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Abstract
Accumulation of LDL-derived cholesterol by artery wall macrophages triggers atherosclerosis, the
leading cause of cardiovascular disease. Conversely, HDL retards atherosclerosis by promoting
cholesterol efflux from macrophages by the membrane-associated ATP-binding cassette transporter
A1 (ABCA1) pathway. HDL has been proposed to lose its cardioprotective effects in subjects with
atherosclerosis, but the underlying mechanisms are poorly understood. One potential pathway
involves oxidative damage by myeloperoxidase (MPO), a heme enzyme secreted by human artery
wall macrophages. We used mass spectrometry to demonstrate that HDL isolated from patients with
established cardiovascular disease contains elevated levels of 3-chlorotyrosine and 3-nitrotyrosine,
two characteristic products of MPO. When apolipoprotein A-I (apoA-I), the major HDL protein, was
oxidized by MPO, its ability to promote cellular cholesterol efflux by ABCA1 was impaired.
Moreover, oxidized apoA-I was unable to activate lecithin:cholesterol acyltransferase (LCAT),
which rapidly converts free cholesterol to cholesteryl ester, a critical step in HDL maturation.
Biochemical studies implicated tyrosine chlorination and methionine oxygenation in the loss of
ABCA1 and LCAT activity by oxidized apoA-I. Oxidation of specific residues in apoA-I inhibited
two key steps in cholesterol efflux from macrophages, raising the possibility that MPO initiates a
pathway for generating dysfunctional HDL in humans.
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Atherosclerosis is the leading cause of death in industrialized societies. One important risk
factor is an elevated level of low-density lipoprotein (LDL), the major cholesterol carrier in
humans (1). Unregulated delivery of cholesterol by LDL converts macrophages into cholesteryl
ester-laden foam cells, the pathological hallmark of the atherosclerotic lesion (2).

1. Myeloperoxidase is a source of oxidative stress in the human artery wall
High levels of LDL alone may not be sufficient to trigger atherosclerosis, however; oxidative
stress is implicated in the pathogenesis of inflammatory diseases (3–5). Thus, in vitro and in
vivo studies suggest that LDL must be modified, particularly by oxidative reactions, to promote
the cholesterol uptake by macrophage scavenger receptors that trigger atherogenesis (4).
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Macrophages use reactive oxygen species to kill invading pathogens (6). One oxidative
pathway involves myeloperoxidase (MPO), a secreted heme protein expressed at high levels
in human atherosclerotic lesions, where it co-localizes in part with macrophages (7). The
enzyme uses hydrogen peroxide (H2O2) to execute oxidative reactions in the phagolysosome
and extracellular milieu. The major end product at plasma concentrations of chloride ion is
generally thought to be hypochlorous acid (HOCl), a potent anti-microbial agent.

Hypochlorous acid generated by MPO also has the potential to damage host tissue. For
example, HOCl produced by the enzyme converts free and protein-bound tyrosine residues to
3-chlorotyrosine (8,9). Studies of mice deficient in MPO demonstrated that the enzyme
normally generates 3-chlorotyrosine in a model of acute inflammation and that this abnormal
amino acid is a specific marker for MPO activity (10). Mass spectrometric (MS) analyses have
detected high levels of 3-chlorotyrosine in LDL isolated from human atherosclerotic tissue
(11), strongly suggesting that MPO is one pathway for oxidative damage in the human artery
wall.

Another pathway for oxidizing artery wall proteins involves nitric oxide (NO), which is
generated by vascular wall cells (12,13). NO reacts rapidly with superoxide (O2

•−) to form
peroxynitrite (ONOO−), a reactive nitrogen species (14). Macrophages are a rich source of
both O2

•− and NO, suggesting that ONOO−may be an important source of reactive nitrogen
species in vivo. Furthermore, oxidation of NO produces nitrite (NO2

−), which MPO and
H2O2 convert to nitrogen dioxide radical (NO2

•), a potent nitrating intermediate (15,16).

Both ONOO− and NO2
• generate 3-nitrotyrosine when they react with tyrosine residues. Such

reactive nitrogen species might promote inflammation by nitrating lipoproteins and other artery
wall proteins. MS analyses have detected elevated levels of 3-nitrotyrosine in LDL isolated
from human atherosclerotic tissue (17), and tyrosine nitration is impaired when mice are
deficient in MPO (10). Thus, the MPO pathway might both nitrate and chlorinate lipoproteins
in vivo.

2. Dysfunctional HDL may promote atherogenesis
In contrast to LDL, high-density lipoprotein (HDL)—the good form of cholesterol—is
normally cardioprotective. It protects the artery wall from atherosclerosis in part by its ability
to remove cholesterol from macrophage foam cells (18,19). Two distinct pathways are
involved. One involves a membrane-associated protein termed the ATP-binding cassette
transporter A1 (ABCA1) (20). Lipid-free or lipid-poor apolipoprotein A-I (apoA-I), the major
HDL protein (21), promotes sterol efflux by ABCA1. The second pathway involves another
ABC transporter, ABCG1, and is mediated by the holo-HDL particle (22). Lecithin:cholesterol
acyltransferase (LCAT) plays a key role in both pathways by rapidly converting free cholesterol
to cholesteryl ester, which is sufficiently hydrophobic to be sequestered in the core of HDL
particles (23,24).

Proteins carried by HDL have been proposed to exert anti-inflammatory actions that also
contribute to the lipoprotein’s ability to retard or reverse atherosclerosis (25). However,
shotgun proteomics has suggested that, in coronary artery disease, HDL carries a unique cargo
of proteins that might make previously unsuspected contributions to its pro- and anti-
inflammatory properties (26,27). Recent studies have suggested that HDL can become
dysfunctional and lose its cardioprotective effects (25,28). The underlying mechanisms are
poorly understood, but may involve changes in protein composition and/or loss of the ability
to deplete macrophages of cholesterol. One important pathway could involve oxidative damage
to HDL (29–31). Oxidative and compositional changes could affect the ability of HDL particles
to remove cellular cholesterol by the ABCG1 pathway or to regenerate lipid-free
apolipoproteins that interact with ABCA1.
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3. MPO oxidizes HDL in humans with cardiovascular disease
Remarkably little is known about the potential involvement of HDL oxidation in macrophage
foam cell formation. To explore this issue, we first used isotope dilution MS to determine
whether MPO oxidizes HDL in the human artery wall. We found that levels of both 3-
chlorotyrosine and 3-nitrotyrosine were higher in HDL isolated from atherosclerotic lesions
than in plasma HDL (Fig. 1A, ref. (29,30)), and similar results were reported by other
investigators (31). We also detected MPO protein in HDL isolated from atherosclerotic lesions
(29). Moreover, we used antibodies to 3-nitrotyrosine and to proteins modified by HOCl to
demonstrate that chlorinated and nitrated adducts co-localize with macrophages in human
atherosclerotic lesions (29,30). Because MPO is the only known source of chlorinating
intermediates in humans and is a potent source of reactive nitrogen species in a mouse model
of acute inflammation (10,16), our observations strongly support the hypothesis that this
enzyme oxidizes HDL in human atherosclerotic lesions.

We next investigated the possibility that oxidized HDL in plasma might serve as a marker for
coronary artery disease (13). After isolating HDL from plasma of subjects with established
CAD and control subjects, we quantified levels of protein-bound 3-chlorotyrosine and 3-
nitrotyrosine. The levels were markedly higher in circulating HDL isolated from the CAD
patients than in HDL isolated from the controls (Fig. 1B, ref. (29,30)). In striking contrast, both
chlorotyrosine and nitrotyrosine were undetectable in LDL or total plasma proteins of both
control and CAD subjects. These observations suggest that circulating HDL in subjects with
established CAD, but not in control subjects, is selectively targeted for oxidation by MPO.
Because we failed to detect MPO oxidation products in LDL or total plasma proteins, it is
unlikely that HDL was oxidized in the circulation. One possibility is that it was damaged in a
microenvironment rich in MPO and depleted of antioxidants before entering the circulation.
One likely location for such a reaction is the inflamed atherosclerotic lesion.

4.1 ApoA-I damaged by MPO loses its ability to promote cholesterol transport
by ABCA1

Lipid-free apoA-I interacts with membrane-associated ABCA1 to remove excess cholesterol
from artery wall macrophages (20,22,32). Because MPO is secreted into the pericellular
environment and because the membrane-associated NADPH oxidase of macrophages is an
important source of H2O2 (which the enzyme needs for its oxidative reactions), we determined
whether MPO-dependent oxidation prevented apoA-I from promoting cholesterol efflux from
cells (29). H2O2 alone had no effect on apoA-I’s ability to remove cellular cholesterol. In
striking contrast, chlorination of apoA-I by the complete MPO-H2O2 chlorinating system or
HOCl alone impaired the protein’s ability to promote cholesterol efflux (29,33).

Thus, oxidation of apoA-I by HOCl or MPO impairs the protein’s ability to remove cholesterol
from cells by the ABCA1 pathway. Together with our detection of oxidized HDL in humans,
these data suggest that HOCl generated by MPO could be a mechanism for generating
dysfunctional HDL in the human artery wall.

4.2 MPO impairs ABCA1-dependent cholesterol efflux by damaging specific
residues in apoA-I

Tandem mass spectrometric analysis (MS/MS) can unequivocally determine the nature and
locations of posttranslational modifications to proteins (34). We developed liquid
chromatography–tandem mass spectrometry (LC-MS/MS) approaches for identifying and
quantifying oxidized residues in proteins, using the ion current of each precursor and product
peptide in the same sample to determine yields (35). This method does not require proteins or
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peptides to be labeled with an isotope. It is also well-suited to quantifying multiple site-specific
modifications that occur when MPO oxidizes proteins (35).

Amino acid analysis has shown that tyrosine, methionine, and phenylalanine residues are the
major targets when HOCl oxidizes apoA-I in vitro (36–38). However, those studies did not
determine whether residues at specific locations are especially vulnerable to chlorination.
Using LC-ESI-MS/MS, we identified a single tyrosine residue, Tyr192, as the major
chlorination site when HOCl oxidizes apoA-I (39). Moreover, we noted a strong linear
association between the extent of Tyr192 chlorination and loss of ABCA1 transport activity
(33). Thus, Tyr oxidation might be important for impairing cholesterol transport.

Other investigators replaced all seven tyrosine residues in apoA-I with phenylalanine, which
is resistant to chlorination. As with wild-type apoA-I, this mutant protein was unable to promote
ABCA1-dependent cholesterol efflux after being oxidized by MPO (40). To investigate the
apparent discrepancy between these results and ours, we replaced only Tyr192 (Tyr192Phe)
in apoA-I, and monitored that mutant protein’s ABCA1 activity. The concentration dependence
for ABCA1-dependent cholesterol efflux of the mutant and wild-type proteins were virtually
identical (Fig. 2A), strongly suggesting that the Tyr192Phe mutation had no major impact on
the structure of lipid-free apoA-I. When this mutant protein was exposed to either HOCl or the
MPO chlorinating system, the substitution offered a small but significant protection against
inactivation (41). The differences between the proteins may reflect our use of transfected cells
that express high levels of ABCA1, which may be more sensitive to subtle changes in apoA-
I’s activity.

The alkylated thiol of methionine is much more reactive with HOCl than Tyr residues (42).
Moreover, methionine sulfoxide [Met(O)] has been detected in circulating HDL (43).
However, the role of methionine oxidation in apoA-I’s cholesterol efflux activity was unclear.
Using tandem mass spectrometry, we first confirmed that HOCl or the complete MPO system
quantitatively oxidizes all three methionine residues in apoA-I to Met(O) (41). Following
methionine oxidation, Tyr192 of apoA-I was chlorinated in parallel with loss of ABCA1
activity. To determine whether Met(O) contributed to that loss, we used a bacterial methionine
sulfoxide reductase that converts both the R- and S-forms of Met(O) residues back to
methionine (44). Methionine sulfoxide reductase completely reversed methionine oxidation in
apoA-I that had been exposed to MPO (41). However, the protein’s cholesterol efflux activity
was only partly restored (Fig. 2B), implying that oxidation of Met residues alone is insufficient
to eliminate that apoA-I function.

We next determined if Tyr chlorination together with Met oxidation contributes to the loss of
ABCA1 activity when apoA-I is exposed to MPO. When Tyr192Phe apoA-I was exposed to
HOCl or the MPO system, it lost most of its ability to promote cholesterol efflux by the ABCA1
pathway (Fig. 2B). Remarkably, subsequent treatment with methionine sulfoxide reductase
almost completely restored this ability (Fig. 2B, ref. (41)). These observations indicate that
neither Tyr192 chlorination (41) nor methionine oxidation (43) alone deprives apoA-I of its
cholesterol efflux activity. However, a combination of the two—perhaps together with other
structural changes—almost completely destroys that activity (41).

HOCl can also oxidize tryptophan residues in apoA-I (35,38). However, oxidation failed to
prevent a mutant apoA-I, in which all four Trp residues were replaced with Phe, from activating
ABCA1 (45). Analysis by circular dichroism suggested that the α-helical content of lipid-free
control protein was 56% while that of the mutant protein was 71% (45), which matches that
(~70%) of lipid-associated native apoA-I ((36); Shao and Heinecke, unpublished). These
observations indicate that the tryptophan substitutions significantly alter the tertiary structure
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of lipid-free apoA-I. Thus, the mutant protein’s oxidation resistance might result from
structural alterations.

4.3 The YXXK motif directs protein chlorination by MPO
Most studies of protein oxidation have focused on the vulnerability of individual amino acid
side chains. Remarkably little is known about the influence of nearby residues or specific
motifs. As noted above, we showed that a single tyrosine residue, Tyr192, is the major target
for chlorination by HOCl or the MPO system (29,33,39). However, the mechanism by which
MPO oxidizes Tyr192 is controversial (31).

Tyr192 is located two residues away from Lys195 in the primary sequence of apoA-I.
Therefore, it would be adjacent to the lysine residue if that region of the protein were α-helical
(39). HOCl reacts rapidly with the ε-amino group of lysine to form long-lived chloramines,
which have been proposed to promote tyrosine chlorination (8). To test that proposal, we used
synthetic peptides to demonstrate that lysine residues can direct the chlorination of nearby
tyrosine residues by a pathway involving chloramine formation (39). Based on these
observations, we proposed that the YXXK motif can direct the regiospecific chlorination of
tyrosine in α-helical proteins.

Using hydrogen-deuterium exchange, Zheng et al. showed that MPO interacts with the region
of apoA-I containing Tyr192 (31). Based on these results, those investigators proposed an
alternative model in which MPO promotes site-specific chlorination only if it binds directly to
the region of apoA-I that contains Tyr192.

To distinguish between these two models, we used site-directed mutagenesis to engineer a
series of mutations in the cDNA of human apoA-I (41). Studies with those mutations provided
strong evidence that YXXK can direct the regiospecific chlorination of tyrosine residues by
reagent HOCl, a system that clearly cannot involve direct interaction of MPO with apoA-I. For
example, chlorination of Tyr192 was blocked when Lys195 was mutated to arginine. Also,
tyrosine residues that normally resist chlorination were chlorinated in high yield when we
introduced the KXXY motif into that region of the protein. Virtually identical results were
observed with the complete MPO chlorinating system (41). These observations strongly
support our proposed role for the YXXK motif, and argue against the hypothesis that MPO
must interact directly with apoA-I to selectively chlorinate Tyr192.

4.4 Biophysical studies suggest why oxidizing apoA-I with MPO might impair
cholesterol efflux activity

Biophysical, chemical, and biochemical studies strongly suggest that a major structural
component of lipid-free apoA-I is a four-helix bundle with hairpin loops between the helices
(21,46–48). ApoA-I is a metastable molecule that transitions from the compact four-helix lipid-
free conformation to an extended ellipitical “belt” conformation upon lipid association (21,
46–50). We have proposed a mechanism for the role of amino acid oxidation in blocking the
conversion of lipid-free apoA-I into an ABCA1 and/or lipid-associated form (28). In this
model, apoA-I remodels into an intermediate that subsequently converts to an open elliptical
form. A key feature of the model is that the helical bundles in lipid-free apoA-I undergo a series
of unfolding events centered on rearrangement of non-helical regions of the protein. Thus
chemical modifications that tip the balance of apoA-I’s energetic state will affect the protein’s
ability to conformationally adapt to lipid. One region that may be important in this transition
is an 18-residue random-coil loop (188–205; ref. (51)) near the C-terminus that becomes alpha-
helical when the protein associates with lipid. Thus, we have proposed that this random coil
to alpha-helix transition energetically drives apoA-I’s conformational adaptation to the
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presence of lipid (51). Importantly, Tyr192 resides near the middle of the 18-residue region,
suggesting that its chlorination might alter the energetics of protein remodeling to favor
retention of the conformation of lipid-free apoA-I.

Two of the three methionine residues of lipid-free apoA-I are in or near proposed hairpin loops
in the four-helix bundle (21,46,48). These loops likely serve as hinges that unfold when the
protein remodels to associate with lipid. All three amino acids are readily oxidized by MPO.
Therefore, our observations suggest a potential mechanism for oxidative inhibition of apoA-
I’s ABCA1 activity (Fig. 3). Modification of key residues near the C-terminus disrupts the
random coil to alpha-helical transition of this region of the proteins, while alterations near
hinge domains disrupts remodeling of the four helical bundle, and the structurally abnormal
apoA-I cannot interact productively with ABCA1.

5.1 Oxidation of a single methionine residue of apoA-I impairs LCAT
activation

ApoA-I acquires both free cholesterol and phospholipid when it is lipidated by ABCA1 to form
a nascent, discoidal HDL particle (21). ApoA-I is also the major physiological activator of
lecithin:cholesterol acyltransferase (LCAT), which plays a critical role in HDL maturation.
LCAT converts free cholesterol to cholesteryl ester, which migrates into the core of the particle,
forming the mature, spherical form of HDL (23,24).

Reactive intermediates have been proposed to inhibit apoA-I’s ability to activate LCAT (52–
55). We hypothesized that this inhibition might occur if MPO modified lipid-associated apoA-
I. Indeed, when we exposed HDL3, the dense subfraction of HDL, to increasing concentrations
of HOCl or H2O2 in the MPO-chlorinating system, the oxidized HDL progressively lost its
ability to activate LCAT (56).

Previous studies have shown that residues 143–164 of apoA-I are crucial for LCAT activation
(57), and a single Met residue (Met148) lies in that domain. Because Met residues are extremely
susceptible to oxidation by HOCl, we determined whether Met oxidation promotes the loss of
LCAT activity that occurs when MPO oxidizes lipid-associated apoA-I (56). Treating oxidized
HDL3 with methionine reductase to convert Met(O) back to Met increased the lipoprotein’s
LCAT activity from 20% to 70% (Fig. 4, ref. (56)). This observation strongly suggests that
Met oxidation plays a major role in the loss of LCAT activity that is observed when apoA-I is
exposed to MPO.

Using 15N-labeled apoA-I as the internal standard, we developed an isotope dilution LC-MS/
MS method to quantify the loss of precursor peptides after HDL was exposed to HOCl or the
MPO system (56). This unbiased method revealed that all three peptides containing a Met
residue were oxidized in near-quantitative yield. However, only oxidation of Met148
associated strongly with loss of LCAT activity.

We next mutated each of apoA-I’s Met residues to Leu (which resists oxidation), and then
prepared reconstituted HDL (rHDL) particles with each mutant protein. When the Met148Leu
mutant protein was exposed to a relatively high concentration of HOCl, it retained twice as
much LCAT activity as the oxidized wild-type protein (Fig. 5A, ref. (56)). In contrast, when
either of the other two Met residues was mutated to Leu, the LCAT activity of apoA-I was
little protected against oxidative inactivation. When we mutated all three Met residues at the
same time, the triple mutant showed about the same resistance to inactivation as the single
Met148Leu mutant (Fig. 5A). Our observations provide strong evidence that oxidation of
Met148 makes an important contribution to the loss of apoA-I’s LCAT activity.
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5.2 Tyrosine chlorination in apoA-I does not contribute to LCAT inactivation
Tyr166 of apoA-I has been proposed to contribute to LCAT activation (58), because rHDL
prepared with a Tyr166Phe mutant lost 70% of its ability to activate LCAT. Moreover, these
investigators detected chlorination of Tyr166 when apoA-I was exposed to MPO, leading to
the suggestion that this accounted for oxidized apoA-I’s inability to activate LCAT.

The conclusion that Tyr166 is a quantitatively important target for oxidation was apparently
based on the 70% loss of LCAT activity in Tyr166Phe apoA-I (58). When we prepared the
same mutant protein, however, we observed only a 20% loss (56). The discrepancy between
the two results may reflect differences in the methods used to generate rHDL or in other
experimental conditions. We then compared the effects of oxidation on the ability of control
and Tyr-substituted apoA-I rHDL to activate LCAT. The Tyr166Phe substitution failed to
protect apoA-I from inactivation by HOCl (Fig. 5B, ref. (56)), suggesting that oxidation of
Tyr166 of apoA-I does not make a major contribution to the impaired LCAT activity that occurs
when HDL is oxidized by MPO. Importantly, we found that <5% of Tyr166 was chlorinated,
even when HDL was exposed to a high concentration of HOCl or H2O2 in the MPO system
(56).Wu et al. (58) observed that only ~2% of Tyr166 was chlorinated when LCAT activity
was inhibited by ~50%. Thus, chlorination of Tyr166 could not account quantitatively for the
loss of LCAT activity.

5.3 Potential mechanisms by which MPO might impair LCAT activation
Based on structural studies of discoidal rHDL, we recently proposed that a loop centered on
residues 133 and 146 of apoA-I is involved in LCAT activation (59). It is noteworthy that
Met148 lies next to this loop. These observations suggest that oxidation of Met148 diminishes
apoA-I’s ability to activate LCAT because it disrupts the loop domain (56). In this model,
oxidation shifts Met148 from the protein’s hydrophobic face to its hydrophilic face, rotating
the residue’s orientation to the solvent. This relocation unwinds the helix locally, perturbing
the LCAT activation site (Fig. 6).

This hypothesis assumes that the central loop is more dynamic and hence more prone to
structural perturbation than the rest of apoA-I, whose helices are stabilized by salt bridges to
a second apoA-I molecule (21,60) and by its association with phospholipids. Our observations
may be of widespread importance because oxidation of Met residues in proteins could be a
general mechanism for disrupting loop domains and the hydrophobic helix–lipid and helix–
helix interactions that are key features of proteins.

6. MPO is a pro-inflammatory enzyme that may generate dysfunctional HDL
in humans

Our observations suggest the following model for generating dysfunctional HDL (Fig. 7).
Activated macrophages use NADPH oxidase to produce high concentrations of H2O2 near the
plasma membrane. MPO secreted by the cells then converts H2O2 to HOCl, which modifies
specific Tyr (Tyr192) and Met residues in apoA-I. Oxidation of lipid-free apoA-I inhibits
cholesterol efflux by the ABCA1 pathway, while damage to lipid-associated apoA-I impairs
LCAT activation. Thus, MPO inhibits two key early steps in cholesterol efflux from
macrophages by modifying specific Met or Tyr residues in apoA-I. This impairment of
cholesterol removal could promote foam cell formation and atherogenesis.

HDL is anti-inflammatory and inhibits lipid oxidation in vivo (25). These properties may also
contribute significantly to HDL’s ability to inhibit atherosclerosis. MPO is a key inflammatory
mediator of macrophages and other leukocytes, and systemic inflammation has been proposed
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to convert HDL to a dysfunctional form that loses these antiatherogenic effects. Recent studies
suggest that oxidation of apoA-I by MPO results in loss of HDL-mediated anti-apoptotic and
anti-inflammatory activities (61). Moreover, recent proteomics studies have revealed that HDL
carries proteins that might play a previously unsuspected role in its anti-inflammatory
properties (26,27). Loss of anti-inflammatory and antioxidant proteins, perhaps in concert with
gain of pro-inflammatory proteins, may thus be another key component in making HDL
dysfunctional.

Our observations also suggest that chlorinated and/or nitrated HDL might serve as a marker—
and perhaps a mediator—of active cardiovascular disease in humans. If oxidation of HDL by
MPO converts the cardioprotective lipoprotein into a dysfunctional form, the enzyme might
be a suitable therapeutic target for preventing vascular disease.

The abbreviations used are

ABCA1 ATP-binding cassette transporter A1

apoA-I apolipoprotein A-I

CAD coronary artery disease

HDL high-density lipoproteins

H2O2 hydrogen peroxide

HOCl hypochlorous acid

LCAT lecithin:cholesterol acyltransferase

LC-MS/MS liquid chromatography-tandem mass spectrometry

LDL low-density lipoprotein

Met(O) methionine sulfoxide

MPO myeloperoxidase

NO nitric oxide

NO2
− nitrite

NO2
• nitrogen dioxide radical

O2
•− superoxide

ONOO− peroxynitrite

rHDL reconstituted HDL
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Figure 1. HDL isolated from human atherosclerotic lesions and humans with established
cardiovascular disease contained elevated levels of 3-chlorotyrosine
Human atherosclerotic tissue was obtained at surgery from subjects undergoing carotid
endarterectomy. Plasma was obtained from healthy humans and humans with established
coronary artery disease. HDL was isolated by sequential ultracentrifugation. Oxidized amino
acids isolated from hydrolyzed HDL proteins were quantified by isotope dilution GC/MS with
selected ion monitoring. Reproduced with permission from (29).
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Figure 2. Chlorination of Tyr192 and Met oxidation are necessary for depriving apoA-I of its
cholesterol efflux activity
(A) [3H]cholesterol efflux was measured in ABCA1-transfected BHK cells incubated with the
indicated concentrations of wild-type (WT) or Tyr192Phe mutant apoA-I. (B) WT or
Tyr192Phe mutant apoA-I was oxidized by the MPO-H2O2-chloride system (25:1, mol/mol,
H2O2/apoA-I). Where indicated, apoA-I was incubated with the methionine sulfoxide
reductase PilB. Reproduced with permission from (41).
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Figure 3. Oxidation may alter the remodeling pathway of apoA-I
The conversion of lipid-free apoA-I to a lipid-associated form has been proposed to involve
remodeling around the protein’s hairpin loops (21,46). Based on this model, we suggest that
MPO could inactivate the ABCA1 activity of apoA-I by oxidizing residues in or near its loop
regions, which serve as hinges when the protein unfolds and refolds.
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Figure 4. Methionine sulfoxide reductase restores the LCAT activity of oxidized HDL
LCAT activity was determined in HDL3 exposed to a 25-fold molar ratio of the indicated
oxidant or the same oxidized HDL preparation after incubation with PilB, a bacterial
methionine sulfoxide reductase with activity on both epimers of Met(O). Reproduced with
permission from (56).
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Figure 5. Mutation of Met148 to Leu protects apoA-I from the oxidative loss of LCAT activity
rHDL was prepared with wild-type (WT) or mutated apoA-I. (A) LCAT activity of Met-
mutated rHDLs exposed to a 30-fold molar ratio of HOCl. (B) LCAT activity of Met-, Trp-,
and Tyr-mutated rHDLs exposed to a 40-fold molar ratio of HOCl. DeltaW (ΔW), deletion all
four Trp residues of apoA-I. 3M/L, Met86Leu/Met112Leu/Met148Leu mutant apoA-I.
Reproduced with permission from (56).
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Figure 6. Model of Met148 oxidation in apoA-I in LCAT inactivation
Oxidation of Met148 disrupts the central loop-like structure and affects the conformation of
apoA-I. Modifying Met148 might disrupt the proper alignment of the hydrophobic face of
repeat 6 in apoA-I, and then disrupt the maintenance and stability of the helix-bilayer and helix-
helix interactions, which are key structural requirements for LCAT activation.
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Figure 7. Oxidation of apoA-I by MPO inhibits two steps of reverse cholesterol transport
Oxidation of lipid-free apoA-I by MPO impairs the protein’s ability to transport cellular
cholesterol by the ABCA1 pathway. Oxidation of lipid-associated apoA-I by MPO impairs its
ability to activate LCAT.
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