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Introduction

The self-assembly of peptides, proteins, and their derivatives
into shape-specific nanoarchitectures has attracted much at-
tention as a powerful approach for designing novel function-
al nanomaterials, and because of their association with neu-
rodegenerative diseases.[1–5] For example, the polymerization
of the amyloid b-peptide (Ab) into protease-resistant fibril-
lar deposits with an a-to-b structural change in the brain pa-
renchyma and vasculature has been considered a significant
step in the pathogenesis of Alzheimer%s disease.[6] In previ-
ous studies, a total of at least 16 different proteins and pep-
tides were identified in amyloid aggregates,[7,8] and these ag-

gregates were found to have a common core structure (a
straight, long, cross-b structure),[9] despite the fact that the
proteins involved have no sequential or structural similari-
ties. Nonpathogenic proteins and synthetic peptides also
form nanofibers that structurally resemble in vivo fi-
brils.[10–14] Thus, the ability to form amyloid fibrils from a
wide range of synthetic peptides gives access to a large
number of model systems with which to study the process of
fibril formation in more detail. However, despite extensive
studies of amyloid fibrils that have resulted in the elucida-
tion of many aspects of their underlying nature, important
issues concerning their structure and mechanism of forma-
tion remain to be resolved. It is, therefore, important to con-
struct peptide b-sheet assemblies and to elucidate their mo-
lecular structure, including their formation mechanism, to
understand the pathogenesis of and therapeutics for the dis-
eases with which they are associated.

On the other hand, from the standpoint of materials sci-
ence, molecular self-assembly is a good candidate for a
breakthrough technology that enables the fabrication of
three-dimensional structures from the bottom-up on the
scale between nanometers and submicrons. Peptides and
proteins in particular are versatile building blocks for con-
structing nanomaterials; examples of their use as various
scaffolds are found in nature. A number of artificial peptide-
mimetics have been prepared and reported to self-assemble
into nanostructures, such as micelles,[15] vesicles,[16,17]

fibers,[13,14,18] networks,[19,20] and a variety of other morpholo-
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gies.[21] These self-organized protein architectures are ex-
pected to have potential as novel biomaterials with a wide
range of applications, such as bioscaffolds, nanoreactors,
nanocarriers, and nanotemplates, depending on their three-
dimensional nanostructures. If the self-assembling behavior
of peptides on the nanoscale can be controlled precisely by
tuning the molecular structure and/or environment, that is,
self-assembly can be programmed, nanofabrications of de-
signed and more complicated three-dimensional objects
could be accomplished more easily, quickly, and accurately
than by the conventional top-down approaches.

Here, we report the controlled self-assembly of amphi-
philic oligopeptides into shape-specific nanoarchitectures.
Three types of simple 16-mer peptides consisting of hydro-
phobic Leu and hydrophilic Lys were prepared and used as
building blocks for nanofabrication. A detailed analysis of
the conformation and self-assembling mechanism was per-
formed, with consideration of both molecular structure and
environmental factors. These studies should provide useful
information, not only for understanding the mechanism of
peptide aggregation, including amyloid formation, but also
for developing novel peptide-based nanomaterials.

Results and Discussion

To obtain simple and/or essential information about the
peptide aggregation involved in amyloid formation, and to
fabricate the designed nanoarchitecture, we used three types
of simple amphiphilic peptides composed of Leu and Lys as
building blocks for molecular self-assembly. For in vivo sys-
tems, it has been assumed that hydrophobic defects, derived
from hydrophobic amino acid sequences, induce molecular
aggregation for many amyloidogenic peptides. For example,
the Ab(1–40/42) peptides contain two hydrophobic domains,
comprising residues 17–21 and residues 29–40/42. The
LKL16, LK16, and KLK16 were also designed to have a
tetra-Leu domain, which provided the hydrophobic driving
force for self-assembly, and was located at either both ends
(N and C termini), at one end (C terminus), or in the center
of the peptide, respectively (Figure 1). These peptides
should clarify the effect of the arrangement of the hydro-
phobic Leu domain in the peptide chain on their self-assem-
bling properties in water. In addition, we anticipated that it
might be possible to control the distribution of the high-
order structures by manipulating conditions, such as pH and
ionic strength, owing to perturbations of peptide chains, de-
pendent on the charged condition of the Lys residues.

The conformational properties of the peptides were first
investigated by circular dichroism (CD) and FTIR spectro-
scopic analysis. Figure 2 show the CD spectra for KLK16,
LK16, and LKL16, respectively, at various pHs ([peptides]=
40 mm), just after preparation of sample solutions. For
KLK16 and LK16, the spectra show a pattern typical of
right-handed helical peptides with two negative maxima,
one at 222 nm and one at 204 nm, in the high pH region of
10.6 (Figure 2a and b). By lowering the pH value to 5.8, the

spectra change to that of random coil structures (negative
peak at 198 nm) through an isodichroic point at around
202 nm. These CD spectra were time-independent within
the period of one week. On the other hand, the conforma-
tional properties of LKL16 differ considerably from those of
LK16 and KLK16, as shown in Figure 2c. Although the
LKL16 also existed as a random coil structure at pH 5.8, the
structural transition into a b-sheet (single negative maxi-
mum at 217 nm) was observed by increasing the pH value
up to 9.4. Above pH 9.5, the CD spectra showed the aggre-
gated b-sheet structure, as evidenced by the red-shifting of
the 217 nm band toward 220 nm, reduction in ellipticity, and
deviation from the isodichroic point. This result was also
supported by atomic force microscopy (AFM, described
later). Interestingly, in the case of LKL16, the spontaneous
conformational transition with incubation time was observed
within the narrow pH range of 8.8–9.4. Figure 3 shows the
time dependence of CD spectra for LKL16 at pH 9.2. With
freshly prepared sample solution, the spectrum initially
showed a mixed pattern of a-helix and random coil struc-
tures, and then revealed a gradual change typical for a b-

Figure 1. Molecular structures of the amphiphilic 16-mer peptides,
LKL16, LK16, and KLK16, which were used as building blocks for nano-
fabrication.
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sheet through an isodichroic point at 205 nm after 24 h.
Transmission FTIR spectra provided more detailed informa-
tion regarding the secondary structure. In the amide I
region,[22] characteristic absorptions of an antiparallel b-
sheet structure were observed at 1687 and 1625 cm�1 for
LKL16 after incubation for 24 h at pH 9.2 (see Figure S1,
Supporting Information), whereas such b-sheet formation
was not observed for KLK16 and LK16 (peak maxima at
1670 cm�1 in both cases). Figure 3 inset shows the plot of
molar ellipticity at 217 nm ([q]217) as a function of time. As
time lapsed, the [q]217 value decreased sigmoidally, and
reached a constant value after about 200 min. A nucleation-
dependent polymerization model has been proposed to ex-

plain the mechanisms of amyloid formation by a variety of
disease-related proteins,[23–25] and it has been well establish-
ed as the fundamental mechanism of crystal growth.[26] In
this model, nucleus formation requires a thermodynamically
unfavorable step involving association with protein mono-
mer, and as a result, a lag phase was observed before aggre-
gation and/or conformational transition of proteins and pep-
tides. In our case, conformational transition of LKL16 was
also accelerated at around 10–50 min, suggesting the similar-
ity in transition kinetics between LKL16 and authentic amy-
loids. In addition, such spontaneous b-sheet formation was
found to be concentration dependent. The critical aggrega-
tion concentration (cac) of the LKL16 was determined by
using pyrene as a fluorescent probe at pH 9.2. Solutions of
LKL16 at concentrations ranging from 10�8 to 10�4

m were
prepared with a constant pyrene concentration (6.1J10�7

m),
and the excitation spectra were recorded. A red-shift of the
pyrene band from 335 to 339 nm was observed upon increas-
ing the peptide concentration (Figure 4a). This change re-
flects the transfer of pyrene from water into the hydropho-
bic part of the peptide aggregate. A plot of the ratio of the
intensity of the signal at 339 nm to that at 335 nm (I339/I335)
versus the LKL16 concentration (Figure 4b) resulted in a
cac value of around 5 mm. At concentrations below cac, the
LKL16 did not form a b-sheet structure, even after incuba-
tion. Notably, aggregate formations by KLK16 and LK16,
which form a-helix structures instead of b-sheet structures,
were also suggested from the results of fluorescence studies
at pH 10.6. The cac values of KLK16 and LK16 were evalu-
ated to be 12 and 25 mm, respectively, which are somewhat
higher than the value for LKL16, probably due to the differ-
ences in total hydrophobicity and/or conformation of the
peptides.

These designed peptides showed the diverse self-assembly
that depends on the variety of conformational properties.
AFM is a useful technique for evaluating three-dimensional
structural features of proteins and their assemblies on the
nanometer scale, and provides significant information on the

Figure 2. Conformational analyses of the peptides in aqueous media (containing 5% TFE) under various conditions. CD spectra of KLK16 (a), LK16
(b), and LKL16 (c), at the various pHs indicated (5.8–10.6). [peptides]=40 mm.

Figure 3. CD spectral change of LKL16 at pH 9.2. The peptide was incu-
bated at RT for the time indicated (0–1440 min). The inset shows the
time dependence of the molar ellipticity at 217 nm ([q]217) under these
conditions. [LKL16]=40 mm.
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process of peptide aggregation. It is, however, well known
that the convolution of the scanning tip leads to an overesti-
mation of the sample%s width.[27] All sample dimensions
were, therefore, estimated mainly from the measured height
of the sample shown in cross-section. Figure 5 shows the hi-
erarchical self-assembly of LKL16 associated with the b-
sheet formation at pH 9.2. A tapping-mode (TM)-AFM
image obtained after 3 min revealed the presence of only
globular aggregates (Figure 5a). The average height of the
globular species was determined to be 0.8�0.3 nm, indicat-
ing that the LKL16 exists in aqueous solution as a mono-
mer. After incubation for 30 min, tape-like aggregates with
a height of 1.6�0.3 nm (average width 11 nm at AFM level)
were newly observed, together with the globular species
(Figure 5b). Herpar et al. reported that the Ab protofibril
elongation involved both the incorporation of monomers
and the association of immature protofibrils.[28] In our case,
it seems that the tape-like aggregates are also formed by the
association of monomeric globular species. In addition, the
actual width of the tape-aggregates can be calibrated from

the observed width (Wobs=11 nm) to be 5.7 nm by using the
following equation;[29] W=Wobs�2(RtH�H2)1/2, in which the
aggregate is assumed to be a plate, H is the observed height,
and Rt is the radius of the AFM tip. This calculated value is
consistent with the expected molecular length of a 16-resi-
due peptide in b-sheet conformation (5.4 nm). It can be con-
sidered, therefore, that pairs of b-sheets build up the tape-
like aggregate in a face-to-face manner, presumably by in-
teracting through the Leu residues (see Figure 8). Amyloid-
like peptide nanofibers with a different nanostructure were
observed instead of globular species after incubation for 5–
24 h (Figure 5c–f). Two types of fibers with lengths in excess
of 1 mm and with different diametric ranges can be clearly
distinguished in this image (Figure 5c). The type I fiber pos-
sesses a diameter of around 6.0 nm and a clearly visible left-
handed twist that repeats along the fiber length (Figure 5d,
amplitude image). The periodicity of this repeat is 45�
5 nm, and the fiber height varies between 5.5 nm and
6.5 nm. Although we have no direct evidence for the process
of fiber formation, the molecular dimensions of the ob-
served tape and type I fiber suggest that the three or four
tapes form the type I fiber by associating with each other
and then twisting along the fiber axis.[30] The observed left-
handed twists of type I fibers are probably due to the chiral-
ity of the amino acids (l-isomers) in the constituent peptide
species. However, the type II fiber was found to construct
itself by intertwisting of the two type I-fibers. Figure 5e
clearly reveals the branched and intertwisted structure of
such type II fibers. From these height profiles, the maximum
diameter of the type II fiber (ca. 12 nm) was consistent with
the sum of the two type I fibers, each of diameter 6.0 nm,
and the periodicity along the fiber length was 65�5 nm (the
difference between the maximum and minimum heights
along the axis was ca. 4.5 nm). Furthermore, the observed
fiber morphology of the branched structure on both sides of
the type II fiber provides a plausible mechanism for the
type I-to-type II fiber transition observed under the present
conditions; two type I fibers contact and/or superpose upon
each other at a point on the type I fiber, then they twist
from this contact point (see Figure 8). Two such wound amy-
loid fibrils similar to the type II fiber were also observed in
Alzheimer%s disease (AD) brain tissue sections in in vivo
studies.[31,32] An amyloid-like ordered structure of the
LKL16 fiber was also supported strongly by results of a
Congo red (CR) binding study. CR is a sulfonated azo dye
that binds preferentially, but not exclusively, to protein and
peptide species that adopt a cross-b amyloid structure.[33]

Figure 6 shows an optical microscope image obtained under
cross-polarized light and reveals the LKL16 fibers stained
with CR. The stained peptide fibers exhibited a birefrin-
gence under cross-polarized light, demonstrating their aniso-
tropy, and, therefore, indicating the presence of a regular
quaternary structure, as was observed in authentic amyloids.

The morphological property of LKL16 was strongly af-
fected by solution pH, which could induce the perturbation
of secondary structure in response to the charged condition
of amino groups on the Lys residues (see Figure S2, Sup-

Figure 4. a) Fluorescence excitation spectra of pyrene (0.61 mm) with and
without LKL16 (40 mm) at pH 9.2. b) Intensity ratio I339/I335 at pH 9.2 ob-
tained from the fluorescence excitation spectra of pyrene plotted against
LKL16 concentration.
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porting Information). In the lower pH region (7.0), at which
LKL16 had positively charged amino groups, no aggregation
was observed, indicating that LKL16 is predominantly in

the monomeric random coil
conformation (Figure S2a). On
the other hand, at a higher pH
of 10.6, the peptide was assem-
bled rapidly with a b-sheet con-
formation (suggested by CD re-
sults), and formed poorly or-
ganized amorphous aggregates
(Figure S2c). At pH 10.6, the
positive charges present on the
LKL16 will be shielded or will
disappear. This increased ten-
dency for intermolecular inter-
actions between peptides, which
causes the rapid aggregation of
LKL16, is due to a drastic de-
crease in electrostatic repulsion
and an increase in hydrophobic-
ity. Such rapid aggregation of
LKL16 seems to restrict mobili-
ty of the peptide chains, which
prevents appropriate packing of
peptide chains necessary for
further organization. Thus, it
seems that the development of
regular intermolecular interac-
tions involving extended re-
gions of peptides is important
for the formation of a highly or-
ganized nanofiber. At pH 9.2,
the amino groups of LKL16 are
partly protonated, and this
charge will probably provide
sufficient intermolecular repul-
sion to permit the controlled
growth of fibers, as well as suf-
ficient mobility of peptide
chains for appropriate packing.

Self-fabricated nanostruc-
tures from peptide building
blocks could also be controlled
by tuning the peptide sequence,
namely the arrangement of the
hydrophobic Leu domain in the
peptide chain. Figure 7 shows
the TM-AFM images of a-heli-
cal LK16 and KLK16 after in-
cubation for 24 h at pH 10.6.
Prolonged incubation (one
week) caused no significant
morphological or conformation-
al changes in either LK16 or
KLK16. From Figure 7a, it is
apparent that spherical aggre-

gates with heights of around 3.0–5.0 nm were formed from
LK16. The measured dimensions of these aggregates are in
good agreement with twice the molecular length of LK16

Figure 5. Hierarchical self-assembly of LKL16 (40 mm) into nanofibers at pH 9.2 and RT. Tapping-mode AFM
images (3J3 mm2 (a and b), 6J6 mm2 (c and f)) obtained after incubation for 3 min (a), 30 min (b), 8 h (c), and
24 h (f). z-scale; 35 nm. d) Amplitude AFM image of a type I fiber, corresponding to the area marked with a
black square in image (c). The average diameter is around 6.0 nm, and the twist repeat along the fiber axis is
left-handed, with a periodicity of around 45 nm. e) Magnitude AFM image of a type II fiber, corresponding to
the area marked with a white square in image (c). The type II fiber (diameter ca. 12 nm) was constructed by
the intertwisting of the two type I fibers.
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(ca. 2.4 nm), calculated by considering the conformation of
the complete helix; the length of helix with n=16 can be
computed by using the occupied length (0.15 nm) of one
amino acid residue along the helix axis. This result indicates
the formation of a micelle-like structure consisting of a hy-
drophobic Leu domain core and the shell of a Lys domain
(see Figure 8). The LK16 has the tetra-Leu domain at only
one chain terminus, and this diblock-type structure will
probably stabilize such micelle-structures. On the other
hand, the a-helical KLK16, in which the tetra-Leu domain
was arranged at the center, self-assembled into plate-shaped
aggregates with heights of around 1.5 nm and lengths of
100–500 nm (Figure 7b). The observed heights of the plates
correspond to the diameter of a polylysine helix (ca.
1.4 nm). Therefore, these plate-shaped aggregates probably
consist of helix monolayers, in which KLK16 helices interact
with each other in two dimensions, through the hydrophobic
interaction between Leu residues located at the center (see
Figure 8). Moreover, the helix–macrodipole interaction
(namely, the head-to-tail antiparallel orientation of the KLK
helices, which is energetically more favorable) may also con-
tribute to the stability of the plate-shaped, high-order struc-
ture. The dipole moments of amino acids in an a-helical
peptide align in the same orientation, nearly parallel to the
helix axis. The resulting macroscopic dipole then generates
an electrostatic potential, directed from the N terminus to
the C terminus.[34] We reported direct evidence for a helix–
helix macrodipole interaction obtained by exploring an at-
tractive interaction between the disulfide-modified poly(l-
glutamic acid) PLGA self-assembled monolayer on gold and
redox-active PLGA derivatives as guest helices.[35] Thus, this
electrostatic field, as well as the hydrophobic interaction
and hydrogen bonding, should be one of the useful media-
tors for the assembly of high-order structures of protein/
peptide architectures.

Conclusion

We have demonstrated a powerful strategy for fabricating
novel supramolecular nanoarchitectures by the controlled
self-assembly of peptide building blocks, as summarized in
Figure 8. By tuning the peptide sequence and environmental
conditions, such as solution pH and reaction time (input in-
formation), a wide variety of self-organized, three-dimen-
sional architectures with various nanostructures were ob-
tained (output information) by these self-assembling sys-
tems. In addition, the purely synthetic simple peptide
LKL16 formed an amyloid-like nanofiber with structural
transition under appropriate conditions, as did the other
proteins associated with neurodegenerative diseases. These
studies should make an important contribution, not only to
our understanding of the mechanisms of protein aggrega-
tion, but also in establishing a novel and programmable mo-
lecular self-assembling system for the fabrication of de-
signed three-dimensional nanoarchitectures.

Figure 6. Optical microscope image obtained under cross-polarized light
and showing the LKL16 fiber stained with Congo red. The fibrillar
LKL16 assembly was obtained after incubation for 24 h at pH 9.2.

Figure 7. Three-dimensional TM-AFM images (1.5J1.5 mm2) of LK16 (a)
and KLK16 (b) after incubation for 24 h at pH 10.6 and RT. [peptides]=
40 mm. z-scale; 60 nm.
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Experimental Section

Peptide preparation : The amphiphilic 16-mer oligopeptides (LKL16,
KLK16, and LK16) used in this study were prepared by solid-phase pep-
tide synthesis using 9-fluorenylmethoxycarbonyl (Fmoc) chemistry. The
peptide chains were synthesized on a CREAR (cross-linked ethoxylate
acrylate resin, Peptide Institute), by using Fmoc-amino acid derivatives
(3 equiv), 1-hydroxy-7-azabenzotriazole (3 equiv), and 1,3-diisopropylcar-
bodiimide (3 equiv) in N,N-dimethylformamide (DMF) for coupling, and
piperidine (25%)/DMF for Fmoc removal. To cleave the peptide from
the resin and to remove the side-chain-protecting groups, the peptide
resins were treated with trifluoroacetic acid (TFA)/CH2Cl2 (9:1 v/v). The
crude peptides were purified by performing reversed-phase HPLC (Bio-
Rad, DuoFlow) with a YMC-Pack Pro C18 column (20J150 mm) by
using a linear gradient of water/acetonitrile (containing 0.1% TFA). The
purified peptides were identified by conducting MALDI-TOF MS (Shi-
mazu KOMPACT MALDI III) and 1H NMR spectroscopy (400 MHz,
JEOL FX-400). All peptides were dissolved in 2,2,2-trifluoroethanol
(TFE) as a stock solution before the aggregation assay. The aggregation
solutions of the peptides (final peptide concentration: 40 mm, TFE con-
tent: 5%) were prepared by diluting the stock solution with 5 mm Tris/
HCl buffer and aqueous NaOH. All the incubations for the aggregation
of the peptides were performed at room temperature.

MALDI-TOF MS (see Figure S3, Supporting Information): m/z calcd for
LKL16 [M+H]+ : 1949.9; found: 1948.4; m/z calcd for KLK16 [M+H]+ :
2007.4; found: 2007.6; m/z calcd for LK16 [M+H]+ : 2007.4; found:
2006.6. 1H NMR analyses also gave satisfactory results (see Figure S4,
Supporting Information).

Circular dichroism (CD) and FTIR spectroscopy : CD spectra were re-
corded by using a J-720 spectropolarimeter (JASCO) under a nitrogen at-
mosphere. Experiments were performed by using a quartz cell with a
5 mm path length over the range of 190–260 nm at ambient temperature.
Sample solutions were prepared by diluting the TFE stock solution of
peptides with buffer. Final peptide concentration was 40 mm in aqueous
media. Transmission-FTIR spectra were measured by using CaF2 plates
with the Perkin–Elmer Spectrum 2000, and a mercury–cadmium–telluri-
um (MCT) detector (resolution, 2 cm�1; number of scans, 1024). The pep-
tides (LKL16, KLK16, and LK16) were adsorbed onto CaF2 plates after
incubation for 24 h at pH 9.2. The sample and the detector chambers
were purged with dried nitrogen before and during measurement.

Atomic force microscopy (AFM): The
AFM images were collected at ambi-
ent temperature by using a Nanoscope
IIIa (Digital Instruments), which was
operated by tapping with a super-
sharp silicon tip (tip radius 3 nm). An
aliquot (10 mL) of the sample (LKL16,
LK16, or KLK16) in buffer (contain-
ing 5% TFE) was placed on freshly
cleaved mica. After adsorption for 2–
30 min under moist conditions, the
excess solution was removed by ab-
sorption onto filter paper. The resul-
tant substrates were rinsed with buffer
(30 mL, twice) to remove salt and the
loosely bound peptide, and the sam-
ples were stored in a covered contain-
er to protect them from contamination
until they were imaged (within 1–2 h).
A 10 mmJ10 mm scanner was used for
imaging. The scanning speed was at a
line frequency of 1 Hz, and the origi-
nal images were sampled at a resolu-
tion of 512J512 points.

Fluorescence spectroscopy : Fluores-
cence studies were conducted by using
a FP770 spectrofluorometer (JASCO).
Experiments were performed at room
temperature by using a quartz cell

with a 10 mm path length. By using pyrene (Wako Pure Chemical Indus-
tries) as the probe molecules, a stock solution in buffer was prepared.
Peptide samples were dissolved in the TFE stock solution, then diluted
to specific concentrations with pyrene-containing buffer. Final pyrene
concentration was 6.1J10�7

m. Excitation was performed from 300 to
360 nm, with 390 nm as the emission wavelength, 5 h after preparation of
the sample solutions.

Congo red binding study : A Congo red (CR) (Wako Pure Chemical In-
dustries) stock solution (150 mm) was prepared by dissolving the dye in
buffer (pH 9.2) containing NaCl. CR binding studies were performed by
diluting the incubated sample solutions (LKL16, 24 h incubation in 5 mm

Tris/HCl buffer at pH 9.2) with the CR solution. The final concentration
of CR was 5 mm in buffer at pH 9.2, and this included 100 mm NaCl. The
resulting solution was incubated at room temperature for 3 h, then 50 mL
was placed on a microscope slide and dried. The slide was examined
under a microscope (Olympus Optical, BX50–34-FLAD-1) by using a
cross-polarized light (magnification J1000).
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