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AbstractÐRecent studies on peptide ®brillogenesis by the de novo method as well as amyloidogenic proteins including prion pro-
teins and Alzheimer's b-peptides have provided insights into the conformational changes, such as a-helix to b-structure, involved in
folding and misfolding processes. We have found that an exposed hydrophobic nucleation domain at N-terminal causes a structural
transition of a peptide from a-helix to b-®bril. It became clear that N-terminal acyl groups of particular lengths in a 2a-helix peptide
caused the peptide to undergo an a-to-b transition. The peptide with the octanoyl group (C8-2a) showed the highest rate of trans-
formation. The study of the designed peptides revealed that these a-to-b transitions were closely related to the initial a-helix con-
formation and its stability. Engineering peptides that undergo a-to-b transitions are attractive not only to the study of pathogenic
proteins such as prion proteins, but also to the control of self-assembly of peptides, which will lead to the development of peptidyl
self-assembling materials. # 1999 Elsevier Science Ltd. All rights reserved.

Introduction

A number of studies on disease-related proteins, such as
those involved in Alzheimer's or the prion diseases have
led to improvements in our understanding of protein
misfolding and transformation.1±17 The studies have
pointed out common and possible mechanisms for the
formation of protein amyloid ®brils. Environments and
mutations that might destabilize the native structures of
proteins and facilitate the formation of partially unfol-
ded intermediates have been demonstrated to be possi-
ble causes of the ®bril formation of proteins.1±6 Such
intermediates undergo peptide conformational transi-
tions, which initiate protein aggregation and then ®bril
formation. Especially in the prion protein (PrP), a
highly a-helical structure in the monomeric PrPC is
transformed to a b-sheet conformation in aggregated
protease-resistant PrPSc.7±13 Similarly, b-amyloid pep-
tides composed of 39±43 amino acid residues are also
transformed to the amyloid form with a cross-b-sheet
structure.14±17 Although the mechanisms and inter-
mediates of these amyloid formations have not yet been
fully understood, it has been suggested that the aggre-
gation process for the proteins from a less-b-structured
monomer plays a key role in the conformational chan-
ges and the formation of amyloid with a higher b-sheet
content.3,4 In general, one cause of protein misfolding

and transformation is thought to be the exposure of the
hydrophobic region of proteins in an unstable form to
water environments, and the formation of aggregates
that follows.

On the other hand, similar a-to-b transitions also occur
through the correct-folding pathway from intermediates
to native forms in proteins with a non-hierarchical
folding mechanism such as b-lactoglobulin.18±21 More-
over, the same peptide sequence named `chameleon'
adapted an a-helix or a b-strand at the di�erent position
in the protein, the B1 domain of protein G (GB1).22 The
protein named `Janus' was successfully designed from
the b-sheet-dominant protein, GB1, to the a-helical
protein, Rop, by changing no more than half the
sequence.23 These studies suggest that the key feature in
the a±b transition is the conversion from short-range
interactions between nearby amino acid residues stabi-
lizing an a-helix structure to long-range interactions
between secondary structures stabilizing a b-sheet
structure.

A simpli®ed model peptide designed by the de novo
strategy can provide useful information for constructing
and manipulating peptide conformation, and elucidat-
ing complex folding and misfolding mechanisms.24±26

The design method often uses the amphiphilic nature of
peptide secondary structures to construct tertiary
structures of arti®cial proteins.27 Peptides designed for
b-sheet folding have been extensively studied,28 and
subsequent formation of ®brils has been characterized.29

Model peptides homologous to parts of native proteins

0968-0896/99/$ - see front matter # 1999 Elsevier Science Ltd. All rights reserved.

PII: S0968-0896(98)00236-3

Bioorganic & Medicinal Chemistry 7 (1999) 177±185

Key words: Peptides and polypeptides; ®brillogenesis; a-helix; b-sheet;
structural transition.
*Corresponding author: Tel: +81-45-924-5756; Fax: +81-45-924-5833;
E-mail: hmihara@bio.titech.ac.jp



have been characterized as ®brillogenic peptides and
their applications to molecular materials have been
attempted.30,31 Furthermore, some model peptides have
been designed to allow a±b transitions via the replace-
ment of environments from organic solvent to
water,32,33 the alteration of pH,34,35 and the control of
the redox state.36,37 Therefore, these studies have
revealed that control of the periodicity of hydrophobic
and hydrophilic residues in a peptide sequence is essen-
tial in determining a secondary structure and a±b tran-
sitional properties. In other words, hydrophobic
clustering between amphiphilic peptides seems to deter-
mine the secondary structures and their transformation.

We have also found that an exposed hydrophobic
nucleation domain caused an a-to-b structural transition
and ®bril formation of a peptide.3,38 The hydrophobic
domain was designated as a hydrophobic defect, since
it caused the aggregation and ®bril formation of the
peptide.38 The ®rst success of this approach for design-
ing a-to-b transitional peptides was accomplished by
using the adamantanecarbonyl (Ad) group as the N-
terminal hydrophobic defect of the 2a-helix peptide.
The Ad-linked 2a-peptide (Ad-2a) underwent an a-to-b
transition and a b-®bril formation in an autocatalytic
manner.38 Using this strategy of adding hydrophobic
defects of various acyl groups, in this study (Fig. 1), has
revealed that the stability of the a-helix conformation in
its initial state has a key role in determining whether or
not the peptide structure will be transformed. The
designed peptides mimicked an a-to-b transitional
property of proteins such as prion proteins, a nuclea-
tion-dependent autocatalytic transformation.

Results

Peptide design and synthesis

A peptide composed of two amphiphilic a-helices27 was
designed, and acyl chains of various lengths were

attached to the N-termini of the 2a-peptide as an
exposed hydrophobic domain, i.e., as a hydrophobic
defect (Fig. 1). The two-a-helix part was constructed
from amino acid sequences of coiled-coil proteins,
which had heptad repeats (abcdefg)n with hydrophobic
residues at the a and d positions (Figure 1(B)).39±41 The
<Pa> and <Pb> values of the core 14-peptide cal-
culated with Chou±Fasman parameters42 were 1.34 and
0.94, respectively. Therefore, judging only from the
amino acid sequence the peptide was expected to form
an a-helix structure. When the peptide sequence was
drawn as a b-sheet model, the peptide could take a kind
of amphiphilic b-sheet structure, in which hydrophobic
Leu residues and hydrophilic Glu and Lys residues
were separated on the di�erent faces. The peptides
were synthesized by the solid-phase method using 9-
¯uorenylmethyloxycarbonyl (Fmoc) chemistry.43 The
dimeric peptides (2a series) were synthesized via the
disul®de linkage between Cys residues at the 17th posi-
tion. The monomeric peptides (1a series) were used
without the cleavage of the acetamidomethyl (Acm)
protecting group.

�-to-� Structural transition of 2�-peptides

The conformational changes of 2a-peptides with a vari-
ety of acyl chains (10 mM)44 were examined by measur-
ing circular dichroism (CD) spectra (Figure 2(A)). It was
interesting that the a-to-b structural transition of pep-
tides occurred optimally with octanoyl (C8) chain
(Fig. 3). That is, the a-to-b transition of the 2a-peptide
with octanoyl groups (C8-2a) occurred at the highest
transitional rate among all of the peptides with acyl
chains, the rate being almost identical to that of the
adamantanecarbonyl peptide (Ad-2a) as the previous
model.38 C8-2a showed a CD spectrum typical for an
a-helix structure ([y]222=ÿ21,000 deg.cm2.dmolÿ1)
shortly after dilution in a bu�er (pH 7.4) from the tri-
¯uoroethanol (TFE) solution (Figure 2(A)). The CD
measurements revealed a gradual change in a spectrum
typical for a b-structure, with a single minimum at

Figure 1. Structure of the 2a- and 1a-peptides with a variety of acyl chains as hydrophobic defects. (A) Amino acid sequences of the peptides, 2a and
1a, with a hydrophobic defect of aliphatic acyl chains (Cn-). (B) Helix wheel drawing as a coiled-coil form and illustation of associated b-structures
of the core 14-peptide in 2a-peptides.
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218 nm ([y]218=ÿ14,000 deg.cm2.dmolÿ1) and a max-
imum at 198 nm after 4 h at 25 �C (half transition time
t1/2=120min). The time course of the structural transi-
tion was quite sigmoidal, resembling the autocatalytic
transition process in b-amyloid and prion peptides.14,45±50

Transmission electron micrograph showed that C8-2a
which was in the b-structure formed amyloid ®brils in
ca. 10 nm width with a morphology similar to that of
Alzheimer's b-peptides or prion proteins (Fig. 4).51,52

Furthermore, the ®brils assembled into larger deposits
(10±100mm size) stained by Congo red53 or thio¯avin

T.54 Observation of deposits by microscopy in the pre-
sence of thio¯avin T revealed that the ®bril formation of
the peptides occurred coincidentally with the a-to-b
transitions.38

On the other hand, the CD spectra of C2-2a did not
show a transition to a b-structure, but remained in a-
helix. The CD spectra of C4- and C6-2a changed over
14 and 7 h, respectively, but their shapes indicated the
presence of a mixture of a-helix and b-sheet, with the
content of b-structure of C6-2a being higher than that
of C4-2a. As the chain length increased, the a-to-b

Figure 2. CD studies of the Cn-peptides. Spectral changes and time courses (inset) of ellipticity change at 205 nm of Cn-2a (A) and Cn-1a (B). The
TFE solution of Cn-peptides was diluted in 20mM Tris.HCl (pH 7.4) (®nal TFE content;2.5%) and the CD spectra were measured at several
intervals. The broken line denotes the spectrum after 1 day. [peptide]=10mM (Cn-2a) and 20 mM (Cn-1a) at 25 �C.
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transition appeared to take place more rapidly and
completely. The peptides with C8 and C10 showed an
almost complete a-to-b transition, though the rate of
transition for C10-2a was lower than that of C8-2a. In
contrast, the peptides with acyl chains longer than C10
(C12- to C16-2a) formed a-helix, but showed no sign
of making an a-to-b transition. These results indicated
that the hydrophobic defect was important for the 2a-
helix peptide to transform to b-structure, but there was
an optimum in the hydrophobicity of the defect. Whe-
ther or not the peptides are able to make the a-to-b
transition appears to be related to the peptide ellipticity
in the initial a-helix state. Peptides with longer acyl
chains showed a larger ellipticity at 222 nm (Fig. 3). The
longer acyl chains provided a higher degree of stabili-
zation for the a-helix structure in its initial state.

�-to-� Structural transition of 1�-peptides

The conformations and structural transitions of 1a-
peptides (20 mM) were also examined (Figure 2(B)). The
1a-peptides with acyl chains longer than C10 (C12- to
C16-1a) showed a-helical CD spectra in their initial
state, but these appeared to change to the spectra of
b-structures after 6±12 h. In contrast, corresponding
2a-peptides were highly a-helical, but not transformed.
On the other hand, the 1a-peptides with chains shorter
than C12 (C2- to C10-1a) showed CD spectra indicat-
ing an almost random structure, and the conformations
of these peptides were not transformed. Whether or not
the 1a-peptide takes on an a-helix structure in its initial
state appears to determine its ability to make the a-to-b
structural transition. It is worth noting that ellipticities
of the 1a-peptides (C12- to C16-1a) were in the range of
those of the 2a-peptides (C4- to C10-2a) that underwent
the a-to-b transition (Fig. 3).

Size-exclusion chromatography

Size-exclusion chromatography revealed that the
apparent molecular weight (MW) of the peptides, esti-
mated using the protein standards, correlated to their a-
helix propensities and their a-to-b transitional proper-
ties (Fig. 5). The peptides in TFE were injected into a
Superdex 75 HR equilibrated with 50mM phosphate
bu�er (pH 7.0). The retention time of the peptides could
re¯ect their apparent MW at almost the initial state.
The observed MW of the 2a-peptides gradually
decreased for the chain length up to C8. C8-2a showed a
minimum value in the apparent MW, which closely
corresponded to the theoretical MW. At chain lengths
longer than C8, however, the apparent MW of the 2a-
peptides increased dramatically. As shown in the CD
studies (Figs 2(A) and 3), peptides with a shorter chain
showed a lower a-helicity, meaning that the shorter acyl
peptides had a more extended structure. Therefore, it is
reasonable to assume that the peptides with a chain
length shorter than C10 (C2- to C8-2a) are in a mono-
mer form at the initial state, although the apparent MW
of the peptides with shorter chain lengths was slightly
larger (1.0±1.7 times) than the expected MW. Interest-
ingly, the peptides with longer acyl chains (C10- to
C16-2a) formed stable oligomers in a-helix. The MW of
the oligomers became higher as the chain length
increased. According to the protein standards, C10-,
C12-, C14-, and C16-2a formed 2.6, 2.9, 3.0, and 3.3
mer, respectively. The 2a-peptides forming stable a-
helix oligomers did not possess the a-to-b transitional
property, whereas the a-to-b transitional peptides
seemed to be monomeric in the initial a-helix state with
the exception of C10-2a. The elution shape of C10-2a
was broadened as compared with those of other mono-
meric and oligomeric peptides, indicating that the oli-
gomeric state of C10-2a was more unstable than those
of the peptides with longer acyl chains.

In the 1a-peptides, the peptides with acyl chains longer
than C10 (C12- to C16-1a) appeared to be in an a-helix
structure at the initial state and could not be detected by
size-exclusion chromatography, suggesting that these

Figure 3. Plots of the ellipticity at 222 nm at 0 h (*) and the half
transition time t1=2 detected by [y]205 (*) of Cn-peptides. Ellipticities
for the transitional peptides are highlighted with shaded squares.

Figure 4. Electron micrograph of C8-2a in the b-structure. The
aggregates were formed by incubating 10mM C8-2a in 20mM
Tris.HCl bu�er (pH 7.4) with 2.5% TFE at 25 �C for 8 h, and then
negatively strained with a 2% aqueous uranyl acetate on the grid.
Magni®cation, 25000�; scale bar 100 nm.
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peptides formed multiple and/or higher levels of aggre-
gates that prevented their detection even in the initial
state. The random structure 1a-peptides with shorter
chains (C2- to C10-1a), were considered to be mono-
meric according to the elution times (data not shown).

Denaturation experiments

The CD and gel-®ltration studies suggested that the a-
helix stability and formation of a-helix oligomers were
related to whether or not the peptides underwent the a-
to-b transition. The stability of a-helices was examined
by denaturation experiments using guanidine hydro-
chloride (GuHCl) (Fig. 6).55 Shortly after dilution from
the TFE solution, the a-forms of C2- to C8-2a were
completely unfolded in the presence of 4M GuHCl. The

denaturation curves of C2- to C8-2a showed the half-
denaturation concentration [GuHCl]1/2=0.9 to 1.7M,
the stability�GH2O=ÿ0.5 toÿ1.1 kcal molÿ1, indicating
that the a-helix conformations of these peptides were
not very stable, unlike other peptides designed by the de
novo method.24 In contrast, the a-helix stability
increased dramatically as the chain lengthened for pep-
tides longer than C8. The a-forms of C12- to C16-2a,
which were in a-helix oligomers, showed higher stabilities
in GuHCl ([GuHCl]1/2=3.5 to 5.6M, �GH2O=ÿ2.4 to
ÿ2.9 kcal molÿ1). The curve pro®le of [GuHCl]1/2 and
�GH2O values against the chain length resembled those
seen in ellipticity (Fig. 3) and size-exclusion chromato-
graphy (Fig. 5), suggesting that the a-helix stability was
re¯ected by the a-helix oligomerization. It is interesting
that C8-2a, the fastest-transitional peptide, showed
minimum values in [GuHCl]1/2 and �GH2O among the
Cn-2a peptides (C4- to C10-2a) that underwent the
structural transitions. A likely reason for this is that
C8-2a folds less cooperatively than other peptides,
probably due to a higher degree of solvent exposure in
the interior or the acyl group,56 which might accelerate
the a-to-b structural transition.

In the case of 1a-peptides C12-, C14-, and C16-1a,
increases in chain length led to a higher stability of
peptides against the denaturant (Fig. 6). The Cn-1a
peptides, however, showed larger transitional rates as
the chain lengths increased. Furthermore, the stability
of 1a-helix peptide was lower than that of the corre-
sponding 2a-helix peptide, suggesting that the initial
a-helix states of 1a-helix and 2a-helix peptides were
di�erent, as indicated by the size-exclusion chromato-
graphy experiments. It should be noted that the stabi-
lities of 1a-helix peptides were in the range of the
stabilities of 2a-helix peptides (C4- to C10-2a) that
underwent the a-to-b transition.

E�ect of detergents

A cationic detergent, cetyltrimethylammonium bromide
(CTAB), and an anionic detergent, sodium dode-
cylsulfate (SDS), inhibited the structural transition of

Figure 5. Size-exclusion chromatography of Cn-2a in a-form. (A) size-
exclusion chromatograms of Cn-2a. (B) Plots of the apparent MW (*)
according to protein standards and the theoretical MW (*). Column,
Superdex 75HR 10/30; eluent, 50mM phosphate bu�er (pH 7.0);
detection, 220 nm; [injected peptide] = 0.4mM in TFE at 25 �C.

Figure 6. Denaturation experiments of Cn-2a and Cn-1a in a-forms
using guanidine hydrochloride (GuHCl). Plots of the half denaturation
concentration of GuHCl, [GuHCl]1/2, (*) and the stability, ÿ�GH2O,
(*). [peptide]=10mM (Cn-2a) and 20mM (Cn-1a) at 25 �C. The plots
for the transitional peptides are highlighted with shaded squares.
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C8-2a in a concentration-dependent manner (Fig. 7).
Both detergents completely inhibited the a-to-b transition
at concentrations over 500 mM. The transition was
retarded at the detergent concentrations under 500 mM.
The detergents could be expected to a�ect the hydro-
phobic interactions between the C8 groups and between
helices, resulting in perturbation of 3-D structure and
separation of the two a-helices, allowing each helix to
move independently. The fact that the addition of TFE
in more than 5% solvent content completely prevented
the transition supported the assumption that the
hydrophobic interactions were important (data not
shown).38 When the detergents were added, the a-heli-
city of C8-2a at the initial state (open columns in Figure
7) was increased depending on the amount of the deter-
gents, meaning that the increase in a-helical content of
the peptide was also responsible for retardation of the
a-to-b transition. However, the dominant factor in pre-
venting or retarding the transition by detergents or TFE
appeared not to be the increase in the helical content
but the reduction of hydrophobic intermolecular inter-
action, since the increased helical content did not always
inhibit the transition as shown in the results of C4- to
C8-2a, or C12- to C16-1a (Fig. 3). It is worth noting
that some cationic detergents were reported to be inhi-
bitors of the ®bril formation of b-amyloid peptide.57

The non-ionic detergent NP-40 did not inhibit the
structural transition up to 5mM. Perturbation of elec-
trostatic interactions as well as the hydrophobic inter-
actions by the cationic and anionic detergents might be
e�ective at inhibiting the reaction.

Discussion

We have demonstrated that if Ad-group was added to a
2a-helix peptide as an exposed hydrophobic domain, an
a-to-b structural transition was triggered after a lag
time.38 The transitional pro®le appeared to be nucleation-
dependent and autocatalytic. C2-2a without the hydro-
phobic defect and Ad-linked 1a-peptide in a random

structure were not transformed to a b-structure. To
explore the e�ect of the hydrophobicity of the con-
formational defects, we newly synthesized monomeric
1a- and dimeric 2a-peptides with a variety of acyl chains
and examined the conformational properties. Among
the acyl-chained 2a-peptides ranging from C2 to C16,
the octanoyl group was the most e�ective for inducing
the a-to-b transition under the conditions of mM level.
Using the octanoyl group provided optimum hydro-
phobicity for the conformational defects. The peptides
with lower hydrophobicity than C6 showed a lower a-
helix propensity, but did not completely transform to a
b-structure. The peptides with higher hydrophobicity
than C10 (C12- to C16-2a) formed stable a-helix oli-
gomers, but did not transform to a b-structure. The 2a-
peptides with longer acyl chains (C12- to C16-2a)
formed more stable a-helices than C8-2a due to the
formation of oligomers in the initial a-helix state. The
transitional peptides (C4- to C8-2a) were in a monomeric
state at the initial stage. Among 1a-peptides, those cap-
able of forming an a-helix also had the transitional
property. The a-to-b transition was closely related to
the a-helix conformation and its moderate stability in its
initial state.

This study using the acyl chains, in addition to the pre-
vious work with Ad-group,38 suggest that unstable a-
helix aggregates (oligomer or larger) are an intermediate
(nucleus) of the structural transition (Fig. 8). Based on
this assumption, the conformation of a peptide with
moderate hydrophobicity, such as that of Ad-2a or C8-
2a, would exist in equilibrium between a monomer and
aggregates in a-helix. When a critical amount of a-helix
aggregates accumulate, which gives rise to new long-
range (intermolecular) interactions, the peptide con-
formation transforms to b-sheet in an autocatalytic
manner. The time necessary for the accumulation of

Figure 8. A proposed mechanism of the a-to-b transition. Formation
and instability of the a-helix aggregates as an intermediate are key
features of the a-to-b transition. The conformation of a peptide with
moderate hydrophobicity, such as that of C8-2a, would exist in an
equilbrium between a monomer and aggregates in a-helix. The time
necessary for the accumulation of a-helix aggregates may correspond to
the lag time for nucleation.38 When a critical amount of a-helix aggre-
gates accumulate, which gives rise to new long-range (intermolecular)
interactions, the conformational change to b-sheet occurs coopera-
tively. On the contary, peptides with the longer acyl chain such as C16
form more stable a-helix oligomers and could not further assemble
into larger aggregates, thus could not transform to a b-sheet structure.

Figure 7. E�ects of various detergents on the a-b transition of C8-2a.
Open and shaded bars denote [y]205 at 0 h and 24 h, respectively.
CTAB, cetytrimethylammonium bromide; SDS, sodium dodecyl-
sulfate; NP-40, nonylphenoxy polyethoxyethanol. [peptide]=10mM at
25 �C.
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a-helix aggregates may correspond to the lag time for
nucleation,38 although the a-helix aggregates are so
unstable that they cannot be detected by the size-exclu-
sion method. Once the b-aggregates appear, monomeric
or oligomeric a-helix species could further transform to
the b-sheet on the template aggregates. In contrast,
when a peptide forms stable a-helix oligomers such as
C12- to C16-2a, the conformation of the peptide is not
transformed. A peptide with a less hydrophobic
domain, such as C2-2a, remains stable as a monomeric
2a-helix and cannot form an a-helix nucleus, thus can-
not acquire the long-range interaction that would stabi-
lize the b-structure. Therefore, there appears to be an
optimum length for the hydrophobic defects.

One role of the hydrophobic defects would thus be the
formation of an a-helix nucleus. In other words, the
hydrophobic clustering by the conformational defects
may form unstable a-helix aggregates, which would
then initiate the cooperative conversion from short-
range interactions to long-range interactions, thereby
triggering the autocatalytic transition to b-sheet con-
formation. The two-segmental peptide is designed to
form either an amphiphilic a-helix or an amphiphilic b-
sheet using Leu residues for the hydrophobic core
(Fig. 1), indicating that it may be a chameleon.22 In
fact, there is only a marginal di�erence (�1 kcal molÿ1)
between the free energies of stabilization of the a and b
conformations of Ad-2a model.38 The conformation of
such a de novo designed peptide has been characterized
as a molten-globule-like structure.24,25 Although the
mechanism of the a-to-b transition step is certainly
more complex and will require further clari®cation, it is
plausible that the formation of unstable a-helix aggre-
gates like a molten-globule-like structure occurs during
the lag time and is the rate-determining step and, there-
fore, that the initial a-helix structure and its stability are
signi®cant determinants for the transition. It has also
been suggested that the formation of relatively unstable
intermediates of proteins in folding pathways or by
unfavorable mutations triggers the aggregation and
structural transition.4,58,59 Especially in the prion pro-
teins, it has been proposed that the transformation from
an a-helix to a b-sheet structure induces the formation
of aggregates as a seed for amyloidogenesis.17,60,61 The
initiation of a-to-b transition by introducing hydro-
phobic domains may provide insight into the con-
formational changing process that has been widely
observed in protein research. The design concept
employed here could potentially lead to a model system
for clarifying o�-pathway aggregations of proteins as
well as for controlling self-assembly of polypeptides,
which will also lead to the development of peptidyl self-
assembling materials.30,31

Experimental

General methods

All chemicals and solvents were of reagent or HPLC
grade. Amino acid derivatives and reagents for peptide
synthesis were purchased from Watanabe Chemical Co.

(Hiroshima, Japan). All peptides were synthesized by
the solid phase method using Fmoc chemistry.43

The peptides were puri®ed by reversed-phase HPLC
(RP-HPLC) on a YMC-Pack C4 A-823 column
(10�250mm) (YMC Co.) using a linear gradient at a
¯ow rate of 3.0mL minÿ1. HPLC was performed on
Hitachi L-7000 instruments. The peptides were identi-
®ed by matrix assisted laser desorption ionization time-
of-¯ight mass spectrometry (MALDI-TOFMS) and
amino acid analysis. MALDI-TOFMS were performed
on a Shimadzu KOMPACT MALDI III mass spectro-
meter using 3,5-dimethoxy-4-hydroxycinnamic acid as a
matrix. Amino acid analyses were carried out on a
JEOL JLC-300 system with ninhydrin detection after
hydrolysis in 6 M HCl at 110 �C for 24 h in a sealed
tube.

Peptide synthesis

1a-Peptides. Fmoc-bAla-Ala-Leu-Glu(OtBu)-Gln(Trt)-
Lys(Boc) -Leu-Ala -Ala -Leu -Glu(OtBu)-Gln(Trt)-Lys-
(Boc)-Leu-Ala-bAla-Cys(Acm)-Rink amide resin (tBu,
tert-butyl; Trt, trityl; Boc, tert-butyloxycarbonyl; Acm,
acetamidomethyl) was synthesized by stepwise elonga-
tion of Fmoc-amino acids (3 equiv) on 4-(20,40-dime-
thoxyphenyl-aminomethyl)phenoxy resin (Rink amide
resin)62 using benzotriazol-1-yloxytris(dimethylamino)-
phosphonium hexa¯uorophosphate (BOP)63 (3 equiv)
as a coupling reagent and 20% piperidine/N-methyl-
pyrrolidone for deprotection. To introduce acyl groups,
acetic anhydride or CH3(CH2)nCOCl (n=2±14) (10
equiv) was used. The peptides with the Acm group were
cleaved from the resin by the treatment with TFA
(10mL) in the presence of m-cresol (0.25mL) and
thioanisole (0.75mL) for 60min at room temperature.
The 1a-peptides were puri®ed by RP-HPLC to give a
single peak on an analytical RP-HPLC, and character-
ized by MALDI-TOFMS and amino acid analysis:
MALDI-TOFMS found M+H+ (calcd M+H+); C2-
1a, 1884.7 (1884.2); C4-1a, 1912.7 (1912.3); C6-1a,
1940.5 (1940.3); C8-1a, 1968.4 (1968.4); C10-1a, 1996.3
(1996.5); C12-1a, 2024.2 (2024.5); C14-1a, 2052.8
(2052.6); C16-1a, 2079.8 (2079.3).

2a-Peptides. To remove the Acm group of 1a-peptides,
the peptides were treated with AgBF4 (20 equiv) in the
presence of anisole (10 equiv) in TFA (2mL) at 0 �C for
60min.64 The solvent was evaporated and the peptide-
Ag salt was precipitated with diethylether. The pre-
cipitates were collected by centrifugation and dried
with argon gas. The powder was dissolved in dimethyl-
sulfoxide (DMSO) and then 1 M HCl was added
(50% DMSO/1 M HCl) to form the disul®de link-
age.65 The solution was stirred at room temperature for
1 day to give the 2a-peptides. The solution was cen-
trifuged to remove AgCl and then the products were
puri®ed by RP-HPLC. The peptides were characterized
by MALDI-TOFMS and amino acid analysis: MALDI-
TOFMS found M+H+ (calcd M+H+); C2-2a, 3624.0
(3623.3); C4-2a, 3680.0 (3679.4); C6-2a, 3735.7 (3735.4);
C8-2a, 3792.5 (3791.6); C10-2a, 3847.9 (3847.7); C12-
2a, 3903.8 (3903.8); C14-2a, 3960.4 (3959.9); C16-2a,
4015.8 (4016.0).
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Circular dichroism measurements

CD measurements were performed on a Jasco J-720WI
spectropolarimeter equipped with a thermo-regulator
using a quartz cell with 1.0-mm pathlength. Spectra
were recorded in terms of mean residue ellipticity ([y], in
deg.cm2.dmolÿ1). Stock solution of each peptide in TFE
was diluted in 20mM Tris.HCl bu�er (pH 7.4). Final
concentrations of 1a- and 2a-peptides were 20 mM and
10 mM, respectively, and TFE content was 2.5%.

GuHCl denaturation studies were carried out by pre-
paring the peptide solution in the bu�er containing
GuHCl and 2.5% TFE from the peptide stock solution.
For the denaturation of the peptides in a-form, mea-
surements were done shortly after the dilution from the
stock solution in TFE. The denaturation curves were
®tted to the equation �Gobs=�GH2O±m[GuHCl],
where �Gobs=±RTln((1±f)/f) (f is the fraction of folded
peptide), �GH2O is the free energy of folding in the
absence of denaturant, and m is the change in the molar
cosolvation free energy.55

Transmission electron microscopy

Peptide solution was prepared and incubated as descri-
bed in the CD measurements (10 mM peptide in 20 mM
Tris.HCl bu�er (pH 7.4) with 2.5% TFE at 25 �C). 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 uranyl acetate for 30 s
and the excess staining solution was removed. After
drying, the samples were visualized with a JEOL
1200EX electron microscope operating at 80 kV.

Size-exclusion chromatography

For analytical size-exclusion HPLC, a Superdex 75 HR
column (10�300mm) (Pharmacia Biotech) was used
with 50mM phosphate bu�er (pH 7.0) as an eluent at a
¯ow rate of 0.5mL minÿ1. Following proteins were used
as molecular weight standards: albumin (66000), carbo-
nic anhydrase (29000), cytochrome c (12400), aprotinin
(6500), and insulin B chain (3500).
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