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Abstract Oxidized HDL has been proposed to play a key
role in atherogenesis. A wide range of reactive intermediates
oxidizes methionine residues to methionine sulfoxide
(MetO) in apolipoprotein A-I (apoA-I), the major HDL pro-
tein. These reactive species include those produced by
myeloperoxidase, an enzyme implicated in atherogenesis.
The aim of the present study was to develop a sensitive
and specific ELISA for detecting MetO residues in HDL.
We therefore immunized mice with HPLC-purified human
apoA-I containing MetO86 and MetO112 (termed apoA-I132)
to generate a monoclonal antibody termed MOA-I. An ELISA
using MOA-I detected lipid-free apoA-I132, apoA-I modified
by 2e-oxidants (hydrogen peroxide, hypochlorous acid,
peroxynitrite), and HDL oxidized by 1e- or 2e-oxidants
and present in buffer or human plasma. Detection was con-
centration dependent, reproducible, and exhibited a linear
response over a physiologically plausible range of concentra-
tions of oxidized HDL. In contrast, MOA-I failed to recognize
native apoA-I, native apoA-II, apoA-I modified by hydroxyl
radical or metal ions, or LDL and methionine-containing
proteins other than apoA-I modified by 2e-oxidants. Be-
cause the ELISA we have developed specifically detects
apoA-I containing MetO in HDL and plasma, it should pro-
vide a useful tool for investigating the relationship between
oxidized HDL and coronary artery disease.—Wang, X. S., B.
Shao, M. N. Oda, J. W. Heinecke, S. Mahler, and R. Stocker.
A sensitive and specific ELISA detects methionine sulfoxide-
containing apolipoprotein A-I in HDL. J. Lipid Res. 2009. 50:
586–594.
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Atherosclerosis is characterized by heightened oxidative
damage to lipids and proteins in the affected arterial wall
(1), and the extent of this damage is comparable for dif-
ferent classes of lipoproteins including LDL and HDL
(2). Recent interest has focused on the functional conse-
quences of HDL oxidation. Oxidation could conceivably
contribute to the formation of dysfunctional HDL, pro-
posed to be present in humans with cardiovascular disease
(3). One potentially important pathway for generating dys-
functional HDL via oxidation involves myeloperoxidase,
an enzyme that converts hydrogen peroxide (H2O2) and
chloride ion to hypochlorous acid (HOCl). Myeloperoxi-
dase is expressed in human atherosclerotic tissue (4), and
HOCl-modified proteins are present in such lesions (5).

HOCl converts protein tyrosine residues to 3-chlorotyro-
sine, and methionine residues to methionine sulfoxide
(MetO). In addition, MetO can also be formed from expo-
sure of HDLʼs major protein, apolipoprotein A-I (apoA-I)
to H2O2 (6) or lipid hydroperoxides (7, 8), the latter gen-
erated during the oxidation of HDL lipids. Oxidation of
tyrosine and methionine residues can have dramatic con-
sequences on the functions of apoA-I/HDL, including
reverse cholesterol transport, wherein HDL accepts choles-
terol from macrophage foam cells in the artery wall and
transports it back to the liver for excretion (9). Specifically,
apoA-I containing 3-chlorotyrosine and MetO has an im-
paired ability to promote cholesterol efflux by the ABCA1
pathway (10–13). Similarly, oxidation of Met148 impairs
apoA-Iʼs ability to activate lecithin-cholesterol acyltransfer-
ase (14).

There is evidence that oxidized apoA-I is present in hu-
man blood plasma. Thus, levels of 3-chlorotyrosine are
higher in circulating HDL isolated from patients with car-
diovascular disease than in HDL isolated from controls
(10, 11, 15), suggesting that myeloperoxidase may target
HDL for oxidation in humans during atherogenesis. Simi-
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larly, apoA-I containing methionine residues 86 and 112
as MetO (hereafter referred to as apoA-I132) has been de-
tected in circulating HDL, and is present at increased con-
centrations in subjects with a genotype associated with
increased coronary artery disease (16). Moreover, it was re-
cently shown that the MetO content of apoA-I is elevated
in human type 1 diabetes (17), a disorder commonly asso-
ciated with increased oxidative stress (18).

The above findings suggest that oxidized forms of apoA-
I containing 3-chlorotyrosine and/or MetO could be clini-
cally relevant. However, testing this possibility is limited by
current methods for oxidized apoA-I detection that re-
quire time-consuming HDL isolation and HPLC- or mass
spectroscopy-based detection steps. We therefore sought
to develop a simple method for the specific detection of
apoA-I containing MetO. Here we describe a sensitive
and specific ELISA that detects MetO-containing apoA-I
in HDL and plasma.

MATERIALS AND METHODS

Materials
Cell culture media and reagents including DMEM, fetal bovine

serum, and hybridoma-SFM were purchased from Invitrogen
(Carlsbad, CA). EZ-Link Sulfo- NHS-LC-Biotin was obtained from
Pierce (Rockford, IL). 2,2ʼ-Azobis(2-amidinopropane) dihydro-
chloride (AAPH) was purchased from Wako Pure Chemical Ind.
(Osaka, Japan), and 3,3′,5,5′-tetramethylbenzidine, potassium
bromide, diethylene triamine pentaacetic acid, ascorbic acid,
sydnonimine-1, H2O2, BSA (fraction V), myoglobin, ferritin,
and fibrinogen were obtained from Sigma (Saint Louis, MO). So-
dium hypochlorite (4% solution) was obtained from Septone
(Hemmant, Australia), while PBS pH 7.4 (10 mM) was prepared
from tablets (Oxoid, Basingstoke, England). Trifluoroacetic acid
(TFA) and HPLC-grade water were obtained from British Drug
House (Poole, England). Other HPLC grade solvents were ob-
tained from Merck (Darmstadt, Germany). All other reagents
used were of analytical grade. Water was purified by a Milli-Q
Ultrapure water system (Millipore, Sydney, Australia).

Isolation of HDL
Fresh blood (200 ml) from healthy and overnight fasted sub-

jects (male, age 30–50 years) was collected into heparinized
vacutainers, and plasma obtained by centrifugation at 1,430 g
for 20 min at 4°C. HDL was isolated from the plasma by sequen-
tial ultracentrifugation (19). Briefly, the density of pooled plasma
was adjusted to 1.24 g/ml with potassium bromide and the plasma
then centrifuged for 3 h at 206,360 g and 10°C (Beckman Optima
L-90K, VTi50 rotor). The resulting HDL band was aspirated,
added to a new quick seal tube, and topped up with 0.9% sa-
line of 1.24 g/ml density (adjusted with potassium bromide,
381.6 mg/ml), and then recentrifuged overnight at 206,360 g
and 10°C. HDL (top band) was removed and dialyzed generously
against PBS containing 0.1% EDTA and 0.01% chloramphenicol.
The obtained HDL was used within 24 h.

Oxidation of HDL
Native HDL (1–1.5 mg protein/ml) was oxidized in 20 mM

PBS containing 100 mM diethylene triamine pentaacetic acid un-
der air and at 37°C by exposure to either the peroxyl radical gen-

erator AAPH (2 mM, 3 h) (7), H2O2 (100 mM, 24 h), or HOCl
(500 mM, 1 h). The reactions were terminated by addition of
butylated hydroxytoluene (100 mM), catalase (200 nM), or
methionine (2.5 mM), respectively. The reaction mixture (1 ml)
was then passed through a gel filtration column (3 ml, NAP-10,
GE Healthcare, Uppsala, Sweden) eluted with 1.5 ml of PBS.
The oxidized HDL was analyzed within 24 h.

HPLC analysis of native and oxidized HDL
Freshly isolated HDL (0.06 mg protein) or differently oxidized

HDL (1 mg protein) was subjected to a C18 column (250 3
4.6 mm, 5 mm, Vydac) with guard (5 mm, 4.6 ID, Vydac) eluted
at 50°C and 0.5 ml/min, with the eluant monitored at 214 nm.
The instrument settings were modified slightly from the pre-
viously described method (16). Briefly, after initial equilibration
in 25% solvent A (acetonitrile containing 0.1 vol % TFA) and
75% solvent B (water containing 0.1 vol % TFA) for 10 min,
the concentration of solvent A was increased linearly to 45% over
5 min, then to 55% over 32 min, to 95% over 10 min, and finally
to 100% in 1 min, after which solvent A was decreased to 25% for
column reequilibration. For the purpose of preparation of apo-
lipoprotein standards, a semipreparative RP C18 column (250 3
10 mm, 5 mm, Vydac, flow rate 2 ml/min) was used to allow injec-
tion of HDL and differently oxidized HDL (up to 5 mg protein).

Apolipoprotein standards
Appropriate protein fractions of HDL and oxidized HDL elut-

ing from the HPLC column were collected on ice, dried under
vacuum (AES1010 speedyvac system, Thermo Savant, Waltham,
MA) and reconstituted in PBS. The identity of nonoxidized
apoA-I and different forms of oxidized apoA-I, containing MetO
instead of methionine residues as the only modification(s), was
confirmed by mass spectroscopy, as described previously (16, 20).
Reconstituted native and oxidized forms of apoA-I and apoA-II
were overlaid with argon and stored at 220°C for up to 12 months
prior to use. Such storage did not change the nature of the various
apoA-I species, as verified by HPLC (data not shown). HPLC-
purified apolipoproteins are subsequently referred to as lipid-free
forms of apolipoproteins. Concentrations of proteins in each stan-
dard were determined using the bicinchoninic acid protein assay
with BSA as the standard (Pierce).

Anti-human apoA-I132 monoclonal antibodies (mAb)
The generation of anti-human apoA-I132 monoclonal antibod-

ies was performed by the Centre for Animal Biotechnology (Uni-
versity of Melbourne, Melbourne, Australia) with approval from
the local animal ethics committee. Briefly, six Balb/c mice were
immunized three times, 4 weeks apart by subcutaneous and intra-
venous injection of 10 mg HPLC-purified human apoA-I132 in
Freundʼs adjuvant. The strongest responding mice, as shown by
serum Ig levels on an ELISA, were chosen for the fusion. Five days
before the fusion and at least 4 weeks after the previous boost
immunization, a final boost apoA-I132 (10 mg in saline) was ad-
ministered by intravenous injection. On the day of fusion, spleen
cells taken from the immunized mice were added to NS-1 cells in
serum-free DMEM and the fusion carried out using 50% poly-
ethyleneglycol. Fused cells were plated in 96-well plates with rat
thymocyte feeder cells. Seven to 10 days after the fusion, hybrid-
oma supernate was screened for antibodies with solid-phase ELISA
using apoA-I132 as the immunogen. Hybridomas from high pro-
ducing cell pools were subsequently cloned by limited dilution.
Three rounds of clonal isolation were performed to obtain stable
cell lines producing monoclonal antibodies. Two hybridoma cell
lines (6.4.4.26 and 6.4.4.17.2.2) were selected based on preferen-
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tial recognition of apoA-I132 versus apoA-I. Hybridomas initially
cultured in DMEM medium containing 10% FBS, were adapted
to serum-free medium (Hybridoma-SFM, Invitrogen, Carlsbad,
CA). Supernates of the selected hybridoma cell lines were har-
vested and IgG purified by FPLC using a Hitrap protein G HP
affinity column (Amersham Biosciences). To determine the iso-
type, the mouse immunoglobulin screening/isotyping kit (Zymed
Laboratories Inc., San Francisco, CA) was used following the
manufacturerʼs protocol. Purified monoclonal antibodies (mAbs)
were biotinylated by mixing with a 20-fold molar excess of Sulfo-
NHS-LC-Biotin and incubation at RT for .30 min. The reaction
was stopped and biotinylated mAb (B-mAb) dialyzed extensively
against PBS at 4°C for 2 days. Finally, the concentration of B-mAb
was determined by absorbance at 280 nm.

Development of ELISA
Ninety-six-well microplates were coated overnight at 4°C with

100 ml mouse anti-human apoA-I mAb (Chemicon, MAB010-A/11,
1:500 dilution in PBS), plates washed with 0.1% Tween 20 in PBS,
followed by incubation for 1 h at 37°C with 2% BSA in PBS as
blocking buffer. Plates were washed, samples (lipid-free and
lipid-associated apolipoproteins, differently oxidized HDL or
other proteins, and plasma) added, and plates incubated for
1 h at 37°C. Following washing, 100 ml B-mAb was added (1:400
dilution with 2% BSA in PBS) before further incubation for 1 h
at 37°C. Plates were washed again and streptavidin horseradish
peroxidase (Dako, 1:2,500 dilution with 2% BSA in PBS) added
and the plate incubated for a further 1 h at 37°C. Following four
washes, 100 ml 3,3′,5,5′-tetramethylbenzidine (liquid substrate
system solution for ELISA, Sigma) was added and color devel-
oped for 5–10 min at RT. The reaction was stopped by addition
of 100 ml 20% H2SO4, and the absorbance read at 450 nm in a
plate reader.

For competition assay, plates were coated with 100 mL goat
anti-human apoA-I polyclonal antibody (Rockland, 1:10,000 dilu-
tion in PBS), incubated at 4°C overnight, washed and blocked,
and 100 mL apoA-I132 (400 ng/ml) then added. After incubation
(37°C) and washing (0.1% Tween 20 in PBS), 100 mL B-mAb17
(see later discussion) and the competing antibody were added,
the plate was incubated for 1 h at 37°C, and the color was devel-
oped. For detection of oxidized forms of lipid-free apoA-I, respec-
tive apolipoproteins were used at serial dilutions (0-500 ng/ml
PBS containing 2% BSA), and the sensitivity of the ELISA com-
pared with the HPLC assay. For detection of oxidized apoA-I as-
sociated with HDL, 100 mL of AAPH-oxidized HDL (0–15 mg
protein/ml) was added either in PBS containing 2% BSA, or in
40% acetonitrile. Signals were compared with readings obtained
with lipid-free apoA-I132, with the amount of apoA-I132 contained
in AAPH-oxidized HDL determined by HPLC. Where indicated,
native HDL (0–15 mg/ml) or LDL (0–15 mg/ml) was used.

To apply the ELISA to human plasma, plasma samples (10 ml)
were filtered (0.22 mm), supplemented with 90 ml oxidized HDL
(0–15 mg), and then applied to a hydrated SwellGel Blue column
(SwellGel Blue albumin removal kit, Pierce). After 2 min incu-
bation at RT, columns were centrifuged (12,000 g, 1 min). The
sample flow-through (100 ml) was reapplied to the column, the
column recentrifuged, and the second sample flow-through
(100 ml) collected. The column was then washed with 400 ml op-
timized buffer (25 mM Tris, 300 mM NaCl, pH 7.4), the wash
flow-through (400 ml) collected and combined with the above
second sample flow-through prior to ELISA.

SDS-PAGE
SDS-PAGE was performed using 10% bis-TRIS Nupage gels

(Invitrogen) under reducing conditions. Samples loaded con-

sisted of 1 ml of 10 3 diluted plasma without and with an aliquot
(15 mg protein) of the oxidized HDL loaded onto the SwellGel
Blue, or 5 ml of the combined sample and wash flow-through pre-
pared as previously described. After electrophoresis, proteins
were transferred to nitrocellulose membranes (Hybond ECL,
Amersham Biosciences) and immunoblotted using polyclonal goat
anti-human apoA-I (Rockland) antibody as the primary and anti-
goat horseradish peroxidase (Sigma) as the secondary Ab.

Preparation of differently oxidized lipid-free apoA-I
Solutions of lipid-free apoA-I (5 mM) in 20 mM PBS containing

100 mM diethylene triamine pentaacetic acid were oxidized un-
der air at 37°C in the presence of different 1e- or 2e-oxidants.
Specifically, for the Fenton reaction, 2 h incubation with FeCl3
(10 mM) plus H2O2 (5 mM), or 1 h incubation with FeSO4

(10 mM) plus ascorbic acid (1 mM) was used. Alternatively,
apoA-I was oxidized with CuSO4.5H2O (5 mM) or FeCl3
(10 mM) for 2 h. In each case, oxidation was stopped by the addi-
tion of EDTA (5 mM final concentration). For 2e-oxidants, H2O2

(5 mM, 24 h incubation stopped with 200 nM catalase), HOCl
(50 mM, 1 h incubation stopped with 2.5 mM methionine), or
H2O2 (5 mM) plus HOCl (50 mM) (1 h incubation stopped with
methionine and catalase) were used. Alternatively, apoA-I was
oxidized by 2 h exposure to sydnonimine-1 (1 mM), a generator
of nitric oxide plus superoxide anion radical, with the reaction
stopped by 100 mM butylated hydroxytoluene. For controls, in-
cubations were carried out in the absence of the respective oxi-
dant. Differently oxidized forms of apoA-I were then subjected
to ELISA (250 ng protein/ml) and, after gel filtration, to HPLC
(5 mg protein).

Wild-type apoA-I and mutants with one, two, or three of the me-
thionine residues replaced with leucine residues were expressed
in E. coli as described (14, 21). Individual substitution mutations
within human apoA-I cDNA were introduced by primer-directed
PCR mutagenesis or mega-primer PCR. All mutations were verified
by dideoxy automated fluorescent sequencing of cDNA, and
confirmed by MS analysis of the protein (13, 22). These mutants
(5 mM) were then exposed to 20 mM phosphate buffer pH 7.4
containing 100 mM diethylene triamine pentaacetic acid without
(control) and with H2O2 (50 mM) at 37°C for 24 h to convert
the remaining methionine residue(s) to the corresponding MetO.
The reaction was terminated by addition of 200 nM catalase (to
scavenge remaining H2O2) and 10 mM methionine (to inhibit
further oxidation). The formation of MetO was confirmed by
LC-ESI-MS/MS analysis of tryptic or Glu-C digests of oxidized
apoA-I protein and the product yield of individual MetO residues
was determined with reconstructed ion chromatograms of product
and precursor peptides as described (14). Wild-type and mutant
native and oxidized apoA-I were then shipped to Sydney for ELISA
(500 ng protein/ml) and HPLC analyses (5 mg protein).

Preparation of oxidized, methionine
residue-containing proteins

Native HDL (1 mg/ml) or 1 mg/ml BSA, myoglobin, ferritin,
or fibrinogen were oxidized at 37°C in 20 mM PBS containing
100 mM diethylene triamine pentaacetic acid with either H2O2

(100 mM) or HOCl (500 mM). Samples were incubated for
24 h (H2O2) or 1 h (HOCl) and oxidation terminated by addition
of catalase (200 nM) or methionine (2.5 mM), respectively. Oxi-
dized proteins were then subjected to ELISA.

Statistical analysis
Data are shown as mean 6 SEM unless otherwise stated. Intra-

and interassay reproducibility was determined in four independent
analyses each in triplicate.
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RESULTS

Native HDL isolated from freshly obtained human plasma
contains apolipoproteins apoA-I and apoA-II as the major
proteins, which can be separated by HPLC (Fig. 1A).
AAPH-oxidized HDL contained oxidized forms of apoA-I
and apoA-II, which exhibit shorter retention times com-
pared with their respective native forms (Fig. 1B). These
oxidized forms of apoA-I were designated apoA-I132 (con-
taining MetO86 plus MetO112 and eluting at ?23 min) or
apoA-I116, containing MetO112 (?24 min) or MetO86

(?30 min). Methionine modifications were the only mod-
ifications present in these oxidized forms of apoA-I, as ver-
ified by LC-MS/MS (16, 20). Native apoA-II and its
oxidized form (apoA-II116) eluted as three distinct, albeit
incompletely resolved species (Fig. 1B), and were charac-
terized recently (20).

To develop an ELISA for MetO-containing apoA-I, we im-
munized six mice with HPLC-purified human apoA-I132

(16). Of the sera from these mice, two showed increased
recognition of apoA-I132 over apoA-I (Fig. 1C). The
spleens of these mice were used to generate hybridomas,
yielding several different clones, of which two, 6.4.4.26 and
6.4.4.17.2.2 (yielding mAb17) were chosen for isolation of
mAbs and subsequent experiments described herein. Of
these, 6.4.4.26 (hereafter referred to as MOA-I) demon-
strated the highest response to apoA-I132 (data not
shown). Competition experiments revealed that MOA-I
and mAb17 raised against apoA-I132 recognized the same
epitope (Fig. 2), as did several commercial polyclonal
anti-human apoA-I antibodies (i.e., 60021012109 from
Rockland, A95120H from Biodesign, and AB740 from
Chemicon) (data not shown). In contrast, mAb010-A/11
(from Chemicon) and MOA-I bound mutually exclusive
epitopes, as absorbance remained unchanged (Fig. 2).
Therefore, we used mAb010-A/11 for capture and B-MOA-
I for secondary detection in all subsequent experiments.

We first tested the specificity of MOA-I for various HPLC-
purified, oxidized forms of lipid-free apoA-I. As can be seen,
MOA-I detected apoA-I132 in a concentration-dependent
manner and yielded a linear response (Fig. 3A). There
was no cross-reactivity with apoA-I and apoA-II (Fig. 3A),
and comparatively modest recognition of apoA-I116

(MetO112 or Met86) (Fig. 3B). Intra- and interassay varia-
tion for apoA-I132 was 3.8 6 2.7 and 6.3 6 2.9%, respec-
tively. The sensitivity of the ELISA for apoA-I132 was nearly
three orders of magnitude greater than that of the HPLC

Fig. 1. Typical HPLC traces of native and peroxyl radical-oxidized
HDL. HDL was isolated and then subjected to HPLC analysis with-
out and with prior oxidation with 2,2ʼ-azobis(2-amidinopropane)
dihydrochloride (AAPH) (2 mM, 37°C, 3 h) as described in Mate-
rials and Methods. A: Native HDL (0.06 mg protein injected) con-
tains apolipoprotein A-I (apoA-I) (A-I) and apoA-II (A-II) as major
proteins. B: Oxidized HDL (1 mg protein injected) contains oxi-
dized forms of apoA-I and apoA-II in addition to A-I and A-II. The
oxidized forms detected include (in order of elution) apoA-I132

[A-I132, containing methionine sulfoxide (MetO)86 and MetO112],
A-I116 (MetO112), A-I116 (MetO86), A-II132 (containing both Met26

of apoA-II dimer as MetO) and A-II116 (containing one of the two
Met26 of apoA-II dimer as MetO). For assignment of the different
peaks see Refs (7, 8, 16, 20). C: Representative result from the orig-
inal screen of mouse serum. Of six mice immunized with purified
apoA-I132, serum from mouse 1 (circles) and mouse 6 (squares)
showed preferred recognition of apoA-I132 (open symbols) over
apoA-I (closed symbols).

Fig. 2. Mouse monoclonal anti-human apoA-I (MAb010-A/11)
and anti apoA-I132 (MOA-I) antibodies recognize different epi-
topes. Goat polyclonal anti human apoA-I (1:10,000 dilutions)
was used as the capture antibody. ApoA-I132 (400 ng/ml) was then
added, followed by competitive ELISA as described in Materials and
Methods and using biotinylated mAb17 (600 ng/ml) together with
either MAb010-A/11 (squares), MOA-I (triangles) or control anti-
body (diamonds, anti-human smooth muscle actin) as competing
antibody at the molar ratio indicated. The results show mean 6
SEM of four separate experiments, each carried out in triplicates.
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method, with detection limits of 3 ng/ml (Fig. 4A) and
1 mg/ml (Fig. 4B), respectively.

We next applied the ELISA to lipid-free apoA-I oxidized
in vitro by different radical (i.e., 1e-oxidants) or nonradical
(2e-) oxidants. The results show that MOA-I recognized
apoA-I oxidized with the 2e-oxidants HOCl, H2O2 and
peroxynitrite (derived from sydnonimine-1) (Fig. 5A).
These 2e-oxidants are well known to oxidize methionine
residues in proteins to MetO. In the case of apoA-I, this
results in formation of apoA-I132 (7, 8), as verified by
HPLC for HOCl, H2O2 and peroxynitrite (data not shown).
In contrast, lipid-free apoA-I oxidized by 1e-oxidants (i.e.,
hydroxyl radical and metal ions) was poorly recognized by
MOA-I (Fig. 5A) and did not contain substantial amounts
of apoA-I132 or apoA-I116, as verified by HPLC (data not
shown). Together these observations suggest that MOA-I
recognizes MetO-containing apoA-I.

To examine the relative contribution of the three methio-
nine residues of apoA-I (i.e., Met86, Met112, and Met148) to
recognition by MOA-I, we employed mutant apoA-I in
which a single, two, or all three methionine residues were

replaced with leucine. The sequences of wild-type and
mutant apoA-I were confirmed by LC-ESI-MS/MS (not
shown). These proteins were then oxidized by exposure
to H2O2, the resulting formation of MetO confirmed by
LC-ESI-MS/MS (Table 1) and the proteins then subjected
to ELISA. As expected, H2O2-oxidized wild-type apoA-I
yielded a high signal compared with the corresponding
nonoxidized apoA-I (Fig. 5B). Compared with oxidized
wild-type apoA-I, oxidized single methionine to leucine
substituted apoA-I gave smaller signals, although they were
still recognized to a greater extent than the correspond-
ing nonoxidized counterparts, except for M148L apoA-I
(Fig. 5B, upper panel). Consistently smaller signals were
recorded with the oxidized double mutants (M86L/
M148L and M112L/M148L) and the oxidized triple mu-
tant (Fig. 5B, lower panel). HPLC analyses of the respec-
tive wild-type and mutant apoA-I revealed that high ELISA
reactivity was associated with substantially shorter reten-
tion time of the oxidized compared with the nonoxidized
protein (data not shown). Fig. 5C compares the immuno-
reactivity of recombinant and naturally occurring MetO-
containing apoA-I, with the extent of recognition by
MOA-I increasing with increasing numbers of MetO.

Finally, we assessed the specificity of MOA-I for MetO
contained in apoA-I versus other proteins. For this we ex-
posed lipid-free apoA-I, BSA, ferritin, myoglobin, and fi-
brinogen to H2O2 or HOCl to convert their methionine
residues to MetO prior to ELISA. As can be seen, of these
proteins only oxidized apoA-I yielded positive ELISA read-
ings (Fig. 5D). Together, these results indicate that MOA-I
recognizes MetO specifically in apoA-I, and that the extent
of this recognition increases with increasing MetO content.

In a second part of our studies, we examined the suit-
ability of the ELISA to detect MetO-containing apoA-I in
HDL and in plasma. For this we utilized AAPH-oxidized
HDL. As can be seen, the ability of MOA-I to detect such
oxidized HDL was modest (Fig. 6A). However, sensitivity
was enhanced substantially when acetonitrile was added
to the oxidized HDL prior to its application to the ELISA
(Fig. 6A). We chose acetonitrile to “delipidate” MetO-
containing apoA-I in HDL because of its proven efficacy
for this purpose in the HPLC assay. Optimization experi-
ments revealed that acetonitrile at 40% final concentration
gave best results (data not shown). At this concentration,
the ELISA response for delipidated apoA-I132 contained
in oxidized HDL was similar to that observed with lipid-
free apoA-I132 (Fig. 6B). The slightly higher response seen
with oxidized HDL was likely due to the presence of some
apoA-I116 in oxidized HDL but not purified, lipid-free
apoA-I132. Compared with AAPH-oxidized HDL, the ELISA
did not detect native LDL, and reactivity with freshly iso-
lated, native HDL was low (Fig. 6C). Detection of AAPH-
oxidized HDL was reproducible, with intra- and interassay
variation of 4.1 6 3.2 and 9.3 6 4.6%, respectively (n 5 4
separate experiments, each carried out in triplicate).

We next examined whether the ELISA was suitable to
detect oxidized HDL other than AAPH-oxidized HDL.
For this, we used HDL oxidized with H2O2 or HOCl (i.e.,
2e-oxidants that directly convert methionine in apoA-I to

Fig. 4. Sensitivity comparison between ELISA and HPLC for the
detection of apoA-I132. A and B show standard curves for apoA-
I132 in the ELISA and HPLC assay, respectively. ELISA and HPLC
were carried out as described in Materials and Methods, using
HPLC-purified apoA-I132. The results show mean 6 SEM of a rep-
resentative comparison carried out in triplicates. Similar results
were obtained in four separate experiments.

Fig. 3. Specificity of MOA-I for MetO-containing, lipid-free apoA-I.
Serial dilutions (0–500 ng/ml) of apoA-I132 (diamonds), apoA-I
(squares) or apoA-II (triangles) (A); or apoA-I132 (diamonds),
apoA-I116 (MetO86, triangles) or apoA-I116 (MetO112, squares) (B)
were added, followed by the addition of detection antibody (MOA-I)
as detailed in Materials and Methods. The results show mean 6
SEM three separate experiments, each carried out in triplicates.
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MetO). H2O2- and HOCl-oxidized HDL were clearly rec-
ognized by MOA-I (Fig. 6D). Interestingly, and in contrast
to the situation with AAPH-oxidized HDL, delipidation
with acetonitrile was not required to detect H2O2- and
HOCl-oxidized HDL. Importantly, the ELISA did not de-
tect LDL oxidized with either H2O2 or HOCl (Fig. 6D), in-
dicating specificity of the assay for HDL.

We next applied the ELISA to freshly obtained human
plasma samples. Initial experiments revealed high back-
ground readings in diluted and lipid-extracted plasma
samples (data not shown), and albumin to be responsible
for this (Fig. 7A). Efficient (i.e., .95%) removal of albu-
min was achieved using the SwellGel Blue Albumin Re-
moval Kit. However, such removal was not specific for
albumin, as it also removed ?50–60% of apoA-I (data
not shown). Specificity for albumin removal (i.e., .80%
removal of albumin with essentially 100% apoA-I retained)
was achieved with the Swellgel Blue approach using plasma
volumes ,20 ml and 300 mM NaCl, 25 mM Tris, pH 7.4
as the washing buffer (Fig. 7B, C). This method was then
used to examine the ELISA response to plasma containing
increasing amounts of AAPH-oxidized HDL. As can be
seen, the ELISA response to plasma containing increasing
amounts of oxidized HDL was linear (Fig. 7D). Importantly,
the extent of the response was comparable for isolated
oxidized HDL (diamonds in Fig. 7D) and oxidized HDL
added to plasma (circles in Fig. 7D). The intra- and inter-
assay variation for oxidized HDL in plasma was 7.6 6

3.6 and 13.3 6 5.3%, respectively. Together, these results
indicate the usefulness of the ELISA for the determina-
tion of MetO-containing, HDL-associated apoA-I in hu-
man plasma.

Fig. 5. Specificity of ELISA. A: Recognition of lipid-
free apoA-I oxidized by 2e-, but not 1e-oxidants. Native
apoA-I (5 mM) isolated from human HDL and puri-
fied by HPLC was oxidized with the 1e- or 2e-oxidant
indicated before being applied to the ELISA at
250 ng/ml. B: Recognition of recombinant human
wild-type and mutant apoA-I before and after H2O2-
mediated oxidation. Native and H2O2-oxidized wild-
type and single methionine apoA-I mutants (upper
panel) or native and H2O2-oxidized double and triple
methionine apoA-I mutants (lower panel) were sub-
jected to ELISA at 500 ng/ml. C: Recognition of
apoA-I containing 0, 1, 2, or 3 MetO. Recombinant
apoA-I without (triangles) and with H2O2 treatment
(50 mM H2O2, 5 mM apoA-I, 37°C, 24 h) and contain-
ing all three methionine residues as MetO (Table 1)
(squares), or HDL-derived, HPLC-purified apoA-I
containing MetO86 (circles) or MetO86 plus MetO112

(diamonds) were subjected to ELISA at the serial di-
lutions indicated. D: ApoA-I or other Met-containing
proteins (1 mg/ml) were oxidized with H2O2

(100 mM, filled bar) or hypochlorous acid (HOCl)
(250 mM, open bar) and each oxidized protein
(0.5 mg for apoA-I and 10 mg for all other proteins)
then applied to ELISA. A–D, Oxidized apolipopro-
teins and proteins were generated as described in Ma-
terials and Methods. The results show mean 6 SEM
of three separate experiments, each carried out in
triplicates. Mb, myoglobin; Ft, ferritin; Fg, fibrinogen.

TABLE 1. Yield of methionine sulfoxide (MetO) in H2O2-oxidized
recombinant wild-type and mutant apolipoprotein A-I (apoA-I)

ApoA-I MetO86 MetO112 MetO148

Wild-type 0.6 0.8 0.5
Wild-type ox 94 100 99
M86L n/a 0.3 0.3
M86Lox n/a 100 98
M112L 0 n/a 0.5
M112Lox 88 n/a 95
M148L 0 0.2 n/a
M148Lox 67 100 n/a
M86L/M148L n/a 0.3 n/a
M86L/M148Lox n/a 100 n/a
M112L/M148L 0 n/a n/a
M112L/M148Lox 60 n/a n/a
M86L/M112L/M148L n/a n/a n/a
M86L/M112L/M148Lox n/a n/a n/a

Wild-type and mutant forms of apoA-I were expressed, purified,
and then oxidized with reagent H2O2 as described in Materials and
Methods. Oxidized proteins were then analyzed by LC-ESI-MS/MS to
verify the extent of oxidation of methionine residues to MetO. Yield
of MetO (%)5 peak area of product ion / sum (peak area of precursor
ion 1 peak area of product ion) 3 100. The data represent averages of
two sets of independent analyses, with the variation between the respec-
tive two values ,3%.
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DISCUSSION

It has been proposed that oxidized HDL plays a major
role in atherogenesis, yet most presently available methods
to detect oxidized HDL are not readily applicable to large
numbers of clinical samples because they are time consum-
ing and require specialized and expensive equipment. The
present work describes a simple and robust ELISA for the
specific detection of MetO-containing apoA-I in HDL as a
novel tool potentially useful for evaluating the relationship
between oxidized HDL, atherosclerosis and coronary ar-
tery disease.

The ELISA described here is based on MOA-I, a mono-
clonal antibody that we raised against HPLC-purified, lipid-
free human apoA-I132 containing two (Met86 and Met112)
of its three methionine residues as MetO. Several indepen-
dent lines of evidence support the specificity of MOA-I for
MetO-containing apoA-I. First, MOA-I readily recognized
apoA-I132 but not native apoA-I (Fig. 3A) purified from
oxidized and native human HDL by HPLC. Second, the
experiments with recombinant human wild-type and mu-
tant apoA-Is (Fig. 5) showed that methionine residues were
required for MOA-I to recognize H2O2-oxidized apoA-I. In
the absence of cysteine residues in apoA-I, H2O2 selectively
oxidizes methionine to MetO. Importantly, we used MS-

based methods to unambiguously identify and confirm
MetO as the only modified chemical moiety in the different
forms of oxidized apoA-Is used in these experiments. In
addition to H2O2-oxidized apoA-I, MOA-I also recognized
lipid-free apoA-I oxidized by other 2e-oxidants (HOCl and
peroxynitrite), whereas the antibody was nonreactive to-
ward apoA-I modified by 1e-oxidants (Fig. 5). It is well es-
tablished that 2e-oxidants, but not 1e-oxidants, effectively
convert methionine residues into MetO (7, 8). Finally, spec-
ificity of MOA-I for MetO-containing apoA-I is indicated
by the fact that the ELISA did not detect H2O2- or HOCl-
treated, methionine-containing proteins other than apoA-I.

In contrast to isolated, lipid-free apoA-I, MOA-I recog-
nized HDL oxidized by 2e-oxidants and 1e-oxidants (i.e.,
peroxyl radicals). This observation is explained readily by
the fact that 1e-oxidants, like AAPH-derived peroxyl radi-
cals, preferentially react with the lipoproteinʼs lipids. This
causes lipid peroxidation with the resulting accumulation
of hydroperoxides of phospholipids and cholesterylesters
(23) that then oxidize apoA-Iʼs methionine to MetO (7,
8, 24, 25). The fact that our ELISA recognizes HDL oxi-
dized by a range of different oxidants increases its ap-
plicability to biological samples, at least in the context of
cardiovascular diseases. This is because various oxidants
contribute to oxidative modifications taking place in the
affected arterial wall during atherogenesis (1). Thus, while
“oxidized HDL” is not a chemically defined term, the pres-
ence of MetO-containing apoA-I in such modified lipo-
proteins likely represents a feature of oxidative damage
required for MOA-I recognition.

We raised MOA-I using apoA-I132 as the immunogen be-
cause this specifically oxidized apoA-I is formed as a major
and relatively stable oxidation product when HDL is ex-
posed to radical oxidants in vitro (16). Also, apoA-I132

has physical properties clearly distinct from native, nonoxi-
dized apoA-I that allows the two forms of the protein to be
separated by HPLC (Fig. 1), and that we hypothesized
would generate antigen(s) suitable for the generation of
mAbs. Indeed, sera from two of the six animals immunized
with apoA-I132 showed increased recognition of apoA-I132

over apoA-I (Fig. 1C). Perhaps more surprisingly, we no-
ticed that most commercially available monoclonal and
polyclonal anti-human apoA-I antibodies also preferentially
recognized apoA-I132 over native apoA-I (not shown). We
believe this is likely due to the lipid hydroperoxide-mediated
conversion of methionine residues to MetO when apoA-I is
associated with lipids as in HDL, and samples are worked
up or stored under conditions that do not effectively pre-
vent inadvertent lipid oxidation. Our findings may also
explain why antibody-based assays are not commonly em-
ployed in clinical biochemistry laboratories for the deter-
mination of HDL, if the antibodies used preferentially
recognize oxidized apoA-I and samples are stored in the
absence of added antioxidants for varying times (see also
Ref. (26). That most commercial antibodies recognize oxi-
dized apoA-I in preference to nonoxidized apoA-I also sug-
gests that caution is needed when interpreting data based
on antibody-dependent quantification of apoA-I in biologi-
cal samples. In atherosclerosis research, for example, sam-

Fig. 6. Specific detection of MetO-containing apoA-I associated
with HDL by ELISA. A: Standard curves of AAPH-oxidized HDL
(0–15 mg protein/ml) in PBS (circles) or 40% acetonitrile (dia-
monds). B: Comparison of ELISA response to HDL-associated
apoA-I132 (squares) versus isolated, lipid-free apoA-I132 (diamonds).
The amount of apoA-I132 contained in AAPH-oxidized HDL was de-
termined by HPLC as described in Materials and Methods. C: Stan-
dard curves of AAPH-oxidized HDL in 40% acetonitrile (squares)
versus native HDL (circles) and LDL (triangles) in 40% acetonitrile.
D: Comparison of ELISA reactivity for H2O2- and HOCl-oxidized
HDL and LDL. Results show mean 6 SEM of four (A–C) and three
separate experiments (D), each performed in triplicates.
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ples often vary in terms of lipid content and are processed
(e.g., fixed or homogenized) and/or stored without con-
trolling for ex vivo oxidation events.

We are aware of only two previously reported antibodies
against oxidized apoA-I or HDL: mAb C311 raised against
AAPH-oxidized apoA-I (27), and mAb 9F5-3a raised
against HDL oxidized by CuSO4 (28). Both these mAbs
likely recognize epitopes not directly related to MetO, as
MetO is not a major product in apoA-I oxidized with AAPH
(7), and it is not responsible for cross-linked apoA-I that is
recognized by mAb 9F5-3a (29). Irrespective, Nakajima
et al. (29) reported increased levels of oxidized HDL,
defined by immunoreactivity with mAb 9F5-3a, in plasma
from patients with coronary artery disease compared with
healthy subjects and patients with noninsulin-dependent
diabetes mellitus. It remains to be established how this find-
ing relates to the presence of ‘oxidized HDLʼ with MetO-
containing apoA-I.

Our results with isolated mutants (Fig. 5) indicate that
the extent of recognition by MOA-I is higher for apoA-I with
all three methionine residues present as MetO than for
apoA-I132, the immunogen used in the present study. Thus,
rather than directly recognizing MetO, MOA-I appears to

bind a conformational epitope of apoA-I that is generated
as its three methionine residues become converted to MetO.
This interpretation is consistent with the lack of ELISA
response to methionine-containing proteins other than
apoA-I, oxidized by H2O2 or HOCl. In apoA-I, the hydro-
phobic methionine residues are located at the boundary
between polar and nonpolar faces of amphipathic helices,
such that introduction of the more polar MetO could alter
the hydrophobic moment and hence secondary structure
of the protein (30).

The ELISA described in the present manuscript is likely
relevant to clinical samples, as judged by its limits of detec-
tion of MetO-containing apoA-I and our previous HPLC-
based study, indicating that in such samples, up to 15% of
endogenous apoA-I may be present as apoA-I132 (16). Thus,
the amount of MetO-containing apoA-I (MetO86, MetO112,
or MetO86 plus MetO112) added as “HDLox” to the 1/10
diluted plasma in Fig. 7D ranged from 0–0.525 mg, as de-
termined by HPLC analysis of the AAPH-oxidized HDL
used. This corresponds to 0–7% of the endogenous apoA-
I contained in the plasma, given that apoA-I constitutes
?70% of HDLʼs protein and the concentration of apoA-I
in human plasma is ?1.5 mg/ml (31).

Fig. 7. Determination of MetO-containing apoA-I in HDL added to plasma by ELISA. A: Effect of BSA and
human serum albumin (HSA) on background absorbance in ELISA. BSA or HSA (100 ml of a 2% solution
each) was applied to the ELISA in the absence of apolipoproteins, and the background readings recorded. B:
Recovery of apoA-I after albumin removal by SwellGel Blue using 25 mM Tris, pH 7.4 and the NaCl concen-
tration indicated. Filtered and 1:10 diluted plasma (total volume 100 ml) before (“B”) or after (“A”) SwellGel
Blue column filtration was subjected to SDS-PAGE/Western as described in Materials. Representative Western
blots are shown. C: Quantification of the Western data shown in B. Results are expressed as the ratio of apoA-I
before to after SwellGel Blue albumin removal process. D, ELISA detection of MetO-containing apoA-I in HDL
and added to human plasma. Fresh plasma (10 ml) was spiked with increasing concentrations of AAPH-
oxidized HDL (0–15 mg/ml) and then passed through SwellGel Blue column, washed with optimized buffer
(300 mM NaCl, 25 mM Tris pH 7.4) and the combined flow-through and wash sample (total volume 100 ml)
applied to ELISA as described in Materials and Methods. For comparison, the response to AAPH-oxidized
HDL added to plasma and passed through the SwellGel Blue column (circles) was plotted against a standard
curve obtained with AAPH-oxidized HDL alone (triangles). Results show mean 6 SEM of a representative of
four separate experiments each carried out in triplicates.

ELISA for oxidized apoA-I 593

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


While feasible (see the introduction to this article), the
biological or pathological role of MetO-containing apoA-I
is presently not established. This could limit the importance
of the ELISA described herein. Also, we exclusively used
in vitro generated oxidized forms of apoA-I andHDL,whereas
the oxidative modifications occurring to apoA-I in the dis-
eased artery wall are conceivably more complex (1). For ex-
ample, we do not know whether, and if so to what extent,
oxidative modifications in addition to MetO formation,
such as cross-linking of apoA-I, affect the response of the
ELISA described in the present study. An additional poten-
tial limitation of the present assay is that HDL is subject to
continuous remodeling in vivo. This includes dissociation of
apoA-I from the lipoprotein particle, a process that could be
increased by oxidation (32). Clearly, future studies are re-
quired to assess these various aspects, as well as the utility
of the ELISA described for clinical studies and/or the use
of MOA-I to immunoprecipitate modified apoA-I from bio-
logical materials for subsequent characterization.

We thank Mr Peter Anderson-Stewart for initial experiments.
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