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Summary

Apolipoprotein E (ApoE) is of great interest due to its role as a cholesterol/lipid transporter

in the central nervous system (CNS) and as the most influential genetic risk factor for

Alzheimer disease (AD). Work over the last four decades has given us important insights

into the structure of ApoE and how this might impact the neuropathology and pathogenesis

of AD. In this review, we highlight the history and progress in the structural and molecular

understanding of ApoE and discuss how these studies on ApoE have illuminated the

physiology of ApoE, receptor binding, and interaction with amyloid-β (Aβ). We also identify

future areas of study needed to advance our understanding of how ApoE influences

neurodegeneration.
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Introduction

Apolipoprotein E (ApoE) was first identified in the 1970s as one of the protein components

of plasma very-low-density lipoprotein (VLDL) (Shore and Shore, 1973; Utermann, 1975). It

was found to play a critical role in plasma cholesterol metabolism and was soon realized to

be a major risk factor in atherosclerosis and hypercholesterolemia (Mahley, 1988;

Mahley et al., 2009). Early characterization of ApoE revealed six protein polymorphisms,

separable by two-dimensional gel electrophoresis (Davignon et al., 1988; Rall et al., 1983). In

humans, three of these polymorphisms are due to the presence of three ApoE isoforms

(ApoE2, ApoE3, and ApoE4) characterized by a single amino acid substitution in ApoE2 and

ApoE4, compared to the most prevalent isoform, ApoE3. The 3 other polymorphisms

present in ApoE result from variable sialylation at Thr194 (Wernette-Hammond et al., 1989).

Despite the impact on disease risk, ApoE isoforms differ from each other in its 299 amino

acids at only two sites: ApoE4 is characterized by Arg112 and Arg158, ApoE3 by Cys112 and

Arg158, and ApoE2 by Cys112 and Cys158 (Figure 1A) (Weisgraber, 1994). Soon after the

initial discovery of ApoE, the primary receptor for ApoE—low-density lipoprotein receptor

(LDLR)—was discovered in 1976 (Goldstein and Brown, 1976). Subsequent studies showed

that ApoE was one of the primary ligands for LDLR, in addition to Apolipoprotein B (

Innerarity and Mahley, 1978). Through its interaction with LDLR, ApoE plays a critical role in

cellular uptake of ApoE-containing lipoproteins (Weisgraber, 1994).
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Figure 1. Illustration of Domains and Single-Residue Substitutions of ApoE Isoforms

(A) Figure shows early domain categorizations of ApoE with thrombin cleavage. Red: the N-

terminal domain of ApoE (1–167); yellow: the LDLR receptor binding domain (136–150);

gray: the hinge region (167–206) where cleavage site is located; blue: the C-terminal

domain (206–299). Also, the amino acids that distinguish the different ApoE isoforms are

shown at position 112 and 158. ApoE2 is characterized by cysteine at positions 112 and 158,

ApoE3 by cysteine at position 112 and arginine at position 158, and ApoE4 by arginine at

positions 112 and 158.

(B) The full-length 3D structure of ApoE3 by NMR (PDB:2l7b ). This demonstrates the

folding and interaction between the N-terminal, hinge, and C-terminal protein domains.

Colors are coded to illustrate the different domains of ApoE mentioned in Figure 1A.
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(C) Positions of single-residue substitution among ApoE isoforms shown in 3D structure.

ApoE2: Cys112 and Cys 158; ApoE3: Cys112 and Arg158; ApoE4: Arg112 and Arg 158. Figures

are generated from PDB files from left to right: 1le2, 1ple, 1le4.

In addition to the critical role that ApoE plays in peripheral cholesterol metabolism, ApoE

was found to be the primary apolipoprotein lipid and cholesterol transporter in the central

nervous system (CNS) (Boyles et al., 1985; Mahley, 1988). ApoE is produced by almost all cell

types in the brain: astrocytes, which secrete the vast majority of ApoE under physiological

conditions; microglia, under pathological conditions; and neurons, under certain injury

conditions (Blue et al., 1983; Boyles et al., 1985; DeMattos et al., 1998; Newman et al., 1985;

Pitas et al., 1987; Weisgraber, 1994; Williams et al., 1985). Characterization of ApoE secreted

from astrocytes revealed that ApoE is secreted in lipoprotein particles similar in size to

high-density lipoproteins (HDLs) (Fagan et al., 1999; Pitas et al., 1987). In 1993, APOE

genotype was found to strongly modulate risk for Alzheimer disease (AD) (Corder et al., 1993

; Strittmatter et al., 1993a, 1993b). A single copy of the ε4 allele increases AD risk by about 3-

fold, with two copies of the ε4 allele increasing disease risk about 12-fold relative to

individuals who have 2 copies of the ε3 allele. The ε2 allele decreases AD risk by about 0.6 (

Corder et al., 1993; Holtzman et al., 2012). ApoE was also identified as a core component in

cerebral and vascular amyloid plaques (Näslund et al., 1995;

Wisniewski and Frangione, 1992). Early studies with amyloid-β (Aβ) depositing mice

(PDAPP or Tg2576 mice) mice found that, in the absence of murine ApoE, Aβ still deposited

in the brain but did not form or formed very little β-pleated sheet structures in the brain

parenchyma or in cerebral amyloid angiopathy (CAA) (Bales et al., 1997;

Holtzman et al., 2000). Interestingly, expression of human ApoE3 and ApoE4 in PDAPP mice

in the absence of murine ApoE delayed the onset of Aβ deposition relative to mouse ApoE or

no ApoE, suggesting that human ApoE may play role in Aβ clearance as well as in Aβ fibril

formation (Holtzman et al., 1999). Later studies in PDAPP mice expressing human ApoE2,

ApoE3, and ApoE4 revealed that the amount of Aβ pathology is dependent on ApoE isoform:

ApoE4 leads to the most Aβ pathology and ApoE2 the least with ApoE3 being intermediate

between the two other isoforms (Bales et al., 2009; Fagan et al., 2002; Holtzman et al., 2000).

Similar ApoE isoform-dependent effects on Aβ were seen in different APP/PS1 transgenic

mice (Kim et al., 2011; Kuszczyk et al., 2013; Youmans et al., 2012). Apart from ApoE-Aβ

interaction, it was reported that ApoE isoform modulates extracellular, soluble, monomeric

Aβ levels (Castellano et al., 2011) and that the levels of ApoE receptors, such as LDLR or LRP1,

also modulate Aβ pathology (Kanekiyo et al., 2013; Kim et al., 2009; Verghese et al., 2013). In

addition to the importance of ApoE in Aβ pathology, ApoE has been shown to dramatically

impact neurodegeneration in a mouse model of tauopathy (Shi et al., 2017). Similar to the

effect of ApoE isoform on Aβ pathology, increased neurodegeneration was observed with
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ApoE4 compared to ApoE3 and ApoE2, while the absence of ApoE was neuroprotective. Due

to its pleiotropic effects, ApoE may influence AD in other ways, including effects on the

blood-brain barrier, synaptic plasticity, and possibly other mechanisms (Bell et al., 2012;

Liu et al., 2013). In addition to AD, ApoE has also been reported to have an impact on

dementia and synucleinopathy in Parkinson’s disease dementia and dementia with Lewy

bodies as well as in mouse models of synucleinopathy (Davis et al., 2020; Dickson et al., 2018

; Tsuang et al., 2013; Zhao et al., 2020).

The dramatic effect of ApoE isoform on AD, neurodegeneration, and other neuropathologies

is likely the consequence of both the direct interaction of ApoE with specific proteins such

as Aβ and ApoE receptors, as well as indirectly through regulation of ApoE levels by the

interaction of ApoE with its receptors and other molecules. Some early studies have

suggested that ApoE may directly interact with Aβ to induce Aβ fibrillization (

Aleshkov et al., 1997; LaDu et al., 1994; Ma et al., 1994; Strittmatter et al., 1993b;

Wisniewski et al., 1993). In fact, our lab also recently discovered that the ApoE in Aβ plaques

exists in a unique conformation that is not lipidated that may promote Aβ plaque formation

(Liao et al., 2018). On the other hand, ApoE2 may be protective due to deficiencies in ApoE-

LDLR binding (Hui et al., 1984; Rall et al., 1983) or via other effects. Modulation of LDL

receptors, including LDLR and LRP1, has been demonstrated to affect Aβ clearance by

different groups (Cam et al., 2005; Castellano et al., 2012; Kim et al., 2009). To better

understand and develop treatment for AD and other neurodegenerative disorders, it will be

critical to investigate the molecular interactions that occur between ApoE, pathological

proteins, ApoE receptors, and other interacting molecules. Indeed, much progress has been

made in the last 40 years to elucidate the molecular behavior of ApoE and its impact on

neurodegeneration. Advances in understanding the structure of ApoE have yielded insights

into how seemingly small changes at the structural level manifest themselves as dramatic

changes in ApoE receptor binding and AD pathology. In this review, we discuss the historical

progress in understanding ApoE structure and how these insights can be used to better

understand AD neuropathology and pathogenesis. We will also discuss new directions that

will be necessary to further advance our understanding of ApoE structure/function

relationships.

Historical Progress in Understanding ApoE Structure

Soon after the discovery of ApoE (Shore and Shore, 1973), structural predictions were

proposed based on the primary sequence of ApoE (Baker et al., 1975; Weisgraber 1994).

Biochemists and evolutionary biologists have focused on conservative internal repeats of

the primary amino acid sequences that exist in most apolipoproteins (
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Huebbe and Rimbach, 2017; Li et al., 1988). These internal repeats exhibit features that are

favorable for forming amphiphilic α-helical structures according to the primary amino acid

sequence (Li et al., 1988; Weisgraber 1994). Such amphiphilic helices supported the

amphiphilic theory that charged residues create electrostatic association with lipid head

groups, and their adjacent hydrophobic residues further stabilize the neck of those

phospholipids on lipoprotein particles. The predicted helical secondary structures were

experimentally verified by circular dichroism (CD) spectra (Weisgraber, 1994). More

interestingly, it was also shown that the heparin-binding domain of ApoE extended the

helical portion in the presence of heparin or other glycosaminoglycans (Cardin et al., 1991;

Mahley et al., 1979), strengthening the belief that the helical structures in the apolipoprotein

family are required to interact with lipids on lipoprotein particles (Jackson et al., 1975).

Thrombolytic cleavage of the ApoE molecule yields two unique fragments, the N-terminal

domain and C-terminal domain, where the N-terminal domain is responsible for LDLR

binding, but only weakly interacts with lipids, and the C-terminal is considered to bind to

the surface of lipoproteins and is not involved in LDLR recognition (Figures 1A and 1B) (

Bradley et al., 1982; Innerarity et al., 1983; Weisgraber, 1990). However, while point

mutagenesis and antibody competition experiments have unveiled that residues 136–150

are required for LDLR binding to ApoE (Innerarity et al., 1983; Lalazar et al., 1988;

Weisgraber et al., 1983; Wilson et al., 1991), the single-residue replacement of arginine by

cysteine at position 158 on ApoE2 (Figures 1A and 1C), seemingly distant from the LDLR

binding site, dramatically reduces the binding of ApoE2 to LDLR. In addition, while DMPC

(1,2-dimyristoyl-sn-glycero-3-phosphocholine) associated full-length ApoE2 has a

significant reduction in affinity for LDLR (Weisgraber et al., 1982), the N-terminal truncated

form of ApoE2 regains partial binding ability when bound to DMPC (Yamamoto et al., 2007).

The ApoE4 amino acid change of Cys112 to Arg112 (Figures 1A and 1C), that is also not part

of the LDLR binding site (136–150), is strongly associated with increased cholesterol and

LDL in plasma (Eto et al., 1987, 1991; Saito et al., 2004). These observations contributed to

delineate a critical question that has defined the field: how do these single amino acid

substitutions dramatically change the characteristics of ApoE-containing lipoprotein

particles and their binding properties to other molecules, consequently impacting on AD

pathology?

This question was first addressed by the crystal structure of a recombinant N-terminal

portion of human ApoE3 expressed in E. coli (Aggerbeck et al., 1988; Wilson et al., 1991).

While building one of the first vertebrate apolipoprotein structures (Wilson et al., 1991;

Breiter et al., 1991), Wilson et al. achieved a density map at 2.5 Å resolution for de novo

modeling generated from dimethyl mercury labeling and combined heavy atom phase
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refinement. According to their structural model, the major N-terminal portion of human

ApoE3 exhibits an elongated four-antiparallel-helix bundle. This helix bundle buries most of

the hydrophobic residues inside a compact core and exposes the hydrophilic residues on the

surface, where the repeating leucine residues stack with each other with leucine side chains

from adjacent antiparallel helices and further “zipper” the helical bundle. Moreover, seven

salt bridges were observed to form between pairs of helices, further stabilizing the super-

secondary structure. On the other hand, supporting previous determinations of the LDLR

binding site (Weisgraber, 1994), the structure described by Wilson et al. revealed that many

basic residues, such as Arg134, Arg136, His140, Arg142, Lys143 Arg145, Lys146, Arg147, and

Arg150, are mostly accessible on the surface and free from intramolecular salt bridges,

forming a strong basic site for LDLR binding (Figure 2A). It also explains why none of the

naturally occurring variants or single-point mutagenesis in that region could completely

eliminate the ApoE-LDLR interaction, because all these basic residues may cooperatively

interact with LDLR and foster a high binding affinity (Innerarity et al., 1983;

Lalazar et al., 1988; Landschulz et al., 1996; Mann et al., 1989).
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Figure 2. Structural Analysis Focusing on LDLR Binding Regions on ApoE

(A) Putative explanation of isoform differences in affecting LDLR binding region from crystal

structures. From left to right: ApoE2, ApoE3, ApoE4, and ApoE2_D154A. Red ellipses
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highlight the key Arg150 only captured by Asp154 in ApoE2 that affects LDLR binding site.

Red arrows indicate different orientations of Arg150 in those structures. Gray rectangles

show the LDLR binding sites on ApoE structures. PDB files from left to right: 1le2, 1ple, 1le4,

1nfo.

(B) NMR structure of full-length ApoE3 (PDB: 2l7b ). Salmon: N-terminal residues (1–24);

cyan: N-terminal α-helix bundle (25–163); yellow: free loop (164–168); gray: hinge region;

red: C-terminal. Cyan structure shows the α-helix bundle consistent with previous X-ray

crystal structures. Yellow loop highlights the “lock” of N-terminal α-helix bundle to unfold.

The gray hinge region and red C-terminal domain cover N-terminal α-helix bundle that was

assumed solvent exposed.

(C) NMR structure of full-length ApoE3 showed that LDLR binding region is completed

covered in non-lipidated form. Top-left panel shows the superposition of crystal structure of

ApoE3 N-terminal domain (green, PDB: 1lpe ) to NMR structure (cyan and red, PDB: 2l7b

), key residues involved in LDLR binding are highlighted with hydrogen atoms (white); top-

middle panel shows that LDLR binding site on N-terminal domain of ApoE3 is completely

capped by C-terminal (red dots represent the atomic surface of C-terminal domain); top-

right panel highlights key interactions between acidic residues on C-terminal domain and

basic residues in LDLR binding, enlarged views of three interaction cores between N-

terminal and C-terminal domains are presented at the bottom. Note: Q279 and E287 are

mutations generated by the authors.

Prompted by this pioneering work, the similar N-terminal fragment of ApoE4 and ApoE2

was resolved by X-ray crystallography (Dong et al., 1994; Wilson et al., 1994). Combining all

these N-terminal crystal structures, an intriguing structural model was proposed by

Weisgraber and colleagues to explain the differences in ApoE isoforms (Figure 3A) (

Weisgraber, 1994). This model consists of a N-terminal four helix bundle and an

undetermined α-helical C-terminal region connected by a hinge domain (Figure 3A). ApoE

possesses many Lys and Arg residues in the Helix 4 in the N-terminal helical bundle,

creating a positively charged pocket to interact with acidic residues in the lipoprotein

binding site on LDLR protein family members. Meanwhile, lipid association with ApoE

would induce a conformational change of the N-terminal and hinge region, especially

recruiting Arg172 in the hinge region to fully activate the LDLR binding affinity of ApoE (

Morrow et al., 2000). Such a conformational change induced by lipid binding is thought to

initiate in the C-terminal domain, because, unlike the C-terminal domain, the isolated N-

terminal domain showed little lipid binding ability (Bradley et al., 1982;

Innerarity et al., 1983; Weisgraber, 1990). On the other hand, compared with ApoE3, the

single-residue substitution on ApoE2—R158C—releases the Asp154 to form a new salt bridge
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with Arg150 and therefore disrupts the initiation of LDLR-ApoE interaction starting with

Arg150 and the adjacent basic residues (Figure 2A). Weisgraber’s idea was supported by a

point mutagenesis that switched Asp154 to Ala and successfully restored the LDLR binding

affinity of mutant ApoE2 (Figure 2A) (Dong and Weisgraber, 1996). On the other hand, the

ApoE4 change—C112R—was proposed to be involved in a putative interaction with Glu255

in the C-terminal region (Figure 3A). The first evidence for this came from the N-terminal

structure resolved by the Weisgraber and Agard group, in which the substitution C112R

pushed Arg 61 away from the helix bundle, while in ApoE3 Arg61 was buried between two

helices (Dong et al., 1994). The second evidence was from a mutagenesis study that

demonstrated a single mutation E255A changed ApoE4’s preference in plasma LDL binding

to HDL like ApoE2 and ApoE3 (Saito et al., 2003). To address these observations, Weisgraber

and colleagues hypothesized that there is an interaction between Arg61 and Glu255 caused

by Arg112 in ApoE4 that locks ApoE4 in a less open conformation compared to ApoE2 and

ApoE3, rendering a much tighter interaction between the N-terminal domain and C-

terminal domain (Figure 3A) (Hatters et al., 2005; Xu et al., 2004). Mutagenesis of Glu109

in ApoE3 and Arg61 in ApoE4 also supported the idea that the position of Arg61 in ApoE4 is

critical in determining ApoE4 plasma VLDL binding preference (Dong et al., 1994;

Dong and Weisgraber, 1996). The relevance of such a lipoprotein preference based on this

model might be relevant in the plasma where large lipoproteins such as LDL and VLDL exist.

Although only HDL-like lipoparticles exist in the CNS, these findings may also be important

in understanding size differences in ApoE-lipoprotein particles secreted from different cell

types. Of note, the other rearrangements of the salt bridges on helix 3 in ApoE2 may not

completely explain its lack of binding to LDLR (Weisgraber, 1994; Wilson et al., 1991), and

these N-terminal structures also provided no information of other key residues for ApoE-

LDLR interaction such as arginine 172 (Morrow et al., 2000). The lack of the integral view on

full-length ApoE molecular structure has hampered the interpretations of increasing

pathological observations that linked ApoE to AD pathology for years.
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Figure 3. Two Structural Models of Lipidated ApoE Lipoprotein Particle

(A) Early ApoE lipidation and explanation of isoform differences in lipidation, adapted from

Mahley et al. (2009). Left panel shows the impact of Arg112 substitution in ApoE4 on

strengthening N/C-terminal domain interaction (Arg61-Glu255) comparing to ApoE3.

(B) Figure shows the “horse-shoe” structural model fit into low-resolution electronic density

map from X-ray diffraction data by Weisgraber’s group. LDLR binding region is circled in

red. Adapted from Mahley et al. (2009).

(C) Cartoon adapted from Peters-Libeu et al. (2006), presents a cartoon model how the

“horse-shoe” ApoE monomer curves on lipoparticles based on the X-ray crystallography

data.
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(D) Cartoon adapted from Peters-Libeu et al. (2006), showing a dimeric packing of two ApoE

molecules on each repeat unit of ApoE-DPPC.

(E) Molecular dynamic simulation results of ApoE4 dimers on a lipid disc, adapted from

Henry et al. (2018). From top to bottom show different possible configurations of two ApoE4

molecules wrapping around a lipid disc.

Adapted from Mahley et al., 2009; Peters-Libeu et al., 2006; Henry et al., 2018

It wasn’t until 2011, that the first full-length ApoE structure was resolved by the group of

Jiajun Wang by nuclear magnetic resonance (NMR), though this was done with multiple

mutations (R215C/R217S/F257A/W264R/V269A/L279Q/V287E) needed to stabilize ApoE3 in

a monomeric form (Zhao et al., 2018; Chen et al., 2011). Their structural model successfully

extended the N-terminal models from X-ray crystallography and previous NMR structure of

the C-terminal domain, in which the N-terminal domain (residues 1–167) and C-terminal

domain (residues 206–299) are shown to link together by a long hinge domain (residues

168–205) (Figure 2B). This NMR structure showed that the folding and unfolding process of

ApoE could potentially be much more complicated than suggested by the Weisgraber model

(Figure 2C). According to their full-length NMR structure of human ApoE3, the N-terminal

four helix bundle possesses similar configurations compared to previous N-terminal

truncated structures, except for some minor changes: the existence of the C-terminal

domain attracts the helix 1’ (45–52) to slide down and results in helices 3 (89–125) and 4

(131–164) subtly tilted toward the C-terminal domain. The long hinge domain forms two

more helices that tightly cover the hydrophobic surface on helix 2 and 3 of the N-terminal

domain, regulating the interaction between N- and C-terminal domains. The C-terminal

domain ultimately turns to fold into one curved long helix and two short helical structures

that cover the other side of N-terminal domain helix bundle (Figure 2B). Indeed, the general

folding of the N-terminal and C-terminal helices are consistent with previous structures (

Figure 2B). However, if the mutated residues do not significantly alter ApoE structure, then

this full-length ApoE3 structure would change our understanding of molecular

characteristics of ApoE and its interaction with lipids or even receptors, such as LDLR or its

family members because of its unique topology. First, the hinge region forms two helices

instead of completely random coils that partially cover the surface of the N-terminal helix

bundle. Second, the enshrouding superposition by the loop between hinge helix and helix 4

on top of the loop between helix 2 and 3 forces ApoE3 to undergo a unique unfolding

process compared to what was previously proposed (Weisgraber, 1994). Last but not least,

the major region of LDLR binding site on in the N-terminal domain is in fact shielded by the

C-terminal domain containing helices and intrinsic disordered regions instead of simply G

helices (Figure 2C). The key arginine 150 may not be free from interactions with multiple
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residues in the C-terminal domain including Gln253, Glu281, and Glu287. Moreover, the

proposed original salt bridges become more complicated as residues Asp154 and Arg158

also interact with Lys157, Arg260, Gln275, and Gln279 (Figure 2C). Also, the sole substitution

in ApoE2—C112R—may alter the unfolding process or affinity since Arg158 is predicted to be

involved in dissociation of helix 3 and helix 4 and the final dimerization between two

stretched ApoE3 monomers (Chen et al., 2011). Wang’s group also pointed out that the

previously predicted domain interaction through Arg61 and Glu255 was not present in their

model. Rather, the interaction between the N-terminal and C-terminal domain is proposed

to occur between Lys95 and Glu255. However, Gln279 and Glu287 were in fact induced for

NMR restraints and turned out to be strongly involved in those interactions (Figure 2C).

Whether the covering of the C-terminal domain onto N-terminal helical bundle comes from

an artifact is never clearly discussed. Moreover, since physiological ApoE is lipidated it is

unclear whether the shielding of the N-terminal domain by the C-terminal domain is

physiologically significant.

This structure eventually leads to the most comprehensive and rigorous model for ApoE

folding and lipidation process proposed. Carl Frieden group’s data from hydrogen—

deuterium exchange coupled to mass spectrometry (HDX-MS) experiments—unveiled that

all peptides that behaved differently between ApoE3 and ApoE4 (except 148–159) are close

in proximity to residue 112, where the single-residue substitution is, providing a more

straightforward explanation of isoform structural difference between ApoE3 and E4 (

Frieden et al., 2017). It is quite interesting that the major difference between full-length

ApoE3 and ApoE4 that Frieden et al. observed appear to be in peptides 27–37, 60–64, and

102–108, which surprisingly are all in the N-terminal helix bundle. These observations were

all performed at 10 μM, conditions in which the protein is in tetrameric form (

Garai et al., 2011). Thus, part of the signal might result from oligomeric interactions.

Nonetheless, this difference in flexibility in those regions may account for the distinct

preference of ApoE4 to plasma VLDL because of the curvature accommodation. Whether

this is relevant to lipid binding in HDL-like particles in the CNS is not clear. The Frieden

group also completed the ApoE lipid binding model concluding with a discussion of isoform

differences (Frieden et al., 2017). They postulated that there is a domain-domain separation

between N- and C-terminal domains as the first step in lipid binding, where charged lipid

molecules replace and break the original salt bridges. This finalized model is consistent with

the structural differences between ApoE3 and ApoE4 and also succeeded in explaining the

difference in receptor binding between lipidated ApoE and non-lipidated ApoE due to the

opening up of the C-terminal domain, which is required for accessing the LDLR binding site

on the shielded N-terminal domain. Indeed, it is possible that the Weisgraber model still

matches with the situation where ApoE gets fully lipidated and adopts an extended helical
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conformation. However, experimental data are lacking to answer whether molecular

structures of ApoE2 and ApoE4 fit with Wang and Frieden’s model or whether ApoE2 and

ApoE4 in fact adopt different conformations, leading to a mystery whether these two single-

residue substitutions could induce non-trivial conformational changes that might alter the

current model. It is also unknown whether ApoE2 and ApoE4 would undergo the same

lipidation process or have different steps of conformational changes as suggested previously

(Morrow et al., 2002). In addition, fluorescent measurements of ApoE lipid binding

suggested that ApoE4 has a more disordered C-terminal domain, which lead to ApoE4’s

higher affinity for lipid and preferential association with plasma VLDL (Saito et al., 2003).

This is opposite of Frieden’s HDX results, yet, again, those experiments were performed at

10 μM where ApoE is tetrameric. Nonetheless, there are some interesting results from

molecular dynamic simulations that supported Wang and Frieden’s model and provided

pure computational models focusing on ApoE4 (Ray et al., 2017; Williams et al., 2015).

Importantly, none of the ApoE structures above were resolved in their native, physiological

lipidated forms present in vivo. However, these structures indeed provide vital information

for us to investigate the molecular features controlling folding, lipid interaction, and

receptor binding of ApoE, whereas the empirical evidence supports aspects of these

structural models to this day.

Early assessments of lipidated ApoE started with C-terminal fragments when the group of

Robert J. Cushley managed to mimic the lipid environment of lipid-associated C-terminal

regions of ApoE and ApoAI and restored their secondary structure by applying micelles of

sodium dodecyl sulfate (SDS) or dodecylphosphocholine (Shaw et al., 1997;

Wang et al., 1996a). Further, Guangshun Wang and colleagues determined the first soluble

structure of the partial ApoE C-terminal domain by CD spectra and 2D NMR (

Wang et al., 1996b). The structure of both constructs demonstrated that the C-terminal

domain of ApoE mostly forms helical structures in the lipid-associated environments, while

it collapses into random structures in the absence of SDS, according to the CD spectra

results. Although previous helical wheel projections had already led to a prediction that the

C-terminal domain of ApoE forms an atypical class of helix called G amphipathic helix (

Segrest et al., 1992; Sparrow et al., 1992), it was shown for the first time that the C-terminal

domain would fold into such an amphipathic helix, creating a hydrophobic gulf for DMPC

interaction through Trp264, Phe265, Leu268, and Val269. While this domain is not folded in

an ideal way—Val269 was not in the hydrophobic face in construct 267–289, the NMR

structures confirmed that Trp276 is vital for lipid-association as its side chain is consistently

motion-restricted due to its insertion into the micelle interior (Wang et al., 1996b).

However, such a lipidated form of ApoE was restricted to only ∼22 amino acids in the C-
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terminal domain, leaving it still unclear as to how full-length ApoE present in a lipoprotein

particle behaves.

To further address this question, the first and sole structure of lipidated ApoE was

determined by Karl Weisgraber’s group in 2006 via X-ray crystallography (

Peters-Libeu et al., 2006). They crystallized ApoE4 with dipalmitoylphosphatidylcholine

(DPPC) and analyzed the unique diffuse scattering pattern in their diffraction data.

Surprisingly, the crystallized ApoE4-DPPC particle did not fall into a lipid bilayer with

phospholipid molecules as previous suggested (Raussens et al., 1998). Rather, ApoE4-DPPC

formed a spheroidal shape without a complete ring of diffuse scattering centered on 4.2 Å,

which was supported by the non-crystallographic 2-fold rotation axis (

Peters-Libeu et al., 2006). Indeed, it is most likely that ApoE could have flexibility to

accommodate different shapes and sizes of the lipoprotein particles since other methods

showed that ApoE particles could form disc-like shapes with different concentrations of

cholate and lipid, similar to the discoidal ApoE particles secreted by astrocytes (

DeMattos et al., 2001; Hatters et al., 2009; Mahley et al., 2009). Alternatively, the spheroidal

shape of the particles might be more favorable for the molecular packing under the

crystallization condition they optimized. Both forms of ApoE lipoprotein particles could

exist in different physiological environments. Their final model suggested a stoichiometry of

two ApoE4 molecules per particle, each bending into a horseshoe-like shape, circumscribed

around the lipid spheroid with a circular cross-section in the equatorial plane as a dimer (

Figures 3B and 3C) (Peters-Libeu et al., 2006). One question that remains open is whether

the structural properties of ApoE when bound to ApoE-lipid particles depend on the

stoichiometry of ApoE per ApoE-lipid particle or is intrinsic to the protein. Although the

overall resolution of this dataset was limited at 10 Å, the height and width of the density

map does fit with a side-by-side pair of helices model. It suggests that the ApoE protein

backbone can possess some short helices and connecting loops (or bends) to form the

semicircular arc and match with the curvature of a lipoprotein particle surface (Figures 3B

and 3C). Upon ApoE lipidation, the Weisgraber group hypothesized that there are three

steps: (1) the N-terminal four helix bundle stretches out and exposes its hydrophobic core,

while the C-terminal domain dissociates from the original compact conformation; (2) the

N-terminal domain further opens up and extends into a line where C-terminal domain in an

anti-parallel fashion sits on top of the hydrophobic residues exposed on N-terminal helices

and together forms a belt-like configuration, but, unlike the naive belt model, hydrophobic

residues were thought to contribute to hairpin interactions between two helices, instead of

interacting with lipid tails; (3) two ApoE “belts” eventually dimerize on the edge of the

spheroidal shaped lipid core with an stagger angle at ∼42°, in which the each ApoE protein

stabilizes the lipoprotein particle by enveloping half of the polar phospholipid head groups (
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Figures 3A–3D) (Peters-Libeu et al., 2006; Hatters et al., 2006). The Weisgraber model also

explains how esterified cholesterol is incorporated into the HDL core as the ApoE horseshoe

dimer can provide enough flexibility to accommodate expansion of the size and the changes

of the curvature. Yet, the Weisgraber model is based substantially on the crystal structures

with the N-terminal truncated forms of the ApoE isoforms and full-length ApoE-DPPC

structure was based on a prediction according to the low-resolution electron density map. (

Hatters et al., 2006; Weisgraber, 1994). It is undeniable that the missing portion of ApoE

protein might influence the conformations of the known motifs if even a single-residue

substitution can make a huge impact on the protein structure and functionality. Without a

higher-resolution structure, it remains unclear whether the details of this structure are

correct.

Recently, a computational model of full-length, lipidated ApoE4 was presented by Henry

et al. with support from cross-linking mass spectrometry (MS) data (Henry et al., 2018). They

achieved a relatively homogeneous population of lipidated human recombinant ApoE4 by

mixing ApoE4 and POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocoline) at a molar ratio

of 1:110. After size-exclusion chromatography purification, they treated the ApoE4-

containing lipid particle with an equimolar mixture of light DSS (sodium

trimethylsilylpropanesulfonate) (DSS-H12) and heavy DSS (DSS-D12) to crosslink spatially

nearby Lys residue pairs, from which the special information of adjacent secondary

structures would be recorded by MS and applied for molecular dynamic simulations. Their

data suggested that each monomeric ApoE4 may fold into two major configurations: (1) an

open hairpin structure where the hairpin bends at N-terminal helices 3 and 4 in

juxtaposition to the C-terminal domain; (2) a compact hairpin that adopted a previously

proposed N-terminal four helix bundle (Figure 3E). Then two ApoE4 monomers dimerize

into either head-to-head or head-to-tail conformations wrapping around the edge of POPC

lipid-disc, protecting the hydrophobic surface of packed POPC tails. Their molecular

dynamics simulation indicated that ApoE4 secondary structures could stretch or shrink

between helices or bend to accommodate the size changes of different lipoprotein particles.

Interestingly, their data also suggested that the end of N-terminal helix 4 could change from

original random coil to an α-helical conformation with the existence of POPC disc and

caused reorientation of Arg172—a previously reported key residue involved in ApoE-LDLR

interaction—but is not in the LDLR binding site (Morrow et al., 2000). However, because DSS

conjugation only applies for Lys pairs, helices without Lys residues such as helix 1 on the N-

terminal domain could not be applied to their crosslinking MS (XL-MS) method. In addition,

in the view of multiple configurations of ApoE protein on the lipid-containing particles,

their XL-MS results would result from an ensemble of all the ApoE molecules after the DSS

treatment, instead of only one or two conformations. Although the authors (1)

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/copurification


distinguished two different conformations of ApoE4 on the lipid-containing particles to

satisfy the XL-MS data and (2) applied a reasonable initial model for simulation based on

previous literature, it is still possible that these two structural models may not be able to

completely represent the true nature of native ApoE lipoprotein particles. Moreover, the

helical bundle presented both in their open hairpin and compact hairpin models was not

clearly observed in their and in other groups initial cryoelectron microscopy (cryo-EM)

images (Henry et al., 2018; Zhang et al., 2010). Additionally, some of the XL-MS Lys pairs

might come from less lipidated ApoE particles or even delipidated ones, which was not

considered in the simulation. Nevertheless, their model raises the question of whether ApoE

has different conformations on lipid nanodiscs and whether such differences result from

interchangeable, but distinguishable, folding/unfolding steps or instead reflects a broader

conformational heterogeneity of the protein. It is also unknown as to whether what they

observed from ApoE4 could be applied to the other two isoforms or explain the isoform

differences for AD pathology in a novel way.

In addition to these hallmark structures of the ApoE molecule, there are many other

structural determinations worth mentioning that provide vital supplementary information

for our understanding of ApoE and related interactions. For example, Guttman et al.

characterized interactions between ApoE and LRP1 by solving the complex structure of

ApoE fragment (130–149) fused with one conserved complement repeat (CR17) from LRP1

by NMR (Guttman et al., 2010). Their model suggests a universal mechanism for how CR-

containing receptors such as LRP1 and LDLR interact, presumably through a side chain of

tryptophan and some acidic residues surrounding one calcium ion to attract the Lys143 and

Lys146 on the ApoE helix. The interaction between ApoE and heparin has been determined

in 2001, showing that Arg142 and Arg145 are critical to the 6-Osulfo group of glucosamine (

Dong et al., 2001). Ren’s group also pioneered the possibility of applying novel techniques

such as cryo-EM in lipoprotein structure determination, including ApoE (Zhang et al., 2010,

2013). Going forward, the use of cryo-EM to obtain high-resolution structural features may

ultimately prove to be critical in determining the structure of lipidated forms of ApoE

produced by different cell types to answer some of these unresolved issues.

Physiological Form of ApoE and Neuropathology

In its native form, ApoE is secreted as HDL-like lipoprotein particles in the CNS (Figure 4A).

This alters its ability to bind ApoE receptors and its interactions with pathological proteins,

such as Aβ (Garai et al., 2014; Strittmatter et al., 1993b) as well as structures such as normal

and damaged synapses. The lipidation status of ApoE has also been postulated to contribute

to the progression of AD as the size and components of ApoE-containing lipoproteins have
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been associated with disease progression in AD (Grimm et al., 2017). The lipidation process

of ApoE in vivo is not well understood, nor is the conformation of lipidated ApoE. As

discussed, only two structural models of lipidated recombinant ApoE have been assessed (

Hatters et al., 2006; Henry et al., 2018). While the crystal structure has unveiled a single,

low-resolution model of lipidated ApoE on a spherical DPPC lipid-containing particle, the

later computational model assumes ApoE is bound to a discoidal lipoparticle. Both

structural models suggest that two ApoE molecules form a dimeric ring to stabilize lipids in

the center in its final state, while the lipoprotein particle might be disc-shaped or

spheroidal, depending on certain lipidation conditions. However, neither of those two

structures could provide detailed information of the molecular configurations of ApoE

protein on the lipid-containing particle at even near-atomic resolution, which has limited

our understanding of characteristics of native ApoE in vivo.
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Figure 4. Model of ApoE and Where It May Impact AD Neuropathology

(A) Lipidated ApoE is secreted primarily by astrocytes in the CNS.

(B) Microglia secrete ApoE in disease conditions and microglial ApoE can be integrated into

existing amyloid-β plaques.

(C) ApoE is uptaken by LDLR present on astrocytes and other cell types, such as endothelial

cells (see D) and neurons (see E).

(D) Amyloid-β and lipidated ApoE may compete for clearance by binding to LDLR receptors.

ApoE might also form complexes with amyloid-β which may promote clearance of amyloid-

β.

(E) ApoE is uptaken by neurons through receptors such as LDLR, LRP1, and HSPG.

(F) Recycling endosomes or lysosomes in neurons are potential sites where non-lipidated or

partially lipidated ApoE interacts with amyloid-β inducing amyloid-β fibrillization.

(G) ApoE in plaques is presumably required for microglial clustering around amyloid-β

plaques.

(H) ApoE may promote the engulfment of dying or damaged synapses/neurons with fibrillar

tau accumulation.

Moreover, more subtle isoform-specific size differences are also observed in the CNS.

Observational studies of lipoprotein particle size in human CSF showed that ApoE4 was

present in smaller HDL-like particles, whereas ApoE2 was associated with larger HDL-like

particles (Heinsinger et al., 2016). In mouse models expressing different human ApoE

isoforms, ApoE4 expression results in smaller particles, while ApoE2 forms larger particles

compared to ApoE3 (Hu et al., 2015). Consistency in the size preference between ApoE

isoforms across species indicates that these differences are independent from the

human/mouse brain environment. Rather these preferences result from intrinsic properties

of the ApoE protein. This is supported by experiments using hydrogen-deuterium exchange

coupled to MS experiments that showed that ApoE4 was more flexible at several residues

(27–37, 60–-64, and 102–108) than ApoE3, which may explain the prevalence of ApoE4 in

VLDL (Frieden et al., 2017). Isoform-specific differences may due to the ability of the N-

terminal and C-terminal domains to separate. However, it is still not clear how and why

ApoE is present as discoidal particles secreted by astrocytes (Fagan et al., 2002). This may be

driven by the ability of ApoE to become lipidated in the CNS, which is a property both of the
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protein glycosylation and secretory apparatus of particular cell types. The lipidation of ApoE

lipoparticles in the CNS may have a strong association with AD pathology. It has been found

that the lipid efflux protein ABCA1 is required for ApoE to become lipidated by astrocytes (

Hirsch-Reinshagen et al., 2004; Wahrle et al., 2004). Further, the lack of ABCA1 in Aβ-

depositing mice results in increased amyloidosis, while overexpression of ABCA1 increases

ApoE-lipidation in the brain and decreases amyloidosis (Hirsch-Reinshagen et al., 2005;

Koldamova et al., 2005; Wahrle et al., 2005, 2008). In addition, LXR agonists, which increase

ABCA1, among other effects, have been shown to reduce Aβ pathology in mice (

Fitz et al., 2010). However, current studies do not suggest isoform-specific differences in

ABCA1 binding, nor describe the ultimate lipidation states after interacting with ABCA1 (

Krimbou et al., 2004). Nonetheless, these studies suggest that the degree of ApoE lipidation

influences its effect on Aβ even though the impact on the conformation of ApoE is not

completely understood.

The lipidation of ApoE and isoform-specific differences in stability may further contribute to

differences in AD neuropathogenesis. The overall protein stability and lipid binding

preferences appear to be linked. This is predicted to be driven by interactions between the

N-terminal and C-terminal domains (Hatters et al., 2005; Xu et al., 2004). This was supported

by a mutagenesis study where mutation of Glu255 to Ala255 altered the lipid binding

preference of ApoE4 from plasma VLDL to HDL, similar to ApoE3 and ApoE2 (

Weisgraber, 1990). Meanwhile, ApoE lipidation and its impact on AD pathology may be

linked with secretion by different cell types. For example, while astrocytes produce and

secrete most of the ApoE containing HDL-like lipoproteins in the normal CNS, following CNS

damage and in the setting of neurodegeneration, microglia strongly upregulate ApoE levels (

Krasemann et al., 2017). The function of ApoE produced by microglia has been proposed to

be involved in the microglial activation response (Krasemann et al., 2017). It has recently

been shown the microglia secrete ApoE in very poorly lipidated lipid particle as compared

to astrocytes (Huynh et al., 2019). This is of particular interest as the deposition of ApoE into

Aβ plaques appears to be driven primarily by ApoE produced from microglia (

Parhizkar et al., 2019) (Figure 4B). It has also been reported that neurons may upregulate

ApoE in disease conditions; in the context of ApoE4, this may result in neurotoxicity (

Mahley and Huang, 2012). Moreover, it has been reported that the overexpression of ApoE4

from astrocytes is neuroprotective, while the overexpression of ApoE4 by neurons in not (

Buttini et. al., 2010). Whether there is a unique lipidation status and conformation of ApoE

produced in neurons is currently unknown. Further research is needed to better understand

the conformation of ApoE on differentially lipidated lipoprotein particles and how such

differences influence ApoE structure and the effect of ApoE on AD neuropathology, both in

an isoform-specific and cell-specific manner.
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ApoE Receptors and Neuropathology

In 1970s, it was found that ApoE was a primary ligand for LDLR (Figure 4C) and that ApoE2

was involved in familial type III hyperlipoproteinemia due to the dramatic reduction in

binding to LDLR (Innerarity and Mahley, 1978; Innerarity et al., 1979; Wardell et al., 1982;

Weisgraber et al., 1982). A classic theory suggested that the interaction between ApoE and

LDLR was dependent on the arrangement of salt bridges in the LDLR binding site of ApoE (

Dong and Weisgraber, 1996). However, the full-length structure of ApoE3 shows that the C-

terminal domain potentially shields the LDLR receptor binding region that was assumed to

be exposed in the Weisgraber model (Chen et al., 2011). Certainly, once ApoE is lipidated, the

salt bridges between Arg150 and Asp154 may exist in the fully extended helical

conformation of lipidated ApoE2. Therefore, it remains an important question as to whether

the impact of Cys158 on ApoE-LDLR binding is due to its effect on the initial lipid binding

stage of ApoE leading to an inability to adopt a specific conformation on the lipid surface in

order to bind LDLR or whether it is due to salt-bridge rearrangement on lipidated ApoE that

was predicted based on the structure of the N terminus. As such, lipidation of ApoE is

indispensable to understand ApoE’s ability to bind to LDLR. This interaction may be

especially important as ApoE2 shows a dramatic reduction in the ability to bind LDLR and

decreases AD risk (Innerarity et al., 1984; Lalazar et al., 1988).

In fact, the lipidation state of ApoE and interactions with the C-terminal domain were

known from early on to play a critical role in the binding of ApoE to LDLR. ApoE2 bound to

DPMC has <1% binding activity to LDLR as does plasma VLDL isolated from subjects with

ApoE2/2 genotype (Innerarity et al., 1984). However, the N-terminal fragment of ApoE2 has

12-fold greater binding to LDLR, and Cys modification with cysteamine and binding to

DPMC restores its binding activity to that of ApoE3-DPMC (Innerarity et al., 1984). This

strongly suggests that the reduction in ApoE2 binding to LDLR is due to conformational

changes only present in the full-length lipidated structure of ApoE2. Fluorescence resonance

energy transfer (FRET) studies have investigated the conformational changes that occur

when ApoE binds to lipid, with these studies suggesting that N-terminal domain of ApoE

adopts an open conformation upon lipid binding (Fisher et al., 2000). These results are

further supported by an assay using soluble LDLR where only lipidated full-length ApoE3

was found to bind LDLR compared to lipid-free ApoE3 (Yamamoto et al., 2008). Lipidation of

ApoE is also critical to expose this N-terminal region to LDLR as the C-terminal domain

shields this region based on the NMR full-length ApoE3 structure (Chen et al., 2011). The

exposure of the LDLR binding site may be further regulated by the conformation of ApoE on

lipoprotein particles. It has been proposed that there are two different major conformations
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of ApoE that co-exist—open hairpin and compact hairpin—which may undergo different

lipidation processes (Henry et al., 2018).

Answering this question of how ApoE isoform and lipidation affect receptor binding is

critical to understanding the impact of ApoE on processes related to neurodegeneration.

ApoE is known to bind to LDLR, LRP1, and other receptors that are LDLR family members (

Holtzman et al., 2012). This is highlighted not only by the differential risk for late-onset AD

conferred by ApoE4 > ApoE3 > ApoE2 but also by the recent data from an individual with

autosomal-dominant AD who is also homozygous for ApoE3 with the Christchurch

mutation (R136S). This individual has a strongly delayed onset of cognitive decline and tau-

related pathology (Arboleda-Velasquez et al., 2019). The Christchurch mutation on ApoE3

leads to strongly decreased LDLR binding and also decreased binding to heparin (

Lalazar et al., 1988; Arboleda-Velasquez et al., 2019). On the other hand, ApoE4 binds to

heparin sulfate and dermatan sulfate more strongly than ApoE2 and ApoE3 as measured by

surface plasmon resonance (SPR) (Yamauchi et al., 2008). The binding constants of ApoE-

heparin binding also differ among isoforms (Futamura et al., 2005). These results are

interesting in light of the fact that the individual had autosomal dominant AD but had

delayed dementia despite having a lot of amyloid deposition in the brain, and had much less

tau pathology and neurodegeneration than would be expected (

Arboleda-Velasquez et al., 2019). As data in a mouse model of tauopathy show that

ApoE strongly increases not only tauopathy but tau-mediated neurodegeneration via

microglia (Shi et al., 2017, 2019), perhaps ApoE binding to heparin linked with other

receptors on microglia is important in this process. The related structures and interactions

that mediate these types of effects are completely unknown.

Likely as a consequence of receptor binding, the ApoE isoform is known to affect the

amount of ApoE in the CNS. ApoE4 has the lowest protein levels and ApoE2 has the highest

protein levels (Bales et al., 2009; Huynh et al., 2019). Since the binding of ApoE2 to LDLR is

dramatically reduced, these data suggest that the protein levels of ApoE in the CNS are a

direct consequence of the ability of ApoE to bind LDLR. Global knockout of LDLR

significantly increased ApoE4 and ApoE3 levels while not affecting ApoE2 levels (

Fryer et al., 2005). This is of particular interest as not only the isoform but also the levels of

ApoE determine the amount of Aβ deposition that develops in the brain (Bien-Ly et al., 2012;

Kim et al., 2011). In fact, it has been suggested that ApoE and Aβ compete for the same

receptors for clearance (Kanekiyo et al., 2013; Verghese et al., 2013) (Figure 4D). Further,

LDLR has been demonstrated to directly bind Aβ, contributing to cellular uptake of Aβ (

Basak et al., 2012), although the exact binding site is still unknown. Interestingly,

overexpression of LDLR leads to a reduction in Aβ pathology (Kim et al., 2009). Similarly,
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knockout of LRP1 in astrocytes also leads to greater accumulation of Aβ pathology (

Liu et al., 2017) (Figure 4E). However, these affects appear to be cell type dependent as

knockout of LRP1 in neurons decreased Aβ pathology in APPPS1/ApoE4 mice back to the

levels seen in ApoE3/APPPS1 mice (Tachibana et al., 2019). These results may be neuron

specific as neuronal synapses are postulated to be a site of ApoE-Aβ interaction that initiates

Aβ aggregation (Bilousova et al., 2019) (Figure 4F)

ApoE and Aβ Fibrillization: Consequences for Neuropathology

Due to the strong association of ApoE isoform with AD risk and the presence of ApoE in Aβ

plaques, there has been much interest in the biochemical interaction between ApoE and Aβ.

Early studies using plasma purified, but de-lipidated ApoE, found that ApoE4 binds to Aβ

more quickly than ApoE3 (Strittmatter et al., 1993b). These initial findings were supported

by studies where it was found that de-lipidated ApoE4 isolated from human plasma

associated more rapidly with Aβ than ApoE3 and formed a denser matrix of monofibrils

than from co-incubation of ApoE3 with Aβ (Sanan et al., 1994). In both cases, immunogold

labeling showed ApoE uniformly distributed across the surface of Aβ monofibrils. Using a

thioflavin-T assay, ApoE was found to increase the rate of Aβ fibrillogenesis and total

amount of fibrillar Aβ (Castaño et al., 1995). In contrast, using lipidated ApoE showed a

different trend where ApoE2 was found to associate most strongly with Aβ peptide followed

by ApoE3 then by ApoE4 (Aleshkov et al., 1997). It was also found using lipidated ApoE that

ApoE3 rather than ApoE4 formed more SDS-stable complexes with Aβ (LaDu et al., 1994,

1995). Together these findings began to demonstrate that the binding mechanism of ApoE

to Aβ is dependent on differences in the conformation of non-lipidated ApoE and lipidated

ApoE (Aleshkov et al., 1997). Moreover, there might also be a thermal and chemical stability

tier in the order ApoE4 < ApoE3 < ApoE2 with the support of reducing folding intermediate

data from ApoE4 to ApoE3 to ApoE2. Such a difference in stability was also considered to

affect the ApoE-Aβ interaction (Segrest et al., 1992). The less stable ApoE4 is also thought to

adopt a more molten-globule-like conformation with Aβ-bound that may break down the

lysosomal membrane (Ji et al., 2002, 2006).

More studies have been undertaken in order to try to understand the impact of ApoE on the

aggregation of Aβ with new techniques. Studies looking at how ApoE influences the rate of

Aβ aggregation have found that ApoE actually slows Aβ aggregation (Garai et al., 2014;

Raulin et al., 2019). Non-lipidated ApoE4 was found to slow aggregation the most compared

to ApoE3 and ApoE2 slowed aggregation the least. These experiments were carried out with

ApoE concentrations of 100 μM where ApoE is likely oligomeric. However, DMPC-lipidated

ApoE showed the same trend with ApoE4-DMPC slowing Aβ aggregation more than ApoE2
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and ApoE3. ApoE derived from astrocytes also slowed Aβ aggregation but did not show an

isoform-specific difference, highlighting the importance of the lipid environment in

understanding ApoE-Aβ interaction (Figures 4G and 4H). However, these studies do not

completely address the pathological consequences of ApoE on Aβ aggregation, due to the

known association of ApoE with Aβ plaques in vivo. ApoE isoforms show differences in the

rate of self-assembly and in their propensity to form fibrillar structures. Whether such

fibrillization occurs in vivo is not clear, yet, in vitro, ApoE4 was found to rapidly self-associate

and form fibrils faster than ApoE3; ApoE2 showed the slowest rate of self-aggregation and

fibrillization (Raulin et al., 2019). On the other hand, a study applying fluorescence cross-

correlation spectroscopy (FCCS) combined with alternating laser excitation (ALEX)

characterized this interaction in solution, overcoming the immobilization restraint in SPR

and noise signal from self-association in an electron paramagnetic resonance assay (

Ly et al., 2013). Their data clearly suggest that Aβ oligomers bind to ApoE4 slower than

ApoE3, where both interactions prevented Aβ aggregation by itself. Further, the ApoE-Aβ

complex showed limited dissociation, indicating a much tighter complex molecule formed,

which was consistent with the SDS-resistant feature reported previously (

Bentley et al., 2002; LaDu et al., 1994). The delay of Aβ aggregation by ApoE binding has been

further demonstrated by FRET recently (Ghosh et al., 2019). However, the new data still led

to a conclusion, not observed in vivo, that ApoE4 binds faster than ApoE3 and is more

efficient in preventing Aβ aggregation. Also, full-length ApoE has a higher-affinity binding to

Aβ comparing with either the N- or C-terminal domains. Meanwhile, DMPC-associated

ApoE4 seemed to fail to prevent Aβ aggregation but DMPC-associated ApoE3 retained that

ability in this study, which is contradictory compared to earlier results (Garai et al., 2014;

Raulin et al., 2019). Indeed, lipidated ApoE seems to behave much differently from non-

lipidated ApoE in its interaction with Aβ. Presumably, the interaction between Aβ and ApoE

will substantially and kinetically depend on the lipidation state of ApoE.

Domain studies of ApoE-Aβ binding also yielded different conclusions. Some early studies

on the interaction of ApoE and Aβ revealed that the lipid binding region of ApoE (244–272)

is critical for ApoE-Aβ binding (Strittmatter et al., 1993b). This is further supported by the

full-length NMR model of ApoE3, where the ApoE C-terminal domain contains multiple

hydrophobic residues that are hypothesized to initiate Aβ binding. Although, other studies

have also identified residues in the NT domain to be involved (Winkler et al., 1999). This

suggests that Aβ may compete with ApoE-containing lipoproteins for binding to LDLR and

may also explain differences in ApoE isoform affinity for Aβ that is dependent on the

lipidation state of ApoE. A recent study found that N-and C-terminal domains and full-

length ApoE may have similar binding affinity at sub-micromolar range (where ApoE

monomeric and dimeric forms are prevalent) to Aβ fibrils (Gunzburg et al., 2007). Their FRET



results suggested that the ApoE N-terminal domain could undergo similar conformational

changes to adapt the binding to different amyloid fibril structures such as ApoC-II fibrils and

Aβ fibrils. Interestingly, R90, C112, and R119 were predicted to interact with E22 on the Aβ

fibril, where C112 is the key residue to distinguish ApoE2 from ApoE3 and ApoE4.

While the true biochemical interactions between ApoE and Aβ are still under debate, in vivo,

it is possible that ApoE has two distinct impacts on Aβ pathology depending on its state. The

impact of ApoE isoform on Aβ pathology is dramatic in humans and animal models and is

one of the best-studied consequences of ApoE on AD pathology (Morris et al., 2010;

Reiman et al., 2009). Expression of human ApoE in various mouse models of AD-like Aβ

amyloidosis has found significant isoform dependent effects where ApoE4 increases the

amount of Aβ plaques and ApoE2 decreases the amount of Aβ pathology relative to ApoE3 (

Bales et al., 2009; Holtzman et al., 2000; Huynh et al., 2017, 2019; Liu et al., 2017). There is a

lot of evidence that ApoE influences Aβ accumulation via effects on Aβ clearance and

seeding. In addition, one study reported that ApoE directly altered Aβ production in

embryonic stem cell-derived neurons (Huang et al., 2017). Studies using either antisense

oligonucleotides to decrease ApoE or tamoxifen-inducible expression to increase ApoE have

shown that the impact of ApoE isoform on Aβ pathology is time dependent (

Huynh et al., 2017; Liu et al., 2017). Reduction of ApoE early prior to the onset of Aβ

deposition reduces the amount of Aβ pathology, while reduction after the initial seeding

stage of amyloid pathology had no major effect (Huynh et al., 2017). Similarly, induction of

ApoE4 expression before Aβ deposition increases Aβ pathology, but when done after Aβ

deposition there was no effect (Liu et al., 2017). Together, these results suggest that the early

stage of Aβ pathology where Aβ first misfolds into a β-pleated sheet and starts to form

plaques (i.e. “seeding”) is impacted by ApoE isoform. In fact, knockout of ApoE results in a

huge reduction of Aβ fibril formation into the β-pleated sheet structures in amyloid plaques

(Bales et al., 1999; Holtzman et al., 2000; Ulrich et al., 2018). Furthermore, the presence of

ApoE in plaques affects the microglial response to Aβ plaques and may ultimately impact

tau-mediated neurodegeneration (Shi et al., 2017; Ulrich et al., 2018) (Figure 4I). Lipidated

ApoE likely competes for clearance with Aβ and its impact on pathology is driven by

isoform-specific differences in receptor binding. In contrast, the self-association and

aggregation of ApoE may promote the formation/seeding of Aβ plaques and also be involved

in Aβ pathology in an isoform-specific manner. Interestingly, some hydrophobic residues

(Phe257, Phe265, Trp276, Val283, Leu279, Val287) in the C-terminal domain of ApoE remain

solvent exposed and might form a strong hydrophobic pocket, which may contribute to

initial lipid binding (Frieden et al., 2017) (PDB: 2l7p ). Such a hydrophobic surface may also

explain how ApoE can attract the Aβ peptide and eventually incorporate into the dense core

of amyloid plaques in an aggregated form (Liao et al., 2018). Also, the interaction of ApoE
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and Aβ may be mediated by cleavage of the ApoE protein as an increased number of N-

terminal ApoE fragments have been reported in ApoE4 plaques (Jones et al., 2011). On the

other hand, Aβ has numerous biophysical forms that might potentially interact with ApoE (

Frieden et al., 2017). It is still not clear as to which form or forms of ApoE initiate and

propagate ApoE-Aβ interactions that contribute to pathology. This highlights the

importance of knowing the structure of different forms of ApoE.

It is challenging to analyze and interpret biochemical data addressing interactions between

ApoE and Aβ due to the self-association of each molecule. Non-lipidated ApoE exists in at

least three forms—monomer, dimer, and tetramer—sometimes with higher-order oligomeric

forms. Further, Aβ is known to strongly self-aggregate under specific conditions. To date, it

is still unclear when and how the interaction between ApoE and Aβ occurs, although ApoE

has been observed in amyloid plaques for years. Since ApoE is secreted in a lipidated form

in vivo and a non-lipidated or poorly lipidated form of ApoE is observed in Aβ plaques (

Liao et al., 2018), one hypothesis is that the interaction of Aβ starts with lipidated ApoE and

the ApoE found in plaques is in a specific conformation resulting from its partial or

complete de-lipidation. The models of lipidated ApoE4 proposed by Weisgraber or

Wang/Frieden both suggest that residues in the C-terminal domain of ApoE are bound to

phospholipid, and it is possible that Aβ binding to this site may result in de-lipidation of

ApoE. Indeed, using ELISA to measure soluble ApoE-Aβ complexes, it was found that lower

levels of ApoE-Aβ soluble complexes were detectable in hippocampal homogenates from

ApoE4-expressing mice compared to ApoE2 and ApoE3-expressing mice (Tai et al., 2013).

This may explain earlier results where ApoE binding was measured by examining SDS-

stable complexes that likely represent complexes of aggregated ApoE-Aβ (

Strittmatter et al., 1993b). Additionally, soluble Aβ oligomers in the brain were higher in

ApoE4 carriers compared to ApoE3 with ApoE2 having the lowest levels (

Hashimoto et al., 2012).

Of importance in future work will be to characterize (1) how different lipidation states of

ApoE influence its structure and ability regulate its ability to bind Aβ, (2) whether ApoE-Aβ

affects the binding of ApoE to the lipoprotein and its structural conformation, (3) whether

ApoE-Aβ interaction occurs prior to or is concomitant with amyloid fibrillization, (4)

whether this interaction leads to or prevents fibrillization of Aβ or even plaque formation,

and (5) molecular details from future structural determinations of complex between

lipidated and non-lipidated ApoE and monomeric versus oligomeric Aβ.

Conclusions



ApoE plays a critical role in the pathogenesis of several neurodegenerative diseases,

including its dramatic impact on AD risk. Resolving the molecular function and interactions

of ApoE under physiological conditions and in the setting of disease will be critical to

understanding disease pathogenesis but also in designing therapeutics to combat these

diseases. Our current understanding of the role of ApoE in these diseases is limited by

incomplete structural information. ApoE2 and ApoE4 differ from ApoE3 by a single amino

acid substitution, which results in dramatically different impacts on disease risk and

outcomes. Changes in the interaction of ApoE with its receptors or with proteins involved in

disease pathogenesis are correlated with either slowing down or accelerating disease

progression. In addition, ApoE has been shown to directly interact with Aβ, tau, and α-

synuclein, likely directly contributing to the formation of protein aggregates or the response

of the brain to these aggregates in various diseases (Davis et al., 2020;

Strittmatter et al., 1993a; Zhao et al., 2018, 2020). The molecular details of these interactions

have not yet been elucidated, impeding progress in the development of effective

therapeutics targeting these interactions. To advance our understanding of ApoE and its role

in AD, diseases of the CNS, and in normal physiology, it is also essential to solve, at high-

resolution, structure of lipidated ApoE in the CNS—its physiological form. Lipidation of ApoE

and the conformational change that occurs in ApoE on the lipid surface is required for

binding of ApoE to ApoE receptors that are members of the LDLR family. In addition,

interdomain interactions within ApoE may drive isoform-specific differences in the binding

of ApoE to its receptors, lipids, and pathological proteins, such as Aβ. Moreover, some

biochemical results indicated that non-lipidated ApoE undergoes dimerization and then

tetramerization at high concentration, while the model that monomeric ApoE binds to

lipids fit best with binding curves (Frieden et al., 2017; Garai et al., 2011). Current methods

are insufficient for elucidating these interactions within ApoE. However, solving isoform-

specific structures of non-lipidated ApoE and lipidated ApoE complex both alone and with

the binding partners would allow for the design of drugs to directly modulate ApoE-

receptor and ApoE-protein interactions at a molecular level. Moreover, structure correctors

also showed some potential to alleviate toxic effects from ApoE4 (Wang et al., 2018). Indeed,

there are current studies that postulate modulating the structure of ApoE4 can reverse its

negative effects on Aβ pathology, but we currently lack methodologies to confirm the

occurrence and extent of such modulations.

To summarize, our review has focused on the biology of ApoE that relates our evolving

understanding of ApoE structure over the last 40 years to the pathophysiology of AD. Three

structural models of ApoE have yielded insights that explain apparently contradictory

observations in the molecular features and interactions of ApoE. Despite this, each model

appears to explain some specific, but not all, aspects of the molecule. Although current
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models of ApoE have managed to explain different functions and interactions of this

molecule, we still lack critical experimental data that would complete the models, such as a

full-length, high-resolution structure of ApoE2 and ApoE4, including all isoforms when

lipidated. Even, the isoform-specific differences between non-lipidated forms of ApoE2,

ApoE3, and ApoE4 have not been completely resolved. Further studies utilizing single-

molecule FRET, or in vivo FRET, based on emerging models would be informative. Moreover,

novel drug targets that might leverage ApoE or related interactions still await determination

of ApoE-Aβ and ApoE-receptor complexes. For example, the complex structure of a reported

interaction between ApoE and TREM2 has never been determined (Atagi et al., 2015). As new

structural models generate new hypotheses, future studies that apply emerging techniques

such as small-molecule inhibitors of ApoE-receptor and ApoE-protein interactions, structure

modulators, and cryo-EM will pave the way for therapeutic development for AD and other

neurodegenerative diseases based on knowledge of the relationship between the structure

and function of ApoE.
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