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Abstract: Redox-mediated modulation of cysteine (Cys) 
thiols has roles in various pathophysiological functions. 
We recently found that formation of disulfide-linked 
complexes of apolipoprotein (apo) E3 prevented apoE3 
from irreversible oxidation. In this report, the influ-
ence of modification of Cys thiols in apoE2 and apoE3 
on interactions with lipids was investigated. The apoE 
redox status was examined by a band-shift assay using 
a maleimide compound, and interactions with lipids 
were evaluated by a kinetic assay using dimyristoyl-sn-
glycero-3-phosphocholine (DMPC) and non-denaturing 
polyacrylamide gel electrophoresis. A reduction in DMPC 
clearance activity of apoE2 and apoE3 but not apoE4 was 
observed. Although hydrogen peroxide-induced oxida-
tion decreased the clearance activity of the isoforms, 
apoE2  showed the greatest residual activity. Both Cys 
thiol masking and dimerization decreased the activ-
ity of apoE2 and apoE3 but not apoE4. In contrast, 
apoAII preincubation markedly increased the activity 
(apoE2 > apoE3 > apoE4), in accordance with the forma-
tion of apoE-AII and apoAII-E2-AII complexes. ApoAII 
preincubation also reduced the particle size of apoE-
DMPC liposome complexes, especially for apoE2. Redox-
mediated modification of Cys thiols of apoE2 or apoE3, 
especially disulfide bond formation with apoAII, affects 
lipid metabolism and consequently may be responsible 
for the diverse isoform specificity of apoE.

Keywords: Alzheimer’s disease; apoAII-E2-AII complex; 
apoE-AII complex; cardiovascular disease; disulfide 
bond; DMPC clearance.

Introduction
Human apolipoprotein (apo) E, a plasma protein consist-
ing of 299 amino acids with a molecular mass of 35 kDa, 
participates in both plasma and cerebral lipid transport 
and metabolism as a component of lipoproteins (Pitas 
et al., 1987; Mahley, 1988). ApoE has three major isoforms, 
apoE2, apoE3 and apoE4, which are produced by three 
independent alleles at a single genetic locus (Mahley, 
1988).

The cysteine (Cys)-arginine (Arg) interchange at resi-
dues 112 and/or 158 is a major characteristic that distin-
guishes the three isoforms (E2, Cys112/Cys158; E3, Cys112/
Arg158; E4, Arg112/Arg158). Although these differences in 
amino acids are quite simple, this interchange impacts 
strongly on the structure and function of the isoforms and 
has pathological consequences (Huang and Mahley, 2014; 
Mahley, 2016). A large number of studies have suggested 
that apoE and its polymorphism are closely involved in 
the pathogenesis of various diseases, such as Alzhei-
mer’s disease (AD) and cardiovascular disease (CVD) 
(Mahley, 2016). It is well known that apoE4 is an identi-
fied risk factor of sporadic late-onset AD (Corder et  al., 
1993) and apoE2 is a causative factor of type III hyperli-
poproteinemia (Innerarity et  al., 1986). Previous studies 
have demonstrated that a homodimer and heterodimers 
[apoE-AII (Weisgraber and Mahley, 1978) and apoAII-E2-
AII complexes (Tozuka et  al., 1992), respectively] gener-
ated through disulfide bond formation via the Cys thiols of 
apoE2 and apoE3 have an impact on the synthesis of lipo-
proteins (Gong et al., 2002; Minagawa et al., 2009). Thus, 
understanding the role of isoform-specific differences in 
the development of disorders may provide insight into the 
precise pathophysiology of apoE.

Cys thiol, a highly reactive residue in proteins, is one 
of the main targets of post-translational redox-mediated 
modifications (Thomas et al., 1995; Cooper et al, 2002). It 
has been suggested that modulation of Cys thiols partici-
pates in various physiological functions (e.g. regulatory 
switches in signal pathways, modulation of transcription 
and protein expression, maturation of proteins, control 
of cell death, and protection from oxidative stress) and 
the pathogenesis of various diseases (Go and Jones, 
2013; Groitl and Jakob, 2014; Ulrich and Jakob, 2019). 
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Redox-mediated alterations of Cys thiols can be catego-
rized as either reversible or irreversible. Irreversible modi-
fications to sulfonic acid (SO3H) cause a loss of function 
leading to the degradation of the modified protein (Mera 
et  al., 2005; Kawakami et  al., 2006). In contrast, revers-
ible modifications, represented by disulfide bond forma-
tion, do not cause irreversible detrimental changes to the 
protein (Anraku et al., 2013).

It is hypothesized that the redox status of the Cys thiol 
in apoE affects the physiological functions of apoE and the 
pathology of related diseases. We have previously focused 
on disulfide-linked complexes, which correspond to the 
reversible oxidized forms of apoE2 and apoE3. Although 
many studies have focused on apoE4, investigation of the 
other two isoforms and their redox status is necessary to 
uncover the pathophysiology of apoE. We recently found 
that the apoE3-AII complex is beneficial for maintaining 
the apoE3 redox status by preventing the change to the 
irreversible oxidized form (Yamauchi et  al., 2019). We 
believe that this finding provides a basis for understand-
ing the pathological mechanisms of apoE-related diseases 
caused by the contribution of oxidative stress and its asso-
ciated functional loss of apoE.

In this study, we examined the fundamental differ-
ences in the redox status of the Cys thiols of apoE2 and 
apoE3 by using our previously devised band-shift assay 
and the photocleavable maleimide-conjugated polyethyl-
ene glycol (PM). On the basis of the obtained results, we 
also investigated the influence of the redox status of the 
Cys thiols in apoE, especially focusing on their revers-
ible oxidized forms, on the clearance of phospholipid 
liposomes and lipoprotein formation to clarify the influ-
ence of the redox status on lipid metabolism under oxida-
tive stress conditions.

Results

Redox status of Cys thiol residues of apoE

As previously described (Yamauchi et al., 2017), a 40-kDa 
band corresponding to a single PM adduct [apoE-(PM)] was 
observed as a consequence of the binding of one PM mole-
cule with one Cys thiol of both recombinant apoE2 and 
apoE3. When fresh recombinant apoE2  was labeled with 
PM, a 45-kDa band corresponding to apoE2-(PM)2 was also 
observed by conjugation of PM to two Cys thiols. In addi-
tion, homodimer-(PM) [(apoE2)2-(PM)1] and homodimer-
(PM)2 [(apoE2)2-(PM)2] were detected at the high molecular 
region around the apoE2  homodimer (Figure  1A). When 

serum samples containing apoE3/E3 or apoE2/E3  were 
used, a 40-kDa band corresponding to one PM adduct was 
observed after PM labeling, which is similar to the results 
for recombinant apoE3. In addition, a 43-kDa band repre-
senting the apoE-AII complex was detected in the proxim-
ity of the band from one PM adduct. In contrast, unlike 
with recombinant apoE2, the band for apoE2-(PM)2 was not 
observed after PM labeling of the intact serum containing 
apoE2/E3. However, when the serum was pretreated with 
tris (2-carboxyethyl) phosphine (TCEP), a specific reduc-
ing agent for Cys thiols, apoE2-(PM)2 could be detected 
between the two bands of the apoE-AII and apoAII-E2-AII 
complexes (58  kDa); however, the band for the homodi-
mer adduct with two PM molecules was not as clear when 
compared with the results for recombinant apoE2. The 
PM labeling of serum containing TCEP-treated apoE2 also 
generated several bands from the reaction with either of or 
both the anti-apoE and anti-apoAII antibodies (Figure 1B).

Influence of hydrogen peroxide oxidation on 
the Cys thiol residues of apoE

To investigate the influence of oxidative stress on the Cys 
thiol residues of apoE, we incubated TCEP-treated recom-
binant apoE2 or apoE3  with serially diluted hydrogen 
peroxide (H2O2). When recombinant apoE2  was oxidized 
with H2O2, the intensities of bands corresponding to the 
PM adducts, apoE2-(PM)2 and (apoE2)2-(PM)2, were mark-
edly decreased. In particular, the band corresponding to 
(apoE2)2-(PM)2 had completely vanished under oxidizing 
conditions with 0.3  mm H2O2. In contrast, the single PM 
adducts of apoE2 [apoE2-(PM)1 and (apoE2)2-(PM)1], the 
non-reduced form (nr)-apoE2, detected at the position of 
monomeric apoE2, and the apoE2-homodimer showed no 
particular trend in the fluctuations of their band inten-
sities. The redox changes of recombinant apoE3 under 
oxidizing conditions were simpler than those of recombi-
nant apoE2; that is, H2O2 oxidation decreased the apoE3-
homodimer and increased nr-apoE3 in a dose-dependent 
manner. Similar to apoE2-(PM)1, alterations to apoE3-(PM)1 
showed no particular trend (Figure 2A,B).

Influence of the redox status of apoE on 
DMPC clearance

We examined the influence of the apoE redox status on 
the solubilization of liposome particles using a dimyris-
toyl-sn-glycero-3-phosphocholine (DMPC) clearance 
assay. Briefly, we pre-incubated each recombinant apoE 
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isoform with or without TCEP at a final concentration of 
2.5 mm for 30 min at 25°C, or subjected the samples to oxi-
dation with H2O2. We then added each of these mixtures 
into a solution of DMPC multilamellar vesicles (mLV) and 
monitored changes in turbidity at 325 nm (Figure 3A–C). 
Without pre-incubation with TCEP, apoE4  had a greater 
ability to clear DMPC mLV when compared with that of 
apoE2 (1.8-fold) and apoE3 (4.7-fold). TCEP treatment sig-
nificantly enhanced the clearance activity of apoE2 and 
apoE3 (approximately 1.8-fold when compared with the 
TCEP-untreated compounds), but had no effect on the  
clearance activity of apoE4. H2O2 oxidation reduced 
the clearance activity of all the apoE isoforms in a dose-
dependent manner. However, the residual activity of 
apoE2 under oxidizing conditions with both 0.01 and 
0.3 mm H2O2 was significantly greater than for apoE3 and 
apoE4 (Supplementary Figure 1). The p-values for the 

between-group relative-clearance comparisons are shown 
in Supplementary Table 1.

Influence of Cys thiol modification of apoE on 
DMPC clearance

First, to investigate the influence of Cys thiol masking on 
DMPC clearance, we incubated TCEP-treated recombinant 
apoE isoforms with N-ethylmaleimide, followed by the 
clearance assay (Figure 4A–C). The activity of apoE2 and 
apoE3 to clear DMPC mLV after incubation with 0.03 mm 
N-ethylmaleimide decreased by approximately 40% and 
27%, respectively, when compared with non-N-ethylma-
leimide-treated apoE2 and apoE3 (controls). The residual 
activity of apoE2 was approximately 3.3-fold greater than 
that of apoE3. Incubation with 0.1 mm N-ethylmaleimide 

Figure 1: Analysis of the redox status of apoE2 and apoE3 by the band-shift assay using PM.
Recombinant apoE2 and apoE3 (10 mg/l) (A), and pooled serum with the apoE phenotype apoE3/E3 (17 mg/l) and apoE2/E3 (20 mg/l), 
pretreated with TCEP at a final concentration of 2.5 mm for 30 min (B), were incubated with PM followed by the band-shift assay. In 
accordance with our previous study (Yamauchi et al., 2017), the monomeric form (35-kDa unlabeled apoE) remaining in the presence of PM 
was termed the non-reduced form of apoE (nr-apoE).
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Figure 2: Influence of H2O2 oxidation on the Cys thiols of apoE2 and apoE3.
Recombinant apoE2 and apoE3 (10 mg/l) were treated with TCEP at a final concentration of 2.5 mm for 30 min at 25°C and subsequently 
incubated with serially diluted H2O2 at final concentrations of 0, 0.3, 0.6, 1.2 and 2.4 mm for 15 min at 37°C followed by the band-shift 
assay (A). The band intensity of each fraction was determined by densitometry using Image J 1.45. The values are the mean obtained from 
duplicate measurements of each sample (B).

Figure 3: Influence of the redox status of apoE on its DMPC clearance activity.
Recombinant apoE2, apoE3 and apoE4 (10 mg/l) with or without treatment with TCEP at a final concentration of 2.5 mm for 30 min at 25°C 
were incubated with or without H2O2 at final concentrations of 0.01 and 0.3 mm for 15 min at 37°C. Each of these mixtures was added into an 
equal volume of DMPC mLV solution to a final DMPC:apoE molar ratio of approximately 500:1, and changes in turbidity were monitored at 
325 nm. We performed three independent experiments. Turbidity values were normalized at time zero. Time-courses for DMPC mLV clearance 
by apoE2 (A), apoE3 (B) and apoE4 (C) were expressed using mean values from three independent experiments. The results of the statistical 
analysis are summarized in Supplementary Figure 1 and Supplementary Table 1.
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almost completely abolished the clearance activity of both 
apoE2 and apoE3. In contrast, N-ethylmaleimide had no 
impact on the DMPC clearance by apoE4 (Supplementary 
Figure 2).

Next, to investigate the influence of disulfide bond 
formation on DMPC clearance, we incubated TCEP-
treated recombinant apoE isoforms with N,N,N′,N′-
tetramethylazodicarboxamide (diamide), a thiol-oxidizing 
agent. As previously demonstrated (Yamauchi et  al., 
2017), diamide treatment induces homodimer forma-
tion of apoE2 and apoE3, but not apoE4, by facilitating 
disulfide bond formation (Supplementary Figure 3). In 
accordance with homodimer formation, diamide-treated 
apoE2 and apoE3, but not apoE4, showed a decrease in 
the ability to clear DMPC mLV (Figure 5A–C). The clear-
ance activities of apoE2 and apoE3 treated with 0.3  mm 
diamide were reduced by approximately 20% when com-
pared with controls. The residual clearance activity of 
apoE2  was approximately 1.9-fold greater than that of 
apoE3. Pretreatment with 1.0  mm diamide almost com-
pletely abolished the clearance activity of apoE2 and 
apoE3. In contrast, diamide had no impact on the DMPC 
clearance of apoE4 (Supplementary Figure 4).

Furthermore, to investigate the influence of the inter-
action between the Cys thiols of apoE and apoAII on DMPC 
clearance, we incubated TCEP-treated recombinant apoE 

isoforms with recombinant apoAII for 24  h at 37°C. In 
addition to control-1 (treatment with TCEP only), we pre-
pared apoE isoforms that were incubated in the absence 
of apoAII for 24 h at 37°C as control-2 to exclude the influ-
ence of long-term incubation on the Cys thiol of apoE. As 
previously demonstrated (Yamauchi et al., 2000), apoAII 
incubation caused apoE2 and apoE3, but not apoE4, to 
form an apoE-AII complex. In addition, the formation of 
an apoAII-E2-AII complex was induced by the incubation 
of apoE2 with apoAII (Supplementary Figure 5). Although 
24-h incubation in the absence of apoAII (control-2) 
decreased the ability of the apoE isoforms to clear DMPC 
mLV (approximately 19% of control-1), in accordance with 
the formation of disulfide-linked complexes, the clearance 
activities of apoE2 and apoE3, but not apoE4, were dose-
dependently augmented by apoAII incubation (Figure 
6A–C). Compared with control-2, the clearance activities of 
apoE2 and apoE3 increased by 1.7-fold and 2.5-fold in the 
presence of 30 mg/l apoAII, and increased by 7.7-fold and 
7.5-fold in the presence of 300  mg/l apoAII, respectively. 
The clearance activity of apoE2 in the presence of 30 and 
300  mg/l apoAII was 1.4-fold and 2.2-fold, respectively, 
which was greater than that of apoE3. ApoAII incubation 
also had an effect on apoE4; however, the observed effect 
was not significant when compared with that of apoE2 and 
apoE3 (Supplementary Figure 6).

Figure 4: Influence of Cys thiol masking of apoE on its DMPC clearance activity.
Recombinant apoE2, apoE3 and apoE4 (10 mg/l) were treated with TCEP at a final concentration of 2.5 mm for 30 min at 25°C and were 
subsequently incubated with N-ethylmaleimide at final concentrations of 0 (control), 0.03 and 0.1 mm for 30 min at 37°C followed by the 
clearance assay. Turbidity values were normalized at time zero. Time-courses for DMPC mLV clearance by apoE2 (A), apoE3 (B) and apoE4 
(C) were expressed using mean values from three independent experiments. The results of the statistical analysis are summarized in 
Supplementary Figure 2.
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Figure 5: Influence of disulfide bond formation of apoE on its DMPC clearance activity.
Recombinant apoE2, apoE3 and apoE4 (10 mg/l) were treated with TCEP at a final concentration of 2.5 mm for 30 min at 25°C and were 
subsequently incubated with diamide at final concentrations of 0 (control), 0.3 and 1.0 mm for 30 min at 37°C followed by the clearance 
assay. Turbidity values were normalized at time zero. Time-courses for DMPC mLV clearance by apoE2 (A), apoE3 (B) and apoE4 (C) were 
expressed using mean values from three independent experiments. The results of the statistical analysis are summarized in Supplementary 
Figure 4.

Figure 6: Influence of apoAII on the DMPC clearance activity of apoE.
Recombinant apoE2, apoE3 and apoE4 (10 mg/l) were treated with TCEP at a final concentration of 2.5 mm for 30 min at 25°C and were 
subsequently incubated with recombinant apoAII at final concentrations of 0 (control-2), 30 and 300 mg/l for 24 h at 37°C followed by the 
clearance assay. Control-1 was the apoE isoforms treated only with TCEP. Turbidity values were normalized at time zero. Time-courses for 
DMPC mLV clearance by apoE2 (A), apoE3 (B) and apoE4 (C) were expressed using mean values from three independent experiments. The 
results of the statistical analysis are summarized in Supplementary Figure 6.
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Influence of apoAII on the formation of 
apoE-DMPC liposome complexes

We examined the influence of apoAII on the formation 
of an apoE-containing lipoprotein, using samples pre-
pared by incubating each apoE isoform with DMPC mLV 
in the absence or presence of apoAII, by non-denaturing 
polyacrylamide gel electrophoresis (PAGE). The addition 
of apoAII resulted in apoE-DMPC liposome complexes 
(apoE-Lp) with smaller particle sizes, regardless of the 
apoE isoform. However, the particle sizes of apoE-Lp that 
showed apoAII-immunoreactivity were different between 
the apoE isoforms. The particle sizes of the main apoE2-Lp, 
which showed immunoreactivity against both apoE and 
apoAII, were smaller (8.1–10.4 nm) than those of apoE3-Lp 
(10.4–12.2  nm). In the presence of apoAII, apoE4-Lp had 
approximately the same particle sizes as apoE2-LP, but 
did not show apoAII immunoreactivity (the particle sizes 
of the main apoAII-Lp ranged from 7.5 to 8.1 nm, Figure 7).

Discussion
We hypothesized previously that the thiol groups of two Cys 
residues of apoE2 could not be conjugated with PM simul-
taneously because the site would be irreversibly modi-
fied (Yamauchi et  al., 2017). However, the present study 
showed that if a dissolved recombinant apoE2  molecule 

was immediately supplied to a PM solution and incubated, 
two PM adducts of an apoE2 monomer [apoE2-(PM)2] and 
one or two PM adducts of an apoE2 homodimer [(apoE2)2-
(PM)1, and (apoE2)2-(PM)2] were apparently induced by the 
reaction of both the Cys thiols of apoE2 with PM. However, 
1 day after dissolution, we could not detect these two PM 
adducts of recombinant apoE2 (Supplementary Figure 7). 
These findings suggest that the majority of the Cys thiols 
of a just-dissolved recombinant apoE2  molecule may be 
reversibly modified and may be easily irreversibly oxi-
dized. In addition, the PM reactivity of the Cys thiols of 
recombinant apoE2 and apoE3  may intrinsically be low 
because part of the recombinant protein would already be 
oxidized through the process of bacterial production and/
or purification, as described previously (Jolivalt et  al., 
2000). The PM reactivity of serum with the apoE pheno-
type E3/E3 was approximately the same as that of recom-
binant apoE3, except for the presence of the apoE-AII 
complex. In contrast, unlike recombinant apoE2, serum 
containing intact apoE2 did not form PM adducts through 
the conjugation of two Cys thiols with PM, even if fresh 
serum was supplied for analysis. However, PM incubation 
with TCEP-pretreated serum yielded these adducts and 
the intensity of the band for the apoAII-E2-AII complex 
was prominently reduced, suggesting that one of the two 
Cys thiols of serum apoE2 is easily reversibly oxidized and 
thus apoE2 mainly forms an apoAII-E2-AII complex. Under 
non-reducing conditions, apoAII may have higher affin-
ity for apoE2 than for maleimide, thereby preventing PM 

Figure 7: Influence of apoAII on the formation of apoE-DMPC liposome complexes.
ApoE-DMPC liposome complexes, prepared as described in the Materials and methods section, were separated by non-denaturing PAGE 
using a 4–12% gradient gel, followed by detection with anti-apoE and anti-apoAII antibodies. The Stokes diameters of the complexes 
were determined from a calibration curve, which was constructed by plotting mobility against the corresponding Stokes diameters of a 
commercial size marker.
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from binding to the Cys thiols of apoE2, particularly to one 
of the Cys thiols. Pretreatment with TCEP facilitated the 
substitution of apoAII for maleimide and allowed PM to 
bind with the Cys thiols of apoE2. Hence, we could detect 
several bands corresponding to complexes reacted with 
either or both of the anti-apoE and anti-apoAII antibod-
ies. Use of serum containing an apoE2 homozygote would 
allow this substitution to be observed more clearly and 
allow the detection of apoE2 in which both Cys thiols are 
in the reduced form, which may be present at low concen-
trations in the serum.

Reversible modification of the Cys thiols of proteins, 
represented by disulfide bond formation, is well known 
to protect proteins from irreversible detrimental changes 
(Mera et al., 2005; Kawakami et al., 2006). We have also 
reported that disulfide bond formation in apoE3 is ben-
eficial for maintaining the redox equilibrium of apoE3 
by preventing irreversible oxidization (e.g. sulfination or 
sulfonation), in response to oxidative stress (Yamauchi 
et al., 2019). The fact that H2O2-mediated oxidation mark-
edly reduced the presence of the two PM adducts of apoE2, 
but had no prominent influence on the single adducts of 
apoE2 and apoE3, led us to the notion that Cys158 of apoE2 
is more susceptible to oxidation than Cys112 of apoE2 and 
apoE3. Cys112 of apoE2  may be protected from further 
oxidation by the formation of disulfide-linked complexes 
via Cys158 of one or more apoE2 molecules. However, one 
limitation of our study was the use of H2O2 at non-physi-
ological (i.e. high) concentrations. Hence, further experi-
ments under near-physiological conditions are necessary 
to confirm the pathophysiological effects of oxidative 
stress. In addition, subsequent studies will be necessary 
to clarify the differences in susceptibility to oxidation 
between Cys158 and Cys112 of apoE2 and their detailed 
redox status by means of liquid chromatography-mass 
spectrometry (LC-MS) analysis.

To gain insight into the functional role of the apoE 
redox status, we evaluated the influence of oxidation 
on apoE interaction with lipids using a DMPC clearance 
assay. Garai et  al. (2011) have demonstrated previously 
that dissociation of the self-assembled apoE is required 
for binding with DMPC mLV, and that the dissociation rate 
of apoE4 oligomers is faster when compared with that of 
apoE2 oligomers. Our data also showed that apoE4  was 
more able to efficiently clear DMPC mLV when compared 
with that of the other isoforms. The nature of apoE4, which 
contains no Cys residues and exists only in a monomeric 
form, may favor binding and clearance of DMPC mLV. The 
fact that TCEP treatment significantly enhanced the clear-
ance activity of apoE2 and apoE3, but had no effect on that 
of apoE4, strongly supports this notion. In addition, the 

differences in the clearance activity of apoE2 and apoE3, 
regardless of TCEP treatment, led us to assume that the 
number of Cys residues also has an impact on the clear-
ance activity. Our finding that apoE2 had a high clearance 
activity even after H2O2-mediated oxidation can also be 
attributed to the effect of the number of Cys residues. It 
is not clear why apoE3 showed the lowest clearance activ-
ity, regardless of TCEP treatment. Nonetheless, one pos-
sible reason is that apoE3  may be more susceptible to 
self-association when compared with that of apoE2 and 
apoE4. From this point of view, it appears that Cys158 may 
contribute to the dissociation of self-assembled apoE2 and 
the binding of apoE2 with lipids.

H2O2 oxidation is not specific to Cys thiols, and thus 
also influences the clearance activity of apoE4, which 
does not contain a Cys residue. Hence, we set out to 
modify the Cys thiols of apoE2 and apoE3 with N-ethylma-
leimide, diamide and apoAII, as an alternative for specifi-
cally oxidizing the thiols. Iodoacetamide is generally used 
as a Cys thiol-alkylating reagent but shows cross reactivity 
with nucleophilic amino acids such as Lys and His (Bou-
tureira and Bernardes, 2015). Thus, in the present study, 
we selected maleimide as a masking agent. Although 
maleimide treatment is simply a chemical modifica-
tion, the result of such a treatment could aid our under-
standing of the biological effects of Cys thiol reversible 
modifications, such as S-sulfenylation, S-nitrosylation, 
S-glutathiolation and S-cysteinylation. Maleimide treat-
ment markedly decreased the clearance activity of apoE2 
and apoE3, but not apoE4, providing compelling evidence 
that the Cys thiol is involved in the interaction with lipids. 
The fact that a large amount of dimer, caused by diamide 
treatment, prominently impaired clearance activity also 
supports this notion. Considering these findings, we 
expected that disulfide bond formation between apoE and 
apoAII would also cause a reduction in clearance activity. 
Interestingly, contrary to our expectations, the clearance 
activity of apoE2 and apoE3, particularly apoE2, increased 
considerably after the formation of apoE-AII or apoAII-E2-
AII complexes. Alternatively, these findings are consistent 
with a previous finding that the apoE-AII complex pref-
erentially distributes with high-density lipoprotein (HDL), 
a phospholipid-rich lipoprotein (Weisgraber, 1990). 
Natural oxidation (after a 24-h incubation in the absence 
of apoAII) impaired the clearance activity of all the apoE 
isoforms; however, the positive effects of the apoE-AII and 
apoAII-E2-AII complexes may greatly exceed the adverse 
effect of natural oxidation. ApoAII is a highly lipophilic 
apolipoprotein (Bassett et  al., 2012) and functions by 
clearing DMPC liposomes (Jayaraman et al., 2005). Thus, 
we have to take into account the effect of unbound (free) 
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apoAII. However, a mixture of apoE4 and apoAII showed 
only a slight increase in clearance activity. Overall, our 
data suggest that the formation of apoE-AII and apoAII-E2-
AII complexes may enhance the basal clearance activity 
levels of apoE2, apoE3 and apoAII.

Non-denaturing PAGE analysis indicated that the 
presence of apoAII might also have an advantage in 
the formation of compact lipoprotein particles, such 
as HDL. Based on previous evidence that apoAII exists 
predominantly in HDL (Blanco-Vaca et  al., 2001) and 
the apoE-AII complex prefers HDL to low-density lipo-
proteins (Weisgraber, 1990), the present finding is cer-
tainly reasonable. Our finding that the particle sizes of 
apoE2-Lp were smaller than those of apoE3-Lp led us to 
the idea that Cys158 or the apoAII-E2-AII complex may 
be involved in the formation of apoE-containing lipo-
protein particles. Of interest, apoAII also reduced the 
particle sizes of apoE4-Lp, although apoE4 cannot form 
a disulfide-linked complex with apoAII. The large par-
ticles observed for all apoE isoforms in the absence of 
apoAII were considered to be complexes consisting of 
naturally oxidized apoE and DMPC liposomes, because 
the 24-h incubation caused apoE oxidative stress. Taken 
together, these results indicate that, as previously pro-
posed (Yamauchi et al., 2019), apoAII may play a critical 
role in the formation of apoE2- or apoE3-containing lipo-
proteins by regulating the redox status through disulfide 
bond formation. Additionally, we speculate that apoAII 
may also assist in the formation of apoE-containing 
lipoproteins, irrespective of the isoform, by other effects 
(e.g. an inhibitory effect on the self-association of apoE 
molecules or an anti-oxidative effect other than through 
disulfide bond formation). Although apoAII is known 
to be fully lipidated during the intrahepatic processing 
of lipoprotein particles, and only after secretion do the 
particles fuse with apoE-containing particles (Clay et al., 
2000; Gillard et al., 2009), the phase after the fusion of 
the particles may also be important for the formation and 
modulation of apoE-containing lipoproteins.

It is generally believed that the C-terminal domain 
of apoE contains the major lipid-binding site. Segall 
et  al. (2002) suggested that the interhelical flexibility of 
the α-helices in the C-terminal domain determines the 
binding ability of apoE and lipids, and that the binding 
ability of the C-terminal domain decreases by the cova-
lent linkage of the remainder of apoE, such as the hinge 
region. They also proposed that the binding of apoE with 
lipids occurs not only through the C-terminal domain but 
also by opening of the N-terminal helix bundle, whereby 
helix-helix interactions converted to helix-lipid interac-
tions. They interpreted that apoE2  showed the lowest 

DMPC clearance activity among apoE isoforms because its 
N-terminal domain of apoE2 is most resistant to thermal 
and chemical denaturation. On the contrary, our data 
suggest that the formation of the apoE-AII and apoAII-E2-
AII complex probably increases the interhelical flexibility 
of the α-helices in the C-terminal domain or accelerates 
the opening of the N-terminal helix bundle of apoE2 and 
apoE3.

In conclusion, alterations in the redox states of apoE2 
and apoE3 caused by various Cys thiol modifications, 
especially the interaction of the Cys158 of apoE2  with 
apoAII, may be involved in lipid metabolism, and con-
sequently may be responsible for the specificity of the 
isoforms of apoE, such as that found in the pathology of 
apoE-related diseases.

Materials and methods
Materials

Recombinant apoE isoforms (apoE2, apoE3 and apoE4) were pur-
chased from BioVision, Inc. (Milpitas, CA, USA), and recombinant 
apoAII was supplied by Athens Research & Technology, Inc. (Athens, 
GA, USA). Horseradish peroxidase (HRP)-conjugated goat anti-apoE 
polyclonal antibody and goat anti-apoAII polyclonal antibody were 
supplied by Academy Bio-medical Company, Inc. (Houston, TX, 
USA). HRP-conjugated anti-goat IgG was supplied by MBL Co., Ltd. 
(Nagoya, Japan). N-ethylmaleimide and PM [molecular weight (MW), 
2736 Da] were purchased from FUJIFILM Wako Pure Chemical, Co. 
(Osaka, Japan) and Dojindo Molecular Technologies, Inc. (Kuma-
moto, Japan), respectively. DMPC was obtained from Avanti Polar 
Lipids, Inc. (Alabaster, AL, USA). All other chemicals used were of 
the highest grade.

Serum samples

Sera were obtained from healthy volunteers who had provided writ-
ten informed consent. The apoE phenotype was determined by iso-
electric focusing and immunoblot analysis as described previously 
(Yamauchi et al., 1999). We selected the serum with apoE phenotypes 
E2/E3 (n = 6) and E3/E3 (n = 13) and pooled them according to the 
apoE phenotype. This study was approved by the Tsukuba University 
Ethics Committee.

Determination of apoE redox status

The redox status of apoE was analyzed with a band-shift assay using 
PM, according to our previous study (Yamauchi et al., 2017). Briefly, 
PM was added to a sample at a final concentration of 1.0 mmol/l. The 
mixture was incubated for 30 min at 37°C and then treated with non-
reducing Laemmli buffer (Laemmli, 1970), followed by loading onto 
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a 10% sodium dodecyl sulfate (SDS)-PAGE gel. After electrophoresis, 
the gel was ultraviolet (UV)-irradiated for 15 min to eliminate the pol-
yethylene glycol moiety, and the separated proteins were transferred 
onto a polyvinylidene fluoride membrane. The blots were probed 
with an anti-apoE or anti-apoAII polyclonal antibody. The specific 
bands were developed using an enhanced chemiluminescence (ECL) 
detection kit (Nacalai Tesque, Inc., Kyoto, Japan). Three independent 
experiments were carried out and one representative blot was ana-
lyzed in duplicate using the ImageJ 1.45 software from the National 
Institutes of Health.

Preparation of DMPC vesicles

DMPC mLV were prepared by the method described by Segall et al. 
(2002). Briefly, 1.0 g/l of DMPC chloroform solution was dried under a 
nitrogen steam to a thin film on the wall of a round bottom flask fol-
lowed by desiccation using an evaporator overnight. The dried lipid 
film was dispersed in 5 ml of Tris-buffered saline (TBS; 0.01 m Tris-
HCl, pH 7.4, containing 0.1 m NaCl) and was then sonicated at 25°C 
to form DMPC mLV.

DMPC turbidity clearance assay

The solubilization of DMPC mLV by apoE proteins was determined 
as described previously (Segall et  al., 2002). Briefly, recombinant 
apoE treated with TCEP, H2O2, N-ethylmaleimide, diamide or apoAII 
was added into an equal volume of DMPC mLV solution to a final 
DMPC:apoE molar ratio of approximately 500:1 in a quartz cuvette, 
which was preincubated at 24°C in a spectrophotometer with water-
circulated temperature control. The contents were mixed within 10 s 
by repeated pipetting. The solubilization of DMPC mLV was moni-
tored as a decrease in absorbance at 325  nm. Three independent 
experiments were carried out for each treatment.

Formation of apoE-DMPC liposome complexes

The dried DMPC film was resuspended in 5 ml TBS supplemented 
with 19 mm sodium deoxycholate, and this suspension was prein-
cubated at 37°C until a clear solution was obtained. The treated 
recombinant apoE was then added to the solution to reach a 
DMPC:apoE molar ratio of approximately 100:1, and the mixture 
was incubated for 24  h at 25°C. After incubation, the deoxycho-
late was removed by dialysis against a 1000-fold excess of TBS for 
3  days at 4°C with three buffer changes using a Slide-A-Lyzer™ 
MINI Dialysis Device (10  K MW cut-off, Thermo Fisher Scientific 
Inc., Waltham, MA, USA).

Analysis of apoE-DMPC liposome complexes

The formation of apoE-DMPC liposome complexes was confirmed 
by non-denaturing PAGE analysis using a 4–12% gradient gel. The 
Stokes diameters of the complexes were determined from a calibra-
tion curve, constructed by plotting mobility against the correspond-
ing Stokes diameters of a commercial size marker.
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