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An initial event in atherosclerosis is the retention of
lipoproteins within the intima of the vessel wall. The
co-localization of apolipoprotein (apo) B and proteogly-
cans within lesions has suggested that retention is due
to lipoprotein interaction with these highly electroneg-
ative glycoconjugates. Both apoB100- and apoB48-con-
taining lipoproteins, i.e. low density lipoproteins (LDLs)
and chylomicron remnants, are atherogenic. This sug-
gests that retention is due to determinants in the initial
48% of apoB. To test this, the interaction of an apoB
fragment (apoB17), and apoB48- and apoB100- contain-
ing lipoproteins with heparin, subendothelial matrix,
and artery wall purified proteoglycans was studied.
ApoB100-containing LDL from humans and human apoB
transgenic mice and apoB48-containing LDLs from apoE
knockout mice were used. Despite the lack of the car-
boxyl-terminal 52% of apoB, the apoB48-LDL bound to
heparin-affinity gel as well as did apoB100-LDL. An NH,-
terminal fragment containing 17% of full-length apoB
was made using a recombinant adenovirus; apoB17
bound to heparin as well as did LDL. Monoclonal anti-
bodies against the NH,-terminal region of apoB de-
creased apoB100 LDL binding to heparin, whereas anti-
bodies against the LDL receptor-binding region did not
alter LDL-heparin interaction. The role of the NH,-ter-
minal region of apoB in LDL interaction with matrix
molecules was also assessed. Media containing apoB17
decreased LDL binding to subendothelial matrix by 42%.
Moreover, removal of the apoB17 by immunoprecipita-
tion abrogated the inhibitory effect of these media. An-
tibodies to the NH,-terminal region decreased LDL
binding to matrix and dermatan sulfate proteoglycans.
Purified apoB17 effectively competed for binding of
LDL to artery derived decorin and to subendothelial
matrix. Thus, despite the presence of multiple basic
amino acids near the LDL receptor-binding domain of
LDL, the NH,-terminal region of apoB is sufficient for
the interaction of lipoproteins with glycoconjugates
produced by endothelial and smooth muscle cells. The
presence of a proteoglycan-binding site in the NH,-termi-
nal region of apoB may explain why apoB48- and
apoB100-containing lipoproteins are equally atherogenic.
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The hallmark of the atherosclerotic process, and the charac-
teristic that distinguishes it from other inflammatory pro-
cesses, is the presence of both intra- and extracellular lipid
deposits (1). Despite a large body of data on interactions be-
tween lipoproteins and isolated proteins and cultured cells, the
processes that lead to the accumulation of these lipoproteins
and lipids in the artery wall are not well defined. Two types of
lipoproteins have been clearly established as atherogenic. They
are the apolipoprotein (apo)! B100-containing LDL and the
apoB48-containing chylomicron remnants. Human genetic dis-
orders resulting in increased circulating levels of either of these
lipoproteins cause premature atherosclerosis (2, 3). Moreover,
mice have been produced that have elevated blood concentra-
tions of apoB100- or apoB48-lipoproteins, and increased
plasma levels of either of these particles leads to atherosclero-
sis development (4, 5). Thus, a common and perhaps necessary
requirement for atherogenesis is elevated plasma levels of li-
poproteins containing at least the NH,-terminal 48% of apoB.

The observation that elevated levels of apoB are the primary
cause of atherosclerosis is supported by pathological data that
also provide insights into how these lipoproteins accumulate
within the artery. ApoB-containing lipoproteins are major com-
ponents of the atherosclerotic plaque. Immunohistological
studies of blood vessels have demonstrated the presence of
LDL-like particles within the intima (6, 7). At least two pro-
cesses can lead to increased LDL in atherosclerosis-prone re-
gions. These regions could be more permeable to lipoproteins,
or components of the artery wall could prevent egress of LDL
after crossing the endothelial barrier. In vivo studies of the
accumulation of LDL in cholesterol-fed rabbits have suggested
that this latter process, termed lipoprotein retention, occurs in
atherosclerosis-prone areas of the aorta (8).

If LDLs become associated with components of the artery,
their egress would be prevented, and the LDLs would be re-
tained in the artery. LDLs in atherosclerotic lesions are found
in regions that are enriched in proteoglycans (9, 10), molecules
that contain highly electronegative glycosaminoglycans
(GAGs). Complexes of apoB-containing lipoproteins and proteo-
glycans have been purified from atherosclerotic portions of
blood vessels (11). In addition, in vitro studies have shown that
LDLs will associate with proteoglycans (12, 13) and that LDL-
proteoglycan complexes can be produced under experimental
conditions (14). Using heparin binding as a model for how LDL
interacts with vessel wall proteoglycans, the prevailing view
has been that heparin-binding regions of LDL that are predom-

! The abbreviations used are: apo, apolipoprotein; NTAB, NH,-termi-
nal region of apoB; MB, monoclonal anti-apoB antibody; GAG, glycos-
aminoglycan; LDL, low density lipoprotein; PAGE, polyacrylamide gel
electrophoresis; BSA, bovine serum albumin; PBS, phosphate-buffered
saline; CMV, cytomegalovirus.
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inantly found near the carboxyl-terminal region of apoB are
responsible for LDL retention within arteries (15). This is be-
cause small peptides from this region contain multiple basic
amino acids and bind more tightly to GAG than peptides from
other regions of LDL (15-18). However, apoB48 lipoproteins
that do not have this region are atherogenic (5). Therefore, if
proteoglycan interaction is the initial step in atherosclerosis
development, there must be additional proteoglycan-binding
regions on these apoB48-containing lipoproteins or they must
initiate atherosclerosis via an entirely different mechanism, an
unlikely possibility.

The NH,-terminal region of apoB (NTAB) is a relatively
hydrophilic portion of the molecule that contains seven disul-
fide bonds and is thought to extend away from the surface of
the LDL molecule (19). NTAB encompasses approximately 17%
of the apoB and is at least 80 kDa. This region of apoB has been
shown to bind to lipoprotein lipase (20), interact with the scav-
enger receptor (21), and bind to a triglyceride-rich lipoprotein
receptor on macrophages (22). Moreover, NTAB is required for
the initiation of assembly of apoB-containing lipoproteins in
the endoplasmic reticulum (23, 24).

In this report, experiments are presented to demonstrate
that NTAB binds to heparin affinity gels with an affinity equal
to or greater than apoB100-containing LDL. In addition,
apoB48-containing lipoproteins were observed to bind to hep-
arin as well as LDL. Moreover, much of the binding of LDL to
subendothelial matrix and purified arterial wall proteoglycans
was inhibited by a truncated apoB protein containing the NH,-
terminal 17% of apoB. Based on these findings, we propose that
NTAB contributes to the atherogenicity of LDL and remnant
lipoproteins.

MATERIALS AND METHODS

Lipoprotein Isolation and ApoB Detection—Human and mouse LDL
were isolated by sequential ultracentrifugation (25). Plasma was sub-
jected to ultracentrifugation at d < 1.019 for 24 h at 40,000 rpm in a
Beckman centrifuge at 10 °C as described previously (26). The floating
lipoproteins containing very low and intermediate density lipoproteins
were removed, d = 1.012 buffer was added to the infranatant, and the
d = 1.063 solution was used for ultracentrifugation as above. For the
mouse samples, the floating lipoproteins were recentrifuged to concen-
trate and dissociate any remaining apoE. LDL were dialyzed and the
protein assessed by the method of Lowry et al. (27). LDL was radioio-
dinated using iodine monochloride as described previously (28), leading
to 100-150 cpm/ng.

To confirm the presence of apoB and to detect any residual apoE, the
mouse lipoproteins were subjected to Western blot analysis. SDS-PAGE
and Western blotting were carried out as described previously (20).
Briefly, nitrocellulose strips were incubated with the antibodies (1:500
dilution) for 1 h at room temperature, washed five times with phos-
phate-buffered saline containing 0.1% Tween 20, and then incubated
with the corresponding secondary antibody coupled to horseradish per-
oxidase. The antibodies used included sheep anti-human polyclonal
anti-apoB (Boehringer Mannheim), monoclonal anti-apoB antibodies
(MBs), and polyclonal anti-apoE antiserum. The peroxidase reaction
was developed with ECL Chemiluminescence Kit according to the man-
ufacturer’s directions (Amersham Life Sciences Ltd., Buckinghamshire,
United Kingdom).

Monoclonal Anti-apoB Antibodies—Several monoclonal antibodies
that interact with different regions of apoB were used. These antibodies
have been characterized previously (29, 30). MB47 blocks a region of
apoB required for LDL interaction with the LDL receptor. The epitope
for MB47 has been localized to amino acids 3429-3453 and 3507-3523.
MB19 interacts with an epitope within the first 100 amino acids of apoB
(30) and has been used to inhibit lipoprotein lipase interaction with
apoB (20). In addition, four commercially available antibodies were
used (Ottawa Heart Institute Research Corporation, Ottawa, Canada).
These were as follows: 1D1 epitope, amino acids 474-539; 2D8 epitope,
amino acids 1438-1481; 4G3 epitope, amino acids 2980-3084; and
5E11 epitope, amino acids 3441-3569 (29). For experiments in which
the effects of antibodies on LDL interaction with heparin-affinity gel
were studied, an equimolar amount of the antibodies and LDL were
incubated for 1 h at 4 °C prior to chromatography.
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Adenovirus Production of Recombinant ApoB17—The recombinant,
replication-defective adenovirus Ad.apoB17 was created in two steps.
First the apoB17 ¢cDNA fragment was cloned into the EcoRV and Sall
cloning sites of plasmid vector pACE (31). This contains, in order, the
first 355 base pairs from the left end of the adenovirus genome, the
cytomegalovirus (CMV) immediate early promoter, DNA that encodes
splice donor and acceptor sites, cloning sites for the desired gene (in this
case, apoB17), DNA encoding a poly(A) signal sequence from the mouse
B globin gene, and approximately 6 kilobase pairs of adenovirus se-
quence extending from nucleotide 2966 through nucleotide 9197. The
recombinant virus was created in vivo in 293 cells by homologous
recombination between the apoB17-containing vector and plasmid
JM17, as described (32). The recombinant virus is replication-defective
in human cells other than 293 cells, which express adenovirus E1A and
E1B. Following transfection of the two plasmids, infectious virus was
recovered, the genomes were analyzed to confirm the recombinant
structure, and then virus was plaque-purified, all by standard proce-
dures (31). The control virus Ad-CMV was created in similar fashion
from pACE lacking the ApoB17 insert.

Confluent 293 cells were infected with pACE-B17 and Ad-CMV at a
multiplicity of infection of 100 plaque-forming units/cell. After 36 h, the
media were removed and new, nonserum containing media (Dulbecco’s
modified Eagle’s medium-1.5% BSA) were added to the cells. These
media were collected after 8 h. 0.5 ml of each condition medium was
used for immunoprecipitation and secretion of apoB17 into the medium
was confirmed by Western blotting.

For some experiments, the apoB17 was removed from the 293 me-
dium by immunoprecipitation as follows. ApoB17-containing medium
was mixed with a Y00 volume of polyclonal anti-apoB IgG and incu-
bated at 4 °C overnight. The IgG and associated apoB17 were then
removed by adding 0.05 volume of 10% protein A-Sepharose beads
(Amersham Pharmacia Biotech) and centrifugation at 7000 rpm for 5
min in a microcentrifuge (Eppendorf model 5415C). This step was
repeated a second time to remove any residual IgG. ApoB17 and IgG
removal was confirmed by loss of the immunoreactive band by Western
blot.

Purification of ApoB17—ApoB17 was isolated from medium obtained
from adenovirus infected cells. The medium was incubated with hepa-
rin-affinity gel (Affi-Gel-Heparin, Bio-Rad) for 1 h at 4 °C. The gel was
washed with Hepes buffer (pH 7.3) containing 0.15 M NaCl, and apoB17
was eluted with 0.5 M NaCl in Hepes buffer. The eluted apoB17 was
detected by Western blot, and the fractions with the highest apoB17
content were pooled. ApoB17 was further purified by DEAE-cellulose
chromatography. Heparin-eluted material was diluted to 0.15 m NaCl
and loaded onto a DEAE column. The column was washed and apoB17
was eluted with 0.26 m NaCl in Hepes buffer. ApoB17 was detected by
Western blotting, and the fractions containing apoB17 were pooled.

Heparin Affinity Chromatography—To assess lipoprotein and apoB
binding to heparin, apoB17-containing 293 cell medium or isolated
lipoproteins in low salt buffer (0.075 m NaCl, 10 mm Hepes, pH 7.4) were
incubated with heparin affinity gel. The gel was first washed with 10
mM Hepes, pH 7.4, containing 0.075 M NaCl and 1.5% BSA. 3 ml of gel
was then incubated for 2 h at 4 °C with either conditioned medium from
293 cells infected with pACE-B17, human LDL, mouse LDL from hu-
man-apoB100 transgenic mice, or mouse apoB48-containing lipopro-
teins from apoE null mouse. After binding, the heparin gel was packed
into Bio-Rad poly-prep columns (0.8 X 4cm), and unbound media were
collected. The gel was washed and either eluted sequentially with 2.5
volumes (8 ml) of 10 mMm Tris-HCI, pH 7.4, containing 0.15 M, 0.4 M, and
then 1 M NaCl or with a gradient (12.5 volumes) of 0.075-0.9 M NaCl.
Fractions were either directly analyzed by SDS-PAGE or immunopre-
cipitated and analyzed by Western blotting.

For Western blot analysis, immunoprecipitation was carried out as
described previously (33). Briefly, fractions collected from the unbound,
0.15, 0.4, and 1 M NaCl eluates were incubated overnight at 4 °C with
0.05 volume of 1:50 dilution of anti-apoB polyclonal antibody, followed
by incubation with 0.05 volume of 10% protein A-Sepharose CL-4B
beads for 3 h. The beads were washed, and bound proteins were eluted
by boiling in 100 ul of sample buffer (0.125 m Tris-HCI, pH 6.8, 4% SDS,
20% glycerol, and 10% 2-mercaptoethanol) for 5 min. Released proteins
were analyzed by 5% SDS-PAGE, followed by Western blotting with
anti-apoB polyclonal antibody as described above.

In some experiments, '**I-LDL radioiodinated using iodine mono-
chloride was used. To ensure that the labeled LDL interacted with
proteoglycans in a manner similar to native LDL, the **I-LDL prepa-
rations were chromatographed using Affi-Gel-heparin. Only LDL that
eluted in the same position as unlabeled LDL, and was therefore not
damaged or oxidized during the labeling procedure, was used for sub-
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sequent experiments.

Matrix Molecules—Subendothelial matrix was produced from bovine
aortic endothelial cells as described previously (34). In brief, confluent
monolayers of endothelial cells were washed three times with phos-
phate-buffered saline (PBS) and incubated for 5 min in a solution
containing 20 mm NH,OH and 0.1% Triton X-100 at room temperature.
Detached cells were removed by washing three times with PBS followed
by three times with minimum essential medium containing 3% bovine
serum albumin (minimum essential medium-BSA). This procedure has
been shown to leave the intact subendothelial matrix attached to the
surface of the well.

To assess lipoprotein binding to isolated proteoglycans, 24 well plates
(Falcon) were incubated overnight in borate buffer (pH 10) containing
10 pg/ml dermatan sulfate proteoglycans (Collaborative Biomedical
Products, Bedford, MA). The unreacted regions of the plates were then
blocked by incubating the plates in borate buffer containing 1.5% BSA
for 2 h at room temperature. '?’I-LDL (5 ug/well) in PBS-1.5% BSA
(PBS-BSA) was allowed to bind at 37 °C for 1 h. The plates were then
washed three times with PBS-BSA. Bound apoB was extracted with
0.5 N NaOH for 1 h at room temperature, and the radioactivity was
assessed (35).

Competition between LDL and ApoB17 for Binding to Dermatan
Sulfate Proteoglycans—The role of the NH,-terminal region of apoB in
LDL association with purified arterial wall proteoglycans was assessed.
Methods for these experiments are similar to those used in previous
studies comparing the binding of different LDL species to proteoglycans
(36). Decorin was isolated from human arteries as described (37). For
these experiments, apoB17 containing a C-terminal FLAG epitope
(DYKDDDDK) (apoB17F) was used. ApoB17F was produced by infec-
tion of Sf9 cells with recombinant baculovirus, followed by anti-FLAG
immunoaffinity purification of the Sf9 culture medium. Purified
apoB17 was quantified by the Lowry method (27).

RESULTS

Comparison of ApoB100 and ApoB48 LDL Association with
Heparin-Gel—To test whether lipoproteins containing
apoB100 have higher affinity for heparin than do apoB48-
containing lipoproteins, LDL were isolated from human
apoB100-expressing and apoE knockout mice. The apoE knock-
out particles were used to prevent any confounding effects of
apoE in the apoB48 particles on the association with heparin.
Human LDL contained almost entirely apoB100, and the par-
ticles from the E knockout mice were almost entirely apoB48
particles. Neither lipoprotein had detectable apoE by Western
blot.

Both lipoproteins were used for heparin-affinity chromatog-
raphy and eluted either stepwise with increasing concentra-
tions (Fig. 1A) or with a gradient of NaCl (Fig. 1B). Only trace
amounts of the apoB100 lipoproteins did not bind to heparin
and were present in the 0.075 M NaCl buffer, run through. The
Western blots of the recovered protein in each eluate are shown
in Fig. 1A. Some of the associated apoB100-LDL was eluted
with 0.15 M NaCl (physiologic ionic strength). Additional
apB100-LDL remained bound and eluted with 0.4 m NaCl; no
further apoB100 LDL was eluted with 1 m NaCl. Most apoB48
LDL also associated with heparin in the 0.075 M salt buffer.
The elution pattern of this LDL was similar to that of the B100
particles: most of the LDL eluted using 0.15 m NaCl and 0.4 m
NaCl. Therefore, absence of the C-terminal region of apoB did
not result in decreased heparin binding.

To further compare the elution of these two LDLs, 100 ug of
both lipoproteins were allowed to bind to heparin-affinity gel at
the same time and were eluted with a salt gradient. As shown
in Fig. 1B, both apoB100- and apoB48-LDL bound with similar
affinities and eluted at a salt concentration of about 0.25-0.3 m
NaCl.

ApoB17 Binding to Heparin-containing Gel—We next tested
whether an NH,-terminal fragment of apoB would directly
bind to heparin. ApoB17-containing medium (6 ml) was mixed
with an equal volume of 20 mm Tris (pH 7.4) to reduce its ionic
strength to 0.075 M NaCl and then was applied to heparin-
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Fic. 1. Comparison of heparin affinity of apoB100- and
apoB48-containing lipoproteins. Lipoproteins of density 1.019-—
1.063 g/ml were isolated from plasma of human apoB100-expressing
transgenic mice and apoE knockout mice. The lipoproteins were con-
centrated by a second ultracentrifugation, dialyzed, and allowed to bind
to 3 ml of heparin-affinity gel in buffer containing 0.075 M NaClL
Lipoproteins were eluted with increasing concentrations of NaCl, either
step-wise (8 ml of each buffer) (A) or with a gradient (0.075-0.9 m NaCl)
(B) in the same buffer. The eluted apoB was analyzed by SDS-PAGE
and identified by Western blotting (A) or Coomassie Blue staining (B).
Both apoB48 and B100 eluted at similar salt concentration (~0.26 M
NaCl).

affinity gel (3 ml). The gel was sequentially washed with in-
creasing ionic strength, and the apoB was concentrated by
immunoprecipitation. Densitometric scans of the Western blots
were used to estimate the amount of apoB100 and apoB17
eluted with each NaCl concentration. As shown in Fig. 2, hu-
man LDL, eluted in the identical position to the LDL obtained
from the human apoB100 expressing transgenic mice; i.e. pro-
duction of the lipoproteins in the mouse or human led to similar
heparin binding. ApoB17 also associated with heparin. Some
apoB17 eluted with 0.15 m NaCl, but the majority of apoB17
was eluted with 0.4 m NaCl. A small amount of the apoB17, less
than 20%, remained and was dissociated with the 1 m NaCl
buffer. When eluted with a salt gradient, most apoB17 eluted
from the heparin between 0.25 and 0.3 M NaCl (not shown).
Therefore, apoB17 bound to heparin with an affinity similar to
that of apoB100 and apoB48 LDL. This suggested that the
amino-terminal 17% of apoB could mediate apoB100-LDL as-
sociation with heparin.

Effects of Monoclonal Antibodies on LDL Binding to Hepa-
rin—Monoclonal antibodies were used to block regions of apoB
and prevent their accessibility to heparin. MB47 and 5E11 are
antibodies that block LDL interaction with the LDL receptor-
binding region of apoB. In the experiment shown in Fig. 3A,
MBA47 was added to apoB100-LDL at a concentration sufficient
to inhibit LDL uptake by LDL receptor-up-regulated cells (38).
In separate experiments, both MB47 and 5E11 antibodies
blocked LDL degradation by fibroblasts over 80% (data not
shown). Most of the LDL eluted from heparin at 0.15 m NaCl.
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Fic. 2. Human LDL and apoB17 binding to heparin. Human
LDLs were isolated by ultracentrifugation, and apoB17 was produced in
the medium of 293 cells after infection by an apoB17-producing adeno-
virus. The medium and human LDL were applied to a heparin-affinity
column in 0.075 M NaCl and the column was eluted with buffer con-
taining increasing concentrations of NaCl, as described in Fig. 1. The
eluted apoB was assessed by Western blot analysis as described under
“Materials and Methods.” Densitometric estimates of the recovery of
apoB100-lipoproteins and apoB17 in each fraction after a step elution
are shown.

Incubation with MB47 led to no appreciably change in LDL
elution from heparin-gel. In contrast, MB19 increased the
amount of LDL not associating with heparin and found in the
0.075 m NaCl fraction. Therefore, antibodies that block the
NH,-terminal but not the LDL receptor-binding region de-
creased LDL binding to heparin. These data support the hy-
pothesis that regions other than the LDL-receptor binding
region of apoB can interact with heparin.

A similar experiment was performed with a second set of
monoclonal antibodies to the NH,-terminal and the LDL recep-
tor-binding regions of apoB. In this experiment, shown in Fig.
3B, the antibodies (equimolar concentrations) were allowed to
associate with the LDL for 1 h at 4 °C, the LDL-antibody
complexes were mixed with the heparin-affinity gel, and the gel
eluted with a continuous gradient from 0.075 to 0.9 m NaCl. As
in Fig 34, the antibody directed against the NH,-terminal, but
not the antibody that blocks LDL interaction with the LDL
receptor, decreased LDL binding to heparin (Fig. 3B). Addition
of C-terminal antibodies (4G3 and E11 (CTAB)) did not alter
the elution pattern of LDL from that of Fig. 1B. In contrast, in
the presence of NTAB antibodies (1D1 and 2D8), LDL was
eluted in two peaks in fractions both at a lower salt concentra-
tion than that of untreated LDL (Fig. 1B). Therefore, two
different combinations of monoclonal antibodies gave similar
results, implicating the NH,-terminal region of apoB in LDL-
heparin interaction.

Effects of MB19 and MB47 on LDL Interaction with Matrix
Proteins—Because the promotion of atherosclerosis is thought
to require LDL interaction with matrix proteoglycans, the ef-
fects of MBs on LDL association with subendothelial matrix
and with isolated proteoglycans were assessed. As shown in
Fig. 4A, MB19 decreased LDL binding to subendothelial matrix
by approximately 50%, whereas MB47 had little effect on LDL
association with matrix.

Because subendothelial matrix contains a number of pro-
teins that may interact with LDL, immunoinhibition was as-
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FiG. 3. Antibodies to the NH,-terminal region but not the car-
boxyl-terminal region of apoB inhibit LDL binding to heparin-
agarose. A, human LDL was incubated for 1 h with an equimolar
amount of monoclonal antibodies to apoB (MB). Heparin-affinity chro-
matography of human LDL was performed in the presence of MB19, an
antibody directed to the NH,-terminal region, or MB47, an antibody
that inhibits LDL binding to the LDL receptor. The gel was eluted
stepwise with increasing concentrations of NaCl, and apoB was as-
sessed by SDS-PAGE and Coomassie Blue staining. B, human LDLs
(200 ng) were incubated with equimolar concentrations of MBs either to
the carboxyl-terminal region (4G3 epitope, amino acids 2980-3084, and
5E11 epitope, amino acids 3441-3569 (CTAB)) or to the NH,-terminal
region (1D1 epitope, amino acids 474-539; 2D8 epitope, amino acids
1438-1481 (NTAB)), both at equimolar concentrations for 1 h at 4 °C.
Heparin-agarose chromatography was then performed as described in
Fig. 1. Fractions were analyzed by SDS-PAGE and stained with Coo-
massie Blue.
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Fic. 4. Effect of monoclonal anti-apoB antibodies on LDL
binding to subendothelial matrix and dermatan sulfate proteo-
glycans. Subendothelial matrix (SEM) was prepared from confluent
endothelial cells as described under “Materials and Methods.” SEM-
containing (A) or dermatan sulfate proteoglycan-containing (B) wells
were incubated with '?°I-LDL (5 ug/ml) for 1 h in Dulbecco’s modified
Eagle’s medium-1.5% BSA in the presence or absence of MBs. Unbound
LDL was removed, and bound LDL was eluted with 0.5 N NaOH and
counted.

sessed using plates that were coated with dermatan sulfate
proteoglycans. Shown in Fig. 4B are the effects of MB19 and
MB47 on LDL association with dermatan sulfate proteogly-
cans. MB47 had little effect on LDL binding, but MB19 inhib-
ited LDL interaction with the dermatan sulfate approximately
50%.
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Fic. 5. LDL association with subendothelial matrix in the
presence of apoB17. A, LDL association with subendothelial matrix.
This was assessed as described in Fig. 4. The LDL was added in medium
from 293 cells, medium from 293 cells expressing apoB17, and the
apoB17-containing medium after immunoprecipitation of the apoB17
(denoted apoB17 anti B). B, release of bound LDL by apoB17. In this
experiment, '?°I-LDL was first allowed to bind to subendothelial matrix
for 1 h at 37 °C. Unbound LDL was removed, and matrix containing
bound LDL was incubated for 1 h at 37 °C with plain medium or
medium obtained from control adenovirus infected 293K cells (293K) or
medium from 293K cells infected with apoB17-producing adenovirus
(B17-293K). Released LDL was counted. C, competition with purified
proteins. LDL association with subendothelial matrix was assessed as
described in Fig. 4. #°I-LDL was mixed with 20 ug unlabeled LDL
(LDL), 1 pg of purified apoB17, or 10 ug of high molecular weight
kininogen (Kg) and added to wells containing subendothelial matrix.
Binding was carried out at 37 °C for 90 min. Unbound radioactivity was
removed, and bound radioactivity was extracted with 1 N NaOH.

Competition between NTAB and LDL for Binding to Suben-
dothelial Matrix—As a further test of the role of NTAB in LDL
matrix interaction, radioactive LDL association with matrix
was assessed in conditioned medium from 293 cells and from
293 cells that were infected with apoB17 producing adenovirus.
As shown in Fig. 54, the apoB17-containing medium reduced
LDL binding by 42%. To determine whether this effect was
specifically due to apoB17 rather than other components of the
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Fic. 6. Competition of LDL association with artery-derived
decorin by apoB17. Purified decorin was radiolabeled, and its asso-
ciation with LDL coated microtiter plates in the presence of increasing
concentrations of LDL or apoB17 was assessed.

apoB17-adenovirus infected medium, the same media were
used after removing the apoB17 by immunoprecipitation (Fig.
5A, B17 anti-B). The apoB17-depleted medium did not block
LDL binding to matrix.

In a different experiment ?°I-LDL was first allowed to bind
to subendothelial matrix and then incubated for 1 h at 37 °C
with plain medium, medium obtained from control adenovirus
infected 293K cells, or medium from 293K cells infected with
apoB17 adenovirus. As shown in Fig. 5B, apoB17 medium
released greater amounts of LDL. Therefore, soluble NH,-ter-
minal fragments of NTAB compete with LDL and decrease its
association with matrix.

Next, we compared the effects of LDL, purified apoB17, and
kininogen (another heparin-binding protein (molecular mass,
~115,000 Da)) on LDL binding to subendothelial matrix. Both
LDL (100 png, a 20-fold excess) and apoB17 (1 pg, an approxi-
mately equimolar amount) inhibited LDL association approxi-
mately 50%. Kininogen (10 ug) had no effect. These data sug-
gest that apoB17 was a better competitor than unlabeled LDL
for interaction with matrix components including proteogly-
cans. In this same experiment, the LDL was incubated in
medium containing 50 units/ml of heparin. Heparin decreased
the amount of associated LDL by 54%, from 5.3 * 0.6 to 2.46 =
0.3 ng. This suggests that some LDL interaction with matrix is
not to glycosaminoglycans.

ApoB17 Competition with LDL for Association with
Decorin—To further confirm that NTAB was responsible for
LDL binding to proteoglycans and to assess in a more quanti-
tative manner the abilities of LDL and apoB17 to compete for
LDL-proteoglycan association, additional studies were con-
ducted using artery-derived decorin. Decorin is the major der-
matan sulfate containing proteoglycan of artery. The system
employed maximizes the LDL-proteoglycan binding by initially
using an interaction binding buffer consisting of 50 mm NaCl, 5
mM calcium, and finally a physiologic buffer of 150 mm NaCl.
For these studies microtiter plates were coated with LDL, and
the association of radioiodinated artery derived decorin was
assessed in the presence of increasing concentrations of either
LDL or apoB17. As expected, LDL effectively and totally com-
peted for binding of decorin to LDL (Fig. 6). When apoB17 was
used to compete for decorin binding to LDL, essentially all
binding to LDL was inhibited. For both LDL and apoB17, less
than 1 pmol was necessary for maximum competition. Three
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separate experiments were completed to assess binding affini-
ties using molar levels of either apoB17 or LDL required to
inhibit 50% of decorin binding to LDL. On average, 0.16 = 0.02
pmol (mean = S.E.) of apoB17 and 0.40 = 0.03 pmol of LDL
were required. For these experiments, six levels of the DYKD-
DDDK peptide used in purification of apoB17, ranging from 10
to 300 pmol, had no influence binding decorin to LDL (data not
shown). These results indicate that apoB17 binds to artery
derived decorin, and this binding affinity is significantly (p <
0.05) greater than the binding affinity of intact LDL particles.

DISCUSSION

A central paradigm for atherogenesis is that the process
begins by the retention of lipoproteins on vessel wall proteo-
glycans. Pathological and biochemical information has sup-
ported this thesis. Moreover, studies by several investigators
showed that regions of apoB would associate with heparin and
other GAG (15-18). However, these experiments, using short
peptides, implicated regions close to the LDL-receptor binding
domain (amino acids 3359-3367) as the heparin binding, and
by inference, atherogenic region of apoB. Thus, a widely held
assumption is that this region of apoB causes cholesterol-car-
rying lipoproteins to become pathologic. Our data suggest that
this is not the only portion of apoB that will increase lipopro-
tein association with GAG.

Our data show that NTAB alone or associated with lipopro-
teins can interact with heparin and matrix proteoglycans. The
following data support this. 1) ApoB48 lipoproteins, which do
not contain the LDL-receptor binding region, bind to heparin as
well as or better than apoB100-LDL does. 2) Antibodies to
NTAB, but not the LDL-receptor binding region, decrease LDL
association with heparin. 3) Soluble fragments of NTAB bind to
heparin better than LDL does. 4) Blocking NTAB with MB or
competition with soluble NTAB decreases LDL interaction
with subendothelial matrix. 5) ApoB17 competes with LDL for
binding to decorin, the major dermatan sulfate proteoglycan of
the arteries. Together, these data suggest that the interaction
of NTAB with proteoglycans is the basis for retention of at least
some apoB-containing lipoproteins within the artery. This as-
sumes that retention is dependent on LDL proteoglycan
interactions.

Although apoB100 in LDL may contain a number of heparin-
binding regions when peptides of apoB are produced, our data
suggest that LDL interaction with heparin involves NTAB. The
observation that MB19, the anti-NTAB antibody, inhibited
LDL binding to heparin and dermatan sulfate should not be
interpreted as evidence for the involvement of a specific epitope
in this process. Rather the relatively large antibody, approxi-
mately 150 kDa, probably produced steric hindrance of the
smaller, less than 100-kDa NTAB. In contrast, MB47, which
inhibits LDL interaction with the LDL receptor, does not mask
a region that is essential for LDL-heparin interaction. The
competition experiments using soluble apoB17 demonstrate
that this protein had heparin binding properties and are sug-
gestive that apoB17 prevents LDL binding to matrix by com-
peting with a similar region on apoB. The observation that
NTAB binds more tightly to heparin than does LDL was not
unexpected. We had previously observed that a fragment of
apoB was found on the surface of cultured endothelial cells and
that this protein was dissociated from the cells by treatment
with heparin (20).

Prior theories implicating the LDL-receptor binding region
of apoB in LDL retention within arteries were consistent with
the biochemical data showing that small peptides near this
region bound to heparin. The interpretation of these data
required the assumption that this region of apoB was situ-
ated on the lipoprotein particles in a manner identical to that
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in the small soluble peptide fragments that were used in the
biochemical studies. Other heparin-binding peptides that
were identified in the NTAB had less positive charge and did
not bind to heparin with as great an affinity. The extrapola-
tion of these observations to that of LDL requires exposure of
the peptide on the LDL surface and tertiary configuration
changes that do not mask these regions or alter their charge
density, i.e. by ionic interaction with negatively charged
amino acids outside of these peptides. The configuration of
NTAB when not associated with lipid or even when on
apoB48 could differ from its structure in apoB100. Several
groups of investigators using protease digestion have shown
that NTAB exposure is increased as very low density lipopro-
tein is converted to LDL (40-42). Perhaps, for this reason,
some larger very low density lipoproteins are less atherogenic
because they bind more poorly to proteoglycans. Similarly, it
may be that NTAB contribution to the atherogenicity of
apoB48-lipoproteins may be relatively greater than its role in
apoB100 LDL. It should be noted that LDL interactions with
proteoglycans are a relatively low affinity process compared
with that of other heparin-binding molecules (43). For this
reason it has been postulated that “bridging” molecules
might be required to mediate this process (44).

Recently, Boren et al. (45) created an apoB molecule in which
lysine 3363 was mutated to glutamic acid. LDL containing this
mutated apoB had a defect in binding to the dermatan sulfate-
containing proteoglycan, biglycan; interaction with heparin
and decorin was not reported. These data suggest that multiple
sites may be important in LDL binding to different proteogly-
cans or that this mutation produces alterations in apoB struc-
ture outside the basic amino acid cluster that was being inves-
tigated. Such an effect would not be unprecedented as heparin
binding often involves the tertiary structural arrangement of
basic amino acids.

Studies of the interactions of other proteins with heparin
have shown that mutation of individual amino acids does not
necessarily lead to identification of heparin binding regions.
For example, several studies to define the heparin-binding
region of lipoprotein lipase showed that mutagenesis of basic
residues reduced, but did not eliminate, lipoprotein lipase-
heparin interaction (46—48). In addition, mutations of lipopro-
tein lipase outside of the putative heparin-binding regions
sometimes also result in molecules with defective heparin bind-
ing, presumably because the conformation of the protein is
altered. More recent studies using chimeric molecules in which
large regions of lipoprotein lipase and hepatic lipase were in-
terchanged have shown that a different region mediates hepa-
rin binding (49, 50). Therefore, protein interaction with hepa-
rin appears to be a complex molecular interaction that, at least
in some cases, is not modulated by a single charged amino acid
unless that amino acid is essential for the conformation of a
larger region of the protein.

Demonstrating that NTAB mediates lipoprotein association
with matrix proteins allows a more consistent understanding of
why apoB-lipoproteins are atherogenic. Previous investigators
have postulated that apoB48-lipoproteins required additional
proteins for retention. Because most of these lipoproteins are
remnants found in the postprandial period or in the plasma of
patients with dysbetalipoproteinemia, one hypothesis was that
apoE, a well known heparin-binding protein, mediates proteo-
glycan interaction. This hypothesis, however, is inconsistent
with two recent observations. 1) ApoE knockout mice have
severe atherosclerosis; thus, the apoB48 remnants are retained
within the matrix in the absence of apoE. 2) Production of apoE
by macrophages, including those within the arterial wall, is
anti-atherogenic (39, 51). The anti-atherogenic actions of apoE
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are exclusive of apoE actions to reduce plasma lipoproteins.
Therefore, the hypothesis that apoE promotes atherosclerosis
by causing retention of apoB48 remnants is not tenable.

What are the pathobiological implications of these primarily
biochemical observations? 1) The data lead to an alteration in
our view of lipoprotein atherogenicity and allow a more con-
sistent mechanism that explains why apoB100- and apoB48-
lipoproteins are equally atherogenic. 2) By beginning to define
the atherogenic portion of lipoproteins, a molecular target for
intervention at the level of apoB interaction with artery wall
proteins becomes discernable. If the results presented in this
manuscript can be extended to studies in animal models of
atherosclerosis, the potential exists to seek agents that prevent
apoB-matrix protein interactions as preventative and/or ther-
apeutic agents for coronary artery disease.

REFERENCES

. Guyton, J. R., and Klemp, K. F. (1996) Arterio. Thromb. Vasc. Biol. 16, 4-11
2. Mahley, R. W., Weisgraber, K. H., Innerarity, T. L., and Rall, S. C., Jr. (1991)
J. Am. Med. Assoc. 265, 78—83
. Steiner, G. 1993. Ann. Med. 25, 431-435
. Breslow, J. L. Science (1996) 272, 685—-688
. Veniant, M. M., Pierotti, V., Newland, D., Cham, C. M., Sanan, D. A., Walzem,
R. L., and Young, S. G. (1997) J. Clin. Invest. 100, 180—188
. Hoff, H. F., and Gaubatz, J. W. (1977) Exp. Mol. Pathol. 26, 214-217
. Yomantas, S., Elner, V. M., Schaffner, T., and Wissler, R. W. (1984) Arch.
Pathol. Lab. Med. 108, 374-378
8. Schwenke, D. C., and Carew, T. E. (1989) Arteriosclerosis. 9, 908-918
9. Hoff, H. F., and Wagner, W. D. (1986) Atherosclerosis. 61, 231-236
10. Wagner, W D. (1985) Ann. N. Y. Acad. Sci. 454, 52—68
11. Hoff, H. F., and Gaubatz, J. W. (1982) Atherosclerosis 42, 273—-297
12. Iverius, P. H. (1972) J. Biol. Chem. 247, 2607-2613
13. Bihari-Varga, M., and Vegh, m. (1967) Biochim. Biophys. Acta 144, 202-210
14. Camejo, G., Linden, T., Olsson, U., Wiklund, O., Lopez, F., and Bondjers, G.
Atherosclerosis 79, 121-129
15. Hurt-Camejo, E., Olsson, U., Wiklund, O., Bondjers, G., and Camejo, G. (1997)
Arterioscler. Thromb. Vasc. Biol. 17, 1011-1017
16. Camejo, G, Olofsson, S. O., Lopez, F., Carlsson, P., and Bondjers, G. (1988)
Arteriosclerosis 8, 368—-377
17. Cardin, A. D., and Jackson, R. L. (1988) Adv. Exp. Med. Biol. 243, 157-163
18. Weisgraber, K. H., and Rall, S. C., Jr. (1987) J Biol Chem. 262, 11097-11103
19. Segrest, J. P., Jones, M. K., Mishra, V. K., Anantharamaiah, G. M., and
Garber, D. W. (1994) Arterioscler. Thromb. 14, 1674-1685
20. Sivaram, P., Choi, S. Y., Curtiss, L. K., and Goldberg, I. J. (1994) J. Biol. Chem.
269, 9409-9412
21. Gianturco, S. H., Li, R, Song, R., Reese, C. R., Stinson, D., Strickland, D. K.,
and Bradley, W. A. (1995) Circulation 92, 1-690
22. Kreuzer, J., White, A. L., Knott, T. J., Jien, M. L., Mehrabian, M., Scott, J.,
Young, S. G., and Haberland, M. E. (1997) J. Lipid Res. 38, 324-342
23. Ingram, M. F., and Shelness, G. S. (1997) J. Biol. Chem. 272, 10279-10286
24. Gretch, D. G., Sturley, S. L., Wang, L., Lipton, B. A., Dunning, A., Grunwald,

U W -

o

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.
45.

46.

47.

48.

49.

50.

51.

356361

K. A., Wetterau, J. R., Yao, Z., Talmud, P., and Attie, A. D. (1996) J. Biol.
Chem. 271, 8682—-8691

Havel, R. J., Eder, H. A., and Bragdon, J. H. (1955) J. Clin. Invest. 34,
1345-1353

Goldberg, I. J., Le, N. A., Paterniti, J. R., Ginsberg, H. N., Lindgren, F. T., and
Brown, W. V. (1982) J. Clin. Invest. 70, 1184-1192

Lowry, O. H., Rosebrough, N. J., Farr, A. L., and Randall, R. J. (1951) J. Biol.
Chem. 193, 265275

Shepherd, J., Bedford, K., and Morgan, H. G. (1976) Clin. Chim. Acta 66,
97-101

Pease, R. J., Milne, R. W., Jessup, W. K., Law, A., Provost, P., Fruchart, J. C.,
Dean, R. T., Marcel, Y. L., and Scott, J. (1990) J. Biol. Chem. 265, 553568

Young, S. G., Bertics, S. J., Curtiss, L. K., Casal, D. C., and Witztum, J. L.
(1986) Proc. Natl. Acad. Sci. U. S. A. 83, 1101-1105

Young, C. S. H., Nicolés, A. L., Lu, H., and Munz, P. L. (1998) In: Methods in
Molecular Medicine, XX: Adenovirus Methods and Protocols (Wold,
W. S. M., ed) pp. 61-84, Humana Press, Totowa, NJ

McGrory, W. J., Bautista, D. S., and Graham, F. L. (1988) Virology 163,
614-617

Sivaram, P., Vanni-Reyes, T., and Goldberg, 1. J. (1996) <J. Biol. Chem. 271,
15261-15266

Sivaram, P., Obunike, J. C., and Goldberg, I. J. (1995) J. Biol. Chem. 270,
29760-29765

Pillarisetti, S., Paka, L., Obunike, J. C., Berglund, L., and Goldberg, I. J.
(1997) J. Clin. Invest. 100, 867-874

Wagner, W. D., Edwards, I. J., St Clair, R. W., and Barakat, H. (1989)
Atherosclerosis 75, 49-59

Register, T. C., Wagner, W. D., Robbins, R. A., and Lively, M. O. (1993)
Atherosclerosis 98, 99-111

Obunike, J., Edwards, I., Rumsey, S., Curtiss, L., Wagner, W., Deckelbaum, R.,
and Goldberg, I. J. (1994) J. Biol. Chem. 269, 13129-13135

Bellosta, S., Mahley, R. W., Sanan, D. A., Murata, J., Newland, D. L., Taylor,
J. M., and Pitas, R. E. (1995) J. Clin. Invest. 96, 2170-2179

Chen, G. C., Zhu, S., Hardman, D. A., Schilling, J. W., Lau, K., and Kane, J. P.
(1989) J. Biol. Chem. 264, 14369-14375

Chen, G. C., Lau, K., Hamilton, R. L., and Kane, J. P. (1991) J. Biol. Chem.
266, 12581-12587

Schonfeld, G., Tikkanen, M. J., and Hahm, K. S. (1985) Adv. Exp. Med. Biol.
183, 135-157

Conrad, H. E. (1998) in Heparin-binding Proteins, pp. 402—404, Academic
Press. San Diego

Goldberg, I. J. (1996) J. Lipid Res. 37, 693-707

Boren, J., Olin, K., Lee, L., Chait, A., Wight, T. N., and Innerarity, T. L. (1988)
J. Clin. Invest. 101, 26582664

Ma, Y., Henderson, H. E., Liu, M. S., Zhang, H., Forsythe, I. J., Clarke-Lewis,
1., Hayden, M. R., and Brunzell J. D. (1994) J. Lipid Res. 35, 2049-2059

Hata, A., Ridinger, D. N., Sutherland, S., Emi, M., Shuhua, Z., Myers, R. L.,
Ren, K., Cheng, T., Inoue, 1., and Wilson, D. E. (1993) J. Biol. Chem. 268,
8447-8457

Berryman, D. E., and Bensadoun, A. (1993) J. Biol. Chem. 268, 3272-3276

Wong, H, Davis, R. C., Nikazy, J., Seebart, K. E., and Schotz, M. C. (1991) Proc.
Natl. Acad. Sci. U. S. A. 88, 11290-11294

Davis, R. C., Wong, H., Nikazy, J., Wang, K., Han, Q., and Schotz, M. C. (1992)
oJ. Biol. Chem. 267, 21499-21504

Fazio, S., Babaev, V. R., Murray, A. B., Hasty, A. H., Carter, K. J., Gleaves,
L. A., Atkinson, J. B., and Linton, M. F. (1997) Proc. Natl. Acad. Sci.
U. S. A. 94, 4647-4652



	The NH2-terminal Region of Apolipoprotein B Is Sufficient for Lipoprotein Association with Glycosaminoglycans*
	MATERIALS AND METHODS
	RESULTS
	DISCUSSION
	REFERENCES


