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Construction of spherical virus-inspired peptide
nanoassemblies

Kazunori Matsuura1,2,3

Applications of natural viruses to nanotechnology have attracted much attention due to their fascinating nanostructures. However,

chemical strategy to de novo design virus-like nanostructures is still in its infancy. In this review article, we describe novel

C3-symmetric molecular design of peptides and their characteristic self-assembly into virus-like nanostructures. We have developed

trigonal conjugates of b-sheet-forming peptides, trigonal conjugates of glutathione and a viral b-annulus peptide fragment.
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INTRODUCTION

In biological systems, bottom-up construction of nano-sized func-
tional materials has been carried out by molecular self-assembly.
Many kinds of supramolecular nanostructures, as exemplified by
photosynthetic reaction centers, cell membranes, chromatins, ion
channels, flagella, actin filaments, microtubules, viruses and clathrin,
are spontaneously formed by the self-assembly of biomolecules such
as proteins, lipids and nucleic acids. Development of artificial
nanomaterials self-organized from biomolecular building blocks are
of interest because of their unique morphology, fascinating function-
ality, diversity of molecular design and high biocompatibility.1–3 Since
Seeman pioneered the new scientific field of ‘DNA nanotechnology’
in 1991, various DNA nano-architectures such as polyhedrons,
spheres and sheets, which are self-assembled from elaborately
programmed DNA building units bearing junction structures, have
been developed.4–9‘DNA origami’ structures have been constructed by
folding natural long single-strands of DNA with programmed short
DNA building units.10,11 These DNA superstructures have been used
as nano-actuators and templates for the arrangement of functional
molecules and nanoparticles.
Viruses are also one of the natural supramolecular assemblies with

discrete size and specific aggregation number, which possess rod-like
or spherical morphology.12 Recently, the application of
bacteriophages, such as M13 phage,13 and plant viruses,14,15 such as
cowpea mosaic virus and cowpea chlorotic mottle virus, to
nanotechnology have attracted much attention due to their
fascinating nanostructures. For example, Douglas and Young16

reported mineralization of polyoxometalates (paratungstate and
decavanadate) and single crystal g-FeOOH17 in the nano-space
inside a cowpea chlorotic mottle virus capsid. Furthermore,
Cornelissen and co-workers18 succeeded in inclusion of horse radish

peroxidase and green fluorescence protein19 into the modified cowpea
chlorotic mottle virus capsid. In addition, Finn and co-workers20 have
developed functional CPMV capsids modified with oligonucleotides,
gold nanoparticles21 and oligosaccharides22 onto the surface. The
virus nanotechnologies depend on the structure of ‘ready-made’
capsids; however, chemical strategy to de novo design ‘tailor-made’
virus-like nanocapsule is still in its infancy. Development of designed
capsid molecules for reconstructing viral architectures would enhance
the potential of virus-like nanocapsules and notably contribute to
advances in nano-bioscience.
In this focus review article, we describe our approach to develop-

ment of virus-inspired peptide nanoassemblies. Moreover, novel
C3-symmetric molecular design of peptides and their characteristic
self-assembling behavior are described.

SELF-ASSEMBLY OF SPHERICAL VIRUSES AND

VIRUS-INSPIRED ARTIFICIAL MOLECULES

In the past decades, three-dimensional structures of many simple
spherical viruses have been revealed by X-ray crystallography.12 Most
capsids in spherical viruses are formed by the assembly of multiples of
60 proteins, having an icosahedral symmetry (including C5-, C3-, and
C2-symmetric axes) as a result. The number and arrangement of
subunits are related to the triangulation number (T number) that is
derived from quasi-equivalence theory, meaning the number of
equilateral triangles composed of protein trimers on a face of
icosahedron. For example, satellite tobacco necrosis virus (T¼ 1,
diameter: 18nm), the smallest virus discovered, is self-assembled from
60 equivalent protein subunits. Tomato bushy stunt virus (T¼ 3,
diameter: 33nm) is generated from 180 quasi-equivalent protein
subunits, in which the dodecahedral internal skeleton is composed of
a C3-symmetric b-annulus motif.23 Such spherical protein assemblies

1Department of Chemistry and Biochemistry, Graduate School of Engineering, Kyushu University, Nishi-ku, Fukuoka, Japan and 2International Research Center for Molecular
Systems, Kyushu University, Nishi-ku, Fukuoka, Japan.
3Current address: Department of Chemistry and Biotechnology, Graduate School of Engineering, Tottori University, Tottori, Japan.
Correspondence: Professor K Matsuura, Department of Chemistry and Biochemistry, Graduate School of Engineering, Kyushu University, Moto-oka 744, Nishi-ku, Fukuoka
819-0395, Japan.
E-mail: ma2ra-k@mail.cstm.kyushu-u.ac.jp

Received 5 January 2012; revised 3 February 2012; accepted 6 February 2012; published online 14 March 2012

Polymer Journal (2012) 44, 469–474
& 2012 The Society of Polymer Science, Japan (SPSJ) All rights reserved 0032-3896/12

www.nature.com/pj

http://dx.doi.org/10.1038/pj.2012.16
mailto:ma2ra-k@mail.cstm.kyushu-u.ac.jp
http://www.nature.com/PJ


from C3-symmetric subunits are also found in non-viral systems.
Clathrin lattice, which participates in receptor-mediated endocytosis,
is aggregated from the C3-symmetric peptide triskerions in the
presence of a magnesium ion.24,25 Ferritin, which is an intracel-
lulariron storage protein, has C3-symmetric pores.26

Chemists have developed many organic nanocapsules inspired
by spherical viruses and clathrin. Rebek and colleague27 developed
molecular-sized nanocapsules from the self-assembly of two
bent molecules via hydrogen bonding. Fujita and co-workers28,29

devised self-assembled coordination cages with a size of 3–5 nm.
However, the size of these supramolecular nanocapsules are evidently
smaller than that of natural viruses, and consequently their
applications would be limited by the inclusion of small guest
molecules.

TRIGONAL CONJUGATES OF b-SHEET-FORMING PEPTIDES

To date, artificial supramolecular assemblies consisting of amphiphilic
a-helix peptides,30–32 coiled-coil a-helix peptides33–35 and b-sheet-
forming peptides36,37 have been reported. As mentioned above, many
biological supramolecules often have highly symmetric units to achieve
effective assembly. The symmetric pre-organization of peptide chains
might reduce the entropy loss in the self-assembling process and afford
unique assemblies in water. Yeates and co-workers38 have prepared a
fusion protein of bromoperoxidase (trimer-forming unit) together with
M1 matrix protein of influenza virus (dimer-forming unit), which self-
assembled into tetrahedral cages with a size of 15nm. We have applied
the C3-symmetric molecular design inspired by spherical viruses and
clathrin to synthetic peptide assemblies.
In 2005, we reported the first example of artificial C3-symmetric

peptide conjugates (Trigonal-(FKFE)2) that self-assembled into viral-
sized peptide nanospheres in water (Figure 1).39 Trigonal-(FKFE)2
conjugate was prepared by coupling thiol groups of b-sheet-forming
peptides (CFKFEFKFE) with iodoacethylated trimesoyl core molecule.
Circular dichroism and Fourier transform infrared spectra of acidic
solutions (pH 3.3) of Trigonal-(FKFE)2 revealed the formation of
anti-parallel b-sheet structure. Scanning electron microscopy of
Trigonal-(FKFE)2 showed the presence of spherical assemblies with
a size of 22–34 nm. The average diameter of the nanospheres, as
determined by dynamic light scattering, was 19.1±4.0 nm, which is
comparable with the estimated diameter of a dodecahedron structure
(about 16nm). It is noteworthy that nanospheres are selectively
generated without the formation of fibrous assemblies.
In contrast, a trigonal peptide conjugate consisting of three

b-sheet-forming peptides (FKFECKFE) with wheel-like arrangement
(Wheel-FKFE) self-assembled into nanofibers with uniform width
(Figure 2).40 It seems that the peptide units of Wheel-FKFEs in
nanofibers form anti-parallel b-sheets with attractive intermolecular
ionic complementarity. If Trigonal-(FKFE)2s form nanofibers, they
would have aligned to form parallel b-sheets against the repulsive
ionic complementarity and led to the formation of nanofibers of
Trigonal-(FKFE)2.
Tryptophane zipper is a secondary structure motif that forms a

stable twisted b-hairpin structure due to the interaction between
tryptophane residues.41,42 C3-symmetric peptide conjugate (Trigonal-
WTW) that bears three tryptophane zipper-forming peptides
(CKTWTWTE) showed pH-responding self-assembly in water,
namely, nanospheres (about 30nm) via formation of tryptophane
zipper at pH 7, mixture of nanofibers and nanospheres at pH 11 and
irregular aggregates at pH 3 (Figure 3).43 It is believed that Trigonal-
WTW formed nanospheres by forming anti-parallel b-sheet-like
structures due to the attractive ionic complementarity at pH 7.
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Recently, we have also reported syntheses of pentagonal conjugates of
tryptophane zipper-forming peptides (CKTWTWTE), and nanofibers
were obtained at pH 7.44 The difference in morphology between
trigonal- and pentagonal-tryptophane zipper conjugates might arise
from difference in the peripheral density of peptide chains and the
conformation of scaffold.

TRIGONAL CONJUGATES OF GLUTATHIONE

Recently, it was reported that simple dipeptide and tripeptide
derivatives act as self-assembling units. For example, Gazit and
others45,46 found that aromatic dipeptide (Phe-Phe) formed
crystalline nanotube assemblies in water. Atkins et al.47 reported
that oxidized glutathione (GSSG) formed organogel in various
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Figure 3 pH-responding self-assembly of C3-symmetric peptide conjugate bearing tryptophane zipper-forming peptides (Trigonal-WTW) in water. Adapted

with permission from Matsuura et al.43 Copyright 2011 Royal Society of Chemistry. A full color version of this figure is available at Polymer Journal online.
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organic solvents, whereas fluorescence hydrogel was generated from
glutathione-pyrene conjugate in water.48

We have developed a trigonal glutathione (TG) conjugate that
spontaneously aggregated into nanospheres with a size of 100–250 nm
in water (Figure 4a).49 Although the size and morphology of the
assemblies were minimally affected by the concentration and pH, the
nanospheres underwent structural changes from hollow to filled
spheres depending on the concentration. Uranine (a guest
molecule) was encapsulated into nanospheres that were formed
from TG at lower concentrations (o1mM), while it became hardly
bound at higher TG concentration (41mM). By adopting a similar
strategy, Gazit and co-workers50 reported that C3-symmetric
dipeptide WW conjugate self-assembled into nanocapsules with a
size of 200–500 nm in methanol–water mixtures.
TG nanospheres underwent disulfide recombination upon the addi-

tion of dithiothreitol, which was confirmed by reverse-phase high-
performance liquid chromatography and matrix assisted laser desorption
ionization time-of-flight mass spectrometry analyses. Interestingly,
although the spherical morphology was maintained, the guest molecules
encapsulated inside the TG nanospheres were gradually released during
the disulfide recombination (Figure 5).51 This controlled release system,
based on bond recombination of nanoassemblies, would provide a novel
guideline for design of a drug-delivery system.
In order to construct more regular nanoassemblies from glu-

tathione derivatives, 1,3,5-tris(aminomethyl)-2,4,6-triethylbenzene
was used as the core of a new TG.52 The glutathione arms on the

1,3,5-positions were assembled on the one side of the scaffold due to
the alternative conformation of the core.53 The conformation-
regulated trigonal glutathione was combined into hard spherical
assemblies with a size of 310±50nm (Figure 4b). The spherical
superstructures self-assembled from conformation-regulated trigonal
glutathione showed regular morphology and enhanced rigidity
compared with those formed from conformationally non-
regulated TG.

VIRUS-LIKE NANOCAPSULES SELF-ASSEMBLED FROM VIRAL

b-ANNULUS PEPTIDE FRAGMENT

Tomato bushy stunt virus capsid consists of 180 quasi-equivalent
protein subunits that comprise 388 amino acids each.23 If virus-like
nanocapsules can be constructed from peptide fragments containing a
subunit of viral capsid, the peptide fragments would be promising
candidates as components of chemically designable artificial
nanoassemblies.
Recently, we found that 24-mer b-annulus peptides

(INHVGGTGGAIMAPVAVTRQLVGS) of tomato bushy stunt virus,
which participates in the formation of dodecahedral internal skeleton,
spontaneously self-assembled into hollow nanocapsules with a size of
30–50 nm in water(Figure 6).54 The nanocapsule possesses a definite
critical aggregation concentration (CAC¼ 25mM), and its size is
almost unaffected by peptide concentration above CAC. The hollow
structure of the present assembly from b-annulus peptide was clearly
revealed by synchrotron small angle X-ray scattering. These findings
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provide a minimized design of artificial viral capsids that can be
modified to extend the molecular design of functional nanocapsules,
such as DNA and protein carriers, and the platform for artificial
vaccine by proper surface modifications.

CONCLUSION

We have provided a novel molecular design for the construction of
peptide-based nanoassemblies. The building of artificial viral capsids
from designed peptide conjugates and peptide fragments is epoch-
making discovery, which will open a field of innovation in virus-based
nanotechnology. The peptide-based artificial viral capsids can be
dressed-up by proper modification on the surface or in the interior to
make functional nanocapsules. More elaborate molecular design
might make it possible to construct more complicated biomolecular
assemblies such as adenovirus and T4 bacteriophage. Subsequent
tasks toward artificial living system include giving special functions,
such as actuator, self-replication and information transmission, to the
artificial biomolecular assemblies.
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