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Oxidatively- or enzymatically-modified low-density lipoprotein (LDL) is intimately involved in the initi-
ation and progression of atherosclerosis. The in vive 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

fl‘;{w"rds" these chemical modifications and structural changes were validated with binding and uptake experi-
—— ments to- and by bovine aortic endothelial cells (BAEC).

itration 5 2 A A 2 G 7
Oxidatior 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 p; sheet as well as cysteine oxidation to cysteic acid in B; sheet. Circular dichroism anal-
yses showed that the «-helical content of LDL™ was substantially lower (~25%) than that of native LDL
(~90%); conversely, LDL~ showed greater content of f-sheet and random coil structure, in agreement
with unfolding of the protein, These results were mimicked by treatment of LDL subfractions with per-
oxynitrite (ONOO ) or SIN-1: similar amino acid modifications as well as conformational changes (loss
of o-helical structure and gain in f-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.

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 0xLDL scavenger receptors.

© 2008 Elsevier Inc. All rights reserved.

Endothelial cells

Low density lipoprotein (LDL)" particles transport cholesterol, thus maintaining LDL protein structural integrity. f-sheets are struc-

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 B-pleated sheets (o;-By-9-f2-23) [2]. o, anchors the protein
to the lipid core; o, and a4 expand and contract across the phospho-
lipid belt of the LDL particle to stabilize electrostatic interactions,

* Corresponding author. Fax: +1 323 821 3897.
E-mail address: hsiai@usc.edu (T.K. Hsiai).

' Abbreviations used: 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 per-
chlorate; BAEC, bovine aortic endothelial cells; Apolipoprotein B-100, ApoB-100;
LC/EIS/MS, liquid chromatography electron ion spray mass spectrometry.

0003-9861/% - see front matter © 2008 Elsevier Inc. All rights reserved.
doi:10.1016/).abb.2008.07.026

turally rigid and engaged in electrostatic interactions with the phos-
pholipids [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 observa-
tion that post-translational modifications of apo-B100 are elevated
in atherosclerotic lesions [5]. Oxidation of LDL can be carried out
by transition metals, hemoglobin, myeloperoxidase, cerruloplas-
min, and reactive oxygen species generated by vascular endothe-
lium [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 ele-
vated level of lipid peroxides and aldehydes that are implicated in
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protein unfolding [11]. Reactive nitrogen species, especially perox-
ynitrite (ONOO™), generated by the vascular endothelium, nitrate
apo-B-100 in LDL particles [10,12-15]. Enzyme-mediated modifi-
cations of LDL—accomplished through the action of ubiquitous
hydrolytic enzymes—confer atherogenic properties to the lipopro-
tein 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 chemo-
attractant 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/tan-
dem mass spectrometry (LC/MS/MS) analyses and circular
dichroism (CD) spectra. The significance of ONOO -driven mod-
ifications is underscored by the implication of both NADPH oxi-
dase (a source of O,) [10,26,27] and eNOS (a source of ‘NO)
[28] activities in vascular endothelial dysfunction and by the fast
reaction of O,-~ and "NO to yield ONOO™.

Materials and methods
Chemicals

ONOO™ and monoclonal nitrotyrosine antibody were purchased
from Upstate Cell Signaling Solutions (UCSS, Lake Placid, NY). Bo-
vine serum albumin, 3-morpholino-sydnonimine (SIN-1), biotin,
and 3'-tetramethylindocarbocyanine perchlorate (Dil) were pur-
chased 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). CD36 receptor blocking antibody, SR-A
receptor blocking antibody, and LDL-R antibody were obtained
from Beckman Coultier (Fullerton, California), Serotec (Raleigh,
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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 Materials and methods
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).

North Carolina), California),

respectively.

and Calbiochem (San Diego,

Table 1

LC/MS/MS analyses of LDL~ Apo-B100 protein modifications

Secondary structure Peptide Maodified AA Sequence MSc Charge XC Acn Modification % modified
% 276-287 NO,-Tyr*?® yigmvaqvtqtik 51 2 2.8 0.4 nitratyrosine 100+ 0

o 580-589 NO,-Trp*®? IVQilpw?eqneqgy 30 2 3.0 02 nitrotryptophan 498+ 06
al 580-589 HO-Trp*® IVQilpw eqneqv 38 2 38 03 hydroxytryptophan 326+19
% 655-669 NO»-Tyr® iegnlifdpnny?lpk 46 2 33 04 nitrotyrosine 18307
A 718-732 NOp-Tyr?® aly*wavngqvpdgvsk 49 2 24 0.1 nitrotyrosine 299+ 0.07
B 1101-115 SO;H-Cys' '™ itevalmghiscdtk 84 2 49 05 cysteic acid 1000
o 2523-2534 NO,-Tyr**#* my“gmdiqgelgr 36 2 3.0 03 nitrotyrosine 87102
Ba 3137-3148 NO,-Tyr*!3? Ipy*iitpplk 30 2 19 05 nitratyrosine 602+02
B2 3292-3311 NO,-Tyr? > vpsy*lilpslelpvihvpr 70 2 56 0.5 nitrotyrosine 804+02
By 3481-3497 NO,-Tyr>*? Islesltsy fsiesstk 62 2 4.7 0.7 nitrotyrosine 271213
8 3953-3973 HO-Phe**® dfsaeyeedgkfegigewegk 59 2 25 05 HO-phenylalanine 926+09
o 4133-4145 NO,-Tyr*!#! aasgugty’gewk 46 2 27 0.1 nitrotyrosine 81801

Quantification of NO;-Y

mmol NO;-Y/(mol Y)
DL =348+1.0
tlDL=20£0.2
nlDL=0310.1

* Full annotated MS spectra are represented in the order presented in this table in Figs. 1-12 of the Supplemental section.
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Fig. 2. Circular dichroism spectral analyses of in viva LDL sub-fractions. {A) Circular
dichroism spectra for different LDL sub-fractions were performed as described in
Materials and methods. (B) Secondary structures of LDL sub-fractions; data were
obtained from spectra in (A), which were deconvoluted for apoB-100 secondary
structure. (n =13, "P<0.05, "P<0.01, ""P<0.001).

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 (6 =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. An-
ion exchange liquid chromatography using a stepwise sodium
chloride gradient to isolate nLDL, LDL™, and LDL?*" to analyze the
percentage of LDL ™. HPLC was performed to analyze the percentage
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 con-
centration of ONOO™ stock was measured prior to the individual
experiments using UV absorption spectra (Z30anm = 1.67 mM~' cm
~1) according to the manufacturer’s specification (Upstate, Lake
Placid, NY).

Analysis of LDL maodifications

Oxidation: LDL post-translational modifications were assessed
in in vive LDL subfractions (LDL) and in vitro ONOO™ /SIN1-treated
LDL. Protein oxidation was determined by a decrease in biotin
labeling to the oxidized cysteine residues. Biotin labeling was per-
formed by incubating biotin with LDL for 1 h at 37 °C to label free

unmodified cysteine residues. Nitrotyrosine: Two micrograms of
ONOO -treated LDL and 10 pg of in vive LDL subfractions were
spotted on Millipore PVDF membranes. Two micrograms BSA ni-
trated 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 analyse: Dot blots were
performed at a 1:3000 dilution in TBS-Tween for primary nitroty-
rosine antibody and 1:10000 dilution for anti-mouse secondary
antibody. Similar procedures were performed for 4 pg of biotin-la-
beled LDL with a monoclonal 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 chemilumi-
nescence kit (Pierce, Rockford, IL), and densitometry was per-
formed 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 nitroty-
rosine 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 stan-
dard curve was used to determine the quantity of nitrotyrosine
in both the in vivo LDL sub-fractions 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 find-
ings by Leeuwenburgh et al. after normalization to a 1 mg/ml solu-
tion [5].

Lipid peroxide measurements

Lipid peroxidation and cholesterol hydroperoxides was mea-
sured by the leucomethylene blue assay with tert-butyl-hydroper-
oxide as a standard. LMB cocktail consisted of a 0.05M pH 5
potassium phosphate buffer with 1.4 g of Triton-X-100 and 5 mg
of hemoglobin to 100 ml total volume. Five micrograms 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. Fifty micrograms 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 incuba-
tion at room temperature with a leucomethylene blue cocktail
mixture [3]. Molar concentrations of lipid peroxides were deter-
mined from a standard curve and total yield of LOOH determined
as a ratio of umol LOOH/g of LDL protein.

Analysis of specific sites of LDL protein nitration

LDL™ and nLDL were isolated from in vive LDL by HPLC using a
stepwise NaCl gradient as previously described [29]. For 100 uM
ONOO -treated LDL, tLDL was analyzed for oxidative modifica-
tions. Liquid chromatography tandem mass spectrometry (LC-
MS/MS) was performed using a ThermoFinnigan Surveyor MS-
Pump with a BioBasic-18 100 = 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 (Ther-
moFinnigan) that employed a 4.5 cm metal needle (Hamilton,
950-00954), in a data-dependent acquisition mode, Electrical con-
tact and voltage application to the probe tip were established via
the nanoprobe assembly. Spray voltage was set at 2.9kV and
heated capillary temperature at 190 °C. Mass spectra were ac-
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Fig. 3. ONOO -modified LDL. LDL samples were supplemented with different amounts of ONOO™ and analyzed for (A) nitrotyrosine, (B) free cysteine (after biotin labeling),
(C). lipid peroxides, and LDL™ content (percentage). (n =3, "P<0.05, “P<0.01, **P < 0.001).

Table 2

LC/MS/MS analyses of ONOO -modified LDL Apo-B100

Secondary structure Peptide Modified AA Sequence MSc charge XC Acn Modification % modified
i 101-110 NO,-Tyr'® EVY*GFNPEGK 29 1 1.7 04 Nitrotyrosine 499+17
o, 401-427 NO,-Tyré"? VHANPLLIDWTY?LVALIPEPSAQQLR 33 2 26 03 Nitrotyrosine 53.7+14
oy 655-669 NO,-Tyr% IEGNLIFDPNNY?LPK 28 2 28 04 Nitrotyrosine 81.5%33
oy 2523-2534  NO;-Tyr® MY*QMDIQQELQR 65 2 3.7 0.4 Nitrotyrosine 666159
B2 3481-3497  NO,-Tyr*%® LSLESLTSY*FSIESSTK 20 2 0.2 20 Nitrotyrosine 413+06
fa 3767-3772  NO,-Tyr™"! EIQIY*K 25 1 0.1 13 Nitrotyrosine 29.1+07
fa 3953-3973 HO-Phe*%* DFSAEYEEDGKFEGLOEWEGK 30 2 37 04 HO-phenylalanine 86302
a3 4088-4098 NO,-Tyr4%88 Y*HWEHTGLTLR 28 2 21 03 Nitrotyrosine 953+ 08

Quantification of NO,-Y
mmol NO;-Yf(mol Y
542113

* Full annotated MS spectra are represented in the order presented in this table in Figs. 13-20 of the Supplemental section.

quired at 400-2000 m/z using a Top five method where the five
most intense ions for the full scan were subjected to collision in-
duced 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 (Thermo-
Finnigan). 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 TurboSe-
quest as implemented in the Bioworks Browser 3.2, build 41 (Ther-
moFinnigan) [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 nitra-
tion 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 (x«-helix, anti-parallel and
parallel B-sheet, B-turn, and random coil). In vivo isolated LDL
and 100 uM ONOO -treated LDL sub-fractions of LDL isolated
from HPLC were concentrated and dialyzed to a 0.1 mg/ml solu-
tion in chloride free phosphate buffer saline for CD analysis. CD
spectra were measured at least ten times to determine the pro-
tein 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 mod-
ified LDL.
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secondary structure components in in vivo LDL and LDL™ from ONOO -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).

Endothelial cell culture

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

Binding and 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 bind-
ing 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-con-
taining mounting medium and visualized using an Axiom 200 M
Zeiss Fluorescent Microscope (Zeiss, Thornwood, NY) was per-
formed using a DAPI filter for the nucleus and CY3 filter for the
Dil-labeled LDL. Quantification of mean intensity and image analy-
sis were assessed by slidebook software (Santa Monica, CA).

Receptor blocking

BAEC were pre-treated for 1 h 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 up-
take. 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 S5R-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

Data were expressed as mean + SD and compared among sepa-
rate experiments (n=3). For comparisons between two groups,
two-sample independent-group t-tests were used (one tail and
type three t-test analysis). Comparisons of multiple values were
made by one-way analysis of variance (ANOVA), and statistical sig-
nificance 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.

Results
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
Materials and methods. 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 immunoreac-
tivity 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 nine free
cysteine residues in the in vivo LDL sub-fractions was assessed by
biotin labeling of free cysteine (Fig. 1B). LDL harbored a signifi-
cantly lower level of free cysteine in comparison with nLDL and
tLDL: nLDL < tLDL < LDL ) (n = 3, P < 0.001), thus suggesting an ele-
vated amount of cysteine oxidation in LDL™ (Fig. 1B). Also worth
noting was a threefold increase in lipid peroxides in LDL ™ in com-
parison with nLDL and tLDL (n =3, P<0.001) (Fig. 1C).

LC/MS/MS analyses of in vivo LDL-revealed specific modifica-
tions in the apoB-100 moiety (Table 1): tyrosine (Tyr), tryptophan
(Trp), cysteine (Cys), and phenylalanine (Phe) underwent nitration/
oxidation in both o helices and p-sheets; namely, o, (Tyr?7¢666720,
Tep®™), o (Tyr**?%), Bafoy(Phe®™?), By (Cys'''?), a3 (Tyr*'*"), and
By (Tyr?139-3295.3489) (Taple 1) as corroborated by the Mascot and
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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'''? in 3, sheet
was oxidized to cysteic acid. Modifications of these peptides are
shown in the supplemental (Supplemental Figs. 1-12) and indicate
that spectra are accurate.

Circular dichroism and protein post-translational modifications

Previous studies have suggested that LDL™ had significantly un-
folded =-helical structure [11,34]. Circular dichroism analysis was
used in order to establish an association between specific LDL pro-
tein 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 x-helical character
and an increase in P-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 x-helical content in nLDL (~90%) was largely
higher than that in LDL™ (~25%), thus suggesting substantial pro-
tein unfolding in the latter. These data suggest an association be-
tween a-helical nitration (Table 1), lipid peroxidation (Fig. 1C),
and protein unfolding (Fig. 2) in LDL".

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 mmol 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 le-
vel of free cysteine, thus suggesting increased cysteine oxidation in
response to ONOO™ treatment (n=3, P<0.001) (Fig. 3B). Treat-
ment 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) con-
tent. Oxidized lipid-derived aldehydes were also significantly ele-
vated 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 athero-
genic form (LDL ).

Table 2 lists the nitration and oxidation sites in the apoB-100
protein upon treatment with 100 uM ONOO™: o (Tyr!03412666)
o (Tyr?524), B, (Tyr*493701), g, /o, (Phe®®®), and o (Tyr*%®®). Nei-
ther in vivo LDL™ (Table 1) nor ONOO -treated LDL (Table 2)
showed nitration of f,. Similarly to in vivo LDL , ONOO "~ treatment
elicited B, nitration at Tyr**®® (in addition to Tyr’’®'). The phenyl-
alanine residue between B, and ; underwent hydroxylation as
also observed in in vive 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
Figs. 13-20).

Circular dichroism analysis of ONOO ™ -treated LDL

ONOO-treated LDL (Fig. 4A) displayed a decrease in optical rot-
ativity at 200-260 nm for LDL™ as compared to nLDL. There was a
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distinctive difference in the CD spectra for LDL sub-fractions at
220 nm (LDL™ > tLDL > nLDL). As mentioned above, increasing opti-
cal rotativity at 220 nm reflects a loss in a-helical structure and an
increase in p-sheet structure that was confirmed by CD deconvolu-
tion 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 compo-
nents in in vivo LDL™~ and that of ONOO -treated LDL were similar
(Fig. 4C).

SIN-1-modified LDL
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 find-

=l

ings 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 oxida-
tion of cysteine residues (Fig. 5B) greater than that obtained with
ONOO™ (Fig. 3B).

Binding and 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 aor-
tic vascular endothelial (BAEC) cells. Binding experiments, per-
formed at 0°C, are shown for Dil-labeled LDL (Fig. 6A) and Dil-

Dil Mean Intensity

0
Control

ONOO -LDL

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 10 pg/ml Dil-LDL, (B)
ONOO ™ -treated LDL 10 pg/ml Dil-PN-LDL, (C) control-LDL 10 pg/ml Dil-LDL + 200 pg/ml unlabeled control-LDL, and (D) ONOO ™ -treated LDL 10 pg/ml Dil-PN-LDL + excess
unlabeled ONOO™ -treated LDL 200 pg/ml. Binding mean intensity of Dil-labeled LDL was quantified using Axiom 200 M 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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Control

ONOO
treatment

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 10 pg/ml Dil-LDL, (B) ONOO~-
treated LDL 10 ug/ml Dil-PN-LDL, (C) control-LDL 10 pg/ml Dil-LDL + 200 pg/ml unlabeled control-LDL, and (D) ONOO ™ -treated LDL 10 pg/ml Dil-PN-LDL + excess unlabeled

ONOO -treated LDL 200 ug/ml (D). Uptake mean intensity of Dil-labeled LDL was quantified using Axiom 200 M Zeiss Fluorescent Micro
*) and to the excess unlabeled LDL () was determined. (n=3, ""P<0.05, 7™"P <

performed in triplicate and statistical significance to control-LDI

labeled, ONOO~-treated LDL (Fig. 6B). Similar approaches with an
excess of 200 ug/ml unlabeled LDL were used to rule out Dil label-
ing 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 con-
trol LDL (Fig. GE).

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 alter-
nate uptake mechanisms as well as an increased uptake of un-
folded proteins.

In the presence of a 20-fold excess of native LDL (Figs. 6C and
7C) or ONOO-treated LDL (Figs. 6D and 7D), respectively, bind-
ing and uptake were significantly inhibited (Figs. 6E and 7E),

ope (E). Experiments were
0.01, 7P < 0.001).

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 (Figs. 8 and 9) and uptake (Figs.
10 and 11) of control- (Figs. 8 and 10) and ONOO™-LDL (Figs. 9
and 11) was determined by receptor blocking of LOX-1, CD36,
SR-A, and LDL-R with receptor blocking antibodies and by deter-
mining 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 pres-
ence 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
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Intensity

ary units)

=E
0=
o-LOX-1
w-CD-36 £
a-SR-A 4
o-LDL-R = +

Cc

Fig. 8. Binding of control-LDL after receptor blocking. LDL receptor blocking was performed for 1 h ar 37 “C and binding was determined ar 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 min by the following conditions; (A) no receptor blocking with 10 pg/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 10 pg/ml Dil-control-LDL, Binding mean intensity of Dil-control-LDL was quantified using Axiom 200 M 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 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 + 200 mg/ml excess unlabeled control-LDL.

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 bind-
ing 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

10 mg/ml Dil-labeled control-LDL

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) demon-
strated 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) scav-
enger receptors. These findings further support the motion that
control-LDL has minimal modified LDL and is minimally athero-
genic 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 internal-

— 143 —
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Intensity

ITY units)

z
0 —

o-LOX-1 - * *

a-CD-36 + - +

o-SR-A + +

a-LDL-R . . N 5 N

Fig. 9. Binding of ONOO™-LDL after receptor blocking. LDL receptor blocking was performed for 1 h at 37 °C and binding was determined at 0 °C with 10 pg/ml Dil-ONOO™-
LDL and 10 pg/ml Dil-ONOO~-LDL with 200 ug/ml excess unlabeled LDL for 90 min by the following conditions; (A) no receptor blocking with 10 pg/ml Dil-ONOO"-treated
LDL, (B) all four receptor’s blocked with 10 pug/ml Dil-ONOO™-treated LDL (C) active LOX-1, (D) active CD36 with 10 pug/ml Dil-ONOO™-treated LDL, (E) active SR-A with 10 pg/
ml Dil-ONOO~-treated LDL, and (F) active LDL-R with 10 pug/ml Dil-ONOQ ™ -treated LDL. Binding mean intensity of Dil-ONOO~-treated LDL was quantified using Axiom 200 M
Zeiss Fluorescent Microscope (G). Images are not shown for excess unlabeled ONOO™-treated LDL but intensities were quantified. Experiments were 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, j —10 mg/ml Dil-labeled ONOO™ -treated LDL + 200 mg/ml excess unlabeled ONOO™-treated LDL.

ized through an aggregated-LDL uptake mechanism. These find- Chemical modifications and structural changes in LDL”

ings further support the atherogenic character of ONOO™-trea-

ted LDL. LC/MS/MS (Table 1) and circular dichroism (Fig. 2) analyses indi-
cated apoB-100 protein modifications and conformational changes

Discussion inherent in LDL". Although there were no observed nitrated pep-

tides by LC/MS/MS in native- and total-LDL fractions in vivo, there
LDL- may be viewed as a circulating, atherogenic form of was nitration that was quantified by LC/EIS/MS analysis. The

LDL in vivo and it harbors secondary structural changes in  amount of nitration observed for native LDL was 100-fold lower
apoB-100 that encompass a significant loss of x-helical struc- than LDL™ and tLDL was approximately 10- to 12-fold lower. These
ture and increase in B-sheet structure [3]. This study addresses findings further support the notion that the LDL-particle is the
(a) the chemical modifications and structural changes inherent ~ modified LDL subfraction in vivo as well as may support the LDL

in LDL- formation, (b) a functional role for ONOO™~ in LDL™ for- hypothesis. Tyrosine nitration in LDL™ (Table 1) in o, o, and o3
mation, and (c) the occurrence of specific cellular receptors for helices as well as 3, sheets as well as cysteine oxidation in f3; to cys-
LDL". teic acid (Fig. 12) seem to assist the loss of x-helical structure in
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Fig. 10. Uptake of control-LDL after receptor blocking. LDL receptor blocking was performed for 1 h at 37 °C and uptake was determined at 37 °C with 10 ug/ml Dil-control
LDL and 10 pg/ml Dil-control-LDL with 200 ug/ml excess unlabeled LDL for 4 h by the following conditions; (A) no receptor blocking with 10 pg/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 10 pg/ml Dil-control-LDL. Uptake mean intensity of Dil-control-LDL was quantified using Axiom 200 M 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
blacked 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 + 200 mg/ml excess unlabeled control-LDL.

LDL™ and increase B-turn, parallel- and anti-parallel sheets, and ran-
dom coil structures (Fig. 2). Of note, nitration of apoB-100 occurs in
the a-helical structures containing the highest percentage of tyro-
sine per total amino acid residues: o, appears to be more suscepti-
ble to nitrotyrosine formation, whereas f§; seemed resistant to
nitration and susceptible to cysteine oxidation. Nitration of a-heli-
ces appears to contribute to protein unfolding, whereas the oxida-
tion of one of the nine free cysteines (in B, sheets) may be
involved in the increased electronegativity of the particle,

145

was determined to all receptors
10 mg/ml Dil-labeled cantrol-LDL,

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 x-helical structure
(Fig. 4) and, as a corollary, formation of LDL™ Figs. 3D, 5D). It may
be surmised, hence, that nitrotyrosine- and lipid peroxide accumu-
lation are synergistically responsible for unfolding of «-helices
inherent in LDL™ formation.



R.T. Hamilton et al./Archives of Biochemistry and Biophysics 479 (2008) 1-14

G +++

=1 F

=z

0L-

o-LOX-1 = +
o-CD-36 - +
o-SR-A - +
o-LDL-R - +

Fig. 11. Uptake of ONOO™-LDL after receptor blocking. LDL receptor blocking was performed for 1 h at 37 °C and uptake w
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as determined at 0 °C with 10 pg/ml Dil-ONOO ™ -

LDL and 10 pg/ml Dil-ONOO -treated LDL with 200 pg/ml excess unlabeled ONOO ™ -treated LDL for 4 h by the following conditions; (A) no receptor blocking with 10 pug/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 10 pg/ml Dil-ONOO ™ -treated LDL. (E)

active SR-A with 10 pg/ml Dil-ONOO™-treated LDL, and (F) active LDL-R with 10 pg/ml Dil- ONOO™-treated LDL. Binding mean intensity of Dil-ONOO" -treated LDL was

quantified using Axiom 200 M Zeiss Fluorescent Microscope (G). Images are not shown for excess unlabeled ONOO™-treated LDL but intensities were quantified. Experiments

were 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 ONOO ™ -treated LDL, @ — 10 mg/ml Dil-labeled ONOO -treated LDL + 200 mg/ml excess unlabeled ONOO™-treated LDL.

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 coin-
cides with the binding sites to LDL-R (encompassing amino acid
residues 3359 and 3369 in B;) 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 involve-
ment 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 up-
take 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 sug-
gesting that it is not being endocytosed through an aggregated-
LDL uptake mechanism. The in vivo 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 sug-
gests that protein unfolded LDL induces scavenger receptor depen-
dent binding and uptake and is further supported by enzymatic
modifications that induce protein unfolding [3,17]. Nitrated LDL
is also involved in an LDL-R independent binding and uptake med-
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Fig. 12. Site of chemical modifications in in vivo LDL™ and ONOO™-treared LDL. The secondary structure of the apoB-100 is shown. The pentapartite structure however is not
drawn to scale. Data from Tables 1 and 2 were used to assign the chemical modifications in LDL~ and ONOO-treated LDL.

iated by SR-A, LOX-1, and CD36, thus strengthening the pathophys-
iological 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 nitra-
tion 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 (Zwitterion); aromatic
groups are involved in hydrophobic stacking interactions in pro-
teins as well as in protein-lipid bilayer interface. Therefore, nitra-
tion 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 2, and x; 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 o
and o4 is stabilized by electrostatic bonds between negatively
charged phospho head groups and positively charged lysine/argi-
nine residues. Peroxidation of long chain poly unsaturated 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 a3 and @3 to stretch and adopt a new confirmation. This
mechanism strengthens the significance of the phospholipid belts
(o2 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 athero-
sclerosis. The extensive nitration of apoB-100 in the a-helices
and B-sheets of LDL™ and its absence in native LDL suggest that
the latter is not or has 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 sec-
ondary 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 scav-
enger receptors in BAEC.
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Oxidized LDL Receptor LOX-1 Binds to
C-reactive Protein and Mediates its
Vascular Effects

Yoshiko Fujita,” Akemi Kakino,' Norihisa Nishimichi,” Saburo Yamaguchi,” Yuko Sato,’ Sachiko Machida,?
Luciano Cominacini,” Yves Delneste,>® Haruo Matsuda,” and Tatsuya Sawamura'"
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BACKGROUND: C-reactive protein (CRP) exerts biologi-
cal activity on vascular endothelial cells. This activity
may promote atherothrombosis, but the effects of this
activity are still controversial. Lectin-like oxidized LDL
receptor-1 (LOX-1), the oxidized LDL receptor on en-
dothelial cells, is involved in endothelial dysfunction
induced by oxidized LDL.

MeTHODs: We used laser confocal microscopy to ex-
amine and fluorescence cell image analysis to quantify
the binding of fluorescently labeled CRP to cells ex-
pressing LOX-1. We then examined the binding of
unlabeled CRP to recombinant human LOX-1 in a cell-
free system. Small interfering RNAs (siRNAs) against
LOX-1 were applied to cultured bovine endothelial
cells to analyze the role of LOX-1 in native cells. To
observe its in vivo effects, we injected CRP intrader-
mally in stroke-prone spontaneously hypertensive
(SHR-SP) rats and analyzed vascular permeability.

ResuLTs: CRP bound to LOX-l-expressing cells in
parallel with the induction of LOX-1 expression. CRP
dose-dependently bound to the cell line and recom-
binant LOX-1, with significant binding detected at
0.3 mg/L CRP concentration. The K value of the bind-
ing was calculated to be 1.6 X 1077 mol/L. siRNA
against LOX-1 significantly inhibited the binding of
fluorescently labeled CRP to the endothelial cells,
whereas control RNA did not. In vivo, intradermal in-
jection of CRP-induced vascular exudation of Evans
blue dye in SHR-SP rats, in which expression of LOX-1
is greatly enhanced. Anti-LOX-1 antibody significantly
suppressed vascular permeability.

concrusions: CRP and oxidized LDL-receptor LOX-1
directly interact with each other. Two risk factors for
ischemic heart diseases, CRP and oxidized LDL, share a
common molecule, LOX-1, as their receptor.

© 2008 American Association for Clinical Chemistry

C-reactive protein (CRP)” is an acute-phase plasma
protein that is synthesized by hepatocytes in response
to inflammation and tissue damage; the latter can cause
a 1000-fold or more increase in the human plasma con-
centrations of high-sensitivity CRP (hsCRP). For this
reason hsCRP has long been used as an inflammatory
biomarker (1). CRP recognizes phosphocholine (2)
and other various ligands, including phosphoethano-
lamine, chromatin, histones, fibronectin, and oxidized
LDL (3, 4 ). Recent epidemiological studies have shown
that even the slightest increase in serum concentration
of hsCRP can be a major risk indicator for ischemic
heart disease (5-7 ). Activation of the classical comple-
ment pathway through direct interaction with Clq is
an established function of CRP. It is reported that ad-
ministration of human CRP in a rat model of myocar-
dial infarction activates complement systems, leading
to increases in the size of myocardial infarction (8),
and that the chemical blockade of CRP prevents these
deleterious effects and suppresses the myocardial in-
farction (9 ). In addition, a number of recent reports
have shown that CRP induces endothelial activation/
dysfunction leading to atherothrombosis (10 ). Because
the earliest CRP reports may have reflected the effects
of contaminants such as bacterial lipopolysaccharide
and azide rather than CRP, there have been subsequent
heated debates concerning CRP functions and actions
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(11, 12). CRP preparations free from lipopolysaccha-
ride and azide, however, reportedly have shown signif-
icant effects on endothelial activation. Fcy receptors are
postulated to be the receptors that mediate the effects of
CRP outside of complement activation (12-14 ).

Lectin-like oxidized LDL receptor 1 (LOX-1) was
originally found and identified as an endothelial re-
ceptor for oxidized LDL (15 ). Activation of LOX-1 in
endothelial cells induces the generation of super-
oxide, a reduction in the release of nitric oxide, and
the expression of proatherogenic molecules such as
endothelin-1, monocyte chemoattractant protein 1,
vascular cell adhesion molecule 1, and intercellular
adhesion molecule 1(16-18). The overexpression of
LOX-1 in mice enhances oxidative stress and the ex-
pression of adhesion molecules in blood vessels, ac-
celerating atheroma-like lipid deposition in intra-
myocardial vessels (19). Deletion of LOX-1 in mice
preserves endothelial function, leading to reduction
in atherogenesis (20). In addition to oxidized LDL,
LOX-1 binds various ligands, e.g., apoptotic cells,
activated platelets, leukocytes, and bacteria (21-25).
Related functions of LOX-1 include involvement in
inflammation, myocardial infarction, and intimal
thickening after balloon catheter injury (23, 26-29 ).

Because the changes induced by CRP and by
LOX-1 activation overlap, we investigated the physical
interactions between CRP and LOX-1 that may be re-
lated to cardiovascular pathophysiology.

Materials and Methods

CRP

Human CRP purified from pleural fluid was purchased
from Chemicon (AG723). Sodium azide in the solution
was removed by dialysis performed 3 times against a
3000-fold volume of Dalbecco’s PBS (Wako). Gram-
negative bacterial endotoxins were undetectable by
limulus amebocyte lysate (Associates of Cape Cod),
which can detect as low as 30 endotoxin units/L of
endotoxins. CRP preparations from 2 other distribut-
ers, one purified from human plasma (C4063, Sigma)
and the other from human serum (#236603, Calbio-
chem), were also subjected to cell-free analyses.

FLUORESCENTLY LABELED CRP
CRP was fluorescently labeled with an Alexa Fluor 546
protein-labeling kit (Invitrogen) and dialyzed 3 times
against a 3000-fold volume of PBS.

CELL LINE EXPRESSING HUMAN LOX-1 (HLOX-1-CHO) DRIVEN BY
TETRACYCLINE-INDUCIBLE PROMOTER

cDNA encoding the human LOX-1 (Genbank
NM002543) was subcloned into pTREZhyg (Clone-
tech). CHO-K1 Tet-On cells (Clonetech) were trans-
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fected with pTRE2hyg-human LOX-1 by Lipofectamin-
2000 transfection reagent (Invitrogen) according to the
manufacture’s instructions. The stable transformants
were selected with 400 mg/L of hygromycin B (Wako).
The resistant clones that express LOX-1 in response to
doxycycline (Calbiochem) were selected for use in
these experiments. The LOX-1 expression was induced
with doxycyline at the indicated concentration in
Ham'’s F-12 medium (Gibco)/10% fetal bovine serum
24 h before the experiments. Cells were washed twice
with Ham'’s F-12/10 mmol/L HEPES and chilled on ice
for 30 min. Then, the medium was replaced with the
indicated concentration of Alexa 546-CRP—containing
ice-cold Ham’s F-12/10 mmol/L HEPES, and cells were
incubated on ice for 1 h. After being washed with ice-
cold PBS, the cells were fixed with phosphate-buffered
formalin (Wako). The expression of LOX-1 was visu-
alized by immunostaining with antihuman LOX-1
antibody (TS§92) (30) combined with Alexa 488-anti-
human IgG (1:2000) (Invitrogen). Then, the specimens
were subjected to microscopic analysis with confocal
laser microscope (TCS SP5, Leica), and quantitative
fluorescence cell image analysis with the IN Cell
analyzer 1000 system (GE Healthcare).

TRANSIENT GENE EXPRESSION ASSAY

COS7 cells maintained with DMEM/10% fetal bovine
serum were seeded 1 day before transfection. The cells
at 80%—90% confluency were transfected with indi-
cated plasmid by use of Lipofectamin 2000 transfection
reagent (Invitrogen). After 24 h, the cells were chilled
on ice for 30 min and washed with ice-cold PBS. Then,
the medium was replaced with the indicated concen-
tration of Alexa 546-CRP-containingice-cold DMEM/
10 mmol/L HEPES, and cells were incubated on ice for
1 h. After being washed with ice-cold PBS, the cells
were fixed with phosphate-buffered formalin (Wako).
The expression of each receptor was assessed by immu-
nostaining with anti-V5 antibody (1:1000) (Nacalai
Tesque) combined with Alexa 488-antimouse I1gG (1:
2000) (Invitrogen). The nuclei of the cells were coun-
terstained with 0.5 mg/L DAPI (Sigma). Quantitative
analysis was performed with an IN Cell Analyzer.

RECOMBINANT LOX-1
¢DNA encoding extracellular domain of human
LOX-1 (61-273) was subcloned into pcDNA4 with a
chicken IgG light chain leader peptide in the N-
terminal and V5-6xHis tag in the C-terminus. The
plasmid was transfected into FreeStyle 293-F cells
(Invitrogen). After 4 days, the recombinant protein
was purified from culture supernatant with Ni-NTA
superflow (Qiagen) according to the manufacturer’s
instructions.
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CRP-LOX-1 INTERACTION ASSAY BY ELISA

Recombinant human LOX-1 (0.1 pg) or BSA (0.1 pg,
Sigma) was immobilized to each well of 384-well plates
(Maxisorp, Nunc) by incubation overnight at 4 °C in
PBS. After 2 washes with PBS, the plates were blocked
with 80 pL of 20% ImmunoBolock (DS Pharma)/PBS
at 4 °C for 8 h. After 2 washes with PBS, CRP in the
reaction buffer (10 mmol/L HEPES, 150 mmol/L NaCl,
2 mmol/L CaCl,, 1% BSA, pH 7.0) was added to each
well, and incubated at 4 °C overnight. The plates were
then washed 3 times with PBS and incubated for 2 h
with horseradish peroxidase—conjugated antihuman
CRP antibody (1:5000) (Bethyl) in PBS, 1% BSA. After
5 washes with PBS, peroxidase activity was determined
with a TMB Peroxidase EIA Substrate kit (Bio-Rad).
For the analyses of the binding of heat-denatured CRP,
CRP solution in PBS was heated in boiling water for 5
min before use. The immunoreactivity of the dena-
tured CRP to the anti-CRP antibody was examined by
ELISA of immobilized CRP. The indicated amounts of
CRP, denatured CRP, or BSA were immobilized, and
blocking was performed as above. Then, the immobi-
lized proteins were detected by the horseradish peroxi-
dase—conjugated antihuman CRP antibody as above.

BIACORE ANALYSES

The K, value of the CRP binding to LOX-1 was mea-
sured by surface plasmon resonance on a BIACORE
2000 (GE Healthcare). Recombinant LOX-1 was im-
mobilized on a research-grade CM5 sensor chip (GE
Healthcare) by use of an Amine coupling kit (GE
Healthcare) according to the manufacturer’s instruc-
tions. BSA was immobilized on a sensor chip by the
same method described above, and used as refer-
ence. We then injected 30 uL of the analytes (CRP (.45,
0.89, 1.78, and 3.56 pmol/L) in 10 mmol/L HEPES,
150 mmol/L NaCl, 2 mmol/L CaCl,, 1% BSA (pH 7.0)
ata flow rate of 20 wL/min for 120 s, and dissociation in
the same buffer was monitored for 120 s. After each
analysis, the sensor chip was regenerated with 5 uL of
50 mmol/L NaOH at a flow late of 60 pL/min. We
calculated K values by using a 1:1 Langmuir binding
model with BlAevaluation software version 3.0 (GE
Healthcare).

RNA INTERFERENCE
We designed small interfering RNA (siRNA) duplex
oligoribonucleotides targeting the bovine LOX-1
coding region (Genbank NM174132) by using the
Block-iT RNAi (RNA interference) designer pro-
gram from the Invitrogen website. The stealth RNAI
negative control duplex (Invitrogen) was used as a neg-
ative control. The siRNA sequences are as follows: sil
for LOX-1 (204-228), 5'-UUCUUUAUGAGAUCA

GAGACCUGGG-3" and si2 for LOX-1 (396—420),
5'-ACUUCUUGGAGAUUCAGGUUCUGGC-3".

Bovine aortic endothelial cells (BAEC) and
bLOX-1-CHO (Chinese hamster ovary cells stably ex-
pressing bovine LOX-1) (15) were maintained with
DMEM (Gibco)/10% fetal bovine serum/1% (vol/vol)
Antibiotic-Antimycotic  (Gibco) and Ham’s F-12
medium/10% fetal bovine serum containing 10 mg/L
blasticidin (Kaken Pharmaceutical), respectively. The
cells were seeded 1 day before transfection. The follow-
ing day, the cells at 50%—-60% confluency were trans-
fected with siRNA oligos or the control siRNA by use of
Lipofectamin RNAIMAX tansfection reagent (Invitro-
gen) according to the manufacture’s instructions, After
incubation at 37 °C for 24 h, the effects of downregu-
lation of expression of the LOX-1 gene [oxidized low
density lipoprotein (lectin-like) receptor 1| were ex-
amined. Suppression of LOX-1 expression was con-
firmed by the immunostaining with anti~-LOX-1 anti-
body (TS20) combined with Alexa488-antimouse lgG
(1:2000) (Invitrogen) and quantitative analysis with
the IN Cell analyzer. All transfections were performed
in triplicate.

ANIMALS

All protocols were approved by the Institutional Ani-
mal Care and Use Committee of the National Cardio-
vascular Center. Male Wistar Kyoto (WKY) rats and
stroke-prone spontaneously hypertensive (SHR-SP)
rats (SLC) were used at 8 weeks of age for experiments.

IMMUNOHISTOCHEMICAL ANALYSIS

For the analysis by confocal laser microscope, rat der-
mal tissue was snap-frozen in liquid nitrogen and sec-
tioned at 10 pm with a cryostat (Leica). The sections
were fixed by 4% formaldehyde for 15 min, blocked
with 20% Blockace (Snow brand) for | h at room tem-
perature, and then stained with 2 mg/L Alexa633 anti—
LOX-1 antibody (TS20) or 0.2 mg/L R-phycoeythrin—
conjugated anti-rat CD31 antibody (TLD-3A12, BD).
Labeling of the anti-LOX-1 antibody was performed
with an Alexa Fluor 633 protein-labeling kit (Invitro-
gen) according to the manufacturer’s instructions.

FLUORESCENT MILES PERMEABILITY ASSAY

The rats were anesthetized with Nembutal (50 mg/kg
body weight, administered intraperitoneally), and
warmed on the thermal control plate set at 37 °C
(HI1220, Leica). Hairs in the dorsal skin region were
shaved for fluorescence analyses. CRP, BSA, or vascular
endothelial growth factor (Sigma) dissolved in 10 pL of
PBS were intradermally injected to the shaved lumbar
area of dorsal skin. In some experiments, anti-LOX-1
antibody (TS20, 3 pg) (22) or nonimmune mouse
IgG (3 pg, Sigma) was coinjected with CRP. Thirty
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Fig. 1. Fluorescently labeled CRP binds to LOX-1.

(A) Analysis of hLOX-1-CHO (Chinese hamster ovary cell expressing human LOX-1 driven by tetracycline-inducible promoter)
(upper panels) and control CHO cells (lower panels) stained with anti-LOX-1 antibody (green) or incubated with Alexa546-CRP
(10 mg/L, red) by laser confocal microscopy. The nuclei of the cells were counterstained with DAPI (blue). The merged image
of Alexa546-CRP and LOX-1 indicates colocalization of these molecules on the cell surface. (B, C) Alexa546-CRP (10 mg/L)
binding (B} to hLOX-1-CHO in response to the induction of the expression of LOX-1 (C) by increasing dose of doxycycline
(0-300 mg/L). (D) Dose-dependent binding of Alexa546-CRP (0-30 mg/L) to hLOX-1-CHO that were pretreated with 100 png/L
of doxycycline. hLOX-1-CHO or control CHO cells were pretreated with indicated concentration of doxycycline to induce the
expression of human LOX-1. Then, cells were incubated with Alexa546-CRP for 1h at 4 °C. The binding of Alexa546-CRP and
the expression of the introduced protein were analyzed by IN Cell analyzer. The asterisks indicate significant difference vs CHO
(*P < 0.05, **P < 0.01). MFI, mean fluorescence intensity.

minutes later, 2% Evans blue (Wako) in saline (Otsuka dorsal skin, detected with the Maestro Imaging System
Pharma) was injected via the tail vein at a dose of  (CRi). A bandpass filter from 575-605 nm was used for
20 mg/kg weight of the rats. Vascular permeability was excitation, and the fluorescence intensity at 680 nm
assessed by the exudation of Evans blue into the animal was measured for quantitative analysis. The fluores-
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