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ABSTRACT: Interaction of different classes of lipoproteins with heparan sulfate, heparin, and lipoprotein
lipase was studied by a surface plasmon resonance based technique on a BlAcore. The proteoglycans
were covalently attached to sensor chips as previously described [Lookene, A., Chevreuil, O., @stergaard,
P., & Olivecrona, G. (1996Biochemistry 3512155-12163]. Binding of all lipoproteins, except for

p-VLDL, to endothelial heparan sulfate was low.

Binding of chylomicrons (from rat lymph) and of

human VLDL was much increased by the presence of lipoprotein lipase. With human LDL, binding was
low in the absence of lipase or at low lipase concentrations. For efficient bindingli@ase dimers per

LDL particle were necessary, indicating cooperativity in the interaction. In contrast, HDL did not bind
under any conditions. Heparin had higher binding capacity for lipoproteins than heparan sulfate. This
was due to a higher number of binding sites on the heparin chains. Binding of LDL, VLDL, and
chylomicrons to heparan sulfate-covered surfaces, both in the presence and in the absence of lipoprotein
lipase, was characterized by high values for association rate constaitd(®@® 1 s71) and low values

for dissociation rate constants (Y6105 M~! s71). In some experiments, rablgtVLDL were directly
immobilized to the sensor chips. Binding of lipoprotein lipase to these surfaces was characterized by a
very high association rate constant {M~! s%). The dissociation of triacylglycerol-rich lipoproteins

was more rapid with catalytically active lipase than with active site-inhibited lipase. It was also markedly
increased in the presence of free heparin, suggesting fast exchange kinetics at the surface. Based on that,
we propose that lipoproteins are relatively mobile at heparan sulfate covered surfaces. Our study emphasizes
the important role of lipoprotein lipase, or molecules with similar properties (apolipoprotein E, hepatic
lipase), as mediators for binding of lipoproteins to proteoglycans. It also demonstrates the great potential
for the use of biosensors for studies of lipoprotein interactions.

Plasma lipoproteins are spherical molecular aggregatesinteraction with heparan sulfate proteoglycans (Goldberg,

composed of a core of insoluble lipids (triacylglycerols and

cholesteryl esters) surrounded by a surface layer of morecrona, 1989).

polar lipids (phospholipids and cholesterol) and specific,
lipid-binding proteins (apolipoproteins) (Segrest et al., 1994).
Chylomicrons are made from dietary lipids in the intestinal
mucosal cells, while the smaller very low density lipoproteins
(VLDL) ! are made in the liver from endogenous lipids. The
major step in catabolism of these lipoproteins is hydrolysis
of their triacylglycerols by lipoprotein lipase (LPL) (Olive-

crona & Bengtsson-Olivecrona, 1987). This enzyme is
thought to be bound to the vascular endothelium via
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Since most LPL is attached to the vessel walls, and stays
attached while acting on lipoproteins, lipoprotein conversion
is a surface phenomenon. In addition, some apolipoproteins
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lipoproteins to heparan sulfate on cell surfaces is an important
factor both for lipolysis and for receptor-mediated uptake
of the remnants (Goldberg, 1996; Olivecrona & Olivecrona,
1995; Mulder et al., 1992; Eisenberg et al., 1992). LPL
mediates binding of lipoproteins both to proteoglycans and
to receptors like the LDL receptor-related protein (LRP), a
candidate receptor for chylomicron remnants (Strickland et
al., 1995; Krieger & Herz, 1994, Beisiegel et al., 1991). The
structurally and functionally related hepatic lipase has similar
effects (Nykjeer et al., 1994; Krapp et al., 1996), and the
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content of apolipoprotein E in the lipoproteins also influences immobilized one leads to an increase of the refractive index.
their interaction with proteoglycans and receptors (TakahashiThis change in refractive index alters the SPR, which can
et al., 1995; Ji et al., 1993). be detected optically. Binding is measured in arbitrary

In the present study, we have used the surface plasmorf€SPonse units (RU).
resonance technique to study the interaction of lipoproteins Heparin or heparan sulfate chains were biotinylated as
with heparan sulfate- and with heparin-covered surfaces indescribed (Lee & Conrad, 1984). A solution of 50 mg/
the absence or presence of LPL. Itis shown that even thoughmL heparin or heparan sulfate in 0.2 M Nag;@H 8.6, was
the aplipoprotein B (apoB)-containing lipoproteins (chylo- incubated with a 10-fold molar excess of sulfo-NHS-biotin
microns, VLDL, LDL) bind to proteoglycans on their own, (Pierce) fo 3 h atroom temperature. Excess of nonreacted

binding is much amplified by the presence of LPL. biotin was removed on a NAP-5 column (Pharmacia Bio-
technology). The same procedure was used for biotinylation
MATERIALS AND METHODS of LPL and of3-VLDL. The nonreacted biotin was removed

] - ) ] by chromatography on heparitsepharose in the case of
Materials. LPL was purified from bovine milk as | p or by dialysis in the case ¢f-VLDL.

described (Bengtsson-Olivecrona & Olivecrona, 1991). Cata-
lytically inactive LPL was made using the active site inhibitor
hexadecylsulfonyl fluoride (HDS). Inhibited LPL (HDS-
LPL) was prepared and isolated as previously described
(Skottova et al., 1995). Endothelial heparan sulfate was
isolated from cultured human umbilical endothelial cells
(Lindg\lom & Fransson, 1990) and was a kind gift from Prof.
Lars-Ake Fransson, Department of Physiological Chemistry, .
University of Lund, Sweden. An amino-coupling kit con- Ir?bgzled hgparlanbsulfatg was t_heg %oupled to thde_ surface which
taining N-hydroxysuccinimide (NHS)N-ethyl-N'-[(diethyl- ad previously been derivatized by streptavidin.
amino)propyl]carbodiimide (EDC), @l M ethanolamine Measurements of binding kinetics were performed in 20
and CM5 sensor chips were obtained from Pharmacia MM Hepes, 3.4 mM EDTA, pH 7.4, and 0.15 M NaCl. In
Biosensor AB, Uppsala, Sweden. Streptavidin was pur- SOme experiments with chylomicrons, the running buffer also
chased from Sigma. LPL activity was determined using an contained 1 mg of bovine albumin/mL (Sigma, fraction V).

assay containing tributyrylglycerol (Lookene & Bengtsson- The isolated lipoproteins were dialyzed against running
Olivecrona, 1993) buffer (20 mM Hepes, 0.15 M NacCl, and 3.4 mM EDTA,

pH 7.4), and dilutions were made just before injection. The
surfaces of the sensorchips were in all cases regenerated by
injection of 4 mM deoxycholate or 0.1% SDS. The chips
were used for about 2 weeks in repetitive experiments.
Regeneration was not possible with sensor chips to which
lipoproteins -VLDL) had been directly immobilized via

Immobilization of streptavidin to sensor chip CM5 was
performed as previously described (Johnsson et al., 1991).
The surface was activated by injecting 2D of a mixture
of EDC/NHS (0.2 M/0.05 M) at a flow rate of GL/min.
Then streptavidin (0.1 mg/mL in 10 mM acetate, pH 4.5)
was injected. Nonreacted activated groups were blocked by
injection of 30uL of 1 M ethanolamine, pH 8.5. Biotin-

Lipoproteins. VLDL, LDL, and HDL were isolated from
fresh human plasma by sequential flotation in the ultracen-
trifuge using KBr to increase the density of the medium
(Havel et al., 1955).5-VLDL, isolated from plasma of
cholesterol-fed rabbits (Beisiegel et al., 1991), were a kind
it rom D Urke Basiege, Unversty Hospral Eppen 0L ee {2 e e e
rat lymph, using the procedure previously described (Skot- a flow rate of Sul/min.
tova et al., 1995). Cholesterol and triacylglycerols were Determination of Kinetic Parameter<alculation of Rate
determined with enzymatic colorimetric kits (Boehringer Constants.An integrated form of the rate equation was used
Mannheim) and protein by the Bicinchonic acid assay for analysis of association phases (O’Shannessy et al., 1993):
(Pierce) (standard deviations were less than 5%). Molar
concentrations of HDL, VLDL-VLDL, and LDL were LK, c AR o1 — g (Hassthasdl
calculated using the protein content and the average molec- AR=R —R,= Lkt kg (1)
ular masses of the different classes of lipoproteins. The s Tass
values used for calculations were 21% and 2.30° Da for . . . -

LDL (Shen et al., 1977), 41% and 0.36 10° Da for HDL whereR is the signal observed during the association phase.

(Shen et al., 1977), 8.0% and 2010F Da for VLDL (Shen R; is proportional to the concentration of lipoproteins at the
et al., 1977), and 9.9% and 20 10° Da for g-VLDL  SurfaceiR, defines the base line (response &t 0); ARmax
(Gudmundsen et al., 1994). The concentrations of chylo- is the maximal capacity of the sensor chip to bind lipopro-

microns were calculated from their content of triacylglycerols r_elns ei<pressledt|rr]1 rgsponwtsz unIIISf_ the concsntrgtlon of
(90%) (Kalogeris & Story, 1992). ipoproteins in the injected solutionk,ss and kgiss are

association and dissociation rate constants, respectively.

Surface Plasmon Resonance Analysdl measurements The di iati h vzed by th tion-
were performed using a BlAcore system (Pharmacia Bio- € dissociation phases were analyzed by the equation:
sensor AB, Uppsala, Sweden). Its detection is based on

. — —Kadisd + 2)

surface plasmon resonance (SPR), a quantum mechanical R=Re R(t—»oo)
phenomenon which detects changes in the refractive index
close to the surface of thin gold film on a glass support (i.e., whereR; is the response at tintein the dissociation phase,
sensor chip). The chip surface is coated with a carboxy- R:—.) is the response value after complete dissociation, and
methylated dextran polymer to which one of the reactants R, is the response dt= 0. Because of bulk effects, the
can be covalently linked, while the other is injected in flow first 5 s of both the association and the dissociation phases
over the surface. Binding of a soluble component to the was not used for calculations.
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Ficure 1: Four different experimental conditions for studies of
interactions with lipoproteins. jJaBiotinylated heparan sulfate or
heparin was immobilized to streptavidin (open circles), which was
in turn covalently bound to the dextran matrix of the sensor chip.
(b) Same as in (a), but with LPL dimers (solid ovals) bound to the
heparan sulfate chains. (c) Biotinylated LPL was bound to the
streptavidin. (d) Biotinylate@-VLDL were bound to streptavidin.

Determination of Equilibrium Dissociation Constants(K
Kg was calculated using the equation:

ARl

AR= R+ L

+ bL

®3)

whereAR is the increase of the response values at equilib-
rium, L is the concentration of lipoproteins, ardis a
proportionality constant representing nonspecific binding.
ARmax is the maximal capacity for specific binding.

Data Analysis The data were analyzed by nonlinear
regression using the FIG.P program (Biosoft, Cambridge,
U.K.) and by the SAAM program (Resource Facility
Analysis, University of Washington, Seattle). To calculate

the mean values and standard deviations for the constants,

results from experiments with different preparations of
lipoproteins were used.

RESULTS

Experimental Conditions Lipoprotein interactions were
studied under four different conditions (Figure 1). In the
first system, biotinylated heparan sulfate or heparin was
coupled to the matrix-bound streptavidin (Figure 1a). In the
second system, LPL was noncovalently attached to the
streptavidin-immobilized heparan sulfate (Figure 1b). We
had previously studied binding of the lipase to heparan sulfate
or to heparin under these conditions (Lookene et al., 1996).
The third system contained biotinylated LPL directly bound
to streptavidin (Figure 1c). In the fourth condition (Figure
1d), biotinylated lipoproteing3¢VLDL) were directly bound
to the steptavidin. Binding of LPL was then studied to the
immobilized lipoproteins. In the association phase (on-
phase), the solutions of lipoproteins (or lipase) were injected
over the sensor chips, and binding was monitored. In the
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Ficure 2: Binding of VLDL to LPL—heparan sulfate complexes.
Conditions were as in Figure 1a. All experiments were performed
in 10 mM Hepes, 0.15 M NaCl, and 3.4 mM EDTA, pH 7.4. The
VLDL concentration was 1@M in the solution which was passed
over the sensor chip. (A) Binding of VLDL to heparan sulfate
without LPL was almost not detectable (lower curve). When LPL
was first bound to the layer (injection is shown #y.PL, 4.1ug

of LPL/mL in the mobile phase) followed by injection of the same
amount of VLDL as in the first case, there was a large increase of
the binding. (B) During the dissociation phase after binding of LPL,
when buffer only was passed over the layer, a solution of VLDL
was sequentially injected at 3 times (shown-byLDL).
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Ficure 3: Effect of the amount of LPL bound to heparan sulfate
on the amount of lipoproteins bound at equilibrium. LPL was bound
to the heparan sulfate covered sensor chip (condition as in Figure
1b). The amount of bound LPL was expressed in response units
(AR_pL). Chylomicrons ©), VLDL (@), LDL (O), and HDL @)

were injected over the surface with LPheparan sulfate com-
plexes. The concentration of lipoproteins was around 50 nM in all
cases. The amount of bound lipoproteins was determined at steady
states ARipoprotein)-

2000 2500

dissociation of LPL itself from heparan sulfate-covered
sensor chips is very slovkfiss= 10> —107® s (Lookene

et al., 1996)] and cannot be the reason for the decreased
binding. It is therefore likely that passing of VLDL increased
the dissociation rate of LPL. The washing-out effect by
lipoproteins was, however, only found when very high
concentrations of lipoproteins were used1Q uM) in
combination with low densities of immobilized heparan

dissociation phase (off-phase), the sensor chips, were washegulfate @Req < 100 after immobilization). At higher

with buffer without lipoproteins (or lipase). Response values

densities of immobilized heparan sulfate and at lower

at steady state were used as a measure of an increasegoncentrations of VLDL, the washing-out effect was negli-

binding at equilibrium ARg).
Effect of LPL on Binding of Lipoproteins to Heparan
Sulfate Ceered Sensor Chips Binding of VLDL to a

gible (not shown). Such conditions were used for most of
the following experiments.

A markedly increased binding to the sensor chips due to

heparan sulfate-covered sensor chip was barely detectablehe presence of LPL was found also for chylomicrons and

(Figure 2A). TheARe, increased about 200-fold in the
presence of LPL. The increase ARR.q was smaller after a

LDL (Figure 3). In contrast, with HDL, binding was low
both in the absence and in the presence of LPL (Figure 3).

second and a third sequential injection of the same solutionWith the apoB-containing lipoproteins, the amount bound

of VLDL (Figure 2B). This suggested that the amount of
LPL at the surface had decreased by the flow of VLDL. The

at steady state, expressed in response UABip{proteing.
depended on the amount of LPL attached to the immobilized
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Ficure 4: Binding of lipoproteins to biotinylated LPL. Biotinylated
LPL was directly attached to the sensor chip via the covalently
bound streptavidin (condition as in Figure 1c). The increase of
response units after binding of LPL was 5400 units. Solutions of
lipoproteins were injected over the LPL-derivatized sensor chip,
and response values were determined at steady steiRsSpecific
binding of lipoproteins is shown by solid circles. Nonspecific
binding of lipoproteins to the streptavidin-covered sensor chip
without LPL is presented by open circles. Panels A, B, C, and D
present the results for HDL, LDL, VLDL, and chylomicrons,
respectively.

Chylomicrons (nM)

Table 1: Equilibrium Dissociation Constantsgj for
LPL—Lipoprotein Interactiorfs

LPL (M)
(5.0t 0.4) x 10°°

lipoprotein LPL+ heparan sulfate (M)

(5.6+ 1.1) x 10°°

chylomicrons

VLDL (8.1+1.6)x 10°° (7.4+2.3)x 10°°
B-VLDL (8.8 +0.6)x 10°° (2.540.2) x 107
LDL (11+2) x 10°° (3.94+0.1)x 10°°

aThe Ky values were determined for the interaction of lipoproteins
with biotinylated LPL bound to streptavidin (LPL, condition as in Figure
1c) and for binding of lipoproteins to LPtheparan sulfate complexes
(LPL + heparan sulfate, condition as in Figure 1b). The calculations

Lookene et al.

LPL dimer/mn% (110 kDa/dimer). Assuming that one LDL
particle covered a region of the surface equal to its largest
cross-sectional are§ = nd¥4, whered is the diameter of
LDL [d = 26 nm (Schumaker et al., 1994)], then the number
of LPL dimers needed for binding was-2.

Analysis of Steady States for Binding of Lipoproteins to
LPL in the Presence or Absence of Heparan Sulfafée
plots of AReq versus concentration of lipoprotein in the
injection buffer at constant concentration of streptavidin-
bound biotinylated LPL (conditions corresponding to Figure
1c) are presented in Figure 4. Binding of HDL was not
distinguishable from the nonspecific binding (Figure 4A).
The binding curves for LDL (Figure 4B), VLDL (Figure 4C),
and chylomicrons (Figure 4D) started steeply, but reached a
linear part already at low concentrations of lipoproteins. The
slopes of the linear parts were, however, larger than for the
corresponding nonspecific binding. The binding curves for
the apoB-containing lipoprotein classes had very similar
shapes. The curves were fitted using eq 3, which included
a hyperbolic dependency for a high-affinity saturable interac-
tion and a linear part, which describes low-affinity binding
together with nonspecific effects. The equilibrium dissocia-
tion constants for the high-affinity interactions are shown in
Table 1. There was a tendency toward lower affinities for
the biotinylated LPL as compared to corresponding affinities
for LPL—heparan sulfate complexes (conditions correspond-
ing to Figure 1b). The differences were, however, not large.
All Ky values were between 1 and 20 nM.

Analysis of Binding Kinetics All classes of lipoproteins
had lower affinity for heparan sulfate-covered surfaces than
for heparin-covered surfaces. Under the conditions used
(with 0.15 M NaCl), binding of HDL and of LDL to heparan
sulfate was so poor that it was impossible to distinguish it
from nonspecific binding. Therefore, for these lipoproteins,
we present data for the interaction with heparin only (Table
2). The calculated kinetic constants for the interaction of
chylomicrons,3-VLDL, and VLDL with heparin were not

were performed as shown under Materials and Methods. Constantsmuch different from corresponding values calculated for the

represented are mean valugsstandard deviation of three different
determinations.

interaction with heparan sulfate. The lower binding ef-
ficiency was caused by a lower number of binding sites on
the heparan sulfate chains than on heparin as indicated by

heparan sulfate, i.e., on the surface density of LPL (expressedower values foARmax (Table 2). As an example of primary

in ARp). The binding of chylomicrons and VLDL was
almost linear with respect to the amount of bound LPL.
Binding of LDL was low at low surface density of LPL,
expressed iR, p, but it increased at higher LPL concen-

data for analysis of kinetics, binding fVLDL to heparan
sulfate is shown in Figure 5A.

The association of chylomicrons, VLDIZ-VLDL, and
LDL with LPL and with LPL—heparan sulfate complexes

trations, suggesting that a certain surface density of thefollowed apparently first-order kinetics only at low LPL

enzyme was needed for efficient binding of a LDL particle
(Figure 3). The increase of the binding started whdlp_
was in the region 606700 response units, which cor-
responded to a surface density of (56t4) x 10715 mol of

concentrations, when the binding was far from saturation.

At higher concentrations, the dissociation kinetics were better
described by two exponents than by one, suggesting a
complex binding mechanism. The apparent rate constants

Table 2: Apparent Rate Constants for the Interaction of Lipoproteins with Heparin and with Heparan?Sulfate

heparin heparan sulfate
lipoprotein Kass(M™1s71) Kaiss (S7%) ARnax (RU) Kass(M™1s71) Kaiss (S7%)
chylomicrons (1.1 0.3) x 1P (5.1+£0.0)x 10°5 >6000 (6.4+ 0.4) x 10¢ (1.1+£0.1)x 10
VLDL (1.3+0.2)x 10° (8.5+0.1) x 1075 5200 (4.1£0.2) x 10° (2.1+0.1) x 10
B-VLDL (2.24+0.2)x 10° (3.2+£0.1)x 10°5 5700 (1.0£0.1) x 10 (7.1+£0.0)x 10
LDL (1.4+£0.4)x 10 (8.4+0.1)x 1075
HDL 580+ 27 (1.4+£0.2)x 104

an this experiment, no LPL was presenRnax represents the maximal binding capacity for lipoproteins expressed in response units (RU).
Constants represented are mean vatdestandard deviation of-37 determinations.
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2500 A When lipoproteins were bound to LPiheparan sulfate
complexes or directly to heparan sulfate, injection of free
2000 heparin during the dissociation phase dramatically increased
the dissociation rate and led to close to complete dissociation
1500 | of the LPL—lipoprotein complexes from the immobilized
5 heparan sulfate. Estimated dissociation rate constants were
£ 1000 higher than 0.1 €. This increase of the dissociation was
e =, similar to what was previously found for LPL alone in its
500 - interaction with heparan sulfate-covered sensor chips (Lookene
2 et al., 1996).
0 Comparison of Binding to Aaté Site-Inhibited LPL with
Binding to Catalytically Actie LPL The association rate
-500 . . T . for chylomicrons to active site-blocked HDS-LPL was only
0 200 400 600 800 slightly slower than to catalytically active LPL (Figure 6).
Time(s) The dissociation rate was, however, much slower for the
2500 - B inhibited enzyme, indicating that the catalytic activity and
generation of lipolytic products may increase the dissociation.
2000 128 The calculated dissociation rate constant for the binding of
% chylomicrons to HDS-LPL was about 100-fold lower than
1500 for the active enzyme, 4.% 10%sand 3.2x 104 s,
=) 64 respectively. The association rate constant for the binding
E 1000 2o of LDL to HDS-LPL was 2.8 times lower than to the active
< enzyme, but with LDL there was no difference in the
5007 12 dissociation rates. These results, compared to those with
chylomicrons, suggest that production of lipolysis products
] such as fatty acids from triacylglycerols in the large
500 lipoproteins might be important for the dissociation. The

200 400 500 600 700 800 900 1000 presence of bovine serum albumin in the running buffer did,
however, not affect the dissociation rate of chylomicrons
o from catalytically active LPL (data not shown).

FIGURE 5: Sensorgrams for binding gfVLDL to heparan sulfate Binding of LPL to Immobilize#-VLDL. To investigate

(A) and to LPL—heparan sulfate (B). Different concentrations of . . . . .
B-VLDL were injected over the sensor chip with heparan sulfate Whether lipoproteins could be directly immobilized to the

(A) or with LPL—heparan sulfate (B). The increase in response Sensor chips for interaction studigsVLDL were biotiny-
units after binding of LPL was 35& 40 RU. The concentrations  lated and were then immobilized via binding to streptavidin.

of B-VLDL (nM) are given to the right of each tracing. The increase in response units after addition of the lipopro-
teins was 2600. Binding of LPL to the immobilized
lipoproteins was then studied. Figure 7A shows that the

Time (s)

calculated at low saturation are shown in Table 3. Primary

data for binding of f-VLDL to LPL—heparan sulfate association kinetics for LPL were sufficiently well described
complexes are shown in Figure 5B. The lipoproteliPL b bindi . del. Th 10y

interactions were characterized by fast association and by a ya ﬁ.n ?1 me mqlsn,el model. 'he a}ssouatlofn rate constant
very slow dissociation. The association rate constants werel as igh, 10 M~ s, demonstrating very fast binding.
about 10-fold higher for LPEheparan sulfate complexes
than for biotinylated LPL without proteoglycans (Table 3),
demonstrating a contribution of heparan sulfate to the
interaction.

Comparison of data in Tables 2 and 3 illustrates that the
presence of LPL did not increase the association rate of
lipoproteins to heparan sulfate-covered layers. Furthermore,
the dissoc_iation rate constants were not affected by LPL. DISCUSSION
Thus, the increased binding of lipoproteins in the presence
of LPL appears to be due only to an increase of the number Analysis of association and dissociation kinetics for
of binding sites at the surface. binding of lipoproteins to different ligands has previously

The dissociation rate constant was 18 (Figure 7B). A
disadvantage with this type of experimental system was that
the sensor chips could not be regenerated after the experi-
ments. The lipoproteins are changed by interactions with
the catalytically active lipase, and the agent used to dissociate
the binding would presumably also dissociate the lipoprotein
particle.

Table 3: Apparent Rate Constants for LPLipoprotein Interactions

LPL LPL + heparan sulfate
lipoprotein Kass(M™1s71) Kaiss(S7%) Kass(M™ts71) Kaiss (S7%)
chylomicrons (0.5£ 0.1) x 10* (2.8+£0.1)x 10°® (0.7+£0.2)x 10 (3.2+£0.1)x 10
VLDL (3.0 £ 0.4) x 10¢ (45+0.2)x 10°5 (2.3+£0.3) x 10° (1.9+0.2) x 10
B-VLDL (2.1 +£0.2)x 10 (1.2+0.1)x 10°° (1.3+0.2)x 1° (2.2+£0.2)x 10°°
LDL (5.1+£0.1) x 10 (6.0£0.1)x 10°5 (4.7+0.3) x 10° (1.2+0.3) x 10

2 The association rate constankss§ and dissociation rate constankgd) were determined for the interaction of lipoproteins with biotinylated
LPL bound to streptavidin (LPL, condition as in Figure 1c) and for binding of lipoproteins to-tfparan sulfate complexes (LPL heparan
sulfate, condition as in Figure 1b). Constants represented are mean sakiandard deviation of-58 determinations.
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Ficure 6: Binding of chylomicrons to catalytically active LPL and to active site-blocked HDS-LPL. LPL and HDS-LPL were bound to
immobilized heparan sulfate. The increase of response units after binding of LPL was 1800 and after binding of HDS-LPL was 1920. A
solution of chylomicrons (0.6 mg of triacylglycerols/mL) was injected over the layers with the bound enzymes. The increase of response
units indicates binding. The dissociation was then studied by passing buffer without lipoproteins over the layers (start at 4370 s).

been virtually impossible. The BlAcore Biosensor system affinities between proteoglycans and LDL have been in the
allows determination of kinetics of macromolecular interac- micromolar range (Gigli et al., 1992; Takahashi et al., 1996).
tions in real time (O’Shannessy et al., 1994). The present The calculated kinetic and equilibrium constants represented
investigation represents the first effort to derive kinetic here were derived for an idealized situation assuming that
constants for lipoproteinheparan sulfate (heparin) and all density classes of lipoproteins contain only one type of
lipoprotein—LPL interactions. A flow of lipoproteins over  defined particle. However, there is variability in size,
the sensor layer with immobilized heparan sulfate and with density, and composition in all lipoprotein fractions. There-
LPL mimics the situatiorin vivo, where circulating lipo- fore, the constants represented here are approximations
proteins associate with LPtheparan sulfate complexes at calculated for the size and composition of average particles.
the vascular endothelium (Olivecrona & Olivecrona, 1995).  The association rate of lipoproteins for binding to heparan
Our data demonstrate that LPL was the main factor for sulfate-LPL complexes was extremely fast. An increase
efficient binding of chylomicrons, VLDL, and LDL to in the density of LPL at the surface had only small effects
heparan sulfate-covered surfaces. This is in good accordancen the association rate constant. This suggests that the
with previous studies in cell culture systems, which show association is therefore, at least partly, diffusion-limited and
that LPL markedly increases the binding of the same classeghat the real values for the association rate constants might
of lipoproteins to cell surfaces (Fémdez-Borja et al. 1996;  be even higher. On other hand, an increase of the flow rate
Obunike et al., 1994; Mulder et al., 1992; Eisenberg et al., from 5 to 500uL/min (data not shown) did not influence
1992). Our data enabled us to quantify the effect of LPL the dissociation kinetics, indicating that the interactions are
and to compare it between different classes of lipoproteins. not diffusion-determined. Further investigations are needed
HDL did not bind specifically to the sensor chips under any to solve this discrepancy.
condition. For binding of LDL, higher surface densities of According to the simple binding model (A B = AB),
LPL were needed than for binding of chylomicrons or VLDL. the equilibrium dissociation constarit4) calculated from
This can probably be explained by the different sizes of the the dependency afR.q0n lipoprotein concentration should
lipoproteins: the areas covered by chylomicrons and VLDL be equal to the value of the ratio of the rate constahits/(
contain more LPL molecules than in the case of LDL. Thus, kas9. In our case, the values calculated frémdkasswere
the larger lipoproteins can simultaneously bind to several up to 15 times lower than those determined from the plot of
LPL molecules. The absence of cooperativity in the binding AReq versus lipoprotein concentration. This discrepancy
of chylomicrons and VLDL might be apparent and can be might be explained by overlapping of binding sites for large
caused by a lack of sensitivity in the method. We propose ligands (Sild et al., 1996; Stankowski, 1983). At low
that a certain surface density of LPL is needed to form a saturation, the ligands interact almost independently with the
high-affinity binding site for a lipoprotein particle. If this surface component, and the interaction follows the simple
concentration is exceeded, a further increase of the surfacebinding model. This was the case for the binding of
density of LPL will only increase the number of possible lipoproteins at low saturation, where the rate constants were
binding sites. This may explain the apparently linear second determined. At higher saturation, steric hindrances between
parts of the plots. adsorbing and already bound ligands lead to apparent
There were no marked differences in the apparent equi- negative cooperativity. This might be the reason for the
librium dissociation constantK{) for the different apoB- complex kinetics at higher lipoprotein concentrations and for
containing lipoproteins (chylomicrons, VLD|3;VLDL, and non-Michaelis-Menten-type adsorption curves even after
LDL). The range was 2:511 nM, indicating high affinity. subtraction of nonspecific binding. Simulated adsorption
The high-affinity binding which we find here for LDL is  curves for such cases start steeply but become flat already
different from previous data obtained in other systems where at moderate saturation (Sild et al., 1996; Stankowski, 1983).
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of bound lipoprotein at steady state decreased after each
injection. This indicated that some of the heparan sulfate-
bound LPL was washed out by the flow of lipoproteins.
Dissociation of LPL in the absence of lipoproteins is very
slow (Lookene et al., 1996). According to our earlier study,
this slow dissociation is only apparent and due to rapid
rebinding of LPL to the negatively charged heparan sulfate-
covered surface. Itis possible that temporarily detached LPL
could be shifted to the flow phase by the presence of very
high concentrations of lipoproteins. In the postprandial state,
L after a lipid-rich meal or after an intravenous lipid infusion,
the level of circulating LPL in blood increases severalfold
(Peterson et al., 1990). A 10-fold increase in the LPL activity
level in plasma was detected after infusion of the synthetic
lipid emulsion Intralipid. Thus, the results obtained by the
biosensor technique with high amounts of lipoproteins are
similar to results obtaineth vivo in humans.

Lipolysis due to the action of LPL might complicate the
binding kinetics. The bound lipoproteins decrease in size,
and their compositions are continuously changed. In addi-
e tion, the products of lipolysis, in particular fatty acids, might
influence the interaction (Olivecrona & Bengtsson-Olive-
crona, 1987; Bengtsson & Olivecrona, 1980). Thus, the
apparent rate constants cannot be used as true thermodynamic
parameters. Since the detected response is proportional to
the mass of the adsorbed molecules, the constants can be
used to characterize total mass kinetics. According to our
data, lipolysis increased the dissociation rate of triacylglyc-
erol-rich lipoproteins. The triacylglycerol-poBrVLDL had
lower dissociation rate constants for LPheparan sulfate
complexes than the chylomicrons and VLDL had, indicating
that lipolysis could modulate the kinetics by increasing the
dissociation rate. To study this directly, we compared
catalytically active LPL with the active site-blocked HDS-
Biotinylated 8-VLDL were immobilized to the sensor chip via LPL. .The 'raFe constant was more than 10(.)'f0|d. lower for
streptavidin. Then LPL (7 nM) in 10 mM Hepes, 0.15 M Nacl, the dissociation of chylomicrons from the inactive HDS-
and 4 mM EDTA, pH 7.4, was injected, and association (A) as LPL than from active LPL, demonstrating that lipolysis
well as dissociation (B) kinetics were measured. In these figures, promoted dissociation. Free fatty acids have been shown
both experimental curves and theoretical curves are shown. Theyy gecrease the affinity between LPL and lipoproteins
ggltsuigggs\;%g? deviation of the experimental values from the (Bengtsson & Olivecrona, 1980a) and between LPL and

heparin (Olivecrona & Bengtsson-Olivecrona, 1987). In the
BlAcore system, the presence of bovine serum albumin, a
fatty acid acceptor, at concentration of 1 mg/mL did not
the dependency oAR. on lipoprotein concentration took influence the kinetics. This is puzzling, but it is possible
into consideration also the binding at high lipoprotein that fatty acids, which are locally produced by the action of
concentrations, where steric hindrances might influence theLPL at surface-bound lipoproteins, are not immediately
interaction. This can be the reason for the apparent loweravailable for sequestration by bovine serum albumin. Al-
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Ficure 7: Kinetics of binding of LPL to immobilizegs-VLDL.
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This is similar to our experimentally determined binding
curves for lipoproteins. The determination of tkg from

affinity than determined from thkyisdkassratio. According
to Morton et al., (1995), a two-step binding process might
also be a reason for complex binding kinetics.

The association rate constants were about 10-fold lower
for binding of lipoproteins to LPL which was directly bound
to the sensor chip via streptavidin than with L-Pheparan
sulfate complexes. Thus, a direct positive contribution of

though we cannot directly measure lipolysis in the present
BlAcore system, the data convincingly demonstrate that the
bound lipase is active.

It was possible to immobilize lipoproteings{VLDL)
directly to the sensor chip for studies of binding of LPL.
The association rate constant was extremely high MG
s™1, which was 16-100-fold higher than in the reverse

the heparan sulfate to the association is implicated, thoughsystem with binding of lipoproteins to immobilized LPL. This

it did not much influence the equilibrium binding constants.
In addition, heparan sulfate may orient the LPL molecules
in a more favorable way for interaction with lipoproteins
than what is obtained with direct binding of the lipase to
streptavidin.

When a solution with high concentration of VLDL or

indicated that diffusion of the large lipoprotein particles might
be more restricted than diffusion of LPL. We did not attempt
to immobilize any of the other lipoprotein classes.
Immobilized heparin had much higher binding capacity
for lipoproteins than heparan sulfate had. This was the case

with chylomicrons, VLDL, and3-VLDL while with LDL

chylomicrons was injected several times over a sensor chipand HDL the binding capacity was low for both types of

covered with LPL-heparan sulfate complexes, the amount

glycan chains. The difference between heparin and heparan
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rich 5-VLDL bound better to the heparan sulfate-covered
sensor chips than any of the other lipoproteins.
Dissociation of the lipoprotein particles from heparan
sulfate-covered sensor chips was slow both in the absence
and in the presence of LPL. Injection of free heparin caused
a large increase in the dissociation rates. As in the case with
binding of LPL alone, this demonstrates that the reason for
the slow apparent dissociation is most likely fast reassociation
(Lookene et al.,, 1996). Thus, it is more likely for the
dissociated lipoprotein particle to bind again without leaving
the surface. This suggests that the bound lipoproteins are
rather mobile, which may simplify interactions with lipases
and receptors in the plane of the cell surfaces. The main
FiIGURES: Interactions of a lipoprotein particle and LPL molecules determinant for whether the lipoprotein stays is the presence
attached to a heparan sulfate-covered surface. The figure illustrateof LPL. Decreased particle size, lipolysis products, free
the experimental setup used in this study (see legend to Figure 1b)glycan chains, and possibly other factors could also limit

LPL dimers (dark ovals) are bound to the heparan chains. LPL is ; ; ; B
the main factor for the initial interaction with the lipoprotein. glljerfgr:ee the lipoprotein spends at the heparan sulfate-covered

Additional interactions may occur involving more LPL molecules ) )
and direct binding between lipoprotein constituents (apolipoproteins)  In conclusion, the surface plasmon resonance technique

and heparan sulfate. Our data suggest that the adsorbed lipoproteingan be used to study several aspects of lipoprotein interac-
and LPL are mobile in the plane of the surface (illustrated by the tions. \We have here indicated a nondestructive way of
arrow). attaching lipoproteins to the sensor chip via LPL, or
sulfate could be explained by a higher number of binding preferably via catalytically inactive LPL. We also attached
sites on heparin, while the apparent affinities were similar -VLDL directly to the sensor chips via biotin/streptavidin.
for both glycosaminoglycans. The main difference between With glycosaminoglycans, these biosensor chips provide a
heparan sulfate and heparin is a higher degree of sulfationmodel of cell surfaces. Several different agents could be
on the latter. Heparan sulfate from liver contains more added, like membrane lipids and protein receptors, to make
heparin-like regions than endothelial heparan sulfate (Lyon the model even better.
etal., 1994). It may therefore contribute more to the binding
of lipoproteins than endothelial heparan sulfate at extra- ACKNOWLEDGMENT
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