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Abstract

 

The subendothelial retention of LDLs through their interac-
tion with proteoglycans has been proposed to be a key pro-
cess in the pathogenesis of atherosclerosis. In vitro studies
have identified eight clusters of basic amino acids in delipi-
dated apo-B100, the protein moiety of LDL, that bind the
negatively charged proteoglycans. To determine which of
these sites is functional on the surface of LDL particles, we
analyzed the proteoglycan-binding activity of recombinant
human LDL isolated from transgenic mice. Substitution of
neutral amino acids for the basic amino acids residues in
site B (residues 3359–3369) abolished both the receptor-
binding and the proteoglycan-binding activities of the re-
combinant LDL. Chemical modification of the remaining
basic residues caused only a marginal further reduction in
proteoglycan binding, indicating that site B is the primary
proteoglycan-binding site of LDL. Although site B was es-
sential for normal receptor-binding and proteoglycan-bind-
ing activities, these activities could be separated in recombi-
nant LDL containing single-point mutation. Recombinant
LDL with a K3363E mutation, in which a glutamic acid had
been inserted into the basic cluster RKR in site B, had nor-
mal receptor binding but interacted defectively with pro-
teoglycans; in contrast, another mutant LDL, R3500Q, dis-
played defective receptor binding but interacted normally
with proteoglycans. LDL with normal receptor-binding ac-
tivity but with severely impaired proteoglycan binding will
be a unique resource for analyzing the importance of LDL–
proteoglycan interaction in atherogenesis. If the subendo-
thelial retention of LDL by proteoglycans is the initial event
in early atherosclerosis, then LDL with defective proteogly-

 

can binding may have little or no atherogenic potential. (

 

J.

 

Clin. Invest.
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Introduction

 

High levels of LDL are a major risk factor for coronary disease
and are the source of most of the cholesterol that accumulates
in the arterial wall (1). The subendothelial retention of LDL
appears to be a key pathogenic process in atherosclerosis, and
several lines of evidence suggest that intramural retention of
atherogenic lipoproteins involves the extracellular matrix,
chiefly proteoglycans (2–4).

Proteoglycans contain long carbohydrate side-chains of
glycosaminoglycans, which are covalently attached to a core
protein by a glycosidic linkage. The glycosaminoglycans con-
sist of repeating disaccharide units, all bearing negatively
charged groups, usually sulfate or carbohydrate groups. In
vitro, LDL bind with high affinity to many proteoglycans
found in the artery wall, including dermatan sulfate proteogly-
cans (for example, biglycan) and chondroitin sulfate pro-
teoglycans (for example, versican), which are produced by

 

smooth muscle cells in response to PDGF or TGF

 

b

 

 (5, 6). The
interaction between LDL and proteoglycans apparently in-
volves clusters of basic amino acids in apo-B100, the protein
moiety of LDL, that interact with the negatively charged gly-
cosaminoglycan proteoglycans (7–10), or by bridging mole-
cules, such as apo-E or lipoprotein lipase (3).

The isolation of large fragments of apo-B100 from different
regions characterized by concentrations of positive clusters in-
dicated that up to eight specific regions in apo-B100 bind gly-
cosaminoglycans (8–10). Weisgraber and Rall (9) identified
two fragments, residues 3134–3209 and 3356–3489, that bind to
heparin with the highest affinity. Recently Camejo and co-
workers confirmed this finding and proposed that residues
3147–3157 and 3359–3367 may act cooperatively in the associa-
tion with proteoglycans (2, 11). However, because these stud-
ies were carried out with delipidated apo-B fragments in the
presence of urea or with short synthetic apo-B peptides, it is
not clear which of the binding sites are functionally expressed
on the surface of LDL particles. Some or many of these postu-
lated glycosaminoglycan-binding sites may not be functional
when apo-B is associated with LDL. For example, apo-E has
two heparin-binding sites, but only one binds to heparin when
apo-E is complexed with phospholipid (12). This heparin-bind-
ing site coincides with the LDL receptor–binding site of apo-E
(12).

Recently, we developed a procedure for site-directed mu-
tagenesis of the large apo-B gene to study the functional do-
mains of apo-B100 when physiologically incorporated into na-
tive lipoproteins (13). Using this approach, we generated a
series of human-apo-B transgenic mice and analyzed recombi-
nant lipoproteins isolated from these animals (14). The results
from this study now allow a broad understanding of the recep-
tor-binding site of human apo-B100 (residues 3359–3369) and
explain how sequences and mutations located distal to the
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receptor-binding region can modulate the affinity of apo-B100
for the LDL receptor. Our success in identifying the receptor-
binding domain of apo-B100 suggested that the same proce-
dures could be used to define functional sites, such as the pro-
teoglycan-binding sites, on apo-B100 on an LDL particle.

For these studies, we used human recombinant LDL iso-
lated from four different types of human apo-B100 transgenic
mice. The first line expressed recombinant control LDL. Its re-
ceptor-binding activity is almost identical to that of LDL iso-
lated from human plasma (14). The second transgenic mouse
line expressed recombinant LDL that had a single amino acid
mutation, the substitution of glutamine for the normally occur-
ring arginine 3500 in apo-B100 (R3500Q). Previously, we
proved that this mutation is identical to the one that causes de-
fective receptor binding in the genetic disorder, familial defec-
tive apo-B100. Although it is outside the receptor-binding site
(site B), this mutation produces a conformational change that
disrupts receptor binding (14). The third transgenic mouse line
expressed recombinant LDL in which the basic amino acids in
site B (residues 3359–3369) were converted to neutral amino
acids. The arginine residues were converted to serines, and the
lysine residues to alanines (RK3359–3369SA). These changes
virtually abolish the receptor-binding activity of the recombi-
nant LDL; this finding, along with other evidence, demon-
strated that site B is the receptor-binding site of LDL (14). The
fourth transgenic mouse line expressed human recombinant
LDL in which the lysine at residue 3363 of apo-B100 was
changed to glutamic acid (K3363E).

 

Methods

 

Generation of truncated P1 plasmids and isolation of DNA fragments
for mutagenesis.

 

The 95-kb apo-B P1 plasmid p158 (15) was prepared
and modified by RecA-assisted restriction endonuclease (RARE)

 

1

 

cleavage as described (13). Oligomers EcoRI–35763 (5

 

9

 

 gaaaactccca-
cagcaagctaatgattatctgaattcattcaattgggagagacaagtttcac 3

 

9

 

) and EcoRI–
41496 (5

 

9

 

 cacaagtgaaatatctggttaggatagaattctcccagttttcacaatgaaaacatc
3

 

9

 

) were used to make a 5.7-kb–deleted P1 plasmid. A 5.7-kb frag-
ment was isolated from the apo-B100 “Leu-Leu” plasmid with
RARE cleavage using oligomers EcoRI–35763 and EcoRI–41496 and
cloned into the pZErO-1 vector (Invitrogen, Carlsbad, CA). The apo-
B100 “Leu-Leu” plasmid was used to increase the yield of apo-B100,
since it contains a CAA-to-CTA mutation in codon 2153 that effec-
tively abolished the formation of apo-B48, which is formed by an ed-
iting mechanism present in mouse livers (16).

 

Site-directed mutagenesis of P1 DNA.

 

The pZErO-5.7kb plasmid
was subjected to site-directed mutagenesis with the Morph System (5
Prime

 

→

 

3 Prime, Inc., Boulder, CO) using oligonucleotide K3363E
(5

 

9

 

 caagattgacaagagaaaggggattgaag 3

 

9

 

) to mutate the lysine at reside
3363 to glutamic acid. The resulting plasmids were subjected to
RARE cleavage with oligomers EcoRI–35763 and EcoRI–41496, and
the mutated 5.7-kb fragment was isolated. After RARE cleavage of
the 5.7-kb–deleted P1 plasmid with oligonucleotide EcoRI del. 5.7-kb
(5

 

9

 

 ggaaaactcccacagcaagctaatgattatctgaattctcccagttttcacaatgaaaacatc 3

 

9

 

),
the mutated 5.7-kb fragment was ligated into the linearized and de-
phosphorylated 5.7-kb–deleted P1 vector (13).

 

Human apo-B transgenic mice.

 

The transgenic mice were gener-
ated with a P1 bacteriophage clone (p158) (15) that spanned the hu-
man apo-B gene in which mutations had been introduced by RARE

 

cleavage (13, 14). The genetic background of each of the human apo-B
transgenic lines was mixed (

 

z

 

 50% strain C57BL/6 and 

 

z

 

 50% strain
SJL). Transgenic mice were identified at the time of weaning (21 d)
by screening mouse plasma for human apo-B100 Western dot-blot
and Western analysis with the mAb 1D1 (17). Mice were housed in a
pathogen-free barrier facility operating on a 12-h light/12-h dark cy-
cle and were fed rodent chow containing 4.5% fat (Ralston Purina, St.
Louis, MO).

 

Isolation of recombinant lipoproteins.

 

Blood from mice fasted for
5 h was collected by cardiac puncture into tubes containing EDTA
(final concentration, 1 mg/ml), and the plasma was mixed with butyl-
ated hydroxytoluene (final concentration, 25 

 

m

 

M), PMSF (final con-
centration, 1 mM), and aprotinin (final concentration, 10 U/ml). The
LDL (

 

d

 

 

 

5

 

 1.02–1.05 g/ml) were isolated by sequential ultracentrifu-
gation with a Ti 70 rotor and dialyzed against 150 mM NaCl and
0.01% EDTA, pH 7.4; the mouse apo-E and apo-B were removed by
immunoaffinity chromatography as described (14). Lipoproteins used
for receptor-binding experiments were isolated and assayed within 1
wk. Human plasma LDL, isolated from a single blood donor, were in-
cluded as a control in each experiment.

 

Modification of recombinant LDL.

 

To selectively modify argi-
nines or lysines in apo-B100, recombinant LDL were incubated with
acetic anhydride or cyclohexadione, respectively. Acetylation of LDL
was carried out as described by Basu et al. (18). In short, with contin-
uous stirring in an ice-water bath, 0.5 mg recombinant LDL in 1.0 ml
0.15 M NaCl and 0.01% EDTA was mixed with 1.5 

 

m

 

l saturated so-
dium acetate solution every 15 min over 1 h. Cyclohexandione modi-
fication of LDL was performed as by Mahley et al. (19). 0.5 mg re-
combinant LDL in 1 ml of 0.15 M NaCl and 0.01% EDTA was mixed
with 2 ml of 0.15 M 1,2-cyclohexanedione in 0.2 M sodium borate
buffer (pH 8.1) and incubated at 35

 

8

 

C for 2 h. The sample was then
dialyzed for 48 h against 0.15 M NaCl and 0.01% EDTA at 4

 

8

 

C.

 

Cell culture and receptor-binding assays.

 

Human fibroblasts were
cultured in DME containing 10% FBS. 7 d before each experiment,
the fibroblasts were plated into 12-well cell culture dishes (22-mm
diam per well) at 

 

z

 

 12,000 cells/well in the same medium. 2 d before
each experiment, the cells were transferred to DME containing 10%
human lipoprotein–deficient serum. Normal human [

 

125

 

I]-labeled
LDL (2 

 

m

 

g/ml), along with increasing concentrations of unlabeled li-
poproteins, was added to the cells in DME containing 25 mM Hepes
and 10% human lipoprotein–deficient serum. After a 3-h incubation
at 4

 

8

 

C, the surface-bound radioactivity was determined. The amount
of unlabeled lipoproteins needed to compete 50% with [

 

125

 

I]-labeled
LDL was determined from an exponential decay curve-fitting model
(20).

 

Biglycan and versican isolation.

 

Biglycan and versican were pre-
pared from cultured human arterial smooth muscle cells metaboli-
cally labeled with [

 

35

 

S]SO

 

4

 

, as described by Chang et al. (21). Briefly,
cell medium was concentrated on DEAE-Sephacel mini-columns
equilibrated in 8 M urea, 0.25 M NaCl, and 0.5% 3-[3-cholamidopro-
pyl-diethylammonio]-1-propane-sulfonate (CHAPS). The [

 

35

 

S]-labeled
proteoglycans were eluted with 8 M urea, 3 M NaCl, and 0.5%
CHAPS and applied to a Sepharose CL-2B column equilibrated in
8 M urea and 0.5% CHAPS. Small aliquots of the resulting fractions
were counted to provide a profile of the separated material. The frac-
tions were then combined into four pools: pool 1, 

 

K

 

av

 

 

 

5

 

 0–0.2; pool 2,

 

K

 

av

 

 

 

5

 

 0.2–0.4; pool 3, 

 

K

 

av

 

 

 

5

 

 0.4–0.55; and pool 4, 

 

K

 

av

 

 

 

5

 

 0.55–0.8.
Eluted material in each pool was concentrated on Centricon-50 spin
columns and dialyzed into buffer A used for binding assays. The bulk
of the [

 

35

 

S]SO

 

4

 

 radioactivity was present in pools 1 and 3. Western
blot analyses showed that pool 1 contained versican and was negative
for perlecan, biglycan, and decorin. Pool 3 contained only biglycan
and no immunoreactivity for perlecan, versican, or decorin. Only very
small amounts of decorin were found in pool 4.

 

Gel mobility shift assay.

 

The interaction between LDL and bigly-
can or versican was investigated by a gel mobility shift assay (22). Be-
fore the assay, the [

 

35

 

S]biglycan and [

 

35

 

S]versican preparations were
dialyzed extensively at 4

 

8

 

C against 10 mM Hepes, 150 mM NaCl, 5

 

1. 

 

Abbreviations used in this paper:

 

 CHAPS, 3-[3-cholamidopropyl-
dimethylammonio]-1-propane-sulfonate; RARE, RecA-assisted re-
striction endonuclease.
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mM CaCl

 

2

 

, and 2 mM MgCl

 

2

 

 (pH 7.4, buffer A), and the protein con-
centrations were determined (Bio-Rad Protein assay; Bio-Rad Labo-
ratories, Hercules, CA) with bovine 

 

g

 

-globulin as the standard. In-
creasing concentrations of LDL were incubated with 

 

z

 

 2,000 dpm of
[

 

35

 

S]biglycan or [

 

35

 

S]versican for 1 h at 37

 

8

 

C in a total volume of 20 

 

m

 

l
of buffer A. 3 

 

m

 

l of bromphenol blue/glycerol (1:1, vol/vol) was added
to the samples, and 20 

 

m

 

l was loaded into wells of 0.7% NuSieve
(FMC BioProducts, Rockland, ME) agarose gels prepared on Gel-
Bond film (FMC BioProducts). Electrophoresis was run for 3 h at
60 V with recirculating buffer (10 mM Hepes, 2 mM CaCl

 

2

 

, 4 mM
MgCl

 

2

 

, pH 7.2) in a cold room. Gels were fixed with 0.1% cetyl pyrid-
ium chloride in 70% ethanol for 90 min, air-dried, and exposed to Hy-
per Film-MP (Amersham Life Sciences, Arlington Heights, IL) at

 

2

 

70

 

8

 

C. The [

 

35

 

S]biglycan or [

 

35

 

S]versican complexed to LDL appears
as a band at the origin of the gel, and the free, unbound proteoglycan
migrates to the front. The autoradiographs were quantitatively evalu-
ated with a Hewlett-Packard Scan Jet II cx and ImageQuant software
(Molecular Dynamics, Sunnyvale, CA).

 

Analysis of the plasma lipoproteins.

 

Purified lipoproteins were
analyzed on Western blots of 3–15% polyacrylamide-SDS gels with
enhanced chemiluminescence Western blotting detection reagents
(Amersham Life Sciences).

 

Results

 

Generation, isolation, and purification of recombinant human
LDL.

 

To identify the functional proteoglycan binding site(s)
on LDL, we used RARE cleavage to mutate a human apo-
B100 P1 bacteriophage clone, generated transgenic mice ex-
pressing human recombinant LDL with defined mutations in
apo-B100, and characterized the recombinant LDL.

LDL from four different lines of human apo-B100 trans-
genic lines were used (Table I). The first line contained human
recombinant control apo-B100 (control apo-B100) without
any mutation in the apo-B gene except a CAA-to-CTA muta-
tion in codon 2153. This was done to improve the yield of re-
combinant LDL by eliminating the formation of apo-B48,
which is formed by an editing mechanism present in mouse liv-
ers. The mutation does not interfere with the receptor-binding
activity of the recombinant LDL (14). A second line of trans-
genic mice expressed human apo-B100 in which arginine at
residue 3500 had been changed to glutamine (R3500Q). This
mutation is located distal of the receptor-binding site, but
causes the carboxyl-terminus of apo-B100 to disrupt the nor-
mal interaction between LDL and the LDL receptor (14). A
third line of human-apo-B transgenic mice expressed apo-
B100 in which the arginine residues were converted to serines
and the lysine residues were changed to alanines in the recep-
tor-binding site of apo-B100 (RK3359–3369SA). The fourth
line of human-apo-B transgenic mice expressed human apo-
B100 with lysine at residue 3363 mutated to glutamic acid
(K3363E). This line was generated to investigate if the pro-
teoglycan-binding and the receptor-binding activities can be
separated.

 

The recombinant LDL were isolated from the human-apo-B
transgenic mouse plasma by ultracentrifugation and the en-
dogenous mouse apo-E– and apo-B–containing lipoproteins
were removed by immunoaffinity chromatography. Purified
recombinant LDL isolated from the plasma of the four lines of
transgenic mice contained intact apo-B100 without any visible
contamination (Fig. 1 

 

A

 

). Western blot analysis showed that
the recombinant LDL from all four transgenic mouse lines
bound to the mAb 1D1 (Fig. 1 

 

B

 

), whose epitope is between
amino acids 474 and 539 in human apo-B100 (17), and that
only the unpurified recombinant LDL reacted with polyclonal
antibodies against mouse apo-B and mouse apo-E (Fig. 1, 

 

C

 

and 

 

D

 

, respectively), confirming that endogenous mouse apo-B
and apo-E had been completely removed.

 

Competitive receptor-binding assays of mouse-derived
human recombinant control LDL.

 

To evaluate the receptor-
binding activity of the recombinant LDL, LDL from each
transgenic line were tested with an in vitro competitive recep-
tor-binding assay (Fig. 2). Recombinant LDL with the un-
charged site B (RK3359–3369SA) or with the R3500Q mutation
had defective receptor binding (ED

 

50

 

 

 

.

 

 20 

 

m

 

g/ml for both), a
finding in agreement with our previous observations (14). The
K3363E LDL had normal receptor binding equivalent to that
of control LDL (ED

 

50

 

 2.4 and 2.3 

 

m

 

g/ml, respectively).

 

Table I. Mutants of the Human Apo-B Gene

 

Recombinant LDL LDL receptor binding Proteoglycan binding

 

Control LDL Normal Normal
R3500Q LDL Defective Normal
RK3359–3369SA LDL Defective Defective
K3363E LDL Normal Defective

Figure 1. Coomassie staining and western analysis of recombinant 
LDL. Recombinant LDL (d 5 1.02–1.05 g/ml) from four lines of hu-
man apo-B transgenic mice were isolated by sequential ultracentrifu-
gation and subjected to immunoaffinity chromatography to remove 
endogenous apo-B and apo-E. 5 mg of apo-B100 from human plasma 
LDL (lane 1) or immunopurified recombinant LDL (lanes 2–5) were 
analyzed by SDS-PAGE on 3–15% gels (A). 1 mg each of unpurified 
recombinant control LDL (lane 1) and purified recombinant LDL 
(lanes 2–5) were analyzed by Western blots with mAb 1D1 against 
human apo-B (B) and polyclonal antibodies against mouse apo-B (C) 
or mouse apo-E (D).
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Gel shift analysis of recombinant LDL with versican and
biglycan.

 

To determine the ability of the different recombi-
nant LDL to interact with proteoglycans, the recombinant
control, R3500Q, RK3359–3369SA, and K3363E LDL were
isolated and subjected to gel-shift analysis (22). This procedure
has the advantages that only microgram quantities of lipopro-
teins are required and the relative affinity of LDL binding to
the proteoglycans can be determined at physiological ionic and
pH conditions. In three independent experiments, recombi-
nant control LDL and R3500Q LDL bound [

 

35

 

S]versican and

[

 

35

 

S]biglycan almost as efficiently as human plasma LDL, but
recombinant RK3359–3369SA and K3363E LDL had severely
impaired binding to both [

 

35

 

S]versican and [

 

35

 

S]biglycan (Fig.
3). Thus, mutations of basic amino acids in site B dramatically
reduced the ability of apo-B100 to interact with proteoglycans.
Of particular interest was that recombinant K3363E LDL in-
teracted defectively with both versican and biglycan but had
normal receptor binding. Recombinant control LDL with and
without the “Leu-Leu” mutation displayed identical binding to
[

 

35

 

S]versican and [

 

35

 

S]biglycan (data not shown). Thus, this
mutation does not affect the binding of LDL to proteoglycans.

 

Gel shift analysis of acetylated or cyclohexanedione-modi-
fied recombinant LDL.

 

Mutagenesis of site B severely re-
duced its interaction with versican and biglycan. To test the
importance of the remaining clusters of basic amino acids for
the interaction of LDL with versican or biglycan, the remain-
ing arginines or lysines in apo-B100 were selectively modified
to abolish the receptor-binding and heparin-binding activities
of LDL (7). Recombinant LDL isolated from human apo-B
transgenic mice expressing recombinant control or RK3359–
3369SA LDL were divided into three aliquots. Two aliquots
were selectively modified with acetic anhydride or cyclohex-
anedione to change the arginines and lysines, respectively. The
ability of the modified recombinant control or RK3359–
3369SA LDL to bind [

 

35

 

S]biglycan or [

 

35

 

S]versican was
compared with that of unmodified recombinant LDL by
gel shift analysis. Again, unmodified RK3359–3369SA LDL
had greatly reduced ability to interact with [

 

35

 

S]biglycan or
[

 

35

 

S]versican (Fig. 4). Furthermore, the unmodified RK3359–
3369SA LDL bound proteoglycans almost identically before
and after chemical modification; only a minor difference was
detected in the [

 

35

 

S]biglycan gel shift assay (Fig. 4 

 

A

 

). These
data suggest that site B is the most important functional site
for interaction with proteoglycans and that the seven other po-
tential sites play a lesser role in apo-B100 (LDL).

 

Discussion

 

In this study, we examined the proteoglycan-binding activity of
human recombinant LDL. Although eight glycosaminoglycan-
binding sites have been identified in apo-B100 (8–10), it was

Figure 2. Competitive binding assay of recombinant LDL. The abili-
ties of recombinant control LDL, R3500Q LDL, RK3359–3369SA 
LDL, and K3363E LDL to compete with [125I]-labeled human plasma 
LDL (2 mg/ml) for binding to LDL receptors on normal human fibro-
blasts were determined. The recombinant lipoproteins were isolated 
from 15 mice, and endogenous apo-E and apo-B were removed. 
Competitor LDL were added at the indicated concentrations to nor-
mal human fibroblasts, and the amount of [125I]LDL bound to the fi-
broblasts was measured after a 3-h incubation. The results represent 
the average of data from three independent experiments performed 
with freshly isolated LDL for each experiment. Human plasma LDL 
were included as a control.

Figure 3. Gel shift analysis of 
mouse-derived recombinant 
LDL with [35S]biglycan and 
[35S]versican. The abilities of 
recombinant control LDL, 
R3500Q LDL, RK3359–
3369SA LDL, and K3363E 
LDL to interact with (A) 
[35S]biglycan or (B) [35S]ver-
sican were determined. The 
recombinant lipoproteins 
were isolated from 15 mice, 
and endogenous apo-E and 
apo-B were removed by im-
munoaffinity chromatogra-
phy. The results represent 
the average data from three 
independent experiments 

performed with freshly isolated LDL for each experiment. Human plasma LDL were included as a control. The high background in the gel shift 
analysis with [35S]versican is nonspecific and due to precipitation of versican at the origin.
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not known which of them participates in the physiological
binding of LDL to proteoglycans. Previously, we identified site
B (residues 3359–3369) as the LDL receptor-binding site (14),
and in this study, we found that it is also the primary binding
site for proteoglycans. We focused on site B because it is
highly similar to the receptor-binding site of apo-E, which is
also the physiological heparin-binding site (12) and because
heparin competes with the LDL receptor for binding to LDL
and displaces LDL from its receptor (23). Not only did studies
on apo-E help us to focus on site B, but they also provided
valuable clues for designing a single-point mutation in site B
that disrupts the proteoglycan binding but not the receptor
binding of LDL. Genetically dominant forms of type III hyper-
lipidemia possess apo-E variants with single-point mutations in
the receptor-binding site (24). Surprisingly, these mutations
had much more severe effects on the binding of apo-E to hep-
arin sulfate proteoglycans than to the LDL receptor (24). It is
also known that acidic residues (aspartic or glutamic acid) in-
serted into clusters of basic residues are especially effective in
disrupting the binding of proteins to proteoglycans (25). We
thus reasoned that it might be possible to disrupt proteoglycan
binding of site B by inserting a single glutamic acid in the cen-
ter of the basic triad arginine3362-lysine3363-arginine3364 in
site B. Recombinant LDL in which lysine3363 in apo-B100 was
changed to glutamic acid had severely defective proteoglycan-
binding activity but had normal LDL receptor-binding activity.
Thus, the proteoglycan-binding and the receptor-binding ac-
tivities in LDL can be separated by introducing this single-
point mutation into apo-B100. Moreover, since LDL with the
K3363E mutation retained LDL receptor-binding activity,
these results also indicate that the mutation did not affect the
overall folding and stability of the protein. Furthermore, none
of the mutations altered the size as determined by negative-
staining EM or the lipid composition of the recombinant LDL
(data not shown). As previously reported (14, 15, 26) we found
the human recombinant LDL was more triglyceride-rich than
normal plasma-derived human LDL (data not shown).

The finding that a single amino acid substitution in the re-
ceptor-binding site of apo-B100 did not affect LDL receptor-

binding activity may explain why, despite extensive searches,
no mutations in the receptor-binding site (site B) have been
found in patients with hypercholesterolemia (27). For exam-
ple, Dunning et al. (28) examined the DNA of hypercholester-
olemic patients with LDL that was defective in receptor bind-
ing and did not find any mutations in the gene encoding amino
acids 3130–3630. Our study shows that a single-point mutation
in the receptor-binding site, even one that disrupts the charge
density, does not affect the receptor-binding activity and sug-
gests that other single amino acid mutations in the B site may
not greatly alter the receptor binding of LDL.

As discussed above, apo-B100 and apo-E share two prop-
erties that make them unique among plasma apolipoproteins:
both bind to LDL receptors and both interact with a variety of
glycosaminoglycans, including heparin. A comparison of these
two functional domains has revealed an exceptional pattern of
converging functional and structural evolution. Both apolipo-
proteins have a single receptor-binding site, and the two sites
are strikingly similar. In fact, it is possible to swap them and re-
tain full receptor-binding activity in the chimeric apolipopro-
teins (14). Both proteins have multiple heparin-binding sites
when delipidated, but only one main site, which in both cases
overlaps with the receptor-binding site, is functional when the
proteins are incorporated into a lipid particle. Furthermore, in
both proteins, single-point mutations that disrupt the charge of
the receptor-binding sites affect the proteoglycan-binding ac-
tivity more severely than the receptor-binding activity (24). Thus,
binding of these apolipoproteins to the LDL receptor depends
more on the correct conformation of the receptor-binding site,
whereas binding to proteoglycans seems to be more dependent
on clusters of positive charges in the receptor-binding site.
This finding is in agreement with studies by Mahley and co-
workers (7, 29) demonstrating that the interaction between
lysine residues in apo-B100 and the LDL receptor are not sim-
ply an ionic interaction, since methylation of all lysine resi-
dues, which preserves the positive charge on the e-amino
group, abolishes binding activity. In contrast, heparin binding
to LDL is preserved when the positive charge on the lysine is
maintained after reductive methylation but is prevented when

Figure 4. Gel shift analysis of 
mouse-derived recombinant 
LDL with [35S]versican and 
[35S]biglycan after selective 
modification. The abilities of 
recombinant control LDL 
and RK3359–3369SA LDL, 
cyclohexanedione-modified 
control LDL and RK3359–
3369SA LDL, and acety-
lated control LDL and 
RK3359–3369SA LDL to in-
teract with (A) [35S]versican 
or (B) [35S]biglycan were de-
termined. The recombinant 
lipoproteins were isolated 
from 15 mice, and endoge-
nous apo-E and apo-B were 

removed by immunoaffinity chromatography. The isolated recombinant LDL were treated with (A) acetic anhydride or (B) cyclohexanedione 
to selectively modify all arginines or lysines, respectively, in apo-B100. The high background in the gel shift analysis with [35S]versican is nonspe-
cific and due to precipitation of versican at the origin.
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the charge on the lysyl residues is abolished after neutraliza-
tion of the positive charge by either acetoacetylation or car-
bamylation (7). Thus, although the same residues (arginine
and lysine) in site B are involved in both receptor binding and
proteoglycan binding of LDL, the nature of the chemical inter-
action appears to be different, and for receptor binding, the
conformation of the site appears critical. For example, the mu-
tations that most severely disrupt the receptor-binding activity
in apo-B100 (R3500Q) and apo-E (R158C) are located distal
to the receptor-binding sites. Both mutations cause a confor-
mational change in and around the receptor-binding sites that
virtually abolishes the receptor-binding activity, but has no or
only a marginal effect on proteoglycan-binding activity (24).

Although our results indicate that site B is the primary site
for the interaction of native LDL with proteoglycans, modifi-
cation of the LDL may expose other proteoglycan-binding
sites. Paananen and Kovanen (30) noted that proteolysis of
apo-B100 strengthened the binding of LDL to proteoglycans,
suggesting the exposure of buried heparin binding sites. Like-
wise, when LDL are fused by sphingomyelinase treatment, the
modified lipoproteins bind more avidly to proteoglycans (30,
31). The finding that multiple heparin molecules bind to LDL
(32) may also be explained by a cooperative effect of heparin
binding to one site that triggers a conformational change in
apo-B100 that enables other sites to participate in the interac-
tion. Thus, the initial interaction with proteoglycans may in-
duce structural alterations of the LDL that expose heparin/
proteoglycan-binding sites that may contribute to the intramu-
ral retention of LDL after the initial interaction with the pri-
mary binding site.

The ability to engineer a recombinant LDL with defective
proteoglycan binding but normal receptor binding provides an
opportunity to understand the potential importance of LDL
binding to the artery wall proteoglycans in atherogenesis. The
significance of this interaction has been highlighted in two re-
cent review articles (2, 3). Williams and Tabas proposed that
subendothelial retention of atherogenic lipoproteins is the cen-
tral pathogenic process in atherosclerosis (3). Moreover, they
hypothesized that retained lipoproteins can directly or indi-
rectly provoke all known features of early lesions, such as lipo-
protein oxidation, monocyte migration into the artery wall,
macrophage foam cell formation, and cytokine production,
and can accelerate further retention by stimulating local syn-
thesis of proteoglycans. Several lines of evidence indicate that
the retention of arterial lipoproteins involves the extracellular
matrix; proteoglycans, in particular, appear to play an impor-
tant role (2, 3, 8, 33). First, purified arterial proteoglycans, es-
pecially those from lesion-prone sites (34, 35), bind athero-
genic lipoproteins in vitro, particularly LDL from patients with
coronary artery disease (36). LDL binds with high affinity to
dermatan sulfate and chondroitin sulfate, proteoglycans pro-
duced by proliferating smooth muscle cells (22). Second, pro-
teoglycans are a major component of the artery wall extracel-
lular matrix and are available to participate in the interactions
of lipoproteins in the earliest stages of atherogenesis (37, 38).
Third, retained apo-B immunologically co-localizes with pro-
teoglycans in early and developed lesions (39–43). The obser-
vation that the arterial wall content of these proteoglycans in-
creases during atherosclerosis and correlates with an increased
accumulation of aortic cholesterol also supports the potential
importance of the interaction between LDL and proteoglycans
(41).

Our results indicate that site B (residues 3359–3369) is the
major proteoglycan-binding site in apo-B100. These residues
are only present on apo-B100, and not on apo-B48, which is
truncated at residue 2153. However, gene-targeted mice ex-
pressing only apo-B48 developed, at similar high cholesterol
levels, an equivalent degree of atherosclerosis as mice express-
ing only apo-B100 (44). Furthermore, the most widely used
murine model for studying dislipidemia and atherosclerosis,
obtained by inactivating the Apo-E gene (Apoe2/2), contains
mainly apo-B48–containing lipoproteins. The finding that mice
with lipoproteins containing only or mainly apo-B48 develop
severe atherosclerosis and our finding that the principal pro-
teoglycan-binding site of LDL resides in the carboxyl-terminus
of apo-B100 presents a paradox. If binding to artery wall pro-
teoglycans is a key step in atherogenesis, then apo-B48–con-
taining lipoproteins must bind proteoglycans via binding
site(s) present in the amino-terminal 48% of the apo-B mole-
cule that are masked or nonfunctional in apo-B100.

Our transgenic mice expressing recombinant human apo-
B100 LDL with the non–proteoglycan-binding mutations will
give us a unique tool to investigate the importance of the
LDL–proteoglycan interaction in the artery wall in the devel-
opment of atherosclerosis. If the subendothelial retention of
LDL by proteoglycans is the initial event in early atherosclero-
sis, then LDL with the K3363E mutation or other mutations
that disrupt proteoglycan binding may have little or no athero-
genic potential.
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