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ABSTRACT: Phagocytic removal of aged or oxidatively damaged cells and macromolecules is an
indispensable homeostatic function of the innate immune system. A structurally conserved family of
oxidized phospholipids that serve as endogenous high-affinity ligands for the macrophage scavenger receptor
CD36 (oxPCCD36) was recently identified. Enriched within atherosclerotic plaque and senescent cell
membranes, oxPCCD36 promote the uptake of oxidized lipoproteins and cell membranes by macrophages
when present at only a few molecules per particle. How macrophages recognize oxPCCD36 within cellular
membranes and lipoprotein surfaces remains unknown. Herein, we deduce the conformation of oxPCCD36

near the hydrophobic-hydrophilic interface within membrane bilayers by determining multiple critical
internuclear distances using nuclear Overhauser enhancement spectroscopy. The molecular model reveals
a unique conformation for oxPCCD36 within bilayers whereby the distal end of the sn-2 acyl chain harboring
the structurally conserved CD36 recognition motif protrudes into the aqueous phase. The remarkable
conformation elucidated for oxPCCD36 produces a surface accessible phagocytic “eat me signal” to facilitate
senescent cell and oxidized lipoprotein recognition by the scavenger receptor CD36 as part of its immune
surveillance function.

Accurate and dependable recognition of oxidatively modi-
fied lipoproteins and senescent or apoptotic cells by mac-
rophages is essential to a diverse number of physiological
processes ranging from resolution of inflammation to tissue
remodeling and immune cell selection (1-5). Mediated by
numerous receptors (6-11), the scavenger receptor CD36
has emerged as an important contributor to phagocytic
recognition, engulfment, and clearance of apoptotic and
senescent cells in vivo (6, 7, 9, 11-14). Moreover, the
scavenger receptor CD36 has also been implicated in the
atherosclerotic process because of its ability to both recognize
oxidized forms of low-density lipoprotein (LDL) and facili-
tate cholesterol accumulation and macrophage foam cell
formation, the first cellular hallmark of the atherosclerotic
process (6, 15, 16).

We previously discovered a novel family of structurally
specific oxidized phosphatidylcholine molecular species that
serve as high-affinity ligands for CD36 (oxPCCD36)1 (17, 18).
A common structural motif for oxPCCD36 species was
identified as an oxidatively truncatedsn-2 acyl group with

a terminal γ-hydroxy (or oxo) R,â-unsaturated carbonyl
(Figure 1a). Mass spectrometry analyses revealed that
oxPCCD36 are generated by a variety of physiological oxida-
tion processes (18) and are enriched in both atherosclerotic
plaques and senescent or effete cell membranes (17, 19).
Recent studies similarly identified structurally analogous
oxPS species that are generated during apoptosis, which
together with oxPCCD36 serve as critical participants in
macrophage recognition of apoptotic cells via the scavenger
receptor CD36 (20). Moreover, cellular and animal model
studies demonstrate an essential role for oxPC-CD36-
mediated intracellular signaling via JNK and ERK pathways
during macrophage foam cell formation in vivo (21).
Changes in the organization of lipids can have profound
effects on both cellular functions and disease processes (22).
The structure of CD36 lipid ligands within biomembranes
and modified lipoprotein surfaces is thus of interest in further
understanding the involvement of macrophage CD36 in both
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1 Abbreviations: DMPC, dimyristoylphosphatidylcholine (also 14:
0,14:0 PC); DMPC-d67, 1,2-dimyristoyl-d54-sn-glycero-3-phosphocho-
line-1,1,2,2-d4-N,N,N-trimethyl-d9; DPPC-d75, 1,2-dipalmitoyl-d62-sn-
glycero-3-phosphocholine-1,1,2,2-d4-N,N,N-trimethyl-d9; KOdiA-PC,1-
palmitoyl-2-(5-keto-6-octenedioyl)phosphatidylcholine; MLV, multi-
lamellar vesicles; NMR, nuclear magnetic resonance spectroscopy;
NOE, nuclear Overhauser enhancement spectroscopy; oxLDL, oxidized
low-density lipoprotein; oxPC, oxidized phosphatidylcholine; oxPCCD36,
oxPCs that bind to the scavenger receptor CD36; POPC, 1-palmitoyl-
2-oleoylphosphatidylcholine (also 16:0,18:1 PC); SUV, small uni-
lamellar vesicles; TDNOE, truncated driven nuclear Overhauser
enhancement spectroscopy; TOCSY, total (homonuclear) correlated
spectroscopy; 14:0 LPC, 1-myristoyllysophosphatidylcholine;
18:1,18:1 PE, dioleoylphosphatidylethanolamine.
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normal immune surveillance recognition and potential patho-
logical processes such as atherosclerosis.

Nuclear Overhauser enhancement spectroscopy (NOESY),
in both the solid state and the solution phase, has been widely
used to study the structure and dynamics of lipids (23-30).
These studies typically involve either homogeneous bulk
phase classes of lipids, individual molecular species of
phospholipids, or defined binary or higher-complexity com-

binations of phospholipid/sterol mixtures. As far as we are
aware, however, no studies to date have examined the
conformation of an endogenous low-abundance structurally
defined molecular species of oxidized phospholipid within
a sea of fluid phase phospholipid matrix. Herein, we report
the first conformational analysis for a lipid ligand of a
scavenger receptor within a membrane bilayer. Using solu-
tion nuclear Overhauser enhancement (NOE) spectroscopy,
multiple critical internuclear (through-space) distances were
determined for a stable and structurally specific oxPC ligand
for CD36 within model membrane bilayers. A remarkable
membrane conformation of the endogenous lipid ligand for
CD36 is identified, providing structural insights into how
macrophages use CD36 to recognize senescent or apoptotic
cells and modified lipoproteins as part of normal homeostatic
surveillance functions. They also provide a structural plat-
form for the rational development of potential therapeutic
strategies for blocking macrophage recognition of oxidized
lipoproteins and foam cell formation during atherogenesis.

EXPERIMENTAL PROCEDURES

Materials.1-Palmitoyl-2-(5-keto-6-octenedioyl)phosphati-
dylcholine (KOdiA-PC) was purchased from Cayman Chemi-
cal (Ann Arbor, MI). 1,2-Dimyristoyl-d54-sn-glycero-3-
phosphocholine-1,1,2,2-d4-N,N,N-trimethyl-d9 (DMPC-d67),
1-O-1′-(Z)-octadecenyl-2-oleoyl-sn-glycero-3-phosphocho-
line (18:0,18:1 plasmenylcholine), 1,2-dipalmitoyl-d62-
sn-glycero-3-phosphocholine-1,1,2,2-d4-N,N,N-trimethyl-d9

(DPPC-d75), and other lipids were obtained from Avanti Polar
Lipids (Alabaster, AL). All other chemicals were of the
highest available quality and purchased from Sigma (St.
Louis, MO).

Vesicle Preparation.Appropriate amounts of phospho-
lipids were initially dissolved in CDCl3, mixed, and dried
with N2 prior to being exhaustively dried under vacuum
overnight. To prepare SUV, lipids were initially fully
hydrated by addition of buffer [20 mM phosphate buffer and
100 mM NaCl in D2O (pD 7.4) or 50 mM Hepes buffer and
100 mM NaCl in a 1:1 D2O/H2O mixture (pH 7.0) for31P
NMR] in argon-purged sealed vials above the phase transition
temperature. Following vortexing to disperse the hydrated
lipids, SUV were generated by extrusion through 0.4µm
(six times) and then 0.1µm polycarbonate filters (11 times)
using an Avanti Mini-Extruder Set (Avanti Polar Lipids).
Throughout all the experiments, freshly prepared vesicles
were maintained well above the phase transition temperature
to avoid vesicle fusion. The hydrodynamic radius of SUV
preparations was determined with a DynaPro-801 dynamic
light scattering instrument with MicroCell attachment and
Dynamics 4.0 (Protein Solutions Inc., Charlottesville, VA).
The performance of the instrument was verified with
polystyrene bead standards and a 2 mg/mL aqueous solution
of bovine serum albumin prior to sample measurement.

Before NMR studies, dynamic light scattering was used
to determine particle size and size distribution. The mean
liposome diameter of the vesicles comprised of either 100
mol % DMPC or 100 mol % POPC was 100( 5 or 80(
2 nm, respectively. The mean liposome diameter of the
vesicles comprised of either 20 mol % KOdiA-PC and 80
mol % DMPC or 20 mol % 18:0,18:1 plasmenylcholine, 20
mol % KOdiA-PC, and 60 mol % DMPC was 68( 4 nm.

FIGURE 1: (a) Structure of oxPCCD36. The length of the oxidized
truncated sn-2 acyl chain varies depending upon the parent
(unoxidized) fatty acid precursor, wheren ) 2, 3, and 7 for
docosahexanoic acid, arachidonic acid, and linoleic acid, respec-
tively. The structural motif within the dashed box confers high-
affinity CD36 recognition when tethered to thesn-2 acyl group of
a phospholipid (17, 18). (b) Structure of 1-palmitoyl-2-(5-keto-6-
octenedioyl)phosphatidylcholine (KOdiA-PC), a prototypic ox-
PCCD36, along with (c) the conventional 800 MHz1H NMR
spectrum with peak assignments for KOdiA-PC. (d) 2D TOCSY
spectrum of KOdiA-PC with a mixing time of 60 ms. KOdiA-PC
was prepared by extrusion in 20 mM sodium phosphate buffer and
100 mM NaCl in D2O (pD 7.4).
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The intensity-weighted size distributions of KOdiA-PC-
containing vesicles showed one apparent narrow population
of particles, indicating the vesicles were small and uniform.

NMR Experiments.All lipids and lipid dispersions were
freshly prepared and kept under an inert atmosphere (either
Ar or N2) in sealed NMR tubes.31P NMR measurements
were performed by using a Varian Inova 600 MHZ spec-
trometer at 242.85 MHz. The chemical shift positions of lipid
dispersions were recorded relative to 85% H3PO4 (0 ppm).
All 1H NMR experiments were carried out on Bruker Avance
600 or 800 MHz spectrometers equipped with cryogenic
probes at 30°C. Two-dimensional (2D) NOE spectra were
recorded in the phase-sensitive mode. Short mixing times
(200, 150, 100, and 50 ms) were used in the 2D NOESY
experiments to minimize spin diffusion effects. Spectra were
processed using NMRPipe (31). TDNOE experiments were
performed as described by Wager and Wu¨thrich (32), with
600 scans for one-dimensional (1D) NOE difference spectra.
As previously reported for liposome systems, the correlation
time can be assumed to remain constant (24, 27, 33, 34),
and the approximate distances (r) between protons were
obtained from the initial buildup rate (σ) of the NOE
according to the following equation (35):

The known distance betweenR- andâ-vinyl ether protons
of 18:0,18:1 plasmenylcholine (2.3 Å) was used as an internal
reference with which to estimate internuclear distances via
comparison of their first-order NOE initial buildup rates.
Only the initial linear regions of the buildup rate curves were
used for rate calculations. We observed that when using the
vinyl ether proton buildup rate to calculate the distance
between choline protons in the same sample [i.e., the
N(CH3)3 and penultimate methylene (N-CH2) protons] in
multiple distinct PC-containing samples of varied SUV
composition, the distance calculated between these choline
protons was always similar. We therefore used this distance
and buildup rate for calculations in the few samples in which
the plasmalogen was not included (some specimens with
concomitant inclusion of cholesterol in the SUV). Because
lateral diffusion effects in lipid dispersions are inevitable
(36-38), care was taken to ensure initial buildup rates for
estimation of the internuclear distances were used only during
the period that is short relative to the rate of spin diffusion
of the liposome system, as reported previously (23, 24, 27,
33, 39). The structure illustrated for KOdiA-PC was gener-
ated using CS Chem3D Ultra (version 10.0), while ensuring
agreement between the observed NOE distances and the
corresponding distances in the structural model.

RESULTS
1H NMR Peak Assignments for Oxidized Lipids.To probe

the conformation of oxPCCD36 within membrane bilayers, we
incorporated synthetic 1-palmitoyl-2-(5-keto-6-octenedioyl)-
phosphatidylcholine (KOdiA-PC), a prototypic oxPCCD36

species, within model membranes comprised of perdeuterated
dimyristoyl-PC. KOdiA-PC (structure, Figure 1b) is one of
the most potent and chemically stable oxPCCD36 and is
enriched within atherosclerotic plaques (17, 18). Recent
studies also demonstrate that KOdiA-PC can confer CD36-
specific recognition, macrophage cholesterol accumulation,

and foam cell formation when present at<5 mol % within
membrane bilayers or modified lipoproteins (17). Initial
examination of KOdiA-PC by both1H NMR and two-
dimensional total (homonuclear) correlation spectroscopy
(TOCSY) (Figure 1c,d) confirmed substantial differences in
chemical shifts of protons present in distinct regions of the
molecule, including the proximal and distal portions of both
sn-1 andsn-2 aliphatic chains, the glycerol backbone, and
the polar headgroup (chemical shift assignments shown in
Figure 1b). These results suggested that proton NMR-based
interrogations of KOdiA-PC in model membranes might thus
be able to provide information sensitive to the environment
throughout multiple regions of the oxPCCD36 molecule.

EVidence Supporting a Lamellar (Bilayer) Mesophase in
Model Membranes Containing oxPCCD36 Using 31P NMR.
Because lipid dispersions can adopt alternative mesomorphic
phases, before proceeding with conformational analyses we
felt it important to probe how incorporation of oxPCCD36

species impacts the bilayer (lamellar) phase of model
membranes.31P NMR of phospholipids is sensitive to both
the dynamics and organization of model and biological
membranes and may thus help distinguish between lipid
mesomorphic phases (40, 41). The 31P NMR method is a
well-recognized approach and has been frequently used both
to monitor the characteristics of the lamellar phase for lipid
systems (42-44) and to estimate vesicle size (45). The 31P
NMR spectrum of KOdiA-PC (data for 20 mol % shown;
similar results were observed with 5 mol %) incorporated
into DMPC vesicles demonstrated an axially symmetric
isotropic peak, indicating rapid rotational averaging of the
chemical shift tensor around the membrane normal, a
characteristic of small unilamellar vesicles (SUV) (Figure
2a). Data supporting the notion that KOdiA-PC incorporated
into DMPC vesicles retained a lamellar (bilayer) packing
structure were obtained by demonstrating31P NMR spectra
(chemical shift, line width, and line shape) similar to those
obtained with SUV comprised of either POPC or DMPC,
known lamellar phase-preferring phospholipids at the tem-
peratures that were studied (40, 44). In contrast, comparisons
with the 31P NMR spectra observed with alternative meso-
morphic phase-preferring hydrated lipid dispersions demon-
strate marked differences [e.g., micelle-preferring lipids such
as lysophosphatidylcholine demonstrated a typical narrow
isotropic peak with a half-height line width of 4 Hz;
hexagonal array-preferring lipids like phosphatidylethano-
lamine species exhibited a high-field shoulder and a low-
field peak, and multilamellar vesicles exhibited a low-field
shoulder and a high-field peak (Figure 2a)].

The Terminal End of the Oxidized Truncated sn-2 Fatty
Acid of KOdiA-PC Is in Spatial Proximity to the N(CH3)3

Choline Protons in Model Membranes, As Determined by
2D NOE.While NOE has been widely used in determining
molecular structure and internuclear distances within both
small molecules and proteins in solution (46), its use in
aqueous solutions of membrane vesicles has been limited
due to the slow molecular motions, line broadening, and loss
of spatial information with traditional steady state NOE
techniques. However, monitoring the kinetics of resonance
intensity buildup with TDNOE has proven useful in deter-
mining internuclear distances within membrane vesicles
because effects from spin diffusion are minimized (24, 27,
33). Further, use of SUV generated with a small radius of

rij/rkl ) (σkl/σij)
1/6 (1)
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curvature, such as those created via extrusion, permits greater
isotropic motion, and hence spectral resolution. Figure 2b is
a typical 2D NOE spectrum obtained from KOdiA-PC (20
mol % data shown; NOEs were also observed with 5 mol
%) within deuterium-labeled dimyristoyl-PC (DMPC-d67)
SUV.

Interrogation of the conformation of oxPCCD36 within the
model membrane vesicles was facilitated by the fact that
KOdiA-PC contains separate and distinct covalent entities
throughout the polar headgroup, glycerol backbone, andsn-1
andsn-2 acyl chains whose different chemical shifts allow
for the complete resolution of proton resonances throughout
the different regions of the oxPCCD36 species. Of interest,
multiple protons in the distalsn-2 acyl chain demonstrated
NOE signals with multiple polar headgroup protons (Figure
2b), indicating close through-space proximity between the
terminal end of thesn-2 acyl chain and the polar headgroup.
For example, intense cross-peaks were observed between the
terminal vinyl protons on the truncatedsn-2 oxidized acyl
chain of oxPCCD36 (labeled as protons 14 and 15 in Figure
2b; see Figure 1b for structure and proton labeling scheme)

and both choline methylene (labeled as protons 9 and 12 in
Figure 2b) and terminal methyl [N(CH3)3

+] groups (labeled
as proton 8 in Figure 2b). The NOE between the headgroup
and distalsn-2 chain protons was still observed with a
decrease in mixing time (e.g., 50 ms), and no NOEs were
detected between the terminal end of the oxidized truncated
sn-2 fatty acid (e.g., protons 14 and 15) and thesn-1
methylene groups (protons labeled 2 in Figure 1b).

Further 2D NOE examination of KOdiA-PC within
DMPC-d67 SUV revealed that while NOE signals could be
detected between protons of the proximal region of both the
sn-1 chain (e.g., protons on theR carbon, labeled 5) and
sn-2 chain (e.g., protons on theR′ andâ′ carbons, labeled 6
and 4, respectively; Figure 2b), no NOEs were detected
between the protons of the proximalsn-1 chain (e.g., protons
on theR and â carbon, labeled 5 and 3, respectively) and
the protons of the mid and distalsn-2 chain (e.g., protons
on theγ′carbon and more distal vinyl protons, labeled 7,
14, and 15, respectively). Detection of NOE signals between
protons is exquisitely sensitive to distance (eq 1 in Experi-
mental Procedures) and requires a distance between hydrogen

FIGURE 2: (a)31P NMR spectra of SUV comprised of 20 mol % KOdiA-PC and 80 mol % DMPC (14:0,14:0 PC). Vertical arrows indicate
the peak resonances on31P NMR spectra of distinct mesomorphic phase lipid standards: (A) hexagonal array (HII), dioleoylphosphati-
dylethanolamine (18:1,18:1 PE); (B) micelle, 1-myristoyllysophosphatidylcholine (14:0 LPC); (C) lamellar (SUV bilayer), 1-palmitoyl-2-
oleoylphosphatidylcholine (16:0,18:1 PC) or (D) dimyristoylphosphatidylcholine (14:0,14:0 PC); and (E) MLV bilayers, 14:0,14:0 PC. (b)
2D NOE contour plot of 20 mol % KOdiA-PC and 80 mol % DMPC-d67 in phosphate buffer (pD 7.4) recorded at 30°C. The experiment
was carried out in a phase-sensitive mode with a mixing time of 200 ms. Proton chemical shift assignments refer to those illustrated in
Figure 1b.
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atoms of<5 Å. The results given above thus indicate the
spatial proximity between the terminal end of thesn-2 acyl
chain of oxPCCD36 within membrane bilayers and the polar
headgroup and support a molecular model in which the
oxidizedsn-2 chain within oxPCCD36 extends into the aqueous
interface, as opposed to penetrating deep into the hydropho-
bic core. Consistent with this model, these results also
demonstrate an oxPCCD36 conformation that possesses a
distance of<5 Å between the proximal portions (R andâ
positions) of bothsn-1 andsn-2 acyl chains, but not between
the mid and distalsn-1 chain and the mid or distalsn-2 chain.
This conformational model for oxPCCD36 is unique for
lamellar (bilayer) phase dispersions, since separate experi-
ments with pure (100 mol %) KOdiA-PC showed no
evidence of NOE cross-peaks between the terminal vinyl
protons on the truncatedsn-2 oxidized fatty acid (protons
14 and 15 in Figure 2b) and the terminal methyl protons of
choline [N(CH3)3

+]. The reason for this became clear during
31P NMR analyses of 100 mol % KOdiA-PC aqueous
dispersions, which demonstrated spectral features consistent
with a micellar mesopomorphic phase (isotropic peak at 1
ppm).

Identification of Critical Internuclear Distances between
Protons of the Oxidized Truncated sn-2 Fatty Acid of KOdiA-
PC and both Glycerol and the Choline Headgroup in Model
Membranes.Upon irradiation of resonances in the distalsn-2
acyl chain during 1D NOE experiments, multiple polar
headgroup protons exhibited NOE signals, indicating close
through-space proximity between the terminal end of thesn-2
acyl chain and the polar headgroup. To further define the
spatial relationships between protons of the polar headgroup
and the oxidizedsn-2 chain of oxPCCD36 within membranes,
critical internuclear distances were determined using trun-
cated driven 1D NOE (TDNOE). First, the distances between
the terminal vinyl protons on thesn-2 oxidized acyl chain
of oxPCCD36 (protons 14 and 15) and the choline terminal
methyl [N(CH3)3

+] protons (labeled 8) were ascertained
within KOdiA-PC (20 mol %) incorporated in DMPC-d67

SUV. To serve as an internal reference with which to
calibrate distances, synthetic 18:0,18:1 plasmenylcholine (20
mol %) was also introduced into the perdeuterated DMPC
SUV. Irradiation of these vesicles at 4.3 ppm, which
corresponds to theâ-vinyl ether proton of the plasmalogen,
resulted in the subsequent buildup of resonance correspond-
ing to thesn-1 R-vinyl ether protons (Figure 3a). Substantial
and exponential increases in the resonance intensity buildup
in the terminal vinyl protons on the truncatedsn-2 oxidized
acyl chain (protons 14 and 15) were similarly demonstrated
during irradiation of vesicles at 3.24 ppm, the chemical shift
corresponding to the choline terminal methyl [N(CH3)3

+]
protons of KOdiA-PC (Figure 3a). Using the known distance
(2.3 Å) between theR- andâ-vinyl protons in thesn-1 vinyl
ether linkage of plasmenylcholine, the distances between
other protons were deduced by internal comparisons of their
respective initial rate for TDNOE buildup during NOE
experiments (eq 1 in Experimental Procedures). The results
indicate that the vinyl protons on the terminalsn-2 chain
(protons 14 and 15) were on average∼3.8 Å from the choline
N(CH3)3

+ protons.
Additional NOE intensity buildup curves between different

proton pairs were similarly generated from buildup rates of
NOE difference spectra following irradiation of protons in

distinct regions of the oxPCCD36 species. These permitted
calculation of multiple internuclear distances between the
distal end of thesn-2 acyl chain of oxPCCD36 and other
protons throughout the polar headgroup and glycerol back-
bone of the molecule (Figure 3b).1H-1H NOE is mediated
by through-space dipolar interactions and thus theoretically
might not distinguish between inter- and intramolecular
nuclear spin exchange in vesicles. Further, formation of
“rafts” of oxPCCD36 species within SUV might theoretically
occur. However, several lines of evidence suggest that the
observed NOEs are intramolecular, and not intermolecular.
First, NOE kinetics were investigated over a wide range of

FIGURE 3: TDNOE intensity buildup curves for the NOE difference
spectra between the indicated proton pairs in SUV comprised of
(a) 20 mol % KOdiA-PC, 20 mol % 18:0,18:1 plasmenylcholine,
and 60 mol % DMPC-d67, (b) 20 mol % KOdiA-PC and 80 mol %
DMPC-d67 at 30°C, or (c) 20 mol % KOdiA-PC, 50% mol DPPC-
d75, and 30 mol % cholesterol at 37°C: (a) (]) R- and â-vinyl
ether proton pair of 18:0,18:1 plasmenylcholine and (9) protons
14 and 15 vs proton 8 of KOdiA-PC, (b) (9) protons 14 and 15 vs
proton 8, (4) protons 14 and 15 vs proton 9, ([) protons 14 and
15 vs proton 12, (]) protons 14 and 15 vs proton 13, and (b)
protons 14 and 15 vs proton 10, and (c) (9) protons 14 and 15 vs
proton 8, (4) proton 9 vs protons 14 and 15, ([) protons 14 and
15 vs proton 12, (]) proton 13 vs protons 14 and 15, and (b) proton
13 vs protons 14 and 15. For all proton pairs that are listed, the
second proton listed was irradiated, and the buildup rate in the first
indicated proton resonance(s) monitored during TDNOE. All data
points represent three entirely independent preparations.
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oxPCCD36 concentrations (even<5 mol %). Performance of
the TDNOE experiments within membranes comprised of
>75 mol % perdeuterated DMPC dramatically reduced the
level of potential nearest neighbor interactions, making the
NOE distances measured representative of intra- instead of
intermolecular nuclear spin exchange measurements. Indeed,
no differences were observed in the initial rates of resonance
enhancement in studies with perdeuterated DMPC SUV
containing<5 mol % KOdiA-PC versus 20 mol % KOdiA-
PC, strongly suggesting their intramolecular character.
Further,31P NMR spectra of the oxPCCD36-containing SUV
display symmetrical and relatively narrow line widths (Figure
2a). These results indicate that the freshly prepared oxPCCD36-
containing SUV are experiencing isotropic motion and that
the low oxPCCD36 mole percent is well mixed within the bulk
lipid bilayer and did not form a micelle. The clarity of the
solution further suggests that the hydrated lipid dispersions
that were analyzed did not form microdomains or aggregates.

Independent Conformation Analyses of KOdiA-PC in
Physiological Membranes.In a separate series of 1D and
2D NOE studies, we further investigated the conformation
of oxPCCD36 in model membranes comprised of more
physiological lipid mixtures than DMPC. We incorporated
KOdiA-PC at low mole percentages into membranes com-
prised of binary mixtures of both cholesterol (30 mol %)
and perdeuterated DPPC carrier to more closely simulate
plasma membrane lipid composition and phospholipid chain
length. Like the NOEs observed with KOdiA-PC/DMPC-
d67 SUV, 2D NOEs of KOdiA-PC in cholesterol/DPPC-d75

SUV illustrated intense NOE cross-peaks between theR,â-
unsaturated protons on the truncatedsn-2 oxidized fatty acid
(labeled as 14 and 15 protons in Figure 2b) and many protons
in the polar headgroup, especially the methyl groups of
choline, N(CH3)3

+ (Figure 2b).
To further compare the spatial relationships between

protons of the polar headgroup and the oxidizedsn-2 chain
of oxPCCD36 within model membranes comprised of choles-
terol and DPPC-d75, critical internuclear distances were again
determined using 1D TDNOE experiments and by monitor-
ing the initial buildup rates using short irradiating times. For
these studies, rather than addition of synthetic plasmenyl-
choline as an internal reference for distance calculations as
described above, we instead used the distance observed
between the choline protons [N(CH3)3] and penultimate
methylene (N-CH2), ∼3.5 Å (Table 1). This distance is
consistent with previous reports for DMPC (33), indicating

that there is no significant change for the distance between
the choline protons [N(CH3)3] and penultimate methylene
(N-CH2) during lipid sn-2 acyl chain oxidation. Figure 3C
shows the 1D NOE buildup curves of 20% KOdiA-PC/30%
cholesterol/50% DPPC-d75 SUV for the same proton pairs
as previously investigated using 20% KOdiA-PC/80% DMPC-
d67 SUV. Internuclear distances between critical proton pairs
of KOdiA-PC in membranes comprised of either DMPC-
d67 or cholesterol and DPPC-d75 are listed in Table 1.
Remarkably similar results were obtained in the distinct
membrane systems.

Model of KOdiA-PC in Model Membranes.As a reference
point against which the conformation of KOdiA-PC in model
membranes will be compared, Figure 4b illustrates the
previously published conformation of DMPC in hydrated
membranes based upon X-ray diffraction, neutron diffraction,
and NMR studies (47-51). Figure 4a illustrates a molecular
model showing the spatial proximity between the vinyl
protons on the terminal end of thesn-2 acyl chain of KOdiA-
PC within a membrane bilayer and the various protons of
the choline polar headgroup and glycerol backbone, as
computed from TDNOE data. Several unique features of the
conformation of KOdiA-PC in model membranes are de-
duced from these studies. Our NMR results support a solution
structure in which the first (carbonyl) and second (R′) carbons
of thesn-2 acyl chain of KOdiA-PC within membranes have

Table 1: NOE-Derived Critical Internuclear Distances of
KOdiA-PC within Membrane Bilayersa

proton pairs DMPC DPPC/cholesterol

9 vs 8 N-CH2/N(CH3)3 3.5 Å 3.5 Å
14 and 15 vs 8 HCdCH/N(CH3)3 3.8 Å 4.0 Å
9 vs 14 and 15 N-CH2/HCdCH 3.3 Å 3.4 Å
14 and 15 vs 12 HCdCH/CH2OP 3.4 Å 3.5 Å
10 vs 14 and 15 g3/HCdCH 4.2 Å 4.0 Å
10 vs 14 and 15 g2/HCdCH 4.3 Å 4.1 Å

a Comparison of the internuclear distances of the indicated different
proton pairs of KOdiA-PC (20 mol %) incorporated into small
unilamellar vesicles comprised of either DMPC-d67 (80 mol %) or
DPPC-d75 and cholesterol (50 and 30 mol %, respectively). Proton
number assignments correspond to those indicated in Figure 1. The
glycerol backbone protons at thesn-2 andsn-3 positions are abbreviated
as g2 and g3, respectively.

FIGURE 4: Comparison of the structure of lamellar phase phos-
phatidylcholine (e.g., DMPC) (b) and the predicated conformation
of KOdiA-PC within hydrated DMPC or DPPC/cholesterol small
unilamellar vesicles (a) near the hydrophobic-hydrophilic interface.
The structure illustrated for KOdiA-PC was generated using CS
Chem3D Ultra (version 10.0), with agreement between the observed
NOE distances and the corresponding distances in the structural
model. The conformation of DMPC was built according to reported
X-ray diffraction, neutron diffraction, and NMR studies (47-50).
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a conformation similar to that of DMPC (Figure 4). However,
the remainder of thesn-2 acyl chain demonstrates conforma-
tions significantly different from that of DMPC, with many
protons on thesn-2 chain being in the spatial proximity of
the polar headgroup choline N(CH3)3

+ protons. Notably, the
R carbon proton (proton 5) on thesn-1 acyl chain of KOdiA-
PC in bilayers demonstrates no detectable NOE with theγ′
proton (proton 7) of thesn-2 acyl group, indicating a through-
space internuclear distance of>5 Å (Figure 4). In marked
contrast, for DMPC in bilayers, these protons are∼3.7 Å
apart (47). Taken together, these results suggest that con-
formations of KOdiA-PC in membrane bilayers are on the
whole consistent with a molecular model for oxPCCD36 in
which the proximal portion of thesn-2 acyl chain is markedly
bent with the distal end protruding completely into the
aqueous phase (Figure 4).

DISCUSSION

A cornerstone of molecular and cellular biology is the fluid
mosaic model of cell membranes (52). An integral feature
of this model is the macromolecular assembly of amphipathic
phospholipids into a bilayer structure, with polar headgroups
directed toward the aqueous phase, and hydrophobic aliphatic
fatty acid chains at thesn-1 andsn-2 positions of phospho-
lipids extending toward the membrane interior. The mem-
brane architecture posited in the fluid mosaic model explains
how individual phospholipids and proteins can diffuse rapidly
throughout the two-dimensional surface of the membrane;
however, a classic bilayer structure does not readily explain
how a macrophage scavenger receptor like CD36 can identify
senescent or apoptotic cells via the presence of low-
abundance structurally specific oxidized phospholipids in-
terspersed within a membrane bilayer. The studies presented
here suggest that endogenous oxidized phospholipids, like
KOdiA-PC, may instead adopt markedly different conforma-
tions, with their peroxidizedsn-2 fatty acid chains protruding
into the aqueous phase, rather than pointing inward which
is typical within the hydrophobic membrane interior with
nonoxidized aliphatic chains. This novel global conformation
for sn-2 oxidized fatty acids within phospholipids may thus
help explain how a macrophage scavenger receptor like
CD36 can identify senescent or apoptotic cells, or a modified
lipoprotein.

At physiological temperatures, membranes are highly
dynamic structures, with considerable motion of both acyl
chain and polar headgroup moieties of phospholipids within
their respective hydrophobic and aqueous phases, yet only
a single structure is illustrated for KOdiA-PC within a
membrane bilayer in Figure 4. The distances measured by
NOE in these studies represent an overall average of available
conformations. The model shown thus serves as an illustra-
tion of one of many (the average) possible conformations
of KOdiA-PC and conforms to the general notion of thesn-2
oxidized fatty acid group protruding at the surface whereby
it remains relatively close to the choline headgroup.

Lipid peroxidation of membrane lipids is accompanied by
addition of numerous polar moieties on fatty acid chains. If
it is sufficiently polar, thermodynamic forces no doubt drive
the conformation toward one directly visualized in the case
of KOdiA-PC within a membrane bilayer, a prototypic
member of the oxPCCD36 family. Thus, as cell membranes

and lipoproteins age and undergo oxidation, if not remodeled
through the actions of phospholipases, they may “grow
whiskers” comprised of an assortment of protruding oxidized
sn-2 fatty acids of varied structures. The subset that possesses
the correct high-affinity structural motif to serve as pattern
recognition ligand for the macrophage receptor CD36,
oxPCCD36, may thus facilitate macrophage recognition and
engulfment. Other phospholipid-tethered oxidized fatty acid
species may in turn serve as recognition ligands for alterna-
tive receptors. Macrophages are continuously “tasting” their
environment, extending pseudopodia in search of targets
possessing structurally specific “eat me signal” that trigger
phagocytosis; in the case of CD36, a terminalγ-hydroxy
(or oxo) R,â-unsaturated carbonyl is required on the tip of
the oxidatively truncatedsn-2 acyl group (Figure 1a). It is
interesting to note that comparisons among the various
oxPCCD36 demonstrate a general trend for those possessing
longer acyl chain lengths having greater binding affinity for
CD36 (17-19), consistent with an enhanced ability of the
sn-2 chain to extend into the aqueous phase for CD36
recognition.

Lipid peroxidation is an integral and inexorable process
within aerobic respiring organisms, occurring in biological
processes ranging from aging itself to inflammation and
immune host defenses. Macrophages perform a critical
homeostatic function of innate immunity, by accurately and
dependably (33) recognizing biologic targets for phagocytic
engulfment and clearance that have become oxidatively
“damaged” through inflammation or have undergone cellular
senescence or apoptosis. The recent discovery of a structur-
ally conserved family of oxidized phospholipids that serve
as endogenous high-affinity ligands for the scavenger recep-
tor CD36 suggested their role as a novel lipidic eat me signal
for macrophage-mediated corpse clearance and oxidized
lipoprotein engulfment (17-19). Biological targets having
undergone lipid peroxidation by multiple distinct oxidative
pathways become enriched with oxPCCD36, facilitating their
recognition and phagocytosis (17-19). However, the struc-
tural underpinnings of how the macrophage scavenger
receptor CD36 recognizes structurally specific oxidized
phospholipids within cell membranes or lipoprotein surfaces
remained unclear. These studies suggest that lipid oxidation,
which occurs during cellular senescence, apoptosis, or
lipoprotein aging and/or modification, is accompanied by the
reorienting of certain oxidizedsn-2 fatty acids on surface
phospholipids such that their “buoyant” oxygenated terminal
ends protrude into the aqueous compartment. The conforma-
tion of oxPCCD36 within membrane bilayers thus orients the
structural motif that confers high-affinity CD36 recognition
on the aqueous phase. Evolution has apparently exploited
this structure so that it serves as a molecular “tag” on the
surface of oxidatively modified cell membranes and lipo-
proteins for triggering CD36-mediated macrophage recogni-
tion and phagocytosis. These results provide new structural
insights into potential conformational alterations in mem-
brane phospholipids that occur concurrently with membrane
peroxidation associated with cellular senescence or apoptosis
in general and, more specifically, for CD36-lipid ligand
interactions during innate host defense processes. They also
provide a platform for the rational development of potential
therapeutic strategies for blocking macrophage recognition
of oxidized lipoproteins and foam cell formation.
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