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ABSTRACT. Apolipoprotein (apo) E4 has been identified as a major risk factor for Alzheimer’s disease.
Recently, apoE4 was found to undergo proteolytic cleavage in Alzheimer’s disease brains, resulting in
neurotoxic C-terminal-truncated fragments. In this study, we examined the effect of progressive truncation
of the C-terminal domain in apoE4 on its lipid-free structure and lipid binding properties. Circular dichroism
measurements demonstrated that deletion of residuesZBBor 261-299 significantly decreased the
number of helical residues, suggesting that the C-terminal residues2®81havea-helical structure.
Although the progressive deletions in the C-terminal domain appear to somewhat increase thermal stability,
apoE4 A273—299) and apoE4A261—299) showed stability similar to that of the apoE4 22-kDa fragment
(residues 1+191) when denatured with guanidine-HCI, indicating that residues-292 have a negligible

effect on the stability of the C-terminal-truncated apoE4. Comparison of Trp-264 fluorescence in single
Trp mutants of full-length and C-terminal-truncated apoA21{3—299) indicated that the C-terminal
domain structure in the latter is both less organized and cooperative. In addition, comparison of the binding
of the C-terminal-truncated mutants to a hydrophobic fluorescent dye and to lipid emulsions revealed that
residues 261272 create a hydrophobic site which is critical for lipid binding. These results suggest that
removal of a hydrophobic C-terminathelical segment (residues 27399) to create C-terminal-truncated
apoE4 forms found in brain leads to less organized C-terminal structure while still retaining a second
o-helical lipid-binding region (residues 26272) that is available for interaction with cell membranes
and other proteins such as amylgideptide.

Apolipoprotein E (apoE) is a key protein regulating lipid ApoE contains two independently folded functional do-
transport in the cardiovascular and central nervous systemsmains, a 22-kDa N-terminal domain (residues1P1) and
(1—4). In humans, apoE exists in three major isoforms, a 10-kDa C-terminal domain (residues 22299) (2, 13).
apoE2, apoE3, and apoE4, each differing by cysteine andThe N-terminal domain is folded into a four-helix bundle of
arginine at positions 112 and 158)( ApoE3, the most  amphipathica-helices and contains the receptor binding
common form, contains cysteine and arginine at these region (around residues 13@50 in helix 4) (4, 15). The
positions, respectively, whereas apoE2 contains cysteine andc-terminal domain also contains amphipathitielices that
apoE4 contains arginine at both sites. ApoE4 is known to are involved in binding to lipoprotein particlesg—18) and
be a major risk factor for coronary heart disease and in self-association1(, 19, 20). In apoE4, these two domains
Alzheimer's disease (AD (5-7). ApoE4 is found in interact in a manner that differs from the situation in the
neurofibrillary tangles and amyloid plaques, which are other isoforms; Arg-112 causes a rearrangement of the Arg-
neuropathological hallmarks of ADB{-10). ApoE4 is also 61 side chain in the N-terminal domain of apoE4, allowing
associated with neuronal dgmagg, including poor outcomej; to interact with Glu-255 in the C-terminal domaig(
and recovery after neurological injur§1) and other central  29) |ndeed, fluorescence resonance energy transfer studies
nervous system stressek2). demonstrated a closer spatial proximity of the two domains
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eration (3, 22, 26), the underlying mechanisms remain Circular Dichroism (CD) SpectroscopyFar-Uv CD
unknown to date. spectra were recorded from 185 to 260 nm af@&using a
Recently, apoE was found to undergo proteolytic cleavage Jasco J-600 or Aviv 62DS spectropolarimeter. After dialysis,
in AD brains, resulting in cytotoxic C-terminal-truncated the apoE sample was diluted to 250 ug/mL in 10 mM
fragments 28). This proteolysis occurs in neurons but not Phosphate buffer (pH 7.4) for obtaining the CD spectrum.
in astrocytes, with more fragments being generated from The results were corrected by subtracting the buffer baseline
apoE4 than from apoE28, 29). These fragments, especially Or a blank sample containing an identical concentration of
apoE4 A\272—299), can cause neurodegeneration and induce GANHCI. Thea-helix content was derived from the molar
neurofibrillary tangle-like inclusions in cultured neuronal €llipticity at 222 nm, pl.»,, according to the following
cells as well as in transgenic mic2 30), suggesting that ~ equation 82, 33):
intraneuronal proteolytic processing of apoE could trigger )
apoE4-related neuropathology and promote the development % o-helix = ([6],,, + 3000)/(36006+ 3000) x 100
of AD. Interestingly, the presence of a lipid-binding region
of apoE (residues 244272) appears to be critical for apoE  The thermal denaturation was monitored from the change
fragments to have neurotoxic effects in vi& 80), although in molar ellipticity at 222 nm over the temperature range
this region alone is insufficient for neurotoxicit@1). 20—90 °C, as described3@). The cooperativity indexp,
To understand the molecular basis for the role of the describing the sigmoidicity of the thermal denaturation curve
C-terminal domain in the structure and function of apoE4, Was calculated by applying the Hill equation= (log 81)/
we examined the effect of progressive truncation of the 109(TodTo1), whereTo,andToo are the temperatures where
C-terminal domain £273-299 andA261-299) in apoE4  the fractional completions of the unfolding transition are 0.1
on its lipid-free structure and state of self-association. @nd 0.9, respectively. The equilibrium constants of denatur-
Although both mutants lack the C-terminehelical segment ~ ation, Kp, at each temperature were derived from the mea-
(residues 268289) that is responsible for self-association Sured molar ellipticity at each temperature and the molar
of apoE, A273-299 contains residues 24272 that are elllpt|C|t|e§ of the native and denatured forms of the protein,
critical for lipoprotein binding 16). In addition, we compared ~ @S described 33). The van't Hoff enthalpy,AH,, was
the lipid binding ability of these C-terminal-truncated mutants Calculated from the slope of the line fitted by linear regression
with full-length apoE4 using lipoprotein-like emulsion !0 the equation, I = —(AH,/R)(1/T) + constant, where
particles. The results show that the removal of residues-273 RS the gas constant ariis temperature. For monitoring
299 from apoE4 leads to less ordered organization in the cheémical denaturation, proteins at concentration of«§0
C-terminal domain, with residues 26272 being available =~ ML were incubated overnight a€ with GdnHCl at various

for hydrophobic interactions such as lipid binding. concentrationsKp values at given GdnHCI concentrations
were calculated from the ellipticity value84). The free
EXPERIMENTAL PROCEDURES energy of denaturatiomyGp°, the midpoint of denaturation,

D1, and them value, which reflects the cooperativity of

Materials Egg yolk phosphatidylcholine and triolein were  denaturation in the transition region, were determined by the
purchased from Sigma (St. Louis, MO), and stock solutions |inear equatiomAGp = AGp°® — m[GdnHCI], whereAGp, =
were stored in chloroform/methanol (2/1) under nitrogen at —RT In K.
—20 °C. [*C]Formaldehyde (4660 Ci/mol) in distilled Fluorescence Measuremenf&uorescence measurements
water was purchased from Perkin Elmer Life Sciences were carried out with a Hitachi F-4500 fluorescence spec-
(Boston, MA). 8-Anilino-1-naphthalenesulfonic acid (ANS)  trophotometer at 25C in Tris buffer (10 mM Tris-HCI, 150
was purchased from Molecular Probes (Eugene, OR). U-mM NaCl, 0.02% Nal, 1 mM EDTA, pH 7.4). For
trapure guanidine hydrochloride (GdnHCI) was from ICN  monitoring chemical denaturation, proteins at concentrations
Pharmaceuticals (Costa Mesa, CA). of 50—100 ug/mL were incubated overnight at°€ with

Expression and Purification of Proteinghe full-length GdnHCl at various concentrations. The emission spectra were
human apoE4 and its 22-kDa, 12-kDa (residues—1239), recorded from 300 to 400 nm using a 295 nm excitation
and 10-kDa fragments were expressed and purified aswavelength to avoid tyrosine fluorescenkg.values at given
described 18, 25). The mutations in apo E4 to create the GdnHCI concentrations were derived from the change in
truncated forms A261—-299 andA273-299) were made  fluorescence intensity at 335 nm5). AGp°, Dy, them
using PCR methods, and the single tryptophan point muta-value, and the cooperative index were determined as
tions (W@264) were made using the QuikChange site- described above. ANS fluorescence spectra were collected
directed mutagenesis kit (Stratagene, La Jolla, CA). The from 400 to 600 nm at an excitation wavelength of 395 nm
cDNA was ligated into a thioredoxin fusion expression vector in the presence of 5@g/mL protein and an excess of ANS
pET32a () (Novagen, Madison, WI) and transformed into (250 uM) (36).
the Escherichia colistrain BL21 star (DE3) (Invitrogen, Gel Filtration ChromatographyThe various apoE prepa-
Carlsbad, CA). The resulting thioredoxin-apoE fusion pro- rations were trace-labeled withiC to a specific activity of
teins were expressed and purified as descride). (The ~1 uCi/mg protein by reductive methylation of lysines with
expression and yields of the truncatéd®61—-299 and [*“C]formaldehyde 18, 37, 38). Typically, apoE samples at
A273-299 variants were similar to those of the full-length a concentration of 550 ug/mL were subjected to gel
apo E4 protein. The apoE preparations were at least 95%filtration on a calibrated Superdex 200 column (&01.6
pure as assessed by SPBAGE. In all experiments, the cm) using an Akta FPLC system, and eluted with Tris buffer
apoE sample was freshly dialyzed fmo6 M GdnHCI at a flow rate of 1 mL/min39). Two-milliliter fractions were
solution into buffer solution before use. collected, and radioactivity was determined by liquid scintil-
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Ficure 1: Far-UV CD spectra of apoE4 C-terminal-truncated

mutants: apoE4X261-299) (a), apoE4A273—299) (b), apoE4
(c), and apoE4 22-kDa (d). Protein concentration wag&onL.
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Ficure 2: Thermal unfolding of apoE4 C-terminal-truncated
mutants monitored by the ellipticity at 222 nm: apoER61—
299) (©) and apoE4A273—299) (a). The inset shows van't Hoff
plots of InKp as a function of 1r.

Table 1: a-Helix Content and Thermal Denaturation Parameters of

ApoE4 C-Terminal T M . . )
POE4 C-Terminal Truncated Mutants kDa fragment, suggesting that residues 1980 in apoE4

number of coopera- are largely nonhelical
v e A S . .
apoE4 variant @ h02| > rei_'ﬂ:ﬁf n T"(‘: itl'n\gtgx ké;}\fl'hm Figure 2 shows the thermal unfolding curvesAi?73—

Ea A4 3 131 5 37 2 299 andA261—-299 apoE4 monitored by the ellipticity at
33854 (273-299) 37+ 2 102 45 54 26 222 nm. The shapes of the curves indicate the cooperative
apoE4 A261-299) 35+ 2 92 49 6.3 27 unfolding of A273-299 and A261-299 mutants. The
apoE4 22-kDa 462 89 50 4.9 25 midpoint temperaturel,, the cooperativity index, and the

2 Mean++ SD from at least three measuremefitghe reproducibility van't Hoff enthalpy,AH,, of thermal unfolding are sum-
in T is & 1.5 °C. ¢ Estimated error ist2 kcal/mol. marized in Table 1. Progressive deletions in the C-terminal

domain tend to increase the midpoint and cooperativity of

lation counting. The elution volumes of the monomer and Unfolding, consistent with the concept of two structural

tetramer were established by using covalently cross-linked 49°Mains in apok, in which the N-terminal domain forms
samples of apoE containing monomer and tetramers. stable helix bundle structure whereas the C-terminal domain

o . . L has less organized structur @6).
Bmdmg of AppE to EH?UIS'O” I_Dart|clesTr|0Ie|n €99 GdnHCI Denaturation of the C-Terminal-Truncated ApoE4.
phosphatidylcholine emulsion particles were prepared by ) . ;
. . ' . . We next performed GdnHCI-induced denaturation experi-
sonication and purified by ultracentrifugation as described

(18, 25). The average particle diameter determined by quasi- ments .molnltorked bfy CD and fTrp fluzrescence. Slnqe the
elastic light scattering measurements was £200 nm. The C-terminal 10-kDa fragment of apoE has two Trp residues

binding of apoE to emulsion particles at room temperature (Trp-264 and Trp-276), the tertiary structural change can be

was assayed with a centrifugation method as describéd ( probed by monitoring Trp fluorescence spectra. Figure 3A

. - . shows far-UV CD spectra of the 10-kDa and 12-kDa
25) using*“C-labeled apoE samples. Binding data were fitted . ,
by nonlinear regression to a one binding site model with a fragments in the absence or presence of GdnHCI dFhelix

. contents of the 10-kDa and the 12-kDa fragments were 50%
GraphPad Prism program. and 49% (corresponding to 39 and &zhelical residues),
RESULTS respectively. Figure 3B shows Trp fluorescence spectra of
the 10-kDa fragment at various GdnHCI concentrations. The
Secondary Structure and Thermal Unfolding of the C- fraction of the protein unfolded at a given GdnHCI concen-
Terminal-Truncated ApoE4he secondary structure of the tration was derived from the changes in molar ellipticity at
C-terminal-truncated apoE4 was analyzed by CD spectros-222 nm or fluorescence emission intensity at 335 #).(
copy. Figure 1 shows the far-UV CD spectra of full-length, As shown in Figure 3C, the denaturation curves of the 10-
A273-299, A261—-299, and 22-kDa (residues—191) kDa fragment obtained from CD and Trp fluorescence
apoE4. Although all spectra exhibited negative peaks at 208 measurements are superimposable, indicating a two-state
and 222 nm, which are characteristic ofehelical structure, unfolding transition 85). The midpoint of denaturation was
significant reduction in molar ellipticities both at 208 and at 0.6 M GdnHCI, which is lower than previous resul&2)
222 nm was observed for the C-terminal-truncated mutants. probably because of a different self-aggregation stig (
The a-helix contents estimated from the molar ellipticity at Figure 4 compares GdnHCI denaturation curves for full-
222 nm are listed in Table 1. Compared with full-length length apoE4 and its 22-kDa and 10-kDa fragments. As seen
apoE4, the decrease in the numbeiefielical residues is  for the 10-kDa fragment, CD and Trp fluorescence measure-
consistent with the number of residues removed by truncationments gave similar denaturation curves for the 22-kDa
for bothA273—-299 andA261—-299 mutants, indicating that  fragment. The midpoint of denaturation for the 22-kDa
residues 261299 forma-helical structure in the lipid-free  fragment was 2.62.1 M GdnHCI, consistent with previous
state 40, 41). In contrast, the number ef-helical residues  results 42). The denaturation of full-length apoE4 displayed
for the A261—299 mutant is comparable to that in the 22- a biphasic curve, in which the first and the second phases
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T
5 081 GdnHCI Denaturation of ApoE4 Single Trp Mutanto
€ 06 further examine the structural organization of the C-terminal
2 domain in apoE4, single Trp mutants of apoE4 possessing a
8 0.4 Trp residue at position 264 were subjected to GdnHCI
8 o024 e CD denaturation. Out of 7 Trp residues in apoE4 (positions 20,
s O Trp Fluorescence 26, 34, and 39 in the N-terminal domain, 210 in the hinge
0.0 region, and 264 and 276 in the C-terminal domain), 6
0.0 0.5 1.0 15 residues were mutated to Phe, leaving a single Trp at position
GdnHCI (M) 264 (apoE4 W@264) as a probe for the C-terminal domain

Ficure 3: GdnHCI denaturation of apoE 10-kDa monitored by (44). This mutation caused no change in structure and
CD or Trb fluorescence. (A) Far-UV CD spectra of apoE 10-kDa stability of the protein (data not shown). Figure 5A shows

(a) and 12-kDa (b) fragments. The data for the 10-kDa fragment GdNHCI denaturation curves of the single Trp apoE4
in the presence of 1.6 M GdnHCI is also shown (c). Protein monitored by the change in Trp fluorescence intensity. From
concentration was 50g/mL. (B) Fluorescence emission spectra the linear plots of the Gibbs free energyGp, as a function
e om0 s e oI, SCL . f denaturant concertraton (Fgure 5B), he conformational
curves obtained from CD®) or Trp fluorescenced) measure- stability, AGp®, thg midpoint of denaturatlorDl./z, and the
ments. mvalue were derived (Table 2). Compared with the 10-kDa
fragment, apoE4 W@264 displayed much less stability and
cooperativity of unfolding, suggesting that the conformational
stability of the C-terminal domain in apoE4 is much lower
than that estimated from the isolated 10-kDa fragment. This
or Tp fluoescence) may suggest the presnce of an{Sgs, 02022 13 55U 101 1 prese of e nge
:2tzr$ji?(';tet;°er L::Z;"::R? dc(:,f g;eﬂ?e t(;;rp(;? daelgi:z{(j:lﬁgﬁl?{)rre- displayed stability and cooperativity _similar to those of the

) ' X e 10-kDa fragment (Table 2). Comparison of apoE4 W@264
sponding to the C-terminal domain in the Trp fluorescence 44 apoE4 £273-299) W@264 indicates that deletion of

data (Figure 4B) is much larger than thatin CD data (Figure yegjques 273299 significantly reduces the structural stability
4A). This is because the former reflects the number of Trp 4nq cooperativity of the C-terminal domain in apoE4.
residues located in the C-terminal domain whereas the latter g Filtration ChromatographyApoE is known to self-

reflects the number of amino acid residues in this domain. gssociate through the C-terminal domain in soluti2® 45).
Figure 4 also shows GdnHCI denaturation of the C-terminal- To explore the effect of the C-terminal truncation on the
truncated apoE4. ThA273-299 andA261-299 mutants  self-association state of apoE4, gel filtration chromatography
displayed identical denaturation curves to the 22-kDa frag- was employed (Figure 6). Full-length apoE4 eluted as a
ment, indicating that residues 19272 have a negligible  bimodal peak corresponding to the elution of both monomeric
effect on the structural stability of the C-terminal-truncated and tetrameric forms10, 46). In contrast, the 22-kDa
apoE4. fragment displayed a relatively sharp, single elution profile,

correspond to denaturation of the 10-kDa C-terminal and the
22-kDa N-terminal domains, respectiveli?]. The difference
in the midpoints of the first phase (0.7 M for CD and 0.5 M
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Ficure 5: GdnHCI denaturation of single Trp mutants of apoE4
monitored by Trp fluorescence. Normalized fluorescence intensity
at 335 nm (A) orAG (B) was plotted as a function of GdnHCI
concentration; apoE4 W@26@) and apoE44273-299) W@264
(©). ApoE 10-kDa f or v) was also shown for comparison.

Table 2: Thermodynamic Parameters of Denaturation of ApoE4
Single Trp Mutants

coopera-
AGp°, D1z, tiVity
apoE4 variant kcal/mol M m index
apoE4 W@264 1. 0.1 0.52+0.02 2.5 2.8
apoE4 A273-299) W@264 0.6-0.1 0.31+0.04 1.8 1.2
apoE 12-kDa 3.4-0.2 0.65+0.07 5.2 4.7
apoE 10-kDa 3.220.2 0.58+0.06 5.4 5.1

a Calculated as described under Experimental Procedures.
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Ficure 6: Elution profiles of gel filtration on a Superdex 200
column for apoE4 C-terminal-truncated mutants: full-length apoE4
(O), apoE4 A273-299) (»), apoE4 A261—299) (a), and apoE4
22-kDa @).
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indicating the monomeric statd§, 46). Although A273—
299 displayed a slightly broader peak than than@61—
299, both mutants showed monomeric elution profiles,
consistent with residues 27299 being critical for tetramer-
ization of apoE4 16).
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Ficure 7: ANS fluorescence spectra in the presence of apoE4
C-terminal-truncated mutants: ApoE4 (a), apoB273-299) (b),
apoE4 A261-299) (c), apoE4 22-kDa (d), and free ANS (e).
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Ficure 8: Binding of apoE4 C-terminal-truncated mutants to lipid
emulsions. (A) Binding isotherms for apoE@)( apoE4 A273—
299) ©), apoE4 A261-299) (»), and apoE4 22-kDaw). (B)
Dissociation constant. (C) Maximal binding capacity. Binding
parameters were derived from binding isotherms shown in Figure
8A. **p < 0.01 compared to full-length apoE4.

ANS Binding.To explore the tertiary structure of the
C-terminal-truncated apoE4, we monitored the binding of
the hydrophobic fluorescent dye ANS (Figure 7). A signifi-
cant increase in ANS fluorescence for full-length apoE4
predominantly comes from the hydrophobic sites created by
the C-terminal domain2b) because the globular four-helix
bundle structure in the N-terminal domain lacks exposed
hydrophobic surface4(/). Deletion of residues 273299
caused a small decrease in ANS fluorescence, whereas a
significant reduction was observed for the further deletion
A261-299. This indicates that residues 26472 create a
significant exposed hydrophobic site in the C-terminal
domain of apoE4.

Binding of the C-Terminal-Truncated ApoE4 to Lipid
Emulsions.To compare the lipid-binding abilities of the
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C-terminal-truncated apoE4 mutants, we used an emulsionin the case of apoE4, initial lipid binding probably occurs

binding assay X8, 25). As shown in Figure 8, full-length
apoE4 bound to the lipoprotein-like emulsion particles with
high affinity and capacityX8). DeletionA273—299 caused

a 4-fold reduction in maximal binding capacity without
changing the binding affinity, indicating that residues 273
299 are critical for the binding of apoE4 to lipid & 21,

through a-helical segments (residues 26299) in the
C-terminal domain accompanied by an increase-helicity
in the random coil regions of this domain which include
residues 223260. Consistent with this idea, deletion of
residues 273299 largely reduced the lipid-binding ability
of apoE4 and the further deletion mutamki261—-299)

48). This decrease in the binding capacity also suggests thatdisplayed similar binding to the 22-kDa fragment (Figure
the A273—299 mutant binds to the emulsion surface with a 8), indicating the critical role of residues 26299 in the

conformation different from that of the full-length apoE4
(18). The deletion mutanh261—299 displayed a further
reduction in binding capacity and bound similarly to the 22-
kDa fragment. This suggests that residues-2542 con-

lipid binding of apoE4. These findings are consistent with
previous observations showing that deletion of residues-260
299 greatly diminishes the ability of the truncated apoE4 to
solubilize multilamellar vesicles1@). In addition, the trunca-

tribute to the lipid binding of apoE4 to some extent, whereas tion to residue 260 in apoE4 markedly reduced lipoprotein

residues 192260 are not involved in lipid binding.

DISCUSSION

ApoE is composed of two structural domains in which

the 22-kDa N-terminal and the 10-kDa C-terminal domains

are linked by a hinge regior2(13, 15). The high-resolution

structure of the N-terminal domain of apoE isoforms has been

defined as a globular four-helix bundle organizatid, @1,

association whereas that to 272 displayed identical lipoprotein
distribution to the intact proteir2).

Gel filtration chromatography experiments revealed that
the truncation of residues 27299 or 261-299 in apoE4
gives rise to the monomeric form, consistent with previous
results showing that residues 26299 are responsible for
the tetramerization of apoE in solutiob). Using protein
engineering techniques, Fan et &0)identified five bulky
hydrophobic residues in the region of residues 2889

49). In contrast, the structural organization of the C-terminal (Phe257, Trp264, Val269, Leu279, and Val287) that par-
domain is poorly understood. Computer-based secondaryyicinate in hydrophobic interactions which stabilize the

structure prediction identified three-helical segments in
the C-terminal domain (residues 20323, 225-266, and
268—-289) @0), and recently, residues 21266 have been
proposed to dimerize via intermolecular coiled-coil helix
formation @41).

The results of CD measurements of the C-terminal-

tetramer. Interestingly, some of these hydrophobic residues
appear to be responsible for the neurotoxicity caused by the
C-terminal-truncated apoE4 molecul81). In addition,
hydrophobic residues between amino acids-2889 were
shown to account to a large extent for the contribution of
the C-terminal domain to the apoE-induced hypertriglyceri-

truncated mutants (Figure 1 and Table 1) indicate that demia £5).

residues 261299 forma-helical structure whereas residues
192—-260 are largely nonhelical in the lipid-free apoE4
molecule. Supporting this, the numberahelical residues

Monitoring Trp-264 fluorescence in single Trp mutants
gave an interesting insight into the structural organization
of the C-terminal domain in apoE. As shown in Figure 5

in the 10-kDa fragment derived from CD measurements (39 and Table 2, the conformational stability and cooperativity
amino acids) corresponds to the number of amino acids in of the C-terminal domain in apoE4 is much lower than those

the segment spanning residues 2@99. However, com-
parison of the number af-helical residues for the 10-kDa

of the 10-kDa and 12-kDa fragments. We previously
demonstrated that the altered N- and C-terminal domain

fragment (39 amino acids) and the 12-kDa fragment (53 interaction in apoE4 (the domains are relatively closely
amino acids) suggests that there is some helicity in residuesspaced in apoE40)) is responsible for the less organized
192—-222 that include the hlnge region. This agrees with the structure in the C-terminal domain Compared to ap(ﬂ(

secondary structure prediction in which residues-2033
form a-helical structure 40).

The relatively random coil-rich structure of the C-terminal

However, the difference in stability between the C-terminal
domain in full-length apoE4 and the isolated C-terminal
fragments is unlikely to result from domain interaction effects

domain in apoE4 proposed above is reminiscent of the because the conformational stability of the C-terminal domain
situation in apoA-I that has a two-domain structure similar in apoE3 assessed by Trp-264 fluorescence using the single
to that of apoE 36, 50). Like apoE, apoA-l is proposed to  Trp mutant was similar to that in apoE4 (unpublished data).
have a distinct C-terminal segment that is responsible for Rather, it is possible that the intramolecular spatial proximity

oligomerization and lipid binding3g, 50, 51). Mutagenesis
(36, 52), electron paramagnetic resonance spectroscaf)y (
and cross-linking/mass spectroscopy)(analyses demon-
strated that the C-terminal region (residues -18%3) in

between the N- and C-terminal domains in apoE caused by
weak hydrophobic interactiondq) affects the quaternary
organization of the C-terminal domain.

The finding that residues 19272 do not contribute to

apoA-I has predominantly nonhelical structure in which there the structural stability of the C-terminal-truncated mutants
is a stable helical segment in the extreme C-terminus (Figure 4) suggests that this region exists predominantly as

(residues 226243). Thiso-helix in the C-terminus appears
to function as a trigger for lipid binding accompanied by
the transition of random coil tax-helix in the region
including residues 187220 (36, 51), providing an energetic
source for high affinity binding of apoA-I to lipidsbd).
Given the structural similarity of apoA-l and apoBg, it

is likely that they bind to lipid by a similar mechanism. Thus,

a random coil structure. More directly, GdnHCI denaturation
results using single Trp mutants (Figure 5 and Table 2)
clearly show that the C-terminal domain in th@73—299
mutant forms much less organized, uncooperative structure
compared with the situation in the full-length protein.
However, comparison of ANS binding to the C-terminal-
truncated mutants of apoE4 (Figure 7) indicates that the
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A273-299 mutant still has a significant exposed hydrophobic 5.

site, predominantly created by residues 28¥2. This
exposed hydrophobic site is likely to result from intramo-
lecular effects rather than intermolecular effects (variations
in degree of self-association) becauseA2¥ 3—299 mutant
exists in the monomeric state (Figure 6).

Such unique properties of the C-terminal domain in the
apoE4 A273—-299) mutant, which comprises a less ordered,
monomeric organization with a large exposed hydrophobic
site, are probably relevant to its neurotoxic effects in AD
brains. The C-terminal-truncated fragment of apoE4, apoE4
(A272—299), that is generated inside cultured neurons and
in AD brains interacts with tau protein and phosphorylated
neurofilaments to form the neurofibrillary tangle-like inclu-
sions, triggering AD-like neurodegeneratio®8( 30). Al-
though the major lipid-binding region of apoE (residues
244-272) is essential for this fragment to have neurotoxic
effects, full-length apoE cannot interact with tau protein and
phosphorylated neurofilamentgd). Potentially, the trunca-
tion of the C-terminabi-helix (residues 273299) in apoE4
could activate the lipid-binding region in the C-terminal
domain, with residues 264272 being available for the

binding to these molecules. For these interactions, the tertiary 13.

organization of the lipid-binding region seems to be critical
because this region alone is insufficient for neurotoxicity
(31). The lipid-binding region in the C-terminal domain of
apoE4 is also involved in the binding to amylgid(ApS)
peptide 66—58). Recently, interaction of apoE4 andSA
peptide was proposed to form a reactive molecular interme-
diate capable of destabilizing membranes, causing lysosomal
leakage and apoptosiSq, 60). The binding of A6 peptide

to the C-terminal domain in apoE4 may cause the dissocia- 16-

tion of tetramer into the monomeric, reactive apoE4 as seen
by the C-terminal truncation.

In summary, the physicochemical characterization of the 17-

C-terminal-truncated apoE4 in this study has demonstrated
that the truncation of residues 27399 in apoE4 generated
in AD brains leads to reorganization of the C-terminal
domain, with a lipid-binding region being less organized and
available for hydrophobic interaction. The C-terminal domain
has been implicated in many pathologic functions of apoE4,
including induction of neurofibrillary tangle-like inclusions
in neurons 28, 30) and interaction with & peptide 66, 58).
Thus, our findings provide more molecular insight into the
effects of the structural organization of the C-terminal domain
in apoE4 on disease.

21.
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