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ABSTRACT: Destabilization of plasma and inner mitochondrial
membranes by extra- and intracellular amyloid β peptide (Aβ42)
aggregates may lead to dysregulated calcium ﬂux through the
plasma membrane, mitochondrial-mediated apoptosis, and neuronal cell death in patients with Alzheimer’s disease. In the current
study, experiments performed with artiﬁcial membranes, isolated
mitochondria, and neuronal cells allowed us to understand the
mechanism by which a nonaggregating Aβ42 double mutant
(designated Aβ42DM) exerts its neuroprotective eﬀects. Speciﬁcally,
we showed that Aβ42DM protected neuronal cells from Aβ42induced accumulation of toxic intracellular levels of calcium and
from apoptosis. Aβ42DM also inhibited Aβ42-induced mitochondrial membrane potential depolarization in the cells and abolished
the Aβ42-mediated decrease in cytochrome c oxidase activity in puriﬁed mitochondrial particles. These results can be explained in
terms of the amelioration by Aβ42DM of Aβ42-mediated changes in membrane ﬂuidity in DOPC and cardiolipin/DOPC
phospholipid vesicles, mimicking plasma and mitochondrial membranes, respectively. These observations are also in agreement with
the inhibition by Aβ42DM of phospholipid-induced conformational changes in Aβ42 and with the fact that, unlike Aβ42, the Aβ42−
Aβ42DM complex could not permeate into cells but instead remained attached to the cell membrane. Although most of the Aβ42DM
molecules were localized on the cell membrane, some penetrated into the cytosol in an Aβ42-independent process, and, unlike Aβ42,
did not form intracellular inclusion bodies. Overall, we provide a mechanistic explanation for the inhibitory activity of Aβ42DM
against Aβ42-induced membrane permeability and cell toxicity and provide conﬁrmatory evidence for its protective function in
neuronal cells.
KEYWORDS: Aβ42 peptide, Alzheimer’s disease, amyloids, neurodegeneration, neuronal cell toxicity, protein aggregation, apoptosis,
mitochondria, membranes, phospholipids, peptide-lipid interactions

■

INTRODUCTION
Aggregation and accumulation of amyloid β (Aβ) peptides in
the brains of patients with Alzheimer’s disease (AD) is known
to be a pathological pathway leading to neurodegeneration.1,2
The pathological process involves the cleavage by β- and γsecretase proteolytic enzymes3 of the transmembrane amyloid
precursor protein (APP) (which is also expressed in the brains
of healthy people) into Aβ peptides comprising 36−43
residues, the most toxic of which is Aβ42.4 Aβ42 is released
into the extracellular matrix (ECM), where it aggregates into
high-order ﬁbrils, leading to the formation of amyloid senile
plaques. In addition, emerging evidence has revealed the
accumulation of intraneuronal Aβ42 aggregates, which
contribute to neuronal toxicity in mouse models of AD and
in AD patients.5,6 These intracellular Aβ42 aggregates are
generated in membrane-containing intracellular organelles,
such as the endoplasmic reticulum (ER) and the Golgi
apparatus,5−7 by diﬀerent mechanisms that facilitate the uptake
© 2020 American Chemical Society

of extracellular Aβ42. These mechanisms include (i) active
transport via plasma membrane receptors, such as α7 nicotinic
acetylcholine receptors (α7 nAChR), apolipoprotein E
(APOE) receptors, members of the low-density lipoprotein
receptor (LDLR) family, and other receptors;8−13 and (ii)
intracellular and plasma phospholipid membrane destabilization and permeation pathways.14,15
Aβ42 toxicity is far from being fully understood, but it is
commonly held that one of the major causes of this
neurotoxicity is mediated by the interactions between intraReceived: November 27, 2019
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Our innovative approach to the above problem derives from
our previous work showing that an Aβ42 variant, designated
Aβ42DM, that carries two mutations, F19S and L34P, and
exhibits diminished aggregation capabilities36 can eﬃciently
inhibit both intracellular and extracellular wild-type Aβ42
aggregation and neuronal cell toxicity by modulating the Aβ42
aggregation pathway to produce “oﬀ-pathway” oligomers that
are nontoxic.37 In that study, we showed that the plasma
membrane internalization, the accumulation, and the toxicity
in neuronal cells of these “oﬀ-pathway” wild-type Aβ42
oligomers is signiﬁcantly reduced.37 In addition, we posited
that inhibition by Aβ42DM of Aβ42 plasma membrane
internalization results from the ability of the mutant to
modulate the interaction of Aβ42 with mitochondrial and
plasma membrane phospholipids. In the current study, we
show that Aβ42DM does not disrupt artiﬁcial plasma and inner
mitochondrial phospholipid membranes but rather it inhibits
Aβ42-induced ﬂuidity enhancement in those membranes. We
also show that, in experiments with intact neuronal cells and
isolated inside-out oriented submitochondrial particles
(SMPs), Aβ42DM exhibits an inhibitory eﬀect against the
Aβ42-mediated enhancement of calcium inﬂux through the
plasma membrane, of mitochondrial membrane depolarization,
and of COX activity and that it abolishes Aβ42-mediated
apoptosis. Taken together, these ﬁndings indicate that Aβ42DM
may be an exciting new type of lead compound in the
treatment of AD.

and/or extracellular Aβ42 peptides, on the one hand, and
plasma and intracellular membrane phospholipids, on the other
hand.6,15,16 For the interaction of extracellular Aβ42 with
phospholipids, a variety of binding and disruption patterns
have been observed,14,15,17 with the particular pattern depending on the phospholipid composition and the site of
measurement (whether inner or outer membrane leaﬂets/
layers). This interaction results in the formation in the plasma
membrane of Aβ42 pores, which facilitate an unregulated
inﬂux of small molecules and ions, such as Ca2+, into the
neuronal cell. Once inside the cell, Aβ42 disrupts the activity of
cellular components, such as the ER, mitochondria, endosomes, multivesicular bodies, lysosomes, and the trans-Golgi
network.5−7,18,19 For example, recent studies have shown that
Aβ42 is transported into the mitochondria, to the cristae of the
inner mitochondrial membrane, via the activity of the
translocase of the outer membrane (TOM) machinery, a
protein complex found on the outer mitochondrial membrane.20 Aβ42 has also been shown to interact with apoptotic
proteins, such as BIM-BH3,21 located inside the mitochondria
and to cause a reduction in the activity of respiratory enzymes
located on the inner mitochondrial membrane, such as
cytochrome c oxidase (COX). Both the elevated intracellular
calcium levels and the mitochondrial damage caused by Aβ42
eventually lead the cells to an apoptotic pathway.18,19,22−24 The
above Aβ42-mediated cytotoxic eﬀects, which are the result of
interactions of aggregated Aβ42 with plasma and mitochondrial phospholipid membranes, indicate the urgent need to
develop inhibitors of aggregated Aβ42−phospholipid interactions. Studies designed to fulﬁll this need must therefore
address interactions of the aggregated amyloid with plasma and
mitochondrial membrane phospholipids, on the one hand, and
potential inhibitors, on the other hand.
A necessary ﬁrst step in such a study would be to design and
test artiﬁcial phospholipid membrane vesicles that mimic both
plasma and mitochondrial membranes, and numerous studies
have indeed used artiﬁcial membranes with diﬀerent
phospholipid compositions to explore the interactions of Aβ
peptides with plasma and intracellular membranes. Recent
studies have shown that Aβ42 aggregates can cause the
destabilization of vesicles composed of 1,2-dioleoyl-sn-glycero3-phosphocholine (DOPC), a lipid that serves to mimic the
plasma membrane phospholipid composition.25−27 Other
studies have employed vesicles mimicking the inner mitochondrial membrane,21 with some being designed to contain
cardiolipin (CL),21,28,29 a lipid that is found exclusively in the
inner mitochondrial membrane30,31 and has previously been
shown to play a signiﬁcant role in amyloid−membrane
interactions.32 Among the studies testing inhibitors against
Aβ42 aggregation and Aβ42-induced neuronal cell toxicity,
some have focused on Aβ fragments Aβ(39−42) and others on
the plant-based substances, epigallocatechin gallate (EGCG),
curcumin, and bacoside-A, all of which have been shown to
successfully reduce the Aβ42-mediated disruption/damage to
vesicles mimicking the plasma membrane.33−35 Nevertheless,
studies of inhibitors of Aβ interactions with lipid vesicles
mimicking both the plasma and the mitochondrial membranes
are lacking, as are complementary studies addressing both
extracellular and intracellular Aβ toxicity and aggregation in
intact cells and intracellular organs. There is therefore a parallel
lack of the comprehensive understanding of the inhibition
mechanism/s of the diﬀerent inhibitors that is a prerequisite to
developing eﬀective inhibitors of Aβ aggregation.

■

RESULTS
Aβ42DM Exhibits Lower Cell Internalization Ability
than Aβ42 and Remains Mostly Localized on the
Membrane. As mentioned above, we have previously
demonstrated that the interaction of Aβ42 with Aβ42DM
results in the formation of “oﬀ-pathway” oligomers, namely,
structures that prevent Aβ42 internalization into cells via the
plasma membrane, leading to reduced toxicity to neuronal
cells.37 These results led us to posit that the interactions of
Aβ42DM with the plasma membrane would diﬀer from those of
Aβ42. Indeed, we observed here that while Aβ42 oligomers
mostly penetrated into cells of the SH-SY5Y neuroblastoma
cell line and formed intracellular aggregates/inclusion bodies
(Figures 1A and S1A), Aβ42DM was largely localized on the cell
membrane and did not form intracellular inclusion bodies

Figure 1. Aβ42 is internalized into SH-SY5Y cells more than Aβ42DM.
SH-SY5Y cells were incubated with 500 nM Aβ42- (A) or Aβ42DM(B) HiLyte 488-labeled peptides for 18 h. FM-4-64 dye was used to
stain the cell membrane; Hoechst stain was used for nuclear staining.
Live imaging was performed using an Olympus confocal microscope.
Scale bar corresponds to 150 mm.
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Figure 2. Aβ42DM reduces phospholipid membrane ﬂuidity resulting from Aβ42 interactions with the biomimetic membranes: (A) DOPC, a
liposome composition that mimics the plasma membrane, and (B) CL/DOPC (10:90), a liposome composition that mimics the mitochondrial
membrane. Changes in the rotation correlation time ratio resulting from peptide−phospholipid interactions were analyzed by ESR spectroscopy.
The peptides included in each reaction were Aβ42 (20 μM), Aβ42DM (20 μM), or Aβ42 (20 μM) combined with Aβ42DM (120 nM). The spin
probes N-TEMPO and 10-doxyl nonadecane were used to detect changes in ﬂuidity on the membrane surface or in the interior of the membrane,
respectively. Statistical analysis (n = 3) was performed with an unpaired Student’s t test. *P < 0.05; **P < 0.01; ***P < 0.001. Error bars indicate
the standard error of independent experiments performed in triplicate.

localized in diﬀerent regions of the phospholipid membrane
bilayer: N-TEMPO within the headgroup region38 and 10doxyl nonadecane within the hydrophobic core (via covalent
linking to the carbon in position 10 of the acyl chain).39
DOPC−N-TEMPO/10-doxyl nonadecane SUVs were incubated with Aβ42, Aβ42DM, or a combination of the two
peptides, and rotation correlation times of the spin probes
were obtained from ESR spectra. We showed that, upon
treatment with Aβ42, phospholipid membrane ﬂuidity on the
vesicle surface was enhanced, but the inner-membrane ﬂuidity,
detected by the 10-doxyl nonadecane spin probe, did not
change relative to the control (Figure 2A). As opposed to
Aβ42, Aβ42DM did not aﬀect the phospholipid membrane
ﬂuidity. Moreover, upon incubation of the vesicles with a
combination of the two peptides, Aβ42DM signiﬁcantly reduced
the Aβ42-induced phospholipid membrane ﬂuidity enhancement on the membrane surface.
Similar to its action on the plasma membrane ﬂuidity, Aβ42
has been shown to interact with and destabilize the
mitochondrial membrane.24,40,41 We thus aimed at exploring
whether Aβ42DM has the same protective eﬀect on the
mitochondrial membrane as it does for the plasma membrane.
To this end, we used a biomimetic system of SUVs consisting
of 10% CL and 90% DOPC to mimic the inner mitochondrial
membrane.30,31 Similar to the ESR experiment described
above, N-TEMPO or CL/10-doxyl nonadecane were embedded into the CL/DOPC vesicles for the evaluation of changes
in vesicle ﬂuidity in the presence of Aβ42, Aβ42DM or
combination of the two peptides. Here, too, upon treatment
with Aβ42, the ﬂuidity of the surface of the CL/DOPC vesicles
(but not the ﬂuidity of the inner part of the vesicles) increased,
while Aβ42DM had only a minor eﬀect on the vesicle surface
ﬂuidity (Figure 2B). When the vesicles were exposed to a
combination of the two peptides, Aβ42DM signiﬁcantly
suppressed the eﬀect of Aβ42 on the vesicle surface ﬂuidity
(Figure 2B; and Figure S4 for the ESR measurements).

(Figures 1B and S1B). Most of the Aβ42DM molecules were
localized on the cell membrane, although some penetrated into
the cytosol (Figure S2) in an Aβ42-independent process
(Figure S3). The Aβ42DM molecules that penetrated the cells
were diﬀused throughout the cytosol, did not accumulate in
lysosomes, and, unlike Aβ42, did not form intracellular
inclusion bodies (Figure S2).
Since the described phenotype of noninternalization of
Aβ42DM is similar to the previously described phenotype of the
“oﬀ-pathway” and nontoxic Aβ42−Aβ42DM complex, we aimed
to further explore whether the diﬀerences in the internalization
tendencies of Aβ42, Aβ42DM, and the Aβ42−Aβ42DM complex
also correlated with diﬀerences in their interactions with
membrane phospholipids (as it has been shown that Aβ42
directly interacts and disrupts membrane phospholipids14,15).
Aβ42DM Reduces Aβ42-Mediated Changes in the
Fluidity of Artiﬁcial Membranes That Mimic the Plasma
and Inner Mitochondrial Membranes. Aβ42-induced cell
toxicity is known to be related to the ability of Aβ42 to
inﬂuence plasma membrane ﬂuidity due to its interactions with
the membrane phospholipids.14,15,17 Thus, after showing that
Aβ42 aggregates, but not Aβ42DM, permeate into the
membrane and form intracellular inclusions, we sought to
elucidate whether these diﬀerences in membrane penetrability
are reﬂected in the phospholipid plasma membrane ﬂuidity
upon exposure to the two peptides, Aβ42 and Aβ42DM, each
alone or a mixture of the two. To this end, we used a
biomimetic system, comprising small unilamellar vesicles
(SUVs) made of DOPC, which mimics the plasma membrane.
To detect changes in vesicle ﬂuidity resulting from the
treatment with the peptides, we used electron spin resonance
(ESR). To facilitate the use of this technique, two spin probes,
N-tempoyl palmitamide (N-TEMPO) and 10-doxyl nonadecane, were embedded into the DOPC for detecting
changes in the membrane surface and within the interior of
the membrane, respectively. These two spin probes are
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Figure 3. Circular dichroism (CD) spectra of Aβ42 in the absence or presence of Aβ42DM and DOPC or CL/DOPC vesicles. CD spectra of Aβ42
(40 μM), Aβ42DM (40 μM), or a mixture of Aβ42 (40 μM) with Aβ42DM (620 nM) were obtained at a wavelength of 185−260 nm using a quartz
cuvette with a path length of 1 mm. Samples were analyzed before incubation (red line) or after 24 h of incubation (blue line) with DOPC or CL/
DOPC vesicles in 10 mM sodium phosphate buﬀer.

largely unstructured at time zero, but at 24 h it aggregates to
exhibit a typical secondary structure with a predominant βsheet content (Figure 3A and ref 37). However, a signiﬁcantly
diﬀerent secondary structure, with a much lower β-sheet
fraction, was obtained when Aβ42 was incubated for 24 h with
DOPC vesicles (Figure 3D). In contrast, Aβ42DM(40 μM) did
not undergo any structural changes in the presence of vesicles
(compared to without vesicles), and a largely random coil
secondary structure was maintained (Figure 3B and E).
Importantly, a 24 h incubation of Aβ42 (40 μM) with
Aβ42DM (620 nM) led to an altered Aβ42 structure, with a
reduced β-sheet content, which did not change upon the
addition of the vesicles (Figure 3C and F). Similarly, Aβ42
exhibited a diﬀerent secondary structure, with a lower β-sheet
fraction, when aggregated in the presence of CL/DOPC
vesicles (mimicking the mitochondrial membrane) as
compared to Aβ42 aggregated in the absence vesicles (Figure
3A and G). This result diﬀered from the ﬁndings for Aβ42DM
or Aβ42 plus Aβ42DM, which showed no structural changes in
the presence of the vesicles (Figure 3B, H, C, and I). In
summary, we found that, in the presence of DOPC or CL/
DOPC vesicles, Aβ42 underwent structural changes, while
Aβ42DM did not. Moreover, when Aβ42 was incubated with
Aβ42DM in the presence of either DOPC or CL/DOPC
vesicles, Aβ42 did not undergo structural changes, as opposed
to Aβ42 which aggregated in the absence of Aβ42DM.
Aβ42DM Reduces the Elevated Intracellular Calcium
Levels Mediated by Aβ42. Three lines of investigation

In summary, taking together our previous results showing an
approximately 50% decrease in the internalization of Aβ42 into
cells in the presence of Aβ42DM37 and our current results
demonstrating the protective eﬀect of Aβ42DM on Aβ42mediated disruption of the surface ﬂuidity of the DOPC
biomimetic plasma membrane, we conclude that the reduction
in the cell penetration ability of Aβ42 in the presence of
Aβ42DM is the result of Aβ42DM inhibition of the interaction of
Aβ42 with the outer layer of the phospholipid plasma
membrane. In addition, our current results showing the
protective eﬀect of Aβ42DM against Aβ42-mediated disruption
of the ﬂuidity of phospholipid vesicles mimicking the inner
mitochondrial membrane suggest that the induction by Aβ42
of the mitochondrial-mediated cytotoxic eﬀect is the result of
the interaction of Aβ42 with the CL/DOPC phospholipids and
that inhibiting this interaction (as detailed in the following
sections) could result in a reduction of Aβ42 toxicity.
Aβ42DM Inhibits Aβ42 Conformational Changes
Mediated by DOPC and CL/DOPC Vesicles. As we showed
that Aβ42 increased the ﬂuidity of DOPC and CL/DOPC
vesicles, while Aβ42DM alone or Aβ42 in the presence of
Aβ42DM did not aﬀect vesicle ﬂuidity, we aimed to complement this result by examining ﬁrst how the structures of Aβ42,
Aβ42DM, and a combination of Aβ42 and Aβ42DM change
upon interaction with DOPC vesicles. Structural changes in
the peptides were monitored by circular dichroism (CD) in the
presence or absence of DOPC SUVs. Our starting point was
previous study showing that in buﬀer alone Aβ42 (40 μM) is
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https://dx.doi.org/10.1021/acschemneuro.9b00638
ACS Chem. Neurosci. 2020, 11, 1027−1037

ACS Chemical Neuroscience

pubs.acs.org/chemneuro

Research Article

intracellular calcium levels lead to mitochondrial dysfunction
and later to apoptosis,24 the next stage of the study involved an
exploration of the speciﬁc eﬀect of Aβ42DM on Aβ42-mediated
mitochondrial damage. To this end, we used mitochondrial
membrane potential, an established marker for mitochondrial
activity,41 as a measure of Aβ42-mediated mitochondrial
damage in the absence and presence of Aβ42DM in SH-SY5Y
cells. We showed that, upon exposure of the cells to preformed
Aβ42 aggregates, the mitochondrial membrane potential was
signiﬁcantly reduced relative to that in the untreated control
cells (Figure 5A). Treatment with Aβ42DM did not aﬀect the
mitochondrial membrane potential, and, importantly, for cells
exposed to Aβ42 aggregates formed in the presence of
Aβ42DM, there was a complete suppression of the Aβ42mediated mitochondrial damage (Figure 5A). This ﬁnding is in
agreement with our results showing elevated intracellular
calcium levels in the presence of Aβ42 and the inhibitory eﬀect
of Aβ42DM on intracellular calcium accumulation.
Aβ42-Mediated Damage in Isolated Mitochondrial
Particles. The next step was to test whether Aβ42DM can
protect against disruption of mitochondrial respiration by
Aβ42, as previously shown in isolated mitochondria.45 To this
end, we isolated mitochondria from SH-SY5Y cells and formed
inside-out oriented SMPs in which the inner-mitochondrial
membrane is exposed to the medium, thereby enabling us to
monitor the activity of COX, an established respirometry
method to monitor enzyme activity. Since COX plays a crucial
role in mitochondrial activity and is known to exhibit reduced
activity in AD patients,46 it can serve as an appropriate measure
of the protective eﬀects of Aβ42DM against direct Aβ42
mitochondrial damage. Thus, we evaluated the changes in
COX activity in the SMPs in the presence of Aβ42, Aβ42DM, or
a mixture of Aβ42 and Aβ42DM. We showed that, following 24
h of incubation of SMPs with Aβ42, COX activity was
signiﬁcantly reduced, as expected,45 relative to that for
nontreated SMPs (Figure 5B). Aβ42DM alone did not aﬀect
COX activity, and, more importantly, when Aβ42DM and Aβ42
were incubated together, the Aβ42-mediated reduction in
COX activity was signiﬁcantly reduced (Figure 5B). These
ﬁndings indicate that Aβ42DM can protect the mitochondria
from direct Aβ42-mediated damage and further highlight the
potential of Aβ42DM to serve as a potent Aβ42 inhibitor
protecting neuronal cells from Aβ42 toxicity.
Aβ42DM Protects SH-SY5Y Cells from Aβ42-Induced
Apoptosis. The ﬁnal step was to test whether Aβ42DM can
protect SH-SY5Y cells from the Aβ42-induced apoptosis
previously shown to result from an Aβ42-dependent increase
in intracellular calcium levels and mitochondrial damage.18,19,22−24,42−44 To this end, we followed the rate of
apoptosis by FACS with an annexin-V/live/dead kit and
showed that upon treatment with preformed Aβ42 aggregates
∼34.5% of the cells were apoptotic and 12% were dead,
compared to 1.6% apoptotic cells and 3.28% dead cells in
control untreated cells (Figure 6). The results for Aβ42DM
treatment were 15% apoptotic cells and 1.2% dead cells
(Figure 6), values that were signiﬁcantly lower than those for
Aβ42-treated cells. When Aβ42 was allowed to aggregate in the
presence of Aβ42DM at diﬀerent molar ratios (10 μM Aβ42
with 32 or 120 nM Aβ42DM), Aβ42DM completely suppressed
Aβ42-mediated toxicity in a dose-dependent manner (Figure
6).

guided this part of the study: (1) studies showing that Aβ42mediated elevation of intracellular calcium levels in neuronal
cells constitutes a key factor in Aβ42-induced cell toxicity,
leading to neurodegeneration;42−44 (2) previous work
suggesting that elevated intracellular calcium levels may result
from Aβ42 incorporation into the plasma membrane with the
consequent perturbation of membrane integrity, eventually
leading to a disruption of calcium inﬂux and homeostasis;44
and (3) our previous observations that Aβ42DM inhibits Aβ42
toxicity in SH-SY5Y cells37 and that Aβ42DM signiﬁcantly
reduces the plasma membrane destabilization conferred by the
interactions of Aβ42 with DOPC. In the current study, we
therefore determined intracellular calcium levels in SH-SY5Y
cells treated with Aβ42, Aβ42DM, or with a combination of
Aβ42 and Aβ42DM so as to examine whether the ability of
Aβ42DM to prevent Aβ42 from permeating and destabilizing
the plasma membrane would lead to inhibition of elevated
intracellular calcium levels. We showed that upon exposure of
the cells to preformed Aβ42 aggregates (10 μM), intracellular
calcium levels were signiﬁcantly elevated compared to the
levels in untreated control cells (Figure 4). However, when the

Figure 4. Aβ42DM suppresses the Aβ42-mediated elevation in
intracellular calcium levels in SH-SY5Y cells. The cells were incubated
with Aβ42DM (10 μM) alone or with preformed Aβ42 aggregates in
the presence or absence of Aβ42DM (at molar ratios of 1:625 or 1:156
of Aβ42DM/Aβ42) for 48 h, followed by determination of calcium
levels using a direct calcium assay (Fluo-4 direct assay kit). Statistical
analysis (n = 3) was performed with an unpaired Student’s t test. *P <
0.05; **P < 0.01; ***P < 0.001. Error bars indicate the standard error
of independent experiments performed in triplicate.

cells were treated with Aβ42 aggregates (10 μM) formed in the
presence of Aβ42DM (16 or 64 nM), the Aβ42-mediated
intracellular calcium elevation was signiﬁcantly suppressed
(back to background levels) in a dose-dependent manner
(Figure 4). Aβ42DM (10 μM) alone also caused a minor
increase in the intracellular calcium levels, but to a much
smaller extent than that for Aβ42 (Figure 4). These may be
explained by the fact that Aβ42DM aggregates at high
concentrations, although the structure of these aggregates is
diﬀerent from that of the Aβ42 aggregates. Although Aβ42DM
aggregates may be somewhat toxic, their toxicity is expected to
be lower than that of Aβ42 due to the diﬀerent structures of
the two peptides.
Aβ42DM Suppresses Aβ42-Mediated Mitochondrial
Membrane Potential Depolarization. Since increased
1031

https://dx.doi.org/10.1021/acschemneuro.9b00638
ACS Chem. Neurosci. 2020, 11, 1027−1037

ACS Chemical Neuroscience

pubs.acs.org/chemneuro

Research Article

Figure 5. (A) Aβ42DM suppresses the mitochondrial membrane potential depolarization mediated by Aβ42 in SH-SY5Y cells. Cells were incubated
with 15 μM Aβ42 aggregates in the presence and absence of Aβ42DM at molar ratio of 1:234 and 1:156 Aβ42DM/Aβ42 for 24 h, after which the
TMRE mitochondrial membrane potential assay was performed. Carbonyl cyanide-p-triﬂuoromethoxyphenylhydrazone (FCCP) served as the
control for depolarization of the mitochondrial membrane potential. The Y axis represents the mitochondrial membrane potential (ΔΨm). (B)
Aβ42DM inhibits damage to COX mediated by Aβ42. SMPs were treated with Aβ42 (20 μM), Aβ42DM (20 μM or 120 nM), or a combination of
Aβ42 (20 μM) and Aβ42DM (120 nM). COX absorbance at 550 nm was measured at t = 0 (A) and after 24 h of incubation (B), in the presence of
a ferrocytochrome c solution (0.22 mM). Statistical analysis (n = 3) was performed with an unpaired Student’s t test. *P < 0.05; **P < 0.01; ***P
< 0.001. Error bars indicate the standard error of independent experiments performed in triplicate.

Figure 6. Aβ42DM protects SH-SY5Y cells from Aβ42-induced apoptosis. SH-SY5Y cells were incubated with 10 μM Aβ42 aggregates in the
presence or absence of Aβ42DM at molar ratios of 1:312 or 1:625 (Aβ42DM/Aβ42) for 48 h. Apoptosis was analyzed by annexin-V staining using
FACS. SYTOX Green staining was used to detect dead cells; untreated cells served as a negative control. The values in each quarter (gate)
represent the fraction of cells (in percentages) out of the total population.

■

DISCUSSION

nontoxic Aβ42 double mutant (Aβ42DM) that interferes with
the formation of the Aβ42 peptide−lipid structures. This
double mutant attenuates Aβ42 toxicity,37 likely because it
remains mostly attached to the membrane in a nonaggregated
form,36 as compared with Aβ42 assemblies, which penetrate
through the membrane into the cytosol. Notably, a small
fraction of Aβ42DM molecules do penetrate into the cytosol;
since Aβ42DM is highly active even at low Aβ42DM:Aβ42 molar
ratios, this small fraction may be suﬃcient to exert the
protective eﬀects of Aβ42DM.37
Previous studies have shown that the aggregation of Aβ42
promotes a conformation that, unlike the conformation of
Aβ42 monomers, and despite the comparable binding aﬃnity

Both the aggregation of Aβ42 and the consequent neuronal cell
toxicity have been previously shown to be associated with
perturbation of the plasma and mitochondrial membranes, on
which Aβ42 peptides self-assemble into peptide−lipid
structures.14−17,20 Numerous mechanisms have been proposed
to explain the toxicity of these structures; in particular, it has
been posited that they destabilize the membranes, which
dysregulates intracellular calcium homeostasis, disrupts the
enzymatic activities of mitochondrial respiratory chain
complexes III and IV, and induces apoptosis.40,42−44 To
explore these possibilities, we used a nonaggregating,36
1032
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cellular damage; and (ii) penetrate (in small portions) into the
cell and reduce the aggregation and toxicity of intracellular
Aβ42, including both the Aβ42 peptides that were internalized
by reuptake and those produced within the cell.
To conclude, this study provides a mechanistic demonstration, at the levels of artiﬁcial membranes, isolated
mitochondria, and intact cells, for the mechanism of inhibition
of Aβ42 toxicity by Aβ42DM. We demonstrate that Aβ42DM
binds to Aβ42 aggregates and alters their aggregation pathway
into “oﬀ-pathway” oligomers. Unlike the well-organized native
Aβ42 aggregates and ﬁbrils, these “oﬀ-pathway” oligomers
exhibit an amorphous structure and, similar to Aβ42DM, fewer
interactions with membrane phospholipids. Ultimately,
Aβ42DM protects the cell against Aβ42-mediated apoptosis
by reducing its ability to disrupt the plasma and mitochondrial
membranes, penetrate into the cells, and induce mitochondrial
damage and intracellular calcium accumulation. Our ﬁndings
thus highlight the potential of Aβ42DM to serve as an eﬃcient
inhibitor of Aβ42-mediated apoptosis and, therefore, as a
potential leading compound for the treatment of AD. An in
vivo study to validate our ﬁndings is, therefore, called for.

of the two conformations to plasma membranes, facilitates the
permeation and destabilization of plasma membrane phospholipids.25,26 Our results corroborate with these ﬁndings and
suggest that, whereas Aβ42 increases membrane ﬂuidity,26
Aβ42DM ameliorates this eﬀect. This ﬁnding can explain the
ability of Aβ42DM to inhibit the aggregation of Aβ42 and the
formation the Aβ42−lipid structures that increase membrane
ﬂuidity. It is noteworthy that Aβ42 increased membrane
ﬂuidity more in DOPC vesicles than for CL/DOPC vesicles,
an unexpected ﬁnding because CL is generally known to
increase membrane ﬂuidity;47 a likely explanation is that the
inherently high ﬂuidity of the CL/DOPC vesicles has masked
the eﬀect of Aβ42. In addition, we found that, in the absence of
lipid vesicles, the interaction between Aβ42 and Aβ42DM alters
the structure, and, subsequently, the aggregation pattern, of
Aβ42 to form nontoxic “oﬀ-pathway” oligomers with reduced
internalization capabilities.37 As the structure of Aβ42 does not
change when it is coincubated with Aβ42DM in the presence of
lipid vesicles, we postulate that the lipids stabilize these “oﬀpathway” oligomers, and it would be very interesting to
elucidate the mechanism underlying this phenomenon through
high-resolution (X-ray, NMR) structural analyses. One
particularly insightful possibility is a change in the number of
solvent-exposed hydrophobic sites, which are key determinants
of amyloid toxicity and are important for the interactions with
membranes.48,49
We also show that Aβ42 reduces COX activity in isolated
mitochondriaa ﬁnding that is in agreement with a previous
study, which showed that stably overexpressing Aβ in SHSY5Y cells reduces respiration in the mitochondrial complex
IV (in which COX is located) but not in complexes I and II.45
Importantly, however, we also show that Aβ42DM signiﬁcantly
reduces this Aβ42-induced damage. A similar eﬀect was
observed in intact cells, where treatment with Aβ42 aggregates
increased intracellular calcium levels (indeed, membrane
disruption by Aβ42 aggregates is known to dysregulate the
inﬂux of calcium ions50), while Aβ42DM protected against this
damage. Several Aβ42 aggregation inhibitors, such as the
mutated recombinant human glucagon-like peptide-1 (mGLP1) and curcumin, have been previously shown to reduce the
Aβ42-induced increase in intracellular calcium.50,51 Thus, the
toxicity of Aβ42 appears to be strongly correlated with its
ability to aggregate, an ability that is signiﬁcantly reduced in
the presence of Aβ42DM, which does not aggregate at low to
medium concentrations. At high concentrations, however,
Aβ42DM somewhat increases both the intracellular calcium
levels and apoptosis, suggesting that it aggregates to some
extent. However, the structure of Aβ42DM aggregates is
diﬀerent and less toxic from those of Aβ42 aggregates and
adding Aβ42DM as an inhibitor to Aβ42 does not increase
intracellular calcium levels or induces apoptosis. As demonstrated in Oren et al.,37 Aβ42DM does not reverse Aβ42
aggregation after the formation of the Aβ42 oligomers,
indicating that Aβ42DM does not act as a classical competitor.
Nevertheless, the inhibitory eﬀect of Aβ42DM does not require
that the two peptides are preincubated, suggesting that this
inhibition is due to the formation of heteroaggregates, rather
than competition.
Considering the ﬁndings of this study in light of our previous
ﬁndings,37 we believe that the protective mechanism of
Aβ42DM derives from its ability to (i) change the extracellular
Aβ42 aggregation pathway and reduce its internalization
ability, plasma membrane disruption, and downstream intra-
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MATERIALS AND METHODS

Synthetic Peptides. Aβ42 and Aβ42 labeled with HyLight 488
via the N-terminus (Aβ42−488) were purchased from Anaspec
(Fremont, CA). Aβ42 bearing the two mutations, F19S and L34P
(Aβ42DM), was synthesized by and purchased from GL-Biochem
(Shanghai, China). Aβ42DM-DyLight 488 was generated by free amine
labeling of Aβ42DM with DyLight-488 NHS-Ester by using the
manufacturer’s protocol (Thermo-Fisher, Waltham, MA), and the
protein was detected by ﬂuorescent gel (Figure S5A) and Western
blot (WB) analysis (Figure S5B) (details describing the WB and
ﬂuorescent assays are presented in the Supporting Information). All
peptides were dissolved in 10 mM NaOH, aliquoted, and frozen.
Peptide concentrations were determined by using a Nanodrop
spectrophotometer (extinction coeﬃcient factor 1490 M−1 cm−1)
(DeNovix, Wilmington, DC). Peptides were allowed to aggregate in
20 mM sodium phosphate buﬀer, pH 7.4, 0.15 M NaCl at 37 °C with
250 rpm continuous orbital shaking.
Cell Culture. The SH-SY5Y neuroblastoma cell line was a
generous gift from Prof. Varda Shoshan-Barmatz (BGU). SH-SY5Y
cells were grown at 37 °C and 5% CO2 in Dulbecco’s modiﬁed Eagle’s
medium (DMEM) supplemented with 10% tetracycline-free fetal
bovine serum (FBS), L-glutamine (2 mM), and penicillin (100 units/
mL)/streptomycin (0.1 mg/mL) (Gibco, Israel).
Confocal Microscopy. SH-SY5Y cells were grown on 1 cm
microslides (ibidi, Gräfelﬁng, Germany). For monitoring Aβ42-488 or
Aβ42DM-488 localization in cells, SH-SY5Y cells were incubated with
500 nM preformed Aβ42-488 or Aβ42DM-488 peptide aggregates.
Following 18 h of incubation of the cells with the soluble peptides,
images of live cells were taken using an Olympus FV1000 confocal
microscope with a long-working distance ×60/1.35 numerical
aperture oiled-immersion objective [The National Institute for
Biotechnology in the Negev (NIBN), BGU]. Nuclear staining was
performed with Hoechst dye (Thermo-Fisher, Israel), diluted 1:200,
and membrane staining was performed with FM 4-64 dye at a ﬁnal
concentration of 10 μg/mL (Thermo-Fisher, Waltham, MA).
For lysosomes staining, cells were transfected with 500 ng of
Lamp1-GFP gene using Jetoptimus transfection reagent (Polyplus,
Illkrich, France) according to the manufacturer’s protocol. Later, cells
were incubated with 500 nM of Aβ42DM for 18 h, ﬁxed and
permeabilized using 4% paraformaldehyde (Thermo-Fisher) and 0.1%
Triton (Bio-Lab, Israel), and incubated for 18 h with anti-Aβ42
antibodies (Abcam, Cambridge, MA) diluted 1:200 in PBS followed
with incubation anti-Mouse Alexa ﬂour 546 conjugated antibody
(Thermo-Fisher) and analyzed in confocal microscopy.
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FCCP (20 μM) served as the positive control for depolarization of the
mitochondrial membrane potential.
Isolation of Mitochondria. For isolation of mitochondria, SHSY5Y cells were harvested at 75−80% conﬂuence. A mass of 1 g of
pelleted cells was rinsed with 10 mL of hypotonic solution (100 mM
sucrose, 10 mM MOPS, pH 7.2, 1 mM EGTA) to enable the cells to
swell, followed by an incubation of the cells for 10 min on ice
according to Panov et al.53 Thereafter, 2 mL portions of the
suspension were homogenized in a Teﬂon glass homogenizer (SigmaAldrich) with gentle circular strokes. The cell suspension was diluted
with hypertonic solution (1.25 M sucrose, 10 mM MOPS, pH 7.2) at
a ratio of 1 mL of the hypertonic solution to 10 mL of cell suspension
so as to restore solution isotonicity. Each cell aliquot was then diluted
with six volumes of isolation buﬀer (75 mM mannitol, 225 mM
sucrose, 10 mM MOPS, pH 7.2, 1 mM EGTA, 0.1% fatty acid free
BSA). Cellular detritus was precipitated at 2000 rpm for 5 min at 4
°C. The supernatant containing the mitochondria was further
centrifuged at 14,000 rpm for 25 min at 4 °C. The crude
mitochondrial pellet was rinsed by centrifugation using the same
conditions (14,000 rpm, 4 °C for 25 min) in 15 mL of MiR06 buﬀer
(110 mM sucrose, 60 mM K-lactobionate, 20 mM HEPES, pH 7.2, 1
mM KH2PO4, 3 mM MgCl2·6H2O, 0.5 mM EGTA, 20 mM taurine,
0.1% fatty acid free BSA).54 The ﬁnal pellet was resuspended in 100
μL of MiR06 by vortexing and stored at −80 °C until use.
Preparation of Submitochondrial Particles. A detailed
protocol for the preparation of SMPs is described elsewhere.55 In
brief, isolated mitochondria extracted from 1 g of pelleted SH-SY5Y
cells was diluted to 2 mL in sonication buﬀer (250 mM sucrose, 10
mM Tris HCl, 1 mM EDTA, pH 7.0). To form inside-out oriented
SMPs (in which the inner mitochondrial membrane faces out to the
solution), the suspension of mitochondria was probe sonicated for 30
s at 4 °C using 20% amplitude and 6 s on/oﬀ sonication cycles. The
molar concentration of SMPs was determined by using a NanoSight
NS300 instrument (Malvern Panalytical), with 1 mM DOPC vesicles
being used as the calibration standard. The inversion of the inner
mitochondrial membrane in SMPs (in such a way that COX is
exposed to the environment) was veriﬁed by the COX assay described
below (Figure S6).
Cytochrome c Oxidase Assay. Cytochrome c (equine heart), DLdithiothreitol (DTT), and sodium phosphate monobasic monohydrate and dibasic heptahydrate were obtained from Sigma-Aldrich
(Milwaukee, WI). COX activity was determined by monitoring the
decrease in absorbance at 550 nm of a chemically reduced
ferrocytochrome c solution in the presence of SMPs. Ferrocytochrome c substrate solution (0.22 mM) was prepared by addition of
0.1 M DTT to 2.7 mg/1 mL of cytochrome c dissolved in puriﬁed
water. We performed series of measurements of COX activity in the
presence of gradually increasing doses of SH-SY5Y SMPs. Figure S4
shows the correlation between SMP concentrations and elevated
values of COX activity, which conﬁrms the inversion of the inner
mitochondrial membrane within the SMPs. COX is located on the
SMP membrane and is exposed to the medium and is therefore
available to oxidize the ferrocytochrome c substrate. Measurements
performed in the presence of Triton-X served as a negative control
due to the complete destabilization of membrane and COX
inactivation. Samples of SH-SY5Y SMPs (0.1 mM ﬁnal concentration) were mixed with Aβ42 (20 μM), Aβ42DM (20 μM) or a
mixture of Aβ42/Aβ42DM (20 μM/120 nM), and each sample was
supplemented with 950 μL of assay buﬀer (10 mM Tris HCl, 120 mM
KCl, pH 7.0). Enzyme buﬀer (10 mM Tris HCl, 250 mM sucrose pH
7.0) was then added to make the total reaction volume up to 1.1 mL.
Finally, 50 μL of ferrocytochrome c substrate were added to each
mixture, and COX activity was determined (in triplicate) in 200 μL
samples in 96-well plates at time 0 and after incubation for 24 h at 37
°C. The kinetic changes of absorbance were measured for 10 min, at
20 s intervals at 25 °C on a BioTek Synergy 4 microplate reader
(Winooski, VT). The activity of COX (units/mL) was calculated
according to eq 2:

Preparation of Small Unilamellar Vesicles (SUVs). CL
(bovine heart) sodium salt, DOPC, N-TEMPO, and 10-doxyl
nonadecane were purchased from Avanti Polar Lipids Inc. (Alabaster,
AL). Lipid components [DOPC or CL/DOPC (10:90)] were
dissolved in a mixture of chloroform/ethanol (1:1) and dried under
vacuum to constant weight, followed by addition of phosphate buﬀer
(pH 7.4). For each experiment, vesicles were freshly prepared by
probe-sonication of the phospholipid suspension for 10 min at room
temperature, with 20% amplitude and on/oﬀ 59 s cycles according to
a previously published protocol.52 For all experiments, the ﬁnal total
concentration of lipids was 1 mM, except for the ESR experiment, in
which the ﬁnal lipid concentration was 10 mM.
Electron Spin Resonance. Samples for ESR experiments were
prepared using N-TEMPO and 10-doxyl nonadecane as the spin
probes. The spin-probes were added to the vesicles (10 mM) in a
molar ratio of 500:1 (phospholipid/spin probe), followed by
incubation of 20 min at 25 °C. Samples of Aβ42 (20 μM), Aβ42DM
(20 μM), or an Aβ42/Aβ42DM (20 μM/120 nM) mixture were mixed
with 10 mM DOPC or CL/DOPC (10:90 molar ratio) vesicles,
incubated together for 18 h, and placed in glass capillary, 20 mm long
and 1 mm ID. ESR spectra were recorded in triplicate using an EPRmini X-band spectrometer (Spin Ltd., Russia) at room temperature.
The modulation 20 G, time constant 0.01, and microwave power level
were chosen at subcritical values of 20 mW so as to provide the best
signal-to-noise ratio. Rotational correlation time (τc) values were
calculated from the ESR spectra. Equation 1 was used to determine τc:
ij I
yz
j (+1)
z
τc = 6.6 × 10−10 × ΔH(+1)jjj
− 1zzz (s)
jj I(−1)
zz
k
{
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(1)
−10

where τc is the rotational correlation time; 6.6 × 10 is a constant
pertinent to the nitroxide spin label; ΔH(+1) is the low ﬁeld line width;
I(+1) is the low ﬁeld line height, and I(−1) is the highest ﬁeld line
height.
Circular Dichroism. CD spectra were recorded on a Jasco J715
spectropolarimeter over a range of 185−260 nm using a quartz
cuvette with a path length of 1 mm, a scanning speed of 50 nm/min,
and a data interval of 0.5 nm, at 25 °C. Aβ42, Aβ42DM (40 μM), or a
mixture of Aβ42 (40 μM) with Aβ42DM (620 nM) was analyzed in
the absence or presence of DOPC or CL/DOPC (10:90 CL to
DOPC molar ratio) vesicles in 10 mM sodium phosphate buﬀer, pH
7.4, 0.15 M NaCl. Each sample was scanned four times at 0 and 24 h
post incubation. Scans were averaged to obtain smooth data and
background corrected with respect to protein-free buﬀer.
Intracellular Calcium Assay. For measuring intracellular calcium
levels, 1 × 104 SH-SY5Y cells per well were seeded in black-clear
bottomed 96-well plates. Aβ42 (10 μM) peptide was incubated at 37
°C for 18 h in the absence or presence of Aβ42DM at Aβ42DM/Aβ42
molar ratios of 1:625 or 1:156. Cells were then treated with the
preincubated samples for 48 h. The cells were subjected to an
intracellular calcium assay using the Flou-4 Direct Calcium Assay kit
(Thermo-Fisher), according to the manufacturer’s protocol, which
facilitates measurement of the increase in ﬂuorescence relative to a
nontreated control as result of increase in the intracellular calcium
levels. Changes of ﬂuorescence emission were measured by using a
Synergy2 microplate spectrophotometer (BioTek, Winooski, VT)
with ﬂuorescence excitation and emission wavelengths of 494 and 516
nm, respectively.
Mitochondrial Membrane Potential Assay. For measuring
mitochondrial membrane potential depolarization, 1 × 104 SH-SY5Y
cells per well were seeded in black clear-bottomed 96-well plates.
Aβ42 (15 μM) peptide was incubated at 37 °C for 18 h in the absence
or presence of Aβ42DM at Aβ42DM/Aβ42 molar ratios of 1:234 or
1:156. Cells were then treated with the preincubated samples for 24 h.
Cells were then analyzed with the TMRE mitochondrial membrane
potential assay kit (Abcam, Cambridge, MA) according to the
manufacturer’s protocol, which facilitates measurement of the
reduction in ﬂuorescence relative to untreated control using a
Synergy2 microplate spectrophotometer (BioTek) with ﬂuorescence
excitation and emission wavelengths of 549 and 575 nm, respectively.
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where ΔA s−1 is the reaction rate of a sample subtracted from the
blank, 1 unit = 1.0 μmole of ferrocytochrome c oxidized per second at
pH 7.0, 25 °C; dil is the dilution factor of the ferrocytochrome c
solution; V(t) is the total reaction volume; V(s) is the volume of
ferrocytochrome c substrate added to initiate oxidation; and 21.84 is
the diﬀerence in the extinction coeﬃcients of ferrocytochrome c and
ferricytochrome c at 550 nm.56
Detection of Apoptosis by Using Flow Cytometry. For
measuring the concentration of apoptotic cells, 1 × 105 SH-SY5Y cells
per well were seeded in 24-well plates. A concentration of 10 μM
Aβ42 in the absence or presence of 32 or 64 nM Aβ42DM was
incubated for 18 h. Cells were then treated with the preincubated
samples for 48 h. Thereafter, the cells were harvested, resuspended in
phosphate-buﬀered saline (PBS), and analyzed by using a Beckman
Gallios FACS instrument (Indianapolis, IN) for annexin-Vallophycocyanin (APC) and SYTOX Green staining using an
annexin-V-APC/dead cells apoptosis kit (Invitrogen, Carlsbad, CA)
according to the manufacturer’s protocol. Untreated SH-SY5Y cells
served as the negative control.
Statistical Analysis. Statistical analysis (n = 3) for the above
assays was performed with the unpaired Student’s t test, *P < 0.05;
**P < 0.01; ***P < 0.001. Error bars indicate the standard error of
independent experiments performed in triplicate.
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