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Ribonuclease S (RNase S) is an enzyme that exhibits anticancer
activity by degrading RNAs within cancer cells; however, the
cellular uptake efficiency is low due to its small molecular size.
Here we generated RNase S-decorated artificial viral capsids
with a size of 70–170 nm by self-assembly of the β-annulus-S-
peptide followed by reconstitution with S-protein at neutral pH.

The RNase S-decorated artificial viral capsids are efficiently
taken up by HepG2 cells and exhibit higher RNA degradation
activity in cells compared with RNase S alone. Cell viability
assays revealed that RNase S-decorated capsids have high
anticancer activity comparable to that of standard anticancer
drugs.

Introduction

Ribonuclease (RNase)[1] is an enzyme that degrades ribonucleic
acid into oligonucleotides and mononucleotides, which is
attracting attention as an enzyme preparation that exhibits
anticancer activity by administering into cancer cells.[2–15] When
RNase is administered to cancer cells, it exhibits anticancer
effects by degrading intracellular ribonucleic acid, inducing
apoptosis by caspases, proteolytic enzymes involved in pro-
grammed cell death, and regulating DNA transcription, and
cytokine production.[16,17] Since cancer cells have specific ligands
for RNase on their surface, RNases selectively accumulate into
cancer cells.[2,18] In addition, RNase are not toxic for normal cells
grown in vitro, nor does it exert appreciable toxic effects when
administered in vivo to experimental animals.[2,18] Thus, many
attempts to use RNase as anticancer enzyme drugs have been
reported. For example, D’Alessio et al. reported that treatment
of tumor cells with bovine seminal RNase resulted in the
suppression of intracellular protein synthesis by rRNA degrada-
tion and antitumor activity.[14] Magun et al. succeeded in
inducing cell death by introducing the amphibian cytotoxic
RNase, Onconase, into cancer cells.[15]

With respect to enzyme replacement therapy, small-sized
enzymes are introduced into cells, but penetration into specific

cells and tissues may be limited.[19] The cellular uptake efficiency
of nanoparticles depends on the size, and particles of approx-
imately 50 nm are efficiently taken up.[20,21] RNase alone exhibits
low uptake efficiency in cells due to its small molecular size
(typically 3–4 nm); therefore, excess amounts of RNase must be
added in vitro or in vivo to achieve a high uptake efficiency.
However, an overdose of RNase may occur resulting in high
cytotoxicity to cells other than cancer cells.[22]

Naturally occurring spherical viruses have a size of typically
30–50 nm.[23] They may be exploited as a carrier for forming
complexes with enzymes to increase the cellular uptake
efficiency of enzymes. Spherical viral capsids consist of protein
shells with an icosahedral symmetry and have been used for
encapsulating enzymes in place of viral nucleic acids.[24–27] In
addition, viral capsids decorated on the surface with enzymes
can enhance cellular uptake.[28–31] For example, Jaimes et al.
decorated the surface of primate erythroparvovirus capsid with
α-glucosidase.[30] Evans et al. constructed a cowpea mosaic virus
capsid decorated with horseradish peroxidase and glucose
oxidase, which exhibited high enzymatic activity.[31] Although
natural and mutated viral capsids have been used as enzyme
carriers, diverse molecular designs that may impart arbitrary
functions are limited.

Recently, viral capsid-like nanocapsules that self-assemble
from artificially designed proteins or peptides have been
created that possess various functions.[32–47] The artificial design
of symmetric assembling protein subunits has enabled the
construction of protein nanocages that exhibit cubic, dodecahe-
dral, and icosahedral symmetry.[45–47] We established an artificial
viral capsid with a diameter of 30–50 nm self-assembled from a
24-residue peptide (INHVGGTGGAIMAPVAVTRQLVGS) of β-annu-
lus motif, which is involved the formation of the endoskeleton
of tomato bushy stunt virus.[48–50] The N-terminus of the β-
annulus peptide is directed inside the capsid, which facilitates
the encapsulation of DNA,[51,52] mRNA[53] or His-tagged GFP[54,55]

in the artificial viral capsid. Since the C-terminus is directed to
the outside of the capsid, gold nanoparticles[56] and proteins[57,58]

were decorated on the surface of the capsids.
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The split enzyme, RNase S, is reconstituted from S-protein
and S-peptide, which are produced by digesting RNase A with
subtilisin.[1] The ease of association (the association constant:
7 × 106 M� 1 at 25 °C) has been used as a reversible component
of enzymatic supramolecular assemblies.[59–66] We successfully
created an artificial viral capsid decorated with RNase S by
reconstructing the S-protein on the surface of an S-peptide-
modified artificial viral capsid.[67] However, the assembly was
done using an acetic acid buffer (pH 4.5), which is not suitable
for studies evaluating anticancer activity in cultured cells. In this
study, we constructed an RNase S-decorated artificial viral
capsid in phosphate buffer at pH 7.4 and evaluated the
assembled structure, uptake into cancer cells, degradation of
intracellular RNA, and anticancer effects.

Results and Discussion

Based on our previous report,[67] β-annulus-S-peptide was
prepared by native chemical ligation of benzylthioesterified β-
annulus peptide at the C-terminus (β-annulus-SBn: IN-
HVGGTGGAIMAPVAVTRQLVGG-SBn, Figure S1) with the S-pep-
tide containing Cys at the N-terminus (Cys-S-peptide: CGGGKE-
TAAAKFERQHMDS). The β-annulus-S-peptide was purified by
reversed-phase HPLC and confirmed by MALDI-TOF-MS (Fig-
ure S2). We previously explored how to construct an RNase S-
decorated artificial viral capsid with enzymatic activity by the
self-assembly of β-annulus-S-peptide followed by the recon-
struction with the S-protein.[67] Although the self-assembly of β-
annulus-S-peptide was attempted in neutral water adjusted
with NaOH and in Tris-HCl buffer (pH 7.4), the β-annulus-S-
peptide formed aggregates not spherical structures with the
size of about 50 nm. Unavoidably, we allowed the β-annulus-S-
peptide to self-assemble at pH 4.5 to construct RNase S-
decorated artificial viral capsid. Since these conditions are not
suitable for cellular experiments, we reexamined the conditions
for the self-assembly the β-annulus-S-peptide. By dissolving the
β-annulus-S-peptide in phosphate buffer at pH 7.4 followed by
sonication, we succeeded in constructing S-peptide-modified
and RNase S-decorated artificial viral capsids (Scheme 1).The
synthesized β-annulus-S-peptide was dissolved by sonication
for 30 s in phosphate buffer at pH 7.4 and incubated at 25 °C for
40 min to allow self-assembly. The size distribution obtained
from dynamic light scattering (DLS) measurement of the
solution of β-annulus-S-peptide (25 μM) at pH 7.4 was 47�
23 nm (Figure S3), which was similar to that at pH 4.5. This

indicates that the S-peptide-modified artificial viral capsid may
be constructed at neutral pH.

The RNase S-decorated capsid was constructed by incubat-
ing an equimolar (25 μM) mixture of the S-peptide- modified
capsid and S-protein at 25 °C for 4 h in phosphate buffer
(pH 7.4). The reconstruction of RNase S on the surface of the
capsid was confirmed by CD spectra as it is known that the
ellipticity increases more negatively around 215–235 nm by the
reconstruction of RNase S compared with the S-protein alone.[68]

The negative molar ellipticity of the S-protein was increased by
forming a complex with equimolar β-annulus-S-peptide in
phosphate buffer (Figure 1). This suggests that the reconstitu-
tion of RNase S on the surface of the capsid may be achieved at
pH 7.4. This increase in the negative ellipticity was a large
change compared with that in acetate buffer (pH 4.5).[67] There-
fore, it appears that more RNase S may be reconstituted at
pH 7.4 with a secondary structure containing a higher α-helix
content compared with that at pH 4.5.

The DLS of the aqueous solution of RNase S-decorated
capsid reconstituted at pH 7.4 showed the formation of an
assembly with a size of 71�43 nm (Figure 2A). The increase in
particle size compared with the S-peptide-modified capsid
(Figure S3) was probably caused by reconstruction of RNase S
on the capsid. In Transmission electron microscopy (TEM)
images, hollow spherical structures with a rugged wall were
evident, but the particle size was approximately 100–170 nm
(Figure 2B). In contrast, TEM images of the S-peptide modified

Scheme 1. Schematic illustration of construction of RNase S-decorated artificial viral capsid in 10 mM phosphate buffer (pH 7.4).

Figure 1. CD spectra of S-peptide-modified artificial viral capsid ([β-annulus-
S-peptide]= 25 μM, black), 25 μM S-protein (blue), and RNase S-decorated
artificial viral capsid ([β-annulus-S-peptide]= [S-protein]=25 μM, red) in
10 mM phosphate buffer (pH 7.4) at 25 °C.
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capsid showed spherical structures with a size of 70–150 nm
(Figure S4), which is smaller than that of RNase S decorated
capsid observed by TEM. These results support the decoration
of RNase S on the capsids.

Under drying conditions for TEM observation, the spherical
capsid became deformed to a spheroid and the observed
particle size appeared larger. The enzymatic activity of the
RNase S-decorated capsid was evaluated using the RNaseAlert®
Lab Test Kit (Thermo Fisher Scientific) in which fluorescence
intensity of the RNA substrate was enhanced by cleaving the
RNA strand with ribonuclease. The RNase S-decorated capsid
retained approximately 85 % of its original enzymatic activity
compared with RNase S alone at pH 7.4 (Figure 3), which was
similar to the result at pH 4.5.[67] The activity of RNase S-
decorated capsid was kept approximately 81 % enzyme activity

of RNase S alone even after 24 hours of incubation in DMEM
medium (Figure S5), indicating that the RNase S decorated
capsid is sufficiently stable in physiological condition.

Since the RNase S-decorated artificial viral capsid exhibits
high enzymatic activity, the capsid was predicted to show
anticancer activity. The uptake of the RNase S-decorated capsid
into human hepatoma HepG2 cells was evaluated by confocal
laser scanning microscopy (CLSM). A RNase S-decorated fluo-
rescent tetramethylrhodamine (TMR)-labeled capsid was con-
structed by co-assembling TMR-β-annulus and β-annulus-S-
peptide (Figure S6). As a control, TMR-RNase S was prepared by
reconstituting TMR-labeled S-peptide with S-protein (Figure S7).
Following the addition of the TMR-labeled capsid to HepG2
cells, the cells were cultured at 37 °C in 5 % CO2 for 48 h. The
CLSM images revealed that more red fluorescence was evident
in cells by adding RNase S-decorated TMR-labeled capsid
compared with TMR-RNase S (Figure 4A,B, S8). The quantified
intracellular TMR-fluorescence distribution showed a significant
difference between TMR-RNase S and RNase S-decorated TMR-
labeled capsid (Figure 4C, p<0.001***). These results indicate
that the cellular uptake efficiency of RNase S-decorated capsid
with a size of approximately 100 nm was higher compared with
RNase S alone.

To evaluate whether the intracellular RNA is degraded by
RNase S-decorated capsids, HepG2 cells were stained with
Strand Brite TM RNA Green (AAT Bioquest, Inc.), which fluoresces
upon binding to intracellular RNA (Figure 5A). The CLSM images
RNAs decreased following the addition of TMR-RNase S alone or
RNase S-decorated TMR-labeled capsid compared with un-

Figure 2. (A) Size distribution obtained from DLS and (B) TEM images of
RNase S-decorated artificial viral capsid ([β-annulus-S-peptide]= [S-protein] -
= 25 μM) in phosphate buffer (pH 7.4) at 25 °C.

Figure 3. Fluorescence spectra of the reaction mixtures using the RNaseAlert
Lab Test in the presence of 25 μM RNase S (green), RNase S-decorated
artificial viral capsid ([β-annulus-S-peptide]= [S-protein]=25 μM,
red), 25 μM S-protein (blue), S-peptide-modified artificial viral capsid ([β-
annulus-S-peptide]= 25 μM, purple), and substrate only (black) in 10 mM
phosphate buffer (pH 7.4) at 25 °C. The excitation wavelength was 490 nm.

Figure 4. Cellular uptake of RNase S-decorated artificial viral capsid. Confocal
laser scanning microscopy (CLSM) images of HepG2 cells in the presence of
(A) TMR-labeled RNase S ([S-protein] = [TMR� S-peptide] =25 μM) and (B)
TMR-labeled RNase S-decorated artificial viral capsid ([β-annulus-S-peptide] -
= [S-protein]=25 μM, [TMR-β-annulus] =5 μM). (C) Box plot of the
fluorescence intensity distribution of TMR (N=50). ***, p<0.001 by a one-
way analysis of variance (ANOVA) followed by Mann-Whitney U test.
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treated cells (Figure 5B). Quantitative analysis revealed that the
green fluorescence intensity inside the cells was decreased in
the following order: untreated cells>TMR-RNase S>RNase S-
decorated TMR-labeled capsid (Figure 5C). These results indicate
that the RNase S-decorated TMR-labeled artificial viral capsid
was successfully introduced into HepG2 cells and degraded the
intracellular RNA; however, the intracellular RNA-derived
fluorescence did not completely disappear by the RNase S-
decorated capsid. This may be the result of incomplete escape
of the capsid from the endosomes.

To estimate the extent of RNA degradation by the RNase S-
decorated capsid in HepG2 cells, the intracellular RNAs were
extracted and quantified. After addition of each sample to the
cells and incubating for 48 h at 37 °C and 5 % CO2, the RNAs
were extracted and quantified. Following the addition of RNase
S-decorated capsid ([β-annulus-S-peptide]= [S-protein] =

25 μM), the amount of RNA in HepG2 cells was decreased to
56 % of the original amount (Figure 6A). In contrast, the
addition of S-peptide-modified capsid and S-protein alone
minimally affected the intracellular RNA quantity. Interestingly,
RNase S-decorated capsid resulted in more RNA degradation
compared with RNase S or RNase A alone at the same
concentration (25 μM), probably as a result of higher cellular
uptake. Figure 6B shows the time course of the amount of
intracellular RNA by the addition of RNase S-decorated capsid
and actinomycin D (1.9 μM), which is a commercial anticancer
drug that inhibits intracellular RNA synthesis.[69] The rate of
decrease of RNA by the addition of RNase S-decorated capsid
was slower compared with that following the addition of
actinomycin D, although both had similar amounts of RNA after
48 h. Since actinomycin D is an anticancer drug that inhibits the

synthesis of RNA in cancer cells, the amount of RNA decreased
relatively rapidly, whereas RNase S-decorated capsid gradually
degraded intracellular RNA.

Finally, the anticancer activity of RNase S-decorated capsid
was evaluated using a water-soluble tetrazolium salt (WST)
assay, a method for measuring cell viability. It is known that
WST-8 is reduced to a water-soluble formazan by lactate
dehydrogenase in living cells, which exhibits increased absorb-
ance at 450 nm.[70] After each sample was added to HepG2 cells
and incubated at 37 °C and 5 % CO2 for 48 h, the absorbance at
450 nm was measured (Figure 7A). By adding an RNase S-
decorated artificial viral capsid ([β-annulus-S-peptide]= [S-
protein] =25 μM), cell viability was decreased by 52 % of the
untreated cells, which is comparable to that of the commercial
anticancer drugs, taxol and actinomycin D (Figure 7B). RNase S-
decorated capsid exhibited a lower cell viability compared with
RNase S or RNase A alone at the same concentration. The
higher anticancer activity may be caused by higher intracellular
uptake efficiency (Figure 4) and intracellular RNA degradation
activity (Figures 5, 6) of the RNase S-decorated artificial viral
capsid.

Conclusion

We successfully constructed an RNase S-decorated artificial viral
capsid that exhibited enzyme activity by reconstituting β-
annulus-S-peptide with S-protein in phosphate buffer at pH 7.4.
DLS and TEM revealed the formation of hollow spherical
structures with a rugged wall and a size of 70–170 nm. We
showed that the RNase S-decorated artificial viral capsid could

Figure 5. (A) Schematic illustration of HepG2 cell RNA degradation by RNase S-decorated artificial viral capsid. (B) CLSM images of HepG2 cells in the absence
and presence of 25 μM RNase S or RNase S-decorated artificial viral capsid ([β-annulus-S-peptide]= [S-protein]= 25 μM). Channel for Strand Brite TM RNA Green
(green). (C) Box plot of the fluorescence intensity distribution of Strand Brite TM RNA green (N =50). ***, p<0.001, **, p<0.01, by a one-way ANOVA followed
by Kruskal–Wallis test.
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be introduced into HepG2 cells more efficiently than RNase S
alone and sufficiently degraded intracellular RNAs. Furthermore,
RNase S-decorated capsids exhibited anticancer activity com-
parable with anticancer drugs due to higher cell uptake and
intracellular RNA degradation. Although the present study
focused on the anticancer activity of the RNase S-decorated
artificial viral capsid at the cellular level as a first step in the
proof of concept, the anticancer experiments in vivo level would
enhance the impact and practicality of this molecular system. In
near future, we plan to analyze the pharmacokinetics of the
RNase S-decorated artificial capsids in mice and the anticancer
activity in more detail. The molecular strategy of enzyme-
decorated artificial viral capsids provides a new perspective for
enzyme replacement therapy and anticancer drug research.

Experimental Section
General methods: Reversed-phase HPLC was performed at ambient
temperature using a Shimadzu LC-6AD liquid chromatography

system equipped with a UV/vis detector (220 nm, Shimadzu SPD-
10AVvp) and Inertsil ODS-3 or WP300 C4 (GL Science) columns
(250 × 4.6 mm or 250 × 20 mm). MALDI-TOF mass spectra were
obtained using an Autoflex T2 instrument (Bruker Daltonics) in
linear/positive mode with α-cyano-4-hydroxy cinnamic acid (α-
CHCA) as the matrix. CD spectra were measured at 25 °C in a
1.0 mm quartz cell using a JASCO J-820 spectrophotometer
equipped with a Peltier-type thermostatic cell holder. Ribonuclease
S from bovine pancreas was purchased from Sigma-Aldrich and
separated into the S-peptide and S-protein fractions using
reversed-phase HPLC with a Inertsil WP300C4 (GL Science) column
according to the literature.[66] Other reagents were obtained from
commercial sources and were used without further purification.
Ultrapure water of high resistivity (>18 MΩcm) was purified using
a Millipore Purification System (Milli-Q water) and was used as a
solvent for the peptides. Ultrapure™ DNase/RNase-Free Distilled
Water was purchased from Thermo (500 mL, Thermo Fisher
Scientific).

Synthesis of β-annulus-S-peptide: The β-annulus-S-peptide (IN-
HVGGTGGAIMAPVAVTRQLVGGCGGGKETAAAKFERQHMDS) was syn-
thesized by native chemical ligation of benzylthioesterified β-
annulus peptide at the C-terminus (β-annulus-SBn: INHVGGTGGAIM
APVAVTRQLVGG-SBn) with S-peptide bearing Cys at the N-terminus
(Cys-S-peptide: CGGGKETAAAKFERQHMDS) according to our pre-
vious report.[67] The peptide was purified by reversed-phase HPLC
and confirmed by MALDI-TOF-MS (matrix: α-CHCA, m/z=4280
[M]+).

Synthesis of TMR-β-annulus peptide: β-Annulus peptide bearing
Cys at the N-terminus (CINHVGGTGGAIMAPVAVTRQLVGS) was
synthesized on Fmoc-Ser(tBu)-Alko-PEG resin (400 mg, 0.1 mmol/g;

Figure 6. (A) Relative RNA quantity extracted from HepG2 cells after
incubation in the presence of each sample for 48 h at 37 °C under 5 % CO2.
RNase S-decorated artificial viral capsid ([β-annulus-S-peptide]= [S-protein] -
= 25 μM), S-peptide-modified artificial viral capsid ([β-annulus-S-peptide] -
= 25 μM), 25 μM S-protein, 1.9 μM actinomycin D, 25 μM RNase S, and 25 μM
RNase A. (B) Time course of the decrease in RNA in HepG2 cells by the
addition of RNase S-decorated capsid ([β-annulus-S-peptide]= [S-protein] -
= 25 μM) or 1.9 μM actinomycin D (Act D). Results are shown as mean� -
standard deviation (N=3).

Figure 7. (A) Schematic illustration of the cell viability assay (WST assay). (B)
Cytotoxicity of HepG2 cells incubated in the presence of each sample for
48 h at 37 °C under 5 % CO2. RNase S-decorated artificial viral capsid ([β-
annulus-S-peptide]= [S-protein]=25 μM), S-peptide-modified artificial viral
capsid ([β-annulus-S-peptide]= 25 μM), 25 μM S-protein, 1.9 μM actinomycin
D, 25 μM taxol, 25 μM RNase S, and 25 μM RNase A.
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Watanabe Chemical Ind. Ltd.) using Fmoc-based coupling reactions
(four equivalents of Fmoc amino acids). An N-methylpyrrolidone
(NMP) solution containing (1-cyano-2-ethoxy-2-oxoethylidenami-
nooxy) dimethylamino-morpholino-carbenium hexafluorophos-
phate (COMU) and diisopropylamine was used as the coupling
reagent. Fmoc deprotection was achieved using 20 % piperidine in
N,N-dimethylformamide (DMF). The progression of the coupling
reaction and Fmoc deprotection was confirmed by TNBS and a
chloranil test kit. Peptidyl resins were washed with NMP and dried
under a vacuum. Peptides were deprotected and cleaved from the
resin by treatment with a cocktail of trifluoroacetic acid/1,2-
ethanedithiol/ triisopropylsilane/thioanisole/water at a 8.25/0.25/
0.1/0.5/0.5 (mL) ratio at room temperature for 4 h. Reaction
mixtures were filtered to remove resins and the filtrates were
concentrated under vacuum. The crude product was purified by
reversed-phase HPLC eluting with a linear gradient of CH3CN/water
containing 0.1 % TFA (5/95 to 100/0 over 100 min). The fraction
containing the desired peptide was lyophilized to give 6.1 mg of a
flocculent solid (35 % yield) and validated by MALDI-TOF MS
(matrix: α-CHCA): m/z =2411 [M+ 2]+. The obtained Cys-β-annulus
peptide powder was dissolved in 0.2 mM sodium phosphate buffer
(2.93 mL, pH 7.0) in an Eppendorf tube. Then, 100 mM Tris(2-
carboxyethyl) phosphine hydrochloride (TCEP-HCl) in water (30 μL)
and 10 mM tetramethylrhodamine-5-maleimide (TMR-maleimide,
Funakoshi Co., Ltd.) in dimethyl sulfoxide (24 μL) were added to the
solution, and the mixture was incubated in the dark at 25 °C for 6 h
(final concentration: 20 μM Cys-β-annulus peptide, 1 mM TCEP-HCl,
80 μM TMR-maleimide). After dialysis (Spectra/por7, cutoff Mw
1,000, Spectrum Laboratories, Inc.) in water for 20 h, the sample
was purified by reversed-phase HPLC eluting with a linear gradient
of CH3CN/water containing 0.1 % TFA (5/95 to 100/0 over 100 min).
The fraction containing the desired peptide was lyophilized and
dissolved in water (675 μL) to give an aqueous solution of 25 μM
TAMRA-β-annulus (28.2 % yield), which was subjected to MALDI-
TOF MS (matrix: α-CHCA): m/z= 2893 [M+2]+.

Preparation of TMR-RNase S: The Cys-S-peptide (CGGGKETAAAK-
FERQHMDS) was dissolved in 0.2 mM sodium phosphate buffer
(2.93 mL, pH 7.0), and then 100 mM TCEP-HCl in water (30 μL) and
10 mM TMR-maleimide in DMSO (24 μL) were added. The mixture
was incubated in the dark at 25 °C for 6 h (final concentration:
20 μM Cys-S-peptide, 1 mM TCEP-HCl, 80 μM TMR-maleimide). The
obtained TMR� S-peptide was purified by reversed-phase HPLC
eluting with a linear gradient of CH3CN/water containing 0.1 % TFA
(5/95 to 100/0 over 100 min). The fraction containing TMR� S-
peptide was lyophilized (40.1 % yield). The formation of TMR� S-
peptide was confirmed by MALDI-TOF-MS (matrix: α-CHCA, m/z=

2507 [M+2]+). The TMR-RNase S was prepared by incubating an
equimolar (25 μM) mixture of the TMR� S-peptide and S-protein at
25 °C for 24 h and confirmed by MALDI-TOF-MS (matrix: sinapinic
acid, m/z=14040 [M+2]+).

Dynamic light scattering (DLS): Stock solutions (0.1 mM) of β-
annulus-S-peptide were prepared by dissolution in 10 mM
phosphate buffer (pH 7.4) followed by sonication for 30 s. The
samples were prepared by diluting stock solutions with 10 mM
phosphate buffer (pH 7.4) or mixing with S-protein in the same
buffer and were incubated at 25 °C for 40 min. DLS measurements
were carried out using a Zetasizer Nano ZS (MALVERN) instrument
with an incident He� Ne laser (633 nm) at 25 °C. Correlation times of
the scattered light intensities G(τ) were measured several times,
and the means were calculated for the diffusion coefficient.
Hydrodynamic diameters of the scattering particles were calculated
by the Stokes-Einstein equation.

Transmission electron microscopy (TEM): Aliquots (3 μL) of the
DLS samples were applied to hydrophilized carbon-coated Cu-grids
(C-SMART Hydrophilic TEM grids, ALLANCE Biosystems) for 1 min

and then removed using filter paper. Subsequently, the TEM grids
were instilled in staining solution, 2 % phosphotungstic acid
[Na3(PW12O40) (H2O)n] (3 μL), for 1 min and then removed using filter
paper. After the sample-loaded carbon-coated grids were dried in
vacuo, they were analyzed by TEM (JEOL JEM 1400 Plus) using an
accelerating voltage of 80 kV.

Ribonuclease activity assay: The ribonuclease activity of RNase S-
decorated artificial viral capsid was measured by fluorescence
spectroscopy using the RNaseAlert Lab Test Kit (Thermo Fisher
Scientific). A solution of fluorescent RNA substrate in 10 ×
RNaseAlert Lab Test buffer (5 μL) was added to a solution of β-
annulus-S-peptide (25 μM) and S-protein (25 μM) in 10 mM
phosphate buffer (pH 7.4) and the mixture was vortexed. After
incubation at 37 °C for 1 h, the mixture was diluted with 10 mM
phosphate buffer (150 μL). When cultured in medium, each sample
was added to a mixture of 25 % 10 mM phosphate buffer (pH 7.4)
and 75 % DMEM medium (+ 10 % fetal bovine serum (FBS)) and the
mixture was vortexed. After incubation at 37 °C for 1 h and 24 h,
the samples were diluted with a mixture of medium and phosphate
buffer (150 μL). The fluorescence spectrum of the mixture was
measured using a JASCO FP-8200 spectrofluorometer at 25 °C at an
excitation wavelength of 490 nm.

HepG2 cell culture: Human hepatoma HepG2 cells were purchased
from the RIKEN BioResource Research Center (Ibaraki, Japan) and
cultured in Dulbecco’s Modified Eagle’s Medium (DMEM). All
medium contained 10 % FBS (v/v), Penicillin-Streptomycin-Neo-
mycin (PSN) Antibiotic Mixture (Gibco), 1 mM sodium pyruvate, and
1 % MEM nonessential amino acids (v/v, Sigma M7145). Cells were
maintained at 37 °C in a 5 % CO2 incubator, and a subculture was
performed every 3–4 days.

Intracellular introduction of RNase S-decorated TMR-labeled
capsid: HepG2 cells were seeded into a single-well glass bottom
dish at 2.0 × 104 cells/well in a final volume of 100 μL and incubated
for 24 h at 37 °C and 5 % CO2. Aqueous solutions (25 μL) of capsid
co-assembled from RNase S-decorated β-annulus-S-peptide
(100 μM)/TMR-β-annulus peptide (20 μM) and TMR-RNase S
(100 μM) were dissolved in DMEM (+ 10 % FBS, 75 μL), respectively,
and were added to the cells and incubated for 48 h at 37 °C and
5 % CO2. After removal of the solution, 10 μg/mL Hoechst 33342
(100 μL) was added to the cells and incubated for 10 min at 37 °C
and 5 % CO2. After washing with PBS, the medium was added to
the cells and CLSM measurement (FluoView FV10i, Olympus) was
performed. TMR was excited at 553 nm and observed through a
577 nm emission band-pass filter (red). Using the ImageJ analysis
software, the average fluorescence intensity per area in the
intracellular and extracellular regions were calculated, respectively.
By subtracting the extracellular intensity from the intracellular
intensity, the background-corrected intracellular fluorescence inten-
sity was quantified. 50 data of fluorescence intensities of TMR for
each sample (N=50) were collected and statistically processed. we
analyzed the fluorescence intensity of TMR for each sample (N=

50).

Fluorescent Imaging of intracellular RNAs: HepG2 cells were
seeded onto a single-well glass bottom dish at 2.0 × 104 cells/well in
a final volume of 100 μL and incubated for 24 h at 37 °C, 5 % CO2.
Aqueous solutions (25 μL) of capsid co-assembled from RNase S-
decorated β-annulus-S-peptide (100 μM)/TMR-β-annulus peptide
(20 μM) and TMR-RNase S (100 μM) were dissolved in DMEM (+
10 % FBS, 75 μL), respectively, and then added to the cells and
incubated for 48 h at 37 °C in 5 % CO2. Then, the cells were fixed
with pure methanol (Fujifilm Co., Ltd.) for 1 min at room temper-
ature and washed with PBS. The cells were immersed in 1 % Triton
X-100 (Nacalai Tesque Inc.) for 2 min and then washed twice with
PBS. Next, the solution was replaced with Strand Brite RNA Green
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(Former ABD Bio quest, Inc.) (0.25 μL, 400 × in DMSO) in DMEM (+
10 % FBS, 99.75 μL) and then incubated for 30 min at 37 °C and 5 %
CO2. After washing with PBS, the medium was added to the cells
and CLSM measurement was performed. Strand Brite RNA Green
was excited at 495 nm and observed through a 519 nm emission
band-pass filter (green). Using ImageJ analysis software, we
analyzed the fluorescence intensity of Strand Brite RNA Green from
each sample (N= 50).

Cell viability assay (WST assay): The cultured HepG2 cells were
plated in 96-well plates at a density of 1.0 × 104 cells/well in a final
volume of 100 μL and incubated for 24 h at 37 °C and 5 % CO2. The
culture medium was replaced with medium containing RNase S-
decorated capsid ([β-annulus-S-peptide] = [S-protein] =25 μM), S-
peptide-modified artificial viral capsid ([β-annulus-S-peptide]=

25 μM), 25 μM S-protein, 25 μM taxol, 1.9 μM actinomycin D, 25 μM
RNase S, or 25 μM RNase A and then incubated for 48 h at 37 °C
and 5 % CO2. The culture medium was replaced with fresh medium
(100 μL), and Cell Counting Kit-8 reaction solution (10 μL, Dojindo,
Japan) was added to each well. After incubating for 4 h, the
absorbance at 450 nm was measured using a NanoDrop™ One/
OneC (ND-ONE� W, Thermo Fisher Scientific). Cell viability (%) was
calculated by setting the absorbance of the untreated control cells
at 100 %.

Extraction and quantification of RNA in HepG2 cells: The cultured
HepG2 cells were seeded into 96-well plates at 1.0 × 104 cells/well in
a final volume of 100 μL and incubated for 24 h at 37 °C and 5 %
CO2. The culture medium was replaced with medium containing
RNase S-decorated capsid ([β-annulus-S-peptide] = [S-protein]=

25 μM), S-peptide-modified artificial viral capsid ([β-annulus-S-
peptide]= 25 μM), 25 μM S-protein, 25 μM taxol, 1.9 μM actino-
mycin D, 25 μM RNase S, or 25 μM RNase A and then incubated for
48 h. The culture medium was replaced with TRIZOL reagent
(500 μL, Thermo Fisher Scientific) and the cells were dissolved
directly by pipetting. After incubating at 25 °C for 5 min, chloroform
(100 μL) was added to the mixture, which was then shaken violently
for 15 s and incubated at 25 °C for 3 min. The mixture was
centrifuged at 12,000 g for 15 min at 4 °C, and then 2-propanol
(250 μL) was added to the supernatant. After standing at 25 °C for
10 min, the mixture was centrifuged at 12,000 g for 10 min at 4 °C.
After the supernatant was removed, the RNA pellet was obtained
from the bottom. The RNA pellet was washed once with 75 %
ethanol aq. (1 mL, prepared with Ultrapure™ DNase/RNase-Free
Distilled Water), vortexed, and centrifuged at 7500 g for 5 min at
4 °C. After the supernatant was removed, the pellet was air-dried
for 5 min. Ultrapure™ DNase/RNase-Free Distilled Water (500 μL)
was added to the resulting RNA pellet and incubated at 60 °C for
10 min to dissolve the RNA. The absorbance of each sample was
measured using a NanoDrop™ One/OneC (ND-ONE� W, Thermo
Fisher Scientific) at 260 nm. RNA quantity (%) was calculated by
setting the absorbance of the untreated HepG2 cells at 100 %.
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