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Abstract

Hydroxyl or peroxyl radicals and hypochlorous acid (HOCI) are known to cause the oxidation of lipoproteins. Here, we
examined Cu®*-binding property of paraoxonase 1 (PON1), and antioxidant actions of peptides, resembling His residue-
containing sequences in PON1, against oxidations by Cu®", peroxyl radicals or HOCI. When Cu®"-binding property of
PON1 was examined spectrophotometrically, the maximal Cu®" binding was achieved at 1:1 molar ratio of PON1: Cu®".
Additionally, Cu®"-catalyzed oxidative inactivation of PON1 was prevented by Ca®"-depleted PON1 at 1:1 ratio, but not
diethylpyrocarbonate (DEPC)-modified PON1, suggesting the participation of His residue in Cu®"-binding. When His-
containing peptides were examined for antioxidant actions, those with either His residue at N-terminal position 2 or 3, or His—
Pro sequence at C-terminal remarkably prevented Cu®"-mediated low density lipoprotein (LDL) oxidation and PON1
inactivation. Especially, FHKALY, FHKY or NHP efficiently prevented Cu®>"-induced LDL oxidation (24h), indicating a
tight binding of Cu®" by peptides. In support of this, the peptide/Cu®' complexes exhibited a superoxide-scavenging activity.
Separately, in oxidations by 2,2'-azobis-2-amidinopropane hydrochloride or HOCI, the presence of Tyrosine (Tyr) or Cysteine
(Cys) residue markedly enhanced antioxidant action of His-containing peptides. These results indicate that His-containing
peptides with Tys or Cys residues correspond to broad spectrum antioxidants in oxidation models employing Cu?*,
2,2/-azobis-2-amidinopropane hydrochloride (AAPH) or HOCIL.
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Abbreviations: LDL, low density lipoprotein; PONI, paraoxonase 1; ROS, reactive oxygen species; DPCH,
diphenylcarbohydrazide; DEPC, diethylpyrocarbonate; HOCI, hypochlorous acid; Cys, Cysteine; Hys, Histdine; Tyr, Tyrosine;
AAPH, 2,2'-azobis-2-amidinopropane hydrochloride; TBARS, thiobarbituric acid reactive substances

Introduction against atherosclerosis [3,8,9]. Animal model and
clinical investigations have provided a support for this

Paraoxonasel (PON1), associated with high : > - 3
contention, in which a lower serum level of PONI1 is

density lipoprotein (HDL) [1-3], was known to have
the ability to hydrolyze organophosphates, aromatic associated with a greater susceptibility of LDL
carboxylic acid esters [1,4,5] and some lactone to oxidation and an increased risk of atherosclerosis
compounds [6,7]. Recent interest in the enzyme has [10-14]. Thus, PON1 has been considered to play an
arisen from the notion that the ability of PONI to antiatherogenic role iz vivo. Nonetheless, very recent
attenuate the oxidative modification of low density studies [15-17] disapproved the lipase activity
lipoprotein (LDL) or HDL may afford protection of PONI1 and its antioxidant action against Cu®*" or
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2,2/-azobis-2-amidinopropane hydrochloride (AAPH)-
induced LDL oxidation. Therefore, the mechanism (s)
for antiatherogenic action of PONI1 has not been
clarified.

According to previous studies [18-22], PONI1
molecule has multiple functional properties; in
addition to its hydrolytic activities, PON1 interacts
with lipids such as phospholipids or fatty acids [18—
21]. In addition, it possesses binding sites of metal
ions such as Cd?", Hg?" or Cu®" [22]. Consistent
with the above, PON1 was proposed to contain two
Cu®"-binding sites, based on the inactivation of
PON1 by Cu®"; a high affinity site showing a redox
cycle of Cu®"[23], and a low affinity site requiring
>5uM Cu®". Noteworthy, Cu®*-catalyzed oxidative
inactivation of PON1 was accompanied by the loss of
His residues [23]. From this, it was supposed that His
residue in PON1 molecule might be involved in the
Cu?*-binding in accordance with selective coordi-
nation of His residue with Cu®" [24].

Meanwhile [25], human serum albumin has been
known to play an antioxidant role in human blood as a
chelator of metal ions as well as a free radical scavenger.
In particular, the four amino acid peptide (Asp—Als—
His-Lys, DAHK) occupying the N-terminus of human
serum albumin constitutes a high-affinity binding site
for Cu®" [24,26]. A recent study [27] demonstrated
that the synthetic peptide, DAHK, could prevent
Cu”*-induced oxidation of LDL. Such an antioxidant
effect of DAHK was suggested to be ascribed to the
Cu®"-sequestrating action of DAHK as well as the
superoxide dismutase-like activity of copper—DAHK
complex. However, there has been no further study
about antioxidant actions of DAHK against oxidations
by peroxyl radicals or hypochlorous acid (HOCI),
which had been reported to be scavenged by the
peptides containing His residue [28,29]. Hereby, it was
hypothesized that some His residue-containing
sequences in PON1 molecule might be involved in
the protections against various oxidation systems.

In this study, we synthesized the peptides resem-
bling some His residue-containing sequences in
PONI1 molecule, and investigated their antioxidant
actions against oxidation systems employing Cu®",
AAPH or HOCI. Finally, we introduce representative
antioxidant peptides expressing broad spectrum
antioxidant activities.

Materials and methods
Materials

Asp—Ala—-His—Lys (DAHK) was obtained from
BACHEM Company (Bubendorf, Switzerland).
Other peptides were synthesized by AnyGen Co.,
Ltd (Gwangju, Korea), and their structures were
identified by LC/MS analyses. Other reagents includ-
ing (AAPH), diphenylcarbohydrazide (DPCH) or

diethylpyrocarbonate (DEPC) were obtained from
Sigma-Aldrich Corp (St Louis, MO).

Purificarion of paraoxonasel

PON1 was purified from human plasma according to
a slight modification of the published procedures
[5,19,21]. The purified enzyme (phenotype AB
group) possessed a specific activity of approximately
1018 pmol/min/mg protein in the hydrolysis of phenyl
acetate

Assay of paraoxonasel

PONI1 activity towards phenyl acetate was determined
in 0.5ml of 50mM Tris (pH 8.0) containing 1 mM
CaCl, and 10 mM phenyl acetate [5,19]. The rate of
phenol formation was monitored at 270 nm, and one
unit of arylesterase activity is defined as 1 umol of
phenyl acetate hydrolyzed per min

Preparation of LDL

LDL isolation was performed using sequential ultra-
centrifugation as described [30]. Briefly, LDL (density,
1.019-1.063 g/ml) was isolated from fresh plasma of
normolipidemic human volunteers at 4°C by sequen-
tial flotation of the lipoproteins in KBr solutions
containing 1 mM sodium EDTA. Subsequently, LDL
was exhaustedly dialyzed against 10 mM PBS buffer,
pH 7.4 (150mM NaCl + 2.7mM KCI) containing
200 M EDTA at 4°C. For LDL oxidation, LDL was
dialyzed against 10 mM PBS buffer at 4°C to remove
EDTA. The protein concentration of LDL was
determined using BCA method [31].

Preparation of Ca’*-depleted PON1, ascorbate/Cu’™-
nactivated PON1 or DEPC-modified PON1

Ca®*-depleted PON1 was prepared by extensive
dialysis of purified PON1 against distilled water.
Ascorbate/Cu®*-inactivated PON1 was prepared by
incubating PON1 (0.1 uM) with 2puM Cu?" and
0.5 mM ascorbate in 50 mM HEPES buffer (pH 7.4)
containing 50 WM Ca®'[23]. Separately, DEPC-
modified PON1 was prepared by exposing PONI1
(0.1 uM) to DEPC (0.1-10mM) in 50mM MES
buffer (pH 6.0) containing 50 w.M CaCl, at 37°C for
30 min. Finally, the enzyme preparations were con-
centrated by lyophilization after exhaustive dialysis
against distilled water.

Effect of Ca’*-depleted PONI1 or ascorbate/Cu**-
inactivated PON1 on ascorbate/Cu’* -induced PON1
mactivation

Purified PON1 (5 U/ml, 0.1 pM) was incubated with
0.5mM ascorbate and 2 uM Cu®" in the presence
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of either Ca®"-depleted PON1 or ascorbate/Cu®*-
inactivated PON1 (0.5, 1.0, 2.0 or 3 M) in 0.1 ml of
50mM HEPES buffer (pH 7.4) containing 50 pM
Ca®" at 38°C for 10 min, and then 20 ul aliquot was
taken for assay of PONI1 activity.

Effect of either Ca** -depleted PON1 or ascorbate/Cu®* -
inactivated PON1 on formation of Cu?* IDPCH complex

The interaction of Cu?>" with PON1 was assessed

using DPCH as metal colorimeter detector [32].
Ca*"-depleted PONI1 or ascorbate/Cu®"-inactivated
PONI1 at various concentrations was incubated with
2 M Cu?* in 0.5 ml of 10 mM PBS buffer (pH 7.4),
and 10 min later, DPCH (0.5 mM) was included into
the mixture. The absorbance at 495 nm, related to
the DPCH-Cu?" complex formation, was deter-
mined against an appropriate PON and DPCH-
containing blank.

Effect of DEPC on either PON1 activity or Cu”* binding
capability of PON1

PON1 (0.1 puM) was exposed to DEPC (0.1-10 mM)
in 50mM MES buffer (pH 6.0 + 1mM CaCl,) at
38°C for 30 min, and then 20 pl aliquot was taken for
assay of PONI1 activity. Separately, PON1 (2 pnM)
modified with DEPC (0.1-10 mM) was preincubated
with 2 wM Cu?" in 0.5 ml of PBS buffer (pH 7.4), and
10 min later, DPCH (0.5 mM) was included into the
mixture. The inhibitory effect of DEPC-modified
PON1 on the formation of DPCH-Cu?" complex
was determined as described above.

Protective action of peptides against Cu’* or AAPH-
mediated LDL oxidation

LDL (0.1 mgprotein/ml) was incubated with 5pM
Cu?" in the presence of each peptide (5uM) in
10mM PBS buffer at 37°C, and the formation of
conjugated diene formation [33] was assessed by
monitoring the change of absorbance at 234 nm for
24 h. Separately, LDL (0.1 mgprotein/ml) was incu-
bated with 5 uM Cu®"or 5mM AAPH in the presence
of each peptide in 10 mM PBS buffer at 37°C for 3 h,
and the production of thiobarbituric acid reactive
substances (TBARS) was measured as previously
described [34,35]. Additionally, the time-dependent
effect of peptide on AAPH-induced LDL oxidation
was examined by incubating LDL with 5 mM AAPH
in the presence of each peptide (50 M) in 0.2 ml PBS
buffer for the designated time.

Effect of peptides on ascorbate/Cu** -induced inactivation
of PON1

PON1 (5 U/ml, 0.1 pM) was incubated with 0.5 mM
ascorbate and 2 wM Cu?" in the presence of peptide
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(1-8 wM) in 0.1 ml HEPES buffer (pH 7.4) contain-
ing 50 uM CaCl, at 38°C, and 10min later, 20 pl
aliquot was taken for the assay of PON1 activity [23].

Superoxide-scavenging activity of peptide/Cu’™ complex

The assay was performed in 0.5 ml of 50 mM sodium
carbonate (pH 10.2) containing 0.1 mM xanthine and
25 wM nitroblue tetrazolium (NBT) as described
[36]. The reaction was initiated by adding xanthine
oxidase (20 nM) to the above mixture containing each
peptide/Cu®" complex, which was prepared from
preincubation of peptide (1 mM) with Cu®*" (1 mM)
in 0.1 ml of HEPES buffer (pH 7.4) at 25°C. The
increase in absorbance at 560 nm was monitored for
5 min.

Prevention by peprides against HOCl-induced inactivation
of acetylcholinesterase

Eel acetylcholinesterase (0.25U/ml) was incubated
with 10 wM HOCI in 0.1 ml PBS buffer (pH 7.4) at
38°C in the presence of each peptide (10 uM), and
15 min later, 20 pl aliquot was taken for the remaining
activity of acetylcholinesterase as described [37].

Statistical analyses

All statistical analyses were performed using a SPSS
program for window. Statistical assessments were
performed using ANOVA for the initial demonstration
of significance at p < 0.05, followed by post-hoc
Duncan’s multiple-range test [38].

Results
Implication of His residue in Cu’* -binding by PON1

Despite reports [22,23] that PON1 has Cu®*-binding
sites, PON1 (<1 uM) failed to prevent Cu”*"-induced
LDL oxidation. To further explore Cu®'-binding
property of PON1, we employed protein rather than
LDL as target of Cu®?" oxidation. First, when
inactive PONI, Ca2+—dep1eted, was examined for
the protection against Cu?' (2 puM)/ascorbate
(0.5 mM)-induced inactivation of PONI1 in 50 mM
HEPES buffer (pH 7.4 4+ 50 pM Ca®"), it prevented
oxidative inactivation of PONI1 dose-dependently
(Figure 1), achieving a maximal protection at 1:1
molar ratio of Cu®?"/inactive PON1. In contrast,
ascorbate/Cu®"-inactivated PON1, with some His
residues being destructed [23], failed to show a
significant protection. To provide a positive support
for the above, the ability of PONI1 to associate with
Cu®" was examined using DPCH, which was known
to form a complex with free Cu®* [32]. As shown in
Figure 1, Ca®*"-depleted PONI1 interfered with the
formation of Cu?"/DPCH complex with a maximal
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Figure 1. Effect of Ca®"-depleted or ascorbate/Cu®*-inactivated
PON1 on ascorbate/Cu®*-inactivated PON1 and formation of
Cu*"/DPCH complex. Purified PON1 (5U/ml, 0.1 pM) was
incubated with 0.5mM ascorbate and 2 pM Cu®" in the presence
of Ca®*"-depleted PON1 (closed symbol) or ascorbate/Cu?'-
inactivated PON1 (open symbol) at various concentrations (0.5—
3uM) in 0.1ml of 50mM HEPES buffer (pH 7.4) containing
50 .M Ca?' at 38°C for 10min, and then 20pl aliquot was
withdrawn for assay of PON1 activity. Separately, Ca*"-depleted
PONI1 or ascorbate/Cu®*-inactivated PON1 (1-8 M) was
preincubated with 2 pM Cu?" in PBS buffer, pH 7.4 for 10 min,
and then the inhibitory effect of PON1 on Cu?"/DPCH complex
formation was determined as described in “Materials and methods”
section. Results are expressed as a mean = SD (bar) value of
triplicate experiments. Triangle, protection against PONI1
inactivation; Square, inhibition of Cu?**/DPCH complex.

inhibition at 1:1 molar ratio of Cu?**/PON1. Again,
ascorbate/Cu®*-treated PONI1 lost the capability of
associating with Cu®". All these support, the idea that
His residue is implicated in Cu®**-binding. To further
address this, PON1 was exposed to DEPC, a His
residue modifier and then Cu®"-binding ability and
catalytic activity of PON1 were assessed. As shown in
Figure 2, DEPC reduced Cu®'-binding ability and
catalytic activity of PONI1 in a dose-dependent
manner.

Antioxidant action of His-containing peptides against
Cu’* -induced LDL oxidation

From the above, it was supposed that the peptides of
some His residue-containing sequence in PONI,
rather than PON1 molecule, would be efficient in
preventing Cu®*-induced LDL oxidation. In this
regard, the peptides, resembling some His residue-
containing sequences in PON1 or their analogues
were considered for the design of antioxidant peptides
against LDL oxidation. First, when Cu®*'-induced

100 F 1100
<
]
80 180 =
=
< 3
2 T
S 60 leo &
g a
G
z 3
g 40 a0 5
c
S
5
ey
20 420 £

0 ' L

10

0.1 0.3 1 3
Conc of DEPC, mM

Figure 2. Effect of DEPC modification on cataltytic activity or
Cu?*-binding capability of PON1. PON1 (0.1 wM) was exposed to
DEPC of various concentration (0.1-10mM) in 50mM MES
buffer pH 6.0 containing 1 mM CaCl, at 38°C for 30 min, and then
20 pl aliquot was taken for assay of PONI activity. Separately,
DEPC-modified PON1 (2 nM) were preincubated with 2 puM cu?t
in PBS buffer, pH 7.4 for 10min and then the inhibition of
Cu?*/DPCH complex formation was determined as described in
“Material and methods” section. Results are expressed as a
mean = SD (bar) value of triplicate experiments. [J, PONI1
activity; W, inhibition of Cu®"/DPCH complex.

LDL oxidation was performed in the presence of His-
containing peptides with longer sequences (Table I),
peptide I (VNHPDAK), II (LHLKTIRHKLL), III
(PEHFYGTDHYFIDPYL) or peptide V (LAHKI-
HVYEKHA) showed a remarkable protection; I
(72%), I1 (90%), III (85%) and V (53%). In contrast,
the protective action of peptide IV (DPYLRSWE-
MYLG), VI-1 (LWVGCHPFGMKIFYD) or VII
(TVFHKALY) was negligible (<10%). Thus, the
peptides (I-III or V) with His residue at second or
third position were more protective than those (VI-1
or VII) retaining His residue at other positions, similar
to the observation with analogues of DAHK (84%
protection), a representative antioxidant peptide [27].
Consistent with this, the removal of N-terminal Thr
residue from peptide VII (TVFHKALY) and peptide
VII-1 (TVFHKAL), generating peptide VII-2
(VFHKALY, 88%) and VII-3 (VFHKAL, 95%),
respectively, led to a remarkable increase of anti-
oxidant action as presented in Table I. Meanwhile, a
similar potency between VFHKALY (88%) and VII-4
(FHKALY, 89%) indicates that His residue at position
2 is as important as that at position 3. Similarly, a
remarkable protection by LHLKT, LWVGCHP,
FHKALY, FHKY or DAHK was also reproduced
when LDL oxidation was assessed (data not
shown), based on HPLC assay of cholesteryl ester
oxidation [39].
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Table I.  Effect of peptides on Cu®>"-mediated LDL oxidation or ascorbate/Cu®*-induced PON1 inactivation.

Protection (%)

No. Sequence of peptide* LDL oxidation® PONI1 inactivation®
DAHK 84.2 = 5.7° 68.6 = 5.8°
I-1 NHP 88.8 + 2.6° 75.5 + 1.5%¢
1I-1 LHLKT 83.4 + 4.7° 79.6 + 6.2%¢
V-1 LAHKIHV 71.0 = 2.9° 71.5 = 3.7%¢
VI-2 LWVGCHP 87.9 + 1.8° 78.0 + 7.8%¢
VI-3 GCHP 85.6 + 3.1° 88.9 + 4.5%
VII-1 TVFHKAL 2.6 +0.2° 11.1 = 2.9
VII-2 VFHKALY 88.4 + 0.4° 43.2 +2.9°
VII-3 VFHKAL 94.9 + 6.8° 50.3 +7.5°
VII-4 FHKALY 89.2 = 2.4° 91.4 + 4.78
VII-5 FHKAL 94.4 + 5.6° 90.8 + 5.3%
VII-6 FHKY 89.9 + 3.5° 81.9 * 5.6°f
VII-7 FHK 72.3 + 1.4° 67.8 + 4.6

*The above peptide fragments are derived from the following peptides with positions of amino acid sequence in human PONT1; Peptide I
(131-137), VNHPDAK/Peptide II (153—-163), LHLKTIRHKLL/Peptide III (174-190), PEHFYGTDHYFIDPYL/Peptide IV (187-198),
DPYLRSWEMYLG/Peptide V (240-251), LAHKIHVYEKHA/Peptide VI (279-294), LWVGCHPNGMKIFFYD/Peptide VII (344—
361), TVFHKALY. TLDL (0.1 mg protein/ml) was incubated with 5 .M Cu®" in the presence of peptide (5 wM) in 200 wl of 10 mM PBS
buffer at 38°C for 3h. LDL oxidation was measured by TBARS assay as described in “Materials and methods” section. * PON1 (5 U/ml,
0.1 M) was incubated with 0.5 mM ascorbate and 2 uM Cu®" in the presence of peptide (5 wM) in 0.1 ml of 50 mM HEPES buffer (pH 7.4)
containing 50 .M Ca®" at 38°C for 10 min. Results are expressed as a mean + SD value of triplicate experiments. Means with same letter are

not significantly different (p < 0.05).

Separately, the removal of FGMKIFYD from peptide
VI-1 (LWVGCHPFGMKIFYD), generating peptide
VI-2 (LWVGCHP), also enhanced the antioxidant
activity dramatically; peptide VI-1 (7%) vs peptide VI-2
(88%). However, the removal of LWV from peptide VI-
2 (LWVGCHP), generating VI-3 (GCHP), did not
further augment the antioxidant activity; GCHP (86%)
vs LWVGCHP (88%). Thus, it is suggested that His—
Pro sequence at C-terminal is as important as His
residue at position 2 or 3 at N-terminal. This may be
supported by higher activity of (VNHP, 97%),
compared to (NPHG, 10%). Moreover, in case of
tripeptide, His—Pro sequence is more contributory than
His Lys sequence; I-1 (NHP, 89%) vs VII-7 (FHK,
72%). When the dose-dependent effect of representa-
tive peptides (I-1, VI-2, VII-2, VII-4, VII-5 and V-6) was
investigated (data not shown), the molar ratio of
peptide/Cu®" for a remarkable protection (>85%)
against LDL oxidation was estimated to be close to 1:1,
indicative of a stoichiometric interaction between Cu®"
and peptides. In further study (Figure 3) monitoring the
oxidation of LDL for 24 h, the peptides (I-1, V-1, VII-4
or VII-6) maintained antioxidant action (Figure 1).
However, peptide VI-2 started to lose antioxidant
action after 3 h, accompanied by the oxidation of Cys
residue.

Protective action of peptides against ascorbate/Cu®™-
nduced inactivation of PON1

Previously [20,23], PONI1 activity was shown to
be inactivated during Cu®*-catalyzed oxidation.
When Cu®' (2 pM)/ascorbic acid (0.5 mM)-induced

inactivation of PON1 was performed in the presence
of each peptide (5 M) for 10min, a prominent
protection (>43%) was shown by most of peptides
containing His residue at position 2 or 3 (Table I).

1.0

OQAS & & & & & A . g
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Figure 3. Effect of peptide on time-dependent oxidation of LDL
by Cu?". LDL (0.1 mg protein/mg) was incubated with 5 uM Cu*"
in the presence of each peptide (5 puM) in 10 mM PBS buffer (pH
7.4). The time course for conjugated diene formation was
monitored at 234nm for 24h. Results are the representative of
duplicate experiments. [J—-[J, control; #—®, peptide I-1; A—A,
peptide IV; O—[1, peptide V-1; A—A, peptide VI-2; O—O, peptide
VII-4; O—O, peptide VII-6.
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Overall, the antioxidant effect of peptides in
ascorbate/Cu®*-induced inactivation of PONI was
similar to the finding with Cu®*-induced oxidation of
LDL. Noteworthy, the removal of Val residue at N-
terminal of VFHKALY (VII-2) or VFHKAL (VII-3)
augmented the protective action of peptides markedly;
VFHKALY (43%) vs FHKALY (91%), and
VFHKAL (50%) vs FHKAL (91%), somewhat
different from the findings with Cu®*"-induced LDL
oxidation. Thus, Val residue at N-terminal was a
negative factor in the protection against PONI
inactivation. Again, the contributory role of His—Pro
sequence was evidenced from higher activity of
LWVGCHP (78%), compared to LWVGCHPFG-
MKIFYD (16%). The Cys effect was also evidenced
from greater efficacy of LWVGCHP than LIWVGAHP
(64%), and GCHP (89%) than GAHP (51%).
Further, when the dose-dependent effect of peptides
on Cu®" (2 pM)/ascorbic acid-induced inactivation of
PONI1 was examined (Table II), the 50% protection
(ECsg) value of LAHKIHV, LWVGCHP, FHKALY,
FHKY or NHP ranged from 2.5-3.1 uM, close to that
of DAHK (Table II), and a maximal protection (80—
90%) was observed at approximately 1:2 molar ratio
of Cu®**/peptide. Separately, when the dose-depen-
dent effect of peptides on the formation of complex
between DCPH and Cu®" (5 wM) was examined
(Table II), 50% inhibitory concentration (ICsq) of
peptides was between 3.6 and 5.3 pM, and the
maximal inhibition (approximately 95%) was also
found at 1:2 molar ratio of Cu®"/peptide.

Superoxide dismutase-like activity of peptide/Cu**
complex

The copper/peptide complexes had been observed to
show superoxide dismutase activity [27]. In this
respect, the copper ion complexes of representative
peptides, which exhibited a prominent protection

Table II.  Effect of each peptide on ascorbate/Cu®"-induced
inactivation of PON1 and formation of Cu?*/DPCH complex.

ECso (0M) 1Cs0 (M)

No. Sequence of peptide ~ PON inactivation ~ Cu®*/DPCH

DAHK 28+0.3 4.0*+0.3
I-1 NHP 2.7*04 4.0 0.2
V-1 LAHKIHV 3.1 203 53=*1.6
VI-2 LWVGCHP 25*0.2 3.9+0.2
VII-4 FHKALY 2.6 205 3.6 £0.1
VII-6 FHKY 29*04 3.8+ 0.2

Protective action of peptide against ascorbate/Cu®"-induced
inactivation of PONI1 and their inhibitory effect on the formation
of Cu®>"/DPCH complex was determined as described in Figure 1.
EC5g and IC5q values are expressed as mean = SD. EC54 and IC5
are expressed as concentrations to show 50% protection against
ascorbate/Cu®*-inactivated PON1 and 50% inhibitory effect on
formation of Cu®>" DPCH complex, respectively.

Table III.  Superoxide-scavenging activity of peptide/Cu®"complex.

Concentration

Sequence of peptide:Cu?* Inhibition of

No. of peptide complex, (WM) NBT reduction (%)
DAHK 0.5 0.1 = 4.9%*
1.0 22.1 = 1.0%
VI-2 LWVGCHP 0.5 20.1 + 2.4b%
1.0 50.6 + 4.6
VII-2  VFHKALY 0.5 21.2 + 5.1b%
1.0 39.2 + 3.7%
VII-4  FHKALY 0.5 28.6 * 5.8°%
1.0 54.4 + 1.4

Xanthine oxidase (20 nM) was incubated with 0.1 mM xanthine and
25 wM nitroblue tetrazolium (NBT) in the presence of
peptide/Cu® complex in 0.5ml of 50 mM sodium carbonate (pH
10.2). The NBT reduction was determined by monitoring the
increase of absorbance at 560 nm for 5 min. Inhibition (%) of NBT
reduction was determined as described in materials and methods.
Means with same letter are not significantly different (p < 0.05).

* Compared with DAHK at 0.5 uM. T Compared with DAHK
at 1 pM.

against Cu?"-induced LDL oxidation were examined
for superoxide-scavenging activity. As shown in
Table III, at either 0.5 or 1M, each complex of
Cu®"/peptide (VI-2, VII-2 or VII-4) demonstrated
greater superoxide-scavenging activities than Cu®*:
DAHK complex, which had been previously reported
to show superoxide dismutase-like activity [27].

Antioxidant effect of peprides on AAPH-induced oxidation
of LDL

Next, to see the inhibitory effect of peptides on
AAPH-induced generation of lipid peroxyl radicals
[40], each peptide (50 M) was incubated with LDL
in the presence of AAPH (5 mM) for 3 h. As displayed
in Table IV, the protective action of the peptide
differed according to amino acid sequence. In contrast
to DAHK showing at most 13.3% protection, the
peptide (VI-2, VII-2, VII-4 or VII-6) with Tyrosine
(Tyr) or Cysteine (Cys) residue had a substantial
(>35%) protection, consistent with the subsidiary
role of tyrosine or cysteine residue as a scavenger of
peroxyl radicals [41-43]. The positive role of Cys
residue is suggested from the higher protection by
LWVGCHP (38%), compared to LWVGAHP (23%).
Nonetheless, GCHP (26%) was less protective than
LWVGCHP, implying the subsidiary role of non-polar
amino acid residues. In a related study (Figure 4), the
protective action of each peptide against AAPH-
induced LDL oxidation decreased time-dependently,
probably suggesting a gradual oxidative degradation of
peptide. The sustained protective action, dependent
on the peptide structure, was the greatest with VI-2
(LWVGCHP), followed by VII-6 (FHKY) and VII-4
(FHKALY), but DAHK was much less protective,
reaffirming the role of Tyr or Cys residue.
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Table IV. Protection by peptides against AAPH-induced LDL oxidation and HOCI-induced AChE inactivation.

Protection (%)

No. Sequence of peptide LDL oxidation’ AChE inactivation’
DAHK 13.3 + 2.3° 27.8  3.7%®
I-1 NHP 9.1 +2.5° 17.2 + 3.8
1I-1 LHLKT 9.7 +2.3% 26.5 = 7.7%°
V-1 LAHKIHV 12.3 *+ 4.5° 29.3 * 6.6%°
VI-2 LWVGCHP 37.7 + 2.69 72.5 * 6.99
VI-3 GCHP 26.1 = 0.4° 45.9 + 10.4°
VII-2 VFHKALY 36.8 = 1.1¢ 483 + 3.7°
VII-4 FHKALY 39.3 + 3.1¢ 104.1 = 3.1F
VII-5 FHKAL 20.5 = 2.2° 32.5 + 8.1°
VII-6 FHKY 40.3 + 4.3¢ 85.1 * 13.0°

*LDL (0.1 mg protein/ml) was incubated with 5 mM AAPH in the presence of each peptide (50 uM) in 200 pl of 10 mM PBS buffer at 38°C
for 3h. LDL oxidation was measured by TBARS assay. 1 Eel acetylcholinesterase (AChE) at 0.25 U/ml was incubated with 10 puM HOCI in
the presence of each peptide (10 wuM) in 0.1 ml PBS buffer (pH 7.4) at 38°C for 15 min, and 20 pl aliquot was withdrawn for assay of
remaining activity. Results are expressed as a mean = SD value of triplicate experiments. Means with same letter are not significantly different

(p < 0.05).

Antioxidant effect of peptides on HOCI-induced oxidation
of acetylcholinesterase

Recently, myeloperoxidase HOCI-induced modifi-
cation of lipoproteins has been of attention in respect
of the atherosclerosis progress. To examine HOCI-
scavenging activity of peptides, their protective action
against HOCI-induced inactivation of acetylcholin-
esterase, sensitive to HOCI [44], was investigated.

LDL oxidation TBARS
nmols/mg protein

Time, hr

Figure 4. Time-dependent protection by peptide against AAPH-
induced LDL oxidation. LDL (0.1 mg protein/ml) was incubated
with 5mM AAPH in 200 pl of 10 mM PBS buffer at 38°C in the
presence of each peptide (50 nM) for indicated time, and 0.2ml
solution was used for determination of TBARS value as given in
materials and methods. Results are expressed as a mean = SD (bar)
value of triplicate experiments. e, Control; [J, DAHK; A, Peptide
VI-2, W, Peptide VII-4; A, Peptide VII-6.

Table IV indicates that peptide VII-4 and VII-6
containing Tyr residue, and peptide VI-2 bearing Trp
and Cys residue showed a remarkable protection
(73-104%) at a 1:1 molar ratio of peptide/HOCI.
Thus, it is supposed that the protective action of these
peptides may be mainly due to the HOCIl-removing
activity. In contrast, the peptides (I-1, II-1, V-1 or VII-
5) lacking HOCI-reactive Tyr, Trp or Cys residue
[29], had relatively lower protections (17-33%).

Discussion

Some part of PONI1 action has been proposed to be
related to its promoting effect on the reverse
cholesterol transport [45] as well as its antioxidant
action [9,45,46]. However, the antioxidant role of
PONI1 in Cu®**-induced oxidation of LDL was not
supported by a recent report [17]. Nonetheless, our
present results suggest a possible role of PONI1 as
Cu”" scavenger in preventing Cu®'-catalyzed inacti-
vation of PON1 as well as in competing with DCPH.
This discrepancy may be explained by the notion that
Cu’"-scavenging activity of PON1 may differ accord-
ing to oxidation targets; PONI1 as a macromolecule
may be inefficient in interrupting the redox cycling of
copper ion in apolipoprotein B of LDL [47,48].
Alternatively, Cu®*-scavenging activity of PONI1
might be diminished in the presence of LDL lipid
as implied from the interfering effect of lipids on
Cu®"-catalyzed inactivation of PON1 [19]. Besides,
Cu®*-binding site of PON1 molecule might be
oxidatively degraded during Cu®"-induced oxidation
of LDL as had been demonstrated with
ascorbate/Cu®*-treated PON1 [23]. PON1 was
supposed to contain at least two Cu®" sites [23], one
of which was suggested to be a Cu®" site of high
affinity, similar to the Cu®" site of apolipoprotein B
[47]. In support of this, Ca®*"-depleted PON1 showed
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a complete protection against Cu®*-mediated inacti-
vation of PON1 at a 1:1 molar ratio of inactive
PON1/Cu®*. A further support comes from the 1:1
molar ratio of PON1/Cu®*" for the inhibition of
formation of Cu?*/DPCH complex. The involvement
of His residue in Cu®" binding by PON1 had been
suggested from the partial loss of His residues in
Cu®"-catalyzed oxidative inactivation of PON1
[23,49]. A further support may come from the inverse
relationship between DEPC modification and Cu®'-
binding capability of PONI1. From these, it was
supposed that the peptides of some His residue-
containing sequences in PON1 might tightly bind to
Cu”" as had been demonstrated with DAHK [26,27].
Noteworthy, the peptides, resembling some His-
containing sequences in PON1 molecule, exerted a
remarkable protection against Cu®'-catalyzed oxi-
dation of LDL. The position of His residue in the
peptides seemed to be a primary factor in preventing
against Cu®"-mediated oxidation of LDL or PON1.
The presence of His residue at second or third
position was crucial for the antioxidant action, similar
to the finding [26,27] with DAHK analogues.
Additionally, His—Pro sequence at C-terminal appar-
ently contributed to the antioxidant action as
demonstrated with LWVGCHP. In particular, NHP
was the smallest peptide displaying a potent anti-
oxidant action against Cu®" oxidation of LDL.
Antioxidant effect of some His-containing peptides
appeared to depend on the oxidation model; for
example, FHKALY was more protective than
VFHKALY in preventing ascorbate/Cu®*-induced
inactivation of PONI1, a polar oxidation target, while
this was not true for Cu®"-induced oxidation of LDL.
In preventing LDL oxidation, antioxidant action of
peptides such as LAHKIHV, FHKALY, FHKY or
NHP was maintained for >24h, implying that they
can sequestrate copper ions, responsible for the
oxidation of LDL. However, the stoichiometry for
the interaction between Cu®" and peptides seems to
differ according to Cu®" oxidation system; the
protective action of the peptides in Cu®"-mediated
LDL oxidation was maximal at 1:1 molar ratio of
peptide/Cu®", contrasting with 2:1 ratio of
peptide/Cu®" for the protection against Cu®*-induced
inactivation of PON1. In either case, the sequestration
of Cu®" is likely the underlying mechanism for the
suppressive effect of peptides on Cu®"-mediated
oxidation. Furthermore, the Cu?" complex of
representative peptides exhibited higher superoxide-
scavenging activity than Cu**/DAHK complex [27].
Additionally, these peptides also exhibited a remark-
able protection against Fe®"-catalyzed inactivation of
PON1, where non-specific hydroxyl radicals would be
predominant reactive species (data not shown). In this
respect, those peptides may correspond to general
inhibitors of metal ions-catalyzed oxidation. Another
system for oxidation of lipoprotein would be

alkylperoxyl radicals [9,40]; lipoproteins were suscep-
tible to alkylperoxyl radicals and hydroperoxides
generated from AAPH [40,41]. Previous data
[28,41-43,50] showed that Lys, Tyr, Cys or His
residues of protein or peptide were susceptible to
peroxyl radicals generated from AAPH oxidation.
This might explain why LWVGCHP and FHKALY,
containing Cys or Tyr residue were more efficient than
DAHK in preventing AAPH-induced oxidation of
LDL. Further, the positive role of Cys residue is
manifested from higher protection by LWVGCHP
than LWVGAHP, and the contributory role of Tyr
residue from greater protection by FHKALY than
FHKAL. Additional oxidant for lipoprotein oxidation
m vivo is myeloperoxidase HOCI as suggested from
the detection of chlorotyrosine in atherosclerotic
plaque [51,52]. Further, HOCI causes the oxidative
modification of HDL apolipoprotein A-I [53]. There-
fore, the compounds capable of scavenging HOCI
could be of a therapeutic value. Again, the peptides,
such as LIWVGCHP, FHKALY or FHKY, character-
ized by the presence of Cys or Tyr residue were more
protective than DAHK. The great protection by
LWVGCHP may be addressed by the existence of Cys
or Trp residue, highly reactive with HOCI [29,54] or
chlorinated amines formed from Lys or His side
chains [53,55]. Meanwhile, the positive role of Tyr
residue might be explained by the chlorine transfer
from chlorinated amines, formed from Lys or His side
chains, to Tyr side chain, as suggested from a recent
publication [55].

Collectively, it is shown that some His residue-
containing peptides, derived from the structure of
PONI1 molecule, can express antioxidant actions
against various oxidations mediated by Cu®*", AAPH
or HOCI. In particular, VWLGCHP, FHKALY and
FHKY have an advantage over DAHK in that they
express a broad spectrum of antioxidant actions. In
future study, a design of broad spectrum antioxidant
peptides, resistant to enzymatic or non-enzymatic
degradation iz wivo, would be explored to find
potential antiatherosclerosis agents.
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