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ABSTRACT: Oxidation of low-density lipoprotein (LDL), the major cholesterol carrier in plasma, is thought

to promote atherogenesis via several mechanisms. One proposed mechanism involves fusion of oxidized
LDL in the arterial wall; another involves oxidation-induced amyloid formation by LDL apolipoprotein

B. To test these mechanisms and to determine the effects of oxidation on the protein secondary structure
and lipoprotein fusiorin vitro, we analyzed LDL oxidized by nonenzymatic @uH,0,, and HOCI) or
enzymatic methods (myeloperoxidasgZk{Cl~ and myeloperoxidased®d./NO,~). Far-UV circular
dichroism spectra showed that LDL oxidation induces partial unfolding of the secondary structure rather
than folding into crosg amyloid conformation. This unfolding correlates with increased negative charge

of oxidized LDL and with a moderate increase in thioflavin T fluorescence that may result from electrostatic
attraction between the cationic dye and electronegative LDL rather than from dye binding to amyloid.
These and other spectroscopic studies of low- and high-density lipoproteins, which encompass amyloid-
promoting conditions (high protein concentrations, high temperatures, acidic pH), demonstrate that
vitro lipoprotein oxidation does not induce amyloid formation. Surprisingly, turbidity, near-UV circular
dichroism, and electron microscopic data demonstrate that advanced oxidation inhibits heat-induced LDL
fusion that is characteristic of native lipoproteins. Such fusion inhibition may result from the accumulation
of anionic lipids and lysophospholipids on the particle surface and/or from protein cross-linking upon
advanced lipoprotein oxidation. Consequently, oxidation alone may prevent rather than promote LDL
fusion, suggesting that additional factors, such as albumin-mediated removal of lipid peroxidation products
and/or LDL binding to arterial proteoglycans, facilitate fusion of oxidized LiDLvivo.

Low-density lipoproteins (LDE) mediate cholesterol LDL oxidation in plasma and, especially, in the arterial
delivery to peripheral tissues, and plasma levels of LDL, wall is thought to be a key pro-atherogenic event that leads
particularly of oxidized LDL (ox-LDL), correlate strongly to the formation of atherosclerotic lesions via multiple
with the progression of atherosclerosis-@). LDL comprise pathways §—11) and refs therein). One established pathway
spherical particles of about 22 nm in diameter that contain involves enhanced receptor-mediated uptake of ox-LDL by
an apolar core of cholesterol esters (CE) and triacylglycerols macrophages resulting in foam cell formatidi2. Several
(TG) surrounded by an amphiphathic monolayer of phos- mechanisms for such an enhanced uptake of ox-LDL have
pholipids and unesterified cholesterol in which a single Peen proposed. According to one of them, fusion of ox-LDL
molecule of apolipoprotein B-100 (apoB, 4536 a.a.) is ?ncreases their receptor—binding aff_inity and their re.tgntion
located. According to the “response to retention” hypothesis, in the arterial wall; such oxidation-induced LDL fusiom
LDL retention in the extracellular matrix of the arterial wall ~1v0 iS supported by multiple lines of circumstantial, albeit
triggers a cascade of pro-atherogenic events, such as LDLNOt direct, evidence1). Another proposed mechanism

oxidation, fusion, and lipid droplet formation, ultimately ~SUY99ests that amyloid formation by apoB on ox-LDL leads
leading to foam cell formation and lipid deposition in to enhanced uptake of ox-LDL by scavenger receptor CD36

atherosclerotic plaque,(5) that recognizes amyloid.4). Our work addresses these two
" putative mechanisms by testing whether LDL oxidation

induces amyloid formation and particle fusionuitro.
T This work was supported by National Institutes of Health Grants F ot ; :
GMO67260 and HLO26355. Advanced LDL oxidation results in apoB fragmentation,

* Corresponding author. Dr. Shobini Jayaraman, Department of Cross-linking, and increased solvent equsﬁrd@, yet th?
Physiology and Biophysics, Boston University School of Medicine, secondary structure of apoB on ox-LDL is at least partially
W321, 715 Albany Street, Boston MA 02118. Tel: (617) 638-4247. intact. Most CD and infrared studies of €woxidized LDL

Fax: (617) 638-4041. E-mail: shobini@bu.edu. . I
1 Abbreviations: LDL, low-density lipoprotein; n-LDL, native (non- detect little or no secondary structural changes upon oxidation

oxidized) low-density lipoprotein; ox-LDL, oxidized low-density li- ~ (15—18), and most of the observed changes involve partial
poprotein; HDL, high-density lipoprotein; apoB, apolipoprotein B100;  unfolding of a-helix and/orj-sheet structure in apoB.9—

MPO, myeloperoxidase; CD, circular dichroism; ThT, thioflavin T; CE, idati ;
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tetraacetic acid. structural evidence2d) supports oxidation-induced folding
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of apoB or its fragments in the crogssheet conformation
characteristic of amyloid.

One goal of this work was to test the amyloid hypothesis
by carrying out CD spectroscopic analysis of LDL at
advanced stages of oxidation when the protein structure is
modified. To do so, we employed nonenzymatic agents that
are widely used in LDL oxidation studies, such agCons,
hydrogen peroxide (kD.), and hypochlorite (HOCI), as well
as myeloperoxidase, an oxidative enzyme that is expressed
at high levels in atherosclerotic lesions and is believed to
best represent LDL oxidation in the arterial wa).(Another
goal was to determine the effects of these oxidants on the
heat-induced morphologic transitions in LDL. These thermal
transitions in native (non-oxidized) LDL (n-LDL), which
involve irreversible fusion into larger particles followed by
particle rupture and apoB dissociatid?b), were proposed
to mimicin vivo LDL transformations such as fusion in the
arterial wall. The current study tests whether LDL oxidation
in vitro promotes heat-induced fusion; surprisingly, the *
results disprove both this notion and the amyloid hypothesis.

Cu?
124

A,,,a. u.

MATERIALS AND METHODS

Materials. Human myeloperoxidase (MPO) (lot # EC
1.11.1.7) was purchased from Calbiochem; MPO purity
assessed by SDS gel electrophoresis w85%, and the
purity index AysdAzg was 0.75. Thioflavin T (ThT) and
NaNQ, (99.99% purity) were from Sigma. Diethylenetri-
amine pentaacetic acid (DTPA,98% purity) and NaOCI
(<5% chlorine) were from Across Organic; the HOCI
concentration was spectrophotometrically determined using
extinction coefficientezgo = 350 Mt cm™! (26). The
hydrogen peroxide (}D,) 30% solution was from American
Bioanalytical. Butylated hydroxytoluene (BHT, 99% purity)

C

Ficure 1: Copper-induced LDL oxidation and characterization.
- (A) Time course of LDL oxidation monitored by absorbance at
was from Aldrich. 234 nm for conjugated diene formation. Oxidation of human LDL
LDL Isolation.Human LDL from five healthy volunteers (0.1 mg/mL protein concentration in 10 mM Na phosphate buffer
were used in this work. Single-donor LDL were isolated from &t PH 7.5) was initiated by addition of CugQ5 uM final
fresh EDTA-treated plasma by density gradient ultracen- concentration), Oxidation stages 1 (lag phase), 2 (propagation
; - p y y g phase), and 3 (advanced phase) are indicated. (B) Effect of oxidation
trifugation in the density range 1.039.063 g/mL @7). LDL on the negative charge on LDL assessed by 1% agarose gel
migrated as a single band on agarose and SDS gels. Stoclelectrophoresis. Lanes-B show the migration of LDL oxidized
LDL solution of ~4 mg/mL protein concentration was o stages 3, respectively (panel A). (C) Oxidation-induced protein
dialyzed extensively against buffer A (10 mM Na phosphate, g]%‘w'tcﬁé'%‘% farlﬁngfﬁgoﬁ% igiiegdeiglgf;gﬁgrfez;é tﬁ\ﬁl
0.25 mM EDTA, and 0.02% Najat pH 7.5), degassed, and

h . o (panel A); n-LDL are shown for comparison.
stored in the dark at 4C. The stock solution was used within
two weeks during which no protein degradation and no ature control. Oxidation was stopped at different stages
changes in electrophoretic mobility of LDL were detected (marked 13 in Figure 1A) by addition of 1 mM EDTA
by SDS and agarose gel electrophoresis, respectively. Proteitand 10uM BHT, followed by sample cooling on ice.

concentration was determined by modified Lowry assay.

LDL Oxidation and Characterizatior.DL oxidation by
nonenzymatic (Ctf, H,O,, and NaOCl) or enzymatic

The kinetics of Céir-catalyzed oxidation is well character-
ized 28). During the lag phase (stage 1 in Figure 1A),
antioxidants are consumed but only small amounts of lipid

methods (MPO) was performed following established pro- peroxidation products are formed; in the propagation phase
tocols. For copper oxidation, buffer B (10 mM Na phosphate (stage 2), poly unsaturated fatty acids in CE, TG, and
at pH 7.5) was pretreated with washed Chelex resin (1 g/l) phospholipids are progressively oxidized to lipid hydroper-
to remove traces of transition metals. LDL stock solution oxides; advanced oxidation (stage 3) corresponds to maximal
was dialyzed against buffer B for 18 h at@ in the dark, concentration of aldehydes that can form Schiff bases with
using three buffer changes to remove traces of EDTA. Next, Lys residues of apoB. Agarose gel electrophoresis, which
LDL solution of 0.1-4 mg/mL protein concentration was was used to monitor the progress of oxidation, showed
equilibrated at 37C, and oxidation was initiated by addition gradual increase in LDL electronegativity in stages 2 and 3
of CuSQ to 5uM final concentration. The progress of lipid  (Figure 1B), reflecting Lys modifications in apoB and
peroxidation measured by conjugated diene formation wasformation of free fatty acids. ApoB proteolysis during LDL
monitored at 37C by absorbance at 234 nm using Varian oxidation, which results from nonenzymatic scission by
Cary-300 UV/vis spectrometer with thermoelectric temper- aldehydes, was monitored by SDS gel electrophoresis (Figure
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1C); as expected, stage 3 shows a continuous density streakscribed 25) using a CM12 transmission electron microscope

indicating apoB fragmentation, and large aggregates observedPhilips Electron Optics). Particle size analysis was carried

in stage 3 at the top of the gel are consistent with protein out in PHOTOSHOP computer graphics usin@00 par-

cross-linking by reactive aldehydes formed upon advancedticles.

oxidation (@9) and refs therein). All experiments in this study were repeated at least five
LDL oxidation by HO,, which was triggered by the times to ensure reproducibility.

addition of 0.3% HO,, was performed at 37C using a

similar protocol. After the reaction reached an advanced RESULTS

stage, as judged by a plateau in absorbance at 234 nm, ] o

the LDL sample was dialyzed against buffer A to remove To dete_rmlne the effect of LDL oxidation on the secondary

H,O. structure in apoB, far-UV CD spectra were recorded of LDL
LDL oxidation by NaOCI was carried out as described that were extensively oxidized by various methods. To

(30). Briefly, freshly diluted NaOCI (0.5 mM) was added to  Prepare such ox-LDL, n-LDL were incubated at 37 with
the LDL sample (0.5 mg/mL protein concentration, 150 mMm Various oxidants as described in Materials and Methods, and

NaCl), and the sample was incubated foh at 37°C. the time course of oxidation was monitored by UV absor-
For MPO-induced oxidation, LDL solution of 0.2 mg/mL  bance at 234 nm. The peroxidation reached the advanced
protein concentration in buffer A was first dialyzed against St2ge when the sigmoidal changes in absorbance reached a

buffer C (50 mM Na phosphate buffer and 0.1 mM DTPA Plateau (stage 3 in Figure 1A). €uinduced oxidation was

at pH 7.5). MPO/HO,/Cl--catalyzed oxidation was carried ~Stopped by addition of EDTA, while other nonenzymatic
out with LDL solution in the presence of 150 mM NaCl. oxidative agents were removed by dialysis; the resulting ox-

MPO was added to a final concentration of 3 nmol. Oxidation LDL were used for structural and stability studies.

was initiated by addition of 4«M H,0, at 37 °C. The Figure 2A shows far-UV CD spectra of n-LDL (solid line);

reaction was stopped by addition of 300 nM catalase consistent with earlier reports, these spectra have a maximum

followed by 30 min incubation at 2%C (31). at 193 nm and a broad minimum from about 208 to 222
MPO/H,0,/NO.-oxidized LDL was prepared by incubat- nm, indicating the presence afhelix andj-sheet structure

ing LDL (0.2 mg/mL protein concentration) at 3T in in apoB. The spectra of ox-LDL have similar shape but show

buffer C in the presence of 30 nM MPO and 0.5 mM NaNO reduced CD intensity at 26822 nm, indicative of partial

for 24 h. The reaction was terminated by addingd®0BHT unfolding of the secondary structure. The rank order of the

and 300 nM catalasesp). extent of this unfolding is HOCI, MPOA®D,/CI~ > H,0,,

Gel ElectrophoresisSDS-polyacrylamide gel electro- MPO/HO,/NO,” > Cw** > n-LDL, with maximal unfolding
phoresis was performed using 4% homogeneous system. Thémaximal reduction in CD intensity) induced by MPQO®¥/
gel was run at 150 V for 2 h and stained with Coomassie Cl~ (v) and minimal unfolding induced by €ti(O). This
blue. Agarose gel electrophoresis was done using a TITAN reduction in CD intensity agrees with earlier CD studit$;
gel lipoprotein electrophoresis system. LDL samples con- 22) but is incompatible with amyloid formation because the
taining 4 ug of protein were loaded on the pre-cast gels, latter would have led to a large increase (rather than
and the gels were run in barbital-sodium barbital buffer at reduction) in the negative CD near 217 nm, which is a
60 V for 40 min and at 125 V for 7 min. The gels were hallmark of cross3 conformation (84) and refs therein).
dried at 70°C for 20 min, stained with 0.1% (w/v) Fat Red Thus, contrary to the amyloid hypothesis, advanced oxidation
7B stain in 95% methanol, destained in 75% methanol, and of LDL by enzymatic as well as nonenzymatic methods leads
dried at 70°C. to partial unfolding of the secondary structure in apoB rather
CD Spectropolarimetry and TurbidityCD data were  than to folding in crosg conformation.
recorded using an AVIV-215 spectropolarimeter with a  To further test the amyloid hypothesis, we analyzed the
thermoelectric temperature controller. Heat-induced changeseffects of LDL oxidation on ThT binding/fluorescence. ThT
in CD and turbidity were recorded simultaneously at a is a benzothiazole dye that often exhibits large enhancement
constant wavelength (220 or 280 nm) as descriB&y Far- in fluorescence intensity upon binding to amyloid fibers. An
UV CD spectra (185125 nm) were recorded from LDL  increase in ThT emission was observed in the presence of
solutions of 0.1 mg/mL protein concentration. The CD and ox-LDL and was interpreted as amyloid formation by apoB
turbidity melting data were recorded from solutions of 2 mg/ (14). However, ThT fluorescence alone does not provide a
mL protein concentration during sample heating and cooling reliable tool for amyloid detection and should be correlated
with 1 °C increment at a rate of 10 K/h. Far-UV CD data with structural data. In our studies, emission spectra of ThT
were normalized to protein concentration and expressed aswere recorded in the presence of n-LDL or ox-LDL. In the
molar residue ellipticity, @]. ORIGIN software was used presence of n-LDL, a ThT emission peak centered at 480
for data processing and display. nm is observed (Figure 2B, black solid line). In the presence
Fluorescence SpectroscoyDL (20 ug/mL) and ThT (8 of Cu-oxidized as compared to n-LDL, this peak shows about
uM) solutions in 10 mM Na phosphate buffer at pH 7.5, 70% increase in amplitude (Figure 2B). A comparison
were mixed and incubated for 10 min. The emission spectra of the fluorescence and CD spectra recorded from LDL that
of ThT were recorded at 23C using a Fluoromax-2  were oxidized to stage 3 by various agents (Figure 2A and
spectrofluorimeter. The probe was excited at 450 nm, and B) shows a similar rank order for this fluorescence enhance-
the spectra were recorded from 460 to 600 nm with 5 nm ment and for the extent of protein unfolding; thus, maximal
excitation and emission slit widths. fluorescence enhancement is induced by MPOMCI~ (V),
Electron Microscopy.Lipoproteins were visualized by and minimal enhancement is induced by?Cyd). This
negative staining transmission electron microscopy as de-correlation between the increase in ThT fluorescence and
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F 2 Effect of l e idati th d truct Ficure 3: Effect of heating on the protein secondary structure in
IGURE <. EfTect of Ipoprotein oxidation on the secondary SIUCWUre ., her_ gxidized LDL. LDL protein concentration is 4@/mL in
i’:_lnd)Th'g Egﬂmg:d('A)dF?r-liv 0[3) gp%ér&?fnr/}bLoD/%—b(glﬁ(\iESOHd 5 mM Na phosphate buffer at pH 7.5. (A) Secondary structure
ine) an oxidized to stage 3 by , o/NO2~ ; ; i }
(gray line) and MPO/LO,/CI- (v). The specira of LDL oxidized monitored by CD at 217 nm upon heating and cooling of ox-LDL

h . A . = at a rate of 11 K/h; the results closely resemble similar data for
by using HOCI (which superimpose those using MP§DHCI N y 3
(gray line)) and by O, (which superimpose those using MO/ n-LDL (25). (B) Far-UV CD spectra of ox-LDL recorded at 26

7 f before (black) and after heating to 98 (gray). (Inset) Difference
H20./NO,  (v)) are not shown to avoid overlap. All spectra were o o m hetween the intact and heated ox-LDL suggests irrevers-
recorded from LDL solutions of 0.1 mg/mL protein concentration

in 5 mM Na phosphate buffer at pH 7.5 andZa (B) Fluorescence ible heat-induced reduction if-sheet content.

emission spectra of ThT at 2& in the presence of n-LDL or LDL - . .
oxidized to stage 3 by various agents. Line coding and buffer HDL are ~85% a-helical and lack substantig$-sheet

conditions are the same as those in panel A; the spectra of LDL Structure that is thought to bind ThT. Nevertheless, HDL
oxidized by HOCI and by kD, are not shown to avoid overlap. and LDL oxidation shows similar effects on the protein
LDL protein concentration is 0.02 mg/mL; ThT concentration is 8 secondary structure and on ThT fluorescence: HDL oxida-

uM. (C) Far-UV CD spectra of n-HDL (black line) and HDL ; + i i i
oxidized to stage 3 by Ca (). Sample conditions are the same tion by Ci#" leads to partial unfolding of the helical structure

as those in panel A. (D) Fluorescence emission spectra of ThT in !nd'cated _by far-uv ,CD (Figure 2C) and to a'Q‘?O%
the presence of n-HDL and copper-oxidized HDL; sample condi- increase in the amplitude of ThT fluorescence, similar to
tions and line coding are the same as those in panel B. that observed upon LDL oxidation (Figure 2B and D),
Thus, regardless of the predominant secondary structure
the extent of protein unfolding (rather than folding in cr@ss-  (o/f8 in LDL or o in HDL proteins), lipoprotein oxidation
conformation) implies that ThT fluorescence does not reflect induces partial unfolding of this structure accompanied by a
amyloid formation by apoB. Furthermore, the increase in moderate increase in ThT fluorescence that may not reflect
ThT fluorescence correlates directly with the increase in the dye binding to crosg conformation. Consequently, under
electronegativity of ox-LDL as assessed by agarose gelconditions of our experiments, apoB on ox-LDL does not
electrophoresis, with the largest increase in electrophoreticform amyloid.
mobility induced by MPO/HO,/CI~ (data not shown) and Because amyloidogenic proteins often adopt cydss-
the smallest increase induced by?Cillane 3, Figure 1B). conformation and readily form amyloid upon heatir&#,(
This suggests that the enhanced ThT fluorescence results35), we tested whether heating of ox-LDL may induce
at least in part, from electrostatic attraction between the amyloid formation in apoB. The CD melting dat@>q(T)
cationic dye and the negatively charged surface of ox-LDL. in Figure 3A, which were recorded at 220 nm upon slow
To test whether the effects of oxidation on the apolipo- heating and cooling of Cu-oxidized LDL from 5 to 9&,
protein secondary structure and ThT fluorescence are specificclosely resemble similar data of n-LDI2%) and show a
to LDL, we carried out far-UV CD and ThT fluorescence gradual reduction in the CD amplitude upon heating,
studies of native human HDL (n-HDL) and HDL oxidized suggesting non-cooperative partial unfolding of apoB. This
to stage 3 by Cti (Figure 2C and D). In contrast to LDL, is confirmed by far-UV CD spectra of ox-LDL recorded at
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Ficure 4: Effect of copper oxidation on thermal transition in LDL.
The data were recorded by turbidity at 280 nm upon heating and
cooling LDL solutions (2 mg/mL protein concentration and 10 mM
Na phosphate buffer at pH 7.5) at a rate of 11 K/h. Melting data of
n-LDL (black solid line) and LDL oxidized to stage 1 (light gray),
stage 2 (dark gray), and stageD3) (Figure 1) prior to heating are
shown.

25 °C hefore and after heating to 9& (Figure 3B); the
latter show not only reduced CD intensity but also altered
spectral shape that indicates protein unfolding. The difference
spectrum, Olintact — [O]heated ShOWSs @ maximum at 195 nm
and a minimum near 220 nm, which is characteristic of the
fB-sheet conformation (Figure 3B, insert). Consequently,
heating of Cé*-oxidized LDL leads to a reduction jf+sheet
content. Similar results were obtained using LDL oxidized
by other agents (data not shown). Moreover, similar results
were obtained under conditions that generally promote
amyloid formation, such as acidic pH (pH 4:5.5) and high

(4 mg/mL) protein concentrations. Thus, in contrast to the
folding of the crosg? conformation observed in many
amyloidogenic proteins at low pH, high temperatures, and/
or high protein concentrations, heating of ox-LDL in a broad
range of pH (pH 4.57.7) and protein concentrations
(0.04-4 mg/mL) leads tgs-sheet unfolding and hence does
not produce amyloid.

Next, we tested the effect of oxidation on thermal stability
and heat-induced fusion of LDL. Earlier, we showed that
n-LDL undergo irreversible heat-induced transitions that
involve the formation of smaller LDL-like particlesd1=
20 nm) followed by lipoprotein fusion, rupture, and apoB
dissociation 25). In the current work, we prepared LDL at
stages +3 of Cw'-catalyzed oxidation (Figure 1) and
monitored their thermal denaturation by measuring turbidity
(dynode voltage) in CD experiments as descril&8).(LDL
solutions of 2 mg/mL protein concentration were heated and
cooled from 10 to 98C at a rate of 11 K/h, and turbidity at
280 nm, \bg(T), was monitored as a function of temperature
(Figure 4). The large irreversible increase in turbidity
observed upon heating of n-LDL above 8C (Figure 4,
black line) reflects lipoprotein fusion, rupture, and lipid
coalescence into large droplet®5). Surprisingly, similar
melting data recorded from LDL at various stages of
oxidation show a progressive reduction in the amplitude of
turbidity changes upon an increase in the degree of oxidation
(Figure 4, lines £3). This suggests that oxidation by €u
hampers heat-induced LDL fusion and rupture.

Similar results were obtained from LDL that were
extensively oxidized by other agents. For example, Figure 5
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Ficure5: Effect of myeloperoxidase-induced oxidation on thermal
transition in LDL. The CD (A) and turbidity (B) at 280 nm were
recorded simultaneously during heating and cooling of n-LDL
(black) or of LDL oxidized to stage 3 by MPO#B,/CI~ (V).
Experimental conditions are the same as those in Figure 4.

shows CD and turbidity melting data recorded at 280 nm of
LDL oxidized to stage 3 by MPO/AD,/CI-. The large
irreversible increase in the negative CD at 280 nm observed
in n-LDL upon heating above 86C is concomitant with
the increase in turbidity (black lines in Figure 5A and B)
and reflects re-packing of apolar core lipids during LDL
rupture and coalescence into dropl&S)( This heat-induced
transition is completely abolished in LDL that have been
oxidized to stage 3 by MPOAD,/CI~ (open symbols in
Figure 5A and B) or other oxidative agents used in this study
(data not shown). We conclude that advanced oxidation by
various methods prevents heat-induced LDL fusion and
rupturein vitro.

To further test this notion, ox-LDL were visualized by
negative staining EM before and after heating to °@8
Figure 6 depicts the images of n-LDL and of LDL that were
oxidized to stage 3 by Ct prior to heating. EM data in
Figure 6A and B show that oxidation induces no large
changes in LDL size or morphology at ambient temperatures.
Furthermore, our EM data reveal that LDL oxidation has a
large effect on heat-induced changes in particle morphology.
In contrast to n-LDL that undergo irreversible fusion, rupture,
and lipid coalescence into droplets upon heating (Figure 6C),
ox-LDL show no large heat-induced changes in morphology
(Figure 6D). Furthermore, similar to €uoxidized LDL,
LDL that were oxidized to stage 3 by other methods remain
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ox-LDL (14) is not specific for amyloid and has been
observed in many other protein systems, including collagen
fibers, cytoskeletal proteins, and a wide variety of native and
partially unfolded soluble proteins with diverse structures
((38) and refs therein). Similar to ThT binding, Congo red
binding may have both electrostatic and hydrophobic com-
ponents 88), which may contribute to enhanced interactions
of these dyes with ox-LDL. Regardless of the exact origin
of these interactions, our secondary structural data clearly
show that apoB on ox-LDL does not form amylaidvitro.
Similar to dye binding, the enhanced binding of serum
amyloid P to ox-LDL reported in ref4 is consistent with,
but does not prove, amyloid formation. In fact, serum
amyloid P binds not only to amyloid fibers but also to a
wide variety of other ligands, including DNA, collagen,
lipopolysachharides, phospholipids, normal HDL, and VLDL,
apparently via a combination of €adependent electrostatic
and hydrophobic interactions34, 40) and refs therein).
e 5 < L Furthermore, the low-angle X-ray diffraction of LDL re-
. 1 ported in refl4 may originate from ordering other than the
: "b‘: ry | ; & cross-beta amyloid conformation. Thus, the diffuse 4.7 A
Ficure 6: Effect of advanced oxidation on the heat-induced difraction ring observed in n-LDL and in ox-LDL may
changes in LDL morphology. Electron micrographs of negatively Originate from side-by-side packing of the lipid molecules,
stained n-LDL and LDL oxidized to stage 3 by ©were recorded = Whereas a similar 9.8 A ring that was detected only in ozone-
at 25°C before and after heating to 9&: n-LDL (A) and ox- oxidized LDL may be a high-order reflection from the
LDL (B) before heating, and n-LDL (C) and ox-LDL (D) after  |amellar ordering of CE and TG+35 A spacing) that occurs

heating. In contrast to n-LDL that show irreversible fusion, rupture, . . . .
and lipid droplet formation upon heating to 98, ox-LDL show below physiologic temperatures in the particle catg)(In

only a small ¢3 nm) reduction in the average particle diameter Summary, the data in_ réf‘} can be explained by factors other
but no heat-induced fusion or rupture. than amyloid formation in ox-LDL.

. . ) Surprisingly, our turbidity, near-UV CD, and EM data in
intact upon heating to 98C and show no large changes in  Figyres 4-6 reveal thatn sitro oxidation by various agents
size and morphology, as indicated by EM and native gel jnnibjts heat-induced LDL fusion, rupture, and apoB dis-
electrophoresis data (not shown). Importantly, EM images gqjation. Moreover, our ongoing studies suggest that this
of ox-LDL do not show any fibrillar structures wider than -~ yhenomenon is not limited to LDL but extends to other major
50 A that could be interpreted as amyloid protofilaments (36), ¢jasses of plasma lipoproteins. Earlier, we showed that heat-
even though such structures are well within the resolution o genaturant-induced apolipoprotein dissociation is coupled
range of negative staining EM. These results, together with 1, jinoprotein fusion that compensates for the decrease in
the turbidity and CD melting data in Figures 4 and 5, clearly he polar surface moiety26, 42, 43). Now, we hypothesize

show that advanced oxidation of LDh vitro inhibits heat-  {hat fusion inhibition in oxidized lipoproteins may result, in
induced particle fusion and disintegration and thereby part from protein cross-linking that prevents protein dis-
stabilizes lipoprotein assembly. sociation from the particle surface. However, such cross-

linking occurs at advanced oxidation stages (stage 3, lane 3
DISCUSSION in Figure 1C 28)), whereas gradual decrease in LDL fusion
The results of our spectroscopic studies clearly show thatis detected at earlier stages of oxidation (line3in Figure
LDL oxidation in wzitro does not induce crogssheet 4), suggesting that lipid peroxidation at these early stages
conformation in apoB (Figures-2%). We confirmed it by may inhibit LDL fusion. In fact, free fatty acids and lyso-
using six different oxidants in a broad range of conditions phospholipids, which form early upon the oxidation of the
that include amyloid-promoting conditions, such as high (mg/ LDL surface, are expected to stabilize LDL and prevent
mL) protein concentrations, high temperatures {83, and fusion @4, 45). Also, the peroxidation of CE and TG in the
acidic pH (pH 4.5-5.5). Thus, the moderate increase in ThT LDL core leads to the formation of free fatty acids and sterols
fluorescence observed in this and in the earlier studies ofand thereby increases the lipid core polarity; we propose that
ox-LDL (14) must result from factors other than amyloid migration of these polar lipids from the LDL core to its
formation. One possibility is electrostatic attraction between surface increases the surface-to-core lipid ratio and thereby
cationic ThT and the LDL surface that becomes increasingly hampers lipoprotein fusion. In addition, accumulation of
electronegative upon oxidation (Figure 1). In fact, electro- anionic lipids at the surface of ox-LDL would be expected
static interactions have been proposed to be involved in to inhibit fusion because of increased spacial separation of
interactions of ThT micelles with various macromolecular lipid head groups within the particle. Finally, increased
structures, including amyloid, keratin, and elastin fibrils, and electrostatic repulsion between LDL particles whose net
DNA (37). The results of this (Figure 2B and D) and earlier negative charge progressively increases upon oxidation
studies 14) suggest that oxidized plasma lipoproteins such (Figure 1B) may contribute to fusion inhibition. In summary,
as HDL and LDL can be added to this list. Similarly, induced lipid peroxidation products and apolipoprotein cross-linking
birefringence of Congo red upon binding to aggregates of may potentially inhibit the fusion of ox-LDL.
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The increased resistance of ox-LDL to heat-induced fusion
observed in our work was surprising because the fusion of
ox-LDL at ambient temperatures was reported in some,
although not alljn vitro studies 6—38, 13, 14, 22, 29, 46).
Moreover, the linkage between LDL oxidation and fusion
in vivo is supported by strong circumstantial evident8) (
The latter suggests that the factors mediatngivo fusion
of ox-LDL are absent from ouin vitro experiments. For
example, products of lipid peroxidation such as lyso-
phospolipids and free fatty acids may stabilize LBI4Yand
inhibit fusion @5); hence their removal by albumin may
facilitate fusion of ox-LDLin vivo. Furthermore, LDL fusion,
which is strongly concentration-depende2b,(29), may be
aided by LDL accumulation upon binding to arterial pro-
teoglycans 13, 47).

In summary, the results reported here demonstratdrihat
vitro LDL oxidation does not lead to amyloid formation by
apoB. We also show that, regardless of the oxidative agent,
mere oxidation may inhibit rather than promote lipoprotein
fusion. This suggests that vivo fusion of ox-LDL in the
arterial wall, which is proposed to trigger a cascade of pro-
atherogenic events at early stages of atherosclerosis, is aided
by other factors, such as LDL binding to arterial proteogly-
cans 47), interactions with albumin44), and so forth.
Identification of these fusion-promoting factors may poten-
tially help develop new therapeutic targets for atherosclerosis.
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