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AbstractÐRecent studies on amyloid disease-related proteins such as b-amyloid and prion have pointed out that conformational alternation
and subsequent aggregation to form amyloid ®brils play a key role in such fatal diseases. Here, design and synthesis of peptides undergoing a
structural transition from a-helix to b-sheet and self-assembly into amyloid ®brils are described. A dimeric peptide was designed to form a
coiled-coil a-helix structure and the N-terminus was modi®ed with various kinds of standard hydrophobic amino acids. The self-initiated
structural transition to b-sheet was induced by appropriate hydrophobic amino acids attached to the N-termini of the peptides. Moreover, the
peptides in b-sheet self-assembled into the amyloid with a well-organized ®brillar structure. Simpli®ed model peptides like those presented
here will lead to a better understanding of the process by which conformational alternation and aggregation of proteins occur, as well as to
developing novel nanoscale materials. q 2000 Elsevier Science Ltd. All rights reserved.

Introduction

Capability of both intra- and intermolecular self-assembly
of polypeptide chains is one of the most important features
of proteins, which generates a well-de®ned three dimen-
sional structure depending on their amino acid sequences.
However, a folding of polypeptide chain into an undesired
structure and resultant aggregation could occur due to
several reasons.1±4 Recently, such a misfolding of proteins
has attracted much attention, since it is closely related to a
number of fatal diseases.1±7 Amyloid is a ®brillar aggregate
of misfolded proteins, which has been proposed to be a
causative agent of amyloid diseases such as Alzheimer's
and prion diseases.7±14 Amyloid ®bril formation is called
misassembly, since it is an undesired state and would
cause fatal diseases. On the other hand, it is also considered
that the amyloid ®bril is a self-assemblage with a highly
ordered quaternary structure.7 It has been proposed that
b-strands align perpendicularly to the ®ber axis with regular
strand spacings.7

The pathway of protein misfolding and subsequent ®bril
formation involves a conformational transition, for
example, from a-helix to b-sheet structure. This transition
is especially apparent in the conversion of prion proteins
from normal to abnormal isoform without any chemical
modi®cation.12±14 The cellular form of the prion protein
(PrPC) is rich in an a-helix structure and highly water-
soluble, but the scrapie isoform (PrPSc) forms amyloid ®brils
with a higher b-sheet content. Similarly, b-amyloid peptide,
which is a major component of the amyloid plaques
deposited in the brains of Alzheimer's disease patients,
has an a-helical propensity in some environments.8±11 It is
becoming increasingly important to study the nature of the
proteins in order to understand such critical diseases.
Furthermore, medium-controlled amyloid ®bril formation
of proteins which are not associated with any amyloid
disease has been reported.15,16 Although a variety of proteins
are known to form amyloid ®brils, no obvious sequence or
structural similarity for these proteins has been suggested.
Thus, a simpli®ed model peptide would lead to a better
understanding of the process by which misfolding and ®bril
formation of proteins occur.

Peptides based on the de novo design have provided useful
information for constructing and manipulating peptide
conformation, and elucidating complex folding mecha-
nisms.17±19 Design of peptides to adopt a b-sheet folding18,19

and a ®brillar structure like amyloid ®brils20±24 has been a
current interest as well as creation of native-like globular de
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novo proteins.17 Designing sequences of peptides to allow
conformational interconversions, e.g. helix-sheet switching,
has been widely attempted,25±32 which includes sequence
manipulation of natural proteins25±27 and de novo sequence
design.28±32 Furthermore, similar a-to-b structural transition
has been proposed in a correct-folding pathway with a non-
hierarchical mechanism.33 These studies suggest that both
overall and local conformations of proteins and their
conversion are critically determined by long-range inter-
actions including both intra- and intermolecular inter-
actions between secondary structures as well as by
short-range interactions between nearby amino acid
residues.

Recently, we have reported the design of peptides that
undergo self-initiated a-to-b structural transition and ®bril
formation, which are caused by the exposure of a hydro-
phobic domain attached to the N-terminus.34,35 The ®rst
success of this approach for designing a-to-b transitional
peptides was accomplished by using 1-adamantanecarbonyl
(Ad-) group as the N-terminal hydrophobic domain of the
2a-helix peptide.34 In an aqueous solution, the Ad-linked
2a-peptide underwent an a-to-b transition and amyloid
®bril formation in an autocatalytic manner. To explore
the effect of the hydrophobic domain, we synthesized the
peptides with a variety of aliphatic acyl chains at the
N-termini and examined the conformational properties.35

It became clear that acyl chains of particular length caused
the peptides to undergo an a-to-b transition, and there was
an optimum length (hydrophobicity), such as the octanoyl
(C8-) group, for the transition. The peptides that we
previously designed included non-amino acid moieties
such as Ad-group or acyl chains.34,35 We have been inter-
ested in whether these N-terminal non-amino acid moieties
are replaceable by standard hydrophobic amino acids.
Design of peptides composed of only standard amino
acids retaining the ability of undergoing the a-to-b struc-
tural transition and amyloid ®bril formation has been
desired, since such peptides would provide further insight
into phenomena exhibited by naturally occurring amylo-
idogenic proteins than peptides with non-amino acid
moieties. We thereby report here design and synthesis of a
variety of peptides with hydrophobic amino acids at the
N-termini, and comparison of the ability of undergoing
the a-to-b structural transition and amyloid ®bril formation.
It has been shown that particular hydrophobic amino acids

attached to the N-termini are able to initiate the a-to-b
structural transition and amyloid ®bril formation.

Results and Discussion

Design of peptides

Peptides undergoing a-to-b structural transitions and
amyloid ®brillogenesis were designed as previously
described.34,35 A homodimeric peptide composed of two
amphiphilic a-helices was designed (Fig. 1). The 2a-helix
part was constructed from amino acid sequences of coiled-
coil proteins,36 which had heptad repeats (abcdefg)n with
hydrophobic residues at the a and d positions (Fig. 1B).
However, when the peptide sequence was drawn as a
b-strand model, the peptide could take a kind of amphiphilic
b-strand structure, in which hydrophobic leucine residues
and hydrophilic glutamic acid and lysine residues were
separated on different faces (Fig. 1B). It has been suggested
that one cause of protein misfolding and aggregation is
thought to be the exposure of the hydrophobic region of
proteins in a relatively unstable states to an aqueous
environment, which is caused by an environmental change
or an unfavorable mutation. Based on this, in the previous
models,34,35 hydrophobic Ad-group or aliphatic acyl chains
were attached to the N-termini as an exposed hydrophobic
domain which facilitated the peptide aggregation. In this
study, instead of the Ad-group or acyl chains, one or two
hydrophobic amino acids (alanine, isoleucine, leucine,
phenylalanine and tryptophan) were attached to the
N-termini of the peptide as shown in Fig. 1A. The two
segments were linked to form a parallel homodimer by the
disul®de bond between cysteine residues at the C-termini.
Two glycine residues were employed for spacers to connect
the N-terminal hydrophobic amino acids or the C-terminal
cysteine to the core 14-residue peptide. Peptides with single
glycine as the N-terminal spacer were also examined. In the
previous models, single b-alanine residue was employed for
both N-terminal and C-terminal spacers.34,35

All peptides were synthesized by the solid-phase method
using 9-¯uorenylmethyloxycarbonyl (Fmoc) chemistry.37

The fully deprotected peptides were oxidized to form the
intermolecular disul®de bond. The peptides were puri®ed by
reversed-phase HPLC, and identi®ed by matrix assisted

Figure 1. (A) Primary structure of the peptides with hydrophobic amino acids at N-termini. (B) A helix wheel drawing as a coiled-coil form and a b-strand
drawing of the core 14-peptide. Abbreviations for amino acids are: A, alanine; C, cysteine; E, glutamic acid; F, phenylalanine; G, glycine; I, isoleucine; K,
lysine; L, leucine; Q, glutamine; W, tryptophan.
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laser desorption ionization time-of-¯ight mass spectrometry
(MALDI-TOFMS) and amino acid analysis.

Structural transition of the peptides from a-helix to
b-sheet

The conformational changes of the peptides with one hydro-
phobic residue at the N-termini (FGG, IGG, LGG and
WGG) were examined by circular dichroism (CD) spectro-
scopy (Fig. 2). All peptides showed CD spectra typical for
an a-helix structure shortly after dilution in 20 mM Tris±

HCl buffer (pH 7.4) from the tri¯uoroethanol (TFE) solution
(®nal peptide concentration, 12±14 mM; TFE content,
2.5%).k The CD measurements were carried out after
various incubation periods. Although the peptides with the
hydrophobic amino acids showed gradual changes in their
spectra, the conformational changing properties were differ-
ent depending on the amino acids attached to the N-termini.
FGG, LGG and WGG changed their spectra from those
typical for a-helix to b-sheet after 4 days (Fig. 2A), and
the time courses of the structural transitions detected by
the ellipticity at 205 nm were not signi®cantly different
(Fig. 2B). Although the peptides in the b-sheet formed
aggregates (described below), no visible precipitate was
observed, which did not prevent the CD study.34,35 On the
other hand, the CD spectrum of IGG did not change to that
of a b-sheet structure, and only decrease of the helicity was
observed even after 7 days (Fig. 2A). Such an incomplete
transition to b-sheet was observed in case of butanoyl- or
hexanoyl-attached peptides in our previous study.35 The
peptide lacking the N-terminal hydrophobic residue, GG,
also did not show structural transition to b-sheet, and almost
maintained the initial a-helix structure during 7 days (Fig.
2B). Thus, it could be concluded that a hydrophobic amino
acid at the N-termini is essential for the self-initiated struc-
tural transition of the peptide, but particular hydrophobic
residues such as leucine, phenylalanine or tryptophan
induce the a-to-b structural transition. These ®ndings are
consistent with our previous results34,35 that the N-terminal
hydrophobic domains such as Ad- or C8-group are essential
for the structural transition and there is an optimum hydro-
phobicity to induce the transition.

To examine the peptides with further increased hydro-
phobicity at the N-termini, the peptides with one more resi-
due added to the N-termini of LGG (ALGG, FLGG, ILGG,
LLGG and WLGG) were prepared (Fig. 3). Among these
peptides, only FLGG showed an accelerated structural tran-
sition (almost completed within 2 days) compared with
LGG (Fig. 3A). The transitional properties of the other
peptides (ALGG, ILGG, LLGG and WLGG) were not
signi®cantly altered compared with those of LGG (Fig.
3B). Although the addition of phenylalanine to the
N-termini of LGG was effective for an acceleration of the
transition, increase of the number of amino acids was not
always effective. It is noteworthy that phenylalanine resi-
dues in the central hydrophobic region of Alzheimer's
b-amyloid peptide have been proposed to play an important
role in the ®bril formation.38,39

The length of the spacer to connect the N-terminal hydro-
phobic residues with the core peptide portion was con-
sidered using the tryptophan-attached peptides, one of
which was investigated as a peptide with a spectroscopic
probe (described below). The peptides with one-glycine
spacer, WG and WLG, were examined (Fig. 4). The a-to-b
structural transition of WG was slightly retarded compared
with that of WGG. The conformational change of WLG was
much slow compared with that of WLGG. Furthermore,
WLG did not show complete structural transition to
b-sheet even after 7 days, although WLGG did within
4 days. These results revealed that the two-glycine spacer
was more appropriate for induction of the structural tran-
sition than the one-glycine spacer. There may exist proper

Figure 2. CD studies of the peptides with one hydrophobic residue at
N-termini. (A) Time-dependent CD spectral changes of LGG and IGG.
(B) Time courses of structural transitions of the peptides monitored by
the molar ellipticity at 205 nm. [Peptide]�12±14 mM in 20 mM Tris±
HCl buffer (pH 7.4)/2.5% TFE at 258C.
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length and ¯exibility of the N-terminal spacer so that the
linked hydrophobic residues are exposed to the solvent.

The time courses of the a-to-b structural transition of the
peptides were sigmoidal. This type of process is considered
to be autocatalytic as suggested in the ®bril formation of
amyloidogenic proteins such as b-amyloid or prion proteins,
and more generally, in crystallization of proteins or organic/
inorganic compounds.8,34,35 The autocatalytic transition

process of this kind of peptide has been suggested by the
fact that the a-to-b transition is accelerated by the addition
of the preformed b-sheet peptide.34

Hydrophobicity of N-terminal residues of the peptides

In the previous study,35 it was shown that only the peptides
that had appropriate hydrophobic domains underwent the
a-to-b structural transition. Thus, a hydrophobicity scale
for this series was estimated using reversed-phase HPLC,
as reported by Liu and Deber.40 An HPLC-based scale
serves to de®ne the overall hydrophobicity of a peptide.
Since all peptides have an identical chemical structure
except for the N-terminal domain, their retention times
would re¯ect the difference in hydrophobicity of the
N-terminal domain. The HPLC experiments were carried
out using a C18 column and the retention time data were
converted to the relative hydrophobicity values40 (Fig. 5).
To compare only the hydrophobicity of the N-terminal
residues, i.e. to eliminate a contribution of the glycine
spacer, WG and WLG were omitted from this analysis.

FLGG, which showed the highest transitional rate, had a
higher hydrophobicity. However, it seems that the higher
transitional rate of FLGG is not directly attributed to the
higher hydrophobicity, since WLGG having a higher hydro-
phobicity than FLGG showed a slower transitional rate, and
the peptides with two hydrophobic residues (ILGG, LLGG
and WLGG) showed transitional rates similar to the
peptides with single hydrophobic residue (FGG, LGG and
WGG). Thus, the difference in the transitional rates is not
explained only in terms of the hydrophobicity. Although
N-terminal hydrophobic residues are essential for the induc-
tion of the structural transition, the increased hydropho-
bicity does not mean the increased transitional rate.
Therefore, it appears that further addition of one or two
hydrophobic residues is not always effective for accelera-
tion of the transition. In addition, higher hydrophobicity at
the N-termini may inhibit the transition, as shown in the
previous study.35

In the course of our investigations,34,35 we have proposed
that a role of the N-terminal hydrophobic domain in the

Figure 4. CD studies of the peptides with varied N-terminal spacers. Time
courses of structural transitions of the peptides monitored by the molar
ellipticity at 205 nm. [Peptide]�10±13 mM in 20 mM Tris±HCl buffer
(pH 7.4)/2.5% TFE at 258C.

Figure 5. Relative hydrophobicity of the peptides determined by the reten-
tion times in reversed-phase HPLC, according to the method reported by
Liu and Deber.40 The most hydrophilic peptide GG and the most hydro-
phobic one WLGG are assigned with values of 25 and 15, respectively.

Figure 3. CD studies of the peptides with two hydrophobic residues at N-
termini. (A) Time-dependent CD spectral changes of FLGG. (B) Time
courses of structural transitions of the peptides monitored by the molar
ellipticity at 205 nm. [Peptide]�12±13 mM in 20 mM Tris±HCl buffer
(pH 7.4)/2.5% TFE at 258C.
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process of the structural transition is the induction of inter-
molecular association of the a-helical peptide by the hydro-
phobic interaction. Then, by the newly generated
intermolecular interaction, the peptide transforms to a
b-sheet structure. However, the N-terminal residues might
also affect the stability of the assembled b-sheet structure,
which would give rise to the difference in rates or complete-
ness of the transitions. Therefore, an ability to form a ®bril-
lar structure was examined as shown in the next section.
Indeed, a self-assembling ability of the peptides in b-sheet
to form the ®brillar structure was dependent on the residues
attached to the N-termini (described below).

Amyloid ®bril formation of the peptides

The amyloid formation was examined employing an
amyloid-speci®c dye-binding analysis (Fig. 6). It is known
that a ¯uorescent dye, thio¯avin T (ThT), associates with
amyloid ®brils and the binding gives rise to a signi®cant
enhancement in ¯uorescence according to the amount of
amyloid.34,41,42 All peptides in a-helix (shortly after dilution
in the buffer from TFE) did not affect ThT ¯uorescence. The
emission spectra of ThT in the presence of FLGG in a-helix
or b-sheet conformation are shown in Fig. 6A, as represen-
tative spectra of free and amyloid-bound ThT. In the
presence of the peptides (except for IGG, WLG and GG)
which accomplished the transition to b-sheet, ThT showed a
new excitation maximum at ,435 nm and an enormously
enhanced ¯uorescence emission at ,480 nm (Fig. 6B),
which was a characteristic spectrum for ThT bound to
amyloid ®brils. On the contrary, in the presence of the
peptides which did not show complete transition to
b-sheet, IGG, WLG and GG, the dye showed little enhance-
ment in the ¯uorescence (Fig. 6B), suggesting the lack of an
ability to form amyloid ®brils. The ThT-binding analysis
suggested that the peptides except for IGG, WLG and GG
had the ability to form amyloid ®brils. The ability, however,
appeared to vary depending on the N-terminal residues. The
¯uorescence intensities of ThT in the presence of these
peptides, which would re¯ect the amount of amyloid ®brils,
were largely varied. These results imply that the N-terminal
hydrophobic residues affect a well-organized assembly of
the b-sheet into ®brils (b-sheet packing), as well as induc-
tion of the intermolecular association to initiate the struc-
tural transition.

A direct observation of the amyloid ®brils was also carried
out by transmission electron microscopy. It was shown that
the peptides which were expected to be amyloidogenic by
the ThT-binding analysis indeed formed a ®brillar structure
(Fig. 7). The ®brils had a morphology similar to that
of naturally occurring amyloidogenic proteins such as
b-amyloid or prion proteins.43,44

Figure 6. Thio¯avin T (ThT) binding analysis of the peptides. (A) Fluorescence spectra of ThT in the presence of FLGG in a-helix (thin line) or in b-sheet
(bold line) and in the absence of the peptide (dashed line). (B) Fluorescence intensity of ThT at 480 nm in the presence of the peptides after the transitions. The
peptides were incubated until they accomplished the transitions, and then ThT was added. [Peptide]�10±14 mM and [ThT]�6 mM in 20 mM Tris±HCl buffer
(pH 7.4)/2.5% TFE at 258C. l ex�435 nm.

Figure 7. Electron micrograph of FLGG after the structural transition to
b-sheet. The peptide was incubated until it accomplished the transition to
b-sheet (3 days), and then negatively stained. Magni®cation, 50,000£;
scale bar, 200 nm.
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Fluorescence spectroscopic study of the tryptophan-
peptide

Fluorescence spectroscopic measurements were carried out
for the tryptophan-containing peptide, which would provide
information concerning the environment of tryptophan
indole side chain.45 The ¯uorescence spectra of WGG,
which showed the a-to-b structural transition within
4 days, were measured (Fig. 8). The ¯uorescence emission
maximum of WGG in the aqueous solution was 350 nm
(Fig. 8A), suggesting the indole side chain was exposed to
the solvent.45 The time-dependent decrease in the ¯uor-
escence was observed, which was coincident with the CD
spectral changes indicating the secondary structural tran-
sition (Fig. 8B). Although the aggregation of the peptide
occurs during the a-to-b structural transition,34 it is likely
that the signi®cant decrease in the ¯uorescence intensity is
not due to the precipitation of the peptide, since the time-
dependent changes of UV spectra were not large. Therefore,
it could be considered that the decrease of the ¯uorescence
intensity would be due to that the indole rings make clusters
by aggregation and/or are buried in the assembled polypep-
tide chains, which occur during the a-to-b transition. The
aggregation of the indole ring was also suggested by
the result that the UV spectra were broadened during the
a-to-b transition (data not shown).

CD spectra of the tryptophan in WGG at the near-UV region
were measured. The asymmetric environments of the tryp-
tophan side chain were expected to be changed during the
a-to-b transition. However, the near-UV CD spectra of
WGG before and after the transition were essentially iden-
tical (data not shown), suggesting little difference in the
asymmetric environments of the tryptophan side chain. It
is also expected that the mobility of tryptophan side chain in
the aggregated b-sheet structure is more restricted than that
in the a-helix structure. Such further detailed information
can be provided by a time-resolved ¯uorescence measure-
ment.45 Although the ¯uorescence and other spectroscopic
data presented here are not suf®cient to interpret the
environments of tryptophan side chain, it is shown that the
¯uorescent amino acid is applicable as a spectroscopic

probe to follow the a-to-b transition, and as an inducer of
the ®bril formation by the hydrophobic character.

Conclusion

In this paper, we present the design and synthesis of
peptides undergoing a self-initiated structural transition
from a-helix to b-sheet and self-assembly into amyloid
®brils. We have succeeded in designing peptides composed
of only standard amino acids retaining the transitional and
®bril-forming abilities, whereas our previously reported
peptides possessing these abilities contained non-amino
acid moieties.34,35 The peptides having hydrophobic amino
acids in place of the Ad-group or the long acyl chains
undergo the a-to-b structural transition, even though the
transition takes a few days, which is much slower than
that of Ad- or C8-attached peptides (,4 h).34,35 Some
hydrophobic amino acids at the N-termini are appropriate
to induce the a-to-b structural transition. Furthermore, the
ability of self-assembly into ®brillar structure depends on
the species of the hydrophobic residues attached to the
N-termini.

Simpli®ed model peptides like those presented here would
lead to a better understanding of the process by which
conformational alternation and aggregation of proteins
occur, which will potentially lead to a model system for
clarifying and controlling off-pathway aggregation of
naturally occurring proteins. Moreover, since the amyloid
®bril is a supramolecule with a highly ordered quaternary
structure, the results demonstrated here will provide insights
into studies on a structural basis of well-organized and
self-assembling peptides applicable to novel nanoscale
materials.23,24

Experimental

Peptide synthesis

Peptides were synthesized by the solid phase method using

Figure 8. (A) Time-dependent ¯uorescence spectral changes of WGG. (B) Time courses of the ¯uorescence intensity at 350 nm and the molar ellipticity at
205 nm of WGG. [WGG]�13 mM in 20 mM Tris±HCl buffer (pH 7.4)/2.5% TFE at 258C. l ex�280 nm.
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standard Fmoc chemistry.37 The peptides were assembled
on Rink amide resin, which provided C-terminal peptide
amide on cleavage.46 Fmoc-Ala-OH, Fmoc-Cys(Trt)-OH,
Fmoc-Gln(Trt)-OH, Fmoc-Glu(OtBu)-OH, Fmoc-Gly-OH,
Fmoc-Ile-OH, Fmoc-Leu-OH, Fmoc-Lys(Boc)-OH, Fmoc-
Phe-OH, Fmoc-Trp-OH (tBu, tert-butyl; Trt, trityl; Boc,
tert-butyloxycarbonyl) were used. Couplings of Fmoc-
protected amino acid were carried out using 2-(1H-
benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexa¯uoro-
phosphate (HBTU) and N-hydroxybenzotriazole (HOBt) in
N-methylpyrrolidone (NMP), and Fmoc group was removed
in 20% piperidine/NMP. The N-terminus was acetylated by
treatment of acetic anhydride in NMP. Cleavage of the
peptide from the resin and deprotection of all side chain
protecting groups were carried out by stirring the resin in
tri¯uoroacetic acid (TFA, 10 mL) in the presence of
m-cresol (0.25 mL), thioanisole (0.75 mL) and ethandithiol
(0.75 mL) for 1 h at room temperature. The solution was
®ltered to remove the resin and the ®ltrate was concentrated,
and then cold diethyl ether was added to precipitate the
peptide. The crude peptides except for Trp-containing
peptides were stirred in 10% dimethylsulfoxide (DMSO)/
TFA for 2 h at room temperature to form the intermolecular
disul®de linkage.47 Trp-containing peptides were stirred in
50% DMSO/1 M HCl for 1±2 days to form the disul®de
linkage.48 The peptides were puri®ed by reversed-phase
HPLC on C18 or C4 columns (10£250 mm) using a linear
gradient of acetonitrile/0.1% TFA to give a high purity on
an analytical C18 column (4.6£150 mm). The peptides were
identi®ed by MALDI-TOFMS and amino acid analysis.
MALDI-TOFMS were performed on a Shimadzu
KOMPACT MALDI III mass spectrometer. MALDI-
TOFMS found [M1H]1 (calcd [M1H]1); FGG, 4088.8
(4089.8); IGG, 4022.4 (4021.8); LGG, 4022.1 (4021.8);
WGG, 4167.9 (4167.9); GG, 3795.4 (3795.5); ALGG,
4163.1 (4163.9); FLGG, 4315.8 (4316.1); ILGG, 4247.6
(4248.1); LLGG, 4247.4 (4248.1); WLGG, 4394.1
(4394.2); WG, 4054.0 (4053.7); WLG, 4278.4 (4279.1).
Amino acid analyses also gave satisfactory results.

Circular dichroism spectroscopy

Stock solutions of the peptides were prepared in TFE
(,0.5 mM peptide). The TFE solution was diluted in
20 mM Tris±HCl buffer (pH 7.4), ®nal concentrations of
the peptides were 10±14 mM and TFE content was 2.5%,
and CD spectra were recorded immediately. After the dilu-
tion to the buffer from TFE, the solutions were incubated at
258C and CD measurements were carried out at intervals of
several hours. The concentration of each peptide solution
was determined by the quantitative amino acid analysis. CD
measurements were performed on a Jasco J-720WI spectro-
polarimeter equipped with a thermo-regulator using a quartz
cell with 1.0 mm pathlength. Spectra were recorded in terms
of mean residue ellipticity ([u], in deg cm2 dmol21).

Determination of hydrophobicity

HPLC-derived hydrophobicity was obtained by the reten-
tion time of each peptide on a C18 reversed-phase column
(4.6£150 mm). Each peptide dissolved in TFE was injected
into the column and eluted at a ¯ow rate of 1.0 mL/min
using a linear gradient of 30±70% acetonitrile/0.1% TFA

over 40 min at 408C. The retention times of the peptides
were converted to a relative hydropathy index (H) by the
following equation:

H � 10 £ DtX2GG=DtWLGG2GG25:00

where DtX2GG is the retention time difference between a
peptide and the most hydrophilic peptide GG, and
DtWLGG2GG is the retention time difference between the
most hydrophobic peptide WLGG and GG.40

Fluorescence and UV spectroscopies

Peptide solution was prepared and incubated as described in
the CD measurements (10±14 mM peptide in 20 mM Tris±
HCl buffer (pH 7.4) with 2.5% TFE at 258C). For ThT-
binding analysis, 10 mL of the ThT solution (240 mM in
water) was added to 390 mL of the peptide solution (the
®nal concentrations of ThT and the peptide were 6 and
10±14 mM, respectively), and then ¯uorescence emission
spectra were recorded immediately at an excitation wave-
length of 435 nm.34,41,42 For the measurements of the
tryptophan-peptide, the indole side chain was excited at
280 nm. Fluorescence spectra were recoreded on a Hitachi
F-2500 ¯uorescence spectrophotometer using a 5£5 mm
quartz cell at 258C. UV spectra were recorded on a
Shimadzu BioSpec-1600 UV±VIS spectrophotometer
using a quartz cell with 10 mm pathlength.

Transmission electron microscopy

The peptide solution was prepared by the method same as
the CD measurement. The sample was absorbed to a carbon-
coated copper grid (200 mesh) by ¯oating the grid on a drop
of the peptide solution for 30 s. The excess solution was
removed by ®lter paper blotting and the grid was washed
by ¯oating on a drop of water for 10 s and then the water
was removed. The sample on the grid was then negatively
stained with a 2% (w/v) aqueous phosphotungstic acid
solution for 30 s and the excess staining solution was
removed. After drying, the samples were visualized with a
Hitachi H-7500 electron microscope operating at 100 kV.
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