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eases such as heart failure, diabetes, and cancer (1).
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We have previously isolated two proteins which can
educe phosphatidylcholine hydroperoxide (PC-OOH)
rom human blood plasma and identified one of the
roteins as apolipoprotein A-I (Mashima, R., et al.
1998) J. Lipid Res. 39, 1133–1140). In the present study
e have identified the other protein as apolipoprotein
-100 (apo B-100) by amino acid sequence analysis of

ts tryptic peptides. The reactivity of lipid hydroper-
xides with apo B-100 decreased in the order of PC-
OH > linoleic acid hydroperoxide > cholesteryl ester
ydroperoxide under our experimental conditions.
retreatment of apo B-100 with chloramine T, an oxi-
ant of methionine, diminished the PC-OOH-reducing
ctivity, indicating that some of 78 methionines are
esponsible for the reduction of PC-OOH. Despite the
resence of 6 methionines in albumin, albumin was

nactive to reduce PC-OOH. Free methionine was also
nactive. These data suggest that the accessibility and
inding of lipid hydroperoxides to the protein methi-
nine residues are crucial for reduction of lipid
ydroperoxides. © 1999 Academic Press

Key Words: apolipoprotein B-100; phosphatidylcho-
ine hydroperoxide; phosphatidylcholine hydroxide;

ethionine; methionine sulfoxide; low density lipo-
rotein.

Oxygen radicals are reputed to have important roles
n aging and in the progression of degenerative dis-

1 To whom correspondence should be addressed. Fax: 181-3-3397-
769. E-mail: junkan@oxygen.rcast.u-tokyo.ac.jp.
Abbreviations used: apo A-I, apolipoprotein A-I; apo B-100, apoli-

oprotein B-100; Ch18:2-OH, cholesteryl linoleate hydroxide; Ch18:
-OOH, cholesteryl linoleate hydroperoxide; HPLC, high perfor-
ance liquid chromatography; LDL, low density lipoprotein; 18:2-
H, linoleic acid hydroxide; 18:2-OOH, linoleic acid hydroperoxide;
BS, phosphate-buffered saline; PLPC-OH, 1-palmitoyl-2-linoleoyl-
hosphatidylcholine hydroxide; PLPC-OOH, 1-palmitoyl-2-linoleoyl-
hosphatidylcholine hydroperoxide; PAGE, polyacrylamide gel elec-
rophoresis.
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ntioxidants are the first defense and convert oxygen
adicals to stable products to prevent free radical-
ediated chain oxidation of biomolecules such as lip-

ds. Once that lipid peroxidation is initiated, however,
t least one molecule of lipid hydroperoxide is formed
ven if a lipid peroxyl radical is directly scavenged by
n antioxidant molecule. These lipid hydroperoxides
eed to be eliminated since metal-catalyzed decompo-
ition of lipid hydroperoxides give rise to oxygen radi-
als which may further initiate the chain oxidation of
iomolecules. Glutathione peroxidases serve this pur-
ose as preventive antioxidant enzymes. In addition to
lutathione peroxidases, glutathione transferase (2)
nd thioredoxin reductase (3) are also active in the
eduction of hydroperoxides.
In our examination of hydroperoxide-reducing pro-

eins in human plasma, we have recently isolated two
ndogenous proteins other than glutathione peroxi-
ase, which can reduce phosphatidylcholine hydroper-
xide to its stable hydroxide (4). One of the proteins has
een characterized as apolipoprotein A-I (apo A-I) by
ts N-terminal amino acid sequence analysis (4). Fur-
hermore, Garner et al. (5, 6) have independently ob-
erved that apo A-I and apolipoprotein A-II reduce
holesteryl ester hydroperoxide to its corresponding
ydroxide. Here we report that the remaining
ydroperoxide-reducing protein previously isolated by
s is now identified as apolipoprotein B-100 (apo
-100).

XPERIMENTAL

Materials. Cholesteryl linoleate, 1-palmitoyl-2-linoleoyl phos-
hatidylcholine, linoleic acid, and methionine were purchased from
igma (Tokyo). Trypsin was obtained from Wako Pure Chemicals

Osaka). Chloramine T was purchased from Nacalai Tesque (Kyoto).
roSpin was obtained from Applied Biosystems (Foster City, CA).
Both 1-palmitoyl-2-linoleoyl-phosphatidylcholine hydroperoxide

PLPC-OOH) and linoleic acid hydroperoxide (18:2-OOH) were pre-
ared by an enzymatic oxidation with soybean lipoxidase as de-
0006-291X/99 $30.00
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scribed previously (4). Cholesteryl linoleate hydroperoxide (Ch18:2-
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OH) was prepared by the following procedure. To remove oxidation
roducts, cholesteryl linoleate (100 mg) was purified on a prepara-
ive octadecylsilyl column (Superiorex ODS, 20 x 250 mm, Shiseido,
okyo) using 2-propanol/methanol (3/1, v/v) as the mobile phase
elivered at a flow rate of 8 ml/min. The purified cholesteryl linoleate
as mixed with a-tocopherol (5 mole % of cholesteryl linoleate) and
as autoxidized at room temperature under aerobic conditions for 3
ays. a-Tocopherol was added to reduce the formation of trans,
rans-hydroperoxides and to accelerate autoxidation (7). The oxida-
ion products were separated by using the same HPLC conditions
escribed above and further purified by semipreparative chromatog-
aphy on a silica-gel column (Supelcosil LC-Si, 5 mm, 10 x 250 mm,
upelco, Tokyo) using hexane/2-propanol (500/1, v/v) as the mobile
hase at a flow rate of 4 ml/min. One of the isomers, 13-hydroperoxy-
-cis, 11-trans-cholesteryl linoleate, was dissolved in methanol/tert-
utyl alcohol (1/1, v/v) and used for further experiments.

Peptide mapping and amino acid sequence analysis. The proce-
ures for the purification of PLPC-OOH-reducing proteins have been
escribed previously (4). The purified protein (1.8 nmol) was hydro-
yzed by trypsin (substrate/enzyme 5 100/1) in 2 ml of a 20 mM
odium phosphate buffer (pH 8) containing 1 M NaCl and 1 mM
DTA for 12 h at 37°C. The hydrolyzed peptides (450 pmol) were

solated by reversed-phase HPLC on a polymer-based octyl column
C8P 4E-50, 4.6 x 250 mm, Shodex, Tokyo) at 40°C with UV detection
t 215 nm. Two mobile phases were used in stepwise linear gradient:
0 mM ammonium hydrogen carbonate in water (pH 8, solvent A)
nd 10 mM ammonium hydrogen carbonate in acetonitrile/water
80/20, v/v, pH 8, solvent B). The flow rate of mobile phase was 0.8
l/min and the compositions of the solvent B were 0% (0-5 min),

-50% (5-45 min), 50-100% (45-50 min), and 100% (50-55 min). Com-
onent peptides were manually collected and concentrated on a
roSpin poly(vinylidene fluoride) membrane by centrifugation at
000 rpm until dry. The amino acid sequences of the isolated pep-
ides were analyzed using a gas-phase sequencer (type PSSQ-21,
himadzu, Kyoto).

Reduction of lipid hydroperoxides by apo B-100. The hydro-
eroxide-reducing protein previously isolated (4) is identified as apo
-100. Hereafter we refer to this protein as apo B-100 since no
ignificant contaminant was observed as shown in Fig. 1. The reduc-
ion of PLPC-OOH by apo B-100 was carried out at 37°C under
erobic conditions. 2.5 ml of methanolic PLPC-OOH (100 mM) was
dded to 50 ml of 10 mM phosphate-buffered saline (PBS, pH 7.4)
ontaining 1 mM EDTA and apo B-100 (final concentration: 24-96
M). At the desired time points, reduction reactions were terminated
y placing the sample on ice and adding 200 ml of methanol. After
entrifugation at 12000 rpm for 3 min, a 100 ml sample of aqueous
ethanol phase was analyzed by HPLC for PLPC-OOH and

-palmitoyl-2-linoleoyl-phosphatidylcholine hydroxide (PLPC-OH).
PLC analyses were carried out by a reported method (8) on an ODS

olumn (Capcell Pak ODS, 5 mm, 4.6 x 250 mm, Shiseido, Tokyo)
sing acetonitrile/methanol/water (100/99/1, v/v/v) containing 10
M choline chloride as the mobile phase at a flow rate of 2 ml/min.
LPC-OOH and PLPC-OH which eluted at 8.0 and 8.5 min, respec-
ively, and their concentrations were determined photometrically by
bsorbance at 234 nm.
The reduction of 5 mM 18:2-OOH by 48 nM apo B-100 was carried

ut similarly. The same ODS analytical column was employed for the
eparation of 18:2-OOH and linoleic acid hydroxide (18:2-OH) using
cetonitrile/water/acetic acid (600/400/1, v/v/v) as the mobile phase
t a flow rate of 1 ml/min. Their retention times were 14 and 12 min,
espectively.
The reduction of 5 mM Ch18:2-OOH by 48 nM apo B-100 was

onducted similarly with the exception that methanol/tert-butyl al-
ohol (1/1, v/v) was used as a solvent for Ch18:2-OOH and 2-propanol
as used to terminate the reaction. Ch18:2-OOH and Ch18:2-OH
186
ere separated on the same ODS analytical column using
cetonitrile/2-propanol/water (44/54/2, v/v/v) as the mobile phase at a
ow rate of 1 ml/min (9); Ch18:2-OOH and Ch18:2-OH eluted at 10
nd 12 min, respectively.

Chloramine T pretreatment. Apo B-100 (96 nM) and chloramine
(20 nM–200 mM) were dissolved in PBS containing 1 mM EDTA.

qual volumes (25 ml) were mixed and preincubated for 30 min at
7°C. Then, 2.5 ml of methanolic PLPC-OOH (100 mM) was added
nd the reaction mixture was incubated for another 60 min. Concen-
rations of PLPC-OOH and PLPC-OH were measured as described
bove.

Incubation of PLPC-OOH with methionine or albumin. PLPC-
OH (;20 mM) in 50 mM Tris buffer (pH 7.4) containing 150 mM
aCl and 100 mM EDTA was incubated in the presence or absence of
00 mM methionine at 37°C under aerobic conditions. Concentration
f PLPC-OOH was measured as described above. Next, we substi-
uted 600 mM methionine with 100 mM albumin (total methionine
esidues 5 600 mM) and aliquots of sample (5 ml) were injected onto
PLC equipped with a hydroperoxide-specific, chemiluminescence
etection system (10). PLPC-OOH was separated on a silica gel
olumn (Supelcosil LC-Si, 5 mm, 4.6 x 250 mm, Supelco, Tokyo) using
ethanol/40 mM monobasic sodium phosphate (9/1, v/v) as an eluant

t a flow rate of 1 ml/min.

ESULTS AND DISCUSSION

We have isolated two hydroperoxide-reducing pro-
ein fractions from human plasma by a sequential pu-
ification scheme, comprising an ammonium sulfate
recipitation followed by sequential chromatography
n anion exchange, hydrophobic interaction, and hep-
rin columns (4). One of the proteins was previously
dentified as apo A-I by N-terminal amino acid se-
uence analysis (4). Figure 1 shows that the unidenti-
ed PLPC-OOH-reducing protein migrated as a single
and corresponding to a molecular weight of 500 kDa
n SDS-polyacrylamide gel electrophoresis (PAGE).
he reduction of this protein with 2-mercaptoethanol
id not change its electrophoretic migration position
data not shown), suggesting that this protein is a

onomer without intermolecular disulfide bonding.
We next trypsinized this protein and the resultant

eptides were separated by reversed-phase HPLC as

FIG. 1. SDS-polyacrylamide gel (5%) electrophoresis of a PLPC-
OH-reducing protein isolated from human plasma (4). Protein and
olecular weight markers were visualized using Coomassie Brilliant
lue R-250.
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hown in Fig. 2. Two peptides, 1 and 2, were isolated and
heir N-terminal amino acid sequences were determined
o be DFSAEYEEDG and DLKVE, respectively. These
equences are consist with the amino acid residues in apo
-100 at the position from 3926 to 3935 and from 2668 to
672, respectively (11, 12). Apo B-100 is reported to be a
onomeric protein of 512 kDa and this is also consistent
ith our SDS-PAGE results described above. Hereafter
e refer to this hydroperoxide-reducing protein as apo
-100. Apo B-100 is a major apoprotein in low density

ipoprotein (LDL).
Figure 3A shows that apo B-100 caused the reduc-

ion of PLPC-OOH to PLPC-OH in a time- and dose-
ependent manner. Not only PC-OOH, but also Ch18:

FIG. 2. Reversed-phase HPLC profile of tryptic peptides of the
00 kDa PLPC-OOH-reducing protein isolated from human blood
lasma. The purified protein (1.8 nmol) was digested with trypsin
substrate/enzyme 5 100/1) in 20 mM sodium phosphate (pH 8)
ontaining 1 M NaCl and 1 mM EDTA at 37°C for 12 h. The hydro-
yzed peptides (450 pmol) was separated by a reversed-phase HPLC.
PLC conditions are described in materials and methods. Peaks 1
nd 2 were isolated and analyzed by amino acid sequencing.

FIG. 3. Reduction of lipid hydroperoxides by apo B-100: (A)
LPC-OOH (5 mM) was incubated with 24 (■), 48 (Œ), and 96 nM (F)
po B-100, and (B) 48 nM apo B-100 was incubated with 5 mM
LPC-OOH (F), 18:2-OOH (Œ), and Ch18:2-OOH (■); all reactions
ere measured in PBS containing 1 mM EDTA at 37°C under aer-
bic conditions.
187
-OOH and 18:2-OOH were reduced by apo B-100, and
he rates of substrate reduction decreased in the order
f PLPC-OOH . 18:2-OOH . Ch18:2-OOH as shown
n Fig. 3B. These results may be due to the fact that
oth PLPC-OOH and apo B-100 are located at the
urface of LDL. We believe that this is the first report
ndicating that apo B-100 has a lipid hydroperoxides-
educing activity. This is consistent with the observa-
ion that LDL reduces cholesteryl ester hydroperoxide
o its hydroxide (13).

Given that chloramine T is known to oxidize methi-
nine to methionine sulfoxide (14) and that the reduc-
ion of cholesteryl ester hydroperoxide by apo A-I is
ethionine dependent (6), we examined the effect of

retreating 48 nM apo B-100 with various concentra-
ions of chloramine T (10 nM–100 mM) on its PLPC-
OH-reducing activity. Figure 4 shows that chlora-
ine T dose-dependently inhibited the PLPC-OOH-

educing activity of apo B-100, with 100 mM of

FIG. 5. Changes in the level of PLPC-OOH: (A) PLPC-OOH (23.8
M) was incubated without (E) or with (F) 100 mM albumin (total
ethionine residues 5 600 mM), and (B) PLPC-OOH (20.5 mM)

ncubated without (E) or with (■) 600 mM methionine in 50 mM Tris
uffer (pH 7.4) containing 150 mM NaCl and 100 mM EDTA at 37°C
nder aerobic conditions.

FIG. 4. Inhibition of PLPC-OOH-reducing activity of apo B-100
y chloramine T. 48 nM apo B-100 (total methionine residues 5 3.7
M) was treated with various concentration (10 nM–100 mM) of
hloramine T in PBS containing 1 mM EDTA at 37°C for 30 min.
hen, PLPC-OOH (final concentration: 5 mM) was added and incu-
ated for another 60 min. 0.36 mM PLPC-OH was formed in the
ontrol experiment without chloramine T pretreatment.
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hloramine T almost completely inhibiting the protein
eactivity. These data provide evidence that methio-
ines in apo B-100 are involved in the reduction of
LPC-OOH by apo B-100.
Albumin is the most abundant protein (about 650

M) in human plasma (15) and has 6 methionine res-
dues (16). Figure 5A shows that albumin (100 mM;
otal methionine residues 5 600 mM) does not reduce
LPC-OOH (20 mM), despite the high ratio of methio-
ine to PLPC-OOH. Moreover, free methionine (600
M) does not reduce PLPC-OOH (20 mM), either (Fig.
B). These results indicate that not all protein methi-
nines are reactive to lipid hydroperoxides and that the
ccessibility and binding of lipid hydroperoxides to pro-
ein methionines should be very important factors. In-
eed, the treatment of high density lipoprotein with
DS diminished the hydroperoxide-reducing activity of
po A-I (6).
Lipid hydroperoxide-induced oxidation product of
ethionine in apo A-I is methionine sulfoxide (5). We

lso confirmed the formation of methionine sulfoxide in
he reaction of methionine-containing synthetic pep-
ides (LSPLGEEMR and WQEEMELYR) with linoleic
cid hydroperoxide by gas chromatography/mass spec-
rometry after digestion with carboxypeptidase Y
nd derivatization with N-(tert-butyldimethylsilyl)-N-
ethyltrifluroacetamide (data not shown). Moreover,
ethionine-free synthetic peptides (LSPLGEELR and
QEELELYR) did not reduce lipid hydroperoxides

data not shown). These data indicate the reaction of
ipid hydroperoxide and methionine is stoichiometric
s shown in Scheme 1.
Apo B-100 contains 78 methionines in a single

olypeptide (11, 12). 200 nM PLPC-OH were produced
uring 60 min of incubation with 24 nM apo B-100 as
hown in Fig. 3A, indicating that at least 8 (200/24 '
.3) methionines are reactive to PLPC-OOH. The level
f apo B-100 in human plasma is about 2 mM (17).
herefore, apo B-100 in human plasma has the capac-

ty to reduce at least 16 (5 8 x 2) mM PC-OOH.
The significance of apo B-100-dependent reduction of

ipid hydroperoxides in vivo would be very convincing if
e could detect methionine sulfoxide in apo B-100 iso-

ated from human plasma, LDL, or arteriosclerotic le-
ion. However, this is not easy since a method with
ppropriate sensitivity for detecting small concentra-
ions of protein methionine sulfoxide is not available,

SCHEME 1. Reduction of lipid hydroperoxides by methionine
esidues in polypeptides.
188
hanges in a polypeptides after oxidation, and that
ethionine sulfoxide may be reduced by endogenous

eductase occurring in blood and other tissues (18).
evertheless, the presence of oxidized forms of apo A-I
nd apolipoprotein A-II in human atherosclerotic
laques has been suggested (6).
Oxidation of LDL is suggested to play a significant

ole in atherogenesis (19). Therefore, apo B-100-
ependent reduction of lipid hydroperoxides can be an
mportant defense mechanism since lipid hydroperox-
des may produce oxygen radicals to initiate further
xidation and/or may activate 15-lipoxygenase and my-
loperoxidase which are also believed to play impor-
ant roles in atherogenesis (19).

In summary, we provide the first demonstration that
po B-100 reduces lipid hydroperoxides. Methionine
esidues in apo B-100 are suggested to be involved in
his reduction.
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