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ABSTRACT: It has been recently shown that the inhibition of apolipoprotein A-I (apoAl) reverse cholesterol
transport activity during oxidation of HDL by myeloperoxidase may involve myeloperoxidase electron
transfer pathways other than those leading to tyrosine chlorination. To better understand how such
mechanisms might be initiated, the role of semioxidized Tyr and Trp residues in loss of apoAl and
apolipoprotein A-1l (apoAll) integrity has been assessed using selective Trp and Tyr one-electron oxidation
by *Br,~ radical-anions in HDE as well as in unbound apoAl and apoAll. Behavior of these radicals in
apolipoprotein B of LDL has also been assessed. Formation of semioxidized Tyr igislRillowed by

partial repair during several milliseconds via reaction with endogerwtscopherol to form the
o-tocopheroxyl radical. Subsequently, 2% @ftocopheroxyl radical is repaired by HBRIcarotenoids.

With LDL, a faster repair of semioxidized Tyr by-tocopherol is observed, but carotenoid repair of
o-tocopheroxyl radical is not. Only a small fraction of HPharticles containe-tocopherol and carotenoids,
which explains limited repair of semioxidized Tyr laytocopherol. All LDL particles normally contain
multiple o-tocopherol and carotenoid molecules, and the lack of repaa-tifcopheroxyl radical by
carotenoids probably results from hindered mobility of carotenoids in the lipid core. Western blots of
y-irradiated HDL; comparable to those reported for apoAl myeloperoxidase oxidation show that the
incomplete repair of semioxidized Tyr and Trp induces apoAl and apoAll permanent damage including
formation of a heterodimer of one apoAl with a monomeric apoAll at about 36 kDa.

HDL exhibits antiatherosclerotic effects through its par- tion, oxidized HDLs loses its ability to promote cholesterol
ticipation in reverse cholesterol transport by taking up free efflux from such foam cells. There are several physiological
cholesterol from peripheral tissues for delivery to liver and pathways by which oxygen radicals may be generated to
steroidogenic organsl) and by inhibiting LDL oxidation initiate these degenerative processes. For example, the
(2). It is believed that HDE and LDL oxidationin zivo NADH oxidase of phagocytes produc€®~ radical-anions
occurs within lesions of the arterial wall, leading to formation and HO,. These reactive oxygen species can subsequently
of macrophage foam cells and, consequently, expression ofreact, via Fenton-like reactions, with redox metal ions present
atherosclerosis3j. Among the consequences of such oxida- in the locally inflamed area to produce the strongly oxidizing
*OH radical. Such species are also produced by peroxidases
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apoAl observed upon oxidation by MPO. Among them,
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buffer was prepared in pure water obtained with a reverse

chlorination or nitration products of Tyr residues are found osmosis/deionization system from Serv-A-Pure Co. The
in human atherosclerotic lesions, and their systemic levelswater exhibits a resistivity of-18 MQ cm™ and a total

are considered as predictors of atherosclerotic 5§k (

Besides chlorination or nitration of Tyr residues, however,

organic content o010 ppb.
Preparation of HDIz and LDL Lipoproteins from pooled

most recent studies point to the possibility that other plasma of fasting healthy normolipidemic human volunteers

important reactions may participate in oxidation of HDL
For example, the phenoxyl tyrosyl radical (Ty)Ois
produced either by one-electron oxidation of Tyr oroH
addition to its phenoxyl ring protein, and cross-linking

were prepared in the presence of 0.5 mM EDTA by
sequential ultracentrifugation at 105@QMDL3; was taken
as the 1.1251.210 density fraction whereas LDL was
isolated in the 1.0241.060 density fractionl2). The LDL

through bityrosy! bridges formed by intermolecular recom- and HDL fractions were free of apolipoprotein E. For all

bination of TyrO has been described)( Moreover, Peng

pulse radiolysis experiments, EDTA was removed by two

et al. very recently suggested that formation of chlorolysine cycles of dialyses agaih | of 10 mM, pH 7,phosphate
and/or mono- and dihydroxytryptophan from the four Trp buffer described above but with addition of 0.1 M KBr at 4
residues of apoAl may be responsible for the MPO-induced °C beginning 24 h prior to the experiments. The absence of
loss of apoAl structure and activit). In this regard, the  oxidation during the dialysis of LDL has been discussed
formation of Trp hydroxylation products may be expected in one of our earlier reportslg). There is no reason to
to result from radical activity. Indeed, earlier radiation believe that this behavior would be different in HDL. Unless
chemistry studies 0fOH radical reaction with aqueous Trp otherwise stated, dialyzed lipoprotein solutions were di-
(9) demonstrated that both an adduct on the benzene ringluted to 12.54M and 1.6 uM for HDL3; and LDL,
and the neutrallrp radical (L0) are produced byOH attack respectively, just before pulse radiolysis. Hloncentration
on the indole ring, with yields of 40 and 60%, respectively. was estimated from its protein content on the basis of an
Hence, in addition to chlorination and nitration of Tyr average protein content of 2 apoAl and 1.5 apoAll per HDL
residues, it may be expected that formation of fhg and particle (L4), i.e.,~ 80 000 g of protein per mole of HRL
TyrOr radicals following"OH radical formation by Fenton-  Absorbance spectra of lipoprotein solutions were recorded
like reactions or by the specific apoAl-MPO interacti&) (  before and after pulse radiolysis experiments. Sets of
can contribute to the oxidative impairment of HPLThe measurements were made in July and again the following
goal of this study is to better understand how the lipoprotein March. Freshly isolated lipoproteins, native Hdnd LDL,
environment may influence interplay of these radicals as well were obtained using blood samples from the same donors
as dictate their reactions with other lipoprotein components. for each set, and similar data were obtained.
Within this context, the kinetic and spectral behavior of ~ Western BlotHDL3; samples were analyzed by electro-
*Trp and TyrO, generated byBr,~ oxidation (L1) of Trp phoresis on a 12% SD%olyacrylamide gel under reducing
and Tyr residues in the apoAl and apolipoprotein A-ll (8) and nonreducing conditions. The gels were either stained
(apoAll)t of HDL3, as well as in the apolipoprotein B (apdB)  for protein with 0.25% Coomassie Blue or transferred onto
of LDL, has been measured by pulse radiolysis on a time a nitrocellulose membrane. The membrane was blocked with
scale extending from tens of microseconds to tens of seconds5% fat free milk or bovine serum albumin in TBS (20 mM
To aid in interpretation of lipoprotein behavior, parallel Tris HCI, 150 mM NacCl) containing 0.01% Tween (TBS-
measurements have been carried out with isolated apoAl andTween) during 30 min at room temperature, for apoAl or
apoAll. The roles played by other physiological components apoAll respectively. After 3 washes with TBS-Tween, the
of the native particle, i.e., the antioxidants vitamin & (  membrane was incubated af@ overnight with goat anti-
tocopherolpTocOHY and carotenoids (Cathave also been  human apoAl (1:10000) or anti-human apoAll (1:1000)
examined. The sequence of reactions involved and the effectantibodies. The blot was then washed 3 times with TBS-
of oxygen on their kinetic parameters have been determinedTween. Detection of the antiboehapolipoprotein complexes
as well. It is observed that the hydrophobitocOH partially was performed using a rabbit anti-goat antibody linked to
repairs apoAl and apoAll damage by reduction of TyrO horseradish peroxidase (1:10000) incubated for 1 h. After 3
radicals. Partial repair af-tocopheroxyl ¢TocO)! radicals washes with TBS-Tween and one with TBS, apolipoproteins
by Car has been observed in Hphut not in LDL. The were visualized by enhanced chemiluminescence.
long-term consequences of the imperfect repair of radical Determination ofx-Tocopherol angB-Carotene Contents
damage to apoAl, e.g., fragmentation and polymerization, of HDL; and LDL. The simultaneous determination of
have been examined by Western blots from HBaAmples oTocOH andg-carotene was carried out by reverse phase
treated byy-irradiation under experimental conditions similar  HPLC using a method derived from several published reports
to those used in the time-resolved study. (15—17). Aliquots of 250uL of LDL (~2 mg of proteins)
or HDL; (~1.5 mg of proteins) were added to 1 mL of

EXPERIMENTAL PROCEDURES methanol, 25QL of distilled water, and 2%L of 1 mM

Materials All chemicals were analytical grade and were o-tocopherol acetate and then vigorously shaken for 30 s.
used as received from the suppliers. Delipidated and purified After addition of hexane (2 mL), the solution was vortex-
apoAl and apoAll were purchased from Biodesign Interna- mixed for 1 min and then centrifuged during 10 min at 4500
tional (Saco, ME). Goat anti-human apoAl and apoAll rpm. After centrifugation, 1.5 mL of the supernatant was
antibodies were purchased from Acris Antibodies (Hidden- evaporated to dryness under nitrogen. Before HPLC mea-
hausen, Germany), and the rabbit anti-goat horseradishsurement, the dry extract was dissolved in 2B0of an
peroxidase conjugate was purchased from Santa Cruz Bio-ethanol/dichloroethane mixture (4:1, v/v). Reverse phase
technology (Santa Cruz, CA). The 10 mM, pH 7, phosphate HPLC was carried out with a Bondapak C18/Corasil pre-
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column (30-50 um, 2.3 cmx 0.39 cm) and arBondapak Under such conditions, more than 99% °*6@H radicals
(210um, 15 cmx 0.39 cm) provided by Waters. A gradient generated radiolytically are scavenged by excess tBr
of two mobile phases (20 min, flow rate: 1 mL/min) was produceBr,~ (11). The presence of EDTA during and after
used for elution. Phase A was a mixture of water/acetonitrile/ the irradiation prevented the initiation of radical chain
methanol (30:50:20, v/v/v) and pleasB a mixture of peroxidation of lipid by redox metal ion contamination. Glass
acetonitrile/methanol/ethanol/dichloroethane (10:10:50:30, vials containing 1 mL of HDL solution were gently bubbled
v/viviv). Absorbances were monitored at 292 ra<(4070 through septa with air or pure., and werey-irradiated
M~1cm™1) and at 452 nme(= 137 400 Mt cm™?) to detect with 0, 5, 10, or 20 Gy at a dose rate of 3.95 Gy/min.
aTocOH andf-carotene, respectively. Irradiated samples were immediately frozen-&0 °C and

Pulse RadiolysisThe pulse radiolysis system used for kept at this temperature until Western blotting and fluores-
kinetic measurements on time scales uptat3ns has been  cence measurements could be carried out.
previously describedl®, 19). For longer time scales (up to Fluorometric Determination of Intact Trp and Bityrosine
1 min) the conventional detection system is replaced by an Formation in HDLs. The determination of intact Trp in HBL
OLIS double-beam rapid scan spectrophotometer which fractions was performed on denatured HDas earlier
facilitates simultaneous kinetic and spectral measurementsdescribed 22). Fifty microliters of they-irradiated HDls
In all experiments, a Corning O-52 optical filter, which solution were diluted with 95@L of 1% N-cetyl-N,N,N-
removes all wavelengths shorter than 330 nm, was placedtrimethyl-ammonium bromide in 50 mM, pH 7, phosphate
in the analyzing light beam preceding the sample cell to avoid buffer. The Trp fluorescence was excited with 284 nm
apolipoprotein andxTocOH photo-oxidation40). Radical light which is specifically absorbed by Trp residues and was
concentrations, calculated from transient absorption data, arerecorded in the 306450 nm range or was directly measured
referenced to(SCN),~ dosimetry 21). Radiolytic yield is at 340+ 3 nm corresponding to the emission maximum of
generally expressed by it6 value, i.e., the number of Trp under these conditions. Bityrosine fluorescence was
radicals generated per 100 eV of absorbed energy. Howeveryecorded with the same solution as that used for Trp
such yields, normally expressed in units of grays, may be determination, but the emission was scanned from 350 to
recast as radical concentrations per unit radiation dose (e.g.500 nm under excitation at 32& 5 nm. To enhance
a G value of 6.13 corresponds to a concentration of 0.63 fluorescence yield, the emission was also measured with 1%
uM kg/J or 0.63uM/Gy). As a convenience for the general N-cetyl-N,N,N-trimethyl-ammonium bromide in 50 mM, pH
readerG values are expressed hereafter in unitadfGy. 9, borate buffer ).

Solutions for pulse radiolysis were prepared in 10 mM,
pH 7, phosphate buffer and saturated with pus®Mr O, RESULTS
as desired. All solutions contained 0.1 MBa concentration One-Electron Oxidation of HD{and LDL Apolipoproteins
sufficient to ensure that essentially llH are converted to  ,y Br,~ Radical-Anions in BD-Saturated Solutionsin
"Brz_. To avoid lipoprotein denaturation, small volumes (Up  aqdition to HO, several primary radical species are formed
to 15 mL) of the buffer were first bubbled for 15 min with  py the deposition in oxygen-free water of high-energy
either pure NO or ©,, then an aliquot £1—2 mL) of the jonizing radiation such as high-energy electropsays, or
dialyzed stock lipoprotein solution was added under anaero-x_rays. The species formed are hydrated electrong, (e

bic conditions to the bD- or Oy-saturated buffer, and the  hygrogen atoms (#, and hydroxyl radicals*QH). Their
resulting lipoprotein solution was further slowly bubbled with - formation can be summarized by

the desired gas during 5 more minutes prior to pulse
radiolysis experiments. To minimize the quantity of lipo- HO ~~
proteins consumed in each experiment, a microcell (optical :
path, 1 cm; volume, 400L) was used for transient recording.

This microcell was emptied and refilled after each shot so . )
inorganic molecules. Hydrated electrong)ethe strongest

that all data were obtained with un-irradiated lipoprotein duci o5 K b iently t p d
solutions. Numerical integrations, for analyses of rate data, reducing species known, can be conveniently franstorme

were carried out using OriginPro software from NAG into the strongest_omdanOH radical EO('_OH"_.W HZO).Z
Software Partners or Scientist software from Micromath 2:73 V) by sat_uratl.ng the aqueous solution witiNwhich
Scientific Software. For the convenience of general readers transforms &, into “OH radicals according to the reaction
and as appears in figures showing kinetics data from B
competitive reactions occurring from short to long time €yt N,O —‘OH + N, + OH 1)
scales-the pseudostationary state approximation was used
whenever possible for the determination of first-order rate Because of this highest redox potential, tté radical is
constants. Rate constants and their uncertainty have beemot specific in its reactivity with proteins and can attack a
determined from raw data by the calculations with above variety of sites on proteins. This behavior makes it difficult
software and show the precision of curve fitting. to determine which reactions are biologically relevant.
Steady State-Irradiations. They-radiolysis experiments  Clearly more specific reactions are required to selectively
were carried out with the IBL 637 irradiator (CIS-Bio oxidize specific amino acids. Classical methods used in the
International, Gif-sur-Yvette, France) equipped with four radiation chemistry of enzymes for the identification of key
137Cs sources delivering up to 54 Gy/min and located at the residues involve the use of radicals that attack specific
“Institut Curie” in Paris. Solutions of HDi.containing 0.42  functional amino acids. Certain inorganic free radicals have
mg of protein/mL (5.2 uM) were prepared in 10 mM, pH  such properties. One widely used species is the dibromine
7, phosphate buffer containing a8 EDTA and 0.1 M KBr. radical-anion, e.g'Br,~ formed by the reaction

e, H, OH, H,0,

aq®

All these species react with a large variety of organic and



Free Radical Repair after HDL Oxidation

‘OH+ 2Br —'Br, + OH" (2)

In pulse radiolysis of hO-saturated solution®Br,~ radical-
anion is produced with a yielé = 6.2 (0.64uM/Gy) and,

in the absence of proteins, decays with a rate constant of
2ks = 4.3 x 10° M~1 571 (23) by the recombination reaction:

®3)

The lower redox potential oBr,~ (Eo(*Br,"/2Br~) = 1.63

V) compared to that 0fOH leads to much greater selectivity
in its reactions with amino acid residues. At pH 7, its
reactivity toward Trp is about 5 times that of Cys, 30 times
that of Tyr, and about an order of magnitude greater than
that of His and Met 11). The one-electron oxidation of
apolipoprotein residues byBr,~ occurs according to the
reaction illustrated in reaction 4 with apoAl, although this
scheme is equally applicable to other apolipoproteins.

4)

As reaction 4 is in competition with reaction 3, it is necessary
to design experiments carefully with regard to concentrations
of apoprotein and radical.

While all human HDIg particles contain 2 molecules of
apoAl, about 75% of them also contain 2 molecules of
apoAll (14). Each apoAl contains 4 Trp, 7 Tyr, 4 His, and
4 Met (24), whereas each apoAll contains 4 Tyr and 1 Met
(25) as potential targets of th®r,~ reaction. By contrast,
the apoB of LDL is characterized by the presence of 37 Trp,
9 free Cys, and 151 Tyr.

The transient absorption spectra of proteins in the near-
UV and visible regions immediately afteBr,~ oxidation
are due to the presence of Tyr@hd'Trp (11, 26, 27) (Figure
1). In protein environments, these radicals exhibit transient
absorbance with maxima at 410 nen=€ 2700 Mt cm™%)
and 520 nm { = 1750 Mt cm™) for TyrO* and *Trp,
respectively 26). There is negligible contribution of the
TyrO* radical absorption at 520 nm, andrp radical
absorption at 410 nm is reduced to 300 cm™! (26).
Accordingly, TyrO and*Trp transient species are readily
observed in Figure 1A, which shows transient absorbance
spectra of HDL recorded at various times afteBr,~
oxidation of 12.5M HDL ;. It may be seen that the transient
spectrum of isolated apoAll, which lacks Trp residues,
exhibits no absorbance beyond 500 nm (Figure 1A). In
HDL3, growth of*Trp at 520 nm is observed withi50 us
of the radiolytic pulse. Figure 2A demonstrates ttzb~
oxidation of apoAl and apoAll in HD is fast, with a
reaction rate constant lof 1.7 x 10° M~ s™%. In LDL, the
higher Trp and Tyr content accounts for the faster reaction
rate constant (1.k 10 M~ s™1) for the oxidation of apoB
by *Br,~ (23). Under our dose conditions (i.e8 Gy),
pseudo-first-order kinetics apply to the 520 nm absorbance

‘Br, + ‘Br, — products

‘Br, + apoAl— "apoAl+ 2Br-
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Ficure 1: Absorbance of apolipoprotein radicals in HDBpoAll,
and LDL. (A) Transient absorbance spectra of Z2MHDL 3 (O,

0O) and 20uM apoAll (<) in N,O-saturated 10 mM, pH 7,
phosphate buffer recorded 16 m&)( 30 ms (), and 2.5 s[{)
after oxidation withtBr,~ radical-anions. Radiolytic doses were 5.1
Gy and 4.5 Gy for HDk and apoAll, respectively. (B) Transient
absorbance spectra of 181 LDL in N ;O-saturated 10 mM, pH
7, phosphate buffer recorded 16 n®),(160 ms [J), and 4 s ©)
after oxidation with'Br,~ radical-anions. Radiolytic dose was 6.2
Gy.

*Br,~ oxidation in 10QuM of Trp in the free form in buffer,
i.e., a concentration equivalent to that of the 8 Trp residues
of the two apoAl in 12.5(M HDL ;. Under these conditions,
the G(*Trp) for Trp in the free form is 0.45M/Gy,
somewhat below the potential value of 0.6M/Gy for
complete conversion oBr,~ to *Trp. This is expected at
low Trp concentration because of competition with the fast
decay of*Br,~ (reaction 3) 23).

As also observed with the transient spectra in Figure 1A,
most HDL; (*Trp) radicals disappear within 1 ms but a small
fraction (~ 25%), possibly representing one oxidized Trp
(Figure 2B), exhibits a duration of several seconds. The lower
limit of the TyrO yield given in Table 1 (0.3:M/Gy) has
been obtained about 256 after the radiolytic pulse from
the absorbance decay at 410 nm when the contribution of
the strong absorbance of tti&r,~ species becomes negligible
(see also ref 23). When the oxidation is carried out with 20

growth in competition with reaction 4 because of the large «M apoAl or apoAll in the free form, the total'rp + TyrO

excess concentration of reactive residues@0 «M) as
potential targets of the'5 uM *Br,~. The competing second-
order decay of*Br,~ was taken into account for these
calculations. TheTrp yield in HDL; determined from the
maximal absorbance at 520 nm is found to be AMMVIGy
(Table 1). This yield corresponds to oxidation involving 4
Trp of the apoAl, as estimated from the yield obtained from

yield approaches 0.5, i.e., somewhat in excess of the value
found for native HDL. It can therefore be concluded that
Tyr and Trp residues are essentially the only initial targets
of HDL ; oxidation by*Br; .

Repair of HDL; and LDL Phenoxyl Radicals by Plasma
o-Tocopherol. Time-dependent changes in the transient
spectrum for Tyr and Trp residues of HPafter one-electron
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Table 1: One-Electron Oxidation Yields of ApoAl and ApoAll in
the Free Form and of HDyby the SelectiveBr,~ Radical-Anion3

radical apoAl apoAll HDIg
TyrO* 0.1 0.48 0.30
“Trp 0.31 c 0.20

a Experiments were carried out at 20 with 20uM apoAl or apoAll
or with 12.54M HDL 3 in N,O-saturated 10 mM, pH 7, phosphate buffer
containing 0.1 M Br. Dose was 4.5 Gy’ Yields are expressed pV/
Gy. ¢ ApoAll has no Trp residues.

respectively. The shoulder initially present at 430 nm evolves
at longer times into an absorbance maximum at 430 nm. A
similar maximum at 430 nm is observed in LDL only 16
ms after the pulse (Figure 1B). It is most probable that this
absorbance at 430 nm originates from an endogenous
component common to both HRland LDL. It is known
that these lipoproteins are the blood carriersadiocOH,
and it is well-established that one-electron oxidation of
oTocOH leads to the formation of theTocO radical whose
characteristic absorption maximum is at 430 rn¥7100
M~1cm™?) with a shoulder at 410 nne & 4500 Mt cm™2)
(28—30). Hence, we attribute the 430 nm transientimcO
resulting from oxidation o&TocOH by oxidized apoAl and
apoAll of HDL3 or from oxidized apoB of LDL according

to

oTocOH+ “apoAl, “apoAll (or*apoB)—
aTocO + apoAl, apoAll (or apoB) (5)

In LDL, after an initial fast decay of the TyrQransient
at 410 nm, a plateau inTocO absorption is observed at
410 nm (Figure 2B). This observation, coupled with the
formation of a long-lived Trp radical whose absorbance still
persiss 4 s after the oxidation wittBr,~ (see Figure 1B),
suggests that the only precursor of tiEocO radical is the
TyrO radical. Indeed, the decay of the Tyn@dical appears
to be a monomolecular process with the rate condtant
(1.254 0.05) x 10* s L. This kinetic behavior is independent
of radiolytic dose and LDL concentration (data not shown).
It suggests the occurrence of an intramolecular reaction, since
o.TocOH is most likely solubilized in the surface phospho-
lipid monolayer of the lipoprotein carrier81) and hence
not readily accessible to bimolecular reactions resulting from
collision between oxidized LDL particles in the bulk. In the
case of HDl, by contrast, a fast initial decay is observed at
both 410 and 430 nm over about 2@ (Figure 2A),

followed by the growth of thetTocO transient over several
milliseconds as illustrated by Figure 2B at 410 nm, a

Ficure 2: Kinetics of radical decays in HRland LDL. (A) Decay
of transient absorbance at 410 n@®)(430 nm (), and 520 nm

(©) after pulse radiolysis of 12,5M HDL; in N.O-saturated 10 \yavelength also corresponding to the shoulder of¢fiecO
mM, pH 7, phosphate buffer containing 0.1 M KBr. Radiolytic

doses were 4.8 Gy for decays at 410 and 430 nm and 8.2 Gy aitransient where the molar absorbance is 4500 & 1._Th|s

520 nm. (B) Decay of transient absorbance at 410 nm after pulseSecond step thus occurs over a much slower time scale
radiolysis of NO-saturated 10 mM, pH 7, phosphate buffer (Figure 2B) and is in agreement with time-dependent spectral
containing 0.1 M KBr in the presence of 12481 HDL 3 (O) and | changes observed in Figure 1A.

éfcg%" r'%[;'és(u?g d(g?gez:o ﬁg v(\i%/h 'gmb‘ﬁ'tgLcassgli)t-ioﬁgrsrgtsj’r%?gé”g Figure 2A demonstrates that there is negligible oxidation
with N2O (¢) and G (a). Dose was 4 Gy in ?E)oth cases. (C) Decay of aTocOH by.Br[ since the absorbance rafia.o “”_“(A430 nm

of transient absorbance at 410 nm after pulse radiolysis ofl8 ~ after 400us is 2.2 in reasonable agreement with that for
LDL solutions in 10 mM, pH 7, phosphate buffer containing 0.1 TyrO* (26, 27) but not with that for theaTocO radical,

M KBr saturated with NO (O) or O, (0). Radiolytic doses were  which exhibits a value of 0.6. The rate constant of the slow
4.8 Gy (NO) and 6.4 Gy (. first order aTocO growth isks = (1.4 + 0.2) x 10° s,
oxidation are clearly observed in Figure 1A. The initial notably slower than the decay of the Titpansient at 520
spectrum shows absorbance maxima at 410 nm and at 520m which gives a rate constant of (2460.3) x 10° sL.

nm that are characteristic of TyrCand *Trp radicals, The initial yields of thexTocO radical produced are reported
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Table 2: Initial Yields G) and Rate Constants of Decal) of the
o-Tocopheroxyl Radicalo(TocO) in LDL and HDLz

HDL; LDL
parameter BO O, N20 @)
G (uMIGy) 0.18 0.10 0.12 0.07
k(s 954+06 498+08 58+05 24.3+09
15+0.1 3.3+£0.2 08+0.1 2.1+ 0.2

a Experiments were carried out at 20 with 12.54¢M HDL3 or 1.6
uM LDL in N,O or Oy-saturated 10 mM, pH 7, phosphate buffer
containing 0.1 M Br. Dose was 4.8 Gy Data are initial values,
i.e., determined-3 ms after the pulse (see Figure 3A) from the transient
absorbance at 430 nm usirg= 7100 Mt cm™? for the aTocO
radical.
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Ficure 3: Kinetics of repair of semioxidizedTocOH by caro-
tenoids. (A) Decay obTocO radical absorbance at 430 ni@,(

) and bleaching of Car absorbance at 470 rim 4) after
oxidation of 12.5uM HDL 3 by *Br,~ radical-anions in 10 mM, pH

7, phosphate buffer. Solutions were saturated wig® 0, O) and

0, (€, »). Radiolytic doses were 4.8 Gy for,N-saturated solutions
and 7 Gy for Q-saturated solutions. (B) Corresponding transient
absorbance changes measured at 430@{) and 470 nm @)

for solutions containing 1.6M LDL. Doses were 4.8 Gy for pD-
saturated solutions), O0) and 7 Gy for @-saturated solutionsX).

1.5 2.5

Table 3: Concentration of Vitamin E ap@iCarotene in Native
HDL3 and LDL Fractions Isolated from Human Plasma by
Sequential Ultracentrifugation and Used for Pulse Radiolysis
Experiment3

antioxidant gM) HDL3 LDL
vitamin E 24.1(0.3D) 57.8 (3.78)
j-carotene 0.19 (0.002%) 1.7 (0.11%

aConcentrations were determined by HPLC after extraction as
detailed in the experimental section. Hpand LDL concentrations
were 6.25 mg/mL (78.4M) and 7.65 mg/mL (15.&M), respectively.
bData in parentheses are the molar ratios (molecules/particle).
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Ficure 4: Carotenoid absorbance spectrum in HDL. Absorbance
spectrum of a 10 mM, pH 7, phosphate buffer solution containing
6.3 uM HDL 3 recorded at two absorbance scalesil cmlight-
path cuvette at 25C. The right ordinate @) magnifies the
absorbance of the Car of the same sample.

500

data of Tables 2 and 3, it can be concluded, with radiolytic
doses (4.8 Gy) and lipoprotein concentrations used in these
experiments, that-22% and 10% of theTocOH content
were oxidized in the HDbLand LDL particles, respectively.

Fate of thea-Tocopheroxyl Radical and Its Relationship
to Carotenoid BleachingKinetic studies reveal thatTocO
radical decay in HDL (Figure 3A) and LDL (Figure 3B) is
a multistep process characterized by a fast and a slow
component. Thus, more than 60% of th&ocO transient
in HDL3 and about 50% in LDL decay within 2.5 s while
the remainder decays over more than 1 min as can be
estimated from the kinetic traces recorded at 430 nm on
Figures 3A and 3B. This slow decay is presumably due to
bimolecular dimerization and/or disproportionatid®) or
to reactions with apolipoprotein radicals. Kinetics corre-
sponding to the fast portion of theTocO radical decay in
HDLj3; and LDL are well fitted by two parallel first-order
reactions, decays being twice as fast in Hds in LDL
(Table 2). In HDLg, the extent of the fast decay corresponds

in Table 2 and have been determined from data such as thoseo about half of the radicals generated (Table 2).

shown in Figure 3A. Comparison of values in Tables 1 and

From comparison of Figures 1A and 1B, the major

2 demonstrates only partial repair of the oxidative damage itference observed between Hpand LDL is the bleaching

to apolipoproteins of HDb by endogenoustTocOH. The
partial repair of oxidative damage to Hbland LDL is
consistent with spectral data, since the Tyabd/or the

of HDL3; absorbance in the 4585 nm region where
endogenous Car constitute the only absorbing species (Figure
4). This is a striking but paradoxical result since LDL

*Trp transient species are still observed in spectra recordedcontains approximately 10 times more Car than HDL
several seconds after the repair reaction described by reactiomccording to data in Table 3. Heggcarotene may be taken

5 (Figure 1A,B). According to HPLC data in Table 3, the
aTocOH content in native LDL is-4 molecules per particle,
whereas it drops to about 10-fold in HRLBy combining

as an indicator of the total Car content, as it represents about
20% of major plasma Cad.p). The time-dependent bleach-
ing of the Car has been followed at 470 nm (Figure 3A), at
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which wavelengthoTocO transient absorbancesfonm ~
1200 Mt cm™) is minimal. It can be seen that the time
scale of the bleaching parallels that of th€ocO transient
decay.

LDL and HDL; are natural carriers of Car in plasma, and
it has been previously established that, in hexaneyTree O
radical can be reduced by lutein, cathaxantifitarotene,
lycopene, and other Car at diffusion controlled ra@? 83).
Here, one-electron oxidation of the Car leads to repair of
aTocO and permanent bleaching (i.e., destruction) of Car
via formation of the Car radical-cation according to the
reaction

aTocO + Car— "Car” + oTocOH (6)
As with aTocO decay, Car bleaching can be explained

by two parallel first-order reactions witly values of 9.0+

0.7 and 1.03t 0.05 s, respectively. These are consistent

Boullier et al.

does not occur in this system. Consequently, as exemplified
with HDL 3, the*Trp radical yield in Figure 2B is reduced in
O,-saturated solutions to about half that produced b®N
saturation with the same irradiation dose (i.e., 4 Gy). As
apparent from this figureTrp decay (rate constant: 24

0.1 s'Y) is insensitive to the presence*@f, . A similar lack

of reactivity was observed with LDL (data not shown)
suggesting inaccessibility of oxidized Trp residues@g-

in both lipoproteins. Similarly, as shown in Figure 2C, no
reaction was observed with Tyr@ the case of LDL.

As expected, thenTocO radical yields in Table 2,
resulting from the repair of the oxidative damage on apoAl
and apoAll as well as on apoB, are about half those measured
under NO. On the other hand, at short times after the pulse,
the initial rate ofaTocO radical decay increases while the
slow portion, representing at least 50% of the absorbance,
is hardly affected by the presence *@f,~ (Figure 3A,B).
Thus, three categories aff ocO species appear to be present

with the rate constants obtained for the disappearance of then the lipoproteins. However, only two of them react with

aTocO radicals (Table 2).

An estimate of the repair yield of theTocO radicals by
endogenous CaB s after the onset of the HRloxidation
by *Br,~, can also be obtained from Figure 3A data. The

‘0,7, via

aTocO +'0,” + H" —aTocOH+ 0,  (9)

Car bleaching yield can be determined assuming an averageo partially restorexTocOH. In HDLs and LDL, this reaction

molar absorbance of 110 000 Mcm™ at 470 nm. This
molar absorbance value has been chosen sincA#en
As70 nmabsorbance ratio in the HRIspectrum is 1.15 (Figure

can be considered as pseudo first order since there is an
approximately 5-foldO,~ excess concentration produced by
the radiolytic pulse, i.e., 0.3¢M/Gy as compared to the

4), and the average molar absorbance of Car at 448 nm isconcentration of reactiveTocO. An estimate oky may be

140 000 Mt cm™2. This yield has been determined by taking
into account the molar absorbance and the relative propertion
on a molar basisof major Car in plasmal(7). With these
values, the bleaching yield is found to be 0.00MI/Gy
corresponding to only 2% that of the initialTocO radicals.
Incidentally, it should be noted that this average molar
absorbance and the-carotene content in Table 3 may be
used to estimate a value of 7 for the ratio [Cgtjdarotene]

in fair agreement with literature datas).

Sensitiity of the a-Tocopheroxyl Radical Decay and
Carotenoid Bleaching to the Presence of @he effect of
oxygen on radical reactions involved in the formation and
repair of oxidative damage in apoAl and apoAll or in apoB

made using the rate constants given in Table 2 determined
in the presence or absence of oxygen, through Stéatmer
type kinetic analysis. In this manner, for HPA& rate constant
ko equal to~2.5 x 10/ M~! s 1 is determined from the rate
constants 49.8 and 9.5%sin the presence and absence of
oxygen respectively (see Table 2). Similarly for LDL, a rate
constantg equal to~1.1 x 10’ M~ s! can be estimated.
When these calculations are carried out with tiEocO
species reacting withO,~ at long time, i.e., with rate
constants of 3.3 and 2.1%for HDL3 and LDL respectively
in the presence of oxygen (see Table 2), the corresponding
ko values approach the same value, iel, x 16 Mt sL,

As can be seen in Figure 3A, a small yieldq.002uM/

has been investigated because of its obvious relevance taGy) of Car bleaching is still observed with HRlunder Q

oxidation occurringin vivo. While literature data indicate
that *Trp, TyrO, and aTocO are rather unreactive with
oxygen,*Trp, in the free form or in proteins3d, 35), as
well asaTocO (36) and TyrO (37) readily react with the
*O,~ at nearly diffusion controlled rates. On the other hand,
the*O,~ radical-anion can directly oxidize CaB2) but not
Trp (35 or aTocOH 30). However, it can be anticipated
that the complex lipoprotein structure and associated mi-
croenvironments may affect the reactivity °*6f,~ with the
above species.

Pulse radiolysis of an £saturated solution containing 0.1
M Br~ producesO,~ with a radiolytic yieldG = 0.34uM/
Gy by the following reactions:

eaq7 + 02 e .027 (7)

(8)

The radiolytic yield of'Br,™ radicals formed under these
conditions is thus reduced to 0.321/Gy since reaction 1

H' +0,—~"0, +H"

saturation. In HDL, this behavior is explained by repair of
aTocO radicals through competing reactions 6 and 9. The
absence of Car bleaching in LDL rules out direct Car
oxidation by*O,.

Permanent Damage Associated with the Incomplete Repair
of Radical Damage to ApoAl in HRBLChanges in ApoAl
and ApoAll Gel Migration and Trp Conterithe -carotene
and a.TocOH contents in the HD{-fractions prepared for
these experiments, i.e., 0.0024 and 0.34 molecule per particle
respectively, were close to those used for pulse radiolysis.
Furthermore, it may be noted that the primary reactive
species produced during steady statadiolysis of aqueous
solutions are the same as those formed during pulse radiolysis
with accelerated electrons. Therefore reactiong 17, and
8 also apply to this system. After-irradiation with doses
of 5, 10, or 20 Gy, MO- or air-saturated HD4{_solutions
were subjected to 12% SDB®$olyacrylamide gel electro-
phoresis under reducing and nonreducing conditions. Coo-
massie Blue staining was performed to check the integrity
of HDL3; samples (data not shown). Parallel Western blots,
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FIGURE 6: Trp loss iny-irradiated HDL;. Dose-dependent loss (in
percent) in the Trp content gfirradiated 10 mM, pH 7, phosphate
38— — g buffer solutions containing 5,2M HDL 3, 50 uM EDTA and 0.1
M KBr. (O) N O-saturated solutionsi) air-saturated solutions.
31— Temperature: 23C.
17 that in native HDI; there are two classes of residues among
the 8 Trp whose accessibility to oxidation tBr,~ radical-
7 — * anions differs. This observation is consistent with the time-
resolved measurements above. However, the lack of oxygen

FiIGURE5: Modifications of apoAl and apoAll of-irradiated HDs, effect on the Trp loss under air saturation, even though the
Unirradiated (controls, “C") and »D- or air-saturated HDL *Br,~ yield is halved, suggests oxygen-induced secondary

g%%g'gg&gig;ﬁ;‘? dve\/itghe|5é|Jé?:,trzci)rp])ﬂ02rgS%yavggrt?a?li?éifézdtéonth-rzc;’/O reactions inherent to the time scale of steady-state irradiation
cellulose membrane for immunoblotting. The immunoblots were conditions. For e).(ar.nple, lipid perOXId.a'tlon may Cont.”bUte
probed with goat anti-human apoAl antibody in nonreducing O the Trp loss within the apoAl. Additionally, there is an
conditions (A) or with goat anti-human apoAll antibody in reducing almost 3-fold increase in #D, formation under air as

conditions (B). Molecular weight markers are indicated. compared to DO saturation which may be involved in

performed on separate gels, were probed with anti-humanP0¢€S5€3 leading to such loss.

apoAl or apoAll antibodies (Figure 5). No major difference piscussionN
was observed under reducing and nonreducing conditions
except that apoAll migrated as a monomer or as a dimer, The antiatherogenic properties of HDL are compromised
respectively. More pronounced effects were generally ob- by oxidative modification 40), and it has been established
served after irradiation of )}D-saturated samples, consistent that such oxidation, via various mechanisms, involves
with the 2-fold increase in the radiolytic yield oBr,™. changes in apoAl residues, namely, Trp, Lys, and Byr (
Western blot in Figure 5A shows that irradiation unde©N 8). Parenthetically, theTrp radical has also been proposed
or air leads to dose-dependent modifications of apoAl as the initiator of LDL lipid peroxidation induced by €u
migration with the appearance of diffuse bands flanking the (41). In atherogenesis, the key role played by the MPO of
~28 kDa position of non-irradiated HRLThe band at lower ~ phagocytes is evidenced by the presence of chlorination
molecular weight, mostly observed under,QN might products of Tyr in human atherosclerotic lesions, and their
represent a small amount of apoAl fragmentation. The band Systemic levels are considered as predictors of atherosclerotic
at ~36 kDa was observed with both the anti-apoAl (Figure risk (5). However, a very recent study8)( points to
5A) and anti-apoAll (Figure 5B) antibodies, therefore uncertainty regarding the respective roles that oxidation of
suggesting that it is a heterodimer of apoAl cross-linked to these residues plays in the impairment of HDL function.
an apoAll monomer38). Other bands at60, 70, and 130 Importantly, the nature and number of involved primary
kDa also appeared on Western blots probing apoAl (Figure chemical intermediates leading to irreversible damage have
5A), which might correspond to various degrees of covalent not been resolved.
polymerization of modified apoAl. However, a weak band  This study provides the first account of the sequence of
at 70 kDa is seen in the control lane of Figure 5A. It may reactions involving radical intermediates in HPlwhich
correspond to little amounts of contaminating H38)(since commences with the selective oxidation of critical aromatic
it is also present when probing the blot with an anti-human apolipoprotein residues and terminates with the imperfect
HSA antibody. repair of the protein damage by endogenous antioxidants.
While no bityrosine fluorescence could be detected, a These reactions are summarized in the scheme given in
biphasic loss of Trp iny-irradiated HDL; solution was Figure 7. Coupled with observations in LDL, the work
observed. About 25% of the Trp disappeared after irradiation supports the contention that the oxidation of lipids, observed
with 5 Gy in either NO- or air-saturated solutions (Figure after treatment of HDL by MPO-related oxidants, may occur
6). Subsequently, after a further dose of 15 Gy, an additional as a secondary process which commences with apolipopro-
10% Trp loss is recorded. This biphasic behavior suggeststein radical formation 42). The similarity of products
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Permanent
damage

Permanent

Ficure 7: Scheme illustrating the sequence of radical reactions
beginning with the selective oxidation of Tyr and Trp residues of
apoAl and apoAll of HDL and apoB of LDL byBr,~ radical-
anions followed by the partial repair of the Tyrly a-tocopherol.
Note that in HDL the subsequent repair of thélocO by
carotenoids can only occur in those particles containing both
antioxidants. Radical reactions postulated for the completion of this
scheme are indicated by a question mark.

determined following steady-state irradiation of HDto
those found in myeloperoxidase oxidation further supports

the contention that mechanisms proposed from this time-

resolved study are highly relevant to those operativain
vivo oxidative damage4@). The key observations of this
work are as follows.

The Tyr and Trp Residues Are SeleetiTargets in the
Oxidation of ApoAl byBr,~ Radical-AnionsMild oxidants
like *Br,~, whose redox potentidty(*Br, /2Br-) is 1.63 V
vs NHE @4), react selectively with native LDL2@) and

Boullier et al.

oxidized by*Br,™ radical-anions in free apoAll (Figure 1A)
or apoAl.

A strong case can be made for the formation and reaction
of TyrO* and *Trp radicals in physiologically relevant
systems. For example, the dihydroxylated Trp oxidation
products that are formed in apoAl by the MPO reactigh (
have been shown to originate from radicals produced by one-
electron oxidation by-or addition of—OH to the tryptophan
indole ring ). Further, the possible formation of bityrosine
in oxidized HDL under certain experimental conditions
provides additional evidence for Tyr@articipation in apoAl
oxidation (7). While in vivo *OH radicals are produced by
Fenton-type reactions during the respiratory burst of activated
phagocytes to form TyrOand *Trp radicals by addition/
oxidation reactions, it is also likely that the Tyr@nd*Trp
radicals are produced during oxidation by MPE).(The
redox potential of the activated MPO herid,O, complex
isEo=1.16 V at pH 7 6, 46), i.e., sufficiently high at pH
7 to oxidize Trp Eo(*Trp,H™/Trp) ~ 0.98 V) and Tyr Eo-
(TyrO*,H*/Tyr) ~ 0.6 V) (47). As well as the destruction of
Trp in HDL3 given in Figure 6, the good correspondence
between the Western blots taken following stegaeyradia-
tion (Figure 5) and those of Peng et &) Ghown in the
15-75 kDa molecular mass range after MPO oxidation of
unbound recombinant apoAl is highly consistent with this
interpretation.

The Repair of Oxidatie Damage to ApoAl and ApoB by
o-Tocopherol Is IncompleteOnce formed, the TyrGand
*Trp radicals of apoAl and apoB react over a duration of
seconds withaTocOH by an intramolecular one-electron
redox process as observed in Figures 1A and 1B. Theoreti-
cally, this redox reaction with either Tyr@r *Trp species
is feasible since the standard redox potential obtRiecO,H*/
oTocOH couple is 0.48V at pH 748). However, the
o.TocOH resides predominantly in the phospholipid surface
monolayer with the chromanol moiety @l ocOH interacting
with the phospholipid headgroups while the phytyl side chain
anchorsaTocOH in the lipid pseudophase, restricting its
mobility (31). As explained in Results, the kinetic analyses

HDL (see Table 1), demonstrating that essentially all reacting of TyrO* and*Trp radical decay in LDL clearly suggest that

*Br,~ are converted into TyrGand*Trp radicals. Efficient
conversion of*Br,™ into TyrO and *Trp radicals is also
facilitated by the absence of polyunsaturated fatty acid
reactivity towardBr,~. The relevance of the present findings

the formation of thexTocO arises mainly from TyrOrepair,

with negligible contribution fromrTrp repair. The disap-
pearance of mostrp radicals by a first-order process may
suggest the occurrence of other intramolecular reactions such

to MPO mediated oxidation is suggested by the apparentlyas the oxidation of intact Tyr residues byrp as we

similar accessibility of vulnerable residues to both MPO and
*Br,~ attack. In HDLg, residues that are targets of MPO
include Tyr-29, Tyr-166, Tyr-192, and Tyr-236)(as well

as Trp-8, Trp-72, and Trp-1088), Although the Trp
fluorescence maximum at330 nm in native Z2) or in
reconstituted HDL particles with two apoA#%) suggests

previously observed with LDL23). The rest of theTrp
radicals whose transient absorbance is still observed (Figure
1A) seconds after the radiolytic pulse most probably lead to
permanent damage of apoB. This behavior strongly indicates
a physical inaccessibility of the apoATrp radical to the

OH group ofaTocOH, the reacting site for reaction with

that Trp residues are not fully exposed to water where the radicals. Thus, full repair of oxidative damage to apolipo-

maximum lies at 353 nm, fluorescence quenching experi-
ments show that in reconstituted HDL particles 60% of the
fluorescence is quenched bgnd thus accessible td~
anions. This is consistent with our finding that 4 Trp residues
of apoAl are susceptible to oxidation tB8r,~ radical-anions.
Similarly, the Tyr residues of apoAl have been shown to be
accessible to reaction with Tyr@adicals formed in buffer
by oxidation of excess Tyr with peroxidas®.(There is also

a contribution from apoAll Tyr residues in the Hbfraction

proteins byaTocOH is unlikely since the&TocCO radicals

are only produced by the repair of TyrQn the case of
HDL 3, this assumption is in agreement with respective yields
of TyrO* and of aTocO given in Tables 1 and 2. From
HPLC data given in Table 3, one may determine that there
are ~4 aTocOH molecules per LDL particle but only 1
oTocOH molecule per-3 HDL particles. This difference
has two important consequences. First, there is a much
greater intrinsic probability of reaction (4:1) for the repair

which also contains apoAl. These residues are readily of TyrO® radicals in those LDL containingTocOH than in
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those HDL particles containingTocOH. This explains the
much faster rates of reaction & (= (1.25+ 0.05) x 10*

s 1) in LDL and the rapid disappearance of the Tyrédical
absorbance over-300 us (Figure 1B). Conversely, the
persistence of TyrOradicals in HDl; 2.5 s after*Bry~
oxidation is consistent with the absencexdfocOH in 70%

of HDL particles (Figure 1A). It is reasonable to conclude
that the large fraction of unrepaired Tyrénd*Trp radicals

Biochemistry, Vol. 46, No. 17, 20056235

contrast, the long polyenic Car are more likely sequestered
within the core. As the present time-resolved experiments
were carried out at 24C, below the phase transition, the
highly ordered cholesteryl ested9) may well produce
clusters with strong motional constraints which impede
interaction between Car amdTocO radicals. A different
environment may be found in HRLComparison of LDL
and HDL; phospholipids by surface pressure measurements

initiates reactions leading to the permanent damage on bothon monolayers50) and by electron paramagnetic resonance

apoAl and apoAll shown in the Western blots of Figure 5

studies with spin labeled fatty acidS1) has demonstrated

and to the oxidation of Trp residues observed by fluorescencethat the relatively smaller HDL particles, with lower unes-

(Figure 6).
Repair of thea-Tocopheroxyl Radicals by Carotenoids

Occurs, Paradoxically, Only in HDJ.Both the spectral data
from HDL; in Figure 1A and the kinetics in Figure 3A

provide clear evidence for a bleaching in the absorbance

domain characteristic of Car. On the basis of literature

terified cholesterol and fewer saturated phospholipids, exhibit
a more fluid structure. This increased fluidity and the
penetration of apoAl within the particle may well facilitate
the full sequence of oxidation and repair reactions observed
in HDL .

The *O,~ Radical-Anion Mediates the Antioxidant Re-

spectral data, this bleaching can be attributed to the one-SPonse to Oxidate Damage in Apolipoproteindhe res-

electron oxidation of the Car lyTocO radicals (see reaction
6), resulting inaTocOH recovery 32). In agreement with

piratory burst of activated neutrophils and mononuclear
phagocytes acts as a local chemical reactor in which a large

this assumption, kinetic data demonstrate that the rateconcentration ofO,” can be produced. This species can

constants of Car bleaching parallel thosexdcO radical
decay. Due to the chemical heterogeneity of Car in lipopro-
teins, the biphasic decay afTocO may result from repair
by more than one class of Car with differing inherent
reactivities (reaction &) and/or different accessibilities to
aTocO radicals because of their specific localization in the
HDL core. However, in the two thirds of tkeTocO radicals

mediate competing reactions pathways of MPO activity as
well as participate in reactions of primary chemical inter-
mediates produced by oxidation of plasma constituents, e.g.,
lipoproteins. The present study identifies three such species
which can potentially react withO,~, i.e., aTocO (36),
*“Trp (34), and TyrO (37).

The kinetic analyses suggest that, in HDL, onljocO

which disappear over the duration of Car bleaching, only a radicals accessible to repair by Car can react wa@jr.

small fraction are actually repaired by Car. Again, as in the
case ofaTocOH, the distribution of Car molecules among
HDL particles may be used to explain the reduced yield of
oTocO repair (0.004uM/Gy). Calculations made from

Hence O, is unreactive toward about half the Car carried
by HDL that can react withaTocO (Figure 3A). As
expected, the reaction rate constakysfor repair ofaTocO
by *O,™ in both HDL and LDL are much lower than those

Figure 4 show that there are 18 times fewer molecules of feported in organic solvents for freely movingTocO

Car than ofa TocOH. As a result, the probability of having
one Car molecule and oneTocOH in the same HDL
particle, (e.g., the product of individual probabilities) is low.
Figure 3A shows that only-2% of the initially produced

radicals (i.e.,~10° M~ s71) (29). This behavior suggests
strong motional constraints t@, diffusion due to the higher
viscosity of lipoproteins and to the accessibilityafocO.
Moreover, these data are consistent with the formation of

oTocO radicals are repaired by endogenous Car despite the®ToCO radicals in various microenvironments depending

large corresponding disappearancet®bcO. Thus, compet-
ing reactions leading taTocO radical destruction, possibly
by dimerization and/or disproportionation as well as by
reactions with other radical species such*ag or other

on the interaction of oxidized Tyr residues with the water
lipid interface.

The observation thaflrp and TyrO radicals formed in
apoAl as well as in apoB are insensitive ‘0, is also

amino acid radicals, would appear to dominate over the repairimportant. With regard torrp, this behavior contrasts sharply

by Car.
Paradoxically, no Car bleaching is observed in LDL

despite the fact that it contains almost 10 times more Car

per particle than HDL (Table 3). This result cannot be
explained by simple considerations of inherent chemical
reactivity. Structural factors are most likely involved
which hinder access of Car taTocO radicals. It is
likely that parts of the apoB are in contact with the lipids
in all the three concentric layers of the particle. In LDL
particles (diameter:~20 nm) which are large compared
to HDL (diameter: ~9 nm), interpenetration of core lipids
(mainly cholesteryl ester, small amounts of triglyceride, and

unesterified cholesterol) and phospholipid fatty acid chains

with previous results involving egg lysozyme, in which8
exposed Trp residues, oxidized bBr,”, were readily
repaired by*O,” radical-anions with a bimolecular rate
constant of~1 x 1 M~1s1(34). Here, the 7 Trp residues
of LDL apoB (23) and 4 Trp residues of HDLapoAl
oxidized by*Br,~ appear inaccessible t@,. It is possible
that important conformational rearrangements occur in
the 500us time scale following the oxidation byBr,™.
Such changes may impede access@f to the oxidized
residues in contrast to the results of the lysozyme study.
Hence, even under aerobic conditions, these long lasting
radicals may play a key role in triggering LDL and HDL
lipid peroxidation.

has been demonstrated above the transition temperature and ck NOWLEDGMENT

in a lesser extent below it by X-ray small-angle scattering
(49). This interpenetration region probably includes the
phospholipid monolayer whereTocOH is localized. By

The authors wish to thank M.-A. Conte for her skillful
assistance in the HDland LDL preparation.
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