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Guest-binding behavior of peptide nanocapsules
self-assembled from viral peptide fragments

Kazunori Matsuura1, Kenta Watanabe2, Yoshihiro Matsushita2 and Nobuo Kimizuka2,3

The binding behavior of guests (dyes and DNA) into peptide nanocapsules formed via self-assembly of a 24-mer b-annulus

peptide fragment obtained from the capsid protein of the tomato bushy stunt virus is reported. The pH dependence of

the f potential of the peptide nanocapsules indicates that the C- and N-termini are directed to the exterior and interior

of the nanocapsules, respectively. Equilibrium dialysis experiments with dyes and the peptide nanocapsules at pH 7 showed

that the peptide nanocapsules tend to bind anionic dyes. Binding of sodium 8-anilinonaphthalene-1-sulfonate and uranine into

the peptide nanocapsules minimally affected the size of the nanocapsules, whereas binding of other anionic dyes resulted in

the formation of precipitates. In addition, binding of Thioflavin T to the b-annulus peptide promoted disassembly of the

nanocapsules. Complexation of the b-annulus peptide with M13 phage DNA formed a core-shell nanosphere in which the

DNA was encapsulated in the peptide assembly.
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INTRODUCTION

Natural spherical plant viruses consist of genome nucleic acids
encapsulated in an outer protein shell known as the capsid. Viral
capsids with icosahedral symmetry have a discrete size, and are
formed by self-assembly of capsomere proteins. Recently, because of
their fascinating nanostructures with discrete nanospaces, plant viral
capsids have attracted much attention as novel materials for nano-
reactors and nano-carriers.1–4 For example, encapsulation of dyes,5

drugs,6 proteins,7,8 synthetic polymers9,10 and inorganic clusters11–13

into plant spherical viral capsids has been reported. In addition,
Hilvert and coworkers reported that engineered nonviral protein
capsids such as lumazine synthase from Aquifex aeolicus are also
applicable as nano-carriers for proteins and DNA.14–16 Currently,
however, functional modification of natural protein capsules, such as
plant viral capsids and virus-like lumazine synthase capsids, requires
complicated technologies such as gene recombination and protein
expression. Therefore, the reconstruction of virus-like nanocapsules
from synthetic molecules would enhance their potential for molecular
designs. However, the development of chemical strategies for de novo
designed virus-like nanocapsules is still in its infancy.

To date, artificial peptide assemblies consisting of coiled-coil
a-helix17–20 and b-sheet21–24 have been reported. We developed
virus-inspired C3- and C5-symmetric b-sheet-forming peptide
conjugates25–28 and C3-symmetric glutathione conjugates29–31 and
reported their characteristic self-assembling behavior in water.32

Recently, we also synthesized a 24-mer peptide fragment 1

(INHVGGTGGAIMAPVAVTRQLVGS), which participates in the
b-annulus motif in the tomato bushy stunt virus (TBSV) and
found that 1 self-assembles in water into virus-like nanocapsules
with a diameter of 30–50 nm.33 Herein, we report the binding
behavior of guests (dyes and DNA) into the virus-like nanocapsules
formed from the b-annulus peptide (Figure 1).

MATERIALS AND METHODS
Reagents were obtained from commercial sources and used without further

purification. M13 phage DNA (M13 mp18 RF DNA, 7249 bp) was purchased

from TaKaRa Biotechnology Co., Ltd. (Otsu, Japan). Deionized water of high

resistivity (418 MO cm) purified with a Millipore (Billerica, MA, USA)

Purification System (Milli-Q water) was used as the solvent. Synthesis and

identification of b-annulus peptide 1 have been previously described.33

Dynamic light scattering (DLS) measurements
A stock aqueous solution of b-annulus-24 peptide 1 (0.1 mM, pH 4.3) was

prepared by simply dissolving it in deionized water. Aqueous solutions of the

peptide at pH 2.0, 7.0, 11.1 and 13.0 were prepared by adding a small amount

of 10 M NaOH aq. or 0.1 M HCl aq. into the stock solution (the pH of each

solution was measured using the Horiba (Kyoto, Japan) twin pH meter B-212).

DLS measurements were obtained using a Zetasizer NanoZS (Malvern

Instruments Ltd., Worcestershire, UK) instrument at 25 1C with an incident

He-Ne laser (633 nm). During the measurements, the count rate (the sample-

scattering intensity) was also provided. The correlation time for the scattered

light intensity G(t) was measured several times, and the averaged results were

fitted to equation 1, where B is the baseline, A is the amplitude, q is the
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scattering vector, t is the delay time and D is the diffusion coefficient:

GðtÞ¼BþA � expð� 2q2DtÞ ð1Þ

The hydrodynamic radius (RH) of the scattering particles was calculated

using the Stokes–Einstein equation (equation 2), where Z is the solvent

viscosity, kB is Boltzmann’s constant and T denotes the absolute temperature.

RH¼
kBT

6pZD
ð2Þ

f-Potential measurements
The z potential of the peptide nanocapsules at pH 2.0, 4.3, 7.0, 11.1, and 13.0

was determined by measuring the electrophoretic mobility in disposable Zeta

cells using a Zetasizer NanoZS (Malvern Instruments Ltd.) at 25 1C.

Binding study for dyes
Aqueous solutions of dyes (0.1 mM, pH 7) were added to powdered samples of

peptide 1 and incubated for 60 min at 25 1C ([peptide]¼ 0.1 mM). An aliquot

(0.5 ml) of each solution was dialyzed to equilibrium against 5 ml of water (pH

7) at 25 1C using a Mini Dialysis Kit (1 kDa cutoff, GE Healthcare, Tokyo,

Japan). The amount of dye permeated through the dialysis membrane was

determined from the absorption spectrum (Jasco V-570 spectrophotometer,

Jasco, Tokyo, Japan) of the dialyzed bulk solution. The proportion of dye

bound to the b-annulus peptide 1 after dialysis in water was calculated using

equation 3:

% of bound dyes¼ðAdye�A1þ dyeÞ/A0�100 ð3Þ

where, A0 is the absorbance at the lmax of a 0.1 mM aqueous solution of the

dye, and the Adye is absorbance at the lmax of the dye in the dialyzed bulk

solution when the 0.1 mM dye solution is dialyzed, and A1þ dye is the

absorbance when a solution of 0.1 mM dye and 0.1 mM peptide 1 assemblies

is dialyzed.

Fluorescence spectra of sodium 8-anilinonaphthalene-1-sulfonate (ANS;

0.1 mM) in the absence and presence of peptide 1 were measured at 25 1C

with excitation at 380 nm using a Perkin Elmer LS-45 instrument (Perkin

Elmer, Waltham, MA, USA).

Encapsulation of M13 phage DNA
An aqueous solution of peptide 1 was gradually added to an aqueous solution

of M13 phage DNA and incubated for 60 min at 25 1C ([peptide]¼ 0.050 mM

([cation(peptide)]¼ 0.1 mM), [DNA]¼ 13.8 nM ([anion(DNA)]¼ 0.1 mM)). A

DLS measurement of the mixture was obtained using a Zetasizer NanoZS

(Malvern Instruments Ltd.), as described above.

Transmission electron microscopy (TEM)
The aqueous solution of M13 phage DNA/peptide 1 (10ml) was mixed with

10ml of 0.1 mM aqueous cisplatin (cis-diammine dichloro platinum (II)), and

the mixture was applied to a carbon-coated Cu-grid (Oken Co., Ltd., Tokyo,

Japan), kept for 60 s, and then removed. The grid was dried in vacuo, and

subjected to TEM observation (JEOL JEM-2010, JEOL, Tokyo, Japan) with an

acceleration voltage of 100 kV. The observed grid was then stained with 10ml of

a 2 wt% aqueous uranyl acetate solution, dried in vacuo, and subjected to TEM

observation for second time.

RESULTS AND DISCUSSION

The pH dependence of the size distribution obtained from the DLS
measurements of the aqueous solution of b-annulus peptide 1 in
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Figure 1 Illustration of the guest binding of virus-like nanocapsules self-

assembled from a 24-mer b-annulus peptide fragment. A full color version

of this figure is available at Polymer Journal online. -50
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Figure 2 Effect of pH on (a) the size distribution determined by DLS of an

aqueous solution of b-annulus peptide 1 (0.1 mM) at 25 1C, (b) the z
potentials of the peptide nanocapsules. (c) Expected charges on b-annulus

peptide 1 at various pH. A full color version of this figure is available at

Polymer Journal online.
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water at 25 1C is shown in Figure 2a. b-Annulus peptide 1 self-
assembled into nanocapsules over a wide pH range, although the sizes
of the particles at an acidic and basic pH were smaller than at a
neutral pH. It should be noted that the surface z potentials of the
peptide nanocapsules did not match the expected net charges
of b-annulus peptide 1 at various pHs (Figures 2b and c).
The z potentials at pH 4.3 and 7.0 were practically neutral, although
the net charges were expected to be þ 2 and þ 1, respectively, while
the z potentials at pH 2 and 13 had similar absolute values (þ 35±6
and �30±5 mV), although the net charges were expected to be þ 3
and �1, respectively. These results indicate that the surface z
potentials of the peptide nanocapsules are dominated by the charges
of the C-terminal sequence (RQLVGS-COOH), and the N-terminal
sequence (H2N-INH) has a minimal effect. It can also be inferred that
the C-terminal is directed to the surface, while the N-terminal is
directed to the interior of the peptide nanocapsules, which corre-
sponds to the terminal direction of the natural TBSV capsid.34

The binding of dyes (Chart 1) to the peptide nanocapsules was
investigated via equilibrium dialysis in water (pH 7) at 25 1C. These
dyes (0.1 mM) can permeate through the dialysis membrane (cutoff
Mw¼ 1 kDa) in the absence of peptide 1. Aqueous solutions of the

dyes were added to powdered samples of peptide 1 to encapsulate the
dyes within the peptide nanocapsules. The proportion of dye bound
to peptide 1 (0.1 mM) was quantitatively estimated by measuring the
concentration of the dialyzed solution. Notably, the peptide nano-
capsules tend to bind anionic dyes rather than cationic dyes
(Figure 3). In addition, the binding of ANS and uranine into the
peptide nanocapsules minimally affected the size of the nanocapsule
(Figure 4), while the binding of other anionic dyes (Congo Red,
Methyl Orange and Pyrogallol Red) led to precipitate formation. It is
probable that ANS and uranine bind to the cationic interior of the
peptide nanocapsule at pH 7 because the N-terminal of peptide 1
would be directed to the interior of the nanocapsules (Figures 2b and
c). Cationic Rhodamine 6G was also bound to the peptide nano-
capsule (Figure 3), but the size of the nanocapsule in the presence of
Rhodamine 6G was larger than that of the peptide nanocapsule alone
(Figure 4d). It is presumed that Rhodamine 6G was adsorbed on
peptide 1 by hydrophobic interaction, and thus the size of the
nanocapsule was affected because of the electrostatic repulsion
between the dye and peptide. It is natural to assume the presence
of a dynamic equilibrium in these peptide assemblies, which leads to a
change in the nanocapsule size upon binding of guest molecules.
Interestingly, DLS measurements of an aqueous solution of peptide 1
in the presence of Thioflavin T (ThT), which is known as an amyloid-
binding dye, did not afford analyzable autocorrelation data
(Supplementary Figure S1), suggesting that ThT promoted the
disassembly of the peptide nanocapsules.

Figure 5a shows binding isotherms for ANS and uranine to the
peptide nanocapsules (50 nmol) at 25 1C. If these dyes were bound to
the nanocapsules through only 1:1 electrostatic interaction, the
binding quantity would be saturated at 50 nmol. However, these dyes
bound to the peptide nanocapsules beyond 50 nmol, suggesting that
they were physically encapsulated in the interior of the peptide
nanocapsules. Although ANS is a polarity-sensitive dye, and its
fluorescence spectrum is shifted to a shorter wavelength in a lower
polarity environment, the peptide nanocapsule minimally affected the
fluorescence spectrum of ANS (Figure 5b). Thus, it seems that ANS is
entrapped in the inner aqueous phase of the peptide nanocapsules.

From the pH dependence of the z potential (Figure 2), it can be
expected that the peptide nanocapsules possess a cationic interior and

Congo Red

Methyl Orange

Rhodamine 6G
Crystal Violet

Thioflavine T

Pyrogallol Red

ANS Uranine

Methylene Blue

Chart 1 Structures of the dyes used in this study. A full color version of this

figure is available at Polymer Journal online.
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Figure 3 Proportion of dyes bound to b-annulus peptide 1 after dialysis in

water (pH 7, [dyes]¼ [peptide]¼0.1 mM, 25 1C). A full color version of this

figure is available at Polymer Journal online.
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a zwitterionic surface at pH 4.3. Therefore, we examined the
encapsulation of a polyanion, M13 phage DNA (7249 bp) into the
peptide nanocapsules under these same conditions. An aqueous
solution of peptide 1 was gradually added to an aqueous solution
of M13 phage DNA at pH 4.3 to produce equimolar complexes of the

cation (peptide) and the anion (DNA). The DNA/peptide 1 com-
plexes did not precipitate, and the average size of the complexes was
estimated by DLS to be 82±17 nm (Figure 6a). In addition, while the
TEM analysis of peptide 1 alone stained with cisplatin did not show
any images, TEM observation of the complexes stained with cisplatin,
which selectively bind to DNA, showed formation of globular DNA
particles with a diameter of 30±7 nm (Figures 6b and e). In contrast,
in the absence of peptide 1, DNA molecules with irregular morphol-
ogy were observed by TEM (Figure 6d). Furthermore, when uranyl
acetate stain was added to the DNA/peptide 1 complexes previously
stained with cisplatin, core-shell nanospheres with a diameter of
95±13 nm were observed by TEM (Figures 6c and e). This diameter
is comparable to the average value obtained from the DLS measure-
ments (Figure 6a). These results indicate that the M13 phage DNA
was compacted and encapsulated in the b-annulus peptide assemblies
to form core-shell spheres, as illustrated in Figure 6f. A possible
mechanism for the core-shell particle formation of the DNA/peptide
1 complex is as follows: (1) the cationic peptides are adsorbed onto
the DNA via electrostatic interaction and (2) the adsorbed peptides
self-assemble into core-shell nanospheres around the compacted
DNA. The size of the DNA/peptide 1 complexes (82±17 nm by
DLS) was larger than that of the peptide 1 assemblies (48±7 nm by
DLS) at pH 4.5. This dynamic transformation into the core-shell
nanospheres is one of the most important features of the present
peptide nano-assemblies. This behavior is consistent with the
proposed dynamic equilibrium of peptide assemblies that allows
them to re-organize upon the binding of guest molecules.

CONCLUSION

We demonstrated that the C- and N-termini are directed to the exterior
and interior, respectively, of peptide nanocapsules self-assembled from
the b-annulus peptide of TBSV. Relatively small anionic dyes (ANS and
uranine) were encapsulated in the nanocapsule, because of the cationic
interior environment. A DNA polyanion was also encapsulated in the
peptide nanocapsules to form core-shell nanospheres. Modification of
the b-annulus peptide would extend the molecular design of functional
nanocapsules that can encapsulate various guest molecules. We
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envisage that the artificial virus-like nanocapsules could be applied to
novel nanomaterials for drug and gene delivery systems.35,36
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