
Specific High-Affinity Binding of High

Density Lipoproteins to Cultured Human Skin Fibroblasts

and Arterial Smooth Muscle Cells

ROBERTBIESBROECK, JOHNF. ORAM, JOHNJ. ALBERS, and EDWINL. BIERMAN,
Division of Metabolism and Endocrinology, Department of Medicine,
University of Washington, Seattle, Washington 98195

A B S T R A C T Binding of human high density lipo-
proteins (HDL, d = 1.063-1.21) to cultured human
fibroblasts and human arterial smooth muscle cells was
studied using HDL subjected to heparin-agarose af-
finity chromatography to remove apoprotein (apo) E
and B. Saturation curves for binding of apo E-free 1251_
HDL showed at least two components: low-affinity
nonsaturable binding and high-affinity binding that
saturated at -20 1Ag HDLprotein/ml. Scatchard anal-
ysis of high-affinity binding of apo E-free 125I-HDL
to normal fibroblasts yielded plots that were signifi-
cantly linear, indicative of a single class of binding
sites. Saturation curves for binding of both '251-HDL3
(d = 1.125-1.21) and apo E-free 1251-HDL to low den-
sity lipoprotein (LDL) receptor-negative fibroblasts
also showed high-affinity binding that yielded linear
Scatchard plots. On a total protein basis, HDL2
(d = 1.063-1.10), HDL3 and very high density lipo-
proteins (VHDL, d = 1.21-1.25) competed as effec-
tively as apo E-free HDL for binding of apo E-free
1251-HDL to normal fibroblasts. Also, HDL2, HDL3,
and VHDL competed similarly for binding of 1251_
HDL3 to LDL receptor-negative fibroblasts. In con-
trast, LDL was a weak competitor for HDL binding.
These results indicate that both human fibroblasts and
arterial smooth muscle cells possess specific high af-
finity HDL binding sites. As indicated by enhanced
LDL binding and degradation and increased sterol
synthesis, apo E-free HDL3 promoted cholesterol ef-
flux from fibroblasts. These effects also saturated at
HDL3concentrations of 20 ,g/ml, suggesting that pro-
motion of cholesterol efflux by HDL is mediated by
binding to the high-affinity cell surface sites.

Received for publication 17 August 1981 and in revised
form 8 November 1982.

INTRODUCTION

An important function of circulating lipoproteins is
the transport of lipids between various tissues in the
body. The main function of low density lipoprotein
(LDL) appears to be the delivery of esterified choles-
terol to cells (1). This process is mediated by high af-
finity binding of LDL to a cell surface receptor specific
for apoproteins (apo)' B and E, followed by uptake
and degradation of the LDL particle. The exact role
of high density lipoprotein (HDL) in cholesterol trans-
port remains unknown. There is some evidence that
HDL, as well as LDL, binds specifically to steroid hor-
mone-producing tissues to deliver cholesterol for use
in hormone synthesis (2-4). It has been postulated that
HDL serves to remove unesterified cholesterol from
other extrahepatic cells, which is then esterified and
either transferred to lower density lipoproteins or car-
ried to the liver where the cholesterol is ultimately
excreted in bile ("reverse cholesterol transport") (5).
This removal or efflux of cholesterol from extrahepatic
cells may be mediated by the binding of HDL to the
cells (6). Prior studies of binding of HDL to extrahe-
patic cells has been confounded by the fact that HDL
separated by the usual ultracentrifugal procedures is
a heterogeneous group of particles containing, in ad-
dition to apo A-I and A-II, apo E, which binds avidly
to the LDL receptor (7). In this study, specific high-
affinity binding of HDL devoid of apo E (apo E-free
HDL) to extrahepatic cells, independent of the LDL
receptor, was demonstrated and characterized, and the
possible relationship of this binding to cholesterol ef-
flux from cells was assessed.

' Abbreviations used in this paper: apo, apoprotein; LDS,
lipoprotein-deficient serum.
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METHODS

Cells. Normal human skin fibroblasts were grown from
explants of punch biopsies of skin from the inner thighs of
normal volunteers. LDL receptor-negative fibroblasts
(GM488, GM2000) were obtained from the HumanGenetic
Mutant Cell Repository (Camden, NJ). Human arterial
smooth muscle cells were grown from explants of intimal-
medial segments of thoracic aorta obtained during vascular
surgery by methods previously described (8). Cells were
grown in plastic tissue culture flasks in modified Dulbecco-
Vogt medium (Gibco Laboratories, Grand Island Biological
Co., Grand Island, NY) containing 10% pooled human serum
at 370C in humidified incubators equilibrated with 5% CO2,
95% air. For most experiments, cells were trypsinized from
stock flasks (two to eight passages) and seeded in 35-mm
plastic petri dishes using 2 ml of medium (10% pooled human
serum) containing -5 X 104 cells. Cells were grown in me-
dium containing 10% fetal calf serum (fibroblasts) or 10%
pooled human serum (smooth muscle cells) and used just
before reaching confluency, usually 5-7 d after plating. The
growth medium was changed every 2-3 d. Unless indicated
otherwise, each data point for the figures and tables repre-
sents the mean of determinations on duplicate dishes.

Lipoproteins and lipoprotein-deficient serum (LDS).
Lipoproteins were isolated from human serum by sequential
ultracentrifugation (9). The lipoprotein fractions were sep-
arated according to densities as follows: low density (LDL,
d = 1.019-1.063); high density (HDL, d = 1.063-1.21); high
density2 (HDL2, d = 1.063-1.100); high density3 (HDL3,
d = 1.125-1.21); and very high density (VHDL, d = 1.21-
1.25). LDL and HDL were iodinated with '25I by the
McFarlane (10) monochloride procedure as modified for li-
poprotein. The specific activity for both '25I-LDL and 125I_
HDLwas -2.0 X 105 cpm/,Ag of protein. LDS was prepared
by centrifugation of pooled human serum at d = 1.25 at
176,000 g for 28 h. The bottom fraction was isolated and
recentrifuged. Apo A-I, A-II, and B were determined by
radioimmunodiffusion techniques (11, 12).

Apo E- and apo B-free HDL and sterol-depleted HDL.
Fractions of HDL that were devoid of apo E were prepared
by affinity column chromatography. HDLwas passed through
a heparin-agarose affinity column, essentially as described
by Weisgraber and Mahley (13), prepared by the method
of Mitchell et al. (14). HDL was added to the column in
0.005 Mimidazole buffer (pH 6.5) containing 0.015 MNaCl.
After the unbound HDL fraction was eluted from the col-
umn, the bound HDL was removed by increasing the NaCl
concentration to 1.0 M. Elution of protein was monitored by
measurement of absorbance at 280 nm. To ascertain that apo
E and B were completely removed from HDL, the unbound
fraction was tested for its ability to compete for '2I-LDL
binding to fibroblasts. It was assumed that these HDL prep-
arations were devoid of apo E and B if HDL could not dis-
place 1251-LDL from the cell surface at HDL protein con-
centrations of 100-fold greater than the LDL protein con-
centration.

Lipid-depleted HDL3 was prepared by heptane extraction
as described by Krieger et al. (15), except that the extractions
were performed at 00 rather than at -10°C, and no lipids
were added to the extracted lipoprotein. This procedure re-
moved >60 and 80% of the HDL3 unesterified and esterified
cholesterol content, respectively, without affecting the phos-
pholipid content or apoprotein composition.

Binding of '251-LDL. For measurement of binding of
labeled LDL to cells, cells preincubated in the indicated
media were chilled to 0°C for 20 min. The preincubation

medium was aspirated and discarded. The cell layers were
washed two times with ice-cold phosphate-buffered saline
(PBS) (0.2 g/liter KCI, 0.2 g/liter KH2PO4, 8.0 g/liter NaCl,
2.16 g/liter Na2HPO4- 7H20). Serum-free medium contain-
ing 10 mMHEPESbuffer (pH 7.4) plus 2 mg/ml albumin
with 1251-LDL was added to the dishes (1 ml/dish) and the
cells were incubated at 00-40C for 2 h. After 2 h the incu-
bation medium was removed and discarded. The dishes were
then rapidly washed four times with 2.0 ml of cold PBS
containing 2 mg/ml albumin (wash medium), followed by
two 10-min washes with the same medium, and one wash
with cold PBS. Each dish then received 2.0 ml of cold 10
mMHEPESbuffer (pH 7.4) containing 9.0 mg/ml NaCl and
4.0 mg/ml dextran sulfate. After 1 h, the dextran sulfate
medium was removed and the cells were dissolved in 0.1 M
NaOHfor protein determinations. The amount of radioac-
tivity released by dextran sulfate was assumed to represent
receptor-bound '25I-LDL (16, 17).

Binding of '25I-HDL. After cells were grown to conflu-
ence, the dishes were washed with sterile PBSonce and then
were preincubated for 12-18 h at 370C in serum-free me-
dium plus 2 mg/ml albumin. This preincubation was per-
formed to allow time for lipoproteins to dissociate from cell
surface binding sites and for cell cholesterol metabolism to
equilibrate. Cholesterol efflux is negligible in the presence
of serum-free medium (17). Cells were then washed once
at room temperature with 2.0 ml wash medium and chilled
at 4°C after the addition of another 2.0 ml wash medium.
The cold wash was then removed and serum-free medium
containing 2 mg/ml albumin, 10 mMHEPES(pH 7.4), and
'25I-HDL was added to the dishes (1 ml/dish). The cells were
incubated at 0°-4°C for 2 h. After 2 h, the incubation me-
dium was removed and discarded. The dishes were then
subjected to the same wash procedure as with LDL binding.
After the final wash with PBS, the amount of '25I-HDL bound
was assessed by two separate procedures. For the first pro-
cedure, each dish received 1.0 ml medium containing 0.05%
trypsin plus EDTA and the dishes were incubated at 370C
for 10 min. The trypsin was then neutralized by addition of
medium containing serum and the cells were pelleted by
centrifugation. The amount of '25I-radioactivity in the su-
pernatant was assumed to represent bound 125I-HDL. The
washed pellet was then dissolved in 0.1 N NaOHand an
aliquot was counted for '25I-radioactivity, assumed to rep-
resent internalized 125I-HDL, and another aliquot was used
for protein determinations as described by Lowry et al. (18).
For the second procedure, cells were washed once again with
cold PBS and 1.0 ml of 0.1 N NaOHwas added directly to
the washed monolayer. Part of the NaOHdigest was used
for protein determinations and part was used to determine
the amount of cell-associated radioactivity.

The saturation kinetics for HDL binding were evaluated
from data obtained for binding studies in the presence of
increasing concentrations of 125I-HDL. The amount of sat-
urable or specific binding at each HDL concentration was
estimated by subtraction of the amount of nonspecific HDL
bound from the total HDL bound. The nonspecific compo-
nent was determined from either (a) the slope of the satu-
ration curve that appeared to be linear at HDL concentra-
tions above saturation of specific binding sites, or (b) values
for 1251-HDL binding obtained in the presence of at least 50-
fold excess of unlabeled HDL. The ratios of bound to free
1251-HDL were plotted against bound HDLaccording to the
method of Scatchard (19).

Internalization, degradation, or dissociation of bound
12"I-HDL. To determine the fate of prebound HDL, apo
E-free 1251-HDL was first bound to the cell surface at 0°C
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and the cells were thoroughly washed by the procedure de-
scribed for the HDLbinding assay. Each dish then received
ice-cold serum-free culture medium containing 2 mg/ml
albumin plus or minus unlabeled apo E-free HDL. One set
of dishes was then warmed to 370C while another set of
dishes was maintained at 00-40C. After the indicated time,
the medium was collected and treated with TCA (final con-
centration of 8%). The "RI-radioactivity in the acid-insoluble
(undegraded HDL) and acid-soluble (degraded HDL) was
measured. The cells were rapidly washed once with PBSand
harvested by the trypsinization procedure described for the
HDLbinding assay. The harvested cells were chilled to 00C,
washed once with ice-cold PBSand dissolved in 0.1 NNaOH.
The trypsin medium and NaOHdigest were counted for '251-
radioactivity to determine the quantities of HDLbound and
internalized.

Electrophoresis of bound and dissociated lzI-HDL. Apo
E-free 1'I-HDL that was released from cell surface binding
sites was characterized by one-dimensional gel electropho-
resis using 10% polyacrylamide slab gels containing 0.1%
sodium dodecyl sulfate (SDS) (20). To concentrate the re-
leased 1'I-HDL, the same chase medium was exposed in
succession to four different dishes containing cell-bound 12 I-
HDL. Fibroblasts grown in 60-mm culture dishes (270 jg
protein/dish) were incubated for 2 h at 0WCwith medium
containing apo E-free '"I-HDL and then thoroughly washed
by standard procedures. Serum-free medium containing un-
labeled apo E-free HDL (10 jg/ml) was added to the first
dish (2.5 ml/dish) and cells were incubated (chase) for 1 h
at 370C. The chase medium was then transferred to the
second dish for an additional 1-h incubation at 370C. This
procedure was repeated twice again for the remaining two
dishes. The 40C binding incubations were started at 1-h in-
tervals, so that each dish was exposed to '`I-HDL for the
same period of time. After the final chase incubation, the
medium was dialyzed against 20 mMNH4HCO3and then
lyophilized. The lyophilized sample was dissolved in
phosphate/SDS buffer (0.268% Na2HPO4* 7H20, 0.137%
NaH2PO4- H20, and 1.0% SDS, 10-20% vol/vol glycerol,
0.005% bromophenol blue, at pH 7.0). Electrophoresis was
performed at 20-75 mAand 40-140 V for 3-4 h. Small al-
iquots of the initial unlabeled apo E-free HDL, apo E-free
' I-HDL, and mixtures of known Mr standards were run in
parallel to the medium samples. Proteins were visualized by
Coomassie blue G-250 staining, and autoradiography was
performed by exposure of dried gels to x-ray filter at -70°C
for 24-72 h. In some cases, the dried gels were sliced into
consecutive 5-mm sections and each section was gamma
counted for 125I radioactivity.

Other methods. To estimate the relative rates of sterol
synthesis, cells were rapidly washed twice (at room temper-
ature) with PBS and then incubated for 2 h at 370C with
Krebs-Ringer phosphate buffer, pH 7.4, containing 0.5 mM
sodium ['4C]acetate (30-50 jCi/;tmol). To estimate the cel-
lular content of cholesterol oleate, cells were incubated with
medium containing [14Cloleic acid bound to albumin pre-
pared as previously described (21). After the incubation
times indicated, the dishes were placed on ice, washed twice
with ice-cold PBS. Cells were harvested with a teflon po-
liceman into ice-cold CH3OH:H20 (2:1), the lipids were ex-
tracted with CHC13, and the amount of label incorporated
into total sterol (sterol synthesis) or cholesterol esters was
measured as previously described (21). The amount of 125I-
LDL degraded by fibroblasts was estimated from the ap-
pearance in the medium of TCA-soluble, noniodide radio-
activity as previously described (8).

RESULTS
To demonstrate whether the techniques used were
yielding an accurate assessment of high-affinity bind-
ing of HDL, the release of radioactivity during wash-
ing, trypsinization, and cell digestion was monitored
after incubation of cultured skin fibroblasts at 370C
with 10 jg/ml 125J-HDL3 protein (Fig. 1). The HDL3
subfraction was used because it contains very little apo
E. After the fifth wash, essentially no radioactivity was
found in the medium. Even when binding was per-
formed with 100 jg/ml lmI-HDL3, the amount of 1251
radioactivity released in the sixth wash was <15% of
the final cell-associated radioactivity (data not shown).
After the sixth wash, trypsinization of the cells resulted
in a significant release of 125I-HDL3 from the cells (Fig.
1). Washing the cell pellet after trypsinization released
very little additional HDL. After digestion of the cell
pellet with NaOH, some further radioactivity was re-
covered. However, the majority of the cell-associated
counts (-75%) were released by trypsin; indicating
that HDL binding is trypsin sensitive and appears to
be confined to the cell surface. To determine whether
the amount of cholesterol in the cell had any effect on
HDLbinding, cells preincubated in 10% whole human
serum, which loads the cells with cholesterol, were
compared with cells preincubated in 10% LDS, which
results in relatively cholester l-depleted cells. Prein-
cubation with whole human serum did not affect the
amount of HDL either loosely associated with the cells
(wash-releasable) or tightly bound to the cells (trypsin-
releasable).

To minimize internalization of HDL, binding assays
were routinely performed at 00-40C and cells were
digested with NaOH(Methods). Saturation curves for
HDL binding to normal fibroblasts were obtained by
incubations with increasing concentrations of apo E-
free 1251-HDL, prepared from whole HDL that had
been subjected to heparin-agarose affinity chromatog-
raphy. Typically, binding of labeled HDL increased
linearly at concentrations > 20 ug HDL protein (Fig.
2). When this linear binding component was sub-
tracted from the total binding, a high-affinity saturable
binding component was evident (Fig. 2). A Scatchard
(19) plot of the total apo E-free HDL binding yielded
a curve indicative of more than one component of
binding (Fig. 2, inset). These studies suggest that nor-
mal fibroblasts possess low- and high-affinity sites that
bind apo E-free HDL.

To estimate the relative amount of nonspecific bind-
ing of HDL, normal fibroblasts were incubated with
increasing concentrations of apo E-free 1251-HDL plus
or minus at least 50-fold excess unlabeled apo E-free
HDL. The linear component of HDL binding that
occurred in the presence of excess unlabeled HDL
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FIGURE 1 Release of surface bound '25I-HDL3 by sequential washes. Normal fibroblasts were
preincubated for 30 h in medium containing either 10% whole human serum (A) or 10% LDS
(0), followed by an overnight preincubation with serum-free medium plus 2 mg/ml albumin
(Methods). The cells were then incubated with 10 Ig/ml of 1251-HDL3 protein at 370C for 4
h. The medium was then removed and the routine washing procedure used in these binding
experiments was performed (Methods). The amount of radioactivity released after each wash
was determined. After the sixth wash, the cells were trypsinized and the amount of radioactivity
released was measured. The cell pellet was then digested with NaOHand amount of radio-
activity that had remained associated with the cells was determined.

presumably represented low-affinity, nonspecific bind-
ing (Fig. 3). Whenthe nonspecific component was sub-
tracted from total binding, a high-affinity saturable
component of binding was apparent. A Scatchard plot
of the high-affinity binding was significantly linear
(r = 0.79, P < 0.01) (Fig. 3, inset), indicative of a single
class of binding sites.

Another method for determination of binding of
HDL to cells independent of the LDL receptor is the
incubation of untreated fractions of HDL with cells
lacking the LDL receptor. An ultracentrifugally iso-
lated subfraction of HDLthat contains very little apo
E, HDL3, was iodinated and incubated with LDL re-

ceptor-negative fibroblasts (Fig. 4A). Nonspecific
binding was determined by calculation of the slope of
binding between 100 and 400 ;g/ml of '25I-HDL3 pro-
tein in the medium and extrapolation back to zero.
Subtraction of nonspecific binding from total binding
again revealed a high-affinity, saturable component.
In a separate experiment, binding of apo E-free 1251_
HDL to LDL receptor-negative fibroblasts was also
determined (Fig. 4B). Again, a high-affinity, saturable
binding component was apparent, which provides fur-
ther evidence that HDLbinds to the cell surface with
high affinity, independent of the LDL receptor. Scat-
chard analysis of the high-affinity binding of 1251-HDL3

528 R. Biesbroeck, J. F. Oram, J. J. Albers, and E. L. Bierman



Total

100
B

"High-affinity"

10 20 50
HDL Protein (Lg/ml)

100

FIGURE 2 Apo E-free HDLbinding to normal fibroblasts. Normal fibroblasts were preincubated
for 18 h with serum-free medium containing 2 mg/ml albumin and then incubated for 2 h at
00-40C with increasing concentrations of apo E-free 1251-HDL. Total binding (-) was measured
on NaOHdigests of the washed monolayer (Methods). The high-affinity component (0) was

calculated by subtraction of values for nonspecific binding at each HDL concentration as

estimated from the slope of the linear component of the total binding curve. The inset is a

Scatchard plot of total binding where B represents nanograms of HDL protein bound per

milligram cell protein and F represents the concentration of HDL in the medium (nanograms
of HDLprotein per milliliter). The data are from an experiment representative of six different
experiments with four different strains of normal fibroblasts.

and apo E-free '25I-HDL yielded linear plots (insets
Figs. 4A and B).

Further evidence that HDL binds to cells at a site
other than the LDL receptor is the independence of
HDL binding from calcium. High-affinity LDL bind-
ing was dependent on the presence of calcium in the
medium as expected (Table I). In contrast, high-affin-
ity apo E-free HDLbinding was the same in the pres-

ence or absence of calcium, indicating that HDLbind-
ing was independent of calcium. Low-affinity, non-

specific binding of LDL and HDL was unaffected by
the availability of calcium in the medium.

Binding of apo E-free 1"I-HDL to cultured human
arterial smooth muscle cells was also tested (Fig. 5).
Again, a high-affinity, saturable component of binding
was evident. These binding sites appeared to saturate
at -20,gg/ml HDL protein, similar to the saturation
concentration observed for fibroblasts.

To assess specificity of the HDL binding sites, nor-

mal fibroblasts were incubated with apo E-free '25I-
HDL, plus or minus increasing concentrations of un-

labeled lipoprotein subfractions (Fig. 6A). Unlabeled
apo E-free HDL competed well for apo E-free "25I-
HDL binding as expected. Based on the lipoprotein

protein content, the other HDL density subfractions
tested (HDL2, HDL3, and VHDL, not subjected to
affinity chromatography) (Methods) competed as well
as apo E-free HDLfor binding. In contrast, LDL com-

peted to a much smaller degree. Studies of competitive
binding of LDL receptor-negative fibroblasts using
untreated HDL3 (Fig. 6B) indicated that, as with apo

E-free HDL binding to normal cells, the various den-
sity subfractions of HDL competed well for labeled
HDL3 binding, whereas LDL competed to a much
smaller extent. The finding that LDL competes slightly
for HDL binding, may be explained by the presence

of apo A-I in the LDL density fraction that accounted
for -1.0% of total LDL protein (0.95+0.21%,
mean±SD for four preparations). Apparently, the rel-
ative sterol content of the HDL particle has little in-
fluence on cell surface HDL binding. Preparations of
HDL3 that had been subjected to heptane extraction
to remove neutral lipids (Methods) competed nearly
as effectively as untreated HDL3 for binding to fibro-
blasts (Fig. 7).

It has been noted previously that HDL3 and VHDL
can promote cholesterol efflux from cultured fibro-
blasts (21). The increase in cholesterol efflux was as-
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FIGURE 3 The effects of excess unlabeled apo E-free HDLon binding of apo E-free 1251-HDL
to normal fibroblasts. Fibroblasts were incubated at 00C with increasing concentrations of apo
E-free 1251-HDL plus (A) or minus (0) at least 50-fold excess unlabeled apo E-free HDL.
Binding was measured as described for Fig. 2. Specific binding (0) was calculated by subtraction
of the values for binding in the presence of excess unlabeled HDL (nonspecific binding) from
the values for total binding. Values for specific binding were plotted by the method of Scatchard
(inset) as described in Fig. 2. Linearity of the Scatchard plot was assessed by linear regression
analysis (r = 0.79, P < 0.01).

sociated with increases in LDL receptor activity and
the rate of sterol synthesis by the cell. The effects of
HDL3 and VHDLon the apparent rate of cholesterol
efflux were concentration dependent, saturating at
HDLconcentrations that corresponded closely to those
observed for saturation of high-affinity HDL binding
(20jug protein/ml). When fibroblasts were incubated
for 24 h with increasing concentrations of apo E-free
HDL3, an increase in the rate of sterol synthesis from
('4C]acetate occurred that saturated at apo E-free
HDLs concentrations of 20 tig protein/ml (Fig. 8).
Furthermore, the addition of apo E-free HDL3 to
medium containing 125I-LDL increased the cell's abil-
ity to degrade LDL during 24-h incubations (Fig. 8).
This enhancement of LDL degradation also saturated
at "20 ug/ml HDL protein. The effect of HDL3 on

LDL degradation was apparently due to sustained
elevation of LDL receptor activity. Direct measure-

ment of LDL receptor activity also demonstrated that
HDL3 exerted its maximum enhancement at 20 M&g

protein/ml (Fig. 8C). In contrast, when cells were

preincubated with LDS to deplete cells of cholesterol
and up-regulate the LDL receptor, HDL3 had little
additional effect on LDL receptor activities (Fig. 8C).
Thus, the effect of HDL3 on cell cholesterol homeo-
stasis became maximal at an HDL3 concentration sim-
ilar to that which saturated the high-affinity HDL
binding sites on the cell surface.

One explanation for the saturation curves shown in
Fig. 8 is that the process of cholesterol efflux becomes
rate limiting at the higher concentrations of HDL3
because of depletion of cellular cholesterol. To test for

530 R. Biesbroeck, J. F. Oram, J. J. Albers, and E. L. Bierman

100
c

0
.I_

0

C-)
E
-o
C

C
:3.
0

c
O.

0~-

0
I
01

-

Ct

I _ __

2 .

I



. 75 80-e

I (;6 0
e

O1 1 40
E

I00200 200
0

t Nonspecific
B Apo-E-free-HDL Tot a i

0 75-

os Pecif ic

wial 0 0 0 50 0.0

HDPrtin(u-/I

matefro th linar sope ofbnigbtwe00 n 405gm0o 21-HL0 ndaoE

f ree '251 -HDL protein extrapolated back to zero. Specific binding was estimated by subtraction
of nonspecific binding from total binding. Scatchard plots (Fig. 2) for specific binding (insets)
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this possibility the relative amount of cholesterol trans-
ported from the cell was estimated when fibroblasts
were exposed to increasing concentrations of sterol-
depleted HDL3 over short- and long-term incubations.
Sterol was extracted from HDL3 (Fig. 7) because pre-
liminary results indicated that this procedure in-
creased the ability of HDL3 to promote cholesterol
efflux during long-term incubations. The relative
cellular cholesterol content was estimated from the
incorporation of [14C]oleate into cholesterol esters. Syn-
thesis of cholesteryl [14C]oleate, controlled by the en-
zymes acyl-CoA cholesterol acyltransferase, is pre-

sumed to be a direct function of the "excess" free
cholesterol content of the cell (1). During 36-h incu-
bations increasing the medium content of sterol-de-
pleted HDL3 caused a >80% reduction in incorpora-
tion of ['4C]oleate into cholesteryl ester (Fig. 9), in-
dicating near complete depletion of excess cellular
cholesterol even at low (5 ug protein/ml) HDL3 con-
centrations. In contrast, during 6-h incubations, ad-
dition of sterol-depleted HDL3 to the medium caused
<30% decrease in cholesteryl [14C]oleate synthesis (Fig.
9). Despite this small change, the effects of sterol-de-
pleted HDL3 saturated at a concentration of 20 tg
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TABLE I
Effects of Calcium on Binding of Apo E-free HDL

and LDL to Fibroblasts

'10-Lipoprotein bound

+Calcium -Calcium

mg/mg cell protein

Apo E-free lssI-HDL 58.4 60.0
+ excess unlabeled apo E-free HDL 7.91 9.39

25I-LDL 45.5 5.10
+ excess unlabeled HDL 1.64 2.75

Normal fibroblasts were preincubated for 48 h with medium con-
taining 10% LDS and then incubated at 00-40C for 2 h with 2
Mg/ml of the indicated is5I-lipoprotein plus or minus 200 Mg/ml
of the same unlabeled lipoprotein in Krebs-Ringer phosphate buffer
with (+) or without (-) 1.3 mMcalcium. Binding of labeled li-
poprotein was determined as described in Methods and in the leg-
end for Fig. 3.

protein/ml, similar to the effects shown in Fig. 8. Ap-
parently, depletion of available cholesterol from the
cell is not solely responsible for the saturation of cho-
lesterol efflux observed in the presence of increasing
concentrations of HDL3.

Previous studies have shown that, of the major HDL
subfractions, only HDL3 and denser particles can pro-

HDL Protein (Lg/mI )

FIGURE 5 Apo E-free .25I-HDL binding to human arterial
smooth muscle cells. Total binding was measured as de-
scribed for Fig. 2. Nonspecific binding was determined from
incubations at each concentration of apo E-free '251-HDL
in the presence of 1,000 Mg/ml unlabeled apo E-free HDL.
Specific binding was calculated by subtraction of nonspecific
from total binding.
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FIGURE 6 Competitive inhibition of apo E-free 125I-HDL
binding to normal fibroblasts and '25I-HDL3 binding to LDL
receptor-negative fibroblasts by serum lipoprotein fractions.
Normal (panel A) and LDL receptor negative (GM488, panel
B) fibroblasts were incubated at 00C with 2 Mg protein/ml
apo E-free '251-HDL and untreated 125I-HDL3, respectively,
in the presence of increasing concentrations of the indicated
unlabeled lipoprotein subfractions (Methods). Binding of la-
beled HDL was measured as described for Fig. 2.

mote cholesterol efflux from fibroblasts (21). Although
increased LDL degradation by fibroblasts occurs in the
presence of HDL3, addition of apo E-free HDL2 to
medium containing 125I-LDL had little effect on LDL
degradation (Fig. 10). Furthermore, a mixture of
HDL3 and apo E-free HDL2 (one-to-one, protein-to-
protein) had less ability to enhance LDL degradation
than did HDL3alone (Fig. 10). Apparently, apo E-free
HDL2can block the enhancement of LDL degradation
promoted by HDL3.

A requirement for the involvement of specific bind-
ing for the promotion of cholesterol efflux by HDL is
that the bound HDL must be readily displaced from
the binding sites so that cholesterol can be transported
away from the cell. To test this possibility, fibroblasts
were first incubated at 00C with saturating (20,jg/ml)
concentrations of apo E-free 1251-HDL. The washed
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FIGURE 7 Competitive inhibition of '25I-HDL3 binding to
fibroblasts by sterol-depleted HDL3. Normal fibroblasts were
incubated at 00C with 5 Asg protein/ml '25I-HDL3 in the
presence of increasing concentrations of the indicated un-
labeled lipoprotein subfractions. Sterol was extracted from
HDL3 with heptane as described under Methods. Binding
of '25I-HDL3 was measured as described for Fig. 2.

monolayers were then warmed to 370C and the fate
of the prebound HDL was monitored (Fig. 11A and
B). With serum- and lipoprotein-free medium, nearly
40% of the bound (trypsin releasable) apo E-free '25I-
HDLwas displaced during the first 2 h of incubation.
This displacement was increased to >60% when un-
labeled apo E-free HDL was added to the medium.
Nearly all of the displaced '25I radioactivity was re-
covered in the medium as TCA-insoluble derivatives,
suggesting that release of intact HDL particles from
the surface accounted for the displacement of pre-
bound HDL. Virtually none of the apo E-free 125I-
HDLwas internalized or degraded by the cell. In con-
trast, prebound apo E-free '"I-HDL was not displaced
if cells were maintained at 00C during the 4-h incu-
bations (Fig. lOC and D). The only 125I-HDL released
at 00C appeared to be a relatively small pool of tryp-
sin-resistant radioactivity that was insoluble in TCA.
This release at 00C was unaffected by the presence of
unlabeled apo E-free HDL. These results indicate that
binding of HDL to the cell surface is reversible and
that the displacement of prebound HDL is tempera-
ture dependent.

To characterize the HDL particles that were bound
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FIcURE 8 Effect of apo E-free HDL3on sterol synthesis and
1251-LDL degradation and binding by fibroblasts. For panel
A, fibroblasts were preincubated for 4 h in a serum-free al-
bumin medium before the addition of fresh serum-free al-
bumin medium containing the indicated concentration of
apo E-free HDL3. After 24 h, cells were washed, pulse in-
cubated for 2 h with [14C]acetate, and harvested for lipid
extractions (Methods). For panel B, cultured fibroblasts were

preincubated for 18 h in serum-free medium containing 2
mg/ml albumin before the addition of fresh serum-free
medium containing 2 mg/ml albumin, 30 ug/ml 1251-LDL
protein and the indicated concentration of apo E-free HDL3.
After 24 h, the amount of 1251-LDL degraded was measured
as described in Methods. For panel C, cultured fibroblasts
were preincubated in the presence of either 10% fetal calf
serum (0) or 10% human LDS (0, A). After 48 h, cells were

incubated with serum-free medium containing 2% albumin
plus the indicated concentration of HDL3. Duplicate dishes
were incubated with medium containing 10 Ag/ml LDL
protein (A). After 24 h, the cells were washed twice with
PBS at room temperature to allow for displacement of pre-
bound lipoproteins and then chilled to 00C while bathed
with the third wash medium. '25I-LDL binding was mea-

sured as described under Methods. The results for each panel
are from separate experiments using different cell strains
and different HDL3 preparations.

to the fibroblasts at 00C and subsequently released into
medium at 370C, the released lmI-HDL was subjected
to SDS-polyacrylamide gel electrophoresis (Methods).
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FIGURE 9 Effects of sterol-depleted HDL3 on cholesteryl
[14C]oleate synthesis by fibroblasts. To load cells with cho-
lesterol, fibroblasts were preincubated for 48 h with 10%
human LDS to up-regulate the LDL receptor followed by
24-h incubation with medium containing 10% LDS plus 50
,ug protein/ml LDL. After 24 h, cells were washed twice
with PBS containing albumin and then incubated with me-
dium containing ['4C]oleic acid bound to albumin plus the
indicated concentration of sterol-depleted HDL3, prepared
as described in Methods. After the indicated times, the dishes
were chilled to 00C, and cell lipids were extracted for mea-
surement of cholesteryl [14C]oleate content (Methods). The
medium concentrations of [14C]oleic acid/albumin for 6- and
36-h incubations were 72 1AM/0.2 and 140 1AM/0.5%, re-
spectively. Each value represents the mean of two to three
dishes expressed as percent values for lipoprotein-free dishes
(control). Mean values (±SEM, n = 3) for controls were
9.6±0.3 and 11.0±0.1 nmol cholesteryl [14C]oleate/mg cell
protein for 6- and 36-h incubations, respectively.

Coomassie blue staining of electrophoretic gels of the
original unlabeled apo E-free HDL preparation re-
vealed two major bands corresponding to apo A-I and
A-II (Fig. 12). Iodination of the HDL preparation
yielded particles that were predominantly labeled in
apo A-I and A-II as evident from autoradiograms of
the '25I-HDL gels (Fig. 12). As determined on consec-
utive 5-mm slices of 125I-HDL gels, -60 and 30% of
the radioactivity was associated with apo A-I and apo
A-II, respectively, with no other radioactive peaks ev-
ident (data not shown). When the '25I-HDL was im-
munoprecipitated (22), 92 and 75% of the radioactivity
was precipitated by antibodies to apo A-I and A-II,
respectively. These results suggest that most of the 125I_
HDL particles contained both apo A-I and A-II, but
a small proportion of the apo A-I-containing particles
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HDL2

1.0k

20 40

p.gHDL protein/ml

80 100

FIGURE 10 Effects of subfractions of apo E-free HDL on
degradation of 1251I-LDL by cultured fibroblasts. Cultured
fibroblasts were preincubated with 10% fetal calf serum,
washed twice with PBS, and then incubated with serum-free
medium containing 2 mg/ml albumin, 20 Ag/ml 1251-LDL
and increasing concentrations of apo E-free HDL2 (d = 1.063-
1.125), HDL3 or a one-to-one (protein-to-protein) mixture
of HDL2 plus HDL3. Whole HDL (d = 1.063-1.21) was first
subjected to heparin-agarose affinity chromatography to re-
move apo E and B before separation into HDL2 and HDL3
by ultracentrifugation. Each value represents the mean±SEM
of three incubations.

were devoid of apo A-II (22). When fibroblasts were
incubated with medium containing '25I-HDL at 00C,
thoroughly washed, and subsequently chase-incubated
at 370C with medium containing unlabeled HDL
(Methods), the radioactive material released from the
cell surface had electrophoretic properties that were
identical to the unincubated '25I-HDL (Fig. 12). These
results strongly suggest that fibroblasts bind and sub-
sequently release the apo A-I- and A-Il-containing
HDLparticles without marked alteration of their pro-
tein composition.

DISCUSSION

Recent studies have demonstrated that HDLcan bind
to high-affinity sites on cells from a variety of different
tissues, including rat adrenal gland (2, 3), rat testes
(4), rat and canine liver (23-26), bovine endothelium
(25), and human skin fibroblasts (6, 28, 29). The phys-
iological significance of this HDL binding has yet to
be elucidated. Binding of HDL to steroid hormone-
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FIGURE 11 The fate of apo E-free '251-HDL bound to fi-
broblasts at 0°C after subsequent incubations at 0° or 37°C.
Fibroblasts were incubated for 2 h at 0°C with 20,ug protein/
ml apo E-free '25I-HDL and thoroughly washed, as described
in Methods for the HDL binding assay. Cold serum-free
medium was added to each dish that contained 2 mg/ml
albumin alone (@, A) or albumin plus 20 sg protein/ml un-
labeled apo E-free HDL (0, A). One set of dishes was then
warmed to 37°C (panels A and B), while the other set was
maintained at 0°C (panels C and D). After the times indi-
cated, the medium was collected (panels B and D), treated
with TCA, and TCA-soluble (A, L) and -insoluble (0, 0)
radioactivity was measured (Methods). The washed mono-
layers were then trypsinized (panels A and C), and trypsin-
releasable (0, 0) and trypsin-resistant (A, A) radioactivity
was measured (Methods).

producing tissues may act to supply cholesterol to the
cell for steroid synthesis (2-4). On the other hand,
HDL binding to peripheral cells may promote cho-
lesterol efflux for transport to the liver (5, 6, 21). At
present, however, there is no direct experimental ev-
idence showing that cell surface binding of HDL is
required for net transport of cholesterol between the
cell and HDLparticles. It was the purpose of the pres-
ent study to identify and characterize HDL binding
sites on cultured human skin fibroblasts and human

arterial smooth muscle cells and to test the hypothesis
that modulation of cell cholesterol homeostasis by
HDL involves binding of HDLto specific high-affinity
sites on the cell surface.

HDL is a heterogenous lipoprotein fraction contain-
ing several different subpopulations of particles. Of
these subpopulations, those containing apo E can bind
avidly to the LDL receptor (7), which may have ac-
counted for much of the observed cell-surface binding
of whole HDL reported in some previous studies. To
evaluate HDL binding to sites distinct from the LDL
receptor, HDL was first subjected to heparin-agarose
affinity chromatography to remove apo E- and apo B-
containing particles (13). When tested on normal fi-
broblasts, these apo E-free HDL preparations did not
compete at all for LDL binding to the cell. As evident
from autoradiograms of SDS electrophoresis gels, ra-
diolabeling of apo E-free HDL with '"I yielded par-
ticles with >90% of the radioactivity associated with
apo A-I and A-II. Cultured cells were then incubated
with increasing concentrations of apo E-free '251-HDL
with and without excess unlabeled apo E-free HDL.
Saturation curves of the data from studies with cul-
tured fibroblasts revealed two components of HDL
binding. One component, evident as a straight line at
apo E-free HDL concentrations >20 gg protein/ml,
presumably represented nonspecific binding. The sec-
ond component appeared to saturate at apo E-free
HDLconcentrations of -20 ,ug protein/ml, suggesting
the presence of specific high-affinity binding sites.
Curvilinear Scatchard plots of the total binding of la-
beled apo E-free HDL to fibroblasts supported the
existence of high-affinity and low-affinity binding sites.
After subtraction of the nonspecific binding, the Scat-
chard plots were significantly linear, suggestive of one
class of high-affinity binding sites. In addition to hu-
man fibroblasts, cultured human arterial smooth mus-
cle cells appear to have high-affinity binding sites for
apo E-free HDL that also saturate at .20 gg pro-
tein/ml.

Several different lines of evidence indicate that the
binding sites for apo E-free HDLare distinct from the
cell surface receptor that bind LDL. First, high-affin-
ity binding of apo E-free HDL to normal fibroblasts
is calcium independent. In contrast, high-affinity LDL
binding to fibroblasts is completely dependent on cal-
cium (30). Moreover, exposure of fibroblasts to pronase
or concanavalin A had no effect on HDLbinding (data
not shown), whereas both agents alter binding of LDL
to fibroblasts (30, 31). Pronase-insensitive HDL bind-
ing to fibroblasts has also been described by Wuet al.
(6) and Miller et al. (28). Cultured fibroblasts from
subjects with homozygous familial hypercholesterol-
emia, which lack LDL receptors (1), also appear to
have high-affinity binding sites for apo E-free HDL
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FIGURE 12 Electrophoresis of apo E-free 125I-HDL bound and dissociated from fibroblasts.
Fibroblasts were incubated for 2 h at 00C with 20 ug protein/ml apo E-free '25I-HDL, thor-
oughly washed, and subsequently chase-incubated for 1 h at 370C with serum-free medium
containing 10 pg protein/ml unlabeled apo E-free HDL (Methods). The chase medium was
dialyzed, Iyophilized, and subjected to SDS/polyacrylamide slab gel electrophoresis and au-
toradiography (lane 3), as described in Methods. For control values (lane 2), the unincubated
apo E-free '251-HDL-binding medium was diluted with unincubated chase medium to ap-
proximate the number of counts per minute released from the cell (2,000 cpm), and then
subjected to the same procedure as the incubated chase medium. Lane 1 represents Coomassie
blue stain of the original unlabeled apo E-free HDL preparation.

that saturate at HDL concentrations of -20 gg pro-
tein/ml.

Additional evidence that HDL binding is distinct
from the LDL receptor was provided by competitive
binding studies. Incubations with increasing concen-
trations of unlabeled HDL could almost completely
block binding of apo E-free '25I-HDL to the cell sur-
face, while LDL at a concentration ratio of 50:1 (LDL
to HDL protein) could decrease HDL binding by
<40%. The competitive binding studies also demon-
strated that the heparin-agarose affinity chromatog-
raphy treatment itself did not markedly alter the abil-
ity of the HDL particle to bind to the cell surface.
Based on lipoprotein protein content, untreated
subfractions of HDL (i.e., HDL2, HDL3, and VHDL;

Methods) appeared to compete as effectively as un-
labeled apo E-free HDL for binding of iodinated apo
E-free HDL. Furthermore, the saturation curves for
binding of apo E-free '25I-HDL and untreated '25I-
HDL3 to LDL receptor-negative fibroblasts had similar
profiles.

Precise kinetic data for HDL binding was difficult
to obtain because of a high degree of variability from
one experiment to another. Although saturation of
high-affinity binding occurred at similar HDL con-
centrations, the maximum amount of HDL bound to
the cell varied as much as fivefold between experi-
ments. The reason for this variability is presently un-
known; however, it may be related to regulation of
HDLbinding by some as yet unidentified experimen-
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tal conditions. Up-regulation of HDL binding to bo-
vine endothelial cells by 25-hydroxycholesterol has
been reported by Tauber et al. (27). The possibility
that HDL binding by fibroblasts can be regulated is
currently under investigation in our laboratory.

Competitive binding studies indicated that, on a to-
tal HDLprotein basis, unlabeled HDL2, HDL3, VHDL,
and apo E-free HDLcompeted equally well for bind-
ing of apo E-free 125I-HDL to normal fibroblasts; and
HDL2, HDL3, and VHDLcompeted to a similar extent
for binding of 125I-HDL3 to receptor-negative fibro-
blasts. Based on the HDLapo A-I content, which con-
stitutes 60-80% of the total protein, each HDLsubfrac-
tion also appeared to compete to a similar extent for
the same binding sites. However, competition curves
for each HDL subfraction were markedly different
when the results were plotted according to the apo A-
II content (data not shown). Assuming that the binding
ligand is a protein, these competitive binding studies
suggest that apo A-I, rather than apo A-II, is the major
ligand that binds to the high-affinity sites. The lipid
composition of the different HDLsubfractions appears
to have little influence on their ability to compete for
cell surface binding. Both the sterol and phospholipid
to total protein ratios vary severalfold between
subfractions. Moreover, extraction of sterol from HDL3
by heptane had little effect on its ability to compete
for 1251-HDL3 binding to fibroblasts.

Binding of apo E-free HDL to the cell surface is
readily reversible. When fibroblasts were warmed to
370C after apo E-free '25I-HDL was bound to the cell
surface at 0°C, most of the surface bound radioactivity
was displaced within 2 h in the presence of unlabeled
apo E-free HDL. All of the radioactivity appeared as
TCA-insoluble derivatives in the medium, while vir-
tually none of the bound HDL was internalized or
degraded by the cell. Even in the absence of unlabeled
apo E-free HDL, a marked portion of the prebound
apo E-free 125I-HDL was released from the cell sur-
face. Based on comparison of autoradiograms of elec-
trophoresis gels, the released 125I-HDL had the same
properties as the original 125I-HDL and thus appeared
to be unaltered in the process. In contrast, when cells
were maintained at 0°C, the prebound HDL was not
released from the cell surface regardless of the pres-
ence or absence of unlabeled apo E-free HDL. Re-
versibility of HDL binding supports the proposal that
the role of HDL is to transfer cholesterol directly from
extrahepatic cells rather than deliver cholesterol by an
endocytotic process characteristic of the LDL receptor
pathway (1).

Recent studies from several laboratories have shown
that HDL3 and/or denser apo A-I-containing particles
can promote cholesterol efflux from cultured human
fibroblasts (21, 32-34), monkey arterial smooth muscle

cells (35), and mouse peritoneal macrophages (36).
Presumably in response to increased cholesterol efflux,
exposure of cells to HDL3 increases the activity of the
LDL receptor (21, 32), enhances the rate of LDL deg-
radation (37), increases the rate of sterol synthesis (21,
34, 38), and decreases incorporation of oleate into cell
cholesteryl esters (21, 36). Results from this study in-
dicate that apo E-free HDL3 can enhance the ability
of fibroblasts to bind and degrade '-5I-LDL and to
synthesize sterol from [14C]acetate. The effects of apo
E-free HDL3 on these processes became maximal at
a concentration of 20 ,g protein/ml, the same con-
centration that appeared to saturate the high-affinity
sites that bind apo E-free HDL. Studies by Daniels et
al. (33), using sterol-depleted HDL, also have shown
that the rate of cholesterol efflux from cultured fibro-
blasts saturates at 20 ,g HDLprotein/ml. These results
conform to the proposal that cholesterol efflux is me-
diated by specific high-affinity binding of HDL par-
ticles to the cell surface. Apparently, depletion of cel-
lular cholesterol or saturation of the rate of cholesterol
transport per se could not account for the saturating
effects of HDL3. First, saturation of cholesterol efflux
was evident in the presence of increasing concentra-
tions of sterol-depleted HDL3 when the incubation
time was short enough to allow for only partial de-
pletion of available cellular cholesterol. Second, at con-
centrations that evoke maximum responses, both ste-
rol-depleted HDL3 and VHDL (21, 37) promote cho-
lesterol efflux to a greater extent than HDL3. Thus, the
maximum amount of cholesterol that can be trans-
ported from the cell depends on both the medium con-
centration and physical properties of the HDL parti-
cles.

In contrast to HDL3 and denser apo-AI-containing
particles, HDL2, cannot promote cholesterol efflux
from cultured fibroblasts (21, 38). This is probably
because HDL2 is richer in sterol than the denser
subfractions and, thus, does not establish a sufficient
diffusion gradient for net transport of cholesterol from
cell membranes. If cholesterol efflux is mediated by
binding of HDL3 to a finite number of sites on the cell
surface, and if both HDL3 and HDL2 bind to these
sites, then HDL2 should have the ability to block the
cholesterol efflux promoted by HDL3. This proposal
is supported by results showing that a mixture of apo
E-free HDL2 and HDL3 had less ability to enhance
degradation of '251-LDL by fibroblasts than did HDL3
alone. Other studies have demonstrated that HDL2can
block the stimulatory effects that both HDL3 and
VHDLhave on LDL receptor activity over both short-
(4 h) and long-term (48 h) incubations (37). Although
mechanisms other than competition for the same bind-
ing sites may explain the blocking effects of HDL2,
these results emphasize that the major determinant of
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the rate of cholesterol efflux from the cell may be the
relative proportion of HDL subfractions in the extra-
cellular environment rather than the absolute concen-
tration of HDL particles. This hypothesis would have
particular significance in vivo, where the total HDL
concentration in extravascular fluids and serum is
likely to be 5 to 50 times higher (39) than the con-
centration required to promote maximum cholesterol
efflux from the cell and saturate the high-affinity HDL
binding sites on the cell surface. The interaction of
HDL particles with the cell surface of extrahepatic
cells and the resulting effects on cell cholesterol me-
tabolism may be related to the strong inverse corre-
lation between serum HDL cholesterol levels and the
risk for development of atherosclerosis.
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