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Abstract

Oxidatively- or enzymatically-modified low-density lipoprotein (LDL) is intimately involved in the
initiation and progression of atherosclerosis. The in vivo modified LDL is electro-negative (LDL")
and consists of peroxidized lipid and unfolded ApoB-100 protein. This study was aimed at
establishing specific protein modifications and conformational changes in LDL™ assessed by liquid
chromatography/tandem mass spectrometry (LC/MS/MS) and circular dichroism analyses,
respectively. The functional significance of these chemical modifications and structural changes were
validated with binding and uptake experiments to- and by bovine aortic endothelial cells (BAEC).

The plasma LDL™ fraction showed increased nitrotyrosine and lipid peroxide content as well as a
greater cysteine oxidation as compared with native- and total LDL. LC/MS/MS analyses of LDL™
revealed specific modifications in the apoB-100 moiety, largely involving nitration of tyrosines in
the a-helical structures and B, sheet as well as cysteine oxidation to cysteic acid in B sheet. Circular
dichroism analyses showed that the a-helical content of LDL™ was substantially lower (~25%) than
that of native LDL (~90%); conversely, LDL™ showed greater content of B-sheet and random coil
structure, in agreement with unfolding of the protein. These results were mimicked by treatment of
LDL subfractions with peroxynitrite (ONOQO™) or SIN-1: similar amino acid modifications as well
as conformational changes (loss of a-helical structure and gain in B-sheet structure) were observed.
Both LDL™and ONOO™-treated LDL showed a statistically significant increase in binding and uptake
to- and by BAEC compared to native LDL. We further found that most binding and uptake in control-
LDL was through LDL-R with minimal oxLDL-R-dependent uptake. ONOO™-treated LDL was
significantly bound and endocytosed by LOX-1, CD36 and SR-A with minimal contribution from
LDL-R.
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It is suggested that lipid peroxidation and protein nitration may account for the mechanisms leading
to apoB-100 protein unfolding and consequential increase in modified LDL binding and uptake to
and by endothelial cells that is dependent on oxLDL scavenger receptors.
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Introduction

Low density lipoprotein (LDL) particles transport cholesterol, cholesterol esters, lipids,
phospholipids, and are involved in the maintenance of membrane fluidity [1]. The LDL particle
is comprised of lipid core and an apolipoprotein B-100 (apoB-100) moiety. The latter assumes
a pentapartite structure with alternating a-helices and p-pleated sheets (a.1—B1—0o— Bo—03) [2].
ay anchors the protein to the lipid core; a, and o3 expand and contract across the phospholipid
belt of the LDL particle to stabilize electrostatic interactions, thus maintaining LDL protein
structural integrity. B-sheets are structurally rigid and engaged in electrostatic interactions with
the phospholipids [2].

It is widely recognized that oxidative and/or enzyme-mediated modifications of LDL are
required for the particle to acquire the inflammatory properties inherent in the initiation and
progression of atherosclerosis [3,4]. This notion is strengthened by the observation that post-
translational modifications of apoB100 are elevated in atherosclerotic lesions [5]. Oxidation
of LDL can be carried out by transition metals, hemoglobin, myeloperoxidase, cerruloplasmin,
and reactive oxygen species generated by vascular endothelium [6-8]. The oxidative
modifications render the LDL particle electronegatively charged (LDL™) as compared to native
LDL (nLDL) [3,9,10]. Also, LDL™ (in vivo oxidatively-modified LDL) contains elevated level
of lipid peroxides and aldehydes that are implicated in protein unfolding [11]. Reactive nitrogen
species, especially peroxynitrite (ONOO™), generated by the vascular endothelium, nitrate apo-
B-100 in LDL particles [10,12-15]. Enzyme-mediated modifications of LDL — accomplished
through the action of ubiquitous hydrolytic enzymes— confer atherogenic properties to the
lipoprotein particles [4,16]: s-phospholipase A, [3] and its free fatty acid product [17],
cholesteryl esterases [4], plasmin [18], and matrix metalloproteinase -2 and -9 [18].

This oxidative- and/or enzymatically-modified LDL possesses inflammatory properties: it
activates cytokines [19] and monocyte adhesion molecules [20]. The LDL particle is
internalized by cells via the ubiquitously expressed LDL receptor (LDL-R). Rather than
binding to the LDL-R commonly present in cells, protein unfolding in modified LDL promotes
binding to the scavenger receptors (LDL-SR) in vascular endothelial cells [21] and to CD36
in macrophages [11,22]. ONOO-modified LDL is recognized by macrophages, thus gaining
further relevance in endothelial dysfunction and initiation of atherosclerosis [15,23,24].
Further, endothelial cells are involved in the initiation of atherosclerosis by the binding of
modified LDL and/or apoptotic cells and inducing macrophage/monocyte chemoattractant
proteins as well as inducing inflammation [25].

In this study, we assessed specific protein modifications and conformational changes of in
vivo oxidatively-modified LDL (LDL™) and ONOO™-treated LDL by liquid chromatography/
tandem mass spectrometry (LC/MS/MS) analyses and circular dichroism (CD) spectra. The
significance of ONOO™-driven modifications is underscored by the implication of both
NADPH oxidase (a source of 02°7) [10,26,27] and eNOS (a source of "NO) [28] activities in
vascular endothelial dysfunction and by the fast reaction of O2°~ and *NO to yield ONOO™.

Arch Biochem Biophys. Author manuscript; available in PMC 2009 November 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hamilton et al.

Page 3

Materials and methods

Chemicals

ONOO™ and monoclonal nitrotyrosine antibody were purchased from Upstate Cell Signaling
Solutions (UCSS, Lake Placid, NY). Bovine serum albumin, 3-morpholino-sydnonimine
(SIN-1), biotin, and 3'-tetramethylindocarbocyanine perchlorate (Dil) were purchased from
Sigma (St Louis, MO). Bovine Aortic endothelial cells were purchased from Cell Applications,
Inc. (San Diego, CA). Lectin, like oxidized LDL receptor, was a gift from Dr. Tatsuya
Sawamura (Osaka University, Japan). CD-36 receptor blocking antibody, SR-A receptor
blocking antibody, and LDL-R antibody were obtained from Beckman Coultier (Fullerton,
California), Serotec (Raleigh, North Carolina), and Calbiochem (San Diego, California),
respectively.

Isolation of in vivo LDL and modification of LDL and isolation of LDL~

Low density lipoprotein (LDL) was isolated from human plasma (USC blood bank) by density
gradient ultra centrifugation and pooled from multiple expired plasma LDL donors as obtained
from the USC blood bank(L-80 XP centrifuge, SW-41 rotor, Fullerton CA) [29]. LDL (5 =
1.019-1.063) was then collected and washed with phosphate-buffered saline (PBS) several
times using a Millipore (Bedford, MA) centrifugal filtering device with a 30 kDa cut-off. Anion
exchange liquid chromatography using a stepwise sodium chloride gradient to isolate nLDL,
LDL", and LDL2" to analyze the percentage of LDL™. HPLC was performed to analyze the %
of LDL"™. Concentrated LDL (at 200 pg/ml) was then incubated with different concentrations
of either ONOO™ or SIN-1 for 30 min at 37°C. Sin-1 was used as a donor of “NO and O, to
form ONOO™ and to corroborate findings of ONOO™-treated LDL [30]. The concentration of
ONOO™ stock was measured prior to the individual experiments using UV absorption spectra
(A302nm = 1.67 mM~1 cm™1) according to the manufacturer’s specification (Upstate, Lake
Placid, NY).

Analysis of LDL modifications

Oxidation. LDL post-translational modifications were assessed in in vivo LDL sub-fractions
(LDL) and invitro ONOO™/SIN1-treated LDL. Protein oxidation was determined by a decrease
in biotin labeling to the oxidized cysteine residues. Biotin labeling was performed by incubating
biotin with LDL for 1 h at 37°C to label free unmodified cysteine residues. Nitrotyrosine. 2 ug
of ONOO™-treated LDL and 10 pg of in vivo LDL sub-fractions were spotted on Millipore
PVDF membranes. 2 ug BSA nitrated with 1 mM ONOO™ was used as a positive control.
Dithionite was used to reduce nitro groups in the positive control in order to show that the
binding was specific. Dot blot analyses. Dot blots were performed at a 1:3000 dilution in TBS-
Tween for primary nitrotyrosine antibody and 1:10000 dilution for anti-mouse secondary
antibody. Similar procedures were performed for 4 ug of biotin-labeled LDL with amonoclonal
anti-biotin antibody (dilution at 1:10,000) and a secondary antibody (dilution at 1:10,000),
(Sigma, St. Louis, MO). Dot Blots were analyzed using an ECL chemiluminescence kit (Pierce,
Rockford, IL), and densitometry was performed using an NIH Scion Image Software (Scion
Corp., Frederick, MD) and a product of the density and area determined. The product was also
normalized to protein used for both nitrotyrosine and cysteine oxidation analysis. Total
nitrotyrosine was quantified by LC/EIS/MS for ONOO™-treated LDL samples. Western blot
densities for ONOO™-treated LDL were plotted against the quantified content of nitrotyrosine
in the samples and this standard curve was used to determine the quantity of nitrotyrosine in
both the in vivo LDL subfractions as well as the SIN-1 treated LDL by extrapolation of the
curve. Comparison of nitrotyrosine quantities in the ONOO™-treated LDL were comparable to
the findings by Leeuwenburgh et al. after normalization to a 1 mg/ml solution [5].
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Lipid peroxide measurements

Lipid peroxidation and cholesterol hydroperoxides was measured by the leucomethylene blue
assay with tert-butyl-hydroperoxide as a standard. LMB cocktail consisted of a 0.05 M pH 5
potassium phosphate buffer with 1.4 g of Triton-X-100 and 5 mg of hemoglobin to 100 ml
total volume. 5 mg of LMB was diluted in 8 ml of dimethylformamide and 0.8 ml of LMB
dimethylformamide cocktail was added to 10 ml of potassium phosphate buffer. 50 pg of LDL
were incubated with 150 pl of LMB cocktail for 1 h to a final volume of 200 pl in 96 well
plates. Total tryptophan in apoB-100 was relatively small and any tryptophan hydroperoxides
should only be minor contaminants The colorimetric assay was measured at 650 nm after 1 h
incubation at room temperature with a leucomethylene blue cocktail mixture [3]. Molar
concentrations of lipid peroxides were determined from a standard curve and total yield of
LOOH determined as a ratio of umoles LOOH/g of LDL protein.

Analysis of specific sites of LDL protein nitration

LDL™ and nLDL were isolated from in vivo LDL by HPLC using a stepwise NaCl gradient as
previously described [29]. For 100 uM ONOQO™-treated LDL, tLDL was analyzed for oxidative
modifications. Liquid chromatography tandem mass spectrometry (LC-MS/MS) was
performed using a ThermoFinnigan Surveyor MS-Pump with a BioBasic-18 100 mm x 0.18
mm reverse phase capillary column. The column was equilibrated for 5 min at 1.5 pL/min with
95% solution A and 95% solution B (A, 0.1% formic acid in water; B, 0.1% formic acid in
acetonitrile) and linear gradient was initiated 5 min after sample injection with a ramp to from
95% A to 35% A and 65% B after 50 min and 20% A and 80% B after 60 min. Analysis was
obtained by the ThermoFinnigan LCQ Deca XP Plus ion trap mass spectrometer, equipped
with a nanospray ion source (ThermoFinnigan) that employed a 4.5 cm metal needle (Hamilton,
950-00954), in a data-dependent acquisition mode. Electrical contact and voltage application
to the probe tip were established via the nanoprobe assembly. Spray voltage was set at 2.9 kV
and heated capillary temperature at 190°C. Mass spectra were acquired at 400—-2000 m/z using
a Top 5 method where the five most intense ions for the full scan were subjected to collision
induced dissociation, using helium (ms/ms). Peptide identification was achieved using Mascot
1.9 search software (Matrix Science) with confirmatory or complementary analyses by
TurboSequest as implemented in the Bioworks Browser 3.2, build 41 (ThermoFinnigan).
Spectra were searched against the NCBI human genome database, NCBI build 35. Aromatic
nitration and hydroxylation as well cysteine oxidation were assessed using Mascot 1.9 (Matrix
Science) for cysteic acid, nitrotyrosine and nitrotryptophan, with confirmatory or
complementary analyses that employed TurboSequest as implemented in the Bioworks
Browser 3.2, build 41 (ThermoFinnigan) [31,32]. In addition to cysteic acid (+48 Da),
nitrotyrosine (+45 Da) and nitrotryptophan (+45 Da), Sequest was used to assess the presence
of single or doubly oxidized cysteine (+16 and +32, respectively) as well as tryptophan with
both a nitration and oxidation (+61). Quantification of nitrated peptides was carried out by
analysis of peak nitration to peak unmodified plus peak modified peptides (NO»-peptide/
(NO,-peptide + unmodified peptide). Further positive peptides were analyzed against their y-
and b-ions to insure that peptides measured were present and not false positives. They were
further analyzed against their peak height to noise ratio.

Circular dichroism spectral analysis of protein structure

Circular dichroism (CD) allows for probing the secondary structure content of proteins. The
CD spectrum of modified LDL provides a means to determine the conformational changes of
secondary structure in apoB-100 (a-helix, anti-parallel and parallel B-sheet, B-turn, and random
coil). In vivo isolated LDL and 100 puM ONOO-treated LDL subfractions of LDL isolated
from HPLC were concentrated and dialyzed to a 0.1 mg/ml solution in chloride free phosphate
buffer saline for CD analysis. CD spectra were measured at least ten times to determine the
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protein structure. Different secondary structures are represented by the spectrum between 200
and 260 nm. Deconvolution analysis using CD spectra software (CDNN) allowed for
assessment of the percent structural integrity in the LDL sub-fractions of modified LDL.

Endothelial cell culture

Binding and

Bovine aortic endothelial cells (BAEC) between passages 5 and 9 were grown to confluent
monolayers in high glucose (4.5 g/l) DMEM (Dulbecco’s Modified Eagle’s Medium)
supplemented with 10% heat-inactivated fetal bovine serum (Gemcell, West Sacramento, CA)
and 100 U/ml penicillin-streptomycin (Irvine Scientific, Santa Ana, CA), for 48 h in 5%
CO, at 37°C.

uptake of LDL particles

Control and 100 uM ONOO™-supplemented LDL particles were treated with 75 mg/ml Dil

overnight. Dil-labeled LDL particles were ultracentrifuged, collected, dialyzed, and sterilized
to remove the Dil particulate [33]. BAEC were treated with 10 pg/ml Dil-labeled LDL at 0°C
for 90 min or at 37°C for 4 h for LDL binding or uptake experiments, respectively [33]. Cells
were also treated with10 pg/ml Dil-labeled LDL with 200 pg/ml of excess unlabeled LDL as
a control to exclude Dil labeling of cell membranes and for LDL binding and uptake specificity
[33]. Cells were washed thoroughly with DMEM three times after treatment, washed in PBS
three times, fixed in paraformaldehyde for 10 min at room temperature, and washed six more
times with PBS. Cells were mounted in DAPI-containing mounting medium and visualized

using an Axiom 200M Zeiss Fluorescent Microscope (Zeiss, Thornwood, NY) was performed
using a DAPI filter for the nucleus and CY3 filter for the Dil-labeled LDL. Quantification of
mean intensity and image analysis were assessed by slidebook software (Santa Monica, CA).

Receptor blocking—BAEC were pre-treated for 1 hour with a 1:250 dilution of receptor
blocking antibodies to LOX-1, CD36, SR-A, and LDL-R to determine receptor involvement
in control- and ONOO™-LDL binding and uptake. BAEC were pre-treated with receptor
blocking antibodies as follows; (1) no receptor blocking (all active), (2) All receptors blocked
(all four inactive), (3) all receptor blocking except LOX-1 (LOX-1 active), (4) all receptor
blocking except CD36 (active CD36), (5) all receptor blocking except SR-A (Active SR-A),
and (6) all receptor blocking except LDL-R (active LDL-R). Uptake and binding of Dil-labeled
control- and ONOO™-LDL were performed by the methods described above.

Statistical analysis

Results

Data were expressed as mean + SD and compared among separate experiments (n = 3). For
comparisons between two groups, two-sample independent-group t-tests were used (one tail
and type 3 t-test analysis). Comparisons of multiple values were made by one-way analysis of
variance (ANOVA), and statistical significance among multiple groups determined by the
Tukey test (for pair-wise comparisons of means between control and treatments). P-values of
< 0.05 are considered statistically significant.

Post-translational modifications of in vivo LDL~

In vivo native LDL (nLDL) and LDL™ were isolated from total LDL (tLDL) using anion
exchange chromatography as described in the Materials and Methods section. The average of
LDL" isolated from tLDL in vivo was 1.05 + 0.05% of the total LDL protein for the purposes
of these experiments. LDL nitration was assessed by immunoreactivity to nitrotyrosine
antibody (Fig. 1A). While nitrotyrosine was not detectable in either nLDL or tLDL, it was
prominent in the LDL™ fraction (n = 3; P < 0.001; Fig. 1A). Oxidation of the 9 free cysteine
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residues in the in vivo LDL subfractions was assessed by biotin labeling of free cysteine (Fig.
1B). LDL™ harbored a significantly lower level of free cysteine in comparison with nLDL and
tLDL: nLDL <tLDL <LDL") (n = 3, P <0.001), thus suggesting an elevated amount of
cysteine oxidation in LDL™ (Fig. 1B). Also worth noting was a 3-fold increase in lipid peroxides
in LDL™ in comparison with nLDL and tLDL (n = 3, P < 0.001) (Fig. 1C).

LC/MS/MS analyses of in vivo LDL~— revealed specific modifications in the apoB-100 moiety
(Table 1): tyrosine (Tyr), tryptophan (Trp), cysteine (Cys), and phenylalanine (Phe) underwent
nitration/oxidation in both a helices and B sheets; namely, aq (Tyr276.:666.720 Typ583) ¢,
(Tyr2523), [32/(13(Ph93969), B1 (Cyslllz)' 03 (Tyr4141), and By (Tyr3139'3295'3489) (Table 1) as
corroborated by the Mascot and Sequest scores as well as analysis of peptide and peptide ions
masses. These data suggested a large extent of protein modification in the electronegative
subfraction or modified LDL subfraction in vivo which are consistent with a purification of the
in vivo oxLDL (LDL"). It was further noted that the nitration levels were similar in content to
that of 100 uM ONOO-treated LDL. Cys!112 in p; sheet was oxidized to cysteic acid.
Modifications of these peptides are shown in the supplemental (Supplemental, Fig. 1-12) and
indicate that spectra are accurate.

Circular dichroism and protein post-translational modifications

Previous studies have suggested that LDL™ had significantly unfolded a-helical structure
[11,34]. Circular dichroism analysis was used in order to establish an association between
specific LDL protein modifications and protein structure [3,11,34]. In vivo LDL sub-fractions
(Fig. 2A,B) displayed a decrease in optical rotativity at 200-260 nm from LDL™ to tLDL to
nLDL (Fig. 2A). Increasing optical rotativity at the 220 nm valley reflects a loss in a-helical
character and an increase in 3-structural components as determined by deconvolution (Fig.
2B). Deconvolution analysis using CD spectra software (CDNN) determined the percent
structural integrity of the aforementioned components in LDL sub-fractions of in vivo modified
LDL. The a-helical content in nLDL (~90%) was largely higher than that in LDL™ (~25%),
thus suggesting substantial protein unfolding in the latter. These data suggest an association
between a-helical nitration (Table 1), lipid peroxidation (Fig. 1C), and protein unfolding (Fig.
2)inLDL".

Characteristics of ONOO™modified LDL

Treatment of LDL with ONOO™ induced tyrosine nitration in apoB-100 protein in a dose-
dependent manner (Fig. 3A; n = 3; P <0.01). Upon analysis of total mmoles of nitrotyrosine
to tyrosine precursor, these data for ONOO™-treated LDL were similar to the work by
Leeuwenburgh et al. [5]. Densitometry analysis of biotin labeling of free cysteine showed an
exponential decrease in the level of free cysteine, thus suggesting increased cysteine oxidation
in response to ONOO™ treatment (n = 3, P < 0.001) (Fig. 3B). Treatment of LDL with
ONOO™ induced a dose-dependent accumulation of lipid peroxides in LDL (Fig. 3C). HPLC
analysis revealed a dose-dependent linear increase in the percentage of LDL™ in response to
ONOO™ treatment (Fig. 3D); this increase was paralleled by an increase in nitrotyrosine- (Fig.
3A) and lipid peroxide (Fig. 3C) content. Oxidized lipid-derived aldehydes were also
significantly elevated in response to ONOO™ treatment (data not shown). It may be surmised
that both lipid peroxides and nitrotyrosine formation are involved in ONOO™-induced
modification of LDL to an atherogenic form (LDL").

Table 2 lists the nitration and oxidation sites in the apoB-100 protein upon treatment with 100
UM ONOO™: al(Tyr1°3'413'666), 0y (Tyr2524), i (Tyr3490'3791), Bolas (Ph63965), and a3
(Tyr4088) Neither in vivo LDL ™ (Table 1) nor ONOO-treated LDL (Table 2) showed nitration
of 1. Similarly to in vivo LDL~, ONOO™ treatment elicited B, nitration at Tyr34% (in addition
to Tyr3791). The phenylalanine residue between B, and a3 underwent hydroxylation as also
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observed in in vivo LDL™. These data strengthen the notion that in vivo LDL™ may originate
from ONOO™-driven modifications at specific sites in apoB-100 protein. Modifications of the
peptides shown above are described in the supplemental (Supplemental, Fig. 13-20).

Circular dichroism analysis of ONOO™-treated LDL

ONOO™-treated LDL (Fig. 4A) displayed a decrease in optical rotativity at 200-260 nm for
LDL™ as compared to nLDL. There was a distinctive difference in the CD spectra for LDL
subfractions at 220 nm (LDL™ > tLDL > nLDL). As mentioned above, increasing optical
rotativity at 220 nm reflects a loss in a-helical structure and an increase in B-sheet structure
that was confirmed by CD deconvolution software (CDNN) assessing the percent structural
integrity of the different LDL sub-fractions components of ONOO™-modified LDL (Fig. 4B).
Interestingly, the percentage of structural components in in vivo LDL™ and that of ONOO™-
treated LDL were similar (Fig. 4C).

SIN-1-modified LDL

Binding and

Because atherosclerotic lesions have increased activities of INOS/eNOS and NADPH oxidase,
a flux of *"NO and O,"~ (to yield ONOO™) may be mimicked by SIN-1 and may further support
findings by our laboratory showing increased nitration at bifurcations where oscillatory flow
occurs and where atherosclerosis is prone to develop [15]. Nitrotyrosine- (Fig. 5A) and lipid
peroxide (Fig. 5C) accumulation as well as the percentage of LDL™ formation (Fig. 5D)
following incubation of LDL with SIN-1 were similar to those observed with ONOO™ (Fig.
3). SIN-1 also induced an oxidation of cysteine residues (Fig. 5B) greater than that obtained
with ONOO™ (Fig. 3B).

uptake of ONOO™modified LDL

The biological significance of modified LDL was assessed with respect to LDL binding to-
(Fig. 6) and uptake by (Fig. 7) bovine aortic vascular endothelial (BAEC) cells. Binding
experiments, performed at 0°C, are shown for Dil-labeled LDL (Fig. 6A) and Dil-labeled,
ONOO™-treated LDL (Fig. 6B). Similar approaches with an excess of 200 pg/ml unlabeled
LDL were used to rule out Dil labeling of cell membranes and ascertain LDL binding specificity
(Fig. 6C,D). Analysis of the mean fluorescence intensity indicated that binding of ONOO™-
treated LDL was stronger than that of control LDL (Fig. 6E).

Uptake experiments, performed at 37°C, are shown in Fig. 7 with a similar approach to that in
Fig. 6: Dil-labeled LDL (Fig. 7A) and Dil-labeled, ONOO™-treated LDL (Fig. 7B). As with
binding experiments, uptake of ONOO™-treated LDL was slightly higher than that of native
LDL (Fig. 7E). The stronger binding and uptake of ONOO™-treated LDL may suggest alternate
uptake mechanisms as well as an increased uptake of unfolded proteins.

In the presence of a 20-fold excess of native LDL (Fig. 6C, Fig. 7C) or ONOO™-treated LDL
(Fig. 6D, 7D), respectively, binding and uptake were significantly inhibited (Fig. 6E, Fig. 7E),
thus suggesting that LDL is binding to- and taken up by cells rather than nonspecific labeling
of BAEC plasma membranes with Dil.

Receptor-dependent binding and uptake of control- and ONOO™-LDL

Receptor-dependent binding (Fig. 8-9) and uptake (Fig. 10-11) of control- (Fig. 8, 10) and
ONOO™-LDL (Fig. 9, 11) was determined by receptor blocking of LOX-1, CD36, SR-A and
LDL-R with receptor blocking antibodies and by determining the amount of Dil-control-LDL
and Dil-ONOO™-LDL mean binding and uptake intensities. Analysis of control-LDL showed
that the majority of the control lipoprotein binding was initiated by LDL-R (Fig. 8E, G, P <
0.01); however there were minimal binding differences between all receptors blocked in the
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presence of active LOX-1 (Fig. 8B, G), CD36 (Fig 8C, G), and SR-A (Fig. 8D, G). However,
LDL-R was not completely involved in the binding of control-LDL since active LDL-R was
unable to completely restore binding to no receptor blocking (Fig 8A, G). Incubating cells with
excess unlabeled LDL was able to reduce the binding intensity of Dil-LDL suggesting that Dil
was only minimally labeling the membranes and was not the majority of the labeling. These
findings also demonstrate that control-LDL is bound to the non-atherogenic LDL-R with
minimal binding from the three oxLDL-R, thus suggesting that the small amount of oxLDL
in vivo may be binding to scavenger receptors in vitro.

ONOO™-modified LDL was significantly bound by LOX-1 (Fig. 9C, G, P < 0.05), CD36 (Fig.
9D, G, P <0.001) and SR-A (Fig. 9E, G, P < 0.01) with SR-A and CD36 having the largest
impact on binding whereas active LDL-R had no impact on LDL binding (Fig. 9F, G). These
findings suggest that ONOO™-treated LDL is not binding through an aggregated LDL-R-
dependent mechanism but rather by each of the three scavenger receptors (LOX-1, CD36, and
SR-A).

Receptor-dependent uptake of control-LDL (Fig. 10) demonstrated that the particle is taken
up significantly by LDL-R (Fig. 10F, G P <0.001), whereas there is minimal involvement with
LOX-1 (Fig. 10C,G), CD36 (Fig. 10D, G) and SR-A (Fig. 10E, G) scavenger receptors. These
findings further support the motion that control-LDL has minimal modified LDL and is
minimally atherogenic as compared to ONOO™-LDL.

The receptor-dependent uptake of ONOO™-treated LDL was significantly elevated for LOX-1
(Fig. 11C, G, P <0.05), CD36 (Fig. 11D, G, P <0.01), SR-A (Fig. 11E, G, P <0.001), whereas
LDL-R (Fig. 11F, G) was not significantly different from all receptors blocked suggesting that
ONOO™-LDL is not internalized through an aggregated-LDL uptake mechanism. These
findings further support the atherogenic character of ONOO™-treated LDL.

Discussion

LDL™ may be viewed as a circulating, atherogenic form of LDL in vivo and it harbors secondary
structural changes in apoB-100 that encompass a significant loss of a-helical structure and
increase in B-sheet structure [3]. This study addresses (a) the chemical modifications and
structural changes inherent in LDL™ formation, (b) a functional role for ONOO™ in LDL™
formation, and (c) the occurrence of specific cellular receptors for LDL™.

Chemical modifications and structural changes in LDL~

LC/MS/MS (Table 1) and circular dichroism (Fig. 2) analyses indicated apoB-100 protein
modifications and conformational changes inherent in LDL". Although there were no observed
nitrated peptides by LC/MS/MS in native- and total-LDL fractions in vivo, there was nitration
that was quantified by LC/EIS/MS analysis. The amount of nitration observed for native LDL
was 100 fold lower than LDL™ and tLDL was approximately 10-12 fold lower. These findings
further support the notion that the LDL- particle is the modified LDL subfraction in vivo as
well as may support the LDL™ hypothesis. Tyrosine nitration in LDL™ (Table 1) in a4, op, and
ag helices as well as B, sheets as well as cysteine oxidation in 1 to cysteic acid (Fig. 12) seem
to assist the loss of a-helical structure in LDL™ and increase p-turn, parallel- and antiparallel
sheets, and random coil structures (Fig. 2). Of note, nitration of apoB-100 occurs in the a-
helical structures containing the highest percentage of tyrosine per total amino acid residues:
aq appears to be more susceptible to nitrotyrosine formation, whereas 1 seemed resistant to
nitration and susceptible to cysteine oxidation. Nitration of a-helices appears to contribute to
protein unfolding, whereas the oxidation of one of the nine free cysteines (in B; sheets) may
be involved in the increased electronegativity of the particle.
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A functional role for ONOO~ in LDL™ formation

Treatment of native LDL with either ONOO™ (Fig. 3) or SIN-1 (Fig. 5) resulted in extensive
tyrosine nitration (Table 2; Fig. 12), accumulation of lipid peroxides, and loss of a-helical
structure (Fig. 4) and, as a corollary, formation of LDL™ (Fig. 3D, Fig. 5D). It may be surmised,
hence, that nitrotyrosine- and lipid peroxide accumulation are synergistically responsible for
unfolding of a-helices inherent in LDL™ formation.

Specific cellular receptors for LDL™

The aforementioned protein modifications and structural changes in LDL™ may suggest an
LDL receptor (LDL-R)-independent mechanism for binding and uptake of LDL™ to and into
BAEC cells; this notion is supported by the following (a) LDL nitration coincides with the
binding sites to LDL-R (encompassing amino acid residues 3359 and 3369 in 3,) and (b) there
is evidence that ONOO™-treated LDL binds to CD36 [35]. These findings are further confirmed
by the binding and uptake of ONOO™-treated LDL to LOX-1, CD36, and SR-A receptors in
BAEC with minimal involvement of the non-atherogenic LDL-R. It is worth noting that most
uptake and binding in control-LDL was dependent on LDL-R and independent of oxLDL-R
suggesting the non atherogenic properties of control-LDL. However, there was still a minimal
binding and uptake to LOX-1, CD36, and SR-A in control-LDL suggesting the importance of
in vivo modified LDL". It was also evident that ONOO™-treated LDL did not induce LDL-R
mediated uptake suggesting that it is not being endocytosed through an aggregated-LDL uptake
mechanism. The invivo LDL™ nitration pattern and structure as well as ONOO™-modified LDL
demonstrate that ONOO™ is the most likely mechanism of protein nitration in vivo and suggests
that protein unfolded LDL induces scavenger receptor dependent binding and uptake and is
further supported by enzymatic modifications that induce protein unfolding [3,17]. Nitrated
LDL isalso involved in an LDL-R independent binding and uptake mediated by SR-A, LOX-1,
and CD36, thus strengthening the pathophysiological significance of ONOO™-driven LDL
modifications, its unfolding, and the pathogenesis of atherosclerosis.

Tyrosine nitration and lipid peroxidation appear to disturb the phospholipid belt of LDL and
hydrophobic stacking of aromatic amino acids in the lipid core. The three a-helices have the
highest percentage of tyrosine residues; it may be hypothesized that nitration of these tyrosine
residues would have a synergistic affect upon protein unfolding along with lipid peroxide
formation. Addition of a nitro group to tyrosine involves the addition of a hydrophilic moiety
with a net electrostatic charge (Zwiterion); aromatic groups are involved in hydrophobic
stacking interactions in proteins as well as in protein-lipid bilayer interface. Therefore, nitration
in a-helices is expected to interfere with hydrophobic stacking in the lipid core of the LDL
particle and possibly with the phospholipid belts of o, and az helices, leading to protein
unfolding. Furthermore, peroxidation of lipids in LDL seem to cause unfolding of the apoB-100
protein [11]. The phospholipid belt in a, and o3 is stabilized by electrostatic bonds between
negatively charged phospho head groups and positively charged lysine/arginine residues.
Peroxidation of long chain poly unstaturated fatty acyl chains of the phospholipid belts and the
addition of molecular oxygen will increase the hydrophilicity of the fatty acyl chains of
phospholipids, thus resulting in both the migration out of the lipid phase and an increasing
surface area to volume ratio of the lipid core (increased hydrophilic surface). This increased
strain would induce a, and o3 to stretch and adopt a new confirmation. This mechanism
strengthens the significance of the phospholipid belts (a, and o3) in maintaining particle
protein/lipid integrity, particle structure, proper electrostatic interactions, and aromatic
stacking.

Regardless of its mechanism, these findings suggest that protein unfolding may be the main
contributor to LDL"-induced atherosclerosis. The extensive nitration of apoB-100 in the -
helices and B-sheets of LDL™ and its absence in native LDL suggest that the latter is not or has
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not been subjected to nitrative stress in vivo. In response to phospholipase A, and oxidation
in vitro, modifications of LDL render the formation of an electronegative sub-fraction with
secondary structural changes similar to those of in vivo LDL™. As an emergent marker for
coronary artery disease, nitrotyrosine is prominent in atherosclerotic lesions as well as LDL
isolated from atherosclerotic lesions [5]. In this context, this study established similar apoB-100
protein nitration patterns and secondary protein structural changes in in vivo circulating
LDL™and ONOO™-treated LDL. Moreover, binding and uptake of the protein unfolded fraction
(LDL™) was higher than that of native LDL and uptake of ONOO™-treated LDL is dependent
on scavenger receptors LOX-1, CD36, and SR-A and is not on dependent on LDL-R whereas
the control-LDL subfraction is dependent on anti-atherogenic LDL-R and not dependent on
atherogenic LOX-1, CD36, and SR-A scavenger receptors in BAEC.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Abbreviations

LDL, low-density lipoprotein; nLDL, native LDL; tLDL, total LDL; LDL™, negatively-
charged LDL, oxidatively-modified LDL; CD, circular dichroism; SIN-1, 3-morpholino-
sydnonimine; Dil, 3,3,3’,3'-tetramethylindocarbocyanine perchlorate; BAEC, bovine aortic
endothelial cells; Apolipoprotein B-100, ApoB-100; LC/EIS/MS, Liquid Chromatography
electron ion spray mass spectrometry.
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Fig. 1. Chemical modifications of in vivo LDL subfractions

LDL sub-fractions were isolated by anion exchange chromatography as described in the
Materials and Methods section and analyzed for (A) Nitrotyrosine content, (B) Free cysteine
content (biotin labeling), and labeling, and (C) Lipid peroxide content. (n = 3, *P < 0.05,
**P < 0.01; ***P < 0.001).
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Fig. 2. Circular dichroism spectral analyses of in vivo LDL subfractions

(A) Circular dichroism spectra for different LDL subfractions were performed as described in
the Materials and Methods section. (B) Secondary structures of LDL subfractions; data were
obtained from spectra in (A), which were deconvoluted for apoB-100 secondary structure. (n
=3, *P <0.05, **P < 0.01; ***P < 0.001).
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Fig. 4. Circular dichroism spectral analyses of ONOO™-modified LDL

tLDL was treated with 10 uM ONOO™ )as described in the Materials and Methods section);
the ONOO™-treated tLDL was fractionated into nLDL and LDL™ components and CD spectra
were determined. (A) Circular dichroism spectra of LDL subfractions. (B) Secondary structure
of different LDL subfractions. CD deconvolution software wasused to determine the changes
in the structures of the LDL sub-fractions. (C) Comparison of secondary structure components
ininvivo LDL™ and LDL™ from ONOOQO™-treated tLDL. Data taken from Fig. 2B (for in vivo
LDL") and Fig. 4B (LDL™ fraction of the ONOO™-treated tLDL). (n = 3, *P < 0.05, **P <
0.01; ***P < 0.001).
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Fig. 6. Binding of ONOO™-modified LDL

LDL binding experiments were performed at 0°C for 90 min with the following conditions:
(A) control-LDL 10pg/ml Dil-LDL, (B) ONOO™-treated LDL 10pg/ml Dil-PN-LDL, (C)
control-LDL 10pg/ml Dil-LDL + 200pg/ml unlabeled control-LDL, and (D) ONOO™-treated
LDL 10pg/ml Dil-PN-LDL + excess unlabeled ONOO™-treated LDL 200pg/ml. Binding mean
intensity of Dil labeled LDL was quantified using Axiom 200M Zeiss Fluorescent Microscope
(E). Experiments were performed in triplicate and statistical significance to control-LDL and
to the excess unlabeled LDL (P < 0.01) was determined. (n = 3, *,*P < 0.05, ** **P <

0.01; *** ***p < 0.001).
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Fig. 7. Uptake of ONOO™-modified LDL

LDL uptake experiments were performed at 37°C for 4 h with the following conditions; (A)
control-LDL 10pg/ml Dil-LDL, (B) ONOO™-treated LDL 10ug/ml Dil-PN-LDL, (C) control-
LDL 10pg/ml Dil-LDL + 200pg/ml unlabeled control-LDL, and (D) ONOO™-treated LDL
10pg/ml Dil-PN-LDL + excess unlabeled ONOO™-treated LDL 200ug/ml (D). Uptake mean
intensity of Dil labeled LDL was quantified using Axiom 200M Zeiss Fluorescent Microscope
(E). Experiments were performed in triplicate and statistical significance to control-LDL (P <
0.001) and to the excess unlabeled LDL (P < 0.001) was determined. (n =3, *,*P <

0.05, ****P < 0.01; ******P < 0.001).
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Fig. 8. Binding of control-LDL after receptor blocking

LDL receptor blocking was performed for 1 hour at 37°C and binding was determined at 0°C
with 10 pg/ml Dil-control-LDL and 10 pg/ml Dil-control-LDL with 200 pg/ml excess
unlabeled LDL for 90 minutes by the following conditions; (A) no receptor blocking with
10pg/ml Dil-control-LDL, (B) all four receptor’s blocked with 10 pg/ml Dil-control-LDL (C)
active LOX-1, (D) active CD36 with 10 pg/ml Dil-control-LDL, (E) active SR-A with 10 pg/
ml Dil-control-LDL, and (F) active LDL-R with 10pg/ml Dil-control-LDL. Binding mean
intensity of Dil-control-LDL was quantified using Axiom 200M Zeiss Fluorescent Microscope
(G). Images are not shown for excess unlabeled control-LDL but intensities were quantified.
Experiments were performed in triplicate and statistical significance was determined to all
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receptors blocked to determine receptors significantly involved in the binding of Dil-labeled

control-LDL (n=3, *-P<0.05, **-P<0.01, ***P<0.001). " - 10 mg/ml Dil-labeled control-LDL
M - 10 mg/ml Dil-labeled control-LDL + 200 mg/ml excess unlabeled control-LDL.
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Fig. 9. Binding of ONOO™-LDL after receptor blocking

LDL receptor blocking was performed for 1 hour at 37°C and binding was determined at 0°C
with 10pg/ml Dil-ONOO™-LDL and 10 pg/ml Dil-ONOO™-LDL with 200ug/ml excess
unlabeled LDL for 90 minutes by the following conditions; (A) no receptor blocking with
10pg/ml Dil-ONOO™-treated LDL, (B) all four receptor’s blocked with 10 pg/ml Dil-
ONOO™-treated LDL (C) active LOX-1, (D) active CD36 with 10pg/ml Dil-ONOO™-treated
LDL, (E) active SR-A with 10pg/ml Dil-ONOO™-treated LDL, and (F) active LDL-R with
10pg/ml Dil-ONOOQO™-treated LDL. Binding mean intensity of Dil-ONOO™-treated LDL was
quantified using Axiom 200M Zeiss Fluorescent Microscope (G). Images are not shown for
excess unlabeled ONOO™-treated LDL but intensities were quantified. Experiments were
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performed in triplicate and statistical significance was determined to all receptors blocked to
determine receptors significantly involved in the binding of Dil-labeled ONOO™-LDL (n=3,

*-P<0.05, **-P<0.01, ***P<0.001). "'- 10 mg/ml Dil-labeled ONOO™-treated LDL, M- 10 mg/
ml Dil-labeled ONOO™-treated LDL + 200 mg/ml excess unlabeled ONOO™-treated LDL.
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Fig. 10. Uptake of control-LDL after receptor blocking

LDL receptor blocking was performed for 1 hour at 37°C and uptake was determined at 37°C
with 10pg/ml Dil-control-LDL and 10pg/ml Dil-control-LDL with 200pug/ml excess unlabeled
LDL for 4 hours by the following conditions; (A) no receptor blocking with 10pg/ml Dil-
control-LDL, (B) all four receptor’s blocked with 10pug/ml Dil-control-LDL (C) active LOX-1,
(D) active CD36 with 10pug/ml Dil-control-LDL, (E) active SR-A with 10pg/ml Dil-control-
LDL, and (F) active LDL-R with 10pg/ml Dil-control-LDL. Uptake mean intensity of Dil-
con-trol-LDL was quantified using Axiom 200M Zeiss Fluorescent Microscope (G). Images
are not shown for excess unlabeled control-LDL but intensities were quantified. Experiments
were performed in triplicate and statistical significance was determined to all receptors blocked
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to determine receptors significantly involved in the uptake of Dil-labeled control-LDL (n=3,

*-P<0.05, **-P<0.01, ***P<0.001). - 10 mg/ml Dil-labeled control-LDL, M- 10 mg/ml Dil-
labeled control-LDL + 200 mg/ml excess unlabeled control-LDL.
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Fig. 11. Uptake of ONOO™-LDL after receptor blocking

LDL receptor blocking was performed for 1 hour at 37°C and uptake was determined at 0°C
with 10pg/ml Dil-ONOO™-LDL and 10pg/ml Dil-ONOO™-treated LDL with 200ug/ml excess
unlabeled ONOO™-treated LDL for 4 hours by the following conditions; (A) no receptor
blocking with 10pug/ml Dil-ONOO™-treated LDL, (B) all four receptor’s blocked with 10pg/
ml Dil-ONOO™-treated LDL (C) active LOX-1, (D) active CD36 with 10ug/ml Dil-ONOO™-
treated LDL, (E) active SR-A with 10pug/ml Dil-ONOO™-treated LDL, and (F) active LDL-R
with 10pg/ml Dil-ONOO™-treated LDL. Binding mean intensity of Dil-ONOO™-treated LDL
was quantified using Axiom 200M Zeiss Fluorescent Microscope (G). Images are not shown
for excess unlabeled ONOO™-treated LDL but intensities were quantified. Experiments were
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performed in triplicate and statistical significance was determined to all receptors blocked to
determine receptors significantly involved in the binding of Dil-labeled ONOO™-treated LDL.
Experiments were performed in triplicate and statistical significance was determined to all
receptors blocked (n=3, *-P<0.05, **-P<0.01, ***P<0.001). " - 10 mg/ml Dil-labeled
ONOQO™-treated LDL, M- 10 mg/ml Dil-labeled ONOO™-treated LDL + 200 mg/ml excess
unlabeled ONOO™-treated LDL.
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Fig. 12. Site of chemical modifications in in vivo LDL™ and ONOO™-treated LDL

The secondary structure of the apoB-100 is shown. The pentapartite structure however is not
drawn to scale. Data from Table 1 and Table 2 were used to assign the chemical modifications
in LDL™ and ONOO™-treated LDL.
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