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Abstract

 

Apolipoprotein (apo) E mediates lipoprotein binding to cel-
lular lipoprotein receptors. Previously we reported that a
synthetic peptide representing a linear dimeric repeat of
amino acids 141–155 binds cellular LDL receptors. To pre-
pare an apoE peptide that bound to both cholesterol-rich li-

 

poproteins and lipoprotein receptors, an NH

 

2

 

-terminal
acetylated apoE dimer peptide was synthesized. This acety-
lated peptide preferentially associated with lipoproteins in
plasma, whereas nonacylated peptides were poor lipid bind-
ers. Acetylated peptide/LDL complexes (molar ratios of 4–5:1)
enhanced the interaction of LDL with cultured human fi-
broblasts by 7–12-fold. Participation by both receptors and
cell surface heparin sulfate proteoglycans was observed.
When a preformed peptide/

 

125

 

I-LDL complex was injected
intravenously into C57BL/6J apoE-deficient mice, its rate of
removal was threefold higher than that of 

 

125

 

I-LDL alone.
The liver and the spleen were major tissue distribution sites.
Intravenous administration of free acetylated peptide re-
sulted in a 30% reduction in total plasma cholesterol within
3–30 min, which reflected a 40–50% and 20–26% reduction
in very low density lipoproteins and intermediate density li-
poproteins, respectively. Therefore, this peptide selectively
associated with cholesterol-rich lipoproteins and mediated

 

their acute clearance in vivo. (

 

J. Clin Invest.

 

 1998. 101:223–

 

234.) Key words: apolipoprotein E 
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Introduction

 

Apolipoprotein (apo)

 

1 

 

E binds LDL receptors and participates
in the transport of lipoprotein-associated cholesterol between

peripheral tissues and the liver (1). ApoE is found predomi-
nately in plasma in partially catabolized remnants of lipopro-
teins that carry either dietary cholesterol (chylomicrons) or
liver-derived cholesterol (VLDL). A bolus injection of apoE
reduces blood cholesterol in cholesterol-fed rabbits and Wa-
tanabe rabbits, and is rate-limiting for clearing cholesterol
from the circulation (2–3). The importance of apoE in athero-
sclerosis has been established by molecular genetics. Mice
overexpressing apoE have decreased levels of cholesterol (4).
In contrast, mice with targeted gene mutations that result in
the loss of apoE (5–7) have high levels of plasma cholesterol
compared with wild-type mice (500 compared with 60–90 mg/
dl), which is a result of impaired clearance of remnant lipopro-
teins that would normally be cleared by the liver because they
contained apoE. These apoE-deficient mice also lose their
normal resistance to cholesterol feeding. Serum cholesterol
can rise to 

 

. 

 

2,000 mg/dl on a high-fat, high-cholesterol diet,
and the animals develop extensive atherosclerosis within
months (5, 7). Bone marrow transplantation performed on hy-
percholesterolemic apoE-deficient mice with wild-type bone
marrow cells expressing apoE reduces both serum cholesterol
and severe atherosclerosis (8), and further establishes the im-
portance of apoE for protection against atherosclerosis.

A region of apoE that binds the LDL receptor is localized
to amino acid residues 140–160 (1). Because multiple mole-
cules of apoE are required for high-affinity binding to the
LDL receptor, we synthesized and tested the receptor-binding
properties of a synthetic apoE peptide, which represents a
dimeric tandem repeat of amino acid residues 141–155 (9).
This synthetic dimeric peptide binds LDL receptors on cul-
tured cells and blocks cellular binding of LDL. To define the
structural requirements for the receptor-binding activity of this
apoE dimer peptide, several modifications were made (10). At
least two repeats of the 141–155 sequence are required for ac-
tivity, because a longer peptide containing residues 129–163,
but with only one copy of the 141–155 sequence, is inactive (9–
11). The alpha-helical secondary structure of the dimeric re-
peat of residues 141–155 is key because a leucine-to-proline
substitution (Y[141-P-155]

 

2

 

) abolishes the alpha-helical struc-
ture and the receptor-binding activity (10). The distribution of
the positively charged residues also are critical for activity
(10). Unfortunately, this dimer peptide has weak lipid-binding
properties (11). Our goal is to create an apoE synthetic pep-
tide that will associate with cholesterol-rich lipoproteins in
vivo, and ultimately target these lipoproteins to chylomicron
remnant receptors (12, 13) and lipoprotein receptors in the
liver. Cell surface heparin sulfate proteoglycans (HSPG) also
bind apoE, and can participate in the liver association of the
apoE-containing lipoproteins (14). Therefore, increased he-
patic clearance of peptide-associated cholesterol-rich lipopro-
teins mediated by HSPG and lipoprotein receptors that result
in lowered blood cholesterol could slow the progression and
perhaps even promote regression of atherosclerotic lesions.
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Furthermore, because lesions most likely to precipitate myo-
cardial infarction due to coronary thrombi are those where the
lipid pool occupies 

 

.

 

 

 

15% of the vessel circumference (15), an
increase in plasma apoE might also reduce the lipid content of
those lesions that are at highest risk for rupture. 

To influence plasma cholesterol metabolism in vivo, a recep-
tor-active peptide must rapidly associate with cholesterol-rich
lipoproteins in plasma. Therefore, we increased the hydropho-
bicity of the apoE dimer peptide by preparing two NH

 

2

 

-ter-
minal–acetylated peptides, a palmitic acid, and an acetic acid
peptide. The solubility, lipid-binding properties, plasma stabil-
ity, and cellular binding properties of these peptides were stud-
ied. Moreover, the clearance rate and tissue distribution of
peptide/lipoprotein complexes and their cholesterol-lowering
properties were examined after their intravenous administra-
tion to apoE-deficient mice.

 

Methods

 

Computer modeling. 

 

The HyperChem III computer program (Au-
todesk Inc., Sausalito, CA) was used to predict the influence of modi-
fications on peptide structure in solution. These structures were built
using the AMBER force field. A first-order minimizer, a conjugate
gradient method (Polak-Ribier version), was used for the energy min-
imization. The TIP3P water model (16) was used for solvation of pep-
tide structure.

 

Peptide synthesis

 

. 

 

All peptides were synthesized by the solid-
phase method of Merrifield on an Applied Biosystems model 430A
automated peptide synthesizer (Foster City, CA) using hydroxyben-
zotrizol hydrate/dicyclohexylcarbodiimide activation as described (17).
The resultant peptide resins were treated with 10% anisol/hydrogen
fluoride at 24

 

8

 

C for 1 h. Peptides (10 

 

m

 

g in 0.01 ml) were analyzed by
HPLC using a reverse-phase Vydac C18 column (4.6 

 

3

 

 250 mm) as
described (Vydac/The Separations Group, Hesperia, CA; 11). Pre-
parative purification of the peptides was obtained by chromatogra-
phy on an Auto 500 preparative HPLC column (50 

 

3

 

 250-mm re-
verse-phase Vydac C18 column, 15–20 

 

m

 

m; Waters) using the same
conditions (11). Amino acid compositions were determined using
peptides hydrolyzed on a model 6300 high-performance analyzer op-
erated with internal standard (Beckman Instruments, Fullerton, CA).
Purity, as obtained from analytical HPLC chromatograms, and amino
acid composition of all the peptides are listed in Table I.

The 16-carbon acyl chain of palmitic acid and 2-carbon acyl chain
of acetic acid were covalently bound to the NH

 

2

 

-terminal tyrosine of
Y(141–155)

 

2

 

 and Y(141–155)

 

2

 

C, respectively (Table I). Acylation was
achieved by reacting the fatty acid with the resin-bound peptide in the
presence of dicyclohexylcarbodiimide and the catalyst, 

 

N,N

 

-dimethyl-
aminipyridine. After cleavage and deblocking of protecting groups, the
acyl peptides were purified as described above. 

 

All peptides were lyophilized and stored in a dark environment
under vacuum. To prepare them for addition to cells or plasma, all
peptides (except the palmitic acid peptide Pal-Y[141–155]

 

2

 

), were dis-
solved in PBS and dialyzed in Mr 1000 cutoff dialysis tubing (Spec-
trum Medical Industries, Inc., Houston, TX). The Pal-Y(141–155)

 

2

 

peptide was dissolved in 100 mM sodium cholate and introduced into
liposomes as described below. Peptide concentrations were initially
obtained from dry weight measurements and confirmed after solubili-
zation with a modified (18) Lowry assay.

 

Lipoprotein isolation.

 

 

 

Human plasma lipoproteins were isolated
from fresh fasting plasma that was obtained by plasmapheresis from
normal donors. LDL (d 

 

5

 

 1.019–1.063 g/ml) was isolated under strict
sterile, endotoxin-free conditions by sequential ultracentrifugation
using KBr for density adjustment as described (19). It was dialyzed
against 0.15 mM NaCl containing 0.3 mM EDTA and probucol, pH
7.4, filter-sterilized, and stored at 4

 

8

 

C.

 

Radioiodination. 

 

125

 

I-Labeled LDL was prepared by the iodine
monochloride procedure (20), and the final specific activities were
500–900 cpm/ng. In every case, 

 

. 

 

99% of the radioactivity was pre-
cipitable by incubation of the lipoproteins at 4

 

8

 

C with 10% (wt/vol)
trichloroacetic acid. The peptides were radioiodinated using the io-
dine monochloride method to a specific activity of 800–1,000 cpm/ng.
The Pal-Y(141–155)

 

2

 

 peptide was radioiodinated after dissolving it in
100 mM sodium cholate. After dialysis, the precipitable radioactivity
(10% TCA) of the peptides was always 

 

.

 

 97%. 

 

Pal-Y(141–155)2 liposomes. 

 

Liposomes were prepared by mix-
ing phosphatidylcholine (PC, egg lecithin; Sigma Chemical Co., St.
Louis, MO) and cholesterol at a molar ratio of 250:1. Cholesterol was
added to a 13 

 

3 

 

100–mm glass tube and dried under nitrogen with the
tube in a horizontal position. PC was added and dried in a similar
manner without contacting the cholesterol. Then, the tube was placed
upright, and peptides in 362.5 mM sodium cholate in 10 mM Tris-HCl
buffer (pH 7.2) were added. The tube was covered with parafilm,
vortexed for 60 s, and the contents dialyzed in 12–14,000 molecular
weight cutoff dialysis tubing overnight at 4

 

8

 

C against TRIS-HCl and 5
changes of PBS. Because Pal-Y(141–155)

 

2

 

 was not soluble at neutral
pH, it was introduced into the liposomes by dissolving it directly in
362.5 mM sodium cholate and adding it to the dried PC. Furthermore,

 

L

 

-

 

a

 

-phosphatidic acid (molar ratio of PC to phosphatidic acid of 1:1)
increased the incorporation of Pal-Y(141–155)

 

2

 

 into the liposomes.
Peptide content was determined with a modified (18) Lowry assay,
total cholesterol was determined by the method of Gamble et al. (21),
and phospholipids were determined by an enzymatic calorimetric
method (Wako Pure Chemical Industries, Ltd., Osaka, Japan). 

 

Plasma stability and distribution. 

 

The C57BL/6J apoE–deficient
mice used for these studies were purchased from Jackson Labs (Bar
Harbor, ME), and were bred in the Scripps vivarium. Animals were
of both sexes, 2–4 mo old, and were chow-fed. Blood was drawn from
nonfasted mice into heparin-coated tubes, and was subjected to low-
speed centrifugation (1,200 g) at 4

 

8

 

C to obtain the plasma that was
stored at 

 

2

 

70

 

8

 

C. To measure plasma stability, 1 nM of radioiodinated

 

Table I. Characterization of the Synthetic ApoE Dimer Peptides

 

Peptide Sequence Residues Purity*
Solubility at
neutral pH

Binding

Peptide/LDL
molar ratioLP

 

‡

 

LDL-R

 

§

 

%

 

Y(141–155)

 

2

 

Y(LRKLRKRLLRDADDL)

 

2

 

31 93

 

1 2 1 ,

 

 0.03
Y(141-p-155)

 

2

 

Y(LRKPRKRLLRDADDL)

 

2

 

31 95

 

1 2 2 ,

 

 0.03
Pal–Y(141–155)

 

2

 

Pal–Y(LRKLRKRLLRDADDL)

 

2

 

31 95

 

2 1

 

ND

 

d

 

ND

 

i

 

Ac–Y(141–155)

 

2

 

Ac–Y(LRKLRKRLLRDADDL)

 

2

 

C 32 91

 

1 1 1

 

4–5

*Percent purity as assessed by HPLC and amino acid composition analysis. 

 

‡

 

Binding to lipoproteins. 

 

§

 

Binding to the lipoprotein receptors on fibro-
blasts. 

 

i

 

Not determined due to insolubility of the peptide.
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peptide (5–6 

 

m

 

g) was added to 0.25 ml of plasma. After incubation at
37

 

8

 

C, aliquots were removed and subjected to precipitation with 10%
TCA. Because all peptides contained an NH

 

2

 

-terminal tyrosine, pep-
tide degradation (i.e., TCA precipitability) reflected only the pres-
ence of an intact NH

 

2

 

-terminal tyrosine residue. To study the associa-
tion of the apoE peptides with lipoproteins and/or other proteins in
plasma, 15–20 

 

m

 

g (2.5 –3.5 nmol) of radioiodinated peptide was incu-
bated for 2 h at 37

 

8

 

C with 0.12 ml of mouse plasma. The molar ratio
of peptide/total lipoproteins was kept at 20:1 for Y(141–155)

 

2 

 

and
Y(141-P-155)

 

2

 

, and was 10:1 for Pal-Y(141–155)

 

2

 

 and Ac-Y(141–
155)

 

2

 

C. After incubation, plasma was chromatographed on a Super-
ose 6 (HR 10/30) column (Pharmacia, Uppsala, Sweden; 8) in 10 mM
Tris-HCl, pH 7.4, that contained 150 mM NaCl and 1 mM EDTA.
Fractions were collected and counted. The profile of the 10% TCA
precipitable radioactivity was compared with both the protein (absor-
bance at 280 nM) and cholesterol profiles. The plasmas were subjected
to electrophoretic separation in 1% agarose gel (Ciba Corning Diag-
nostics Corp., Norwood, MA) followed by staining with Fat Red 7B
stain to reveal the lipoproteins, or exposure of the gel to autoradio-
graphic film to reveal the radioiodinated peptides. 

 

Peptide/LDL complexes. 

 

Peptide/lipoprotein complexes were
formed by incubation of excess amounts of radiolabeled peptides for
2 h at 25

 

8

 

C with human plasma LDL diluted into PBS at a molar ratio of
25:1. The complexes were dialyzed to remove free peptide for 4–6 h
at 4

 

8

 

C against PBS containing 20 

 

m

 

M of butylated hydroxy toluene
(BHT) and used immediately. 

 

Fibroblast binding. 

 

Because we have previously used cultured
human fibroblasts to study binding to lipoprotein receptors, they
were used again in this study. Fibroblasts were cultured at 37

 

8

 

C in
DMEM supplemented with 10% FBS, penicillin, and streptomycin
(9). The cells were plated at 5 

 

3 

 

10

 

5

 

 cells/ml in 24-well dishes in 1 ml
of medium, and were cultured for 2 d. The day before the binding as-
says were performed, the medium was changed to DMEM containing
5% lipoprotein-depleted FBS to permit upregulation of LDL-recep-
tors (20). Controls for LDL receptor binding were performed with fi-
broblasts cultured in DMEM containing 10% FBS. The difference
between total binding of 

 

125

 

I-ligands to up- and downregulated recep-
tors was considered LDL receptor–specific. Cellular association was
assayed after a 1-h incubation of the fibroblasts with the ligands in
DMEM at 4

 

8

 

C. The amount of 

 

125

 

I-labeled ligand bound in 1 h per
culture well was normalized to the protein content of each well. Com-
petition assays were carried out with cells that were incubated with an
excess of unlabeled ligand. Ligand-specific binding was taken as the
difference between total binding of the radiolabeled ligand and bind-
ing in the presence of an excess of unlabeled ligand. 

The relative contribution of cell surface HSPG-to-lipoprotein
binding was determined after heparinase treatment of the fibroblasts.
The heparinase (Heparinase I, catalog no. H 2519; Sigma Chemical
Co.) was dissolved at 3 U/ml in sterile 0.15 M NaCl and used immedi-
ately. Heparinase was added in tissue culture medium and incubated
at 37

 

8

 

C for 2.5 h with human skin fibroblasts. After incubation, the
cells were washed three times with medium to remove the enzyme.
Heparinase activity and percent removal of cell surface proteoglycans
were determined using a spectrophotometric assay (22, 23). 

 

Tissue distribution of peptide/

 

125

 

I-LDL complexes. 

 

125

 

I-LDL (0.2
nmol) was incubated at 37

 

8

 

C in PBS alone, or with 4 nmol of the pep-
tides shown in Table I. After 2 h, the mixture was dialyzed against
PBS containing 20 mM of BHT (6–8 h with 4–5 changes). 

 

125

 

I-LDL
alone and each peptide/

 

125

 

I-LDL complex (0.1 ml) were injected in-
travenously into the tail vein of nonfasted mice under metofane anes-
thesia. Mice were bled after the injection by retroorbital bleeding into
heparinized tubes. The blood was subjected to low-speed centrifuga-
tion (1800 

 

g

 

, 4

 

8

 

C) and the 10% TCA precipitable radioactivity of the
plasma was measured. The mice were killed 8–9 min after injection,
and blood was removed by perfusion with cold PBS via a cannula into
the left ventricle. An incision was made in the inferior vena cava to
clear the perfusate. Within 10–12 min, the liver, kidneys, spleen, and
heart were removed, cleaned, weighed, and counted for 

 

125

 

I radioac-

 

tivity. Entire organs were counted with the exception of liver, which
was counted in pieces. Radioactivity detected per organ or per 1 g of
wet tissue was expressed as a percent of the initial total injected ra-
dioactivity that was TCA precipitable.

 

Effect of apoE peptides on plasma cholesterol. 

 

To monitor the
influence of the peptides on total plasma cholesterol levels, the
nonradioiodinated, free peptides including Y(141–155)

 

2

 

 (100 

 

m

 

g/15.4
nmol), Y(141-P-155)

 

2

 

 (100 

 

m

 

g/15.8 nmol), and Ac-Y(141–155)

 

2

 

C (60

 

m

 

g/7.1 nmol) were injected intravenously in 0.1 ml of PBS into the tail
vein of nonfasted mice. To control for the effect of external and/or in-
ternal nonspecific factors (stress, anaesthetic, and blood drawing) on
plasma cholesterol levels, a similar group of chow-fed C57BL/6J
apoE–deficient mice were injected with only PBS. Blood was drawn
by retroorbital puncture from mice before and at various times after
injection, and total plasma cholesterol was determined by the method
of Gamble et al. (21). 

In addition, plasmas (0.1 ml) obtained at 15 min were subjected to
gel filtration chromatography on a Superose 6 (HR 10/30 column; 8)
to monitor lipoprotein distribution. The protein elution profile was
monitored at 280 nm, and the total cholesterol of individual fractions
was measured as described by Gamble et al. (21). 

 

Results

 

Peptides.

 

 

 

The four peptides used in this study are listed in Ta-
ble I. The dimer peptide, Y(141–155)

 

2

 

 that corresponds to a di-
rect repeat of amino acid residues 141–155 of human apoE, is
receptor-active (9–11). A tyrosine residue was added at the
NH

 

2

 

 terminus of this peptide to allow for radioiodination, and
this tyrosine does not interfere with its receptor-binding activ-
ity (9). Computer modeling of this peptide confirmed that it
was amphipathic with opposing hydrophobic and hydrophilic
faces that are rich in leucine or arginine and lysine residues, re-
spectively. It had a distinct distribution of positively charged
amino acid residues, 

 

a

 

-helical content, and a turn defined by
residues arg-asp-ala. The proline-substituted dimer peptide
Y(141-P-155)

 

2

 

 was synthesized to generate a receptor-inactive
control apoE peptide (10). The proline disrupted the 

 

a

 

-helix
without altering charge. To improve the lipid-binding proper-
ties of the receptor-active dimer peptide, an NH

 

2

 

-terminal
palmitic acid peptide was prepared (24–26). As outlined in de-
tail below, this NH

 

2

 

-terminal palmitic acid had a major effect
on peptide solubility. The fourth peptide was a dimer peptide
with an NH

 

2

 

-terminal acetic acid, Ac-Y(141–155)

 

2

 

C. Because
it was thought initially that the attachment of acetic acid at the
NH

 

2

 

 terminus of this peptide would be insufficient to signifi-
cantly increase its lipid-binding properties, a cysteine residue
was included at the COOH-terminal during its synthesis. This
cysteine was added to allow for directional coupling in the fu-
ture to other maleimide-activated NH

 

2

 

-terminal lipid-binding
sequences (27). The computer-generated model of this fourth
peptide indicated that it had a solvated structure closely re-
sembling the receptor-active Y(141–155)

 

2

 

 peptide.

 

In vitro plasma stability. 

 

Upon addition to plasma drawn
from apoE-deficient mice, 

 

z 

 

30% of the TCA precipitability
of the 

 

125

 

I-Y(141–155)

 

2

 

 dimer peptide was lost in the first 2 h at
37

 

8

 

C (Fig. 1). Additional degradation (10–12%) was observed
during the subsequent 24 h, and indicated that this peptide had
relatively poor stability in plasma.

Because the Pal-Y(141–155)

 

2

 

 apoE dimer peptide was not
soluble at neutral pH, it could not be added directly to plasma.
Therefore, it was solubilized by incorporating it into lipo-
somes. Furthermore, because only 10–14 

 

m

 

g of peptide was
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solubilized in 1 mg of PC, phosphatidic acid (PA) was included
to overcome the net positive charge of the peptide. At equal
ratios of PC to PA, the peptide content of the liposomes was
350–400 

 

m

 

g of peptide per mg of total phospholipid. PC/PA li-
posomes containing 5–6 

 

m

 

g of 

 

125

 

I-Pal-Y(141–155)

 

2

 

 peptide
were added to plasma. In contrast to the 

 

125

 

I-Y(141–155)

 

2

 

 pep-
tide, only 

 

z 

 

10% of the TCA precipitable radioactivity was
lost in the first 5 h (Fig. 1). Minimal degradation of the peptide
occurred during the subsequent 24 h, and indicated that the

 

125

 

I-Pal-Y(141–155)2 peptide was considerably more resistant
to NH2-terminal degradation in plasma.

The 125I-AcY(141–155)2C peptide was soluble at neutral
pH. When it was added to plasma, z 15% of the peptide-asso-
ciated radioactivity was lost in the first 2 h (Fig. 1), with mini-
mal degradation occurring during the subsequent 24 h. There-
fore, this Ac-Y(141–155)2C peptide was more stable than the
original dimer peptide, Y(141–155)2, but slightly less stable
than the Pal-Y(141–155)2 peptide. The increased stability of
both NH2-terminal acylated peptides was probably a result
of the protection of the NH2 terminal, which is in agreement
with the influence of NH2-terminal residues on peptide stabil-
ity (28).

Lipoprotein distribution chromatography. Chromatographic
separation of plasma from chow-fed apoE-deficient mice veri-
fied that VLDL and IDL contained z 85% of the total choles-
terol, whereas LDL and HDL contained only 5 and 10% of the
total cholesterol, respectively. Nevertheless, after 2 h at 378C,

only 0.2, 0.2, 0.2, and 0.4% of the total TCA precipitable radio-
activity of the 125I-Y(141–155)2 peptide was recovered in VLDL,
IDL, LDL, and HDL, respectively (data not shown). Among
five plasmas studied, molar ratios of peptide per lipoprotein
were consistently less than 1:25. Although the lipoprotein com-
position of individual plasmas varied somewhat (especially be-
tween males and females), the major cholesterol-carrying
classes of lipoproteins were VLDL and IDL, the total choles-
terol ratios of VLDL plus IDL to LDL plus HDL were the
same, and the percentages of bound 125I-Y(141–155)2 were
similarly low. This low molar ratio of peptide-to-lipoprotein
indicated that this dimer peptide had a low affinity for lipopro-
teins. 

The plasma lipoprotein distribution of 125I-Pal-Y(141–155)2

was examined as well. PC/PA liposomes containing 4 nmol of
125I-Pal-Y(141–155)2 were incubated for 2 h at 378C with 0.2 ml
of apoE-deficient plasma, and were chromatographed. Over
90% of the radiolabeled palmitic acid peptide was recovered
in the lipoprotein fractions with 32, 28, 10, and 18% of the total
TCA-precipitable radioactivity recovered in VLDL, IDL,
LDL, and HDL fractions, respectively (Fig. 2). The estimated
average molar ratio of peptide/lipoprotein was about 8:1, and
suggested good association of the palmitic acid peptide/lipo-
somes with the lipoprotein fractions of plasma.

The in vitro distribution of 125I-Ac-Y(141–155)2C among
the plasma components of apoE-deficient mice was similar

Figure 1. In vitro stability of apoE dimer peptides in apoE-deficient 
mouse plasma. Radioiodinated apoE dimer peptides are represented 
as follows: j, Y(141–155)2 (16 mg/2.46 nmol); d, Pal-Y(141–155)2 in 
PC/PA liposomes (16 mg/2.5 nmol); and m, Ac-Y(141–155)2C (16 mg/
1.9 nmol) were incubated with 0.2 ml of plasma for 24 h at 378C. Ali-
quots were taken at times indicated, and TCA (10%) precipitable ra-
dioactivity was determined. Degradation (%) was expressed as per-
cent of total amount of radioactivity added. Data is the mean6SD of 
three independent experiments. Note that the scale of TCA precipita-
bility shown is between 100 and 50%.

Figure 2. Chromatographic separation of apoE-deficient plasma to 
reveal the distribution of the 125I-Pal-Y(141–155) and 125I-Ac-Y(141–
155)2C synthetic peptides among lipoproteins. Radioiodinated apoE 
dimer peptides, Pal-Y(141–155)2 (16 mg, 2.5 nmol) or Ac-Y(141–
155)2C (16 mg, 1.9 nmol), were incubated for 2 h at 378C with 0.12 ml 
of plasma in the presence of 10 mmol BHT. 0.1 ml of plasma was ap-
plied to a Superose 6 (HR 10/30 column), and 0.5-ml fractions were 
collected. Cholesterol (h), protein (j); 125I-Pal-Y(141–155)2C radio-
activity (*, hatched line) and 125I-Ac-Y(141–155)C radioactivity (*, 
solid line) was monitored. Radioactivity was expressed as percent of 
total TCA (10%) precipitable radioactivity applied to the column. 
Cholesterol was expressed as percent of total cholesterol in 0.1 ml of 
plasma. Results are the mean6SD of data obtained from five incuba-
tions.
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(Fig. 2). After the incubation of 16 mg (2 nmol) of the 125I-Ac-Y
(141–155)2C peptide with 0.2 ml of mouse plasma for 2 h at
378C, . 30% of the TCA-precipitable radioactivity was recov-
ered in fractions corresponding to the cholesterol-rich lipopro-
teins. Only 2% was recovered with HDL, suggesting that this
peptide had good affinity for cholesterol-rich lipoproteins in
plasma.

Lipoprotein distribution electrophoresis. Electrophoretic
separation of apoE-deficient mouse plasma in a 1% agarose
gel revealed that the major cholesterol-containing lipoprotein
had prebeta mobility, whereas the LDL and HDL were weak
and barely distinguishable (Fig. 3, lane 5). Similar mobilities
were observed with plasmas incubated with either Y(141–155)
or Y(141-P-155)2 (Fig. 3, lanes 2 and 3). Autoradiography of
plasma samples containing radiolabeled 125I-Y(141–155)2 pep-
tide identified a barely distinguishable radioactive band mi-
grating with the prebeta VLDL, a weak diffuse band migrating
with the HDL, and the major portion of the radioactivity re-
maining at the origin (data not shown). These results con-
firmed the absence of any remarkable peptide/lipoprotein in-
teractions with either Y(141–155)2 or Y(141-P-155)2. 

Electrophoresis of plasma after incubation with nonradio-
iodinated Pal-Y(141–155)2 peptide in PC/PA liposomes re-
vealed an increased mobility of the VLDL and IDL species
(Fig. 3, lane 4). Moreover, incubation of this nonlabeled pep-
tide with isolated human LDL revealed an increased mobility

of the LDL (Fig. 3, lane 9) as well. This result strongly sug-
gested that fusion of the liposomes with LDL had occurred.
Incubation of the PC/PA liposomes containing 125I-Pal-Y(141–
155)2 dimer peptide with human LDL followed by electro-
phoretic separation and autoradiography gave identical results
(data not shown). Therefore, the attachment of a 16-carbon
fatty acid to the NH2-terminal of the apoE dimer peptide dra-
matically increased its capacity to associate with lipoproteins.
But, because this peptide was not soluble at neutral pH in the
absence of phospholipid, its solubility (and therefore its useful-
ness) was severely compromised. Although this disadvantage
could be overcome with the PC/PA liposomes, fusion of the
highly charged peptide/liposome complexes with the lipopro-
teins appeared to be favored over peptide transfer from lipo-
somes to lipoproteins.

Electrophoretic separation of the apoE-deficient mouse
plasma preincubated with the Ac-Y(141–155)2C peptide re-
sulted in decreased mobility of the prebeta lipoproteins (Fig. 3,
lane 1). Electrophoretic separation of human LDL incubated
with Ac-Y(141–155)2C followed by staining with Fat Red 7B
stain resulted in a similar alteration of LDL mobility (Fig. 3,
lane 6). These electrophoresis results were in agreement with
the chromatography results, and suggested the stable forma-
tion in plasma of a complex between Ac-Y(141–155)2C and
cholesterol-rich lipoproteins. 

Cell association. Because the Ac-Y(141–155)2C peptide
was soluble at neutral pH and could associate with lipopro-
teins, we explored the cellular binding properties of this pep-
tide to cultured human skin fibroblasts. Initially, the ability of

Figure 3.  Effect of apoE synthetic peptides on the electrophoretic 
mobility of plasma lipoproteins of apoE-deficient mice and isolated 
human LDL. Plasma or human LDL (0.1–0.12 nmol) were preincu-
bated with apoE synthetic peptides (1–2 nmol) at 258C for 2 h in pres-
ence of 20 mM of BHT and extensively dialyzed against PBS contain-
ing BHT. Each sample (1 ml) was subjected to separation on a 1% 
agarose gel, stained with Fat Red 7B, and photographed. Plasma of 
apoE-deficient mice was preincubated with the following: lane 1, 10.1 
nm of Ac-Y(141–155)2C; lane 2, 9.2 nmol of Y(141-P-155)2; lane 3, 8.2 
nmol of Y(141–155)2; lane 4, PC/PA liposome containing 1.5 nmol of 
Pal-Y(141–155)2; and lane 5, PBS. Isolated human LDL preincubated 
with the following: lane 6, 1 nmol of Ac-Y(141–155)2C; lane 7, 4.2 
nmol of Y(141-P-155)2; lane 8, 3.2 nmol of Y(141–155)2; lane 9, 1.5 
nmol of Pal-Y(141–155)2; and lane 10, PBS. The origin and migration 
distances are indicated.

Figure 4. Binding of free 125I-Ac-Y(141–155)2C peptide to human 
skin fibroblasts. Binding was conducted at 48C for 1 h with 125I-Ac-Y 
(141–155)2C at 0.04–1 mM. LDL receptor–specific binding (j) was 
obtained by subtracting the binding to LDL receptor–downregulated 
cells from its binding to upregulated cells. RAP (h), binding of pep-
tide to LDL receptor–upregulated cells preincubated with 2 mM of 
RAP for 1 h at 48C. Excess of cold peptide (X), binding of peptide to 
upregulated cells in the presence of a 25 nmol excess of nonradiola-
beled Ac-Y(141–155)2C. Amount of 125I-Ac-Y(141–155)2C bound 
was normalized per 1 mg of cell protein. Each point represents the 
mean6SD of four replicates, and is representative of four experi-
ments.
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the lipid-free peptide to bind to lipoprotein receptors on fibro-
blasts was examined. When 125I-Ac-Y(141–155)2C was incu-
bated with fibroblasts, LDL receptor–specific binding (calcu-
lated by subtracting binding to LDL receptor–downregulated
cells from binding to LDL receptor–upregulated cells) was
maximal at a peptide concentration of 0.2 nmol/mg of cell pro-
tein (Fig. 4). This LDL receptor–specific binding was com-
pletely inhibited by a 25-fold excess of nonradioiodinated Ac-
Y(141–155)2C, and was partially inhibited by preexposure of
the cells to 1 nmol of the receptor-associated protein (RAP), a
protein that can block both LDL and LRP-receptor interac-
tions (29–30), but at the concentration used is more effective at
inhibiting binding to LRP interactions. This result indicated
that the 125I-Ac-Y(141–155)2C dimer peptide bound to cells in
a manner that was previously demonstrated for the 125I-Y(141–
155)2 peptide (9, 10). 

To test whether this peptide enhanced the cellular associa-
tion of apoE-free LDL, peptide/LDL complexes were pre-
pared in vitro. With radioiodinated Ac-Y(141–155)2C, a stable
peptide/LDL complex was observed at neutral pH after dialy-
sis, which contained 4–5 molecules of peptide per LDL parti-
cle. Using these same conditions, we prepared complexes to
examine the cell association of radioiodinated LDL. Binding
of apoE-free 125I-LDL at 48C to LDL receptor–upregulated fi-
broblasts was observed at LDL concentrations between 1 and
20 pmol per well (Fig. 5 A), and this binding was reduced by ei-
ther excess cold LDL (20-fold) or 1 nM RAP. More notably,
this binding of 125I-LDL was substantially increased when the
LDL was complexed first with 4–5 molecules of Ac-Y(141–
155)2C (Fig. 5 B). The total binding of LDL at a ligand concen-
tration of 10 pmol/well was increased from 0.46 to 4.0 pmole/
mg of cell protein by the peptide. If the difference between
binding to upregulated (total) versus downregulated fibro-
blasts is assumed to be LDL receptor–specific, the data of Fig.
5 B suggested that greater than half of the enhanced binding of
the peptide/LDL complex was LDL receptor–specific. Smaller
percentages were inhibited by RAP, or were bound to fibro-
blasts cultured in the presence of serum (downregulated). 125I-
LDL incubated with the original dimer peptide, Y(141–155)2,
or with the Y(141-P-155)2 dimer peptide at comparable pep-
tide/LDL concentrations, did not enhance the association of
125I-LDL with cells (data not shown). 

As illustrated in Fig. 5 B, binding of the peptide/125I-LDL
complex to LDL receptor–downregulated cells was observed.
This result suggested that the peptide/lipoprotein complexes
were interacting with other cellular sites, sites that were not
downregulated by preincubation of the fibroblasts in lipopro-
tein-containing serum. Chylomicron remnants enriched in
apoE exhibit enhanced binding to HepG2 cells and human
skin fibroblasts, and this binding is reduced 80% by Hepa-
rinase treatment (14). Therefore, we investigated whether
HSPG participated in the binding of peptide/LDL complexes.
Fibroblasts pretreated with Heparinase I removed 45610% of
the total proteoglycans (n 5 4), but did not reduce the binding
of peptide-free 125I-LDL (Fig. 6). This result was in agreement
with previous data for LDL and beta VLDL binding to cul-
tured cells (14, 31–32). However, the enhanced binding of the
Ac-Y(141–155)2C/125I-LDL complexes was blocked almost
70% by preincubation of the fibroblasts with Heparinase I
(Fig. 6). This result suggested that HSPG on the surface of the
fibroblasts participated in the enhanced binding of preformed
peptide/LDL complexes.

Plasma clearance and tissue distribution of peptide/LDL
complexes. Peptide/125I-LDL complexes were prepared in
vitro, and were injected intravenously into apoE-deficient
mice. To compare the rates of removal from plasma, the 10%
TCA precipitable radioactivity of the radioiodinated LDL was
monitored in the plasma of apoE-deficient mice 3, 10, and 60
min, and 24 h after injection. As expected, plasma clearance of

Figure 5. (A) Binding of 125I-LDL to human skin fibroblasts. Binding 
was conducted at 48C for 1 h with 125I-LDL at 0.4 –40 nM. d, Total 
binding to LDL-R–upregulated fibroblasts; s, binding after preexpo-
sure of the cells to 1–2 mM of RAP for 1 h at 48C; n, binding to the fi-
broblasts in the presence of a 20-fold excess of cold LDL . Each point 
represents the mean6SD of four replicates, and is representative of 
four experiments. (B) Binding of peptide/125I-LDL complexes to hu-
man skin fibroblasts. Binding was conducted at 48C for 1 h with Ac-
Y(141–155)2C/125I-LDL at 0.8–30 nM. d, Total binding to LDL-
R–upregulated fibroblasts; s, binding to cells preexposed to 1–2 mM 
of RAP for 1 h at 48C; h, binding to cells cultured in complete serum 
(LDL-R–downregulated cells ); n, binding in the presence of a 20-
fold excess of cold peptide/LDL complexes. Preincubation of 125I-
LDL preparation with Y(141–155)2 or Y(141-P-155)2 under the con-
ditions required for complex formation did not enhance its binding to 
the cells (data not shown). Each point represents the mean6SD of 
four replicates, and is representative of five experiments.
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125I-LDL and control peptide/125I-LDL complexes, which, as
shown in Table I had peptide/LDL molar ratios of , 0.03,
were similar with approximately half of the injected dose re-
maining at 30 min (Fig. 7). This result was in sharp contrast to
the clearance of the Ac-Y(141–155)2C/125I-LDL complexes,
which were cleared more rapidly. Within 3 min of injection,
50% of the Ac-Y(141–155)2C/LDL complex, which contained
4–5 peptides/LDL, was removed with , 20% remaining at 30
min (Fig. 7). 24 h after injection, , 10% of the injected radio-
activity was present in all animals (data not shown).

We next examined the association of the injected Ac-
Y(141–155)2C/LDL complex with the cellular components of
blood. Only 4–6% of the injected 125I-LDL of the preformed
peptide/LDL complex was recovered in the cell pellet. In fact,
no differences in cell association were observed for 125I-LDL
or any peptide/125I-LDL complex, suggesting that the accel-
erated plasma clearance of the Ac-Y(141–155)2C/125I-LDL,
which was readily observable at 10 min, reflected an altered
tissue distribution. Preliminary studies of tissue distribution
and plasma clearance demonstrated that substantial tissue up-
take occurred as soon as 5 min after injection. Therefore, as a
first approximation, 10 min was chosen to measure tissue dis-
tribution because it was long enough for the apparent distribu-
tion volume of the injected 125I-LDL to reach equilibrium (33),
but short enough to circumvent degradation so that the radio-
activity was representative of the injected 125I-LDL. 

As expected, the organ distribution of control peptide com-
plexes Y(141–155)2 /125I-LDL and (141-P-155)2/125I-LDL/Y

was essentially the same as the distribution of 125I- LDL alone
(Fig. 8). Approximately 12% of the TCA-precipitable radioac-
tivity was recovered in the liver. Much smaller amounts were
recovered with the kidney, spleen, and heart. In contrast, within
10 min, the liver association of Ac-Y(141–155)C2/125I-LDL
represented 33% of the injected dose, and this confirmed en-
hanced uptake of the Ac-Y(141–155)2C/125I-LDL complex by
the liver. In contrast to the liver, no increased association of
the Ac-Y(141–155)2C/125I-LDL complex was detected in the
kidney, and only a slight increased association with the heart
was observed. The contribution of the heart to uptake (per or-
gan) compared with liver was not substantial, and was slightly
more per g of wet tissue (Fig. 8 B). However, a high degree of
association with the spleen was observed, suggesting preferen-
tial retention of the Ac-Y(141–155)2C/125I-LDL complex in the
spleen as well as the liver.

Acute effects of free peptides on plasma cholesterol. To
monitor the effectiveness of the peptides in clearing choles-
terol in vivo, nonradioiodinated free peptides Y(141–155)2,
Y(141-P-155)2, and Ac-Y(141–55)2C were injected intrave-
nously into mice via the tail vein. Blood was obtained before
and for 120 min after a single injection. Apo E–deficient mice
of both sexes between 2 and 3 mo of age were used, and the
concentration of plasma cholesterol in these 47 chow-fed ani-
mals before injection of peptide ranged from 350 to 450 mg/dl.Figure 6. Effect of Heparinase I treatment of human skin fibroblasts 

on the ability of apoE peptides to enhance 125I-LDL binding. Cells 
were incubated in absence or presence of Heparinase I (2.5 U/ml, 
378C, 2.5 h). Binding was conducted at 48C for 1 h. 125I-LDL and 
AcY(141–155)2C/125I-LDL (ratio of 4:1) were used at 4 mg of LDL 
protein/well (0.5 ml), which was equal to 4.6 pmol of LDL/well. 
Amount of 125I-LDL bound to the cells was normalized to 1 mg of cell 
protein. Each point represents the mean 6SD of four replicates.

Figure 7. Effect of apoE peptides on 125I-LDL plasma clearance. 
Groups of apoE-deficient mice were bled at various times after intra-
venous administration of 0.1 nmol of 125I-LDL in the absence or pres-
ence of peptides at peptide/LDL ratios shown in Table I. Data are
expressed as percent of total injected TCA (10%) precipitable radio-
activity detected in plasma. Each point on the curve represents the 
mean61 SEM of data obtained from four animals for the 10-min time 
point, and from two animals for the 3-min and 1-h time points. At
24 h, , 10% of the injected radioactivity was found in the circulation 
of all 32 mice studied. 
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Although injection of 100 mg/mouse of Y(141–155)2 and
Y(141-P-155)2 decreased total cholesterol, the levels observed
only moderately deviated from the drop observed in control
animals injected with only PBS (Fig. 9). In contrast, intrave-
nous injection of 60 mg/mouse of Ac-Y(141–155)2C resulted in
a substantial (30%) decrease of plasma cholesterol within 3–5
min. Furthermore, this Ac-Y(141–155)2C peptide-induced de-
crease in total cholesterol was maintained for the next 120 min. 

Acute effects of free peptides on plasma lipoprotein choles-
terol distribution. To define the target lipoproteins of the in-
jected free peptides, plasma cholesterol profiles of the apoE-
deficient mice obtained 15 min after injection were compared
with the profiles of both noninjected mice and mice injected
with PBS. Pools of equal volumes of plasmas obtained from
four mice with similar initial plasma cholesterol levels were
prepared from each experimental control group. The major
cholesterol-carrying lipoprotein classes in apoE-deficient mice
are VLDL and IDL (6), and as shown in Fig. 10 A, the choles-
terol in these lipoprotein fractions at 15 min was not signifi-
cantly affected by injection of PBS, 100 mg of Y(141–155)2, or

100 mg of Y(141-P-155)2. However, intravenous administration
of 60 mg of Ac-Y(141–155)2C altered the lipoprotein choles-
terol distribution. For this experimental group, the plasmas of
individual mice were chromatographed, and the cholesterol
distribution plotted in Fig. 10 A represents the mean of five an-
imals. Ac-Y(141–155)2C decreased the cholesterol content of
the VLDL and IDL fractions by 40–50% and 20–26%, respec-
tively. No systematic alterations of LDL and HDL cholesterol
were observed. These results suggested that the Ac-Y(141–
155)2C peptide affected a selective decrease of the cholesterol-
rich lipoproteins. However, by monitoring only the cholesterol
profile, we could not distinguish between an influence of the
peptide on the cholesterol content of the VLDL and IDL and
the plasma clearance of the intact lipoprotein. Therefore, the
protein profiles of the plasmas were examined as well. Com-
parison of Fig. 10, A and B revealed similar changes in VLDL/
IDL cholesterol and protein, and indicated that the Ac-Y(141–
155)2C peptide increased the plasma clearance of VLDL
and IDL.

Discussion

ApoE mediates cellular binding of cholesterol-rich lipopro-
teins (1). Defective apoE-mediated cellular uptake of lipopro-
teins results in hyperlipidemia and premature atherosclerosis
(5, 7). Therefore, we sought to design a synthetic peptide that
could emulate the activity of intact apoE. Although the previ-

Figure 8. Association of 125I-LDL and peptide/125I-LDL complexes 
with liver, kidney, spleen, and heart. The apoE-deficient mice were 
killed 10 min after intravenous administration of 0.1 nmol of 125I-LDL 
alone or in complex with peptides. After perfusion with cold PBS and 
dissection, organ-associated radioactivity was determined. Each 
value represents the mean61 SEM of four animals per group. (A) 
Data are expressed as percent of injected radioactivity per organ. (B) 
Same data expressed as percent of injected radioactivity/g of wet
tissue. 

Figure 9. Influence of a single injection of peptide on plasma choles-
terol in apoE-deficient mice. Free peptides were administered intra-
venously, and 0.02–0.03 ml of blood was obtained at the times indi-
cated. Data were normalized by expressing values as percent change 
in cholesterol after injection. Starting cholesterol levels of all animals 
studied ranged from 350 to 450 mg/dl. Each point represents the 
mean (6SD) of cholesterol (determined in duplicate) in plasmas ob-
tained from the following: j, 10 mice injected with PBS; ., 10 mice 
injected with Y(141–155)2 (100 mg/15.4 nmol per mouse); m, 11 mice 
injected with Y(141-P-155)2 (100 mg/15.8 nmol per mouse); and h, 17 
mice injected with Ac-Y(141–155)2C (60 mg/7.1 nmol/mouse).
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ously studied apoE dimer peptide Y(141–155)2 bound to lipo-
protein receptors, had an a-helical conformation, and was
amphipathic, it had a low affinity for lipoproteins (10). To im-
prove the lipid-binding properties of the peptide, we designed
peptides with acyl chains attached to the NH2 terminal. A di-

rect relationship between the number of attached NH2-termi-
nal carbon units and the hydrophobicity of a peptide has been
demonstrated. Ponsin and coworkers (25, 26) showed an in-
crease in lipid-associating properties of a synthetic peptide as
the NH2-terminal acyl chain was increased from 1 to 16. Mims
et al. (33) showed that attachment of the N,N-distearil deriva-
tive of glycine (diC18-Gly) to a 129–169 apoE peptide strongly
increased its affinity for LDL. 

Helical wheel diagrams of the peptides, which reflect the
distribution of the polar and nonpolar amino acid residues, in-
dicate that the NH2-terminal tyrosine of the Y(151–155)2

dimer peptide is situated close to a polar–nonpolar interface
(10). Therefore, we predicted that the attachment of palmitic
acid to this residue should increase the hydrophobicity of the
helix. Although no dramatic changes in the calculated struc-
ture were found with the Pal-Y(141–155)2 computer-generated
model (data not shown), its lipid affinity was dramatically in-
creased. This high affinity for lipid makes this peptide a good
tool to follow the transfer of peptides among lipoproteins ac-
cording to a hydrophobicity gradient, or to trace the metabo-
lism of peptide-containing lipoproteins in vitro. However, this
peptide was inappropriate for use in vivo because of its insolu-
bility. Although we were able to solubilize Pal-Y(141–155)2 by
dissolving it in sodium cholate and incorporating it into lipo-
somes containing PA and PC, this peptide was not transferred
to lipoproteins in plasma. Rather, the peptide-containing lipo-
somes fused with the lipoproteins. Furthermore, because the
amount of PA needed to increase the peptide content of the li-
posomes was toxic for cultured cells, further cell studies were
not feasible. 

To define the minimal number of NH2-terminal carbon
units that were necessary to increase the lipid-associating
properties of the Y(141–155)2 peptide without altering its solu-
bility, we attached acetic acid to the NH2-terminal tyrosine of
the dimer peptide. Computer predictions of the influence of
this NH2-terminal acetic acid (as well as a carboxyl-terminal
cysteine residue) on the solvated structure of the peptide
suggested that the modification had a minimal effect on the
conformation of the dimer peptide. This new peptide, Ac-Y
(141–155)2C, had good solubility at neutral pH, was relatively
resistant to degradation when it was added to plasma at 378C,
and had improved lipid binding properties. Furthermore, it
formed stable complexes in vitro with peptide/LDL molar ra-
tios of 4–5:1.

Because Ac-Y(141–155)2C targeted to lipoproteins in
plasma, we tested its ability to associate with cultured cells.
This peptide bound directly to fibroblasts, and it also increased
the association of LDL with cells. In competition studies, the
apoE-rich HDLc are more effective than LDL in competing
with 125I-LDL for receptor sites (34). Innerarity et al. (35) and
Pitas et al. (36) showed that when apoE is complexed with
dimyristoylphosphatidylcholine, discoidal particles containing
four apoE molecules are formed. Using these discoidal parti-
cles with various ratios of receptor-inactive (chemically modi-
fied) and receptor-active apoE, these authors determined that
apoE binds to the LDL receptor with an affinity similar to that
of LDL, but the binding of phospholipid discs containing four
receptor-active molecules of apoE is substantially higher and
similar to the binding of HDLc. Our data suggests that the
Ac-Y(141–155)2C/LDL complexes behaved similarly to apoE-
enriched LDL in vitro.

Downregulation of fibroblast LDL receptors by culture in

Figure 10. Acute effect of the apoE synthetic peptides on cholesterol 
and protein content of plasma lipoproteins of apoE-deficient mice. 
Peptides were administered intravenously, and blood samples were 
obtained before and 15 min after injection. Pooled plasma (0.1 ml) 
from four mice in the control groups was chromatographed on a Su-
perose 6 h 10/30 column. (A) Cholesterol profiles; (B) protein pro-
files of 0.5-ml fractions. d, Before injection; ., 15 min after injection 
of PBS; m, 15 min after injection of Y(141–155)2 (100 mg/15.4 nmol/
mouse); h, 15 min after injection of Y(141-P-155)2 (100 mg/
15.8 nmol/mouse). The plasmas of the five mice who received 60 mg/
nmol/mouse (7.1 nmol) of Ac-Y(141–155)2C (s) were chromato-
graphed individually, and the data was expressed as the mean6SD
of the five animals. Plasma cholesterol in each fraction is expressed
as a percent of the total cholesterol applied to the column in the
0.1 ml of plasma.
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lipoprotein-containing serum reduced the binding of Ac-
Y(141–155)2C/125I-LDL complexes by 75%. Ji et al. (31) dem-
onstrated that z 90% of beta-VLDL binding to HepG2 cells is
inhibited by antibody known to block the LDL receptor–
ligand interactions, whereas only z 10% of the enhanced bind-
ing displayed by beta-VLDL enriched in apoE is inhibited by
this antibody. This result suggests that additional cellular sites
are involved in apoE-mediated cellular associations. The inter-
action of apoE with LRP has been studied extensively using
rabbit beta-VLDL (12, 13). To interact effectively with LRP,
the apoE content of rabbit beta-VLDL must be enriched by
incubation with exogenous apoE (13). Because LRP is consti-
tutive and cannot be downregulated, we tested its contribution
in our system by studying binding to LDL receptor–downregu-
lated cells. At the ligand concentrations studied, z 25% of the
total binding was observed in LDL-R–depleted cells, suggest-
ing that the LRP receptor could be involved as well. 

Moreover, consideration was given to the possibility that
cell-surface proteoglycans were involved in the enhanced asso-
ciation of the peptide-enriched lipoproteins. ApoE has been
shown to bind heparin (37, 38). Ji et al. demonstrated that hep-
arinase treatment decreased the binding of beta-VLDL en-
riched with apoE by z 80% in normal fibroblasts, and by . 90%
in fibroblasts from an LDL receptor–deficient patient with fa-
milial hypercholesterolemia. Because a heparin-binding site
exists between apoE residues 142–147 (37, 38) and overlaps
with residues of Ac-Y(141–155)2C, we examined the effect of
removing cell HSPG on the association of the peptide/LDL
complex. Pretreatment of human skin fibroblasts with hepa-
rinase removed z 45% of the total proteoglycans and blocked
70% of the Ac-Y(141–155)2C/125I-LDL binding. The binding
activity that remained approached that observed for LDL
without peptide. Furthermore, the binding of peptide-free
125I-LDL was not inhibited by heparinase treatment. There-
fore, both HSPG and LRP-receptors probably contributed to
the enhanced cellular association of peptide-enriched lipopro-
teins.

Plasma clearance and tissue distribution of the peptides
were assessed after they were injected intravenously into
chow-fed C57BL/6J apoE-deficient mice with high levels of
cholesterol-rich chylomicron remnants VLDL and IDL (4–7).
The tissue association and plasma clearance of 125I-LDL com-
plexed to control peptides Y(141–155)2 or Y(141-P-155)2 were
essentially the same as the distribution of 125I-LDL alone. In
contrast, the Ac-Y(141–155)2C/125I-LDL peptide complex was
cleared from plasma at a substantially higher rate, implying
that Ac-Y(141–155)2C enhanced binding of the radioiodinated
LDL to tissue LDL/LRP receptors and/or cell surface HSPG.

ApoE is thought to contribute to liver retention of lipopro-
teins by increasing their association with the cell-surface
HSPG that favor receptor interactions (15). It is postulated
that HSPG on the surface of hepatocytes are responsible for
the initial sequestration and binding of chylomicron remnants
in the space of Disse. Because HSPG binding of the Ac-Y
(141–155)2C peptide-enriched lipoproteins to cells was ob-
served in vitro, an interaction of the peptide/lipoprotein com-
plex to HSPG could contribute to the initial rapid (within 3
min) clearance of the lipoproteins from the plasma we ob-
served in this study. Furthermore, these results are consistent
with the two-receptor model of hepatic clearance, which is ob-
served with lipoproteins that contain intact apoE (39). 

The increased uptake of the Ac-Y(141–155)2C/125I-LDL

peptide complex by the spleen was probably due to macro-
phage-mediated uptake. Macrophages express both LDL and
LRP receptors (1, 12). Furthermore, Ac-Y(141–155)2C may
have favored receptor interaction by HSPG on the surface of
macrophages (14). Macrophages also express a VLDL recep-
tor (belonging to the LRP-receptor family) that does not inter-
act with lipoproteins containing only apoB (40). Thus, the pep-
tide/LDL complex could have been cleared by this pathway as
well. Together, studies of the in vivo fate of a single injection
of 7 nmol of an Ac-Y(141–155)2C/LDL complex indicated that
the complex was cleared rapidly from plasma and could be
found in the liver. 

The Ac-Y(141–155)2C peptide facilitated enhanced liver
binding and plasma clearance, data consistent with the role of
apoE in vivo. ApoE enrichment of lipoproteins in vivo de-
creases cholesterol levels by favoring enhanced binding of chy-
lomicron remnants to HSPG within the space of Disse and fa-
cilitating increased uptake by hepatocyte remnant lipoprotein
receptors. ApoE is incorporated into lipoproteins when it is in-
jected in vivo (2, 3). Likewise, a single intravenous injection of
free Ac-Y(141–155)2C peptide into apoE-deficient mice re-
duced plasma cholesterol by 25–40% within minutes, consis-
tent with the data of Mahley et al. (2) and Yamada et al. (3)
who demonstrated a 19–34% acute reduction of plasma cho-
lesterol in Watanabe and New Zealand white rabbits after an
intravenous injection of intact apoE. Interestingly, the amount
of intact apoE used for intravenous administration in the rab-
bits was between 6–40 mg/rabbit (2.5–3.5kg). On an animal
weight basis, this is equivalent to 2 –7 nmol/20 g mouse. In the
study reported here, we administered 7 nmol of Ac-Y(141–
155)2C per mouse and observed a reduction (after subtraction
of PBS baseline) in the range of 30–40% (Fig. 9). 

The acute decrease in plasma cholesterol facilitated by Ac-
Y(141–155)2C was rapid, and probably reflected targeting of
the peptide to lipoproteins followed by binding to tissue HSPG.
The contribution of LDL, LRP, and VLDL receptors to this
acute plasma drop cannot be determined immediately, and
further study of the contribution of specific lipoprotein recep-
tors to the observed tissue distribution is warranted. It is ap-
propriate to emphasize that binding to LDL and remnant re-
ceptors on hepatocytes must ultimately occur to accomplish a
long-term reduction in the cholesterol-rich VLDL and IDL.
Importantly, the tissue distribution of the peptide/LDL com-
plexes suggested that uptake of the peptide-associated lipopro-
teins by the liver occurred. 

As shown in Fig. 9, the level of plasma cholesterol in the
PBS-injected mice rose slightly above 100% 3–5 min after in-
jection, and then decreased to 70% within 24 h. It is not known
why this occurred. However, Yamada et al. (3) reported that
intravenous injection of Watanabe heritable hyperlipidemic
rabbits with saline also led to an initial increase (slightly above
100%) and then a slight decrease of plasma cholesterol to 90–
95% 24 h after injection. Mahley et al. (2) observed a 6–14% de-
crease of cholesterol in the plasma of the New Zealand White
rabbits injected with saline. It can be postulated that the stress
of injections, blood drawing, and anaesthesia are responsible
for some of the acute changes we observed (2, 3).

Impaired catabolism of remnants occurs in humans with
Type III hyperlipoproteinemia, and leads to a dramatic
buildup of VLDL/IDL in the blood. This phenotype can arise
from different genotypes, including receptor-binding defective
apoE mutants or apoE deficiency. Furthermore, acute severe
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hypertriglyceridemia can be life-threatening. Here we show
that intravenous injection of the Ac-Y(141–155)2C peptide
substantially decreased the VLDL and IDL cholesterol in the
plasma of apoE-deficient mice. Modulation of the protein pro-
file of the apoE-deficient mouse plasma lipoproteins corre-
lated with cholesterol alterations and confirmed enhanced
clearance of intact VLDL and IDL. Nevertheless, the substan-
tial decrease in circulating peptide 30–60 min after injection in-
dicated that the peptide had a high rate of clearance. There-
fore, to circumvent the stress of repeated injections and to
monitor long-term effects of these peptides on VLDL and IDL
cholesterol, sustained in vivo release will be necessary. Future
studies will require the use of controlled release systems that
can deliver the peptide at a predetermined rate for a defined
time period (41). Systems to deliver drugs and peptides for
long time periods (days to years) with the peptide placed in a
polymeric material, vesicle, or pump can provide for con-
trolled release of active peptide so that the long-term effects of
an apoE dimer peptide on VLDL and IDL cholesterol can be
examined.
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