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Abstract
Apolipoprotein (apo) E is thought to undergo conformational changes in the N-terminal helix
bundle domain upon lipid binding, modulating its receptor binding activity. In this study, site-
specific fluorescence labeling of the N-terminal (S94) and C-terminal (W264 or S290) helices in
apoE4 by pyrene maleimide or acrylodan was employed to probe the conformational organization
and lipid binding behavior of the N- and C-terminal domains. Guanidine denaturation experiments
monitored by acrylodan fluorescence demonstrated the less organized, more solvent-exposed
structure of the C-terminal helices compared to the N-terminal helix bundle. Pyrene excimer
fluorescence together with gel filtration chromatography indicated that there are extensive
intermolecular helix-helix contacts through the C-terminal helices of apoE4. Comparison of
increases in pyrene fluorescence upon binding of pyrene-labeled apoE4 to egg
phosphatidylcholine small unilamellar vesicles suggests a two-step lipid-binding process; apoE4
initially binds to a lipid surface through the C-terminal helices followed by the slower
conformational reorganization of the N-terminal helix bundle domain. Consistent with this,
fluorescence resonance energy transfer measurements from Trp residues to acrylodan attached at
position 94 demonstrated that upon binding to the lipid surface, opening of the N-terminal helix
bundle occurs at the same rate as the increase in pyrene fluorescence of the N-terminal domain.
Such a two-step mechanism of lipid binding of apoE4 is likely to apply to mostly phospholipids-
covered lipoproteins such as VLDL. However, monitoring pyrene fluorescence upon binding to
HDL3 suggests that not only apoE-lipid interactions but also protein-protein interactions are
important for apoE4 binding to HDL3.

Apolipoprotein (apo) E is a key protein regulating lipid transport and cholesterol
homeostasis in the cardiovascular and central nervous systems (1–3). The cholesterol
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transport functions of apoE are a basis of its anti-atherogenic activity that is achieved
through its ability to interact with lipids and cell surface molecules such as the low-density
lipoprotein (LDL) receptor family and glycosaminoglycans (4, 5). In the brain, apoE shuttles
cholesterol from astrocytes to neurons via lipoprotein complexes in which cholesterol
required for neuronal maintenance is supplied from astrocytes by apoE-mediated transport,
and excess cholesterol is effluxed to apoE-containing lipoproteins (6, 7).

Human apoE is a 299-residue polypeptide that folds into two tertiary structure domains; a
22-kDa N-terminal domain (residues 1–191) and a 10-kDa C-terminal domain (residues
216–299) linked by a hinge region (8–10). The N-terminal domain is folded into a four-helix
bundle of amphipathic α-helices (11, 12) and contains the region (residues 136–150) that
binds to the LDL receptor superfamily (13). The C-terminal domain contains amphipathic
α-helices that are involved in binding to lipoproteins with high affinity (14–16) and mediate
ATP-binding cassette transporter A1-dependent cholesterol efflux (17). Lipid-free apoE
exists as oligomer in solution (15, 16, 18) and the C-terminal domain is responsible for this
self-association through the intermolecular coiled-coil formation (19, 20). These helix-helix
contacts are converted to helix-lipid interaction upon binding of apoE to lipoprotein
surfaces, with the N-terminal four-helix bundle being in either an open or a closed
conformation depending upon the surface area availability (21, 22). Since the
conformational reorganization of the N-terminal domain upon lipid interaction is associated
with enhanced receptor binding activity (13, 23), the balance between such two lipid-bound
states of apoE on lipoprotein particles is assumed to determine the extent to which apoE can
mediate the interaction with the LDL receptor family (3, 24).

Based on the two lipid-bound states of apoE on spherical lipid particles, we (25) and others
(26) have proposed that there is a two-step mechanism for lipid binding of apoE like apoA-I
(27); after an initial interaction through the C-terminal domain, the second slower step
involves opening of the N-terminal helix bundle domain. Indeed, recent surface plasmon
resonance analysis for the binding of apoE to lipoprotein particles such as very low-density
lipoprotein (VLDL) and high-density lipoprotein (HDL) indicated that the interaction of
apoE with lipid is a two-step process (25). In addition, recent crystal structures of a C-
terminal truncated apoA-I (28) and the apoA-IV core domain (29), and NMR structure of
full-length apoE3 (26) suggested that domain swapping might be a common mechanism for
exchangeable apolipoproteins to open the helix bundle upon lipid binding. However, the
direct experimental evidence for the conformational opening of the N-terminal helix bundle
upon binding to lipoprotein particles is still lacking.

In the present study, we examined the lipid-bound conformations of apoE on spherical lipid
particles by employing site-directed fluorescence labeling of apoE, as we have done
successfully for apoA-I bound to spherical phospholipid vesicles (30). The results
demonstrate that upon binding to lipid vesicles or VLDL where apoE-lipid interaction is
dominant, opening of the N-terminal helix bundle indeed occurs on the lipid surface. Upon
binding to HDL3, however, interactions of apoE with resident proteins are also involved in
the binding.

EXPERIMENTAL PROCEDURES
Materials

Human apoE4 variants were expressed in E. coli as thioredoxin fusion proteins and isolated
and purified as described previously (22, 31). The QuikChange site-directed mutagenesis kit
(Stratagene, La Jolla, CA) was employed to introduce the S94C, W264C, or S290C point
mutations into apoE4. The apoE preparations were at least 95% pure as assessed by SDS
−PAGE. In all experiments, the apoE sample was freshly dialyzed at 4°C from a 6 M
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guanidine hydrochloride (GdnHCl) and 1% β-mercaptoethanol solution into Tris buffered
saline (TBS; 10 mM Tris, 150 mM NaCl, 1 mM EDTA, 0.02 % NaN3, pH 7.4) before use.
HDL3 and VLDL were purified by sequential ultracentrifugation from a pool of
normolipidemic human plasma as described previously (16, 25). Egg yolk
phosphatidylcholine (PC) was obtained from Kewpie (Tokyo, Japan). N-(1-
pyrene)maleimide and 6-acryloyl-2-dimethylaminonaphthalene (acrylodan, Ac) were
purchased from Invitrogen (Eugene, OR).

Fluorescence Labeling
Cysteine-containing apoE4 variants were incubated with 10-fold molar excess of tris(2-
carboxyethyl)phosphine hydrochloride (Thermo Scientific, Rockford, IL) for 1 h to reduce
the sulfhydryl group. A 10 mM stock solution of N-(1-pyrene)maleimide (in
dimethylsulfoxide) or acrylodan (in dimethylformamide) was added so that a final molar
ratio of probe to protein was 10:1. The reaction mixtures were then incubated at room
temperature for 3 h in the dark, and unreacted probe was removed by extensive dialysis at 4
°C in TBS. The degree of labeling was determined using the extinction coefficients of
38,200 M−1 cm−1 at 338 nm for pyrene and 19,200 M−1 cm−1 at 391 nm for acrylodan,
respectively.

Preparation of Small Unilamellar Vesicles (SUVs
SUVs were prepared as described (32, 33). Briefly, a film of egg PC on the wall of a glass
tube was dried under vacuum overnight. The lipid was then hydrated in TBS and sonicated
on ice under nitrogen. After removing titanium debris, the samples were centrifuged in a
Beckman 70.1Ti rotor for 1.5 h at 4 °C at 40,000 rpm to separate any remaining large
vesicles. The PC concentration of SUV was determined using an enzymatic assay kit from
Wako Pure Chemicals (Osaka, Japan).

Fluorescence Measurements
Fluorescence measurements were carried out with a Hitachi F-4500 fluorescence
spectrophotometer at 25 °C in Tris buffer (pH 7.4). Acrylodan emission fluorescence was
collected from 380 to 600 nm using a 360 nm excitation wavelength. Steady-state
fluorescence anisotropy of acrylodan was measured with excitation at 360 nm and emission
at 485 nm, as described (34). The generalized polarization (GP) is given by GP = (IB − IR)/
(IB + IR), where IB and IR are the emission intensities at the blue (480 nm) and red (530 nm)
edges of the emission spectrum, respectively (35). For monitoring chemical denaturation,
proteins at a concentration of 25 µg/ml were incubated overnight at 4 °C with GdnHCl at
various concentrations. The equilibrium constant of denaturation, KD, at a given GdnHCl
concentration was calculated from the GP values and, the free energy of denaturation,
ΔGD°, the midpoint of denaturation, D1/2, and m value which reflects the cooperativity of
denaturation in the transition region, were determined by the linear equation, ΔGD = ΔGD°
− m[GdnHCl], where ΔGD = − RT ln KD(33, 35). For fluorescence resonance energy
transfer (FRET) experiments, the emission spectra of acrylodan-labeled and unlabeled
apoE4 variants were measured from 300 to 600 nm with excitation of 290 nm. FRET
efficiency (E) was calculated according to E = 1 − FDA/FD, where FDA is the fluorescence
intensity of the donor with acrylodan attached and FD is the fluorescence intensity of the
donor lacking acrylodan. The FRET distance (R) was calculated according to E = R0

6 /(R 06

+ R6), where R0 is the Förster radius for energy transfer from Trp to acylodan in a protein
(2.7 nm) (35).

Pyrene emission fluorescence was recorded from 360 to 500 nm using a 342 nm excitation
wavelength. Excimer to monomer ratios were calculated by dividing the area under the
excimer emission peak from 450 to 490 nm by that for the monomer emission peak from
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370 to 410 nm. In binding experiments to SUV, HDL3 or VLDL, the increase in emission
fluorescence of pyrene-labeled apoE4 variants was assessed from the area under the
emission from 370 to 410 nm using a 4 × 4 mm cuvette to reduce the effect of light
scattering caused by lipid particles.

Binding parameters of pyrene-apoE4 to SUV were derived as described (30). Briefly, the
fraction of bound apoE4, θ was calculated according to θ = Pb/PT = (F – F0/Fmax–F0), where
Pb and PT are bound and total apoE4 concentrations, respectively, and F and F0 are
integrated fluorescence intensities for pyrene-apoE4 in the presence and absence of SUV,
respectively, and Fmax represents the fluorescence intensity when pyrene-apoE4 completely
binds to SUV. Assuming that binding of apoE4 to lipid particles is described by a one-site
binding model, Pb/[PC] = BmaxPf/(Kd + Pf), where Pf is unbound apoE4 concentration, [PC]
is PC concentration of SUV, and Kd and Bmax are the dissociation constant and the maximal
binding capacity, respectively, binding data were analyzed by linear regression based on the
Hanes-Woolf equation, [PC]Pf/Pb = Kd/Bmax + Pf/Bmax.

RESULTS
Acrylodan Fluorescence

To introduce fluorescence probes into the nonpolar face of a putative amphipathic helix
located at either the N- or C-terminal domains of apoE4, S94 in the N-terminal helix bundle
domain, W264 or S290 in the C-terminal domain were replaced with a cysteine residue. The
mutations of S94C and W264C, both of which are located in buried, helical structure in the
lipid-bound state, were previously shown to retain the structural properties of apoE4 (23, 36,
37). S290 is likely to be in the loop structure in the lipid-free state (26), but this position is
expected to be located at the hydrophobic face to interact with lipids (38). Thus,
fluorescence signals from probes attached at these sites can be used to monitor the
conformational change or lipid-binding behavior of apoE4.

We first employed acrylodan labeling of apoE4 cysteine variants to probe site specific
conformation in the proteins (35, 39, 40). Fig. 1A shows the change in acrylodan
fluorescence emission spectra of apoE4 S94C-Ac when incubated at different concentrations
of GdnHCl. Significant decreases in fluorescence intensity and red shifts in wavelength of
maximum fluorescence (WMF) of acrylodan were observed with increasing concentrations
of GdnHCl, indicating transfer of acrylodan molecule from the hydrophobic interior in a
folded protein into an aqueous environment. Since the GP value signifies the change in the
environment polarity of acrylodan, the denaturation curves for apoE4 cysteine variants
monitored by acrylodan GP (Fig. 1B) reflect the conformational stability of the N- or C-
terminal helices in apoE4 against GdnHCl denaturation. The fact that thermodynamic
parameters of denaturation for apoE4 S94C-Ac are similar to those for apoE4 22-kDa
monitored by Trp fluorescence (Table 1) indicates that the change in GP value indeed
reflects the conformational change of the protein. Comparison of thermodynamic parameters
of denaturation for apoE4 cysteine variants (Table 1) demonstrated that S94 is more stable
than both W264 and S290 which have similar stability, consistent with the notion that the N-
terminal helix bundle domain is much more stable than the C-terminal domain in apoE4 (41,
42). Table 1 also shows WMF and fluorescence anisotropy of acrylodan for apoE4 cysteine
variants. Compared to apoE4 W264C-Ac, the S290C-Ac exhibited higher WMF and lower
anisotropy value, indicating that S290 is located in less motionally restricted, more exposed
structure compared to W264 in the C-terminal domain (26).
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Pyrene Excimer Fluorescence
We next performed pyrene labeling of apoE4 cysteine variants to monitor the self-
association and lipid binding behaviors of apoE4. Pyrene fluorescence emission spectra
display unique features that give information on the spatial proximity and polarity of the
environment where the probe is located. Although pyrene typically exhibits fluorescence
emission maxima at 375 and 395 nm, attributed to a monomeric state, an additional broad
and red-shifted emission peak appears generally at around 470 nm when two pyrene rings
are within 10 Å of each other, attributed to formation of an excited state dimer (43). Taking
advantage of this unique property, we evaluated intermolecular spatial proximity of pyrene-
labeled apoE4 variants because apoE is known to exist as a tetramer in solution (15, 16, 18).

Fig. 2 shows pyrene fluorescence emission spectra and excimer/monomer ratios for pyrene-
labeled apoE4 variants at protein concentrations ranging from 5 to 100 µg/ml, in which
apoE4 is thought to be predominantly in tetramer form (8, 18). In fact, gel filtration
experiments demonstrated that all apoE4 variants used exist predominantly as tetramer
(Figs. S2 and S3 of the Supporting Information). ApoE4 S94C-pyrene exhibited virtually no
excimer peak (Fig. 2A) whereas an intense excimer peak was observed for apoE4 S290C-
pyrene (Fig. 2B), consistent with the notion that the C-terminal domain is responsible for the
self-association of apoE through the intermolecular coiled-coil formation (19, 20).
Interestingly, apoE4 W264C-pyrene displayed relatively lower excimer/monomer ratio
compared to the S290C-pyrene, suggesting large reduction of the tetramer formation in the
case of apoE4 W264C-pyrene. Indeed, comparison of gel filtration chromatography of
apoE4 W264C without or with pyrene labeling revealed that addition of pyrene to the
position 264 strongly inhibits apoE4 self-association (Figs. S3C and D of the Supporting
Information). These results are consistent with prior findings that W264 is one of the key
residues critical for the oligomerization of the C-terminal domain of apoE (44, 45).

We also evaluated GdnHCl-induced dissociation of tetramer to monomer by pyrene excimer
fluorescence. Fig. 3 shows the change in pyrene fluorescence emission spectra of apoE4
S290C-pyrene at different concentrations of GdnHCl. The excimer/monomer ratio gradually
decreases with increasing concentration of GdnHCl, with the midpoint being around 0.6 M
GdnHCl (Fig. 3, inset). This indicates that the dissociation to monomer of apoE4 S290C-
pyrene occurs at a much lower concentration of GdnHCl than that for denaturation of apoE4
S290C-Ac (1.6 M GdnHCl in Table 1).

SUV Binding of ApoE4 Monitored by Pyrene Fluorescence
Binding behavior of pyrene-labeled apoE4 to SUV was estimated by the increase in pyrene
fluorescence intensity upon lipid binding (30, 46). Fig. 4A shows fluorescence emission
spectra of apoE4 S290C-pyrene in the absence or presence of SUV. The addition of SUV
caused a large increase in fluorescence intensity of apoE4 S290C-pyrene, suggesting that the
pyrene moiety attached to the protein is embedded in a hydrophobic environment of lipid
membrane. The arrow at around 470 nm is indicative of an oligomer formation of apoE4
S290C-pyrene in the lipid-free state but not in the lipid-bound state (47).

Fig. 4B shows the increases in fluorescence intensity of the pyrene-labeled apoE4 variants
with increasing weight ratio of PC to protein (binding titration curves). Although all variants
became saturated at high PC-to-protein ratio, both apoE4 W264C-pyrene and S290C-pyrene
exhibited a greater tendency to reach saturation at a lower PC-to-protein ratio compared to
the S94C-pyrene variant, indicating that the pyrene molecule attached at the N- or C-
terminal helices in apoE4 binds differently to the SUV surface. From the linear regression
lines based on the Hanes-Woolf equation shown in Fig. 4B, inset, Kd and Bmax values for
pyrene-apoE4 variants were obtained (Table 2). The Kd values for all apoE4 variants are in
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submicromolar range and consistent with prior result (22). The Bmax values for the C-
terminal pyrene-labeled apoE4 variants (W264C-pyrene and S290C-pyrene) were much
higher than that of the N-terminal variant (S94C-pyrene). Since the increase in fluorescence
intensity of a C-terminal pyrene-labeled apoE variant monitors the total amount of apoE
bound while that for an N-terminal labeled apoE monitors only those molecules that are
bound with the helix bundle open conformation, the observed variations in Bmax values
indicate that apoE adopts multiple lipid-bound conformations at a lipid surface with the N-
terminal helix bundle being closed and out of contact with lipid at near maximal binding
(22, 48).

We also monitored the time course of the increase in fluorescence upon binding of the
pyrene-apoE4 variants to SUV (Fig. 4C). There was a rapid increase in pyrene fluorescence
after the addition of SUV for the W264C-pyrene whereas the S94C-pyrene exhibited slow
kinetics, suggesting the two-step mechanism for lipid binding of apoE4 like apoA-I (27, 30):
initial binding occurs rapidly through the C-terminal α-helices followed by relatively slow
conformational reorganization of the N-terminal helix bundle. The averaged half times for
the increase in pyrene fluorescence obtained by fitting to the bi-exponential kinetic equation
were 229, 27, and 112 s for apoE4 S94C-pyrene, W264C-pyrene, and S290C-pyrene,
respectively. Based on the fact that apoE4 S290C-pyrene predominantly exists as tetramer
whereas does apoE4 W264C-pyrene exists as monomer (Fig. S3 of the Supporting
Information), the relatively slower increase in pyrene fluorescence of apoE4 S290C-pyrene
compared to the apoE4 W264C-pyrene is likely due to the required dissociation of apoE4
S290C-pyrene tetramers to monomers prior to lipid binding. In fact, the rate constant for the
slow phase of apoE4 S290C-pyrene (5.8 × 10−3 s−1) is in the same order to that for the
tetramer dissociation of apoE4 (47).

FRET from Trp Residues to Acrylodan in ApoE4
To further explore the conformational reorganization of the N-terminal helix bundle in
apoE4 upon SUV binding, we measured FRET from intrinsic Trp residues (four in the N-
terminal domain and three in the C-terminal domain) to acrylodan attached at S94C in
apoE4 (47, 49). The occurrence of FRET in apoE4 S94C-Ac was confirmed by comparing
Trp emission fluorescence spectra of unlabeled and acrylodan-labeled apoE4 S94C protein
(Fig. S5 of the Supporting Information). Fig. 5A shows fluorescence emission spectra of
apoE4 S94C-Ac in the absence or presence of SUV. A large increase in Trp emission
fluorescence at around 340 nm and the concomitant decrease in acrylodan fluorescence at
around 480 nm upon SUV binding indicate a significant reduction in the efficiency of
FRET, consistent with the notion that the conformational rearrangement of the N-terminal
helix bundle occurs upon lipid binding (22, 49, 50). Since almost no excimer peak of apoE4
S94C-pyrene was detected (Fig. 2), the observed FRET comes predominantly from
intramolecular (interdomain or intradomain) interactions in apoE4. In addition, the similar
dependency of FRET efficiency (E) in apoE4 S94C-Ac and increase in pyrene fluorescence
of apoE4 S94C-pyrene on the SUV interaction (Fig. S5C of the Supporting Information)
indicates that the change in FRET mainly reflects the conformational change of the N-
terminal domain upon lipid binding, that is, the helix bundle opening of this domain. Taking
the fluorescence intensity ratio of Trp residues at 340 nm to acrylodan at 480 nm as an
indicator of FRET efficiency, binding titration curves of apoE4 S94C-Ac to SUV were
derived (Fig. 5B). The resultant Kd and Bmax values for apoE4 S94C-Ac obtained from the
linear regression lines in Fig. 5B, inset were similar to those for apoE4 S94C-pyrene (Table
2), indicating that the increased pyrene fluorescence of apoE4 S94C-pyrene upon SUV
binding reflects the helix bundle opening of the N-terminal domain in apoE4. Consistent
with this, the change in FRET from Trp residues to acrylodan in apoE4 S94C-Ac upon SUV
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binding occurs at the same rate as the increase in pyrene fluorescence of apoE4 S94C-
pyrene (Fig. 5C).

Lipoprotein Binding of ApoE4 Monitored by Pyrene Fluorescence
We also explored the binding of pyrene-labeled apoE4 variants to VLDL and HDL3
particles by monitoring pyrene fluorescence. The strong light scattering from VLDL
particles made it difficult to obtain reliable binding titration curves of pyrene-labeled apoE4
variants to VLDL. Nevertheless, the measurements of time courses of binding of apoE4 N-
terminal helix bundle domain (S94C-pyrene) and the C-terminal domain (W264C-pyrene) to
VLDL (Fig. 6A) revealed that the kinetics of increase in pyrene fluorescence upon binding
to VLDL for apoE4 S94C-pyrene is much slower than that for apoE4 W264C-pyrene
(averaged half times are 631 and 182 s, respectively), similarly to the case of SUV (Fig. 4C).
Interestingly, the kinetics of interaction of the N-terminal domain (S94C-pyrene) with HDL3
was markedly different from VLDL, whereas that of the C-terminal domain (W264C-
pyrene) was similar for both lipoproteins (Fig. 6B). In addition, the binding titration curves
shown in Fig. 6C demonstrate that the difference in binding behavior of the N- and C-
terminal domains of apoE4 variants to the lipid surface as observed on SUV (Fig. 4B) is
almost eliminated with HDL3. These results indicate that protein-lipid interactions are
dominant for binding of the N-terminal helix bundle domain of apoE4 to the VLDL surface,
whereas not only protein-lipid interactions but also protein-resident protein interactions
modulate the binding process to the HDL3 surface (25).

DISCUSSION
Given that apoE can exist in two lipid-bound states on spherical lipid particles with the N-
terminal helix bundle in either open or closed conformations (21, 22, 48), it is likely that
there is a two-step mechanism for binding of apoE to a lipid surface. Recently, surface
plasmon resonance analysis to monitor in real time the reversible binding of apoE to VLDL
and HDL3 particles indicated that apoE/lipoprotein interaction is indeed a two-step process:
after an initial interaction the second slower step appears to involve opening of the N-
terminal helix bundle domain of the apoE molecule (25). In this study, we applied
fluorescence spectroscopy measurements with pyrene or acrylodan-labeled apoE4 to
monitor such a conformational change of the protein on spherical lipid particles, as we and
others have done successfully for apolipophorin III (51) and apoE4 (52) in discoidal
complexes and apoA-I on SUV (30).

The fluorescence analysis of acrylodan- or pyrene-labeled apoE4 variants in the lipid-free
state allowed us to examine the site-specific structure and stability of the protein. The results
of GdnHCl denaturation for the acrylodan-labeled apoE4 variants (Fig. 1 and Table 1)
demonstrated that the C-terminal domain, especially the most C-terminal region around
S290 has a less organized and more exposed conformation than the N-terminal domain (41,
42), consistent with the high-resolution NMR structure of apoE3 where both S94 and W264
are located in helical structure whereas S290 is in a loop region (26). The comparison of
pyrene excimer/monomer fluorescence of pyrene-labeled apoE4 variants (Fig. 2) indicated
that the C-terminal helices are responsible for self-association of apoE4 in solution (15, 20,
42). The fact that apoE4 W264C-pyrene exhibited much less excimer fluorescence than
S290C-pyrene (Fig. 2C), together with the gel filtration results demonstrating that addition
of pyrene to the cysteine residue at position 264 strongly inhibits apoE4 self-association
(Figs. S3C and D of the Supporting Information), indicates that W264 is of the key residues
for the self-association. This finding agrees with prior reports revealing that five bulky
hydrophobic residues in the C-terminal region (F257, W264, V269, L279, and V287)
participate in stabilizing interactions of the tetramer (44, 45). The fact that the GdnHCl-
induced decrease in pyrene excimer fluorescence of apoE4 S290C-pyrene (Fig. 3) occurs at
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a much lower concentration than that for the decrease in acrylodan fluorescence of apoE4
S290C-Ac (Fig. 1) indicates that a loss in quaternary self-association precedes the
denaturation of secondary/tertiary structure of apoE4 (20).

Taking advantage of the fact that there is a significant increase in fluorescence intensity
when a pyrene-labeled helix makes contact with a lipid surface (30, 46), we monitored the
behaviors of the N- and C-terminal helices upon binding of apoE4 to spherical lipid particles
(Fig. 4). The increase in fluorescence intensity observed with a C-terminal pyrene-labeled
apoE molecule monitors the total amount of apoE bound because all C-terminal helices are
in contact with the surface of the lipid particle (22, 27). In contrast, the increase in
fluorescence intensity with an N-terminal pyrene-labeled apoE molecule monitors only
those molecules that are bound with the helix bundle open because, when the helix bundle is
closed, the pyrene label is not in contact with the lipid surface (30). Thus, the significant
difference in fluorescence intensity increase observed with N-terminal labeled apoE4
(S94C-pyrene) and C-terminal labeled apoE4 (W264C-pyrene and S290C-pyrene) (Fig. 4B)
implies that there are two lipid-bound conformations of apoE4 in which the N-terminal helix
bundle adopts either open or closed conformations. The existence of two such lipid-bound
states underlies the two-step kinetics of lipid binding of apoE4 in which the rate of increase
in pyrene fluorescence of the N-terminal labeled apoE4 reflects the rate of helix bundle
opening that is much slower than that observed with the C-terminal labeled apoE4 (Fig. 4C).
Interestingly, the relatively slower kinetics of lipid binding of apoE4 S290C-pyrene
compared to apoE4 W264C-pyrene (Fig. 4C) coupled with the finding that tetramer
formation is essentially eliminated with the W264C-pyrene variant but not with the S290C-
pyrene variant (Fig. S3 of the Supporting Information) indicates that tetramer dissociation is
the rate-determining step for interaction of the C-terminal domain of apoE4 with a lipid
surface (18).

FRET results with the N-terminal acrylodan-labeled apoE4 provide more direct evidence for
the conformational reorganization of the N-terminal helix bundle domain of apoE4 upon
binding to lipid particles. Significant reductions of the FRET efficiency from Trp residues to
acrylodan in apoE4 S94C-Ac with increasing PC-to-protein ratio (Fig. 5B) directly indicate
a conformational change of the N-terminal helix bundle domain upon SUV binding,
consistent with the concept that the opening of the N-terminal four-helix bundle occurs upon
lipid interaction (8, 22, 49). The fact that the change in FRET of apoE4 S94C-Ac upon SUV
binding occurs at the same rate as the increase in pyrene fluorescence of apoE4 S94C-
pyrene (Fig. 5C) confirms that the increase in pyrene fluorescence of the N-terminal pyrene-
labeled apoE4 indeed reflects the conformational reorganization of the N-terminal helix
bundle upon lipid binding.

In contrast to binding to lipid particles like SUV, it is thought that not only apoE-lipid
interactions but also apoE-resident protein interactions are involved in the binding to
lipoprotein particles (25). Similar kinetics of fluorescence changes from the N- or C-
terminal pyrene-labeled apoE4 variants upon binding to VLDL (Fig. 6A) compared to SUV
(Fig. 4C) implies that lipid interactions dominate binding of apoE4 to a VLDL particle (25).
In contrast, the markedly different kinetics of the N-terminal pyrene-labeled apoE4 variant
(Fig. 6B) together with the similar binding behaviors between the N- and C-terminal
domains of apoE4 variants (Fig. 6C) observed upon binding to HDL3 indicate that lipid
interactions play a lesser role in this case. Based on the estimation that ~80% of the HDL3
particle surface is protein-covered whereas ~60% of the VLDL particle surface is covered
by phospholipid (53), it is likely that protein-protein interactions between apoE4 N-terminal
helix bundle domain and apolipoproteins resident on the HDL3 surface are involved in the
binding to HDL3 (25, 53). It should be noted that there was no apoE4-induced displacement
of HDL3 proteins in our experimental conditions (Fig. S6 of the Supporting Information).
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Since the LDL receptor binding site in apoE is not recognized when the N-terminal helix
bundle is in the closed conformation (8, 13), such different interactions of the N-and C-
terminal domains of apoE4 with the surfaces of VLDL and HDL3 particles would play a
critical role in lipoprotein metabolism. Consistent with this idea, an electron paramagnetic
resonance spectroscopy study indicated that apoE4 associated with VLDL can have a more
extended conformation than when associated with either LDL or HDL (24).

In summary, application of site-directed fluorescence labeling of apoE4 has provided
insights into the binding mechanisms of the N- and C-terminal domains of apoE4 to
spherical lipid particles and lipoproteins. ApoE4 binds to the lipid surface by a two-step
mechanism in which initial binding occurs rapidly through the C-terminal domain followed
by relatively slower conformational reorganization of the N-terminal helix bundle domain.
The differences in the nature of the surfaces of VLDL and HDL3 in which the former is
largely phospholipid-covered whereas the latter is mostly covered by the resident
apolipoproteins appear to determine whether apoE-lipid or apoE-protein interactions
dominate binding of apoE4 to the lipoprotein surface. Such differences in binding behavior
of apoE4 to VLDL and HDL3 seem to underlie its binding selectivity to these lipoprotein
particles (25, 54).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.

Abbreviations

Ac acrylodan

apoE apolipoprotein E

FRET fluorescence resonance energytransfer

GdnHCl guanidine hydrochloride

GP generalized polarization

HDL high-densitylipoprotein

LDL low-density lipoprotein

PC phosphatidylcholine

PL phospholipid

SUV small unilamellar vesicle

TBS Tris-buffered saline

VLDL very low-density lipoprotein

WMF wavelength of maximum fluorescence
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Fig. 1.
(A) Acrylodan fluorescence emission spectra of apoE4 S94C-acrylodan at different
concentrations of GdnHCl (from 0 to 4.6 M). (B) The change in acrylodan GP for apoE4
S94C-acrylodan (Δ), W264C-acrylodan (○), and S290C-acrylodan (●) as a function of
GdnHCl concentration. Protein concentration was 25 µg/ml.
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Fig. 2.
Pyrene fluorescence emission spectra of apoE4 S94C-pyrene (A) and S290C-pyrene (B) at
different concentrations of proteins (5–100 µg/ml). (C) The pyrene excimer (at 470 nm)/
monomer (at 375 nm) intensity ratio for apoE4 S94C-pyrene (Δ), W264C-pyrene (○), and
S290C-pyrene (●) as a function of apoE4 concentration. The excitation wavelength was 342
nm.
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Fig. 3.
Pyrene fluorescence emission spectra of apoE4 S290C-pyrene (25 µg/ml) at different
concentrations of GdnHCl (from 0 to 2 M). The inset shows the change in the excimer/
monomer ratio as a function of GdnHCl concentration. The excitation wavelength was 342
nm.
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Fig. 4.
(A) Pyrene fluorescence emission spectra of apoE S290C-pyrene in the lipid-free (dashed
line) or bound to egg PC SUV (solid line). The arrow draws attention to the excimer peak at
around 470 nm. Protein and PC concentrations were 25 µg/ml and 1.5 mg/ml, respectively.
(B) Increases in fluorescence intensity of apoE4 S94C-pyrene (Δ), W264C-pyrene (○), and
S290C-pyrene (▲) upon binding to egg PC SUV as a function of the weight ratio of PC to
apoE4. Protein concentration was 25 µg/ml. The inset shows the linearized plots according
to Hanes-Woolf equation (see Experimental Procedures). (C) Time courses of increases in
fluorescence intensity upon binding to egg PC SUV for apoE4 S94C-pyrene (trace a),
W264C-pyrene (trace b), and S290C-pyrene (trace c). SUV was added to apoE4 variants at
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final concentrations of 10 µg/ml protein and 0.4 mg/ml PC. Pyrene fluorescence was
monitored at 385 nm with an excitation of 342 nm.
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Fig. 5.
(A) FRET between Trp residues and acrylodan in apoE4 S94C-acrylodan. Fluorescence
emission spectra excited at 290 nm were recorded in the lipid-free (solid line) or SUV-
bound (dashed line) states. Protein and PC concentrations were 25 µg/ml and 1.0 mg/ml,
respectively. (B) Increases in fluorescence intensity ratio of Trp residues at 340 nm to
acrylodan at 480 nm as a function of the weight ratio of PC to apoE4. Protein concentration
was 25 µg/ml. The inset shows the linearized plots according to Hanes-Woolf equation. (C)
Comparison of time courses of increase in pyrene fluorescence intensity and fluorescence
intensity ratio of Trp to acrylodan for apoE4 S94C-acrylodan upon binding to egg PC SUV.
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Fig. 6.
Time courses of increases in fluorescence intensity upon binding to VLDL (A) and HDL3
(B) for apoE4 S94C-pyrene (trace a) and W264C-pyrene (trace b). VLDL or HDL3 was
added to apoE4 variants at final concentrations of 10 µg/ml apoE4 and 0.1–0.4 mg/ml PL.
Pyrene fluorescence was monitored at 385 nm with an excitation of 342 nm. (C) Increases in
fluorescence intensity of apoE4 S94C-pyrene (Δ), W264C-pyrene (○), and S290C-pyrene
(●) upon binding to HDL3 as a function of the weight ratio of PL to apoE4. Protein
concentration was 25 µg/ml.
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Table 2

Parameters of Binding of ApoE4 Variants to Egg PC SUV

apoE4 variant Kd Bmax

µg/ml amino acids/mol PC

apoE4 S94C-pyrene 1.3 ± 0.3 0.75 ± 0.17

apoE4 W264C-pyrene 3.2 ± 0.6 2.0 ± 0.40

apoE4 S290C-pyrene 2.7 ± 1.2 1.8 ± 0.26

apoE4 S94C-acrylodan 2.3 ± 0.3 0.62 ± 0.09
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