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Abstract

Binding of various '25I-lipoproteins to hepatic receptors was
studied on cultured human hepatoma cells (Hep G2). Chylo-
microns, isolated from a chylothorax, chylomicron remnants,
hypertriglyceridemic very low-density lipoproteins, normotri-
glyceridemic very low-density lipoproteins (NTG-VLDL), their
remnants, low-density lipoproteins (LDL), and HDL-E (an Apo
E-rich high-density lipoprotein isolated from the plasma of a
patient with primary biliary cirrhosis) were bound by high-affinity
receptors. Chylomicron remnants and HDL-E were bound with
the highest affinity. The results, obtained from competitive bind-
ing experiments, are consistent with the existence of two distinct
receptors on Hep G2 cells: (a) a remnant receptor capable of
high-affinity binding of triglyceride-rich lipoproteins and HDL-
E, but not of Apo E free LDL, and (b) a LDL receptor capable
of high-affinity binding of LDL, NTG-VLDL, and HDL-E. Spe-
cific binding of Apo E-free LDL was completely abolished in
the presence of 3 mMEDTA, indicating that binding to the LDL
receptor is calcium dependent. Specific binding of chylomicron
remnants was not inhibited by the presence of even 10 mM
EDTA. Preincubation of the Hep G2 cells in lipoprotein-con-
taining medium resulted in complete suppression of LDL recep-
tors but did not affect the remnant receptors. Hep G2 cells seem
to be a suitable model for the study of hepatic receptors for
lipoprotein in man.

Introduction

Because cholesterol ester deposition in the arterial wall is a major
event in atheroma formation, much clinical interest has focused
on cholesterol metabolism and its regulation. It is well-established
that the liver plays a primary role in synthesis, secretion, and
removal of cholesterol in the body (1-4). The mechanisms that
regulate this central function of the liver in cholesterol metab-
olism, however, are not fully understood.

Cholesterol in the body is derived from two sources: exog-
enous cholesterol from intestinal absorption and endogenous
cholesterol from synthesis in various tissues. In the vascular cir-
culation cholesterol is transported and distributed between organs
by four functionally different lipoprotein classes. Exogenous
cholesterol is transported in chylomicrons, endogenous choles-
terol is transported in very low-density lipoproteins (VLDL),'
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1. Abbreviations used in this paper: Apo B, apolipoprotein B; Apo E,
apolipoprotein E; B., maximum binding capacity; HDL, high-density
lipoprotein; HTG-VLDL, hypertriglyceridemic very low-density lipo-

low-density lipoproteins (LDL), and high-density lipopro-
teins (HDL).

These lipoproteins not only transport cholesterol in the blood
stream but also play an important role in the regulation of cho-
lesterol metabolism. This regulator function is mediated by the
interaction of some apolipoproteins with specific receptors on
the cell surface in various tissues (5-9). Whencholesterol is taken
up by these cells, the number of receptors is down-regulated,
and cholesterol synthesis within the cells is suppressed (10).

A receptor for LDL was first described in cultured human
fibroblasts (5). This receptor recognizes LDL by its apolipopro-
tein B (Apo B) moiety, but also binds apolipoprotein E (Apo E)
containing HDLwith high affinity (1 1). Therefore, these LDL
receptors were also termed "Apo B,E receptors." LDL receptors,
which have been demonstrated in many tissues (5-8), mediate
and regulate the uptake of endogenous cholesterol transported
in LDL, the metabolic product of VLDL (12).

Whereas the LDL receptor of fibroblasts has been extensively
investigated, fewer studies have been performed on the hepatic
receptors for the various cholesterol-transporting lipoproteins.
A number of studies investigated the uptake of lipoproteins by
the liver. Liver perfusion experiments revealed an uptake of
chylomicrons and chylomicron remnants (13-15). From these
studies it was suggested that the uptake of chylomicrons into
liver cells is mediated by Apo E and that remnant particles are
taken up more rapidly than native lipoproteins. In addition,
high-affinity binding of chylomicrons, VLDL, and LDL could
be demonstrated in studies with liver membranes from various
animals (9, 16), humans (17), and from studies performed with
cultured liver cells (18).

There are several lines of evidence that liver cells express
two distinct lipoprotein receptors. (a) Chylomicron remnant ca-
tabolism is not significantly altered in patients with type II fa-
milial hypercholesterolemia (19). (b) The uptake of chylomicron
remnants into liver cells of Watanabe heritable hyperlipidemic
rabbits (20) or in animals fed a high-cholesterol diet (21) was
found to be nearly normal. Recently, the apo E receptor has
been isolated from canine and human liver membranes (22).
Apo E HDLC, but not LDL, were bound to the isolated Apo E
receptor. In summary, these studies indicate that one of the two
distinct lipoprotein receptors on liver cell membranes prefer-
entially binds chylomicron remnants, which are recognized by
their apoprotein E moiety. This receptor was, therefore, desig-
nated as Apo E or chylomicron remnant receptor and does not
interact with Apo B of LDL. The other receptor on liver cells
was identified as LDL- or Apo B/E receptor, very similar to the
LDL receptor of other tissues.

No agreement exists concerning the regulation of the recep-
tors, the Ca2+ dependency of the binding, and the specificity of

protein; IEF, isoelectric focusing; LDL, low-density lipoprotein; LPDS,
lipoprotein-deficient fetal calf serum; MEM,minimal essential medium;
NTG-VLDL, normotriglyceridemic very low-density lipoprotein; VLDL,
very low-density lipoprotein.
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the binding of various lipoproteins to human liver cells. In a
number of studies it was found that the LDL receptor can be
down-regulated by preincubation with lipoproteins (17, 18, 23-
25), in other studies only a partial down-regulation could be
observed (26, 27). The regulation of the E receptor is also not
fully understood. The expression of the E receptor seems not to
be affected by procedures that influence the activity of the B/E
receptor as cholesterol feeding or infusion of lipoproteins or bile
acids (9, 16, 28, 29). These observations suggest, that the E re-
ceptor seems not to be under metabolic control. Liver mem-
branes obtained from patients with familial hypercholesterol-
emia, however, showed better binding of Apo E-containing li-
poproteins after portocaval shunt surgery (17). Studies
investigating the requirement for Ca2+ for the binding of lipo-
proteins to the E- and B/E receptors of liver cells reveal contra-
dictory results (9, 23, 24, 30-34).

Furthermore, the specificity of the binding of lipoproteins
of d < 1.063 g/ml is not yet fully established. In particular,
binding of VLDL particles has not been investigated in detail.
The experiments presented in this paper were performed to study
the binding of chylomicron remnants, VLDL, LDL, and an Apo
E-rich particle named HDL-E to cultured human hepatoma
cells (Hep G2) to assess the specificity of the binding of various
lipoproteins and the regulation of the lipoprotein receptors.

Methods

Isolation and labeling of lipoproteins
Chylomicrons were isolated from a chylothorax. The effluent was sub-
stituted with Na2EDTA(I mg/ml) and NaN3 (1 mg/ml) and then allowed
to stand overnight at 4VC. The floated chylomicrons were collected and
washed six times in 0.15 MNaCl at 15,000 rpm for 30 min in a Beckman
SW28 rotor (Beckman Instruments, Inc., Fullerton, CA). The last cen-
trifugation was performed without EDTAand NaN3.

Chylomicron remnants. Chylomicrons were suspended in 0.15 M
NaCl (0.1 MTris-HCI, pH 8.5) to a final triglyceride concentration of
20 g/liter and then incubated with lipoprotein lipase in the presence of
the d 1.063 g/ml infranatant of normal serum and in the presence of 50
g/liter fatty acid-free bovine serum albumin (BSA) at 370C for 2 h.
Lipoprotein lipase was prepared from bovine milk (35). After the in-
cubation chylomicron remnants were isolated by centrifigation at d 1.019
g/ml at 22,000 rpm for 18 h at 40C in a 50.2 rotor (Beckman Instru-
ments, Inc.).

Hypertriglyceridemic VLDL. Hypertriglyceridemic VLDL (HTG-
VLDL) were isolated from fasting serum of patients with marked hy-
perlipidemia with normal hepatic triglyceride lipase and lipoprotein lipase
activity (36). None of them exhibited a 2/2 Apo E phenotype as checked
by isoelectric focusing (IEF) (37). HTG-VLDLwere prepared by a mod-
ification of the method described by Gustafson et al. (38). A buffer solution
of d 1.006 g/ml was layered over serum and then ultracentrifugation was
performed at 80,000 g for 60 min. HTG-VLDL were collected from the
top layer by aspiration. In contrast to chylomicrons the Apo B moiety
of these particles consisted of Apo B-100 as checked by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on 3.75%
gels (39).

HTG-VLDL remnants were prepared as described for chylomicron
remnants.

Normotriglyceridemic VLDL (NTG-VLDL) were isolated from pooled
serum of healthy volunteers by ultracentrifugation following standard
procedures (40).

VLDL remnants were prepared as described for chylomicron rem-
nants.

Apo E-free LDL were isolated from pooled fasting serum of healthy
volunteers following a procedure recently published (41). Briefly, the

lipoproteins of d 1.006-1.063 g/ml were prepared by ultracentrifugation
in a fixed angle rotor and then washed and concentrated by density
gradient ultracentrifugation. LDL prepared by this procedure were not
free of Apo E as checked by IEF and double immunodiffusion with
monospecific antibodies against Apo E. The LDL preparations isolated
as described above were passed over an immune specific adsorber loaded
with monospecific antibodies against Apo E. After immunoabsorption,
the LDL were recentrifuged in the same density gradient as used for the
isolation.

HDL-E was isolated from plasma of a patient suffering from lecithin/
cholesterol acyltransferase (LCAT) deficiency caused by primary biliary
cirrhosis. The patient had an LCAT activity of < 5%of normal control
individuals (42). Plasma was obtained by plasmapheresis and passed
over an anti-Apo B-containing column (43). In this step all Apo B
containing VLDL and LDL were absorbed to the column. The density
of the effluent, containing LP-X, HDL-E, and an abnormal HDL, was
adjusted to d 1. 15 g/ml and subjected to preparative ultracentrifugation
(145,000 g, 15 (2, 24 h).

The floating lipoproteins were collected by tube slicing and recen-
trifuged in a linear NaBr gradient ranging from 1.030 to 1.080 g/ml
using a Beckman SW41 rotor (Beckman Instruments, Inc.), 41,000 rpm,
150C, 30 h. The lipoproteins banding as a distinct fraction in the density
region of 1.068 g/ml were collected by aspiration with a hypodermic
syringe and chromatographed over Bio-Gel A-1.Sm, 200-400 mesh (100
X 1.2-cm column) using a 0. 15 MNaCI/0.02 MTris-HC1 buffer (pH
7.8) which contained 1 mg/ml Na2EDTAand NaN3. HDL-E eluted as
a main fraction in a symmetrical peak at 45% of the column volume.
This fraction was concentrated by Amicon ultrafiltration and stored for
<2 wk under nitrogen in the dark and at 40C before use. HDL-E behaved
as a homogenous fraction by cellulose acetate and agarose gel electro-
phoresis and had the following chemical composition (wt/wt): protein,
32.5%; phospholipids, 35.4%; free cholesterol, 24.3%; cholesterol ester,
6.7%; triglyceride, 1.1%. By electron microscopy using negative staining
with phosphotungstate, HDL-E consisted mainly of flattened discs with
a longer axis of 245 A and a shorter axis of 90 A with a few particles of
spherical appearance. Immunochemically, HDL-E reacted with anti-
bodies against apolipoproteins A l, A II, E, C, and albumin. The relative
content of these proteins as determined from densitometric scanning of
12.5% SDS-PAGEwas: Apo E, 62%; E-A II complex, 13%; Apo A I,
9%; albumin, 5%; Apo C, 3%; and unidentified bands 8%.

Radioiodination of the lipoproteins was performed according to the
method of McFarlane (44) as modified by Bilheimer et al. (45).

Cell culture. The human hepatoma cell line Hep G2 was obtained
from Dr. B. B. Knowles, Wistar Institute for Anatomy and Biology,
Philadelphia, PA. Stock cultures were maintained in minimal essential
medium (MEM) supplemented with penicillin (100 U/ml), streptomycin
(1 ug/ml), and 10% fetal calf serum (FCS) at 370C in a humidified 95%
air-5% C02 atmosphere. For binding experiments the cells were seeded
in FB6-TC multi-dish trays. 48 h before the experiments, FCS was re-
placed by 10% lipoprotein-deficient FCS(LPDS) in the culture medium.
Humanskin fibroblasts were cultured as recently described (46).

Binding experiments. The cells were prechilled on crushed ice for 30
min. The medium was removed and the cells were incubated with various
concentrations of radiolabeled lioproteins in MEMcontaining 25 mM
Hepes, 10% LPDS for 2 h at 4(C. Nonspecific binding was determined
by addition of a 50-fold, in some experiments a 100-fold excess of cold
lipoproteins. To terminate the binding reaction, we removed the medium
and washed the cells four times with ice-cold phosphate-buffered saline
(PBS) containing 0.2% BSAand two additional times with PBSwithout
albumin. The cells were then dissolved in 1 NNaOHand transferred to
counting vials for determination of the radioactivity. Specific binding
was calculated by subtracting the nonspecific binding from total binding.
In some experiments, 3 mMor 10 mMNa2EDTAwas added to the
medium instead of cold lipoproteins to measure Ca2?-dependent binding.

Calculation of the binding data. The binding data were plotted ac-
cording to Scatchard (47). The binding parameters were calculated ac-
cording to Munson and Rodbard (48) by a computer program. Forcontrol
the binding data were also calculated from total binding as suggested by
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Mendel et al. (49). Both methods yielded practically identical results
(Fig. 2, B and C). Dissociation constants were expressed as micrograms
apolipoprotein per milliliter medium and the maximum binding capac-
ities were expressed as micrograms apolipoprotein bound per milligram
of cell protein. Variation of protein content per dish within individual
experiments was 9%. The protein content between different experiments
varied from 120 to 250 Ag per culture dish.

Chemical analyses. Protein concentrations were measured according
to Lowry et al. (50). Total cholesterol was measured with the Liberman
Burchard kit from Boehringer GmbH, Mannheim, FRG; triglycerides
were estimated according to Eggstein and Kreutz (51).

SDS-PAGEwas performed in 3.75 and 12.5% polyacrylamide gels
containing 0.1% SDS, according to Laemmli (39). Electrophoresis was
carried out with a constant voltage of 150 V. The gels were stained in
0.2% Coomassie Brilliant Blue G-250 (Serva Fine Biochemicals, Inc.,
Heidelberg, FRG). Apoprotein content of the chylomicrons, HTGL-
VLDL, and their remnants was estimated by radial immunodiffusion
(Apo B. albumin) and electroimmunoassay (Apo E, Apo A I) after ly-
ophilization and delipidation with diethyl ether. Apo C plus other apo-
proteins were calculated from the difference to the total apoprotein con-
tent as determined by Lowry et al. (50). The Apo B content of VLDL
and their remnants was estimated by radial immunodiffusion without
prior delipidation. Apo E, Apo A I, and albumin were measured from
the TMU-soluble fraction of VLDLby electroimmunoassay. Apo Cand
the other apoproteins were calculated as described above.

Materials
Eagle's MEMand streptomycin were purchased from Gibco Bio-Cult,
Glasow, Scotland. Penicillin was a product of Biochemie, Kundl, Austria.
FCSand trypsin EDTAsolution were obtained from Seromed, Munich,
FRG. Tissue culture flasks and plates were purchased from Falcon Plas-
tics, Div. of BioQuest, Oxnard, CA. "2II-Sodium iodide was obtained
from Radiochemical Centre, Amersham, England. Bio-Gel A-Sm was
obtained from Bio-Rad Laboratories, Richmond, CA, BSA from Sigma
Chemical Co., St. Louis, MO.

Results

Chemical composition and apoprotein content of the lipopro-
teins is given in Table I. Chylomicrons showed a strong band
in apo B-48 position on 3.75% SDS-PAGE(Fig. 1).

Lipoprotein binding to cultured human hepatoma cells. High-
affinity binding to cultured Hep G2cells preincubated with LPDS
was obtained with chylomicrons, chylomicron remnants, hy-
pertriglyceridemic and normoglyceridemic VLDL, VLDL rem-
nants, LDL, and HDL-E. Representative binding data are pre-

B 100 so

B 48

Figure 1. SDS-PAGEof Apo B from
chylomicrons (A) and VLDL (B) per-

**mob formed on 3.75% gels. 100 ,g apo-

protein was applied to each gel, and
electrophoresis was performed as de-

A B scribed in Methods.

sented in Figs. 2 and 3. The analysis of the specific binding by
the method of Scatchard (47) yielded nonlinear plots for all of
the tested lipoproteins (Figs. 2 and 3). The Scatchard plots could
be resolved into a high-affinity component and a second com-

ponent of extremely low affinity, presumably reflecting nonspe-

cific binding. The calculation of the binding data from total
binding or from specific binding yielded practically identical
results as demonstrated in Fig. 2, Band C. Values for dissociation
constants (4) and maximum binding capacities (B.), calcu-
lated from specific binding, are presented in Table II. Exact mo-

lecular weights cannot be given for triglyceride-rich lipoproteins,
their remnants, and HDL-E. Therefore, the binding data were

calculated on the basis of micrograms apoprotein. Because dif-
ferent apoproteins are responsible for the affinity of specific
binding to the receptors, the concentrations of individual apo-

proteins are also given in Table II. Assuming that Apo E is re-

sponsible for the specific binding of triglyceride-rich lipoproteins
to hepatic receptors, chylomicrons exhibited a higher affinity
than VLDL. HTG-VLDL and NTG-VLDL were bound with a

similar affinity. Chylomicron remnants were bound with a con-

siderable higher affinity than native chylomicrons.
Only a minor difference in the binding affinity could be ob-

Table I. Chemical Composition of Lipoproteins

Total r Apo C
Triglyceride Free cholesterol Cholesterol ester Phospholipids apoprotein Apo B Apo E Apo A I +rest Albumin

%lipoprotein %total apoprotein

Chylomicrons 86.6 3.9 2.0 5.5 1.8 35.0 6.0 15.0 41.0 3.0
Chylomicron remnants 68.4 8.7 4.2 9.2 5.6 50.0 5.5 17.0 22.5 5.0
NTG-VLDL 55.0 6.6 9.8 17.5 11.1 50.0 4.0 1.0 43.0 2.0
NTG-VLDL remnants 24.4 15.9 27.4 15.8 16.5 79.0 3.0 1.0 15.5 1.5
HTG-VLDL 75.0 6.0 7.1 6.6 5.7 41.5 6.5 3.0 47.5 1.5
HTG-VLDL remnants 35.0 18.5 22.0 12.5 12.0 61.5 5.0 2.5 27.0 4.0
LDL 4.6 11.7 43.2 21.2 19.3 95.5 trace 2.5 2.0
HDL-E 1.1 24.3 6.7 35.4 32.5 62.0 9.0 3.0 5.0*

* In addition, HDL-E contained Apo E-A II complex (13.0%) and unidentified proteins (8.0%).
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Figure 2. Total binding (-),
specific binding (o), and un-
specific binding in the pres-
ence of 50-fold excess of un-
labeled ligand (a) of '251-LDL
to Hep G2 cells (A). Each
point is the mean of triplicate
dishes. B, '"I-LDL bound per
miigram cell protein, F, con-
centration of 25I-LDL in the
medium. Scatchard plots, cal-
culated from specific binding
(B) and total binding (C). B/
F, amount of bound lipopro-
tein divided by amount of
unbound lipoprotein in incu-
bation medium calculated in
micrograms apolipoprotein.
Nonlinear plots were resolved
into high- and low-affinity
components. Slopes of the
two components are equal to
-I/K&; the x-intercepts are
the maximum amount of li-
poprotein bound per dish.

served for VLDL and their remnants. HDL-E was bound with
an affinity comparable to that of chylomicron remnants. The
binding sites for chylomicron remnants and HDL-E were re-
markably low as compared with the other lipoproteins. It should
be noted, however, that the data were calculated in micrograms
apoprotein and not on molar basis.

Specific binding of LDL was completely abolished in the
presence of 3 and 10 mMEDTA. As a control the identical
experiments were carried out with cultured human skin fibro-
blasts and the same result was obtained as with Hep G2 cells.
In contrast to LDL, the specific binding of chylomicron remnants
was not inhibited by the presence of 3 and 10 mMEDTA. In
these experiments Ca2+ was removed from the incubation me-
dium by EDTA. Theoretically, EDTAcould interact with tri-
glyceride-rich lipoproteins instead of with Ca2+. Thus, Ca2+
would be available for the binding simulating independence of
receptor binding from Ca2+. Therefore, '251I-LDL binding ex-
periments were performed in the presence of unlabeled chylo-
micron remnants and EDTA(data not shown). Binding of 1251

Chylornicrons
Kd = 2,80jg apopr/ml
Bmax= 0,25,pg cpopr/rg cell prot

(ug apoprot/g cell prot)

B]6 - B/F

0o30

12DF o2o 04,10
(Ai Gopaln) (pA apo

LDL was inhibited, indicating that chylomicron remnants do
not influence the effect of EDTA.

Specificity of binding. Competitive binding experiments were
conducted to define the specificity of the two hepatic receptors.
Binding of '23I-chylomicrons was inhibited by unlabeled native
chylomicrons, native HTG-VLDLand NTG-VLDL, but not by
LDL (Fig. 4). Binding of '251-chylomicron remnants was inhib-
ited by unlabeled chylomicron remnants and HDL-E, but not
by LDL (Fig. 4). Binding of '251-HTG-VLDL was not abolished
by the addition of LDL (Fig. 5). Binding of '251I-NTG-VLDL,
however, was inhibited to a considerable extent by LDL (Fig.
5). Binding of '251-LDL was not inhibited by chylomicrons or
HTG-VLDL, but was abolished by NTG-VLDL (Fig. 6). Binding
of 1251I-HDL-E was inhibited to a considerable extent by LDL
(Fig. 6). The results of these experiments are consistent with the
existence oftwo hepatic receptors, one responsible for the binding
of chylomicrons, HTG-VLDL, and their remnants, and another
responsible for the specific binding of LDL. NTG-VLDL and
HDL-E are bound to both receptors.

Figure 3. Total binding (.), specific binding (o), and
unspecific binding in the presence of 50-fold excess of
unlabeled ligand (a) of 1251-chylomicrons to Hep G2
cells (left). Each point is the mean of triplicate dishes.
B, 123I-chylomicrons bound per milligram cell protein.
F, concentration of '2I1-chylomicrons in the medium.
(Right) Scatchard plot calculated from specific bind-
ing. B/F, amount of bound lipoprotein divided by the
amount of unbound lipoprotein in the incubation me-
dium calculated in micrograms apolipoprotein. Non-
linear plots were resolved into high- and low-affinity
components. Slopes of the two components are equal

o,60 B to -l/Kd; the x-intercepts are the maximum amount
prot/mg cell pro]) of lipoprotein bound per dish.

404 Krempler, Kostner, Friedl, Paulweber, Bauer, and Sandhofer



Table II. Binding of '25I-Lipoproteins to Hep G2 Cells

Kd

Total apoprotein Apo B Apo E ApoC B

jg/mi jg/mi jg/mi jg/mi jg apoprotein/mg cell protein

Chylomicrons (4)* 3.1 (2.7-3.4) 1.09 0.190 1.270 0.24 (0.22-0.27)
Chylomicron remnants (4) 0.4 (0.28-0.60) 0.20 0.022 0.090 0.01 (0.007-0.011)
NTG-VLDL (3) 8.2 (7.8-8.7) 4.10 0.330 3.530 0.26 (0.21-0.30)
NTG-VLDL remnants (3) 7.5 (7.2-7.9) 5.93 0.230 1.160 0.15 (0.11-0.16)
HTG-VLDL (4) 4.8 (3.4-5.5) 1.99 0.310 2.280 0.20 (0.15-0.24)
HTG-VLDL remnants (6) 4.5 (4.2-5.1) 2.77 0.230 1.220 0.19 (0.15-0.25)
LDL (4) 2.5 (1.0-3.8) 2.39 0.063 0.34 (0.31-0.36)
HDL-E (2) 0.04 (0.038/0.044) 0.029 0.001 0.003 (0.002/0.004)

* Number in parentheses indicates number of binding experiments.

Regulation of binding sites by preincubation of Hep G2 cells
in lipoprotein-containing medium. WhenHep G2 cells had not
been preincubated in LPDSbut were kept in 20% FCS, specific
binding of LDL was completely abolished (Table III). The same
result was obtained with cultured human fibroblasts. Affinity
and binding sites for chylomicron remnants and HTG-VLDL
were not affected by the preincubation with fetal calf serum,
even after further addition of HDL-E and LDL at a final con-
centration of 200 mgcholesterol/dl culture medium (Table III).

Discussion

High-affinity binding of chylomicrons, VLDL, LDL, and HDL-
E to human hepatoma cells could be demonstrated in this study.
The binding data were plotted according to Scatchard and yielded

1251-CHYLO-Nat

z

I

nonlinear curves for all lipoproteins tested. The curves could be
resolved into two components, one component with a high af-
finity and one component with an extremely low affinity. The
high-affinity component probably represents the high-affinity
receptor binding. Linear Scatchard plots could not be demon-
strated even under conditions of a 50-fold excess of unlabeled
ligands in the binding assay. Therefore, the binding data were
also calculated from total binding curves according to Mendel
et al. (49). In all experiments the Scatchard transformation of
total binding could be resolved in two exponentials. The cal-
culated binding data were nearly identical when calculated from
total or specific binding. The remnants of chylomicrons exhibited
a considerable higher affinity than their native particles. Native
and remnant chylomicrons showed some marked differences in
their chemical composition. The remnant particles had a lower
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Figure 4. Competitive binding studies. (Left) Displacement of 1251-chy-
lomicrons by unlabeled LDL (-), NTG-VLDL (x), chylomicrons (-),
and HTG-VLDL (n). (Right) Displacement of '25I-chylomicron rem-
nants by unlabeled LDL (-), HDLE-E (+), and chylomicron remnants
(o). The apoprotein concentration of 1251I-chylomicrons and chylomi-
cron remnants in the incubation medium was 1 ug/ml. The concen-
trations of Apo B and Apo E of the unlabeled lipoproteins are indi-
cated on the abscissa.

1251-NTG-VLDL

LDL

HTG-UDL NTG-VLDL

so 100 200 o5 100 20 BWLVLOU
8 16 4 8 E (VLDL)

UNABELDUPOPROIN(A QpoW./mL)
Figure 5. Competitive binding studies. (Left) Displacement of 1251-
HTG-VLDL by unlabeled LDL (-) and HTG-VLDL (i). (Right) Dis-
placement of '25I-NTG-VLDL by unlabeled LDL (.) and NTG-
VLDL (x). Apoprotein concentration of 1251-HTG-VLDL and '2'I-
NTG-VLDL in the incubation medium was I jig/ml. Concentrations
of Apo B and Apo E of the unlabeled lipoproteins are indicated on the
abscissa.
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Figure 6. Competitive binding studies. (Left) Displacement of 12511
LDL by unlabeled chylomicrons (-), HTG-VLDL (i), NTG-VLDL
(x), and LDL (-). (Right) Displacement of '25I-HDL-E by unlabeled
LDL (-) and HDL-E (+). The apoprotein concentration in the incuba-
tion medium was 1 $&g/ml for 125I-LDL and 0.1 g/ml for 1251-HDL-E.
The concentrations of Apo B and Apo E of the unlabeled lipoproteins
are indicated on the abscissa.

content of triglycerides and Apo C and a higher content of Apo
B. No significant difference could be observed for Apo E
(Table I).

Although not directly determined, it must be assumed that
the size of the particles has decreased after lipolysis. Therefore,
several factors can be responsible for the increase of the binding
affinity. Because Apo B 48 is not recognized by receptors on
liver membranes (52), chylomicrons and their remnants are
bound by Apo E. For VLDL it could be demonstrated that the
conformation ofthe apoproteins is responsible for the recognition
by the receptors (53, 54). After lipolysis of chylomicrons, Apo
E was not enriched in the remnants, but a significant decrease
in Apo Ccontent was observed. Shelburne et al. (55) investigated
the role of Apo C III for the binding of Apo E containing lymph
chylomicrons and triglyceride emulsions in liver perfusion stud-
ies. They found a pronounced inhibitory effect of Apo C III on
hepatic removal of these lipoproteins. Windler et al. found an
inhibitory effect of C apolipoproteins on the uptake of triglyc-
eride-rich lipoproteins by perfused rat liver (56). The inhibitory
effect of Apo C could not be abolished by the addition of Apo
E and, therefore, seems to be independent from the Apo E:C
ratio. This was also confirmed by studies of Borensztajn et al.

Table III. Regulation of Binding by Lipoproteins
in Preincubation Medium

Ligand Preincubation medium K4 B.

ig apoprotein/mg
pg/mi cell protein

Chylomicrons LPDS 3.3 0.24
Chylomicrons FCS + LDL + HDL-E 3.5 0.26
HTG-VLDL LPDS 4.9 0.17
HTG-VLDL VCS+ LDL + HDL-E 4.7 0.20
LDL LPDS 1.8 0.34
LDL FCS + LDL + HDL-E No binding

(57). Therefore, the higher affinity of chylomicron remnants
could be explained by the decrease in their Apo Cconcentration.
A decrease of Apo C concentration was also observed after li-
polysis of VLDL. The binding affinity of VLDL remnants, how-
ever, was only slightly higher than that of native VLDL. The
increase in the affinity probably depends on more than a single
factor. From our studies it can not be decided which factors are
responsible for the increase in the binding affinity after lipolysis
of the triglyceride-rich particles.

Several studies have been performed to assess the specificity
of the binding of various lipoproteins to hepatic receptors (9,
17, 18, 22). From these studies the existence of two distinct
lipoprotein receptors on human liver cells seems to be estab-
lished. There is general agreement that chylomicron remnants
preferentially bind to the Apo E receptor and LDL to the B/E
receptor. The binding of VLDL particles, however, is not yet
elucidated in detail. When the results of our experiments are

interpreted in terms of two distinct lipoprotein receptors, chy-
lomicrons and their remnants are bound by the E receptor and
LDL are bound by the B/E receptor, as already stated in other
studies. Large HTG-VLDLpreferentially bind to the E receptor
because HTG-VLDL are as potent as chylomicrons in competing
for receptor binding. As shown in Fig. 6, high concentrations of
HTG-VLDL were also able to displace Apo E-free LDL from
the receptor binding, although much less than NTG-VLDL. An
explanation for this observation might be that HTG-VLDL are
not completely homogenous and contain some particles which
bind to the B/E receptor. The major fraction of HTG-VLDL,
however, binds to the E receptor. This assumption is also sup-
ported by the finding that HTG-VLDL were bound to Hep G2
cells after down-regulation of the B/E receptors. The observation
that NTG-VLDL are able to displace chylomicrons and LDL
suggests that NTG-VLDL are bound to both receptors. Further
evidence for this hypothesis is derived from the observation that
LDL displaces NTG-VLDL from receptor-binding but can not
significantly inhibit receptor binding of HTG-VLDL even at
high concentrations (Fig. 5). The observation that NTG-VLDL
are bound by the B/E receptor is in agreement with recent studies
(58, 59). It has been found that Apo B and Apo E play a different
role in receptor binding of VLDL of varying relative size. Apo
E seems to be responsible for recognition of the larger HTG-
VLDL whereas Apo B is of increasing importance for receptor
binding as the particles decrease in size (53, 54). These results,
however, have been obtained with fibroblasts that exhibit only
B,E receptors. In our studies only NTG-VLDLwere recognized
by the B,E receptor of Hep G2 cells. Therefore B,E receptors of
liver cells might differ from those of fibroblasts as already sug-
gested by others (30). There also seems to be a difference in the
metabolic fate of HTG-VLDL and NTG-VLDL. HTG-VLDL
are primarily removed from the circulation whereas the smaller
NTG-VLDL are largely converted to IDL and LDL (60). The
recognition of these particles by different receptors might be
important for their metabolic fate.

It must be emphasized that it is essential that LDL prepa-
rations used for displacement experiments are free of Apo E. In
several experiments we could observe that Apo E in LDL prep-
arations enables lipoproteins in the LDL density fraction to dis-
place chylomicrons from their receptor binding. In our hands
Apo E was always demonstrable in considerable concentrations
in all LDL fractions prepared by conventional methods as ul-
tracentrifugation and subsequent gel filtration. Apo E-free LDL
could only be prepared by removal of Apo E with Apo E anti-
bodies as described in Methods.
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It has already been pointed out above that binding affinity,
specificity, and competitiveness of the various lipoprotein frac-
tions are due to complex interactions between various apopro-
teins and the lipid composition of lipoprotein particles and re-
ceptor. Therefore, it should be stated that the binding data of
this study are also compatible with the assumption of only one
single hepatic receptor whose activity is affected by the complex
apoprotein and lipid interactions.

An example for this alternative hypothesis is the finding of
Koo et al. (61) that f3-VLDL and LDL are bound by one single
receptor, identified as an unusual B/E (LDL) receptor on mouse
peritoneal macrophages. LDL are bound by this receptor with
a considerable lower affinity than f3-VLDL and therefore a 1,000-
fold excess of LDL was necessary to achieve complete inhibition
of(f-VLDL binding to mouse macrophages. This result provided
strong evidence against the existence of a unique f3-VLDL re-
ceptor on macrophages as previously postulated (62, 63). A sim-
ilar conclusion might also apply for the competitiveness between
LDL and HDL-E. In our experiments an 50% inhibition of
HDL-E binding was achieved by a 100-fold excess of unlabeled
LDL apoprotein (Fig. 6). This finding is compatible with the
assumption that HDL-E is bound not only by the LDL receptor
but also by the remnant receptor. However, because HDL-E is
bound with a considerable higher affinity to the hepatic cells
than LDL, the possibility that the binding of HDL-E may be
completely suppressed in the presence of an extremely high excess
of LDL cannot be excluded. This would mean that HDL-E is
bound only to the B/E (LDL) receptor as shown for #l-VLDL
on mouse macrophages by Koo et al. (61). However, the obser-
vation in our study that HDL-E is capable of displacing chylo-
micron remnants from their receptor binding is an argument
against this hypothesis.

Controversial results are reported concerning the require-
ment of Ca2" for the receptor binding of LDL to liver cells (9,
23, 24, 30-34). Our results with Apo E-free LDL indicate that
the binding of LDL to the B/E receptor is Ca2'-dependent,
whereas the binding of chylomicron remnants and HTGL-VLDL
to the E receptor is not Ca2'-dependent. The presence of Apo
E in LDL preparations might explain the observations from other
studies that hepatic LDL receptor binding was only partially
blocked by EDTA(30, 32).

After preincubation of the Hep G2 cells with lipoprotein
containing medium, binding of chylomicrons and HTG-VLDL
was not suppressed, whereas the binding of LDL was abolished
as already described by others (23). This is a strong argument
for the existence of two receptors that are regulated differently.
This result is consistent with the model that chylomicrons are
rapidly cleared from the plasma, and thus cholesterol absorbed
from the gut is taken up primarily by the liver, independent of
cholesterol concentration in liver cells.
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