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ABSTRACT:

Apolipoprotein E (apoE) isoforms are known to differentially accumulate in the lysosomes of neuronal cells, and the deleterious
effects of the apoE4 isoform in Alzheimer’s disease may relate to its properties at the low lysosomal pH. However, the effect of pH on
the molecular properties of full-length apoE is unclear. Here we examine the pH dependence of the monomer�dimer�tetramer
reaction, of lipid binding, and of the stability of the three major apoE isoforms. Using FRET measurements, we find that the
association�dissociation behavior of apoE proteins changes dramatically with changes in pH. At pH 4.5, approximating the pH of
the lysosome, rate constants for association and dissociation are 2�10 times faster than those at pH 7.4. Aggregation beyond the
tetrameric form is also more evident at lower pH values. Stability, as measured by urea denaturation at pH 4.5, is found to be
considerably greater than that at neutral pH and to be isoform dependent. Lipid binding, as measured by turbidity clearance of
unilamellar vesicles of DMPC, is faster at acidic pH values and consistent with our previous hypothesis that it is only the monomeric
form of apoE that binds lipid tightly. Since apoE is more stable at pH 4.5 than at neutral pH, the more rapid apoE�lipid interactions
at low pH are not correlated with the stability of the apoE isoforms, but rather to the faster association�dissociation behavior. Our
results indicate that pathological behavior of apoE4may arise from alteredmolecular properties of this protein at the acidic pH of the
lysosome.

Apolipoprotein E (apoE), a 299-residue protein, is a consti-
tuent of lipoproteins both in the periphery and in the central

nervous system (CNS) playing key roles in lipids and cholesterol
transport. In the CNS apoE is the major lipoprotein associated
with high-density lipoprotein (HDL)-like particles. The apoE
lipoprotein particles deliver cholesterol and lipids to neurons and
play critical roles in the maintainence of neuronal health. There
are three common isoforms apoE2, apoE3, and apoE4 which differ
by cysteine to arginine changes at positions 112 and 158. ApoE2
has cysteines and apoE4 has arginines at both these positions while
apoE3 has a cysteine at position 112 and an arginine at position
158. The apoE isoforms differ significantly in terms of their roles in
Alzheimer’s disease (AD) and cardiovascular diseases with apoE4
being the major risk factor for AD while apoE3 is considered
normal and apoE2 appears to be protective.1�9 How apoE4 in-
fluences the pathology of AD remains unclear, but several lines
of evidence indicate a direct interaction of the apoE isoforms
with the amyloid-β (Aβ) peptide.10�15 Biochemical analysis of
the amyloid plaques in AD brains showed extensive association
of apoE proteins with Aβ peptides,11 indicating a direct role of
apoE in the aggregation of Aβ. A recent study using apoE target

replacement mice showed AD-like pathology following inhibi-
tion of an Aβ degrading enzyme, neprilysin, in apoE isoform
specific manner.15 Mice expressing apoE4 showed elevated levels
of apoE4, Aβ, and the lysosome specific enzyme cathepsin D in
the hippocampal region of the mouse brain.15 Lysosomal dys-
function and accumulation of acid hydrolases in the neocortical
pyrimidal neurons is an early marker of AD.16 ApoE4 but not
apoE3 is shown to potentiate lysosomal leakage by Aβ in the
cell culture studies.13 Thus, interactions between apoE4 and Aβ
as a consequence of their accumulation in lysosomes may be
important in the pathology of AD.

Structural and functional properties of the apoE proteins have
been extensively studied at neutral pH over the last three
decades. The stability and lipid-binding behavior of the truncated
N-terminal domain of the apoE isoforms are significantly altered
at acidic pH17,18 but biophysical studies on the full-length apoE
proteins at acidic pH values are lacking. This is an important issue
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because changes in structural properties at acidic pH has been
hypothesized to cause destabilization of lysosomal membranes
particularly by apoE4.13

Although there is no published structure of the full-length
protein, apoE molecules consist of an N- and a C-terminal
domain linked by a protease sensitive hinge region. The N-term-
inal domain (residues 1�191) contains the polymorphism sites
(residues 112 and 158) and contains the receptor binding site.19

The C-terminal domain is believed to contain the lipid-binding,
self-association, and Aβ-binding sites.11,20�24 Using fivemutations
in the C-terminal domain, Wang and co-workers have prepared a
monomeric form of full-length apoE325 and have recently deter-
mined the structure of this isoform by solution NMR (Wang, J.,
personal communication). This structure shows extensive inter-
actions between the N- and C-terminal domains.

Lipid-free apoE self-associates to form oligomers through its
C-terminal domain.21,26We have previously shown that self-associa-
tion of apoE can be described by a monomer�dimer�tetramer
model. We have also determined the individual rate constants at
neutral pH27 and have shown that self-association of lipid-free
apoE critically influences the kinetics of lipidation since dissocia-
tion of the apoE oligomers to monomer is prerequisite to
lipidation of apoE.28

Here we investigate the effect of pH on self-association,
lipidation, and stability of the apoE proteins. The rate constants
of the self-association process, which can be described by a
monomer�dimer�tetramer model, are found to be 2�10 times
faster at pH 4.5 compared to those at neutral pH. Examination of
pH-dependent lipidation kinetics and stability of the apoE iso-
forms reveals a strong correlation of lipidation kinetics with
dissociation of oligomers to monomer and not with stability.
Additionally, there is a slow aggregation of apoE observed at
concentrations as low as 100 nM at pH 4.5 which appears to be
nonspecific but which may be physiologically important.

’MATERIALS AND METHODS

Expression and Purification of Recombinant ApoE. ApoE
was prepared and purified as described previously.29 Site-direc-
ted mutations were introduced by QuickChange site-directed
mutagenesis kit (Stratagene). The sequences of mutant proteins
were verified by DNA sequencing. All chemicals used were
Ultrapure from Sigma-Aldrich (St. Louis, MO).
Passivation of Cuvette Surface.To avoid adsorption of apoE,

the inner surface of the quartz cuvette used for fluorescence
experiments was passivated according to Selvin and Ha.27,30

Fluorescence Labeling of ApoE. Alanine at position 102 in
apoE4 was mutated to cysteine for fluorescent labeling. This
single cysteine of apoE4 was labeled by either Alexa488 malei-
mide or Alexa546 maleimide (Invitrogen) as described pre-
viously.27 For labeling apoE3 and apoE2, the cysteine residue(s)
were mutated to serine and alanine at position 102 was mutated
to cysteine. In this way, all apoE proteins were labeled at the same
position. We have previously shown that the effects of these
mutations and the fluorescence labeling on the association�
dissociation behavior of the WT-apoE are minimal.27 For all the
samples the labeling efficiency was greater than 90%.
Dissociation Kinetics of ApoE Using Intermolecular FRET.

Phosphate buffers at pH 6.0, 6.5, 7.0, and 7.5 were prepared using
NaH2PO4 and Na2HPO4 in appropriate amounts. For experi-
ments at pH 4.0, 4.5, 5.0, and 5.5, buffers were prepared using
sodium acetate and acetic acid in appropriate amounts. The apoE

dissociation kinetic experiments were performed using intermo-
lecular FRET as described previously.27 Briefly, apoE (A102C)-
labeled proteins with either Alexa488 or Alexa546 were mixed at
a ratio of 1:1 in HEPES buffer at pH 7.4. For pH-dependent
kinetic experiments 10 μM fluorescently labeled apoE stock
solution was diluted to 20 nM in 20 mM phosphate (pH 6.0, 6.5,
7.0, or 7.5) or acetate (pH 4.0, 4.5, 5.0, and 5.5) buffer containing
150 mM NaCl and 0.1% β-mercaptoethanol (βMe). Time-
dependent changes in FRET were monitored using excitation
and emission monochromators set to 490 and 520 nm, respec-
tively. For determination of rate constants at pH 4.5 varying
amounts of labeled apoE4 stock solution (from 1.2 to 80 μL of
10 μM apoE) were added into 2.4 mL of 20 mM acetate buffer
containing 150 mM NaCl and 0.1% β-mercaptoethanol (βMe).
All experiments were performed at 25 �C.
Analysis of the Kinetic Data. The kinetics data were fit with

Kintek Explorer (KinTek Corp.) using the model in Scheme 1.31

The errors in the parameter values were calculated from the
covariance matrix values obtained from data fitting.32

Preparation of Unilamellar Liposomes. Small unilamellar
vesicles (SUV) of dimyristoyl-sn-glycero-3-phosphocholine
(DMPC) were prepared by extrusion through 50 nm polycarbo-
nate membranes (Avanti Polar Lipids Inc.) followed by centri-
fugation at 14 kg. These liposomes, when tested by light
scattering, are stable for several days at room temperature.
Turbidity Measurements. WT-apoE4 was diluted from a

10 μM stock solution to 100 nM in phosphate or acetate buffers
(20mMphosphate or acetate, 150mMNaCl, 0.1% βMe, and pH
7.5 to 4.5) containing 0.12 mg/mL small unilamellar vesicles of
DMPC at 25 �C. The turbidity clearance of the DMPC lipo-
somes was performed by monitoring scattering from the sample
as has been described previously.28

Denaturation Experiments Using Tryptophan Fluores-
cence. For urea denaturation studies using the fluorescence of
the native tryptophans a 10 μM apoE stock solution in 6 M urea,
20 mM Hepes, 0.1% βMe, and pH 7.5 buffer was diluted to 50
nM final concentration into 20 mM phosphate, pH 7.5, or
20 mM acetate, pH 4.5, buffer containing varying concentrations
of urea. Fluorescence data were recorded at 335 nm with
excitation at 290 nm. The fraction (f) of unfolded population
was calculated from

f ¼ I � IU
IN � IU

ð1Þ

where I is the fluorescence intensity at 335 nm and “U” and “N”
indicating unfolded and native state, respectively. Nonlinear
least-squares fit was performedusingOrigin 7.0 (OriginLaboratories)
with a three-state model and the equation adapted fromMorjana

Scheme 1. Self-Association Model of ApoE Consisting of
Monomer�Dimer�Tetramera

a m1, m2, and m4 represent monomer, dimer, and tetramer, respectively.
K12 and K24 are equilibrium constants for the monomer to dimer and
dimer to tetramer association processes.
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et al.33 The errors in the parameter values are calculated from the
covariance matrix values obtained from data fitting.32

’RESULTS

Effect of pH on Self-Association. We have previously
described the self-association of apoE molecules at neutral pH
using a monomer�dimer�tetramer model.27 The rate constants
of the monomer�dimer�tetramermodel were determined from
kinetic experiments using intermolecular FRET between apoE
molecules fluorescently labeled with either a donor or an
acceptor dye. The results obtained from the FRET experiments
at neutral pH were found to be consistent with sedimentation
equilibrium, sedimentation velocity, and fluorescence correlation
spectroscopy measurements.27 We now examine the self-associa-
tion behavior of the apoE isoforms as a function of pH using
FRET. ApoE proteins labeled with Alexa488 or Alexa546 were
mixed at pH 7.4 in a 1:1 ratio and then diluted from 10 μM to a
final concentration of 20 nM in buffers ranging from pH 4.0 to
7.5. Figure 1A,B presents data showing that at all pH values

FRET donor fluorescence increases in a time-dependentmanner,
consistent with dissociation of oligomeric apoE to lower molec-
ular weight forms. At every pH, there are two distinct phases. As
discussed previously, we interpret the faster phase as due to
dissociation of tetramers to dimers and the slower phase due to
dissociation of dimers to monomers.27 As shown in Figure 1A,B
both the kinetic behavior and the total extent of change of the
FRET signal are pH-dependent. Plots of the time required for a
80% change in FRET signal as a function of pH show that the
dissociation becomes faster below pH 5.5 (Figure 1C). Figure 1D
shows that the extent of dissociation of the apoE oligomers as
measured by the total change of the FRET signal (i.e., Ft=∞/Ft=0)
is also pH-dependent with the minima around pH 6.0. The larger
extent in FRET signal change at pH 4 suggests that apoE oligomers
do not dissociate completely to monomer even at concentrations
as low as 20 nM at pH values above pH 4. Taken together,
Figures 1A�D show that association�dissociation behavior of
apoE is dramatically influenced by changes in pH.
Effect of Salt on Self-Association. Figure 2A shows a small

effect of salt on the rate of dissociation at pH 7.4 but little or no

Figure 1. Kinetics of dissociation of apoE oligomers as a function of pH. A 10 μM stock solution of apoE4(A102C) or apoE3(C112S/A102C) labeled
with Alexa488 or Alexa546 andmixed in a 1:1 ratio in 20mMHepes, pH 7.4 buffer was diluted to 20 nM final concentration into 20mM acetate (pH 4.0,
4.5, 5.0, and 5.5) or 20 mM phosphate (pH 7.5, 7.0, 6.5, and 6.0) buffer containing 150 mM NaCl and 0.1% βMe. Fluorescence of FRET donor was
monitored as a function of time. (A, B) Fits of the dissociation data with two exponentials. For clarity, raw data are not shown. (C) Time required for a
change of FRET signal by 80% of total and (D) fold increase of the FRET signal measured by ratio of final to initial donor fluoresce for apoE4 (0) and
apoE3(C112S) (O). The solid lines in (C) and (D) are polynomial fits to data and do not carry any meaning. Alexa488 fluorescence was monitored at
520 nm with excitation at 490 nm.
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effect at pH 4.5, suggesting that electrostatic interactions are not
the primary determinant of monomer�monomer interactions in
this pH range. Although a high salt concentration (480 mM) at
pH 4.5 is shown to decrease the total extent of dissociation, the
apparent rate of dissociation does not appear to be affected.
Determination of Individual Rate Constants at pH 4.5. In

order to determine the individual rate constants at pH 4.5, the
dissociation experiments were performed at various concentra-
tions of apoE as described previously.27 The data for apoE4-
(A102C), apoE3(C112S/A102C), and apoE2(C112S/C158S/
A102C) are shown in parts A, B, and C of Figure 3, respectively.
These data were obtained by diluting a 10 μM fluorescently
labeled apoE solution to various final concentrations as shown in
the figure. The stock solution is prepared in HEPES buffer at pH
7.4 to avoid aggregation which, at pH 4.5, occurs above≈100 nM
for all the isoforms of apoE (see below). As discussed earlier, the
kinetic data show two phases corresponding to dissociation of
tetramers to dimers and dimers to monomers. The data at all
concentrations (≈5�100 nM) are fit globally to the mono-
mer�dimer�tetramer model as shown in Scheme 1. The values
of the individual rate constants obtained from the analysis, as

summarized in Table 1, indicate that both association and
dissociation rate constants are faster than those previously
determined at pH 7.4 at similar apoE concentrations.27 In
addition, the rate constants differ between the apoE isoforms,
indicating isoform specificity. Although the differences between
the individual rate constants between isoforms appear to be small
compared to the errors, differences are clear in some of the rate
constants such as in the monomer to dimer association rate
constant (k+1) and in the tetramer to dimer dissociation rate
constant (k�2) (see Table 1). In addition, the monomer�dimer
dissociation constant K12

�1, the reciprocal of the equilibrium
constant, is significantly different between the apoE isoforms
being smallest (74( 26 nM) for apoE4 and largest (236( 45 nM)
for apoE2. Altogether, differences between apoE2 with the other
two isoforms are more pronounced than between apoE3
and apoE4.
Aggregation of ApoE at pH 4.5. The data in Figure 3A�C

show that at the higher concentrations of apoE there is gradual
decrease of the donor fluorescence starting at ∼800 s. Figure 4
shows data over longer times (10 000 s) for apoE4. Here, 10 μM
fluorescently labeled protein was diluted to 164 nM into pH 4.5

Figure 2. Kinetics of dissociation of apoE4 as a function of NaCl concentration. A 5 μM stock solution of fluorescently labeled apoE4 prepared in
Hepes, pH 7.4, buffer was diluted to 20 nM final concentration into (A) 20 mM phosphate, pH 7.4, or (B) 20 mM acetate, pH 4.5, buffer containing
varying amounts of NaCl as shown in the figures. The symbols represent data, and the solid lines are two exponential fits of the data. Only fits are shown
in (A) for clarity. Experiments performed in the same way as described in the legend of Figure 1.

Figure 3. Kinetics of dissociation apoE isoforms at pH 4.5. A 10 μM fluorescently labeled apoE stock solution prepared in Hepes, pH 7.4, buffer was
diluted into 20 mM acetate buffer, pH 4.5, 150 mM NaCl, and 0.1% βMe to varying final concentrations as indicated in the figures. The symbols
represent data for (A) apoE4, (B) the serine mutant of apoE3 (C112S), and (C) the serine mutant of apoE2 (C112S/C158S). The solid lines are fit to a
monomer�dimer�tetramer model shown in Scheme 1 using Kintek Explorer53 and the rate constants listed in Table 1. Experiments performed in the
same way as described in the legend of Figure 1.
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buffer. After the initial increase, consistent with dissociation of
the tetramers to dimers and monomers, the fluorescence then
slowly decreases, taking more than 3 h to go to completion.
Superimposed is the plot obtained from a similar experiment
performed at pH 7.4, showing initial increase of fluorescence
without loss of fluorescence signal at longer times (Figure 4).
Thus, the observed loss of fluorescence at pH 4.5 cannot be due
to bleaching of the fluorescent probe. Atomic force microscopy
(AFM) images of the material observed at these long time at pH
4.5 appear as amorphous aggregates showing no particular
morphology, rather than as defined species such as tetramers
(Supporting Information Figure S1). Such aggregation at these
apoE levels does not occur at pH 7.429 and may be an important
component in the toxic function of the protein at low pH values.
Stability of ApoE Isoforms as a Function of pH. Figure 5

shows urea denaturation plots of 50 nM WT-apoE isoforms as
measured by changes in tryptophan fluorescence. The denatura-
tion plots for all three isoforms of apoE show two-step (three-
state) unfolding which has been interpreted to be the unfolding
of the C-terminal domain, followed by the unfolding of the
N-terminal domain.34 The data were fit with a three-state model,
referred to as native (N), intermediate (I), and unfolded (U),
according to Morjana et al.33 Free energies, m values, and the
denaturation midpoints (DMN�I and DMI�U) are summarized
in Table 2. It is clear from DMI�U values in Table 2 (and also
from the stability curves in Figure 5) that the stability of all the

apoE isoforms is greater at pH 4.5 than at pH 7.5. In addition, the
stability between the apoE isoforms is different at both pH values
with apoE2 being the most stable and apoE4 being the least. The
DMN�I values, which are considered to denote the stability of
the C-terminal domain,34 do not appear to differ significantly
between the isoforms or between the neutral and acidic pH. The
differences in the m values, which is a parameter of cooperativity
of unfolding, between the isoforms do not appear to be sig-
nificant although differences in the m values have been reported
recently when using guanidinium hydrochloride denaturation at
neutral pH.35 The denaturation midpoint values at pH 7.5 are
consistent with published results.28,34,36 Previously reported data
at low pH, however, used only the N-terminal domain,18 and the
nature of the denaturation curve appears different when using the
complete protein.
Effect of pH and Salt on ApoE Lipidation. We have

previously shown that dissociation of the apoE oligomers to
monomer is a necessary and rate-limiting step for lipidation of
apoE.28 Alternatively, it has been suggested that stability of the
apolipoproteins is correlated with the lipidation process.37�39 To
test which view is more appropriate at lower pH, we performed
lipidation experiments as a function of pH. The kinetics of
lipidation of apoE was monitored by changes in turbidity of small
unilamellar vesicles of DMPC after addition of 100 nM (final
concentration) WT-apoE4 from a 10 μM stock solution. This
procedure can be used because lipid-free apoE solubilizes
liposomes as a consequence of forming small disc-like lipopro-
tein particles (radius ∼6 nm) that are no longer turbid.40�42

Figure 6A shows that the rate of turbidity clearance changes
dramatically with the changes in solution pH. It can be seen from
Figure 1, which shows the kinetics of dissociation of the apoE
oligomers, and Figure 6A, which shows the kinetics of lipidation
of apoE, that faster rates of dissociation of oligomers lead to faster
lipidation of apoE. Fast lipidation at pH 4.5 is also observed for
apoE3 and apoE2 (Supporting Information Figure S2). How-
ever, comparison of the apoE isoforms is not possible due to the
presence of nonspecific aggregation even at low concentrations
(>100 nM) of the apoE proteins at this pH. A small change in the
lipidation kinetics is observed at pH 7.4 with change in salt
concentration (Figure 6B), in agreement with the small change
observed in the self-association kinetics under similar conditions
(Figure 2A). Thus, the changes in kinetics of dissociation of apoE
oligomers and the changes in the rates of lipidation of apoE occur
concurrently.

’DISCUSSION

While apoE isoforms differ only by single amino acid changes
only apoE4 is considered a risk factor for late onset Alzheimer’s
disease. A large body of data suggests that apoEmodulates the Aβ
plaque pathology in AD brain by affecting Aβ aggregation and/or
by affecting the clearance of Aβ aggregates from brain (reviewed

Table 1. Rate and Equilibrium Constants of Self-Association of ApoE Isoforms at pH 4.5

sample k+1 (�104 M�1 s�1) k�1 (�10�3 s�1) k+2 (�105 M�1 s�1) k�2 (�10�2 s�1) K12
�1 (�10�9 M) K24

�1 (�10�9 M)

apoE4a 1.9 ( 0.01 1.4 ( 0.5 4.2 ( 0.5 1.3 ( 0.1 74 ( 26 31 ( 4

apoE3a,b 1.4 ( 0.01 1.9 ( 0.5 5.0 ( 0.5 1.5 ( 0.1 135 ( 35 30 ( 3

apoE2a,c 1.1 ( 0.01 2.6 ( 0.5 7.6 ( 0.5 2.6 ( 0.1 236 ( 45 29 ( 3
aAlexa488- or Alexa546-labeled apoE(A102C) and mixed with 1:1 ratio. b Serine mutant of apoE3, i.e., apoE3(C112S). c Serine mutant of apoE2, i.e.,
apoE2(C112S/C158S).

Figure 4. Kinetics of dissociation and aggregation of apoE4 at pH 4.5
and 7.4. A 10 μM fluorescently labeled apoE stock solution prepared in
20mMHepes, pH 7.4, buffer was diluted to 164 nM into 20mM acetate,
pH 4.5, or 20 mM phosphate, pH 7.4, buffer in the presence of 150 mM
NaCl, 0.1% βMe. The symbols represent data and the solid lines fits of
the data by two exponentials. Experiments performed in the same way as
described in the legend of Figure 1. The time course is 10-fold longer
than that shown in Figure 3.
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in ref 43). While the mechanism of the Aβ�apoE interaction is
still unclear, it is generally believed that C-terminal domain of
apoE interacts with Aβ and Aβ is shown to be colocalized with
apoE in the lysosomes of neuronal cells in apoE target re-
placement mouse brain with AD pathology.15 The acidic pH of

the lysosome and the presence of the apoE4 isoform were found
to be crucial to Aβ induced disruption of the lysosomal mem-
branes and release of toxic materials inside the cells.13 In
addition, lysosomal dysfunction and elevated amounts of lyso-
somes and late endosomes in the neurons is an early indicator of

Table 2. Summary of the Stability Parameters Obtained from the Urea Denaturation Data

apoE isoform pH

ΔGNfI
a

(kcal/mol)

ΔGIfU
a

(kcal/mol)

mNfI
a

(kcal/L)

mIfU
a

(kcal/L)

DMNfI
b

(mol/L of urea)

DMIfU
b

(mol/L of urea)

apoE4 7.5 1.4 ( 0.7 6.5 ( 1.2 1.6 ( 0.7 1.6 ( 0.3 0.9 ( 0.2 4.0 ( 0.1

apoE4 4.5 1.1 ( 0.5 7.2 ( 0.9 1.2 ( 0.4 1.5 ( 0.2 0.9 ( 0.2 4.8 ( 0.1

apoE3 7.5 1.7 ( 1.0 7.2 ( 1.0 2.1 ( 1.0 1.5 ( 0.2 0.8 ( 0.2 4.8 ( 0.1

apoE3 4.5 1.0 ( 0.4 8.8 ( 1.5 1.8 ( 0.6 1.5 ( 0.2 0.6 ( 0.1 5.9 ( 0.2

apoE2 7.5 1.4 ( 0.5 10.1 ( 2.8 3.0 ( 1.0 2.0 ( 0.5 0.5 ( 0.1 5.0 ( 0.2

apoE2 4.5 2.5 ( 0.3 9.4 ( 1.5 3.0 ( 1.0 1.4 ( 0.2 0.8 ( 0.2 6.5 ( 0.2
aN, I, and U refers to native, intermediate, and unfolded states of the protein, respectively. ΔG and m values are calculated from analysis of the
data presented in Figure 5 using a three-state model according to Morjana et al.33 Errors are calculated using the covariance matrix obtained from data
fitting.32 bDM refers to denaturation midpoint, calculated as DM = ΔG/m.52 Errors are calculated using the covariance matrix obtained from data
fitting.32

Figure 6. Effect of pH and salt on the kinetics of apoE lipidation.
(A) Turbidity measured by scattering from DMPC liposomes followed by addition of 100 nMWT-apoE4 diluted from a 10 μM stock solution into a
0.12 mg/mL DMPC liposome solution into 20 mM phosphate (pH 7.5 and 6.5) or acetate (pH 5.5, 5.0, and 4.5) buffer containing 150 mM NaCl,
0.1% βMe. (B) Turbidity clearance by WT-apoE4 of liposomes in 20 mM phosphate pH 7.5 buffer in presence of 0 or 150 mM NaCl.

Figure 5. pH dependence of stability of the apoE isoforms by urea denaturation. Tryptophan fluorescence of 50 nMwild-type apoE4 or apoE3 or apoE2
wasmonitored as a function of urea concentration in 20mMphosphate pH 7.5 or 20mMacetate pH 4.5 buffer containing 150mMNaCl and 0.1% βMe.
The unfolded fractions were calculated using eq 1. The solid lines are fits to the data using a three-state denaturation model according toMorjana et al.33

The results from the analysis are summarized in Table 2. Tryptophan fluorescence was monitored at 335 nm with excitation at 290 nm.
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AD brain.16 However, the mechanism of the altered apoE�Aβ�
lysosome interactions has remained unexplored. In fact, the
molecular properties of apoE isoforms have not been well studied
under acidic pH conditions.
Self-Association Behavior of ApoE at LowpH. Studies at pH

values closer to that of lysosomes and below the isoelectric point
have not been reported. At pH 7.4, we have shown that a
monomer�dimer�tetramer model can describe the self-associa-
tion of apoE.27 At this pH, the dissociation rate constants were
found to be slow with dissociation of the dimer to monomer
typically taking more than 1 h. The rate constants for mono-
mer�monomer and dimer�dimer association were found to be
∼104 and 105 M�1 s�1, respectively, 1�2 orders of magnitude
less than that expected from diffusion-limited self-association.
Comparison of the rate constants at pH 4.5 with those at neutral
pH shows that the rate constants are in general 2�10 times larger
at pH 4.5. Presumably, the rate constants are further increased at
pH 4.0 (see Figure 1A,B). Protonation of glutamate and aspartate
residues (there are only two histidine residues, one of which is at
the C-terminus) followed by disruption of intermolecular salt
bridges is likely the primary cause behind the altered associa-
tion�dissociation behavior of the apoE molecules at low pH, but
it is not yet possible to determine which residues are responsible.
Partial disruption of these salt bridges at low pH can account for
faster dissociation of the apoE tetramers and dimers. Formation
of intermolecular salt bridges may be a slow process leading to
the observed slow association rate constants at neutral pH than
that is expected from diffusion-limited process.27

pH-Dependent Stability. The stability of the apoE isoforms
has been studied extensively at neutral pH, but similar data are
lacking at low pH. Morrow et al. investigated the urea stability of
the isolated N-terminal domain of apoE2, apoE3, and apoE4 at
pH 418 and found the data for apoE4 and apoE3 to be fit only by a
three-state model. They concluded that an intermediate present
at urea concentrations near 4 M was a molten globule. Conse-
quently, apoE has been considered to be a molten globule at low
pH values, but in the absence of urea, there is no evidence for that
conclusion. Indeed, our data show that the full-length apoE is
more stable at acidic pH than at neutral pH and that the
enhanced stability is observed for all the isoforms. The reason
behind the enhanced stability is not clear but protonation of
glutamate or aspartate residues which are buried in the four-helix
bundle structure of the N-terminal domain44 may account for
this enhanced stability at low pH.
Relationship between Self-Association, Stability, and Lipid

Binding. In spite of extensive studies with apolipoprotein and
phospholipid interactions, the molecular mechanism of the
apoE�lipid interaction process is still not clear. ApoE proteins
undergo a large conformational opening upon binding to lipid.41

On the basis of the data at neutral pH for several lipoproteins
such as apolipophorin III, apoA-I, and the three isoforms of apoE,
it has been proposed that the stability of the apolipoproteins
determines the kinetics of lipidation of these proteins.37�39,45

Since opening of the helix-bundle motif of the lipid-free apoE is
necessary for lipidation, it is believed that higher stability of the
protein corresponds to a slower kinetics of lipid binding.We have
previously shown that apoE�lipid interaction mechanism must
include the self-association behavior and that dissociation of
apoE oligomers to monomers is the rate-determining step in
lipidation of apoE.28 Our data as a function of pH and ionic
strength reinforce this idea by showing that changes in the rate
constants of self-association and in the rate of lipidation vary in

the same way (Figure 6 and Figures 1 and 2). Thus, the data are
consistent with the view that dissociation of oligomers to
monomers controls the lipidation process of apoE molecules.
Our data show that faster lipid binding kinetics of apoE at acidic
pH cannot be correlated with changes in stability of the protein at
that pH. It is likely, however, that conformational changes of the
N- and the C-terminal domains and in the domain�domain
interaction occur at low pH (Frieden, C., and Garai, K., unpub-
lished data). However, understanding those processes has been
hindered due to lack of a published high resolution structure of
full-length apoE.
Oligomerization versus Aggregation. We have shown that

dilution of apoE from low μM concentrations to nM concentra-
tions can be described as a monomer�dimer�tetramer
process.27 Yet it is known that higher molecular weight forms
are present at higher protein concentrations. Hatters et al. have
presented evidence that at 37 �C and concentrations above 6 μM
native tetramers form soluble aggregates at pH 7.4.46While these
aggregates appear to have a different morphology than expected
for amyloid fibrils, the rate of aggregate formation is isoform
dependent with apoE4 aggregating more rapidly than apoE3.
These aggregates appear to be toxic to neuronal cells. The
authors suggest that the differences in rate of aggregate formation
may relate to their physiological function. In addition, it is
generally accepted that proteins tend to aggregate under condi-
tions close to their isoelectric point. That appears to be the case
for the apoE proteins. The isoelectric points of apoE isoforms, as
measured by 2-D gel electrophoresis, ranges between 6.2 and 6.6,
and Figures 3 and 4 provide evidence for aggregation of apoE
isoforms even at concentrations as low as 100 nM at pH 4.5.
It is clear from our data that all three isoforms of apoE show

aggregation propensity, faster rate constants for the mono-
mer�dimer�tetramer process, increased stability, and more
rapid association with phospholipid at pH 4.5. Although there
are isoform specific differences, these differences are not large
(see Table 1). Hence, differences in the pathogenic effects of
apoE isoforms most likely arise due to differences in their
intracellular concentration and/or due to differences in their
association to the lysosomes. In the apoE target replacement
mouse model the apoE4 level was elevated more than apoE3 in
the brain regions which showed higher levels of Aβ peptides
following inhibition of a Aβ degrading enzyme neprilysin.15 In a
cell culture model using human brain tissue up to 87% of the
intraneuronal apoE4 was found to be colocalized with the
lysosomal marker cathepsin D whereas only 9% of the apoE3
was colocalized.47 Why intracellular or lysosome associated
apoE4 levels are different is not clear, but differences in the
intracellular trafficking,47 in the rate of degradation,48,49 and
interactions with other proteins including Aβ peptides22,50 due
to differences in the structural properties as evidenced from its
low stability compared to the other isoforms may be a cause.
However, apoE4 accumulation in the lysosome could be patho-
genic due to formation of aggregates and high affinity of lipid
binding in the acidic pH of the lysosomes.
Altered interactions of the apoE isoforms with lipids or

lipoproteins and Aβ are believed to be important factors in
Alzheimer’s and cardiovascular diseases. Since lipid or lipopro-
tein binding of apoE and interaction with amyloid-β peptides are
thought to occur through the C-terminal domain which is also
involved in the self-association,20�22 these processes may be
expected to compete with each other under physiological con-
ditions. In fact, apoE�Aβ interaction has been shown to affect
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the apoE�lipid interactions.51 Our results presented here and
elsewhere28 suggest that interactions between the apoE molecules
themselves may also play important roles to alter their physiolo-
gical functions.
In conclusion, we have shown that stability, self-association,

and lipidation behavior of the apoE isoforms are strongly sensitive
to the pH of the solution. The individual rate constants of the
monomer�dimer�tetramer model of self-association of the apoE
isoforms have been determined. The data of the lipidation of apoE
are consistent with the notion that dissociation of the apoE
oligomers to monomer is crucial to lipidation of apoE. Addition-
ally, at pH 4.5 a high propensity for nonspecific aggregation, which
may have a pathogenic function, was observed.
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