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ABSTRACT: We have studied the contribution of the carboxy terminal domains of lipid-free apoE isolated
from apoE-expressing cell cultures in binding to phospholipids and have determined the affinities of
reconstituted POPC-apoE particles for the apoER2. It was found that the initial rate of association of
apoE2, apoE3, apoE4, and a mutant form apoE4R158M to multilamellar DMPC vesicles was similar and
was reduced and eventually diminished by gradual deletion of the carboxy terminal segments. The truncated
apoE forms retained their ability to associate with plasma lipoproteins. Receptor binding studies were
performed using the ldlA-7 cells expressing apoER2 and transiently transfected COS-M6 and the appropriate
control untransfected cells. Specific binding to apoER2 was obtained by subtracting from the total binding
to the receptor-expressing cells the nonspecific binding values of the untransfected cells. POPC-apoE
particles generated using apoE3, apoE4, the truncated apoE4-259, apoE4-229, apoE4-202, and apoE-165,
and the mutant apoE4R158M all bound tightly to the apoER2 (Kd range of 12( 3 to 19( 4 µg/mL).
POPC-apoE2 bound with reduced affinity (Kd ) 31( 5.3µg/mL). The findings establish that the apoER2
binding domain of apoE is in the 1-165 amino terminal region, whereas the carboxy terminal 230-299
region of apoE is required for efficient initial association with phospholipids.

Apolipoprotein E (apoE) is an important protein that is
required for the homeostasis of cholesterol and other lipids
in the circulation (1, 2). ApoE is the ligand for the LDL1

receptor as well as other cell receptors (3-7). In vitro and
in vivo studies have shown that mutations in apoE that
prevent binding of apoE-containing lipoproteins to the LDL
receptor are associated with high plasma cholesterol levels
and cause premature atherosclerosis in humans and experi-
mental animals (8-10). ApoE may also be involved in
cholesterol efflux processes (11-14) and thus contribute to
cell and tissue cholesterol homeostasis and protection from
atherosclerosis (15, 16).

In addition to its role in either the pathogenesis of or
protection from cardiovascular disease, apoE has also been
implicated in Alzheimer’s disease (17-19). ApoE is the only

apolipoprotein expressed locally in the brain (20, 21), and it
is possible that it also plays an important role in lipid
homeostatic mechanisms in the brain. In addition, biochemi-
cal and functional data suggest isoform specific functions
of apoE, including differences in binding of apoE to Aâ (22-
26), to tau and MAP2C (27), and to soluble APP (28). ApoE
isoforms also affect differently the cholinergic deficit in the
frontal cortex and the hippocampus (29, 30), the neuronal
morphology and cytoskeletal structure in cell cultures (31,
32), the neuronal degeneration and dendritic remodeling in
vivo (33), and the Aâ deposition and plaque-associated
neuritic dystrophy in transgenic mice (34-36).

The interaction of apoE with lipids is crucial for the
formation of lipoprotein particles, which are subsequently
recognized and catabolized by several cell receptors (3-7).
ApoER2, which is the subject of the current study, is a
member of the LDL receptor family and has three different
forms resulting from alternate splicing (6). ApoER2 binds
only apoE-richâ-migrating VLDL with high affinity, as
opposed to the LDL receptor, which binds both LDL and
apoE-containing lipoproteins (6, 37). The difference in ligand
specificity has been attributed to structural differences
between the two receptors in the linker sequence, which
connects with cysteine-rich repeats 4 and 5 (37). ApoER2
may also play an important role in brain development and
functions mediated via its interaction with Reelin and
activation of intracellular signaling pathways (38). ApoER2
is expressed in high levels in cortical and cerebellar layers
adjacent to layers that express Reelin. In double deficient
VLDLR -/- and apoER2-/- mice, the expression of the
disable 1 (Dab1) gene is upregulated. These mice have an
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inversion of cortical layers and absence of cerebellar foliation
and hyperphosphorylation of tau, which inhibits microtubule
assembly (39). The pheontype of these mice resembles that
of mice deficient in Reelin or Dab1 (39). These findings
suggested binding of Reelin to apoER2, and the VLDL
receptor activates intracellular signaling pathways that are
initiated by phosphorylation of Dab1 (40). To gain insight
into important functions of apoE that may be relevant both
to cardiovascular disease and to Alzheimer’s disease, we have
developed an efficient apoE expression system based on
recombinant adenoviruses, which allowed us to generate
large quantities of the natural apoE isoforms and mutant or
truncated apoE forms. Analysis of the lipid and receptor
binding properties of different apoE forms established that
the amino terminal 1-165 region of apoE suffices for
binding of apoE to apoE receptor, whereas the carboxy
terminal 260-299 region promotes efficient interaction of
apoE with phospholipids, a process that may be essential
for the generation of apoE-containing lipoproteins in the
brain.

EXPERIMENTAL PROCEDURES

Materials

The Klenow fragment of DNA polymerase I, T4 ligase,
polynucleotide kinase, and restriction enzymes were pur-
chased from New England Biolabs. Calf intestinal alkaline
phosphatase was purchased from Stratagene (La Jolla, CA),
and Vent polymerase was purchased from Promega. Other
materials for the polymerase chain reaction were obtained
from Perkin-Elmer. The Sequenase sequencing kit was
purchased from U.S. Biochemical Corp. The oligonucleotides
were purchased from GIBCO-BRL. Bactotryptone and
bactoyeast extract were obtained from VWR (Pittsburgh,
PA). DMEM was provided by Life Technologies. Dextran
sulfate and epoxy-activated Sepharose 6B were purchased
from Pharmacia, and the column was purchased from
BioRad; Iodo-Beads iodination reagent and the D-salt dextran
plastic desalting columns were purchased from Pierce. The
sodium125I was purchased from NEN. The BCA assay kit
was purchased from Pierce. Other reagents (and sources)
were as follows: FAF-BSA, cholesterol, sodium cholate, and
POPC; aprotinin, benzamidine, leupeptin, and PMSF (Sigma
Chemical Co., St. Louis, MO); dialysis tubing (Spectrum
Medical Industries, Inc., Los Angeles, CA); Ham’s F-12
medium, fetal bovine serum (FBS), and trypsin/EDTA (JRH
Biosciences, Lenexa, KS); and penicillin/streptomycin,
glutamine, and G418 sulfate (GIBCO BRL Life Technolo-
gies, Inc., Grand Island, NY). All other reagents were
purchased from Sigma, Bio-Rad, or other standard com-
mercial sources as previously described (41). The expression
plasmid containing the full-length apoER2 cDNA designated
(pcDL-SRR-apoER2) was a generous gift of Dr. Tokuo
Yamamoto of Tohoju University of Japan. The plasmid
contains the pBR322 origin of replication, amphicilin
resistance, and polyA sequences. The apoER2 gene is cloned
in front of the SRR promoter.

Methods

Plasmid and Recombinant AdenoVirus Constructions.For
generation of apoE gene mutations, we have constructed two

intermediate sets of plasmids I and II (Figure 1A). Plasmid
I (pBlueEexIV) contains the EcoRI EcoRI apoE gene region
consisting of exon IV and part of the flanking introns cloned
in pBluescript plasmid II KS( vector. This plasmid was
constructed with the apoE2, apoE3, or apoE4 or mutated
exon IV sequence (plasmid I). The following protocol was
utilized for generation of additional mutations: (i) muta-
tions were introduced in exon IV by polymerase chain
reaction (PCR) amplification and mutagenesis using the
pBlueEexIV derivatives (plasmid I) as a template and a set
of two external primers spanning for instance the StyI BbsI
region and mutagenic primers covering the region that needs
to be mutagenized. The primers used are shown in Table 1.
The amplified mutant sequence is used to replace the
corresponding pBlueEexIV sequence in the pBlueEexIV
derivative (plasmid I).

The wild-type (WT) and mutant exon IV sequences were
excised from the pBlueEexIV plasmid and cloned into the
EcoRI site of the pGEM7-apoE-ExII,III vector to generate
pGEM7-apoE4 (plasmid II). The parental vector pGEM7-
apoE-ExII,III contains the 1507 bp MscI-EcoRI fragment
of apoE genomic DNA (nucleotides 1853-3360), which
includes exons II and III, cloned into the SmaI-EcoRI sites
of pGEM7 vector. The correct orientation of the 1911 bp
EcoRI insert in plasmid II was checked by restriction digest
with NotI and XbaI and verified by DNA sequencing. The
entire HindIII-XbaI fragment from pGEM7-apoE4 vector
was excised with HindIII and XbaI digestion and cloned into
the corresponding sites of the pAd Track-CMV adenovirus
shuttle plasmid to generate the different pAdTrack-CMV-
apoE vectors (plasmid III). To generate the recombinant
adenoviruses containing the WT and variant apoE forms,
each of the pAdTrack-apoE vectors (plasmid III) was used
to electroporate BJ 5183Escherichia colicells along with
the pAd Easy-1 helper vector, which contains the viral
genome and the long terminal repeats of the adenovirus (42).
Recombinant bacterial clones resistant to kanamycin were
selected and characterized. The recombinant virus vectors
expressing WT apoE and mutant apoE forms were propa-
gated in RecA DH5a cells and then linearized with PacI and
used to infect 911 cells (43). Recombinant viruses were
produced by large scale infection of 293 cells and purified
by two successive CsCl ultracentrifugation steps. The virus
produced was dialyzed extensively against 1X TD buffer
(13.7 mM NaCl, 5 mM KCl, 0.73 mM Na2HPO4, 25mM
Tris, 0.9 mM CaCl2, 0.5 mM MgCl2), pH 7.8, and then stored
at -80 °C. Usually, titers of approximately 5× 1010 pfu/
mL were obtained.

Characterization of the Mutant ApoE Forms.The char-
acterization of the apoE mutants was performed by one- or
two-dimensional (2D) analysis of the secreted apoE, either
following 35S labeling or after purification as described (44).

AdenoViral Infection of Large-Scale Cultures of Infected
HTB-13 Cells.For the large-scale production of apoE, HTB-
13 cells were grown in roller bottles as described (45). The
medium of the roller bottles was harvested after 24 h, filtered
through a 0.4 mm filter, and stored at-80 °C or run in the
ion exchange column directly for purification. The harvest
was repeated 4-7 times. Yields of 50-100 mg/L apoE were
obtained.

Purification of Lipid-Free ApoE by Ion Exchange Chro-
matography Using Dextran Sulfate Sepharose Column.ApoE
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was purified from the culture medium of adenovirus-infected
HTB-13 cells. The purification scheme involved dextran
sulfate Sepharose column fractionation. Briefly, 30 mL of
dextran sulfate Sepharose column was equilibrated with 20
mM Tris-HCl, 0.2 M NaCl, pH 7 4. A total of 2 L of apoE
containing culture medium was concentrated to 75 mL in
an Amicon concentrator using membrane with a cutting
molecular mass of 10 kDa, and the NaCl concentration was
adjusted to 0.2 M and loaded over the column at a flow rate
of ∼80 mL/h. The column was eluted with a 120 mL 0.2-
1.0 M NaCl gradient in 20 mM Tris-HCl, pH 7.4, at the
same flow rate, and fractions of 3 mL were collected. The
pure protein fractions were pooled and were dialyzed

extensively against 0.05 M NH4HCO3 and lyophilized. The
protein yield was in the range of 20-30 mg/L depending
on the apoE variant.

Binding of ApoE to Multilamellar Dimyristoylphospha-
tidylcholine (DMPC) Vesicles.To study the lipid binding
properties of the WT and the various mutant forms of apoE,
kinetic-turbidimetric methods as described by Pownall et
al. (46) were used. DMPC dissolved in a glass-distilled
chlorofom:methanol (2:1) solution was placed in a glass tube.
The sample was dried under nitrogen, and the appropriate
amount of a 5 mg/mL solution of apoE in a 10 mM Tris-
HCl, pH 8, 150 mM NaCl, 1 mM NaN3, and 0.01% EDTA
buffer was added to it, to give a final DMPC:apoE ratio of

FIGURE 1: (A-J) Generation, characterization, and purification of WT and mutant apoE forms. (A) apoE gene plasmids used to generate
the recombinant adenoviruses expressing the different apoE forms shown in the lower panel. (B) SDS-PAGE analysis of culture medium
of HTB-13 cells infected with human apoE isoforms and variant apoE forms. Six microliters of culture medium was analyzed. M indicates
protein MW markers of differentMr (New England Biolabs), indicated as follows: 32.5 kDa) rabbit muscle triosephosphate isomerase,
25 kDa) bovine milkâ-lactoglobulin A, 16.5 kDa) chicken egg white lysozyme, and 47.5 kDa) rabbit muscle aldolase. (C-J) Comparison
of the 2D patterns of apoE4 with that of full-length and truncated apoE forms. The charge and isoelectric point differences of the full length
apoE forms and the apoE4R158M apoE4 and apoE4-185 mutant were established by 2D gel electrophoresis following35S labeling of the
apoE-producing cell cultures. For this analysis, media obtained from35S-labeled cells transfected with constructs expressing the corresponding
apoE forms were immunoprecipitated with antihuman apoE antibodies and analyzed by 2D PAGE and autoradiography using 5-10 µg of
VLDL from a subject with apoE4/4 phenotype or 10µg of purified apoE4 as an internal marker. The Coomassie brilliant blue-stained gel
obtained from this analysis showed the position of the apoE4 that was included in the sample, and the autoradiogram showed the position
of the newly synthesized apoE. Panels C-F, H, and J show superimposition of the autoradiogram on the gel that was stained with Coomassie
brilliant blue. Panels G and I show 2D patterns of mixtures of unlabeled apoE4 with truncated apoE4 forms stained with Coomassie
brilliant blue. The apoE used was purified from the culture media of cells following infection with recombinant adenovirus expressing the
indicated apoE forms, as shown in Figure 2. These analyses established the charge and size differences between the apoE4 and the newly
synthesized full-length and truncated apoE forms.
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2.5:1 (W/W), with protein at a final concentration of 0.2 mg/
mL. The experiment was performed at 24°C, and the
absorbance at 325 nm was monitored at 5 min intervals for
90 min using a Perkin-Elmer Lambda 3A spectrophotometer.

Preparation of rHDL Containing ApoE (POPC-ApoE).
POPC was used to prepare the reconstituted discoidal
POPC-apoE particles employing the sodium cholate dialysis
method with only minor modifications (47). POPC-apoE
particles were prepared from a molar ratio of 100:10:1:100
of POPC:cholesterol:apoE:Na cholate. In a typical experi-
ment, 0.14 mg of cholesterol and 2.71 mg of POPC were
placed in glass tubes, vortexed gently, and dried under
nitrogen. The dried lipid was dissolved in a 10 mM Tris-
HCl, pH 8, 150 mM NaCl, 1 mM NaN3, and 0.01% EDTA
buffer by vortexing for approximately 30 s, followed by
storage on ice. The process was repeated until the phospho-
lipid was completely suspended in the buffer. This required
approximately 2 h. The sodium cholate was added, and the
solution was placed on ice for one more hour. Finally, the
apoE (usually 1 mg) was added and the incubation on ice
continued for another hour. To remove the sodium cholate,
the solution was dialyzed against 5-6 L of the 10 mM Tris-
HCl, pH 8, 150 mM NaCl, 1 mM NaN3, and 0.01% EDTA
buffer at 4°C, using tubing with a molecular mass cut off
of 12-14 kDa. Finally, a gradient gel (8-25%) was run
under native conditions at 15°C on a Pharmacia Phast-gel
system to ascertain the size of the particle or used for electron
microscopy (EM) analysis described below. The POPC
particles were stored at 4°C under nitrogen to prevent the
oxidation of lipids.

EM. POPC-apoE particles prepared with various mutant
apoE forms as described above were analyzed by EM. To
prepare the sample for EM, 50µg of POPC-apoE was
desalted three times using Amicon centrifugal filter devices
(Microcon). The final concentration was approximately 1 mg/
mL in deionized water. A 5µL aliquot suspension of sample
was applied for 10 s to a Formvar carbon-coated 300 mesh
copper grid. The carbon film surface was made hydrophilic
by glow discharge in a Balzers Union CTA 010 Glow
Discharge apparatus and used immediately. Excess POPC-
apoE suspension was removed by blotting with filter
paper and immediately replaced with a 5µL droplet of 1%
sodium phosphotungstate, pH 7.4. After a few seconds,
excess stain was removed and the grid was air-dried. Fields
of particles were photographed with a Philips CM12 electron
microscope (Philips Electron Optics, Eindhoven, The Neth-
erlands).

Iodination of ApoE.ApoE was labeled by125I using Iodo-
Beads (48) iodination reagent and Na125I (New England
Nuclear). Each reaction used 1 mCi125I and three beads and
1 mg of apoE. The reaction was carried out in Tris-HCl
buffer (10 mM Tris-HCl, pH 8, 150 mM NaCl, and 0.01%
EDTA). An aliquot of 100µL of Tris-HCl buffer was added
to the125I container and mixed. The diluted radioactive125I
solution was transferred to an Eppendorf tube containing 1-2
mg of apoE in the form of POPC-apoE particles in Tris-
HCl salt buffer. The final volume was adjusted to 900µL
using Tris-HCl salt buffer. The sample was placed in a lead
pig. Just prior to use, beads were washed with 500µL of
Tris-HCl salt buffer per bead and dried on a filter paper (this
washing step removed any loose particles and reagent from
the beads). The beads were added to the reaction solution
and kept at room temperature for 45 min with mixing every
5-10 min. The reaction was terminated by removing the
solution from the reaction vessel. The125I-labeled apoE was
separated from the unincorparated Na125I by gel filtration
using Pierce’s Presto Desalting Columns (Pierce, Inc.). Ten
fractions (0.5 mL each) were collected, and 1µL of each
fraction was used for determination of the125I counts. Ten
microliters of each fraction was used to measure the protein
concentration by BCA protein assay (49). Another 10µL of
each fraction was used for PAGE gel analysis of the sample.
The specific activity was calculated based on the protein
concentration and the125I counts and expressed as cpm/µg
of protein. Specific activities of 1000-1500 cpm/ng protein
were obtained.

Receptor Binding Assay.ldlA-7 is an LDL receptor
deficient CHO cell mutant (50, 51). The ldlA[apoER2] cells,
a generous gift of Dr. Tokuo Yamamoto of Tohoku
University of Japan, are ldlA-7 cells stably transfected with
the expression plasmid pcDL-SRR apoER2, described above.
Both cell lines were maintained in monolayer culture in
Ham’s F12 medium containing 5% FBS, 100 units/mL
penicillin, 100 units/mL streptomycin, and 2 mM glutamine.
All incubations with cells were performed at 4°C in a
humidified 5% CO2, 95% air incubator.

ApoER2 binding at 4°C was assessed by measuring cell
association of radiolabeled ligands. Briefly, on day 0, cells
(both ldlA-7 and ldlA[apoER2]) were plated at concentrations
of (4.5-5) × 104 cells/well in 24 well dishes in complete
F12 medium. On day 2, the monolayers were washed twice
with Ham’s F12 medium and then refed with 0.4-0.5 mL
of medium (Ham’s F-12 containing 0.5% (w/v) FAF-BSA,
100 units/mL penicillin, 100 units/mL streptomycin, 2 mM

Table 1: Oligonucleotides Used for Mutagenesis and Mutants Createda

oligonucleotide name oligonucleotides mutations designation of mutants

outside primer S 5′ CAG GCC CGG CTG GGC GCG G 3′
outside primer A 5′ G GGG TCG CAT GGC TGC AGG C 3′
E260RXS 5′ ATT CCA GGC CTG ACT CAA GAG CTG 3′ apoE4 Arg (CGC) 260fstop (TGA) apoE4-259
E260RXA 5′ CAG CTC TTG AGT CAG GCC TGG AAT 3′
E230DXS 5′ GAC CGC CTGTAG GAG GTG AAG GAG 3′ apoE4 Asp (GAC) 230fstop (TGA) apoE4-229
E230DXA 5′ CCT TCA CCT CCT ACA GGC GGT CGC 3′
E3203LXS 5′ GGC CAG CCGTGA CAG GAG CGG GCC 3′ apoE4 Leu (CTA) 203- - -stop (TGA) apoE4-202
E3203LXA 5′ CCG CTC CTGTCA CGG CTG GCC GGC 3′
E3166AXS 5′ CAG GCC GGGTGA CGC GAG GGC 3′ apoE4 Ala (GCC)166fstop (TGA) apoE4-165
E3166AXA 5′ GCC CTC GCGTCA CCC GGC CTG 3′
E 158 M-S 5′ C CTG CAG AAGATG CTG GCA GTG TAC 3′ apoE4 Arg (CGC)158fMet (ATG) apoE4R158M
E 158 M-A 5′ GTA CAC TGC CAGCAT CTT CTG CAG G 3′

a Bold characters represent the mutated codons.
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glutamine) with the indicated radiolabeled ligands125I
(POPC-apoE). Eight different concentrations, ranging from
0.5 to 100µg/mL, were used, and the experiments were
performed in duplicate. After a 1.5 h incubation at 4°C, the
cells were washed twice at 4°C with buffer B (50 mM Tris-
HCl, pH 7.4, 0.15 M NaCl) containing 2 mg/mL FAF-BSA,
followed by one rapid wash with buffer B alone. The cells
were then solubilized with 0.1 N NaOH (300µL each well).
Aliquots of 200µL were used for radioactivity determina-
tions, and 25µL was used for determination of the protein
concentration using the BCA assay.

For receptor binding using transiently transfected cells,
COS-M6 cells were grown in DMEM with 50 units/mL
penicillin, 50 µg/mL streptomycin, and 2 mM glutamine
(medium A) supplemented with 10% FBS (medium B) at
37 °C in a humidified 5% CO2, 95% air incubator with a
control plasmid that did not encode a protein (pcDNA-1).
COS-M6 cells (1.5× 106) were plated in 100 mm dishes in
medium B on day 0. On day 1, cells were transfected with
the apoER2 expression vector (pcDL-SRR-apoER2) using
the DEAE-dextran method as described previously (52). For
apoE binding, cells were harvested with trypsin and replated
in medium B containing125I POPC 1 mM sodiumn-butyrate
on day 2 in 24 well dishes at 150 000 cells/well in 1 mL of
medium B containing 1 mM sodiumn-butyrate. Cells were
used for receptor binding on day 3 as described above. The
specific binding was obtained by subtracting the binding of
the untransfected control cells (ldlA-7) from the binding of
the receptor-expressing cell lines ldlA[apoER2] or the COS-
M6 cells transiently transfected with the apoER2. Binding
parametersKd andBmax were determined on the basis of the
specific binding curve using the Prism program (GraphPad
Software, Inc.). The specific binding (cell association) values
of the saturation curves are expressed as nanograms of apoE
in the complex associated with the cells per mg of total cell
protein.

RESULTS

Characterization of WT and Variant ApoE Forms Secreted
by HTB-13 Cells Following AdenoViral Infection. One-
dimensional sodium dodecyl sulfate (SDS)-PAGE per-
formed for the truncated apoE forms established that apoE4-
259, apoE4-229, apoE4-202, and apoE4-165 are smaller in
size (apoE4-259, 28.5 kDa; apoE4-229, 25.2 kDa; apoE4-
202, 22.2 kDa; and apoE4-165, 18.2 kDa as compared to an
apparentMr of 38 kDa for the full-length apoE. With the
exception of apoE4-165, all of the other apoE forms contain
several bands. Previous studies have established that the
slower migrating forms are sialylated at residue 194 of apoE
(53, 54) (Figure 1B). The charge and isoelectric point
differences of the full-length apoE isoforms the mutant
apoE4R158M and the truncated apoE forms were established
by 2D gel electrophoresis following35S labeling of the apoE-
producing cell cultures, as described previously (44).

It was found (Figure 1C-J) that as compared to the plasma
apoE4, this newly synthesized apoE2, apoE3, and the
apoE4R158M have 2, 1, and 1 more negative charges,
respectively. Plasma apoE4 and the newly synthesized apoE4
overlap on the 2D gels. The E4-259, E4-229, E4-202, and
E4-165 differ by 0,+3, +0.1, and-1 negative charges,
respectively, as compared to the plasma apoE4. These charge

differences are expected, based on the positive and negative
residues lost in each of the truncated apoE forms.

Purification of ApoE from the Culture Medium of HTB-
13 Cells Following AdenoVirus Infection.HTB-13 cells lines
expressing the different apoE forms were grown in large scale
in roller bottles and infected with recombinant adenovirus
as explained in the Experimental Procedures (45), and serum-
free culture medium was collected. ApoE was purified from
the culture medium by ion exchange chromatography using
dextran sulfate Sepharose columns. Following loading and
washing with 20 mM Tris buffer containing 0.2 M NaCl,
the apoE was eluted by a 0.2-1 M NaCl gradient in the
same buffer. Impurities are eluted in fractions 0-20, and
pure apoE is eluted in fractions 31-36. A typical elution
profile of apoE following SDS-PAGE is shown in Figure
2.

Generation and EM Analysis of Reconstituted POPC-
ApoE Particles. The mutant proteins were reconstituted in
particles containing POPC and cholesterol as described in
the Experimental Procedures (47). The POPC-apoE particles
were negatively stained with potassium phosphotungstate,
overlaid on carbon-coated grids, and photographed with a
Philips CM12 electron microscope. As shown in Figure 3A-
H, the sodium cholate dialysis method allowed the formation
of discoidal particles with all of the WT and the mutant apoE
forms tested. Under the negative staining conditions used,
these particles form the typical “rouleaux”, indicating that
they are discoidal in shape and that they have the thickness
of a phospholipid bilayer. To further characterize the size
of the discoidal apoE/PC/C-apoE, cross-linking experiments
were performed with particles isolated by gel filtration using
sodium suberimidate. This analysis showed the presence of
two apoE2 or apoE2-202 molecules per particle. The average
size of POPC particles, determined from the EM pictures,
was 174( 49 (data not shown).

Phospholipid Binding Properties of ApoE Isoforms and
the Variant ApoE Forms.The lipid environment has profound
effects on apoE conformation. DMPC binding experiments
were performed to assess the effect of the mutations on the
kinetics of interaction of apoE with multilamellar DMPC
vesicles. The rate of the interaction was monitored by the

FIGURE 2: Purification of apoE4 from the culture medium of cells
expressing apoE4. M indicates the position of protein markers
of known Mr as indicated. Numbers correspond to fraction
number.
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change in absorbance at 325 nm. The experiments were
performed at 24°C, the transition temperature of the lipid,
where the gel and liquid-crystalline phases coexist and
where defects in the lipid matrix make it easier for apoE to
interact.

It was found that all of the WT apoE2, apoE3, and apoE4
can solubilize multilamellar DMPC vesicles rapidly, as
indicated by the decrease in turbidity of the DMPC disper-
sions as a function of time. We observed a small but
reproducible increase in the rate of initial solubilization of
the multilamellar DMPC vesicles by apoE4 as compared to
apoE2, apoE3, and apoE4R158M (Figure 4A). A much
greater difference exists in the rate of solubilization between
apoE4 and plasma apoA-I (Figure 4A). In contrast, deletion
of the carboxy terminal residues 260-299 of apoE reduces
greatly the initial rate of solubilization of the multilamellar
DMPC vesicles whereas deletion of residues beyond amino
acid 229 results in a very slow rate of solubilization of the
multilamellar DMPC vesicles by any of the three apoE
mutants, apoE4-229, apoE4-202, and apoE4-165 (Figure 4B).
These findings indicate that the carboxy terminal helices of
apoE between residues 229 and 299 are critical for efficient
interaction of apoE with phospholipids.

High Affinity Binding of Discoidal Reconstituted POPC-
ApoE Particles to ApoER2.Previously studies have shown
that apoE-enrichedâVLDL binds to apoER2 (6). In the
current study, we have focused on the binding specificity of
apoE in the form of reconstituted POPC-apoE particles to
apoER2. These apoE-apoER2 interactions may be signifi-
cant for cholesterol homeostasis in the brain (6, 20) and may
also influence Aâ polymerization (23-26) and receptor-
mediated signaling (38). It is known that different cells
contain several apoE-recognizing receptors (3-5, 7). To
establish specific binding of POPC-apoE to apoER2, it was
necessary to subtract the background binding of apoE to all
of these receptors. For this purpose, binding studies were
performed in ldlA-7 cells expressing apoER2[ldlA apoER2]
cells and untransfected ldlA-7 cells. The specific binding
curve and the binding parametersKd and Bmax were then
determined by subtracting the binding values to the ldlA cell
for every experimental point from the corresponding binding
values to ldlA[apoER2] cells (Figure 5A). To ensure that

the specific values were valid and reflected the overexpres-
sion of apoER2 in the permanent cell line and not a fortuitous
increase in expression of the endogenous apoER2, we
performed receptor binding studies in the untransfected and
the transiently transfected COS-M6 cells. TheKd obtained
for ldlA[apoER2] permanent cell lines and the COS-M6 cells
transiently transfected with an expression plasmid for
apoER2 were similar (16µg protein/mL), whereas the total
and specific binding were higher in the permanent cell line
expressing apoER2 (Figure 5B).

Natural ApoE Isoforms and Mutant ApoE Forms HaVe
Similar Affinities for ApoER2. Receptor Binding Is Main-
tained When the Carboxy Terminal Residues 166-299 Are
Deleted.To address the question of whether specific domains
or residues of apoE are involved in receptor binding, we have
compared the binding of the natural apoE isoforms, one apoE
mutant (apoE4R158M), and several truncated apoE forms
extending to residues 259, 229, 202, and 165. The purpose
of the mutations was to assess the importance of the carboxy
terminal region of apoE as well as the participation of residue
158 of apoE to the apoER2 specific binding. It has been
shown that residue R158 and the carboxy terminal region
of apoE are important for binding of apoE containing lipo-
proteins to the LDL receptor (55-57). Our analysis showed
that the apoE2, apoE3, the point mutant (apoE4R158M), and
the truncated apoE forms bind to the apoER2 with similar
affinities Kd in the range of 13-19 µg/protein/mL (Figure
6A-H), suggesting that the amino terminal region 1-165
of apoE contains the determinant region for binding to
apoER2. The affinity of apoE2 for apoER2 is reduced 25-
50% as compared to the other apoE forms,Kd ) 31 ( 5.3
(Figure 6A and Table 2).

DISCUSSION

Background.Studies in humans and experimental animals
have shown that apoE is required for the clearance of apoE
containing lipoprotein remnants by the liver, a process that
involves the LDL receptor and possibly heparan sulfate
proteoglycans (58-61). Mutations in apoE that prevent
binding to the LDL receptor are associated with type III
hyperlipoproteinemia and premature atherosclerosis (1, 2,
8-10).

FIGURE 3: (A-H) EM of the discoidal POPC-apoE particles used as ligands for binding the apoER2. (A) apoE2, (B) apoE3, (C) apoE4,
(D) apoE4R158M, (E) apoE-259, (F) apoE4-229, (G) apoE4-202, and (H) apoE-165.
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In addition to its functions in lipid homeostasis in the
circulation, apoE is the only apolipoprotein of the brain,
where it is synthesized abundantly in astrocytes and glial
cells (20, 21) and is found in lipoproteins of the cerebrospinal
fluid (62). An obvious question that arises is what might be
the physiological functions of apoE in the brain. A hint to
this question was provided in the early 1990s when it was
shown that one of the apoE isoforms, the apoE4, is a risk
factor for Alzheimer’s disease (AD) (18, 19). However,
despite this important observation, our knowledge on the
biogenesis and the functions of apoE-containing lipoproteins
in the brain remains limited. To account for the association
of apoE with AD, various hypotheses have been proposed,
including lipid homeostatic mechanisms and cell signaling
pathways involving apoE and apoE receptors (38-40).
Because one of the apoE-recognizing receptors that is
expressed abundantly in the brain is the apoER2 (6), the
current study focused mainly on the interactions of apoE with
the apoER2. These apoE/apoER2 interactions may be
important for the catabolism of apoE-containing lipoproteins.

In addition, the study examined the interaction of apoE with
phospholipids and preexisting lipoproteins. These interactions
may also be important for the biogenesis of apoE-containing
lipoproteins.

Specific Binding of Reconstituted POPC-ApoE Particles
to ApoER2.Brain cells contain numerous apoE-recognizing
receptors (4, 5, 63-65), including the LDL receptor (64),
the LRP (5), the VLDL receptor (65), and the apoER2 (6).
Previous studies have shown that cell lines overexpressing
apoER2 bind with high affinity and internalize apoE-enriched
rabbit âVLDL ( 6). Several domains of apoE have been
described, which are involved in LDL receptor binding (55,
57, 66, 67), heparin binding (68), and lipid and lipoprotein
binding (69-72). The LDL receptor binding domain is found
between residues 136-152 while neighboring residues may
also indirectly affect receptor binding (55-57, 66, 67).
Although the mode of binding of apoE-containing lipo-
proteins to the LDL receptor has been well-characterized,
little is known on the interactions of human apoE containing
lipoproteins with the apoER2.

It is known that different cells express various levels of
apoE-recognizing receptors. To establish specific binding of
apoE-containing lipoprotein particles to the human apoER2

FIGURE 4: (A,B) Solubilization of multilamellar vesicles of DMPC
by WT and mutated apoE forms monitored by the turbidity change
as a function of time at 24°C. Multilamellar vesicles of DMPC
were combined with WT or variant apoE forms at a ratio of DMPC:
apoE of 2.5/1 (w/w). The change in turbidity was monitored by
the change in absorbance at 235 nm at 5 min intervals and was
plotted as a function of time. ApoE forms utilized are indicated in
the figure. (A) apoE2 wt, apoE3 wt, apoE4 wt, apoE4R158M,
plasma apoA-I; (B) apoE2-259, apoE2-229; E2-202, apoE2-165.

FIGURE 5: (A,B) Concentration-dependent binding of125I-apoE4-
POPC complexes to confluent monolayers of ldlA CHO cells
expressing apoER2 and control ldlA CHO cells. ldlA-7 cells and
ldlA[apoER2] CHO cells in the microtiter wells were washed and
incubated with various concentrations of125I-apoE-POPC. Total
binding to the permanent ldlA[apoER2] cells and total binding to
the COS-M6 cells transiently transfected with apoER2 and to the
untransfected ldlA-7 and COS-M6 cells were obtained experimen-
tally. The specific binding was determined by subtracting the
binding curve of the ldlA-7 cells from the corresponding curve of
the permanent cell line expressing the apoER2 (A) and the binding
curves of the untransfected COS-M6 cells from the curve of the
COS-M6 cells transiently transfected with the apoER2 (B).
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expressed by a permanent cell line (designated ldlA apoER2),
it was necessary to subtract the background binding of apoE
to all of the apoE-recognizing receptors present in the parent
cell line that was designated ldlA. These experiments using
the apoE4 isoform as a ligand established specific binding
of POPC-apoE particles to the apoER2, which occurs with
Kd ) 16 µg/mL andBmax ) 2020 ng/mg cell protein.

To ensure that the specific binding values that we
measured were valid, we also determined the apoER2-
dependent binding following transient transfection of COS-

M6 cells with an apoER2-expressing plasmid. In this case,
the binding to the untransfected COS-M6 cells was subtracted
from the binding to the transfected cells. TheKd obtained
using the transiently transfected COS-M6 cells was similar
to that obtained using the permanent cell line ldlA[apoER2]
(Kd ) 16 µg/mL), whereas the total and specific binding
were lower.

Effects of ApoE2 Mutations on the Binding of POPC-
ApoE Particles to ApoER2. In the current study, we also
examined the binding of three naturally occurring apoE forms

FIGURE 6: (A-H) Concentration-dependent binding of125I-apoE-POPC complexes containing different apoE isoforms and mutant and
truncated apoE forms to confluent monolayers of ldlA-7 cells expressing apoER2. Cells in the microtiter wells were washed and incubated
with various concentrations of125I-apoE-POPC (specific activity). Total binding to ldlA[apoER2] CHO cells and total binding to untransfected
ldlA-7 cells were obtained experimentally. The specific binding shown in this figure was determined by subtracting the values of binding
to the ldlA-7 cells from the corresponding values of binding to the ldlA[apoER2] cells. The specific activity of iodinated apoE was in the
range of 1000-1500 cpm/ng. Two to four independent experiments were performed in duplicate for each apoE form. The averageKd and
Bmax values thus determined are shown in Table 2. The apoE forms used are (A) apoE2, (B) apoE3, (C) apoE4, (D) apoE4158M, (E)
apoE4-259, (F) apoE4-229, (G) apoE4-202, and (H) apoE4-165.
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(apoE2[C112/C158], apoE3[C112/R158], and apoE4[R112/
R158]) as well as an apoE4 mutant where we have altered
residue 158 (apoE4R158M) and several truncated apoE4
forms. These truncations produced the amino terminal
segments of apoE, which extend from residue 1 to residues
259, 229, 202, or 165 of the protein. As shown in Figure
6A-H and Table 2, the binding parameters of POPC-apoE
particles to apoER2 are similar for the WT apoE3 and apoE4
isoforms, the apoE4R158M mutant, and the truncated apoE
forms (range ofKd 13-19 µg/mL). ApoE2 binds with
slightly decreased affinity atKd 31( 5.3µg/mL. The finding
suggests that the amino terminal section 1-165 of apoE
contains the necessary determinants for its recognition by
apoER2 and that R158M substitution has no effect on
receptor binding. Previous studies have shown that binding
of apoE to another apoE-recognizing receptor, the LDL
receptor, requires the 171-183 region and is affected by
mutations in residue 158 as well as by substitutions of
charged residues in the 140-150 region of apoE (55-57).

Lipid and Lipoprotein Binding Properties of WT and
Variant ApoE Forms: Implications for the Formation and
the Functions of Brain Lipoproteins. Previous studies have
also indicated that the region of apoE between residues 244-
299, which includes half of the carboxy terminal helix 7 and
the last two 11 residue long carboxy terminal helices 8 and
9 (73), contributes to the binding of apoE to lipids and
lipoproteins, whereas the amino terminal region of apoE lacks
the determinants required for association with lipoproteins.

In the current study, we assessed the domains of apoE
involved in phospholipid binding based on the kinetics of
lysis of multilamellar DMPC vesicles by the WT and variant
apoE isoforms. The property of apoE to associate with
phospholipids may be relevant to the biogenesis and the
functions of apoE-containing lipoproteins. It was found that
all of the full-length apoE forms (apoE2, apoE3, apoE4R158)
solubilized multilamellar DMPC vesicles with similar kinet-
ics. Deletion of residues 260-299 diminished greatly the
ability of the truncated apoE to solubilize multilamellar
DMPC vesicles and deletion of residues 230-299 or 203-
299 and 166-299 eliminated completely the ability of apoE
to lyse multilamellar DMPC vesicles. We have also used
density gradient ultracentrifugation of culture medium of
C127 cell lines expressing WT and truncated apoE2 forms
to assess the effects of apoE truncations on the ability of
apoE to associate with plasma lipoproteins. This analysis
showed that when35S-labeled apoE was mixed with a
mixture of VLDL, LDL, and HDL (d 1.006-1.18 g/mL) and
then subjected to density gradient ultracentrifugation, a
fraction of 35S-labeled apoE was found associated with

lipoproteins in the density range of 1.006-1.21 g/mL. This
fraction was approximately 17% for apoE2 and 19-21% for
the truncated apoE2 forms E2-259, E2-229, and E2-165.
Under the conditions of centrifugation, 10% of the apoA-I
dissociated from HDL and was recovered in the d> 1.21
g/mL fraction. Control experiments showed that when the
ultracentrifugation was performed without addition of lipo-
proteins in the culture medium, 97-99% of apoE secreted
by these cells was found in the lipid-poor/lipid-free fraction
of d > 1.21 g/mL (data not shown). These findings indicate
that truncated apoE forms lacking the carboxy terminal
residues 166-299 maintain their ability to associate with
preexisting lipoproteins as the full-length forms. Taken
together with our current understanding of the lipoprotein
pathways, our findings indicate that the carboxy terminal
260-299 amino acids of apoE may be involved in the initial
association of apoE with phospholipid, a process that may
be required for the formation of apoE-containing lipoproteins.
As discussed later, once apoE is lipoprotein-bound, it may
be taken up by the LDL receptor and other apoE-recognizing
receptors (59).

ApoE has remarkable structural similarities with apoA-I.
Both proteins contain 11 or 22 amino acid long repeats,
which are organized in amphipathicR-helices (73). ApoE is
found in the cerebro spinal fluid associated with discoidal
as well as in spherical HDL particles (62, 63); however, little
is known on how these particles are formed and how they
function in the brain.

Figure 7 outlines potential functions of apoE in the brain
that are deduced from this study and previous papers and
depicts the potential contribution of lipid-free and lipoprotein-
associated apoE species in the overall lipid homeostasis in
the brain.

In analogy to apoA-I (45), it is possible that the domains
of apoE required for efficient interaction with phospholipids
and preexisting lipoproteins may be important for the
functions of apoE in the brain. In this regard, recent advances
in lipoprotein research indicated that the initial step in the
biogenesis of HDL in the circulation is the acquisition of
membrane phospholipid and cholesterol by lipid-free apoA-
I, a process that is catalyzed by ABCA1 transporter (74).
This process leads to the formation of preâ1 and subsequently
to discoidal HDL particles. These particles are converted to
spherical particles by the action of LCAT (75). Expression
of the ABCA1 transporter has been observed in neurons in
the hypothalamus, thalamus, amygdala cholinergic basal
forebrain and hippocampus, and in primary cultures of
neurons, astrocytes, and microglia (76). Thus, it is reasonable
to assume that functional interactions of apoE with the
ABCA1 transporter promote efflux of phospholipids and
cholesterol and may represent an important step in the
biosynthesis of apoE-containing lipoproteins in the brain. In
support of this putative pathway, earlier studies showed that
an HDL subfraction withγ electrophoretic mobility, desig-
natedγLpE, is present in the plasma of apoA-I deficient mice
(11, 12). It was shown thatγLpE can promote efficiently
the efflux of excess cholesterol from J774 mouse macro-
phages (12). Thus, it is possible that lipid-free apoE as well
as phospholipid-rich apoE particles formed in the brain may
promote cellular efflux of cholesterol in the brain, where
apoE is the only apolipoprotein. This is indicated by step 3
in Figure 7. These apoE-containing lipoprotein particles may

Table 2: Dissociation Constants (Kd) andBmax of apoE-apoER2
Complexes Involving Different apoE Forms

apoE variant n
Kd

(µg protein/mL)
Bmax

(ng/mg cell protein)

apoE2 5 31( 5.3 2978( 482
apoE3 5 13( 3.7 1943( 253
apoE4 5 16( 2.3 2020( 189
apoE4R158M 5 18( 4.0 2002( 215
apoE4-259 5 14( 1.9 2328( 105
apoE4-229 5 19( 4.3 2088( 69
apoE4-202 5 13( 3.4 2075( 78
apoE4-165 3 13( 4.4 1884( 254
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be secreted directly by neural cells as indicated in step 1 in
Figure 7 or may be formed by association of the secreted
lipid-free apoE with preexisting lipoproteins as shown in
steps 1 and 2 in Figure 7. Spherical HDL-E particles as well
as discoidal particles, similar to the particles found in the
cerebrospinal fluid, may serve to deliver unidirectionally
cholesterol and other lipids to different cells via apoE-
recognizing lipoprotein receptors (5, 62-64). This is indi-
cated by step 4 in Figure 7. Finally, discoidal and spherical
HDL species similar to those found in the cerebrospinal fluid
may interact with SR-BI as shown in step 5 of Figure 7.
This interaction will contribute to bidirectional exchange of
cholesterol as well as to the selective uptake of lipids. Recent
studies indicated that SR-BI is expressed by astrocytes but
not by microglia in the brain (77), suggesting that interactions
of apoE-containing lipoproteins with SR-BI may contribute
to brain cholesterol homeostasis. We have shown recently
that reconstituted POPC-apoE particles can bind to SR-BI
(78) and have the ability to deliver cholesteryl esters to cells
(79). The process of cholesterol efflux and cholesterol
delivery is essential for cellular cholesterol homeostasis in
the brain. Similar mechanisms allow cholesterol homeostasis
in the liver and the peripheral tissues. The precise role of
apoE-containing lipoproteins in receptor-mediated cholesterol
delivery, in cholesterol efflux, and in the selective uptake
of lipids in the brain, as well as the impact of the genetic
variation of apoE on these processes, requires systematic in
vivo and in vitro studies.
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