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ABSTRACT: Apolipoprotein A-Miano (2P0A-Ivilano) @nd apoA-parisare rare cysteine variants of apoA-I that
produce a HDL deficiency in the absence of cardiovascular disease in humans. This paradox provides the
basis for the hypothesis that the cysteine variants possess a beneficial activity not associated with wild-
type apoA-l (apoA-kr). In this study, a unique antioxidant activity of apofuhe and apoA-pais is
described. ApoAahiano Was twice as effective as apoAalsin preventing lipoxygenase-mediated oxidation

of phospholipids, whereas apoi was poorly active. Antioxidant activity was observed using the
monomeric form of the variants and was equally effective before and after initiation of oxidative events.
ApoA-Iviiano protected phospholipid from reactive oxygen species (ROS) generated via xanthine/xanthine
oxidase (X/Xo) but failed to inhibit X/Xo-induced reduction of cytochromd hese results indicate that
apoA-Iviiano Was unable to directly quench ROS in the aqueous phase. There were no differences between
lipid-free apoA-hiano, aP0A-Iraiis and apoA-lyr in mediating the efflux of cholesterol from macrophages,
indicating that the cysteine variants interacted normally with the ABCAL efflux pathway. The results
indicate that incorporation of a free thiol within an amphipathicelix of apoA-I confers an antioxidant
activity distinct from that of apoAvr. These studies are the first to relate gain of function to rare cysteine
mutations in the apoA-I primary sequence.

Cardiovascular disease (CVDs the number one cause that injection of recombinant apoAwkno protects against
of death in Western societies, and its prevalence is increasingatherosclerosis8(-10). However, the mechanism(s) by which
worldwide. One of the strongest predictors of risk is the apoA-liano €Xerts its antiatherogenic effects is/are not
plasma concentration of high-density lipoprotein (HDL), completely understood.
which exhibits an inverse relationShip., (2) DeSpite the All known human carriers of apOAWIIIano and apOA'Il’ariS
strong epidemiological data relating increased plasma HDL are heterozygous for R173C and R151C mutations in the
to protection against CVD, a number of rare inheritable traits apoA-I primary sequence, respectivety ). The introduc-
have been described which result in low plasma HDL tion of a cysteine residue in a normally cysteine-free
concentrations but no increase in CVD. These inheritable apo“poprotein allows for the formation of homodimers and
traits are, in part, attributed to mutations in apolipoprotein heterodimers with apoA-Il. Dimerization of the cysteine
A-1, the major protein component of HDL3). variants inhibits HDL maturation via mechanisms related,

Apolipoprotein A-liano @nd apoA-bais are examples of  in part, to impaired activation of lecithin:cholesterol acyl-
natural variants of apoA-I that manifest HDL deficiencies, transferase, the enzyme that catalyzes cholesterol esterifi-
but there is no apparent CVD in affected subjects ). cation on HDL (1—13). ApoA-Ipiiano and apoA-pais are
Indeed, a recent clinical study showed that carriers of rapidly cleared from the plasma compartment in humans,
apoA-lviano €xhibited normal intimal thickness of carotid thus contributing to the HDL deficiency in vivdl4, 15).
arteries compared to age- and sex-matched controls, whereaslowever, the fractional catabolic rate of apo#rkappears
hypo-a-lipoproteinemic individuals showed intimal thicken-  to be different from that of apoAwliano, SUggesting that the
ing as judged by B-mode ultrasound).( Studies utilizing two cysteine variants may differ in their metabolic behavior.
mice and rabbits support clinical studies by demonstrating Human carriers of apoAgliano and apoA-paris also exhibit

mild hypertriglyceridemia in addition to the HDL deficiency
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The amount of monomeric apoAglisrelative to its dimeric position of the cysteine substitutions in the apoA-I primary
form on specific HDL subpopulations is currently unknown, sequence. The cysteine substitution in apef:is exactly
but approximately 10% of the total plasma pool of apoA-I 22 amino acids away from the cysteine residue of apoA-
consists of monomers of apoAalisin vivo (15). Imilano- This produces a shift in the alignment of disulfide-
The paradox of abnormal lipoprotein metabolism and linked polypeptide chains causing the apaA«dhomodimer
protection from CVD has led to the suggestion that the to form a more elongated structure, relative to apfinb
cysteine mutation in the lipid-binding domain of apoA-I may dimers (9), which likely alters the hydrodynamic behavior
impart a gain of function protecting against atherosclerosis. Of the apoA-pa;is variant as judged by a shift in apparent
As thiol groups in proteins are strong nucleophiles often Molecular weight.
participating in electron-transfer reactions, we hypothesized ~Assessment of Antioxidant Adty. The oxidation system
that the monomeric forms of apoAmkno and apoA-pais consisted of a micelle substrate composed of 1-palmitoyl-
which contain a free thiol, may possess an antioxidant activity 2-linoleoylphosphatidycholine (3 mM) dispersed in borate
distinct from that of apoA+r. The results of our studies (PH = 9.0)/saline-EDTA (2.7 mM) and deoxycholate (6
indicate that apoAsliano @and, to a lesser extent, apoAuls mM) as described?Q, 21). Phospholipid micelles were used
were potent inhibitors of lipid peroxidation, protecting throughout most of these studies to optimize rates of lipid
phospholipid surfaces from lipophilic as well as water-soluble Peroxidation catalyzed by specific enzymes. This permitted
free radical initiators, whereas apofrlwas a relatively poor ~ Us to quantify initial rates reliably and in reproducible

inhibitor of oxidative events. fashion. Soybean lipoxygenase (5 upity/and xanthine (0.2
mM)/xanthine oxidase (20 units/mL) were used to initiate
MATERIALS AND METHODS lipid peroxidation following the addition of recombinant

apolipoproteins to the phospholipid micelles. Increases in

Materials. The following reagents were purchased from conjugated dienes (lipid peroxidation) were monitored by
Sigma (St. Louis, MO): soybean lipoxygenase, superoxide yltraviolet absorption spectroscopy (234 nm) at’25 The
dismutase, xanthine, and cytochromeXanthine oxidase  mass of phospholipid hydroperoxides was calculated using
was purchased from Roche Diagnostics (Mannheim, Ger- the molar absorptivity coefficient (= 29500 L cnt* mol2)
many). The phospholipid 1-palmitoyl-2-linoleoylphosphati- of conjugated dienes. Initial rates (Table 1) of lipoxygenase-
dylcholine was from Avanti Polar Lipids (Alabaster, AL). catalyzed lipid peroxidation were quantified from the linear
[*“C]Cholesterol was purchased from Amersham Pharmaciaportion of the oxidation curves as shown in Figure 2. In some
(Buckinghamshire, England). experiments, the reduction of cytochromevas monitored

Recombinant ApolipoproteindpoA-Ivian (R173C) and (550 nm) in response to superoxide anion production by
apoA-l4is (R151C) were prepared by primer-directed mu- xanthine/xanthine oxidas22). This system was used to test
tagenesis 18). The mutations were verified by dideoxy the ability of apoA-kiano t0 quench reactive oxygen species
flourescent sequencing of cDNAs. Mutagenized cDNAs as (ROS) in a completely phospholipid-free system.
well as a cDNA encoding apoAxk were subcloned into a Cellular Cholesterol Efflux Studieg774 mouse macro-
pPET-20b bacterial expression vector. The plasmids were phages were used as cholesterol donors and lipid-free
transformed intdEscherichia colistrain BL21(DE-3) pLysS recombinant apolipoproteins as cholesterol acceptors. This
and expressed proteins purified via His-Trap chelating cell line was chosen because it possesses an active apolipo-
columns (Pharmacia Inc.) as describeid)( During the protein-mediated efflux pathway involving the ATP-binding
isolation process, expressed proteins were maintained incassette transporter ABCAL that can be upregulated by the
denaturant (3 M guanidine hydrochloride in 20 mM phos- cAMP analogue 8-(4-chlorophenylthio)adenosihg& Zyclic
phate and 0.5 M NaCl, pk= 7.4) and washed in 20 mM  monophosphate@). The capacity of apoAgkiano and apoA-
phosphate and 0.5 M NaCl (pH 7.4) buffer just prior to Iparis compared to apoAglr to promote cellular cholesterol
column elution 18). This helps to ensure that a high efflux was evaluated using unstimulated and stimulated cells.
proportion of the cysteine variants are bound to the His- Briefly, 1 x 10° cells/mL were seeded into 24-well culture
Trap columns in monomeric form, and the proteins assume plates and labeled (48 h) with ACi/mL [3H]cholesterol
a native conformation while attached to the column in the dispersed in RMPI 1640 containing 1% FBS. After the
presence of physiological buffers. This manner of isolation labeling, cellular $H]cholesterol was quantified by 2-pro-
reduces the percentage of disulfide-linked dimers. Three panol extraction followed by liquid scintillation counting.
separate batches of each of the recombinant apolipoprotein#A parallel set of confluent cultures was equilibrated (2 h)
were used throughout these studies. In all cases, the cysteinaith RPMI containing 0.2% BSA, followed by extensive
variants were predominantly monomeric (205%). The rinsing with serum-free RPMI. Lipid-free apoAvt, apoA-
small variation in the distribution of monomers and dimers Iyiano, and apoA-bais were applied (25:g/mL) to cells in
was observed between different batches of recombinantserum-free RPMI£cAMP analogue, 0.3 mM). At specified
apolipoproteins. Both cysteine variants were prepared si- times, aliquots of the medium were taken, and cellular debris
multaneously to ensure that the ratio of monomers to dimerswas removed by centrifugation (10§aL0 min). Radioactiv-
was essentially identical for side-by-side comparisons asity in the medium supernatant was normalized to initial cell
shown in Table 1 and the figures. SBBAGE analysis of 3H, and efflux was expressed as percentages.
the isolated proteins revealed differences in the electro- Other MethodsProtein was measured by the method of
phoretic migration between the dimeric forms of apafslo Markwell (24) and SDS-PAGE performed as described by
and apoA-puis (Figure 1). The difference in apparent Laemmeli @5). Statistical analyses were performed using
molecular weight of dimeric apoAslis compared to dimers  Student’s unpairetttest, ando < 0.05 was considered the
of apoA-lviano, iS probably related to the differences in the cutoff for significance.
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kba' " Unreduced Reduced Table 1: Initial Rates of Lipoxygenase-Mediated Oxidation of
662 (+BME) Phospholipid and Protection Afforded by Apofno
conjugated dienés
apolipoprotein (nmol mim! mL™Y) P value

45.0 no apolipoproteinr{ = 8) 5.58+0.74

e i apoA-lwr (N=5) 5.10+ 0.46 0.1642
31.0 - - APOA-bars(n = 3) 4.80+ 076 0.1959
21.5 S apOA-hyiiano (N = 5) 2.87+0.56 <0.0001
14.4 == @ The concentration of each of the recombinant apolipoproteins was

50 ug of protein/mL.P Means+ SD are shownP values are compared
EEST S B to the “no apolipoprotein” controls and were calculated using Student’s
1 2 3 4 5 6 7 two-tailed test, adjusting for sample sizes.

Ficure 1. SDS-PAGE showing monomeric and dimeric forms . ) o .
of recombinant apoAgkiano and apoA-pais Lane 1 shows molecular  |wr, protection against oxidation was evident at low doses

weight standards; Iane_2, recombinant ap@A:llane 3, apoA- of apoA-lviiano (251g/mL) and at the initial stages<(L min)
Iparis lane 4, apoAdbiiano; and lanes 57, apoA-lyr, apOA-baris of lipid peroxidation. Detailed timecourse studies using
and apoA-ian, reduced withB-mercaptoethanol. Protein loads were hiah d . ZEa/mL) of A-lyr (Fi > C
3 ug per well. Gels were stained with Coomassie R250. igh doses (i.e., 7Bg/mL) of apoA- d v (Figure 2, pane )
revealed a small degree of protection at the later tirre® (
RESULTS min) when lipid peroxide.s _apcumulated_ to high |<a_ve+_§o _
. o uM). Table 1 shows the initial rates of lipid peroxidation in
The SDS-polyacrylamide gel in Figure 1 shows the the presence and absence of recombinant apolipoproteins.

monomeric and dimeric forms of recombinant apafalo ApOoA-lyiano Was found to inhibit the initiate rate of oxidation,
(R173C) and apoAekis (R151C). The bacterial expression whereas apoAskisbehaved similar to apoAsk, demonstrat-
system and isolation method yielded mosty90%) mon- ing no apparent impact on initial rates. Indeed, the antioxidant

omeric apolipoproteins. A small percentagel(%) of each activity of apoA-bais compared to apoAy)r, was restricted
variant was in dimeric form. No differences were observed to later times ¢ 3 min) after the initial phase of lipid peroxide
between apoAsliano and apoA-pais With regard to the  formation.
distribution of monomers and dimers, and each of the Figure 3, panel A, shows that apofln, was an effective
recombinant apolipoproteins was greater than 95% pure asantioxidant when added before and after initiation of lipid
judged by Coomassie staining. For these reasons, the isolate@geroxidation with lipoxygenase. Antioxidant activity was
proteins shown in lanes-24 were used for oxidation studies. specific to monomeric apoAvlane as covalent dimers
The antioxidant activity of recombinant apolipoproteins inhibited oxidation poorly like apoAgr (i.e., absorbances
is shown in Figure 2. A micellar substrate composed of at 234 nm after 10 min of lipoxygenase treatment were 1.14
phospholipid and deoxycholate was exposed to lipoxygenaseand 1.08 for apoAwiano dimers and apoAyr each at 50
with or without addition of apolipoproteins. Panels A, B, ug of protein/mL, respectively). A summary of several
and C (Figure 2) depict the dependence of antioxidant activity experiments using a single dose (&ymL) of recombinant
on the concentration of apoAwiknoe, aPO0A-karis and apoA- apolipoproteins is shown in Figure 3, panel B. Note that
Iwt, respectively. ApoAahiano Was nearly twice as effective  apoA-lviano Was consistently more effective than apoAn!
as apoA-paisin preventing lipoxygenase-mediated oxidation in preventing the oxidation of phospholipid. The water-
of phospholipid (50% versus 27% protection at & of soluble thiol compound, reduced glutathione (GSH, 0.1 mM),
protein/mL at 8 min, respectively). ApoAvt was a weak  failed to inhibit lipid peroxidation. The lack of effect of GSH
inhibitor at high doses (Figure 2, panel C). Unlike apoA- alone is probably related to the fact that this tripeptide is

* ug protein/ml

Cc
WT apoA-I

conjugated dienes
(absorbance 234 nm)

minutes minutes minutes

Ficure 2: Antioxidant activity of recombinant apoAulano and apoA-pais Panels A, B, and C show the antioxidant activity of apoA-

Imilano, @POA-baris @and apoA-lr, respectively, on phospholipid micelles (Materials and Methods) exposed to soybean lipoxygenase (5
unitsjuL). Apolipoprotein concentrations were the same in each panel as shown for gpaf@gbanel A). Open squares in all of the line

graphs represent oxidation with no apolipoproteins. Lipid peroxidation was quantified by measuring conjugated dienes (i.e., absorbance at
234 nm). Representative data are shown from a total of at least three separate experiments. An asterisk indicates protein concentrations
(«g/mL) and corresponding symbols.
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Ficure 3: Characteristics of the antioxidant activity of apofho. Panel A shows that apoAulano (50 ug/mL) prevented oxidation of
phospholipid before (diamonds) and after (circles) initiation with soybean lipoxygenase. Note that maximum levels of lipid peroxidation
were achieved by 20 min of incubation in the absence of ap@él (squares). Results are representative of two independent experiments.
The bar graph (panel B) shows a summary of the full extent (24 min) of lipid peroxidation in the presence and absence of apolipoproteins
(50 ug/mL). Values are means SD,n = 3 (*, p < 0.05 compared to apoAgrk, and **, p < 0.05 compared to apoA-{i). Reduced
glutathione (GSH, 0.1 mM) failed to inhibit lipid peroxidation. Panel C shows the interaction between GSH (0.1 mM) and,apoA-I
squares, no additions; diamonds, GSH alone (0.1 mM); circles, apafy-blone (50ug of protein/mL); and triangles, apoAwkhno plus

GSH. Values are meanks SD,n = 3 (*, p < 0.02 compared to apoAnilano alone).
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FiGure 4: Helical wheel projections showing the position ofRC mutations in amphipathia. helices of apoA-I. Numbers reflect the
position of amino acids in the apoA-I primary sequence. Note the similarities between gpafdR173C) and apoApkis(R151C). Both

R — C mutations are located near the hydrophobic/hydrophilic interface of each helix. The substitution of cysteine for arginine disrupts salt
bridges normally associated with Arg17B169 and Argl5+E147 @3).

water soluble, whereas lipoxygenase must bind to the surfaceinitiators in addition to lipoxygenase-mediated mechanisms
of the phospholipid micelle to catalyze lipid peroxide (Figures 2 and 3) which occur on phospholipid surfaces.
formation. This suggests that water-phase GSH does notFigure 5 shows the antioxidant activity of apofuho Using
interfere with the lipoxygenase reaction on phospholipid X/Xo to generate ROS in the aqueous phase of the reaction
surfaces. However, the combination of apafaho (50 ug/ system. Two different terminal electron acceptors (i.e.,
mL) and GSH (0.1 mM) acted synergistically, enhancing phospholipid and cytochron® were used for these experi-
antioxidant activity compared to apoAmhno alone (Figure ments. The results using phospholipid as a substrate for
3, panel C). Analysis of the kinetic data revealed that GSH oxidation are shown in Figure 5, panel A. Apofl.. (50

exerted its beneficial effects by enhancing @.4%,n = «g/mL) inhibited X/Xo-induced lipid peroxidation by ap-
3) the capacity of apoAwkiano t0 inhibit the initial rate of proximately 50%, consistent with the protection against
lipid peroxidation. lipoxygenase, whereas apo#qlfailed to protect phospho-

The helical wheel projections in Figure 4 indicate the lipid from ROS generated via X/Xo. These results indicate
position of R173C and R151C within amphipathidelices that the presence of a cysteine residue at the hydrophobic/
of apoA-I. Both cysteine substitutions for arginine are located hydrophilic interface of an amphipathie helix protects
near the interface of the hydrophobic/hydrophilic surfaces phospholipid from water-soluble free radical initiators.
of their respective amphipathiz helices. Because of this  However, apoAiliano failed to inhibit X/Xo-mediated reduc-
unique location of the cysteine residue near the hydrophobic/tion of cytochromec (Figure 5, panel B). These results
hydrophilic interface, it was hypothesized that ap@lo indicate that apoAliano Was unable to directly quench ROS
may protect phospholipid from water-soluble free radical (i.e., superoxide anion and hydroxyl radicals) in lipid-free
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FIGURE 5: ApoA-lviiano protects phospholipid from reactive oxygen species (ROS) generated via xanthine/xanthine oxidase (X/Xo). Panel
A shows the oxidation of phospholipid using the micelle substrate as described in Figure 2 and xanthine (0.2 mM)/xanthine oxidase (20
units/mL) to initiate lipid peroxidation via the formation of ROS in the aqueous phase. Open squares represent oxidation in the absence of
protective agent; diamonds, apofql (50 ug/mL); and circles, apoAskiano (50 ug/mL). Panel B shows the results from a phospholipid-

free system based on the reduction of cytochram&poA-Iviano (circles) failed to protect cytochromefrom ROS generated via X/Xo;

open squares represent reduction of cytochrarimethe absence of apoAulano. Half-darkened squares represent a positive control using
superoxide dismutase (SOD, 300 units/mL). Results in each panel are representative of two identical experiments.
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Ficure 6: Capacity of lipid-free apoAskiano, 8pP0A-karis and apoA-lr to promote cholesterol efflux. J774 mouse macrophages were
radiolabeled with {H]cholesterol (1uCi/mL per well) and exposed to apolipoprotein acceptorsy@snL) as described in Materials and
Methods. Panels A and B represent efflux from cells in the absence and presence of a CAMP analogue, respectively: squares, efflux to
serum-free medium; circles, apoiyl; diamonds, apoAliano; triangles, apoAdais Panel C shows the dependence of cholesterol efflux

from stimulated cells (24 h) on the concentration of ap@A-and apoA-liano. Results are expressed as a percentage of celRHgr [
cholesterol appearing in the medium. Values are meai®D, n = 3.

form, suggesting that the antioxidant function of apQflo 6, panel B). Detailed dosgesponse curves shown in Figure
was directed toward phospholipid. ApoAgisalso protected 6 (panel C) indicate that apoAwkno Was somewhat less
phospholipid from X/Xo, but this variant was 50% less effective than apoAwr in promoting cellular cholesterol
effective compared to apoAuilane, COnsistent with the data  efflux but only at very low doses (2g/mL). Similar results
presented in Figures 2 and 3 using lipoxygenase. Moreover,were also observed with apoAslis where the lowest dose
apoA-karisfailed to protect chytochrome from ROS (data examined (lug/mL) yielded reduced levels of cholesterol
not shown). efflux compared to apoAgr (data not shown). These results
One of the principal functions of apoAyt is to promote suggest that the putative antiatherogenic properties of apoA-
the efflux of cholesterol from macrophages. This involves Ilyiano and apoA-pais are unrelated to interactions with the
an obligatory interaction with the recently described ABCA1 ABCAL transporter.
gene product that is defective in Tangier’'s dise@2&e-8).
Because this is an important process in preventing athero-DISCUSSION
matous lesions, the capacity of apofsho and apoA-paris In this study, apoAsliano (R173C) and apoAekis(R151C)
to promote cellular cholesterol efflux using J774 mouse were found to exhibit a potent antioxidant activity distinct
macrophages was compared to ap@A-INo differences from that of apoA-lr. Antioxidant activity of apoA-hiano
were observed between apo@rland the cysteine variants and apoA-paiswas observed using the monomeric form of
in mediating cholesterol efflux from unstimulated cells the variants. The monomeric forms of apagyaho and apoA-
(Figure 6, panel A) consistent with recently published studies Ipais possess a free sulfhydryl. As protein thiols are strong
using apoA-tiiano and apoA-paris (13, 29). Moreover, the nucleophiles often associated with antioxidant activities, it
capacity of apoAhiane, aPOA-bkaris and apoA-lr to promote is likely that the free cysteine residue in the variant
cholesterol efflux from stimulated J774 macrophages was apolipoproteins was responsible for the antioxidant activity
the same for each of the recombinant apolipoproteins (Figurenot found with apoA-r. The distinction between apoA-
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Imiano @nd apoA-yr is most clearly illustrated in Table 1 droxyl radicals that are capable of initiating lipid peroxida-
and the concentration dependence studies (Figure 2) wherdion. The fact that apoAwiano Was unable to prevent X/Xo-
apoA-lviane Wwas much more effective than apofql in mediated reduction of cytochroneesuggests that, in lipid-
preventing lipoxygenase-mediated oxidation of phospholipid. free form, apoAhiano Was unable to directly quench ROS
ApoA-Imiane protected against lipid peroxidation during the in the water phase of this reaction system. These results do
early stages of the reaction when lipid peroxide accumulation not rule out the possibility that an apolipoprotein conforma-

was minimal. Moreover, the concentrations of ap@#lo tional change and/or unfolding event on phospholipid
used in these studies appear to be physiologically relevantsurfaces is required for apoAmhno to quench ROS. How-
as carriers possess roughly-5060 ug/mL of apoA-hiiano ever, preliminary experiments conducted with a synthetic

monomers in plasmdlp). In contrast, the apparent antioxi- peptide of apoAhiano, Which does not require unfolding,
dant activity of apoA-lr was first evident at relatively high  revealed that the peptides also failed to inhibit X/Xo-induced
peroxide concentrations (approximately 2@) using high reduction of cytochrome (data not shown), suggesting that
doses (7%g/mL) of apolipoprotein. The latter is most likely  exposure of the thiol to the water phase was not sufficient
attributed to the presence of specific methionine residues into quench ROS. Rather, the results suggest that apeAy|
apoA-I that have been shown to confer a peroxidase-like may act as a chain-breaking antioxidant inhibiting amplifica-
activity to apoA-lyr (30—32). tion events associated with the propagation of phospholipid
It is unclear why apoAdhiano Was twice as effective as  hydroperoxides.
apoA-lk4risin protecting phospholipid from oxidation, but we The oxidation of phospholipids is thought to occur via
suggest that this may be due to a contextual constraintseveral mechanisms in the artery wall including specific
governed by adjacent amphipathitelices in the C-terminal  lipoxygenase-mediated events and through the production
lipid-binding domain of apoA-I. As noted in the helical wheel of ROS by aortic cells35, 36). Common to these mecha-
projections in Figure 4, the monomeric forms of apafaio nisms is the formation of “seed” molecules (phospholipid
and apoA-bais possess a free cysteine residue at the peroxides) that can amplify oxidative events via free radical
hydrophobic/hydrophilic interface of their respective amphi- mediated abstraction of bisallelic hydrogen atoms from
pathic a helices. The presence of an uncharged cysteine carbon-carbon double bonds of adjacent unsaturated fatty
residue disrupts putative salt bridges normally associated withacyl chains producing conjugated dienes. This precedes the
Argl73—Glul69 and Argl5%Glul4d?, respectively 33). breakdown stage that results in the formation of oxidized
ApPOA-Imiano and apoA-pais are similar with regard to the  phospholipids with shortenedn2 chains. The cysteine
cysteine placement and salt bridge disruption, suggesting thatvariants of apoA-I could inhibit such an amplification event
sequences outside of these specific helices set the differencéy quenching reactive lipid peroxides and/or reducing the
in antioxidant activity between the variants. This hypothesis lipid peroxide to its lipid alcohol form. By preventing
is supported by preliminary results demonstrating that amplification events of lipid peroxidation, apofhn, and
singular amphipathic. helices (18-mers) corresponding to  apoA-kais effectively inhibit the propagation of seed mol-
helix 6 and helix 7, where R151C and R173C can be found, ecules. This renders phospholipids less susceptible to oxida-
respectively, do not differ in antioxidant activity, exhibiting tion, thereby preventing the formation of fragmented phos-
similar capacity to inhibit lipid peroxidation (data not shown). pholipid breakdown products that are proinflammatory
The C-terminal lipid-binding domain of apoA-I consists mediators of atherogenesis.
of a series of helical repeats separated by proline residues. ApoA-lyt has been shown to extract lipid hydroperoxides
The amphipathiet helix (amino acids 167184) containing from LDL and aortic endothelial cell87, 38). This function
R173C is flanked by two amphipathichelices of relatively is probably related to the ability of apoAyt to bind and
greater lipid-binding affinity. The lipid-binding affinity of  transport lipid. Removal of seed molecules renders LDL
the helical repeats alternate, but the two end helices of apoA-Iresistant to subsequent metal ion dependent oxidation, thus
exhibit the highest lipid-binding affinity34). The relatively preventing the formation of fragmented products that are
low lipid-binding affinity associated with helix 7, where proinflammatory. At present, we do not know whether apoA-
R173C is located, may allow a high degree of movement of lviano iS more or less effective than apok-l in removing/
this particular helix on phospholipid surfaces, thus maximiz- transporting oxidized phospholipids from LDL or aortic cells.
ing the frequency of collision between the free thiol at However, the cholesterol efflux studies indicate that the
position 173 and reactive lipid peroxides. Increased flexibility monomeric forms of apoAwkano and apoA-pais behave
of helix 7, which is located in the central region of the similarly to apoA-lyrin mediating cellular cholesterol efflux
C-terminal lipid-binding domain, may be optimized in the via the ABCAL transport pathway in macrophages. Apoli-
presence of deoxycholate used in the preparation of thepoprotein-mediated efflux requires the recruitment of mem-
phospholipid micelles. Thus it remains to be determined brane phospholipid. Thus, apofumhno is likely to behave
whether the differences in antioxidant activity between apoA- similarly to apoA-lyr in mediating the removal of oxidized
Imilano @Nd @pOA-baris persist on native HDL particles and/or  phospholipids from cellular membranes and lipoprotein
on the surface of reconstituted discoidal HDL complexes. particles. Furthermore, the results presented here in conjunc-
The antioxidant activity of apoArkano appeared to be  tion with recent clinical data7) on apoA-liano carriers
directed toward phospholipid as the variant was unable to suggest that the antioxidative effects of apaAal, are more
prevent superoxide anion mediated reduction of cytochrome substantial than removal of seed molecules alone in inhibiting
c (Figure 5, panel B). This observation has important atherogenesis.
implications regarding the underlying mechanism by which  Studies of the cholesterol efflux properties of apalo,
apoA-lviano and apoA-p,sis protect against oxidation. Xan-  apoA-kais and apoA-lr provide additional insights into the
thine/xanthine oxidase generates superoxide anion and hypotential antiatherogenic properties of the cysteine variants.
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Lipid-free apolipoproteins can stimulate cholesterol efflux earlier step, compared to apo#+l in the oxidation cascade,
from cells via the recently described ABCAL transport preventing phospholipid hydroperoxide formation/amplifica-
protein associated with cellular membran&6<28). A tion. This suggests that the resistance to CVD associated with
number of studies, including our own, indicate that lipid- apoA-lviano and apoA-paisin humans may be related, in part,
free apoA-liano and apoA-paisare just as effective as apoA-  to their ability to inhibit the formation of proinflammatory
Iwt In mediating the efflux of cellular cholesterol via the mediators of early atherogenesis. Apaaho and apoA-
ABCAL1 efflux pathway @8, 29). The only difference that Ipais are likely to move in and out of the artery wall
we observed was at the very lowest concentration examinedperforming beneficial functions such as cellular cholesterol
(i.e., Lug/mL) where the apoA-I cysteine variants were less efflux via ABCA1 interactions. This coupled with the
effective than apoAvr in mediating cholesterol efflux from  manifestation of potent antioxidant activity as the cysteine
J774 macrophages. Previous studies using Chinese hamsterariants of apoA-I associate with phospholipid to form newly
ovary cells transfected with the genes for either apgifnb assembled HDL in the artery wall may confer a high degree
or apoA-lyr suggested that the former had reduced capacity of protection from atherogenic events. As such, therapeutic
to recruit membrane cholesterol for nascent HDL assembly agents based on the monomeric forms of apfsb and
(39). This is probably related to the relatively low levels of apoA-kaishold promise as potent inhibitors of atherogenesis.
the secreted apolipoproteins appearing in the extracellular
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