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ABSTRACT: The C-terminal domain (CT) of apolipoprotein E (apoE), a critical protein involved in cholesterol
transport in the plasma and brain, plays an important role in high-affinity lipoprotein binding. Although
high-resolution structural information is available for the N-terminal domain of apoE, the structural
organization of the CT (residues 201-299) is largely unknown. In this study, we employ site-specific
fluorescence labeling with pyrenemaleimide to gain insight into the structure and conformation of apoECT in
its naturally self-associated state in buffer at physiologically relevant concentrations (5-50 μg/mL). Pyrene is
a highly sensitive fluorophore that reports on spatial proximity between desired sites by displaying unique
spectral features. Pyrene was covalently attached to single cysteine-containing recombinant human apoE CT
at position 223 or 255 to probe the first predicted helical segment and at position 277 to monitor the terminal
predicted helical segment. Regardless of the location of the probe, all three pyrene-labeled apoE CT variants
display an intense and dramatic fluorescence excimer band at 460 nm, a signature feature of pyrene, which
indicates that two pyrene moieties are within 10 Å of each other. In addition, an intense peak at 387 nm
(indicative of a highly hydrophobic environment) was noted in all cases. Fluorescence emission quenching by
potassium iodide indicates that the accessibility to the probes was restricted at these locations. The possibility
that the hydrophobicity of the pyrene moiety was the driving force for helix-helix interaction was excluded
because pyrene located at position 209, which is predicted to be located in a nonhelical segment, did not
display the above intense unique features. Lastly, denaturation studies suggest that the terminal helix unfolds
prior to the first predicted helix in apoE CT. Our studies indicate that there are extensive intermolecular
helix-helix contacts throughout the entire CT in the lipid-free state with two apoE CT molecules oriented
parallel to each other to form a dimer, which dimerizes further to yield a tetramer. Such an organization allows
helix-helix interactions to be replaced by helix-lipid interactions upon encountering a lipoprotein surface,
with the terminal helix likely initiating the binding interaction. This study presents the possibility of employing
pyrene fluorophores as powerful new alternatives to obtain conformational information of proteins at
physiologically relevant concentrations.

Apolipoprotein E (apoE)1 is an antiatherogenic protein that
plays a critical role in regulating plasma and brain cholesterol
homeostasis (1-5). It is an exchangeable protein component of
triglyceride-rich lipoproteins and a subclass of high-density
lipoprotein (HDL) in plasma. In addition, apoE is one of the
major apolipoproteins in the central nervous system, where it has
been localized onHDL-sized particles (6, 7). ApoE also functions
in reverse cholesterol transport in atherosclerosis, a process

involving transport of cholesterol from the peripheral tissues to
the liver for eventual disposal via the bile (8-10). In humans,
three major isoforms of apoE have been noted, with variations in
the amino acids at positions 112 and 158: apoE2 has Cys while
apoE4 has Arg at these locations; apoE3 has a Cys and an Arg at
these positions, respectively. Importantly, the apoE4 isoform in
humans is considered a significant risk factor for developing
Alzheimer’s disease (5, 11).

ApoE is composed of 299 residues that are organized as two
independently folded domains: a 22 kDa N-terminal domain
(residues 1-191) that mediates high-affinity binding to the low-
density lipoprotein receptor family of proteins and a 10 kDa C-
terminal domain (CT) that bears high-affinity binding sites for
lipids and lipoprotein surfaces (12-15). The high-resolution
structure of the N-terminal domain of all three major isoforms
was identifiedmore than 15 years ago (16-18). The crystallization
of a segment of the CT domain encompassing residues 223-272
was reported (19); however, we do not have an understanding of
the high-resolution structure of this isolated domain or that of the
intact protein yet. Structural predictions indicate that residues
210-266 form a long class A amphipathic R-helix, while residues
268-289 form a class G* helix (20, 21) (Figure 1A). Class A
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amphipathic helices are characterized by clustering of positively
charged amino acid residues at the polar-nonpolar interface and
negatively charged residues at the center of the polar face (20, 22).
On the other hand, class G* helices lack clustering of charged
residues but have a random distribution of negative and positive
residues around the perimeter of the polar face. Segments bearing
class G* helices are believed to be involved in protein-protein
interaction and subunit formation (21, 22). Consistent with this
prediction, substitution of a few bulky residues, F257, W264,
V269, L279, and V287, toward the C-terminal end of the
apoE CT with small polar residues resulted in a protein that
could not be cross-linked, suggesting that these residues are
important for apoE self-association (23, 24). Further, based on
sedimentation equilibrium studies onC-terminal truncated apoE,
it was proposed that the segment encompassing the classG* helix
is likely involved in apoE3 self-association to form a tetramer in
the absence of lipids (25, 26) (Figure 1A). It was also indicated
that residues 225-272 are involved in directing the preference of
lipoprotein binding; however, the spatial disposition of this helix
with respect to the neighboring apoE molecule in the absence of
lipids is not known. Previously, our laboratory proposed that the
segment encompassing residues 210-266 likely forms an inter-
molecular coiled-coil helix (27). This was based on secondary
structure analysis by circular dichroism (CD) spectroscopy. In
the present study, we exploited the spatially sensitive spectral
features of the fluorophore pyrene to obtain insights into the
tertiary and quaternary conformation of residues 201-299.
We report that the entire CT of apoE makes extensive inter-
molecular helix-helix contact to form a parallel dimer, which
dimerizes further to form a tetramer at physiologically relevant
concentrations.

MATERIALS AND METHODS

Materials. N-(1-Pyrene)maleimide (NPM), pyrene, 5-((((2-
iodoacetyl)amino)ethyl)amino)naphthalene-1-sulfonic acid, 1,5-
IAEDANS (IAEDANS), and tris(2-carboxyethyl)phosphine
(TCEP) were obtained from Invitrogen (Eugene, OR). Dithio-
threitol (DTT), guanidine hydrochloride (GdnHCl), potassium
iodide (KI), sodium thiosulfate, and glutathione were obtained
from Fisher Scientific (Fair Lawn, NJ). Trifluoroethanol (TFE)
was purchased from Sigma Aldrich (St. Louis, MO). All solvents
used were of analytical grade.
Expression, Isolation, and Purification of apoE CT.

Wild-type (WT) apoE CT comprising residues 201-299 and
apoECT variants A209C, S223C, E255C, andA277Cwith single
substituted cysteine residues at the indicated locations were
obtained as described previously (28). Recombinant apoE CT
bearing a hexa-His tag at the N-terminal end to facilitate
purification was overexpressed in a bacterial expression system,
isolated, and purified using a Ni-affinity matrix (Hi-Trap chelat-
ing column; GEHealthcare) as described earlier (27, 28). Protein
purity was verified by SDS-PAGE analysis using a 4-20%
acrylamide gradient.
Circular Dichroism (CD) Spectroscopy. CD measure-

ments were performed on a Jasco 810 spectropolarimeter. Far-
UV CD scans were recorded between 185 and 260 nm in 10 mM
ammonium bicarbonate buffer, pH 7.4, using protein concentra-
tions of 0.2mg/mL as determined by absorbance at 280 nm (molar
extinction coefficient of apoE CT at 280 nm= 16500M-1 cm-1).
Far-UV profiles were the average of three independent scans, with
a response time of 1 s and bandwidth of 1 nm. The path length of

the cuvette was 0.1 cm. The molar ellipticity ([θ]) in deg cm2

dmol-1 at 222 nm was obtained using the equation:

½θ�222nm ¼ MRWðθÞ=10lc
whereMRW is the mean residue weight of apoE CT (obtained by
dividingmolecular weight by the number of residues) calculated to
be 115.03, θ is the measured ellipticity in degrees at 222 nm, l is the
cuvette path length (in cm), and c is the protein concentration (in
g/mL). The percent R-helix content was calculated as described by
others (29):

% R-helix ¼ ð-½θ222nm� þ 3000Þ=39000
Disulfide Bond Formation. The purified proteins were

unfolded in the presence of 3 M GdnHCl and a 2-fold molar
excess of a reducing agent, dithiothreitol (DTT). Excess GdnHCl
and DTT were removed by dialysis against 10 mM sodium
phosphate, pH 7.4, containing 150 mM NaCl (phosphate-
buffered saline, PBS) for 48 h at 4 �C with three changes in
buffer. The refolded samples were examined by SDS-PAGE
analysis under nonreducing and reducing conditions.
FluorescenceLabeling.ApoECTA209C, S223C,E255C, or

A277C was initially preincubated with a 5-fold molar excess of
TCEP in the presence of 3 MGdnHCl for 4 h at 37 �C in 10 mM
ammonium bicarbonate, pH 7.4, to reduce existing intermole-
cular disulfide bonds. This was followed by incubation with a 10-
foldmolar excess ofNPM for 16 h at 37 �Cor IAEDANS for 16 h
at 37 �C and removal of excess unbound TCEP, GdnHCl, and
fluorophore by passing the mixture through a Ni-affinity Hi-
Trap chelating column. In addition, glutathione, a control
tripeptide bearing a single Cys (γ-Glu-Cys-Gly or GSH), was
labeled withNPMby preincubating with a 2-foldmolar excess of
TCEP over GSH in 10 mM ammonium bicarbonate buffer, pH
7.4, for 4 h at 37 �C, followed by treatment with a 2-fold molar
excess of NPM for 16 h at 37 �C.
Fluorescence Measurements. Steady-state fluorescence

analyses were performed on a Perkin-Elmer LS55B fluorometer
at 24 �C. Fluorescence emission spectra of pyrene-labeled
samples were recorded in PBS between 350 and 550 nm by
setting the excitation wavelength at 345 nm; those of AEDANS-
labeled samples were collected between 350 and 600 nm followed
by excitation at 345 nm. The excitation and emission slit widths

FIGURE 1: Design and site-directed labeling of apoE CT constructs.
(A) Sequence of apoE CT (residues 201-299). Underlined segment
(residues 268-289) indicates proposed self-association sites based on
C-terminal truncation studies (25). Italicized segments 210-266 and
268-289 represent class A and G* helices, respectively. Bold letters
specify positions 209, 223, 255, and 277, which were substituted by
Cys for site-directed labeling. (B) The predicted amphipathic
R-helical segments are schematically shown as cylinders, and the
tentative location of the probes is shown as black ovals.
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were set at 5 nm. The scan speed was 50 nm/min; typically 10
scans were averaged. In experiments following the effect of
disrupting tertiary structures, the samples were mixed with a
1:1 mixture of TFE and PBS. Fluorescence quenching analyses
were carried out by addition of small increments of stock
solutions of KI to 250 μL of 10 μg/mL pyrene-labeled apoE
CT variants in PBS. The KI stock solutions contained 1 mM
sodium thiosulfate to prevent formation of free iodine. The
fluorescence emission intensities were recorded at 386 nm in
the absence and the presence of varying amounts of KI. To
account for possible salt effects on the structure due to the
addition of large amounts of the quencher KI, parallel fluores-
cence measurements were performed in the presence of KCl; the
chloride ion does not cause fluorescence quenching, since it is far
smaller in size compared to the iodide ion. The presence of salt
does not affect the fluorescence emission properties of pyrene-
labeled apoE CT variants. Lastly, the order of unfolding of the
helices was followed as changes in secondary and in tertiary/
quaternary structures by CD and fluorescence spectroscopy,
respectively. Accordingly, the percent maximal change in the
ellipticity (θ) or fluorescence intensity (F ) provided an indication
of the overall changes in secondary and tertiary structure,
respectively, and was calculated as follows:

ððθ ðor FÞ at 0 M GdnHCl-θ ðor FÞ
at a given concentration of GdnHClÞ=ðθ ðor FÞ

at 0 M GdnHCl-θ ðor FÞ at 6 M GdnHClÞÞ � 100

The ellipticity ofWTapoECT (0.2mg/mL) or the fluorescence
emission spectra of AEDANS-apoE CT variants (10 μg/mL)
(excitation at 345 nm) were recorded following incubation
of samples with varying concentrations of GdnHCl (0-6 M) in
50 mM sodium phosphate, pH 7.4, for 16 h at 24 �C. The
fluorescence emission intensity at 482 nmwas used for calculating
percent maximal changes. The concentration of GdnHCl re-
quired to cause a 50% decrease in the maximal change,
[GdnHCl]1/2, was calculated for each construct.

RESULTS

The structural organization of the apoE CT and details
regarding the mode of interaction between and within the
monomers at the C-terminal end of apoE are not known. To
address this issue,we employed site-directed fluorescence labeling
with spatially sensitive fluorophores probing defined segments of
the domain, as schematically represented in Figure 1B. The
probes were located at positions 223 and 255 to monitor the
two ends of the proposed class A helix and at position 277 to
probe the class G* segment. In addition, as a control, we placed a
probe at position 209, a location predicted to be outside the
helical segment. The cysteine residues were substituted at these
locations by site-directed mutagenesis (28). WT apoE CT lacks

Cys residues and was included as a control when required. The
probe of choice for evaluating spatial proximity was pyrene,
which was attached to single cysteine residues using standard
maleimide chemistry (30, 31).

In our initial studies, we evaluated the possibility of inter-
molecular disulfide bond formation between the subunits of
apoE CT in their naturally folded state in buffer. SDS-PAGE
analysis was carried out under nonreducing and reducing condi-
tions (Figure 2). Under nonreducing conditions, a 26 kDa band
corresponding to the molecular mass of a disulfide-bonded dimer
was observed in all cases except theWTprotein (Figure 2, left). In
the case of apoE CT E255C, there appears to be a mixture of
disulfide-bonded and non-disulfide-bonded species. Neverthe-
less, the presence of the dimers is indicative of spatial proximity
between cysteines at a given location on neighboring molecules.
Under reducing conditions, the variants migrate with a mobility
corresponding to that of monomeric apoE CT (Figure 2, right).

CD analysis was performed to verify the secondary structure
of the variants in comparison with that of the WT protein. The
analyses were carried out in their disulfide-bonded or reduced
states. All variants adopt an R-helical structure similar to that of
WT apoE CT in both states. Figure 3 shows representative
spectra of the WT apoE CT and apoE CT S223C. The R-helical
content was ∼70% as calculated using the molar ellipticity at
222 nm; this is comparable to that of WT apoE CT, indicating
that the substitution with a Cys residue does not alter the
overall fold of the protein. Upon labeling with pyrene, the
protein retains its overall global fold and structure with a small
decrease (∼10%) in the R-helical content (Figure 3B). This
change is within the experimental variability and range noted
between different preparations. Similarly, we confirmed that
neither the substitution of single cysteine residues at other
locations (such as 209, 255, and 277) nor labeling with a
fluorophore significantly altered the overall fold of apoE CT
(data not shown).

The extent of pyrene labeling was evaluated using the molar
extinction coefficients for the protein (at 280 nm) and pyrene (at
345 nm) (16500 M-1 cm-1 and 40000 M-1 cm-1, respectively).
The calculations revealed that the labeling was never >100%; in
addition, WT apoE CT was not labeled. These observations
indicate lack of nonspecific labeling of the different single
cysteine variants.

In the next step, tertiary structural analysis was performed
using the fluorescence emission characteristics of 5-10 μg/mL
pyrene-apoE CT variants in PBS (Figure 4). Pyrene fluorescence
emission spectra display two unique features that yield valuable
information regarding spatial proximity and the polarity of the
environment where the probe is located:
(i)Monomer/Excimer Ratio Reflects Spatial Proximity.

When two pyrene rings are within 10 Å of each other, they form a
dimer in the excited state (thus the term “excimer”). The excimer
is seen as a broad unstructured band centered around 460 nm and

FIGURE 2: Intermolecular disulfide bond formation and dimerization in single Cys apoECTvariants. SDS-PAGEanalysis (4-20%acrylamide
gradient) of purified apoECTWT, A209C, S223C, E255C, andA277Cwas carried out under nonreducing (left) and reducing (right) conditions.
Disulfide bond formation was noted in all single Cys variants under nonreducing conditions but not in WT apoE CT.
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appears in addition to the monomeric family of bands that
usually occurs between 375 and 405 nm (described below). The
monomer/excimer (m/e) ratio, calculated by comparing the
fluorescence intensity of the first monomer peak at 375 nm peak
with respect to the excimer band at 460 nm, is a relative indicator
of the extent of excimer formation and therefore the spatial
proximity between two pyrene moieties (31-35). While the
absolute values of the m/e ratio yield little information by
themselves, comparison of ratios of a given set of labeled proteins
provides details regarding the relative proximity between speci-
fied sites. In the case of apoE CT variants, we will be making
inferences regarding intermolecular spatial proximity between
apoE CT monomers or subunits since we have single Cys
proteins, the polarity of their microenvironment, and/or orienta-
tion of a helical segment in one monomer with respect to the
corresponding segment in a neighboring molecule. It is note-
worthy that all three pyrene-apoE CT variants display an intense
excimer band (Figure 4 A-C). The spectra have been normalized

with respect to the peak at 375 nm. On average, them/e ratios for
pyrene-apoE CT S223C, E255C, and A277C are 0.30, 0.38, and
0.55, respectively. The presence of the intense excimer band and
the low m/e ratios indicate that the pyrene moieties from
neighboring subunits are located within 10 Å of each other.

It is possible that the hydrophobic rings of a polycyclic
aromatic hydrocarbon such as pyrene may drive intermolecular
interactions between monomeric apoE CT subunits, rather than
protein-protein interactions of the hydrophobic faces of the
amphipathic helices. This can be expected to lead to the forma-
tion of the excited state pyrene-pyrene dimers noted as the
excimer emission band. To investigate this possibility, we eval-
uated the fluorescence emission characteristics of (i) a small
peptide bearing a single pyrene, without the encumbering effect
of a helix, and (ii) apoECTbearing a single pyrene at a site that is
not predicted to be in a helical segment. Toward this end, the
fluorescence emission spectrum of pyrene-labeled glutathione
(GS-pyrene), a polar tripeptide with a single Cys residue, was

FIGURE 3: Far-UVCD spectra ofWT and apoECT S223C. Far-UVCD spectra ofWT (0.2 mg/mL) in the presence (solid line) and the absence
(dashed line) of 5-fold molar excess of TCEP (A). CD spectra of S223C apoE CT (0.2 mg/mL) in the absence of TCEP (solid line) and pyrene-
labeled apoECTS223C (dashed line) (B). Spectrawere recorded from185 to260nm in10mMammoniumbicarbonate buffer, pH7.4.Anaverage
of three scans was collected, using a 0.1 cm path length cell, scan speed of 20 nm/min, and response time of 1 s.

FIGURE 4: Fluorescence emission spectra of pyrene-labeled apoE CT variants report on spatial proximity and microenvironment polarity.
Fluorescence emission spectra of apoE CT labeled with pyrene at positions 223 (A), 255 (B), and 277 (C). The protein concentration in each case
was 5 μg/mL. The spectra shown are an average of 10 scans (recorded at a scan speed of 50 nm/min) with the excitation wavelength set at 345 nm
(excitation and emission slit widths set at 5 nm). Arrows point to band I and band III at 375 and 386 nm, respectively. Emission spectra of 50 μg/
mL GS-pyrene (D) and 5 μg/mL pyrene-labeled apoE CT A209C (E) were recorded as controls.
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recorded (Figure 4D). No excimer band was noted even at molar
concentrations 1000-fold higher than that used for pyrene-apoE
CT variants. The lack of excimer emission (m/e ratio of 13.6)
confirms that the hydrophobic nature of the pyrene moiety and
its associated tendency to undergo a stacking interaction are not
significant contributory factors for the observation of the excimer
emission band in the case of pyrene-apoE CT variants. Further,
in an independent approach, we placed pyrene at position 209,
which is predicted to lie outside the helical segment (21). The
fluorescence emission spectrum of pyrene-apoE CT A209C
(Figure 4E) displayed a significantly lower excimer emission
band, with them/e ratio being 1.82( 1.2. The higherm/e ratio is
indicative of the probes at position 209 from two neighboring
molecules being farther apart (.10 Å) from each other. Lastly, it
must be noted that the intensity of the excimer band was not the
same for all of the different pyrene-labeled apoE CT variants
studied, which would be the case if the hydrophobic nature of the
pyrene rings is a significant factor in protein-protein interaction.
Thus, while an enhancing effect of the presence of pyrene on
driving the helix-helix interactions cannot be absolutely ex-
cluded, we believe that it is the intrinsic tendency of the amphi-
pathic R-helices of apoE CT to make extensive helix-helix
contact via their nonpolar face that makes the pyrene rings to
be spatially proximal, a conclusion supported by the known self-
association ability of apoE.
(ii) Py Scale Reflects Polarity of the Microenvironment

of Pyrene. An empirical relationship has been established
between pyrene fluorescence emission band ratios and solvent
polarity (36-38). The π f π* monomeric fluorescence emission
spectrum of pyrene is described by an ensemble of five major
vibronic bands designated bands I, II, III, IV, andV, correspond-
ing to peaks at ∼375, 379, 385, 395, and 405 nm, respectively.
Since the electronic and vibronic states are coupled (39-41), the
peak at 385 nm, labeled as the third vibronic band with 0-2
transition, is exquisitely sensitive to the polarity of the probe’s
microenvironment. It shows increased fluorescence emission
intensity in comparison to the 375 nm peak or the first vibronic
band (0-0 transition) intensity in hydrophobic environments. In
contrast, the intensity of band I is significantly higher than that of
band III in polar environments (42, 43). This sensitivity and
dependence on the polarity are illustrated in Figure 5, which
shows the emission spectra of free pyrene in two different
solvents, hexane (left) and dimethylsulfoxide (DMSO) (right).
Hexane and DMSO represent solvents with low and high

dielectric constants (4.8 and 47.2, respectively). The dipole
moment for these solvents are 0 and 3.96 D, respectively. In
hexane, pyrene displays a dominant peak at 385 relative to the
375 peak, while inDMSO the 375 peak is dominant, compared to
the 385 peak. The reasons for these observations have been
attributed to excited state interaction of the molecule with the
surrounding solvent (H-bonding and other interactions between
the solute dipole moment and that of the solvent) and solvent
reorientation around the excited state dipole (44, 45). Thus, by
comparing the ratio of the relative intensities of band I to band
III, which is referred to as the Py scale, it is possible to infer the
polarity of the site in the vicinity of the probe (34, 37, 40, 46, 47).
For pyrene-S223C, pyrene-E255C, and pyrene-A277C, the in-
tensity of band III is∼2-fold higher than that of band I (Py scale
of 0.56 ( 0.020, 0.62 ( 0.064, and 0.55 ( 0.018, respectively)
(Figure 4A-C). This suggests a relatively hydrophobic micro-
environment in the vicinity of positions 223, 255, and 277. In
comparison, thePy scale for pyrene-A209Cwas 1.14, indicating a
highly polar microenvironment, while that for GS-pyrene was
even higher (1.23).

Fluorescence emission spectra of pyrene-labeled variants in the
presence of 50% TFE are shown in Figure 6. TFE is a solvent
that disrupts quaternary and tertiary structures but enhances
secondary structural elements in proteins (48-50). In all cases,
including pyrene-apoE CT A209C, the excimer emission
decreased dramatically in the presence of TFE. In addition,
the intensity of the 375 nm increased significantly with respect
to band III intensity. This trend suggests exposure of pyrene
to a relatively aqueous environment in the presence of TFE.
The decrease suggests that the excited state dimer forma-
tion arises from quaternary interaction between two apoE
molecules.

In an independent approach to assess the nature of the probe
microenvironment, fluorescence emission of the pyrene probe
was subjected to quenching by an aqueous quencher, KI, added
in incremental amounts. Figure 7 (top) shows a plot of F/F0
versus KI concentration, where F0 and F are the fluorescence
intensities at 386 nm in the absence and presence of
varying amounts of KI, respectively. Pyrene fluorescence is
quenched to varying extents by iodide depending on its location
and qualitatively appears to follow the order 209>255>223>
277. The quenching data can also be quantitatively represented as
the Stern-Volmer plot, obtained by plotting F0/F versus
[KI] based on the equation shown below, where KSV is the

FIGURE 5: Pyrene fluorescence emission is sensitive to solvent polarity. The effect of solvent polarity on the fluorescence emission characteristics
of pyrenewas followedby recording the spectra of freepyrene inhexane (left) andDMSO(right). Thedielectric constant anddipolemomentof the
solvents were used as indicators of their polarity, with hexane (low dielectric constant of∼4.8 and dipole moment of 0 D) considered a relatively
nonpolar solvent and DMSO (high dielectric constant of ∼47.2 and polarity of 3.96 D) considered a relatively polar solvent. Arrows point to
bands I, II, III, IV, and V for hexane; only bands I and III are shown for DMSO.
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Stern-Volmer quenching constant and [Q] is the concentration
of the quencher (26, 51):

F0=F ¼ 1þKSV½Q�
The KSV plot shows distinct curvature and departure from

linearity in all cases and therefore could not be fitted into a
straight line intersecting at 1 on the Y-axis. However, from a
linear segment of the plot selected to reflect the trend observed in
the F/F0 versus [KI] plot, apparentKSV values were calculated to
be 1.93, 0.60, 0.74, and 0.17 for the probes at positions 209, 223,
255, and 277, respectively (Figure 7 (bottom)).

Lastly, GdnHCl-induced unfolding of apoECTwas evaluated
by fluorescence analysis. Whereas CD measurements allow
monitoring changes at the secondary structural level, fluores-
cence measurements allow us to monitor localized tertiary
structural changes at selected sites on the protein. AEDANS
was the probe of choice for this purpose since pyrene displayed
anomalous spectral behavior in the presence of GdnHCl. A
decrease in the emission intensity of AEDANS is interpreted as
exposure of the probe to the aqueous environment due to
localized unfolding. Changes in the fluorescence emission inten-
sity of AEDANS at position 223, 255, or 277 were plotted
as percent maximal change versus GdnHCl concentration
(Figure 8). It is noteworthy that the denaturation profile for
AEDANS at position 223 was distinctly different from that of
either position 255 or 277 and was characterized by an initial
resistance to unfolding at lower GdnHCl concentrations. The
concentrations of GdnHCl required to elicit a 50% decrease in
emission intensity ([GdnHCl]1/2) for AEDANS at positions 223,
255, and 277 are 0.76, 0.73, and 0.59 M, respectively. The
decrease in fluorescence intensity was accompanied by a change
in the wavelength of maximal fluorescence emission from 480 to

FIGURE 6: Fluorescence emission spectra of pyrene-labeled apoE CT variants with disrupted tertiary and quaternary interactions. Fluorescence
emission spectraofpyrene-labeledapoECTA209C (A), S223C (B),E255C (C), andA277C (D)were recorded in thepresence of 50%TFE inPBS.
Fluorescence measurements were carried out as described under Figure 4.

FIGURE 7: Quenching of pyrene fluorescence emission by KI. The
fluorescence emission intensity of pyrene-labeled apoE CT A209C
(open diamonds), S223C (filled circles), E255C (open triangles),
and A277C (filled squares) was followed at 386 nm in the absence
(F0) or the presence (F) of increasing concentrations of KI. Plot of F/
F0 versus KI concentration (top). Since the KSV plot of the entire
range of [KI] shows a distinct curvature, the segment between 0.1 and
0.3 M KI was plotted versus F0/F (bottom) to obtain apparent
KSV values. A representative plot from three different experiments
is shown.
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499 nm as a function of increasing GdnHCl for all variants.
AEDANS at position 209, being in an unstructured segment to
start with, did not yield interpretable results (data not shown),
especially at the low GdnHCl concentrations.

DISCUSSION

The tendency of apoE CT to self-associate makes it difficult to
analyze this domain structurally by conventional high-resolution
techniques. Thus, details regarding the tertiary and quaternary
conformation of apoECTdomain are lacking. Since apoE3bears
a single Cys at position 112 in theNT domain, and since there is a
possibility of interaction between the NT and CT domains in an
apoE isoform-specific manner in the intact protein (52), for our
studies we employed the independently folded isolated apoE CT
but retained the residue numbering of the intact full-length
protein. Pyrene was the probe of choice because of its ability to
relay information not only on the spatial proximity of given
segments but also on the polarity of the local microenviron-
ment. An additional desirable feature is its property of emitting
fluorescence only upon covalent attachment to thiols.

Our previous studies suggested that a large segment of the
apoE CT may be involved in intermolecular coiled-coil helix
formation leading to a dimer (27), with the possibility that two
dimers further dimerize yielding a tetramer. They were based on
secondary structural predictions and CD analysis that was
carried out with protein concentrations as high as 0.2 mg/mL
and therefore lacked the resolution needed to define the involve-
ment of specific segments of the protein. In the present study, we
circumvented these issues by employing pyrene fluorescence
spectroscopy, which allows us to work with concentrations as
low as 5-10 μg/mL labeled protein due to the high extinction
coefficient of pyrene (40000 M-1 cm-1).

Our results demonstrate that pyrene exhibits excimer emission
regardless of its location on the different predicted helical
segments of apoE CT. An interesting observation regarding
these excimer bands is the extremely high intensity of their
emission relative to the monomer peak at 375 nm. From our
prior experience with structural analysis with apolipoproteins
(31, 35, 53, 54), such high-intensity excimer emission has not been
noted before. The present observation indicates that the specified

sites 223, 255, and 277 on one molecule are in intimate contact
with corresponding sites on a neighboring apoE CT molecule.
Unlike fluorescence resonance energy transfer analysis, measure-
ment of pyrene excimer intensity has been routinely used for a
qualitative assessment of distance between specified sites; to our
knowledge there are no reports of a correlation between the
absolute m/e ratio and the distance of separation. However, we
made an interesting observation that the m/e ratio follows the
order 277 > 255 g 223, suggesting that the intermolecular
distance around 223 is closer than that at position 277 from
two molecules. More studies are needed to understand the
correlation between the m/e ratio and distance of separation.
Nevertheless, the high excimer intensity observed regardless of
the location suggests that both the class A and class G* helices
align with corresponding segments in the surrounding molecules
of apoE CT, establishing extensive intermolecular helix-helix
interactions in the lipid-free state. At this point we exclude
intramolecular interactions since there is only one or less pyrene
on a given subunit of apoE CT based on the labeling stoichio-
metry calculations. Further, the absence of an excimer band in
GS-pyrene and pyrene-A209C apoE CT indicates that the
stacking interactions of the hydrophobic aromatic pyrene rings
are not the driving force for apoE self-association.

The band I/III ratio for the different variants provides further
information regarding the probe microenvironment. The pre-
sence of a pronounced band III peak for pyrene located at
positions 223, 255, and 277 (Py scale of∼0.4) indicates that these
sections are in a hydrophobic environment as in a helix-helix
interface. In concurrence, A209C, which is located immediately
outside the helical segment, elicits a band I/III ratio of >1.0,
reflecting a polar microenvironment. The disappearance of the
broad excimer band at ∼460 nm and the increase in intensity of
band I in the presence of TFE indicate that the probes in all four
sites relocate to a relatively polar environment with minimal
helix-helix contact. These observations are consistent with the
reported effects of this cosolvent on protein structure: stabilizing
R-helical and β-turn elements and disruption of tertiary and
quaternary structures. Strengthening local interactions and dis-
favoring nonlocal interactions, TFE appears to act by favoring
internalH-bonds and altering hydrophobic interactions (55). The
results with TFE confirm that the entire apoE CT has extensive
quaternary interaction with neighboring molecules.

Further support for this concept is provided by fluorescence
quenching by KI, an aqueous collisional quencher. Pyrene at
position 277 was quenched to the least extent, while that located
at position 209 was quenched maximally. This indicates that
position 277 is in a buried location such as in the interior of a
helix-helix interface. On the other hand, position 209 was
significantly more accessible than other locations studied; this
observation is consistent with the relatively lower intensity of
band III and its predicted location in the relatively unstructured
loop region. The observation that pyrenes at 223 and 255 are of
intermediate accessibility to iodide quenching (less accessible
compared to that at position 209 but more than that at 277)
suggests that these sites are in a partially buried location and/or in
a microenvironment containing negatively charged side chains
that may repel the iodide ions. Additionally, quenching analysis
also indicates that there are different populations of pyrene in
solution, despite indications from stoichiometric calculations
that there was one (or less than one) pyrene per apoE CT
monomer. From the nonlinear Stern-Volmer plots, we suggest
that the apoE CT adopts multiple conformations and/or

FIGURE 8: GdnHCl-induced unfolding of apoE CT. To follow
GdnHCl-induced changes in the overall secondary and tertiary/
quaternary structures, the percent maximal change in ellipticity
(open diamonds) of WT apoE CT (0.2 mg/mL) or in fluorescence
intensity of AEDANS-apoE CT variants (10 μg protein) was plotted
as a function of GdnHCl concentration. AEDANS was located at
position 223 (filled circles), 255 (open triangles), or 277 (filled
squares).
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self-associated states or that the observed results are due to a
combination of static and dynamic quenching (56).

Lastly, theGdnHCl-induced unfolding pattern of selected sites
on apoE CT yielded valuable insights into the possible mode of
intermolecular interaction. In previous studies, others and we
noted that the [GdnHCl]1/2 for loss of secondary structure was
∼1.0 M based on CD analysis (13, 27). At low GdnHCl
concentrations (∼0.3 M), the protein displayed secondary struc-
tural characteristics similar to that in the absence of denaturant.
In the present study, we monitored changes in localized tertiary
and quaternary conformation as a result of GdnHCl-induced
protein unfolding. As expected, a lower [GdnHCl]1/2 was noted
in general by fluorescence analysis (regardless of probe loca-
tion in the CT) when compared to the decrease noted by CD
spectroscopy, suggesting that a loss in tertiary/quaternary con-
formation precedes the loss in the secondary structure. It is
possible that the presence of AEDANS causes minor perturba-
tions in the immediate microenvironment of the probe; however,
bearing in mind that the extent of perturbation may be similar in
the different locations (given that there was a similar extent of
labeling), we noted distinct trends in the unfolding pattern
depending on the location of the probe. The segment in the
vicinity of positions 255 and 277 appears to be losing tertiary/
quaternary organization at lower GdnHCl concentrations than
that around position 223 (at 0.5MGdnHCl, the segment around
255 and 277 is largely unfolded, while that around 223 is largely
folded). This differential response to GdnHCl suggests possible
differences in localized tertiary/quaternary structural organiza-
tion, with the terminal helix of the apoE CT likely making a
loosely packed helix-helix contact (such as an intermolecular
helix bundle); on the other hand, the N-terminal end of this
domain likely makes a tightly packed helix-helix contact (such
as an intermolecular coiled-coil helix). Taken in conjunction with
the possibility that the intermolecular distance around position
223 may be closer than that at position 277 (based on the m/e
ratio for position 277 being higher than that for position 223), we
propose a putative unfolding pattern as 277 unfolding first,
followed or accompanied by 255, and then finally 223. This
order of unfolding may be reflective of the order in which these
helices may interact with a lipid surface. This observation
suggests that the C-terminal end bearing the class G* helix likely
unfolds prior to the class A helix toward the N-terminal end of
the apoE CT.

In earlier studies (25), gel filtration analysis of truncated apoE
missing residues 224-299, 245-299, or 267-299 indicated that
the proteins eluted with apparent molecular weights close to that
of dimers (ranging 40000-66000). The calculated molecular
weights for these constructs were 25701, 28223, or 30883. While
the authors considered dimers as possible candidates, their
interpretation regarding themonomeric nature of these truncated
variants was based on sedimentation equilibrium analysis (due to
the anomalous behavior of proteins in gel filtration
chromatography). Therefore, they attributed residues 268-289
in the terminal helix to apoE self-association in the absence of a
lipid or lipoprotein surface to form dimers, tetramers, and
possibly higher state oligomers (14). It is possible that the gel
filtration results represent an equilibrium mixture of monomers
and dimers. Additionally, the truncation may result in weak
helix-helix interactions that may be dissociated under the
centrifugal force applied in the sedimentation equilibrium ana-
lysis. On the basis of our spectroscopic analysis, we extend their
proposal to state that the entire CT (210-299) is involved in

helix-helix contacts with neighboring molecules (i.e., both of
the predicted amphipathic helices). Consistent with this sugges-
tion, subsequent efforts to generate monomeric apoE for NMR
analysis involved substituting residues at positions 257, 264, 269,
279, and 287, indicating that residues in the first and terminal
predicted helices are likely involved in protein-protein con-
tacts (23, 24). Further, in a recent study examining the self-
associated state of apoE3 missing residues 273-299 at 5 μg/mL
concentration, Sakamoto and colleagues report a decrease in the
tetramerization ability by gel filtration analysis using radio-
labeled variants (26); this observation was based on altered
monomer-tetramer distribution. Indeed, their gel filtration
profile suggests the presence of dimers, an observation consistent
with our current findings that the class A helix is involved in
dimer formation as well.

In conclusion, we extend previous observations by others and
us with our present results, which suggest that residues 210-299
(i.e., almost the entire CT of apoE) make extensive intersubunit
helix-helix contacts to form a dimer (Figure 9A), which then
dimerizes further to form a tetramer (Figure 9B,C). Direct
evidence for this conclusion comes from the intense band III
peak and excimer band noted for the three probes chosen to
monitor different segments of the CT. Other studies have
indicated that the enhanced peak intensity at 387 nm reflects
exclusion of water (43); in the present case, it is interpreted that
this enhanced intensity is due to close helix-helix hydrophobic
contact, which excludes water. An additional inference derived
from our study is that apoE CT dimerizes in a parallel orienta-
tion; an antiparallel orientation would place the pyrene labels on
two neighboringmolecules further apart than 10 Å, leading to an
absence of the excimer band. We also propose that the dimers
dimerize further to yield a tetramer, with the terminal helices
likely forming an intermolecular four-helix bundle. Our present
results cannot distinguish between a parallel and antiparallel
orientation of the dimers (Figure 9B,C). It is possible that the
intense excimer band is due to parallel orientation of two dimers,
which would result in four pyrene rings juxtaposed with each
other. Additionally, in our previous study, we demonstrated a
shift in equilibrium tomonomer-dimer-tetramermixtures from
a predominantly tetrameric population by sedimentation equi-
librium analysis when apoE CT is exposed to low concentrations

FIGURE 9: Proposedmodel for apoECT self-association.Our results
indicate that the entire apoE CT segment of one apoE molecule
associates with a second apoE CT; the dimeric form of apoE CT
further self-associates in either a parallel or antiparallel orientation.
This is illustrated using position 277 (black oval). (A)Monomers self-
associating toa parallel dimer.Dimersmaydimerize further to forma
parallel (B) or antiparallel (C) tetramer.
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of GdnHCl (∼0.3 M) (27), suggesting an initial dissociation of
tetramers to form dimers. Taken in conjunction with observa-
tions that the protein retained secondary structure but had
altered tertiary/quaternary conformation in the last, but not
the first, helical segment at ∼0.3 M GdnHCl, it seems likely that
the dimers orient in an antiparallel manner to form a tetramer.
Additional support is derived from the truncation analysis
(25, 26), which indicated that deletion of the last helix led to loss
of tetramerization; if the dimers were oriented parallel, then the
truncation would not have resulted in loss of tetramerization as
they would still associate via residues 210-266. Thus, an anti-
parallel orientation of the dimers seems to be a plausible
arrangement for the tetramer. More studies are needed to arrive
at a more definitive tetramer model.

Lastly, it is important to note that the current studies were
performed at ∼5 μg/mL, which is a physiologically relevant
concentration for apoE: the plasma level of apoE is in the range
of 50 μg/mL (57), while the level in the central nervous system is
predicted to be ∼5 μg/mL (58). While a substantial fraction of
this apoE may be in a lipid-associated state, it is believed that a
significant amount of secreted apoEmight be associated with cell
surface proteoglycans in a lipid-free state. Lipid-free apoE is
susceptible to protease cleavage, with the loop region linking the
two domains being a “hot spot” for cleavage, yielding the apoE
N-terminal domain andCT fragments. These apoE fragments are
particularly prevalent in the aging brain and in age-related
diseases such as Alzheimer’s disease (59-62). apoE4 is also
associated with neurotoxicity due to generation of the toxic
N-terminal and CT fragments. The CT fragment can also
potentially interact with the amyloid β peptide to form amyloid
aggregates (28, 63) and plaques in the brain of Alzheimer’s disease
patients. Thus, understanding the conformation of the apoE CT
will yield valuable insights into the role of this domain in lipid
metabolism and in disease states. Although they bear the same
sequence in their C-terminal domains, apoE3 and apoE4 behave
significantly different in several biochemical, biophysical, and
physiological respects. Future studies will be aimed at determin-
ing the conformation of this domain in the context of the
full-length protein and identifying specific differences in the
conformation with respect to this domain between the isoforms.
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