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ABSTRACT: Hairpin peptides bearing cross-strand Trp-Trp and Tyr-
Tyr pairs at non-H-bonded strand sites modulate the aggregation of two
unrelated amyloidogenic systems, human pancreatic amylin (hAM) and
α-synuclein (α-syn), associated with type II diabetes and Parkinson’s
disease, respectively. In the case of hAM, we have previously reported that
inhibition of amyloidogenesis is observed as an increase in the lag time to
amyloid formation and a diminished thioflavin (ThT) fluorescence response.
In this study, a reduced level of hAM fibril formation is confirmed by
transmission electron microscopy imaging. Several of the hairpins tested
were significantly more effective inhibitors than rat amylin. Moreover, a
marked inhibitory effect on hAM-associated cytotoxicity by the more
potent hairpin peptide is demonstrated. In the case of α-syn, the dominant
effect of active hairpins was, besides a weakened ThT fluorescence
response, the earlier appearance of insoluble aggregates that do not display amyloid characteristics with the few fibrils observed
having abnormal morphology. We attribute the alteration of the α-synuclein aggregation pathway observed to the capture of a
preamyloid state and diversion to nonamyloidogenic aggregates. These β-hairpins represent a new class of amyloid inhibitors that
bear no sequence similarity to the amyloid-producing polypeptides that are inhibited. A mechanistic rationale for these effects is
proposed.

Protein folding diseases are an area of intense interest at
present. Many protein folding diseases involve the forma-

tion of polypeptide aggregate deposits with a common cross-
β-sheet fibrillar geometry and dye staining properties. Such
amyloid fibrils are associated with more than 40 human diseases
and conditions,1 including type II diabetes,2 Parkinson’s disease
(PD) (α-synuclein aggregates in Lewy bodies),3 and other
neurodegenerative conditions (e.g., Alzheimer’s and Huntington’s
diseases). Fibril formation kinetics4,5 imply a complex multistage,
autocatalytic nucleation-dependent polymerization process with a
lag phase followed by rapid, cooperative fibril formation.
While there are many therapeutic strategies6,7 for amyloid-

associated diseases, there is a commonly held expectation that
amyloidogenesis inhibition has potential as either a preventative
or ameliorating therapy for some of these medical conditions
that cause human suffering and exact a tremendous societal
burden. Three strategies related to the amyloidogenesis process
are given here: (1) interfering with the processing of the
proteins that afford the amyloidogenic peptides, (2) diverting
preamyloid intermediates prior to the toxic states to nontoxic
aggregates, and (3) reducing the steady-state concentration of

toxic intermediates8,9 in the amyloidogenic pathway by
tinkering with the relative rates of the steps in the aggregation
pathway. Therapeutic development based on the third strategy
requires greater definition of the mechanisms of amyloido-
genesis and the identification of the toxic species for each of the
disease-related amyloidogenic species. Selective inhibitors of
these processes should prove useful in this endeavor.
Numerous inhibitors of amyloid formation have been

discovered or designed; these include small molecules, peptides,
and proteins that affect amyloid formation either by delaying
the onset of fibril formation or diverting toxic aggregates to
nontoxic aggregates with a different morphology. Most of the
small molecule amyloidogenesis inhibitors are polyphenols that
inhibit a wide variety of amyloidogenic sequences and frag-
ments. In the case of (−)-epigallocatechin 3-gallate (EGCG), a
green tea component, “inhibitory potency” against at least five
diverse amyloidogenic systems has been demonstrated.10,11
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It has been proposed that EGCG works by diverting poorly
folded species to nonamyloidogenic oligomers and, eventually,
nontoxic aggregates, rather than to amyloid fibrils via toxic
preamyloid species.
Most of the peptide amyloidogenesis inhibitors presented in

the literature are solubilized12,13 and/or mutated versions14 of
the most amyloidogenic sequence fragments of the polypeptide
system of interest. The common strategy is “β-assembly disruption”
via introduction of residues that discourage β-strand formation
and/or association such as proline, N-methylated, or α-disubsti-
tuted amino acid residues.14−17

A report by Ghosh and co-workers,18 which demonstrated
that a hyperstable mutant of the B1 domain of protein G could
“evolve” into a potent inhibitor of aggregation of the Aβ(1−40)
peptide, served to focus our attention on Trp and Tyr residues
bearing β-hairpin peptides as potential amyloidogenesis
inhibitors. The substitutions seen in the inhibitory protein
included K→W, G→W, K→ Y, and E→ Y mutations. Seven
of the eight mutations that appeared occurred on the exposed
face of a single hairpin of the B1 domain. Over the past eight
years, the a priori design of β-hairpins has been improved19−23

to the point that 10−16-residue constructs that are >85%
folded in water can be prepared routinely. As a result, we
became interested in establishing whether designed β-hairpins
could serve as minireceptors and pharmacophore display
scaffolds for drug lead discovery.
We have previously reported that β-hairpin peptides bearing

both Trp and Tyr residues inhibit fibril formation by human
pancreatic amylin (hAM).24 These inhibitory peptides bear no
structural resemblance to hAM and expose Trp and Tyr
residues at varying positions along the β-strands of the hairpin
structure. The mechanistic hypothesis behind the use of these
hairpins as inhibitors can be stated as follows: the prestructured
strands of the β-hairpins bearing Trp and Tyr residues will
facilitate intermolecular association and then sheet formation
with preamyloid states and thus prevent or delay the self-self-
recognition associated with β-oligomerization and fibril growth.
To probe the generality of our hypothesis regarding hairpin

inhibition of amyloidogenesis, we tested a selection of aromatic-
containing hairpins against another unstructured amyloidogenic
system, α-synuclein (α-syn), using circular dichroism (CD),
thioflavin T (ThT) fluorescence,25,26 transmission electron
microscopy (TEM) imaging, and Congo red (CR) staining:
modulation of amyloidogenesis by β-hairpins was also observed
for α-syn. We also confirm the inhibitory effect of our most
potent Trp-containing hairpin inhibitor against hAM by TEM
imaging, examine additional controls, and extend the study to
cytotoxicity effects. These aromatic-containing hairpins are
peptidic aggregation inhibitors that lack any sequence similarity
with the amyloidogenic polypeptides yet appear to be among
the most potent small peptide inhibitors of amyloidogenesis
reported to date.

■ EXPERIMENTAL PROCEDURES
Materials. The α-synuclein sample was prepared at the

University of Padova. Human α-synuclein cDNA was
subcloned into the NcoI and XhoI restriction sites of the
pET28a plasmid (Novagen). Because ∼20% of the expression
product from Escherichia coli represents mistranslation such that
a cysteine residue is incorporated at position 136 instead of a
tyrosine, site-directed mutagenesis of codon 136 (TAC to
TAT) was employed. This results in the 100% expression of
α-synuclein with the correct sequence. The protein was

expressed in E. coli BL21(DE3) growing in Luria-Bertani
medium. The overexpression product was recovered from the
periplasm by osmotic shock as previously described.27 The cell
homogenate was boiled for 15 min, and the soluble fraction was
treated with a two-step (35 and 55%) ammonium sulfate pre-
cipitation. The pellet was resuspended, dialyzed against 20 mM
Tris-HCl (pH 8.0), loaded into a 6 mL Resource Q column
(Amersham Biosciences), and eluted with a 0 to 500 mM NaCl
gradient. After dialysis against Milli-Q water, the protein was
lyophilized and stored at −20 °C.
For our preliminary studies, samples of hAM(1−37) remain-

ing from prior studies28 were repurified by high-performance
liquid chromatography (HPLC) (C18). In addition, Amylin
Pharmaceuticals provided two lots (25 and 10 mg) of hAM for
the fibrillization inhibition studies. Synthetic hAM(1−37)
obtained by Fmoc solid-phase peptide synthesis, as previously
described,29 was employed for the cytotoxicity studies.
Hexafluoro-2-propanol used in this study was a gift (lot 08012)

from Halocarbon Corp., which is hereby acknowledged. All other
solvents and chemicals used were reagent or spectroscopic grade
commercial materials.
Peptide Synthesis. Peptide hairpins and controls were

synthesized on an Applied Biosystems 433A peptide synthesizer
using standard Fmoc solid-phase peptide synthesis methods.
Wang resins preloaded with the C-terminal amino acid were
employed. C-Terminal amides were prepared similarly but using
Rink resins. Peptides were cleaved from the resin using a
95:2.5:2.5 trifluoroacetic acid (TFA)/triisopropylsilane/water
mixture. The cleaved peptides were purified by reverse-phase
HPLC on a Varian C18 prep-scale column using water/acetonitrile
gradients (0.1 and 0.085% TFA). Collected fractions were
lyophilized and their identity and molecular weight confirmed
using a Bruker Esquire ion trap mass spectrometer.
NMR Spectroscopy. The derivation of NMR structures

for bioactive peptides and controls was conducted using
NOESY/TOCSY spectra as previously described.21,22

Aggregation and Aggregation Inhibition Assays. hAM
assays were performed as previously described.24 Stock
solutions of hAM (400 μM) were prepared in neat HFIP and
vortexed for 5 min. To initiate aggregation and/or fibril
formation, the stock was diluted to 8 μM hAM with 5 mM
phosphate buffer (pH 7.2), producing a final HFIP
concentration of 2 vol %.
In the case of α-synuclein, we prepared 250 μL of 100 μM α-

syn in 20 mM Tris-HCl buffer (pH 7.5) with 1.5 vol % HFIP in
a vial containing a stir bar with or without added peptide
inhibitors and/or ThT as follows. The ThT stock was a 800 μM
solution in 20 mM Tris-HCl buffer (pH 7.5). Peptide inhibitor
stocks were 1 mM solutions in the same buffer. The required
amount of α-syn was placed in the 1 mL glass vial equipped
with a small Teflon stir bar, to which were added either 200 μL
of buffer or 150 μL of buffer and 50 μL of inhibitor stock (at
37 °C), and aggregation was initiated via addition of 50 μL of
the HFIP stock solution. The HFIP stock was 7.5 vol % HFIP
in 20 mM Tris-HCl buffer (pH 7.5). The process was
conducted with continuous vigorous stirring; while the vial
was incubated in a 37 °C water bath, aliquots were removed at
different time points (every 2−3 h) for assays. To follow the
time course of ThT signal development in controls and for
inhibitors that resulted in accelerated cloudiness, 7 μL of the
ThT stock was added just prior to HFIP addition and
fluorescence measurements were taken at time zero and every
2−3 h thereafter as described below.
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Circular Dichroism Spectroscopy. Stock peptide sol-
utions for CD experiments were prepared in 10 mM phosphate
buffer (or water/HFIP mixtures). The concentrations of the
stock solutions were determined by the UV absorption of
tyrosine and tryptophan (ε = 1190 and 5580 M−1 cm−1,
respectively, at 278 nm). CD samples with 6−30 μM peptide
concentrations were prepared by dilution of the stock solution.
Spectra were recorded on a Jasco J720 instrument in cells with
a path length of 0.1 cm. Typical spectral accumulation para-
meters were as follows: scan rate of 100 nm/min with a 2 nm
bandwidth and a 0.1 nm step resolution over the wavelength
range of 185−270 nm with four to eight scans averaged for
each spectrum. For time course experiments, this allows the
collection of full spectral scans every 10 min. Raw ellipticity
data were converted into molar, not residue-molar, ellipticity
units (degrees square centimeters per decimole), using the
Jasco software.
For CD experiments with α-syn aggregation samples, 5 μL

aliquots of the assay sample (without added ThT) were removed
and diluted with 195 μL of the 1.5% HFIP Tris-HCl buffer
(final α-syn concentration of 2.5 μM). This was done every 2−
4 h to monitor the transition from random coil to α-sheet
signal. Correction for the CD contribution of the inhibitor is
less significant but is used nonetheless.
ThT Fluorescence Detection of Amyloid Species. For

α-syn aggregation assays, 200 μL of assay mixture was
employed as described above. For assays that had been
monitored by CD, 5 μL of the ThT stock was added 5 min
prior to the fluorescence measurements, typically at the 16 h
point in the assay.
Imaging Fibrils and Other Oligomers by Congo Red

Staining and TEM. For TEM imaging, a 5 μL aliquot of a
freshly agitated aggregation assay sample was adsorbed onto
Formvar/carbon-coated 400 mesh copper grids and negatively
stained with 2% uranyl acetate. Images were acquired using a
Philips CM100 transmission electron microscope. For hAM
assays, TEM images were typically obtained at 1, 2, 4, and/or
16 h. In the case of α-syn, images were obtained after 16−24 h.
The Congo red staining solution was prepared using to

the method of Nilsson.30 After incubation for 16−48 h, an
aggregation assay mixture was agitated just prior to withdrawing
a 10 μL sample that was placed onto a glass slide and air-dried,

and 200 μL of Congo red solution was placed on the dried
polypeptide sample. After a few minutes, the excess dye
solution was blotted away and the sample observed in a light
microscope (Olympus BX 60) equipped with crossed-polarized
filters to observe birefringence.
Cell Viability Assays. Rat insulinoma cell line RIN5fm was

employed; the cells were cultured and plated as previously
described.31 Freshly made solutions of hAM (5 μM) alone or
mixtures of hAM (5 μM) with various amounts of WW2 or
μPro1 as indicated were made in 10 mM sodium phosphate
buffer (pH 7.4) containing 1% HFIP and incubated at room
temperature for ∼20 h. Thereafter, the solutions were diluted
with cell culture medium and added to the cells at the indicated
final hAM concentrations. Following incubations with the cells
for 20 h, cell damage was assessed by measuring the cellular
reduction of MTT as previously described.32 Of note, under the
experimental conditions employed, hAM was in a nonfibrillar
state at the beginning of the preincubation.15

■ RESULTS

Hairpin Peptides Examined as Modulators of Amy-
loidogenesis. The hairpins tested in this study were
previously characterized by NMR and CD and are least 50%
folded under the assay conditions. None of the hairpins or
nonhairpin controls aggregated or enhanced thioflavin T
(ThT) fluorescence, even at 2 mM after 5 days. The hairpins
used in this study are shown in Scheme 1. The list includes
controls as well as μPro1, a β-capped microprotein.21

Assay Conditions and Methods. Most previously
reported α-syn aggregation assays have reported long lag
times (days to many weeks) even at high protein concen-
trations (150−250 μM) with warming and aggressive
agitation.33,34 We chose to design an assay with a shorter lag
time that would allow for ready monitoring of the course of
amyloid formation by employing medium containing 1.5−2 vol %
hexafluoro-2-propanol (HFIP). The incorporation of small
amounts of HFIP is a common feature in many fibrillization
assays.34 The specific assay that we developed for hAM, 8 μM
hAM in phosphate buffer (pH 7.2) containing 2 vol % HFIP, gave
results consistent with the data of Miranker and co-workers.35−37

The hAM fibrillization kinetics, as monitored by the ThT
binding assay, were very similar to those from prior studies by

Scheme 1

aThe peptide with no citation is analogous to the others of the same class (HP7),20 prepared specifically for this study, and was synthesized and
characterized by the methods given in the citation. bThe peptides are classified by whether they have a Trp-flanked reversing loop20,22 and whether
they are derived from a hairpin originally based on the dimer interface of the Met repressor (MrH).59,60 A bold lowercase p denotes D-Pro; aromatic
residues are also highlighted in bold.
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some of us.15,31 The Raleigh group38 has adopted a similar
assay but with constant stirring that also accelerates
aggregation. In the case of α-synuclein, the assay that gave
reproducible aggregation time courses employed 100 μM α-syn,
with addition of HFIP (to a final concentration of 1.5 vol %) to
the stirred solution as the aggregation-initiating event.
Munishkina39 has also reported shorter lag times in buffers
with added HFIP. For both amyloidogenic systems, lag times
were measured using both CD spectroscopy and a ThT
fluorescence assay. CR-stained and/or TEM images were
obtained at the time corresponding to complete fibrillization in
uninhibited assays (16 h for α-syn, 40−60 min for hAM) and at
later time points.
hAM Aggregation Inhibition (TEM imaging confirms

the CD and ThT assay results). Our previously reported
results indicated that Trp-containing hairpins were among the
more potent hairpins against hAM fibrillization.24 The effects of
selected hairpin peptides on hAM aggregation lag times appear
in Table 1. The most potent inhibitor (WW2) is a Trp-flanked
turn species; as a result, we added additional W-loop-W
peptides to our screen. In light of the recent report38 about the
inhibition of hAM aggregation by rat amylin (rAM), we also
included this nonamyloidogenic analogue as a “control” amylin-

like species. The extent of inhibition observed [see also Table 3
(vide infra)] and the effects of selected hairpin peptides on
hAM aggregation lag times appear in Table 1; representative
time courses of ThT fluorescence in our assays appear in Figure 1.
In our assay, rAM was only a modest inhibitor requiring 6

molar equiv to effect a significant inhibition or display an
increase in lag time. Of the additional W-loop-W peptides, one
was essentially inactive and the other (μPro1) appeared to
accelerate and enhance (an enhanced ThT signal) aggregation
(see Figure 1). In a recent study, the Raleigh group38 cautioned
against relying on ThT fluorescence assays and employed TEM
imaging for validation. In the case of the uninhibited assay,
Figure 1b indicates that fibrils are indeed being formed. These
fibrils are morphologically comparable to those in previously
reported hAM studies with and without HFIP.35,36,40 We chose
our most active inhibitor (WW2, which increases the
aggregation lag time by at least a factor of 3 when present in
a 1-fold molar excess)a and the aggregation-enhancing μPro1
for TEM validation of hairpin effects on hAM aggregation
(Figure 2) and cytotoxicity testing.
In the presence of 2 molar equiv of WW2, the hAM sample

shows, in agreement with the CD and ThT assays,24 no trace of
fibrils after 2 h (Figure 2a). After 5 h, a few amorphous

Table 1. Hairpin Inhibition of hAM Aggregationa

lag timeb (min)

peptide 1 molar equiv added 2 molar equiv added
4 molar equiv

added
6 molar equiv

added

rAM 50 (45−50) 50 93
MrH3b − − 55 (45) 65 (95)
WW2 151 ± 42 (167 ± 25) 253 ± 52 (120−300) 344 ± 28 −
WW3 (60) (80) 98 ± 10 (180) 107 ± 33
WW4 (114) 82 ± 33 (105−120) 155 ± 11 333
YY2 139 201 ± 42 (70−80) 190 303 ± 37
YY3 − 58 52 44 (40)
other W-loop-W hairpins
HP7AAA − 70 − −
μPro1 − 30 (35) 50 60
aThe lag time for hAM aggregation is defined as the time at which the ThT signal reaches ∼15% of its final value and does vary [61 ± 14 min
(n > 15)]; this also appears to be the point at which the CD β minimum (217 nm) in the CD spectrum becomes distinct (35−70 min). bData for
ThT with errors are from triplicate determinations; data from comparable CD assays are given in parentheses. The extreme sensitivity to the precise
amount of HFIP is likely a source of lag time variability because it is difficult to control the HFIP content within 1.5 ± 0.1 vol % of the medium.
Because the two measurements are always obtained in separate experiments, we do not know whether the measures are coincident in any specific
run, but it appears that either can be used to monitor the aggregation time course.

Figure 1. Human amylin aggregation assays. (a) Time course of ThT fluorescence development in a control and in the presence of selected peptides.
(b) TEM image of hAM (uninhibited control) after 1 h. The scale bar represents 500 nm.
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aggregates are observed (panel b), as well as occasional fibrils
(none appear in most grids). After 20 h, some fibrils were
found in most grids; panel c illustrates a particularly fibril-rich
grid, but significant inhibition of fibril formation extended to
the longest times examined. The TEM image of hAM in the
presence of 2 molar equiv of μPro1 (Figure 2d) shows a denser
web of fibrils after only 40 min. The fibril yield appears to be
significantly greater than that observed for the uninhibited
control after 60 min, which corroborates the results of the ThT
and CD assays for this species (Table 1).
Inhibition of hAM Cytotoxicity. Inhibition of hAM

fibrillogenesis has been previously shown to correlate with
suppression of formation of cytotoxic hAM assemblies (e.g., ref 41).
As a result, we sought to establish whether WW2 (the best of
the hAM fibrillogenesis inhibitors identified here) would also
suppress hAM cytotoxicity. For comparison, the effect of μPro1
on hAM cytotoxicity was also studied as this WW peptide has
no inhibitory effect on hAM fibrillogenesis. For these studies,
incubations of hAM and mixtures of hAM with WW2 or μPro1
aged for 24 h at different hAM:inhibitor molar ratios in 10 mM
sodium phosphate buffer (1% HFIP) were added to RIN5fm
cells (Figure 3). Following incubation for 20 h, cell viabilities
were assessed by the MTT reduction assay. In the presence of
1 equiv of WW2, no inhibition of formation of cytotoxic
assemblies was observed. However, a marked inhibition of hAM
cytotoxicity was observed when a 2-fold excess of WW2 was
applied that was consistent with the results of the ThT binding
assay (Figures 1a and 2). A clear concentration dependence of
the inhibi tory ef fect of WW2 was found, with
6- and 10-fold excesses of this peptide strongly suppressing

formation of cytotoxic hAM assemblies (Figure 3). In contrast,
no reduced hAM cytotoxicity was observed for hAM solutions
containing μPro1 even at a 1:10 hAM:μPro1 molar ratio. These
results were consistent with the results of the ThT assay and
demonstrated that WW2, but not the control peptide (μPro1)
with a similar Trp−Trp interaction geometry, when applied in a
2−10-fold molar excess over hAM, is able to either delay and
suppress formation of cytotoxic assemblies derived from hAM
or blunt their cytotoxic effect on rat insulinoma cells.
α-Synuclein Studies. The α-syn species employed in our

studies is the full-length 140-residue construct produced by
overexpression in E. coli BL21(DE3) as described in
Experimental Procedures. The top panels of Figure 4 illustrate
α-syn aggregation as monitored by the CD and ThT assays.
Uninhibited control solutions become somewhat cloudy
4−7 hb after HFIP addition (see Figure S1 of the Supporting
Information); this is also the time point at which ThT
fluorescence and the CD β-signature are in their growth phase.
The aggregation of α-syn results in complete fibril formation
over a 16 h time course. Amyloid fibril formation was also
confirmed by CR staining (panels c and d) and TEM imaging
(panel e). The α-syn fibrils produced in the 1.5% HFIP
medium display morphology comparable to previous reports
for media without cosolvent33 and CR staining results in very
bright apple-green birefringence, a hallmark of amyloid.26,41

We selected both potent and inactive hairpins from our study
of hAM for screening in the α-syn aggregation assay. The
inclusion of 2 molar equiv of potentially inhibiting peptides in
α-syn fibrillization experiments resulted in a variety of
responses (Table 2). Although modest delays in lag time as
assayed by CD were observed in some cases, the more common
observation was an earlier cloud point or immediate
precipitation of nonamyloid aggregates. Even MrH3b, with
only a single aromatic residue, which had no effect on hAM
aggregation, produced accelerated precipitation. Other MrH
hairpin sequences (data not shown), even ones with greatly

Figure 2. TEM images from hAM aggregation assays in the presence
of Trp-bearing hairpin peptides. Panels a−c are representative panels
from hAM with 2 molar equiv of WW2 at 2 (a), 5 (b), and 20 h (c).
The scale bars for panels a, b, and d represent 500 nm; the scale bar for
panel c represents 100 nm. Panel c was the grid displaying the greatest
density of fibrils. Panel d was recorded after 40 min in the presence of
2 molar equiv of μPro1; a denser fibrillar network is observed at an
early time point.

Figure 3. Effects of WW2 and μPro1 on cytotoxic self-assembly of
hAM. Aliquots of incubations of hAM and mixtures of hAM with
WW2 or μPro1 aged for 24 h at hAM:inhibitor molar ratios of 1:1, 1:2,
1:6, and 1:10 (in the case of WW2) and 1:1 or 1:10 (in the case of
μPro1) in 10 mM sodium phoshate buffer (1% HFIP) were diluted
with cell medium and added at the indicated final hAM concentrations
to RIN5fm cells. Following incubation for 20 h, cell viabilities (% of
control) were assessed by the MTT reduction assay. Data are means
(±standard error of the mean) from three assays (n = 3 each).
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reduced hairpin populations, also displayed some acceleration
of precipitation. When the MrH hairpins bearing two aromatic
side chains were present, immediate cloudiness was observed
upon HFIP addition.b CD data could not be collected for the
α-syn assay solution containing these hairpins because the
aggregates that formed reduced the observed CD intensities
and precluded accurate determination of the CD difference
spectrum. The cloudiness that appears 4−7 h after initiation
with α-syn alone or in the presence of peptides that do not
affect the lag time did not have this effect: reproducible CD
difference spectra could be generated after HFIP addition for at
least 20 h. The enhancement of ThT fluorescence at 16 h was
strongly inhibited by hairpins that produced immediate
cloudiness.
In contrast, a hairpin with shorter strands (HP6AYW) but

retaining a biaryl-flanked turn was essentially inactive (see
Figure S2 of the Supporting Information). Peptides μPro1 and
HP7AAA have even shorter β-strand segments. HP7AAA, a

stable hairpin with an EtF W−W interaction, displayed dose-
dependent inhibition: the β-CD signal development was still
incomplete after 48 h at a 4:1 molar ratio (inhibitor:α-syn) (see
Table 2). After 5 days, fibrils with the control morphology are
present as determined by TEM. Peptide μPro1 was also
modestly inhibiting with no evidence of accelerated precip-
itation.
The precipitation phenomenon, not observed in the hAM

studies, led us to use CR staining as an additional assay.
Although this assay is not quantitative, it does visualize and
characterize the aggregates formed. Because the complete
assay mixture, dispersed by agitation just prior to slide
preparation, is assayed, precipitation does not present problems
in the TEM imaging and CR staining assays. Representative
images for WW2- and YY2-inhibited runs appear in Figure 5.
According to TEM and CR staining, few, if any, fibrils with
the normal morphology were observed for α-syn in the
presence of WW2 and YY2. Rather, WW2 produced thicker

Figure 4. (a) CD molar ellipticity vs wavelength and (b) ThT assays monitoring α-syn aggregation over a period of 16−30 h. The bottom panels
illustrate CR-stained images (at 48 h) under nonpolarized (c) and polarized (d) light; bright green birefringence is shown in panel d (the scale bars
represent 2 mm). A TEM image of the α-syn assay after incubation for 16 h is shown in panel e (the scale bar represents 500 nm).

Table 2. Effects of Added Peptides on α-syn Aggregation and Fibril Formation

peptide
inhibitor visible cloudiness β CD signal

ThT Fla

(%) fibril morphologyb
Congo red
stainingc

WW2 immediate not applicable 19 ± 5 short thick fibrils with AA little/no BiR
WW3 immediate not applicable 20 short thick fibrils not determined
YY2 immediate not applicable 18 ± 7 spherical aggregates little/no BiR
MrH3b within 1 h CD intensity implies parts per trillion, 10% β 32 ± 7 not determined not determined
HP6AYW slight after 4−6 h β signal within 6 h, 93% at 16 h 93 ± 12 normal bright green BiRc

μPro1 slight after 8 h β signal delayed, but 100% β at 16 h 69 ± 9 normal green BiRc

HP7AAA after 7 h delayed but full β signal appears
(100% at 16 h)

81 ± 10

4 equiv delayed delayed (84% β at 16 h, 100% β on day 3) 67 normal morphology and yield at
5 days

Nonhairpin Controls
ssMrH slight after 4−6 h β signal within 6 h, 100% at 16 h ≥90 normal not determined
ssW after 6 h helical at 4−6 h, 80% β at 16 h 61 ± 7 normal with AA some/green BiRc

aThT fluorescence is reported as the percentage of the uninhibited control value at 16 h and is given with the experimental error for triplicate
experiments. Typical measurements at time zero were 5−26 AU units. A >11-fold enhancement in fluorescence at 482 nm is observed upon fibril
formation. The control ThT fluorescence value at 16 h was well reproduced, 291 ± 9 AU. bAA designates amorphous aggregates. cCongo red
staining leads to bright green birefringence (BiR) for amyloid species.
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short fibrils, while YY2 resulted in what appears to be spherical
aggregates. For both “inhibitors”, CR staining was less
extensive, and no trace of bright green birefringence was
observed (see Figure 5).
Control Peptides. Two specific single-strand controls for

hairpins (ssMrH and ssW) were included in our study. Ac-
KIVTSAK (ssMrH) represents one strand of MrH3b, and
KKLTVWI (ssW) serves as the single-strand control for the
WW2 series of hairpin peptides. Like a number of short
peptides tested (data not shown), ssMrH had no effects on the
course of α-syn aggregation. However, ssW (the Trp-containing
control) delays aggregation (as monitored by CD) and
displayed a significant reduction in ThT fluorescence at the
16 h read time. Unlike noninhibited control assays, which shift
cleanly from random coil to β by CD, in the presence of ssW, a
helical CD spectrum (minima at 207 and 222 nm) is present at
the 4 and 6 h points in the assay (Figure 6).

■ DISCUSSION

The two amyloidogenic systems examined in this study (hAM
and α-syn), although having no sequence similarities, are both
random coil peptides that convert to amyloid fibrils over a
period of days at the concentrations examined in the aqueous
buffers employed. Including 1.5−2 vol % HFIP in the assay
buffer resulted in complete amyloid formation over a period of
hours rather than days. Under these conditions, lag times were
reproducible as was the extent of ThT fluorescence enhance-
ment observed. The TEM images and CR staining character-
istics of the amyloid fibrils produced correspond to those
observed in the absence of HFIP by other researchers. This is
also the case for the amplitude of the β-CD signal that is
observed.c

Our previous report on hAM inhibition indicated that stable
MrH hairpins with aromatic side chains at non-H-bonded sites
were effective at retarding β-structure formation (CD) and
delaying fibril formation. Inhibition of hAM aggregation was
observed as a dose-dependent increase in the lag time for amyloid
nucleation coupled, in most cases, with a decreased yield of fibrils
as quantitated by ThT fluorescence24 (see also Figure 1). The
decreased yield of fibrils has now been confirmed by TEM
(Figure 2), which also verifies the aggregation acceleration and
enhancement produced by μPro1. Rat amylin (rAM) has
recently38 been reported as an effective inhibitor of WT hAM
amyloid formation, though prior reports15 indicated that rAM
does not significantly inhibit the formation of cytotoxic hAM
aggregates. Hairpins WW2, YY2, and WW4 are significantly
more potent than rAM in our assay. Control peptides, including
hairpins lacking aromatic residues, and at least one stable
hairpin with a W-loop-W unit (HP7AAA) had no significant
effect on hAM aggregation. A summary of the observed effects
of added hairpins on amyloid fibril formation assays for both
hAM and α-syn appears in Table 3.
A mechanistic rationale that includes the original basis for

these studies, hairpin association with a preamyloid patch
retarding self-self-recognition, and can be used to discuss the

Figure 5. CR staining and TEM images of α-syn in the presence of β-hairpin peptides. Panels a and b illustrate CR staining images with and without
polarized light, respectively, for α-syn aggregation in the presence of 2 molar equiv of YY2. TEM images of α-syn with 2 molar equiv of YY2 (c) and
WW2 (d) are also shown. Congo red images of WW2 are almost identical to those seen for YY2 (data not shown).

Figure 6. CD difference spectra recorded for α-syn in the presence of
peptide ssW and 1.5 vol % HFIP. The ellipticity [θ] scale is in molar
not residue molar units. The zero time point is immediately after HFIP
addition.
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results appears in Figure 7. In Figure 7, the course of hAM
amyloid fibril formation is modeled after the recent report by

Zanni and co-workers42 and incorporates the fibril cross-section
geometry of Luca et al.43 The preamyloid conformation can be
viewed as a partially formed β-arch.44 According to Shim
et al.,42 the hAM oligomerization process begins near the
HSSNN reversing loop of the β-arch. The asterisk on the
initiating, partially formed β-arch indicates a hydrophobic site,
which includes V17, the site that achieves a 13C18O coupled
β-state earlier than any other in oligomerization studies of hAM
isotopomers.42 We view inhibitor binding at such a site as the
initial driving force for complex formation with β-sheet
formation serving to mask the self-self-recognition region
required for oligomerization. This model predicts the dose-
dependent increase in the lag time that is observed. Given that
cytotoxicity is generally attributed to oligomers,7−9 the
observation of hAM cytotoxicity inhibition by peptide WW2
supports the hypothesis that the hairpins bind to a preamyloid
state. It has been established15 that hAM is in a nonfibrillar
state at the beginning of the preincubation used in the
cytotoxicity assay. In the uninhibited preincubations of hAM,
both fibril and cytotoxic assemblies form, with significant rat
insulinoma cell toxicity evident at concentrations as low as
1 nM (Figure 3). Two molar equivalents of peptide WW2
provides nearly complete protection from this cytoxic
challenge.
While the specific model is based on hAM, the general

features are likely to apply to other amyloidogenic systems, as
well. In the case of α-syn, there are several suspect
amyloidogenic patches12,45 with hydrophobic binding sites in
the NAC region. However, the preamyloid conformation is
likely to be a more complex superpleated β-structure.44 The
alternative pathway to nonamyloid aggregates was added to
Figure 7 because this mechanism is suggested for α-syn amyloid
fibril inhibition.

Table 3. Summary of the Effects of the Hairpin Peptide on
hAM and Synuclein Amyloid Formationa

hairpin
peptide hAMb synucleinc

WW2 <5%d 19 ± 5%
4-fold extended lag phased a few fibrils with alternate
inhibits cytotoxicity nonamyloid (CR)

aggregate precipitation
WW3 80 −100% 20%

slight delay in onset at 6 equiv fibrils with alternate
morphology

YY2 42 ± 6% 18 ± 7%
delayed onsete spherical aggregates

nonamyloid (CR)
aggregate
precipitation

MrH3b no effect even at 4 equiv 32%
μPro1 123 ± 7% 69%

shorter lag phase, greater yield of
fibrils by TEM, no effect on hAM
cytotoxicity

normal fibril
morphology and
staining morphology

HP7AAA 90% 80%
no effects, confirmed by TEM slight delay at onset

aThe ThT fluorescence (as a percentage of the uninhibited control)
observed with 2 molar equiv of added hairpin appears as the first entry,
followed by other observations for each species. bThT fluorescence
measured at 2.5 h. The full reference response is observed at 1.2 h for
uninhibited controls with little or no loss in signal over the next 2 h.
cThT fluorescence measured at 16 h for α-syn assays. CR refers to
Congo red staining and the observation of birefringence. dThe ThT fluo-
rescence measured at 5 h was 43% of that observed in a control. eA 5-fold
extension of the lag phase is observed when 6 equiv of YY2 is added
to hAM, with modest levels of ThT fluorescence observed only after
5 h.

Figure 7. Mechanistic model for the inhibition of amyloid formation by a hairpin bearing an exposed hydrophobic site (shown as a tryptophan side
chain). The β-arch geometry of the preamyloid state is modeled after the proposal of Shim et al.42 for hAM aggregation. The asterisk on the starting
structure indicates a hydrophobic binding site. The alternative route, the formation of nonamyloid aggregates, is included to extend the model to
α-syn, for which this pathway appears to be the dominant one in the presence of the hairpin examined in this study.
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The course of α-syn amyloidogenesis was more sensitive to
hairpin structures. To date, all hairpin peptides with five-residue
β-strands, even those with less stable folds, have resulted in
some inhibition as assessed by ThT fluorescence at 16 h. The
interpretation of the ThT assay data has a potential caveat: the
weakened signal may reflect the formation of aggregates that
have precipitated and are thus not observed in the fluorimetric
assay. As a result, we rely to a greater extent on visual
inspection (appearance of precipitates), TEM, and CR-stained
imaging of the complete assay mixtures for the analyses. For
peptides WW2, WW3, and YY2, TEM imaging indicated either
no fibrils or a greatly reduced yield of fibrils of abnormal mor-
phology. These assay mixtures displayed weakened CR staining
with little or no green birefringence. The common feature of
these inhibitors was immediate or accelerated (vs noninhibited
controls) cloudiness and the production and precipitation of
amorphous aggregates. In the case of peptides WW2 and YY2,
amorphous aggregates were also observed in the absence of
added HFIP. Whether these nonamyloid aggregates contain the
added hairpin peptides has not been determined to date; Figure 7
recognizes both possibilities.
In one case (with peptide YY2 present), we observed what

appear to be spherical aggregates (Figure 5). Tubular and
annular structures, designated as protofibrils, have been the
subject of significant study.12,46−48 However, the protofibrils
reported are much smaller (10−24 nm in diameter) than the
structures seen in our case (160−260 nm in diameter); 70−90 nm
diameter annular oligomers have been observed for α-syn under
quite different conditions, with their formation accelerated in the pre-
sence of 100 μM Ca2+ ions.47 We view the larger spherical species
observed in the presence of YY2 as off-path, nonamyloidogenic
aggregates resulting from the diversion of a preamyloid state
present at a low equilibrium concentration from the onset to an
alternative aggregation pathway. This mechanism of amyloido-
genesis inhibition has been suggested for EGCG, a polyphenol
that also affords spherical aggregates with α-syn,10 that has
high-profile citations as a potential therapeutic strategy.7 We
observe nonamyloid precipitates of α-syn with as little as 0.5
molar equiv of peptide WW2; the similar effect with EGCG
requires a 5-fold excess of the “inhibitor”. A similar diversion of
a preamyloid state has also been observed with IAPP-GI, a
designed hAM mimic:15 we also found spherical oligomers and
suggested the sequestration of hAM and Aβ from their
cytotoxic self-association pathways in the form of nonfibrillar
heterocomplexes with IAPP-GI.29

Stable hairpins retaining similar W/W pairs (e.g., μPro1 and
HP7AAA), but with shorter β-strands, appear to have
diminished inhibitory activity for both amyloid systems. In
the case of hAM, μPro1 was the only species to accelerate
aggregation and afford an increased yield of fibrils (Figure 2d)
while HP7AAA had no significant effects on hAM aggregation.
Consistent with this observation, μPro1 had no effect on hAM-
induced cytotoxicity (Figure 3). In the case of α-syn, μPro1
had, if any effect, a slight lag time prolongation. HP7AAA
consistently prolonged the α-syn lag time. While further
screening, including other classes of hairpins, will be needed
for a confirmation, our tentative conclusion is that a minimum
β-strand length is required to compete with the oligomerization
that leads to α-syn fibril growth.
CD assays of amyloid formation for both hAM and α-syn

imply, with one exception, a direct conversion of a random coil
signal to a β-structure signal with no observable intermediate
state. The exception was the observation of a helical signal for

α-syn at intermediate times in the presence of a control peptide
(ssW) that corresponds to a single strand of an active hairpin
inhibitor (Figure 6). Helix conformations have recently been
implicated in the fibril formation pathways for Aβ and
hAM.49,50 α-syn has been reported to favor helix formation in
SDS-containing and organic solvent media.51−53 Some reports
note that membrane surfaces can accelerate α-syn fibrilliza-
tion;54 others,55 however, suggest that lipid binding and helical
conformations result in fibrillization inhibition. Because we
never observed helical features in CD spectra recorded at
intermediate times for noninhibited α-syn control assays, we
attribute the helical CD signals observed at intermediate points
when the ssW peptide is present to oligomerization inhibition
that allows the observation of a helical preamyloid state.
These studies suggest that aromatic residue display is involved

in the initial formation of preamyloid−inhibitor complexes, but
this is, in the case of α-syn, not sufficient to prevent self-self-
recognition. In the case of hAM, the aromatic moieties play a
deciding role; the exposed β-strand edges of hairpins are not
sufficient for establishing inhibitory interactions with hAM
amyloidogenesis intermediates. The MrH hairpins with multi-
ple aromatic residues are, in both systems, amyloid formation
inhibitors. They are mostly effective when the hairpins include
Trp residues. This observation is not that surprising given that
Trp residues are often observed at peptide−protein interfaces,56
form favorable cross-strand interactions in β-sheet systems, and
occur frequently in prior peptide modulators of amyloido-
genesis.18,57,58

In our case, we have demonstrated both cross-reactivity with
hAM and α-syn and the inhibition of hAM-induced cytotoxicity
by a hairpin peptide that bears no similarity in sequence to
either amyloidogenic system. Whether designed hairpins can
serve as leads for therapeutic development remains to be
determined; however, the modulation of amyloidogenesis
pathways by these hairpins should provide probes for NMR
studies of the early stages of the processes by adjusting
conditions under which the lag time of the noninhibited assay
may be further delayed to allow for NMR measurements. We
anticipate that formation of the preamyloid−inhibitor complex
will occur in the absence of added HFIP and that these
complexes will have sufficient lifetimes for NMR character-
ization to provide both insights into the biorecognition
phenomena along the pathway to cytotoxic assemblies and
guidance for the design of more effective inhibitors that could
serve as leads for therapeutic development.
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■ ADDITIONAL NOTES
aWith 4 molar equiv of WW2, the lag time increases to 5.7 h
(a 5-fold increase), and ∼50% inhibition of the ThT
fluorescence signal is still observed at 7 h.24
bIn the absence of addition of HFIP, α-syn solutions remain
fully transparent for many days. When aromatic-bearing
hairpins that result in immediate α-syn precipitation upon
addition of HFIP are added to α-syn in the absence of HFIP,
immediate precipitation is not observed. The solutions do
become cloudy over a period of hours: 2 h for 2 molar equiv of
peptide WW2 and 4−6 h for the same conditions with YY2.
For both peptides, precipitation occurs immediately upon
adjustment of the medium to an HFIP content of 1.5 vol %. In
the case of WW2/α-syn mixtures, nonamyloid precipitates are
obtained with as few as 0.5 equiv of the added peptide. It is
apparent that the interaction of α-syn with these peptides favors
aggregate formation, and that this process, like amyloido-
genesis, is greatly accelerated by the presence of 1.5 vol %
HFIP. Control experiments show that the hairpin conforma-
tional equilibrium is not altered upon addition of these low
levels of HFIP cosolvent.
cOur prior study of β CD characteristics61 can be used to
estimate the fractional contributions of β-strand conformations
in the fibril states. The mature fibril49 [θ]216 values for hAM
ranged from −16000° to −20000°, indicating that virtually all
of the residues are in β-strand conformations in the fibril state.
Similar values have been reported for hAM aggregation studies
in media without added cosolvents.40,62 The minimum β for
α-syn in our assay corresponds to −11300°/residue, in
excellent agreement with values reported by other laborato-
ries26,33 for assays conducted in the absence of cosolvents. This
ellipticity value implies that ca. 60% of the synuclein sequence
is in β-strand conformations in the fibril state.
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