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Abstract

Objective—We recently described anti-atherogenic properties of the dual domain peptide Ac-
hE18A-NH, derived by covalently linking the heparin binding domain 141-150 of apoE to 18A, a
class A amphipathic helical peptide. In this paper we have compared the properties of Ac-hE18A-
NH, with the non-heparin binding 151-160 region of apoE linked to 18A (Ac-nhE18A-NH>).

Methods and Results—Both peptides were highly helical in solution and in association with
lipids. Ac-hE18A-NH, and not Ac-nhE18A-NH, enhanced uptake of low density lipoprotein
(LDL) in HepG2 cells. While Ac-hE18A-NH, retarded the electrophoretic mobility of LDL, Ac-
nhE18A-NH, slightly enhanced mobility. Ac-hE18A-NH, reduced monocyte association with
endothelial cells, while Ac-nhE18A-NH> increased it. Ac-hE18A-NHS> also reduced lipid
hydroperoxide content of LDL while Ac-nhE18A-NH> increased it. A single administration of Ac-
hE18A-NH, (100 ug/mouse) into apoE null mice dramatically reduced cholesterol (from 600 mg/
dL to 180 mg/dL at five min. and to 60 mg/dL at five h) while Ac-nhE18A-NH, had no effect.
Administration (100ug/mouse/day, three days a week) into apoE null mice for six weeks showed
Ac-hE18A-NH, group having a moderate aortic sinus lesion reduction compared with the control
group (—15.1%), while the Ac-nhE18A-NH, administered group had increased lesion area
(+33.0% vs controls and 36.1% vs Ac-hE18A-NH>). Plasma from mice administered Ac-hE18A-
NH,, for six weeks showed a significant reduction in plasma cholesterol and triglyceride levels and
increase in paraoxonase-1 (PON-1) activity compared to controls, while Ac-nhE18A-NH, caused
no change in plasma cholesterol and decreased PON-1 activity.

Conclusion—It is proposed that Ac-hE18A-NH, reduced lesion progression in apoE null mice
due to its anti-inflammatory and lipoprotein clearing properties, while Ac-nhE18A-NH, exhibited
pro-atherogenic effects.
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1. Introduction

The importance of apolipoprotein E (apoE) for clearing plasma cholesterol and inhibiting
atherosclerosis has been demonstrated in an animal model by removal of the apoE gene in
mice, which produces atherosclerosis spontaneously with plasma containing high levels of
very low density lipoprotein- (VLDL) like cholesterol rich particles (1,2) Over-expression of
apoE in animals decreases circulating cholesterol levels (3). Addition of apoE to VLDL
enhances uptake and degradation of VLDL (4), which is known to carry more cholesterol
per particle than LDL; both of these apoB-containing lipoproteins are atherogenic (5). ApoE
acts as a ligand for several receptors, including the LDL-receptor (LDLR) and the LDL
receptor-related protein (LRP). Binding of apoE-containing lipoproteins to heparan sulfate
proteoglycans (HSPG), and lipoprotein lipase mediates binding of apoE-containing
lipoproteins, acting to clear LDL and VLDL in the space of Disse (6). The region 141-160
of human apoE possesses a cationic putative receptor binding domain with the residue Cys
at 158 of apoE2 replaced by Arg in isoform E3, the major allelic form that is present in
normolipidemic individuals (7). While the region 141-150 (LRKLRKRLLR) is highly
cationic with six out of ten residues consisting of positively charged residues and the other
residues being hydrophobic Leu, region 151-160 (DADDLQKRLA) is also rich in charged
residues (5 out of 10) but possesses a 3:2 negative to positive charge ratio.

Our earlier studies to design an apoE mimetic peptide considered the dual domain structural
pattern present in apoE in which the N-terminal 4-helix bundle region is connected to a long
class A amphipathic helix (8). The classic work of Bradley and Gianturco showed that in the
absence of the lipid associating domain, the putative receptor binding domain at the N-
terminal region does not associate with lipoprotein surfaces to enhance the clearance of
atherogenic lipoproteins (8). Based on this idea, we designed the dual domain peptide in
which the putative receptor binding region of 141-150 of apoE (LRKLRKRLLR,
abbreviated as hE) is covalently linked to the model class A amphipathic helical peptide
18A (with the sequence DWLKAFYDKVAEKLKEAF; 9, 10) to obtain Ac-hE18A-NH,.
This peptide is able to associate with apoB-containing atherogenic lipoproteins and enhance
their hepatic uptake and degradation via HSPG on the surface of hepatocytes. This results in
a dramatic reduction of plasma lipoproteins in dyslipidemic animal models (11,12,13).
Additionally, similar to apoE, peptide Ac-hE18A-NH, was shown to recycle, form pref
HDL-like particles, enhance paraoxonase-1 (PON-1) activity, and improve endothelial
function (13,14). In this paper we have examined the effect of this peptide on atherosclerotic
plaque formation in apoE null mice.

A second peptide was synthesized by covalently attaching the 151-160 region of apoE to
18A to obtain Ac-nhE18A-NH, in which nhE represents the non-heparin binding domain
DADDLQKRLA (15). In this paper we have compared the physical/chemical and
atheroprotective potential of these two peptides in vitro and in vivo using the apoE null
mouse model. The results show that while the peptide Ac-hE18A-NHj is able to decrease
plasma cholesterol levels, increase PON-1 activity, and reduce lesion formation, the peptide
Ac-nhE18A-NH> did not decrease plasma cholesterol levels, decreased PON-1 activity and
increased atherosclerosis.

2. Materials and Methods

2.1. Synthesis of peptides

Peptides were synthesized as described previously (16) using solid phase peptide synthesis
method. Purity of the peptides was assessed by analytical HPLC and mass spectral analysis.
Peptide Ac-hE18A-NH, had the amino acid sequence LRKLRKRLLR-
DWLKAFYDKVAEKLKEAF, while Ac-nhE18A-NH, had the sequence DADDLQKRLA.-
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DWLKAFYDKVAEKLKEAF, with the hyphens designating the delineation between the
apoE sequences and the sequence from peptide 18A. The amino and carboxy terminus of
each peptide was protected by acetyl and amide groups, respectively.

2.2. Phospholipid turbidity clarification measurements

Association of these peptides with palmitoyloleoyl phosphatidylcholine (POPC) was
determined by following the dissolution of POPC multilamellar vesicles (MLV) by
reduction in turbidity using a plate reader (Bio-Tek Synergy HT). POPC MLVs were
prepared by evaporating a chloroform/methanol (2/1) solution of POPC (Avanti Polar
Lipids) under nitrogen and hydrating the lipid film with phosphate buffered saline (pH 7.4).
The sample containing 100 uM of POPC and an equimolar amount of peptide was
maintained at room temperature and continuously agitated. Turbidity clarification was
monitored at 400 nm for 50 min. As a positive control, the ability of Triton X-100 (1%) to
clarify POPC was measured.

2.3. Circular Dichroism (CD) studies

CD spectra were recorded on a signal-averaging AVIV 62DS spectropolarimeter as
described previously (9). Briefly, CD spectra were obtained at 25°C by signal averaging of
four scans recorded every nanometer from 260 nm to 190 nm using a cell with a 0.01cm
path length. Peptide concentrations were 10 to 100 uM in PBS (pH 7.4). Peptide:DMPC
complexes (1:20 mol:mol) were prepared as described previously (9) and the change in
peptide helicity upon lipid association was measured. The helical content of the peptides
was estimated from the mean residue ellipticity [F]ure (deg. cm2dmol~1) at 6,5, using the
equation described in detail by Morrisett et al (17).

2.4. Monocyte Adhesion Assay

Peptides (50ug/ml) or vehicle were mixed with 1 ml of human blood for 30 min at 37° and
cells were removed by centrifugation. HDL was separated by sequential density
ultracentrifugation as described previously (18). This HDL fraction was then used to analyze
anti-inflammatory properties of the peptide using the BAEC (bovine aortic endothelial cells)
assay (14,19). BAECs were grown to 80% confluence in 24 well plates. They were treated
with medium alone, lipopolysaccharide (LPS; 1 pg/ml, as a positive control) or 200 pl of
human HDL or HDL isolated from blood that was treated with either vehicle or peptide (Ac-
hE18A-NH, or Ac-nhE18A-NH>) and incubated for 6h. Concurrently THP-1 monocytes
were labeled with calcein as per the manufacturer’s instructions (Molecular Probes). After
6h, the BAECs were washed with PBS and incubated with labeled monocytes for 1h at
37°C. The cells were washed and fluorescence was measured using an excitation wavelength
of 495 nm and an emission at 517 nm.

2.5. Internalization of LDL by HepG2 cells

LDL was isolated from human plasma by sequential density ultracentrifugation (18). The
uptake of [1251]LDL in the presence of peptides to HepG2 cells was done using the method
of Goldstein et al (20). LDL was labeled with 123] using the lodogen method (Thermo Fisher
Inc., Rockford IL). Cells were grown in 10% fetal bovine serum (FBS) and penicillin-
streptomycin-amphoterecin in 6 well plates and used after reaching 75 to 90% confluence (2
to 3 days). The seeding density of cells used was 1.5 x 10° cells/ml medium. Cells were
incubated with medium containing lipoprotein deficient serum for 24h prior to use. Uptake
(or internalization) was measured in cells incubated at 37°C for 2h. After washing four times
with ice cold PBS containing 2mg/ml BSA to remove nonspecifically bound lipoprotein, the
cells were incubated with dextran sulfate (4 mg/ml, Pharmacia Mr wt 500,000) for 1h to
release specifically bound [12°I]LDL. The counts in the dextran sulfate wash reflected the
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amount of LDL bound to cells. The cells were washed with cold PBS, dissolved in 1 ml
0.1N NaOH and 0.5 ml aliquot was counted. The counts reflect the amount of LDL
internalized. Protein was measured by the method of Lowry et al (21). In all the cell
experiments, mean values from replicate measurements of three independent experiments
were used.

2.6. Measurement of lipid hydroperoxides

Human LDL was mixed with peptides at a 1:1 ratio and incubated at 37°C overnight. Lipid
hydroperoxide levels were measured using the CHOD-iodide method (22);
spectrophotometric measurements were made at a wavelength of 365 nm.

2.7. Effect of intravenous administration of peptides on plasma cholesterol in apoE null

mice

Female apoE null mice were purchased from Jackson Laboratories (Bar Harbor MI) at 14
weeks of age. After acclimatization for two weeks they were randomized into three groups.
Peptides Ac-hE18A-NH, and Ac-nhE18A-NH, (100ug/100 pl in saline/mouse) were
administered retro-orbitally three times a week for six weeks. The control group received
100 pl of saline. Blood was collected from retro-orbital sinus under anesthesia at time points
mentioned in the figures and cholesterol measured manually using commercially available
kits (Infinity Cholesterol Reagent, Thermo Scientific). All animal studies were performed
using the protocols approved by the Institutional Animal Care and Use Committee of The
University of Alabama at Birmingham.

2.8. The role of HSPG in peptide Ac-hE18A-NH>-mediated clearance of apoB-containing

lipoproteins

Peptide Ac-hE18A-NH, associates with apoB-containing lipoproteins (11,12). To determine
if this peptide associates with hepatic HSPG and targeting them to the liver for clearance, we
followed the procedure of Mahley et al (23). In brief, HSPG was blocked by administering
heparinase either before or after administering Ac-hE18A-NHj,. In pre-treatment of
heparinase, female apoE null mice were administered with either saline or heparinase (50 U/
mouse). 5 min. later, all the animals received Ac-hE18A-NH, (100 pg/mouse, i.v). Blood
was drawn at various time points for plasma cholesterol analysis. In heparinase post-
treatment experiment, 1251-labeled Ac-hE18A-NH, (100 pg/mouse, i.v) was administered to
female apo E null mice. 15 min. later half the animals received saline and the other half
received heparinase (50 U/mouse). Blood was drawn at various time points to monitor
plasma cholesterol levels and disappearance of radioactivity from plasma. Similar
experiments were not done with Ac-nhE18A-NHj> as it had no effect on LDL uptake by
hepatocytes (Fig. 2a) or reduction of plasma cholesterol (Fig. 3b).

2.9. Lesion Quantification

At the end of six weeks blood samples were taken under anesthesia by cardiac puncture, and
hearts were excised and subjected to histological examination and quantification of lesion
area as described earlier (24). In brief, hearts were fixed for at least 1 week in the phosphate-
buffered formaldehyde solution. After the lower two-thirds of the hearts were removed, the
remaining tissue was frozen in freezing medium (OCT Tissue-Tek; Miles Laboratories Ltd,
Elkhart, IN) and sectioned in a cryostat at —20°C. Alternate 10-um sections were saved on
slides and observed for the beginning of the aortic root. Sections were then collected for an
additional 600 um, or until the aortic cross section was rounded and the valve cusps were no
longer evident. Slides were stained with Oil Red O, and counterstained with hematoxylin.
Stained lesion cross-sectional areas were measured in consecutive slides 80 um apart by
image analysis (SigmaScan Pro; SPSS Science, Chicago, IL), and the average lesion area
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was determined for each aortic sinus over the 400-um length (five slides) providing the
greatest mean lesion area. En face preparations of the entire aorta from the aortic arch to the
iliac bifurcation (25) were done in mice treated with Ac-hE18A-NH,. The aorta was
excised, cleaned, and opened longitudinally with extremely fine Vannas scissors, then
pinned flat on a black wax surface. The aorta was then stained Oil Red O and lesions were
quantified by video capture under a stereo dissecting microscope. Lesion and total areas
were determined using SigmaScan (Systat) and lesion area was expressed as a percentage of
total area.

2.10. PON-1 activity

PON-1 activity in plasma was measured as described earlier (13). In brief, 2 ul of plasma
was added to 200 pl of buffer (200mmol/L Tris containing 2 mmol/L CaCl,, pH 8.0)
containing paraoxon (1 mmol/L O,O-diethyl-O-p-nitrophenylphosphate), and the rate of
release of 4-nitrophenol was determined spectrophotometrically. The assay was performed
in a 96-well plate, and readings were taken every 2 minutes at 405 nm. The quantity of 4-
nitrophenol formed was calculated using the molar extinction coefficient of 17100 mol/
L~Iem~1and PON-1 activity was expressed as nmoles of 4-nitrophenol formed per minute.

2.11. Statistics

3. Results

Groups were compared by one-way analysis of variance (ANOVA) when the data were
normally distributed or one-way ANOVA on ranks when normality failed. Post-hoc analyses
were by two-tailed Student’s t-test. Where two groups were tested, analysis was done using
two-tailed Student’s t-test. Groups were considered significantly different when p<0.05.

3.1. Secondary structures and association of peptides with lipoproteins

In Ac-hE18A-NHo>, due to the presence of additional Leu residues in LRKLRKRLLR, the
hydrophobic face is extended by two more residues but the helical net representation of Ac-
hE18A-NH- shows that the hydrophobic face is twisted by 180°. In the helical wheel
representation, despite the presence of the class A amphipathic helical peptide 18A, addition
of 141-150, did not show the amphipathic helical nature of the peptide (Fig. 1). Despite this,
the peptide Ac-hE18A-NH, associates strongly with phospholipids and atherogenic
lipoproteins (9,12). On the other hand, addition of residues 151-160 from the apoE putative
receptor binding domain to 18A extended and maintained the class A amphipathic helical
nature of Ac-nhE18A-NH, with a wide nonpolar face rich in Leu residues (Fig. 1). CD
studies indicated that the peptides have similar helical content both in solution and when
associated with lipid. Based on mean residue ellipticity at 222 nm, Ac-nhE18A-NH> is 78%
helical in solution and 80% helical when associated with lipid; Ac-hE18A-NH> is 69%
helical in solution and 74% helical when associated with lipid.

Physical properties of the peptides are shown in Table 1. These demonstrate that, compared
to Ac-hE18A-NH,, Ac-nhE18A-NH, is more amphipathic (higher hydrophobic moment/
residue) and more hydrophobic (overall hydrophobicity/residue). However, hydrophobicity
of the nonpolar face is higher for Ac-hE18A-NH, than Ac-nhE18A-NH,. The predicted
lipid affinity (A4) of Ac-nhE18A-NHj> is higher than Ac-hE18A-NHo. It is important to note
that while Ac-hE18A-NH, is overall positively charged (net charge +6), Ac-nhE18A-NH is
overall negatively charged (—1).

Association of peptides with multilamellar POPC vesicles converts turbid suspensions into
clear solutions due to peptide:lipid complex formation (10,26). As shown in Fig, 2a, addition
of either peptide to MLVs of POPC clarifies these vesicles to form peptide:lipid complexes.
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These results indicate that the peptides are capable of associating with lipoproteins.
Incubation of human LDL with both peptides altered agarose electrophoretic mobility
indicating both the peptides interacted with LDL. While Ac-hE18A-NH, reduced the
electrophoretic mobility of LDL due to increased positive charges associating with the LDL
surface, Ac-nhE18A-NHS> slightly enhanced electrophoretic mobility (Fig. 2b). At the higher
LDL:Ac-hE18A-NH, ratio the effect on LDL mobility was greater, but the effect of Ac-
nhE18A-NH> was similar at both ratios

3.2. Effects of peptides on LDL uptake by cultured hepatocytes

To determine the effects of these two peptides on uptake of LDL to HepG2 cells, human
LDL was incubated with peptides (at 1:1 w:w ratio) and re-isolated by sequential density
centrifugation as described previously (9). As shown in Fig. 3a, peptide Ac-hE18A-NH,
enhanced LDL uptake by HepG2 cells by four times compared with controls while the
peptide Ac-nhE18A-NH did not enhance LDL uptake by HepG2 cells.

3.3. Effects of peptides on HDL anti-inflammatory properties

Effects of peptides on HDL anti-inflammatory properties were determined by analyzing the
effect of peptide-treated HDL on binding of monocytes to BAEC. This assay was developed
in our laboratory (14,19). LPS was used as a positive control as LPS is known to increase
adhesion of monocytes to endothelial cells as shown in Fig. 3b. HDL isolated from blood
incubated with peptide Ac-hE18A-NH, inhibited binding of monocytes to BAECs compared
with HDL alone (Ac-hE18A-NH,, 2729+£141; HDL, 4473118 units; p<0.002), whereas Ac-
nhE18A-NH, did not exhibit this effect (4861+118 units; p<0.001 vs Ac-hE18A-NH>).

3.4. Effect of peptides on LDL lipid hydroperoxides

After incubation of human LDL with peptides or vehicle overnight at 37°C, lipid
hydroperoxide levels were markedly and significantly increased in LDL incubated with Ac-
nhE18A-NH, (LDL, 0.057+0.001; Ac-nhE18A-NH,, 0.127+0.000 absorbance units;
p<0.001), while they were significantly decreased in LDL incubated with Ac-hE18A-NH,
(0.029+0.006; p<0.001 vs LDL; Fig. 3c).

3.5. Acute effect of peptides on plasma cholesterol levels and involvement of heparan
sulfate proteoglycans

To determine the effect of peptides Ac-nhE18A-NH, and Ac-hE18A-NH, on plasma
cholesterol levels, the peptides (100ug/mouse) were administered intravenously to female
apo E null mice. Blood was drawn before administration, 5 min and 5 hrs post-
administration for plasma cholesterol analysis. As shown in Fig. 4a, mice administered with
Ac-hE18A-NH, showed a dramatic decrease in plasma cholesterol levels at both the 5 min
and 5 hr time points, unlike mice administered with either saline or Ac-nhE18A-NH, which
had similar changes in plasma cholesterol levels. Thus, peptide Ac-nhE18A-NH, which
does not possess the cholesterol lowering capacity of Ac-hE18A-NH, was used as a
negative control for further experiments.

Next, we analyzed whether, analogous to apoE, HSPG is involved in Ac-hE18A-NH,-
mediated lipoprotein clearance from plasma. We administered heparinase (which removes
HSPG from cell surfaces) either before or after injecting peptide Ac-hE18A-NH, to apo E
null mice. Fig. 4b shows that pre-treatment of heparinase followed five minutes later by
injection of Ac-hE18A-NH, abolishes the cholesterol lowering ability of the peptide
compared to mice pre-treated with saline. These results were apparently not due to peptide
inhibition of heparinase activity (Supplemental Fig. 1). Thus, Ac-hE18A-NH,-mediated
lipoprotein clearance is mainly through HSPG. Next, we analyzed if post treatment of
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heparinase would release the peptide or lipoproteins bound to HSPG. We injected [12°1]Ac-
hE18A-NH, (100ug/mouse, i.v.) to female apoE null mice. 15 min. later, half the animals
received saline and the other half received heparinase (50 U/mouse). Plasma cholesterol and
radioactivity was followed at various time points. As shown in Fig. 4c, plasma cholesterol
levels decreased similarly in both groups and disappearance of the peptide from plasma was
also similar. The majority of the radioactivity was found in the liver (saline controls:
60.13£5.37% and peptide-injected: 59.87+4.19% of injected radioactivity in liver. N=5 in
each group.). Radioactivity in the aorta was not distinguishable from background. Similar
results were obtained when heparinase was injected 5 minutes after peptide (data not
shown). This suggests that association of Ac-hE18A-NH,-mediated apoB-containing
lipoproteins is rapid and not readily reversible.

3.6. Effect of chronic administration of peptides on plasma cholesterol and triglyceride
levels and paraoxonase-1 (PON-1) activity

Peptide solutions were prepared in sterile saline and were injected into apoE null mice 3
times a week for 6 weeks. Both the peptides were administered retro-orbitally at the dose of
100 pg three times per week. Blood was drawn before the initiation of the treatment regimen
and at the end of experiment. Final plasma samples were taken 24 hours after the last
peptide administration. Plasma was analyzed for cholesterol and triglyceride levels and
PON-1 activity. As shown in Fig. 5a, plasma cholesterol levels of Ac-nhE18A-NH, treated
mice did not change significantly from that of the control group after 6 weeks of
administration, whereas Ac-hE18A-NH, treated mice had significantly lower plasma
cholesterol levels compared to both control and Ac-nhE18A-NH, treated mice. The
reduction in plasma cholesterol was largely in the VLDL region, while the HDL region had
a slight but significant increase in the Ac-hE18A-NH, group compared with the other
groups (Supplemental Fig. 2). Plasma triglyceride levels were also reduced in the Ac-
hE18A-NH, treated mice compared with either the control or Ac-nhE18A-NH, groups (Fig.
5b). Next we analyzed the plasma samples (after treatment) for PON-1 activity. As shown in
Fig 5¢, mice treated with Ac-hE18A-NH, showed a significant increase in PON-1 activity
compared to both the groups, whereas treatment with Ac-nhE18A-NH resulted in decreased
paraoxonase activity, thus indicating that this peptide could be pro-inflammatory.

3.7. Effects of Ac-hE18A-NH, and Ac-nhE18A-NH, on atherosclerotic lesions

After 6 weeks of peptide administration aortic root sections were analyzed for
atherosclerotic lesions using Oil Red O staining. Fig 6a shows mean lesion areas in the three
groups. Compared to the Ac-nhE18A-NH, group, Ac-hE18A-NH, administration resulted
in significant inhibition of atherosclerotic lesion formation. However, Ac-nhE18A-NH,
treated mice showed significantly increased plaque formation compared to the control
group. Thus, while Ac-hE18A-NH, had a trend towards decreased lesion area compared
with controls (—15.1%), and significantly less lesion area compared with peptide Ac-
nhE18A-NH, (—36.1%; p<0.0.001), the latter peptide was pro-atherogenic compared with
controls (+33.0%; p<0.001).

The lesion reduction in the group treated with Ac-hE18A-NH> did not reach significance
compared with controls, perhaps due to the large lesion area in the aortic sinus in all groups.
In a separate experiment intended to confirm the atheroprotective properties of this peptide,
22 week old female apoE null mice were injected with either saline (n=11) or Ac-hE18A-
NH, (n=12; 100pug/mouse, 3 times a week) for 4 weeks by retro-orbital administration. After
4 weeks, the animals were anaesthetized, perfused with saline, and the aorta was harvested
from the aortic arch to iliac bifurcation. The aorta was cut open, pinned onto a black surface
and stained with Oil Red O, as previously described (25). The percent of aorta covered with
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lesions was found to be significantly less in the mice injected with Ac-hE18A-NH,
(42.18+4.29%) compared with the saline group (58.78+4.30%; p=0.013; Fig. 6b).

4. Discussion

Previous reports have shown that a single administration of Ac-hE18A-NH, derived by
covalently attaching 141-150 region of apoE to a class A amphipathic helical peptide 18A
significantly reduces plasma cholesterol levels in different dyslipidemic mouse and rabbit
models (11-14). The mechanism was thought to be due to the peptide associating to the
atherogenic apoB-containing lipoproteins, targeting them to the liver for excretion.
However, the chronic effect of this peptide on plasma cholesterol levels has not been
previously studied. To evaluate effects of multiple administrations of this peptide on plasma
cholesterol levels and effects on atherosclerotic lesion, we designed a control peptide Ac-
nhE18A-NH, derived from 150-161 region of apoE (nh represents non-heparin binding
domain) covalently linked to 18A. While Ac-hE18A-NH> possesses a cationic nature, Ac-
nhE18A-NH, has an overall net negative change. Helical net analysis of the structures of
these two peptides show that while the Ac-hE18A-NH, has a twist in the nonpolar face, Ac-
nhE18A-NH, possesses a class A amphipathic helical motif (Fig. 1; 27).

Both peptides effectively form complexes with phospholipids to essentially the same degree
(Fig. 2a) and are able to associate with apoB-containing atherogenic lipoproteins as
demonstrated by the change in agarose electrophoretic mobility (Fig. 2b). Ac-hE18A-NH,
incubated with human HDL reduced monocyte binding to endothelial cells in culture while
Ac-nhE18A-NH> did not (Fig. 3b), suggesting peptide Ac-hE18A-NH, reduced
inflammatory properties of HDL in this assay. In addition, LDL incubated with Ac-hE18A-
NH, had reduced lipid hydroperoxides, while LDL incubated with Ac-nhE18A-NH, had
substantially increased LOOH (Fig. 3c). Ac-hE18A-NH, and not Ac-nhE18A-NH,
mediated uptake of LDL by HepG2 cells (Fig. 3a) and clearance of lipoprotein cholesterol
from the plasma of dyslipidemic mice (Fig. 4a), perhaps due to the latter peptide being
unable to bind to cell surface HSPG. The involvement of proteoglycans in peptide-mediated
lipoprotein clearance was demonstrated by pretreatment of mice with heparinase, which
totally abolished peptide-mediated clearance (Fig. 4b). However, treatment with heparinase
following injection of Ac-hE18A-NH, had no effect on peptide-mediated cholesterol
clearance (Fig. 4c), suggesting that cleared peptide-lipoprotein complexes are no longer
dependent on HSPG in a rapid process taking place within 15 minutes. In vitro [3°S]JHSPG
experiments demonstrated that Ac-hE18A-NH, did not inhibit heparinase activity on HepG2
cells in culture (Supplemental Fig. 1). Steps subsequent to HSPG binding by Ac-hE18A-
NHo-lipoprotein complexes have not yet been elucidated, except to demonstrate that the
LDL receptor is not required for peptide-mediated clearance (12).

Administration of peptide Ac-hE18A-NH, three times a week intravenously in apoE null
mice reduced plasma cholesterol and triglyceride levels significantly compared to either the
control or Ac-nhE18A-NH> groups (Figs.5a and b). In addition, several in vitro and in vivo
experiments show that this peptide is also anti-inflammatory (14). In contrast to Ac-hE18A-
NH,, Ac-nhE18A-NH, actually exhibited pro-inflammatory effects in vitro and in apoE null
mice. Aortic sinus lesion size was decreased in older apo E null mice administered Ac-
hE18A-NH, compared to the control group, and was significantly increased in the group
administered Ac-nhE18A-NH, (Fig. 6a). Peptide Ac-hE18A-NH> also significantly
decreased aortic en face lesions (Fig. 6b), increased PON-1 activity (Fig. 5c), and decreased
LDL lipid hydroperoxides (Fig. 3c), while Ac-nhE18A-NH, exhibited opposite and pro-
atherogenic properties.
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It is surprising that the class A amphipathic helical peptide Ac-nhE18A-NH, exhibited pro-
inflammatory and pro-atherogenic properties. Previously we have reported in a series of
peptide analogs that a variation in the non-polar face of a prototypic peptide 2F to produce
3F, 4F, 5F, 6F and 7F analogs exhibited varying effects on the LDL-induced monocyte
chemotaxis (28). The peptide 4F, with aromatic amino acids (including four Phe residues)
clustered at the center of the nonpolar face, was the most effective analog. However, peptide
analogs 3F3 and 3F14, in which Leu residues at the 3 or 14 positions in the linear sequence
of the peptide 18A were replaced by Phe residues, were either ineffective or perhaps
enhanced LDL-induced monocyte chemotaxis (28). In addition, comparison of the peptides
3F-2 (which possesses the same amino acids as peptide 3F14 but aromatic residues are
clustered at the center of the nonpolar face) was able to inhibit LDL-induced monocyte
chemotaxis and reduced lesion formation in apoE null mice, while peptide 3F14 was not
effective (19,29). Physical chemical studies of these two peptides revealed that the inactive
peptide 3F14 was more deeply buried in the lipid membrane, while the active peptide 3F-2
associated with the charged phospholipid headgroup (19). Based on these studies we
propose that the makeup of the amino-terminal regions of these peptides differ in the charge
and the twist of the helices, which may account for their different biological properties. The
amino terminal cationic charges and disruption of the helix may cause Ac-hE18A-NH, to
interact with the headgroup and penetrate the membrane less deeply, similarly to 3F-2, while
Ac-nhE18A-NH,, with a net charge of —1 and a more defined helix may penetrate more
deeply, analogous to 3F14. This may give Ac-hE18A-NH, the ability to interact with and
shield from oxidation the Sn-2 acyl chain of palmitoylarachidonoyl phosphatidylcholine
(PAPC) or palmitoyllineoyl phosphatidylcholine (PLPC). In support of this, we show that
while incubation of Ac-hE18A-NH, reduced lipid hydroperoxides on LDL, Ac-nhE18A-
NH, actually increased LOOH levels (Fig. 3c).

In summary, we have shown that while addition of the 141-150 region of human apoE to the
class A amphipathic helical peptide 18A produces Ac-hE18A-NH, which lowers plasma
cholesterol levels and reduces lesion formation in apoE null mice, addition of the 151-160
region of human apoE to 18A produces a lipid-associating peptide that is pro-atherogenic,
despite the presence of a class A amphipathic helical structure. Thus, lipid binding
properties alone are not sufficient for atheroprotective properties of the class A amphipathic
helical motif; some other factors such as are present in Ac-hE18A-NH or as previously
described (30,31), are essential for designing atheroprotective apolipoprotein mimetic
peptides.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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hE 18A nhE 18A
Ac-LRKLRKRLLR-DWLKAFYDKVAEKLKEAF-NH, Ac-DADDLOLRLA-DWLKAFYDKVAEKLKEAF-NH,

Ac-hE18A-NH, Ac-nhE18A-NH,

Fig. 1. Helical wheel and helical net representation of Ac-hE18A-NH» and Ac-nhE18A-NH»
Blue arrow marks represent the point of attachment of hE (LRKLRKRLL, 141-150 region
of human apoE) or (DADDLQLRLA, 151 to 160 region of human apoE) sequence to 18A
(DWLKAFYDKVAEKLKEAF) a class A amphipathic helical peptide sequence (9). Helical
net representation of Ac-hE18A-NH, shows a twisted nonpolar face at the bottom end (N-
terminus) of the helical net, resulting in an apparent loss of amphipathic structure whereas,
in both helical wheel and helical net representations, Ac-nhE18A-NH,, shows a class A
amphipathic helical structure (a well-separated polar-nonpolar face represented by a
demarcation line in the helical wheel representation of Ac-nhE18A-NH,) with a wide
nonpolar face rich in Leu residues.
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Fig. 2. Association of peptides with lipids and lipoproteins
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a) Both Ac-hE18A-NH, and Ac-nhE18A-NH, clarify POPC suspensions. A representative
POPC clarification curve of the relative right angle light scattering of the dissolution of
POPC MLVs by peptides as a function of time is shown. An equimolar concentration of
peptide and POPC (100 puM) was monitored at 400 nm. POPC (e), Ac-nhE18A-NH> (o),
Ac-hE18A-NH, ('¥), and Triton X-100 (o). b) Agarose gel electrophoresis of LDL + Ac-
hE18A-NH; and Ac-nhE18A-NH,. LDL (10 pg; Lanes 1 and 4) was incubated with each
peptide at a ratio of either 10:1 LDL:peptide w:w (lanes 2 and 3 or 10:5 (lanes 5 and 6) at
37°C for 30 min, electrophoresed on a 0.75% agarose gel, and stained with Coomassie Blue.
In this and all subsequent figures, peptide abbreviations are as follows: hE18A: Ac-hE18A-
NH,; nhE18A; Ac-nhE18A-NH,.
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a) Peptide Ac-hE18A-NH, and not Ac-nhE18A-NH;, mediates LDL uptake by HepG2
cells: Human [1251] LDL was treated with either Ac-nhE18A-NH, or Ac-hE18A-NH,. Cells
that were treated with vehicle served as control. Ac-hE18A-NH, treated cells increased
uptake of 1251-LDL by approximately 100% compared to control cells, whereas uptake was
similar to control cells when treated with Ac-nhE18A-NH,. Tp<0.001 vs controls; $p<0.001
vs Ac-nhE18A-NHo,; replicate measurements of three independent experiments. b) Ac-
hE18A-NH, inhibits monocyte adhesion to bovine aortic endothelial cells (BAEC):
BAECs were incubated with no additions (control), lipopolysaccharide (LPS) as a positive
control, untreated human HDL, or with HDL isolated from human blood treated with either
Ac-nhE18A-NH, or Ac-hE18A-NH,. Calcein fluorescence of bound monocytes was read on
a plate reader. Pre-treatment of HDL with Ac-hE18A-NH, inhibited monocyte adhesion to
BAEC:s significantly, compared to either LPS treatment or HDL treated with Ac-nhE18A-
NH,. **p<0.01 vs control; Tp<0.001 vs control; 8p<0.001 vs Ac-nhE18A-NHj. ) Effect of
peptides on LDL lipid hydroperoxides. Human LDL was isolated by ultracentrifugation
and incubated with saline, Ac-nhE18A-NH,, or Ac-hE18A-NH, overnight at 37° at a ratio
of 10:1 LDL:peptide w/w. Lipid hydroperoxides were measured in triplicate by the CHOD-
iodide method and the results are expressed as mean + SEM. Tp<0.001 vs control; $p<0.001
vs Ac-nhE18A-NH,. Abbreviations are as described in Figure 2.
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Fig 4. Acute administration of Ac-hE18A-NH, lowers plasma cholesterol levels and is HSPG
mediated

a) Apo E null mice were administered either Ac-nhE18A-NH; (o) or Ac-hE18A-NH, (V)
(both peptides at 100 ug/mouse in 100 L, retro-orbitally). Saline administered mice (e)
served as controls. Ac-hE18A-NH,-administered mice showed a significant decrease in
plasma cholesterol levels both at 5 min and 5 hrs. post administration compared to the other
two groups. Plasma cholesterol levels of Ac-nhE18A-NH, administered mice were not
different from saline administered mice at any time point. N=5 in each group. b) The
involvement of proteoglycans in Ac-hE18A-NH,-mediated clearance of plasma cholesterol
was tested by pre-injection of heparinase (i.v.; 50 U/mouse, m) or saline (V) five minutes
before injection of peptide (i.v.; 100 ug/mouse) into apo E null mice (n=5). Pre-injection
with heparinase essentially abolished the peptide-mediated clearance of plasma cholesterol.
c) Post-injection of heparinase has no effect on cholesterol lowering ability of Ac-hE18A-
NH,. ApoE null mice were administered with [1251JAc-hE18A-NH, (100pg/mouse, iv)
followed 15 min later either by saline (solid lines) or heparinase (dashed lines; 50 U/mouse).
Plasma cholesterol levels (m, ¥) were decreased to a similar extent in both groups. Also,
both groups showed identical disappearance of labeled peptide from plasma (o, V). N=6 in
each group. Values are expressed as Mean + SEM. Abbreviations are as described in Figure
2.
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Fig. 5. Chronic administration of the peptide Ac-hE18A-NH> decreases plasma cholesterol and
triglyceride, and improves PON-1 activity

16 week old female apo E null mice were administered with saline (open bar, n=14), Ac-
nhE18A-NH; (cross hatch, n= 14), or Ac-hE18A-NH> (double hatch, n=12) retro-orbitally.
100 ng of each peptide in 100ul saline was administered 3 times a week for 6 weeks. At the
end of six weeks and one day after the final injections, plasma was analyzed for cholesterol
and triglyceride levels and PON-1 activity. a) After 6 weeks of treatment plasma from mice
treated with Ac-hE18A-NH, showed significantly lower cholesterol levels compared to the
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control group (Tp<0.001 vs baseline and final controls and baseline Ac-hE18A-NH, levels,
and 3p<0.001 vs Ac-nhE18A-NH, final levels.), whereas there was no difference in plasma
cholesterol levels of either saline or Ac-nhE18A-NH, treated mice. b) At the end of six
weeks of peptide treatment, triglyceride levels were significantly reduced in the Ac-hE18A-
NH, group compared with either controls (**p<0.01) or the Ac-hE18A-NH, group
(#p<0.01). c) At the end of six-weeks, plasma from mice treated with Ac-hE18A-NH, had
significantly higher PON-1 activity compared with Ac-nhE18A-NH, (*p<0.01 vs Ac-
nhE18A-NH,). Abbreviations are as described in Figure 2.
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Fig. 6. Peptides Ac-nhE18A-NH, and Ac-hE18A-NH» have opposite effects on atherosclerotic
lesion inhibition

a) Quantification of aortic sinus lesions. Treatment groups described in Fig. 4 were
assessed for aortic sinus atherosclerotic lesions. Oil Red O stained areas in the aortic sinus
were measured in all three groups at the end of treatment period. After 6 weeks of treatment,
mice treated with peptide Ac-hE18A-NH, (double hatched bar) had significantly less
atherosclerotic lesion areas compared with Ac-nhE18A-NH,-administered mice (single
hatched bar; 8p<0.001 vs Ac-nhE18A-NH,) while Ac-nhE18A-NH,-administered mice had
significantly greater lesion areas than controls (open bars; **p<0.01 vs control). Data are
expressed as mean £S.E.M. b) Quantification of en face lesions. In a separate experiment,
22 week old female apo E null mice were administered saline (open bars; n=11) or Ac-
hE18A-NH, (double hatched bars; n=12) for four weeks, three times per week. Mice were
administered physiological saline solution or saline containing Ac-hE18A-NH, (100ug/100
ul) during the treatment period. Aortas were removed and pinned open from the aortic arch
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to the iliac bifurcation and stained with Oil Red O. Total aortic area and area of Oil Red O
staining were measured, and en face lesions were expressed as percent of total aortic area.
Results are expressed as mean = SEM. *p<0.05 vs control. Abbreviations are as described in
Figure 2.
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Table 1

Physical characteristics of Ac-hE18A-NH, and Ac-nhE18A-NH,

Ac-hE18A-NH, | Ac-nhE18A-NH,
Molecular Wt. (Da) 3576 3368
Hydrophobic moment/Residue 1.29 2.72
Corrected hydrophobicity of the nonpolar face 13.8 8.3
Overall hydrophobicity/Residue -3.84 -3.54
Predicted lipid affinity (14) 9.57 10.30
Net charge +6 -1
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