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ABSTRACT: Artificial virus-like capsids decorated with ribonuclease S
(RNase S) on their exterior were constructed by the self-assembly of j-

annulus-S-peptide and the interaction between S-peptide moiety and S- =, Seltassembly
protein. The f-annulus-S-peptide was synthesized by native chemical ligation & Reconstruction ¥4
of f-annulus-SBz peptide with Cys-containing S-peptide that self-assembled =~ AAnnulus- —
into artificial virus-like capsids of approximately 47 nm in size. Reconstruction , i st
of RNase S on the artificial virus-like capsids afforded spherical assembly N £
. . q .. = ! s Artificial Viral Capsid
attached small spheres on the surface, which retained ribonuclease activity. > - .
decorated with RNase S

S-protein

‘ J iral capsids, the outer shells of virus assembled from tag GFP in the artificial virus-like capsid,® as the N-terminus is

proteins, have been recognized as attractive organic expected to be directed to the interior of capsid by {-potential

materials possessing discrete size, unique morphology, and a measurement.”> Modification of the C-terminus, expected to
constant aggregation number. They have been used as be directed to the exterior of capsid, enabled the surface
nanocarriers, nanotemplates, and nanoreactors.' ™ Over the modification of artificial virus-like capsids with gold nano-
past decade, rational design of artificial protein/peptide particles, coiled-coil peptides, single-stranded DNAs, and
assemblies based on ligand—receptor interactions, domain human serum albumin (HSA).'****” HSA-modified f-annulus
swapping, protein—protein interactions, and interactions peptide was synthesized by linking Cys-residues of HSA and f-
between secondary structures such as f-sheet and a-helix annulus peptide with bis-maleimide linker, and the resulting
have permitted the construction of various nanoarchitectures conjugate self-assembled into a stable artificial virus-like capsid
such as fiber, ring, tube, and capsule,10_23 The secondary displaying HSA on the surface.’” Thus, the modification of
structure formation of designed peptide/protein assemblies large protein to f-annulus peptide did not prevent the self-
can be predicted from the primary sequence, and the self- assembly into artificial virus-like capsid.
assembly process can also be programmed. Recently, virus-like Some naturally occurring viruses have enzymes on the
discrete nanoarchitectures have been constructed by the self- surface. For example, the influenza virus has neuraminidase,
assembly of fusion proteins consisting of symmetric oligomer- which hydrolyzes sialic acid from oligosaccharides. Although
forming subunits.”*>” Yeates et al. demonstrated that fusion viral capsids armed with enzymes have potential as a
proteins comprising trimer- and dimer-forming units self- nanodevice in a cell, there is only one reports on the
assembled into cubic protein assemblies.”* Kawakami et al. construction of enzyme-modified natural viral capsids.”® Here,
designed fusion proteins consisting of pentamer- and dimer- we demonstrate the first example of construction of enzyme-
forming coiled-coil units, which self-assembled into polyhedral decorated artificial virus-like capsid self-assembled from p-
protein cages.”” Although these virus-like protein assemblies annulus peptide.
are expected to apply to nanomaterials, the functionalization of Ribonuclease S (RNase S) is known as a split-type enzyme
nanocapsules remains challenging. that can be reconstructed from S-protein and S-peptide.’”*’

We have developed a simpler strategy compared with the Therefore, RNase S has been utilized as a reversible building
ones used to date of constructing a virus-like nanoarchitecture block Olf supramolecular assemblies bearing enzymatic
using peptide self-assembly. We found that the 24-mer p- activity."' ~** We designed f-annulus peptide bearing an S-
annulus peptide (INHVGGTGGAIMAPVAVTRQLVGS), peptide at the C-terminus (f-annulus-S-peptide) that was
which participates in the formation of a dodecahedral internal synthesized by native chemical ligation (NCL) of the
skeleton of tomato bushy stunt virus,””*" spontaneously self-

assembled into “artificial virus-like capsid” with a size of 30—50 Special Issue: Modern Peptide and Protein Chemistry
nm.*” In the cationic interior of the artificial virus-like capsid,
anionic guests such as anionic dyes, DNAs, and quantum dots
can be encapsulated.'***** The N-terminal modification of f-
annulus peptide with Ni-NTA enabled encapsulation of His-
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Scheme 1. (A) Synthesis of f-Annulus-S-peptide by Native Chemical Ligation. (B) Construction of Artificial Virus-like Capsids
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benzylthioesterified f-annulus peptide at the C-terminus (/-
annulus-SBz) with an S-peptide™ bearing Cys at the N-
terminus (Cys-S-peptide: CGGGKETAAAKFERQHMDS) as
shown in Scheme 1A. As the C-terminus of f-annulus peptide
can be directed to the exterior of an artificial virus-like capsid,*
we expected that the artificial virus-like capsid decorated with
RNase S would be constructed by the self-assembly of f-
annulus-S-peptide followed by an interaction of S-protein with
the S-peptide moiety at the outer surface (Scheme 1B).

In the past, we have successfully synthesized f- annulus
peptide bearing coiled-coil-forming peptide at C-terminus’ ° by
Dawson’s NCL using peptides activated by an N-acylbenzimi-
dazolinone (Nbz) group at the C-terminus synthesized by
Fmoc-solid phase synthesis.* Similarly, we planned to
synthesize f-annulus-S-peptide by Dawson’s NCL method. -
Annulus-Nbz was synthesized by an Fmoc method on
commercially available Dawson Dbz AM resin and then
converted to M-annulus-SBn by benzyl mercaptan and
trimethylamine (Scheme 1A). The crude p-annulus-SBn
peptide obtained was used for the synthesis of the p-
annulus-S-peptide by NCL without purification. f-Annulus-
SBn peptide and 1.5 equiv of Cys-S-peptide were mixed and
incubated in NCL buffer containing 4-mercaptophenylacetic
acid (MPAA) as thioester catalysis for 1 h at 37 °C. The
reversed-phase HPLC chart of the reaction mixture revealed
that peaks assigned to the f-annulus-SBn peptide and the Cys-
S-peptide disappeared and a new peak appeared (Figure S1).
The f-annulus-S-peptide was purified by reversed-phase HPLC
and confirmed by MALDI-TOF MS (m/z = 4280 [M]", Figure
S2).

The complexation of S-protein to the S-annulus-S-peptide to
reconstruct RNase S was confirmed by CD spectra. It is known
that the negative molar ellipticity of S-protein at 215—235 nm
is increased by complexing with S-peptide (Figure S3).*
Similarly, complexing S-protein with an equimolar concen-
tration of B-annulus-S-peptide increased the negative molar
ellipticity of S-protein (Figure 1). The molar ellipticity of an S-
protein/f-annulus-S-peptide was approximately equal to that
of an S-protein/S-peptide complex. These results indicate that
P-annulus peptide is minimally affected by the reconstruction
of RNase S. Since the amount of change of CD spectra are too
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Figure 1. CD spectra of the 25 yM f-annulus-S-peptide (black), 25
uM S-protein (blue), and their equimolar mixture (red) at [S-
annulus-S-peptide] = [S-protein] = 25 M in 10 mM ammonium
acetate buffer (pH 4.5) at 25 °C.

small to evaluate strictly the dissociation constant of RNase §,
we are planning to evaluate it using isothermal titration
calorimetry in near future study.

The average diameter obtained from dynamic light
scattering (DLS) measurement of the 25 yM f-annulus-S-
peptide solution showed an assembly with the size of 47 + 21
nm (Figure 2A). This size is comparable to that of the artificial
virus-like capsid self-assembled from the unmodified $-annulus
peptide (48 + 13 nm).*” Transmission electron microscopy
(TEM) image showed that -annulus-S-peptide self-assembled
into spherical structures with sizes ranging from 40 to 80 nm
(Figure 2D). Both DLS and TEM showed that intact S-protein
did not self-assemble at 25 uM (Figure 2B,E). On the contrary,
the DLS of an equimolar mixture of f-annulus-S-peptide and
S-protein showed the formation of an assembly with the size of
51 + 32 nm (Figure 2C). In the TEM image of the equimolar
mixture of f-annulus-S-peptide and S-protein, we observed
spherical assemblies with the size of 50—65 nm attached small
spheres of S—10 nm on the surface (Figure 2F). The small
spheres may be ascribed to RNase S on the capsid surface.
Considered together with the CD spectra (Figure 1), these
results indicate that the reconstruction of RNase S on the
artificial virus-like capsid minimally influenced the self-
assembling behavior. It is known that the association constant
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Figure 2. Size distributions obtained from DLS (A—C) and TEM images (D—F) for solutions of 25 yM f-annulus-S-peptide (A, D), 25 uM S-
protein (B, E), and their equimolar mixture (C, F) at [$-annulus-S-peptide] = [S-protein] = 25 yM in 10 mM ammonium acetate buffer (pH 4.5)

at 25 °C. TEM samples were stained with sodium phosphotungstate.

between S-protein and S-peptide is 7 X 10 M~" at 25 °C.*
Thus, we can calculate that about 92% of S-protein was
reconstructed on the S-peptide-displayed capsid at [f$-annulus-
S-peptide] = [S-protein] = 25 uM. Since one artificial virus-like
capsid ideally consists of 60 f-annulus peptides, the average
number of RNase S on the capsid can be estimated to be SS.
We are planning to evaluate the exact number of the RNase S
on the capsid by using chromophore-labeled S-protein or gold-
labeled anti-RNase antibody in near future study.

We measured the {-potentials of the RNase S, S-peptide-
expressing capsid and RNase-expressing capsid at pH 4.5 to
confirm that RNase was displayed on the exterior of the
artificial virus-like capsids (Figure 3). The {-potential of S-
peptide-decorated capsid was 14.4 + 5.3 mV, whereas that of
RNase-decorated capsid was 31.7 & 6.5 mV which is close to
that of intact RNase S, 26.2 + 11.9 mV. The results indicate
that RNase S molecules were displayed on the outer surface of
the artificial virus-like capsid. The enzymatic activity of RNase
S on the artificial virus-like capsid was estimated by

(A) 26.2 + 11.9mV

(B)14.4 + 53mV

Total Counts/au

(€)31.7 + 6.5mV

50 0
{-potential I mV

-100

Figure 3. {-Potentials of (A) 25 uM RNase S, (B) assembly of 25 uM
p-annulus-S-peptide, and (C) coassembly of 25 uM pS-annulus-S-
peptide and 25 M S-protein in 10 mM ammonium acetate buffer
(pH 4.5) at 25 °C.
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fluorimetric assay using RNaseAlert Lab Test Kit (Thermo
Fisher Scientific), in which fluorescence intensity of RNA
substrate is enhanced by cleaving the RNA strand with
ribonuclease. The fluorescence intensity in the presence of S-
protein or S-peptide-decorated capsid was low, indicating less
enzymatic activity. In contrast, the fluorescence intensity in the
presence of RNase S-decorated capsid reached up to 85%
activity of intact RNase S, despite the crowded surface
environment (Figure 4). Therefore, we have successfully
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Figure 4. Fluorescence spectra of reaction mixture using RNaseAlert
Lab Test Kit in the presence of RNase S (green), RNase-decorated
artificial virus-like capsid (red), S-protein (blue), and S-peptide-
decorated artificial virus-like capsid (black) in 10 mM ammonium
acetate buffer (pH 4.5) at 25 °C. [RNase S] = [f-annulus-S-peptide]
= [S-protein] = 25 uM; the excitation wavelength was 490 nm.

constructed an artificial virus-like capsid having enzymatic
activity. The size distribution and ribonuclease activity of
RNase S-decorated artificial virus-like capsid were almost
retained for 1 week at least (Figure S4). Ribonuclease has
potential application in anticancer therapy;** thus, we envisage
that the RNase-decorated artificial virus-like capsid can be
applied to an anticancer nanodevice with both ribonuclease
activity and drug delivery ability.

In conclusion, we demonstrated the construction of an
artificial virus-like capsid decorated with RNase S by the self-

https://dx.doi.org/10.1021/acs.joc.9b02295
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assembly of a f-annulus peptide bearing an S-peptide followed
by interaction of the S-protein with the S-peptide moiety at the
surface. DLS and TEM of the RNase-decorated artificial virus-
like capsid revealed the formation of spherical assembly with
the size of 50—65 nm attached small spheres of 5—10 nm on
the surface. The RNase-decorated artificial virus-like capsid
sufficiently retained the ribonuclease activity despite the
crowded environment at the surface. Detail experiments of
the thermal stability of RNase S-decorated artificial virus-like
capsid are currently in progress. The strategy for protein
display on artificial virus-like capsids using reconstruction of a
split-protein would be a novel approach for the construction of
nanoarchitecture comprised of multiple proteins, which is
applied to cascade enzymatic reactions.

B EXPERIMENTAL SECTION

General Methods. Reversed-phase HPLC was performed at
ambient temperature using a Shimadzu LC-6AD liquid chromatog-
raphy system equipped with a UV/vis detector (220 nm, Shimadzu
SPD-10AVvp) and Inertsii ODS-3 or WP300 C4 (GL Science)
columns (250 X 4.6 mm or 250 X 20 mm). MALDI-TOF mass
spectra were obtained using an Autoflex III instrument (Bruker
Daltonics) in linear/positive mode with a-cyano-4-hydroxy cinnamic
acid (a-CHCA) or sinapinic acid as a matrix. CD spectra were taken
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 using
reversed-phase HPLC with a Inertsii WP300 C4 (GL Science)
column according to the literature.*> Other reagents were obtained
from commercial sources and were used without further purification.
Deionized water of high resistivity (>18 M cm) was purified using a
Millipore Purification System (Milli-Q water) and was used as a
solvent for the present peptides.

Synthesis of p-Annulus-Nbz Peptide. The f-annulus peptide
functionalized at the C-terminus with an N-acylbenzimidazolinone
(H-INHVGGTGGAIMAPVAVTRQLVGG-Nbz) was synthesized at
the 0.10 mmol scale on commercially available Dawson Dbz AM resin
(Merck Millipore) using microwave-assisted Fmoc-based coupling
reactions. The amino group of the resin was protected by
allyloxycarbonate (Alloc) with a mixture of 3.5 equiv of allylchlor-
oformate and 1 equiv of diisopropylethylamine (DIPEA) at room
temperature for 24 h. The Fmoc group was deprotected using 20%
piperidine in N,N-dimethylformamide (DMF) at room temperature
for 15 min. Fmoc-protected amino acids (4 equiv) were coupled using
(1-cyano-2-ethoxy-2-oxoethylidenaminooxy)dimethylamino-
morpholinocarbenium hexafluorophosphate (COMU, 4 equiv) in N-
methylpyrrolidone (NMP) as the activating agent and DIPEA (8
equiv) in NMP as the base. Coupling reactions were carried out using
a microwave synthesizer (Biotage Initiator+) for S min at 25 W at a
maximum temperature of 75 °C throughout the synthesis. Progression
of the coupling reaction and Fmoc deprotection was confirmed by
TNBS and chloranil test kit (Tokyo Chemical Industry Co., Ltd.).
After loading of the amino acid, deprotection of the Alloc group was
carried out using a mixture of 20 equiv of PhSiH; and 0.35 equiv of
Pd(PPh;), in CH,Cl, for 30 min. Next, the resin was treated with 5
equiv of p-nitrophenylchloroformate in CH,Cl, for 1 h that was
followed by treatment with 0.5 M DIPEA in DMF for 30 min to
convert the Nbz group. The peptide was deprotected and cleaved
from the resin by treatment with a cleavage cocktail of trifluoroacetic
acid (TFA)/ 1,2-ethanedithiol/triisopropylsilane/water (2.93/0.078/
0.031/0.078 (mL), respectively) at room temperature for 3 h.
Reaction mixtures were filtered to remove resins, and filtrates were
concentrated under a vacuum. The peptide was precipitated by adding
methyl fert-butyl ether (MTBE) to the residue, and the supernatant
was decanted. After three washes with MTBE, the crude peptide was
lyophilized to give 61.3 mg of a flocculent solid (45.9% yield). The
reversed-phase HPLC of the crude peptide eluting with a linear
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gradient of CH;CN/water containing 0.1% TFA (5/95 to 100/0 over
95 min) showed one peak at 30.4 min. MALDI-TOF MS (matrix: a-
CHCA): m/z = 2436 [M + H]".

Synthesis of Cys-S-peptide. The S-peptide bearing CGGG
sequence at N-terminus (H-CGGGKETAAAKFERQHMDS-NH,)
was synthesized at the 0.125 mmol scale on commercially available
Rink amide resin (Watanabe Chemical Industry, Ltd.) using
microwave-assisted Fmoc-based coupling reactions. Fmoc deprotec-
tion was achieved using 20% piperidine in DMF. Coupling reactions
were carried out using an NMP solution containing COMU (4 equiv)
and DIPEA (8 equiv) in 25 W microwave (Biotage Initiator*) for 5
min at 75 °C. The peptide was deprotected and cleaved from the resin
by treatment with a cleavage cocktail at room temperature for 3 h.
Reaction mixtures were filtered to remove resins, and the filtrates were
concentrated under a vacuum. The peptide was precipitated by adding
MTBE to the residue, and the supernatant was decanted. After three
washes with MTBE, the precipitated peptide was dried in vacuo. The
crude product was purified by reversed-phase HPLC eluting with a
linear gradient of CH;CN/water containing 0.1% TFA (5/95 to 100/
0 over 95 min). The fraction containing the desired Cys-S-peptide
was lyophilized to give a flocculent solid (21.1% yield). MALDI-TOF
MS (matrix: a-CHCA): m/z = 2023 [M + H]".

Synthesis of B-Annulus-S-peptide by NCL. Crude f-annulus-Nbz
peptide powder was added to a mixture of 10% benzylmercaptan and
20 mM triethylamine in DMSO, and the solution was incubated at 37
°C for 15 min to convert to the S-annulus-SBz peptide. The fS-
annulus-SBz peptide was precipitated by adding ethyl acetate to the
reaction mixture, and the supernatant was decanted. After three
washes with ethyl acetate, the precipitated peptide was dried in vacuo.
The precipitated peptide was used for NCL without further
purification (crude yield: 51.7%). MALDI-TOF MS (matrix: a-
CHCA): m/z = 2381 [M]".

NCL buffer (pH 7.0) was prepared by dissolving 6 M guanidinium
hydrochloride, 20 mM triscarboxyethyl phosphine (TCEP), 200 mM
4-mercaptophenylacetic acid (MPAA), and 200 mM sodium
phosphate in water and degassed with N,. The f-annulus-SBn (1
mM) and the Cys-S-peptide (1.5 mM) were dissolved in NCL buffer,
and the mixture was incubated at 37 °C for 1 h. The reaction mixture
was purified by reversed-phase HPLC eluted with a linear gradient of
CH;CN/water containing 0.1% TFA (5/95 to 100/0 over 95 min).
The isolated B-annulus-S-peptide was lyophilized to give a flocculent
solid (13.4% yield). MALDI-TOF MS (matrix: a-CHCA): m/z =
4280 [M]*.

DLS and ¢-Potential. Stock solutions (0.1 mM) of S-annulus-S-
peptide were prepared by dissolution in 10 mM ammonium acetate
buffer (pH 4.5) followed by sonication for S min. The samples were
prepared by diluting the stock solutions with 10 mM ammonium
acetate buffer (pH 4.5) or mixing with S-protein in the same buffer
and were then incubated at 25 °C for 1 h. The 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(7) were measured several times and
the means were calculated for the diffusion coeflicient. Hydrodynamic
diameters of the scattering particles were calculated using the Stokes—
Einstein equation. Zeta potentials of f-annulus-S-peptide, S-protein,
and their mixture at 25 M in 10 mM ammonium acetate buffer (pH
4.5) were measured at 25 °C using a Zetasizer Nano ZS$
(MALVERN) with a DT1061 clear disposable zeta cell.

TEM. Aliquots (3 uL) 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 the staining
solution, 2% phosphotungstic acid (Nay(PW,0,,) (H,0),) (3 uL),
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 Assay. The ribonuclease activity of RNase-decorated
artificial virus-like capsid was measured by fluorescence spectroscopy
using RNaseAlert Lab Test Kit (Thermo Fisher Scientific). A solution
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of fluorescent RNA substrate in 10X RNaseAlert Lab Test buffer (5
uL) was added to a solution of f-annulus-S-peptide (25 uM) and S-
protein (25 gM) in 10 mM ammonium acetate buffer (pH 4.5) and
this mixture was vortexed. After incubation at 37 °C for 1 h, the
mixture was diluted with 10 mM ammonium acetate buffer (150 uL).
The fluorescence spectrum of the mixture was measured using JASCO
FP-8200 spectrofluorometer at 25 °C at an excitation wavelength of
490 nm.
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