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Forces involved in chylomicron binding

by isolated cells of rat liver

JOAN A. HIGGINS*

Department of Biochemistry, University of Liverpool, Liverpool, Great Britain

ABSTRACT The binding of chylomicrons by isolated liver
cells has been found to decrease as temperature increases. It is
greatest at the isoelectric point of the chylomicrons; although
it occurs both above and below this pH, it decreases most
rapidly as the pH is increased.

Urea, guanidine hydrochloride, dimethylsulfoxide, dioxane,
and sodium chloride at concentrations known to disrupt bond-
ing in proteins have no effect on the removal (by centrifuga-
tion) of chylomicrons bound to liver cells.

The binding is reduced by treatment of chylomicrons with
phospholipase D or by addition of chylomicron ‘“‘membrane”
fraction, lecithin micelles, or lecithin—triglyceride—cholesterol
micelles. This evidence implicates phospholipids in the binding.

Treatment of liver cells with neuraminidase increases bind-
ing of chylomicrons but not the extent of lipolysis that accom-
panies the binding. Removal of divalent cations from the system
with EDTA results in a rise both in chylomicron binding and
lipolysis. It is suggested that the binding sites are accessible to
the lipase that is responsible for hydrolysis.
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PREVIOUS REPORTS from this laboratory have shown
that isolated liver cells will bind chylomicrons and hy-
drolyze the triglyceride while the chylomicrons are
bound to the cell membrane and are effectively outside
the cell (1). No further metabolism of the fatty acid oc-
curs. Work in vivo has confirmed these observations and
has indicated that the binding studied in vitro is compa-
rable with that occurring in the intact animal (2). Isolated
liver cells therefore present a useful tissue preparation for
the study of the mechanism of chylomicron binding by
liver. The liver cells may be prepared in a homogeneous
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suspension and may be subjected to enzymatic and chem-
ical modifications that are not possible with the intact
organ; yet liver cells do not have the disadvantages of
homogenates or tissue slices, which contain cut or broken
cells. Further studies of the nature of the uptake of chylo-
microns by isolated liver cells are reported here.

METHODS

Isolated liver cells were prepared as described previously
(1). They were examined with the light microscope
under the different conditions used. Any changes noted
are described in the text.

Chylomicrons were obtained from rat thoracic duct
Iymph as described previously (3). Labeled chylomicrons
were prepared in the same way after the animal had been
fed 5 uc of glycerol tripalmitate-1-1*C in olive oil. Lipid
fractionation and counting procedures were as described
previously (1, 2).

Standard Incubation Conditions

In all experiments, chylomicrons were incubated with
liver cells in a Dubnoff metabolic shaker in Hanks’ solu-
tion (4) at pH 7.4 unless otherwise stated. Aliquots were
taken at a series of times and the cells in them were
centrifuged down. The cells were washed by resuspension
and recentrifugation and the lipid was extracted (5).
Chylomicrons labeled with 1C as above were used unless
otherwise stated. All experiments were performed on at
least two cell preparations and in duplicate on each cell
preparation. Single experiments are represented in the
Figures, but these are typical of each group of experi-
ments.

Sialic Aeid Determinations

10 ml of isolated liver cells (8 mg of N) in Hanks’ solu-
tion, pH 7.4, was incubated with an equal volume of 0.8
N H,SO, for 30 min at 80°C. Aliquots were taken before
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and after incubation, the cells were centrifuged down,
and the sialic acids in the supernatant fraction were deter-
mined by the thiobarbituric acid method of Aminoff (6).
A blank determination on cell supernate alone was also
performed. A level of 18 ug of sialic acid per mg of cell
nitrogen was found, or approximately 1.5 pg/mg dry
weight. This is similar to the value reported by Naaman,
Eisenberg, and Doljanski (7) of 1.1 ug/mg dry weight.

Liver cells (12 mg of N) were also incubated with
neuraminidase (500 IU, Koch-Light Laboratories, Ltd,
Colnbrook, Bucks, England) in Hanks’ solution (10 ml)
for 60 min at 37°C. Aliquots were taken before and after
each incubation and the cells were removed by centrifu-
gation. The free sialic acid in each supernatant fraction
was determined. This procedure released 279 of the
total sialic acids.

Treatment of Chylomicrons

Chylomicrons (13.7 mg of lipid) were treated with phos-
pholipase D (3.25 EU, British Drug Houses Ltd.) as
described by Ashworth and Green (8). The chylomicrons
were isolated from the medium by centrifugation at
60,000 ¢ for 15 min and washed four times by resuspen-
sion in 0.14 M NaCl and recentrifugation. Aliquots of the
first infranate were taken and the choline was determined
by the enneaiodide method (9). Under these conditions
200 ug of choline was released. This represented 89%, of
the available choline calculated from the amount of
phospholipid [determined by the method of King (10)]
on the assumption that this is 799, lecithin (11).
Chylomicrons were separated into ‘“membrane” and
“fat droplet” fractions as described by Zilversmit (12).

Preparation of Micelles

Micelles of pure lecithin and of lecithin, cholesterol, and
triglyceride in the ratio found for the chylomicron “mem-
brane” fraction (i.e. lecithin—cholesterol-triglyceride
7:2:1) were prepared by subjecting the lipids in Hanks’
solution, at a concentration of 7 mg/ml, to ultrasonica-
tion (13).

RESULTS

Effect of Temperature on the Binding of Chylomicrons

The binding of chylomicrons by liver cells at different
temperatures, shown in Fig. 1, is greatest at temperatures
below 37°C. The binding was particularly marked at
7°C, although on continued incubation bound lipid was
lost from the cells. As the binding of chylomicrons was
determined by centrifuging down the cells and resus-
pending these in Hanks’ solution followed by recentrif-
ugation, weakly bound chylomicrons would be removed.
The reason for the greater initial binding at 7°C is not
clear.
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Fic. 1. Effect of temperature on the binding of chylomicrons by
liver cells. Isolated liver cells (3.4 mg of N) were incubated with
chylomicrons (1.8 mg of lipid) in Hanks’ solution (pH 7.4, 5.5 ml)
at different temperatures. At 51 °C the cells began to clump after
30 min incubation and a homogeneous aliquot could not be ob-
tained. O, 7°C; @, 24°C; A, 37°C; a, 51°C.

Effect of Potential Bond-Breakers on Removal of
Bound Chylomicrons from Liver Cells

It has been shown previously that chylomicrons are
bound rapidly and firmly to liver cells and are not re-
moved to any significant extent by centrifugal forces in
excess of those required to float them when free (1). The
effect of centrifuging liver cells, which have bound chylo-
microns, in the presence of a number of reagents known
to affect the formation and stability of different binding
forces was therefore investigated. This method was
adopted because it allowed the initial uptake of chylo-
microns under physiological conditions and eliminated
the possibility of unphysiological binding which might
occur in the presence of these reagents.

The reagents used were selected to give a range of
effects. Urea and guanidine hydrochloride are both hy-
drogen-bond breakers (14, 15) and there is evidence that
they also modify water structure and consequently hydro-
phobic bond formation (16, 17). Dioxane and dimethyl-
sulfoxide disrupt hydrophobic bond formation. In addi-
tion, dimethylsulfoxide is a strong hydrogen-bonding
agent, while dioxane is a weak one and may be con-
sidered to act on hydrophobic bonds alone. 1 M sodium
chloride was used to test the effect of high ionic strength
on binding and hence whether electrostatic or ionic inter-
actions are involved.

On centrifugation of liver cells, having bound chylo-
microns, at 20,000 g for 60 min, chylomicrons floating to
the top of the centrifuge tube represented 10.09, = 3.6,
(sp, n = 6) of the total initially bound. This rose to
42.5% =£ 9.2% (sp, n = 4) in the presence of 2 M urea,
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Fic. 2. Effect of pH on chylomicron binding by liver cells.
Isolated liver cells (15.1 mg of N) were incubated with chylo-
microns (2.75 mg of lipid) at 37 °C in buffered saline at different
pH values. @, pH 2.83; O, pH 4.32; X, pH 7.1; A, pH 10.15;
A, pH 11.1.

while dioxane (15 and 30%), dimethylsulfoxide (15 and
309%,), 2 M and 4 M guanidine hydrochloride, 1 M sodium
chloride, and 4 M urea had no effect. The increased re-
lease of chylomicrons in the presence of 2 M urea is diffi-
cult to explain; as it did not occur at the higher urea con-
centration, the effect is probably a specific one and not
due to general disruption of hydrogen or hydrophobic
bonds.

Effect of pH on Chylomicron Binding

Liver cells were incubated with chylomicrons in 0.14 M
NaCl that contained CaCl, (0.1 g/liter), KC1 (0.4 g/
liter) and MgSQ4.7H:0O (0.1 g/liter) buffered by addi-
tion of one part in ten of universal buffer (18). At all pH
values the cells retained their integrity. However, at pH
11.15 and 2.83 a small amount of clumping occurred,
and at the lower of these pH values the cells assumed a
more granular appearance. The binding of chylomicrons
by liver cells at different pH values is given in Fig. 2.

Binding is greatest at pH 4.32, the isoelectric point of
the chylomicrons (19). At this pH the chylomicrons have
no net charge and clumping may occur. The increased
binding may be due to uptake of groups of chylomicrons
or to decreased repulsion between the cells and chylo-
microns, both of which are negatively charged at physio-
logical pH’s. Both these effects may be operative, and it is
not possible to distinguish between them in this experi-
ment. Microscopic examination of the chylomicrons at
pH 4.32 did not show clumping to any great extent. How-
ever, as binding is only doubled, clumps of two chylo-
microns would give this result.

At pH 2.83, when chylomicrons bear a net positive
charge, binding still occurs. Uptake shows a peak at 30
min, after which bound lipid is lost from the cells. Such
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a loss at a physiological pH is produced by hydrolysis of
chylomicron triglyceride and transfer of liberated fatty
acids into the medium (1). At pH 2.83, when hydrolysis
is low, the loss is nevertheless greater than at pH 7.1,
and probably represents loss of bound chylomicrons.
Possibly binding of positively charged chylomicrons oc-
curs at sites, not normally operative, from which they are
lost on continued incubation. A similar effect was found
at low temperatures.

These experiments were repeated with a range of dif-
ferent buffers (glycine-NaOH, phosphate, and glycine-
HCI). Essentially the same results were obtained as with
universal buffer in a similar pH range.

Binding of Chylomicrons Treated with Phospholipase D

The stability of chylomicrons depends on the phospho-
lipid (20), which may form a layer around the central
triglyceride droplet (21). This layer would be expected
to form the contact with the liver cell surface. Treatment
of chylomicrons with phospholipase D reduced binding
by liver cells at pH 7.4 by a factor of approximately
three at all incubation times tested (up to 2 hr).

Binding of Chylomicrons in the Presence of
Chylomzcron Fractions

The binding of chylomicrons by liver cells in the presence
of chylomicron “membrane” and “fat droplet” fractions
(12) is shown in Fig. 3. Binding is reduced in the presence
of either fraction. However, in the case of the “fat drop-
let,” the final (2-hr) level is similar to that of the control,
while that in the presence of the membrane fraction re-
mains low.
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Fic. 3. Binding of chylomicrons by isolated liver cells in the
presence of “membrane” and ‘‘fat droplet” fractions of chylo-
microns. Liver cells (2.5 mg of N) were incubated with labeled
chylomicrons (1.9 mg of lipid) at 37°C in Hanks’ solution in the
presence of fractions prepared from unlabeled chylomicrons (6 mg).
@, control; A, “fat droplet” fraction present; X, ‘“‘membrane’”
fraction present.
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Both chylomicron fractions are bound by liver cells.
When fractions prepared from 1.3 mg of “C-labeled
chylomicrons were used, binding of the “fat droplet”
fraction by liver cells (11 mg of N) occurred to the level
of 51 ug/mg N or 529, of the total lipid present, while the
“membrane’ fraction was bound to the extent of 919,
It was not possible in the latter case to determine the
weight of membrane bound, as this was a very small pro-
portion of the original chylomicrons. The results shown
in Fig. 3 are probably due to competition between the
chylomicrons and each added chylomicron fraction. In
the case of the ‘‘fat droplets” the chylomicrons are bound
more slowly but the final level of uptake is the same as in
the case of the control, while in that of the ““membrane”
the final level of chylomicron uptake is reduced, which
suggests that this part of the chylomicron is in contact
with the cell during binding. It is difficult to prepare
chylomicron fractions in quantity, and complete inhibi-
tion of chylomicron uptake by the “membrane” fraction
was not achieved. In the experiment shown in Fig. 3, the
“membrane” from 6 mg of chylomicrons was incubated
in the presence of 1.9 mg of chylomicrons, yet uptake of
the latter was reduced only by a factor of two. The intact
chylomicron is therefore better adapted than the phos-
pholipids in bulk for the binding at the liver cell surface,
perhaps because of a specific orientation of the part of
the membrane surface that is involved.

Effect of Phospholipid and Mized Micelles on
Chylomicron Binding

The “membrane” fraction of chylomicrons contains pre-
dominantly phospholipid with a small amount of choles-
terol, triglyceride, and protein (12). Therefore it was
decided to test the possibility that micelles of lipids of the
same composition given for the ““membrane’ fraction and
also pure lecithin micelles might inhibit uptake of chylo-
microns by liver cells. The results of this investigation are
shown in Fig. 4.

Both mixed and pure phospholipid micelles reduce
uptake of chylomicrons, the greatest reduction being
effected by the lecithin micelles at the highest concentra-
tion used. The reduction was not as great as might be
expected if the phospholipid micelles had the same struc-
ture as the chylomicron “membrane” fraction. However,
in the case of micelles the ratio of surface to internal
phospholipid would decrease with increased concentra-
tion, and the amount of phospholipid that is spatially
directed to inhibit uptake of chylomicrons is not repre-
sented by concentration alone.

Binding of Chylomicrons by Liver Cells
Treated with Neuraminidase

The negative charge in liver cells is due mainly to the
presence of sialic acids in the glycoproteins on the cell
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Fic. 4. Effect of micelles on the binding of chylomicrons by liver
cells. Isolated liver cells (6.0 mg of N) were incubated with chylo-
microns (0.57 mg of lipid) in Hanks’ solution (10 ml) at 37 °C, with
lecithin or lecithin-triglyceride—cholesterol micelles. @, lecithin
micelles (7 mg); X, lecithin micelles (45 mg); A, lecithin—tri-
glyceride—cholesterol micelles (7 mg); A, lecithin-triglyceride—
cholesterol micelles (45 mg); O, control. Binding of chylomicron
lipid only is shown in the figure, although binding of other lipid
undoubtedly occurs.

surface. Treatment of liver cells with neuraminidase
caused the level of chylomicron binding to double at all
times studied (up to 3 hr). Sialic acids are therefore not
involved in binding chylomicrons, but normally reduce
their uptake. The result after neuraminidase treatment
may simply be due to decreased negative repulsion be-
tween the cells and chylomicrons, or it may be more
specifically due to removal of glycoproteins, which would
allow the chylomicron to come into contact with a greater
area of the cell surface.

A study of the release of fatty acid from the bound
chylomicrons showed that the increased binding is not
accompanied by increased hydrolysis. Fatty acid produc-
tion at 120 min in the control cells was 4.4 ug/mg N and
in the treated cells, 3.7 ug/mg N.

Role of Divalent Cations in the Binding
of Chylomicrons by Liver Cells

The binding of chylomicrons by liver cells in 0.14 M NaCl,
in 0.14 M NaCl containing 5 mmM EDTA, or in 0.14 M
NaCl containing 5 mm EDTA plus excess (17 mm) CaCl,
is shown in Fig. 5. Removal of divalent cations causes an
increased binding of chylomicrons, which indicates that
these ions act in some way to prevent uptake. As binding
occurs in the presence of 0.14 M NaCl without added
calcium, the EDTA must act by removing divalent ions
from the cell structure or from the chylomicrons them-

selves. ‘ B
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Fic. 5. Role of divalent cations in the binding of chylomicrons by
liver cells. Liver cells (12.8 mg of N) were incubated for 15 min at
37°C in 6 ml of 0.14 » NaCl, in 0.14 u NaCl containing 5 mwm
EDTA, or in 0.14 M NaCl containing 5 mm EDTA and 17 mu
CaCl, (to give 12 mmin excess of EDTA). In addition, chylomicrons
(1.23 mg of lipid) were incubated in 5 ml of the above media for
the same time. The two suspensions in the same medium were
mixed and incubated at 37°C. Preincubation in NaCl, X; in
NaCl + EDTA, @; and in NaCl + EDCA + CaCl,, A.

Production of free fatty acids in the control cells was
3.0 ug/mg N, while in the presence of EDTA this in-
creased to 15 ug/mg N. This increase is proportionally
greater than the rise in uptake. Stimulation of lipolytic
activity as well as stimulation of binding therefore occurs.
It is not possible to tell whether the increased binding is
at sites normally operative, or whether the increased
lipolysis is only of chylomicrons bound at such sites. In
the previous experiment treatment of liver cells with
neuraminidase caused an increase in binding but no cor-
responding rise in lipolysis, which suggests that unphysio-
logical binding was involved. This is not necessarily true
in the presence of EDTA.

DISCUSSION

A number of pieces of evidence point to the involvement
of phospholipids in the uptake of chylomicrons by liver
cells. Binding is reduced by treating the cells with phos-
pholipase D; the membrane fraction of the chylomicrons,
which is predominantly phospholipid, inhibits uptake,
and both pure and mixed phospholipid micelles also
inhibit uptake. Although only the latter point directly
implicates the phospholipid alone, these pieces of evi-
dence, taken as a group, lead to the conclusion that
chylomicron phospholipids play a role in the binding of
chylomicrons by liver cells. In the physiological state
chylomicrons have a layer of adsorbed protein. How-
ever, this can be largely removed by washing, and the
protein that remains is insufficient to form a layer around
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the chylomicron surface (20, 22). It is therefore likely
that, in vivo, at least part of the phospholipid is exposed,
and can come into contact with the liver cell surface.

Several experiments were performed in an attempt
to elucidate the nature of the forces involved in the bind-
ing of chylomicrons by liver cells. The results of these,
while not conclusive, yielded a number of useful observa-
tions. (@) The binding was reduced at higher tempera-
tures, which suggests that thermal agitation weakens the
binding forces. (b) Since chylomicrons were bound to
liver cells in the pH range 2.8-11.1 with a maximum bind-
ing at pH 4.32, the isoelectric point of the chylomicrons,
the charge of the particles does not seem to be the primary
factor determining their attachment to cells. (¢) Reagents
known to decrease the stability of hydrogen bonds, hydro-
phobic bonds, and ionic bonds had no effect on the re-
lease of chylomicrons from liver cells with the exception
of 2 M urea, which enhanced their release; 4 M urea had
no effect. In view of the complex nature of liver cells and
chylomicrons, a precise interpretation of these observa-
tions is difficult, but they suggest that Van der Waals
forces, which occur readily between approaching bodies
(23, 24), might be primarily responsible for the attach-
ment of the particles to liver cells.

Previous results have shown that liver cells bind chylo-
microns rapidly and firmly and that cells are saturated
when only a fraction of the cell surface is covered (1, 2).
In addition, binding of chylomicrons is accompanied by
hydrolysis of the triglyceride, catalyzed by an enzyme
present in the cell plasma membrane (2). An increased
uptake of chylomicrons by cells treated with neuramini-
dase does not result in hydrolysis of the extra triglyceride
bound. It is possible that the lipase is inhibited by
neuraminidase. However, if this is true the inhibition is
selective and results in a residual lipolytic activity equal
to that of the untreated cells. It seems more likely, there-
fore, that the new sites “uncovered” by treatment of the
cells with neuraminidase are not available to the lipase.

At pH 4.3 and after removal of divalent ions, both of
which cause increased binding of chylomicrons, increased
hydrolysis does occur. However, pH 4.3 is the optimum
pH of the lipase (Higgins, J. A., and C. Green, manu-
script in preparation) and removal of divalent ions stimu-
lates the enzyme’s action, so that it is not possible to tell
if this additional hydrolysis is of the extra triglyceride
bound at this pH or represents enhanced hydrolysis of
the triglycerides bound at the usual sites.

Although these results do not prove that all chylo-
microns bound at sites operative under physiological con-
ditions are available for hydrolysis, they do suggest that
only chylomicrons bound at these sites are hydrolyzed.
It is possible that chylomicrons are transferred from the
binding site to a second site where hydrolysis occurs, al-
though as both the binding site and the lipase appear to
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be on the cell surface (2) it is not necessary to postulate
such a transfer to explain the observed results.

The author is indebted to the Science Research Council for
the award of a Research Fellowship. This work was supported
by Public Health Service Grant AM-05282 from the National
Institutes of Health.

Manuscript received 13 March 1967; accepted 8 August 7967.

REFERENCES

1. Green, C., and J. A. Webb. 1964. Biochim. Biophys. Acta.
84: 404.

2. Higgins, J. A., and C. Green. 1966. Biochem. J. 99: 631.

3. Brady, M., and J. A. Higgins. 1967. Biochim. Biophys.
Acta. 137: 140.

4. Hanks, J. H., and R. E. Wallace. 1949. Proc. Soc. Exptl.
Biol. Med. 71: 196.

5. Folch, J., M. Lees, and G. H. Sloane Stanley, 1957. J.
Biol. Chem. 226: 497.

6. Aminoff, D. 1961. Biochem. J. 81: 384.

7. Naaman, J., S. Eisenberg, and F. Doljanski. 1965. Lab.
Invest. 14: 1396.

12.
13.

14,

15.
16.

17.
18.

19.
. Robinson, D. S. 1955, Quart. J. Exptl. Physiol. 40: 112.
21.

22.
. Salem, L. 1962. Can. J. Biochem. Physiol. 40: 1287.
24,

. Ashworth, L. A. E., and C. Green. 1963. Biochem. J. 89:

561.

. Artom, C. 1967. Methods Enzymol. 3: 360.
10.
11.

King, E. J. 1932, Biochem. J. 26: 292.

Wood, P., K. Imaichi, J. Knowles, G. Michaels, and L.
Kinsell. 1964. J. Lipid Res. 5: 225.

Zilversmit, D. B. 1965. J. Clin. Invest. 44: 1610.

Saunders, L., J. Perrin, and D. Gammack. 1962. J. Pharm.
Pharmacol. 14: 567.

Joly, M. 1965. A Physico~chemical Approach to the De-
naturation of Proteins. Academic Press Inc., New York.
28; 300.

Edelhock, H. 1960. Biochim. Biophys. Acta. 38: 116.
Whitney, P. L., and C. Tanford. 1962. J. Biol. Chem. 237:
1735.

Green, N. M. 1963. Arch. Biochem. Biophys. 101: 186.
Long, C. 1961. Biochemists’ Handbook. E. & F. N. Spon
Ltd., London. 41.

Brown, W. D. 1953, Science. 118: 46.

Kay, D., and D. S. Robinson. 1962. Quart. J. Exptl.
Physiol. 47: 258.
Bragdon, J. H. 1958. J. Lab. Clin. Med. 52: 564.

Mysels, K. J. 1959. Introduction to Colloid Chemistry.
Interscience Publishers Inc., New York. 83.

HiceiNs Chylomicron Binding by Liver Cells 641

2T0Z ‘0z aunr uo ‘1sanb Aq Bio 1)l mmm woiy papeojumoq


http://www.jlr.org/

