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Anti-inflammatory peptides grab on to the whiskers of atherogenic oxidized lipids
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The peptide 4F is known to have potent anti-atherogenic activity. 4F is an 18 residue peptide that has a
sequence capable of forming a class A amphipathic helix. Several other class A amphipathic helical, 18 residue
peptides with the same polar face but with increasing Phe residues on the nonpolar face have been
synthesized with varying degrees of biological activity. In this work we compared the properties of the
original 2F peptide, modeled on the consensus sequence of the amphipathic helical segments of the
apolipoprotein A-I with the peptide 4F that has two Leu residues replaced with Phe. We demonstrate that the
more biologically active 4F peptide has the greatest affinity for binding to several molecular species of
oxidized lipids. Lipoprotein particles can be formed by solubilizing 1-palmitoyl-2-oleoyl phosphatidylcholine
(POPC) with peptides. These solubilized lipoprotein particles extract oxidized lipid from liposomes of POPC
containing 5 mol% of oxidized lipid. The peptides with the strongest anti-atherogenic activity interact most
strongly with the oxidized lipid. The results show that there is a correlation between the biological potency of
these peptides and their ability to interact with certain specific cytotoxic lipids, suggesting that this
interaction may contribute favourably to their biological properties.

© 2009 Elsevier B.V. All rights reserved.
1. Introduction

There is increasing evidence that inflammation is an important
causative factor in atherosclerosis [1-9]. It has recently been suggested
that a promising approach to develop drugs against atherosclerosis is
through blocking inflammatory processes [10]. One of the conse-
quences of inflammation is the formation of lipid and protein
oxidation products. Polyunsaturated acyl chains are particularly
susceptible to oxidation, generally resulting in the sn-2 chain
becoming shorter, with less unsaturation as well as the introduction
of polar groups [11,12]. Lipid oxidation products accumulate in LDL and
are found in atherosclerotic lesions [13]. One of the most abundant
lipid oxidation products of LDL is hexadecyl azelaoyl phosphatidyl-
choline. This oxidized lipid induces apoptosis at low (micromolar)
concentrations [14]. The oxidized LDL is recognized by scavenger
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receptors on macrophages that promote their unregulated uptake,
eventually leading to the formation of foam cells. The macrophage
scavenger receptor, CD36, has particularly high affinity for phospho-
lipids with an acyl chain at the sn-2 position that incorporates a
γ-hydroxy (or oxo)-α,β unsaturated carbonyl [15,16]. The oxidized
lipids,1-palmitoyl-2-(4-keto-dodec-3-ene-dioyl)phosphatidylcholine
(KDdiA-PC) and 1-palmitoyl-2-(5-keto-6-octene-dioyl)phosphatidyl-
choline (KOdiA-PC), used in the present work, are examples of such
lipids that bind to the CD36 receptor with particularly high affinity.
Oxidized phospholipids also represent ligands for another member of
the scavenger receptor class B, type I (SR-BI) [17]. The presence of
these oxidized lipids prevents binding of HDL to SR-BI and thereby
interferes with SR-BI-mediated selective uptake of cholesteryl esters
in hepatocytes. Oxidative stress plays an important role in athero-
sclerosis even in the absence of elevated levels of cholesterol [18] and
leads to the accumulation of specific oxidized phospholipids in plasma
that have both an inhibitory effect on reverse cholesterol transport as
well as promoting an accumulation of cholesterol esters in macro-
phages leading to foam cell formation and eventual deposition of
cholesterol in the form of atherosclerotic plaque. Removal of oxidized
lipids from LDL will decrease the infiltration of monocytes into the
artery wall thus avoiding their eventual deposition. Reducing the
levels of oxidized lipids in LDL has been proposed as a potential target
to prevent cardiovascular disease [19,20].
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Recent evidence has suggested that the shortened acyl chain in the
sn-2 position of oxidized phospholipids reorients itself so that it
protrudes from the membrane bilayer. This has been referred to as the
“lipid whisker model” [21]. Molecular dynamic simulations provide
support for this conformation of oxidized lipids [22]. This leaves only
one acyl chain of the oxidized lipids buried in the membrane. The
presence of these oxidized acyl chains in the sn-2 position plays an
important role in their biological activity [23]. This is likely a
consequence of their configuration that would be expected to allow
facile extraction of oxidized lipids from the membrane. In support of
this is the finding that fluorescently labelled forms of these oxidized
lipids are readily transferred from aqueous phospholipid dispersions
or preloaded LDL to vascular smooth muscle [24].

The protective effect of HDL against atherosclerosis is not only
dependent on a higher concentration of HDL in the blood but is also
dependent on the molecular composition of the HDL [25]. Small
variations in apo A-I can have major consequences in its ability to
protect against atherosclerosis. For example, chlorination of apo A-I
by myeloperoxidase reduces its effectiveness in stimulating choles-
terol efflux [26]. A natural mutant form of human apo A-I, apo
A-IMilano, has been recently considered for therapy in atherosclerosis
[27–36]. One way in which the properties of HDL can be modified is
by the binding of peptides. It is known that bound peptides represent
about 1% of the protein mass of HDL [37]. In addition, we find that an
anti-atherogenic amphipathic helical peptide 3F-2, analogous to 4F,
binds to the HDL fraction in vivo to a much greater extent than does a
Fig. 1. Structure of the oxidized forms of phosphatidylcholine used in this work.

Fig. 2. DSC curves of DEPE with increasing mol fractions of KOdiA-PC. Top four scans are
heating scans, bottom four are cooling scans. DSC scans of DEPE alone (0) and in the
presence of increasing mole fractions of KOdiA-PC. Lipid concentration 5 mg/mL in
20 mM PIPES, 1 mM EDTA, 150 mMNaCl with 0.002% NaN3, pH 7.40. Scan rate 2° C/min.
Curves have been displaced along the y-axis for presentation. Excess heat capacity is
expressed per mole of DEPE.

Fig. 3. Shift of the gel to liquid crystalline phase transition temperature (top curves) and
the bilayer to hexagonal phase transition temperature (bottom curves) with mole
fraction of KOdiA-PC. Numbers near each line correspond to the slope of the regression
line. The positive linear regression for the dependence of TH provides a measure of the
promotion of positive curvature by the KOdiA-PC.



Fig. 4. Changes in the fluorescence emission spectrum of 4F (7.3 μM in the cuvette) with
successive additions of oxidized lipid in solution at 25 °C.

Fig. 5. Shift in the Trp emission wavelength upon addition of Azelaoyl PC or PGPC (top curve
with 2F (right).
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homologous amphipathic helical peptide 3F14, that is devoid of
biological function [38]. It is clear now that simple modifications in
the sequence of 4F, such as changing Phe-3 or Phe-14 to Leu changes
the in vivo properties and HDL binding capacity of the original
peptide dramatically [38]. Recently biotinyl-4F was studied and it was
concluded that 4F does not associate with HDL. It is possible that the
authors followed the biotinyl label and not intact 4F, which may have
degraded. Thus the biotin-containing fragments may have appeared
away from HDL. Since the self-association and lipid or lipoprotein
associating properties depend on the end protecting groups, this may
account for the differing results obtained by Getz et al. [39] with the
biotinyl-4F peptide.

Some peptide mimetics of apo A-I are effective in inhibiting
atherosclerosis in atherosclerosis-sensitive animal models [40–47] as
well as other inflammatory disorders [48–51]. They have been shown
in vitro to inhibit oxidized phospholipids-induced monocyte chemo-
taxis and to scavenger oxidized lipids from LDL. We have earlier
shown that the lipid binding ability does not determine the biological
activity of these peptide analogs. For example, using the same amino
acids in different arrangements of the nonpolar face of the class A
amphipathic helix, despite their ability to associate with normal lipids
with high affinity, possesses different biological activities. This is
correlated to their ability to inhibit LDL-induced monocyte chemo-
taxis. Among these peptides, peptide 4F was an ideal candidate to
study in detail. The peptide 4F is active in inhibiting lipopolysacchar-
ide-induced inflammatory responses [52]. The enantiomer of 4F, the
most effective peptide, D-4F, is orally active in vivo and was shown to
reduce inflammatory responses to influenza virus in mice [40] and to
synergize with statin to cause regression of lesions [53]. This peptide
also improves vascular reactivity in a rat model of diabetes [54]. D-4F
has also been shown to protect against the production of oxidized
cholesterol [55].
s) and the binding isotherms for the interaction of Azelaoyl PC or PGPC with 4F (left) or
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Recently several 18-residue peptide analogs that are active in
synergizing with statin to even regress already existing athero-
sclerotic lesions in apo E-null mice [53] were shown (by surface
plasmon resonance) to bind to oxidized lipids more avidly by several
folds than either apo A-I or a less active analogous peptide, 3F14 [56].
We have extended this observation by measuring the binding of
several different forms of oxidized phosphatidylcholine in solution
without the use of solid supports. We demonstrate the ability of
these peptides to interact with oxidized lipids present in a bilayer, in
addition to oxidized lipid that is free in solution. We have also
compared the affinity of the peptide 4F with that of 2F that was not
used in the previous study. Thus this study demonstrates dramatic
differences in the properties of two peptides with respect to their
anti-inflammatory properties as a consequence of just replacing two
central Leu residues with Phe. The difference between Leu and Phe,
especially in the context of membrane binding proteins and their
properties is not well appreciated despite one being an aromatic side
chain and the other an aliphatic side chain, capable of stronger
interdigitation with the lipid acyl chains, as pointed out by us in
previous papers [38,57]. The properties of lipid complexes with 2F
and 4F have recently been compared using NMR methods [58]. One
of the mechanisms by which apo A-I and the anti-atherogenic
peptides can protect against atherosclerosis is by removal of oxidized
lipid components from LDL [59,60]. While co-incubation of apo A-I
with LDL did not inhibit LDL-induced monocyte chemotaxis, co-
incubation with peptide 4F was highly effective and 2F had moderate
activity. These results correlate well with their ability to inhibit
atherosclerosis in mouse models of atherosclerosis. Therefore, we
have tested peptides 2F and 4F for their ability to interact with
specific oxidized phospholipids in bilayers using various methods
Fig. 6. Shift in the Trp emissionwavelength upon addition of KDdiA-PC or KOdiA-PC (top curv
or with 2F (right).
and the relationship between the strength of this interaction and the
biological properties of these molecules.

2. Experimental methods

2.1. Materials

Peptideswere synthesized by the solid phasemethodwith a Protein
Technologies PS-3 automatic peptide synthesizer using the procedures
described previously [45,61]. Peptides were purified using a prepara-
tive HPLC system (Beckman Gold) and the purity of the peptides was
ascertained by mass spectral analysis and analytical HPLC. The
sequence of 2F is Ac-DWLKAFYDKVAEKLKEAF-NH2 and of 4F is Ac-
DWFKAFYDKVAEKFKEAF-NH2. The phospholipids 1-palmitoyl-2-
oleoyl phosphatidylcholine (POPC), 1-stearoyl-2-oleoyl phosphatidyl-
choline (SOPC) and di-dielaidoyl phophatidylethanolamine (DEPE) as
well as the oxidized lipids 1-palmitoyl-2-glutaryl-sn-glycero-3-phos-
phocholine (PGPC) and 1-hexadecyl-2-azelaoyl-sn-glycero-3-phos-
phocholine (Azelaoyl PAF) were obtained from Avanti Polar Lipids
(Alabaster, AL). The oxidized lipids, 1-palmitoyl-2-(4-keto-dodec-3-
ene-dioyl) phosphatidylcholine (KDdiA-PC) and 1-palmitoyl-2-(5-
keto-6-octene-dioyl) phosphatidylcholine (KOdiA-PC)were purchased
from Cayman Chemical (Ann Arbor, MI). The structures of the oxidized
lipids are shown in Fig. 1.

2.2. Differential scanning calorimetry

Measurements were made using a Nano II Differential Scanning
Calorimeter (Calorimetry Sciences Corporation, Lindon, UT). The scan
rate was 2 °C/minwith a delay of 5 min between sequential scans in a
es) and the binding isotherms for the interaction of KDdiA-PC or KOdiA-PCwith 4F (left)



Table 1
Equilibrium binding constants for the binding of oxidized lipids with the peptides 2F
and 4F.

Lipid 4F 2F

K (M−1) ΔG (kcal/mol) K (M−1) ΔG (kcal/mol)

PGPC 1.6×107 −9.9 3.1×106 −8.9
Azelaoyl PAF 1.4×107 −9.8 2.7×106 −8.6
KOdiA-PC 1.4×107 −9.8 9.9×106 −9.6
KDdiA-PC 1×108 −11 1.4×107 −9.8
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series to allow for thermal equilibration. The features of the design of
this instrument have been described [62]. DSC curves were analyzed
by using the fitting program, DA-2, provided by Microcal Inc.
(Northampton, MA) and plotted with Origin, version 5.0. Dry lipid
films of DEPE, SOPC or SOPC+10 mol% KOdiA-PC were suspended in
20 mM PIPES, 1 mM EDTA, 150 mM NaCl with 0.002% NaN3, pH 7.40
with or without addition of the peptide 4F by vortexing above the
phase transition temperature of the lipid to form multilamellar
vesicles (MLVs). The concentration of MLV in the samples studied was
maintained at 5 mg/mL for the DEPE samples and 2.5 mg/mL for the
SOPC samples. The cell volume is 340 μL.

2.3. Binding isotherm for the interaction of 4F or 2F with oxidized lipid

The change in Trp fluorescence from the peptide was used to
establish a binding curve for the interaction of eachof the oxidized lipids
with peptide. A solution of 7.5 μM peptide was placed in the
fluorescence cuvette with stirring and small aliquots of a solution of
oxidized lipids in ethanol solutionwerediluted into buffer to thedesired
concentration. The reaction was carried out in 10 mM HEPES buffer,
Fig. 7. Interaction between POPC liposomes containing 5% oxidized lipids and lipopeptide par
shows titration with LUVs containing KDdiA-PC or top, right panel LUVs containing KOdiA-
lipopeptide titrated with LUVs containing KDdiA-PC (■) or KOdiA-PC (▾) lower right hand
0.14 M NaCl, 1 mM EDTA, pH 7.4 at 25 °C. Tryptophan fluorescence was
monitored by recording the spectrum between 310 and 370 nm after
each addition of oxidized lipid. The excitation wavelength was 295 nm
with excitation and emission slits set at 8 and 4 nm bandpass,
respectively. Scattered light intensity was reduced by the use of
polarizing filters, setting the excitation filter at 90° and the emission
filter at 0°. Appropriate correction factorswere applied and the intensity
at the emissionmaximum of the peptide alonewas subtracted from the
values of samples with lipid in order to construct a binding isotherm.

The binding affinity was calculated as a partition binding constant,
using the equation:

K = Pb½ �= L½ � � Pf½ �= W½ � ð1Þ

where Pb and Pf are the concentrations of peptide bound and peptide
free, respectively. L and W are the concentrations of lipid and water,
respectively.

2.4. Preparation of large unilamellar vesicles (LUV)

Lipids were codissolved in chloroform/methanol (2/1, v/v). The
solvent was then evaporated under a stream of nitrogenwith constant
rotation of a test tube so as to deposit a uniform film of lipid over the
bottom third of the tube. Last traces of solvent were removed by
placing the tube under high vacuum for 3 h. The lipid film was then
hydrated with buffer, as indicated for specific experiments. LUVs were
made from this suspension by 5 freeze-thaw cycles and extruded 10
times through two polycarbonate filters with 100 nm pore size, in a
Lipex barrel extruder under nitrogen pressure (Lipex Biomembranes
Inc.). Vesicles were kept on ice under Argon gas and used within a few
ticles composed of POPC and either 2F or 4F at a lipid to peptide ratio of 3. Top, left panel
PC, into a solution of lipopeptide of 2F (▴) or 4F (■). Lower, left panel titration of 4F
panel of 2F lipopeptide, titrated with LUVs containing KDdiA-PC (■) or KOdiA-PC (▴).



Fig. 8. DSC of SOPC (1 and 1′) or SOPC+10 mol% KOdiA-PC (2 and 2′) alone or with the
addition of 4F to SOPC (3 and 3′) or to SOPC+10mol% KOdiA-PC (4 and 4′). The lipid to
peptide molar ratio is 500. Upper half of the figure: heating curves, while the lower half
(curves with ′) are cooling curves. Each specimen was heated and cooled three times.
Lipid concentration is 2.5 mg/mL in 20 mM PIPES, 1 mM EDTA, 150 mM NaCl with
0.002% NaN3, pH 7.40. Scan rate 1 °C/min. Curves have been displaced along the y-axis
for presentation. Excess heat capacity is expressed per mole of SOPC.
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hours of preparation. Lipid concentration was determined with the
phosphate assay of Ames [63].

2.5. Interaction between discoidal lipopeptides and liposomes with
oxidized lipids

The peptides 4F and 2F were used to solubilize POPC in the form of
lipoprotein particles. 5 μM peptide was incubated for 1 h at room
temperature with MLVs of POPC at a lipid to peptide molar ratio of 3.
The time course of the solubilization was followed by right angle light
scattering in an SLM Aminco, Model II spectrofluorometer, setting
both excitation and emission monochrometers at 400 nm. The
clarification of the turbidity was complete within 1–2 h of incubation.
These lipoprotein particles were then titrated with LUVs of POPC and
the Trp fluorescence of the peptide was monitored over time. No
change of fluorescence was observed, suggesting that the lipoprotein
particles were saturated with phospholipid.

These lipoprotein particles were then titrated at 25 °C with
successive additions of small aliquots of solutions of LUVs composed
of either POPC:KDdiA-PC (95:5) or POPC:KOdiA-PC (95:5). The
decrease in the fluorescence from Trp of the peptide was monitored
as a function of time.

2.6. Isothermal Titration Calorimetry (ITC)

A 32 μM solution of 4F or 2F was made in 20 mM PIPES buffer, pH
7.4, containing 0.14 M NaCl and 1 mM EDTA and used to fill the
calorimeter cell (1.4276 mL) which was equilibrated to 30 °C in a
MicroCal VP-ITC instrument (MicroCal Inc, Southampton, MA).
Solutions of 1-palmitoyl-lysophosphatidylcholine (LPC) were made
at a concentration of 860 μM in matching buffer and placed in the
syringe. A volume of 20 μL of LPC was titrated into the solution of
peptide with a constant stirring at 300 rpm. Data was analyzed and
plotted using the program Origin 5.0 and fitted with programs for two
sites binding models provided by the manufacturer.

3. Results

3.1. Oxidized phospholipids promote positive membrane curvature

Using DSC we show that the oxidized lipids raise the bilayer to
hexagonal phase transition temperature of DEPE, indicating that they
promote positive curvature and stabilize bilayer properties. As an
example we show a family of heating and cooling DSC curves of DEPE
with the addition of several different mole fractions of KOdiA-PC
(Fig. 2). The shift of the bilayer to hexagonal transition temperature is
proportional to the amount of KOdiA-PC added (Fig. 3), with the value
for the heating curves being 378±38, which is comparatively high.
Similar values were obtained introducing other oxidized lipids into
DEPE.

3.2. Binding isotherm for the interaction of 4F or 2F with oxidized lipid

We initially studied the binding of these peptides with oxidized
lipids by adding them directly to a solution of the peptide, in the
absence of any phospholipid or liposomes. Titrating the peptides with
the oxidized lipids Azelaoyl PAF or with PGPC there was a progressive
increase in the intensity of Trp emission from the peptide shown for
PGPC (Fig. 4, top graph). In contrast, the two oxidized lipids with α,β
unsaturated ketones, KOdiA-PC and KDdiA-PC, caused a quenching of
the peptides Trp fluorescence (Fig. 4, bottom). This quenching was not
a result of an inner filter effect because of the low absorbance of the
mixtures at the excitation wavelength of 295 nm nor was it the result
of light scattering, as verified by the wavelength dependence of the
absorbance. In general when lipids bind to peptides with a Trp residue
one would expect that the fluorescence emission intensity would
increase. However, highly polarizable groups are known to be good
quenching agents. This is likely the reason why the oxidized lipids
with α,β unsaturated ketones induce quenching of the Trp of these
peptides, while the lipids with simple unconjugated carboxylic acids
do not have this effect. With Azelaoyl PAF and PGPC, the emission
wavelength of the Trp decreased from about 340 nm to about 333 nm,
confirming the binding of the oxidized lipids to both 2F and 4F (see
Fig. 5, top curves). This is also the case for KOdiA-PC and KDdiA-PC
(Fig. 6, top curves). The binding isotherms are shown in the bottom
curves of Figs. 5 and 6 and the values for the equilibrium binding
constant and free energy of binding are given in Table 1.

3.3. Interaction between discoidal lipopeptides and liposomes with
oxidized lipids

Lipoprotein particles of POPC and 2F or 4F were titrated with
successive additions of small aliquots of LUV made from POPC and
containing 5 mol% of either KOdiA-PC or KDdiA-PC. This resulted in a
quenching of the Trp fluorescence of the peptide in the lipoprotein
particle. There was no quenching of the Trp fluorescence of these
peptides when the lipoprotein particles were titrated with POPC not
containing oxidized lipid. Hence the inclusion of only 5 mol% oxidized
lipid into the membrane resulted in the peptides binding to the
liposomes with high affinity. This demonstrates the ability of these
peptides to interact with oxidized lipids already contained in a
membrane bilayer. The peptide 4F is more potent than 2F (Fig. 7, top
panels). Of the two oxidized lipids, the KDdiA-PC, having the longer
sn-2 chain, are more potent to interact with the peptides (Fig. 7,
bottom panels), particularly for 4F (Fig. 7, bottom, left panel).



Table 2
Thermodynamics of binding of LPC to 4F or 2F data from ITC fitted with an equation for
two independent binding sites.

Peptide K1 (M−1) ΔH1 (kcal/mol) ΔS1 K2 (M−1) ΔH2 (kcal/mol) ΔS2

4F 1.8×106 −2.8 19.3 5×104 −1.5 16.6
2F 1.6×106 −4.0 15.3 8.6×104 −1.6 17.3
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Centrifugation of the mixture after titration resulted in some of the
LUVs sedimenting, however, the total amount of each peptide remained
in the supernatant. This demonstrates that the loss of Trp fluorescence
was not caused by the peptide binding to the oxidized lipid in the LUVs,
but rather that the oxidized lipids were being extracted into the
lipopeptide particle that remained in the supernatant.

Evidence that the interaction of the oxidized lipid with the peptide
results in the extraction of the oxidized lipid from the membrane
comes fromDSC studies (Fig. 8). SOPCwas chosen for this because this
lipid has the structure of phospholipids common to biological
membranes with a saturated acyl chain at sn-1 and an unsaturated
chain at sn-2. SOPC is also a lipid with a low gel to liquid crystalline
phase transition at 4.9 °C. Addition of KOdiA-PC lowers the transition
temperature to 3.1 °C, while addition of 4F has a negligible effect on
the phase transition temperature. However, addition of the same
amount of 4F to themixture of SOPC+KOdiA-PC significantly reverses
the lowering of the phase transition temperature caused by the
oxidized lipid (Fig. 8). This is consistent with the 4F extracting KOdiA-
PC from the membrane and reversing its effect in lowering the phase
transition temperature of SOPC.

3.4. Isothermal Titration Calorimetry (ITC)

Because these oxidized lipids have shorter sn-2 acyl chains and
they also promote positive membrane curvature (Fig. 2), these lipids
have some relationship in terms of chemical structure and effects on
membrane properties to lysophosphatidylcholine (LPC). Although
there are differences between the structures of LPC and of oxidized
lipids, the comparison allows one to determine if the observed
interactions have some degree of specificity. Because LPC is more
readily available than the specific forms of oxidized lipids, we used LPC
to titrate 4F and 2F using both ITC and fluorescence titration. These
Fig. 9. ITC data obtained by injection of successive aliquots of LPC into 32 μM 4F (left) or 32 μ
curves are the calculated enthalpy.
measurements serve to compare the binding of an amphiphile, LPC,
that does not have an sn-2 acyl chain that can protrude from the
membrane surface with the binding of oxidized lipids to these
peptides. In addition, ITC provides an independent determination of
binding affinity that can be compared with that obtained from
fluorescent titration, as a test of the validity of the latter method. The
ITC data are presented (Fig. 9). The curves were fitted to two binding
constants of different affinities and the values for the enthalpy and
entropy of the reaction are summarized (Table 2). The results show
that there is no significant difference in the binding affinity of 4F vs. 2F
to LPC, unlike the case of the oxidized lipids inwhich 4F binds about 5-
fold more strongly (Table 1).

We also measured the binding of LPC to these peptides by
monitoring the Trp fluorescence of the peptides. This titration could
be fitted with a single binding isotherm with values of 6.8×105 M−1

and 9.4×105 M−1 for the partition binding constants of 4F and 2F,
respectively. These values are close to, but somewhat lower than the
high affinity binding constant obtained by ITC. In addition, both
methods indicate that 2F and 4F have similar binding affinities for LPC.
The more complex binding profile found with ITC, requiring two
binding constants to fit the data, may be the result of interactions
between LPC and peptide that have enthalpic contributions but do not
cause change in the Trp fluorescence of the peptide.
M 2F (right). Upper curves are the experimentally observed heat changes and the lower
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4. Discussion

Although peptides such as 4F have been designed from a
consensus sequence of the amphipathic helical segments of the
apolipoprotein A-I, this peptide is not just a simple apo A-I mimetic,
since it exhibits protective effects against cardiovascular disease at
much lower concentrations than that of apo A-I. This is also shown by
the fact that orders of magnitude more apo A-IMilano are required to
attain a cardio-protective effect, compared with the peptide 4F. In the
present study we compare 4F with 2F, a similar 18 residue
amphipathic helical peptide that has low cardiovascular protective
potency even though it differs from 4F only in the substitution of two
Leu residues of 2Fwith Phe in 4F. Peptide 2F has also been shown to be
less effective than 4F in vitro in inhibiting LDL-induced monocyte
chemotaxis in a co-culture system [64]. Thus we investigated the
abilities of these two peptides to bind to the different oxidized lipids
shown in Fig. 1.

We find that oxidized lipids raise the bilayer to hexagonal phase
transition temperature. This is the same effect on membrane
curvature as we had found with the amphipathic helical peptides
[65]. The amphipathic helical peptides used in this work are known to
bind more strongly to smaller vesicles having higher positive
curvature on the exterior. This could be a factor promoting the
attraction of the peptides to regions of the membrane containing
oxidized lipids and hence higher local positive curvature. Earlier we
had suggested that 4F because of clustering of pi-electrons at the
center of the nonpolar face, would possess high affinity to oxidized
lipids [66]. Indeed, this was supported by a recent study using surface
plasmon resonance, which demonstrated higher affinity of 4F for
several forms of oxidized lipids, compared with apo A-I. In the present
study we have analyzed the binding of 4F and 2F in solution with
several forms of oxidized lipids as well as demonstrating the
interaction of these peptides in the form of lipoprotein particles
with bilayer liposomes containing oxidized lipids. This latter arrange-
ment mimics the situation in vivo since 4F has been shown to
associate with small preβ-HDL-like particles that would resemble
those we have made for this in vitro study [64]. These lipoprotein
particles could then extract oxidized lipids from other lipid structures,
such as oxidized LDL. Evidence from the reversal of the effect of
KOdiA-PC by 4F (Fig. 8), supports this mechanism.

The binding affinity of PGPC and of KOdiA-PC for 4F (Table 1) is 9
and 4.5 fold lower than that previously found using surface plasmon
resonance [56]. The difference may reflect a stabilization of the lipid–
peptide complex by the solid support required for surface plasmon
resonance. Our results demonstrate that 4F binds to oxidized lipids
with almost 10-fold higher affinity than 2F, except for KOdiA-PC,
where the difference in binding affinity to the two peptides is smaller
(Table 1). We cannot explainwhy KOdiA-PC is the only form to show a
smaller difference in binding affinity to the two peptides. The oxidized
lipid with the highest affinity for binding these peptides is KDdiA-PC.
Interestingly, it binds more avidly than the structurally similar KOdiA-
PC, particularly to 4F. The difference between these two forms of
oxidized phosphatidylcholine is the length of the acyl chain at the
sn-2 position, with KDdiA-PC having a 12 carbon chain at this
position, at least 4 carbons longer than any of the other forms of
oxidized lipid. This observation would fit well the whisker hypothesis
that demonstrates a reorientation of the sn-2 acyl chain to extend out
of the membrane [21]. We envisage that if the sn-2 oxidized acyl chain
were able to extend out of the membrane, then the longer it is, the
greater the length of the segment of the lipid that would be accessible
for interactionswith the amphipathic helical peptides. This hypothesis
is supported by the findings that LPC that does not have an sn-2 chain,
binds to the peptides with one or two orders of magnitude lower
affinity. In addition, the binding affinity of 2F and 4F to LPC is similar,
unlike the situation with the oxidized lipids in which 4F binds with a
10-fold higher affinity. The correlation between the protective effect of
the peptide and the affinity of binding to oxidized lipids also agrees
with the findings using surface plasmon resonance [56].

Just as the apolipoprotein A-I affects several functions in
contributing a protective cardiovascular effect, so too would these
anti-atherosclerotic peptides be expected to have more than one site
of action. However, many of the important effects of these peptides
can be correlated with removal of oxidized lipids resulting in lowering
the inflammatory response and also lowering the arterial deposition
of cholesterol. These peptides are a component of the pre-β HDL
fraction of circulating lipoprotein particles. The demonstration in this
work that small lipoprotein particles containing 4F are able to interact
with oxidized lipid components in a different membrane provides a
molecular basis by which these peptides can neutralize the effects of
oxidized lipids.
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