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Human apolipoprotein E (apoE) is one of the major determinants in
lipid transport, playing a critical role in atherosclerosis and other
diseases. Binding to lipid and heparan sulfate proteoglycans (HSPG)
induces apoE to adopt active conformations for binding to low-
density lipoprotein receptor (LDLR) family. ApoE also interacts with
beta amyloid peptide, manifests critical isoform-specific effects on
Alzheimer’s disease. Despite the importance of apoE in these major
human diseases, the fundamental questions of how apoE adjusts
its structure upon binding to regulate its diverse functions remain
unsolved. We report the NMR structure of apoE3, displaying a un-
ique topology of three structural domains. The C-terminal domain
presents a large exposed hydrophobic surface that likely initiates
interactions with lipids, HSPG, and beta amyloid peptides. The un-
ique topology precisely regulates apoE tertiary structure to permit
only one possible conformational adaptation upon binding and
provides a double security in preventing lipid-free and partially-
lipidated apoE from premature binding to apoE receptors during
receptor biogenesis. This topology further ensures the optimal re-
ceptor-binding activity by the fully lipidated apoE during lipopro-
tein transport in circulation and in the brain. These findings provide
a structural framework for understanding the structural basis of
the diverse functions of this important protein in human diseases.

Human apoE is one of the major determinants in lipid trans-
port throughout the body, playing a critical role in athero-

sclerosis and other metabolic diseases (1). Binding to lipid and
heparan sulfate proteoglycans (HSPG) induces apoE to adopt ac-
tive conformations for low-density lipoprotein receptor (LDLR)
and LDLR-related protein (LRP)-binding (2). ApoE functions
during lipid transport by binding to the LDLR family (2, 3), with
the major LDLR-binding region spanning residues 130–160 (1).
Three common isoforms of human apoE have been identified:
ApoE3 has C112/R158, apoE4 has R112/R158, and apoE2 has
C112/C158 (1). ApoE also interacts with amyloid peptide and
manifests critical isoform-specific effects on several major human
diseases (4–7). The most pronounced pathological effect attributes
to the association of apoE4 with neurodegenerative diseases, in-
cluding Alzheimer’s disease (2). Clearly, apoE carries out diverse
biological functions in several major human diseases by binding to
different partners. However, fundamental questions of how apoE
adjusts its structure upon binding to regulate its diverse functions
remain unsolved. Because apoE isoforms only differ by one amino
acid, the structural basis of this isoform-specific effect is another
most challenging unanswered question for apoE to date.

It was proposed that apoE contains two domains: an N-term-
inal (NT) domain (residues 1–191) and a C-terminal (CT) do-
main (residues 216–299), linked by a flexible hinge region (1).
The NT domain is responsible for the LDLR-binding, yet, in iso-
lation, binds weakly to lipids. The CT domain possesses the major
lipoprotein-binding sites, but does not bind receptor, possibly re-
sulting in a partially lipidated apoE in which only the CT domain
binds to lipids whereas the NT domain remains lipid-free. The
X-ray crystal structure of lipid-free apoE-NT (residues 23–165)
reveals an elongated four-helix-bundle (8). Although the major
LDLR-binding region is partially exposed, only lipid-bound
apoE-NT binds the LDLR. Regions beyond residues 23–165
are critical to apoE’s LDLR-binding (9, 10). The crystal structures

of apoE2-NT/apoE3-NT/apoE4-NT revealed subtle variations
(11, 12). The interchange of C112R in the apoE4-NT leads to
a new salt-bridge between E109 and R112, causing the side chain
of R61 to adopt an exposed position (13). Mutagenesis study sug-
gests that this change might allow the R61 side chain to interact
with E255, whereas apoE3 and apoE2 lack this salt-bridge (14).
This salt-bridge in apoE4 is considered to be critical to apoE’s
isoform-specific effects on human diseases (2).

The NMR structure of human apoE3 reported here reveals a
unique helix-bundle topology of three structural domains that
uniquely regulates its diverse biological functions. ApoE3 dis-
plays extensive domain interactions of salt-bridges and H-bonds,
causing shielding of the major LDLR-binding region by the CT
domain from binding to receptors. The CT domain presents a
large exposed hydrophobic surface that likely initiates interac-
tions with different binding partners including lipids, HSPG, and
amyloid beta peptides. The unique topology of apoE precisely
regulates its tertiary structure to permit only one possible confor-
mational adaptation upon binding in a two-step manner. This
topology also provides a double security in preventing lipid-free
and partially lipidated apoE from premature binding to apoE
receptors during receptor biogenesis and further ensures the
optimal receptor-binding activity by the fully lipidated apoE dur-
ing lipoprotein transport in circulation and in the brain. Overall,
apoE structure provides a structural framework for the diverse
functions of this important protein in human diseases including
atherosclerosis and Alzheimer’s diseases.

Results
NMR Structural Determination of apoE3. ApoE forms a mixture
of different oligomers, representing the major challenge that
hindered structural determination (1, 15). We generated a mono-
meric apoE3 by mutations in the CT domain (F257A/W264R/
V269A/L279Q/V287E) (15). This monomeric apoE3 retained
the properties of the parent protein including domain-domain in-
teractions (15) and allowed us to collect high-quality NMR data
for a complete spectral assignment (16). ApoE3 is a 299-residue
α-helical protein that displays severe spectral overlap. To solve
this problem, segmentally labeled apoE3 samples were prepared
(17), allowing spectral simplification and unambiguous NOE as-
signment (Fig. S1). A total of 3,459 NOEs was assigned, including
572 long-range NOEs (189 unique) and 224 interdomain NOEs
(78 unambiguously assigned using special segmentally labeled
samples) (Table S1). This NMR data permitted determining the
solution structure of apoE3. The 20 best-fit NMR structures of
human apoE3 display rmsd of backbone atoms of 0.58 ± 0.05 Å
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and rmsd for all heavy atoms of 1.13 ± 0.08 Å for all helical re-
gions. ApoE3 displays 68.9% α-helix content, which is consistent
with the CDmeasurements (18). Structural analysis indicates that
in addition to 17 Gly and 8 Pro residues, 210 residues (76.8%) are
located in the most favored regions, 49 residues (17.7%) are
in additional allowed regions, and 12 residues (4.4%) are in the
generously allowed region of the Ramachandran plot. Only three
residues are in the disallowed region (1.1%) (Table S1).

ApoE3 Structure: Three Domains. The NMR structure of apoE3
reveals an overall helix-bundle structure (Fig. 1). The helix loca-
tions of apoE3 are shown in Table S2. Superposition of the 20
best-fit NMR structures indicates that the helical regions of
apoE3 are well defined including the CT helices (Fig. 1A), pro-
viding precision and accuracy of backbone and side chain atoms
for analysis of H-bonds and salt-bridges. The apoE structure
indicates three structural domains: An NT domain (residues
1–167), a hinge domain (residues 168–205), and a CT domain
(residues 206–299) (Fig. 1B). The NT domain contains an up-
and-down four-helix-bundle (light blue, Fig. 1B), which is similar
to the isolated NT domain structures determined by both X-ray
crystallography (8) and NMR (19). The major differences between
isolated NT domain and the NT domain in full-length apoE3 are in
the terminal helices and Helices 1′, 3, and 4 (Fig. S2). In apoE3,
HelixN1/N2 and HingeH1 are well defined due to domain inter-
actions. Helices 1′, 3, and 4 are the major helices that interact with
the CT domain, causing Helix 1′ to slide down and Helices 3 and 4
to move slightly towards the CT domain (Fig. S2). The hinge
domain contains two helices: HingeH1 and HingeH2 (green,
Fig. 1B). Previously, we showed that this hinge domain regulates
the NT-CT interaction (15). This hinge domain also agrees with the
published limited proteolysis data (20). The CT domain contains
three helices: Helix C1, C2, and C3 (pink, Fig. 1B). While Helix C1
interacts with Helix 1′, Helices C2 and C3 interact with Helices 3
and 4. These domain-domain-interactions stabilize the CT-domain

helices, especially Helix C3 which only contains six residues. Over-
all, apoE3 form a bundle of six helices. The NT domain separates
the hinge domain from the CT domain.

Extensive and Specific Domain-Domain-Interactions in apoE3.VADAR
analysis (21) indicates that many buried hydrophilic residues are
located between apoE domains (Table S3), which is not surprising
due to the helix-bundle topology of the NT domain, in which the
hydrophilic residues point outside and available for interactions
with the other domains. These buried hydrophilic residues form
buried H-bonds and salt-bridges between domains (bold, Table 1).
In particular, R61 forms an H-bond with T194 and E255 forms
a salt-bridge with K95. Both residues are involved in domain
interactions, providing a structural explanation of the lipoprotein
preference of different apoE isoforms (2). Less buried hydropho-
bic residues are observed between the NT and CT domains
(Table S4). Unlike the NT helix-bundle which are mainly stabilized
by hydrophobic interactions, the domain interactions in apoE3
are mainly specific H-bonds and salt-bridges, which are likely cri-
tical for the reversibility of lipoprotein-binding activity of apoE.

ApoE3 structure suggests that both the hinge and CT domains
cannot fold independently. The NT domain serves as a folding
template for the hinge and CT domains. Indeed, the hydrophilic
residues located outside of the NT helix-bundle provide ideal
candidates for specific H-bonds and salt-bridges with other do-
mains, suggesting a two-step folding mechanism: the NT domain
adopts a helix-bundle first and the hinge and CT domains then
fold upon the NT domain through specific domain interactions.
Experimental evidence supports this two-step folding mechanism,
indicating that the isolated NT domain folds independently while
the CT domain is more flexible and only marginally stable (15, 18,
20, 22). Chemical denaturation of apoE further reveals this two-
step folding process with a clear intermediate stage that is pro-
gressively lost as the CT is truncated down to residue 230 (23).

The Major LDLR-Binding Region of apoE3 Is Shielded by the CT
Domain. In the major LDLR-binding region, every K and R resi-
dues form H-bonds and salt-bridges with the residues in the CT
domain (Fig. 2). Two residues in the N terminus (E3 and Q4) are
also involved in these H-bonds and salt-bridges (Table 1). These
domain interactions significantly stabilizes the CT domain, result-
ing in a unique structural topology, in which the major LDLR-
binding region is shielded (Table 2) and unavailable for receptor/
HSPG-binding (3). Furthermore, lipid-free NT helix-bundle also
displays an inactive conformation for receptor-binding. These
two unique structural properties of apoE3 provide structural ra-
tionales for the fact that lipid-free apoE does not bind to LDLR.

A Unique Exposed Hydrophobic Surface in the apoE-CT. A striking
structural feature of apoE3 was observed: numerous exposed
hydrophobic residues in the CT domain (Fig. 3A, left) and few
buried hydrophobic residues exist between the CT and NT do-
mains (Fig. 3A, right). As a result, many hydrophilic residues
in the CT domain are buried in the domain interface, forming
specific H-bonds and salt-bridges with the NT domain (Table 1).
While surprising, this arrangement may provide a structural basis
for initiation of the CT domain contacting with lipids, HSPG, and
amyloid beta peptide. The exposed hydrophobic residues desta-
bilize the CT domain and form a large exposed hydrophobic
surface in apoE3 to attract lipid/amyloid beta peptide for initial
binding (green arrow, Fig. 3B, right). We found that among the
mutations in the monomeric apoE3, V269A/L279Q/ V287E were
located in a loop after Helix C3 and F257A/W264R were located
in the end of Helix C2. These mutations unlikely change the over-
all apoE3 structure. However, hydrophobic residues F257/W264/
V269/L279/V287 in the wild-type apoE3 enhance the intensity of
the exposed hydrophobic surface in the CT domain, facilitating
this binding initiation. Initiation of apoE-CT/lipid interaction

A

B

Fig. 1. NMR Structure of apoE3. (A) Superposition of the 20 best-fit NMR
structures of apoE3. (B) Ribbon representations of the average structure
of apoE3. The N-terminal helices are colored in light blue, the C-terminal he-
lices are in pink, and the hinge domain is colored in green. The Helix1’ is
shown in blue. The helices are labeled respectively. The left and right in
(A) and (B) are 180° rotation of apoE3 structure, showing both sides of apoE3.
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may trigger a conformational change in the CT domain wherein it
moves away from the NT domain, causing exposure of the
hydrophilic surface that originally interacts with the NT domain
(red arrows, Fig. 3). This conformational change will generate an
amphipathic helical conformation in the CT domain in which the
hydrophobic surface binds to lipid surface and the opposite
hydrophilic surface exposes to the solution, making this partially
lipid-bound apoE more stable. Given the increased stability, this
conformation will be retained until metabolic processes eliminate
the binding sites on lipoprotein surfaces, resulting in apoE release
from lipoproteins and recovery of the lipid-free helix-bundle.

The Unique Topology of apoE3. Compelling evidence indicates that
apoE may undergo major conformational changes upon lipopro-
tein-association (2). However, controversy arises as to how apoE
adjusts its conformation upon lipid binding, due to lack of struc-
tural information of the CT domain (2). Using surface plasmon
resonance, Lund-Katz and coworkers proposed a two-step me-
chanism for apoE-binding to HDL and very low density lipo-
protein (VLDL) (24) and a similar mechanism has been also pro-
posed by others (2, 25). ApoE3 structure supports this model and
further reveals a structural rationale for a unique conformational
adaptation upon lipoprotein association. The first step involves
lipid binding induced interruption of domain interactions, pro-
moting sequential dissociation of the CTand the hinge domains
from the NT domain (1–3, Fig. 4). Experimental data suggests
that this step is a fast reversible step (24). The apoE3 tertiary
structure prevents the CT domain from opening at the Helix
1′-end due to a “Helix C1 lock” (left, Fig. 3B). As such, the CT
domain can only open at the opposite loop-end (right, Fig. 3B)
and the loop between Helices C1 and C2 serves as a hinge (blue
arrow, Fig. 3). Once the CT domain moves away from the NT
domain, the lipid-associated CT domain causes Helix C1 to dis-
sociate from Helix 1′ (2, Fig. 4). The NT helix-bundle opening is
prohibited at this stage due to a “hinge lock” that prohibits the
NT domain opening from the loop-end (Fig. 3A). Similarly, the
red loops will be tangled if the NT domain opens at the Helix1’-
end (3, inset, Fig. 4A). Only one possibility is allowed: the hinge
domain swings the CT domain to the top of the NT domain
(2, Fig. 4), unwinding the loops and releasing the hinge lock to

generate a partially lipidated intermediate wherein only the CT
domain binds to the lipid surface (3, Fig. 4). The major LDLR-
binding region is only partially exposed in the lipid-free NT helix-
bundle due to interactions between helices 3 and 4 (Table 2), thus
displaying an inactive receptor-binding intermediate.

The second step involves the NT helix-bundle opening. Experi-
mental data suggests that this step is a slow reversible step (24).
The tertiary structure of apoE3 again precisely modulates this
opening to only allow for one possibility: the NT helix-bundle
opening at the loop-end. Indeed, the hinge domain imposes
severe stereo hindrance that restricts the helix-bundle opening at
the Helix 1′-end (6, inset, Fig. 4B). Additionally, the lipoprotein-
bound CT domain is located at the loop-end, preventing lipid sur-
face from inducing the helix-bundle opening at the opposite Helix
1′-end. We previously showed that the NT helix-bundle opening
at Helix 1′ is not preferred (Table S5) (19). The only allowed
NT helix-bundle opening is at the loop-end and involves Helices
2 and 3 moving away from Helices N1, N2, 1, and 4 (4, Fig. 4).
The CT-bound lipid surface is located at the same loop end that
is able to induce this helix-bundle opening. Many buried hydro-
philic residues are located between Helices 1 and 2 and between
Helices 3 and 4, making their helix-helix interfaces much less
stable (Table S5). The final lipoprotein-associated structure of
apoE3 is a completely opened conformation, containing two
lobes connected by the hinge domain (5, Fig. 4): the CT lobe and
NT lobe. Both lobes interact with the lipoprotein surface, provid-
ing the maximum lipoprotein-binding surface possible. The major
LDLR-binding region in this conformation is fully exposed due to
the removal of interactions between Helices 3 and 4 (Table 2),
resulting in an enhanced positive charge potential for the opti-
mized receptor-binding activity.

A “Double Security” in apoE for Its Optimal Receptor-Binding Activity.
The unique ApoE3 structure reveals a “double security” that en-
sures the optimal apoE-receptor interaction. The first security is
the shielding of the major LDLR-binding region by the CT do-
main that prevents lipid-free apoE from premature binding to
apoE receptors. Interestingly, the observed interactions between
the major LDLR-binding region and the CT domain are mainly
salt-bridges and H-bonds, limiting the positively charged residues

Table 1. H-bonds and salt-bridges between apoE domains

LoopN HelixN1 HelixN2 Helix 1 Helix 1′ Helix 2 Loop Helix 3 Loop Helix 4

(1–5) (6–9) (12–22) (26–40) (45–52) (55–79) (80–88) (89–125) (126–130) (131–164)

LoopN R142-E3
K146-Q4

HingeH1 R172-S94
(168–180) A176-S94, E179-Q98
HingeH2 S54-S197 R61-T194
(190–199) D65-R191
Loop E49-R206 R119-Q201
(200–209)
Helix C1 Q46-R213
210–223 E49-R213

E50-R217
Loop K1-T225 R114-Q235 Q128-E234 E131-R226
(224–235) E121-Q235 E132-E234

R134-D227
R136-E231

Helix C2 T83-E266 T89-K262, T89-E266 K143-Q246
(236–266) E88-K262 R92-E266,R92-S263 R147-Q246

K95-E255, E96-S263 R147-Q249
R103-E245,R114-E238 R147-E245
D110-K242,Q98-R251 R150-Q253

Helix C3 E13-R274 K157-D271
(271–276) Q17-R274 K157-Q275
Loop C Q4-E287 K143-E287
(277–299) K146-E281

K146-E287
R150-E281
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in the major LDLR-binding region from binding to receptors.
The second security is an inactive conformation of the lipid-free
NT helix-bundle (Table 2), which prevents both lipid-free and
partially-lipidated apoE from receptor binding. This inactive con-
formation also facilitates the formation of the fully lipidated apoE
which displays a completely opened conformation (5, Fig. 4),
making the positively charged residues in the major LDLR-bind-

ing region completely exposed for an optimal receptor-binding
activity (Table 2). Thus, this double security displayed in apoE
structure ensures that only the fully lipidated apoE is able to bind
to apoE receptors with an optimal activity.

Discussion
Human apoE carries out diverse biological functions in several
major human diseases by binding to different partners. It remains
unknown as to how apoE adjusts its conformation upon binding
to these different partners (2), however, our results indicate that
the unique tertiary structure of apoE3 precisely regulates its
conformational adaptation upon binding, to only allow for one
possible conformational change in a two-step manner. Indeed,
the binding induced conformational transitions of apoE3 in vivo
are hardly accessible using biophysical methods. However, useful
information has been obtained using in vitro studies. When inter-
preted with caution, these studies shed light on physiological
events of apoE upon binding to different partners.

In the lipid-binding case, this two-step binding process poten-
tially generates partially lipidated and fully lipidated apoEs,
permitting us to discuss the possible apoE3 structures on differ-
ent lipoprotein particles. On discoidal HDLs, two molecules of
apoE3 may adopt an antiparallel orientation (26). The distance

Fig. 2. Buried H-bonds and salt-bridges between apoE3 domains, with a
focus on the major LDLR-binding region. The apoE3 is shown in ribbons
and the side chains of the interacting residues in stick model. The NT domain
is shown in light blue while the CT domain in pink. The side chains of the
interacting residues in the major LDLR-binding region are shown in green,
whereas the side chains of the other interacting residues are shown in
brown. The salt-bridges and H-bonds are indicated with red dashed lines.
(A) Detailed interdomain interactions of residues K157 and R158. (B) Detailed
interdomain interactions of residues R134, R136, R142, K143, R145, K146,
R147, and R150. The interacting residues are summarized in the top box.

Table 2. Accessible surface area (ASA) of the positively charged
residues of the major LDLR-binding region of apoE3 in lipid-free,
partially lipidated (Step 1), completely lipidated apoE structures
(Step 2)

Residues ASA_main ASA_side ASA_main ASA_side ASA_main ASA_side

Lipid-free
apoE3 *

Partially-lipidated
apoE3 †

Completely-lipidated
apoE3 ‡

R134 0.02 0.03 0.06 0.07 0.32 0.38
R136 0.02 0.02 0.71 0.84 0.73 0.86
H140 0.02 0.02 0.33 0.40 0.59 0.71
R142 0.01 0.01 0.15 0.18 0.36 0.42
K143 0.04 0.05 0.33 0.40 0.43 0.52
R145 0.07 0.08 0.04 0.05 0.04 0.05
R146 0.01 0.01 0.15 0.18 0.33 0.40
R147 0.00 0.00 0.27 0.33 0.45 0.54
R150 0.09 0.10 0.44 0.52 0.49 0.57
K157 0.04 0.05 0.27 0.33 0.32 0.38
R158 0.02 0.02 0.22 0.26 0.40 0.47

*The VADAR calculation is based on lipid-free apoE3 NMR structure, showing
that the major LDLR-binding region is completely buried due to domain-
interaction.

†The VADAR calculation is based on partially-lipidated apoE (Structure 5,
Fig. 3), showing that the major LDLR-binding region is only partially
exposed due to interaction between helices 3 and 4.

‡The VADAR calculation is based on completely-lipidated apoE (Structure 8,
Fig. 3), showing that the major LDLR-binding region is completely exposed.

A

B

Fig. 3. Special structural features that regulate initial conformational adap-
tation of apoE upon lipid binding. ApoE structures are shown in ribbons with
the NT helices colored in blue, the CT helices in pink, and hinge domain in
green. The Helix1’ is in dark green. (A) Side views of apoE3 structure. Left:
ApoE3 structure with the exposed hydrophobic residues of the apoE-CT
shown in green sticks. Right: ApoE3 structure with the buried hydrophobic
residues of the apoE-CT shown in green sticks. Two ends of the apoE3 helix
bundle are named and labeled as: The Loop-end and the Helix1’-end. A hinge
lock is formed by hinge domain that prevents the NT bundle from opening at
the Loop-end (Helices 2 and 3 moving away from helices 1 and 4) (B) Left: A
bottom view of apoE3 structure (the Helix1’-end view). Helix C1 and the
flanking loops form a “Helix C1 lock” (Blue arrow) that prevents the CT do-
main moving away from the NT domain at the Helix1’-end. Right: A top view
of apoE3 structure (the Loop-end view) with the exposed hydrophobic resi-
dues of the apoE-CT shown in green sticks. Noticeably, most of hydrophobic
residues are exposed in the apoE-CT, forming the only major hydrophobic
surface in apoE3 structure (green arrow). The directions of the allowed
apoE-CT opening are indicated by red arrows.
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between residues C112 and W264 in this lipid-bound apoE is
>80 Å (5, Fig. 3), whereas the same distance in the lipid-free
apoE3 is ∼28 Å (1, Fig. 3), consistent with the previously re-
ported FRET data (27). No intermolecular FRETwas observed
between residues C112 and W264 (27). Residue R172 of one
monomer is located in a close proximity to the major LDLR-bind-
ing region of the other monomer in this antiparallel dimer orien-
tation (5, Fig. 4). An R172A mutation of apoE3 significantly
reduced its LDLR-binding activity (10).

Both lipid-bound apoE states are possible on spherical HDLs.
The first state is a partially lipidated apoE (upper, Fig. S3A) and
the second state is a fully lipidated apoE. Based on the crystal
structure of apoE/DPPC particle at 10 Å resolution (28), we as-
sume two molecules of apoE3 on a spherical HDL surface, which
are staggered at a 42° angle to each other (lower, Fig. S3A). This
relative orientation generates four possibilities. Using stereo hin-
drances as restraints and a distance constraint of >80 Å between
C112 and W264 (27) during modeling, we were able to eliminate
three possibilities and only one configuration satisfies these re-
straints (lower, Fig. S3A). Similarly, both lipoprotein-associated
apoEs may also be possible on VLDLs (Fig. S3B). VLDL has a
much larger surface area than HDL, facilitating apoE3-binding.
VLDL and VLDL remnant may contain more surface-located
cholesterol because they are cholesterol-richer lipoprotein particles
than HDLs (3). These differences cause a nearly 10-fold binding
affinity difference of apoE3 between HDL and VLDL (24).

Both lipid-poor and lipid-bound apoEs are able to bind to the
LRP (29) or HSPG (30). Saito and coworkers demonstrated two
major heparin-binding sites in apoE: An NT-binding site that
overlaps with the major LDLR-binding region and a CT-binding
site involving basic residues around K233 (31). A two-step binding
process was also suggested for apoE/heparin interaction. The basic
residues around K233 in the apoE3 are completely exposed, poten-
tially initiating HSPG-binding to trigger the same conformational

change of the apoE-CTshown in Fig. 3. The experimental evidence
indicated that lipid-free CT domain displayed a stronger affinity
and faster kinetics in the first binding step to heparin, supporting
this suggestion (Table S6) (30, 32). Such a conformational change
interrupts domain interactions and makes the major LDLR-bind-
ing region available for the second-step of HSPG-binding, again
consistent with the stronger affinity and faster kinetics of the NT
domain binding to heparin in the second binding step (Table S6)
(30). For lipid-bound apoE, both the major LDLR-binding region
and the K233 site are exposed and available for binding to the cell
surface located HSPG to initiate the LRP/HSPG pathway.

Because H-bonds are observed between the N terminus and
the major LDLR-binding region, we suggest that these H-bonds
are retained in the lipoprotein-associated structure, causing resi-
due E3 to be in a close proximity to the major receptor-binding
region. An E3K mutation enhances the positive potential of the
major LDLR-binding region and increases apoE3 LDLR-binding
activity (9). The spatial arrangement of buried H-bonds and salt-
bridges between NT/CT domain interfaces further indicate they
are critical in guiding recovery of the unique lipid-free structure
of apoE3 once dissociation from the lipoprotein surface. Reestab-
lishment of the observed buried H-bonds and salt-bridges serve as
the specific interactions that secure apoE’s domain-domain inter-
actions, ensuring apoE always adopts a unique tertiary structure
for reversible lipoprotein binding and receptor-binding activities.

The buried nature of the major LDLR-binding region may have
functional significance for apoE3 during folding, maturation, and
intracellular trafficking of apoE receptors. Indeed, receptor-asso-
ciated protein (RAP), apoE and apoE receptors are all folded
within the Endoplasmic Reticulum (ER) (33). ApoE and RAP fold
quickly, whereas apoE receptors fold slowly and require chaperones
includingRAP. ApoE andRAP share a similar binding affinity (nM)
to its receptors (34, 35) and can compete for binding to apoE re-
ceptors during receptor folding and maturation. These two unique

Fig. 4. A two-step conforma-
tional adaptation of apoE3
upon lipoprotein binding.
ApoE3 structures are shown
in ribbons and the colors
are coded the same as Fig. 2.
The helices are labeled re-
spectively. This two-step con-
formation adaptation of
apoE3 upon lipoprotein asso-
ciation follows a specific and
precise self-modulation path-
way, which is regulated by
the special topology of lipid-
free apoE3 structure. We as-
sume that there is no major
change of the helix locations
in apoE3 during lipid-binding.
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structural features of apoE eliminate the possible premature bind-
ing, thus RAP can perform its chaperone and escort functions (35).
Any mutations in apoE3 that interrupt apoE domain interaction
may expose the major LDLR-binding region. The “double security”
feature displayed in apoE3 structure also suggests that VLDLR,
apoER2, and LPR may have different binding modes to apoE,
because these receptors can bind to apoE in their lipid-free state
(29, 36). This new aspect directly ties apoE3 domain interaction
with receptor folding, maturation, and intracellular trafficking and
may have important clinical implications, because misfolding of the
apoE receptors causes several major human diseases (37, 38).

Many human naturally occurring mutants of apoE carry
mutations of the critical LDLR-binding residues, potentially in-
terrupting apoE domain interactions (Fig. S4) and facilitating
premature lipid-free apoE-binding to receptors and formation
of the partially-lipidated apoE. A premature binding between li-
pid-free/partially-lipidated apoE and the newly synthesized apoE
receptors may interrupt folding and trafficking of apoE receptors
inside the cells. Similarly, a premature binding between partially-
lipidated apoE and mature apoE receptors on the cell surfaces
during lipoprotein transport and metabolism in circulation may
also affect optimal apoE-receptor interaction. However, the dou-
ble security in apoE structure eliminates this possible premature
receptor binding, enabling apoE to accurately regulate its struc-
ture for an optimal apoE-receptor binding. This structural fea-
ture ensures proper folding and intracellular trafficking of apoE
receptors in the cells and warrants that only the fully lipidated
apoE binds to mature apoE receptors on the cell surface for an
optimal lipoprotein transport and metabolism in circulation.

We recognize the speculative nature of our model for HDL
and VLDL, as many important questions remain unanswered
and require experimental investigations. Nonetheless, the apoE3
structure reported here demonstrates that the unique topology
of human apoE regulates its biological functions, providing a
structural framework for further studies of the diverse biological
functions of apoE in several major human diseases including
atherosclerosis, diabetes, and Alzheimer’s diseases.

Materials and Methods
NOE distance restraints were generated using 3D/4D Nuclear Overhauser
Effect Spectroscopy (NOESY) experiments, including 3D 15N-edited NOESY
and 4D-13C, 15N-edited NOESY using both uniformly and segmentally labeled
apoE3 samples. Unique segmental labeling strategy was developed using a 2H,
15N-apoE-NT-13C, 15N-apoE-CT sample. The 3D 15N-edited NOESY spectrum of
this unique NMR sample allowed us to unambiguously identify 78 interdomain
NOEs between apoE3-NT amide protons and apoE3-CT aliphatic protons (39).

A total of 3,459 NOE derived distance restraints, 408 dihedral angle re-
straints, and 318 hydrogen bond restraints were used for structure calcula-
tion using the software package CYANA (40). Structure calculations were
carried out in an iterative manner and each iteration generated and energy
minimized 200 NMR structures in CYANA, including 10,000 steps of simulated
annealing. The generated structures were analyzed for distance and dihedral
angle restraint violations. A new restraint set was generated after these ana-
lyses for the next calculation. Final twenty best-fit NMR structures were used
for further analysis. Further details are provided in SI Materials and Methods.
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