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ABSTRACT: Formation of amyloid fibrils by misfolding α-synuclein is a
characteristic feature of Parkinson’s disease, but the exact molecular
mechanism of this process has long been an unresolved mystery.
Identification of critical amyloid peptide fragments from α-synuclein may
hold the key to decipher this mystery. Focusing on consecutive hydrophobic
amino acids (CHAA) in the protein sequence, in this study we proposed a
sequence-based strategy for direct identification of amyloid peptide fragments
in α-synuclein. We picked out three CHAA fragments (two hexapeptides and
one tetrapeptide) from α-synuclein and studied their amyloidogenic property.
The thioflavin-T binding test, transmission electron microscopy, Congo red
staining, and Fourier transform infrared spectroscopy revealed that although
only hexapeptides could undergo amyloid aggregation on their own, extended
peptide fragments based on any of the three peptides could form typical amyloid fibrils. Primary amyloidogenic fragments based on
the three peptides showed synergetic aggregation behavior and could accelerate the aggregation of full-length α-synuclein. It was
proved that hydrophobic interaction played a predominant role for the aggregation of these peptides and full-length α-synuclein. A
central alanine-to-lysine substitution in each hydrophobic fragment completely eliminated the peptides’ amyloidogenic property, and
alanine-to-lysine substitutions at corresponding sites in full-length α-synuclein also decreased the protein’s amyloidogenic potency.
These findings suggested that CHAA fragments were potentially amyloidogenic and played an important role for the aggregation of
α-synuclein. The identification of these fragments might provide helpful information for eventually clarifying the molecular
mechanism of α-synuclein aggregation. On the other hand, our study suggested that the CHAA fragment might be a simple motif for
direct sequence-based identification of amyloid peptides.

■ INTRODUCTION
Amyloid fibrils formed by misfolding natural proteins or
polypeptides have long been known as the hallmark of many
human diseases including Alzheimer’s disease, Parkinson’s
disease, type II diabetes, and so on.1,2 Understanding the
molecular mechanism of how natural proteins or polypeptides
misfold into amyloid fibrils holds the key to prevent, diagnose,
and cure these diseases.3 On the other hand, formation of
functional amyloid-like fibrils by natural proteins has attracted
considerable attention in recent years, which also raised the
challenge to decipher their aggregation mechanisms.4 How-
ever, despite worldwide effort for decades in this field, none of
these amyloidogenesis processes has been fully understood
from the molecular level. In addition, there is also a long-
existing mystery about how different proteins with quite
different sequences could form amyloid fibrils with very similar
properties, such as a similar morphology and ability to bind
with specific dyes.
Considering the complexity of full-length proteins or

polypeptides, which are usually composed of tens to hundreds
of amino acids, there is still a long way to clarify their precise
molecular mechanisms of amyloid aggregation. For this reason,
a rational strategy is to focus on amyloid peptide fragments in

the proteins or polypeptides. These peptide fragments could
self-assemble into amyloid fibrils by themselves and played
determinative roles in the aggregation process of their full-
length versions.5 In the past two decades, a number of amyloid
peptide fragments have been identified from many different
proteins or polypeptides, and a number of studies have been
carried out on their aggregation behaviors and mechanisms,
indicating a promising way to finally understand the
mechanism of amyloid aggregation.6−10

In order to identify amyloid peptides from natural proteins
or polypeptides, various algorithms such as AMYLPRED and
AGGRESCAN have been established to predict “aggregation-
prone” fragments.11,12 In these algorithms, hydrophobicity of
amino acids has been counted as a major positive index.
Actually, nearly all literatures reported so far have indicated the
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importance of hydrophobic amino acids in amyloid peptides.13

Based on these previous studies, we wonder if a simple
criterion could be raised to identify amyloid peptides by
directly checking their sequences for hydrophobic amino acids.
Recently, we have found that a series of designer amphiphilic
peptides could undergo amyloid-like aggregation when they
contained fragments composed of at least four consecutive
hydrophobic amino acids (CHAA).14,15 Coincidently, many
naturally derived amyloid peptides, such as KLVFFAE and
GLMVGGVVIA from amyloid-beta peptide,16−18 NFGAILS
and LANVFLVH from islet amyloid polypeptide,19,20 and
RLQGGVLVNEI from the semen enhancer of HIV
infection,21 also contained similar CHAA fragments. A detailed
list of natural amyloid peptides containing similar CHAA
fragments was summarized in Table S1. These findings implied
that CHAA fragments might be a potential type of the
amyloidogenic motif, which could serve as a simple criterion
for identifying amyloid peptides from natural proteins.
Human α-synuclein (HS) is one of the most widely

investigated amyloid proteins with its misfolding behavior
strongly related to Parkinson’s disease.22−24 To date, a lot of
research studies have been carried out on the aggregation
behavior of HS, and it has been known that among its
sequence composed of 140 amino acids, the non-β-amyloid
component (NAC) sequence (residues 61−95) rich in
hydrophobic amino acids is the core region responsible for
aggregation.25,26 Although a sketchy model has been proposed
to illustrate how HS underwent amyloid aggregation based on
several β-sheet-forming fragments,13 only a few amyloid
peptide fragments have been identified from this protein,
leaving the majority of its amyloidogenic fragments unex-
plored.27−29 As more and more studies suggested that the

architecture of HS amyloid fibrils might hold the key to
manipulate its neurotoxicity and infectivity,30,31 a precise
misfolding model based on more well-evaluated amyloid
peptide fragments is highly demanded.
In order to identify more amyloid peptide fragments from

HS and also to confirm our hypothesis that the CHAA
fragment was a potential amyloidogenic motif, we picked out
two hexa-CHAA fragments and one tetra-CHAA fragment
from HS. In this study, we reported the amyloidogenic
property of these fragments and showed their important role in
the aggregation process of full-length HS.

■ RESULTS AND DISCUSSION

Selection and Analysis of CHAA Fragments. Based on
the hydropathy index of amino acids developed by Kyte and
Doolittle, G, A, M, C, F, L, V, and I were defined as
hydrophobic amino acids in this study.32 In the sequence of
HS, there are three CHAA fragments composed of at least four
amino acids, that is, HS14-19 (GVVAAA), HS66-71
(VGGAVV), and HS88-91 (IAAA). As shown in Figure 1A,
HS14-19 contained an aggregation-prone fragment predicted
by AMYLPRED, a consensus method based on several
different algorithms,11 but no amyloid peptide around this
region has been experimentally confirmed. HS66-71 partially
overlapped with another aggregation-prone fragments pre-
dicted by AMYLPRED, and it is also the truncated version of
an experimentally confirmed amyloid peptide.28 On the other
hand, no predicted or experimentally confirmed amyloid
peptide around HS88-91 has been reported. Furthermore, it
should be noted that HS66-71 and HS88-91 were from the
NAC region of HS, while HS14-19 was from the N-terminal

Figure 1. CHAA fragments and their amyloid aggregation behaviors. (A) Sequence of HS and selected CHAA fragments (red). Aggregation-prone
fragments predicted by AMYLPRED are marked by dashed underlines. Experimentally confirmed amyloid peptides are marked by asterisks.27,28

Solid underline indicates the aggregation-prone NAC region. (B) ThT-binding fluorescence of CHAA fragments. (C) TEM images of helical
nanotapes formed by HS14-19 and HS66-71. Scale bars = 100 nm. (D) Apple-green birefringence of HS14-19 and HS66-71 after CR staining.
Scale bars = 50 μm. (E) FT-IR spectra of CHAA fragments.
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region, the amyloidogenic potency of which has not been well
acknowledged yet.
Amyloid Aggregation of CHAA Fragments. The

aggregation property of the three CHAA fragments was first
evaluated by thioflavin-T (ThT) binding, a conventional
method detecting amyloid aggregates in solution.33,34 As
shown in Figure 1B, HS14-19 and HS66-71 exhibited a
characteristic fluorescent peak around 495 nm, suggesting the
formation of amyloid aggregates. On the contrary, the
fluorescent spectrum of HS88-91 almost overlapped with
that of the PBS control, indicating that the peptide did not
undergo aggregation. TEM images showed that both HS14-19
and HS66-71 self-assembled into helical nanotapes (Figure
1C) while HS88-91 did not form any nanostructure (data not
shown). Although the nanotapes formed by HS14-19 and
HS66-71 did not resemble the morphology of typical amyloid
fibrils, similar nanotapes formed by other amyloid peptides
have also been reported,35,36 representing a special type of
amyloid aggregates. Additionally, deposits of HS14-19 and
HS66-71 stained by Congo red (CR) showed apple-green
birefringence under polarized light (Figure 2D), which is also a
well-known feature of amyloid aggregates.37 Finally, as shown
in Figure 1E, Fourier transform infrared (FT-IR) spectra of
HS14-19 and HS66-71 exhibited amide-I peak around 1625−
1630 and 1680−1690 cm−1, indicating the formation of the
parallel β-sheet and antiparallel β-sheet, respectively.38,39 On
the contrary, the amide-I peak of HS88-91 appeared around
1660−1700 cm−1, suggesting that the peptide took a
disordered secondary structure. In combination, these results
indicated that the selected hexa-CHAA fragments HS14-19
and HS66-71 could undergo amyloid aggregation while the

tetra-CHAA fragment HS88-91 could not, suggesting that four
hydrophobic amino acids might not be long enough to support
self-assembly on its own.

Amyloid Aggregation of Extended Peptides Contain-
ing CHAA Fragments. Then, the three CHAA fragments
were extended on both of their N-terminal and C-terminal by
1−3 amino acids according to corresponding sequences in HS,
and aggregation behaviors of these extended peptides were
studied. As shown in Figure 2A, all extended peptides
containing CHAA fragments, even including those containing
nonamyloidogenic HS88-91, exhibited specific ThT-binding
fluorescence with a peak value around 495 nm, indicating their
potential amyloid aggregation potency. To compare the
amyloidogenic potency of CHAA motifs and their extended
fragments, the peak fluorescent value of different peptides were
also shown in Figure S1. TEM images confirmed that all
extended peptides self-assembled into nanofibers with a
morphology similar to typical amyloid fibrils (Figure 2B).
After CR staining, all extended peptides exhibited apple-green
birefringence under polarized light, which further confirmed
their amyloid property (Figure 2C). As shown in Figure 2D,
FT-IR spectra of all extended peptides showed the amide-I
peak around 1625−1630 and 1680−1690 cm−1, indicating the
formation of the parallel β-sheet and antiparallel β-sheet,
respectively.
In combination, these results suggested that extended

peptides containing CHAA fragments could also undergo
amyloid aggregation. This is not surprising for peptides based
on HS14-19 and HS66-71 because the core sequences they
contained were amyloidogenic. A similar pattern has been very
common in designer functionalized self-assembling peptide

Figure 2. Amyloid aggregation of extended peptides containing CHAA fragments. (A) ThT-binding fluorescent spectra of different peptides. (B)
TEM images of nanofibers formed by different peptides. Scale bars = 100 nm. (C) Apple-green birefringence of different peptides after CR staining.
Scale bars = 50 μm. (D) FT-IR spectra of different peptides.
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nanofibers, in which self-assembling core sequences were
responsible for self-assembly, and additional functional
sequences would not affect the self-assembling behavior.40−43

Interestingly, although the primary amyloid peptides HS14-19
and HS66-71 formed nanotapes, all their extended versions
formed nanofibers similar to amyloid fibrils formed by full-
length HS protein, suggesting that extended peptides
mimicked the aggregation behavior of HS more closely.
Previous studies have suggested that peptides with shorter
sequence or more hydrophobic terminal groups tended to from
sheet-like or tape-like structures rather than nanofibers,44,45

and this might explain the special morphology of nanotapes
formed by HS14-19 and HS66-71. However, more studies are
needed to demonstrate the exact mechanism behind.
Surprisingly, although HS88-91 did not undergo amyloid

aggregation as shown in Figure 1, all of its extended versions
showed aggregation ability. Compared with the HS88-91
fragment, HS87-92 with additional S and T had an extended
peptide backbone, which provided possibility for stronger
intermolecular attraction. For example, in HS88-91 there were
only three amide groups while in HS87-92 there were five, so
that HS87-92 contained two more sites for stronger
intermolecular hydrogen bonds. On the other hand, although
S and T were generally classified as hydrophilic amino acids,
they were uncharged so that would not generate electrostatic
repulsion and weaken the hydrophobic interaction among the
CHAA fragments, which also facilitated the self-assembling
process. Furthermore, the methyl group in the side chain of T
might also contribute to the overall hydrophobicity of the
peptide. Possibly for these reasons, HS87-92 became the
primary fragment capable of amyloid aggregation in the group
of peptides based on HS88-91.
A summary of the aggregation ability of all CHAA fragments

and extended peptides based on them is listed in Table 1.

Synergetic Aggregation and Seeding Effect of
Primary Amyloid Peptides. Because HS14-19, HS66-71,
and HS87-92 were identified as primary fragments capable of
amyloid aggregation, we further studied their synergetic co-
aggregation behavior, which could provide clue about how full-
length HS could undergo amyloid aggregation based on these
different fragments. As shown in Figure 3A, at lower
concentration of 0.5 mM, HS14-19, HS66-71, or HS87-92
alone only showed slightly increased ThT-binding fluores-
cence, indicating an initial state of amyloid aggregation.

However, in different combinations of different peptides, the
increased values of ThT-binding fluorescence were much
higher than the sum of increased values of corresponding
peptides, indicating the synergetic aggregation behavior of
different primary amyloid peptides.
Corresponding to the increase of ThT-binding fluorescence,

as shown in Figure 3B, TEM images revealed that HS14-19 or
HS66-71 only formed short fragments of helical nanotapes,
and HS87-92 only formed short nanofibers. It should be
pointed out that even these fragmental nanostructures were
hard to find under TEM, suggesting immature and unstable
self-assembly of these peptides at lower concentration. As
shown in Figure 3C, when these peptides were mixed together
at the same concentration, they could co-assemble into intact
and stable nanostructures. Because both HS14-19 and HS66-
71 formed helical nanotapes on their own, it is not surprising
that their combination also formed helical nanotapes.
Interestingly in other binary combinations, HS14-19 seemed
to join in HS87-92 to form nanofibers while HS87-92 seemed
to join in HS66-71 to form nanotapes. Also, in the
combination of all the three peptides, both nanotapes and
nanofibers were formed. It is not clear why would certain
peptides take the predominant role in determining the
morphology of co-assembling systems, but these TEM images
also confirmed the co-aggregation behavior of different
peptides. This synergetic co-aggregation manner also agreed
well with the previously proposed aggregation model of HS, in
which different potential amyloidogenic β-sheet fragments
stacked with each other and formed amyloid aggregates.13

Table 1. Sequence and Aggregation Ability of CHAA
Fragments and Extended Peptides Based on Them

peptide sequencea type of amyloid aggregate

HS14-19 GVVAAA nanotape
HS13-20 EGVVAAAE nanofiber
HS12-21 KEGVVAAAEK nanofiber
HS11-22 AKEGVVAAAEKT nanofiber
HS66-71 VGGAVV nanotape
HS65-72 NVGGAVVT nanofiber
HS64-73 TNVGGAVVTG nanofiber
HS63-74 VTNVGGAVVTGV nanofiber
HS88-91 IAAA no aggregate
HS87-92 SIAAAT nanofiber
HS86-93 GSIAAATG nanofiber
HS85-94 AGSIAAATGF nanofiber

aUnderlines indicate CHAA fragments.

Figure 3. Co-aggregation of HS14-19, HS66-71, and HS87-92. (A)
Increased ThT-binding fluorescence at 495 nm of different peptides
and their combinations. For each sample, an increased fluorescent
intensity was calculated by subtracting the value in PBS from the value
in peptides. (B) TEM images of fragmental aggregates formed by
different peptides. Scale bars = 100 nm. (C) TEM images of intact
aggregates formed by different combination of different peptides. In
the last image, black arrows indicate nanofibers, and white arrows
indicate helical nanotapes. Scale bars = 100 nm.
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Except for co-aggregating with each other, these primary
amyloid peptides could also induce the aggregation of full-
length HS. As shown in Figure 4, agitated HS solution

experienced a 2-day lag phase before the formation of amyloid
aggregates. However, when amyloid aggregates preformed by
each peptide added into HS solution, the protein began to
aggregate from the first day, indicating the seeding effect of
these primary amyloid peptide fragments.
Hydrophobic Interaction for Aggregation. Because

these peptides could undergo similar amyloid aggregation and
could readily undergo co-aggregation, they should share a
common aggregation mechanism under a common driving
force. Because all these peptides contained CHAA fragments as
their major component, it is highly possible that hydrophobic

interaction as a common driving force played a predominant
role for their aggregation behavior. To prove this, we first used
pyrene and 8-anilinonaphthalene-1-sulfonic acid (ANS) as
probes to detect the formation of hydrophobic interaction in
the self-assembling structure of each peptide. Pyrene is a
hydrophobic molecular probe with five characteristic fluo-
rescent peaks between 360 and 440 nm when excited at 336
nm. When the probe is in a hydrophobic environment, the
ratio between its first peak (I1) and third peak (I3), that is, the
I1/I3 value would drop significantly. As shown in Figure 5A, in
all peptides except HS88-91, the I1/I3 value of pyrene
decreased significantly as compared with pyrene in the PBS
control, suggesting the formation of the hydrophobic region in
all these amyloid peptides. Alternatively, ANS is another
fluorescent probe used for detecting hydrophobic interaction
by the enhancement and the blueshift of its fluorescent peak.
As shown in Figure 5B, except HS88-91, all peptides showed
an obviously enhanced and blue-shifted ANS fluorescent peak,
which also confirmed the formation of hydrophobic interaction
in all amyloid peptides.
Because hydrophobic interaction was supposed to be a

crucial driving force for the peptides’ amyloid aggregation, we
further tested their aggregation potency in the mixture of PBS
and tetrahydrofuran (THF). Compared with water, THF is a
more hydrophobic solvent, so that it may bind with
hydrophobic face of proteins or peptides, which might inhibit
their aggregation by disturbing the intermolecular hydrophobic
interaction directly or by perturbing the structure of protein or
peptide monomers.46,47 As shown in Figure 5C, aggregation
ability of all amyloid peptides was significantly inhibited by
THF in a concentration-dependent manner, suggesting the
importance of hydrophobic interaction in the aggregation

Figure 4. Growth of ThT-binding fluorescence of HS incubated with
preformed aggregates of different peptides.

Figure 5. Role of hydrophobic interaction for amyloid aggregation. Both the I1/I3 value of pyrene fluorescent spectra (A) and ANS fluorescent
spectra (B) revealed the existence of hydrophobic interaction in different amyloid peptides. (C) Relative ThT-binding fluorescent intensity at 495
nm of different peptides in the PBS/THF mixture with different THF concentrations. (D) ThT-binding fluorescent intensity of fibrillated HS in
PBS/THF mixture with different THF concentrations.
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process. Furthermore, we also tested the effect of THF on
preformed aggregates of full-length HS. As shown in Figure
5D, as the concentration of THF increased, aggregates formed
by HS was gradually destroyed, suggesting that the protein’s
aggregation also greatly relied on hydrophobic interaction. On
the one hand, these results proved that hydrophobic
interaction based on CHAA fragments played a predominant
role for amyloid aggregation of HS, providing important clue
for clarifying the protein’s aggregation mechanism. On the
other hand, although THF is highly toxic and may not be a
good candidate drug for Parkinson’s disease, other small
molecules could be exploited to destroy amyloid aggregates
with the same mechanism.
Effect of Alanine-to-Lysine Substitution on Aggrega-

tion. In order to eliminate the amyloid aggregation behavior of
peptides by weakening hydrophobic interaction, a more direct
strategy is to substitute hydrophobic amino acid in the
sequence with hydrophilic acid. Because it was supposed that
CHAA fragments were crucial for amyloid aggregation, we
modified the CHAA-containing peptides by substituting one of
their central alanines to lysine to destroy the continuity of
CHAA motifs. As shown by ThT-binding fluorescence,
alanine-to-lysine substitution in the center of CHAA fragments
completely eliminated aggregation ability of all peptides based
on them (Figure 6A), suggesting that continuity of hydro-
phobicity in the CHAA fragments was indispensable for all
these peptides’ aggregation.
As a comparison, we also tested the effect of terminal

hydrophobic-to-hydrophilic substitution on the peptides’
aggregation. As shown in Figure 6B,C, when the N-terminal
alanines of HS11-22 and HS85-94, or N-terminal valine of
HS64-73 were substituted with lysine, all modified peptides
retained their amyloid aggregation ability and self-assembled
into nanofibers. These results further demonstrated that a
central CHAA fragment with restricted continuity was

indispensable for the aggregation of peptides, while the
hydrophobicity of terminal amino acids was less important.
A summary of the aggregation ability of all peptides with
alanine-to-lysine substitution (valine-to-lysine for HS63-74
V63K) was listed in Table 2.

Based on these results, we wonder if corresponding alanine-
to-lysine substitutions in full-length HS could also eliminate its
amyloid aggregation ability. We constructed mutant HS
proteins with a single alanine-to-lysine substitution at A17,
A69, or A90, which was corresponding to the central alanine
substitution in HS14-19, HS66-71, and HS88-91, respectively.
Another mutant protein with all three alanines substituted by
lysines was also constructed. These mutant proteins were
named as Mut-A17K, Mut-A69K, Mut-A90K, and Mut-tri,

Figure 6. Aggregation of peptides with alanine-to-lysine substitution. (A) ThT-binding fluorescence of peptides with substitution at the center of
CHAA motifs. (B) ThT-binding fluorescence of peptides with substitution at the N-terminal. (C) TEM images of nanofibers formed by peptides
with N-terminal substitution. Scale bars = 100 nm.

Table 2. Sequence and Aggregation Ability of Peptides with
Alanine-to-Lysine Substitution

peptide sequencea type of amyloid aggregation

HS14-19 A17K GVVKAA no aggregation
HS13-20 A17K EGVVKAAE no aggregation
HS12-21 A17K KEGVVKAAEK no aggregation
HS11-22 A17K AKEGVVKAAEKT no aggregation
HS11-22 A11K KKEGVVAAAEKT nanofibers
HS66-71 A69K VGGKVV no aggregation
HS65-72 A69K NVGGKVVT no aggregation
HS64-73 A69K TNVGGKVVTG no aggregation
HS63-74 A69K VTNVGGKVVTGV no aggregation
HS63-74 V63K KTNVGGAVVTGV nanofibers
HS87-92 A90K SIAKAT no aggregation
HS86-93 A90K GSIAKATG no aggregation
HS85-94 A90K AGSIAKATGF no aggregation
HS85-94 A85K KGSIAAATGF nanofibers

aUnderlines indicate the site of substitution.
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respectively, and their aggregation potency was investigated. As
shown in Figure 7A, although single alanine-to-lysine
substitution only slightly decreased the ThT-binding fluo-
rescence of Mut-A17K, Mut-A69K, and Mut-A90K, Mut-tri
showed significantly decreased ThT-binding fluorescence.
Correspondingly, TEM images showed that Mut-A17K, Mut-
A69K, and Mut-A90K formed typical amyloid fibrils with a
morphology similar to that formed by the WT protein, while
Mut-tri formed much shorter nanofibers (Figure 7B).
Furthermore, as shown in Figure 7C, although single alanine-
to-lysine substitution at the central site of one of these CHAA
fragments had no obvious effect on the cytotoxicity of Mut-
A17K, Mut-A69K, and Mut-A90K, the cytotoxicity of Mut-tri
was significantly lower than that of the WT protein.
Just as the CHAA fragments could undergo co-assembly in a

synergetic manner, modifying these fragments to inhibit
amyloid aggregation of HS also showed an accumulative
effect. These results suggested that amyloid aggregation of HS
was determined by the co-aggregation of all these different
CHAA fragments, while the effect of a single mutation was
limited. On the other hand, it should be noticed that even
Mut-tri containing all three alanine-to-lysine substitutions still
retained certain ability of amyloid aggregation and cytotoxicity,
suggesting that the three CHAA fragments identified in our
study were not fully responsible for amyloid aggregation of HS.
This is not surprising because other amyloid peptide fragments
from HS have also been reported earlier,27−29 and CHAA may
not be the only motif capable of amyloid aggregation.

■ CONCLUSIONS

In conclusion, we have directly identified three CHAA
fragments from HS based on the hydrophobicity of amino
acids and proved the important role of these CHAA fragments
for amyloid aggregation of the protein. Although HS66-71
partially overlapped with previously reported amyloid peptides
from HS, HS14-19, and HS88-91 were new amyloid peptide
fragments confirmed in this protein. More interestingly, HS14-
19 was picked out from the N-terminal region of HS,

suggesting that the role of this region in aggregation should
not be ignored. Although these CHAA fragments were only
partially responsible for the aggregation of HS, our results
expanded the family of amyloid peptides in HS, which might
be helpful to finally clarify the protein’s misfolding mechanism.
Furthermore, although CHAA may not be the only type of
motif capable of amyloid aggregation, our findings could also
provide useful clue to identify more critical amyloid peptides
from other proteins related to human diseases.

■ METHODS

Prediction of Amyloid Peptides by AMYLPRED. Amino
acid sequence of human α-synuclein in one-letter code was
inputted online (http://aias.biol.uoa.gr/AMYLPRED/) and
predicted for potential amyloid peptides by AMYLPRED.11

Peptide Samples and Reagents. All peptides used in this
study were purchased from Shanghai Bootech BioScience
&Technology Co., Ltd (Shanghai, China) as lyophilized
powder with purity over 95%. Each peptide was dissolved in
phosphate buffer saline (PBS) as 5 mM stock solution and
stored at room temperature (RT). Peptide samples with
concentrations of 1 mM or 0.5 mM as well as the mixture of
different peptides with concentration of 0.5 mM were prepared
from the stock solutions, treated by ultrasound for 30 min, and
incubated at RT for 24 h before experiments. All chemical
reagents including ThT, CR, pyrene, ANS, and THF were
purchased from Sigma-Aldrich Co. (St Louis, MO, USA).

ThT-Binding Assay. ThT powder was dissolved in Milli-Q
water as 1 mM stock solution. For ThT-binding assay, each
500 μL of peptide or protein sample was mixed with 5 μL of
ThT stock solution, incubated in dark at RT for 5 min, and the
fluorescent spectrum was collected with a Fluorolog
spectrometer (HORIBA Ltd, Kyoto, Japan). An excitation
wavelength was set to 450 nm, and emission wavelength was
set between 460 and 600 nm. In case the peak value around
495 nm was needed, each sample was measured for three times
to get an averaged value.

Figure 7. Aggregation and cytotoxicity of mutant HS proteins with alanine-to-lysine substitution. (A) ThT-binding fluorescence of proteins with
different substitutions. (B) TEM images of amyloid fibrils formed by proteins with different substitutions. Scale bars = 100 nm. (C) Viability of
PC12 cells incubated with amyloid fibrils formed by proteins with different substitutions. ***P < 0.001, n = 4.
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TEM Observation. For TEM observation, 20 μL of each
peptide or protein solution was set on a copper grid covered by
Formvar and carbon films for 2−3 min to deposit the sample,
and excess liquid was blotted with filter paper. After that 20 μL
of 2% phosphotungstic acid was dropped onto the grid to stain
the sample for 2−3 min, and excess liquid was blotted with
filter paper. Finally the grid was air-dried and observed with
TEM (Tecnai G2 F20, FEI, USA).
CR Staining. CR staining solution was prepared by

saturating CR powder in 80% ethanol and pass through 0.22
μm filter. For CR staining, 50 μL of each peptide solution was
dropped onto a glass slide and air-dried, and then 100 μL of
CR staining solution was dropped onto the peptide sample to
stain it for 5 min, after which the slide was gently rinsed with
Milli-Q water and air-dried. A DM4000 B microscope (Leica
Microsystems, Ltd., Germany) equipped with a polarizing
stage was used to observe the stained sample under polarized
light.
Fourier Transform Infrared. For FT-IR spectra measure-

ment, 2 mL of each peptide solution (1 mM) was condensed
to dry powder in a vacuum drier, and the FT-IR spectrum
between a wavenumber of 1500−2000 cm−1 was collected with
a Nicolet 6700 spectrometer (Thermo Scientific Inc., USA).
Fibrillization of Proteins. Genes encoding WT or mutant

HS proteins were synthesized by GenScript Biotech Corpo-
ration (Nanjing, China) and constructed into the pQE30
plasmid. Proteins were conventionally expressed in E. coli and
dissolved in PBS to the concentration of 0.6 mg/mL, stored at
−80 °C before use. Before fibrillization, protein solutions were
passed through 0.22 μm filters to remove possible preformed
aggregation. To induce amyloid aggregation of the proteins,
the solutions were vigorously agitated (2000 rpm) at 37 °C for
5 days. To test the seeding effect of preformed aggregates of
HS14-19, HS66-71, and HS87-92, peptide stock solutions (5
mM) were diluted to 1 mM and added into WT protein
solutions at a volume ratio of 1:100 before agitation. For each
sample, ThT-binding fluorescence was measured daily, and
mature fibrils formed on day 5 were used for TEM observation
and the cytotoxicity assay.
Measurement of Pyrene-Binding Fluorescence. The

pyrene crystal was dissolved in dimethyl sulfoxide as 2 mM
stock solution. In 500 μL of each peptide sample or PBS as the
control, 1 μL of pyrene stock solution was added, and the
mixture was incubated at RT for 5 min. A Fluorolog
spectrometer was used to measure the fluorescence spectra
between 360 and 440 nm using an excitation wavelength of
336 nm. The I1/I3 value was calculated as the ratio between the
first peak around 371 nm and the third peak around 380 nm.
Each peptide was measured for three times, and the averaged
I1/I3 value was obtained.
Measurement of ANS-Binding Fluorescence. ANS

powder was dissolve in PBS as stock solution with
concentration of 2 mM. To measure the ANS-binding
fluorescence, 500 μL of each peptide sample or PBS as control
was mixed with 5 μL of ANS stock solution, and the mixture
was incubated at RT for 5 min. Fluorescence spectra between
400 and 600 nm were collected using a Fluorolog spectrometer
with excitation wavelength of 350 nm.
Detection of Amyloid Aggregation in the PBS-THF

Mixture. Peptide stock solution (5 mM) in PBS was diluted to
1 mM in PBS containing THF with different concentrations
ranging from 0 to 40% (v/v). All peptide samples were
incubated at RT for 12 h, and ThT-binding fluorescence were

measured. For each peptide, all peak values around 495 nm
were normalized as the percentage of the peak value in PBS
without THF. To test the effect of THF on preformed fibrils
by HS, 0.6 mg/mL WT protein solution was agitated for 5 days
and then diluted to 0.3 mg/mL in PBS containing THF with
different concentrations ranging from 0 to 40% (v/v). All
protein samples were incubated at RT for 12 h, and ThT-
binding fluorescence were measured.

Cytotoxicity Assay. PC12 cells purchased from American
Type Culture Collection (ATCC, Manassas, VA, USA) were
conventionally cultured in the RPMI 1640 medium supple-
mented with 15% fetal bovine serum. For cytotoxicity assay,
cells were seeded in a 96-well plate at a density of 5 × 103 cells
per well and incubated for 24 h. After that the medium was
replaced with 200 μL of fresh medium containing 20 μL of
fibrillized protein or PBS as the control. After 48 h of
incubation, cell viability in each well was tested using an
Enhanced Cell Counting Kit-8 (Sunbao Biotech, Shanghai,
China) following the manufacture’s instruction. The optical
density (OD) values were detected at 490 nm by a microplate
spectrophotometer (BioTek Eon, BioTek Instruments Inc.,
Winooski, Vermont, USA). Cell viability was calculated as
followed

=
−
−

×Viability(%)
ODp ODb
ODc ODb

100

where ODp was the value of protein samples, ODc was the
value of PBS control, and ODb was the value of cell-free
medium as blank. Data were the mean values of four repeats
and were compared by analysis of variance.
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