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P
rotein misfolding1,2 and abnormal as-
sembling pathways are implicated in
over 30 human disorders, including

Alzheimer's disease (β-amyloid (Aβ) peptides),
type II diabetes mellitus (human islet amyloid
polypeptide), and transmissible spongiform
encephalopathy (prion protein) etc.3�11 The
pathology of these human disorders is very
likely correlatedwith self-assemblyof amyloido-
genic peptides into various forms of ag-
gregates12,13 such as oligomers, protofibrils,
fibrils, and senile plaques. Recently, it has
been reported that the concentration of
soluble Aβ monomers and oligomers in
the cerebral cortex is related to the degree
of synaptic loss.14�16 It is also reported that
the oligomers of amyloidogenic peptides
are more toxic to neurons in comparison
with the fibril aggregates.17 To reduce the
cytotoxicity of these peptides (abnormal
biological function), a variety of molecules
have been designed to modulate the ag-
gregation of amyloidogenic peptides. In
general, two kinds of strategies, that is,
inhibiting aggregation and disassembling
aggregates of amyloidogenic peptides by
designed small molecules and peptides, are
applied to reduce the cytotoxicity of amy-
loidogenic peptides. Some organic dyemol-
ecules (Congo red, thioflavin T, and their
derivatives) and the polyphenol com-
pounds, such as tannic acid and curcumin,
are excellent agents for inhibiting the fibro-
sis of amyloidogenic peptides.18�23 Protein
mimetics are also reported to behave as
inhibitors of amyloidal peptide oligomeriza-
tion.24,25 β-Strands corresponding to 14�23
residues of Aβwere incorporated into green
fluorescence protein with β-barrel structure
to target and bind with Aβ monomers,
leading to inhibition of the aggregation of
Aβ peptides.26 Alternatively, it is reported
that apocyclen attached to Aβ recognition
motifs, Aβ16�20 (KLVFF) could capture Cu-
(II) to become proteolytically active, and the

complexes were capable of interfering with
Aβ aggregation and degrading Aβ into frag-
ments, as well as preventing H2O2 formation
for reduced toxicity to neuronal cells.27

Recently, we have reported the interaction
betweenchaperone-likemolecules and thekey
fragment of amyloid β peptides Aβ33�42.28 It
was identified from light scattering results that
pyridyl derivatives could interact with the pep-
tide C-termini and appreciably accelerate the
aggregation of Aβ33�42 peptides. It was also
reported that polycations such as polylysine
appended to KLVFF peptide by covalent bond-
ingcould increase the rateoffibril formation.29

Copper and zinc ions have been shown to
accelerate the aggregation of Aβ pep-
tides.30�32 Furthermore, the crowded envir-
onments are also capable of accelerating
aggregation of amyloidogenic peptides.33

It is therefore plausible that the introduc-
tion of chaperone-like molecules could re-
duce the cytotoxicity of amyloidogenic
peptides by accelerating the aggregation of
peptides. In this work, we examine the cyto-
toxicity of the chaperone-like molecules on
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ABSTRACT The pathogenesis of many neurodegenerative diseases is associated with different

types of aggregates of amyloidogenic peptides, including senile plaques, fibrils, protofibrils, and

oligomers. It is therefore valuable to explore diversity of approaches toward reducing the

cytotoxicity of amyloidogenic peptides by modulating aggregation behaviors. Herein we report

an approach toward reducing the neuronal cytotoxicity of amyloidogenic peptides by accelerating

the aggregation process, which is different from prevalent methods via inhibiting the aggregation of

peptides. The pyridyl derivatives behave like chaperones to dramatically change the assembling

characteristics of the peptides via strong hydrogen bond formation with C-termini of amyloid β (Aβ)

peptides, which is revealed by using scanning probe microscopy. The light scattering experiments

demonstrated the effect of the chaperone-like molecules on accelerating the aggregation process of

Aβ peptides, accompanied by the reduced neuronal cytotoxicity of amyloidogenic peptides. These

results would give rise to a complementary approach for modulating biological effects of the

aggregates of amyloidogenic peptides.

KEYWORDS: amyloidogenic peptide . peptide aggregation . modulation . neuronal
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peptide Aβ10�20, which is a key fragment of amyloid
peptide Aβ1�42. The pyridyl species are observed to
coassemble with Aβ10�20 at molecular level via non-
covalent interactions. Scanning probe microscopy is
applied to study the assembly characteristics of the
amyloidogenic peptides28,34,35 due to its high structur-
al resolution and adaptability to various environ-
ments.28,34,36�39 The cell viability experiments re-
vealed that the presence of the pyridyl species could
appreciably reduce the cytotoxicity of the amyloido-
genic peptides.

RESULTS AND DISCUSSION

Modulating Effect of Chaperone-like Molecules on Amyloido-
genic Peptide Assembly at Molecular Level. After the solu-
tions of peptide molecules or peptide with chaperone-
like molecules are deposited onto the highly orien-
sted pyralytic graphite (HOPG) surface, themodulation
effect at the molecular level was investigated with
scanning tunneling microscopy (STM) after the solvent
was completely evaporated. The observations of the
peptide assembling characteristics reveal that Aβ10�
20 peptides interact with each other to form lamella
structures, as shown in Figure 1a. The Aβ10�20 pep-
tides form β-sheet-like structures, and the lengths of
the peptides are 3.45 nm, which is consistent with the
expected value (the secondary structure and length
statistic of Aβ10�20 peptide are shown in Figure S1a,b
in the Supporting Information).

The molecules with pyridyl groups, 4,40-bipyridyl
(4Bpy) and 1,2-di(4-pyridyl)ethylene (DPE), were intro-
duced to coassemble with Aβ10�20. The hybrid lamel-
la structures of amyloidogenic peptides andmolecules

were formed as revealed in Figure 1b,c. The molecules
4Bpy and DPE bind to the amyloidogenic peptide
Aβ10�20 via hydrogen bond between N atoms of
the pyridyl moieties and the carboxyl groups of
Aβ10�20 peptides.28 The bright features in the linear
arrays (Figure 1b,c) are the characteristics of 4Bpy and
DPE molecules, and the stripe structures with reduced
contrast represent the amyloidogenic peptides in STM
images. There exist some structural differences be-
tween the two hybrid assemblies of Aβ10�20/4Bpy
and Aβ10�20/DPE. One can identify from the STM
images that one 4Bpy molecule is associated with one
peptide, while one DPE is accompanied by two pep-
tides. Such difference in assembling stoichiometry
could be ascribed to the trans-conformation of the
DPE molecules originated from the ethylene groups
between two pyridyl groups (the proposed molecular
models can be found in Figure S2a,b in Supporting
Information). The antiparallel β-sheet secondary struc-
tures of amyloidogenic peptide Aβ10�20 with and
without the two modulator molecules can be con-
firmed by the Fourier transform infrared (FTIR) spectra
(Figure S3 in Supporting Information).

Modulating Effect on Amyloidogenic Peptide Aggregate
Morphology. We further studied the modulating effects
on the aggregation process that could be related to
the molecular level assembling behaviors of the amyl-
oidogenic peptides observed by STM. Atomic force
microscopy (AFM) characterizations of the peptide as-
semblies on HOPG surfaces are conducted. The
AFM image of the Aβ10�20 aggregates reveals typi-
cal fibril structures (Figure 2a). In the presence of the
chaperone-like molecular species, short fibrils are

Figure 1. Assembly structure of amyloidogenic peptide and themodulated peptide assemblies by chaperone-likemolecules.
The two-dimensional STM images of (a) Aβ10�20, (b) Aβ10�20/4Bpy, and (c) Aβ10�20/DPE assemblies onHOPG surface. The
inset images at the upper right corner correspond to high-resolution three-dimensional STM images. The amino acid
sequence of Aβ10�20 is superimposed on the STM image in panel a. The proposed basic building block models for the
peptides, peptide/molecule complex assemblies, are presented in the corresponding lower panels. The purple arrows
represent the peptide strands and the blue circles are for the pyridylmoieties. The tentativemolecularmodels for the peptide
with extended strands are shown in a schematic way. The molecular structures of 4,40-bipyridyl (4Bpy) and 1,2-di(4-pyridyl)-
ethylene (DPE) are provided in panels b and c. The molecules 4Bpy and DPE bind to Aβ10�20 peptides via hydrogen bonds
between carboxyl groups of Aβ10�20 andN atoms of pyridylmoieties. Tunneling conditions: (a) 792mV and 405 pA, 500mV
and 299 pA (inset); (b) 770 mV and 464 pA, 770 mV and 464 pA (inset); (c) 709 mV and 495 pA, 709 mV and 495 pA (inset).
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predominant in AFM images rather than the mature
fibrils (Figure 2b,c). The discrepancies of aggregate
morphologies of Aβ10�20 and Aβ10�20/modulators
are due to the modulating effect on the assembly
structures of Aβ10�20 peptides on a molecular level.
The lengths of these short fibrils are 121 ( 22 nm
(Aβ10�20/4Bpy) and 233 ( 67 nm (Aβ10�20/DPE),
respectively (shown in Figure S4a,b), which are much
more than the size of oligomers of amyloidogenic
peptides with cytotoxicity (10�25 nm in lateral dimen-
sions and 2�8 nm in height, as a reflection of diverse
forms of peptide aggregates).16,40,41

Modulating Effect on Amyloidogenic Peptide Aggregation in
Solution. To evaluate the impact of the molecular spe-
cies on the aggregation of Aβ10�20 in aqueous solu-
tion, the aggregation was followed by turbidity
measurements. It was clearly observed that the mo-
lecular species could accelerate the aggregation pro-
cess in aqueous solution in comparison with neat
Aβ10�20, as shown in Figure 3a,b. Control experi-
ments showed the lower aggregation trends of 4Bpy
and DPE (Figure S5) in comparison to Aβ10�20, thus
the contribution of their aggregation can be neglected
in the total light scattering intensities of the Aβ10�20/
modulator systems. The mechanism of the accelerated

aggregation could be attributed to the increased assem-
bling kinetics by linking peptide stripes by the chaperone-
like molecular species, as shown in Figure 1b,c.

It is reported that the cytotoxicity of amyloidogenic
peptides could be reduced with either decreasing or
increasing the dimension of peptide aggregates.17,40,42

Therefore, it is feasible to reduce the cytotoxicity of the
Aβ10�20 aggregates by introduction of the chaperone-
like molecules. Furthermore, the molecular species are
capable of regulating the kinetic aggregation behaviors
of Aβ10�20 peptides, which would possibly reduce the
occurrence probability and effective concentration of
oligomers resulting in reduced cytotoxicity.

Modulating Effect on Reducing the Cytotoxicity of Amyloido-
genic Peptides. The relevance of the observed variations
in peptide aggregation behaviors with the cytotoxicity
changes is also examined. Fresh solution of amyloido-
genic peptides Aβ10�20 was found to have neuronal
cytotoxicity by cell viability assays. The cell viability of
SH-SY5Y cells treated with fresh Aβ10�20 solution is
greatly decreased with increasing Aβ10�20 concen-
tration from 10 to 200 μM (Figure 4a and Figure S6a in
Supporting Information), which is consistent with the
previous reports that the neuron injury is dependent
on Aβ concentrations, rather than the Aβ plaque

Figure 2. Aggregate morphologies of Aβ10�20 peptides and peptide/molecule complexes by AFM on HOPG surface. (a)
Aβ10�20, mature fibrils; (b) Aβ10�20/4Bpy, and (c) Aβ10�20/DPE, short fibrils. The z-scales for all of the images are 20 nm.
The chaperone-like molecules are capable of changing the aggregate morphology of amyloidogenic peptide Aβ10�20,
forming short fibrils instead of mature fibrils.

Figure 3. Modulation effects of (a) 4Bpy and (b) DPE on the aggregation process of Aβ10�20 in phosphate buffer as
measured by light scattering. The legends are shown in panels a and b, respectively. The red and black solid lines are
presented just for guiding the eyes. The blue arrows are indicative of accelerating effect of peptide aggregation in the
presence of the chaperone-like molecules.
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burden.14,43 After incubation of Aβ10�20 peptide
in vitro at 37 �C for 24 h, the aggregation of Aβ10�20
will give rise to more fibrils or large aggregates than
the samples incubated for 2 h (Figure 2a). The cell
viability of the Aβ10�20 aggregates with fibrils
(incubation for 24 h) in solution show greatly re-
duced neuronal cytotoxicity, which is opposite to the
fresh solution of Aβ10�20 (Figure 4a). This result
further confirmed the lower toxicity of the mature
fibrils or large aggregates.

The above results reveal that the mature aggre-
gates of amyloidogenic peptides are nearly noncyto-
toxic. These results illustrate the possibility of reducing
cytotoxicity of amyloidogenic peptides by accelerating

the aggregation of peptides with chaperone-like mol-
ecules into a state with mostly mature aggregates in a
shorter time. When the molecules of 4Bpy and DPE
were introduced to target the peptides via a hydro-
gen bond between the peptides and pyridyl mol-
ecules in fresh Aβ10�20 solution, the cytotoxicity of
the peptides was greatly reduced at the Aβ10�20
concentration of 10 and 50 μM (Figure 4b). The cell
viabilities of Aβ10�20/4Bpy and Aβ10�20/DPE
shown in Figure S6b,c in Supporting Information
reveal lower cytotoxicity than Aβ10�20, and DPE
molecule demonstrates better potency than 4Bpy.
The cytotoxicity discrepancy of two peptide/molecule
complex systems could be possibly attributed to

Figure 4. Cytotoxicity of amyloidogenic peptides and inhibition effect of the chaperone-likemolecules on the cytotoxicity of
the peptides. The cytotoxicity of (a) fresh Aβ10�20 solution and Aβ10�20 aggregates with fibrils incubated at 37 �C for 24 h.
(b) Cell viability of Aβ10�20 in the absence and presence of 4Bpy and DPEmeasured byWST-8 toxicity assay. The chaperone-
likemolecules could reduce the cytotoxicity of amyloidogenic peptides to some extent. (c) Cell viability of 4Bpy and DPEwith
diverse concentrations. DPE molecule shows lower neuronal cytotoxicity in comparison with the 4Bpy molecule. Results are
mean ( SD (n = 3). Statistical differences compared with the controls are given as *, P < 0.05 and **, P < 0.01.
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different modulation effect of pyridyl molecules on
the assembly structures of amyloidogenic peptides
(Figure 2b,c). Another possible reason could be as-
cribed to the toxicity of the pyridyl molecules them-
selves to neuron cells (Figure 4c). The cell viabilities of
DPE and 4Bpy suggest that the DPE molecule is pre-
ferential due to its lower cytotoxicity in our detection
range.

It could be proposed that the mechanism of
reducing the cytotoxicity via introduction of cha-
perone-like molecules is possibly correlated with
the variation of the aggregation behaviors. In the
previous reports, it is elucidated that cognitive im-
pairment correlated better with cerebral Aβ con-
centrations than with amyloid plaque numbers44

and correlated best with the soluble pool of cerebral
Aβ, which contains soluble oligomers.14,45,46 The
concentrations of soluble Aβ monomers and oligo-
mers in the cerebral cortex correlate with the degree
of synaptic loss.45 It has been hypothesized that
these amyloidogenic peptide monomers and solu-
ble oligomers might have interaction with the cell
membrane and result in the cell dysfunction. The
modulated peptide assembly with chaperone-like
molecules could correlate with the faster aggrega-
tion from amyloidogenic peptide monomers and
oligomers to large aggregates (Figure 2b,c and
Figure 4b), which could be viewed as a similar effect
on reducing amyloidogenic peptide cytotoxicity by
incubation of Aβ10�20 peptide in vitro at 37 �C for
24 h (Figure 4a). The two approaches both block the
interaction of the amyloidogenic peptide mono-
mers and oligomers with cell membranes for reduc-
tion of toxic species to neurons.

It is clear that the molecular level studies of the
aggregation behavior of amyloidogenic peptides
could be relevant to the cytotoxicity of these pep-
tides and also the inhibitory effects of the neuronal
injury of these peptides. The schematic model is
shown in Figure 5. The chaperone-like molecular
species can target the termini, the main chains, or
the side groups of peptides and modulate the as-
sembly characteristics as well as the aggregation
behaviors of peptides. The similar effect could be
completed by incubating the peptides, which is a
slow process (Figure 5a). 4Bpy and DPE were found
to accelerate the Aβ assembly process and reduce
the cytotoxicity appreciably. The results on the ac-
celerated peptide aggregation process and the re-
duced toxic species could provide an alternative
approach toward reducing the cytotoxicity of amy-
loidogenic peptides, complementary to the meth-
ods by inhibiting and disassembling the aggregation
of peptides.27,29,47

CONCLUSIONS

In summary, we have demonstrated that nonco-
valent interactions between the peptide and organ-
ic molecule could be utilized to modulate the
primary assembly structure of amyloidogenic pep-
tides and subsequently the aggregation behaviors.
The appreciably reduced cytotoxicity of amyloido-
genic peptides was also observed in association
with the accelerated aggregation process by the
chaperone-like molecular species. These observa-
tions could be beneficial for obtaining insight into
the interaction mechanism between protein, pep-
tide, and drug molecules relating to amyloidosis

Figure 5. Schematic models for the modulation effect of chaperone-like molecules on aggregation behaviors and
cytotoxicity of amyloidogenic peptides. (a) Cytotoxicity of the soluble monomeric and oligomeric amyloidogenic peptides
and the lower or noncytotoxicity of the peptide aggregates with fibrils. (b) Accelerated aggregation process induced by the
chaperone-like molecules leads to the faster formation of short fibrils of peptide/molecule complexes, which subsequently
results in the reduced cytotoxicity of amyloidogenic peptides. The cytotoxicity is presented as a red explosive shape, and the
blue ring represents lower or noncytotoxicity in both panels a and b. The fine structures of mature fibrils of amyloidogenic
peptides, short fibrils of peptide/molecule complexes, are show in green rings. The detailed legends can be found at lower left
corner.
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and also be of genuine interest for designing new
functional molecules as therapeutic agents for

amyloidosis based on a novel accelerating aggrega-
tion approach.

EXPERIMENTAL SECTION
Sample Preparation. Aβ10�20 was purchased from American

Peptide Company, Inc. with a purity of 98%. It was dissolved in
hexafluoroisopropanol (HFIP, Sigma) initially for an extended
time, and the solution was transferred into a sterile microcen-
trifuge tube followed by evaporation of the HFIP solvent under
vacuum. The obtained peptide deposits were dissolved inMilli-Q
water. 4,40-Bipyridyl and 1,2-di(4-pyridyl)ethylene were dis-
solved in ethanol, and then the peptide solution was mixed
with the solutions of the pyridyl molecules to reach the final
concentration ca. 0.1 mM. The mixed solutions were kept
standstill for 2 h at 37 �C, then 5 μL of Aβ10�20 solutions or
peptide/molecule complex solutions was dropped onto a
freshly cleaved HOPG surface and then observed directly by
STM after the solvent was evaporated. The samples for STM
observations were also used for AFM investigations. The tem-
perature of STM and AFM detection was about 30 �C in ambient
conditions. The concentration of Aβ10�20 and the chaperone-
like molecules for light scattering was 0.2 mM in phosphate
buffer (5 mM sodium dihydrogen phosphate and sodium
phosphate, and pH = 7.4) in the presence of 20 μL of DMSO.
The samples for light scattering measurement were incubated
at 37 �C.

STM Experiments. The STM experiments were carried out with
a Nanoscope IIIa system (Veeco Metrology, USA) working at
ambient conditions. Mechanically formed Pt/Ir (80%/20%) tips
were used in the STM experiments. All STM images were
obtained in constant current mode, and the tunneling condi-
tions were shown in the corresponding figure captions.

AFM Investigations. Tapping mode AFM studies were per-
formed on a Nanoscope IIID AFM instrument (Veeco Metrology,
USA) under ambient conditions. Commercial silicon tips with a
nominal spring constant of 40 N/m and resonant frequency of
300 kHz were used in all of the experiments.

Light Scattering Measurements. Light scattering was measured
on a PerkinElmer LS55 fluorescence spectrophotometer at
room temperature using 1 cm path length quartz cell. Both
excitation and emission wavelengths were set to 400 nmwith a
spectrum bandwidth of 1 nm. The light scattering signal was
quantified by averaging the emission intensity at 400 nm (slit
width = 2.5 nm) over 15 s in an attenuation mode.

Cell Culture. SH-SY5Y human neuroblastoma cells (ECACC,
UK) were cultured in DMEM (Gibco, Invitrogen, UK) containing
10 IU penicillin/mL (Gibco, Invitrogen, UK), 100 μg of strepto-
mycin/mL (Gibco, Invitrogen, UK), and 10% fetal bovine serum
(Hyclone, Invitrogen, UK). The cells were routinely subcultured
once every 3 days at a dilution of 1:2 andgrown at 37 �C in a 95%
air/5% CO2 humidified incubator (Sanyo, UK) in 75 cm3 tissue
culture-treated flasks (Nalge Nunc International, Naperville, IL,
USA).

Cell Viability Assay. SH-SY5Y cells were plated at a concentra-
tion of 10 000 cells/well (100 μL/well) in 96-well plates (Greiner
Bio-One Inc., Longwood, FL, USA) in full medium and incubated
overnight at 37 �C. Then SH-SY5Y neurons were treated with or
without various concentrations of fresh Aβ10�20 in the pre-
sence or absence of chaperone-like molecules for 48 h. The
Aβ10�20 aggregates with fibrils were incubated at 37 �C for 24 h
before being applied to the cell culture medium for SH-SY5Y
cells. The WST-8 cell viability assay was performed by using Cell
Counting Kit-8 (Dojindo Laboratories, Kumanoto, Japan), ac-
cording to the supplier recommendations. Cell viability was
expressed as the percentage of viable cell relative to untreated
cells using the absorbance at 450 nm.

Statistical Analyses. Experiments aremeans of triplicates. Data
are expressed as mean ( standard deviation (SD). Statistical
analyses were performed with SPSS (SPSS, Chicago) by using a
paired t-test. Differences were considered statistically signifi-
cant when P < 0.05.
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