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ABSTRACT: Aggregation of the β-Amyloid (Aβ) peptide in brain
tissues is the hallmark of Alzheimer’s disease (AD). While Aβ is
presumed to be insidiously involved in the disease’s pathophysiology, concrete mechanisms accounting for the role of Aβ in AD
are yet to be deciphered. While Aβ has been primarily identiﬁed in
the extracellular space, the peptide also accumulates in cellular
compartments such as mitochondria and lysosomes and impairs
cellular functions. Here, we show that prominent proapoptotic
peptides associated with the mitochondrial outer membrane, the
Bcl-2-homology-only peptides BID, PUMA, and NOXA, exert
signiﬁcant and divergent eﬀects upon aggregation, cytotoxicity, and
membrane interactions of Aβ42, the main Aβ homolog.
Interestingly, we show that BID and PUMA accelerated
aggregation of Aβ42, reduced Aβ42-induced toxicity and mitochondrial disfunction, and inhibited Aβ42-membrane interactions.
In contrast, NOXA exhibited opposite eﬀects, reducing Aβ42 ﬁbril formation, aﬀecting more pronounced apoptotic eﬀects and
mitochondrial disfunction, and enhancing membrane interactions of Aβ42. The eﬀects of BID, PUMA, and NOXA upon the Aβ42
structure and toxicity may be linked to its biological properties and aﬀect pathophysiological features of AD.
KEYWORDS: Alzheimer’s disease (AD), amyloid β (Aβ), Bcl-2 homology 3 (BH3) peptides, apoptosis, mitochondrial membranes
cristae and in the inner mitochondrial membrane.18 Indeed,
mitochondrial dysfunction has been related to the pathological
features of AD.19
The B-cell lymphoma 2 (Bcl-2) protein family plays a pivotal
role in apoptosis regulation. These proteins, comprising the
Bcl-2 homology (BH) domains, exhibit either proapoptotic or
antiapoptotic functions and regulate apoptosis through
intricate mechanisms.20 The proapoptotic Bcl-2 proteins are
further divided into two groups. The multiregion proteins Bax,
Bak, and Bok share the BH 1−4 domains and generally disrupt
mitochondrial membrane potential inducing leakage of
cytochrome C (Cyt-C).21 The second grouping, BH3-only
proteins which include BIM, BID, PUMA, BAD, and NOXA
are prominent initiators of apoptosis pathways originating in
the mitochondria.22,23 These proteins inhibit the activity of
antiapoptotic counterparts,24 induce mitochondrial outer
membrane permeabilization, and promote release of Cyt-C,

1. INTRODUCTION
β-Amyloid (Aβ) is produced through the proteolytic activities
of β-secretase and γ-secretase which cleave the amyloid
precursor protein (APP).1,2 Aggregation and accumulation of
Aβ in the brains of Alzheimer’s disease (AD) patients is a
hallmark of the disease and is believed to constitute a major
neurodegeneration determinant.3−5 In parallel, various strategies have been developed to inhibit or remove amyloid
deposits.6,7 However, the mechanism by which Aβ exerts its
putative cytotoxic eﬀects is still unknown. While Aβ ﬁbrils are
the predominant pathological observation associated with AD,
many studies have reported that Aβ oligomers and preﬁbrillar
species are the actual cytotoxic agents.8,9 Aβ oligomers have
been shown to disrupt cellular membranes, pointing to a
possible toxic pathway.10,11
While most studies have focused on extracellular Aβ, the
peptide has been also identiﬁed inside cells, speciﬁcally in
neuronal mitochondria of AD patients,12 and in animal
models.13,14 Intracellular accumulation of Aβ occurs through
two main pathways, speciﬁcally APP cleavage in the Golgi
network, endoplasmic reticulum, and mitochondrial membranes15,16 and insertion of Aβ through membrane pores and
other molecular uptake processes.17 Aβ has been shown to
translocate through the outer mitochondrial membrane
(OMM) and was consequently found within the mitochondrial
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implications of such interactions. Here, we investigate the
eﬀects of the proapoptotic BID, PUMA, and NOXA on the
structural and functional properties of Aβ42. Interestingly, we
discovered signiﬁcant, divergent eﬀects of the three peptides
upon the biological properties of Aβ42. While BID and PUMA
are shown to accelerate Aβ42 ﬁbrillation and reduce its
cytotoxicity, NOXA reinforced formation of toxic oligomeric
Aβ42 species. The presented results may reveal new
mechanisms accounting for the toxic eﬀects of the beta
amyloid peptide and AD pathophysiology in general.

overall contributing to activation of caspase cascades mediating
cell death pathways.25
BID, PUMA, and NOXA particularly are prominent
proapoptotic Bcl-2 proteins (Table 1). BID, a nonselective
Table 1. BH3 Peptides Motif Mapped on Key Proapoptotic
Bcl-2 Proteins
proapoptotic BH3-only motif
BID
PUMA
NOXA

82
137
21
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IIRNIARHLAQVGDSMDRSIPP
WAREIGAQLRRMADDLNAQYER
LEVECATQLRRFGDKLNFRQKL

2. RESULTS AND DISCUSSION
2.1. BID, PUMA, and NOXA Aﬀect Aβ42 Aggregation.
In this study, we investigate the impact of BID, PUMA, or
NOXA upon the biological activities of Aβ42. We initially
examined the eﬀects of the proapoptotic peptides upon Aβ42
aggregation in buﬀer (Figure 1A) and in the presence of lipid
vesicles mimicking the mitochondrial composition (Figure
1B). The thioﬂavin-T (ThT) ﬂuorescence curves in Figure 1A,
(i) attest to distinct, divergent impacts of the peptides upon
the kinetics of Aβ42 ﬁbrillation. ThT emission is widely
employed for monitoring amyloid ﬁbril formation.32 The ThT
ﬂuorescence curve recorded in the presence of Aβ42 alone
(Figure 1A,(i), gray curve) features a rapid emission increase
and a plateau attained within ∼4 h, reﬂecting the formation of
mature ﬁbrils.33 Interestingly, both BID (Figure 1A,(i), green
curve) and PUMA (Figure 1A,(i), black curve) enhanced the
ThT signals compared to Aβ42 alone, likely pointing to more

proapoptotic peptide, is localized in the cytoplasm close to the
OMM, binds Bax/Bak, and subsequently activates caspase-8,
which transforms BID into truncated BID leading to release of
Cyt-C.26 PUMA is also nonselective and mostly identiﬁed in
the OMM, activating Bax and Bak by blocking antiapoptotic
Bcl-2 proteins.27 NOXA is an endogenous inhibitor of the
antiapoptotic protein Mcl-1, thereby shifting cells toward
apoptosis.28
While the relationship between Aβ and mitochondrial
dysfunction is not known, several reports have indicated
elevated levels of Bcl-2 proteins in neuronal cells of AD
patients.29,30 A recent study provided intriguing evidence of
structural and functional interplay between the proapoptotic
BIM protein and Aβ42.31 That report furnished the ﬁrst
evidence of a putative “crosstalk” between a proapoptotic
peptide and Aβ42, pointing to possible physiological

Figure 1. Modulation of Aβ42 ﬁbrillation by BID, PUMA, and NOXA. (A) (i). Buﬀer measurements. (i) ThT ﬂuorescence curves of Aβ42,
recorded in buﬀer (gray curve) or in the presence of the peptides: BID (green), PUMA (black), and NOXA (red). Aβ42 concentration was 20 μM;
BH3-only peptide concentrations were 40 μM. (ii). Transmission electron microscopy (TEM) images of the samples for which the ThT curves
were recorded after 24 h incubation. (B) Vesicle solutions. (i) and (ii) depict ThT curves and TEM images recorded in the presence of lipid
vesicles comprising DOPC/CL (90:10). The ﬁnal vesicle concentration was 0.4 mM.
B
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Figure 2. Modulation of Aβ42 oligomerization. (A) A11 dot blot assay for assessing the abundance of Aβ42 preﬁbril aggregates and oligomeric
species. Top: Scanned image of the dot blots depicting Aβ42 alone or incubated with the BH3-only peptides for 4 h. Bottom: Dot intensities
quantiﬁed by ImageJ software. (B) Fourier transform infrared (FTIR) spectra of Aβ42 alone (gray spectrum) or mixed with BID (green), PUMA
(black), or NOXA (red). The arrows indicate the FTIR bands corresponding to β-sheets (1625 cm−1) and Aβ42 oligomers (1695 cm−1).

We further analyzed the secondary structure of Aβ42 in the
presence of the proapoptotic peptides by FTIR spectroscopy
(Figure 2B). The FTIR spectrum of Aβ42 alone displays a
prominent band at around 1625 cm−1 corresponding to βsheets in mature ﬁbrils (Figure 2B, gray).40 Incubation of Aβ42
with BID or PUMA (for 24 h) gave rise to a similar spectral
appearance, exhibiting a more intense peak at 1625 cm−1
(Figure 2B, green and black, respectively), likely reﬂecting the
enhanced Aβ42 ﬁbrillation induced by the two peptides (i.e.,
Figure 1A,B). Importantly, the FTIR spectrum of the Aβ42/
NOXA mixture features a broad peak around 1695 cm−1
(Figure 2B, red) attributed to oligomeric species,40,41
consistent with the abundance of NOXA-induced Aβ42
oligomers apparent in the A11 dot blot experiment (e.g.,
Figure 2A).
2.2. Eﬀects of BID, PUMA, and NOXA on Membrane
Interactions of Aβ42. Numerous studies have linked the
toxic properties of Aβ42 to its membrane interactions,
particularly of the oligomeric Aβ42 species.42,43 Accordingly,
we investigated the eﬀects of BID, PUMA, and NOXA upon
interactions of Aβ42 with biomimetic membrane bilayers
(Figure 3). In particular, because the proapoptotic peptides are
associated with the mitochondria we utilized vesicles
comprising DOPC and CLa negative lipid almost exclusively
localized in mitochondrial membranes.44 Figure 3A depicts the
diﬀusion correlation time (τc) calculated from electron spin
resonance (ESR) experiments carried out using CL/DOPC
small unilamellar vesicles (SUVs) further comprising an Ntempoyl palmitamide (N-TEMPO) radical spin probe (the
ESR spectra are presented in Figure 2,SI). Previous ESR
studies employing N-TEMPO/lipid vesicles have provided
useful information on the dynamic properties and ﬂuidity
within lipid bilayers’ head-group environments.45,46
Figure 3A indicates that the τc / τ0 ratio was signiﬁcantly
decreased upon incubation of the N-TEMPO/CL/DOPC
vesicles with Aβ42, ascribed to the disruption of lipid bilayers
by the peptide and concomitant increased ﬂuidity of the NTEMPO spin probe.45,46 Notably, all three proapoptotic
peptides modulated bilayer interactions when coincubated
with Aβ42 (Figure 3A). In particular, when BID and PUMA
were coadded to the lipid vesicles together with Aβ42, the
diﬀusion correlation times signiﬁcantly increased compared to
Aβ42 alone, yielding τc/ τ0 values that were close to the control
N-TEMPO/PC/CL vesicles (without addition of Aβ42). This
result is consistent with the inhibition of Aβ42 oligomer

pronounced Aβ42 aggregation upon incubation with the two
proapoptotic peptides (importantly, no ThT emission increase
was recorded when the proapoptotic peptides were incubated
alone in the buﬀer solutions, Figure 1,SI, indicating that
neither peptide underwent aggregation).
In contrast to BID and PUMA, NOXA gave rise to
signiﬁcant reduction of the ThT ﬂuorescence (Figure 1A, (i)
red curve) likely indicating inhibition of Aβ42 ﬁbril formation.
The TEM images in Figure 1A, (ii) further attest to the
divergent eﬀects of BID, PUMA, and NOXA upon Aβ42
aggregation. Consistent with the ThT data in Figure 1A, (i),
both BID and PUMA appeared to increase Aβ42 ﬁbril
abundance while NOXA inhibited ﬁbril formation (Figure
1A, (ii) ThT ﬂuorescence experiments (Figure 1B, (i) and
TEM (Figure 1B, (ii) carried out in the presence of lipid
vesicles comprising dioleyl-phosphatidylcholine (DOPC) and
cardiolipin (CL) designed to mimic the mitochondrial
membrane environment yielded qualitatively similar divergent
eﬀects of the proapoptotic peptides upon Aβ42 aggregation.
The diﬀerent ThT curve appearance and lower ﬂuorescence
emissions in the vesicle solutions (Figure 1B, (i) compared to
buﬀer (e.g., Figure 1A, (i) are attributed to chaperoning of the
Aβ42 peptides by free lipids in the aqueous phase,34,35 thereby
inhibiting protein−protein interactions and ﬁbril formation.36,37
While Aβ42 ﬁbrils are a major feature of AD, it has been
hypothesized that Aβ42 oligomers and protoﬁbrils constitute
major toxic species.38 Accordingly, we investigated the eﬀects
of the three proapoptotic peptides upon Aβ42 oligomer
formation (Figure 2). Figure 2A depicts application of the A11
dot blot antibody assay39 to assess the eﬀects of BID, PUMA,
and NOXA upon the relative abundance of Aβ42 oligomeric
species. We particularly examined whether the eﬀects of the
peptides upon Aβ42 ﬁbrillation (i.e., enhancement/inhibition,
Figure 1A,B) were correlated with Aβ42 oligomer assembly.
Indeed, the A11 results in Figure 2A attest to signiﬁcantly
lower concentrations of Aβ42 oligomers when Aβ42 was
incubated with BID or PUMA, likely accounting for the
accelerated formation of mature ﬁbrils (observed in the ThT
and TEM analyses, Figure 1A,B). Further echoing the
aggregation data in Figure 1A,B, higher concentration of
Aβ42 oligomers was recorded in the NOXA/Aβ42 mixture
(Figure 2A), consistent with inhibition of the Aβ42 ﬁbrillation
process induced by NOXA.
C
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The Aβ42/NOXA mixture, on the other hand, yielded
increased DPH anisotropy reﬂecting signiﬁcant penetration of
the abundant Aβ42 oligomers into the bilayer thereby
restricting lipid motion. This result is consistent with the
reduced mobility of the N-TEMPO spin probe displayed at the
bilayer surface (e.g., Figure 3A) as both measurements account
for the more pronounced bilayer interactions of the NOXAinduced Aβ42 oligomers. It should be noted that no signiﬁcant
changes in DPH ﬂuorescence anisotropy were observed when
BID, PUMA, or NOXA was added individually to the DPH/
CL/DOPC vesicles (Figure 3B).
Signiﬁcant membrane interactions and bilayer disruption are
considered major determinants of Aβ42 preﬁbrillar assemblies,49 and oligomer/lipid bilayer interactions have been
implicated in the cytotoxic features of Aβ42.50,51 Aβ has been
shown to interact with lipid membranes either through
insertion into the bilayer and formation of pore-like
structures52,53 or through binding and disruption of the bilayer
surface.54,55 The ESR and ﬂuorescence anisotropy data in
Figure 3, employing CL/phospholipid vesicles mimicking
mitochondrial membranes, attest to more pronounced bilayer
ﬂuidity induced by coaddition of NOXA and Aβ42, while the
opposite (bilayer rigidity) was observed when BID or PUMA
was coincubated with Aβ42 prior to addition of the lipid
vesicles. These results are consistent with the higher
abundance of Aβ42 oligomeric and preﬁbrillar species when
the peptide was incubated with NOXA, while the lower Aβ42
oligomer concentrations (going hand in hand with enhanced
ﬁbrillation) may account for the reduced membrane activity of
Aβ42 upon addition of BID or PUMA.
The divergent eﬀects of BID/PUMA versus NOXA on Aβ42
structural and functional properties are intriguing. These
diﬀerences may be traced to the observation that NOXA
exhibits selectivity toward its cellular protein targets, as
compared to BID and PUMA which are believed to be
nonselective in their interactions with their protein counterparts.56 Indeed, several studies indicated that the BH3 domain
in NOXA participates not only in binding and activation of
proapoptotic proteins is pertinent cascades but is also involved
in mitochondrial targeting and localization.57,58 The amino
acid sequence of NOXA may be further conducive to distinct
interactions with Aβ42 as the presence of domains comprising
alternating hydrophobic/hydrophilic residues within NOXA
(i.e., LEVE...TQLR...LNFR...) could promote binding to betasheet regions within Aβ42.59
2.3. BID, PUMA, and NOXA Modulate Biological
Activities of Aβ42. Beta amyloid aggregation, particularly
the formation of Aβ42 oligomeric species, has been widely
associated with neuronal toxicity and pathophysiological
phenomena in AD.60 Accordingly, we tested the eﬀects of
BID, PUMA, or NOXA upon Aβ42-induced cell death (Figure
4). Figure 4 depicts a SYTOX-annexin-V ﬂow cytometry live/
dead cell assay utilizing SH-SY5Y neuroblastoma cells. Aβ42
alone exhibited a signiﬁcant toxic eﬀect, giving rise to apoptosis
(23.5% of cells underwent early and late apoptosis vs 8.7% in
the case of control cells untreated with Aβ42; see the bar
diagram in Figure 4B). Importantly, incubating the SH-SY5Y
cells with Aβ42 and BID together or with the Aβ42/PUMA
mixture signiﬁcantly inhibited Aβ42-induced cell toxicity,
signiﬁcantly reducing the percentage of apoptotic cells (14.1
and 14.7% in the case of Aβ42/BID and Aβ42/PUMA,
respectively, Figure 4B). The reduced apoptotic eﬀects
recorded for Aβ42/BID and Aβ42/PUMA are consistent

Figure 3. Modulation of Aβ42-membrane interactions by BIS,
PUMA, or NOXA. (A) Changes in diﬀusion correlation time (τc)
ratios calculated from the ESR spectra recorded for N-TEMPO in
CL/DOPC (1:9) SUVs. All results are normalized according to the
measurements of CL/DOPC vesicles alone indicated by τ0. (B)
Fluorescence anisotropy recorded in diphenylhexatriene (DPH)doped CL/DOPC vesicles. Results are presented as means ± standard
error of the mean (SEM) using nine replicates. In both ESR and
anisotropy experiments, Aβ42 concentration was 20 μM and BH3only peptide concentrations were 40 μM.

formation (Figure 2). In contrast to the “membrane shielding”
eﬀect of BID and PUMA, Figure 3A reveals that coaddition of
NOXA and Aβ42 gave rise to short diﬀusion correlation time
(τc/τ0 = 0.3), a value that was even lower than the one induced
by Aβ42 alone (τc/τ0 = 0.6). The enhanced bilayer ﬂuidity
corroborates the recorded generation of higher abundance of
membrane-active Aβ42 oligomers by NOXA (e.g., Figure 2). It
should be noted that the proapoptotic peptides alone did not
induce experimentally signiﬁcant changes in bilayer ﬂuidity
(bars on the right in Figure 3A).
Fluorescence anisotropy experiments, presented in Figure
3B, further illuminate the eﬀects of BID, PUMA, or NOXA
upon membrane interactions of Aβ42. The bar diagram in
Figure 3B shows the ﬂuorescence anisotropy values of DPH
embedded within CL/DOPC vesicles (1:500 ratio) following
addition of Aβ42 or Aβ42/proapoptotic peptide mixtures.
Fluorescence anisotropy analyses of bilayer-embedded DPH
have been previously employed as a sensitive measure of lipid
ﬂuidity and the eﬀect of membrane-active molecules upon
bilayer dynamics.47 Figure 3B indicates that Aβ42 induced
higher ﬂuorescence anisotropy in the DPH/CL/DOPC
bilayers because of membrane interactions of the peptide
oligomers.31,48 In comparison, both the Aβ42/BID and Aβ42/
PUMA mixtures gave rise to lesser anisotropy increase
compared to Aβ42 alone, reﬂecting less pronounced
membrane interactions apparent also in the ESR analysis
(e.g., Figure 3A).
D
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Figure 4. Eﬀects of BID, PUMA, and NOXA upon Aβ42-induced cell apoptosis. SH-SY5Y cells were incubated with 15 μM Aβ42 in the presence
or absence of the peptides (30 μM) for 24 h. (A) SYTOX-annexin V ﬂuorescently activated cell sorting (FACS) data. The values in each quarter
(gate) represent the percentage of cells in healthy state (bottom left) necrotic (top left), early apoptotic (bottom right), and late apoptosis (top
right). (B) Percentage of early + late apoptotic cells determined in the FACS analysis. Data were collected in triplicate, depicting average ± SD.

Figure 5. Aβ42 eﬀects upon mitochondria functionalities with and without coaddition of BID, PUMA, or NOXA. (A) COX activity assay; SMPs
were treated with Aβ42 alone (15 μM), or Aβ42 (15 μM) together with BID, PUMA, or NOXA (all peptides at 30 μM). COX absorbance was
recorded at 550 nm in the presence of the ferrocytochrome c substrate (0.22 mM). Activity(0) corresponds to the enzyme activity in SMPs alone
while activity(i) corresponds to enzyme activity in SMPs mixed with the peptides. All results were normalized according to the control
measurement, that is, activity of COX in SMPs alone. (B) Intracellular calcium levels in SH-SY5Y cells. Cells were incubated with Aβ42 alone (15
μM) or Aβ42 together with BID, PUMA, or NOXA (all peptides at 30 μM) for 48 h. Calcium levels were determined using the Fluo-4 direct assay
(see the Experimental section). Intracellular calcium in untreated cells was used as the control.

with the accelerated Aβ42 ﬁbrillation and lower abundance of
the cytotoxic Aβ42 oligomers induced by the proapoptotic
peptides in the presence of lipid vesicles (Figure 1B).
Incubating the SH-SY5Y cells with a mixture of Aβ42 and
NOXA had a signiﬁcantly higher toxic eﬀect compared to
Aβ42/BID or Aβ42/PUMA, yielding apoptotic cell population
at around 22%, similar to Aβ42 alone (Figure 4B). This result
is consistent with the ﬁbrillation analysis in Figure 1, which
indicated that NOXA gave rise to lesser formation of mature
Aβ42 ﬁbrils and greater abundance of the putatively toxic Aβ42
oligomers. Additional cell viability experiments (using the XTT
assay, Figure 3,SI) yielded toxicity proﬁles that were similar to

the FACS analysis for the BID/Aβ42, PUMA/Aβ42, and
NOXA/Aβ42 mixtures. Indeed, the experimental data in
Figure 4 show a high cytotoxic eﬀect induced upon incubating
SH-SY5Y cells with NOXA/Aβ42, while the ﬁbrillar mix of
BID/Aβ42 or PUMA/Aβ42 featured signiﬁcant less cytotoxicity. It is important to note that limitations of the in vitro
study do exist, including molecular crowding within the cells
and the presence of varied intracellular lipids or other proteins
that may alter an eﬀect of Aβ42 aggregation in the
environment of the live cells.
While Figure 4 illustrates the eﬀect of the BH3-only peptides
upon cell viability, we further investigated whether the
E
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when coadded to Aβ42 to a greater degree than Aβ42 added
individually (Figure 5B).

proapoptotic peptides also modulated the eﬀect of Aβ42 upon
mitochondrial functionalities, because mitochondria constitute
the primary cellular environments in which these proapoptotic
peptides function58 (Figure 5). Figure 5A depicts the eﬀects of
Aβ42 or Aβ42/BH3-only peptide mixtures upon the enzymatic
action of cytochrome C oxidase (COX). COX plays an
important role in mitochondrial respirometry functions.61 In
the experiments depicted in Figure 5A, we isolated
mitochondria from SH-SY5Y cells and prepared inside-out
oriented submitochondrial particles (SMPs).62 The SMPs
allow exposure of the inner mitochondrial membrane, thereby
enabling to determine COX activity.
Figure 5A shows that Aβ42 dramatically attenuated COX
activity compared to the control SMPs. Indeed, previous
studies have shown reduced activity of the enzyme in AD
patients.63 Notably, both BID and PUMA gave rise to higher
COX activity when mixed with Aβ42 compared to Aβ42 alone
echoing the cytotoxicity analysis (e.g., Figure 4) which showed
lower cytotoxicity upon addition of BID or PUMA to Aβ42. In
contrast, Figure 5A demonstrates that the NOXA/Aβ42
mixture further reduced COX enzymatic activity. Indeed, the
COX activity assay in Figure 5A attests to “protective” eﬀects
of BID and PUMA when coincubated with Aβ42, while NOXA
appears to enhance the adverse eﬀect of Aβ42 upon COX
functionality. The bar diagram in Figure 5A also conﬁrms that
modulation of COX activity by the Aβ42/peptide mixtures is
not traced to the eﬀects of the BH3-only peptides alone.
Figure 5B presents assessment of intracellular calcium
release, furnishing additional insight into the impacts of
Aβ42 and its mixture with BID, PUMA, or NOXA, upon
mitochondrial functionality. Elevated intracellular calcium
levels in neuronal cells are associated with Aβ42-induced cell
toxicity.64 Figure 5B shows that Aβ42 alone induced a
signiﬁcant increase in intracellular calcium concentration in
SH-SH5Y cells (∼60% higher Ca2+ level than the untreated
cells). This result has been previously linked to the apoptotic
and toxic eﬀects of Aβ42.64 Experimentally signiﬁcant lower
intracellular calcium levels were recorded, however, when BID
or PUMA was coincubated with Aβ42 and added to the cells
(Figure 5B), echoing the COX experiments in Figure 5A and
similarly demonstrating that BID and PUMA reduced the
adverse impact of Aβ42 upon mitochondrial functionality.
Importantly, addition of the Aβ42-NOXA mixture to the SHSH5Y cells gave rise to calcium release that was on par as Aβ42
alone, reﬂecting the signiﬁcant diﬀerence between the toxicitypromoting eﬀect of NOXA on the one hand and “shielding”
action of BID and PUMA, on the other hand. The increase in
Ca2+ release induced by BID, PUMA, or NOXA alone,
compared to the control cells (Figure 5B, right), corresponds
to their intrinsic proapoptotic functionalities.65
Mitochondrial dysfunction and release of proapoptotic
factors such as cytochrome c are key events associated with
neuronal cell death.66 Previous studies reported localization of
Aβ within the mitochondria and Aβ42-induced impairment of
cellular respiration through inhibition of COX activity.67
Indeed, both the COX assay and intercellular calcium release
measurements (Figure 5) underscore the “protective” eﬀects of
BID and PUMA on the one hand and enhanced toxicity of
NOXA on the other hand. In particular, while coaddition of
Aβ42 and BID or PUMA hardly aﬀected the activity of COX,
enzymatic activity was signiﬁcantly reduced upon addition of
the NOXA/Aβ42 mixture, even more than Aβ42 alone (Figure
5A). NOXA similarly enhanced intracellular calcium release

3. CONCLUSIONS
This study reports on distinct eﬀects of the proapoptotic
peptides BID, PUMA, and NOXA on the structural and
functional properties of Aβ42. We found that incubation of
Aβ42 with each of the three proapoptotic peptides modiﬁed
Aβ42 aggregation, cytotoxicity, eﬀects on mitochondrial
functionalities, and membrane interactions. Interestingly, the
peptides had markedly divergent eﬀects upon Aβ42. In
particular, BID and PUMA enhanced ﬁbrillation of Aβ42,
inhibited its membrane interactions, and reduced the adverse
eﬀects of Aβ42 upon cell viability and mitochondrial functions.
NOXA, on the other hand, inhibited Aβ42 ﬁbril formation,
gave rise to greater Aβ42-induced cytotoxicity and mitochondrial damage, and exhibited greater membrane interactions.
Overall, this study may underscore links between Aβ42
functionalities and toxic proﬁle and intracellular secretion of
proapoptotic peptides. Our observations may point to
intriguing mechanisms by which proapoptotic proteins aﬀect
structural pathways and pathophysiology of intracellular Aβ42.
4. MATERIALS AND METHODS
4.1. Materials. Cytochrome c (equine heart), cytochrome c
oxidase (bovine heart), DL-Dithiothreitol (DTT), ThT, and
1,1,1,3,3,3-hexaﬂuoro-2-propanol (HFIP) were purchased from
Sigma-Aldrich (Rehovot, Israel). CL (Heart, Bovine) sodium salt
(CL), DOPC, and N-TEMPO were purchased from Avanti Polar
Lipids Inc. (AL, USA). A calcium ﬂuorometric assay kit was obtained
from Biovision (CA, U.S.A), a Cell Proliferation Kit (XTT based) was
purchased from biological industries (Beit Haemek, Israel), and an
AnnexinV-APC/dead cell apoptosis kit was obtained from Invitrogen
(CA, USA). A11 antioligomer antibody was obtained from Rhenium
(Modi’in, Israel). Horseradish peroxidase-conjugated antirabbit IgG
(HRP) was purchased from ZOTAL (Tel-Aviv, Israel).
4.2. Peptides. Aβ 1−42 (Aβ42) was purchased from Anaspec
(CA, USA) in a lyophilized form at >95% purity. BID (amino acid
sequence, single letter code: IIRNIARHLAQVGDSMDRSIPP),
PUMA (WAREIGAQLRRMADDLNAQYER), and NOXA (LEVECATQLRRFGDKLNFRQKL) were purchased from GenScript
(Hong Kong) at ≥95% purity. All peptides were not modiﬁed
neither on the C-terminus nor the N-terminus; the peptides were
used as received. Stock solutions of variant of BID, PUMA, and
NOXA peptides were prepared at 0.5 mM in sterilized deionized
water after autoclave and diluted into the solutions at the required
concentrations.
4.3. Cell Cultures. Neuroblastoma cell lines (SH-SY5Y) were
grown at 37 °C and in a 5% CO2 atmosphere in Dulbecco’s modiﬁed
Eagle medium supplemented with 10% tetracycline-free fetal bovine
serum, L-glutamine (2 mM), and penicillin (100 units/mL)/
streptomycin (0.1 mg/mL) (Gibco, Israel).
4.4. Mitochondria Isolation. SH-SY5Y cells were harvested at
75−80% conﬂuence. A mass of 1 g of cells pellet was rinsed with 10
mL of hypotonic solution (100 mM sucrose, 10 mM MOPS, pH 7.2,
and 1 mM EGTA) to enable cells swell followed by an incubation of
cells for 10 min on ice according to the protocol published earlier.68
Two mL portions from the suspension were homogenized with a
Teﬂon glass homogenizer by gentle circular strokes. Cell suspension
was diluted with hypertonic solution (1.25 M sucrose, 10 mM MOPS,
pH 7.2) in a ratio of 1 mL hypertonic solution per 10 mL cell
suspension, to restore solution isotonicity. The 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, and 0.1% fatty
acid free BSA). Cellular detritus was precipitated at 2000 RPM, 4 °C
for 5 min. The supernatant containing mitochondria was further
centrifuged at 14,000 RPM, 4 °C for 25 min. The result of the
F
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separation was a crude mitochondria pellet that 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 Klactobionate, 20 mM HEPES, pH 7.2, 1 mM KH2PO4, 3 mM MgCl2
× 6H2O, 0.5 mM EGTA, 20 mM taurine, and 0.1% fatty acid free
BSA). The ﬁnal pellet was resuspended in 100 μL MiR06 by vortexing
and stored at −80 °C until use. Mitochondrial protein concentration
(mg/ml) was determined by Bradford assay.
4.5. Preparation of SMPs. The SMPs were prepared according to
the known protocol published elsewhere.62 Isolated mitochondria
extracted from SH-SY5Y cells were diluted with sonication buﬀer
(250 mM sucrose, 10 mM Tris HCl, 1 mM EDTA, and pH 7.2) in a
ﬁnal volume of 2 mL. The mitochondria suspension was probesonicated for 30 s in ice using 20% amplitude and six cycles of 5 s on/
oﬀ sonication, to form inside-out oriented SMPs (in which the inner
mitochondrial membrane is facing out to the medium solution). The
SMP solution was then centrifuged at 8000 RPM to remove large
membranes remaining. SMP concentration (μg protein/mL) was
determined by Bradford test. The inversion of the inner mitochondrial
membrane in SMPs was veriﬁed by COX assay.
4.6. Preparation of SUVs. Lipid components of DOPC/CL
(90:10) were dissolved in a mixture of chloroform/ethanol (1:1) and
dried together in vacuum up to a constant weight followed by
addition of sodium phosphate buﬀer (pH 7.4). Vesicles were freshly
prepared by probe-sonication of the dried phospholipids for a
duration of 10 min at room temperature, with 20% amplitude and on/
oﬀ 59-sec cycles. The ﬁnal total concentration of lipids was 1 mM for
all experiments, except from the ESR experiment in which the ﬁnal
lipid concentration was 10 mM.
4.7. ThT Fluorescence Assay. ThT ﬂuorescence measurements
were conducted at 37 °C using a 96-well plate on a BioTek Synergy 4
microplate reader (Winooski, VT, USA). Measurements were
performed using samples containing 20 μM Aβ42 in the absence or
presence of 40 μM BID, PUMA, or NOXA. Here, 120 μL aliquots of
the aggregation reaction were mixed with 10 μL of ThT (120 μM) in
sodium phosphate buﬀer, pH 7.4 or in the presence of 0.4 mM lipid
vesicles prepared from DOPC/CL (90:10) composition. Fluorescence intensity reading was performed every 6 min for a duration of
24 h. The ﬂuorescence intensity was measured at λex = 440 and λem
= 485 nm.
4.8. Transmission Electron Microscopy. Peptide aliquots (5
μL) from samples used in the ThT experiments were placed on 400mesh copper grids covered with a carbon-stabilized Formvar ﬁlm.
Excess solutions were removed following 2 min of incubation, and the
grids were negatively stained for 30 s with a 1% uranyl acetate
solution. Samples were viewed in an FEI Tecnai 12 TWIN TEM
instrument operating at 120 kV.
4.9. FTIR Spectroscopy. Samples containing Aβ42 (20 μM),
BID, PUMA, or NOXA (40 μM) and their mixtures (1:2 molar ratio)
were prepared by dissolving the proteins in a phosphate buﬀer and
mixing in the appropriate ratios. Five microliter aliquots of the
mixtures were transferred to aluminum-coated plates immediately
after dissolution and after 24 h of incubation at 37 °C and dried under
vacuum. FTIR spectra were recorded using an iN10 FTIR microscope
(Thermo Fisher Scientiﬁc, USA) ﬁtted with a liquid N2-S4 cooled
mercury cadmium telluride A detector. Spectra were recorded in the
range of 4000−675 cm−1, at 4 cm−1 resolution, with 64 scans
averaging and minimal measuring area of 30 × 30 μm.
4.10. A11 Dot Blot Assay. Oligomers of Aβ42 were prepared in
the absence or presence of BID, PUMA, and NOXA peptides (molar
ratios of Aβ42:peptide were 1:2) and probed by the oligomer-speciﬁc
polyclonal antibody (pAb) A11 using a modiﬁcation of previously
described methods.69 Brieﬂy, Aβ42 was dissolved in HFIP solvent
(221 μM) and further sonicated for 1 min. An aliquot of Aβ42
solution was dried to remove the organic solvent followed by dilution
with 10 mM sodium phosphate buﬀer to a ﬁnal peptide concentration
of 15 μM. The resulting solutions were incubated at 37 °C for 4 h.
Two microliter aliquots were applied on nitrocellulose membranes
blocked for 1 h with 5% of nonfat milk in 10 mM Tris-buﬀered saline
(TBS) followed by incubation with A11 at 1:1000 dilution in TBS
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containing 5% nonfat milk. Subsequently, an appropriate secondary
horseradish peroxidase conjugant antirabbit IgG antibody was
developed using an enhanced chemiluminescence reagent kit (GE
Healthcare).
4.11. Flow Cytometry. For measuring the amounts of apoptotic
cells, 1 × 105 of SH-SY5Y cells per well were seeded in a 24-well plate
and treated with Aβ42 (15 μM) or mixtures of Aβ42 with BID,
PUMA, or NOXA (Aβ42/peptide molar ratios were 1:2) incubated
for 24 h. Prior to treatment, the samples were ﬁltered through a 0.22
μm ﬁlter. The cells were subsequently harvested, resuspended in
phosphate-buﬀered saline, and analyzed by FACS on a Beckman
Gallios (Indianapolis, US). For apoptosis, an Annexin V-Allophycocyanin (APC) probe was used and for dead cell detection, the SYTOX
green. Measurements were performed using the AnnexinV-APC/dead
cell apoptosis kit (Invitrogen, Carlsbad, CA) according to the
manufacturer protocol. Untreated SH-SY5Y cells served as the
negative control.
4.12. COX Activity. COX activity was determined by monitoring
the decrease in absorbance at 550 (nm) of chemically reduced
ferrocytochrome c solution in the presence of SMPs (preparation
protocol of the SMPs was outlined above). Ferrocytochrome c
substrate solution (0.22 mM) was prepared by addition of 5 μM DTT
(0.1 M) to 2.7 mg/mL COX dissolved in puriﬁed water. Samples of
SH-SY5Y SMPs (500 μg/mL ﬁnal concentration) were mixed with 15
μM Aβ42 or 30 μM of BID/PUMA/NOXA peptides or their mixtures
(molar ratio of 2:1) after preincubation of 4 h. Each sample was
supplemented with 950 μL of 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 complete the total reaction volume to 1.1 mL. To
initiate the oxidation reaction between ferricytochrome c and COX,
50 μL of ferrocytochrome c substrate was added to the enzyme. Two
hundred microliter aliquots were measured in ﬁve repeats using a 96well plate. The kinetic changes of absorbance were measured for 20
min, with 20 s intervals at 25 °C on a BioTek Synergy 4 microplate
reader (Winooski, VT, USA). The activity of COX (units/ml) was
calculated according to the equation:
ΔA /s × dil × V (t )
i units yz
zz =
COX activity jjj
V (s) × 21.84
k mL {

in which ΔA/sec represents the reaction rate of a sample subtracted
from blank; dil refers to the dilution factor of ferrocytochrome c
solution; V(t), total reaction volume; V(s) is the volume of the
ferrocytochrome c substrate added to initiate oxidation, and 21.84 is
the extinction coeﬃcient between ferrocytochrome c and ferricytochrome c at 550 nm.70 Unit deﬁnition: One unit oxidizes 1.0 μmole of
ferrocytochrome c per sec at pH 7.0, 25 °C.
4.13. Intracellular Calcium Release. For measuring intracellular
calcium levels, 1 × 104 SH-SY5Y cells were seeded in each well in a
black-clear bottom 96-well plate. Cells were treated with 15 μM Aβ42
in the absence or presence of 30 μM BID/PUMA/NOXA peptides
for 48 h. The cells were subjected to the intracellular calcium assay
using the Flou-4- direct calcium assay kit (Biovision), according to the
manufacture protocol, which measures the increase in ﬂuorescence
relative to the nontreated control. Changes of the ﬂuorescence
emission were measured using a BioTek Synergy 4 microplate reader
(Winooski, VT, USA) with ﬂuorescence excitation and emission
wavelengths of 494 and 516 nm, respectively.
4.14. Electron Spin Resonance. Samples for ESR experiments
were prepared using the N-TEMPO radical spin probe. N-TEMPO
was supplemented with 10 mM CL/DOPC (10:90 molar ratio)
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), BID/PUMA/NOXA peptides (40 μM), or mix of Aβ42 and
peptides were incubated for 4 h and placed in a 20 mm length and 1
mm ID glass capillary. ESR spectra were recorded in triplicate using
an EPR mini-X-band spectrometer (Spin Ltd., Russia) at room
temperature. The modulation was 20G, and time constant 0.01 and
the microwave power level were chosen at subcritical values of 20 mW
G
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to obtain an optimal signal-to-noise ratio. Diﬀusion correlation time
(τc) values were calculated from the ESR spectra using the equation:
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yz
j (+1)
z
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− 1zzz(sec)
jj I(−1)
zz
k
{
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in which τc is the diﬀusion correlation time (sec); 6.6 × 10−10 is the
constant pertinent to the 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.
4.15. Fluorescence Anisotropy. The ﬂuorescent probe DPH
was incorporated into the SUVs (DOPC/CL 90:10 molar ratio) by
adding the dye dissolved in THF (1 mg/mL) to vesicles in a molar
ratio of 500:1 (lipid/probe). After 30 min of incubation at 30 °C,
ﬂuorescence anisotropy was measured at λex = 360 nm and λem =
430 nm on a Fluorolog spectroﬂuorometer (HORIBA, Japan). Data
were collected before and after addition of freshly dissolved Aβ42, the
proapoptotic peptides: BID, PUMA, NOXA, or their mixtures (molar
ratio of 1:2). Anisotropy values were automatically calculated with the
spectroﬂuorometer software using the equation:
r=
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