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Abstract

Apolipoprotein E (apoE) (299 residues) is a highly helical protein that plays a critical role in
cholesterol homeostasis. It comprises a four-helix bundle N-terminal (NT) and a C-terminal (CT)
domain that can exist in lipid-free and lipid-associated states. In humans, there are two major apoE
isoforms, apoE3 and apoE4, which differ in a single residue in the NT domain, with apoE4
strongly increasing risk of Alzheimer’s disease (AD) and cardiovascular diseases (CVD). It has
been proposed that the CT domain initiates rapid lipid binding, followed by a slower NT domain
helix bundle opening and lipid binding to yield discoidal reconstituted high density lipoprotein
(rHDL). However, the contribution of the NT domain on the CT domain organization in HDL
remains poorly understood. To understand this, we employed Cys-specific cross-linking and
spatially-sensitive fluorophores in the NT and CT domains of apoE3 and apoE4, and in isolated
CT domain. We noted that the helices in isolated CT domain are oriented parallel to those in the
neighboring molecule in rHDL, whereas full length apoE3 and apoE4 adopt either an anti-parallel
or hairpin-like organization. It appears that the bulky NT domain determines the spatial
organization of its CT domain in rHDL, a finding that has significance for apoE4, which is more
susceptible to proteolytic cleavage in AD brains, showing increased accumulation of neurotoxic
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NT and CT fragments. We envisage that the structural organization of HDL apoE would have
profound functional consequences in its ability to regulate cholesterol homeostasis in AD and

CVD.
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1. Introduction

Exchangeable apolipoproteins are critical components of lipoproteins that regulate
cholesterol and triglyceride homeostasis in plasma and central nervous system (CNS). Their
signature features are their small size (<40 kDa) and the abundance of amphipathic a.-
helices that allow them to exist in lipid-free (via intra- or inter-molecular helix-helix
interactions) or lipid-associated (via helix-lipid interactions) states. Apolipoprotein E (apoE)
is an archetypal apolipoprotein, comprised of 299 amino acids (~34 kDa) that are organized
as a series of amphipathic a-helices. It is located on very low density lipoproteins (VLDL),
chylomicron remnants, and sub-fractions of high density lipoprotein (HDL). The APOE
gene is polymorphic in the human population, with three common alleles £2, £3, £4 coding
for isoforms apoE2, apoE3 and apoE4, respectively, which differ in amino acids at positions
112/158 (Cys/Cys, Cys/Arg and Arg/Arg, respectively). ApoE3 is considered anti-
atherogenic [1,2], while apoE4 is considered a risk factor for cardiovascular disease (CVD)
and Alzheimer’s disease (AD) [3-5].

The first two-thirds of apoE comprises the N-terminal (NT) domain (residues 1-191) that is
linked to the C-terminal (CT) domain (201-299) via a flexible hinge (192-200) [6,7]. The
CT domain has a higher lipid-binding affinity compared to the NT domain. The NT domain
is folded as a 4-helix bundle wherein four long amphipathic a-helices (H1 (26-40), H2 (55—
79), H3 (89-125) and H4 (131-164)) are organized in an up- and-down motif [8,9]. Helix
H4 is rich in basic residues that play a vital role as a ligand for the low density lipoprotein
receptor (LDLr) and related family of proteins [10], which participate in receptor-mediated
endocytosis leading to lowering of plasma cholesterol levels. An a priori requirement for
effective interaction with the LDLr is that the NT domain is in a lipid-associated state,
wherein the helix bundle has undergone an opening and the non-polar faces of the helices
are in contact with lipids [2]. The CT domain is composed of helices C1, C2 and C3
(encompassed within residues 210 and 276) that promote helix-helix interaction in lipid-free
state, or helix-lipid interaction in lipid-associated state [11]. It anchors the entire protein to a
lipoprotein particle, allowing the possibility for the NT domain to exist in either a lipid-free
helix bundle state, or a lipid-bound open state [12,13]. The transition between the open and
helix-bundle conformations of an anchored apoE appear to be regulated by the availability of
hydrophobic lipid surface(s) on a lipoprotein particle. The anchoring of apoE to a lipid
surface is an essential first step to facilitate helix bundle opening and receptor interaction of
the NT domain, leading to eventual cellular clearance of the lipoprotein particle from
plasma. It is important to understand factors that regulate this initial event in the generation
of nascent HDL.
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The NT domain of apoE is more stable when compared with other exchangeable
apolipoproteins, with inter- and intra-helical salt bridges, and hydrophobic interactions such
as aromatic stacking and leucine-zippers conferring resistance to unfolding and helix bundle
opening [2,10,14]. It prefers helix-helix over helix-lipid interactions, a feature that is
quintessential to its role as a ligand for the LDLYr, allowing it to remain a helix bundle,
thereby preventing premature clearance. The CT domain of apoE is less stable than the NT
domain, with thermodynamic properties comparable to other apolipoproteins [7]. Structural
predictions posit that C1 and C2 are folded as class A amphipathic a-helices (positively
charged residues clustered at the polar-nonpolar interface and negatively charged residues at
the center of the polar face), preferring helix-lipid over helix-helix interactions, while
residues 268-289 form a class G* helix (random distribution of negative and positive
residues around the perimeter of the polar face) [15]. Further, apoE CT truncation analysis,
analytical ultracentrifugation and size-exclusion analyses revealed that residues 266-289 are
involved in protein tetramerization [16-18] while NMR data of a monomeric mutant apoE3
(F257A/W264R/V269A/L279Q/\VV287E) revealed that helices C1, C2, and C3: (D271-
W276) are wrapped around the NT domain helix bundle, an organization that may have been
enforced by the multiple mutations at the dimer/tetramer interface [8,11,19,20].
Nevertheless, we propose that the apposition of the CT domain with the NT domain of apoE
alters the lipid binding behavior of the CT domain.

In the current study, we examine the influence of the NT domain helix bundle on the spatial
disposition of the CT domain in lipid associated state in reconstituted HDL (rHDL). We
compare the behavior of the CT domain in isolation and in the context of the intact protein
by subjecting various segments of the proteins to site-specific cross-linking and fluorescence
spectroscopy to gauge spatial proximity. We show that the presence of the NT domain drives
the organization and relative orientation of the CT segment of apoE in rHDL.

2. Materials and methods

2.1. Materials

Bis(maleimido)hexane (BMH) and 1,11-bismaleimido-triethyleneglycol (BM(PEG)3) were
obtained from Thermo Scientific (Rockford, IL), N-(1-pyrene)maleimide (NPM), 5-((((2-
iodoacetyl)amino)ethyl) amino)napthalene-1-sulfonic acid (IAEDANS) and tris-(2-
carboxyethyl) phosphine hydrochloride (TCEP) from Invitrogen (Molecular Probes, Eugene,
OR), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and cholesterol from
Avanti Polar Lipids (Birmingham, AL), dithiothreitol (DTT) 99% purity from Acros
Organics (Morris Plains, NJ), guanidine hydrochloride (GdnHCI) (99% purity) from Fisher
Scientific (Fair Lawn, NJ). All solvents used were of analytical grade.

2.2. Constructs and proteins

A pET-20b(+) expression vector bearing ampicillin resistance and encoding the codon-
optimized (Eurofins MWG Operon, Louisville, KY, USA) sequence of wild type (WT)
apoE3(1-299), apoE4(1-299) or apoE (201-299), the latter also referred to as apoE CT
domain, generated in previous studies was used. Single Cys constructs were generated using
the QuikChange Il Site Directed Mutagenesis kit (Agilent Technology, Stratagene, La Jolla,
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CA). For apoE3, which has a single Cys at position 112, the endogenous Cys was replaced
by Ser (with no significant change in function or fold as described previously [21]) and will
be referred to as apoE3. The selected sites for the various single Cys substitutions were
determined from the X-ray structure of apoE3 NT (1-191) (PDB ID 1NFN) [9], and NMR
structures of apoE3 NT (1-183) (PDB ID 2KC3) [8] and apoE3 rendered monomeric by
multiple mutations at the interfacial site (F257A/W264R/\V/269A/L279Q/\V287E) [11] (PDB
ID 2L7B); these sites were distributed to sample different segments of the NT and CT
domains. For apoE4 and isolated apoE CT domain (residues 201-299), sites closely
corresponding to apoE3 were selected since their high resolution structures remain
unknown. The probed sites for apoE3 and apoE4 (A29, A62, A102, A216 and A256) are
referred by their secondary structural location (H1, H2, H3, C1 and C2, respectively)
throughout the study, Table 1. Helix H4 (131-164) was not probed since it bears several
critical residues for LDLr binding function. For the isolated CT domain, apoE(201-299), the
selected sites (A209, S223, E255 and A277) probed the hinge loop (200-209), C1, C2 and
Loop C (277-299), respectively. Since E255 in the CT domain was reported to form a salt
bridge with R61 in the NT domain of apoE4 [22], the neighboring A256 was selected for
sampling in both full length isoforms. All constructs bear a hexa-His tag that is linked to the
N-terminal end of the protein via a TEV protease cleavage site. The proteins were
recombinantly expressed in £. coliand purified using a Ni2*-affinity matrix (Hi-Trap
chelating column, GE Healthcare, Piscataway, NJ).

2.3. Labeling with AEDANS or NPM

ApoE3 and apoE4 single Cys variants were labeled with IAEDANS as described previously
[23]. Briefly, single Cys apoE variants (5 mg in 10 mM ammonium bicarbonate, pH 7.4)
were incubated with a two-fold molar excess of 50 mM tris(2-carboxyethyl)phosphine
hydrochloride (TCEP) and a 50-fold molar excess of 8 M guanidine hydrochloride
(GdnHCI) at 24 °C for 30 min to reduce disulfide bonds and unfold the protein, respectively.
This was followed by incubation with a 2-fold molar excess of IAEDANS dissolved in 10
mM Tris-HCI, pH 8.0 containing 150 mM sodium chloride (Tris buffered saline, TBS) at 37
°C for 2 h. Labeled proteins were dialyzed extensively against 10 mM ammonium
bicarbonate, pH 7.4 and stored at —20 °C. NPM labeling was carried out with ~5 mg of
protein in 10 mM ammonium bicarbonate, pH 7.4 essentially as above and as described
previously [24,25] using stock solution of 5 mM NPM in DMSO. The pyrene-labeled
protein was applied to a 1 mL Ni-affinity Hi-Trap chelating columns (G.E. Healthcare,
Piscataway, NJ) to remove excess unbound NPM, TCEP and GdnHCI. The eluted sample
was dialyzed against 10 mM sodium phosphate, pH 7.4 containing 150 mM NaCl
(phosphate buffered saline, PBS at 4 °C for 48 h). The stoichiometry of labeling was
calculated using molar extinction coefficient (M~1 cm™1) of 44,460 for apoE3 and apoE4,
and 16,500 for apoE(201-299) at 280 nm; 5700 for IAEDANS at 340 nm, and 40,000 for
pyrene in methanol at 345 nm.

2.4. Preparation and characterization of rHDL containing apoE

Discoidal rHDL containing unlabeled or pyrene-labeled apoE single Cys variants and POPC
or a mixture of POPC/cholesterol (9:1, w/w ratio) were prepared by the cholate dialysis
method as described previously [26,27]. The initial lipid to protein w/w ratio was always
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maintained at 2.5:1, and the proteins pre-treated with DTT or TCEP where necessary prior
to complex formation. Lipid-bound apoE was separated from unbound lipid-free protein and
protein-free lipid by density gradient ultracentrifugation using KBr gradient as described
earlier [28]. A qualitative assessment of presence of protein in the various fractions was
carried out using the bicinchoninic acid (BCA) colorimetric assay (Thermo Scientific,
Rockford, IL) and the presence of protein verified by SDS-PAGE analysis under reducing
conditions. The concentration of phospholipids in the pooled fractions containing rHDL was
determined using the phospholipid C assay kit (Wako Chemicals, VA USA) and the
concentration of proteins by the DC protein assay (Fisher Scientific, Fair Lawn, NJ). The
size of rHDL bearing apoE single Cys variants (20-50 pg) was estimated by native-PAGE
using a 4-12% gradient Tris-glycine gel for 18 h at 120 V at 4 °C and visualized by staining
with 0.5% Amido Black. High molecular weight standards (Amersham HMW Calibration
Kit, G.E. Healthcare) were used to obtain an estimate of the mass and size of rHDL
particles; the standards, their molecular masses and Stokes’ diameter are as follows:
thyroglobulin (669 kDa, 17 nm); ferritin (440 kDa, 12.2 nm); catalase (250 kDa, 9.2 nm) and
lactate dehydrogenase (140 kDa, 8.2 nm). The geometry of the rHDL particles was
visualized by transmission electron microscopy (TEM) (JEOL 1200 EX electron microscope
90 keV) following negative staining by 1% sodium phosphotungstate [29].

2.5. Cross-linking studies

For sulfhydryl-specific cross-linking, discoidal rHDL containing apoE single Cys variants
(10-15 pg) were pre-incubated with a 2-5x fold molar excess of DTT or TCEP over protein
for 1-2 h at 37 °C, followed by the specified amount of bis(maleimido)hexane, BMH
(Thermo Scientific, Rockford, IL). In a select case, lipid-free apoE3 or apoE4 bearing single
Cys on H2 and C1 were mixed prior to reconstitution into discoidal particles to generate
rHDL with one of each on a particle in the population. BMH was dissolved in DMSO and
the volume added to the rHDL complex kept at <5% v/v; all samples were incubated at 4 °C
for 16 h or at 24 °C for 4 h. The reaction was quenched by the addition of SDS-PAGE
sample treatment buffer and the samples electrophoresed in a 4-20% acrylamide gradient
Tris-glycine gel (Invitrogen, Carlsbad, CA) under reducing conditions and visualized with
InstantBlue (Sigma-Aldrich, St. Louis, MO). In control reactions, rHDL was treated with
DMSO alone. In select cases (A29C or A62C for NT and S223C or A256C for CT domain,
and A62C/A216C mix for apoE3 and apoE4 discoidal particles), 1,11-bismaleimido-
triethyleneglycol, BM(PEG)3 (Thermo Scientific, Rockford, IL) was used for cross-linking
as described above. As a positive control to ensure cross-linking, an unrelated protein
bearing Cys residues, lipid-free apoAl L126C/A158C was employed under similar
conditions as those used for the rest of the experiments.

2.6. Fluorescence measurements

Steady state fluorescence analyses were performed on a Perkin-Elmer LS55B fluorometer
(Perkin Elmer, Massachusetts) at 24 °C. Fluorescence emission spectra of AEDANS-labeled
samples were recorded between 400 and 600 nm following excitation at 340 nm, with the
excitation and emission slit widths set at 4.0 nm. Fluorescence polarization (FP) was
measured using an excitation wavelength of 340 nm, an emission wavelength of 480 nm, an
integration time of 15 s with polarizers in place, and a 5 nm slit width. Fluorescence
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emission spectra of pyrene-labeled samples were recorded between 350 and 550 nm
following excitation at 345 nm, with the excitation and emission slit-widths set at 3-5 nm
and a scan speed of 50 nm/min. An average of 10 scans were recorded. Excimer to monomer
ratios were calculated by dividing the fluorescence intensity at 460 nm by that for the
monomer emission peak at 375 nm. The microenvironment polarity of the fluorescent probe
was assessed by the 375 nm to 395 nm monomer peak ratio. The fluorescence emission
spectra were normalized with respect to the intensity at 375 nm. Throughout this work, &m
ratio is used as a convenient way to compare different spectra [25], rather than the /m/eratio
that has been used in several reports [30-32]. All data for &/ mand Py scale measurements
are average of 3 experiments.

3. Results

In general, three sites in the NT domain (H1, H2, H3) and two sites in the CT domain (C1
and C2) of apoE3, apoE4 and isolated CT domain were probed, unless otherwise specified.
In initial studies, the mobility of each probed site was assessed by FP measurements using
AEDANS-labeled apoE3 and apoE4 to estimate the flexibility of each segment in lipid-free
protein. FP is routinely used to track the changes in probe mobility, which is dependent upon
the local environment, in this case tertiary contacts made by the protein. The magnitude of
FP signal is proportional to its rotational relaxation time and depends on the hydrated
volume of the protein-conjugated probe. FP values were obtained using AEDANS, a
fluorescent probe that is routinely used for protein rotational analysis because of its long
lifetime of 10-15 ns. The single Cys variants were labeled with AEDANS, yielding a
labeling stoichiometry of ~1.0. The average FP values for the three sites probed in the NT
domain in apoE3 and apoE4 are 0.37 and 0.39, respectively, while those in the CT domain
for both isoforms was 0.35, Table 2. Previously, we reported FP values of 0.12 and 0.19 for
isolated apoE3 NT domain bearing residues 1-191 in WT and single Cys constructs,
respectively [21] and 0.35 for isolated CT domain (residues 201-299) [23]. The relatively
lower values for isolated NT domain compared to similar sites probed in the full length
proteins is expected since the former encompasses a helix bundle and is a compact, globular,
monomeric protein. The higher values for the full length apoE are reflective of the tendency
for the protein to oligomerize via the CT domain. Thus, in addition to the local mobility,
oligomerization of apoE3 via the CT domain is expected to significantly decrease the
tumbling of the protein, resulting in increased FP values for the probe located in the NT
domain. Interestingly, the FP values for apoE(201-299) were similar to those of full length
protein, confirming the tendency of the isolated CT domain to oligomerize.

Having confirmed that there were no major variances in the flexibility of the probed sites,
the single Cys variants were then labeled with NPM under reducing conditions yielding
labeling stoichiometry of ~0.7-1.0. NPM is a sulfhydryl-reactive fluorophore that displays
enhanced emission upon covalent attachment to -SH group and is used for determining
spatial proximity relationships in biomolecules. We exploit two major spectral features of
pyrene for our studies: the presence of an excimer (&) band centered ~460 nm when one
pyrene is spatially proximal to a neighboring pyrene molecule, followed as ratio of excimer
to monomer band | (/m) intensity (e/m ratio), and the prominence of monomer band Il as an
indicator of the polarity of the probe microenvironment, followed as Py scale value (ratio of
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fluorescence intensities at 375 and 385 nm). The variants were reconstituted with lipid to
yield large discoidal rHDL that were on average ~ 16 nm diameter as described previously
for WT protein [33] with lipid: protein molar ratio of 98.9 + 22. Circular dichroism analysis
revealed that all pyrene-labeled lipid-free and lipid-bound apoE variants adopted an a-
helical structure characterized by a double trough at 208 and 222 nm similar to that of their
WT counterparts [6,14,16,17], indicating that neither labeling with pyrene nor interaction
with lipids significantly altered the overall fold of the protein (representative far-UV spectra
shown in Supplementary materials, Fig. S1).

Fig. 1 shows fluorescence emission spectra of lipid-free and discoidal rHDL particles
bearing pyrene-labeled single Cys apoE3 or apoE4 on helix H1, H2, H3, C1 or C2; Table 3
shows the & m ratios for lipid-free and rHDL bound forms. There were several interesting
observations: (i) for apoE3 significant excimer emission was noted for variants with pyrene
on C1 and C2 (e/mratio 0.9-1.5) in lipid-free state while those on H1, H2 and H3 had &m
of <0.5 (Fig. 1, left, black); (ii) in contrast for apoE4, significant excimer emission was
noted for variants with pyrene not only on C1 and C2 (e¢/m 1.5-2.2) but also on H1 and H3
and to a notable extent on H2 (&/m 0.6-2.0) (Fig. 1, right, black); (iii) for both apoE3 and
apoE4 a significant decrease in excimer emission was noted regardless of the location of
pyrene in the rHDL bound form (Fig. 1, left and right, red). The decrease in excimer
emission in rHDL state was particularly noteworthy for pyrenes located in the CT end
(<15% of that noted in lipid-free state); the excimer emission decreased to 30-40% of that in
lipid-free state for E3 variants, and 12—-26% for apoE4 variants; (iv) Py scale values were <1
for all probed locations for lipid-free apoE4 compared to apoE3, indicative of a significantly
non-polar micro-environment even in the absence of lipids, Table 4. Considering that all
apolipoproteins are highly dynamic and flexible, there is possibility that the spectra of lipid-
bound samples may have a minor contribution from that of lipid-free protein that has
dissociated from rHDL.

Previous studies have shown that the isolated CT domain of apoE likely forms an
intermolecular 4-helix bundle, with helices C1 and C2 from one molecule juxtaposed to
corresponding segments from neighboring molecules, an inference derived using the pyrene
excimer feature [25]. To assess the organization of this isolated CT domain on rHDL,
fluorescence emission spectra of rHDL associated pyrene-labeled apoE (201-299) with
probes located on helix C1 or C2 were compared with those of corresponding lipid-free
protein reported earlier [25], Fig. 2. Significant excimer emission was noted in lipid-free
state for pyrenes located on C1, C2 which decreased in lipid-associated state in rHDL.
Further, Loop C was probed as an additional precaution, confirming findings obtained with
C1 and C2. In contrast, the excimer emission of pyrene located in the Hinge Loop was
significantly lower than the other sites for lipid-free protein but elicited a similar trend of
decrease upon lipid association. The Py scale values were <1 for probes located on C1, C2
and Loop C in lipid-free and rHDL-associated states.

Although the e/mratio in the rHDL bound states did not reach 0.02, which is the ratio
observed for free pyrene in DMSO [25], the significant decrease during the transition from
lipid-free to lipid-bound state suggests that pyrenes on two neighboring molecules of intact
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apoE or isolated CT domain are either farther than 10 A from each other on discoidal rHDL
or that the pyrene rings are not favorably stacked to yield excimer emission.

To distinguish between these possibilities and to obtain independent information about the
relative alignment and orientation of apoE3 and apoE4 in discoidal particles, cross-linking
analysis was employed using BMH, a sulfhydryl-specific bifunctional reagent with a
hydrocarbon spacer-arm of 13 A between two reactive maleimide groups. The rationale was
that if Cys residues on neighboring apoE molecules surrounding the periphery of the
phospholipid bilayer in rHDL are within 13 A of each other, we can expect that the
maleimide groups of BMH will react with the two Cys to form stable irreversible covalent
thioether cross-links that cannot be cleaved by reducing agents, yielding dimeric bands in
reducing SDS-PAGE. To test this, discoidal particles bearing single Cys on helix H1, H2,
H3, C1 or C2 in apoE3 or apoE4 were treated with increasing molar concentrations of BMH
and electrophoresed by SDS-PAGE under reducing conditions, Fig. 3. A dominant band
around 36 kDa corresponding to monomeric apoE was noted in all cases regardless of the
location of Cys or the isoform. A very faint band around 72 kDa corresponding to a dimeric
form was noted in apoE3 variants, even in the absence of cross-linker, and in lipid-free
protein (Fig. 3, left, all lane 2), suggesting presence of an SDS-resistant dimeric species,
noted previously in other studies [34]. The absence of a robust dimeric band suggested that
the Cys from two neighboring molecules on discoidal rHDL are farther than 13 A from each
other. To investigate the possibility that the Cys on neighboring apoE molecules are located
farther than 13 A, BM(PEG)3, a PEG-based bis-maleimide cross-linker with a spacer arm of
17.8 A, was employed. Spot checks of BM(PEG); cross-linking on the NT and CT domains
of apoE3 and apoE4, Fig. 4 revealed no significant cross-linking.

In contrast, when rHDL containing isolated apoE CT domain (residues 201-299) with Cys
on helix C1 or C2 was cross-linked with increasing concentration of BMH, robust dimeric
bands with apparent molecular mass of ~27 kDa were observed, Fig. 5. Cys located on two
other segments on apoE CT domain (Hinge Loop and Loop C) yielded similar results with
strong dimeric bands. For A209C/rHDL, a second dimeric band was noted, likely a folding
conformer.

4. Discussion

Site-directed probing using Cys-specific cross-linkers and spatially-sensitive fluorophores
are classical approaches to study protein-protein interaction and are particularly versatile
alternatives to investigate proteins in the context of large molecular complexes that defy high
resolution structural analysis [35]. In the current study, these were employed to understand
the influence of the bulky 4-helix bundle NT domain of apoE bearing the LDLr binding sites
on the relative orientation of its CT domain in reconstructed HDL that resembles nascent
HDL generated in vivo. The photophysical characteristics of pyrene fluorescence emission
lend itself well to study spatial proximity between specified sites as demonstrated by
conformational studies of several proteins [36,37] including apolipoproteins [25,30-33]. The
notable features of the fluorescence emission spectrum of pyrene include an ensemble of
five major vibronic bands designated bands I-V with peaks at ~375, 379, 385, 395 and 410
nm. Termed monomeric bands, they arise due to pi-pi* transitions; the peak at 375 nm is
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attributed to the first vibronic band with a 00 transition and the peak at 385 nm to the 3rd
vibronic band with a 0-2 transition [38—41]. Since the electronic and vibronic states are
coupled, the intensity of band 111 is sensitive to the polarity of the probe microenvironment,
showing increased intensity relative to band I in non-polar environments, and decreased
intensity in polar environments [42,43]. The ratio between the intensities at 375 and 385 nm
(termed Ay scale) has been a useful metric of probe location.

In addition to the monomeric family of peaks, the presence of a broad featureless band at
longer wavelengths centered ~460 nm is indicative of the occurrence of excited state dimer
(excimer) formation. Excimer formation occurs when an excited state and a ground state
pyrene are ~10-15 A from each other and are favorably aligned in a precise configuration to
allow stacking interaction, a feature made possible given the long lifetime of pyrene
emission (~50 ns) [25,36,42,43]. In the current study, we exploited this unique spectral
feature to monitor spatial proximity between two neighboring apoE molecules on rHDL. It
is important to note that two pyrene rings may be proximal but not in favorable configuration
for excimer formation; in such a situation a non-fluorescent complex may occur. Lack of or
decrease in excimer band must therefore be interpreted with caution and should be
accompanied by an independent assessment as noted in the current study. The decrease in
excimer emission noted in lipid-associated state of apoE3, apoE4 and isolated CT domain
suggests that pyrenes on two neighboring molecules of intact apoE or isolated CT domain
are either farther than 10-15 A from each other on discoidal rHDL or that the pyrene rings
are not favorably stacked to yield excimer emission. Site-specific cross-linking data using
short and long spacer arms indicated that two Cys on identical locations on neighboring
molecules on rHDL are farther than cross-linking distance for intact apoE3 and apoE4, but
that they are spatially proximal in isolated CT domain. From the robust dimeric bands noted
for all apoE CT variants regardless of the location of Cys residues, we inferred that apoE CT
domain adopts a parallel in-sync orientation with respect to each other on rHDL. Although
the e/mratio did not reach 0.02 noted for pyrene in DMSO, to reconcile with the decrease in
excimer emission in case of pyrene-labeled isolated apoE CT domain, we propose that
neighboring pyrene rings are aligned non-optimally yielding non-fluorescent complexes.
The intensity of the band I11 peak at 385 nm is higher than that of band | at 375 nm in all
probed sites, and particularly noteworthy at positions 209, 223 and 277 in CT domain,
indicating that the pyrene rings are in a hydrophobic environment such as that in the interior
of the rHDL with the non-polar faces of the helices facing the fatty acyl chain of
phospholipid. It is possible that the plane of the pyrene rings are parallel to the axis of the
fatty acyl chains, which would prevent stacking, as schematically represented in Fig. 6.

Taken together, the decreased excimer emission coupled to lack of cross-linking suggests
that intact apoE molecules are oriented in an anti-parallel, out-of-sync parallel or hairpin-
loop orientation. Previous studies suggest an anti-parallel orientation of neighboring
molecules in apoE3 in discoidal complexes and a hairpin loop for apoE4 [33,44-46].
Further, the hairpin model of apoE4 was proposed to adopt two possible conformations in
solution, where the NT domain four-helix helix bundle was either partially open or remained
intact [47]. In contrast, we posit an in-sync parallel orientation for the isolated CT domain
on rHDL based on the strong cross-linking pattern, attributing the decreased excimer
emission to formation of non-fluorescent complexes, Fig. 7. This model takes into
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consideration the number of apoE molecules that was estimated to be 4-6 per discoidal
rHDL based on the following experimental observations and theoretical restrictions, and the
assumption that lipid-bound apoE exists in an extended helical conformation: molecular
mass and Stokes’ diameter of rHDL ~500 kDa and ~16 nm, respectively from native PAGE
(data not shown), discoidal particle geometry from electron microscopy imaging (data not
shown), lipid: protein molar ratio of 100:1 from compositional analysis, a-helical
conformation as noted previously [33,46,47], estimation of POPC bilayer thickness to be
~50 A [48] and previous FTIR data that indicate that the helical axes of lipid associated
apoE are perpendicular to the axes of the fatty acyl chains of phospholipids in discoidal
rHDL [47,49]. Further attempts were made to distinguish between anti-parallel and hairpin
conformation by mixing lipid-free apoE3 (or apoE4) bearing single Cys on H2 and C1 in a
1:1 molar ratio prior to reconstitution into discoidal particles, followed by cross-linking as
described. The rationale was that it would be possible to cross link if the Cys on H2 and C1
on two different molecules are proximal on the discoidal particle. No significant cross-
linking was noted in apoE3 or apoE4 with either BMH or BM(PEG)3, Fig. S2, indicating
that the two Cys are >13-18 A from each other. Taken together, these data suggest that the
two molecules are aligned anti-parallel out-of-sync with each other and/or in a hairpin
conformation for intact apoE.

The observation that the isolated CT domain adopts an alternate orientation compared to the
intact apoE3 or apoE4 suggests that the presence of the NT domain 4-helix bundle may
impose a steric hindrance especially during the initial phase of lipid binding, which is
proposed to be initiated by the C- and N-terminal segments [12,13]. It is noteworthy that the
4-helix bundle of apoE3 and apoE4 are 2-3 fold more stable (4GR2° ~ 10-12 kcal/mol)
[6,14,50], offering resistance to chemical-induced unfolding (concentration of GdnHCI at
mid-point of transition [GdnHCI]1, ~2.5-3.0 M) compared to the CT domain (AG}D120 ~4.0
kcal/mol and [GdnHClI]4/, ~ 1.0 M), and other helix bundles in apolipoproteins, such as
apoAl, apoCll (4GH?° ~ 1.0-4.0 kcal/mol and [GdnHCI]1/; ~ 1.0 M) [7], insect

apolipophorins (4GH2° ~ 1.0-3.0 kcal/mol and [GdnHCI]y/, ~ 0.5 M) [51]. The NT domains

also have correspondingly lower lipid binding affinity compared to the CT domain [52-55].
In general, the ease of unfolding is correlated with ease of binding to lipids, since less
structured segments tend to seek stability by lipid binding interaction. Further, hydrogen-
deuterium exchange coupled to mass spectrometry in conjunction with fluorescence
polarization data suggest that lipid binding, as predicted by ease of exchange and ease of
unfolding, involve multiple steps [21,23]. It was proposed that upon encountering lipids, the
oligomeric assembly of apoE dissociates and likely anchors to the surface via the CT
domain, with the short and relatively polar helix C3 (residues 271-276, DMQRQW) likely
seeking stability prior to C1 and C2. It was also suggested that the lipid binding of the NT
domain is a complex process [13,55,56] involving disruption of the inter-domain interaction,
an initial anchoring of the helix bundle via the flexible hinge segments (close to the CT
domain) and loop 3 (the 80’s loop between H2 and H3) [56], which in turn triggers opening
and binding of helix bundle.

Biochim Biophys Acta Biomembr. Author manuscript; available in PMC 2021 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kothari et al.

Page 11

Lastly, previous apoE3/apoAl domain swapping studies, wherein the NT domain of apoAl
was appended to the CT domain of apoE, support our current findings of the influence of
apoE NT domain on the lipid binding behavior of the CT domain [57]. ApoAl shares the
same ancestral gene as apoE3 and shows similar structural characteristics with Pro-
punctuated tandem repeats of 22-mers that form amphipathic a-helices [15,58]. Although
high resolution structural information of intact apoAl is lacking, biophysical studies in
combination with modeling based on partial X-ray crystallographic analyses suggests that
the NT domain bears a 4-helix bundle [59,60] similar to apoE3. However, because the NT
domain of apoAl is not as stable as that of apoE3, swapping it for apoE3 NT domain
(yielding apoAl-NT/apoE-CT) significantly enhanced the vesicle solubilization rate of the
chimera, which otherwise shows a very poor ability to bind DMPC vesicles to yield rHDL
[23,21,61]. Taken together with the current study, it appears that the stable NT domain helix
bundle of apoE3 not only mitigates the lipid binding rate of its CT tail, but that it also
influences the relative orientation of one monomer with respect to the other on rHDL.
Similar structural flexibility has been noted in apoAl, which adapts its orientation, registry
and number per particle depending on the lipid composition and particle size, varying
between in-sync, out-of-sync anti-parallel and a hairpin loop on a rHDL particle [62,63].
Overall, our current observations indicate that in absence of the NT domain, the CT domain
of apoE adopts an alternate orientation in rHDL; further studies are needed to determine if
both configurations of the CT domain (in isolation and in the context of the intact protein)
are able to sustain similar ability to promote cholesterol efflux and undergo particle
maturation to form spherical lipoproteins.

The current study yielded additional confirmatory information about the conformational
organization of lipid-free apoE4. In lipid-free state both apoE3 and apoE4 exist
predominantly as tetramers with some dimeric and higher state oligomeric forms [16,64,65].
The tetramerization occurs at the CT domain between neighboring molecules via helix-helix
interactions [16,18,66]. Although both lipid-free apoE3 and apoE4 show significant excimer
peaks for pyrenes located on all the selected sites (as a point of comparison, the &/ m ratio of
free pyrene in DMSO is ~0.02 [25]), the & m ratios for those on apoE4 are significantly
higher and the Py scale lower in 3 of the 5 probed sites compared to apoE3. This suggests
that apoE4 adopts an altered conformation involving extensive protein-protein interactions,
as also noted by others [52], who proposed that a salt bridge interaction between R61 on H2
and E255 on C2 juxtaposes the NT and CT domains in apoE4 [22,67]. The NT-CT domain
interaction in apoE4 would position the NT domains from neighboring molecules in spatial
proximity in the context of a tetramer. Nevertheless, NMR studies of apoE3 also propose an
NT-CT domain interaction in lipid-free state via a salt bridge between K95 (on H3) and
E255 (on C2) [11]. In both isoforms, the NT-CT domain interaction likely juxtaposes the NT
domain from neighboring molecules in the context of a tetrameric protein as inferred by the
presence of excimer peaks for both. The observation is further supported by cross-linking
data (Supplementary materials, Fig. S3) where BMH-mediated dimer formation was noted
in both apoE3 and apoE4 for Cys located in H1, H2 and H3. Taken together, it appears that
although both apoE3 and apoE4 elicit NT-CT domain interaction and display juxtaposed CT-
CT and NT-NT domains, the overall conformational organization of apoE4 is notably
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different from apoE3, an observation that requires further structural and conformational
analysis.

Using the excimer approach with pyrenes located at 161, 169, 176 or 181, previous studies
revealed that self-association via the CT domain brings the hinge loop between neighboring
molecules in closer proximity in apoE3 [25]. The spatial disposition between the NT and CT
domains likely renders the linker segment more susceptible to proteolytic cleavage, a feature
that is particularly relevant in AD where NT and CT fragments have been identified in
postmortem brain tissues and in mouse models [68—71]. ApoE4 appears to be more
susceptible to proteolytic cleavage leading to increased accumulation of fragments seen in
post-mortem brains.

In the CNS, apoE is located on HDL-like particles, which play a critical role in ABCA1- and
ABCG1-mediated cholesterol efflux from astrocytes to form nascent discoidal and mature
spherical particles for the delivery of cholesterol to the neurons via the LDLr family of
proteins. While the CT domain plays a major role in the initial step of cholesterol efflux, the
NT domain bearing the LDLr binding sites is responsible for cellular uptake of the
cholesterol-laden lipoprotein via the lipoprotein receptor family of proteins [72,73]. Since
the two domains can function in isolation, identification of isolated CT domain fragments of
apoE implies that it may promote robust cholesterol efflux [74] from the astrocytes;
however, this process is likely ineffective without the successful uptake of HDL by the
neurons, thereby affecting synaptic plasticity and function [73]. This suggests that both
domains must be present in their functional orientation for efficient delivery of cholesterol.
Our study revealed that the orientation of the CT domain of apoE on rHDL particles depends
on the presence of the NT domain, potentially influencing cholesterol efflux and neuronal
uptake. Additional studies are needed to further our understanding of the influence of one
domain over the other in apoE and the extent to which this affects cholesterol homeostasis in
the CNS.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
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Fluorescence emission spectra of pyrene labeled apoE3 and apoE4 single Cys variants in
lipid free and discoidal rHDL bound states. The probe’s location in the different segments is
depicted. Emission spectra of all samples (10 pg/mL protein) were recorded at an excitation
wavelength at 345 nm. Each spectrum was normalized with respect to the fluorescence
emission intensity of the first monomer peak at 375 nm. Black, lipid-free state; red, rHDL

bound state. NFI: normalized fluorescence intensity.
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Hinge loop

Cl

C2

Loop C

Fluorescence emission spectra of pyrene labeled apoE(201-299) single Cys variants in lipid
free and discoidal rHDL bound states. The probe’s location in the different segments is
depicted. Emission spectra of all samples (10 pg/mL protein) were recorded at an excitation
wavelength at 345 nm. Each spectrum was normalized with respect to the fluorescence
emission intensity of the first monomer peak at 375 nm. Black, lipid-free state; red, rHDL
bound state. Fluorescence emission spectra of lipid-free pyrene-labeled apoE(201-299) is
reproduced with permission from [25]. Copyright {2010} American Chemical Society.
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Fig. 3.
BMH cross-linking analysis of rHDL with apoE3 and apoE4 Cys variants. Discoidal rHDL

bearing 10-15 pg apoE3 (left) or apoE4 (right) single Cys variants were treated with BMH
in DMSO and electrophoresed on a 4-20% acrylamide gradient SDS-PAGE gel as described
under Methods. The lane assignments for apoE3 variants (left) are as follows: Lane 1,
molecular mass standards in kDa; lane 2, lipid-free protein; lane 3, rHDL; lane 4, rHDL +
DMSO; lanes 5, 6, 7, and 8, rHDL+10-, 25-, 50- and 100- fold molar excess of BMH over
apoE3, respectively. The lane assignments for apoE4 variants (right) are: Lane 1, molecular
mass standards in kDa; lane 2, rHDL + DMSO; lane 3, 4, 5 and 6, rHDL+10-, 25-, 50- and
100-fold molar excess of BMH over apoE4, respectively.
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Fig. 4.
BM(PEG)3 cross-linking analysis of rHDL with apoE3 and apoE4 Cys variants. Discoidal

rHDL bearing 10-15 pg apoE3 (left) or apoE4 (right) were treated with increasing
concentration of BM(PEG)3 (in the direction shown) in DMSO and electrophoresed on a 4—
20% acrylamide gradient SDS-PAGE gel as described under Methods. Two single Cys
variants were selected to represent the NT (top) and CT (bottom) domains for each isoform.
The lane assignments are as follows: Lane 1, molecular mass standards in kDa; lane 2,
rHDL + DMSO; lanes 3 and 4, rHDL+10x-25x and 50x-100x molar excess of BM(PEG)3
over apoE, respectively.
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Fig. 5.

Crgoss-linking analysis of rHDL with apoE(201-299) single Cys variants. Discoidal rHDL
bearing 10-15 pg apoE(201-299) single Cys variants were treated with BMH in DMSO and
electrophoresed on a 4-20% acrylamide gradient gel as described under Methods. The lane
assignments are as follows: Lane 1, molecular mass standards in kDa; lane 2, DMSO; rHDL
+ DMSO; lanes 4, 5, 6, 7, 8 and 9, rHDL +2x, 5%, 10x, 25%, 50x, 100x molar excess BMH
over apoE(201-299), respectively.
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me;
UL

Cross-sectional view of discoidal lipoprotein showing pyrene-bearing apoE helices
juxtaposed to the lipid bilayer. The axes of the helices (pink) are oriented perpendicular to
the axes of the fatty acyl chains of phospholipids in the bilayer (grey). Details of the
attachment of the pyrene rings to the -SH of Cys via maleimide ring are not shown for
simplicity. Left: Proximal but non-optimal arrangement of pyrene rings (no excimer
formation), requires rotation of -S-CH-bond (not shown) to accommodate interdigitation of
pyrene rings (green and grey) between the fatty acyl chains of the phospholipids. Right:
Proximal and optimal arrangement of pyrene rings (allows excimer formation) that would
require significant distortion of the fatty acyl chains of the phospholipid. Not to scale.
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Monomer

Monomer

Schematic illustration of single Cys location in parallel, anti-parallel and hairpin orientation
of apoE in rHDL. Top, Six isolated apoE CT domains (apoE (201-299)) shown in rHDL,
with black dot representing a single Cys, and red line showing BMH cross-linking that
would result in a dimeric band in SDS-PAGE. Middle, Two full length apoE (1-299) shown
in anti-parallel, or bottom, hairpin conformation, with single Cys farther than cross-linking
distance that would yield a monomeric band in both cases. The number of apoE molecules
per discoidal particle has no influence on the outcome. Not to scale.
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The major secondary structural segments of apoE probed in the current study.

Table 1

Domain  Residues

Secondary structure®

NT 26-40
NT 55-79
NT 89-125

Hinge 200-209

CT 210-223
CT 236-266
CT 277-299

Helix H1
Helix H2
Helix H3

Hinge Loopb
Helix C1
Helix C2

Loop Cb

aSecondary structure from NMR data of a monomeric form of apoE3 [11] (PDB ID 2L7B).

bHinge Loop and Loop C were probed for isolated CT domain only.
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Table 2

AEDANS probe mobility in various segments in apoE3 and apoE4.

Probe location  gp yajyes®

ApoE3 ApoE4
H1 0.404 + 0.00620¢ 0386 £0.035
H2 0.342 + 0.012% 0.377+0.014
H3 0.368 + 0.0127 0.411 +0.045
Cl 0.377 £ 0.068 0.361+0.013
C2 0.354 +£0.029

0.332 +0.030°

*
Values are means = SD (n = 3).

aP =0.003 as calculated by Student’s #test in Microsoft Excel.

bP =0.018 as calculated by Student’s #test in Microsoft Excel.

DP =0.029 as calculated by Student’s #test in Microsoft Excel.
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Table 3

Page 27

Excimer/monomer ratios of pyrene labeled apoE3, apoE4 and isolated CT domain in lipid-free and rHDL

associated states.

Site probed  apoE3

apoE4

CT(201-299)

Lipid-free

rHDL  Lipid-free

rHDL

Lipid-free

rHDL

Ratio of fluorescence intensities at 460 and 375 nm (e/m)a

H1 0.46
H2 0.32
H3 0.29
Hinge loop -

C1 0.91
C2 1.45
Loop C -

0.14
0.13
0.11
0.14
0.06

1.33
0.67
1.96
1.56
2.22

0.29
0.18
0.23
0.13
0.14

0.55
3.33
2.63
1.82

0.28
0.28
0.13
0.34

a\/alues shown are derived from spectra that are average of 3 independent experiments.
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Table 4

Py scale (band I/111 ratio) of pyrene labeled apoE3, apoE4 and isolated CT domain in lipid-free and rHDL
bound states.

Site probed  apoE3 apoE4 CT(201-299)

Lipid-free rHDL Lipid-free rHDL Lipid-free rHDL

Py scale (ratio of fluorescence intensities at 375 and 385 nm)a

H1 0.43 0.69 0.53 0.80 - -
H2 1.10 1.02 0.58 0.81 - -
H3 1.30 1.03 0.56 0.88 - -
Hinge loop - - - - 1.14 0.58
C1 0.56 0.53 0.72 1.00 0.56 0.58
C2 0.99 1.12 0.38 0.76 0.62 0.90
Loop C - - - - 0.55 0.51

a\/alues shown are derived from spectra that are average of 3 independent experiments.
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