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ABSTRACT: An amyloid precursor protein inhibitor (APPI) and amyloid
beta 42 (Aβ42) are both subdomains of the human transmembrane amyloid
precursor protein (APP). In the brains of patients with Alzheimer’s disease
(AD), Aβ42 oligomerizes into aggregates of various sizes, with intermediate,
low-molecular-weight Aβ42 oligomers currently being held to be the species
responsible for the most neurotoxic effects associated with the disease.
Strategies to ameliorate the toxicity of these intermediate Aβ42 oligomeric
species include the use of short, Aβ42-interacting peptides that either inhibit
the formation of the Aβ42 oligomeric species or promote their conversion to
high-molecular-weight aggregates. We therefore designed such an Aβ42-
interacting peptide that is based on the β-hairpin amino acid sequence of the
APPI, which exhibits high similarity to the β-sheet-like aggregation site of
Aβ42. Upon tight binding of this 20-mer cyclic peptide to Aβ42 (in a 1:1
molar ratio), the formation of Aβ42 aggregates was enhanced, and consequently, Aβ42-mediated cell toxicity was ameliorated. We
showed that in the presence of the cyclic peptide, interactions of Aβ42 with both plasma and mitochondrial membranes and with
phospholipid vesicles that mimic these membranes were inhibited. Specifically, the cyclic peptide inhibited Aβ42-mediated
mitochondrial membrane depolarization and reduced Aβ42-mediated apoptosis and cell death. We suggest that the cyclic peptide
modulates Aβ42 aggregation by enhancing the formation of large aggregates�as opposed to low-molecular-weight intermediates�
and as such has the potential for further development as an AD therapeutic.
KEYWORDS: APPI, Aβ42, Alzheimer’s disease, artificial membranes, neuronal cell toxicity, peptide−lipid interactions

■ INTRODUCTION
Alzheimer’s disease (AD)�the most prevalent neurodegener-
ative disease�is characterized by memory impairment and
loss of neuronal function. It is commonly held that AD is
associated with the accumulation of intra- and extracellular
amyloid beta (Aβ) plaques formed as a result of proteolysis of
the amyloid precursor protein (APP) by overexpressed β- and
γ-secretases.1,2 APP is a type I transmembrane glycoprotein
that is abundantly expressed in the mitochondrial and cell
membranes of mammals.3,4 As a result of alternative splicing,
three major isoforms of APP are produced, namely, APP695,
APP751, and APP770 (ranging in size between 110 and 140
kDa).5,6 The latter two isoforms contain a 58-amino-acid
residue, known as the amyloid precursor protein inhibitor
(APPI) [or the Kunitz protease inhibitor domain (KPI)], in
the N-terminus of the extracellular region, whereas APP695
lacks this subdomain.7 Of note, in healthy individuals, APP695
is predominantly expressed in the brain, and APP751 and
APP770, in the kidneys, lungs, and heart, but in AD patients,
APP751 and APP770 levels increase in brain tissue.8−10

However, neither the implications of the expression patterns
and tissue distribution of the different alternative splicing

products nor the role played by the APPI in neurotoxicity is
known, despite the huge body of work on the pathology of AD.

It is nonetheless known that APP proteolysis (i.e.,
amyloidogenic processing) occurs in pathological conditions
such as AD. Sequential cleavage of the APP C-terminus by β-
and γ-secretases generates multiple Aβ fragments. In particular,
research over the past few decades has generated evidence that
one of these fragments, Aβ42, spontaneously forms low-
molecular-weight oligomeric aggregates (in the 11−19 kDa
range) in solution,11−15 thereby facilitating the subsequent
formation of the high-molecular-weight amyloid aggregates,
such as the fibrils and plaques, which have been associated with
AD. However, the notion that Aβ42 fibrils and/or plaques are
the species that cause toxicity and neurodegeneration has
changed as AD research has progressed: whereas initial studies
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postulated amyloid fibrils to be the cause of cell death and
disease pathogenesis,16 recent studies suggest that intermediate
low-molecular-weight oligomeric Aβ42 species, but not high-
molecular-weight Aβ aggregates, such as fibrils, are probably
the most toxic species.17,18

Aβ42, which is predominantly generated extracellularly via
proteolytic processing of APP (located in the plasma
membrane and extending into the extracellular matrix), is
internalized into neuronal cells via several mechanisms. These
mechanisms may include active transport of Aβ42 via proteins,
such as the low-density lipoprotein receptor-related protein 1
(LRP-1) and α7 nicotinic acetylcholine receptors,19,20 or direct
interaction of Aβ42 with membrane phospholipids, resulting in
the formation of pores through which Aβ42 species are
internalized into cells.21,22 For example, Tahara et al. reported
that cells of the BV-2 mouse microglial line treated with 1 μM
extracellular Aβ42 showed an ∼50% decrease in Aβ42
concentration in the extracellular medium after 24 h due to
internalization into the cells.23 This concept of a relationship
between neurotoxicity and Aβ42 aggregation and internal-
ization into cells was then demonstrated for Aβ42 monomers,
oligomers, and fibrils. For example, Jin et al. showed that Aβ42
oligomers in low nanomolar concentrations were internalized
into SH-EP neuroblastoma cells, where they inhibited
mitochondrial activity, whereas monomeric Aβ42 at high
nanomolar concentrations was inefficiently internalized into
the cells.24 The study by Ahmed et al. showed that Aβ42 fibrils
were less toxic to mitochondrial activity than Aβ42 oligomers,
as evaluated by an MTT assay.25 However, despite these and
many other studies on the mechanism and consequences of
Aβ42 aggregation, the exact mechanism of the neurotoxicity of
Aβ42 and the relationship between neurotoxicity and Aβ42
aggregation are still not fully understood. Numerous studies
have nevertheless shown that following interaction with plasma
and mitochondrial phospholipid membranes, low-molecular-
weight oligomeric Aβ42 intermediates25−27 disrupt membrane
integrity by generating pores that allow uncontrolled trans-
membrane flux of small molecules, such as Ca2+ ions, and

penetration of Aβ42 oligomers into the cell, where they
subsequently accumulate.28−31 The intracellular accumulation
of Aβ42 oligomers has been demonstrated to cause
mitochondrial function impairment through the disruption of
respiratory chain activity, leading to apoptosis of neuronal
cells.32

On the basis of the research done to date, our working
hypothesis for this study was that intermediate low-molecular-
weight Aβ42 oligomers are more toxic than the higher
molecular weight Aβ42 fibrils. We therefore aimed to produce
an Aβ42-interacting short peptide that would either inhibit the
formation of the low-molecular-weight Aβ42 oligomeric
species or promote their conversion to high-molecular-weight
fibrils. This idea was based on previous studies that have
shown that short peptides harboring Aβ hydrophobic motifs
can be used for modulating Aβ42 aggregation and hence for
preventing Aβ42-mediated neurotoxicity. Many studies have
indeed designed peptides with the ability to inhibit the
formation of oligomeric Aβ42 species,33,34 and several studies
have designed peptides that enhance the formation of high-
molecular-weight Aβ42 aggregates (i.e., fibrils).35−37 For
example, Sun et al. showed that treatment of Aβ42 with
short peptides containing an EIVY motif enhanced the
formation of Aβ42 fibrils in comparison to untreated Aβ42.
Those authors suggested that the EIVY-containing peptides
interfered with Aβ42 oligomerization and thus reduced Aβ42-
mediated cytotoxicity in mouse neuroblastoma cells.36 The
translational thread of that research was, however, not
continued, as those peptides were not suitable for therapeutic
application by virtue of their being effective only at high
peptide to Aβ42 molar ratios and by virtue of the lack of data
on their ability to self-aggregate. We note that similar strategies
have been used to inhibit the toxicity of amylin or IAPP in
type-2 diabetes.38,39 In the current study, we posited that short
peptides derived from the β-hairpin region within the APPI
would interact with Aβ42 (also located in the APP sequence)
through hydrophobic interactions resembling those producing
Aβ42 aggregates. Four peptides were thus designed on the

Figure 1. β-Sheet peptide fragments derived from the APPI scaffold. (A) Cartoon representation of the crystal structure (PDB: 3L33) and one-
letter code sequence of the APPI. (B) Short peptide fragments representing the β-hairpin region of the APPI and their one-letter code sequences.
(C) Linear peptide harboring the two β strands that originate from the β-hairpin structure in the full-length APPI scaffold. (D) Cyclic peptide
similar to the linear peptide in (C), but containing cysteine residues (marked in yellow) at the N- and C-termini of the sequence; the cysteines form
a disulfide bridge to mimic the β-hairpin structure in the APPI scaffold. The blue and red letters represent the β strands in the APPI structure. The
green letters designate a peptide with a random structure connecting the two strands in the wild-type structure of the APPI.
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basis of the β-hairpin region within the APPI domain, as
follows: two short 8-mer peptides, each representing a different
half of the β-hairpin sequence; a third, linear, 18-mer peptide
derived from the full β-hairpin sequence; and a fourth, 20-mer,
cyclic peptide that was the same as the third peptide but with
two cysteine residues added at the sequence ends to form the
cyclic structure (Figure 1). We therefore started this study with
a determination of the secondary structure of these four
peptides [using spectroscopic techniques, including circular
dichroism (CD) and tryptophan fluorescence measurements].
Thereafter, we demonstrated that the cyclic peptide enhanced
the formation of high-molecular-weight Aβ42 aggregates
[using CD and transmission electron microscopy (TEM)
experiments]. Finally, we showed that the cyclic peptide
reduced Aβ42-mediated toxicity in SH-SY5Y cells.

We were then in a position to leverage the peptides that had
been designed and tested to address the ultimate aim of the
study�to throw light on the mechanism of Aβ42 neuro-
toxicity, currently believed to be driven by interactions
between Aβ42 oligomers and membrane phospholipids. To
this end, we used a model system comprising artificial
phospholipid membranes mimicking plasma and mitochondrial
membranes,40−42 as has been done previously. For example,
Press-Sandler and Miller used a model system of 1,2-dioleoyl-
sn-glycero3-phosphocholine (DOPC) lipids, which mimic
plasma membrane phospholipids, to follow the behavior of
Aβ42 dimers upon insertion into DOPC lipid vesicles. They
found that nucleation of the Aβ42 dimers (exposing a
hydrophobic core) was followed by their rearrangement as β-
hairpin strands and hence a decrease in the thickness of the
DOPC bilayer membrane.41 In a similar vein, other studies

demonstrated the interaction of Aβ42 with DOPC vesicles
containing cardiolipin (CL) lipids, which, in nature, are
present almost exclusively in the inner mitochondrial
membrane and play a significant role in amyloid−membrane
interactions.22,40,43 The above studies concluded that the
interaction of Aβ42 with hydrophobic membrane phospholi-
pids facilitates the self-assembly of Aβ42 monomers into low-
molecular-weight oligomers that can be internalized into
cells.24,44

In this paper, we show that the interaction of the above-
described cyclic peptide with Aβ42 enhanced the formation of
high-molecular-weight Aβ42 aggregates and that in the
presence of the cyclic peptide, the interactions of Aβ42 with
both artificial membrane phospholipids and intact plasma and
mitochondria membranes were weakened. Importantly, the
cyclic peptide also exhibited an inhibitory effect against Aβ42-
mediated mitochondrial membrane depolarization and reduced
Aβ42-mediated apoptosis and death in SH-SY5Y cells. Taken
together, these findings demonstrate the ability of the cyclic
peptide to reduce the neurotoxicity of Aβ42 aggregates.

■ RESULTS AND DISCUSSION
Design of APPI Fragments with a β-Sheet Fold (Short

Peptides). To examine the effects of APPI fragments on Aβ42
aggregation, we designed four short synthetic peptide frag-
ments derived from the β-hairpin region of the APPI (Figure
1A). This region consists of two β-strands that also serve as the
hydrophobic core within the APPI scaffold.45 The two β-strand
sequences, designated short peptides 1 and 2 (Figure 1B), were
synthesized first, and then�to enable testing of the entire

Figure 2. Cyclic peptide promotes the formation of Aβ42 aggregates. (A) Aβ42 aggregation was monitored using a ThT assay. Aβ42 was incubated
alone (black curve) or separately, at 1:2 Aβ42/peptide molar ratio, with the cyclic peptide (blue curve), the linear peptide (gray curve), short
peptide 1 (green curve), and short peptide 2 (red curve). The remaining curves represent the different peptides incubated alone, which did not
form detectable aggregates. For these experiments, the peptides were dissolved in phosphate buffer (20 mM sodium phosphate, pH 7.4, 150 mM
NaCl) supplemented with 10 μM ThT. The samples were incubated for 7 h at 37 °C with continuous shaking. (B) DLS measurements. Aβ42 (red)
and an Aβ42 + peptide mixture (1:1 Aβ42/peptide molar ratio; blue) were incubated for 18 h at 37 °C before measurements. Each curve represents
an average intensity size distribution of the samples (n = 12).
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hydrophobic structure derived from the APPI�two larger
peptides, one linear and the other cyclic, containing the full β-
hairpin structure were also synthesized (Figure 1C,D). The
linear peptide was chosen on the basis of the assumption that it
would spontaneously fold to form a β-hairpin structure, as in
the structure of the full-length APPI. The cyclic peptide was
similar to the linear peptide, except for the addition of one
cysteine residue at its N-terminus and one at its C-terminus.
The cysteines were added to generate a disulfide bridge
between the residues that flank the peptide, thus mimicking the
β-hairpin structure in the APPI.46 For this reason, the internal
cysteine in short peptide 2 that was used to generate the linear
and the cyclic peptides was replaced with serine so that no
undesired disulfide bonds would be formed spontaneously
between the peptide monomers. In addition, to mimic the
native protein sequences, the N- and C-termini of all four
peptides were acetylated and amidated, respectively.

Cyclic Peptide Exhibits a Predominantly β-Sheet
Secondary Structure. Mass spectrometry analysis confirmed
the formation of a disulfide bridge between the N- and C-
termini of the cyclic peptide and the correct molecular weights
for all peptides (Figure S1). For example, the predicted
molecular weights of the linear peptide and the oxidized cyclic
peptide were 2254.51 and 2458.78 Da, respectively, and the
experimentally obtained molecular weights were 2254.2 and
2458.2 Da, respectively. The purity of these peptides was
confirmed by HPLC analysis (Figure S2). In addition, to
examine the secondary structure of the peptides (reconstituted
from powder with the appropriate buffer) and to follow their

conformation over time, CD (Figure S3A) and tryptophan
fluorescence emission spectra were obtained. The CD
signature of the cyclic peptide revealed a random coil at 197
nm and a sharp peak at 218 nm, which indicates a β-sheet
secondary structure. In contrast, the linear peptide and the two
short peptides demonstrated random coil signatures (i.e., a
peak at 197 nm), which may explain their inability to self-
assemble spontaneously into an oligomeric β-sheet structure. It
is likely that the moderate peak at 218 nm for short peptide 1
was due to the presence of charged amino acids (arginine and
aspartic acid), which probably facilitated its arrangement into
an anti-parallel structure.47 Notably, there was no change in
the secondary structure of the peptides over 24 h, which
indicates that these structures are stable. In the tryptophan
fluorescence emission spectra, a blue spectral shift of
approximately 10 nm for the cyclic vs the linear peptide and
short peptide 1 (Figure S3B) probably derives from differences
in the tryptophan environment due to the formation of a β-
sheet structure for the cyclic peptide,48 but not for the linear
peptide or for short peptide 1, as was also indicated by the CD
spectra (Figure S3A). Short peptide 2 was not tested in this
assay, because it does not have a tryptophan residue in its
sequence.

Cyclic Peptide Significantly Increases the Formation
of Aβ42 Aggregates. Incubation of the Aβ42 monomer with
the cyclic peptide at a 1:2 molar ratio resulted in significantly
enhanced Aβ42 aggregation, as indicated by an increase in the
fluorescence intensity of the thioflavin T (ThT) signal relative
to Aβ42 alone, which showed a typical aggregation pattern49

Figure 3. Enhancement by the cyclic peptide of the β-sheet and fibril contents in Aβ42 aggregates. (A) CD spectra of Aβ42, in the absence (black)
or presence of the cyclic peptide (red), and of the cyclic peptide alone (light gray) after 18 h of incubation. The calculated sum of the spectra for
Aβ42 and the cyclic peptide is shown in green. (B) TEM images of the CD samples: Aβ42 (left panel), Aβ42 incubated with cyclic peptide at 1:1
Aβ42/peptide molar ratio (middle panel), and cyclic peptide (right panel). Scale bar for all panels�200 nm. (C) Quantification of fibril formation
as detected by an anti-Aβ fibril antibody by using dot blot analysis. Statistical analysis (n = 3) was performed by an unpaired Student’s t-test. ***, P
< 0.005.
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(Figure 2A). An additional experiment at an Aβ42/cyclic
peptide molar ratio of 1:1 also showed increased formation of
Aβ42 aggregates (although to a lesser degree), providing an
indication of the potency of the cyclic peptide (Figure S4).
Addition of the linear and short peptides to Aβ42 had only a
minor effect on the aggregation process, as was reflected by
minor changes in the fluorescence intensity of the ThT signal.
Finally, there was no signal for aggregation when the peptides
were incubated alone, which indicates that there was no
formation of β-sheet aggregates in the absence of Aβ42.

The significant contribution of the cyclic peptide to Aβ42
aggregation was validated by dynamic light scattering (DLS)
(Figure 2B). When Aβ42 was allowed to aggregate alone, the
DLS measurements showed a wide size distribution of the
resulting aggregates, but incubation of Aβ42 with the cyclic
peptide produced a homogenous population with larger Aβ42
aggregates vs untreated Aβ42. The cyclic peptide did not self-
aggregate at the working concentrations (Figures 2A and
3A,B), and it was therefore not included in the DLS
experiment. Based on these observations showing the
contribution of the cyclic peptide (but not the other three
peptides) to Aβ42 aggregation, we continued this study with
the cyclic peptide alone.

Cyclic Peptide Promotes an Increase in the β-Sheet
and Fibril Contents of Aβ42 Aggregates. Our next step
was to examine the structural characteristics of the Aβ42
aggregates by using spectroscopic methods. First, CD
measurements were performed to follow the structural changes
that Aβ42 undergoes when treated with the cyclic peptide at a

1:1 Aβ42/peptide molar ratio (Figure 3A). Although both
untreated and treated Aβ42 showed a well-ordered β-sheet
secondary structure signature with a typical peak at 216 nm, as
reported in previous studies,50−52 a significant increase in the
β-sheet content of the treated Aβ42 was observed. Since the
cyclic peptide alone did not generate any detectable CD signal,
the enhancement of the CD signal may be attributed to the
interaction of Aβ42 with the cyclic peptide. The calculated
sum of the CD ellipticity values of the spectra of the cyclic
peptide and Aβ42 differed from the spectrum obtained for the
Aβ42/cyclic peptide mixture, indicating the existence of
interactions between Aβ42 and the cyclic peptide (a method
of analysis described in previous reports).53−55 Importantly,
the formation of the β-sheet structure in freshly dissolved Aβ42
in the presence of the cyclic peptide was detected immediately
upon addition of the cyclic peptide to the Aβ42 solution (i.e.,
at incubation time 0), whereas Aβ42 alone showed a
predominantly random structure with a typical minimum at
197 nm (Figure S5A).50,51 Here again, the calculated sum of
the individual spectra of Aβ42 and the cyclic peptide (when
measured separately) differed from the CD spectrum that was
obtained for the mixture, indicating that Aβ42-cyclic peptide
interactions occurred immediately upon mixing the peptides.
Moreover, the signal of the anti-Aβ42 fibril antibody in the
mixture of Aβ42 with the cyclic peptide significantly increased
in comparison to untreated Aβ42, suggesting that the cyclic
peptide rapidly enhanced the formation of high-molecular-
weight Aβ42 aggregates (Figure S5B).

Figure 4. Cyclic peptide reduces both the quantity of toxic Aβ42 oligomers and their toxicity to SH-SY5Y cells. (A) Dot blot analysis and
quantification of the A11 antibody, which detects toxic Aβ oligomers. (B) Crystal violet staining of cells treated with Aβ42 (15 μM), in the absence
or presence of 15 μM cyclic peptide, or cyclic peptide alone after 48 h of incubation. Statistical analysis (n = 3) was performed by unpaired
Student’s t-test. **, P < 0.01; ***, P < 0.001. (C) Detection of apoptosis by FACS analysis. Annexin-V and SYTOX Green staining were used to
detect the apoptosis stages of SH-SY5Y cells. Untreated cells served as a negative control.
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To confirm the enhancement in Aβ42 aggregation upon
treatment with the cyclic peptide, TEM imaging was
performed on the CD samples (i.e., 18 h post-incubation).
Consistent with the structural results (Figures 2A and 3A) and
with previous studies,51,56 TEM images demonstrated the
formation of elongated fibrils for untreated Aβ42 (Figure 3B),
but in low quantities. TEM images for the Aβ42 treated with
the cyclic peptide revealed more fibrils, and those species
appeared to be shorter and more branched, whereas no fibrils
were detected in the sample containing the cyclic peptide
alone. Upon incubation of Aβ42 with the cyclic peptide for 24
h, the percentage of Aβ42 fibrils detected by an anti-amyloid
fibril antibody was approximately 45% higher than that in the
absence of the cyclic peptide, again suggesting enhanced
production of fibrillar Aβ42 aggregates upon treatment with
the cyclic peptide (Figure 3C). The cyclic peptide alone did
not produce any detectable signal in this assay.

Enhancement of the Aβ42 Fibrillar Structure by the
Cyclic Peptide Abolishes Toxicity in SH-SY5Y Cells.
There is increasing evidence that well-ordered Aβ42 fibrils are
less toxic than low-molecular-weight oligomers.25−27 For
example, Pan et al. showed a significant reduction (of
39.8%) in cell viability of primary murine microglial cells
treated with Aβ42 oligomers vs cells treated with fibrillar Aβ42,
which did not affect cell viability.57 Similarly, Balducci et al.
reported that injection of synthetic Aβ42 oligomers into the
brains of mice resulted in long-term memory impairment,
whereas mature Aβ42 fibrils had no effect.27 Based on such
reports, we sought to test whether the cyclic peptide could
reduce Aβ42-mediated cytotoxicity. We therefore examined
the toxicity of Aβ42 aggregates by using a conformation-
specific antibody, namely, the A11 antibody, which recognizes
toxic oligomers.58 As shown in Figure 4A, the cyclic peptide
reduced, by ∼70%, the quantity of toxic soluble oligomers
identified by the A11 antibody. These results indicate that the
cyclic peptide alters the Aβ42 oligomerization pathway such
that Aβ42 forms more fibrils (previously shown to be less
toxic,59 Figure 3C) and fewer soluble oligomers (previously
shown to be more toxic58), as shown in Figure 4A.

To validate these results in cells, we performed cell-based
assays to study cell viability and apoptosis in response to
treatment with Aβ42, the cyclic peptide, or an Aβ42-cyclic
peptide mixture. Crystal violet staining of live cells revealed
decreased cell toxicity in SH-SY5Y neuroblastoma cells treated
with a mixture of Aβ42 and cyclic peptide (94% viability) vs
cells treated with preformed Aβ42 aggregates (75% viability)
(Figure 4B). The staining also showed that treatment with the

cyclic peptide alone did not affect cell viability (100% viability)
in comparison to untreated cells.

We also investigated the ability of the cyclic peptide to
prevent apoptosis since it has previously been shown that Aβ42
causes cell death by increasing cellular calcium levels and
causing mitochondrial damage, which leads to an apoptotic
cascade.40,60−63 To this end, we followed the percentages of
cells treated with Aβ42, the cyclic peptide, or an Aβ42-cyclic
peptide mixture at each apoptotic stage (early or late
apoptosis) by using annexin-V/SYTOX Green labeling and
flow cytometry analysis (Figure 4C). Cells stained with
annexin-V but not with SYTOX Green were classified as
early apoptotic cells, and cells that were positive for both
SYTOX Green and annexin-V staining were classified as late
apoptotic cells. We found that 41 and 10.66% of the SH-SY5Y
cells that had been exposed to Aβ42 aggregates were at the
early and late apoptosis stages, respectively. In contrast, the
cells that had been treated with Aβ42 in the presence of the
cyclic peptide (i.e., Aβ42-cyclic peptide aggregates) showed a
significant reduction in cell toxicity, namely, only 7.01 and
4.81% of the cells were at early and late apoptosis stages,
respectively. Treatment with the cyclic peptide alone did not
cause any toxic effect (i.e., only 5.61% of cells were at the early
apoptosis stage), similar to the untreated control group (4.32%
of cells). Moreover, the percentage of late apoptotic cells in
response to treatment with either the cyclic peptide or the
preformed Aβ42-cyclic peptide aggregates was similar to that
of untreated control cells (i.e., 3.44, 4.81, and 3.44%,
respectively), suggesting that the cyclic peptide rescued the
cells from Aβ42-mediated apoptosis. These observations are in
agreement with previous studies that showed an increased rate
of apoptosis in cells treated with Aβ42. Taken together, these
findings show that treatment with the cyclic peptide sup-
pressed the Aβ42-mediated apoptosis and death in SH-SY5Y
cells. Moreover, they indicate the potency of the cyclic peptide
as an inhibitor of Aβ42-mediated toxicity without it itself being
toxic to the cells.

Interactions between Aβ42 and Biomimetic Phos-
pholipid Membranes Are Disrupted in the Presence of
the Cyclic Peptide. It has been shown that Aβ42-mediated
cell cytotoxicity may be a result of the interactions of Aβ42
with the plasma and/or inner mitochondrial membranes,
which lead to fluidity and permeability changes in these
membranes.40,64,65 To shed light on the mechanism of
inhibition of Aβ42-mediated cell cytotoxicity by the cyclic
peptide (on the molecular level), we sought to examine its
effect on the interaction of Aβ42 with small unilamellar vesicles
(SUVs) composed of zwitterionic DOPC or DOPC mixed

Figure 5. Cyclic peptide disrupts the interactions between Aβ42 and artificial phospholipid membranes. DPH fluorescence anisotropy of DOPC
(light green bars), DOPC/CL (90:10; purple bars), and DOPC/DOPG (80:20; light gray bars) vesicles after 48 h of incubation without or with
Aβ42, cyclic peptide, or a 1:2 mixture of Aβ42/cyclic peptide, as determined with an FL920 spectrofluorometer. Statistical analysis (n = 5) was
performed by an unpaired Student’s t-test. **, P < 0.01; ***, P < 0.001.
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with negatively charged CL, which mimic the plasma and the
inner mitochondrial membranes, respectively. The choice of
SUVs, rather than large unilamellar vesicles, was based on
previous studies showing that SUVs bind more efficiently to
Aβ42 and enhance the aggregation process due to their higher
curvature. The curvature of the SUVs facilitates hydrophobic
clefts within the bilayer, which serve as binding sites to Aβ42
and thus promote its aggregation.66 Moreover, the above
artificial membrane compositions (i.e., DOPC and DOPC/CL
SUVs) are commonly used as models in studies of neuronal
cells.41,67,68 Specifically, previous studies have characterized the
effect of Aβ42 on artificial membranes made up of these lipid
compositions.40,43

To monitor the changes in the fluidity of the artificial
membranes, we used fluorescence anisotropy with the spin
probe 1,6-diphenylhexatriene (DPH) intercalated within the
artificial membranes. The experiments showed that 24 h of
incubation of the SUV system (DOPC or DOPC/CL) with
Aβ42, the cyclic peptide, or a mixture of the two in a 1:2 molar
ratio resulted in only minor changes in vesicle fluidity (Figure
S6). However, after 48 h of incubation, DOPC/CL SUVs
treated with Aβ42 exhibited an increased anisotropy signal,
indicating the interaction of Aβ42 with the lipids and an
increase in vesicle rigidity (Figure 5). Similar changes in
fluidity were previously suggested to be a result of interactions
between Aβ42 oligomers and lipids.43,69 However, the
anisotropy signal for the DOPC/CL vesicles treated with a
mixture of Aβ42 and the cyclic peptide was similar to that of
the untreated DOPC/CL, indicating that the cyclic peptide
preserved the fluidity of the SUVs. The results for the
treatment of the vesicles with the cyclic peptide alone indicated
that the cyclic peptide had no effect on the fluidity of the
DOPC/CL SUVs. Based on these observations and our other
experiments (Figures 3 and 4A), we propose that the cyclic
peptide interferes with the interaction of Aβ42 with the
DOPC/CL SUVs by promoting a decrease in the quantity of
Aβ42 oligomers.

Control experiments were conducted with SUVs containing
both DOPC and 1,2-dioleoyl-sn-glycero-3-phospho-(1′-rac-
glycerol) (DOPG) and having the same charge as the
DOPC/CL SUVs. Unlike the DOPC/CL SUVs, there was
no change in the fluidity of the DOPC/DOPG SUVs upon
treatment with Aβ42, suggesting that the effect of Aβ42 on
membrane fluidity was specific to the type of lipids (CL in this
case) and was not dependent on charge of the SUVs, which is
identical for DOPC/CL and DOPC/DOPG vesicles. On the
other hand, for DOPC vesicles mimicking the cell membrane,
the 48 h anisotropy signal decreased (which means an increase
in membrane fluidity) in the presence of Aβ42 or the cyclic
peptide. In contrast, the anisotropy signal of DOPC SUVs
treated with the mixture of Aβ42 and the cyclic peptide was
the same as that for untreated DOPC SUVs, indicating that,
like in the case of DOPC/CL, the cyclic peptide reduced the
Aβ42 interactions with DOPC. These results are also in
agreement with a previous study that showed accumulation of
Aβ42 oligomers within the bilayer of DOPC lipid vesicles.70,71

Our results suggest that the enhancement of Aβ42 aggregation
(both kinetically and quantitatively) in the presence of the
cyclic peptide (as shown in Figure S4) may change the way in
which the membranes interact with Aβ42 and thereby inhibit
the disruption of the membranes by Aβ42.

Cyclic Peptide Suppresses the Mitochondrial Mem-
brane Depolarization Potential Mediated by Aβ42 in

SH-SY5Y Cells. In light of the anisotropy results showing that
the cyclic peptide reduced the interactions of Aβ42 with the
biomimetic mitochondrial membrane (DOPC/CL), we sought
to examine the effect of different treatments on the
mitochondrial membrane potential of intact SH-SY5Y cells.
The changes in mitochondrial polarization were followed to
assess mitochondrial damage resulting from exposure to toxic
Aβ42 oligomers and inhibition of this mitochondrial damage
by the cyclic peptide. As shown in Figure 6, upon addition of

preformed low-molecular weight Aβ42 oligomers to the cells,
there was a ∼15% reduction in the mitochondrial membrane
potential (leading to mitochondrial damage40,72) in compar-
ison to untreated cells. This reduction was abolished in cells
treated with Aβ42 high-molecular-weight fibrils that were
formed in the presence of cyclic peptide (Figure 3A). We note
that treatment with the cyclic peptide alone did not affect the
membrane potential. Taken together, the results of our
experiments indicate that the cyclic peptide modulated the
damage caused by Aβ42 to both mitochondrial and artificial
membranes.

Cyclic Peptide Inhibits the Interactions of Aβ42 with
SH-SY5Y Cells. Previous studies have shown that in addition
to interactions between intracellular Aβ42 and mitochondrial
membrane, extracellular Aβ42 species also interact with plasma
cell membranes and are internalized into cells via multiple
uptake mechanisms.40,73 To test the effect of the cyclic peptide
on the interactions between Aβ42 and the cell membrane, we
performed live imaging on SH-SY5Y cells using confocal
microscopy. We observed that cells treated with HiLyte Fluor
488-Aβ42 aggregates showed a strong fluorescence signal,
which was localized on the cell membrane, indicating strong
interactions between Aβ42 and the cell surface (Figure 7,
upper panels). However, treating the cells with a mixture of
cyclic peptide and HiLyte 488-Aβ42 at molar ratios of 1:1 and
1:2 led to a decrease in the fluorescence signal, suggesting that
the cyclic peptide reduced the interaction between Aβ42 and
the cell membrane (Figure 7, middle and lower panels).

Proposed Mechanism for Cyclic-Peptide-Induced
Neuroprotection against Toxic Aβ42 Oligomers. On

Figure 6. Suppression of Aβ42-mediated mitochondrial membrane
depolarization potential (ΔΨm) by the cyclic peptide in SH-SY5Y
cells. Cells were incubated with 15 μM of Aβ42 aggregates pre-
incubated in the absence and presence of the cyclic peptide at a molar
ratio of 1:1 for 48 h, after which the tetramethylrhodamine, ethyl ester
(TMRE) mitochondrial membrane potential assay was performed.
Carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP)
served as the control for depolarization of the mitochondrial
membrane potential. Statistical analysis (n = 5) was performed by
an unpaired Student’s t-test *, P < 0.5; **, P < 0.01; ***, P < 0.001.
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the basis of our experimental data, Figure 8 illustrates the
proposed mechanism of the effect of the cyclic peptide on
Aβ42 aggregation and hence on neurotoxicity. The upper panel
illustrates the structural conversion of Aβ42 monomers into
low-molecular-weight oligomers, which are considered to be
the most toxic species in AD development and progression.74

The toxicity may be attributed to the interactions of Aβ42
oligomers with cell and mitochondrial membranes and
subsequent destabilization of the membranes. The lower
panel in Figure 8 suggests that co-incubation of Aβ42 with
our cyclic peptide enhances�both kinetically and quantita-
tively�the formation of mature Aβ42 fibrils from intermedi-
ate, low-molecular-weight toxic oligomeric Aβ42 species and
thus induces a neuroprotective effect. Our findings thus
demonstrate the potential of the cyclic peptide to serve as a
therapeutic agent against Aβ42-mediated neurotoxicity.

■ CONCLUSIONS
Previous studies (both experimental studies and those using
computational modeling) have shown that Aβ42 interacts with
lipid membranes,40,41,44 thereby disrupting membrane integrity
and hence exerting a neurotoxic effect. There is mounting
evidence that Aβ42 can disrupt membrane integrity by several
mechanisms�including, but not limited to, direct binding to
phospholipids�but the molecular mechanisms underlying the
membrane disruption remain to be elucidated. Against this
background, we set out to apply a rational design method for
investigating Aβ42−phospholipids interactions as a means to
better understand the mechanisms controlling the mitochon-
drial and cell membrane disruptions caused by Aβ42. We
showed that the cyclic peptide synthesized in this study
reduced the neurotoxicity of Aβ42 aggregates by enhancing the
formation of high-molecular-weight Aβ42 aggregates, modulat-
ing the interactions of Aβ42 with both artificial membrane
phospholipids and intact plasma and mitochondria mem-

Figure 7. Inhibition of the interactions between Aβ42 and SH-SY5Y cells by the cyclic peptide. Confocal microscopy imaging of living SH-SY5Y
cells. Cells were incubated with preformed aggregates of either 500 nM HiLyte 488-Aβ42 (upper panels) or with a mixture of the cyclic peptide and
HiLyte 488-Aβ42 at molar ratios of 1:1 and 1:2 (HiLyte 488-Aβ42/cyclic peptide) (middle and lower panels, respectively) for 18 h. Hoechst 33342
was used for nuclear staining. Live imaging was performed using ZEISS LSM 880 microscopy, and the images were obtained with a ×40 objective.
Scale bar, 50 μm.

Figure 8. Proposed mechanism of the Aβ42 aggregation process in the presence of the cyclic peptide. Upper panel: Aβ42 monomers (beige; PDB:
1Z0Q) assemble into toxic oligomeric species (light green; PDB: 2BEG), which subsequently form mature fibrils (blue; PDB: 2MXU). Lower
panel: Cyclic peptide (orange) binds to Aβ42, enhancing its assembly into high-molecular-weight fibrils, which are less toxic than the Aβ42
oligomeric species. This graphical illustration was created with BioRender.com.
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branes, and endowing protective effects against Aβ42-mediated
cytotoxicity (manifested in apoptosis and mitochondrial
membrane depolarization). This study thus established the
basis for the rational design of a peptide inhibitor for Aβ42
toxicity. Further study should include high-throughput screen-
ing for inhibitors as well as enhancers of Aβ42 aggregation in
the presence of lipids, as recently conducted for small
molecules.75

■ MATERIALS AND METHODS
Materials. 1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP) and 1,6-

diphenyl-1,3,5-hexatriene (DPH) were purchased from Sigma-Aldrich
(Rehovot, Israel). Cardiolipin (heart, bovine) sodium salt (CL), 1,2-
dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dimyristoyl-sn-
glycero-3-phosphocholine (DMPC), and 1,2-dioleoyl-sn-glycero-3-
phospho-(1′-rac-glycerol) (sodium salt) (DOPG) were obtained from
Avanti Polar Lipids Inc. (Alabaster, AL, USA).

Peptides. Synthetic Aβ (1−42) (Aβ42) was purchased from
AnaSpec (Fremont, CA, USA). Synthetic peptides, i.e., short peptide
1 (ISRWYFD), short peptide 2 (KSAPFFY), cyclic peptide
(CISRWYFDVTEGKSAPFFYC), and linear peptide (ISRWYFDV-
TEGKSAPFFY) were synthesized by and purchased from GenScript
Corporation (USA).

Cell Culture. The SH-SY5Y neuroblastoma cell line was a
generous gift from Prof. Varda Shoshan-Barmatz (BGU). SH-SY5Y
cells were maintained at 37 °C in a humidified incubator with aeration
of 5% CO2 in Dulbecco’s modified Eagle’s medium (DMEM;
Biological Industries, Israel) supplemented with 10% tetracycline-free
fetal bovine serum (FBS), L-glutamine (2 mM), and penicillin (100
units/mL)/streptomycin (0.1 mg/mL) (Biological Industries, Israel).

Preparation of Peptide Solutions. Aβ42 (1 mg) was dissolved
in HFIP (1 mL) to a final concentration of 312 μM. For each
experiment, the solvent was removed from an appropriate aliquot of
dissolved Aβ42 in a rotary evaporator under vacuum at room
temperature. For CD measurements, 1 mg of each APPI-derived
peptide was dissolved in acetonitrile (1 mL; J.T. Baker, USA). For all
other experiments, APPI-derived peptides were dissolved in DMSO
(1 mL; Sigma-Aldrich, Israel). All the dissolved peptides (Aβ42 and
APPI-derived peptides) were stored at −4 °C until use.

Generation of Pre-incubated Peptide Samples. In all
experiments (except ThT and anisotropy experiments), Aβ42, cyclic
peptide, and the peptide mixtures were mixed with phosphate buffer
(20 mM sodium phosphate, pH 7.4, 150 mM NaCl) and incubated in
a Thermo-shaker incubator for 18 h (500 rpm, orbital shaking) at 37
°C.

CD Measurements. For characterization of the APPI-derived
peptides, the dissolved peptide was mixed with a 1:4 dilution of
phosphate buffer (at a final concentration of 5 mM sodium
phosphate, pH 7.4, 37.5 mM NaCl). A proper high-tension (HT)
voltage (<800 V) of the CD instrument was maintained for the entire
experiment for all samples. The final concentration of each peptide
sample was 400 μM (except for the linear peptide, for which the
concentration was reduced to 300 μM because of the high HT value
that was obtained at 400 μM) in 350 μL of sample volume.

To test the effect of the cyclic peptide on Aβ42 aggregation,
samples of Aβ42 (20 μM in 350 μL of 1:4 diluted phosphate buffer)
were incubated in the absence or presence of 20 μM cyclic peptide.
The spectrum of each sample was recorded in a range between 198
and 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. The
samples were scanned using a Jasco J-715 spectropolarimeter (Jasco,
Japan) at time zero and 24 h post-incubation, and all the spectral
scans were averaged to smooth the data curves.

The background was corrected with respect to protein-free 1:4
diluted phosphate buffer. The spectrum of the Aβ42-cyclic peptide
mixture was compared with the sum of the spectra of each peptide
alone at the same concentration, as previously described.53

TEM Imaging of Aβ42 Aggregates. Samples for TEM imaging
were prepared as previously described.51 Briefly, after pre-incubation

of the peptides (Aβ42, the cyclic peptide, or a mixture of Aβ42 and
the cyclic peptide), 2.5 μL aliquots of the Aβ42 samples taken from
the above CD assay were deposited on carbon-coated copper 300
mesh grids. After 1 min, excess liquid was carefully blotted with filter
paper, and the grid was held at ambient temperature for another
minute. Uranyl acetate (2% final concentration in doubly distilled
water, 5 μL) was added to each sample for 1 min, and then any excess
solution was carefully removed with filter paper. Images were
obtained using a Tecnai G2 12 BioTWIN (FEI, Thermo Fisher
Scientific, Paisley, UK) TEM with an acceleration voltage of 120 kV
(Ilse Katz Institute for Nanoscale Science & Technology). Ten fields
of each sample grid were analyzed.

Tryptophan Fluorescence Assay. Short peptide 1, the cyclic
peptide, or the linear peptide at a final concentration of 100 μM in
phosphate buffer (20 mM sodium phosphate, pH 7.4, 0.15 M NaCl)
was added to the wells of a black 96-well plate (Greiner, Sigma-
Aldrich, Israel). The fluorescence emission spectrum of tryptophan
was monitored using a Tecan Infinite M1000 plate reader
(Man̈nedorf, Switzerland; Cytometry and Proteomics Unit, NIBN,
BGU). The excitation wavelength was 295 nm, and emission spectra
were recorded in the range of 300−410 nm. Background spectra of
peptide-free phosphate buffer were subtracted to achieve the final
emission curves. The results are presented as the averages of three
repetitions.

Detection of Aβ42 Aggregation Using the ThT Assay. Each
of the APPI-derived synthetic peptides at a final concentration of 8
μM in phosphate buffer (20 mM sodium phosphate, pH 7.4, 150 mM
NaCl) was added to 350 μL of stock solution of phosphate buffer
supplemented with 10 μM ThT (Sigma-Aldrich, Israel) and Aβ42 at a
final concentration of 4 μM. Aliquots of 100 μL of the reaction
mixture were added to the peptide in a black 96-well plate (Greiner
Bio-One, Germany), and ThT fluorescence was monitored at 37 °C
with constant orbital shaking at 218 rpm for 7 h. ThT fluorescence
was measured at 5 min intervals in a Tecan Infinite M1000 plate
reader (Man̈nedorf, Switzerland; Cytometry and Proteomics unit,
NIBN, BGU). The fluorescence signals were detected using excitation
and emission wavelengths of 445 and 494 nm, respectively. Data are
presented as mean values of triplicates subtracted from a blank
containing a mixture of the ThT reagent and phosphate buffer.

Evaluation of Aggregate Size Using DLS. DLS measurements
were carried out using a Zetasizer Nano-ZS (Malvern, UK). Samples
of Αβ42 (40 μM), the cyclic peptide, or a mixture of the two peptides
(1:1 molar ratio; 40 μM each) were incubated in phosphate buffer
(20 mM sodium phosphate, pH 7.4, 0.15 M NaCl) for 24 h at 37 °C.
Samples were equilibrated for 1 min at 25 °C prior to data collection.
Correlograms were collected at 173° for at least 10 runs of 10 s at 25
°C. The recorded correlograms were analyzed with the CONTIN
algorithm76 provided with the instrument software.

Characterization of Aβ42 Oligomers and Fibrils Using
Immunoblotting with Structural Antibodies. Aliquots of 50 μL
containing 20 μM of Aβ42 diluted in a phosphate buffer were
incubated at 37 °C for 18 h in the absence or presence of 20 μM
cyclic peptide, with constant orbital shaking at 500 rpm. Each sample
(5 μL) was loaded onto two nitrocellulose membranes, which were
then blocked with 5% skim milk (Sigma-Aldrich, Israel) in Tris-
buffered saline with 0.1% Tween (TBST, Biolab, Israel), and then
washed with TBST (Biolab, Israel) three times for 5 min each.
Thereafter, one membrane was incubated with a rabbit anti-oligomer
antibody A11, which recognizes conformational oligomeric epitopes
common to amyloids69 (Thermo Fisher, Israel), diluted at 1:1000 in
PBS (Biological Industries, Israel). The other membrane was
incubated with a rabbit amyloid fibril polyclonal antibody (Thermo
Fisher, Israel) diluted at 1:1000 in PBS (Biological Industries, Israel)
for 16 h at 4 °C. Then, a secondary HRP-linked anti-rabbit antibody
(Jackson, USA) diluted at 1:3000 in 5% skim milk (Sigma-Aldrich,
Israel) was added, and the chemiluminescence signals were detected
using an EZ-ECL kit (Biological Industries, Israel). To confirm that
equal amounts of Aβ42 were loaded in each sample, the same
membrane was blocked again with 5% skim milk and incubated with a
mouse anti-Aβ42 antibody (Sigma-Aldrich, Israel) diluted at 1:1000
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in PBS, followed by incubation with a secondary HRP-linked anti-
mouse antibody (Cell Signaling, USA) diluted at 1:3000. Here again,
the membrane was developed, and signals were detected using the
EZ-ECL kit (Biological Industries, Israel). In both immunoblotting
experiments, the chemiluminescence signals were visualized with a
Fusion FX imaging system (Vilber Lourmat, Germany). The image
intensity was quantified using ImageJ software, and the intensity
values of the oligomers detected by A11 and the fibrils detected by
amyloid fibril antibody were normalized to the anti-A11 antibody and
anti-Aβ fibrils signals of the untreated Aβ42 samples, respectively. The
experiment was performed in triplicate, and results are presented as
means ± standard deviation (SD).

Preparation of SUVs. SUVs were prepared as described
previously.77 Briefly, the lipid component, namely, DOPC, DOPC/
CL (90:10), or DOPC/DOPG (80:20), for the anisotropy experi-
ments was dissolved in a mixture of chloroform/ethanol (1:1) and
then dried to constant weight under a vacuum, followed by the
addition of 2 mL of sodium phosphate buffer (pH 7.4). The SUVs
were then freshly prepared by probe-sonication [Vibra-Cell VCX130
ultrasonic cell disrupter (Sonics, Newtown, CT)] of the dried
phospholipids for a duration of 10 min at room temperature, with
20% amplitude and 59 s on/off cycles. The final total concentration of
lipids in the SUVs was 1 mM.

Fluorescence Anisotropy. The fluorescent dye DPH (Sigma-
Aldrich, Israel), which becomes embedded in the membrane core and
interacts with the acyl chain of SUV phospholipids,78 was
incorporated into different compositions of SUVs (DOPC, DOPC/
CL, and DOPC/DOPG) by adding the dye dissolved in THF (1 mg/
mL) to the vesicles in a molar ratio of 1:500 (dye/lipid). After 48 h of
incubation at 30 °C, fluorescence anisotropy was determined at λex =
360 nm and λem = 430 nm on a Fluorolog spectrofluorometer
(HORIBA, Japan). Data were collected before and after addition of
freshly dissolved cyclic peptide (20 μM), Aβ42 (10 μM), or a mixture
of the two at a molar ratio of 1:2 (Aβ42/cyclic peptide). Anisotropy
values were automatically calculated by the spectrofluorometer
software using the equation
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where IVV�intensity with the excitation and emission polarizers
mounted vertically; IHH�intensity with the excitation and emission
polarizers mounted horizontally; IHV�intensity with the excitation
polarizer horizontal and the emission polarizer vertical; IVH�intensity
with the excitation polarizer vertical and emission polarizer horizontal.
Results are presented as means ± SD of seven replicates for each
experimental condition.

Crystal Violet Staining of Living Cells. For preparing a crystal
violet solution, 0.125 g of crystal violet (Sigma-Aldrich, Israel) was
dissolved in 50 mL of 20% methanol. SH-SY5Y cells (104 cells/well in
a 96-tissue culture well) were incubated for 48 h with one of the
following treatments: 15 μM pre-incubated Aβ42, 15 μM cyclic
peptide, or a mixture of the two peptides at a molar ratio of 1:1. The
supernatant was then removed, and the plate was washed gently three
times with doubly distilled water. Thereafter, 100 μL of a crystal violet
solution was added to each well for 30 min. After the staining, the
excess crystal violet solution was removed by three cycles of washing
with doubly distilled water. Finally, the fixed crystal violet stain was
dissolved with 2% SDS solution (100 μL per well), and the wells were
read at a wavelength of 550 nm using a BioTek Synergy 4 microplate
reader. Five repetitions for each treatment were performed. The
values were normalized to the control group (untreated cells).

Flow Cytometry Analysis of Apoptotic Cells. SH-SY5Y cells
(2 × 104 cells per well) were seeded in a 24-well tissue culture plate
(Costar, Sigma-Aldrich, Israel) and incubated for 48 h with 20 μM
preformed Aβ42 aggregates in the absence or presence of 20 μM
cyclic peptide. Untreated cells served as a negative control. Cells were
then harvested from the medium and treated with an APC Annexin-
V/SYTOX kit (Invitrogen, Carlsbad, CA) according to the
manufacturer’s protocol. The cells were analyzed using Sony

SP6800 Spectral Analyzer (Japan; Cytometry and Proteomics unit,
NIBN, BGU).

Mitochondrial Membrane Depolarization Potential Meas-
urements. SH-SY5Y cells (1 × 104 cells per well) were seeded in a
black-clear bottomed 96-well plate (Greiner, Sigma-Aldrich, Israel).
On the next day, cells were treated for 24 h with samples of pre-
incubated Aβ42 (15 μM), cyclic peptide (15 μM), or a 1:1 molar ratio
mixture of Aβ42 and the cyclic peptide. Cells were analyzed with a
TMRE-Mitochondrial Membrane Potential Assay Kit (Abcam,
Cambridge, MA, USA) according to the manufacturer’s protocol,
with 20 μM FCCP supplied with the kit serving as the positive
control. The fluorescence intensity, which indicated mitochondrial
activity, was determined with a Synergy2 microplate spectropho-
tometer (BioTek) with a TMRE fluorescence probe with excitation
and emission wavelengths of 549 and 575 nm, respectively.

Confocal Microscopy Imaging of Live Cells. To monitor the
interactions of Aβ42 and the Aβ42-cyclic peptide mixture with the cell
membrane, SH-SY5Y cells were seeded at 10,000 cells/well in 1 m
micro-slides (Ibidi, Germany) and grown at 37 °C. After 24 h, the
cells were incubated with 1 μM preformed HiLyte 488-Aβ42
aggregates in the absence or presence of either 0.5 or 1 μM cyclic
peptide. After 18 h of incubation, the medium was carefully removed,
and the cells were gently washed twice with PBS (Biological
Industries, Israel), followed by resuspension of the cells in 200 μL
of fresh DMEM. Nuclear staining was performed using Hoechst
33342 dye diluted at 1:100 (Thermo Fisher, Israel). Live fluorescence
imaging was performed with a ZEISS LSM880 confocal microscope
using a ×40 objective (Ilse Katz Institute for Nanoscale Science and
Technology Shared Resource Facility, BGU).

Statistical Analyses. All data were analyzed statistically with
GraphPad Prism, version 5.00, for Windows (La Jolla, CA, USA).
Data are shown as means ± SD. Statistical significance between the
control group and different treatments was determined by unpaired
Student’s t-test analysis. *P < 0.05; **P < 0.01; ***P < 0.001.
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