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ABSTRACT: Apolipoprotein (apo) E is an exchangeable apolipoprotein that plays an integral role in
cholesterol transport in the plasma and the brain. It is also associated with protein misfolding or amyloid
proteopathy of the 8 amyloid peptide (Af3) in Alzheimer’s disease (AD) and cerebral amyloid angiopathy.
The C-terminal domain (CT) of apoE encompasses two types of amphipathic o helices: a class A helix
(residues 216-266) and a class G* helix (residues 273-299). This domain also harbors high-affinity
lipoprotein binding and apoE self-association sites that possibly overlap. The objective of this study is to
examine if the neurotoxic oligomeric Af interacts with apoE CT and if this association affects the lipoprotein
binding function of recombinant human apoE CT. Site-specific fluorescence labeling of single cysteine-
containing apoE CT variants with donor probes were employed to identify the binding of Af bearing an
acceptor probe by intermolecular fluorescence resonance energy-transfer analysis. A higher efficiency of
energy transfer was noted with probes located in the class A helix than with those located in the class G*
helix of apoE CT. In addition, incubation of apoE CT with Af severely impaired the lipid binding ability
and the overall amount of lipid-associated apoE CT. However, when apoE CT is present in a lipid-bound
state, Af3 appears to be localized within the lipid milieu of the lipoprotein particle and not associated with
any specific segments of the protein. When our data are taken together, they suggest that A association
compromises the fundamental lipoprotein binding function of apoE, which may have implications not
only in terms of amyloid buildup but also in terms of the accumulation of cholesterol at extracellular
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Apolipoprotein E (apoE)" is a 299 residue lipid binding
protein that plays an integral role in regulating cholesterol
and lipoprotein metabolism in the plasma and the central
nervous system (CNS) (7). It is comprised of two domains:
a 22 kDa N-terminal domain and a 10 kDa C-terminal
domain. The two domains are linked by a protease-sensitive
loop (2). A primary function of apoE is to serve as a ligand
for the low-density lipoprotein (LDL) receptor family of
proteins, a feature housed predominantly in the N-terminal
domain between residues 130 and 150 (3). Additionally, the
ability to mediate high-affinity binding with lipids and
promote cellular cholesterol efflux is an important function
of apoE, a feature primarily localized in the C-terminal
domain (CT) (4). In the brain, a major role for apoE is
cholesterol mobilization and delivery from non-neuronal
cells, such as the astrocytes, to the neurons, the synapto-
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genesis activities of which places a steady demand for
cholesterol (9).

ApoE is considered a prototypical exchangeable apolipo-
protein by virtue of its ability to exist in lipid-free and lipid-
bound states (6). Structurally, apoE is comprised predomi-
nantly of amphipathic a helices, whose hydrophobic faces
interact with each other in the lipid-free state; in the lipid-
bound state, the extensive helix—helix contacts are replaced
by helix—lipid contacts. In humans, three major isoforms of
apoE have been identified: apoE2, apoE3, and apoE4 (allelic
frequency of 0.07, 0.8, and 0.14, respectively). The three
isoforms differ only at positions 112 and 158 in the
N-terminal domain (NT): Cys/Cys in apoE2, Cys/Arg in
apoE3, and Arg/Arg in apoE4. Of these, the €4 allele of the
gene encoding apoE is a major risk factor in developing
Alzheimer’s disease (AD) and cerebral amyloid angiopathy
(CAA). A typical neuropathological feature of both AD and
CAA is the presence of misfolded amyloid 3 peptide (Af)

! Abbreviations: AB, amyloid /3 peptide; AD, Alzheimer’s disease;
AEDANS, N-iodoacetyl-N'-(5-sulfo-1-naphthyl)ethylenediamine; apoE,
apolipoprotein E; CAA, cerebral amyloid angiopathy; CNS, central
nervous system; CT, C-terminal domain; DMPC, dimyristoylphos-
phatidylcholine; FRET, fluorescence resonance energy transfer; LDL,
low-density lipoprotein; MLV, multilamellar vesicle; NT, N-terminal
domain; PLC, phospholipase C; TBS, Tris-buffered saline; WT, wild
type.
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(3942 residues), which accumulates at the extra neuronal
sites and in the cerebral microvasculature (7).

AP is released by the sequential intramembranous pro-
teolytic cleavage of the amyloid precursor protein, an integral
protein localized in the neuronal membrane (8). The released
Ap tends to oligomerize to form Af-derived diffusible
ligands or ADDLs and eventually aggregates to form amyloid
plaques. The levels of oligomeric Af are directly correlated
with the cognitive decline, memory loss, and neuronal
toxicity noted in AD (9, 10). ApoE4 has been associated
with AD pathology via different mechanisms (/7). Interest-
ingly, apoE has been immunolocalized in the amyloid
plaques of postmortem brains, forming stable complexes
(12, 13), possibly because of a direct interaction with A in
an apoE-isoform-specific manner. Although several in vitro
studies demonstrate that A can interact with both lipid-
free and lipid-bound forms of apoE (/4-18), the exact nature
of the interaction between the two from a structural viewpoint
is not known. Further, the functional consequences of the
interaction have been typically attributed to the effect of AS
on the lipoprotein receptor binding of apoE (/9-22).
However, it should be noted that lipid binding is an essential
prerequisite for the receptor binding function of apoE,
because it aids in the appropriate presentation of the receptor
binding sites to the ligand binding domain of the receptors.
The objective of the present study is to evaluate the effect
of A association on the lipid or lipoprotein binding function
of apoE facilitated by the CT domain.

We employ recombinant human apoE CT domain to (i)
define the binding location of Af on apoE CT by fluores-
cence resonance energy transfer (FRET) analysis and (ii)
determine the effect of A interaction on the ability of apoE
to bind lipid surfaces. We demonstrate that A interacts with
the hydrophobic lipid binding sites of apoE CT and that the
interaction with Af3 compromises the lipid binding ability
of apoE CT.

EXPERIMENTAL PROCEDURES

Materials. N-Todoacetyl-N’'-(5-sulfo-1-naphthyl)ethylene-
diamine (AEDANS) and phospholipase C (PLC) from
Bacillus cereus were obtained from Sigma-Aldrich (St. Louis,
MO). Af1 4 and fluorescein-Af| 4 were from American
Peptide Company (Sunnyvale, CA) and will be referred to
as Af and fluorescein-Ap, respectively. Anti-human apoE
monoclonal antibody (3H1) was obtained from the Ottawa
Heart Institute Research Corporation (Ottawa, Canada). Anti-
Ap antibody, 6E10, was obtained from Signet Laboratories,
Inc. (Dedham, MA). The rabbit (polyclonal) anti-oligomer
antibody (A11) was from BioSource (Camarillo, CA) (23).
Dimyristoylphosphatidylcholine (DMPC) was obtained from
Avanti Polar Lipids (Alabaster, AL). Human LDL was
obtained from Intracel Resources (Frederick, MD). The
phospholipid assay kit was from Wako Chemicals USA, Inc.
(Richmond, VA).

Expression and Purification of ApoE CT Variants. Wild-
type (WT) human recombinant apoE CT encompassing
residues 201-299 was expressed in Escherichia coli as
described earlier (24) with a His tag at the N-terminal
end to facilitate purification. ApoE CT containing a single
Cys residue at position 209, 223, 255, or 277 was
generated using the QuikChange site-directed mutagenesis
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kit (Stratagene, La Jolla, CA). The proteins were purified
under denaturing conditions from cell lysates using a His-
Trap HP column (GE Health Care, NJ). Quantitative
protein analysis was carried out by the DC protein assay
(Bio-Rad Laboratories, Hercules, CA).

AEDANS Labeling of ApoE CT Variants. Single Cys
containing apoE CT variants were labeled with AEDANS
as described previously (25). The stoichiometry of labeling
was 1:1 apoE CT/AEDANS as calculated from the molar
extinction coefficient of AEDANS (5.7 x 10° cm™! M™1).

Preparation of Phospholipid/ApoE CT Lipoprotein Com-
plexes. Reconstituted lipoproteins containing phospholipids
and apoE CT (also called lipid-bound complexes of apoE
CT) were prepared by incubating 2.5 mg of DMPC multi-
lamellar vesicles (MLVs) with 1 mg of apoE CT (50:1, initial
lipid/apoE CT molar ratio) at 24 °C for 16 h. The samples
were subjected to density-gradient ultracentrifugation
(65000g) for 4 h and fractionated to separate lipid-bound
from unbound apoE CT. The resultant lipid-bound complexes
of apoE CT are well-characterized particles that have been
used in previous studies (24, 26). They are ~17 nm in
diameter, discoidal in geometry, bear a final lipid/apoE CT
molar ratio of ~130:1 with 4-6 apoE CT/particle, and
broadly resemble nascent discoidal high-density lipoprotein
(HDL) in size and shape. The lipid content of the particles
was determined using the phospholipid assay Kkit.

Oligomeric Af Preparation. Oligomeric Aff was prepared
essentially as described by established protocols (23, 27).
After initial solubilization in hexafluoroisopropanol, A was
diluted to a 50-100 4M concentration in 50 mM Tris-HCl
and 100 mM NaCl at pH 7.4 (buffer A) and incubated at 4
or 24 °C for 24 h. This treatment yielded oligomeric AfS
preparations as deduced by positive reactivity with the
oligomer-sensitive antibody A1l by dot blot analysis (23).
This procedure was adopted systematically to ensure that
each Af preparation will start with the same initial state and
that they do not retain any “structural history”. When
fluorescein-Af was involved, it was a mixture of a 1:3 weight
ratio of fluorescein-Af with unlabeled AS and will be simply
referred to as fluorescein-Af. In previous studies, the
oligomerization behavior of fluorescein-Af; 49 was reported
to be similar to that of WT A4 (28).

FRET Analysis. Lipid-free or lipid-bound AEDANS-
labeled apoE CT variants were incubated in the absence or
presence of fluorescein-Af in buffer A at 4 °C for 24 h (20:1
weight ratio of apoE CT/Af). The AEDANS moiety served
as the FRET donor, while fluorescein (located at the
N-terminal end at position 1 of Af3) was the acceptor. The
excitation and emission wavelengths for AEDANS-labeled
apoE CT variants were 345 and ~485 nm, respectively. The
excitation and emission wavelengths for fluorescein-Af were
485 and 520 nm, respectively. Fluorescence emission spectra
of the mixtures were recorded between 400 and 600 nm
(excitation at 345 nm), with the excitation and emission slit
widths set at 5 nm. Fluorescence emission of oligomeric
fluorescein-Af alone in the absence of AEDANS-labeled
apoE CT was subtracted following direct excitation at 345
(optimal excitation wavelength for AEDANS) for FRET
analysis to follow sensitized emission because of FRET alone
from AEDANS on apoE CT to fluorescein-Af. Fluorescence
analyses were carried out on a LS50B Perkin-Elmer lumi-
nescence spectrometer.
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Lipid Binding Assay. A characteristic functional feature
of apolipoproteins is their ability to transform phospholipid
vesicles into discoidal bilayer complexes resembling nascent
HDL. This ability has been employed routinely to evaluate
the lipid binding ability of apolipoproteins (29, 30) from
observations involving the initial kinetics of transformation.
Briefly, DMPC MLVs were prepared in 20 mM Tris-HCl at
pH 7.4 and 150 mM NaCl (Tris-buffered saline, TBS).
DMPC vesicles (100 ug as determined by the phospholipid
assay kit) were equilibrated at 24 °C, followed by the addition
of 10 ug of apoE CT or 10 ug of apoE CT preincubated
with 10 or 100 ug of oligomeric Af3 at 4 °C for 24 h or 100
ug of oligomeric Af alone. To examine if the presence of
Ap affected the lipid binding behavior of apolipoproteins
other than apoE, we compared the behavior of recombinant
human apoAlI bearing a His tag (purified as described for
apoE CT) under similar conditions. The decrease in turbidity
accompanying the transformation of MLVs to the smaller
discoidal complexes was followed as a decrease in the
absorbance at 325 nm for 60 min. The measurements were
performed in a Perkin-Elmer spectrophotometer maintained
at 24 °C in a Peltier-controlled (PTP-6) cell holder. The T},
(time required for a 50% decrease in the initial absorbance)
and the rate constant, K (calculated as reciprocal of T.),
were calculated for the vesicles to discs transformation
process.

Binding to Spherical Lipoproteins. The effect of Af
interaction on the binding of apoE CT to spherical lipoprotein
particles was measured as previously described (37). In the
present study, 50 g of human LDL was treated with PLC
(75 mU) in the absence or presence of 5 ug of apoE CT in
50 mM Tris-HCl at pH 7.4, 150 mM NaCl, and 2 mM CaCl,.
Further, apoE CT was preincubated with 0 or 20 ug of
oligomeric Af at 4 °C for 24 h, prior to addition to the LDL.
The reaction was initiated by the addition of PLC followed
by incubation at 37 °C in a microtiter plate. The aggregation
was monitored at regular intervals as changes in the solution
turbidity at 340 nm.

Immunoblot. Western blot analyses were performed using
anti-apoE or anti-Af antibodies 3H1 or 6E10, respectively.
Dot blot analysis was performed to confirm the oligomeric
nature of unlabeled and fluorescein-Af using the oligomer-
specific antibody A1l (1:1000 dilution). The secondary
antibodies used were anti-mouse and anti-rabbit IgG horse-
radish peroxidase-conjugated antibody (Chemicon) (1:10 000
dilution). ECL Western blot detection kit (GE Healthcare)
was used to detect the chemiluminescence.

RESULTS

Rationale and Design of ApoE CT Variants. Previous
studies indicate that the C-terminal end of apoE encompasses
tandem segments (216-266 and 273-299) that have a
propensity to form an o-helical conformation (6). Further,
our studies suggest that residues 218—266 are likely involved
in a coiled-coil interhelical dimer formation (24). The
dimerization model aids in sequestering the hydrophobic
lipoprotein binding sites in the lipid-free state (underlined,
solid line in Figure 1), while residues 273-299 aid in apoE
self-association (32) (underlined, dashed line in Figure 1),
causing dimerization of the dimer. The lipoprotein binding
and self-association sites probably overlap. Additionally,
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FIGURE 1: Primary structure of apoE CT. ApoE (201-299)
encompasses the entire apoE CT domain. The putative lipoprotein
binding sites are underlined with a solid line, and the self-association
sites are underlined with a dashed line. The lipoprotein binding
and self-association sites probably overlap. The sites probed (at
positions 209, 223, 255, and 277) for Af binding location are shown
in bold.
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FIGURE 2: FRET between lipid-free AEDANS-S223C/apoE CT and
fluorescein-Ap. Fluorescence emission spectra of AEDANS-S223C/
apoE CT in the absence (—) or presence (- - -) of fluorescein-Af
were recorded between 400 and 600 nm following excitation at
345 nm in TBS. The excitation and emission slit widths were set
at 5 nm. (Inset) Dot blot analysis of fluorescein-Af. The fluorescein
moiety is located at the N-terminal end at position 1 of Af| 4.
The antioligomer antibody, A11, was used as described under the
Experimental Procedures. The designations are as follows: as
described under the Results, fluorescein-Af (a) or unlabeled AfS
(b) was incubated in buffer A; unlabeled Af was incubated in F12
medium (c); and unlabeled Af was incubated at 24 °C for 7-21
days in 10 mM HCI (d).

other papers suggest that apoE CT is one of the potential
sites of interaction for Af3 (12, 33—36). Four single cysteine
variants of apoE CT were generated, with the cysteine located
at position 209, 223, 255, or 277 (Figure 1). Because WT
apoE CT lacks cysteine residues, the substituted cysteine
provides a unique site for site-specific fluorescence labeling
with AEDANS. The labeling efficiency was calculated to
be ~95% for all four variants. Circular dichroism analysis
revealed that the secondary-structure content, unfolding
behavior, and the overall fold of the unlabeled and AEDANS-
labeled variants were identical to those of the WT protein;
additionally, the lipid binding affinity of the variants were
similar to that of the WT protein (data not shown).

AEDANS-labeled single Cys variants of apoE CT were
incubated in the absence or presence of fluorescein-Af (20:1
weight ratio of apoE CT/Af3). We ensured that the fluorescein-
Ap was oligomeric under the conditions employed (incuba-
tion in buffer A at 24 °C for 24 h) using dot blot analysis
with the antioligomer antibody (inset in Figure 2). As positive
controls, we used unlabeled A in buffer A or F12 medium
at 24 °C for 24 h as described by others (23, 27). Finally, as
a negative control, we incubated A at 24 °C for 7-21 days
in 10 mM HCI; this treatment yielded fibrillar species that
are not detected by the oligomer-specific antibody.

When the oligomeric nature of the fluorescein-Af was
confirmed, the fluorescence emission spectra of mixtures
containing AEDANS-apoE CT variants and oligomeric
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FIGURE 3: Effect of Af3 on the ability of apoE CT to transform
phospholipid vesicles to discoidal complexes. DMPC MLVs (100
ug) were treated with 10 ug of apoE CT (curve a), 10 ug of apoE
CT that was preincubated with 10 ug (curve b) or 100 ug (curve
¢) of oligomeric Af3, or 100 ug of oligomeric Af alone (curve d)
in TBS. The change in absorbance at 325 nm was followed at 24 °C
as a function of time and is shown as normalized absorbance units.
In the absence of protein, there was no change in the absorbance
of the vesicles alone (curve e). Representative curves from four
different experiments are shown.

fluorescein-Af were recorded following incubation. Figure
2 shows representative fluorescence emission spectra of
AEDANS-S223C/apoE CT in the absence and presence of
fluorescein-Af. Upon excitation at 345 nm, the fluorescence
emission spectrum of AEDANS-S223C/apoE CT displays a
maximal fluorescence emission at 460 nm. In the presence
of fluorescein-Ap, a decrease in the AEDANS fluorescence
emission was noted, accompanied by the appearance of
fluorescein fluorescence emission at ~520 nm, attributed to
intermolecular FRET. The efficiency of energy transfer
between AEDANS placed at defined sites on apoE CT and
fluorescein located at the N-terminal end of Af was
calculated as £ = 1 — Ipa/lp, where Ipa and Ip are the
fluorescence emission intensities of the donor in the presence
and absence of an acceptor, respectively. The efficiency of
energy transfer was calculated to be 6%. Similar analysis
with apoE CT bearing AEDANS located at positions 209
and 255 revealed energy-transfer efficiencies of 6.5 and 6%,
respectively. However, the efficiency was found to be lower
(1-3%) in the case of AEDANS located at position 277.
Because the binding location of A appears to coincide
with the lipoprotein binding and self-association surfaces of
apoE (Figure 1), we investigated the functional consequence
of this interaction on the lipid binding capability of apoE
CT. Two different lipid binding assays were employed:
assessment of the ability to transform phospholipid bilayer
vesicles into discoidal complexes and evaluation of the ability
to interact with spherical lipoprotein particles. The transfor-
mation of vesicles to discoidal complexes is manifest as a
time-dependent decrease in turbidity, which is monitored at
325 nm. ApoE CT caused rapid transformation of the vesicles
to discoidal lipoprotein complexes, with the end point
approaching around 60 min (curve a in Figure 3). The Ty,
(time required for a 50% decrease in the initial absorbance)
and the rate constant, K (reciprocal of T),), were calculated
to be 14 and 0.07 min~!, respectively. However, when apoE
CT was preincubated with 10 or 100 ug of oligomeric AS
(curves b and c in Figure 3, respectively), a decrease in the
efficiency of transformation was noted. This was reflected
as increases in 7y, to 41 and >60 min, respectively. In
control incubations with AS (i.e., in the absence of apoE
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FIGURE 4: Effect of Af in apoE CT/lipid mixtures on the extent of
lipid-associated apoE CT. (A) SDS—PAGE analysis: 4-20%
acrylamide gradient SDS—PAGE analysis of density-gradient
ultracentrifugation fractions (fractions 1, 3, 5, 7, 9, and 11) was
carried out on incubations containing lipid-free apoE CT (1 mg)
and phospholipid vesicles (2.5 mg of lipid) in the absence (top) or
presence (bottom) of 50 ug of Af at 24 °C for 24 h. Lane a,
molecular mass standards; lane b, lipid-free apoE CT; and lane c,
free Af. (B) Dot blot analysis: 10 ug of A was incubated at 4 or
24 °C for 24 h in buffer A, followed by dot blot analysis with the
antibody A11. The status of Af prior to the incubation period is
shown for comparison.

CT), there was no decrease in the absorbance of the vesicles,
indicating that AS does not have the ability to convert
vesicular bilayer structures to discoidal bilayer complexes,
even at 100 ug, the highest concentration used in this study
(curve d in Figure 3). In the absence of added apolipopro-
teins, the absorbance of the vesicles at 325 nm remains
unchanged (curve e in Figure 3). To examine if Af affected
the lipid binding behavior of apolipoproteins other than apoE,
we employed apoAl, an exchangeable apolipoprotein with
high lipid binding affinity (37). We observed that far less
apoAl (4 ug) was required to transform MLVs at rates
comparable to that of apoE CT and that AS did not alter the
ability of apoAl to cause transformation (data not shown).

We then assessed the end product of the reaction between
apoE CT and lipid vesicles to assess if the decreased initial
binding rates resulted in lesser amounts of lipid-associated
apoE CT. The assay described for Figure 3 was performed
on a larger scale, and apoE CT was incubated with
phospholipid vesicles in the absence or presence of Af3 at
24 °C for 24 h, followed by density-gradient ultracentrifu-
gation and fractionation. Sodium dodecyl sulfate—polyacryl-
amide gel electrophoresis (SDS—PAGE) of the fractions
(Figure 4A) reveals the presence of apoE CT in the (top)
lipoprotein-containing fractions in the absence of Af.
However, in the presence of oligomeric Af, a significantly
lower amount of apoE CT was noted in the top fractions,
while the bottom fraction had more apoE CT, reflecting the
presence of lipid-free protein. The additional band of higher
mobility noted in fractions 9 and 11 is attributed to the
presence of oligomeric (dimeric/trimeric) Af that is not
associated with lipid. The presence of oligomeric Af3 under
these conditions was confirmed by dot blot analysis using
the antioligomer antibody (Figure 4B). This result was
confirmed in a parallel experiment using fluorescein-Af to
monitor the presence of Af (data not shown).

To independently confirm that A interaction affects the
lipid binding behavior of apoE CT, we monitored the binding
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FIGURE 5: Effect of Af on the ability of apoE CT to protect PLC-
treated LDL against aggregation. Human LDL (50 ug) was
incubated at 37 °C for varying lengths of time as such (curve a) or
with 75 mU PLC (curve b) and the following additions in 50 mM
Tris-HCl at pH 7.4, 150 mM NaCl, and 2 mM CaCl,: 5 ug of apoE
CT (curve ¢) and 5 ug of apoE CT plus 20 ug of oligomeric AS
(curve d). The absorbance was measured at 340 nm at various time
intervals. Values have been normalized to the absorbance at the 0
min time point and expressed as an average + standard deviation
(SD) (n = 3).

by an assay described earlier using spherical lipoprotein
particles (31, 38). The assay is based on the ability of
apolipoproteins to prevent PLC-induced aggregation of LDL
particles. In the absence of additives, LDL is stable in buffer
over the time period of the assay (curve a in Figure 5). PLC
causes a time-dependent increase in LDL turbidity, which
is expressed as the lag period. The lag period (expressed in
minutes) is obtained by extrapolating the slope of the curve
to intersect the x axis. The increase in turbidity is attributed
to LDL aggregation because of the exposure of diacylglycerol
moieties generated as a result of PLC-induced cleavage of
the phosphocholine head groups in the monolayer of the
LDL. In the presence of PLC, LDL aggregation occurred
with a lag period of ~10 min (curve b in Figure 5). In the
presence of apoE CT, a significant delay in the onset of
aggregation occurred (160 min) (curve c in Figure 5), which
is interpreted as a result of the binding of apoE CT to the
exposed hydrophobic surface on the LDL created by PLC.
However, if apoE CT was pretreated with oligomeric Af,
the lag period decreased to about 40 min (curve d in Figure
5) and the ability of apoE CT to afford protection against
aggregation was significantly reduced. The decreased lag
period suggests that the interaction with A significantly
impairs the ability of apoE CT to bind lipid surfaces.
Together, the results suggest the following: (i) AS associates
with apoE at the hydrophobic lipoprotein binding site(s) in
the CT domain, and (ii) Af association with apoE CT
decreases the overall lipid binding ability of apoE CT and
results in lowered levels of lipid-associated apoE CT.

The next step was to examine if Af partitions into a
lipoprotein particle. Lipid-bound complexes of WT apoE CT
were treated with buffer or fluorescein-ApS (20:1 weight ratio
of apoE CT/Ap) at 4 °C for 24 h. The lipoprotein complexes
were reisolated by density-gradient ultracentrifugation to
separate lipoprotein bound from unbound Ap. Fluorescence
analysis (direct excitation at 495 nm) of the top fraction
revealed the fluorescence emission characteristics of fluo-
rescein (Figure 6A) (wavelength of maximal emission
intensity at ~520 nm), indicative of the association of A
with the lipoprotein particles. The partitioning was indepen-
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FIGURE 6: Partitioning of Af into lipoprotein particles bearing WT
apoE CT. (A) Fluorescence emission spectra of apoE CT-containing
lipoproteins in the absence or presence of fluorescein-Af. WT apoE
CT-containing lipoprotein particles were incubated with buffer or
oligomeric fluorescein-Af3 (20:1 weight ratio of apoE CT/Ap) at
4 °C for 24 h. The lipoprotein particles were reisolated by density-
gradient ultracentrifugation to separate unbound from lipoprotein-
bound ApJ. Fluorescence emission spectra of lipoprotein particles
were recorded in the absence (* ¢ +) and presence (—) of fluorescein-
Ap (excitation at 495 nm, excitation and emission slit widths were
set at 5 nm). (B) Western blot analysis of apoE CT-containing
lipoproteins in the absence or presence of A3. Western blot analysis
of pooled lipoprotein fractions was performed in the absence (lane
2) and presence (lane 3) of Af3, using anti-apoE antibody 3H1 (top)
or anti-Af antibody 6E10 (bottom). Lipid-free apoE CT and
monomeric Af3 are shown as controls in lanes 1 and 4, respectively.

dently confirmed by Western blot analysis of the lipoprotein
fractions using anti-apoE antibody 3H1 (top of Figure 6B)
and anti-Af antibody 6E10 (bottom of Figure 6B). It should
be noted that the mobility of AS in the lipoprotein fractions
(lane 3) corresponds to that of a SDS-stable oligomer (dimer
or trimer) (free monomeric AfS shown in lane 4 for
comparison). The resultant lipoprotein particles are ~17 nm
in diameter, with a lipid/apoE/Af8 molar ratio of 350:3:1.

Having established that AS partitions into the lipoprotein
particle, it was essential to see if it interacts with the protein
component or if it is localized in the lipid environment of
the particle. Previous studies indicated that full-length apoE
(25) and its isolated NT (39, 40) and CT (24) undergo a
conformational change when the lipid-free protein interacts
with lipids. In the lipid-bound state, apoE adopts an extended
helical conformation, with the o helices circumscribing the
phospholipid bilayer, and the helical axes parallel to the plane
of the bilayer (26, 39, 41, 42). The nonpolar faces of the
amphipathic helices are apposed to the hydrophobic fatty
acyl chains of the phospholipid bilayer. It can therefore be
envisaged that apoE CT presents an equitable nonpolar
continuum for potential interaction for the lipid-associated
Ap at the protein/lipid interface of the particle.

To investigate the possibility of direct interaction between
Ap and the protein component of the lipoprotein, intermo-
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FIGURE 7: FRET between lipid-bound AEDANS-A277C/apoE CT
and fluorescein-Ap. Fluorescence emission spectra of lipid-bound
AEDANS-A277C/apoE CT were recorded in the absence (—) or
presence (---) of fluorescein-Af between 400 and 600 nm
following excitation at 345 nm in TBS. The excitation and emission
slit widths were set at 5 nm.

Table 1: Effect of Lipid Binding and Fluorescein-Af3 Addition on the
Wavelength of Maximal Fluorescence Emission Intensity of
AEDANS-Labeled ApoE CT Variants

wavelength of maximal fluorescence
emission intensity (Amax) (nm)

lipid free lipid bound
—ApB +Ap —ApB +AB
A209C 467 468 482 482
$223C 470 470 485 485
E255C 469 469 487 487
A277C 479 480 486 486

lecular FRET analysis was carried out between fluorescein-
Ap and lipid-associated apoE CT variants bearing AEDANS
at positions 209, 223, 255, or 277. Fluorescence emission
spectra of the mixtures were recorded following excitation
at 345 nm. FRET was uniformly absent or negligible in all
of the variants studied regardless of the location of the probe,
suggesting the lack of direct binding interaction between
lipid-associated apoE CT and Af. An example with lipid-
associated AEDANS-A277C/apoE CT and fluorescein-ApS
is shown in Figure 7. It appears that AS loses specificity to
a particular binding region on lipid-associated apoE CT.
Because Af was found to partition into the lipoprotein
particles, we conclude that it is present in the lipid milieu of
the lipoprotein. Further, no changes in the wavelength of
maximal fluorescence emission intensity (Ay.x) were noted
for AEDANS in the different variants because of fluorescein-
Ap addition (Table 1). It appears that the microenvironment
of the AEDANS probe at each location is not grossly altered
upon Af interaction.

DISCUSSION

Our recent studies indicate that the CT domain of apoE
promotes ATP-binding cassette transporter Al-mediated
cholesterol efflux as efficiently as apoAl and is essential and
necessary for HDL particle assembly (43). We proposed that
the hydrophobic helical segments of this domain determined
the efficiency of cholesterol efflux. The CT domain is
composed of amphipathic a-helical segments that present a
large hydrophobic surface (4, 44) for potential interaction
with lipids. It bears high-affinity lipid binding sites that can
initiate lipoprotein binding interaction. This initial interaction

Tamamizu-Kato et al.

between apoE and lipoproteins plays a significant role in
anchoring apoE to the lipoprotein, a feature that is considered
an a priori requirement for apoE to serve as a ligand for the
LDL receptorand the subsequent clearance of the particles (45, 46).
The apoE CT domain encompasses two types of amphipathic
helices (6): class A (residues 216-266), which makes
intermolecular helix—helix contacts that aids in sequestration
of hydrophobic sites mediating dimerization (24), and class
G* helix (residues 273-299), which promotes apoE self-
association. Previous papers suggest that Af interacts with
the CT domain of apoE (13, 33-36, 47). The objectives of
the present study are to identify the location of binding
of the oligomeric Af on apoE CT and to test the hypothesis
that interaction with A impairs the lipid binding function
of apoE CT.

The levels of soluble oligomeric A3 and not of the fibrillar
Ap are correlated directly with cognitive decline, neuronal
toxicity, and the severity of the disease (9, 10, 48). Their
levels are significantly increased in the brains of AD patients
(49). Oligomeric Af appears to be the predominantly stable
species under physiological conditions (28, 50) and are
sufficient and necessary to impair cognitive function and
learning behavior (57).

Previously, we took advantage of the intrinsic fluorescence
properties of apoE CT because of the naturally occurring
Trp residues (at positions 210, 264, and 276) to evaluate its
interaction with Af (36). However, because of the fluores-
cence contribution of the three Trp residues, we were unable
to discern the binding location of Af to specific helical
segments within the CT domain. In the present study, we
probed specific helical segments: positions 223 and 255 to
probe the two ends of the class A helix (216-266) and
position 277 to monitor the class G* helix (273-299); in
addition, we placed a probe at position 209 to monitor the
segment preceding the class A helix. The presence of the
probe did not affect the structural or functional behavior of
the protein. The likelihood that its presence affects AfS
interaction with apoE is also small because we believe that
Ap interacts at more than a single site on apoE CT (discussed
below). While FRET was noted with the probes at each of
the selected locations, the efficiency of FRET with the probes
at positions 209, 223, and 255 was twice as high as that
with the variant bearing a probe at position 277 in lipid-free
apoE. Thus, it appears that AS binding spans the entire
segment between residues 209 and 255. This putative AS
binding location overlaps with the lipoprotein binding sites
(32) and helix—helix contact sites (24) reported for apoE.
Employing C-terminal truncation variants of apoE, it was
indicated that the lipoprotein binding sites reside in the
vicinity of residues 220-266 (32). Figure 8 represents apoE
CT residues 216-291 as a helical net, showing the arrange-
ment of the hydrophobic and polar residues. The hydrophobic
continuum of amino acids involved in lipoprotein and self-
association interactions likely present an optimal surface for
the interaction with oligomeric Af in lipid-free apoE. We
can then anticipate two outcomes in this situation: (i) that
the lipid or lipoprotein binding ability of apoE CT pretreated
with AS will be impaired, and (ii) if apoE CT is already
bound to lipids, that A can either interact with the lipid or
the protein component of the lipoprotein particle. Because
the sequence of apoE is identical in the CT domain of apE3
and apoE4 isoforms, the data obtained with the isolated CT



ApoE/Amyloid Peptide Interaction Biochemistry, Vol. 47, No. 18, 2008 5231

215 216 220

®»®
“Q

213

224 227 231 234 238 242 245 249 252 256 260 263 267 270 274 278 281 285 288

&0

282 28

79 @V 6
283

©

259 262 266 269 273 277 280 284 287 291

212 @i
211 Q-
210 mL@-@ﬁ.,@-———l 201

209 208 207 206

FIGURE 8: Putative Af binding location in the apoE CT. Secondary-structure algorithms suggest that the CT of apoE is likely folded into
a series of amphipathic a helices. Residues 216-291 are represented as a continuous a-helical net (~3.6 residues/turn). The polar residues
are shown as white circles. The hydrophobic residues are shaded black in the class A helix (housing the major lipoprotein binding sites and
apoE dimerization sites) and gray in the class G* helix (housing the major apoE self-association sites). The putative binding location for
Ap is believed to coincide with the shaded hydrophobic residues.

219 223 226

230 233 237 241 244 248 251 255

299 7

domain may be extended to the intact proteins. However, a
caveat to this observation is that a domain interaction in lipid-
free apoE4 but not in apoE3 (52) is believed to determine
various biochemical, biophysical, and possibly physiological
behavior of apoE4 (44). The domain interaction is comprised
of a salt bridge between Arg61 in the NT domain and Glu255
in the CT domain of apoE4. Further, the spatial proximity
between these two residues appears to be retained in the lipid-
bound state (42, 53). More studies are needed to evaluate
the possibility that the lipid-associated conformation of the
isolated apoE CT domain resembles that of the corresponding
segment in lipid-associated intact apoE3 and/or apoE4.

As anticipated from the biophysical analysis, the presence
of Af decreases the ability of lipid-free apoE CT to bind
lipids. Although apoE is believed to be predominantly lipid-
bound in a physiological situation, the possible contribution
of the lipid-free protein cannot be ignored. Studies carried
out with human monocyte-macrophages demonstrate that
apoE (i) is constitutively secreted, (ii) does not leave the
macrophages with lipid, and (iii) forms discoidal particles
with buoyant density, 1.08—1.1 g/mL, following enrichment
of macrophages with cholesterol (54). The lipidated status
of secreted apoE appears to vary with the cell type used: in
some types, only ~10 or 20% of secreted apoE are
lipid-associated (55, 56), while in others, it is mostly lipid-
associated following cholesterol enrichment of the cells (57-59).
Finally, the observation that apoE fragments have been
identified in the brain (see discussion below) suggests that
lipid-free apoE may be present in vivo. In the present study,
the interaction of apoE CT with two types of lipid surfaces
was followed: phospholipid bilayer vesicles and phospholipid
monolayer of spherical lipoprotein particles. In the vesicles
to discoidal lipoprotein transformation assay, the presence
of Af dramatically decreased the initial binding rates of apoE
CT. The interaction with Af also decreases the overall
amount of lipid-associated apoE CT following extended
incubations. In addition, Af significantly decreases the ability
of apoE CT to interact with the hydrophobic surface created
in the phospholipid monolayer of the spherical particle. The
end products of the two assays recapitulate the overall
geometry of apoE-containing discoidal and spherical HDL-
sized particles that have been described for lipoproteins
associated with the CNS (60). There are no reports of
triglycerides containing lipoproteins in the brain, and only

HDL-sized lipoproteins are believed to serve the cholesterol
delivery function in this organ. Lipid binding of apolipo-
proteins is an essential step in the generation of lipoproteins;
this step also marks a lipoprotein for cellular clearance via
receptor-mediated endocytosis. Thus, the physiological im-
plication for our observations is that interaction with AfS
likely decreases the extent of the assembly and formation
of apoE-containing HDL. ApoE is the major apolipoprotein
identified in the brain that plays a predominant role in
cholesterol delivery to the neurons (5), which is required
for synaptogenesis. Thus, the consequences of impaired HDL
assembly are poor cholesterol delivery and synapse formation.
Lipid-bound apoE CT presents a different scenario for A3
interaction: Af partitions into the lipoprotein particle yielding
complexes that are ~690,000 Da in molecular mass and ~17
nm in particle diameter, with a lipid/apoE/AS molar ratio of
~350:3:1. In these discoidal complexes, apoE CT is expected
to circumscribe the periphery of the lipoprotein particle in
an extended helical conformation, with the helical axes
oriented perpendicular to the plane of the bilayer (26).
However, because FRET was uniformly low regardless of
the location of the probe on apoE CT, we conclude that AS
is located in the lipid milieu and does not interact directly
with the protein component of the lipoprotein. An alternative
explanation is that the AEDANS moiety faces away from
the lipid milieu in the lipid-bound apoE CT variants. Indeed,
upon lipid association, the fluorescence emission of AEDANS-
labeled apoE CT variants displayed a shift toward higher
wavelengths (Table 1). This red shift suggests that the
AEDANS moiety was localized in a relatively hydrophobic
microenvironment in lipid-free apoE CT, and they likely face
the aqueous environment in the lipid-bound protein. How-
ever, there were no changes in the Ama upon the addition of
Ap in either the lipid-free or -bound states. We conclude
that there were no Af-induced local changes in the microen-
vironment of AEDANS at the different locations. The
implication of this observation is that sequestration of AS
in the apoE CT-containing lipoprotein particle can potentially
lead to increased extracellular accumulation. This is because
the isolated apoE CT domain (which does not bear the LDL
receptor binding sites) cannot mediate cellular particle
clearance via cell-surface-localized lipoprotein receptors.
Interestingly, apoE and its fragments have been identified
in the amyloid plaques in the AD brain (61, 62). The 22
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kDa amino-terminal fragment of apoE has been shown to
bear intense neurotoxic properties (63, 64). In addition,
fragments encompassing residues 187-299 were identified
in neuroblastoma cells overexpressing apoE (65), while apoE
fragments corresponding to residues 216-299 and 193-299
were identified in the amyloid plaques of postmortem AD
brains. It is not known if the apoE fragments were generated
prior to or after interaction with Af. Further, considering
that lipid-free apoE is more susceptible to protease activ-
ity than lipid-bound apoE (the protease-sensitive loop linking
the two domains is shielded in the lipid-bound state) (3, 41),
the presence of apoE fragments suggests that the fragments
could have originated from lipid-free apoE. It has been
indicated that apoE4 is relatively more susceptible to protease
digestion compared to apoE3. It is thus likely that the
neurotoxicity associated with apoE4 may be due to the
generation of the apoE4 NT and the CT fragments: the NT
fragment being neurotoxic (63) and the CT domain interact-
ing with A that cannot be cleared from extracellular sites.
Indeed, the CT fragment has been suggested to play a role
in inducing and stabilizing the formation of the oligomeric
form of AS (65). These earlier studies provide direct
physiological relevance for our biophysical analysis.

Although the CT sequence is identical in apoE2, apoE3,
and apoE4, the interaction between the N- and C-terminal
domains that has been suggested for apoE4 (52) will play a
predominant role in determining Af binding with the intact
protein. In the absence of Af, all three isoforms display
similar lipid binding activity and stimulate cholesterol efflux
to a comparable extent (43). Despite several efforts to
determine the binding location of Af on apoE, there appears
to be little consensus: some report a binding preference for
the C-terminal domain (/3, 33, 47), while others note a
preference for the N-terminal domain (66), and yet others
suggest binding in both domains (34, 35, 67). The large
conformational differences between lipid-free and lipid-
associated states of apoE and possibilities of numerous
conformations between these states depending upon the type
and extent of lipidation likely explain the differences in
observations from different groups regarding Af binding.
Further studies in defining the A binding location precisely
in the intact protein and in determining its effect on the
overall function of apoE will be crucial in understanding the
role of apoE in amyloid pathology.
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