THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 283, NO. 16, pp. 10408-10414, April 18,2008
© 2008 by The American Society for Biochemistry and Molecular Biology, Inc. ~ Printed in the U.S.A.

Specific Oxidized Phospholipids Inhibit Scavenger Receptor
Bl-mediated Selective Uptake of Cholesteryl Esters”

Received for publication, December 23,2007, and in revised form, February 14,2008 Published, JBC Papers in Press, February 19,2008, DOI 10.1074/jbc.M710474200
Mohammad Z. Ashraf®, Niladri S. Kar®, Xi Chen®, Jaewoo Choi°, Robert G. Salomon®, Maria Febbraio®,

and Eugene A. Podrez*'

From the *Department of Molecular Cardiology and the "Department of Cell Biology, Lerner Research Institute, Cleveland Clinic,
Cleveland, Ohio 44195 and the §‘Department of Chemistry, Case Western Reserve University, Cleveland, Ohio 44106

We have recently demonstrated that specific oxidized phos-
pholipids (0xPCcp36) accumulate at sites of oxidative stress in
vivo such as within atherosclerotic lesions, hyperlipidemic
plasma, and plasma with low high-density lipoprotein levels.
0xPCcp3e serve as high affinity ligands for the scavenger recep-
tor CD36, mediate uptake of oxidized low density lipoprotein by
macrophages, and promote a pro-thrombotic state via platelet
scavenger receptor CD36. We now report that oxPC 34 repre-
sent ligands for another member of the scavenger receptor class
B, type I (SR-BI). 0xPC 3¢ prevent binding to SR-BI of its phys-
iological ligand, high density lipoprotein, because of the close
proximity of the binding sites for these two ligands on SR-BL
Furthermore, 0xPCp) 34 interfere with SR-BI-mediated selec-
tive uptake of cholesteryl esters in hepatocytes. Thus, oxidative
stress and accumulation of specific oxidized phospholipids in
plasma may have an inhibitory effect on reverse cholesterol
transport.

Atherosclerosis is a chronic inflammatory disease in which
macrophage accumulation of cholesterol and subsequent foam
cell formation are critical events. Accumulation of cholesterol
in macrophages is a result of failure to adequately adjust cellular
cholesterol efflux in conditions of dramatically increased cho-
lesterol acquisition. Efflux of excess of cholesterol from macro-
phages to HDL? and to free apolipoproteins and subsequent
delivery to the liver for excretion, a process called reverse cho-
lesterol transport, are critical for the maintenance of choles-
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terol balance. One of the key steps in reverse cholesterol trans-
portis binding of HDL in the liver to hepatocyte SR-BI followed
by selective uptake of cholesteryl esters (CE) from HDL. Multi-
ple studies employing various murine models of atherosclerosis
demonstrated that hepatic SR-BI is atheroprotective (1-4).
Processes that interfere with SR-BI-mediated selective uptake
of CE are of particular interest because they are potentially pro-
atherogenic and may represent novel mechanisms contributing
to the development of atherosclerosis.

SR-BI belongs to the evolutionarily conserved CD36 family
of proteins, sharing 30% sequence identity with CD36 (5). SR-BI
is an 82-kDa membrane glycoprotein containing a large extra-
cellular domain and two transmembrane domains with short
cytoplasmic amino- and carboxyl-terminal tails (6). Similar to
CD36 it is a multifunctional protein; however, its major func-
tion is selective uptake of CE from HDL in steroidogenic tis-
sues. SR-BI-mediated selective uptake of HDL CE is a two-step
process. The first step involves lipoprotein binding to the extra-
cellular domain of SR-BI, and the second step is the selective
transfer of lipid from HDL to the plasma membrane. SR-BI
shares with CD36 an affinity for a wide array of ligands, includ-
ing native and modified lipoproteins, advanced glycation end
products, and anionic phospholipids (7, 8).

Atherosclerosis is associated with oxidative stress and the
generation of biologically active oxidized lipids. It has been pre-
viously demonstrated that these biologically active oxidized
phospholipids initiate and modulate many of the cellular events
attributed to the pathogenesis of atherosclerosis (9). We have
previously described a novel family of oxidized choline glycero-
phospholipids (0xPCp3,) that are formed during the oxidation
of LDL by multiple distinct pathways and are present in vivo in
human and animal atherosclerotic lesions and also accumulate
in hyperlipidemic plasma and in plasma of subjects with low
HDL levels (10-12). oxPC ;4 serve as ligands for the scav-
enger receptor CD36, mediate highly specific cellular recogni-
tion and internalization of targets containing complex mixtures
of biologically active oxidized lipids, thus directly induce foam
cell formation via CD36 (13, 14). Based on the close protein
similarity between CD36 and SR-BI, we hypothesized that
0xPCcps6 species would also serve as ligands for SR-BI and
therefore could interfere with SR-BI-dependent processes.

In this study we demonstrate that oxPC 4 bind specifically
to SR-BI and that binding of 0xPC 54 prevents HDL associa-
tion because of the close proximity of the binding sites for these
two ligands on SR-BI. We then demonstrate that oxPC 5 is a
potent inhibitor of SR-BI-mediated selective uptake of cho-
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lesteryl esters in hepatocytes. Thus, our results suggest that
specific oxidized phospholipids accumulated in vivo in oxida-
tive stress may inhibit reverse cholesterol transport and con-
tribute to the development of hypercholesterolemia and
atherosclerosis.

EXPERIMENTAL PROCEDURES
Materials

Tissue culture media and additives were purchased from
Invitrogen. Na'*’I was supplied by ICN Biomedicals, Inc.
(Costa Mesa, CA). [?PH]Cholesteryl oleate ether (COE) and
1,2-[®*H]dihexadecanoyl-sn-glycero-3-phosphocholine (DPPC)
were from American Radiolabel Chemicals, Inc. (St. Louis,
MO). 1-Hexadecanoyl-2-eicosatetra-5',8",11',14"-enoyl-sn-
glycero-3-phosphocholine (PAPC), 1-hexadecanoyl-2-octadec-
9'-enoyl-sn-glycero-3-phosphocholine (POPC), 1-hexadecanoyl-
2-octadec-9’',12'-dienoyl-sn-glycero-3-phosphocholine (PLPC),
and DPPC were purchased from Avanti Polar Lipids (Alabas-
ter, AL). The 9-keto-10-dodecendioic acid and 5-keto-6-oc-
tendioic acid esters of 2-lyso-PC (KDdiA-PC and KOdiA-
PC, respectively) were purchased from Cayman, Inc. (Ann
Arbor, MI). Anti-SR-BI blocking antibody was purchased
from Novus Biologicals (Littleton, CO). All other reagents
were obtained from Sigma unless otherwise specified.

Methods

General Procedures—All buffers were passed over a column
of Chelex-100 resin and supplemented with diethylenetri-
aminepentaacetic acid to remove any potential transition metal
ions, which might catalyze phospholipid oxidation during incu-
bations. Protein content was determined by the Markwell-
modified Lowry protein assay with bovine serum albumin as
standard (15). LDL and HDL were isolated from fresh plasma by
sequential ultracentrifugation, and iodination with Na'**I was
performed as described previously (16). Total synthesis of y-ke-
to-a, B-unsaturated aldehydic phospholipid, the 5-keto-8-oxo-
6-octenoic acid esters of 2-lyso-PC (KOOA-PC), was per-
formed as described earlier (14).

Lipoprotein Modification—LDL was modified utilizing the
MPO-H,0,-NO, system by incubating LDL (0.2 mg of pro-
tein/ml) at 37 °C in 50 mm sodium phosphate (pH 7.4), 100 um
diethylenetriaminepentaacetic acid, 30 nm MPO, 100 ug/ml
glucose, 20 ng/ml glucose oxidase, and 0.5 mm NaNO, for 8 h
(16). Oxidation reactions were terminated by addition of 40 um
butylated hydroxytoluene and 300 nMm catalase to the reaction
mixture. LDL acetylation and oxidation of LDL by copper ions
were performed as described previously (17).

Phospholipid Vesicle Preparation and Modification—Stock
solutions (2 mg/ml) of small unilamellar vesicles consisting of
PAPC, PLPC, or POPC were prepared in argon-sparged sodium
phosphate buffer by extrusion (11 times) through a 0.1-um poly-
carbonate filter using an Avanti Mini-Extruder Set (Avanti Polar
Lipids) at 37 °C (14). For direct binding experiments, [PH]DPPC
(25 uCi/mg of phospholipids) was added to phospholipids
(PAPC or PLPC) with equimolar amounts of specific synthetic
oxidized phospholipids (0xPCp3e). Phospholipid vesicles oxi-
dized by reactive nitrogen species were prepared from PAPC or
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PLPC vesicles (0.2 mg lipid/ml) by exposure to the MPO-H,0,-
NO, system as described (16).

Cells—Hep G2 cells were from American Type Culture Col-
lection (Manassas, VA). CHO cells lacking LDL receptor activ-
ity (IdIA7 cells) and a subcloned cell line expressing scavenger
receptor class B type I (IdIA7-SR-BI) (a gift from Dr. M. Krieger,
MIT, Boston) were cultured as described elsewhere (18). For
generating the SR-BI overexpressing HEK-293T cell line, full-
length human SR-BI was PCR-amplified from liver Marathon-
Ready cDNA (BD Biosciences) and cloned into the pEF6V5-His
vector (Invitrogen). HEK-293T cells were stably transfected
with Lipofectamine 2000 (Invitrogen) using blasticidine as the
selection marker. Clones overexpressing SR-BI were selected
based on Western blot for SR-BI. Experiments were performed
on confluent cell monolayer in Dulbecco’s modified Eagle’s
medium/F-12 medium containing 10% fetal bovine serum,
butylated hydroxytoluene (20 um), diethylenetriaminepenta-
acetic acid (100 M), and catalase (300 nm).

Selective Uptake of Cholesteryl Ester in Hepatocytes—Phos-
pholipid liposomes containing [*H]cholesteryl oleate ether
(COE) were prepared as described elsewhere (19) and incu-
bated with HDL in the presence of excess cholesteryl ester
transfer protein and 0.5% BSA at 37 °C for 18 h. HDL was then
re-isolated by ultracentrifugation and dialyzed. Specific activity
of resulting [*H]COE HDL was 4 cpm/ng HDL protein. Hep G2
cells were cultured for 18 h in the presence of 0.1 um adreno-
corticotropic hormone in Dulbecco’s modified Eagle’s/F-12
media containing 5% lipoprotein-deficient serum. Selective
uptake of cholesteryl esters was determined as described before
(19). Briefly, parallel experiments to assess HDL uptake were
performed using [*H]COE HDL and '*°I-HDL. After 5 h of
incubation at 37 °C with indicated lipoproteins, the medium
was removed, and the cells washed with warm PBS. Following a
30-min chase with 100 ug/ml unlabeled HDL, cells were lysed
and cell-associated radioactivity was quantified. Degradation of
125]_HDL was determined as described before (16), and total
uptake of HDL protein was calculated as the sum of the **°I
associated with cells plus the noniodide-, nontrichloroacetic
acid-precipitable '*°I in the medium. Selective uptake was cal-
culated as the difference between total lipid uptake (*H radio-
activity) and the amount of lipid incorporation that could be
accounted for by whole lipoprotein uptake as determined by the
accumulated cellular **°I

Cloning and Purification of GST-SR-BI Ligand Binding
Domain Fusion Protein—The sequence encoding full-length
human SR-BI was amplified by PCR from liver Marathon-
Ready ¢cDNA and subcloned into the PCR-blunt vector
(Invitrogen). A fragment containing a putative human HDL
ligand-binding site, an extracellular amino-terminal domain of
SR-BI (amino acids 144-205), was amplified by PCR with
appropriate primers and cloned between BamHI and Xbal sites
of the pGST-Parallell vector. The junction with GST was
sequenced to confirm insertion of SR-BI-(144—205) in-frame.
GST fusion protein expression in transformed Escherichia coli
BL21(DE3) was induced by isopropyl 1-thio-B-p-galactopyran-
oside; cells were lysed, and fusion protein was isolated by affin-
ity chromatography using glutathione-Sepharose 4B beads (GE
Healthcare). The size, amount, and purity of the fusion protein
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FIGURE 1. Binding of NO,-LDL and oxPCp to SR-Bl-transfected cells. g, '*°I-LDL or various modified '*°I-
labeled lipoproteins (5 wg/ml) were incubated with SR-Bl-transfected CHO cells (IdIA7-SR-BI) or control vector-
transfected CHO cells (IdIA7). Cellular binding of lipoproteins was subsequently determined as described under
“Experimental Procedures.” (Cu® " oxLDL, copper oxidized LDL). *, p < 0.001 for comparison versus LDL. b, '**I-labeled
NO,-LDL was incubated with SR-Bl-expressing cells either in the absence (N.A., no addition) or presence of the
indicated competitors. Anti-SR-BI, anti-SR-Bl antibody; N... IgG, nonimmune IgG. ¥, p < 0.001 for comparison versus
control (no addition). ¢, small unilamellar vesicles were generated containing tracer levels of [PHIDPPC (25 uCi/mg
vesicles) and consisting either of the unoxidized parent phospholipid alone (PAPC), phospholipid oxidized by MPO-
H,0,- NO, system (NO,-PAPC), or an equimolar mixture of parent phospholipid and the indicated synthetic oxi-
dized phospholipids (0xPCcpse). Cells were incubated with phospholipid vesicles, and cell-associated radioactivity

Statistics—Each  experimental
point represents the mean = S.D.
for triplicate determinations of a
representative experiment per-
formed at least three times. Statisti-
cal analyses were made using a
paired Student’s ¢ test. For all
hypotheses, the significance level
was 0.05. When multiple compari-
sons were made, a Bonferoni cor-
rection to the significance criterion
for each test was made.

RESULTS

0xPCrpss Represent Ligands for
SR-BI—SR-BI is closely related to

was quantified. *, p < 0.001 for comparison versus PAPGC; #, p < 0.001 for comparison versus KDdiA-PC and versus

KDdiA-PC + nonimmune (N.1.) IgG.

were examined by SDS-PAGE. The molecular weight was
found to be close to the predicted value, and purity was typically
>95%.

Lipoprotein and Phospholipid Vesicle Binding Experiments—
Cells were washed with serum-free medium, and the indicated
amounts of **°I-labeled lipoproteins were added in 250 ul of the
appropriate media containing 10% fetal bovine serum. Lipopro-
tein binding to SR-BI expressing CHO cells (IdIA7-SR-BI) and
control vector cells (IdIA7) was determined following 3 h of
incubation at 37 °C with the indicated concentrations of native
or modified forms of '*°I-labeled lipoproteins (17). In compe-
tition experiments, '*°I-labeled lipoproteins (5 mg/ml) were
incubated with cells in the presence of the indicated concentra-
tions of unlabeled competitor.

For phospholipid vesicle binding experiments, cells (0.25—
0.3 mg of cell protein/well) were incubated with the corre-
sponding radiolabeled phospholipid vesicles (10 wg/ml, 250 ul
of Dulbecco’s modified Eagle’s medium) for 3 h at 37 °C in the
presence of 40-fold excess of unlabeled POPC vesicles to block
nonspecific binding. Unbound vesicles were then washed from
cells with PBS/BSA; cells were solubilized with 0.1 M NaOH,
and bound radioactivity was quantified.

GST-SR-BI binding experiments were performed by incu-
bating GST or GST-SR-BI-(144-205) protein beads (1 ug of
protein/tube) with the corresponding phospholipid vesicles
containing the radioactive tracer (14) at 10 pg lipid/ml in PBS
for 3 h at 25 °C with gentle shaking. Unbound vesicles were
removed from the beads by repeated washing with PBS, and
then bound radioactivity was quantified. HDL binding and
competition assays were performed by incubating ***I-HDL
(5 wg/ml) in PBS with GST or GST-SR-BI-(144-205) beads
(1 pg of protein/tube) for 3 h at 25 °C. In competition exper-
iments, unlabeled competitors were added at 20-fold excess.
Where indicated, the beads were preincubated for 15 min
with anti-SR-BI blocking antibody. HDL binding parameters
for HEK-293T cells overexpressing SR-BI and GST-SR-BI-
(144 -205) fusion protein were obtained from nonlinear
regression analysis in Prism 4 software (GraphPad Software
Inc., San Diego).
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scavenger receptor CD36 and
shares with CD36 several ligands,
including oxLDL (13, 20, 21). We
hypothesized that oxLDL could bind to SR-BI via specific oxi-
dized phospholipids (0xPCcp3e) that were previously shown to
be ligands for CD36. LDL oxidized by reactive nitrogen species
generated by the MPO-H,0,-NO,-system (NO,-LDL) is a car-
rier of 0xPCcps6 and represents a biologically relevant and well
characterized model of oxidized LDL that selectively binds to
CD36 (13, 14). First, we tested whether NO,-LDL was recog-
nized by SR-BI and whether oxPCcp; present in NO,-LDL
serve as ligands for SR-BL '*°I-Labeled NO,-LDL binding to
SR-BI-overexpressing CHO cells was significantly higher than
control cells (Fig. 1a). Binding of '**I-acLDL (a specific ligand
for the scavenger receptor class A) was low (data not shown).
Native LDL and LDL oxidized by alternative methods (e.g.
Cu®") also bound to SR-Bl-overexpressing cells in agreement
with previous reports (22, 23). The specificity of SR-BI-medi-
ated recognition of *’I-labeled NO,-LDL was verified by com-
petition experiments. Excess amounts of unlabeled NO,-LDL
effectively competed with '*’I-labeled NO,-LDL for binding to
SR-Bl-overexpressing cells (Fig. 15). In contrast, a 40-fold
molar excess of native LDL had no significant effect (Fig. 1b).
An anti-SR-BI blocking antibody significantly inhibited binding
of '*I-labeled NO,-LDL to SR-Bl-overexpressing cells,
whereas an isotype-matched nonimmune antibody had no
effect (Fig. 10). These findings confirmed that LDL modified by
the MPO-H,0,-NO, system was recognized specifically by
SR-BI. We then tested whether SR-BI recognized NO,-LDL via
its oxidized phospholipid moiety. Small unilamellar vesicles
comprised of synthetic homogeneous phosphatidylcholine
molecular species were oxidized by the MPO-H,0O,-NO, sys-
tem (NO,-PAPC) and then tested for their ability to compete
for '*’I-labeled NO,-LDL binding to SR-Bl-overexpressing
cells. NO,-PAPC significantly inhibited binding of '**I-labeled
NO,-LDL (Fig. 1) indicating that free (not bound covalently to
protein) oxidized phospholipid, in NO,-LDL, served as at least
one of the ligands for SR-BI. A similar pattern of recognition
was demonstrated by our group previously for CD36 (11, 14).
Because CD36 and SR-BI belong to the same family of proteins
and share evolutionally conserved domains, these results sug-
gest that CD36 and SR-BI recognize NO,-LDL via similar
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FIGURE 2. NO,-LDL and oxPC,;¢ compete for the binding of HDL to SR-BI. g, '**I-HDL (5 ug/ml) was
incubated with IdIA7-SR-BI cells or vector control cells, and bound '?*I-HDL was quantified. The concentrations of
competitors used were 200 ug of protein/ml for lipoproteins, 40 ug of lipid/ml for vesicles, and 20 ug/ml for
antibody. Anti-SR-BI, anti-SR-Bl antibody; N.I. IgG, nonimmune IgG.*, p < 0.001 for comparison versus control (N.A.,, no
addition). b, ">°I-HDL (5 ug/ml) was incubated with GST-SR-BI-(144 -205) protein beads, either in the absence
(no addition) or presence of 20-fold excess unlabeled indicated competitors in PBS/BSA. Beads were repeat-
edly washed with PBS to remove unbound lipoproteins, and bound radioactivity was then quantified. *, p <
0.001 for comparison versus control (no addition). ¢, GST-SR-BI-(144-205) protein beads were incubated with
small unilamellar vesicles consisting of PAPC, NO,-PAPC, or the indicated oxPCcp;¢ With tracer levels of
[PHIDPPC (25 uCi/mg vesicles) (10 ug/ml), washed repeatedly with PBS, and assayed for bead-associated
radioactivity. *, p < 0.001 for comparison versus PAPC. #, p < 0.001 for comparison versus KDdiA-PC. d, concen-
tration dependence of '?°I-HDL binding to SR-Bl-overexpressing HEK-293T cell and GST-SR-BI-(144-205) pro-
tein. Indicated concentrations of '2°I-HDL were incubated with either cells or GST-SR-BI-(144-205) beads at
25 °C for 3 h and then washed, and bound radioactivity was quantified. Specific '?*I-HDL binding was deter-
mined by subtracting background binding to control vector-transfected cells or GST beads alone, respectively.

significantly block the binding of
HDL to SR-Bl-transfected cells.
NO,-PAPC significantly inhibited
binding of '**I-HDL, in agreement
with the results in Fig. 1, b and c. At
the same time, native unoxidized
PAPC was found to be a weak com-
petitor (Fig. 24). Finally, small unila-
mellar vesicles containing individ-
ual synthetic oxPCcp5, (data for
KDdiA-PC are shown) were potent

mechanisms. We next examined individual synthetic phospho-
lipids previously identified by our group as specific endogenous
ligands for CD36 (0xPCcpze) (14), such as KOOA-PC (the 5,8-
dioxooct-6-enoic acid) and KODA-PC (9,12-dioxododec-10-
enoic acid ester of 2-lyso-PC), for their ability to compete for
the binding to SR-BI. As shown in Fig. 15, oxPCrp3, (data for
KOOA-PC are shown), but not their unoxidized phospholipid
precursors (data for PAPC are shown), inhibited binding of
125I_labeled NO,-LDL to SR-BI-expressing cells.

To demonstrate that 0oxPC 3, directly bind to SR-BI, small
unilamellar vesicles containing PLPC or PAPC as a carrier lipid,
synthetic oxPC ¢ species, and tracer levels of [*'H]DPPC were
made and binding assays were performed as described previ-
ously (14). Vesicles comprised of PAPC (or PLPC, data not
shown) alone failed to demonstrate SR-BI-specific binding (Fig.
1c). However, the NO,-PAPC and NO,-PLPC vesicles bound to
SR-BI transfected cells at significantly greater levels than con-
trol cells (Fig. 1¢ and data not shown). Vesicles containing any
of the individual synthetic 0xPCp;, (data for KDdiA-PC are
shown) readily bound to SR-Bl-expressing cells (Fig. 1c).
Addition of a blocking anti-SR-BI antibody, but not isotype-
matched control antibody, inhibited binding of the
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inhibitors of '*°I-HDL binding to
SR-BI. Collectively, these results show that LDL and phospho-
lipids vesicles upon oxidation acquire the ability to block HDL
binding to SR-BI because of 0xPC 6.

SR-BI is a multiligand receptor, one potential mechanism for
the observed inhibition is that the binding sites for HDL and
0xPCcpse on SR-BI overlap. To test this hypothesis an extra-
cellular amino-terminal domain of human SR-BI (amino acids
144 -205) containing the putative HDL ligand-binding site was
expressed as a GST fusion protein, isolated and purified by
affinity chromatography on glutathione-Sepharose 4B beads,
and used in binding and competition studies. The selection of
this SR-BI-(144 —205) peptide was based on separate studies of
lipoprotein binding domains in CD36, a close relative of SR-BI
that can also bind HDL (24, 25). Binding of '**I-HDL to GST-
SR-BI-(144—205) was significantly higher than control GST
beads (Fig. 2b). Binding was specific because excess unlabeled
HDL significantly inhibited binding of '**I-HDL. Importantly,
the anti-SR-BI blocking antibody inhibited HDL binding to
GST-SR-BI-(144.-205) protein to the same extent as in SR-BI-
expressing cells (Fig. 2b), suggesting that GST-SR-BI-(144 —
205) contains the true binding site for HDL. Other properties of
the '**I-HDL-binding site on GST-SR-BI-(144—205) mirrored
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those of the full-length SR-BI expressed on cells. Specifically,
NO,-PAPC and vesicles containing individual synthetic
0xPC 36 Were potent inhibitors of '*’I-HDL binding (results
for KDdiA-PC are shown), whereas vesicles consisting of native
unoxidized PAPC or PLPC were weak competitors (Fig. 25,
data for PAPC are shown). Direct binding experiments demon-
strated that small unilamellar vesicles comprised of PAPC or
PLPC alone failed to bind significantly to GST-SR-BI-(144—
205) (Fig. 1¢ and data not shown), whereas NO,-PAPC and
vesicles containing any of the individual synthetic 0xPCcp3¢
(data for KDdiA-PC are shown) were found to bind to GST-SR-
BI-(144-205) at significantly greater levels than control GST
(Fig. 2c). Addition of the anti-SR-BI antibody, but not isotype-
matched control antibody, blocked binding of the vesicles con-
taining oxPCcps6. Comparison of SR-Bl-overexpressing cells
and purified GST-SR-BI-(144-205) fusion protein showed
similar saturable HDL binding curves (Fig. 2d). The values for
half-maximal concentration for HDL binding were similar,
5.6 = 0.5 pug/ml for cells overexpressing SR-BI and 4.6 = 0.1
png/ml for the GST fusion protein. Together these results sug-
gest that the ligand-binding site of SR-BI lies in the region
between amino acids 144 and 205 and that the binding sites for
HDL and 0xPC_ 3, on SR-BI overlap.

0xPC 34 Bind to Hepatocyte SR-BI and Interfere with SR-BI-
mediated Selective Cholesteryl Uptake—Selective uptake of
HDL cholesteryl esters in hepatocytes is a major physiological
function of SR-Bl and is a critical part of the reverse cholesterol
transport pathway in the body. Because 0xPC 5, accumulate
in plasma under conditions of increased oxidative stress and
dyslipoproteinemia, and are associated with atherosclerosis
development (10, 11, 14), we tested whether oxPCcy,, can
affect SR-BI-mediated selective uptake of cholesteryl esters in
hepatocytes. We first used NO,-LDL to test whether hepato-
cytes recognize this mildly modified form of oxidized LDL via
SR-BI and whether oxPC ;¢ present in NO,-LDL serve as
ligands for hepatocyte SR-BL. Hep G2 cells bound significant
amounts of '**I-labeled NO,-LDL (Fig. 3a). SR-BI was the
major receptor on Hep G2 cells for '*I-labeled NO,-LDL
because an anti-SR-BI blocking antibody but not isotype-
matched nonimmune antibody significantly inhibited binding.
Excess amounts of unlabeled HDL but not native LDL effec-
tively competed with '**I-labeled NO,-LDL for binding to Hep
G2 cells (Fig. 3a). In agreement with the data obtained using
SR-Bl-overexpressing cells, binding was significantly inhibited
by 0xPC.pss but not by native unoxidized phospholipids.
These findings demonstrated that LDL modified by the MPO-
H,0,-NO, system was recognized specifically by SR-BI on
hepatocytes via its oxidized phospholipid moiety.

We next investigated the effect of 0xXPCp, on the binding
of "**I-HDL to Hep G2 cells. Hep G2 cells bound significant
amounts of ***I-HDL, as anticipated. Excess of unlabeled HDL
and anti-SR-BI blocking antibody, but not isotype-matched
nonimmune antibody, inhibited '**I-HDL binding to Hep G2
cells demonstrating specificity of the binding. Importantly,
excess of all competitors containing 0xPCc 5, including unla-
beled NO,-LDL, NO,-PAPC and vesicles containing individual
synthetic 0xPC ¢ significantly inhibited binding of '**I-HDL
to SR-BI (Fig. 3b), in agreement with the results in Fig. 2. In
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FIGURE 3. Binding of NO,-LDL and 0xPC,p; to Hep G2 cells. g, '*°I-NO -
LDL (5 wg/ml) was incubated with Hep G2 cells either in the absence (N.A., no
addition) or presence of the indicated competitors at 4 °Cfor 3 hin the appro-
priate media. Cellular binding of lipoproteins was subsequently determined
as described under “Experimental Procedures.” Anti-SR-BI, anti-SR-BI anti-
body; N.I. IgG, nonimmune IgG. ¥, p < 0.001 for comparison versus control (no
addition). b, "**I-HDL (5 wg/ml) was incubated with Hep G2 cells either in the
absence (no addition) or presence of the indicated competitors. *, p < 0.001
for comparison versus control (no addition). ¢, small unilamellar vesicles were
generated as described in Fig. 1, and Hep G2 cells were incubated with phos-
pholipid vesicles (10 ng/mg of cell protein), following 3 h of incubation at 4 °C
and washed, and cell-associated radioactivity was quantified. *, p < 0.001 for
comparison versus PAPC. #, p < 0.001 for comparison versus KDdiA-PC and
versus KDdiA-PC + nonimmune IgG.

contrast, native PAPC or PLPC (data for PAPC are shown) had
no significant effect on the binding (Fig. 3b).

To demonstrate that oxPCcp,, directly bind to SR-BI on
hepatocytes, small unilamellar vesicles containing PLPC or
PAPC as a carrier lipid, synthetic 0xPC.p3, Species, and tracer
levels of [’H]DPPC were made, and binding assays were per-
formed as in Fig. 1c. Vesicles comprised of PAPC (or PLPC, data
not shown) alone failed to demonstrate significant binding to
Hep G2 cells (Fig. 3¢). NO,-PAPC vesicles bound to SR-BI-
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FIGURE 4. oxPCcp3¢ interfere with SR-Bl-mediated selective cholesteryl ester uptake. Hep G2 cells
were incubated with either [PHICOE HDL (a) or '?°I-HDL (b) at a concentration 10 wg/ml for 5 h 37 °C, with
indicated additions, and then cells were washed with warm PBS and chased for another 30 min in the
presence of 100 wg/ml unlabeled HDL. g, cells were lysed; cell-associated radioactivity was quantified and
[®HICOE HDL association determined. b, '>°I-HDL uptake was determined as described under “Experimen-
tal Procedures.” ¢, selective uptake was calculated from data in a and b as described under “Experimental

Procedures.” *, p < 0.001 for comparison versus control.

transfected cells at significantly greater levels than PAPC vesi-
cles (Fig. 3¢). Vesicles containing individual synthetic oxPC¢p54
(data for KOdiA-PC are shown) readily bound to Hep G2 cells
(Fig. 3c). Blocking anti-SR-BI antibody, but not isotype-
matched control antibody, inhibited binding of the 0xPC 3,
vesicles to hepatocytes, demonstrating that SR-BI is the major
receptor for oxPCp3, on hepatocytes.

Finally, we tested the effect of ligands containing 0xPCcps¢
on SR-BI-mediated [*H]cholesteryl ester association, ***I-HDL
uptake, and selective cholesteryl ester uptake using small unila-
mellar phospholipid vesicles. Native PAPC had a mild effect on
cholesteryl ester association, '*’I-HDL uptake, and selective
uptake of HDL cholesteryl esters in Hep G2 cells (Fig. 4, a—c).
At the same time, vesicles containing oxPC,54 significantly
inhibited all tested SR-BI-mediated processes (Fig. 4, a-c).
Importantly, oxPC ;4 not only significantly reduced holopar-
ticle uptake of HDL as evidenced by decreased uptake of "*°I-
HDL (Fig. 4b), it also almost completely inhibited hepatocyte
selective uptake of cholesteryl esters (Fig. 4c). This result
strongly suggests that oxPC,5, also interferes with the second
step of SR-BI-mediated selective uptake, i.e. lipid transfer from
HDL to the cell membrane. An earlier report suggested that
reverse cholesterol transport may be proportional to cell sur-
face expression of SR-BI (26). No change in surface expression
of SR-BI was observed in Hep G2 cells pretreated with either
HDL or with HDL plus 0xPC 3, for the periods of time used in
this experiment (data not shown). Taken together, these results
support our hypothesis that ligands for SR-BI that contain
0XxPC 3 compete for the binding of HDL to SR-BI and disrupt
SR-Bl-mediated cholesteryl ester selective uptake from HDL.

DISCUSSION

Pro-atherosclerotic lipid abnormalities are associated with
enhanced oxidative stress and the generation of biologically
active oxidized lipids. Oxidized phospholipids accumulate at
sites of oxidative stress, including plasma and in the vessel wall
(10-12). They are involved in all stages of atherosclerosis and
can mediate many atherogenic processes from the earliest entry
of monocytes into the vessel wall to thrombus formation (9-11,
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14, 27). In this study we show that a
0141 recently described family of specific
oxidized phospholipids represents a
ligand for the scavenger receptor BI
and interferes with the major phys-
iological function of SR-BI, namely
selective uptake of cholesteryl esters
* from HDL.
i We demonstrated the following:
L (i) oxPCcpse are recognized by
X SR-BI when presented in various
Q, forms. (ii) oxPCc 4, interfered with
HDL binding to SR-BI because of
an overlap of binding sites for
oxPCcp56 and HDL on SR-BI. (iii)
0xPCcps prevented SR-BI-medi-
ated selective uptake of cholesteryl
esters from HDL in hepatocytes.
These observations suggest a novel
pro-atherogenic activity of specific oxidized phospholipids: an
inhibition of reverse cholesterol transport.

SR-BI belongs to the CD36 family of proteins that is well
known for multiligand specificity. SR-BI and CD36 share sig-
nificant sequence homology and ligands, including HDL, oxi-
dized LDL, and anionic phospholipids (28 —30). Oxidized LDL
had been shown to interact with SR-BI (20, 21, 23), although the
molecular mechanism of this interaction has not been eluci-
dated. We previously reported that a structurally conserved
family of oxidized choline glycerophospholipids with an oxida-
tively truncated sn-2 acyl group incorporating a terminal y-hy-
droxy (or oxo)-a,B-unsaturated carbonyl serves as high-affinity
ligands for macrophage CD36, mediating recognition of vari-
ous oxidized forms of LDL (11, 14). oxPCcpz are present in
vivo in human and animal atherosclerotic lesions and accumu-
late in significant amounts in plasma in dyslipoproteinemia or
in normolipidemia associated with low HDL levels (10, 11).
0xPC 5, mediate macrophage foam cell formation and pro-
mote platelet hyper-reactivity via scavenger receptor CD36 (10,
11). Based on the close similarity between CD36 and SR-BI, we
hypothesized that oxPCp,54 could serve as ligands for SR-BI as
well. Using direct binding and competition assays, we demon-
strated that SR-BI binds oxidized LDL in the same fashion as
CD36, via recognition of oxPCpss formed during oxidative
modification of LDL.

SR-BI is intimately involved in HDL metabolism in vivo (30,
31). Based on '**I-labeled NO,-LDL and oxPCps, binding
studies, we hypothesized that oxPC,p;, could interfere with
the ability of SR-BI to mediate cholesterol transport to and from
HDL. Our competition experiments using ***I-HDL as a ligand
and various competitors containing oxPCcp,. demonstrated
that oxPC 5, significantly reduced HDL binding to SR-BI, and
thus affect HDL-mediated processes. To elucidate whether the
observed inhibition is because of spatial hindrance or more
complex cellular events, we performed competition experi-
ments using the extracellular amino-terminal domain of
human SR-BI (amino acids 144 —205) containing the putative
HDL ligand-binding site. Importantly, the K, value of the bind-
ing of HDL to this protein was very similar to that determined

(ng/mg of cell protein)
o
)
S

o
o
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for the full-length SR-BI expressed on cells (Fig. 2, 4, b, and d).
Moreover, an anti-SR-BI blocking antibody inhibited HDL
binding to GST-SR-BI-(144—205) peptide, strongly suggesting
that it contains the true binding site for HDL. NO,-PAPC and
vesicles containing synthetic 0xPCcp5, bound specifically to
GST-SR-BI-(144—205) with a K, value similar to that for HDL
(Fig. 2c¢ and data not shown). Others have reported that a
M158R mutant does not bind either HDL or LDL (32) in agree-
ment with our data. Taken together, these results suggest that
the ligand-binding sites for both HDL and oxPC,;, on SR-BI
lie in the region of amino acids 144 —205 and that the binding
sites for HDL and oxPC,,, on SR-BI overlap, thus providing
the molecular basis for the observed competition between the
two ligands on cells.

Our results suggest that under conditions of increased oxi-
dative stress, accumulation of specific oxidized phospholipids
may promote atherosclerosis not only by inducing uptake of
modified lipoproteins by macrophages via CD36, but can also
interfere with reverse cholesterol transport by preventing SR-
Bl-mediated selective cholesteryl ester uptake in hepatocytes.
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