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Abstract Oxidation products of 1-palmitoyl-2-arachi-
donoyl-sn-glycerol-3-phosphatidylcholine (PAPC), referred
to as OxPAPC, and an active component, 1-palmitoyl-2-
(5,6-epoxyisoprostane E,)-sn-glycero-3-phosphatidylcholine
(PEIPC), accumulate in atherosclerotic lesions and regulate
over 1,000 genes in human aortic endothelial cells (HAEC).
We previously demonstrated that OxPNB, a biotinylated
analog of OxPAPC, covalently binds to a number of pro-
teins in HAEC. The goal of these studies was to gain insight
into the binding mechanism and determine whether binding
regulates activity. In whole cells, N-acetylcysteine inhibited
gene regulation by OxPAPC, and blocking cell cysteines
with N-ethylmaleimide strongly inhibited the binding of
OxPNB to HAEC proteins. Using MS, we demonstrate that
most of the binding of OXPAPC to cysteine is mediated by
PEIPC. We also show that OxPNB and PEIPE-NB, the ana-
log of PEIPC, bound to a model protein, H-Ras, at cysteines
previously shown to regulate activity in response to 15-
deoxy-A12,14-prostaglandin J2 (15dPG]J,). This binding was
observed with recombinant protein and in cells overexpress-
ing H-Ras. OxPAPC and PEIPC compete with OxPNB for
binding to H-Ras. 15dPGJ, and OxPAPC increased H-Ras
activity at comparable concentrations. Using microarray
analysis, we demonstrate a considerable overlap of gene
regulation by OxPAPC, PEIPC, and 15dPGJ, in HAEC, sug-
gesting that some effects attributed to 15dPG]J, may also be
regulated by PEIPC because both molecules accumulate in
inflammatory sites.li Overall, we provide evidence for the
importance of OXxPAPC-cysteine interactions in regulating
HAEC function.—Springstead, J. R., B. G. Gugiu, S. Lee,
S. Cha, A. D. Watson, and J. A. Berliner. Evidence for the
importance of OxPAPC interaction with cysteines in regu-
lating endothelial cell function. J. Lipid Res. 2012. 53:
1304-1315.
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Minimally modified LDL (mm-LDL) was demonstrated
by our group to stimulate endothelial cells, resulting in
the recruitment of monocytes to the vascular wall, an im-
portant initial event in the early stages of atherogenesis
(1). We have subsequently shown that several biologically
active components of mm-LDL are the oxidation products of
1-palmitoyl-2-arachidonoyl-sn-glycerol-3-phosphatidylcholine
(PAPC), a naturally occurring phospholipid found in cell
membranes and lipoproteins (2). OxPAPC was also shown
to regulate over 1,000 genes in human aortic endothe-
lial cells (HAEC) (3). Although our group and others have
demonstrated that OxPAPC activates several signaling
pathways in HAECs, the primary event in OxPAPC signal-
ing has not been determined. The goal of this study was
to gain insight into this primary event.

In addition to our studies showing strong activity of
OxPAPC in regulating gene expression in endothelial
cells, we have shown that a biotinylated analog of OxPAPC,
OxPAPE-N-biotin (OxPNB), covalently binds to a group of
endothelial cell proteins and contains similar oxidation
products (4). We hypothesized that this covalent binding
plays a role in some aspects of OxPAPC action. For these
studies, we developed methods to synthesize and oxidize
PAPE-N-biotin to produce OxPNB. We subsequently dem-
onstrated that OxPNB regulates a number of genes that
are regulated by OxPAPC, suggesting that OxPNB is an
appropriate analog of OxPAPC. We demonstrated cova-
lent binding of OxPNB to a group of proteins in HAECs
(4). However, we previously had not determined the
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mechanism of the covalent binding by OxPAPC, including
which lipid is responsible for this binding and which amino
acid is bound by OxPAPC. We hypothesize that a primary
mechanism of this binding is the interaction of electro-
philic OxPAPC components, such as 1-palmitoyl-2-(5,6-
epoxyisoprostane Ey)-sn-glycero-3-phosphatidylcholine
(PEIPC), with available cysteines on endothelial proteins,
and we address this mechanism in this article.

PEIPC is the most bioactive component in OxPAPC with
respect to gene regulation in HAECs, and it is active at the
lowest concentration of the eight OxPAPC lipids that we
have tested in several assays (3). This lipid is formed by the
free radical oxidation and cyclization of the arachidonic
acid group of PAPC, resulting in a 5,6-expoxyisoprostane.
PEIPC has an electrophilic o,B-unsaturated enone group
in the sn-2 position, which is capable of Michael addition
with nucleophilic amino acid residues like cysteine and
lysine (Fig. 1). We hypothesize that PEIPC interacts with
cysteines on proteins, and that this interaction of PEIPC is
an important mechanism in the action of OxPAPC on the
endothelium. Although the structure of PEIPC suggests
that its interaction with cysteines is important, there are
several reasons why this may not be true. In a recent publi-
cation by Gao et al., it is reported that for two other
bioactive, a,3-unsaturated enone-containing oxidized phos-
pholipids, KOdiaPC and KDdiaPC, the o,B-unsaturation
does not play a major role in the interaction of these phos-
pholipids with CD36 (5). Furthermore, we previously dem-
onstrated that the epoxide group of PEIPC bound strongly
to a model amine-containing compound (used as a surro-
gate compound for peptides containing lysine) (6), and
we had not previously confirmed the binding of PEIPC to
cysteine.

To address the possibility of OxPAPC-cysteine interac-
tions playing a role in OxPAPC action, we employed
OxPNB. We examined the binding of OxPNB and its
constituents to total HAEC protein and to a model pro-
tein, H-Ras. Ras is a central protein in cell signaling in in-
flammatory pathways, including the activation of MAPK/
ERK and Akt pathways, which have both been reported by
our group and others to be induced by OxPAPC (7, 8).
Furthermore, our group has reported that H-Ras has a
role in the recruitment of monocytes to endothelial cells,
an important initial event in atherogenesis (9-11). We
demonstrated that the balance between H-Ras and R-Ras is
part of a signaling pathway that leads to deposition of CS-1
containing fibronectin on the endothelial cell surface. Mono-
cyte a4B1 then binds to the CS-1 fibronectin. H-Ras also
serves as a good model because there has been considerable
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Fig. 1. Molecular structures of (A) PEIPC and (B) 15-deoxy-
A —prostag;landm Jo. The a, B carbons are shown, which are
important in covalent binding.
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study of the role played by specific cysteines in Ras activa-
tion (12-15). The current study examines the mechanism
by which OxPNB interacts with H-Ras. We demonstrate
that this interaction is specific by developing methods to
identify OxPNB binding sites on the protein. We also dem-
onstrate that OxPAPC activates H-Ras.

PEIPC has striking similarities in structure to 15dPGJ,,
including an electrophilic enone group and a cyclopen-
tenone component, prompting our speculation of simi-
lar chemical activity (Fig. 1). For these studies we use
15dPG]J,y as a model compound to elucidate the mecha-
nism by which OxPAPC acts on HAEC. The current study
compares the binding of 15dPG]J,, PEIPC, and OxPNB to
H-Ras, and it examines H-Ras activation by OxPAPC and
15dPGJ,. Finally, this article explores similarities in gene
regulation by OxPAPC, PEIPC, and 15dPG]J, using mi-
croarray analysis. Overall, we demonstrate the impor-
tance of cysteines in OxPNB, Ox-PAPC, and PEIPC
binding to endothelial cells and regulation of gene
expression.

EXPERIMENTAL PROCEDURES

Reagents

1-palmitoyl-2-arachidonoyl-sn-glycerol-3-phosphatidylcholine
(PAPC) and 1-palmitoyl-2-arachidonoyl-sn-glycero-3-phosphoeth-
anolamine (PAPE) were purchased from Avanti Lipids. Recombi-
nant H-Ras was purchased from EMD Biosciences or Abgent, the
H-Ras activation kit from Pierce Biotechnologies, anti-HA resin
and monoclonal anti-HA antibody from Roche, polyclonal H-Ras
antibody from Santa Cruz, strepavidin-HRP from RD Biosciences,
and biotin, dimethylaminopyridine (DMAP), and dicyclohexyl-
carbodiimide (DCC) from Sigma-Aldrich.

PAPE-N-biotin synthesis, production of OxPNB, and
isolation of PEIPE-NB

PAPE was biotinylated and oxidized as described previously
(4). PEIPE-NB was isolated from OxPNB with semipreparative,
normal Phase LC-MS using an isocratic mobile phase of 77:15:8
acteonitrile:water:methanol, as previously published for PEIPC
isolation (16).

Human aortic endothelial cell culture

HAECs were isolated as described previously (17, 18). HAECs
were cultured in VEC complete media (VEC Technologies), and
media was changed to 10% FBS (Thermo Scientific) in M199
media (Mediatech) overnight before use in experiments.

Measurement of lipid binding to recombinant H-Ras

Human recombinant H-Ras (hr-H-Ras) (1 pg) was treated with
50 pg/ml (52 pM) OxPNB or 12 pM PEIPE-NB at 37°C for
30 min. In some experiments, hr-H-Ras was pretreated with
N-ethylmaleimide (NEM; 1 mM) or 50 pg/ml (158 pM) 15dPGJ,
for 30 min. Additional competition studies were performed to
determine similarity in binding of OxPAPC, PEIPC, and OxPNB.
In these studies, 100 ng H-Ras was incubated with 10 pM OxPNB
for 15 min, with or without pre- and cotreatment with 100 pM
OxPAPC or 10 pM PEIPC for 60 min. After lipid incubation, protein
was analyzed with Western blotting using streptavidin-HRP (RD
Systems). Western blots were imaged on a Bio-Rad Versadoc™
4000 system. Densitometry was performed using Quantity One
software (Bio-Rad).
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Measurement of N-acetylcysteine effect on OxPAPC
regulation of genes

HAECs were cultured and pretreated in 3 mM Nacetylcysteine
(NAC) in M199 media containing 1% FBS for 1 h. 50 pg/ml
(64 pM) OxPAPC was then added to the media, and the cells
were cotreated with NAC (3 mM) and OxPAPC for an additional
4 h. Cells were washed with PBS and lysed, and then RNA was
extracted and qPCR analysis was performed, measuring GAPDH,
IL-8, ATF-3, and HO-1 mRNA levels. GAPDH levels showed mini-
mal change. IL-8, ATF-3, and HO-1 levels were normalized to
GAPDH levels. The primer sequences used for qPCR were
GAPDH: Forward: 5-CCT CAA GAT CAT CAG CAA TGC CTC
CT-3’, Reverse: 5-GGT CAT GAG TCC TTC CAC GAT ACC
AA-3"; HO-1: Forward: 5-ATA GAT GTG GTA CAG GGA GGC
CAT CA-%’, Reverse: 5-GGC AGA GAA TGC TGA GTT CAT GAG
GA-3’; 1L-8: Forward: 5-ACC ACA CTG CGC CAA CAC AGA
AAT-%’, Reverse: 5-TCC AGA CAG AGC TCT CTT CCA TCA
GA-3’; ATF-3: Forward: 5-TTG CAG AGC TAA GCA GTC GTG
GTA-3’, Reverse: 5-ATG GTT CTC TGC TGC TGG GAT TCT-3'".

LC/MS detection of NAC adduct(s) with OxPAPC
components

N-acetylcysteine (1 g total, 50 pg/ml) was incubated with
50 pg/ml (64 pM) OxPAPC in PBS at 37°C for 4 h. Analytical LC/MS
was then performed on a 1.0 x 150 mm Zorbax 300SB-C,g col-
umn (Agilent) using a flow rate of 50 wl/min and a gradient of
5% acetonitrile to 100% acetonitrile with 1 mM formic acid as an
additive in positive ion mode over 75 min, and then held at 100%
acetonitrile for an additional 30 min. PC-containing species were
identified using MS/MS on an ABI Sciex 4000 Qtrap instrument,
searching for ions in the full mass spectra with a daughter ion
fragment of 184 Da representing the phosphatidylcholine
headgroup.

LC/MS screening for OxPNB binding sites on H-Ras

Hr-H-Ras was incubated with or without OxPNB at a molar
ratio of 1:10 (hr-H-Ras:OxPNB) at 37°C for 30 min. 20 pg H-Ras
was used for each MS/MS analysis. Hr-H-Ras was denatured with
1 mM DTT, followed by alkylation with 100 mM iodoacetamide.
The protein was acetone-precipitated, pelleted by centrifugation,
and resuspended in pH 7.8 50 mM NH,HCOj. Trypsin was added
according to manufacturer specifications and incubated at 37°C
overnight for complete digestion. Samples were desalted with Cyg
ZipTip (Millipore) for MS analysis. Analytical LC/MS of digested
H-Ras peptides was performed on a 1.0 x 150 mm Zorbax 300SB-
Cyg column (Agilent) using a flow rate of 50 pl/min and a gradi-
ent of 5% acetonitrile to 100% acetonitrile with 1 mM formic
acid as an additive in positive ion mode over 75 min, and then
held at 100% acetonitrile for an additional 30 min. During analy-
sis of tryptic digests, full MS scans were performed followed by
zoom scans and MS/MS scans of the four most abundant ions in
the full scan.

MS-MS database search for peptides

Database searching for peptides was performed using the web-
based Global Proteome Machine (GPM) Organization to match
MS/MS data to known peptides, using modifications of 57 Da at
cysteines to account for carbamidomethyl modifications from io-
doacetimide treatment and other default settings. The X! Tan-
dem algorithm and a cutoff of peptides with a log(e) value of less
than —2 were used as options in the GPM analysis.

Site-directed mutagenesis

The pEGFP-C3 vector containing human H-Ras (h-H-Ras)
ORF was a kind gift from Dr. Junji Yamauchi (Tokyo, Japan). The
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plasmid encoded GFP-HA-H-Ras fusion protein, which contains
GFP, 1xHA, and H-Ras, sequentially. To produce C181S and
C184S point mutations, we used a long-range PCR amplification
procedure employing appropriate primers with point mutations.
Finally, the GFP sequence was removed, as the GFP tag contains
cysteines and may bind OxPNB and PEIPE-NB. The integrity of
plasmids was confirmed at the UCLA Sequencing Core Facility.

Transfection of HEK293 cells

Overexpression of H-Ras in HEK293 cells was performed using
a modified plasmid. Our group modified the plasmid by remov-
ing the GFP tag and performing the aforementioned site-directed
mutagenesis on selected cysteine sites. Transfection of HEK293
cells was done with Lipofectamine 2000 according to manufac-
turer specifications. Cells were grown to 85-95% confluence be-
fore transfection and harvested the day after transfection. Our
lab achieves 90-100% transfection for HEK293 cells using these
conditions.

Measurement of OxPNB binding to H-Ras expressed in
cells

To study binding of OxPNB to transfected HEK293 cells, cells
were pretreated in PBS (with Ca and Mg) with or without NEM
(1 mM) for 60 min or 50 pg/ml (158 pM) 15dPGJ, for 30 min at
37°C. Then 50 pg/ml (52 pM) OxPNB was added, and cells were
incubated for an additional 15 min in the presence of NEM or
30 min in the presence of 15dPGJ,. Cells were scraped into 3 ml
cold PBS, centrifuged, washed with an additional 10 ml PBS, and
centrifuged again. Cells were then lysed in RIPA buffer (Sigma)
containing PMSF, phosphate inhibitors (Sigma), and protease
inhibitors (Sigma). Lysate (1 ml), from one 100 mm plate of
transfected HEK293 cells was incubated with 60 pl anti-HA resin
(Roche) at 4°C, rotating overnight, to immunoprecipitate H-Ras.
We centrifuged and washed the beads three times in cold PBS,
and then boiled for 5 min in 45 wl Laemmeli sample buffer with
5% B-mercaptoethanol to elute H-Ras. Western blotting was then
performed, detecting HA and biotin.

Ras activation assay

H-Ras activity was tested using an Active Ras Pull Down and
detection kit (Pierce) according to manufacturer specifications.
HAECs were cultured and washed with PBS and treated with
50 pg/ml (64 pM) OxPAPC or 20 pg/ml (64 pM) 15dPGJ, in PBS
and incubated for 60 min. After incubation, cells were scraped
into PBS, centrifuged, washed with PBS, and lysed with 700 pl
RIPA buffer (Sigma). The kit directions were then followed.

Microarray analysis

Duplicate wells of HAECs were treated with 1% M199 media
or media containing 64 pM OxPAPC, 5 pM PEIPC, or 5 pM
15dPG]J, for 4 h, and then RNA was extracted. RNA was prepared
for hybridization to Illumina arrays, measuring 45,000 probes,
using a standard protocol described previously (3). Data were
analyzed using the Genome Studio software package. Data
were analyzed using background subtraction, quantile nor-
malization, and the content descriptor file “HumanHT-12_
V4_0_R1_15002873_B.bgx” in the Genome Studio files. The
data were filtered for results with either the detection P value
less than 0.001 for the PEIPC/15dPGJ,/OxPAPC RNA measure-
ment or for the control measurement. The fold changes in probes
were calculated as the average probe level for each treatment
divided by the average probe level for control treatment and
converted to log 2 values to analyze for gene regulation.
Up/downregulated genes were identified as those which changed
at least 1.25-fold from control values in the presence of lipids.



Gene functional annotation analysis on regulated genes was
performed using the NIH DAVID Bioinformatics Resources 6.7
website platform. The Illumina IDs of probes that were identified
as up/downregulated from the initial Genome Studio analysis
were sent to the DAVID server, and the genes were analyzed for
enrichment of gene ontology (GO) annotation categories using
the medium stringency setting. We used a Pvalue cutoff of 1e—6
or lower for significant GO category enrichment.

Furthermore, we used the Ingenuity software database to
search for common pathways regulated by OxPAPC and 15dPGJ,.
For this analysis, we used a detection P value cutoff of 0.05 and
generated an Illumina probe list of those with a fold change of
1.5 or higher.

Array data are available in Gene Expression Omnibus acces-
sion GSE35709 and in the supplementary tables.

RESULTS

Evidence for a general role of cysteine in OxPAPC
action in HAECs

We first tested the hypothesis that cysteines play an im-
portant role in OxPAPC action. Treatment of HAECs with
50 pg/ml (64 pM) OxPAPC for 4 h increased the expres-
sion of IL-8, HO-1, and ATF-3, hub genes representing
three major functions regulated by OxPAPC. Pre- and
cotreatment with 3 mM NAC strongly inhibited OxPAPC
induction of these genes, as measured by qPCR (Fig. 2A).
We next examined the role of cysteine in covalent binding
of OxPAPC to HAEC proteins using the biotinylated ana-
log OxPNB. HAECs were cultured in VEC media and
then incubated in serum-free M199 media for 15 min with
2.5 pg/ml (2.6 pM) OxPNB (Fig. 2B, lane 1) with or with-
out pre- and cotreatment with 1 mM Nethylmaleimide, a
simple cysteine-binding compound. The cells were then
lysed, run on a gel, and probed by Western blotting with

streptavidin-HRP (SA-HRP) to detect biotinylated, modi-
fied protein. Treatment of HAECs with NEM strongly in-
hibits binding of OxPNB to several HAEC proteins
(Fig. 2B, lane 2). The large band halfway down the blot
corresponds to intrinsic nonspecific biotin binding protein,
present in HAECs (4). The bands that appear most clearly
diminished are at about 45, 90, 110, 200, and 220 kDa.
These bands are marked by arrows on the left of the figure.
These studies demonstrate an important role for cysteine
in OxPAPC action and covalent binding to HAEC proteins.

Determination that PEIPC accounts for most of the
covalent binding of OXPAPC to cysteine

We next screened for OxPAPC lipids that covalently
bind cysteines to confirm our hypothesis that PEIPC ac-
counts for a significant amount of this binding. In this ex-
periment, we incubated NAC (1 pg total, 50 pg/ml), a
simple cysteine-containing compound, with 50 pg/ml
(64 pM) OxPAPC for 4 h at 37°C and analyzed the sample
with reverse-phase LC-MS/MS, screening for compounds
with a daughter fragment of 184 Da representing the phos-
phatidylcholine headgroup. A sharp peak was shown to
elute at 40.96 min followed by subsequent peaks, cor-
responding to unbound OxPAPC lipid components
(Fig. 3A). This peak contained a molecule of MW 991 cor-
responding to PEIPC bound to NAC. Although OxPAPC
contains many lipids, NAC adducts with other OxPAPC
components were either undetectable or minimally detect-
able over several experiments. This experiment demonstrates
that PEIPC is the primary OxPAPC component that
covalently binds N-acetylcysteine. On the basis of this ob-
servation, we tested the ability of biotinylated PEIPC
(PEIPE-NB) to bind to HAEC proteins. We demonstrated
that PEIPE-NB also has strong binding to many HAEC
proteins (Fig. 3C).
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Fig. 2. PEIPC and OxPAPC regulate genes via interaction with cysteines. A: HAECs were incubated for 4 h
in M199 or M199 with 50 pg/ml (64 pM) OxPAPC with or without pre- and cotreatment with 3 mM N-acetyl-
cysteine (NAC). IL-8, ATF-3, and HO-1 mRNA levels were measured by qPCR and normalized to GAPDH
levels. *P < 0.05 compared with the OxPAPC-treated sample, based on Student ttest. B: HAEC cells were
pretreated with or without 1 mM Nethylmaleimide (NEM) for 1 h, and then cotreated with 2.5 pg/ml (2.6 pM)
OxPNB for 15 min. Western blot analysis was performed with streptavidin-HRP to detect biotinylated pro-
teins. Molecular weight ladder and corresponding weights are shown on right. Arrows on the left identify
bands that are substantially decreased in intensity with NEM treatment, indicating that NEM competes with
OxPNB binding to these proteins. QPCR and binding experiments were performed at least three times,
showing similar results. A representative experiment is shown.
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Fig. 3. PEIPCis the major component of OxPAPC that binds N-acetylcysteine. NAC (1 pg total, 50 pg/ml)
was incubated for 4 h with 50 pg/ml (64 pM) OxPAPC and analyzed with reverse phase LC-MS/MS for PC-
containing compounds by screening for compounds that yield a fragment daughter ion of 184 Da, molecular
weight of the phosphatidylcholine headgroup. A: The chromatogram represents the total ion current of
species eluting from the column. The sharp peak at 40.96 min represents the NAC-PEIPC adduct eluting
from the column. The peaks that elute at later retention times are unbound residual OxPAPC species.
B: The MS spectra of the peak eluting at 40.96, with a molecular weight of 991.7 Da, representing the NAC-
PEIPC adduct (structure shown in inset); C: HAEC cells were lysed and either run directly or treated with
12 pM PEIPE-NB. Western blot analysis was performed with streptavidin-HRP to detect biotinylated proteins.

A role for cysteines in the covalent binding of OxPNB
and PEIPE-NB to H-Ras

Next, we tested the hypothesis that OxPAPC and PEIPC
bind to cysteines in H-Ras by using the biotinylated ana-
logs OxPNB and PEIPE-NB. We performed experiments
to determine whether OxPNB and PEIPE-NB bind hr-H-
Ras and H-Ras expressed in cells. H-Ras was treated with
lipid, run on a gel, and probed with Western blotting with
SA-HRP to detect modified protein. We demonstrated
that oxidized PAPE-N-biotin (OxPNB), but not unoxidized
PAPE-N-biotin (PNB), covalently modifies commercially
available, purified hr-H-Ras (Fig. 4A). Covalent binding of
H-Ras in cells by OxPNB was also examined. HEK293 cells
were transfected with HA-tagged H-Ras. Cells were treated
with 50 pg/ml (52 pM) OxPNB or 50 pg/ml (52 pM) PNB
for 30 min, lysed, and then H-Ras was immunoprecipitated
with anti-HA beads, followed by Western blotting with anti-
H-Ras and SA-HRP. Similar to results with hr-H-Ras, en-
dogenous H-Ras in transfected HEK293 cells was covalently
modified by OxPNB but not by PNB (Fig. 4B).

Previous studies have shown that headgroup can play an
important role in the interaction of oxidized phospholipids
with cells (5). To provide further evidence that OxPNB is a
good surrogate for OxPAPC and its component PEIPC, we
performed competition studies, examining the ability of
these molecules to compete with OxPNB for H-Ras binding.
Hr-H-Ras (100 ng) was incubated in PBS with or without
100 pM OxPAPC or 10 pM PEIPC. Then 10 pM OxPNB was
added, and the sample was further incubated. The samples
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were then examined with Western blotting using SA-HRP to
detect modified H-Ras (Fig. 4C). These results show strong
competition of OxPAPC and PEIPC for OxPNB binding to
H-Ras. We also tested the ability of OxPAPC to compete
with OxPNB for binding to H-Ras overexpressed in HEK293
cells. A 70% inhibition was observed (data not shown).
These studies demonstrate that headgroup differences have
a minimal effect on binding to H-Ras.

We next examined the effect of NEM on covalent bind-
ing of OxPNB and PEIPE-NB to human recombinant
H-Ras. Hr-H-Ras (1 pg) was incubated in PBS with or without
1 mM NEM. Then 1 pg OxPNB or 0.5 pg PEIPE-NB was
added, and the samples were further incubated and
examined with Western blotting for H-Ras modification
(Fig. bA). We demonstrate that OxPNB and PEIPE-NB
binding to hr-H-Ras was strongly competed by NEM. We
also tested the ability of NEM to inhibit the binding of Ox-
PNB to H-Ras that is overexpressed in cells. HEK293 cells
overexpressing HA-tagged wild-type H-Ras were pretreated
with or without 1 mM NEM for 60 min and then cotreated
with 10 pg/ml (10.4 pM) OxPNB for 15 min. The cells
were lysed, H-Ras was immunoprecipitated with anti-HA
resin, and samples were analyzed for modified H-Ras with
Western blotting (Fig. 5B). The results show that in cells
the binding of OxPNB to H-Ras was inhibited by pre- and
cotreatment with NEM. This set of experiments demon-
strated that both OxPNB and PEIPE-NB covalently modify
H-Ras and that NEM blocks this binding, showing that
cysteines are important in this interaction.
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Fig. 4. Oxidized PAPE-N-biotin binds to recombinant H-Ras and H-Ras in cells, whereas unoxidized PAPE-
N-biotin does not bind. A: Human recombinant H-Ras (hr-H-Ras) was incubated with no lipid, 50 pg/ml
(52 pM) unoxidized PAPE-N-biotin (PNB), or 50 pg/ml (52 pM) oxidized PAPE-N-biotin (OxPNB) for 30 min.
Western blot analysis was performed with SA-HRP to detect biotinylated (lipid-modified) H-Ras. B: HEK293
cells were transfected with HA-tagged wild-type H-Ras. Cells were treated with PBS or 50 pg/ml (52 pM) of
unoxidized or oxidized PAPE-N-biotin for 30 min. Lysates were immunoprecipitated with anti-HA beads, and
samples were analyzed by Western blot for HA and streptavidin (lipid-modified H-Ras). Densitometry shows
the ratio of lipid-modified H-Ras (SA-HRP) to total H-Ras (anti-HA); These experiments were performed at
least three times, showing similar results. C: 100 ng hr-H-Ras was incubated with no lipid, 100 pM OxPAPC,
or 10 pM PEIPC for 60 min, followed by incubation with no lipid or 10 pM OxPNB for an additional 15 min.
Western blot analysis was performed as in panel A. Densitometry shows the ratio of lipid-modified H-Ras

normalized to H-Ras treated only with OxPNB.

OxPNB binding to H-Ras involves cysteines 181
and/or 184

To determine which cysteines bound H-Ras, we em-
ployed both recombinant and overexpressed H-Ras. Hr-H-
Ras (20 pg) was incubated with or without OxPNB at 10:1
OxPNB molar excess for 30 min at 37°C in PBS. The H-Ras
was then treated with DTT, followed by iodoacetimide,
and digested with trypsin overnight. The tryptic digests of
H-Ras treated with OxPNB, along with an untreated con-
trol, were analyzed with ESI-LC-MS/MS, and peptide data-
base searching was performed with the Global Proteome
Database (www.thegpm.org), using modifications of 57 Da
at cysteines to account for carbamidomethyl modifications
from iodoacetimide treatment, as mentioned in Experi-
mental Procedures. The H-Ras fragments were identified
using MS/MS data. Database searching of the MS/MS data
from untreated H-Ras tryptic digests identified 88% of the
predicted peptides, whereas database searching of the Ox-
PNB-treated H-Ras tryptic digest identified only 71% of
the predicted H-Ras fragments, suggesting that some of
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the protein had been modified by OxPNB. One peptide
eluting at 16.21 min was found only in untreated H-Ras
and not in OxPNB-treated H-Ras (Fig. 6). The inset in Fig. 6
shows the MS/MS spectra of the peptide eluting at 16.2 min
with the sequence KLNPPDESGPGCMSCK. Peaks used for
matching the MS/MS peaks to the peptide in the database
are marked with asterisks. The observed m/z for this frag-
ment is 888.87, representing a doubly charged ion of mo-
lecular weight 1,775. This data demonstrated that the
binding of OxPNB to H-Ras involved C181 and/or C184.
Unambiguous determination of whether OxPNB pri-
marily binds to C181 and/or C184 in H-Ras was achieved
using plasmids containing HA-tagged H-Ras with muta-
tions from cysteine — serine at cysteine 181 or cysteine
184 (C181S and C184S H-Ras, respectively). HEK293 cells
were transfected with empty vector or HA-tagged wild-type,
C181S, or C184S H-Ras. The cells were then treated with
50 pg/ml (52 pM) OxPNB and analyzed by Western
blotting with anti-HA and SA-HRP probes. The data
show less binding to the CI181S- and C184S-mutant
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Fig. 5. N-ethylmaleimide competes for binding of OxPAPE-N-biotin and PEIPE-N-biotin to H-Ras. A: 1 pg
hr-H-Ras was incubated with no lipid, 0.2 mM NEM, 0.5 pg PEIPE-NB, 0.5 png PEIPE-NB and 0.2 mM NEM,
0.5 pg OxPNB, or 0.5 pg OxPNB and 0.2 pg NEM for 30 min, corresponding to 10:1 NEM or lipid:H-Ras
molar ratios. Western blot analysis was performed as in Fig. 3A. B: HEK293 cells were transfected with HA-
tagged wild-type H-Ras and treated with PBS or 1 mM NEM for 60 min, then with 10 pg/ml (10.4 pM) Ox-
PNB for 15 min. Lysates were prepared for Western blotting as in Fig. 3B. Densitometry shows the ratio of
lipid-modified H-Ras (SA-HRP) to total H-Ras (anti-HA). Competition experiments were performed at least
three times, showing similar results.
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Fig. 6. LC/MS shows that OxPAPE-N-biotin binding to H-Ras in-
volves cysteines 181 and 184. Hr-H-Ras was incubated with or with-
out OxPNB at a molar ratio of 1:10 (hr-H-Ras:OxPNB) at 37°C for
30 min, digested with trypsin, and analyzed with ESI-LC/MS/MS,
followed by identification of H-Ras fragments. One peptide, elut-
ing at 16.21 min, was found only in untreated H-Ras and not in
OxPNB-treated H-Ras. The inset shows the MS/MS spectra of the
peptide eluting at 16.2 min with the sequence KLNPPDESGPGCM-
SCK. Asterisks indicate peaks used for matching the MS/MS peaks
to the peptide in the database. The observed m/z for this fragment
is 888.87, representing a doubly charged ion of molecular weight
1775. This data shows that the binding of OxPNB to H-Ras involves
C181 and/or C184.

H-Ras than to wild-type H-Ras (Fig. 7C). Over a series of
experiments, there was no significant difference be-
tween the binding to C181 and binding to C184. These
results suggest that both C181 and C184 are covalently
bound by OxPNB.

Similarity in interaction of 15dPGJ, and OxPNB with
H-Ras

Previous studies had demonstrated that 15dPG]J, binds
to C181 and C184 (15). Because of the similarity in struc-
ture of PEIPC and 15dPG]J, and because both bind to
cysteines 181 and 184 in H-Ras, we examined the ability of
15dPG]J, to inhibit binding of OxPNB to H-Ras. Human
recombinant H-Ras (1 pg) was incubated with 50 pg/ml
(52 pM OxPNB) with or without pre- and cotreatment of
50 pg/ml (158 pM) 15dPG]J,. OxPNB binding to recombi-
nant, purified H-Ras was strongly competed by 15dPG]J,
(Fig. 7A). In addition, we examined the ability of 15dPG]J,
to inhibit binding of OxPNB to H-Ras expressed in cells.
HEK293 cells overexpressing HA-tagged wild-type H-Ras
were exposed to 50 pg/ml (52 pM) OxPNB with or with-
out pre- and cotreatment of 50 pg/ml (158 pM) 15dPGJ,
(Fig. 7B). These results show that the binding of OxPNB
to H-Ras in cells is inhibited by 50% after pre- and cotreat-
ment with 15dPGJ,. Both the studies with recombinant
H-Ras and overexpressed H-Ras support our hypothesis
that OxPNB binds to cysteines with a similar mechanism to
that of 15dPG]J,.

It has been previously reported that 15dPGJ, binds
mainly to cysteine 184 (12). To further support the hy-
pothesis that OxPNB is only binding to C181 and C184 in
H-Ras, we transfected HEK293 cells with either wild-type
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H-Ras or C181S-mutant H-Ras and pre- and cotreated the
Cl181S-transfected cells with or without 50 pg/ml (158 pM)
15dPGJs; we then treated with OxPNB. We reasoned that
15dPGJ, should compete more strongly with OxPNB bind-
ing to C181S-mutant H-Ras (Fig. 7D). The Western blot-
ting demonstrates that 15dPG]J, strongly competes with
OxPNB binding to C181S-mutant H-Ras, almost eliminat-
ing binding and supporting our hypothesis that OxPNB
binds to CI81 and C184 in H-Ras with very little or no
binding to other cysteines.

OxPAPC and 15dPG]; activate H-Ras at similar
concentrations

Previous publications demonstrated that H-Ras is acti-
vated by the binding of 15dPGJ, to C181 and C184 on
H-Ras (12). We compared the ability of OxPAPC and 15dPG]J,
to activate H-Ras, using 15dPG]J, as a positive control for
H-Ras activation. HAECs were treated with serum-free
M199, M199 with 50 pg/ml (64 pM) OxPAPC, or M199
with 20 pg/ml (64 pM) 15dPG]J,, and activation was deter-
mined using a kit that involves binding to Raf and detec-
tion of the amount of activated Ras on Western blots. We
demonstrated equivalent activation at 60 min treatment
(Fig. 8). Furthermore, the fold change measured by this
activation kit is comparable to change already reported in
other publications (19, 20). This experiment demonstrates
that OxPAPC treatment activates H-Ras in HAECs. The
similarity of activation again confirms a similar mechanism
of action of OxPAPC and 15dPG]Js,.

PEIPC, 15dPG]J,, and OxPAPC regulate many of the
same genes and pathways

Because of the evidence of similarity in the effect of Ox-
PAPC, PEIPC, and 15dPGJ, on H-Ras and because of the
common structural features of 15dPG]J, and PEIPC, we hy-
pothesized that 15dPGJ, might inhibit the binding of
PEIPC to multiple proteins. Whole-cell lysates of HAEC
were incubated with 12 pM PEIPE-NB, for 30 min at 37°C,
with or without 120 pM 15dPGJ, and analyzed with West-
ern blotting. PEIPE-NB binding to HAEC proteins was al-
most completely inhibited by incubation with 15dPGJ,
(Fig. 9A).

The results shown in Fig. 7, in addition to previous stud-
ies showing similar pathways activated by OxPAPC and
15dPGJ,, suggested that OxPAPC, PEIPC, and 15dPGJ,
might also show similar regulation of gene expression. To
more extensively compare gene regulation of the two mol-
ecules, we performed microarray analyses comparing the
mRNA levels of PEIPC-, OxPAPC-, and 15dPGJo-treated
HAECs. HAECs were treated in M199 media containing
1% FBS with no additions, 5 pM PEIPC, 5 pM 15dPGJ,, or
64 pM OxPAPC for 4 h, and RNA was collected and hy-
bridized to Illumina microarrays for analysis. Fold changes
in probe levels were analyzed for genes up- or downregu-
lated by at least 1.25-fold. The regulated genes were then
categorized into those of similar regulation between
15dPGJ, and OxPAPC or between 15dPGJ, and PEIPC
(Fig. 9B). Approximately 50% of the genes regulated by
PEIPC were also regulated by 15dPGJ, and slightly more
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Fig. 7. Mutant H-Ras and 15dPG]J, provide evidence that binding of Ox-PAPE-N-Biotin to H-Ras involves
Cysteines 181 and 184. A: Ability of 15dPG]J, to compete with OxPNB for binding to recombinant H-Ras.
Human recombinant H-Ras was preincubated with either PBS or 50 pg/ml (158 pM) 15dPGJ, for 30 min,
and then coincubated with 50 pg/ml (52 pM) OxPNB for 30 min. Western blotting was performed as in Fig. 3A.
B: Ability of 15dPG]J, to compete with OxPNB for binding to H-Ras in cells. HEK293 cells were transfected
with HA-tagged wild-type H-Ras and treated with PBS or 50 pg/ml (158 pM) 15dPGJ, for 30 min, and then
50 pg/ml (52 pM) OxPNB for 30 min. Lysates were prepared for Western blotting as in Fig. 3B. Densitom-
etry shows the ratio of lipid-modified H-Ras (SA-HRP) to total H-Ras (anti-HA). C: HEK293 cells were trans-
fected with empty vector, HA-tagged wild-type H-Ras, C181S-mutant H-Ras, or C184S-mutant H-Ras. Cells
were treated with 50 pg/ml (52 pM) OxPNB for 30 min. Lysates were immunoprecipitated with anti-HA
resin, and Western blotting was carried out as in Fig. 3A. D: HEK293 cells were transfected with empty vector,
HA-tagged wild-type H-Ras, or HA-tagged C181S-mutant H-Ras. Cells were treated with 10 pg/ml (10.4 pM)
OxPNB for 30 min. The last lane was pretreated with 50 pg/ml (158 pM) 15dPGJ, for 15 min, and then
cotreated with 10 pg/ml (10.4 pM) OxPNB for 30 min. Cells were immunoprecipitated, and Western blot-
ting was carried out as in Fig. 3A. Mutant and competition H-Ras experiments were performed at least three

times, showing similar results.

overlap was observed with OxPAPC. There was also a sig-
nificant overlap in regulation between PEIPC and 15dPGJ,
when analyzing genes up- or downregulated by at least 1.5-
fold (supplementary Fig. I).

We also performed functional annotations on the genes
regulated by PEIPC, 15dPGJ,, and OxPAPC in HAEGs us-
ing the DAVID enrichment tool. We used a Pvalue cutoff
of 1e—6 or lower to identify significant enrichment in the
GO categories (supplementary tables). We then separated
the categories into those up- or downregulated by both
15dPGJy and PEIPC and those GO categories that were ex-
clusively regulated by 15dPG]J, or PEIPC. There are several
overlaps in 15dPGJ,- and PEIPC-regulated categories.
Stress response, response to protein stimulus, and un-
folded protein response GO categories are upregulated by
both PEIPC and 15dPGJ,. DNA binding, DNA-dependent
regulation of transcription, nucleus category genes, zinc
finger-related genes, and regulation of RNA metabolic
process categories are downregulated by both PEIPC and
15dPGJ,. Although PEIPC and 15dPG]J, shared most bio-
logical activities, some of the GO annotations were differ-
entin the DAVID analysis. Only PEIPCshowed upregulation
of cytokines and cytokine receptor interaction, negative
regulation of apoptosis, and negative regulation of cell
death, whereas 15dPGJ, showed more upregulation of
heat shock proteins.

DISCUSSION

These data highlight the importance of cysteine in the
interaction of OxPAPC and its component PEIPC with
HAEC. We postulated an important role for cysteine in
OxPAPC gene regulation and protein interactions because
the most active lipid in OxPAPC, PEIPC, contains an elec-
trophilic group that can readily undergo Michael addition

— w "™ Active HRas- IP

®=  HRas-lysate

-
o
L
HN
N
o

Densitometry

OxPAPC
15dPGl,

Medium

Fig. 8. H-Rasin HAEGCsisactivated by both OxPAPC and 15dPG]Js.
One hundred millimeter dishes of HAECs were incubated in M199
or M199 with 64 pM OxPAPC or 15dPG]J, for 60 min. Activated
H-Ras was isolated as per Ras pulldown kit manufacturer instruc-
tions (Pierce Biotechnologies). Densitometry shows the ratio of ac-
tive H-Ras (after kitimmunoprecipitation) to total H-Ras (before
immunoprecipitation); Densitometry was performed normalized
to lysate and to M199 signals. Activation data were replicated
three times, showing consistent activation by OxPAPC and 15dPG]J,
at 60 min.
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Fig. 9. Evidence for an overlap in binding and regulation of gene expression in HAEC by PEIPC, OxPAPC,
and 15dPGJ,. A: HAEC cells were lysed, and lysates were treated with 12 pM PEIPE-NB or cotreated with 120 pM
15dPGJ, and 12 pM PEIPE-NB. Western blotting was then performed. This experiment was performed at
least three times with similar results. B: Duplicate wells were treated with media or media containing 50 pg/ml
(64 pM) OxPAPC or equimolar amounts of either PEIPC or 15dPGJ, for 4 h, and then RNA was extracted
and analyzed with microarray on an Illumina chip. Data were filtered for P < 0.001 and fold change of 1.25
during data analysis with Genome Studio software; Data are represented in Venn diagrams of PEIPC versus
15dPG]J, downregulated and upregulated genes and OxPAPC versus 15dPGJ, downregulated and upregu-

lated genes.

to cysteine. We now present evidence that treatment of
OxPAPC with a cysteine-containing compound (NAC) in-
hibited its ability to activate genes important in the Ox-
PAPC response (Fig. 2A). We previously demonstrated
that OxPNB, a biotinylated analog of OxPAPC, can cova-
lently bind to proteins and that it regulates several of the
same pathways as OxPAPC in HAECs (4). We now demon-
strate that NEM, a molecule that binds to cysteines, inhib-
ited the binding of OxPNB to total cell proteins (Fig. 2B).
We also determined that OxPNB and PEIPC binding to
one protein, H-Ras, was strongly inhibited by NEM (Fig. 5).
It is apparent that there is a difference in the extent of
OxPNB binding in different experiments (Figs. 2B, 3C,
and 9A). This is most likely due to a small difference in the
relative amounts of PEIPE-NB in OxPNB preps used or
different levels of OxPNB used in these experiments. We
previously demonstrated that there is an 80% overlap in
the genes regulated by Ox-PAPC and PEIPC (3). We now
show with LC-MS/MS that PEIPC accounts for almost all
of the binding of OxPAPC to cysteine (Fig. 3). Thus, we
present strong evidence that both gene regulation and
covalent binding of OxPAPC involve interactions with
cysteine and that this interaction is primarily from PEIPC.

To examine the specificity of OxPNB binding to cysteine,
we focused on interaction with H-Ras. We now demon-
strate by MS that OxPNB binds specifically to two of the six
free cysteines in H-Ras, C181 and 184 (Fig. 7). This is a
well-studied protein in which specific cysteines (C184 and
C181) have been shown to play a critical role in activation
(12). Ras activation involves a process in which Ras, which
normally moves from the Golgi to the cell membrane, be-
comes palmitoylated at C181 and is retained at the plasma
membrane. Ras is also palmitoylated at C184, which allows
for segregation between lipid raft and nonlipid raft do-
mains to allow for Raf binding to Ras, resulting in activation
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of several pathways (13). We now demonstrate that Ox-
PAPC activates H-Ras to the same extent as 15dPGJ,. We
present evidence that binding to cysteines 181 and 184 ac-
counts for at least some of the OxPAPC increase in activity
by showing that OxPAPC and PEIPC compete for binding
of OxPNB to H-Ras and that OxPNB binds to cysteines 181
and 184. Our studies strongly suggest that the increase in
activity of H-Ras by Ox-PAPC is due to the binding of criti-
cal H-Ras cysteines. However, more experiments will be
necessary to prove that this is the only mechanism.

There are several mechanisms by which OxPAPC might
activate H-Ras, one involving the necessity for covalent
binding and the other involving interaction without cova-
lent binding. The two cysteines to which OxPAPC binds
are particularly reactive cysteines in H-Ras, with palmitoy-
lation of these cysteines required for movement of H-Ras
to the plasma membrane, binding of H-Ras to Raf protein,
and activation of downstream ERK/MAPK and Akt path-
ways. It is possible that the direct modification of these
residues by OxPAPC results in activation of H-Ras, per-
haps with the palmitoyl group on OxPAPC fulfilling the
requirement for enzymatic palmitoylation. However, it is
also possible that the interaction of OxPAPC with H-Ras
catalyzes normal palmitoylation. Recent crystal structures
of the peroxisome proliferator-activated receptor (PPAR)y
ligand binding domain complexed with 15dPG]J, show dis-
tinct roles for 15dPGJ, ligand, both noncovalently and
covalently bound to PPARwy (21). Possibly both types of
OxPAPC-H-Ras interactions are also important in cells.

In this study, we concentrated on OxPAPC and PEIPC
interactions with cysteines, particularly with cysteines 181
and 184 due to their involvement in H-Ras activation. It is
also possible that some OxPAPC components interact with
lysine(s) on H-Ras to form reversible Schiff base adducts
that would not be observed in this analysis.



Our studies document a strong similarity in the ac-
tions of OxPAPC and 15dPGJ,. The similarity of struc-
ture in these two molecules suggested that they might
have similar interactions with cell proteins. Previous
studies have shown similar effects of 15dPG]J, to OxPAPC
in several pathways (7, 9, 12, 14, 15, 22-27). We now
demonstrate that OxPNB and 15dPG]J, bind to the same
cysteines in H-Ras (C181 and C184) and that 15dPGJ,
can inhibit the binding of OxPNB to H-Ras. The fact
that 15dPG]J, inhibits the binding of OxPNB to H-Ras in
cells suggests that, even though 15dPG], is a fatty acid
and PEIPC a phospholipid, they can to some extent en-
ter the same cell compartment. These similarities in ac-
tivity and the similarity in binding by these two molecules
to cysteine suggests that interaction with cysteines is
important in gene regulation by both molecules in
HAECGs.

Our microarray analysis demonstrates that there is ap-
proximately 50% overlap of the genes up- or downregu-
lated by PEIPC with the genes regulated by 15dPGJ,.
Inflammation is well established as having a prominent
role in progression of atherosclerosis, and the unfolded
protein response is an important regulator of inflamma-
tory genes in HAECs (28). Although 15dPGJ, is known as
an inhibitor of inflammation, major inflammatory genes
IL-6 and IL-8 are strongly upregulated by both PEIPC and
15dPG]J,. However, an enrichment of chemokines and
chemokine receptors is seen only with PEIPC. As shown
in the DAVID GO category analysis, similarities in gene
regulation are observed in stress response, unfolded pro-
tein response, transcriptional response, and zinc finger
GO categories. Oxidative stress and production of reac-
tive oxidative species have also been linked to atheroscle-
rosis (1,10,11,29-35). Both molecules cause an induction
of Nrf2, which regulates genes protecting against oxidant
stress. CYP26B1 was the most downregulated gene in
PEIPC and OxPAPC arrays and one of the most down-
regulated genes in the 15dPGJ2 array. The metabolism of
all transretinoic acid (atRA) has been reported to be reg-
ulated by this gene, and increased CRP26B1 activity has
been reported to lead to decreased local atRA levels and
increased stenosis (36, 37). SOXI18, which is also re-
ported to have a role in atherosclerosis (38), was among
the most downregulated genes by OxPAPC, PEIPC, and
15dPG]J,. Both molecules also regulate the UPR re-
sponse that protects against cell injury. Among the most
upregulated genes by OxPAPC, PEIPC, and 15dPG]J,
were atherosclerosis marker HSPATA (39) and UPR tar-
get gene DNAJB1 (28).

There are also a number of differences between the ef-
fects of 15dPGJ, and PEIPC in regulating gene expres-
sion. As stated above, our microarray analysis also shows
that PEIPC upregulates cytokines and cytokine receptors
and downregulates apoptosis and cell death. However,
these groups were not induced by 15dPGJ,. This result
agrees with prior reports, as 15dPGJ, has been reported
to be anti-inflammatory and induce PPARy-dependent
endothelial cell apoptosis (40, 41). Even within GO cate-
gories, such as oxidative stress, which are stimulated by

OxPAPC action on ECs involves interaction with cysteine

both agents, there are differences in the regulation of
individual genes. Although both molecules activate Nrf2,
downstream targets of Nrf2 are regulated differently.
Interestingly, in our microarray studies in HAECs, Nrf2
and downstream targets NQOI, GCLC, GCLM, and
HMOXI are strongly upregulated by PEIPC. In 15dPGJs,,
although Nrf2 and NQOI are slightly downregulated,
GCLM and HMOXI are significantly upregulated. These
differences could be important in the ability of HAECs to
resist oxidative stress. Overall, the differences between
15dPGJ,; and PEIPC may be attributed to the differences
in the interaction of a phospholipid and a fatty acid with
cells. Elucidation of mechanisms by which the two mole-
cules are transported may give insight into nonoverlap-
ping regulation.

Although measured 15dPGJ, levels are in the picomolar
to nanomolar range (42, 43), PEIPC has been reported by
our group in micromolar quantities in rabbit atheroscle-
rotic lesions (44). The relative levels of these two mole-
cules and activities may be important in the persistence of
the inflammatory response in some disease states. Previous
publications have questioned the significance of other
studies with 15dPG]J,, arguing that most experimental
studies measure effects at 15dPGJ, concentrations that are
several orders of magnitude higher than pathophysiologi-
cal levels (42, 43). In contrast to the lower measured
concentrations of 15dPGJ,, levels of OxPCs have been
measured in total concentrations as high as 51 pM in
human plasma (45), with several individual OxPC species
being as high as several micromolar amounts in human
plasma and atheromas (45, 46). Our experiments use con-
centrations that are comparable in magnitude to those re-
ported in pathological environments. In the experiments
presented, we use from 2.6 to 10.4 pM of OxPNB in most
of our binding studies, and from 4 to 64 pM of OxPAPC
in activity and microarray experiments. Furthermore, in
experiments with OxPAPC (or OxPNB), PEIPC (or
PEIPE-NB) only corresponds to at most 10% of the total
OxPAPC moiety. We used 12 pM PEIPE-NB (Fig. 3C) in
binding studies and 4 pM PEIPC in microarray studies.
Both showed high regulation at this pathophysiological
level (Fig. 9).

In summary, we have demonstrated that cysteine plays
an important role in OxPAPC regulation of endothelial
function. We show that PEIPC is the major cysteine-
binding lipid in OxPAPC. OxPNB and 15dPG]J, bind to
the same cysteines in H-Ras, resulting in similar H-Ras
activation. There is a strong overlap in protein binding
and gene regulation by PEIPC, OxPAPC, and 15dPG]J,
in HAEGs, including genes involved in inflammation,
stress response, and atherosclerosis. Overall, this study
strongly suggests that interaction with cysteines consti-
tutes a major mechanism of action by PEIPC and
OxPAPC in endothelial cells. Studies identifying reac-
tive cysteines suggest that there is a strong correlation
between hyperreactivity and functionality of cysteines
(47). Thus, many of the proteins covalently binding
OxPAPC in cells may play an important role in OxPAPC
signaling Bl
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