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ABSTRACT. Human apolipoprotein E (apo E) consists of two distinct domains, the lipid-associating domain
(residues 192299) and the globular domain (residues191) which contains the LDL receptor (LDLR)
binding site (residues 129169). To test the hypothesis that an arginine-rich apo E receptor binding domain
(residues 14%150) is sufficient to enhance low-density lipoprotein (LDL) uptake and clearance when
covalently linked to a class A amphipathic helix, a peptide in which the receptor binding domain of
human apo E, LRKLRKRLLR (hApoE[141150]), is linked to 18A, a well-characterized high-affinity
lipid-associating peptide (DWLKAFYDKVAEKLKEAF), we synthesized the peptide hApoEf430]-

18A (hE18A) and its end-protected analogue, Ac-hE18A:NFhe importance of positively charged
residues and the role of the hydrophobic residues in the receptor binding domain were also studied using
four analogues. Ac-LRRLRRRLLR-18A-NHAc-hE(R)18A-NH;] and Ac-LRKMRKRLMR-18A-NH,
(Ac-mE18A-NH,) contained an extended hydrophobic face, including the receptor binding region. Control
peptides, Ac-LRLLRKLKRR-18A-NH [Ac-hE(Sc)18A-NH], had the amino acid residues of the apo E
receptor binding domain scrambled to disrupt the extended hydrophobic face, and Ac-cRRRRRRRRRR-
18A-NH; (Ac-R1018A-NH,) had only positively charged Arg residues as the receptor binding domain.
The effect of the dual-domain peptides on the uptake and degradation of human LDL by fibroblasts was
determined in murine embryonic fibroblasts (MEF1). LDL internalization was enhanced 3-, 5-, and 7-fold
by Ac-mE18A-NH, Ac-hE18A-NH,, and Ac-hE(R)18A-NH, respectively, whereas the control peptides

had no significant biological activity. All three active peptides increased the level of degradation of LDL
by 100%. The LDL binding and internalization to MEF1 cells in the presence of these peptides was not
saturable over the LDL concentration range that was studied@lug/mL). Furthermore, a similar
enhancement of LDL internalization was observed independent of the presence of the LDL receptor-
related protein (LRP), LDLR, or both. Pretreatment of cells with heparinase and heparitinase abolished
more than 80% of the enhanced peptide-mediated LDL uptake and degradation by cells. We conclude
that the dual-domain peptides enhanced LDL uptake and degradation by fibroblasts via a heparan sulfate

proteoglycan (HSPG)-mediated pathway.

Apolipoprotein E (apo E)plays an important role in the
metabolism of triglyceride-rich lipoproteins, such as very
low-density lipoprotein (VLDL), chylomicrons, and chylo-
micron remnantsl). It mediates the high-affinity binding
of apo E-containing lipoproteins to the low-density lipopro-
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tein (LDL) receptor and members of its gene family,
including LDL receptor-related protein (LRP), very low-
density lipoprotein receptor (VLDLR), and the apo E2
receptor (apo E2R)2j. The putative and complex role of
apo E in atherosclerosis has been emphasized by several
observations. (i) Mice that overexpress human apo E have
lower levels of total plasma cholester@)((ii) Intravenous
injection of human apo E into cholesterol-fed rabbits protects
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1 Abbreviations: Ac, acetyl; apo B, apolipoprotein B; apo E,
apolipoprotein E; DMPC, dimyristoylphosphatidylcholine; ICI, iodine
monochloride; LDL, low-density lipoproteins; LDLR, low-density
lipoprotein receptor; LRP, LDL receptor-related protein; LPDS, lipo-
protein-deficient serum; Mtr, 4-methoxy-2,3,6-trimethylbenzenesulfo-
nyl; PBS, phosphate-buffered saline; VLDL, very low-density lipo-
proteins; TCA, trichloroacetic acid; TFA, trifluoroacetic acid; TGRLP,
triglyceride remnant lipoprotein.
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E gene in mice produces spontaneous atheroscle® s} (
which is ameliorated when macrophage-specific apo E
expression is reconstituted in apo E-deficient mige (

Apo E is a 299-amino acid residue protein with a
molecular weight of 34 200. Thrombin cleavage studies with
apo E indicated a two-domain structure which explained the
observation that the C-terminal domain of apo E (residues
192-299) is essential for its binding to hypertriglyceridemic
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V_LDL and the N-terminal 22_ _kDa domai_n (rESidu_esjlgl) Table 1: Comparison of the Receptor Binding Domain of Apo E in
binds to the LDLR §). Additional physicochemical char-  pifferent Species
acterization of the protein and its mutants has extended this

. K Starting

concept and has shown that the region of residues-299 Species Residue no. Sequence
binds to phospholipid while the amino-terminal domain
(residues +191) is a globular structure that contains the Human 141 LRKLRKRLLR
LDL receptor binding domain in the helix 4 (residues 30 Rabbit 134 LRKLRKRLLR
166) region 9). Studies with synthetic peptide4@ and Monkey 141 LREKLRERLLR

. . . . N Mouse 133 LRKMRERLMR
monoclonal antibodies pinpointed the LDL receptor binding ¢, 133 LRKMRKRLMR
domain of apo E between residues 129 and 169, a domain  Bovine 140 LRKLPKRLLR
enriched with positively charged amino acids, Arg and Lys Pig 140 LRAVRKRLVR
(1 1_ 14) Dog 133 MRKLRKRVLR

Studies with synthetic peptides characterized the structural athe poid residues are the conserved residues. The underlined
features of the LDL receptor binding domain of apolB-{ residues represent changes (from the human sequence) where the
15). Residues 141155 of apo E, although containing the property of the amino acid is conserved. The bold italicized lowercase

positively charged residues of the native binding domain, rﬁSidugs (n bging _'33" ﬁ”d p being P[j‘?]zfi”dicalﬁte a i“bsmllf“ﬁ" Wh_‘are
: : : : : the substituted residue has properties different from those of the residue

did not compete for binding of LDL in a human skin . =

: . in the human sequence at that position.

fibroblast assay, but did so only as tandem covalent repeats d P

[i.e., (141-155)]. In contrast, when the [141155}, peptide y y _
was N-terminally acetylated, enhanced LDL interaction with Table 2. Sequence of Dual-Domain Peptides Studied
fibroblasts occurred 16). The N-acetylated [141155) Lipid Binding Domain

analogue selectively associated with cholesterol-rich lipo- 2 DWLRAFYDRVARKLRERR
proteins and mediated their acute clearance in vil@).( Peptides Synthesized Sequence
Moreover, these studies indicated that the prerequisite for 11 150

receptor binding is that the peptides be helicab)( A hE-18A LRRLREKRLLRDWLKAFYDKVAEKLKEAF
separate study using synthetic peptides modified to increasely ¢, ;s I T DEUALKLKERD
the extent of lipid association by,N-distearyl derivatization hE(Sc)-18a LRLLRKLEKRRDWLKAFYDKVAEKLKEAF
of glycine at the N-terminus of the native sequence (residues -1 RRRRRRRRRRDWLKAFYDKVAERLKEAF

129-169) of apo E also showed enhanced uptake and aThe bold italic residues represent the human apo E receptor binding
degradation17). Finally, although LDLR binding is medi-  domain (corresponding to residues 450 in apo E). 18A (DWLKAF-

ated by the cationic sequence of residues-1¥85 of human YDKVAEKLKEAF) represents the lipid-binding domain of the dual-

domain peptides. mE-18A contains the mouse apo E receptor binding
apo E, Braddock et al1) have demonstrated that model domain. hE(R)-18A contains the human apo E receptor binding domain

peptides of the highly Conse,rved anionic domain_(reSidueswith the Lys residues substituted with Arg residues. hE(Sc)-18A
41-60 of human apo E), while not thought to be involved contains the human apo E receptor binding domain with its sequence
in the binding of apo E to the LDLR, modulate the binding scrambled. R-18A has 10 Arg residues in place of the apo E receptor

and internalization of LDL to cell surface receptors. How- binding domain. The peptic_ies were synthesized with their N-terminus
ever, these peptides do not enhance LDL degradation. ~ 2¢etlated and the C-terminus amidated.

Most of the peptides described above used some form of
the natural apo E receptor binding sequence. To design abinding domain were also studied using four analogues. The
peptide with the minimal structural features of apo E putative receptor binding domain of apo E, LRKLRKRLLR,
necessary for lipoprotein receptor binding, we incorporated is well-conserved in several mammalian species (Table 1).
the two minimum essential features of apo E suggested fromA peptide with the mouse apo E sequence, LRKMRKRLMR-
concepts arising from these previous studies: (1) the receptorl8A (mE-18A), where two conserved Leu residues in hE-
binding domain (residues 14150 from the human apo E  18A were changed to Met, was also synthesized. To
sequence) at the N-terminus and (2) a strong lipid binding determine whether the receptor binding is sequence- or
domain at the C-terminus of the synthetic peptide. We charge-specific, we also synthesized and studied the proper-
hypothesized that since lipid binding is essential for surface ties of an analogue, LRRLRRRLLR-18A [hE(R)-18A]. We
localization of the peptide on lipoproteins and for the receptor also synthesized N- and C-protected two-domain peptides
binding domain of apo E to be appropriately accessible to since this would better reflect the natural state domains and
bind to the LDL receptor, then joining a well-characterized, since Ac-18A-NH was previously shown to be more helical
lipid-associating peptide such as the model class A amphi-with a higher lipid affinity for phospholipids than the
pathic helix, 18A, with the sequence DWLKAFYDKVAEK-  unprotected peptide, 18A19). The sequences of these
LKEAF (19) to the peptide of residues 14150 of apo E peptides are shown in Table 2. Two additional analogues
should be sufficient to confer LDLR binding activity. Thus, were designed as control peptides. One had the identical
we designed the peptide LRKLRKRLLR-18A (hE-18A), in  amino acid residues present in the native human apo E
which LRKLRKRLLR is the region of residues 141150 receptor binding domain, but scrambled Ac-LRLLRKLKRR-
of human apo E and 18A is a class A amphipathic helical 18A-NH, [Ac-hE(Sc)18A-NH] for disrupting the extended
peptide that associates with phospholipids and lipoprotein hydrophobic face. The other peptide had positively charged
surfaces 20). To characterize the role of individual amino Arg residues in all 10 positions of the N-terminal domain,
acid residues in the peptides, several additional analoguesand thus has a higher positive charge density, like the
were prepared. The importance of positively charged residuesreceptor binding domain Ac-RRRRRRRRRR-18A-NHAc-
and the role of the hydrophobic residues in the receptor R1018A-NH,). We compared the properties of these N-
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terminally protected peptides with those of Ac-18A-Nab

a control peptideZ0, 21). The study presented here describes
the physicochemical properties and the effects of these
peptides on human LDL binding, internalization, and deg-
radation in mouse embryonic fibroblasts (MEF). Surprisingly,
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LDL—Peptide Complex FormationThe addition of the
peptide was studied in two ways. (a) The peptide and LDL
were added simultaneously to the cell medium. (b) The
peptide was preincubated with LDL rfol h at room
temperature prior to addition to the cells. The peptide

our studies demonstrate that these dual-domain peptides havenhanced the uptake offiJLDL more when preincubated

the unique ability to bypass the LDLR and LRP receptor
pathways yet enhance dramatically the rapid uptake of LDL
by a cellular pathway that involves cell surface heparan
sulfate proteoglycan (HSPG). This peptide-enhanced LDL

with LDL than when added to the cells simultaneously with
LDL (results not shown).

Agarose Gel Electrophoresidgarose gel electrophoresis
was carried out according to the procedure of Asztalos et

uptake pathway suggests an alternate pharmacological routel. (25). LDL and the LDL—peptide mixtures were electro-

for LDL cholesterol lowering, independent of expression of
LDLR family members that could be effective in LDLR-
deficient subjects.

MATERIALS AND METHODS

Synthesis of the PeptideBeptides were synthesized by
Fmoc chemistry, using the automatic peptide synthesizer
from Protein Technology, according to the procedure de-
scribed by us previously2@). The peptide resin was

subjected to HF cleavage to ensure the complete removal of

the 4-methoxy-2,3,6-trimethylbenzenesulfonyl (Mtr) group

from Arg residues. For the cleavage of all the peptides,
except mE-18A, from the resin, Trp, mercaptoethanol, and
dimethyl sulfide were used as scavengers, and for the
cleavage of mE-18A, Met, Trp, mercaptoethanol, and di-

methyl sulfide were used as scavengers. The cleaved peptide

were purified on a preparative C-4 reversed-phase HPLC

phoresed on a 0.7% agarose gel. Tris-Tricine buffer (25 mM,
pH 8.6) was used for both gel and electrode buffers. Since
the peptides are positively charged, the wells were made in
the center of the gel to allow for movement in both directions.
Samples (L) of LDL and various ratios of LDE-peptide
complexes were diluted with 2L of Tris-Tricine buffer
containing 10% glycerol and bromophenol blue. Samples
were electrophoresed at a constant voltage of 250 V for about
2 h or until the dye reached the top of the gel. After the run,
the gel was stained with Coomassie blue.

Binding, Internalization, and Degradation of LDL by
Mouse Embryonic Fibroblast3he binding, internalization,
and degradation of LDL in fibroblasts [obtained from
American Type Culture Collection (ATCC), Manassas, VA]
were assessed using the method of Goldstein e23). All
cells were grown in DMEM in six-well plates and used at
¥5-90% confluence. The seeding density of the cells that
were used was 1:53.0 x 10° cells/mL of medium. Cells

column, and the purity was determined by C-18 analytical \ore incubated with DMEM containing LPDS 24 h prior to

reversed-phase HPLC and confirmed by mass spectral

analysis.

Preparation of LDL and Lipoprotein-Deficient Serum
(LPDS) Plasma LDL was prepared from human plasma
obtained from the Red Cross by sequential centrifugation
using density ultracentrifugatior2®). The LDL (1.006-
1.063 g/mL) was washed with 150 mM NaCl by overlayering
and recentrifuging and dialyzed exhaustively against 150 mM
NaCl containing 0.24 mM EDTA. The purity of the LDL

use to upregulate LDL receptors. LDL was sterilized by
filtering through a 0.22:m filter. For binding experiments,

the cells were then incubated with the indicated concentra-
tions (0-50ug) of [**]LDL at 4 °C for 2 h in thepresence

or absence of peptides. Nonspecific binding was assessed
in the presence of a 50-fold excess of unlabeled LDL with
or without peptides. After being washed with ice-cold PBS
(containing 2 mg/mL BSA) to remove excess labeled
lipoprotein, the cells were incubated with dextran sulfate (4

fraction was determined by Superose 6 (Pharmacia) columnmg/mL, PharmaciaM, of 500 000) or heparin (Sigma
chromatography and by agarose electrophoresis. For preparachemical Co., 10 mg/mL) fol h to release specifically

tion of LPDS, the density of the plasma was adjusted to 1.21
g/mL with potassium bromide and the plasma centrifuged
at 50 000 rpm and 4C for 24 h. The top fraction consisting
of lipoproteins was removed. The lower fraction, which is
devoid of lipoproteins, was dialyzed extensively against 150
mM NaCl at 4°C for 60 h. The LPDS was sterilized by
filtration through a 0.22«m Millipore filter.

129 Labeling of LDL and Peptide4.DL or peptides were
labeled with'?% using the method of Bilheimer et al24).
Briefly, LDL or peptide solution was mixed with glycine
buffer [1 M glycine (pH 10)] at a concentration of 200
of glycine buffer/mL of LDL or peptide solution. ICI solution
(2 M NaCl and 0.5% ICI) was added at a concentration of
3.2ul/mg of protein.t?y (Amersham; carrier-free in NaOH
solution) was then added and the mixture immediately
applied to a desalting column (Bio-Rad; Econopak 10DG)
which had been pre-equilibrated with the desired buffer. The
129-labeled material was separated from ffé# in 1 mL
aliquots which were then counted to identify the labeled
material. Peak fractions were pooled, and the specific activity
was determined.

bound [?Y]LDL. The counts in the dextran sulfate wash
reflect the amount of LDL bound to cells. The presence of
the peptide did not change the ability of heparin/dextran
sulfate to release LDL from the cells.

The cells were washed with cold PBS and then dissolved
in 0.1 N NaOH, and a 0.5 mL aliquot of the cell suspension
was counted. These counts reflect the amount of LDL that
is internalized. The amount of protein was estimated by the
method of Lowry 26). Degradation of LDL was assessed
using the protocol described above fot@, except that the
cells were incubated at 37C for 5 h. Degradation was
assessed by precipitating?J]LDL from the medium with
17% trichloroacetic acid (TCA) (0.5 mL of 50% TCA was
added to 1 mL of medium) and incubating af@ for 30
min (23). The precipitate was removed by centrifugation.
The supernatant was treated with 40 of 40% potassium
iodide and 4QuL of 30% hydrogen peroxide. The fréél
was extracted with 2 mL of chloroform. The upper aqueous
layer (0.5 mL) was then counted. This represents the amount
of [*?3]monoiodotyrosine produced by the degradation of
apo B in LDL.
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Table 3: Percent Helicity of E-18A Analogues
peptidé peptide-DMPC (1:20%

18A 6.0 49.00

hE-18A 36.0 46.0

mE-18A 36.3 44.0

hE-(R)18A 51.2 70.8

Ac-18A-NH, 55.C° 72.0

Ac-hE18A-NH 69.3 74.3

Ac-mE18A-NH, 67.8 77.3

Ac-hE(R)18A-NH, 64.6 66.4

Ac-hE(Sc)18A-NH 26.0 33.0

Ac-R1018A-NH; 20.0 27.0

aThe peptide concentration was 1QoM. The peptide-lipid
complexes were made by mixing appropriate volumes of peptide and
DMPC (100uM peptide and 2 mM DMPC) and incubating overnight
at 4°C. " From ref19. ¢ From ref21.

The cell surface HSPG was removed by treating the cells
with heparinase and heparitinase (Sigma Chemical Co.) at arigure 1: Helical net analysis of (A) hE18A and (B) the control
concentration of 3 units/mL of mediumrf@ h at 37°C. peptide hE(Sc)18A. The amino acids are shown in one-letter code.
Mouse embryonic fibroblasts (MEF1), the LRP-deficient The hydrophobic residues are in bold circles, and the charges of

the amino acids are also shown. The hydrophobic residues in the
mutant (PEAL3), and the LRP/LDL double mutant (MEF4) apo E receptor binding domain (LRKLRKRLLR) of hE18A appear

(27) were used to determine the role of these receplors 4 extend the hydrophobic face of the 18A part of the molecule.

(LDLR and LRP) in these experiments. In all the cell However, in hE(Sc)18A, this sequence is scrambled. Although the

experiments, the average value of triplicate determinationsamino acids are the same, the scrambling of the sequence alters

was used. the structure of hE(Sc)18A and the apparent extension of the
Circular Dichroic SpectrometryCD spectra were recorded ~ Ydrophobic face is lost.

on a signal-averaging AVIV 62DS spectropolarimeter as ot ac-18A-NH,, and in fact, it increases the helicity in both
described previously2(). Briefly, CD spectra were obtained  he |ipid-free and lipid-bound form. However, the helicities
at 25°C by signal averaging of fogr scans reporded EVEIY of Ac-R1018A-NH, and Ac-hE(Sc)18A-NH in aqueous
nanometer from 260 to 190 nm using a cell with a 0.01 cm gq1ytions were 20 and 26%, respectively. Their helicities in
path length. Peptide concentrations were 100 in PBS the presence of lipid did not increase significantly (27 and
(pH 7.4). Peptide DMPC complexes (1:20 molar ratio) were 3394, respectively) and were lower than that of Ac-18ANH
prepared as described previousBAY, and the change in The helical net analyses suggest an explanation for the
peptide helicity upon lipid association was measured. The pejicity changes observed in our model peptide studies. For
helical content of the peptides was estimated from the Meangyample, the hE-18A sequence (Figure 1A) shows a continu-
residue ellipticity, flure (deg cntdmol™), at 222 nmusing g5 nonpolar face with a 18@wist. The hydrophobic amino
the equations described in detail by Morrisett et a8)( acids present in the additional receptor binding domain can
RESULTS AND DISCUSSION extend the nonpola_r fgce of_the amphipathic Iipid—associat_ing
peptide 18A domain, inducing an elongation of the peptide
Purity and Secondary Structure of the Peptiddhe helix. All the positively charged residues from the receptor
peptide purity was determined by HPLC analysis and binding domain and one from the 18A domain are clustered
confirmed by mass spectral analyses. Each peptide is helicakt the lower right-hand corner of the helical net diagram
in PBS, and the helicity increases in the presence of DMPC (Figure 1A). A similar cluster is also seen in apo E itself,
(Table 3). The helicity of the lipid binding domain, 18A, in  suggesting that this structure may be important for the LDL
aqueous buffer is 6%. The addition of 10 amino acids, receptor binding of apo E2Q). The negatively charged
reflecting the apo E LDL receptor binding domain, to 18A residues are clustered in the upper left-hand corner with
increased its helicity to 36%. Substituting the lysine residues adjacent positively charged residues potentially neutralizing
in the LDL receptor binding domain with arginine further the charge in this domain. This analysis suggests that hE18A
increased the helicity to 51%. Protecting both ends of 18A has a localized net positive charge (arginine- and lysine-
increased the helicity greatly, from 6 to 55%, while those of rich) that enables it to interact with negative charges. As
hE-18A and mE-18A increased from 36 to 69%. The hE- stated above, hE18A also has an extended hydrophobic face
(R)-18A itself has a high helical content (51%); its helicity that enhances its binding to lipids. The increase in helicity
increased upon N- and C-terminal protection to 65%. When of the peptides upon lipid binding may stabilize the positive
they bind to DMPC, the helicities of all unprotected peptides charge domain and enhance the ability of the peptide to
except hE(R)-18A are in the same range-{49%), indicat- interact with negatively charged molecules. On the other
ing the known influence of phospholipid on the stability of hand, the helical net analysis of Ac-hE(Sc)18A-NHigure
the helical characteristics of the amphipathic peptide. Lipid- 1B) indicates the absence of the extended hydrophobic face
bound hE(R)-18A was 71% helical which is comparable to in the apo E receptor binding domain, which may explain
the helicity of the end-protected lipid-bound peptides. The the observed decreased helicity in both the absence and
helicity of the lipid-bound dual-domain peptides is similar presence of DMPC.
to that of Ac-18A-NH (Table 3), indicating that the addition Binding of the Peptides to LDIPeptides were incubated
of LDL receptor binding domain does not disrupt the helicity with LDL at the weight ratios indicated in the legend of
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FiGure 2: Agarose gel (0.7%) of LDL (1@g) and LDL (10uQ)
incubated with different concentrations of hE18A. The gel was
stained with Coomassie Blue: lane 1, LDL (4); lane 2, LDL
and hE18A (Jug) (1:14 molar ratio); lane 3, LDL and hE18A (2.5 Moles of peptide added/mole of LDL
©9) (1:35 molar ratio); lane 4, LDL and hE18A (&) (1:70 molar

ratio); lane 5, LDL and hE18A (1@g) (1:140 molar ratio); and

lane 6, hE18A (1Qug). 081 B

125 DL Internalized (pmoles/mg protein)

0 20 40 60 80 100 120 140 160

Figure 2 fa 1 h atroom temperature; these mixtures were
analyzed by agarose gel electrophoresis (Figure 2). LDL
alone migrated toward the anode as a single, homogeneous
band (lane 1), while the hE-18A peptide alone (1§)
appeared as a diffuse band migrating toward the cathode (lane
6). The anodic mobility of the LDL incubated with peptide
was retarded, and the degree of retardation of LDL mobility
was dependent upon the ratio of peptide to LDL. At a
peptide:LDL molar ratio of 35:1, no free peptide was detected
(Figure 2, lane 3). However, at higher peptide concentrations
(70:1 and 140:1 molar ratios, lanes 4 and 5), free peptide &

0.7
]
0.6
0.5 A
0.4 3
0.3
]

0.2 { ¢)

I-LDL internalized (pmoles/mg protein)

was detected (stained material moving toward the cathode, o0 < r . . —
Figure 2, lane 6). These results indicate that the peptide 0 5 10 1 2 =
associates with LDL. Similar results were observed with all 12 DL added (ug)

other _peptld(_a anal_ogues used in this s_tudy. Thus, these tWO'FlGURE 3: (A) Effect of different concentrations of hE18A and
domain peptides bind to LDL and alter its net surface charge. aAc-hE18A-NH, on the specific internalization offf]LDL in
The control peptide, Ac-18A-N§ibound to the LDL, but it MEF1 cells. Cells were grown in DMEM in a monolayer in six-
did not change the mobility of LDL on agarose gels, Well plates. Details are given in Materials and Metho&#I]LDL
reflecting the peptide’s net zero charge (data not shown). (10 ug) was incubated with different concentrations of peptides
. . " (1—10 ug) at room temperature for 1 h. This mixture was then
Effect of the Dual-Domain Peptides on LDL Uptake in j,c pated with the cells fo2 h at 37°C, and the effect of the
Mouse FibroblastsOur peptides were designed to mimic peptide on internalization of LDL was measured after incubation
apo E containing both the “minimal” LDL receptor binding for 2 h at 37°C as described in detail in Material and Methods:

domain and an efficient lipid binding domain. Since the data (~ &;)NLFEL(S;OE'E{G%% Ic;fD'Ir_ntgPr?aFEaltifr\f 33?51‘]?55% aRAdEécl-
; ; -NH.. X i izati y
presented above demonstrated that these peptides aSSOCIaiglls as a function of LDL concentration. Black circles represent

with LDL, we next tested whether they interact with the LDL - gata for LDL internalized without peptide, and white circles
receptor of mouse fibroblasts (MEF1). At a constant LDL represent data for LDL internalized in the presence of the peptide.
concentration, specific internalization of LDL was dependent The saturation in LDL binding that is observed in the absence of
on the concentration of peptide, hE-18A, or Ac-hE18A-NH the peptide is abolished by the peptide.

that was used (Figure 3A). At the highest peptide:LDL ratio,

a 7-fold enhancement of LDL internalization was observed as effective as the control LDL. This result suggests a spatial
relative to that with LDL alone. The enhanced internalization specificity of the charged residues for enhanced LDL uptake
of the LDL—peptide complex was seen at each ratio tested perhaps conferred on the peptide by the exterwéelical

but to a lesser degree than at a 1:1 (w/w) ratio. Furthermore,hydrophobic face as diagrammatically shown in Figure 1A.
at the highest peptide concentration (1d) that was used,  Sparrow et al. 30) identified the region of residues 130
Ac-hE18A-NH, was 2 times more effective than hE18A. This 150, which includes the domain that we have used, as a lipid
was observed for all the peptides. Neither the control lipid- binding domain since it formed spontaneous complexes with
associating peptide, Ac-18A-NHnor the receptor binding DMPC and increased its-helicity at a molar ratio of 125:1
region, LRKLRKRLLR, without the lipid binding domain, (PC:peptide), providing additional support for the extended
was able to enhance LDL uptake (results not shown). The hydrophobic face and lipid binding capacity of the domain.
other two control peptides [Ac-RL8A-NH, and Ac-hE(Sc)- Since protected peptides resemble an internal peptide
18A-NH;] exhibited significantly weaker ablity to enhance sequence where terminal charges are eliminated and an
LDL uptake (<2-fold). Ac-R;018A-NH, enhanced LDL increased helicity is observed (Table 3), the enhanced uptake
uptake 2-fold, while the Ac-hE(Sc)18A-NHvas 1.5 times compared to that of unprotected equivalent peptides may be
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FIGURE 4. Internalization and degradation #]LDL (10 ug) in FiGURE 5: Comparison of the specific internalization &9]LDL

the presence of 10g of Ac-hE18A-NH (hE), Ac-hE(R)18A-NH (10 ug) after coincubation with 1@g of Ac-hE18A-NH for 1 h
[hE(R)], and Ac-mE18A-NH (ME). The MEF1 cells were grown  atroom temperature in wild-type and LDLR(-)/LRP(~/—) (MEF
and treated with the'#3]LDL —peptide complex as mentioned in ~ 4) and LRP¢-/—) (PEA13) mouse embryonic fibroblast&H]LDL
Materials and Methods. The extent of internalization was detremined and peptide were coincubated fb h atroom temperature, then
after incubation of the cells fa2 h at 37°C, while the extent of filtered with a 0.22um filter, and incubated with the cells for 2 h
degradation was measured after incubation of the cetl$ fio at at 37°C. Details are given in Materials and Methods. The white
37°C. The white bars represent degradation data, and the bars withbars represent data from wild-type cells (MEF1); the bars with
diagonal lines represent internalization data. diagonal lines represent data from LR®?¢) cells, and the bars
with the crosshatches represent data from the LDUR{/LRP-

due to an increased charge density due to an extension of ~/7)cells:

the helix and clustering of positive charges. Although hE-
(R)-18A is as helical as the protected peptide, it did not
enhance LDL uptake to the same extent as the end-protecte
peptide (Figure 3A). Since the end-protected peptides were
more active in enhancing LDL uptake, all further experiments X e
were carried out using the modified peptides. gue to su]E)tIrs]a chan_gdes in the structure (helicity or charge

The ability of the Ac-hE18A-NH peptide to enhance LDL ensity) o t_ e peptide. .
uptake was observed over a broad range of LDL concentra- 1he peptide-LDL complex also exhibited enhanced
tions (1-25 ug/mL) below and above it&y (~4 ug/mL) cellular degradation relative to tha}t of_ LDL a!ong (Figure
(31). The rate of internalization off8l]LDL increased with ~ 4)- Even though the degree to which internalization of the
increasing concentrations of LDL (Figure 3B) with the Ccomplexis enhanced is peptide-dependent, all complexes are
peptide concentration constant at A@mL of medium. In  degraded to the same extent, approximately 2-fold more than
the absence of peptide, as expected in the LDLR upregulated-DL alone. This suggests the possibility that the degradation
cells, curvilinear, saturable internalization of LDL is observed Teflects the fact that some LDtpeptide complex is being
(Figure 3B, lower curve®). However, in the presence of internalized through a receptor-dependent pathway, albeit a
10ug of peptide, the uptake is nonsaturable, and linear over Small proportion (since relative to internalization, the deg-
this concentration range, indicating that additional non-LDL radation appears retarded) or that degradation is at its
receptor pathways are the major route(s) involved in the maximum for these cells, and does not change even with
binding and uptake of peptige.DL complexes. enhanced LDL internalization.

We next tested whether amino acid substitutions in the Apo E is a ligand for the LDLR and is particularly
apo E ligand binding domain alter the LBipeptide complex  important for members of this gene familg, 32, 33). We
uptake by the fibroblasts. When all the lysine residues are used this information in our initial peptide design. However,
changed to arginine, internalization of the Ac-hE(R)18A- our data indicate the enhanced LDL uptake in the presence
NH,—LDL complex was enhanced 7-fold relative to that of of the dual-domain peptide was not saturable in the LDL
LDL alone but was similar to that of the parent molecule, concentration range that was studied, suggesting that the
Ac-hE18A-NH; (Figure 4). Substituting two hydrophobic LDL —peptide complex was taken up by an alternate
Leu residues (Ac-hE18A-Ngl with hydrophobic Met resi- pathway. In support of this hypothesis, additional lines of
dues (Ac-mE18A-NH) mimicks the mouse apo E receptor evidence indicate that neither the LDLR nor the LRP is a
binding domain. Ac-mE18A-NEenhanced internalization  major route of the observed enhanced peptide-mediated
relative to that of LDL alone (3.5-fold) (Figure 4), although uptake of LDL by fibroblasts. Internalization of the LBL
to a lesser extent than Ac-hE18A-NKb-fold). Substitution peptide complex in LRP-deficient [LRP(—)] cells and in
of the two Lys residues of Ac-hE18A-NHwith Arg [Ac- LDLR- and LRP-deficient cells [LDLR{/—) and LRP¢/—
hE(R)18A-NH] enhanced the internalization by the peptide )] was assessed. The rate of cellular uptake of human LDL
even though the charge density was maintained. Neither thein the absence of the peptides was low in MEF1 cells, but it
cationic domain nor the 18A by itself was able to enhance was diminished by about 65% in both LRR{) (PEA13
LDL binding and internalization (data not shown). Changes cells) and LDLR(/-) and LRP{/—) (MEF4 cells) cell
in the cationic domain of the two-domain peptides by types, as would be expected if receptor mechanisms are
substitution of Lys with Arg and/or Met did affect the extent operable for LDL uptake (Figure 5). However, in the

of LDL binding or peptide cellular interaction. These data
uggest that subtle changes in charge or hydrophobicity of
he binding domain amino acids are important and modulate

the enhanced uptake of the LBlpeptide complex, probably
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06 1 N-acetylated, it enhanced the uptake of LOIBY, An anionic
= peptide used by Braddock et al8] associated with LDL
05 - and increased the extent of LDL binding by B-fold in LDL
receptor negative fibroblasts. However, the extent of LDL
0.4 1 degradation was only 10% of that in LDL receptor positive
T cells. Moreover, the anionic peptit€DL complex-en-
04 hanced activity was not diminished by treatment with

heparinase, implicating a pathway different from that ob-
served for the apo E analogues described in this paper. These
two studies with two totally different peptides, one anionic
and one cationic, indicate that each type causes an enhance-

0.2 1

0.1 4

25| DL intemnalized (pmoles/mg protein)

7 7, ment of LDL uptake by fibroblasts; however, there is not a
EL% é é concomitant increase in the extent of degradation, suggesting
00 No peptide hE hE (R) that the pathways responsible for internalization in all cases
i , i . .. are different. The peptides described here, in contrast,
Ficure 6: Effect of heparinase/heparitinase on the internalization . R . )
of [129]LDL (10 ug) after incubation with 1Qig of Ac-hE18A- enhance both internalization and degradation by fibroblasts.

NH, (hE) and Ac-hE(R)18A-NK [hE(R)] for 1 h at room The 18A-incorporated lipid binding region may modulate
temperature. MEF1 cells were pretreated with heparinase/hepariti-this enhanced internalization and degradation. Apo E binds
nase (3 units/mL) o2 h at 37°C and then incubated with the preferentially to larger lipoproteins, $f.2, and subpopula-

[*29]LDL —peptide complex fio2 h at 37°C. Experimental details - . - L
are given in Materials and Methods. The white bars represent datat'onS of HDL. We predict that by altering the lipid binding

for internalization without heparinase/heparitinase treatment, while domain (i.e., either the hydrophobic nature and or the length)
the bars with diagonal lines represent data for internalization after of apo E mimetic peptides, they could be targeted to other

pretreatment with heparinase/heparitinase. lipoproteins and preferentially enhance their internalization
by distinct pathways.
presence of Ac-hE18A-Nkiwe observed a 7-fold (MEF1), In summary, we demonstrated that a putative apo E

13-fold (PEA13), and 19-fold (MEF4) enhancement of receptor binding domain (residues 14150) attached to an
LDL —peptide complex uptake relative to that of LDL alone  idealized lipid binding domain associates with LDL and
in these cell lines. enhances the LDL binding to murine fibroblasts. These
Since the LDLR and LRP receptor pathways did not seem peptides enhance both internalization and degradation, but
to be involved in LDL-peptide complex uptake, we tested the extent of degradation is lower than expected through
an alternate pathway which binds lipoproteins through a receptor-mediated processes under our experimental condi-
positively charged domain [the HSPG pathway, a previously tions. The enhanced uptake and degradation occur primarily
described 34, 35) binding site for residues 141150 of apo  through the HSPG pathway, an outcome that has mechanistic
E]. Fibroblasts were incubated with heparinase and hepariti-implications since the E receptor binding domain and its
nase (3 units each/mL) to remove surface HSB& 86). putative heparin binding domain overla8f. The observed
Treatment of MEF1 cells with heparinase/heparitinase did enhancement could be due either to a receptor-independent
not affect the internalization of LDL alone (Figure 6), but HSPG pathway or to a HSPG-mediated, receptor-dependent
the extent of internalization of peptie&DL complexeswas  pathway of yet undescribed origin which could direct LDL
reduced by almost 75% for the Ac-hE18A-NH.DL to peripheral sites3p) or to hepatic sites 37). Since
complex and by about 85% for the Ac-hE(R)18A-NH.DL enhanced LDL uptake should decrease the level of LDL
complex (Figure 6), i.e., to levels seen for LDL alone. The plasma cholesterol, our studies suggest the feasibility of using
almost complete loss of enhanced LBpeptide complex  apo E mimetics as described here to decrease plasma LDL
uptake after heparinase/heparitinase treatment indicates thafevels in vivo.
the HSPG pathway is the major route for the peptide- e intend to express peptides with these properties in an
mediated internalization of LDL. Thex-helical cationic apo E-knockout mouse model and study the effect of the
structure of these dual-domain peptides appears to direct thesxpressed peptide on regression of spontaneously developed
internalization of LDL via the HSPG pathway. Both the atherosclerosistj. We have recently shown that a transgenic
charge distribution and tr_le presence of the hydrophobic face,mouse model that expresses a synthetic peptide can be
however, seem to contribute to the enhanced LDL uptake. produced 88). These studies are important in designing apo
Ac-hE(Sc)18A-NH contains the same number of positive E_mimicking peptides that can be readily synthesized and

charges within the E receptor binding domain, yet this is jn demonstrating their potential use in therapeutic interven-
insufficient for enhanced uptake. Increasing the positive tjgn of atherosclerosis.

charge density with the Ac-RL8A-NH; also is not effective,
indicating that this is not a simple ionic interaction between ACKNOWLEDGMENT
LDL —peptide complex and the cell surface. It appears that . )
a specific spatial cationic domain must be maintained that e thank Dr. Steve Barnes and Marion Kirk for the mass
ensures the amphipathic helical character of the peptide.SPectral analyses of peptides and Dr. Don Muccio for
Small changes in the design like R for K or M for L can be allowing us to use the CD spectrometer.
tolerated, but the scrambled domain is an ineffective
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