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Peptide Nanomaterials
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Abstract: Natural supramolecular assemblies exhibit unique
structural and functional properties that have been optimized over
the course of evolution. Inspired by these natural systems, various
bio-nanomaterials have been developed using peptides, proteins,
and nucleic acids as components. Peptides are attractive building
blocks because they enable the important domains of natural protein
assemblies to be isolated and optimized while retaining the original
structures and functions. Furthermore, the peptide subunits can be
conjugated with exogenous molecules such as peptides, proteins,
nucleic acids, and metal nanoparticles to generate advanced
functions. In this personal account, we summarize recent progress in
the construction of peptide-based nanomaterial designed from
natural supramolecular systems, including (1) artificial viral capsids,
(2) self-assembled nanofibers, and (3) protein-binding motifs. The
peptides inspired by nature should provide new design principles for
bio-nanomaterials.

1. Introduction

Natural supramolecular assemblies such as microtubules, actin
filaments, clathrin, chromatin, ribosomes, and viruses have
unique structural and functional properties that have been
optimized over the course of evolution.! To perform their roles
in organisms correctly, the supramolecular assemblies form
homogeneous structures with defined size and morphology,
structural rigidity/flexibility, dynamic structural change, and
selective interaction with target molecules. The sophisticated
and elaborate systems in nature have inspired scientists to
mimic the natural supramolecular assemblies to construct
bioinspired and biomimetic nanomaterials. Various biomolecules
including peptides,’?*2 proteins,'2% and DNAR®29 have been
utilized as building blocks for this purpose. Peptides in particular
are ideal building blocks because of the high designability using
natural and non-natural amino acids, self-assembly, and
molecular recognition capability. The high affinity of peptides to
target molecules can be used to create hybrid nanomaterials
consisting of peptides and organic/inorganic materials such as
metal nanoparticles and polymers.?l Importantly, naturally
derived peptides that are extracted and rationally designed from
the parts of natural proteins potentially retain their original
functions, such as structural scaffolding, self-assembling, and
molecular recognition capabilities.?>2®! For instance, widely
studied cell adhesion motifs such as RGD and IKVAV are
derived from the adhesion proteins fibronectin and laminin,
respectively.’?l Based on the unique properties of peptides,
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Figure 1. Examples of peptide-based nanomaterials designed from natural
supramolecular systems: (a) virus-inspired artificial viral capsid, (b)
spatiotemporal peptide nanofiber growth for propulsion of giant liposome
inspired by actin comet tail, and (c) microtubule-binding peptide designed
from microtubule-associated protein.

various peptide nanomaterials have been fabricated, including
nano- and microarchitecture such as spheres, fibers, and
tubes; "2 stimulus-responsive materials;?4 catalytic
assemblies;?® and metal-binding peptide assemblies.®! This
personal account provides a comprehensive overview of the
recent design of peptide nanomaterials based on natural
supramolecular systems, developed by our and other groups.
We focus on three types of peptide nanomaterial: artificial viral
capsids, nanofibers, and protein-binding peptides. Artificial viral
capsids with nanosphere structures were developed inspired by
natural viral scaffolds (Figure 1a). Spatiotemporal modulation of
peptide nanofiber growth was developed and applied to create
self-propelled systems by mimicking natural actin filament
growth (“actin comet tail’) (Figure 1b). Moreover, microtubule-
binding peptides were designed from a natural microtubule-
binding protein (Figure 1c). These peptide-based systems that
mimic and surpass the equivalent natural functions provide
design principles for the next generation of peptide-based
nanomaterials.
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2. Self-assembled Artificial Viral Capsids

Viruses are natural forms of nanoarchitecture consisting of coat
proteins (capsids) and nucleic acids. Since viruses form rigid,
highly  stable, homogeneous, and highly = symmetric
nanostructures for efficient infection into host cells, scientists
have engineered viruses for the fabrication of nanomaterials.
Since viral capsids self-assemble to form virus-like particles
(VLPs) even after removing the genomes, VLPs have been used
as templates for the construction of nanocarriers, nanoreactors,
and nanodevices. Various types of virus and VLP derived from
spherical (e.g., cowpea chlorotic mottle virus, cowpea mosaic
virus), rod-like (e.g., tobacco mosaic virus, bacteriophage M13),
and tailed (e.g., bacteriophage T4) viruses have been utilized for
bio-nanotechnology applications.?%3¢ |nspired by VLPs based
on natural viruses, artificial viral capsids (AVCs) that are self-
assembled nanostructures with virus-like dimensions and
morphology have been developed. AVCs with the desired size
and morphology have been developed by rational design of the
self-assembly of peptides and proteins.37-401 For instance,
protein-based AVCs with hollow capsule structures have been
constructed by designing the protein subunits based on the
geometric parameters of polyhedra.#%l |n this section, recent
developments of peptide-based AVCs by our group and others
are described.

2.1. Virus-like Nanospheres Formed by Self-assembly of
Trigonal Peptides

Inspired by natural spherical viruses and clathrin lattices in
which the spherical nanostructures are formed by using
triskelion structures as building blocks, spherical AVCs based on
trigonal peptides have been developed by our groupi®-59 and
others.B5% |n 2005, we reported a first example of the self-
assembly of Cs-symmetric Trigonal(FKFE), containing a -sheet-
forming peptide FKFEFKFE to a spherical AVC (Figure 2a).l6!
Trigonal(FKFE), forms = anti-parallel B-sheet structures by
intermolecular interactions, which results in self-assembly to
form spherical structures. The formation of nanospheres was
observed by atomic force microscopy (AFM), showing diameters
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Figure 2. Construction of AVCs by self-assembly of trigonal peptides and
SEM images of the resulting assemblies. (a) Trigonal(FKFE).. Adapted with
permission from ref. 46. Copyright 2005 American Chemical Society. (b)
Trigonal-WTW. Adapted with permission from ref. 47. Copyright 2011 Royal
Society of Chemistry. (c) Trigonal-glutathione (TG). Adapted with
permission from ref. 48. Copyright 2009 Royal Society of Chemistry. (d)
Conformation-regulated  trigonal-glutathione (CRTG). Adapted with
permission from ref. 50. Copyright 2010 Chemical Society of Japan.

of 35-70 nm, and by scanning electron microscopy (SEM),
showing diameters of 22—-34 nm. The molecular model shows
that the distance between the core benzene rings of two
Trigonal(FKFE), molecules is ca. 5.8 nm when an anti-parallel -
sheet is formed. From this distance, the average diameter of the
dodecahedron structure formed by the self-assembly of
Trigonal(FKFE), is estimated to be ca. 16 nm. The estimated
diameter is in good agreement with the average diameter of the
nanospheres (19.1 + 4.0 nm) observed by dynamic light
scattering (DLS). Thus, the Cs-symmetric strategy is useful to
construct spherical AVCs by designing self-assembled peptide
units.

We applied the Cs-symmetric strategy to construct
spherical AVCs by using a tryptophan zipper-forming peptide
CKTWTWTE (Trigonal-WTW) (Figure 2b).4" Trigonal-WTW self-
assembled to form nanosphere structures at pH 7.0, as
observed by SEM. When the pH was changed, irregular
aggregates (pH 3.0) and a mixture of spherical assemblies and
fibrous assemblies (pH 11) were observed. The pH dependence
of the self-assembled structure of Trigonal-WTW could be
ascribed to changes in peptide charges at different pH levels.
Since the isoelectric point (pl) of Trigonal-WTW is estimated to
be 7.1, it possesses a zwitterionic structure at pH 7. Trigonal-
WTW forms nanospheres by forming intermolecular antiparallel
B-sheet-like structures (including tryptophan zipper) due to the
attractive ionic complementarity. Thus, the unique self-assembly
property of Trigonal-WTW is due to the Cs-symmetric structure
and tryptophan zipper structure.



A simple tripeptide motif glutathione has also been utilized
for the construction of nanospheres.“8-5% Trigonal conjugation of
glutathione  (Trigonal-glutathione, TG) formed spherical
assemblies with sizes of 100-250 nm in water (Figure 2c).*
The size and morphology of the TG assemblies were minimally
affected at pH 3-7, indicating the high stability of the
nanospheres. 'H-NMR chemical shifts revealed that TG is self-
assembled by interactions between glutathione units (hydrogen
bonding, electrostatic interactions) with an apparent association
constant of K, = 6.36 x 10° M. The nanospheres were shown
to change structure from hollow to filled spheres depending on
the concentration. At lower concentrations (0.1 and 1.0 mM),
wrinkly collapsed or dehydrated assemblies on a carbon-coated
grid were observed by SEM (Figure 2c), indicating the
hollowness of the nanostructures. In contrast, hard spheres
were observed at a higher concentration of 10 mM, suggesting
the existence of filled spheres. A guest molecule, uranine, was
encapsulated into the TG nanospheres only at lower
concentrations of TG, supporting our assumption that the
assemblies of TG possess hollow structures at lower
concentrations. Controlled release of guest molecules from TG
nanospheres was carried out by reduction using dithiothreitol.[*9]
By the addition of dithiothreitol, the recombination of disulfide
bonds of the guest-encapsulated TG nanospheres occurred,
resulting in the gradual release of guest molecules. In a similar
strategy, we constructed a trigonal composite, CRTG, consisting
of glutathiones having a 1,3,5-tris(aminomethyl)-2,4,6-
triethylbenzene core (Figure 2d).’% Self-assembly of CRTG
results in the formation of hard spherical structures with sizes of
310 £ 50 nm at pH 3. The CRTG assemblies gradually collapsed
upon increasing pH from 3 to 10. Since the pl of CRTG is
estimated to be 2.9, the disruption of the spherical assemble at
higher pH would be due to the electrostatic repulsion between
glutathione units of CRTG. The hard and regular morphology at
pH 3 contrasting with that of the TG nanospheres is ascribed to
the difference of benzene core. Three glutathione units of CRTG
are conformationally regulated due to the steric repulsions
between the ethyl groups attached to the benzene core,
resulting in the hard and regular nanosphere structures.

2-2. Artificial Viral Capsids by Self-assembly of B-Annulus
Peptides

Extraction of self-assembly motifs from natural spherical viruses
is a novel and promising strategy for constructing peptide-based
spherical AVCs. Since many spherical viruses have a trimeric
annular B-structure called a “B-annulus motif” as a self-assembly
motif, we developed AVCs based on the B-annulus motifs of
spherical viruses.5*% TBSV consists of 180 quasi-equivalent
protein subunits containing 388 amino acids each to form a
capsid of ca. 33 nm in diameter (Figure 3a).5%%8 In 2010, we
developed a 24-mer B-annulus peptide
(INHVGGTGGAIMAPVAVTRQLVGS) of tomato bushy stunt
virus (TBSV), which self-assembles to form a hollow
nanocapsule - (B-annulus capsid) in water (Figure 3b).54
Spherical assemblies with 30-50 nm in diameter were observed
by transmission electron microscopy (TEM) (Figure 3c) and the
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Figure 3. Formation of artificial viral capsid by self-assembly of B-annulus
peptide designed from tomato bushy stunt virus (TBSV). (a) Quaternary
structure of TBSV showing the internal framework in orange. Bar diagram of
subunit of TBSV consisting of the R-(RNA-binding) domain, A-(B-annulus
and extended arm) domain, S-(shell) domain, and P-(projection) domain. (b)
Self-assembly of B-annulus peptide from TBSV (lle69-Ser92) to form B-
annulus capsid. (c) TEM image and (d) DLS of the B-annulus capsid.
Adapted with permission from refs. 56 and 54. Copyright 1983 Elsevier and
2010 John Wiley and Sons, respectively.

hydrophobic diameter of the assemblies was 48 + 7 nm, as
determined by DLS (Figure 3d). The synchrotron small-angle X-
ray scattering (SAXS) profile indicates the existence of a hollow
interior space of the B-annulus capsid. The critical aggregation
concentration (CAC) of B-annulus capsid is 25 uM, and the size
of B-annulus capsid is not affected by peptide concentrations
above CAC. The subsequent study of pH-dependent ¢-potential
measurement revealed that the N- and C-termini of the B-
annulus peptide are directed to the interior and exterior of the f3-
annulus capsid, respectively. According to this information, we
established a design of molecular encapsulation inside the (-
annulus capsid and molecular decoration on its exterior, as
described in the following sections.

2-2-1. Molecular Encapsulation Inside g-Annulus Capsids
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Figure 4. Encapsulation of guest molecules in the B-annulus capsids. (a)
Encapsulation of M13 phage DNA. Adapted with permission from ref. 59.
Copyright 2013 Springer Nature. (b) Encapsulation of anionic CdTe
quantum dots. Arrow indicates the position of CdTe quantum dots. Adapted
with permission from ref. 60. Copyright 2016 Chemical Society of Japan. (c)
Encapsulation of ZnO NPs using ZnO-binding sequence. Adapted with
permission from ref. 61. (d) (Top) Conjugation of His-tag GFP to the Ni-
NTA-modified B-annulus peptide and formation of the GFP-encapsulated
capsid. (Bottom) Size distribution obtained from DLS of Ni-NTA-modified f-
annulus peptide (left), His-tag GFP (middle), and equimolar mixture of His-
tag GFP and Ni-NTA-modified B-annulus peptide (right). Adapted with
permission from ref. 62. Copyright 2016 Royal Society of Chemistry.

The hollow internal space of the B-annulus capsid has been
utilized to encapsulate various guest molecules by simple
electrostatic interaction or conjugation with guest-binding
peptides to the B-annulus peptide.®*%2 Since the cationic N-
terminal region of the B-annulus peptide is directed to the interior
surface, the anionic dyes were efficiently encapsulated in the
capsid, in contrast to cationic dyes.® Large M13 phage DNA
(7249 bp) was also successfully encapsulated in the B-annulus
capsid (Figure 4a).5% The encapsulation of the M13 phage DNA
was achieved at pH 4.3 because the capsid has a cationic
interior and zwitterionic surface at this pH. When the DNA-
encapsulated capsids were stained with uranyl acetate and
cisplatin (for DNA staining), core-shell nanospheres with a
diameter of 95 + 13 nm were observed by TEM (Figure 4a). This
size is similar to that obtained from the DLS (82 + 17 nm). The
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size of the DNA-encapsulated capsids was larger than that of
the only B-annulus capsid (48 + 7 nm by DLS). Thus, the
encapsulation of large DNA was achieved by the dynamic
morphological change of the B-annulus capsid, resulting in the
formation of the core-shell nanospheres.

Encapsulation of anionic CdTe quantum dots (3 nm) into
the B-annulus capsid was achieved by a method similar to that
for the DNA encapsulation (Figure 4b).% The TEM image of
CdTe quantum dots in the presence of the B-annulus peptide
showed that the nanospheres overlapped with CdTe quantum
dots, suggesting the encapsulation of the quantum dots in the -
annulus capsid. The encapsulation behavior was analyzed by
fluorescence correlation spectroscopy (FCS). The FCS curves of
a mixture of CdTe NPs and the p-annulus peptide at
concentrations above the CAC were fitted with a dual-
component model, indicating the coexistence of free and
encapsulated CdTe NPs. The apparent diameters of the slow
component appearing above the CAC were estimated to be
about 30-50 nm, which is similar to the diameter of the capsid.

Because the N-terminus of the B-annulus peptide is
located on the interior surface of the capsid, binding motifs can
be fused to the N-terminus for the encapsulation of specific
guest molecules. A ZnO-binding sequence (HCVAHR) was
fused to the N-terminus of B-annulus peptide through a flexible
linker (GGG) for the encapsulation of ZnO NPs (Figure 4c).[Y By
incubation of the ZnO-binding peptide with ZnO NPs (individual
size: ~10 nm), the assembled structures of several ZnO NPs
were observed by TEM. DLS showed that the average size of
the complex was 48 + 24 nm, corresponding to the TEM results.
Since only ZnO-binding peptide or unmodified B-annulus peptide,
which lacks the ZnO-binding sequence, formed large aggregates
upon mixing with ZnO NPs, the 50-nm assembly of several ZnO
NPs was formed specifically via encapsulation by the ZnO-
binding B-annulus capsid.

By a similar strategy, His-tag GFP was encapsulated in the
capsid by the insertion of Ni-NTA (nitrilotriacetic acid) into the N-
terminus of the B-annulus peptide (Figure 4d, upper).®? The Ni-
NTA-modified B-annulus peptide retained the self-assembly
capability to form the capsid with 46.8 + 10.5 nm diameter
(Figure 4d, bottom). By size exclusion chromatography (SEC),
91% encapsulation of His-tag GFP in the capsid was detected,
whereas only 9% of His-tag GFP was nonspecifically bound to
the unmodified B-annulus peptide lacking the Ni-NTA moiety.
DLS showed that the GFP-encapsulated capsid had an average
size with 50.0 £ 17.5 nm, indicating that the encapsulation had a
minimal effect on the capsid size.

These results indicate that encapsulation of various guest
molecules including DNA, metal NPs, and proteins in the B-
annulus capsid can be achieved by simple electrostatic
interaction and N-terminal modification. The encapsulation
methodology is useful to deliver molecular cargo without
affecting the exterior surface of the B-annulus capsids.

2-2-2. Decoration of the Outer Surface of g-Annulus Capsids
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Figure 5. Decoration of exogenous molecules on the outer surface of the p-
annulus capsids and TEM images of the resulting assemblies. (a)
Decoration of AuNPs. (b) Decoration of dAz and reaction with polydT or
polydA. (c) Decoration of coiled-coil B and subsequent conjugation with
coiled-coil A. Adapted with permission from refs. 63, 64, and 65. Copyright
2015 Springer Nature, 2017 John Wiley and Sons, and 2017 Royal Society
of Chemistry, respectively.

Since the C-terminus of the B-annulus peptide is expected to be
exposed on the outer surface when the capsid is formed,®%
various binding motifs were introduced into the C-terminus of the
B-annulus peptide for decoration of the outer surface with
exogenous molecules. Decoration of gold nanoparticles (AuNPS)
on the capsid was achieved by the construction of a AUNP- 3-
annulus peptide conjugate (Figure 5a).®! A B-annulus peptide
possessing GGGCG at the C-terminus was conjugated with
AuNPs (5 nm) via thiol-gold interaction at concentrations below
CAC. By concentration of the conjugate, the assembled
structures of AuNPs with 30-60 nm diameter were formed as
observed by TEM and DLS. The C-potential of the AuNP—capsid
composite was —30.5 £ 9.8 mV at pH 4.6, whereas the value of
unmodified capsid was 0.01 + 3.43 mV. These results indicate
that the AuNPs were decorated on the outer surface of the
capsid, not encapsulated inside it.

Surface decoration of single-stranded DNAs on the capsid
was achieved by chemical conjugation of the DNAs to the C-
terminus of the B-annulus peptide (Figure 5b).% DNAs (dAz
and dT,o) modified with maleimide moiety were reacted with the
cysteine introduced to the C-terminus of the B-annulus peptide.
The DNA-peptide conjugates were self-assembled to the capsid
structures, as observed by TEM and DLS. By incubation with
complementary polynucleotide (polydT to dAz-modified pB-
annulus), the dAs-modified capsid was aggregated by DNA
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hybridization. In contrast, the aggregation was not observed
when non-complementary polydA was added to the dAze-
modified capsid. The same results were obtained when the dTo-
modified capsid was used. These results indicate that the
decorated DNAs on the capsid retain the ability to recognize the
complementary DNAs.

For the purpose of mimicking natural viruses such as
adenovirus and influenza virus that possess coiled-coil motifs on
the surface, complementary dimeric coiled-coils (coiled-coil A
and coiled-coil B) were decorated on the capsid (Figure 5c).[5
First, coiled-coil B was conjugated to the C-terminus of the B-
annulus peptide by native chemical ligation. The coiled-coil B-
decorated B-annulus peptide self-assembled to form spherical
structures of ~50 nm in diameter, as observed by TEM and DLS.
By the addition of 0.2 equivalent coiled-coil A to the coiled-coil
B-decorated capsid, the formation of coiled-coil structures was
shown by circular dichroism (CD) measurement with the
retention of spherical structures. On the other hand, when one
equivalent coiled-coil A was incubated with the coiled-coil B-
decorated capsid, the capsid was decomposed to form the
fibrous assembly.

The above examples indicate that the surface of the B-
annulus capsid can be conjugated with various materials such
as metal NPs, DNAs, and peptides. Notably, the surface-
decorated molecules can be utilized to recognize the target
molecules such as receptor proteins, antibodies, and DNAs.

2-3. Other Design of Peptide-based Artificial Viral Capsids

Recently, functional AVCs were developed based on the rational
design of peptides. A novel example is synthetic analogs derived
from the transmembrane domains of the membrane protein
CXCR4 (Figure 6a).l¢! The 24-residue peptide from the second
transmembrane helix of CXCR4 self-assembled to form ~6-nm
uniform spherical nanoparticles. NMR studies suggested that the
peptide monomer formed a B-hairpin-like conformation and the
hairpin conformation was retained in the nanoparticles.
Interestingly, the nanoparticles retained the innate biological
activity of CXCR4, such as binding to cell membranes and
inhibition of tumor metastasis. Successful encapsulation of
hydrophobic drugs in the nanoparticles indicates that the system
could be used as an efficient delivery system with the natural
biological activity of CXCR4.

De novo design of coiled-coil peptides is a useful
methodology to construct self-assembled AVCs because of our
deep understanding of the principles for specific interaction
pairs.-"11 For instance, Ryadnov et al. developed dendrimeric
virus-like assembly based on a self-complementary coiled-coll
subunit having three interfacial facets (Figure 6b).["Y The coiled-
coil dimer with a disulfide bond self-assembled to form 12-nm
monodisperse spherical shells. Encapsulation of siRNA and
plasmid DNA in the shells was achieved to promote gene
silencing and expression, respectively. The designability of the
coiled-coil peptides has great potential for creating
nanostructures with defined sizes and functionalities.
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Figure 6. Peptide-based functional AVCs and TEM images. (a) Self-
assembly of transmembrane domain of CXCR4 to form spherical
nanoparticles. Adapted with permission from ref. 66. Copyright 2011
National Academy of Sciences, U.S.A. (b) Self-assembly of coiled-coil
peptide to form the dendrimeric assembly. Adapted with permission from
ref. 71. Copyright 2016 American Chemical Society. (c) DNA-templated
assembly of coiled-coil peptide for construction of filamentous assembly.
Adapted with permission from ref. 72. Copyright 2013 American Chemical
Society. (d) Binding of modeled peptide with SWNT (left), computational
model structure (center), and a TEM image (right) of gold nanopatrticles
grown on Cys-modified peptide wrapped around SWNTs. Adapted with
permission from ref. 73. Copyright 2011 American Association for the
Advancement of Science.

The construction of non-spherical AVCs such as
filamentous and rod-like assemblies is challenging because of
the involvement of anisotropic structures with low symmetry.
Inspired by natural filamentous viruses such as tobacco mosaic
virus (TMV), which uses RNA as a template for the assembly of
capsids, homogeneous 1D nanostructures have been
constructed by using DNA and carbon nanotubes as templates
for the assembly of peptide units.[’>73 Stupp et al. designed a
coiled-coil peptide conjugated with a PEG chain at one terminus
and a cationic spermine unit (DNA-binding domain) at the other
(Figure 6c).'4 By templating with linear or circular double-
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stranded DNAs, the pre-assembled mushroom-shaped
nanostructures self-assembled to form filamentous complexes.
The length of the filaments was dependent on the length of the
template DNA. DeGrado et al. reported an elegant
computational design of helical peptide motifs that specifically
assemble into a virus-like tubular structure surrounding single-
walled carbon nanotubes (SWNTs) (Figure 6d)."! Coiled-coil
peptides containing Ala or Gly residues as sites contacting
SWNTs were computationally optimized to adhere to the
periodic carbon atoms in SWNTs. The resulting peptides
wrapped hydrophobic SWNTs to form water-soluble SWNT-
peptide assemblies. By the introduction of a cysteine to the
peptide as a gold binding site, plasmonic alignment of AuNPs
was formed on SWNTSs.

3. Self-assembled Peptide Nanofibers
3.1. Design of Peptide-based Nanofibers

Nanofiber structures are widely observed in natural systems,
such as silk, collagen, amyloid, viruses, and cytoskeleton. For
instance, natural amyloid proteins such as amyloid-B peptide
(AB) and tau protein form similar fibrous assemblies that consist
of B-sheet-rich sequences.l®! Inspired by the natural fibers that
are formed by the self-assembly of building block units, artificial
peptide nanofibers have been developed for various applications
in the fields of biomedicine, tissue engineering, renewable
energy, environmental science, nanotechnology, and material
science 911257483 Advantages of the peptide-based nanofibers
compared with other polymeric nanofibers include that (1) the
nanofiber-forming peptide units are known and can be
chemically tuned, and (2) stimulus-responsive groups can be
introduced to the peptide moiety to control the structures of the
nanofibers. The peptide nanofibers can be categorized into
several groups, such as amyloid-like structures, B-sheet
peptides with alternating hydrophilic and hydrophobic amino
acids, peptide-synthetic hybrids including peptide amphiphiles,
and B-helical coiled-coil motifs. 284901

B-sheet peptides are widely used as self-assembled
peptide motifs.®4 In pioneering work by Zhang et al., peptides of
alternating hydrophilic and hydrophobic amino acid residues, Ac-
(AEAEAKAK),-NH; (EAK16), which was originally found in a
yeast protein zuotin, were self-assembled to form a hydrogel.®!
Similar types of amphipathic peptides such as Ac-(FKFE),-NH,,
Ac-(RADA),-NHz, and QQKFQFQFEQQ (Q11) have been
designed to form self-assembled nanofibers.l® Based on the
amphipathic peptides, we developed a Cs-symmetric “Wheel-
FKFE” consisting of three FKFECKFE peptides connected to the
arm of the Cs-symmetric core at the cysteine residue placed at
the middle of the sequence, whose core and peptides can be
considered to act as a hub and spokes of a wheel, respectively
(Figure 7a).®@ Wheel-FKFE self-assembled to form nanofibers
with a uniform width of 3-4 nm and lengths of several
micrometers. The uniform width appears to be due to the
columnar stacking of Wheel-FKFE by the formation of anti-
parallel B-sheets.
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Figure 7. Design of self-assembled peptide-based nanofibers. (a) Self-
assembly of Wheel-FKFE and TEM image. (b) Self-assembly of typical
peptide amphiphile to form nanofibers and SEM image of IKVAV nanofiber.
(c) Self-assembly of coiled-coil peptide fibers and high-resolution TEM
images. Adapted with permission from refs. 92, 94, 96, and 100. Copyright
2008 American Chemical Society, 2004 American Association for the
Advancement of Science, 2013 John Wiley and Sons, and 2012 National
Academy of Sciences, U.S.A., respectively.

Peptide amphiphiles (PAs) consisting of a hydrophilic
peptide sequence and a hydrophobic alkyl chain are also
powerful building blocks to construct self-assembled nanofibers,
which were developed by Stupp et al.l®*%1 PAs are typically
composed of a long alkyl tail, a B-sheet-forming peptide segment
with a hydrophilic domain, and a functional peptide (Figure 7b).
Self-assembly of PA is initiated by the formation of a micelle-like
hydrophobic core by interaction of the alkyl tail; then, one-
dimensional p-sheet formation by the proximal peptides
facilitates nanofiber growth. By changing the outer functional
peptides, PAs have been used for various applications such as
cell culture,® regenerative medicines,®>8 and growth of silver
nanoparticles.l®7]

Coiled-coil peptides are useful motifs for the rational
design of self-assembling peptide nanofibers, as developed by
Woolfson et al.l%-1% |n their strategy, complementary 28-residue
peptides were designed to form “sticky ends,” which are parallel
coiled-coil building blocks (2 x 6 nm) (Figure 7c). Association of
the heterodimers at the overhanging ends affords self-assembly
to form hexagonally packed fibers. The structures of the coiled-
coil peptide fibers were determined at 8 A resolution using cryo-
TEM,[2% providing the structural insight for the design of peptide
nanofibers.

3.2. Spatiotemporal Modulation of Peptide Nanofiber Growth

Formation/dissociation/morphological change of peptide
nanofibers can be modulated by external stimuli such as

WILEY-VCH

edA@ o Jj’ FKFEFKFE
o / . "
20 ) / B-sheet forming peptide

« Inhibition of assembly
« Connection to dT,,

Light

~<— £
Self-assembl
& Yo

o V.V S “
a.r:b ¢ ;1;0 Peptide nanofiber |
o

s.
wo
n,N)\‘)rN“)LO

(b) Conjugate 1
Light
}

s

s Ny
e
> s

Figure 8. (a) Light-induced peptide nanofiber growth of conjugate 1 and
TEM image of peptide nanofiber. (b) SEM images of conjugate 1 on dTzo-
immobilized glass substrates before and after UV irradiation. Adapted with
permission from ref. 123. Copyright 2015 Royal Society of Chemistry.

dT,,-coated plate

enzymes,[8081.101-108]  ya(ox 11081151 temperature,®®1%]  and
light.'t7-1221 As a novel example, enzyme-triggered peptide
nanofiber growth inside living cells has been developed for
biomedical applications.[®81 Generally, the strategy involves
self-assembling peptides and enzyme-cleavable units connected
as precursors. After being taken up by cells, these precursors
are cleaved by intracellular enzymes and the released peptides
self-assemble to form nanofibers, resulting in cell death(*03-10%
and intracellular targeting.l*%61971 |n addition, intracellular
reductants such as glutathione and hydrogen sulfide can be
used to trigger the formation of peptide nanofibers in living
cells.141151 Among the external stimuli, light is particularly
attractive because of the ease of manipulation with localized and
on-demand irradiation. We developed a system of light-induced
peptide nanofiber growth with spatiotemporal control by using
peptide-DNA conjugates (Figure 8).!%1 We synthesized
conjugate 1 consisting of a B-sheet-forming FKFEFKFE peptide
and an addressing single-stranded DNA (dA.o), which are linked
by a photo-cleavable amino acid X (Figure 8a). Upon irradiation
of UV light, conjugate 1 releases free FKFEFKFE peptide by the
photocleavage reaction of X, which induces self-assembly of the
peptide to form nanofibers 10—20 nm in width, as observed by
TEM. Hybridization of conjugate 1 on the dT.-immobilized glass
plate was performed by complementary interaction of dAz and
dToo for localized peptide nanofiber growth (Figure 8b). Although
there were no obvious structures before UV irradiation (Figure
8b, left), UV irradiation induced the formation of micrometer-
sized fibrillar structures (Figure 8b, right). In contrast, only small



amounts of microstructures of 1 were observed on the
mismatched dAg.-immobilized glass substrate, even after UV
irradiation. Thus, conjugate 1 can be immobilized at the specific
site by DNA hybridization and the growth of the peptide
nanofiber can be modulated by light.

3.3. Bioinspired Molecular Propulsion Based on Light-
induced Peptide Nanofiber Growth

In nature, several bacterial pathogens utilize nanofiber growth
for their self-propelled motility within cells. For instance, actin
polymerization on the surface of Listeria monocytogenes was
initiated by transmembrane protein ActA, resulting in a local
network of actin filaments called an “actin comet tail”, which
provides a powerful force to propel the bacteria through the
cytoplasm of host cells (Figure 9a).1*?415! |nspired by the natural
fiber-induced propulsion, we created a light-induced propulsion
system based on spatiotemporally controlled peptide nanofiber
growth using peptide—DNA conjugates (Figure 9b).?%! In our
design, a peptide nanofiber-forming unit (FKFEFKFE) with a
photocleavage unit was asymmetrically conjugated on the
surface of phase-separated giant liposomes via DNA
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hybridization of the addressing unit (dAz). Upon UV light
irradiation, the released peptide moieties around the liposomes
self-assembled to form nanofibers, which could induce
propulsion of the liposome by a mechanism similar to actin
polymerization-induced motility. In addition to conjugate 1 used
in the previous study,*?®l conjugate 2, which has a different
photo-cleavable amino acid Z, was used (Figure 9c). Because Z
is cleaved by light faster than X used in conjugate 1, light-
induced fiber formation of conjugate 2 was much faster than that
of conjugate 1. Conjugates 1 and 2 were asymmetrically
modified on phase-separated giant liposomes by using dAz—
dT, complementary hybridization and streptavidin—biotin
interaction (1-PS and 2-PS). Upon light irradiation to 2-PS, the
translational motion of 2-PS was dramatically enhanced (Figure
9d). The velocity of 2-PS was significantly higher than that of 1-
PS, indicating that the velocity reflects the rates of the
photocleavage reaction and subsequent fiber formation of the
peptide—DNA conjugates (Figure 9e). The design principle can
be used to construct components of molecular robots that
respond to the surrounding environment and make decisions
autonomously.*?7]
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Figure 9. (a) Propulsion of Listeria monocytogenes driven by formation of actin fiber and TEM image. (b) Propulsion of a phase-separated (PS) giant liposome
driven by light-induced peptide nanofiber growth using the peptide-DNA conjugates 1 and 2. (c) Photocleavage reactions of conjugates 1 and 2. (d) Tracking
trajectories of 2-conjugated PS liposome (2-PS) during 60 min with (left) and without (right) light irradiation. Irradiation lasted for 10-20 min of recording. (e)
Average of time dependence of the distance of the PS-liposomes from the initial position under UV light irradiation (orange zones) and no irradiation (white
zones). Adapted with permission from refs. 125 and 126. Copyright 1992 Elsevier and 2018 Springer Nature, respectively.



4. Protein-binding Peptides Designed from
Natural Proteins

4.1. Protein-mimicking Peptides for Specific Binding to
Target Proteins

Peptides are useful motifs that bind to their target proteins with
high selectivity and affinity. Protein-binding peptides are useful
not only for the structural and functional analysis of proteins, but
also for therapeutic uses such as the inhibition of protein—protein
interaction (PPI), signaling, cell adhesion, and protein
tags.?223128-1311 One of the most well-known and simple
examples is RGD peptide isolated from the adhesion protein
fibronectin, which retains the cell-adhesive activity of fibronectin
by binding to the integrin cell-surface receptors.’33 To design
protein-binding peptides, various approaches have been
developed, including isolation and design from natural
proteins,[*31.133-1351 random screening such as phage display and
peptide library method,*361371 and in silico design.*3814%1 The
design of peptides that mimic the binding domains of natural
proteins is a promising strategy to modulate the functions of
target proteins. For instance, Vita et al. constructed peptides that
mimic the binding site of a receptor (CD4) to a human
immunodeficiency virus (HIV)-1 envelope glycoprotein (gp120)
for the development of viral entry inhibitors (Figure 10a).[t4%142]
Since a CDR2-like loop of CD4 is a binding target of gp120 of
HIV-1 in the initial step of viral entry into host cells, the solvent-
exposed residues of the CDR2-like loop were transferred to the
structurally homologous region of a scorpion toxin scaffold.[44
The CD4-mimicking peptide was further optimized by structural
modeling based on information on the structure of the gp120—
CD4 complex.**?l The optimized peptide was shown to have
high binding affinity to gp120 variants with Ky values within the
1-20 nM range, which is comparable to that of native soluble
recombinant CD4. The peptides inhibited the infection of various
cell lines by HIV-1. Moreover, recently, a cyclic peptide was
developed to inhibit sonic hedgehog (Shh) signaling, which plays
an important role in embryonic development and cancer
progression.l**3 The cyclic peptide was designed based on the
Shh-binding loop of hedgehog-interacting protein (HHIP), which
is a membrane protein that acts as a negative regulator of the
hedgehog pathway (Figure 10b). The screening of macrocyclic
peptide libraries produced an optimized macrocyclic peptide with
high binding affinity to Shh with a K4 of 170 nM, which is a 120-
fold increase in affinity compared with that of the original linear
peptide. One of the reasons for the high affinity of the
macrocyclic peptide compared with the linear peptide is the
conformational restriction, which results in reduced entropic cost
upon binding to the target protein. The peptide effectively
suppressed Shh-mediated hedgehog signaling and gene
transcription. These examples clearly show that the two-step
design, namely, isolation of protein-binding sites from natural
proteins and subsequent optimization of the sequences by
screening, is a promising strategy to construct protein-binding
peptides with high affinity and selectivity to target proteins.
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Figure 10. Design of protein-binding peptides from natural proteins. (a)
CD4-mimicking peptide for binding to HIV-1 gp120 (PDB ID for CD4:
1CDH). (b) HHIP-mimicking macrocyclic peptide for binding to Shh (PDB ID
for HHIP-Shh complex: 3HO5). Adapted with permission from refs. 142 and
143. Copyright 2003 Springer Nature and 2017 American Chemical Society,
respectively.

4.2. Microtubule-binding Peptides for Molecular
Encapsulation Inside Microtubules

Recently, we designed a microtubule-binding peptide from the
natural microtubule-associated protein Tau in order to
encapsulate functional molecules inside microtubules.*44
Microtubules are hollow tubular protein assemblies with an inner
diameter of 15 nm and a length of several micrometers, which
are composed of tubulin dimers (a- and B-tubulin). Based on the
directional movement of a motor protein kinesin along the outer
surface of microtubules, artificial molecular transport systems
have been established for nanodevice applications.[!45149
Although the functionalization of the outer surface of
microtubules has been established for nanomaterial applications,
the inside of microtubules has received little attention. We
designed peptides from the microtubule-binding region of Tau,
which consists of imperfect repeat sequences (R1-R4) linked by
interrepeat sequences (Figure 1la). Based on the repeat
sequences, four Tau-derived peptides 1n, lc, 2n, and 2c were
developed. All of the four tetramethylrhodamine (TMR)-labeled
peptides were shown to bind to green fluorescent Alexa Fluor
430 (AF)-labeled microtubules. Among them, TMR-labeled 2n
(2n-TMR) bound to the inside of microtubules by preincubation
with tubulin and subsequent polymerization of the peptide—
tubulin complex (Figure 11b). By conjugation of 2n to AuNPs,
encapsulation of the 2n-AuNP conjugates inside microtubules
was achieved (Figure 11c). Preincubation of 2n-AuNPs with
tubulin, subsequent polymerization, and treatment of anti-tubulin
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Figure 11. Molecular encapsulation into microtubule using Tau-derived
peptides. (a) Design of the Tau-derived peptides 1w, 1c, 2n, and 2c based
on the binding repeats (R1, R2, R3, and R4) of Tau. The sequences 1
(267-284) and 2 (298-315) used in the Tau-derived peptides are
underlined. (b) Encapsulation of TMR-labeled 2y (2v-TMR) into Alexa Fluor
430 (AF)-labeled microtubules (top). Confocal laser scanning microscopy
(CLSM) images of microtubules incubated with 2n-TMR  (bottom). (c)
Encapsulation of 2n-AuNPs inside microtubules (top). TEM images of
microtubules incubated with 2y-AuNPs (bottom left) and unmodified AuNPs
without 2n (bottom right). Adapted with permission from ref. 144. Copyright
2018 John Wiley and Sons.

antibody that binds to the outside of microtubules generated 2n-
AuNP-encapsulated microtubules. In contrast, when unmodified
AuNPs without 2n were used, encapsulation of AuNPs inside
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microtubules was not observed. Thus, the Tau-derived peptide
is useful to bind to the inside of microtubules for the
encapsulation of nanomaterials. Combination of the peptide-
based molecular encapsulation and the motility of microtubules
should provide a new design concept for microtubule-based
nanomaterials.

5. Summary and Outlook

In this account, we described recent progress in the peptide-
based nanomaterials designed based on the natural
supramolecular systems. First, peptide-based artificial viral
capsids designed from the natural viral scaffolds were
summarized. As a representative example, a p-annulus peptide
extracted from the internal skeleton of TBSV was shown to self-
assemble to form a spherical virus-like nanocapsule. Functional
nanosized molecules such as metal nanoparticles, DNA, and
proteins can be loaded to the inside and outside of B-annulus
capsids. It is evident that one of the next steps of artificial viral
capsids is to mimic the infectiousness of natural viruses.
Synthetic viruses that can be delivered to target cells and
release their cargo should be useful for gene and drug delivery
applications while avoiding the barriers and regulations
associated with the use of natural viruses. Second, design
strategies of peptide nanofibers and our applications were
described. The self-assembling ability of short peptide subunits
is useful for the development of nanofibers with defined width. In
the next generation, the formation, dissociation, and
morphological change of peptide nanofibers were modulated by
external stimuli such as enzymes, redox, temperature, and light.
We reported the spatiotemporal modulation of peptide nanofiber
growth based on peptide-DNA conjugates that are connected
via photocleavage amino acids. We created a system of light-
induced propulsion of giant liposomes based on the peptide—
DNA conjugates by mimicking bacterial self-propelling systems.
With regard to future work, if the formation and dissociation of
peptide nanofibers in cells can be reversibly tuned by external
stimuli, the “artificial cytoskeleton” should become a new
concept for modulating the cell fate. Finally, the development of
protein-binding peptides based on the partial domains of natural
proteins was described. The extraction of protein-binding
domains is a promising strategy for creating peptides that bind to
target proteins with high selectivity and affinity. The application
of protein-binding peptides has a versatile range of uses, such
as inhibition of protein—protein interaction, cell adhesion, and
protein tagging. We developed a Tau-derived peptide that
specifically binds to the inside of microtubules, which is useful
for encapsulating molecules inside microtubules. The
characteristic property of peptides, recognition of target proteins,
can be useful to target intracellular proteins to modulate cellular
signaling, although there is a need to overcome several
associated drawbacks, such as low cell permeability and short
half-lives of peptides.

Peptides are excellent building blocks for the construction
of nanomaterials because of the designability, self-assembly,
molecular recognition ability, and ease of synthesis. Another



significant advantage is that peptides with desired structures and
functions can be designed by mimicking natural supramolecular
systems. In addition, the recent development of library screening
methods has dramatically accelerated the exploration of
optimized peptides with desired properties. One of the future
directions of peptide-based nanomaterials is to mimic the
dynamic functions of natural systems, such as motility,
morphological change, and self-replication. The integration of
different types of peptides and organic/inorganic materials
should provide new design principles of complicated “molecular
robots” as next-generation peptide nanomaterials beyond
biological functions.
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