order process
o 006 3. for the repair (see the text). The temperature wasC.8The dose
2 E b was 19.8 Gy. Note an initial absorbance~e0.0035 due toBr,~
g o o 1 (e = 260 M1 cm™! at 620 nm). (b, left ordinate) Decay of the
. B o ‘ \ ) o | transient absorption oBr;~ at 620 nm in an BO-saturated 10
2 W a0 w0 s s mM buffered solution (pH 7) containing 100 mM KBr. The
< Yavelength (nm) temperature was 18C. The dose was 19.4 Gy.
0.1 |- ] .
spectrum of Q bound to LDL has a maximum at 375 nm
corresponding to that obtained in ethanol [Figure 2A(b)] or
0.0 | ! ! ! in buffer 27), but the appearance of a shoulder in the Q

300 350 400 450 500 550 600 spectrum at 390 nm, found only in the presence of an LDL
solution, also suggests some interaction with hydrophobic
regions of Apo-B. This contention is supported by the
FiGurRe 2: Absorption spectra of quercetin and rutin. (A) Absorption  gpservation that the absorption spectrum of Q in HSA, where

spectra of Q measured at 18 in 1 cm light path quartz cells. (a) : . . .
Buffer (10 mM, pH 7) containing 100 mM KBr and 800 nM LDL Q is bound to domain Il AZ8), is shifted to the red as

after extensive dialysis. The arrow indicates a shoulder. (b) Ethanol COmpared to the absorption spectrum of Q in bufff) (If
with 40uM Q. (B) Absorption spectra of 10M R in 10 mM buffer it is assumed that the molar absorptivities of Q in ethanol
(pH 7) containing 100 mM KBr and 800 nM LDL measured at 18 and LDL are similar, it can be estimated from Figure 2A

°C in 1 cm light path quartz cells. The inset show) (the ; ; ;

absorption spectrum of 1M R in buffer and #) the absorption that an LDL particle has the capacity to incorporate 10
spectrum of 1QuM R in buffer in the presence of 800 nM LDL molecules of Q. ) )

after subtraction of the absorption spectrum of the 800 nM LDL ~ The optical absorption spectrum of R in the 800 nM LDL
solution. solution is presented in Figure 2B and does not exhibit any

spectral modification when compared to that recorded in 10
rutin can be expected to interact with proteins because theymM phosphate buffer (pH 7). The inset in Figure 2B
contain hydrophobic aromatic rings and hydroxyl groups demonstrates that, after subtraction of the LDL absorption,
capable of hydrogen bonding with amino acid residues. For the absorption spectrum of R in LDL solution is readily
example, Q and its metabolites can bind to human serumsuperimposed on that obtained in the absence of LDL.
albumin (HSA) @7), and the constant for the binding of Q  Furthermore, no evidence of R in the LDL solution was
to HSA is 2.5 x 1 (28). The interaction of aromatic  found after overnight dialysis of a 800 nM LDL solution
molecules with LDL may occur through two distinct loaded with 1Q:M R. On the basis of these two observations,
pathways. The first is simple binding of aromatic molecules we may conclude that the interaction of R with LDL
to Apo-B, governed by the law of mass action in the same particles, if any, must be rather weak.
manner as with HSA. In addition, hydrophobic or am- Repair of Oxidatve Damage by Quercetin and Rutin:
phiphilic molecules can be solubilized in the lipidic core of Kinetics of Repair of Oxidate Damage to Apo-B by
the micelle-like LDL particle where they are tightly en- Flavonoids The repair of Apo-B damage by LDL-bound Q
trapped. In this way, LDL particles constitute natural carriers is illustrated in Figure 3a. This figure shows the growth of
of vitamin E and carotenoids. Furthermore, we have previ- the Q radical measured at 620 nm after pulse radiolysis of
ously demonstrated that one LDL particle can incorporate an LDL solution loaded with &M Q. The Q transient
more than 50 protoporphyrin or Photofrin Il molecules that absorption was measured at 620 nm because it corresponds
cannot be removed by extensive dialys29,(30). In view to the wavelength of the isosbestic point between the Q
of such behavior, it is necessary to know the nature of the spectrum and that resulting from the subsequent transforma-
interactions of Q and R with the LDL particle to best tion of Q@ radicals. The transient absorbances measured at
understand the mechanisms involved in the repair of oxida- this wavelength are, therefore, independent of the identity
tive damage to Apo-B. Figure 2A(a) demonstrates that LDL of the Q species absorbing at this wavelen@)hlf an LDL
particles retain Q after extensive dialysis. The absorption solution, the formation of Qradicals exhibits complex

Wavelength (nm)
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kinetics which continue throughout a time scale of several g[Apo-B,J)/dt = kAQII'Br, ] + kd"Apo-B.Q] (21)
milliseconds. These processes occur long after the decay of

*Br,~ which, in the absence of LDL, is completed afte#00 _ T . ~

us under similar dose conditions (Figure 3b). d[Qdt = —kyAQI['Brz ]~ ku APO-B,Q]  (22)
We have previously demonstrated that in micellar phases

or in HSA-containing solutions, Qs formed by electron

transfer from Q to'Trp and TyrO radicals 6). Similarly,

the formation of Qin Figure 3a can be explained at least

partly by the repair of Trp or TyrO radicals of Apo-B by

LDL-bound Q according tantramolecular reactions such

as

where [Q] is the concentration of bound Q. At 620 nm, the
molar extinction coefficients ofBr,” and Q are 260 and
3200 M cm?, respectively. Using akZ value of 4.3x

1P M~ ts1 aksvalue of 1.1x 101° M~ s (see above),
and the initial {Br, "] from dosimetry, an excellent fit of the
620 nm growth is obtained (Figure 3b) which validates this
overall kinetic model for the oxidation of Apo-B by8r,~

and repair by Q. It yields the followingk;; = 2.2 x 10°
M~tstandkis = 2.0 x 10° s'% A rough estimate ok;s
However, the radiolytic yield that can be calculated from can be also obtained from the growth of the t@n3|en_t .
Figure 3a 4 ms after the radiolytic pulse is 3.5, more than absorbance at 620 nm, measured 0.5 ms after the r_at_jlolytlc
double that ofG(TyrO") + G(*Trp). Consequently, Qmust pulse when all other process_?s have becgme neg_hglbl_e. A
also be produced by other reactions. First, in addition to rate constant of-1.1 x 10° s™* can be estimated, in fair
TyrO* and*Trp radicals, other Apo-B residues such as the 29reement with the value found above.

nine free Cys residues can be oxidized*By, . At pH 7, Itis interesting to compare the repair of Apo-B by bound
the redox potential of the RSI"/RSH couple is ca. 1 V. It ~ Q to that obtained with unbound R. For this purpose, 10
is close to that of theTrp,H"/Trp couple and above that of #M R was added to the LDL solution instead ofu81 Q.

the TyrO,H*/Tyr couple 6, 31). As a consequence, it can Comparison of trace b in Figure 3 and trace a in Figure 4
be anticipated that oxidized residues other than Tyr and Trp démonstrates that the small yield offadical [G(R) = 0.1]

can also be repaired by Q because of the lower reO|0Xwas.due to its direct one-electron oxidation*By, . Previous _
potential of the @Q couple 82, 33). Both Q and R have  Studies have demonstrated that HSA-bound R could repair

TyrO’ (or ‘Trp) + Q—Tyr (or Trp) + Q" (15)

been shown to react fairly rapidly witBr,~ in micelles 6) TyrO* and “Trp radicals produced b3Br;~ with the same
or in water at pH 7 §2) with rate constants of 1 x 10° efficiency as Q ). Hence, it can be concluded that the very
M~1sL Here, the direct one-electron oxidation of Q"By,~ effective repair (close to 100%) of oxidative damage to
is likely to occur on a time scale on the order of 20€) Apo-B by Q results from its binding to LDL.
corresponding roughly to the overall consumptionirg, ™. Repair of Urate Radicals by LDL-Bound Quercetiric

The complex kinetics of Qyrowth at 620 nm have been acid is an important antioxidant of plasma where it is found
analyzed taking into account the fact thBt,™ disappears in its monoanionic form, Uk, at a concentration of 400
by bimolecular reaction (reaction 4) or by reacting either uM (32). Because of its good electron donor properties, it
with residues of Apo-B (reaction 16) or with Q molecules repairs oxidative damage to molecules of biological interest,
entrapped in the LDL (reaction 17). It is assumed that all including amino acids. As a consequence, urate may act as
Apo-B residues oxidized byBr,~ (*Apo-B,Q) undergo the  an effective antioxidant to repair oxidative damage to Trp
electron transfer from Q (reaction 18). and Tyr residues in circulating proteins such as H3A (

Such repair occurs with formation of tHgH ™~ radicals which
"Br,” + Apo-B,Q— ‘Apo-B,Q+ 2Br~ (16) absorb in the near-UV regiod%). Furthermore, an antioxi-
dant synergy arises from the contribution of urate activity
that may contribute to the beneficial effects attributed to
flavonoids @4).

. We have recently shown that thgH™ radical could be
Apo-B,Q— Apo-B,Q (18) repaired by Q which is carried by HSA in blood and thus

B , ) protected from degradation. However, the efficiency of the
The rate constark for the ‘Br,™ reaction with the Apo-B  gjactron transfer from HSA-bound Q t9H- is low due to

here will be essentially determined by the protein targets and o rejative inaccessibility sUH - radicals to domain I A
thus will be the same as with Apo-B in reaction 3. Itis further ¢ isA where Q is boundd. It is of interest to determine
assumed that the electron transfer leading tdogmation —\ypether theUH- radical can also be repaired by LDL-bound
(reaction 18) occurs by antramolecular pathway with the Q and, if so, to what extent. To this end, 1001 urate was
same rate constais for all oxidized Apo-B residues. added to the Q-loaded LDL prior to pulse radiolysis. Under

. Ill-ler!ce, the above ckc‘).nilderkatlpns allow one Itlo write the {hese conditions, the main radical species formed by pulse
ollowing equations which take into account all reactions 4 js|ysis areUH- radicals since urate reacts wisr,~ with

‘Br, + Apo-B,Q— Apo-B,Q + 2Br- a7)

leading to the formation of Qradical in this system. a rate constant of 8.8 10 M~1s1 (15). The*UH radicals
o o are then repaired by electron transfer from Q solubilized in
d['Br, Jdt= —2Kk,['Br, ] — LDL, again leading to formation of QVia comparison of

ks[Apo-B,QI['Br, ] — k,[QI['Br, ] (19) Figure 3a and Figurg 4b, it can be seen that the electron
transfer from Q toUH™ occurs on a time scale much slower

. . S . than that of the repair of Apo-B damage. In the case of urate,
d['Apo-B,Ql/dt = ky[Apo-B,Q]['Br, ] — kyg[*Apo-B,Q] electron transfer involves bimolecular processes since urate

(20) radicals formed at a concentration-o.0 «M in the buffer
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by various chemical or physical agents triggers LDL lipid
peroxidation {2—14). It follows that, in addition to the well-
established direct inhibition of lipid peroxidation, this
protection against oxidative damage to Apo-B must contrib-
ute to the very potent antioxidant deterrent of Q to LDL
oxidative modification. LDL-bound Q can also repair the
radical of urate, an antioxidant which acts synergistically with
Q to inhibit the Cd*-induced lipid peroxidation in plasma
(35). In both cases, electron transfer from Q to the acceptor
radical is observed. Interestingly, LDL-bound Q is a much

: : : : ! ; ! more effective antioxidant toward amino acid radicals and
0.000 A S S NN S N 0.000 urate than Q bound to HSA, its natural carrier in blo6y (

0 0.002 0.004 0.006 0.008 As a consequence, it may be suggested that analogues of Q
Time (s) with better partitioning in blood in favor of lipoproteins

FIGURE 4: Repair of urate radicals by quercetin. (a, left ordinate) combined with better mucosal absorption might afford

Growth and decay of the transient absorption at 620 nm obtained enhanced protection against plasma lipid peroxidation and
after pulse radiolysis of anJ®-saturated 10 mM buffered solution  their physiological consequences.

(pH 7) containing 100 mM KBr and 800 nM LDL loaded with 10 ; ; : ;
uM R. The temperature was 1. The dose was 19.8 Gy. (b, While these studies were carried out in deaerated systems,

right ordinate) Growth of the transient absorption at 620 nm Preliminary studies with the long-lived component*dfp
obtained after pulse radiolysis of an®tsaturated 10 mM buffered  in LDL indicate that these oxidized residues can also react

solution (pH 7) containing 100 mM KBr, 100M urate, and 800  with Oy~ with a bimolecular rate constant 6f10° M1 5!

nM '—r'ﬁh'o?xgdc‘(’)";;h gﬁt'}f/é?-sgggnzogf d'ér;e irsoggistscgsth(ge%ﬂ‘r’]"éhtext)(data not shown), a value consistent with that found in

'?’izutemgerature wag 2€. Note the initial abpsorbance dueBr;, . Iysozy_me 66)' As Q may als_o react with £ (33) as Wel.l .
as amino acid radicals, the interplay of all these species in

must encounter a Q-loaded LDL before being repaired. On aerated systems will determine the antioxidant capacity of

the time scale that is involved, the bimolecular decayJbf~ Q and related flavonoids toward the protein component of

radicals (X3 = 3.4 x 10° M1 s71) (15) competes with the  LDL.

repair reactionks). As a consequence, the rate equations
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