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 Population studies have shown an inverse relationship 
between plasma HDL levels and the risk for atheroscle-
rotic disease, implying that factors associated with HDL 
metabolism are cardioprotective. HDL and its major pro-
tein, apolipoprotein A-I (apoA-I), are thought to protect 
against atherosclerosis by several diverse mechanisms, 
including removing excess cholesterol from arterial 
macrophages, reducing infl ammation, and inhibiting li-
poprotein oxidation ( 1 ). There is strong evidence that the 
infl ammatory milieu of atherosclerotic tissue can promote 
oxidation of HDL apolipoproteins and impair their car-
dioprotective activities ( 2 ). 

 One oxidative pathway in the human artery wall involves 
myeloperoxidase (MPO), a phagocyte heme protein that 
colocalizes with arterial macrophages ( 3, 4 ). MPO uses hy-
drogen peroxide (H 2 O 2 ) and chloride to generate hy-
pochlorous acid (HOCl), a powerful chlorinating oxidant 
( 5 ). MPO also uses H 2 O 2  and nitrite (NO 2  

 �  ) to generate 
reactive species that nitrate proteins ( 6, 7 ). HDL isolated 
from human atherosclerotic lesions contains high levels of 
3-chlorotyrosine and 3-nitrotyrosine ( 8–10 ). In mouse 
models of acute infl ammation, generation of both of these 
oxidized amino acids is markedly impaired when the mice 
are defi cient in MPO ( 7, 11 ). Moreover, levels of 3-chloro-
tyrosine and 3-nitrotyrosine are markedly higher in HDL 
isolated from plasma of subjects with established coronary 
artery disease than in HDL from healthy subjects ( 8–10 ). 
These fi ndings indicate that MPO targets HDL for oxida-
tion in humans and support the concept that reactions 
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tions with ABCA1 that are required for lipid removal and 
signaling. In contrast, oxidation has little or no effect on 
ABCA1 stabilization and phospholipid solubilization. 

 EXPERIMENTAL PROCEDURES 

 Oxidation of apoA-I 
 HDL was prepared by sequential ultracentrifugation (density 

range 1.125–1.21 g/ml) and depleted of apoE and apoB by 
heparin-agarose chromatography ( 34 ). ApoA-I was purifi ed 
from HDL by ion exchange chromatography ( 34 ). MPO 
(donor:hydrogen peroxide, oxidoreductase, EC 1.11.1.7) was iso-
lated from human neutrophils by lectin affi nity and size exclu-
sion chromatographies and stored at –20°C ( 35 ). Enzyme 
concentration (A 430 /A 280  > 0.8) was determined spectrophoto-
metrically ( �  430  = 178 mM  � 1 cm  � 1 ). ONOO  �   was synthesized by 
reacting nitrite and H 2 O 2  under acidic conditions followed by 
rapid quenching with an excess of sodium hydroxide ( 36, 37 ). 
Concentrations of ONOO  �  , HOCl, and H 2 O 2  were determined 
spectrophotometrically ( �  302  = 1,670 M  � 1  cm  � 1 ,  �  292  = 350 M  -1  
cm  � 1 , and  �  240  = 39.4 M  � 1 cm  –1 , respectively) ( 36, 37 ). 

 Oxidation reactions were carried out at 37°C in phosphate 
buffer (20 mM sodium phosphate, 100  � M diethylenetriamine-
pentaacetic acid (DTPA), pH 7.4) containing 10  � M apoA-I. To 
create the MPO-H 2 O 2 -Cl  �   system, we supplemented the reaction 
mixture with 75 nM myeloperoxidase, 100 mM NaCl, and 250 
 � M H 2 O 2 . For the MPO-H 2 O 2 -NO 2  

 �   system, the reaction mixture 
was supplemented with 75 nM myeloperoxidase, 100  � M sodium 
nitrite, and 250  � M H 2 O 2 . Reactions were initiated by adding oxi-
dant and terminated by adding 5 mM methionine. 

 Proteolytic digestion of oxidized apoA-I, LC-ESI-MS, and 
quantifying oxidized amino acids 

 Native or oxidized lipid-free apoA-I was digested with sequenc-
ing grade modifi ed trypsin (Promega) or sequencing grade en-
doproteinase Glu-C (Roche Applied Science) and fractionated 
by liquid chromatography as described ( 31, 32, 38 ). MS and MS/
MS analyses were performed in the positive ion mode (mass 
range 200–2,000 Da) with a Thermo-Finnigan LCQ Deca XP Plus 
instrument as previous described ( 38 ). Peptide ion currents were 
used to quantify modifi ed amino acids. Product yield of oxidized 
peptides was determined with reconstructed ion chromatograms 
of product and precursor peptides, calculated as: product yield 
(%) = [(product ion peak area) / (precursor ion peak area + 
product ion peak area)] × 100. This method assumes that all pre-
cursor peptide is converted into known oxidation products and 
that the MS response characteristics of the product ions are simi-
lar to those of the precursor ion ( 38 ). 

 Cholesterol effl ux 
 Baby hamster kidney (BHK) cells expressing mifepristone-

inducible human ABCA1 were radiolabeled for 24 h by adding 
[ 3 H]cholesterol to the 10% fetal bovine growth medium ( 39 ). 
ABCA1 expression was then induced by incubating cells for 20 h 
with DMEM containing 1 mg/ml BSA (DMEM/BSA) and 10 nM 
mifepristone ( 39 ). Effl ux of [ 3 H]cholesterol was measured after 
a 2-h incubation with DMEM/BSA without or with control or oxi-
dized apoA-I, as described ( 31, 32, 39 ). Cholesterol effl ux medi-
ated by apoA-I was calculated as the percentage of total [ 3 H]
cholesterol (medium plus cell) released into the medium after 
the value obtained with DMEM/BSA alone was subtracted. BHK 
cells incubated with native, oxidized, or reduced apoA-I for up to 
4 h showed no changes in morphology, and the cell protein and 
cholesterol content per well remained stable. 

mediated by the enzyme help generate dysfunctional HDL 
in atherosclerotic lesions. 

 One cardioprotective pathway associated with HDL me-
tabolism is controlled by ATP-binding cassette transporter 
A1 (ABCA1) ( 12 ). This membrane protein exports choles-
terol and phospholipids from cells to apoA-I and other 
lipid-poor HDL apolipoproteins. ABCA1 is induced by 
intracellular cholesterol through the liver X receptor 
transcription pathway, and thus is highly expressed in cho-
lesterol-loaded cells, including the foam cells that charac-
terize early atherosclerotic lesions ( 13 ). Mutations that 
make ABCA1 nonfunctional strongly associate with an in-
creased risk of cardiovascular disease in humans ( 14 ). 
Moreover, ablation of ABCA1 in mouse macrophages pro-
motes atherosclerosis in hypercholesterolemic mice ( 15, 
16 ), indicating that cholesterol effl ux by the ABCA1 path-
way of macrophages is of central importance in the cardio-
protective effects of HDL. 

 Removal of cholesterol and phospholipids from cells 
through the ABCA1 pathway requires lipid-poor apolipo-
proteins to bind directly to ABCA1 ( 17, 18 ). It also requires 
the apolipoproteins to solubilize lipid domains that ABCA1 
creates in the plasma membrane ( 19–22 ). In addition, the 
interaction of apolipoproteins with cells that express 
ABCA1 elicits several other responses, including stabiliza-
tion of ABCA1 protein ( 23–25 ) and activation of Janus ki-
nase 2 (JAK2) and other intracellular signaling pathways 
( 20, 26–30 ). However, it is unclear how these different re-
sponses are related and whether they all require apolipo-
proteins to bind to ABCA1. 

 Chlorination of apoA-I by the MPO pathway impairs its 
ability to remove excess cellular cholesterol by the ABCA1 
pathway ( 8, 10, 31, 32 ). Mass spectrometric analysis of chlo-
rinated apoA-I reveals that this loss of activity associates with 
oxidation of several methionine residues and chlorination 
of a single tyrosine residue Tyr192 ( 31, 32 ). Analysis of a 
mutated form of apoA-I and biochemical studies with me-
thionine sulfoxide reductase suggest that chlorination of 
Tyr192 in concert with methionine oxidation impairs 
ABCA1 transport activity ( 32 ). Tryptophan residues have 
also been implicated in loss of the ABCA1 activity of oxi-
dized apoA-I ( 33 ). However, the lipid-free mutant protein 
used for these studies exhibited a marked increase in 
 � -helical content relative to lipid-free native protein, raising 
concerns that the mutations introduced major changes in 
the secondary and tertiary structure of the protein. Collec-
tively, these observations indicate that MPO oxidatively 
damages HDL in humans and suggest that oxidation of spe-
cifi c amino acid residues in apoA-I contribute to atherogen-
esis by impairing cholesterol effl ux from macrophages. 

 To probe the cascade of cellular events implicated in cho-
lesterol effl ux by the ABCA1 pathway, the current studies 
used the MPO pathway to chlorinate or nitrate apoA-I. Our 
observations indicated that chlorination (but not nitration) 
blocks the binding of apoA-I to ABCA1, preventing JAK2 
activation. In contrast, neither chlorination nor nitration 
altered the ability of apoA-I to stabilize ABCA1 or solubilize 
phospholipids. Thus, oxidation of apoA-I by the MPO-H 2 O 2 -
Cl  �   system selectively impairs the apolipoprotein interac-
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3 mg of apoA-I ( � 2.24  � mol of Lys) dissolved in 15 mM sodium 
phosphate buffer (pH 7.0), 22.5  � mol of NaCNBH 3  in sodium 
phosphate buffer (pH 7),  � 4  � Ci of [ 14 C]formaldehyde in dis-
tilled water was added, and the mixture was incubated at 4°C for 
18 h. Reductive methylation reaction was stopped by dialysis at 
4°C against 10 mM sodium phosphate buffer (pH 7). For binding 
experiments, 0.28 mg/ml  14 C-labeled lipid-free apoA-I ( � 10  � M) 
was oxidized by 250  � M HOCl, ONOO  �  , or by 250  � M H 2 O 2  in 
the MPO-H 2 O 2 -NaCl (MPO-Cl) or MPO-H 2 O 2 -NaNO 2  (MPO-N) 
system as described above. 

 Small unilamellar vesicles (SUV) were prepared by dissolv-
ing 20 mg of egg L- � -phosphatidylcholine (PC) in 1 ml 
chloroform:methanol (2:1) in a Corex glass tube ( � 10 ml) 
( 43 ). After adding [ 3 H]cholesterol, the lipid mixture was dried 
onto the wall of the tube using a stream of nitrogen, and resid-
ual organic solvent was removed under vacuum. Lipid was rehy-
drated in 5 ml of 10 mM sodium phosphate buffer (pH 7.4; fi nal 
concentration, 4 mg/ml of egg PC and 170 pmol/ml of [ 3 H]
cholesterol) and sonicated on ice under nitrogen with a Mis-
onix Sonicator 3000 until the initially cloudy lipid dispersion 
became translucent. After spinning for 15 min at 3,000 rpm 
(Eppendorf 5810R centrifuge) to remove titanium debris, the 
supernatant were centrifuged at 187,800  g  for 245 min at 4°C 
(Beckman Optima L Preparative Ultracentrifuge) to get rid of 
any remaining large vesicles. The top layer was collected as 
SUV, which were stored at 4°C and used within a few days of 
preparation. 

 The binding of apoA-I to SUV was assayed by size-exclusion 
chromatography as previously reported ( 43, 44 ). SUV (0.2 mg 
egg PC/ml) were incubated with shaking for 1 h at room tem-
perature with 25  � g/ml of  14 C-labeled control or oxidized apoA-I 
in 0.15 M NaCl and 10 mM sodium phosphate (pH 7.4). Samples 
(500  � l) were then fi ltered, loaded onto a Superdex 200 column 
(60 × 1.6 cm) and eluted with 10 mM Tris buffer at a fl ow rate of 
1 ml/min using a Pharmacia FPLC system. Levels of [ 3 H]choles-
terol and [ 14 C]apoA-I were monitored in each fraction (1 ml) 
using liquid scintillation counting. 

 RESULTS 
 Many lines of evidence support the hypothesis that apo-

lipoproteins remove lipids from cells in three steps: (1) 
the apolipoprotein binds directly to ABCA1;(2) it then 
binds to exovesiculated lipid domains formed by ABCA1; 
and (3) it solubilizes the lipids ( 12, 19, 21, 45 ). Any of 
these steps could be impaired if apoA-I were oxidized by 
the MPO pathway. Here, we examined the effects of MPO 
on the ability of apoA-I to promote cholesterol effl ux, in-
teract with ABCA1, modulate ABCA1 stability and func-
tion, and solubilize phospholipids. 

 We fi rst determined whether chlorinating and nitrating 
intermediates generated by MPO can impair cholesterol 
effl ux by the ABCA1 pathway. Our previous studies dem-
onstrated that Tyr192 in apoA-I is the major target for 
both types of oxidizing intermediates ( 31 ). Exposing 
apoA-I to increasing concentrations of H 2 O 2  in the pres-
ence of MPO and NaCl progressively and severely impaired 
its ability to remove cellular cholesterol from BHK cells 
transfected with ABCA1 (  Fig.1A  ).  Similar results were ob-
served when apoA-I was exposed to increasing concentra-
tions of reagent HOCl ( Fig. 1A ). This impairment closely 
correlated with the extent of chlorination of Tyr192 ( 31 ). 
At a 25-fold molar excess of H 2 O 2  or HOCl, the high-affi nity, 

 Competitive cell-surface and ABCA1 binding 
 ApoA-I was labeled with  125 I as described previously ( 28 ) to an 

activity of 50,000–100,000 cpm/ � g apoA-I using IODO-BEADS 
Iodination Reagent (Pierce) according to manufacturer’s in-
structions. For the competitive cell-surface binding assay, mifepris-
tone-treated BHK cells were incubated for 2 h with 1  � g/ml 
 125 I-apoA-I minus or plus the indicated concentrations of unla-
beled native or oxidized apoA-I, chilled on ice, washed twice at 
0°C with PBS/BSA and twice with PBS, and digested with 0.1 N 
NaOH. Cell-associated radioactivity and cell protein were mea-
sured, and the results were expressed as ng apoA-I per mg cell 
protein. For the ABCA1 binding studies, cells were incubated for 
2 h with 1–2 µg/ml  125 I-apoA-I minus or plus 2 µg/ml unlabeled 
control or oxidized apoA-I, treated for 30 min at room tempera-
ture with PBS containing 1 mg/ml DSP (a cross-linking agent), 
and washed twice with cold PBS containing 20 mM glycine ( 25, 
40 ). ABCA1 was isolated from detergent extracts by immunopre-
cipitation and reduced SDS PAGE, and  125 I-apoA-I was visualized 
by phosphorimaging and quantifi ed using OptiQuant (Packard 
Instruments) software. 

 ABCA1 stabilization 
 J774 macrophages were loaded with cholesterol by incubating 

them for 24 h with 50 µg/ml acetylated LDL. To induce ABCA1, 
they were then incubated with DMEM/BSA plus 0.5 mM 8-Br-
cAMP for 20 h. The cells were washed twice with PBS/BSA, and 
then incubated for 4 h with DMEM/BSA with or without 8-Br-
cAMP plus or minus 10  � g/ml control or oxidized apoA-I ( 25, 
28 ). 

 Immunoblot analyses 
 To identify ABCA1 protein, we isolated membranes from ho-

mogenized J774 macrophages by ultracentrifugation, solubilized 
them in SDS buffer, and resolved the proteins by SDS-PAGE. 
ABCA1 was identifi ed by immunoblotting ( 40 ). The amounts of 
JAK2 and phosphorylated JAK2 in cells were measured by immu-
noblot analyses using antibodies to JAK2 (Santa Cruz Biotechech-
nology, Inc., Santa Cruz, CA) and to tyrosine-phosphorylated 
JAK2 (Biosource International) ( 28, 29 ). Equal amounts of mem-
brane or cell protein were added per gel lane. 

 Solubilization of phospholipid vesicles 
 The ability of control and oxidized apoA-I to solubilize multi-

lamellar liposomes made of dimyristylpalmitylcholine (DMPC) 
was studied by a kinetic-turbidimetric method ( 41 ). DMPC (10 
mg/ml) was dissolved in chloroform:methanol (2:1, v/v) in a 
glass tube, and the solution was dried under a gentle stream of 
nitrogen with constant rotation to deposit a thin layer of lipid on 
the sides of the tube. Dried DMPC was dispersed in PBS buffer 
(pH 7.4) at 2 mg/ml. The solution was vortexed thoroughly and 
sonicated in a water bath for 10 min to generate multilamellar 
liposomes. Control or oxidized apoA-I (200  � g in PBS buffer, pH 
7.4) was added to an aliquot of the DMPC solution (400  � g 
DMPC) to give a fi nal DMPC/apoA-I ratio of 2:1 (w/w) at a fi nal 
protein concentration of 0.17 mg/ml. The experiment was per-
formed at 24.5°C, and the absorbance at 325 nm was monitored 
at 1- or 2-min intervals, using a Varian Cary 100 Bio UV-visible 
spectrophotometer. The  �  1/2  was defi ned as the time required for 
the initial turbidity to decrease by 50%. 

 Phospholipid binding of apoA-I 
  14 C-Labeled apoA-I was prepared at a specifi c activity of  � 1 

 � Ci/mg protein by reductive methylation of lysines with [ 14 C]
formaldehyde and sodium cyanoborohydride ( 42, 43 ). For each 
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fi ndings are consistent with the proposal that modifying 
Tyr192 alone cannot account for the observed loss of func-
tion of oxidized apoA-I; oxidation of methionines is also 
required ( 32 ). 

 We used  125 I-labeled apoA-I and the cross-linking agent 
DSP to determine if chlorination reduces the direct bind-
ing of apoA-I to ABCA1. Because chlorination and nitra-
tion modify tyrosine residues that are radiolabeled, we 
used a competitive rather than direct binding assay to test 
for changes in ABCA1 interactions. ABCA1-transfected 
BHK cells were incubated with 1–2 µg/ml  125 I-apoA-I in 
the absence or presence of 2–10 µg/ml unlabeled unmod-
ifi ed (control) or oxidized apoA-I, and then treated with 
DSP. ABCA1 was isolated by immunoprecipitation and 
reduced SDS PAGE, and cross-linked  125 I-apoA-I was de-
tected by autoradiography and phosphorimaging (  Fig. 3A  ). 
Addition of unlabeled control apoA-I or nitrated apoA-I 
reduced the amount of complex detected, indicating that 
unmodifi ed and nitrated apoA-I compete equally with  125 I-
apoA-I for binding to ABCA1. In contrast, apoA-I exposed 
to either HOCl or the MPO-H 2 O 2 -Cl  �   system was unable to 
compete as effectively with  125 I-apoA-I to cross-link to 
ABCA1. Quantifi cation of data from two sets of experi-
ments showed that chlorinated apoA-I had less ability than 
wild-type or nitrated apoA-I to compete for apoA-I binding 
to ABCA1 ( Fig. 3B ). These observations indicate that the 
binding of chlorinated apoA-I to ABCA1 is impaired com-
pared with the binding of native apoA-I. In contrast, nitra-
tion appears to have little effect on the binding of apoA-I 
to ABCA1. 

 The interaction of apoA-I with ABCA1 rapidly elicits in-
tracellular signals, including autophosphorylation of JAK2 
( 28, 29 ). This signaling pathway promotes the binding of 
apoA-I to ABCA1 that is required for lipid removal. As 
previously reported ( 28, 29 ), incubating BHK cells that 
express ABCA1 with control apoA-I for only 15 min dra-
matically increases JAK2 phosphorylation (  Fig. 4  ).  We ob-
served similar results when we nitrated apoA-I with either 
ONOO  �   or the MPO-H 2 O 2 -NO 2  

-  system. In contrast, the 
ability of apoA-I to stimulate JAK2 phosphorylation was 
greatly (though not completely) reduced by chlorination 
with either HOCl or MPO-H 2 O 2 -Cl  �   system. Thus, in addi-
tion to impairing lipid removal, chlorination of apoA-I re-
duces its ability to stimulate JAK2 signaling. 

 The majority of apoA-I binding sites on the surfaces of 
cells that express ABCA1 appear to be lipid domains 
formed by ABCA1 through exofacially directed transport 
of phospholipids to the outer plasma membrane ( 19, 21, 
22, 46 ). We therefore determined how oxidation by the 
MPO pathway affected the ability of apoA-I to bind to such 
cells. ApoA-I exposed to a 25-fold molar excess of either 
HOCl or H 2 O 2  plus MPO and NaCl lost most of its ability 
to compete with  125 I-apoA-I for binding to BHK cells that 
expressed ABCA1 (  Fig. 5  ).  This was particularly evident at 
the lowest concentration of apoA-I, which represents high-
affi nity binding. In contrast, nitrating apoA-I with either 
ONOO  �   or H 2 O 2  plus MPO and NaNO 2  had no effect on 
its ability to compete with  125 I-apoA-I. These results indi-
cate that chlorination (but not nitration) severely impairs 

saturable component of apoA-I-mediated cholesterol ef-
fl ux was nearly abolished ( Fig. 1B ). 

 At this molar ratio of oxidants, LC-ESI-MS and MS/MS 
analyses of a tryptic digest of the oxidized protein confi rmed 
that Tyr192 was the predominant site of chlorination by 
either HOCl or the MPO-H 2 O 2 -chloride system ( � 25%) 
(  Fig. 2A  ).  Tyr236 and Tyr115 were the second targets 
(7%–10%), while a low level of chlorination was observed 
at Tyr18, Tyr29, Tyr100, and Tyr166 (2%–5%). We also 
confi rmed that all three methionine residues in apoA-I 
were quantitatively (>95%) oxidized to methionine sulfox-
ide ( Fig. 2C ). Results from multiple experiments with both 
ABCA1-transfected BHK cells and cAMP-treated J774 mac-
rophages showed that these chlorinating reactions im-
paired apoA-I function by 60%–85%. In contrast, exposing 
apoA-I to a 25-fold molar excess of H 2 O 2  in the presence of 
MPO and NO 2  or to reagent ONOO  �   had little or no ef-
fect on cholesterol effl ux ( Fig. 1A, B ). 

 Using LC-ESI-MS/MS analysis, we also confi rmed that 
all tyrosine residues had been targeted for nitration and 
that Tyr192 was the predominant site of nitration when 
apoA-I was exposed to either the MPO-H 2 O 2 -nitrite system 
or reagent ONOO  �   ( � 50% or  � 85%, respectively) ( Fig. 
2B ). Tyr236 ( � 40%) was the second major target for nitra-
tion, and lower levels of nitration were observed at Tyr18, 
Tyr29, Tyr100, Tyr115, and Tyr166 (8%–20% for ONOO  �   
and  � 25% for MPO-H 2 O 2 -nitrite system). At a 25:1 molar 
ratio of oxidant, ONOO  �   oxidized  � 18% of Met86,  � 55% 
of Met112, and  � 40% of Met148, while the MPO-H 2 O 2 -
nitrite system oxidized  � 50%,  � 98%, and  � 75% of Met86, 
Met112, and Met148, respectively. These observations sug-
gest that reactive nitrogen species are less effi cient at oxi-
dizing methionine residues in apoA-I than is HOCl. These 

  Fig.   1.  ABCA1-dependent cholesterol effl ux activities of apoA-I 
oxidized by MPO. (A) [ 3 H]Cholesterol effl ux from ABCA1-trans-
fected BHK cells was measured after a 2-h incubation with 3 µg/ml 
of apoA-I, apoA-I exposed to MPO in the presence of H 2 O 2  and 
either NaCl (MPO-Cl) or NaNO 2  (MPO-NO 2 ), or apoA-I exposed 
to reagent HOCl or ONOO  �  . Oxidation reactions were carried out 
at the indicated ratio (mol:mol) of oxidant to apoA-I. (B) [ 3 H]
Cholesterol effl ux was measured during 2-h incubations with the 
indicated concentrations of control apoA-I or apoA-I treated with a 
25:1 ratio (mol:mol) of oxidant to apoA-I. [ 3 H]Cholesterol effl ux is 
expressed as % of total medium and cell [ 3 H]cholesterol that is 
released into the medium. Results are means ± SD of three deter-
minations, and are representative of more than six independent 
experiments.   
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constants ( k  1/2  [ k  1/2  = 1/ �  1/2 ]) for clearance ( 47 ), both 
chlorinated and nitrated apoA-I converted multilamellar 
liposomes to SUV more rapidly than did control apoA-I. 
Similar results have been reported for apoA-I containing 
oxidized methionine residues ( 48 ). These observations 
suggest that oxidation of apoA-I does not reduce its ability 
to solubilize phospholipids as assessed by this assay. 

 As a second approach for studying the binding proper-
ties of oxidized apoA-I to phospholipids, we incubated 
apoA-I or oxidized apoA-I with SUV prepared from egg 
phosphatidylcholine and trace amounts of radiolabeled 
free cholesterol, and then used size-exclusion chromatog-
raphy to separate lipid-free or poorly lipidated apoA-I 
from apoA-I associated with SUV ( 44 ).   Fig. 8    shows the elu-
tion profi les of [ 3 H]cholesterol (SUV, peak I in  Fig. 8A ), 
lipid-free  14 C-labeled apoA-I (peak II in  Fig. 8A ), and  14 C-
labeled control and MPO oxidized apoA-I (peak I and 
peak II in  Fig. 8B ) after incubation with SUV. A signifi cant 
fraction of apoA-I ( � 50%) coeluted with SUV after apoA-I 
was incubated with the phospholipid vesicles ( Fig. 8B , 
peak I), indicating that this peak corresponds to the elu-
tion position of lipid-bound apoA-I. We next compared 
the binding properties of control and oxidized apoA-I pro-
teins to SUV. The overall elution profi les of [ 14 C]apoA-I 
incubated with SUV were similar for the different forms of 
oxidized apoA-I and control apoA-I. However, the ratio of 
lipid-bound to lipid-free (or lipid-poor) for HOCl and 
MPO-Cl oxidized apoA-I were  � 20% lower than untreated 
apoA-I, while ONOO  �   or MPO-N oxidized apoA-I were es-
sentially no different from that of control apoA-I ( Fig. 8C ). 
These observations, in contrast to those obtained with the 
turbidimetric method, suggest that oxidation of apoA-I by 
MPO-derived chlorinating intermediates might modestly 

the high-affi nity binding of apoA-I to cells that express 
ABCA1. 

 Because apoA-I appears not to bind directly to ABCA1 
when it stabilizes the transporter ( 28 ), we compared the 
abilities of control and oxidized apoA-I to stabilize ABCA1 
protein. For these studies, we used J774 macrophages that 
express ABCA1, because these cells rapidly degrade ABCA1 
protein in the absence of apolipoproteins and ABCA1 in-
ducers ( 25, 28, 40 ). When the macrophages were treated 
with 8-Br-cAMP (to induce ABCA1) and subsequently in-
cubated without cAMP, most of the induced ABCA1 pro-
tein disappeared within 4 h (  Fig. 6  , lane 2).  Including 
control, chlorinated, or nitrated apoA-I in the 4-h chase 
media prevented most of this loss ( Fig. 6 , lanes 3–11). 
Thus, although chlorinated apoA-I was markedly less able 
to interact with ABCA1 and activate signaling and lipid 
removal, it was just as effective as untreated or nitrated 
apoA-I in stabilizing ABCA1 protein. These results provide 
additional evidence that the interactions of apoA-I with 
ABCA1 that promote JAK2 signaling and lipid removal dif-
fer from the interactions that stabilize ABCA1. 

 We used a kinetic turbidimetric method to compare the 
abilities of untreated apoA-I and apoA-I that had been oxi-
dized by MPO to solubilize phospholipids. In this assay, 
the rate of clearance of multilamellar DMPC liposomes 
was monitored by following the apolipoprotein-induced 
rate of decrease in the solution’s absorbance. After 20 min, 
there was essentially no difference between the extent to 
which the various apoA-I preparations (control, HOCl-
oxidized, MPO-chlorinated, ONOO  �  -oxidized, and MPO-
nitrated) solubilized DMPC liposomes (  Fig. 7  ).  However, 
the time required for the initial turbidity to decrease by 
50% ( �  1/2 ) did differ (  Table 1  ).  As monitored by the rate 

  Fig.   2.  Product yields of (A) chlorotyrosine, (B) ni-
trotyrosine, (C) methionine sulfoxide, and (D) hy-
droxytryptophan in apoA-I exposed to HOCl, 
MPO-H 2 O 2 -chloride system, ONOO  �  , or MPO-H 2 O 2 -
nitrite system. ApoA-I (10  � M) was exposed to HOCl 
(solid bars), ONOO  �   (empty bars), H 2 O 2  in the 
MPO-chloride system (single-line shaded bars), or 
MPO-nitrite system (crossing-line shaded bars) at 
molar ratio of 25:1 (oxidant/apoA-I) for 60 min at 
37°C in phosphate buffer (100  � M DTPA, 20 mM so-
dium phosphate, pH 7.4). After the reaction was ter-
minated with L-methionine, a tryptic or Glu-C digest 
of oxidized apoA-I was analyzed by LC-ESI-MS and 
MS/MS, and the oxidized peptides were detected 
and quantifi ed using reconstructed ion chromato-
grams of precursor and product peptides as described 
in the Methods section. Peptide sequences were con-
fi rmed using MS/MS. Results are from three inde-
pendent experiments (mean ± SD).   
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MPO-mediated modifi cation of apoA-I impaired this ini-
tial activation step. 

 Chlorination also reduced the binding of apoA-I to 
high-affi nity binding sites on cells that expressed ABCA1. 
Most of those sites, however, are not ABCA1 itself, but in-
stead appear to be phospholipid domains that ABCA1 cre-
ates by redistributing phospholipids from the cytosolic to 
the exofacial leafs of the plasma member ( 19, 21, 22 ). Nev-
ertheless, several lines of evidence suggest that apolipo-
proteins must bind directly to ABCA1 in order to bind to 
these lipid domains. First, studies of apolipoprotein and 
ABCA1 mutants showed that binding of apolipoproteins 
to ABCA1 correlates closely with binding of apolipopro-
teins to the cell-surface and with lipid effl ux ( 19, 45, 49 ). 
Second, inducing ABCA1 in the absence of apolipopro-
teins generates cholesterol domains that are accessible to 
the enzyme cholesterol oxidase and are subsequently de-

impair the ability of the protein to associate with phos-
pholipids. 

 DISCUSSION 

 MPO-mediated chlorination (but not nitration) of 
apoA-I markedly reduces its ability to remove cholesterol 
from cells by the ABCA1 pathway. This process normally 
involves a cascade of events that includes direct binding of 
apoA-I to ABCA1, activating signaling pathways, binding 
of apoA-I to lipid domains formed by ABCA1, and solubi-
lizing those lipids to generate nascent HDL particles ( 12, 
19, 21, 45 ). Here, we show that oxidation of apoA-I with 
HOCl or with MPO in the presence of NaCl and H 2 O 2  se-
lectively impairs the key early steps in this cholesterol ex-
port pathway. 

 Oxidation of apoA-I with HOCl or the MPO-H 2 O 2 -Cl  �   
system impaired the direct binding of apoA-I to ABCA1, as 
determined by a cross-linking assay. This impairment was 
associated with a reduced ability of apoA-I to stimulate au-
tophosphorylation of JAK2, which normally occurs within 
minutes of exposing ABCA1-expressing cells to apoA-I 
( 28 ). Inhibition or ablation of JAK2 dramatically reduces 
the cross-linking of apoA-I to ABCA1 ( 28, 29 ), suggesting 
that optimal binding of the two proteins involves two steps, 
where apoA-I fi rst activates JAK2 and then JAK2 enhances 
the binding of apoA-I to ABCA1. Our results show that 

  Fig.   3.  Binding of MPO-oxidized apoA-I to ABCA1. BHK cells 
transfected with ABCA1 were incubated for 2 h at 37°C with 1 (A) 
or 2 (B) µg/ml  125 I-apoA-I minus (None) or plus 2 (A) or 10 (B) 
µg/ml unlabeled control apoA-I (Ctrl) or apoA-I treated with re-
agent HOCl or ONOO  �   or with MPO and H 2 O 2  in the presence of 
either 100 mM NaCl (MPO-Cl) or 100  � M NaNO 2  (MPO-NO 2 ). 
Oxidation reactions were carried out at a 25:1  (A)  or 50:1 (B) 
(mol:mol) ratio of oxidant to apoA-I. Cells were treated with the 
cross-linker DSP, detergent-solubilized ABCA1 was immunoprecip-
itated and isolated by reduced SDS PAGE, and  125 I-apoA-I was visu-
alized by phosphorimaging (A) and quantifi ed (B). Results are 
representative of fi ve similar experiments. Values in (B) are the 
mean ± SD of 4–6 incubations from two experiments (* P  < 0.001).    

  Fig.   4.  Stimulation of JAK2 autophosphorylation by MPO-oxidized 
apoA-I. BHK cells transfected with ABCA1 were incubated for 15 
min without (None) or with 10 µg/ml apoA-I (Control), or apoA-I 
treated with HOCl, MPO-H 2 O 2 -NaCl (MPO-Cl), ONOO  �  , or MPO-
H 2 O 2- NaNO 2  (MPO-NO 2 ). Oxidation reactions were carried out at a 
25:1 [mol:mol] ratio of oxidant to apoA-I. Tyrosine-phosphorylated 
JAK2 (P-JAK2) was detected by immunoblotting. Immunoblots were 
stripped of antibody, and reprobed with a total JAK2 antibody 
(JAK2). Results are representative of three  experiments.   

  Fig.   5.  Binding of MPO-oxidized apoA-I to ABCA1-expressing 
cells. ABCA1-transfected BHK cells were incubated for 2 h with 1 
µg/ml  125 I-apoA-I minus or plus the indicated concentrations of 
unlabeled control apoA-I (Control) or apoA-I oxidized with HOCl 
or ONOO  �   or with MPO plus H 2 O 2  in the presence of either NaCl 
(MPO-Cl) or NO 2  (MPO-NO 2 ). Cell-associated  125 I-apoA-I was then 
measured. Oxidation reactions were carried out at a 25:1 [mol:mol] 
ratio of oxidant to apoA-I. Results are means ± SD of three determi-
nations and are representative of two independent experiments.   
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modestly affects the ability of the protein to interact with 
phospholipids. 

 Apolipoproteins stabilize ABCA1 by blocking its prote-
olysis, which occurs rapidly in their absence ( 23–25, 40 ). 
We showed previously that reducing the direct binding of 
apolipoproteins to ABCA1 by inhibiting or ablating JAK2 
had no effect on protein stabilization ( 28 ). Here, we dem-
onstrate that apoA-I that had been modifi ed by HOCl or 
the MPO-H 2 O 2 -Cl  �  -system retained its ability to stabilize 
ABCA1 protein in macrophages, even though it was less 
able to interact with the transporter or activate JAK2. 
Taken together, these results indicate that stabilization of 
ABCA1 occurs by cellular interactions that do not involve 
direct binding to ABCA1 and lipid removal. Because HOCl 
and the MPO-H 2 O 2 -Cl  �   system appeared to have only mod-
est effect on the interaction of apoA-I with phospholipids, 
it is possible that apolipoproteins stabilize ABCA1 by inter-
acting with lipids that surround ABCA1, as was postulated 
previously ( 30 ). 

 We have previously shown that tryptophan residues are 
oxygenated by HOCl and the MPO-H 2 O 2 -chloride system 
( 38 ). In the current study, we confi rmed that similar oxi-
dation patterns were observed regardless of whether apoA-I 
was exposed to reagent HOCl or the MPO-H 2 O 2 -chloride 
system. In contrast, we detected only a low level of hy-
droxytryptophan ( � 20% for Trp72 and <10% for other 
three Trp residues) when we exposed lipid-free apoA-I to 
ONOO  �   or the MPO-H 2 O 2 -nitrite system ( Fig. 2D ), sug-
gesting that reactive nitrogen species poorly oxidize tryp-
tophan residues under these conditions. 

 Oxidation of Trp residues has been proposed to play a 
role in the functional inactivation of oxidized apoA-I ( 33 ). 
This proposal was based on an engineered form of the 
protein in which all four Trp residues were mutated to 
Phe. Analysis of the secondary structure of the lipid-free 
mutant protein by circular dichroism demonstrated that it 
contained  � 70%  � -helical content ( 33 ), which is mark-
edly increased compared with that of lipid-free apoA-I 
(50%–57%) ( 50 ). These observations strongly suggest 
that the secondary and tertiary structures of 4Trp → 4Phe 
apoA-I are markedly different from that of the native pro-
tein, raising concerns over the physiological signifi cance 
of its apparent resistance to oxidative inactivation. 

 The current and previous studies suggest the following 
model for ABCA1-dependent lipid export and its impair-
ment by oxidative reactions. When induced by cholesterol 
loading, ABCA1 generates cholesterol- and phospholipid-

pleted by apolipoproteins ( 39 ). Thus, generation of lipid 
domains that can be removed by apolipoproteins does not 
require interactions between apolipoprotein and ABCA1. 
Third, inhibiting or ablating JAK2 reduces direct binding 
of apolipoproteins to ABCA1 and to the cell-surface with-
out affecting the ability of ABCA1 to form lipid domains 
on the cell surface ( 29 ). It is, therefore, likely that the re-
duced cell-surface binding of chlorinated apoA-I is sec-
ondary to its impaired binding to ABCA1. 

 The conclusion that chlorination of apoA-I impairs 
binding to ABCA1 rather than to the lipid domains formed 
by ABCA1 is supported our observation that HOCl and the 
MPO-H 2 O 2 -Cl  �   system actually improved the ability of 
apoA-I to solubilize DMPC vesicles. A study of structural 
variants of apoA-I showed that ABCA1-dependent choles-
terol effl ux correlated strongly with solubilization of 
DMPC vesicles ( 21 ), implying that chlorinated apoA-I 
would retain its ability to remove ABCA1-generated lipid 
domains if its binding to ABCA1 were normal. In contrast, 
an SUV assay using egg PC showed that chlorination (but 
not nitration) of apoA-I decreased binding capacity by 
20%. Taken together, these observations suggest that 
oxidation of apoA-I by the MPO-H 2 O 2 -Cl  �   system only 

  Fig.   6.  Stabilization of ABCA1 protein by MPO-oxidized apoA-I. 
J774 macrophages loaded with cholesterol were incubated for 20 h 
with 0.5 mM 8-Br-cAMP followed by a 4-h incubation with (+) or 
without ( � ) 8-Br-cAMP minus apoA-I (None) or plus 10 µg/ml 
apoA-I treated with the indicated molar ratios of oxidants. The 
membrane content of ABCA1 was measured by immunoblotting. 
Results represent those from three independent experiments. 

  Fig.   7.  Solubilization of phospholipid vesicles by MPO-oxidized 
apoA-I. Control or oxidized apoA-I samples were added to a solu-
tion of DMPC vesicles to give a fi nal DMPC/apoA-I ratio of 2:1 
(w/w) at a fi nal protein concentration of 0.17 mg/ml. The experi-
ment was performed at 24.5°C with monitoring of absorbance at 
325 nm. Oxidation reactions were carried out at a 25:1 [mol:mol] 
ratio of oxidant to apoA-I. Results represent two independent 
experiments.   

 TABLE 1. Rate of clearance of DMPC liposomes by unmodifi ed 
and oxidized apoA-I 

Control HOCl MPO-Cl ONOO  �  MPO-NO 2 

 �  1/2  (min) 5.4 2.7 3.2 4.1 3.0
 k  1/2  (=1/ �  1/2 ) 0.1852 0.3704 0.3125 0.2439 0.3333
k 1/2  ratio 

(oxided/
control)

1.00 2.00 1.69 1.32 1.80

The time required for the initial turbidity to decrease by 50% 
( �  1/2 ) and the rate constants ( k  1/2  [ k  1/2  = 1/ �  1/2 ]) for clearance were 
calculated from the data shown in  Fig. 7 .
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cholesterol to added cholesterol oxidase and generating 
curved lipid surfaces that favor apolipoprotein interac-
tions. During the fi rst several minutes of exposure to apo-
lipoprotein, JAK2 is activated by autophosphorylation 
( Fig. 9B ), which in turn increases the binding of apolipo-
protein to ABCA1 ( Fig. 9C ) ( 28, 29 ). This binding facili-
tates the interaction of apoA-I with lipid domains that 
protrude from the cell surface, promoting their solubiliza-
tion and release into the external milieu ( Fig. 9D ). The 
interaction of apoA-I with cells also stabilizes ABCA1 protein, 
but this interaction occurs mostly at binding sites distinct 
from those that promote lipid export. 

 An important issue is whether enough oxidative modifi -
cation of apoA-I occurs in the artery wall to signifi cantly 
impair the ABCA1 pathway. It is likely that the apoA-I in 
the pericellular environment of the macrophage is ex-
posed to high levels of oxidants. Macrophages produce 
MPO and have membrane-associated NADPH oxidase, 
which generates H 2 O 2 . It is therefore feasible that a large 
fraction of apoA-I in contact with macrophages has under-
gone extensive oxidative damage and has lost its ability to 

rich domains in the plasma membrane, even in the ab-
sence of apolipoproteins (  Fig. 9A  ) ( 39 ).  Those domains 
bend from the plasma membrane to relieve the strain in 
the densely packed phospholipids ( 21, 46 ), exposing the 

  Fig.   8.  Binding of MPO-oxidized apoA-I to egg PC SUV. Oxida-
tion reactions were carried out at a 25:1 [mol:mol] ratio of oxidant 
to apoA-I. SUV (0.2 mg/ml egg PC containing 170 pmol/ml of 
[ 3 H]cholesterol) were incubated with 25  � g/ml control or oxi-
dized [ 14 C]apoA-I for 1 h at room temperature. The mixture was 
then subjected to size-exclusion chromatography on a Superdex 
200 column that was eluted with 10 mM Tris buffer at a fl ow rate of 
1 ml/min with collection of 1 ml fractions. Radioactivity was deter-
mined by liquid scintillation counting. A: Elution profi les of [ 3 H]
Cholesterol of SUV (empty square) and [ 14 C]apoA-I of lipid-free 
apoA-I (solid square); B: elution profi les of [ 14 C] control (empty 
circle) or MPO-Cl modifi ed (solid circle) apoA-I after binding to 
vesicles; C: binding capacity of oxidized apoA-I to egg PC SUV. Re-
sults are the average and ranges of two independent experiments. 
Abbreviations: apoA-I, apolipoprotein A-I; MPO, myeloperoxidase; 
PC, L- � -phosphatidylcholine; SUV, small unilamellar vesicles.   

  Fig.   9.  Model for lipid export by the ABCA1 pathway and its im-
pairment by MPO. A:ABCA1 has intrinsic lipid translocase activity 
that generates phospholipid- (PL) and cholesterol - rich domains 
that protrude from the plasma membrane. B: The initial interac-
tion of apoA-I with ABCA1 or other sites stimulates autophosphory-
lation of JAK2. C: Activation of JAK2 increases the binding of 
apoA-I to sites on ABCA1 that facilitate interactions with the lipid 
domains that the transporter generates. D: These lipid domains are 
solubilized when they interact with apoA-I, liberating nascent, dis-
coidal particles of HDL. Inset: Schematic structure of lipid-free 
apoA-I showing the location of tyrosine 192 (Y192) and 2 of the 3 
methionine (M86 and M148) residues in the 4-helix bundle in the 
N-terminal domain. Previous studies ( 31, 32 ) demonstrated that 
MPO selectively targets those residues for chlorination (Y192) and 
oxidation (M86, M148). Abbreviations: ABCA1, ATP-binding cas-
sette transporter A1; apoA-I, apolipoprotein A-I; JAK2, Janus kinase 
2; MPO, myeloperoxidase.   
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interact with ABCA1. The extent of this damage could not 
be assessed from total apoA-I isolated from atherosclerosis 
lesions, because most of the lesion apoA-I colocalizes with 
proteoglycans in noncellular regions ( 51 ). 

 Exposing apoA-I to the MPO-H 2 O 2 -Cl  �   system or HOCl 
chlorinates Tyr192 and oxidizes methionines 86, 112, and 
148 ( 31, 32 ). Mutating tyrosine 192 to phenylalanine and 
reducing the oxidized methionines back to their native 
state almost completely restores apoA-I-mediated lipid ef-
fl ux ( 32 ), indicating that modifi cations of this tyrosine 
and one or more methionines are largely responsible for 
impairing function. Biophysical studies indicate that the 
N-terminal domain of lipid-free apoA-I exists as a 4-helix 
bundle ( Fig. 9 , insert) ( 50, 52, 53 ). Unfolding this bundle 
has been proposed to generate an intermediate that can 
interaction with ABCA1 ( Fig. 9B, C ) ( 52 ). It is noteworthy 
that Tyr192 and two of the three methionines (Met86 and 
Met148) modifi ed by the MPO-H 2 O 2 -Cl  �   system are in or 
adjacent to loops between helical regions ( Fig. 9 , insert). 
Modifying amino acids in the hinge domains of the helical 
bundles, therefore, could interfere with the remodeling 
that enables apoA-I to bind to ABCA1. As a result, apoA-I 
loses its ability to remove lipids from cholesterol-loaded 
cells. The MPO-H 2 O 2 -Cl  �   oxidation pathway is highly ac-
tive in atherosclerotic lesions ( 3, 4, 8, 10 ), which are in-
fl amed and contain large numbers of phagocytes. The 
operation of this pathway in the artery wall could promote 
the transition from macrophages to foam cells, a key event 
in atherogenesis.  
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