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Self-assembly of small molecules (i.e., synthetic peptides)
into nanostructures is an attractive template for fabrication of
nanoscaled organicinorganic composites. In order to increase
the diversity of morphologies of template nanostructures, we
designed, synthesized, and characterized four different non-
apeptides, and examined the effects of charge(s) at the N- and/or
C-termini of the peptides on their secondary and assembled
structures in water.

Self-assembly of small molecules into nanostructures is an
attractive bottom-up approach for the fabrication of nanoscaled
functional materials.14 Peptides are relatively easy to design and
synthesize, and can form secondary structural elements of
proteins such as ¡-helices, ¢-sheets, turns, and loops. So far,
great efforts have been devoted to the use of self-assembled
nanostructures of synthetic peptides as building blocks.518 In
this context, we are now focusing on the use of peptide
assemblies as templates to fabricate well-organized organic
inorganic composites. A key element for peptide-directed
mineralization is to increase the diversity of the morphologies
of template nanostructures. In our previous study, we designed,
synthesized, and characterized self-assembled peptide nano-
structures, where amphiphilic nonapeptides showed a pH-
dependent morphology change.19 Thus, we herein describe the
effects of the N- and/or C-terminal charge(s) of a nonapeptide
on the morphology of assembled nanostructures in water.

Amphiphilic nonapeptides P1P4 were basically designed
based on the amino acid sequence of RU-00219 to have two
isoleucines (Ile) and a 2-naphthylalanine [Nal(2)] at one face,
which provides the driving force for self-assembly via hydro-
phobic interactions (Figure 1). Three alanines (Ala) and two
glutamic acids (Glu) were placed at another face to make the
peptides water-soluble. In particular, the Glu residues were

arranged at the C-terminal half within the sequence favorable
to form an antiparallel ¢-sheet structure (and/or destabilize a
parallel alignment by charge repulsions among the Glu side
chains). In P1, the C-terminus was protected with an amide; P2
had its N-terminus capped with an acetyl moiety; in P3, both N-
and C-termini were free to have positively and negatively
charged ends, respectively; and both termini of P4 were capped
with acetyl and amide groups, respectively.

Four different peptides were prepared by standard solid-
phase peptide synthesis using Fmoc chemistry,20 purified by
reverse-phase HPLC, and characterized by MALDI-TOF-MS.
Each peptide stock solution was prepared by dissolving the
purified peptide in 2,2,2-trifluoroethanol (TFE) to prevent self-
assembly during storage. The concentration of each stock
solution was determined by UVvis spectroscopy using an
extinction coefficient of 5500M¹1 cm¹1 for the Nal(2) residue in
aqueous solution containing 1% TFE (v/v).21 The peptide stock
solution in TFE was transferred into a microtube, dried with an
N2 gas stream, then dried in vacuo for 30min. Ultrapure water
(water) was added to the microtube (for peptide-directed
mineralization, water as a solvent is necessary to avoid metal
contamination) and the obtained aqueous solution was sonicated
at 50 °C for 2min, incubated at 40 °C for 1 day, and then at 25 °C
for more than 7 days.

First, the conformational analyses for P1P4 were con-
ducted by measuring ATR-FTIR spectra (Shimadzu IR Prestige-
21 FT-IR spectrophotometer equipped with Smiths DuraSample
IR II, Canada) of peptide films prepared from aqueous solutions
of peptides matured in water (Figure 2). The amide I region,
originating from the amide carbonyl stretching frequencies
between 1600 and 1700 cm¹1, is often used to assess the amide
mode. ATR-FTIR spectra of P1P4 revealed that the four
different peptides exhibited a strong amide I band around
1625 cm¹1 and a weak band around 1670 cm¹1, indicating that
antiparallel ¢-sheet conformations were predominant.22,23 How-

Figure 1. Amino acid sequences of the nine-residue peptides,
P1, P2, P3, and P4, used in this study.

Figure 2. ATR-FTIR spectra of peptide films prepared from
aqueous solutions of P1, P2, P3, and P4 matured in water for
more than 7 days. ([Peptide] = 1.0mM in water).
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ever, the amide I band for P3 was observed at a slightly higher
wavenumber (1630 cm¹1) than those for the others, probably due
to loosely assembled peptide backbones in P3 nanostructures.

Next, we characterized the nanostructures of the peptide
assemblies by transmission electron microscopy (TEM, JEOL
JEM-2100, Japan) on a collodion membrane-covered Cu grid,
and with tapping-mode atomic force microscopy (AFM, Asylum
Technologies MFP-3D, Japan) on a Si(100) surface (Figure 3).
Figures 3a and 3b show the presence of plate-like, flattened
assemblies approximately 500 nm in width and 150 nm in
height. No fibrous assemblies were observed there. The peptide
assemblies for P2 were observed to be relatively short, left-
handed, loosely twisted ribbon structures approximately 10 nm

in height and 200 nm in pitch (Figures 3c and 3d). Peptides
with charges at both ends, P3, assembled into a right-handed
fiber formation with heights varying from 10 to 20 nm and
approximately 200 nm in pitch (Figures 3e and 3f). Peptides
with both ends capped, P4, exhibited left-handed straight fibers
with a narrow distribution of height (ca. 8 nm) (Figures 3g
and 3h).

Differences in morphological features between P1 and the
others likely resulted from the positively charged N-termini of
P1 preventing fibrous formation as seen in our previous work,
where RU-001 peptides with a Glu and two Lys residues at the
hydrophilic face formed into a plate-like structure in water.19

Differences in the directions of coiled fibrils folded into a fiber
formation between right-handed P3 and left-handed P2/P4
might imply that the terminal charges of P3 caused not only the
mode of hydrogen bonding in the secondary structures, but also
the morphology of the self-assembled nanostructures.

In order to understand how peptides were embedded into the
self-assembled nanostructures, we acquired X-ray diffraction
(XRD, Rigaku RINT2000, Japan) patterns on dry powders for
P1P4 on Si(100) substrates. The results show significant
reflections with the d-spacing being 4.2 nm, which corresponds
closely to the total length of a ¢-sheet-forming (extended)
peptide (Figure 4). The peak at 2.3 nm in the XRD profile for P3
fits closely the height of a facial hydrophobic interaction
between amphiphilic ¢-sheet-forming peptides. Figure 5 shows
a proposed three-dimensional structure of P3 based on the data
obtained from TEM, AFM, and XRD experiments. A represen-
tative fiber of P3 has a right-handed helical coil with dimensions
of approximately 20 © 20 nm2 as determined by TEM and AFM
measurements (Figures 3e and 3f). A rectangular rod having
dimensions of 2.3 © 4.2 nm2 would be a unit fibril for fiber
formation stabilized by electrostatic interactions between the
N- and C-termini of peptides in neighboring rectangular rods
oriented perpendicular to the fibril axis.

In conclusion, we have examined the effects of terminal
charges at the ends of short peptides on their nanostructures.
Increasing the number of an amino (positively charged) group in
a peptide sequence likely directs plate-like assemblies in water.
A Glu-rich peptide programmably assembled into a right-/left-
handed fiber formation folded by rectangular unit fibrils. The
described peptide nanofibers may be a promising template for
biocompatible, designed organicinorganic hybrid materials.

Figure 3. TEM (stained by 2% phosphotungstic acid, left
column) and tapping-mode AFM images (right column) of P1
(panels a and b), P2 (panels c and d), P3 (panels e and f), and P4
(panels g and h) matured in water. Inset: TEM image of the
expanded area of Figure 3e.

Figure 4. XRD patterns of a bare Si(100) substrate as a
reference, and peptide films of P1, P2, P3, and P4 prepared on
Si(100) surfaces.
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Figure 5. Proposed structure of self-assembled P3 molecules in a fibril.
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