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Natural plant viruses are rodlike or spherical nanoassemblies
with discrete size and morphology, in which genome nucleic
acids are encapsulated by self-assembled coat proteins
(capsids). Most capsids in spherical viruses have an icosa-
hedral symmetry and the number and arrangement of
subunits are related to the triangulation number (7 number),
which is derived from quasi-equivalence theory.'! For exam-
ple, tomato bushy stunt virus (TBSV, T'=3) consists of 180
quasi-equivalent protein subunits that comprise 388 amino
acids each (diameter of capsid ca. 33 nm).”

Recently, the application of bacteriophages such as M13
phagel! and plant viruses® such as tobacco mosaic virus
(TMV),F! cowpea mosaic virus (CPMV),®! and cowpea
chlorotic mottle virus (CCMV) in nanotechnology have
attracted much attention because of their fascinating nano-
structures with a discrete nanospace. Virus nanotechnologies
depend on the structure of “ready-made” capsids, however,
the chemical strategy of de novo designed “tailor-made”
viruslike nanocapsules is still in its infancy. The development
of designed capsid molecules for the reconstruction of viral
architectures would enhance the potential of viruslike nano-
capsules and notably contribute to advance nanobioscience.
To date, virus-inspired nanocapsules with a size of about
1-5 nm have been self-assembled by hydrogen bonds® and
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coordination bonds.”) However, the size of these supramolec-
ular nanocapsules is evidently smaller than that of natural
viruses, and consequently their applications have been limited
to the inclusion of small guest molecules. Yeates and co-
workers have developed a general strategy for the construc-
tion of protein architectures, such as cages and filaments, by
the use of fusion proteins.'”’ We have demonstrated that
virus-inspired Cs-symmetric -sheet-forming peptide conju-
gates self-assemble into nanocapsules!'*! and nanofibers.!>¢!
Recently, we have also reported that Cs;-symmetric gluta-
thione conjugates self-assemble into nanospheres.!'%¢!
Herein we show a first example of a synthetic viral capsid
self-assembled from a 24-mer f-annulus peptide (1:
INHVGGTGGAIMAPVAVTRQLVGS) in water
(Figure 1). The B-annulus peptide motif (Ile69-Ser92) in the
TBSYV capsid participates in the formation of a dodecahedral
internal skeleton,®™ thus we expected that the peptide 1

[ annulus sequence 1
from TBSV

self-assembly
via p annulus structure

viruslike nanocapsule

B annulus peptide 1: INHVGGTGGAIMAPVAVTROLVGS
defect peptide 2: INHVGGTGGAIMAPVA

Figure 1. lllustration of the hypothesized formation of viruslike nano-
capsules by self-assembly of 24-mer B-annulus peptide 1.
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would self-assemble into virus-sized nanocapsules by adopt-
ing a C;-symmertric 3-annulus structure. Although it is known
that the deletion mutants of spherical viral capsids affect the
morphology of the capsids,'!! there have been no reports on
the construction of nanocapsules by the self-assembly of viral
peptide fragments.

The 24-mer B-annulus peptide (1) and a 16-mer defect
peptide (2) were synthesized by solid-phase fluorenylmethy-
loxycarbonyl (Fmoc) chemistry. The VTRQLVGS sequence
of peptide 1, which acts as a sticky end in the self-assembly, is
not comprised in peptide 2. Peptide 1 was purified by reverse-
phase HPLC (RP-HPLC), and its primary structure was
confirmed by MALDI-TOF mass spectrometry (m/z 1464.7
[M+H]") and MS/MS analysis (see Figure S1 in the Support-
ing Information). A lyophilized powder of peptide 1 was
readily dissolved in deionized water without sonication or
heating, and the resulting solution showed a pH value of 4.3.
The CD spectrum of the aqueous solution of peptide 1
(Figure 2 a) showed a negative peak at 197 nm and a negative
shoulder at 218 nm, thus indicating the coexistence of
random-coil and f structures, which is consistent with the
B-annulus structure of TBSV. TEM images of the aqueous
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Figure 2. a) CD spectrum of an aqueous solution of $-annulus peptide
1. b) TEM image of the assemblies obtained from an aqueous solution
of 1. The TEM sample was stained with uranyl acetate. c) Size
distribution of an aqueous solution of 1 determined by DLS. d) Size
distribution of an aqueous solution of defect peptide 2 determined by
DLS. Concentration of peptides: 0.1 mm; pH 4.3; temperature: 25 °C.
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solution of peptide 1 show that spherical assemblies with
diameters of 30-50 nm are abundant (Figure 2b, the size
distribution is shown in Figure S2 in the Supporting Informa-
tion). The black centers of the structures observed in the
TEM images might be caused by an accumulation of uranyl
acetate in the interior of the spherical assemblies.” The
average hydrodynamic diameter of the assemblies as deter-
mined by dynamic light scattering (DLS) was (48+7) nm
(hydrodynamic radius: R, = (24 +3.5) nm, Figure 2¢), which
is comparable to the size of the spherical assemblies observed
by TEM ((44+8)nm, see Figure S2 in the Supporting
Information). In contrast, for an aqueous solution of the 16-
mer defect peptide 2, an average diameter of 1.5 nm was
determined by DLS (Figure 2d), thus indicating the absence
of self-assembled structures. These results suggest that
peptide 1 spontaneously forms spherical assemblies with a
diameter of 30-50 nm by interactions between sticky ends of
(-annulus structures. The spherical structures were stable at
room temperature for more than six months. It is noteworthy
that peptide 1 selectively self-assembled into nanospheres,
without the formation of nanofibers or unimoleculer folding
structures.

The scattering intensity (DLS count rate) observed for the
aqueous solutions of peptide 1 (pH 4.3, 25°C) was approx-
imately constant below a concentration of 25 pum, and
increased at concentrations above 25 um (Figure 3a). This
result indicates that the critical aggregation concentration
(CAC) of peptide 1 in water at 25°C is 25 um. At concen-
trations below 25 um, DLS autocorrelation data suitable for
analysis could not be obtained (see Figure S3a in the
Supporting Information), hence indicating the absence of
assemblies. In contrast, at concentrations well above 25 pm,
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Figure 3. Effect of peptide concentration on a) scattering intensity and
b) size distribution of an aqueous solution of 1 determined by DLS at
25°C (pH 4.3).
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DLS autocorrelation data suitable for analysis could be
obtained (see Figure S3b in the Supporting Information).
Similar assemblies with a size of about 30-50 nm were formed
in the large concentration range of 0.025-6.0 mwm (Figure 3b).
The electron micrographs obtained at the different concen-
trations also showed the formation of spherical assemblies
with a size of about 30-50 nm. These results indicate that the
size and morphology of the assemblies are marginally affected
by concentrations above CAC, and that the spherical
assemblies with about 30-50 nm size are thermodynamically
stable.

Figure 4 shows the synchrotron small-angle X-ray scatter-
ing (SAXS) profile of a 2.0 mm aqueous solution of peptide 1
(40B2 and 45XU beam lines of Spring-8, wavelength:
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Figure 4. SAXS profile (red curve) of an aqueous solution of f-annulus
peptide 1 (2 mm, pH 4.3). The black curve corresponds to the
theoretical SAXS profile of a hollow capsule (see the Supporting
Information).

0.15 nm, sample to detector distances: 1800 and 3500 mm).
The SAXS profile shows slopes related to two different power
laws: ¢! in the lower scattering-vector region (q=0.03-
0.1 nm™') and ¢ *in the intermediate g region (0.3-1.0 nm™"),
and a second peak in the higher g region (1.0-1.5 nm™"). The
SAXS profile could be fitted well with a theoretical equation
for a vesicle model™ with a radius of gyration (R,) of (25 +
11.2) nm and a wall thickness (t7) of (7.0 £1.4) nm (see the
Supporting Information). This result indicates the existence
of a hollow interior of the particle. Attempts to fit the
experimental data with a filled spherical model, such as a solid
or core-shell sphere, were unsuccessful (see Figure S4 in the
Supporting Information). In the case of filled spheres, it is
known that the relationship between R, and R, from DLS
corresponds to gt = \/g ~ 0.77." The R/R, ratio of nano-
assemblies of peptide 1 at 2mwm is 25/23=1.09, which is
evidently larger than \/g This finding supports that the self-
assembled architecture has a hollow interior.

In conclusion, we have found that 24-mer [-annulus
peptides of TBSV spontaneously self-assemble into hollow
nanocapsules with a size of 30-50 nm. The nanocapsules
possess a defined CAC (25 um), and the size of the nano-
capsules is almost unaffected by peptide concentrations above
CAC. The hollow structure of the present $-annulus peptide
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assemblies was clearly revealed by SAXS. It should be noted
that viral capsidlike structures were spontaneously formed by
the self-assembly of 24-mer -annulus peptide fragments from
TBSV capsids (in total 388 amino acids). The present findings
provide a minimized design of artificial viral capsids that can
be modified to extend the molecular design of functional
nanocapsules. We envisage that these viruslike nanocapsules
by proper surface modifications could be applied to DNA-
and protein-carriers and platforms for artificial vaccines.

Experimental Section

Synthesis of B-annulus peptide 1: The peptide H-Ile-Asn(Trt)-His-
(Trt)-Val-Gly-Gly-Thr(tBu)-Ile-Met-Ala-Pro-Val-Ala-Val-Thr(Bu)-
Arg(Mtr)-GlIn(Trt)-Leu-Val-Gly-Ser(tBu)-Alko-PEG resin was syn-
thesized with an ABI 433A synthesizer (Applied Biosystems) on
Fmoc-Ser(tBu)-Alko-PEG resin (Watanabe Chemical Ind. Ltd,
0.21 mmolg™") using standard Fmoc-based FastMoc coupling reac-
tions (5 equiv Fmoc amino acids). Solutions of 2-(1H-benzotriazole-
1-y1)-1,1,3,3-tetramethyluronium  hexafluorophosphate ~ (HBTU,
0.5M) and 1-hydroxybenzotriazole hydrate (HOBt-H,O, 0.5M) in
N,N-dimethylformamide (DMF) were used as coupling reagents.
Diisopropylamine (2.0M) in N-methylpyrrolidone (NMP) and 20 %
piperidine in NMP were used for neutralization and for Fmoc
deprotection, respectively. The peptidyl resin was washed with NMP
and then dried under vacuum. The peptide was deprotected and
cleaved from the resin by treatment with a mixture of trifluoroacetic
acid (TFA)/thioanisole/phenol/water/1,2-ethanedithiol/triisopropylsi-
lane = 8.15/0.5/0.5/0.5/0.25/0.1 at room temperature for 4 h. The
reaction mixture was filtered to remove the resin and the filtrate
was concentrated under vacuum. The peptide was precipitated by
adding ice-cooled methyl ferz-butyl ether (MTBE) to the residue and
the supernatant was decanted. After repeating the washing with
MTBA 5 times, the precipitated peptide was dried under vacuum. The
crude product was purified by reverse-phase HPLC (RP-HPLC,
Inertsil ODS-3) eluting with a linear gradient of CH;CN/water
containing 0.1% TFA (25/75 to 35/65 over 100 min). The fraction
containing the desired peptide was lyophilized to give 157 mg of a
flocculent solid (67 % yield). MALDI-TOF MS (matrix: a-cyano-4-
hydroxycinnamic acid, a-CHCA): m/z 2305.3 [M+H]" (calcd 2304.2).
The existence of the peptide sequence was confirmed by MS/MS
analysis (see Figure S1 in the Supporting Information).

Defect peptide 2 (H-Ile-Asn-His-Val-Gly-Gly-Thr-Ile-Met-Ala-
Pro-Val-Ala-OH) was prepared by a procedure similar to the one
described above (yield: 66 mg (45%)). MALDI-TOF MS (matrix:
a-CHCA): m/z 1464.7 [M+H]" (calcd 1463.8).
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