
Morphological Modulation of Self-assembled Peptide
by Aggregation-induced �-Helix/�-Sheet Transition

Masayoshi Tanaka,1 Kempei Ogura,1 Souhei Abiko,1 Naokiyo Koshikawa,2 and Takatoshi Kinoshita�1
1Graduate School of Engineering, Nagoya Institute of Technology, Gokiso-cho, Showa-ku, Nagoya 466-8555

2The Japan Aerospace Exploration Agency, 2-1-1 Sengen, Tsukuba 305-8505

(Received July 9, 2008; CL-080674; E-mail: kinoshita.takatoshi@nitech.ac.jp)

Poly(ethylene glycol) (PEG)-appended peptide with a bina-
ry sequence of hydrophobic and hydrophilic amino acids with 16
residues gave grain-like aggregate in aqueous solution. The pep-
tide segment in the aggregate adopted �-sheet structure, while
the peptide itself originally adopted �-helix structure. In the hy-
drophobic domain constructed by peptide segment, hydrogen
bonding rearranged to give secondary structural transition. The
�-helix/�-sheet transition simultaneously gave morphological
transition from a grain-like state to a fibrous object.

Programmed-assembly of peptides has attracted much atten-
tion, because the phenomenon possesses emerging potential in
material science for nanostructural devices.1,2 One of the most
contributive features of peptides for these applications would
be the transition ability of secondary structure such as �-helix/
random coil, random coil/�-sheet, and �-helix/�-sheet transi-
tions.3–5 Especially, the �-sheet structure often provides unique
self-assembled objects such as fibrils, ribbons, and barrels based
on interstrand hydrogen bonding.6–9 Designing poly(ethylene
glycol) (PEG) segments with peptides has influence on solubility
and amphiphilicity of the peptide segment. Thus, PEGylated
peptide shows unique self-assembled structure incorporating
self-assembling properties of the peptide segment and phase-
separation between PEG and peptide.10,11

We have focused on an amphiphilic copolymer constructed
with a peptide as a hydrophobic and PEG as a hydrophilic seg-
ment. The peptide segment is composed of 16 residues, which
contains a repetitive sequence of Gln–Ala–Gln–Leu (QAQL)
for four times (Scheme 1). The peptide was prepared by a sol-
id-phase method using a 9-fluorenylmethoxycarbonyl (Fmoc)
strategy.12 It is well known that peptide sequences constructed
by alternative polar and nonpolar amino acids adopt �-sheet
structure.13 The peptide segment, (QAQL)4 having binary se-
quence would adopt a stretched conformation as a stable confor-
mation. In this report, aggregation of (QAQL)4–PEG and secon-
dary structural transition of the peptide segment was investigat-
ed. The morphological transition by mixing the (QAQL)4–PEG
with (QAQL)4 was also investigated.

The peptides dissolved in 2,2,2-trifluoroethanol (TFE) were
diluted in pure water to 2:6� 10�6 mol L�1 including 10% TFE.

The secondary structure of (QAQL)4 and (QAQL)4–PEG was
investigated by CD spectroscopy (Figure 1a). (QAQL)4–PEG
showed a negative peak at 217 nm, which is typical of �-sheet
structure. On the other hand, (QAQL)4 showed negative peaks
at 222 and 208 nm in addition to a negative peak at 217 nm, in-
dicating coexistence of a right-handed �-helix structure with �-
sheet. It was suggested that the PEG segment obviously contrib-
utes to the arrangement of the secondary structure of the peptide
segment.

This result can be explained by aggregation of peptide-
induced rearrangement of the hydrogen bonding to show secon-
dary structural transition, as is often discussed in reports based
on kinetic studies of amyloid protein.4,14 Since eight of the six-
teen amino acids in the peptide segments are hydrophobic,
(QAQL)4 is hydrophobic rather than the PEG segment. Thus,
the PEGylated peptide possesses amphiphilicity. This amphiphi-
licity of the peptide–PEG moiety caused microphase separation
to give aggregation of peptide segments by hydrophobic interac-
tion. In the hydrophobic domain, the peptide segments packed
tightly to show rearrangement of hydrogen bonding from intra-
molecular to intermolecular manner. Then, intermolecular hy-
drogen bonding induced �-sheet transition.

By casting a drop of (QAQL)4–PEG solution on mica, the
aggregate was observed by an atomic force microscope (AFM)
after drying the substrate. Grain-like aggregates were observed
as shown in Figure 1b, while aggregates based on �-sheet struc-
ture generally appear as fibrous objects. The result suggests that
(QAQL)4–PEG aggregate in the aqueous solution to form hydro-
phobic domain with several tens �-strands (Figure 1c). PEG seg-
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Figure 1. (a) CD spectra of (QAQL)4–PEG and (QAQL)4, (b)
AFM image of (QAQL)4–PEG aggregate obtained by casting a
drop of the peptide solution, and (c) schematic representation
of (QAQL)4–PEG aggregates.
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ments, which inevitably accompany the periphery of the peptide
domain, would physically interfere with �-sheet propagation of
the peptide segment.

When the peptide adopting �-helix structure mixed with the
PEGylated peptide solution, the peptide was introduced into the
hydrophobic domain of the PEGylated peptide aggregate to
show �-sheet transition. Mixtures of (QAQL)4 and (QAQL)4–
PEG in several molar ratios of PEG/(QAQL)4 were prepared.
The ratios of PEG/(QAQL)4 at 0.09, 0.17, 0.25, 0.33, and 0.91
are corresponding to the mixing ratio of (QAQL)4 and
(QAQL)4–PEG at 10/1, 5/1, 3/1, 2/1, and 1/10, respectively.
The secondary structure was estimated by CD spectroscopy
(Figure 2a). Spectra corresponding to �-helix transformed into
�-sheet structure as PEG/(QAQL)4 increased. It was suggested
that secondary structure of peptide segment arranged according
to the content of PEG segment in the mixture. The value of
½��208=½��215 as a ratio of �-helix/�-sheet content is plotted in
Figure 2b. It was clearly confirmed that �-sheet transition occur-
red at PEG/(QAQL)4 = 0.17. At this ratio, morphological ob-
servation was investigated by casting a drop of the solution on
mica substrate. Fibrous objects were observed in the AFM image
(Figure 2c). (QAQL)4, which proceeded �-helix/�-sheet transi-
tion by introduction into the hydrophobic domain, also influ-
enced the aggregation of the PEGylated peptide to give morpho-
logical transition. The peptide introduced into the peptide do-
main of the grain aggregates showed �-helix/�-sheet transition
to give enlargement of the peptide domain. Then, the interfer-
ence of PEG segments on the periphery of the peptide domains
was reduced. Intermolecular hydrogen bonding was allowed to
show propagation of the �-sheet fibrils. A drop of (QAQL)4 so-
lution resulted in no characteristic morphology, because the pep-
tide with �-helix structure would be highly disperse (data not

shown). It supported the proposal that the obtained morpholog-
ical transition was dependent on the microphase separation be-
tween PEG and peptide segments.

In summary, we have synthesized (QAQL)4–PEG, which
self-assembled into grain-like aggregation on the basis of amphi-
philicity. When mixing (QAQL)4 into the PEGylated peptide ag-
gregate, the peptide was introduced into the hydrophobic domain
to show the �-helix/�-sheet transition. The peptide addition also
had influence on the morphology of the aggregate. The grain-like
aggregate transformed into fibrous objects by the balance of the
interference of the PEG segment on the periphery of the peptide
domain. Such morphological transition by mixing PEGylated
peptide and the corresponding peptide will provide a novel strat-
egy for construction of the nanoarchitecture by programmed-
assembly.

A part of this work was performed as the ‘‘International
Space Station Applied Research Partnership Program’’ of the
Japan Aerospace Exploration Agency (JAXA) and the Nagoya
Institute of Technology.

References and Notes
1 H. A. Behanna, K. Rajangam, S. I. Stupp, J. Am. Chem. Soc.

2007, 129, 321.
2 J. Kisiday, M. Jin, B. Kurz, H. Hung, C. Semino, S. Zhang,

A. J. Grodzinsky, Proc. Natl. Acad. Sci. U.S.A. 2002, 99,
9996.

3 R. Mimna, M.-S. Camus, A. Schmid, G. Tuchscherer, H. A.
Lashuel, M. Mutter, Angew. Chem., Int. Ed. 2007, 46, 2681.

4 T. Koga, K. Taguchi, Y. Kobuke, T. Kinoshita, M. Higuchi,
Chem.—Eur. J. 2003, 9, 1146.

5 T. Koga, M. Matuoka, N. Higashi, J. Am. Chem. Soc. 2005,
127, 17596.

6 H. Yokoi, T. Kinoshita, S. Zhang, Proc. Natl. Acad. Sci.
U.S.A. 2005, 102, 8414.

7 M. Tanaka, M. Hattori, T. Kinoshita, Chem. Lett. 2007, 36,
562.

8 A. Brizard, R. Kiagus, R. Oda, Chem. Commun. 2007, 2275.
9 K. Lu, L. Guo, A. K. Mehta, W. S. Childers, S. N. Dublin,

S. Skanthakumar, V. P. Conticello, P. Thiyagarajan, R. P.
Apkarian, D. G. Lynn, Chem. Commun. 2007, 2729.

10 T. Koga, K. Kitamura, N. Higashi, Chem. Commun. 2006,
4897.

11 J. T. Meijer, M. J. A. G. Henckens, I. J. Minten, D. W. P. M.
Lowik, J. C. M. van Hest, Soft Matter 2007, 3, 1135.

12 (QAQL)4 was synthesized on CLEAR-Amide resin (Peptide
Institute. Inc.) by using 3 equivalents of Fmoc–amino acid
derivatives. (QAQL)4–PEG was prepared by the same proce-
dure with TentaGel PAP resin (RAPP Polymere) having pre-
loaded PEG chain (MW 3000) instead of CLEAR-Amide
resin. Cleavage of the peptides from the resin and deprotec-
tion of the side chain were carried out with trifluoroacetic
acid/1,2-ethanedithiol/thioanisole/water (84:8:4:4). The
peptides were precipitated and washed with diethyl ether.

13 W. F. DeGrado, J. D. Lear, J. Am. Chem. Soc. 1985, 107,
7684.

14 S. Zhang, A. Rich, Proc. Natl. Acad. Sci. U.S.A. 1997, 94, 23.

(a)

0 0.2 0.4 0.6 0.8 1

PEG/(QAQL)4

0

0.2

[θ
] 2

08
/ [

θ]
 2

15

0.4

0.6

0.8

1.0

200nm

(c)

[θ
] λ

X
 1

0
-3

/ 
de

g 
cm

2
dm

ol
-1

200 220 240 260
Wavelength / nm

-10

0

10

20

30

0.17
0.25
0.33

0.09

PEG/ (QAQL)4

(b)

Figure 2. (a) CD spectra of the mixture of (QAQL)4–PEG and
(QAQL)4. (b) Plots of ½��208=½��215 vs. the molar ratio of PEG
and (QAQL)4. (c) AFM image shows the obtained aggregate
from the mixture at PEG/(QAQL)4 = 0.17.
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