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ABSTRACT. Recent studies have shown that the lipidation and assembly state of apolipoprotein E (apoE)
determine receptor recognition and amylgigeptide (A3) binding. We previously demonstrated that
apoE secreted by HEK cells stably expressing apoE3 or apoE4 (HEK-apoE) hfnaisdAinhibits AS-

induced neurotoxicity by an isoform-specific process that requires apoE receptors. Here we characterized
the structure of HEK-apoE assemblies and determined their receptor binding specificity. By chromatography,
HEK-apoE elutes in high molecular mass fractions and is the size of plasma HDL, consistent with a
multiprotein assembly. No lipid was associated with these apoE assemblies. Several methods for analyzing
receptor binding indicate that HEK-apoE is a ligand for low-density lipoprotein (LDL) receptor-related
protein (LRP) but not the LDL receptor. This suggests that self-assembly of apoE may induce a functional
conformation necessary for binding to LRP. Our results indicate that, in addition to lipid content, the
assembly state of apoE influenceg Ainding and receptor recognition.

Apolipoprotein E (apoB)is a 34 kDa glycoprotein thatis  Alzheimer’s disease (AD)( 5), suggesting that regulation
a surface component of various plasma lipoprotein particles of apoE expression and/or metabolism in the CNS may
including chylomicron remnants3-migrating VLDL (5- contribute to the pathogenesis of AD. While the mechanism
VLDL), LDL, and a subclass of HDL (reviewed in réj). by which apoE4 functions as an AD risk factor is not known,
ApoE mediates high-affinity binding of apoE-containing several hypotheses have been proposed. One possibility is
lipoproteins to cell surface endocytic receptors during the an apoE isoform-specific response to brain injuy4) and
transport and metabolism of plasma cholesterol (Chol) and neuronal regeneration, a hypothesis supported by the obser-
triglycerides (TG) , 2). In the central nervous system vation that apoE3- but not apoE4-containing lipoproteins
(CNS), apoE is the primary apolipoprotein in the HDL-like stimulate neurite outgrowth8¢11). Alternatively, apoE-
lipoprotein particles in cerebral spinal fluid (CSF) and in containing lipoproteins may interact with amylgideeptide
the discoidal particles secreted by astrocytes in vitro (re- (Ap) at several mechanistic levels. First, apoE may modulate
viewed in ref3). In humans, apoE exists in three isoforms the clearance of A by forming a complex with the peptide
that differ by a single amino acid at two polymorphic sites that is then cleared by one or more of the numerous apoE
(E2= Cys''?2 Cys%8 E3= Cys'? Arg'®% and E4= Arg''?, receptors present on neurons or glial cell2<15). Indeed,
Arg'®). The 4 allele of apoE is a major risk factor for apoE3 has been shown to have a higher affinity for the

peptide than apoE4, particularly when measured by the
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LDLR gene family such as megalin/LRP21], the VLDL electrophoresed at 160 V for 60 min. Gels were stained with
receptor 82), and apoE receptor 2 (apoER3B(34). The Simply Blue Coomassie stain (Invitrogen) according to
ability of apoE-containing lipoproteins to bind multiple manufacturer's protocol. Molecular mass values were de-
members of the LDLR gene family suggests that apoE termined using protein standards (BenchMark, Invitrogen).
recognizes a common structural motif that is present within ~ HEK-apoE Molecular Mass Determination by Calibrated
the ligand-binding regions of these receptors. However, Size Exclusion Chromatography (SEChromatography was
apoE-containing lipoproteins also exhibit a differential af- performed using a low dead volume HPLC equipped with
finity for members of the LDLR family, suggesting that the biocompatible solvent delivery (Dynamax, Rainin Instru-
conformation of apoE affects its receptor-binding specificity. ments) and UV detection (UV-1, Rainin Instruments). A
We previously demonstrated that apoE particles secretedsingle Superose 6 column was equilibrated in PBS, and 100
by HEK-293 cells stably transfected with human apoE3 or uL samples were injected and chromatographed at a flow
apoE4 cDNA (HEK-apoE) differentially form an SDS-stable rate of 0.4 mL/min. Column parameters used for calculation
complex with A3, a property HEK-apoE shares with apoE of Ka, values were obtained from the manufacturer except
associated with plasma lipoproteins6( 17). Specifically, column exclusion limit (void volume) that was measured
HEK-apoE3 and plasma VLDL-containing apoE3 bind A using blue dextran (Pharmacia) and inclusion volume which
with a higher affinity than apoE416, 17). However, apoE3 ~ was measured using acetone diluted 1:100 in PBS.
and E4 purified from HEK-apoE and plasma VLDL by a Molecular mass and Stokes radius (size) values were
process that includes delipidation and denaturation or calculated on the basis of comparison of the HEK-apoE
purchased from a commercial vendor exhibit a comparable, elution volume:
lower affinity for Ag (17, 18, 35). It was assumed in our
earlier publications that small amounts of lipid associated Ve —V,
with these HEK-apoE “particles” facilitated the adoption of Kav = V.—V
a favorable conformation for isoform-specific interaction with !
Ap. To further investigate the molecular determinants that
dictate the function of apoE-containing particles, we analyzed
the structure, composition, and apoE receptor binding affinity
of HEK-apoE. We found that while HEK-apoE was secreted
as a high molecular mass assembly, was the size of plasm
HDL, and measured 12 nm in size by EM analysis, HEK-
apokE is virtually lipid-free. We demonstrate that these apoE
assemblies are ligands for LRP but not LDLR. These results
suggest that the conformation of apoE-enriched lipoproteins
and the conformation of apoE induced by its own self-
assembly both result in recognition by LRP. We further infer
that the in vitro secretory process of HEK cells favors the
adoption by apoE of a conformation that allows for the 7 —10.56
isoform-specific interaction with A and selective affinity y= 2.31338% (R2 =0.99391)
for apoE cell surface receptors.

whereV, = elution volume for the proteiry, = Superose

6 void volume, and/; = total Superose 6 bed volumk,,
values were determined for a panel of eight proteins (Sigma)
with known molecular mass values between 11 and 443
%Da: apoferritin, 443000 Dgi-amylase, 200000 Da; alcohol
dehydrogenase, 150000 Da; bovine serum albumin, 66000
Da; ovalbumin, 42700 Da; carbonic anhydrase, 28980 Da,;
myoglobin, 17000 Da; cytochrone 11393 Da. A standard
curve was generated plotting the log molecular mads,ys
HEK-apoE molecular mass was calculated using the follow-
ing equation representing the exponential fit of the data:

Gel Filtration ChromatographyAs previously described,
EXPERIMENTAL PROCEDURES 1.0 mL of concentrated HEK-apoE was isolated by SEC
using fast protein liquid chromatography (FPLC) with tandem
Materials.Receptor-aSSOCiated protein (RAP) was isolated Superose 6 columns (Amersham Pharmacia) in 0.02 M
and purified from a glutathion&-transferase fusion protein  godium phosphate, pH 7.4, with 50 mM NaCl, 0.03% EDTA,
expressed ifEscherichia colias described previous|26). and 0.02% sodium azide (flow rate 0.4 mL/miBy). Eighty
N-Succinimidyl 3-(4-hydroxy-544]iodophenyl)propionate 400 ul samples were collected for analysis. Fractions-35
(Bolton and Hunter reagent) was purchased from Amershamys were concentrated and pooled for further analysis.
(Oakville, Canada). Cytochronwe TCA, and PBS were from Western BlotsLaemmli buffer (2 nonreducing) (4%
Sigma Chemical Co. (St. Louis, MO). BSA (fraction V) and - gps, nog-mercaptoethanol) was added to SEC fractions,
Pronase were from Calbiochem-Novabiochem Corp. (La pojled for 5 min, and either (1) spot blotted and probed with
Jolla, CA). PD-10 Sephadex columns and Sepharose 65n0E antiserum (obtained by immunizing rabbits with apoE
C(_)Iumns were from_Pharmama BIOFECh (Uppsala, Sweden).puriﬁed from human serum) or (2) electrophoresed (on
Tissue culture media were from GibcoBRL (Grand Island, sglected fractions) on #20% SDS/Tricine gels, transferred
NY). to Immobilon-P membranes (Millipore Corp.), and probed
Preparation of HEK-apoE ParticlesAs previously de- with apoE antiserum.
scribed, HEK-293 cells were stably transfected with cDNAs  Electron Microscopy (EM)Pooled fractions 3545 of
encoding human apoE3 or apoE4. Serum-free conditionedHEK-apoE isolated by SEC were examined by using the
media were harvested, concentrated to »@ImL, and  Philips CM10 electron microscope at the Electron Micros-
dialyzed (10 kDa cutoff membrane) in PBS (HEK-apoE},(  copy Core Facility of the University of Chicago as described
36). previously @7, 38). The diameters of 100 intact particles
SDS-PAGE.Five micrograms of HEK-apoE was added from an enlarged photomicrograph were measured by using
to LDS sample buffer under nonreducing conditions, loaded a micrometer lens and expressed as the meastandard
on a 4-12% BIS-TRIS NuPAGE gel (Invitrogen), and error of the mean (SEM).
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Ultracentrifugation.As previously described, 1.0 mL of was removed and subjected to TCA precipitation. Dishes
concentrated HEK-apoE was separated e12@% sodium were then quickly chilled on ice, and cell monolayers were
bromide single-spin gradients by centrifugation at 38000 rpm treated with 0.25% (w/v) Pronase in PBS for 30 min &C4
in an SW41 Ti rotor for 66 h at 18C. Thirty 400 uL to remove residual surface-bound ligand. This treatment also
fractions were collected and dialyzed against Tris-buffered detached cells from culture wells. The detached cells were
saline before analysiST, 39). In addition, the HEK-apoE  then separated from buffer by centrifugation. Radioactivity
media were adjusted to a density of 1.25 g/mL with sodium associated with cell pellets represents internalized protease-
bromide to isolate total lipoproteins. resistant ligand, whereas radioactivity in the supernatant

Lipid Analysis.Total cholesterol (Chol), triglyceride (TG), fraction represents surface protease-sensitive ligand. De-
and phospholipids (PL) were measured enzymatically using graded ligand was defined as TCA-soluble radioactivity in
commercial kits (Boehringer Mannheim for TC and TG; the overlying buffer. Each determination was performed in
Waco, Richmond, VA, for PL). The sensitivity limit of these triplicate.
kits is <1 ng/mL.

Cell Culture. Wild-type mouse embryonic fibroblasts RESULTS
(MEF-1 cells), fibroblasts homozygous for disruption of the .

LRP gene (MEF-2 cells), fibroblasts homozygous for disrup- HEK-apoE Can Be Isolated as a Pure34 kDa Protein.
tion of the LDLR gene (MEF-3 cells), and fibroblasts Isolation of HEK-apoE3 and HEK-apoE4 assemblies was

homozygous for disruption of both LRP and the LDLR genes performed using tandem Superose 6 columns equilibrated
(MEF-4 cells) were kindly provided by Joachim Herz in PBS. A representative trace (Figure 1A) demonstrates that

(University of Texas Southwestern Medical Center at Dallas). HEK-apoE elutedasa sm_gle peak with Gaussian distribution.
MEF cells were cultured at 37C in a humidified incubator ~ ~\nalysis of the peak fractions by SB®AGE demonstrated
with 5% CO, in DMEM supplemented with 10% fetal calf th.at the majority of the protein migrated as a single species
Serum. with a molecular mass ofv34 kDa (Figure 1B). Th_e

LDLR AssayThe LDLR binding assays were performed observed value is slightly greater than the 34 kDa predlqted
essentially as describe#&3). Human LDL was isolated from by th(_e apoE sequence and may be.due. to posttra_nslatlonal
the plasma of normal fasting subjects and radiolabeled by themOd'f'C"jltlons resultlng from expression in eukaryotic HEK
iodine monochloride method. Recombinant apoE3 or apoE4 cells. Under.nonreducmg conditions d|m.er|c HEK-apoES was
was mixed with dimyristoylphosphatidylcholine (DMPc, detected (Figure 1B, arrow). As predicted, no dimer was
Sigma) at a ratio of 1:3.75 (w/w). Normal human fibroblasts detected for HEK-apoE4 lacking the C¥esidue necessary
were cultured for 1 week prior to the binding assays. for intermolecular disulfide bond formation.

Protein lodination.HEK-apoE was iodinated using the HEK-apoE Migrates as a 366390 kDa High Molecular
Bolton and Hunter reagent (Amersham) according to manu- Mass Complex As Determined by Calibrated SEC Analysis.
facturer’s instructions. Briefly, 20g of SEC-isolated HEK- ~ To compare the hydrodynamic properties of HEK-apoE3 and
apoE3 or HEK-apoE4 was radiolabeled with 500i of N,- HEK-apoE4, samples were subjected to calibrated SEC
dried N-succinimidyl 3-(4-hydroxy-533]iodophenyl)- analysis. The size of the HEK-apoE assemblies that eluted
propionate and kept at 4C for 90 min with occasional ~ as a single peak from the Superose 6 column (Figure 1A)
manual mixing. The reaction was completed by quenching Was estimated by calibrating the Superose 6 column using a
with 0.4 M glycine buffer and passed through a PD-10 Panel of eight known proteins (Figure 2). An exponential fit
Sephadex column to separate the labeled peptide fromto the data yielded a good predictive vall@ & 0.9939).
unincorporated isotope. Specific radioactivities werelB On the basis of the equation for the exponential fit, HEK-
uCilug of protein. apoE3 assemblies had a calculated molecular mass of 360

Ligand Degradation Assay#ssay buffer for!23-apoE kDa, and HEK-apoE4 had a calculated molecular mass of
binding and degradation was DMEM containing 6 mg/mL 390 kDa (Figure 2, open boxes). These results suggest a
BSA and 5 mM CaGl Cellular degradation assays were Possible assembly of 3012 apoE monomers.
performed by incubating cells in assay buffer contairifig HEK-apoE3 and HEK-apoE4 Assemblies Are1® nm
apoE (5 nM) in the absence or presence of unlabeled RAPin Size and Lipid-PoorUsing SEC with tandem Superose 6
(1 uM). This concentration of RAP is sufficient to inhibit  columns 87, 38), the size distribution of protein assemblies
ligand binding to both LRP and the LDLR. After incubation in conditioned media from HEK cells expressing apoE3 and
at 37 °C for 4 h, the overlying media were removed and apoE4 was compared to human plasma lipoproteins (Figure
precipitated with TCA. Degradation of ligand was defined 3A). The major portion of the apoE in the media from HEK-
as the appearance of TCA-soluble radioactivity in the over- apoE3 and HEK-apoE4 cells eluted in fractions—3%,
lying media. Noncellular degradation Bfl-apoE was deter-  indicating an approximate size of-85 nm, comparable in
mined in parallel dishes that did not contain cells and was size to plasma HDL-2 particles. This localization of apoE is
subtracted from each point. All experiments were repeated confirmed by Western blot analysis of selected FPLC
at least three times. Data are presented as the mezEM. fractions via nonreducing SDSPAGE (Figure 3B) with

Single Cycle EndocytosiSingle cycle endocytosis assay apoE3 appearing as monomer and dimer and apoE4 primarily
was performed essentially as described previoud). ( as monomer. The small amount of apoE4 dimer likely
Briefly, initial binding was performed witf3-apoE3 (5 nM) resulted from noncovalent dimerization of apoE, and the
at 4°C for 1.5 h. Cells were then washed three times with bands smaller than the apoE monomeric size likely represent
DMEM containing 6 mg/mL BSA and 5 mM Cagl products of apoE proteolytic processiri). The secondary
followed by incubation at 37C in the presence of AM apoE peak at fractions 5@®0 is likely to be monomeric apoE
RAP. At selected intervals, buffer overlying each monolayer as free proteins, such as albumin, elute in these fractions.
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Ficure 1: Isolation of HEK-apoE. (A) Representative Superose 6 elution profile of concentrated media from HEK cells stably transfected
with the cDNA encoding human apoE isolated in PBS. Cell culture media containing secreted apoE were concentrated 50-fold and injected
on Superose 6 columns at a flow rate of 0.4 mL/min. Fractions across the primary peak, detected by absofgposese pooled
(HEK-apoE arrows), and the protein concentration was determined spectrophotometrically. (B) Coomassie-staifit@D&nalysis of
HEK-apoE3 (E3) and HEK-apoE4 (E4):4 of protein was loaded under nonreducing conditions for each isoform of HEK-apoE. Molecular
mass value standards were determined by protein standards (BenchMark, Invitre§éiDa HEK-apoE monomer and80 kDa HEK-
apoE3 dimer are indicated with arrows.
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Ficure 2: Calibrated SEC analysis of HEK-apoE. Calibration of Figure 3: SEC profiles of HEK-apoE3, HEK-apoE4, and human
a single Superose 6 gel filtration column. Eight proteins that ranged plasma. (A) 1 mL of concentrated conditioned media from HEK
in size from 11 to 440 kDa were used to generate a standard curvecells expressing human apoE3 or apoE4 (HEK-apoE) was fraction-
for the gel fl|tl’a’[l0n (_:olumn. The mc_JIecuIar m&_lSS W_as plotte_d against gted by size exclusion chromatography (SEC) using tandem
the partition coefficienKay (calculations described in Experimental  Superose 6 columns and detected by absorbanégsatwith the
Procedures). The solid line represents the best exponential fit for profile of human plasma included for compariso8i7)( ApoE
the data. Calculated values for HEK-apoE3 and HEK-apoE4 (open immunoreactivity was determined by dot blot. Graphs are an
boxes) were generated using the equation representing the standarglyerage oh = 4 separate experiments. (B) Representative Western
curve. blots of SDS-PAGE of selected HEK-apoE3 and HEK-apoE4 SEC

fractions probed with apoE antisera.

EM confirms the presence of apoE assemblies with an
average diameter of 12 1.87 nm (Figure 4). Interestingly, Several methods of analysis were used to determine if the
the size and shapes of cell-secreted apoE assemblies are alddEK-apoE assemblies contain lipid. First, we analyzed their
similar to those of lipoproteins isolated from CS¥7) and density via density gradient centrifugatiod7f. We found
y-migrating, lipid-poor apoE-containing particles in plasma that HEK-apoE distributed in the fractions corresponding to
(12—16 nm) @1). The number of apoE monomers that make free protein, indicating an absence of lipid (Figure 5). This
up the HEK-apoE assemblies has not yet been determinedabsence of lipid was confirmed by enzymatic analysis of the
as SEC and EM analyses suggest an approximate size andpoE-containing density gradient and SEC fractions for Chol,
morphology but not a molecular mass. PL, or TG, (sensitivity limit<1 ng/mL). On the basis of the
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Ficure 4: Electron microscopy analysis of HEK-apoE. Pooled 80

fractions 35-45 of HEK-apoE isolated by SEC were concentrated,
and an aliquot was placed on a carbon-coated electron microscopy
grid and negatively stained with 2% phosphotungstic acid. Using
a Philips CM10 electron microscope, the diameters of 100 intact
particles from an enlarged photomicrograph were measured by using
a micrometer lens. Representative particles are shown below, with
a mean diameter of 12 nat 1.87 SEM. Results shown are for
HEK-apoE3. Comparable results were observed using HEK-apoE4
(data not shown).
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Ficure 6: Degradation of cell-secreted HER3-apoE3 and HEK-
129-apoE4 in MEF cells. MEF-1 (wild type), MEF-2 (LRP-
20 deficient), MEF-3 (LDLR-deficient), and MEF-4 (LRP and LDLR
double deficient) cells were incubated wiffi-HEK apoE3 (5 nM)

10 | (A) or 129-HEK apoE4 (5 nM) (B) in the absence or presence of

Percent total absorbance

Chylomicrons DL HDL 1 uM RAP for 4 h at 37°C. The degradation d?4-apoE under
Vb s each condition was analyzed via TCA precipitation of the overlying
0 FHEttr s s s ta st ML media. Symbols represent the average of triplicate determinations
0 5 10 15 20 25 30 + SEM shown from one of three independent experiments.
Fraction Nonspecific degradation 8f3-apoE in parallel dishes that did not

contain cells was subtracted from each assay *% 0.05 when

Ficure 5: Equilibrium ultracentrifugation profiles of HEK-apoE3 - X
compared to the column without RAP competitor.

and HEK-apoE4. 1 mL of concentrated HEK-apoE3 or HEK-apoE4
conditioned media was fractionated via single-spin equilibrium expressing both LRP and LDLR), (2) LRP-deficient (MEF-

ultracentrifugation, and the positions of various human plasma _
lipoproteins are indicated for comparison. ApoE immunoreactivity 2). (3) LDLR-deficient (MEF-3), or (4) LRP and LDLR

was determined by dot blot. Graphs are an average-of separate ~ double deficient (MEF-4) cells. In addition, we utilized RAP
experiments. in these assays to ensure the specificity for LRP and LDLR.
RAP functions normally within the early secretory pathway
concentration of apoE in the HEK-apoE-containing SEC as a molecular chaperone to assist the folding and prevent
fractions, we anticipated being able to determine the lipid premature ligand binding to the receptors during trafficking
profile for SEC fractions of HEK-apoE as we had for CSF (43). The recombinant form of RAP has been used exten-
and astrocyte-secreted particl3,(38). However, no lipid  sively as an antagonist to inhibit all known ligand interactions
was detected. Lipid was also not detected in concentrated,with members of the LDLR family 43). We chose to
pooled SEC HEK-apoE fractions 385 nor in thed <1.25 perform ligand uptake and degradation assays instead of
g/mL fraction from total HEK-apoE media. Thus, some saturation binding analysis because previous studies have
eukaryotic cells may secrete apoE3 and apoE4 assemblieshown that heparan sulfate proteoglycan (HSPG) is involved
with little or no lipid, unlike both CSF and astrocyte-secreted in the initial binding of apoE/lipoproteins, whereas apoE
lipoproteins that contain both PL and Chol, as measured by receptors (e.g., LRP) mediate subsequent uptake4s).
the same enzymatic assays used for HEK-af 38). Thus, MEF-1, MEF-2, MEF-3, and MEF-4 cells were
HEK-apoE3 and HEK-apoE4 Assemblies Are Ligands for incubated witi*1-apoE3 or*?3-apoE4 (5 nM) in the absence
LRP but Not LDLRPrevious studies have shown that apoE- or presence of uM RAP at 37 °C for 4 h. Cellular
containing plasma lipoproteins are ligands for the LDLR, degradation ot?3-apoE was assessed by TCA precipitation
whereas apoE-enrichef-VLDL, remnant particles, and  of overlying media after incubation with cells. We found
recombinant apoE are ligands for LRR, (25, 42). To that MEF-1 cells exhibited significant RAP-inhibitable
examine whether cell-secreted apoE3 and apoE4 assembliedegradation of?9-apoE3 (Figure 6A). The portion df3-
are ligands for LDLR and/or LRP, we performed receptor- apoE3 degradation that was not inhibited by RAP likely
mediated ligand uptake and degradation assay using a seriegeflects extracellular or cell surface degradation by secreted
of genetically generated mouse embryonic fibroblast cell proteases or intracellular degradation following HSPG-
lines (MEF). These cell lines include (1) wild-type (MEF-1, mediated cellular uptake44, 45). Interestingly, when
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] 129-apoE4 during a single cycle endocytosis in MEF-1 cells.
competitor (Lg/mL) Binding of 123-HEK apoE3 (5 nM) (A) ort24-HEK apoE4 (5 nM)
Ficure 7: Ability of various apoE assemblies to compete with- (B) to MEF-1 cells was performed at°€ for 1.5 h. After washing,
LDL for binding to LDLR on normal human fibroblasts. Normal  cells were incubated at 3T for selected intervals in the presence
human fibroblasts were incubated at'@ for 2 h in amedium of 500 nM RAP. Overlying buffer was then removed and subjected

containing 2 ug/mL 129-LDL and various concentrations of to TCA precipitation, whereas cell monolayers were chilled and
unlabeled LDL (A) or DMPC-apoE3 and DMPC-apoE4 (B). The treated with Pronase. Cell surface ligand (Pronase-sensitjvand
ability of HEK-apoE3 to compete with?3-LDL binding was internalized ligand (Pronase-resistaaj,were quantified for cells
compared to those of LDL (A) and DMPC-apoE (B) at identical following Pronase treatment. Dissociated ligand (TCA-precipitable,
concentrations. Data were an average from triplicate determinations.m), as well as degraded ligand (TCA-solub#), associated with
media was also determined. Symbols represent the means of

compared to MEF-1 cells, RAP-inhibitable degradation of triplicate determinations.
129-apoE3 was comparable in LDLR-deficient MEF-3 cells
but significantly less in LRP-deficient MEF-2 cells. The surface binding, followed by incubation at 3¢ for selected
RAP-inhibitable degradation df3-apoE3 was minimal in  intervals to allow ligand uptake and degradation in the
MEF-4 cells, lacking both LDLR and LRP. Similar results presence of .uM RAP. After each interval, media were
were seen whef?9-apoE4 was used as the ligand (Figure removed and subjected to TCA precipitation, whereas cell
6B). Together, these results suggest that lipid-poor, cell- monolayers were quickly cooled to prevent further ligand
secreted apoE assemblies prefer LRP to the LDLR as theinternalization. Cells were then treated with Pronase°a 4
endocytic receptor. to remove residual surface ligand. The partitioning of ligand
As a confirmation that HEK-apoE is not a high-affinity ~after each interval was assessed as described in the Experi-
ligand for the LDLR, the ability of HEK-apoE3 to compete mental Procedures. As shown in Figure 8A, more than 70%
for binding of 1*4-LDL to fibroblasts was compared to LDL  of surface-bound ligand disappeared within the first 10 min.
and DMPC-apoE3 and DMPC-apoE4 (Figure 7). Competi- Concomitantly, ligand was internalized rapidly and reached
tion curves comparing LDLR binding by LDL (Figure 7A) a peak level at 1520 min before subsequently declining.
and dimyristoylphosphatidylcholine (DMPC) vesicles (Figure Ligand appeared in the media simultaneously with the
7B) indicate that both LDL and DMPC vesicles exhibit a disappearance of cell surface ligand. TCA-soluble radioactiv-
clear dose response, with 50% binding inhibition at 3:44 ity (representing degraded ligand) was detected only after a
mL for LDL and 0.039 and 0.036g/mL for E3-DMPC and delay of 15-20 min, consistent with an endocytic trafficking
E4-DMPC, respectively. In contrast, HEK-apoE is a poor and lysosomal degradation. Thus, the kinetic distribution
competitor for bound?¥-LDL and does not reach 50% pattern of*?3-apoE3 during a single cycle of endocytosis is
binding inhibition. These results confirm that HEK-apoE is typical of that of other ligands degraded in a receptor-
not a ligand for LDLR, as suggested by the results in Figure mediated fashion4). When *29-apoE4 was used in the
6. single cycle endocytosis assay, similar kinetics were observed
To confirm that cell-secreted apoE3 is internalized by LRP (Figure 8B). It is interesting to note that when compared to
via a receptor-mediated endocytic pathway, we performed other ligands of LRP [e.g., tissue-type plasminogen activator,
single cycle endocytosis analysé®l-apoE3 (5 nM) was  or tPA (40)], a large portion of intracellular apoE remained
incubated with MEF-1 cells for 1.5 h at4C to allow cell undegraded even after 2.5 h of incubation, suggesting that
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there may be an intracellular retention mechanism that is with lipoproteins and assembly state. ApoE-containing LDL

specific for apoE.

DISCUSSION

and DMPC vesicles bind LDLR, but not LRR,(22, 23).

Only apoE-enriched particle24—26), recombinant apoE
(42), and now HEK-apoE act as ligands for LRP. The
common feature of these apoE assemblies that are ligands

_This paper describes the structure and apoE receptor, | gp s that they are all rich in apoE. The most interesting
binding affinity of apoE assemblies secreted by eukaryotic example of receptor specificity is tjfeVLDL. Native apoE-
cells stably expressing human apoE3 or apoE4 (HEK'aPOE)'containingﬂ-VLDL is a ligand for LDLR but not LRP.

Cell-secreted HEK-apoE isoforms were isolated to homo-

geneity by SEC, and subsequent analysis using a colum

However, apoE enrichment, with either recombinant apoE

"or apoE extracted from nativg-VLDL, converts these

calibrated for molecular mass confirmed a retention time particles to a high-affinity ligand for LRF24, 56). Therefore,

consistent with 366390 kDa assembly. These measured
values are larger than previous reports~#25 kDa using

the inability of apoE on the nativg-VLDL to bind LRP is
not due to any permanent modifications of apoE but rather

SEC analysis for purified recombinant and plasma apoE in 5 5 |ack of an apoE assembly that can be generated in the

agueous solutiongl{—49). However, subsequent sedimenta-
tion equilibrium analysis by analytical ultracentrifugation
(AUC) of recombinant apoE demonstrated an apparen
molecular mass of~134 kDa, suggesting a tetrameric
assembly, the presumed form of purified ap&B) (Although

concentrating the conditioned medium may force some apoE

presence of higher concentrations of ap&B)( Kowal et

al. have suggested that the apoE on fh¥LDL can be
Luactivated” in vivo to become an LRP ligand when the
B-VLDL acquires additional apoE while trapped in the space
of Disse. Supporting this in vivo relevance, studies have
shown that injection of apoE into Watanabe heritable

complexes into higher order structures than would usually pherjinidemic rabbits that lack functional LDLR resulted

be obtained at in vivo concentrations, this possibility is

in a significant and rapid reduction of plasma cholesterol

unlikely as the concentration of apoE even after concentrating|qye|s @4). These results suggest that apoE enrichment of

is still well below those that can result in significant
aggregation under our buffer conditiors0). We have also

carefully compared the elution profiles of unconcentrated and Together with our current study
concentrated media and observed identical results. In general '

the higher molecular mass values predicted by SEC analysi
for apoE may be the result of nonglobular behavior during

chromatographic separation. In the absence of lipid, several
apoE assemblies including tetramers, octamers, and higher

order apoE oligomers in dynamic equilibrium have been
detected by both AUCK1) and fluorescence anisotropyd).

However, HEK-apoE migrates as a single Gaussian peak an

lipoprotein particles occurs in vivo, allowing apoE to
facilitate cholesterol clearance via an LRP-mediated pathway.
it appears that the confor-
mation of apoE induced by its enrichment on lipoprotein
Sparticles or its own self-assembly is required for recognition
by LRP.
The dependence of apoE receptor recognition on the
conformation of apoE is further demonstrated by two recent
publications. Using reduced apoE, Ruiz and co-workers
demonstrated that lipid-free apoE binds VLDLR but not LRP
r LDLR (57). ApoE receptor specificity is further estab-

does not exhibit the broad chromatographic distribution lished by Fryer and co-workers, who demonstrated that

observed with recombinant apoE, suggesting that HEK-apoE
is a stable, homogeneous multimeric assembly. As the

conformation of apoE varies depending on its assembly stat
(50, 53), it is likely that the functional properties of these
different apoE structural assemblies will also vary.

Although HEK-apoE is in the approximate size range of

astrocyte apoE isolated in vitro binds only LDLR and not
other the LDLR family members, including LRP, ER2, and
®VLDLR (58). Clearly, this receptor-dependent specificity for
various forms of apoE requires further investigation to
determine the pattern and function of this selectivity.

In addition to functioning as ligands for LRP but not

HDL when compared to plasma lipoproteins, these as- L DLR, we have previously demonstrated that HEK-apoE3
semblies are virtually lipid-free. In vivo, apoE is detected and HEK-apoE4 assemblies differentially form an SDS-stable
in different "pOprOtEin partiCles. First, the most common Comp|ex with Aﬁ, a property it shares with apoE associated
form of apoE is as a component of several classes of plasmayjith plasma lipoproteinsl@, 17). Indeed, both small, lipid-
lipoproteins, including chylomicron remnants, LDL, and @ poor HEK-apoE3 assemblies and large, lipid-rich plasma
subset of HDL. Secondy-migrating, lipid-poor apoE-  v| DL-containing apoE3 bind A& with a higher affinity than
containing particles in plasma have been described by HuangapoE4 (6, 17), while apoE3 and apoE4 purified from HEK-
and co-workers41). This particle and HEK-apoE are lipid-  apoE and plasma VLDL exhibit a comparable, lower affinity
poor/free and appear to be the same size by SEC. Third, infor Ag (17, 18, 35). That HEK-apoE assemblies exhibit
the CNS, HDL-like spherical apoE-containing lipoproteins fynctions comparable to lipoprotein-associated apoE is
are present in the CSF, and apoE-containing discoidal fyrther suggested by several in vitro models for the role of
lipoproteins are secreted primarily by astrocytes in Vitro apoE in the brain. We have demonstrated that HEK-apoE
(reviewed in ref3). inhibits both A8-induced neurotoxicity and glial-mediated

HEK-apoE acts as a ligand for LRP but not LDLR. inflammation and this inhibition is blocked by RABY, 60).
Members of the LDLR gene family bind apoEgj, although Further, HEK-apoE3 but not HEK-apoE4 supports neurite
the conformation of apoE affects its affinity for the individual sprouting in primary rat cortical neurons (Teter and LaDu,
receptors. In the extreme, purification of apoE and the unpublished observations), as has been described for glial-
removal of lipid abolish its ability to bind LDLR54), while apoE3 and glial-apoE4 particles expressed in hippocampal
reconstitution with lipid restores receptor-binding affinity slice cultures from apoE transgenic animal®)(Murine glial
(55). ApoE can adopt several conformations that influence cells secreting apoE3- but not apoE4-containing lipoproteins
its affinity for specific apoE receptors, including association also promote neurite outgrowttil). In addition, apoE-
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enriched3-VLDL also exhibited this apoE isoform-specific = REFERENCES

effect on neurite outgrowth in a neuronal cell line, and the
effect was demonstrated to require LR®).(Thus, HEK-
apoE mimics the function of a variety of lipoprotein particles

including LRP receptor binding and complex formation with 2.

Ap, functions which may further contribute to the effect of
apoE on A8-induced neurotoxicity and neuroinflammation,
as well as the isoform-specific effect of apoE on neurite

outgrowth. 4.

One of the primary functions of apoE-containing lipopro-
teins in the plasma is the delivery and clearance of lipid,
particularly cholesterol. However, Huang and co-workers
identified ay-migrating, 12 nm lipid-poor apoE-containing
“particle” in plasma that appears to serve as a cholesterol
acceptor 41). A similar process may occur in the CNS.
Following its secretion, apoE and/or apoE-containing CNS
lipoproteins appear to exhibit a paracrine-like function

distributing lipids via binding to cell surface apoE receptors 7.

on neurons and glia. It is possible that when apoE is acutely
produced following injury in the peripheral or CNG, 61—
63), it is secreted in lipid-poor or lipid-free forms. These

apoE assemblies can then take up extracellular lipid for 8.

delivery via apoE receptors to neurons to support regenera-
tion. In addition, apoE-containing CNS particles may also

accept cholesterol from neural cells via ABCA1 transporters 9.

(64, 65). Although the in vivo roles of the LDLR and LRP
in CNS apoE/lipoprotein metabolism are not clear, overex-
pression of LRP in CNS neurons via a transgenic approach

(66) results in a significant decrease in brain apoE levels 10.

(Zerbinatti and Bu, manuscript in preparation).
Taken together, these results suggest that, in addition to

lipid distribution in the CNS, apoE and LRP may play a 11

role in the clearance of apoEfAcomplexes12, 14, 15, 18),

similar to the clearance af,-macroglobulin/48 complexes 12.

by LRP (14, 67). Although apoE3 and apoE4 exhibit a
similar affinity for cell surface receptors, because apoE3 has
a greater affinity for 4, apoE can potentially mediate the
catabolism of 4 in an isoform-specific manner. The fact
that HEK-apoE is a ligand for LRP and exhibits isoform-
specific binding to 4 suggests that these apoE assemblies
are a viable reagent for further investigation of the role of
apoE isoform and assembly state on apoE receptor-mediated
clearance of A&, studies that may give insights into the
pathogenesis of AD. In addition, these results contribute to

13

the growing body of evidence that the conformation of apoE, 15.

as induced by assembly state, lipidation, or experimental
conditions, significantly affects the receptor specificity of
apoE 67, 58). Thus, in designing future experiments on the 14
biological role of apoE, the form of apoE is critically
important to any results that are influenced by apoE receptor
specificity.
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