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Abstract

The ability of apolipoprotein E (apoE) to bind to cell-surface glycosaminoglycans (GAG) is
important for lipoprotein remnant catabolism. Using surface plasmon resonance, we previously
showed that the binding of apoE to heparin is a two-step process; the initial binding involves fast
electrostatic interaction, followed by a slower hydrophobic interaction. Here we examined the
contributions of the N- and C-terminal domains to each step of the binding of apoE isoforms to
heparan sulfate (HS) and dermatan sulfate (DS). ApoE3 bound to less sulfated HS and DS with a
decreased favorable free energy of binding in the first step compared to heparin, indicating that the
degree of sulfation has a major effect on the electrostatic interaction of GAG with apoE. Mutation
of a key Lys residue in the N-terminal heparin binding site of apoE significantly affected this
electrostatic interaction. Progressive truncation of the C-terminal a-helical regions which favors the
monomeric form of apoE3 greatly reduced the binding ability of apoE3 to HS, with much reduced
favorable free energy of binding of the first step, suggesting that the C-terminal domain contributes
to the GAG binding of apoE by the oligomerization effect. Supporting this, dimerization of the apoE3
N-terminal fragment via disulfide linkage restored the electrostatic interaction of apoE with HS.
Significantly, apoE4 showed much greater binding to HS and DS than apoE2 or apoE3 in both lipid-
free and lipidated states, perhaps resulting from enhanced electrostatic interaction through the N-
terminal domain. This isoform difference in GAG binding of apoE may be physiologically significant
such as in the retention of apoE-containing lipoproteins in the arterial wall.

Heparan sulfate proteoglycan (HSPG) is a common constituent of cell surfaces and the
extracellular matrix, and is involved in a wide range of biological functions (1). Normal uptake
and catabolism of atherogenic lipoproteins is mediated by the interaction of lipoproteins with
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heparan sulfate (HS) in the liver (2). The substantial reduction of hepatic HS sulfation
associated with diabetes (3) is known to cause impaired hepatic uptake of lipoproteins, leading
to increased atherosclerosis (4). Apolipoprotein E (apoE) is a critical ligand for high-affinity
binding of remnant lipoproteins to members of the low density lipoprotein receptor (LDLR)
family and HSPG (5-7). Binding of apoE to HSPG is an initial step in the localization of apoE-
enriched remnant lipoproteins to the cell surface, followed by the internalization into
hepatocytes through processes mediated by receptors, including the LDLR and the LDLR-
related protein, or through interaction with HSPG alone (8). Binding of apoE to HSPG is also
involved in the inhibition of platelet-derived growth factor-stimulated smooth muscle cell
proliferation (9) and the differential effects of the apoE isoforms on neurite growth, repair, and
consequently, the progression of late onset familiar Alzheimer’s disease (10-12).

Besides the apoE-HSPG interaction, the binding of apoE to cell-surface glycosaminoglycans
(GAG) such as chondroitin sulfate (CS) and dermatan sulfate (DS) proteoglycans has been
demonstrated to play an important role in lipoprotein catabolism. A major pool of apoE on the
surface of human liver cells is associated with CS proteoglycans (13). The interaction of apoE
with CS and/or DS proteoglycans is responsible for the retention of high density lipoproteins
(HDL) on the extracellular matrix of arterial smooth muscle cells (14), and the uptake of B-
very low density lipoprotein in the brain (15). In addition, apoE-mediated cholesterol efflux
from macrophages is modulated by cell surface proteoglycans (16,17).

ApoE contains two independently folded functional domains; these are a 22-kDa N-terminal
domain (residues 1-191) and a 10-kDa C-terminal domain (residues 216-299) linked by a
hinge region (18,19). The N-terminal domain is folded into a four-helix bundle of amphipathic
a-helices and contains the LDLR binding region (around residues 136-150 in helix 4) (20),
whereas the C-terminal domain contains amphipathic a-helices that are involved in binding to
lipoproteins with high affinity (21,22). Both the N- and C-terminal domains contain a heparin
binding site (23,24): the N-terminal domain site is located between residues 136-147,
overlapping with the LDLR binding region (25,26), whereas the C-terminal site involves basic
residues around lysine 233 (27). Although both sites are functional in the separated fragments,
only the N-terminal site is available for interaction in both the lipid-free and lipidated states of
the intact apoE molecule (27,28). The C-terminal site may be involved in the binding of apoE
to the protein core of biglycan of the vascular extracellular matrix (29,30).

Given the physiological importance of apoE-GAG interactions, we have previously
characterized the kinetics and affinity of the binding of apoE isoforms to heparin using surface
plasmon resonance (SPR) measurements (28). Although the variations in the distribution of
acidic groups in different types of GAG (31) are likely to influence the interaction with apoE
(32,33), quantitative information on the interaction with various GAG molecules is limited
(26,34). In the present study, we extended the SPR approach to explore the contributions of
the N- and C-terminal domains of apoE to its interaction with more physiological GAG, such
as HS and DS.

EXPERIMENTAL PROCEDURES

Materials

Porcine intestinal mucosa HS (average molecular weight of 13,655; sulfur content 5.51%), DS
(average molecular weight of 41,400; sulfur content 6.85%), and heparin (average molecular
weight of 13,000; sulfur content <38%) were purchased from Celsus Laboratories (Cincinnati,
OH). Degrees of sulfation determined by the turbidimetry method (35) were 1.6, 0.7, and 0.7
sulfate groups per disaccharide for heparin, HS, and DS, respectively. 1,2-Dimyristoyl
phosphatidylcholine (DMPC) was purchased from Avanti Polar Lipids (Pelham, AL), and
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stock solutions were stored in chloroform/methanol (2/1) under nitrogen at —20 °C. Ultrapure
guanidine HCI was from ICN Pharmaceuticals (Costa Mesa, CA).

Protein Preparations

The full-length human apoE2, apoE3 and apoE4 and their 22-kDa (residues 1-191) fragments
were expressed and purified as described (22,36). The mutations in apoE to create K146E and
K233E, and the truncated forms (A251-299, A261-299 and A273-299) were made using PCR
methods as described (27,37). The apoE preparations were at least 95% pure as assessed by
SDS-PAGE. In all experiments, the apoE sample was freshly dialyzed from 6 M GdnHCI and
1% B-mercaptoethanol (or 10 mM DTT) solution into buffer solution before use. To prepare
dimerized form of apoE3 22-kDa, the apoE3 22-kDa fragment at 10 mg/ml in oxygenated Tris
buffer (10 mM Tris-HCI. 150 mM NacCl, 0.02% NaN3, 1ImM EDTA, pH 7.4) in the presence
6 M urea was incubated for 2 weeks at 4 °C. Residual monomer form was removed by passage
through a Thiopropyl Sepharose 6B column (GE Healthcare). DMPC discoidal complexes with
the apoE3 variants were prepared as described (38).

Biotinylation of GAG

Heparin, HS, and DS were biotinylated at their reducing end (39,40). Heparin, HS, or DS (4.5
mg/ml) was oxidized with 3.3 mM sodium metaperiodate (Wako Pure Chemicals, Osaka,
Japan) in 0.1 M sodium acetate (pH 5.5) for 1 h at room temperature. The oxidation was stopped
by adding an excess of sodium sulfite. The oxidized GAG was then incubated with a six-fold
molar excess of 6-(biotinylamino) hexanoylhydrazine (Dojindo Laboratories, Kumamoto,
Japan) for 2 h. The excess biotin was removed by dialysis.

SPR Experiments

SPR measurements were performed on a Biacore X instrument (Biacore, Inc., Uppsala,
Sweden) (28). For immobilization of GAG on a SA chip, an injection of biotinylated GAG (10
ug/ml) in Tris buffer was made at a flow rate of 5 ul/min followed by a 10-pl injection of 2 M
NaCl. Typically, 100-500 resonance units (RU) of GAG were immobilized and the effects of
mass transport were not significant due to the low surface density of ligand (41). An untreated
flow cell was used as a control. For kinetic measurement of apoE interaction with GAG, a 30
ul injection of the apoE sample was passed over the sensor surface at a flow rate of 20 ul/min.
At the end of the sample plug, the same buffer was passed over the sensor surface to facilitate
dissociation, and then the sensor surface was regenerated for the next sample using a 10-pl
pulse of 2 M NaCl and 0.1 % CHAPS. The resultant sensorgrams were analyzed using BIA
evaluation software (version 4.1). The response curves of various analyte concentrations were
globally fitted to the two-state binding model described by the following equation (42,43):

A+B&L ABE®, AB,

kai kaa

where the equilibrium constants of the each binding steps are K1 = ka1/kg1 and Ko = kgo/kgo
and the overall equilibrium binding constant is calculated as K = K1(1 + Ky) and K4 = 1/
Ka. In this model, the analyte (A) binds to the ligand (B) to form an initial complex (AB) and
then undergoes subsequent binding or conformational change to form a more stable complex
(ABy). Gibbs free energies of binding of each binding steps are calculated according to AGy
=—RT In (55.5 K1) and AG, = —RT In K5, respectively. The maximum binding response
(Rmax) value which reflects the saturated amount of apoE bound to GAG was obtained from
the global fitting.
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Circular Dichroism (CD) Spectroscopy

Far-UV CD spectra were recorded from 185 to 260 nm at 25 °C using an Aviv 62DS
spectropolarimeter. After dialysis, the apoE sample was diluted to 25-50 ug/ml in 10 mM
phosphate buffer (pH 7.4) for obtaining the CD spectrum. The results were corrected by
subtracting the buffer baseline. The a-helix content was derived from the molar ellipticity at
222 nm, [6]22, according to the following equation (44):

% a — helix=(—[6],,,+3000)/(36000+3000) x 100

Fluorescence measurements

Fluorescence measurements were carried out with a Hitachi F-7000 fluorescence
spectrophotometer at 25 °C in Tris buffer (pH 7.4). Trp emission fluorescence of proteins at a
concentration of 25 pg/ml was recorded from 300 to 420 nm using a 295 nm excitation
wavelength to avoid tyrosine fluorescence. For chemical denaturation experiments, the change
in the wavelength of maximum fluorescence was monitored at various urea concentrations in
the absence or presence of HS.

Statistical analysis
Results were compared statistically by t-test using GraphPad Prism 5.0.

RESULTS

Two-step Binding of ApoE to GAG

We previously demonstrated that the binding of apoE to heparin is a two-step process; the
initial binding involves fast electrostatic interaction, followed by a slower hydrophobic
interaction (28). Fig. 1 shows typical sensorgrams for the binding of lipid-free apoE3 to HS.
The response curves were well fitted by a two-state binding model where binding of the analyte
to the ligand is followed by either another subsequent binding event or a conformational change
(Fig. 1, inset). In far-UV CD measurements, no change in the spectra of apoE3 was observed
in the absence or presence of HS (data not shown). In addition, HS had no effect on the urea-
induced denaturation behavior of the apoE3 22-kDa fragment (Fig. 2). These results suggest
that there is no major conformational change in apoE upon HS binding. Similar two-step
binding was also observed in the binding of lipid-free apoE3 to DS (data not shown).

Fig. 3 summarizes the relative changes in the rate constants for each step of lipid-free apoE3
binding to GAG (Fig. 3A) and the relative contributions of each step to the overall free energy
of binding estimated from the affinity constants for the two individual steps (Fig. 3B).
Compared to heparin, the less sulfated HS and DS showed a slower first association rate and,
consequently, a significant decrease in the favorable free energy of binding for the first step.
This indicates that the degree of sulfation in GAG has a major effect on the electrostatic
interaction with apoE (26).

Effects of Lysine Mutations in the Heparin-Binding Sites of ApoE on GAG Binding

To confirm the importance of an ionic interaction in the apoE-GAG interaction, we examined
the effects of substitutions of lysine residues 146 and 233 in apoE on the GAG binding; these
residues are located in the N- and C-terminal heparin binding sites, respectively, and contribute
to an ionic interaction with heparin (26,27). As shown in Fig. 4A, large decreases in binding
to HS and DS were observed with the K146E mutant whereas the K233E mutant exhibited
responses similar to the wild-type, consistent with the previous finding that only the N-terminal
site is available for the interaction with heparin even in the lipid-free state (27,28). Comparison
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of the free energy of binding for each step among lysine mutants (Fig. 4B) clearly demonstrates
that such decreases in GAG binding for the K146E mutant is due to the reduction of the
electrostatic interaction between apoE and GAG (28). In addition, such a disruption of the
electrostatic interaction resulted in a decrease in the saturated amount of apoE bound to GAG:
for example, Ryax values for the HS binding of apoE3 WT, K146E, and K233E were 1300,
180, and 1020 RU respectively.

Effects of Oligomerization of ApoE on GAG binding

ApoE is known to self-associate through the C-terminal domain in solution and the C-terminal
a-helical regions are responsible for the self-association (21,45-47). To examine the role of
the self-association of apoE in GAG binding, we compared the HS binding of progressive C-
terminally truncated mutants of apoE3. Using gel filtration chromatography, we showed
previously that, even at a very low protein concentration (5 pg/ml), full-length apoE3
predominantly forms tetramer and that more than half of apoE3 (1-272) forms tetramer
whereas apoE3 (1-260) exists completely asa monomer (47). Although the C-terminal heparin
binding site is conserved in both apoE3 (1-272) and apoE3 (1-260), significant decreases in
binding response (Fig. 5A) and favorable free energy of binding in the first step (Fig. 5B) were
observed for both mutants. This indicates that the oligomerization through the C-terminal a-
helical regions has a major influence on the electrostatic interaction between apoE and GAG.
However, Rmax Values were not significantly different among all mutants (880, 840, 1200, and
710 RU for full-length, 1-272, 1-260, and 1-250 apoE3, respectively), suggesting that the
oligomerization does not affect the level of apoE binding to GAG.

It is possible that the better binding of oligomeric apoE compared to the monomeric form is
due to cooperative molecular interaction of apoE with GAG. To confirm this point, we
compared the binding behaviors of the apoE3 22-kDa fragment to HS in the monomeric and
dimeric states. As shown in Fig. 6, a greatly increased response in HS binding of apoE3 22-
kDa dimer was observed compared to the monomeric form, and the kinetic parameters for the
apoE3 22-kDa dimer are comparable to those for full-length apoE3 (Table 1). In contrast,
Rmax Values for monomer and dimer were similar (1050 and 1250 RU, respectively). These
results suggest that the cooperative binding through multiple copies of the heparin binding sites
of apoE molecules is important for the high affinity binding to GAG (27).

Effects of Lipidation on GAG Binding of ApoE

Although lipid-free apoE can bind effectively to GAG, we demonstrated previously that a
discoidal complex of apoE 22-kDa fragments with DMPC exhibited much higher affinity in
binding to heparin compared to the lipid-free form, mainly due to the increased free energy of
binding in the first step (28). As shown in Fig. 7A, similar effects of lipidation on the binding
of the apoE3 22-kDa fragment to HS and DS were observed. In contrast, there was no
significant increase but rather a tendency to a decrease in the free energy of the first binding
step between the lipid-free and lipidated forms of full-length apoE3 (Fig. 7B), suggesting that
the electrostatic interactions of full-length apoE with GAG are similar in the lipid-free and
lipidated forms.

Effects of ApoE Isoforms on GAG Binding

We further compared the association and dissociation kinetics for the interaction of apoE
isoforms with GAG. As shown in Fig. 8, apoE4 displayed two- or three-fold higher binding to
HS and DS compared to apoE2 or apoE3 both in the lipid-free and lipidated states. In fact,
Rmax values for lipid-free apoE2, apoE3, and apoE4 were 670, 810, and 1210, respectively
and, those for the DMPC discs were 360, 320, and 635, respectively. Such higher binding of
apoE4 does not appear to result from the interaction between the N- and C-terminal domains
in apoE4 because the apoE4 E255A mutant in which the domain interaction is disrupted (48)
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still exhibited much higher binding than apoE3 (Figs. 8A and 8B). As shown in Table 2, there
was not much difference in association and dissociation rate constants and equilibrium affinity
among apoE isoforms complexed with DMPC.

To explore why apoE4 binds better to GAG than other isoforms, the association and
dissociation kinetics for the GAG binding of the 22-kDa fragments of apoE3 and apoE4
complexed with DMPC were compared. Although the binding level of apoE4 was similar to
that of apoE3, apoE4 exhibited a faster first association, followed by a slower second step
compared to apoE3 (Fig. 9A). Consequently, the free energy of binding for the first step tended
to increase and decrease for the second step for apoE4 compared to apoE3 (Fig. 9B). This
suggests that the increased binding of full-length apoE4 to GAG comes from enhanced
electrostatic interaction through the N-terminal binding site (49).

DISCUSSION

The various anti-atherogenic functions of apoE, such as facilitated remnant lipoprotein uptake
by the liver (8,50) and cholesterol efflux from macrophages (16,17), are achieved through its
interaction with cell-surface GAG. Because receptor-ligand interactions at the cell surface do
not occur at equilibrium, it is important to establish the kinetics of apoE-GAG association and
dissociation. Based on SPR measurements to characterize the kinetics and affinity of binding
of apoE to heparin, we previously proposed a two-step mechanism for the apoE-heparin
interaction; the first step involving a fast electrostatic interaction, followed by a slower
hydrophobic interaction (28). In the present study, we extended this approach to examine the
role of the N- and C-terminal domains of apoE isoforms in their interactions with more
physiological GAG, HS and DS.

The current SPR data demonstrate that the binding of apoE to HS and DS involves a two-state
binding process, similar to the situation with heparin. However, the large decreases in the
association rate and the favorable free energy of binding in the first step observed for HS and
DS compared to heparin (Fig. 3) indicate that the contribution of the initial electrostatic
interaction to the overall binding is lower for HS and DS than for heparin (26). In addition, the
mutation in lysine 146 which disrupts direct ionic interaction between basic residues on apoE
and sulfate groups on the GAG chain (26) greatly reduced the favorable free energy for the
first binding step to HS and DS (Fig. 4B). The reduction of this free energy from the wild-type
(1.5 and 1.3 kcal/mol for HS and DS, respectively) was much lower than that in heparin (2.7
kcal/mol) (Fig. 6 in ref 28). These results are consistent with the fact that heparin has an average
of 2-3 sulfate groups per disaccharide whereas HS and DS contain less than 1 sulfate per
disaccharide (31). Comparison of the free energies of binding in the two processes (Fig. 3)
indicates that even in the less sulfated HS and DS, the electrostatic interaction still contributes
greatly (over 90%) to the overall free energy of binding of apoE to GAG. In fact, analysis of
the dependence of K4 and Ry« Values on sodium chloride concentration for binding of the
apoE3 22-kDa fragment to various GAG showed that an increase in ionic strength greatly
reduces both the affinity and saturated level of apoE binding to GAG (data not shown).

In contrast to the dominant role of the N-terminal site in apoE to GAG binding, the C-terminal
site (basic residues around lysine 233) is not available for the interaction of full-length apoE
with GAG (Fig. 4) (27,28). Rather, the C-terminal domain appears to contribute to the high-
affinity binding of apoE to GAG through an oligomerization effect (27). Using C-terminally
truncated mutants of apoE, we showed previously that the C-terminal helical residues, 261-
299 or 272-299 modulate the tetramerization of apoE in solution (37,47). As shown in Fig.
5A, progressive truncation of the C-terminal helical segments which leads to the monomeric
form greatly reduced binding of apoE3 to HS. The results that the C-terminal truncation mainly
reduced the favorable free energy for the first binding step (Fig. 5B) indicate that
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oligomerization through the C-terminal a-helical region has a major influence on the
electrostatic interaction between apoE and GAG. This notion that multiple binding sites of
apoE molecules increase the GAG binding is consistent with the previous study of peptides
including heparin binding consensus sequences showing that multiple copies of the heparin
binding site enhance the binding affinity through cooperativity effects (51). The findings that
dimerization of apoE3 22-kDa fragment via disulfide linkage markedly increased the binding
to HS compared to the monomeric form (Fig, 6) and restored the kinetic rate constants and
equilibrium affinity in the first step to the level comparable to full-length protein (Table 1)
further support this idea. We found that the dimerization of the apoE3 22-kDa fragment
destabilized the N-terminal helix bundle and exposed hydrophobic surface (data not shown).
However, such a hydrophobic exposure contributes to the second step of GAG binding (28)
whereas binding of the apoE3 22-kDa dimer to the GAG is associated with an increased
contribution of the first step. This indicates that the dimerization enhances the electrostatic
interaction similarly to the case of the C-terminal truncated mutants. In this regard, the similar
electrostatic interaction in GAG binding of full-length apoE3 in the lipid-free state and in a
discoidal complex (Fig. 7) may result from the fact that apoE is a tetramer in the lipid-free state
and that there are about four apoE molecules bound to DMPC discs (52).

An important finding in this study is that apoE4 binds better to HS and DS than does apoE2
or apoE3 in both the lipid-free and lipidated forms (Fig. 8). The fact that the E255A mutation
did not significantly reduce the binding of apoE4 indicates that the domain interaction in apoE4
is not mainly responsible for the higher binding of apoE4. Since apoE4 has a lesser propensity
to self-associate than apoE3 in solution (47) and the number of apoE molecules on DMPC
discs is similar among apoE isoforms (52), it is unlikely that the higher ability of binding of
apoE4 to GAG is due to the cooperative effects of the heparin binding sites. Rather, it is likely
that the greater electrostatic interaction through the N-terminal binding site of apoE4 leads to
its higher binding ability to GAG (Fig. 9). It is possible that the positively charged residues
involved in the heparin binding in apoE4 have a different electrostatic potential compared to
apoE3 (49), leading to the enhanced electrostatic interaction of apoE4 with GAG. Indeed,
analysis of the dependence of affinity constants on sodium chloride concentration (53,54)
indicated that the numbers of purely ionic interactions involved in the HS binding of apoE4 is
about 3-fold larger than that for apoE3 (data not shown).

Such an increased binding ability of apoE4 to GAG than other apoE isoforms gives important
insights into the atherogenic or anti-atherogenic properties of apoE isoforms. The retention of
lipoproteins in the arterial extracellular matrix is a critical step in atherogenesis in which
lipoproteins with higher affinity for arterial proteoglycans are more atherogenic (55,56). It was
reported that apoE3 and apoE4 have different effects on HDL metabolism (57), and the
interaction of apoE with CS and/or DS proteoglycans is responsible for the retention of HDL
on the extracellular matrix of arterial smooth muscle cells (14). Since apoE4 appears to bind
better to cell-surface GAG than apoE3 (17), apoE4-containing lipoproteins could be retained
more than apoE3-containing lipoproteins by vascular proteoglycans, resulting in oxidative and
other potential atherogenic modifications like serum amyloid A-containing HDL (58). Thus,
besides being a risk factor for Alzheimer’s disease, apoE4 is associated with an increased risk
for coronary heart disease (7).

In summary, we have characterized the role of the N- and C-terminal domains in the interaction
of apoE isoforms with GAG using an SPR approach. The N-terminal binding site dominantly
contributes to the electrostatic interaction of apoE with GAG, whereas the C-terminal domain
facilitates this electrostatic interaction through cooperative effects. The enhanced electrostatic
interaction with apoE4 compared to apoE3 appears to underlie the greater binding of apoE4 to
GAG, probably explaining the different retentions of apoE isoform-containing lipoproteins in
the arterial wall.
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Fig. 1. SPR sensorgrams of binding of lipid-free apoE3 to immobilized HS
The inset shows the fitting of experimental data (e) with the two-state binding model, where
A+B & AB & ABy (see “Experimental Procedures™). Simulated curves displaying the initial
binding (AB) and subsequent binding (ABy) are the additive components from the fitted curve

(solid line). RU, resonance units.
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Fig. 2. Urea denaturation of apoE3 22-kDa fragment in the absence or presence of HS
Protein concentration was 25 pg/ml. apoE3 22-kDa alone (o) or incubated with 50 pg/ml of
HS (o).
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Fig. 3. SPR rate constants and free energy of binding for the interaction of lipid-free apoE3 with
GAG

A, Relative change in SPR rate constants for each binding steps of apoE3 to GAG. B, Free
energy for each binding steps of apoE3 to GAG. Free energy was calculated according to
AG = —RT In K using binding constants for each steps, K; and K, *, p <0.05, ™, p < 0.01
compared to heparin.
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A, SPR sensorgrams of binding of apoE3 C-terminal-truncated mutants to HS. apoE3 (a), apoE3
(1-272) (b), apoE3 (1-260) (c), and apoE3 22-kDa (d). The protein concentration was 30 pg/
ml. B, Free energy for each binding steps of apoE3 C-terminal-truncated mutants.
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Fig. 6. SPR sensorgrams of binding of apoE3 22-kDa variants to HS
apoE3 22-kDa monomer (a) and apoE3 22-kDa dimer (b). The protein concentration was 20

ug/ml.
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concentration was 3 pg/ml.
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