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Abstract Arterial wall lipid retention is believed to be due
primarily to ionic interactions between lipoproteins and
proteoglycans. Thus, oxidized low density lipoproteins
(LDL), with decreased positive charge relative to native
LDL, should have decreased interaction with negatively
charged proteoglycans. However, oxidized LDL does accu-
mulate within arterial lesions. Therefore, this study investi-
gated the binding of native and oxidized LDL to a complex
smooth muscle extracellular matrix and the role of ionic
charge interactions in their binding. LDL was modified with
2,2-azo-bis(2-amidinopropane)-2HCI, hypochlorite, soybean
lipoxygenase, and phospholipase or copper sulfate. The ex-
tracellular matrix had 15- to 45-fold greater binding capac-
ity for the different forms of oxidized LDL than for native
LDL. However, the affinity of binding for all forms of oxi-
dized LDL was high (K, = ~10—9 M) and was similar to that
for native LDL. Preincubation of the lipoproteins with
chondroitin sulfate decreased the binding of native LDL,
but had no effect on the binding of oxidized LDL. Diges-
tion of matrices with chondroitin ABC lyase and heparinase
decreased the binding of native LDL, but increased the
binding of oxidized LDL; matrix digestion with pronase or
trypsin markedly reduced the binding of both native and
oxidized LDL.HR Thus, the binding of native LDL involves
matrix proteoglycans, whereas the binding of oxidized LDL
involves a nonproteoglycan component(s) of the matrix.
The markedly enhanced retention of oxidized LDL com-
pared with native LDL may play an important role in the
progression of atherosclerosis.—Chang, M. Y., S. Potter-
Perigo, T. N. Wight, and A. Chait. Oxidized LDL bind to
nonproteoglycan components of smooth muscle extracellu-
lar matrices. J. Lipid Res. 2001. 42: 824—833.
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The vascular extracellular matrix consists of a variety of
molecules that are capable of interacting with lipoproteins
and may be responsible for lipoprotein deposition in athero-
sclerosis. However, proteoglycans of the extracellular matrix
are hypothesized to be the major lipoprotein binding site
within atherosclerotic lesions (1-4). In vitro studies suggest
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that the interaction between lipoproteins and proteoglycans
occurs predominantly as a result of electrostatic interactions
between clusters of positively charged amino acids of the
apolipoprotein (apo)B protein moiety of low density lipo-
proteins (LDL) and negatively charged residues on the gly-
cosaminoglycan chains of proteoglycans (5, 6). These studies
suggest that oxidatively modified LDL, which has decreased
positive charge relative to native LDL, should bind less well
to proteoglycans (7). However, oxidized LDL is atherogenic
and is likely to play an important role in atherogenesis (8-
13). In addition, oxidized LDL or oxidation-specific epitopes
have been identified in vivo in atherosclerotic lesions both in
humans (14) and in animal models of atherosclerosis (15—
17). Therefore, this study examined the interaction of oxi-
dized LDL with the extracellular matrix of cultured smooth
muscle cells (SMC) to understand the nature of the molecu-
lar interaction by which lipoprotein oxidation could contrib-
ute to lipid retention in the arterial wall.

For this purpose, the binding of native and oxidatively
modified LDL to a complex extracellular matrix pro-
duced by arterial SMC in culture was evaluated. Use of
such a complex matrix rather than isolated proteoglycans,
collagen, elastin, or other matrix components enables ex-
amination of LDL binding to matrix components in a
more physiological presentation.

To compare the binding of native LDL to that of oxida-
tively modified LDL, several methods of oxidation were
used. These different methods of oxidation generated ox-
idized LDL with differing degrees of protein and/or lipid
modification. Importantly, this allowed for a correlation
to be made between the extent of modification and the

Abbreviations: AAPH, 2,2-azo-bis(2-amidinopropane)-2HCI; DTPA,
diethylenetriaminepentaacetic acid; EBSS, Earle’s balanced salt solu-
tion; EDTA, ethylenediaminetetraacetic acid; ELISA, enzyme-linked
immunosorbent assay; HOCI, hypochlorite; LDL, low density lipo-
proteins; SLO, soybean lipoxygenase; SMC, smooth muscle cell;
TBARS, thiobarbituric acid-reactive substances; TNBS, trinitroben-
zenesulfonic acid.
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amount of binding. The role of electrostatic interactions
in the binding of native and oxidized LDL to proteogly-
cans within this complex extracellular matrix also was ex-
amined by competition-binding studies and selective enzy-
matic digestions of the matrix.

In summary, both native and oxidized LDL bound with
high affinity to SMC extracellular matrices. However, the
binding capacity of the matrix for each of the different
forms of oxidized LDL was much greater than for native
LDL. The binding of native LDL could be diminished by
removal of matrix glycosaminoglycan chains with enzymatic
digestion or by competition with free glycosaminoglycans.
In contrast, the binding of oxidized LDL could not be di-
minished by removal of matrix glycosaminoglycan chains
or by competition with free glycosaminoglycans. Thus, re-
tention of native LDL is mediated by matrix proteoglycans,
whereas the retention of oxidized LDL is not mediated by
direct ionic interactions with matrix proteoglycans. The en-
hanced retention of oxidized LDL compared with native
LDL could have important consequences in the develop-
ment and progression of atherosclerosis.

MATERIALS AND METHODS

Materials

All chemical reagents were purchased from Sigma (St. Louis,
MO), unless otherwise specified. All radiochemical reagents
were purchased from ICN (Irvine, CA).

Lipoprotein preparation and characterization

LDL were isolated from plasma of normal human volunteers
as described previously (18). LDL (d = 1.019-1.063 g/ml) were
separated from normal human plasma by preparative ultracen-
trifugation in a Beckman VTi 65 vertical rotor (Beckman Instru-
ments, Palo Alto, CA) (19) and purified by sequential density ul-
tracentrifugation (18).

Oxidative modification of native LDL was performed by several
methods. LDL was extensively oxidized in the presence of copper
by incubation of LDL (300 wg/ml) with 5 uM copper sulfate for
18 h at 87°C in air (Cu?™-LDL) (20). Oxidation by the thermally
dependent free radical generator 2,2-azo-bis (2-amidinopro pane)-
2HC1 (AAPH) was achieved by incubation of LDL (500 pg/ml)
with 2 mM AAPH for 18 h at 37°C in the presence of Chelex-
treated phosphate-buffered saline (PBS; AAPH-LDL) (21). Oxida-
tive modification of LDL by hypochlorite (HOCI) was achieved by
incubation of 400 wl LDL (1.5 mg/ml) with 5 pl reagent-grade
HOCI (HOCI-LDL) for 20 min on ice, followed by overnight dialy-
sis against PBS (22). LDL also was oxidized by incubation with soy-
bean lipoxygenase (SLO) and phospholipase A2 (PLA2) coupled
to Sepharose 4B beads (23). In brief, 15 mg of enzyme-coupled
beads (100 U/pl SLO and 0.25 U/l PLA2) were incubated with
1 mg LDL in 1.5 ml PBS containing 2 pl linoleic acid for 48 h at
room temperature with gentle agitation on a mechanical rocker
(SLO-LDL). All incubations were terminated by the addition of
butylated hydroxytoluene (25 wM final concentration). The ex-
tent of modification was assessed by measurement of thiobarbitu-
ric acid-reactive substances (TBARS) (24), lipid peroxides (25),
conjugated dienes (20), electrophoretic mobility on agarose gels
in barbital buffer at pH 8.6 (26), measurement of free amino
groups by trinitrobenzenesulfonic acid (TNBS) reactivity (27),
protein fragmentation by sodium dodecyl sulfate polyacrylamide

gel electrophoresis (SDS-PAGE) (18), and particle size by negative
staining electron microscopy (28).

LDL was iodinated with [2’I]Nal by the method of McFarlane
(29), as modified by Bilheimer, Eisenberg, and Levy (30).

SMC isolation and culture

Arterial SMC cultures were isolated from monkey ( Macaca nemes-
trina) thoracic aorta by the explant method (gift from Dr. Russell
Ross) and maintained as described previously (31). Cells between
passage 4-13 were plated onto 2% gelatin-coated 35-mm dishes
(5 X 10° cells/dish) or 48-well trays (5 X 10° cells/well). Cells were
maintained in Dulbecco’s modified Eagle’s medium (Gibco, Grand
Island, NY) with high glucose, pyruvate, and nonessential amino
acids supplemented with penicillin (10° U/1), streptomycin (10°
wg/1), and 5% calf serum. Media were changed every 2-3 days.

At confluence, SMC cultures were metabolically labeled with
50 wCi/ml [%8]SO4,10 wCi/ml [3H]leucine, 5 nCi/ml [*H]thy-
midine, or 20 pCi/ml [3H]proline for 48 h for characterization
and selective enzymatic degradation studies.

Preparation of extracellular matrix

SMC were washed three times with PBS, incubated with 2.5
mM NH,OH and 0.1% Triton X-100 for 30 min at room temper-
ature, and then washed three times with distilled water to re-
move cellular debris (32).

Enzyme-linked immunosorbent assay (ELISA) for
assessing lipoprotein binding to matrix

Dilutions of native or oxidized LDL in the physiological Earle’s
balanced salt solution (EBSS; Gibco) with 1% BSA (EBSS/BSA)
were incubated with extracellular matrix preparations for 2 h at
37°C, after which the lipoproteins were removed and the matrix
was washed three times with EBSS/BSA. The matrix was then in-
cubated for 1 h at 37°C with the monoclonal antibody MB47
(1:4,000 in EBSS/BSA; gift from Dr. Linda Curtiss, Scripps Clinic,
La Jolla, CA) (33), and washed, as above. Horseradish peroxi-
dase-conjugated goat anti-mouse IgG (1:4,000 in EBSS/BSA) was
added for 1 h at room temperature, then removed, and the ma-
trix washed, as above. Colorimetric development was allowed to
proceed for up to 10 min using o-phenylenediamine as substrate.
The reaction was stopped by the addition of 8 N HySO, and the
reaction product was measured at A 49¢.405.

This ELISA was characterized by high affinity saturable binding
to the extracellular matrix with very little nonspecific binding com-
pared with the findings with a radioisotope assay using radioiodi-
nated LDL, which indicated nonsaturable binding to the matrix
(data not shown). Absorbance units were converted into nano-
grams of lipoprotein bound to the matrix using a standard curve of
1251 DL of known specific activity. The B, and K, binding parame-
ters were determined with SAAM II software. Further, the relation-
ship between absorbance units and nanograms bound was similar
for radioiodinated native LDL, AAPH-LDL, SLO-LDL, and Cu?*-
LDL (data not shown), indicating that the MB47 antibody detects
apoB in native and oxidized LDL equally well, as previously re-
ported (34). MB47 was not as accurate for determining binding of
HOCI-LDL, in that the absorbance units overestimated the
amount bound by 20-50% (data not shown). No nonspecific bind-
ing of the primary antibody (MB47) was observed, as evidenced by
the lack of measurable A 49405 in the absence of lipoproteins.

Free glycosaminoglycans and divalent metal ion chelators
were used for competition binding studies. Chondroitin sulfate
type C (chondroitin-6-sulfate, 0.1-1.0 mg/ml) or chondroitin
sulfate type B (dermatan sulfate, 0.1 -1.0 mg/ml), diethylenetri-
aminepentaacetic acid (DTPA, 5.2-26 mM), or ethylenedi-
aminetetraacetic acid (EDTA, 5.2-26 mM) were added to the
lipoproteins just prior to incubation of the lipoproteins with ma-
trix preparations.

Chang et al. SMGC extracellular matrix binds oxidized LDL 825

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

Selective enzymatic degradation

Components of SMC matrix preparations were selectively di-
gested with DNase, trypsin, pronase, chondroitin ABC lyase,
heparinase I and II, collagenase, or elastase. Treatment with
DNase (1,000 U/ml) was carried out in 0.1 M sodium acetate,
pH 5.0, for 1 h at room temperature. Trypsin (0.05%; Gibco)
digestions were carried out in 0.025 M Tris, pH 7.4, with 0.01 M
calcium acetate for 5 or 20 min at 37°C. Pronase (300 wg/ml;
Boehringer Mannheim) treatment was carried out in the same
buffer for 3 h at 37°C. Matrices were digested with 1.2 U/ml
chondroitin ABC lyase (ICN, Costa Mesa, CA) alone or in com-
bination with 12.5 U/ml heparinase I and II in 0.3 M Tris-HCI,
pH 8.0, with 0.6 mg/ml BSA and 18 mM sodium acetate for 3 h
at 37°C. Digestion with 500 U/ml collagenase form III from
Clostridium histolyticum (Advance Biofactures Corporation, Lyn-
brook, NY) was carried out in 0.025 M Tris, pH 7.4, with 0.01 M
calcium acetate for 2 h or overnight at 37°C. Digestion with 1
U/ml human leucocyte elastase in 0.01 M sodium phosphate,
pH 7.5, was performed for 4 h at 37°C. For all enzyme treat-
ments, control wells were incubated in the appropriate diges-
tion buffer without enzyme. All control and enzyme-digested
matrices were washed briefly with EBSS/BSA prior to incuba-
tion with lipoproteins.

[%S]SO7 and ®H-labeled matrices were harvested at completion
of the binding studies using either 8 M urea/0.5% Triton X-100 or
5 N NaOH. Aliquots were analyzed by scintillation counting to as-
sess the effectiveness of the various digestion protocols or analyzed
by SDS-PAGE with 2 M urea (35) to assess collagen digestion.

Statistical analyses

The significance of differences in mean values was deter-
mined by Student’s #test.

RESULTS

Characterization of native and oxidized LDL

Native LDL was modified by a variety of techniques to
prepare oxidized LDL with different degrees of lipid and
protein modification. Native LDL and LDL oxidized by
AAPH, SLO, HOCI1, or Cu?™ were characterized to deter-
mine the extent of modification. AAPH and SLO modifi-
cations generated relatively mildly oxidized LDL particles
that contained some of the early measurable products of
oxidation such as lipid peroxides and conjugated dienes.
Only slight changes in the indices of oxidation such as re-
active aldehyde formation (TBARS), reduced positive
charge (increased electrophoretic mobility), lysine amino
group modification (TNBS reactivity; Table 1), or protein

fragmentation (not shown) could be detected in AAPH-
LDL or SLO-LDL compared with native LDL. HOCI mod-
ification generated LDL particles with more extensive
protein modification, as indicated by markedly reduced
positive charge, decreased free lysine amino groups (Ta-
ble 1), and extensive protein fragmentation (not shown).
Finally, Cu?* modification generated extensive modifica-
tion of both the lipid and protein components of LDL, as
indicated by a high amount of conjugated diene forma-
tion, the highest level of reactive aldehyde formation
(TBARS), markedly reduced positive charge, a high de-
gree of lysine amino group modification (Table 1), and ex-
tensive protein fragmentation (not shown). Lipid perox-
ides, an early unstable oxidation product of Cu?* oxidation,
were not detected in this extensively oxidized Cu®*-LDL.

Negative staining electron microscopy also was per-
formed to examine lipoprotein particle size and the state of
aggregation before and after oxidation. Native LDL parti-
cles were round and relatively uniform in size with mono-
meric particle diameters of 22.2-33.3 nm (Fig. 1A). AAPH-
LDL particles also were round and relatively uniform in size
with monomeric particle diameters of 22.2-33.3 nm (Fig.
1B). SLO-LDL ranged from monomeric spheres to large
aggregates of fused lipoprotein particles with particle di-
ameters ranging from 22.2 to 166.7 nm (Fig. 1C). HOCI-
LDL was even more extensively aggregated, with particle
diameters ranging from monomers of 22.2 nm to very
large fused aggregates of 333.3 nm (Fig. 1D). By compari-
son, Cu?*-LDL was only moderately aggregated with parti-
cle diameters ranging from 22.2 to 61.1 nm (Fig. 1E).

Thus, oxidation of LDL by these different methods
had varying effects on the degree of lipid and protein
modifications, as well as on state of aggregation of the
LDL particles.

SMC matrix binds oxidized LDL with higher capacity,
but with similar affinity as native LDL

The binding of native LDL to SMC matrices was com-
pared with the binding of LDL oxidized by a variety of
methods. Oxidized LDL prepared by any of these meth-
ods bound to SMC matrices with high affinity and in a sat-
urable manner, as did native LDL (Fig. 2). LDL oxidized
by AAPH, SLO, HOCI, or Cu?* all exhibited 15- to 45-fold
higher binding capacity than native LDL at concentra-
tions of LDL ranging from 1 to 25 ng/ml. There was some
variability in the order of binding of the AAPH-LDL, SLO-

TABLE 1. Characterization of native and oxidized LDL

Relative

Lipid Conjugated Electrophoretic
LDL Peroxides Dienes TBARS Mobility TNBS Reactivity

Aggs Ayszy nmol/mg protein Ry % Native-LDL
Native 0.11 = 0.09 0.25 £ 0.02 1.79 £ 0.23 1.0 100
AAPH 0.32 £ 0.03 1.07 = 0.11 8.65 = 0.88 1.5+ 0.1 98.0 £ 6.4
SLO 0.37 £ 0.04 1.55 = 0.13 5.45 = 0.50 1.2*+0.2 121.0 = 16.0
HOCI 0.65 = 0.06 0.41 £ 0.03 2.77 £ 0.29 20=*x0.1 54.6 * 6.2
Cu?* 0.07 £ 0.01 1.24 = 0.11 47.55 £ 1.21 24 0.1 522+ 1.9

Values given as means = SEM; n = 12.
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Fig. 1. Characterization of native and oxidized LDL. A: native LDL. B: AAPH-LDL. C: SLO-LDL. D: HOCI-
LDL. E: Cu?*-LDL. Preparations were examined by negative staining electron microscopy (bar = 100 nm).

LDL, and HOCI-LDL due to variability in these preparations.
For example, in some experiments, AAPH-LDL bound bet-
ter than SLO-LDL, whereas in other experiments, SLO-
LDL bound better than AAPH-LDL. However, Cu2*-LDL
always had the highest amount of binding, and native
LDL always had the lowest amount of binding. Maximum
total binding capacity (B,,,,) of the oxidized LDL prepa-
rations ranged from 10.3 ng for AAPH-LDL to 32.9 ng for
Cu?*-LDL compared with only 0.7 ng for native LDL
(Table 2). All of the LDL preparations bound to the ma-
trix with high affinity and binding constants (K,) ranging
from 2.82 X 10—9 M to 7.32 X 10—9 M (Table 2). The total
binding capacity and the binding constants could not be
correlated with any of the physical or chemical characteris-
tics such as overall charge or state of aggregation of the

LDL particles. For example, the least negatively charged
oxidized LDL (SLO-LDL) did not exhibit the lowest bind-
ing to SMC matrix, and the oxidized LDL with the highest
binding capacity (Cu?*-LDL) was not the most aggregated.
Binding of native and oxidized LDL to control wells with-
out SMC matrices was markedly lower than binding to wells
with SMC matrices (data not shown).

Thus, SMC extracellular matrix has a high binding ca-
pacity and high affinity for oxidized LDL. The binding
capacity for all forms of oxidized LDL tested was consider-
ably greater than for native LDL. Because similar binding
properties were observed for all of the different forms of
oxidized LDL, yet not all forms were as reproducible in
their preparation, Cu®"-LDL was chosen for additional
studies that attempted to identify the matrix compo-
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Fig. 2. SMC extracellular matrix binds oxidized LDL with high
affinity and high capacity. Native LDL (solid diamond), AAPH-LDL
(solid square), HOCI-LDL (X), SLO-LDL (solid triangle), and
Cu?*-LDL (solid circleL) were incubated with SMC extracellular ma-
trices and detected by ELISA. Absorbance units were converted
into nanograms of lipoprotein bound to the matrix using a stan-
dard curve of ?I-LDL of known specific activity. Values are ex-
pressed as the means = SEM (n = 4-7).

nent(s) responsible for the high affinity and high capacity
binding of oxidized LDL.

Cu?*-LDL does not bind to the glycosaminoglycan chains
of extracellular matrix proteoglycans

Extracellular matrix proteoglycans are hypothesized to
contribute most significantly to LDL accumulation within
the arterial wall (1-4). The lipoprotein-proteoglycan in-
teraction is thought to occur between positively charged
amino acids of the apoB protein moiety of LDL and nega-
tively charged residues on the glycosaminoglycan chains
of proteoglycans (5, 6). Therefore, selective enzymatic di-
gestion experiments and competition experiments with

TABLE 2. Binding constants for the interaction of native and
oxidized LDL with SMC extracelluar matrix

LDL B K,
ng/well M
Native (n = 3) 0.7 2.82 X 1079
AAPH (n = 3) 10.3* 6.65 X 1079*
SLO (n = 3) 16.4* 7.32 X 1079%
HOCI (n = 3) 10.4* 3.97 X 1079
Cu®™ (n=3) 32.9% 6.71 X 1079

* Significant differences (P < 0.05) for B, or K, for these forms
of oxidized LDL compared with native LDL.
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Fig. 3. The binding of Cu?*-LDL to SMC extracellular matrices is
not chondroitin ABC lyase or heparinase sensitive. A: Extracellular
matrices prepared from [%S]SO,-labeled (solid bars) or [*H]leu-
cine-labeled (open bars) SMC were left intact (Control) or treated
with chondroitin ABC lyase (CABC) alone, or in combination with
heparinase I and II (Hep’ase), and monitored for loss of radioactiv-
ity. * Statistically significant differences (P < 0.05) between the
amount of radioactivity remaining after enzyme digestion com-
pared with control. B and C: 0-200 p.g/ml of native LDL (B) or
Cu?™-LDL (C) were incubated with intact (solid diamond) or di-
gested (solid square) matrices. Bound lipoproteins were detected
by ELISA. Values are expressed as the means = SEM (n = 3).

free glycosaminoglycans were performed to determine
whether native or oxidized LDL were binding to pro-
teoglycans within the SMC extracellular matrix.
Treatment of [3°S]SO,Jabeled or [*H]leucine-labeled
extracellular matrices prior to the binding assay with
chondroitin ABC lyase alone or in combination with
heparinase I and II selectively removed the chondroitin
and heparan sulfate components of the matrix, as evi-
denced by the loss of [3*S]SOylabeled matrix, but did
not result in loss of matrix protein, as evidenced by the
recovery of [*H]leucine (Fig. 3A). Removal of the gly-
cosaminoglycan chains from the matrix had no effect on
the binding of low concentrations of native LDL (0-10
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Native LDL Cu*-LDL

Fig. 4. Free glycosaminoglycans do not compete for the binding
of Cu?*-LDL to SMC extracellular matrices. Native LDL (5 or 150
pg/ml) or Cu?*-LDL (5 or 150 wg/ml) was preincubated without
(open bars) or with (solid bars) 1 mg/ml chondroitin-6-sulfate for
1.5 h at room temperature prior to incubation with matrices.
Bound lipoproteins were detected by ELISA. Values are expressed
as the means = SEM (n = 3). Where no error bars are shown, the
SEM are too small to be visible. *A statistically significant difference
between the binding of native LDL (150 wg/ml) preincubated with
chondroitin-6-sulfate compared with native LDL (150 wg/ml) not
preincubated with chondroitin-6-sulfate was observed (P < 0.05).

pg/ml), but decreased the binding of higher concentra-
tions of native LDL (50-200 pg/ml) by 20-50% (P <
0.05; Fig. 3B). In contrast, removal of the glycosami-
noglycan chains actually increased the matrix binding of
Cu?*-LDL at concentrations from 1 to 100 pg/ml (P <
0.05; Fig. 3C).

Competition experiments were performed by preincu-
bating native LDL or Cu?*-LDL with chondroitin-6-sulfate
for 1.5 h at room temperature prior to incubation with ma-
trices. Preincubation of the lipoproteins with chondroitin-
6-sulfate at 1 mg/ml, a concentration that was 10-fold
greater than that reported to be required for 100% inhibi-
tion of LDL-proteoglycan interactions (36), had no effect
on the matrix binding of a low concentration of native
LDL (5 wg/ml). However, the binding of a higher concen-
tration of native LDL (150 pg/ml) was decreased 30% by
preincubation with 1 mg/ml of chondroitin-6-sulfate (Fig.
4). Binding of either low (5 pwg/ml) or high (150 pg/ml)
concentrations of Cu2*-LDL to matrix was not inhibited
by chondroitin-6-sulfate at 1 mg/ml (Fig. 4). Similar re-
sults were obtained for preincubation of native LDL or Cu?*-
LDL with dermatan sulfate (not shown).

Thus, the glycosaminoglycan chains of proteoglycans
do not appear to be responsible for the high affinity/
high capacity binding of Cu?"-LDL. However, the bind-
ing of high concentrations of native LDL is mediated in
part by glycosaminoglycan chains within the extracellular
matrix.

Chelators do not affect the extracellular matrix binding
of Cu?2*-LDL

The role of divalent cations in the matrix binding of
native LDL and Cu?*-LDL was investigated further with
use of the metal ion chelators diethylenetriaminepen-
taacetic acid (DTPA) and ethylenediaminetetraacetic acid
(EDTA). Addition of EDTA (in a 2-fold molar excess rela-
tive to the metal ion content of EBSS) to the lipoproteins
had no effect on the matrix binding of either native LDL
(1-25 pg/ml) (Fig. 5A) or Cu?*-LDL (1-25 wg/ml; Fig.
5B). Further addition of EDTA or DTPA at up to 10-fold
molar excess still had no effect on the binding of either
native LDL or Cu?*-LDL (data not shown). Thus, the
interactions of native LDL and oxidized LDL with the ex-
tracellular matrix are not mediated by divalent cation-
bridging molecules.

Enzymatic digestion of matrix by trypsin, pronase,
and elastase, but not DNase or collagenase,
reduces binding of Cu?*-LDL

To identify or rule out other components of the matrix
as being responsible for the binding of Cu?*-LDL, digestion

A 04

0.3

0.2

Asg90-405

0.1

1 5 10 25

Native LDL, pg/ml

12

0.8

A490-405

0.4

1 2 3 4
Cu?*-LDL, pg/ml

Fig. 5. EDTA has no effect on the matrix binding of native LDL or
Cu?"-LDL. Native LDL (A) or Cu?"-LDL (B) was preincubated with
no chelators (solid bars) or a 2-fold molar excess of EDTA relative to
the metal ion content of EBSS (open bars) prior to incubation with
matrices. Bound native LDL and Cu?*-LDL were detected by ELISA.
Values are expressed as means = SEM (n = 3). At no concentration
of either native LDL or Cu?*-LDL were there statistically significant
differences in binding as a result of preincubation with chelators.
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Fig. 6. The binding of Cu?*-LDL to SMC extracellular matrices is
not DNase sensitive, but is trypsin and pronase sensitive. A: Extra-
celluar matrices were prepared from [3H]thymidine-labeled SMC
and treated with a no-enzyme control buffer (solid diamond, solid
triangle) or DNase (open diamond, open triangle) prior to incuba-
tion with native LDL (solid triangle, open triangle) or Cu?*-LDL
(solid diamond, open diamond). B: SMC extracellular matrices
were prepared and treated with trypsin (open diamond), pronase
(open circle), or the appropriate no-enzyme control buffer for
trypsin (solid diamond) and pronase (solid circle) prior to incuba-
tion with Cu?"-LDL. Bound lipoprotein was detected by ELISA.
Values are expressed as the means = SEM (n = 3).

of the matrices with a variety of enzymes was performed
prior to incubation with lipoproteins.

Matrices were digested with DNase to remove any resid-
ual DNA (known to bind to a variety of proteins) that re-
mained after lysing and washing the cell layer. Digestion
of matrices from [3H]thymidine-labeled SMC with DNase
completely removed DNA from the matrix preparations,
as evidenced by loss of radioactivity after digestion (data
not shown), while having no effect on the matrix binding
of Cu?*-LDL or native LDL (Fig. 6A).

The enzymes pronase and trypsin were used to establish
that a protein component of the matrix indeed was re-
sponsible for binding Cu?*-LDL. Treatment of matrices
with pronase, which cleaves nonspecifically at any peptide
bond, or trypsin, which cleaves at the carboxyl terminal of
arginine and lysine residues, dramatically reduced the ma-
trix binding of both Cu?*-LDL (Fig. 6B; P < 0.05 at all
concentrations of Cu?"-LDL for both pronase and tryp-
sin) and native LDL (data not shown).
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Fig. 7. The binding of Cu?*-LDL to SMC extracellular matrices is
clastase sensitive. A: Extracellular matrices were prepared from
[3H]leucine-labeled SMC, treated with a no-enzyme control buffer
(solid diamond) or with human leucocyte elastase (open diamond)
prior to incubation with Cu?*-LDL, and monitored for loss of radio-
activity. B: Cu?"-LDL was incubated with the control matrix (solid
diamond) or the elastase-treated matrix (open diamond) and de-
tected by ELISA. Values are expressed as the means = SEM (n = 3).

A highly purified and specific form of collagenase, which
cleaves the X-glycine bond of collagen and synthetic pep-
tides at segments that contain the sequence -proline-X-
glycine-proline was used to investigate whether matrix col-
lagen was responsible for binding Cu?*-LDL. Treatment
with collagenase effectively digested matrix collagen, as
determined by SDS-PAGE, but did not liberate [3H]pro-
line from the matrices, as determined from scintillation
counting of the harvested matrix at completion of the
binding study (not shown). Collagenase treatment also
did not affect the binding of Cu?*-LDL to the matrices
(not shown). These results suggest that although collage-
nase effectively cleaved matrix collagen, it did not result
in release of digested collagen from the matrix. This di-
gested collagen potentially is involved in the matrix bind-
ing of Cu?*-LDL.

Human leucocyte elastase also was used to examine the
role of matrix elastin in the binding of oxidized LDL.
Treatment with elastase resulted in loss of both [3H]leu-
cine from the matrices (P < 0.05 at all concentrations of
Cu?*-LDL; Fig. 7A) and Cu?"-LDL binding to the matrix
(P < 0.05 at all concentrations of Cu?*-LDL; Fig. 7B).
These results demonstrate that the binding of Cu?*-LDL
is elastase sensitive.

Thus, a protein component(s) of the SMC extracellular
matrix that is pronase-, trypsin-, and elastase-sensitive, but

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

has not been definitively identified, appears to be responsi-
ble for the high affinity/high capacity binding of Cu?*-LDL.

DISCUSSION

This study examined the direct binding of native and
oxidized LDL to a complex smooth muscle extracellular
matrix and the role of ionic charge interactions with ma-
trix proteoglycans in this binding. Native LDL was oxidized
by several methods that resulted in different degrees of
lipid and protein modification. This allowed for a correla-
tion to be made between the extent of modification and
the extent of binding. The different forms of oxidized LDL
exhibited 15- to 45-fold greater binding to SMC extracellu-
lar matrix than did native LDL, with Cu2*-oxidized LDL
having the greatest binding capacity. However, the affinity
of the different forms of oxidized LDL for the matrix did
not differ from that of native LDL. The increased binding
capacity of oxidized LDL could not be directly correlated
with overall charge of the molecule, state of aggregation,
or generation of reactive aldehydes, lipid peroxides, or
conjugated dienes. Furthermore, the binding of high, but
not low, concentrations of native LDL was found to be me-
diated by the glycosaminoglycan chains of extracellular
matrix proteoglycans; however, the high affinity/high ca-
pacity binding of oxidized LDL was not.

The retention of oxidized LDL by the extracellular ma-
trix potentially is an important step in atherogenesis (8-13).
Therefore, a potential mechanism for this interaction was
explored. Many studies have described both in vitro and
in vivo associations between LDL and matrix proteogly-
cans that occur as a result of electrostatic interactions be-
tween positively charged amino groups of LDL apoB and
negatively charged sulfate and carboxyl residues of the
glycosaminoglycan chains of proteoglycan molecules (1-
6). However, oxidation by AAPH, SLO, HOCI, or copper
all reduce the overall positive charge of LDL. If overall
charge was the determining factor for binding of LDL to
matrix proteoglycans in this system, then oxidized LDL
would not be predicted to have higher matrix binding ca-
pacity than native LDL. Nevertheless, the possibility that
oxidation exposed novel sites on apoB capable of binding
negatively charged glycosaminoglycans was explored. Thus,
competition binding studies and selective enzymatic di-
gestion of the matrix were used to identify the contribu-
tion of proteoglycans to the retention of native and oxi-
dized lipoproteins by the complex extracellular matrix.
Although it is not known which form of oxidized LDL may
be most physiologically relevant, all of the different forms
of oxidized LDL had similar matrix-binding properties.
Cu2*-LDL was chosen for the additional studies, in part,
because of the greater reproducibility of the final prepara-
tion. Further, antibodies generated against copper-oxidized
LDL detect epitopes in atherosclerotic lesions of experi-
mental animals and humans (14-17). Selective enzymatic
degradation studies with chondroitin ABC lyase and hepa-
rinase showed that the glycosaminoglycan chains of ma-
trix proteoglycans are involved in the binding of high, but

not low, concentrations of native LDL. This phenomenon
previously has been described as “non-receptor-mediated
LDL binding” that occurs especially at high LDL concen-
trations (37). However, selective enzymatic degradation or
competition studies could not demonstrate the involve-
ment of glycosaminoglycans in the binding of either low
or high concentrations of oxidized LDL. In fact, digestion
with chondroitin ABC lyase and heparinase increased the
binding of oxidized LDL, suggesting that removal of gly-
cosaminoglycans from the matrix resulted in increased ex-
posure of oxidized LDL binding sites. Thus, glycosami-
noglycans do not mediate the binding of oxidized LDL to
the extracellular matrix.

The absence of a role for glycosaminoglycans in the re-
tention of oxidized LDL is supported further by the use of
metal ion chelators. Divalent cations are reported to facili-
tate the interaction between LDL and glycosaminoglycans
by acting as bridging molecules (38). Thus, the inability of
the chelators DTPA or EDTA to diminish the binding of
oxidized LDL to the extracellular matrix argues against a
divalent cation bridging interaction between oxidized
lipoproteins and glycosaminoglycans.

The low level of native LDL binding to the SMC extra-
cellular matrix in this system is consistent with the find-
ings of others (39, 40) who report very little binding of na-
tive LDL to cell-derived matrix preparations without the
addition of another bridging molecule such as lipoprotein
lipase (40). These findings do not contradict a role for
proteoglycans as the major lipoprotein binding site within
atherosclerotic lesions in vivo (1-4) because others have
shown that bridging molecules such as lipoprotein lipase
(39-41) greatly enhance the interaction of lipoproteins
with proteoglycans in the extracellular matrix. It should
be mentioned that our finding of high capacity binding of
oxidized LDL to the extracellular matrix is not likely to be
due to the presence of lipoprotein lipase in the matrix
preparations. If lipoprotein lipase were present, then the
binding of native LDL should not be at such a low level,
but rather significantly elevated (42).

The association of oxidized LDL with endothelial cell
matrix in the presence and absence of lipoprotein lipase
also has been examined by others (39). In those studies,
LDL was mildly oxidized by long-term storage and very
little binding of this mildly oxidized LDL to the endothe-
lial cell matrix was observed without the addition of lipo-
protein lipase. In our studies, mildly oxidized LDL, pre-
pared by the same method of long-term storage, similarly
exhibited very low binding to the SMC extracellular ma-
trix (data not shown). The binding profile of this mildly
oxidized LDL was identical to that of native LDL. Thus,
only the more extensively oxidized forms of LDL were ex-
amined further.

In addition to proteoglycans, a number of other matrix
molecules have lipoprotein binding capacities. Thus, the
low level retention of native LDL and the much greater re-
tention of oxidized LDL are likely to be due to interac-
tions with these other molecules. Collagen types I and III,
the predominant vascular collagens (43), both have been
shown to bind native LDL under physiological conditions

Chang et al. SMC extracellular matrix binds oxidized LDL 831

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

(44, 45). The extent of this binding was found to be re-
lated to the net negative charge on LDL so that oxidized
LDL, in which derivatization of amino groups increases its
negative charge, exhibited even greater collagen binding
than did native LDL (45). This is in contrast to proteoglycan-
lipoprotein complex formation, which is believed to be due
to interactions between positively charged LDL residues
and negatively charged proteoglycan side groups (5, 6, 41).
However, other studies have shown that the interaction
between LDL and collagen is dependent on the presence
of decorin, a collagen-binding small proteoglycan (46, 47).

An association between elastin and lipid also has been
demonstrated (48—50). Electron microscopy has been used
to visualize lipid droplets adjacent to elastic fibers in normal
and atherosclerotic human aortas (48), and apoB-containing
lipoproteins can be released from atherosclerotic tissue by
elastase treatment (50). In vitro, the interaction between
elastin and LDL has been found to be of moderately high
affinity, with increased binding of LDL to elastin isolated
from atherosclerotic versus normal arteries (50).

With these other potential lipoprotein-matrix interac-
tions in mind, additional enzymatic degradation studies were
performed to examine the roles of elastin and collagen in
the binding of oxidized LDL to this complex matrix. Oxi-
dized LDL binding was sensitive to elastase treatment, but
also to trypsin treatment of the matrix. Because elastin is
not trypsin digestible, it is most likely that elastase liber-
ated some other protein component of the matrix that
was involved in LDL binding. The inability of collagenase
treatment to reduce binding of oxidized LDL is inconclu-
sive because [*H]proline was not liberated from the matrix.
Although it was determined by SDS-PAGE that the collagen
was effectively digested, the collagen fragments remained
trapped in the matrix and could potentially still play a role
in binding oxidized LDL. However, in interpreting these
results, it must be pointed out that the use of elastase,
trypsin, and collagenase all are relatively nonspecific enzy-
matic treatments.

Our use of this complex SMC matrix for binding studies
was an attempt to determine whether a physiological pre-
sentation of proteoglycans was involved in the extracellu-
lar retention of oxidized LDL. Other studies have utilized
similar matrix preparations to evaluate the role of the ex-
tracelluar matrix in the binding of lipoprotein [a] (51)
and lipoprotein lipase-mediated LDL binding (40). The
difficulties with identifying a specific component(s) of this
matrix responsible for the oxidized LDL retention was a
limitation of this system. No doubt, multiple nonproteogly-
can components are responsible for oxidized LDL reten-
tion by the extracellular matrix. Nevertheless, the en-
hanced binding of oxidized LDL is consistent with both
in vitro and in vivo studies that have demonstrated a role
for oxidized LDL in the atherosclerotic process (8-10).
Oxidation-specific epitopes have been demonstrated in
the extracellular matrix of lesions in both humans and an-
imal models of atherosclerosis (14-17, 52).

On the basis of these findings, extracellular oxidation
of LDL in the subendothelial space may lead to greater and
prolonged retention by one or more matrix components,
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perhaps as a result of exposure of additional or novel
binding sites on the LDL molecule. We suggest that one
potential pathway by which oxidized LDL becomes re-
tained in the vascular extracellular matrix involves a series
of steps that occur subsequent to the initial retention and
modification of native LDL. As described by the response-
to-retention hypothesis of atherogenesis, lipoproteins ini-
tially are retained by proteoglycans in the arterial wall by
ionic interactions and become modified by processes such
as oxidation (4). The initial retention of native LDL may
involve lipoprotein lipase (40). The decrease in positive
charge of the LDL as a result of such oxidative modification
would disrupt the ionic interaction and lead to release of
the lipoprotein particle from matrix proteoglycans. The
liberated particles then are available for binding and re-
tention by other matrix molecules that have high binding
capacity for oxidized LDL. The enhanced retention of ox-
idized LDL could contribute to the development of ath-
erosclerosis via modulation of a variety of functions in vas-
cular wall cells (8, 9, 53).88
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