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Abstract

Lipoprotein lipase enhances binding at 4°C of human plasma
lipoproteins (chylomicrons, VLDL, intermediate density lipo-
protein, LDL, and HDL3) to cultured fibroblasts and hepG-2
cells and to extracellular matrix. Heparinase treatment of cells
and matrix reduces the lipoprotein lipase enhanced binding by
90-95%. Lipoprotein lipase causes only a minimal effect on the
binding of lipoproteins to heparan sulfate deficient mutant Chi-
nese hamster ovary cells while it promotes binding to wild type
cells that is abolished after heparinase treatment. With
'25I-LDL, lipoprotein lipase also enhances uptake and proteo-

lytic degradation at 37°C by normal human skin fibroblasts but
has no effect in heparinase-treated normal cells or in LDL re-

ceptor-negative fibroblasts. These observations prove that li-
poprotein lipase causes, predominantly, binding of lipoproteins
to heparan sulfate at cell surfaces and in extracellular matrix
rather than to receptors. This interaction brings the lipopro-
teins into close proximity with cell surfaces and may promote
metabolic events that occur at the cell surface, including facili-
tated transfer to cellular receptors. (J. Clin. Invest. 1992.
90:2013-2021.) Key words: lipoprotein receptors * heparinase-
chylomicron remnants * Chinese hamster ovary cells * extracel-
lular matrix

Introduction

Lipoprotein lipase is the key enzyme of the plasma fat trans-
port system. The enzyme, situated on the luminal surface of
endothelial cells, hydrolyzes triglycerides in chylomicrons and
VLDL, and causes transfer of the liberated fatty acids to the
tissues ( 1). The central role that lipoprotein lipase plays in
lipoprotein metabolism is dramatically illustrated in patients
with genetic defects of the enzyme and manifestations of chylo-
micronemia and type I hyperlipoproteinemia (2).

Another role for lipoprotein lipase in lipoprotein physiol-
ogy was suggested in 1975 by Felts who proposed that the pres-
ence of the enzyme on the outer coat of lipoprotein remnant
particles may direct the remnants to catabolism in the liver (3).
In a recent publication, Beisiegel et al. demonstrated 20-40-
fold enhancement of the binding of human chylomicrons, rab-
bit f3-VLDL, and apo E-containing liposomes to cells when
lipoprotein lipase was added to the incubation mixture (4).
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These authors also reported increased binding of apo E lipo-
somes to the a2 macroglobulin/LDL receptor-related protein
(LRP) 1 in the presence of lipoprotein lipase.

In the present study we investigated another possibility,
namely, that lipoprotein lipase enhances, predominantly, bind-
ing of lipoproteins to an abundant cell surface molecule rather
than to lipoprotein receptors. The study unequivocally demon-
strated that the major effect of lipoprotein lipase is on the bind-
ing of human plasma lipoproteins to heparan sulfate on cell
surfaces and in the extracellular matrix. This interaction brings
lipoproteins into close proximity with cell surfaces and may
promote metabolic processes that occur at the cell surface.

Methods

Preparation of lipoproteins and iodinated lipoproteins. VLDL (d
< 1.006 g/ml), IDL (d 1.006-1.019 g/ml), LDL (d 1.019-1.063 g/
ml), and HDL3 (d 1.1 125-1.21 g/ml) were separated sequentially
from plasma obtained from normal human subjects after 12-14-h fast.
The apo E phenotype of the subjects was E 3/3 or E 4/3. Lipoproteins
were separated by centrifugation in 6OTi or 5OTi rotors at 40C in an
ultracentrifuge (model L5-50; Beckman Instruments Inc., Fullerton,
CA) using standard techniques (5). The lipoproteins were washed once
at a heavy density solution. VLDL density subfractions were prepared
on a NaCI gradient in an SW-41 rotor (Beckman Instruments) (6). All
lipoproteins were dialyzed against 0.15% NaCl, 20 mMTris (pH
= 7.4), 0.001% EDTAsolution, were sterilized by passage through a
0.45-Am filter (Millipore Corp., Bedford, MA) and used within 10-14
d of preparation. Chylomicrons were collected from the plasma of nor-
mal human subjects 4 h after a meal administered at a morning hour
after a 12-h fast. The meal contained - 1,000 kcal with 60% of kcal
from fat, 25% from carbohydrates, and 15%protein (7). Chylomicrons
were separated by a 30-min centrifugation in an SW41rotor at 35,000
rpm and 40C and were washed in 0.9% NaCl solution by two additional
spins, 20 min each. The amount of chylomicron-protein was 0.5-1.0
mgper 100 ml plasma. Lipoproteins were radioiodinated with Na'25I
by the iodine monochloride method (8) as modified for labeling of
lipoproteins (9). The final specific activity of '25I-labeled lipoproteins
varied between 100 and 600 cpm/ng protein. Of the radioactivity, 1.2%
(LDL and HDL3) to 14.8% (chylomicrons) was extractable by chloro-
form:methanol and presumably represented '25I-labeled lipids. Rat
plasma VLDL labeled biosynthetically with [3H]palmitate triglycer-
ides was isolated by ultracentrifugation from the plasma of rats injected
intravenously with Na [ 3H ] palmitate 45 min before exsanguination.
Lipoprotein protein was determined according to Lowry et al. (10).
Total, free, and esterified cholesterol, total phospholipids and triglycer-
ides were determined by standard procedures (5). SDS-PAGEof apoli-
poproteins was performed as described by Weber and Osborn ( 11).
The chemical composition and apolipoprotein profile of lipoproteins
was similar to that described previously (5, 7, 12).

1. Abbreviations used in this paper: bFGF, basic fibroblast growth fac-
tor; CHO, Chinese hamster ovary; ECM, extracellular matrix; HFH,
LDL receptor-negative fibroblasts; LPDS, lipoprotein-deficient
serum; LRP, LDL receptor-related protein.
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Cell cultures and extracellular matrix (ECM). Normal human skin
fibroblasts, skin fibroblasts from an LDL receptor-negative homozy-
gous familial hypercholesterolemic patient, and hepG-2 cultures were
maintained as described (5, 12). The cells were cultured in plastic
flasks (Falcon Labware, Becton, Dickinson, and Co., Oxnard, CA) in
modified Dulbecco-Vogt medium and were grown with 10% FCSin a
humidified incubator (5% CO2) at 370C. Fibroblasts from the third to
the fifteenth subcultures or hepG-2 cells were dissociated by trypsin
treatment, plated in either 16-mm or 35-mm dishes (Falcon Labware)
and grown in 2 ml medium with 10% FCS. On the fifth day, the cells
were washed with PBSand further incubated for 48 h in fresh medium
containing 5 mg protein/ml of lipoprotein-deficient serum (LPDS).
Experiments were initiated on the morning of the seventh day. The
LDL receptor-negative fibroblasts and the hepG-2 cultures express the
LRP receptor (Dr. U. Beisiegal, personal communication).

Wild type Chinese hamster ovary cells (CHO-KI) and mutant
CHO-803 cells were kindly provided by Dr. J. D. Esko (Department of
Biochemistry, University of Alabama at Birmingham). Mutant 803
produces 5-10% residual heparan sulfate and about one-half the nor-
mal level of chondroitin sulfate ( 13 ). Wild type and mutant CHOcells
were routinely grown in Ham's F12 medium supplemented with 10%
FCSand L-glutamine ( 13, 14).

Dishes coated with a naturally produced ECMwere prepared as
previously described ( 15 ). Cultures of bovine corneal endothelial cells
were established from steer eyes ( 16), the cells (second to fifth passage)
were plated in 16-mm or 35-mm plastic dishes and cultured in DMEM,
( 1 g glucose/liter) supplemented with 10%bovine calf serum, 5%FCS,
and dextran T-40 (15, 17). 6-8 d after the cells reached confluence, the
cell layer was treated with PBS containing 0.5% Triton X-100 and 20
mMNH40H followed by four washes with PBS. The subendothelial
ECMremained intact, attached to the entire area of the dish and was
free of nuclear or cellular elements ( 15 ). ECM-coated plates contain-
ing PBS were kept at 4VC for up to 3 mo. Metabolically sulfate
(Na235SO4) labeled ECMwas prepared as previously described ( 17).

Materials. Lipoprotein lipase was purified from bovine milk by
established procedures ( 18). Recombinant basic fibroblast growth fac-
tor (bFGF) was kindly provided by Takeda Chemical Industries
(Osaka, Japan) and iodinated ( 1.2 X I05 cpm/ng) by lodogen (Pierce
Chemical Co., Rockford, IL) (17). Bacterial (flavobacterium hepa-
rinum) heparinase (EC 4.2.2.7, IBEX 1011) was kindly provided by
Dr. J. Zimmerman (IBEX Technologies, Montreal, Canada). The en-
zyme is essentially free of contaminating proteolytic and glycosamino-
glycan lyase activities and has a sp act of 55 IU/ng. Heparin-like mole-
cules on cell surfaces and ECMare efficiently degraded by this enzyme.
Recombinant GST-39 kD protein that blocks the interaction of fl-
VLDL and activated a2 macroglobulin to the LDL receptor-related
protein (LRP) ( 19) is a generous gift of Dr. Joachim Herz (Depart-
ment of Molecular Genetics, University of Texas, Dallas). Na 1251 and
Na235SO4were purchased from the Radiochemical Centre, Amersham,
UK. Culture media, FCS, and antibiotics were from Gibco Laborato-
ries, Grand Island, NY. All chemicals and reagents were of analytical
grade.

Inactivation of lipoprotein lipase. Catalytically inactive unlabeled
and 1251-labeled lipoprotein lipase were prepared by a modification of a
previously published procedure (20). An enzyme solution (0.35-0.5
mg/ml) was mixed with concentrated quanidine solution to a final
molarity of 1 M. Inactivation of the lipoprotein lipase was achieved
after 16-h incubation at 4-6°C. Aliquots of the guanidine-lipase solu-
tions of 1-4 Al were added to 1 ml medium and the mixture was used in
the experiments. Equivalent volumes of guanidine added directly to
fresh incubation media had no effects on lipoprotein binding parame-
ters. A control-incubated lipoprotein lipase treated exactly with the
same procedure but without added guanidine was used in parallel. The
amount of lipase activity of the guanidine treated and of the control
samples was assessed against rat plasma VLDL labeled biosynthetically
with [3H]palmitate triglycerides at 37°C for 15 or 60 min.

Experimental procedures. Binding of '251I-lipoproteins to cells and
ECMwas determined at 0C. On the morning of the experiment, cells

and ECMwere chilled on ice (60 min) and the LPDS-medium was
removed and replaced after one wash with PBSby a new ice-cold mini-
mal essential medium containing 5 mg BSA/ml and 20 mMHepes
(pH = 7.4). "2'I-lipoproteins (usually 5 ,ug/ml) and lipoprotein lipase
were added to the medium immediately before initiation ofthe binding
experiment. Binding was allowed to take place during 60 min incuba-
tion on ice. Thereafter, the medium was removed, the cells were
washed three times in PBS-0.2% BSAand once in PBS. Bound lipopro-
teins were released at 0C by adding 0.9% NaCl, 10 mMHepes (pH
= 7) containing 5 mg/ml of sodium heparin for 1 h, according to
Goldstein et al. (2 1 ). The cells and ECMwere dissolved in 0.5N NaOH
and examined for radioactivity and protein content. In some experi-
ments, labeled lipids in the cells were extracted with chloroform:metha-
nol ( 1:1 vol/vol) ( 5 ). Culture dishes without cells and cultures incu-
bated in the presence of 40-fold excess of unlabeled lipoproteins were
processed in parallel and the values found were subtracted from the
experimental values. Binding, cell association, and degradation of 125I-
LDL in the absence and presence of lipoprotein lipase were determined
as previously described (5, 12). The incubation mixture was similar to
that described above except that LPDSmedium was used. At the end of
4-h incubation at 370C, the medium was removed and examined for
noniodide 1251-protein degradation products (21). The cells were
chilled on ice and washed extensively with ice-cold PBS-0.2% BSA.
Bound 1251I-LDL in the washed cells was determined by release of radio-
activity with sodium-heparin as above, and cell-associated radioactiv-
ity was defined as counts remaining in the cells. Binding of 1251I-labeled
lipoprotein lipase to cells at 0C was determined by the procedure
described above for lipoproteins. To determine low affinity, presum-
ably heparan sulfate binding of 125I-bFGF, confluent cell cultures were
incubated (2 h, 4°C) in DMEMcontaining I mg/ml BSA, 20 mM
Hepes, and 2.5 ng/ml 1251-bFGF ( 1.2 x I05 cpm/ng). The cells were
washed twice with binding medium and incubated (5 min, 4°C) with a
solution containing 1.6 MNaCI and 20 mMHepes, pH 7.4 and the
incubation medium was assessed for radioactivity ( 14).

Results
Lipoprotein lipase at a protein concentration of 0.5-1 tg/ml
markedly promoted (up to - 100-fold) binding of all human
plasma lipoproteins tested (chylomicrons, VLDL-I, VLDL-III,
intermediate density lipoprotein, LDL, and HDL3) (5 jg/ml)
to normal human skin fibroblasts, LDL receptor-negative fi-
broblasts and hepG-2 cultures, except for binding of HDL to
hepG-2 cells (Table I). Lipoprotein lipase also promoted the
binding of all these lipoproteins to ECM(Table I). The binding
of chylomicrons, VLDL, and intermediate density lipoprotein,
to ECMwas enhanced by lipoprotein lipase to a similar extent
as that observed with cells, but was considerably less for LDL
and HDL3.

Treatment ( 12 h, 37°C) of cells and ECMwith heparinase
(0.05 U/ml) reduced the lipoprotein lipase mediated binding
of chylomicrons, VLDL, and LDL to 5-15% the values found
in untreated cells and ECM(Table II). Heparinase treatment
almost completely abolished low affinity binding of bFGF to
cells and ECM, a process that exclusively depends on the pres-
ence of heparan sulfate ( 14, 22, 23). Use of metabolically sul-
fate (Na235SO4) labeled ECMrevealed that 90% of the total
incorporated radioactivity was released by treatment with the
heparinase enzyme.

In another experiment, cells were first allowed to interact at
0°C with lipoprotein lipase (15-500 ng protein/ml). Un-
bound lipoprotein lipase was removed and new medium con-
taining '25I-lipoproteins (5 ,ug protein/ml) without lipoprotein
lipase was added. Binding of the lipoproteins to the cells was
determined after an additional 1-h incubation at 0°C. Data for
VLDL-II and LDL in normal skin fibroblasts are shown in Fig.
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Table I. Effect of Lipoprotein Lipase on the Binding of HumanPlasma Lipoproteins to Cultured Cells and to Extracellular Matrix

NSF HFH HepG-2 ECM

-LPL +LPL -LPL +LPL -LPL +LPL -LPL +LPL

Chylomicrons 3.7 580.6 1.8 316.8 1.7 63.6 5.1 493.0
VLDL-I 5.4 519.4 5.2 223.1 5.5 45.3
VLDL-III 8.0 980.0 1.8 481.0 1.3 90.9 3.5 348.2
IDL 26.5 505.0 5.1 196.8 10.1 39.6 19.5 241.0
LDL 14.0 906.0 0.9 373.5 2.8 60.6 4.6 89.5
HDL-3 2.4 39.2 0.4 12.1 1.9 1.6 2.4 6.0

Data are expressed in nanograms lipoprotein protein per milligram cell or ECMprotein. Binding of lipoproteins was determined after 60 min
incubation at 00 as described in Methods. The concentration of lipoproteins used was 5 Ag protein/ml. The studies with chylomicrons, VLDL-III,
and LDL were carried out in 35-mm plastic dishes and 1 gg/ml of bovine milk lipoprotein lipase. The studies with VLDL-I, intermediate
density lipoprotein, and HDL-3 were carried out in 16-mm plastic dishes and 0.5 Mg/ml of bovine milk lipoprotein lipase. Data are mean of
triplicate dishes. The range of values between the different dishes was < 10-20% in all experiments.

1. Lipoprotein lipase bound to the cells had almost the same
capacity to bind lipoprotein as lipoprotein lipase present in the
incubation medium together with the lipoproteins. Similar re-
sults were obtained with LDL receptor-negative fibroblasts
(data not shown). It thus appears that the lipoprotein lipase
molecules bound to heparan sulfate at the cell surface are re-
sponsible for the binding of the lipoproteins. This conclusion is
supported by the observation that pretreatment of the cells
with heparinase abolished the enhanced binding of lipopro-
teins, similar to the effect shown in Table II.

In the experiments shown in Tables I and II, cell-associated

Table I. Effect of Heparinase Treatment on the Enhanced
Lipoprotein Lipase-mediated Binding of Lipoproteins
to Cells and Extracellular Matrix

-Heparinase +Heparinase

Lipoprotein Cell -LPL +LPL -LPL +LPL

Chylomicrons NSF 9.6 987.8 13.8 85.2
HFH 5.1 720.6 - 70.6
ECM 12.0 507.0 16.5 64.5

VLDL-I NSF 8.4 519.4 36.8
HFH 6.5 223.1 19.5
ECM 5.5 79.4 23.1

VLDL-III HFH 4.0 171.3 4.0 30.1
LDL NSF 39.6 498.0 44.8 80.1

HFH 3.5 146.9 1.9 8.3
ECM 4.0 46.0 3.0 14.0

bFGF NSF 13,000 400
HFH 17,200 100
ECM 21,900 2450

Data are expressed in nanograms lipoprotein-protein per milligram
cell protein (lipoproteins) or counts per minute per well (bFGF).
Binding of lipoproteins to cells without or after heparinase treatment
(12 h, 370C, 0.05 U/ml followed by one wash with PBS) was deter-
mined after 60 min incubation at 0C as described in Methods. The
concentration of lipoproteins was 5 gg protein/ml, and of lipoprotein
lipase, 0.5 Ag protein/ml. Data are mean of triplicate dishes. The
range of values between different determinations was < 15% in all
experiments.

radioactivity was detected after incubations with or without
lipoprotein lipase. The amount of cell-associated radioactivity
was 8-35% or 3-13% that of the heparin releasable radioactiv-
ity after binding of chylomicrons and VLDL or LDL, respec-
tively. About 60%of the cell associated radioactivity after incu-
bation with chylomicrons or VLDL and 20% after incubation
with LDL was extractable with chloroform:methanol and pre-
sumably represented 1251-labeled lipids.

700
0
° 600

= 500'

400

m 300

200

as 100
0

400

I-

X 300

200
._o2

°100'

As

VLDL II

LDL

0 1 5 50 150 500
ng LPL/ml

500
+heparinase

Figure 1. Binding of '251I-VLDL-II and 1251-LDL to normal skin fi-
broblasts preincubated with lipoprotein lipase. Cells were preincu-
bated for 60 min at 0°C with different concentrations of lipoprotein
lipase: 0, 15, 50, 150, and 500 ng protein/ml. The lipoprotein li-
pase-containing medium was then removed, the cells were washed
once with ice-cold PBS and incubated for an additional 60 min at
0°C with fresh medium containing '251-VLDL-II or 125I-LDL (5 Ag
protein/ ml). Binding of the labeled lipoproteins to the cells was de-
termined as described in Methods. Results are mean±SDof triplicate
dishes. Data for cells treated with heparinase and preincubated with
lipoprotein lipase (500 ng protein/ml) are also shown.
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Table III. Effect of Different Concentrations of Lipoprotein Lipase on the Binding of Lipoproteins
to Normal and LDL Receptor-negative HumanSkin Fibroblasts

Binding

Chylomicrons VLDL-I VLDL-III

Lipoprotein lipase Hepannase NSF HFH NSF NSF HFH

ng/ml ng lipoprotein protein/mg cell protein

0 9.6 5.1 18.2 12.1 4.0
10 17.2 6.9 16.8
50 132.2 144.5 74.2 35.3 15.3

150 846.6 498.8 131.1 53.6
500 987.8 720.6 519.4 542.8 171.3

50 + 13.9 4.3 15.7

Binding of lipoproteins to the cells was determined at 00C under conditions identical to those described in the legend to Tables I and II. Lipo-
proteins were used at a protein concentration of 5 ,ug/ml and were supplemented with unlabeled lipoprotein lipase at the protein concentrations
shown in the table. Data are means of triplicated dishes. The variation between different determinations did not exceed± 15% of the mean.

In an attempt to determine the minimal amount of lipopro-
tein lipase that is necessary for stimulation of lipoprotein bind-
ing to cells, an enzyme dose response curve was determined in
normal skin fibroblasts and LDL receptor-negative fibroblasts.
An effect was observed already at a lipoprotein lipase concen-
tration of 10 ng protein/ ml and a considerably enhanced bind-
ing was obtained at a concentration of 50 ng/ml (Table III).
Pretreatment of the cells with heparinase completely abolished
the effect of 50 ng/ml lipoprotein lipase and the binding values
were similar to those observed without lipoprotein lipase (Ta-
ble I1I).

The availability of heparan sulfate deficient mutant CHO
cells ( 13, 14) provides a unique model to study the binding of
various ligands to this molecule. Data for binding of chylomi-

crons, VLDL, LDL, and HDL-3 to wild type and mutant CHO
cells are shown in Table IV. In the wild type cells, lipoprotein
lipase dramatically increased the binding of the lipoproteins to
the cells and this effect was reduced to < 10% after heparinase
treatment. In the heparan sulfate deficient mutant cells, lipo-
protein lipase had only a minimal effect. A similar phenome-
non was observed with '25I-bFGF (Table IV). Binding of 125I1
labeled lipoprotein lipase to wild type and mutant CHOcells
was determined at two protein concentrations, 0.1 ug/ml and
0.4 ,g/ml. Appreciable, nonsaturable binding of lipoprotein
lipase was apparent for the wild type cells that was reduced by
at least 70%after heparinase treatment. Binding to the heparan
sulfate deficient cells was minimal.

To ascertain that the heparinase treatment has not inter-

Table IV. Effect of Lipoprotein Lipase on the Binding of HumanPlasma Lipoproteins
to Wild Type and Mutant Heparan Sulfate-deficient CHOCells

Wild type CHOcells Mutant CHOcells*

-Hepannase +Heparinase

Lipoproteins -LPL +LPL -LPL +LPL -LPL +LPL

Chylomicrons 7.7 341.1 8.0 32.9 7.9 13.0
VLDL-I 5.9 170.0 2.0 4.2
VLDL-III 2.7 108.8 2.9 9.6 2.4 5.8
LDL 0.2 74.9 1.0 4.6 1.1 1.7
HDL-3 0.4 8.0 0.2 0.8
FGF 10,362 1,110 1,127
LPL*

0. Isg/ml 4.5% 1.6%
0.4 gg/ml 4.5% 1.5% - 1.5%

Data are expressed in nanograms lipoprotein protein per milligram cell protein (lipoproteins) or counts per minute per well (bFGF). Binding of
'25I-lipoproteins, '251-lipoprotein lipase and '251-bFGF to the cells was determined after 1 h incubation at 00C as described in Methods. Lipopro-
teins were used at a protein concentration of 5 ,ug/ml, and supplemented as indicated with unlabeled lipoprotein lipase at a protein concentration
of 0.5 ,gg/ml. Data are means of triplicate dishes.
* Because nonspecific binding of '251-lipoprotein lipase to empty dishes exceeded the values observed in heparinase-treated wild type CHOand in
mutant CHOcells, nonspecific binding was not subtracted from the experimental values. The data are therefore shown as percentage of counts
that were displaced by heparin at the end of the incubation. The true binding of '251-lipoprotein lipase to heparinase-treated wild type CHOand
mutant CHOcells should be lower than shown in the table and is perhaps minimal.
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Table V. Effect of Heparinase Treatment and of Lipoprotein Lipase on the Cellular Metabolism of '25I-LDL

Normal skin fibroblasts LDL receptor-negative fibroblasts

Lipoprotein Cell Cell
Heparinase lipase Binding association Degradation Binding association Degradation

ng/ml

0 61 189 1,254 2 5 10
+ 0 49 164 1,106 2 4 10

500 110 249 1,848 26 23 35
+ 500 69 203 1,157 1 1 16 17

Data are expressed in nanograms LDL protein per milligram cell protein. Binding, cell association, and degradation of '23I-LDL (5 gug protein/ml)
were determined after 4 h incubation at 370C with upregulated normal skin fibroblasts or LDL receptor-negative fibroblasts as described in
Methods. One-half of the cells were treated with heparinase (0.05 U/ml) for 12 h before the incubation with '25I-LDL. Lipoprotein lipase (500 ng
protein/ml) was added to '251-LDL containing incubation mixture concomitantly with the initiation of the metabolic study. Data are means of
triplicate plates and the variation between different determinations did not exceed 15%. Similar data were observed in two additional experiments
and in the study shown in Fig. 3.

fered with receptor-dependent uptake of lipoproteins by the
cells, and to study the possible effects of lipoprotein lipase on
the uptake and degradation of lipoproteins by cells, 1251I-LDL
was used in incubations carried out at 370C (Table V). Hepa-
rinase treatment did not affect much the binding, cell associa-
tion, and degradation of LDL in normal skin fibroblasts. Addi-
tion of lipoprotein lipase to the incubation medium of cells not
treated with heparinase caused an increase of the binding, asso-
ciation, and degradation of LDL by 80, 32, and 47%, respec-
tively. These effects were abolished after heparinase treatment,
indicating that lipoprotein lipase-enhanced metabolism of
LDL is perhaps due to initial binding to heparan sulfate, fol-
lowed by facilitated uptake by cellular receptors. In LDL recep-
tor-negative fibroblasts, LDL metabolism remained barely de-
tectable either with lipoprotein lipase or after heparinase treat-
ment, except for lipoprotein lipase-enhanced binding. Thus, if
lipoprotein lipase enhanced LDL metabolism in the cells
through the LRP receptor (4) then the effect must have been
minimal and could not be detected. It is note-worthy that the
LDL receptor-negative fibroblasts had the same capacity to
degrade '25I-labeled lipoprotein lipase as the normal skin fibro-
blasts (Fig. 2).

To clarify further the nature of the receptor on normal skin
fibroblasts that is responsible for the enhanced metabolism of
LDL in the presence of lipoprotein lipase, the experiment
shown in Table V was repeated in normal skin fibroblasts
whose LDL receptor was downregulated by growth in the pres-
ence of unlabeled LDL (80 jg protein/ ml) for 48 h. The results
are shown in Fig. 3 (binding and proteolytic degradation). The
data recorded with upregulated cells were qualitatively similar
to those shown in Table V, i.e., lipoprotein lipase enhanced
binding and degradation of '251-LDL and these effects were
reduced (binding) or abolished (degradation) when the cells
were pretreated with heparinase. Downregulation of the LDL
receptor caused a 70-80% decrease of the binding and degrada-
tion of '251I-LDL in the absence of lipoprotein lipase. Incuba-
tions in the presence of lipoprotein lipase caused enhanced
binding of the 1251-LDL to the cells that reached a value identi-
cal or even slightly larger than that observed with upregulated
cells. Degradation of 1251I-LDL in the presence of lipoprotein
lipase was also higher than that observed in the absence of
lipoprotein lipase but the absolute rate of degradation was 27%

that observed under the same conditions in upregulated cells.
Pretreatment of the downregulated cells with heparinase re-
duced both the enhanced binding and enhanced degradation of
'25I-LDL caused by lipoprotein lipase. These findings indicate

that while lipoprotein lipase enhanced degradation by the cells
was dependent on the status of the LDL receptor activity, the
lipoprotein lipase enhanced binding was not. These conclu-
sions are compatible with the suggestion that lipoprotein lipase
enhances binding to heparan sulfate and is therefore observed
to the same extent in up- and downregulated cells, whereas the
lipoprotein lipase-enhanced degradation occurs predomi-
nantly through the LDL receptor pathway.

In an additional experiment an attempt was made to deter-
mine whether a 39-kD fusion protein that specifically inhibits
the interactions of lipoproteins with the LRP( 19) also inhibits
the lipoprotein lipase enhanced binding of lipoproteins to cells.
To this end, the effects of the 39-kD fusion protein on the
lipoprotein lipase-enhanced binding of chylomicrons to hepa-
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Figure 2. Degradation of '251-labeled lipoprotein lipase by normal and
LDL receptor-negative skin fibroblasts. Cultured fibroblasts were
incubated at 370C with '251I-labeled lipoprotein lipase (500 ng pro-
tein/ml) for 4 and 8 h. At the end of the incubation, the medium
was collected and assayed for protein degradation products as de-
scribed in Methods. In the absence of cells, no protein degradation
products were identified. Data are mean±SDof triplicate cultures.
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Figure 3. Effects of lipoprotein lipase and heparinase on the metabo-
lism of '25I-LDL in up- and downregulated normal skin fibroblasts.
Normal skin fibroblasts were up- or downregulated by growth in
LPDS medium or medium containing unlabeled LDL (80 ,ug pro-
tein /ml) for 48 h before the initiation of the experiment. 125I-LDL
in LPDS medium was added and LDL metabolic parameters (bind-
ing, cell association, and proteolytic degradation) were determined
after 4 h incubation at 370C. Effects of lipoprotein lipase and of hep-
arinase pretreatment of the cells were determined as described in the
legend to Table V. Data are for binding and proteolytic degradation
and are mean±SDof triplicate cultures. ., -LPL; B, +LPL; o, +LPL
+ heparinase.
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Figure 4. Effects of a 39-kD fusion protein on lipoprotein lipase en-

hanced binding of '25I-chylomicrons in heparinase pretreated LDL
receptor-negative skin fibroblasts. Cells were grown as described in
Methods. One-half of the cells was treated with heparinase before
initiation of the binding experiment. The 39-kD fusion protein (1O
Asg protein/ml) was added together with lipoprotein lipase (500 ng

protein/ ml) and '25I-chylomicrons (5 gg protein/ ml) to heparinase-
treated cultures. Lipoprotein lipase and '25I-chylomicrons were added
to untreated and heparinase-treated cells at the same concentrations.
Binding of '25I-chylomicrons to the cells was determined after 60 min
incubation at 0C. Data are mean±SDof triplicate cultures. Similar
results were obtained in normal skin fibroblasts.
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Figure 5. Effect of inactivation of lipoprotein lipase on the binding of
'251-VLDL-III and of 1251I-labeled lipoprotein lipase to normal and
LDL receptor-negative fibroblasts. Guanidine inactivated unlabeled
and '251I-labeled lipoprotein lipase were prepared as described in
Methods. Control-incubated and guanidine-inactivated lipoprotein
lipase ( 1,000 ng protein/ml) were added together with 1251-VLDL-III
to cell cultures, and the binding of the VLDL to the cells was deter-
mined after 60 min incubation at 00C as described in the legend to

Table I. Binding of control and inactivated 1251I-labeled lipoprotein
lipase (31,000 cpm/ plate) to the cells was determined in parallel.
Data are mean±SDof triplicate cultures.

rinase-treated normal and LDL receptor-negative skin fibro-
blasts was determined (Fig. 4). No effect was observed. In
other experiments no effects of the 39-kD fusion protein were

found in fibroblasts not treated with heparinase (data not
shown). The 39-kD fusion protein in contrast caused a 60%
decrease of cholesterol esterification in the LDL receptor-ne-
gative fibroblasts after incubation with apo E-3 enriched rabbit
f3-VLDL using the same conditions as described by Herz et
al. (19).

The lipoprotein lipase-enhanced binding of lipoproteins to
heparan sulfate could be related or unrelated to the catalytic
activity of the enzyme. To clarify this question, experiments
were performed on normal and LDL receptor-negative fibro-
blasts using catalytically inactive enzyme (Fig. 5). Lipoprotein
lipase was inactivated by an overnight incubation at 4-60C
with 1 Mguanidine as described in Methods. The inactive en-

zyme had no activity against rat plasma VLDL labeled bio-
synthetically with [3H ]palmitate triacylglycerol while a control
incubated (with 0.9% NaCl solution) enzyme hydrolyzed
85.7% of the triglycerides. As shown in Fig. 5, totally inactive
lipoprotein lipase retained 28-33% of the lipoprotein binding
activity of unincubated or control-incubated enzyme. This
value was 1 1-34-fold higher than the binding of '25I-VLDL-III
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in the absence of lipoprotein lipase. An experiment on the bind-
ing of lipoprotein lipase itself to the cells (conducted with 125I-
labeled enzyme treated exactly as the unlabeled enzyme) indi-
cated that the partial inhibition of binding of VLDLto the cells
by the inactive enzyme is due to reduced ability of the guani-
dine-treated lipoprotein lipase to bind to heparan sulfate (Fig.
5). It thus appears that the lipoprotein lipase-enhanced bind-
ing of lipoproteins to heparan sulfate is independent of the
catalytic activity of the enzyme, at least in part.

Discussion

The structure of lipoprotein lipase, a triglyceride hydrolase that
plays a key role in lipoprotein metabolism, has been elucidated
in recent years (24). The enzyme molecule contains several
functional regions, including a lipid-binding region and a hepa-
rin/heparan sulfate-binding region (25). The heparin-binding
region appears to be responsible for binding of the enzyme to
heparan sulfate on cell surfaces, while the lipid-binding region
appears to be responsible for interaction of the enzyme with
lipoprotein particles. The results of the present study are com-
patible with these notions. Wesuggest that lipoprotein lipase
forms a "bridge" between lipoproteins and heparan sulfate on
cell surfaces and extracellular matrix. This action is indepen-
dent of the catalytic activity of the enzyme. Our experiments
show that lipoprotein lipase bound to heparan sulfate retains
its capacity to bind lipoproteins. It is also possible that lipopro-
tein lipase binds first to lipoprotein surfaces and then the lipo-
protein-enzyme complex binds to the heparan sulfate. Either
mechanism may be important in physiological reaction. For
example, the first is responsible for triglyceride transport in
tissues that express the lipoprotein lipase gene, and the second
for clearance of lipoprotein-enzyme complexes such as chylo-
micron and VLDL remnants.

Several investigations indicated that lipoprotein lipase en-
hances the interaction of lipoproteins with cells. Studies from
the Steins' laboratory have demonstrated that lipoprotein li-
pase promotes transfer of cholesteryl esters, their ether ana-
logues, and ether analogues of phosphatidylcholine from
various rat plasma lipoproteins and from liposomes to cells in
culture (26-28). The reaction presumably is mediated by en-
hancing the binding of the lipoproteins to cell surfaces. Lipo-
protein lipase also readily binds to the subendothelial matrix
(29), retains its enzymatic activity (29), and may be responsi-
ble for retention of LDL in the extracellular matrix (30). Bei-
siegel et al. have recently demonstrated a dramatic effect of
lipoprotein lipase on the binding of human chylomicrons, rab-
bit f3-VLDL, and apo E liposomes to a variety of cultured cells
(4). They also showed, by cross-linking techniques, that the
enzyme increases binding of apo E liposomes to the LRPrecep-
tor. Our data demonstrate unequivocally that as much as 90-
95%of the lipoprotein lipase-enhanced binding of lipoproteins
to cell surfaces is due to interaction with heparan sulfate. This
conclusion is based on our observations with heparinase-
treated cells and ECMand with heparan sulfate-deficient mu-
tant CHOcells. Wedid not find evidence for lipoprotein lipase
induced binding oflipoproteins to cell surface receptors, specifi-
cally the LDL receptor and the LRP. Although we can not rule
out interaction of the lipase with the LRP (4), we believe that
the majority of the remaining 5-10% of bound lipoproteins in
mutant CHOcells and heparinase-treated cells are associated
with residual heparan sulfate or other sulfated glycosaminogly-

cons on the surface of the cells. It is of interest to note that cell
surface heparan sulfate contains regions of saccharide compo-
sition and sulfate content similar to that of heparin (31 ), as
also indicated by the susceptibility of the cell surface and ECM
heparan sulfate to degradation by bacterial heparinase. In fact,
better results were obtained with the bacterial enzyme than
with mammalian heparanase (endo-f3-D-glucosanidase) (17),
most likely because the latter enzyme exhibits a very strict in-
terchain site specificity, yielding degradation fragments of
higher molecular weight.

Weshow here that lipoprotein lipase enhances indiscrimi-
nately the binding of all human lipoproteins studied to heparan
sulfate on cell surfaces and ECM, although it appears to be
especially active for triglyceride-rich lipoproteins. This is not
surprising, as lipoprotein lipase induces lipid hydrolysis in all
plasma lipoproteins, including LDL and HDL, during in vitro
incubations (32, 33). Yet, in whole plasma, the effect may be
almost totally restricted to triglyceride-rich lipoproteins that
possess much higher affinity to lipoprotein lipase as compared
to the cholesterol ester-rich lipoproteins, LDL and HDL(34).

A crucial question that emerges from the present study is
whether lipoprotein lipase-enhanced binding of lipoproteins to
heparan sulfate is of physiological importance. To be of physio-
logical metabolic relevance, lipoprotein lipase should not
merely enhance the binding of lipoproteins to cell surfaces, but
also promote uptake and degradation of the particles. Such
effects were recently demonstrated by us in lipolyzed VLDL
when the lipolysis process exposes unreactive apo E molecules
on the VLDL and promotes uptake and degradation of the
particles through the LDL receptor pathway (5). In the present
investigation we were not able to demonstrate a direct effect of
lipoprotein lipase on the uptake and degradation of LDL
through the LDL receptor in heparinase-treated normal hu-
man skin fibroblasts or through the LRPin LDL receptor-ne-
gative fibroblasts. While an effect on triglyceride-rich lipopro-
teins might have been observed, it is impossible to discern in
experiments carried out at 370C between consequences of lipol-
ysis of VLDL or chylomicrons (5, 7) and those due to the
lipoprotein lipase molecule itself. Yet, lipoprotein lipase-en-
hanced binding of LDL to heparan sulfate caused a 50% in-
crease of the proteolytic degradation of the lipoprotein, in nor-
mal skin fibroblasts, presumably by facilitated transfer of the
LDL from the heparan sulfate to the LDL receptor. Effects of
lipoprotein lipase on uptake and degradation of LDL were re-
cently published. Aviram et al. reported enhanced metabolism
of lipolyzed LDL in macrophages, smooth muscle cells, and
normal skin fibroblasts, but not in LDL receptor-negative fi-
broblasts (35, 36). In that study, the lipolyzed LDL was iso-
lated by gel filtration and most probably retained enzyme mole-
cules on its surface. Williams et al. (37) observed a lipoprotein
lipase enhanced uptake and degradation of LDL (but not
monoclonal antibody C-7) in hepG-2 cells. A similar lipopro-
tein lipase-enhanced degradation of LP(a) was also reported
in an abstract from the same group of investigators (38). The
abstract states that the enhanced LP( a) degradation occurs pre-
dominantly through the LDL receptor pathway although some
enhancement is also reported in LDL receptor-negative cells.
In all these studies, a lipoprotein lipase-enhanced binding of
the lipoprotein to heparan sulfate followed by facilitated
transfer of the particles to receptors could have occurred but
was not investigated. With chylomicrons and VLDLwe found
a 2-20-fold increase in binding to cell surface heparan sulfate
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that was abolished after heparinase treatment when using lipo-
protein lipase concentrations as low as 10-50 ng/ml. These
concentrations are certainly close to those found in preheparin
human plasma (8-25 ng/ml) (39) and are below those mea-
sured in postheparin plasma, (- 200 ng/ml) (40). It is thus
possible that under physiological conditions even small
amounts of lipoprotein lipase bound to circulating lipoproteins
may promote their interaction with heparan sulfate on cell sur-
faces and ECM.

Several studies have indicated that interaction of biologi-
cally active molecules with heparan sulfate and heparinlike
molecules is obligatory for proper expression of their activity.
For example, heparin/heparan sulfate is required for bFGF
high affinity binding ( 14, 15) and for bFGF-induced cell prolif-
eration and myoblast differentiation (23, 41). Likewise, bind-
ing of vascular endothelial growth factor to its cell surface re-
ceptors has an absolute requirement for heparin and/or cell
surface heparan sulfate (42). Not surprisingly, heparin and hep-
aran sulfate proteoglycans are important regulators of cell
growth and differentiation (43). Lipoprotein lipase mediated
interactions of lipoproteins with heparan sulfate may also serve
an important physiological function. As discussed above, such
interaction could bring the lipoprotein into close proximity to
cell surfaces and facilitate transfer of the particles to cellular
receptors. It could also promote flux of lipid molecules be-
tween lipoproteins and cells and be responsible for influx of
cholesteryl esters from the lipoproteins and effilux of unesteri-
fied cholesterol from the cells. A similar process could even be
responsible for sequestration of chylomicron remnants in the
liver (44), a phenomenon that recently was ascribed by Mah-
ley and Hussain to interaction of the remnant particles with
heparan sulfate on liver cells (45). It is more difficult to assume
a physiological role for lipoprotein lipase-mediated binding of
lipoproteins to ECM. Yet, a possible biological impact of a
similar process on accretion of lipoproteins in extracellular
spaces, for example during atherogenesis, cannot be ruled out.
Indeed, Saxena et al. (30) demonstrated increased retention of
LDL on extracellular matrix when lipoprotein lipase is added
to matrix plated below a cultured endothelial cell layer. Again,
the possible role of binding of the lipase to heparan sulfate was
not investigated but probably provides the mechanism respon-
sible for the observed phenomenon. In this context, it is inter-
esting to note that macrophages and smooth muscle cells in
atheromas express the lipoprotein lipase gene (46) and that
involvement of arterial lipoprotein lipase in atherogenesis was
postulated by Dr. Zilversmit (47). Evidently, the findings de-
scribed in the present report warrant more extensive investiga-
tion of the role that lipoprotein lipase-mediated binding of
lipoproteins to heparan sulfate plays in metabolic events that
occur during lipoprotein-cell and lipoprotein-matrix interac-
tions.
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