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at Early Stages of Oxidation While Neutral Lipid Core Organization Is Consérved
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ABSTRACT: The time course of the unfolding characteristics of the protein moiety and of the thermotropic
behavior of the core-located apolar lipids of highly homogeneous low-density lipoprotein (LDL) subspecies
(d 1.030-1.040 g/mL) have been evaluated during transition metal- and azo radical-induced oxidation
using differential scanning calorimetry. Apolipoprotein B100 (apo-B100) structure was highly sensitive
to oxidative modification; indeed, a significant loss of thermal stability was observed at initial stages
irrespective of whether oxidation was mediated by site-specific binding of copper ions or by free radicals
generated during decomposition of azo compounds. Subsequently, thermal protein integrity was destroyed,
as a result of potentially irreversible protein unfolding, cross-linking reactions, and aggregation. Our
results suggest that even minimal oxidative modification of apo-B100 has a major impact on the stability
of this large monomeric protein. By contrast, the core lipids, which consist primarily of cholesteryl esters
and triglycerides and play a determinant role in the thermal transition occurring near physiological
temperature, preserved features of an ordered arrangement even during propagation of lipid peroxidation.

Extensive evidence is now available to substantiate thetriglycerides (TG), surrounded by a monolayer of phospho-
hypothesis that oxidative modification of both the lipid and lipids, unesterified cholesterol8—15), and a single copy
the protein components of low-density lipoprotein (LDL) of apolipoprotein B100 (apo-B100); the latter, a large protein
plays a significant role in the initiation and progression of of 4536 amino acid residues, is embedded at the surface of
atherosclerosit vivo (for reviews, sed—5). Recent studies  this supramolecular complex. The core lipids of LDL
have revealed that a number of physicochemical propertiesundergo a reversible, thermal transition close to physiological
and more specifically, particle size6(8), the intrinsic temperatureX3, 16). Below this transition temperature, the
properties of the protein moietg), the degree of fatty acid  core-located lipids are arranged in an ordered liquid-
unsaturation X0), the molecular packing of the core lipids crystalline phase; above the transition temperature however,
(12, and the content of biological antioxidani®) influence the neutral lipids are organized in a fluid, oil like, randomly
the susceptibility of LDL to oxidation and, in addition, the distributed state1(6—18).

kinetics of the oxidative process. Recently, it has become apparent that the core melting
LDL are quasi-spherical particles, organized into two transition influences the susceptibility of polyunsaturated
major compartments, a hydrophobic core, comprised prima-fatty acids (PUFASs) to oxidationl(). As a consequence,
rily of cholesteryl esters (CE) and minor amounts of the question arises as to the time course of oxidative changes
in the lipid and protein moieties of LDL upon initiation of
tThis work was supported by the Fonds zuirdeung der  the oxidation process. We have therefore investigated the
wissenschaftlichen Forschung irst@rreich (projects P 10105-MOB  effects of transition metal- and azo radical-mediated oxidation
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occur at early stages of oxidative stress; in contrast, thephase was dried by passage through a Pasteur pipette
thermally dependent structural organization of the core lipids containirg 2 g of anhydrous Nz50O;, and the solvent was
remains stable for a prolonged period, despite high rates ofevaporated to dryness under a stream of nitrogen. The lipids
bulk lipid peroxidation, as indicated by conjugated diene were then reacted for 60 min at room temperature with 150

formation. uL of Tri-Sil/BSA (Pierce). The analyses were done on a
Model 5860 Series Il gas chromatograph equipped with a
MATERIALS AND METHODS hydrogen flame ionization detector (Hewlett-Packard, France),

) . . ) _ ) i with a HP Model 7673A autosampler designed for on-column
Lipoprotein Isolation and Density Gradient Fractionation. injection and with a HP Model 3396B integrator unit. The

LDL were isolated from the plasma of normolipidemic samples were chromatographed on a 255c18.53 mm 1D
healthy volunteers and fractionated by isopycnic density -4 mn (SGE, France), with a film thickness of 0.
gradient ultracentrifugation as described ear(@)( Highly and a siloxanecarborane copolymer phase. Two microliters
homogeneous LDL subspecies of intermediate density (¢ sample was injected on-column at 180 and then the
1.030-1.040 g/mL) were exhaustively dialyzed at@ for column temperature was programmed as follows: °60

24 h against 10 mM phosphate buffer at pH 7.4, contqining min to 175°C and then £C/min to 350°C. The carrier
150 mM NaCl, 27Qul\_/l EDTA, and 50 mg/L Qe“tamyc'”- gas (helium) flow was 10 mL/min. The hydrogen flame
All buffers and solutions were saturated with argon after i ni-ation detector was maintained at 10 The composi-
deoxygenation under vacuum. LDL preparations were storedyjqn of the sample was calculated in relation to the internal

in the dark at #C in an argon atmosphere until use within - gianqard. The peak identity and areas were evaluated using
2 weeks. Immediately before initiation of oxidation, EDTA appropriate standards and calibration factors.

was removed by gel filtration (prepacked Econo-Pac 10DG " qyigation Procedure for Calorimetric Experimentd.o

columns', Bio-Rad). The_chemical com_position qf the LDL o EDTA-free LDL solution containing about 1 mg of LDL
subspecies was determined as described ea@®rdnd  rotein/mL in 10 mM phosphate-buffered saline at pH 7.4
found to be in agreement with previous data for human LDL ;o< adqded an aliquot of a 2aM CuCl, solution to attain a
subspecies of intermediate density [i.e., LDL&3]( final concentration of 1.7:M Cu?"/250 ug of LDL. Azo
Lipid Peroxidation. The time course of LDL oxidation  radical-induced oxidation was initiated by adding aliquots
and the degree of lipid peroxidation was determined by of a 0.5 M 2,2-azobis(2-amidinopropane) dihydrochloride
continuously monitoring the diene production profile (ab- (AAPH) solution, instead of copper, to achieve a final ratio
sorption at 234 nm)24—27). At constant molar ratios of  of 10 mM or 20 mM AAPHLM LDL. The buffer solutions
LDL to copper and LDL to AAPH of 1:17 and 1:10 000, had been stirred with Chelex 100 resin (Bio-Rad) to remove
respectively, the lag and propagation period together with any contamination by transition metal ions.
diene accumulation were calculated according to established |n one experiment, ebselen (2-phenyl-1,1-benzisoselenazol-
procedures38). Measurements were performed in a double- 3(2H)-one; ICN Biochemicals Ltd., U.K.) was used to
beam spectrophotometer (Model U-2000; Hitachi, Japan) remove some preformed lipid hydroperoxides from native
equipped with a thermostated six-position automatic sample L DL (32). Ten microliters of 20 mM ebselen solution in
changer. The temperature was adjusted to°87 In ethanol was mixed with LDL (final concentration 30M

addition, the extent of lipid peroxidation was measured as epselen/1uM LDL) and incubated at 37C for 20 min.
thiobarbituric acid-reactive substances (TBARS) LDL solu- Ebselen was removed from the LDL using ge] filtration as

tions (50ug of protein/mL) were mixed with 0.5 mL of 10%  described above.

trichloracetic acid and 1 mL of 0.67% thiobarbituric acid. The oxidation process was performed in a thermostated
After the sample was heated in a boiling water bath for 30 waterbath at 37C in open vials with gentle shaking. To
min, the optical density was determined at 532 nm. Freshly ensure sufficient oxygen availability for lipid hydroperoxide
diluted samples of tetraethoxypropane, which yield MDA, production at relatively high LDL concentrations (about 2
were utilized as the calibration standard. The apparent ;M LDL), finely dispersed oxygen bubbles were carefully

generation of TBA-reactive material should be interpreted bubbled in so as to avoid samp|e denaturation at the air
cautiously, since it is well-documented that the TBA assay liquid interface.

is not specific for lipid peroxidation product24, 30). At certain stages throughout the oxidation process (ob-
Therefore, within this study, the assay served solely as anservation points+1V, as indicated in the inset to Figure 1),
index for progress of lipid peroxidation. samples were withdrawn and 14 of 10 mM EDTA was

Lipid Analysis. The lipid composition and quantification  added to inhibit copper-induced oxidation by chelatiad) (
of both native and oxidized LDL samples were determined AAPH-dependent oxidation was terminated by cooling to 4
by gas chromatography as previously described by Kuksis °C and passage of the reaction mixture over a desalting
et al. @1) with some modifications. An aliquot of LDL  column (Econo Pac 10DG, Bio-Rad); removal of water-
solution (250ug LDL) was digested with phospholipase C soluble products by passage over a desalting column revealed
(Candida welchii. To the LDL was added 1 mL of diethyl that some 80% of the total TBARS, which is directly related
ether, 1 mL of 1% CaGJ and 1 mL of a solution (35 mM  to the MDA content of LDL particles, was released into the
Tris buffer, pH 7.3) containing 1 unit of phospholipase C. aqueous phase. Diene accumulation and TBARS formation
The reaction mixture was then treated with 5 drops of 0.1 N explicitly verified the progression of lipid peroxidation at
HCI and extracted once with 5 mL of chloroforrmethanol, relatively high LDL concentrations.
2:1 (viv), containing 5@cg of the internal standard (trideca- Termination of the peroxidation process was proven by
noylglycerol). The solvent phases were separated by cen-constant absorbance at 234 nm. The partially oxidized
trifuging for 10 min at 209. The lower clear chloroform  samples were stored in the dark &G until further analysis.
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Differential Scanning Calorimetry Calorimetric experi- ENDO
ments were performed as described previoukly. ( In brief, +
a high-sensitivity adiabatic scanning microcalorimeter DASM-4 1 $ //
(Biobribor, Pushtchino, Russia) designed in 1978 by Privalov //

(33) was operated at a heating rate of@/min. The cells
were maintained under about 250 kPa nitrogen pressure to
avoid air bubble formation. The reference cell was filled

Excess Heat Capacity

with phosphate-buffered saline, since we have observed that § L Ehor .
the addition of copper or EDTA caused no alteration in the 0 sosk " v
baseline profile. Heat capacity function§y(T), were %g;‘ 0 ' ‘

obtained after subtraction of the buffer baseline and mass o 12 3 4
normalization of the experimental data. The thermotropic e : —ime [h]
transition midpoint temperaturel,,, was taken as the %20 25 30 3% 40 o580 8
temperature of the maximum of excess heat capacity. The Temperature [ °C ]

corresponding calorimetric enthalpiesHc,) were calculated FicurRe 1: Representative DSC thermograms (baseline-subtracted
by integration of peak areas using spline-baseline extrapola-Put not normalized) for native LDL (curve 0) and the partially
101 of the portons of the ata below and above the peak (QPP¢.2107cd Peparaions cued) LDL cncentatonvas
transition. Some inaccuracy is involved in determination of heating rate of 2C/min. Reversibility of the core lipid transition
the absolute values in oxidatively modified samples, since was assessed upon heating to°@5 cooling to 0°C, equilibration

the transition peaks became rather broad as expressed in thér 15 min, and reheating. Consecutive scans largely superimpose.
transition half-width ATy2), thereby compromising precise The high-temperature peak, corresponding to thermal unfolding of

. - . . - apo-B100, resulted in irreversible protein precipitation. Prior to
estimation of the onset of melting relative to baseline. The calorimetric experiments, progression of oxidation was stopped by

cooperativity of the unfolding process was estimated from adding 10xL of 10 mM EDTA. The different time periods are
the ratio of the van't Hoff enthalpyXH.+) to the calorimetric referred to as pointsHIV and are schematically depicted in the

enthalpy, according to the formula described by Sturtevant inset. (Inset) Typical time course of copper-mediated oxidation as
(34). obtained by continuously monitoring the changes in absorbance at

S . . 234 nm. Oxidation was performed in the presence ofd/1LDL
Oxidation Steps.Native LDL subspecies were taken as and 1.7uM CuCl.

the reference for the baseline values and are referred to as

point O (inset, Figure 1). Point | is situated at the end of the Table 1: Spectrophotometric Data on LDL Subspeties
period corresponding to t_he Iag phase, When antioxidants are copper

consumed 12) but at which time only minor amounts of oxidation dione TBARS AAPHE diene

lipid peroxidation produ_cts_ can be detecte_d. Afte_r depleti_on time coursé (umollg of LDL) (umol/g of apo-B) (umollg of LDL)
of all endogenous antioxidants, the radical chain reaction

i O 0 21+01 0
commences and the EUFAS I(present |_n.CE, phospho_llplds, | 142421 1024 20 1014 2.7
and TG) are progressively oxidized to lipid hydroperoxides. I 59.0+ 12.5 13.5+ 1.2 56.84+ 2.7
During this propagation phase and when the production rate  1lI 104.4419.3 19.2+ 3.8 97.1+ 5.3
of dienes had attained its maximum, a second sample was !V 89.5+17.5 29.8+£4.5 ND'

withdrawn,; this stage is referred to as point Il. When the  2Density was 1.031.04 g/mL. The values are meaasSD of three
highest concentration of conjugated dienes was reached, poingubjects> See inset to Figure 1 and Materials and Methods section.
Il was selected. Finally, point IV represents the phase of ¢ TBARS are not detectable in AAPH-treated LDL as a result of dilution
o 7! . . during desalting? Not determined.

the decomposition period at which the concentration of
aldehydes was maximal.

Statistical Analysig.he calorimetric values for native and
oxidized LDL subspecies were compared by the Mann
Whitney test. Significance was taken Ritvalues< 0.05.

the irreversible unfolding and denaturation of apo-B1T8) (
36). The thermotropic properties of apo-B100 unfolding
appear different from that of typical globular proteins in that
the enthalpic value calculated per gram of apo-B100 is only
RESULTS about 10% of that obtained for globular proteins. Repre-
sentative calorimetric curves for native LDL and for the time
For the calorimetric experiments, lipoprotein subspecies course of copper-mediated oxidation are shown in Figure 1.
were isolated from the plasma of each of seven donors by As a prelude to the calorimetric studies, we compared the
density gradient centrifugation; our investigations were effect of Cu- and AAPH-induced oxidation on the lipid
focused on LDL subspecies of intermediate density ( moiety of LDL. Defined points on the diene production
1.030-1.040 g/mL). The use of LDL subspecies of inter- curve designated as-1V were chosen according to criteria
mediate density, where almost 50% of total plasma LDL described in the Materials and Methods section and sche-
mass was found in this density rang23(35), has the  matically depicted in the inset to Figure 1. A summary of
advantage of a markedly greater degree of homogeneity inthe UV spectrophotometric results is given in Table 1. In
physical and chemical properties, thus yielding representative,addition, the time course of the diminution in the mass of
characteristic transition peaks by calorimetry. the various lipid classes, expressed as a percentage of the
LDL exhibits two endothermic transitions with transition initial mass, was followed during copper-induced oxidation
temperatures centered at-285 °C and at about 80C, (Table 2).
respectively. The first one arises from the reversible melting  Influence of Copper- and AAPH-Induced Oxidation on the
of the core-located lipids, while the second is associated with Core Lipid Transition in LDL. The midpoint temperatures
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Table 2: Decrease of Lipids during Copper-Mediated Oxidation of

LDL Subspecies

Table 3: Calorimetric Behavior of LDL Subspediatiring
Copper-Mediated Oxidation

oxidation time cours(% of initial value)

oxidation time courde

0 | 1 11l \Y 0 | 1] 1] [\
free cholesterol 100 96.9 99#14.3 87.9+56 76.2+6.1 Core Melting
cholesteryl esters 100 92.8 9Gt910.3 59.8+24.8 46.0+ 33.4 Tm (°C) 28.6 29.2 29.2 29.1 295
phospholipids 100 90.8 84#12.6 68.6£9.5 56.3+8.5 ATz (°C) 5.8 5.9 6.9 7.9 9.8
triglycerides 100 89.4 82.F 159 83.8+28.6 84.0+44.1 Z\ﬁfagé ggi 0.6 g?i 1.0 g7li 11 72-59i 14 8é5§E 2.0
aDensity was 1.031.04 g/mL. The values are meanSD of one (f]a/lg of CE) ' ' ’ ’

3.3 0.8 29+03 3.0+0.3 3.2+04 3.4+05
Protein Denaturatich

determination for LDL preparations isolated from three subjects. average
Analysis was performed as described in Materials and MetHd8ee
inset to Figure 1 and Materials and Methods section.

T (°C) 78.1 76.7 75.4
average 79.%0.8 781+ 1.2 77.8+ 1.3
of the order/disorder transition of the core lipids in native 2T2(C) 36 86 96
. o AHcal (J/g of 2.3 1.3 1.0
LDL varied between 28.4 and 31°&. These values were apo-B100)

based on a relatively high ratio of cholesteryl ester to average 2402 14+05 1.0£01
triglyceride (9-15 mol of CE/mol of TG), a parameter that 2:\6/7'4(/‘2034 i 1088 5;‘-2 414-55
constitutes a major dete_rr_ninant of the a_lctual me!ting tem- overage < 10-01 17403 20403
perature 16). Upon addition of copper ions, a slight but

iqnifi t - lative to that of nati LDL aDensity was 1.031.04 g/mL.P See inset to Figure 1 and Materials
signimcant increase Inm relative 1o that of nauve . and Methods sectiori.Calorimetric parameters are representative of
(AT,=0.5 + 0.3 °C, P < 0.02) was observed in all

data obtained for LDL from one dondtAverage values represent the
preparations at the end of the lag period (point 1) and means for analyses of LDL from six different donot€alculated

remained almost constant during the propagation phase. Agiccording to the van't Hoff equatiorQ).

oxidation progressed, the peak gradually broadened; indeed, . L

the transition half widthATy,, increased significantly from  reduced to about 5560% of the initial value AHca = 1.4

6.2 + 0.6 °C for the native sample to 8% 2.0 °C during + 0.5 J/g of apo-B100P < 0.003) while the half-width of

the decomposition phas® (< 0.05). It is noteworthy that e transition ATy, [A(ATyz) = 3.2+ 1.5°C] increased

at advanced stages of oxidation (8 and 24 h), which involve dramatically (Table 3) Even brief exposure (210 ”1'”) to

extensive lipid depletion and decomposition, the core lipid COPPer ions resulted in a reductionTip of 1.5+ 0.1°C, in

transition peak was still detectable; however, as a conse-Proadening of the peak and in marked lowering of the

quence of the enhanced peak broadening, no quantitativec@lorimetric enthalpy (approximately25%). Quantitation

evaluation was performed. Similar calorimetric transition Of the calorimetric transition parameters at advanced stages

characteristics were obtained for the AAPH-mediated oxida- Of copper-induced oxidation (points Il and IV, respectively)

tion system. After a short period of exposure, no significant c0uld not be performed due to extensive peak broadening.

effects on the melting behavior of the core lipids could be When AAPH was used as a prooxidant, tndecreased

observed. At the end of the lag phade, was decreased from 79.1+ 0.75 C.for the native LDL preparat_lons to 78.5

(AT = 1.8 + 0.6 °C); simultaneously, the peak became 4 0.7°C after 10 min of AAPH exposure and finally, at the

broader. end of the lag time, to 77.8 0.8 °C. Simultaneous with
Thermodynamic data representative for one donor and sgch g:hange;, the transition peak broadened and the e_nthalpy

mean values for six different donors are presented in Tablediminished [i.e.,AHcy = 1.9 J/g of apo-B100 (for native

3. The enthalpy values for the native LDL sampla$(, LDL) to AHca = 0.4 J/g of apo-B100 (for samples at the

= 3.3+ 1.0 J/g of CE) were within the range expected for €nd of the lag phase)]. For the early stages of copper- and

LDL subspecies of intermediate densityl). Upon oxida- free radical-driven oxidation, direct comparison of prooxidant

tion, CEs were progressively degraded and contributed to a€ff€cts on the heat capacity functions for protein unfolding

lesser degree to the thermotropic transition. For a constanta'® Presented in Figure 2 and summarized in Table 4.

CE content, however, the calorimetric enthalpies remained Due to the irreversibility of the apo-B100 unfolding

constant during lag and propagation phaséid = 3.1+ process, thermodynamic equilibrium con_dltlons are not

0.4 JIg of CEP < 0.07) and slightly, but not significantly provided. Hence, the excess heat capacity functions may

increased during decompositioAKlcy = 3.4 + 0.5 J/g of not be strictly interpreted in terms of the van’t Hoff equation.
CE,P < 0.2). Nonetheless, the pronounced differences detected in the

On reheating of LDL, no further alterations in the unfolding characteristics of apo-B100 in native and oxidized

calorimetric parameters were detectable, thereby verifying LDL justified the use of such an approach. For native LDL,
the reversibility of the core lipid transition. the cooperativity of the unfolding process was close to unity

Influence of Oxidation on the Thermal Beliar of apo- (AH/AHca = 1.0+ 0.1), resembling a two-state transition.
B100. The precise midpoint temperatures for the irreversible BY contrast, calorimetric data for modified LDL clearly
protein transition varied between 78.1 and 7909 (Ty = refleqt the status of an unfolded _an_d partially dene}tured
79.3+ 0.8°C) for the individual native LDL samples; the ~Protéin AHw/AHe = 1.7 + 0.3 within the propagation
associated calorimetric enthalpies were found tbky = phase).
2.4+ 0.2 J/g of apo-B100. . DISCUSSION

From initiation by incubation with copper ions to propaga-
tion, a significant decrease i, of 1.3+ 0.6°C (P < 0.02) We have demonstrated that oxidative modification of apo-
was observed; simultaneously, the calorimetric enthalpy wasB100 in native LDL particles of highly defined physico-
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studies, which reveal a significant decrease in the fluores-
A cence intensity of tryptophan within a short period of
exposure 42, 43). However, when LDL was exposed to a
steady flux of peroxyl radicals generated thermally by a
water-soluble azo compound such as AARH-47), then
the initial loss in thermal stability of apo-B100 has to be
explained either by direct attack at amino acid residues by
free organic radicals or by reaction of such residues with
decomposition products of preformed lipid hydroperoxides
(48). We could show that elimination of lipid hydroperox-
ides by conversion to the corresponding hydroxides with
ebselen 32) had no significant effect on the progression of
protein damage (data not shown). Our results clearly indicate
that specific changes in apo-B100 structure result in partial
protein unfolding and enhanced protein aggregation at initial
stages of oxidative stress. These findings lead us to the
assumption that modifications in lipicbrotein interaction
occurred, involving exposure of previously buried hydro-
phobic regions of the polypeptide chain to the aqueous
environment 49) and thus rendering them more accessible
to oxidative attack. Indeed, it has been proposed that apo-
B100 is wrapped around the outer surface of the LDL patrticle
FIGURE 2: Heat capacity functions of thermal destabilization of (50—52) with hydrophobic segments immersed in the
T B Daeciocs wete Suprared o qionty s dmgycrocarbon chain region of the phosphoipid monolaye
were normalized to protein concentration, which w(?is abgutl mg/a(sa); and hydroph_oblc domam; hfave been shown to be
attacked preferentially upon oxidatiob4).

mL. A slight variation in transition temperature for native LDL _ )
samples (solid lines) is typical for different donors. (A) The effect ~ The complete loss of the cooperatively folded domains of

of copper-mediated oxidation was monitored after 2 min of exposure apo-B100 during the propagation phase of the radical chain
(dashed line) and at the end of the lag period (dotted line), oxidation reaction is probably caused by reactive lipid breakdown

was stopped by addition of EDTA. (B) AAPH-induced oxidation . .
was terminated by cooling to %C, followed by passage over a Products, such as peroxyl and alkoxyl radicals, which can

desalting column, after 10 min (dashed line) and at the end of the induce continuous modification of its primary structure. Thus,

IZO kcal / K*mol

Heat Capacity

Heat Capacity

72 74 76 78 80 82 84
Temperature [°C]

lag phase (dotted line).

Table 4: Calorimetric Data on Apo-B100 Denaturation at Early
Stages of Copper- and AAPH-Induced Oxidation of LDL

His and Pro residues are converted to Asp and Gh), (
and derivatization of accessibéeamino acid groups leads
to a progressive decrease in trinitrobenzenesulfonic acid
(TNBS) reactivity 66). Accordingly, cross-linking reactions

copper AAPH involving secondary oxidation products, such as reactive
oxidationtime course 0 o/ | 0 o/l I aldehydes, in addition to protein cleavage or aggrega8an (
Tw (°C) 708 784 783 784 779 761 °7) must be taken into account. The equilibrium between
ATy (°C) 26 30 38 33 33 37 fragmentation onthe one hand and cross-linking of polypep-
AHca (J/g of apo-B100) 20 15 0.9 1.9 11 04 tide chains on the other depends on the arrangement of the
AHcal (%) 100 750 444 100 579 211 |ipid chains within the particle58) but may also reflect a

2 See inset to Figure 1 and Materials and Methods secti@xi- close association of the hydrophobic domains of the protein
dation was terminated after 2 and 10 min of incubation with copper with the lipid environment, thus facilitating the interaction
and AAPH, respectively, and corresponds to 2% and 14% of the ot 54,8100 with secondary lipid peroxidation products.
respective lag periods. . L

During the early phase of oxidation, we observed that
chemical properties occurs independently of core lipid phospholipids and cholesteryl esters are degraded ap-
structure. Furthermore, protein damage was found to proximately in proportion to their content of polyunsaturated
constitute an early event in oxidation, whereas the core lipid fatty acids. As LDL particles contain about 3 times more
components preserve their structural integrity for a prolonged bisallylic hydrogen groups within the neutral core than in
period. Protein destabilization was independent of the the polar phospholipid shelllg, 37), the involvement of
initiating agent (metal ions or a free radical generator). As rapid radical transfer mechanisms must be considered. Thus,
metal ions are tightly bound to the LDL surfa@8(37, 38) differences between the mobilities of radicals in the outer
presumably as a result of the formation of co-ordination layer as compared to the core of LDL favour transfer from
complexes with amino acid residues at various sites alongthe surface to the core, and in turn hydrophilic peroxidation
the protein chain39), we interprete our results to indicate products are released from the inner core to the surface. Lipid
that the thermal protein destabilization is intimately linked peroxidation progressively reduces the content of polyun-
to copper binding and reduction of Cu(ll) to Cu($Q; 41). saturated cholesteryl arachidonate and linoleate and results
A decrease inTy, and AH¢,, respectively, which indicates in a decrease in lipoprotein fluidity and an increase in
an unfolding in some regions of apo-B100 was observed evenmembrane rigidity §9). Under these conditions, an en-
at the initial phase of copper oxidation. Further evidence hancement of core stability may be predicted and is entirely
that specific amino acid residues of apo-B100 are highly consistent with the slight increase in melting temperature
sensitive to copper ion attack derives from fluorescence that we observed at the onset of oxidation. Furthermore, if




Thermal Stability of Apo-B100

water-soluble oxidation products of the core PUFAs are 17.

released to the aqueous medium, the peak of the thermal

transition became even sharper as compared to the native 18.

sample, implying an enhanced cooperativity within the core
environment. Equally, our results reveal that some features

of the organized lipid arrangement are preserved even after 2q.

extensive oxidation. Indeed, the order/disorder transition of
the core lipids, which is assumed to be a determinant
parameter for antioxidant efficiency and susceptibility of
lipids to oxidation (1), was maintained during the time
course of oxidation.

In conclusion, the present calorimetric studies reveal that
the initial oxidative changes in LDL particles are focused
on the structure and organization of the protein moiety, i.e.,
apo-B100. Moreover, such effects are independent of the
nature of the prooxidant agent, i.e., Twr AAPH, and
precede oxidative modification of lipid components. Clearly,
then, the loss in protein stability constitutes a key step in
the sequence of structural modification, which leads to the
deviation of LDL uptake by the nonatherogenic LDL receptor
pathway to that by the scavenger receptors in monocyte-

derived macrophages; this latter step represents an essential,7.

stage in the formation of macrophage foam cells, a principal

characteristic of human atherosclerotic plaques. Such studies 28.

should identify new therapeutic mechanisms for the preven-
tion of LDL—apo-B100 oxidation during the atherogenic
process.
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