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The structure of human apolipoprotein E2, E3 and E4 in solution
1. Tertiary and quaternary structure
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Abstract

Three recombinant apoE isoforms fused with an amino-terminal extension of 43 amino acids were produced in a heterologous expression
system in E. coli. Their state of association in aqueous phase was analyzed by size-exclusion liquid chromatography, sedimentation velocity
and sedimentation equilibrium experiments. By liquid chromatography, all three isoforms consisted of three major species with Stokes radii
0f 4.0, 5.0 and 6.6 nm. Sedimentation velocity confirmed the presence of monomers, dimers and tetramers as major species of each isoform.
The association schemes established by sedimentation equilibrium experiments corresponded to monomer—dimer—tetramer—octamer for
apoE2, monomer—dimer—tetramer for apoE3 and monomer—dimer—tetramer—octamer for apoE4. Each of the three isoforms exhibits a
distinct self-association pattern. The apolipoprotein multi-domain structure was mapped by limited proteolysis with trypsin, chymotrypsin,
clastase, subtilisin and Staphylococcus aureus V8 protease. All five enzymes produced stable intermediates during the degradation of the
three apoE isoforms, as described for plasma apoE3. The recombinant apoE isoforms, thus, consist of N- and C-terminal domains. The
presence of the fusion peptide did not appear to alter the apolipoprotein tertiary organization. However, a 30 kDa amino-terminal fragment
appeared during the degradation of the recombinant apoE isoforms resulting from cleavage in the 273—278 region. This region, not
accessible in plasma apoE3, results from a different conformation of the C-terminal domain in the recombinant isoforms. A specific pattern
for the apoE4 C-terminal domain was observed during the proteolysis. The region 230—260 in apoE4, in contrast to that of apoE3 and apoE2,
was not accessible to proteases, probably due to the existence of a longer helix in this region of apoE4 stabilized by an interdomain
interaction.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The 34.2 kDa apolipoprotein E (apoE) is a key
participant in cholesterol metabolism and transport both in
plasma and brain due to its interaction with several

Abbreviations: apoE, apolipoprotein E; CT domain, carboxyl-terminal
domain; DTT, dithiothreitol; LDL, low-density lipoprotein; NT domain,
amino-terminal domain; Rg, Stokes radius; 7, elution volume.
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receptors, the most common being the LDL-receptor [1]
and the LDL-receptor-related protein [2]. ApoE possesses a
genetic polymorphism due to a single arginine—cysteine
interchange. Three common isoforms, apoE2, apoE3 and
apoE4, are the products of three alleles of the APOE gene.
ApoE2 (Cys112, Cys158) displays defective receptor bind-
ing and is associated with type III dyslipidemia [3,4].
ApoE3 (Cysl12, Argl58) is the most common isoform,
whereas apoE4 (Argl12, Argl58) has been associated with
late-onset Alzheimer’s disease [5]. The three apoE isoforms
differ drastically in their distribution among lipoproteins, in
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their binding to P-amyloid peptide [6—8] and in their
influence on neuronal growth and regeneration [9].

Plasma apoE3 is composed of two domains with differ-
ent stabilities to denaturant [10,11] that are linked via a
protease-sensitive loop. The 22 kDa amino-terminal domain
(NT domain, residues 1—191) contains the LDL receptor-
binding site [12—17] and the heparin-binding site [18] and
has weak lipid-binding capability [4]; the 10 kDa carboxyl-
terminal domain (CT domain, residues 210—-299) accom-
modates high-affinity lipid-binding sites and apoE self-
association sites [10,11,19]. Crystallographic structures of
the NT domains of the three apoE isoforms have been
obtained and modeled by a four-helix bundle of amphipathic
a-helices [20], the most significant differences appearing to
be confined to helix 3 of apoE2. In comparison to apoE3,
the apoE4 NT domain has an additional salt bridge between
Argl12 and Glul09, causing a displacement of the Arg6l
side chain [21]. Studies of recombinant mutants have
provided evidence of a domain interaction [22]. The free
energy of stabilization of the apoE NT domain is approx-
imately 10 kcal/mol, similar to that of globular proteins. A
recent study has demonstrated that the NT domains of the
three isoforms [23] as well as the intact isoforms [24] have
different stabilities to Gdn—HCI- and temperature-induced
denaturation. The presence of a partially folded intermediate
for NT domain of apoE4 unfolding has been suggested [23].

Unlike the NT domain, the structure of the CT domain of
apoE is unknown although a proteolytic fragment compris-
ing residues 223—-272 has been crystallized [25]. It bears a
lower free energy of stabilization, comparable to properties
of other apolipoproteins [11]. Residues 267-299 are
responsible for apoE self-association, while residues 245—
266 determine lipoprotein-binding preferences [10,18,19,
26]. Both plasma apoE3 [10] and an apoE of unspecified
phenotype [19] associate in aqueous phase primarily as
tetramers and, more recently, a monomer—tetramer—multi-
mer equilibria has been suggested [27,28]. There is only one
comparative study on the association of two recombinant
apolipoprotein isoforms in a lipid-free environment. ApoE3
and apoE4 existed as slow-equilibrium mixtures of mono-
mers, tetramers, and octamers, with a small proportion
of higher oligomers. ApoE4 had a greater propensity to
self-associate [29]. Also, the N-terminal-truncated apoE4
(72-299) showed a wider and more complicated species
distribution compared to apoE3 (72-299) [30]. Two differ-
ent models describe apoE tetramerization mediated by
the CT domain, a four-helix bundle [10] and a dimer of
dimers [31].

The use of three recombinant apoE isoforms allowed us
to compare for the first time the association schemes for all
three apolipoproteins in aqueous solution by performing
size exclusion gel chromatography, sedimentation velocity
and sedimentation equilibrium experiments. Secondly, a
study of the domain structure of the three apoE isoforms
by limited proteolysis confirmed a two-domain organiza-
tion of all the proteins and revealed some peculiarities in

apoE4 tertiary structure. In an accompanying paper, the
relationship of the secondary and tertiary structure to the
stability of the three isoforms to chemical denaturation and
temperature is described. Together, these data underline the
structural peculiarities that result in different functions of
these apoE isoforms.

2. Materials and methods
2.1. Preparation of apoE

Human plasma apoE3 was prepared as described
previously [32]. The three recombinant apoE isoforms were
prepared as described previously [33,34]. The proteins were
expressed with a fused peptide of 43 amino acids, which
carries a polyhistidine cluster used for metal chelating
affinity chromatography. The fusion peptide was not
cleaved and the molecular masses of the recombinant apoE
isoforms were 39 kDa. The purification was carried out
under denaturing conditions in a single step by a decrease of
pH. The purified proteins were lyophilized and stored at a
concentration of 1 mg/ml in 100 mM NH4HCO3;. The purity
of the proteins was evaluated by SDS-PAGE and mass
spectrometry. To eliminate aggregates that may accumulate
during storage of apolipoprotein solution, the apoE before
use was denatured in 6 M guanidine hydrochloride, 10 mM
Tris—HCI pH 8.0, 1 mM EDTA, 2% {-mercaptoethanol by
incubation overnight at 4 °C. The apolipoprotein solutions
were then dialyzed extensively against 100 mM NH4HCOs,
mM B-mercaptoethanol. Protein concentrations were deter-
mined by measuring the absorbance at 280 nm in the
presence of 6 M guanidine hydrochloride, 2% {-mercap-
toethanol [35] and with the Protein Assay ESL kit
(Boehringer Mannheim, Mannheim, Germany).

2.2. Gel permeation chromatography

The experiments were carried out with a column (1 x 30
cm) of Superose 12 (Pharmacia Biotech, Upsalla, Sweden)
equilibrated with 100 mM NH4HCO;, 1 mM P-mercap-
toethanol at a flow rate of 0.5 ml/min at 4 °C. The column
was calibrated with proteins of known Stokes radii Rg
[36]. The total volume, V;, and the exclusion volume, V,
of the column were determined with NaNO; and Blue
Dextran, respectively. A calibration curve was constructed
as described by Uversky [37] and gave the following
relationship:

1000
Ve

The diffusion coefficients, D, were estimated from
protein Rg values by Eq. (2):

= 0.615-Rg + 58.66 (1)

kT
N 61T'11'RS

(2)
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where k is the Boltzmann constant (1.38:10" "® ergdeg™ "), T

is the experimental temperature (293.2 K) and # is the solvent
viscosity (1.015 cP) at a temperature 7. The experiments were
performed 3 times and they were entirely reproducible.

2.3. Analytical ultracentrifugation

Sedimentation velocity and sedimentation equilibrium
experiments were performed in a Beckman Optima XL-A
analytical ultracentrifuge at 4 °C in 100 mM NH4HCO3;, 1
mM R-mercaptoethanol using an An-60 Ti rotor and XL-A
Data Analysis Software. Protein concentrations were 0.35
mg/ml for apoE2 and apoE3 and 0.25 mg/ml for apoE4.
Sedimentation velocity experiments were performed twice at
60,000 rpm for 3 h. Scans through the cell were recorded
every 6 min providing time-dependent profiles of the change
in the absorbance at 280 nm. The values for the sedimenta-
tion coefficients, s, and the number of components were
determined by a time derivative of the concentration profile
to calculate the apparent sedimentation coefficient profile,
2(s*) [38], and the accuracy was verified by the residuals. A
technique of modeling of the g(s*) distribution with
Gaussians to obtain a molar mass estimate has been used
also by Philo [39] and it has been argued [40] that the results
from the g(s*) modeling are conceptually similar to more
complex analysis that deconvolutes diffusion effects [41].
The apparent s values were corrected for the temperature and
solvent to standard conditions with Eq. (3):

. nT,w.ns.(l - 7'p20,w)
Moo (1 =7 prs)

where s, 1S the observed sedimentation coefficient in a
particular solvent and temperature, 17, (1.567 cP) and 150 v
(1.002 cP) were the water viscosities at the experimental
temperature 7' (4 °C) and at 20 °C, respectively, 15 and 7,
were the viscosity of the solvent and water at a standard
temperature (175/1,=1.013 at 20 °C), p,¢. is the density of
water at 20 °C (0.998234 g/l) and p 7 is that of the solvent at
4 °C (1.00272 g/1), v is the partial specific volume of apoE
calculated from its amino acid composition (SEDNTERP
program by John Philo) for a particular temperature (0.720
ml/g at 4 °C and 0.726 ml/g at 20 °C). Diffusion coefficients
were calculated from the sedimentation velocity data using
the SVEDBERG program by John Philo (http://www.jphilo.
mailway.com). The values of the diffusion and sedimentation
coefficients permit an estimation of the molecular mass of
each species in solution using Eq. (4):

3)

$20,w = Sobs

RT:s

MM =——"" .
D-(1=v-p)

(4)

Sedimentation equilibrium experiments for each isoform
were performed once at three different speeds 8000, 10000
and 14000 rpm, each for 24 h. As a last step, centrifugation
at 42,000 rpm was performed for 3 h. Scans at 280 nm were
recorded along the cell each 2 h until there were no further

changes in the scans and the data were analyzed under
equilibrium conditions. The base line, corresponding to the
absorption of the buffer without protein, was subtracted.
The profiles were analyzed with Beckman XL-A Data
Analysis, XL-A UltraScan (Borries Demeler) and custom
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Fig. 1. Elution profiles of the three recombinant apoE isoforms upon gel
filtration on a Superose 12 column. The column was equilibrated with 100
mM NH4HCO; and 1 mM p-mercaptoethanol at 4 °C with a flow rate of
0.5 ml/min. 20 pg of each apoE isoform at a concentration 1 mg/ml were
loaded on the gel. (A) ApoE2, (B) apoE3, and (C) apoE4.
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written software, which provided an association model for
the apolipoproteins. Representative results are shown but
the interpretations were similar in all cases.

2.4. Proteolysis experiments

Proteolytic enzymes were frozen in water solution at
—80 °C. Proteolyses were performed as previously
described [11] and they have been reproduced at least 3
times for each isoform. The three apoE isoforms were
diluted in 100 mM NH4HCO3, 1 mM P-mercaptoethanol
to a concentration of 0.2 mg/ml. The time course of
hydrolysis was followed by incubation of the apolipopro-
tein with the various proteolytic enzymes at different
concentrations at room temperature. At each time point an
aliquot of the reaction mixture was adjusted to 1 mM
phenylmethanesulfonyl fluoride to inhibit the protease
(trypsin, chymotrypsin, elastase and subtilisin) and then
frozen in dry ice and stored at —20 °C until analysis,
except in the case of S. aureus V8, where the reaction was
terminated by freezing in liquid nitrogen followed by
immediate analysis. The reaction products were separated
by SDS-PAGE on a 15-20% gradient polyacrylamide gel
adapted from the Laemmli method, but substituting 2-
amino-2-methyl-1,3-propanediol for Tris. The protein bands
were stained with Coomassie Blue R-250. Immunoblotting
was performed with three mouse anti-apoE monoclonal
antibodies 3B7, 1D7 and 3HI1 characterized previously
[18,42]. These antibodies were the gift of Drs. R. Milne
and Y. Marcel of the Hearth Institute, University of
Ottawa, Canada. The second anti-mouse antibody used
was from Pierce (Rockford, IL, USA).

3. Results
3.1. Gel filtration study

In 100 mM NH4HCO3, 1 mM P-mercaptoethanol, the
three recombinant apolipoprotein E isoforms (apoE2, E3

and E4) separated into at least five species; the representa-
tive profiles are given in Fig. 1. The first peak (with an
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elution volume of 8 ml) eluted in the void volume and was
composed of a small amount of protein aggregates that
extensively scattered light. The second peak, which was the
major protein-containing peak representing up to 65% of the
soluble species in apoE2 and apoE4, had an elution volume
0f 9.5— 10 ml corresponding to the Rg values of 6.6—7.7 nm
(Table 1). The two following peaks, with elution volumes of
11-12 ml, contained species with Rg values of approx-
imately 5.0 and 4.0 nm, respectively. These species were
minor components in apoE2 and apoE4 solutions while a
component with an Rg of approximately 4.0 nm represented
50% of the soluble protein in apoE3 solutions. The last peak
with an elution volume of 13 ml, which was relatively
abundant, did not contain any protein following analysis by
SDS-PAGE (data not shown). In comparison, solutions of
human plasma apoE3 at a concentration of 0.5 mg/ml
contained mainly tetramers [10,19] with a Stokes radius at
6.6 nm. Thus, the species with Rg values of 6.6—7.7 nm
corresponded to apoE tetramers whereas the species with Rg
values of 4.7-5.2 and 4.0-4.1 nm represented structures
that were less self-associated. Gel filtration of the three
recombinant proteins and human plasma apoE3 on a
TSK3000SW column at 20 °C gave similar results to those
obtained at 4 °C (data not shown). Based on the Rg values,
the diffusion coefficients D,q,, were calculated for these
structures (Table 1). The estimation of the D value from Rg
has been found to be quite reasonable in a previous study of
apoE3 [10].

From the standard curve for globular proteins, the Rg
value of 6.6 nm would correspond to a molecular mass of
300 kDa, much larger than that of the plasma apoE tetramer,
i.e. 136 kDa measured by other independent approaches
[10]. The elongated shape of apoE seems to be responsible
for this discrepancy, apoE being characterized by a frictional
ratio f/fy of 1.79 [10]. To define more precisely the
association state of three apoE isoforms in solution, their
behavior was analyzed by analytical ultracentrifugation.

3.2. Sedimentation velocity experiments

The shape of the boundary between protein-free and
protein-containing zones was dependent on the time of

Table 1
Hydrodynamic properties and molecular masses of three recombinant apoE isoforms in aqueous solution
apoE2 apoE3 apoE4

1 2 3 1 2 3 1 2 3
Rs, nm 7.31 4.74 4.10 6.64 4.98 4.05 7.67 5.20 3.96
20w S 5.65 3.68 2.64 5.61 3.35 1.96 5.51 3.80 2.87
Do 1077 cm? 571 (a) 3.08 4.03 5.23 3.03 4.08 5.10 3.00 424 522
Do 1077 cm? s7 1 (b) 2.93 451 5.22 322 430 5.28 2.79 4.11 5.40
MM, Da 171,100 91,800 44,900 153,500 69,300 32,400 175,800 81,900 47,600

The data are given for three major structures in the solution of each protein. Stokes radii Rg were determined by size exclusion chromatography on a Superose
12 column. Diffusion coefficients D5, were determined from the sedimentation velocity data (a) or were calculated from Rg values (b) by Eq. (2).
Sedimentation coefficients s5,,, were determined from the analysis of the distribution of the sedimentation coefficients, obtained from profiles in sedimentation

velocity experiments. Molecular masses were estimated by Eq. (4).
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centrifugation (Fig. 2). The presence of the different
species can be qualitatively verified: a slowly sedimenting
part of the boundary observed at absorbances below 0.3, a
rapidly spreading heterogeneous boundary between 0.3
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Fig. 2. Time-dependent mass distributions of the apoE isoforms upon
analytical ultracentrifugation. Profiles were recorded during sedimentation
velocity experiments at 60,000 rpm, 4 °C in 100 mM NH4HCO; and 1 mM
3-mercaptoethanol. (A) ApoE2, 0.35 mg/ml, (B) apoE3, 0.35 mg/ml, and
(C) apoE4, 0.25 mg/ml.

and 0.6, and a strong depletion of the solution plateau
indicating larger species. The time derivative method
g(s*) was applied to analyze the sedimentation velocity
data (Fig. 3), in which six components were demonstrated
after deconvolution. Analogously, Perugini et al. [29]
observed five species for apoE3 and apoE4 by continuous
size distribution analysis. Each apoE isoform included one
major species with a sedimentation coefficient, s50.
between 5.5 and 5.7 S. This component represented
70%, 54% and 55% of the soluble protein for apoE2,
apoE3 and apoE4, respectively. The sedimentation coef-
ficients for the three most prominent structures, corrected
for the density of the solvent and the solution viscosity,
are given in Table 1. The diffusion coefficients deter-
mined from the sedimentation velocity data (Table 1) are
in good agreement with those calculated from the Rg
values. From the s and the D (calculated from Stokes
radius) values, the molecular masses of each of the major
species for the apolipoproteins in solution were calculated
(Table 1). The three major species were characterized by
molecular masses between 153.5 and 175.8 kDa, 69.3 and
81.9 kDa and 32.4 and 47.6 kDa, respectively. These
analyses confirmed the presence of a 156-kDa tetramer as
the major soluble species. The species with smaller s and
Rg values possessed the molecular masses corresponding
to dimers and monomers of recombinant apoE.

3.3. Analysis of equilibrium sedimentation

To further analyze the self-association state of apolipo-
protein E isoforms, equilibrium sedimentation analysis was
performed (Fig. 4). The best fit of the experimental data
corresponded to a monomer—dimer—tetramer equilibrium
for apoE3, a monomer—dimer—tetramer—octamer equili-
brium for apoE2 and a monomer—dimer—tetramer—octamer
equilibrium for apoE4 (Fig. 4). The association constants for
the self-association models are given in Table 2. The
sedimentation equilibrium experiments revealed different
self-association states for the recombinant apoE isoforms as
compared to that of human plasma apoE3 which was found
to exhibit a tetramer—octamer association at 0.5 mg/ml in
aqueous solution. The apoE2 and apoE4 solutions contained
some higher molecular weight structures that were larger
than tetramers and that did not exist in apoE3 solutions. This
conclusion is supported also by sedimentation velocity
experiments (Fig. 3) whereas the gel filtration data were not
as clear, probably, due to different s(~M>?) and Rg(~M"?)
dependencies on molecular size [41] and a shift of the
equilibrium to a less associated structure upon dilution of
the protein during size exclusion chromatography. However,
a deconvolution of the elution profiles into several
Gaussians revealed the presence of at least one species
intermediate in size between the aggregates and a tetrameric
form.

Using the association constants reported in Table 2,
the distributions of the oligomeric species were calculated
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Fig. 3. Distribution of the species of the apoE isoforms in aqueous solution depending upon their sedimentation coefficient. (A) ApoE2, (B) apoE3, and (C)
apoE4. Upper part, time derivative profile g(s*) and deconvolution with Gaussians. Lower part, residuals.

for the concentrations at which the gel filtration and the
sedimentation velocity experiments were performed and
these predicted values were compared with those
observed experimentally. First and most important, the
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Table 2
Association constants for the modeling of apoE2, apoE3 and apoE4 self-
association obtained from sedimentation equilibrium data

Kio MY Kia M) Kis M)
apoE2 6.42x 10* 1.97x10'® 3.24%x 10
apoE3 2.66 x 103 6.69 % 10'° -
apoE4 228 % 10° 3.68 x 10" 3.80 x 10*

octamers should account for 65% and 71% of the apoE2
and apoE4 oligomers, respectively, in reasonable agree-
ment with the 67% and 63% actually measured by
sedimentation velocity. For gel filtration, the models
predict 85% and 90% of the protein in the form of
tetramers and octamers for apoE2 and apoE4, respec-
tively, as compared to 70% and 71% actually measured.
The decreased amounts measured could be related to the
dilution. Monomers and dimers are predicted and
measured to be less than 35% of the oligomeric species
of apoE2 and apoE4. In contrast, monomers and dimers
are predicted to represent 40—50% of apoE3 oligomers,
in excellent agreement with the 44% observed by gel
filtration. The measured value of about 25% measured by
sedimentation velocity may be due to increased oligome-
rization during sedimentation. This discrepancy between
the predicted and the measured amounts of monomers
and dimers also exists for apoE2 and apoE4 but it is
markedly less than in the case of apoE3 (approximately
32% predicted versus 23% measured).

3.4. Proteolysis study

The accessibility of the different proteases to their
potential cleavage site(s) is determined by the tertiary
structure of the protein that, in turn, may be influenced by
the fusion peptide in this study. Five proteolytic enzymes
with different specificities were used: trypsin (arginine
and lysine), chymotrypsin (tyrosine, phenylalanine, tryp-
tophane and leucine), elastase (alanine and valine),
subtilisin (non-specific residue, but charged amino acids
preferred) and Staphylococcus aureus V8 protease (gluta-
mic acid) [43]. All five enzymes produced stable
intermediates upon proteolysis of plasma apoE3 [11].
The formation of stable intermediates composed of two
groups of fragments was observed upon proteolysis of the
recombinant apoE isoforms (Fig. 5). The first group
appeared to be composed of fragments corresponding to
an amino-terminal domain; this judgement was based
upon apparent molecular masses between 38 and 20 kDa
and the interaction with either the 3B7 or 1D7 anti-apoE
monoclonal antibody (Table 3). The second group
included fragments with apparent molecular masses less
than 16 kDa that interacted with the 3H1 anti-apoE
monoclonal antibody thus indicating that these fragments
were part or all of CT domain (Table 3). The presence of
the fusion peptide thus seems not to change the tertiary
organization of apolipoprotein E.
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Fig. 5. Time course of recombinant apoE3 limited proteolysis by various
proteolytic enzymes as assessed by SDS-PAGE on a 15-20% gradient
polyacrylamide gel. Molecular weight markers on the first lane corre-
sponded to 94-66-43-30-20.1-14.4 kDa. Arrows indicate molecular masses
of some fragments. Limited proteolysis by (A) chymotrypsin (enzyme-to-
substrate ratio E:S=1:200, w/w); (B) trypsin (E:S=1:2000, w/w); (C)
elastase (E:S=1:150, w/w); (D) subtilisin (E:S=1:5000, w/w); and (E)
S. aureus V8 protease (E:S=1:30, w/w).
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Table 3
Summary of fragment analysis from limited proteolysis of recombinant
apoE3

Probable
identification

Molecular ~ Monoclonal antibody
mass, kDa  reactivity

3B7 1D7 3H1

Trypsin 36.0 + + + 24-342
30.5 + + + 45-317
28.5 + + — 3-249
27.5 + + — 3-234
26.0 + + - 3-223
23.5 ND ND ND 24-223;

45-249
19.0 ND ND ND 45-223
13.0 - - + 234-342
11.0 — — + 268-342

Chymotrypsin ~ 38.0 27-342
32.0 64-342
30.0 1-257;

64-319

26.3 27-257

23.0 1-198;
64-257

17.8 64-217
16.1 64-198
11.8 242-342
10.8 247-342
8.9 258-342

Elastase 38.0 + + + 14-342
34.0 + + + 40-342
31.0 + + - 1-259
30.0 + + — 1-242
26.0 + + - 14-236
25.0 ND ND ND 39-259
23.0 ND ND ND 46-236
20.0 ND ND ND 46-218
12.5 — — + 236-342
11.5 — — + 259-342

Subtilisin 37.5 17-342
34.5 42-342
31.0 1-255
25.5 17-237,

42-262
24.4 17-230;
42-255
222 42-237,
62-255
20.7
13.7
12.1 238-342
11.0 249-342

S. aureus V8 34.0 47-342
28.0 1-248
27.0 1-229
24.0 56-262
23.1 56-248
21.0 56-229
20.3 56-222
18.2 56-211;

63-222
11.2 249-342
9.5 263-342

Compared to the plasma apoE3 digestion profile, the
number and the apparent size of carboxyl-terminal frag-
ments obtained with the recombinant apoE3 were the
same, which suggest similarly located cleavage sites in the
proteins. On the other hand, the number of amino-terminal
fragments obtained with the recombinant apoE3 isoform
was greater than that obtained with plasma apoE3. Also
some of the amino-terminal fragments possessed an
apparent molecular mass greater than those obtained for
plasma apoE3 apparently due to the presence of the fusion
peptide. Proteolysis of the hinge region appeared to occur
before cleavage of sites within the fusion peptide. A 30-
kDa fragment appeared during proteolysis with trypsin and
elastase, which was recognized by all three monoclonal
anti-apoE antibodies (Table 3). Its size and immunoreac-
tivity suggested that an accessible cleavage site was
located in the region 273-278. Based upon results with
nuclear magnetic resonance this region is believed to form
a bend [44]. This region was not accessible in the plasma
apoE3. All amino-terminal fragments of the plasma apoE3
had carboxyl-terminal extremities located in the hinge
region 167-210 [11]. The digestion profiles of recombi-
nant apoE2 and apoE4 were very similar to that of
recombinant apoE3 and included two groups of stable
fragments. The first group consisted of fragments with
apparent molecular masses between 38 and 20 kDa that
interacted at least with either the 3B7 or the 1D7
monoclonal antibody. The second group contained frag-
ments with apparent molecular masses smaller than 16 kDa
that were recognized by the 3H1 antibody. The accessible
cleavage sites of all five proteolytic enzymes in recombi-
nant apoE2 were identical to those in recombinant apoE3.
The principal sites were located in the hinge region and in
the fusion peptide. The bend in the carboxyl domain
(273-278 region) was also accessible in the recombinant
apoE2.

The amino-terminal fragments of the recombinant apoE4
isoform were very similar in size and in number to those
obtained with the other apoE isoforms suggesting that
similar cleavage sites were accessible in this part of the
protein molecule. However, both the number and the
apparent molecular masses of the carboxyl-terminal frag-
ments differed from those of recombinant apoE2 or apoE3.
Depending on the enzyme, one or four fragments appeared
with apparent molecular masses in the range of 16 to 10 kDa
(Table 4). The localization of these fragments was deduced
from the apparent molecular masses. 16 or 14 kDa
fragments appeared initially which were subsequently
degraded to fragments with molecular masses of 12 to 10
kDa. The region from residue 202 to 224 was cleaved
initially and then the region between the residues 230 and
260 was attacked. In contrast, in the apoE3 or the apoE2
isoforms this second 230-260 region was preferentially
cleaved and the 16 or the 14 kDa carboxyl-terminal
fragments did not appear. It appears that this region in the
apoE4 molecule, as compared to apoE3 and apoE2, was not
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Table 4
Analysis of carboxyl-terminal fragments in limited proteolysis of recombi-
nant apoE4

Molecular mass, kDa Probable identification

Trypsin 15 210 or 214-342

12 234-342

10 250-342
Chymotrypsin 14 217 or 224-342

12 242-342

10 258-342
Elastase 16 202-342

15 212-342

14 218-342

10 259-342
Subtilisin 14 223-342

12 238-342
S. aureus V8 16 211-342

14 222 or 229-342

12 249-342

10 263-342

easily accessible to different proteolytic enzymes, i.e. it was
protected or stabilized.

4. Discussion
4.1. Self-association

The association states of three recombinant apoE iso-
forms were analyzed by three different techniques that
allowed, firstly, to establish the role of the NT domain of
apoE and, secondly, to compare the association states of the
recombinant apoE isoforms with each other and to human
plasma apoE3.

The self-association of all three recombinant apoE
isoforms was different from that of plasma apoE3. Both
by gel filtration and by sedimentation velocity, plasma
apoE3 seemed to exist mainly as tetramer whereas all three
recombinant apolipoproteins displayed additional hetero-
geneity. A tetramer for plasma apoE of unspecified
phenotype [19], a tetramer—octamer association for plasma
apoE3 [10] and a more complex association scheme that
included native and partially denatured tetramer and
monomer for the plasma apolipoprotein [27,28] have been
previously described. However, the recombinant apoE
isoforms in our study presented more complex association
schemes that included octamer, tetramer, dimer and
monomer. The different temperatures used in these studies
do not seem to contribute significantly to the different self-
association schemes of plasma and recombinant apolipo-
proteins. The presence of smaller species in the association
schemes in the current study seemed to be a characteristic
feature of the recombinant apoE isoforms, which contain an
amino-terminal extension of 43 amino acids. In another
study with recombinant apoE3 and apoE4, dimers were not
observed and the authors suggested the existence of a slow
equilibrium between monomer, tetramer and octamer, with

apoE4 being more associated [29]. However, the N-
terminal-truncated apoE3 (72-299) existed as a major
species with a s value of 5.9 S, apoE4 (72—-299) showed a
wider and more complicated species distribution [30]. The
addition of a fused peptide in the NT domain appears to
induce some changes in the properties of the carboxyl-
terminal domain. The two compact apoE structural domains
are separated by a hinge region but some interactions may
exist between them [22]. The presence of the fused peptide
in the NT domain could disturb the interactions between N-
and C-terminal domains. Indeed, it has been shown that a
Glu3 — Lys mutation induced an increased affinity for the
LDL receptor [12,16]. Although this residue is localized
within a non-structured region (the first a-helix consists of
GIn24 to Thr42), it is very important in LDL-receptor
binding. However, the major structural and functional
features found in plasma apoE3 seem to be conserved in
the recombinant apolipoproteins. For example: (1) the
apoE3 and apoE4 recombinant apoE isoforms possessed
LDL-receptor binding activity similar to that of plasma
apoE3 [33], whereas apoE2 did not bind; (2) the presence
of the fused peptide did not induce a greater sensitivity to
proteases within either the C- or N-terminal domains,
reflecting the integrity of a compact structure for these
domains; and (3) the fused peptide did not drastically
reduce the immunoreactivity of the CT domain-specific
antibody 3H1 toward the epitope within the 243-272
region [33]. Also, the additional uncleaved or residual N-
terminal sequence of variable length did not influence the
functional and structural properties of recombinant apoA-I
[45] and apoE [46]. The self-association of plasma apoE
has been shown to be a property of the CT domain, the
amino-terminal domain remaining monomeric even at high
protein concentrations [10]. The tetramer formation medi-
ated by the CT domain was suggested to proceed through a
four-helix bundle [10] or an intermolecular coiled-coil [31]
where the tetramer may be modeled as a dimer of dimers
with a parallel or an anti-parallel alignment. The segment
that bears a propensity to form coiled-coil helices in the CT
domain is composed of residues 218—266 and coincides
with the putative lipoprotein-binding sequence. A coiled-
coil homodimer upon juxtaposition with a neighboring
dimer could promote formation of a four-helix bundle via
residues 267-299 [31]. It should be noted that a possibility
for coiled-coil formation in the NT domain was also
suggested by these authors. The observation of a dimer in
our study supports the contribution of a coiled-coil
structure in apoE self-association.

ApoE polymorphisms clearly influence the self-associ-
ation of the apolipoprotein in aqueous solutions. As
assessed by size exclusion liquid chromatography, apoE2
and apoE4 are predominantly composed of tetramers (65%
of the total soluble species), whereas recombinant apoE3
showed one monomeric, 4.0-nm species that represented
50% of the soluble species. This tendency of apoE2 and
apoE4 to self-associate as high-molecular weight oligomers
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has been confirmed also by sedimentation equilibrium
analysis. The association schemes for apoE2 and apoE4
included octameric species, while the equilibrium distribu-
tion of apoE3 was fitted well by a monomer—dimer—
tetramer association scheme. By sedimentation velocity
analysis, the three proteins presented a major soluble
species with a sedimentation coefficient between 5.5 and
5.6 S, corresponding to tetramers. However, higher
molecular mass oligomers with the s values as 7.6—8.4
S and 8.6-9.4 S were also evident by g(s*) analysis and
their size and content varied between three isoforms. The
differences between apoE2 and apoE4 on the one hand and
apoE3 on the other were supported by the good general
agreement between the calculated (from the association
constants determined by sedimentation equilibrium) and
the measured (gel filtration and sedimentation velocity)
amounts of tetrameric and larger species. However, the
amount of monomer measured by sedimentation velocity
was less than predicted for all the isoforms. The isoforms
differed however in that this difference was more marked
in the case of apoE3 than for apoE2/E4. An uncoupling,
on the time scale of the sedimentation, of the rapidly
sedimenting oligomers from the slower sedimenting
components [29] might partially explain this difference.

4.2. Domain organization

The existence of two domains seems to be a character-
istic feature of the structure of exchangeable apolipopro-
teins such as apoA-I and apoE [47]. The analysis of the
domain organization within the three recombinant apoE
isoforms was studied by limited proteolysis. The fusion
peptide did not influence the CT domain whereas it had an
effect on the NT domain. Proteolysis within the fusion
peptide began after the cleavage of the hinge region,
extending the available sites compared to the profile
described for plasma apoE3 [11] although the basic
domain structure was preserved. In all three recombinant
isoforms digested by trypsin and elastase, a cleavable site,
not accessible in plasma apolipoprotein E3 and in addition
to the hinge region 167-210 [11], was revealed in the
region 273-278 which forms a bend in plasma apoE3. A
specific organization of the apoE4 CT domain was found.
The presence of stable 16—14 kDa C-terminal fragments
that did not exist in the two other isoforms suggested a
different tertiary structure of the CT domain in apoE4 as
compared to apoE2 and apoE3. The NT domains of the
three apoE isoforms have been crystallized [20]. However,
crystallographic data on the CT domains or the whole
apoproteins are lacking. The presence of a positive charge
at position 112 in apoE4 compared to apoE3 due to the
cysteine—arginine interchange could create a salt bridge
with the glutamic acid residue at position 109, which does
not exist in other isoforms. This salt bridge in apoE4
results in a more exterior location of the side chain of
Arg61 adjacent to residue 112 [20]. This arginine 61 has

been shown to be a critical residue in the different
distributions of the various apoE isoforms among lip-
oproteins [21] due to the interaction with glutamic acid
255 in CT domain [22]. This interaction may stabilize an
extended helical structure in the CT domain and induce the
preferential binding of apoE4 to VLDL. Segrest et al. have
suggested that the length of the amphiphatic a-helix is an
important determinant of lipoprotein association [48].
Arginine 61 does not interact with glutamic acid 255 in
apoE3 or apoE2 and, in these cases, the shorter helix
would bind preferentially to HDL. Our results seem to
confirm the higher stability of the region in the vicinity of
glutamic acid 255 in apoE4 since 230-260 region was
protease-resistant in apoE4 but not in apoE3 or apoE2.
These results confirm the domain interaction in apoE4.
Other studies, however, suggest that this interaction exists
only in lipid-bound state of this isoform [23].

In conclusion, we have shown here novel apoE isoform-
specific self-association schemes and interdomain interac-
tions. The secondary and tertiary structures of the three
recombinant isoforms are analysed in more detail in a paper
that follows [49].
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