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Abstract
Apolipoprotein E4 (apoE4) is a risk factor for Alzheimer’s disease and has been associated with a
variety of neuropathological processes. ApoE4 C-terminally truncated forms have been found in
brains of Alzheimer’s disease patients. Structural rearrangements in apoE4 are known to be key to
its physiological functions. To understand the effect of C-terminal truncations on apoE4 lipid-free
structure, we produced a series of recombinant apoE4 forms with progressive C-terminal deletions
between residues 166 and 299. Circular dichroism measurements show a dramatic loss in helicity
upon removal of the last 40 C-terminal residues, whereas further truncations of residues 203–259
lead to recovery of helical content. Further deletion of residues 186–202 leads to a small increase in
helical content. Thermal denaturation indicated that removal of residues 260–299 leads to an increase
in melting temperature but truncations down to residue 186 did not further affect the melting
temperature. The progressive C-terminal truncations, however, gradually increased the cooperativity
of thermal unfolding. Chemical denaturation of the apoE4 forms revealed a two-step process with a
clear intermediate stage that is progressively lost as the C-terminus is truncated down to residue 230.
Hydrophobic fluorescent probe binding suggested that regions 260–299 and 186–202 contain
hydrophobic sites, the former being solvent accessible in the wild-type molecule and the latter being
accessible only upon truncation. Taken together, our results show an important but complex role of
apoE4 C-terminal segments in secondary structure stability and unfolding and suggest that
interactions mediated by the C-terminal segments are important for the structural integrity and
conformational changes of apoE4.
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Apolipoprotein E (apoE)1 is an important protein of the lipid transport system that has an
indisputable role in atherosclerosis, dyslipidemia, and Alzheimer’s disease (AD) (1,2). ApoE,
expressed in liver, brain, and other tissues, has three common isoforms (apoE2, apoE3, apoE4)
in the general population, each differing in the amino acid positions 112 and 158 (3,4). ApoE3,
the most common form, contains cysteine and arginine, respectively, whereas apoE2 has two
cysteine residues and apoE4 has two arginine residues at these positions. ApoE4 has been
associated with a variety of neuropathological processes, including AD (2). ApoE4 is a major
genetic risk factor for AD since 40% of all patients have at least one ε4 allele (5). Being
homozygous for the ε4 allele increases the risk of AD 4-fold and lowers the age of onset of
late-onset AD (5). Recent studies have shown that apoE4 is also associated with carotid
atherosclerosis and is a significant risk factor for coronary heart disease (6,7).

ApoE contains 299 residues and in the lipid-free state is folded into two independent structural
domains. Digestion with thrombin produces a 22 kD N-terminal fragment (residues 1–191)
and a 10-kD C-terminal fragment (residues 216–299) (8,9). X-ray crystallography studies
showed that the N-terminal domain is folded into a four-helix bundle of amphipathic α-helices
spanning residues 24–164 (10–12). The C-terminal domain is highly α-helical, as determined
by computer modeling and circular dichroism spectroscopy (8,13,14), but its exact structure
is unknown. A recent NMR study showed that the C-terminal domain becomes more structured
in full length apoE3, probably because of inter-domain interactions (15).

In apoE4, the N- and C-terminal domains interact differently than in the other isoforms, since
Arg-112 results in the orientation of the Arg-61 side chain in the N-terminal domain of apoE4
away from the four-helix bundle. This orientation allows Arg-61 to form a salt bridge with
Glu-255 in the C-terminal domain (11,16). The interaction between the N- and C-terminal
domains in apoE4 has been proposed to be responsible for the conformational lability of apoE4
(17). Upon binding to phospholipids, apoE undergoes large conformational changes and the
presence of partially folded states could facilitate such changes (18). Previous studies suggested
that the C-terminal domain initiates the binding of apoE to phospholipids and has a higher
avidity for lipid than the N-terminal domain (11,19). It has been proposed that compared with
the folded conformation, partially unfolded conformations of apoE can bind to lipid particles,
such as lipoproteins or membranes, with higher affinities or on rates (20,21). However, partially
unfolded conformations are more sensitive to proteolysis and could therefore be more
vulnerable to degradation pathways (22).

ApoE4 has been found to be much more susceptible to proteolysis than apoE3, creating
bioactive carboxy-terminal truncated fragments (29–30 and 14–20 kDa) in brains of AD
patients and apoE transgenic mice (23–25). The proteolytic cleavage of apoE4 occurs in
neurons but not in astrocytes (25). In one study it was shown that the apoE cleaving enzyme
is a chymotrypsin-like serine protease that cuts apoE initially at Met-272 and/or Leu-268
(24). In another study it was proposed that the proteolytic cleavage site is close to residue 187
of apoE (26). The C-terminal truncated apoE4 fragments and especially apoE4Δ(273–299),
which was shown to lead in a less-ordered organization in the C-terminal domain (27), are
associated with increased phosphorylation of tau, mitochondrial dysfunction, and neurotoxicity
in cultured neuronal cells and transgenic mice and may play a key role in the development of
neuronal degeneration observed in AD (23–25,28). Furthermore, the C-terminal region of apoE
has been found to be implicated in triglyceride homeostasis because C-terminal deletion
mutants (within the region 185–299) are able to correct the high cholesterol levels of apoE
knock out mice without induction of hypertriglyceridemia (29).

1Abbreviations: ABCA1, ATP-binding cassette transporter A1; ANS, 1-anilinonaphthalene-8-sulfonic acid; apoE, apolipoprotein E; CD,
circular dichroism; GndHCl, guanidine hydrochloride; Tm, melting temperature; DMPC, dimyristoyl-L-α-phosphatidylcholine; WT,
wild-type.
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To gain insight to the role of the C-terminal domain of apoE4 in the molecule’s structure and
stability, we examined the effect of progressive truncations of the C-terminal domain (Δ260–
299, Δ230–299, Δ203–299, Δ186–299, and Δ166–299, with respective molecular weights of
29.5–18.5 kDa) in lipid-free apoE4. The truncations were designed at about every 30 amino
acids and in-between predicted helical regions of the protein (13). We produced all mutants in
an adenovirus-driven mammalian expression system and used the purified recombinant
proteins in experiments to measure their secondary structure by circular dichroism, their
hydrophobic binding properties by ANS fluorescence, and their stability versus chemical
denaturants and temperature. To the best of our knowledge, this is the most systematic study
of apoE4 C-terminal truncations to date. Our results, taken as a whole, provide evidence that
different C-terminal segments of apoE4 have strong yet discrete effects upon the molecule’s
structural integrity and unfolding properties. These findings combined with previous functional
characterization of the C-terminal moiety suggest a crucial role of the C-terminus in the
biological function of apoE and provide the basis for the explanation of altered functionality
of truncated apoE4 forms.

MATERIALS AND METHODS
Materials

Leibovitz’s L-15 medium, fetal bovine serum, trypsin/EDTA, and penicillin/streptomycin
were purchased from Invitrogen Corp. (Carlsbad, CA). Dextran sulfate and epoxy-activated
Sepharose 6B were obtained from Amersham Biosciences (Piscataway, NJ); dialysis tubing
was obtained from Spectrum Medical Industries, Inc. (Los Angeles, CA) and Sigma Aldrich
Corp. (St. Louis, MO), and the Dc protein assay kit was obtained from Bio-Rad (Hercules,
CA). All other reagents were purchased from standard commercial sources described
previously (30,31).

Production and Purification of apoE Using the Adenovirus System
We chose a mammalian system for protein production to ensure that the produced protein
resembles the most the naturally occurring human protein in terms of correct folding and post-
translational modifications such as glycosylation (32,33). All plasmids and recombinant
adenoviruses containing the wild-type and mutated human apoE4 genes were constructed as
described previously (30). Human HTB13 cells (SW 1783, human astrocytoma) grown to 80%
confluence in Leibovitz’s L-15 medium containing 10% (v/v) fetal bovine serum (FBS) in
roller bottles were infected with adenoviruses expressing wild-type or mutant apoE4 forms at
a multiplicity of infection of 20. After 24 h of infection, cells were washed twice with serum-
free medium and preincubated in serum-free medium for 30 min; fresh serum-free medium
was then added. After 24 h, the medium was harvested and fresh serum-free medium was added
to the cells. The harvests were repeated ~8–10 times. ApoE was purified from the culture
medium of adenovirus-infected HTB-13 cells as described previously (34). All preparations
were at least 95% pure as estimated by SDS-PAGE. Proteins were stored in −80 °C in
lyophilized form until use.

Protein Refolding
Before all measurements, lyophilized stocks of wild-type apoE4 or C-terminal deletion mutants
were treated with a refolding step that was necessary to get rid of small amounts of aggregation
products that accumulated during storage or reconstitution of the lyophilized protein. In all
cases, the protein was reconstituted to about 0.1 mg/mL in 20 mM Hepes, pH 7.2, 50 mM
NaCl, 8 M guanidine hydrochloride, and incubated for 30 min at room temperature to
completely denature the protein. Following incubation, the protein samples were dialyzed at
4 °C versus 2lt of 20 mM Hepes pH 7.2, 50 mM NaCl, overnight. The dialysis buffer was
changed twice over the period of the following day, and the dialysis was allowed to proceed
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again overnight to ensure the complete removal of guanidine. The next day the samples were
recovered from dialysis and centrifuged at 15 000 g for 15 min to remove any precipitated
protein. The supernatant was recovered and the freshly refolded proteins were quantitated by
measuring the absorbance at 280 nm using calculated extinction coefficients as follows: apoE4
= 1.34 mg−1 mL cm−1, apoE4(Δ166–299) = 1.45 mg−1 mL cm−1, apoE4(Δ186–299) = 1.31
mg−1 mL cm−1, apoE4(Δ203–299) = 1.21 mg−1 mL cm−1, apoE4(Δ230–299) = 1.28 mg−1 mL
cm−1, apoE4(Δ260–299) = 1.13 mg−1 mL cm−1. Proteins were kept on ice and immediately
used for measurements. Protein samples were kept at low concentrations (<0.1 mg/mL) to
avoid aggregation.

Circular Dichroism (CD) Measurements
All CD spectroscopy was performed on a Jasco-715 circular dichroism spectrometer using
quartz cuvettes with an optical path length of 1 mm. Scan range was from 190nm to 260nm
with a bandwidth of 1nm, 8 s response time, 0.2nm step size and 50nm/min scan speed. Each
spectrum is the average of 5 accumulations. The sample volume typically used was 140 µL
and spectra were acquired either at 15 or 25 °C. For thermal denaturation experiments, the CD
signal at 222 nm was followed as the sample chamber temperature was increased from 20 to
80 °C using a step size of 0.2 °C and at a rate of 1 °C/min. For calculation of the first-order
derivative of the melting curves, the data were fit to a ninth degree polynomial. The melting
temperature was calculated as the temperature at the maximum of the derivative curve. Helical
content based on the CD signal at 208 nm was calculated according to Greenfield N. et al.
(35) using the equation:

(1)

Helical content was also calculated on the basis of the CD signal at 222 nm according to
Morrisett et al. (36) using the equation

(2)

The cooperativity index, n, was calculated as previously described (27), using the Hill equation
n = (log 81)/log(T0.9/T0.1), where T0.9 and T0.1 are the temperatures where the unfolding
transition has reached a fractional completion of 0.9 and 0.1.

ANS Fluorescence
1,8 ANS (1-anilinonaphthalene-8-sulfonic acid, Sigma-Aldrich) was dissolved into
dimethylsulfoxide (DMSO) to a final concentration of 50 mM (ANS stock solution) and stored
at −80 °C. Freshly refolded wild-type apoE4 or apoE4 C-terminal deletion mutants in 20 mM
Hepes pH 7.2, 50 mM NaCl were put in a fluorescence cuvette after adjusting their
concentration to be at same level for all mutants. Fluorescence measurements were preformed
in a Quantamaster 4 fluorescence spectrometer (Photon Technology International, New Jersey)
in a 1.5 mL plastic fluorimeter cuvette (Roth, Germany), using a 2 nm excitation slit width and
4 nm emission slit width. The scan rate was 1 nm/s with excitation at 395 nm and emission
range from 410 to 550 nm. After measuring the background protein fluorescence, we added 5
µL of ANS stock solution and mixed the solution. The final ANS concentration was 250 µM.
Final protein concentration during measurements was typically 0.04 to 0.1 mg/mL.

Chemical Denaturation Experiments
About 0.05 mg/mL of either wild-type apoE4 or C-terminal deletion mutants were added in a
2 mL quartz fluorimeter cuvette, and the intrinsic tryptophan protein fluorescence was
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measured using the following parameters: excitation 295 nm, emission 340nm, excitation slit
width 1 nm, emission slit width 4 nm, 20 s integration. Small amounts of an 8 M guanidine
hydrochloride solution were gradually added in the cuvette; the mixture was stirred using a
small magnetic stir bar for 10 s and incubated in the dark for 2 min, at which point the
fluorescence signal of the sample was measured as described above. The titration was carried
on until about a 5 M final concentration of guanidine hydrochloride was reached inside the
cuvette. Mock titrations with the addition of buffer instead of guanidine hydrochloride were
used to correct the signal for dilution during the titration. In all cases and after this correction,
a stable plateau was observed at high guanidine concentrations, and this plateau was used to
normalize the signal to total fraction of the protein unfolded.

RESULTS
CD Spectroscopy

The far-UV CD spectra of freshly dialyzed wild-type apoE4 and deletion mutants were
recorded and the normalized spectra were used to estimate the α-helical content of each mutant
(spectra in Figure 1 and parameters in Table 1). The CD spectrum of wild-type apoE4 has a
characteristic shape identical to previously reported spectra for that molecule (27,37–39),
resulting in a calculated α-helical content, on the basis of the CD signal at 222 nm, of 57.9 ±
1.5%. Deletion of the last 40 C-terminal amino acids (Δ260–299) resulted in a marked decrease
on the CD spectrum intensity and a calculated α-helical content that was 23% smaller compared
to wild-type apoE4. Surprisingly further deletions (Δ230–299 and Δ203–299) resulted in CD
spectra that resemble the wild-type with a similar α-helical content. More drastic deletions
(Δ186–299 and Δ166–299) resulted in CD spectra of slightly higher intensity than that of wild-
type apoE4 and a respective statistically significant increase in α-helical content by 9 and 6%
(Table 1). Similar results were observed when the α-helical content was measured on the basis
of the CD signal at 208 nm (Table 1).

Thermal Unfolding of apoE4
To gain insight on the role of the C-terminus moiety of apoE4 in the secondary structure
changes the molecule undergoes during heat-induced denaturation, we measured the CD signal
at 222 nm while the sample was gradually heated to 90 °C. Figure 2A shows the first derivative
of the CD signal during the thermal unfolding of wild-type apoE4 and deletion mutants. Table
1, shows the melting temperatures (Tm) calculated from the maximum of each curve in Figure
2A. Deletions up to amino acid 185 (Δ260–299, Δ230–299, Δ203–299 and Δ186–299) resulted
in an increase in Tm of about 5 °C, indicating that even the smallest truncation (Δ260–299) is
sufficient to modify the thermal unfolding parameters of the molecule. This suggests that the
C-terminus of the apoE4 plays a crucial role in the structural integrity of the protein during
thermal unfolding. Further truncation to amino acid 165 (Δ166–299) reduced the Tm back to
similar to wild-type value possibly due to destabilization of the N-terminal folding domain.
All the C-terminal deletions resulted in apoE4 molecules that underwent thermal denaturation
in a more cooperative manner (Table 1). Interestingly, the cooperativity index appears to
increase in an almost linear fashion as the C-terminus of apoE4 is truncated (Figure 2B). This
finding is consistent with the idea that the full length of the C-terminal domain of apoE4 is
less-organized in structure than the N-terminal domain.

Chemical Unfolding of apoE4
The intrinsic tryptophan fluorescence of the apoE4 variants was followed upon the chemical
denaturation of the protein by titration of guanidine hydrochloride. In Figure 3, the denaturation
traces of each apoE4 deletion variant is depicted in pair wise comparison to the denaturation
trace of wild type apoE4. As previously shown (27,40), the chemical denaturation profile of
wild-type apoE4 consists of two transitions with a clearly discernible intermediate between 1
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and 1.5 M guanidine hydrochloride. This-two step denaturation profile of wild-type apoE4
suggest the existence of a relatively labile structural element in the apoE4 molecule that is more
sensitive to the chemical denaturant than the rest of the apoE4 molecule. The presence of a
chemical melting intermediate is consistent with the relatively low cooperativity seen in the
thermal melting of apoE4. As can be seen in Figure 3, in each of the deletion variants, the
presence of this intermediate is reduced or completely abolished, leading to denaturation traces
that are shifted to higher guanidine hydrochloride concentrations. This is clearer when the first
derivative of the chemical denaturation profile is analyzed (Figure 4). In the first derivative of
the chemical denaturation, distinct transitions appear as peaks, indicated by arrows in the wild-
type apoE4 trace. As progressive C-terminal deletion variants are analyzed, the first transition
peak is greatly diminished in apoE4 variant Δ260–299 and is essentially absent in the apoE4
variants Δ230–299, Δ203–299 and Δ186–299 and Δ166–299. Abrogation of this chemical
melting intermediate step appears to correspond to the increased thermal melting cooperativity
seen upon C-terminal truncations. These results suggest that the C-terminal region is critical
for the destabilization of apoE4 into an intermediate partially unfolded state.

ANS Binding
The fluorescence of the ANS in the presence of wild type apoE4 and apoE4 deletion mutants
was measured to determine how the deletions affect the exposure of the hydrophobic surfaces
of apoE4 (Figure 5). The fluorescence signal was significantly reduced for all C-terminal
deletion mutants compared to wild-type apoE4, indicating either loss of exposure of a
hydrophobic surface in the mutants or possible complete abrogation of that surface because of
truncation. Because the minimum deletion of Δ260–299 was enough to significantly reduce
the ANS fluorescence signal, these data suggest that the region between amino acids 260 and
299 is either a component of an ANS binding hydrophobic surface or critical to its exposure
to the solvent. Interestingly, further truncation down to residue 202 (Δ230–299 and Δ203–299)
resulted in ANS fluorescence signal increase, suggesting the presence of a second ANS binding
site that is exposed with truncation. The fluorescence signal is reduced upon further truncation
to amino acid 185 (Δ186–299) indicating that the region 186–202 may be a component of a
hydrophobic surface. Further trimming to amino acid 165 resulted in an increase of ANS signal.
This is probably due to the destabilization of the N-terminal apoE4 folding domain (8,9,11)
and partial exposure of its hydrophobic core.

DISCUSSION
Although the importance of the C-terminal moiety of apoE in its physiological functions has
been demonstrated (23–25,28,29,41,42) the mechanism by which the C-terminus of apoE4
affects protein function is still poorly understood. ApoE is known to undergo major
conformational changes upon lipid binding that may involve the protein’s C-terminal region
(18,43,44), although the exact role of the C-terminus of apoE in the protein’s structure is still
vague. The finding of C-terminally truncated apoE4 variants in the brain of Alzheimer’s disease
patients in conjunction with apoE4’s susceptibility to proteolysis further necessitate the
understanding of the exact role of apoE4’s C-terminus in the protein’s structure, stability and
function. Previous studies have shown that the C-terminus of apoE4 is largely helical and
participates in weak interactions with the N-terminus (8,13–15,39). Tanaka et al. demonstrated
that removal of residues 273–299 or 261–299 leads to a less-organized C-terminal structure
and affects the stability of the whole apoE4 molecule (27). Sakamoto et al. examined the effect
of removing residues 273–299 in apoE3 as compared to apoE4 and suggested that this region
is crucial for the different lipid binding properties of apoE4 (44). In this study, we have
examined the effect of further C-terminal truncations in apoE4 in an effort to clarify the role
of apoE4’s C-terminus in the molecule’s structure and stability. To that end, we characterized
5 progressive C-terminal deletions (Δ260–299, Δ230–299, Δ203–299, Δ186–299, and Δ166–

Chroni et al. Page 6

Biochemistry. Author manuscript; available in PMC 2009 June 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



299) of apoE4. Because of the lack of any direct structural information on the C-terminal moiety
of apoE4, these deletions were designed largely on the basis of previous molecular modeling
studies (13). To generate the mutations, we introduced stop codons at the turns that connect
the various postulated C-terminal helices (13). We measured the helical content of the apoE4
mutants by circular dichroism spectroscopy to gain insight on the secondary structure of the
C-terminal moiety of apoE4. The hydrophobic site exposure in those regions was evaluated by
ANS probe binding. Finally, the thermal and chemical melting profiles of the progressive
truncations were used to evaluate unfolding structural transitions that may parallel lipid binding
structural transitions. Analysis of the physicochemical properties of full-length and truncated
apoE4 forms in the C-terminal moiety of the protein (residues 166–299) offers the opportunity
to extract information regarding interactions between different segments of the protein by
pairwise comparisons. However, it should be noted that in a study of deletion mutants like this,
the effect of the deleted segment on the function of the full-length protein can be inferred only
indirectly, because only the properties of the remaining molecule, and not of the deleted
segments, are analyzed. Still, useful insights can be drawn that can at the very least guide future
efforts.

Consistent with previous studies we find wild-type apoE4 to be highly helical based on CD
spectroscopy and to be able to bind ANS probe efficiently, enhancing its fluorescence,
indicating the presence of solvent-exposed hydrophobic regions in the molecule (17,27,37–
40). Wild-type apoE4 can be thermally denatured with a Tm of 50.2 °C, exhibiting low degree
of cooperativity as evidenced by the broad thermal transition. Chemical denaturation by
guanidine hydrochloride indicated a two-step process with a weak but clear intermediate stage.
Both the low cooperativity of the thermal melting and the two-step process of the chemical
melting suggest a structurally labile molecule and the possible coexistence of multiple
conformational states in the ensemble.

Figure 6 summarizes the effects of C-terminal truncations to the biophysical properties of the
remaining molecule. The effects of the progressive deletion of C-terminal segments are
discussed below.

Deletion of Residues 260–299
Deletion of the last 40 C-terminal residues of apoE4 led to a significant loss of helicity as
measured by CD spectroscopy. This is consistent with an earlier study of apoE4(Δ261–299)
(27) where the authors concluded that region 261–299 is highly helical. However, the absence
of any knowledge about the interactions of residues 261–299 with other parts of apoE4 makes
direct conclusions regarding the structure of the deleted region uncertain. An alternate
explanation is that region 260–299 is important for stabilizing helical content of apoE4. Region
260–299 appears critical to the unfolding of apoE4 since deletion of this region leads to an
apoE4 form that has higher Tm and melting cooperativity. Thus, it appears that region 260–
299 is important for the structural plasticity of wild-type apoE4, contributing to a lower melting
temperature and a higher degree of conformational heterogeneity. This is further evidenced by
chemical denaturation experiments that show a partial loss of an unfolding intermediate upon
truncation of region 260–299. Finally, truncation leads to a marked reduction of exposed
hydrophobic sites as evidenced by ANS titration, indicating the existence of a solvent-exposed
hydrophobic site in region 260–299 in wild-type apoE4, a site that may be important in the
first steps of interactions between apoE4 and lipids. This idea is further supported by a recent
study by Sakamoto et al. in which the authors compared a C-terminal truncation (273–299) in
apoE3 and apoE4 concluding that the C-terminal domain of apoE4 is crucial for the protein’s
lipid binding properties (44).

Chroni et al. Page 7

Biochemistry. Author manuscript; available in PMC 2009 June 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Deletion of Residues 230–259
Further deletion of residues 230–259 of apoE4 resulted in the complete recovery of the initial
CD signal of wild-type apoE4. This striking result suggests that region 230–259 is either
partially nonhelical in apoE4(Δ260–299) and/or that it destabilizes the helical structure of the
remaining apoE4 molecule through atomic interactions. The region 230–259 does not seem to
affect greatly the thermal unfolding of apoE4 but contributes in the two-step process of
chemical unfolding, because its deletion further abrogates the unfolding intermediate. Tanaka
et al. have previously suggested that residues 192–272 do not have a significant impact on the
stability of apoE4. However, in that study, the authors did not examine intermediate deletions
in the region 261 and 192 as we did in this study and may have missed the effect of the
contribution of the 230–259 region. Deletion of the region 230–259 also enhances binding of
the ANS probe, suggesting that this region buries a hydrophobic site that is not available in
full-length apoE4, indicating long-distance interactions between this region and other parts of
the molecule.

Deletion of Residues 203–229
Further deletion of residues 203–229 does not produce discernible change in the CD signal
indicating that this region does not affect the helical stability of the molecule. Thermal and
chemical melting profiles did not change by this deletion, suggesting that there is no direct and
separate involvement of this region in the unfolding pathway of apoE4. No further exposure
of hydrophobic sites is evident upon deletion of this region. Overall, it appears that residues
203–229 are helical and do not clearly participate in interactions affecting the stability of the
molecule or its conformational transitions.

Deletion of Residues 186–202
We observed a small but reproducible gain in helicity upon truncation of this region, suggesting
that, similarly to region 230–259 (but to a lesser degree), residues 186–202 are either nonhelical
in apoE4(Δ203–299) or can destabilize the helical structure of the remaining apoE4 molecule.
Thermal and chemical melting profiles were not affected by this progressive truncation. Loss
in ANS binding indicates that this region contains a hydrophobic site that is exposed by
previous truncations (particularly of region 230–259). In conclusion, residues 186–202 appear
to have the capacity to affect the secondary structure of apoE4 and to contain a buried
hydrophobic site that can be exposed by truncation of region 230–259. It is conceivable that
exposure of this hydrophobic site is part of the conformational rearrangements that apoE4
undergoes upon interactions with lipids. This deletion contains part of the previously proposed
hinge region of apoE4 (residues 192–215) that may mediate interdomain interactions (15).

Deletion of Residues 166–185
Further deletion of the 166–185 region does not lead to a change in overall helicity, suggesting
that this region does not affect the helical stability of the molecule. Truncation of this region
resulted in reduction of Tm, possibly due to destabilization of the N-terminal apoE 22 kDa
folding domain (residues 1–191). Increase in ANS binding suggests exposure of a hydrophobic
region that is normally buried in full-length apoE4. Overall, residues 166–185 appear to be
important for the structural stability of the N-terminal moiety of apoE4. X-ray analysis of the
N-terminal moiety of apoE has demonstrated a four-helix bundle structure spanning residues
24–164 that has been shown to unfold in response to phospholipid binding (10,12). Our results
suggest that the neighboring residues 166–185 are important for the structural integrity and
lability of this four-helix bundle.
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Functional Properties of apoE4 C-Terminal Truncation Mutants
Dimyristoyl-L-α-phosphatidylcholine (DMPC) clearance assays for the apoE4 C-terminal
truncation mutants used in this study have shown that progressive C-terminal truncations
abrogate the ability of apoE4 to bind and solubilize suspensions of DMPC multilamellar
vesicles. Deletion of residues beyond amino acid 259 resulted in a great decrease in the rate of
solubilization of multilamellar DMPC vesicles (30). Furthermore, recent studies from the
laboratory of Dr. Vassilis Zannis (V. Zannis, personal communication) showed that ATP-
binding cassette transporter A1 (ABCA1) mediated cholesterol efflux (45,46) from
macrophages in the presence of apoE4(Δ260–299) was 70% of the wild type apoE4 while in
the presence of all other C-terminal truncation mutants ABCA1-mediated cholesterol efflux
was essentially abrogated. In this study we demonstrate that both wild-type apoE4 as well as
apoE4 (Δ260–299) unfold through an intermediate stage that is lost upon further truncations
(Figure 4). The ability of apoE4 mutants to interact with lipids and induce cholesterol efflux
appears to correlate with the availability of this unfolding intermediate. This interesting
correlation between structural stabilization and loss of function supports the concept that the
C-terminus of apoE4 is responsible for providing conformational lability to allow for structural
rearrangements necessary for functional interactions.

Critical Regions in the C-Terminus of apoE4
The progressive deletions used in this study, although designed on the basis of previous
molecular modeling studies because of the lack of an experimentally determined three-
dimensional structure of the C-terminal domain of apoE (13), provide interesting insights on
the location of sequence segments in the C-terminus of apoE4 that affect the protein’s
conformational stability and function. Region 260–299 appears to be important for maintaining
apoE4 helicity, whereas regions 230–259 and 186–202 appear to be reducing apoE4 helical
content. This is a novel finding that suggests that the secondary structure of apoE4 and in
particular its C-terminus is labile, although it is not possible to say if those effects are direct
or through long-range interactions. Region 230–299 appears to contain necessary segments for
the formation of the intermediate stage during chemical unfolding but also for lipid binding
and ABCA1 mediated cholesterol efflux from cells. Hydrophobic binding sites are probably
contained within regions 260–299 and 186–202. Finally, region 260–299 appears to be critical
for thermal destabilization of apoE4. It should be noted though that the deletions used here are
coarse enough to preclude exact sequence segment definition and further mutational studies
based on these results might be necessary to pinpoint the exact locations of sequences within
apoE4 that are critical to its conformational stability and function. However, the progressive
gain in thermal cooperativity upon progressive deletions, suggest that some of the properties
of the C-terminus of apoE4 may be impossible to define in a short sequence segment and are
a property of the C-terminus as a whole.

In summary, we present here a systematic characterization of the secondary structure and
unfolding profiles of a series of progressive C-terminal truncations of human apoE4 spanning
residues 166–299. Taken as a whole, our results demonstrate that segments of the C-terminal
moiety of apoE4 have strong but yet discrete effects in the secondary structure and unfolding
transitions of the molecule. The secondary structure of apoE4 can be greatly affected in a
complex manner by C-terminal truncations, suggesting that secondary structure elements
within apoE4 are labile and can be affected by interactions with neighboring regions. C-
terminal truncations lead to significant stabilization of the remaining molecule suggesting that
at least part of the C-terminus of apoE4 is responsible for the conformational lability of the
protein. This lability may be mediated by intermediate conformations that are evident during
chemical unfolding experiments. Our results also suggest a complex but labile tertiary
structural organization within the C-terminal moiety of apoE4 that may be important for its
physiological function. Alterations of the structure of apoE4 brought forth by truncations may
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be responsible for the abnormal apoE4 functionality observed in Alzheimer disease patients’
brain (23–25,28).
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FIGURE 1.
Circular dichroism spectra of wild-type apoE4 and 5 C-terminal deletion mutants. Spectra
shown are averages of 3–5 separate experiments. Solid black line, wild-type apoE4; solid gray
line, apoE4 Δ260–299; long-dash gray line, apoE4 Δ230–299; long-dash black line, apoE4
Δ203–299; short-dash black line, apoE4 Δ186–299; short-dash gray line, apoE4 Δ166–299.
Both wild-type apoE4 and Δ230–299 and Δ203–299 deletion mutants have very similar CD
spectra with some small differences in shape, especially near the 220 nm area. ApoE4 deletions
Δ186–299 and Δ166–299 consistently showed slightly higher CD signal compared to wild-
type apoE4. Deletion Δ260–299 exhibited significantly lower CD signal in both the 208 and
220 nm regions.
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FIGURE 2.
(A) First-order derivative of thermal denaturation traces of wild-type apoE4 and C-terminal
deletion mutants. Solid black line, wild-type apoE4; short-dash gray line, apoE4 Δ260–299;
long-dash gray line, apoE4 Δ230–299; solid gray line, apoE4 Δ203–299; short-dash black line,
apoE4 Δ186–299; long-dash black line, apoE4 Δ166–299. Wild-type apoE4 had a Tm of 50.2
°C and all deletion mutants with the exception of Δ166–299 exhibited elevated Tm values. (B)
Plot of cooperativity index for thermal unfolding for wild-type and apoE4 mutants versus total
number of amino acids in the mutant protein. Notice how the cooperativity index increases in
almost a linear fashion as the C-terminus of apoE4 is truncated.
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FIGURE 3.
Chemical denaturation traces for wild-type apoE4 and C-terminal deletion mutants. Changes
in tryptophan fluorescence (excitation 295, emission 340 nm) of apoE4 was measured in
solution upon titration with increasing amounts of the chemical denaturant guanidine
hydrochloride (GndHCl). All data were corrected for dilution and normalized. Each panel
shows the denaturation trace for wild-type apoE4 and one of each of the C-terminal deletion
mutants. Note that the trace is shifted to higher guanidine concentrations for all mutations.
ApoE4 deletions also gradually alter the shape of the denaturation curve, eventually abrogating
the presence of an intermediate.
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FIGURE 4.
First-order derivative of chemical denaturation traces shown in Figure 3 for wild-type apoE4
and C-terminal deletion mutants. X-axis is the guanidine hydrochloride molar concentration.
Data from Figure 3 were smoothed using a moving-average algorithm to reduce noise spikes
in the first derivative traces. Peaks indicate transition points during the chemical denaturation.
Note the two distinct peaks for wild-type apoE4 (marked by arrows). The first peak that appears
in lower guanidine concentration is a major transition for wild-type apoE4 but rapidly
disappears with progressive C-terminal deletions.
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FIGURE 5.
ANS fluorescence spectra in the presence of wild-type apoE4 and apoE4 C-terminal deletion
mutants; 250 µM of ANS were incubated with 0.044 mg/mL of protein (wild-type apoE4 or
deletion mutants) and the fluorescence spectrum was recorded by exciting at 395 nm. Solid
black line, wild-type apoE4; long-dash black line, apoE4 Δ230–299; solid gray line, apoE4
Δ203–299; long-dash gray line, apoE4 Δ166–299; short-dash black line, apoE4 Δ260–299;
short-dash gray line, apoE4 Δ186–299; dash-dot black line, free ANS.
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FIGURE 6.
Summary of the observed changes in biophysical properties of apoE4 upon C-terminal
truncations. ApoE4 N-terminal moiety (residues 1–155, PDB code: 1YA9) is depicted in
cartoon format (made by PYMOL, http://www.pymol.org). The C-terminal moiety of apoE4
is depicted as a single rod structure to allow easy visualization of the relative extent of the
truncations. Gray regions denote putative ANS binding sites. All changes in biophysical
properties (helicity, melting temperature, thermal melting cooperativity, existence of a
chemical melting intermediate form, and extent of ANS probe binding) are noted on the right
part of the figure. Changes are shown in relation to the previous truncation only; an upward-
pointing arrow indicates that the property has increased and a downward-pointing arrow
indicates that the property has decreased. A tick mark indicates the presence of a chemical
unfolding intermediate stage.
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Table 1
α-Helical Content and Melting Temperatures Calculated from Circular Dichroism Experiments for Wild-Type ApoE4
and C-Terminal Deletion Mutants

% α-helix208nm
a %α-helix222nm

a Tm (°C)b cooperativity index, n

WT 54.8 ± 1.1 57.9 ± 1.5 50.2 5.18

Δ166–299 58.9 ± 0.8c 61.2 ± 0.4c 51.1 7.10

Δ186–299 61.8 ± 1.1c 63.1 ± 1.3c 56.9 6.58

Δ203–299 54.5 ± 1.1 55.0 ± 0.9 56.5 6.54

Δ230–299 56.8 ± 2.8 56.0 ± 1.5 55.5 5.71

Δ260–299 39.5 ± 4.9d 44.4 ± 1.0e 55.6 5.28

a
Means ± SD from 3–5 independent experiments.

b
The reproducibility in Tm is ±1.2 °C.

c
Significance of difference from the value for WT: p < 0.05.

d
Significance of difference from the value for WT: p < 0.005.

e
Significance of difference from the value for WT: p < 0.0005.
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