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the glomerular capillaries, often abnormal lipid profile, 
proteinuria, and progressive kidney failure (1, 2). The re-
lapse of LPG following kidney transplantation in LPG pa-
tients (3, 4) has suggested that factors outside the kidney 
should be crucial for the disease pathogenesis. One such 
factor has been proposed to be mutated apoE, because 
LPG has been related with inherited mutations within the 
apoE gene that act in a dominant way but with incomplete 
penetrance (1, 2, 5, 6).

ApoE is a major protein component of the lipoprotein 
transport system and plays critical roles in dyslipidemia and 
atherosclerosis (7, 8). Human apoE has three common iso-
forms, the apoE2, apoE3, and apoE4, each differing in the 
amino acid positions 112 and 158 (9). The polymorphic 
background and mutations in the apoE gene have been 
linked with the pathogenesis of several diseases related to 
lipid metabolism, such as type III hyperlipoproteinemia, 
atherosclerosis, diabetic dyslipidemia, and LPG, as well as 
of neurodegenerative disorders, such as Alzheimer’s dis-
ease (5, 6, 8, 10, 11).

ApoE is highly helical with labile tertiary structure (12) 
that can undergo significant conformational changes dur-
ing its physiological functions that include lipid binding, 
protein-protein interactions, and other processes (10, 13–
16). Lipid-free apoE is folded into two structural domains, 
an N-terminal and a carboxyl-terminal, connected with a 
hinge region (10, 13–16). Crystal structure analysis of the 
N-terminal domain of apoE showed that this domain folds 
as a four-helix bundle of amphipathic -helices (17). NMR 
analysis of full-length apoE also showed a four-helix bundle 
in the N-terminal domain, as well as two helices in the 
hinge region and three helices in the carboxyl-terminal 
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domain (14). Interactions between the amino- and carboxyl-
terminal regions of apoE are proposed to affect the overall 
folding of the protein. Additionally, it has been shown that 
apoE contains intrinsically disordered regions and smaller 
flexible regions that surround structured helices, affecting 
the conformation and functional properties of apoE (14–
16). Several biophysical studies have shown that apoE 
displays low thermodynamic stability and significant con-
formational plasticity, and allelic differences as well as sin-
gle point mutations have been shown to affect protein 
conformation and to hinder physiological function (13, 15, 
16, 18–20). Furthermore, apoE has been shown to be 
prone to aggregation and to form oligomeric structures in 
solution (21, 22).

The majority of LPG-associated apoE mutations are 
located in the helical N-terminal domain of the molecule 
(5, 6). Most LPG patients are heterozygous for the apoE 
mutations and have elevated plasma apoE levels (5, 6, 23–
25). Initially, apoE mutations were discovered in patients 
from East Asian countries, and it was believed that the dis-
ease was restricted in those areas, but several LPG cases and 
apoE mutations have been reported in patients of Cauca-
sian ancestry in Europe and the United States (1). The 
direct relation of apoE mutations with LPG has been sup-
ported by gene transfer studies of apoESendai (R145P), the 
second more frequent apoE mutant detected in LPG pa-
tients, to apoE-deficient mice that lead to lipoprotein 
depositions in the glomerulus of the kidney (26). These 
findings suggested that apoE dysfunction may be an etio-
logical cause of LPG, although the exact mechanism re-
mains elusive.

In an effort to gain mechanistic insight linking the pres-
ence of apoE mutations and the development of LPG, 
we previously examined the effects of three Arg to Pro 
substitutions at positions 145, 147, and 158 of the apoE3 
sequence on structural and conformational integrity  
of protein. We showed that apoE3 variants carrying these 
mutations [R145P (apoESendai), R147P (apoEChicago), and 
R158P (apoEOsaka or apoEKurashiki)] displayed major thermo-
dynamic destabilization, structural perturbations, and in-
creased hydrophobic surface exposure to the solvent and 
were aggregation prone (18). These findings suggested that 
the folding defects and aggregation propensity of LPG-
associated apoE mutations may constitute a component of 
the disease pathogenic mechanism. Because, however, pro-
line reduces the helical content of apoE3, it is possible that 
these destabilization effects are limited to the proline muta-
tions and not to other known LPG-associated apoE3 mutants. 
To test the generality of this mechanism, we set forth to 
examine whether substitutions of apoE3 amino acids with 
residues that are, in principle, compatible with helical sec-
ondary structure may also lead to perturbations in apoE 
structure and function. We therefore evaluated the effect 
of three other LPG-associated mutations based on apoE3 
sequence, namely, R25C (apoEKyoto) (1, 27), which has been 
reported in various parts of the world and is the most com-
mon apoE mutation in LPG (1), R114C (apoETsukuba) (28), 
and A152D (apoELasVegas) (29), on the structural, thermo-
dynamic, and aggregation properties of the protein.

Here, we demonstrate that the three LPG-associated 
apoE3 mutants, R25C (apoEKyoto), R114C (apoETsukuba), and 
A152D (apoELasVegas), display structural and thermodynamic 
perturbations both in lipid-free and lipoprotein-associated 
forms and expose a larger portion of hydrophobic surface 
to the solvent as compared with WT apoE3, as it was previ-
ously observed for R145P (apoESendai), R147P (apoEChicago), 
and R158P (apoEOsaka or apoEKurashiki) mutants (18). In ad-
dition, the three apoE3 mutants are aggregation prone, 
similarly to LPG-associated apoE3 mutants studied previ-
ously (18). Overall, our data indicate the presence of com-
mon themes in the dysfunction of LPG-associated apoE3 
mutants that are related to structural and thermodynamic 
perturbations of protein, pointing toward a unifying mech-
anism contributing to LPG pathogenesis.

MATERIALS AND METHODS

Site-directed mutagenesis
The pET32-E33C vector containing a Trx tag, a 6× His-tag, and a  

3C-protease site at the fusion junction with the human cDNA for 
full-length apoE3 has been described previously (18). The R25C, 
R114C, and A152D mutations were introduced into the gene of 
apoE3 by site-directed mutagenesis, by using the QuikChange II 
XL site-directed mutagenesis kit (Agilent, Santa Clara, CA), ac-
cording to the manufacturer’s instructions. The sequences of 
primers used for mutagenesis were: R25C: 5′-GTG GCA GAG 
CGG CCA GTG CTG GGA ACT GGC ACT GG-3′ and 5′-CCA 
GTG CCA GTT CCC AGC ACT GGC CGC TCT GCC AC-3′; 
R114C: 5′-GGA GGA CGT GTG CGG CTG CCT GGT GCA GTA 
CCG CG-3′ and 5′-CGC GGT ACT GCA CCA GGC AGC CGC ACA 
CGT CCT CC-3′; and A152D: 5′-GCG GCT CCT CCG CGA TGA 
CGA TGA CCT GCA GAA GC-3′ and 5′-GCT TCT GCA GGT CAT 
CGT CAT CGC GGA GGA GCC GC-3′. Successful mutagenesis 
was confirmed by DNA sequencing.

Expression and purification of WT and mutant apoE3 
forms

The expression and purification of WT apoE3, as well as of mu-
tant apoE3 forms R145P and R158P, was carried out as described 
previously (18). The production of mutant apoE3 forms R25C, 
R114C, and A152D was performed using the same protocol. 
Briefly, BL21-Gold (DE3) cells (Stratagene, Cedar Creek, TX) 
were transformed with the vectors, and the recombinant proteins 
expression was induced with isopropyl--d-thiogalactopyranoside. 
All Trx-fused proteins were expressed soluble and purified by  
Ni-nitrilotriacetic acid (Ni-NTA) resin (Thermo Scientific, Rock-
ford, IL) affinity chromatography following elution by increasing 
concentrations of imidazole (18). The Trx-tag was subsequently 
cleaved from apoE by His-tagged 3C protease, prepared using the 
pET-24/His-3C vector kindly provided by Dr. Arie Geerlof (EMBL, 
Heidelberg, Germany), and the released apoE was isolated by a 
second Ni-NTA resin affinity chromatography step in the flow-
through (18). After purification, each apoE form was extensively 
dialyzed against 5 mM NH4HCO3, lyophilized, and stored at 
80°C. Before analyses, the lyophilized proteins were dissolved in 
6 M guanidine hydrochloride (GndHCl) in 50 mM sodium phos-
phate buffer, pH 7.4, containing 1 mM DTT and refolded by ex-
tensive dialysis against the same buffer (50 mM sodium phosphate 
buffer, pH 7.4, and 1 mM DTT). The samples were then centri-
fuged at 12.000 g for 20 min, at 4°C, to remove any precipitated 
protein. The refolded proteins were approximately 98% pure, as 
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estimated by SDS-PAGE. All analyses were performed on freshly 
refolded proteins.

Preparation of reconstituted apoE-phosphatidylcholine-
cholesterol particles

Reconstituted discoidal lipoprotein particles containing WT  
or mutant apoE3 forms were prepared, using 1-palmitoyl-2-oleoyl- 
sn-glycero-3-phosphocholine (PC):cholesterol:apoE:sodium cholate 
in 50 mM sodium phosphate buffer (pH 7.4) and 1 mM DTT at a 
molar ratio of 100:10:1:100, as described (18, 30). All lipoprotein 
samples were prepared using the same phospholipid-cholesterol 
suspension, and the procedure was performed in parallel. Parti-
cles were stored at 4°C under N2 to prevent lipid oxidation.

Circular dichroism spectroscopy
Far-UV circular dichroism (CD) spectra were recorded from 

190 to 260 nm at 20°C with a Jasco 715 spectropolarimeter, and 
the spectra were collected as described before (18, 30). The con-
centration of lipid-free WT and mutant apoE3 forms was 0.08–
0.1 mg/ml in 50 mM sodium phosphate buffer (pH 7.4) and  
1 mM DTT and of the protein component (apoE3 forms) of lipo-
protein particles was 0.1 mg/ml in 50 mM sodium phosphate buf-
fer (pH 7.4). Helical content was calculated using the molecular 
ellipticity at 222 nm (31) by the equation:

[ ]( ) ( )
222

% helix  3000 36000 3000 100α− = − Θ + + × .

For thermal denaturation analysis of lipid-free apoE3 forms, the 
change in molar ellipticity at 222 nm was monitored while varying 
the temperature from 20°C to 80°C at a rate of 1°C/min. The ther-
mal denaturation curve was fitted to a Boltzmann simple sigmoidal 
model using the GraphPad Prism™ software (GraphPad Software 
Inc., La Jolla, CA). The apparent melting temperature Tm was de-
termined by the sigmoidal fit as midpoint of the thermal transi-
tion. The relative enthalpy change was calculated as described 
previously (18, 32). For thermal denaturation analysis of lipopro-
tein particles, all measuring parameters were identical to that of 
the lipid-free apoE3 forms, with the exception of the temperature 
range that varied from 20°C to 100°C.

Chemical denaturation experiments
To record the chemical denaturation profile of lipid-free apoE3 

forms (0.07 mg/ml in 50 mM sodium phosphate buffer, pH 7.4, 
and 1 mM DTT) we measured the changes in intrinsic tryptophan 
fluorescence (excitation 295 nm, emission 340 nm) of the proteins 
upon increasing concentrations of GndHCl by adding various 
amounts of 8.0 M GndHCl, as described (18). The fluorescence 
signal of the sample was measured in a Quantamaster 4 fluores-
cence spectrometer (Photon Technology International, NJ). The 
experimental data were fitted to a three-state denaturation model, 
and the relative change in Gibbs-free energy corresponding to 
first, second, and total unfolding transition during the chemical 
denaturation was calculated as described (33, 34).

ANS fluorescence measurement
Lipid-free WT or mutant apoE3 forms (0.08 mg/ml in 50 mM 

sodium phosphate buffer, pH 7.4, and 1 mM DTT) were placed 
into the wells of a 96-well black microplate, mixed with 1-anilinon-
aphthalene-8-sulfonic acid (ANS; Sigma-Aldrich, St. Louis, MO) 
so that the final ANS concentration was 310 M, and the fluores-
cence signal was measured by an Infinite M200 microplate reader 
(Tecan Group Ltd., Mannedorf, Switzerland) (18). The excita-
tion wavelength was set at 395 nm and the emission range was 
from 425 to 600 nm. A control ANS spectrum in the absence of 
protein was also recorded to allow the calculation of ANS fluores-
cence enhancement in the presence of apoE3 forms.

DLS analysis
Dynamic light-scattering (DLS) experiments were performed 

using a Zetasizer nano series instrument (Malvern Instruments 
Ltd., UK) at 20°C. Lipid-free apoE3 forms at a concentration of 
0.1 mg/ml in 50 mM sodium phosphate buffer, pH 7.4, and 1 mM 
DTT were analyzed immediately after their refolding and follow-
ing incubation at 37°C for 24 h.

ThT fluorescence measurement
Thioflavin T (ThT) (Sigma-Aldrich) was dissolved into glycine 

0.1 M, pH 8.5, at a concentration of 10 mM (ThT stock solution) 
and stored at 4°C. The day of the experiment, a working stock  
of ThT at concentration of 100 M in glycine 0.1 M, pH 8.5, was 
prepared. Lipid-free WT or mutant apoE3 forms at a concentra-
tion of 0.4 mg/ml in Dulbecco’s PBS (1.47 mM KH2PO4, 8.06 mM 
Na2HPO4-7H2O, 2.67 mM KCl, and 137.96 mM NaCl, without Ca 
or Mg), pH 7.4, and 1 mM DTT were incubated at 37°C under 
mild rotation (40 rpm) for 24 h. Subsequently, 25 l of protein 
sample was inserted into the wells of a 96-well microplate and 
mixed with 5 l of ThT working stock solution to a final volume 
of 100 l so that the final concentration of protein was 100 g/ml 
and of ThT was 5 M. The fluorescence signal of ThT was mea-
sured by an Infinite M200 microplate reader (Tecan Group Ltd.). 
The excitation wavelength was set at 430 nm, and the emission 
wavelength was 480 nm. Control ThT signal in buffer in the ab-
sence of protein was also recorded.

RESULTS

Protein expression and purification
To evaluate the effect of LPG-associated apoE3 muta-

tions R25C, R114C, and A152D on structural and con-
formational properties of the protein, we expressed and 

Fig. 1. Schematic of the crystal structure of the N-terminal domain 
of human apoE3 indicating the location of 25, 114, and 152 residues 
and SDS-PAGE analysis of purified WT and mutant R25C, R114C, and 
A152D apoE3 forms. A: The position of residues 25, 114, and 152 of 
apoE were mapped on the crystal structure of the N-terminal domain 
of apoE3 with Protein Data Bank ID code 1LPE. B: The refolded WT 
and mutant apoE3 forms, produced and purified as described in Ma-
terials and Methods, were subjected to electrophoresis on 15% SDS 
polyacrylamide gels that were stained with Coomassie Brilliant Blue.
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purified recombinant apoE3 forms carrying each muta-
tion, as well as WT apoE3, using an Escherichia coli ex-
pression system (18). All mutations are located on the 
N-terminal moiety of apoE3 (Fig. 1A). Following purifica-
tion, the recombinant proteins were approximately 98% 
pure, as judged by SDS-PAGE analysis (Fig. 1B). Before 
each analysis presented below, all apoE3 forms were sub-
jected in parallel to a refolding step as previously described 
(18). Proteins were refolded and kept in a reducing envi-
ronment by the addition of 1 mM DTT, to avoid oxidation 
of cysteine residues.

Secondary structure of lipid-free WT and mutant apoE3 
forms

Because all studied mutations are located within the he-
lical segments of apoE3, we examined whether they affect 
the secondary structure of the protein. To test this, we re-
corded the CD spectra of lipid-free WT apoE3 and mu-
tants and calculated the -helical content of the protein. 
The CD spectrum of lipid-free apoE3 mutants was found 
to overall have a similar shape to the spectrum of WT 
apoE3 (Fig. 2A). The intensity of the molar ellipticity, 
however, was reduced in all apoE3 mutants, showing a sig-
nificant loss of helicity, by at least 7%, as compared with 
WT apoE3, with the most pronounced helicity loss re-
corded for A152D (13% loss) (Fig. 2B). Such reduction 
of -helical content cannot solely be attributed to local 
perturbation of the helical structure due to the presence 

of the mutated residue and suggests that all mutations may 
exert more extended perturbations to the local or global 
folding of the protein.

Thermodynamic stability of lipid-free WT and mutant 
apoE3 forms

Because all apoE3 mutants display secondary structure 
perturbations, we proceeded to examine the thermody-
namic stability of the protein. We compared the thermal 
denaturation profile of each mutant to that of WT apoE3, 
following the CD signal at 222 nm, while the protein was 
gradually unfolded by increasing the temperature of the 
sample from 20°C to 80°C (Fig. 3A–C). Although the 
thermal denaturation of apoE3 is a gradual multistate and 
not fully reversible process, such analysis has been used be-
fore as a method of comparing changes between apoE3 
variants, primarily because the irreversible changes are 
relatively slow compared with the heat unfolding (34, 35). 
We therefore calculated the thermal midpoint of the tran-
sition, Tm, and the apparent enthalpy change of the tran-
sition, H. R25C and A152D unfolded at a significantly 
lower temperature compared with WT apoE3 (Fig. 3D), 
and all three apoE3 mutants had statistically significant 

Fig. 2. Effect of R25C, R114C, and A152D mutations on the sec-
ondary structure of apoE3. A: Far-UV CD spectra of WT and mutant 
apoE3 forms. Spectra are averages of three separate experiments. B: 
Percent -helical content calculated based on the molar ellipticity 
at 222 nm as described in Materials and Methods. Values represent 
the means ± SD (n = 3). *P < 0.05; ##P < 0.001 versus apoE3 WT.

Fig. 3. Effect of R25C, R114C, and A152D mutations on thermal 
unfolding of apoE3. A–C: The thermal denaturation profile of each 
mutant is presented in comparison to the WT protein. The y axis 
has been normalized to correspond to the fraction of the protein in 
the unfolded state. Experimental data were fit to a simple two-state 
Boltzmann transition (solid line). D, E: Apparent Tm and H values 
for the heating-induced transitions were calculated as described 
in Materials and Methods. Values represent the means ± SD (n = 3). 
*P < 0.05; **P < 0.005; ##P < 0.001 versus apoE3 WT.
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lower apparent H values as compared with WT protein 
(Fig. 3E).

To further investigate possible changes in the thermody-
namic stability of apoE3 due to the presence of mutations 
R25C, R114C, and A152D, we compared the chemical de-
naturation profile of each mutant to that of WT apoE3. 
The tryptophan fluorescence signal of each mutant pro-
tein was followed as a function of increasing concentration 
of the chaotrope GndHCl (Fig. 4A–C). ApoE has been 
shown to undergo a two-phase unfolding transition when 
treated with GndHCl, with an unfolding intermediate ap-
pearing between 1 and 2 M (36). Modeling of the unfold-
ing profile to a three-state denaturation model can be used 
to calculate apparent values for the change in Gibbs energy 
during unfolding (33, 34). All apoE3 mutants followed a 
two-phase unfolding transition, but their first unfolding 
transition phase was less cooperative and had a lower ap-
parent G value as compared with WT apoE3 (Fig. 4D).

Overall, the data from thermal and chemical denatur-
ation analyses indicated that all apoE3 mutants studied dis-
play significant thermodynamic perturbations. Residues 
R25, R114, and A152 of apoE3 appear to have a role in the 
thermodynamic stability of apoE3.

Hydrophobic surfaces exposure to the solvent of WT and 
mutant apoE3 forms

To evaluate whether the introduction of the mutations 
affect the solvent-exposed hydrophobic surfaces of apoE3, 
we used the hydrophobic reporter probe ANS, which changes 

its fluorescence properties when interacting with hydro-
phobic sites on apoE (18–20). All apoE3 mutations resulted 
in significantly higher ANS fluorescence compared with 
WT apoE3 (Fig. 5A, B), indicating an increase in the expo-
sure of solvent-accessible hydrophobic areas of the protein 
in the presence of mutation. The magnitude of the effect 
was greater than expected for the local effect of a single 
amino acid substitution from charged to more hydropho-
bic (R25C and R114C) and the reverse for a hydrophobic 
to charged substitution (A152D), indicating that the intro-
duction of the mutation has more global effects on the hy-
drophobic patch exposure for the protein.

Secondary structure and thermodynamic stability of WT 
and mutant apoE3 forms in reconstituted lipoprotein 
particles

The structural and thermodynamic differences between 
WT apoE3 and the apoE3 mutants in lipid-free form 
prompted us to investigate whether the presence of each 
mutation also affects the structural and thermodynamic 
properties of apoE3 in lipoprotein-associated form. CD 
spectroscopic analysis revealed that the apoE3 mutants 
R25C, R114C, and A152D have significantly lower -helical 
content, even when in lipoprotein form, compared with 
WT apoE3 (Fig. 6A, B). Thermal denaturation measure-
ments showed that all three apoE3 mutants display a per-
turbed thermal denaturation profile (Fig. 7A–C), which 
may indicate some conformational defects in apoE3 in li-
poprotein particles because of the mutations.

Fig. 4. Effect of R25C, R114C, and A152D mutations 
on chemical denaturant unfolding of apoE3. A–C: 
The chemical denaturation profile of each mutant is 
presented in comparison to the WT protein. The y axis 
has been normalized to correspond to the fraction of 
the protein that remains in the folded state. D: Experi-
mental data were fitted to a three-state denaturation 
model [solid line (33)], and the apparent G values 
for the transition between the folded state and the in-
termediate state (G1), between the intermediate state 
and the unfolded state (G2), and for the total transi-
tion between the folded state and the unfolded state 
(Gtotal) were calculated as described in Materials and 
Methods. Values represent the means ± SD (n = 3). 
*P < 0.05 versus apoE3 WT.
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Aggregation propensity of WT and mutant apoE3 forms
ApoE is known to be prone to self-association and to 

form oligomeric structures at higher concentrations (35, 
37, 38). To examine whether the introduction of the muta-
tions affects the oligomerization and/or aggregation of 
apoE3, we recorded the volume-normalized particle distri-
bution profiles of WT and mutant apoE3 forms immedi-
ately after refolding and after their incubation at 37°C for 
24 h by DLS (Fig. 8). Our analysis showed that, upon incu-
bation at 37°C for 24 h, the three apoE3 mutants R25C, 
R114C, and A152D displayed a significant shift to larger 
hydrodynamic diameters as compared with their hydrody-
namic diameter before incubation, in contrast to the WT 
apoE3, which was stable (Fig. 8A–D). The findings suggest 
that the mutations severely affect the oligomerization prop-
erties of apoE3 and make the mutant proteins more aggre-
gation-prone at physiological temperatures.

Capacity of WT and mutant apoE3 forms to bind ThT
The finding that the LPG-associated apoE3 mutants 

R25C, R114C, and A152D have the tendency to aggregate 
following incubation at 37°C for 24 h, prompt us to examine 
whether these mutants can also bind to the amyloid probe 
ThT. ThT fluorescence intensity is low in aqueous solution, 
but it increases upon binding of the probe to amyloid ag-
gregates and has been used previously to monitor the ag-
gregation and amyloidogenic propensity of apolipoproteins 
(39, 40). ThT fluorescence was measured following incuba-
tion of apoE3 forms for 4, 24, and 48 h. Our analysis showed 

that the R25C, R114C, and A152D apoE3 mutants pro-
moted much higher increase in ThT fluorescence signal as 
compared with WT apoE3 (Fig. 9). Specifically, incubation 
of apoE3 mutants for 4 h promoted a significant increase 
in ThT fluorescence as compared with WT apoE3. ThT 
fluorescence in the presence of apoE3 mutants, but not of 
WT apoE3, was further increased following incubation of 
proteins for 24 h. Incubation of WT apoE3 and apoE3 mu-
tants for 48 h resulted in a similar increase of ThT fluores-
cence signal as the incubation for 24 h. Furthermore, our 
analysis showed that enhanced capacity for ThT binding 
also displayed, at all incubation times, the LPG-associated 
apoE3 mutants R145P and R158P (Fig. 9), which had been 
analyzed in a previous study by DLS and were likewise 
found to be oligomerized following their incubation at 37°C 
for 24 h (18). Based on these data and that of the DLS analy-
sis, we conclude that the LPG-associated apoE mutations 
have a tendency to promote the formation of proamyloido-
genic, possibly aggregated, large-size protein complexes.

Fig. 5. Effect of R25C, R114C, and A152D mutations on solvent-
exposed hydrophobic sites of apoE3. A: ANS fluorescence spectra 
in the presence or absence of WT apoE3 or mutant forms. Spectra 
are the average of four separate experiments. AU, arbitrary units. B: 
Fold increase in ANS fluorescence in the presence of WT apoE3 or 
mutant forms relative to free ANS in the same buffer. Values repre-
sent the means ± SD (n = 4). *P < 0.05; **P < 0.005 versus apoE3 WT.

Fig. 6. Effect of R25C, R114C, and A152D mutations on the sec-
ondary structure of apoE3 in reconstituted lipoprotein particles. A: 
Far-UV CD spectra of PC/cholesterol (C)-apoE particles containing 
WT or mutant apoE3 forms. Spectra are averages of four separate 
experiments. B: Percent -helical content of the protein compo-
nent of lipoprotein particles calculated on the basis of the molar 
ellipticity at 222 nm, as described in Materials and Methods. Values 
represent the means ± SD (n = 4). *P < 0.005; ##P < 0.001 versus 
apoE3 WT.
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DISCUSSION

In a previous study, we had suggested that apoE3 variants 
where a proline residue substituted another residue led to 
secondary content alterations, thermodynamic destabiliza-
tion, hydrophobic surface exposure, and aggregation of 
apoE3 due to secondary structure destabilization resulting 
from the incompatibility of proline in helical regions (18). 
Our current study suggests, however, that the destabiliza-
tion seen in LPG-associated variants is not limited to pro-
line presence, but rather extends to other types of residues, 
such as Cys and Asp, that are generally compatible with he-
lical regions. The two studies interpreted together rather 
suggest that specific substitutions in the N-terminal moiety 

of apoE3 that lead to secondary structure content changes, 
thermodynamic destabilization, and hydrophobic surface 
exposure have the potential of being pathogenic and thus 
point to a unifying mechanism linking apoE3 mutations 
and the pathogenesis of LPG. Very rare cases of glomeru-
lopathy, which are different from that of LPG, because 
they are characterized by marked glomerular foam cell 
infiltration, have been reported in homozygotes for the 
apoE2 isoform and, in most of the cases, have been associ-
ated with type III hyperlipoproteinemia (41, 42). ApoE2, 
which harbors the R158C substitution, has similar -helical 
content as apoE3 and appears to be more thermodynami-
cally stable compared with apoE3 (36). Therefore, apoE2 is 
not expected to lead to LPG, explaining the distinct-to-LPG 

Fig. 7. Effect of R25C, R114C, and A152D mutations 
on thermal unfolding of apoE3 in reconstituted lipo-
protein particles. The thermal denaturation profile of 
each mutant in PC/cholesterol (C)-apoE particles is 
presented in comparison to the WT protein. The y axis 
has been normalized to correspond to the fraction of 
the protein in the unfolded state. Four separate exper-
iments were performed.

Fig. 8. Effect of R25C, R114C, and A152D mutations 
on the oligomerization of apoE3. Volume-normalized 
particle distribution profiles of lipid-free WT and mu-
tant apoE3 forms, measured by DLS. Black line cor-
responds to 0 h incubation and gray line to 24 h 
incubation at 37°C. Three separate experiments were 
performed.
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phenotype of glomerulopathy rarely reported to apoE2  
homozygotes (41, 42). This is supported further by animal 
studies showing that virus-mediated transduction of apoE2 
in apoE/ mice does not promote LPG-like intraglomerular 
depositions, in contrast to the presence of LPG-like deposi-
tions following apoESendai virus injection (26). Furth ermore, 
the observed structural and thermodynamic alterations for 
all LPG-associated apoE3 mutants described here and in 
Georgiadou et al. (18) come in contrast to the relatively 
minor perturbations found for other disease-linked muta-
tions analyzed previously that are also located within 
the same structural domain (34). ApoE3 variants R136S, 
R145C, and K146E, which have been associated with type 
III hyperlipoproteinemia, but not with LPG, display much 
milder repercussions on apoE3 structure and stability (34), 
indicating that, although any mutation in this region of 
apoE3 may be detrimental to its structural and thermody-
namic integrity, the specific concerted effects for all LPG-
associated apoE3 mutants our group has described may be 
the result of the particular amino acid substitutions.

Although liver is the major source of apoE in the circula-
tion, apoE is also synthesized by the kidney, with a substan-
tial portion of kidney protein synthesis committed to apoE 
synthesis (43). Elevated apoE levels have been associated 
with the onset of glomerulus diseases in rats (44, 45), and 
it has been proposed that apoE might be a risk factor for 
glomerulus lesions and renal disease (46). Most of the LPG 
patients have been reported to present elevated plasma 
apoE levels (5, 6, 23–25), while it has been observed that 
normalization or reduction of apoE levels following various 
treatments (e.g., lipid-lowering treatments with fenofibrate 
or protein A immunoadsorption) result in remission or im-
provement of the disease (24, 25, 47). The increased levels 
of plasma apoE in LPG patients along with the increased 
mechanical pressure native to the glomerulus during the 

normal filtration process that leads to additional elevation 
of the local apoE levels could enhance the aggregation 
kinetics of destabilized apoE mutants already susceptible 
to aggregation. A running hypothesis could be that newly 
synthesized renal mutant apoE and/or apoE dissociated 
from lipoproteins may aggregate in glomerular capillaries 
and due to its increased portion of exposed hydrophobic 
surfaces associate with lipoproteins and therefore promote 
the formation of lipoprotein thrombi.

A link between the thermodynamic stability of apoE3 
variants, their propensity to aggregate, and the formation 
of lipoprotein thrombi in the glomerulus suggests that the 
stabilization of the apoE3 variants may hold possible thera-
peutic benefit. Indeed, it has been demonstrated that it is 
possible to stabilize the apoE4 (a common polymorphic 
variant of apoE) structure using small molecules (48). As a 
result, the identification of small molecules that can bind 
to and stabilize LPG-associated apoE3 variants may consti-
tute an interesting approach toward the future develop-
ment of therapeutics for LPG.

In summary, we have analyzed the thermodynamic and ag-
gregation effects of rare apoE3 mutations that are associated 
with LPG, a rare renal disease, characterized by lipoprotein 
thrombi in the glomerular capillaries. Our results, com-
bined with a previous study, provide a unified framework 
for understanding the potential pathogenic mechanism of 
these mutations and suggest a putative pathway for the dis-
covery of small-molecule therapeutics for this disease.

The authors thank Drs. G. Kordas and E. K. Efthimiadou 
(National Center for Scientific Research “Demokritos”, Athens) 
for assistance with the DLS analysis. Protein production and 
biophysical analyses were performed using infrastructure that is 
associated with the Greek National Research Infrastructure in 
Structural Biology, Instruct-EL.

Fig. 9. Effect of various mutations associated with LPG on the capacity of apoE3 to bind to the amyloid probe ThT. ThT was added on WT 
or mutant apoE3 forms before (0 h) or after their incubation at 37°C for 4, 24, or 48 h, followed by measurement of fluorescent intensity, as 
described in Materials and Methods. Values represent the means ± SD (n = 6). *P < 0.05; #P < 0.01; **P < 0.005; ##P < 0.001; ***P  0.0001 
versus WT apoE3 after incubation for 4, 24, or 48 h, respectively; AU, arbitrary units.
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