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Abstract Conserved lysines and arginines within amino
acids 140-150 of apolipoprotein (apo) E are crucial for the
interaction between apoE and the low density lipoprotein
receptor (LDLR). To explore the roles of amphipathic -
helix and basic residue organization in the binding process,
we performed site-directed mutagenesis on the 22-kDa frag-
ment of apoE (amino acids 1-191). Exchange of lysine and
arginine at postions 143, 146, and 147 demonstrated that a
positive charge rather than a specific basic residue is re-
quired at these positions. Consistent with this finding, sub-
stitution of neutral amino acids for the lysines at positions
143 and 146 reduced the binding affinity to about 30% of
the wild-type value. This reduction corresponds to a de-
crease in free energy of binding of ~600 cal/mol, consis-
tent with the elimination of a hydrogen-bonded ion pair
(salt bridge) between a lysine on apoE and an acidic residue
on the LDLR. Binding activity was similarly reduced when
K143 and K146 were both mutated to arginine (K143R +
K146R), indicating that more than the side-chain positive
charge can be important.Bfl Exchanging lysines and leucines
indicated that the amphipathic a-helical structure of amino
acids 140-150 is critical for normal binding to the low den-
sity lipoprotein receptor.—Zaiou, M., K. S. Arnold, Y. M. New-
house, T. L. Innerarity, K. H. Weisgraber, M. L. Segall, M. C.
Phillips, and S. Lund-Katz. Apolipoprotein E-low density
lipoprotein receptor interaction: influences of basic residue
and amphipathic a-helix organization in the ligand. J. Lipid
Res. 2000. 41: 1087-1095.
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Apolipoprotein E (apoE) is a high-affinity ligand for
several hepatic lipoprotein receptors, including the low
density lipoprotein receptor (LDLR) and the LDLR-
related protein, and for cell surface heparan sulfate pro-
teoglycans (1, 2). Through its ability to bind to these re-
ceptors, apoE mediates lipid metabolism and cholesterol
homeostasis. This role is critical. ApoE-deficient humans

(3, 4) and mice (5, 6) develop severe plasma retention of
chylomicron remnants. Defective binding of apoE to
these receptors results in the accumulation of cholesterol-
rich lipoprotein particles in the plasma and is a cause of
type III hyperlipoproteinemia, a genetic disorder charac-
terized by elevated plasma cholesterol and triglyceride levels
and accelerated coronary artery disease (7). Most of the
mutations in apoE responsible for defective binding in-
volve amino acid substitutions within the region of amino
acids 136-150 (8-10). Mutants with neutral amino acid
substitutions for lysine and arginine at positions 142, 145,
and 146 bind defectively to the LDLR (1). Site-directed
mutagenesis of basic amino acids in the 136-150 region
also results in defective LDLR binding (11). Thus, this
region appears to be important in the binding process.

The secondary structure of apoE predicted by the
Chou-Fasman algorithm (12, 13) includes an « helix be-
tween residues 131 and 150 (1, 14). The crystal structure
of the N-terminal fragment (residues 1-191) also contains
an o-helical domain (15). The binding of apoE to the
LDLR is thought to involve electrostatic interaction be-
tween the basic receptor-binding domain of apoE and
acidic, disulfide-rich repeats of the LDLR (1). However,
high-resolution structural information to confirm this sus-
picion is not available.

The clustering of basic arginines and lysines in region
140-150 of apokE is important for receptor binding (16).
However, methylation of lysine residues reduces receptor

Abbreviations: apo, apolipoprotein; DMPC, dimyristoylphosphati-
dylcholine; GdnHCI, guanidine hydrochloride; ICy), concentration for
50% inhibition; IPTG, isopropyl-B-n-thiogalactopyranoside; LB, Luria—
Bertani; LDLR, low density lipoprotein receptor; OD, optical density;
PCR, polymerase chain reaction; SDS-PAGE, sodium dodecyl sulfate-
polyacrylamide gel electrophoresis.
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binding even though the side chain positive charge is re-
tained (17), indicating that factors other than a positive
charge are important. Moreover, the effects of steric fit,
positive charge distribution, and any specific roles of argi-
nine and lysine residues are not understood. To elucidate
the molecular details of the apoE-LDLR interaction, we
introduced a series of mutations into the human apoE3
gene. All mutants were generated from a ¢cDNA that en-
codes only the 22-kDa N-terminal region of apoE3 (resi-
dues 1-191). This fragment was chosen because it contains
the LDLR-binding domain (18, 19), because its binding to
the LDLR is similar to that of fulllength apoE3, and be-
cause its yield is greater than that of full-length apoE when
expressed in Escherichia coli. In addition, the crystal structure
of this fragment in the lipid-free state has been solved, and
high-resolution structural information is available (15). The
mutants were designed to address three issues about the re-
ceptor-binding domain (residues 140-150): 7) the influence
of the net charge of the basic amino acid residues on the en-
ergetics of the apoE-LDLR interaction, i) the role of the
amphipathicity and orientation of the a helix, and #7) the
relative functions of arginine and lysine residues. Our find-
ings suggest that the amphipathic a-helical structure of re-
gion 140-150 of apoE3 is required for normal receptor
binding. Lysines and arginines are crucial for this interac-
tion, and despite their similarities in charge, interchange of
these residues can disrupt binding to the LDLR.

MATERIALS AND METHODS

Materials

Bacteriological media were obtained from Difco Laboratories
(Detroit, MI). The prokaryotic expression vector pET21 and the

competent E. coli strain BL21(DE3) were purchased from
Novagen (Madison, WI). Competent FE. coli DH5a and nucle-
otides were purchased from GIBCO-BRL (Gaithersburg, MD).
PfuDNA polymerase was obtained from Stratagene (La Jolla, CA).
Restriction enzymes and calf intestinal alkaline phosphatase were
purchased from New England BioLabs (Beverly, MA). Isopropyl-
B-p-thiogalactopyranoside (IPTG), 2-mercaptoethanol, aproti-
nin, and ampicillin were purchased from Sigma (St. Louis, MO).
Guanidine-HCIl (GdnHCI) was obtained from ICN Pharmaceuti-
cals (Costa Mesa, CA). Oligonucleotides and DNA purification
kits were purchased from Oligos Etc. (Wilsonville, OR) and
Qiagen (Chatsworth, CA), respectively. Dimyristoylphosphatidyl-
choline (DMPC) was obtained from Avanti Polar Lipids (Bir-
mingham, AL).

Mutagenesis and construction of apoE plasmids

The expression vectors containing various mutations in the
human apoE3 c¢cDNA encoding the N-terminal fragment (resi-
dues 1-191, 22 kDa) were constructed as described previously
(20). Mutagenic primers were used to introduce the mutation,
stop codons, and appropriate restriction sites. The preparation
of plasmid DNA and purification of DNA and of DNA fragments
amplified by polymerase chain reaction (PCR) using Pfu DNA
polymerase were performed with a QIAEX II gel extraction kit
(Qiagen).

ApoE3-22 kDa mutants (K146R + R147K, K143R, KI143A,
K143R + KI146R, L144R + R145L, L141K + K143L + K146L +
L148K, and K146R) were constructed by site-directed mutagene-
sis, using the pET-2l-apoE3-22 kDa template and sense/anti-
sense primer pairs shown in Table 1. In the first round of PCR,
the sequences upstream and downstream of the mutation were
amplified separately with the pET-a-21-apoE3 plasmid template
and the sense/end primer pairs and antisense/start primer
pairs, respectively. The presence of the mutation was confirmed
by DNA sequencing of double-stranded DNA (DNA Analysis
Core Facility, M. C. P. Hahnemann University, Philadelphia, PA).
All plasmids used for transfection were purified with the Qiagen
plasmid Kkit.

TABLE 1. Details of oligonucleotide primers for site-directed mutagenesis®

Primer Nucleotide Sequences (5'03") Mutation
Start ggaagagtatgeatatghAAGGTTGAACAGGCT

End atiggatccttaCCGCACGCGGCCCTGTTC

Sense CTTGCGCAAGCTGCGTCGGAAGCTCCTCCGCGATGCCG KI146R + R147K
Antisense CGGCATCGCGGAGGAGCTTCCGACGCAGCTTGCGCAGG

Sense TCCCACCTGCGCCGGCTGCGTCGGCGGCTCCTCCGC KI143R + K146R
Antisense GCGGAGGAGCCGCCGACGCAGCCGGCGCAGGTGGGA

Sense CACCTGCGCAAGCGGCTTAAGCGGCTC L144R + R145L
Antisense GAGCCGCTTAAGCCGCTTGCGCAGGTG

Sense CACCTGCGCAAGCGGCTTAAGCGGCTC K143R

Antisense GAGCCGCTTAAGCCGCTTGCGCAGGTG

Sense CACCTGCGCAAGCGGCTTAAGCGGCTC K143A

Antisense GAGCCGCTTAAGCCGCTTGCGCAGGTG

Sense CACCTGCGCAAGCGGCTTAAGCGGCTC K146R

Antisense GAGCCGCTTAAGCCGCTTGCGCAGGTG

Sense GCCTCCCACAAGCGCCTGCTGCGTCTGCGGAAGCTCCGCGAT L141K + K143L + K146L + LL148K
Antisense ATCGCGGAGCTTCCGCAGACGCAGCAGGCGCTTGTGGGAGGC

“The codons for the substituting amino acid residue are underlined. The bases that have been changed are in bold face. Each pair of oligonu-
cleotides (sense and antisense) was used to generate primary PCR products with overlapping complementary ends containing the mutation; for
these reactions the external oligos start primer or end primer were also used. These were then combined as templates for a secondary PCR employ-
ing start and end primers to generate the full-length cDNA containing the mutation of interest. Start and end primers were designed to introduce
specific restriction sites (indicated by lower-case italics) into the amplified products.
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Overexpression of apoE in Escherichia coli

The plasmids containing the cDNA of the various apoE3-22
kDa mutants were transformed into protease-deficient E. coli
strain BL21(DE3). An overnight culture of each mutant in
Luria—-Bertarni (LB) broth supplemented with ampicillin (100
rg/mL) was used to inoculate a 6-L culture in LB medium. The
culture was grown at 37°C with constant shaking (series 25 incu-
bator/shaker; New Brunswick Scientific, Edison, NJ) until its ab-
sorbance reached 0.5 OD at 600 nm, and expression was in-
duced by adding IPTG to a final concentration of 0.4 mm. The
expression was continued for 2.5 h, and the cells were harvested
by centrifugation at 4,000 rpm for 20 min at 4°C in a J6 rotor
(Beckman, Palo Alto, CA). The cells were resuspended in 30 mL
of ice-cold extraction buffer (150 mm NaCl, 20 mm NagHPO,, 25
mm EDTA, 2 mm phenylmethylsulfonyl fluoride, 1% Trasylol
[aprotinin], 0.1% 2-mercaptoethanol, pH 7.4). The suspension
was sonicated on ice with a sonifier cell disruptor 350 (Branson
Ultrasonics, Danbury, CT) fitted with a Y-inch tip for three
cycles of 1 min on and 2 min off. Bacterial debris was removed
by centrifugation at 40,000 g for 20 min at 4°C.

For mutants expressed as soluble proteins in the cytoplasm of
the E. coli, solid GAnHCl and 2-mercaptoethanol were added to the
supernatant to final concentrations of 7 m and 1%, respectively.
The mixture was incubated at 4°C overnight, insoluble material
was removed by centrifugation for 10 min at 40,000 g, and the su-
pernatant containing the recombinant proteins was recovered
for further purification.

The L141K + K143L + K146L + L148K mutant was expressed
in the insoluble fraction. After sonication, the insoluble material
containing apoE was pelleted by centrifugation. Proteins were sol-
ubilized from the pellet at 4°C by adding 30 mL of a solution
containing 7 m GdnHCI, 150 mm NaCl, 20 mm Na,HPO,, 25 mm
EDTA, 0.1% 2-mercaptoethanol, pH 7.4. Insoluble material was
removed by centrifugation for 10 min at 40,000 g and the recom-
binant protein in the supernatant was recovered by gel-filtration
chromatography as described below.

Purification of apoE

The various apoE3-22 kDa variants were separated from the F.
coli extract by fast-performance liquid chromatography using a
combination of gelfiltration, ion-exchange, and affinity tech-
niques. First, the supernatant was applied to a Sephacryl S300
column (200 X 2.6 cm, 1-mL/min flow rate) previously equili-
brated with a buffer containing 4 m GdnHCI, 0.1 m Tris-HCI (pH
7.4), 1 mm EDTA, and 0.1% 2-mercaptoethanol. ApoE was
eluted with the same buffer, and the elution profile was deter-
mined by monitoring the absorbance of the effluent at 280 nm.
Protein samples were analyzed for purity by sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (SDS-PAGE) using
8-25% Phast gels (Amersham Pharmacia Biotech, Piscataway,
NJ) at each stage of the procedure. Fractions (12.5 mL) contain-
ing apoE were pooled and extensively dialyzed against 20 mm
NHHCOs. After dialysis, the protein samples were lyophilized
and solubilized in 0.1 m NH;HCOs, pH 7.4. ApoE was then ap-
plied to a 5 X 16 cm Q-Sepharose ion-exchange column equili-
brated with 50 mL of buffer A (6 m urea, 20 mm Tris-HCl, pH
7.4). Bound apoE was eluted by applying a 0—1 M NaCl gradient
(buffer B: 6 M urea, 1 m NaCl, 20 mm Tris-HCI, pH 7.4). The frac-
tions containing apoE were pooled, dialyzed against 25 mwm
NH,HCOjs, pH 8.0, and passed through three heparin columns
(HiTrap [1.5 X 1.6 cm]; Amersham Pharmacia Biotech). The col-
umn was washed with 25 mm NH4HCOs, pH 8.0, to remove un-
bound proteins, and apoE was eluted with 750 mm NHHCO3, pH
8.7. The mass of apoE was quantitated by the method of Lowry et
al. (21). The purity of apoE preparations was assessed by SDS-
PAGE. The apoE3-22 kDa variants were >95% pure.

Preparation of apoE3-22 kDa*DMPC complexes

The various apoE3-22 kDa variant proteins were mixed with
DMPC vesicles at a ratio of 1:3.75 (protein—DMPC, by weight)
and isolated by KBr density gradient ultracentrifugation as de-
scribed previously (22, 23). Briefly, the desired amount of DMPC
was dried from a chloroform —methanol solution under nitrogen
in a 15-mL tube. The residue was redissolved in 1-2 mL of ben-
zene, frozen, and lyophilized. Lipids were sonicated in a buffer
containing 0.15 m NaCl, 10 mm disodium EDTA, and 1 mm Tris-
HCI, pH 7.6. The slightly translucent solution of DMPC vesicles
was then centrifuged at low speed and kept at room tempera-
ture. The appropriate amount of apoE dissolved in 0.1 ™
NH,HCOs, pH 8.1, was added to the tube in the presence of
2-mercaptoethanol (at 0.5 wl/100 pg of protein), and the mixture
was recycled three times through the gel-liquid crystal transi-
tion temperature of the DMPC (23.5°C) by warming to 37°C and
cooling on ice, taking 15 min for each cycle. The DMPC-apoE3-
22 kDa complexes were separated from uncomplexed protein
and lipid by density gradient centrifugation. A linear KBr salt
gradient (d 1.006-1.21 g/mL) was prepared in polyallomer
tubes (Beckman Instruments). The lipid-protein complexes
were layered on top of the gradient and centrifuged in an SW-55
rotor at 15°C for 20 h (369,000 g). The majority of the lipid—
protein complex was removed from collected fractions in the
density range of 1.09-1.10 g/mL. These fractions were pooled
and dialyzed against saline—EDTA and stored at 4°C. The apoE3-
22 kDa-DMPC discoidal complexes were sized by negative-stain
electron microscopy (24) with a JEOL (Tokyo, Japan) 100CXII
electron microscope.

Circular dichroism spectroscopy

Each apoE3-22 kDa variant was solubilized in 6 m GdnHCI
containing 1% 2-mercaptoethanol for 24 h and renatured by di-
alysis against 10 mm phosphate buffer, pH 7.0, overnight with
three changes of the buffer. The a-helix content of the various
apoE preparations was determined from the M ellipticity at 222
nm ([0999]) by established procedures (23, 25). The thermal de-
naturation was monitored by the decrease in a-helix content
with increasing temperature. [6999] was recorded every 0.1°C as
the temperature of a 500-pg/mL solution of apoE in phosphate
buffer was increased continuously from 10 to 90°C at 1°C/min. A
0.1-cm path length, jacketed quartz cuvette was used in a JASCO
(Tokyo, Japan) J600 spectropolarimeter equipped with a tem-
perature control and interfaced with a Pentium computer. The
spectropolarimeter was calibrated with d-10-camphorsulfonic
acid. The temperature inside the cuvette was measured continu-
ously with a calibrated thermocouple. The midpoint tempera-
ture of the sigmoidal a-helix melting curve was obtained by fit-
ting the [B999] values at each temperature in the range 10-90°C
to the Boltzmann equation for a sigmoidal curve describing a
two-state unfolding process. The Van’t Hoff enthalpy for the
transition was calculated from the temperature dependence of
the equilibrium constant for the unfolding, as described previ-
ously (26).

LDL receptor binding assay

The binding of apoE3-22 kDa - DMPC complexes to the LDLR
was measured in a competitive binding assay with !*I-labeled
LDL, as described previously (27). LDL were isolated from the
plasma of normal fasting subjects by sequential ultracentrifuga-
tion and radiolabeled by the iodine monochloride method (28).
Normal human skin fibroblasts were plated at 3.5 X 10* cells/
dish 1 week before the experiment. On day 5, the cells were
placed in medium containing 10% lipoprotein-deficient serum.
On day 7, the cells were incubated at 4°C for 2 h in medium con-
taining '%I{abeled LDL (2 pg/mL) and various concentrations
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of apoE3-22 kDa - DMPC complexes. The concentration (IC5) of
apoE required to give 50% inhibition of the binding of 1%I-
labeled LDL to the cells was determined.

RESULTS

Expression and isolation of recombinant apoE3 proteins

Full-length apoE3 (34 kDa) and the apoE3-22 kDa
amino-terminal fragment bind equally to the LDLR when
complexed with DMPC (29), and the LDLR-binding activ-
ities of the bacterially produced molecules are essentially
identical to that of plasma-derived apoE3 (30). On the basis
of these findings and because higher yields of the 22-kDa
fragment were obtained, the receptor-binding studies were
conducted with this fragment. We sought to explore the
role of basic residue organization in the receptor-binding
domain (residues 136-150) of the apoE3 molecule. We
generated a series of mutants of the 22-kDa fragment (res-
idues 1-191) of apoE3 to address three specific issues.

A Non-polar face

polar face

K146Q and K143A were studied to assess the role of the net
charge of the basic amino acid residues. L144R + R145L and
L141K + K143L + K146L + L148K were studied to assess
the role of the amphipathicity of the a-helix structure (Fig.
1A-C and Fig. 2). K143R, K146R, K143R + K146R (Fig. 1D),
and K146R + R147K were studied to assess the functions of
arginines and lysines. Except for L141K + K143L + K146L
+ L148K, which was recovered in the insoluble fraction pre-
sumably as inclusion bodies, all of the mutants were recov-
ered in the soluble fraction of sonicated bacteria.

Physical characterization of apoE3 mutants

To ensure that the point mutations did not change the
overall structure of the 22-kDa molecule, some structural
properties of the mutant proteins were compared with
those of the wild-type molecule. To ascertain whether the
amino acid substitutions in apoE3-22 kDa resulted in confor-
mational changes, the a-helix contents and the melting tem-
peratures were measured by circular dichroism (Table 2).
In the lipid-free state, the a-helix content of all the mu-

Non-polar face

polar face

D Non-polar face

polar face

Fig. 1. Helical wheel representation of human apoE3 residues 136-160. (A) Wild type; (B) mutant L144R + R145L; (C) mutant L141K +
KI143L + K146L + L148K; (D) mutant K143R + K146R. Solid lines show the boundary of the polar and nonpolar faces of the amphipathic
o helix. The dashed lines in (B) show the change in orientation of the polar and nonpolar faces due to the substitution of L144 and R145.

Dashed circles indicate the mutated amino acids.
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L144

R147

H140 R150

tants was ~50%. These values are in agreement with data
obtained by circular dichroism (31). When the apoE3-22
kDa molecule was complexed with DMPC, the o-helix
content increased 15-20%. Except for L141K + K143L +
K146L + L148K, the mutations did not significantly alter
the average secondary structure of the molecule. Most of
the mutants had approximately the same stabilities as re-
flected by their thermal denaturation characteristics (Table
2) (melting temperature, 55 = 2°C; Van’t Hoff enthalpy
of denaturation, 28 = 2 kcal/mol); L141K + K143L +
K146L + L148K had a significantly lower melting temper-

Fig. 2. End view of the amphipathic a-helix formed
by residues 140-150 in the 4-helix bundle structure of
the lipidfree 22-kDa fragment of apoE3 (cf. Fig. 1A).
The crystal structure coordinates are from ref. 15 and
the picture is drawn with Rasmol. The a-helix back-
bone is shown as strands and the amino acid sidechains
are drawn as ball and sticks. Basic K and R residues are
shown in blue and nonpolar L residues are shown in
green. H140 is shown in yellow.

R142

ature (~30°C) and enthalpy of denaturation (23 kcal/
mol). The helical hydrophobic moments confirm that this
mutant had lower amphipathicity than the others (Table
2). The apoE3-22 kDa variants also formed discoidal
apoE-DMPC complexes of similar size (major diameters
in the range of 15-17 nm). The less stable mutant, L141K +
K143L + K146L + L148K, formed discs of the same size as
the wild-type protein.

Overall, the mutants were structurally similar and the
point mutations exerted only local effects, the one nota-
ble exception being L141K + K143L + K146L + L148K.

TABLE 2. Physical characteristics of apoE3-22 kDa mutants

Helical
% o Helix® Hydrophobic
Moment? Tm AHyy
Apo E3-22 kDa Variant — Lipid + DMPC (kcal/mol) (°C)¢ (kcal/mol)*
Wild type 53 68 0.47 57 28
K143A 51 71 0.38 55 30
K146Q 51 75 0.44 55 29
L144R + R145L 52 70 0.54 58 30
L141K + K143L + K146L + L148K 44 58 0.09 32 23
K143R 46 75 0.52 54 28
K146R 51 70 0.53 53 27
KI146R + R147K 54 71 0.52 56 28
K143R + K146R 51 72 0.58 54 26

“Determined from molar ellipticities at 222 nm (£5%).
¢ Calculated for residues 140—150 in an « helix as described previously (32) using a consensus hydrophobicity

scale (33).

¢ The midpoint temperature (T,,) (*2°C) and Van’t Hoff enthalpy (AHyy) (*2 kcal/mol) were measured as
described in Materials and Methods by monitoring thermal denaturation of lipid-free apoE3-22 kDa through

changes in molar ellipticity at 222 nm.

Zaiou et al. ApoE-LDL receptor interaction 1091

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

1251 DL Bound (% of control)

Thus, the discoidal complexes used to study binding to the
LDLR were of similar size and composition; the stoichiome-
try was ~100/1 mol/mol DMPC/apoE3-22 kDa. Particle vol-
umes, calculated from the particle dimensions determined
by electron microscopy, lipid—protein stoichiometries, and
partial specific volumes (25) indicated that each discoidal
complex contained about 6 apoE3-22 kDa molecules.

LDLR binding of apoE3-22 kDa variants

In contrast to its lipidfree state, apoE3-22 kDa com-
plexed to DMPC can bind to the LDLR (29). To assess the
affinities of the apoE3-22 kDa wild-type and mutant mol-
ecules for the LDLR, we compared their abilities to dis-
place ?°I-labeled LDL from the LDLR on normal hu-
man fibroblasts (Fig. 3). The mutants displayed different
affinities (Table 3). Substitution of a neutral for a basic
amino acid in mutants K143A and K146Q did not alter
the a-helical structure of apoE3-22 kDa complexed with
DMPC but did reduce LDLR binding to 25-30% of the
wild-type value. This reduction was independent of amino
acid side chain size; substituting alanine or glutamine for
lysine gave the same reduction. These results indicate that
the positive charges are critical for LDLR binding and
that removing one basic amino acid decreases the binding
(see ref. 11). To examine the requirement for amphipath-
icity in the a-helical domain of residues 140-150, lysines
at positions 143 and 146 were replaced with leucines, and
the leucines at positions 141 and 148 were substituted
with lysines to give mutant L141K + KI43L + KI46L +
L148K. These substitutions disrupted the amphipathicity
of the a helix (Fig. 1C and Table 2; see refs. 32 and 33),
while the net positive charge remained constant. This mu-
tant retained the ability to form discs when complexed

=)
g

0.;)5 0.I10 0.;5 0.I20 0.I25 0.30
ApoE:DMPC (pg protein/ml)

Fig. 3. Competition of different recombinant apoE3-
22kDa-DMPC complexes with ?’I-labeled LDL for binding to the
LDLR on normal human fibroblasts. (open circles) wild type; (solid
triangles) K143A; (solid diamonds) K146Q); (open squares) L144R +
K145L; (open inverted triangles) L141K + KI143L + K146L +
L148K; (solid squares) K143R; (solid inverted triangles) K146R;
(open triangles) K146R + R147K; (solid circles) K143R + K146R.
The competition curves are representative for each apoE3-22kDa
variant. The relative affinities for the LDLR are listed in Table 3.
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TABLE 3. LDLR binding activity of apoE3-22 kDa mutants

Relative

Apo E3-22 Affinity for
kDa Variant LDL-R (%)
Wild type 100
K143A 25 £5
K146Q 305
L144R + R145L 100
L141K + K143L +

K146L + L.148K 0
K146R + R147K 100
K143R 100
K146R 100
K143R + K146R 31 + 8

“Calculated from the concentration (ICjy) of apoE in discoidal
complexes with DMPC required to displace 50% of the ®I-labeled
LDL bound to LDLR on human fibroblasts (see Materials and Meth-
ods). The relative affinities for the apoE3-22 kDa molecules are ex-
pressed as the ratio ICs, (wild-type) /ICs (variant); the values are the
average of at least two measurements that were similar. The IG5, for the
wild-type apoE3-22 kDa is 15 * 5 ng/ml (0.7 nm).

®Mean *= SEM, n = 8.

with DMPC, but it could not bind to the LDLR (Table 3).
Mutations L.144R + R145L did not affect the binding activ-
ity, suggesting that the relative positioning of the polar
and nonpolar faces of the amphipathic a helix (Fig. 1B)
is not critical. To examine the relative roles of arginine
and lysine residues within domain 140-150, the positions
of several of these residues were exchanged. The mutations
K146R + R147K had no effect on receptor-binding affinity
(Table 3). The exchanges K143R, K146R, and K143R +
K146R caused distinctly different effects. K143R and K146R
had full binding activity. However, K143R + K146R had re-
duced binding activity (31 = 8% of the wild-type), al-
though the number of basic residues was the same as in
the wild-type protein.

DISCUSSION

The interaction of apoE with lipoprotein receptors is crit-
ical for triglyceride and cholesterol metabolism in humans
(1). Alignment of amino acid sequences of apoE from 10
species (16) revealed that amino acids 140-150 contain
lysines at positions 143 and 146 and arginines at positions
142, 145, 147, and 150. These amino acids participate in
binding to the LDLR and are conserved throughout human
apoE-2, apoE-3, and apoE-4 and all species examined ex-
cept the cow, where proline is substituted for arginine at
position 145. This degree of conservation suggests that
this domain plays a critical role in the ionic interaction
of apoE with the LDLR. The molecular mechanism of
the apoE-LDLR interaction cannot be elucidated until
the function of each of the basic residues and the confor-
mation of the receptor-binding domain of apoE have
been determined.

Requirement for an amphipathic « helix

The three-dimensional X-ray structure of the lipid-free
apoE3-22 kDa molecule has shown that a cluster of basic
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amino acids is located on the polar face of helix 4 (Fig. 2)
in a four-helix bundle structure (15). The receptor-bind-
ing domain in the lipid-free molecule is not recognized by
the LDLR; for high-affinity binding to occur, the protein
must be complexed with a lipid, such as DMPC (22, 29).
The interaction with DMPC causes the four-helix bundle
to open into a receptor-active conformation (16, 34). It
has been suggested that the o helices of apoE in DMPC
discoidal complexes are either parallel (31) or perpendic-
ular (35) to the lipid acyl chains.

The results obtained with apoE variants generated by
exchanging lysines and arginines for leucines provide in-
sights into the role of the amphipathic a-helical structural
motif. A four-point mutation (L141K + KI143L + KI146L +
L148K) abolished the amphipathicity of the a helix-
spanning residues 140-150 (see Fig. 1C and the value of
the helical hydrophobic moment in Table 2), thereby de-
stabilizing the four-helix bundle (Table 2). Nevertheless,
this variant formed discoidal complexes with DMPC similar
in size to those formed with the wild-type protein, despite
having a 10% lower ca-helix content. The loss of amphi-
pathicity likely prevents helix 4 from interacting favorably
with the DMPC acyl chains, and some unfolding of a-helix
structure occurs. This reorganization abolished binding
to the LDLR (Table 3), indicating that an amphipathic a-
helical structure in region 140-150 is essential for recep-
tor binding. This requirement perhaps arises from a good
steric fit of the polar face of the amphipathic o helix into
a pocket on the LDLR. Studies with synthetic peptides
corresponding to the receptor-binding domain of apoE
have also shown that an a helix is necessary for binding
(36). The requirements for the orientation of the amphi-
pathic o helix with respect to the lipid surface do not seem
to be stringent. Introduction of two point mutations
(L144R + R145L) altered the relative orientation of the
nonpolar face of the amphipathic a helix (Fig. 1A and B)
but had no effect on receptor binding (Table 3). Because
the stability of the four-helix bundle formed by this variant
is the same as that of the wild type, and because the a-helix
content in the DMPC complex is also normal (Table 2), the
functional apoE molecule seems sufficiently flexible to ac-
commodate a helix reorientation of ~40° (Fig. 1B).

Ionic interaction between apoE and the LDLR

Consistent with the existence of electrostatic attraction
between basic lysine and arginine side chains in apoE and
the LDLR, a reduction in binding accompanied the loss of
a positive charge. For example, defective binding was ob-
served in a naturally occurring mutant, apoE2(K146Q)
(87, 88), and in the K143A variant (11). The relative affin-
ities of K143A and K146Q for the LDLR (~30% of wild
type) also confirm the electrostatic contribution from
these basic residues to the receptor-ligand interaction.

The relative affinities of the apoE variants (Table 3) re-
flect their abilities to compete with LDL for binding to the
LDLR. The ICsy and the inhibition constant (K;) can be
derived from these results. The standard treatments of
competitive inhibition of a Michaelis—Menten enzyme
and the Scatchard analysis of receptor-ligand binding

can be combined to show that K; = ICy5,/(1 + F/Ky),
where F is the concentration of free ligand. In our human
fibroblast LDLR assay, F = 4 nm LDL protein, and the K4
for binding of LDL to its receptor is 2.8 nm (39). The ICs,
for wild-type apoE3-22 kDa protein in a complex with
DMPC was 0.7 nm, and the ICy, for K143A and K146Q was
close to 2.5 nu. Knowing these 1G5, values, we calculated
K; values for the wild-type and variant molecules of 0.3
and 1.0 nm, respectively. Because K; is the equilibrium dis-
sociation constant for the apoE-LDLR complex, the stan-
dard free energy of binding of the apoE sample to the
LDLR is given by AG°, = —RT In(1/K;). From this ap-
proach, the AG®, values for the wild-type and variant
apoE3-22 kDa molecules are —12.0 and —11.4 kcal/mol,
respectively. Thus, removal of a single basic residue
(K143A or K146Q) reduced the favorable free energy of
binding of apoE to the LDLR by ~600 cal/mol.

What does a change of 600 cal/mol in the energetics of
the receptor-ligand interaction mean in terms of the na-
ture of the intermolecular interaction? The positively
charged lysines at positions 143 and 146 can potentially
form ion pairs with negatively charged glutamic acid or
aspartic acid residues in the LDLR. The free energy of
formation of such a solvent-exposed ion pair is about
—500 cal/mol (40, 41). The fact that mutation of K143 or
K146 to a neutral amino acid reduces the apoE3-22 kDa—
LDLR interaction by 600 cal/mol suggests that a solvent-
exposed ion pair is disrupted. A buried ion pair would
have a larger free energy of formation (41). It is likely
that a lysine—acidic amino acid side chain interaction
would also involve hydrogen bonding to form a salt
bridge; the hydrogen bond would contribute significantly
to the overall interaction energy (41). When bound to
the LDLR, the lysines in region 140-150 of apoE are
probably hydrogen bonded to glutamic acids or aspartic
acids in this fashion. Methylation of the lysine e-amino
group in apoE does not affect the positive charge but re-
duces hydrogen bonding possibilities and abolishes bind-
ing of apoE to the LDLR (17).

Functions of lysines and arginines

To address the issue of whether the positive charge is
the only factor that controls the apoE-LDLR interaction,
we exchanged lysines and arginines within region 140-
150 and examined the binding activities. The replace-
ment of lysine with arginine and vice versa is generally
considered to be a conservative substitution in that the net
charge at neutral pH is unaltered. Consistent with the im-
portance of conserving net charge, K143R and K146R re-
tained full binding activity (Table 3), indicating that there
is no preference between lysine or arginine at these posi-
tions. However, simultaneously mutating both lysines to
arginines to create KI43R + KI46R reduced receptor-
binding affinity to about 30% of the wild-type value (Table
3). As calculated above, this corresponds to a reduction in
receptor-ligand interaction energy of about 600 cal/mol,
even though the positive charge was preserved and the pro-
tein structure was identical to that of the wild-type mole-
cule. These findings strongly suggest that conservation of
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charge alone is not sufficient for high-affinity interaction
of apoE with the LDLR.

Lysines and arginines are not always equivalent. The
R3500K mutation in apoB-100 decreases binding to
the LDLR (42). Similarly, the R42K mutation in human
transforming growth factor o reduces its binding to epi-
dermal growth factor (43), and the K203R mutation de-
creases the enzyme activity of cathepsin D in stimulating
oligosaccharide phosphorylation (44). The effects of ex-
changing arginine for lysine residues in domain 140-150
of apoE are subtle; the double substitution is required be-
fore LDLR binding is affected. Because single substitu-
tions of arginine for lysine have no effect, a complete loss
of an apoE-LDLR ion pair in the double mutant (K143R +
K146R) is unlikely. The arginine side chain is less flexible
and longer than that of lysine. C,—N distances are 5.64
and 6.50 A in Iysine and arginine, respectively (45). In the
double mutant, the two extra arginine side chains at posi-
tions 143 and 146 are three residues apart on the polar
face of the amphipathic a helix (Fig. 1A and Fig. 2). Steric
interference may lead to reduced hydrogen-bonding pos-
sibilities with acidic residues on the LDLR, thereby reduc-
ing the strength of salt bridges with the LDLR.

Conclusions

The findings presented here confirm and extend quali-
tative measurements showing that basic residues and the
net positive charge in region 140-150 of apoE are critical
for interaction with the LDLR. The free energy of this
receptor-ligand interaction was —12.0 kcal/mol for an
apoE3-22 kDa-DMPC discoidal complex. Removal of a
single basic residue in the receptor-binding domain of
apoE decreased this favorable free energy of binding by
about 600 cal/mol. This change decreased the affinity
for the LDLR to about 30% of the wild-type value. The
basic residues participate in exposed salt bridges with
acidic residues on the LDLR, and hydrogen bonding is a
significant part of the interaction energy. Disruption of
the amphipathic nature of the a helix-spanning residues
140-150 abolishes receptor binding, indicating that this
structural motif in apoE is critical for function. Ex-
change of lysines and arginines at a single position on
the polar face of the amphipathic a helix did not signifi-
cantly affect the receptor affinity of apoE. However, sub-
stitution of the lysines at positions 143 and 146 with
arginines decreased the favorable free energy of binding
to the LDLR to ~30% of the wild-type value, indicating
that more than conservation of the positive side chain
charge is involved in achieving full binding affinity.
Steric effects arising from the differences between lysine
and arginine side chain size and structure presumably
underlie this effect. i
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