
Research article

 The Journal of Clinical Investigation   http://www.jci.org   Volume 114   Number 4   August 2004 529

Apolipoprotein A-I is a selective target  
for myeloperoxidase-catalyzed oxidation  

and functional impairment in subjects  
with cardiovascular disease

Lemin Zheng,1,2 Benedicta Nukuna,1 Marie-Luise Brennan,1 Mingjiang Sun,1  
Marlene Goormastic,3 Megan Settle,1 Dave Schmitt,1 Xiaoming Fu,1  

Leonor Thomson,4 Paul L. Fox,1,5,6 Harry Ischiropoulos,4 Jonathan D. Smith,1,5,6  
Michael Kinter,1,2,6 and Stanley L. Hazen1,2,3,5

1Department of Cell Biology, Center for Cardiovascular Diagnostics and Prevention, Cleveland Clinic Foundation, Cleveland, Ohio, USA.  
2Department of Chemistry, Cleveland State University, Cleveland, Ohio, USA. 3Departments of Cardiovascular Medicine, Center for Cardiovascular Diagnostics, 

and Prevention, Cleveland Clinic Foundation, Cleveland, Ohio, USA. 4Stokes Research Institute and Department of Biochemistry and Biophysics,  
Children’s Hospital of Philadelphia and The University of Pennsylvania, Philadelphia, Pennsylvania, USA. 5Department of Molecular Medicine,  

Cleveland Clinic Lerner College of Medicine of Case Western Reserve University, Cleveland, Ohio, USA. 6Department of Physiology and Biophysics,  
Case Western Reserve University School of Medicine, Cleveland, Ohio, USA.

In recent studies we demonstrated that systemic levels of protein-bound nitrotyrosine (NO2Tyr) and 
myeloperoxidase (MPO), a protein that catalyzes generation of nitrating oxidants, serve as independent pre-
dictors of atherosclerotic risk, burden, and incident cardiac events. We now show both that apolipoprotein 
A-I (apoA-I), the primary protein constituent of HDL, is a selective target for MPO-catalyzed nitration and 
chlorination in vivo and that MPO-catalyzed oxidation of HDL and apoA-I results in selective inhibition 
in ABCA1-dependent cholesterol efflux from macrophages. Dramatic selective enrichment in NO2Tyr and 
chlorotyrosine (ClTyr) content within apoA-I recovered from serum and human atherosclerotic lesions is 
noted, and analysis of serum from sequential subjects demonstrates that the NO2Tyr and ClTyr contents of 
apoA-I are markedly higher in individuals with cardiovascular disease (CVD). Analysis of circulating HDL 
further reveals that higher NO2Tyr and ClTyr contents of the lipoprotein are each significantly associated 
with diminished ABCA1-dependent cholesterol efflux capacity of the lipoprotein. MPO as a likely mechanism 
for oxidative modification of apoA-I in vivo is apparently facilitated by MPO binding to apoA-I, as revealed 
by cross-immunoprecipitation studies in plasma, recovery of MPO within HDL-like particles isolated from 
human atheroma, and identification of a probable contact site between the apoA-I moiety of HDL and MPO. 
To our knowledge, the present results provide the first direct evidence for apoA-I as a selective target for 
MPO-catalyzed oxidative modification in human atheroma. They also suggest a potential mechanism for 
MPO-dependent generation of a proatherogenic dysfunctional form of HDL in vivo.

that promote oxidative damage, cell injury, and conversion of LDL, 
the major carrier of cholesterol in plasma, into an atherogenic form 
(9, 14). Protein-bound nitrotyrosine (NO2Tyr), a posttranslational 
modification specific for protein oxidation by NO-derived oxidants 
(15–20), is markedly enriched within human atheroma (8, 21). Fur-
ther, recent clinical studies demonstrate that systemic levels of pro-
tein-bound NO2Tyr serve as an independent predictor of athero-
sclerotic risk and burden in subjects and are modulated by known 
CVD risk–reducing therapies such as statins (10, 22). Few studies 
to date have focused on defining the molecular targets of nitration 
in subjects with CVD, the attendant functional alterations, and the 
enzymatic participants in nitration.

One potential enzymatic source for generation of NO-derived oxi-
dants within human atheroma is the heme protein myeloperoxidase 
(MPO). MPO utilizes hydrogen peroxide (H2O2) and a variety of 
low–molecular weight organic and inorganic substances as sub-
strates to form reactive oxidant species capable of promoting pro-
tein halogenation, nitration, and oxidative cross-linking (4, 5). For 
example, MPO directly utilizes both NO (23) and the NO metabo-
lite nitrite (NO2

−) as substrates in vitro (17–19, 24) and participates 

Introduction
Substantial evidence supports the notion that oxidative processes 
participate in the pathogenesis of atherosclerotic heart disease 
(1–5). One such oxidative pathway that appears to be involved is 
formation of oxidants derived from nitric oxide (NO, nitrogen 
monoxide) (6–10). NO typically functions as a potent vasodila-
tor and inhibitor of platelet aggregation, leukocyte adhesion, and 
smooth muscle cell proliferation (11–13). However, under patho-
logical conditions such as during inflammation and cardiovascular 
disease (CVD), NO may be converted into potent nitrating oxidants 
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in both protein nitration and initiation of lipid peroxidation in vivo 
(17, 25–27). MPO (28, 29), and multiple specific oxidation products 
formed by the enzyme (8, 16, 30, 31), are markedly enriched with-
in human atherosclerotic lesions. Further, recent clinical studies 
demonstrate that elevated levels of MPO both are seen in patients 
with angiographic evidence of CVD (32) and predict incident risks 
for myocardial infarction, revascularization, and cardiac death in 
subjects presenting with chest pain or acute coronary syndrome 
(33, 34). Accordingly, defining targets of oxidative modification by 
MPO- and NO-generated oxidants, and potential functional con-
sequences that result, is of considerable interest.

In the present study we have begun the process of identifying 
protein targets that are nitrated in serum of subjects with CVD. 
Early preliminary studies identified enrichment in NO2Tyr con-
tent within apolipoprotein A-I (apoA-I), the major protein con-
stituent within HDL. Further analyses reveal that MPO binds to 
apoA-I and likely serves as the major enzymatic catalyst for apoA-I 
nitration in vivo, selectively targeting the lipoprotein for MPO-
catalyzed nitration and halogenation within human atheroma. In 
vitro studies demonstrate that MPO-catalyzed oxidative modifica-
tion of HDL or apoA-I is accompanied by selective impairment in 
ABCA1-dependent cholesterol efflux function of the lipoprotein. 
In vivo evidence for a functional role of MPO- and NO-derived 
oxidants in the inhibition of apoA-I cholesterol efflux activity in 

subjects was obtained by observation of a significant correlation 
between higher apoA-I NO2Tyr and chlorotyrosine (ClTyr) content 
of isolated HDL and diminished ABCA1-dependent cholesterol 
efflux activity of the lipoprotein. The present study suggests that 
MPO−apoA-I interactions may play an important role in develop-
ment of “dysfunctional” or “proinflammatory” HDL and the ath-
erosclerotic phenotype.

Results
Identification of apoA-I as a nitrated protein in serum. Serum levels of pro-
tein-bound NO2Tyr serve as a predictor of atherosclerotic risk and 
burden in subjects (10), raising the question of whether nitration of 
specific proteins might contribute to the atherosclerotic process. As 
a first step in investigating this question, we sought to determine 
the identities of nitrated proteins in serum. Samples from patients 
with CVD and controls were analyzed by SDS-PAGE and visualized 
by both Western blot analysis using anti-NO2Tyr antibodies, and 
Coomassie blue staining for proteins. Comparison of the pattern of 
immunoreactivity seen in the Western blot (Figure 1B) versus protein 
staining (Figure 1A) reveals that not all serum proteins are equally 
nitrated. An example of a disparity between a modest abundance 
versus an extensive degree of nitration was reproducibly observed in 
a 29-kDa protein. This protein band was cut from the Coomassie 

Figure 1
ApoA-I is a preferred target for nitration in serum. Serum samples (25 μg 
total protein per lane) from 3 healthy controls and 3 subjects with CVD 
were separated by SDS-PAGE. The gels (12.5%) were either stained for 
protein with Coomassie blue (A) or transferred and probed with a mAb 
specific for protein-bound NO2Tyr (B). The apoA-I bands were identified 
by sequence analysis by tandem mass spectrometry (MS). The dispro-
portionate recognition of the apoA-I band in the Western blot analysis is 
consistent with an enhanced NO2Tyr content of that protein.

Figure 2
Confirmation of apoA-I as a nitrated protein by both 2D SDS-PAGE 
and anti-NO2Tyr affinity chromatography coupled to tandem MS-based 
sequencing. Plasma from a subject with CVD was loaded onto an affin-
ity matrix composed of immobilized affinity-purified rabbit anti-NO2Tyr 
polyclonal antibodies, washed with high salt, and then eluted with addi-
tion of 5 mM free NO2Tyr, as described in Methods. (A) Demonstration 
of apoA-I location on 2D SDS-PAGE. Identity of protein was estab-
lished by tandem MS sequence analysis of peptides (>95% coverage). 
(B) The anti-NO2Tyr eluent (5 mM NO2Tyr) was subjected to 2D SDS-
PAGE, and the presence of apoA-I was confirmed by Western blot 
analysis. Parallel studies using control nonimmune IgG as the affinity 
matrix failed to bind detectable levels of apoA-I (not shown).
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blue–stained gel, digested with trypsin, and unequivocally identified 
as apoA-I (National Center for Biotechnology Information accession 
number 253362) based on the detection and sequencing of more 
than 30 peptides covering 96% of the protein sequence. Further con-
firmation of the identity of apoA-I as a nitrated protein was obtained 
through passage of serum through a column composed of immobi-
lized antibodies to NO2Tyr, washing of the column with high salt, 
and then elution with high salt supplemented with 5 mM NO2Tyr 
(Figure 2). Analysis of samples by 2-dimensional (2D) SDS-PAGE and 
by sequencing based on capillary liquid chromatography–tandem 
mass spectrometry (LC–tandem MS) confirmed apoA-I as a recov-
ered protein (>90% coverage by on-line electrospray ionization tan-
dem MS). Further examination of the anti-NO2Tyr column eluent 
(high salt plus 5 mM NO2Tyr) by 2D SDS-PAGE followed by Western 
blot analysis using antibodies to apoA-I provided additional comple-
mentary evidence of apoA-I as a nitrated protein in vivo (Figure 2B).

Demonstration of apoA-I as a preferred target of nitration and chlorina-
tion within serum, as well as in subjects with versus without CVD. Given 
the plethora of targets within tissues like serum and the relatively 
short diffusion distance for a reactive nitrogen species in complex 
biological matrices, the apparent selective nitration of apoA-I 
among serum proteins strongly suggested the existence of an enzy-
matic source for NO-derived oxidants in close proximity to the 
lipoprotein in vivo. One likely candidate was the enzyme MPO, 
since recent studies have shown that this enzyme can catalyze 
protein nitration in vivo (17, 25–27) and plays a dominant role in 
generation of NO-derived oxidants under certain circumstances, 
such as within the extracellular compartment at sites of inflam-
mation (17). In order both to test the hypothesis that MPO serves 
as a possible enzymatic catalyst for selective apoA-I nitration in 
vivo, and to quantitatively assess whether apoA-I is nitrated to 
a greater extent within subjects with CVD, we obtained consent 
from 45 consecutive patients presenting to a cardiology clinic with 
documented CVD and 44 healthy control subjects and collected 
their serum samples for analysis. The contents of both NO2Tyr 
and ClTyr were simultaneously quantified within total serum pro-
teins, isolated apoA-I, and isolated apoB-100 using stable isotope 
dilution HPLC with on-line electrospray ionization tandem MS 
(LC/ESI/MS/MS). Table 1 lists the clinical and laboratory char-

acteristics of the subjects examined. As anticipated, patients with 
CVD were more likely to have known CVD risk factors including 
history of diabetes, hypertension, smoking, family history of CVD, 
and history of hyperlipidemia. Subjects with CVD also had lower 
LDL cholesterol levels and were more likely to be on statin therapy, 
features likely attributable to ascertainment bias from enrollment 
of CVD subjects in a cardiology clinic.

Consistent with our recent published studies (10), serum 
NO2Tyr content was significantly increased approximately 1.5-fold 
(P < 0.001) in subjects with CVD relative to that of healthy con-
trols (Table 2). Similar results (twofold increase; P = 0.001 for CVD 
vs. controls; Table 2) were observed when the NO2Tyr content of 
isolated apoB-100, the major protein constituent of LDL and a 
lipoprotein reported to bind to MPO in vitro (35, 36), was ana-
lyzed. Remarkably, a 70-fold enrichment in NO2Tyr content was 
noted within serum apoA-I relative to serum total proteins and 
isolated apoB-100. Moreover, a significant increase in NO2Tyr con-
tent of apoA-I was also noted in serum from CVD versus healthy 
control subjects (P = 0.005; Table 2). Parallel analysis of samples 
for ClTyr content, a protein modification specific for MPO-cata-
lyzed oxidation (16, 17, 37, 38), revealed relatively low levels within 
total proteins and isolated apoB-100 from serum, compared with 
over 100-fold enrichment in ClTyr content within isolated apoA-I  
(Table 2). Further, while trends for increases in ClTyr content 
within subjects with CVD were noted in total protein and isolated 
apoB-100, these differences failed to reach statistical significance. 
In contrast, significant increases in ClTyr content were observed 
within apoA-I recovered from serum (P < 0.001; Table 2).

Table 1
Clinical and laboratory characteristics

 Controls (n = 44) CVD (n = 45) P value
Age 44.3 ± 11.1 65.6 ± 8.5 <0.001
Male (%) 24 (54.6) 17 (37.8) 0.12
Diabetes (%) 0 (0) 24 (53.3) <0.001
Hypertension (%) 14 (31.8) 32 (71.1) <0.001
Smoking (%) 22 (50.0) 37 (82.2) 0.001
Family hx CVD (%) 5 (11.4) 19 (42.2) 0.001
Hx hyperlipidemia (%) 7 (15.9) 31 (68.9) <0.001
Statin use 0 (0) 28 (62.2) <0.001
TC (mg/dl) 201 ± 33 165 ± 36 <0.001
HDLc (mg/dl) 60 ± 16 42 ± 15 <0.001
LDLc (mg/dl) 120 ± 34 91 ± 24 <0.001
TG (mg/dl) 108 ± 54 171 ± 96 <0.001
Fasting glucose (mg/dl) 93 ± 13 94 ± 3 0.43

Data are presented as either percentage or mean ± SD as indicated. 
HDLc, HDL cholesterol; Hx, history of; LDLc, LDL cholesterol; TC, total 
cholesterol; TG, triglyceride.

Table 2
ApoA-I is a preferred target for nitration and chlorination in 
serum and in CVD

 NO2Tyr ClTyr

 Median (IQR)  P value Median (IQR)  P value 
 (μmol oxTyr/  (μmol oxTyr/ 
 mol Tyr)  mol Tyr)

Serum

Total protein
Control 6.1 (3.9–7.8)  1.6 (0.6–2.4) 
CVD 9.0 (5.7–12.9) <0.001 1.9 (1.3–3.1) 0.07

ApoB-100
Control 4.0 (1.3–6.9)  0.0 (0.0–1.9) 
CVD 8.7 (5.2–12.1) 0.001 1.9 (0.1–4.0) 0.24

ApoA-I
Control 438 (335–598)  186 (114–339) 
CVD 629 (431–876) 0.005 500 (335–65) <0.001

Aliquots of serum (100 μg protein) from the entire cohort from Table 1 
(patients with CVD and healthy control subjects) were either analyzed 
directly (for total protein) or resolved by SDS-PAGE and transferred to 
PVDF membranes, and bands corresponding to apoA-I and apoB-100 
were visualized, excised, and then analyzed by stable isotope dilution LC/
ESI/MS/MS, as described in Methods. Results shown are for median and 
interquartile ranges of NO2Tyr and ClTyr contents of total serum protein 
or the indicated lipoprotein, expressed as the mole ratio of oxidized amino 
acid to parent amino acid, tyrosine. The P values shown are for com-
parisons of NO2Tyr and ClTyr content between control and CVD groups 
within the corresponding indicated protein(s). IQR, interquartile range; 
oxTyr, oxidized tyrosine.
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The relationship between NO2Tyr and ClTyr levels monitored and 
the prevalence of CVD was further examined in the entire cohort 
(patients with CVD plus controls). As shown in Table 3 (top), increas-
ing NO2Tyr content was associated with increasing frequency of 
CVD, as monitored in either total serum proteins or isolated apoA-I 
from serum. Further, comparisons between subjects with higher ver-
sus lower levels of NO2Tyr (third versus first tertile) demonstrated an 
approximately fivefold increase in the odds of having CVD, whether 
total proteins or isolated apoA-I from serum was examined (Table 3, 
bottom). In contrast, only the ClTyr content of isolated apoA-I, and 
not ClTyr content of total serum proteins (or apoB-100, not shown), 
was associated with increasing frequency or odds of CVD within the 
cohort. Remarkably, subjects possessing a high apoA-I ClTyr content 
(top tertile) were 16-fold more likely to have CVD than those with 
low apoA-I ClTyr content (bottom tertile) (Table 3, bottom).

Demonstration of apoA-I as a preferred target of nitration and chlorination 
within human atherosclerotic lesions. To examine whether the preferential 
targeting of apoA-I by NO- and MPO-generated oxidants occurred 
within human atheroma, additional studies were performed exam-
ining total proteins, apoB-100, and apoA-I recovered from human 
aortic tissues. LDL-like and HDL-like particles were isolated from 
both normal aortic tissues and atherosclerotic tissues by differential 
buoyant density centrifugation, and then confirmed to be enriched 
in both cholesterol and the appropriate apolipoprotein preparation 
by Western analysis using polyclonal antibodies to either apoB-100 
or apoA-I, as described in Methods. Figure 3 (left) illustrates the fur-
ther enrichment of NO2Tyr content within HDL-like particles iso-
lated from human atherosclerotic lesions, compared with a compa-
rable amount of isolated HDL from peripheral blood. The majority 
of apoA-I recovered within HDL-like particles from atherosclerotic 
lesions was monomeric (Figure 3, center). More quantitative assess-
ments of NO2Tyr and ClTyr contents of apoA-I recovered from nor-
mal aortic and lesion tissues relative to those observed in aortic and 
lesion total proteins and apoB-100 were obtained by stable isotope 
dilution LC/ESI/MS/MS analysis, the results of which are shown in 
Table 4. Of note, the contents of NO2Tyr and ClTyr within total pro-

teins, apoB-100, and apoA-I recovered from normal aortic tissues 
and human atherosclerotic lesions were higher than those observed 
in serum (compare Tables 2 and 4), suggesting that protein modi-
fication by NO- and MPO-generated oxidants preferentially occurs 
within the artery wall, particularly within atherosclerotic lesions, 
compared with the intravascular (blood) compartment. As was 
observed within serum and the serum-derived isolated lipoproteins, 
the contents of both NO2Tyr and ClTyr in lesion apoA-I demon-
strated a dramatic selective enrichment relative to those in lesion 
total proteins and lesion apoB-100 (Table 4). Similarly, higher lev-
els are observed within total proteins and the isolated lipoproteins 
from diseased versus normal vascular tissues.

Demonstration that MPO binds directly to apoA-I. The selective enrich-
ment of NO2Tyr and ClTyr, a specific oxidative modification 
for MPO (16, 17, 37, 38), within apoA-I, whether recovered from 
serum or within human atherosclerotic vessels, suggests a possible 
(patho)physiologic association between apoA-I and MPO in vivo. 
Independent support for such an association is the strong and statis-
tically significant correlation (r = 0.58, P < 0.001) noted between ClTyr 
and NO2Tyr contents of apoA-I, consistent with a significant com-
mon pathway for formation (i.e., MPO). To directly test the hypoth-
esis that MPO interacts with apoA-I, cross-immunoprecipitation 
studies were performed within plasma from a healthy donor that was 
supplemented with purified human MPO. Remarkably, antibodies 
to apoA-I efficiently pulled down MPO in plasma, and conversely, 
antibodies to MPO efficiently extracted apoA-I from plasma. Paral-
lel control studies using immobilized nonimmune IgG preparations 
failed to precipitate either MPO or apoA-I (Figure 4). Further analy-
sis of the proteins recovered from plasma following incubation with 
immobilized anti-MPO antibodies by SDS-PAGE and Coomassie 
blue staining revealed that apoA-I was a major protein recovered 

Figure 3
Demonstration of apoA-I NO2Tyr and MPO enrichment within HDL-like 
particles isolated from human atherosclerotic lesions. Left and center: 
Equal amounts of protein (40 μg per lane) from either HDL-like particles 
isolated from human atherosclerotic lesions (n = 12 subjects, pooled) 
or HDL isolated from pooled plasma from healthy donors were ana-
lyzed by SDS-PAGE (10–20% gradient gels), transferred onto PVDF 
membranes, and probed using antibodies to either anti-NO2Tyr (left) or 
anti–apoA-I (center), and then visualized by brief chemiluminescence 
exposure, as described in Methods. Right: Isolated human MPO stan-
dard (std) or HDL-like particles isolated from human atherosclerotic 
lesions (40 μg total protein, n = 12 subjects, pooled) were analyzed 
by SDS-PAGE (10–20% gradient gels), transferred onto PVDF mem-
branes, probed using antibodies to human MPO, and then visualized 
by brief chemiluminescence exposure, as described in Methods.

Table 3
Relationship between serum total protein and apoA-I NO2Tyr and 
ClTyr content and CVD prevalence

 Frequency of CVD per tertile
 1 2 3 P for trend
Serum
Total protein NO2Tyr 30.8%  33.3% 69.2% 0.005
ApoA-I NO2Tyr 32.0% 44.0% 72.0% 0.005
Total protein ClTyr 40.0% 50.0% 58.3% 0.20
ApoA-I ClTyr 20.0% 48.0% 80.0% <0.001

 Odds ratio (95% CI) of CVD per tertile
 1 2 3
Serum
Total protein NO2Tyr 1.0 1.1 (0.4–3.6) 5.1 (1.6–16.4)
ApoA-I NO2Tyr 1.0 1.7 (0.5–5.3) 5.5 (1.6–18.4)
Total protein ClTyr 1.0 1.5 (0.5–4.6) 2.1 (0.7–6.6)
ApoA-I ClTyr 1.0 3.7 (1.1–13.0) 16.0 (4.0–64.0)

Top: Frequencies of CVD prevalence within each tertile of the entire 
cohort. Bottom: Odds ratios and 95% confidence intervals for the sec-
ond and third tertiles, compared with the lowest (first) tertile, as predic-
tors of CVD. CI, confidence interval.
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(Figure 4B, right). Finally, a remarkable finding was that MPO was 
identified as an HDL-associated protein within human atheroma fol-
lowing the multistep buoyant density isolation procedure for HDL-
like particle recovery from atherosclerotic lesions (Figure 3, right). 
Collectively, these results strongly suggest that MPO directly associ-
ates with apoA-I within the artery wall, facilitating selective oxidative 
modification through reactive halogen and nitrogen species.

The interaction of MPO and HDL was examined more closely 
using hydrogen/deuterium exchange coupled to MS to identify 
potential MPO−apoA-I contact(s) sites. The hydrogen/deuterium 
exchange method is based on monitoring the ability of backbone 
amide protons to exchange with the solvent as a measure of solvent 
accessibility — a process that occurs readily at neutral pH, but that 
can be slowed 10 orders of magnitude at acidic pH (pH 2) (39, 40). 
The labile backbone hydrogens are pre-exchanged to deuterium so 
that the solvent-accessible sites on the protein are labeled in a man-
ner that allows back (off) exchange with hydrogen to be monitored 
by MS (39, 40). When this method is combined with pepsin diges-
tion of the protein and micro-LC-MS analysis, the degree of back 
exchange can be sensitively and specifically measured within individ-
ualized peptic peptides, each of which serves as an intrinsic probe of 
protein-protein interactions spanning the entire protein sequence. 
Thus, sites of protein-protein contact, or attendant conformational 

alterations that alter solvent accessibility during protein-protein 
interactions, may be sensitively and specifically evaluated.

During reactions of MPO with HDL, we analyzed 22 peptic 
peptides covering 95% of apoA-I and found only 1 peptide, corre-
sponding to a portion of helix 8 (A190–L203), that MPO protected 
from hydrogen/deuterium exchange (Figure 5A, left, spectrum d). 
For these experiments, exchangeable protons on HDL and MPO 
were deuterated by separate incubations of each in D2O buffer at 
neutral pD and 37°C, followed by mixing of MPO and HDL in the 
same D2O buffer for 1 hour. The reaction mixture was then diluted 
with more than 20-fold excess H2O buffer (pH 7.0, 37°C) to allow 
the back (off) exchange (t = 10 minutes) of deuterium with pro-
tons from solvent-accessible sites on the proteins. Exchange was 
quenched by acidification and immersion into an ice/methanol 
bath (pH 2.5, –10°C), and then samples were analyzed by pepsin 
proteolysis and reverse-phase HPLC–tandem MS.

The different spectra shown in Figure 5A (left) show the isoto-
pic cluster of the A190–L203 peptide of apoA-I at various stages 
in the hydrogen/deuterium exchange experiment. Spectra a and 
b contain the peptide isotopic cluster before and after deute-
rium labeling, respectively, whereas spectra c and d contain the 
deuterium-labeled peptide cluster after back (off) exchange with 
hydrogen in the absence and presence of MPO binding, respec-
tively. Protection of peptide A190–L203 from the back exchange 
is seen in the deuterated isotope cluster centered at m/z 1,578.7 in 
the mixed MPO/HDL sample shown (Figure 5A, left, spectrum d). 
In the absence of MPO (Figure 5A, spectrum c), nearly complete 
back exchange is observed. For illustrative purposes, a parallel set 
of data for peptide L159–L170, a negative control peptide whose 
behavior is representative of all other peptides monitored, is also 
shown. Note that the leftward shift in isotopic cluster from higher 
m/z for this peptide during off exchange from D2O to H2O is com-
plete in the presence of MPO (Figure 5A, right, spectra d and c 
are comparable), whereas a residual population of the A190–L203 
peptides retained a higher m/z during the off exchange experiment 
in the presence of MPO (Figure 5A, left, spectra d and c are not 
comparable). Peptide identities were confirmed by sequence analy-
sis, demonstrating incorporation of deuterium into the exchange-
able peptide hydrogens, as shown for both deuterium-labeled and 
unlabeled forms of A190–L203 (Figure 5B). Further confirmation 
of the apoA-I peptide A190–L203 as a probable MPO-interaction 
site was obtained in independent hydrogen/deuterium exchange 
studies monitoring MPO interactions with isolated human apoA-I  
in lipid disks (reconstituted human apoA-I in 1-palmitoyl, 2-oleoyl, 
phosphatidylcholine [POPC]; data not shown). Again, with near-
ly complete peptic peptide mapping (>90% coverage) of apoA-I,  
peptide A190–L203 was the only one protected from deuterium 
back exchange in the presence versus the absence of MPO.

Demonstration that exposure of either HDL or apoA-I to 
(patho)physiologic levels of MPO-generated nitrating or chlorinating oxi-
dants results in selective inhibition in ABCA1-dependent cholesterol efflux 
from macrophages. We next examined whether exposure of either 
HDL or apoA-I to physiologic levels of MPO-generated oxidants 
alters the cholesterol efflux capabilities of the lipoprotein. Both 
HDL and apoA-I (lipid-free) were individually incubated with the 
MPO/H2O2/NO2

− system (protein nitration conditions), or the 
MPO/H2O2/Cl− system (protein chlorination conditions), and 
then both ABCA1-dependent and -independent cholesterol efflux 
acceptor activities were measured by incubation with cholesterol-
loaded murine macrophage RAW264.7 cells in the presence and 

Table 4
ApoA-I is a preferred target for nitration and chlorination within 
human aortic atherosclerotic lesions

 NO2Tyr ClTyr

 Median (IQR)  P value Median (IQR)  P value 
 (μmol oxTyr/  (μmol oxTyr/ 
 mol Tyr)  mol Tyr)

Normal    
Total protein 55 (24–143)  63 (25–128) 
ApoB-100 97 (43–222) 0.57 49 (21–121) 0.93
ApoA-I 401 (185–637) <0.001 678 (299–1,311) <0.001

Lesion    
Total protein 108 (51–346)  232 (111–431) 
ApoB-100 255 (91–480) 0.67 318 (59–385) 0.92
ApoA-I 2,340  <0.001 3,930  <0.001 
 (1,665–5,050)A  (1,679–7,005)A

Specimens of normal human aorta (n = 10 subjects) and human aortic 
atherosclerotic tissues (n = 22 subjects) were stripped of adventitia and 
then pulverized into a powder with a stainless steel mortar and pestle 
at liquid nitrogen temperatures, and the contents of N02Tyr and ClTyr 
were analyzed by stable isotope dilution LC/ESI/MS/MS, as described 
in Methods. Total protein content of biomarkers was ascertained using 
powdered human vascular tissue. The contents of oxidized amino acids 
within normal aortic and atherosclerotic lesion–derived apoB-100 and 
apoA-I were assessed following isolation of LDL-like and HDL-like par-
ticles from powdered vascular tissues by sequential buoyant density 
centrifugation, further resolving by SDS-PAGE, and transfer to PVDF 
membranes, and then bands corresponding to apoA-I and apoB-100 
were visualized, excised, and analyzed by stable isotope dilution LC/ESI/
MS/MS, as described in Methods. Results shown are for median and 
interquartile ranges of NO2Tyr and ClTyr contents of normal aortic and 
lesion total protein or the indicated lipoproteins, expressed as the mole 
ratio of oxidized to parent amino acid, tyrosine. The P values shown 
are for comparisons of NO2Tyr or ClTyr content in the indicated isolated 
lipoproteins from human normal aortic and atherosclerotic lesions versus 
the corresponding content observed in normal or lesion aortic tissue total 
proteins. AP < 0.001, lesion apoA-I vs. normal aortic tissue apoA-I.
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absence of pretreatment with 8-Br-cAMP. In the absence of 8-Br-
cAMP treatment, RAW264.7 cells do not express an appreciable 
level of ABCA1, and thus, like fibroblasts from Tangier disease 
subjects, these cells support cholesterol efflux to HDL via ABCA1-
independent mechanisms, but almost no cholesterol efflux to 
apoA-I (41–44). 8-Br-cAMP treatment of RAW264.7 cells induces 
ABCA1 mRNA and protein, and thus, like fibroblasts from con-
trol subjects, these cells support approximately twofold higher 
levels of cholesterol efflux to HDL and significant levels of cho-
lesterol efflux to lipid-free apoA-I (41, 42, 44, 45). Incubation of 
either HDL or lipid-free apoA-I with the complete MPO-gener-
ated nitrating or chlorinating oxidant systems resulted in signifi-
cant decreases in ABCA1-dependent cholesterol efflux, without 
altering ABCA1-independent cholesterol efflux (Figure 6). Analy-
sis of the oxidatively modified forms of HDL by SDS-PAGE and 
protein silver staining revealed that apoA-I remained predomi-
nantly intact, with no evidence of fragmentation and only mod-
est increases in cross-linked forms of apoA-I following exposure 
to the MPO-generated chlorinating and nitrating oxidants. In 
all cases, inhibition in ABCA1-dependent cholesterol efflux was 
only observed in the presence of all components of the complete 
system (MPO, H2O2, and cosubstrate NO2

− or Cl−), but not in 
the absence of any one component, or in the presence of hydro-
gen peroxide alone (data not shown). Remarkably, incubation 
of HDL with comparable levels of peroxynitrite (100 μM) failed 
to decrease the capacity of HDL to act as a cholesterol acceptor 
by either ABCA1-dependent or -independent pathways, despite 
nitration of the apoA-I as monitored by LC/ESI/MS/MS (Figure 
6). The loss of ABCA1-dependent efflux for both MPO-modified 
HDL and isolated apoA-I is consistent with protein modification, 
rather than lipid modification, causing the effect.

Correlation of serum apoA-I content of NO2Tyr and ClTyr with impair-
ment in ABCA1-dependent cholesterol efflux activity in circulating human 
HDL. We would ideally like to ascertain whether MPO-catalyzed 
oxidative modification of apoA-I within the artery wall contrib-
utes to impairment in cholesterol efflux function of the lipopro-
tein in atherosclerotic lesions versus normal vessels. However, 
practical limitations in the amount of diseased and, especially, 
normal human aortic tissues obtainable precluded this examina-
tion. We therefore performed a separate clinical study to explore 
the in vivo functional relevance of apoA-I oxidative modification 
to the intrinsic cholesterol efflux activity of the circulating HDL 
particle. HDL was recovered by immuno-affinity chromatography 
from sequential subjects, and then ABCA1-dependent cholesterol 
efflux activity of a fixed mass of apoA-I was determined, and in 
parallel, the content of apoA-I NO2Tyr and ClTyr was measured, as 
described in Methods. Remarkably, strong and significant inverse 
correlations were noted for both apoA-I NO2Tyr and ClTyr levels, 
with higher indices of apoA-I oxidative modification correlating 
with greater impairment in ABCA1-dependent cholesterol efflux 
activity from cholesterol-laden macrophages (Figure 7).

Discussion
A growing body of evidence supports a role for inflammation and 
oxidative processes in CVD pathogenesis (1–5, 46). Classically, 
the “oxidation hypothesis” of atherosclerosis has predominantly 
focused on the role of oxidation in the modification of LDL and 
phospholipids, generating proatherogenic species capable of pro-
moting cholesterol deposition, foam cell formation, and prolif-
eration of an inflammatory phenotype. However, over the past 
few years, evidence has accrued supporting the notion that HDL 
that has become “dysfunctional” through oxidative modification 
may also play an important role in the development of atheroscle-
rosis, and that detection of such “proinflammatory” HDL may be 
a useful marker for gauging susceptibility to atherosclerosis in 
subjects (3, 47–51). Despite these new insights linking oxidation 
and impaired HDL function with atherosclerosis, direct demon-
stration of the pathways that participate in HDL oxidation in vivo 
has not yet been reported.

The present study provides, to our knowledge, the first direct evi-
dence of apoA-I, the major protein constituent of HDL, as a prefer-
ential target for nitration and chlorination in the artery wall, as well 
as a potential mechanism(s) for generation of a proatherogenic form 
of HDL. The remarkable selective enrichment in apoA-I NO2Tyr 
and ClTyr content observed within both human atherosclerotic 
lesions and the systemic circulation strongly supports the notion 

Figure 4
Coimmunoprecipitation of MPO and apoA-I in plasma. (A) ApoA-I 
immunoprecipitation (IP) of plasma, followed by MPO Western blot (10–20%  
SDS-PAGE). (B) MPO IP of plasma, followed by apoA-I Western blot 
(10–20% SDS-PAGE) (left) or Coomassie blue staining (right). The 
MPO Western blot (A) was probed with rat anti–human MPO and 
includes, in the first lane, isolated human MPO as standard. The anti-
MPO antibody used predominantly recognizes the heavy chain of MPO 
and thus highlights both heavy chain and precursor protein forms of 
MPO. The apoA-I Western blot (B) was probed with goat anti–human 
apoA-I. For each Western blot, the lanes were loaded with 10 μg of 
protein from plasma, the IP supernatant (Supn), and the specific and 
control immune complexes recovered from the IP pellets, in the indi-
cated sequential order.
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that NO-derived oxidants and MPO-catalyzed reactions selectively 
target the lipoprotein for oxidative modification. We observed a 
combined ox-amino acid (ox-AA) content of 5,500 μmol ox-AA/mol 
Tyr within lesional apoA-I (Table 4). Given that there are 7 tyrosine 

residues per apoA-I and up to 4 
apoA-I molecules per HDL par-
ticle, we calculate that on aver-
age, approximately 15% of the 
HDL-like particles recovered from 
human aortic lesions possess at 
least 1 oxidative modification (i.e., 
5.5 ox-AA/103 Tyr × 7 Tyr/apoA-I 
× 4 apoA-I/HDL particle = 15.4%). 
If one looks at the top-quartile val-
ues, which demonstrated a com-
bined ox-AA content ranging from 
10,000 to 25,000 μmol ox-AA/mol 
Tyr, then a remarkable 28–50% of 
lesional HDL particles in this top 
quartile possess either a ClTyr or 
an NO2Tyr residue. Since MPO, 
HOCl-modified proteins, and 
apoA-I all colocalize within the 
protected environment of the sub-
endothelial compartment, it is not 
hard to imagine that this number 
may be even higher in some loca-
tions. While the selective enrich-
ment of MPO-generated oxidation 
products was most pronounced 
within circulating HDL of indi-
viduals with CVD and human 
atherosclerotic lesions, marked 
enrichment was also noted within 
apoA-I recovered from both serum 
of healthy subjects and transplant-
donor aortic tissues, suggesting a 
potential physiologic antiinflam-
matory/antioxidant role for apoA-I 
binding of MPO and scavenging of 
MPO-generated oxidants. Wheth-
er the MPO-catalyzed oxidation 
of apoA-I occurs within the artery 
wall, or within the circulation, fol-
lowed by selective deposition of the 
modified lipoprotein within the 
artery wall, cannot be determined 
from the present study. Such high 
levels of modification, however, 
strongly argue for the oxidation to 
occur within a protected environ-
ment, such as the subendothelial 
compartment, where scavengers 
of MPO-generated oxidants might 
be more easily depleted.

Another remarkable finding 
is that both in vitro and in vivo 
studies demonstrate accompa-
nying functional impairment in 
ABCA1-dependent cholesterol 

efflux from cholesterol-laden macrophages with increasing levels of 
oxidation of apoA-I, suggesting that oxidative processes catalyzed 
by MPO may participate in the development of “dysfunctional” or 
“proinflammatory” forms of HDL. The involvement of MPO as an 

Figure 5
Demonstration of an interaction between MPO and apoA-I using hydrogen/deuterium exchange tandem 
MS. Exchangeable protons on HDL and MPO were each deuterium-labeled by mixing in D2O containing 
ND4OAc, pD 7.0, at room temperature for 1 hour. The deuterated HDL was combined with either deuterated 
MPO or additional deuterium buffer and incubated for 1 hour at room temperature to allow binding. Samples 
were diluted 25-fold into NH4OAc, pH 7.0, for 10 minutes for back (off) exchange before quenching by rapid 
cooling and addition of TFA to pH 2. Proteins were digested with immobilized pepsin, and then samples 
were immediately injected for analysis as described in Methods. The different spectra shown correspond 
to various stages in the hydrogen/deuterium exchange experiment. (A) ApoA-I isotopic clusters shown are 
for either the MPO-binding peptide A190–L203 (left) or a negative control peptide, L159–L170 (right). For 
each, spectra a and b contain peptide isotopic clusters before and after deuterium labeling, respectively. 
Spectra c and d contain deuterium-labeled peptide cluster after back (off) exchange with hydrogen in the 
absence and presence of MPO binding, respectively. The peptide isotopic cluster indicated by the asterisk 
represents a non–back-exchanged component of the A190–L203 isotope cluster due to inaccessibility of 
this region of apoA-I to solvent in the presence of MPO. Results shown are representative of 4 independent 
experiments. (B) Sequence confirmation of the identified peptic peptides was achieved by tandem MS. The 
collision-induced dissociation spectra and fragmentation analysis of the unlabeled and deuterium-labeled 
peptic peptide A190–L203 are illustrated.
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enzymatic catalyst in the selective oxidative modification of apoA-I 
through both nitration and halogenation reactions is supported by 
multiple lines of evidence, including (a) a dramatic enrichment in 
both ClTyr, a specific product of MPO, and NO2Tyr, a product gen-
erated by MPO, in apoA-I recovered from both human atheroma 
and serum; (b) the finding that MPO binds to apoA-I in HDL with-
in plasma and serum, based on both coimmunoprecipitation stud-
ies and visualization of a probable site of apoA-I contact with MPO 
using hydrogen/deuterium exchange MS; (c) the observation that 
the ClTyr and NO2Tyr contents of apoA-I show a remarkable sta-
tistical correlation (r = 0.58, P < 0.001), consistent with a significant 
common enzymatic source; and (d) the copurification of MPO with 
HDL-like particles recovered from human atherosclerotic lesions.

Several studies have reported functional alterations to HDL-
mediated cholesterol efflux following oxidative modification in 
vitro; however, descriptions of the impact of oxidation on choles-
terol efflux functions have been contradictory, with decreased (52–
54), unchanged (55), and increased (56, 57) rates of efflux reported. 
Perhaps the best evidence thus far reported has focused on ex vivo 
oxidatively cross-linked forms of apoA-I, which are reported to 

have enhanced efflux functional capacity in vitro, and the ability 
to attenuate lesion development when infused in an animal model 
of atherosclerosis (57). Despite these studies, direct examination of 
the relevant forms of oxidative modification that are operational 

Figure 6
MPO-generated reactive nitrogen species 
inhibit ABCA1-dependent cholesterol efflux 
functions of HDL. HDL (A) and apoA-I (B) were 
individually modified by ONOO− (100 μM), the 
MPO/H2O2/NO2

− system (100 μM H2O2), or 
the MPO/H2O2/Cl− system (100 μM H2O2), as 
described in Methods. Modified HDL or apoA-I 
preparations were then incubated with choles-
terol-loaded murine macrophage RAW264.7 
cells in the presence or absence of 8-Br-cAMP 
pretreatment, and ABCA1-dependent (top) and 
-independent (bottom) cholesterol efflux was 
quantified as described in Methods. Note that 
MPO-generated nitrating and chlorinating oxi-
dants both selectively inhibited ABCA1-depen-
dent cholesterol efflux. In marked contrast, 
exposure of HDL or apoA-I to ONOO− failed 
to influence HDL cholesterol efflux functions of 
the lipoprotein.

Figure 7
Correlation between functional impairment in ABCA1-dependent 
cholesterol efflux activity and apoA-I content of NO2Tyr and ClTyr. 
HDL was immunoprecipitated from serum of consecutive Preventive 
Cardiology Clinic patients. ABCA1-specific cholesterol efflux activity 
in 5 μg apoA-I was then quantified using cholesterol-laden murine 
macrophages as described in Methods. In parallel, the content of 
apoA-I NO2Tyr (A) and ClTyr (B) was determined by stable isotope 
dilution tandem MS as described in Methods.
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within apoA-I in the artery wall had yet to be reported. Further, 
while enrichment of NO2Tyr and ClTyr in human atherosclerotic 
lesions was well known from both immunohistochemical and MS-
based studies (8, 21, 37), and colocalization of immunostaining 
for both apoA-I and HOCl-modified proteins within human 
atheroma has been reported (58), the present study is the first, 
to our knowledge, to directly demonstrate MPO-catalyzed oxi-
dative modifications to apoA-I in vivo. The present study is also 
the first, we believe, to demonstrate (a) that a strong correlation 
exists between serum apoA-I NO2Tyr and ClTyr content and CVD 
risk, and (b) that a strong correlation exists between serum HDL 
NO2Tyr and ClTyr content in subjects and the intrinsic ABCA1-
mediated cholesterol efflux function of the lipoprotein particle.

Despite the many links between oxidation and atherosclerosis, 
it should be noted that the oxidation hypothesis of atherogenesis 
has come under intense scrutiny of late because of the failure of 
several large-scale prospective antioxidant intervention trials to 
demonstrate clinical benefit (reviewed in refs. 59–61). While many 
have interpreted these negative results as an indictment of the oxi-
dation hypothesis, antioxidant action following supplementation in 
subjects was not directly demonstrated in these trials. Remarkably, 
many of the oxidation pathways known to be operative in human 
atheroma, including those mediated by MPO-catalyzed haloge-
nation and NO-derived oxidants, are not efficiently inhibited by  
α-tocopherol (4, 9, 62–64). Further, in many studies “antioxidant” 
vitamins like α-tocopherol and ascorbate have been shown to have 
no effect on systemic measures of oxidant stress, or even to promote 
oxidation by either acting as a phase transfer catalyst for radical 
species (e.g., tocopherol-mediated peroxidation) or allowing redox-
active transition metal ions to catalytically cycle (65–67). Given 
our recent demonstrations of systemic reductions in total protein 
NO2Tyr and ClTyr contents of subjects receiving statin therapy 
(10, 22), it is tempting to speculate that apoA-I NO2Tyr and ClTyr 
contents may also serve as clinically useful tools both for CVD risk 
stratification strategies and for monitoring of the antiinflamma-
tory and antioxidant actions of statins and other therapies. The 
cross-sectional rather than longitudinal design of the present study 
is an important limitation. Further evaluation of apoA-I NO2Tyr 
and ClTyr levels as independent additive predictors of future car-
diovascular events and outcomes, and as a means of monitoring risk 
reduction attendant with statin therapy, is warranted.

Epidemiological studies consistently demonstrate an inverse cor-
relation between HDL cholesterol levels and incidence of cardiovas-
cular events. Several functional activities associated with HDL and 
apoA-I are believed to promote these beneficial effects, including both 
facilitation of reverse cholesterol transport and additional cardiopro-
tective antioxidant and antiinflammatory functions (49, 68, 69). A 
major determinant of plaque progression/regression rate is the bal-
ance between cholesterol uptake versus efflux pathways. Enhanced 
cholesterol efflux from arterial cells, such as with overexpression of 
human apoA-I in apoE-deficient mice (70), or infusions of recom-
binant apoA-I forms into subjects, reduces atherosclerotic lesion 
plaque volume (71). ABCA1 also participates in cholesterol efflux 
from cells, functioning as a major regulator of macrophage choles-
terol efflux and HDL-mediated reverse cholesterol transport (72–76). 
Upregulation of ABCA1 in liver and macrophages of transgenic mice 
reduces diet-induced atherosclerosis (77), and bone marrow trans-
plantation studies demonstrate that the selective inactivation of 
ABCA1 in macrophages markedly increases atherosclerosis and foam 
cell accumulation in apoE–/– mice (78).

While initial studies with MPO KO mice demonstrated a mod-
est increase, rather than an anticipated decrease, in lesion devel-
opment, these studies also revealed significant species differences 
between rodents and humans with respect to MPO (38). Specifi-
cally, while MPO and its oxidation products are enriched in human 
atheroma, neither MPO nor its specific oxidation products could 
be demonstrated in mouse aortic lesions, which suggested that 
human clinical studies were required to determine the role of MPO 
in human atherosclerosis. The past several years have witnessed an 
increasing number of clinical and genetic studies in humans that 
support a role for MPO in atherogenesis. In an analysis of nearly 
100 individuals with MPO deficiency, subjects lacking functional 
peroxidase activity were shown to have a significantly reduced rate 
of cardiovascular events (79). In several independent genetic stud-
ies, a functional polymorphism in the promoter region of the MPO 
gene that leads to decreased expression has been associated with 
significant cardioprotective effects in subjects harboring the muta-
tion (80–82). Plasma, serum, and leukocyte MPO levels have now 
been associated with angiographic evidence of coronary artery dis-
ease (32); incident risk of myocardial infarction, death, and need for 
revascularization (33, 34); and enhanced endothelial dysfunction 
(83). The observed selective targeting of apoA-I for oxidative modi-
fication by MPO in vivo, and the apparent accompanying function-
al impairment in ABCA1-dependent cholesterol efflux function of 
the lipoprotein, both serve to further suggest that development of 
an inhibitor of MPO may be of clinical benefit. Alternatively, it is 
tempting to speculate that the potential apoA-I binding site for 
MPO identified by the hydrogen/deuterium exchange studies may 
represent a unique therapeutic target for disrupting aberrant MPO 
activity in CVD subjects without interfering in needed actions of 
the enzyme, such as innate host defenses.

Methods
Materials. L-[13C6]tyrosine and L-[13C9,15N1]tyrosine were purchased from 
Cambridge Isotope Laboratories Inc. (Andover, Massachusetts, USA). 
Tissue culture media and additives were purchased from Life Technolo-
gies Inc. (Gaithersburg, Maryland, USA). RAW264.7 cells were obtained 
from the American Type Culture Collection (Rockville, Maryland, USA). 
[3H]Cholesterol was obtained from Amersham Biosciences (Piscataway, 
New Jersey, USA), and resuspended in ethanol prior to use. All other 
reagents were obtained from Sigma-Aldrich (St. Louis, Missouri, USA) 
unless otherwise specified.

General procedures. Peroxynitrite was synthesized and quantified as previ-
ously described (7). L-3-[13C6]NO2Tyr was synthesized from L-[13C6]tyrosine 
and peroxynitrite, and isolated by reverse-phase HPLC to remove residual 
NO2

− prior to use (20). Protein content was determined by the Markwell-
modified Lowry protein assay (84) with BSA as standard. The concentration 
of reagent H2O2 was determined spectrophotometrically (ε240 = 39.4 M–1cm–1;  
ref. 85). MPO was initially purified from detergent extracts of human leu-
kocytes by sequential lectin affinity and gel filtration chromatography as 
described by Rakita et al. (86), and then trace levels of contaminating eosin-
ophil peroxidase were removed by passage over a sulphopropyl Sephadex 
column (87). Purity of isolated MPO was established by demonstration of 
an RZ greater than 0.84 (A430/A280), SDS-PAGE analysis with Coomassie blue 
staining, and in-gel tetramethylbenzidine peroxidase staining (88). Enzyme 
concentration was determined spectrophotometrically using an extinction 
coefficient of 89,000 M–1cm–1 per heme of MPO (89). Delipidated and puri-
fied apoA-I was purchased from BIODESIGN International (Saco, Maine, 
USA) and used without further purification following demonstration of 
purity by SDS-PAGE and silver-stain analysis, and demonstration of lack 
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of significant FFAs by HPLC with on-line tandem MS analysis (25). LDL 
(1.019 < d < 1.063 g/ml fraction) and HDL (1.063 < d < 1.21 g/ml fraction) 
were isolated from fresh plasma by sequential ultracentrifugation (90). Final 
preparations were extensively dialyzed against 50 mM sodium phosphate pH 
7.0, 200 μM diethylenetriaminepentaacetic acid (DTPA) and stored under 
N2 until use. LDL was acetylated with acetic acid anhydride (91). NO2Tyr 
immunostaining was performed as previously described (92). Specificity of 
immunostaining for NO2Tyr was confirmed by loss of staining (a) in compe-
tition studies with 10 mM NO2Tyr present during antibody-antigen incu-
bations, and (b) upon reduction of sample with dithionite.

Clinical specimens: serum. For studies involving MS-dependent quantifi-
cation of serum total protein, apoA-I, and apoB-100 contents of NO2Tyr 
and ClTyr, 45 sequential patients with CVD receiving care from the Pre-
ventive Cardiology Clinic of the Cleveland Clinic Foundation and 44 
healthy volunteers responding to advertisements were enrolled. CVD was 
defined clinically as coronary artery disease, peripheral arterial disease, 
or cerebral vascular disease. Subjects with CVD were stable and without 
cardiac symptoms. Patients who had experienced a myocardial infarction 
or stroke within 1 month preceding enrollment were ineligible. Studies 
correlating HDL levels of NO2Tyr and ClTyr with ABCA1-dependent cho-
lesterol efflux activities were performed on a separate sequential set of 13 
subjects without known CVD who were receiving care from the Preventive 
Cardiology Clinic. All participants gave written informed consent, and the 
Institutional Review Board of the Cleveland Clinic Foundation approved 
the study protocol. Clinical investigations were conducted in accordance 
with the Declaration of Helsinki principles. A medical history and record 
review was performed to define coronary risk factors, including diabetes 
mellitus (defined by fasting blood glucose >125 mg/dl or hypoglycemic 
medications), hypertension (blood pressure >140/90 or antihypertensive 
medications in the absence of known cardiac disease), family history of 
premature coronary heart disease (first-degree relative with coronary heart 
disease prior to age 60 by subject report), history of hypercholesterolemia 
(fasting LDL cholesterol >160 mg/dl or lipid-lowering medications in the 
absence of known cardiac disease), and cigarette smoking (any smoking 
within 1 year of the study). A fasting blood sample was obtained using a 
serum-separator tube. Serum was isolated, and aliquots were placed into 
cryovials supplemented with antioxidant cocktail composed of butylated 
hydroxytoluene (100 μM final) and DTPA (2 mM final, pH 7.0), covered in 
argon, and snap-frozen at –80°C until time of analysis.

Immuno-affinity purification of nitrated proteins. An ImmunoPure Protein A 
Orientation Kit (Pierce Biotechnology Inc., Rockford, Illinois, USA) was 
used to affinity-purify nitrated proteins from albumin/IgG–depleted serum. 
Briefly, human serum (45 μl) was depleted of albumin and IgG using the 
ProteoPrep Albumin Depletion Kit (Sigma-Aldrich) as recommended by the 
manufacturer. Affinity-purified anti-NO2Tyr antibody raised against a syn-
thetic octapeptide (Cys-Gly-NO2Tyr-Gly-Gly-Gly-NO2Tyr-Gly) was bound to 
protein A and cross-linked with dimethylpimelimidate. The albumin/IgG–
depleted patient serum was diluted in 0.15 M NaCl, 0.1 M phosphate, pH 
7.2, and applied to the column. Unbound protein fractions were eluted with 
20 ml of PBS and 10 ml of 0.5 M NaCl. The bound proteins were eluted with 
5 mM 3-NO2Tyr in 0.5 M NaCl. The bound fractions were concentrated 
using Centriprep filter devices (YM-10; Millipore Corp., Billerica, Massachu-
setts, USA), dialyzed against 0.1 M urea, and dried down to a small volume 
using a SpeedVac Concentrator (Savant Instruments Inc., Holbrook, New 
York, USA). Protein in the fractions was monitored with the bicinchoninic 
acid assay (Pierce Biotechnology Inc.), using BSA as standard.

2D SDS-PAGE. After dialysis, approximately 50 μg of protein was added 
to 155 μl sample rehydration buffer and absorbed overnight onto 7-cm pH 
3–10 nonlinear immobilized pH gradient (IPG) ZOOM strips (Invitrogen 
Corp., Carlsbad, California, USA). Isoelectric focusing was carried out 

using the ZOOM IPGRunner system (Invitrogen Corp.) and the Bio-Rad 
3,000-V power supply (Bio-Rad Laboratories, Hercules, California, USA) 
using the following voltage step protocol: 100 V for 30 minutes, 200 V for 
20 minutes, 450 V for 15 minutes, 750 V for 15 minutes, and 2,000 V for 30 
minutes. For the second dimension, focused IPG strips were equilibrated in 
NuPAGE LDS sample buffer (Invitrogen Corp.) in the presence of NuPAGE 
Sample Reducing Agent (Invitrogen Corp.) for 15 minutes, and further 
incubated in LDS sample buffer in the presence of 125 mM iodoacetamide 
for 15 minutes. The strips were placed on 4–12% Bis-Tris gels and embed-
ded in 0.5% agarose (wt/vol). The gels were stained for protein using either 
colloidal blue or silver staining. For immunoblotting, gels were transferred 
to 0.2-μm Immun-Blot PVDF membranes (Bio-Rad).

Clinical specimens: tissue. LDL-like and HDL-like particles were isolated 
from atherosclerotic lesions from aortae and femoral artery tissues obtained 
at autopsy (tissue harvest within 10 hours of death). Control studies to con-
firm that postmortem artifacts were not significant used vascular tissues  
(n = 5) obtained fresh at the time of vascular surgery. Normal human aortic 
tissues were obtained from transplant donors. All tissues were immediately 
rinsed in ice-cold PBS supplemented with 100 μM DTPA and immediately 
frozen in buffer A (65 mM sodium phosphate, pH 7.4, 100 μM DTPA, 100 
μM butylated hydroxytoluene), under N2 at –80°C until analysis.

Isolation and characterization of LDL- and HDL-like particles from normal human 
aortic tissues and human atherosclerotic lesions. LDL- and HDL-like particles were 
isolated from fatty streaks and intermediate lesions of human thoracic aor-
tae by sequential density ultracentrifugation (d = 1.019–1.070 g/ml fraction 
for “lesion LDL,” 1.063–1.21 g/ml fraction for “lesion HDL”) using a modi-
fication of the method of Steinbrecher and Lougheed (93) as previously 
described (94). “Control aortic LDL–like” and “control aortic HDL–like” 
particles were similarly isolated from residual aortic tissues free of visible 
atherosclerotic plaque, obtained from transplant donors. A metal chelator 
(100 μM DTPA), an MPO inhibitor (10 mM 3-aminotriazole), and a protease 
cocktail composed of PMSF and Sigma-Aldrich protease inhibitor cocktail 
(catalog no. P8340) were included in all solutions used for lipoprotein isola-
tion. Control aortic and lesion LDL and HDL were subjected to SDS-PAGE 
(95) with Western blot analysis using either a rabbit anti–human apoB-100 
antiserum (37) or goat anti–human apoA-I (BIODESIGN International). 
Analysis of control aortic LDL–like and lesion LDL–like particles with 
polyclonal antibody to apoB-100 detected a protein of 500 kDa, the mass 
of intact apoB-100. As previously noted (94), both aggregated/cross-linked 
and lower–molecular mass forms of immunoreactive protein were also pres-
ent in LDL-like particles isolated from vascular tissues. Similar Western 
analyses were performed on control aortic HDL–like and lesion HDL–like 
particles using antibodies to apoA-I, and they confirmed the presence of 
apoA-I. Analysis of control aortic LDL–like and lesion LDL–like particles by 
high-resolution size exclusion chromatography (tandem Superose 6 and 12 
columns; Pharmacia LKB Biotechnology, Uppsala, Sweden) demonstrated 
that immunoreactive apoB-100, total cholesterol, and the majority of pro-
tein mass exhibited an apparent relative molecular mass similar to that of 
LDL isolated from plasma. Identity of apoA-I as a major protein constituent 
present in control aortic HDL–like and lesion HDL–like particle prepara-
tions was also achieved by tandem MS sequence analysis following excision 
from Coomassie blue–stained SDS-PAGE gels.

Several control experiments indicated that postmortem changes were 
unlikely to contribute to apoA-I nitration and chlorination. First, control 
studies were performed on fresh arterial tissues harvested at the time of 
vascular surgery (for lesion) or organ harvest for transplantation (for nor-
mal/nonlesion arterial tissues). Comparable levels of NO2Tyr and ClTyr 
were noted within these freshly harvested vascular tissues, compared with 
those obtained at autopsy. Second, following generation of powdered 
aortic tissues using a stainless steel mortar and pestle at liquid nitrogen 
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temperatures, incubation of aortic tissue powder (suspended in PBS) with 
MPO (100 nM) for 10 hours at room temperature failed to increase levels 
of NO2Tyr or ClTyr, as monitored by both MS and SDS-PAGE and Western 
analyses (for NO2Tyr). Third, control studies demonstrated no significant 
formation of 3-[13C6]ClTyr or 3-[13C6]NO2Tyr in the above aortic tissue 
powder/MPO mixtures supplemented with L-[13C6]tyrosine, incubated at 
room temperature for 10 hours, and then subjected to MS analysis.

Coimmunoprecipitation study. Human MPO (67 μg) was added to 450 μl of 
human plasma from a normal healthy donor. Aliquots (75 μl each) were 
used for immunoprecipitation studies with the indicated IgG by first mix-
ing with 20 μl of goat anti–human apoA-I (BIODESIGN International), rat 
anti–human MPO (DAKO Corp., Carpinteria, California, USA), or nonim-
mune mouse IgG as a control. Individual mixtures were then diluted with 0.4 
ml PBS and incubated with 80 μl of protein G-Sepharose slurry (Pierce Bio-
technology Inc.). The antibody-antigen complexes were pelleted by centrifu-
gation, and the supernatant was removed and saved. After washing, immune 
complexes in the pellets were recovered from the protein G-Sepharose beads.

Hydrogen/deuterium exchange MS. Separate aliquots of HDL (85 μg pro-
tein) and human MPO (21 μg) were deuterium-labeled by mixing with 50 
μl of D2O containing 50 mM ND4OAc, pD 7.0, at room temperature for 1 
hour. The deuterated HDL was combined with either deuterated MPO or 
additional deuterium buffer and incubated for 1 hour at room temperature 
to allow binding. The combined HDL/MPO and the apoA-I–alone samples 
were concentrated to 10 μl by centrifugation through a 10-kDa-molecular-
weight cutoff filter. The retentate was subsequently diluted to 200 μl with 
50 mM NH4OAc, pH 7.0, for 10 minutes for back (off) exchange before 
quenching by rapid cooling in ice/methanol bath and addition of 10 μl 10% 
triflouroacetic acid (TFA) to reduce the pH. Proteins were digested with 
immobilized pepsin that had been prewashed with ice-cold 0.1% TFA. The 
pepsin digestion was carried out for 5 minutes and immediately filtered 
to remove the residual pepsin beads, and then samples were immediately 
injected for analysis by HPLC–MS/MS. A 1 mm × 3 cm C18 reverse-phase 
column (Grace Vydac, Hesperia, California, USA) was used to fractionate 
peptides. The injector, analytical column, and tubings were all maintained 
at 0°C by immersion in ice/water bath during analysis to minimize back 
exchange. An aliquot of the sample was injected using a prechilled syringe. 
Peptides were eluted with a linear gradient of 2–80% acetonitrile in 0.05% 
TFA over 10 minutes. A Finnigan LCQ Deca ion trap mass spectrometer 
(Thermo-Electron Corp., San Jose, California, USA) was used to record 
full-scan spectra containing well-resolved isotopic peaks for the respective 
peptides, as well as collision-induced dissociation (CID) spectra.

HDL and apoA-I nitration and chlorination in vitro. HDL and apoA-I modifica-
tions were carried out in 50 mM phosphate buffer, pH 7.0, containing 100 
μM DTPA, 1 mg/ml HDL protein, 57 pM MPO, and either 100 μM nitrite (for 
the nitration reactions) or 100 mM chloride (for the chlorination reactions). 
Hydrogen peroxide (100 μM final) was added to initiate reactions. Peroxyni-
trite (100 μM) was added as a rapid single-bolus addition where specified.

Cholesterol efflux studies. Cholesterol efflux experiments were performed 
according to established procedures (96, 97). Briefly, subconfluent 
RAW264.7 cells in 24-well dishes were cholesterol-loaded and labeled over-
night in 0.5 ml of DGGB (DMEM supplemented with 50 mM glucose, 2 mM  
glutamine, and 0.2% BSA) containing [3H]-cholesterol–labeled acetylated 
LDL (AcLDL). To prepare [3H]-cholesterol–labeled AcLDL, [3H]-cholesterol 
was incubated for 30 minutes at 37°C with the AcLDL and diluted with 
DGGB to yield a final concentration of 50 μg/ml AcLDL with 0.33 μCi/ml  
[3H]-cholesterol. The day after labeling, the cells were washed 3 times 
in PBS, 0.2% BSA and incubated with 0.5 ml of DGGB with or without  
0.3 mM 8-Br-cAMP (used to induce ABCA1) for 16 hours. Cholesterol 
efflux to HDL or apoA-I was measured after 4 hours of incubation in 0.5 ml  
DGGB in the presence or absence of 8-Br-cAMP. Radioactivity of a 100-μl  

aliquot of medium and of a hexane/isopropanol (3:2, vol/vol) extract from 
the cells was determined. The percentage cholesterol efflux was calculat-
ed as the radioactivity in the medium divided by the total radioactivity 
(medium plus cells). Studies comparing ABCA1-dependent cholesterol 
efflux activity versus apoA-I NO2Tyr and ClTyr contents of HDL were per-
formed on HDL recovered from aliquots of serum using affinity-purified 
anti-HDL IgY gel (GenWay Biotech Inc., San Diego, California, USA). To 
ensure that comparable mass of apoA-I was applied to cells in experiments 
evaluating ABCA1-dependent efflux versus apoA-I NO2Tyr and ClTyr 
levels (Figure 7), SDS-PAGE analysis with Coomassie blue staining of the 
anti-HDL precipitates was performed, revealing that more than 90% of the 
protein recovered was apoA-I. Individual subjects’ serum apoA-I NO2Tyr 
and ClTyr contents were measured in parallel following SDS-PAGE analy-
sis of lipoprotein recovered from immobilized anti-HDL IgY gel, transfer to 
PVDF, staining, and excision of the apoA-I band, followed by stable isotope 
dilution tandem MS as described below.

Protein identification by MS. Protein identifications were carried out as 
previously described (96, 97). Briefly, bands were cut from Coomassie 
blue–stained SDS-PAGE gels, reduced with DTT, and alkylated with iodo-
acetamide. Protein was then digested in-gel by addition of trypsin, and 
peptides were extracted and then analyzed by capillary column HPLC–
tandem MS on a Finnigan LCQ Deca ion trap mass spectrometer system 
(Thermo-Electron Corp.) equipped with a nanospray ionization source 
at a flow rate of 200 nl/min. The peptides in the digest were separated by 
reverse-phase capillary HPLC using a 50-μm-i.d. column with a 10-μm 
tip (New Objective Inc., Woburn, Massachusetts, USA). The column was 
packed with approximately 6 cm of C18 packing material (Phenomenex, 
Torrance, California, USA) and eluted using a 45-minute gradient of 
increasing acetonitrile (2–70%) in 50 mM acetic acid. Protein identifica-
tion was performed using a data-dependent analysis that acquired both 
mass spectra and CID spectra in a single run (96, 97). The search programs 
SEQUEST (Thermo-Electron Corp.) and Mascot (Matrix Science Ltd., 
London, United Kingdom) were used for protein identifications. Manual 
sequence analyses were performed on select deuterium-enriched peptides 
during hydrogen/deuterium exchange MS.

NO2Tyr and ClTyr analyses. Protein-bound NO2Tyr and ClTyr were 
quantified by stable isotope dilution LC–tandem MS (17) on a triple 
quadrupole mass spectrometer (API 4000; Applied Biosystems, Foster 
City, California, USA) interfaced to an Aria LX Series HPLC multiplex-
ing system (Cohesive Technologies Inc., Franklin, Massachusetts, USA). 
Synthetic [13C6]-labeled standards were added to samples (aliquots of 
serum, tissue/lesion homogenates, or bands visualized on PVDF mem-
branes by colloidal blue stain and then excised) and used as internal 
standards for quantification of natural-abundance analytes. Simultane-
ously, a universal labeled precursor amino acid, [13C9,15N1]tyrosine, was 
added. Proteins were hydrolyzed under argon atmosphere in methane 
sulfonic acid, and then samples were passed over mini solid-phase C18 
extraction columns (Supelclean DSC-18LT minicolumn; 3 ml; Supelco, 
Bellefone, Pennsylvania, USA) prior to MS analysis. Results are normal-
ized to the content of the precursor amino acid tyrosine, which was 
monitored within the same injection. Intrapreparative formation of 
both nitro[13C9,15N]tyrosine and chloro[13C9,15N]tyrosine was routinely 
monitored and was negligible (i.e., <5% of the level of the natural-abun-
dance product observed) under the conditions used.

Statistical analysis. Power calculations were performed based on previ-
ously reported means and SDs of NO2Tyr and ClTyr in clinical studies. 
It was determined that at least 30 patients were needed in each group 
to have 80% power to detect a 40% difference in marker level. Data are 
presented as median (interquartile range), and significance level was 
set at P < 0.05. The Wilcoxon rank-sum test was used to compare levels 
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between groups. Logistic regression was used to obtain odds ratios by 
tertiles. Pearson product-moment or Spearman rank correlation coef-
ficients were generated to assess the association among NO2Tyr, ClTyr, 
and cholesterol efflux values. Statistical analyses were performed using 
SPSS version 11.0 (SPSS Inc., Chicago, Illinois, USA).
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